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A B S T R A C T   

Breast cancer is resistant to conventional treatments due to the specific tumour microenvironment, the associated 
acidic pH and the overexpression of receptors that enhance cells tumorigenicity. Herein, we optimized the 
synthesis of acidic resorbable calcium carbonate (CaCO3) nanoparticles and the encapsulation of a low molecular 
weight model molecule (Rhodamine). The addition of ethylene glycol during the synthetic process resulted in a 
particle size decrease: we obtained homogeneous CaCO3 particles with an average size of 564 nm. Their negative 
charge enabled the assembly of layer-by-layer (LbL) coatings with surface-exposed hyaluronic acid (HA), a ligand 
of tumour-associated receptor CD44. The coating decreased Rhodamine release by two-fold compared to un
coated nanoparticles. We demonstrated the effect of nanoparticles on two breast cancer cell lines with different 
aggressiveness – SK-BR-3 and the more aggressive MDA-MB-231 – and compared them with the normal breast 
cell line MCF10A. CaCO3 nanoparticles (coated and uncoated) significantly decreased the metabolic activity of 
the breast cancer cells. The interactions between LbL-coated nanoparticles and cells depended on HA expression 
on the cell surface: more particles were observed on the surface of MDA-MB-231 cells, which had the thickest 
endogenous HA coating. We concluded that CaCO3 nanoparticles are potential candidates to carry low molecular 
weight chemotherapeutics and deliver them to aggressive breast cancer sites with an HA-abundant pericellular 
matrix.   

1. Introduction 

Breast cancer is one of the most malignant diseases among women. In 
2020, 11.7 % of all diagnosed cancers were female breast cancer, 
making it the most prevalent cancer type in the world, followed by lung 
(11.4 %) and colorectal (10.0 %) [1]. There are different subtypes of 
breast cancer that are categorized according to the expression of three 
typical hormone receptors: oestrogen receptor (ER), progesterone re
ceptor (PR), and human epidermal growth factor receptor-2 (HER2) 
[2–4]. Luminal A breast cancer is ER and PR positive; luminal B breast 
cancer is ER positive and depends on the HER2 status; and triple- 
negative breast cancer (TNBC) is the most aggressive subtype, in 
which none of these typical receptors are expressed. Currently, several 
treatments are clinically used but they all have limitations: i) chemo
therapy, which consists in the administration of anticancer drugs, fails 

when tumours acquire drug resistance [5]; ii) radiotherapy uses radia
tion to kill tumorigenic cells but it is unselective and affects healthy cells 
as well [6]; iii) hormone treatments targeting the typical breast cancer 
markers can be less effective than chemotherapy and are not applicable 
in the case of TNBC [7,8]. 

The efficiency of the treatment can be improved if the therapy ad
dresses the complexity of the tumour microenvironment (TME), espe
cially in tumours that develop resistant and aggressive phenotypes. In 
breast cancer tumours, a high glycolytic cell metabolism results in the 
acidification of the TME to a pH of 6.3–6.9 [9–11]. Calcium carbonate 
(CaCO3) is an inorganic and biocompatible material that is stable at 
neutral pH but dissolves in acids [12–14]. CaCO3 particles can be ob
tained by fast, effective and affordable methods that involve the co- 
precipitation of calcium and carbonate ions in aqueous solutions. Pro
teins and other molecules can be added to the reaction medium and 
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encapsulated in CaCO3 particles with high efficiency [15–17]. For 
example, doxorubicin, an anticancer drug, can be encapsulated in 
CaCO3 particles and released in a pH-responsive manner: this drug is 
released 20 times faster in an acidic environment than at a neutral pH 
[18]. As endolysosomes have an acidic pH that can cause CaCO3 
resorption inside cells [19], CaCO3 particles are promising candidates 
for cancer treatments. 

CaCO3 particles are negatively charged and thus can be used as 
templates for electrostatic-driven layer-by-layer (LbL) coating – an 
alternating deposition of oppositely charged building blocks onto a 
substrate [20–22]. The LbL method discards the need for chemical 
modification and the use of aggressive solvents. The deposition can be 
performed on substrates of any geometry under mild conditions (tem
perature, pressure, and pH), therefore enabling the use of sensitive, 
bioactive blocks that can enhance the efficiency of drug encapsulation 
and delivery to eukaryotic cells and bacteria [23,24]. 

