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Abstract 

Amorphous calcium carbonate (ACC) is known to interact with proteins, for example in 

biogenic ACC, to form stable amorphous phases. The control of amorphous:crystalline and 

inorganic:organic ratios in inhalable calcium carbonate microparticles may enable particle 

properties to be adapted to suit the requirements of dry powders for pulmonary delivery by 

oral inhalation. For example, an amorphous phase can immobilise and stabilise polypeptides 

in their native structure and amorphous and crystalline phases have different mechanical 

properties. Therefore, inhalable composite microparticles made of inorganic (i.e. calcium 

carbonate and calcium formate) and organic (i.e. hyaluronan (HA)) amorphous and crystalline 

phases were investigated for peptide and protein pulmonary aerosol delivery. The 

crystalline:amorphous ratio and polymorphic form of the inorganic component was altered by 

changing the microparticle drying rate and by changing the ammonium carbonate and HA 

initial concentration. The bioactivity of the model peptide, salmon calcitonin (sCT), co-

processed with alpha-1-antitrypsin (AAT), a model protein with peptidase inhibitor activity 

was maintained during processing and the microparticles had excellent aerodynamic 

properties, making them suitable for pulmonary aerosol delivery. The bioavailability of sCT 

after aerosol delivery as sCT and AAT-loaded composite microparticles to rats was 4-times 

higher than that of sCT solution.  

Keywords 

Amorphous calcium carbonate, composite microparticle, pulmonary inhalation, biomimetic 

process, peptide 
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1. Introduction 

For peptides, polypeptides and proteins the lung is an attractive route into the bloodstream, owing to 

the high and thin surface area of the alveolar epithelium and due to lower metabolic activity compared 

to the gastrointestinal tract.1-2 Peptide deposition within the lung can be controlled by the development 

of peptide-loaded microparticles with suitable aerodynamic properties that allow them reach the distal 

lungs, where the absorption capacity is higher. When developing a polypeptide formulation it is 

mandatory to prevent its degradation and unfolding. This protection can be provided by the presence 

of excipient(s) in an amorphous phase that immobilise and isolate peptide molecules in their native 

structure.3 Ideally, in this vitrification-based stabilisation strategy, both polypeptide and excipient(s) 

are amorphous and miscible, forming a single amorphous phase, which should have a high glass 

transition temperature (Tg) in order to be stable at room temperature. According to Gordon and Taylor4 

the Tg of this composite glass will be intermediate to the Tg of the polypeptide and the excipient. Also, 

the Tg of the excipient should be high in order to increase the Tg of the composite glass. In addition to 

vitrification, peptide-excipient interactions are important for polypeptide stabilisation.5 These 

interactions should replace the hydrogen-bonds formed by water at the surface of polypeptide 

molecule, preserving their native structure. Consequently, the presence of excipients forming an 

amorphous phase with the polypeptide in the formulations can be very important to stabilise these 

molecules.3  

Amorphous calcium carbonate (ACC) is an amorphous mineral phase which is known to interact with 

proteins and peptides, for example in biogenic ACC, to form stable amorphous phases.6-9 No 

information about the Tg of ACC is found in the literature. An estimation of the Tg of dry materials can 

be made from the melting temperature of its crystalline phase since studies have shown that the Tg is 

around 0.7-times the melting temperature.10-11 Vaterite, the more metastable crystalline calcium 

carbonate (CaCO3) polymorph, converts to calcite upon heating at transition temperatures of 320–

460°C, depending on the method of preparation.12-14 If we assume, as a minimum, that the Tg of ACC 

is 0.7-times the phase transition temperature of vaterite to calcite, the Tg of ACC would be around 

224°C, which is higher than the Tg of most excipients used to stabilise amorphous pharmaceutical 

solids. Therefore, having potentially a high Tg and being able to interact with proteins, we hypothesise 
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that ACC could be used to stabilise peptides in the formulation of inhalable particles. Qi et al.15-16 

similarly proposed ACC nanospheres for protein drug delivery. 

Additionally, it has been shown that ACC can coexist with one of the CaCO3 crystalline forms to 

produce material with advantageous specific properties.6, 17-20 Biominerals such as seashells,6, 17 

eggshells21 and bones18, 22-23 are examples of hybrid materials composed of biopolymer and amorphous 

and crystalline minerals having high mechanical strength and light weight. Amorphous materials have 

the advantage of being isotropic and elastic, with no preferred growth directions so they can be more 

easily shaped.8, 20, 24 On the other hand, crystalline CaCO3 are less soluble but harder and more stable 

than their amorphous counterpart.19 The combination of the two phases, amorphous and crystalline, 

may offer some advantageous properties to an inhalable powder. For example, materials with different 

proportions of amorphous and various polymorph crystalline phases could lead to different 

aerodynamic properties as well as different solubilities and dissolution rates. 

