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Introduction

Eco-friendly processes for the synthesis of
amorphous calcium carbonate nanoparticles in
ethanol and their stabilisation in aqueous mediat

N C

Lauriane Chuzeville,®® Frank Boury, & € David Duday,? Resmi Anand,®
Enzo Moretto®® and Jean-Sébastien Thomann

Amorphous calcium carbonate nanoparticles (ACC NPs) are promising multifunctional materials for
healthcare applications. Due to their instability in aqueous media, pure ACC NPs for the biomedical field
are increasingly synthesised in absolute ethanol, using the ammonia diffusion method (ADM). Although
this method presents the advantage of providing stable ACC NPs without additives, it requires the use of
pure ethanol as solvent. New insights into the formation mechanisms of ACC NPs in ethanol using gas
diffusion are presented in this article. The optimisation of the process according to these findings can
increase the mass concentration of ACC NPs by a factor of 3.5. As a result, the amount of ethanol required
to produce a target mass of particles is significantly decreased, reducing the ecological impact of the
process. The stabilisation of the resulting ACC NPs in aqueous media is achieved by a short-time process
using phospholipids based on the ethanol injection method. By using the natural electrostatic affinity of
negatively charged materials for the positive surface of ACC NPs in ethanol, we reduced the process time
from 24 h to 2 minutes, compared with the closest state of the art, decreasing the operating time and
corresponding energy consumption. The process does not require the use of synthetic PEGylated lipids
for steric stabilisation. In addition, a natural egg-sourced phospholipid was identified as an efficient stabil-
iser for the first time. The upscaling of our process was successfully demonstrated using a 50 L reactor for
bulk synthesis, as well as a continuous flow reactor for industrial continuous flow production.

CaCOj; exists in three major crystalline polymorphs (vater-
ite, aragonite and calcite), and in an amorphous phase.'®"’

In recent years, there has been increasing interest in calcium
carbonate nanoparticles (CaCO; NPs) from various industrial
fields." Besides their excellent biocompatibility and biode-
gradability, they present numerous advantages for cosmetic
formulations and biomedical applications.®™** For instance,
they are intensively investigated for drug delivery, diagnostics
and tumour therapy due to their pH responsive and buffering
properties.®** In both fields, nanosize can be of extreme
importance, for long-lasting effect and increased stability in
cosmetic formulations, or for targeting tumoral and inflamed
tissues in biomedical applications for instance."*"”
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The later presents great advantages for the healthcare and bio-
medical fields, including a higher porosity and the ease of
obtaining highly monodisperse NPs via facile processes.*’™
The high porosity of the amorphous form (100-200 m* g™*)
compared to the other polymorphs (<30 m> g™') leads to
higher capacity of active molecule loading, as well as a higher
sensitivity to water. The latter is a key advantage for enhancing
burst dissolution at target sites.*”**>*> Amorphous CaCOj
nanoparticles (ACC NPs) are also employed for their highly
homogeneous spherical shape, including for the synthesis of
core-shell multifunctional nanomaterials.”®>’

Due to its transient nature, ACC is the most unstable CaCO;
form when in contact with water, spontaneously dissolving
and crystalising into other CaCO; polymorphs, vaterite, calcite
and/or aragonite.”®*° Despite being an advantage for enhan-
cing burst dissolution, the instability in aqueous media
remains a major hindrance to the use of ACC NPs in the fields
where the phase and size conservation is critical in aqueous
media.*>*! This is particularly the case for applications requir-
ing intravenous injection for instance.®>%*°

This journal is © The Royal Society of Chemistry 2022
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The synthesis and stabilisation of CaCOj; colloids at nano-
scale is widely described in the literature using one-pot strat-
egies in aqueous media. This includes the synthesis of CaCOj3;
with stabilising molecules such as synthetic polymers, lipids
or a combination of therapeutic molecules and synthetic
polymers.>*?*™% The phase of the particles is generally not
amorphous, with a mean diameter often higher than
300 nm.>?*3%3%36% yidallon et al. recently reported the syn-
thesis of a hybrid polydopamine/bovine serum albumin/
CaCO; NPs stable in aqueous media for contrast-enhanced
ultrasound imaging.” The NPs obtained are a polycrystalline
mixture of vaterite and calcite, with a mean diameter above
500 nm.’> Furthermore, these methods provide hybrid nano-
particles, with a CaCO; content lower than pure ACC NPs
materials.>®**7*° Another aqueous strategy consists of the syn-
thesis of CaCO; nanoparticles inside liposomes, to control the
final size of the particles.*'** These methods use toxic organic
solvents to synthesise the liposomes.”*™** The size homogen-
eity and phase control of the CaCO; particles obtained is
uncontrolled with these methods.**™**

Pure ACC NPs with a size under 150 nm can be easily
obtained without synthetic additives via a low cost and facile
vacuum-assisted process in absolute ethanol developed over
the last ten years.®'h?%21:23:26:45550 Thig process is the
ammonia diffusion method (ADM), usually known for the syn-
thesis of CaCO,; NPs in water or in a mix water/ethanol.?*3%>!
In this variation, absolute ethanol is used as unique solvent to
limit the amount of water and prevent the crystallisation of
ACC NPs into vaterite or calcite without the need for synthetic
additives.*?>*' The final nanoparticles are dispersed in
ethanol and are stable, with a highly homogeneous size under
150 nm, and a spherical shape.®*° Although this method is
becoming increasingly popular in the biomedical field, there
are only few studies that briefly discuss the process parameters
and the ACC NPs formation mechanism.*"*° Therefore, several
variations of the methods are found in the literature, high-
lighting the need for a deeper understanding of ethanol ADM
mechanisms for the synthesis of ACC NPs. Indeed, this
process uses ethanol as solvent and should be carefully opti-
mised to minimise the quantity of solvent required to syn-
thesise a certain amount of particles.

For applications requiring the dispersion of ACC NPs in
aqueous media, the use of an albumin solution or of lipidic
additives have been reported to achieve the stabilisation of the
particles in presence of water.>'?%?32647 However, stabilis-
ation without the use of synthetic additives and/or harmful
solvents remains a challenge.””'">%37384%52 Hybrid 1ipid-ACC
NPs (LCC NPs) are of particular interest as they combine the
advantages of ACC and lipid nanomaterials.""*”*® The major
drawback of lipid-based stabilisation is the need for hazardous
organic solvents like cyclohexane or chloroform to dissolve the
lipids,®”*® and/or the use of PEGylated lipids.>**° The work of
Wang et al. for example uses a mix of ethanol and chloroform
to dissolve the lipid mix used as stabilisers."* Recently, Wang
et al. successfully developed a method without toxic organic
solvent to stabilise ACC NPs in water using phospholipids.°
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However, their method requires a 24 h continuous mixing of
the ACC NPs/lipid mixture at 37 °C prior to the injection in
water, representing a long operating time and energy con-
sumption.”® Furthermore, the lipid mix reported includes
PEGylated phospholipids as key stabiliser.?’ One of the recent
challenges faced by the pharmaceutical and cosmetic indus-
tries is the development of more sustainable products and
technologies.>®™® Therefore, there is a need for the develop-
ment of PEG-free materials and as PEGs are synthetic and non-
biodegradable materials.”**® This need is also motivated by
the emergence of anti-PEG immune responses due to the
extensive use of PEGylated additives in the food, cosmetic and
pharmaceutical industries.”’ ®* In the biomedical field, the
apparition of anti-PEG IgG and IgM is responsible for efficacy
loss and hypersensitivity reactions.>*®

In this work, we report on valuable new insights into the
formation mechanisms of ACC NPs by ADM in absolute
ethanol by investigating several influential parameters
(diffusion of water and ammonia in the ethanol solution of
CaCl,, size of the gas-ethanol interphase, presence or absence
of a diffusion barrier) and in situ monitoring of the pH in
ethanol (pHe) and conductivity during the reaction. These new
insights lead to a better understanding of the influence of
several reaction parameters, allowing the optimisation of the
process efficiency to significantly reduce the amount of
ethanol required to synthesise a certain mass of ACC NPs.

