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Silver nanoparticles (AgNPs) have been used for over a century in various applications due to their
distinctive properties. Nonetheless, the poor stability of AgNPs and adverse effects on living organisms
have driven the search for materials able to protect and better control their release. Vaterite CaCO3

crystals have been studied in the last two decades as carriers for different drugs due to their biocom-
patibility, easy synthesis and pH-sensitive properties. Herein, AgNPs were loaded into vaterite to protect,
store, and control their release, resulting in CaCO3/AgNPs hybrids. To tune the release of the AgNPs, the
recrystallization of the hybrids into thermodynamically more stable calcite was studied and modulated
with carboxymethyledextran (DexCM) and poly(4-styrenesulfonic acid) sodium salt (PSS), with the last
one being able to stabilise the hybrids and prevent a premature release of the AgNPs at low contents (2%,
w/w). The release of AgNPs from the hybrids was studied at pH 5 to 9, showing a pH-dependent release
suppression for PSS-stabilised hybrids. Various mathematical models were applied to clarify the release
mechanism, confirming the role of PSS in stabilising and targeting the release of AgNPs. The antibacterial
studies demonstrated that the hybrids protect the AgNPs without affecting their activity, with the
released nanoparticles being effective against Escherichia coli, methicillin-resistant Staphylococcus aureus
and Pseudomonas aeruginosa. Overall, this work sheds light on the release mechanisms of AgNPs from the
inorganic hybrids helping to foresee the release profiles of other compounds from vaterite.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The target and controlled delivery of antimicrobial agents have
been the focus of numerous works and carry on being a crucial
research area due to the alarming levels of bacterial resistance [1].
Silver nanoparticles (AgNPs) are among the most used antimicro-
bial agents for coatings due to their good activity against a wide
range of microorganisms [2]. Nonetheless, AgNPs can easily lose
their colloidal stability and form aggregates with less attractive
properties. Moreover, concerns have been raised in the last decades
about the release of AgNPs in the environment and adverse effect
on livings organisms [3]. Therefore, different works have focused
on improving AgNPs stability and controlling their release through
polyvinylpyrrolidone; DexCM,
PSS, poly(4-styrenesulfonic
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immobilization on platforms capable of protecting, storing, and
releasing AgNPs [4e8].

The use of vectors/carriers to store and protect active com-
pounds, as well as to control and target their release, opens the
possibility to enhance the cargo activity and consequently improve
the therapeutical effect of the encapsulated component (cargo).
When it comes to nanoparticles, the use of carriers is even more
crucial, as they can help to solve two major problems in nano-
medicine: the low efficacy on nanoparticles delivery and potential
toxicity [9].Calcium carbonate (CaCO3) can be found as three
different anhydrous polymorphs: aragonite, vaterite and calcite,
with the first two being metastable phases that can rapidly
recrystallise to calcite, the most stable phase [10]. All three poly-
morphs have been studied as carriers for the protection and de-
livery of antimicrobial, anticancer drugs, enzymes, hormones, and
other biomolecules, due to their biocompatibility, availability, easy
synthesis, low production costs and pH-sensitive properties
[1,11e15]. In comparison with calcite and aragonite, vaterite has
attracted more interest due to its porous structure, which can
accommodate significant contents of different compounds [1].
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The combination of CaCO3 with AgNPs presents an opportunity
to store, protect and deliver AgNPs in a controlled way, especially in
acid microenvironments due the high solubility of CaCO3 at low pH
values. This association has been studied before to produce anti-
microbial materials and surface-enhanced Raman scattering (SERS)
platforms [16e22], although the mechanisms behind the release of
AgNPs from CaCO3 have not been extensively studied, understood
and intentionally modulated.

Various works have demonstrated that the cargo release from
vaterite can be triggered by the dissolution of CaCO3 at acid pH or
the recrystallization of vaterite into calcite [23e25]. Due to vaterite
being a metastable polymorph when in solution it recrystallises
into calcite. When loaded with a cargo, the transformation of
vaterite (porous) into calcite (non-porous) promotes the release of
the payload as it entails a dissolution/reprecipitation process and
the reduction of the surface area [26]. While the recrystallization of
vaterite can be used to promote a controlled and/sustained release
of the cargo, when the goal is to achieve a targeted delivery at acid
environments (e.g. at infection sites and tumors) the recrystalli-
zation of metastable vaterite can cause an unwanted premature
delivery of the payload. Therefore, the inhibition of the recrystal-
lization can be essential to improve the delivery at acidic sites.
Previous studies have reported the partial or complete inhibition of
vaterite recrystallization by adsorbing polymers on its surface
through layer-by-layer (LbL) deposition, or by co-synthesis of
vaterite with stabilising agents like mucin and glutamic acid
[25,27e31].

A recent work published by our group has demonstrated that
AgNPs can be loaded into vaterite via co-precipitation and pre-
liminary results have demonstrated their antibacterial activity and
potential for controlled release [32]. Nonetheless, questions
regarding the release mechanisms of AgNPs from the hybrids, how
they can be modulated, and the role of AgNPs on the antibacterial
activity of the developed hybrids have not been addressed. In the
present work, hybrids of CaCO3 and AgNPs (CaCO3/AgNPs) were
produced, and their recrystallization studied. To improve the sta-
bility of the hybrids, different contents of two additives, poly(4-
styrenesulfonic acid) sodium salt (PSS) and
carboxymethyledextran (DexCM), were tested and their effect
studied. The morphology, composition, and polymorphism of the
CaCO3/AgNPs hybrids was assessed, and the release of AgNPs was
studied in a closed (no change of the buffer) and open (supernatant
periodically replaced with fresh buffer solution) system, referred as
closed and open-like systems, respectively. The antibacterial ac-
tivity of the CaCO3/AgNPs hybrids was tested against Escherichia
coli (E. coli), methicillin-resistant Staphylococcus aureus (MRSA) and
Pseudomonas aeruginosa (P. aeruginosa), three bacterial isolates
responsible for numerous infections in hospital settings.

While this work is centered on AgNPs loading and release from
CaCO3, the findings presented here can be extrapolated to other
systems and help to understand and modulate the release of
different compounds of interest from vaterite.

2. Materials and methods

2.1. Materials

Sodium borohydride (NaBH4, �99% pure), polyvinylpyrrolidone
40 kDa (PVP), fluorescein isothiocyanateecarboxymethyledextran
40 kDa (DexCM), poly(4-styrenesulfonic acid) sodium salt 70,000 g/
mol (PSS), citric acid (HOC(COOH)(CH2COOH)2, 99.98% pure),
phosphate buffered saline (PBS) tablets, Mueller Hinton broth
(MHB), Mueller Hinton agar (MHA), sodium acetate (NaCH3COO,
�99% pure), TraceCERT® 10,000 ppm calcium ICP-MS standard in
5% nitric acid and TraceCERT® 1 ppm Silver ICP-MS standard in 2%
2

nitric acid, were obtained from Sigma-Aldrich (Steinheim, Ger-
many). Silver nitrate (AgNO3, �99% pure), calcium chloride dihy-
drate (CaCl2.2H2O, �99% pure), sodium carbonate (Na2CO3,
�99.5%), tris buffer saline 10X solution (TBS), crystal violet
(C25H30N3Cl, pure), 99% ethanol, sodium hydroxide pellets (NaOH,
�98% pure), glacial acetic acid (CH3COOH, �99.7% pure), 70% nitric
acid (HNO3, analytical grade) and 37% hydrochloric acid (HCl,
analytical grade) were obtained from Fisher Scientific (Lough-
borough, United Kingdom).

2.2. Methods

2.2.1. Synthesis of AgNPs
AgNPs were synthesised via a chemical reduction method

adapted from Nau E. et al. [33] with some modifications. Briefly,
40 ml of freshly prepared NaBH4 (0.01 M) in ultrapure water was
added dropwise (z1 drop/sec) at room temperature and under
constant stirring (850 rpm) to 2 ml of AgNO3 (0.1 M) previously
mixed with 158 ml of ultrapure water and PVP. Silver/PVP ratio (w/
w) was 0.3. After the synthesis, AgNPs were filtered and then
washed with deionised water by centrifugation (5000 g for 30 min)
using Pierce™ Protein Concentrators PES with a 50 K molecular
weight cut-off membrane (Thermo Fisher Scientific, Germering,
Germany). The particles were then resuspended in deionised water,
and the silver concentration was determined by inductively
coupled plasma mass spectroscopy (ICP-MS).