Complex CaCO3-based structures are created by invertebrates by using the highly soluble ACC and a 

biopolymer controlling the CaCO3 polymorphs conversion.17, 25-30 One way for the biopolymer to 

influence the shape of the mineral is by chemical interaction.31 Hyaluronate (HA) polysaccharide 

could be used to facilitate the particle formation. In fact, negatively charged carboxylic groups from 

HA could be used to interact with Ca2+ and control the nucleation of CaCO3.32 Furthermore, HA is a 

ubiquitous anionic polysaccharide that is part of the extracellular lung matrix and has already been 

investigated as an inhalable therapeutic agent for lung diseases.33-35 For example, inhaled HA prevents 

the side effects of hypertonic saline inhalation alone, which is used to treat bronchiolitis and patients 

with cystic fibrosis.34, 36  

We hypothesise that inhalable microparticles could be made of ACC, crystalline CaCO3 and 

biopolymer (HA), enabling their properties to be adapted in terms of aerodynamic characteristics, drug 

release profile, mechanical strength and protein stability. In particles of this type, the properties could 

be tuned by controlling the organic:inorganic materials ratio and by controlling the solid state nature 

of the inorganic components. Therefore, we investigated the possibility of pulmonary delivery of 

salmon calcitonin (sCT) and alpha-1-antitrypsin (AAT), chosen as a model polypeptide and model 

protein, respectively, by way of inhalable composite microparticles made of HA and CaCO3.37 
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2. Results 

The spray drying process developed produced spherical hollow particles (shells) with wall thickness 

around 80 nm (Figure 1). The properties of these particles were tuned by altering three parameters: the 

spray drying inlet temperature, the concentration of HA and the concentration of ammonium carbonate 

((NH4)2CO3) in the spray dried feed solutions (Table 1). 

Table 1: Composition and physical properties of Ca/HA composite particles 

Code
Ca(OH)2  

(g L-1)

HA      

(g L-1)

(NH4)2CO3  

(g L-1)

inlet/outlet 

temp (C)
D50 (µm)

specific surface 

area (m2 g-1) 

True density 

(g cm-3)

Ca loading 

% (Assay)

temp1 0.8 0.2 1.2 100/39 4.65 ± 0.5 17.8 ± 1.2 1.25 ± 0.02 36.8 ±  2.3

temp2 0.8 0.2 1.2 110/44 4.55 ± 0.4 16.5 ± 0.8 1.06 ± 0.07 38.7 ± 2.6 

temp3 0.8 0.2 1.2 120/50 4.74 ± 0.3 19.6 ± 0.8 1.37 ±0.01 34.3 ± 2.9

temp4 0.8 0.2 1.2 140/68 4.67 ± 0.4 19.3 ± 0.6 2.06 ± 0.01 37.3 ± 3.2

Carb1 0.8 0.2 1.2 120/50 4.55 ± 0.4 16.5 ± 0.6 1.06 ± 0.07 38.7 ± 2.6 

Carb2 0.8 0.2 2.4 120/50 5.48 ± 0.7 30.1 ± 1.0 1.74 ± 0.03 57.3 ± 4.6

Carb3 0.8 0.2 4.8 120/50 7.07 ± 0.5 28.0 ± 0.9 1.49 ± 0.06 65.2 ± 3.1

Carb4 0.8 0.2 6 120/50 5.34 ± 0.3 23.6 ± 0.8 2.26 ± 0.06 53.5 ± 4.0

HA1 0.8 0.1 1.2 120/50 5.36 ± 0.4 18.7 ± 0.6 2.35 ± 0.05 48.9 ± 2.9

HA2 0.8 0.2 1.2 120/50 4.74 ± 0.3 19.6 ± 0.8 1.37 ±0.01 34.3 ± 2.9

HA3 0.8 0.4 1.2 120/50 7.45 ± 0.5 17.7 ± 0.7 1.10 ± 0.05 34.6 ± 3.5

HA4 0.8 0.6 1.2 120/50 10.20 ± 0.6 15.7 ± 0.8 1.21 ± 0.10 32.0 ± 4.1

test12 0.8 0.4 4.8 120/50 9.55 ± 0.8 25.5 ± 0.9 1.55 ± 0.02 44.3 ±2.7

Formulation parameters Results
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Figure 1: SEM micrographs of Ca/HA composite microparticles formulated at different spray 

drying inlet temperatures (Tinlet). 

