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ABSTRACT

Freeze-drying (or lyophilization) is widely used pweserve thermo-sensitive active ingredient sugh a
proteins or microorganisms. Our objective was tegtigate the effect of the product thermal histuying

the freeze-drying process on the acidificationvatstiof lactic acid bacteria. An empirical modelsgebing

the degradation of the acidification activity bhctobacillus bulgaricusCFL1 during the process as a
function of the temperature difference between pheduct and the glass transition temperature (Tay w
developed. This “quality” model was associated tbeat and mass transfer model of the freeze-drying
process and the losses of acidification activityirty the process were simulated for various opegati
conditions of shelf temperature and chamber presdiow losses of acidification activity were predit
when the process was performed at high values eduymt temperature, i.e. when the time the product
temperature exceeds the glass transition temperathere molecular mobility increased was minimized.
Two freeze-drying cycles were carried out at lowd amgh values of product temperatures and the
experimental results of the acidification activit§ bacteria were in good agreement with the sinmat
results. This freeze-drying model including thedicgon of the degradation of lactic acid bactexnmpears as
an interesting tool for designing optimal processes
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INTRODUCTION

Lactic acid bacteria (LAB) are widely used as stiatfor manufacturing cheeses, fermented milks,tsnea
vegetables and breads products. Several speciesblegn shown to exhibit probiotic properties i@sifive
effects on human health. The preparation of stad#ures requires production and maintenance tqubs
that maximise viability, activity and storage stapiof bacterial cells. While frozen concentraifslactic
acid bacteria exhibit maximal survival in liquidtnoigen, the expense of these storage conditionis|iime
use of this method. Freeze-drying (or lyophilisajicappears as an alternative method for long time
preservation of bacteria and yeasts. However, é&rgleging is known to be a time consuming and exipens
process. The product temperature is a key elemantpfocess optimization: the higher the product
temperature, the higher the sublimation rate, Aeddster the process. The product temperaturétsdsam

the shelf temperature and the chamber pressuredpid is not directly controlled during the lydigation
process [3, 10, 14]. The target product temperaduréng the sublimation stage (or primary dryingd)an
optimized lyophilisation process is usually fixe@dveral degrees below a critical threshold value
corresponding to the collapse temperature (Tcall)1fL]. During sublimation, if the product tempeirat is
higher than the collapse temperature, the amorphwisrial will undergo viscous flow, resulting iosk of
the pore structure obtained by freezing, whicheirbd as the collapse phenomenon by Pikal and Bi$h
Collapse temperatures of simple aqueous solutibdssaccharides, some protective agents widely @dde
bacterial suspension before lyophilisation are lamd usually 1-3°C higher than their 'Teplue [13].
Fonseca et al. [7] have shown that the collaps@é¢eature (Tcoll)of Lactobacillus bulgaricususpensions,
determined by freeze-drying microscopy, is difféream the glass transition temperature ‘jTgactic acid
bacterial cells gave a kind of “robustness” to fiteeze-dried product and the collapse of the dpextiuct
during sublimation occurred at a temperature vdlQ&C higher than the Tg' value. In other words, if
sublimation is carried out above Tg’, then the gshous phase will undergo viscous flow that remains
undetectable (i.e., microcollapse) due to the rigidtrix provided by the bacterial cells. Howevdrthe
physical stability of the cake is preserved, baatelegradation might exist because of the incrasse
molecular mobility related to the viscous flow dfet amorphous phase. While there has been much
speculation over the years regarding the need dphijize below T§to maintain acceptable biological
stability, few data are available, and the storagbility of the lyophilized biological products ideen



largely ignored. Previous works on a strain Sifeptococcus thermophilusave shown that performing
sublimation at high product temperature close buter than the collapse temperature resulted ingnigh
acidification activity recovery after lyophilisatig8]. The very low Tg’ value of the bacterial sesgion (-
37°C) made it impossible to perform a lyophilisatioycle at a product temperature lower than Tge Th
acidification activity increases to an asymptot@ue of 50%, when product temperature gets clas&coll.

