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In present study, we report on synthesis of fluorescent GdVO4:Eu3Jr nanoparticle-embedded
CaCO; microparticles (CaCOS@GdVO4:Eu3+) and their characterization. Synthesized
CaCOS@GdVO4:Eu3+ microspheres are of vaterite polymorph and about 2 wm diameter with
—12.8010.82 mV zeta potential. The specific surface area of the CaCoa@GdVO“:Eu3+ micro-
spheres and pore size distribution were analyzed by Brunauer-Emmett-Teller method. The
microparticles was classified as macroporous ones with a wide distribution of pore sizes.The
specific surface area for CaCO?’@GdVO“:Eu3+ microspheres (Sgpp = 25.2 m?/g) is higher than
reported for CaCO, microparticles obtained without any additives. CaCO3@GdVO4:Eu3+ micro-
spheres exhibit strong fluorescence both in a water solution and under fluorescent microscopy
conditions that makes them attractive for bio-related application.
Keywords: nanoparticles, microspheres, luminescence, porosity, specific surface area.

IpepcraBaen cuHTes U xXapakrepuctuka mukpouactur, CaCO,, comepsxalnux GuIyopecIeHTHEIE
HAHOUACTHUIILI GdVO4:Eu3+ (CaCO3@GdVO4:Eu3+). CuHTe3HpOBAaHHbIE MuKpocdephl
CZEICO;,)@GdVOlt:Eu?’Jr TTOTUMOP(HOH MOAMPUKAIINY BATEPUT HMEIOT AUAMETP TOPAAKa 2 MKM C
mseta-morennmasgom  —12,80+0,82 w~mB. VYaenbHas Iomanb — TIOBEPXHOCTH — MUKpocdep
CZEICO?,@GdVO‘t:Eu?’Jr ¥ pacrpe/ieJieHue Top o pasMepaM PoaHATN3MpPOBAaHbI MeToqoM BpyHayspa-
9vmeTta-Tessiepa, UTO TIO3BOJIIO OTHECTH MX K MAKPOIIOPUCTHIM YACTHUIIAM C IITHPOKUM PacIpeere-
HUEM TIOp TIO0 PasMepaM. YAeALHAS TUIOIIAAL TTOBEPXHOCTH CaCO?’@GdVO“:Eu3+ (S,5 = 25,2 M2/1)
Beime, uem wmukpouactun, CaCOz;, momyueHHbIx 6es KaKmx-1u6o J0GABOK. WKPOYACTHILBI
CaCO3@GdVO4:Eu3+ 06/1a1210T MHTEHCUBHON QuiyopecneHnyell npu Y@ BosOy:KICHNN KAK B BOTHOM
DPACTEOPE, TAK U B YCJIOBUAX (MIYOPECIEHTHOM MUKPOCKOIINM, UTO AeIAeT UX IIPUBJICKATEIbHBIMU IJI5
OMOIOTUECKOrO IPUMEHEHMS.

Mikpocdepu CaCO3@GdVO4:Eu3+: cuntes Ta xapaxkrepusaunia. I.J.Becnanosa,
CJ.€pimosa, T.M.Travosa, K.O.I'y6enro, A.B.Coporin, II.B.Mameiiuenro.

