
 

 

 

 

 

 

 

 
Single droplet analysis for spray drying of foods 

 

 

Jimmy Perdana 

 

 

 

 



 

 

 

 

 

 

Thesis committee 

 

Promotor 

Prof. Dr ir . Remko M. Boom 

Professor of Food Process Engineering 

Wageningen University 

Co-promotors 

Dr ir . Maarten A.I. Schutyser 

Assistant Professor, Laboratory of Food Process Engineering 

Wageningen University 

Dr Martijn B. Fox 

Project Manager Processing 

NIZO Food Research, Ede 

Other members 

Prof. Dr ir . Marcel H. Zwietering, Wageningen University 

Prof. Dr ir . Gerrit Meerdink, Bangor University, Gwynedd, United Kingdom 

Dr ir . Koen C. van Dijke, Danone Research, Utrecht, The Netherlands 

Dr ir . A.J.B. (Ton) van Boxtel, Wageningen University 

 

This research was conducted under the auspices of the Graduate School VLAG (Advanced 

Studies in Food Technology, Agrobiotechnology, Nutrition and Health Sciences).  



 
 

 

 

 

Single droplet analysis for spray drying of foods 

 

 

 

Jimmy Perdana 

 

 

 

 

Thesis 

submitted in fulfilment of the requirements for the degree of doctor 

at Wageningen University 

by the authority of the Rector Magnificus 

Prof. Dr M.J. Kropff, 

in the presence of the 

Thesis Committee appointed by the Academic Board 

to be defended in public 

on Tuesday 3 September 2013 

at 11 a.m. in the Aula.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Jimmy Perdana 

Single droplet analysis for spray drying of foods, 

254 pages. 

 

PhD thesis, Wageningen University, Wageningen, The Netherlands (2013) 

With references, with summary in English 

 

ISBN 978-94-6173-587-4  



 
 

Table of contents 
 

Chapter 1 General Introduction 1 

Chapter 2 Single droplet experimentation on spray drying: evaporation 

of a sessile droplet 

11 

Chapter 3 Measuring and modelling of diffusivities in carbohydrate-

rich matrices during thin film drying 

33 

Chapter 4 Enzyme inactivation kinetics: coupled effects of 

temperature and moisture content 

59 

Chapter 5 Mimicking spray drying by drying of single droplets 

deposited on a flat surface 

83 

Chapter 6 Novel method for viability enumeration for single-droplet 

drying of Lactobacillus plantarum WCFS1 

111 

Chapter 7 Dehydration and thermal inactivation of Lactobacillus 

plantarum WCFS1: comparing single droplet drying to 

spray and freeze drying 

129 

Chapter 8 Interactions between formulation and spray drying 

conditions related to survival of Lactobacillus plantarum 

WCFS1 

153 

Chapter 9 Inactivation of L. plantarum WCFS1 during spray drying 

and storage assessed with three complementary methods 

179 

Chapter 10 General discussion 195 

 Summary 217 

 References 221 

 Acknowledgments 247 

 List of publications 251 

 Overview of completed training activities 252 

 About the author 253 



GENERAL INTRODUCTION  

0 
 

  



CHAPTER 1 

1 
 

Chapter 1  

General Introduction 

  



GENERAL INTRODUCTION  

2 
 

  



CHAPTER 1 

3 
 

Introduction 

Many food products and ingredients are dried in powdered form to provide shelf-life and 

retain the activity of bioactive components (1-7). One of the most popular techniques is 

spray drying, which processes liquid concentrates into powders that can be reconstituted. It 

is a mild technique due to its very short drying time and the low temperatures to which the 

product is exposed (8-11). However, in practice freeze drying is usually applied to 

dehydrate heat sensitive components such as enzymes, vitamins, volatile components, and 

probiotic bacteria since the activity of the heat sensitive components is better retained (12-

14). Because spray drying is much more cost effective compared to freeze drying, many 

attempts have been made to optimise spray drying and product formulations towards 

minimal activity losses (1, 15-18). Although many successes have been reported, 

optimisation results, especially from pilot-scale experiments, have been difficult to translate 

into general optimisation rules (19), especially for its application on industrial scale.  

Optimal spray drying of heat sensitive ingredients 

Optimal drying should be targeted at minimising the loss of the functionality of the dried 

material and maximising the energy efficiency. For example, the survival of probiotics 

increases with decreasing the outlet temperature and the residence time (17, 20). However, 

a too low outlet temperature will reduce the drying capacity and result in a higher residual 

moisture contents, leading to subsequent loss of probiotic viability during storage (21). The 

sensitivity of micro-organisms towards the outlet temperature varies strongly with each 

bacterial strain (22). Additionally, the residence time is a critical parameter, which can vary 

considerably within different industrial dryer types and possible following steps, such as 

fluidised bed drying at low temperatures. Other drying parameters of influence are related 

to the exact spray dryer configuration, such as nozzle type, positioning of air flow and 

injection of feed, and chamber design (23).   

Optimal spray drying of heat sensitive ingredients involves the use of tailored formulations 

to enhance the stability of the components. Carbohydrates are frequently added to obtain 

glassy, amorphous powders (24, 25). For each powder a glass transition temperature can be 

defined below which molecular mobility decreases dramatically (26-28). The glass 

transition temperature is a function of the temperature and the moisture content and thus 
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varies during the drying process (29-31). Formulations with a high glass transition 

temperature have been correlated to increased enzyme and bacterial stability (32, 33).  

Rapid screening method for optimum spray drying procedures 

Sensitivity to the drying process differs strongly between components (5). Therefore, 

optimum drying parameters are unique for a given component of interest. Moreover, feed 

formulation co-determines the impact of the drying on the activity of the component. The 

overall result of the drying process is a very complex function of both the formulation and 

the process parameters. Finding this relation between result and parameters with a limited 

set of experiments (or with straightforward modelling) is a great challenge. Therefore, in 

this thesis, a rapid yet robust method is proposed to screen for optimal conditions on the 

basis of a single droplet approach. This method should be able to handle a wide variety of 

parameters (e.g. drying temperature, droplet size, drying time, feed type and its physical 

properties) comparable to those in a spray dryer. Besides mimicking the drying process 

itself, it should facilitate subsequent rapid analysis of the functionality of the product.  

The inactivation kinetics of heat sensitive components as a function of temperature has 

been extensively studied (34-38). However, the combined effect of temperature and 

moisture content on the inactivation kinetics is less well understood. Furthermore, for the 

application in drying of heat sensitive components, the complication emerges that during 

drying heat and mass transfer are distributed in both time and space. Mechanistic 

understanding of these distributions and the connected inactivation of components is 

expected to give insight in optimal drying conditions of heat sensitive components. The 

single droplet drying approach employed in this thesis is a well-defined and robust drying 

procedure, which can provide the necessary data to establish this insight with underlying 

inactivation mechanisms. Moreover, the well-defined experiments allow systematic 

variation of drying conditions to establish inactivation kinetics of heat sensitive 

components. These kinetics can be captured with predictive models to scale the obtained 

insight from the single droplet scale to the drying processes at the industrial scale.  

Probiotic products 

Probiotics are live microorganisms that may confer a health benefit on the host (9, 26, 28). 

Health benefits are related to the influence of probiotic bacteria on the microbial balance in 
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the hosts’ intestine or via modulation of the gut-associated immune system (6, 10, 15, 17, 

20). Probiotic cultures are applied mostly in yogurt or fermented milks, whereas 

applications in other dairy foods such as some cheese varieties, frozen yogurts, and ice 

cream have been explored (39). In 1997, the European market for probiotic yoghurt and 

milk (drinks) accounted for approximately USD 889 million; a number which is increasing 

rapidly every year (40, 41). Typical products such as Yakult or Danone Activia are 

composed of carbohydrates, milk, flavours and live probiotic bacteria and have a typical 

shelf-life of 40 days under refrigerated conditions (42). The living probiotic bacteria are 

supplied to manufactures either in frozen or (freeze-) dried formulations for prolonged 

shelf-life.  

Drying of probiotics 

The focus of this thesis is on the drying of probiotic bacteria. Probiotics formulations are 

dried to prolong their shelf life (43), and to facilitate their incorporation into products. 

Unfortunately, spray drying of living probiotic bacteria is challenging and poor survival 

rates are obtained, for example compared to freeze drying (1, 5). As mentioned before, 

spray drying is competitive due to its lower cost level and energy consumption and 

therefore could be an attractive alternative, provided that the survival percentages and shelf 

life are acceptable (12).  

The single droplet drying approach is employed to derive a more accurate mechanistic 

description of the drying of probiotics. In addition to the temperature and the moisture 

content also for example the drying rate can be considered a critical parameter influencing 

survival (44). Predictive models are developed on the basis of systematic single droplet 

drying experimentation to more accurately describe microbial survival as function of 

relevant parameters. In addition the single droplet drying approach is used to investigate 

interaction behaviour between protective solid carriers and microbial cell membranes in a 

more systematic way (24, 33, 45, 46).  

Optimisation of spray drying conditions and addition of protective agents are necessary to 

retain the maximum viability of the probiotics (2, 8, 38). The sensitivity of micro-

organisms towards drying varies strongly with each bacterial strain (22). The cause of this 

is not yet understood well, since the underlying mechanisms are many and complex. In 
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practice, several expensive pilot-scale trials are needed to explore different formulations 

and determine optimum drying conditions. The need for a systematic screening 

methodology is clear when considering the laborious pilot scale experimentation and the 

number of parameters involved in the optimisation of spray drying, e.g. processing 

conditions, formulation, and component-specific sensitivity. Use of laboratory-scale spray 

dryers for optimisation is troublesome, because it is difficult to scale up drying time and 

particle size distribution to spray drying at the industrial scale (11, 39, 40). Moreover, the 

drying behaviour at the laboratory-scale induces specific physical and chemical changes 

which are not comparable to spray drying at the industrial scale (41-43). Thus, a rapid yet 

robust method is proposed to screen for optimal conditions on the basis of a single droplet 

approach, which will be used for obtaining further insight into the crucial mechanisms that 

limit the survival of probiotic bacteria during spray drying.   

This thesis is the result of a project that was embedded in the NWO – Process on a Chip 

(PoaC) program and part of a larger project entitled “High throughput experimentation on 

spray drying”. The aim of this larger project was the development of a platform for 

screening of conditions and formulations for drying of probiotics, which included obtaining 

more insight in the influence of drying at the bacterial level. The research carried out on the 

bacterial level was done out at the Laboratory of Microbiology (by Dr. Bereschenko, Dr. 

Kutahya, and Prof. Kleerebezem) who were responsible for the development of the rapid 

viability enumeration assay interfacing with the single droplet drying. Additionally, this 

part of the project aimed at identification of the mechanisms that are responsible for a 

higher (drying) resistance bacterium using a molecular analysis approach. 

Objective and outline of the thesis 

The objective of the research reported in this thesis was the development of a single droplet 

based drying approach to screen for optimal spray drying. More specifically, this approach 

is to be used for identification and optimisation of formulations and drying conditions that 

result in maximum survival of probiotic bacteria or other heat sensitive ingredients. This 

then leads to better insight into the mechanisms that limit the survival of spray dried 

probiotics. In addition to the development of an experimental platform, predictive 

modelling tools were developed to translate the gained insight towards the design of spray 

drying processes, and to their scale up (Figure 1-1).  
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Figure 1-1. Schematic diagram of the approach to study the spray drying of heat 

sensitive products 

 

In chapter 2, the design of a single droplet drying platform is described, including a 

method for accurately dispensing small droplets. The heat and mass transfer during 

evaporation of sessile water droplets is characterised, which is related to spray drying. The 

accurate estimation of moisture diffusivity is critical to calculate the temperature and 

moisture content history of droplets during drying. In chapter 3, a method is therefore 

presented to measure moisture diffusivities in solid materials. This method is based on 

gravimetric analysis of a drying thin film in a dynamic vapour sorption (DVS) analyser. 

The measured diffusivities are compared to predictions based on first principles, using only 

the physical properties and thermodynamics of the system.  

The enzyme β-galactosidase was chosen as a model system to investigate the effect of 

temperature and moisture content on activity loss during heating and drying. In chapter 4, 

the isothermal inactivation kinetics of β-galactosidase at specific combinations of 

temperature and water content is reported. A mathematical model based on Eyring’s 

transitional-state theory is employed to describe the inactivation kinetics of this enzyme as 

function of temperature and water content. In chapter 5, the single droplet drying system 

was validated by studying β-galactosidase inactivation. The histories of temperature and 
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moisture content in single droplets are predicted with an effective diffusion model. This 

model is then combined with the inactivation kinetics of the enzyme to predict the residual 

activity of the enzyme after drying of a single droplet. This predicted residual activity 

prediction is compared to the experimental results from the single droplet drying 

experiments.  

Lactobacillus plantarum WCFS1 was selected as a model probiotic bacterium during 

subsequent single droplet drying experimentation. In chapter 6, a novel enumeration 

method of viable cells is presented on the basis of rehydration of single powder particles on 

an Anopore chip and subsequent fluorescence staining. The method is verified and 

compared towards conventional plate counting. Additionally, it is applied to analyse 

powder samples obtained from laboratory-scale spray drying experiments.  In chapter 7, 

the inactivation kinetics of L. plantarum WCFS1 are reported on the basis of experiments 

with the single droplet drying platform. Both thermal and dehydration inactivation 

mechanisms are distinguished when operating at different drying conditions. Survival of L. 

plantarum WCFS1 is modelled taking into account both inactivation mechanisms adopting 

a Weibull distribution model. The modelling approach is used to predict retention of 

viability during laboratory scale spray drying and compared to experiments. Finally, 

various drying methods (operating at different time scales) are compared for their impact on 

(especially dehydration) inactivation. 

The influence of the formulation and of the drying conditions on the residual viability of L. 

plantarum WCFS1 is presented in chapter 8. The influence of glass transition temperatures 

and other physical properties of the carrier formulations (e.g. molecular weight and degree 

of crystallinity) are related to survival after drying of L. plantarum WCFS1. In chapter 9, 

the cell-integrity based enumeration method on the basis of fluorescent staining is 

compared to another enumeration method relying on the microbial growth profile. 

Combining both enumeration methods provides more insight in the capacity to resume 

growth after reconstitution of the droplets.  

A general discussion on the results and consequences of this thesis is presented in chapter 

10. This includes the implementation of the rapid screening method for spray drying 

optimisation procedures. Finally, an outlook to further 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 
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Abstract 

This work forms the basis for the development of a platform for high throughput 

experimentation on spray drying. To mimic the drying of single droplets during spray 

drying individual droplets are dispensed and dried on a flat surface. A dispensing process is 

used that is able to dispense viscous liquids and generates small droplets (dp > 150 µm). 

The dispensed droplet size for varying liquids could be accurately described with a 

predictive model based on Bernoulli’s law. The drying of droplets is monitored with a 

camera and modelled with mass balance equations. Finally, a Sherwood correlation is 

derived to describe the mass transfer between the sessile droplet and the drying air.  

 

Keywords: spray drying, sessile droplet, fluid dispensing, Sherwood correlation  
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Introduction  

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

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

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

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

advantages (11): 

1. Instant properties of the powder can be effectively controlled, 

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

3. Heat-sensitive foods, biological products and pharmaceuticals can be dehydrated 

under relatively mild drying conditions.  

Although spray drying is well-established, it is difficult to find the optimal drying 

conditions for a given product. Numerous process parameters and feed properties during 

spray drying influence final product quality and process efficiency. To avoid up-scaling 

issues, it is necessary to carry out trials in representative pilot-scale spray dryers. These 

trials are costly and increase the time to market. Other disadvantages of existing spray 

dryers are the given design and operational parameters, e.g. operating temperatures, 

residence time, and liquid feed viscosity (have to be within certain limits), which makes it 

difficult to discover new windows of operation in combination with the development of 

new products.  

Researchers have attempted to scale down the experimental conditions from pilot-scale to 

as small as a single droplet (48, 49). Major advantage of this approach is the reduction of 

the number of pilot-scale tests. Drying of single droplets was for example assessed by using 

acoustic levitation to suspend a free droplet in the air. From imaging the shrinking droplets, 

it was possible to determine the drying kinetics at different drying conditions (48, 50). In 

the current study we aim at the drying of single droplets dispensed on a flat surface. 

Advantages of the proposed approach is that multiple droplets can be dried simultaneous, 

residence time can be easily varied, and particles can be collected for further analysis (e.g. 

to monitor survival of bacteria after drying). Disadvantage of the drying of a droplet on a 

surface is that it is physically different from the drying of a free flowing droplet suspended 

in the air (which occurs during spray drying). However, despite the differences, there are 

also still many aspects of the drying process alike and parameters, e.g. initial droplet size 
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and air flow rate, can be set similar. The compromise of drying droplets on a surface 

facilitates that we can dry multiple droplets simultaneously and thus in principle perform 

high throughput experimentation on drying of droplets. 

In this study a pneumatic dispensing method is investigated to produce a small initial 

droplet size of various liquids. The properties of the target surface are selected such that the 

droplets retain their spherical shape but do not move by the applied air flow. In this way the 

difference in drying behaviour between a sessile and a free falling droplet is minimized. 

Finally, the drying behaviour of the sessile droplets are investigated are compared to that of 

droplets in spray drying. 

Materials and methods 

The experimental set-up consists of the following units: 

1. Micro-dispenser 

2. Drying chamber 

3. Camera system 

 

Figure 2-1. Pneumatically driven micro-dispenser. 
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The micro-dispenser was a Microdot 741MD-SS Dispense Valve (Nordson Engineering 

Fluid Dispensing, USA). Nitrogen (6 barG) was used to operate the micro-dispenser. As 

shown in Figure 2-1, a static pressure is applied to the fluid in the cylindrical fluid 

reservoir. The needle valve or piston opening time is controlled by the actuating pressure. 

When the valve is opened, liquid is dispensed through the needle tip. Inner diameter of the 

needle used in this study was 0.12 mm. An Ultra TT positioning system (Nordson 

Engineering Fluid Dispensing, USA) was used to automate the dispensing process and to 

position the dispensed droplets. 

To evaluate the micro-dispensing process, three different fluids were dispensed; 

monoethylene glycol (MEG), diethylene glycol (DEG), and polyethylene glycol 400 (PEG-

400). Analytical grade fluids (Merck Chemicals, Germany) were used. Milli-Q water 

(Millipore, USA) was dispensed for the drying experiments. 

The pre-conditioning of the drying air was carried out with two heat exchangers and a 

packed bubble column. The dry air stream was then split into two streams of which the 

flow rates were measured and controlled independently. The first stream was saturated with 

water in a packed bubble column (A). The second stream was passed through a heat 

exchanger to increase the air temperature to a set value. Both streams were then mixed and 

led through the second heat exchanger (B). Thus, the first heat exchanger was used to 

control the humidity of the air and the second heat exchanger was used to control the outlet 

air temperature.  

 

Figure 2-2. Spray drying screening tool setup, side view (S) and top view (T). 
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Drying air was fed to the drying chamber via an insulated channel. In this channel, the air 

flow was developed while the temperature was maintained constant. In the current study, 

the bulk drying air temperature in the tunnel was 80 °C. A similar air temperature was 

assumed near the droplet, although in practice this will be somewhat lower due to heat 

transfer between the solid surface and the air.  The droplet was dispensed on the solid 

surface with the aid of the Ultra TT system. The position of the droplet sample was exactly 

in the centre of the outlet of the channel as shown in Figure 2-2. 

The surface on which the droplets were deposited was a hydrophilic membrane, i.e. 

Accurel® type PP 2E-HF (Akzo Nobel Faser Ag., Netherlands). The water contact angle of 

this membrane was 130O. The camera system used to monitor droplet geometry change 

consisted of a µEye 1480ME CCD camera (Imaging Development System GMBH, 

Germany) with a magnification lens. The droplet was illuminated from the back using a 

diffused light Lumimax SQ50-W (Lumimax, USA).  

Theory 

Micro-dispensing 

The micro-dispensing process can be considered as a fluid flowing through a series of 

channels. To describe the micro-dispensing process, a model based on Bernoulli’s law is 

proposed. Several assumptions and considerations were checked and found to hold: 

• Newtonian flow behaviour of the dispensed fluids,  

• The dispensing resistance is (> 99 %) dominated by the needle tip, which is the 

narrowest channel in the dispensing system (51), 

• The small increase in temperature (< 3oC) has no significant effect on fluid viscosity, 

• The Laplace pressure is less than 5 % of the applied pressure for dispensing the 

smallest droplets and thus assumed negligible. 

For non-compressible fluids, Bernoulli’s equation (52, 53) can be written as 

( ) 0
2

1 22 =++−α+−+








ρ
−

fioio
io ewvv)zz(g

PP
   (2-1) 

which gives the energy per unit mass due to the applied pressure difference (first term in 

Eq. 2-1), the potential energy difference (second term), the kinetic energy difference (third 
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term), the shaft work (fourth term), and the friction in pipes and appendages (fifth term). 

The value of the kinetic energy correction factor (α) is taken as 2, which is valid for laminar 

flow (51). The piston movement in the dispenser (to open and close the valve) can be 

regarded as shaft work and determines the minimum dispensed fluid that can be achieved.  

The total friction loss of the system is the summation of all frictions due to the length of the 

pipes, valves, fittings, contractions or expansions 

∑=
i

iif
f

vK
e

2

2

     (2-2) 

It was calculated that 99 % of the resistance to liquid flow is contributed by the needle tip 

due to contraction and flow in the small channel. The flow in the small channel is laminar. 

The friction coefficient (Kf) can be estimated using the Fanning friction factor (f), which is 

dependent on the Reynolds number for laminar flow: 

h
f d

L
fK 4= ; 

Re
f

16=      (2-3) 

To predict the resistance to flow due to contraction between the needle and the needle 

chamber, the following friction coefficient was used (54) 

Re

'K
KK f +=       (2-4) 

with K = 2.4 and K’= 295. This correlation is derived for a contraction factor (dc,o/dc,i) of 

0.016 and 6<Re<2000, which is relevant to the dispensing process used; the contraction 

factor in the micro dispenser used is between 0.026 and 0.048 and the Reynolds number is 

larger than 8.  

Eq. 2-1 is numerically solved and yields the outlet fluid velocity (vo) of the dispensed fluid. 

The droplet volume can then be calculated as follows 

disoo,cd tvdV π=
4

1
     (2-5) 
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Drying of a single sessile droplet 

The evaporation of a single sessile droplet cannot be considered similar to that of an ideal 

spherical body because of the evolution in geometry during the drying. In Figure 2-3 the 

evolution of a drying sessile droplet is sketched. It is found that during our drying 

experiments the wetted droplet surface (2·ld) remained constant. Thermodynamically, one 

would expect a constant contact angle. However, due to surface roughness a constant base 

diameter is often observed as well. This phenomenon is also known as contact angle 

hysteresis (55). It is noted that during the drying of actual food suspensions (e.g. 

concentrated milk) the droplet height will only be reduced with approximately 30 % and 

thus the final particle shape will not be completely flat.  

 

Figure 2-3. Droplet evolution due to evaporation of a pure liquid; sessile droplet 

(left) and spherical body (right). 

 

Drying of single droplets has been investigated in numerous studies, e.g. the work of Ranz-

Marshall (56). The mass transfer coefficient can be obtained from Sherwood correlation 

that describe the mass transfer coefficient as a function of hydrodynamic conditions and the 

geometry of the drying object. The general Sherwood correlation is the following (57)   

43
21

PPcev ScRePP
D

lk
Sh +==      (2-6) 

In which, the Reynolds and Schmidt numbers are defined as 

a
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µ
ρ

=        (2-7) 
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D
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a
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=        (2-8) 

In the field of spray drying the Sherwood correlation for a free falling spherical body is 

mostly applied. The Sherwood and Nusselt relations for heat and mass transfer for this case 

are 

3
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in which the Prandtl number is equal to 

a

aa

k

cp
Pr

µ
=       (2-11) 

In this study we focus on the drying of a droplet deposited on a flat surface. Baines and 

James (58) indicate that the Sherwood correlation for a deposited droplet is comparable to 

that for flow across a flat plate  

31216640 // ScRe.Sh= ; Sc> 0.6     (2-12) 

Evaporation of water from a sessile droplet is a coupled heat and mass transfer process (50, 

59). For a sessile droplet heat is partially transferred via the drying air and via the solid 

surface that is heated by the drying air. Therefore, the total heat balance is 

vap
d

lslscondlalaconvld ∆H
dt

dm
∆TAU∆TAU

dt

dT
cpm −+=   (2-13) 

in which ∆Tla is the temperature difference between the droplet and the air; and ∆Tls is the 

temperature difference between the droplet and the solid surface. The exact temperature of 

the droplet was not determined during this study. For the calculations on mass transfer it 

was assumed that the drying occurred at wet bulb temperature (60).  
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The change in droplet mass during evaporation can be described as  
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in which Psat is the saturated vapour pressure at 26 °C (the correlated wet bulb temperature 

of the drying air with temperature 80 °C and relative humidity 0 %) and Pba is the vapour 

pressure of the drying air, which is taken zero. 

 

The change in droplet volume can be related to the change in height 

d
d
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h
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2

2π=      (2-15) 

in which rcd is the radius curvature of the droplet 
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The contact area between the sessile droplet and the drying air (Ala) is given by  

( )22
ddla lhA +π=       (2-17) 

Finally, the change in droplet height can then be described  
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The equation above can be simplified to 
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The mass transfer coefficient (kev) can be obtained by fitting Eq. 2-19 to the experimental 

data.  
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Results and discussion 

Dispensing process 

A pneumatic micro-dispenser was used to produce droplets of a size similar to the droplet 

size during spray drying. This micro-dispenser was selected as it is able to produce small 

droplets and at the same time dispense viscous liquids, which is a prerequisite for the 

dispensing of concentrated liquid foods. The top view of the deposited droplets was 

visualized with a microscope and subsequently the droplet volume could be calculated 

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

shown as a function of applied dispensing pressure and valve opening time. 

Figure 2-4A shows that droplet volume increases with pressure and valve opening time. In 

practice, the smallest droplet that can be generated has a diameter of 150 µm (~2 nl). This 

minimum droplet size is influenced by the moving needle valve (in the micro-dispenser) 

during opening and closing. The predicted droplet volume by a model based on Bernoulli’s 

law (Eq. 2-1) was compared to the experimental results. As shown in Figure 2-4A, the 

predicted droplet size is in close agreement with the experimental data.  

The viscosities of MEG, DEG, and PEG-400 at 30 °C are 13, 21, and 71 mPa.s, 

respectively. Rheological measurements showed that the fluids exhibit Newtonian 

behaviour in the range of shear rates applied. Figure 2-4B shows that droplet size decreases 

with increasing fluid viscosity. Bernoulli’s law also includes the effect of viscosity on 

dispensed droplet size. As shown in Figure 2-4B, the predictions are in good agreement 

with the experimental data.  

Three different sizes of needle tips were used; 27 gauge (0.22 mm), 30 gauge (0.16 mm), 

and 32 gauge (0.12 mm). As shown in Figure 2-4C, the model is in agreement with the 

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

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

droplet size. Thus, if the liquid viscosity is known and an appropriate needle tip size is 

chosen, the pressure and valve opening time can be controlled to deposit the required 

droplet size. 
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Figure 2-4. A: Effect of dispensing pressure and valve opening time on droplet 

volume for MEG. The symbols represent the experimental values at valve opening 

time 200 ms (■), 170 ms (○) 130 ms (▲) 110 ms (◊), and 80 ms (●). The lines 

represent the values predicted by the model based on Bernoulli’s law.  

B: Dispensed droplet size of MEG (○), DEG (▲), and PEG-400 (□) at valve 

opening time = 170 ms. C: Effect of needle tip size; 0.12 mm (○),  0.16 mm (▲), 

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

The evaporation of a single dispensed droplet was investigated as a function of the drying 

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

drying of a sessile water droplet was investigated here. In Figure 2-5, snapshots of a droplet 

are shown during the drying process. 

Figure 2-5 show that the droplet geometry evolves mainly in height, while the contact area 

between droplet and the flat surface (base diameter) remains constant. This finding is in 

agreement with the observations of Hu and Larson (61) who observed that the contact angle 

of water droplets deposited on a glass  surface  changed from 40° to a minimum contact 

angle of 2–4°, while the base diameter remained constant. In the current study similar 

observations were obtained; the droplet base diameter tends to be constant during drying 

(Figure 2-5C). It was observed that during the drying experiment with the air slip velocity 

of 0.17 m/s, the droplet base diameter suddenly changed. Possibly, this was due to an 

irregularity in the microscopic surface of the membrane. After the sudden change, the 

droplet base diameter remained constant again with changing contact angle. 

The experimental data on the change in height may be compared to Eq. 2-19. A 

characteristic length is used for the calculations of the Sherwood and Reynolds number. 

The characteristic length (lc) is defined as:  

perimeter object larperpendicu

 area   surfaceobject
lc =  

For sessile droplets, the characteristic length is 

 
d

d
c

h
l

θ
π

=      (2-20) 

The mass transfer coefficient (kev) for a free spherical droplet is calculated using the 

Sherwood number from the Ranz-Marshall correlation (Eq. 2-9 and 2-10). The mass 

transfer coefficient is then used to describe the height as a function of the drying time using 

Eq. 2-19 (Figure 2-6). 

Figure 2-6 shows that the height of a free droplet decreases faster than that of a sessile 

droplet. It is concluded that the drying of the sessile droplet, even when with a high contact 
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angle (130°), cannot be approximated by directly using the mass transfer coefficient for a 

free spherical droplet. Therefore, different parameters for the Sherwood correlation were 

determined for the drying of a sessile droplet by fitting 2-6 to the experimental data.  

Vapour-air diffusivity and air viscosity were taken at the wet bulb temperature of 26 °C and 

assumed constant in the experiments. The Schmidt number is thus constant in this study, 

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

 

Figure 2-5. A: Snapshots of a shrinking droplet, drying at a constant bulk velocity 

of drying air 0.30 m/s, Tair = 80OC, and RH ~ 0 %. B: Droplet height as a function 

of drying time at different bulk slip air velocities: 0.04 m/s (□), 0.11 m/s (♦), 0.17 

m/s (○), 0.30 m/s (+), 0.38 m/s (∆), 0.64 m/s (*), 0.98 m/s (●). C: Droplet base 

diameter as function of the contact angle during the drying process; bulk slip air 

velocities: 0.04 m/s (□), 0.11 m/s (♦), 0.17 m/s (○), 0.30 m/s (+), 0.38 m/s (∆), 

0.64 m/s (x), 0.98 m/s (●). 
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The estimated Sherwood correlation are shown in Table 2-1 and compared to the values 

from literature for several cases. The parameter values for the Sherwood correlation (Eq. 

2-6) in this study were obtained by fitting the predictive model (Eq. 2-19) to the 

experimental height data as shown in Figure 2-6B.  

Table 2-1 shows that the estimated parameter values in this study are different compared to 

those of the flat plate and the falling sphere. Specifically, the parameter value P1 is found to 

be in between the two cases. The value of P1 reflects the limiting Sherwood value where 

diffusional mass transfer occurs predominantly. The value of P1 is 2.0 for a spherical object 

and 0 for a flat object. The sessile droplet changes from a nearly spherical to a flat object, 

which is reflected in a decreasing contact angle. The value of P1 (0.24) in this study is only 

valid for a sessile droplet with an initial contact angle of 130o that decreases to nearly 0o. 

More information about the effect of contact angle on the Sherwood number for the 

diffusional regime can be found in literature (Baines and James, (58).  

It is expected that the P1 value for drying of a droplet from a suspension will be higher if 

the droplet will only partially evaporate. Furthermore, to better mimic the drying behaviour 

of a free falling droplet it is suggested to for example micro-fabricate a ‘hairy’ surface 

structure that is better able to retain the spherical shape of the drying droplet (i.e. making 

use of the Lotus effect). 

The estimated value of P2 for this work is 0.62, if it is assumed that P4 is 1/3 (a common 

value for the power of the Schmidt number). For a free falling sphere P2 is found equal to 

0.60 and for a flat surface equal to 0.67. The value of the estimated parameter P3 in this 

study (0.51) is comparable to the P3 values in the Sherwood correlations for flow across a 

flat surface and a falling sphere. 
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Figure 2-6. Normalized droplet height as a function of the drying time using the 

estimated Sherwood correlation (solid line) and the drying results at slip air 

velocity 0.04 m/s (□), 0.11 m/s (♦), 0.17 m/s (○), 0.38 m/s (∆), and 0.98 m/s (●); 

the solid line represents the model with (A) Sherwood correlation for free falling 

sphere (Ranz-Marshall correlation) and (B) proposed Sherwood correlation for 

sessile droplet (this research). 

 

Table 2-1. Estimated parameter values for the general Sherwood correlation for different 

cases. 

34
21

PP ReScPPSh +=  

P1 
4

2
PScP  P3 Case 

0.24 (2.7·10-2)a 0.53 (3.1·10-2) 0.51 (9.8·10-3) 

Sessile droplet, initial contact 

angle 130o  

This work, 0.6 ≤ Red ≤ 60 

2.0 0.51 0.50 
Free sphere  

Ranz-Marshall (62) 

0 0.56 0.50 
Laminar flow across flat plate;  

Sc > 0.6 (58) 

a The uncertainty of the parameters at 95 % confidence interval is provided between 

brackets 
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Conclusion 

The dispensing of liquid droplets was carried out with a pneumatic dispenser and could be 

controlled accurately by varying applied pressure and valve opening time. A predictive 

model based on Bernoulli’s law was developed and this model was found to predict the 

dispensed droplet volume as a function of liquid properties and dispensing parameters. 

Drying of single sessile water droplets was experimentally monitored with a camera set-up. 

Drying was assumed to occur at the wet bulb temperature. Experimental data of the 

shrinking droplets were compared with a predictive model based on mass transfer for a 

single free falling sphere. It was found that the Sherwood correlation of a free falling sphere 

did not predict the appropriate mass transfer coefficient for the drying sessile droplet. 

Therefore, a Sherwood correlation was derived for the drying of sessile water droplets as  

Sh = 0.24 + 0.62Re0.51Sc1/3 for Sc = 0.62. This correlation was found almost similar to the 

Sherwood correlation for flow across a flat surface and a free falling sphere except for the 

value of P1. It is expected that this value will increase when drying food suspensions or 

when a micro-fabricated ‘hairy’ surface structure is used.  

It is planned to further investigate the drying of complex solutions, i.e. food products, 

which are highly viscous or contain specific heat sensitive ingredients. During drying of 

these products, the temperature of the product will start deviating from the wet bulb 

temperature. Furthermore, a challenge will be the subsequent analysis of very small 

particles. Therefore, it is intended to develop the platform into a high throughput 

experimentation system to dry multiple droplets at the same time. 