Our hypothesis was that applying higher productpemature values results in higher drying ratess thu
minimizing the time the product temperature exce#fts glass transition temperature where molecular
mobility is increased. Our objective was to defameempirical model describing the loss rate ofification

as a function of the temperature difference betwten product temperature and the glass transition
temperature of the maximally freeze-concentrateasph(Tg’). By associating this model to the heat an
mass transfer model of the freeze drying processldped by Trelea et al [17], the prediction of thes of
acidification activity following the stabilisatigomrocess will be possible.

MATERIALS & METHODS

Production of concentrated and protected lactid bacteria suspensions

The lactic acid bacteria straibactobacillus delbrueckii sbsp. bulgaric@$L1, was obtained from the stock
culture of the Laboratoire de Génie et Microbioldies Procédés Alimentaires (INRA, Thiverval-Grigno
France) and used for all experiments. Inocula vetoeed at —80°C. Cultures were grown in supplentente
whey medium (60 g.L-1 whey, 20 g.L-1 lactose, 5-8.}east extract) in a 15 liters fermentor at 42F8e
pH was controlled at 5.5 by addition of 1.44 M NaQEtlls were harvested by centrifugation (176§030
min, 4°C) at the end of the exponential growth ghaghen the NaOH consumption rate started to dserea
After an intermediate storage period of 30 minwaed4°C, concentrated cells were re-suspended aimaC
1:2 cells/protective medium ratio. The protectivedinm was composed of 200 g.L-1 of sucrose and@.15
of NaCl. The final protected bacterial suspensiwase aliquoted in plastic containers of 150 mL &oden

at -80°C in a cold air chamber.

Development and validation of a model describirgydhidification activity loss rate during the freedrying
process (“the biological model”)

About 150 mL of the final protected bacterial susgpien were thawed in a temperature controlled bath
42°C, dispersed into 50 mm diameter stainless steainer (15 ml filled volume) and freeze-drieda
SMH 90 freeze-dryer (Usifroid, Maurepas, Francepn§ervative lyophilisation conditions were applied.
Samples of freeze-dried bacteria were equilibrate2b°C under different values of relative humididy 11,
23, 33, 53, 75, 84%). After equilibration, glassniition temperature (Tg), water content and watérity
(aw) were determined. The acidification activitydahe viability of lactic acid bacteria were measljust
after equilibrating the freeze-dried samples anerafarious times of storage (7, 10 and 30 days).

To validate the empirical model describing the ddgtion of the biological activity of bacteria chgithe
process, various freeze-drying cycles were perfdirAbout 450 g of the final protected bacterialpgrssion
were thawed in a temperature controlled bath a€C48fispersed in a stainless steel tray and placeth®
shelf of a pilot freeze-dryer (Telstar, TerrasgaqiB). The lyophilisation cycle consisted in freegat —50°C
(shelf cooling rate at 0.9°C/min and holding at 2Gdor 2 h), followed by primary drying (sublimatip
under various conditions of shelf temperature amahtber pressure ((-20°C; 20 Pa) and (0°C; 20 Ra)) a
finally, a secondary drying phase (desorption) 6filat 25°C and 20 Pa. The heating rate of thef shel
temperature applied during the primary and the rs@@xy drying steps was fixed at 0.25°C/min. Five
thermocouples (type K) were inserted at the bothmoh at various location of the tray. Comparativespure
measurement (Pirani gauge versus capacitance mémoraadings) was used to determine the sublimation
end point and to allow the transition to secondamying [12]. After secondary drying, the vacuum was
broken by injection of dry air, and the freeze-drimacteria were rapidly packed under vacuum in adum
laminate bags. The biological activity of bactesias determined after each step of the freeze-diyiogess
and during the storage of the freeze-dried bactrb°C.

