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Spray drying can be used to manufacture powder ingredients with lactic acid bacteria. Carrier matrices are used
to increase survival of bacteria during drying; however, it is not exactly known why some matrices provide better
protection than others. Depending on the carrier matrix and the drying conditions, different powder particle
morphologies are obtained. Here, we employed single droplet drying to investigate the relation between particle
morphology and survival of Lactobacillus plantarum WCFS1. Different carrier matrices with varying physico-
chemical properties were selected and dried at 90 °C (Ro~100 pm), yielding smooth, hollow or dented mor-
phologies. A clear correlation was observed between the observed particle morphologies and the viabilities after
drying. Highest survival (78-90%) was obtained for dense and smooth particles; low survival (2-8%) was ob-
tained for dented particles. The relation between the morphology and survival is likely to be rooted in a complex
interplay between matrix properties and dynamics, where a skin that hinders evaporation most resulted in the
highest inactivation. The identified correlation between morphology development and bacterial survival will be
important to identify the mechanisms of inactivation of bacteria during drying.

Solute diffusion

1. Introduction

Lactic acid bacteria are widely used in food production as starter
cultures or probiotics. These bacterial food ingredients are often dried
and stored in the powder form to increase their shelf life (Broeckx et al.,
2016; Huang et al., 2017; Peighambardoust et al., 2011). Freeze and
spray drying are the main drying techniques that are used to industrially
dry probiotics and starter cultures. Although during freeze drying the
heat sensitive microorganisms are less exposed to heat as is the case
during spray drying, spray drying is an interesting alternative since the
drying time is shorter and the energy consumption is much smaller
compared to freeze drying (Huang et al., 2017; Santivarangkna et al.,
2007).

During spray drying, considerable inactivation of bacteria occurs due
to thermal and dehydration stresses (Liu et al., 2018; Perdana et al.,
2013). Therefore, bacteria are commonly dried in a protective matrix,
consisting of for example carbohydrates, proteins or reconstituted skim
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milk to enhance their viability after drying (Broeckx et al., 2017; Per-
dana et al., 2014). The protective effect of these drying matrices, espe-
cially for sugars, is often explained by their ability to form a glassy
matrix in which the cells are embedded and/or they may depress a phase
change of the cellular membrane from liquid crystalline to gel phase
(Broeckx et al., 2016; Leslie et al., 1995; Perdana et al., 2014). Addi-
tionally, the viability is also influenced by drying kinetics of the
matrices, leading to a specific temperature-moisture content history of
the droplets during drying (Ghandi, Powell, Chen and Adhikari, 2012b;
Khem et al. 2015). In general, survival decreases considerably when the
product is exposed to higher temperatures at higher moisture contents
for a longer time (Liu et al., 2018; Perdana et al., 2013). The fact that
some strategies lead to higher viability after spray drying shows that it is
possible to increase the survival, though there is still a lack of insight in
the reasons why some drying matrices result in better protection during
spray drying compared to others.

Spray drying can yield entirely distinct particle morphologies
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depending on the drying matrix and the applied drying conditions (e.g.
smooth, hollow, dented) (Both et al., 2018; Siemons et al., 2020).
Hitherto, particle morphology development during spray drying has
been mainly studied with respect to physical powder properties such as
bulk density and particle size (Both et al., 2018; Sadek et al., 2014;
Schutyser et al., 2019). Some studies suggested that the development of
the skin and the overall particle morphology during spray drying may
also affect bacterial survival (Ghandi, Powell, Chen and Adhikari,
2012a; Khem et al. 2016; Khem et al., 2015; Wang et al., 2016). How-
ever, it is not known whether the particle morphology and bacterial
survival can be linked. We here therefore hypothesize that the particle
morphology as influenced by the properties of the carrier materials and
drying conditions also has a specific effect on the survival of bacteria
during spray drying.

