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Abstract 

Equipping cells with artificial shells or coats has been explored throughout the last decade, with goals such 
as immunomasking, in vivo tracing, and imparting tolerance to various biotic and abiotic stressors. One stressor, 
however, drying, has curiously been overlooked. In an industrial setting, the drying of cells is relevant when a satis‑
factory product shelf life must be achieved at a low cost. The drying of entomopathogenic organisms for biocontrol 
is a prime example of this. Here, the thin-walled blastospores of the entomopathogenic fungus Metarhizium brun-
neum are a great model organism for testing whether thin-cell surface polyelectrolyte layers may increase desiccation 
tolerance. In this study, we coated single M. brunneum blastospores with alternating layers of chitosan and alginate 
and assessed their effects on blastospore viability after drying. The desiccation tolerance improved with increasing 
layer numbers from 6.9% to a maximum of 27.5%. In addition, as the polymer chain length decreased, the desiccation 
tolerance further increased to 33.1%. Furthermore, we provided visual proof of the coating surrounding the blasto‑
spores via the use of fluorescent polymers and scanning electron microscopy. Finally, an investigation of differences 
in water absorption into coated and uncoated cells revealed that water absorbed faster into coated cells when algi‑
nate was on the surface of the structure but slower when the outermost layer was composed of chitosan. We 
conclude that, via polyelectrolyte multilayering on thin-walled blastospores, desiccation tolerance can be significantly 
increased, but a deeper understanding is necessary to extract the full potential from this technique.
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Graphical Abstract

Introduction
Desiccation, as a technique to prolong shelf-life, has sig-
nificant industrial importance. The need for storage of 
biological materials, specifically cells, is encountered in 
many branches of biotechnology. Small-scale storage 
requirements, such as in-stock keeping, allow for liquid 
nitrogen, − 80 °C freezing, or freeze-dried storage. These 
methods are well described, and protocols are readily 
available but are slow and/or expensive [6, 17, 65, 66], 
which limits the applicability of these techniques to cer-
tain industries. For other industries, with cheaper and 
larger scale requirements, dry storage is an appealing 
alternative.

Biological control is one such industry. Here, many 
products consist of living cells and need to achieve a 
certain shelf life at room temperature to be success-
fully commercialised [37, 47, 54]. Drying, however, 
drastically decreases the viability of most organisms 
[7, 11]. Such is the case with thin-walled, yeast-like 
blastospores, which many well-established biocon-
trol fungi form in submerged fermentation [33]. Their 
quick, highly advantageous fermentation process [22, 
26] and high infectivity [1, 25, 38–40] have garnered 

them great industrial interest. However, their low des-
iccation tolerance is a large obstacle to their profit-
able commercialisation [27]. Consequently, they greatly 
benefit from any improvements to their drying stability. 
For these reasons, we consider Metarhizium brunneum 
blastospores ideal candidates for novel formulations to 
increase desiccation tolerance.

While a dry cell is largely inert, severe stress is applied 
to the cells during de- and especially rehydration. These 
are time-critical processes, and their deceleration has 
been shown to lead to increases in bacterial viabil-
ity [29, 43]. While deceleration of the drying process 
allows the cell to adapt to the changing environment 
metabolically through the accumulation of protectants 
[11], deceleration of the rehydration is largely benefi-
cial on a physical basis. Rapid volume changes and the 
influx of water into a dry cell often rupture the dry and 
therefore inflexible cell membrane, leading to immedi-
ate cell death [11]. A physical barrier covering the cell 
surface of blastospores, through which water cannot 
freely move, slows the flux of water into and out of the 
cell during de- and rehydration and therefore deceler-
ates these processes [67].
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A possible solution is the concept of equipping liv-
ing cells with an external shell structure by layer-by-
layer (lbl) coating. Here, the electrostatic interaction 
between a material and the cell’s own surface creates 
a material layer on the cell surface. Ideally, this layer 
deposition reverses the surface charge so that an oppo-
sitely charged material is adsorbed to the new surface 
(Fig. 1). With repeated application, multilayered single-
cell complexes can be formed, typically in the range of 
10–200 nm in thickness [10, 18, 48, 60, 64].

While most methods for producing coated cells are 
similar, the underlying goals vary. Most commonly, 
they lie either in biomedical applications [16, 42, 45, 
51, 62, 63], or in the mimesis of bacterial sporulation to 
produce cells resistant to external stressors [13, 36, 46, 
55, 68]. Whether polymer coats can improve the drying 
survival of cells, however, was not been investigated.