2.2.2. Synthesis of bare vaterite CaCO3 crystals
Bare vaterite CaCO3 was synthesised based on the work of

Volodkin, D. et al. [34]. Briefly, CaCl2.2H2O (150 mM) was mixed
with an equal volume of TBS 6x and ultrapure water under intense
magnetic stirring (400, 650, 800 and 1400 rpm). Then Na2CO3
(50 mM) was added, and the stirring continued for 30 s. The sus-
pension was poured into a tube and left for 10 min to allow the
growth of the crystals. After that, the suspensionwas centrifuged at
3000 g for 5 min, washed with 25 mL of ultrapure water via
resuspension, centrifuged for another 5 min, and resuspended in
300 ml of 99% ethanol. The crystals were then dried at 80 �C for
40min. The initial molar ratio between CaCl2.2H2O and Na2CO3was
1:1. All the syntheses were performed at room temperature, and
the reagents solutions were filtered with a 0.2 mm syringe-tip filter
(Fisherbrand™, Loughborough, United Kingdom). Three indepen-
dent syntheses were carried out per stirring speed. Transmittance
images of the particles were taken under the microscope (Life
Technologies EVOS FL, Invitrogen, USA) and at least 300 particles
were analysed to estimate the particle size and distribution using
the ImageJ software (NIH, USA).

2.2.3. Synthesis of CaCO3/AgNPs hybrids
AgNPs were loaded into CaCO3 crystals by co-synthesis. Briefly,

CaCl2.2H2O (150 mM) was mixed with an equal volume of TBS 6x,
and then AgNPs and ultrapure water were added under different
magnetic stirring speeds (400, 650, 800, or1400 rpm). A few sec-
onds later, Na2CO3 (50 mM) was added, and the stirring continued
for 30 s (the final volume was the same for all the syntheses). Then
the suspension was poured into a tube and left for 10 min to allow
the growth of the crystals. After that, the suspension was centri-
fuged at 3000 g for 5min, washedwith 25mL of ultrapurewater via
resuspension, centrifuged for another 5 min, and resuspended in
300 ml of 99% ethanol. The crystals were then dried at 80 �C for
40 min. The molar ratio between CaCl2.2H2O and Na2CO3 was kept
the same in all the syntheses (1:1), as well as the mass ratio be-
tween AgNPs and CaCO3 (30 mg/g). All the syntheses were per-
formed at room temperature, and the reagents solutions were
filtered with a 0.2 mm syringe-tip filter (Fisherbrand™,
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Loughborough, United Kingdom). Aminimum of 300 particles were
analysed to estimate the particle size and distribution using the
ImageJ software (NIH, USA). The mass of silver loaded into CaCO3/
AgNPs hybrids (mg/g) was determined by ICP-MS, and the loading
efficiency (LE, %) and yield (%) were calculated with the following
equations:

LE ð%Þ¼m1

m2
� 100

where m1 is the loaded mass of silver (mg) per gram of CaCO3/
AgNPs, and m2 the total theoretical mass of silver (mg) per gram of
CaCO3/AgNPs hybrids.

Yield ð%Þ¼m3

m4
� 100

wherem3 is the actual mass of hybrids (mg) produced per synthesis
andm4 the theoretical mass of hybrids (mg) obtained per synthesis.
2.2.4. Recrystallization studies of bare vaterite and CaCO3/AgNPs
hybrids into calcite

The recrystallization of bare CaCO3 and CaCO3/AgNPs vaterite
crystals into calcite was studied to better understand the stability
and release profile of the hybrids in a closed and open system. At
closed-like conditions, bare CaCO3 vaterite and CaCO3/AgNPs hy-
brids were dispersed in TBS at pH 7.4 and 9.0 to a final concen-
tration of 2mg/ml. The samples were then incubated at 37 �C under
constant agitation (500 rpm), and aliquots corresponding to 0.5% of
the final volume were taken at different time points for analysis
under the microscope. In the open-like system, CaCO3/AgNPs hy-
brids were dispersed in TBS at pH 7.4 and 9.0 to a final concen-
tration of 1.5 mg/ml and then incubated at 37 �C under constant
agitation (500 rpm). At different time points, the samples were
analysed under the microscope, and 75% of the supernatant was
replaced with fresh buffer after centrifugation at 2000g for 5 min.
The recrystallization of the CaCO3/AgNPs hybrids with a concen-
tration equal to 1.5 mg/ml was also studied at closed-like condi-
tions and pH 9.0 for comparison with the results obtained at open-
like conditions. In all the studies, the crystals were considered fully
recrystallised when no more vaterite/spherical particles were
visible (and Fig. S7). The experiment was carried in triplicate.
2.2.5. Co-synthesis of CaCO3/AgNPs with DexCM and PSS, and
recrystallization study

CaCO3/AgNPs were co-synthesised with different contents of
DexCM (1, 2, 3, 4 and 9%, initial mDexCM/mhybrids ratio) and PSS (1, 2, 3
and 9%, initial mPSS/mhybrids ratio) to promote CaCO3 vaterite sta-
bility and prevent its recrystallization into calcite. The hybrids were
co-precipitated as described in Section 2.2.3 under constant stirring
(1400 rpm), with one exception, PSS or DexCM solutions (2 mg/ml)
were added to the mixture just before adding Na2CO3. The final
volume was the same for all the syntheses. To monitor the
recrystallization, the hybrids were washed with ultrapure water
and resuspended in TBS to a final concentration of approximately
3 mg/ml. The suspensions were then kept at 37 �C under constant
agitation (500 rpm), and aliquots corresponding to 0.5% of the total
volume were taken at different time points for analyses under the
microscope. All the synthesises were performed at room temper-
ature, and the reagents solutions were filtered with a 0.2 mm
syringe-tip filter (Fisherbrand™, Loughborough, United Kingdom).
3

2.2.6. Characterization of the AgNPs, bare CaCO3, CaCO3/AgNPs and
CaCO3-PSS/AgNPs hybrids

2.2.6.1. Ultravioletevisible (UVeVis) spectroscopy. AgNPs present
size-dependent optical properties, making UVeVis analysis a sim-
ple and highly sensitive method to evaluate AgNPs formation, size,
and stability [35,36]. Briefly, AgNPs were diluted with ultrapure
water, and the UVeVis extinction spectra were recorded in a
NanoDrop One spectrophotometer (Thermo Scientific, USA) be-
tween 190 and 850 nm. The AgNPs loaded into 7-month-old hy-
brids were analysed after dissolving CaCO3 with citric acid (1 mg/
ml).
2.2.6.2. Transmission electron microscopy (TEM). AgNPs stock
colloidal dispersions were diluted with ultrapure water, and 7 ml
were poured on a holey carbon film copper grid (Agar Scientific Ltd,
UK) and left drying overnight before analysis on a JEM-2100 Plus
transmission electron microscope (Jeol, Japan) using an operating
voltage of 200 kV. Around 100 particles were analysed to estimate
the particle size and distribution using the ImageJ software (NIH,
USA). To analyse the distribution of AgNPs into CaCO3/AgNPs hy-
brids, the crystals were embedded in an LR White Resin (Agar
Scientific Ltd, Stansted, UK) and cured for three days at 50 �C. The
sample was then cross-sectioned using an Ultracut E ultramicro-
tome (Reichert-Jung, Wetzlar, Germany) and mounted on holey
carbon film copper grids (Agar Scientific Ltd, Stansted, UK). TBS, pH
9.0, was used during the cross-sectioning step to slow down the
recrystallization of the crystals from vaterite into calcite.
2.2.6.3. Induced couple plasma mass spectroscopy (ICP-MS).
AgNPs colloidal dispersions, CaCO3/AgNPs and CaCO3-PSS/AgNPs
hybrids were digestedwith a freshmixture of one part of 70% HNO3
and three parts of 37% HCl (v/v) to ensure the formation of soluble
silver chloride complexes (AgClx1�x) instead of insoluble AgCl salts.
All the digested samples presented a concentration of silver lower
than 10 mg/ml and an HCl content higher than 10% (v/v). The
samples were digested at room temperature in the dark for over 1 h
and then 7e14 ml of the digested samples were diluted with 1 ml of
2% HNO3 before analysis. A calibration curve was obtained for each
independent ICP analysis with silver and calcium concentrations
ranging between 3 mg/L to 800 mg/L and 7 mg/L to 800 mg/L,
respectively. The coefficient of determination of the standards
calibration curve was always superior to 0.9984.
2.2.6.4. Scanning electron microscopy (SEM). The morphology of
bare CaCO3, CaCO3/AgNPs and CaCO3-PSS/AgNPs hybrids was
analysed by SEM (JEOL, JSM-7100f, Tokyo, Japan). The samples were
mounted on stubs using double-sided carbon tape and then coated
with a 5 nm thick layer of gold using a rotary pumped coater
(Quorum Q150R ES, UK). Samples were analysed with a secondary
electron detector and an acceleration voltage of 5.0 kV. The surface
roughness was analysed using the surface plot analysis option on
ImageJ software (NIH, USA). Around 100 nanocrystallites on the
surface of each type of CaCO3 crystal were measured using the
ImageJ software (NIH, USA) to estimate the average size.
2.2.6.5. SEM coupled with energy dispersive X-ray spectroscopy
(SEM-EDS). SEM-EDS was used to determine the hybrids compo-
sition and AgNPs distribution. Briefly, samples were mounted on
stubs using double-sided carbon tape and then coated with a 5 nm
thick layer of gold using a rotary pumped coater (Quorum Q150R
ES, UK). An accelerating voltage of 10 kV and a working distance of
10 mm was used. The probe current was optimised to give a dead
time around 45%.
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2.2.6.6. Fourier transform infrared (FTIR) spectroscopy. The crystal-
line structure of bare CaCO3, CaCO3/AgNPs and CaCO3-PSS/AgNPs
microparticles were analysed by FTIR spectroscopy (Spectrum Two
FTIR spectrometer, PerkinElmer, Uberlingen, Germany). For each
sample, 32 scans were run between 500 and 4000 cm with a res-
olution of 4 cm. The ATR (attenuated total reflectance) technique
was used in all the measurements. To compare different samples,
the intensities of the obtained spectrawere divided by the intensity
of the typical band with maximum intensity at 1400-1396 cm-1

