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CHAPTER 1

Introduction

Many food products and ingredients are dried in ¢geen@d form to provide shelf-life and
retain the activity of bioactive components (1-@ne of the most popular techniques is
spray drying, which processes liquid concentratés powders that can be reconstituted. It
is a mild technique due to its very short dryingdaiand the low temperatures to which the
product is exposed (8-11). However, in practiceefee drying is usually applied to
dehydrate heat sensitive components such as enzyitasins, volatile components, and
probiotic bacteria since the activity of the heatstive components is better retained (12-
14). Because spray drying is much more cost effeatompared to freeze drying, many
attempts have been made to optimise spray dryimy monduct formulations towards
minimal activity losses (1, 15-18). Although manycsesses have been reported,
optimisation results, especially from pilot-scakperiments, have been difficult to translate
into general optimisation rules (19), especiallyite application on industrial scale.

Optimal spray drying of heat sensitive ingredients

Optimal drying should be targeted at minimising khes of the functionality of the dried
material and maximising the energy efficiency. leaample, the survival of probiotics
increases with decreasing the outlet temperatuletanresidence time (17, 20). However,
a too low outlet temperature will reduce the dry@apacity and result in a higher residual
moisture contents, leading to subsequent lossaifiptic viability during storage (21). The
sensitivity of micro-organisms towards the outlemperature varies strongly with each
bacterial strain (22). Additionally, the resideriree is a critical parameter, which can vary
considerably within different industrial dryer typand possible following steps, such as
fluidised bed drying at low temperatures. Otherirtpyparameters of influence are related
to the exact spray dryer configuration, such aszleotype, positioning of air flow and
injection of feed, and chamber design (23).

Optimal spray drying of heat sensitive ingredidgnt®lves the use of tailored formulations
to enhance the stability of the components. Carbtiatgs are frequently added to obtain
glassy, amorphous powders (24, 25). For each poadéass transition temperature can be
defined below which molecular mobility decreasesnthtically (26-28). The glass
transition temperature is a function of the tempgemand the moisture content and thus
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varies during the drying process (29-31). Formafedi with a high glass transition
temperature have been correlated to increased enagthbacterial stability (32, 33).

Rapid screening method for optimum spray drying praedures

Sensitivity to the drying process differs strondigtween components (5). Therefore,
optimum drying parameters are unique for a givemmanent of interest. Moreover, feed
formulation co-determines the impact of the drymgthe activity of the component. The
overall result of the drying process is a very ctampgunction of both the formulation and
the process parameters. Finding this relation batwesult and parameters with a limited
set of experiments (or with straightforward modhg)i is a great challenge. Therefore, in
this thesis, a rapid yet robust method is propdsescreen for optimal conditions on the
basis of a single droplet approach. This methodilshibe able to handle a wide variety of
parameters (e.g. drying temperature, droplet slpgng time, feed type and its physical
properties) comparable to those in a spray dryesid&s mimicking the drying process
itself, it should facilitate subsequent rapid asalyof the functionality of the product.

The inactivation kinetics of heat sensitive compdsers a function of temperature has
been extensively studied (34-38). However, the doatb effect of temperature and

moisture content on the inactivation kinetics isslevell understood. Furthermore, for the
application in drying of heat sensitive componetttg, complication emerges that during
drying heat and mass transfer are distributed ith kome and space. Mechanistic
understanding of these distributions and the caedeactivation of components is

expected to give insight in optimal drying conditsoof heat sensitive components. The
single droplet drying approach employed in thisihiés a well-defined and robust drying
procedure, which can provide the necessary dasstablish this insight with underlying

inactivation mechanisms. Moreover, the well-definedperiments allow systematic

variation of drying conditions to establish inaetion kinetics of heat sensitive

components. These kinetics can be captured witligihee models to scale the obtained
insight from the single droplet scale to the dryngcesses at the industrial scale.

Probiotic products

Probiotics are live microorganisms that may colféealth benefit on the host (9, 26, 28).
Health benefits are related to the influence obptic bacteria on the microbial balance in
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the hosts’ intestine or via modulation of the gsg$@ciated immune system (6, 10, 15, 17,
20). Probiotic cultures are applied mostly in ydgar fermented milks, whereas
applications in other dairy foods such as some sthe®rieties, frozen yogurts, and ice
cream have been explored (39). In 1997, the Europsket for probiotic yoghurt and
milk (drinks) accounted for approximately USD 888lion; a number which is increasing
rapidly every year (40, 41). Typical products such Yakult or Danone Activia are
composed of carbohydrates, milk, flavours and fivebiotic bacteria and have a typical
shelf-life of 40 days under refrigerated conditiq@®). The living probiotic bacteria are
supplied to manufactures either in frozen or (feepadried formulations for prolonged
shelf-life.

Drying of probiotics

The focus of this thesis is on the drying of proiidiacteria. Probiotics formulations are
dried to prolong their shelf life (43), and to figeite their incorporation into products.
Unfortunately, spray drying of living probiotic ktacia is challenging and poor survival
rates are obtained, for example compared to frelegi@g (1, 5). As mentioned before,
spray drying is competitive due to its lower cosvdl and energy consumption and
therefore could be an attractive alternative, gtesithat the survival percentages and shelf
life are acceptable (12).

The single droplet drying approach is employed tdvdea more accurate mechanistic
description of the drying of probiotics. In additido the temperature and the moisture
content also for example the drying rate can besidened a critical parameter influencing
survival (44). Predictive models are developed lom lhasis of systematic single droplet
drying experimentation to more accurately descnibierobial survival as function of
relevant parameters. In addition the single drogtging approach is used to investigate
interaction behaviour between protective solid iessrand microbial cell membranes in a
more systematic way (24, 33, 45, 46).

Optimisation of spray drying conditions and additif protective agents are necessary to
retain the maximum viability of the probiotics (8, 38). The sensitivity of micro-

organisms towards drying varies strongly with elahterial strain (22). The cause of this
is not yet understood well, since the underlyingchamisms are many and complex. In
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practice, several expensive pilot-scale trials reeded to explore different formulations
and determine optimum drying conditions. The need & systematic screening

methodology is clear when considering the laboripist scale experimentation and the
number of parameters involved in the optimisatidnspray drying, e.g. processing

conditions, formulation, and component-specificssgrity. Use of laboratory-scale spray
dryers for optimisation is troublesome, because difficult to scale up drying time and

particle size distribution to spray drying at tinelustrial scale (11, 39, 40). Moreover, the
drying behaviour at the laboratory-scale inducesciig physical and chemical changes
which are not comparable to spray drying at theistidal scale (41-43). Thus, a rapid yet
robust method is proposed to screen for optimatlitimms on the basis of a single droplet
approach, which will be used for obtaining furtiresight into the crucial mechanisms that
limit the survival of probiotic bacteria during sgrdrying.

This thesis is the result of a project that was afdbd in the NWO — Process on a Chip
(PoaC) program and part of a larger project euntitldigh throughput experimentation on
spray drying”. The aim of this larger project wa® tevelopment of a platform for
screening of conditions and formulations for dryafgorobiotics, which included obtaining
more insight in the influence of drying at the leaictl level. The research carried out on the
bacterial level was done out at the Laboratory ofrishiology (by Dr. Bereschenko, Dr.
Kutahya, and Prof. Kleerebezem) who were respanddil the development of the rapid
viability enumeration assay interfacing with thegie droplet drying. Additionally, this
part of the project aimed at identification of thechanisms that are responsible for a
higher (drying) resistance bacterium using a mdéanalysis approach.

Objective and outline of the thesis

The objective of the research reported in this thesis the development of a single droplet
based drying approach to screen for optimal sprayg. More specifically, this approach
is to be used for identification and optimisatidifarmulations and drying conditions that
result in maximum survival of probiotic bacteria @her heat sensitive ingredients. This
then leads to better insight into the mechanisnag kimit the survival of spray dried
probiotics. In addition to the development of anperimental platform, predictive
modelling tools were developed to translate th@eghinsight towards the design of spray
drying processes, and to their scale up (Figurg 1-1
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Active ingredients
e Enzymes
® Probiotic bacteria

L L

High throughput experimentation platform
e Feed formulation
e Single droplet drying
e Screening for activity or survival

Predictive modelling (mechanistic approach)
® Drying kinetics
e Kinetics of activity or viability loss

|}

Optimal spray drying process
e Pilot scale validation

Figure 1-1. Schematic diagram of the approachudysthe spray drying of heat
sensitive products

In chapter 2 the design of a single droplet drying platformdescribed, including a
method for accurately dispensing small droplets. Tieat and mass transfer during
evaporation of sessile water droplets is charaadriwhich is related to spray drying. The
accurate estimation of moisture diffusivity is idt to calculate the temperature and
moisture content history of droplets during dryitig.chapter 3, a method is therefore
presented to measure moisture diffusivities indsofiaterials. This method is based on
gravimetric analysis of a drying thin film in a dymic vapour sorption (DVS) analyser.
The measured diffusivities are compared to predistimased on first principles, using only
the physical properties and thermodynamics of yiséem.

The enzymeB-galactosidase was chosen as a model system tetigmwte the effect of
temperature and moisture content on activity lagind heating and drying. lchapter 4,
the isothermal inactivation kinetics d-galactosidase at specific combinations of
temperature and water content is reported. A madltiead model based on Eyring’'s
transitional-state theory is employed to descrifeeibactivation kinetics of this enzyme as
function of temperature and water contentclapter 5, the single droplet drying system
was validated by studyinfj-galactosidase inactivation. The histories of terapge and
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moisture content in single droplets are predicteith &n effective diffusion model. This

model is then combined with the inactivation kingetof the enzyme to predict the residual
activity of the enzyme after drying of a single plei. This predicted residual activity
prediction is compared to the experimental resdiftsn the single droplet drying

experiments.

Lactobacillus plantarumWCFS1 was selected as a model probiotic bacteduming
subsequent single droplet drying experimentationchapter 6, a novel enumeration
method of viable cells is presented on the basislfdration of single powder particles on
an Anopore chip and subsequent fluorescence sgairihe method is verified and
compared towards conventional plate counting. Acldily, it is applied to analyse
powder samples obtained from laboratory-scale sgrging experiments. lehapter 7,
the inactivation kinetics df. plantarumWCFS1 are reported on the basis of experiments
with the single droplet drying platform. Both therimand dehydration inactivation
mechanisms are distinguished when operating ardift drying conditions. Survival af
plantarumWCFS1 is modelled taking into account both inattan mechanisms adopting
a Weibull distribution model. The modelling approashused to predict retention of
viability during laboratory scale spray drying aedmpared to experiments. Finally,
various drying methods (operating at different tisgales) are compared for their impact on
(especially dehydration) inactivation.

The influence of the formulation and of the dryiranditions on the residual viability af
plantarumWCFSL1 is presented ahapter 8 The influence of glass transition temperatures
and other physical properties of the carrier fomatiohs (e.g. molecular weight and degree
of crystallinity) are related to survival after drg of L. plantarumWCFS1. Inchapter 9,

the cell-integrity based enumeration method on lfasis of fluorescent staining is
compared to another enumeration method relying o rmicrobial growth profile.
Combining both enumeration methods provides mosgli in the capacity to resume
growth after reconstitution of the droplets.

A general discussion on the results and consegaeidhis thesis is presenteddhapter
10. This includes the implementation of the rapidesoing method for spray drying
optimisation procedures. Finally, an outlook totffier application of the acquired insight
and future research lines are discussed.
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Chapter 2

Single droplet experimentation on spray drying:
evaporation of a sessile droplet

Published as:

J. Perdana, M.B. Fox, M.A.l. Schutyser, and R.M.oBo 2011. Single-droplet
experimentation on spray drying: evaporation ofeasge droplet. Chem. Eng. Technol.
34:1151-1158.
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Abstract

This work forms the basis for the development of latfgrm for high throughput
experimentation on spray drying. To mimic the dgyiof single droplets during spray
drying individual droplets are dispensed and dded flat surface. A dispensing process is
used that is able to dispense viscous liquids amemgtes small droplets,(> 150 um).
The dispensed droplet size for varying liquids coblel accurately described with a
predictive model based on Bernoulli's law. The dgyiof droplets is monitored with a
camera and modelled with mass balance equationsllfsi a Sherwood correlation is
derived to describe the mass transfer betweeretfsils droplet and the drying air.

Keywords: spray drying, sessile droplet, fluid disping, Sherwood correlation

12
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Introduction

Spray drying has a long history in food processind other areas of industrial production.

For more than 30 years, spray drying is the mostnecon method to dehydrate for example

milk products (47). Nowadays, spray drying is wydesed for manufacturing e.g. milk

powder, whey powder, infant formula, lactose powdand maltodextrin due to its

advantages (11):

1. Instant properties of the powder can be effectielytrolled,

2. Spray drying allows high production capacity in thonous operation,

3. Heat-sensitive foods, biological products and plenenticals can be dehydrated
under relatively mild drying conditions.

Although spray drying is well-established, it isffidult to find the optimal drying
conditions for a given product. Numerous processrpaters and feed properties during
spray drying influence final product quality andbpess efficiency. To avoid up-scaling
issues, it is necessary to carry out trials in esentative pilot-scale spray dryers. These
trials are costly and increase the time to markgher disadvantages of existing spray
dryers are the given design and operational pamsjee.g. operating temperatures,
residence time, and liquid feed viscosity (havédowithin certain limits), which makes it
difficult to discover new windows of operation ilmrabination with the development of
new products.

Researchers have attempted to scale down the mquel conditions from pilot-scale to
as small as a single droplet (48, 49). Major adagatof this approach is the reduction of
the number of pilot-scale tests. Drying of singlepdets was for example assessed by using
acoustic levitation to suspend a free droplet edh. From imaging the shrinking droplets,
it was possible to determine the drying kineticglifferent drying conditions (48, 50). In
the current study we aim at the drying of singlepits dispensed on a flat surface.
Advantages of the proposed approach is that meltipbplets can be dried simultaneous,
residence time can be easily varied, and partaa@sbe collected for further analysis (e.g.
to monitor survival of bacteria after drying). Dis@ntage of the drying of a droplet on a
surface is that it is physically different from tteying of a free flowing droplet suspended
in the air (which occurs during spray drying). Howe despite the differences, there are
also still many aspects of the drying process aikd parameters, e.g. initial droplet size

13
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and air flow rate, can be set similar. The compreno$ drying droplets on a surface
facilitates that we can dry multiple droplets sitankously and thus in principle perform
high throughput experimentation on drying of dragle

In this study a pneumatic dispensing method is dtigated to produce a small initial
droplet size of various liquids. The propertiestaf target surface are selected such that the
droplets retain their spherical shape but do notentay the applied air flow. In this way the
difference in drying behaviour between a sessilg arfree falling droplet is minimized.
Finally, the drying behaviour of the sessile drtgkre investigated are compared to that of
droplets in spray drying.

Materials and methods

The experimental set-up consists of the followingsiun
1. Micro-dispenser
2. Drying chamber
3. Camera system

i Fluid inlet
Pressure .

_ (Pr) : (fromireservmr)

I

. P Needle piston
F[u',d ! (valve)
reservoir i
Elg Micro- Valve channel

L dispenser

(needle seat)

]

=

Needle tip

Needle B
tip

Figure 2-1. Pneumatically driven micro-dispenser.

1 Dispensing surface
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The micro-dispenser was a Microdot 741MD-SS Dispevislve (Nordson Engineering
Fluid Dispensing, USA). Nitrogen (6 barG) was usedperate the micro-dispenser. As
shown in Figure 2-1, a static pressure is appledhe fluid in the cylindrical fluid
reservoir. The needle valve or piston opening tismeantrolled by the actuating pressure.
When the valve is opened, liquid is dispensed thinahe needle tip. Inner diameter of the
needle used in this study was 0.12 mm. An Ultra ToBitning system (Nordson
Engineering Fluid Dispensing, USA) was used to aatenthe dispensing process and to
position the dispensed droplets.

To evaluate the micro-dispensing process, threeerdift fluids were dispensed;
monoethylene glycol (MEG), diethylene glycol (DE@hd polyethylene glycol 400 (PEG-
400). Analytical grade fluids (Merck Chemicals, @®any) were used. Milli-Q water
(Millipore, USA) was dispensed for the drying expents.

The pre-conditioning of the drying air was carriaat avith two heat exchangers and a
packed bubble column. The dry air stream was thpdih into two streams of which the
flow rates were measured and controlled indepehdértie first stream was saturated with
water in a packed bubble column (A). The secondastr was passed through a heat
exchanger to increase the air temperature to watet. Both streams were then mixed and
led through the second heat exchanger (B). Thuesfitet heat exchanger was used to
control the humidity of the air and the second lee@hanger was used to control the outlet
air temperature.

@ Micro-dispenser ® Droplet sample. Camera

Droplet sample

- Insulated air-feed Sample
| = tunnel holder
Insulated air-feed  [Ta_—
tunnel
Sample I:Blkl' ht
holder Air flow direction — ackla

Figure 2-2. Spray drying screening tool setup, sider (S) and top view (T).

15



SINGLE DROPLET EXPERIMENTATION ON SPRAY DRYING

Drying air was fed to the drying chamber via arulaged channel. In this channel, the air
flow was developed while the temperature was miathconstant. In the current study,
the bulk drying air temperature in the tunnel w@s°8. A similar air temperature was

assumed near the droplet, although in practicewlilisbe somewhat lower due to heat
transfer between the solid surface and the air. droplet was dispensed on the solid
surface with the aid of the Ultra TT system. The pasiof the droplet sample was exactly
in the centre of the outlet of the channel as shiovFigure 2-2.

The surface on which the droplets were deposited avds/drophilic membrane, i.e.
Accurel® type PP 2E-HF (Akzo Nobel Faser Ag., Netirads). The water contact angle of
this membrane was 130The camera system used to monitor droplet gegnutange
consisted of aukEye 1480ME CCD camera (Imaging Development System 8MB
Germany) with a magnification lens. The droplet vilasninated from the back using a
diffused light Lumimax SQ50-W (Lumimax, USA).

Theory

Micro-dispensing

The micro-dispensing process can be considered fagdaflowing through a series of

channels. To describe the micro-dispensing pro@ssodel based on Bernoulli's law is

proposed. Several assumptions and consideratioresclecked and found to hold:

*  Newtonian flow behaviour of the dispensed fluids,

e The dispensing resistance is (> 99 %) dominatedhieynteedle tip, which is the
narrowest channel in the dispensing system (51),

«  The small increase in temperature (€Bhas no significant effect on fluid viscosity,

e The Laplace pressure is less than 5 % of the appliedsure for dispensing the
smallest droplets and thus assumed negligible.

For non-compressible fluids, Bernoulli's equatiéa,(53) can be written as
[POF_)H}9(Zo—zi)+%°‘("02“’i2)+W+ef =0 2-1)

which gives the energy per unit mass due to thdieappressure difference (first term in
Eq. 2-1), the potential energy difference (secomah}ethe kinetic energy difference (third

16
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term), the shaft work (fourth term), and the fiactiin pipes and appendages (fifth term).
The value of the kinetic energy correction factgri§¢ taken as 2, which is valid for laminar
flow (51). The piston movement in the dispenserdpen and close the valve) can be
regarded as shaft work and determines the minimepedsed fluid that can be achieved.

The total friction loss of the system is the sumorabf all frictions due to the length of the
pipes, valves, fittings, contractions or expansions

Kf_vi2

—_ 1 -
& =2, — (2-2)
It was calculated that 99 % of the resistancedoidi flow is contributed by the needle tip
due to contraction and flow in the small channek Tlbw in the small channel is laminar.

The friction coefficient ;) can be estimated using the Fanning friction flaf which is
dependent on the Reynolds number for laminar flow:

Kf:4fi; =10 (2-3)
dy, Re
To predict the resistance to flow due to contracti@ween the needle and the needle
chamber, the following friction coefficient was ds®4)
K
Ki =K+— 2-4
f Re (2-4)

with K = 2.4 andK’= 295. This correlation is derived for a contractfactor € /d.; of
0.016 and 6<Re<2000, which is relevant to the disimg process used; the contraction
factor in the micro dispenser used is between 0a0#60.048 and the Reynolds number is
larger than 8.

Eqg. 2-1 is numerically solved and yields the outlat velocity (v,) of the dispensed fluid.
The droplet volume can then be calculated as follows

1
Vd = Z ™ c,ovotdis (2'5)

17



SINGLE DROPLET EXPERIMENTATION ON SPRAY DRYING

Drying of a single sessile droplet

The evaporation of a single sessile droplet canaatdmsidered similar to that of an ideal
spherical body because of the evolution in geométming the drying. In Figure 2-3 the
evolution of a drying sessile droplet is sketchédis found that during our drying
experiments the wetted droplet surfacdgfZremained constant. Thermodynamically, one
would expect a constant contact angle. However tdwsirface roughness a constant base
diameter is often observed as well. This phenomesoalso known as contact angle
hysteresis (55). It is noted that during the dryiofy actual food suspensions (e.g.
concentrated milk) the droplet height will only keduced with approximately 30 % and
thus the final particle shape will not be complefit.

121y
=2-rcd

Figure 2-3. Droplet evolution due to evaporatioragfure liquid; sessile droplet
(left) and spherical body (right).

Drying of single droplets has been investigatedumerous studies, e.g. the work of Ranz-
Marshall (56). The mass transfer coefficient canob&ined from Sherwood correlation

that describe the mass transfer coefficient ametiton of hydrodynamic conditions and the
geometry of the drying object. The general Sherwmardelation is the following (57)

sheKede P +P, R€3 s (2-6)
D

In which, the Reynolds and Schmidt numbers arenddfas

_Padpva
Ha

Re 2-7)

18
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Ha
Sc=—2 (2-8)
P.D

In the field of spray drying the Sherwood correlatifor a free falling spherical body is
mostly applied. The Sherwood and Nusselt relationfiéat and mass transfer for this case

are

Kk
Sh:%: 20+06Re2 S (2-9)

h.d
Nu = °k P - 20+06Re2 pr/3 (2-10)

a

in which the Prandtl number is equal to

pr = PaHa (2-11)
Ka
In this study we focus on the drying of a droplepdsited on a flat surface. Baines and
James (58) indicate that the Sherwood correlatiorafdeposited droplet is comparable to
that for flow across a flat plate

Sh=0.664Re"2 S¢H3; S 0.6 (2-12)

Evaporation of water from a sessile droplet is gotediheat and mass transfer process (50,
59). For a sessile droplet heat is partially transfd via the drying air and via the solid
surface that is heated by the drying air. Therefiliee fotal heat balance is

dmy

—4H
dt

dT
mMyCh E =u convAYaATIa +U condAsATIs - vap (2-13)

in which AT, is the temperature difference between the drapidtthe air; and Ty is the
temperature difference between the droplet andalid surface. The exact temperature of
the droplet was not determined during this study. the calculations on mass transfer it
was assumed that the drying occurred at wet butipéeature (60).

19
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The change in droplet mass during evaporation cateberibed as

_dﬂ:_ I%:kevAiaﬂ &_& (2-14)
dt dt R\ Tsat Tha

in which Pgyis the saturated vapour pressure atQ@the correlated wet bulb temperature
of the drying air with temperature 8G and relative humidity 0 %) arf,,is the vapour
pressure of the drying air, which is taken zero.
The change in droplet volume can be related tollaege in height
—om. M
d\; =21y > dh, (2-15)

in whichrgg is the radius curvature of the droplet

Feg = % (2-16)
The contact area between the sessile droplet ardhyivg air @) is given by

Ao =1lhy? +12) (2-17)
Finally, the change in droplet height can then éscdbed

_%pln(hdz"'ldz)%:kev hdz""dz)%(%‘%j (2-18)
The equation above can be simplified to

_ﬁzzﬁm[&_@] (2-19)

dt pp RITs Ty

The mass transfer coefficieri,f) can be obtained by fitting Eq. 2-19 to the expental
data.

20
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Results and discussion

Dispensing process

A pneumatic micro-dispenser was used to producplet®of a size similar to the droplet
size during spray drying. This micro-dispenser wekected as it is able to produce small
droplets and at the same time dispense viscougdéigwhich is a prerequisite for the

dispensing of concentrated liquid foods. The topwviof the deposited droplets was
visualized with a microscope and subsequently tfupldt volume could be calculated

assuming a constant contact angle during drying-itjure 2-4A, the droplet volume is

shown as a function of applied dispensing pressndevalve opening time.

Figure 2-4A shows that droplet volume increase$ wiessure and valve opening time. In
practice, the smallest droplet that can be gerngfzés a diameter of 150n (~2 nl). This
minimum droplet size is influenced by the movingdie valve (in the micro-dispenser)
during opening and closing. The predicted droptdtime by a model based on Bernoulli’'s
law (Eg. 2-1) was compared to the experimentallt®sAs shown in Figure 2-4A, the
predicted droplet size is in close agreement witghexperimental data.

The viscosities of MEG, DEG, and PEG-400 at qD are 13, 21, and 71 mPa.s,
respectively. Rheological measurements showed that fluids exhibit Newtonian
behaviour in the range of shear rates applied.rEigedB shows that droplet size decreases
with increasing fluid viscosity. Bernoulli’s law s includes the effect of viscosity on
dispensed droplet size. As shown in Figure 2-4B, fihedictions are in good agreement
with the experimental data.

Three different sizes of needle tips were usedg&rge (0.22 mm), 30 gauge (0.16 mm),
and 32 gauge (0.12 mm). As shown in Figure 2-4€,ntodel is in agreement with the

experimental data. From these results, it is cateduthat Bernoulli’'s law can account for

the effects of applied pressure, valve opening tineedle tip size, and fluid viscosity on

droplet size. Thus, if the liquid viscosity is knovand an appropriate needle tip size is
chosen, the pressure and valve opening time caoob#olled to deposit the required

droplet size.
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Figure 2-4. A: Effect of dispensing pressure antvevapening time on droplet
volume for MEG. The symbols represent the expertalaralues at valve opening
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represent the values predicted by the model bas&emoulli’'s law.

B: Dispensed droplet size of ME®)( DEG (A), and PEG-400) at valve
opening time = 170 ms. C: Effect of needle tip sz&2 mm ¢), 0.16 mm @&),

and 0.22 mmg); on MEG dispensed volume at valve opening time = 80 ms.
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Drying process

The evaporation of a single dispensed droplet weassiigated as a function of the drying

air conditions. The effect of the slip velocity Wween the droplet and drying air on the

drying of a sessile water droplet was investigdteik. In Figure 2-5, snapshots of a droplet
are shown during the drying process.

Figure 2-5 show that the droplet geometry evolvainiy in height, while the contact area
between droplet and the flat surface (base diamedenains constant. This finding is in
agreement with the observations of Hu and Larsah\{$ho observed that the contact angle
of water droplets deposited on a glass surfacangdd from 40to a minimum contact
angle of 2-4, while the base diameter remained constant. Inctireent study similar
observations were obtained; the droplet base demtenhds to be constant during drying
(Figure 2-5C). It was observed that during the myyéxperiment with the air slip velocity
of 0.17 m/s, the droplet base diameter suddeninwgdd Possibly, this was due to an
irregularity in the microscopic surface of the meame. After the sudden change, the
droplet base diameter remained constant againclidinging contact angle.

The experimental data on the change in height maycbmpared to Eq. 2-19. A
characteristic length is used for the calculatiohshe Sherwood and Reynolds number.
The characteristic lengtlh) is defined as:

objectsurfacearea

.=
¢ perpendiciar objectperimeter

For sessile droplets, the characteristic length is

=—d (2-20)

The mass transfer coefficienk.f for a free spherical droplet is calculated usthg
Sherwood number from the Ranz-Marshall correlatigig. 2-9 and 2-10). The mass
transfer coefficient is then used to describe thight as a function of the drying time using
Eq. 2-19 (Figure 2-6).

Figure 2-6 shows that the height of a free drodkstreases faster than that of a sessile
droplet. It is concluded that the drying of thesslesdroplet, even when with a high contact
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angle (130), cannot be approximated by directly using the srteansfer coefficient for a

free spherical droplet. Therefore, different partarefor the Sherwood correlation were

determined for the drying of a sessile dropletitiinfy 2-6 to the experimental data.

Vapour-air diffusivity and air viscosity were takahthe wet bulb temperature of 26 and

assumed constant in the experiments. The Schmidbauis thus constant in this study,

i.e. 0.62. Therefore, it was not possible to estarthe power of the Schmidt number.

droplet height (um)
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Figure 2-5. A: Snapshots of a shrinking dropleyjry at a constant bulk velocity
of drying air 0.30 m/s, J; = 80°C, and RH ~ 0 %. B: Droplet height as a function
of drying time at different bulk slip air velocige0.04 m/std), 0.11 m/s €), 0.17
m/s ©), 0.30 m/s (+), 0.38 m/sA], 0.64 m/s (*), 0.98 m/se]). C: Droplet base
diameter as function of the contact angle durireydhying process; bulk slip air
velocities: 0.04 m/s), 0.11 m/s €), 0.17 m/s ¢), 0.30 m/s (+), 0.38 m/sA],
0.64 m/s (x), 0.98 m/>|.
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The estimated Sherwood correlation are shown irleTadl and compared to the values
from literature for several cases. The parametregafor the Sherwood correlation (Eqg.
2-6) in this study were obtained by fitting the dictive model (Eg. 2-19) to the
experimental height data as shown in Figure 2-6B.

Table 2-1 shows that the estimated parameter vatuteés study are different compared to
those of the flat plate and the falling sphere.c8pally, the parameter value, is found to
be in between the two cases. The valu®gafeflects the limiting Sherwood value where
diffusional mass transfer occurs predominantly. Valeie ofP;is 2.0 for a spherical object
and O for a flat object. The sessile droplet charfgem a nearly spherical to a flat object,
which is reflected in a decreasing contact anghe alue ofP; (0.24) in this study is only
valid for a sessile droplet with an initial contaigle of 130that decreases to nearl§. 0
More information about the effect of contact angle the Sherwood number for the
diffusional regime can be found in literature (Bssrand James, (58).

It is expected that thB, value for drying of a droplet from a suspension Wwé higher if
the droplet will only partially evaporate. Furthemra, to better mimic the drying behaviour
of a free falling droplet it is suggested to forample micro-fabricate a ‘hairy’ surface
structure that is better able to retain the sphésbape of the drying droplet (i.e. making
use of the Lotus effect).

The estimated value &, for this work is 0.62, if it is assumed thRagis 1/3 (a common
value for the power of the Schmidt number). Foree ffalling spheré, is found equal to
0.60 and for a flat surface equal to 0.67. The eaftithe estimated parametey in this
study (0.51) is comparable to tRgvalues in the Sherwood correlations for flow acrass
flat surface and a falling sphere.

25



SINGLE DROPLET EXPERIMENTATION ON SPRAY DRYING
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Figure 2-6. Normalized droplet height as a funciidrthe drying time using the
estimated Sherwood correlation (solid line) and tging results at slip air
velocity 0.04 m/std), 0.11 m/s €), 0.17 m/s (©), 0.38 m/s (A), and 0.98 m/s (e);
the solid line represents the model with (A) Shex@aorrelation for free falling
sphere (Ranz-Marshall correlation) and (B) propoSégrwood correlation for
sessile droplet (this research).

Table 2-1. Estimated parameter values for the gér&rerwood correlation for different

cases.

Sh= PR + BSc™ Re™

Py BSE Py Case

Sessile droplet, initial contact
0.24 (2.710%*  0.53(3.110%)  0.51(9.810% angle 130

This work, 0.6< Rg;< 60

Free sphere

2.0 0.51 0.50
Ranz-Marshall (62)

Laminar flow across flat plate;

0 0.56 0.50
Sc > 0.6 (58)

% The uncertainty of the parameters at 95 % confideimterval is provided between

brackets
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Conclusion

The dispensing of liquid droplets was carried oithva pneumatic dispenser and could be
controlled accurately by varying applied pressund ®&alve opening time. A predictive
model based on Bernoulli's law was developed amsl tfodel was found to predict the
dispensed droplet volume as a function of liquiopgrties and dispensing parameters.

Drying of single sessile water droplets was experitally monitored with a camera set-up.
Drying was assumed to occur at the wet bulb tentpexa Experimental data of the
shrinking droplets were compared with a predictimedel based on mass transfer for a
single free falling sphere. It was found that tihei8/ood correlation of a free falling sphere
did not predict the appropriate mass transfer amefft for the drying sessile droplet.
Therefore, a Sherwood correlation was derived lier drying of sessile water droplets as
Sh=0.24 + 0.6R&>'S¢” for Sc= 0.62. This correlation was found almost simikathe
Sherwood correlation for flow across a flat surfacel a free falling sphere except for the
value of P;. It is expected that this value will increase witgging food suspensions or
when a micro-fabricated ‘hairy’ surface structuseised.

It is planned to further investigate the drying aafmplex solutions, i.e. food products,
which are highly viscous or contain specific heatsitive ingredients. During drying of
these products, the temperature of the product stdlt deviating from the wet bulb
temperature. Furthermore, a challenge will be thbseguent analysis of very small
particles. Therefore, it is intended to develop thlatform into a high throughput
experimentation system to dry multiple dropletthatsame time.

Nomenclature

A Surface area m?