Nomenclature 

A Surface area m2  

cp Specific heat capacity at constant pressure J.kg-1.K-1 

d Diameter m  

dh Channel diameter m 

D Diffusion coefficient of water vapour in air m2s-1 
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ef Friction loss per unit mass N.m.kg-1  

f  Fanning friction factor –  

g  Acceleration gravity constant (9.8) m.s-2  

hc Convective heat transfer coefficient W.m-2K-1  

hd Droplet height  m   

∆Hvap Enthalpy of vaporization J.kg-1  

K Thermal conductivity W.m-1K-1  

kev Convective mass transfer coefficient m.s-1  

K  
Hagenbach-Couette correction factor for narrow gap 

contraction 
–  

K’ 
Hagenbach-Couette correction factor for narrow gap 

contraction 
–  

Kf Friction loss coefficient  –  

lc Characteristic length in Sherwood number  m   

ld Droplet base radius m  

L Channel length  m   

m Mass kg  

M Molecular weight  kg.mol-1  

Nu Nusselt number  

P Pressure Pa  

P1 First parameter in generalized Sherwood correlation  

P2 Second parameter in generalized Sherwood correlation  
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P3 Third parameter in generalized Sherwood correlation  

P4 Fourth parameter in generalized Sherwood correlation  

Pr Prandlt number – 

rc Radius curvature m  

R Gas constant, 8.314 J.mol-1K-1 

Re  Reynolds number –  

Sc Schmidt number – 

Sh Sherwood number – 

t Time s   

T Temperature °C or K  

U Overall heat transfer coefficient W.m-2K-1  

v Velocity m.s-1  

V Volume m3  

w Shaft work in micro-dispenser per unit mass N.m.kg-1  

x Length coordinate m  

z Height coordinate m  

 

Greek letters: 

α Kinetic energy correction factor – 

∆ Difference  – 

µ Dynamic viscosity  kg.m-1.s-1  
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π Pi value; 3.14  

θ Contact angle rad 

ρ Density kg.m-3  

 

Subscripts: 

A Air 

ba Bulk air 

C Dispensing needle channel 

conv Convection 

cond Conduction 

D Droplet 

dis Dispensing 

i  In 

l  Liquid, i.e. Water 

o Out 

p Particle 

s Solid  

sat Saturated 
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Chapter 3  

Measuring and modelling of diffusivities in 

carbohydrate-rich matrices during thin film drying 
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Abstract 

Knowledge about moisture diffusivity in solid matrices is a key for understanding drying 

behaviour of for example probiotic or enzymatic formulations. This paper presents an 

experimental procedure to determine moisture diffusivity on the basis of thin film drying 

and gravimetric analysis in a Dynamic Vapour Sorption (DVS) system. The extraction of 

moisture diffusivity is based on the “regular regime approach”. The method was explored 

and verified for its assumptions. It provided insight in the effect of moisture content and 

temperature on moisture diffusivity. Moreover, it was found that moisture diffusivity in 

different carbohydrate systems was similar and decreased with moisture content. The latter 

was explained by similar molecular interactions in carbohydrate systems and formation of a 

percolating network at low moisture content that affects water mobility. Subsequently, 

measured moisture diffusivities were compared to model predictions based on first 

principles. It was found that predicted moisture diffusivities were in fair agreement with 

these, including the effect of moisture content and temperature on moisture diffusivity. At 

low moisture content the model overestimated the sensitivity of moisture diffusivity 

towards temperature. This was explained by the fact that the different water-solid 

interactions at lower moisture content (including relaxation behaviour in the glassy state) 

are not considered in the modelling. Finally, the methodology was successfully evaluated to 

other solid matrices such as glycerol, skimmed milk and casein, providing different 

moisture diffusivities as function of moisture content.  

 

Keywords: moisture diffusion, thin film drying, modelling, regular regime, carbohydrate, 

ternary matrix  
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Introduction  

Spray drying is frequently applied to encapsulate active ingredients for example in 

chemical, food, and pharmaceutical products (63-67). During spray drying, internal 

moisture gradients develop within drying particles due to diffusion limitation. In 

combination with temperature this is found critical to retention of biological activity of 

ingredients (68-70). Understanding and predictive modelling of diffusion-limited drying 

requires full description of diffusivity as a function of moisture contents and temperature. 

Unfortunately, these diffusivities and their relation on moisture and temperature are only 

available for homogeneous matrices, while for more complex mixtures, e.g. food matrices, 

these are rarely available. Current experimental methods for measuring diffusivities often 

require highly specialized equipment, such as the use of nuclear magnetic resonance 

spectroscopy (71, 72) or fluorescence photo-bleaching methods  (73, 74) or are complicated 

and time consuming, especially when the diffusivity is dependent on both temperature and 

moisture content, which is usually case.  

In this paper we present an efficient procedure to more rapidly determine diffusivities on 

the basis of thin film drying and gravimetric analysis in a Dynamic Vapour Sorption (DVS) 

system. The new procedure is demonstrated by measurements on drying of aqueous 

suspensions of different carbohydrates and their mixtures, which are frequently applied to 

formulate active ingredients (5, 75, 76). The method was evaluated for its potential to 

provide diffusivities for amorphous systems. The moisture diffusivities as a function of 

moisture content and temperature were extracted from the experimental data by adopting 

the more commonly applied regular regime approach (77-79).  

To predict moisture diffusivity in complex solid matrices for a wide range of temperature 

and moisture content a semi-mechanistic modelling approach was developed as well (80). 

The approach was based on 1) the Darken relation for the mutual diffusivity, which has the 

advantage that it can be expanded to multicomponent systems, 2) the generalized Stokes-

Einstein relation to describe the solute self-diffusivity, and 3) the free volume theory, which 

describes the solvent self-diffusivity. Following this approach, moisture diffusivity can be 

described according to the physical properties and thermodynamics of the system.    

Predicted diffusivities were compared to the experimental results from thin film drying and 

the gravimetric analysis in the DVS system. The latter provided insight on the accuracy of 
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the prediction of the diffusivity by the semi-mechanistic model and indicated possibilities 

to generalize diffusivities in complex matrices.  

Materials and methods 

Materials 

Alginic acid sodium salt (sodium alginate) powder (Sigma-Aldrich, USA), sucrose (Sigma-

Aldrich, USA), Lactose (Sigma-Aldrich, USA), trehalose (Sigma-Aldrich, USA), and 

casein (Sigma-Aldrich, USA) were analytical grade and used as received. Maltodextrin DE 

4-8 (Glucidex 6, Roquette, France), and technical agar (Sigma-Aldrich, USA) were used as 

received.   

Thin film drying experiments in a Dynamic Vapour Sorption Analyser (DVS) 

Thin films were prepared by dissolving 20 % w/w of the selected solid substrates in Milli-Q 

water. For preparation of a consistent film, 1.5 % w/w agar was added. It is noted that the 

addition of this agar has negligible effect on the diffusivity of water in the film  (78, 81). To 

ensure that all ingredients were dissolved, the mixture was boiled in a microwave oven for 

60 s. Subsequently, the mixture was casted in a mould (to prepare a film of 8 x 8 mm with a 

thickness of 1 mm) and slowly cooled down to solidify at room temperature. 

The thin film drying experiments were performed in a Dynamic Vapour Sorption (DVS) 

Elevated Temperature (Surface Measurement System, England). The relative humidity of 

the drying air was set to 0.0 % and the air flow applied was 50 ml/s. Each drying 

experiment was carried out in three subsequent steps: 

1. The thin film was first (nearly completed) dried at a desired temperature for 

24 h. 

2.   The drying air temperature was raised to remove all the remaining water 

during a next period of 24 h.  

3. Finally, the drying air was readjusted to the originally selected temperature in 

the first step.  

During the first drying step the mass of the thin film was recorded each 2 s during the first 

6 h, and after that the mass was recorded only every 10 s. The temperature in the second 

step was selected to be slightly higher than the glass transition of the solid substrate as 
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summarized in Table 3-1. The second step is important to “completely” remove the 

remaining water from the sample without significantly degrading the materials, which 

ensures measurement of the dry matter in the sample. Accurate measurement of the dry 

matter is required for proper estimation of the mutual diffusion coefficient of water at small 

water contents. After the second step, the air temperature was set to the value used at the 

first step to obtain the final dry matter mass of the sample, because the mass balance of the 

DVS was originally calibrated at this temperature. 

Table 3-1. The selected temperatures for the second step involving high temperature drying 

to remove all water and measure the dry matter mass of the thin film. 

Component Tg (°C) Reference T for high temperature drying (°C) 

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 crystallinity of the solid matrix 

X-ray diffraction spectroscopy (XRD) was conducted with a PANalytical Expert Pro 

System (The Netherlands) by using nickel-filtered CuKα radiation (tube operating at 40 kV 

and 40 mA). The data were collected using an automated divergence slit (5 mm irradiated 

length) and a 0.5 mm receiving slit. Data were collected by step counting at 0.02° intervals 

for 2 seconds per data point.  

The amorphous samples used as reference were obtained by spray drying 0.2 % w/w samples 

diluted in Milli-Q water (Millipore, USA) in Buchi 190 mini spray dryer (Buchi 

Labotechnik, Switzerland) at an inlet air temperature of 120 °C and an outlet air 

temperature of 85 °C.  
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The degree of crystallinity was determined using external standard method (87). The 

volume fraction of the crystalline phase in the mixture was calculated from the measured 

integrated intensities of diffraction peaks produced by the samples compared to the 

amorphous samples 

�� = 1 − ����       (3-1) 

where Wi is the weight fraction of the crystalline phase, I i is the integrated intensity of the 

samples and Ia is the integrated intensity of the reference phase (amorphous sample).  

Extraction of mutual diffusivities of water from thin film drying experiments 

The mutual diffusion coefficient of water in various water-solid mixtures predicted using 

Darken relation was validated using the results from experiments. The mutual diffusion 

coefficients from experimental data were determined on the basis of thin film drying and 

gravimetric analysis. The regular regime approach (77) was adopted to extract moisture 

diffusivity values as a function of moisture content and temperature. 

Theory behind the regular regime approach for a drying slab 

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

	
	� = 		� ���� 	
	��       (3-2) 

with t is time, D the mutual diffusion coefficient, cs the mass concentration of the non-

diffusing reference component (solids) and u the mass concentration of water on the mass 

basis of dry matter (cw/cs), and z the reference component mass-centered coordinate:  

� = �� ∙ �       (3-3) 

with r is the absolute distance coordinate.  

To solve the diffusion equation, the following dimensionless variables were introduced (77, 

88): 

� = ��        (3-4)  

� = ����,�� �������        (3-5)  
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� = ��������,��        (3-6)  

with ζ is the reduced distance coordinate which corresponds to fractional increments in the 

reference component mass, τ the dimensionless time, ρs the density of the solid 

components, Zs the slab thickness at u = 0, cs,0 the reference mass concentration of the 

solids and D0 the value of the diffusion coefficient at cs,0, which is introduced to calculate a 

dimensionless reduced diffusion coefficient (Dr). The reduced diffusion coefficient is used 

to describe diffusion in a component-mass centered coordinate system. Substitution of the 

dimensionless variables in the diffusion equation returns a dimensionless “Fickian” 

diffusion model (77): 

	
	! = 		" #� 	
	"$       (3-7)  

With initial and boundary conditions: 

% = %& for � = 0 and 0 ≤ � ≤ 	1     (3-8) 

% = %�� for � = � and � = 	1      (3-9) 

 
	
	" = 0  for � = � and � = 	0     (3-10) 

In most cases, the diffusion equation above (Eq. 3-2) can only be resolved numerically by 

implementing the initial and boundary conditions (Eq. 3-8 to 3-10). Its solution can be 

divided into two regions, i) a penetration period and ii) a regular regime period. Schoeber 

(77) developed an approach to determine moisture diffusivity by exploiting a unique feature 

of the regular regime period. In the regular regime the desorption rate (dimensionless flux 

parameter F) can be assumed independent of the initial concentration of water in the slab 

(u). For desorption in a slab, the value of the dimensionless flux parameter (F) is calculated 

as 

* = −+,�-�.� /
0/�        (3-11) 

with  

10 = +2324.24   and  
51056 = 57+2324. 24⁄ 956 = :24

5256    (3-12) 

where m is the total mass of the sample at time t and ms the solute mass.  
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Subsequently, the approach introduces a Sherwood number representing the mass transfer 

at the interface for the dispersed phase (;ℎ = 2>? �⁄ ) on the basis that the moisture 

concentration profile remains geometrically the same during the regular regime: 

;ℎ/@@@@@ = �A +
03
��.⁄ �B@@@@        (3-13) 

with ;ℎ/@@@@@  the Sherwood number for dispersed phase in relation to the average mass 

concentration of water %@, uss the mass concentration near the surface and � @@@ is the average 

value of the reduced diffusion coefficient. During the regular regime, when boundary 

values are fixed, the ;ℎ/@@@@@ can be assumed constant (for a slab ;ℎ/@@@@@ is C� 2⁄ ) (88). Thus,  

* = � @@@+%@ − %��. C� 4⁄        (3-14) 

Next, a power law relationship is assumed between the diffusion coefficient and the 

moisture content: 

� = %E        (3-15) 

with a is the power parameter to describe the reduced diffusion coefficient dependency on 

moisture content. This power law relationship allows for analytical solution of the inverse 

problem, i.e. enable the extraction of the diffusivity values. A more complex relation based 

on free-volume theory may be used but the extraction of the diffusivity values becomes 

very challenging. The reduced diffusion coefficient across the slab can be approximated as: 

F � G% = F %EG%
0
��
0
��        (3-16) 

and thus the average value can be approximated as 

� @@@ = H
03
�� F %EG%
0
��        (3-17) 

which leads to 

  � @@@ = H
03
�� HEIH%@+EIH.       (3-18) 

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

%@E = �A+EIH. JKL@@@@@@⁄
0         (3-19) 

On the basis of Eq. 3-16, for u = %@, Dr can be estimated by differentiating Eq. 3-19 
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� = /+�A+EIH. JKL@@@@@@⁄ ./
0        (3-20) 

Liou and Bruin (88) suggested to use ;ℎ/@@@@@ as a function of a (and thus indirectly to moisture 

content in contrast to the previous assumption).  ;ℎ/@@@@@  was found linearly correlated to M +M + 2.⁄ : 

;ℎ/,E@@@@@@@ = O�� + PO� # EEI�$        (3-21) 

with ;ℎ/,E@@@@@@@ is the Sherwood number for the dispersed phase as a function of the power law 

parameter a.  

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

kg2/m4s is suggested so that Dr is numerically equal to ���� (77). Thus,  

� = � ���⁄         (3-22) 

Taking into account the moisture content profile (u) across the slab, the moisture dependent 

diffusivity (D) can be reversely extracted from the measured sample mass data obtained 

during drying (77, 90): 

� = ��3� #/Q�A+EIH. JKL,�@@@@@@@@⁄ R/
0 $       (3-23) 

When substituting F from Eq. 3-14 and ;ℎ/,E@@@@@@@ from Eq. 3-21 into Eq. 3-23 one obtains: 

� = ��3� S/T��B,U0+
03
��.V�W +EIH. JKL,�@@@@@@@@X Y
/
0 Z      (3-24) 

Subsequently this can be rearranged into the following equation: 

�|
\
0 = ��3� ]+EIH.O��B,U0�JKL,�@@@@@@@@ ^       (3-25) 

Yamamoto (91) proposed to explicitly make power parameter a dependent on %@ to more 

accurately describe D(u) over a wide range of moisture contents. The value of D at a 

specific moisture content is approximated by estimating the value of a over a small interval 

of %@ 

M = _`Q�B,� �B,�ab⁄ R_`+
0� 
0�ab⁄ .         (3-26) 
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with %@� > %@�IH.  

Procedure to extract moisture diffusivities from the drying curve 

The overall procedure for extraction of moisture diffusivity is schematically depicted in 

Figure 3-1. The procedure is started by determining the reduced moisture diffusion 

coefficient (Dr) for the component mass-centered coordinate system (Eq. 3-20). The value 

of F is calculated according to Eq. 3-11. For accuracy reasons, G%@/Gd is calculated for 

different time intervals; for small G%@/Gd	values, longer time interval to calculate G%@/Gd are 

required.  

 

Figure 3-1. Procedure to extract the moisture diffusivity (D) from gravimetric data 

based on the regular regime method 
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From the reduced diffusion coefficient (Dr), the mutual diffusion coefficient D is 

determined using Eq. 3-25 with the Sherwood number of the dispersed phase ;ℎ/,E and the 

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

respectively).  

For multicomponent systems, the composition of for example the two solids does not 

change during the experiment. Therefore, the mixture of the solid components was merged 

into a single density (ds) and an overall solids concentration (cs). For carbohydrate 

polymers, it can be further assumed that the density is constant and not dependent on 

molecular weight (30). We fixed the density for our systems to 1550 kg/m3. 

Modelling the mutual diffusion coefficient of water in binary systems 

A semi-mechanistic model was used to predict the mutual diffusion coefficient, in which 

we used the approach by van der Sman and Meinders (80). The generalized Darken relation 

was used to describe the mutual diffusion coefficient of a binary i-j  component system in a 

multicomponent mixture (92, 93) 

 ��,e = Qfe��,�ghi + f��e,�ghiRj      (3-27) 

where Di,j are the mutual diffusivity of component i in i-j  system, x is the mole fraction, 

Di,self and Dj,self  are the self-diffusivities of components i and j, respectively, and Q is the 

thermodynamic factor. 

Following a more commonly approach applied to polymer melts, it is proposed to use a 

volume fraction of polymer (ϕ) instead of a molar fraction (x) for food polymer systems. 

Therefore, Eq. 3-27 can be written as 

 ��,e = Qke��,�ghi + k��e,�ghiRj      (3-28) 

The thermodynamic factor Q for polymer j in solvent i can be written following the Flory-

Huggins free energy function as  

j = 1 − 2lkeQ1 − keR       (3-29) 

where χ is Flory-Huggins interaction parameter.  

For a water-carbohydrate mixture, the self-diffusion coefficient for water molecules is 

predicted using the free volume theory based on the work of Vrentas and Duda (94) 



MOISTURE DIFFUSION IN CARBOHYDRATE-RICH MATRICES 

44 
 

�m,�ghi = �&nfo #− pqr$ nfo s 3+tuṼu∗ It�ξṼ�∗.tu#xbuy $Qz�u3r{,uIrRIt�#xb�y $Qz��3r{,�IrR|  (3-30) 

with D0 is the pre-exponential factor, E the energy to overcome the attractive forces from 

neighbouring molecules, R the gas constant, T the temperature, Ṽ∗ the specific critical free 

volume, ξ the ratio of solvent and polymer jumping units, K1w, K2w, K1s, K2s the free volume 

parameters, Tg the glass transition temperature, and γ the overlap factor for shared free 

volume (between 0.5 and 1). By equating the diffusion coefficient for pure water (95, 96) 

and using the Vrentas-Duda theory for self-diffusivity of water for pure water (mw = 1), the 

value of D0 and E can be determined (Table 3-2). 

Table 3-2. Vrentas-Duda diffusion parameter values for pure water 

Parameter Value The uncertainty of the parameter 

Value % 

D0 (m
2/s) 1.48·10-7 2.38·10-8 16.1 

E (kJ/mol) 2.34 0.42 17.9 

 

Based on molecular dynamics simulations, Limbach and Ubbink (97) showed that the self-

diffusion coefficient of water in carbohydrate polymer systems is independent to the degree 

of polymerisation and therefore the free volume parameters for water in sucrose (Table 3-3) 

are applied to predict the self-diffusion coefficient of water in various carbohydrate 

polymers.  

The self-diffusivity of a carbohydrate molecule s in a water-carbohydrate mixture is 

described using the Stokes-Einstein relation (98) 

��,�ghi = }~r�O �µ���       (3-31) 

with kB is Boltzmann constant, T is temperature, rH is the hydrodynamic radius of the 

molecules, and µeff is the effective viscosity. The hydrodynamic radius (rH) is calculated 

from the degree of polymerization of a carbohydrate polymer applying the Mark-Houwink 

correlation (99)  

�� = EU����.W�        (3-32) 
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with DP is the degree of polymerization of carbohydrate and au is the hard sphere radius of 

a monomeric subunit: 

 M
 = # ��P/�O����$H/�       (3-33) 

with MU is the molecular weight of the monomer, Ns is the degree of polymerisation of the 

carbohydrate polymer.  

Table 3-3. Free volume parameters for water and sucrosea  

Free volume parameters Water  Sucrose 

V* (L/kg) 0.91 0.59 

Tg (K) 136 347 

ξ (-) - 0.79 

K1/γ (L/kg⋅K) 1.945 0.336 

K2 (K) -19.73 69.21 

a The data is taken from van der Sman and Meinders (80) 

 

The effective viscosities of the mixtures are calculated by a correlation proposed by 

Soesanto and William (26): 

�gii = 2.2414 ∙ 103� ∙ 10�P�.�/+r3HP&. ∙ nfo+−>+1 − fm.��.   (3-34) 

with k is a constant given for carbohydrate solution is 282 mol/L (26), xw is the mole 

fraction of water and vs 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 accurately monitored during drying experiments 

using the Dynamic Vapour Sorption (DVS) analyser. The decrease in the mass of the films 

was rapid in the beginning of the drying and became less with time. After 24 h of drying, 

the film was subjected to a high temperature drying period to remove the remaining water. 
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In this step, the mass of the sample decreased significantly in the beginning of the step, 

because: 1) remaining water was rapidly removed at this high temperature and 2) the DVS 

balance was not-calibrated for this high temperature. Therefore, readjusting the temperature 

to the original setting (third step drying) is necessary to obtain the right mass reading; as 

shown in Figure 3-2 the mass of the sample increased again before it equilibrated to a 

constant value and provided the appropriate reading for the final mass of the “complete” 

dry sample.  

 

Figure 3-2. A: The normalised mass of a thin film consisting of a trehalose-water 

mixture as a function of time dried at an air temperature of 70 °C, showing the 

three drying steps applied. B: The rate of mass decrease as a function of time. 
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The main advantage of using the DVS analyser to monitor the drying curve is the high 

accuracy and stability of its mass balance. Additionally, mass readings can be recorded with 

a small time interval (order of magnitude: seconds), which is especially relevant at the 

beginning of the drying. This acquisition procedure allowed direct estimation of dm/dt 

without the need for regression. 

Verification of the regular regime method on assumptions 

Advantages of carrying out the measurements and determining the diffusion coefficient in 

the regular regime is that it can be assumed that: 1) the effect of the external mass transfer 

(in this case, between the sample and the drying air) is negligible and 2) the drying rate is 

not dependent on the initial water content (77, 78). We evaluated these assumptions by 

determining the moisture diffusivity using three different air flow rates. It was found that 

although different air flow rates were applied, identical values of moisture diffusivity were 

obtained (Figure 3-3A). It was also observed that equal moisture diffusivities were obtained 

for thin films with different initial water contents, although above 60-65 % w/w a small 

deviation can be observed, which indicates that the initial drying is not in the regular 

regime (Figure 3-3B).  

Crystallization of components in the thin film during the drying procedure can lead to an 

erroneous estimation of the mutual diffusion coefficient of water. During crystallization, 

water is excluded from growing crystals, which leads locally to a higher water 

concentration. It is advisable to check the degree of crystallinity of the thin films after 

drying; an amorphous structure is a prerequisite for accurate diffusivity estimation. For 

example, for experiments with lactose a high degree of crystallinity in the thin film was 

observed (Figure 3-4A, Table 3-4) and, additionally, the mutual diffusivity of water in the 

lactose-water system showed completely different behaviour compared to those of other 

carbohydrates (Figure 3-3C). 
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Figure 3-3. A: Moisture diffusion coefficient in sucrose at 70 °C determined at air 

flow rates of 10 (○), 50 (□), and 200 ml/min (◊). B: Moisture diffusion coefficient 

of sucrose at 70 °C determined at an air flow rate of 50 ml/min with varying initial 

water contents of 80 (□), 70 (○), and 60 % w/w (◊). C: Moisture diffusion 

coefficient in water-lactose mixture (in duplicate). The Tg value shown was 

corrected with the crystal concentration. 
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Figure 3-4. Cross sectional scanning electron microscope (SEM) images of a dried 

thin film sample of lactose at 700x magnification (A), lactose at 5000x 

magnification (B), trehalose at 700x magnification (C), trehalose at 5000x 

magnification (D), maltodextrin DE 6 at 5000x magnification (D), sucrose at 

5000x magnification (F). SEM images of spray dried lactose particles at 50000x 

magnification (G), and maltodextrin DE 6 particles at 50000x magnification (H). 

 

Table 3-4. Degree of crystallinity of thin films after 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 carbohydrate systems 

The mutual diffusivities of water in various binary systems were determined experimentally 

following the regular regime method. Generally, the moisture diffusivity decreases with 

decreasing moisture content, which becomes more pronounced at lower moisture content 

(Figure 3-5). These results were compared to the predicted moisture diffusivity of sucrose 

based on the Darken diffusion equation (Figure 3-5).  The moisture diffusivity in various 

carbohydrate polymers is found in agreement with the predicted moisture diffusivity in 

sucrose. This indicates that the moisture diffusivity in the studied carbohydrate systems is 

mainly determined by local interactions between water molecules and individual hydroxyl 

groups of the polymer rather than the polymer as a whole (80). Slight difference between 

the prediction and the data of the moisture diffusivity was observed for the sodium alginate 

sample, especially because the model needs to be adjusted for gels (80). At moisture 

contents above 65 % w/w, the predicted diffusivities are not in full agreement with the 

moisture diffusivity determined from the drying experiments. This may be due to the fact 

that the drying did not yet reach the regular regime as discussed in the previous section.  

As shown in Figure 3-6, the moisture diffusivity increases with increasing moisture content 

and temperature. At low moisture contents, especially in the glassy region, it can be 

observed that the moisture diffusivity is very sensitive towards small changes in moisture 

content. Reasonable agreement is obtained between the predicted and experimentally 

determined moisture diffusivities of water in the water-trehalose system at different 

temperatures, while the agreement for the water-maltodextrin system is less.  

At moisture content lower than 0.2, the moisture diffusivity becomes less sensitive towards 

temperature, which is not well predicted by the model (Figure 3-6). Thus, the diffusion 

coefficient for maltodextrin is less temperature dependent than for trehalose at low moisture 

content. The observations are in-line with previous studies and were explained by 

decoupling of moisture diffusion and viscosity (100).  This decoupling behaviour can be 

further explained by the change in relaxation times of the carrier network when going from 

rubbery to glassy state. In a rubbery system, relaxation is faster than the rate of diffusion of 

the penetrant (solvent). In the glassy region, relaxation rates are small due to time-

dependent structural rearrangements (e.g. swelling to allow penetration) (101, 102). 
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Figure 3-5. A: Mutual diffusion coefficients of water in a water-trehalose mixture 

(□) and in a water-sucrose mixture (○). B: Mutual diffusion coefficients of water 

in a water-sodium alginate mixture (□) and in a water-maltodextrin mixture 

(○).The symbols represent the mutual diffusivity of water determined using the 

regular regime method from drying experiments. The lines represent the predicted 

value based on the thermodynamic data of the water-sucrose mixture for the 

mutual diffusion coefficient of water (solid lines), the self-diffusion coefficient of 

water in sucrose (dashed lines), and the self-diffusion coefficient of the sucrose in 

water (dotted lines). The initial moisture content of the thin film was 80 % w/w.  

 



MOISTURE DIFFUSION IN CARBOHYDRATE-RICH MATRICES 

52 
 

 

Figure 3-6. A: Mutual diffusion coefficients of water in 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 (◊). The symbols 

represent the diffusivity data extracted from drying experiments and the solid lines 

represent the predicted diffusivities. 

 

Relaxation can be categorized into α-relaxation (slow hierarchically constrained motions of 

the surrounding molecules) being virtually absent in glassy state (28, 80), while β-

relaxation (associated to small angle rotational dynamics of the molecules) allows diffusion 

in the glassy state (27, 103). The temperature dependency of β-relaxation is lower in the 
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glassy region than in the rubbery region (104), which explains the limited sensitivity of the 

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

 

 

Figure 3-7. A: The mutual diffusivity of water in a ternary system of trehalose-

maltodextrin-water (○) compared to in binary systems of trehalose-water (◊) and 

maltodextrin-water (□). B: The mutual diffusivity of water in a ternary system of 

sucrose-maltodextrin-water (∆) compared to that in binary systems of sucrose-

water (◊) and maltodextrin-water (□). Solid lines represent the predicted mutual 

diffusion coefficient of water in trehalose (Tre) or sucrose  (Suc) or in 

maltodextrin (MD6). Solid lines represent self-diffusion coefficient of water 

(water). Dashed lines with text captions represent the self-diffusion of  trehalose 

(Tre), or sucrose (Suc), or maltodextrin (MD6). 
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Mutual diffusion coefficients in ternary carbohydrate systems 

For specific applications a mixture of solids can be preferred as the matrix. This is for 

example common practice in drying of probiotics (15, 105). Therefore, it is very useful to 

estimate mutual diffusion coefficients in ternary matrices. The mutual diffusion coefficients 

of water in ternary component systems were determined using the same approach. Despite 

the differences between the carbohydrate systems, it was found that the mutual diffusion 

coefficients of water were similar for both sucrose-maltodextrin-water and trehalose-

maltodextrin-water systems (Figure 3-7).  

The self-diffusivities of maltodextrin in water and disaccharides in water are very low 

compared to the self-diffusivities of water in either maltodextrin or disaccharides, counting 

for only 5·10-3 and 0.2 times at moisture content of 0.6.  Thus, the mutual diffusivity is 

determined mostly by the mobility of water molecules in the system, while the mobility of 

the solids (carbohydrates) can be considered negligible (106, 107). In concentrated regimes 

(xw<0.5) both maltodextrin and disaccharides form a percolating network with viscoelastic 

properties via hydrogen bonding (108). This explains the mobility decrease of the 

carbohydrate molecules with decreasing moisture content (Figure 3-7). Furthermore, 

carbohydrates are generally build up from similar repeating monomers (e.g. glucose) which 

provides an analogous architecture of the percolating network (80). Therefore, it may be 

expected that the mobility of water and thus moisture diffusivity will not be very much 

affected by the type or composition of carbohydrates in the system (80). 

Outlook on different applications of the methodology  

Thin film drying in the DVS system combined with the regular regime method was 

successfully used to determine moisture diffusivity in carbohydrate matrices. It was found 

that moisture diffusivities of different carbohydrate systems were analogous, which could 

be explained on the basis of similar molecular interactions of water with all carbohydrates. 

It is expected that moisture diffusivities will be different for systems, containing for 

example proteins or fat. To check this, experiments were carried out for several other 

matrices (Figure 3-8). For verification, the new results were compared and fortunately 

found in agreement  with previously reported diffusivity data, e.g. for glycerol-water 

mixtures (109). It was indeed observed that moisture diffusivities varied with the different 

tested materials. These variations are explained by different (or additional) interactions 
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between solutes and the water molecules, for example when ionic forces or charges are 

present.  

 

Figure 3-8. Mutual diffusivities of water of water-glycerol (□), water-skimmed 

milk (∆), water-casein mixtures (◊), and compared to those of the water-trehalose 

system (○). 

 

Conclusion  

We presented an effective procedure to determine diffusivity on the basis of thin film 

drying and gravimetric analysis in a Dynamic Vapour Sorption (DVS) system. The 

approach was verified by checking the effect of the initial drying conditions i.e. mass 

transport in the drying air is not limiting and the initial water content has only limited 

influence on the measured diffusivities.  

We observed that the mutual diffusion coefficients of water in various carbohydrate 

matrices were analogous, which indicates that moisture diffusivity in carbohydrate systems 

is mainly determined by local interactions between water molecules and individual 

hydroxyl groups. The experimental diffusivities were found comparable to model 

predictions of moisture diffusivities of the sucrose-water system, though the model 

underestimated the moisture diffusivity at very high moisture contents. Experimental data 

showed the influence of temperature on moisture diffusivity at different moisture contents. 

Model predictions of moisture diffusivity at different temperatures were found in 

reasonable agreement for the water-trehalose system. At low moisture contents the effect of 
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temperature was not predicted well. The latter was explained by the difference in relaxation 

behaviour interacting with the penetrating solute in the glassy state compared to the rubbery 

state. Finally, the methodology was applied to various other solid matrices and resulted in 

different moisture diffusivities as a function of moisture contents, which was explained by 

different molecular interactions between solutes and water.  

Nomenclatures 

au Hard sphere radius of monomeric unit m 

cs  
the mass concentration of the non-diffusing reference 

component (solids) 
kg·kg-1 

D mutual diffusion coefficient of water in solute m2·s-1 

D0 pre-exponential diffusion factor in Vrentas-Duda equation m2·s-1 

Da 
apparent moisture diffusion coefficient in solute-fixed 

coordinate 
m2·s-1 

DP Degree of polymerization of the carbohydrate molecule – 

E 
energy to overcome the attractive force from neighbouring 

molecule to enable molecule diffusion 
J·mol-1 

F dimensionless flux parameter – 

I 
integrated intensity of the peaks from X-ray diffraction 

experiments 
– 

kB  Boltzmann constant (1.381·10−23) J·K-1 

k  viscosity constant mol·l-1 

K1 free volume parameter m3·g-1·K-1 

K2 free volume parameter K 

m mass  kg  

MU molecular weight of monomeric carbohydrate molecule g·mole-1 

N degree of polymerisation  – 

Q thermodynamic factor for diffusion coefficient – 

rH hydrodynamic radius of the molecules m  

r  absolute distance coordinate m  

R ideal gas constant (8.314) J·mol-1·K-1 
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Shd Sherwood number of the dispersed phase – 

t  time  s 

T temperature  K 

Tg glass transition temperature K 

u  mass concentration on dry matter mass basis 
kg·kg dry 

solid-1 

v molar volume  m3·mole-1 Ṽ∗  specific critical hole free volume m3·kg-1 

w  weight fraction kg·kg-1  

x  molar fraction  m·mole-1 

z  reference component mass centered coordinate –   

Z thickness of the thin film in complete dry condition m  

Greek symbols 

γ overlap factor for shared free volume – 

ξ ratio of solvent and polymer jumping units – 

ρ  density of pure components kg·m-3 

τ dimensionless time in solute-fixed coordinate  – 

φ volume fraction  m3·m-3 

χ Flory-Huggins interaction parameter  – 

ζ reduced distance coordinate –  

Subscripts 

i, j components i and j  

s solute  

ss  surface  

ref reference  

w water  

self self-diffusion coefficient for specific component  
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Chapter 4  

Enzyme inactivation kinetics: coupled effects of 

temperature and moisture content 
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Abstract 

Enzymes are often dried for stability reasons and to facilitate handling. However, they are 

often susceptible to inactivation during drying. It is generally known that temperature and 

moisture content influence the enzyme inactivation kinetics. However, the coupled effect of 

both variables on enzyme inactivation within a broad temperature-moisture content range is 

still not well understood. Therefore, the inactivation of β-galactosidase in maltodextrin 

matrix is investigated using a newly developed method. An improved kinetic modelling 

approach is introduced to predict the inactivation over large range of temperature-moisture 

values. The model assumes a two-step inactivation mechanism involving reversible 

unfolding and irreversible inactivation. The model is able to describe the inactivation 

kinetics of β-galactosidase accurately showing the temperature-dependent kinetic transition 

from reversible unfolding to irreversible inactivation limited. Application of this approach 

can provide immediate understanding of the effect of processing on enzyme inactivation 

and indicates the processes’ critical points, which offer the possibility for optimisation.  

 

Keywords: enzyme, inactivation kinetics, temperature, moisture content, drying 
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Introduction 

Many applications have been developed in the chemical, food and biotechnological 

industry that utilize enzymes to produce or improve products. To facilitate handling and for 

stability reasons industrial enzymes are often dried. Unfortunately, enzymes are heat 

sensitive and thus may be inactivated during drying, either partly or completely, depending 

on the specific drying procedure applied (110-112). Enzymes that are susceptible for heat 

inactivation are for example glucose oxidase, β-galactosidase, alkaline phosphatase, and 

lactate hydrogenase (7). Generally, it is found that the rate of enzyme inactivation increases 

with temperature and moisture content (6, 10, 113, 114). Kinetic modelling of the enzyme 

inactivation helps to understand how to optimise drying processes with respect to maximum 

retention of enzyme activity (67).  