Owing to the demand for biocompatibility, biodegra-
dability, and sufficient charge for lbl-coating, the choice 
of material is severely limited. In the food industry, 
biocompatible and biodegradable polymer layers are 
employed to act as moisture or air barriers for spoilable 
foods [4, 57]. Typically, consisting of hydrogel-forming 
biopolymers, their moisture barrier capabilities are 
rather limited [59, 71] but may be increased. The addi-
tion of a hydrophobic component reduces the water 
diffusion speed [2, 71], and blocking or shrinking voids 
within the hydrogel reduces the fast movement of free 
water [5, 14, 15, 53].

In the case of lbl-coatings, hydrophobic components 
would remain excluded from electrostatic interactions 
during the layering process and are therefore ill-suited. 
However, surface hydrophobisation may be possible by 
incorporating an amphiphile into the outermost layer. In 
some cases, chitosan has already displayed amphiphilic 
characteristics, unexpectedly increasing in hydropho-
bicity after drying [8]. In cellulose, this phenomenon is 
explained by the structural reorientation of the polymer 
chains, turning hydrophobic chain elements towards the 
air interface during drying [28]. The same mechanism is 

hypothesised to cause similar observations in chitosan 
films [20].

Schönhoff et  al. [56] suggested that water diffusing 
out of polyelectrolyte multilayers creates voids or pores, 
which cannot be filled by the polymer due to steric hin-
drance of the polymer chains. Such pores allow for 
unhindered water flow during rehydration, which is 
undesirable because of the stress it imposes on the rehy-
drating cell. Research by Lin et al. [34] suggests that uti-
lising shorter polymer chain lengths for polymer film 
production leads to increased surface coverage dur-
ing the adsorption process of the polymer chains to the 
charged surface. As the production of polyelectrolyte 
multilayers is a succession of surface absorptions, the uti-
lisation of shorter-chain polymers may decrease void for-
mation through better coverage at the polymer-cell and 
subsequent polymer–polymer interfaces. Furthermore, 
steric hindrance to fill voids during desiccation may be 
decreased by shorter chain lengths, enabling the plugging 
of any voids [50].

At the surface level, cell encapsulation in a polymer 
matrix and single-cell coatings function in a similar way 
[21, 49, 61]. However, replacing a capsule that protects 
several cells in a bulk polymer mass with only a very thin 
and structured polymer shell that protects single cells, in 
theory disposes of several disadvantages of the bead or 
capsule approach but comes with certain trade-offs. As a 
byproduct of the single-cell approach, there is no waste 
of the active ingredient through agglomeration within 
the bulk polymer mass of a capsule. With a thin coating, 
every blastospore will have a minimum distance to the 
application target and an even distribution of all blasto-
spores on the target can be achieved. In addition, through 
the order that is introduced into the polymer chains via 
electrostatic interactions, targeted surface modifica-
tions of the coated cell can be achieved [62]. Further-
more, shedding material obviously lowers the material 
cost. Other advantages include easy coapplication with 
other formulations and compatibility with many nozzle 
and hose types. This comes at the price of much less of a 

Fig. 1  Schematic of polyelectrolyte multilayer formation on a negatively charged cell surface. n + 1 indicates the repeatability of the coating 
process, adding one polymer bilayer with every cycle
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protective barrier between the blastospores and the envi-
ronment. Where the coating may only have a protective 
function, a capsule is able to house nutrients and pro-
vide a growth-stimulating environment [21, 49, 61]. This 
function is lost by the coating, and part of this research 
aims to assess whether these advantages outweigh the 
disadvantages.

The aim of this study was to investigate the ability of 
biocompatible hydrogel-forming biopolymers encas-
ing naturally thin-walled cells to improve their survival 
after dehydration, using Metarhizium brunneum CB15III 
blastospores as a model organism. By investigating water 
absorption into coated cells and the effect of the poly-
mer chain length on viability, we take the first steps to 
understand the mode of action by which polyelectrolyte 
multilayers may improve the desiccation tolerance of 
single cells. The fermentation, drying, and rehydration 
techniques employed were specifically chosen to isolate 
the effects of the coating on blastospore drying survival 
by eliminating as many cross-effects as possible from 
established drying techniques, hyperosmotic stress con-
ditioning during fermentation, and known formulation 
materials. We hypothesise that a cell surface polymer 
coat will improve the de- and rehydration characteristics 
in dependence on the polymer chain length and the out-
ward-facing polymer, ultimately increasing blastospore 
viability after drying and rehydration. This approach lays 
the foundation for the potential of precisely targeted 
optimisations down the line.