Subsequently, this work reports new advances for the stabil-
isation of the resulting ACC NPs in aqueous media using phos-
pholipids. Similarly to the work of Wand et al., the developed
process is based on the ethanol injection method and is not
using toxic organic solvents.>® We studied the influence of the
phospholipid polar head group on the stabilisation efficiency,
and rationally selected the lipids according to their natural
electrostatic affinity for calcium ions and ACC NPs. As a result,
we were able to significantly reduce the process duration from
24 h to 2 min, decreasing the operating time and energy con-
sumption of the process. The selected lipids are not
PEGylated, increasing the sustainability of the process. Lastly,
a bio-sourced phospholipid has been identified as suitable
stabiliser. CryoTEM imaging is used to investigate the particu-
lar structuration behaviour of these lipids around the ACC
NPs. This work also presents two different strategies to adapt
the process to industrial needs, using a 50 L large scale reactor
and a continuous flow reactor.

Experimental
Materials

Calcium chloride hexahydrate (CaCl,-6H,0), ammonium bicar-
bonate (NH,HCO3), 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), 1,2-dioleoyl-sn-glycero-3-phospho-i-serine  (DOPS),
1,2-distearoyl-sn-glycero-3-phospho-i-serine (DSPS), 1,2-dihexa-
decanoyl-sn-glycero-3-phospho-L-serine (DPPS), 1,2-dimyristoyl-
sn-glycero-3-phospho-i-serine  (DMPS), 1,2-didodecanoyl-sn-
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glycero-3-phospho-i-serine (DLPS), and 1,2-dipalmitoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DPPG) purchased
from Sigma Aldrich (Overijse, and Diegem, Belgium). N-
(Carbonyl-methoxypolyethylene  glycol-2000)-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE-PEG 2000) was pur-
chased from Avanti (Alabaster, Alabama, Unites States). Egg
phosphatidyl glycerol (1,2-diacyl-sn-glycero-3-phospho-rac-gly-
cerol, sodium salt) (E PG) was purchased from Lipoid
(Ludwigshafen, Germany). Absolute Ethanol was purchased
from VWR International (Fontenay-sous-Bois, France). The 3 A
molecular purchased from Sigma Aldrich
(Gillingham, United Kingdoms).

were

sieve was

ACC NPs preparation

CaCl,-6H,0 was dissolved in absolute ethanol in a glass con-
tainer, at a mass concentration of 4.4 mg mL™". Optionally, the
container can be covered by parafilm punctured with 12 holes
of 1 mm diameter. The container is then placed in a desiccator
at room temperature, along with excess NH,HCO; distributed in
4 vials of (~10 g per vial). The system is placed under vacuum
for 2-96 h. The vacuum is set at 200 mbars, then the system is
sealed, and the pumping is stopped. At the end of the reaction,
the particles were centrifuged at 30 000g for 10 min. The super-
natant is discarded, the particles are resuspended in the proper
amount of ethanol and dispersed with an ultrasonic bath for
few minutes. The resulting solution of ACC NPs in ethanol is
stored at 4 °C. ACC NPs growth was monitored with and
without 3 A molecular sieve in the desiccator, to evaluate the
influence of ammonia and water on ACC NPs growth.

Stabilisation of ACC NPs in water

The stabilisers (i.e. DPPC, DOPS, DSPS, DPPS, DMPS, DLPS
DOTAP, E-PG, DPPG, DSPE-PEG2000) were prepared in ethanol at
a mass concentration of 0.25 mg mL~" using an ultrasonic bath.

Then, ACC NPs suspended in ethanol are mixed with the
stabiliser at a mass ratio ACC:stabiliser of 1. After a one-
minute of homogenisation in an ultrasonic bath, the obtained
solution was mixed with deionised water by a one-pot injection
at a ratio of ethanol: deionised water 1:9. The injection was
followed by a 15-second stirring by vortex (Fig. 1).

Surface charge modulation

Lipid-coated ACC (LCC) using DOPS as stabilisers dispersed in
deionised water were mixed with a stock solution of DOTAP in

\
\\+ vortex stirring

Stabiliser solution ACC NPs dispersed
in EtOH in EtOH
& Yy . ‘ .
§\T —— Aqueous
| One-pot phase

\/ injection in
water
Ethanol phase

Fig. 1 Process for the stabilisation of ACC NPs in aqueous media.
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ethanol, molar ratio DOTAP/DOPS between 1-10. The stock
solution of DOTAP was mixed with deionised water by a one-
pot injection at a ratio of ethanol: deionised water 1:9. The
injection was followed by a 15-second stirring by vortex.

Characterisation

The particle size distribution and zeta potential were measured
in ethanol® or in deionized water at pH 7, with a Zetasizer
(Nano-ZS90, Malvern Instruments Ltd, UK) based on dynamic
light scattering (DLS) or micro-electrophoretic light scattering
technique respectively. The nanoparticles suspensions were
neither diluted nor filtered prior to the analysis. A minimum
of three measurements are performed per sample. The refrac-
tive indexes used are 1.681 for pure ACC and LCC NPs, with an
absorbance of 0.

The mass concentration of ACC NPs after synthesising was
determined by centrifuging 20 mL of solution at 30 000g for
10 min, discarding the supernatant, and drying the pellet
under vacuum for 15 minutes. Afterward, the tube was
weighed (mass tube). The mass of the empty tube is referred to
as “mass tare”.

mass tube — mass tare
20 mL

Mass concentration =

The size and surface morphology of the NPs were character-
ized by Scanning Electron Microscopy (SEM). A droplet of solu-
tion was deposited on to copper tape and air-dried. The ACC
NPs non coated by lipids were imaged immediately after
drying to avoid degradation due to air moisture contami-
nation. SEM images were performed with a Helios Nanolab,
650 Scanning Electron Microscope (FEI Company, Hillsboro,
Oregon, United States), operating at a voltage of 2-10 kv and
current of 25-100 pA.

The concentration of the nanoparticle suspensions was
determined by Nanoparticles Tracking Analysis (NTA), using
the Nanosight® NS500, with the temperature control set at
25 °C. The samples were diluted at a ratio 1:1000 in deionised
water at pH 7 prior to analysis. A minimum of five measure-
ments were performed by sample.

