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ABSTRACT

Multifunctional probes play an increasing role even beyond applications in biomedicine. Multifunctionality introduced by the dual types of
complementary probes is always attractive because, in this case, functionalized objects inherit the function of both materials. Porous calcium
carbonate microparticles are becoming popular carriers of biomolecules and biosensors, as well as imaging enhancers. We demonstrate here
a dual function of these carriers by incorporating both magnetic and silver nanoparticles. Magnetic nanoparticles enable movements and
displacements by a magnetic field, while silver nanoparticles provide surface-enhanced Raman signal amplification necessary for the detec-
tion of biomolecules. Application of such dual-functional carriers is foreseen beyond the applications of biomedicine and theranostics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111973

I. INTRODUCTION

In the area of drug delivery, carriers need to be capable of
releasing drugs at the desired site, avoiding drug diffusion away
from the site or premature degradation. Some notable drug deliv-
ery carriers include liposomes, silica, polymeric particles, carbon-
based carriers, inorganic particles such as calcium carbonate, etc.
Liposomes can facilitate fusion with the plasma membrane since
they have a phospholipid bilayer allowing them to fuse with cells
and provide efficient drug delivery. But liposomes have some dis-
advantages, for example, sterilization due to sensitivity to heat.
The physicochemical properties of these carriers are also rather
unstable since hydrolysis of the ester bond could occur, and drugs
can escape due to aggregations of liposomes.1,2 Also, manufactur-
ing liposomes is challenging since the development of multifunc-
tional liposomes because of challenges with a coating of the
surface and addition ligands, which is rather sophisticated.
Besides, different liposomal formulations can affect their

biocompatibility, toxicology, and distribution. Other challenges
include the storage time and chemical stability—this increases the
production costs of these carriers.3 Porous silica-based carriers are
versatile vehicles, which have several beneficial characteristics such as
biodegradability and a high surface area. Also, the porosity of the
material provides possibilities for encapsulated molecules to occupy a
large network of pores. One of the disadvantages of silica-based car-
riers is potential hemolysis of red blood cells due to the interaction
with phospholipids. Another disadvantage is that porous silica NPs
can induce metabolic changes leading to melanoma promotion.4 In
this regard, calcium carbonate represents an attractive alternative.

Calcium carbonate exists in three anhydrous crystalline forms:
vaterite, calcite, and aragonite.5 The most stable form is calcite,
while the least stable form is vaterite.6,7 Although vaterite is ther-
modynamically unstable due to its high solubility in water, main-
taining the stability of this form can be kept through stabilization
with metal ions or organic matter. Polycrystalline vaterite spheres
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are attractive as nanocarriers since they have a high surface area to
volume ratio and a high loading capacity due to their porous
nature.8 The main interest in using vaterite particles is due to their
synthesis, which is more simple and less expensive than some alter-
natives such as liposomes. Vaterite synthesis can be done in the
most cost-efficient way by mixing calcium and carbonate salts for
precipitation under vigorous stirring. Its form can be controlled
by stable modifications such as high supersaturation, alkaline pH,
and ambient temperature.9 The synthesis of multifunctional vater-
ite particles is simplified since different easy substance loading
methods can be used, such as adsorption and coprecipitation. The
particles’ size in the range from 3 to 20 μm can be tuned by adjust-
ing the molarity and reaction time of CaCl2 and Na2CO3 reaction
mixture.10 The fabrication of vaterite carriers was only recently suc-
cessful as submicrometer-sized since ethylene glycol can be added
to control the diffusion of the ions as well as decreasing the crystal
growth rate.9,11 Other methods like titration12 or ultrasound agita-
tion13 allow us to obtain industrial friendly approached aniso-
tropic vaterite particles or particles in micrometer size with the
highest reaction yield. However, the synthesis of nanocarriers still
remains challenging. The most frequently used size of these parti-
cles was about 4 μm with a porosity of 40%.14 Either way,
submicrometer-sized carriers can be applied for active coating or
drug delivery since other micrometer-sized structures such as cells
or tissues can be targeted.15,16

A high potential of vaterite particles has already been explored
in regenerative medicine and tissue engineering. They dissolve at
low pH, and this dissolution can also occur inside body fluids since
it contains several acidic metabolites. As such, the degradation
products, Ca2+ and CO3

