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ABSTRACT 
This study is a preliminary work of a global project aiming at conceiving and characterizing 
implantable synthetic extracellular matrices seeded with calcium carbonate multifunctional 
particles and releasing therapeutic biomolecules, for bone and cartilage tissue engineering. 
The formulation method of CaCO3 microparticles is based on the formation of an emulsion of 
water in Sc-CO2 (W/C). Hollow and spherical microparticles with a 5 µm diameter were suc-
cessfully obtained and fully characterized. Encapsulation experiments were carried out using 
lysozyme as model protein. Encapsulation yield and lysozyme loading can reach respectively 
up to 60 % and 7 %. Moreover, protein release kinetics have been determined during 24 
hours. Results were compared and discussed with the literature ones related to microencapsu-
lation of lysozyme and other biomolecules within CaCO3 particles. Hence, it permitted to 
bring out a proof of the concept of this emulsification process [1] for the encapsulation of 
model and therapeutic biomolecules. 
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INTRODUCTION 
Supercritical fluid (SCF) processes provide clean and efficient alternatives to several tech-
nologies such as extraction, chromatography, crystallization and material processing. Carbon 
dioxide (CO2) is widely used as a SCF due to its non-toxicity and its easy reachable critical 
properties (Pc=7.38 MPa, Tc=304.35 K). Moreover, modifications in CO2 temperature and 
pressure allow changing its physical properties, an interesting characteristic for the synthesis 
of calcium carbonate (CaCO3) particles with a high degree of conversion [2,3]. Hollow cal-
cium carbonate particles have attracted considerable attention owing to their excellent proper-
ties such as low density, high specific surface areas and porosity for drugs microencapsula-
tion. Encapsulation processes of biomolecules involve many limitations because of the nu-
merous interest molecules, which are heat and shear stress sensitive. Moreover, the use of 
potentially toxic compounds, such as organic solvents, is strictly regulated by authorities such 
as US Food and Drug Administration or European Pharmacopoeia that allow only traces in 
the final product. Indeed, these compounds may denature active molecules, therefore render-
ing classical encapsulation processes such as emulsion/solvent-extraction, coacervation or 
spray-drying poorly adequate. New processes aim at preserving the biological activity of the 
encapsulated molecules and permit to tune the encapsulation efficiency, together with an ap-



propriate release both in vitro and in vivo. The use of supercritical fluids technology seems to 
be a promising approach to reach these goals, with the possibility to avoid the use of deleteri-
ous or toxic compounds [4]. 
In this sense, Boury et al. patented a supercritical emulsification process which allows to pro-
duce calcium carbonate (CaCO3) microspheres [1]. Calcium carbonate may be found in 3 an-
hydrous crystalline forms: vaterite, aragonite and calcite [5,6], all with different physical 
properties [7,8,9]. In the last decade, natural or synthesized calcium carbonate have been 
widely used in tissue engineering, for cartilage repair [10], but mainly for bone repair with 
carbonate scaffolds that advantageously substitute bone grafts by providing the 3D support 
required for an efficient repair [11,12]. Moreover, calcium carbonate is biodegradable and 
exhibits an excellent cytocompatibility, either alone [13] or when combined with other mate-
rials [14,15,16].  
The aim of the present study is to give the proof of concept for the efficient encapsulation of a 
therapeutic protein within CaCO3 microspheres. We focused on the synthesis of the mineral 
vector and the encapsulation of a model protein, lysozyme, within CaCO3 microspheres pro-
duced in SC-CO2 media. Hence, this study is the preliminary step of a global project aiming at 
the conception and the characterization of implantable synthetic extracellular matrices seeded 
with calcium carbonate multifunctional particles and releasing therapeutic biomolecules, for 
bone and cartilage tissue engineering.  
 
 
MATERIALS AND METHOD 
Carbonation reaction media. The synthesis method used in this study was patented and de-
veloped in our laboratory. The method is based on the formation of an emulsion of water in 
Sc-CO2 (W/C) for which microdroplets acts as microreactors where several reactions succeed. 
Here, SC-CO2 acts as a continuous (or external) phase and as reactant for the synthesis of 
CaCO3 particles. The fast diffusion of CO2 molecules into a basic aqueous solution leads to 
the formation ionic species such as HCO3