assigned to CO3
2� anti-symmetrical stretching. AgNPs incubated in

MHB were also analysed by FTIR to detect the formation of the
corona composed of biomolecules. For the corona formation, AgNPs
were incubated at 37 �C under constant stirring (500 rpm) in MHB
(final concentration 0.38 mg/ml) for 2 h, and then the non-
adsorbed biomolecules were removed by washing the AgNPs
three times with ultrapure water by centrifugation (14,470 g, 4 �C
for 30 min) and resuspension.
2.2.6.7. X-ray diffraction (XRD). The crystalline structures of bare
CaCO3, CaCO3/AgNPs and CaCO3-PSS/AgNPs microparticles were
analysed on a SmartLab SE X-Ray diffractometer from Rigaku Co.
Ltd. (Tokyo, Japan) with a cuppoer Kb filter (l ¼ 0.1392 nm). Three
independent samples per condition were scanned with a q/2q scan
axis. The scan range varied between 20� and 80�, and themode and
speed were 1D and 5�/min, respectively. The molar percentage of
vaterite and calcite was calculated based on the work of Vagena N.
et al. [37]. The percentage of aragonite was assumed to be zero, and
the equations belowwere used to determine the polymorphsmolar
percentage:

I104C

I110V

¼ 7:691� XC

XV

100¼ðXc þXV Þ � 100

where 7.691 is the proportionality constant for mixtures of calcite
and vaterite previously determined by Vagena N. et al. [37], IC104/
Iv110 the ratio of the intensities of calcite and vaterite diffraction
planes (104) and (110), respectively, and XC/XV the molar fraction
ratio of calcite and vaterite.
2.2.7. Release studies of AgNPs from the hybrids
The release of AgNPs from the CaCO3/AgNPs and CaCO3-PSS/

AgNPs hybrids was assessed in a closed and open-like system at
different pH values. At closed-like conditions the release was
studied at pH 5.0 (acetate buffer); pH 7.4 (TBS andMHB) and pH 9.0
(TBS). Briefly, the hybrids were incubated in the respective buffer/
media at 37 �C under constant stirring (500 rpm). The final con-
centrationwas 2 mg/ml. At different time points, the samples were
centrifuged at 2000 g for 5 min, and then aliquots corresponding to
2.3% of the total volume of supernatant were taken for calcium and
silver quantification by ICP-MS. The aliquots were replacedwith the
same volume of fresh buffer/media to maintain the same final
volume. All the experiments were carried out in triplicate.

At open-like conditions, the release was studied at pH 7.4 (TBS
buffer) and pH 9.0 (TBS). Briefly, the hybrids were incubated in the
respective buffer at 37 �C under constant stirring (500 rpm). The
final concentration was 1.5 mg/ml. At different time points, the
samples were centrifuged at 2000 g for 5 min, and then aliquots
equal to 75% of the total volume were taken for calcium and silver
quantification by ICP-MS. The aliquots were replaced with the same
amount of fresh buffer to maintain the final volume. All the ex-
periments were carried out in triplicate.
4

2.2.8. Kinetics model-fitting of AgNPs release from the hybrids
To better understand the mechanism of AgNPs release at open-

like conditions, the experimental data was fitted to the following
mathematical models:

� Hixson-Crowell model [38,39]:

M
1 =

3
∞ �ð1�MtÞ1

=

3 ¼ kt (1)

Where Mt and M∞ represent the cumulative relative amount of
AgNPs released at time t and infinity, respectively, and k the release
rate constant;

This model describes cases where the release of the payload is
driven by its dissolution. It has been developed for crystalline drugs
that dissolve in an equal manner by all sides (valid for symmetrical
shapes - spheres or cubes).

� Baker-Lonsdale model [38,39]:

3
2

"
1�

�
1� Mt

M∞

�2 =

3
#
� Mt

M∞
¼ kt (2)

This model is based on the initial approximations of the classical
Higuchi model, that describes the kinetics governed by diffusion of
the payload (AgNPs) from the matrix (CaCO3) which does not
shrink, swell, or dissolve. This model is derived for the carriers of
spherical geometry.

� Hopfenberg model [38]:

Mt

M∞
¼1� ð1� ktÞ3 (3)

This equation describes the release driven by surface erosion for
carriers with a spherical geometry.

All experimental points have been used. Parameters M∞ and k
were calculated in Excel using Solver Add-in. For M∞, the fitted
values were limited as M∞ � the fraction of AgNPs released at the
end time point of the experiment (48 h). R-squared coefficient was
calculated as

R2 ¼1�
P ðyi � fiÞ2P ðyi � yavÞ2

where yi is the experimental value; yav is the mean of the experi-
mental data; fi is the predicted value from the fit.

Additionally, classical zero order kinetics model has been
considered [38,39]:

Mt ¼ kt (4)

In contrast to the other three models above, which are appli-
cable for matrix carriers, the zero-order kinetics model is valid for
core-shell carriers, where the payload is protected, and its release is
governed by the permeability of a ‘barrier’ (AgNPs are surrounded
by a protective shell of the CaCO3). This model is largely employed
to describe cases of burst release and was applied to the experi-
mental points before the plateau. In our experiments, good fitting
to this model would mean that AgNPs release is governed by CaCO3
elimination.

2.2.9. Assessment of the antibacterial activity
The antibacterial activity of the AgNPs, CaCO3/AgNPs hybrids

and bare CaCO3 was determined against Escherichia Coli O157:H7
(E. coli), methicillin-resistant Staphylococcus Aureus (MRSA) and
Pseudomonas Aeruginosa PA01 (P. aeruginosa). The E. coli, MRSA and
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P. aeruginosa isolates were obtained from the American Type Cul-
ture Collection (ATCC 43888), National Collection of Type Cultures
(NCTC 12493) and Nottingham Trent University (NTUCC 876),
respectively.

2.2.9.1. Inoculum preparation. The bacterial isolates were streaked
onto MHA plates and incubated at 37 �C for 18e24 h. For each
isolate, three to four isolated colonies of the same morphological
appearance were transferred into a tube containing 5 ml of MHB
and then incubated overnight in a shaker at 35 �C and 225 rpm.
Immediately before incubation with the hybrids or bare CaCO3,
overnight cultures were diluted to 1 � 106 CFU/ml.

2.2.9.2. Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC). The MIC was determined using
the brothmicrodilutionmethod adapted fromWiegand I. et al. [40],
with some modifications. Briefly, AgNPs, CaCO3/AgNPs and bare
CaCO3 were serially diluted in a 96-wells microplate with MHB to a
final volume per well of 50 ml. Then 50 ml of E. coli, MRSA or
P. aeruginosa, previously diluted with MHB-S to 1 � 106 CFU/ml,
were added to each well. The concentrations of the AgNPs ranged
between 480 and 1.875 mg/ml, and the concentrations of CaCO3/
AgNPs and bare CaCO3 ranged between 21 and 0.328 mg/ml. The
final bacterial inoculum density was 5 � 105 CFU/ml. Growth and
sterility controls were included in all the plates. The microplates
were incubated at 37 �C for 20 h and then read visually by
observing the presence or absence of turbidity. The MIC was
defined as the lowest concentration that inhibited the visible
growth of the bacteria in all the replicate wells. The MBC was
determined after reading the MIC and consisted of plating 10 ml of
the wells without visible turbidity onto MHA-S plates. The agar
plates were incubated at 37 �C for 24 h, and then read visually. The
lower dilution without macroscopic bacterial growth was defined
as the MBC. The experiment was repeated three to six times, with
three replicates per repetition. To compare the antibacterial activity
of the unloaded AgNPs with the activity of the AgNPs released from
the hybrids, the amount of silver released from CaCO3/AgNPs hy-
brids was determined (Fig. S12). Briefly, CaCO3/AgNPs were serially
diluted with MHB on a 96-well microplate to a final volume per
well of 50 ml and then 50 ml of MHB was added. The plate was
incubated at 37 �C for 24 h, and after incubation, the suspensions in
each well were transferred to tubes and centrifuged at 2000 g for
5 min to sediment the hybrids. The content of silver in the super-
natant was quantified by ICP-MS and the morphology of the crys-
tals was analysed under the microscope. The experiment was
carried out in triplicate and included sterility controls.