In this work, we optimized the synthesis of CaCO3 nanoparticles and 
their modification by LbL coating. To this end, we chose polyanionic 
hyaluronic acid (HA) as a bioactive building block for the coatings. HA is 
a natural ligand of the CD44 receptor that is overexpressed in different 
cancers, including breast cancer. CD44 and HA interact via the basic 
arginines Arg41 and Arg78 of the receptor and the carboxyl groups of 
HA [25]. Accumulation of HA in TME and overexpression of CD44 by 
cancer cells are associated with high invasiveness, stemness, and met
astatic potential [26–28]. Previous studies with LbL films containing HA 
have demonstrated the utility of these constructs in understanding and 
manipulating the interactions between HA and CD44 [29,30]. Herein, 
we investigated the potential of pH-sensitive CaCO3 nanoparticles LbL- 
coated with HA to target breast cancer cells with varying metastatic 
potential, and the effect of CD44 expression on its efficiency. 

2. Materials and methods 

2.1. Materials 

Calcium chloride anhydrous (CaCl2), heparin sodium salt from 
porcine intestinal mucosa (Hep, grade I-A, ≥180 USP units/mg), sodium 
chloride (NaCl), poly-L-lysine hydrobromide (PLL, molecular weight 
15–30 kDa, determined by viscosity), rhodamine B isothiocyanate 
(Rho), antibiotic antimycotic solution (100×, stabilized with 10,000 
units penicillin and 10 mg streptomycin), phosphate buffered saline 
(PBS, in tablets), potassium chloride (KCl), sodium phosphate dibasic 
(Na2HPO4), sodium phosphate monobasic (NaH2PO4), Dulbecco's 
Modified Eagle Medium (DMEM) high glucose with 4500 mg•L− 1 

glucose, L-glutamine, and sodium bicarbonate, without sodium pyruvate 
were purchased from Sigma-Aldrich (St. Louis MO, USA). Sodium car
bonate anhydrous (Na2CO3, calcein AM, and trypsin/EDTA (0.05 % 
trypsin/0.53 mM EDTA) were purchased from VWR (Carnaxide, 
Portugal). Sodium hyaluronate (21–40 kDa) was purchased from Life
core Biomedical (Chaska MN, USA). Ethylene glycol (>99.5 %, for 
analysis) was purchased from Carlo Erba (Val de Reuil, France). Foetal 
bovine serum (FBS, qualified, one-shot format), propidium iodide, and 
wheat germ agglutinin (WGA) labelled with fluorescein isothiocyanate 
(FITC) were purchased from Alfagene (Carcavelos, Portugal). Deep Blue 
Cell Viability™ kit was purchased from Lusopalex (Oeiras, Portugal). 
Anti-CD44 antibodies KM201 were obtained from Abcam (Cambridge 
UK). 

2.2. Synthesis of calcium carbonate particles 

CaCO3 particles were synthesized by CaCl2 and Na2CO3 co- 
precipitation at different conditions (Appendix, Fig. A.1). 5 M CaCl2 
and 1 M Na2CO3 solutions were prepared in distilled water. An aliquot of 
650 μL of CaCl2 solution was diluted with 125 μL of distilled water, 
followed by the addition of 2.5 mL Na2CO3 solution and stirring at 650 
rpm for 16 h. Then, we added 5 mL of distilled water and stopped the 

agitation after 5 min. The particles were collected after centrifugation 
(1500 rpm, 3 min), and washed by resuspending them in 9 mL of ul
trapure water, followed again by centrifugation. For the preparation of 
heparin-doped CaCO3 (i.e., Hep-CaCO3), the method was adapted from 
Ueno et al. [31]. Briefly, in the above-described method, instead of the 
125 μL of distilled water we used Hep solutions with concentrations 
ranging from 0.038 to 4.77 mg•mL− 1 (Appendix, Fig. A.2, Table A.1). 
Hep-CaCO3 loaded with Rho was produced by adding Rho to the Hep 
solution at a concentration of 100 μg•mL− 1. The method to prepare 
CaCO3 in ethylene glycol (i.e., EG-CaCO3) was adapted from Para
khonskiy et al. [32]. 1 M Na2CO3 and 0.4 M CaCl2 were first prepared in 
distilled water. For each solution, 1 mL was added to 10 mL of 1:5 H2O: 
EG mixtures. Then, the mixture containing CaCl2 was poured into the 
Na2CO3 mixture under agitation (600 rpm) and stopped after 30 s, 1 h, 1 
h 30 min, 2 h, 3 h, 4 h and 24 h (Appendix, Fig. A.3, Table A.2). EG- 
CaCO3 was also loaded with Rho by adding 1 mL of 100 μg•mL− 1 Rho to 
the solution of Na2CO3. After the reaction, the particles were centrifuged 
(1500 rpm, 3 min) and washed with 22 mL of ultrapure water (23 mL if 
Rho was added) – followed again by centrifugation – to remove free Rho, 
EG, and salts. 

