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Abstract Radiant energy under vacuum (REV) as a rapid
dehydration method was employed to dehydrate Lactobacillus
salivarius 417 along with different concentrations of skim
milk powder as protective medium. Two optimization
methods: response surface methodology and random centroid
analysis (RCO) were applied and compared to optimize the
dehydration parameters for maximum viability—microwave
power, absolute pressure in the drying chamber, and
protective agent concentration. The study showed that both
methods were suitable for the process optimization. Micro-
wave power, concentration of skim milk powder, and
absolute pressure had a significant effect on final viability
while the speed of sample rotation in vertical axis had no
effect (P<0.05). The result also indicated that a microwave
power of <250 W, 10–15% concentration of skim milk
powder, and <1 mmHg absolute pressure was needed to
achieve viability of equal or greater than 80% in L. salivarius.
The RCO-optimized REV process yielded higher viability
than the reference freeze drying method and was completed
in less than an hour as compared to 64 h for freeze drying.

Keywords Microwave . Probiotic . Vacuum . Optimization .

L. salivarius . Random centroid analysis . Response surface
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Introduction

Freeze drying is the most common method of drying and
preserving microorganisms. In spite of being a long process

(2–3 days), the low dehydration temperature and low
oxidation potential make freeze drying a suitable process
for dehydration of a wide range of microorganisms
including fungi, yeasts, and bacteria (Abadias et al. 2001;
Berny and Hennebert 1991; Morgan et al. 2006; To and
Etzel 1997). On the other hand, the need for freezing
equipment and frozen storage has increased the cost of the
process. There is also a viability loss associated with
freezing bacteria cells due to ice crystallization and
concentration of solutes, bacterial membrane injury, and
protein denaturation (Conrad et al. 2000; Thammavongs et
al. 1996; Uzunova-Doneva and Donev 2000; Visick and
Clark 1995).

Researchers have studied the effect of various com-
pounds in improving the survival of bacteria during drying
processes, among which one can name polysaccharides and
disaccharides, proteins, and amino acids (Carvalho et al.
2004; Champagne et al. 1991; Leslie et al. 1995; Linders et
al. 1997). Zayed and Roos (2004) reported 22.4% survival
in Lactobacillus salivarius freeze-dried with skim milk
powder as an excipient. De Giulio and colleagues (2005)
reported trehalose as the most effective sugar among tested
sugars in the survival of three bacterial strains, Lactobacillus
delbrueckii bulgaricus, Lactobacillus acidophilus, and
Streptococcus salivarius subsp. thermophilus, with a
survival of 95%, 92%, and 87%, respectively.

Radiant energy under vacuum (REV), a form of vacuum
microwave dehydration, is an efficient and rapid drying
method which results in products with unique characteristics
while retaining biological functions (Durance et al. 2007;
Scaman and Durance 2005). By directing microwave energy
in a generally unidirectional manner, in so-called traveling
wave applicators, REV allows close regulation of sample
temperature during dehydration. The retention of biological
activity is enhanced by the low drying temperature and short
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drying time as compared to other drying processes. In other
words, the drying process can occur with minimal damage to
the final product compared to other conventional drying
methods. Kim and colleagues (1997) studied the effect of
temperature and water activity on the D values (decimal
reduction time, the time required at a specified temperature to
kill 90% of bacterial population) of bacterial cultures in
vacuummicrowave dried yogurt. They found that the survival
of the cultures was much higher for vacuum microwave dried
yogurt as compared to spray-dried or even freeze-dried
samples. Our preliminary studies showed that viability of
REV-dehydrated microorganisms depends on the type and
concentration of protective agents, time and temperature of
drying process, as well as final moisture content of dry
material (Ahmad et al. 2007). This suggests that the REV
process can be optimized to improve the drying condition to
achieve a higher survival of dried microorganisms.

The aim of the present study was to optimize drying
conditions for Lactobacillus salivarius 417 using REV
dehydration with inclusion of skim milk powder as an
excipient. In addition, we compared two statistical
approaches for optimization of the process: response
surface methodology (Koh et al. 2010; Ming et al. 2009;
Montgomery 1991; Neter et al. 1996) and random centroid
optimization (Nakai 1981, 1990; Neter et al. 1996).