2.1. Processing temperature effect 

Changing the spray drying inlet temperature (Tinlet) in the 100 °C – 140 °C range did not alter the 

particle morphology (Figure 1) or particle size distribution (Table 1). The formulations had a volume 

median geometric diameter (D50) around 4.6 ± 0.4 µm and high specific surface area values (16.5 to 

19.6 m2 g-1). The calcium concentration in the particles was not modified but the true density of the 

particle changed with the Tinlet (Table 1), indicating a change in their composition or in their solid 

state. The solid state of the powders was first analysed by XRD (Figure 2). Powders formulated at a 

Tinlet of 100 °C showed just a diffuse halo on their XRD pattern, characteristic of XRD amorphous 

material (Figure 2A). An increase in Tinlet from 110 °C up to 140 °C led to the appearance of low 

intensity diffraction peaks ascribed to crystalline calcium formate (Ca(HCOO)2).38 The presence of 

Ca(HCOO)2 resulted from the reaction between calcium hydroxide Ca(OH)2 and formic acid 

(HCOOH) initially present in the solutions. 
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Figure 2: XRD patterns of Ca/HA composite particle: A) Formulated at different 

temperatures, B) Formulated at different concentrations of (NH4)2CO3, C) Formulated 

at different concentrations of HA, D) Loaded with sCT and AAT. (F) label is for calcium 

formate, (V) label is for vaterite CaCO3 polymorph and (C) is for calcite CaCO3 

polymorph. 

Fourier transform-infrared (FTIR) spectroscopy was used to investigate the chemical nature of the 

particles (Figure 3A). All spectra presented absorption bands typical of carbonate and carboxylate.39-40  

The absence of the carbonate absorption bands at 700, 713 and at 745 cm-1 40 in the spectra indicates 

the absence of detectable anhydrous crystalline CaCO3 polymorphs. However, ACC spectra are 

characterised by a broad band of the carbonate bending at 866 cm-1 and a split in the asymmetric 

stretch of the carbonate ion at 1417 and 1488 cm-1.9, 19, 31, 41-43 Carbonate absorption bands recorded for 

the microparticles formulated at Tinlet of 100 °C have maximal values typical for ACC, confirming the 

XRD data. 
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Figure 3: FTIR spectra of Ca/HA composite microparticle A) Formulated at different 

temperatures, B) Formulated at different concentrations of (NH4)2CO3. 

An increase in Tinlet resulted in a reduction in the intensity of bands typical of ACC. When processed at 

Tinlet = 140 °C, the 866 cm-1 band was split, with a sharper peak at 877 cm-1 indicative of the possible 

presence of some crystalline calcite or vaterite in addition to the ACC.42 The bands at 1591 cm-1 and 

792 cm-1 can be attributed to the asymmetric stretch and the bending of the carboxyl group of calcium 

formate.39, 44-45 The relative intensity of these bands increased with an increase in Tinlet, suggesting an 

increase in calcium formate concentration in the particles.  
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For amorphous solids, the interactions with water are fundamental aspects to be studied because they 

can affect both dissolution properties and physical stability.46 The water sorption-desorption isotherm 

of composite microparticles formulated at 120 °C (temp2) showed water mass increase of 10 % (w/w) 

with an increase in RH up to 70 %, followed by a mass decrease for the 70 to 80 % RH step (Figure 

4A). A decrease in mass with increasing RH for amorphous substances corresponds to crystallisation 

of the material.47-49 XRD diffractograms of the formulation temp2 measured after the DVS experiment 

(Figure 4B) showed new diffraction peaks characteristic of the vaterite CaCO3 polymorph50-51 and an 

increase in the intensity of the peak corresponding to calcium formate. Therefore, the crystallisation 

which occurred during water sorption corresponds to further crystallisation of calcium formate and to 

the crystallisation of the ACC to vaterite. The second water sorption-desorption cycle did not show 

any sign of crystallisation or polymorphic change. 

2.2 Ammonium carbonate concentration effect 

Changing (NH4)2CO3 feed solution concentration did not alter particle morphology as observed by 

SEM (supporting information Figure S4), but changed their physicochemical properties (Table 1). The 

increase in (NH4)2CO3 from 1.2 g L-1 to 4.8 g L-1 increased 2-fold the specific surface area and 

increased the calcium concentration in the particles from 38.7 ± 2.6 % to 65.2 ± 3.1 %, respectively. 