IIpexcraBiaeno crmTes 1 xapaktepricTuka Mikpouactiaor CaCOg, mo micTaTs quryopecreHTH HAHO-
uacturrn GAVO,Eu®* (CaCO,@GAVO,Eu®). Cumresoani mikpocepn CaCO,@GdVO,Eu® momm-
MopdHol MoauGIKaAIil BATEPUT MAIOTH JiaMeTp OJMsbKO 2 MKM 3 asera-moterifiasiom —12,8010,82 mB.
ITutoma mmomia mOBepxHI MiKpochep CaCO3@GdVO4:Eu3+ i posmoxin Tmop 3a pPo3MipaM¥ TPOAHATI-
3oBano MeTomoM Bpymayepa-Emwmera-Temnmepa, 110 03BOMUIIO BiHECTU iX 0 MAKPOTIOPUCTIX UAC-
TUHOK 3 MIUPOKUM POSIOILIOM TIOP 3a po3Mipamu. IluToMa ILTOIa HMOBEPXH CaCO3@GdVO4:Eu3+
(S,,,= 25,2 M2/T) Bune, His MIKPOYACTHHOK CaCO;, orpumanux 6es Gymp-AKHX KoGaBok. Mikpo-
YACTHHKH CaCO3@GdVO4:Eu3+ MAaIOTh iHTeHCHMBHY (Quryopecuennio npu Y@ sunpominenHi Sk y
BOJZHOMY PO3UMHi, Tak i B ymMoBax (pIyopeciieHTHOI MiKpocKomii, mo pobuTth iX mpuBabiuBumMu
nas GiosoriuHOro 3acTOCYBAHHA.
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1. Introduction

Recently, a wide range of studies has
been focused on the development of micro-
and nano-scale materials for biomedical pur-
poses. Variety of micro- and nanoparticles
(lipid, polymeric, inorganic and hybrid)
were synthesized for targeted drug and
growth factor delivering [1-4], gene ther-
apy [3], tissue engineering [4, 5], medical
imaging [6, 7], etc. Many advantages of
nano-particle drug delivery has been re-
ported [1, 8]. Delivering of drug via
nanoparticles allows tissue- and cell-specific
drug delivering, reducing collateral damage
to healthy tissues, improves the solubility
of poorly water-soluble drugs, prolongs the
half-life of its systemic circulation. Such
carriers can ensure drug release at a sus-
tained rate or in an stimuli-responsive man-
ner [1, 8]. However, in certain applications
such as in vivo micro-chip [10], local drug-
delivery strategy [10], and tumor targeting
and body fluid analysis [11, 12] a carries
uptake by cells is not required or even un-
desirable. For these purposes, micro-scale
particles, including porous ones with the
same advantages could be used [4, 12-17].

Theranostics, which integrate both thera-
peutic and diagnostic capabilities into a sin-
gle platform, is a new pioneering approach
in modern biomedical researches [18]. This
approach allows combination of both thera-
peutic (drugs) and diagnostic or other
agents (fluorescent molecules or nanoparti-
cles, iron oxide nanoparticles, etc.) in a
novel therapeutic formulation. Micro-scale
particles encapsulated fluorescent agents and
drugs have been designed for drug delivery to
the joint and other tissues [13, 19] cancer
therapy [17, 20], bacteria elimination [21].

Porous microparticles, in particular, po-
rous calcium carbonate microspheres
CaCOg, are of special interest for theranos-
tic applications due to their advantages
such as high specific surface area, large
pore volume, biocompatibility [22-24].
CaCO; microspheres were considered as ve-
hicles for drug delivery in vitro and in vivo
experiments for the encapsulation of such
drugs as insulin, anticancer drug doxoru-
bicin hydrochloride, and ibuprofen and pro-
vided their sustained release in the site of
action [24-31]. Such micro vehicles could be
also loaded with fluorescent agents (fluores-
cent dye molecules, quantum dots or rare-
earth based nanoparticles) that will allow
visualization and monitoring of their accu-
mulation inside the body or tissues.
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In the present study, we report the syn-
thesis of porous vaterite calcium carbonate
microparticles loaded with europium-doped
gadolinium orthovanadate mnanoparticles
(GdVO,Eu*) and their characterization
(SEM, TEM images, specific surface area,
pore size and volume, FTIR spectra and op-
tical characteristics). Optical properties and
low cytotoxicity of rare-earth doped
nanoparticles (NPs) make them promising
for biomedical applications [32, 33]. Attrac-
tive properties of rare-earth doped NPs in-
clude high photostability, absence of blink-
ing effect, extremely narrow emission bands
with a large Stokes shifts, long lifetimes
[32, 33]. Moreover, the high magnetic mo-
ment of such ions as Gd3*, under magnetic
field renders them potent contrast agents
for magnetic resonance imaging. Thus, po-
rous CaCOj; vehicles “labeled” with
GdVO,Eu3* NPs could be visualized by both
fluorescent and magnetic resonance imaging.