The XRD measurements were performed on an XRD X'Pert
Pro in reflection mode with a Cu K-alpha tube (45 kV, 40 mA).
The primary optics contain a programmable divergence slit
whereas the secondary optics consist of a PIXcel detector run in
1D mode with a programmable antiscatter slit. Before measuring
the sample, the solutions containing the nanoparticles were de-
posited on to a zero-background holder and covered with a thin
Kapton film in order to prevent the solvent from evaporating.
During the measurement, the zero-background holder was spun.

Cryogenic transmission electron microscopy (CryoTEM) was
performed as follows. Four microliters of sample were de-
posited on a holey carbon film (Quantifoil type R1.2/1.3), ren-
dered hydrophilic by either a low-power plasma cleaning treat-
ment (Model 1070 NanoClean, Fishione) for the LCC NPs
sample or by a negative glow discharge in air (PELCO
easiGlow™) for the ACC NPs sample. For the ACC NPs
samples, blotting was performed for 2 s with a blot force of 8,

This journal is © The Royal Society of Chemistry 2022
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and for LCC NPs, 0.5 seconds with a blot force of 5. Then, vitri-
fication in liquid ethane was performed using an automated
plunger (Vitrobot, FEI Compagny). Blotting was carried out at
10 °C and 90-95% humidity. Images were recorded using the
SerialEM software on a FEI Tecnai F30 microscope (FEI
Company, Hillsboro, Oregon, United States) operating at a
voltage of 100 kv and equipped with a Falcon camera (FEI
company).

The helium ion microscope (HIM) images were recorded
with an Orion Nanofab Instrument (Zeiss, Peabody, US).
Helium ion microscopy was based on the detection, with a
conventional Everhart-Thornley (ETD) detector, of the second-
ary electrons emitted from the sample surface scanned with a
focused energetic He* or Ne” ion beam.®” With a helium beam
resolution of 0.3 nm and a Neon beam resolution of 1.5 nm,
this microscope offers Secondary Electron (SE) images with a
high contrast for imaging insulator. Compared to the latest
generation of Scanning Electron Microscope (SEM), the HIM
allows specimens to be probed with a better surface sensitivity,
a higher depth of field and the ability to analyse uncoated
insulator samples.®® In this study, the images were acquired
with a 25 keV He' beam of 0.2 pA for a matrix of 1024 x 1024
pixels and a counting time of 40 ps per pixel.

ACC particle size monitoring

Five desiccators containing all the reagents (see ACC NPs
preparation) were connected to the vacuum manifold of a
Schlenk line (ESI Fig. S1f). The system was placed under
vacuum. The 5 desiccators were exposed to the same vacuum
conditions. At several time intervals, a desiccator was isolated
from the Schlenk line by a valve and opened to measure the
nanoparticle size by DLS (see Characterisation).

The particle size after 2 h of reaction time was characterised
by SEM, and also by Helium Ion Microscopy (HIM) (see
Characterisation) to corroborate the SEM measurements.

pHe and conductivity monitoring during ACC NPs synthesis

A pH probe and a conductivity probe were inserted into a
modified plastic desiccator (ESI Fig. S2t), and dipped into the
CaCl,-6H,0 solution in ethanol. The reaction was conducted
by following the ACC NPs preparation protocol.

The variation of electrical conductivity (EC) was followed by
a USP compliant EC, TDS, NaCl, Resistivity, Temperature
Meter from Hanna Instruments (Temse, Belgium), HI98192,
with a four-ring conductivity resistivity electrode from Hanna
Instruments, HI763123.

The pHe variation was followed by a pH/temperature Bench
Meter from Hanna Instruments (Temse, Belgium), HI2002,
with a digital, glass body, double junction, conical tip, pH/
temperature electrode from Hanna Instruments, HI10530.

Process upscaling for the stabilisation of ACC NPs in water
and the surface charge modulation for volumes >50 mL

Stock solutions of stabilisers and charge modulation agent in
absolute ethanol were prepared at a mass concentration of
0.25 mg mL™*, using an ultrasonic bath.

This journal is © The Royal Society of Chemistry 2022
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The solution of ACC NPs in ethanol was mixed with the
stock solution of stabiliser using an ultrasonic bath. The mass
ratio of ACC: stabiliser is ranging between 1 and 2. After one
minute of mixing, the ethanol solution was added to a large
volume of deionised water under magnetic stirring (>500 rpm),
at a ratio of ethanol: deionised water 1:9. For an Erlenmeyer
of 2 L with a bottom diameter of 15 cm, a magnetic bar of
5 ¢cm was used.

The magnetic stirring (>500 rpm) replaced the one-pot
injection using a pipette (see Stabilisation of ACC NPs in
water), allowing larger volumes to be handled.

Process upscaling for the stabilisation of ACC NPs in water
adapted to industrial volumes

50 L reactor: the upscaling was performed using the reactor
from Orb Pilot 50 L (Syrris, Royston, United Kingdom),
equipped with a mechanical stirrer, on a 40 L final volume. 36
L of water were put under stirring with a stirring speed of 300
rpm. Then, 4 L of an ethanolic solution of EPG and suspended
ACC NPs (mass ratio ACC NPs:EPG of 1) were poured in 13
seconds inside the water phase.

Continuous flow reactor: for the upscaling of the stable ACC
NPs in water, we performed a facile continuous flow mixing
method using Coflore® Agitated Cell Reactor (ACR) (AM
Technology, Cheshire, England). The Coflore ACR is a mechani-
cally agitated plug flow reactor, in which efficient mixing is per-
formed using multiple interlinked cell reactors. The cell reactor
was connected to a syringe pump and a peristaltic pump for the
continuous supply of reactants. The stabiliser DOPS was pre-
pared in ethanol at a mass concentration of 0.25 mg mL™" and
ACC NPs suspension was mixed with the stabiliser at the mass
ratio of 1, followed by homogenization in an ultrasonic bath.
Then, the ACC NPs : stabilizer colloidal solution was transferred
into a 50 mL syringe connected to a syringe pump. A controlled
flow of deionised water to the cell reactor was established using
a peristaltic pump. Both reactants were introduced to the
Coflore mixing cell at the following conditions: flow rate of ACC
NPs : stabilizer 1 mL min~", flow rate of water 9 mL min ", agi-
tation of 9 Hz at room temperature.

Results and discussion
ACC NPs formation by ethanol ADM

ACC NPs were prepared by a vacuum-assisted ammonia
diffusion method (ADM) in absolute ethanol inspired by the
work of S-F. Chen et al®' and A. Som et al® (Fig. 2).
CaCl,-6H,0 serves as Ca®>" precursor, ammonium bicarbonate
as CO;>~ precursor, and absolute ethanol as solvent. The syn-
thesis in ethanol limits the presence of water, preventing the
spontaneous aggregation and crystallisation of CaCO; NPs
without the need for synthetic additives.®"!?%21,23:26:45750 g
method leads to the obtention of pure ACC nanoparticles with
a size under 150 nm.

This method is increasingly employed in the biomedical
field to produce highly regular pure ACC NPs in terms of size

Green Chem., 2022, 24,1270-1284 | 1273
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of the process.