True density changed variably with the (NH4)2CO3 concentration but increased markedly to 2.26 ± 

0.06 g cm-3 for 6 g L-1 of (NH4)2CO3. This density is higher than that of calcium formate (2.009 g cm-

3), and closer to the density of pure CaCO3 (vaterite 2.645 g cm-3, calcite 2.711 g cm-3).52 Analysis of 

the effect of (NH4)2CO3 concentration on the particles properties by XRD (Figure 2B) and ATR-FTIR 

(Figure 3B) showed solid state changes. For a concentration of 1.2 g L-1 in (NH4)2CO3 only the XRD 

Bragg peaks specific to calcium formate were observed. An increase in (NH4)2CO3 concentration in 

the solutions higher than 1.2 g L-1 induced the formation of vaterite (Figure 3B). From 2.4 g L-1 to 

6 g L-1 only Bragg peaks characteristic of vaterite were observed. 

FTIR spectra of particles formulated at low (NH4)2CO3 concentration (Figure 3B) were characterised 

by a broad band of the carbonate bending at 866 cm-1, typical of ACC.42 An increase in (NH4)2CO3 

concentration in the spray dried feed solution higher than 1.2 g L-1 induced a shift of this band to 876 

cm−1, characteristic of calcite or vaterite.51 The bands split at 1414 and 1484 cm-1, which is 
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characteristic of the asymmetric stretch of the carbonate ion9, 19, 41-42, increased with the (NH4)2CO3 

concentration increase, while the asymmetric stretch at 1592 cm-1 and the bending at 793 cm-1 of the 

carboxyl ion as calcium formate39 decreased in intensity, confirming the decrease in calcium formate 

concentration in the particles suggested by XRD. 

2.3 Hyaluronan concentration effect 

The major change induced by the increase in HA concentration was an increase in particle size, for 

HA concentrations higher than 0.2 g L-1, and a decrease in particle density and calcium concentration 

(Table 1). The increase in particle size could be attributed to the increase in the feed solution viscosity, 

producing larger droplets in the spray dryer. Particle morphology observed by SEM was similar for the 

various HA concentrations (Supporting Information Figure S5). 

The intensities of the diffraction peaks on the XRD patterns were low, suggesting that the formulations 

were mostly amorphous (Figure 2C). However, an increase in HA concentration from 0.1 g L-1 to 0.6 g 

L-1 changed the solid state nature of the material. For HA concentrations ranging from 0.1 g L-1 to 0.4 

g L-1 only diffraction peaks characteristic of calcium formate were observed. The intensity of these 

peaks decreased with an increase in HA concentration, suggesting a decrease in concentration or in 

crystallinity of calcium formate in the particles. At a HA concentration of 0.6 g L-1, a diffraction peak 

at 29.4 (2q), specific to the CaCO3 polymorph, calcite, was observed.50-51 The major change observed 

on FTIR spectra (Supporting Information Figure S2) induced by an increase in HA concentration was 

a decrease in intensity of the calcium formate carboxyl band at 793 cm-1, 39 suggesting that the 

increase in HA concentration inhibited the formation of calcium formate in the particles. 53 
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2.4 Salmon calcitonin-loaded microparticles 

 

  
Figure 5: SEM micrographs of Ca/HA composite particles loaded with sCT (A) and sCT and 

 (B). 

In this study, sCT was chosen as a model peptide which is sensitive to pulmonary peptidase, limiting 

its pulmonary bioavailability (F%). To achieve higher F%, sCT was co-administrated with AAT to 

provide protection from lung peptidases. AAT is a 52-kDa protein produced by the liver, with its main 

physiological function being the inactivation of proteolytic enzymes in pulmonary tissue. Inhaled 

AAT has been shown to be suitable for the treatment of AAT deficiency and is currently in clinical 

trials.37  However, AAT has not yet been used to protect inhaled peptides against degradation and 

could be an interesting new approach. 

sCT and sCT-AAT-loaded microparticles were formulated by adding sCT or sCT and AAT to the 

Carb2 formulation, which was principally composed of amorphous materials (Table 1). This 

formulation was chosen, not only because of its amorphous composition, but also based on the high 

specific surface area and low D50, suggesting good aerodynamic properties. The addition of sCT alone 
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(loading 24.6 ± 2.4% (w/w)) or AAT and sCT (loading 9.0 ± 0.8% (w/w/)) in the same proportion in 

the composite microparticles totally changed their morphology as observed by SEM (Figure 5). Blank 

particles were hollow shells, but became crimpled basket-shaped particles in the presence of sCT. This 

new morphology, with rough wrinkled surface should enhance the particle aerodynamic properties by 

increasing the particle shape factor.54 

Again, all formulation XRD patterns had very low intensity diffraction peaks, revealing the low degree 

of crystallinity in the particles. The only residual diffraction peaks recorded for the blank particles 

indicated the presence of vaterite (Figure 2D). The sCT-loaded particles XRD pattern showed only 

low intensity peaks specific to calcium formate. The loading of both sCT and AAT made the 

formulations completely XRD amorphous. Analysis by FTIR showed that the incorporation of sCT in 

the formulation increased the intensity of the bands assigned to calcium formate and decreased the 

intensity of the band characteristic of ACC (Supporting Information Figure S2). The combined 

addition of sCT and AAT resulted in an increase in intensity of the FTIR band characteristic of ACC, 

which was consistent with the XRD results. 