Materials and methods
Aerial conidia production and harvest
Potato-dextrose agar (PDA, 39  g/L, Roth X931.2) plates 
inoculated with M. brunneum CB15III were incubated 
at room temperature until fully covered and sporulated, 
as indicated by the dark green color and the formation 
of a conidial powder on the plates. To harvest the aer-
ial conidia, the plates were knocked several times and 
brushed with a sterilised brush to loosen any conidia 
still attached to the plate. The plates were then flushed 
repeatedly with 0.1%v/v Tween 80 (Carl Roth 9139.1) to 
suspend the conidia. Finally, the resulting conidial sus-
pension was harvested from the plates by pipetting into 
1.5-mL reaction tubes (Starlab TubeOne S16115-5500) 
and stored at 4 °C for up to 2 weeks. All steps were car-
ried out under sterile conditions.

Blastospore production
Blastospores of M. brunneum were produced in baf-
fled 250 mL shaker flasks filled with 75 mL fermentation 
medium (40 g/L AniPeptTM Animox; 55 g/L D-glucose 
monohydrate, Roth 6887.3; 70  g/L polyethylene glycol 
200, Roth 2631.2; pH = 5.5). The flasks were inoculated 

by adding aerial conidia, which were subsequently sus-
pended in 1 mL of 0.1%v/v Tween 80 to a final concentra-
tion of 1 × 105 conidia/mL. The cultivations were carried 
out for 96 h at 25 °C at 150 rpm (IKA KS 4000 ic control). 
This protocol was originally developed by Krell et  al. 
[31] and its ingredients were screened to reduce pel-
let formation. After 72  h, the cultures were vacuum fil-
tered through 12–15 µm paper filters (VWR 516–0350) 
to separate blastospores from the mycelial mass and 
immediately cooled to 4  °C. The resulting blastospore 
suspensions were washed thrice with 9 g/L sodium chlo-
ride solution (NaCl, Carl Roth P029.3) by centrifugation 
for 5  min at 2150 × g and vortex resuspension (Vortex-
Genie 2, Scientific Industries) in 50 mL centrifuge tubes 
(Greiner Bio-One, 227,270) filled to 40  mL. All blasto-
spores were stored in 9 g/L NaCl solution at 4 °C for no 
longer than 24 h before experimental use. All steps were 
carried out under sterile conditions.

Polymer coating
To form the chitosan-alginate blastospore coating, 1 × 107 
blastospores/mL suspended in 9 g/L NaCl solution were 
centrifuged for 5  min. The supernatant was discarded, 
and the blastospores were resuspended in 1 g/L chitosan 
solution under continuous agitation for 20  min at 4  °C. 
The blastospores were then washed once by centrifuga-
tion for 10 min and resuspended in NaCl solution. This 
was followed by two washing steps in the same solution 
with 5  min of centrifugation. All centrifugations were 
carried out at 2150 × g and 4 °C. This procedure was then 
repeated with a 1 g/L alginate solution to create a bilayer. 
Subsequent bilayers were formed by alternation of the 
chitosan and alginate layer creation procedure. All algi-
nate solutions were prepared by dissolving the respective 
alginate directly in ultrapure water (Elix Advantage 5, 
Merck). All chitosan solutions were prepared by first dis-
solving the respective chitosan powder at a concentration 
of 10  g/L in 1%v/v acetic acid (Roth 3738.3) under agi-
tation for 24 h. Then, the resulting solution was diluted 
1:10 with ultrapure water. All polymer solutions were 
vacuum filtered through a 12–15  µm filter to remove 
any macroparticles. The samples with zero bilayers were 
treated in the same manner but with a 9 g/L NaCl solu-
tion instead of a polymer solution. Any control samples 
were only washed three times in NaCl solution after 
harvest. Samples for de- and rehydration were always 
taken after three washing steps. All steps were carried 
out under sterile conditions. Three polymer solutions of 
varying chain lengths were produced from alginate and 
chitosan respectively. For these, relatively low, mediocre, 
and high molecular weights were chosen, labelled ‘short’, 
‘medium’, and ‘long’, to indicate chain length. The polymer 
viscosity at a 2%w/v solution is universally given by the 
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manufacturers and chain lengths or molecular weights, if 
at all, only as calculations thereof. Therefore, the viscosity 
is given in Table 1 for comparability among the polymers.

Only polymers of ‘medium’ molecular weight were 
used in the viability determination, which was dependent 
on the number of polymer layers. For the viability deter-
mination, which was dependent on the polymer chain 
length, all the listed polymer solutions were used.