2. Materials and methods

2.1. Materials

Gadolinium chlorides (99.9 %), disodium
EDTA-2Na (99.8 %) and anhydrous sodium
metavanadate (NaVO;, 96 %) were obtained
from Acros organic (USA) and all used
without further purication. Sodium hydrox-
ide (99 %) was purchased from Macrohim
(Ukraine). Sodium orthovanadate NazVO,
solution was obtained by adding a 1M solu-
tion of NaOH in aqueous solution NaVQOj; to
pH = 13. Anionic polyelectrolyte poly(so-
dium 4-styrenesulfonate) (PSS, average
Mw =70 000 g/mol, powder) were pur-
chased from Sigma-Aldrich (USA) and used
as received. Calcium chloride (CaCl,, Khim-
labreaktiv, Ukraine) and sodium carbonate
(Na,CO3, Khimlabreaktiv, Ukraine) were
analytical reagents and used as received.

2.2. GdVO4.‘Eu3+ NPs synthesis

Aqueous colloidal solutions of gadolin-
ium orthovanadate nanoparticles doped with
europium ions GdggEug VO, (GdVO,Eu3*)
were synthesized according to the method
reported earlier [34]. Synthesized NPs were
characterized using Transmission Electron
Microscopy (TEM-125K electron microscope,
Selmi, Ukraine), X-ray diffraction analysis
(Siemens D500 X-ray diffractometer, Ger-
many) and Dynamic Light Scattering
method (ZetaPALS analyzer, Brookhaven In-
struments Corp., USA). The concentration
of GdVO,:Eud* NPs in a water colloidal so-
lution was 1 g/I.
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Fig. 1. TEM image (a), excitation, Kreg =618 nm (b) and emission, A, . =280 nm (c) spectra of

GdVO4:Eu3+ nanoparticles.

2.3. Synthesis of spherical vaterite
CaCO3 and GdVO4Eu®* — doped CaCO3 mi-
crospheres (CaCO3@GdVO4:Eu3+)

Spherical CaCO5; microparticles were ob-
tained by the method based on rapid mixing
of equal volume of aqueous solutions con-
taining Ca2* and CO%‘ ions [22, 24]. To pre-
pare vaterite polymorphic modification of
CaCO3;, we used a structure-forming agent
poly(sodium 4-styrenesulfonate), PSS. First,
0.08 g PSS was equally dissolved in a CaCl,
solution (10 ml, 0.3 M) and in a Na,COj
solution (10 ml, 0.8 M). The final PSS con-
centration was 4 mg/ml. Then the obtained
solutions were rapidly poured together and
the mixture was vigorously stirred during
45 min at 283-24°C. The precipitated PSS-
doped CaCO; microparticles were centri-
fuged at 2500 rpm for 3 min (Centrifuge
Multi-spin MSC-6000, Biosan, Latvia),
washed three times by pure water, and
dried in air at 60°C.

For synthesis of CaCO;@GdVO,Eud* mi-
crospheres, 0.5 ml of an aqueous solution of
GdVO,Eud* NPs (1 g/l) was added into
9.5 ml of CaCl, solution (0.3 M) containing
PSS. Then, the synthesis procedure was the
same as for PSS-doped CaCO; microparticles.