Cp Specific heat capacity at constant pressure TKKRY
d Diameter m

dh Channel diameter m

D Diffusion coefficient of water vapour in air Bt
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hy

AHvap

Kev

Nu

Py

P>

28

Friction loss per unit mass

Fanning friction factor

Acceleration gravity constant (9.8)
Convective heat transfer coefficient
Droplet height

Enthalpy of vaporization

Thermal conductivity

Convective mass transfer coefficient

N.mkg

.S
WeK'!
m
J.Kg
wW.m'K*

m.s

Hagenbach-Couette correction factor for narrow gap

contraction

Hagenbach-Couette correction factor for narrow gap

contraction

Friction loss coefficient

Characteristic length in Sherwood number

Droplet base radius

Channel length

Mass

Molecular weight

Nusselt number

Pressure

First parameter in generalized Sherwood corredatio

Second parameter in generalized Sherwood cowslati

kg

kg.mor*

Pa
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P3
P,
Pr

le

Re
Sc

Sh

Third parameter in generalized Sherwood corratfatio

Fourth parameter in generalized Sherwood coroglati

Prandlt number

Radius curvature

Gas constant, 8.314

Reynolds number

Schmidt number

Sherwood number

Time

Temperature

Overall heat transfer coefficient
Velocity

Volume

Shaft work in micro-dispenser per unit mass
Length coordinate

Height coordinate

Greek letters:

a

A

u

Kinetic energy correction factor
Difference

Dynamic viscosity

°CorK

kg.m*.s*
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T Pi value; 3.14

0 Contact angle

p Density
Subscripts:

A Air

ba Bulk air

C Dispensing needle channel
conv  Convection
cond  Conduction

D Droplet

dis Dispensing

[ In

I Liquid, i.e. Water
o] Out

p Particle

S Solid

sat Saturated

30

rad

kg.m



CHAPTER 2

31



SINGLE DROPLET EXPERIMENTATION ON SPRAY DRYING

32



CHAPTER 3

Chapter 3

Measuring and modelling of diffusivities in

carbohydrate-rich matrices during thin film drying

Submitted for publication:

J. Perdana, R.G.M. van der Sman, M.B. Fox, R.MomBoand M.A.l. Schutyser.
Measuring and modelling of diffusivities in carbalngte-rich matrices during thin film

drying.
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MOISTURE DIFFUSION IN CARBOHYDRATE-RICH MATRICES

Abstract

Knowledge about moisture diffusivity in solid ma#s is a key for understanding drying
behaviour of for example probiotic or enzymaticnioitations. This paper presents an
experimental procedure to determine moisture difftyson the basis of thin film drying
and gravimetric analysis in a Dynamic Vapour SomtfDVS) system. The extraction of
moisture diffusivity is based on the “regular regimpproach”. The method was explored
and verified for its assumptions. It provided ifign the effect of moisture content and
temperature on moisture diffusivity. Moreover, iasvfound that moisture diffusivity in
different carbohydrate systems was similar andesesad with moisture content. The latter
was explained by similar molecular interactionsanbohydrate systems and formation of a
percolating network at low moisture content thdeets water mobility. Subsequently,
measured moisture diffusivities were compared todehopredictions based on first
principles. It was found that predicted moisturéfudivities were in fair agreement with
these, including the effect of moisture content terdperature on moisture diffusivity. At
low moisture content the model overestimated thesitigity of moisture diffusivity
towards temperature. This was explained by the fthat the different water-solid
interactions at lower moisture content (includimdakation behaviour in the glassy state)
are not considered in the modelling. Finally, thettmdology was successfully evaluated to
other solid matrices such as glycerol, skimmed nailkd casein, providing different
moisture diffusivities as function of moisture cemt

Keywords: moisture diffusion, thin film drying, melling, regular regime, carbohydrate,
ternary matrix
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Introduction

Spray drying is frequently applied to encapsulatéiva ingredients for example in
chemical, food, and pharmaceutical products (63-@0ring spray drying, internal
moisture gradients develop within drying particldsie to diffusion limitation. In
combination with temperature this is found criti¢al retention of biological activity of
ingredients (68-70). Understanding and predictivedelling of diffusion-limited drying
requires full description of diffusivity as a furmt of moisture contents and temperature.
Unfortunately, these diffusivities and their retetion moisture and temperature are only
available for homogeneous matrices, while for mzplex mixtures, e.g. food matrices,
these are rarely available. Current experimentahaus for measuring diffusivities often
require highly specialized equipment, such as the of nuclear magnetic resonance
spectroscopy (71, 72) or fluorescence photo-bleachiethods (73, 74) or are complicated
and time consuming, especially when the diffusistylependent on both temperature and
moisture content, which is usually case.

In this paper we present an efficient procedurentwe rapidly determine diffusivities on

the basis of thin film drying and gravimetric argtyin a Dynamic Vapour Sorption (DVS)
system. The new procedure is demonstrated by nmerasuts on drying of aqueous
suspensions of different carbohydrates and theitures, which are frequently applied to
formulate active ingredients (5, 75, 76). The mdtlveas evaluated for its potential to
provide diffusivities for amorphous systems. Theighoe diffusivities as a function of

moisture content and temperature were extractad flee experimental data by adopting
the more commonly applied regular regime appro@@h7Q).

To predict moisture diffusivity in complex solid maes for a wide range of temperature
and moisture content a semi-mechanistic modellpg@ach was developed as well (80).
The approach was based on 1) the Darken relatiotihéomutual diffusivity, which has the
advantage that it can be expanded to multicomposysiems, 2) the generalized Stokes-
Einstein relation to describe the solute self-diifity, and 3) the free volume theory, which
describes the solvent self-diffusivity. Followingig approach, moisture diffusivity can be
described according to the physical propertiestaednodynamics of the system.

Predicted diffusivities were compared to the expental results from thin film drying and
the gravimetric analysis in the DVS system. Theetgprovided insight on the accuracy of
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the prediction of the diffusivity by the semi-mealstic model and indicated possibilities
to generalize diffusivities in complex matrices.

Materials and methods

Materials

Alginic acid sodium salt (sodium alginate) powd8igfna-Aldrich, USA), sucrose (Sigma-
Aldrich, USA), Lactose (Sigma-Aldrich, USA), trebak (Sigma-Aldrich, USA), and

casein (Sigma-Aldrich, USA) were analytical grade ased as received. Maltodextrin DE
4-8 (Glucidex 6, Roquette, France), and technigal §Sigma-Aldrich, USA) were used as
received.

Thin film drying experiments in a Dynamic VapourrSigon Analyser (DVS)

Thin films were prepared by dissolving 20"% of the selected solid substrates in Milli-Q
water. For preparation of a consistent film, 1.5'fpagar was added. It is noted that the
addition of this agar has negligible effect on diféusivity of water in the film (78, 81). To
ensure that all ingredients were dissolved, theunixwas boiled in a microwave oven for
60 s. Subsequently, the mixture was casted in dd{tuprepare a film of 8 x 8 mm with a
thickness of 1 mm) and slowly cooled down to sbfidit room temperature.

The thin film drying experiments were performedairDynamic Vapour Sorption (DVS)
Elevated Temperature (Surface Measurement Systaglafd). The relative humidity of
the drying air was set to 0.0 % and the air flowpleg was 50 ml/s. Each drying
experiment was carried out in three subsequens:step

1. The thin film was first (nearly completed) driedsatlesired temperature for
24 h.

2. The drying air temperature was raised to remdivéha remaining water
during a next period of 24 h.

3. Finally, the drying air was readjusted to the ov@dly selected temperature in
the first step.

During the first drying step the mass of the thimfwas recorded each 2 s during the first
6 h, and after that the mass was recorded onlyyeM@rs. The temperature in the second
step was selected to be slightly higher than tlesgkransition of the solid substrate as
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summarized in Table 3-1. The second step is impbrta “completely” remove the
remaining water from the sample without signifitgandegrading the materials, which
ensures measurement of the dry matter in the sarAplaurate measurement of the dry
matter is required for proper estimation of the malidiffusion coefficient of water at small
water contents. After the second step, the air ézatpre was set to the value used at the
first step to obtain the final dry matter masshef sample, because the mass balance of the
DVS was originally calibrated at this temperature.

Table 3-1. The selected temperatures for the sest@pdinvolving high temperature drying
to remove all water and measure the dry matter wiatsee thin film.

Component Ty (°C) Reference T for high temperature drying@)
Casein 206 (82) 200

Lactose 110 (83) 130

Sucrose 60 (84) 105

Trehalose 107 (84) 120
Maltodextrin DE 6 190 (30) 200

Sodium Alginate 95 (85) 120

Glycerol -93 (86) 70

Skim milk NA 200

X-ray diffraction for assessing the degree of alstity of the solid matrix

X-ray diffraction spectroscopy (XRD) was conducteith a PANalytical Expert Pro
System (The Netherlands) by using nickel-filterak@ radiation (tube operating at 40 kV
and 40 mA). The data were collected using an autndivergence slit (5 mm irradiated
length) and a 0.5 mm receiving slit. Data wereemi#td by step counting at 0°0Rtervals
for 2 seconds per data point.

The amorphous samples used as reference wereadtajrspray drying 0.2 %,, samples
diluted in Milli-Q water (Millipore, USA) in Buchil90 mini spray dryer (Buchi
Labotechnik, Switzerland) at an inlet air tempematwf 120 °C and an outlet air

temperature of 85C.
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The degree of crystallinity was determined usingemal standard method (87). The
volume fraction of the crystalline phase in the tmig was calculated from the measured
integrated intensities of diffraction peaks prodiidey the samples compared to the
amorphous samples

W, = 1=k (3-1)

Iq

whereW, is the weight fraction of the crystalline phakes the integrated intensity of the
samples antl, is the integrated intensity of the reference plfasrphous sample).

Extraction of mutual diffusivities of water fromithfilm drying experiments

The mutual diffusion coefficient of water in vareowater-solid mixtures predicted using
Darken relation was validated using the resultsnfrexperiments. The mutual diffusion

coefficients from experimental data were determioadhe basis of thin film drying and

gravimetric analysis. The regular regime approa€h (vas adopted to extract moisture
diffusivity values as a function of moisture cortand temperature.

Theory behind the regular regime approach for airlyyslab

The generalized concentration-dependent diffusgpraton for a shrinking slab is (88, 89):

ou _ 0 C26u
at oz 5 8z

(3-2)

with t is time, D the mutual diffusion coefficients the mass concentration of the non-
diffusing reference component (solids) anthe mass concentration of water on the mass
basis of dry matterc{/c;), andz the reference component mass-centered coordinate:

Z=cCg'T (3-3)
with r is the absolute distance coordinate.

To solve the diffusion equation, the following dinsénless variables were introduced (77,
88):

(== (3-4)
DocZot
= (3-5)
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D. = Dc?
r = 2
Docsyo

(3-6)

with £ is the reduced distance coordinate which corredpom fractional increments in the
reference component mass, the dimensionless timeps the density of the solid
componentsZs the slab thickness at = 0, ¢;o the reference mass concentration of the
solids andD, the value of the diffusion coefficient @to, which is introduced to calculate a
dimensionless reduced diffusion coefficiebt)( The reduced diffusion coefficient is used
to describe diffusion in a component-mass centepeddinate system. Substitution of the
dimensionless variables in the diffusion equati@ums a dimensionless “Fickian”
diffusion model (77):

22 (02) o7

With initial and boundary conditions:

u=u, forr=0and0<¢<1 (3-8)
u=uy fort=7rand{ = 1 (3-9)
ou

rri 0 fort=7and{ =0 (3-10)

In most cases, the diffusion equation above (E2) 8an only be resolved numerically by
implementing the initial and boundary conditiongj(EB-8 to 3-10). Its solution can be
divided into two regions, i) a penetration periolai) a regular regime period. Schoeber
(77) developed an approach to determine moistdiesdiity by exploiting a unique feature
of the regular regime period. In the regular regtime desorption rate (dimensionless flux
parametefr) can be assumed independent of the initial conagon of water in the slab
(u). For desorption in a slab, the value of the disn@mess flux parameteF) is calculated
as

2 du

F=—(02)* % (3-11)
with
= _ (m-my) @ _ d[(m-myg)/m] _ id_m _
u= mg and dt dt T mg dt (3-12)

wherem is the total mass of the sample at tinamdms the solute mass.
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Subsequently, the approach introduces a Sherwogtbeurepresenting the mass transfer
at the interface for the dispersed phaSé € 2kL/D) on the basis that the moisture
concentration profile remains geometrically the sataring the regular regime:

2F /(U—uss)
Dy

Shy = (3-13)

with Sh,; the Sherwood number for dispersed phase in relatiothe average mass
concentration of watel, uss the mass concentration near the surfaceDarid the average
value of the reduced diffusion coefficient. Duritige regular regime, when boundary
values are fixed, theh, can be assumed constant (for a Slapis2/2) (88). Thus,

F =D, (1 —usx)m?/4 (3-14)

Next, a power law relationship is assumed betwden diffusion coefficient and the
moisture content:

D, = u“ (3-15)

with a is the power parameter to describe the reducddsthh coefficient dependency on
moisture content. This power law relationship aldfer analytical solution of the inverse
problem, i.e. enable the extraction of the diffitgivalues. A more complex relation based
on free-volume theory may be used but the extraatibthe diffusivity values becomes
very challenging. The reduced diffusion coefficiantoss the slab can be approximated as:

u g )
fuss D.du = fussu du (3-16)
and thus the average value can be approximated as
— 1 u

D, = [ u®du (3-17)

U—uUgg “Uss

which leads to

D, = —— 1 gla+) (3-18)

- U-ugs a+l

Substituting Eq. 3-18 into Eq. 3-13 results in

7 = 2F(a+1)/Shq (3_19)

u

On the basis of Eq. 3-16, for Ui D, can be estimated by differentiating Eq. 3-19
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D, = d(zF(a;r;)/shd) (3-20)

Liou and Bruin (88) suggested to ug; as a function o& (and thus indirectly to moisture
content in contrast to the previous assumptiofip,; was found linearly correlated to
a/(a+2):

Shaa ==+ = (%) (3-21)

72 \a+2
with Shy , is the Sherwood number for the dispersed phasefasction of the power law

parameter.

Following the relation in Eq. 3-6, the valuelfcZ, can be chosen arbitrarily. A value of 1

kg®/m’s is suggested so thatis numerically equal tBc2 (77). Thus,

D =D, /c? (3-22)
Taking into account the moisture content profilpdcross the slab, the moisture dependent
diffusivity (D) can be reversely extracted from the measured Isampass data obtained
during drying (77, 90):

_5 (d(2F(a+1)/Shg 4
D =c;? (%) (3-23)

When substitutingr from Eq. 3-14 andh, , from Eq. 3-21 into Eq. 3-23 one obtains:

2
d(2Dra(@-us))-(a+1)/Shaq
D =c;? [ ( * - )l (3-24)
du
Subsequently this can be rearranged into the fatigwquation:
_o |(a+1) 2Dr,17.
Dlyeg = 52 [— T ] (3-25)

Yamamoto (91) proposed to explicitly make powerapsgtera dependent ol to more
accurately describ®(u) over a wide range of moisture contents. Thaievadf D at a
specific moisture content is approximated by ediimyathe value o over a small interval
ofu

— In(Dyi/Dri+1) (3-26)

In(W;/%i41)
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with ; > i1;,,.
Procedure to extract moisture diffusivities frore trying curve

The overall procedure for extraction of moisturéudivity is schematically depicted in
Figure 3-1. The procedure is started by determirting reduced moisture diffusion
coefficient O,) for the component mass-centered coordinate syffem3-20). The value
of F is calculated according to Eq. 3-11. For accunasonsdu/dt is calculated for
different time intervals; for smadlii/dt values, longer time interval to calculatg/dt are
required.

Thin film drying
experiment in DVS

(m=m@)
l

Determine # and du/dt

(Eq. 3-12)
Determine F'
(Eq. 3-11)
T

l

Determine D,

(Eq. 3-20)
Determine a from

D, (Eq. 3-26)
l

Determine Sk,
from a (Eq. 3-21)

\L—‘

Determ in_e D from a, Dr,
and S%,(Eq. 3-25)
|}

Moisture diffusivity (D)

Figure 3-1. Procedure to extract the moisture diffity (D) from gravimetric data
based on the regular regime method
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From the reduced diffusion coefficienDf, the mutual diffusion coefficienD is

determined using Eq. 3-25 with the Sherwood nunob¢ne dispersed phasé, , and the

moisture-dependent diffusion power parameter(using Eq. 3-21 and Eq. 3-26,
respectively).

For multicomponent systems, the composition of égample the two solids does not
change during the experiment. Therefore, the mixafrthe solid components was merged
into a single densityd) and an overall solids concentration)( For carbohydrate
polymers, it can be further assumed that the dernsitconstant and not dependent on
molecular weight (30). We fixed the density for systems to 1550 kg/An

Modelling the mutual diffusion coefficient of watr binary systems

A semi-mechanistic model was used to predict theualwiffusion coefficient, in which
we used the approach by van der Sman and Mein8@ysThe generalized Darken relation
was used to describe the mutual diffusion coefficaf a binaryi-j component system in a
multicomponent mixture (92, 93)

D j = (%D ety + XiDjserr)Q (3-27)

whereD;; are the mutual diffusivity of componenin i-j systemx is the mole fraction,
Diser andDj s are the self-diffusivities of componentandj, respectively, and Q is the
thermodynamic factor.

Following a more commonly approach applied to paymelts, it is proposed to use a
volume fraction of polymerd| instead of a molar fractiorx)(for food polymer systems.
Therefore, Eq. 3-27 can be written as

D;j = (¢;Diserr + $iDjserr)Q (3-28)

The thermodynamic factor Q for polymiein solventi can be written following the Flory-
Huggins free energy function as

Q=1-2x¢;,(1-¢;) (3-29)
wherey is Flory-Huggins interaction parameter.

For a water-carbohydrate mixture, the self-diffasicoefficient for water molecules is
predicted using the free volume theory based omvtiré& of VVrentas and Duda (94)
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—(my Vi +ms&V5)
3-30
mw(’%)(KZW—Tg_Ww)+ms(%)(KZS_Tg,S+T)( )

Dy seir = Doexp (_ %) exp

with Dg is the pre-exponential factdg, the energy to overcome the attractive forces from
neighbouring molecules, R the gas const@ithe temperaturd]* the specific critical free
volume, ¢ the ratio of solvent and polymer jumping unks,, Ko, Kis Kosthe free volume
parametersT, the glass transition temperature, anthe overlap factor for shared free
volume (between 0.5 and 1). By equating the diffmstoefficient for pure water (95, 96)
and using the Vrentas-Duda theory for self-diffitgiof water for pure watemg, = 1), the
value ofDy andE can be determined (Table 3-2).

Table 3-2. Vrentas-Duda diffusion parameter vafoepure water

Parameter Value The uncertainty of the parameter
Value %

Do (ms)  1.48-10 2.38-10 16.1

E (kd/mol) 2.34 0.42 17.9

Based on molecular dynamics simulations, Limbadah @hbink (97) showed that the self-
diffusion coefficient of water in carbohydrate pulgr systems is independent to the degree
of polymerisation and therefore the free volumeapaters for water in sucrose (Table 3-3)
are applied to predict the self-diffusion coeffitieof water in various carbohydrate
polymers.

The self-diffusivity of a carbohydrate molecutein a water-carbohydrate mixture is
described using the Stokes-Einstein relation (98)

_ kgT _
Ds,self - 67TrHlueff (3 31)

with kg is Boltzmann constanfl is temperaturery is the hydrodynamic radius of the
molecules, andsy is the effective viscosity. The hydrodynamic radity) is calculated
from the degree of polymerization of a carbohydgmi/mer applying the Mark-Houwink
correlation (99)

Fu (3-32)

rH = pp—0.49
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with DP is the degree of polymerization of carbohydraté &ns the hard sphere radius of
a monomeric subunit:

a, = (- )1/3 (3-33)

4/3TNsps

with My is the molecular weight of the monombk, is the degree of polymerisation of the
carbohydrate polymer.

Table 3-3. Free volume parameters for water ancbsgc

Free volume parameters Water Sucrose
V' (L/kg) 0.91 0.59
Ty (K) 136 347
$() - 0.79
Kyly (L/kgIK) 1.945 0.336
K, (K) -19.73 69.21

& The data is taken from van der Sman and Mein@&s (

The effective viscosities of the mixtures are chtmd by a correlation proposed by
Soesanto and William (26):

Herr = 2.2414 - 1075 - 10247:8/(T=140) . oxp (—k (1 — x,,)V5) (3-34)

with k is a constant given for carbohydrate solution 82 2nol/L (26),x, is the mole
fraction of water ands is the molar volume of the solid.

Results and discussion

Drying curves from the thin film drying

The mass decrease of thin films could be accurabagitored during drying experiments
using the Dynamic Vapour Sorption (DVS) analysdre Tecrease in the mass of the films
was rapid in the beginning of the drying and becéass with time. After 24 h of drying,
the film was subjected to a high temperature dryiagod to remove the remaining water.
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In this step, the mass of the sample decreasedfisagly in the beginning of the step,
because: 1) remaining water was rapidly removetisthigh temperature and 2) the DVS
balance was not-calibrated for this high tempegatliherefore, readjusting the temperature
to the original setting (third step drying) is nesary to obtain the right mass reading; as
shown in Figure 3-2 the mass of the sample incteasmin before it equilibrated to a
constant value and provided the appropriate reaftinghe final mass of the “complete”

dry sample.
A
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Figure 3-2. A: The normalised mass of a thin filomsisting of a trehalose-water
mixture as a function of time dried at an air temapgre of 70 °C, showing the
three drying steps applied. B: The rate of massedse as a function of time.
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The main advantage of using the DVS analyser toitmothe drying curve is the high
accuracy and stability of its mass balance. Addélty, mass readings can be recorded with
a small time interval (order of magnitude: secondg#)ich is especially relevant at the
beginning of the drying. This acquisition procedawed direct estimation odnvdt
without the need for regression.

Verification of the regular regime method on asstioms

Advantages of carrying out the measurements aretrditing the diffusion coefficient in
the regular regime is that it can be assumed hahe effect of the external mass transfer
(in this case, between the sample and the dryingsanegligible and 2) the drying rate is
not dependent on the initial water content (77, %8¢ evaluated these assumptions by
determining the moisture diffusivity using thredfelient air flow rates. It was found that
although different air flow rates were applied,ntieal values of moisture diffusivity were
obtained (Figure 3-3A). It was also observed tlgaiaé moisture diffusivities were obtained
for thin films with different initial water contest although above 60-65 %, a small
deviation can be observed, which indicates thatititeal drying is not in the regular
regime (Figure 3-3B).

Crystallization of components in the thin film dugithe drying procedure can lead to an
erroneous estimation of the mutual diffusion caésit of water. During crystallization,
water is excluded from growing crystals, which leatbcally to a higher water
concentration. It is advisable to check the degrkeerystallinity of the thin films after
drying; an amorphous structure is a prerequisiteaficurate diffusivity estimation. For
example, for experiments with lactose a high degfeerystallinity in the thin film was
observed (Figure 3-4A, Table 3-4) and, additionaie mutual diffusivity of water in the
lactose-water system showed completely differemmtab®ur compared to those of other
carbohydrates (Figure 3-3C).
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Figure 3-3. A: Moisture diffusion coefficient in wse at 70C determined at air
flow rates of 10 ¢), 50 @), and 200 ml/min<). B: Moisture diffusion coefficient
of sucrose at 70C determined at an air flow rate of 50 ml/min witlrying initial

water contents of 80oj, 70 (), and 60 %"/, (0). C: Moisture diffusion
coefficient in water-lactose mixture (in duplicatelhe T, value shown was

corrected with the crystal concentration.
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Figure 3-4. Cross sectional scanning electron re@pe (SEM) images of a dried
thin film sample of lactose at 700x magnificatioA),( lactose at 5000x
magnification (B), trehalose at 700x magnificati¢@), trehalose at 5000x
magnification (D), maltodextrin DE 6 at 5000x mdigation (D), sucrose at
5000x magnification (F). SEM images of spray driactose particles at 50000x
magnification (G), and maltodextrin DE 6 particlt<50000x magnification (H).

Table 3-4. Degree of crystallinity of thin filmstaf drying at specific air temperature as
determined using X-ray diffraction measurement

Thin film sample Drying temperature°C)  Crystallinity (%)

Trehalose 25 0
Trehalose 70 0
Lactose 25 70
Lactose 70 73
Sucrose 25 2
Sucrose 70 1
Maltodextrin DE 6 25 0
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Mutual diffusion coefficients in binary carbohydeatystems

The mutual diffusivities of water in various binaystems were determined experimentally
following the regular regime method. Generally, theisture diffusivity decreases with
decreasing moisture content, which becomes moneopraed at lower moisture content
(Figure 3-5). These results were compared to tedigted moisture diffusivity of sucrose
based on the Darken diffusion equation (Figure.3-Bje moisture diffusivity in various
carbohydrate polymers is found in agreement with predicted moisture diffusivity in
sucrose. This indicates that the moisture diffigiin the studied carbohydrate systems is
mainly determined by local interactions betweenewatolecules and individual hydroxyl
groups of the polymer rather than the polymer agale (80). Slight difference between
the prediction and the data of the moisture diffilgiwas observed for the sodium alginate
sample, especially because the model needs to jostexd for gels (80). At moisture
contents above 65 %, the predicted diffusivities are not in full agneent with the
moisture diffusivity determined from the drying exjments. This may be due to the fact
that the drying did not yet reach the regular regam discussed in the previous section.

As shown in Figure 3-6, the moisture diffusiviteirases with increasing moisture content
and temperature. At low moisture contents, espgcial the glassy region, it can be

observed that the moisture diffusivity is very stéws towards small changes in moisture
content. Reasonable agreement is obtained betwesmredicted and experimentally

determined moisture diffusivities of water in theater-trehalose system at different
temperatures, while the agreement for the watetesektrin system is less.

At moisture content lower than 0.2, the moisturféudivity becomes less sensitive towards
temperature, which is not well predicted by the slo@dFigure 3-6). Thus, the diffusion
coefficient for maltodextrin is less temperatur@eledent than for trehalose at low moisture
content. The observations are in-line with previatadies and were explained by
decoupling of moisture diffusion and viscosity (L00This decoupling behaviour can be
further explained by the change in relaxation timethe carrier network when going from
rubbery to glassy state. In a rubbery system, agiax is faster than the rate of diffusion of
the penetrant (solvent). In the glassy region, xaglan rates are small due to time-
dependent structural rearrangements (e.g. swebiadjow penetration) (101, 102).
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D (x 10° m%/s)
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Figure 3-5. A: Mutual diffusion coefficients of veatin a water-trehalose mixture
(o) and in a water-sucrose mixture)(B: Mutual diffusion coefficients of water
in a water-sodium alginate mixturen)(and in a water-maltodextrin mixture
(0).The symbols represent the mutual diffusivity oditer determined using the
regular regime method from drying experiments. Tiines represent the predicted
value based on the thermodynamic data of the veatenese mixture for the

mutual diffusion coefficient of water (solid lineghe self-diffusion coefficient of

water in sucrose (dashed lines), and the selfsldfucoefficient of the sucrose in
water (dotted lines). The initial moisture contefithe thin film was 80 %4/,,.

51



MOISTURE DIFFUSION IN CARBOHYDRATE-RICH MATRICES

>

m

D (x10° m%s)

m

D (x 10° m%s)

0 | 012 0:4 0:6 0:8 1
x,, (kg/kg)

Figure 3-6. A: Mutual diffusion coefficients of veatin a water-trehalose mixture
at 25 (), 50 @), 70 ¢), and 85 °C ¢). B: Mutual diffusion coefficients of water
in water-maltodextrin mixture at 25), 50 @), and 70°C (0). The symbols
represent the diffusivity data extracted from dgyexperiments and the solid lines

represent the predicted diffusivities.

Relaxation can be categorized intaelaxation (slow hierarchically constrained motaf
the surrounding molecules) being virtually absemtgiassy state (28, 80), whilp-
relaxation (associated to small angle rotationalagiyics of the molecules) allows diffusion

in the glassy state (27, 103). The temperature ribpey off3-relaxation is lower in the
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glassy region than in the rubbery region (104),clvtéxplains the limited sensitivity of the

diffusion coefficient on temperature at low moigtwontents (Figure 3-6).

D (x 10° mz/s)

Figure 3-7. A: The mutual diffusivity of water intarnary system of trehalose-
maltodextrin-water ) compared to in binary systems of trehalose-wgeand
maltodextrin-waterdf). B: The mutual diffusivity of water in a ternasystem of
sucrose-maltodextrin-water\ compared to that in binary systems of sucrose-
water @) and maltodextrin-watemj. Solid lines represent the predicted mutual
diffusion coefficient of water in trehalose (Trey sucrose (Suc) or in
maltodextrin (MD6). Solid lines represent self-diffon coefficient of water
(water). Dashed lines with text captions represkatself-diffusion of trehalose

(Tre), or sucrose (Suc), or maltodextrin (MD6).
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Mutual diffusion coefficients in ternary carbohyt#raystems

For specific applications a mixture of solids can fireferred as the matrix. This is for
example common practice in drying of probiotics,(185). Therefore, it is very useful to
estimate mutual diffusion coefficients in ternargitnices. The mutual diffusion coefficients
of water in ternary component systems were detexthirsing the same approach. Despite
the differences between the carbohydrate systeém&s found that the mutual diffusion
coefficients of water were similar for both sucresaltodextrin-water and trehalose-
maltodextrin-water systems (Figure 3-7).

The self-diffusivities of maltodextrin in water ardisaccharides in water are very low
compared to the self-diffusivities of water in eithmaltodextrin or disaccharides, counting
for only 510° and 0.2 times at moisture content of 0.6. Thhs, rhutual diffusivity is
determined mostly by the mobility of water moleauie the system, while the mobility of
the solids (carbohydrates) can be considered nbigli¢l06, 107). In concentrated regimes
(xw<0.5) both maltodextrin and disaccharides form gdating network with viscoelastic
properties via hydrogen bonding (108). This exdaihe mobility decrease of the
carbohydrate molecules with decreasing moisturetecdn(Figure 3-7). Furthermore,
carbohydrates are generally build up from simiggyeating monomers (e.g. glucose) which
provides an analogous architecture of the percmatietwork (80). Therefore, it may be
expected that the mobility of water and thus meestdiffusivity will not be very much
affected by the type or composition of carbohydyatethe system (80).

Outlook on different applications of the methodglog

Thin film drying in the DVS system combined withetlregular regime method was
successfully used to determine moisture diffusiuitycarbohydrate matrices. It was found
that moisture diffusivities of different carbohytiasystems were analogous, which could
be explained on the basis of similar molecularratdons of water with all carbohydrates.
It is expected that moisture diffusivities will taifferent for systems, containing for
example proteins or fat. To check this, experimemése carried out for several other
matrices (Figure 3-8). For verification, the nevsuiés were compared and fortunately
found in agreement with previously reported diffity data, e.g. for glycerol-water
mixtures (109). It was indeed observed that maoéstliffusivities varied with the different
tested materials. These variations are explainedlifigrent (or additional) interactions
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between solutes and the water molecules, for examplen ionic forces or charges are

present.
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Figure 3-8. Mutual diffusivities of water of watglycerol @), water-skimmed
milk (A), water-casein mixture®), and compared to those of the water-trehalose
system ¢).
Conclusion

We presented an effective procedure to determiffestliity on the basis of thin film
drying and gravimetric analysis in a Dynamic Vapdsorption (DVS) system. The
approach was verified by checking the effect of ihidal drying conditions i.e. mass
transport in the drying air is not limiting and tivétial water content has only limited
influence on the measured diffusivities.

We observed that the mutual diffusion coefficienfs water in various carbohydrate
matrices were analogous, which indicates that masdiffusivity in carbohydrate systems
is mainly determined by local interactions betwesater molecules and individual
hydroxyl groups. The experimental diffusivities wefound comparable to model
predictions of moisture diffusivities of the suceesater system, though the model
underestimated the moisture diffusivity at veryhigoisture contents. Experimental data
showed the influence of temperature on moisturiiglifity at different moisture contents.
Model predictions of moisture diffusivity at diflemt temperatures were found in
reasonable agreement for the water-trehalose systelow moisture contents the effect of
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temperature was not predicted well. The latter @gdained by the difference in relaxation
behaviour interacting with the penetrating solutéhie glassy state compared to the rubbery
state. Finally, the methodology was applied toosiother solid matrices and resulted in
different moisture diffusivities as a function obisture contents, which was explained by
different molecular interactions between solutas water.

Nomenclatures

a, Hard sphere radius of monomeric unit m

the mass concentration of the non-diffusing refeeen )
Cs . kg-kgd
component (solids)

D mutual diffusion coefficient of water in solute Zrgt

Do pre-exponential diffusion factor in Vrentas-Dudaiatipn nf-s!

D, apparent moisture diffusion coefficient in soluieefl 2.6l
coordinate

DP Degree of polymerization of the carbohydrate mdkecu -

energy to overcome the attractive force from nedgiimg
molecule to enable molecule diffusion

F dimensionless flux parameter -
integrated intensity of the peaks from X-ray diftian

experiments

Kg Boltzmann constant (1.38D %) JK?

k viscosity constant mol-I*

K1 free volume parameter gt Kt
Ky free volume parameter K

m mass kg

My molecular weight of monomeric carbohydrate molecul g-molé
N degree of polymerisation -

Q thermodynamic factor for diffusion coefficient -

ry hydrodynamic radius of the molecules m

r absolute distance coordinate m

R ideal gas constant (8.314) J-thet™
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c

<

<*z

N N x s

Sherwood number of the dispersed phase
time
temperature

glass transition temperature
mass concentration on dry matter mass basis

molar volume

specific critical hole free volume

weight fraction

molar fraction

reference component mass centered coordinate

thickness of the thin film in complete dry conditio

Greek symbols

A o<

RS

Subscripts
i,
s
ss

ref

self

overlap factor for shared free volume

ratio of solvent and polymer jumping units
density of pure components

dimensionless time in solute-fixed coordinate
volume fraction

Flory-Huggins interaction parameter

reduced distance coordinate

components i and j
solute

surface

reference

water

self-diffusion coefficient for specific compemt

kg-kg dry

solid*

m*- mole®
Fikg!

kg-kg*

m-mole!
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Chapter 4

Enzyme inactivation Kkinetics: coupled effects of
temperature and moisture content

Published as:
J. Perdana, M.B. Fox, M.A.l. Schutyser, and R.M.oBo 2012. Enzyme inactivation
kinetics: coupled effects of temperature and moéstontent. Food Chem. 133:116-123.
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Abstract

Enzymes are often dried for stability reasons anthtilitate handling. However, they are
often susceptible to inactivation during dryingidtgenerally known that temperature and
moisture content influence the enzyme inactivakimetics. However, the coupled effect of
both variables on enzyme inactivation within a lortemperature-moisture content range is
still not well understood. Therefore, the inactivat of B-galactosidase in maltodextrin
matrix is investigated using a newly developed méthAn improved kinetic modelling
approach is introduced to predict the inactivatiwer large range of temperature-moisture
values. The model assumes a two-step inactivati@chanism involving reversible
unfolding and irreversible inactivation. The modelable to describe the inactivation
kinetics of-galactosidase accurately showing the temperatepesttent kinetic transition
from reversible unfolding to irreversible inactiiaat limited. Application of this approach
can provide immediate understanding of the effégbrocessing on enzyme inactivation
and indicates the processes’ critical points, wiifar the possibility for optimisation.

Keywords: enzyme, inactivation kinetics, temperafunoisture content, drying
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Introduction

Many applications have been developed in the ch@mimod and biotechnological
industry that utilize enzymes to produce or imprpveducts. To facilitate handling and for
stability reasons industrial enzymes are often ddrignfortunately, enzymes are heat
sensitive and thus may be inactivated during drya&iidper partly or completely, depending
on the specific drying procedure applied (110-1Ex)zymes that are susceptible for heat
inactivation are for example glucose oxidaBealactosidase, alkaline phosphatase, and
lactate hydrogenase (7). Generally, it is found tha rate of enzyme inactivation increases
with temperature and moisture content (6, 10, 113). Kinetic modelling of the enzyme
inactivation helps to understand how to optimisgrdy processes with respect to maximum
retention of enzyme activity (67).

One of the major challenges for kinetic modellifigenzyme inactivation during drying is
to accurately describe the combined effect of teatpee and moisture content on
inactivation in a broad range. This is essentialges particles are subjected to this broad
range of temperature-moisture content combinatidngng a single drying process.
Luybenet al. (114) describe an approach to model the kineticerafyme inactivation
during drying, which was later modified by Yamamatnod Sano (6). Both references
include the combined effect of temperature and tagéscontent on inactivation. To
calibrate kinetic models for a specific enzyme,aliguheating experiments are carried out
at a constant temperature and constant moisturtertorideat inactivation studies in dilute
solutions are very much straightforward. Howewetlection of accurate inactivation data
at lower moisture contents is less straightforw&elveral procedures have been developed
to investigate the inactivation at low moisture teon, for example, in a dedicated
inactivation cell (115).