Dehydration and rehydration
For dehydration, 100  µL of treated or untreated blasto-
spores suspended in a solution of 9 g/L NaCl at a concen-
tration of 107 blastospores/mL were filled into previously 
detached and sterilised reaction tube lids. The lids were 
air dried in an enclosed container of 45 L with an air in- 
and outlet. An airflow of 10 L/min, 5% relative humidity, 
and 20 °C was applied for the entire duration. All samples 
were dried to a water activity of < 0.35 (LabMaster-aw, 
Novasina) or for a maximum of 48 h.

For rehydration, 1 mL reaction tubes without lids were 
filled with 1 mL of 9 g/L NaCl. The lids with dried blasto-
spores were placed onto the filled reaction tubes, imme-
diately inverted and vortexed for at least 1  min or until 
all the dried residue was removed from the lid. De- and 
rehydration were performed under sterile conditions at 
20 °C.

Determination of viability/colony‑forming units
This procedure always immediately followed rehydration. 
The blastospore suspension was diluted in 9 g/L NaCl so 
that approximately 200 viable blastospores in 10–100 µL 
of suspension could be transferred to a PDA plate. The 
proper dilution factors were determined from cell counts 

prior to drying and estimates of viability taken from 
preliminary tests (data not shown). To determine the 
percentage of viable cells, a reference sample was taken 
from all samples immediately before drying. These were 
diluted and plated with 200 blastospores per plate. Gen-
erally, the colonies on all plates were counted after 72 h 
as they had a good size for counting at this point. After 
96  h (24  h later) another plate check was performed to 
check for missed colonies during counting. Then survival 
was determined for all samples via the reference sam-
ples. All plates were inoculated and counted in triplicate 
in addition to the experimental replicates. The viability 
experiments were repeated once at a different time with 
the same results. The experimental data from repeated 
viability experiments is available in  the Supplementary 
Materials 1 and 2.

Cell counting
All cell counting was conducted with a × 40 magnifica-
tion objective via a transmitted-light microscope (Axio-
star Plus, Zeiss) and a ‘Neubauer Improved’ cell counting 
chamber (Marienfeld Superior).

Fluorescence imaging
The images in Fig. 2 were taken with a × 100 objective via 
an inverted phase-contrast microscope (Nikon Eclipse 
Ti2, NIS Elements AR 5.20.01 Software, Nikon Instru-
ments, Düsseldorf, Germany). The fluorescence filter 
details can be found in Table 2.

For bilayer visualisation, blastospores were coated with 
(A) one polymer bilayer consisting of fluorescein-labelled 
chitosan (FITC-chitosan) and rhodamine-labelled algi-
nate (RH-alginate). The resulting coated blastospores 

Table 1  List of polymers used

Polymer solution Polymers and their viscosity at 2%w/v Concentration 
[g/L]

Alginate solution ‘short’ Na-Alginate, FMC Manucol DH, 40–90 cp 1

Alginate solution ‘medium’ Na-Alginate FMC Manugel GMB, 110–270 cp 1

Alginate solution ‘long’ Na-Alginate, Roth 9005–38-3, 350–550 cp, 1

Chitosan stock solution Chitosan (s. columns below) 10

Chitosan solution ‘short’ Chitosan, Sigma‒Aldrich 448,869, 20–300 cp, 75–85% deactylated 1

Chitosan solution ‘medium’ Chitosan, Sigma‒Aldrich 448,877, 200–800 cp, 75–85% deactylated 1

Chitosan solution ‘long’ Chitosan, Sigma‒Aldrich 419,419, 800–2000 cp, 75–85% deactylated 1

Table 2  Fluorescence filter information

Filter Excitation Dichroic mirror Emission Product information

Green 472/30 nm 495 nm 520/35 nm GFP-3035D Filter Cube, MXR00704, Nikon

Red 562/40 nm 593 nm 640/74 nm mCherry-C Filter Cube, MXR00711, Nikon
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were analysed microscopically with the appropriate 
fluorescence channels. In the case of a successful initial 
bilayer formation in (A), the blastospores would fluoresce 
green and red in the appropriate channels. If only one 
polymer adhered to the spores, they would only fluoresce 
in that colour, and no further bilayer formation would 
theoretically occur.

To show evidence of bilayer formation beyond the ini-
tial bilayer, blastospores were coated with (B) two regular 
chitosan alginate bilayers and a third bilayer consisting of 
FITC-chitosan and RH-alginate. If no polymer adhered to 
the spores, again no fluorescence would occur. If only one 
polymer adhered to the spores, no fluorescence would 
occur either, as only the third bilayer contained fluores-
cently labelled polymers. The same is true if only one 
or two bilayers were able to adhere to the blastospores. 
Only if all three bilayers formed successfully green and 

red fluorescence would be detectable in (B). The resulting 
coated blastospores were analysed microscopically with 
the appropriate fluorescence channels.