2−, can be used extracellularly since Ca2+

can contribute to the formation of new tissue.17,18 Vaterite particles
also have other applications due to their physical and chemical
properties, fast synthesis, and biodegradability. For example, vater-
ite crystals can be incorporated in toothpaste and mouthwashes for
whitening. They have also found applications in soaps, makeup,
makeup removers, wipes, etc. Also, vaterite particles can be used in
absorbents, buffers, colorants, anticaking agents, fillers, and emul-
sion stabilizers and are, therefore, used in several personal care
products.9,19

Earlier, calcium carbonate particles had been used as a
template for building polyelectrolyte multilayer capsules upon dis-
solution of the template (calcium carbonate). Various modifications
of the polymeric shell were performed by various nanoparticles
(NPs) including gold and magnetic nanoparticles offering a possi-
bility of using magnetic field and laser for releasing the contents
from polymeric microcapsules,20 which we extend here in applica-
tion to inorganic calcium carbonate particles modifying them with
magnetic and a noble metal (silver) nanoparticles. There are few
recent publications about the functionalization of such porous
particles by magnetic nanoparticles via adsorption21 and novel,
recently developed freeze-drying methods.22 Apart from magnetic
nanoparticles, silver nanoparticles (AgNPs), gold adsorption, or
their in situ synthesis23,24 has been used to demonstrate a possibil-
ity of forming stable inorganic matrices consisting of metal nano-
particles and minerals (calcium carbonate). It should be noted that
the latter calcium carbonate can be additionally stabilized with
polyelectrolyte layers.21 Drug delivery carriers suited for circulation

are less suitable for capturing or carrying larger loads of molecules
or for the delivery of effective doses of medicine. Drug delivery carri-
ers with multiple functions are seen to be applicable to theranostics,
where they are simultaneously used for diagnostics and therapy.
In this regard, fabrication of multicompartment theranostic carrier
has been performed for multicompartment microcapsules.25

Multifunctionality can also be achieved by functionalizing the
carriers by different nanoparticles. The functionalization of the
carrier with magnetic nanoparticles (NPs) provides the controllable
motion of the carrier in magnetic fields in cells and tissues,26 as
well as in the living body.27

Iron oxides, which include a number of forms including
magnetite (Fe3O4), maghemite (γ-Fe2O3) and hematite (α-Fe2O3),
have traditionally been one of the most used materials due to the
prevalence, cost, and practicality.28,29 Several studies exist about
the preparation of stable, size, and shape-controlled magnetic NPs
including coprecipitation, microemulsion, thermal decomposition,
solvothermal, sonochemical, microwave-assisted, chemical vapor
deposition, combustion synthesis, carbon arc, and laser pyrolysis
synthesis.30 Functionalization of the surface of iron oxide NPs with
organic molecules is carried out to preserve the colloidal stability of
the particles. Biocompatible, stabilizing molecules such as citric
acid are used for surface functionalization to preserve morphology
and magnetic properties of NPs.31 This small molecule chemisorbs
to the surface of NPs and lowers the tendency of the magnetic par-
ticles to aggregate.32,33 The size must allow sufficient time for the
circulation of the particles after injection to reach their target
organs and tissues.30

Other types of particles can be used for modification of
vaterite particles. Silver NPs have been used due to their unique
thermal, optical, and electrical properties. In diagnostics, silver
NPs are used in biosensors, and they also possess antibacterial
properties—a factor, which led to their incorporation in textile,
cosmetics, and wound dressings. Also, silver NPs possess high
thermal and electrical conductivity and efficiently absorb and
scatter light. The latter property is dependent on the diameter
and shape, where a strong interaction exists for a specific wave-
length. This is referred to as the surface plasmon resonance
(SPR), and it is responsible for strong scattering and absorption
properties.34 The surface plasmon resonance properties change
due to the aggregation of NPs, thus shifting the SPR to lower
energies or higher (longer) wavelengths.35 The above described
properties make silver NPs attractive candidates for biosensors,
including surface-enhanced Raman scattering (SERS).36 Both
magnetic and silver NPs can be further adsorbed on diverse drug
delivery carriers adding complementary functionalities. Silver on
magnetic nanoparticles has been previously used by Kneipp and
co-authors for separation of analyte molecules for SERS
(surface-enhanced Raman scattering) detection.37 SERS amplifica-
tion can be extremely strong,38 while platforms39 have been
broadly used for the detection of molecules, including pathogen
detection.40 It should also be noted that elaborate novel platforms
are now under development, including optical waveguides for
more stable SERS detection.41

In this study, porous calcium carbonate particles in the form
of vaterite are designed as multifunctional carriers. The multifunc-
tionality of porous vaterite drug delivery carriers is realized by