Materials and Methods

Preparation of Bacterial Cultures

Pure culture of probiotic bacteria L. salivarius 417 (isolated
from healthy chicken intestine, identified using API50CHL
strip) was kindly provided by Neovatech, Abbotsford, BC,
Canada. The bacterium was cultured at 37 °C for 24 h under
anaerobic conditions in De Man Rogosa and Sharpe (MRS)
broth (Fisher Scientific USA). Anaerobic conditions were
achieved using an anaerobic jar containing BD BBL™ Gas

Pak™ Plus (N2+H2; Becton Dickinson and Company,
USA). Stock culture was made by mixing the bacteria which
was cultured overnight in glycerol and immediately freezing
it at −80 °C. For subsequent experiments, bacteria were
grown from these stock cultures under the same conditions as
described above (Yaghmaee and Durance 2005). Experiments
were conducted to monitor the growth stage (Fig. 1) of L.
salivarius 417. Cells from stationary phase were used for
subsequent drying experiments.

Sample Preparation Before Drying

All samples were sub-cultured three times from the frozen
state before drying. Cells were subsequently harvested by
centrifugation at 4,500×g for 10 min at 4 °C, then washed
by re-suspension in sterile peptone water (0.1% (w/v);
Bacto™ Peptone, Becton Dickinson and Company, Sparks,
MD, USA) and centrifuged again under the same con-
ditions (Yaghmaee and Durance 2005). The harvested pellet
was mixed directly either with skim milk powder (on wet
weight basis, Fluka Analytical, Sigma–Aldrich Chemie
GmbH, Riedstr. Steinheim, Switzerland) or skim milk
powder solution in sterilized distilled water (w/v).

Enumeration Before Drying

A representative sample was taken before drying and diluted
serially in 0.1% peptone water solution and appropriate
dilutions were plated in duplicate on 3M petrifilms (3M
Petrifilms™, 3MMicrobiology Products, St Paul, MN, USA)
and incubated anaerobically at 37 °C for 48 h. Colony-
forming units were counted after 48 h. Plates with 25–250
colonies were considered for calculation.

Enumeration After Drying

Samples were weighed after drying and rehydrated with
MRS Broth to the original weight and serially diluted in

Fig. 1 Growth of Lactobacillus
salivarius 417 in MRS broth at
37 °C over 24 h
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0.1% peptone water solution and appropriate dilutions were
plated in duplicate on 3M petrifilms. Plates were incubated
anaerobically at 37 °C for 48 h before enumeration. Percent
survival and percent log survival was calculated using
Eqs. 1 and 2, respectively.

N1=N0ð Þ � 100 ¼ Percent survival ð1Þ

Log10 N1ð Þ=Log10 N0ð Þ½ � � 100 ¼ Percent log survival ð2Þ
Where

N1 Final population of microorganism (CFU/g solid)
N0 Initial population of microorganism (CFU/g solid)

REV Drying

All samples were dehydrated in REV equipment (bioREV,
EnWave Corp. Vancouver, BC) at various microwave
powers, revolution per minute (rpm) about the vial vertical
axis, and absolute pressure levels. Dehydration times varied
from 3 to 52 min.

Freeze Drying

Samples dried in freeze drier were first quick-frozen at −80 °C
for 4 h. Frozen samples were dehydrated in freeze drier at 15 °C
shelf temperature, condenser temperature of −35 °C, and
absolute pressure of 0.01 mm Hg for 60 h.

Moisture and Water Activity Measurement

Moisture of samples was measured by titration method
(AOAC 977.10, 2002) using AQUA COUNTER (Coulo-
metric Karl Fischer Titrator, Hiranuma Sangyo Co. Ltd.,
Japan). Water activity was measured by a water activity
meter (Aqua lab, Model series 3, Decagon Devices, Inc.,
Washington, USA).

Experimental Design 1 on Response Surface Methodology

Survival of L. salivarius 417 after REV dehydration was
studied using a face-centered central composite design with
three variables and a response surface methodology (RSM;

Neter et al. 1996). After preliminary trials, microwave
power, absolute pressure, and protectant concentration were
chosen as independent factors (variables). In these experi-
ments, rpm was kept constant as zero. The design contained
three coded factor levels: +1 denotes the high level, 0 mid
level, and −1 the lower level for each factor. The actual level
of each factor was calculated using Eq. 3 (Neter et al. 1996).

Actual level ¼ coded value� high level� low levelð Þ=2
þ high levelþ low levelð Þ=2

ð3Þ
The factors and their respective coded and uncoded

levels are presented in Table 1. The effect of the three
independent variables on survival (Y) was modeled with a
polynomial response surface. In the present design, the
second-order response function is explained by the Eq. 4.