As was the case for the blank particles, the water sorption-desorption isotherm of sCT-AAT-loaded 

microparticles (supplementary information Figure S6) showed mass increase with an increase in RH 

up to 70%, followed by a mass decrease for the 70 to 80% RH step. The XRD patterns of sCT and 

sCT-AAT-loaded formulations recorded after a full water sorption-desorption isotherm showed 

diffraction peaks specific to vaterite and calcium formate of higher intensity than before the RH 

change cycle. Thus, as for the blank particles, two crystallisation processes occurred at 80% of RH, the 

crystallisation of vaterite from ACC and the increase in crystalline calcium formate. 

Aerodynamic analysis of the sCT-AAT-loaded microparticles showed optimal properties for lung 

inhalation when using a dry powder inhaler (Supporting information Figure S7). In order to reach the 

pulmonary alveoli, particles must have an aerodynamic diameter in the 1 to 5 µm range.54 sCT-AAT-

loaded particles emitted from the dry powder inhaler had a mass median aerodynamic diameter of 2.89 

± 0.23 µm with a geometric standard deviation of 1.82 ± 0.16. The fine particle fraction, the fraction 

of particles that are capable of penetrating and depositing within the lungs, expressed as per the 

emitted recovered dose, was 64.1 ± 7.1 %. 
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Figure 6: sCT release from sCT and sCT-AAT-loaded microparticles in the absence (A) or in the 

presence (B) of trypsin in the PBS pH 7.4. 

sCT release from sCT or sCT-AAT-loaded microparticles was complete after 30 min in PBS pH 7.4 

(Figure 6A). Both formulations showed the same fast release profile. In the presence of trypsin in the 

release buffer, sCT was rapidly degraded, leading to a reduction in intact sCT released from sCT-

loaded particles, with the rate of degradation increasing with the trypsin concentration (Figure 6B). In 

the presence of 10 U (BAEE units) of trypsin in the buffer, all the sCT released from the sCT-loaded 

particles was degraded after 2 h. For sCT release from sCT-AAT-loaded microparticles, higher 

proteolytic stability was observed and 85 % of the sCT initially loaded in the particles was detected in 

the buffer containing 10U of trypsin after 2 h. These results suggest that AAT proteins present in the 

particles were still active and able to protect sCT from degradation.  

 
Figure 7: sCT bioavailability (F) after pulmonary administration of various sCT dose by 

nebulising 100 µL of sCT solutions at different concentration.  

sCT displayed nonlinear pulmonary pharmacokinetics (PK) in rat and increasing the sCT dose by 

nebulising sCT solutions of increasing concentration changed the sCT bioavailability (Figure 7). At a 

low dose (50 µg kg-1) pulmonary sCT bioavailability from a nebulised solution was low (4 %) and 
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increased with increasing dose to plateau at around 23 % for a dose of 200 and 400 µg kg-1. Also, 

increasing the sCT dose increased Tmax from 5 min for a dose of 50 µg kg-1 up to 15 min for a dose of 

200 µg kg-1. The non-linear sCT PK following pulmonary administration was not due to a change in 

sCT plasma elimination, as i.v. sCT PK was linear in the same dose range (50 - 400 µg kg-1). 

Likewise, sCT demonstrated linear PK following i.v. administration of 1, 5 and 10 µg doses in rats.55 

However, sCT PK after i.v. administration in dogs were non-linear over a higher dose range (1-1000 

µg).55 Average sCT plasma concentration-versus-time profiles were different after pulmonary 

administration of a solution of sCT alone (100 µg kg-1) or when combined with AAT (Figure 8A). For 

sCT alone, sCT lung absorption was fast, with a Tmax of 4.2 ± 1.1 min, followed by a fast elimination 

leading to a bioavailability (F) of 11.9 ± 3.9 %.  
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Figure 8: sCT plasma concentration-versus-time profiles after: A) sCT solution 

nebulisation B) sCT-loaded composite microparticles inhalation (mean ± SD). Dose 100 

µg Kg-1. 