2.2.9.3. Minimum inhibitory biofilm concentration (MIBC). The
MIBC determinationwas based on themethod from Ivanova A. et al.
[41] with some modifications. Briefly, AgNPs and CaCO3/AgNPs
were serially diluted in a 96-wells microplate with MHB to a final
volume per well of 50 ml. Then 50 ml of MRSA or P. aeruginosa,
previously dilutedwithMHB to 1� 106 CFU/ml, were added to each
well. The concentrations of the AgNPs ranged between 480 and
1.875 mg/ml, and the concentrations of CaCO3/AgNPs and bare
CaCO3 ranged between 21 and 0.328 mg/ml. The final bacterial
inoculum density was 5 � 105 CFU/ml. The microplates were then
incubated for 24 h at 37 �C under static conditions to allow the
biofilm formation. After incubation, the non-adhered bacterial cells
were gently washed away three times with 150 ml of sterile PBS and
then the biofilms were fixated by keeping the microplates at 60 �C
for 1 h. After fixation, the biofilms were stained with crystal violet
(0.1% w/v) for 1 h and then the excess of crystal violet was removed
by washing the wells three times with 150 ml of sterile PBS. Be-
tween washes, the microplate was stirred at 100 rpm for 5 min.
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After washing, the crystal violet was dissolvedwith acetic acid (30%
v/v, 200 ml per well). 100 ml were then transferred into a 96-well
microplate, and the absorbance was read at 595 nm. The experi-
ment was repeated at least three times in triplicate and included
sterility controls. Untreated biofilms were used as positive controls.
Bare CaCO3 was also tested in triplicate against MRSA and
P. aeruginosa at concentrations ranging between 21 and 0.328 mg/
ml. The content of silver released from the CaCO3/AgNPs hybrids
was quantified by ICP-MS as described above.

3. Results and discussion

3.1. Synthesis and characterization of the AgNPs

Before producing the hybrids, AgNPs were synthesised through
chemical reduction of AgNO3 with NaBH4 and PVP was used as a
capping agent to control the growth of the nanoparticles during
synthesis and improve their colloidal stability after. A stable colloid
was obtained, as depicted in Fig. 1A, composed of nanoparticles
with an average size of 14.2 ± 3.8 nm (Fig. 1B and D). The syn-
thesised AgNPs presented the characteristic plasmon resonance
peak with maximum absorbance (lmax) around 400 nm (Fig. 1 C).
The inset in Fig. 1B shows the lattice fringes with d-spacing of
2.33 Å, corresponding to the (111) plane [42,43], which demon-
strates the crystalline structure of the AgNPs produced.

3.2. Loading of AgNPs into CaCO3 and hybrids stabilization

The immobilization of AgNPs in vectors opens new opportu-
nities to protect, store and release AgNPs. It also presents the
chance to co-immobilise silver with other active components or use
the vectors as catalytic platforms per se. In this work, vaterite
crystals were used as vectors to immobilise AgNPs due to their
environmentally friendly nature and straightforward synthesis, as
well as biocompatibility and easy dissolution in acid environment
or with chelating agents like EDTA [1]. In the following sections, the
effect of the crystals size on the amount of silver loaded into the
hybrids is presented, as well as the recrystallization studies of the
hybrids into calcite.

3.2.1. Effect of CaCO3/AgNPs hybrids size on AgNPs uptake
The effect of the hybrids size on vaterite loading capacity was

studied to improve the uptake of AgNPs. Smaller particles tend to
present higher loading capacity due to the larger surface area
[44,45], however this correlation is not always found. Size changes
can be associated with other alterations, like different pore size
distribution or different internal structure, which can alter the ca-
pacity of the crystals to adsorb and retain the payload [45,46]. In
this work, the effect of the size on the loading capacity of vaterite
was analysed by synthesising CaCO3/AgNPs crystals with different
sizes.

The size of vaterite crystals can be tuned by varying the pre-
cursor salts concentration or ratio, pH, stirring time and speed, or
even by adding additives or changing the solvent. Nonetheless,
some of these parameters, like pH or salts concentration, can also
affect the polymorphism of the crystals. Herein, bare vaterite
crystals and CaCO3/AgNPs hybrids with different sizes were syn-
thesised by varying the stirring speeds (400, 650, 800 and
1400 rpm) as it marginally affects the polymorphism of CaCO3. As
presented in Fig. 2A, by increasing the stirring speed from 400 to
1400 rpm it was possible to decrease the size of bare vaterite and
CaCO3/AgNPs hybrids by approximately 57% and 43%, respectively.
These results show the particle size dependence on the stirring
speed, as higher speeds promote the formation of more nuclei and



Fig. 1. Image of AgNPs colloid after synthesis (A) and respective TEM image with an inset of one nanoparticle where the lattices fringes are visible (B). The characteristic UVeVis
spectrum of the AgNPs is presented in C, and the size distribution profile and corresponding average size obtained from the analysis of the TEM images in D. The scale bar in image B
corresponds to 100 nm.

Fig. 2. Effect of the stirring speed on the size of bare CaCO3 vaterite crystals and CaCO3/AgNPs hybrids (A), and the size of the hybrids vs. the content of silver loaded (B). Statistical
analysis made using the one-way ANOVA/Tukey's test (A) and Kruskal-Wallis/Dunn's test (B) (*p�0.05, and ****p�0.0001).
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consequently the formation of smaller particles in this heteroge-
neous crystallization process [1].

Fig. 2B presents the effect of the CaCO3/AgNPs hybrids size on
the amount of silver loaded. The smallest crystals (2.0 ± 0.3 mm)
presented a significantly higher uptake of AgNPs than the biggest
ones (3.4 ± 0.6 mm), ca. 26 and 21 mg/g, respectively. Moreover,
Fig. 2B depicts a clear correlation between the size and amount of
AgNPs loaded, showing that when the size of the hybrids decreases,
the amount of AgNPs loaded increases. These results indicate that,
although not drastically, it is possible to increase the uptake of
AgNPs by reducing the size of the crystals. This is associated with
the smaller hybrids presenting a larger surface area, since the
variation of the steering speed should only affect the initial number
6

of nuclei formed during the start of the crystallization process [1].
Due to the higher uptake of AgNPs by the hybrids synthetised at
higher stirring speeds, all the hybrids were produced at 1400 rpm.

3.2.2. Stabilisation of CaCO3/AgNPs: recrystallisation modulation
Vaterite is a metastable polymorph of CaCO3, meaning that

when in solution, it tends to recrystallise into calcite, the most
thermodynamically stable polymorph. When loaded, the trans-
formation of vaterite (porous) into calcite (non-porous) promotes
the release of the cargo as it entails a dissolution/reprecipitation
process [26] and the reduction of the total surface area. While the
recrystallization triggers and drives the release of the cargo, the
affinity between CaCO3 and the loaded compounds defines how
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much of the payload remains free as recently demonstrated by our
research group [32]. Compounds with a high affinity to CaCO3 will
be released and largely readsorbed into calcite, if the released
content is below calcite binding capacity. On the other hand,
compounds with low affinity to CaCO3 will remain partly or
completely free.

The recrystallization of bare CaCO3 vaterite and CaCO3/AgNPs
hybrids was monitored over time in TBS at pH 7.4 and 9.0 as it has
been demonstrated to play a crucial role in the release of AgNPs
[32]. The crystals were considered fully recrystallised when there
were no more spherical particles (vaterite) visible (Figs. S1 and S7).
Fig. 3 presents the recrystallization time of bare CaCO3 vaterite and
CaCO3/AgNPs hybrids into calcite at pH 7.4 and 9.0. The data shows
no differences between bare CaCO3 vaterite and CaCO3/AgNPs hy-
brids, proving that AgNPs do not affect the recrystallization of
vaterite. As expected, it is confirmed that the transformation of
vaterite into calcite is pH-dependent, taking longer times at pH 9.0
(ca. 280min) than at pH 7.4 (ca. 80 min). This is caused by the lower
solubility of CaCO3 at basic pH, which slows down the dissolution/
reprecipitation process of vaterite into calcite.