In aqueous ADM, the CaCO; formation mechanisms are

well known and are described by eqn (1)-(6):**

(cc)

NH4HCO;z(5) — HzO(g) + COy(g) + NHj(g)
(s)=solid state,(g) gas state

H,O(g); COx(g), NH3(g) — H20(q); COz(q), NHs(q)

(d)=dissolved in the calcium chloride ethanol solution, containing residual water from the solvation of CaCly -6Hy O
COZ(d) + HZO(d) — HZCO3(d)
H2CO3(d) s HC073(d> + HJr
HCO 3(q) < CO* 3q)+H"

CO* 3(q) + Ca*" (q) — CaCOyy) |

Ammonium carbonate or bicarbonate are used as the CO,
source, and placed in a sealed container with an aqueous solu-
tion of calcium chloride. Under vacuum, the decomposition of
ammonium carbonate or bicarbonate is spontaneous®® and
leads to a progressive saturation of the gas phase with CO,,
NH; and H,O0 (eqn (1)).”" These gases diffuse into the calcium
chloride solution through the gas-liquid interface (eqn (2)).
Once in solution, water molecules react with the dissolved CO,

1274 | Green Chem., 2022, 24,1270-1284

(a) Schematic representation of the reaction setup. (b) Schematic
representation of the diffusion barrier (DB) and the gas—ethanol inter-
face. (c) Final ACC NPs solution obtained with desiccant (left) and
without desiccant (right). (d) Size distribution measured by DLS of final

investigation of
ACC NPs formation mechanisms in absolute ethanol using
ADM is at its beginning.>"*® Therefore, several variations
litera-
The following work intends to bring
new data and understanding on the ethanol ADM formation
of ACC NPs, as a base for process efficiency optimisation. As
ethanol is used as only solvent, improving the process
efficiency reduces the amount of ethanol needed to synthesise
a specific mass of particles, decreasing the ecological impact
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to form H,CO; (eqn (3)), in acid-base equilibria with HCO;™
and CO;>~ (eqn (4) and (5)). The diffusion of ammonia in the
solution increases the pH, generating a basic environment
where the formation rate of CO;>~ is increased.”® The final
reaction between Ca®>" and CO;*>” produces CaCO; (eqn
(6)).>"%” In water, without additives, the amorphous form of
CaCOj; at nano-size is not stable.?**%2°

In absolute ethanol ADM, the generation of H,O from the
decomposition of ammonium carbonate or bicarbonate, is an
essential step for the formation of the precursor ions NH**
and CO,>.*®*%57:%8 In our process, water molecules also come
from the solvation of CaCl,-6H,O in ethanol. We verified the
influence of the water and ammonia vapours coming from the
decomposition of ammonium bicarbonate by placing a 3 A
molecular sieve in the desiccator. A 3 A molecular sieve has
the ability of trapping of water and ammonia without trapping
the CO, (Fig. 2). The particle size distribution monitored by
DLS shows a size of 132 nm with a PDI of 0.008 with the sieve.
The size increases to 177 nm without molecular sieve, with a
PDI of 0.025. The size dispersion remains narrow with a par-
ticle size under 200 nm. These results seems to indicate that
the water coming from the decomposition of ammonium
bicarbonate do not lead to uncontrolled crystallisation or
aggregation. The final mass concentration is 0.6 mg mL™" with
sieve, compared to a final mass without thieve of 2.1 mg mL ™.
As a consequence, the solution turbidity (Fig. 2c) appears
more important without molecular sieve. These results evi-
dence that the initial water content coming from the solvation
of CaCl,-6H,O in absolute ethanol is sufficient to obtain
monodisperse ACC NPs. However, the results without sieve
show that the diffusion of ammonia and water in ethanol cata-
lyses the formation of ACC NPs, leading to an increase in the
final mass concentration by a factor of 3.5. In a similar way to
aqueous ADM, the role of water is to generate the aqueous
forms of CO,, i.e. H,CO3;, HCO;~, CO5>~ (eqn (3)). The role of
ammonia is to alkalinise the ethanol solution, promoting the
precipitation of CaCO3; NPs by displacing the equilibrium in
favour of CO5>~ (eqn (3)-(5)).***®°”°® The final mass concen-
tration increase by a factor of 3.5 without molecular sieve
demonstrates the importance of the diffusion of water and
ammonia in the process efficiency. In several studies, drierite
is employed to trap the water coming from the decomposition
of ammonium bicarbonate.®*® Our results strongly suggest a
better process efficiency without trapping these water mole-
cules. Indeed, the increase in final mass concentration
observed without drierite could divide by 3.5 the volume of
ethanol required to produce the same mass of particles.

We investigated the growth mechanisms of ACC NPs in
ethanol ADM. The size of ACC NPs was monitored by DLS at
different reaction times (Fig. 3, ESI Fig. S8t). The particle size
after 2 h reaction is below the limit of DLS sensitivity and was
successfully determined by SEM imaging. Clusters with a
mean diameter of 10 nm were observed. The results were con-
firmed by helium ion microscopy imaging to exclude a poss-
ible contamination or artefact from the SEM measurement.
Thanks to this observation, we successfully determined that

This journal is © The Royal Society of Chemistry 2022
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Fig.3 ACC NPs growth in function of the reaction time. (a) SEM
imaging after 2 h reaction. (b) Helium ion beam imaging after 2 h. (c)
ACC NPs growth curves, with or without DB, for gas—ethanol interfaces
of 15.9 cm? and 23.8 cm?. The fitting curves are following a power law y
=a + b x x°. The r* are of 0.981 (black), 0.997 (blue) and 0.992 (red). (d)
PDI values. (e) CryoTEM imaging of an ACC NP after synthesis. (f) pHe
monitoring for 140 h. (g) Electric conductivity (EC) monitoring for 140 h.

the growth of ACC NPs followed a classical power law between
2 h and 49 h reaction time in ethanol ADM (Fig. 3c). The
nature of the power law variables (temperature, pressure) were
not determined in this work, and would require further model-
ling. The ACC NPs PDI after 49 h reaction time was below 0.05.
Such a narrow size distribution suggests a growth mechanism
with the nucleation and growth steps occurring separately. A
simultaneous nucleation and growth mechanism would lead
to polydisperse size dispersions.®® The Lamer model was con-
sidered, as it is the most common model of the classical
nucleation theory describing a burst nucleation followed by a
diffusion driven growth.®® However, the CryoTEM characteris-
ation of the final ACC NPs revealed an irregular shape of NPs
(Fig. 3e). The NPs appeared to be constituted from an aggrega-
tion of nuclei, forming an irregular granular structure
(Fig. 3e). The SEM and helium beam characterisation at 2 h
confirms the granular structure, revealing small clusters with a
similar particle constitution of several nuclei (Fig. 3a and b).
These observations exclude both diffusion-driven growth and
the Lamer model, which would lead to a more homogeneous
structure and shape.®® Growth by nucleus aggregation was also
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excluded by the PDI values <0.05 at 49 h reaction time. These
observations led us to consider the hypothesis of a homo-
geneous nucleation followed by an autocatalytic heterogeneous
nucleation & growth on the surface irregularities of the NPs.
This hypothesis is consistent with the PDI < 0.05 after 49 h
reaction time, and with the irregular granular structure of the
nanoparticle revealed by CryoTEM.