One of the major challenges for kinetic modelling of enzyme inactivation during drying is 

to accurately describe the combined effect of temperature and moisture content on 

inactivation in a broad range. This is essential, since particles are subjected to this broad 

range of temperature-moisture content combinations during a single drying process. 

Luyben et al. (114) describe an approach to model the kinetics of enzyme inactivation 

during drying, which was later modified by Yamamoto and Sano (6). Both references 

include the combined effect of temperature and moisture content on inactivation. To 

calibrate kinetic models for a specific enzyme, usually heating experiments are carried out 

at a constant temperature and constant moisture content. Heat inactivation studies in dilute 

solutions are very much straightforward.  However, collection of accurate inactivation data 

at lower moisture contents is less straightforward. Several procedures have been developed 

to investigate the inactivation at low moisture content, for example, in a dedicated 

inactivation cell (115).  

In this paper an improved kinetic modelling approach is introduced to predict enzyme 

inactivation over a broad range of temperature and moisture values. The approach assumes 

a two-step enzyme inactivation mechanism that includes a reversible unfolding and an 

irreversible inactivation step. The major difference of this approach with previous work is 

that it also takes into account the reversible unfolding reaction instead of irreversible 

inactivation alone. Taking this approach, it is expected that we can describe enzyme 

inactivation over a large range of temperatures and (low) moisture levels, making it feasible 
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to more accurately describe enzyme inactivation during drying. A disadvantage of such a 

more complex inactivation model is that the number of parameters increases (from 5 to 9). 

To alleviate this complication, we adopted the conformational stability theory to better 

describe the reversible unfolding of proteins from a thermodynamic point of view (116). 

Besides the more mechanistic approach in describing the unfolding process the latter also 

leads to a reduction of the number of parameters in the model (to 8).  Finally, the 

transitional-state theory (117) is adopted to replace the Arrhenius equation for describing 

the dependence of inactivation on temperature. The transitional-state theory provides a 

more mechanistic approach in describing enzyme inactivation as a thermodynamic 

transition (118). 

The kinetic modelling approach introduced here was compared to the previously published 

model by Luyben et al. (1982) and was evaluated for its accuracy in describing enzyme 

inactivation as a function of temperature and moisture content. The model by Luyben is to 

our knowledge the only published semi-mechanistic model applied to describe enzyme 

inactivation for a wide range of moisture contents. We used β-galactosidase in a 

maltodextrin solution as a model system. The enzyme inactivation kinetic constants were 

collected from heating experiments with temperatures between 55 and 130 °C and with 

moisture contents between 0.01 and 0.98. Dedicated experimental procedures were used to 

obtain accurate data at these varying temperatures and moisture contents.  

Theory 

Enzyme inactivation kinetics 

Enzyme inactivation can be described by a reversible unfolding reaction followed by an 

irreversible reaction. The latter reaction leads to complete inactivation of the enzyme (119-

123). This can be captured in the following reaction scheme: 

IUN
kk

k

21

1
→↔

−
  

where N is the native enzyme, U is the unfolded enzyme, and I is the inactivated enzyme.  
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In the case of β-galactosidase and also for many other enzymes, the reactions involved are 

usually described by first order kinetics (6, 36). The formation rate of the inactivated 

enzyme, r I, is thus 

Uk
dt

dI
rI 2==        (4-1) 

The unfolded enzyme U is assumed to refold completely upon cooling and convert back to 

N. By assuming that N and U are in instant equilibrium, the inactivation rate can be 

described by a first order reaction as a function of N+U, which is measured as N after 

cooling: 

( )UNk
dt

)UN(d
obs +=+−  ;  0NIUN =++  (4-2) 

with N0 is the initial enzyme activity and kobs (observed inactivation rate constant) described 

as (36) 
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in which K1 is the unfolding equilibrium constant, k1, and k-1 are the unfolding and 

refolding kinetic constants, and k2 is the irreversible inactivation kinetic constant.  

Model 1 

The temperature dependence of enzyme inactivation kobs can be described with the 

following modified Arrhenius equation (6, 114):  
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where T is temperature, Tref is reference temperature, kref  is the inactivation rate constant at 

Tref, Ea is the activation energy, and R is the ideal gas constant. 

A lower moisture content has a decreasing effect on the rate of inactivation of enzymes (6, 

36, 114, 124). Luyben et al. (1982) modelled the influence of moisture content on enzyme 

inactivation by making the reaction rate coefficients (kref and Ea) of the Arrhenius equation 
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(Eq. 4-4) dependent on moisture content. The model, now referred to as Model 1, can then 

be rewritten into (see Appendix for the derivation of this equation from the original model 

by Luyben et al. (114)): 
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(4-5) 

where xw is the mass fraction of water, kobs(T,xw) is the enzyme inactivation kinetic constant 

at specific T–xw, kw(T) and ks(T) are the inactivation kinetic constants at infinite dilution (xw 

= 1) and in pure solid form (xw = 0) respectively as a function of temperature (as is 

described by Eq. 4-4), and p is an empirical parameter that describes the effect of the 

moisture content on the enzyme inactivation kinetic constant. Overall, this model contains 

five parameters; viz. kref and Ea for the inactivation at xw = 1 and xw = 0, and the parameter 

p.  

Model 2 

To describe enzyme unfolding, the conformational stability theory is adopted (125). The 

enzyme stability can be derived from measuring the free energy difference for enzyme 

unfolding in a solution and in pure water (∆∆G) (116). It is generally found that the free 

energy difference, and thus the conformational stability, is linearly related to the 

concentration of solids present in the solution (124, 126, 127): 

mS
K

K
lnTG

w,

=








−=

1

1R∆∆       (4-6) 

where the value of parameter m may be positive (promote enzyme unfolding) or negative 

(prevent the enzyme from unfolding), S is the solute concentration, and K1,w is the enzyme 

unfolding equilibrium constant in very dilute solution.  

In this study, the concentration of solids is approximated by the solid mass fraction. This is 

valid if the volume change upon mixing is negligible (79). Rewriting Eq. 4-6 and 

approximating the solute concentration with the solids mass fraction, the native-denatured 

enzyme equilibrium constant at a specific moisture content can be described as 
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with parameter m to quantify the effect of moisture content on protein unfolding.  

The subsequent irreversible inactivation step is described similar to Model 1; the 

irreversible inactivation kinetic constant is as defined in Eq. 4-5. The temperature 

dependencies of K1,w, k2,w, and k2,s are described with the transitional-state theory (117). To 

reduce the correlation between parameters, the temperature is reparameterized (119) 
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where kB is Boltzmann’s constant (1.381·10-23 J.K-1), h is Planck’s constant            

(6.626·10-34 J.s-1), ∆S‡ is the activation entropy and ∆H‡ is the activation enthalpy. 

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

inactivation) gives 
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which can be simplified to 
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activation entropy and activation enthalpy differences between unfolding and refolding 

reactions, respectively. Therefore, Eq. 4-7 can be rewritten into 
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For the second, irreversible inactivation step, the moisture content is believed to influence 

∆S‡ and ∆H‡ (6, 114).  To reduce the number of parameters a new parameter Tint is 

introduced, instead of describing ∆S‡ and ∆H‡ as a function of moisture content. Tint is the 

temperature at which k2 is not temperature dependent. Via the introduction of this 

parameter, the model equations can be simplified, which has also its advantage for the 

parameter optimization procedure.  Equalizing the value of k2 using transitional state theory 

(Eq. 4-8) for xw = 1 and xw = 0 gives 
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Therefore, the ratio between k2,s and k2,w at a given temperature is 
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Substitution of Eq. 4-13 into Eq. 4-5 gives 
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The kinetic constants of the two-step enzyme inactivation are described by Eq. 4-11 and 

Eq. 4-14. In Eq. 4-11, three parameters need to be optimized, viz. ∆∆S‡, ∆∆H‡, and m. In 

Eq. 4-14, five parameters need to be optimized, viz. ∆S‡
2,w, ∆H‡

2,w, ∆H‡
2,s, Tint, and p. 

Therefore, in total, eight parameters have to be fitted to the kobs calculated from the 

experimental data. 
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Materials and methods 

Sample preparation 

The enzyme solution was prepared by dissolving 250 mg β-galactosidase from A. oryzae 

(Sigma-Aldrich, Germany) into 4750 µl buffer solution and filtered with 0.2 µm sieve 

(Sartorius Stedim Biotech GMBH, Germany). The maltodextrin solutions were prepared by 

dispersing maltodextrin DE 4-7 (Sigma-Aldrich, Germany) in buffer solution. The buffer 

solution was prepared by mixing 0.2 M Na2HPO4 (Sigma-Aldrich, Germany) and 0.1 M 

Citric Acid (C6H8O7) solutions (Sigma-Aldrich, Germany); pH of the buffer was adjusted to 

6.00 ± 0.01.  

Heating tests 

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

moisture content (<40 % w/w maltodextrin), whereas the second method is required for the 

more concentrated mixtures (> 40 % w/w maltodextrin). 

1. At high moisture content: A sample of 480 µl maltodextrin solution (0 %, 10 %, 20 % 

and 40 % w/w) was heated to the desired temperature in a 2 ml vial (Eppendorf AG, 

Germany) using a Thermomixer (Eppendorf AG, Germany). Subsequently, 20 µl of a 5 

% w/w enzyme solution was added to the heated matrix solution. After heating for the 

required time, 1500 µl cold buffer solution was added and the tube was immediately 

submerged into an ice bath to quickly decrease the temperature and avoid further 

inactivation. Subsequently, the sample was stored at 7 °C for 12 h prior to the activity 

measurement to allow refolding of the unfolded enzyme. 

2. At low moisture content: 10 µl of 5 % w/w enzyme solution was mixed with 90 µl of 20 

% w/w maltodextrin solution and dispensed on an Accurel® type PP 2E HF membrane 

(Akzo Nobel, The Netherlands). Subsequently, the solution was dried with an air flow 

at ambient temperature. The relative humidity of the contacting air was adjusted to 

obtain specific final moisture content. The drying time was dependent on the amount of 

water to be removed, e.g. for a final moisture content of < 1 %, the drying time was 72 

h, while for a final moisture content larger than 10 %, 24 h of drying was sufficient. 

Subsequently, the preconditioned sample was sealed airtight in a pipette tube (Thermo 

Fischer Scientific, USA) prior to the heating tests. The sample was heated to the 
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desired temperature by contacting it with dry air of the desired temperature for a 

certain time. Heating up of the sample was on average complete within 1 minute, 

which is negligible compared to the time for which a sample was generally kept at the 

desired temperature. After heating, the sample was dispersed into cold buffer solution 

and the final water content was adjusted to 95 % w/w. After being re-dissolved, the 

sample was stored at 7 °C for 12 h prior to the activity measurement to allow refolding 

of the unfolded enzyme.  

Measurement of β-galactosidase activity 

The activity of β-galactosidase was measured using an o-nitrophenyl-ß-D-

galactopyranoside (ONPG) assay (Sigma-Aldrich, Germany). A sample of 20 µl was added 

to 980 µl 0.2 % ONPG solution at 40 °C and incubated for 10 minutes. The ONPG solution 

was pre-heated to 40 °C prior to the sample incubation. The active enzyme cleaved ONPG 

into galactose and o-nitrophenol; o-nitrophenol gave a yellow colour to the solution. The 

enzyme was inactivated by adding 1000 µl 10 % Na2CO3 (Sigma-Aldrich, Germany). The 

absorbance of the sample was immediately measured at 420 nm wavelength using 

spectrophotometer (Beckman Coulter, Inc., USA).  

Data acquisition and modelling procedures 

The observed inactivation kinetic constant (kobs) at specific T-xw combination is calculated 

from the residual enzyme activity applying the first order inactivation kinetics (Eq. 4-2). 

The first order kinetic model was first tested to describe the effect of treatment time at 60 

°C and xw = 0.98, 0.88, and 0.78. It was found that the first order kinetics was sufficient to 

describe the β-galactosidase inactivation and therefore for further analysis, only one 

specific treatment time was used for each T-xw combination. This treatment time was 

chosen at the most sensitive inactivation region (N/N0 around 0.5), for example, at T = 

121.5 °C and xw = 0.01, the treatment time applied was 750 s while at T = 60 °C and xw = 

0.98, the treatment time applied was 600 s. The experiments at specific T-xw combination 

were carried out in triplicate. The observed inactivation kinetic constant at a specific T-xw 

combination was then calculated from the average residual enzyme activity using first order 

inactivation kinetics (Eq. 4-2). 
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The parameter optimisation was carried out using a non-linear least square method solved 

using the Levenberg-Marquardt algorithm (128). The optimization was split in two parts. A 

first optimisation was performed for the experimental data assuming infinite dilution (xw = 

0.98). From this the following parameters were obtained, viz. ∆∆S‡
1,w, ∆∆H‡

1,w, ∆S‡
2,w, and 

∆H‡
2,w. The second optimization was carried out for the entire dataset to obtain the values 

of parameters ∆H‡
2,s, m, p, and Tint.  Following this procedure, the parameter optimization 

was less troubled by local optimum values and thus provided the most accurate results. The 

confidence intervals of the parameters (P = 0.95) were estimated using the Hessian matrix, 

which was derived from the Jacobian matrix of the solution (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 rate constant of β-galactosidase as function of 

the temperature and moisture content. The observed inactivation rate constants from 

experimental data were calculated using Eq. 4-2. For this calculation it was taken into 

account that IUNN ++=0  and that the unfolded enzyme U refolds back to the native 

enzyme N upon cooling.  

The observed inactivation kinetic constant increases with increasing temperature and 

moisture content (Figure 4-1). If we observe the inactivation kinetic constant as a function 

of temperature at low temperatures in, i.e. below 60 °C for xw = 0.98 and below 80 °C for 

xw = 0.01, then it can be concluded that the slope of the curve is similar for the different 

moisture contents and thus has similar dependency on temperature. Meanwhile, at higher 

temperatures, the effect of temperature on the inactivation kinetic constant is larger for 

higher moisture contents. The experimental data as represented in Figure 4-1B also show 

that the inactivation kinetic constant of β-galactosidase increases at low moisture content, 

while it remains constant at moisture contents above xw = 0.6, especially between 65 and 73 

°C.   
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Figure 4-1. Inactivation kinetic constant of β-galactosidase; A and C: at xw = 0.98 

(○), 0.39 (◊), 0.14 (∆), and 0.01 (□), B and D: at T = 60 (∆), 65 (◊), 70 (□), and 73 

°C (○). Solid lines represent the fitted model 1 (A and B) and model 2 (C and D). 

The error bar shows the confidence interval (P = 0.95) of the experimental data. 

 

Figure 4-1A and B also show the observed inactivation kinetic constant calculated with 

Model 1. It can be visually observed that the model does not fit well to the experimental 

data. Moreover, the large standard errors for the model parameters as shown in Table 4-1 

indicate that the model fails to adequately describe the experimental results. Specifically, 

the model underestimates the observed inactivation kinetic constant between 80 and 100 °C 

and at lower moisture contents (xw = 0.14 and xw = 0.01). In addition, the Model 1 does not 

include a description of the change in kinetics observed (bend in the curve) at 60 °C for a 

moisture content of 0.98 and at 80 °C for a moisture content of 0.01. This kinetic shift has 

been observed before and is explained by the transition from a rate limiting unfolding 

reaction at lower temperatures, to a rate limiting denaturation reaction at higher 

temperatures (120, 122). The new model proposed here (Model 2) does include this two-
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step reaction mechanism of unfolding and denaturation. Figure 4-1C and D show that the 

model presented in this paper is in better agreement with the experimental data.  

At temperatures below 60 °C with xw = 0.98 and below 80 °C for xw = 0.01, the inactivation 

kinetics is limited by protein unfolding (K1). At higher temperatures, where K1 is much 

larger than 1, the term in [K1/(K1+1)] in Eq. 4-3 approaches 1. Thus the observed reaction 

rate depends primarily on k2; the rate constant for the irreversible reaction from unfolded to 

inactivated enzyme. The difference in temperature at which this transition takes place 

shows that the unfolding behaviour of β-galactosidase is influenced by the water content. 

This kinetic shift temperature is also sometimes referred to as melting temperature or 

denaturation temperature (36).  

The effect of temperature on the unfolding equilibrium constant (K1) is described using Eq. 

4-10. The parameter values of ∆∆H‡ in Eq. 4-10 at T < 60 °C for moisture content 0.98 and 

at T < 80 °C for moisture content 0.01 are similar, viz.  ∆∆H‡ = 3.57·105 ± 0.81·105 for xw 

0.98 and ∆∆H‡ = 3.07·105 ± 1.21·105 for xw = 0.01 (the confidence interval P = 0.95 is 

presented after the estimated parameter value). These values are in accordance with the 

similar slopes of the curves at the low temperatures for different moisture contents (Figure 

4-1). This indicates that at temperatures below the melting temperature of the protein, the 

increase of kobs with temperature is similar for different moisture contents. At the same 

time, the increase of kobs with moisture content at low temperature is similar (Figure 4-1D). 

We know that kobs at these temperatures is primarily determined by the unfolding 

equilibrium (K1). The exponential term in the conformational stability theory (Eq. 4-7) 

describes the dependency of K1 on moisture content, in which parameter m is independent 

of temperature.  

At higher temperatures (> 60 °C for xw = 0.98 and > 80 °C for xw = 0.01), the irreversible 

inactivation is rate limiting. In this regime, the dependence of kobs on the temperature 

becomes stronger as the moisture content increases. This effect is described by the model 

via the dependency of the activation enthalpy on moisture content. The latter effect is 

difficult to comprehend from mechanistic point of view. It can be said that  the irreversible 

inactivation (second step reaction) of β-galactosidase is a complex reaction and may for 
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example involve agglomeration of two or more molecules (36). Decrease of moisture 

content reduces the mobility of the unfolded enzyme and thus decreases the reaction rate.  

Table 4-1. Estimated parameter values for Model A and Model B 

Estimated parametera  

Model A   

kref,w (s
-1) 0.340    (0.088) 

Ea,w (kJ/mol) 431.50  (16.15) 

kref,s (s
-1) 7.87·10-7  (2.64·10-7) 

Ea,s (kJ/mol) 214.0 4 (12.66) 

p  1.16  ( 0.0018) 

Tref (°C)b 76.7  

Standard errorc 7.52·10-2  

Akaike Criterion 139  

Model B   

∆∆S‡
1,w ( J·mol-1K-1) 1.08·103  (0.250·103) 

∆∆H‡
1,w ( J·mol-1) 3.57·105  (0.806·105) 

∆S‡
2,w ( J·mol-1K-1) 6.75·102  (1.173·102) 

∆H‡
2,w ( J·mol-1) 3.28·105  (0.401·105) 

∆H‡
2,s ( J·mol-1) 1.28·105  (0.196·105) 

m  2.60·104  (0.00936·104)   

p  1.16  (0.00562) 

Tint (°C) 33.85 (0.00648) 

Tref (°C)b 60.5  

Standard errorc 5.77·10-2  

Akaike Criterion 122  

a The uncertainty of the parameters at 95 % confidence interval is provided between 

brackets 
b Not optimized 
c  Standard error of ln(kobs) 
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Figure 4-2 A: The unfolding equilibrium constant (K1) as a function of moisture 

value at cooled temperature (25 °C). B: Contour plot of the unfolding equilibrium 

constant (K1) as a function of temperature and moisture value. C: Contour plot of 

the second step inactivation kinetic constant (k2) as a function of temperature and 

moisture value. 
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In Figure 4-2 we show K1 as a function of moisture content at ambient temperature. It can 

be observed that the value of K1 at 25 °C is smaller than 10-6, which indicates that the 

equilibrium instantly shifts towards the native enzyme after cooling to ambient temperature. 

This supports our assumption that the unfolded enzyme will refold completely upon 

cooling.  

The obtained model parameter values and their statistical analysis are shown in Table 4-1. 

Despite the large number of parameters for both models, all parameters have reasonable 

narrow confidence intervals. Statistical analyses were carried out for both model fitting 

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

of parsimony, was used (130).  

 

Figure 4-3. Parity plots of the observed inactivation kinetic constants for model 1 

(left) and model 2 (right). The symbol (□) represents the parity between the 

experimental data and their model prediction and solid line represents 

experimental data = model prediction.  

 

The standard error of Model 2 is lower than that of the Model 1. This indicates that Model 

2 fits better to the inactivation kinetics constant from the experimental results than Model 1. 

The Akaike criterion of Model 2 is found lower than that for Model 1. This indicates that 

Model 2, despite having three fitted parameters more, is preferred above Model 1. This 

preference can be explained by the more adequate description of the kinetic shift, which is 

absent in Model 1.  
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Figure 4-3 shows the parity plots of the natural logarithmic values of the inactivation 

kinetics constants obtained from the experimental data and calculated by the models. From 

the plots it can be observed that there are less outliers for Model 2 compared to Model 1. 

Therefore, we conclude that Model 2 is more suitable to describe the inactivation kinetics 

constant of β-galactosidase.  

Practical application 

A contour plot of the observed inactivation kinetic constant of β-galactosidase estimated 

with the proposed model is presented in Figure 4-4. This contour plot can be helpful to 

optimize the drying of β-galactosidase. Plotting the temperature and moisture content 

history of a certain treatment involving elevated temperatures in the contour plot, can give a 

first insight on the impact of the treatment on the enzyme activity. For example, in case of 

spray drying, inactivation can be reduced by adjusting the temperature and moisture content 

history in such a way to avoid a region with a high inactivation kinetic constant.  

 

Figure 4-4. Contour plot of the inactivation kinetic constant of β-galactosidase. 

The isolines represent the inactivation kinetic constant of β-galactosidase. The 

solid line is the average temperature-moisture content history of a virtual spray 

dried product; symbols (◊) in the line represent a time step of 1 s (note that the 

times steps taken in the calculations are as small as 25 ms). 

 

In Figure 4-4A, the temperature and moisture content history of a virtual product processed 

in an evaporator (15 s) and subsequently in a spray dryer (120 s) is plotted. In the 

evaporator, most of the inactivation takes place in the beginning of the process where the 
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temperature and moisture content are at the highest. To reduce the inactivation rate, one 

may propose a lower initial temperature, which could be compensated by a slowly 

increasing temperature when the moisture level has decreased. 

During drying, the temperature of the product first cools to the wet bulb temperature, and 

then gradually increases again as internal diffusion becomes limiting. The temperature and 

moisture content of the product is assumed uniform, although we are aware that this is not 

the case in reality, especially in spray drying. Figure 4-4A shows that the highest 

inactivation rate constant occurs at moisture contents between 0.2 and 0.25 in the example 

drying process. At this relatively high moisture content, the drying is diffusion limited and 

the temperature approaches the air temperature, with consequently a high inactivation 

kinetic constant. Later in the drying process, the inactivation kinetic constant decreases 

with decreasing moisture content. A criterion can be defined for inactivation, e.g. kobs 

should not exceed 3·10-3 s-1. Therefore, on the basis of Figure 4-4A, one may suggest to 

decrease the temperature of the drying air to decrease the temperature of the product during 

the later stages of the drying process. 

Figure 4-4B shows that the enzyme activity decreases less than 0.5 % after dehydration in 

the evaporator and decreases 3 % after spray drying. The decrease of the activity is faster in 

the beginning of dehydration in evaporator and in spray dryer (Figure 4-4B). This is related 

to the high inactivation rate constant because of the combination of high moisture content 

and high temperature.  In a prolonged drying, the residual enzyme activity levels off 

because of the decrease of the moisture content which implies to the decrease of the 

enzyme inactivation kinetic constant.  

The inactivation kinetic constant is exponentially dependent on temperature and moisture 

content, which means that small deviations in kinetic constant have large consequences for 

the final enzyme activity. Therefore, good quantification of the inactivation kinetics is a 

prerequisite for accurate prediction of the influence of thermal processing on residual 

activity of a component. The developed kinetic modelling approach can be supportive in 

this respect. 
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Conclusion 

Dewatering and drying processes have large impact on the activity of enzymes in the 

product. Kinetic modelling of enzyme inactivation can be of great help in evaluating and 

optimising the impact of thermal processing or more specific drying on enzyme activity. 

Although it is generally known that temperature and moisture content have both impact on 

the inactivation kinetics, the coupled effect of both variables on enzyme inactivation within 

a broad temperature-moisture content range are still not well understood. This applies 

especially to the evaluation of processes which involve many different temperatures and 

moisture levels, for example cooking (baking, boiling), drying, spray drying, and 

evaporation.  

The effect of temperature and moisture content on the β-galactosidase inactivation kinetic 

constant was described by a new kinetic model (Model 2), assuming a two-step inactivation 

mechanism. This model used the theory on conformational stability to describe enzyme 

unfolding kinetics and Eyring’s transitional-state theory to describe the dependency of 

enzyme inactivation on temperature. It was found that Model 2 could accurately describe 

the inactivation kinetics of β-galactosidase, including the transition from reversible 

unfolding limited to irreversible inactivation limited inactivation. From statistical analysis it 

was further concluded that the proposed model performs better than Luyben’s model (114), 

despite the fact that the model has three more parameters.  

Finally, a contour plot was constructed to sketch the temperature and moisture content 

history of a combined evaporation and drying process. Such a plot provides immediate 

understanding of the effect of processing history on enzyme inactivation and indicates the 

critical points in the process with respect to enzyme inactivation.  

Nomenclature 

A Enzyme activity – 

Ea Activation energy  J·mol-1 

∆∆G Gibbs’ free energy difference for protein unfolding in a 

solution with infinite dilution (xw = 1) and in pure solid form 

(xw = 0) 

J·mol-1 
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h  Planck’s constant (6.626·10-34) J.s 

∆H‡ Activation enthalpy J·mol-1 

∆∆H‡ Activation enthalpy difference between unfolding and 

refolding reaction 

J·mol-1 

I Inactivated enzyme – 

k  inactivation kinetic constant s-1 

kB  Boltzmann’s constant (1.381·10-23) J.K-1 

K1 Reversible unfolding equilibrium constant mol·mol-1 or 

s·s-1 

m  Parameter to describe the effect of moisture content on the 

conformational stability of protein 

– 

N Native enzyme – 

p  Parameter in the Model 1 to describe the effect of moisture 

content on inactivation kinetic constant 

– 

P The uncertainty of the parameters  – 

r  Inactivation rate mol·s-1 

R Ideal gas constant (8.314) J·mol-1K-1 

S Concentration of solids mol  

∆S‡ Activation entropy  J·mol-1K-1 

∆∆S‡ Activation entropy difference between unfolding and refolding 

reaction  

J·mol-1K-1 

t  Time s 

T Temperature  K 

U Unfolded enzyme – 

x  Mass fraction (kg·kgtotal-1) 

   

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 inactivation  

crit Critical  

I Inactivated enzyme  

int  Intercept   

obs Observed  

ref  Reference  

s  In  pure solid form (xw = 0)   

w  In a solution with infinite dilution (xw = 1)  

   

Appendix 

Derivation of Eq. 4-5 

The effect of temperature and moisture content on the inactivation kinetics constant is 

described by 
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Substitution of Eq. 4-A2 and 4-A3 to Eq. 4-A1 gives 
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The equation above can be rewritten into 
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Rearrangement of the equation above returns 

( ) ( )
































−
⋅−































−

+−









−−






















−−=

w

w

ref

a,w

ref,w
ref

a,s
ref,s

ref

a,w
ref,w x

x
p

TT

E

k
TT

E
k

TT

E
kk

1
exp

11

R

ln
11

R
ln

exp
11

R
exp

 

Equation above can be simplified into  
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Chapter 5  

Mimicking spray drying by drying of single droplets 

deposited on a flat surface 
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Abstract 

The inactivation of bioactive ingredients during spray drying is often matrix specific. 

Therefore, the design of new processes or the optimisation of existing spray drying 

processes is usually highly product specific and requires numerous experiments. Rapid 

experimentation methods that facilitate fast data generation are therefore desired.  

A novel method for drying single droplets to mimic spray drying is proposed. The approach 

involves droplet deposition on a hydrophobic flat surface followed by controlled drying. A 

heat and mass transfer model is applied to predict the drying history of the single droplets. 

The approach is successfully evaluated through studying the inactivation of β-galactosidase 

during drying. The heat and mass transfer model supplemented with inactivation kinetics 

provided reasonable prediction of the residual enzyme activity after drying. In addition, the 

inactivation kinetics could be directly extracted from single droplet experiments rather than 

using the kinetics from separate heating experiments. Finally, it was demonstrated that the 

inactivation kinetics found with the single drop experiments could satisfactorily predict the 

residual activity of β-galactosidase dried with a laboratory scale spray dryer.  

 

Keywords: enzyme, temperature, moisture content, inactivation kinetics, spray drying, 

single droplet  
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Introduction 

Spray drying belongs to the most common drying techniques for liquid food products. The 

fine atomisation of the product and the subsequent fast evaporation of water makes it 

especially suitable to formulate heat-sensitive products (11, 131). Despite the relative mild 

conditions during drying, (partial) inactivation of bioactive compounds such as enzymes, 

antioxidants, and vitamins cannot be avoided. Optimisation of the spray drying conditions 

and addition of stabilizers is often required to retain maximum activity (2, 8, 132). In 

practice, numerous expensive pilot-scale trials are executed to explore different product 

formulations and to find optimum drying conditions.  

Modelling tools are frequently used to accelerate process development and optimisation in 

spray drying. The availability of reliable inactivation kinetics – usually highly product-

specific – is a prerequisite for this. Kinetic models require experimental data from drying 

experiments for parameter calibration. Pilot scale experiments are not ideal for this as they 

are expensive, time consuming, and involve the evaluation of complex process conditions. 

A more efficient alternative is the application of small-scale representative drying 

experiments. 

Once reliable inactivation kinetics are obtained, a process model of the dryer can be used to 

predict the impact of the drying on the remaining ingredient activity. Subsequently, the 

model can be used to approximate optimal drying conditions and product formulations in a 

more systematic way (9, 10, 114, 133, 134).  

Small-scale spray drying has been carried out in laboratory scale spray dryers (102, 135, 

136). However, major differences between laboratory and industrial spray dryers are the 

smaller droplet size, caused by the different method of atomisation, and the shorter 

residence time in the laboratory spray dryer (11, 137). Since the laboratory spray dryer can 

(due to its design and dimensions) only cover a limited range of droplet sizes and drying 

times and it produces droplets with a size distribution (not monodisperse), it is virtually 

impossible to extract sufficient representative experimental data to calibrate a kinetic 

model. 

Another approach is the drying of single droplets under well-controlled conditions. In this 

approach a small droplet is generated, immobilized, and subsequently dried by contacting it 

with well-defined drying air. Examples are drying of a droplet that is non-intrusively 
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levitated using for example acoustic, aerodynamic, or electromagnetic levitation (49, 59, 

138), intrusively levitated that is in pendant or filament (139, 140), or that is deposited on a 

flat surface (67).  

In this study, the latter method is followed (67). The major advantages of this method are 

the possibility to vary droplet size and residence time, and to dry multiple droplets at once 

to obtain higher volume of sample. The minimum droplet diameter can be adjusted to 150 

µm which is only slightly bigger than the typical droplet size in industrial spray dryers; a 

comparable droplet size is critical to accurately mimic the kinetics in spray drying (138, 

141). The challenge in using this approach is the presence of the flat surface. This surface 

for example affects the spherical shape of the droplet. Therefore, a hydrophobic surface is 

used to minimize the contact between the droplet and the surface and to retain the spherical 

shape. Other differences introduced by the presence of the surface are the air flow velocity 

and the air temperature near the droplet, which deviate from the bulk conditions (142). By 

monitoring the air temperature near the droplet and by modelling the air flow and heat 

transfer across the drying surface, the influence of the surface on the drying conditions can 

be quantified.  

This study focuses on the drying of the enzyme β-galactosidase suspended in a 

maltodextrin matrix. The enzyme β-galactosidase is selected as the model enzyme in this 

study, because it is an industrial relevant enzyme applied for production of lactose-

hydrolysed milk and whey. Additionally, its activity can be easily determined and its 

inactivation kinetics has been studied before, though under steady-state conditions, 

providing strong basis for this study (6, 68, 143). The inactivation kinetics of β-

galactosidase from the previous studies were combined with the heat and mass transfer 

model to predict the residual activity of β-galactosidase during the single droplet drying 

experiments. Finally, the predictive value of the model was also checked by drying of β-

galactosidase in a laboratory spray dryer system.  

Modelling and statistical evaluation  

This section consists of four parts: 1) model description for a single droplet drying, 2) 

modelling temperature and air flow distribution across the flat plate, 3) inactivation kinetics 

of β-galactosidase, and 4) parameter optimisation and statistical evaluation. 
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Model description for single droplet drying 

In analogy to several previous studies a heat and mass transfer model is used to describe the 

drying of a sessile single droplet (50, 59, 144). The sessile droplet is approximated as a 

spherical droplet and it is thus assumed that the diffusion occurs only in the radial direction. 

For the small droplet sizes considered the temperature gradient inside the droplet could be 

neglected. This assumption is valid if Bi <0.1. The Biot number (Bi) is defined as the ratio 

of external heat transfer (between air and droplet) and the internal heat transfer (in the 

droplet) (145). 

�� = K/L�L        (5-1) 

In this study, Bi is around 0.02. 

The following differential equation is used to describe the droplet mass change in time 

− /tL/� = >�4C�/� �uq #Eu�u���rL − ��r�$    (5-2) 

where md is the mass of the droplet, t is the time, kc is the mass transfer coefficient, Rd is the 

droplet radius, Mw is the molecular weight of water, R is the ideal gas constant, aw is the 

water activity, Pw
sat is the saturated vapour of water at Td, Td is the temperature of the 

droplet, P∞ is the vapour partial pressure in the bulk air, and T∞ is the bulk air temperature. 

The developing moisture gradient inside the droplet is described by Fickian diffusion 

	�u	� = �m,/ 		 #	�u	 $      (5-3) 

With Cw is the water concentration, Dw,d is the effective diffusion coefficient of water in the 

droplet, and r is the radial coordinate. The boundary conditions applied here are 

d = 0, 0 ≤ � ≤ �/; 							/�u/ = 0  

d = d, � = 0;								/�u/ = 0  

d = d, � = �/; 							−�m,/ /�u/ =	>�4C�/� �u� #Eu�u���rL − ��r�$  

The temperature change of the droplet is described by the following enthalpy balance: 
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Q�m��,m +����,�R /rL/� = ℎ/4C�/�+�� − �/. − /tL/� �h�  (5-4) 

with ms is the mass of the solute, cp,w and cp,s the heat capacity of the water and the solute 

respectively, hd the heat transfer coefficient to the droplet through convection, and Hlv is the 

evaporation enthalpy of water.  

The coupled heat and mass transfer models were solved numerically using 100 radial layers 

in the droplet. In each layer the same solute mass (ms) was calculated according to 

�� =  �,& ¡L,�¢        (5-5) 

with Cs,0 is the initial solute concentration and Vd,0 is the initial volume of the droplet. 