Scanning electron microscopy
The scanning electron microscopy images were produced 
with a FEI Helios NanoLab 600i dual beam-FIB at a volt-
age of 5 kV and a 0.17 nA beam current. For sample prep-
aration, the coated and uncoated blastospores were dried 
in ultrapure water on silicon wafers and then sputtered 
with a ruthenium layer of approximately 5  nm under a 
vacuum.

Blastospore cell layer production and contact angle 
measurement
The blastospore cell layers were created by homoge-
neously depositing 5  mL of a 2 × 108 blastospores/mL 

Fig. 2  Blastospores coated with one bilayer of FITC-chitosan and RH-alginate (A1–A3) or three bilayers of chitosan and alginate, of which 
the outermost layer consisted of FITC-chitosan and RH-alginate (B1–B3). The images show the blastospores in phase contrast (A1, B1), green 
fluorescence (A2, B2) and red fluorescence (A3, B3) channels. × 1000 magnification
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suspension in ultrapure water onto a glass microscope 
slide (631–1550, VWR), leaving 5  mm of space to all 
edges. The suspension was allowed to air dry under ster-
ile conditions, and the deposition was repeated once 
on top of the dried blastospores from the first deposi-
tion. Five slides with cell layers were created for every 
treatment.

For the contact angle measurements, 2 µL droplets of 
ultrapure water were deposited on the created blasto-
spore layers, and droplet absorption and video recordings 
of droplet diffusion were taken via a dataphysics OCA 
15Pro. The recorded contact angle changes were then 
analysed every 5 frames at 30 frames per second via SCA 
20 software v.2. Every measurement was repeated five 
times, using a new slide with a new cell layer. The data 
was fitted by using the ‘asymptotic fit’ function in Orig-
inPro 2022. All other fits produced less accurate models 
with lower R2 (COD) values.

Statistical analysis
All statistical analyses were conducted via R. A general-
ised linear model was used to identify significant differ-
ences in the proportional data. Significant differences in 
the figures are indicated by letters. The values for p and n 
are denoted in the respective figure or table descriptions. 
The statistical differences in non-proportional data were 
determined by ANOVA and a post hoc Tukey test.

Results
Fluorescence‑labelled polymers
Red and green fluorescent polymers were employed for 
bilayer visualisation. Blastospores coated with these poly-
mers were observed microscopically in the appropriate 
fluorescence channels. The resulting images are shown in 
Fig. 2.

Figure  2(A1–A3) shows blastospores coated with a 
single bilayer of FITC-chitosan and RH-alginate. Fig-
ure 2(A1) shows the image in phase contrast, A2 shows 
the fluorescein channel, and A3 shows the rhodamine 
channel. The depicted blastospores fluoresce in the 
expected colors. Figure  2(B1–B3) shows blastospores 
coated with two bilayers of regular chitosan and alginate 
and a third bilayer of FITC-chitosan and RH-alginate. 
Figure 2(B1) shows the image in phase contrast, B2 in the 
fluorescein channel, and B3 in the rhodamine channel. 
The blastospores fluoresce green and red, respectively. 
Autofluorescence of untreated blastospores was not 
observed (Supplementary Materials 3).

This strongly indicates bilayer formation beyond an ini-
tial bilayer for the following reasons. The fluorescence in 
Fig.  2(A2 and A3) indicates the successful formation of 
an initial bilayer (Fig. 2(A1–A3)), as only a single bilayer 
was created in this case. The fluorescence in Fig. 2(B2 and 

B3) also indicates the successful formation of a bilayer 
but does not prove the formation of successive bilayers 
on its own. However, considering the successful forma-
tion of an initial bilayer (Fig.  2 A1–A3), it is a strong 
indicator of bilayer formation beyond the initial layer. 
It is unclear where the artefacts (bright spots) in images 
A3 and B3 originate, but as the majority of spores in the 
respective images are visible and fluorescent, we consider 
our arguments to be sound.

Scanning electron microscopy
To determine whether any polymer bilayers were directly 
observable, treated and untreated blastospores were 
dried and examined under a scanning electron micro-
scope (SEM). The results are presented in Fig. 3.