While recrystallization can be used to control the release of the
cargo, it does not enable a targeted release in acidic environments,
like infection sites or tumors. Therefore, changing or even halting
the recrystallization of vaterite into calcite is of interest, as it would
allow the modulation and controlled release of the cargo. On that
front, researchers have been inspired by the occurrence of vaterite
in nature. Despite vaterite being a metastable polymorph, it can be
found on gastropod eggshells and gallstones, either as a precursor
or a structural component [47]. It is believed that such existence is
possible through the stabilization of vaterite with inorganic or
organic components [47]. In a biomimicry type of approach,
vaterite has been stabilised by associating it with ions, macromol-
ecules or polymers [47].

In the present work, the effect of different quantities of PSS
(1e9%, initial mPSS/mhybrids ratio) and DexCM (1e9%, initial mDexCM/
mhyrid ratio) was tested in an attempt to develop stable hybrids.

PSS has been used by numerous researchers as an additive for
the synthesis of vaterite, as it favors the growth of vaterite over
calcite [48e51], while DexCM has only recently been reported as a
good stabiliser for vaterite [52]. In both cases, it is believed that the
stabilization of vaterite is promoted by the interactions of Ca2þwith
the negatively charged groups present on the polymer chains
[47,48], which initially work as centers of nucleation (due to the
localised high concentration of Ca2þ around the polymers chains)
and then as stabilization agents through absorption on vaterite
phase [53,54].
Fig. 3. Duration of the recrystallization of bare CaCO3 vaterite and CaCO3/AgNP hybrids
into calcite in TBS at pH 7.4 and 9.0.
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Table S1 summarises the effect of PSS and DexCM on the
recrystallization of CaCO3/AgNPs hybrids over 15 days. Overall, all
the crystals synthesised with DexCM and PSS presented better sta-
bility, with the recrystallization being delayed or totally prevented
for at least 15 days. DexCM at 2 and 3% prevented the hybrids from
fully recrystallising within seven days, which was extended to 15
days when the crystals were synthesised with 4% of DexCM.
Nonetheless, although the recrystallization was clearly delayed
with 4% of DexCM, it did not halt the dissolution/reprecipitation of
vaterite into calcite, proven by the presence of calcite and depleted
vaterite crystals in solution after 9 and 15 days (Fig. S2).

Another intriguing effect of DexCM on the hybrids was the in-
hibition of AgNPs uptake by CaCO3. As presented in Fig. S2, by
increasing the amount of DexCM the content of AgNPs loaded into
the hybrids dropped, as evidenced by the intensification of the
amber color of the supernatant (more AgNPs in suspension) and
whitening of the crystals. This effect might result from DexCM

changing the affinity between CaCO3 and AgNPs and altering the
structure of the crystals and consequently decreasing the adsorp-
tion of AgNPs.

In the case of the CaCO3-PSS/AgNPs hybrids, 1 and 2% of PSS
added during synthesis inhibited the complete recrystallization of
the hybrids within 7 and 15 days, respectively. Crystals synthesised
with 2%, 3% ande9% of PSS, did not present calcite after 15 days nor
depleted vaterite crystals (Fig. S2), which indicates that the
recrystallization was entirely halted. Moreover, PSS did not affect
the uptake of AgNPs at the concentrations tested (Fig. S2). These
results demonstrate that PSS is a better stabilising agent for the
CaCO3/AgNPs hybrids, which might be explained by the much
higher density of anionic groups on PSS (one sulfonate group per
each sodium 4-vinylbenzenesulfonate monomer) than on DexCM

(ca. one O-carboxymethyl group per every five glucose monomers),
which results in the growth of hybrid vaterite crystals energetically
more favorable [53].

Overall, the results here presented highlight the effect of sta-
bilising agents on the recrystallization of vaterite, and their effect
on the loading of AgNPs, demonstrating that the final properties of
the crystals must be considered when choosing a stabilising agent.

Due to PSS not affecting the uptake of AgNPs and halting the
recrystallization of CaCO3, the work was further carried onwith the
hybrids synthesised with 2% of PSS.

3.3. Characterization of the hybrids

3.3.1. Composition and morphology
CaCO3/AgNPs hybrids, with or without PSS, were synthesised at

the optimised synthesis conditions. Table 1 presents the size and
content of silver loaded into CaCO3/AgNPs and CaCO3-PSS/AgNPs
hybrids, as well as the loading efficiency and yield per synthesis.
Overall, CaCO3-AgNPs and CaCO3-PSS/AgNPs hybrids presented
similar sizes, around 2 mm, and similar silver contents, i.e. approx.
26 mg/g. This was reflected on the high loading efficiencies, 90 and
89%, also favored by the small size of the hybrids, as demonstrated
in the sections above. The yield per synthesis was also similar be-
tween the hybrids, ca. 68%, with about 32% being lost due to the
synthesis steps (reaction, centrifugation, washing and drying). The
data in Table 1 shows that PSS did not considerably affect the size of
the hybrids, content of AgNPs loaded or the yield per synthesis.

The high loading efficiencies (ca. 87%) demonstrate that the
synthesis process presented here can minimise AgNPs waste, an
important consideration due to the potential adverse effects of
silver in the environment. Moreover, the AgNPs that were not
uptaken by the hybrids can be washed and re-used as their prop-
erties are kept, as shown by the UVeVis of the surplus AgNPs
retrieved from the synthesis medium (Fig. S3).



Table 1
CaCO3/AgNPs and CaCO3-PSS/AgNPs hybrids size, mass of the silver (mg/g) loaded, loading efficiency and yield per synthesis.

Diameter (mm) Silver content
(mg of silver per g of hybrids)

Loading efficiency (%) Yield (%)

CaCO3/AgNPs 1.9 ± 0.8 26.3 ± 2.4 90.4 ± 8.2 68.9 ± 2.3
CaCO3-PSS/AgNPs 2.1 ± 1.0 26.0 ± 3.4 89.1 ± 11.8 68.0 ± 4.9
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The stability of AgNPs over time is of significant importance as it
assures that the optical and antimicrobial properties are main-
tained for prolonged periods. To test the suitability of the hybrids to
store AgNPs, AgNPs loaded into 7-month-old hybrids were ana-
lysed by UVeVis spectrophotometry. As shown in Fig. S4, the AgNPs
stored in the hybrids for 7 months presented the same character-
istic peak with maximum absorbance around 400 nm, without any
major shifts, indicating that there were not significant changes in
size during the storage period. This proves that the hybrids are good
platforms to store AgNPs at room temperature for at least 7months,
an advantage in comparison with silver colloidal suspensions that
must be stored at 4 �C to preserve the properties of the
nanoparticles.

The hybrids morphology and surface characteristics were also
analysed using SEM. As presented in Fig. 4, all the synthesised
crystals (bare CaCO3, CaCO3/AgNPs, CaCO3-PSS and CaCO3-PSS/
AgNPs) presented a spherical structure composed of small nano-
crystallites, a typical feature of CaCO3 vaterite. Interestingly, the
crystals co-synthesised with AgNPs presented slightly smaller
nanocrystallites, as evidenced in Fig. 4B, although the most signif-
icant difference was noticed between the crystals with and without
PSS. The crystals co-synthesised with PSS had significantly smaller
nanocrystallites (sizes between 43 and 54 nm) than those syn-
thesised without PSS (sizes between 81 and 99 nm). This resulted in
the crystals with PSS presenting smoother surfaces, as demon-
strated by the surface analysis in Fig. 4C. The effect was caused by
PSS controlling the nucleation process and adsorbing on the surface
of the nanocrystallites preventing further growth [53,54].
3.3.2. Silver nanoparticles distribution
Previous results have demonstrated that CaCO3/AgNPs hybrids

present an even distribution of AgNPs [32]. To corroborate these
results and study the effect of different synthesis conditions, crys-
tals size, and the effect of PSS on the distribution of the AgNPs,
SEM-EDS analysis was carried out. Fig. 5 presents the mapping
images and respective spectrograms of CaCO3/AgNPs and CaCO3-
PSS/AgNPs hybrids. As expected, the data confirmed that the hy-
brids are mainly composed of calcium, oxygen and carbon,
although the carbon peak also resulted from the carbon tape used
to mount the samples. The gold peak in the spectrogram resulted
from the gold coating on the samples for SEM-EDS analysis. In the
mapping images it is possible to see the uniform distribution of
AgNPs on the hybrids and confirm that the AgNPs are embedded on
the crystals, which is also corroborated by the characteristic peaks
of silver on the spectrogram at 2.98 and 3.15 KeV. Once again, it is
demonstrated that PSS did not affect the distribution of the AgNPs,
although it is not possible to exclude that the nanoparticles might
be localised at different depths. Moreover, in comparison with
previous results published by our group for larger crystals (3e4 mm)
[32], the results show that changes in the synthesis conditions and
size did not affect the distribution of the AgNPs.
3.3.3. Polymorphism
The polymorphism of CaCO3 is of utmost importance as it affects

the surface area and the cargo release mechanism. The poly-
morphism of the crystals loaded with silver, and with or without
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PSS, was assessed through FTIR and XRD analysis. Fig. 6 presents the
FTIR spectra of bare vaterite, bare calcite, CaCO3/AgNPs, CaCO3-PSS
and CaCO3-PSS/AgNPs hybrids. All the spectra presented three
characteristic peaks with similar intensities with maximum trans-
mittance at 848e850 cm-1, 872e874 cm-1, and 1396e1401 cm-1,
which correspond to CO3

2� out-of-plane bending (n2 mode) and anti-
symmetrical stretching (n3 mode), respectively [55,56]. Shifts on
these peaks were caused by the type of polymorph or polymorphs
ratio in each sample, and interactions of CaCO3 with other compo-
nents, such as AgNPs, the corresponding capping agents and PSS
[57].