2.3. Characterization of calcium carbonate particles 

The size of CaCO3, Hep-CaCO3, and EG-CaCO3 particles was deter
mined by dynamic light scattering (DLS, Malvern Nano-ZS equipment, 
UK) with a He–Ne laser at an angle of 173◦ and polystyrene disposable 
cuvettes. Prior to the analysis, the particles were resuspended in water 
(same volume as the one used for the washing) and an aliquot of 1 mL 
was added in the cuvette. At these conditions, the count rate was be
tween 300 and 500 kcps. The polydispersity index (PDI), the size dis
tribution, and the z-average diameter were determined by fitting the 
correlation function with the cumulant method (Zetasizer Nano v7.10 
software). The experiments were done in quintuplicate. Dry particles 
were observed by a scanning electron microscope (SEM, JEOL-JSM- 
6010LV, Tokyo, Japan). After preparation, the particles were centri
fuged for 3 min at 1500 rpm and washed in ultrapure water. A 100 μL 
drop of each formulation was dispensed on glass, placed on a SEM 
holder, and left to dry for 24 h at 37 ◦C. The particles were then sput
tered with gold and placed in the SEM sample chamber. 

2.4. Layer-by-layer coating of calcium carbonate particles 

EG-CaCO3 nanoparticles were washed with 0.15 M NaCl and sus
pended alternately in 2 mg•mL− 1 solutions of PLL and HA prepared in 
0.15 M NaCl under mild agitation (250 rpm) for 10 min. Each deposition 
step was intercalated with a washing step in 0.15 M NaCl, and for each 
deposition/washing step the nanoparticles were retrieved from sus
pension by low-speed centrifugation (1500 rpm, 3 min). The superna
tant was removed with the aid of a micropipette and replaced by the 
next coating/washing solution. The procedure was repeated until 3 PLL/ 
HA bilayers were assembled. The deposition of each polyion was fol
lowed by measuring the zeta (ζ)-potential of the nanoparticles using 
folded capillary cuvettes and the Nano-ZS equipment (Malvern, UK). 
The measurements were performed in triplicate. 

2.5. In vitro release of rhodamine 

To ensure sink conditions, EG-CaCO3 nanoparticles (200 mg) were 
placed in flat-bottom polypropylene vials with 12 mL of PBS solution 
with pH 7.4 or pH 6.3 (140 mM NaCl, 3 mM KCl, 2 mM Na2HPO4, 8 mM 
NaH2PO4) and shaken (60 rpm) at 37 ◦C. The in vitro release of Rho from 
nanoparticles (uncoated and coated with one PLL/HA bilayer) was 
determined at 0 h, 1 h, 3 h, 1 day, 3 days, and 7 days using a sample-and- 
separate method [33–36] and quantification of encapsulated (i.e., 
unreleased) Rho. Briefly, at each pre-determined time-point, the sus
pension was homogenized (pipetting up and down) and 400 μL aliquots 
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were collected. The particles from the aliquots were separated from the 
media by centrifugation (2 min, 10,000 rpm) and washed with ultrapure 
water several times to remove any free Rho. Then, 1 M HCl (3 mL) was 
added to dissolve the EG-CaCO3 nanoparticles and the Rho amount was 
measured by a fluorescence spectrophotometer (JASCO model FP-8500, 
Tokyo, Japan) at an excitation wavelength of 564 nm (determined from 
the maximum absorbance peak of a 50 μg•mL− 1 Rho solution (Appen
dix, Fig. A.4)) and emission interval between 575 nm and 650 nm. The 
intensity of the emitted fluorescence was read at 585 nm and compared 
to a calibration curve of known Rho concentrations (Appendix, Fig. A.5) 
to determine the mass of encapsulated Rho at each time-point (Qenc). The 
experiments were performed in triplicate. The initial amount of Rho was 
determined at time-point “0 h” (Q0) using the same particle dissolution 
method, resulting in approximately 260 ng of Rho. The cumulative 
release at each time-point (QCR) was calculated as a percentage of Q0 
using Eq. (1): 

QCR(%) = 100 −
(

Qenc

Q0
× 100

)

(1) 

The release profiles were fitted to several known drug release models 
[37]: zero-order (Appendix, Eq. A.1), first-order (Appendix, Eq. A.2), 
Higuchi release (Appendix, Eq. A.3), and Korsmeyer-Peppas (Appendix, 
Eq. A.4). The coefficients of determination (r2) were calculated to find 
the model that best explained the experimental release profiles. 

