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ABSTRACT

Many proteins are able to self-assembly into wefisted supramolecular structures. We have prewousl
shown that two food globular proteins with highlgpnhologous tertiary structures and opposite electric
charges, i.e. lysozyme arwtlactalbumin, interact under specific conditions temperature and pH and
generate spherical microparticles. The objectivehisf study was to investigate the stability of yeozyme

- a-lactalbumin microparticles during lyophilisatioane example of food processes. Solutions of protein
microparticles without and with addition of protget molecules such as sucrose or matlodextrin were
freeze-dried under conservative conditions in atpgilant and samples were removed at each stepeof t
process: after freezing, sublimation and desorpfidre morphology and the particle size distributidrthe
protein microparticles were investigated by direptical observation under a microscope and by uaing
Coulter counter. The freezing (and thawing) appmbaoebe the most damaging steps with the formadion
clusters or agglomerates of microparticles. Additid sucrose or maltodextrin sharply reduced thmé&ion

of particles agglomerates after freezing by lingitthe cryoconcentration of the particles and tragghem

in an amorphous matrix. Maltodextrin seemed to baoae efficient protective molecule than sucrose fo
preserving the stability of the protein micropdegcduring the freeze-drying process.
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INTRODUCTION

Controlled self-assembly of biomacromolecules hexemtly attracted considerable attention because th
process leads to new materials with potential appbns in various fields such as nano-, medicafpod
technologies. Molecular self-assembly is a processg which molecules placed under specific coodg
spontaneously form ordered supramolecular strusttm®ugh noncovalent binding. Proteins were rebrt

to be ideal biomaterials to obtain tailor-made neanoparticles with various architectures. Hence,
throughout adequate control of their self-asseniycess, a large diversity of supramolecular stnest
including aggregates, fibres, nanotubes or sphiesutian be generated from globular proteins. Rcent
evidenced that two food globular proteins with fyghomologous tertiary structures and oppositetatec
charges, calcium-depleted apdactalbumin (apax-LA) and hen egg white lysozyme (LYS), interact and
self-assemble to form different supramolecularditmes in a temperature-dependent manner. Amorphous
aggregates were observed at 5 °C while well-definedrospheres were obtained at 45 °C [11]. The
assembly mechanisms and the stability of thesejrstipramolecular structures remain still largghored.
Recently, it was demonstrated that ionic strength electrostatic forces are involved in the formatof the
lysozyme - a-lactalbumin microparticles and in their stability liquid state [12]. Even if controlled
interactions and self-assembly of proteins prontisebe a powerful approach for generating novel
supramolecular architectures, the stability of swsthuctures during various processes needs to be
investigated.

Lyophilization or freeze-drying is widely used toeperve proteins and polypeptides, which are phifgic
and/or chemically unstable in aqueous solutionse Phocess involves freezing of the aqueous protein
solution, followed by primary drying to remove ibg sublimation and, finally, secondary drying tonm/e
unfrozen or sorbed water. Extensive works have bmmmied out on freeze-drying of proteins such as
enzymes, antibodies and various therapeutic ptfi8]. The freeze-drying process generates several
stresses that induce protein unfolding and dentidaraAn appropriate choice of protective excipgeistthus
needed to inhibit freezing- and drying-induced dgenand to preserve protein native conformationnduri
the stabilization process, storage, and rehydraffgn7, 13]. The low-molecular-weight carbohydrates
especially the disaccharides, appear as the miestigé protective agents for lyophilized proteiasd two



hypotheses have been advanced to explain the mentsof protein stabilization by such moleculese@n
the “water substitution hypothesis” proposed bypeater and Crowe [5], which suggests that carbatgdr
molecules interact with the dried protein by hydmodoonding in place of the removed water molecates
hence, inhibit protein unfolding during drying. Tather is “the glassy state hypothesis,” whichestdhat by
trapping protein molecules in a glassy matrix, thelecular mobility of a protein containing system i
greatly limited so that the rates of diffusion-cqotied reactions, including protein unfolding, peiot
aggregation, and chemical degradation are reduslatively to the rates occurring in a rubbery staie,
14]. To our knowledge, no study has been reportefteeze-drying of supramolecular structures resmilt
from the assembly between globular proteins. Sitlee formation of such structures requires the
modification of protein conformation and/or the rfation of specific oligomers, applying the results
obtained from the works on proteins freeze-dryingtlte protein supramolecular structures are exgecte
lead to original results. The objective of thisdstwas thus to investigate the stability of theolgame -a-
lactalbumin microparticles following a food stabdtion process, lyophilisation without or in thegence of
protective molecules.