24.
terization

Synthesized PSS-doped CaCO; and
CaCO3@GdVO4:EU3+ microparticles were
characterized by scanning electron micros-
copy (SEM, JSM-6390LV, (JEOL Company,
USA)) operated at 15 kV and transmission
electron microscopy (TEM, JEM-2100F
(JEOL Company, Japan)) operated at
200 kV, equipped with an Oxford CCD cam-
era. FT-IR spectra were recorded with a
Perkin-Elmer Spectrum One B FT-IR spec-
trometer (USA) in the range of 4000-
400 em™! using KBr pellets. The specific

Instrumentation and charac-
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surface area, porous volume, and porous
size distribution of PSS-doped CaCO; and
CaCO;@GdVO,:Eud* microparticles were de-
termined wusing a Surface Area and
Porosimetry System JW-BK132F (Beijing
TWGB Sci. & Tech. Co., Ltd, China). Zeta-
potential of synthesized NPg and microparti-
cles were measured with a ZetaPALS analyzer
(Brookhaven Instruments Corp., USA) oper-
ated in phase analysis light scattering mode.
Fluorescence and fluorescence excitation
spectra were taken with a Lumina spec-
trofluorimeter (Thermo Scientific, USA).
Fluorescence images of CaCO;@GdVO,Eud*
microspheres were taken using a confocal
laser scanning microscope ZeissLSM510 Meta
(Germany) with a 20x objective lens. The lu-
minescence was excited using a diode laser
405 nm, 25 mW and collected using BP 604-
625 filter for Eu3* luminescence detection.

3. Results and discussion

TEM image of synthesized GdVO,Eu3*
nanoparticles is presented in Fig. la and re-
veals well-crystallized spindle-like particles
of 10x30 nm *5 nm size. To stabilize
GdVO,:Eud* nanoparticles in aqueous solu-
tions, disodium EDTA-2Na was used during
the synthesis, which carboxylate groups im-
part a negative charge to the nanoparticle
surface. The overage hydrodynamic diame-
ter of GdVO4:Eu3+ nanoparticles is
47+1.5 nm, zeta-potential is —22.03+2.2 mV.
XRD pattern of synthesized GdVO,Eud*
nanoparticlesis presented in Fig. 2a and
shows (200), (112), and (312) reflections,
which are typical for tetragonal phase of
the zircon type [35, 36].

The luminescence excitation and emission
spectra of synthesized GdVO,:Eu3* nanopar-
ticles are shown in Fig. 1,b,c. The excita-
tion spectrum corresponding to the Eu3*
emission (Fig. 1b) consists of the intense
wide band with the maximum about 280 nm
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(a charge transfer from oxygen vacancies to
the vanadate groups VO43‘) and several
weaker bands in the longer-wavelength re-
gion (the f — f transitions of europium ions
within the 4f6 electron configuration) [87,
38]. The luminescence spectrum of
GdVO4:Eu3+ nanoparticles (Fig. le) results
from transition within the f-electron con-
figuration of the europium ions. The main
contribution is the 5D0—7F2_4 forced elec-
tric-dipole transitions, whereas other com-
ponents of weaker importance are the 5D0—
"F, 5 magnetic dipole transitions [38].

It is known that calcium carbonate oc-
curs in three anhydrous polymorphic forms:
calcite, aragonite, and vaterite [22—-24, 26].
The vaterite polymorph owing to its spheri-
cal morphology and porous surface is the
most attractive phase of CaCOj; for bio-re-
lated applications. Being inert, micro/nano-
sized and porous, it has the ability to be
loaded with various compounds and hence
act as tremendous vehicles for drugs, pro-
teins and enzymes [22-24, 26]. However,
vaterite easily undergoes the phase transi-
tion to the more thermodynamically stable
phase of CaCOj, calcite, which occurs
within several hours for vaterite samples
kept in aqueous solution [22, 23, 26]. So,
many efforts were made to obtain stable
porous vaterite polymorph. To stabilize
vaterite form, various dispersants and
structure-forming agents were used, such as
polymer molecules, anionic starburst den-
drimer, nanoparticles, polypeptides and
other molecules [22—-24]. In our previous
work, we reported on synthesis stable
vaterite spheroids using a negatively
charged polyelectrolyte PSS as a dispersant
and structure-forming agent [39]. In this
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Fig. 2. XRD patterns of GdVO4:Eu3+ nanoparticles (a) and CaCO, microspheres (b).