Since the initial solute concentration is assumed homogenous, the initial solute mass 

distribution is approximated with the initial volume distribution. The radial position of the 

ith layer from the centre of the droplet can be calculated as follows 

�� = #� ∙ qL¢ �$H/�       (5-6) 

with n is the total number of layers for numerical integration. The layer thickness ∆r is 

∆�� = ¤ �� , � = 1�� − ��3H, � ≥ 2      (5-7) 

The volume of each layer V is then 

¦ = tu�u + t���        (5-8) 

with ρw and ρs are the densities of water and solute, respectively. The average water 

concentration is then defined as 

 m = tu¡ = tu§u¨uI§�¨�       (5-9) 

Reorganizing Eq. 5-9 results in 

�m = t��� �u#H3©u¨u$       (5-10) 
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The droplet shrinks upon drying due to the evaporation of water. This shrinkage influences 

the heat and mass transfer within the droplet. The model was therefore corrected to describe 

the decrease of layer thickness due to shrinkage (146). This correction was based on the 

water concentration in every layer at t > 0 that is calculated from Eq. 5-3 (147). From the 

water concentration, the new volume of the layer was recalculated as 

¦ = t��� #1 + H+�u3�u.$      (5-11) 

The radial coordinate of every partition was corrected using this new volume. The radius of 

the ith partition is 

�� = ª�#∑ ¡��� $PO ¬H/�      (5-12) 

The thickness of every partition could be recalculated using Eq. 5-7. To solve the model, 

several closure equations like heat and mass transfer coefficient, water activity, moisture 

diffusion coefficient, and vapour pressure are required, which are tabulated in Appendix 

(Table 5-A1). 

Modelling temperature and air flow distribution across the flat plate 

In this study, the droplet was deposited on a flat plate. The drawback of this configuration 

is that in addition to heat transfer from the air to the droplet, also heat is transferred from 

the air to the flat plate through convection. This heat is further transferred from the plate to 

the droplet through conduction. It is of major importance to quantify the heat transfer 

between the flat plate and the droplet and compare this to the convective heat transfer via 

the drying air. The conductive heat transfer between the flat plate and the droplet is 

preferably as low as possible, when one wants to mimic the drying of a droplet suspended 

in air. By using a hydrophobic surface, the contact area for conductive heat transfer has 

already been reduced. Furthermore, the temperature in the air near the flat plate deviates 

from the bulk air temperature affecting the drying process. Therefore a model description of 

the temperature gradients within the plate and in the air near the plate was developed.  

To minimize turbulence (eddy formation) near the edge of the depositing plate, a thin flat 

plate is used rather than a blunt-edged plate. However, the presence of the flat plate still 

influences the flow pattern of the drying air above the plate, i.e. near the droplet (Figure 
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5-1). A boundary layer model according to Mosaad (148) is used to describe the air flow 

and temperature distribution across the flat plate: a hydrodynamic boundary layer is defined 

for the air flow distribution and a thermal boundary layer for the temperature distribution 



� = �� #�$ − H� #�$� ; 					0 ≤ � ≤ ®	    (5-13) 

r3r�r̄ ,°3r� = 1 − �� # ��$ + H� # ��$� ; 							0 ≤ � ≤ ®�   (5-14) 

with z is the height coordinate from the surface of the flat plate, u is the air velocity at z, u∞ 

is the bulk velocity of air, υ is the kinematics viscosity of air, Tp,x is the temperature of the 

surface of the flat plate at distance x (at the front edge of the flat plate, x = 0), T∞ is the bulk 

air temperature, δ is the hydrodynamic boundary layer at distance x, and δt is the thermal 

boundary layer. The hydrodynamic boundary layer for u = 0.99u∞ is (142) 

® = 5² ³´
� 5-15      (5-16) 

and δt is thermal boundary layer at distance x 

®� = ¤µ�3H/�, µ� ≤ 1µ�, µ� > 1      (5-17) 

The heat transfer coefficient between the air and the flat plate hp is approximated by (149) 

ℎ� = 0.332 ��´b/� #
�� $µ�H/�; µ� = �¯,�¸���    (5-18) 

with λa is the thermal conductivity of air, Pr is the Prandtl number of air, cp,a is the heat 

capacity of air, and µa is the dynamic viscosity of air. The value of λa, cp,a, and µa are 

temperature dependent; in Eq. 5-18, the value are evaluated at T = (Tp+T∞)/2. 

The heat transfer coefficient decreases as a function of the x-coordinate (Eq. 5-18) and is 

calculated locally. It was estimated numerically; i.e. assuming a ∆x at distance L from the 

front side of the plate, the average heat transfer coefficient is obtained by integrating hp 

along ∆x 

ℎ�,E�¹ = 0.664 ���b/� µ�H/� T#
�» $H/� − # 
�»I∆´$H/�Y
   

(5-19) 
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where hp,avg is the average local heat transfer coefficient. 

 

Figure 5-1. Sketch of a single droplet drying on a flat plate with the air flow 

pattern and governing heat transfer processes indicated. The sessile droplet is dried 

on a thin plate consisting of a hydrophobic membrane (0.15 mm) on top of a 

stainless steel platform (1.00 mm). 

 

The non-uniform heat transfer rate across the plate contributes to the development of a 

temperature gradient within the plate. The temperature distribution within the plate is 

described with a one-dimensional partial differential equation (150). It is assumed that no 

temperature gradient in the y-direction (perpendicular to the air flow direction) and in the z-

direction (within the plate; because of the small thickness, i.e. 150 µm) 

	r̄	� = �¯�¯�¯,¯ T	�r̄	´� + K¯,�¼{Qr�3r̄ R��¯ Y     (5-20) 

with ρp is the density of the plate, Z is the thickness of the flat plate, and λp is the thermal 

conductivity of the flat plate. The boundary layer applied here are that near the droplet the 

flat plate temperature is equal to the droplet temperature and at the edge of the flat plate (far 

from the droplet) the temperature gradient of the flat plate is 0. 

Equations 5-14 and 5-20 were solved numerically to estimate the temperature distribution 

history within and above the flat plate. The predictions were validated by simple 

temperature measurements at different heights above the plate. 
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To estimate the conductive heat transfer between the surface and the droplet and compare it 

to the convective heat transfer between the air and the droplet, the conductive heat flux Q 

through the contact surface of the droplet was estimated according to  

j = ½�2C�/� ∆r¾¿ÀL∆´¾¿ÀL      (5-21) 

with ∆Tcond/∆xcond is the temperature gradient in the partition layer of the flat plate that is 

closest the droplet. It was found that the conductive heat flux was smaller than 5 % of the 

total heat transferred to the droplet regardless of its position. Therefore, it can be safely 

assumed that most heat is transferred via convective heat transfer. 

Inactivation kinetics of β-galactosidase 

The inactivation rate of the β-galactosidase is affected by the temperature and moisture 

content of the droplet, which both change with time. A kinetic inactivation model for β-

galactosidase is developed in earlier work and calibrated using constant heating 

experiments (68). In the latter experiments, the suspended enzyme is exposed to various 

temperature-moisture value combinations for a specific time and the remaining enzyme 

activity is measured. The inactivation kinetics are described by a two-step inactivation 

process and the observed inactivation coefficient (kobs) is described as 

>ÁÂ� = # zbHIzb$ >�      (5-22) 

with 

ÃH = nfo T∆∆J‡b,uq − ∆∆�‡b,uqrB�� Y nfo ª− ∆∆�‡b,uq THr − HrB��Y¬ nfo #− i+H3´u.qr $ (5-23) 

>� = ÅÆrK nfo T∆J‡�,uq − ∆�‡�,uqrB�� Y nfo ª∆�‡�,uqr THr − HrB��Y¬ nfo ª− ∆�‡�,§3∆�‡�,uq #Hr −
Hr�À�$ nfo #−Ç ´uH3´u$¬      (5-24) 

where K1 is the reversible unfolding equilibrium constant, k2 is the complete denaturation 

rate constant, ∆∆S‡
1,w is the activation entropy difference between the unfolding and 

refolding reactions in pure water, ∆∆H‡
1,w is the activation enthalpy difference between the 
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unfolding and refolding reactions in pure water, kB is Boltzmann’s constant, h is Planck’s 

constant, the ∆S‡
2,w is the activation entropy of complete denaturation in pure water, ∆H‡

2,w 

is the activation enthalpy in pure water, ∆H‡
2,m is the activation enthalpy in pure solid form 

(i.e. no moisture), f describes the effect of moisture content on conformational stability of 

the enzyme, g describes the effect of moisture content on the irreversible inactivation 

(second step) kinetic constant of the enzyme, and Tin is the intercept temperature at which 

k2,w/k2,s= 1. 

Alternatively, the enzyme inactivation can also be regarded as a one-step inactivation 

process in which the native enzyme is irreversibly inactivated. Then 

>ÁÂ� = >�       (5-25) 

An advantage is that this approach involves only 5 parameters to fit instead of 8 in the two-

step model. The effect of the temperature is then still described using the transitional state 

theory as shown in Eq. 5-24. 

Parameter optimization and statistical evaluation 

To directly extract the kinetics from single droplet drying experiments the following 

approach was taken: 

1. The temperature and moisture content histories of several droplets were predicted 

using the drying model (Eq. 5-3 and 5-4). 

2. The inactivation kinetic constants were optimised to fit the measured residual 

enzyme activities after the drying for all droplets simultaneously.  

The parameter optimisation was carried out using a non-linear least square method solved 

using the Levenberg-Marquardt algorithm (128). The confidence interval of the parameters 

(p = 0.95) were estimated using the Hessian matrix, which was again derived from the 

Jacobian matrix of the solution (129). All calculations were performed with MATLAB 

version 7.10.  
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Materials and methods 

Sample preparation 

The enzyme, β-galactosidase from Aspergillus oryzae (Sigma-Aldrich, Germany) was 

dissolved in a buffer solution. The solution was then filtered with a 0.2 µm Minisart sterile 

sieve (Sartorius Stedim Biotech SA, Germany) and stored overnight in a refrigerator. The 

maltodextrin, with DE 4-7 (Sigma-Aldrich, Germany) was dissolved in a buffer. The buffer 

was prepared from 0.2 M Na2HPO4 (Sigma-Aldrich, Germany) and 0.1 M Citric Acid 

(C6H8O7) solutions (Sigma-Aldrich, Germany). The pH of the buffer was adjusted to 

6.00±0.01.  

The feed for single droplet drying experiments was prepared by mixing 600 µl 2.5 % w/w 

enzyme solution and 2400 µl 25 % maltodextrin solution. The feed for the laboratory scale 

spray dryer was prepared by mixing 4 ml 2 % w/w enzyme solution and 96 ml 20.8 % w/w 

maltodextrin solution. A lower enzyme concentration is used during the laboratory scale 

spray dryer experiments. The major reason was that a larger sample volume could be easily 

obtained for performing the enzyme activity test. This is allowed, since at low enzyme 

concentration, the inactivation kinetics of β-galactosidase is not affected by its 

concentration (6).  

Deposited droplet drying experiments 

The single droplet drying experiments involved the subsequent steps: droplet generation, 

droplet drying, rehydration, and enzyme activity measurement. A micro-dispenser was used 

to generate the droplet as described by Perdana et al. (67). The droplet was deposited on a 

polypropylene membrane (Akzo Nobel Faser Ag., The Netherlands) positioned on a 

platform from stainless steel slab; the thickness of the membrane was 0.15 mm and the 

stainless steel slab was 1 mm. The droplet was then positioned in a drying tunnel (Figure 

5-2). By guiding the drying air through a porous medium, a uniform flow distribution could 

be achieved within the tunnel. The tunnel was insulated and heated with heating oil to 

ensure that the air temperature was constant. The temperature and relative humidity of the 

air bulk air was monitored using SHT75 temperature and humidity sensor (Sensiron AG, 

Switzerland). The temperature near the droplet was monitored using a thermocouple Type 

K (NiCr-NiAl) (RS Component, United Kingdom) with probe diameter 250 µm. 

Furthermore, the setup was equipped with a µEye 1480ME CCD camera with a lens with 
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9x magnification ratio (Imaging Development Systems GMBH, Germany) to monitor the 

droplet geometry evolution during drying.  

 

Figure 5-2. Schematic drawing of the drying tunnel, side view (S) and top view (T). 

 

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

preheated to a temperature between 80 and 110 °C and a bulk air velocity of 0.20 m/s. After 

drying, the resulting powder particle was dissolved in 50 µl buffer solution, stored 

overnight in the refrigerator, and then the enzyme activity was measured.  

Laboratory scale spray drying experiments 

The enzyme solution was dried with a Buchi B-190 spray dryer (Buchi Labortechnik AG, 

Switzerland). The residence time of the particle inside this small spray dryer can be as short 

as 1 s. Based on the equipment specification, the particle diameter after drying was between 

2 and 25 µm. The inlet air temperature was 180 °C and the outlet air temperature varied 

between 80 and 130 °C. Subsequently, around 1 g of powder was taken and dried further in 

a heating chamber at 105 °C for 72 h to determine the moisture content of the powder after 

spray drying. Additionally, a 0.200 g powder sample was reconstituted to 3.80 ml buffer 

solution and analysed for its residual enzyme activity.  

Measurement of the residual activity of β-galactosidase  

The residual activity of β-galactosidase was measured using an o-nitrophenyl-β-D-

galactopyranoside (ONPG) assay (Sigma-Aldrich, Germany) according to Perdana et al. 

(68). The absorbance of the samples incubated in ONPG solution was immediately 
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measured after incubation at a wavelength 420 nm using a spectrophotometer (Beckman 

Coulter, Inc., USA).  

Particle size measurement 

Approximately 1 gram of the spray dried sample was dried further in a heating chamber at 

105 °C for 72 h to reduce the moisture content and to avoid particle agglomeration. 

Afterwards, the particle size distribution of the sample was measured using Mastersizer 

Scirocco 2000 (Malvern Instrument LTD, England). 

Results and discussion 

Droplet geometry evolution  

Snapshots of a deposited droplet during the drying process are shown in Figure 5-3. The 

droplet shrinks uniformly before 30 s, and then starts to develop wrinkles. The uneven 

shrinkage after 60 s suggests that a thin non-flowing layer is developed, which cannot 

accommodate a homogenous shrinkage (151). Instead, it collapses which leads to an 

irregular shape of the particle.  

 

 

Figure 5-3. Droplet geometry change during a single droplet drying experiment at 

an air temperature of 80 °C, an absolute air humidity of 0 g/kg dry air, a bulk air 

velocity of 0.20 m/s, an initial droplet height of 800 µm, and an initial droplet 

moisture content of 80 % w/w. 
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Figure 5-4. A: Temperature and moisture content history of a droplet dried during 

a single droplet drying experiment; Ta is the air temperature contacting the droplet; 

averaged as the air temperature at half droplet height, Td is the droplet temperature, 

and xw is the moisture content. B: Droplet radius change during drying from the 

visual monitoring (symbol) and the model (line). C: Moisture content distribution 

inside the droplet at t = 32 s, the symbols show the border of the partition for each 

layer. The drying is carried out at an air temperature of 80 °C, a bulk air velocity 

of 0.20 m/s, and an absolute air humidity of 0 kg/kg dry air. The initial moisture 

content is 80 % w/w and the initial droplet height is 800 µm. 
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Drying model 

In the heat and mass transfer model the sessile droplet is assumed to be a perfect sphere. 

This assumption reduces the complexity of the model and is acceptable since the initial 

sessile droplet has a very high contact angle (>130 °C) and also the final powder particle 

remains approximately spherical, as shown in Figure 5-3. The predicted temperature and 

moisture profiles are shown in Figure 5-4.  

The model predicts that the moisture content at the surface decreases faster than in the 

centre of the droplet and reaches a moisture content close to 0 % at around 35 s. This is in 

line with the visual observations, i.e. the occurrence of wrinkles indicating the presence of a 

thin dry layer. As shown in Figure 5-4B, at t = 31 s, the moisture content gradient near the 

surface of the droplet is very steep, indicating that a very thin layer near the droplet surface 

is very dry. The model also predicts that the droplet radius does not change any more after 

approximately 60 s of drying. This is also in line with the visual observations. 

The droplet temperature at the beginning (t < 40 s) of the drying process is equal to the 

corresponding wet bulb temperature of the heating air (Figure 5-4A). When the moisture 

content near the surface of the droplet decreases to less than 100 kg/m3, the droplet 

temperature starts to increase. At this point the water evaporation rate decreases together 

with the lower vapour pressure at the droplet surface (aw < 1). While the evaporation rate 

decreases, the heat transfer into the droplet continues and causes an accumulation of heat; 

observed as an increase in droplet temperature. 

Predicting the residual enzyme activity after drying 

The single droplet drying method is applied to dry β-galactosidase suspended in a 

maltodextrin matrix. The inactivation kinetics of β-galactosidase determined with 

independent experimental data was combined with the heat and mass transfer model to 

predict the residual enzyme activity after drying (68). Subsequently, the predicted enzyme 

activity is compared to the drying results. In modelling the inactivation of β-galactosidase, 

the pH change due to decreasing moisture content was neglected. This is allowed since 

most of the enzyme activity loss takes place at high moisture content where the presence of 

the added buffer stabilizes the pH. Furthermore, at lower moisture content, the enzyme 

activity loss is negligible at the time scale of drying 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 transfer model using the independent kinetic 

inactivation model for β-galactosidase is in reasonable agreement with the experimental 

data. Both the predictions and the experimental data show that the enzyme activity does not 

decrease during the initial drying period (< 40 s) because the temperature of the droplet, 

which is near the (low) wet bulb temperature. Then, a rapid inactivation rate is observed, 

which slowly declines to result in a final enzyme activity. The subsequent rapid inactivation 

can be explained by an increase in particle temperature. At this point the heat transfer is not 

compensated by sufficient water evaporation. The increase in temperature has especially 

impact on the enzyme present in the centre of the droplet as the moisture content in the 

centre is still high as also reported for drying of other heat sensitive products (44, 152). 

After a while the enzyme inactivation rate decreases and the residual enzyme activity in the 

particle is obtained. The enzyme inactivation rate decreases because of the decreasing 

moisture content, especially near the surface of the droplet and finally also in the centre of 

the droplet. Most of the residual active enzyme is located near the surface of the particle as 

shown in Figure 5-5C. It can be concluded that the different moisture content history at 

different locations in the droplet determines the large differences in residual enzyme 

activity across the droplet radius.  

A strategy that might be followed to retain maximum enzyme activity is to minimize the 

presence of enzyme in the centre of the droplet. This can for example be achieved by drying 

the enzyme in a droplet that forms a hollow sphere upon drying (113) or by applying a 

coating of a concentrated enzyme solution on pre-dried particles. 

The results also show that the initial droplet diameter determines the residual enzyme 

activity to a large extent. Figure 5-5 indicates that the residual activity is higher for smaller 

droplets. Although inactivation starts earlier in a smaller droplet, the critical region is 

shorter (i.e. the combination of high temperature and high moisture content in the centre of 

the droplet) compared to that in the larger droplet. This implies that with respect to enzyme 

inactivation a smaller droplet size is preferred for spray drying.  
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Figure 5-5. A: Residual enzyme activity after drying of a single sessile droplet at 

air temperatures of 80 (○), 87 (□), 95 (∆), and 110 °C (◊) for an initial droplet 

diameter of 800 µm. B: The effect of initial droplet size on residual enzyme 

activity for an initial droplet diameter of 800 µm (∆), and 1400 µm (○). The error 

bar shows the standard deviation of the data. The predictions (solid line) are based 

on the inactivation kinetics of β-galactosidase from the constant heating 

experiments. C: Residual activity of β-galactosidase as a function of the radial 

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

droplet with an initial diameter of 800 µm at an air temperature of 95 °C for 300 s. 
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Direct extraction of inactivation kinetic parameters from drying experiments 

The parameters describing the specific inactivation kinetics of β-galactosidase in 

maltodextrin may be extracted directly from the single droplet drying results. This is 

preferred as these experiments are much less labour intensive and can be scaled out to 

facilitate a high throughput approach. If the method is reliable, the parameters for β-

galactosidase inactivation directly obtained from single droplet drying experiments should 

be similar to the ones obtained from the separate heating experiments (68).  

Both the one-step and the two-step inactivation models were evaluated to describe the 

experimental drying data. The results of the parameter optimisation are compared to the 

parameters from the earlier study (Table 5-1). It can be observed that the parameters 

obtained from the drying experiments differ from the parameter values from the heating 

experiments (Table 5-1). This can be explained by the fact that the inactivation during 

single droplet drying experiments occurs primarily during a very short critical period. This 

critical period is dictated by the drying history and involves temperatures and moisture 

content values that lead to rapid inactivation. Therefore, the parameter values are optimised 

such that they specifically describe the inactivation during this critical period. This 

explanation is further confirmed by implementing the one-step inactivation model, which is 

also able to describe the inactivation during drying experiments well. The data from the 

heating experiments were obtained at many different temperature and moisture content 

combinations and could be varied independently. Therefore, the values are based on a much 

wider data set, but having less data in the specific range that is relevant for spray drying. 

Another reason for the difference between the kinetic parameters is that the parameter 

optimisation procedure forces the model to describe the residual enzyme activity after the 

drying. By doing so, any uncertainties in the heat and mass transfer model are neglected. 

However, from earlier observations it was concluded that the heat and mass transfer model 

could predict the droplet shrinkage and the residual enzyme activity using the kinetic 

parameters from the heating experiments reasonably accurate. Therefore, it is believed that 

the uncertainties involved are not very large and that the kinetic parameters of the single 

droplet experiments remain valid. This conclusion is supported by laboratory spray drying 

experiments. 
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Table 5-1. The parameter values for the inactivation kinetic constant of β-galactosidase 

estimated from heating experiments and from single droplet drying experiments 

Estimated 

parametera 

Heating 

experimentsb 

Drying experiments 

Two-step inactivation 

model (Eq. 5-22) 

One-step 

inactivation model 

(Eq. 5-24) 

∆∆S‡
1 ( J·mol-1K-1) 

1.08·103 

(0.25·103) 

1.31·103  

(0.0063·103) 

NA 

∆∆H‡
1 ( J·mol-1) 

3.57·105 

(0.81·105) 

4.86·105 

(0.023·105)  

NA 

∆S‡
2,w ( J·mol-1K-1) 

6.75·102  

(1.17·102) 

5.49·102 

(0.097·102)  

1.88·103 

(0.00010·103) 

∆H‡
2,w ( J·mol-1) 

3.28·105 

(0.40·105) 

2.76·105  

(0.063·105) 

7.74·105 

(0.00023·105) 

∆H‡
2,s ( J·mol-1) 

1.28·105 

(0.20·105) 

1.57·105 

(0.027·105)  

4.77·105 

(0.0010·105) 

m  
2.60·104 

(0.00094·104)   

8.92·103  

(0.0010·103) 

NA 

p  
1.16 

(0.0056  

5.37  

(0.011) 

5.67 

(0.00038) 

Tint (°C) 
33.85 

(0.065)  

-49.65  

(8.80) 

8.25 

(0.026) 

Tref (°C)c 68.50 68.50 68.50 

a The uncertainty of the parameters at 95 % confidence interval 

b The values of the parameters are according to Perdana et al. (68) 

c Not optimized 
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Figure 5-6. A: Fitted residual enzyme activity obtained from single droplet drying 

experiments at varying air temperatures of 80 (○), 87 (□), 95 (∆), and 110 °C (◊) 

for an initial droplet diameter of 800 µm. B: Residual enzyme activity predicted 

using the inactivation kinetics extracted from drying data at various heating air 

temperatures compared to the drying results from different initial droplet diameter: 

500 µm (□) and 1400 µm (○). The β-galactosidase inactivation is described by the 

two-step inactivation model (left) and the one-step inactivation model (right). 

 

In Figure 5-6B, the effect of the initial droplet diameter on the residual β-galactosidase 

activity after drying is shown. The figure shows that the model accurately predicts the 

experimental data. Therefore, it can be concluded that although the values for the 

parameters in the model for inactivation kinetics obtained from the drying experiments may 

be less precise, the inactivation kinetics are accurate enough to predict the effect of drying 

on the inactivation of the enzyme. This is because the critical drying period dictates the 

end-product properties.  



DRYING OF SINGLE DROPLETS DEPOSITED ON A FLAT SURFACE  

104 
 

Table 5-1 shows that the values of the confidence intervals of the parameters are smaller for 

the one-step inactivation compared to the two-step inactivation model. Therefore, it may be 

concluded that the one step inactivation model is more favourable than the two-step 

inactivation model to describe the effect of drying on enzyme activity loss. From practical 

point of view the one-step inactivation model may be sufficient to translate the measured 

inactivation from single droplet experiments into useful inactivation kinetics.  

Laboratory-scale spray drying 

The models were also applied to predict the residual enzyme activity after drying on a 

laboratory scale spray dryer. The results indicate that at an outlet air temperature below 100 

°C, the enzyme is hardly inactivated upon drying, while with an outlet air temperature 

higher than 100 °C, the enzyme is increasingly inactivated with higher temperature as also 

observed by Yamamoto and Sano (6) (Figure 5-7). 

 

Figure 5-7. A: the residual activity of β-galactosidase after spray drying in a 

laboratory scale spray dryer. The symbols represent the experimental results at an 

inlet air temperature of 180 °C and varied outlet air temperature. The lines 

represent the predicted enzyme activity using the inactivation kinetics obtained 

from the single droplet drying experiments and from the constant heating 

experiments. B: the particle size distribution of the powder obtained from the 

laboratory scale spray dryer. 

 

The volume weighted mean diameter (d4,3) of the spray dried particle is 6.94 µm; fed into 

the drying model to predict the residual enzyme activity. By assuming that the volumetric 
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droplet shrinkage is equal to the amount of water removed, the initial droplet diameter was 

estimated at 11.8 µm (initial moisture content 80 % w/w) (152).  

The model can predict the drying results reasonably accurate, but at temperatures between 

100 and 120oC, the predicted value of the residual activity of β-galactosidase is slightly 

lower than the experimental results. This may be due to the lower initial droplet size in 

reality due to non-ideal shrinkage leading to more rapid drying and thus lower inactivation 

(see also Figure 5-3).  

Furthermore, Figure 5-7 shows that there is only a small difference between the two 

inactivation models at temperatures larger than 100 °C. This is probably because the 

inactivation kinetic constant of the one-step inactivation model increases more quickly with 

temperature. This may lead to an overestimation of the inactivation kinetic constant at high 

temperatures.  

Conclusion 

A newly developed, small scale experimental setup to mimic spray drying was presented 

which involves the drying of single droplets deposited on a hydrophobic flat plate. This 

approach ensures rapid and inexpensive trials while maintaining key parameters similar to 

the process condition on spray drying. In this study, the setup is used to evaluate the 

inactivation of β-galactosidase during drying.  

To describe the physical and chemical changes during drying, a model based on heat and 

mass transfer is presented. The model, combined with the inactivation kinetics of β-

galactosidase from separate heating experiments was used to predict the loss in enzyme 

activity after drying. It is found that the model can provide a reasonably accurate prediction 

on the residual enzyme activity.  

It was also shown that the inactivation kinetics of β-galactosidase can be directly extracted 

from the single droplets drying experiments rather than using the kinetics from separate 

heating experiments. The parameters that were obtained in this way were used to predict 

other experimental results both from other single droplet drying experiments and from a 

laboratory scale spray dryer. The new inactivation kinetics provides reasonably accurate 

prediction on the residual enzyme activity for both procedures.  
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Nomenclature 

A  Area m2 

aw  Water activity – 

cp Heat capacity J·kg-1K-1 

C  Concentration  kg·m-3 

Cg Constant in GAB sorption model – 

d  Diameter (2Rd) m  

D  Diffusion coefficient m2s-1 

Ea Arrhenius-type diffusion activation energy J.mol-1 

f  
Parameter to describe the effect of moisture content on 

conformational stability of the enzyme 
–  

g  

Parameter to describe the effect of moisture content on the 

irreversible inactivation (second step) kinetic constant of the 

enzyme 

–  

h   Planck’s constant (6.626 x 10-34) J.s-1 

h Convective heat transfer coefficient J·s-1m-2K-1 

∆Hlv Enthalpy of evaporation  J·kg-1 

∆H‡ Activation enthalpy J·mol-1 

∆∆H‡ 
Activation enthalpy difference between unfolding and 

refolding reaction 
J·mol-1 

J  Evaporation rate kg·s-1  

kB Boltzmann’s constant (1.380 x 10-23) J.K-1 

kobs Observed inactivation kinetic constant of β-galactosidase s-1 

k2 
Irreversible complete denaturation rate constant of β-

galactosidase 
s-1 

kc Mass transfer coefficient m·s-1 

Kg Constant in GAB sorption model –  

K1 Unfolding equilibrium constant of β-galactosidase s.s-1 

L  Length  m  

m  Mass  kg  



CHAPTER 5 

107 
 

mu 
Parameter to describe the effect of moisture content on 

unfolding equilibrium of β-galactosidase 
–  

Mw  Molecular weight of water (18·10-3) kg·mol-1 

n  Number of partition –  

p  The uncertainty of the parameters –   

pi  

Parameter to describe the effect of moisture content on 

irreversible complete denaturation rate constant of β-

galactosidase 

–  

P  Pressure  Pa 

Pr Prandtl number –  

Q  Heat J.s-1 

r  Distance in radial coordinate M 

R  Ideal gas constant (8.314) J·mol-1·K-1 

Re Reynolds number –  

Rd Droplet radius  m  

∆S‡ Activation entropy  J·mol-1K-1 

∆∆S‡ 
Activation entropy difference between unfolding and 

refolding reaction  
J·mol-1K-1 

Sc Schmidt number –  

t  Time  S 

T  Temperature °C 

u  Velocity m·s-1 

V Volume m3 

x  Distance in Cartesian coordinate m  

xw  Mass fraction of water kg·kg-1 

Xw 
´uH3´u, moisture content kg·kg-1 DM 

Xwm Monolayer moisture content in GAB sorption model kg·kg-1 DM 

y  Distance in Cartesian coordinate m  

z  Distance in Cartesian coordinate m  

Z Thickness m  
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Greek symbols 

δ  Hydrodynamic boundary layer thickness m  

δt Thermal boundary layer thickness m  

λ  Thermal conductivity J·s-1m-1K-1 

µ  Dynamic viscosity Pa·s 

ρ  Density kg·m-3 

υ  Kinematic viscosity m2s-1 

   

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   

∞ Bulk air  

 

Appendix 

Table 5-A1. The closure equations used in drying model 

Equation name Equation  Reference 

Saturated vapour 
pressure 

log #�u���H&&$ = −7.90298 #r��r − 1$ + (153) 
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5.02808 log #r��r $ − 1.3816 ∙
103� T10HH.�PP#H3Î��Î $ − 1Y + 8.1328 ∙
103� T103�.PÏHPÏ#Î��Î 3H$ − 1Y + logQn��R  
For vapour at total pressure 1 atm, Tst is 373.15 
K and est is 1013.25 (in hPa).  

Water activity 

(Guggenheim-
Anderson-de 
Boer model) 

ÐuÐu§ = �{∙z{∙Eu+H3z∙Eu.QH3z{∙EuI�{∙z{∙EuR  
 

 

(154) 

Heat and mass 
transfer 
coefficients 

For a droplet suspended in air, used in the drying 
model for laboratory scale spray dryer  

K/L�� = 2 + 0.6�n&.�Hµ�&.��  
Å¾/L�u,� = 2 + 0.6�n&.�H;�&.��  

For a sessile droplet, used in the drying model 
for single droplet drying 

K/L�� = 0.24 + 0.63�n&.�Hµ�&.��  
Å¾/L�u,� = 0.24 + 0.63�n&.�H;�&.��  
with 

�n = ��/L
�¸�  ; µ� = �¯,�Ñ��� 	; ;� = ¸����u,�    

(62, 67) 

Diffusion 
coefficient of 
water in 
maltodextrin 
solution 

�m,/,r\�&°� = nfo #− ��.�I�H�ÐuHIH&.�Ðu $  

�m,/ = �m,/,r\�&°�nfo T− p�q #Hr − H�&�.H�$Y  

with  

ÓE = /IHÏ&ÐuHIH&Ðu   

(155) 

Diffusion 
coefficient of 
water in air 

�m,E = −2.775 ∙ 103� + 4.479 ∙ 103�� +1.656 ∙ 103H&��	  (156) 
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Chapter 6  

Novel method for viability enumeration for single-

droplet drying of Lactobacillus plantarum WCFS1 
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Abstract 

Survival of probiotic bacteria during drying is not trivial. Survival percentages are very 

specific for each probiotic strain and can be improved by careful selection of drying 

conditions and proper drying carrier formulation. An experimental approach is presented, 

comprising a single droplet drying method and a subsequent novel screening methodology 

to assess the microbial viability within single particles. The drying method involves the 

drying of a single droplet deposited on a flat, hydrophobic surface under well-defined 

drying conditions and carrier formulations. (Semi-) dried particles were subjected to 

rehydration, fluorescence staining, and live/dead enumeration using fluorescence 

microscopy. The novel screening methodology provided accurate survival percentages in 

line with conventional plating enumeration and was evaluated in single droplet drying 

experiments with Lactobacillus plantarum WCFS1 as a model probiotic strain. Parameters 

such as bulk air temperatures and the carrier matrices (glucose, trehalose, and maltodextrin 

DE 6) were varied. Following the experimental approach, the influence on the viability as a 

function of the drying history could be monitored. Finally, the applicability of the novel 

viability assessment was demonstrated for samples obtained from drying experiments at a 

larger scale. 

 

Keywords: viability, enumeration, probiotics, Anopore, single droplet drying  
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Introduction 

Probiotics are defined as “live microorganisms, which when administered in adequate 

amounts, confer a health benefit on the host” (157). Health benefits are usually related to 

the influence of probiotic bacteria on the microbial balance in the hosts’ intestine or via 

modulation of the gut-associated immune system (158-162). Probiotics are delivered to the 

gastrointestinal tract as food products or dietary supplements; supplied on the market either 

as fermented food commodities, freeze-dried or frozen cultures, which enhances their 

stability and facilitates their implementation in appropriate product formulations (76, 163, 

164). When compared to freeze drying and freezing, spray drying could be an interesting 

alternative for providing shelf-life to probiotic ingredients. Spray drying is more energy and 

cost efficient and can be operated continuously at higher production capacities (2, 5, 165). 

The major drawback of spray drying is the limited survival of probiotics (3, 24). Several 

studies have successfully explored approaches to increase the survival percentages after 

spray drying (18, 166-168). However, most of the results so far are very specific and 

difficult to translate between different species. It was for example found that a high 

variability exists between different strains of the same species (169, 170). In addition, the 

process conditions applied during spray drying (75, 165) and the protective carrier-

materials added (3, 166) have strong influence on the final viability. Since these parameters 

need to be optimized for each specific case (different process parameters, different strains 

or species, and different carrier formulations used during drying), many cost-, time- and 

labour-intensive experiments are required.  

This paper presents an experimental approach to assess probiotic survival during drying, 

starting with the drying of small single droplets deposited on a flat hydrophobic surface 

(67) followed by cell rehydration on Anopore chips (171), and subsequent evaluation of the 

microbial viability by fluorescence microscopy.  

A recently developed single droplet drying method is used to produce powder particles 

dried under well-defined conditions to investigate the influence of drying process 

conditions and carrier formulations (64, 67). Specifically, drying parameters, such as 

droplet size, and temperature, relative humidity and flow rates of the air, can be varied 

effectively and systematically over wide ranges.  
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Critical to the assessment of the viability after drying is the availability of a rapid and 

reliable live/dead assay. The assay developed here employs a micro-porous aluminium 

oxide chip (Anopore) (171, 172). Following rehydration of the droplets, fluorescence 

probes are used for live/death enumeration using fluorescence-microscopy. This assay is 

compatible with medium- to high-throughput techniques, especially when compared to 

more conventional enumeration by plating. Moreover, the proposed method allows direct 

visualization of live and dead populations after drying without the requirement for growth. 

It has the potential to measure the viability in small sample volumes, i.e. the viability of 

bacteria present in a single powder particle. Subsequently, the method is applied to just as 

well assess the microbial viability in the particles obtained from single droplet drying 

experiments and from stabilization experiments at a larger scale. In our experiments, 

Lactobacillus plantarum WCFS1 was selected as the model bacterium. This selection is 

based on the fact that this Lactobacillus strain has been topic of extensive studies before 

(173) without per se L. plantarum being a probiotic bacterium. 