The influence of the gas—ethanol interface area (Fig. 3, ESI
Fig. S71) was also investigated. An increase in the gas-ethanol
interface area generates a higher gas diffusion rate in the
CaCl, solution according to the Fick Law.”® In our experiment,
for a gas-ethanol interface of 15.9 cm?, the final mass concen-
tration reached 1.1 mg mL ™", compared to 2.1 mg mL ™" with
an interface of 23.8 cm®. It represents a final mass concen-
tration increase by a factor of 1.9. No PDI alteration was
observed. The results of the present study show an increase in
size and mass concentration when the gas-ethanol interface
area increases. Hence, process efficiency in terms of end
product quantity can be significantly improved by increasing
the gas—ethanol interface area.

For the synthesis of ACC NPs by ADM in water or ethanol, a
diffusion barrier (DB) constituted of parafilm punctured with
small holes is generally placed on the CaCl, solution container
(Fig. 2b). These DB are known to act as reaction regulators.>
We investigated the influence of and need for such a DB
barrier in a process in absolute ethanol. Indeed, the literature
suggests that performing the reaction in absolute ethanol is
sufficient to limit the amount of water and prevent the spon-
taneous aggregation and crystallisation of CaCO; NPs.*>"72
We compared the size, dispersion and mass concentration
between an uncovered container, and a container covered by a
parafilm tape punctured with small holes. A difference in size
and mass was observed between the two samples (Fig. 3, ESI
Fig. S6t). The final mass concentration without a DB reached
1.2 mg mL ™", compared to 0.5 mg mL ™" with a DB, which rep-
resents a final mass increase by a factor of 2.4. The PDI of both
samples were under 0.1 after 49 h reaction time (Fig. 3).
Without a DB, the diffusion rate of CO,, NH; and H,O in the
CaCl, solution increases. Hence, this may generate a faster
concentration increase of the precursor ion CO5>~ in solution,
and therefore lead to higher particle concentration without
alteration of the particle size dispersion. These results strongly
suggest that a regulation with DBs is not required in ethanol
ADM to generate monodisperse ACC NPs. Furthermore, they
demonstrate that the removal of the DB lead to a significantly
higher efficiency in terms of final mass concentration of ACC
NPs.

The conductivity and pHe were monitored during the syn-
thesis for 96 h inside the chamber to get a better understand-
ing of the formation mechanisms of ACC NPs in ethanol ADM.
The trends observed were confirmed by a second monitoring
up to 140 h of synthesis (Fig. 3f, ESI Fig. S9t). The size
measured by DLS after 96 h reaction was 150.8 nm with a PDI
of 0.066. These values were similar to the sizes obtained after
49 h reaction (Fig. 3c). Hence, the size of ACC NPs seems to
reach a maximum close to 150 nm. After 140 h reaction, white
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aggregates were visually observed in the solution, with a poly-
disperse size distribution characterised by DLS (ESI Fig. S107).

In ADM, pH is a critical parameter known to govern the
balance between the different aqueous carbonate species.’
The pHe monitoring of our reaction showed an initial burst up
to a pHe of 8.75 after 5 minutes, followed by a progressive
decrease and a stationary phase at pH 5.7 (Fig. 3f). The pHe
burst is probably a consequence of ammonia and water
diffusion in the ethanol solution, following the decomposition
of ammonium bicarbonate. Indeed, in aqueous or ethanol
ADM, ammonia is known to cause a pH increase favouring the
existence of CO,>"."¢"®%7:%% However, the pHe evolution we
observed in ethanol was surprisingly different from pH studies
conducted in aqueous ADM.>' With water as the solvent, the
pH increases during 5 to 30 minutes before reaching a
maximum value between 9.8 and 10.5.°" Afterwards, in water,
the pH mildly decreased to reach a stationary phase at pH
9.8.°" The differences in the pH and pHe variation rate and
amplitude observed between aqueous and ethanol ADM could
originate from the differences in ionic solubility and the sol-
vation limit between the two solvents. The presence of CO, in
ethanol or in water is known to decrease the pHe or the
pH.>"*”7® CO, has a higher solubility in ethanol compared to
water.®” On the other hand, ammonia is less soluble in
ethanol compared to water.”*”> These two differences could
explain the amplitude of the pHe decrease in ethanol com-
pared to water ADM. As the pHe decreases, the equilibrium
between the different forms of hydrated CO, will progressively
be displaced in disfavour of the formation of CO;*". As a
result, the formation of ACC NPs will progressively slow down
(Fig. 3c). A stationary phase is reached at pHe 5.7 in our solu-
tion. At such pHe, CO;*~ becomes a minority. This stationary
phase is reached close to 48 h, when the growth of ACC NPs
becomes negligible, with the maximum size of 150 nm
observed by DLS at 50 h and 96 h reaction time.

The conductivity was also monitored to follow the ionic and
water content of the CaCl, ethanol solution. In absolute
ethanol, the conductivity is negligible (0.06 uS cm™). The
initial conductivity measured in the CaCl,-6H,O ethanol solu-
tion is significantly higher, with values reaching 290 uS em™".
This increase evidences the presence of Ca®*, ClI~ and water
coming from the solvation of CaCl,-6H,O. The follow up of
conductivity shows a burst when the vacuum is set, followed
by a steady and linear increase along the reaction. This
increase is linear up to the end of the 140 h monitoring. The
initial burst when the vacuum is set might result from the sig-
nificant bubbling occurring in the solution during the vacuum
pumping, as the conductivity electrode is very sensitive to air
bubbles. However, it might also be a consequence of the gas
diffusion in the ethanol solution following the decomposition
of ammonium bicarbonate. The steady increase testifies to a
regular generation of ionic species in the solution. Despite
Ca®" and CO,;”” being involved in the formation of ACC NPs,
NH," and Cl~ also exist in the solution and contribute to the
final ionic content. In contrast with pHe and size evolution, no
maximum or stationary phase was observed. Besides the ionic
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content evolution, the linear increase of conductivity strongly
suggests a continuous diffusion of water inside the ethanol
solution. An increase of water content would certainly explain
the aggregation of ACC NPs occurring between 96 h and 140 h
reaction, through dissolution/crystallisation catalysed by the
slightly acidic environment.>**°

The XRD spectrum of the final ACC NPs shows two wide
peaks centred on 20 values of 25° and 40° respectively,
characteristic of amorphous CaCO; NPs (Fig. 4a).”® The
typical porosity and granular structure of ACC are visible by
CryoTEM (Fig. 4b). The size dispersion characterized by DLS
evidences monodisperse spherical NPs with a polydispersity
index (PDI) under 0.05 (Fig. 4c). SEM imaging corroborate
monodisperse nanoparticles with spherical and porous struc-
ture, characteristic of non-crystalline CaCO; NPs with an
average diameter of 70 nm (Fig. 4d). The size dispersion in
DLS is centred on 127 nm, a higher value compared to SEM
measurement, due to the hydrodynamic diameter of ACC NPs
in ethanol.’