2.6. In vitro cell culture 

MDA-MB-231 and SK-BR-3 epithelial breast cancer cell lines and a 
non-tumorigenic MCF10A breast epithelial cell line were obtained from 
the American Type Culture Collection (ATCC, Manassas VA, USA). For 
expansion, cells were routinely cultured on 75 cm2 tissue culture poly
styrene flasks with high glucose DMEM supplemented with 10 % FBS 
and 1 % antibiotics/antimycotics in an incubator at 37 ◦C and a hu
midified air atmosphere with 5 % CO2. The medium was replaced every 
2 or 3 days with fresh DMEM. When cells reached 80 % confluence, they 
were detached with 0.05 % trypsin/0.53 mM EDTA (37 ◦C, 5 % CO2, 5 
min). The trypsin was inactivated by adding complete medium, and the 
cells were centrifuged at 300 g for 5 min. Cells were resuspended in 
DMEM for a new expansion or transferred to well plates for incubation 
experiments with CaCO3 nanoparticles. In the latter case, cells were first 
seeded in 48 well plates (15000 cells•cm− 2). After 24 h, approximately 
4 × 108 uncoated or LbL-coated EG-CaCO3 nanoparticles dispersed in 
2.5 μL of PBS (pH 7.4) were added to each well containing 500 μL of 
medium and incubated for 1, 2 and 3 days at 37 ◦C and 5 % CO2. All 
procedures, from the synthesis of nanoparticles to their coating, were 
performed in sterile conditions inside a laminar flow chamber and using 
filtered (cut-off 0.22 μm) solutions. 

2.7. Metabolic activity and cell viability 

Metabolic activity and Live/Dead assays were performed after pre- 
determined culture periods (1, 2, and 3 days). Live/Dead assays were 
performed by staining living and dead cells with calcein AM (green) and 
propidium iodide (red), respectively. Stained cells were observed by a 
confocal laser scanning microscope (CLSM, Zeiss AiryScan 2 model LSM 
980, Jena, Germany). 

Metabolic activity was assessed by the Alamar Blue™ test. After 4 h 
of incubation, the fluorescence (Fexp) was measured using black 96-well 
plates (λex = 560 nm; λem = 590 nm) and a microplate reader (Synergy 
HT, Bio-TEK, Santa Clara CA, USA). The reduction of Alamar Blue™ 
reagent (RAB) was calculated following the supplier's instructions using 
Eq. (2): 

RAB(%) =
Fexp − FNC

FPC − FNC
× 100 (2)  

where FNC is the fluorescence of the negative control (i.e., media con
taining Alamar Blue™ but no cells or particles) and FPC is the fluores
cence of the positive control (i.e., media containing both the cells and 
Alamar Blue™ but no particles). Three independent experiments were 
performed and each condition was measured in triplicate. Metabolic 
activity is presented as a percentage of the positive control. Statistical 
significance between groups was determined by one-way ANOVA and 
compared using the Shapiro-Wilks test (GraphPad Prism version 8.0.1, 
San Diego CA, USA). The levels of significance for statistical differences 
were set to p < 0.05(*), p < 0.01(**), and p < 0.001(***). 

2.8. CaCO3 internalization with and without CD44 receptor blockage 

The internalization of uncoated and LbL-coated EG-CaCO3 nano
particles was assessed 24 h, 48 h, and 72 h after the addition of the 
nanoparticles to the culture (CLSM, Zeiss AiryScan 2 model LSM 980, 
Jena, Germany). Rho is fluorescent in the red spectrum and allows 
visualization of the nanoparticles and determination of their localiza
tion. The distribution profiles of the Rho-loaded EG-CaCO3 nano
particles were plotted using the Fiji image processing package (v1.53t) 
[38], using the CLSM micrographs taken from the confocal plane of the 
middle of the cells. The red fluorescence intensity was calculated with 
background correction. To probe if the internalization is CD44- 
dependent, the CD44 receptors were blocked by a CD44 blocking anti
body (KM201, Abcam). Twenty-four hours after seeding (15,000 
cells•cm− 2) cell monolayers were incubated with 200 μL of complete 
DMEM supplemented with the CD44 blocking antibody (10 μg•mL− 1) at 
37 ◦C in a 5 % CO2 atmosphere. After 30 min, the cells were washed with 
PBS and nanoparticles were added, as previously described. Because HA 
plays important roles in TME, we also assessed the effect of the nano
particles on HA expression (staining with labelled lectin FITC-WGA, 
green) and visualized the particles embedment within pericellular HA 
(CLSM, Zeiss AiryScan 2 model LSM 980, Jena, Germany). 