Y ¼ b0þb1x1þb2x2þb3x3þb11x1
2
þb22x2

2
þb33x3

2
þb12x1x2þb13x1x3þb23x2x3

Where

x1 Microwave power (Watts)
x2 Absolute pressure (mmHg)
x3 Protectant (%)

x1, x2, and x3 represent the coded values of the factors and
β0, β1,……. β23 are constant coefficients.

The statistical significance of the second-order model
was checked by an F test (ANOVA) with data shown in
Table 3. Regression models were used to construct the
response surface and contour plots using Minitab software
(version 13.3; 2003).

Experimental Design 2 on Random Centroid Optimization

In the second method, random centroid optimization (RCO)
was used to optimize four process variables: power,
absolute pressure, protectant concentration, and the spin-
ning speed to achieve a high viability (Nakai 1990). The
maximum and minimum values used for microwave power
(100–800 watts), absolute pressure (0–40 mmHg), protec-
tant (5% to 25%), and spinning speed (0–200 rpm) were
entered into RCO program (RCO 2007) for first cycle
random design search. After a set of nine experiments,

Table 1 Level and code of variables chosen for RSM face-centered composite design

Variable Codeda Uncoded Uncoded levels

Power (Watts) x1 X1 100 200 300

Absolute pressure (mmHg) x2 X2 10 20 30

Protecting agent (%) x3 X3 10 15 20

a Coded level for all variables: minimum value (−1), mid value (0), and maximum value (+1)
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centroid search was used to narrow down the most suitable
combination of the four factors, which gave higher percent
viability compared to the rest. According to the results of
the first cycle, the maximum and minimum ranges for the
four factors were narrowed down in the second cycle
(Nakai et al. 1998).

Results

Based upon the preliminary work, skim milk powder was
preferred over other protecting agents (lactose, raftilose
synergy1, etc.) and used in the present study to better retain
the viability of bacteria during the drying process (Ahmad
et al. 2007). The objective of the present study was to find

the best combination of power, absolute pressure, and
protectant level to maximize the survival of bacteria after
REV dehydration. In the case of RCO, a fourth process
variable, rpm, was examined as well. All samples were
dried to water activity of 0.3–0.4.

Response Surface Methodology

A set of experiments was carried out according to Tables 1
and 2. All three independent factors had a significant effect
on the survival of the bacteria after dehydration. The
coefficient of determination (R2) of the polynomial model
was 0.983, indicating that 98.3% of the variability in the
response (percent viability) could be explained by the
second polynomial equation. The lack of fit was non-

Table 2 RSM experimental design and survival of Lactobacillus salivarius 417

Run order Variables Protectant (%) Responses

Power (watts) Absolute pressure (mmHg) Log survival (%) Survival (%)

1 −1 (100) −1 (15) −1 (10) 97.174 49.216

2 +1 (300) −1 (15) −1 (10) 94.710 27.353

3 −1 (100) +1 (30) −1 (10) 94.535 25.785

4 +1 (300) +1 (30) −1 (10) 90.705 10

5 −1 (100) −1 (15) +1 (20) 95.566 35.339

6 +1 (300) −1 (15) +1 (20) 91.790 13.312

7 −1 (100) +1 (30) +1 (20) 94.552 25.805

8 +1 (300) +1 (30) +1 (20) 88.250 6.351

9 −1 (100) 0 (22.5) 0 (15) 93.147 22.449

10 +1 (300) 0 (22.5) 0 (15) 89.552 7.295

11 0 (200) −1 (15) 0 (15) 92.578 15.094

12 0 (200) +1 (30) 0 (15) 90.611 9.511

13 0 (200) 0 (22.5) −1 (10) 96.254 44.027

14 0 (200) 0 (22.5) +1 (20) 95.125 34.439

15 0 (200) 0 (22.5) 0 (15) 91.932 13.245

16 0 (200) 0 (22.5) 0 (15) 92.633 15.31

17 0 (200) 0 (22.5) 0 (15) 92.749 16.314

18 0 (200) 0 (22.5) 0 (15) 92.116 13.926

Values in the parenthesis are the actual values for the three variables

Source Degrees of freedom Sum of square F value P value

Regression 9 108.944 51.43 0.000

Linear 3 68.485 96.99 0.000

Square 3 36.230 51.31 0.000

Interaction 3 4.229 5.99 0.019

Residual error 8 1.883

Lack of fit 5 1.612 3.57 0.162

Pure error 3 0.271

Total 17 110.827

Table 3 Analysis of variance
for survival of Lactobacillus
salivarius 417 in RSM
optimization experiment
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significant (P=0.162). ANOVA results showed that this
model is a good fit for the optimization of the drying
conditions for L. salivarius 417 (Table 3).