- and CO3
2- (Eq. 1 to 3). Then, the CO3

2- ions react 
with Ca2+ ions to form calcium carbonate (Eq. 4) which may crystallizes under different 
polymorphs. 
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Preparation of aqueous solution. The aqueous solution used during this process contains 
0.62 M NaCl (VWR international, Fontenay-sous-bois, France) and 0.62 M glycine (Sigma, 
Saint-Quentin-Fallavier, France) at a final pH of 10. Then, 1 % w/v calcium hydroxyde 
(Ca(OH)2, Sigma) is added before adjusting the pH to 10 and filtering at 0.45 µm (Final con-
centration Ca(OH)2: 0.8 %). Lastly, hyaluronic acid obtained from Streptococcus equi. 
(Sigma, average MW : 1630 kDa) is added (0,1 % w/v). The latter behaves as an anionic bio-
polymeric template for the formation of CaCO3 microparticules that may direct the polymor-
phism of CaCO3 particles similarly to what has been described using a similar molecule, 
chondroitin sulfate [17]. Glycine aims at favouring vaterite formation [18]. Encapsulation 
experiments were carried out using lysozyme as model protein, which was dissolved in the 
aqueous solution. Lyzosyme was obtained from chicken egg white (Sigma, average MW= 14 
kDa).  

 



Experimental set-up and procedure. A schematic diagram of the device used for CaCO3 syn-
thesis is shown in figure 5. The stainless autoclave (1) with a capacity of 500 mL (Separex, 
Champigneulles, France) is heated at 40.0 ± 0.1 °C and pressurized with CO2 at 200 ± 1 bar. 
Liquid CO2 is pumped by a high pressure membrane pump (Milton Roy Europe, Pont Saint 
Pierre, France) (2) and preheated by a heat exchanger (Separex, Champigneulles, France) (3) 
before feeding the autoclave equipped with a stirring mechanical device (Top-industrie, Vaux 
le Penil, France). The axis of the magnetic stirrer is equipped with an anchor stirrer and the 
stirring speed is 1200 rpm. Once, the equilibrium is reached (temperature and pressure con-
stant), 25 mL of aqueous solution previously prepared are injected by means of an HPLC 
pump (Model 307, Gilson, Villiers le bel, France) (4). Injection flow is fixed to 10 mL.min-1. 
Once addition is achieved, the final pressure is 240 ± 5 bar and stirring is maintained at 1200 
rpm during 5 min. Thereafter, stirring is stopped and the autoclave depressurized at a rate of 
40-50 bar/min. 
Suspension of CaCO3 microparticles is collected and centrifuged at 2400 g during 10 min. 
Lastly, microparticles are washed with 50 mL of ultrapure water (Milipore, Molsheim, 
France), centrifuged and lyophilised (Model Lyovax GT2, Steris, Mentor, USA) to obtain a 
dry powder of CaCO3. 

 
Figure 1. Schematic diagram of the experimental setup 

 
Characterization techniques. X-ray diffraction (XRD) patterns were collected in reflection 
mode on powder spread out on a glass substrate. The measure was performed with a X-pert 
diffractometer using Cu-Kα radiation (λ = 1.54056A°) from 2 = 10 to 70° in continuous 
mode with a step size of 0.07°. Scanning electron microscopy images (SEM; JEOL 6310F, 
Croissy sur Seine, France) were obtained with a tungsten cathode field emission gun operat-
ing at 3 kV on powder dispersed on a carbon scotch substrate. Atomic force microscopy 
measurements were performed with an Agilent 5500 AFM. All the topography images were 
realized in intermittent contact mode using the same PPP-NCHR-W tip (Nanosensors, 
Neuchatel, Switzerland). Image processing and grain size analysis were performed from SEM 
observations with the Gwyddion freeware. Transmission electron microscopy (TEM) studies 
were carried out (JEOL 2010, Croissy sur Seine, France) with a LaB6 thermo-ionic emission 
source operating at 200 kV. The sample was dispersed in absolute ethanol and one droplet 
was deposited on a carbon-coated holey film supported by a copper grid before drying. The 
isothermal adsorption/desorption curves were recorded with an ASAP 2010 (Micrometrics, 
Norcross (GA), USA) system by using nitrogen gas. Prior to the determination of the iso-
therms, the physisorbed species are removed from the surface of the absorbent by exposing 
the sample to a high vacuum (5 µm Hg) at 100°C for 8h. Raman experiments were performed 
using a T64000 Raman spectrometer (Jobin–Yvon–Horiba, Lonjumeau, France) in a single 
monochromator mode. The excitation source was an argon–krypton ion laser (Coherent, Santa 
Clara (Ca), USA) operating at 514.5 nm. 
 