To confirm the pericellular HA coating, MDA-MB-231 and SK-BR-3 
cells were seeded on TCPS for 48 h and fixed with 10 % buffered 
formalin (1 h, 4 ◦C), and stained with biotinylated HA binding protein 
from bovine nasal cartilage (1 μg•mL− 1, 1 h at room temperature, Mil
lipore) followed by incubation with streptavidin-AlexaFluor® 488 con
jugate (1 μg•mL− 1, 10 min at room temperature, Molecular Probes). 
Images were acquired using an Inverted confocal microscope (TCS SP8, 
Leica Microsystems, Wetzlar, Germany). All microscopy visualization 
studies were performed with three independent specimens to confirm 
the reproducibility of the observations. 

3. Results and discussion 

3.1. Synthesis and characterization of calcium carbonate nanoparticles 

The properties of CaCO3 obtained by co-precipitation depend on the 
reaction conditions. Particles with different dimensions, shapes and 
crystallinities can be obtained from subtle changes in the time and ve
locity of agitation, Ca2+/CO3

2− ratios, and the addition of doping agents, 
among others [39]. When using a simple co-precipitation of CaCl2 and 
Na2CO3 in water (i.e., without any additives), CaCO3 particles with di
ameters between 2 and 10 μm are obtained [40–42]. Recent studies 
suggest that CaCO3 precipitation is slower when Ca2+ is in excess 
compared to CO3

2− [43], which may result in the formation of smaller 
particles. We used a Ca2+:CO3

2− ratio of 5:1 and DLS in aqueous media 
showed the formation of CaCO3 with a diameter of around 3.6 μm 
(Fig. 1A). 

To decrease the particles size, we added a charged polymer to the 
precipitation medium to induce electrostatic repulsion between the 
CaCO3 crystals during formation. We chose Hep because it is the natural 
polyelectrolyte with the highest negative charge and is already used in 
clinics [44,45]. We studied the influence of Hep concentration on the 
size of the particles (Appendix, Fig. A.2, Table A.1) and observed that 
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increasing the Hep quantity led to a systematic decrease of the particles 
size (diameter from 2.7 μm for 0.038 mg•mL− 1 Hep to 835 nm for 4.77 
mg•mL− 1 Hep) and PDI (Fig. 1B). We also tested EG as an additive 
because previous studies have shown that EG can slow down the reac
tion and crystal growth [32]. To optimize the reaction time, we moni
tored the particles size for 24 h (Appendix, Fig. A.3, Table A.2). Within 2 
h, we obtained monodisperse particles with a diameter around 564 nm 
(Fig. 1C), i.e., in aqueous media EG-CaCO3 nanoparticles were smaller 
than CaCO3 and Hep-CaCO3 particles. Because the obtained pure CaCO3 
particles were too large for our aim [46], we proceeded only with Hep- 
CaCO3 and EG-CaCO3 particles. 

The capacity of Hep-CaCO3 and EG-CaCO3 particles to retain and 

release a cargo was investigated by encapsulating the fluorophore Rho 
(≈500 Da) as a model for low molecular weight substances (e.g., ther
apeutics and small fluorescent probes). The amount of the encapsulated 
Rho in each system was quantified by dissolving the particles in 1 M HCl: 
we obtained 50.4 μg of Rho per mole of CaCO3 in Hep-CaCO3 and 130.5 
μg per mole of CaCO3 in EG-CaCO3, i.e., the amount of Rho was 3-fold 
higher in EG-CaCO3 particles. 

The effect of Rho on the morphology and size of Hep-CaCO3 and EG- 
CaCO3 was assessed by SEM and DLS analysis. Most unloaded Hep- 
CaCO3 particles had sizes between 800 nm and 1.5 μm, and a rhombo
hedral morphology (Fig. 2A1 and Fig. A.6-i in the Appendix) – typical for 
calcite particles, one of the most stable CaCO3 polymorphs [47]. The 

Fig. 1. Representative size distribution of (A) CaCO3, (B) Hep-CaCO3 and (C) EG-CaCO3 determined by DLS. The values shown in the DLS graphs correspond to the 
diameter (d) and polydispersity index (PDI) of the distribution peak. 