Materials and methods 

The entire experimental procedure can be divided into: 1) microbial culture preparation, 2) 

drying of single droplets, 3) particle rehydration and fluorescence-probe staining, and 4) 

fluorescence microscopy analysis automated relative viable cell enumeration (Figure 6-1). 

Microbial culture preparation 

A culture with high viability (> 99 %) was acquired by growing L. plantarum WCFS1 in 10 

ml sterilized lactobacilli culture medium, MRS (BD Difco, USA) at 30 °C for 16 h. The 

final cell density approximated 109 colony forming unit (cfu) per ml. 

The overnight culture was centrifuged using Eppendorf Centrifuge 5804R with F-34-6-38 

rotor at 13.5 × g at 4 °C for 10 minutes. The resulting pellet was washed twice with 

phosphate buffered saline (PBS) solution (BD Difco, USA). To minimize washing stress, 

the pH of the PBS solution was adjusted to pH of 4, which is similar to the pH of the 

culture at the end of growth.  

Single droplet drying experiments 

Directly before the drying experiment was initiated, the washed bacterial cells were 

suspended in a carrier matrix, consisting of 20 % w/w maltodextrin DE 6 (Glucidex 6, 
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Roquette, France), trehalose (Sigma-Aldrich, Germany) or glucose (Sigma-Aldrich, 

Germany). These carbohydrates are known to provide protection to bacterial cells (174, 

175). 

 

 

Figure 6-1. Schematic overview of the experimental procedure including 1) 

microbial culture preparation, 2) single droplet drying, 3) particle rehydration and 

fluorescence-probe staining, and 4) fluorescence microscopy analysis automated 

relative viable cell enumeration 

 

The drying experiments were performed using the same equipment as described by Perdana 

et al. (64). The droplets were generated using a pneumatic dispenser of the Microdot 741 

MD-SS series (Engineered Fluid Dispensing-Nordson, USA). The droplet deposition on the 

flat surface (5 x 20 x 0.2 mm) was automated using a XYZ positioning platform Ultra 525 

TT Automation series (Engineered Fluid Dispensing-Nordson, USA). The dispensing 

needle AKA740TK precision tips (Engineered Fluid Dispensing-Nordson, USA) were 

coated with DOW Corning 340 heat sink compound (Dow Chemical, USA) to avoid 

droplets from creeping up along the outside of the needle.  

Prior to the deposition of the droplets, the micro-dispensing system was flushed with 

sterilized Milli-Q water (Millipore, USA) followed by 70 % v/v ethanol solution (VWR 
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International, France) and then rinsed again with Milli-Q water. The droplets were 

deposited on a flat hydrophobic membrane Accurel® type PP 2E HF (Akzo Nobel Faser 

AG, The Netherlands). To prevent microbial contamination, the membrane was sterilized 

with 70 % v/v ethanol solution and dried under aseptic conditions at room temperature.   

The droplets were dried using preconditioned, filtered (dust/microbes and oil free) drying 

air, heated to the desired temperature by leading it through a coil that was submerged in an 

oil bath (Julabo EH-5, Germany). The heated air was then fed to an insulated tunnel which 

acted as the drying chamber. The air temperature in the tunnel was monitored using a 

thermocouple Type K (NiCr-NiAl) (RS Component, United Kingdom) with a probe 

diameter of 500 µm. The air flow velocity was monitored (Type 1355, Brooks Instruments, 

The Netherlands). The tunnel was filled with a highly porous medium to develop an air 

flow with a uniform velocity. Meanwhile, the temperature was maintained by insulating the 

tunnel with heating oil. After the deposition of the droplets, the samples were placed in the 

drying chamber and dried using various drying times and regimes. The setup was equipped 

with a µEye 1480ME CCD camera with a lens with x9 magnification ratio (Imaging 

Development Systems GMBH, Germany) to monitor the droplet geometry evolution during 

drying.  

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

preheated to a temperature between 25–70 °C and a bulk air velocity of 0.12–0.52 m/s. For 

each experiment, three identical droplets were dispensed and dried simultaneously. 

Biological duplicates were performed by repeating the experiments twice. 

Rehydration and staining chip 

The substrate for cell rehydration and staining was prepared by applying an Anopore chip 

(171) on a low-melting point (LMP) agarose gel (Sigma, The Netherlands). The gel was 

prepared by dissolving 1 g of agarose in 100 ml of Milli-Q water (Millipore, USA) and 

autoclaved (121 °C) for 20 min. The agarose solution was allowed to cool; after the 

temperature reached approx. 40 °C, 2 µL of a fluorescence staining probe Live/Dead 

BacLight Bacterial Viability Kit (Invitrogen, USA) was added to 10 ml of the agarose 

solution. The agarose solution was then spread on microscope slides (76 x 26 mm) and 

allowed to solidify for 30 minutes in a dark environment. Afterwards, a sterilized Anopore 

chip (8 x 35.6 mm; 60 µm thick; 0.2 µm pore size; 3 x 109 pores per cm2; Microdish BV, 
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The Netherlands) was carefully placed on the agarose gel. The Anopore chips were 

sterilized by submerging it into 70 % v/v ethanol solution for 2 h in falcon tubes. 

Subsequently, ethanol was decanted and the chips were dried in a sterile flow chamber for 

12 h and then the tubes were tightly closed for storage. The Anopore chips were positioned 

on the agarose gel for at least 30 min prior to the rehydration of the dried particles. All 

preparations were carried out under aseptic conditions. 

 

Figure 6-2. Schematic drawing of the rehydration and staining chip 

 

Cell rehydration and enumeration 

After drying, the powder particles were directly transferred to the rehydration and 

fluorescence staining substrate. The powder particles were transferred to the Anopore chip 

by turning the hydrophobic membrane upside down on the Anopore chip (Figure 6-2). A 

small weight providing 1.25 g/cm2 pressure was put on top of the membrane to ensure 

contact between the membrane and the Anopore surface for the entire membrane surface. 

Therefore, rehydration could be considered as being universal and complete. After 

rehydration, the weight and hydrophobic membrane were removed carefully from the 

Anopore chip.  
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The rehydrated samples on the Anopore chip were analysed using a fluorescent microscope 

Axioskop 40FL (Carl Zeiss, Germany). Fluorescence images were captured with a 

magnification of x630 using an Olympus XC30 camera (Olympus, Japan) and CellB 

imaging software (Olympus, Japan). Due to decrease of fluorescence signal of the sample 

in time due to bleaching, the sample was not exposed to the light source for more than 5 

min.  

The BacLight Bacterial Viability Kit (Invitrogen) is composed of two nucleic acid-binding 

stains: Syto 9 and propidium iodide. Syto 9 can be internalized in cells depending on their 

membrane integrity and membrane potential, resulting in green fluorescent staining of cells 

that are alive. In contrast, propidium iodide can passively penetrate cells that have damaged 

membranes and therefore can be considered to be dead. The presence of propidium iodide 

within the cell can override the green signal of Syto 9, results in red fluorescent cells (176). 

The total viability is therefore calculated by differential enumeration of green and red cells. 

This method can be automated using an image processing routine as shown in Figure 6-3. 

An in-house coded routine in Matlab 7.10.0 was developed to perform automated image 

processing and extract live/dead enumerations. First, the red and green channels of the 

resulting image from microscopy analysis were selectively split. Subsequently, the routine 

counted the number of cells for red and green channels separately (Figure 6-3). The 

package was able to evaluate multiple images at once; the resulting live and dead 

enumerations were automatically summarized.  

Cell enumeration through plating 

The results of the rehydration and enumeration method developed here were compared to 

the conventional enumeration of viable cells using plating on MRS agar. For this method, 

powder particles were suspended and dissolved in a 1 ml PBS solution for 30 min and 

subsequently diluted further to an appropriate dilution (10-1 and 10-2). Subsequently, cfu 

enumeration was performed in duplicate by plating 50 µl of the suspension on MRS agar 

plates using an Eddy Jet 2 spiral plater (IUL Instrument, Spain). The plates were incubated 

at 30 °C for 48 h, following colony counting of the dilutions having between 30 and 300 

colonies. The viability fraction was determined by dividing the number of colony for each 

treatment to the colony of the untreated sample, assuming 100 % viability in the untreated 

sample.  
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Figure 6-3. Live/dead counting. Top: Original fluorescence microscopy image of 

L. plantarum WCFS1 cells rehydrated on an Anopore chip observed with ×630 

magnification. Middle: Red and green channels are separated. Bottom: Cell 

counting to determine the number of live (left) and dead (right) cells.  
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Spray drying experiments 

Spray drying experiments were carried out in a Buchi B-190 spray dryer (Buchi 

Labortechnik AG, Switzerland). The outlet temperatures of the spray dryer were set 

between 50 and 90 °C and the inlet temperatures were set 30 °C higher than the applied 

outlet temperature. The resulting powder was further dried using contact air drying 

(ambient temperature, RH = 0 %) for 24 h, and was analysed for viability before and after 

drying. The viability analyses were done by spreading a small amount of the powder 

(approx.: 1 mg) to the rehydration and fluorescence staining substrate. Subsequently, a 

similar treatment was applied as to the droplets dried using single droplet drying method.  

Moisture content analysis 

The moisture content of the samples was analysed using the Sartorius MA 30 (Sartorius 

Mechatronic, Germany) gravimetric analyser. Approximately 1 g of sample was spread on 

an aluminium pan and put in the moisture content analyser, 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 high or too low cell densities. High cell 

densities may induce flocking or lead to visual overlap of cells. Conversely, low cell 

densities may not provide sufficient numbers of cells for statistically significant 

enumeration. Therefore, an optimum cell density for the enumeration needs to be 

established. The current method allowed to determine viability percentages for maximally 

~500 cells per image (2080x1544 pixels). For higher cell densities the enumeration routine 

may not provide accurate results due to the frequent overlapping fluorescence signals from 

different individual cells. Additionally, the viability fraction was evaluated as a function of 

the number of counted cells within an image, showing stable viability fraction between 200 

and 500 cell density per image.  
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Rehydration time  

The rehydration time is defined as the time between the transfer of the dried powder 

particle from the hydrophobic membrane to the Anopore chip and the subsequent removal 

of the hydrophobic membrane. The rehydration time is critical, since too short rehydration 

times may lead to transfer of only a small percentage of the cells to the Anopore surface.   

We found that more than 90 % of the cells were transferred to the Anopore chip using 

rehydration times between 15 and 90 minutes. Additionally, the fluorescent dyes could be 

detected immediately following the transfer. During further experiments 15 minutes of 

rehydration time were used for transfer of the cells.  

 

Figure 6-4. A: Image of a rehydrated particle observed under the microscope after 

0 minutes of delay time. B: Image of a rehydrated particle observed under the 

microscope after 10 minutes of delay time. C: Residual microbial viability of 

particles dried under three different circumstances; droplet size of 600 µm dried 

with air temperature of 60 °C for 1 minute (I), air temperature of 25 °C for 5 

minute (II), and air temperature of 25 °C for 1 minute (III), with varied delay times 

during particle rehydration for 10 minutes, 1 hour, and 3 hour. The error bars 

represent the standard deviation.  
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Time period between rehydration and microscopic analysis 

For practical purposes it was evaluated whether a delay time between rehydration and 

fluorescence microscopy would be of influence to the final viability assessment. The major 

advantage of this delay time is that it facilitates the combination of the results from multiple 

drying experiments with a single subsequent viability assessment run. The delay time was 

evaluated for a time period between 0 and 3 hours. The delay time did not have significant 

impact on the viability assessment outcome (Figure 6-4C).  

 

 

Figure 6-5. A: parity plot of the viability fractions obtained via the Matlab 

enumeration routine (x-axis) and the manual enumeration method (y-axis). B: 

parity plot of the viability fraction of L. plantarum WCFS1 assessed by 

conventional plating (x-axis) and the new enumeration method (y-axis). The 

samples were obtained by drying the L. plantarum WCFS1 in a 20 % maltodextrin 

for 10 min with hot dry air of 25 (●), 50 (■) and 70 °C (▲), a droplet size of 600 

µm and an air velocity of 0.52 m/s.  

 

However, the microscopic images obtained directly after removal of the hydrophobic 

membrane were substantially less sharp than the images obtained 10 min after membrane 

removal (Figure 6-4A and B). This might be explained by the presence of a thin water layer 

on the surface of the Anopore chip after the removal of the hydrophobic membrane, which 
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disappears upon exposure to air, either by evaporation or reabsorption into the agarose gel. 

The presence of a water layer may negatively affect the sharpness of the image due to the 

focus depth of the microscope. Therefore, a minimum delay time of 10 minutes was used 

between membrane removal and microscopy analysis, while the maximum delay time was 

fixed at 3 hours. 

Final evaluation of the viability assessment method  

The enumeration of live and dead cells was carried out with a Matlab routine. These results 

were compared to manual enumeration. Eighty images were selected randomly; the 

viability fraction for every image was determined manually and compared to the result from 

the Matlab enumeration routine. Both methods generated similar counts (Figure 6-5A), 

which validates the automated enumeration routine. The total number of counted cells 

should be such that an accurate value of the viability fraction is obtained. A total number of 

200 cells was found sufficient to obtain an accurate value. From this and previous results it 

can be concluded that the ideal cell density lies between 200 and 500 per image. Finally, 

the fluorescence microscopy based viability enumeration was compared to results obtained 

via conventional plating. Both enumeration methods generate similar viability counts 

(Figure 6-5B), which validates the fluorescence microscopy method.  

Application of the viability assessment method  

Inactivation during single droplet drying  

The novel and validated assessment method was subsequently applied to evaluate the effect 

of the drying history on the viability loss of L. plantarum WCFS1. A single drying droplet 

method was used to generate droplets with the bacteria suspended in different 

carbohydrates (20 % w/w).  

The residual viability decreased with drying time at different bulk air temperatures (Figure 

6-6). A higher bulk air temperature led to a significantly increased loss in viability. Almost 

all loss in viability occurs in the first minutes of the process (t < 5 minutes), after which the 

residual viability remained more or less constant. This loss in viability corresponds to a 

period of rapid drying, while the subsequent period with constant viability shows little or 

no further decrease in moisture content. The small decrease in residual viability during the 
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latter period can be explained by the immobilization of the bacteria in a rigid matrix, which 

slows down the inactivation process (174).  

 

 

Figure 6-6. A: Viability fractions after drying with air temperatures of 25 (○) and 

70 °C (□), and an air velocity of 0.52 m/s. B: Viability fractions after drying with 

different carrier formulations of glucose (∆), trehalose (□), and maltodextrin DE6 

(○) dried with air temperature of 25 °C and an velocity of 0.52 m/s. Initial 

concentrations of the formulations were 20 % w/w. The average droplet size was 

600 µm. The error bars represent the standard deviation and the solid lines are 

guidelines. 
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Subsequently, the influence of the carrier-matrix on survival was examined. Low molecular 

weight carbohydrates (glucose and trehalose) provided better protection to the cells during 

drying than maltodextrin DE 6 (Figure 6-6).  

Two hypothetical mechanisms exist on how sugar molecules protect the cell membrane 

from leakage by minimizing the chance of membrane phase transition (177). The first 

mechanism is proposed to act via water replacement. In fully hydrated conditions, the cell 

membrane lipids are in undisturbed liquid-crystalline form. According to this hypothesis, 

sugar molecules replace water in the hydration shell of the cell membrane; thereby 

maintaining the spacing between the phospholipid molecules (178). In this case, lower 

molecular weight sugars, e.g. glucose and trehalose, can provide better protection because 

of their better ability to enter the spacing between phospholipid molecules compared to 

higher molecular weight molecules or polymers, in this case maltodextrin (179). The 

second mechanism is proposed to act via the hydration force (vitrification hypothesis) (24). 

During drying the presence of sugar molecules hinders water removal from the surface of 

the cell membrane due to the high osmotic pressure. At the same mass concentration, lower 

molecular weight molecules are able to provide a higher osmotic pressure and thus provide 

more protection than larger molecules or polymers. In the glassy state, the rigidity and the 

mechanical properties of the sugar matrix limits the possibility for the cell membrane to 

collapse. Therefore, the protective ability of different sugars can be related to their glassy 

forming ability; where higher glass transition temperature of the sugar is found to 

contribute to increased protection. Based on this, trehalose could be expected to provide 

more protection than glucose due to its higher glass transition temperature. However, the 

viability results do not confirm this effect (Figure 6-6); although the differences in (high) 

viability were not significant.  

Inactivation in a laboratory-scale spray dryer  

Since the viability assessment method allows more rapid detection compared to 

conventional plating, it was applied to check the viability loss of L. plantarum WCFS1 

during spray drying at a larger scale than single droplets. The method selected was spray 

drying with a laboratory scale spray dryer at various inlet-outlet temperature combinations, 

followed by (ambient temperature) air drying.  
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Figure 6-7. A: The viability fraction of L. plantarum WCFS1 after spray drying in 

20 % w/w maltodextrin DE 6 at various outlet air temperatures (black bars). 

Subsequently, samples were dried for 24 h in a desiccator at ambient temperature 

and viability was assessed again (grey bars). The inlet temperatures of the spray 

drying air were fixed 30 °C above the outlet temperatures. B: The corresponding 

moisture contents of the powder after spray drying (black bars) and after the 

subsequent drying for 24 h (grey bars). 

 

Lactobacillus plantarum WCFS1 was found to be susceptible to inactivation even with a 

mild spray drying process. Although drying in a laboratory-scale spray dryer was very fast 

(less than 1 s residence time) more than 10 % reduction in viability was observed, which 
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increased considerably with applied air temperatures (Figure 6-7). Subsequent additional 

drying for 24 h at ambient temperature reduced the residual viability only slightly, which 

again can be related to vitrification due to glassification (15, 24). 

Outlook on the application of the new viability enumeration method 

The enumeration method developed here is generic as the stains applied in the method are 

widely applied to detect viability of micro-organisms. Furthermore, powder particles 

formulated with different drying or stabilization methods at different scales or the impact of 

storage conditions on microbial viability can be assessed using this new method. 

The proposed enumeration method is complementary to the traditional plating method. 

Traditional plating provides information on cell numbers of living bacteria on a log10 scale, 

whereas the new method provides a live-dead ratio, i.e. 1 to 100 % viability. The new 

method can distinguish for example between 20 % and 60 % viability, while traditional 

plating is able to distinguish between living cell concentrations, e.g. 107 and 105 cfu/ml. For 

optimisation of microbial viability during drying processes, the live-dead ratio may be 

preferred as it is most sensitive and accurate near the maximum percentage living cells. A 

possible drawback of the new method is that it is less sensitive at small living cell numbers. 

Conclusion 

A novel method was developed to determine the microbial viability of probiotics in small 

samples, such as single powder particles. The method employs Anopore carrier chips for 

rehydration of (semi-) dried particles followed by live/dead staining using fluorescence 

probe methodology. The enumeration was carried out by microscopy and automated image 

analysis using a Matlab routine. The robustness of the method was evaluated and validated 

with conventional plating. In combination with a single droplet drying approach the 

influence of the drying air temperature and carrier formulation on viability loss of L. 

plantarum WCFS1 was mapped as a function of drying time. The latter approach can be 

also of major support in determining optimal drying conditions and formulations for spray 

drying of probiotics.  
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Chapter 7  

Dehydration and thermal inactivation of Lactobacillus 

plantarum WCFS1: comparing single droplet drying to 

spray and freeze drying 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Submitted for publication as: 

J. Perdana, L. Bereschenko, M.B. Fox, J.H. Kuperus, M. Kleerebezem, R.M. Boom, and 

M.A.I. Schutyser. Dehydration and thermal inactivation of Lactobacillus plantarum 

WCFS1 by comparing single droplet drying to spray and freeze drying.  



PROBIOTICS INACTIVATION DURING DRYING  

130 
 

Abstract 

We demonstrated that viability loss during single droplet drying can be explained by the 

sum of dehydration and thermal inactivation. For Lactobacillus plantarum WCFS1, 

dehydration inactivation predominantly occurred at drying temperatures below 45 °C and 

only depended on the moisture content. Above 45 °C the inactivation was due to a 

combination of dehydration and thermal inactivation, which depended on the moisture 

content, temperature, and drying time. A Weibull model was successfully applied to 

describe the thermal and dehydration inactivation and enabled the prediction of residual 

viability of L. plantarum WCFS1 after single droplet drying. Subsequently, the model was 

evaluated to predict the viability loss during laboratory scale spray drying, showing a 

remarkable agreement if assumed that only thermal inactivation occurred. This indicated 

that very high drying rates in laboratory scale spray drying could induce instant fixation of 

the cell suspensions in a vitrified matrix and thereby preventing dehydration inactivation. 

Finally, the influence of drying rate on remaining viability was evaluated by comparing 

single droplet drying, freeze drying and laboratory scale spray drying of the same bacterial 

suspension. It was shown that slow drying  leads to large dehydration inactivation, which 

diminished in fast drying processes such as laboratory scale spray drying where thermal 

inactivation appears to be the predominant mechanism of inactivation. 

 

Keywords: probiotics, inactivation mechanism, spray drying, freeze drying, single droplet, 

predictive modelling 
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Introduction 

Drying is a common method to stabilize ingredient formulations or foods containing micro-

organisms such as bacteria and yeast for a prolonged period of time (1, 43, 76, 180). In 

dehydrated form, stored under appropriate constant conditions, micro-organisms can remain 

viable in a unique vitrified state for very long times, even years. Upon rehydration, cells 

rapidly swell and resume their active living state. This phenomenon is known as 

anhydrobiosis (43), which is literally translated as  “survival without water”. For example, 

spray drying is a frequently applied industrial technique to dehydrate yeast cells and other 

micro-organisms (181). Unfortunately, drying of heat-vulnerable micro-organisms such as 

probiotics is problematic because of relatively poor survival rates (1, 5). Therefore, for the 

latter micro-organisms, lyophilisation (freeze drying) is applied, a more energy-consuming 

operation, which is commonly operated in a batch-wise manner (12).  

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

shocks (5, 24, 44, 182). The inactivation by dehydration is hypothesized to be related to a 

loss of lipid bilayer integrity and impairment of cell membrane functions. Removal of the 

hydration layers around the lipid bilayer may cause loss of the plasticity of the membrane 

(gelling), which is held responsible for the collapse of the bilayer, finally resulting in loss 

of viability (43, 177-179). Thermal inactivation is related to structural damage and/or 

denaturation of key cell components such as ribosomes, nucleic acids, enzymes, and the 

cell membranes (183).  

In previous studies we developed an experimental set-up that allows the drying of 

diminutive single droplets deposited on a surface under well controlled conditions (67). The 

drying of these droplets mimics the drying of a droplet in a spray dryer. Subsequently, this 

approach was used to determine the inactivation kinetics of the enzyme β-galactosidase as a 

function of the moisture content and the temperature during drying (64).  

In this study the single droplet drying method was combined with a recently developed 

rapid cell enumeration method based on rehydration of dried particles on a micro-porous 

aluminium oxide (Anopore) chip and live-dead enumeration using fluorescence microscopy 

(5) to test the microbial inactivation during drying. Using this approach, we investigated the 

dehydration and thermal inactivation mechanisms for Lactobacillus plantarum WCFS1 and 

translated this insight to predict the residual viability during laboratory spray drying under 
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various conditions. Lactobacillus plantarum WCFS1 was also used as an exemplary lactic 

acid bacterium in our previous study (5, 173) and has been extensively studied in relation to 

its host microbe interactions in the gastrointestinal tract (for reviews see: (161, 162)).  

The two inactivation mechanisms were modelled to describe the effect of the drying history 

on residual viability of L. plantarum WCFS1. The model considers the combined effects of 

the history in temperature and moisture content. The predictions from single droplet drying 

experiments were further validated and explored using laboratory scale spray drying trials. 

Finally, three drying methods (single droplet drying, freeze drying and spray drying) were 

compared to specifically evaluate the effect of the drying rate on inactivation by 

dehydration.   

Materials and methods 

Preparation of the samples for drying experiments 

The strain of Lactobacillus plantarum WCFS1 was obtained from NIZO Food Research 

(The Netherlands). The frozen strain (-26 °C) was grown in 10 ml sterilized Lactobacilli 

MRS broth (BD Difco, USA) at 30 °C for 16 h. An aliquot of 1 % of the culture was 

transferred and re-grown in the same conditions to obtain the second generation culture. An 

aliquot of 1 % of the culture was again transferred and re-grown in the same conditions. 

This overnight culture contained approximately 109 cfu/ml. Bacteria were harvested by 

centrifugation (10 minutes at 13,500 g at 4 °C). The pH of the culture supernatant was 

determined. The bacterial pellet was washed twice with 10 ml phosphate buffered saline 

(PBS) solution (BD Difco, USA) adjusted to pH 4.0.   

The samples for drying experiments were prepared by 10-fold diluting the cell suspension 

in PBS solution. The diluted cell suspension was again 2-fold diluted with sterilized 

maltodextrin (DE 4-8, Glucidex 6; Roquette, France), fructose, galactose, sucrose, lactose, 

sorbitol, mannitol, or trehalose (Sigma-Aldrich, Germany) solutions with solid content of 

40 % w/w. By this, a working solution with approximately 5⋅107 cfu/ml cell concentration 

and 20 % w/w maltodextrin was obtained and used for single droplet drying, spray drying, 

and freeze drying experiments.  
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Single droplet drying experiments  

The drying experiments were done in the single droplet drying equipment developed in our 

previous research (67, 75).  A micro-dispenser was used to deposit three identical droplets 

on a flat hydrophobic membrane. Subsequently, the deposited droplet was dried in a well-

defined air flow with specific temperature and relative humidity as specified in the results 

and discussion section. The experiments were carried out in duplicate. Subsequent viability 

analyses were done by blotting the (semi-) dried droplets on an Anopore chip.  

Spray drying experiments 

Spray drying experiments were carried out in a Buchi B-190 spray dryer equipped with a 

two-fluid nozzle (Buchi Labortechnik AG, Switzerland). The process parameters for spray 

drying experiments are specified in the results and discussion section. Batches of 20 ml 

feed solution were spray dried, which requires approximately 5 minutes. The experiments 

were carried out in duplicate. The viability analysis involved spreading and rehydration of a 

small amount of powder (approx. 1 mg) on an Anopore chip.  

Freeze drying experiments 

 Five ml aliquots of working solution were frozen to -26 °C for 24 h. After freezing, the 

residual viability of L. plantarum WCFS1 was always higher than 95 %. The frozen 

samples were directly transferred to a Christ Epsilon 2-6d freeze dryer (Martin Christ, 

Germany) for the lyophilization. The samples were frozen at -20 °C for 2 h prior to the 

main drying step at -20 °C for 0.2 h at a pressure of 1.03 mbar. Subsequently, the 

temperature was raised to -10 °C in 4 h. The subsequent drying was done at -10 °C for 4h, 

while maintaining the pressure at 1.03 mbar. Afterwards, the shelf temperature was raised 

to -5 °C at 1.03 bar for 12 h. Finally, the pressure was decreased to 0.001 mbar for 6.5 h for 

final drying. The typical water content of the freeze-dried sample was between 5 and 8 %.  

Moisture content measurement 

The moisture content on wet basis was determined using a Sartorius MA 30 (Sartorius 

Mechatronic, Germany) gravimetric analyser. Approximately 2 g of powder was spread on 

an aluminium pan and put in the moisture content analyser, which heated the powder up to 

130 °C until the mass equilibrated to a final value; approximately 5 min heating time was 

needed.  
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Cell rehydration and viability enumeration 

For viability enumeration, approximately 10 mg of powder was transferred and rehydrated 

on a sterilized Anopore (aluminium oxide nanoporous) chip (Microdish BV, The 

Netherlands) that was on top of a 1 % low melting point (LMP) agarose (Invitrogen, USA) 

gel containing 0.02 % fluorescent stains of Live/Dead BacLight bacterial viability kit 

(Invitrogen, USA). This viability kit is composed of the reagents Propidium Iodide (1.67 

mM) and Syto 9 (1.67 mM) dissolved in dimethyl sulfoxide (DMSO). The rehydrated 

powder were incubated for 30 minutes and subsequently excited by 470 nm light to induce 

a fluorescent spectral shift to green (life) or red (dead), which could be observed with the 

microscope. The viability values were obtained from the number ratio of green cells and 

total cells in the image. Approximately 20 images with 200 to500 cells per images were 

taken for each viability assessment. A more detailed description of the method is provided 

in Perdana et al. [28].  

Description of temperature and moisture content for single droplets 

It is virtually impossible to measure the temperature and moisture content history of a 

single dried particle. Therefore, temperature and moisture content (including the moisture 

developing gradient) were predicted using an effective diffusion model. This model is 

extensively described by Perdana et al. (64, 67). To describe the temperature and moisture 

content history of spray dried particles, the model was modified by taking into account the 

heat and mass balance within the spray drying tower. To reduce the modelling complexity, 

the sizes and drying times of all particles were assumed identical. The average particle 

diameter of spray dried particles (d4,3) was determined by a Mastersizer Scirocco 2000 

(Malvern Instrument LTD, England) and the drying times were assumed to be 1.5 s 

according to the technical specifications of the spray dryer (184, 185). 

Model implementation and statistical evaluation 

The parameter optimisation was carried out using a non-linear least square method solved 

using the Levenberg-Marquardt algorithm (128). The confidence intervals of the parameters 

(p = 0.95) were estimated using the Hessian matrix, which was again derived from the 

Jacobian matrix of the solution (129). All calculations were performed with MATLAB 

version 7.10.0. 
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Results and discussion 

Single droplet experiments were carried out to assess the inactivation kinetics at different 

drying temperatures for L. plantarum WCFS1. In the next two sections, we separately 

discuss the experiments carried out at low temperatures (< 45 °C) and at high temperatures 

(>45 °C), because different inactivation behaviour was observed. 

Viability loss during single droplet drying at low temperature 

The residual viability of L. plantarum WCFS1 is shown in Figure 7-1B for single droplet 

drying experiments at air temperatures between 25 °C and 45 °C. It was observed that 

viability remained constant during the initial phase of the drying (1 to 2 minutes), followed 

by a sharp decrease and subsequent levelling off (Figure 7-1A and 1B). The decrease in 

viability occurred faster with smaller droplets because these droplets dry faster. Despite 

different time periods of the initial drying until viability decrease was observed, the final 

residual viability was similar for all droplet sizes and drying air temperatures evaluated 

(Figure 7-1B). 

By plotting the residual viability as a function of the average moisture content of the 

particle, one can see that viability loss strongly correlates with the moisture content (Figure 

7-1C), in a manner that is independent of the drying time and drying rate applied (e.g. by 

varying the drop size). The highest inactivation rates were found to occur within a narrow 

range of moisture contents between approx. 0.1 and 0.35 kg/kg (Figure 7-1C). When 

considering the state diagram of maltodextrin (30), this critical region corresponds to the 

rubbery state, whereas the region below 0.1 kg/kg corresponds to the glassy state. In the 

latter region the dehydration inactivation rate observed was considerably lower. 

The sharp viability loss in the critical region may be explained by two potentially co-

occurring phenomena, or a combination of these: (i) during drying, water is removed from 

the hydration layer of the lipid bilayer of the cells causing destabilization, especially when 

the availability of free water is minimal. At this critical level, the bound water starts being 

removed from the solid matrix outside the cells or even the intracellular water (177, 178) 

and (ii) removal of water leads to an increase of the difference in osmotic pressure across 

the cell membrane due to the accumulation of solute outside the cell, which becomes a 

driving force for water migration across the cell membrane. This process can lead to an 

irreversible collapse of the cell membrane (14, 24, 186).  
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Figure 7-1. A: Microscopy images of L. plantarum WCFS1 dried by single drop 

drying using air at 25 °C for 0, 1, 2, 3, 5, and 30 min with a drop size of 600 µm 

following subsequent rehydration on Anopore chips and staining with live/dead 

probes. B: Residual viability of L. plantarum WCFS1 as a function of the drying 

time, dried using air at 25 °C with a droplet size of 600 (○),  900 (◊), and 1500 µm 

(∆) µm. C: Residual viability of L. plantarum WCFS1 as a function of the average, 

time dependent moisture content of the droplet, dried using air at 25 (open 

symbols) and 40 °C (closed symbols) with droplet sizes of 600 (○), and 1500 µm 

(∆), air of 40 °C at droplet size of 600 µm (▲), and air temperature at 45 °C with a 

droplet size of 600 (■), and 1500 µm (♦). For representation, not all data for 

optimization were presented here. The initial formulation is 20 % w/w maltodextrin 

DE 6 and a cell concentration of approximately 5.0×107 cfu/ml. The relative 

humidity of the drying air was set to 0 %. 

 

One can conclude from Figure 7-1C that at the respected drying rate (with approximately 1 

to 10 minutes of drying time) primarily the moisture content as such is determining 

dehydration inactivation and not the rate at which water is removed. The limited 
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availability of water in the matrix is the key factor for destabilisation of the cell membrane 

at mild temperatures. It can also be concluded that at drying temperatures below 45 °C, the 

effect of temperature on inactivation is not critical as the residual viability does not 

decrease below a certain minimum level. 

A modified Weibull model was used to describe the relation between moisture content and 

viability loss during drying. This was based on the assumption that only moisture content 

determines viability loss at the lower drying temperatures (< 45 °C). Furthermore, 

biological variation was taken into account as the Weibull model is basically a statistical 

model of distribution of inactivation (35) 

Õ� − Õ� = +Õ& − Õ�.nfo T−# ´u´¾B��$ÖuY    (7-1) 

in which AD is the cumulative amount of residual viable cells after dehydration inactivation, 

A0 and A∞ the fraction of residual viable cells in the initial (xw >> 0) and in the final drying 

state (xw = 0) respectively, xw the moisture content, and xcrit and βw the Weibull distribution 

parameters. The parameter xcrit can be related to the critical moisture content at which the 

inactivation rate is highest, while the parameter βw to the sensitivity of the viable cells to 

the moisture content. The model accurately described the viability loss of L. plantarum 

WCFS1 during mild temperature drying. The model optimization result showed these 

critical conditions during drying on the viability loss (Table 7-1).  

Table 7-1. Optimized parameter values for dehydration inactivation model 

Parameter Value Confidence intervala 

xcrit 0.17  (0.0069) 4.1 % 

β -3.14  (0.48) 15.4 % 

A∞ 0.64  (0.0098) 1.5 % 

a The uncertainty of the parameters at 95 % confidence interval  
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Viability loss during single droplet drying at high temperature 

With air drying temperatures above 45 °C, the residual viability decreased with increasing 

air temperature and droplet diameter. Thus, besides dehydration inactivation also thermal 

inactivation should play a role in loss of viability under these conditions. It was assumed 

that both inactivation mechanisms were co-occurring but uncoupled; a cell might lose its 

viability due either to dehydration, to thermal, or to both shocks.  

The total viability loss was calculated by accumulating the effects of dehydration and 

thermal inactivation. Based on the previous observation, the dehydration inactivation in 

single droplet drying is only dependent on the moisture content. Meanwhile, the thermal 

inactivation is a function of temperature, moisture content, and time as well. To combine 

both mechanisms, the average moisture content of the droplet has to be described as a 

function of drying time. The latter can be approximated with an effective diffusion model 

for drying of single droplets (64). Residual viability is calculated by first accounting for 

inactivation for dehydration inactivation (Eq. 7-1). Subsequently additional thermal 

inactivation is accounted for.  