Total protein quantification. The total lysozyme concentration in microparticles was deter-
mined by ELISA (Enzyme Linked Immunosorbent Assay). 5 mg of protein-loaded micro-
spheres were dissolved by contact with 1.5 mL HCl 0.1 M for 10 min before dilution in phos-
phate buffer, pH 7.4, (DPBS, Lonza) to obtain a protein concentration in the range of 0-2 
µg/mL. Insulin standard were prepared in PBS pH 7.4 from 0.1 to 2 µg/mL. 50 µL of samples 
or standards were incubated overnight at 4°C in MaxisorpTM plates (Nunc). After washing 2 
times with DPBS, blocking was performed using 200 µL of DPBS, 1 % bovine serum albu-
min (BSA, Sigma) for 2 hours at room temperature. After blocking, wells were washed 2 
times with DPBS before addition of i) 100 µL HRP-conjugated rabbit polyclonal anti-



lysozyme antibody (1:6500, Abcam, Paris, France) or ii) 100 µL primary anti-insulin rat 
monoclonal antibody (0.5 µg/mL, R&D systems, Lille, France). ii) After incubation at room 
temperature for 2 hours, wells were washed 3 times again before addition of 100 µL secon-
dary anti-mouse IgG-HRP (0.5 µg/mL, R&D systems) and incubation for 1 hour at room tem-
perature. After washing three times, revelation was performed using a substrate reagent pack 
(R&D systems) following the manufacturer’s guidelines. After 5 min, reaction was stopped 
with 50 µL H2SO4 2N before measuring the optical density at 460 nm (Multiskan Labsys-
tems). 
 
Active protein quantification. The biologically active entrapped protein was determined using 
Micrococcus lysodeikticus. 30 mg of M. Lysodeikticus (Sigma) were placed in 200 ml TRIS 
NaCl buffer (pH 7.4) and incubated at 37°C for one hour. 5 mg of protein-loaded micro-
spheres were dissolved by contact with 1.5 mL HCl 0.1 M for 10 min and diluted in TRIS 
NaCl buffer to reach a concentration of 0.1 to 1 µg/ml of lysozyme. 100 µl of samples or 
standards (0.1 to 1 µg/ml of lysozyme) were mixed with 2.9 mL of M. Lysodeikticus suspen-
sion in glass tubes (Kimble, Thermo Fisher Scientific) and incubated 4 hours at 37°C. Turbid-
ity was finally assessed by measuring the absorbance at 450 nm (Kontron Uvikon 922, North-
star Scientific, Leeds, UK). 
 
Protein release kinetic. 10 mg of microspheres were dispersed in 10 mL DPBS, at either pH 
4.5, 6.0 or 7.4 and incubated in a water bath at 37°C under agitation (75 rpm). Samples were 
taken at 30, 60, 90, 120, 150, 180 min and 24 hours. At each sampling time, buffer was totally 
removed, microspheres washed once with ultrapure water before replacing buffer. Samples 
were diluted to obtain a final concentration of 0.1-1 µg/ml for lysozyme and 0.1-2 µg/ml for 
insulin. Quantification of the active lysozyme released was performed using the Micrococcus 
lysodeikticus assay while the ELISA assay was used for insulin release, as described in the 
previous sections.  Release kinetics were performed in triplicate for each conditions. 
 
Statistical analysis. All Data are presented as the mean value of 3 independent experiments ± 
standard deviation (SD), unless otherwise stated. 
 