The bare calcite sample presented the characteristic peaks with
maximum transmittance at 712 cm-1 and 1795 cm-1, and a single
peak with maximum transmittance around 1400 cm-1. These peaks
correspond to CO3

2� in-plane bending (n4 mode), n1 þ n4 mode, and
n3 mode, respectively [56,58]. Bare vaterite also presented its
characteristic peaks at 745 cm-1 (n4 mode), 1088 cm-1 (n1 mode)
and a split and broad band around 1400e1459 cm-1 (n3 mode) due
to the asymmetry around the carbonate ion [59].

The spectra of CaCO3/AgNPs and CaCO3-PSS/AgNPs hybrids
presented the unique peaks assigned to the vaterite phase at 745
cm-1 and 1088 cm-1, as well as the split and broad band around
1398e1461 cm-1. A peak with very low intensity was also detected
at 713 cm-1, which indicates the presence of small quantities of
calcite in both samples. This is corroborated by the XRD data, where
it is possible to detect a low-intensity peak assigned to calcite
(Fig. S6).

The samples with PSS (CaCO3-PSS and CaCO3-PSS/AgNPs) pre-
sented four unique peaks at 1181 cm-1, 1130/1131 cm-1, 1045/1046
cm-1 and 1010 cm-1, which corresponded to PSS (Fig. S5) and evi-
denced its incorporation into the crystals. The peaks at 1181 cm-1

and 1045/1046 cm-1 corresponded to the asymmetric and sym-
metric vibrations of the sulfonate group in PSS, and the peaks at
1130/1131 cm-1 and 1010 cm-1 to in-plane skeleton vibrations and
in-plane bending of the benzene ring [60e62]. The band shifts were
due to the interaction of CaCO3 with PSS, mainly the sulfonate
group, which are responsible for vaterite stability.

Table 2 presents the molar percentage (% mol) of vaterite in the
samples bare CaCO3, CaCO3/AgNPs, CaCO3-PSS and CaCO3-PSS/
AgNPs determined through analysis of the XRD data (Fig. S6). The
results show that all the synthesised crystals present a high content
of vaterite, between 86% and 94%, proving that the main phase of
CaCO3/AgNPs and CaCO3-PSS/AgNPs hybrids is vaterite. Moreover,
the data shows that AgNPs and PSS did not affect the predominant
CaCO3 phase, as corroborated by the SEM images (Fig. 4A) where
mainly vaterite crystals are visible (spherical shape particles).
3.4. AgNPs release

Various studies have proposed that the release of the cargo from
CaCO3 vaterite crystals results from the recrystallization of vaterite
into calcite, diffusion, or the dissolution of CaCO3 at low pH values
or in the presence of calcium chelating agents [1,63,64]. The pre-
dominant release mechanism is triggered and/or affected by the
properties of the cargo, the cargo-vector interactions, and external
conditions (composition of the media, pH, temperature, etc.) and



Fig. 4. SEM images of bare CaCO3, CaCO3/AgNPs, CaCO3-PSS and CaCO3-PSS/AgNPs (A) and the respective average size of the nanocrystallites (B) and surface roughness plots of the
areas marked in grey outline on the SEM images (D). Statistical analysis made using the Kruskal-Wallis/Dunn's test (*p�0.05, **p�0.01 and ****p�0.0001). The scale bars in image A
(left) correspond to 1 mm and in image A (right) to 500 nm.
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can occur concomitantly with other release mechanisms. A recent
publication by our group has demonstrated that the release of
AgNPs from vaterite hybrids occurs via dissolution at acidic con-
ditions, while at neutral and basic conditions, the recrystallization
of vaterite to non-porous calcite, and the affinity of AgNPs to CaCO3
governs the release [32]. Despite these results and progress in
understanding the release mechanisms of the payload from vater-
ite, there are still areas that need further clarification, like to which
extent the recrystallization drives the release of the cargo and the
effect of external factors, like the media composition. In the
following sections, the different release mechanisms of AgNPs from
the hybrids are studied in more detail, and the effect of PSS, pH
value, type of release system and media is analysed.

3.4.1. Release of AgNPs in saline buffer
Figs. 7 and 8 present the release of silver and calcium ions from

CaCO3/AgNPs and CaCO3-PSS/AgNPs hybrids, respectively, in saline
buffers at different pH values. The release was assessed at closed
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and open-like conditions to study the main mechanisms behind
AgNPs release from vaterite.

At closed-like conditions, CaCO3/AgNPs presented a burst
release of AgNPs at pH 5.0, which was promoted by the dissolution
of the crystals, as corroborated by the high amount of calcium ions
released, ca. 80% of the total calcium in the hybrids. At pH 7.4 and
9.0 there was a slower release, with the maximum amount of
AgNPs being released within 2 (47 ± 1%) and 5 h (56 ± 6%),
respectively. This was not accompanied by the dissolution of CaCO3,
and the maximum release coincided with the end of the crystals
recrystallization (Fig. 3 and Fig. S1), demonstrating that the trans-
formation of vaterite into calcite promoted the partial release of the
cargo. The hybrids releasedmore silver at pH 9.0 than at pH 7.4, due
to the longer recrystallization times, which made the process more
selective and therefore, lower contents of AgNPs were entrapped
into calcite, as demonstrated before by our group [32]. It is note-
worthy that calcite crystals can also work as carriers for AgNPs.
After vaterite recrystallization, the newly formed calcite crystals



Fig. 5. SEM-EDS mapping images and respective spectrograms of CaCO3/AgNPs and CaCO3-PSS/AgNPs hybrids. Initial CaCO3/AgNPs ratio equal to 3% (w/w). The scale bars in the
CaCO3/AgNPs hybrids images correspond to 500 nm and in the CaCO3/PSS/AgNPs hybrids images to 1 mm.

Fig. 6. FTIR spectra of bare vaterite and calcite crystals, CaCO3-PSS, CaCO3/AgNPs and
CaCO3-PSS/AgNPs hybrids. Purple wavenumbers correspond to characteristic bands of
PSS.

Table 2
Vaterite molar percentage (mol%).

Vaterite (mol%)

Vaterite/Bare CaCO3 93.8 ± 2.1
CaCO3/AgNPs 86.2 ± 7.5
CaCO3-PSS 93.5 ± 0.2
CaCO3-PSS/AgNPs 91.8 ± 1.7
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retained around 53 and 44% of AgNPs at pH 7.4 and 9.0, respec-
tively, with no further significant release of AgNPs being detected in
the following hours. Therefore, it is demonstrated that the vaterite-
to-calcite recrystallization promoted the partial release of the
cargo, and although the recrystallization triggers the release of the
payload, calcite can also uptake the cargo and prevent a complete
release. The amount of the payload that remains free depends on
the affinity between the cargo and CaCO3 [32]. These results show
that at closed-like conditions, the pH and recrystallisation are the
main factors governing the release mechanism of AgNPs from
CaCO3.

The release of AgNPs and calcium ions at pH 7.4 and 9.0 was also
studied at open-like conditions (Fig. 7B and D), where the super-
natant was periodically removed and replaced with fresh buffer.
This was not carried at pH 5.0, as the results from the experiment at
closed conditions demonstrated that at low pH values the crystals
dissolve and have an immediate burst release of AgNPs.

The data presented in Fig. 7B and D, shows that at pH 7.4 the
release was mainly driven by the dissolution of the hybrids (81% of
calcium released), and to a lower extent, by the transformation of
vaterite into calcite, as demonstrated by the recrystallization
studies at open-like conditions (Fig. S7). This resulted in approxi-
mately 74% of silver being released after 48 h. On the other hand, at
pH 9.0 almost no silver was released despite the continued
replacement of the buffer. This was caused by the low solubility of
CaCO3 at basic pH and the continuous removal of dissolved CaCO3,
when replacing the supernatant with fresh buffer, which delayed
the recrystallization of vaterite into calcite. This was corroborated
by the recrystallization studies at open-like conditions (Fig. S7),
where it was demonstrated that the continuous replacement of the
buffer delayed the recrystallization of vaterite into calcite. This was
more drastically noticed at pH 9.0, where the hybrids recrystalli-
zation into calcite took more than 48 h (Fig. S7).