The significance of each coefficient of the model was
determined by Student’s t test and p value (Table 4). The
smaller p value and larger absolute t value determine the
significance of the corresponding coefficient (Adinarayana
et al. 2003). Thus, power, absolute pressure, and protectant
were highly significant with p values of Px1<0.0001, Px2<
0.0001, and Px3<0.001, respectively (Table 4). The
quadratic main effects of power were less significant
(Px1

2<0.01) than its respective first-order effects (Px1<
0.0000), while the quadratic main effects of protectant
concentration (Px3

2<0.000) were more significant than its
respective first-order effects (Px3<0.001). Among the
interaction effects, the effects of power absolute pressure
(Px1x2<0.022) and power protectant (Px1x3<0.025) were
significant, while that of absolute pressure protectant was
not significant (Px2x3>0.166).

The surface plots of RSM as a function of two factors at
a time, holding the third factor at fixed level (middle value),
are helpful to understand the main and interaction effects of

these factors (Cheynier et al. 1983). Surface plots for the
survival of L. salivarius 417 are given in Figs. 2, 3, and 4.

Figure 2 represents the effect of varying levels of power
and absolute pressure on the survival of the L. salivarius
417 while the concentration of skim milk powder is fixed at
central concentration. It is evident from Fig. 2 that not only
was the survival of L. salivarius 417 steadily increased
(<96% log) when the power and absolute pressure levels
were decreased but also their interaction had a significant
effect on the survival. For example, at higher power level,
the percent survival increased very slowly when absolute
pressure decreased and vice versa. As we can see,
maximum survival of the bacteria at lower level power
and low absolute pressure confirms the data obtained in our
preliminary trials (Ahmad et al. 2007). This could be
related to increase in the temperature of the product at
higher power levels. In other words, when bacteria are
exposed to higher temperatures during drying, survival will
be low. The same trend was observed with absolute
pressure level—the lower the absolute pressure, the lower
boiling point or sublimation of water. Therefore, the
dehydration process occurs at lower temperature and results
in higher survival. These findings are in agreement with our

Term Estimate Std error T ratio Probability

Constant 92.596 0.1909 485.159 0.000

X1 (power) −2.106 0.1534 −13.726 0.000

X2 (absolute pressure) −1.298 0.1534 −8.461 0.000

X3 (protectant) −0.854 0.1534 −5.566 0.001

X1
2 −0.990 0.2947 −3.360 0.010

X2
2 −1.746 0.2947 −5.925 0.000

X3
2 3.623 0.2947 12.292 0.000

X1X2 −0.486 0.1715 −2.836 0.022

X1X3 −0.473 0.1715 −2.758 0.025

X2X3 0.261 0.1715 1.523 0.166

Table 4 Estimated regression
coefficients for RSM survival

Fig. 2 RSM surface plot of viability between power and vacuum
while concentration of protectant is constant at 15% (w/v)

Fig. 3 RSM surface plot of viability between power and protectant
while vacuum level is constant at 22.5 Torr
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study (Ahmad et al. 2007) and study reported by Kim and
colleagues (1997) which indicated higher dehydration
temperature result in lower survival.

The effects of varying levels of power and the concen-
trations of protectant are shown in Fig. 3. As is evident
from Fig. 2, lowering the power from 300 to 150 W
resulted in an increase in the survival of L. salivarius 417 to
the maximum level at 93% log survival when 10% skim
milk powder was used as protectant. The effect of the
absolute pressure level and protectant concentration on the
survival of L. salivarius 417 is shown in Fig. 4 while
keeping power level fixed at 200 W. Both of these factors
have their own significant effects on the survival, but their
interaction effects are non-significant.