Õ = Õ� ∙ Õr        (7-2) 

where A is the residual viability at drying time t, and AD and AT are the residual viability 

after dehydration inactivation (as a function of xw, calculated using Eq. 7-1) and after 

thermal inactivation respectively. The thermal inactivation can be described using a 

Weibull model. Finally, the residual viability taking into account both dehydration and 

thermal inactivation could be estimated as 

Õ = Õ�exp	T− #�Ú$ÖÎY       (7-3) 

where α and βT are the Weibull parameters for thermal inactivation. It was found 

appropriate for our viability range of interest to assume that βT = 1 (see Appendix and its 

Figure 7-A1).  

Similar to our previous research on enzyme inactivation, we assumed that both temperature 

and moisture content influence the thermal inactivation (68), which could be described with 

the Weibull parameter α:  
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Û = Ûm,rnfo ]ln TÚ�,ÎÚu,ÎY nfo #−o ´uH3´u$^     (7-4) 

with 

 logQÛm,rR = logQMm,r giR − ÝmQ� − � giR  
and 

logQÛ�,rR = logQM�,r giR − Ý�Q� − � giR    (7-5) 

in which αw and αs are the Weibull inactivation parameters at xw = 1 and xw = 0, 

respectively, at temperature T, and p is a parameter that describes the dependency of 

parameter α on the moisture content. The temperature dependencies of parameter αw and αs 

are described with the empirical model (Eq. 7-5) with optimized parameters of αTref and b 

(36).  

Table 7-2. Optimized parameter values for the thermal inactivation model 

Parameter Value  Confidence intervala 

αw,Tref
b 3.48 0.64 18.3 % 

bw
b 0.18 0.013 7.6 % 

αs,Tref 108.49·103 32.14·103 29.6 % 

bs
b 0.11 0.0046 4.2  % 

p 0.98 0.11 11.5 % 

Þrc 1   

Tref
c 50 °C   

a The uncertainty of the parameters at 95 % confidence interval  

b Parameter values from separate isothermal heating experiments 

c Not optimized  
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The parameters (αw,Tref and bw) that determine the parameter αw were obtained from 

separate isothermal heating experiments. These experiments were carried out at a moisture 

content of 80 % w/w to obtain the microbial inactivation kinetics under dilute conditions, 

where α is not sensitive to the moisture content (Figure 7-2C, see also Appendix).  

The values of parameters αs,Tref and bs were obtained from isothermal heating experiments 

at a moisture content of 8 %. At this low moisture content, the parameter αs,Tref is sensitive 

to the moisture content, but parameter bs is less sensitive, which resembles the observations 

made while studying enzyme inactivation kinetics during drying (68). Based on this, αw,Tref, 

bw, and bs could be fixed, which improves the accuracy of the fitting because only two 

parameters now had to be found through fitting, i.e. parameters as,Tref and p (Table 7-2). The 

data were collected at drying temperatures of 50, 60, and 70 °C and varying droplet sizes of 

600, 900, and 1500 µm.  

The residual viability as a function of drying time for L. plantarum WCFS1 shows a similar 

trend as that observed for drying at temperatures below 45 °C; i.e. at first the viability 

remains more or less constant for a very short period of time, then decreases rapidly, and 

finally remains at a relatively stable value. The final residual viabilities were lower at a 

higher drying temperature (Figure 7-2A), which is different from the observation with 

drying below 45 °C. Nevertheless, the final residual viability remained unaffected by 

extended periods of exposure to high temperatures provided that the cells were 

appropriately dehydrated. This was confirmed by the optimization results provided in the 

contour plot showing that at a moisture content lower than e.g. 0.2 the thermal inactivation 

kinetic parameter (α) was already irrelevant: it could not change the residual viability in the 

course of the drying time; e.g. at 80 °C, the value of α for xw = 0.05 is approx. 40 min, 

which requires 5 min for 10 % viability loss at this low moisture content (Figure 7-2C).  

Thus, we observe good agreement between the model and the residual viability data from 

single droplet drying experiments. This provides a basis to predict the viability loss in 

larger scale spray drying.  
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Figure 7-2. A: Residual viability of L. plantarum WCFS1 dried with air at 50 (○), 

60 (□), and 70 °C (∆), relative humidity of 0 %, and droplets of 600 µm. B: 

Residual viability of L. plantarum WCFS1 dried with air at 60 °C, relative 

humidity of 0 %, and droplets of 600 (□), 900 (◊), and 1500 µm (∆). Solid lines 

represent the fitted model and error bars represent the standard deviation. C: 

Contour plot of T as a function of xw and α. 
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Translating the results from single droplet drying approach to spray drying 

The predictive model developed to describe the viability loss of L. plantarum WCFS1 was 

evaluated for spray drying on laboratory scale. The effective diffusion model was used to 

estimate the temperature and moisture content history of a single droplet during spray 

drying (64, 75). The temperature and moisture content history of powder particles was 

approximated with the assumption that particle size and particle residence time during 

spray drying are identical for all powders. The microbial inactivation model was 

incorporated into the diffusion model. Subsequently, the residual viability of L. plantarum 

WCFS1 was predicted for varying spray drying conditions and compared to experimental 

drying results.  

Spray drying experiments were carried out at varying inlet and outlet temperatures. The 

residual viability and the final moisture content of the powders were monitored (Figure 

7-3). In contrast to the results from single droplet drying experiments, a very high fraction 

of cells remained viable (more than 95 % compared to the cell viability in the original 

suspension) at outlet air temperatures below 70 °C. This high survival is in agreement with 

previous studies (15, 45, 175). It may be explained by the absence of dehydration 

inactivation during laboratory-scale spray drying, in which the drying rate is very high 

(typical drying time of a droplet is between 1 and 1.5 s according to the technical 

specification of the dryer (184, 185)) compared to that in the single droplet drying 

experiments (typical drying time of a droplet is about 300 s). During spray drying, fast 

removal of water leads to instantaneous vitrification of the solid matrix surrounding the 

cells, which fixates the cell membranes and thereby minimizes the damage to the cell 

integrity (187, 188). At outlet air temperatures above 70 °C, the residual viability decreases 

with increasing outlet air temperatures. When comparing the experimental results to the 

model prediction based on thermal inactivation, it can be concluded that this viability loss 

can be explained entirely by thermal inactivation. This finding was further confirmed by 

comparing model predictions and spray drying experiments at different inlet air 

temperatures, while maintaining the outlet air temperature at 75 °C. At inlet air 

temperatures above 190 °C all cells were inactivated very rapidly because the droplets 

reached a critical combination of high temperature and moisture content at the beginning of 

the drying.  
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Figure 7-3. Residual viability of L. plantarum WCFS1 dried in a laboratory scale 

spray dryer at different outlet air temperatures (between 33 and 110 °C) where the 

inlet air temperatures were set 30 °C higher than the respective outlet temperature 

(A), at different inlet air temperatures (between 105 and 200 °C) where the outlet 

air temperature was set to 75 °C (B), and their respective moisture contents after 

drying (C and D). The symbols represent the experimental data, the solid lines 

represent the residual viability prediction taking into account thermal inactivation, 

the dashed lines represent the residual viability prediction taking into account both 

thermal and dehydration inactivation, and the error bars represent standard 

deviation. 

 

At high inlet air temperatures (i.e. higher than 180 °C), the droplet experiences 

temperatures higher than 70 °C, even from the beginning of the drying. The prediction of 

inactivation under such conditions in the spray dryer could only be obtained through 

extrapolation, which can explain the difference between experimental and predicted 
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viability values (Figure 7-3A and 3B). It is noted however that these high inlet air 

temperatures are less relevant, since lower levels of residual viability were obtained. 

The effect of the drying rate on viability loss  

Because dehydration inactivation was found to be negligible when drying quickly, the 

influence of the drying rate on dehydration inactivation was studied by comparing three 

different methods of drying: freeze drying, single droplet drying to mimic slow drying at 

low temperature, and very fast spray drying using a laboratory spray dryer. The drying time 

for these processes are in the order of 24 h for freeze drying, 30 min for single droplet 

drying, and about 1.5 s for laboratory spray drying. Spray drying provides the highest 

residual viability (Figure 7-4A). This was reported previously for the dehydration of TBC 

vaccine (70). As discussed before, the high residual viability during spray drying can be 

explained by the high drying rate providing immediate vitrification of the solid matrix 

without negatively affecting the stability of the cell membrane. For slow convective drying 

a residual viability of 65 % was measured, due to dehydration inactivation. After freezing 

(the first step in freeze drying) a residual viability of 90 % was found. After subsequent 

freeze-drying, the residual viability of L. plantarum WCFS1 decreased to 50 %. Thus, 

approximately 45 % of the cell population lost its viability during the freeze drying step, 

which is in line with results from another study (189). Another study by van Baarlen et al. 

(105) shows that more than 85 % viability could be retained by freeze drying of L. 

plantarum in a mixture of 20 % w/w maltodextrin + 2 % w/w glucose solution. However, the 

dextrose equivalent (DE) of the maltodextrin was not reported. It may well possible that a 

higher DE, which means shorter chain, of maltodextrin was used as the shorter chain of 

carbohydrates could give better stabilization to the cell membrane during dehydration (24).  

The viability loss during freezing can be attributed to either (i) the formation of intracellular 

ice crystals (190) or (ii) a phase transition in the lipid bilayer, which damages the cell 

membrane (189, 191). During freeze drying, a first step of drying occurs when freezing 

down to e.g. -20 °C, during which about 65-90 % of the water is sublimated. The remaining 

water, so called “bound water”, (0.10-0.35 g/g (14), 0.2-0.25 g/g solid (186)) cannot be 

frozen at this temperature but has to be removed through evaporation in the second step of 

drying to achieve approx. 5-8 % final moisture content (14). If this drying procedure is 

compared to single droplet drying, in which most viability loss took place between moisture 
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contents of 0.1 and 0.35 kg/kg (Figure 7-1C), it is hypothesized that the viability loss 

during freeze drying will primarily occur during the second step as a consequence of 

dehydration inactivation. The observation that the residual viability after freeze-drying for 

different solid matrices was never higher than the residual viability after single droplet 

drying supports this hypothesis (Figure 7-4B). At the same time, the fact that using 

different matrices influences the viability is an indication that indeed the phase behaviour of 

the lipid bilayer is important. This is in agreement with the fact that below 45 °C, thermal 

inactivation did not take place. Inactivation by dehydration may still occur, as the removal 

of water will cause differences in osmotic pressure, and may cause deformation and rupture 

due to local crystallisation or other effects (24, 192, 193). The same may happen during 

freeze drying with even some additional inactivation due to cold stress or crystallization 

(194).  

In contrary to “slow drying”, the absence of dehydration inactivation during laboratory 

scale spray dryer indicated that at this nearly instantaneous drying rate dehydration 

inactivation can be avoided. However, in slow drying, the drying rate does not influence the 

viability loss due to dehydration. Therefore, it is hypothesized that, within the moisture 

content range between 0.35 and 0.1 where dehydration inactivation takes place, the drying 

rate influences the dehydration inactivation in a step function; the time during which the 

drying crosses this so-called critical moisture content is hypothesized to determine whether 

dehydration inactivation will occur or not. Thus, to eliminate the dehydration inactivation, 

the drying rate should be faster than a certain “critical drying rate” to eliminate dehydration 

inactivation. This “critical drying rate” should be obtained from relating the drying time (to 

dehydrate the particles from moisture content above 0.35 to 0.1) to retention of cell 

viability.   
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Figure 7-4. A: Residual viability of L. plantarum WCFS1 subjected to freezing at  

-26 °C for 24 h (F) and subsequent freeze drying (FD), convective drying at 25 °C 

on single droplet drying equipment (CD), and laboratory scale spray drying at 50 

°C (SD). B: Residual viability of L. plantarum WCFS1 after convective drying at 

25 °C on single droplet drying equipment (grey bars) and freeze drying (white 

bars) in solid matrices of fructose (Fru), galactose (Gal), sucrose (Suc), lactose 

(Lac), sorbitol (Stol), mannitol (Mtol), trehalose (Tre), and maltodextrin DE 6 

(MD6). The error bars represent the standard deviation. 

 

Outlook for the industrial application of spray drying to dehydrate probiotics 

The positive results from lab scale spray drying experiments provide an indication that 

spray drying may be a superior technique to dehydrate probiotics. However, to confidently 

and accurately translate the insight gained from single droplet drying and lab scale spray 
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drying to industrial-scale spray drying of probiotics, the droplet size and the related drying 

rate and drying time should be controlled. 

Industrial spray drying requires much longer drying times (~30 s) compared to lab scale 

spray drying (between 1 and 1.5 s (184)), which is mainly due to the difference in particle 

size. The longer drying time in industrial spray drying leads to higher viability losses. To 

minimize loss of viability, lower drying temperatures should be applied. This negatively 

affects energy efficiency or leads to high residual moisture content and operational 

difficulties due to sticky powders.  The drying rate relates to the droplet size and determines 

whether dehydration inactivation occurs. The drying rate is preferably higher than a 

“critical drying rate” for instantaneous vitrification. It is questionable whether this can be 

achieved in industrial spray drying systems. Another route that can be taken is to reduce the 

droplet size by e.g. implementation of a different atomization method. Rapid drying of 

small droplets is favourable for retention of viability and avoiding dehydration inactivation. 

Atomization is not expected to have negative impact on residual viability, because a 

residual viability above 95 % was found for spray dried L. plantarum WCFS1 (d4,3 = 8.1 

µm with d0.1 = 1.4 µm). This has also been observed in previous studies (189, 195). 

However, the use of very small droplets in conventional spray dryers involves redesign of 

drying chambers, but could contribute to process intensification of spray dryers used for 

drying of probiotics or other food or pharmaceutical applications. 

This study shows that spray drying is capable in retaining more than 95 % of viability of 

probiotic cells (in this research represented by L. plantarum WCFS1) after drying. 

However, it should be realised that loss of viability during storage can have large influence 

on shelf-life of the probiotic formulation. However, this was beyond the scope of this study. 

Conclusion 

The inactivation of micro-organisms during drying can be ascribed to the effects of the 

dehydration and the effects of the thermal shock. Using the single droplet drying platform 

(drying time between 2 to 5 min), the dehydration inactivation of Lactobacillus plantarum 

WCFS1 predominantly occurred at drying temperatures below 45 °C and only depended on 

the moisture content. Above 45 °C the inactivation was however due to a combination of 

dehydration and thermal inactivation, which depended simultaneously on the moisture 

content, temperature, and drying time.  
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A model was developed to describe the thermal and dehydration inactivation of the cells 

during single droplet drying, based on the Weibull probability distribution, which could 

describe the inactivation and enabled the prediction of residual viability of L. plantarum 

WCFS1 after single droplet drying.  

Subsequently, the model was implemented to predict the viability loss of L. plantarum 

WCFS1 dried in a laboratory scale spray dryer (drying time between 1 and 1.5 s). A good 

agreement between the model prediction and the experimental data was observed if 

assumed that only thermal inactivation occurred. This implies that fast drying in laboratory 

scale spray drying could induce instant fixation of the cells in a vitrifying matrix and 

thereby prevent dehydration inactivation. Finally, the influence of the drying rate on the 

residual viability was evaluated by comparing single droplet drying, freeze drying and 

laboratory scale spray drying of the same bacterial suspension. The results indicated that 

slow drying leads to significant dehydration inactivation, which is strongly reduced in fast 

drying processes such as laboratory scale spray drying where thermal inactivation is the 

predominant mechanism of inactivation. 

Nomenclature 

A Residual viability – 

AD Residual viability due to dehydration inactivation – 

A∞ Fraction of viable cells at xw = 0 (after drying) – 

b  
Temperature dependency parameter of parameter α for 

thermal inactivation 
– 

p 
Moisture content dependency of parameter α for thermal 

inactivation  
–  

T Temperature °C 

t Time  s or minute  

x Mass fraction   kg·kg-1 

xcrit 

Weibull distribution parameter for dehydration inactivation 

to describe the critical moisture content where the 

inactivation rate is highest 

kg· kg-1 
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Greek symbols: 

α Weibull distribution parameter for thermal inactivation  minute  

βT Weibull distribution parameter for thermal inactivation – 

βw Weibull distribution parameter for dehydration inactivation  – 

   

Subscripts: 

ref Reference   

D Dehydration  

s Solid  

T temperature, thermal  

w Water  

0 Initial  

Appendix 

The thermal inactivation kinetics of L. plantarum WCFS1 is dependent on the temperature, 

moisture content, and drying time. Here, we provide the steps to determine the thermal 

inactivation kinetics of L. plantarum WCFS1 described using a Weibull model.  

Õ = Õ&nfo T−#�
α
$ÖÎY       (7-A1) 

The temperature dependency of parameter α was described by the semi-empirical Bigelow 

model: 

log+Ûr. = logQMr giR − ÝQ� − � giR     (7-A2) 

The temperature dependency of parameter α was extracted from isothermal heating 

experiments for both wet (xw = 0.80) and dry condition (xw = 0.08) by nonlinear fitting of 

parameter A against t and T 

 Õ = Õ&nfoß−à �
EÎB��∙H&T�á#Î�ÎB��$Y	â

ÖÎã     (7-A3) 
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Table 7-A1. The optimized parameter values for temperature-moisture content dependency 

of thermal inactivation parameters  

Parameter Value Confidence intervala 

αw,Tref 3.48 0.64 18.3 % 

bw 0.18 0.013 7.6 % 

αs,Tref 24.36·103 4.98·103 20.4  % 

bs 0.11 0.0046 4.2  % 

βT
b 1   

Tref
b 50 °C   

a The uncertainty of the parameters at 95 % confidence interval  

b Not optimized 

 

Analogous to the combined effect of temperature and moisture content on enzyme 

inactivation kinetics (68), the sensitivity of parameter α on moisture content increases at 

lower moisture contents. According to the model (Eqs. 7-A4 and 7-A7-5), parameter a is 

more sensitive to the change of moisture content than parameter b. Therefore, although the 

model was fitted to xw = 0.8 and xw = 0.08 instead of xw = 1.0 and xw = 0.00, the 

approximation of aw, bw, and bs from these experimental data will be accurate. Parameter 

value as is obtained from fitting the model to the single droplet drying data. 
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Figure 7-A1. A: Residual viability of L. plantarum WCFS1 after isothermal 

heating at 55 °C (○) and 60 °C (□). Solid lines represent the fitted model based on 

Weibull model (Eq. 7-3) with βT = 1. B: The temperature dependence of parameter 

α for water content of 0.8 (◊) 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 of Lactobacillus plantarum 

WCFS1 
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Abstract 

Protective solid carriers are commonly added to probiotic cultures prior to drying. The 

selection of suitable carriers is not trivial and related to the applied drying conditions. We 

present a systematic study into the influence of formulation parameters on the survival of L. 

plantarum WCFS1 during single droplet and spray drying at various operational conditions. 

The combination of low molecular weight carbohydrates (less than 2 kDa) and high 

molecular weight is concluded most appropriate to provide protection at both low (25 °C) 

and high (50 °C or higher) temperature drying. Low molecular weight compounds provide 

stabilization by closely interacting with the lipid bilayer of the cell membranes, whereas 

high molecular weight carriers provide stabilisation by their high glass transition 

temperature yielding a glassy powder. We showed that depending on the crystal geometry, 

crystallization during drying can be either beneficial (e.g. with mannitol or sorbitol) or 

detrimental (e.g. with lactose) to the survival of L. plantarum WCFS1. The minimum 

amount of solid carrier required to provide sufficient protection to the cells during drying 

was determined at 2 % w/w for trehalose. An acceptable decimal reduction time of 

approximately 300 days was found when spray dried L. plantarum WCFS1 powders were 

stored at temperatures below 40 °C. Finally, a generalised diagram was constructed to 

indicate combinations of outlet air temperature and residual moisture content to maximally 

retain viability and operate at highest dryer efficiency. In this diagram it is assumed that a 

formulation with a specific glass transition temperature is applied. 

 

Keywords: Feed formulation, spray drying, viability, probiotics, vitrification 
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Introduction 

Spray drying is an attractive route to enhance and prolong the stability of probiotic cell 

cultures (1-4, 75). When stored under appropriate conditions, cells enclosed in a glassy 

powder remain viable and resume their active living state after reconstitution (33, 43). 

Dedicated formulations are used to enhance survival of cells during spray drying and 

subsequent storage (75, 76, 196). They consist usually of protective agents such as 

carbohydrates and, to a lesser extent, proteins, which are approved as food additives (3, 15, 

175). The protective effect is often related to the high glass transition temperatures of the 

selected components providing stability to bacteria when enclosed in a glassy matrix (33, 

197).  

Generally, the presence of protective agents may depress the phase transition temperature 

of the phospholipid in the cell membrane (Tm) between liquid crystalline phase and gel 

phase (45, 188, 198). In the absence of protective agents, this Tm increases with decreasing 

moisture content (199). For example, the Tm of E. coli and B. thuringiensis increases from 

30 (hydrated) to 40 °C (dried). In the presence of trehalose or sucrose, the Tm of dried cells 

is maintained around 30 °C (45). Due to the variability of the chain length of the 

phospholipid molecules in the cell membrane, the Tm may also vary, resulting in uneven 

transformation of the phospholipids from liquid crystalline phase to gel phase. This uneven 

transformation might cause a leakage of the cell membrane, which could lead to viability 

loss (199, 200). Thus, it is desirable to keep the cell membrane in the liquid crystalline 

phase (as when it is hydrated) upon drying, for example with the addition of protective 

agents.  

Several mechanisms were proposed to explain the depression of Tm in the presence of 

protective agents, of which the most important are the water replacement theory (45, 201) 

and the hydration force theory (187, 202, 203) indicating whether there is specific 

interaction between the protective molecules and the phospholipid head-group or not. The 

ability of protective agents to influence the Tm of cell membrane depends on the type of the 

protective agents and also on the cell. Therefore, in practice the selection of suitable 

protective agents is often bacterial strain-specific (204-206).  

In our previous study we showed that the inactivation behaviour of Lactobacillus 

plantarum WCFS1 during spray drying was different at low and high drying temperatures 
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(207). At a low drying temperature, only dehydration inactivation occurred, while at high 

temperatures inactivation occurred due to both dehydration and thermal inactivation (182, 

207). It was also demonstrated that fast drying at low temperatures leads to a minimal 

viability loss, which is explained by the absence of dehydration inactivation during the fast 

drying process. This is probably due to the instant vitrification of the solid matrix 

surrounding the bacterial cells (207). Fast drying at higher temperatures only invokes 

thermal inactivation. Obviously, the addition of protective agents influences the degree of 

survival during the drying at the above mentioned drying conditions. It is hypothesized that 

protective agents may have different effects in combination with the two different 

inactivation mechanisms. 

Therefore, this study explores the protective effect of different solid carriers on the survival 

of Lactobacillus plantarum WCFS1 at different drying and subsequent storage conditions. 

The latter is of importance because significant viability losses may occur during storage 

that could compensate for good retention of the viability during drying (15, 208).  The final 

aim is to provide guidelines for optimal spray drying and storage that provide maximum 

retention of viability of L. plantarum WCFS1.  

Firstly, the influence of protective formulations on survival of Lactobacillus plantarum 

WCFS1 was investigated for the two specific drying conditions: 

1. Single droplet drying at low temperature inducing only dehydration inactivation 

2. Fast drying in a laboratory-scale dryer inducing only thermal inactivation 

The survival of L. plantarum WCFS1 was monitored for various protective agents 

including low and high molecular weight carbohydrates and proteins. The survival was 

determined by a cell-integrity based enumeration method that is also suitable for single 

powder particles (75). Subsequently, the correlation was investigated between the survival 

and the physical properties of the protective formulation such as glass transition 

temperature, molecular weight and presence of crystals. Also the amount of added solid 

carrier was examined as a formulation parameter. Next, the inactivation during storage was 

taken into account, for which the survival was monitored as a function of the storage 

conditions (at different times and temperatures). Finally, guidelines were derived aiming at 

optimal retention of viability of spray dried L. plantarum WCFS1.  
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Materials and Methods 

Materials 

Maltodextrin DE = 6 and DE = 16 (Roquette, France) was used as received. Sorbitol, 

mannitol, xylose, glucose, sucrose, maltose, trehalose, lactose, l-glutamine, glycine, 

glutamic acid, lysine, and lactalbumin hydrolisate were analytical grade, purchased from 

Sigma-Aldrich (USA) and used as received. Inulin (Orafti HP) and fructo-oligosaccharides 

(Orafti L85) were purchased from Beneo-Orafti (Belgium), galacto-oligosaccharide 

(Vivinal GOS) from FrieslandCampina (The Netherlands), and potato starch from Sigma-

Aldrich (USA) were used as received.  

Preparation of bacterial culture 

The strain Lactobacillus plantarum WCFS1 was obtained from NIZO Food Research (The 

Netherlands). The deep frozen culture (-26 °C) was grown in 10 ml sterilized Lactobacilli 

MRS broth (BD Difco, USA) at 30 °C for 16 h. An aliquot of 1 % of the grown culture was 

transferred and re-grown at the same conditions. Approximately 109 cfu/ml cell density was 

obtained after incubation. The culture was then centrifuged for 10 minutes at 4000 rpm 

(13500 g) at 4 °C. The supernatant was collected for pH measurement, while the pellet was 

twice washed with 10 ml of sterilized phosphate buffer saline (PBS; BD Difco, USA) 

solution (pH = 4.0).  

Preparation of the samples for the drying experiments 

The samples for the drying experiments were prepared by diluting the cell culture 10 times 

in PBS (pH = 4.0) solution. The diluted cell culture was again diluted 2 times with the 

sterilized carrier solutions containing 40 % w/w of solid content. By this, a suspension with 

approximately 5⋅107 cfu/ml cells in a 20 % w/w solid carrier was obtained. Subsequently, 

this suspension was directly used for single droplet or spray drying experiments.  

Single droplet drying experiments  

These were carried out with the single droplet drying platform consisting of a pneumatic 

micro-dispenser to deposit droplets on a flat hydrophobic membrane (Accurel PP 2E-HF, 

Akzo Nobel, The Netherlands) and a channel with well-defined drying air flow at specific 

temperature and relative humidity (RH) (67, 75). The RH of air was 0.0 %. Three identical 
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droplets (d = 600 µm) were dried simultaneously for 30 min in each experiment. The 

experiments were carried out in duplicate.  

Spray drying experiments 

A Buchi B-290 spray dryer (Buchi Labortechnik AG, Switzerland) was used for spray 

drying experiments. The experiments were carried out in duplicate. The relative humidity 

of the inlet air was 0.0 %. Small amounts of powder (approx.: 10 mg) were subjected to 

rehydration and viability enumeration.  

Moisture content measurement 

The moisture content of spray dried powder was analysed using the Sartorius MA 35 

(Sartorius Mechatronic, Germany) gravimetric analyser. Approximately 2 g of powder was 

spread on an aluminium pan and put in the moisture content analyser, which heated the 

powder up to 130 °C until the mass equilibrated to a final value; approximately 5 min 

heating time was needed. The moisture content of the powders after single droplet drying 

was not measured. It was assumed that the moisture content is lower than 5 % w/w.  

Cell rehydration and viability enumeration 

Powder particles were transferred and rehydrated on a sterilized Anopore (aluminium oxide 

nanoporous) chip (Microdish BV, The Netherlands) positioned on top of a 1 % low melting 

point agarose (Invitrogen, USA) gel containing 0.02 % fluorescent stains (Live/Dead 

BacLight bacterial viability kits, Invitrogen, USA). The viability kit contained Propidium 

Iodide (1.67 mM) and Syto 9 (1.67 mM) reagent in dimethyl sulfoxide (DMSO). The 

rehydrated powder particles were incubated for 30 minutes; then excited by 470 nm light to 

induce a fluorescent spectral shift to green (life) or red (dead), which could be observed 

with the microscope. Approximately 20 images were taken for each viability measurement. 

A more detailed description of the method is provided by Perdana et al. (75).  

Scanning electron microscopy (SEM) measurement 

Samples were fixed on sample holders by carbon adhesive tabs (EMS, Washington, USA) 

and subsequently sputter coated with 5 nm Tungsten (MED 020, Leica, Vienna, Austria). 

Samples were analysed at 2 kV at room temperature in a field emission scanning electron 
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microscope (Magellan 400, FEI, Eindhoven, The Netherlands). Images were digitally 

recorded. 

 X-ray diffraction for measurement of the degree of crystallinity in powder samples 

Approximately 0.5 gram sample powder was placed in the sample holder for X-ray 

diffraction spectroscopy (XRD) experiments. XRD was conducted with a PANalytical 

Expert Pro System (The Netherlands) by using nickel-filtered CuKα radiation (tube 

operating at 40 kV and 40 mA). The data were collected using an automated divergence slit 

(5mm irradiated length) and a 0.5 mm receiving slit. Data were obtained by step counting at 

0.02° intervals for 2 seconds per data point. 

Amorphous powder samples were used as a reference and obtained by spray drying 20 % 
w/w samples diluted in Milli-Q water (Millipore, USA) in the Buchi 190 mini spray dryer at 

an inlet air temperature of 120 °C (RHin = 0.0 %) and an outlet air temperature of 85 °C.  

The degree of crystallinity was determined using an external standard method (87). The 

volume fraction of the crystalline phase in the mixture was calculated from the measured 

integrated intensities of diffraction peaks produced by the samples compared to the 

amorphous samples 

�� = 1 − ����        (8-1) 

where Wi is the weight fraction of the crystalline phase, I i is the integrated intensity of the 

samples and Ia is the integrated intensity of the reference phase (amorphous sample).  

Glass transition temperature of powder formulations 

Glass transition temperature (Tg) of a powder is dependent on the material composition and 

the water content. When a mixture of components is used (e.g. solid and water or two solids 

and water), glass transition temperature is a function of the glass transition temperature of 

the components and their mass fractions, which could be estimated using the Couchman-

Karasz relation (30, 209, 210): 

�¹ = ∑ä�∆�¯,�r{,�∑ä�∆�¯,�        (8-2) 
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with y the mass fraction, ∆cp the transition of isobaric heat capacity increment, and Tg the 

glass transition of the pure components. The data for ∆cp and Tg of the components are 

listed in the Appendix. It is important to realize that presence of residual moisture has 

significant impact on the Tg of a formulation, since the Tg of pure water is very low (-138 

°C). 

Results and discussion 

We showed earlier that L. plantarum WCFS1 loses viability during drying due to 

dehydration, thermal inactivation or both types of inactivation simultaneously (182, 207). 

To study the cell survival during drying with both types of inactivation behaviours, two 

different drying methods were used: 

1. Single droplet drying (droplet diameter of 600 µm) at drying air temperatures of 25 °C   

2. Laboratory scale spray drying to achieve fast, nearly instantaneous, drying at drying 

temperatures 50 °C or higher.  

Another reason for using both methods is that drying at low temperature is impossible in 

the laboratory-scale drying equipment because of the short residence time in the dryer, 

while fast drying at high temperature cannot be carried out with the single droplet drying 

equipment. 

Single droplet drying at an air temperature of 25 °C 

For drying at an air temperature of 25 °C it can be safely assumed that inactivation is 

dehydration driven. Drying under these conditions leads to relatively extended drying times 

(approximately 2-5 min). Different formulations were prepared and dried with L. plantarum 

WCFS1. The survival was experimentally measured and related to the glass transition 

temperatures and molecular weights of the added components (Figure 8-1). To facilitate the 

interpretation of the data, the components were grouped into ‘carbohydrates’ and ‘proteins’. 

The residual viability of L. plantarum WCFS1 dried with carbohydrates decreased with 

increasing molecular weight of the carbohydrates, while the glass transition temperature 

had a smaller influence (Figure 8-1 A & B). The effect of the molecular weight may be 

explained by interactions between small carbohydrates and the phospholipids stabilizing the 

bilayer in the liquid crystalline phase (45, 46). Only low molecular weight solutes are able 
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to closely interact with the lipid bilayer of the cell membranes, which seems possible still 

for maltodextrins DE16 with a molecular weight equal or less than 2 kDa (Figure 8-1B) 

(187, 188). With increasing molecular weight the interactions weaken and therefore the 

residual viability decreases, e.g. for maltodextrins DE6 or starch (Figure 8-1B). The reason 

that also larger carbohydrates still provide some protection is probably due to the fixation 

of cells in a glassy matrix, which hinders mobility of the lipid bilayer (179, 203). With 

fructose or xylose, cells were not enclosed in a glassy matrix because the glass transition 

temperatures were below the drying temperature. The same is true for sorbitol and mannitol 

but here crystallization was observed during single droplet drying at 25 oC, which could 

provide protection to cells by enclosing them in a crystalline matrix (211, 212).  

When proteins or amino acids were used as solid carrier, the residual viability after drying 

was not clearly related to the molecular weight or the glass transition temperature (Figure 

8-1C). The residual viabilities with glycine and lactalbumin hydrolysate were relatively 

low. The low residual viability with glycine is surprising as it has a high Tg and is 

considered to prevent cell lysis (213). Probably, the large concentration of glycine during 

drying increases the intra- and extracellular osmotic pressure difference that cannot be 

tolerated by L. plantarum WCFS1, leading to cell death.  

Laboratory-scale spray drying at air temperatures of 50 °C or higher 

Thermal inactivation occurs in addition to dehydration inactivation when drying at air 

temperatures of 50 °C or higher. However, when fast drying is applied (using laboratory 

scale spray drying, with a drying time of approximately 1.3 s) the effect of dehydration on 

the viability loss was small for L. plantarum WCFS1 spray dried in maltodextrin DE6 

(207). For other tested solid carriers the viability losses were small when spray drying at 

outlet air temperature below 70 °C (Figure 8-2). At these drying temperatures, thermal 

inactivation is minimal because the cells are rapidly entrapped in a solid glassy matrix (38, 

214). 

At outlet air temperatures above 70 °C, the residual viability decreases significantly with 

increasing drying air temperature (Figure 8-2). This decrease was more pronounced when 

the cells were suspended in high molecular weight carriers. Apparently, low molecular 

weight components provide more stability with respect to thermal inactivation. This 
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stabilization is likely to occur via a similar mechanism as was described for protection 

against dehydration inactivation (70, 215, 216). 

 

Figure 8-1. Residual viability of L. plantarum WCFS1 after drying for 30 min in 

single droplet drying apparatus in various solid carriers at 25 °C as a function of 

the glass transition temperature, carbohydrates (A) and proteins (C) and as a 

function of molecular weight, carbohydrates (B) and proteins (D). The error bars 

represent the standard deviation of the viability measurements. The final moisture 

content of the powder is approximately 2 %. The complete description of the 

abbreviated solid carriers is listed in Appendix (Table 8A-1).  

 

The effect of the glass transition temperature on thermal inactivation of L. plantarum 

WCFS1 was investigated by preparation of different mixtures of solid carriers with 

different Tg. By doing so, mixtures could be prepared, that cover a range of glass transition 

temperatures. Subsequently, L. plantarum WCFS1 was suspended in these mixtures and 

spray dried at inlet and outlet air temperatures of 120 and 85 °C, respectively. 
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The residual viability decreased when the Tg of the spray dried powders was below 40 °C, 

which is much lower than Ta (85 °C) (Figure 8-3A and B). This may be explained by the 

rapid cooling in the collected powder in the glass container of the laboratory-scale dryer, 

leading to the formation of a glassy powder (30). The temperature in the small glass 

container tank was determined at about 40 °C. It was also observed that when drying 

powder mixtures with a lower Tg (< 40 °C), only a small amount of powder could be 

collected, due to fouling of the walls. The residual viability decreased further with 

decreasing Tg, indicating that the powder mixtures obtained with Tg below 40 °C were not 

glassy (Figure 8-3A and B). This is in agreement with a previous study that showed that 

thermal inactivation becomes more pronounced in matrices being in a more ‘liquid-like’ 

state (212). The mechanism may be analogous to the influence of increasing moisture 

content on thermal inactivation (207). 