Fig. 7. Cumulative release over time of silver (A and B) and calcium ions (C and D) from CaCO3/AgNPs hybrids at pH 5.0, 7.4 and 9.0 at closed (A and C) and open-like (B and D)
conditions.
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The effect of PSS on the release of AgNPs from the hybrids was
also analysed under the same conditions. As mentioned in the
previous sections, PSS is a negatively charged polymer that can
stabilise vaterite crystals and prevent the recrystallization into
calcite.

As shown in Fig. 8, at closed-like conditions, the hybrids syn-
thesised with PSS did not release AgNPs at pH 7.4 and pH 9.0 as they
did not recrystallise (Fig. S8). On the other hand, at pH 5.0 therewas
an immediate burst release, with over 90% of AgNPs being released.
This was promoted by the dissolution of CaCO3 at acidic pH,
demonstrated by the high amount of calcium ions in the solution
(ca. 90%). These results highlight the importance of recrystallization
in triggering the release of AgNPs, and that by controlling it, is
possible to target the cargo release at acidic conditions. This is a
highly desirable property for the target release of drugs at infection
and inflammation sites, as well as at the core of biofilms or tumors,
where an acidic microenvironment is mostly predominant.

The release of AgNPs from CaCO3-PSS/AgNPs was also studied at
open-like conditions (Fig. 8B and D). At pH 9.0 there was no release
of silver, once again due to the low solubility of CaCO3 at basic pH. At
pH 7.4 about 60% of silver was released after 6 h due to the
continuous dissolution of the crystals promoted by the frequent
replacement of the buffer. Interestingly, the release profile of cal-
cium at pH 7.4 demonstrated that ca. 80% of CaCO3 had to be dis-
solved for a significant release of silver to happen. This was lower for
the hybrids synthesised without PSS, where about 40% of the crys-
tals have to be dissolved before a significant release of AgNPs. This
difference might be due to the recrystallization also playing a role in
the release of silver from the CaCO3/AgNPs hybrids and the lower
stability of the hybrids without PSS. Nonetheless, despite these
differences, the data show that the hybrids just released AgNPs
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when their structure was significantly affected by the dissolution of
CaCO3, which can be explained by the unique structure of vaterite
and the good affinity between CaCO3 and AgNPs.

To better understand the mechanism of AgNPs release, the
experimental points obtained at open-like conditions (pH 7.4 and
9.0) were fitted to four mathematical models, which predict
different mechanisms of release: dissolution of the payload
(AgNPs), surface erosion of the matrix (CaCO3), and diffusion of
AgNPs from the hybrid crystals.

The parameters obtained through fitting the experimental data
to these models are summarised in Table 3.

As expected, there was not a good fitting to the Hixon-Crowell
model as AgNPs do not undergo dissolution under the release ex-
periments conditions. At pH 7.4, the results of the fitting suggest
that the release of AgNPs from CaCO3/AgNPs hybrids is governed by
the dissolution of CaCO3, since the fitting to the zero-order kinetics
describes well the experimental data (highest R2). At pH 9.0, R2

values are high (�0.95) and similar between two models, Baker-
Lonsdale and Hopfenberg, predicting AgNPs diffusion and CaCO3
erosion, respectively. It seems that both phenomena play a role in
the release of AgNPs from CaCO3/AgNPs hybrids at higher pH
values. Although the zero-order equation also describes well the
experimental data at pH 9.0, it is unlikely that it represents the
mechanism of release, because the high R2 in this case is attributed
to the fact that the experimental points after 5 h of release were not
included into the fitting due to the limitations associated with
Equation 4. If all the data points had been included, the R2 would
drop down to 0.831 (k¼ 0.0044). This limitation is not applicable to
the data at pH 7.4, because the plateau was almost completely
reached within 5 h (ca. 70% of the total amount of AgNPs was
released within the first 5 h).



Fig. 8. Cumulative release over time of silver (A and B) and calcium (C and D) from CaCO3-PSS/AgNPs hybrids at pH 5.0, 7.4 and 9.0 at closed (A and C) and open-like (B and D)
conditions.

Table 3
Calculated parameters obtained by fitting of the experimental data from the release studies at open-like conditions to mathematical models that reflect different release
mechanisms. M∞ is the maximum fraction of silver released. k is the rate constant. Parameter M∞ is not applicable for zero-order model.

Model Mechanism CaCO3/AgNPs CaCO3-PSS/AgNPs

pH 7.4 pH 9.0 pH 7.4 pH 9.0

M∞, k [h�1] R2 M∞, k [h�1] R2 M∞, k [h�1] R2 M∞, k [h�1] R2

Hixson-Crowell Dissolution of AgNPs 0.79, 0.015 0.286 0.96, 0.0012 0.935 0.95, 0.011 0.663 0.98, 0.0005 0.905
Baker-Lonsdale Diffusion of AgNPs 0.74, 0.017 0.558 0.40, 0.0010 0.989 0.73, 0.012 0.894 0.104, 0.0033 0.993
Hopfenberg Erosion of CaCO3 0.74, 0.030 0.533 0.187, 0.019 0.948 0.73, 0.030 0,836 0.072, 0.020 0,953
Zero-order (until 5 h) CaCO3 shell

elimination
N/A, 0.268 0.892 N/A, 0.0178 0.962 0.084 0.799 0.0071 0.973

Zero-order (all data) N/A N/A N/A, 0.0044 0.831 N/A N/A 0.174 0.823
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The release of AgNPs from CaCO3-PSS/AgNPs hybrids obeys the
Baker-Lonsdale diffusionmodel, supporting the conclusion that PSS
stabilises vaterite and suppresses its recrystallization. Hopfenberg
model also provides satisfactorily high R2 values, which supports
the role of slow CaCO3 erosion in the release mechanism. The good
fit of the zero-order kinetics is attributed to the same artefact effect
of the fitting as described above for CaCO3/AgNPs hybrids. If all the
data points from CaCO3-PSS/AgNPs at pH 9.0 would be included the
R2 would drop down to 0.823 (k ¼ 0.174).

The fitting of the experimental curves to the release mechanism
models are shown in Fig. S9. Fig. 9 presents an outline of the main
release mechanism of AgNPs in buffer saline.

3.4.2. Release of AgNPs in the presence of proteins and
carbohydrates

The recrystallization of vaterite is a complex process that, as
demonstrated before, can be affected by several factors. Less than
twenty years ago, the ‘corona effect’ on nanoparticles was reported.
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It describes the adsorption of proteins, carbohydrates, lipids,
nucleic acids, and other molecules onto the surface of nanoparticles
when they are mixed with biologic fluids or media rich in bio-
molecules [9]. Herein, MHB, the medium used to perform the
antibacterial tests, was used to study the release behavior of the
hybrids when exposed to high contents of proteins and carbohy-
drates at pH 7.4.

As depicted in Fig. 10, 39 and 18% of silver was released from
CaCO3/AgNPs and CaCO3-PSS/AgNPs within 1 h, and 53% and 34%
after 96 h, respectively. Although it is clear that PSS retarded the
release of the AgNPs, and that both types of hybrids presented a
very slow release in MHB, the hybrids with PSS did not present a
release profile similar to the one in saline buffer at pH 7.4, where
almost all the silver remained embedded in the hybrids. Interest-
ingly, the hybrids presented good stability in MHB, with no
recrystallization detected within 96 h (Fig. S10), even for the
crystals without PSS. This evidenced that recrystallization was not
the driving force for the release of AgNPs.



Fig. 9. AgNPs main release mechanisms in saline buffer solutions: recrystallization (A) and dissolution (B).

Fig. 10. Cumulative release over time of silver (left) and calcium (right) from CaCO3/AgNPs and CaCO3-PSS/AgNPs hybrids in MHB.
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The need for the microparticles to decrease their surface energy,
and the proteins and carbohydrates in the medium to minimise
their free enthalpy, favored the adsorption of these biomolecules on
the surface of CaCO3 and AgNPs, forming a corona through elec-
trostatic, hydrophobic and van der Waals interactions [9].