MATERIALS & METHODS

Materials and Proteins’ microparticles formation

Commercial lysozyme (LYS) was purchased from Ovcerad contained 95% of LYS and 3% of chloride
ions. Holo a-Lactalbumin ¢-LA) was purified from bovine whey by ion exchanghromatography as
previously reported [8]. The resulting powder camtd 95% of holoo-LA. Apo o-LA was prepared by
dialysis of holoo-LA against deionised water at pH 3 during 48h°& dsing dialysis membrane (Spectrum
Laboratories, US & Canada) with a nominal cut df6e8000 Da in order to remove calcium ions. pHtaf
apoa-LA solution was adjusted to pH 7 and then fredded. Solutions of the two proteins were mixed
under adequate physico-chemical conditions to feonmrospheres [11]. The powders were separately
solubilised in 30 mM Tris/HCI buffer (pH 7.5) affiaal protein concentration of 0.266 mM. Equal voles

of both protein solutions previously equilibratetl 456°C were gently mixed together and the resulting
solution was incubated at 45°C for 30 min. Aftecubation, the solution of protein microparticlesswa
divided into three equal volumes to obtain threenigdations containing no additives (control), 5% rese

or 5% maltodextrin (DE = 6) and stored at 4°C. Pesaf sucrose (Prolabo, Paris, France) or maltoutext
(Roquette, Lestrem, France) was directly addethéonticroparticles solution to obtain a final corication

of solute of 5%.

Freeze-drying experiments

The formulations were dispensed into 4 mL freezgindrvials (1 mL final filled volume). The vials e
placed on an aluminium tray and loaded onto thdf gifea SMH 90 freeze-dryer (Usifroid, Maurepas,
France). The freeze-drying cycle consisted of fregat —50°C (shelf cooling rate at 0.6°C/min awdling

at —50°C for 2h), followed by primary drying at #hemperature of -20°C and chamber pressure dP20
and, finally, a secondary drying phase of ten hat25°C and chamber pressure of 20 Pa for tershdtie
heating rate of the shelf temperature applied dutfie primary and the secondary drying steps weasl fat
0.25°C/min. At the end of the process, the vacuuams twoken by injection of dry air and the vials ever
rapidly stoppered and packed under vacuum in alwmirbags. That freeze-drying cycle was repeated and
stopped at the end of the primary drying. After freezing step of each freeze-drying experimeseet
vials were removed to the freeze-dryer and stote803C.

Protein microparticles analysis

The analysis of the microparticles was performefrgefreeze-drying, after freezing and thawing arfigr
freeze-drying and rehydration. The frozen micrapkas were thawed in a temperature controlled ladith
25°C for 5 min. The freeze-dried microparticles eveehydrated by addition of 1 mL of purified water.
During all the analysis, the samples were kepf@t 4

Turbidity measurements were performed using a W/sgrectrophotometer (Beckman Coulter, Fullerton,
California, USA). Optical density was measured@@ 6m.

The spherical particles were observed using ancalptnicroscope (Nikon Elipse E600, Nikon, Japan)
equipped with a camera. Samples were put betwees glides, and structures were immediately obdeatve
a magnification of 100 at room temperature.




The number and the size of the microparticles watermined using a Coulter Counter Z2 (Beckman
Coulter, Fullerton, California, USA). Each samplaswdiluted before measurements to avoid detector
saturation. Four diluted samples were prepare@dch formulation and four measurements were pegdrm
for each diluted sample.

RESULTS & DISCUSSION
Optical microscopy
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Figure 1. Optical microscopic observations of the proteignoparticles after each step of the freeze-dryimgess for
the three formulations studied (containing no adeljt5% sucrose or 5% maltodextrin). Scale bar a0



The micrographs of the proteins microparticles ohs obtained after each step of the freeze-drghogess
(before freeze-drying, after freezing, after subliibn (primary drying) and after desorption (seayd
drying)) are shown in Figure 1 for the three foratidns studied. These figures illustrate the qatlie
evolution of the morphology of the microparticlesridg the freeze-drying process. Before freezertdyyi
separated microparticles with spherical and reguhape were observed whatever the formulation
considered. The diameter of the microparticlesecatbetween 4 and 6 um. However, different physical
behaviours of the microparticles were obtainedhat ¥arious steps of the freeze-drying processhén t
absence of protective molecule, formation of laslysters of microparticles was observed after fragand
thawing. The diameters of these clusters couldhregcto 50 um. Those large clusters of micropasicl
remained after the sublimation and the desorptiepssof the process. The size of the clusters apgda
have slightly decreased after the desorption steheoprocess where the unfrozen water was remawed
the hydrogen-bonds between water and proteins reken.