ACC NPs size and shape in the presence of water have been
characterised by DLS and SEM to evaluate the influence of
water on the size and crystallinity of the particles (Fig. 4e and
f). Both analyses clearly evidenced the instability of ACC NPs
in aqueous media. The DLS size distribution is larger with PDI
above 0.25 and centred on micrometre scale values >1 um.
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Fig. 4 ACC NPs characterisation in ethanol and water. In ethanol: (a)
XRD spectra. (b) CryoTEM imaging. (c) Size distribution characterized by
DLS. (d) SEM characterisation. (e) Particle size distribution of ACC NPs in
presence of water. (f) SEM images of ACC NPs after water exposition.
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SEM characterisation confirms the presence of large micropar-
ticles, with characteristic shapes of crystalline polymorphs,
typically vaterite aggregates and trigonal rhombohedral
calcite.”” These results testify to the instability of ACC NPs in
the presence of water, and strongly suggest a crystalline tran-
sition to calcite through vaterite intermediates. This behaviour
is inherent to the transient nature of non-stabilised ACC NPs
in the presence of water.”®

The following section presents a facile green process to pre-
serve the amorphous structure and nanosize of ACC NPs in
aqueous media. This process is exclusively using a water-
ethanol mix and non-PEGylated phospholipids. The process
was optimised by rationalising the selection of phospholipids
according to their polar head structure.

PEG-free lipid stabilisation of ACC NPs in water

Up to this day, the greenest strategy for the stabilisation in
aqueous media of ACC NPs synthesised using ethanol ADM
has been reported by Wang et al.>® The process is based on
solvent exchange using ethanol and water, a well-known
method used for the synthesis of liposomes and more com-
monly known as the ethanol injection method.”*”**" A mix of
PEGylated lipids and phosphatidylcholine (PC) phospholipids
is used for the stabilisation.”® The lipids are put in contact
with ACC NPs for 24 h under continuous magnetic stirring
before injection in a large volume of water. Lipids self-organise
around the ACC NPs when they come into contact with
water.>’

Our work aimed to lower the contact time between the
lipids and the ACC NPs to lower the among of energy and oper-
ating time required for the process. The objective is also to
employ more sustainable stabilisers and provide an effective
stabilisation without using PEGylated lipids. To achieve these
goals, we rationalised the phospholipid selection according to
the polar head structure. Indeed, the polar head group affinity
for Ca®>* ions is likely to influence the stabilisation efficiency,
as ACC NPs have a positive surface charge in ethanol®
(Fig. 5d). 1,2-Dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), a
negatively charged phospholipid was selected for the proof of
concept. Phosphatidylserine (PS) phospholipids are known to
interact strongly with calcium by non-covalent electrostatic
interactions, resulting in the formation of dehydrated
complexes.*® According to some studies, PS polar head
groups are more rigid than PC head groups, and have a stron-
ger ability to interact with each other by electrostatic inter-
actions or hydrogen bonds.**® As a result, membranes com-
posed of PS phospholipids are more condensed in the pres-
ence of Ca®>" ions compared to other phospholipids
membranes.®* "% PS lipids, due to their negative net charge are
likely to self-organise more rapidly and efficiently around ACC
NPs. They should provide an effective protective layer against
water without the need for PEGylated lipids, due to their con-
densed structural arrangement in the presence of Ca** ions. In
our process, ACC NPs are put into contact with DOPS in
ethanol for 1-2 minutes, followed by a one-pot injection into
water with 15 seconds vortex at a ratio ethanol:water 1:9.
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Fig. 5 Characterisation of DOPS LCC NPs. (a) SEM imaging of LCC NPs.
(b) CryoTEM imaging of LCC NPs in water. (c) XRD spectra of LCC NPs in
water. (d) Zeta potential of ACC NPs in ethanol (black) and LCC NPs in
water.

Compared to the state of the art,” the contact time between
ACC NPs and the lipids is reduced from 24 h to 1-2 min before
injection into water. SEM images of the resulting LCC NPs
reveal monodisperse particles with an average size of 90 nm.
An average size increase of 20 nm compared to absolute ACC
NPs is observed (Fig. 4d and 5a), testifying from the structura-
tion of DOPS around ACC NPs.

A monitoring of zeta potential at pH 7 before and after
stabilisation shows a switch from positive to negative values,
corroborating the presence of DOPS at the surface of the NPs®”
(Fig. 5d). ACC NPs are not stable in aqueous media. Therefore,
the zeta potential measurement is performed in ethanol.®*
CryoTEM imaging (Fig. 5b) reveals a singular structuration of
the lipids around the LCC core, with interconnected lipid
multi-assemblies. Studies using “one-pot” injection method
for the stabilisation of ACC NPs using phospholipids suggest a
lipid structuration in a supported lipid bilayer around the ACC
NPs.”**? Our study suggests that the structuration of PS phos-
pholipids around ACC NPs does not lead to a supported lipid
bilayer but to several lipid layers that are interconnected prob-
ably through hemi-fusion mechanisms®® (Fig. 5b). Indeed, on
the CryoTEM image, the multilayers are not concentric and are
not separated by a water layer.®® The fusion or hemi-fusion of
PS membrane in the presence of Ca®>" ions is a well-known
phenomenon.’®®! It seems that some layers are infiltrated into
the first few nanometres of the porous structure of ACC NPs.
The XRD spectrum confirmed the conservation of the amor-
phous structure of the LCC NPs core (Fig. 5¢). Two wide peaks
centred on 26 values of 27° and 42° are observed, character-
istics from amorphous CaCO;.”°

The increase of the DOPS/CaCO; molar ratio leads to a size
increase in the resulting LCC NPs (Fig. 6a and b). The size and
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characterized by DLS. 6 measurements were performed by sample. (b)
Corresponding PDI values. (c) LCC size evolution after exposure to a
temperature of 60-80 °C for 1 h, characterized by DLS. (d) LCC size dis-
persion at day 1 and day 85 characterized by DLS.

PDI of each sample were measured by DLS six times in a
15 min period, to ensure that the particles were stable. The
minor standard deviations testify to the stability of the LCC
NPs after injection in water. The PDI values around 0.1 evi-
dence monodisperse size dispersions, even at low molar ratios
DOPS/CaCO; (Fig. 6b). With DOPS as stabiliser, LCC NPs
remain stable in water with significant variations in tempera-
ture, up to 60 °C (Fig. 6¢). The stability in time is up to several
months in water, which is really promising in terms of in vivo
circulation time, storage conditions, handling and transport
resistance.

The influence of the lipid polar head structure on stabilis-
ation efficiency was investigated. Several lipids with cationic
(trimethylammonium-propane (TAP)), zwitterionic (PC), or
anionic head group phosphatidylglycerol (PG) were selected
(Table 1). The particle size and PDI measured by DLS, as well

Table 1 Effect of the lipid head group on the stabilisation efficiency.
LCC size and polydispersity index are measured by DLS, and the particle
concentration (particle per mL) is measured by Nanoparticle Tracking
Analysis (NTA)

Size Concentration

Stabiliser (nm) PDI (particles per mL)
18:1 PS (DOPS) 162.5 0.18 1.46 x 10"

18:1 TAP 104.3 0.246 6.38 x 10*°
16:0PS 139.3 0.102 2.31 x 10

16:0 PC 326.4 0.322 1.25 x 10"

16: 0 PC + DSPE-PEG Out of quality 5.71 x 10"

(80/20 w/w) range

16:0 PG 142.7 0.017 2.07 x 10!