In this paper an improved kinetic modelling apptoas introduced to predict enzyme
inactivation over a broad range of temperaturerandture values. The approach assumes
a two-step enzyme inactivation mechanism that aedua reversible unfolding and an
irreversible inactivation step. The major differeraf this approach with previous work is
that it also takes into account the reversible lgifig reaction instead of irreversible
inactivation alone. Taking this approach, it is esged that we can describe enzyme
inactivation over a large range of temperatures(lowd) moisture levels, making it feasible
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to more accurately describe enzyme inactivatiorindudrying. A disadvantage of such a
more complex inactivation model is that the numiifeparameters increases (from 5 to 9).
To alleviate this complication, we adopted the oomiational stability theory to better
describe the reversible unfolding of proteins franthermodynamic point of view (116).
Besides the more mechanistic approach in descrihi@ginfolding process the latter also
leads to a reduction of the number of parametershén model (to 8). Finally, the
transitional-state theory (117) is adopted to replthe Arrhenius equation for describing
the dependence of inactivation on temperature. ffémasitional-state theory provides a
more mechanistic approach in describing enzymetireion as a thermodynamic
transition (118).

The kinetic modelling approach introduced here e@spared to the previously published
model by Luyberet al. (1982) and was evaluated for its accuracy in desaienzyme
inactivation as a function of temperature and nmoéstontent. The model by Luyben is to
our knowledge the only published semi-mechanistadeh applied to describe enzyme
inactivation for a wide range of moisture conten®¥e used p-galactosidase in a
maltodextrin solution as a model system. The enzyraetivation kinetic constants were
collected from heating experiments with temperaturetween 55 and 130 °C and with
moisture contents between 0.01 and 0.98. Dediatpdrimental procedures were used to
obtain accurate data at these varying temperaangsnoisture contents.

Theory

Enzyme inactivation kinetics

Enzyme inactivation can be described by a reversilnifolding reaction followed by an
irreversible reaction. The latter reaction leadsdmplete inactivation of the enzyme (119-
123). This can be captured in the following reatscheme:

KL k2
NoU-S|
k-1

whereN is the native enzymé] is the unfolded enzyme, ahds the inactivated enzyme.
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In the case of-galactosidase and also for many other enzymeggetitions involved are
usually described by first order kinetics (6, 36he formation rate of the inactivated
enzymey,, is thus

ST (4-1)

r —a

The unfolded enzymb is assumed to refold completely upon cooling amalvert back to
N. By assuming thalN and U are in instant equilibrium, the inactivation ratan be
described by a first order reaction as a functibrNeU, which is measured ay after
cooling:

_dN+U)

dt
with Ny is the initial enzyme activity ark,,s (observed inactivation rate constant) described

as (36)

w(N+U) N+U+1 =N, (4-2)

ko= i oK =X (4-3)
> l1+K, K.,

in which K; is the unfolding equilibrium constank;, and k; are the unfolding and
refolding kinetic constants, amgis the irreversible inactivation kinetic constant.

Model 1
The temperature dependence of enzyme inactivatignh can be described with the
following modified Arrhenius equation (6, 114):

kobs = kref exp - 5 1 - i (4-4)
RIT T

whereT is temperaturel, is reference temperatuilgg; is the inactivation rate constant at
T, Ea is the activation energy, and R is the ideal gastant.

A lower moisture content has a decreasing effedherrate of inactivation of enzymes (6,
36, 114, 124). Luybent al (1982) modelled the influence of moisture contemtenzyme
inactivation by making the reaction rate coeffittefxs andE,) of the Arrhenius equation
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(Eq. 4-4) dependent on moisture content. The mauetl, referred to as Model 1, can then
be rewritten into (see Appendix for the derivatafrthis equation from the original model
by Luybenet al (114)):

_ k(T) B X 4-5
Koo TX,,) kW(T)E(EX;{In[KN(T)jeX;{ pgl—TWH (4-5)

wherex, is the mass fraction of watdg,dT,%,) is the enzyme inactivation kinetic constant

at specificT—x,, ky(T) andkg(T) are the inactivation kinetic constants at infirdtkition (x,,

= 1) and in pure solid formx{ = 0) respectively as a function of temperature i&s
described by Eq. 4-4), anglis an empirical parameter that describes the efiédhe
moisture content on the enzyme inactivation kinetinstant. Overall, this model contains
five parameters; viZ.s andE, for the inactivation ax, = 1 andx, = 0, and the parameter

p.

Model 2

To describe enzyme unfolding, the conformationabidity theory is adopted (125). The
enzyme stability can be derived from measuring ftee energy difference for enzyme
unfolding in a solution and in pure wat&¥AG) (116). It is generally found that the free
energy difference, and thus the conformational ilittgbis linearly related to the
concentration of solids present in the solutiord(1126, 127):

ANG = -RT In[ ;1 j =mS (4-6)

1w

where the value of parametermay be positive (promote enzyme unfolding) or tigga
(prevent the enzyme from unfoldingis the solute concentration, aKd,, is the enzyme
unfolding equilibrium constant in very dilute saart.

In this study, the concentration of solids is appr@ted by the solid mass fraction. This is
valid if the volume change upon mixing is negligib(79). Rewriting Eq. 4-6 and
approximating the solute concentration with theédsomass fraction, the native-denatured
enzyme equilibrium constant at a specific moistmetent can be described as
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K, = Klwexp(—”mll_x““))i X, + X =1 (4-7)
' RT

with parametem to quantify the effect of moisture content on photunfolding.

The subsequent irreversible inactivation step iscdeed similar to Model 1; the
irreversible inactivation kinetic constant is asfimed in Eq. 4-5. The temperature
dependencies d{, ,, ko, andk, s are described with the transitional-state theafy7§. To
reduce the correlation between parameters, thegietyse is reparameterized (119)

¥ ¥ T
cokeT o [4S" _aH®) [ aH*(1 1 (4-8)
h R RT, R (T Tu

where k is Boltzmann's constant (1.380% J.K%), h is Planck’s constant

(6.62610°* .Y, AS' is the activation entropy amdH* is the activation enthalpy.

Eyring’s transitional-state theory applied to thevarsible unfolding kinetics (first step

k,T AS* W AH Fiw AH (1 1
eX] - exp — i (4_9)
Ky, h R RT,. R |T T,
Kl,w = K =
aw kT AS aw  AH T AH w1 1
eX] - exp — -
h R RT,, R (T T,

which can be simplified to

¥ ¥ ¥
Klw = ex AAS 1w _ AAH 1w exd — AAH 1w i _i (4-10)
' R RT, R T T

ref

inactivation) gives

with A4S*1u(= AS 1w — 4S* 4) and A4H *1(= AH *10 = AH 1) being the
activation entropy and activation enthalpy differes between unfolding and refolding
reactions, respectively. Therefore, Eq. 4-7 carelbgitten into

_ {AAs*l,w A4H *w] { AAH *1,W[1 1 ]] r{ mEﬂl-xw)) (4-11)
K, =ex - exg - —-- eXg ———=—
R RT R (T T, RT

ref
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For the second, irreversible inactivation step, rti@sture content is believed to influence
AS and AH* (6, 114). To reduce the number of parametersva parameterT, is
introduced, instead of describilztdﬁt andAH* as a function of moisture contefit, is the
temperature at whictk, is not temperature dependent. Via the introductidnthis
parameter, the model equations can be simplifiduchwvhas also its advantage for the
parameter optimization procedure. Equalizing thle ofk, using transitional state theory
(Eq. 4-8) forx, = 1 andx, = 0 gives

AS¥ o _4H fow _ AS¥as _4H s
R RT R RT.

int int

(4-12)

Therefore, the ratio betwedps andk;,, at a given temperature is

oxd ~AH2s(1_ 1
kz,s — R T Tint (4-13)

Ky AMH5u(1 1
exg - —-
R (T T,

Substitution of Eq. 4-13 into Eq. 4-5 gives

o = KeT AS*w  AHY 2W _4HF 2W 1
R = T_T (4-14)
1

ex AH 25— AH *2 1_ exg - p X,
R T T 1-x,

The kinetic constants of the two-step enzyme imatibn are described by Eqg. 4-11 and
Eq. 4-14. In Eq. 4-11, three parameters need toptienized, vizAAS, AAH*, andm. In
Eq. 4-14, five parameters need to be optimized, A&,,, AH,, AH%4 T, andp.

Therefore, in total, eight parameters have to ltedito thek,,s calculated from the
experimental data.
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Materials and methods

Sample preparation

The enzyme solution was prepared by dissolving @g(PB-galactosidase from. oryzae
(Sigma-Aldrich, Germany) into 4750l buffer solution and filtered with 0.2m sieve
(Sartorius Stedim Biotech GMBH, Germany). The nadixtrin solutions were prepared by
dispersing maltodextrin DE 4-7 (Sigma-Aldrich, Gemy) in buffer solution. The buffer
solution was prepared by mixing 0.2 M JN®O, (Sigma-Aldrich, Germany) and 0.1 M
Citric Acid (CGsHgO-) solutions (Sigma-Aldrich, Germany); pH of the femfwas adjusted to
6.00 £ 0.01.

Heating tests
Heating tests were carried out following two diéfiet methods. The first method is for high

moisture content (<40 %/,, maltodextrin), whereas the second method is reduir the
more concentrated mixtures (> 40"% maltodextrin).

1. At high moisture content: A sample of 48Dmaltodextrin solution (0 %, 10 %, 20 %
and 40 %"/,,) was heated to the desired temperature in a 2iahl(Eppendorf AG,
Germany) using a Thermomixer (Eppendorf AG, GermaBybsequently, 20l of a 5
% “/,, enzyme solution was added to the heated matrixisal After heating for the
required time, 150@u cold buffer solution was added and the tube wamédiately
submerged into an ice bath to quickly decreaseteéhgperature and avoid further
inactivation. Subsequently, the sample was storéd*@ for 12 h prior to the activity
measurement to allow refolding of the unfolded eney

2. At low moisture content: 10l of 5 %"/, enzyme solution was mixed with a0of 20
% “/,, maltodextrin solution and dispensed on an Accutgi® PP 2E HF membrane
(Akzo Nobel, The Netherlands). Subsequently, tHetem was dried with an air flow
at ambient temperature. The relative humidity & ttontacting air was adjusted to
obtain specific final moisture content. The drytige was dependent on the amount of
water to be removed, e.g. for a final moisture enhbf < 1 %, the drying time was 72
h, while for a final moisture content larger thah %, 24 h of drying was sufficient.
Subsequently, the preconditioned sample was sealéght in a pipette tube (Thermo
Fischer Scientific, USA) prior to the heating testhe sample was heated to the

67



ENZYME INACTIVATION KINETICS DURING DRYING

desired temperature by contacting it with dry dirtlee desired temperature for a
certain time. Heating up of the sample was on a@eromplete within 1 minute,
which is negligible compared to the time for whitlsample was generally kept at the
desired temperature. After heating, the samplediggersed into cold buffer solution
and the final water content was adjusted to 9%/% After being re-dissolved, the
sample was stored at’€ for 12 h prior to the activity measurement toallrefolding

of the unfolded enzyme.

Measurement df-galactosidase activity

The activity of p-galactosidase was measured using an o-nitropledy-
galactopyranoside (ONPG) assay (Sigma-Aldrich, Geyhn A sample of 2Ql was added
to 980ul 0.2 % ONPG solution at 40 °C and incubated fomifutes. The ONPG solution
was pre-heated to 40 °C prior to the sample indoibaThe active enzyme cleaved ONPG
into galactose and o-nitrophenol; o-nitrophenolegavyellow colour to the solution. The
enzyme was inactivated by adding 1000 % NaCO; (Sigma-Aldrich, Germany). The
absorbance of the sample was immediately measured2@ nm wavelength using
spectrophotometer (Beckman Coulter, Inc., USA).

Data acquisition and modelling procedures

The observed inactivation kinetic constaktd at specificT-x,, combination is calculated
from the residual enzyme activity applying the tfiosder inactivation kinetics (Eq. 4-2).
The first order kinetic model was first tested &sckibe the effect of treatment time at 60
°C andx, = 0.98, 0.88, and 0.78. It was found that the frsler kinetics was sufficient to
describe thep-galactosidase inactivation and therefore for fertlanalysis, only one
specific treatment time was used for ealth, combination. This treatment time was
chosen at the most sensitive inactivation regifiN{ around 0.5), for example, at =
121.5°C andx, = 0.01, the treatment time applied was 750 s wdiilE = 60 °C andx,, =
0.98, the treatment time applied was 600 s. Therxgnts at specifid-x, combination
were carried out in triplicate. The observed ingttbn kinetic constant at a specifiex,
combination was then calculated from the averagielual enzyme activity using first order
inactivation kinetics (Eq. 4-2).
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The parameter optimisation was carried out usimgralinear least square method solved
using the Levenberg-Marquardt algorithm (128). dpémization was split in two parts. A
first optimisation was performed for the experingmtata assuming infinite dilutiorx{ =
0.98). From this the following parameters were wtef, viz.AAS" ,, AAH*, ,, AS, ,, and
AH*z,W. The second optimization was carried out for thére dataset to obtain the values
of parameteraH®,, m, p, andT;,. Following this procedure, the parameter optiniira
was less troubled by local optimum values and firosided the most accurate results. The
confidence intervals of the parametdPsH0.95) were estimated using the Hessian matrix,
which was derived from the Jacobian matrix of thieitson (129). All the calculations were
performed with MATLAB version 7.10.

Results and discussion

Experimental and modelling results

Figure 4-1 shows the observed inactivation ratest@on ofp-galactosidase as function of
the temperature and moisture content. The obseiwactivation rate constants from
experimental data were calculated using Eq. 4-2.this calculation it was taken into

account thatN, = N +U +1 and that the unfolded enzyrhkrefolds back to the native

enzymeN upon cooling.

The observed inactivation kinetic constant increaséth increasing temperature and
moisture content (Figure 4-1). If we observe thactivation kinetic constant as a function
of temperature at low temperatures in, i.e. bel®{® for x,, = 0.98 and below 80C for

Xy = 0.01, then it can be concluded that the slopthefcurve is similar for the different
moisture contents and thus has similar dependendgmperature. Meanwhile, at higher
temperatures, the effect of temperature on thetiirsimn kinetic constant is larger for
higher moisture contents. The experimental dateepresented in Figure 4-1B also show
that the inactivation kinetic constant [pfgalactosidase increases at low moisture content,
while it remains constant at moisture contents abg@w 0.6, especially between 65 and 73
°C.
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Figure 4-1. Inactivation kinetic constantfjalactosidase; A and C: a} x 0.98
(), 0.39 ¢), 0.14 (), and 0.01), B and D: at T = 604), 65 @), 70 @), and 73
°C (o). Solid lines represent the fitted model 1 (A @)dand model 2 (C and D).

The error bar shows the confidence interval (P95)of the experimental data.

Figure 4-1A and B also show the observed inactivakinetic constant calculated with
Model 1. It can be visually observed that the mattes not fit well to the experimental
data. Moreover, the large standard errors for thdehparameters as shown in Table 4-1
indicate that the model fails to adequately desctiie experimental results. Specifically,
the model underestimates the observed inactivaiimetic constant between 80 and @
and at lower moisture contentg, & 0.14 andk,, = 0.01). In addition, the Model 1 does not
include a description of the change in kineticseotsd (bend in the curve) at 8C for a
moisture content of 0.98 and at 8D for a moisture content of 0.01. This kinetic shiis
been observed before and is explained by the tramsirom a rate limiting unfolding
reaction at lower temperatures, to a rate limitidgnaturation reaction at higher
temperatures (120, 122). The new model proposeel (Model 2) does include this two-
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step reaction mechanism of unfolding and denaturatrigure 4-1C and D show that the
model presented in this paper is in better agreemigin the experimental data.

At temperatures below 60 °C wiiy = 0.98 and below 80 °C fag, = 0.01, the inactivation
kinetics is limited by protein unfolding<{). At higher temperatures, whekg is much
larger than 1, the term ifK[/(K;+1)] in Eq. 4-3 approaches 1. Thus the observectioza
ratedepends primarily oRky; the rate constant for the irreversible reactimmf unfolded to
inactivated enzyme. The difference in temperaturaviaich this transition takes place
shows that the unfolding behaviour pfalactosidase is influenced by the water content.
This kinetic shift temperature is also sometimeferred to as melting temperature or
denaturation temperature (36).

The effect of temperature on the unfolding equilibr constantk,) is described using Eq.
4-10. The parameter values/fH* in Eq. 4-10 aff < 60°C for moisture content 0.98 and
atT < 80°C for moisture content 0.01 are similar, vVixAH* = 3.57.10° + 0.8110° for x,,
0.98 andAAH* = 3.0710° + 1.2110° for x, = 0.01 (the confidence interval P = 0.95 is
presented after the estimated parameter valueseTtialues are in accordance with the
similar slopes of the curves at the low temperattdioe different moisture contents (Figure
4-1). This indicates that at temperatures belowntieting temperature of the protein, the
increase ofk,ps with temperature is similar for different moistucentents. At the same
time, the increase d&f,,s with moisture content at low temperature is simiiéigure 4-1D).
We know thatk,s at these temperatures is primarily determined lby tinfolding
equilibrium (K,). The exponential term in the conformational digbtheory (Eq. 4-7)
describes the dependencykaf on moisture content, in which parameters independent
of temperature.

At higher temperatures (> 6@ for x, = 0.98 and > 80C for x, = 0.01), the irreversible
inactivation is rate limiting. In this regime, tldependence ok,,s on the temperature
becomes stronger as the moisture content incre@heseffect is described by the model
via the dependency of the activation enthalpy onstare content. The latter effect is
difficult to comprehend from mechanistic point aéw. It can be said that the irreversible
inactivation (second step reaction) f3falactosidase is a complex reaction and may for
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example involve agglomeration of two or more molesu(36). Decrease of moisture
content reduces the mobility of the unfolded enzymeé thus decreases the reaction rate.

Table 4-1. Estimated parameter values for Modehé\ lslodel B

Estimated paramefter

Model A

Keetw (S 0.340 (0.088)
Eaw (kJ/mol) 431.50 (16.15)
Keets (%) 7.87107 (2.64107)
Eas(kJ/mol) 214.04 (12.66)
p 1.16 (0.0018)
Tt (°C)° 76.7

Standard errér 7.5210?

Akaike Criterion 139

Model B

AAS , (Fmol?K™) 1.0810° (0.25010°)
AAH*, (3mol™) 3.5710° (0.80610°)
AS5, (Imol'K™?) 6.7510° (1.17310°)
AH*,,, (Imol™?) 3.2810° (0.40110°)
AH*, ((Imol™?) 1.2810° (0.19610°)
m 2.6010"  (0.0093610%)
p 1.16 (0.00562)
Tint (°C) 33.85 (0.00648)
Trer(°C)P 60.5

Standard err6r 5.7710?

Akaike Criterion 122

% The uncertainty of the parameters at 95 % conéideimterval is provided between
brackets

® Not optimized

¢ Standard error of kg9
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Figure 4-2 A: The unfolding equilibrium constakt) as a function of moisture
value at cooled temperature (25). B: Contour plot of the unfolding equilibrium
constantK,) as a function of temperature and moisture valué€Contour plot of
the second step inactivation kinetic constégjtds a function of temperature and

moisture value.
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In Figure 4-2 we show(; as a function of moisture content at ambient teatpee. It can
be observed that the value kf at 25°C is smaller than 1f) which indicates that the
equilibrium instantly shifts towards the native yme after cooling to ambient temperature.
This supports our assumption that the unfolded mezwill refold completely upon

cooling.

The obtained model parameter values and theiststati analysis are shown in Table 4-1.
Despite the large number of parameters for bothetsodhll parameters have reasonable
narrow confidence intervals. Statistical analysesencarried out for both model fitting

results. Besides the standard error also the Alaikerion, which is based on the principle

of parsimony, was used (130).

A B B
-5 5
. “~~
g $
p £ o
£ .10 £ .10
o
5 o g o
oo o oo
a
-15 15
a5 0 3 15 10 5
In(K,ps, ox In(K s, ax

Figure 4-3. Parity plots of the observed inactivatkinetic constants for model 1
(left) and model 2 (right). The symboh)( represents the parity between the
experimental data and their model prediction andidsdine represents

experimental data = model prediction.

The standard error of Model 2 is lower than thathef Model 1. This indicates that Model
2 fits better to the inactivation kinetics constantn the experimental results than Model 1.
The Akaike criterion of Model 2 is found lower th#mat for Model 1. This indicates that
Model 2, despite having three fitted parametersena preferred above Model 1. This
preference can be explained by the more adequateipkion of the kinetic shift, which is
absent in Model 1.
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Figure 4-3 shows the parity plots of the naturajalithmic values of the inactivation
kinetics constants obtained from the experimerdizh @nd calculated by the models. From
the plots it can be observed that there are ledeisufor Model 2 compared to Model 1.
Therefore, we conclude that Model 2 is more suitdbl describe the inactivation kinetics

constant of-galactosidase.

Practical application
A contour plot of the observed inactivation kinetienstant ofs-galactosidase estimated

with the proposed model is presented in Figure ks contour plot can be helpful to
optimize the drying off-galactosidase. Plotting the temperature and nreistontent
history of a certain treatment involving elevatethperatures in the contour plot, can give a
first insight on the impact of the treatment on #mzyme activity. For example, in case of
spray drying, inactivation can be reduced by adjgshe temperature and moisture content
history in such a way to avoid a region with a higgctivation kinetic constant.

Drying trajectory

Spra dryerf Evaporator 0 Spray dryer

0 0.2 0.4 0.6 0.8 1 0 30 60 90 120 150
x,, (kg/kg) t(s)

Figure 4-4. Contour plot of the inactivation kiretionstant of-galactosidase.
The isolines represent the inactivation kineticstant of-galactosidase. The
solid line is the average temperature-moistureartrttistory of a virtual spray
dried product; symbolg)] in the line represent a time step of 1 s (nod tihe

times steps taken in the calculations are as samd&b ms).

In Figure 4-4A, the temperature and moisture cdrtiéstory of a virtual product processed
in an evaporator (15 s) and subsequently in a sprggr (120 s) is plotted. In the
evaporator, most of the inactivation takes placéhanbeginning of the process where the
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temperature and moisture content are at the higliesteduce the inactivation rate, one
may propose a lower initial temperature, which doble compensated by a slowly
increasing temperature when the moisture levetlbaseased.

During drying, the temperature of the product fiebls to the wet bulb temperature, and
then gradually increases again as internal diffutiecomes limiting. The temperature and
moisture content of the product is assumed unif@though we are aware that this is not
the case in reality, especially in spray dryinggufre 4-4A shows that the highest
inactivation rate constant occurs at moisture agstbetween 0.2 and 0.25 in the example
drying process. At this relatively high moisturentent, the drying is diffusion limited and
the temperature approaches the air temperaturdé, eohsequently a high inactivation
kinetic constant. Later in the drying process, i&ctivation kinetic constant decreases
with decreasing moisture content. A criterion can defined for inactivation, e.tkops
should not exceed-B0® s. Therefore, on the basis of Figure 4-4A, one maygsst to
decrease the temperature of the drying air to dserthe temperature of the product during
the later stages of the drying process.

Figure 4-4B shows that the enzyme activity decredses than 0.5 % after dehydration in
the evaporator and decreases 3 % after spray diffirgdecrease of the activity is faster in
the beginning of dehydration in evaporator andpirag dryer (Figure 4-4B). This is related
to the high inactivation rate constant becausénefcombination of high moisture content
and high temperature. In a prolonged drying, tesidual enzyme activity levels off

because of the decrease of the moisture conterthwimiplies to the decrease of the
enzyme inactivation kinetic constant.

The inactivation kinetic constant is exponentiallgpendent on temperature and moisture
content, which means that small deviations in kinebnstant have large consequences for
the final enzyme activity. Therefore, good quaaéfion of the inactivation kinetics is a
prerequisite for accurate prediction of the infloenof thermal processing on residual
activity of a component. The developed kinetic mirg approach can be supportive in
this respect.
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Conclusion

Dewatering and drying processes have large impacthe activity of enzymes in the

product. Kinetic modelling of enzyme inactivatioancbe of great help in evaluating and
optimising the impact of thermal processing or mspecific drying on enzyme activity.

Although it is generally known that temperature amoisture content have both impact on
the inactivation kinetics, the coupled effect oftbwariables on enzyme inactivation within
a broad temperature-moisture content range arenstil well understood. This applies
especially to the evaluation of processes whiclolirey many different temperatures and
moisture levels, for example cooking (baking, Img)i, drying, spray drying, and

evaporation.

The effect of temperature and moisture contenthertgalactosidase inactivation kinetic
constant was described by a new kinetic model (M2jjeassuming a two-step inactivation
mechanism. This model used the theory on confoomalistability to describe enzyme
unfolding kinetics and Eyring’s transitional-stateeory to describe the dependency of
enzyme inactivation on temperature. It was fourat #odel 2 could accurately describe
the inactivation kinetics of-galactosidase, including the transition from reitde
unfolding limited to irreversible inactivation liteid inactivation. From statistical analysis it
was further concluded that the proposed model padfdetter than Luyben’s model (114),
despite the fact that the model has three morenpeas.

Finally, a contour plot was constructed to sketicé temperature and moisture content
history of a combined evaporation and drying precé&uch a plot provides immediate
understanding of the effect of processing histaryeazyme inactivation and indicates the
critical points in the process with respect to enayinactivation.

Nomenclature
A Enzyme activity -
E, Activation energy Jmol™*
AAG Gibbs' free energy difference for protein unfolding a Jmol™

solution with infinite dilution %, = 1) and in pure solid form
(X =0)
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J.s

Jmol?

JK?
nmobl*  or

SS

mol-s*
-malr'K™

mol

Jmol*k™

Jmol'K?

S
K

(kg-kgtotal®)

h Planck’s constant (6.626-1)

AH* Activation enthalpy

AAH*  Activation enthalpy difference between unfolding dan}mol™
refolding reaction

I Inactivated enzyme

k inactivation kinetic constant

kg Boltzmann’s constant (1.381-4%)

K1 Reversible unfolding equilibrium constant

m Parameter to describe the effect of moisture contenthe
conformational stability of protein

N Native enzyme
Parameter in the Model 1 to describe the effecmofsture
content on inactivation kinetic constant

P The uncertainty of the parameters

r Inactivation rate

R Ideal gas constant (8.314)

S Concentration of solids

AS Activation entropy

AAS Activation entropy difference between unfolding aeéblding
reaction

t Time

T Temperature

U Unfolded enzyme

X Mass fraction

Subscript:

0 Initial condition

1 First step inactivation: unfolding reaction

-1 First step inactivation: refolding reaction
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2 Second step inactivation, i.e. irreversible inaatiion
crit Critical

I Inactivated enzyme

int Intercept

obs Observed

ref Reference

S In pure solid form, = 0)

w In a solution with infinite dilutionx, = 1)
Appendix

Derivation of Eq. 4-5

The effect of temperature and moisture content ten ihactivation kinetics constant is
described by

k=k, exg-Cof 11 (4-A1)
RIT T

The effect of moisture content &R andE, are described by paramejeis as follows:

In(kref ) = ln(kref,w) + [In(kref,s) - In(kref,w) eX[{— p %] (4-A2)
e = BB e -p | (@-A3)
) ) 1- X,

Substitution of Eq. 4-A2 and 4-A3 to Eq. 4-Al gives

= el )l Jonf -pi |

W

- _ Xw
Ea,w + (Ea,s Ea,w)exr{ p Dﬁ} {l B 1J

exp -
R T T

ref
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The equation above can be rewritten into

E
k= |(refw exp - o l - !
' R (T T

(Ea,s - Ea,w{-lj—- - Tl ]
ref eX[{— pEI Xw ]

1-x

W

x| Inlcs)~ Il )] -

R

Rearrangement of the equation above returns

In(krei,s)_ Eals ( ! - ! ] - In(kref,w)+

T T

E R e
K = Kot €X aw( 11 ex| ! ex| —pEIi
’ RAT Tref an 1 1 1- Xy
RI(T T,

Equation above can be simplified into

k =k, exr{ln[ﬁJ ex;{— p [—Iiﬂ (4-A4)
Ku 1-x,
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Chapter 5
Mimicking spray drying by drying of single droplets
deposited on a flat surface

Published as:
J. Perdana, M.B. Fox, M.A.l. Schutyser, and R.Momo 2013. Mimicking Spray Drying

by Drying of Single Droplets Deposited on a Flatf&ce. Food Bioprocess Tech. 6:964-
977.
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Abstract

The inactivation of bioactive ingredients duringrasp drying is often matrix specific.
Therefore, the design of new processes or the gation of existing spray drying
processes is usually highly product specific anguires numerous experiments. Rapid
experimentation methods that facilitate fast dataegation are therefore desired.

A novel method for drying single droplets to mimsjgray drying is proposed. The approach
involves droplet deposition on a hydrophobic flatface followed by controlled drying. A
heat and mass transfer model is applied to préukictrying history of the single droplets.
The approach is successfully evaluated throughystgdhe inactivation op-galactosidase
during drying. The heat and mass transfer modeplsugented with inactivation kinetics
provided reasonable prediction of the residual erezgpctivity after drying. In addition, the
inactivation kinetics could be directly extractedm single droplet experiments rather than
using the kinetics from separate heating experimdtinally, it was demonstrated that the
inactivation kinetics found with the single droppeximents could satisfactorily predict the
residual activity o-galactosidase dried with a laboratory scale sprggr.

Keywords: enzyme, temperature, moisture conterd¢ctivation kinetics, spray drying,
single droplet
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Introduction

Spray drying belongs to the most common drying n@pkes for liquid food products. The
fine atomisation of the product and the subseqdi@stt evaporation of water makes it
especially suitable to formulate heat-sensitivedpods (11, 131). Despite the relative mild
conditions during drying, (partial) inactivation bfoactive compounds such as enzymes,
antioxidants, and vitamins cannot be avoided. Optition of the spray drying conditions
and addition of stabilizers is often required ttaie maximum activity (2, 8, 132). In
practice, numerous expensive pilot-scale trials extecuted to explore different product
formulations and to find optimum drying conditions.

Modelling tools are frequently used to accelerate@ss development and optimisation in
spray drying. The availability of reliable inacttian kinetics — usually highly product-
specific — is a prerequisite for this. Kinetic mtsdeequire experimental data from drying
experiments for parameter calibration. Pilot seadperiments are not ideal for this as they
are expensive, time consuming, and involve theuatin of complex process conditions.
A more efficient alternative is the application efmall-scale representative drying
experiments.

Once reliable inactivation kinetics are obtainegr@ess model of the dryer can be used to
predict the impact of the drying on the remainingredient activity. Subsequently, the
model can be used to approximate optimal dryinglitmms and product formulations in a
more systematic way (9, 10, 114, 133, 134).

Small-scale spray drying has been carried out oritory scale spray dryers (102, 135,
136). However, major differences between laboratmg industrial spray dryers are the
smaller droplet size, caused by the different metlod atomisation, and the shorter
residence time in the laboratory spray dryer (BF,)1Since the laboratory spray dryer can
(due to its design and dimensions) only cover dtdichrange of droplet sizes and drying
times and it produces droplets with a size distiilvu(not monodisperse), it is virtually

impossible to extract sufficient representative eskpental data to calibrate a kinetic
model.

Another approach is the drying of single droplatgler well-controlled conditions. In this
approach a small droplet is generated, immobiliaed, subsequently dried by contacting it
with well-defined drying air. Examples are dryin§ @ droplet that is non-intrusively
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levitated using for example acoustic, aerodynamicglectromagnetic levitation (49, 59,
138), intrusively levitated that is in pendant ibarhent (139, 140), or that is deposited on a
flat surface (67).

In this study, the latter method is followed (6The major advantages of this method are
the possibility to vary droplet size and residetioee, and to dry multiple droplets at once
to obtain higher volume of sample. The minimum debgiameter can be adjusted to 150
um which is only slightly bigger than the typicalogtet size in industrial spray dryers; a
comparable droplet size is critical to accurateiynio the kinetics in spray drying (138,
141). The challenge in using this approach is tlesgnce of the flat surface. This surface
for example affects the spherical shape of theldtoppherefore, a hydrophobic surface is
used to minimize the contact between the dropléttha surface and to retain the spherical
shape. Other differences introduced by the presehttee surface are the air flow velocity
and the air temperature near the droplet, whichatie¥rom the bulk conditions (142). By
monitoring the air temperature near the droplet Bpdnodelling the air flow and heat
transfer across the drying surface, the influerfde surface on the drying conditions can
be quantified.

This study focuses on the drying of the enzyfiwgalactosidase suspended in a
maltodextrin matrix. The enzynfegalactosidase is selected as the model enzyntdsn t
study, because it is an industrial relevant enzyapplied for production of lactose-
hydrolysed milk and whey. Additionally, its actiyitcan be easily determined and its
inactivation kinetics has been studied before, @giownder steady-state conditions,
providing strong basis for this study (6, 68, 143he inactivation kinetics ofs-
galactosidase from the previous studies were comibimith the heat and mass transfer
model to predict the residual activity ffgalactosidase during the single droplet drying
experiments. Finally, the predictive value of thedal was also checked by drying ff
galactosidase in a laboratory spray dryer system.

Modelling and statistical evaluation

This section consists of four parts: 1) model desion for a single droplet drying, 2)
modelling temperature and air flow distribution@ss the flat plate, 3) inactivation kinetics
of B-galactosidase, and 4) parameter optimisation taitical evaluation.
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Model description for single droplet drying

In analogy to several previous studies a heat amsrransfer model is used to describe the
drying of a sessile single droplet (50, 59, 144)e Bessile droplet is approximated as a
spherical droplet and it is thus assumed that iffiesébn occurs only in the radial direction.
For the small droplet sizes considered the temperaradient inside the droplet could be
neglected. This assumption is valid if Bi <0.1. Biet number (Bi) is defined as the ratio
of external heat transfer (between air and droet] the internal heat transfer (in the
droplet) (145).

Bi =14 (5-1)
Ad

In this study, Bi is around 0.02.

The following differential equation is used to dé@ise the droplet mass change in time

dmg _ 2 My aw Pt _ P -
~q — KeAmRa T ( Ty Tw) (5-2)
wheremy is the mass of the droplétis the timek, is the mass transfer coefficieR; is the
droplet radiusM,, is the molecular weight of water, R is the idead ganstanta, is the
water activity,P,>® is the saturated vapour of waterTat Ty is the temperature of the
droplet,P,, is the vapour partial pressure in the bulk air, 3nd the bulk air temperature.

The developing moisture gradient inside the droigleliescribed by Fickian diffusion

2 _ D (% _
?_Dw,d ar(ar) (5-3)

With C, is the water concentratiob,, 4is the effective diffusion coefficient of water tine
droplet, and is the radial coordinate. The boundary conditiapglied here are

dc
t=00<r<R;; —X=0
dar

dc
t=tr=0 —*=0

ar

dc, M, Pt P

t=tr=Re Duar= ke ()

The temperature change of the droplet is deschilyatie following enthalpy balance:
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daTr d
(muwcpw + mscp‘s) d_td = hg4nR* (T — Ty) — %HW (5-4)
with ms is the mass of the solut,,, andc, s the heat capacity of the water and the solute
respectivelyhy the heat transfer coefficient to the droplet thioagnvection, an#ll, is the
evaporation enthalpy of water.

The coupled heat and mass transfer models weredsalvmerically using 100 radial layers
in the droplet. In each layer the same solute rfragsvas calculated according to

14
ms = Lspo % (5-5)

with Cqis the initial solute concentration akfg is the initial volume of the droplet.