Fig. 2. SEM micrographs of Hep-CaCO3 (A) and EG-CaCO3 (B) without (A1, B1) and with (A2, B2) Rho. Size distribution of (C) Hep-CaCO3 and (D) EG-CaCO3 loaded 
with Rho. The main graphs show one representative distribution graph. The insets show the average distribution calculated from 35 measurements. 

F.R. Bastos et al.                                                                                                                                                                                                                                



Biomaterials Advances 153 (2023) 213563

5

unloaded EG-CaCO3 particles were ellipsoid with sizes between 400 nm 
and 1 μm (Fig. 2B1, and Fig. A.6-ii in the Appendix). When Rho was 
encapsulated, the geometry of the particles remained unaltered 
(Fig. 2A2, B2). However, a comparison between the sizes of unloaded 
and loaded nanoparticles showed that the encapsulation of Rho in Hep- 
CaCO3 resulted in a significant increase of the particles diameter 
(Fig. 2A2): most of the Rho-loaded particles were above 1 μm (Appendix, 
Fig. A.6-iii) and only 36 % were in the submicron scale (Fig. 2C). On the 
other hand, the size of EG-CaCO3 was not altered significantly after Rho 
encapsulation (Fig. 2B2 and Fig. A.6-iv in the Appendix) and 100 % of all 
particles had a diameter less than or equal to 1 μm (Fig. 2D). We 
therefore selected EG-CaCO3 nanoparticles for the following 
experiments. 

3.2. Layer-by-layer coating and rhodamine release 

Rho-loaded EG-CaCO3 nanoparticles (ζ-potential about − 6 mV) 
served as templates for the assembly of a LbL coating that confers CD44 
targeting and regulates the release rate. Up to three bilayers of PLL and 
HA were assembled. The polyanionic HA was the bioactive building 
block in this composition, whereas PLL was employed as a polycation 
that allowed electrostatic stabilization of the LbL build-up. The deposi
tion of PLL and HA was confirmed by the variation of particles charge 
(Fig. 3A). 

We did not find an inversion of the sign of the ζ-potential value after 
the first bilayer was assembled (i.e., ζ-potential increased upon PLL 
deposition but did not become positive). This behaviour indicates that 
PLL compensated the HA charge partially and that the LbL assembly of 
these two materials does not rely exclusively on electrostatic in
teractions. These results agree with previous data showing partial 
compensation of PLL charge by HA and involvement of other supra
molecular interactions in the assembly of this polyelectrolyte pair (e.g., 
hydrogen bonds) [29,48,49]. 

The Rho release from uncoated and LbL-coated nanoparticles was 
studied at an acidic pH (pH = 6.3) to mimic the TME. The studied time- 
frame was selected based on the cell studies: we aimed to determine 
experimentally the Rho released in the culture medium after supple
mentation with the nanoparticles. We used nanoparticles coated with 
only one PLL/HA bilayer because of the long LbL deposition times, i.e., 
by choosing a low number of layers, the coating time is shortened and a 

premature release due to long processing times is reduced. After 1 h, 
uncoated EG-CaCO3 released 16 % of Rho, while only 4 % of Rho was 
released from the LbL-coated nanoparticles for the same period 
(Fig. 3B). Within 1 day, these values increased to 65 % and 17 %, 
respectively, and to 70 % and 30 % within 3 days. After this period, the 
release did not change substantially. Such a difference (>2-fold) con
firms that one PLL/HA bilayer was sufficient to slow the release. It is 
likely that the coating worked not only as a physical barrier between the 
nanoparticles and the medium but also as a buffer protecting them 
against dissolution. Of note, the release at pH = 7.4 was significantly 
lower than at acidic conditions: only 10 % of Rho was released from the 
coated nanoparticles after 3 days, evidencing the expected pH response 
from CaCO3 systems (Appendix, Fig. A.7). 

The release profiles were established by fitting the data to different 
drug release models (Appendix, Fig. A.8). The Rho release from un
coated EG-CaCO3 followed a first-order model (r2 = 0.9291). A release of 
this type indicates that the diffusion rate of Rho from the nanoparticles is 
driven mainly by its concentration. However, for the LbL-coated nano
particles we found a better approximation to the Korsmeyer-Peppas 
model (r2 = 0.7563), which is indicative of a release that is also 
affected by the properties of the dynamic polymeric systems (e.g., 
swelling, erosion, other relaxation/contraction phenomena affecting 
Rho distribution). Since our LbL coatings are of polymeric nature, Rho 
must diffuse across this additional barrier and thus the release agrees 
with the Korsmeyer-Peppas model interpretation. It also confirms the 
role of LbL in controlling the amount of released Rho over time, which is 
consistent with the data obtained for other LbL-coated CaCO3 particles 
[50]. With such an approximation, we can estimate that it would take 
91 days for 70 % of Rho to be released (i.e., the same amount released 
from uncoated nanoparticles after 3 days, Fig. A.9 in the Appendix). 