In this study we focused on drying of sessile single droplets to eval-
uate this hypothesis. Sessile single droplet drying allows for drying of
small droplets which can provide insight into spray drying processes
when dried under well-controlled conditions (Schutyser et al., 2019).
This method allows us to visually monitor the particle morphology
development and analyze bacterial survival for each droplet after dry-
ing. Different drying matrices were selected (trehalose, xylose, whey
proteins, maltodextrins) that lead to distinct particle morphologies and
have different physicochemical properties (e.g. different glass transition
temperatures). Lactobacillus plantarum WCFS1 was used as a model
probiotic bacterium. A systematic set of experiments was conducted to
distinguish between the direct effect of the matrix on the survival of
bacteria, and the effect of morphology, indirectly influenced via the
rheological properties of the matrix (Siemons et al., 2020). The results
may contribute to the development of spray drying processes leading to
higher bacterial survival.

2. Materials and methods
2.1. Carrier materials

Five types of drying matrices were investigated for their protective
effects during drying of L. plantarum WCFS1 cells, i.e. whey protein,
trehalose, maltodextrin dextrose equivalence (DE) 19, maltodextrin DE
5, and xylose. Whey proteins, purity 97.0-98.4% (BiPro®, Davisco,
Switzerland), trehalose (Sigma Aldrich, USA), and xylose (Sigma
Aldrich, USA) drying matrices were prepared at a dry matter concen-
tration of 20% (w/w). The maltodextrin matrices (Roquette, France) had
a dry matter concentration of 20% (w/w), 30% (w/w) or 40% (w/w)
before drying. The protein matrices were stirred overnight at 4 °C to
ensure complete hydration, while the carbohydrate matrices were stir-
red for a minimum of 30 min. All components were dissolved in dem-
ineralized water.

2.2. Microorganisms and pre-culture

Lactobacillus plantarum WCFS1 was obtained from the in-house strain
collection. Pre-culture of this strain was performed according to the
method described by Vaessen et al. (2018). L. plantarum WCFS1 was
plated from a frozen stock on De Man, Rogosa and Sharpe (MRS) agar.
The plates were incubated microaerobically at 30 °C for 60-70 h. After
incubation, the plates were stored at 4 °C until further use. From these
plates a single colony was transferred into 10 ml MRS broth and grown
for 24 + 2 h at 30 °C. This culture was subsequently diluted 1:100 into
fresh MRS broth and incubated overnight for 17 + 1 h at 30 °C. This
overnight culture was centrifuged at 13,500 x g for 10 min. The pH of the
supernatant was measured to check the growth of the culture and was
always 3.9 & 0.1. The remaining pellet was washed once with a washing
buffer (for composition see Vaessen et al. (2018)) and centrifuged again
using the same settings. After centrifugation the supernatant was dis-
carded and the pellet was suspended in the drying matrix. This culture in
drying medium consisted of 3-4 - 10° CFU/ml.
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2.3. Single droplet drying

The drying experiments were done using the single droplet drying
equipment described earlier (Siemons et al., 2020). The droplets were
dispensed by a PipeJet® NanoDispenser (BioFluidix, Germany) using
200-S PipeJet® Pipes (Biofluidix, Germany) on a flat hydrophobic
membrane (Tetratex® ePTFE 3104 Polytetrafluoroethylene membrane,
thickness 0.27 mm) (Donaldson Nederland B-V., The Netherlands).
Droplets were dried for 20 s in a heated air flow from an insulated air
feed tunnel (RH = 0%) at 90 °C, at a flow velocity of 0.3 m/s. Deposited
droplets had an initial radius (Rg) of 100 &+ 20 pm, which is roughly in
the upper part of the droplet size range in industrial spray dryers
(Filkova et al., 2014). The size and shape were recorded with a camera.
A complete overview (including pictures) of the setup can be found in
Siemons et al. (2020). The obtained sequences were analyzed for the
initial droplet size and locking point via image analysis using Image J
software (National Institute of Health, USA). The locking point, which
represents the onset of solidity and the morphology development, was
defined as the first visual observation of shape deviation of the drying
droplet during video analysis. The experiments were carried out in
duplicate at least.