Since the initial solute concentration is assumedhdgenous, the initial solute mass
distribution is approximated with the initial volendistribution. The radial position of the
i layer from the centre of the droplet can be calmd as follows

1/3

=i -R—d3) (5-6)

n
with nis the total number of layers for numerical intdigra The layer thicknessr is

_ 1, i=1 B
Ari - {T’i —Ti—1» i=>2 (5 7)

The volume of each lay&fis then

g ms
Pw Ps

(5-8)

with p,, and ps are the densities of water and solute, respectivEhe average water
concentration is then defined as

C,="2= m_;”ﬁ (5-9)

Pw Ps

Reorganizing Eq. 5-9 results in

_mg Cy

M = 2, (1-52)

(5-10)
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The droplet shrinks upon drying due to the evapmmatf water. This shrinkage influences

the heat and mass transfer within the droplet.fibdel was therefore corrected to describe
the decrease of layer thickness due to shrinkagé)(IThis correction was based on the
water concentration in every layer at t > 0 thatakulated from Eq. 5-3 (147). From the

water concentration, the new volume of the layes vegalculated as

mg 1
V= (1+ (pw_cw)) (5-11)
The radial coordinate of every partition was caedasing this new volume. The radius of
thei™ partition is

; 1/3
= (12) (512)

4T

The thickness of every partition could be recalmdausing Eqg. 5-7. To solve the model,
several closure equations like heat and mass @agskfficient, water activity, moisture
diffusion coefficient, and vapour pressure are imegi) which are tabulated in Appendix
(Table 5-Al).

Modelling temperature and air flow distribution the flat plate

In this study, the droplet was deposited on adlate. The drawback of this configuration

is that in addition to heat transfer from the airthie droplet, also heat is transferred from
the air to the flat plate through convection. Tzt is further transferred from the plate to
the droplet through conduction. It is of major imjamce to quantify the heat transfer

between the flat plate and the droplet and comtiaseto the convective heat transfer via
the drying air. The conductive heat transfer betwéee flat plate and the droplet is

preferably as low as possible, when one wants toienihe drying of a droplet suspended
in air. By using a hydrophobic surface, the contaeta for conductive heat transfer has
already been reduced. Furthermore, the temperatuitee air near the flat plate deviates
from the bulk air temperature affecting the dryprgcess. Therefore a model description of
the temperature gradients within the plate antiéndir near the plate was developed.

To minimize turbulence (eddy formation) near thge=df the depositing plate, a thin flat
plate is used rather than a blunt-edged plate. Mewdhe presence of the flat plate still
influences the flow pattern of the drying air abdke plate, i.e. near the dropl&idqure

89



DRYING OF SINGLE DROPLETS DEPOSITED ON A FLAT SURFACE

5-1). A boundary layer model according to Mosaad (1i48)sed to describe the air flow
and temperature distribution across the flat plateydrodynamic boundary layer is defined
for the air flow distribution and a thermal boungéayer for the temperature distribution

Lo2(2)-1(E) 0szss (5-13)
—r:,:?m =1 —3(5) +§(i)3; 0<z< (5-14)

with zis the height coordinate from the surface of the flate,u is the air velocity az, u,,

is the bulk velocity of airy is the kinematics viscosity of aif, , is the temperature of the
surface of the flat plate at distancéat the front edge of the flat plate= 0), T., is the bulk
air temperatureg is the hydrodynamic boundary layer at distarcandd, is the thermal
boundary layer. The hydrodynamic boundary layeufer0.99.,,is (142)

§=5 \/;’Z 5-15 (5-16)

andd, is thermal boundary layer at distance

-1/3
6t={PT , Pr<i

Pr, Pr>1 (5-17)

The heat transfer coefficient between the air &edlat plateh, is approximated by (149)

h, = 0.332 22 (“7”) Pri/3; pr = Spake (5-18)

x1/2 Aa

with 4, is the thermal conductivity of aiPr is the Prandtl number of aic, , is the heat
capacity of air, angi, is the dynamic viscosity of air. The value &f ¢,, andu, are
temperature dependent; in Eq. 5-18, the value\aliated al = (T,+T..)/2.

The heat transfer coefficient decreases as a imcti the x-coordinate (Eq. 5-18) and is
calculated locally. It was estimated numericallg, assuming Ax at distance. from the
front side of the plate, the average heat transbefficient is obtained by integratirtg,
alongAx

B Aa o173 { (tee) /2 U \1/2
hpavg = 0.664 75 Pt/ ((T) -(52) (5-19)
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whereh, a4is the average local heat transfer coefficient.

Non-uniform
air flow (7,u)

Heat
Uniform air conygction Evaporation
.
_flow @u) A

Heat,
————>  convection;

z

—
Heat conduction
T—> X ¢--- Non-uniform heat transfer rate ----- >

Figure 5-1.Sketchof a single droplet drying on a flat plate withethir flow
pattern and governing heat transfer processesataticThe sessile droplet is dried
on a thin plate consisting of a hydrophobic memeréi15 mm) on top of a
stainless steel platform (1.00 mm).

The non-uniform heat transfer rate across the platdributes to the development of a
temperature gradient within the plate. The tempeeadistribution within the plate is
described with a one-dimensional partial differenéquation (150). It is assumed that no
temperature gradient in the y-direction (perpendicto the air flow direction) and in the z-
direction (within the plate; because of the snfatikness, i.e. 150m)

M _ A <ﬂ+hp,avg(7w_7p)) (5-20)

at  ppcpp \ 9x2 ZAp

with p,is the density of the plat&, is the thickness of the flat plate, afgs the thermal
conductivity of the flat plate. The boundary laygplied here are that near the droplet the
flat plate temperature is equal to the droplet terapre and at the edge of the flat plate (far
from the droplet) the temperature gradient of taegdlate is 0.

Equations 5-14 and 5-20 were solved numericallgditimate the temperature distribution
history within and above the flat plate. The prédits were validated by simple
temperature measurements at different heights atbevelate.
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To estimate the conductive heat transfer betweeisuinface and the droplet and compare it
to the convective heat transfer between the airtaadiroplet, the conductive heat flux Q
through the contact surface of the droplet wasnedéd according to
AT
= 1, 2R,z —°d 5-21

Q 14 da M cond ( )
with AT.ondd%e0ng IS the temperature gradient in the partition lagethe flat plate that is
closest the droplet. It was found that the condectieat flux was smaller than 5 % of the

total heat transferred to the droplet regardlesgsoposition. Therefore, it can be safely
assumed that most heat is transferred via coneehtat transfer.

Inactivation kinetics of-galactosidase

The inactivation rate of th@-galactosidase is affected by the temperature aoidtune
content of the droplet, which both change with tirAekinetic inactivation model fop-
galactosidase is developed in earlier work andbraid using constant heating
experiments (68). In the latter experiments, thepended enzyme is exposed to various
temperature-moisture value combinations for a $jgetime and the remaining enzyme
activity is measured. The inactivation kinetics aescribed by a two-step inactivation
process and the observed inactivation coefficikypt) (is described as

kos = (1%) k2 (5-22)

1+K,

with

_ AAS* _ AAHF _ AAH?, 11 _ f(-xy)
k= exp( R RTref )exp( R (T T.,ef)) exp( RT ) (5-23)

kgT As* AH# AH# 1 1 AH#, —AHE 1
ky =L exp ( 2w _ z,w) exp 2wl _ exp | —22m 2w (_ _
h R RTyef RT \T Tres R T

ew (o)) 520

whereK; is the reversible unfolding equilibrium constalkt,is the complete denaturation
rate constantAAST,, is the activation entropy difference between thdolding and
refolding reactions in pure watexAH*, ,,is the activation enthalpy difference between the
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unfolding and refolding reactions in pure watef,i% Boltzmann’s constant, h is Planck’s
constant, the\Stz,W is the activation entropy of complete denaturatiopure WaterAHltz,W

is the activation enthalpy in pure wataH*, , is the activation enthalpy in pure solid form
(i.e. no moisture)f describes the effect of moisture content on conétional stability of
the enzymeg describes the effect of moisture content on thevarsible inactivation
(second step) kinetic constant of the enzyme, Tanid the intercept temperature at which

k2,\l\/k2,5: 1.

Alternatively, the enzyme inactivation can also egarded as a one-step inactivation
process in which the native enzyme is irreversibhctivated. Then

kobs = k» (5-25)
An advantage is that this approach involves onpagameters to fit instead of 8 in the two-
step model. The effect of the temperature is thi#indescribed using the transitional state
theory as shown in Eq. 5-24.

Parameter optimization and statistical evaluation

To directly extract the kinetics from single drdpldrying experiments the following
approach was taken:

1. The temperature and moisture content historieswéral droplets were predicted
using the drying model (Eq. 5-3 and 5-4).

2. The inactivation kinetic constants were optimise(ittthe measured residual
enzyme activities after the drying for all droplsisiultaneously.

The parameter optimisation was carried out usimgralinear least square method solved
using the Levenberg-Marquardt algorithm (128). Thaefidence interval of the parameters
(p = 0.95) were estimated using the Hessian matvhich was again derived from the
Jacobian matrix of the solution (129). All calcidas were performed with MATLAB
version 7.10.
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Materials and methods

Sample preparation

The enzyme,B-galactosidase fromAspergillus oryzae(Sigma-Aldrich, Germany) was
dissolved in a buffer solution. The solution wasrthiltered with a 0.2um Minisart sterile
sieve (Sartorius Stedim Biotech SA, Germany) andest overnight in a refrigerator. The
maltodextrin, with DE 4-7 (Sigma-Aldrich, Germanyas dissolved in a buffer. The buffer
was prepared from 0.2 M BdPQO, (Sigma-Aldrich, Germany) and 0.1 M Citric Acid
(CeHgO4) solutions (Sigma-Aldrich, Germany). The pH of theffer was adjusted to
6.00£0.01.

The feed for single droplet drying experiments wespared by mixing 60Ql 2.5 %"/,
enzyme solution and 24Q0 25 % maltodextrin solution. The feed for the leddory scale
spray dryer was prepared by mixing 4 ml 2% enzyme solution and 96 ml 20.8 %,
maltodextrin solution. A lower enzyme concentratisrused during the laboratory scale
spray dryer experiments. The major reason wasatheiger sample volume could be easily
obtained for performing the enzyme activity teshisTis allowed, since at low enzyme
concentration, the inactivation kinetics df-galactosidase is not affected by its
concentration (6).

Deposited droplet drying experiments

The single droplet drying experiments involved sdsequent steps: droplet generation,
droplet drying, rehydration, and enzyme activityasigrement. A micro-dispenser was used
to generate the droplet as described by Perdanh (67). The droplet was deposited on a
polypropylene membrane (Akzo Nobel Faser Ag., ThethBrlands) positioned on a
platform from stainless steel slab; the thickneSshe membrane was 0.15 mm and the
stainless steel slab was 1 mm. The droplet was positioned in a drying tunnel (Figure
5-2). By guiding the drying air through a porousdien, a uniform flow distribution could
be achieved within the tunnel. The tunnel was #gal and heated with heating oil to
ensure that the air temperature was constant. &hpdrature and relative humidity of the
air bulk air was monitored using SHT75 temperatamd humidity sensor (Sensiron AG,
Switzerland). The temperature near the droplet masitored using a thermocouple Type
K (NiCr-NiAl) (RS Component, United Kingdom) with rgbe diameter 250 pm.
Furthermore, the setup was equipped witkEge 1480ME CCD camera with a lens with
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9x magnification ratio (Imaging Development Syste@&BH, Germany) to monitor the

droplet geometry evolution during drying.

CCD
camera T and RH CCD
measurement camera
Porous T and RH Corona Porous
media measurement light source media
| / q
E é 4
ﬁ : <
: 3
K L1 I q
I q
N L q
< \L% = \\ / q
Insulated air-feed .
tunnel Sample Prism Sg?it?clai I Corona
position P Prism  light source
AIR FLOW DIRECTION e

Figure 5-2. Schematic drawing of the drying tuns&e view (S) and top view (T).

The single droplet drying experiments were perfatmesing dry air (RH = 0.0 %),
preheated to a temperature between 80 and@Hhd a bulk air velocity of 0.20 m/s. After
drying, the resulting powder particle was dissohied50 pl buffer solution, stored
overnight in the refrigerator, and then the enzattévity was measured.

Laboratory scale spray drying experiments

The enzyme solution was dried with a Buchi B-19fagmryer (Buchi Labortechnik AG,
Switzerland). The residence time of the partickda this small spray dryer can be as short
as 1 s. Based on the equipment specification, dhicfe diameter after drying was between
2 and 25um. The inlet air temperature was 180 and the outlet air temperature varied
between 80 and 13. Subsequently, around 1 g of powder was takerdeed further in

a heating chamber at 108 for 72 h to determine the moisture content ofgbe/der after
spray drying. Additionally, a 0.200 g powder sampias reconstituted to 3.80 ml buffer
solution and analysed for its residual enzyme #gtiv

Measurement of the residual activitypefalactosidase

The residual activity off-galactosidase was measured using an o-nitroptieDyl-
galactopyranoside (ONPG) assay (Sigma-Aldrich, Ges) according to Perdaret al
(68). The absorbance of the samples incubated ilP@Nolution was immediately
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measured after incubation at a wavelength 420 nmgus spectrophotometer (Beckman
Coulter, Inc., USA).

Particle size measurement

Approximately 1 gram of the spray dried sample whasd further in a heating chamber at
105 °C for 72 h to reduce the moisture content and toicayparticle agglomeration.
Afterwards, the particle size distribution of themgple was measured using Mastersizer
Scirocco 2000 (Malvern Instrument LTD, England).

Results and discussion

Droplet geometry evolution

Snapshots of a deposited droplet during the drpigess are shown in Figure 5-3. The
droplet shrinks uniformly before 30 s, and thenrtstéo develop wrinkles. The uneven
shrinkage after 60 s suggests that a thin non-figwayer is developed, which cannot
accommodate a homogenous shrinkage (151). Insteamllapses which leads to an
irregular shape of the particle.

Os 30s 60 s 90s 120 s 150 s

Figure 5-3. Droplet geometry change during a sinlgtglet drying experiment at
an air temperature of 8, an absolute air humidity of 0 g/kg dry air, dkbair
velocity of 0.20 m/s, an initial droplet height 800 um, and an initial droplet
moisture content of 80 %4,,.
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Figure 5-4. A: Temperature and moisture conteribhysof a droplet dried during

a single droplet drying experimefdt; is the air temperature contacting the droplet;
averaged as the air temperature at half droplghhdiy is the droplet temperature,
and xw is the moisture content. B: Droplet radinange during drying from the
visual monitoring (symbol) and the model (line).Moisture content distribution
inside the droplet at t = 32 s, the symbols shawbtbrder of the partition for each
layer. The drying is carried out at an air tempaebf 80°C, a bulk air velocity

of 0.20 m/s, and an absolute air humidity of O kgdky air. The initial moisture
content is 80 %8/, and the initial droplet height is 8Qn.
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Drying model

In the heat and mass transfer model the sessifdatris assumed to be a perfect sphere.
This assumption reduces the complexity of the meadhel is acceptable since the initial
sessile droplet has a very high contact angle (*T30and also the final powder particle
remains approximately spherical, as shown in FiguB The predicted temperature and
moisture profiles are shown in Figure 5-4.

The model predicts that the moisture content atsiiméace decreases faster than in the
centre of the droplet and reaches a moisture cbntese to 0 % at around 35 s. This is in

line with the visual observations, i.e. the occnoesof wrinkles indicating the presence of a
thin dry layer. As shown in Figure 5-4B, at t = 81the moisture content gradient near the
surface of the droplet is very steep, indicatirgf #hvery thin layer near the droplet surface
is very dry. The model also predicts that the dzbphdius does not change any more after
approximately 60 s of drying. This is also in liw&h the visual observations.

The droplet temperature at the beginning (t < 40fghe drying process is equal to the
corresponding wet bulb temperature of the heatingRigure 5-4A). When the moisture
content near the surface of the droplet decreasedess than 100 kgfinthe droplet
temperature starts to increase. At this point tlagewevaporation rate decreases together
with the lower vapour pressure at the droplet swrf@, < 1). While the evaporation rate
decreases, the heat transfer into the dropletrmoedi and causes an accumulation of heat;
observed as an increase in droplet temperature.

Predicting the residual enzyme activity after doyin

The single droplet drying method is applied to dhgalactosidase suspended in a
maltodextrin matrix. The inactivation kinetics di-galactosidase determined with
independent experimental data was combined withhtret and mass transfer model to
predict the residual enzyme activity after dryi®@), Subsequently, the predicted enzyme
activity is compared to the drying results. In mitdg the inactivation of3-galactosidase,
the pH change due to decreasing moisture conteatngglected. This is allowed since
most of the enzyme activity loss takes place ab higisture content where the presence of
the added buffer stabilizes the pH. Furthermorelpaer moisture content, the enzyme
activity loss is negligible at the time scale ofidg applied. The model predictions and the
experimental data are shown in Figure 5-5.
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As shown in Figure 5-5, the heat and mass tramsfedel using the independent kinetic
inactivation model foi3-galactosidase is in reasonable agreement withexiperimental
data. Both the predictions and the experimental dabw that the enzyme activity does not
decrease during the initial drying period (< 40bsfause the temperature of the droplet,
which is near the (low) wet bulb temperature. Theemapid inactivation rate is observed,
which slowly declines to result in a final enzynutivty. The subsequent rapid inactivation
can be explained by an increase in particle tentperaAt this point the heat transfer is not
compensated by sufficient water evaporation. Theeise in temperature has especially
impact on the enzyme present in the centre of thplet as the moisture content in the
centre is still high as also reported for dryingptifer heat sensitive products (44, 152).

After a while the enzyme inactivation rate decream®d the residual enzyme activity in the
particle is obtained. The enzyme inactivation rdézreases because of the decreasing
moisture content, especially near the surface efditoplet and finally also in the centre of
the droplet. Most of the residual active enzymiddsited near the surface of the particle as
shown in Figure 5-5C. It can be concluded thatdtiferent moisture content history at
different locations in the droplet determines tlaegé differences in residual enzyme
activity across the droplet radius.

A strategy that might be followed to retain maximemzyme activity is to minimize the
presence of enzyme in the centre of the droplés @dmn for example be achieved by drying
the enzyme in a droplet that forms a hollow sphgyen drying (113) or by applying a
coating of a concentrated enzyme solution on pieddrarticles.

The results also show that the initial droplet diten determines the residual enzyme
activity to a large extent. Figure 5-5 indicateatttihe residual activity is higher for smaller
droplets. Although inactivation starts earlier insmaller droplet, the critical region is

shorter (i.e. the combination of high temperature high moisture content in the centre of
the droplet) compared to that in the larger dropleis implies that with respect to enzyme
inactivation a smaller droplet size is preferreddpray drying.
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Figure 5-5. A: Residual enzyme activity after dgyiof a single sessile droplet at
air temperatures of 8®), 87 @), 95 (A), and 110°C (0) for an initial droplet
diameter of 800um. B: The effect of initial droplet size on resitlenzyme
activity for an initial droplet diameter of 8Q0n (A), and 140Qum (o). The error
bar shows the standard deviation of the data. Téaigtions (solid line) are based

on the inactivation kinetics of3-galactosidase from the constant heating

experiments. C: Residual activity @tgalactosidase as a function of the radial

coordinate (solid line) and of the volumetric cdoede (symbols) after drying of a

droplet with an initial diameter of 8Q0m at an air temperature of 96 for 300 s.

100



CHAPTER 5

Direct extraction of inactivation kinetic paramest@&rom drying experiments

The parameters describing the specific inactivatkinetics of pB-galactosidase in
maltodextrin may be extracted directly from theg&ndroplet drying results. This is
preferred as these experiments are much less labtansive and can be scaled out to
facilitate a high throughput approach. If the methis reliable, the parameters ff¢
galactosidase inactivation directly obtained framgke droplet drying experiments should
be similar to the ones obtained from the separadiig experiments (68).

Both the one-step and the two-step inactivation etodvere evaluated to describe the
experimental drying data. The results of the patameptimisation are compared to the
parameters from the earlier study (Table 5-1).dh de observed that the parameters
obtained from the drying experiments differ frone tharameter values from the heating
experiments (Table 5-1). This can be explained Hey fact that the inactivation during
single droplet drying experiments occurs primadlying a very short critical period. This
critical period is dictated by the drying historgdainvolves temperatures and moisture
content values that lead to rapid inactivation.ré&fare, the parameter values are optimised
such that they specifically describe the inactomatiduring this critical period. This
explanation is further confirmed by implementing tine-step inactivation model, which is
also able to describe the inactivation during dgyexperiments well. The data from the
heating experiments were obtained at many diffetentperature and moisture content
combinations and could be varied independentlyrdfoee, the values are based on a much
wider data set, but having less data in the speagfige that is relevant for spray drying.

Another reason for the difference between the ldnparameters is that the parameter
optimisation procedure forces the model to desdtigeresidual enzyme activity after the

drying. By doing so, any uncertainties in the haad mass transfer model are neglected.
However, from earlier observations it was conclutteat the heat and mass transfer model
could predict the droplet shrinkage and the residueyme activity using the kinetic

parameters from the heating experiments reasorzsaiglyrate. Therefore, it is believed that
the uncertainties involved are not very large dmat the kinetic parameters of the single
droplet experiments remain valid. This conclusisrsiipported by laboratory spray drying

experiments.
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Table 5-1.The parameter values for the inactivation kinetinstant of3-galactosidase
estimated from heating experiments and from sidgiplet drying experiments

Drying experiments

Estimated Heating ) o One-step
) Two-step inactivation o
parametér experiment inactivation model
model (Eq. 5-22)
(Eq. 5-24)
o 1.0810° 1.3110° NA
AAS (Imol'K™?)
(0.2510°% (0.006310%
3.5710° 4.8610° NA
AAH*; (3mol™)
(0.81:10) (0.02310°)
o 6.7510° 5.49107 1.8810°
AS,, (ImoliK™)
(1.1710) (0.097107) (0.0001010°%
. 3.2810° 2.7610° 7.7410°
AH*,, (Imol™?)
(0.4010°) (0.06310°) (0.0002310°)
AH, L( 3mol) 1.2810° 1.5710° 4.7710°
mo
28 (0.20109) (0.02710% (0.001610%)
2.6010° 8.9210° NA
m
(0.0009410° (0.001010%
1.16 5.37 5.67
P (0.0056 (0.011) (0.00038)
33.85 -49.65 8.25
Tint (OC)
(0.065) (8.80) (0.026)
Trer (°C)° 68.50 68.50 68.50

& The uncertainty of the parameters at 95 % contidenterval
b The values of the parameters are according aRaretl. (68)

¢ Not optimized
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Figure 5-6. A: Fitted residual enzyme activity obéal from single droplet drying
experiments at varying air temperatures of 80 87 @), 95 (A), and 11C0C (0)

for an initial droplet diameter of 8Qdn. B: Residual enzyme activity predicted
using the inactivation kinetics extracted from dgydata at various heating air
temperatures compared to the drying results frdfarént initial droplet diameter:
500um (o) and 140Qum (o). Thep-galactosidase inactivation is described by the
two-step inactivation model (left) and the one-dtegetivation model (right).

In Figure 5-6B, the effect of the initial dropleiacheter on the residugtgalactosidase
activity after drying is shown. The figure showstttthe model accurately predicts the
experimental data. Therefore, it can be concludeat &lthough the values for the
parameters in the model for inactivation kinetibsained from the drying experiments may
be less precise, the inactivation kinetics are mteuenough to predict the effect of drying

on the inactivation of the enzyme. This is becathsecritical drying period dictates the
end-product properties.
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Table 5-1 shows that the values of the confidentagvals of the parameters are smaller for
the one-step inactivation compared to the two-Btaptivation model. Therefore, it may be

concluded that the one step inactivation model @remfavourable than the two-step

inactivation model to describe the effect of drymgenzyme activity loss. From practical

point of view the one-step inactivation model may dufficient to translate the measured
inactivation from single droplet experiments inseful inactivation kinetics.

Laboratory-scale spray drying

The models were also applied to predict the residnayme activity after drying on a
laboratory scale spray dryer. The results inditiaé at an outlet air temperature below 100
°C, the enzyme is hardly inactivated upon dryingjlevivith an outlet air temperature
higher than 100C, the enzyme is increasingly inactivated with kigtemperature as also
observed by Yamamoto and Sano (6) (Figure 5-7).

10
()
A 1.0 two-step inactivation B
from heating exp.
8
=08 IS
z =
= S 6
8 0.6 §
g °
204 one-step inactivation §
i from drying exp. G
-step fnactivati >
two-step inactivation
0.2 from drying exp. 2
0.0 0
80 90 100 110 120 107 10° 10° 10
Outlet air temperature (°C) Particle diameter (m)

Figure 5-7. A: the residual activity ¢f-galactosidase after spray drying in a
laboratory scale spray dryer. The symbols repretsenexperimental results at an
inlet air temperature of 180C and varied outlet air temperature. The lines
represent the predicted enzyme activity using tiaetivation kinetics obtained
from the single droplet drying experiments and frahe constant heating
experiments. B: the particle size distribution bé tpowder obtained from the
laboratory scale spray dryer.

The volume weighted mean diametey Jjdof the spray dried particle is 6.94 um; fed into
the drying model to predict the residual enzymévigt By assuming that the volumetric
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droplet shrinkage is equal to the amount of wageraved, the initial droplet diameter was
estimated at 11.8 um (initial moisture content 84/%p (152).

The model can predict the drying results reasonabtyrate, but at temperatures between
100 and 12fC, the predicted value of the residual activityBefalactosidase is slightly
lower than the experimental results. This may be guthe lower initial droplet size in
reality due to non-ideal shrinkage leading to maigd drying and thus lower inactivation
(see also Figure 5-3).

Furthermore, Figure 5-7 shows that there is onlgn@ll difference between the two
inactivation models at temperatures larger than 400 This is probably because the
inactivation kinetic constant of the one-step ination model increases more quickly with
temperature. This may lead to an overestimatioth@fnactivation kinetic constant at high
temperatures.

Conclusion

A newly developed, small scale experimental setumimic spray drying was presented
which involves the drying of single droplets depedion a hydrophobic flat plate. This
approach ensures rapid and inexpensive trials whditaining key parameters similar to
the process condition on spray drying. In this giuthe setup is used to evaluate the
inactivation off-galactosidase during drying.

To describe the physical and chemical changes gluhiging, a model based on heat and
mass transfer is presented. The model, combined th¢ inactivation kinetics of-
galactosidase from separate heating experimentsuged to predict the loss in enzyme
activity after drying. It is found that the modelrcprovide a reasonably accurate prediction
on the residual enzyme activity.

It was also shown that the inactivation kineticg-afalactosidase can be directly extracted
from the single droplets drying experiments rattiem using the kinetics from separate
heating experiments. The parameters that werermitan this way were used to predict
other experimental results both from other singleptkt drying experiments and from a
laboratory scale spray dryer. The new inactivakkaretics provides reasonably accurate
prediction on the residual enzyme activity for bptbhcedures.
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Nomenclature

A Area m

Ay Water activity _

Co Heat capacity Jkg'K™?
C Concentration kgm?
Cq Constant in GAB sorption model -

d Diameter (Ry) m

D Diffusion coefficient m’s?

E, Arrhenius-type diffusion activation energy J.fhol

Parameter to describe the effect of moisture contn

_.,
|

conformational stability of the enzyme

Parameter to describe the effect of moisture cartanthe

g irreversible inactivation (second step) kinetic stamt of the —
enzyme

h Planck’s constant (6.626 x 1) J.s

h Convective heat transfer coefficient sk

AHy, Enthalpy of evaporation Kyt

AH? Activation enthalpy Jmol*

AAHE Activation enthalpy difference between unfolding dan,]-mol'l
refolding reaction

J Evaporation rate kg-s®

Ks Boltzmann'’s constant (1.380 x 19 J.K?!

Kobs Observed inactivation kinetic constantefjalactosidase X5

‘ Irreversible complete denaturation rate constant fef
2 . S
galactosidase

ke Mass transfer coefficient Bt
Kq Constant in GAB sorption model -

K1 Unfolding equilibrium constant d¢f-galactosidase s's
L Length m

m Mass kg
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pi

Pr

Re

AS
AAS

Sc

-

X x x < €

N <

N

Parameter to describe the effect of moisture caonten
unfolding equilibrium of3-galactosidase

Molecular weight of water (180°7) kg-mol™*
Number of partition -

The uncertainty of the parameters —
Parameter to describe the effect of moisture canten
irreversible complete denaturation rate constant pef —
galactosidase

Pressure Pa

Prandtl number -

Heat J.st
Distance in radial coordinate M

Ideal gas constant (8.314) -mdltK™?
Reynolds number -

Droplet radius m
Activation entropy Jmol'K™
Activation entropy difference between unfolding an\(]j-mol'lK'l
refolding reaction

Schmidt number -

Time S
Temperature °C
Velocity ms?
Volume m’
Distance in Cartesian coordinate m
Mass fraction of water kg-kg?
1f—“;w, moisture content kgkg DM
Monolayer moisture content in GAB sorption model -Kegd DM
Distance in Cartesian coordinate m
Distance in Cartesian coordinate m
Thickness m
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Greek symbols

0 Hydrodynamic boundary layer thickness m
Ot Thermal boundary layer thickness m
A Thermal conductivity Jsimik?
U Dynamic viscosity Pas
p Density kgm?
v Kinematic viscosity ms™
Subscript
a Air
avg Average
cond Conduction
d Droplet
int Intercept
m Very dry matrix
obs Observed
p Flat plate for droplet deposition
ref Reference
S Solute
sat Saturated
w Water
0 Initial
0 Bulk air
Appendix
Table 5-Al. The closure equations used in dryingleho
Equation name Equation Reference

Saturated vapourlog (%‘;t) — _7.90298 (ﬁ _ 1) +

pressure

T

(153)
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Ts
5.02808 log (=) - 1.3816 -
1077 (10“-344(1‘%) - 1) +8.1328 -
1073 (10‘3-49149(%‘1) - 1) + log(es;)

For vapour at total pressure 1 affg,is 373.15
K andey is 1013.25 (in hPa).

Water activity

Xw  _ CgKg-aw

Xwm  (1=K-ay)(1-Kg-aw+Cg-Kg-aw)

(154)

(Guggenheim-
Anderson-de
Boer model)
Heat and mass For a droplet suspended in air, used in the dryi(gR, 67)
transfer model for laboratory scale spray dryer
coefficients hd
2% _ 9 4 0.6Re%51py033
%eld = 2 4 0.6Re®51Sc03?
w,a
For a sessile droplet, used in the drying magdel
for single droplet drying
2 = 0.24 + 0.63Re®S1 Pro33
kcdg _ 0.51¢-0.33
—<£=0.24 + 0.63Re’>'Sc
with
Re = PaddlUco Pr = Cpaug . Sc = UaPa
Ha ! Aa ! Dw,a
Diffusion Do oo = exp [ — 328H215%w (155)
coefficient ~ of | T30 p( 1+10.2Xw )
water in _ Eq (1 1
maltodextrin Dw.a = Dw,ar=30°c€xp <_ & (F B 303.15))
luti .
solution with
__ d+190X,,
@ 1+10Xy,
Diffusion Dy o =—-2775" 1076 +4.479-1078T + (156)
coefficient of| 1.656 - 101072
water in air
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Chapter 6

Novel method for viability enumeration for single-
droplet drying olLactobacillus plantarunWCFS1

Published as:

Perdana, J., L. Bereschenko, M. Roghair, M. B. FX]. Boom, M. Kleerebezem, and
M.A.l. Schutyser. 2012. Novel Method for Enumerataf ViableLactobacillus plantarum
WCEFS1 Cells after Single-Droplet Drying. Appl. Eron. Microbiol. 78:8082-8088.
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Abstract

Survival of probiotic bacteria during drying is nimtvial. Survival percentages are very
specific for each probiotic strain and can be impob by careful selection of drying
conditions and proper drying carrier formulatiom Axperimental approach is presented,
comprising a single droplet drying method and assghbent novel screening methodology
to assess the microbial viability within single fides. The drying method involves the
drying of a single droplet deposited on a flat, fmyhobic surface under well-defined
drying conditions and carrier formulations. (Semik)ed particles were subjected to
rehydration, fluorescence staining, and live/deadungeration using fluorescence
microscopy. The novel screening methodology pravidecurate survival percentages in
line with conventional plating enumeration and wasluated in single droplet drying
experiments with.actobacillus plantarunW/CFS1 as a model probiotic strain. Parameters
such as bulk air temperatures and the carrier ocastiiglucose, trehalose, and maltodextrin
DE 6) were varied. Following the experimental aggig the influence on the viability as a
function of the drying history could be monitordenally, the applicability of the novel
viability assessment was demonstrated for sampdegned from drying experiments at a
larger scale.

Keywords: viability, enumeration, probiotics, Anaposingle droplet drying
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Introduction

Probiotics are defined as “live microorganisms, ahivhen administered in adequate
amounts, confer a health benefit on the host” (1bl8alth benefits are usually related to
the influence of probiotic bacteria on the micrdlbalance in the hosts’ intestine or via
modulation of the gut-associated immune system-(&8. Probiotics are delivered to the
gastrointestinal tract as food products or dietarmygplements; supplied on the market either
as fermented food commodities, freeze-dried ordnozultures, which enhances their
stability and facilitates their implementation ippaopriate product formulations (76, 163,
164). When compared to freeze drying and freezpgay drying could be an interesting
alternative for providing shelf-life to probiotingredients. Spray drying is more energy and
cost efficient and can be operated continuoushlyigiter production capacities (2, 5, 165).
The major drawback of spray drying is the limitedvéval of probiotics (3, 24). Several
studies have successfully explored approachesci@dse the survival percentages after
spray drying (18, 166-168). However, most of theulis so far are very specific and
difficult to translate between different species.wlas for example found that a high
variability exists between different strains of theame species (169, 170). In addition, the
process conditions applied during spray drying (I65) and the protective carrier-
materials added (3, 166) have strong influencéherfihal viability. Since these parameters
need to be optimized for each specific case (diffeprocess parameters, different strains
or species, and different carrier formulations udadng drying), many cost-, time- and
labour-intensive experiments are required.

This paper presents an experimental approach esaggobiotic survival during drying,
starting with the drying of small single dropletgpdsited on a flat hydrophobic surface
(67) followed by cell rehydration on Anopore chii§1), and subsequent evaluation of the
microbial viability by fluorescence microscopy.

A recently developed single droplet drying methedused to produce powder particles
dried under well-defined conditions to investigatee influence of drying process
conditions and carrier formulations (64, 67). Sfieailly, drying parameters, such as
droplet size, and temperature, relative humiditg diow rates of the air, can be varied
effectively and systematically over wide ranges.
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Critical to the assessment of the viability afteying is the availability of a rapid and
reliable live/dead assay. The assay developed é&mEoys a micro-porous aluminium
oxide chip (Anopore) (171, 172). Following rehydvat of the droplets, fluorescence
probes are used for live/death enumeration usingréscence-microscopy. This assay is
compatible with medium- to high-throughput techmgu especially when compared to
more conventional enumeration by plating. Moreovlee, proposed method allows direct
visualization of live and dead populations afteyinly without the requirement for growth.
It has the potential to measure the viability inainsample volumes, i.e. the viability of
bacteria present in a single powder particle. Sylpsatly, the method is applied to just as
well assess the microbial viability in the parti&clebtained from single droplet drying
experiments and from stabilization experiments darger scale. In our experiments,
Lactobacillus plantarumWWCFS1 was selected as the model bacterium. Theéstim is
based on the fact that thisctobacillusstrain has been topic of extensive studies before
(173) without per sé. plantarumbeing a probiotic bacterium.