Biological activity measurement

The samples were rehydrated in skim milk to théiahidry matter of the protected bacterial suspamsi
before freeze-drying. Viabilitpf Lactobacillus bulgaricuCFL1 was determined by plate assays on MRS
(Biokar Diagnostics, France) agar plates. The RétHes were incubated under anaerobic conditibA2°€C

for 48 h before counting.




The acidification activity of 100-uL samples wasasared in milk at 42°C, in triplicate, using theN&iC
System.[4]. The time necessary to reach the maxiacidification rate in milk (tm, in minutes) waseasto
characterise the acidification activity of the leai@l suspensions. The higher the tm, the longerddtency
phase and the lower the acidification activity. Theidification activity was measured after samples
equilibration at various relative humidity condi® and after various time of storage at 25°C of the
equilibrated samples.

Thermal analysis and freeze-drying microscopy

Differential scanning calorimetry (DSC) measurersentvere performed on two different power
compensation DSC equipments (Perkin ElImer LLC, NdkwCT, USA) depending on the moisture content
of the samples: a Pyris 1 equipped with a mechbnmaling system for the low moisture content saaspl
exhibiting thermal events at the higher temperatfrd°C) and a Diamond equipped with liquid nitroge
cooling accessory for the high moisture contentasm(lower temperatures). About 10 mg of each samp
was placed in 5@l Perkin ElImer DSC aluminium pans. An empty pan waed as a reference. Linear
cooling and heating rates of 10°C.min-1 were uddtk characteristic glass transition temperature @fg
samples was determined as the midpoint temperafutiee heat flow step associated with glass tramsit
with respect to the ASTM Standard Method E 1356Fdsults were obtained from at least four repleate
The collapse temperature (Tcoll) was measured uairfgeeze drying cryo-stage (FDCS 196, Linkam
Scientific Instruments, Surrey, UK) equipped witHiquid nitrogen cooling system and a programmable
temperature controller according to the method rilesd by Fonseca et al. [7]. The collapse tempegatu
(Tcoll) determined corresponded to the lowest taatpee at which overall loss of the initial frozstnucture
occurred during freeze-drying. The precision oftdmperature measurements was 1°C, correspondihg to
temperature difference between two steps.

RESULTS & DISCUSSION
Empirical model describing the degradation of dmdtion activity during the freeze-drying process
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Figure 1. Acidification activity (t,) of Iyophilized Figure 2. Rate of loss in acidification activity during
Lactobacillus bulgaricusCFL1 in a sucrose matrix as astorage at 25°C of lyophilizetactobacillus bulgaricus
function of storage time at 25°C for different valuef CFL1 in a sucrose matrix (k in (min.dgy as a function
water activity (0.086; 0.326; 0.726). of temperature difference between storage temperatu
(Tstorage = 25°C) and glass transition temperaffg (

Figure 1 displays the evolution of the acidificatiactivity, characterized by the parametgr with the
storage time for three relative humidity conditioihe lower the .t value, the higher the acidification
activity. As expected, thg,tvalue increased with the storage time and thiseame in 4 appeared more
pronounced for the high values of water activityhatever the water activity of the samples, the mpetar f,
increased linearly with storage timé ¥r0.99) according to the following relationship:

tn = k x Storage time + A Equation 1

Where k is the slope of the regression line (in.dag") and represents the rate of loss in acidification
activity during storage. A higher slope indicatedfaster decrease of the acidification activity and,
consequently a lower resistance to storage und@ugarelative humidity conditions. Previous stidi@ve