After drying, the particles were studied using scanning electron mi-
croscopy (SEM). For SEM analysis, samples were fixed on a sample
holder using carbon adhesive tabs. SEM images were taken at 5 kV, 3.74
PA, using a Phenom G2 Pure SEM (Thermo Fischer Scientific, The
Netherlands). For all droplets, a full image and a topographic image
were made using a high sensitivity backscatter electron detector
(Thermo Fischer Scientific, The Netherlands). The SEM analyses were
performed at least in duplicate.

For each experiment with bacteria, first a droplet was dispensed and
subsequently the membrane with the droplet was immediately trans-
ferred into a vial containing 1 ml phosphate buffered saline (PBS) for
dissolution of the droplet. This was done at least in duplicate and these
droplets served as the control, without drying. Additionally for each
experiment two to six droplets were dried for 20 s at 90 °C. After drying,
these droplets were kept on the membrane at room temperature for
maximum 2 h until subsequent survival analysis. For each dispensed
droplet the exact droplet volume was determined by stroboscopic im-
ages analyzed by the Biofluidix Control Software V2.9 (BioFluidix,
Germany) and used for the calculation of the survival.

2.4. Survival analysis

The dried droplets were rehydrated by transferring the membrane
with the dried droplet into vials containing 1 ml PBS. After at least 10
min of rehydration, this culture was decimally diluted by pipetting 50 pl
of this rehydrated culture into 450 pl PBS. The control droplets, which
were dispensed but not dried, were also decimally diluted in the same
way. Subsequently, the diluted cultures were plated in duplicate on MRS
agar plates and incubated for 48-96 h at 30 °C under microaerobic
conditions. After incubation, the plates were counted and subsequently
these counts were used to calculate the survival. Firstly, for each droplet
the average CFU of the duplicate plates was used to calculate the CFU/nl
of the initial droplet by taking into account the dilutions and the exact
volume of the dispensed droplet. Secondly, the survival was calculated
by dividing the average CFU/nl of the dried droplet by the average CFU/
nl of the control droplets.

2.5. Experimental setup

All drying experiments with bacteria were carried out at least in
duplicate, with each replicate being a fully independent experiment
performed with another pre-culture and on another day. Additionally,
for each experiment, multiple non-dried control and dried droplets were
taken into account, to minimize the experimental errors. The
morphology development during single droplet drying was also
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evaluated for at least three droplets.

3. Results and discussion

3.1. Particle morphologies after single droplet drying

Trehalose, whey protein and maltodextrin DE19 solutions were dried
at 90 °C using the sessile single droplet drying platform. In the initial
phase of the drying process, the droplets decreased in size with similar
rates, and remained spherical. After this initial drying phase, skin for-
mation occurs due to an increased viscosity near the droplet surface.
From the onset of the skin formation, often referred to as the locking
point, the particle morphology starts to develop (Both et al., 2018;
Siemons et al., 2020). In droplets with 20% (w/w) whey proteins we
observed that an air vacuole started to develop shortly after the locking
point (Fig. 1A). The final whey protein particle contained a large vacuole
and had a smooth surface. The same morphology for whey protein
particles was also observed in previous single droplet drying studies
with droplets of a larger initial radius of ~500 pm at varying drying
temperatures and whey protein concentrations (Both et al., 2018; Bou-
man, Venema, de Vries, van der Linden and Schutyser, 2016; Sadek
et al., 2013). Also Khem et al. (2016) observed this morphology after
spray drying of Lactobacillus plantarum in the presence of whey proteins.
The droplets with 20% (w/w) trehalose shrank continuously until a
small, dense and spherical particle was obtained (Fig. 1B). For trehalose
no clear onset of skin formation could be observed. Droplets with 20%
(w/w) maltodextrin DE19 formed a dented morphology (Fig. 1C), which
resembled the morphology of dried maltodextrin DE21 as was described
before by Siemons et al. (2020). In a spray drying study, Paramita et al.
(2010) also found dented particles with high maltodextrin concentra-
tions and smoother particles with high trehalose concentrations for
mixtures of gum arabic and these components. Overall, the different
final particle morphology types that we observed were a smooth dense
particle, a smooth particle with a large vacuole and a dented particle.