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 203102 (2019); doi: 10.1063/1.5111973 126, 203102-2

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


functionalizing them with two types of nanoparticles: (a) magnetite
nanoparticles for providing motion capabilities, and (b) silver
nanoparticles for enhancing the detection of molecules by SERS
(surface-enhanced Raman scattering). The speed of the carriers
motion in a magnetic field is investigated together with measure-
ment of the SERS signal amplification for a model molecule—
Rhodamine 6G immobilized onto the carriers. Subsequently, the
cell viability has been also assessed for these new carriers. This
work provides demonstration of the proof-of-principle to use
motion induced by magnetic field and SERS amplification obtained
by a label-free Raman detection in one carrier.

II. MATERIALS AND METHODS

A. Materials

All the chemical reagents were bought from Sigma-Aldrich
and used without further purification. Analysis of the speed of the
particles loaded with magnetite was done with a block magnet
purchased from Supermagnete. This parallelepiped magnet is
nickel-plated with a dimension of 50.8 × 50.8 × 25.4 mm (article ID
SALE-046), and it is classified as an N40 magnet.

B. Synthesis of the nanoparticles

1. Synthesis of CaCO3 micrometer-sized particles

Spherical CaCO3 with an average size of 4 μm were synthe-
sized, according to Volodkin et al.42 Equal volumes of 2 ml sodium
carbonate NaCO3 and calcium chloride CaCl2 of 0.3M were stirred
together for 1 min at room temperature at a rotation speed of
500 rpm. The particles were separated by centrifugation at a speed
of 3000 rpm for 3 min and washed with pure ethanol. This step
was done three times. Finally, the micrometer-sized particles were
left in the oven at 70 °C for at least 1 h and stored in the freezer.

2. Synthesis of Fe3O4 nanoparticles

The magnetic Fe3O4 nanoparticles were prepared following
the protocol of Elmore,43 i.e., magnetite synthesis. At this moment,
10 ml of 0.37M FeCl3 and 10 ml of 0.20M FeCl2 were stirred for
30 min in 200 ml of 0.1M NaOH with a rotation speed of 600 rpm.
Magnetite was collected by holding a magnet against the glass vessel
and removing the supernatant. The nanoparticles were washed sub-
sequently with 20ml of 25ml/mg citric acid. This procedure was
done three times, after which the particles were kept in 40ml water.
The final concentration of magnetite was 12.7mg/ml estimated via
drying (70 °C overnight) and a weight of 10ml suspension.

3. Loading of Fe3O4 with CaCO3 particles

The absorption of magnetite on the micrometer-sized particles
was realized by resuspending a 10-mg portion of the particles with
a chosen amount of magnetite in a total volume of 1 ml to achieve
samples with different ratios of Fe3O4:CaCO3. Ultrasound was used
to avoid large aggregations of magnetite. This suspension was then
shaken with a vortex mixer for 30 min and afterward stored mini-
mally for 15 min in the freezer.

4. In situ synthesis of silver nanoparticles on CaCO3

particles

The addition of silver nanoparticles with an average size
of 30 nm on vaterite was based on the protocol described in
Kamyshinsky et al.44 The silver mirror reaction was done by mixing
equal volumes of 0.5M AgNO3 and 0.5M NH4OH. The solution
becomes transparent after dropwise addition of NH4OH. This
so-called Tollens’s reaction delivers the Tollens’s reagent [Ag(NH3)2]
OH. To absorb the silver NPs (nanoparticles) onto its carrier, 1.5ml
of water, 150 μl of Tollens’s reagent, and 20 μl of 5% dextrose were
added to its carrier. This solution was then shaken for 10min. The
functionalized particles were separated by centrifugation at a rotation
speed of 3000 rpm for 3min and stored in water.

C. Physical characterization

1. Scanning electron microscopy (SEM)

The size and shape of particles were characterized with the
help of scanning electron microscopy (SEM). 100 μl of distilled
water was then added to obtain droplets for SEM examination.
The measurement was performed with JSM-T330A from Joel at an
operating voltage of 25 kV with secondary electrons. Before SEM,
the particle droplets were coated with 15 nm sized gold nanoparti-
cles (Bal-Tec SCD050 Sputter Coater).