Fig. 3  Scanning electron microscopy images of uncoated (A) 
and coated (B) blastospores
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Figure  3 shows uncoated (A) and coated blastospores 
(B) with three chitosan-alginate bilayers. In A, the blasto-
spores appear to be predominantly naked, with the 
exception of a crystalline residue accumulated in some 
gaps between the spores. In contrast, the blastospores 
depicted in B appear to be coated with a thin material 
layer and even loosely stuck together by this substance. 
Furthermore, some of the substance also appears to have 
been deposited on the background material. There was 
no crystalline residue visible in B.

Contact angle measurement of blastospore cell films
To shed light on whether the coating reduces water influx 
into the cells during rehydration, a contact angle meas-
urement over time was conducted on cell layers created 
from the coated and uncoated blastospores, as the water 
droplets are too large to deposit on single cells.

Because drops continuously diffuse into the cell layer, 
accurate determination of the surface energy was impos-
sible. Nevertheless, drop adsorption kinetics could be 
recorded via the changing contact angles, as there is a 
linear relation between contact angle and absorbed drop 
volume on absorbent surfaces [30]. The initial contact 
angles after drop deposition were also considered when 
discussing the results. Figure 4 shows the contact angles 
over time.

All contact angle-time graphs decline asymptotically 
but follow different equation parameters. These and 
their significant differences are listed in Table  3. The 
mean contact angle of drops deposited on uncoated, 
alg-coated, and chi-coated blastospores decreased 
from 94.16° toward an asymptote of 19.23°, from 81.80° 
toward an asymptote of 12.17°, and from 81.84° toward 
an asymptote of 26.90°, respectively. The contact angle 

Fig. 4  Contact angles over time of uncoated blastospores (blue), blastospores coated with alginate on the outside (red) and blastospores 
coated with chitosan on the outside (green), and asymptotic fits of the means thereof. Blue: y = 19.19+ 74.56 ∗ 0.04

x , R2 (COD) = 0.99939. Red: 
y = 12.03+ 69.41 ∗ 0.02

x , R2 (COD) = 0.99822. Green: y = 26.85+ 52.70 ∗ 0.19
x , R.2 (COD) = 0.99265. The use of a positively charged polymer 

(chitosan) must always be the first step of the bilayer (bl) creation process, therefore the number of applied layers cannot be equal among spores 
coated with different outer layers. Therefore, a 3-bilayer coating leads to alginate as the outermost layer (alg_coated), and a 3.5-bilayer coating leads 
to chitosan as the outermost layer (chi_coated). n = 5

Table 3  Equation factors of the asymptotic fits and their significant differences

Factor values derived from the exponential asymptotic equations used to approximate all absorption kinetics separately, not only the means depicted in Fig. 4. 
mean_a, mean_b, and mean_c refer to the factors a, b, and c from the employed exponential equation y = a− b ∗ cx. ± indicates the standard deviation. sig_a, 
sig_b, and sig_c show significant differences in lowercase letters and only compare differences within their respective columns (Anova + post hoc Tukey test, n = 5, 
p < 0.05)

Treatment mean_a sig_a mean_b sig_b mean_c sig_c

uncoated 19.19 ± 2.14 a  − 74.56 ± 4.41 a 0.04 ± 0.01 a

alg_coated 12.03 ± 1.19 b  − 69.41 ± 5.89 a 0.02 ± 0.01 a

chi_coated 26.85 ± 0.82 c  − 52.70 ± 1.85 b 0.19 ± 0.03 b
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changes of the uncoated and alg-coated blastospores 
were the most similar. There was no significant differ-
ence in slope (Table 3, mean_b, mean_c), but there was a 
significant difference in asymptote y-axis intercept eleva-
tion (Table  3, mean_a). Drops deposited on the surface 
of alg_coated blastospores presented 7.16° lower mean 
contact angles than did drops deposited on uncoated 
blastospores. Both graphs begin to closely approach their 
modelled asymptotes at approximately 1.2  s after drop 
deposition.

Notably, chi_coated blastospores display significantly 
greater overall contact angles, significantly greater final 
contact angles, and a significantly slower change than 
alg_coated and untreated blastospores do (Table 3). Con-
versely, the untreated blastospores presented significantly 
greater overall contact angles and significantly greater 
final contact angles than the alg-coated blastospores did, 
but no slower absorption occurred (Table 3).

Drops deposited on chi_coated blastospores behaved 
significantly differently from those deposited on alg_
coated and uncoated blastospores in terms of the overall 
contact angle and contact angle change. The mean water 
contact angle of chi_coated blastospores was the highest 
overall, 7.67° greater than that of uncoated blastospores 
and 14.82° greater than that of alg_coated blastospores 
(Table 3, mean_a). Additionally, the decrease in the con-
tact angle was less fast (Table 3, mean_b, mean_c), closely 
approaching its modelled asymptote of 26.85° within 
approximately 2.5 s.