To link the microbial survival after single droplet drying to the
particle morphology, we selected components with different properties
but leading to similar morphologies. For this purpose xylose, 20% (w/w)
maltodextrin DE5 and 30% (w/w) maltodextrin DE5 were selected.
Xylose is a monosaccharide that results in dense and smooth particles
that are similar as those obtained with trehalose (Fig. 2). Drying of 20%
(w/w) maltodextrin DE5 results in mostly dented particles, similar to
maltodextrin DE19. However, maltodextrin DE19 had coarser edges and
more smaller indentations, whereas maltodextrin DE5 had larger in-
dentations with smoother edges (Fig. 2). Interestingly, when 30% (w/w)
maltodextrin DE5 was dried, a particle with a large vacuole was formed,
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similar to the morphology of whey protein. For almost all of the drying
matrices, we observed consistent development of similar morphology
for each dried particle; only in few cases for 20% (w/w) maltodextrin
DES a vacuole was observed similar to our observations for drying of
30% (w/w) maltodextrin DE5 (Fig. 2). Therefore, both types of mor-
phologies are displayed in Fig. 2. Additional time series for all compo-
nents can be found in the supplementary information (Fig. S1).

3.2. Survival of L. plantarum WCFS1

Survival of Lactobacillus plantarum WCFS1 after single droplet drying
was evaluated for all drying matrices described in the previous section
(Fig. 2). The survival was comparable for drying matrices that yielded
similar particle morphologies (Fig. 3). The highest survival was
observed with the matrices that yield dense smooth particles, namely
xylose (90%) and trehalose (78%). The drying matrices that led to a
smooth and hollow morphology resulted in moderate survival of 51%
for whey proteins and 35% for 30% (w/w) maltodextrin DE5. Survival
was lowest in drying matrices that resulted in dented particles, namely
2% for maltodextrin DE19 and 8% for 20% (w/w) maltodextrin DE5.

This lower survival for maltodextrin is in agreement with the study of
Broeckx et al. (2017), who evaluated the survival of L. rhamnosus GG
after spray drying, and found a higher survival with trehalose and
lactose compared to maltodextrin DE6. Other studies reported a similar
effect when comparing survival of L. plantarum WCFS1 in trehalose and
maltodextrin (DE 19, DE 16 and 6) after spray drying (Perdana et al.,
2014; Vaessen, den Besten, Leito and Schutyser, 2020). On the other
hand, Vaessen et al. (2020) found a similar survival of L. plantarum
WCFS1 in whey protein and trehalose after spray drying and Khem et al.
(2015) found a higher survival of Lactobacillus plantarum Al7 after
single droplet drying in whey proteins compared to trehalose as drying
matrix. This latter study ascribes this to the high temperature increase
rates observed for trehalose droplets, while the temperature increase for
whey protein droplets was more gradual. This is not in line with our
observations. We speculate that the difference in drying conditions and
drying time, e.g. 240 s in their study vs 20 s in our study, is relevant here.

The observed trends regarding survival of L. plantarum WCFS1 in the
various drying matrices suggest that there is a relation between particle
morphology development and survival of bacteria in this drying matrix.
Though, before drawing further conclusions based on these observa-
tions, several aspects require further investigation. First of all, malto-
dextrin DE5 was used with two different concentrations; with a solids
content of 20% (w/w) mainly a dented particle was formed, and with a
solids content of 30% (w/w) a smooth particle with a large vacuole was
formed. In line with the correlation that we found, the survival with 20%