In the presence of AAT, sCT bioavailability was not significantly changed. However, Tmax was shifted 

to 30 ± 0.1 min and the systemic absorption was slowed down in comparison to the pure sCT solution, 

as described by the lower absorption constant Ka = 0.128 ± 0.002 min–1 (Table 2).  

Administration of sCT as composite microparticles (without AAT) increased only the absorption Tmax 

but other all pharmacokinetic parameters were identical to those obtained with pure sCT solutions. 

This increase in Tmax should be related to the time for sCT release from the particles. With the addition 

of AAT to the particles, most of the pharmacokinetic parameters were significantly changed. Cmax, 

Tmax and AUC of sCT plasma concentrations-versus-time profiles were increased, leading to a 4-times 

increased sCT bioavailability compared to sCT solution (Figure 8B). 
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Table 2: Pharmacokinetic parameters of the sCT plasma concentration versus time profiles. 

(mean ± SD (n = 2-7)); * P < 0.05, indicating a significant difference between the mean values of 

the PK parameters compare to the one obtained for sCT solution pulmonary administration. 

AUC  is the area under the sCT plasma concentration versus time curve. Tmax is the time of 

peak sCT plasma concentration. Cmax is the maximal sCT plasma concentration obtained at 

Tmax. ka is the first order absorption rate constant. F (the bioavailability) is the fraction of the 

dose which can be absorbed  

AUC ∞ (min ng mL-1)

Tmax (min)

Cmax (ng mL-1)

Ka (min-1)

F(%)

16.6 ± 4.7

18.0 ± 6.2

0.188 ± 0.027*

13.6 ± 5.4

4907 ± 3085*

23.3 ± 4.7*

46.8 ± 30.3*

0.155 ± 0.025*

39.2 ± 24.6*

0.476 ± 0.152

11.9 ± 3.9

4.2 ± 1.1 30.0 ± 0.1

24.1 ± 4.5 31.4 ± 1.3

0.128 ± 0.002*

18.5 ± 3.2

sCT solution
sCT AAT 

solution

sCT 

composite  

microparticles

sCT-AAT 

composite 

microparticles

1493 ± 526 2319 ± 397 1705 ± 549
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3. Discussion 

In many living entities, solid CaCO3 is shaped into different structures to adapt and fulfil different 

functions.19 Eggshell and bones are examples of CaCO3-made structures which are light and have 

good mechanical resistance. In this study, we attempt to use these properties to formulate 

microparticles for pulmonary peptide delivery. We showed that shell-like inorganic-organic inhalable 

microparticles could be made of CaCO3, calcium formate and biopolymer (HA) with properties 

matching the pharmaceutical requirements of an aerosolisable powder. In this process, the 

microparticle properties were tuned by different means, i.e. by altering the drying temperature, the 

(NH4)2CO3 and HA concentration in the spray dried feed solutions. 

Increasing the spray drying temperature, which increases the rate and extent of drying56 had several 

effects on the particles properties. First, it favoured the formation of calcium formate (Ca(HCOO)2) 

over the formation of CaCO3. Second, it impacted on the solid state of the particles’ inorganic 

component. Calcium formate was present in the particles in the crystalline and/or amorphous state. To 

our knowledge, this is the first report of amorphous calcium formate. Spray drying is a process which 

often produces amorphous pharmaceuticals. The ratio between amorphous and crystalline calcium 

formate depended on the spray drying temperature. At low drying temperature (100 °C) the particles 

were fully amorphous. An increase in temperature up to 140 °C led to the increased formation of 

crystalline calcium formate phase. CaCO3 was XRD amorphous at all processing temperatures used. 

However, for the particles produced at 140 °C, FTIR experiments suggested the presence, in low 

proportions, of a calcium carbonate phase which was more organised than ACC. CaCO3 can solidify 

as three anhydrous crystalline polymorphs (calcite, aragonite, vaterite), two hydrates (hexahydrate and 

monohydrate) and ACC, which is the most thermodynamically unstable.25 Stable ACC can be obtained 

by the addition of different excipients, such as polymers, to the solid phase 6, 28, 57 and by controlling 

the amount of water present in the solid phase (hydrated ACC). This last phenomenon was mainly 

observed with ACC produced in living organisms.8 Water present in CaCO3 lowers the energy barrier 

towards the solidification of hydrated ACC compared with the anhydrous crystalline forms.43, 58 Also, 

maintaining this hydration could be important for stability of the ACC, as crystallisation induced by 

heat is thought to involve dehydration of hydrated ACC.30, 43, 52, 59-62 Likewise, ACC crystallisation can 
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be retarded by providing a barrier to water loss.43 In a pharmaceutical context, water is usually 

considered to be a plasticizer, decreasing the Tg of an amorphous solid and increasing the local 

molecular mobility and physical instability. It is generally recognized that exposure to water has to be 

avoided in order to obtain stable amorphous pharmaceutical solids; thus the behaviour of ACC appears 

to be an exception. 