study, we also use NPs that could affect the
structure and porosity of the obtained
CaCO3; microspheres. Fig. 8 represent SEM
and TEM images of synthesized PSS-doped
CaCO3; microspheres and those synthesized
with both PSS and GdVO,Eud* NPs
(CaCO;@GdVO,:Eud*). Both images show
typical structure of polycrystalline sphe-
roids, without other polymorphs, which are
often observed in samples synthesized with-
out additives [24, 89]. XRD pattern of the
CaCO3; microparticles exhibits the charac-
teristic reflections of vaterite phase (Fig.
2b). The microspheres reveal some size dis-
tribution with the mean diameter of
2.18+0.44 um and 1.92140.43 um for CaCOj
and CaCO;@GdVO,:Eu3* microparticles, re-
spectively. So, NPs embedding into CaCOj,
does not provoke increase or remarkable de-
crease of the microsphere’s size. In case of
PSS-doped CaCO; microspheres, the TEM
image (Fig. 3b) clear shows that spheroids
are composed of smaller single crystal
subunits (framboid or raspberry), which are
typical for vaterite polymorph [23, 39, 40].
In case of CaCO3@GdVO4:Eu3+ microparti-
cles, such a framboid structure is not so
pronounced, due to GdVO,:Eu3* NPs embed-
ded into the microspheres (Fig. 3d). Measured
zeta-potential of the microspheres is -
13.87£0.82 mV for CaCOj and -

12.8010.82 mV for CaCO;@GdVO, Eud*. The
negative charge is governed by the PSS ani-
ons used for vaterite polymorph stabilization.

FT-IR  spectra of CaCOz  and
CaCO3;@GdVO,:Eud* microspheres (Fig. 4)
reveal the number of fundamental bands
centered at 1498, 1089, 878, 746 cm™!
which are attributed to the four normal vi-

Functional materials, 24, 3, 2017



I.I1.Bespalova et al. /GdVO4:Eu3+

SEGUCEE e el JEOK R DL BE
000 x| -

i
CLe) JEM-2100F 200 kV | 20 ——500 nm——

(d)

SERBE i e K AL
B8l JEM-2100F 200 kV [ 15000 x| -

—500 nm——

Fig. 8. SEM (a, ¢) and TEM (b, d) images of PSS-doped CaCO; (a, b) and CaCO3@GdVO4:Eu3+ (c, d)

microspheres.

brations of ions in vaterite polymorph [41—
43]. The bands centered near 1175, 1127,
1046, 1011 and 836 cm™! belong to PSS vi-
brations [44, 45]. For CaCO3;@GdVO, Eud*
microspheres (Fig. 4, curve 2), the peak lo-
cated at 833 em™1, which is related to a sym-
metric stretching vibration along V-0O-V
bonds [46, 47] and two peaks at 1896 cm™!
and 1570 em™1 attributed to the symmetrical
and asymmetrical valence vibrations of the
carboxylate groups O-C=0 in disodium
EDTA:-2Na were not observed [48]. Probably, it
could be explained by the relatively small con-
centration of GdVO4:Eu3+ nanoparticles stabi-
lized by EDTA and overlapping of the vibration
V—0-V band with the PSS band centered at
836 em™! and the vibration bands of carboxylate
with very strong band at 1498 em™! (Fig. 4).
The N, adsorption/desorption isotherm
for CaCO5; and CaCO;@GdVO,:Eud* micro-
spheres are shown in Fig. 5. The nitrogen
adsorption isotherm for CaCO; micro-
spheres could be classified as type-IV with
H3 hysteresis loop according to Brunauer-
Deming-Deming-Teller (BDDT) classfication
that indicates materials containing of both
mesopores and micropores of bottle-shape

Functional materials, 24, 3, 2017
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Fig. 4. FT-IR spectra of PSS-doped CaCO,
and CaCO,@GdVO,Eu* microspheres.