Os 2s 4s 6s

8s 10s 12s

Fig. 1. Particle morphology development during single droplet dying at 90 °C of whey proteins (A), trehalose (B) and maltodextrin DE19 (C) at 20% (w/w) initial
solids concentration, Ry 100 + 20 pm (mu indicates pm). Air flow came from the left as indicated in the figure by the arrow.
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Fig. 2. Final particle morphologies after single droplet drying at 90 °C of various drying matrices. WP = whey proteins, Tre = trehalose, MD DE19 = maltodextrin
DE19, Xyl = xylose, MD DE5 = maltodextrin DES. The initial solids concentrations are indicated in percentages and scale bars are provided.
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Fig. 3. Survival of L. plantarum WCFS1 after single droplet drying at 90 °C in
various drying matrices. The drying matrices were (from left to right): 20% (w/
w) trehalose (dark blue), 20% (w/w) xylose (light blue), 20% (w/w) whey
proteins (yellow), 30% (w/w) maltodextrin DE5 (orange), 20% (w/w) malto-
dextrin DE19 (purple) and 20% (w/w) maltodextrin DE5 (green). Error bars
represent standard deviations of independent replicates (n > 2). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

DES5 was low, while the survival with 30% was moderate. This means
that the same type of drying matrix with different morphology gives
different survival.

3.3. Effect of solids content and duration of constant rate period

We evaluated the survival of L. plantarum WCFS1 in maltodextrin
DE19 and maltodextrin DE5 as drying matrices at various solids con-
tents. Survival in maltodextrin DE5 increased from 8% to 35% with
increasing solids content from 20% (w/w) to 30% (w/w) and changing
morphology from predominantly dented to hollow (Fig. 2). For malto-
dextrin DE19 the increase in survival from 2% to 5% was not significant
with the same increase in solids content (Fig. 4A). Further increasing the
solids content to 40% (w/w) resulted in a slightly higher survival of
13%. For all of these matrices we found dented particle morphologies
(Fig. 4B), where only the edges and indentations of the particles became

less coarse upon increasing the initial solids content. Unfortunately, it
was not possible to dry maltodextrin DE5 at 40% (w/w) as the viscosity
was already too high for dispensing.

In literature, different effects of solids content have been reported for
survival of bacteria after drying. For example, Perdana et al. (2014)
found that 2% (w/w) trehalose was sufficient to protect L. plantarum
WCFS1 during drying, and found no further increase in survival by
increasing the trehalose content further. Another study reported that
increasing the content of gelatin, gum arabic or soluble starch from 10 to
20 and 30% (w/w) resulted in a lower survival of Bifidobacteria
compared to 10% (w/w) (Lian et al., 2002). On the other hand, Ghandi
et al. (2012a) reported an increase in survival of Lacotococcus lactis when
this strain was dried at higher solids contents. For example, the survival
increased from 9 to 22% when increasing the solids content of a
lactose-sodium caseinate carrier from 10 to 35% (w/w). Wiirth et al.
(2018) described a decrease in survival of L. paracasei when increasing
the solids content of a skim milk concentrate from 12.5% (w/w) to 35%
(w/w). Important to note is that all the previous authors kept the
amount of bacteria in the feed solution constant, whereas Wiirth et al.
(2018) kept the biomass to solids ratio constant. Additionally, they
found a strong correlation between the particle size of the spray dried
particle and bacterial survival; a smaller particle resulted in better sur-
vival. They relate this to the solids content, with lower solids contents
leading to a smaller final particle and a prolonged constant rate period
(Wiirth et al., 2018). To evaluate whether the duration of this constant
rate drying period can be linked to survival, we used the locking point as
measure for the duration of the constant rate drying period (Fig. 5).

The determination of the locking point was based on the visual
analysis of droplet drying videos. At the locking point, the spherical
shape of the droplet becomes distorted and shows first signs of cavity
formation or denting (Siemons et al., 2020). The droplets with trehalose
and xylose did not exhibit a clear locking point. These droplets have a
longer constant rate period (Supplementary information, Fig. S2), and
did not show any distortions from spherical shape, eventually resulting
in small spherical particles. This was expected as for these small sugars
the solute diffusivity is faster or comparable to the drying rate (Vehring,
2008; Vehring et al., 2007). Therefore, the saturation at the droplet
surface is reached late in the drying process with relatively homoge-
neous distribution of these sugars in the droplet. Overall, we did not
observe a consistent relation between the locking point time, i.e. the
duration of the constant rate period and the survival of L. plantarum
WCFS1 after drying (Fig. 5).