At ambient temperature, as for the polymorphic transformation of crystalline CaCO3, ACC 

crystallisation is triggered through local superficial ACC dissolution in surface water and local 

crystallisation to form nucleation clusters.43 Surface water is thus important for this dissolution-

crystallisation process to occur. For example, ACC washed with ethanol to remove surface water or 

ACC prepared by freeze drying that has no surface water shows extended stability.63-64 The conversion 

of the ACC into the vaterite crystalline phase observed when the relative humidity was increased 

above 70% should be related to the local dissolution of ACC in adsorbed and absorbed water. 

Generally, polymorphs formed after ACC crystallization at low temperature (14 to 30 °C) are vaterite 

and calcite.61 Recent work suggests that vaterite is often the first phase to form during crystallisation of 

pure ACC.59-60 However, it is not a general result and depends on how the ACC is made.65 Aqueous 

solubility of hydrates is generally lower than the anhydrous form.66 The dissolution-crystallisation 

process needed to crystallise CaCO3 could be favoured for anhydrous compared to hydrated ACC. 

Thus, avoiding the complete dehydration of CaCO3 during the solidification step, by adjusting the 

Tinlet, seems important to formulate stable ACC by spray drying. Controlling the spray drying 

temperature, water evaporation rate and residual amount of water in the final particle could be a way 

to form stable amorphous/crystalline composite particles. CaCO3 may not be exclusively involved in 

this crystallization process and this could happen for calcium formate also. 

Changing HA and (NH4)2CO3 concentrations had several consequences on the nature of the particles’ 

inorganic component. First, increasing HA and (NH4)2CO3 concentrations facilitated the formation of 

CaCO3 over calcium formate. Second, HA and (NH4)2CO3 concentrations influenced the solid state 

nature of the CaCO3. High HA concentration induced the formation of calcite, the stable CaCO3 

polymorph. Negatively charged carboxylic groups of HA polymers are assumed to be responsible for 

nucleation of this particular CaCO3 polymorph by interacting with calcium ions.67 In fact, HA was 
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previously shown to facilitate and control the formation and shape of calcite.32 Also, it has been shown 

that CaCO3 polymorphic transformations proceeded by the dissolution of the metastable phases and 

the growth of calcite, and that the rate-determining step was the growth of calcite.62 An increase in HA 

concentration results in an increase in solution viscosity and slows down the mobility of the Ca2+ and 

CO3
2- ions. This reduction of the ions’ mobility should favor the thermodynamic over the kinetic 

control of the crystallisation process, leading to the formation of the stable calcite. In fact, an 

increasing proportion of calcite over vaterite was previously observed for CaCO3 growth in solution 

for solutions with viscosities above 1.6 mPa s.68 

Increasing (NH4)2CO3 concentration facilitates the formation of vaterite phase. Changing (NH4)2CO3 

feed solution concentration had a direct effect on carbonate ion concentration. A previous study 

showed that the carbonate ion concentration had a kinetic control on the growth of CaCO3, facilitating 

the formation of vaterite as the carbonate ion concentration increased for a given calcium ion 

concentration.69  

The control of the solid state nature and composition of the inorganic part of the particles could enable 

their physicochemical properties to be adapted to best suit the requirements of pharmaceutical dry 

powders for inhalation. This new process produced particles especially well-suited for pulmonary drug 

delivery. In order to reach the pulmonary alveoli, particles must have an aerodynamic-equivalent 

diameter (da) in the 1–5 µm range.54 da is linked to the volume-equivalent geometric diameter (dg) of 

the particles by the particle shape, evaluated by the particle shape factor (χ), and by the particle 

density.70-71 χ is defined as the ratio of the drag force on a particle to the drag force on a volume-

equivalent sphere at the same velocity.71 In order to decrease da of geometrically large particles below 

5 µm, several studies focused on enhancing the particle porosity and specific surface area to increase χ 

and decrease ρp.48-49, 72-74 All blank particles produced in the current study were shell-like and had high 

specific surface areas compared to solid spherical particles of the same size. 74The incorporation of 

sCT in the formulation completely changed the particle morphology to wrinkled particles. Particle 

morphology produced by spray drying can be explained by the material’s Peclet number (Pe).72 The 