 

 

Figure 8-2. Residual viability of L. plantarum WCFS1 spray dried in various 

matrices at spray drying outlet air temperature of 50 (black), 70 (dark grey), 85 

(light grey), and 90 °C (white) with Tin = Tout + 50 °C. The error bars represent the 

standard deviation of viability measurements. Sucrose could not be spray dried at 

Tout 50 °C.  
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Figure 8-3. Residual viability of L. plantarum WCFS1 spray dried at inlet and 

outlet air temperature of 120 and 85 °C, respectively as a function of the glass 

transition temperature of the solid matrices. The cells were spray dried in mixtures 

of: A) trehalose and glucose (□) and trehalose and sorbitol (○), B) maltodextrin 

DE 6 and glucose (□) and maltodextrin DE6 and sorbitol (○), C) maltodextrin DE 

6 and trehalose (□) and maltodextrin DE6 and lactose (○). The glass transition 

temperatures of the powders were adjusted to a moisture content of 5 %, relevant 

to the measurement data. Solid lines are drawn to guide the eye and the error bars 

represent the standard deviation of viability measurements. 
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The powders with maltodextrin DE6 and lactose or trehalose have a minimum Tg around 40 

°C. Therefore, all powder mixtures of these components obtained are glassy. The residual 

viability is found to change at approximately equivalent amounts of both components with 

a higher residual viability for disaccharide-rich mixtures and a lower viability for the 

maltodextrin-rich mixtures (Figure 8-3C). Apparently, the residual viability depends on the 

component with larger fraction in the mixture. 

In conclusion, a higher glass transition temperature of the solid carriers is not necessarily 

related to higher retention of viability. It is more important to ensure that the cells are 

rapidly fixated into a glassy matrix after drying to achieve maximum retention of viability. 

A high glass transition temperature of the formulation is desired only because it could 

easily reach a glassy state than the formulation with lower Tg.  

Presence of crystals affects survival 

Depending on the rate of drying and the components present, crystallization may occur. In 

the case of sorbitol and mannitol, crystal structure appears enclose the bacteria and may 

thereby provide protection to the cells. However, depending on the crystal architecture, 

crystals may also detrimental to the bacteria. For example, lactose is a disaccharide that can 

form needle-like crystals (217), which may puncture cells. This effect was investigated by 

drying L. plantarum WCFS1 with various concentrations of lactose crystals in the feed 

solution. Two different drying experiments were carried out in which a fraction of lactose 

in the feed was replaced by lactose crystals:  i) single droplet drying at an air temperature of 

25 °C and a droplet size of ~600 µm (drying time approx. 5 min) and  ii) laboratory-scale 

spray drying at an air temperature of 50 °C (drying time approx. 1.5 s). It was assumed that 

thermal inactivation during these experiments was negligible. 

When no lactose crystals were present in the feed solution, the residual viability was equal 

to 95 % for both experiments (Figure 8-4). When a fraction of the lactose was present as a 

crystal, the residual viability for the single droplet drying decreased rapidly to 

approximately 60 %. This is independent of the initial fraction of lactose in the crystalline 

state. The initial lactose acts as a seed for crystal growth during drying (218). In the 

absence crystalline lactose in the feed, the crystallization was hindered by the absence of 

crystal seeds.  
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When the feed solution is rapidly dried in the spray drier, the residual viability was very 

high (> 90 %) despite the presence of lactose crystals. The rapid drying and solidification of 

the matrix hinders the growth of the crystal, and thus hinders the detrimental effect of 

lactose crystals penetrating bacterial cells.  

 

 

Figure 8-4. Residual viability of L. plantarum WCFS1 dried in the presence of 

different amounts of lactose crystals in the feed. The crystal concentration was 

presented as the fraction to the total lactose concentration. The lactose 

concentration in the feed was 20 % w/w. The drying was performed by single 

droplet drying (slow drying) at 25 °C air temperature and a droplet size of 600 µm 

(□) and by laboratory-scale spray drying at an air temperature of 50 °C (○). The 

error bars represent the standard deviation for the viability measurements. 
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Figure 8-5. A: Residual viability of L. plantarum WCFS1 spray dried in feed 

solution containing 20 % w/w trehalose at various cell concentrations under outlet 

spray drying temperatures of 50 (○) and 85 °C (□). The closed symbols represent 

the residual viability of cells spray dried without addition of any protective agent. 

B: Residual viability of L. plantarum WCFS1 spray dried in feed solution 

containing 1010 cfu/ml cell concentration and various trehalose concentrations 

under outlet spray drying temperatures of 50 (○) and 85 °C (□). The inlet air 

temperature was fixed 50 °C above the outlet air temperature during spray drying. 

The error bars represent the standard deviation. C: SEM pictogram of collected 

powder spray dried at outlet air temperatures of 50 °C with L. plantarum WCFS1 

(1010 cfu/ml cells) and 0, 0.01, 0.02, and 0.05 g/ml trehalose 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 to the survival of L. plantarum WCFS1 (Figure 

8-5A). A minimum amount of solid carrier is required to protect L. plantarum WCFS1 

during drying. A small amount of trehalose (2 % w/w trehalose in feed solution containing 

1010 cfu/ml cell concentration) was sufficient to retain the viability during spray drying 

(Figure 8-5B). Scanning electron microscope (SEM) observation shows that the addition of 

2 % w/w trehalose was sufficient to obtain powder particles with a surface that is perfectly 

covered by trehalose, which apparently provided adequate protection to the cells (Figure 

8-5C). 

At lower concentrations, the individual cells could be observed at the surface of the powder 

particles (Figure 8-5B). These cells were exposed to the hot drying air, which explains the 

large decrease in their viability. The residual viability did not further increase with 

increasing trehalose concentration in the feed solution (Figure 8-5B), probably related to 

the minimal coverage of cells required to provide full protection. The cell concentration in 

the feed solution also did not influence the retention of viability after spray drying as long 

as a sufficiently high concentration of trehalose was added to the feed (Figure 8-5A).  

Survival during storage 

In the previous section we showed that viability of L. plantarum WCFS1 is affected by the 

drying process itself and can be influenced by formulation. However, as already mentioned 

in the introduction, loss of viability may occur also during subsequent storage. This effect 

varies with the selected formulation. Therefore, spray dried powders were stored at 

different conditions and subsequently analysed for residual viability of L. plantarum 

WCFS1. 

The residual viability was similar for spray dried L. plantarum WCFS1 with maltodextrin 

DE=6 (xw ~ 7 %) stored at temperatures below 40 °C, but decreased slowly in time as 

described by a decimal viability loss time (D value (34), see Appendix). The viability 

decreased more severely when stored at temperatures above 40 °C (Figure 8-6A). The 

decimal viability loss time (D value) exponentially decreases with increasing temperature, 

which is in alignment with the temperature dependency of reactions as described by the 

Bigelow model. After 300 days of storage at temperatures below 40 °C, 10 % of the initial 
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viability was reached. This period might be extended to 600 days for powders with a 

moisture content of 4 % w/w.  

 

Figure 8-6. Decimal reduction value of residual viability of L. plantarum WCFS1 

during storage at various temperatures. A. The cultures were spray dried in 

maltodextrin DE=6 at inlet and outlet air temperature of 110 and 70 °C (xw ~ 7 %, 

□) followed by after drying at 25 °C for 24 h (xw ~ 4 %, ○). B. The cultures were 

spray dried at inlet and outlet air temperature of 110 and 70 °C (xw ~ 7 %) in 

lactose (○), maltodextrin DE = 6 (□), sucrose (∆), and trehalose (◊). The error bars 

represent the confidence interval of the optimized parameter (p = 0.95). C: 

Scanning electron microscope (SEM) images of spray dried L. plantarum WCFS1 

with solid formulation of 20 % lactose (A), sucrose (B), trehalose (C), and 

maltodextrin DE 6 (D).  

 

No significant differences in viability loss were found with different solid carriers when 

samples were stored at temperatures below 0 °C. At a temperature of 40 °C, sucrose was 

less effective in protecting L. plantarum WCFS1. At a temperature of 50 °C, lactose and 

trehalose provided better retention of viability than sucrose and maltodextrin DE 6 (Figure 
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8-6B). Microscopic analysis revealed that the spray dried lactose and trehalose powders 

consisted of perfect spherical particles, showing rigid glassy powders.  The particles with 

sucrose powder were partially merged together due to rubbery behaviour during or after 

drying. The maltodextrin powder contained particles with wrinkled surface despite its high 

Tg, possibly vitrified maltodextrin is more elastic while vitrified trehalose or lactose is rigid 

(Figure 8-6 C). The latter observations indicate that trehalose and lactose are preferred for 

protecting bacterial cells during storage at elevated temperatures (219). 

Optimal spray drying and storage of L. plantarum WCFS1 

Spray drying and storage conditions should be optimized towards overall survival. 

Depending on the selected formulation, different conditions are required. For example, the 

storage temperature should be below the glass transition temperature of the powder. For 

spray drying, generally low outlet air temperatures are advisable (also related to the Tg of 

the formulation) to have minimal thermal inactivation. However, at these low temperatures 

the spray dryer capacity is low, and thus the efficiency of the process is low. Higher energy 

efficiency can be achieved by increasing the inlet air temperatures; however, this increase is 

also restricted by risk of viability loss. Thus, maximum drying temperatures should be 

identified to avoid excessive loss of viability due to thermal inactivation. In spray drying, 

the thermal inactivation is generally dependent on the combined effect of i) the outlet air 

temperature (Tout) and ii) the spray dried particle size, which determines the drying time.  

Two different approaches may be used for spray drying depending on the glass transition 

temperature of the formulation (Figure 8-7). The optimum conditions depend strongly on 

the residual moisture content of the powder and the outlet air temperature. The residual 

moisture content has large influence on thermal inactivation, while both parameters 

influence the glass transition temperature of the formulation at the end of the process, and 

thus also strongly affect the residual viability.  

Region A in Figure 8-7 represents combinations of the residual moisture content and the 

outlet air temperature for a formulation with a glass transition temperature (Tg,2) that is 

optimal for maximum retention of viability in combination with the largest drying 

efficiency possible.  

Region B represents combinations of residual moisture content and outlet air temperature 

with a formulation with a lower glass transition temperature (Tg,1). For this formulation 
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more intensive drying is required to reach a lower residual powder moisture content in the 

glassy region, with the constraint that the outlet air temperature should be kept low. This 

can be achieved by drying at low spray dryer capacity (to ensure the low final moisture 

content of the powder). Alternatively, spray drying at higher capacity may be followed by 

rapid cooling or a combination of drying and rapid cooling (e.g. in a fluidized bed dryer) to 

reach region C.  

 

Figure 8-7. Combinations of residual powder moisture content and outlet air 

temperature. Line (IT) represents acceptable viability loss due to thermal 

inactivation (depending on the spray dried particle size and the decision of 

optimization). Glass transition temperatures of two different formulations are 

drawn, i.e. Tg,1 (red) and Tg,2 (blue). The regions represent the drying combinations 

that lead to maximum viability retention for formulation 1 (A), for formulation 2 

(B), and for formulation 2 but then spray drying is followed by rapid cooling or a 

combination of drying and rapid cooling (e.g. in a fluidised bed dryer) to obtain a 

glassy powder (C). 

 

For industrial purposes, spray drying of L. plantarum WCFS1 can be carried out at cell 

concentration as high as 1010 cfu/ml with additions of protective materials as small as 2 % 
w/w. The advisable protective material for this strain is either trehalose or lactose. For 
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economic reasons, lactose might be more attractive than trehalose. However, trehalose is a 

better choice than lactose if retention of viability is the priority. This is relevant especially 

because only a small concentration (2 % w/w) of protective agent is needed. Sometimes, 

lactose cannot be added to food products, for example for the products aimed for lactose 

intolerant people.  

Conclusions 

The influence of solid carriers was evaluated in combination with low temperature (25 °C, 

single droplet drying) and high temperature drying (≥ 50 oC, laboratory-scale spray drying) 

for survival of L. plantarum WCFS1. At a low temperature and slow drying only 

dehydration inactivation was expected. This dehydration inactivation was minimal in 

combination with the addition of low molecular weight carbohydrates (mono- and 

disaccharides), which increased with molecular weight for molecules larger than 2 kDa. 

Similar results were obtained during lab-scale drying experiments in which only thermal 

inactivation of L. plantarum WCFS1 was expected. Besides the effect of molecular weight, 

carriers are preferred having a higher glass transition temperature, since this allows drying 

at higher outlet air temperatures while still providing a glassy powder at higher residual 

moisture content.  

A high residual viability of L. plantarum WCFS1 was observed when dried in sorbitol or 

mannitol. Meanwhile, a low residual viability of L. plantarum WCFS1 was observed when 

dried with the presence of needle-like lactose crystals. For slow drying a small fraction of 

crystals was already detrimental to cells. This was not observed when drying was fairly 

rapid, e.g. in a laboratory scale spray dryer. Finally, different ratios of bacteria and solid 

materials were evaluated on retention of viability. The maximum viability was achieved 

with addition of at least 2 % w/w trehalose. Microscopic observations indicated that these 

powder particles were smooth, i.e. the trehalose provides sufficient coverage for protection.  

The residual viability of spray dried L. plantarum WCFS1 decreased with storage time. A 

decimal viability loss time (D-value) of approximately 600 days was determined when 

stored at temperatures below 40 °C for different carriers. At higher temperatures, the D-

value decreased with an exponential dependency on the temperature for maltodextrin DE = 

6. Furthermore, the storage at temperatures higher than the Tg of the formulation lead to 

significant residual viability reduction (e.g. for sucrose).  
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The spray drying of L. plantarum WCFS1 is restricted by dehydration and thermal 

inactivation. A diagram was constructed that indicates combinations of outlet air 

temperature and residual moisture content that are optimal with respect to retention of 

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

minimal thermal inactivation line and the glass transition temperature of the formulation. 

This diagram can be applied to explore preferred combinations of solid carriers and spray 

drying conditions. 

Nomenclature 

A Viability fraction  – 

cp  Heat capacity J·kg-1K-1 

D Decimal reduction time day   

I Integrated intensity (area under the curve) – 

t    Time  day    

Tg Glass transition temperature K 

W Weight fraction of crystalline phase – 

y  Mass fraction – 

   

Subscripts: 

a  Reference crystal phase  

i  Sample  

0 Initial   

 

Appendices 

Prediction of glass transition temperature of powder mixtures 

The glass transition temperature of powders mixtures was calculated using the Couchman-

Karasz relation (30, 209, 210): 

åæ = ∑çè∆éê,èåæ,è∑çè∆éê,è         (8-A1) 
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with y the mass fraction, ∆cp the transition of isobaric heat capacity increment, and Tg the 

glass transition of the pure component i. The data for ∆cp and Tg of the components are 

listed in Table 8-A1. Examples of glass transition temperatures of mixtures of solid 

components as a function of moisture content are shown in Figure 8-A1.  

 

 

Figure 8-A1 A: Glass transition temperatures of maltodextrin DE 6 (MD6), 

trehalose (Tre), and glucose (Glu) as a function of moisture content. B: Glass 

transition temperatures of trehalose-glucose mixtures as a function of the glucose 

mass fraction (xglu) at 0, 0.02, 0.04, and 0.06 moisture contents.  
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Table 8-A1. An overview of carrier materials and their anhydrous glass transition 

temperature 

Pure components Abbreviated Tg (°C) ∆cp (J·g-1K-1) 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 0.26a (222) 

Trehalose Tre 112 0.37 a (84, 223) 

Fructo-oligosaccharides FOS 100 0.43 (30) 

Galacto-oligosaccharides GOS 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) 

a Estimated from Gordon-Taylor constant (222) 

b Estimated based on the molecular weight using Fox-Flory relation (30)  
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Analysis of the inactivation kinetics during storage 

The inactivation kinetics of L. plantarum WCFS1 during storage was represented with a 

decimal reduction time D (Figure 8-6). The decimal reduction time is calculated as (34) 

log+Õ Õ&⁄ . = − d �⁄        (8-A2) 

Equation 8-A2 was fitted to experimental results to determine the D value of L. plantarum 

WCFS1 spray dried with different carriers and stored at specific temperatures (Figure 8-

A2). 

 

Figure 8-A2. A: Residual viability of L. 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 70 (○) and 75 °C (□). The error bars represent the standard deviation of 

the viability measurement results. The spray drying was carried out in a laboratory 

scale spray dryer at inlet and outlet air temperatures of 100 and 50 °C, 

respectively.  
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Chapter 9  

Inactivation of L. plantarum WCFS1 during spray 

drying and storage assessed with three 

complementary enumeration methods 
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Abstract 

In this study residual viability of L. plantarum WCFS1 spray-dried under different 

conditions was investigated. Three different enumeration methods were evaluated to assess 

whether inactivation is due to cell membrane damage and/or due to damage to intracellular 

components. The first method involved characterisation of the cell growth in a liquid 

medium by means of detection time, the second a membrane integrity viability-based 

method, and the third is carried out by conventional plating. At mild spray drying 

conditions with an outlet air temperature of 50 °C, all enumeration methods indicated very 

high residual viability values (> 95 %), which decreased when higher outlet spray drying 

temperatures were applied. At outlet temperatures of 80 °C or higher, residual viabilities 

determined using a detection time method and by conventional plating were lower 

compared to those determined using the membrane integrity method. This suggests that 

under the latter conditions cell membrane damage is probably not determining loss of 

viability but damage to intracellular components. Residual viability of the spray-dried cells 

was also evaluated as function of storage time and temperature. The cell membrane 

integrity method showed a slower viability loss rate as function of storage time compared to 

when determined with the other methods. Therefore, it is hypothesized that during storage, 

cell inactivation and/or prolonged repair time occurs primarily due to damage to 

intracellular components.   

 

Keywords: viability enumeration, growth parameters, detection time, membrane integrity, 

probiotics drying 
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Introduction 

In our previous study we investigated spray drying as an alternative for freeze drying to 

dehydrate probiotic bacteria (207). During spray drying at low outlet temperatures (up to 50 

°C), membrane damage was discussed to be the main reason for viability loss (182, 226-

229). However, at elevated outlet air temperatures (i.e. when cells are exposed to 

temperatures >65 °C) it was hypothesized that intracellular components such as ribosomes 

and nucleic acids are primarily affected (183, 226, 230). This will hamper cells to resume 

growth or at least the repair time before growth starts will be increased (231). In this case, 

the cell membrane-integrity method will not be able to detect all the lethally injured cells 

resulting in overestimation of viability (75, 176, 232-235). Therefore, this study adds two 

enumeration methods to assess viability loss based on growth behaviour. Plate counting is 

the standard enumeration method involving the cultivation of cells on a nutrient agar 

surface and subsequent colony counting. However, it requires elaborate preparations and 

takes approximately 2 days for cells to be incubated and counted (236, 237). Another 

method is the detection time method which is based on cell growth capacity in a liquid 

medium (238, 239).  

This study aims at obtaining more insight in the effect of spray drying of probiotics and its 

subsequent storage on the loss of viability. Moreover, it relates decreased viability to loss of 

integrity of the cell membrane and/or to damage to internal cell components. The three 

complementary methods are used to assess the residual viability of Lactobacillus plantarum 

WCFS1, which is selected as a model micro-organism for probiotic lactobacilli (161, 162). 

The comparative analysis of these techniques is applied to obtain better understanding of 

the subcellular lethal damage (e.g. membrane damage and/or intracellular component 

damage) that may occur during spray drying and storage (38, 182, 226, 229).  

Materials and methods 

Culture preparation 

Lactobacillus plantarum WCFS1 was grown in de Man, Rogosa and Sharpes (MRS) broth 

(BD Difco, USA) at 30 °C for 24 h. An aliquot of 1 % of the culture was transferred and re-

cultured in the same conditions for 16 h. This overnight culture contained approximately 

109 cfu/ml. The bacteria were harvested by centrifugation for 10 minutes at 13,500 × g at 4 

°C using Eppendorf Centrifuge 5804R with F-34-6-38 rotor (Eppendorf, Germany). The pH 
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of the spent culture medium was usually between 3.9 and 4.1. The bacterial pellet was 

washed twice with 10 ml phosphate buffered saline (PBS) solution (Sigma-Aldrich, 

Germany) adjusted to pH 4.0.   

The samples for the drying experiments were prepared by diluting the cell suspension to 

approximately 108 cells per ml in PBS (pH 4.0). The diluted cell suspension was mixed 

with an equal volume of 40 % (w/w) solutions of maltodextrin (DE 4-8, Glucidex 6; 

Roquette, France), fructose, galactose, sucrose, lactose, sorbitol, mannitol, or trehalose 

(Sigma-Aldrich, Germany) in PBS (pH 4.0) and used for spray drying experiments.  

Spray drying  

Spray drying experiments were carried out in a Buchi B-190 spray dryer (Buchi 

Labortechnik AG, Switzerland). The implemented drying regimes included outlet air 

temperatures of 50 and 90 °C with inlet air temperatures that were set 45 °C higher than the 

outlet air temperatures. The moisture content of the resulting powders, determined using 

Sartorius MA 35 (Sartorius Mechatronic, Germany) gravimetric analyser, was between 4 

and 8 %. Spray drying experiments were performed in duplicate for independently prepared 

cell suspensions.  

Viability assessment on the basis of cell membrane integrity 

One drop of the of the 200-folds diluted washed cell culture (in PBS pH = 7.4) prior to 

spray drying experiments (reference sample) or approximately 1 mg of spray-dried particles 

(treated sample) containing L. plantarum WCFS1 were transferred and rehydrated on a 

sterilized Anopore (aluminium oxide nanoporous) chip (Microdish BV, The Netherlands) 

positioned on top of a 1 % low melting point agarose gel (Invitrogen, USA) containing 0.34 

µM Propidium Iodide and 0.34 µM Syto 9 as the membrane integrity probes (Live/Dead 

BacLight bacterial viability kit, Invitrogen, USA). The samples were incubated for 30 

minutes on Anopore, then excited by 470 nm light to induce a fluorescent spectral shift to 

green (intact cell membrane) or red (damaged cell membrane) and imaged using a Zeiss 

Axioplan 2 Imaging microscope equipped with a Zeiss LD Plan-Neofluar 63_/0.75 Corr 

Ph2 objective lens and a single-band fluorescein isothiocyanate (FITC) filter. Twenty 

images containing approximately 4000 individual cells were captured using charge-coupled 

device (CCD) camera controlled by CellB imaging acquisition software (Olympus, Japan). 

Automated viability determination was performed via an image analysis routine written in 
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Matlab (MathWorks, USA). More detailed description of the method has previously been 

reported (75, 234, 235). 

Viability assessment using plate counting 

A reference sample was prepared by taking an aliquot of washed cell culture prior to spray 

drying experiments and diluting it 200-fold in PBS (pH = 7.4). The treated (spray-dried) 

samples were prepared by re-suspending a 100 mg of the spray-dried particles containing L. 

plantarum WCFS1 to a 5 ml sterilized PBS solution (pH = 7.4), which also generates a 

200-fold dilution from the original cell suspension, thereby having a comparable  absolute 

cell density (live and dead cells together) as the reference sample. The resulting 

suspensions were decimally diluted in PBS (up to 8 dilutions), and 50 µl of these dilutions 

was plated on MRS agar (BD Difco, USA) plates using an Eddy Jet 2 spiral plater (IUL 

Instrument, Spain). Plating was done in duplicate for each dilution. The plates were 

incubated at 30 °C for 48 h, followed by colony counting of the dilutions that generated 

between 30 and 300 colonies per plate. The fractional viability was determined by the ratio 

of the recovered colonies after each treatment and the colony count of the reference sample.  

Growth experiments and optical density measurements  

The growth experiments in liquid medium were performed in a Bioscreen C MBR 

(Bioscreen, Finland). For that, the reference sample was prepared by taking an aliquot of 

washed cell culture prior to spray drying experiments and diluting it 200-folds in PBS (pH 

= 7.4). The treated (spray-dried) samples were prepared by re-suspending a 100 mg of the 

spray-dried particles containing L. plantarum WCFS1 to a 5 ml sterilized PBS solution (pH 

= 7.4). Serial two-fold dilutions of the initial cell suspensions in MRS were prepared by 

subsequent dilution in a honeycomb format 10×10 micro-plate (Bioscreen, Finland) with 

15 wells per dilution series. Growth was measured in terms of optical density (OD) at 600 

nm every 5 minutes during incubation for 48 h at 30 °C with intermittent 30 s shaking at 

medium intensity. These growth experiments were performed in triplicate for each spray 

drying batch. 

Estimating residual viability using detection time method 

The ability of L. plantarum WCFS1 to resume growth was measured for fresh and spray-

dried cultures. A method was followed that evaluates the bacterial growth in terms of the 
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detection time (239), which is here defined as the time required for a culture starting with 

an initial cell number of x0 to reach a cell number of xdet while still being in the exponential 

growth phase. This detection time (denoted as tdet) may be determined with 

65ë6+ìí. = λ+ìí. + îï+ì5ë6 ìí⁄ .ð        (9-1) 

with λ(x0) the population lag time for x0 number of initial cell concentration, and µ the 

specific growth rate of cell.  

Cell growth was monitored indirectly as a function of the optical density (240), which 

allowed an inline measurement at short time intervals (order of magnitude: minutes). The 

prerequisite for this is that a correlation between the cell concentration and the optical 

density reading is available. When the detection time tdet is assessed in term of the optical 

density OD, ODdet needs to be set instead of xdet. For our system, an arbitrary optical density 

value of 0.5 was selected. Then, a relation between tdet and ln(x0) for all dilution ratio was 

constructed; the specific growth rate was estimated from the slope between tdet and ln(x0) 

when the culture is still in the exponential growth phase. 

The initial viable cell concentration (x0,s) in the processed (spray-dried and subsequently 

stored) samples was determined relative to a reference sample (x0,ref).  

lnQf&, gi f&,�⁄ R = µñd/g�Qf&,�R − d/g�Qf&, giRò    (9-2) 

with tdet(x0,s) and tdet(x0,ref) the time required to reach an OD value of 0.5 for the sample 

(treated) and the reference sample respectively. Fresh cultures from the working solution 

prior to spray drying were used as reference samples. 

The viability value determined using this approach should be interpreted with care because 

it is composed of at least two contributing factors, (1) the increase of lethally injured cells 

during spray drying, and (2) the delayed regrowth of sub-lethally injured cells as a 

consequence of the required time for resuscitation  (231, 241). 

Calculations and statistical analyses 

The specific growth rate and the viability values were estimated using a non-linear least 

square method solved using the Levenberg-Marquardt algorithm (128). The confidence 

interval of the parameters (p = 0.95) were estimated using the Hessian matrix, which was 
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derived from the Jacobian matrix of the solution (129). All calculations were performed 

with MATLAB version 7.10. 

Analysis of trehalose concentration within the cells 

To assess whether the drying process not only removed intracellular water, but also led to 

transfer of solid carrier material into bacterial cells, the concentration of solid carrier within 

the spray-dried cell cultures was measured. A Lactobacillus plantarum WCFS1 

(approximately 109 cfu/ml) suspension in a 20 % (w/w) trehalose solution was spray-dried at 

95 (inlet air temperature) and 50 °C (outlet air temperature) using a Buchi B-190 Mini 

Spray Dryer (Buchi Labortechnik, Switzerland). The resulting powder (approximately 109 

cfu per 0.2 g) was washed twice in 40 ml PBS (pH = 7.4). Washed cells were re-suspended 

in 100 µl lysis buffer (Lysis buffer: 0.4 g sodium dodecyl sulphate (SDS), 0.15 g 

dithiotreitol (DTT), and 10 ml of 100 mM Tris/HCl pH 7.6) in a 1.5 ml sterile micro Mini-

BeadBeater vial with 0.1 mm glass bead (Biospeck, USA). The sample was vortexed with 

FastPrep (FP120, BIO101/Savent) at 6000 mm/s speed 4 times 45 s. Between runs, the 

sample was cooled on ice for 1 minute. Subsequently, cell debris was removed by 

centrifugation at 21,000 × g for 10 minutes at 4 °C and supernatant was collected. The 

supernatant was 10-fold diluted in  Milli-Q water (Millipore, USA) and aliquots of 0.1 ml 

sample were analysed by high performance liquid chromatography (HPLC) with Rezex 

RSO oligosaccharide column (Phenomenex, The Netherlands) at 80 °C. The column was 

eluted with Milli-Q water at a flow rate of 0.3 ml/minute. 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 of L. plantarum WCFS1 with series of two-fold dilutions 

are shown. The time axes of the individual curves were shifted such that all curves reached 

an OD = 0.5 at the same time. It was found that all curves overlapped. This suggests that 

the growth behaviour of the cultures is identical and independent of initial cell 

concentration. It also means that dilutions only affect the time to reach the detection point.  
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Exponential growth of L. plantarum WCFS1 was observed between OD 0.3 and 1.0 (Figure 

9-1A). The OD in this range is proportional to the cell concentration (Figure 9-1B). At an 

OD value of 0.5 (used to determine the detection time) we may therefore safely assume that 

L. plantarum WCFS1 is in the exponential growth phase.  

 

Figure 9-1. A: The growth curves of L. plantarum WCFS1 from series of two-fold 

dilution after shifting of the incubation time. B: Optical density at wavelength of 

600 nm as a function of cell concentration of L. plantarum WCFS1. C: Time 

required to reach optical density value of 0.5 as a function of initial viable cell 

concentration. The symbols represent the experimental data, the error bars 

represent the 95 % confidence interval of data, and the solid line represents the 

data fitting with Eq. 9-2. The L. plantarum WCFS1 culture was obtained after 

incubation at 30 °C for 16 h.  

 

A logarithmic relationship between detection time (tdet) and initial cell concentration (x0) is 

found (Figure 9-1C), which is in line with Eq. 9-2. Thus, the specific growth rate can be 

determined from the slope of the line between tdet and ln(x0) (Eq. 9-2), yielding µ = 0.84 ± 

0.0070 h-1 for 95 % confidence interval of the parameter.  

A cell culture may lose (part of) its viability upon spray drying and subsequent storage. 

Increasing growth detection time while using the same initial cell concentration in the feed 

can be considered indicative of a decrease in viability (ìí,4) induced by drying, which 

includes 1) lethally damaged cells and 2) sub-lethally damaged cells requiring longer 

resuscitation time. The viability fraction that remains after spray drying (ìí,4 ìí,óëô⁄ ) is 

estimated using Eq. 9-2, which is graphically represented in Figure 9-2. The prerequisite for 

this method is that the specific growth rate (µ) remains unaffected by the spray drying 

treatment. This assumption is valid because similar slope values for L. plantarum WCFS1 
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spray-dried at various conditions are obtained, indicating the same specific growth rate 

(Figure 9-2).  

 

Figure 9-2. The times required to reach an OD of 0.5 in a two-fold dilution series 

of L. plantarum WCFS1 from fresh cultures (○, Fresh), spray-dried cultures in 

trehalose at air temperature of 90 °C (□, Tre), and spray-dried cultures in 

maltodextrin DE 6 at an air temperature of 80 °C (◊, MD6). The symbols represent 

the measurement data from two independent experiments and the lines represent 

the fitting results. The dashed lines represent the residual viability compared to 

that in fresh cultures.  

 

Comparison of the three methods to determine residual viability of spray-dried cells 

The residual viability of L. plantarum WCFS1 spray-dried in various matrices was assessed 

using the membrane integrity determination and the detection time method directly after 

spray drying (with inlet and outlet air temperatures of 95 and 50 °C, respectively). Viability 

values close to 100 % were measured (Figure 9-3A). It can be concluded that under these 

conditions the cell membrane and intracellular components remained mostly intact and thus 

growth is not hampered (183, 226). This can be explained by the relatively low temperature 

and short drying time (between 1 and 1.5 s according to the dryer specification (184)) in the 

laboratory scale spray dryer.  
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Figure 9-3. A: Residual viability of L. plantarum WCFS1 spray-dried in trehalose 

(Tre), lactose (Lac), maltose (Mal), maltodextrin DE 16 (MD16), and maltodextrin 

DE 6 (MD6) directly assessed after spray drying using the detection time method 

(□) and using the membrane integrity method (○). The spray drying was carried 

out at inlet and outlet air temperatures of 95 and 50 °C, respectively.  

B: Residual viability of L. plantarum WCFS1 spray-dried in trehalose (Tre), 

lactose (Lac), maltose (Mal), maltodextrin DE 16 (MD16), and maltodextrin DE 6 

(MD6) assessed using membrane integrity method after storage for 60 days at -26 

°C (○) and at 4 °C (●) and using the detection time method after storage for 60 

days at -26 °C (□) and at 4 °C (■).  

C: Residual viability of L. plantarum WCFS1 spray-dried in a 20 % (w/w) 

maltodextrin DE 6 solution at outlet air temperatures between 50 and 90 °C (the 

inlet air temperatures was set 45 °C higher than the outlet air temperatures) 

assessed using the membrane integrity method (○), detection time method (□), and 

plating (◊). Error bars represent the standard deviation of the viability 

measurements.  
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D: Residual viability of L. plantarum WCFS1 spray-dried in maltodextrin DE 6 at 

outlet air temperatures between 50 and 90 °C (inlet air temperature was set 45 °C 

higher than the outlet air temperature) after storage for 1 day (□) and for 60 days 

(○) at -26 °C and after storage for 1 day (■) and for 60 days (●) at 4 °C assessed 

using the detection time method. Error bars represent the standard deviation of the 

viability measurements. 

 

The residual viability of spray-dried L. plantarum WCFS1 in a 20  % w/w maltodextrin DE 

6 solution was more than 95 % for outlet air temperatures  60 °C or lower (Figure 9-3C). At 

outlet temperatures of 70 °C or higher, the residual viability decreased. At higher spray 

drying temperatures, the conventional plating and detection time methods indicated a 

stronger reduction of viability compared to the results from the membrane integrity method, 

in particular when outlet temperature was 80 °C or higher (Figure 9-3C). It may be that at 

these high outlet temperatures, significant part of the viability loss is due to intracellular 

damage (226, 230). The limited damage to the cell membrane could be explained by rapid 

fixation of the cells in a vitrifying matrix during spray drying (33, 45, 183). The lower 

detection time viability values compared to those from plating for spray dried L. plantarum 

WCFS1 at an outlet temperature of 90 °C could indicate an increased degree of sub-lethal 

damage that requires longer resuscitation time before growth can be resumed. Plate count 

enumeration allows individual sub-lethally damaged cells to repair successfully and thus 

these cells will be counted as viable. 

Residual viability of spray-dried L. plantarum WCFS1 during storage 

A higher retention of the cell-membrane integrity based viability after storage for 1 and 60 

days is observed for L. plantarum WCFS1 spray-dried in low molecular weight solid 

carriers  compared to those dried in maltodextrin DE 6 (molecular weight > 3 kDa) carrier 

(Figure 9-3B). This suggests that low molecular weight solid carriers are more suited for 

stabilization of the cell membrane, which is in agreement with previous studies (188, 197). 