Several single droplet drying studies described that the inactivation
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Fig. 5. Survival of L. plantarum WCFS1 after single droplet drying in several
drying matrices as a function of the locking time. The drying matrices are whey
proteins (yellow triangle), maltodextrin DE5 (green circles) and maltodextrin
DE19 (purple diamonds). Horizontal error bars represent the standard error of
the locking point analysis and vertical error bars represent the standard devi-
ation of bacterial survival. The matrices with trehalose and xylose did not
exhibit a clear locking point. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

during the constant rate period is limited, probably due to the low
droplet temperature (wet bulb temperature) during this period. These
studies show that most inactivation took place during the second, falling
rate period of drying (Khem et al., 2015; Zheng et al., 2015). In this
period, diffusion limitation is dominant and the droplet temperature
increases gradually towards the air temperature. If this happens when
the droplet is still high in water internally, this will result in strong
thermal inactivation. Therefore, it is expected that the microbial sur-
vival rate is more strongly coupled to the processes in the falling rate
period, than it is to processes in the constant rate period.

3.4. Effect of physicochemical matrix properties

The physical state of the matrix during drying, i.e. glassy or non-
glassy, is considered important to the survival of probiotics during and
after drying (Santivarangkna et al., 2011). As the evaporation of water
progresses during drying, the viscosity of the droplet surface will in-
crease until the surface reaches a critical temperature and moisture
content, at which the matrix will behave as a glass. The extremely high
viscosity of amorphous glassy matrices (21012 Pa s) effectively halts
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Fig. 4. Effect of solids content on survival of
L. plantarum WCFS1 (A) and particle
morphology (B). (A) Survival of L. plantarum
WCFS1 in maltodextrin DE19 (purple di-
amonds) and maltodextrin DE5 (green cir-
cles). Error bars indicate standard deviations
of independent replicates (B) Final particle
morphologies after single droplet drying at
90 °C of maltodextrin DE19 at various solids
content, i.e. 20, 30 and 40% (w/w). Scale
bars representing 100 pm are provided (mu
indicates pm). (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the Web version of this
article.)

diffusion-controlled deterioration reactions, improving the chemical
and physical stability of the embedded bacterial cells (Aschenbrenner
et al., 2012; Schutyser et al., 2012).

Carrier materials with a high glass transition temperature (Tg) are
expected to provide a glassy matrix earlier during droplet drying or soon
after drying upon cooling (Perdana et al., 2012, 2014). We estimated the
T, as function of moisture content for every component studied in this
work using the Couchman-Karasz theory (Fig. 6A). This theory is further
explained in the Appendix (Table A.1,Eqn A.1).

Maltodextrin DE5 has the highest Tg for moisture contents below 0.3
kg water/kg, followed by maltodextrin DE19 and trehalose, whey pro-
teins and xylose (Fig. 6A). In Fig. 6B the survival is given as function of
the Ty of the anhydrous matrix. Fig. 6B indicates that a higher Ty of a
matrix is not directly correlated to higher retention of viability after
drying. In particular, the survival percentages found for L. plantarum
WCFS1 after drying in maltodextrin and xylose matrices contradict the
hypothesis that matrices with high T, offer higher degree of survival
after drying. The relation between morphology development and sur-
vival is more likely rooted in a complex interplay between matrix
properties and drying kinetics.