 
RESULTS AND DISCUSSION 
Characterization of the CaCO3 microspheres. In a first time, we focused on the study of 
structural and morphological characteristics of the CaCO3 microparticles (without proteins) 
synthetized in supercritical CO2.  
Structural analysis. XR diffractogram of CaCO3 particles (figure 2) shows that the main 
polymorph obtained is the vaterite (98 %mol). The peak at 29.3 ° is attributed to the most 
intense peak of calcite. Molar content of calcite is estimated about 2%. The presence of hyalu-
ronic acid and glycine is supposed to support the formation of this thermodynamically non-
stable CaCO3 polymorph [19]. This one may have been driven by the presence of glycine in 
the aqueous solution [18], but may also vary depending on the experimental parameters. This 
issue is currently being investigated by in-situ studies using Raman spectroscopy and X-ray 
techniques (SAXS and WAXS).  
Morphological analysis. SEM observations (figures 3a and 3b) indicate that CaCO3 particles 
obtained are microspheres with a relatively narrow size distribution (average diameter = 
4.9±1.0 µm). Figures (3b) and (3c) show particularly the external roughness and porosity of a 
particle. Its surface is composed of agglomerated nanograins. AFM observations (figure 4a) 
give information about the surface topography of a particle. Figure (4b) shows that nanograins 
average diameter is about 60 nm. Note that the grey bar refers to the height of the sample 
from 0 nm (in black) to 80 nm (in white). Each nanograins are probably composed of one or 
several agglomerated crystals of vaterite. This arrangement stabilize the particle and limits the 
transformation into the calcite polymorph.  
SEM and TEM observations (respectively figures 3d and 3e) reveal that the microspheres 
structure is not homogenous and the centre of particles is less compact than its surface. More-
over, they show the presence of a hollow core and a shell with a radial morphology. Holes are 
present beyond of the hollow core. The holes concentration seems to gradually increase from 
the surface to the centre. BET analysis shows that the specific area of CaCO3 particles is 
about 16 m2/g (Figure 4). This high value for this type of particles (in comparison with litera-
ture) can be explained by the high specific of the agglomerated nanograins as well as by the 
accessible internal porosity. The adsorption and desorption isotherms show a pronounced hys-
teresis which is characteristic of a low coherent assembly of nanograins. Moreover, a Tensile 
Strength Effect (TSE) is observed during the nitrogen desorption when it exists a pore net-
work and when interconnected larger pores (2 to 50 nm in the hollow core region) have to 
refill the smaller pores (inferior to 2 nm in the shell). Hence, these synthesis-conditions allow 
conferring a hollow structure to CaCO3 microspheres and thus a promising capacity to the 
encapsulation applications. 
Composition analysis. Raman analysis (figure. 6) confirms the obtention of vaterite poly-
morph and reveals the presence of some organic impurities such as glycine and hyaluronic 
acid. Indeed, in comparison with the Raman analysis of the pure organic components in the 
2600-3400 cm-1 region, peaks are related to vibrations of v(NH) at 3160-3230 cm-1 and v(CH) 
at 2902, 2915 and 2962 cm-1. Quantification of these components using the TGA-MS tech-
nique is currently under investigation. 
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Figure 2. Structural analysis of XRD of the CaCO3 microspheres. Bragg reflexions of 

the vaterite polymorph (ICSD 15879) are indicated with vertical markers below the pro-
file. *Calcite polymorph. 

 
Figure 3. SEM (figures a to d) and TEM (e) observations of the CaCO3 microparticles 
 

 
Figure 4. AFM observations of one particle and size measurement of its nanograins of 

vaterite 
 



 
Figure 5. Nitrogen adsorption–desorption isotherms of the CaCO3 microspheres. The 

inset refers to the BET specific surface area analysis. Open and filled circles refer to ad-
sorption and desorption isotherms. TSE: tensile strength effect 

 
 

 
 

Figure 6. Raman spectrum of CaCO3 microspheres (a) and magnification of the 2600-
3400 cm-1 region (b) 

 
Encapsulation of Lysozyme. In this study, chicken egg white lysozyme was used to provide a 
proof of concept of this encapsulation process with CaCO3 particles. Presented results were 
obtained with a starting protein concentration of 0,5 and 1,0 g/L (Table 1). Firstly, it is impor-
tant to note that the adding of lysozyme has no influence on the polymorphism (XR diffracto-
gram not shown). Indeed, polymorphic composition (molar) is unchanged with respectively 
98 % of vaterite and 2 % of calcite. On the other hand, lysozyme-loaded microspheres have a 
more stratified surface (figure 7c and 7d). It is supposed that the presence of lysozyme in-
duces surface structural changes of CaCO3 particles. Moreover, variations of zeta potential 
were observed which permits supposing that surface composition is modified too. Concerning 
these negative values, it could be attributed to the presence of anionic macromolecules such as 
hyaluronic acid and glycine. Raman analysis (data not shown) reveals too the presence of the 
organic components in the 2600-3400 cm-1 region as it was observed previoulsy. 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. SEM observations of unloaded microspheres (a and b) protein-loaded (starting 

lysozyme concentration of 0.5 g/L) (c and d) 
 