3.3. Interaction of EG-CaCO3 nanoparticles with breast cancer cells 

The biological impact of uncoated and LbL-coated EG-CaCO3 nano
particles was investigated on epithelial breast cancer cells with different 
CD44 expressions. MDA-MB-231 cells have an aggressive and invasive 
phenotype and overexpress CD44, while SK-BR-3 cells have a basal 
expression of this receptor and are considered non-invasive [51–54]. 
MCF10A cells are used as a model for normal human mammary 
epithelial cells and have a low CD44 expression, mainly detected in the 

Fig. 3. (A) Zeta-potential change of Rho-loaded EG-CaCO3 nanoparticles upon layer-by-layer deposition. The cartoons represent nanoparticles coated with incre
mental numbers of layers. Three individual measurements are represented per layer. The line is a visual guide for the variation of the average zeta-potential values. 
(B) Cumulative release of Rho from uncoated (Δ, orange) and LbL-coated EG-CaCO3 (○, blue) nanoparticles at pH 6.3 for 7 days. The curves are fittings to first-order 
(uncoated) and Korsmeyer-Peppas (coated) release models. Data are means ± one standard deviation. Some error bars are too small to be seen. The cartoons depict a 
“fast” release of Rho directly to the medium and a “slow” release across the LbL coating. 
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cytoplasm [55–57]. We assessed the cytotoxicity of EG-CaCO3 with and 
without LbL coating and found no cytotoxic effect for the tested cell lines 
(Fig. 4A–C and Fig. A.10 in the Appendix). 

Despite the cells being alive, their metabolism was affected by the 
nanoparticles (Fig. 4D–E). The metabolic activity of MDA-MB-231 and 
SK-BR-3 cells significantly decreased with culture time when compared 
to the control. After 2 days of incubation with the uncoated EG-CaCO3 
nanoparticles, the metabolic activity of MDA-MB-231 (70.4 %) and SK- 
BR-3 cells (81.2 %) decreased, whereas MCF10A cells (88.7 %) were not 
affected significantly. At day 3, the decrease in the metabolic activity of 
MDA-MB-231 and SK-BR-3 cells decreased further (64.4 % and 73.4 %, 
respectively), showing that these nanoparticles affect both phenotypes. 

This effect was partially mitigated by the LbL coating after a short 
culture period (1 day). At longer culture times (2 and 3 days), we 
observed a decrease in metabolic activity for the breast cancer cell lines 
but not for the normal cell line, MCF10A, i.e., the effect was similar to 
the uncoated particles. This delay in the response can be due to different 
interactions between cells and the coated nanoparticles that trigger 
different internalization mechanisms, when compared with uncoated 
particles, and/or different rates of particle dissolution in the lysosome, 
as shown by the Rho release data. 

To analyse the nanoparticles' distribution in the pericellular space 
and in the cells' cytoplasm we observed the cultures by CLSM (Fig. 5 and 
Figs. A.11 and A.12 in the Appendix). After 1 day, uncoated EG-CaCO3 

Fig. 4. Live/dead assay of (A) MDA-MB-231, (B) SK-BR-3, and (C) MCF10A cell lines incubated with uncoated and LbL-coated EG-CaCO3 nanoparticles for 3 days 
(green: live; red: dead). (D, E) Effect of uncoated and LbL-coated EG-CaCO3 nanoparticles (NPs) on metabolic activity of MDA-MB-231, SK-BR-3 and MCF10A cell 
lines after 1, 2 and 3 days of incubation. Data are presented as a percentage of control (i.e., cells cultured without nanoparticles, dashed line corresponds to the 
control). Statistical differences are represented between each sample and its control for the different days with n = 3. Significant differences are indicated (*p < 0.05; 
**p < 0.01; ***p < 0.001). 
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nanoparticles were found mainly around the cells, with very few inter
nalized. On days 2 and 3, internalization was observed for all studied 
cell types, regardless of the CD44 expression level. The results for the 
LbL-coated EG-CaCO3 nanoparticles were different: most of the particles 
remained attached to MDA-MB-231 and SK-BR-3 cancer cells, even after 
3 days, with only a few being internalized. The red intensity profile 
across the cancer cells confirmed the predominant presence of uncoated 
nanoparticles in the cytoplasm (Fig. 5A1, B1) and LbL-coated nano
particles overlapping with the membrane (Fig. 5D1, E1). 