While entering the glassy state at an early stage during drying in
principle should offer better survival, it also halts the drying process
itself by reducing the water diffusivity (Ribeiro et al., 2002; Zobrist
et al., 2011). For maltodextrin matrices, it is expected that the skin that
is formed upon concentration will quickly move towards the glass
transition, where the viscosity increases dramatically, and water diffu-
sivity is strongly reduced. The decreased water diffusivity causes the
droplet temperature to increase, while the viscosity of the skin remains
high due to ongoing evaporation. The relatively fast skin formation
followed by a quick approach of the glassy state may result in a short
constant rate period, and a quickly rising droplet temperature, while the
droplet interior may still have relatively high water content. Especially
the combination of elevated temperature and high moisture content may
lead to extensive microbial inactivation.

Whey proteins undergo a colloidal glass transition already above a
solids concentration of 50% (w/w) (Both et al., 2019a; Both et al.,
2019b). This transition is based on jamming, leading to elasticity, and
not just an increase in viscosity. Therefore, as soon as the skin is formed,
it will withstand the surface stresses and retains its shape, while at the
same time lower internal pressures develop due to the ongoing evapo-
ration (Both et al., 2018; Bouman et al., 2016). At some point, a weak
point in the skin will yield, and a cavity is formed. In this case, the glassy
colloidal skin does not directly result in quickly rising droplet temper-
atures, since the cavity serves as an evaporation vent (Bouman et al.,
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Fig. 6. (A) Glass transition temperatures as function of moisture content (yy) as
calculated with Couchman-Karasz. The drying air temperature of 90 °C is
indicated with a dotted line. (B) Survival of L. plantarum WCFS1 after single
droplet drying as function of anhydrous glass transition temperature and (C) as
a function of the molecular weight. The components are trehalose (blue tri-
angles), xylose (light blue squares), whey proteins (yellow triangles), malto-
dextrin DE5 20 and 30% (w/w) (green circles) and maltodextrin DE19 20, 30
and 40% (w/w) (purple diamonds). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

2016). Therefore, the droplet temperature and moisture profiles during
drying may be different from the dented maltodextrin droplet as
described before. Hence, bacteria may be better protected against heat
and high moisture content due to prolonged constant drying via the
cavity. It may even be that the vacuole formation causes a longer con-
stant rate period than what was predicted based on locking point anal-
ysis. The latter might also explain higher survival for maltodextrin DE5
at 30% (w/w).
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Trehalose is a disaccharide, while xylose is a monosaccharide. These
molecules have relative high diffusivities compared to oligo- or poly-
saccharides (van der Sman and Meinders, 2013). Therefore, these
components will accumulate more slowly below the surface, and the
droplet will lose more of its moisture in the constant rate regime, where
the temperature is low and microbial inactivation is therefore limited.
Indeed we observed via image analysis that the constant rate regime
continued for a longer time with these matrices (Supplementary infor-
mation, Fig.52). These droplets only come into the falling rate period at
a later stage, when the concentration of water has reduced strongly. The
latter implies that the period of microbial inactivation has shortened,
and the lower water content at the start of the falling rate period may
additionally slow down the inactivation.

On the cellular level, the protective effect of low molecular weight
carbohydrates such as trehalose and xylose is often explained by their
ability to depress the phase transition of the bacterial cell membrane due
to interactions with the phospholipids (Bryant et al., 2001; Huang et al.,
2017). Indeed, the low molecular weight components in our experi-
ments provided the best protection during survival (Fig. 6C). However,
at higher molecular weights no relationship is observed between mo-
lecular weight and bacterial survival in this matrix. This differs from
Perdana et al. (2014), who observed a decreasing residual viability with
increasing molecular weight if the molecular weight was higher than
2:10% g/mol. A complication in this comparison of survival and molec-
ular weight is that maltodextrins are mixtures of smaller and larger
carbohydrates, especially maltodextrin DE19 contains a considerable
amount of low molecular weight components (Avaltroni et al., 2004). In
addition to the importance of low molecular weight, the combination of
low molecular weight and glass transition is also often described as an
important aspect for the stabilization of bacterial cell membranes. Glass
transition close to the membrane phospholipids might reduce the
compressive stresses that force the membrane lipids from a fluid phase
into a gel phase causing loss of membrane integrity (Bryant et al., 2001).
For this effect components should be small enough to enter the spacing
between membranes and have a high Tg. Actually, this is not in agree-
ment with the high survival of xylose, which has a very low glass tran-
sition temperature (Fig. 6A and B). Despite the possible capability of
xylose to enter the intermembrane spacing due to its low molecular
weight, it is still likely that xylose does not vitrify during drying as the T,
values are far below the drying air temperature. This might also affect
survival during storage after drying, which is of great importance for
dried bacterial ingredients and requires further investigation since it has
not been considered in our study.