When adding sucrose or maltodextrin to the proteicroparticles solution, the formation of clusterfser
freezing and thawing was sharply reduced. Sepam@atddregular shape microparticles were observent aft
the sublimation and the desorption steps. Sligbthaller clusters of microparticles can be noticédra
freezing and thawing for the samples of “sublimatiexperiment” compared to the samples of the
“desorption experiment”. Freezing and especialgynacleation are stochastic processes. Even ifdbkng
rate was controlled during the experiments, vamatin ice nucleation temperatures could be obtained
resulting in different ice crystals morphology asizk [17].

Evolution of the number and the size of the proteiaropatrticles during the freeze-drying process

The evolution of the number and the size (mean éiarj of protein microparticles after each stephef
freeze-drying process are displayed in Figure 2 andespectively. Without protective molecules, the
number of microparticles sharply decreased afteezing and thawing. Only 20% to 40% of the initial
microparticles number were recovered. Such decrefhseicroparticles was due to the formation of &arg
clusters exhibiting a diameter higher than 10 pureeoled with the microscope but not detected by the
Coulter counter. The increase of the mean diamaftdhe microparticles by 11-13% confirms the latter
hypothesis. After thawing, the solution was stosegieral days at 4°C and the microparticles clustene

still observed after 10 days of storage. After gublimation and the desorption steps, the number of
microparticles slightly increased to 42% and 58%spectively. Such increase could be ascribed to the
dissociation of clusters and that dissociation plnegnon seemed more pronounced when the product was
rehydrated after the desorption step. In the sairmg the mean diameter of the microparticles wastow
after the desorption step than after the freeziag,swvhereas it remained constant after the frgeaid the
sublimation steps.

In the presence of protective molecules, sucrosenaltodextrin, higher number of microparticles was
recovered after the freezing step as comparedéacdmtrol sample. However the results were varg@able
between the both freeze-drying experiments: 100Ublifmation experiment) and 70% (desorption
experiment). The formation of some microparticlessters observed after freezing under the microséop
the case of the “desorption experiment” was corgilrby the increased of the mean diameter by 7-%Rér A
freezing and thawing, the samples were stored adi@ys at 4°C. After 4 days at 4°C, dissociatiorthef
protein microparticles was observed and the nurobenicroparticles compared to the initial concetibra
before freeze-drying reached 90% for both protectivwlecules. Rehydration of the formulation aftes t
sublimation and the desorption steps resultedgheri recovery of microparticles number. When thacess
was stopped after the removal of ice by sublimatid@0% of the initial microparticles number was
recovered and no change of the mean diameter gfatiles was observed for both formulations. Hasve
when the process was stopped after the removahfstbzen water by desorption, few differences were
noticed between the both protective molecules. Whiiddtodextrin, no change of the number and mean
diameter were observed whereas slight decreadeeafumber recovered (from 102% to 87%) and increase
of the mean diameter (by 6% compared to the meameter before freeze-drying) were observed with
sucrose indicating the formation of some microgtas clusters.
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Figure 2. Evolution of the number of the protein micropdescafter each step of the freeze-drying processured by the Coulter
counter. The number of microparticles before tkeZe-drying process was considered as referené&xpriment where the process
was stopped at the end the sublimation step. B.1Erpat where the process was stopped at the etk afesorption step
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Figure 3. Evolution of the mean diameter of the micropaesatietermined by the Coulter counter after eachddtéye freeze-drying
process. A. Experiment where the process was stiopipihe end the sublimation step. B. Experimentravtiee process was stopped at
the end of the desorption step

In summary, the main damaging steps of the freeyieg process appears to be the freezing and the
desorption steps. Freezing is the first stage eéde-drying and is the stage where most of therwsate
removed from microparticles and excipients. Thdesysis separated into multiple phases and thefaues
between ice and microparticles form. Freezing ofteluces many destabilizing stresses on proteitepr
adsorption at the ice-water interface, cryoconegiutn of the solutes and increase of the ionimsgfite [2, 6,

9, 16]. The formation of ice results in a high E&se of solute concentration in the remaining phasethus

in the enhancement of the interaction between rpamticles leading to their agglomeration or fusidgrhen
adding sucrose or maltodextrin, the protein micriglas are more dispersed in the concentrated ephas
limiting their agglomeration. The desorption stemsists of the removal of the unfrozen water whb t
breakage of the hydrogen bonds between the prod@isishe water. This step seems to cause somelsiti
agglomeration only when sucrose was added befareepsing. Sucrose is able to establish hydrogedsbon
with proteins when the unfrozen water is removed3[15, 15]. These specific interactions betweeanrase
and proteins might explain the decrease of the munolb microparticles and the increase of their mean
diameter observed after the desorption step.



CONCLUSION

The stability of well-defined supromolecular stwret resulting from the self-assembly properties of
lysozyme andx-lactalbumin were investigated during the freezgrdy process. Protective molecules such
as sucrose or maltodextrin are required for présgrhe protein microparticles and inhibiting tlerhation

of agglomerates by trapping them in an amorphousixna
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