already described the acidification activity losghwstorage time as a linear relationship for fiolzctic acid
bacteria concentrates [6, 16].
Due to the plasticizing effect of water on the glamnsition temperature (Tg), the Tg value of fileeze-
dried bacteria decreased with increasing valueetative humidity. For water activity values highthan
0.24, the Tg value became lower than the storaggpdeature (25°C). Consequently, for the higher wate
activity studied (0.326 and 0.726) the freeze-diedteria are in a viscoelastic and unstable dtaie
explaining the higher degradation rates observeadaracidification activity.
The rate constants of loss of acidification acyiktat storage temperature of 25°C (Tstorage) kotepl in
Figure 2 as function of the temperature differelnegveen Tstorage and the Tg of the product. Stavatee
co-lyophilized matrix olLb bulgaricusCFL1 and sucrose below Tg, where the molecularilitols sharply
reduced due to the very high viscosity of the arhoys state, resulted in very low rates of loss of
acidification activity (low k values). The acidifiion activity loss rate increased with increademperature
difference (Tstorage — Tg), corresponding to a msgjvely higher molecular mobility. The following
exponential model was used for describing the ddssidification activity as a function of tempeured:
— kl (Tstorage -Tg )
k=kee Equation 2

With ko = 3.88 min.day and k = 0.032 K*
To model the degradation of acidification activibf bacteria during the freeze-drying process, two
assumptions were made: i) a linear relationshipveen t, and freeze-drying time, in a similar way\aries
with the storage time, and ii) the degradation kate an exponential function of temperature défese
between the product during freeze-drying and thesgtransition temperature Tg, similar to the iateship
observed between k and Tstorage-Tg (eq 2). The firmalel describing the degradation of acidification
activity of bacteria during the freeze-drying models thus:
Zmo—k ekl(Tproduct_Tg)
0

dt

Simulation of the loss of acidification activity ritag the freeze-drying process

Equation 3 was integrated in the heat and massfelamodel of the freeze drying process developed b
Trelea et al [17], which takes into account glassdition as quality criteria of bioproducts. Blyefthe
model considers one-dimensional heat and massféraatong the shelf-product-chamber axis. At the
sublimation front, the vapor pressure is assumeaketm equilibrium with the local ice temperatuaed the
net heat flux is assumed to contribute mainly ® sablimation thus introducing an unavoidable cimgpl
between heat and mass transfers. The model caraselgurepresent both the primary and secondarindry
stages and the gradual transition between them. eModution of the glass transition temperature with
moisture content was modelled by the classical @oiHaylor equation, slightly modified to take into
account the frozen layer. During all the sublimatstage, the glass transition temperature wasdapstant
and equal to the glass transition temperature efniaximally freeze-concentrated phase (Tg’). When t
sublimation of ice was finished, the glass transitof the product increased with the removal ofroxrdn
water. Since the original freeze-drying model wasealoped for pharmaceutical products, all the patars

of heat and mass transfers and product propertes astimated for the bacteria product. Figurespldyed
the simulation results of the evolution of the #adtion activity (t,) during the freeze-drying process for
various combinations of operating conditions (shethperature and chamber pressure) applied dunimg t
sublimation step. All the four operating conditioc@mbinations resulted in values of product temijpeea
during the sublimation step lower than the collajgseperature (Tcoll = -27°C). However, only the i@ieg
conditions (-30°C; 20 Pa) made it possible to namtproduct temperature below the glass transition
temperature of the maximally freeze-concentratedsphduring sublimation (Tg' = -36°C). Figure 4
illustrates the evolution of product temperature ahelf temperature during the sublimation stepbioth
experimental conditions and the position of coleapgsmperature (Tcoll) and glass transition tempesadf
the maximally freeze-concentrated phase (Tg’).

The initial value of the acidification activity,twas arbitrary fixed at zero for clarity. The modbls
represents additional degradation due to the frdegieg step. The actual initia),tvalue of the bacterial
suspension before freeze-drying is highly depenaérthe conditions of fermentation and concentratio
processes. The experimental validation of the satran results is very difficult because many noenidfied
physical and chemical events other than the thehistdry of the product during the process areassible

of cellular damages resulting in important lossaafdification activity [2, 5, 9, 15]. During the ow