The formation of a corona on CaCO3 surface has previously been
reported and used to prevent or retard the recrystallization of
vaterite and therefore, the cargo release [65e67]. Nonetheless, to
the best of our knowledge, the opposite effect, i.e. the corona
triggering the cargo release from vaterite has not been reported
before. We believe, that while the biomolecules that compose the
corona promote the stability of vaterite and halt the
13
recrystallization, which is desirable, they are also adsorbed onto the
surface of the AgNPs (as demonstrated by the FTIR data in Fig. S11),
decreasing the affinity between the AgNPs and CaCO3. Therefore,
poorly entrapped AgNPs are eventually released due to the low
affinity to CaCO3. This is potentiated by the depletion of 13e17% of
calcium from the surface of some of the hybrids, as demonstrated in
Fig. 10 which facilitated the release of AgNPs. This is also corrobo-
rated by the images in Fig. 11 which present hybrids with partially
depleted surfaces.

Although the release of AgNPs was more accentuated in the first
hour, it slowly carried on throughout the incubation period. This
might be due to the corona formation steps, which entail the



Fig. 11. SEM images of CaCO3/AgNPs (AeC) and CaCO3-PSS/AgNPs (DeF) after 2 h in MHB at 37�C. The yellow arrows in images A and D point to the hybrids with partially dissolved
surfaces (higher magnification images allow to see this in more detail). Scale bar is 1 mm for image (A), (B), (D) and (E), and 100 nm.
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development of a ‘soft’ corona composed of biomolecules that exist
in high abundance, which then evolves to a ‘hard’ corona composed
of biomolecules with high affinity to the surface [9,68,69]. The
formation of the ‘soft’ corona is believed to occur within seconds to
minutes, and the ‘hard’ corona, within hours [69]. This might
explain the higher contents of AgNPs released in the first hour and
then the slow release over the next 96 h.

The results presented here demonstrate that the proteins and
carbohydrates in MHB changed the hybrids surface properties, as
well as the interactions between CaCO3 and AgNPs, resulting in a
slow release over time. Although these results cannot be extrapo-
lated to situations where the cargo and/or the medium are
different, as the corona might potentiate or decrease the in-
teractions between CaCO3 and the cargo, it shows that vaterite is
highly sensitive to the surrounding environment and that the
release is not only controlled by recrystallization and dissolution at
low pH, but also by the medium compositionwhich can promote or
halt the cargo release. Fig. 12 outlines the release route of AgNPs
from vaterite in the presence of biomolecules.
Fig. 12. Scheme of AgNPs release mechanism at neutral to basic pH in the presence of
biomolecules.
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3.5. Antibacterial activity

The alarming levels of antimicrobial resistance and decreasing
number of drugs capable of eradicating the evolved microorgan-
isms have raised awareness to control the release of antimicrobial
agents and improve their delivery for better effectiveness and
therapeutical outcomes. Herein, CaCO3/AgNPs hybrids were
developed to store, protect, carry and release AgNPs more
efficiently.

Preliminary results presented in a recent work published by our
group has demonstrated the antibacterial activity of CaCO3/AgNPs
hybrids [32]. Nonetheless, more studies are required to find out
whether the activity of the AgNPs loaded into CaCO3 was affected
by the loading process. To that end antibacterial tests were carried
out against E. coli, MRSA and P. aeruginosa, three bacterial isolates
responsible for a high number of infections in hospital settings.
CaCO3/AgNPs hybrids were chosen instead of CaCO3-PSS/AgNPs
hybrids, as the last ones present a lower release of AgNPs in MHB at
pH 7.4.

Before assessing the antibacterial activity of the hybrids, the
content of AgNPs released from the CaCO3/AgNPs hybrids in MHB
was determined. As presented in Fig. S12, the amount of silver
released ranged between 9.1 and 109.4 mg/ml, corresponding to
99.4% and 18.6% of the total amount of silver loaded into the hybrids
at the concentrations ranging between 0.33 and 21 mg/ml,
respectively. Similarly to the release studies in MHB, no recrystal-
lization of the hybrids was detected after 24 h, as shown in the
transmittance images. It was also verified that the amount of silver
released increased with the concentration of hybrids, and then a
plateau was reached when the hybrids concentration was between
10 and 21 mg/ml.

AgNPs are mainly found on the surface or close to the surface of
CaCO3 (Fig. S13), therefore when the concentration of CaCO3/AgNPs
increases, more hybrids are in suspension, which increases the
surface area and release of AgNPs through the partial dissolution of
the surface (Fig. 11) instead of the entire or more profound areas of
the hybrids which do not carry AgNPs. This exposes more nano-
particles to the proteins and carbohydrates present in MHB, which
seem to form a corona on their surface, decreasing the affinity to
CaCO3. The reduced affinity, associated with the fact that the
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nanoparticles become poorly entrapped on the partially dissolved
surfaces, promotes the release of the AgNPs. When there is an
excess of hybrids, and the dissolution of the crystals necessary to
reach the equilibrium only affects the surfaces of the CaCO3/AgNPs
hybrids, a plateau is reached, and the amount of silver released does
not change with increasing concentrations of hybrids.

Fig. 13 presents the minimum concentration of silver required to
inhibit the growth of planktonic bacteria and biofilms (MIC and
Fig. 13. MIC (A), MBC (B) and MBIC (C) (mg/ml) of AgNPs and CaCO3/AgNPs against plankto
replicates each. Statistical analysis made using the t-test (normal distribution) and Mann-
concentration of silver released from CaCO3/AgNPs hybrids determined on preliminary stud

15
MBIC, respectively) and kill the bacteria (MBC). Unloaded AgNPs
were used as a control for comparison with the AgNPs released
from the hybrids. The MIC, MBC and MBIC as a function of the
hybrids concentration can be found in Fig. S14. The results show
that the AgNPs released from the CaCO3/AgNPs hybrids inhibited
the growth of E. coli, MRSA and P. aeruginosa at 34 ± 12, 38 ± 22 and
17 ± 10 mg/ml, respectively. The AgNPs were also effective in killing
and inhibiting the growth of biofilms.
nic E. coli, MRSA and P. aeruginosa. Data corresponds to three to six repeats with three
Whitney test (non-normal distribution). ns: not significant difference. CaCO3/AgNPs*:
ies where the amount of silver released in MHB was quantified.
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The bare CaCO3 did not present bactericidal activity at concen-
trations equal to or below 21 mg/ml, which shows that the bacte-
ricidal activity of the hybrids was mostly promoted by the AgNPs.

Interestingly, as previously reported for the hybrids, the AgNPs
presented better activity against E. coli and P. aeruginosa than
against MRSA [32]. Despite the reason behind this effect not being
fully understood and the lack of consensus, similar results have
been reported elsewhere and is believed to result from structural
differences between the membrane of gram-positive and gram-
negative bacteria [70e72].

Importantly, in all the antibacterial tests performed, there were
no significant differences between the antibacterial activity of the
unloaded AgNPs and the AgNPs released from hybrids, which
demonstrates that the loading steps and vaterite itself did not
impair the activity of the AgNPs. The good antibacterial activity of
the developed hybrids, allied with the controlled and targeted
release, offers new opportunities to use and deliver active AgNPs
more efficiently, and contribute to a more rational use of silver.

4. Conclusion

In this work, hybrids composed of vaterite CaCO3 and AgNPs
were produced for the protection and storage of AgNPs. To control
the release of the cargo, DexCM and PSS were used to stabilise the
hybrids by preventing the recrystallization of vaterite to calcite and
consequent cargo release. DexCM partially prevented the recrys-
tallization of the hybrids at contents equal to 4%, although it
affected the uptake of AgNPs. On the other hand, 2% of PSS pre-
vented the recrystallizationwithout impairing the uptake of AgNPs.

The release of AgNPs from CaCO3/AgNPs and CaCO3-PSS/AgNPs
hybrids was studied at different pH values, at closed and open-like
conditions, and in the presence of high contents of biomolecules for
a detailed elucidation of the release mechanisms. While the CaCO3/
AgNPs hybrids presented a recrystallisation-dependent release at
higher pH values, the hybrids stabilized with PSS presented a tar-
geted release at acid environments, with a burst release at pH 5 and
no AgNPs being released at pH 7.4 and 9.0. New insights were also
introduced about the effect of biomolecules on the release of AgNPs
from the hybrids.

The antibacterial studies demonstrated that the hybrids devel-
oped protect the AgNPs without impairing their antibacterial
properties against E. coli, MRSA and P. aeruginosa.

Overall, this work presents a simple approach to control the
recrystallization of vaterite and consequent cargo (AgNPs) release.
The detailed analysis of the release mechanism gives a complete
insight into the challenges and viable solutions for the targeted and
controlled release of active compounds from vaterite vectors, and
highlights the impact of biomolecules in changing the affinity be-
tween the cargo and the vector, and consequently the release
mechanism. While this work is focused on AgNPs, the findings can
be extrapolated to other types of compounds loaded into CaCO3,
and will help future works on the design of vaterite vectors with
features of controlled and targeted delivery.
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