Materials and methods

The entire experimental procedure can be dividéeat it) microbial culture preparation, 2)
drying of single droplets, 3) particle rehydratiand fluorescence-probe staining, and 4)
fluorescence microscopy analysis automated relatadde cell enumeration (Figure 6-1).

Microbial culture preparation

A culture with high viability (> 99 %) was acquirég growingL. plantarumWCFS1 in 10
ml sterilized lactobacilli culture medium, MRS (BDifco, USA) at 30 °C for 16 h. The
final cell density approximated 16olony forming unit (cfu) per ml.

The overnight culture was centrifuged using Eppeh@entrifuge 5804R with F-34-6-38
rotor at 13.5x g at 4 °C for 10 minutes. The resulting pellet wesshed twice with

phosphate buffered saline (PBS) solution (BD Difd@A). To minimize washing stress,
the pH of the PBS solution was adjusted to pH ofvHdich is similar to the pH of the
culture at the end of growth.

Single droplet drying experiments

Directly before the drying experiment was initiatetie washed bacterial cells were
suspended in a carrier matrix, consisting of 20"f maltodextrin DE 6 (Glucidex 6,
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Roquette, France), trehalose (Sigma-Aldrich, Gegnaar glucose (Sigma-Aldrich,
Germany). These carbohydrates are known to propidéection to bacterial cells (174,
175).

Figure 6-1. Schematic overview of the experimergedbcedure including 1)

microbial culture preparation, 2) single dropleyidg, 3) particle rehydration and
fluorescence-probe staining, and 4) fluorescenagasiopy analysis automated
relative viable cell enumeration

The drying experiments were performed using theesaguipment as described by Perdana
et al. (64). The droplets were generated usingeamatic dispenser of the Microdot 741
MD-SS series (Engineered Fluid Dispensing-Nord&t$#\). The droplet deposition on the
flat surface (5 x 20 x 0.2 mm) was automated usain{)Y¥Z positioning platform Ultra 525
TT Automation series (Engineered Fluid Dispensirgydson, USA). The dispensing
needle AKA740TK precision tips (Engineered Fluidspgnsing-Nordson, USA) were
coated with DOW Corning 340 heat sink compound (D@Ghemical, USA) to avoid
droplets from creeping up along the outside ofrtbedle.

Prior to the deposition of the droplets, the midispensing system was flushed with
sterilized Milli-Q water (Millipore, USA) followedby 70 %"/, ethanol solution (VWR
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International, France) and then rinsed again witilli-§) water. The droplets were
deposited on a flat hydrophobic membrane Acéutgbe PP 2E HF (Akzo Nobel Faser
AG, The Netherlands). To prevent microbial contaation, the membrane was sterilized
with 70 %"/, ethanol solution and dried under aseptic condit@inroom temperature.

The droplets were dried using preconditioned, riéite (dust/microbes and oil free) drying
air, heated to the desired temperature by leadittgdugh a coil that was submerged in an
oil bath (Julabo EH-5, Germany). The heated air thas fed to an insulated tunnel which
acted as the drying chamber. The air temperaturéaéntunnel was monitored using a
thermocouple Type K (NiCr-NiAl) (RS Component, Wdt Kingdom) with a probe
diameter of 50@um. The air flow velocity was monitored (Type 13B8poks Instruments,
The Netherlands). The tunnel was filled with a hyghorous medium to develop an air
flow with a uniform velocity. Meanwhile, the temgure was maintained by insulating the
tunnel with heating oil. After the deposition oktlroplets, the samples were placed in the
drying chamber and dried using various drying tiraed regimes. The setup was equipped
with a uEye 1480ME CCD camera with a lens with x9 magniftoa ratio (Imaging
Development Systems GMBH, Germany) to monitor ttoplgt geometry evolution during
drying.

The single droplet drying experiments were perfatnusing dry air (RH = 0.0 %),

preheated to a temperature between 25-70 °C antk aib velocity of 0.12-0.52 m/s. For
each experiment, three identical droplets were ettispd and dried simultaneously.
Biological duplicates were performed by repeatimg ¢éxperiments twice.

Rehydration and staining chip

The substrate for cell rehydration and staining ma&pared by applying an Anopore chip
(171) on a low-melting point (LMP) agarose gel (8ay The Netherlands). The gel was
prepared by dissolving 1 g of agarose in 100 mMdfi-Q water (Millipore, USA) and
autoclaved (121 °C) for 20 min. The agarose saiuticas allowed to cool; after the
temperature reached approx. 40 °C, 2 pL of a femeece staining probe Live/Dead
BacLight Bacterial Viability Kit (Invitrogen, USAWwas added to 10 ml of the agarose
solution. The agarose solution was then spread iorostope slides (76 x 26 mm) and
allowed to solidify for 30 minutes in a dark enviroent. Afterwards, a sterilized Anopore
chip (8 x 35.6 mm; 60 pum thick; 0.2 um pore size; BF pores per cf Microdish BV,
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The Netherlands) was carefully placed on the agams. The Anopore chips were

sterilized by submerging it into 70 %, ethanol solution for 2 h in falcon tubes.
Subsequently, ethanol was decanted and the chipsdvied in a sterile flow chamber for

12 h and then the tubes were tightly closed foragf®. The Anopore chips were positioned
on the agarose gel for at least 30 min prior tortteydration of the dried particles. All

preparations were carried out under aseptic camiti

Weight

Hydrophobic membrane
Anopore membrane
Dried droplet

——y Agarose gel with Syto-9/P1
| / AN =———> Microscope slide

=i Dried droplet

> Cells

: 3 Anopore membrane
p—————3Propidium lodide

> A garose gel

> Syto-9

Figure 6-2. Schematic drawing of the rehydratiod staining chip

Cell rehydration and enumeration

After drying, the powder particles were directlyarisferred to the rehydration and
fluorescence staining substrate. The powder pastislere transferred to the Anopore chip
by turning the hydrophobic membrane upside dowrthenAnopore chip (Figure 6-2). A
small weight providing 1.25 g/chpressure was put on top of the membrane to ensure
contact between the membrane and the Anopore suffethe entire membrane surface.
Therefore, rehydration could be considered as beingyersal and complete. After
rehydration, the weight and hydrophobic membraneewemoved carefully from the
Anopore chip.
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The rehydrated samples on the Anopore chip werlysathusing a fluorescent microscope
Axioskop 40FL (Carl Zeiss, Germany). Fluorescenoeges were captured with a
magnification of x630 using an Olympus XC30 camé@ympus, Japan) and C&ll
imaging software (Olympus, Japan). Due to decreadkiorescence signal of the sample
in time due to bleaching, the sample was not expésdhe light source for more than 5
min.

The BacLight Bacterial Viability Kit (Invitrogen}sicomposed of two nucleic acid-binding
stains: Syto 9 and propidium iodide. Syto 9 cannibernalized in cells depending on their
membrane integrity and membrane potential, regultingreen fluorescent staining of cells
that are alive. In contrast, propidium iodide casgively penetrate cells that have damaged
membranes and therefore can be considered to lok Tlea presence of propidium iodide
within the cell can override the green signal ofdSy, results in red fluorescent cells (176).
The total viability is therefore calculated by diféntial enumeration of green and red cells.
This method can be automated using an image pliogasaitine as shown in Figure 6-3.

An in-house coded routine in Matlab 7.10.0 was tped to perform automated image
processing and extract live/dead enumerationst, Rlie red and green channels of the
resulting image from microscopy analysis were g&lely split. Subsequently, the routine
counted the number of cells for red and green caflanseparately (Figure 6-3). The
package was able to evaluate multiple images ak;otite resulting live and dead
enumerations were automatically summarized.

Cell enumeration through plating

The results of the rehydration and enumeration atetteveloped here were compared to
the conventional enumeration of viable cells ugitaging on MRS agar. For this method,
powder particles were suspended and dissolved linnd PBS solution for 30 min and
subsequently diluted further to an appropriatetigitu (10* and 1¢F). Subsequently, cfu
enumeration was performed in duplicate by platidgubof the suspension on MRS agar
plates using an Eddy Jet 2 spiral plater (IUL knstent, Spain). The plates were incubated
at 30°C for 48 h, following colony counting of the dilatis having between 30 and 300
colonies. The viability fraction was determined diyiding the number of colony for each
treatment to the colony of the untreated sampkyrasig 100 % viability in the untreated
sample.
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Figure 6-3. Live/dead counting. Top: Original fleecence microscopy image of
L. plantarumWCFSL1 cells rehydrated on an Anopore chip obsewigil X630
magnification. Middle: Red and green channels apamated. Bottom: Cell
counting to determine the number of live (left) alehd (right) cells.
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Spray drying experiments

Spray drying experiments were carried out in a BuBRL90 spray dryer (Buchi
Labortechnik AG, Switzerland). The outlet temperesuof the spray dryer were set
between 50 and 90 °C and the inlet temperatures wetr 30 °C higher than the applied
outlet temperature. The resulting powder was furtded using contact air drying
(ambient temperature, RH = 0 %) for 24 h, and wedyased for viability before and after
drying. The viability analyses were done by spregda small amount of the powder
(approx.: 1 mg) to the rehydration and fluoresces@ning substrate. Subsequently, a
similar treatment was applied as to the droplaeddusing single droplet drying method.

Moisture content analysis

The moisture content of the samples was analysidg) tise Sartorius MA 30 (Sartorius
Mechatronic, Germany) gravimetric analyser. Appmeadely 1 g of sample was spread on
an aluminium pan and put in the moisture conteatyeer, which heated the sample up to
130 °C for approximately 5 min.

Results and discussion

Method development

Optimum cell density for microscopic evaluation

The microbial enumeration is affected by too hightao low cell densities. High cell
densities may induce flocking or lead to visual i@ of cells. Conversely, low cell
densities may not provide sufficient numbers oflscelor statistically significant
enumeration. Therefore, an optimum cell density foe enumeration needs to be
established. The current method allowed to deterrnaiability percentages for maximally
~500 cells per image (2080x1544 pixels). For higledr densities the enumeration routine
may not provide accurate results due to the fregoeerlapping fluorescence signals from
different individual cells. Additionally, the vidiiy fraction was evaluated as a function of
the number of counted cells within an image, shgvétable viability fraction between 200
and 500 cell density per image.
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Rehydration time

The rehydration time is defined as the time betwtwen transfer of the dried powder
particle from the hydrophobic membrane to the Amepzhip and the subsequent removal
of the hydrophobic membrane. The rehydration timeritical, since too short rehydration
times may lead to transfer of only a small perogataf the cells to the Anopore surface.

We found that more than 90 % of the cells weresdfiemed to the Anopore chip using
rehydration times between 15 and 90 minutes. Aalutily, the fluorescent dyes could be
detected immediately following the transfer. Durifigther experiments 15 minutes of
rehydration time were used for transfer of thescell
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Figure 6-4. A: Image of a rehydrated particle obsdrunder the microscope after
0 minutes of delay time. B: Image of a rehydratedtiple observed under the
microscope after 10 minutes of delay time. C: Reaidmicrobial viability of
particles dried under three different circumstanckeplet size of 60Qum dried
with air temperature of 60C for 1 minute (I), air temperature of 2& for 5
minute (Il), and air temperature of 26 for 1 minute (ll1), with varied delay times
during particle rehydration for 10 minutes, 1 hoand 3 hour. The error bars
represent the standard deviation.
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Time period between rehydration and microscopidysis

For practical purposes it was evaluated whetheelaydtime between rehydration and
fluorescence microscopy would be of influence ® fihal viability assessment. The major
advantage of this delay time is that it facilitaties combination of the results from multiple
drying experiments with a single subsequent vigbédssessment run. The delay time was
evaluated for a time period between 0 and 3 hdurs.delay time did not have significant
impact on the viability assessment outcome (Figuc€).
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Figure 6-5. A: parity plot of the viability fractis obtained via the Matlab
enumeration routine (x-axis) and the manual enutioeramethod (y-axis). B:

parity plot of the viability fraction ofL. plantarum WCFS1 assessed by
conventional plating (x-axis) and the new enumeratmethod (y-axis). The
samples were obtained by drying theplantarumWCFS1 in a 20 % maltodextrin
for 10 min with hot dry air of 25e(), 50 @) and 70°C (A), a droplet size of 600
um and an air velocity of 0.52 m/s.

However, the microscopic images obtained direcfigraremoval of the hydrophobic

membrane were substantially less sharp than thgdsnabtained 10 min after membrane
removal (Figure 6-4A and B). This might be expldifey the presence of a thin water layer
on the surface of the Anopore chip after the rerhof/¢he hydrophobic membrane, which
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disappears upon exposure to air, either by evaparat reabsorption into the agarose gel.
The presence of a water layer may negatively affextsharpness of the image due to the
focus depth of the microscope. Therefore, a minindatay time of 10 minutes was used
between membrane removal and microscopy analysie the maximum delay time was
fixed at 3 hours.

Final evaluation of the viability assessment method

The enumeration of live and dead cells was cawigdvith a Matlab routine. These results
were compared to manual enumeration. Eighty imagese selected randomly; the
viability fraction for every image was determinedmmally and compared to the result from
the Matlab enumeration routine. Both methods gdedraimilar counts (Figure 6-5A),
which validates the automated enumeration roufifie total number of counted cells
should be such that an accurate value of the it\alihction is obtained. A total number of
200 cells was found sufficient to obtain an acauratlue. From this and previous results it
can be concluded that the ideal cell density liesvben 200 and 500 per image. Finally,
the fluorescence microscopy based viability enuti@ravas compared to results obtained
via conventional plating. Both enumeration methapnerate similar viability counts
(Figure 6-5B), which validates the fluorescenceroscopy method.

Application of the viability assessment method

Inactivation during single droplet drying

The novel and validated assessment method wasudrgéy applied to evaluate the effect
of the drying history on the viability loss bf plantarumWCFS1. A single drying droplet
method was used to generate droplets with the facteuspended in different
carbohydrates (20 %,,).

The residual viability decreased with drying timteddferent bulk air temperatures (Figure
6-6). A higher bulk air temperature led to a signaifitly increased loss in viability. Almost
all loss in viability occurs in the first minute§the process (t < 5 minutes), after which the
residual viability remained more or less constditis loss in viability corresponds to a
period of rapid drying, while the subsequent penigth constant viability shows little or
no further decrease in moisture content. The sdedtease in residual viability during the

123



NOVEL METHOD FOR VIABILITY ENUMERATION OF PROBIOTICS

latter period can be explained by the immobilizatid the bacteria in a rigid matrix, which

slows down the inactivation process (174).
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Figure 6-6. A: Viability fractions after drying vhitair temperatures of 25) and
70°C (o), and an air velocity of 0.52 m/s. B: Viabilityafttions after drying with
different carrier formulations of glucosa)( trehalose), and maltodextrin DE6
(o) dried with air temperature of 28C and an velocity of 0.52 m/s. Initial
concentrations of the formulations were 20"% The average droplet size was
600 um. The error bars represent the standard deviamhthe solid lines are
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Subsequently, the influence of the carrier-matrixsarvival was examined. Low molecular
weight carbohydrates (glucose and trehalose) peovizktter protection to the cells during
drying than maltodextrin DE 6 (Figure 6-6).

Two hypothetical mechanisms exist on how sugar cubds protect the cell membrane
from leakage by minimizing the chance of membrahasp transition (177). The first
mechanism is proposed to act via water replacenhefituly hydrated conditions, the cell
membrane lipids are in undisturbed liquid-crystaliform. According to this hypothesis,
sugar molecules replace water in the hydration|sbilthe cell membrane; thereby
maintaining the spacing between the phospholipidecudes (178). In this case, lower
molecular weight sugars, e.g. glucose and trehatmse provide better protection because
of their better ability to enter the spacing betwgdhospholipid molecules compared to
higher molecular weight molecules or polymers, lis tcase maltodextrin (179). The
second mechanism is proposed to act via the hgdréairce (vitrification hypothesis) (24).
During drying the presence of sugar molecules hideter removal from the surface of
the cell membrane due to the high osmotic pres#urthe same mass concentration, lower
molecular weight molecules are able to provideghéi osmotic pressure and thus provide
more protection than larger molecules or polymbkrghe glassy state, the rigidity and the
mechanical properties of the sugar matrix limits gossibility for the cell membrane to
collapse. Therefore, the protective ability of éiffnt sugars can be related to their glassy
forming ability; where higher glass transition tesmggture of the sugar is found to
contribute to increased protection. Based on théhalose could be expected to provide
more protection than glucose due to its highersgtesnsition temperature. However, the
viability results do not confirm this effect (Figu6-6); although the differences in (high)
viability were not significant.

Inactivation in a laboratory-scale spray dryer

Since the viability assessment method allows maapidr detection compared to
conventional plating, it was applied to check thability loss of L. plantarumWCFS1
during spray drying at a larger scale than singtpléts. The method selected was spray
drying with a laboratory scale spray dryer at vasiinlet-outlet temperature combinations,
followed by (ambient temperature) air drying.
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Figure 6-7. A: The viability fraction df. plantarumWCFS1 after spray drying in
20 % "/, maltodextrin DE 6 at various outlet air temperasur(black bars).
Subsequently, samples were dried for 24 h in acdagir at ambient temperature
and viability was assessed again (grey bars). fle¢ iemperatures of the spray
drying air were fixed 30 °C above the outlet terapares. B: The corresponding
moisture contents of the powder after spray dryibck bars) and after the
subsequent drying for 24 h (grey bars).

Lactobacillus plantarumWCFS1 was found to be susceptible to inactivagean with a
mild spray drying process. Although drying in adedttory-scale spray dryer was very fast
(less than 1 s residence time) more than 10 % tiedum viability was observed, which
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increased considerably with applied air temperati{fégure 6-7). Subsequent additional
drying for 24 h at ambient temperature reducedrés&dual viability only slightly, which
again can be related to vitrification due to glfisation (15, 24).

Outlook on the application of the new viability emeration method

The enumeration method developed here is genetigeastains applied in the method are
widely applied to detect viability of micro-orgams. Furthermore, powder particles
formulated with different drying or stabilizationethods at different scales or the impact of
storage conditions on microbial viability can beessed using this new method.

The proposed enumeration method is complementatheotraditional plating method.
Traditional plating provides information on cellmbers of living bacteria on a log10 scale,
whereas the new method provides a live-dead rago,1 to 100 % viability. The new
method can distinguish for example between 20 % &hdbo viability, while traditional
plating is able to distinguish between living a@hcentrations, e.g. 1@nd 16 cfu/ml. For
optimisation of microbial viability during dryingrpcesses, the live-dead ratio may be
preferred as it is most sensitive and accurate theamaximum percentage living cells. A
possible drawback of the new method is that i$s Isensitive at small living cell numbers.

Conclusion

A novel method was developed to determine the rhiaforiability of probiotics in small
samples, such as single powder particles. The methaploys Anopore carrier chips for
rehydration of (semi-) dried particles followed bye/dead staining using fluorescence
probe methodology. The enumeration was carriedpuhicroscopy and automated image
analysis using a Matlab routine. The robustnesh@imethod was evaluated and validated
with conventional plating. In combination with angie droplet drying approach the
influence of the drying air temperature and carf@mulation on viability loss oi.
plantarumWCFS1 was mapped as a function of drying time. [Eitier approach can be
also of major support in determining optimal dryicmnditions and formulations for spray
drying of probiotics.
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Chapter 7

Dehydration and thermal inactivation @fctobacillus
plantarum WCFS1: comparing single droplet drying to
spray and freeze drying

Submitted for publication as:

J. Perdana, L. Bereschenko, M.B. Fox, J.H. KupewisKleerebezem, R.M. Boom, and
M.A.l. Schutyser. Dehydration and thermal inactivation dfactobacillus plantarum
WCFS1 by comparing single droplet drying to spragt freeze drying.
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Abstract

We demonstrated that viability loss during singtepdiet drying can be explained by the
sum of dehydration and thermal inactivation. Hactobacillus plantarumWCFS1,
dehydration inactivation predominantly occurreddating temperatures below 45 °C and
only depended on the moisture content. Above°@5the inactivation was due to a
combination of dehydration and thermal inactivatiovhich depended on the moisture
content, temperature, and drying time. A Weibulldelowas successfully applied to
describe the thermal and dehydration inactivatind anabled the prediction of residual
viability of L. plantarumWCFS1 after single droplet drying. Subsequentig, todel was
evaluated to predict the viability loss during ledtory scale spray drying, showing a
remarkable agreement if assumed that only thernsdtivation occurred. This indicated
that very high drying rates in laboratory scaleagmirying could induce instant fixation of
the cell suspensions in a vitrified matrix and &fgr preventing dehydration inactivation.
Finally, the influence of drying rate on remainiagbility was evaluated by comparing
single droplet drying, freeze drying and laboratscgle spray drying of the same bacterial
suspension. It was shown that slow drying leadsirige dehydration inactivation, which
diminished in fast drying processes such as laboragcale spray drying where thermal
inactivation appears to be the predominant mechaafdnactivation.

Keywords: probiotics, inactivation mechanism, spdaying, freeze drying, single droplet,
predictive modelling
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Introduction

Drying is a common method to stabilize ingredienmtrfulations or foods containing micro-
organisms such as bacteria and yeast for a pralopgeod of time (1, 43, 76, 180). In
dehydrated form, stored under appropriate constamditions, micro-organisms can remain
viable in a unique vitrified state for very longnts, even years. Upon rehydration, cells
rapidly swell and resume their active living stafehis phenomenon is known as
anhydrobiosis (43), which is literally translatesl &survival without water”. For example,
spray drying is a frequently applied industrialiteicue to dehydrate yeast cells and other
micro-organisms (181). Unfortunately, drying of tealnerable micro-organisms such as
probiotics is problematic because of relatively psarvival rates (1, 5). Therefore, for the
latter micro-organisms, lyophilisation (freeze ayj is applied, a more energy-consuming
operation, which is commonly operated in a batcbewnanner (12).

Inactivation of micro-organisms during drying idcéed by dehydration and/or thermal

shocks (5, 24, 44, 182). The inactivation by dehtidn is hypothesized to be related to a
loss of lipid bilayer integrity and impairment oflcmembrane functions. Removal of the
hydration layers around the lipid bilayer may caloss of the plasticity of the membrane
(gelling), which is held responsible for the collapof the bilayer, finally resulting in loss

of viability (43, 177-179). Thermal inactivation i®lated to structural damage and/or
denaturation of key cell components such as ribespmucleic acids, enzymes, and the
cell membranes (183).

In previous studies we developed an experimentalusethat allows the drying of
diminutive single droplets deposited on a surfawgeun well controlled conditions (67). The
drying of these droplets mimics the drying of apled in a spray dryer. Subsequently, this
approach was used to determine the inactivatioeticis of the enzymp-galactosidase as a
function of the moisture content and the tempeeatiuring drying (64).

In this study the single droplet drying method veasnbined with a recently developed
rapid cell enumeration method based on rehydraifodried particles on a micro-porous
aluminium oxide (Anopore) chip and live-dead enuatien using fluorescence microscopy
(5) to test the microbial inactivation during drgirJsing this approach, we investigated the
dehydration and thermal inactivation mechanismg &mtobacillus plantarunWCFS1 and
translated this insight to predict the residuability during laboratory spray drying under
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various conditionsLactobacillus plantarunWCFS1 was also used as an exemplary lactic
acid bacterium in our previous study (5, 173) aas heen extensively studied in relation to
its host microbe interactions in the gastrointedtiract (for reviews see: (161, 162)).

The two inactivation mechanisms were modelled &cde the effect of the drying history
on residual viability oL. plantarumWCFS1. The model considers the combined effects of
the history in temperature and moisture contené pitedictions from single droplet drying
experiments were further validated and exploredguboratory scale spray drying trials.
Finally, three drying methods (single droplet dgyifreeze drying and spray drying) were
compared to specifically evaluate the effect of thging rate on inactivation by
dehydration.

Materials and methods

Preparation of the samples for drying experiments

The strain ofLactobacillus plantarumiWCFS1 was obtained from NIZO Food Research
(The Netherlands). The frozen strain (-26 °C) wesmg in 10 ml sterilized.actobacilli
MRS broth (BD Difco, USA) at 30C for 16 h. An aliquot of 1 % of the culture was
transferred and re-grown in the same conditiorsbtain the second generation culture. An
aliquot of 1 % of the culture was again transferasd re-grown in the same conditions.
This overnight culture contained approximately’ t8u/ml. Bacteria were harvested by
centrifugation (10 minutes at 13,500 g at@). The pH of the culture supernatant was
determined. The bacterial pellet was washed twiite %0 ml phosphate buffered saline
(PBS) solution (BD Difco, USA) adjusted to pH 4.0.

The samples for drying experiments were preparedifold diluting the cell suspension
in PBS solution. The diluted cell suspension waaira-fold diluted with sterilized
maltodextrin (DE 4-8, Glucidex 6; Roquette, Frande)ctose, galactose, sucrose, lactose,
sorbitol, mannitol, or trehalose (Sigma-Aldrich, r@any) solutions with solid content of
40 %",. By this, a working solution with approximatelyl8’ cfu/ml cell concentration
and 20 %"/, maltodextrin was obtained and used for single lgtogirying, spray drying,
and freeze drying experiments.
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Single droplet drying experiments

The drying experiments were done in the single létagrying equipment developed in our
previous research (67, 75). A micro-dispenser uszsl to deposit three identical droplets
on a flat hydrophobic membrane. Subsequently, #posited droplet was dried in a well-
defined air flow with specific temperature and tiela humidity as specified in the results
and discussion section. The experiments were daoti¢ in duplicate. Subsequent viability
analyses were done by blotting the (semi-) driexpléts on an Anopore chip.

Spray drying experiments

Spray drying experiments were carried out in a BiB:90 spray dryer equipped with a

two-fluid nozzle (Buchi Labortechnik AG, Switzerld The process parameters for spray
drying experiments are specified in the results disdussion section. Batches of 20 ml
feed solution were spray dried, which requires apiprately 5 minutes. The experiments

were carried out in duplicate. The viability anadysvolved spreading and rehydration of a
small amount of powder (approx. 1 mg) on an Anobiip.

Freeze drying experiments

Five ml aliquots of working solution were frozem €26 °C for 24 h. After freezing, the
residual viability ofL. plantarum WCFS1 was always higher than 95 %. The frozen
samples were directly transferred to a Christ Bps-6d freeze dryer (Martin Christ,
Germany) for the lyophilization. The samples wezén at -20°C for 2 h prior to the
main drying step at -20C for 0.2 h at a pressure of 1.03 mbar. Subsequetite
temperature was raised to -10 in 4 h. The subsequent drying was done at€.€or 4h,
while maintaining the pressure at 1.03 mbar. Afteds, the shelf temperature was raised
to -5°C at 1.03 bar for 12 h. Finally, the pressure waxgehsed to 0.001 mbar for 6.5 h for
final drying. The typical water content of the freedried sample was between 5 and 8 %.

Moisture content measurement

The moisture content on wet basis was determinétyws Sartorius MA 30 (Sartorius
Mechatronic, Germany) gravimetric analyser. Appnuately 2 g of powder was spread on
an aluminium pan and put in the moisture conteatyeer, which heated the powder up to
130°C until the mass equilibrated to a final value; rappmately 5 min heating time was
needed.
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Cell rehydration and viability enumeration

For viability enumeration, approximately 10 mg afygler was transferred and rehydrated
on a sterilized Anopore (aluminium oxide nanopojouip (Microdish BV, The
Netherlands) that was on top of a 1 % low meltioqp(LMP) agarose (Invitrogen, USA)
gel containing 0.02 % fluorescent stains of LivedBeBacLight bacterial viability kit
(Invitrogen, USA). This viability kit is composed the reagents Propidium lodide (1.67
mM) and Syto 9 (1.67 mM) dissolved in dimethyl suifle (DMSO). The rehydrated
powder were incubated for 30 minutes and subselyuextited by 470 nm light to induce
a fluorescent spectral shift to green (life) or (ddad), which could be observed with the
microscope. The viability values were obtained frita number ratio of green cells and
total cells in the image. Approximately 20 imagehv200 to500 cells per images were
taken for each viability assessment. A more detailescription of the method is provided
in Perdana et al. [28].

Description of temperature and moisture contensiiogle droplets

It is virtually impossible to measure the tempematand moisture content history of a
single dried particle. Therefore, temperature amistare content (including the moisture
developing gradient) were predicted using an effectliffusion model. This model is
extensively described by Perdana et al. (64, 6@)ddscribe the temperature and moisture
content history of spray dried particles, the moslats modified by taking into account the
heat and mass balance within the spray drying toW@reduce the modelling complexity,
the sizes and drying times of all particles wersuasd identical. The average particle
diameter of spray dried particles,@ was determined by a Mastersizer Scirocco 2000
(Malvern Instrument LTD, England) and the dryinghés were assumed to be 1.5 s
according to the technical specifications of theagmryer (184, 185).

Model implementation and statistical evaluation

The parameter optimisation was carried out usimgralinear least square method solved
using the Levenberg-Marquardt algorithm (128). €befidence intervals of the parameters
(p = 0.95) were estimated using the Hessian matvhich was again derived from the
Jacobian matrix of the solution (129). All calcidas were performed with MATLAB
version 7.10.0.
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Results and discussion

Single droplet experiments were carried out to sséee inactivation kinetics at different
drying temperatures fok. plantarum WCFS1. In the next two sections, we separately
discuss the experiments carried out at low temperat(< 45 °C) and at high temperatures
(>45 °C), because different inactivation behaviwas observed.

Viability loss during single droplet drying at las@mperature

The residual viability oL. plantarumWCFS1 is shown in Figure 7-1B for single droplet
drying experiments at air temperatures betweerf@%nd 45 °C. It was observed that
viability remained constant during the initial phasf the drying (1 to 2 minutes), followed
by a sharp decrease and subsequent levelling @ftifg- 7-1A and 1B). The decrease in
viability occurred faster with smaller droplets hase these droplets dry faster. Despite
different time periods of the initial drying untiiability decrease was observed, the final
residual viability was similar for all droplet skend drying air temperatures evaluated
(Figure 7-1B).

By plotting the residual viability as a function tie average moisture content of the
particle, one can see that viability loss strorggyrelates with the moisture content (Figure
7-1C), in a manner that is independent of the dryime and drying rate applied (e.g. by
varying the drop size). The highest inactivatiotesavere found to occur within a narrow
range of moisture contents between approx. 0.1 B8 kg/kg (Figure 7-1C). When
considering the state diagram of maltodextrin (30is critical region corresponds to the
rubbery state, whereas the region below 0.1 kgfkgesponds to the glassy state. In the
latter region the dehydration inactivation rateeslied was considerably lower.

The sharp viability loss in the critical region mhg explained by two potentially co-
occurring phenomena, or a combination of thesedui)ng drying, water is removed from
the hydration layer of the lipid bilayer of the Isetausing destabilization, especially when
the availability of free water is minimal. At thisitical level, the bound water starts being
removed from the solid matrix outside the cellswen the intracellular water (177, 178)
and (ii) removal of water leads to an increasehef difference in osmotic pressure across
the cell membrane due to the accumulation of satutiside the cell, which becomes a
driving force for water migration across the cekmbrane. This process can lead to an
irreversible collapse of the cell membrane (14,188).
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Figure 7-1. A: Microscopy images af plantarumWCFS1 dried by single drop
drying using air at 25 °C for 0, 1, 2, 3, 5, andrid with a drop size of 60Am
following subsequent rehydration on Anopore chipd ataining with live/dead
probes. B: Residual viability df. plantarumWCFS1 as a function of the drying
time, dried using air at 28 with a droplet size of 60®), 900 ¢), and 150Qum
(A) pum. C: Residual viability of. plantarumWCFS1 as a function of the average,
time dependent moisture content of the dropleteddriising air at 25 (open
symbols) and 40 °C (closed symbols) with dropleesiof 600 ¢), and 150Qum
(A), air of 40 °C at droplet size of 6Q@n (A), and air temperature at 45 °C with a
droplet size of 600x), and 1500um (#). For representation, not all data for
optimization were presented here. The initial folation is 20 %"/,, maltodextrin
DE 6 and a cell concentration of approximately 3@xcfu/ml. The relative
humidity of the drying air was set to 0 %.

One can conclude from Figure 7-1C that at the @sgedrying rate (with approximately 1
to 10 minutes of drying time) primarily the moistucontent as such is determining
dehydration inactivation and not the rate at whighter is removed. The limited
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availability of water in the matrix is the key factfor destabilisation of the cell membrane
at mild temperatures. It can also be concludedahdtying temperatures below 28, the
effect of temperature on inactivation is not catias the residual viability does not
decrease below a certain minimum level.

A modified Weibull model was used to describe thlation between moisture content and
viability loss during drying. This was based on #ssumption that only moisture content
determines viability loss at the lower drying temgieres (< 45°C). Furthermore,
biological variation was taken into account as Weibull model is basically a statistical
model of distribution of inactivation (35)

Ap — A = (Ag — A)exp (— (2 )ﬁw) (7-1)

Xcrit
in which Ap is the cumulative amount of residual viable cafter dehydration inactivation,
A, andA,, the fraction of residual viable cells in the ialt{x, >> 0) and in the final drying
state &, = 0) respectivelyx, the moisture content, ang; andf, the Weibull distribution
parameters. The parametgf; can be related to the critical moisture contenwlaich the
inactivation rate is highest, while the paramefgito the sensitivity of the viable cells to
the moisture content. The model accurately desdrihe viability loss ofL. plantarum
WCFS1 during mild temperature drying. The modelirojgation result showed these
critical conditions during drying on the viabililgss (Table 7-1).

Table 7-1. Optimized parameter values for dehydnatiactivation model

Parameter Value Confidence intefval

Xerit 0.17 (0.0069) 4.1%
yij -3.14 (0.48) 154 %
A, 0.64 (0.0098) 15%

@ The uncertainty of the parameters at 95 % contidenterval
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Viability loss during single droplet drying at hitgmperature

With air drying temperatures above 45, the residual viability decreased with increasing
air temperature and droplet diameter. Thus, begiébgdration inactivation also thermal
inactivation should play a role in loss of vialyiliinder these conditions. It was assumed
that both inactivation mechanisms were co-occurbioyuncoupled; a cell might lose its
viability due either to dehydration, to thermaltohboth shocks.

The total viability loss was calculated by accurtint the effects of dehydration and
thermal inactivation. Based on the previous obg@mathe dehydration inactivation in
single droplet drying is only dependent on the tuoes content. Meanwhile, the thermal
inactivation is a function of temperature, moistaomtent, and time as well. To combine
both mechanisms, the average moisture contenteofdtbplet has to be described as a
function of drying time. The latter can be approaied with an effective diffusion model
for drying of single droplets (64). Residual vidtyilis calculated by first accounting for
inactivation for dehydration inactivation (Eq. 7-1pubsequently additional thermal
inactivation is accounted for.