Equation 3




experimental conditions illustrated in Figure 4msoproducts were sampled at the end of the subitimat
step for measuring the acidification activity. Titeenoval of unfrozen water leading to stresses atebial
cells has not yet started at that stage of thegao¢or remained very limited). Consequently, weghmi
assume that the difference of acidification acfiietween the two experimental cycles considered wa
mainly due to the thermal history of the productinig the sublimation step. A higher acidificatioctigity
was observed for the combination of operating dions (25°C; 20 Pa) with a gain of 14 min compated
the combination (-20°C; 20°C). This experimentaule is in quite good agreement with the simulation
results since the model predicted a differenceSoimin between both combinations of operating caookt
When considering the most conservative couple efatng conditions (-30°C; 20 Pa) resulting in prod
temperature never exceeding the Tg' value durirg shblimation step, the highest degradation of the
biological activity of bacteria was observed withoas of acidification activity of 80 min. The higirying
time required to complete the freeze-drying process 43 hours (compared to 26 hours, 14 hours@nd
hours for the combinations (-20°C; 20 Pa), (0°C;P2) and (25°C; 20 Pa), respectively) can explain t
important loss of acidification activity observed.

20
90 |
g0 | ~ ——-30T/20Pa 10| ShelfT eraon
= -20T/20 Pa 1 a
70 0 PrrrmSrI————
60 0%T/20 Pa 5 I
| Y -20C/20 Pa
= &0 ——25T/20 Pa ® 10 \
£ 8 1 Product T°
F 404 g 20 R
€
30 + ki Tcoll
20 4
T
10 | g
0" ‘ ‘ -50 : : : :
0 2 4 6 0 5 10 15 20 25
Thickness of dry layer (mm) Time (hr)

Figure 3. Simulation results of the evolution of the acichifiion Figure 4. Shelf and product temperature profiles obtained

activity (t,) of lactic acid bacteria during the freeze-dryprgcess during the sublimation step of the two freeze-dgyaycles

for various operating conditions applied during gwblimation performed to validate the “biological model”. Thalwes of

phase. The initial ;f value was arbitrarily fixed at zero at thehe collapse temperature (Tcoll) and the glasssttian

beginning of the process. temperature of the maximally freeze-concentratedsph
(Tg’) of the protected bacteria suspension are @ported.

Experimental results

Table 1 summarizes the experimental results olddimethe two freeze-drying cycles performed afedént
sublimation conditions: (i) (-20°C; 20 Pa) resudtim product temperature close but slightly higthem Tg'’
and lower drying rate; and (ii) (0°C; 20 Pa) reisigtin product temperature close but slightly lowean the
collapse temperature (Tcoll) and higher drying .r&tee to fixed conditions for the desorption steimilar
values of residual moisture content were obtaineddth cycles.

Table 1.Degradation of the acidification activityftduring the freeze-drying process for two comhorat of shelf
temperature and chamber pressure

Primary Drying (Sublimation) conditions
-20°C / 20 Pa 0°C /20 Pa
tnibefore freeze-drying (min) 261 240
tyo after freeze-drying (min) 475 366
dty=tme — tnr (Min) 214 126
k (min/days) at 25°C 2.76 1.98

tn: time necessary to reach the maximum acidificatada in milk.
k: rate of loss of acidification activity duringosage at 25°C



The lower losses of biological activity were obsstwhen the drying steps were performed at highkreg

of product temperature exceeding the glass tramsitemperature. Applying higher values of product
temperature resulted in higher drying rates, thusmizing the time the product temperature excetbes
glass transition temperature and the product resratiincreased molecular mobility. It is currerabsumed
that in high molecular mobility conditions the dadation reactions are accelerated. When companity b
experimental cycles, a highey difference (dt) was obtained experimentally (214 — 126 = 88 ntian by
simulation (19 min) due to additional stresses aweg during the desorption step of the process.

CONCLUSION

The process optimization requires not only minimizihe process time but also maximizing the acadifon
activity recovery. The product thermal history agrthe freeze-drying process has a significant anpfthe
acidification activity of bacteria. A modelling aach integrating the degradation of the activityaatic
acid bacteria was developed and could be usedptomizing the process.
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