structures (wide openings and narrow
"necks”) or slit-type (Fig. 5a) [49, 50].
Since capillary condensation for
CaCO3@PSS microspheres starts at P/P,
the pores could be mainly composed of
mesopores with the average pore diameter
of 6.7 nm estimated using the Barrett-
Joyner-Halenda (BJH) method from the
desorption branch of the isotherm [49]. The
specific surface qarea of CaCOj; micro-
spheres Sppr = 51.6 m2/g was calculated
using the Brunauer-Emmet-Teller (BET)
method. The nitrogen adsorption isotherm
for CaCO;@GdVO,:Eud* microspheres could
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Fig. 5. N, adsorption/desorption isotherms
for PSS-doped CaCO, (a) and
CaCO,@GdVO,Eu" (b) microspheres.

be classified as type-II (Fig. 5b) indicating
macroporous materials with a wide distribu-
tion of pore sizes and strong adsorbent/ad-
sorbate interaction, which is also confirmed
by the BET constant value C = 57.16 [49,
50].The point of flexion, which indicates
the completion of monolayer formation, is
observed at the low relative pressure value,
and then the indefinite multi-layer forma-
tion without saturation limit occurs. The
calculated specific surface area for
CaCO?,@GdVO‘;ZEu3+ microspheres Sppr =
25.2 m2/g. Since capillary condensation is
not characteristic for macroporous materi-
als, the BJH method is not applicable for
the estimation of pore volume and pore size
distribution. The obtained values for both
types of microspheres are much higher than
that of CaCO3; microparticles obtained with-
out additives (8.2-8.8 m2/g) [22, 23].

Fig. 6 represents the fluorescence spectrum
obtained from water solution containing
CaCO?,@GdVO‘;ZEu3+ microspheres (a) and its
fluorescence image (b). Despite the relatively
small concentration of the GdVO,Eu3* nanopar-
ticles entrapped in CaCO; microspheres, the
fluorescence spectrum clear demonstrates the
spectral lines typical for Eu3* luminescence in
the vanadate matrix (see Fig. 1c). We also ob-
serve fluorescence of CaCO;@GdVO,Eu®* mi-
crospheres governed by Eud* ions under laser ex-
citation in a fluorescence microscope.
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Fig. 6. Fluorescence spectrum of aqueous so-
lution containing CaCOs@GdVO4:Eu3+ micro-
spheres, kexc = 280 nm (a) and fluorescence
image of CaCOa@GdVO‘.':Eu3+ microspheres,
Aore = 405 nm (b).

4. Conclusions

Porous vaterite calcium carbonate miero-
spheres loaded with europium-doped gadolin-
ium orthovanadate nanoparticles
CaCO:;@GdVO‘;ZEu3+ were synthesized and
compared with those obtained without
GdVO,:Eu®* NPs. It has been revealed that the
embedding of GdVO4:Eu3+ NPs does not affect
the size of CaCO;@GdVO,Eu®* microspheres
(d = 1.92+0.43 um), where as changes its po-
rosity. The N, adsorption/desorption isotherm
for CaCO?,@GdVO‘.'ZEu3+ indicates that the mi-
croparticles contains macropores with a
wide distribution of pore sizes. The spe-
cific surface area for CaCO3@GdVO42Eu3+
microspheres (Sprr = 25.2 m2/g) is
smaller than that for PSS-doped CaCO;

Functional materials, 24, 3, 2017
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reported for CaCO3; microparticles obtained
without additives. The aqueous solution of
CaCO;@GdVO,:Eud* microspheres were sta-
ble during long time period without vaterite
polymorph modification to more stable cal-
cite, CaCO;@GdVO,Eu®* microparticles ex-
hibit strong fluorescence in a solution and
under fluorescent microscopy conditions. Syn-
thesized CaCO3;@GdVO,:Eu* microparticles
are attractive for theranostic applications.
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