A=Ap-Ar (7-2)

whereA is the residual viability at drying time andAp andA; are the residual viability
after dehydration inactivation (as a function»Qf calculated using Eq. 7-1) and after
thermal inactivation respectively. The thermal ination can be described using a
Weibull model. Finally, the residual viability talg into account both dehydration and
thermal inactivation could be estimated as

A = Apexp (— (i)ﬁT> (7-3)

where a and B are the Weibull parameters for thermal inactivatidt was found
appropriate for our viability range of interestassume thaB; = 1 (see Appendix and its
Figure 7-Al).

Similar to our previous research on enzyme inatitimawe assumed that both temperature
and moisture content influence the thermal inatitima(68), which could be described with

the Weibull parametex:
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a = a,rexp [ln (ZS—T) exp (—p Zw )] (7-4)
w,T

1-xy,
with
10g(aw,T) = log(aw,Tref) - bw(T - Tref)

and

log(as,T) = log(as,Tref) - bs(T - Tref) (7'5)

in which a,, and as are the Weibull inactivation parametersxgt= 1 andx, = 0,
respectively, at temperature andp is a parameter that describes the dependency of
parameterr on themoisture content. The temperature dependenciearafietern,, andas

are described with the empirical model (Eq. 7-Shvdptimized parameters ofsandb

(36).

Table 7-2. Optimized parameter values for the tlaéinactivation model

Parameter Value Confidence intefval

O Tret 3.48 0.64 18.3 %
by 0.18 0.013 7.6 %
s Tref 108.49-16 32.14-16 29.6 %
by” 0.11 0.0046 42 %
p 0.98 0.11 115 %
pr 1

Trer” 50 °C

#The uncertainty of the parameters at 95 % contidénterval
® parameter values from separate isothermal heexiperiments

¢ Not optimized
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The parametersa(,ter and b,) that determine the parametey, were obtained from
separate isothermal heating experiments. Theseimgrgs were carried out at a moisture
content of 80 %"/, to obtain the microbial inactivation kinetics unaklute conditions,
wherea is not sensitive to the moisture content (FiguC7 see also Appendix).

The values of parametets s andbs were obtained from isothermal heating experiments
at a moisture content of 8 %. At this low moistaomtent, the parametex 1.¢iS sensitive

to the moisture content, but paramdigis less sensitive, which resembles the obsenation
made while studying enzyme inactivation kineticsimay drying (68). Based on thigg trer,

b., andbs could be fixed, which improves the accuracy of fitkng because only two
parameters now had to be found through fitting,faameters; 1sandp (Table 7-2). The
data were collected at drying temperatures of BQad 70°C and varying droplet sizes of
600, 900, and 1500m.

The residual viability as a function of drying tirf@ L. plantarumWCFS1 shows a similar
trend as that observed for drying at temperatusdew 45 °C; i.e. at first the viability
remains more or less constant for a very shorbgeof time, then decreases rapidly, and
finally remains at a relatively stable value. Tliaf residual viabilities were lower at a
higher drying temperature (Figure 7-2A), which iffedlent from the observation with
drying below 45°C. Nevertheless, the final residual viability remed unaffected by
extended periods of exposure to high temperatunewided that the cells were
appropriately dehydrated. This was confirmed by dh&mization results provided in the
contour plot showing that at a moisture contentdothan e.g. 0.2 the thermal inactivation
kinetic parameterd) was already irrelevant: it could not change #sdual viability in the
course of the drying time; e.g. at 80, the value ofa for x, = 0.05 is approx. 40 min,
which requires 5 min for 10 % viability loss atgtow moisture content (Figure 7-2C).

Thus, we observe good agreement between the mondedhea residual viability data from
single droplet drying experiments. This providedasis to predict the viability loss in
larger scale spray drying.
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Figure 7-2. A: Residual viability df. plantarumWCFS1 dried with air at 50},
60 @), and 70 °C 4), relative humidity of 0 %, and droplets of 6Q@n. B:
Residual viability ofL. plantarum WCFS1 dried with air at 60 °C, relative
humidity of 0 %, and droplets of 606)( 900 @), and 150Qum (A). Solid lines

represent the fitted model and error bars repretientstandard deviation. C:
Contour plot ofT as

141



PROBIOTICS INACTIVATION DURING DRYING

Translating the results from single droplet dryagproach to spray drying

The predictive model developed to describe theiltialioss of L. plantarumWCFS1 was
evaluated for spray drying on laboratory scale. &ffective diffusion model was used to
estimate the temperature and moisture contentriigtb a single droplet during spray
drying (64, 75). The temperature and moisture cunkéstory of powder particles was
approximated with the assumption that particle siné particle residence time during
spray drying are identical for all powders. The moi@al inactivation model was
incorporated into the diffusion model. Subsequentie residual viability of.. plantarum
WCFSL1 was predicted for varying spray drying caondi& and compared to experimental
drying results.

Spray drying experiments were carried out at varyimet and outlet temperatures. The
residual viability and the final moisture conterittbe powders were monitored (Figure
7-3). In contrast to the results from single drople/ing experiments, a very high fraction
of cells remained viable (more than 95 % compatetheé cell viability in the original
suspension) at outlet air temperatures below 70ris high survival is in agreement with
previous studies (15, 45, 175). It may be explaitgdthe absence of dehydration
inactivation during laboratory-scale spray dryimg,which the drying rate is very high
(typical drying time of a droplet is between 1 abhd s according to the technical
specification of the dryer (184, 185)) comparedthat in the single droplet drying
experiments (typical drying time of a droplet isoab300 s). During spray drying, fast
removal of water leads to instantaneous vitrifimatdf the solid matrix surrounding the
cells, which fixates the cell membranes and thenatiyimizes the damage to the cell
integrity (187, 188). At outlet air temperature®ab 70°C, the residual viability decreases
with increasing outlet air temperatures. When caingathe experimental results to the
model prediction based on thermal inactivatiorgaih be concluded that this viability loss
can be explained entirely by thermal inactivatidhis finding was further confirmed by
comparing model predictions and spray drying expents at different inlet air
temperatures, while maintaining the outlet air temafure at 75°C. At inlet air
temperatures above 19C all cells were inactivated very rapidly because troplets
reached a critical combination of high temperatmd moisture content at the beginning of
the drying.
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Figure 7-3. Residual viability df. plantarumWCFS1 dried in a laboratory scale
spray dryer at different outlet air temperaturestleen 33 and 110 °C) where the
inlet air temperatures were set 30 °C higher thanréspective outlet temperature
(A), at different inlet air temperatures (betwedb nd 200 °C) where the outlet
air temperature was set to 75 °C (B), and theipeetive moisture contents after
drying (C and D). The symbols represent the expemtal data, the solid lines
represent the residual viability prediction takingp account thermal inactivation,
the dashed lines represent the residual viabiliggigtion taking into account both

thermal and dehydration inactivation, and the erbars represent standard
deviation.

At high inlet air temperatures (i.e. higher than018C), the droplet experiences
temperatures higher than 7G, even from the beginning of the drying. The prédn of

inactivation under such conditions in the sprayedrgould only be obtained through
extrapolation, which can explain the differencewsstn experimental and predicted
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viability values (Figure 7-3A and 3B). It is notdtbwever that these high inlet air
temperatures are less relevant, since lower l®fetssidual viability were obtained.

The effect of the drying rate on viability loss

Because dehydration inactivation was found to bgligible when drying quickly, the
influence of the drying rate on dehydration inaation was studied by comparing three
different methods of drying: freeze drying, singi®plet drying to mimic slow drying at
low temperature, and very fast spray drying usitaparatory spray dryer. The drying time
for these processes are in the order of 24 h fwzfE drying, 30 min for single droplet
drying, and about 1.5 s for laboratory spray dryiBgray drying provides the highest
residual viability (Figure 7-4A). This was reportpreviously for the dehydration of TBC
vaccine (70). As discussed before, the high residiadility during spray drying can be
explained by the high drying rate providing immeeiaitrification of the solid matrix
without negatively affecting the stability of thelkmembrane. For slow convective drying
a residual viability of 65 % was measured, duedbydration inactivation. After freezing
(the first step in freeze drying) a residual vidpibf 90 % was found. After subsequent
freeze-drying, the residual viability df. plantarumWCFS1 decreased to 50 %. Thus,
approximately 45 % of the cell population lostviability during the freeze drying step,
which is in line with results from another study@). Another study by van Baarlen al
(105) shows that more than 85 % viability could fe¢ained by freeze drying df.
plantarumin a mixture of 20 %'/,, maltodextrin + 2 %'/, glucose solution. However, the
dextrose equivalent (DE) of the maltodextrin was neported. It may well possible that a
higher DE, which means shorter chain, of maltodextras used as the shorter chain of
carbohydrates could give better stabilization ®dhll membrane during dehydration (24).

The viability loss during freezing can be attritiite either (i) the formation of intracellular
ice crystals (190) or (ii) a phase transition ir tipid bilayer, which damages the cell
membrane (189, 191). During freeze drying, a fatslp of drying occurs when freezing
down to e.g. -20C, during which about 65-90 % of the water is sublied. The remaining
water, so called “bound water”, (0.10-0.35 g/g (1@.p-0.25 g/g solid (186)) cannot be
frozen at this temperature but has to be removexdigih evaporation in the second step of
drying to achieve approx. 5-8 % final moisture emt(14). If this drying procedure is
compared to single droplet drying, in which mosthiiity loss took place between moisture
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contents of 0.1 and 0.35 kg/kg (Figure 7-1C), ithigoothesized that the viability loss
during freeze drying will primarily occur during éhsecond step as a consequence of
dehydration inactivation. The observation that ibgidual viability after freeze-drying for
different solid matrices was never higher than thgidual viability after single droplet
drying supports this hypothesis (Figure 7-4B). At tsame time, the fact that using
different matrices influences the viability is amlication that indeed the phase behaviour of
the lipid bilayer is important. This is in agreerherith the fact that below 4%C, thermal
inactivation did not take place. Inactivation byhgdration may still occur, as the removal
of water will cause differences in osmotic pressarel may cause deformation and rupture
due to local crystallisation or other effects (292, 193). The same may happen during
freeze drying with even some additional inactivataue to cold stress or crystallization
(194).

In contrary to “slow drying”, the absence of dehgtibn inactivation during laboratory
scale spray dryer indicated that at this nearlytaimsneous drying rate dehydration
inactivation can be avoided. However, in slow dgyithe drying rate does not influence the
viability loss due to dehydration. Therefore, ithigpothesized that, within the moisture
content range between 0.35 and 0.1 where dehydratéativation takes place, the drying
rate influences the dehydration inactivation intgpsfunction; the time during which the
drying crosses this so-called critical moistureteahis hypothesized to determine whether
dehydration inactivation will occur or not. Thus, éliminate the dehydration inactivation,
the drying rate should be faster than a certaiiti¢at drying rate” to eliminate dehydration
inactivation. This “critical drying rate” should ltained from relating the drying time (to
dehydrate the particles from moisture content ab0\d5 to 0.1) to retention of cell
viability.
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Figure 7-4. A: Residual viability df. plantarumWCFS1 subjected to freezing at
-26 °C for 24 h (F) and subsequent freeze dryirig)(Eonvective drying at 25 °C

on single droplet drying equipment (CD), and labamascale spray drying at 50
°C (SD). B: Residual viability of. plantarumWCFS1 after convective drying at
25 °C on single droplet drying equipment (grey pansd freeze drying (white

bars) in solid matrices of fructose (Fru), galaet¢&al), sucrose (Suc), lactose
(Lac), sorbitol (Stol), mannitol (Mtol), trehalog@re), and maltodextrin DE 6

(MD®). The error bars represent the standard dewiat

Outlook for the industrial application of spray uiny to dehydrate probiotics

The positive results from lab scale spray dryingesknents provide an indication that
spray drying may be a superior technique to deligdreobiotics. However, to confidently
and accurately translate the insight gained fromglsi droplet drying and lab scale spray
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drying to industrial-scale spray drying of probisti the droplet size and the related drying
rate and drying time should be controlled.

Industrial spray drying requires much longer drytiges (~30 s) compared to lab scale
spray drying (between 1 and 1.5 s (184)), whicm&nly due to the difference in particle
size. The longer drying time in industrial sprayidg leads to higher viability losses. To
minimize loss of viability, lower drying temperaés should be applied. This negatively
affects energy efficiency or leads to high residuabisture content and operational
difficulties due to sticky powders. The dryingeatlates to the droplet size and determines
whether dehydration inactivation occurs. The dryiade is preferably higher than a
“critical drying rate” for instantaneous vitrifidah. It is questionable whether this can be
achieved in industrial spray drying systems. Anptbete that can be taken is to reduce the
droplet size by e.g. implementation of a differabdbmization method. Rapid drying of
small droplets is favourable for retention of viapiand avoiding dehydration inactivation.
Atomization is not expected to have negative impawtresidual viability, because a
residual viability above 95 % was found for spraijed L. plantarumWCFS1 ¢35 = 8.1

um with do; = 1.4 um). This has also been observed in previous studi88, 195).
However, the use of very small droplets in convardl spray dryers involves redesign of
drying chambers, but could contribute to processnigification of spray dryers used for
drying of probiotics or other food or pharmaceutegaplications.

This study shows that spray drying is capable taiméng more than 95 % of viability of
probiotic cells (in this research represented Lbyplantarum WCFS1) after drying.
However, it should be realised that loss of visypitiuring storage can have large influence
on shelf-life of the probiotic formulation. Howeyéhis was beyond the scope of this study.

Conclusion

The inactivation of micro-organisms during dryingncbe ascribed to the effects of the
dehydration and the effects of the thermal shodingythe single droplet drying platform
(drying time between 2 to 5 min), the dehydratioactivation ofLactobacillus plantarum
WCFSL1 predominantly occurred at drying temperatbedew 45 °C and only depended on
the moisture content. Above 45 °C the inactivatieas however due to a combination of
dehydration and thermal inactivation, which depehdenultaneously on the moisture
content, temperature, and drying time.
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A model was developed to describe the thermal agdration inactivation of the cells
during single droplet drying, based on the Weilpthbability distribution, which could
describe the inactivation and enabled the prediatibresidual viability ofL. plantarum
WCFSL1 after single droplet drying.

Subsequently, the model was implemented to preditviability loss ofL. plantarum
WCFS1 dried in a laboratory scale spray dryer (dntime between 1 and 1.5 s). A good
agreement between the model prediction and theriexpetal data was observed if
assumed that only thermal inactivation occurreds Thplies that fast drying in laboratory
scale spray drying could induce instant fixationtleé cells in a vitrifying matrix and
thereby prevent dehydration inactivation. Finatlye influence of the drying rate on the
residual viability was evaluated by comparing singdroplet drying, freeze drying and
laboratory scale spray drying of the same bactstapension. The results indicated that
slow drying leads to significant dehydration inaation, which is strongly reduced in fast
drying processes such as laboratory scale spragpgdwhere thermal inactivation is the
predominant mechanism of inactivation.

Nomenclature

A Residual viability -

Ap Residual viability due to dehydration inactivation -

A Fraction of viable cells a, = O (after drying) -

b Temperature dependency parameter of parameteor ~
thermal inactivation
Moisture content dependency of parametefor thermal

P inactivation -

T Temperature °C

t Time S or minute

X Mass fraction kg-kg™
Weibull distribution parameter for dehydration itieation

Xerit to describe the critical moisture content where thke kg®

inactivation rate is highest
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Greek symbols:

a Weibull distribution parameter for thermal inactica minute
Br Weibull distribution parameter for thermal inactioa -
LB Weibull distribution parameter for dehydration itiaation — —
Subscripts:
ref Reference
D Dehydration
S Solid
T temperature, thermal
w Water
0 Initial
Appendix

The thermal inactivation kinetics &f plantarumWCFS1 is dependent on the temperature,
moisture content, and drying time. Here, we prouide steps to determine the thermal
inactivation kinetics of.. plantarumWCFS1 described using a Weibull model.

A= Agexp (— (f{)ﬁT) (7-A1)

The temperature dependency of parametaras described by the semi-empirical Bigelow
model:

log(ar) = log(arres) — b(T — Tyer) (7-A2)

The temperature dependency of parametemwas extracted from isothermal heating
experiments for both wet (x= 0.80) and dry condition {x= 0.08) by nonlinear fitting of
parameteA against andT

Br
A= Agexp| — ( : (T—Tref))> (7-A3)

aTref'lo(_b
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Table 7-Al. The optimized parameter values for trafpre-moisture content dependency
of thermal inactivation parameters

Parameter Value Confidence intefval

Ol Tref 3.48 0.64 18.3 %
by 0.18 0.013 7.6 %
Qs Tret 24.36-18 4.98-18 20.4 %
bs 0.11 0.0046 42 %
B 1

Teel 50°C

4 The uncertainty of the parameters at 95 % conéidenterval

® Not optimized

Analogous to the combined effect of temperature amuisture content on enzyme
inactivation kinetics (68), the sensitivity of paraeter & on moisture content increases at
lower moisture contents. According to the modelg[EftA4 and 7-A7-5), parametaris
more sensitive to the change of moisture conteart tharametel. Therefore, although the
model was fitted tax, = 0.8 andx, = 0.08 instead ok, = 1.0 andx, = 0.00, the
approximation ofa,, by, andbs from these experimental data will be accurateafater
valueas is obtained from fitting the model to the singleplet drying data.
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Figure 7-Al. A: Residual viability oL. plantarum WCFS1 after isothermal
heating at 55 °Cq)) and 60 °C ). Solid lines represent the fitted model based on
Weibull model (Eqg. 7-3) withr = 1. B: The temperature dependence of parameter
a for water content of 0.8)f and 0.08 ¢). Solid lines represent the fitted model

based on Eq. 7-5.
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Chapter 8

Interactions between formulation and spray drying
conditions related to survival dfactobacillus plantarum
WCFS1

Submitted for publication as:

J. Perdana, M.B. Fox, S. Chen, R.M. Boom, and M.8dhutyser. Interactions between
formulation and spray drying conditions relatedstavival of Lactobacillus plantarum
WCFS1.
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Abstract

Protective solid carriers are commonly added tdojotec cultures prior to drying. The
selection of suitable carriers is not trivial amthted to the applied drying conditions. We
present a systematic study into the influence ohtdation parameters on the survivalLof
plantarumWCFS1 during single droplet and spray drying atoes operational conditions.
The combination of low molecular weight carbohydsaf(less than 2 kDa) and high
molecular weight is concluded most appropriatertavigle protection at both low (2%)
and high (5C°C or higher) temperature drying. Low molecular viigompounds provide
stabilization by closely interacting with the liplayer of the cell membranes, whereas
high molecular weight carriers provide stabilisatitoy their high glass transition
temperature yielding a glassy powder. We showetdépending on the crystal geometry,
crystallization during drying can be either benefide.g. with mannitol or sorbitol) or
detrimental (e.g. with lactose) to the survival lof plantarum WCFS1. The minimum
amount of solid carrier required to provide suffiti protection to the cells during drying
was determined at 2 %), for trehalose. An acceptable decimal reductionetiof
approximately 300 days was found when spray drieglantarumWCFS1 powders were
stored at temperatures below 40. Finally, a generalised diagram was constructed t
indicate combinations of outlet air temperature esgidual moisture content to maximally
retain viability and operate at highest dryer aédincy. In this diagram it is assumed that a
formulation with a specific glass transition tengtere is applied.

Keywords: Feed formulation, spray drying, viabiliprobiotics, vitrification
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Introduction

Spray drying is an attractive route to enhance pnodong the stability of probiotic cell
cultures (1-4, 75). When stored under appropriaeditions, cells enclosed in a glassy
powder remain viable and resume their active livetgte after reconstitution (33, 43).
Dedicated formulations are used to enhance suna¥atells during spray drying and
subsequent storage (75, 76, 196). They consistllysaf protective agents such as
carbohydrates and, to a lesser extent, proteinghvete approved as food additives (3, 15,
175). The protective effect is often related to tiigh glass transition temperatures of the
selected components providing stability to bactereen enclosed in a glassy matrix (33,
197).

Generally, the presence of protective agents mayeds the phase transition temperature
of the phospholipid in the cell membrang,) between liquid crystalline phase and gel
phase (45, 188, 198). In the absence of proteefijents, thid, increases with decreasing
moisture content (199). For example, Theof E. coli andB. thuringiensigncreases from
30 (hydrated) to 40C (dried). In the presence of trehalose or sucrbeeT,,, of dried cells

is maintained around 30C (45). Due to the variability of the chain lengtli the
phospholipid molecules in the cell membrane, Themay also vary, resulting in uneven
transformation of the phospholipids from liquid stalline phase to gel phase. This uneven
transformation might cause a leakage of the celhbrane, which could lead to viability
loss (199, 200). Thus, it is desirable to keep dbk membrane in the liquid crystalline
phase (as when it is hydrated) upon drying, fomgda with the addition of protective
agents.

Several mechanisms were proposed to explain theespn ofT, in the presence of
protective agents, of which the most importanttaeewater replacement theory (45, 201)
and the hydration force theory (187, 202, 203) datihg whether there is specific
interaction between the protective molecules amdptiospholipid head-group or not. The
ability of protective agents to influence tiig of cell membrane depends on the type of the
protective agents and also on the cell. Thereforepractice the selection of suitable
protective agents is often bacterial strain-spe¢#D4-206).

In our previous study we showed that the inacthratbehaviour ofLactobacillus
plantarumWCFS1 during spray drying was different at low dmgh drying temperatures
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(207). At a low drying temperature, only dehydratioactivation occurred, while at high
temperatures inactivation occurred due to both dettion and thermal inactivation (182,
207). It was also demonstrated that fast dryindoat temperatures leads to a minimal
viability loss, which is explained by the absen€e&ehydration inactivation during the fast
drying process. This is probably due to the instaittification of the solid matrix
surrounding the bacterial cells (207). Fast dryatghigher temperatures only invokes
thermal inactivation. Obviously, the addition obfactive agents influences the degree of
survival during the drying at the above mentiongdrd) conditions. It is hypothesized that
protective agents may have different effects in loimation with the two different
inactivation mechanisms.

Therefore, this study explores the protective ¢fédédifferent solid carriers on the survival
of Lactobacillus plantarunWCFS1 at different drying and subsequent storagelitions.
The latter is of importance because significanbiity losses may occur during storage
that could compensate for good retention of theilitg during drying (15, 208). The final
aim is to provide guidelines for optimal spray digyiand storage that provide maximum
retention of viability ofL. plantarumWCFS1.

Firstly, the influence of protective formulations survival of Lactobacillus plantarum
WCFS1 was investigated for the two specific dry@ogditions:

1. Single droplet drying at low temperature inducimyyadehydration inactivation
2. Fastdrying in a laboratory-scale dryer inducintydhermal inactivation

The survival ofL. plantarum WCFS1 was monitored for various protective agents
including low and high molecular weight carbohydsatand proteins. The survival was
determined by a cell-integrity based enumeratiotthoe that is also suitable for single
powder particles (75). Subsequently, the corratatims investigated between the survival
and the physical properties of the protective fdation such as glass transition
temperature, molecular weight and presence of alg/sAlso the amount of added solid
carrier was examined as a formulation parametext,Nee inactivation during storage was
taken into account, for which the survival was nhor@d as a function of the storage
conditions (at different times and temperatures)ally, guidelines were derived aiming at
optimal retention of viability of spray dridd plantarumWCFS1.
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Materials and Methods

Materials

Maltodextrin DE = 6 and DE = 16 (Roquette, Franeg)s used as received. Sorbitol,
mannitol, xylose, glucose, sucrose, maltose, toeeal lactose, I|-glutamine, glycine,
glutamic acid, lysine, and lactalbumin hydrolisatere analytical grade, purchased from
Sigma-Aldrich (USA) and used as received. Inulimg® HP) and fructo-oligosaccharides
(Orafti L85) were purchased from Beneo-Orafti (Batg), galacto-oligosaccharide
(Vivinal GOS) from FrieslandCampina (The Netherlghdand potato starch from Sigma-
Aldrich (USA) were used as received.

Preparation of bacterial culture

The strainLactobacillus plantarunW/CFS1 was obtained from NIZO Food Research (The
Netherlands). The deep frozen culture (-26 °C) grasvn in 10 ml sterilized.actobacilli
MRS broth (BD Difco, USA) at 30C for 16 h. An aliquot of 1 % of the grown cultwas
transferred and re-grown at the same conditionpréypmately 18 cfu/ml cell density was
obtained after incubation. The culture was thentrfaged for 10 minutes at 4000 rpm
(13500 g) at £4C. The supernatant was collected for pH measuremérile the pellet was
twice washed with 10 ml of sterilized phosphatefdiukaline (PBS; BD Difco, USA)
solution (pH = 4.0).

Preparation of the samples for the drying experimen

The samples for the drying experiments were prephyediluting the cell culture 10 times
in PBS (pH = 4.0) solution. The diluted cell cuéwwas again diluted 2 times with the
sterilized carrier solutions containing 40"% of solid content. By this, a suspension with
approximately 80" cfu/ml cells in a 20 %'/,, solid carrier was obtained. Subsequently,
this suspension was directly used for single ditapiepray drying experiments.

Single droplet drying experiments

These were carried out with the single droplet myyplatform consisting of a pneumatic
micro-dispenser to deposit droplets on a flat hgtlabic membrane (Accurel PP 2E-HF,
Akzo Nobel, The Netherlands) and a channel withH-defined drying air flow at specific

temperature and relative humidity (RH) (67, 75)eRH of air was 0.0 %. Three identical
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droplets (d = 60Qum) were dried simultaneously for 30 min in each eskpent. The
experiments were carried out in duplicate.

Spray drying experiments

A Buchi B-290 spray dryer (Buchi Labortechnik AGwi&erland) was used for spray
drying experiments. The experiments were carriediroaluplicate. The relative humidity
of the inlet air was 0.0 %. Small amounts of pow(aprox.: 10 mg) were subjected to
rehydration and viability enumeration.

Moisture content measurement

The moisture content of spray dried powder wasyaedl using the Sartorius MA 35
(Sartorius Mechatronic, Germany) gravimetric analyspproximately 2 g of powder was
spread on an aluminium pan and put in the moistorgent analyser, which heated the
powder up to 130C until the mass equilibrated to a final value; rappmately 5 min
heating time was needed. The moisture contenteptiwders after single droplet drying
was not measured. It was assumed that the moistutent is lower than 5 %,,.

Cell rehydration and viability enumeration

Powder particles were transferred and rehydrateal sterilized Anopore (aluminium oxide
nanoporous) chip (Microdish BV, The Netherlands3ipened on top of a 1 % low melting
point agarose (Invitrogen, USA) gel containing 0%® fluorescent stains (Live/Dead
BacLight bacterial viability kits, Invitrogen, USAYhe viability kit contained Propidium
lodide (1.67 mM) and Syto 9 (1.67 mM) reagent imelihyl sulfoxide (DMSO). The
rehydrated powder particles were incubated for Blutas; then excited by 470 nm light to
induce a fluorescent spectral shift to green (lde)ed (dead), which could be observed
with the microscope. Approximately 20 images waieh for each viability measurement.
A more detailed description of the method is predidby Perdanat al (75).

Scanning electron microscopy (SEM) measurement

Samples were fixed on sample holders by carbonsadh¢éabs (EMS, Washington, USA)
and subsequently sputter coated with 5 nm Tung$ttD 020, Leica, Vienna, Austria).
Samples were analysed at 2 kV at room temperatueefield emission scanning electron
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microscope (Magellan 400, FEI, Eindhoven, The Nédimels). Images were digitally
recorded.

X-ray diffraction for measurement of the degreemyktallinity in powder samples

Approximately 0.5 gram sample powder was placedh@a sample holder for X-ray
diffraction spectroscopy (XRD) experiments. XRD wesnducted with a PANalytical
Expert Pro System (The Netherlands) by using nifiketed Cuko radiation (tube
operating at 40 kV and 40 mA). The data were ctlaising an automated divergence slit
(5mm irradiated length) and a 0.5 mm receiving Bldata were obtained by step counting at
0.02 intervals for 2 seconds per data point.

Amorphous powder samples were used as a referenceldained by spray drying 20 %
"I, samples diluted in Milli-Q water (Millipore, USAh the Buchi 190 mini spray dryer at

an inlet air temperature of 12€ (RH, = 0.0 %) and an outlet air temperature of85

The degree of crystallinity was determined usingeaternal standard method (87). The
volume fraction of the crystalline phase in the tmig was calculated from the measured
integrated intensities of diffraction peaks prodlidey the samples compared to the
amorphous samples

w,=1-%4 (8-1)

Iq

whereW, is the weight fraction of the crystalline phakes the integrated intensity of the
samples antl, is the integrated intensity of the reference plfasrphous sample).

Glass transition temperature of powder formulations

Glass transition temperaturg) of a powder is dependent on the material comiposénd
the water content. When a mixture of componeniséd (e.g. solid and water or two solids
and water), glass transition temperature is a fonatf the glass transition temperature of
the components and their mass fractions, whichdcbel estimated using the Couchman-
Karasz relation (30, 209, 210):

_ ZJ’iACp,iTg,i (8_2)

g X YiACp,i
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with y the mass fractioryc, the transition of isobaric heat capacity incrementT, the
glass transition of the pure components. The datal¢, and T, of the components are
listed in the Appendix. It is important to realileat presence of residual moisture has
significant impact on th&gof a formulation, since th&yof pure water is very low (-138
°C).

Results and discussion

We showed earlier that. plantarum WCFS1 loses viability during drying due to
dehydration, thermal inactivation or both typesirafctivation simultaneously (182, 207).
To study the cell survival during drying with botypes of inactivation behaviours, two
different drying methods were used:

1. Single droplet drying (droplet diameter of 60@) at drying air temperatures of 26

2. Laboratory scale spray drying to achieve fast, Ipedastantaneous, drying at drying

temperatures 58C or higher.

Another reason for using both methods is that dryhlow temperature is impossible in
the laboratory-scale drying equipment because efsttort residence time in the dryer,
while fast drying at high temperature cannot beiedrout with the single droplet drying
equipment.

Single droplet drying at an air temperature of€5

For drying at an air temperature of 26 it can be safely assumed that inactivation is
dehydration driven. Drying under these conditiceed to relatively extended drying times
(approximately 2-5 min). Different formulations vegprepared and dried with plantarum
WCFS1. The survival was experimentally measured i@tated to the glass transition
temperatures and molecular weights of the addegooents (Figure 8-1). To facilitate the
interpretation of the data, the components weregd into ‘carbohydrates’ and ‘proteins’.

The residual viability ofL. plantarumWCFS1 dried with carbohydrates decreased with
increasing molecular weight of the carbohydrateilenthe glass transition temperature
had a smaller influence (Figure 8-1 A & B). Theeeff of the molecular weight may be
explained by interactions between small carbohgdrahd the phospholipids stabilizing the
bilayer in the liquid crystalline phase (45, 46nlplow molecular weight solutes are able
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to closely interact with the lipid bilayer of thelcmembranes, which seems possible still
for maltodextrins DE16 with a molecular weight elgoaless than 2 kDa (Figure 8-1B)
(187, 188). With increasing molecular weight théiactions weaken and therefore the
residual viability decreases, e.g. for maltodestfyE6 or starch (Figure 8-1B). The reason
that also larger carbohydrates still provide som@eqetion is probably due to the fixation
of cells in a glassy matrix, which hinders mobiliy the lipid bilayer (179, 203). With
fructose or xylose, cells were not enclosed inasgy matrix because the glass transition
temperatures were below the drying temperature.sénge is true for sorbitol and mannitol
but here crystallization was observed during sirdyieplet drying at 25C, which could
provide protection to cells by enclosing them iergstalline matrix (211, 212).

When proteins or amino acids were used as solidecathe residual viability after drying
was not clearly related to the molecular weightha glass transition temperature (Figure
8-1C). The residual viabilities with glycine ancctalbumin hydrolysate were relatively
low. The low residual viability with glycine is sunising as it has a higfiy and is
considered to prevent cell lysis (213). Probalitg, targe concentration of glycine during
drying increases the intra- and extracellular osmptessure difference that cannot be
tolerated byL. plantarumWCFS1, leading to cell death.

Laboratory-scale spray drying at air temperatufésDSC or higher

Thermal inactivation occurs in addition to dehy@natinactivation when drying at air
temperatures of 50C or higher. However, when fast drying is appliediig laboratory
scale spray drying, with a drying time of approxieta 1.3 s) the effect of dehydration on
the viability loss was small fok. plantarumWCFS1 spray dried in maltodextrin DE6
(207). For other tested solid carriers the viapilisses were small when spray drying at
outlet air temperature below 7« (Figure 8-2). At these drying temperatures, ttarm
inactivation is minimal because the cells are rigpéhtrapped in a solid glassy matrix (38,
214).

At outlet air temperatures above 70, the residual viability decreases significantlighw
increasing drying air temperature (Figure 8-2).sTtiecrease was more pronounced when
the cells were suspended in high molecular weigintiers. Apparently, low molecular
weight components provide more stability with regpeo thermal inactivation. This
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stabilization is likely to occur via a similar meahism as was described for protection

against dehydration inactivation (70, 215, 216).
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Figure 8-1. Residual viability df. plantarumWCFS1 after drying for 30 min in
single droplet drying apparatus in various solidiieas at 25°C as a function of
the glass transition temperature, carbohydrates a#j proteins (C) and as a
function of molecular weight, carbohydrates (B) qundteins (D). The error bars
represent the standard deviation of the viabiligasurements. The final moisture
content of the powder is approximately 2 %. The jpglete description of the
abbreviated solid carriers is listed in Appendialfle 8A-1).

The effect of the glass transition temperature lo@rrhal inactivation ofl. plantarum
WCFS1 was investigated by preparation of differemktures of solid carriers with
different Ty By doing so, mixtures could be prepared, thaecavrange of glass transition
temperatures. Subsequently, plantarumWCFS1 was suspended in these mixtures and

spray dried at inlet and outlet air temperatures2tf and 85C, respectively.
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The residual viability decreased when Wyeof the spray dried powders was below°d)
which is much lower thail, (85 °C) (Figure 8-3A and B). This may be explained by th
rapid cooling in the collected powder in the glasstainer of the laboratory-scale dryer,
leading to the formation of a glassy powder (30he Ttemperature in the small glass
container tank was determined at about°@) It was also observed that when drying
powder mixtures with a lowef, (< 40 °C), only a small amount of powder could be
collected, due to fouling of the walls. The residwéability decreased further with
decreasingly, indicating that the powder mixtures obtained wiglbelow 40°C were not
glassy (Figure 8-3A and B). This is in agreemerthvei previous study that showed that
thermal inactivation becomes more pronounced irrioggt being in a more ‘liquid-like’
state (212). The mechanism may be analogous tantheence of increasing moisture
content on thermal inactivation (207).
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Figure 8-2. Residual viability of. plantarum WCFS1 spray dried in various

matrices at spray drying outlet air temperatur&®f(black), 70 (dark grey), 85

(light grey), and 90C (white) withT;, = T, + 50°C. The error bars represent the
standard deviation of viability measurements. Ssercould not be spray dried at
Tout 50°C.
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Figure 8-3. Residual viability of. plantarumWCFS1 spray dried at inlet and
outlet air temperature of 120 and 85, respectively as a function of the glass
transition temperature of the solid matrices. Téksavere spray dried in mixtures
of: A) trehalose and glucose)(and trehalose and sorbital)( B) maltodextrin
DE 6 and glucose) and maltodextrin DE6 and sorbital)( C) maltodextrin DE

6 and trehalosen) and maltodextrin DE6 and lactose).( The glass transition
temperatures of the powders were adjusted to atumeisontent of 5 %, relevant
to the measurement data. Solid lines are drawniieghe eye and the error bars
represent the standard deviation of viability measents.
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The powders with maltodextrin DE6 and lactose enhaiose have a minimuiiy around 40
°C. Therefore, all powder mixtures of these comptmebtained are glassy. The residual
viability is found to change at approximately eqiént amounts of both components with
a higher residual viability for disaccharide-richxtares and a lower viability for the
maltodextrin-rich mixtures (Figure 8-3C). Apparenthe residual viability depends on the
component with larger fraction in the mixture.