E-PG” 148.7 0.022 1.88 x 10"

“Egg-PH composition: 95% mixed Cy6-C;g saturated and unsaturated
(~50-50).
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as the concentration monitored by Nanoparticle Tracking
Analysis (NTA) of the resulting LCC NPs, were compared to the
values obtained with PS phospholipids, which were used as a
reference. Samples were synthesised at a constant mass of
lipid and ACC NPs.

An effective stabilisation was also observed using negatively
charged lipids with a PG polar head. The LCC NPs sizes and
concentrations using PG phospholipids were comparable with
the values obtained with PS phospholipids of a similar ali-
phatic chain length (Table 1). PDIs were inferior to 0.1, eviden-
cing monodisperse size populations.

On the contrary, the comparison between 18:1 TAP and
18:1 PS lipids showed a PDI increase from 0.18 to 0.246, and
a concentration drop from 1.46 x 10'" NPs per mL to 6.38 X
10'% NPs per mL when using TAP lipids as stabilisers. This evi-
denced a lack of stabilisation, leading to polydisperse samples
and concentration drop.

Using 16: 0 PS as a reference, the comparison between the
PC and PS head groups showed a PDI increase from 0.102 to
0.322, and a size increase from 139.3 nm to 326.4 nm when
using PC lipids as stabilisers. This evidences a lack of stabilis-
ation leading to polydisperse samples, with larger particles
which may result from aggregation and/or crystallisation.”®>°

A mix of PC and DSPE-PEG phospholipids was also tested
with proportions similar to the work of C. Wang et al., to inves-
tigate the influence of the addition of PEGylated lipids on the
NPs stabilisation with a reduced contact time between ACC
NPs and lipids.”® PEGylated lipids could restore the stabilis-
ation by providing steric stabilisation to the ACC NPs.”?
However, with our process, this lipid mix did not lead to
efficient stabilisation. The size and PDI could not be moni-
tored as the values were out of the quality range of the DLS,
due to excessive polydispersity of the sample (Table 1).

To summarise, these results evidence an efficient stabilis-
ation with negatively charged lipids, and a deficient stabilis-
ation when using zwitterionic and cationic lipids. The addition
of PEGylated lipids did not provide efficient steric stabilisation
with our process when using a mix of PC + DSPE-PEG. These
results demonstrated the correlation between the stabilisation
efficiency and the phospholipid head structure. The lipid
affinity for calcium ions is a determinant parameter for a short
process using a one-pot ethanol injection. A reduction of the
process time from 24 h to 2 min has been achieved compared
with the closest state of the art using the ethanol injection
method.?® This achievement could lead to significant optimis-
ations in the future in terms of process efficiency, operating
time reduction and corresponding energy saving for the stabil-
isation of ACC NPs in aqueous media.

This affinity of PG lipids for ACC NPs led us to consider egg
PG (E-PG), a bio-sourced phospholipid, as a stabiliser. E-PG is
a mix of PG with different aliphatic chain lengths and unsa-
turation degrees. The size dispersion of E-PG LCC NPs charac-
terized by DLS is narrow, with a PDI of 0.022 for a mean dia-
meter of 148.7 nm, evidencing an efficient stabilisation
(Table 1). Using E-PG as exclusive stabiliser, we achieved in
this work the stabilisation of ACC NPs in water with a size

This journal is © The Royal Society of Chemistry 2022
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under 150 nm using only a bio-sourced phospholipid.
Replacing the use of synthetic or hemi-synthetic phospholipids
by E-PG could lead to the development of a more stainable
process compared with the closest state of the art, using a
PEGylated phospholipid in the stabilising mix.>® Furthermore,
the cost of bio-sourced highly purified natural phospholipids
from soybeans or egg yolk suitable for injectable applications
is becoming comparable with the price of PEGylated phospho-
lipids. Hence, the use of egg-sourced PG represents a promis-
ing green alternative in terms of process cost to the use of syn-
thetic stabilisers for calcium carbonate nanoparticles in
aqueous media. A comparative table of the different existing
methods to stabilize CaCO; NPs in aqueous media is pre-
sented in the ESI ( Fig. S127) to illustrate the benefits of our
process in terms of sustainability and stabilisation efficiency.

A test was performed in phosphate buffer solution 0.1 M
with DOPS, to evaluate the stability of LCC NPs in a media
suitable for biological applications (ESI Fig. S137). The size
dispersion of the DOPS-LCC NPs in PBS was characterised by
DLS, showing a PDI of 0.21 for a mean diameter of 187.3 nm.
The control in water presented a PDI of 0.15 for a mean dia-
meter of 168.5 nm. Despite an increase in mean diameter and
polydispersity, particles stabilise in PBS present a narrow size
distribution and a mean diameter below 200 nm. The differ-
ence observed in PBS might come from the ions existing in
PBS, interfering with the interaction phospholipid/ACC NPs.
For possible biological application, the 10% ethanol remaining
in the solution can be evaporated by rotavapor if necessary.

LCC NPS surface charge modulation

The stabilisation of ACC NPs using cationic lipids was not
efficient (Table 1). However, the surface charge modulation of
the LCC NPs could be achieved by the post-insertion of cat-
ionic lipids in a solution of LCC NPs. Hence, there is an
electrostatic affinity between the negatively charged phospholi-
pids used for the stabilisation of ACC NPs in water and posi-
tively charges lipids.

An ethanolic solution of 18: 1 TAP cationic lipids is injected
at room temperature in an aqueous solution of LCC NPs stabil-
ised by DOPS (Fig. 7a). The injection is followed by high inten-
sity mixing using a vortex. The zeta potential shifted from
negative values to positive values, testifying from the structura-
tion of the cationic lipids around the LCC NPs (Fig. 7b).

The DLS characterisation showed a narrow size distri-
bution, with a mean diameter shifting from 95.4 nm to
105.3 nm after the injection of 18:1 TAP lipids at a ratio
DOPS: TAP of 1 (Fig. 7c). When the DOPS:TAP ratio is
increased to 10, the mean diameter shift is larger, with a shift
from 115.4 nm to 152.8 nm following the injection of 18:1
TAP lipids (Fig. 7d). The variation is mean diameter shift in
accordance with the 18:1 TAP concentration increase also evi-
dences the structuration of the cationic lipids around the
already formed LCC NPs stabilised by DOPS.

These results proves the possibility of post-inserting cat-
ionic lipids after the stabilisation of ACC NPs in water using
DOPS in water. This post-insertion technique allows to effec-
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Fig. 7 Post-insertion of DOTAP to modulate the charge of LCC NPS. (a)
Schematic synthesis process. (b) Zeta potential of DOPS LCC NPs (black)
and DOPS/DOTAP LCC NPs (red). (c) DLS characterisation of DOPS LCC
NPs before (blackland after (red) the injection of DOTAP. Molar ratio
DOTAP/DOPS = 1. (d) DLS characterisation of DOPS LCC NPs before
(black)and after (red) the injection of DOTAP. Molar ratio DOTAP/DOPS
=10.

tively tune the surface charge of the final LCC NPs and could
pave the way for the modulation of other surface properties.