Peclet number compares the diffusion rate of the solute and the evaporation rate of the receding 

droplet surface. For materials having a Pe larger than 1, e.g. moving slowly in the liquid, the sprayed 
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droplet surface moves faster than the dissolved or suspended materials, resulting in their accumulation 

and solidification at the surface. The resulting particles can be hollow spheres if the shell becomes 

rigid quickly, as happened for the blank particles. If the surface is too soft, it can buckle or fold on the 

internal and external void space to form a wrinkled or dimpled morphology, as was observed for the 

particles containing sCT. sCT appears to make the particle wall softer, leading to the formation of 

wrinkled particles. In fact sCT has a Tg around 147 C75, which should be lower than the Tg of ACC 

and make the particle wall softer. Similarly, it was previously observed that the addition of sCT to 

spherical particles made of polyethylene glycol (PEG) and polyvinylpyrrolidone reduced the degree of 

crystallinity in the particles and made them wrinkled.49 

The incorporation sCT and AAT in the formulation favoured the formation of ACC and resulted in the 

production of completely amorphous particles, that could be important to stabilize these molecules and 

prevent any structural damage during processing and storage.3 After landing in the lung, the 

microparticles release sCT that is then absorbed or eliminated from the lung by clearance mechanisms. 

sCT bioavailability may be improved by either increasing the sCT absorption rate or reducing the 

effect of clearance mechanisms. Depending on the region of the lung that the particle reaches, the lung 

clearance mechanisms are different. In the deep peripheral lung the main clearance mechanisms for 

sCT are proteases activity76 and macrophage phagocytosis. The release of sCT from the particles was 

fast and complete within 30 min. ACC is the most soluble form of CaCO3 and dissolves quickly, 

which should be responsible for the fast sCT release. This fast release is beneficial, as it can prevent 

sCT macrophage degradation after particle phagocytosis and allows for a high sCT concentration 

gradient across the lung-blood barrier, facilitating sCT absorption. 

sCT displayed non-linear pulmonary PK, leading to an increase in sCT bioavailability with an increase 

in sCT dose. This non-linear PK obtained after pulmonary nebulisation of sCT solution could involve 

the saturation of sCT clearance mechanisms. In fact, if above a certain sCT concentration, the 

elimination rate tends to reach a maximal value and there is no further increase in the elimination rate 

when sCT concentration increases, then an increase in sCT concentration in the lung must increase its 

bioavailability. However, from a sCT dose of 200 µg kg-1 and above, sCT bioavailability plateaued at 

around 23 % and Tmax increased with the sCT dose, suggesting the slow-down of the sCT absorption 
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and the action of other slower clearance mechanisms, resulting in a bioavailability of 100% not being 

achieved. Likewise, the increase in Tmax and the limitation of sCT bioavailability to 18.5 ± 3.2 % in the 

presence of AAT, after nebulisation of sCT and AAT solutions, could be explained by the saturation 

of sCT absorption mechanisms and the action of clearance mechanisms other than proteases. 

Thus, AAT nebulised solution in the lung increased sCT bioavailability by reducing sCT enzymatic 

degradation. However, sCT bioavailability is limited by its absorption rate drop at high concentration. 

In the same way, pulmonary delivered PEGylated sCT had 4-times increased bioavailability due to 

higher proteolytic resistances and partly due to reduction of elimination rate in plasma, but reached 

only 50% bioavailability.77 This limitation could also be due to a slowing down of the sCT absorption 

rate with increasing sCT concentration in the lung and the concomitant action of other elimination 

mechanisms. sCT administered as sCT-AAT particles had higher bioavailability than sCT delivered as 

solution with or without AAT but had a similar absorption rate. This suggests that the AAT-loaded 

composite particles were able to further extend the protecting action of AAT in the lung to clearance 

mechanisms other than protease. 

4. Conclusions 

We have succeeded in developing a novel formulation approach to prepare shell-like composite 

microparticles made of selected polymorphs of calcium carbonate (amorphous, calcite and vaterite), 

calcium formate and hyaluronan. In this new process, different levels of control could be tuned to 

adapt the microparticle properties. The first level is the organic biopolymer/mineral (CaCO3 and 

Ca(HCOO)2) ratio. The second level of control is the solid nature of the mineral component, 

crystalline/amorphous ratio and polymorphic properties. These inorganic/organic hybrid 

microparticles were able to preserve peptide and protein activities and deliver them to the lung. The 

combination of alpha-1-antitrypsin associated with composite particles was able to improve sCT 

bioavailability 4-fold.  
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