In conclusion, a higher glass transition tempegatfrthe solid carriers is not necessarily
related to higher retention of viability. It is neoimportant to ensure that the cells are
rapidly fixated into a glassy matrix after dryirggdchieve maximum retention of viability.
A high glass transition temperature of the formalatis desired only because it could
easily reach a glassy state than the formulatidh lewverT,.

Presence of crystals affects survival

Depending on the rate of drying and the compongrgsent, crystallization may occur. In
the case of sorbitol and mannitol, crystal struetappears enclose the bacteria and may
thereby provide protection to the cells. Howeverpehding on the crystal architecture,
crystals may also detrimental to the bacteria.ex@mple, lactose is a disaccharide that can
form needle-like crystals (217), which may punctoedls. This effect was investigated by
drying L. plantarumWCFS1 with various concentrations of lactose edgsin the feed
solution. Two different drying experiments werer@d out in which a fraction of lactose
in the feed was replaced by lactose crystalsingls droplet drying at an air temperature of
25 °C and a droplet size of ~6Q0n (drying time approx. 5 min) and ii) laboratorgate
spray drying at an air temperature of°8D(drying time approx. 1.5 s). It was assumed that
thermal inactivation during these experiments wagligible.

When no lactose crystals were present in the fekdian, the residual viability was equal
to 95 % for both experiments (Figure 8-4). Whemaztion of the lactose was present as a
crystal, the residual viability for the single dleip drying decreased rapidly to
approximately 60 %. This is independent of theahitraction of lactose in the crystalline
state. The initial lactose acts as a seed for a@rygtowth during drying (218). In the
absence crystalline lactose in the feed, the diigstion was hindered by the absence of
crystal seeds.
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When the feed solution is rapidly dried in the gpdaier, the residual viability was very
high (> 90 %) despite the presence of lactose als/sthe rapid drying and solidification of
the matrix hinders the growth of the crystal, ahdst hinders the detrimental effect of
lactose crystals penetrating bacterial cells.
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Figure 8-4. Residual viability of. plantarumWCFS1 dried in the presence of
different amounts of lactose crystals in the feElde crystal concentration was
presented as the fraction to the total lactose emnation. The lactose
concentration in the feed was 20 '%,. The drying was performed by single
droplet drying (slow drying) at 25C air temperature and a droplet size of G690
(o) and by laboratory-scale spray drying at an ammperature of 50C (o). The
error bars represent the standard deviation fovititglity measurements.
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Figure 8-5. A: Residual viability of. plantarum WCFS1 spray dried in feed
solution containing 20 %%/, trehalose at various cell concentrations undelebut
spray drying temperatures of 50) (and 85°C (o). The closed symbols represent
the residual viability of cells spray dried withcaddition of any protective agent.
B: Residual viability ofL. plantarum WCFS1 spray dried in feed solution
containing 16 cfu/ml cell concentration and various trehalos@cemtrations
under outlet spray drying temperatures of 50 &nd 85°C (o). The inlet air
temperature was fixed 5@ above the outlet air temperature during sprayndry
The error bars represent the standard deviatiorSEM pictogram of collected
powder spray dried at outlet air temperatures ofGvith L. plantarumWCFS1

(10" cfu/ml cells) and 0, 0.01, 0.02, and 0.05 g/mhalese concentration. The
black arrows indicated the exposed cells.
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Effect of the solids concentration on survival

The absence of a solid carrier is detrimental gosthrvival ofL. plantarumWCFS1 (Figure
8-5A). A minimum amount of solid carrier is requréo protectL. plantarumWCFS1
during drying. A small amount of trehalose (2"% trehalose in feed solution containing
10" cfu/ml cell concentration) was sufficient to retahe viability during spray drying
(Figure 8-5B). Scanning electron microscope (SEbBepvation shows that the addition of
2 %"/, trehalose was sufficient to obtain powder parsickéth a surface that is perfectly
covered by trehalose, which apparently providedqadi protection to the cells (Figure
8-5C).

At lower concentrations, the individual cells coblel observed at the surface of the powder
particles (Figure 8-5B). These cells were exposetthé hot drying air, which explains the
large decrease in their viability. The residualbility did not further increase with
increasing trehalose concentration in the feedtismyFigure 8-5B), probably related to
the minimal coverage of cells required to providi protection. The cell concentration in
the feed solution also did not influence the retemof viability after spray drying as long
as a sufficiently high concentration of trehalosesvadded to the feed (Figure 8-5A).

Survival during storage

In the previous section we showed that viabilityoplantarumWCFS1 is affected by the
drying process itself and can be influenced by fdation. However, as already mentioned
in the introduction, loss of viability may occursalduring subsequent storage. This effect
varies with the selected formulation. Thereforeragpdried powders were stored at
different conditions and subsequently analysed rémidual viability of L. plantarum
WCFS1.

The residual viability was similar for spray dried plantarumWCFS1 with maltodextrin
DE=6 (x, ~ 7 %) stored at temperatures below°@) but decreased slowly in time as
described by a decimal viability loss timB {alue (34), see Appendix). The viability
decreased more severely when stored at temperaabmse 40°C (Figure 8-6A). The
decimal viability loss time (D value) exponentiatlgcreases with increasing temperature,
which is in alignment with the temperature depewglenf reactions as described by the
Bigelow model. After 300 days of storage at tempees below 40C, 10 % of the initial
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viability was reached. This period might be extehde 600 days for powders with a
moisture content of 4 %,
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10°] o ¢ ¢ 10’ 3 § g o
= o o0 g =
g 10 g0 a
— 1 ~ 1
g 10 g 10 °
< 10 5 10° o
a” v, = o
10 10 &
-2 -2
10
-100 -50 0 50 100 1QIO(} -50 0 50 100
Storage T (°C) Storage T (°C)

Sucrose Trehalose Lactose Malto DE 6

Figure 8-6. Decimal reduction value of residubility of L. plantarumWCFS1
during storage at various temperatures. A. Theurest were spray dried in
maltodextrin DE=6 at inlet and outlet air temperataf 110 and 70C (x, ~ 7 %,
o) followed by after drying at 25C for 24 h (% ~ 4 %,0). B. The cultures were
spray dried at inlet and outlet air temperatureld® and 70°C (x, ~ 7 %) in
lactose ¢), maltodextrin DE = 6rf), sucrose /), and trehalosed}. The error bars
represent the confidence interval of the optimizedtameter f = 0.95). C:
Scanning electron microscope (SEM) images of sgread L. plantarumWCFS1
with solid formulation of 20 % lactose (A), sucroéB), trehalose (C), and
maltodextrin DE 6 (D).

No significant differences in viability loss wereuind with different solid carriers when
samples were stored at temperatures beldW.0At a temperature of 40C, sucrose was
less effective in protecting. plantarumWCFS1. At a temperature of 5C, lactose and
trehalose provided better retention of viabilitathsucrose and maltodextrin DE 6 (Figure
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8-6B). Microscopic analysis revealed that the spitdgd lactose and trehalose powders
consisted of perfect spherical particles, showigglrglassy powders. The particles with
sucrose powder were partially merged together dumibbbery behaviour during or after
drying. The maltodextrin powder contained partichgth wrinkled surface despite its high
T, possibly vitrified maltodextrin is more elastitie vitrified trehalose or lactose is rigid
(Figure 8-6 C). The latter observations indicatat thehalose and lactose are preferred for
protecting bacterial cells during storage at eleddémperatures (219).

Optimal spray drying and storage ofL. plantarum WCFS1

Spray drying and storage conditions should be dpéich towards overall survival.
Depending on the selected formulation, differemditions are required. For example, the
storage temperature should be below the glassititansemperature of the powder. For
spray drying, generally low outlet air temperatuaes advisable (also related to thgof
the formulation) to have minimal thermal inactieaiti However, at these low temperatures
the spray dryer capacity is low, and thus the igfficy of the process is low. Higher energy
efficiency can be achieved by increasing the ialetemperatures; however, this increase is
also restricted by risk of viability loss. Thus, xmum drying temperatures should be
identified to avoid excessive loss of viability disethermal inactivation. In spray drying,
the thermal inactivation is generally dependenttmn combined effect of i) the outlet air
temperatureT,,) and ii) the spray dried particle size, which deii@es the drying time.

Two different approaches may be used for sprayndrgepending on the glass transition
temperature of the formulation (Figure 8-7). Theirmpm conditions depend strongly on
the residual moisture content of the powder andatlttet air temperature. The residual
moisture content has large influence on thermakttimation, while both parameters
influence the glass transition temperature of trenfilation at the end of the process, and
thus also strongly affect the residual viability.

Region A in Figure 8-7 represents combinationshef tesidual moisture content and the
outlet air temperature for a formulation with asglaransition temperatur@g(,) that is
optimal for maximum retention of viability in comtiztion with the largest drying
efficiency possible.

Region B represents combinations of residual mastontent and outlet air temperature
with a formulation with a lower glass transitiormigerature Ty ). For this formulation
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more intensive drying is required to reach a lovesidual powder moisture content in the
glassy region, with the constraint that the outliettemperature should be kept low. This
can be achieved by drying at low spray dryer capgtd ensure the low final moisture
content of the powder). Alternatively, spray dryiaghigher capacity may be followed by
rapid cooling or a combination of drying and rapabling (e.g. in a fluidized bed dryer) to
reach region C.
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Figure 8-7. Combinations of residual powder mogstgontent and outlet air
temperature. Line {) represents acceptable viability loss due to tlaérm
inactivation (depending on the spray dried partisleze and the decision of
optimization). Glass transition temperatures of tdifferent formulations are
drawn, i.e.Ty 4 (red) andTy, (blue). The regions represent the drying combamesti
that lead to maximum viability retention for formatibn 1 (A), for formulation 2
(B), and for formulation 2 but then spray dryingadowed by rapid cooling or a
combination of drying and rapid cooling (e.g. ifliadised bed dryer) to obtain a

glassy powder (C).

For industrial purposes, spray drying lof plantarumWCFS1 can be carried out at cell
concentration as high as®@fu/ml with additions of protective materials asadl as 2 %
“l.,. The advisable protective material for this str@neither trehalose or lactose. For
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economic reasons, lactose might be more attrattieve trehalose. However, trehalose is a
better choice than lactose if retention of viabilg the priority. This is relevant especially
because only a small concentration (2" of protective agent is needed. Sometimes,
lactose cannot be added to food products, for elaffop the products aimed for lactose
intolerant people.

Conclusions

The influence of solid carriers was evaluated imbmation with low temperature (2%,
single droplet drying) and high temperature dryind0 °C, laboratory-scale spray drying)
for survival of L. plantarum WCFS1. At a low temperature and slow drying only
dehydration inactivation was expected. This dehyaimainactivation was minimal in
combination with the addition of low molecular wkigcarbohydrates (mono- and
disaccharides), which increased with molecular Wefgr molecules larger than 2 kDa.
Similar results were obtained during lab-scale myyexperiments in which only thermal
inactivation ofL. plantarumWCFS1 was expected. Besides the effect of moleaudaght,
carriers are preferred having a higher glass tiiansiemperature, since this allows drying
at higher outlet air temperatures while still paing a glassy powder at higher residual
moisture content.

A high residual viability ofL. plantarumWCFS1 was observed when dried in sorbitol or
mannitol. Meanwhile, a low residual viability bf plantarumWCFS1 was observed when
dried with the presence of needle-like lactosetatysFor slow drying a small fraction of
crystals was already detrimental to cells. This was observed when drying was fairly
rapid, e.g. in a laboratory scale spray dryer. I§indifferent ratios of bacteria and solid
materials were evaluated on retention of viabilitjie maximum viability was achieved
with addition of at least 2 %/, trehalose. Microscopic observations indicated thase
powder particles were smooth, i.e. the trehalosegiges sufficient coverage for protection.

The residual viability of spray dried plantarumWCFS1 decreased with storage time. A
decimal viability loss time (D-value) of approxireht 600 days was determined when
stored at temperatures below 20 for different carriers. At higher temperaturds D-
value decreased with an exponential dependenchetemperature for maltodextrin DE =
6. Furthermore, the storage at temperatures higteer theT, of the formulation lead to
significant residual viability reduction (e.g. feucrose).

172



CHAPTER 8

The spray drying ofL. plantarum WCFS1 is restricted by dehydration and thermal
inactivation. A diagram was constructed that intisa combinations of outlet air

temperature and residual moisture content thatoptanal with respect to retention of

viability and dryer efficiency. The latter combiitats are specifically influenced by a

minimal thermal inactivation line and the glasssition temperature of the formulation.

This diagram can be applied to explore preferredhinations of solid carriers and spray
drying conditions.

Nomenclature

A Viability fraction -
Co Heat capacity Jkg'K?
D Decimal reduction time day

I Integrated intensity (area under the curve) -

t Time day
Tq Glass transition temperature K
W Weight fraction of crystalline phase -
y Mass fraction -
Subscripts:
a Reference crystal phase
[ Sample
0 Initial

Appendices

Prediction of glass transition temperature of pawdixtures

The glass transition temperature of powders mistuvas calculated using the Couchman-
Karasz relation (30, 209, 210):

_ XyilcepiTg; )
T, = —ZyiAcp,i (8-A1)
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with y the mass fractioryc, the transition of isobaric heat capacity incrementT, the
glass transition of the pure componeniThe data foric, and Ty of the components are
listed in Table 8-Al. Examples of glass transitimmperatures of mixtures of solid
components as a function of moisture content ase/shn Figure 8-Al.
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Figure 8-Al1 A: Glass transition temperatures of toddxtrin DE 6 (MD6),
trehalose (Tre), and glucose (Glu) as a functiormeisture content. B: Glass
transition temperatures of trehalose-glucose mesgurs a function of the glucose
mass fractionx,) at 0, 0.02, 0.04, and 0.06 moisture contents.
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Table 8-Al. An overview of carrier materials andeithanhydrous glass transition
temperature

Pure components Abbreviatedr, (°C)  4c, (J-g'K™) Reference

Water Water -138 1.93 (220)
Sorbitol Stol -3 1.17 (221)
Mannitol Mtol 10 1.27 (221)
Xylose Xyl 13 0.95 (210)
Galactose Gal 32 0.86 (210)
Glucose Glu 38 0.88 (210)
Sucrose Suc 70 0.77 (210)
Maltose Mal 95 0.79 (210)
Lactose Lac 101 0.26 (222)
Trehalose Tre 112 0.37 (84, 223)
Fructo-oligosaccharides FOS 100 0.43 (30)
Galacto-oligosaccharides GOSs 100 0.43 (30)
Inulin Inulin 119 0.43 (30)
Maltodextrin DE 16 MD16 183 0.43 (30)
Maltodextrin DE 6 MD6 195 0.43 (30)
Potato starch Starch 243 0.43 (30, 224)
Lysine Lys -15 NA (225)
L-glutamine L-Glu 39 NA (225)
Lactalbumin hydrolisate Lactal hyd. 151 NA (225)
Glutamic acid Gla 214 NA (225)
Glycine Gly 326 NA (225)

& Estimated from Gordon-Taylor constant (222)

b Estimated based on the molecular weight usingfory relation (30)
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Analysis of the inactivation kinetics during stoeag

The inactivation kinetics of. plantarumWCFS1 during storage was represented with a
decimal reduction tim® (Figure 8-6). The decimal reduction time is caltedbas (34)

log(A/A,) = —t/D (8-A2)

Equation 8-A2 was fitted to experimental resultsiédermine thd® value ofL. plantarum
WCFS1 spray dried with different carriers and stoa¢ specific temperatures (Figure 8-

A2).
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Figure 8-A2. A: Residual viability ot. plantarum WCFS1 spray dried with
maltodextrin DE 6 during storage at 4),(37 @), and 50 °C €). B: Residual
viability of L. plantarum WCFS1 spray dried with maltodextrin DE 6 during
storage at 70d) and 75 °Ct). The error bars represent the standard deviafion
the viability measurement results. The spray dryiag carried out in a laboratory
scale spray dryer at inlet and outlet air tempeestuof 100 and 50 °C,

respectively.

176



CHAPTER 8

177



FORMULATION AND SPRAY DRYING CONDITIONS FOR PROBIOTICS

178



CHAPTER 9

Chapter 9

Inactivation ofL. plantarumWCFS1 during spray
drying and storage assessed with three
complementary enumeration methods

Submitted for publication as:

J. Perdana, H.M.W. den Besten, O. Kutahya, D.CaAiryM.B. Fox, M. Kleerebezem,
R.M. Boom, and M.A.l. Schutyser. InactivationlofplantarumWCFS1 during spray
drying and storage assessed with three complenyestameration methods.
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Abstract

In this study residual viability ol. plantarum WCFS1 spray-dried under different
conditions was investigated. Three different enatien methods were evaluated to assess
whether inactivation is due to cell membrane dan@ayg#or due to damage to intracellular
components. The first method involved charactédeabf the cell growth in a liquid
medium by means of detection time, the second abreme integrity viability-based
method, and the third is carried out by conventioplating. At mild spray drying
conditions with an outlet air temperature of 50 &C.enumeration methods indicated very
high residual viability values (> 95 %), which deased when higher outlet spray drying
temperatures were applied. At outlet temperatufe800°C or higher, residual viabilities
determined using a detection time method and byvemtional plating were lower
compared to those determined using the membraegrityt method. This suggests that
under the latter conditions cell membrane damagpradably not determining loss of
viability but damage to intracellular componentsskual viability of the spray-dried cells
was also evaluated as function of storage time t@mtperature. The cell membrane
integrity method showed a slower viability losseras function of storage time compared to
when determined with the other methods. Therefbie,hypothesized that during storage,
cell inactivation and/or prolonged repair time ascuyrimarily due to damage to
intracellular components.

Keywords: viability enumeration, growth parametetstection time, membrane integrity,
probiotics drying
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Introduction

In our previous study we investigated spray dry@isgan alternative for freeze drying to
dehydrate probiotic bacteria (207). During sprayirdy at low outlet temperatures (up to 50
°C), membrane damage was discussed to be the madormr for viability loss (182, 226-
229). However, at elevated outlet air temperatufiess when cells are exposed to
temperatures >65 °C) it was hypothesized thatdethalar components such as ribosomes
and nucleic acids are primarily affected (183, 228)). This will hamper cells to resume
growth or at least the repair time before growtrtstwill be increased (231). In this case,
the cell membrane-integrity method will not be atdedetect all the lethally injured cells
resulting in overestimation of viability (75, 17832-235). Therefore, this study adds two
enumeration methods to assess viability loss basegrowth behaviour. Plate counting is
the standard enumeration method involving the \aiiton of cells on a nutrient agar
surface and subsequent colony counting. Howevegditires elaborate preparations and
takes approximately 2 days for cells to be incutheaad counted (236, 237). Another
method is the detection time method which is bamedell growth capacity in a liquid
medium (238, 239).

This study aims at obtaining more insight in thieetfof spray drying of probiotics and its
subsequent storage on the loss of viability. Moeepi relates decreased viability to loss of
integrity of the cell membrane and/or to damagénternal cell components. The three
complementary methods are used to assess theaksidhility of Lactobacillus plantarum
WCFS1, which is selected as a model micro-orgarfiémprobiotic lactobacilli (161, 162).
The comparative analysis of these techniques iieapfp obtain better understanding of
the subcellular lethal damage (e.g. membrane danaagkor intracellular component
damage) that may occur during spray drying anchgm(38, 182, 226, 229).

Materials and methods

Culture preparation

Lactobacillus plantarunWWCFS1 was grown in de Man, Rogosa and Sharpes JNMRfh
(BD Difco, USA) at 30 °C for 24 h. An aliquot of% of the culture was transferred and re-
cultured in the same conditions for 16 h. This aigirt culture contained approximately
10° cfu/ml. The bacteria were harvested by centrifiagator 10 minutes at 13,500 g at 4
°C using Eppendorf Centrifuge 5804R with F-34-6:8®r (Eppendorf, Germany). The pH
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of the spent culture medium was usually betweenaB® 4.1. The bacterial pellet was
washed twice with 10 ml phosphate buffered saliRBS) solution (Sigma-Aldrich,
Germany) adjusted to pH 4.0.

The samples for the drying experiments were prephasediluting the cell suspension to
approximately 10 cells per ml in PBS (pH 4.0). The diluted cell paission was mixed
with an equal volume of 40 9%"/() solutions of maltodextrin (DE 4-8, Glucidex 6;
Roquette, France), fructose, galactose, sucrostysky sorbitol, mannitol, or trehalose
(Sigma-Aldrich, Germany) in PBS (pH 4.0) and usadspray drying experiments.

Spray drying

Spray drying experiments were carried out in a BuBhL90 spray dryer (Buchi
Labortechnik AG, Switzerland). The implemented dgyiregimes included outlet air
temperatures of 50 and 90 °C with inlet air tempees that were set 45 °C higher than the
outlet air temperatures. The moisture content ef réssulting powders, determined using
Sartorius MA 35 (Sartorius Mechatronic, Germanyavimnetric analyser, was between 4
and 8 %. Spray drying experiments were performetblicate for independently prepared
cell suspensions.

Viability assessment on the basis of cell membrategrity

One drop of the of the 200-folds diluted washed celture (in PBS pH = 7.4) prior to
spray drying experiments (reference sample) oramrately 1 mg of spray-dried particles
(treated sample) containirlg plantarumWCFS1 were transferred and rehydrated on a
sterilized Anopore (aluminium oxide nanoporous)pc{iVlicrodish BV, The Netherlands)
positioned on top of a 1 % low melting point agargs! (Invitrogen, USA) containing 0.34
uM Propidium lodide and 0.3gM Syto 9 as the membrane integrity probes (LivetDea
BacLight bacterial viability kit, Invitrogen, USA)The samples were incubated for 30
minutes on Anopore, then excited by 470 nm lighintfuce a fluorescent spectral shift to
green (intact cell membrane) or red (damaged celhbrane) and imaged using a Zeiss
Axioplan 2 Imaging microscope equipped with a Zdifs Plan-Neofluar 63 /0.75 Corr
Ph2 objective lens and a single-band fluorescemthiscyanate (FITC) filter. Twenty
images containing approximately 4000 individualselere captured using charge-coupled
device (CCD) camera controlled by Ceitnaging acquisition software (Olympus, Japan).
Automated viability determination was performed gi@image analysis routine written in
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Matlab (MathWorks, USA). More detailed descriptiohthe method has previously been
reported (75, 234, 235).

Viability assessment using plate counting

A reference sample was prepared by taking an aligiiavashed cell culture prior to spray
drying experiments and diluting it 200-fold in PBSH = 7.4). The treated (spray-dried)
samples were prepared by re-suspending a 100 tg gpray-dried particles containihg
plantarumWCFS1 to a 5 ml sterilized PBS solution (pH = 7which also generates a
200-fold dilution from the original cell suspensjdhereby having a comparable absolute
cell density (live and dead cells together) as tkéerence sample. The resulting
suspensions were decimally diluted in PBS (up thl@ions), and 5Qu of these dilutions
was plated on MRS agar (BD Difco, USA) plates usamgEddy Jet 2 spiral plater (IUL
Instrument, Spain). Plating was done in duplicaie éach dilution. The plates were
incubated at 30 °C for 48 h, followed by colony stimg of the dilutions that generated
between 30 and 300 colonies per plate. The fraatigiability was determined by the ratio
of the recovered colonies after each treatmentlamdolony count of the reference sample.

Growth experiments and optical density measurements

The growth experiments in liquid medium were perfed in a Bioscreen C MBR
(Bioscreen, Finland). For that, the reference sam@s prepared by taking an aliquot of
washed cell culture prior to spray drying experitseand diluting it 200-folds in PBS (pH
= 7.4). The treated (spray-dried) samples weregsegpby re-suspending a 100 mg of the
spray-dried particles containirig plantarumWCFS1 to a 5 ml sterilized PBS solution (pH
= 7.4). Serial two-fold dilutions of the initial kesuspensions in MRS were prepared by
subsequent dilution in a honeycomb forma10 micro-plate (Bioscreen, Finland) with
15 wells per dilution series. Growth was measuretéims of optical density (OD) at 600
nm every 5 minutes during incubation for 48 h at’@0with intermittent 30 s shaking at
medium intensity. These growth experiments werdopmed in triplicate for each spray
drying batch.

Estimating residual viability using detection timethod

The ability ofL. plantarumWCFS1 to resume growth was measured for freshspraiy-
dried cultures. A method was followed that evalsdtee bacterial growth in terms of the
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detection time (239), which is here defined astiime required for a culture starting with
an initial cell number ok, to reach a cell number &f; while still being in the exponential
growth phase. This detection time (denotetjgsmay be determined with

In(xge
et (xo) = Arg) + 20420 (9-1)

with A(xp) the population lag time fox, number of initial cell concentration, andthe
specific growth rate of cell.

Cell growth was monitored indirectly as a functiohthe optical density (240), which
allowed an inline measurement at short time inferfarder of magnitude: minutes). The
prerequisite for this is that a correlation betwekea cell concentration and the optical
density reading is available. When the detectioreti is assessed in term of the optical
densityOD, ODge nNeeds to be set insteadxgf. For our system, an arbitrary optical density
value of 0.5 was selected. Then, a relation betwigeand Inkg) for all dilution ratio was
constructed; the specific growth rate was estiméteich the slope betweeg,; and Inkg)
when the culture is still in the exponential growtiase.

The initial viable cell concentration(y in the processed (spray-dried and subsequently
stored) samples was determined relative to a nefersamplexg req).

ln(xo,ref/xo,s) = ;u[tdet(xo,s) - tdet(x(),ref)] (9'2)

with theXo 9 andtyelXorep the time required to reach an OD value of 0.5tfe sample
(treated) and the reference sample respectivesh-cultures from the working solution
prior to spray drying were used as reference sanple

The viability value determined using this approabbuld be interpreted with care because
it is composed of at least two contributing factdfy the increase of lethally injured cells
during spray drying, and (2) the delayed regrowthsuob-lethally injured cells as a
consequence of the required time for resuscitafesil, 241).

Calculations and statistical analyses

The specific growth rate and the viability valuesrg estimated using a non-linear least
square method solved using the Levenberg-Marquegtirithm (128). The confidence
interval of the parameters (p = 0.95) were estithatging the Hessian matrix, which was
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derived from the Jacobian matrix of the solutio@9)L All calculations were performed
with MATLAB version 7.10.

Analysis of trehalose concentration within the gell

To assess whether the drying process not only recharacellular water, but also led to
transfer of solid carrier material into bacteriallg, the concentration of solid carrier within
the spray-dried cell cultures was measured. LActobacillus plantarum WCFS1
(approximately 19cfu/ml) suspension in a 20 %/,() trehalose solution was spray-dried at
95 (inlet air temperature) and 50 °C (outlet amperature) using a Buchi B-190 Mini
Spray Dryer (Buchi Labortechnik, Switzerland). Thesulting powder (approximately %0
cfu per 0.2 g) was washed twice in 40 ml PBS (pH4). Washed cells were re-suspended
in 100 pl lysis buffer (Lysis buffer: 0.4 g sodium dodecsulphate (SDS), 0.15 g
dithiotreitol (DTT), and 10 ml of 100 mM Tris/HCIH7.6) in a 1.5 ml sterile micro Mini-
BeadBeater vial with 0.1 mm glass bead (Biospe&A)J The sample was vortexed with
FastPrep (FP120, BIO101/Savent) at 6000 mm/s speties 45 s. Between runs, the
sample was cooled on ice for 1 minute. Subsequec®#yl debris was removed by
centrifugation at 21,008 g for 10 minutes at 4 °C and supernatant was celkecthe
supernatant was 10-fold diluted in Milli-Q watéMil{lipore, USA) and aliquots of 0.1 ml
sample were analysed by high performance liquicbroatography (HPLC) with Rezex
RSO oligosaccharide column (Phenomenex, The Netis) at 80 °C. The column was
eluted with Milli-Q water at a flow rate of 0.3 miinute. A refractive index detector was
used to quantify the amount of trehalose.

Results and discussion

Validation of the detection time method

In Figure 9-1A, the growth curves bf plantarumWCFS1 with series of two-fold dilutions
are shown. The time axes of the individual curvesenshifted such that all curves reached
an OD = 0.5 at the same time. It was found thatwades overlapped. This suggests that
the growth behaviour of the cultures is identicald aindependent of initial cell
concentration. It also means that dilutions onfeétfthe time to reach the detection point.
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Exponential growth oE. plantarumWCFS1 was observed between OD 0.3 and 1.0 (Figure
9-1A). The OD in this range is proportional to el concentration (Figure 9-1B). At an
OD value of 0.5 (used to determine the detectime)}iwe may therefore safely assume that
L. plantarumWCFSL1 is in the exponential growth phase.
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Figure 9-1. A: The growth curves bf plantarumWCFS1 from series of two-fold
dilution after shifting of the incubation time. Bptical density at wavelength of
600 nm as a function of cell concentration LofplantarumWCFS1. C: Time
required to reach optical density value of 0.5 daraction of initial viable cell
concentration. The symbols represent the expermhetidta, the error bars
represent the 95 % confidence interval of data, thedsolid line represents the
data fitting with Eq. 9-2. Thé&. plantarumWCFS1 culture was obtained after
incubation at 30 °C for 16 h.

A logarithmic relationship between detection timg)(and initial cell concentration) is
found (Figure 9-1C), which is in line with Eqg. 9-Phus, the specific growth rate can be
determined from the slope of the line betwégnand Iny) (Eq. 9-2), yielding: = 0.84 +
0.0070 H for 95 % confidence interval of the parameter.

A cell culture may lose (part of) its viability upaspray drying and subsequent storage.
Increasing growth detection time while using thmeanitial cell concentration in the feed
can be considered indicative of a decrease in litialfix, ;) induced by drying, which
includes 1) lethally damaged cells and 2) sub-lgthdamaged cells requiring longer
resuscitation time. The viability fraction that raims after spray dryingxg/xg ) is
estimated using Eq. 9-2, which is graphically repreed in Figure 9-2. The prerequisite for
this method is that the specific growth ratg femains unaffected by the spray drying
treatment. This assumption is valid because sirsilape values fok. plantarumWCFS1
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spray-dried at various conditions are obtainedjcatthg the same specific growth rate
(Figure 9-2).
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Figure 9-2. The times required to reach an OD bfi.a two-fold dilution series

of L. plantarumWCFS1 from fresh cultureso( Fresh), spray-dried cultures in
trehalose at air temperature of 90 °G, (Tre), and spray-dried cultures in
maltodextrin DE 6 at an air temperature of 80 ¢0OMD6). The symbols represent
the measurement data from two independent expetsnard the lines represent
the fitting results. The dashed lines representrédsédual viability compared to

that in fresh cultures.

Comparison of the three methods to determine rasidability of spray-dried cells

The residual viability of.. plantarumWCFS1 spray-dried in various matrices was assessed
using the membrane integrity determination anddétection time method directly after
spray drying (with inlet and outlet air temperatuod 95 and 50 °C, respectively). Viability
values close to 100 % were measured (Figure 9-BAan be concluded that under these
conditions the cell membrane and intracellular congmts remained mostly intact and thus
growth is not hampered (183, 226). This can beainpt by the relatively low temperature
and short drying time (between 1 and 1.5 s accgrtirthe dryer specification (184)) in the
laboratory scale spray dryer.
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Figure 9-3. A: Residual viability df. plantarumWCFS1 spray-dried in trehalose
(Tre), lactose (Lac), maltose (Mal), maltodextrik D6 (MD16), and maltodextrin

DE 6 (MD6) directly assessed after spray dryingngighe detection time method
(o) and using the membrane integrity methodl (The spray drying was carried
out at inlet and outlet air temperatures of 958@dC, respectively.

B: Residual viability ofL. plantarum WCFS1 spray-dried in trehalose (Tre),
lactose (Lac), maltose (Mal), maltodextrin DE 160M5), and maltodextrin DE 6
(MD6) assessed using membrane integrity method stiteage for 60 days at -26
°C (o) and at 4 °C ) and using the detection time method after stofag&0
days at -26 °C) and at 4 °Cx).

C: Residual viability ofL. plantarum WCFS1 spray-dried in a 20 9%'/()
maltodextrin DE 6 solution at outlet air temperatibetween 50 and 90 °C (the
inlet air temperatures was set 45 °C higher than dhtlet air temperatures)
assessed using the membrane integrity methpdiétection time methodj, and

plating ). Error bars represent the standard deviation lé wiability
measurements.
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D: Residual viability ofL. plantarumWCFS1 spray-dried in maltodextrin DE 6 at
outlet air temperatures between 50 and 90 °C (aitetemperature was set 45 °C
higher than the outlet air temperature) after gferfor 1 day ) and for 60 days
(o) at -26 °C and after storage for 1 day &nd for 60 dayse( at 4 °C assessed
using the detection time method. Error bars remtethe standard deviation of the
viability measurements.

The residual viability of spray-drield plantarumWCFS1 in a 20 %8/, maltodextrin DE

6 solution was more than 95 % for outlet air terapgmes 60 °C or lower (Figure 9-3C). At
outlet temperatures of 70 °C or higher, the redidigbility decreased. At higher spray
drying temperatures, the conventional plating amedection time methods indicated a
stronger reduction of viability compared to theutesfrom the membrane integrity method,
in particular when outlet temperature was 80 °@igher (Figure 9-3C). It may be that at
these high outlet temperatures, significant parthef viability loss is due to intracellular
damage (226, 230). The limited damage to the cethbrane could be explained by rapid
fixation of the cells in a vitrifying matrix duringpray drying (33, 45, 183). The lower
detection time viability values compared to thaserf plating for spray driet. plantarum
WCFS1 at an outlet temperature of 90 °C could m#i@an increased degree of sub-lethal
damage that requires longer resuscitation timerbajoowth can be resumed. Plate count
enumeration allows individual sub-lethally damagedls to repair successfully and thus
these cells will be counted as viable.