2. X-ray diffraction (XRD)

The phase structures of the different particle samples were
examined by X-ray diffraction (XRD). The patterns were recorded
with a Rigaku Miniflex-600 diffractometer (Rigaku Corporation,
Tokyo, Japan) by using CuKυ (λ = 0.154 nm) radiation source oper-
ating at 43 kV and 150 mA. The X-ray patterns were measured in
the 2θ range 5–80° at a scan speed 2°/min. The interpretation of
the patterns was made with the database of the International
Center of Diffraction Data (ICDD) PDF4+ was used.

3. Raman spectroscopy

The enhancement factor of silver and magnetite on vaterite
was observed by using SERS. A Raman microscope (Alpha300R+)
was equipped with a 785 nm laser (Toptica, Munich, Germany)
and a CCD camera (ANDOR iDUS 401 BR-DD, Belfast, Great
Britain) cooled to −72 °C. The objective used was Nikon 40×/0.6 NA.

For reference, Rhodamine 6G (10−3M) was deposited on the
quartz surface. The spectra were recorded with 130 mW laser
power and 1 min of acquisition time. The particles were incubated
with various (10−3M, 10−4M, and 10−5M) concentrations of
Rhodamine 6G (laser power 15 mW, acquisition time 1 min).

The signal intensity of three characteristic peaks of Rhodamine
6G (1319, 1375, and 1514 cm−1) in a reference sample was compared
to the signal intensity of Rhodamine 6G adsorbed on particles.
The enhancement factor was calculated as follows:

Enhancement factor ¼
PSERS � CSERS

ISERS
Pcontrol � Ccontrol

Icontrol

¼ PSERS � CSERS � Icontrol
Pcontrol � Ccontrol � ISERS ,
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with I being the Raman intensity, C the concentration in M, and P
the power used during the measurement. The measurements were
done in triplicate. Statistical analysis was performed using one-way
ANOVA, where the significance was assigned with p-values <0.05.

D. Loading efficiency

For the loading efficiency of Fe3O4 and silver to be measured
from particles, 10 mg of CaCO3 was weighted with the Quintix
Analytical Balance 30 g × 0.01 mg from Sartorius. Statistics included
3 independent samples. Thus, the amount of magnetite loaded was
estimated by weighting the dried magnetite-loaded CaCO3 first.
Afterward to dissolve CaCO3 2ml of 0.5M ethylenediaminetetra-
acetic acid (EDTA) was added; magnetite was then dried and
weighed.

The amount of magnetite and silver loaded onto the carrier
was calculated by drying the magnetite and silver-loaded CaCO3.
EDTA was added again, after which the magnetite and silver parti-
cles were dried and weighed.

E. Speed measurements

The speed of the functionalized particles was analyzed with an
optical microscope (Leitz Wetzlar) with a 20× lens. The captured
videos were taken by a color CCD camera from Monacor and
imported in the computer program Pinnacle Studio 15. The parti-
cles were moved toward a block magnet with a working distance of
4 cm. A digital microscope was used to record a video when the
particles moved toward the block magnet. The resulting video was
used to calculate the speed of the particles using ImageJ. To calcu-
late speed statistics, at least 50 single particles were measured.

F. Cell viability tests

The NHDF cells were plated separately in tissue culture flasks
and cultivated in Dulbecco’s modified Eagle medium supplemented
with a 1% penicillin-streptomycin antibiotic antifungal cocktail of
2mM L-glutamine, containing 10% Fetal bovine serum (FBS), in a
humidified incubator containing 10% CO2 at 37 °C. The media
were replaced every 3 days, and the cells were maintained in a
humidified incubator at 37 °C with 5% CO2. Cell cultures with
75%–85% confluence were harvested using 0.25% trypsin and
counted with a hemocytometer.

Cells were put in 96-well plates at the density described in
the individual experiments. The next day, the microparticles were
added at ratios of 10, 50, and 100 particles per cell to triplicate
wells. A fresh medium was added to each of the 96 wells.
Subsequently, the cells were incubated at 37 °C overnight, together
with the added materials. In the last step, to each well, 10 μl of a
fluorescence dye was added (alamarBlue, Sigma-Aldrich), and the
intensity was measured using a spectrophotometer. The experi-
ment showed the capability of metabolically active cells to convert
the alamarBlue reagent into a fluorescent and colorimetric indica-
tor (Fig. 1).