Upscaling

The ratio ethanol/water (1/9) used for the stabilisation of ACC
NPs in water with the ethanol injection technique® plays an
important role in the final concentration of LCC NPs. This
final concentration of LCC NPs after injection is limited. The
synthesis of larger amounts of LCC NPs leads to larger
volumes of the water phase and of the ethanol phase.
According to our experiments, the pipette injection method is
efficient up to a volume of 40 mL of LCC NPs, using a 10 mL
pipette for the injection of a 4 mL ethanol phase. Above this
volume, we observed that the injection strength became
weaker, which strongly affected the lipid structuration around
the particles. We tested on a 2 L volume the replacement of
the injection method by a magnetic stirring of the water phase
above 500 rpm. The size dispersion of the particles remains
narrow, with PDI < 0.1, and a comparable particle stability is
obtained compared with the pipette injection method (ESI
Fig. S147).

These results showed injection can be replaced by strong
stirring of the water phase. We tested two different upscaling
techniques suitable for industrial transfer. The first one is a 50
L reactor with mechanical stirring, and the second one is a
continuous mixing flow process allowing continuous flow pro-
duction of the stabilised nanoparticles (Fig. 8a and b).

In the 50 L reactor we performed a synthesis on a 40 L final
volume, using egg PG as stabiliser. 4 L of an ethanolic solution
containing ACC NPs and egg PG was poured into 36 L of water
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under strong mechanical mixing. A 5 mL control was also per-
formed using ethanol injection method. The DLS and SEM
results show highly homogeneous nanoparticles, stable in
water. The size increase between the control and the upscaled
sample is neglectable, under 10 nm in mean diameter (Fig. 8b
and c). This experiment demonstrates the ability to upscale
our process for industrial needs using large scale mechanical
stirring reactors. The concern with this method was the one-
pot addition of the ethanolic phase containing the ACC NPs
and the stabiliser. Indeed, the addition time with larger
volumes can increase. However, despite the increase of
addition time from 3 s (5 mL control) to 13 s (40 L volume),
the nanoparticles obtained were stable and homogeneous in
size and shape.

To overcome the potential limitation of the one-pot
addition of large volumes, we investigated the possibility of
industrial flow production with our process. We developed a
facile continuous flow mixing method using Coflore® Agitated
Cell Reactor (ACR). This continuous flow reactor performs
efficient mechanical agitation using multiple interlinked cell
reactors (Fig. 9a). The upscaling proof of concept was per-
formed on a final volume of 250 mL using DOPS as stabiliser.
The fluxes of the ethanol phase containing ACC NPs and
DOPS, and of the water phase were determined according to
the ratio water : ethanol 9:1 used for the injection method.
The flux of the ethanol phase is 1 mL min~", and the flux of
water of 9 mL min™", in order to obtain a ratio 9: 1 of water:
ethanol at the mixing points. The final nanoparticles are
stable in aqueous media and highly homogeneous in size and

(a)
ACC NPs +
Egg PG in
ethanol
Water under
mechanical
stirring 300 rpm
——40L
= ® —— Control (C)
X
-~ 15
2>
‘B 10
=
9
E 5
™ 1]
o 1 10 100, 1000 10000
€100 nm Size (d.nm)

Fig. 8 Upscaling stabilisation ACC NPs by egg PG in aqueous media
using a 50 L chemical reactor, for a final volume of 40 L LCC NPs. (a)
Schematic representation of the reactor. (b) SEM imaging of the result-
ing LCC NPs in aqueous media. (c) DLS characterisation of the resulting
LCC NPs size dispersion with a control performed by ethanol injection
in a volume of 5 mL.
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Fig. 9 Upscaling stabilisation ACC NPs by DOPS in aqueous media
using the CoFlore continuous flow reactor. (a) Schematic representation
of the reactor and of the process. (b) SEM imaging of the resulting LCC
NPs in aqueous media. (c) DLS characterisation of the resulting LCC NPs
size dispersion with a control performed by ethanol injection in a
volume of 5 mL.

shape, with a mean size of 70 nm measured on the SEM
picture (Fig. 9b and c). A control was performed on 5 mL using
the ethanol injection method, showing no significant differ-
ence in size and dispersity. These results demonstrate the
feasibility of switching from bulk injection and stirring to a
continuous flow production using agitated cell mixing. This
method has a great potential for industrial upscaling as a con-
tinuous flow process, allowing the continuous production of
stabilised LCC NPs with a high control and reproducibility of
the mixing conditions. High volumes can be produced with
this technique. With these fluxes, 25 min are required to syn-
thesise 250 mL.

Conclusions

ACC NPs synthesised using ethanol as solvent are monodis-
persed with a mean diameter under 150 nm without the need
for synthetic additives. The particle size growth follows a
power law between 2 h and 49 h reaction, maintaining a
narrow size dispersion with PDI values under 0.05. Combined
with the porous granular structure of ACC NPs, these results
suggest a formation of ACC NPs by a first homogeneous
nucleation event, followed by a growth by autocatalytic hetero-
geneous nucleation happening on the ACC NPs surface irregu-
larities. We demonstrated the importance of the diffusion of
water and ammonia to catalyse the formation of ACC NPs in

This journal is © The Royal Society of Chemistry 2022
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ethanol. Consequently, we observed that the removal of the DB
and of drierite increased the process efficiency by a factor of
3.5. Therefore, the volume of ethanol required to produce a
determined mass of ACC NPs can be divided by 3.5, reducing
the ecological impact of the process.

Subsequently, our works focussed on the stabilisation in
aqueous media of the resulting ACC NPs for biomedical and
healthcare applications. The adaptation of the ethanol injec-
tion process using phospholipids represents to this date the
greenest process for the stabilisation of ACC NPs in water.
We rationalised the selection of the phospholipids according
to their natural electrostatic affinity for ACC NPs and were
able to reduce the process time from 24 h to 2 min. The use
of PS and PG phospholipids provides an efficient electro-
static stabilisation of the ACC NPs, without the need for
additional PEGylated lipids. Compared with the state of the
art, the absence of PEGylated lipids increases the sustainabil-
ity of the process and the biotolerance of the final particles.
The reduction of the process duration consequently
decreases its operating time and energy consumption. The
obtained LCC NPs were highly monodisperse, with an excel-
lent stability in temperature (up to 60 °C) and time (up to
three months) variations. The efficiency of PG lipids led to
the identification of an egg-sourced phospholipid as a suit-
able bio-sourced stabiliser. Our process was demonstrated
suitable for industrial large-scale production in one pot
using a 50 L chemical reactor with mechanical stirring, and
in continuous flow production using the Coflore® Agitated
Cell Reactor.

This work aims to contribute to the transition toward sus-
tainable processes in the development of ACC NPs techno-
logies suitable for biomedical and cosmetic applications.
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