Because we did not observe differences between MDA-MB-231 and 
SK-BR-3 cells (different expression of CD44), we hypothesized that the 
endogenous HA creates a protective pericellular coat that engages the 
expressed CD44 and retains the coated nanoparticles [58]. Lectin 
binding experiments showed higher HA deposition in the pericellular 
matrix of MDA-MB-231 cells than in the matrix of SK-BR-3 cells and 
mainly intracellular HA deposition in the case of MCF10A cells (Ap
pendix, Fig. A.13). Indeed, we observed more nanoparticles around 
MDA-MB-231 than around SK-BR-3 cells, which agrees with the ticker 

HA coat around MDA-MB-231 when compared to SK-BR-3 [59]. 
To understand if CD44 was involved in the internationalization of the 

nanoparticles, we blocked this receptor before incubating the cells with 
the nanoparticles. Upon CD44 blocking, we observed enhanced inter
nalization of uncoated and coated nanoparticles by all studied cell types 
after 24 h (Fig. 6). Interestingly, this enhanced internalization was 
concomitant with the different distribution of the non-internalized 
coated nanoparticles in the pericellular space of cancer cells: they 
were organized in discrete clusters (Fig. 6B2, D2) but not homoge
neously distributed as observed for cells without CD44 blocking 
(Fig. 6B4, D4). This difference was very pronounced for MDA-MB-231 
cells. On the one hand, CD44 blocking can affect HA turnover and 
compromise the HA coating around the cells. On the other hand, we 
have recently demonstrated that the receptor for hyaluronan mediated 
motility (RHAMM) can compensate the blocked CD44 and make cells 
more sensitive to exogenous supplemented HA [47]. These results show 
that although CD44 receptors are not directly involved in the internal
ization of the nanoparticles, their presence is important because of their 

Fig. 5. Distribution of uncoated and LbL-coated EG-CaCO3 nanoparticles after 3 days of incubation with (A, D) MDA-MB-231, (B, E) SK-BR-3, and (C, F) MCF10A cell 
lines (red: Rho). The plots show the red intensity profiles across the traced yellow lines confirming the distribution of Rho-loaded EG-CaCO3 nanoparticles in the 
pericellular space or in the cells' cytoplasm. The images and profiles were taken from the CLSM focal plane in the middle of the cells. 
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Fig. 6. Distribution of uncoated and LbL-coated EG-CaCO3 nanoparticles after 24 h of incubation with (A, B) MDA-MB-231, (C, D) SK-BR-3, and (E, F) MCF10A cell 
lines with and without CD44 blocking (red: Rho, green: cell membrane glycoproteins). Scale bars: 10 μm. 
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interactions with endogenous HA. 

4. Conclusions 

We demonstrated that CaCO3 nanoparticles are a promising platform 
for the treatment of breast cancer because of their pH responsiveness 
and negative charge that allows LbL deposition. CaCO3 can be synthe
sized using a wide variety of techniques. Of all the tested formulations, 
the adopted approach of using EG as an additive resulted in sub
micrometric particles that can be potentially internalized by cells. This 
additive does not compromise the pH responsiveness of CaCO3, as the 
release of the encapsulated agent remained higher at acidic conditions 
than at neutral pH. The LbL coating controls the rate of CaCO3 resorp
tion at acidic pH – and thus the release of the encapsulated agent – but 
also discriminates the nanoparticles interactions with cancer cells and 
non-tumorigenic cells: LbL coating favours the pericellular immobili
zation of nanoparticles over their internalization by cells with HA-rich 
matrix typical for cancer cells. 

While we did not contemplate the use of therapeutic drugs, they can 
be loaded on demand during CaCO3 co-precipitation, converting the 
nanoparticles into drug delivery systems. We envisage that the enhanced 
release observed at acidic conditions can be used as a delivery method 
for chemotherapeutics in the breast cancer tumour environment, i.e., it 
is possible to reduce the off-site delivery, the development of drug re
sistances, and the systemic side effects that are common for non- 
localized treatments. The observed pericellular immobilization offers 
the possibility of a multimodal breast cancer treatment when combined 
with the pH responsiveness of CaCO3 systems: specific surface receptors 
overexpressed in tumours can be targeted and minimize unspecific de
livery to healthy cells even further. Moreover, we suggest that future 
studies should focus on understanding the role of different HA receptors, 
such as RHAMM, in nanoparticles accumulation in the extracellular 
matrix. 
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