III. RESULTS AND DISCUSSION

Particles are used in this study to explore the concept of a ver-
satile carrier with dual functionality: detection and motion. For the

design of the particles which are able to move in a magnetic field
and surface-enhance Raman signals, the sequential functionaliza-
tion of the presynthesized porous vaterite particles with size
∼ 3.5 μm, was performed [Scheme (1)]. The targeted delivery of
drugs requires almost always a carrier. This carrier is often made
out of a submicrometer or nanomatrix, where the drug of interest
can be dissolved, entrapped, encapsulated, adsorbed, or attached to
the surface or into the interior. The surface of the carriers can be
designed in such a way as to optimize the treatment by adjusting
different properties and releasing the payload, as it was already
reported previously.45 With this knowledge, vaterite particles were
synthesized in this work via the calcium chloride and sodium car-
bonate precipitation methods. The average size of the particles was
measured to be 3.5 ± 0.5 μm incurred from Figs. 2(a) and 2(d).

The following modification of vaterite particles by the
adsorption of Fe3O4 particles was performed via sorption
(Sec. II). The size of the vaterite particles does not change

FIG. 1. Schematics of synthesis vaterite particles and their functionalization
with magnetite particles (Fe3O4) via sorption and silver nanoparticles via in situ
synthesis (sliver mirror reaction) for SERS application and movement under the
magnetic field.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 203102 (2019); doi: 10.1063/1.5111973 126, 203102-4

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


significantly [Fig. 2(b)]. In the next step, the in situ synthesis of
silver nanoparticles was performed. The particles used in this
study are functionalized with silver NPs. Silver NPs can be syn-
thesized by the silver mirror reaction, which leads to the creation
of the Tollens’s reagent [Ag(NH3)2]

+. The reaction proceeds in
different steps summarized in the following scheme:

AgNO3 þNH4OH ¼ AgOHþ NH4OH, (1)

AgOHþ 2NH4OH ¼ [Ag(NH3)2]OHþ 2H2O, (2)

2 [Ag(NH3)2]OHþ CH3CHO ¼ 2Agþ CH3COONH4

þ 3NH3 þH2O: (3)

This method of synthesis produces positively charged silver
NPs,46 while their size is dependent on the temperature of the solu-
tions.24 Particles at room temperature can be smaller than 100 nm,
while solutions heated up to 50 °C produce particles with sizes that

range between 200 nm and 700 nm.47 Other properties that control
the size are the reaction time and the addition of surfactants. Longer
reaction time and a higher concentration of the surfactants led to an
increase in size.46,48 The dimensions of the silver NPs in this study
are restricted to the pores of the vaterite carriers, which are in the
range of 20–60 nm.42 Silver NPs can thus in situ start their nucle-
ation in the pores of calcium carbonate particles [Fig. 2(c)].

The reaction time also affects the amount of silver NPs finally
absorbed onto the vaterite carriers. For example, not all the pores
will be filled after a reaction time of 10 min. However, 30 min of
the reaction time causes aggregation of silver NPs on the surface of
the carriers. For a reaction time of 60 min, the aggregation process
extends further until the whole carrier is completely covered,
similar to what was observed previously.49 Functionalization with
the silver particles will increase the amount of the calcite due to the
recrystallization process that occurs in water (forming cubiclike
particles in SEM images).

After functionalizing vaterite carriers with magnetite and
silver nanoparticles, the size of vaterite particles was found to be

FIG. 2. The scanning electron microscopy image of the calcium carbonate particles (a), loaded calcium carbonate particles with Fe3O4 (b), and loaded with Fe3O4 and
silver nanoparticles (AgNPs) (c); (d) size distribution of initial calcium carbonate particles; (e) XRD spectra of calcium carbonate particles functionalized with Fe3O4 and
with silver nanoparticles; (f ) pie chart of the loading efficiency of the final composition of the vaterite particles loaded with Fe3O4 only as well as with Fe3O4 and additional
silver nanoparticles.
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unaltered [Fig. 2(e)]. Furthermore, the presence of magnetite and
silver can be judged from the X-ray diffraction characterization—
this is confirmed by the characteristic peak at 38.13° and 44.36° for
Ag and 30°, 35.45°, 53.55°, and 57.1° for Fe3O4. Both calcite and
vaterite phases are seen to be present in XRD spectra, where at
least 20% of the mineral was found to recrystallize to calcite. This
can be assigned to the long treatment procedure during the func-
tionalization. But most of the particles are still present in the vater-
ite phase as it was judged from microscopy images.

The adsorption capacity of the calcium carbonate for Fe3O4

nanoparticles is substantially high, around 42%, as it can be seen
from Fig. 2(f ). But in situ synthesis of silver nanoparticles leads to
partial desorption of magnetite and substituted with silver NPs,
and the total amount was found to be 68% of the silver nanoparti-
cles and magnetite in the final particles’ composition.