Random Centroid Optimization

The set variables and percent survival for random results
for RCO are given in Table 5. After carrying out 13

Fig. 4 RSM surface plot of viability between vacuum and protectant
when power is constant at 200 W

Table 5 Randomized centroid optimization of Lactobacillus salivarius 417 dehydration process

Number Power (watts) Absolute pressure (mmHg) Protectant (%) Rotation (rpm) Survival (%)

First cycle random 1

1 147 7 11 1,514 24.5

2 202 34 19 681 25.0

3 551 20 9 1,181 23.2

4 391 22 6 1,151 19.8

5 356 38 24 1,771 17.5

6 274 20 9 1,912 22.3

7 521 23 15 19 16.4

8 481 34 21 1,699 21.1

9 787 2 9 660 22.5

Centroid 1

10 254 21 11 1,315 35.4

11 292 22 16 1,584 19.1

12 245 25 16 1,470 28.5

13 274 25 15 1,279 17.6

Second cycle random 2

14 540 20 12 777 7.4

15 408 12 16 1,472 18.8

16 405 16 17 1,123 41.2

17 307 13 18 1,169 11.3

18 252 0 14 1,129 89.1

19 411 8 10 1,113 9.9

20 583 13 13 1,201 10.1

Centroid 2

21 252 15 14 1,129 27.7

22 239 16 16 971 34.1

23 201 18 14 1,019 28.2

24 266 22 16 921 21.6
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experiments during the first cycle of RCO, the maximum
and minimum ranges of factors were narrowed. The
maximum viability of the first cycle random search was
25% and for the centroid search was 35.4%. During the
second cycle centroid search, the percent viability de-
creased as compared to the random search. So, the experi-
ments were stopped at that point and mapping was done to
find out the optimum combination of the factors for
maximum viability according to the method of Nakai
(1990). Maps for the optimization of the drying factors
are shown in Fig. 5a, b, c, and d. The arrow at the bottom of
each map shows the estimated optimum location for each
factor. The maximum viability obtained in the second cycle
was 89.1% by the combination of power (252 watts),
absolute pressure (0 mmHg), protectant (14%), and spin-
ning speed (1,129 rpm) and for the centroid search, it was
38.6%. The presence of trend lines on each map is an
indicator of the likely optimum condition (Nakai et al.
1998). In this study, trend lines with clear directions were
observed on the maps of power, absolute pressure, and

percent protectant (Fig. 5 a, b, and c), while for rpm map,
the trend lines had undefined directions (Fig. 5d). These
findings suggest that survival of L. salivarius 417 is
strongly affected by microwave power, absolute pressure,
and protectant levels, and the spinning speed had less effect
on the survival.

At the end of the experiment, the optimum concentration
of skim milk powder was used to compare the freeze-dried
(FD) viability with REV. The result showed that the REV-
dried samples have a better or equal viability compared to
FD samples with the same formulation. For L. salivarius
with 10% skim milk powder, the percent viability of FD
and REV were 54.9% and 49.2%, respectively, while for
14% skim milk powder, FD samples showed 36.4%
viability, while viability for REV samples was 89%. As
the process was optimized for REV process, an optimum
viability in FD process is not expected.

In this study, RCO was found to be a much easier
approach to optimizing the process variables. It has a very
comprehensive step by step menu. The range of factors can

Fig. 5 a RCO mapping of survival optimization for power (W). b RCO mapping of survival optimization for vacuum (Torr). c RCO mapping of
survival optimization for protectant (% w/v). d RCO mapping of survival optimization for rotation per minute (rpm)
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be adjusted manually, which allows the experimenter to
incorporate other insights or even intuition, which makes it
more flexible. Number of experiments is reduced as
compared to other designs, and one can stop experiments
at a certain point when the response appears optimal or
acceptable. During mapping, if a certain factor does not
have defined trend lines, it can easily be eliminated and one
can continue with optimization of the other factors.

Response surface methodology (RSM) is a more widely
used statistical method than RCO. It shows the interaction of
all variables and improves statistical interpretation. Factors
can be varied simultaneously with a fixed number of experi-
ments. In the present work, RCO found an optimum
combination of drying conditions which yielded >89%
survival versus 49% for RSM. With RSM, the experimenter
has the option of repeating the optimization in a more focused
range of variables to find a better optimum. However, this
would require more experimental trials than RCO. Nonethe-
less, if the goal is to find the optimum result as quickly as
possible, in our view, RCO is a more efficient approach.

Conclusion

In this study, two different statistical approaches were taken
to find the optimum condition for REV dehydration of L.
salivarius along with skim milk powder. Both approaches
showed that a combination of low power, low absolute
pressure, and concentration of 10–14% skim milk powder
results in the highest percent viable cells in dehydrated
products. In other words, the results of RCO are in
agreement with the results of RSM, but RCO found
conditions for better survival than RSM. Drying at even
lower pressure could be a future step for the REV process.
However, as performed here, REV resulted in equivalent or
better survival when compared to freeze drying and was
completed in less than 1% of the time.
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