Influence of polymer layers on desiccation tolerance
The aim of forming a cell surface polymer coating is to 
increase desiccation tolerance. In theory, every layer of 
material surrounding a cell, which acts as a steric bar-
rier to water in- and outflux during de- and rehydration, 
should thus increase desiccation tolerance. Blastospores 
were equipped with zero to five polymer bilayers before 
drying and rehydration. Figure  5 shows the desiccation 
tolerance of blastospores in dependence on the number 
of cell surface polymer bilayers.

Figure 5 visualises the correlation between viability after 
de- and rehydration and an increase in the number of 
polymer bilayers on the blastospore cell surface. The via-
bility increased from 6.9% (standard deviation (sd) = 4.2) 
to 14.2% (sd = 5.5), 23.3% (sd = 4.9), 24.8% (sd = 5.7) and 
27.5% (sd = 4.5), with 0, 1, 3, 3.5 and 5 bilayers, respectively.

The increase caused by the addition of the first bilayer 
equates to a 106.1% increase in viability. The next increase 
by the addition of two further bilayers, however, only 
equates to an increase of 64.5%, or 32.3%, per bilayer. 
Finally, the addition of another two bilayers only increased 
the viability by 18.1%, or 9.0% per bilayer. The increase 
from three to five bilayers is not statistically significant 
and only adds to material and operational expenses, and 
blastospore loss during formulation, through unwanted 
blastospore aggregation with progressive layer formation 
was observed (Supplementary Materials 4). For this rea-
son, the formation of three bilayers was chosen for further 
experiments as standard treatment.

Fig. 5  Effect of the number of chitosan‒alginate bilayers on blastospore survival after drying and rehydration. The error bars represent 
the standard deviation. Data for 3.5 bilayers was produced in a separate experiment. The control and data for 0 bilayers from both experiments 
were combined to show comparability. There is a significant increase in viability per layer (estimate of the logit model = 0.31527, std. error = 0.02965, 
p < 0.001 = 1.19.10−14, n = 9). The data was normalised to the viability of the respective treatment before drying. Outliers are data points that lie 
outside of 1.5 × interquartile range and are shown in red. They are included in the calculation of the mean and median
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Influence of the polymer chain length
The ability of polymer films to decelerate water flow is 
strongly dependent on the intermolecular makeup of the 
film. In repeated adsorption processes, as is the case with 
lbl-coating, decreasing the chain length of the polymers 
used may lead to less pore formation and consequently 
greater viability. To test this hypothesis, blastospores 
were equipped with three polymer bilayers of varying 
chain lengths before drying and rehydration. The result-
ing viabilities as a function of the polymer chain length 
after drying and rehydration are presented in Fig. 6.

Figure  6 reveals the significant influence of polymer 
chain length on desiccation tolerance, with increasing via-
bilities correlated with decreasing polymer chain length, 
as a decrease from ‘long’ to ‘medium’ resulted in signifi-
cant a viability increase. This effect appears to be limited, 
however, as the viability increase from ‘medium’ to ‘short’ 
is not significant. The highest viability of 33.1% (sd = 10.3) 
was achieved when blastospores were coated with ‘short’ 
chain length chitosan and alginate. The ‘medium’ and 
‘long’ chain lengths led to viabilities of 27.5% (sd = 10.2) 
and 13.4% (sd = 5.9), respectively. Uncoated blastospores 
reached a viability of 6.6% (sd = 2.8). When statisti-
cally analysing this data pooled with the data from the 
repeated experiment, all treatments are significantly dif-
ferent from one another (Supplementary Materials 6). In 
addition, the loss through spore aggregation during for-
mulation was reduced when ‘short’ chitosan and alginate 
were used (Supplementary Materials 7).

Discussion
Before any potential benefit of the coating on desiccation 
tolerance can be determined, it is important to determine 
whether a successful coating was achieved. To confirm 
the successful coating process, two visual methods were 
chosen: coating with fluorescent polymers and scanning 
electron microscopy (SEM). Both visual confirmation 
methods strongly indicated successful coating formation, 
and Fig. 2 specifically shows successful bilayer formation 
beyond the initial layer.