However, the detection time method indicated no large differences in viability after storage 

for 60 days when L. plantarum  WCFS1 is spray dried in the presence of different solid 

carriers (Figure 9-3B). Thus, during storage the addition of solid carriers can only enhance 

the stability of the cell membrane but not that of the intracellular components. This is in 
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agreement with our separate observation that solid carriers do not penetrate or accumulate 

in the cells, which can be explained by the barrier imposed by the intact cell membrane 

(242, 243). As shown in Figure 9-4, only a very small amount of trehalose (3.33 mg/ml) is 

present inside the L. plantarum WCFS1 cells. These value were obtained for cells spray-

dried in 20 % (w/w) trehalose solution at a low outlet temperature (Tout = 50 °C) to retain a 

high viability. In other studies, it has been explored that at least 20 % internal trehalose per 

wet cell weight is required, to enhance stability of intracellular components against 

desiccation and subsequent storage (244, 245). It is hypothesized that trehalose acts as an 

osmolyte to stabilize intracellular macromolecules and thereby extend shelf life (25, 244-

249). Values of 20 % of intracellular trehalose were not obtained with spray drying (Figure 

9-4).  

 

Figure 9-4. HPLC analysis is applied to measure intracellular trehalose 

concentration after spray drying. The feed contained 109 cfu/ml L. plantarum 

WCFS1 in a 20 % (w/w) trehalose solution. The dashed line represents an 

approximation of the expected peak height when the intracellular trehalose 

concentration would be 2 % of trehalose weight per wet cell weight.  

 

The residual viability of spray-dried L. plantarum WCFS1 in a 20  % w/w maltodextrin DE 

6 solution at outlet temperatures between 50 and 90 °C also decreased with storage time. 

The detection time method yielded a higher residual viability when spray-dried L. 

plantarum WCFS1was stored at -26 °C compared to when it was stored at 4 °C (Figure 

9-3D). At -26 °C, the degradation of constituents (by enzymatic or non-enzymatic 
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reactions) is expected to be slower due to smaller reaction rates and limited molecular 

mobility (68, 80, 250-253). After storage for 60 days, the membrane integrity method 

resulted in a higher degree of residual viability as compared to the viability measured by the 

detection time method (Figure 9-3D). This suggests that the damage to the cell membrane 

is less critical than the damage to the other cellular components (i.e. intracellular 

constituents). It is because the cell membrane is fixated in the vitrified matrix, whereas the 

intracellular constituents are detrimentally affected due to for example Maillard reactions, 

lipid oxidation, the decreased activity of enzymes, or other reactions (226, 246, 254). 

Conclusion 

We presented a detection time method to assess and analyse the residual viability of spray 

dried L. plantarum WCFS1. This method is based on the time needed to reach a specific 

concentration of cells by growth in a liquid medium. The residual viability based on growth 

behaviour was compared to the residual viability determined by the cell membrane integrity 

method. At mild drying conditions (outlet drying air temperature 50 °C), both methods 

indicated similar viability values higher than 95 %, which indicates limited influence of 

spray drying on cell viability. At higher spray drying temperatures (80 °C or higher), a 

significant difference was found between the methods, which suggests that the inactivation 

at these temperatures has to be related to degradation of the intracellular components and 

not to cell membrane damage.  

The residual viability of the cells decreases during storage. Both the membrane integrity 

and the detection time methods gave the same, small decrease in viability at -26 °C. By 

contrast, at 4 °C, the membrane integrity remained high during storage, whereas the 

detection period indicated a strong decrease in viability, indicating that again intracellular 

damage is likely responsible for the reduction in viability.  
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Nomenclature 

Adet Optical density to determine the detection time – 

tdet  Detection time  h   

x  Number of cell concentration  cfu  

   

Greek symbols  

λ  Population lag time h   

µ   Specific growth rate h-1 

   

Subscripts: 

0 Initial   

det  Detection   

ref  Reference   
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Introduction 

In the research reported in this thesis, an experimental platform was developed to explore 

the conditions for optimal spray drying of heat sensitive products. The platform is based on 

controlled drying of single sessile droplets deposited on a flat hydrophobic surface followed 

by analysis of the resulting dried particles. It was successfully applied to establish the 

inactivation kinetics of the enzyme β-galactosidase and the probiotic bacterium 

Lactobacillus plantarum WCFS1 during drying. The experimental work was combined 

with modelling of 1) the drying kinetics of sessile droplets (including temperature and 

moisture content histories and their distribution across the droplet) and 2) the inactivation 

kinetics of the enzyme or the bacterium. The predicted residual activity of the enzyme and 

residual viability of the bacterium were in agreement with the data obtained from single 

droplet drying experiments. The validity of the models was further confirmed when 

predicting and analysing inactivation during laboratory spray drying experiments. Finally, 

insight was gained into the optimum spray drying conditions relevant for industrial 

production scale.  

In this chapter we will discuss the following topics: 

• Section I: The combination of a single droplet platform and modelling approaches 

as a tool to identify optimum spray drying conditions 

• Section II: General recommendations for optimum spray drying conditions of 

probiotics  at the industrial scale 

• Section III: Conceptual design of an optimal drying process for probiotics 

• Section IV: Economic and efficiency analysis including a comparison between 

spray and freeze drying 

• Section V: Future outlook for research on drying of probiotics 

The combination of a single droplet platform and modelling approaches for 

identifying optimum spray drying conditions 

The need for screening methodologies is clear when considering the costs of pilot scale 

experimentation and the number of parameters involved in the optimisation of spray drying, 

e.g. processing conditions, formulation, and component-specific sensitivity. Use of 
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laboratory-scale spray dryers for the optimisation is often problematic, since especially 

drying time and particle size distribution cannot be easily translated to spray drying at the 

industrial scale (11, 137, 255). Moreover, the drying behaviour at the laboratory-scale 

induces specific physical and chemical changes which might not be comparable to the 

industrial scale (256-258).  

An attractive alternative approach for screening of optimal spray drying conditions is via a 

single droplet drying approach combined with predictive modelling (64). During single 

droplet drying, the conditions such as drying air temperature, drying time, air flow rate (and 

slip velocity between the air and the dried particles), and particle size) are well defined. 

Therefore, this approach is well suited for the generation of data required for model 

development and can be applied to systematically investigate the drying kinetics. Different 

single droplet approaches have been described to study the influence of drying on 

inactivation, such as acoustic levitation and droplets drying at the outlet of a capillary. The 

latter methods have been applied to study the influence of drying on the residual activity of 

enzymes, on the residual count of viable cells, on the quality of milk and of flavours (6, 

133, 197, 259-261). The single droplet drying approach in this thesis is based on drying of 

sessile droplets on a hydrophobic surface, which has the major advantage that it allows the 

development of a high throughput approach.  

The retention of the functionality of the activity of the product is usually dependent on the 

drying trajectory of an individual droplet, including the specific histories of the moisture 

content and temperature (6, 64, 75, 207). Directly monitoring the temperature and moisture 

gradients within very small drying droplets is virtually impossible (< 200 µm). Therefore 

many studies choose to work with larger droplets and measure the internal temperature with 

a thermocouple and the mass change due to dehydration with an analytical balance. In our 

studies we decided to rely on the commonly applied effective diffusion model to describe 

the evolving temperature and moisture content histories during single droplet drying (49, 

59, 64, 167).  

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

platform and modelling to arrive at improved drying procedures is shown in Figure 10-1. 

The experimental single droplet data can be used to establish the inactivation kinetics or 

change in functionality. Modelling can be used to quantify the changes in moisture and 
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temperature in location and time. These can then be combined with the (descriptive) 

functionality model from the experiments. A final step is then to confirm (validate) the 

predictive models with experimental data from e.g. pilot-scale spray drying experiments, 

which was demonstrated for drying of β-galactosidase and Lactobacillus plantarum 

WCFS1 (64, 207). After this validation the predictive model may be used to optimise spray 

drying at the industrial scale. The kinetic models also may be applied in more advanced 

simulations at the industrial scale, e.g. using computational fluid dynamics (CFD).  

 

Figure 10-1. Flow diagram of the spray drying experimentation approach 

involving single droplet drying (1), predictive modelling (2) of drying kinetics (a) 

and inactivation kinetics (b), residual activity or survival measurement (3), 

optimization of the existing spray drying procedures (4), and new design for 

drying system (5). 

 

In addition, the single droplet drying approach can provide insight on different types of 

spray drying applications, for example, encapsulation of volatile components or healthy 
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oils. Within many applications, the morphology of the particle changes during the drying 

process (e.g. formation of vacuoles, crystals, pores). These changes can be monitored 

visually and studied as a function of drying conditions and selected matrices. Finally, it is 

well known that drying can affect the spatial distribution of components within a particle, 

for example by segregation of components (e.g.: fat and lactose) during drying (258, 262, 

263). The single droplet approach may well be used to explore such behaviour.  

General recommendations for optimum spray drying conditions of probiotics at the 

industrial scale 

Optimisation of (spray) drying of probiotics involves 1) proper culture preparation, 2) 

adequate carrier formulation, and 3) application of optimum drying conditions. This thesis 

focused primarily on the influence of carrier formulation and drying parameters on 

inactivation of L. plantarum WCFS 1.  

Carrier formulation 

This research indicated that solid carriers should be selected that have a high glass 

transition temperature and exert minimum dehydration inactivation to bacteria (197). 

Dehydration inactivation can be avoided by fast vitrification, e.g. when very small droplets 

are generated leading to a fast drying process (e.g. in a laboratory scale spray dryer). If 

slower drying cannot be avoided, the selection of the solid carriers is crucial to the residual 

viability of bacteria after drying.  

In Figure 10-2, two different carriers are shown (maltodextrin and sucrose) which have 

different glass transitions. Maltodextrin with a higher Tg is preferred as a carrier because of 

its higher glass transition temperature providing more rapid vitrification. With respect to 

drying conditions, a low drying temperature is not preferred, since it results in a lower 

drying capacity or a higher water content in the final product. Most optimum drying 

conditions are indicated with the grey filled circles in Figure 10-2 (region A for 

maltodextrin and region B for sucrose) in which vitrification can still be realized and the 

drying rate is reasonable, while the thermal inactivation is minimal. However, from shelf 

life point of view, lower final moisture content is preferred because of the slower viability 

loss during storage (Chapter 8). Therefore, for cells dried in maltodextrin, it is advisable to 

further dry the powder to region A’ to obtain a longer retention of viability. In practice, 
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further drying to region A’ can be realized via e.g. fluidized bed drying. A slightly elevated 

temperature in the first part of fluidized bed drying is usually needed to enable the drying. It 

is important to assure that viability does not drop during fluidized bed drying.  

 

Figure 10-2. Optimum drying conditions for maximum viability considering the 

thermal inactivation (I), and different glass transition temperatures of maltodextrin 

(Tg,m) and sucrose (Tg,s). The grey regions represent the optimum conditions for 

drying or storage. 

 

Drying conditions 

Loss of viability of L. plantarum WCFS1 during drying occurs due to dehydration and/or 

thermal inactivation (Chapter 7). Inactivation due to dehydration can be minimized by 

(nearly) instant vitrification of the matrix: this does not allow micro-organisms to respond 

metabolically to the changing conditions; in addition some physical responses (e.g., phase 

changes in the phospholipid bilayer) may also be prevented. This assumption has been 

validated for very short drying times (1.3 s) in a laboratory scale spray dryer. One may 

assume that also for larger spray dryers (e.g. in a spray dryer with a typical drying time 

shorter than 30 s) the loss of viability is mostly determined by thermal inactivation.   

The rate of viability loss due to thermal inactivation decreases considerably with the 

moisture content. Therefore, fast drying is preferred to minimize the thermal inactivation. 
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This can be achieved by reducing the droplet size (207). In Figure 10-3A, a contour plot is 

provided to show the combined effect of droplet size and outlet air temperature on 

estimated residual activity. Almost 90 % viability can be achieved for a droplet with an 

initial diameter of 100 µm when spray dried at an outlet air temperature of 50 °C.  

 

Figure 10-3. Contour plots of residual viability of L. plantarum WCFS1 as a 

function of initial droplet diameter and the spray drying outlet air temperature, 

while the inlet air temperature was set 30 °C higher than the outlet air temperature 

(A) and as a function of inlet and outlet air temperature, while the initial droplet 

diameter was set to 10 µm. The feed formulation contains 20 % w/w maltodextrin 

and approx. 108 cfu/ml cell cultures. The plots were smoothen for representation. 
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The inlet and outlet air temperatures of the spray dryer are essential to the retention of the 

viability (Figure 10-3B), but it is much more sensitive to the outlet air temperature. This is 

logical: while the droplet does not assume the inlet temperature due to evaporative cooling, 

it does assume the outlet temperatures in the later stages of the spray drying process. As 

shown in the contour plot (Figure 10-3B), the residual viability decreases rapidly when the 

outlet air temperature increases from 70 to 90 °C. The inlet air temperature has large 

influence between 190 and 200 °C: under these conditions the droplet which is not fully 

dried yet will still rapidly heat up towards a temperature that induces thermal inactivation. 

Conceptual design of an optimal drying process for probiotics 

A conceptual design is proposed for spray drying at a high drying rate and outlet air 

temperatures between 20 and 60 °C, thus avoiding both dehydration and thermal 

inactivation. Another advantage of using low temperature drying is that solid carriers with 

high glass transition temperatures can provide glassy powders; however, the use of low 

molecular weight carbohydrates (MW < 2 kDa) in the formulation is generally 

recommended for their stabilising effect on the cell membrane despite their glass transition 

temperature being lower (Chapter 8).  

 

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

 

Several challenges remain for low temperature drying, because of the slow drying and the 

large volumes of drying air required. Therefore, the following aspects should be considered 

in the conceptual design of the spray dryer: 
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1. It is recommended to reduce the particle size compared to conventional spray 

driers to decrease the drying time. At the same time the (initial) drying 

temperature should be as high as possible, such that viability is retained with 

highest drying efficiency possible (Figure 10-3A and Figure 10-5A). The 

recommended droplet diameter is between 5 and 50 µm. A narrow distribution of 

droplet diameters is desired to ensure uniform drying conditions. To generate the 

recommended droplet diameters, one could explore novel atomization techniques, 

e.g. piezo-driven atomization or microfluidic nozzles (264). To operate at 

acceptable capacity, large volumes of drying air are required (Figure 10-5B). This 

may be achieved by design of a drying chamber with a large diameter in 

combination with many low capacity nozzles in parallel or several narrow drying 

chambers in parallel. The height of the drying chamber can be small because of the 

shorter drying times Figure 10-5A.  

2. It is advisable to pre-dry the drying air to maximise the uptake of water per kg 

supplied drying air. This is important because often the maximum allowable 

temperature is still relatively low (i.e. between 40 and 70 °C) depending on the 

bacterial strain and the carrier formulation used. For example, adsorptive drying 

(e.g. using zeolites) can be used to pre- or re-dry the drying air ((265, 266) 

3. Agglomeration is usually applied to increase particle size for easier and safer 

handling of the powder; particles smaller than 10 µm can be dangerous if inhaled, 

while agglomerated particles are easier to dissolve. However, it should be noted 

that the process of agglomeration involving powder rewetting (267, 268) may 

involve the risk of reduced survival. Therefore, it is recommended to carry out the 

agglomeration using a binding agent.  

4. A high performance cyclone or a bag-house filter or fibrous filter is required to 

collect small particles from the air.  

5. A second dryer (fluidized bed) may be required to achieve sufficiently low powder 

moisture content. To maximise survival, it is preferred that the powder directly 

after spray drying is already in the glassy state. This second drying will be 

beneficial to maintain viability during storage (Chapter 8).  
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Figure 10-5. A: Drying time as a function of initial droplet size to achieve 7 % 

water content. We assumed that the droplets were dried at high air flow rate at 

temperature of 40 °C. Initial moisture was assumed 80 % w/w. B: The mass ratio of 

drying air required and the water removed during drying as a function of 

temperature to achieve a residual water content of 7 % w/w. The solid lines 

represent this ratio for different initial relative humidity of the drying air at 25 °C 

ranging between 0 and 80 %. 
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Comparison between spray and freeze drying on the basis of economics and energy 

Spray drying could be an attractive alternative to freeze drying to preserve probiotics. To 

support the latter statement analyses were made of costs and energy consumption of spray 

and freeze drying of probiotics at an industrial scale.  

Energy analyses were made on the basis of the energy required to remove 1 kg of water. 

For spray drying, the energy required for removal of 1 kg of water is can be interpolated 

from available data (269) as: 

�h� = 2499.90 − 2.11� − 3.09 ∙ 103���     (10-1) 

with Hlv is the enthalpy of evaporation and T is the temperature. If the final moisture 

content of the dried powder is fixed to 5 % (aw ~ 0.2) (270, 271), the drying air required to 

evaporate 1 kg of water is  

�E = õöE �mu&.�·����u        (10-2) 

with Mwa and Mww are the molecular weight of air and water, respectively, and µ�E�m  the 

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

µ�E�m = H&H�����& ∙ 10#�.&�H3 bøù�.úù�ùù.WùaÎ$      (10-3) 

with µ�E�m in bar and T in °C. The spray drying outlet air temperatures were set between 40 

and 80 °C, while the inlet air temperatures were calculated from the enthalpy balance: 

�E��,EQ�E,�¢ − �E,Á
�R = �mñ��,mQ�m,�¢ − �m,Á
�R + �h�ò   (10-4) 

Finally, the total energy required for spray drying (QSD) per kg of water evaporated is 

calculated as 

jJ� = �E��,EQ�E,�¢ − �E,EtÂR      (10-5) 

with Ta,amb the ambient temperature of feed air (set to 20 °C).  
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In freeze drying, sublimation requires most (45 %) of the total energy (273) and requires for 

1 kg of water: 

��� = 2834.1 − 0.290� − 0.004��     (10-6) 

with Hsv is the enthalpy of sublimation. Thus, the total energy required per kg evaporated 

water in freeze drying can be roughly estimated as 

jA� = ��� 0.45⁄       (10-7) 

which is comparable (Figure 10-6) to other studies indicating total energy requirements of 

7330 kJ (274) or 6467 kJ (275).  

It can be concluded from Figure 10-6 that spray drying requires approximately 40 % less 

energy than freeze drying to remove 1 kg of water. For freeze drying, the energy required is 

not a function of the drying temperature, while in a spray drying, it decreases with the 

increase of outlet air temperature.  

 

Figure 10-6. Comparison of energy required to evaporate 1 kg of water using 

freeze drying (FD) and spray drying (SD) as a function of operating 

temperatures.  
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For the economic analysis, the moisture content in the feed and the product were fixed to 

80 % and 6 %, respectively. It was assumed that 240 batch productions could be carried out 

per year.  

The capital investments for a spray dryer (CSD) may be estimated with (276): 

 J� = 323 + 1.74 × ;&.�       (10-8) 

for purchasing in January 2013 in k€ and with S being the evaporation capacity in kg water 

per hour for a capacity range between 400 and 4000. To retain the maximum viability of 

probiotics after spray drying, a low spray drying outlet temperature (Tout = 50–60 °C) and 

small particle size (datomizer ~ 10 µm) are assumed. The result of the latter assumptions is 

that the spray dryer capacity decreases to about 28 % or 46 % for outlet air temperatures of 

50 and 60 °C, respectively, when compared to spray drying at 80 °C.  

The capital investments for a freeze dryer in k€ are estimated as (277): 

 A� = 12.2 × ;&.��P       (10-9) 

recalculated from purchasing costs in 2004 to purchasing costs in January 2013 with CFD 

are the costs of the freeze dryer with condenser capacity S.  

The overall production facility capital costs were roughly estimated using the Lang Factor 

(276) to provide a more accurate cost calculation per kg product  

  = * × ∑ g       (10-10) 

in which C are the production facility capital costs, F is the installation factor (3.63 for 

mixed solid-fluid products), and Ce are the capital costs for the major unit operations in the 

facility, in this case either a spray or a freeze dryer. The capital investments corrected with 

the installation factor (Eq. 10-10) for every kg product (assuming 10 year depreciation with 

240 production days per year) are in shown Figure 10-7A. 

The variable costs for freeze drying depend mostly on the volume of the chamber and the 

operational parameters applied. Adjusted to 2013, the variable costs to evaporate 1 kg of ice 

varies between €1.20 (16) and €1.90 per kg of water evaporated (13, 278).  

For spray drying, adjusted to 2013 the variable costs vary between € 0.055 (capacity 250 

kg/h) and € 0.013 (capacity 6000 kg/h) per kg of water evaporated with only half of the cost 
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is required for the utility expenses (21, 103). The work of Holsinger and co-worker (103) 

indicated costs of € 0.03 for a spray drying capacity of 2400 kg/h water evaporated at outlet 

air temperature of 40-50oC, which is comparable to our calculation. To dehydrate 

probiotics, low drying temperatures (Tout = 50–60oC) and small droplet sizes (e.g. 10 µm) 

are assumed, increasing the variable costs (Figure 10-7B).  

 

Figure 10-7. Comparison of investment cost (A), variable cost (B), and total cost 

(C) per kg of dried probiotic cultures for freeze drying (FD), spray drying with 

outlet air temperature of 50 (50), 60 (60), and 80 °C (80). The drying parameters 

were more elaborately described in the text. 

 

The variable costs for spray drying are thus 8 to 50 times lower than freeze drying, which is 

in the same order of magnitude reported in literature (279). Compared to the lowest freeze 

drying costs (for a freeze dryer with 2000 kg ice condenser capacity, square symbol in 

Figure 10-7), spray drying with capacity higher than 1000 kg product per day still is at least 

5 times less costly than freeze drying in term of total cost per kg dried product, which is the 

sum of investment and operational costs. The costs of spray drying compared to freeze 
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drying decrease further with increasing outlet air temperature and spray drying capacity. On 

the basis of this economic evaluation, spray drying is an attractive alternative to freeze 

drying to dehydrate probiotics, especially for a large production volume (e.g. above 2 ton 

product per day), despite the use of low temperatures and small particle size limiting the 

capacity of the equipment. Spray drying becomes more cost attractive than freeze drying 

with the increase of production capacity (Figure 10-7C); above a production volume of 100 

kg/day, spray drying is more cost effective. Vice versa, spray drying becomes less attractive 

when the production capacity approximately 100 kg product per day (~4 product kg/h, 

based on extrapolation from Figure 10-7A and B). Thus, whether freeze drying or spray 

drying is the best route to dehydrate probiotics probably depends on the production 

capacity.  

Future outlook for research on drying of probiotics 

In this section we sketch a perspective on the scientific state of affairs, and provide an 

outlook on the research that should be explored in the future, in line with the results 

reported in this thesis. The following directions were identified: 

Pilot spray drying tests 

A first series of pilot scale spray drying experiments with L. plantarum WCFS1 suspended 

in a maltodextrin DE 6 formulation has been carried out. The residual viability decreased 

with spray drying outlet air temperatures and particle size (Figure 10-8). This is in 

agreement with our previous prediction (Chapter 7).  A residual viability close to 100 % 

was only obtained for outlet air temperatures below 60 °C and a particle diameter below 20 

µm (when assuming ideal shrinkage during drying this size can be translated to an initial 

droplet diameter of less than 35 µm). These results suggest that dehydration and thermal 

inactivation are absent for small particles that were quickly dried in the pilot-scale dryer as 

well. However, thermal inactivation is still very relevant for large particles.  

The predicted viability values, which is based on the kinetics from single droplet drying 

experiments (Chapter 7) and the drying kinetics of the single droplets relevant to the pilot 

scale spray drying (NIRO 25) estimated using NIZO Premia software (280, 281), are in a 

good agreement with the viability data from the experiments. This suggests that the 

modelling approach is translate-able to a larger scale.  



CHAPTER 10 

211 
 

Further optimization of pilot scale spray drying can be done by improving the formulation 

(e.g. using trehalose or lactose as the solid carrier) as suggested in this thesis. Additionally, 

it should be tested whether the cell concentrations could be increased (e.g. 1010 cfu/ml 

compared to the current formulation with approximately 5·108 cfu/ml) or the amount of 

solid carrier could be reduced.  

 

Figure 10-8. Residual viability of L. plantarum WCS1 spray dried in pilot scale 

experiments. Outlet air temperatures were varied between 50 and 90 °C and inlet 

air temperature of 140 °C and atomization with a high pressure (figure A) or a 

two-fluid nozzle (figure B). Symbols represent the experimental data and lines 

represent the predicted viability values.  

Residual viability of L. plantarum WCS1 spray dried in pilot scale experiments as 

a function of dried particle size. Outlet air temperatures of 50 (□) and 80 °C (○) 

and atomization with a high pressure (figure C) or a two-fluid nozzle (figure D). 

Lines represent the predicted viability values for 50 (solid lines) and 80 °C 

(dashed lines).  

The feed formulation consisted of approximately 5·107 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, provide at least the same degree of viability of L. 

plantarum WCFS1 compared to freeze drying. However, during storage time the residual 

viability declines; the reason for this is not yet fully understood. Comparative studies on 

storage of spray- and freeze dried probiotic formulations should be carried out to explore 

spray drying as an alternative to freeze drying. The loss of viability during storage depends 

on the formulation, storage temperature, moisture content, and possibly also the cell strains 

and their cultivation method (173, 214). It should be investigated whether the type of 

drying process itself is a factor of importance as well.   

Elucidation of dehydration and thermal inactivation mechanisms at the cellular level 

It is hypothesized that the inactivation of microbial cells during drying is very much related 

to the state of the cell membrane. Abrupt transition from liquid crystalline to gel phase may 

induce membrane leakage leading to viability loss (22). Specific solid carrier can protect 

the cell membrane from damage (leakage) upon drying. This for example is explained using 

water replacement and vitrification hypothesis (33, 45) or hydration force theory (282). 

More in depth studies should be carried out to find more details the mechanism leading to 

cell membrane leakage. Critical is the monitoring of membrane stability during 

dehydration. Several techniques that might be of interest to study the integrity of cell 

membranes during storage or (de- or re-) hydration are tabulated in Table 10-1.  

Cell membrane leakage can be detected for example by monitoring the presence of 

metabolites in the incubation medium (20, 227) or by using fluorescence staining (75, 176). 

Since an intact cell will not leak metabolites, the amount of metabolites that can be detected 

outside the cells can be used as a direct measure for the degree of degradation of the cell 

membrane. Using fluorescence staining, specific stains can be used that only internalize 

when cell membranes are damaged via passive transport (diffusion). Subsequently, stains 

can have specific interaction with internal cell components, e.g. nucleic acids. Differential 

scanning calorimetry (DSC) is used to monitor the denaturation behaviour of proteins. It 

can be used to identify protein denaturation during drying or heating inside cells (226, 249). 

Recently, also atomic force and super resolution microscopy have been applied to detect 

development of leakage in cell membranes. For the latter technique, chemicals or 
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fluorescence protein tags are required to stain the cell membrane, which enables the 

discrimination between the cell membrane and other cell components. 

Table 10-1. Techniques to study the integrity of cell membrane during storage or de- or 

rehydration 

Technique Reference 

Monitoring the leakage of potassium or hydrolysed DNA products into the 

incubation medium 

(20, 227) 

Fluorescence staining  (75, 176) 

Differential scanning calorimetry (DSC) (226, 249) 

Atomic force microscopy (AFM) (135, 283) 

Super-resolution microscopes combined with chemical tag or green 

fluorescence proteins (GFP) 

(284-288) 

Conclusion 

The single droplet drying platform in combination with predictive modelling tools provides 

a promising approach for establishing optimum spray drying conditions for heat sensitive 

products. Optimal spray drying conditions for probiotics are proposed and translated into a 

conceptual design of a spray dryer operating at low temperature and with small primary 

droplet diameter (< 50 µm). An energy evaluation showed that spray drying at low 

temperature is 40 % more energy efficient than freeze drying. An economic evaluation 

showed that spray drying of probiotics at low temperature is more cost effective (up to a 

factor 5) than freeze drying for production volumes larger than approximately 2000 kg per 

day. First series of pilot-scale experiments indicated that spray drying of probiotic 

formulations is indeed promising at a larger-scale given that low temperatures are applied 

and small droplets are dried. Finally, future research challenges were identified as a follow-

up of this study. These involve amongst others the need for further understanding of the 

viability loss during storage and elucidation of dehydration and thermal inactivation 

mechanisms at the cellular level.  



GENERAL DISCUSSION 

214 
 

Nomenclature 

cp  Heat capacity kJ·kg-1K-1 

C Capital investment  k€ 

Ce Capital costs for the major unit operation facility k€  

d  Diameter  m 

F Installation factor –  

Hlv Enthalpy of evaporation kJ·kg-1 

Hsv Enthalpy of sublimation kJ·kg-1 

m  Mass kg  

Mw Molecular mass  kg·mol-1 

Psat
w Saturated pressure of water bar  

Q Energy/heat kJ 

S Evaporation capacity kg/h  

T  Temperature  °C 

   

Greek symbols  

λ  Population lag time h   

µ   Specific growth rate h-1 

   

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 
 

Spray drying is a widely used drying method to preserve foods and food ingredients. 

Because of the very short drying time and the relative low temperatures to which the 

products are exposed, spray drying is considered a mild drying method. Still, in practice 

freeze drying (or lyophilisation) of heat vulnerable products such as enzymes or probiotic 

bacteria is often preferred. The main reason is that already moderately elevated 

temperatures can lead to unacceptable loss of activity or lower survival. However, spray 

drying is also more energy and cost effective as it can process larger volumes and operate at 

higher energy efficiencies. Therefore, studies have been carried out to optimise spray 

drying, including development of tailored formulations, to obtain minimal loss of activity 

or viability. Most (optimisation) studies have been carried out through pilot-scale 

experimentation. Drawbacks of such experimental investigations are that they are costly, 

time consuming, and difficult to translate to other products or dryer configurations. The 

latter is especially difficult because the drying conditions in dryers depend on numerous 

parameters (e.g. atomisation, chamber design) resulting in a unique residence time 

distribution and particle size distribution.  

This thesis describes the development of an alternative approach to study drying behaviour, 

involving single droplet experimentation in combination with predictive modelling. During 

single droplet drying, conditions such as drying air temperature, drying time, air flow rate, 

and particle size can be well controlled. Therefore, it has been applied to systematically 

investigate inactivation kinetics of heat vulnerable components. This provides a sound basis 

for model development, and can be used as a tool for screening of optimal spray drying 

conditions.  

A single droplet drying platform has been developed allowing the controlled drying of 

droplets, mimicking the drying of droplets during spray drying. Small droplets (150 µm or 

larger) are dispensed pneumatically on a hydrophobic membrane and are subsequently 

dried of the droplets under well-defined drying air conditions for a defined time. In 

principle, the system allows high throughput experimentation for screening purposes, in 

contrast to other methods such as single droplets that are dried at the tip of a capillary or 

that are acoustically levitated. The pneumatic dispensing process was characterised by 
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dispensing various liquids and modelling the dispensing behaviour with Bernoulli’s law. 

Next, single droplet drying of water droplets was investigated at different temperatures and 

air flow rates. A Sherwood correlation was derived to describe the mass transfer between 

the sessile water droplets and the drying air.  

Subsequently, the single droplet drying platform was used to investigate the drying 

behaviour of maltodextrin suspensions. An effective diffusion model was developed to 

describe the drying history of the droplets. The model could predict the developing 

temperature and moisture gradients inside the drying droplets. It was verified that the heat 

transfer via the contacting surface was minimal compared to the heat transfer via the air. 

As an input for the effective diffusion model, a method was developed to quantitatively 

determine the moisture diffusivities in solid matrices as a function of the temperature and 

the moisture content. This method was based on gravimetric analysis of thin film drying in 

a dynamic vapour sorption (DVS) analyser. The results indicated that the moisture 

diffusivity decreases with decreasing moisture content and temperature. The latter could 

also be modelled on the basis of first principles. The moisture diffusivities are similar for 

various carbohydrate matrices, but are different for different types of systems (e.g. 

skimmed milk, glycerol).  

An enzyme (β-galactosidase) was selected as a model to verify our approach in assessing 

the influence of drying on the degradation (inactivation) of a heat sensitive ingredient 

during (spray) drying. For this enzyme we characterised first the effect of the temperature 

and the moisture content on the loss of activity. A mathematical model was developed to 

describe the inactivation kinetics of this enzyme as a function of these two parameters. The 

model for the inactivation kinetics was then combined with the effective diffusion model to 

form a predictive tool for the influence of drying on the residual activity. This model was 

then used to reversely estimate the parameters of the inactivation kinetics from the single 

droplet drying experiments. Finally, the full inactivation kinetics was verified by comparing 

the model predictions to the experimental data obtained from laboratory-scale spray drying 

experiments. 

Single droplet drying was subsequently used to investigate the influence of drying on the 

survival of Lactobacillus plantarum WCFS1, which was selected as a model probiotic 

bacterium. As interface with the single droplet drying platform, a novel viability 
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enumeration method was developed. A requirement for this method was that it should be 

suitable for high throughput experimentation. The method employs a micro-porous 

aluminium oxide (Anopore) chip. (Semi-) dried particles were rehydrated on this micro-

porous chip in a medium containing fluorescence probes for live/death enumeration. 

Subsequently, fluorescence-microscopy and image analysis are used to determine the 

live/dead ratio of bacteria. The method provided survival percentages in agreement with 

those found with conventional plating. The novel viability enumeration method was also 

successfully applied in combination with laboratory-scale spray drying experiments.  

The viability enumeration method was used to study the inactivation of L. plantarum 

WCFS1 during drying. Two inactivation mechanisms during drying can be distinguished. 

The first is inactivation by dehydration, which occurs at varying temperatures, due to the 

destabilisation of the cell membrane during removal of water. The second is inactivation by 

heat (for L. plantarum WCFS1 at temperatures above 45 oC) and is most probably related to 

loss of functionality of critical components, such as cell membrane, ribosomes, or 

intracellular proteins. Inactivation by dehydration can be minimised by drying very rapidly. 

Fast drying leads to instant vitrification of the solid matrix preventing destabilisation of the 

cell membrane, which needs time. For slow drying processes (e.g. during hot air or freeze 

drying) lower survival rates were observed.  

The retention of viability of spray dried L. plantarum WCFS1 is influenced by the 

formulation applied. Rapid fixation of the cells in a vitrifying protective matrix is desirable 

to retain maximum residual viability. Thus, in practice, maximum viability can achieved 

via the addition of an adequate concentration of protective agents (preferably with high Tg, 

which can be vitrified at high drying temperatures) combined with an instant drying process 

(e.g. in spray dryer). During drying, crystallization can be either beneficial (e.g. with 

mannitol and sorbitol) or detrimental (e.g. with lactose). In general, the effect of 

crystallization is smaller with rapid drying. Finally, the viability loss in terms of membrane 

integrity of L. plantarum WCFS1 stored in various conditions was monitored. The viability 

loss is not temperature dependent when stored at temperatures between -80 and 18 °C but a 

lower moisture content is desirable to enhance the retention of viability.  

Another viability enumeration technique based on cell growth behaviour in liquid media 

was explored and compared to the enumeration based on the fluorescent staining. This new 
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technique is based on the detection time method to determine the residual viability of L. 

plantarum WCFS1 after spray drying. At spray drying (outlet) air temperatures higher than 

70 °C, the residual viability of L. plantarum WCFS1 determined using a fluorescence probe 

is generally higher than that determined using traditional plating or the growth behaviour. 

This indicates that at such high spray drying temperatures damage to the intracellular 

components is most critical to the loss of viability.  

In the general discussion, the combined use of single droplet drying experimentation and 

predictive modelling was presented to establish optimum conditions for heat sensitive 

products. General guidelines were provided for optimal spray drying of probiotics and 

translated into a conceptual design of a spray dryer operating at low temperature and drying 

small droplets. An economic analysis was made to compare spray drying at these 

conditions to conventional freeze drying. The overall costs for spray drying were lower by 

more than a factor 5 compared to those for freeze drying. Finally, a first series of pilot-scale 

experiments showed that spray drying of probiotic formulations is indeed promising at a 

larger-scale provided that low drying temperatures are applied and the products is atomized 

into very small droplets. 
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