We demonstrate that the clear relation that we found between the
morphology and the microbial survival, is likely rooted in a complex
interplay between matrix properties (glass transition) and drying dy-
namics (diffusion rates). However they are both the consequence of the
same process; hence the strong correlation between these two resultants.
This implies that the investigation of the morphologies may well offer a
route towards better microbial survival during spray drying.

4. Conclusions and outlook

Drying of droplets having different matrices resulted in smooth,
hollow or dented particles. Dented or folded particles were developed
for maltodextrin DE19 and 20% (w/w) maltodextrin DES5; hollow par-
ticles were observed for whey protein and 30% (w/w) maltodextrin
DE5, while smooth spherical and dense particles were obtained for
trehalose and xylose. The survival of Lactobacillus plantarum WCFS1 that
was embedded in these matrices showed clear correlation with these
morphologies, with the smooth particles giving high survival, dented
particles low survival, and hollow particles in between.

This strong correlation can be explained by a combination of drying
dynamics and the glass transition, with high-molecular weight compo-
nents like maltodextrins giving fast formation of a viscous shell, which
folds into a dented geometry, allowing significant inactivation due to the
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long falling rate period at elevated temperatures. Small components
such as xylose and trehalose exhibit a much longer constant rate period,
and significant protection against inactivation during the shorter falling
rate period. The hollow particles are the result of an elastic shell that
resists folding, but offer a prolonged constant evaporation due to cavity
formation allowing fast evaporation and therefore a longer low tem-
perature period than the high-molecular weight maltodextrins.

Our results suggest that the morphology development is strongly
correlated to the microbial survival, because it is fundamentally related
to the same underlying mechanisms. Therefore it is an excellent phe-
nomenon to use for optimizing microbial survival during spray drying.

Other bacterial strains and different drying matrices, including mixes
of carbohydrates and proteins, should be tested to further support our
findings. Single sessile droplet drying experiments offer the opportunity
to probe many bacterial drying formulations and drying conditions to
find promising particle morphologies leading to higher bacterial
survival.
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Appendix. Glass transition temperatures and molecular weights

In our study, the glass transition temperature T of the different components was estimated as a function of moisture content. The relation was

described using the theory of Couchman and Karasz (1978):

_ ywACP,ngw + yxAcp,: Tg.s

T
¢ Y lACp + Vs AC,

(A1)

Here y;is the mass fraction (i = w, s for water and solute), T;is the glass transition temperature for the pure component (T,,, =139 K), Ac,; is the
change in the specific heat at the glass transition. For Ac,,a value of 1.91 kJ/kg-K was used. Glass transition temperatures of maltodextrins were
determined as described by (Siemons et al., 2020). The anhydrous glass transition temperature and the heat capacities of the solutes and the molecular

weights of the components are provided in Table Al.

Table A.1

Overview of materials and their anhydrous glass transition temperature, specific heat capacity and molecular weight.

Pure components Ty (°C) Acp (J-g’lK’l) Mw (g-mol’l) Reference

Trehalose 113 0.65 342 Kawai et al. (2005)

Xylose 13 0.95 150 Kalichevsky et al. (1993)

Whey proteins 76 0.58 18,200 (Nicolai et al., 2011; Yang et al., 2010)

Maltodextrin DE19 130 0.43 4978 (Castro et al., 2016; Van Der Sman &; Meinders, 2011)
Maltodextrin DE5 171 0.43 25,847 (Castro et al., 2016; Van Der Sman &; Meinders, 2011)
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