We successfully obtained CaCO3 microspheres with a high protein loading (maximum around 
7 %), a value higher [20] or similar to other study described in literature [21,22]. Note that 
these authors used processes involving the use of deleterious compounds such as organic sol-
vents. Interestingly, a study described the encapsulation of small molecules as well as of pro-
teins within CaCO3 nanoparticles, but no loading nor encapsulation efficiency data were 
available in the case of the studied proteins [23]. An impregnation process of CaCO3 micro-
spheres after their formulation has been studied by Sukhorukov et al. [24]. However, the au-
thors demonstrated that large molecules such as Dextran (4 kDa) could not diffuse deeply 
inside CaCO3 microspheres. Noteworthy, these authors developed too a promising Layer-by-
Layer (LbL) methodology, allowing the encapsulation of various molecules such as proteins 
within biocompatible microcapsules made from CaCO3 microspheres [25]. Protein encapsula-
tion yield in the case of lactalbumin (18 kDa) reaches up to 50 % [26]. Similarly, a LbL proc-
ess was also used in another study to efficiently encapsulate a small molecule of interest for 
cancer therapy, doxorubicin [27], but with the drawback of being a time-consuming method-
ology. Fugiwara et al. [28] described an interfacial encapsulation method to encapsulate vari-
ous proteins of increasing molecular weight such as BSA, ovalbumin and papain within 
CaCO3 microspheres. Noteworthy, these authors demonstrated that the molecular weight of 
the protein to be encapsulated was proportional with the encapsulation yield. It seems to be 
the case for the studies previously cited. However, Fugiwara et al. [29] demonstrated that en-
capsulation of lysozyme was difficult using this method. Lysozyme loading was about 0.2 % 
with an encapsulation yield about 17 %. Note that particles obtained are no spherical and lar-
ger with a 10 µm diameter.  
In this present study, and in addition to a high protein loading, high encapsulation efficiency 
was successfully obtained with a maximum value about 60 %. This yield may be improved by 
the optimization of the process during the depressurization step. Indeed, there are losses of 
solution (suspension composed of particles), from 10 to 20 % (vol.), which are drifted to the 
event during this step. This process improvement would consist in putting in place a trap with 
a capillary to collect the losses. Thus, suspension and CO2 are separated and the last one is 
drifted to the event.  
Finally, Micrococcus lysodeikticus assays show that this supercritical CO2 encapsulation 
process permitted to retain up to 94 % of the biological activity of lysozyme for higher con-
centration of injected solution. This is consistent with a review from Wimmer et al. describing 
the effect of supercritical CO2 on enzymes, which may even enhances the stability of under 

(a)  (b)  

(c)  (d)  



denaturing conditions [30]. However, for 0.5 g/L concentration, protein activity is divided 
almost by three. Nevertheless, it is important to note that the lyophilisation step allows to 
store during long periods the particles without significant effects on the activity of encapsu-
lated proteins.   
 

Table 1. Lysozyme loading of microspheres and encapsulation yields of the process 
 

Lyszyme concentration  (g/L) 0 * 0.5 1.0 
Active lysozyme loading (%) / 1.2 ± 0.1 6.6 ± 0.1 
Total lysozyme loading (%) / 3.3 ± 0.5 7.0  ± 0.5 

Encapsulation yield (%) / 47.7 ± 6.6 59.8 ± 7.7 
Average size (µm) 4.9 ± 0.3  4.9 ± 0.3  5.3 ± 0.3  

Zeta potential (mV) -21.5 -11.8 -15.2 
* Experiences without Lysozyme    

 
Kinetic release of Lysozyme. This study was carried out on samples of experiments for ly-
sozyme concentration at 0,5 g/L and at three different pH values: 7,4; 6,0; 4,5. A burst release 
was observed during the first 30 minutes of release, followed by a more progressive release 
that started to stabilize after 3 hours (figure 8). The amount of released proteins increased 
while lowering the pH, due to the faster degradation of CaCO3 microspheres under acidic pH, 
and a maximum release of 89 % was obtained after 24 hours at pH 4.5. This degradation was 
observed at 24 hours of kinetic release using scanning electron microscopy (figure 8) despite 
a few crystalline artefacts probably due to lyophilisation required for sample preparation prior 
to scanning electron microscopy. Note that after 24 hours at pH 4.5, particles were totally 
dissolved and could not be observed anymore. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 8. Lyzosyme kinetic release profiles and the corresponding SEM observations  
of microparticles after release 



CONCLUSION 
In the present work, it has been described a method for synthesizing calcium carbonate parti-
cles using SC-CO2 in aqueous media. Hollow and spherical microparticles with a 5 µm di-
ameter were successfully obtained and fully characterized. On the other hand, this work 
brings out a proof of the concept of new emulsification process for the encapsulation of model 
and therapeutic proteins such as lysozyme. It has been shown that the process allows obtain 
CaCO3 microspheres with a protein loading up to 7 % and an encapsulation yield about 60 % 
which is improvable. Release of lysozyme is pH-dependent and reaches a maxima about 89 % 
at pH=4.5. On the other hand, a burst was observed during the first 30 minutes whatever the 
pH conditions.  
Further study will consist to study the release of lysozyme in a cellulose-based polymer such 
as Si-HPMC (silanized hydroxypropylmethyl cellulose), which is an injectable biomaterial for 
tissue engineering. Then, study of encapsulation and release of transforming growth factor 
(TGF) will be carried out too. Thus, this work may generate promising results with regards to 
the elaboration of hybrid biomaterials composed of inorganic and organic compounds for 
biomedical applications. 
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