Functionalization of calcium carbonate particles with magnetite
is made to use the carriers for targeted delivery under a magnetic
field. Therefore, subsequent tests have been done to investigate the
motion of carriers in a magnetic field [Fig. 3(a)]. Specifically, sub-
jected to a magnetic field (under the magnet of 200 kg cm), carriers
moved at the speed of over 0.3 cm/s. It can also be seen from
Fig. 3(a) that functionalization of carriers with additional silver
nanoparticles slightly decreases the speed of the particles in a mag-
netic field to ∼0.25 cm/s. This can be assigned to the fact that a rela-
tive decrease of the amount of Fe3O4 NPs as well as the additional
mass of the final object reached that with silver nanoparticles.

The proposed carriers can be used for theranostics, where
diagnostics and therapy are combined to identify and cure potential
diseases. In laboratory conditions, no surface-modifying molecules
have been added, but for real in vivo experiments, a number of
factors need to be taken into consideration including the

adsorption of molecules on the surface of carriers. The prevention
of adsorption of molecules in vivo can be assisted by functionaliz-
ing the carrier with PEG (polyethylene glycol). But in addition to
in vivo circulation, the proposed particles are expected to be of
interest for the separation of molecules with their subsequent iden-
tification by SERS.

Cell viability would be an important criterion of applicabil-
ity of such carriers. Therefore, subsequent tests were performed
to assess cell viability upon exposure and interaction of cells
with vaterite carriers. The functionalization with silver and
magnetite NPs does not appear to have a significant influence
on the cell viability [Fig. 3(b)]. At concentrations of up to 100
particles per cell, all viability data are similar to those for the
control cells.

For demonstrating the proof-of-principle for using such
composite carrier particles in biosensor applications, we have
chosen Rhodamine 6G molecule for loading as a model system
for investigating the feasibility of its detection. We have chosen
surface-enhanced Raman scattering (SERS)45,50–54 as the method
of detection. Hybrid materials, i.e., those combining organic and
inorganic components55 would be good candidates for such
detection.56 Raman spectra of the samples and those after the
sorption on the functionalized calcium carbonate particles can be
seen in Fig. 4(a). We observe typical Rhodamine peaks at
1375 cm−1, 1514 cm−1 (C-C stretching), and 1319 cm−1 (N-H
in-plane bend). Also typical C-H bend at 1125 cm−1 and
1180 cm−1 as well as C-C stretching at 1650 cm−1 in-plane bent,
which agrees with those reported in the literature.57 For estima-
tion of the enhancement factor of the particles, three more
intense peaks were chosen [Fig. 4(a)]. Furthermore, the enhance-
ment factor of detecting Rhodamine 6G, measured for the

FIG. 3. (a) Optical images of the motion of CaCO3/Fe3O4/AgNP particles and bar chart of the speed in a magnetic field for vaterite particles functionalized with Fe3O4

with and without additional functionalization with silver nanoparticles; (b) cell viability data of vaterite particles functionalized with Fe3O4 with and without additional function-
alization with silver nanoparticles for different amount particles per cells.
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concentrations of Rhodamine in the range of 10−5 to 10−3M, was
found to be up to 104 for all three peaks [Fig. 4(b)].

IV. CONCLUSIONS

In this work, a novel drug delivery system based on porous
vaterite particles is designed possessing dual functionality and,
therefore, relevant for theranostics. The proof-of-principle of such
a multifunctional carrier is shown for loading various molecules,
performing movements in a magnetic field, and possessing sensor
capabilities. The composition of the carriers has been investigated
by X-ray diffraction measurements, while their morphology has been
assessed by scanning electron microscopy. The speed of motion of
carriers in a magnetic field has been measured and is found to be in
a range of 0.25–0.3 cm/s, while the SERS enhancement factor on
these hybrid carriers is up to 104. Cell viability studies have been
performed on fibroblasts revealing that developed carriers do not
possess toxicity to cells compared to control samples. Dual function-
ality, responsiveness to the magnetic field, and laser-induced

detection of biomolecules using the SERS effect make the designed
career an interesting candidate for delivery of molecules and detec-
tion of molecules very relevant for the area of theranostics25 respon-
sive to multiple stimuli.58 We note that in addition to drug delivery,
calcium carbonate particles described in this work can be used for
molecule adsorption, detection, and separation.
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