Residual viability of spray-dried. plantarumWCFS1 during storage

A higher retention of the cell-membrane integrisbd viability after storage for 1 and 60
days is observed fok. plantarum WCFS1 spray-dried in low molecular weight solid
carriers compared to those dried in maltodextrih @(molecular weight > 3 kDa) carrier
(Figure 9-3B). This suggests that low molecularghiisolid carriers are more suited for
stabilization of the cell membrane, which is inegmnent with previous studies (188, 197).
However, the detection time method indicated ngdatifferences in viability after storage
for 60 days wher. plantarum WCFS1 is spray dried in the presence of diffessiid

carriers (Figure 9-3B). Thus, during storage thaitawh of solid carriers can only enhance
the stability of the cell membrane but not thatte intracellular components. This is in
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agreement with our separate observation that saliders do not penetrate or accumulate
in the cells, which can be explained by the baringposed by the intact cell membrane
(242, 243). As shown in Figure 9-4, only a very Bramount of trehalose (3.33 mg/ml) is
present inside the. plantarumWCFSL1 cells. These value were obtained for celiaysp
dried in 20 % {/,,) trehalose solution at a low outlet temperaturg, & 50 °C) to retain a
high viability. In other studies, it has been exptbthat at least 20 % internal trehalose per
wet cell weight is required, to enhance stabilitfy iotracellular components against
desiccation and subsequent storage (244, 245 .hypothesized that trehalose acts as an
osmolyte to stabilize intracellular macromolecudesl thereby extend shelf life (25, 244-
249). Values of 20 % of intracellular trehalose @veot obtained with spray drying (Figure
9-4).
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Figure 9-4. HPLC analysis is applied to measureragailular trehalose
concentration after spray drying. The feed contin€ cfu/ml L. plantarum
WCFS1 in a 20 % "{,) trehalose solution. The dashed line represents an
approximation of the expected peak height when ititeacellular trehalose
concentration would be 2 % of trehalose weightvpetrcell weight.

The residual viability of spray-drield plantarumWCFS1 in a 20 %/,, maltodextrin DE

6 solution at outlet temperatures between 50 an8iC@lso decreased with storage time.
The detection time method yielded a higher residuability when spray-driedL.
plantarum WCFS1was stored at -26 °C compared to when it staed at 4 °C (Figure
9-3D). At -26 °C, the degradation of constituenty (enzymatic or non-enzymatic
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reactions) is expected to be slower due to smad#laction rates and limited molecular
mobility (68, 80, 250-253). After storage for 60ydathe membrane integrity method
resulted in a higher degree of residual viabilgycampared to the viability measured by the
detection time method (Figure 9-3D). This suggéss the damage to the cell membrane
is less critical than the damage to the other lzllicomponents (i.e. intracellular
constituents). It is because the cell membranixaefd in the vitrified matrix, whereas the
intracellular constituents are detrimentally aféettiue to for example Maillard reactions,
lipid oxidation, the decreased activity of enzynaspther reactions (226, 246, 254).

Conclusion

We presented a detection time method to assesaraigse the residual viability of spray
dried L. plantarumWCFS1. This method is based on the time neededatth a specific
concentration of cells by growth in a liquid mediufie residual viability based on growth
behaviour was compared to the residual viabilitiedained by the cell membrane integrity
method. At mild drying conditions (outlet dryingraemperature 50 °C), both methods
indicated similar viability values higher than 95 %hich indicates limited influence of
spray drying on cell viability. At higher spray dng temperatures (80 °C or higher), a
significant difference was found between the meshaechich suggests that the inactivation
at these temperatures has to be related to degmadstthe intracellular components and
not to cell membrane damage.

The residual viability of the cells decreases dyritorage. Both the membrane integrity
and the detection time methods gave the same, stealbase in viability at -26 °C. By
contrast, at 4 °C, the membrane integrity remaihegh during storage, whereas the
detection period indicated a strong decrease ibilitig indicating that again intracellular
damage is likely responsible for the reductioniability.
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Nomenclature

Adet Optical density to determine the detection time
tget Detection time
X Number of cell concentration

Greek symbols

A Population lag time
7 Specific growth rate
Subscripts:

0 Initial

det Detection

ref Reference
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Introduction

In the research reported in this thesis, an exparial platform was developed to explore
the conditions for optimal spray drying of heatsitime products. The platform is based on
controlled drying of single sessile droplets defeasbn a flat hydrophobic surface followed
by analysis of the resulting dried particles. Itswauccessfully applied to establish the
inactivation kinetics of the enzymég-galactosidase and the probiotic bacterium
Lactobacillus plantarumWCFS1 during drying. The experimental work was borad
with modelling of 1) the drying kinetics of sessilieoplets (including temperature and
moisture content histories and their distributi@noas the droplet) and 2) the inactivation
kinetics of the enzyme or the bacterium. The ptedicesidual activity of the enzyme and
residual viability of the bacterium were in agreemwith the data obtained from single
droplet drying experiments. The validity of the reted was further confirmed when
predicting and analysing inactivation during lattora spray drying experiments. Finally,
insight was gained into the optimum spray dryinghditons relevant for industrial
production scale.

In this chapter we will discuss the following togic

e Section I: The combination of a single droplet folah and modelling approaches

as a tool to identify optimum spray drying condito

e Section II: General recommendations for optimumagpdrying conditions of
probiotics at the industrial scale

e Section lll: Conceptual design of an optimal dryprgcess for probiotics

e Section IV: Economic and efficiency analysis inéhgla comparison between
spray and freeze drying

e Section V: Future outlook for research on dryingpagbiotics

The combination of a single droplet platform and mdelling approaches for
identifying optimum spray drying conditions

The need for screening methodologies is clear wdwmrsidering the costs of pilot scale
experimentation and the number of parameters imebir the optimisation of spray drying,
e.g. processing conditions, formulation, and congptispecific sensitivity. Use of
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laboratory-scale spray dryers for the optimisatieroften problematic, since especially
drying time and particle size distribution cannetdasily translated to spray drying at the
industrial scale (11, 137, 255). Moreover, the mgybehaviour at the laboratory-scale
induces specific physical and chemical changes lwhiight not be comparable to the
industrial scale (256-258).

An attractive alternative approach for screeningmtfmal spray drying conditions is via a
single droplet drying approach combined with preédic modelling (64). During single
droplet drying, the conditions such as drying emperature, drying time, air flow rate (and
slip velocity between the air and the dried pagtl and particle size) are well defined.
Therefore, this approach is well suited for the egation of data required for model
development and can be applied to systematicallgsitigate the drying kinetics. Different
single droplet approaches have been described uiy sthe influence of drying on
inactivation, such as acoustic levitation and detsptrying at the outlet of a capillary. The
latter methods have been applied to study theénfte of drying on the residual activity of
enzymes, on the residual count of viable cellstf@nquality of milk and of flavours (6,
133, 197, 259-261). The single droplet drying apploin this thesis is based on drying of
sessile droplets on a hydrophobic surface, whichtha major advantage that it allows the
development of a high throughput approach.

The retention of the functionality of the actividy the product is usually dependent on the
drying trajectory of an individual droplet, includj the specific histories of the moisture
content and temperature (6, 64, 75, 207). Diretibpitoring the temperature and moisture
gradients within very small drying droplets is uatly impossible (< 20@um). Therefore
many studies choose to work with larger droplets measure the internal temperature with
a thermocouple and the mass change due to detormih an analytical balance. In our
studies we decided to rely on the commonly appdiiective diffusion model to describe
the evolving temperature and moisture content hegaduring single droplet drying (49,
59, 64, 167).

A schematic overview of the combined use of an empmntal single droplet drying

platform and modelling to arrive at improved dryipgpcedures is shown in Figure 10-1.
The experimental single droplet data can be usesstablish the inactivation kinetics or
change in functionality. Modelling can be used taufify the changes in moisture and
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temperature in location and time. These can thercdmbined with the (descriptive)
functionality model from the experiments. A findakg is then to confirm (validate) the
predictive models with experimental data from @ipt-scale spray drying experiments,
which was demonstrated for drying @galactosidase andactobacillus plantarum
WCFSL1 (64, 207). After this validation the predietinodel may be used to optimise spray
drying at the industrial scale. The kinetic modallso may be applied in more advanced
simulations at the industrial scale, e.g. usingpatational fluid dynamics (CFD).

T

Figure 10-1. Flow diagram of the spray drying expentation approach
involving single droplet drying (1), predictive malting (2) of drying kinetics (a)
and inactivation kinetics (b), residual activity survival measurement (3),
optimization of the existing spray drying procedur@), and new design for
drying system (5).

In addition, the single droplet drying approach gaavide insight on different types of
spray drying applications, for example, encapsotet)f volatile components or healthy
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oils. Within many applications, the morphology b&tparticle changes during the drying
process (e.g. formation of vacuoles, crystals, gor&hese changes can be monitored
visually and studied as a function of drying coiodis and selected matrices. Finally, it is
well known that drying can affect the spatial dizition of components within a particle,
for example by segregation of components (e.g.afak lactose) during drying (258, 262,
263). The single droplet approach may well be tsexkplore such behaviour.

General recommendations for optimum spray drying caditions of probiotics at the
industrial scale

Optimisation of (spray) drying of probiotics invels 1) proper culture preparation, 2)
adequate carrier formulation, and 3) applicatiompimum drying conditions. This thesis
focused primarily on the influence of carrier folation and drying parameters on
inactivation ofL. plantarum WCFS.1

Carrier formulation

This research indicated that solid carriers shdwdd selected that have a high glass
transition temperature and exert minimum dehydnaticactivation to bacteria (197).
Dehydration inactivation can be avoided by fagtfication, e.g. when very small droplets
are generated leading to a fast drying process if®.g laboratory scale spray dryer). If
slower drying cannot be avoided, the selectiorhefdolid carriers is crucial to the residual
viability of bacteria after drying.

In Figure 10-2, two different carriers are showraftmdextrin and sucrose) which have
different glass transitions. Maltodextrin with @herTy is preferred as a carrier because of
its higher glass transition temperature providingrenrapid vitrification. With respect to
drying conditions, a low drying temperature is poéferred, since it results in a lower
drying capacity or a higher water content in thealfiproduct. Most optimum drying
conditions are indicated with the grey filled céslin Figure 10-2 (region A for
maltodextrin and region B for sucrose) in whickrifitation can still be realized and the
drying rate is reasonable, while the thermal inattdbn is minimal. However, from shelf
life point of view, lower final moisture content jiseferred because of the slower viability
loss during storage (Chapter 8). Therefore, folsa#ied in maltodextrin, it is advisable to
further dry the powder to region A’ to obtain a den retention of viability. In practice,
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further drying to region A’ can be realized via.dlgidized bed drying. A slightly elevated
temperature in the first part of fluidized bed diyis usually needed to enable the drying. It
is important to assure that viability does not ddoping fluidized bed drying.

80 y

thermal

0.3 0.4

Figure 10-2. Optimum drying conditions for maximwiability considering the
thermal inactivation (1), and different glass tridios temperatures of maltodextrin
(Tgm and sucroseT(d. The grey regions represent the optimum condtifur
drying or storage.

Drying conditions

Loss of viability ofL. plantarumWCFS1 during drying occurs due to dehydration and/
thermal inactivation (Chapter 7). Inactivation digedehydration can be minimized by
(nearly) instant vitrification of the matrix: thdoes not allow micro-organisms to respond
metabolically to the changing conditions; in adutitsome physical responses (e.g., phase
changes in the phospholipid bilayer) may also bevemted. This assumption has been
validated for very short drying times (1.3 s) idaboratory scale spray dryer. One may
assume that also for larger spray dryers (e.g. $pray dryer with a typical drying time
shorter than 30 s) the loss of viability is mostbtermined by thermal inactivation.

The rate of viability loss due to thermal inactivat decreases considerably with the
moisture content. Therefore, fast drying is preférto minimize the thermal inactivation.
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This can be achieved by reducing the droplet 29&); In Figure 10-3A, a contour plot is
provided to show the combined effect of dropletesend outlet air temperature on
estimated residual activity. Almost 90 % viabilitgn be achieved for a droplet with an

initial diameter of 10um when spray dried at an outlet air temperatui®0SiC.

E
o 107} .
£ o o 02 %2
= 09N ¢ \
R
10 L 4
50 60 70 80 90

Outlet T (°C)

\0

.v')\.

ﬁ . )

}vg

40—~ A \ -
e R

120} Q9@ \ -
AN

70 80 9

Outlet T (°C)

]
(e

Inlet T (°C)
2

50 60 0

Figure 10-3. Contour plots of residual viability bf plantarum WCFS1 as a
function of initial droplet diameter and the sprdsying outlet air temperature,
while the inlet air temperature was set 30 °C highan the outlet air temperature
(A) and as a function of inlet and outlet air temgtere, while the initial droplet
diameter was set to Iim. The feed formulation contains 20 ‘%, maltodextrin
and approx. 10cfu/ml cell cultures. The plots were smoothenrépresentation.
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The inlet and outlet air temperatures of the sphiger are essential to the retention of the
viability (Figure 10-3B), but it is much more seih& to the outlet air temperature. This is
logical: while the droplet does not assume thet ildmperature due to evaporative cooling,
it does assume the outlet temperatures in the $idgyes of the spray drying process. As
shown in the contour plot (Figure 10-3B), the rasidviability decreases rapidly when the
outlet air temperature increases from 70 to°@0 The inlet air temperature has large
influence between 190 and 20Q: under these conditions the droplet which is fndy
dried yet will still rapidly heat up towards a teenpture that induces thermal inactivation.

Conceptual design of an optimal drying process foprobiotics

A conceptual design is proposed for spray dryingadiigh drying rate and outlet air
temperatures between 20 and 6C, thus avoiding both dehydration and thermal
inactivation. Another advantage of using low tenapere drying is that solid carriers with
high glass transition temperatures can providesglamwders; however, the use of low
molecular weight carbohydrates (MW < 2 kDa) in tf@rmulation is generally
recommended for their stabilising effect on thé sembrane despite their glass transition
temperature being lower (Chapter 8).

Liquid fi
Atomizer IR e
]
To exhaust
Air inlet
Particle
separation

Fluidized bed dryer
—
N A

Pre-drying and
pre-heating system

Figure 10-4. Schematic design of the low tempeeaspray drying system

Several challenges remain for low temperature dryfiecause of the slow drying and the
large volumes of drying air required. Therefore thllowing aspects should be considered
in the conceptual design of the spray dryer:
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It is recommended to reduce the particle size coetp@ conventional spray
driers to decrease the drying time. At the sameetithe (initial) drying
temperature should be as high as possible, suchvihbility is retained with
highest drying efficiency possible (Figure 10-3Adairigure 10-5A). The
recommended droplet diameter is between 5 andn®0A narrow distribution of
droplet diameters is desired to ensure uniformndrydonditions. To generate the
recommended droplet diameters, one could explovelraiomization techniques,
e.g. piezo-driven atomization or microfluidic nazzl (264). To operate at
acceptable capacity, large volumes of drying arraquired (Figure 10-5B). This
may be achieved by design of a drying chamber witharge diameter in
combination with many low capacity nozzles in pletadr several narrow drying
chambers in parallel. The height of the drying chantan be small because of the
shorter drying times Figure 10-5A.

It is advisable to pre-dry the drying air to maxgmithe uptake of water per kg
supplied drying air. This is important because roftae maximum allowable
temperature is still relatively low (i.e. betwee® dnd 70°C) depending on the
bacterial strain and the carrier formulation udeolr example, adsorptive drying
(e.g. using zeolites) can be used to pre- or retfrydrying air ((265, 266)

Agglomeration is usually applied to increase p#atisize for easier and safer
handling of the powder; particles smaller thanu® can be dangerous if inhaled,
while agglomerated particles are easier to dissdfevever, it should be noted
that the process of agglomeration involving powd®wetting (267, 268) may

involve the risk of reduced survival. Thereforeisirecommended to carry out the
agglomeration using a binding agent.

A high performance cyclone or a bag-house filteffilmrous filter is required to
collect small particles from the air.

A second dryer (fluidized bed) may be requireddiieve sufficiently low powder
moisture content. To maximise survival, it is predd that the powder directly
after spray drying is already in the glassy stdikis second drying will be
beneficial to maintain viability during storage @iter 8).
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Figure 10-5. A: Drying time as a function of initidroplet size to achieve 7 %
water content. We assumed that the droplets weeel dit high air flow rate at
temperature of 46C. Initial moisture was assumed 80"%). B: The mass ratio of
drying air required and the water removed duringirdy as a function of
temperature to achieve a residual water conten? &b “/,. The solid lines
represent this ratio for different initial relatibeimidity of the drying air at 25C
ranging between 0 and 80 %.
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Comparison between spray and freeze drying on thedsis of economics and energy

Spray drying could be an attractive alternativdré®ze drying to preserve probiotics. To
support the latter statement analyses were madesté and energy consumption of spray
and freeze drying of probiotics at an industriallec

Energy analyses were made on the basis of the \eneqggired to remove 1 kg of water.
For spray drying, the energy required for removal &g of water is can be interpolated

from available data (269) as:

Hy, = 2499.90 — 2.11T — 3.09 - 1073T2 (10-1)

with H,, is the enthalpy of evaporation afdis the temperature. If the final moisture
content of the dried powder is fixed to 5 % (a0.2) (270, 271), the drying air required to

evaporate 1 kg of water is

Mwy,
mg = Mwartswﬂ (10-2)

with Mw, and Mw,, are the molecular weight of air and water, respelst andPy, the

saturated pressure of water in air, which is esgdhéollowing the Antoine equation (272)

101325 - 173063
Psvgzt = . 10(8'071 233.43+T)

760

(10-3)

with P¥.in bar andT in °C. The spray drying outlet air temperatures wetebséwveen 40

and 80°C, while the inlet air temperatures were calculdteth the enthalpy balance:
macp,a (Ta,in - Ta,out) =m, [Cp,w (Tw,in - Tw,out) + Hlv] (10'4)

Finally, the total energy required for spray dryif@sp) per kg of water evaporated is

calculated as
Qsp = macp,a(Ta,in - Ta,amb) (10'5)

with T, ampthe ambient temperature of feed air (set t6@PD
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In freeze drying, sublimation requires most (45c¥hhe total energy (273) and requires for

1 kg of water:

Hg, = 2834.1 — 0.290T — 0.004T* (10-6)
with Hg, is the enthalpy of sublimation. Thus, the totaérgly required per kg evaporated

water in freeze drying can be roughly estimated as

Qrp = Hs,/0.45 (10-7)
which is comparable (Figure 10-6) to other studliekcating total energy requirements of
7330 kJ (274) or 6467 kJ (275).

It can be concluded from Figure 10-6 that sprayndryequires approximately 40 % less
energy than freeze drying to remove 1 kg of wder.freeze drying, the energy required is
not a function of the drying temperature, whilearspray drying, it decreases with the

increase of outlet air temperature.
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Figure 10-6. Comparison of energy required to exatpol kg of water using
freeze drying (FD) and spray drying (SD) as a fiomctof operating

temperatures.
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For the economic analysis, the moisture contenhénfeed and the product were fixed to
80 % and 6 %, respectively. It was assumed that24¢h productions could be carried out

per year.
The capital investments for a spray dry@sg) may be estimated with (276):
Csp = 323 + 1.74 x §°7 (10-8)

for purchasing in January 2013 in k€ and v8theing the evaporation capacity in kg water
per hour for a capacity range between 400 and 4000etain the maximum viability of
probiotics after spray drying, a low spray dryinglet temperature @l; = 50-60°C) and
small particle size (ghmizer ~ 10 um) are assumed. The result of the latter assungpion
that the spray dryer capacity decreases to abo% 2846 % for outlet air temperatures of
50 and 60°C, respectively, when compared to spray drying0&td

The capital investments for a freeze dryer in k€estimated as (277):
Crp = 12.2 x §0-564 (10-9)

recalculated from purchasing costs in 2004 to msitly costs in January 2013 withp
are the costs of the freeze dryer with condengeaaity S.

The overall production facility capital costs weorighly estimated using the Lang Factor
(276) to provide a more accurate cost calculatiemkg product

C=FxYC, (10-10)

in which C are the production facility capital costs,is the installation factor (3.63 for
mixed solid-fluid products), an@. are the capital costs for the major unit operationthe
facility, in this case either a spray or a freermged The capital investments corrected with
the installation factor (Eq. 10-10) for every kgguct (assuming 10 year depreciation with
240 production days per year) are in shown Fig0r2A.

The variable costs for freeze drying depend mastlythe volume of the chamber and the
operational parameters applied. Adjusted to 20i3yariable costs to evaporate 1 kg of ice
varies between €1.20 (16) and €1.90 per kg of wateporated (13, 278).

For spray drying, adjusted to 2013 the variableéscwary between € 0.055 (capacity 250
kg/h) and € 0.013 (capacity 6000 kg/h) per kg ofewvavaporated with only half of the cost
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is required for the utility expenses (21, 103). Tiark of Holsinger and co-worker (103)
indicated costs of € 0.03 for a spray drying cayaafi 2400 kg/h water evaporated at outlet
air temperature of 40-8G, which is comparable to our calculation. To dehel
probiotics, low drying temperatures (Tout = 502®Pand small droplet sizes (e.g. i)
are assumed, increasing the variable costs (FIJu#B).
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Figure 10-7. Comparison of investment cost (A)jalae cost (B), and total cost
(C) per kg of dried probiotic cultures for freezeyidg (FD), spray drying with
outlet air temperature of 50 (50), 60 (60), and®’8Q(80). The drying parameters
were more elaborately described in the text.

The variable costs for spray drying are thus 8tdirses lower than freeze drying, which is
in the same order of magnitude reported in liteea(@79). Compared to the lowest freeze
drying costs (for a freeze dryer with 2000 kg i@ndenser capacity, square symbol in
Figure 10-7), spray drying with capacity higherntl#00 kg product per day still is at least
5 times less costly than freeze drying in termotdiltcost per kg dried product, which is the
sum of investment and operational costs. The aoistpray drying compared to freeze
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drying decrease further with increasing outlet@mperature and spray drying capacity. On
the basis of this economic evaluation, spray dry;@n attractive alternative to freeze
drying to dehydrate probiotics, especially for egéaproduction volume (e.g. above 2 ton
product per day), despite the use of low tempeeatand small particle size limiting the
capacity of the equipment. Spray drying becomesentoist attractive than freeze drying
with the increase of production capacity (Figure7@l); above a production volume of 100
kg/day, spray drying is more cost effective. Viezsa, spray drying becomes less attractive
when the production capacity approximately 100 kgdpct per day (~4 product kg/h,
based on extrapolation from Figure 10-7A and B)usihwhether freeze drying or spray
drying is the best route to dehydrate probioticebpbly depends on the production
capacity.

Future outlook for research on drying of probiotics

In this section we sketch a perspective on thentifie state of affairs, and provide an
outlook on the research that should be explorethin future, in line with the results
reported in this thesis. The following directionsre identified:

Pilot spray drying tests

A first series of pilot scale spray drying experntgewithL. plantarumWCFS1 suspended
in a maltodextrin DE 6 formulation has been caried The residual viability decreased
with spray drying outlet air temperatures and phatisize (Figure 10-8). This is in
agreement with our previous prediction (Chapter &)residual viability close to 100 %
was only obtained for outlet air temperatures bef®AC and a particle diameter below 20
um (when assuming ideal shrinkage during drying #liege can be translated to an initial
droplet diameter of less than @bn). These results suggest that dehydration andntider
inactivation are absent for small particles thatenguickly dried in the pilot-scale dryer as
well. However, thermal inactivation is still verglevant for large particles.

The predicted viability values, which is based ba kinetics from single droplet drying
experimentsChapter 7) and the drying kinetics of the single dropletevant to the pilot
scale spray drying (NIRO 25) estimated using NlZ@nfa software (280, 281), are in a
good agreement with the viability data from the exkpents. This suggests that the
modelling approach is translate-able to a largalesc
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Further optimization of pilot scale spray dryinghdae done by improving the formulation
(e.g. using trehalose or lactose as the solidardras suggested in this thesis. Additionally,
it should be tested whether the cell concentratiomsid be increased (e.g. 2 Gfu/ml
compared to the current formulation with approxiehat510° cfu/ml) or the amount of
solid carrier could be reduced.
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Figure 10-8. Residual viability df. plantarumWCS1 spray dried in pilot scale
experiments. Outlet air temperatures were varigddren 50 and 90 °C and inlet
air temperature of 140 °C and atomization with ghhpressure (figure A) or a
two-fluid nozzle (figure B). Symbols represent theperimental data and lines
represent the predicted viability values.

Residual viability ofL. plantarumWCS1 spray dried in pilot scale experiments as
a function of dried particle size. Outlet air temgiares of 50cf) and 80°C (o)
and atomization with a high pressure (figure Chdwo-fluid nozzle (figure D).
Lines represent the predicted viability values & (solid lines) and 80C
(dashed lines).

The feed formulation consisted of approximately05 cfu/ml cells suspended in
20 % w/w maltodextrin DE 6 in PBS pH = 4.0.
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In depth study of viability loss during storage

Spray drying can, at specific conditions, providdeast the same degree of viability Lof
plantarumWCFS1 compared to freeze drying. However, duritogage time the residual
viability declines; the reason for this is not yelly understood. Comparative studies on
storage of spray- and freeze dried probiotic foatiahs should be carried out to explore
spray drying as an alternative to freeze dryinge Tss of viability during storage depends
on the formulation, storage temperature, moistorgemt, and possibly also the cell strains
and their cultivation method (173, 214). It sholld investigated whether the type of
drying process itself is a factor of importancenadl.

Elucidation of dehydration and thermal inactivatmachanisms at the cellular level

It is hypothesized that the inactivation of michiells during drying is very much related
to the state of the cell membrane. Abrupt transifrom liquid crystalline to gel phase may
induce membrane leakage leading to viability Id2®).( Specific solid carrier can protect
the cell membrane from damage (leakage) upon dryfinig for example is explained using
water replacement and vitrification hypothesis (88) or hydration force theory (282).
More in depth studies should be carried out to fimate details the mechanism leading to
cell membrane leakage. Critical is the monitorinff membrane stability during
dehydration. Several techniques that might be tdrést to study the integrity of cell
membranes during storage or (de- or re-) hydratiertabulated in Table 10-1.

Cell membrane leakage can be detected for examplendmitoring the presence of
metabolites in the incubation medium (20, 227)yubing fluorescence staining (75, 176).
Since an intact cell will not leak metabolites, #reount of metabolites that can be detected
outside the cells can be used as a direct measutbe degree of degradation of the cell
membrane. Using fluorescence staining, specifinstaan be used that only internalize
when cell membranes are damaged via passive trdn(gjiffusion). Subsequently, stains
can have specific interaction with internal celhrgmnents, e.g. nucleic acids. Differential
scanning calorimetry (DSC) is used to monitor tle@aturation behaviour of proteins. It
can be used to identify protein denaturation dudngng or heating inside cells (226, 249).
Recently, also atomic force and super resolutiocrascopy have been applied to detect
development of leakage in cell membranes. For titeerl technique, chemicals or
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fluorescence protein tags are required to stain clé membrane, which enables the
discrimination between the cell membrane and atercomponents.

Table 10-1. Techniques to study the integrity df oeembrane during storage or de- or

rehydration

Technique Reference

Monitoring the leakage of potassium or hydrolysédADproducts into the (20, 227)
incubation medium

Fluorescence staining (75, 176)
Differential scanning calorimetry (DSC) (226, 249)
Atomic force microscopy (AFM) (135, 283)

Super-resolution microscopes combined with chemi@a or green (284-288)
fluorescence proteins (GFP)

Conclusion

The single droplet drying platform in combinatioitiwpredictive modelling tools provides
a promising approach for establishing optimum sptagng conditions for heat sensitive
products. Optimal spray drying conditions for puaihis are proposed and translated into a
conceptual design of a spray dryer operating at tlemwperature and with small primary
droplet diameter (< 50 um). An energy evaluatiomvedd that spray drying at low
temperature is 40 % more energy efficient thanzieedrying. An economic evaluation
showed that spray drying of probiotics at low temapgre is more cost effective (up to a
factor 5) than freeze drying for production volunteger than approximately 2000 kg per
day. First series of pilot-scale experiments ingidathat spray drying of probiotic
formulations is indeed promising at a larger-sagleen that low temperatures are applied
and small droplets are dried. Finally, future reskeahallenges were identified as a follow-
up of this study. These involve amongst othersnded for further understanding of the
viability loss during storage and elucidation ofhgération and thermal inactivation
mechanisms at the cellular level.
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Nomenclature
Co Heat capacity
C Capital investment
Ce Capital costs for the major unit operation facility
d Diameter
F Installation factor
Hy Enthalpy of evaporation
Hsy Enthalpy of sublimation
m Mass
Mw Molecular mass
Peat’ Saturated pressure of water
Q Energy/heat
S Evaporation capacity
T Temperature

Greek symbols

A Population lag time
U Specific growth rate
Subscripts:

a Air

amb Ambient

atomizer  Atomizer

FD Freeze drying

in Inlet

out Outlet

SD Spray drying

w Water/feed samples
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SUMMARY

Summary

Spray drying is a widely used drying method to pres foods and food ingredients.
Because of the very short drying time and the iredabow temperatures to which the
products are exposed, spray drying is consideradlca drying method. Still, in practice
freeze drying (or lyophilisation) of heat vulneralgroducts such as enzymes or probiotic
bacteria is often preferred. The main reason ist thiaeady moderately elevated
temperatures can lead to unacceptable loss ofitsctiv lower survival. However, spray
drying is also more energy and cost effective aarit process larger volumes and operate at
higher energy efficiencies. Therefore, studies hbeen carried out to optimise spray
drying, including development of tailored formuéats, to obtain minimal loss of activity
or viability. Most (optimisation) studies have be@arried out through pilot-scale
experimentation. Drawbacks of such experimentagstigations are that they are costly,
time consuming, and difficult to translate to othpgoducts or dryer configurations. The
latter is especially difficult because the dryingnditions in dryers depend on numerous
parameters (e.g. atomisation, chamber design) tigguin a unique residence time
distribution and particle size distribution.

This thesis describes the development of an aligmapproach to study drying behaviour,
involving single droplet experimentation in combina with predictive modelling. During
single droplet drying, conditions such as dryingtamperature, drying time, air flow rate,
and particle size can be well controlled. Therefdrdnas been applied to systematically
investigate inactivation kinetics of heat vulneeabbmponents. This provides a sound basis
for model development, and can be used as a todd®ening of optimal spray drying
conditions.

A single droplet drying platform has been developdldwing the controlled drying of
droplets, mimicking the drying of droplets duringray drying. Small droplets (150m or
larger) are dispensed pneumatically on a hydroghofémbrane and are subsequently
dried of the droplets under well-defined drying awnditions for a defined time. In
principle, the system allows high throughput expemtation for screening purposes, in
contrast to other methods such as single drophetsare dried at the tip of a capillary or
that are acoustically levitated. The pneumatic @lising process was characterised by
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dispensing various liquids and modelling the digi@m behaviour with Bernoulli’s law.
Next, single droplet drying of water droplets wasgedstigated at different temperatures and
air flow rates. A Sherwood correlation was deritediescribe the mass transfer between
the sessile water droplets and the drying air.

Subsequently, the single droplet drying platformswased to investigate the drying
behaviour of maltodextrin suspensions. An effectilifusion model was developed to
describe the drying history of the droplets. Thedslocould predict the developing
temperature and moisture gradients inside the drgloplets. It was verified that the heat
transfer via the contacting surface was minimal pared to the heat transfer via the air.

As an input for the effective diffusion model, athed was developed to quantitatively
determine the moisture diffusivities in solid me#$ as a function of the temperature and
the moisture content. This method was based orirgednic analysis of thin film drying in

a dynamic vapour sorption (DVS) analyser. The tesindicated that the moisture
diffusivity decreases with decreasing moisture enntand temperature. The latter could
also be modelled on the basis of first principlEse moisture diffusivities are similar for
various carbohydrate matrices, but are different ddferent types of systems (e.g.
skimmed milk, glycerol).

An enzyme B-galactosidase) was selected as a model to veuifyapproach in assessing
the influence of drying on the degradation (ineation) of a heat sensitive ingredient
during (spray) drying. For this enzyme we charaster first the effect of the temperature
and the moisture content on the loss of activitymAthematical model was developed to
describe the inactivation kinetics of this enzyreeadunction of these two parameters. The
model for the inactivation kinetics was then conelinvith the effective diffusion model to
form a predictive tool for the influence of dryilog the residual activity. This model was
then used to reversely estimate the parameterseoinfictivation kinetics from the single
droplet drying experiments. Finally, the full inettion kinetics was verified by comparing
the model predictions to the experimental datainbthfrom laboratory-scale spray drying
experiments.

Single droplet drying was subsequently used tostigate the influence of drying on the
survival of Lactobacillus plantarumWCFS1, which was selected as a model probiotic
bacterium. As interface with the single droplet idgy platform, a novel viability
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enumeration method was developed. A requirementhisrmethod was that it should be
suitable for high throughput experimentation. Thetmd employs a micro-porous
aluminium oxide (Anopore) chip. (Semi-) dried peles were rehydrated on this micro-
porous chip in a medium containing fluorescencebgsofor live/death enumeration.
Subsequently, fluorescence-microscopy and imagdysisaare used to determine the
live/dead ratio of bacteria. The method providedvisal percentages in agreement with
those found with conventional plating. The novedbiiity enumeration method was also
successfully applied in combination with laboratspoale spray drying experiments.

The viability enumeration method was used to stthy inactivation ofL. plantarum
WCFS1during drying. Two inactivation mechanisms duringidg can be distinguished.
The first is inactivation by dehydration, which acg at varying temperatures, due to the
destabilisation of the cell membrane during remmfabater. The second is inactivation by
heat (forL. plantarumWCFS1 at temperatures above®@) and is most probably related to
loss of functionality of critical components, sues cell membrane, ribosomes, or
intracellular proteins. Inactivation by dehydraticen be minimised by drying very rapidly.
Fast drying leads to instant vitrification of thalid matrix preventing destabilisation of the
cell membrane, which needs time. For slow dryingcpsses (e.g. during hot air or freeze
drying) lower survival rates were observed.

The retention of viability of spray dried. plantarum WCFS1 is influenced by the
formulation applied. Rapid fixation of the cellsanvitrifying protective matrix is desirable
to retain maximum residual viability. Thus, in piiee, maximum viability can achieved
via the addition of an adequate concentration ofgative agents (preferably with higl,
which can be vitrified at high drying temperaturesinbined with an instant drying process
(e.g. in spray dryer). During drying, crystallizati can be either beneficial (e.g. with
mannitol and sorbitol) or detrimental (e.g. withcttase). In general, the effect of
crystallization is smaller with rapid drying. Fihalthe viability loss in terms of membrane
integrity of L. plantarumWCFS1 stored in various conditions was monitofidek viability
loss is not temperature dependent when storedrgiet@tures between -80 and 18 °C but a
lower moisture content is desirable to enhancedtention of viability.

Another viability enumeration technique based ol gewth behaviour in liquid media
was explored and compared to the enumeration lmasdte fluorescent staining. This new
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technique is based on the detection time methadktermine the residual viability af.
plantarumWCFS1 after spray drying. At spray drying (outlgit) temperatures higher than
70 °C, the residual viability df. plantarumWCFS1 determined using a fluorescence probe
is generally higher than that determined usingitiawal plating or the growth behaviour.
This indicates that at such high spray drying teafpees damage to the intracellular
components is most critical to the loss of viapilit

In the general discussion, the combined use oflesidgpplet drying experimentation and
predictive modelling was presented to establishnoph conditions for heat sensitive
products. General guidelines were provided for rogti spray drying of probiotics and
translated into a conceptual design of a sprayrdryerating at low temperature and drying
small droplets. An economic analysis was made tmpzwe spray drying at these
conditions to conventional freeze drying. The ollarasts for spray drying were lower by
more than a factor 5 compared to those for freegagl Finally, a first series of pilot-scale
experiments showed that spray drying of probiotigriulations is indeed promising at a
larger-scale provided that low drying temperataesapplied and the products is atomized
into very small droplets.
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