The scanning electron microscopy images in Fig.  3 
show uncoated blastospores (A) and coated blastospores 
(B) with three chitosan-alginate bilayers. In both images, 
the blastospores seem to have aggregated as a result of 
drying in a droplet on a flat surface. In A, the crystalline 
residue visible on the spores is likely a solute precipitate 
due to the increase in concentration from drying. It is 
unlikely, however, that the residue originates from the 
ultrapure water in which the blastospores are washed and 
suspended as part of SEM preparation. More likely, the 
blastospores released internal solutes to achieve osmotic 
balance when suspended in ultrapure water. Yeasts 
release glycerol in this situation, which could be the case 
here [3, 19, 58].

No other material is visible in Fig. 3A, and the blasto-
spores appear largely uncovered. In contrast, the blasto-
spores in Fig. 3B are clearly coated with a material layer 
that resembles other single-cell coats [48, 62, 68, 69]. We 
strongly suspect this to be the chitosan-alginate polymer 

Fig. 6  Viabilities of blastospores with three chitosan-alginate bilayers in dependence of polymer chain length. Lowercase letters indicate statistically 
significant differences according to a general linear model (estimated differences of the logit model, n = 10, p < 0.05, standard errors and exact 
p values against all treatments are given in the Supplementary Materials 5). The data was normalised to the viability of the respective treatment 
before drying
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coating. Furthermore, there is no evidence of natural 
blastospore biofilm production that could produce simi-
lar visuals as in B. There is also no crystalline residue 
visible in B, perhaps suggesting that a polymer coat may 
hinder solutes from leaving the cells. This would be ben-
eficial in cases of cell membrane rupture during rehydra-
tion and aid in upholding cellular gradients long enough 
for membrane repair [32]. Sakkos et al. [55] believe this 
to be the mode of action that stops enzyme leakage from 
dried and rehydrated E. coli to minimise the loss of bio-
catalyst activity.

Bilayer creation must not necessarily take place in 
full integer steps. For example, 3.5 bilayers consist of 
three full chitosan-alginate bilayers and an added sin-
gle chitosan layer. This is relevant, as the outwards fac-
ing polymer may exhibit different and possibly beneficial 
properties, as previously discussed (‘  Introduction’ sec-
tion). Multiple sources suggest that increased hydropho-
bicity slows water diffusion [2, 71]. This phenomenon 
is explored in Fig.  4 via contact angle measurements. 
Contact angles greater than 90° generally indicate hydro-
phobic surfaces, while angles less than 90° indicate 
hydrophilic surfaces [70]. The greater initial contact 
angles induced by untreated blastospores suggest that 
both outwards-facing alginate and chitosan increased 
the hydrophilicity of blastospores in a dry state. Theo-
retically, these results are not unexpected for hydrogel-
forming polymers. However, the literature suggests that 
chitosan polymer chains can rearrange themselves dur-
ing desiccation to bury hydrophilic moieties within the 
bulk polymer and expose hydrophobic parts of the chain 
to the air interface, resulting in a surface with uncharac-
teristically high hydrophobicity [8, 20, 28]. Evidently, this 
is not the case for lbl-created chitosan-alginate films. In 
the referenced instances of chitosan or cellulose films 
displaying hydrophobic properties, the polymers were 
in homogenous form, in bulk, and not adsorbed to a sur-
face via electrostatic interactions. This is not the case in 
lbl-film assembly. Perhaps, the very thin nature of the 
polymer layer and the interaction of presumably many 
charged groups within could restrict any free chain 
movement, or the degree of deacetylation of the used chi-
tosan was too large, leaving too few hydrophobic moie-
ties. No literature supports this hypothesis, however. The 
asymptotic decline of the contact angle to an apparent 
asymptote greater than zero is quite interesting on its 
own. With greater surface and presumably subsurface 
rewetting, absorption speed into the cell layer declines. It 
is conceivable that pores and other interstitial spaces are 
quickly filled and then water movement happens mainly 
by capillary action or diffusion through the hydrogel or 
extracellular matrix and cell wall, in the case of coated 

and uncoated blastospores, respectively, simultaneously 
blocking bulk water influx from the outside.

Chitosan, as the outwards facing polymer, displayed 
more desirable properties than alginate in terms of hydro-
phobicity and absorption speed and therefore should lead 
to higher rates of survival after drying and rehydration. 
As shown in Fig. 5, however, this had no significant effect 
on viability. The increase in viability through the addi-
tion of 3.5 bilayers is in line with the expected increases 
provided by layer addition, independent of the specific 
outwards-facing polymer.

Figure  5 shows that the polymer coating is success-
ful in increasing the desiccation tolerance to a certain 
degree. But, while viability improves with increasing 
layers, there are also diminishing returns relative to the 
first layer addition. Mondal and Mukherjee [44] reported 
that the reswelling of dry, thin, water-soluble polymer 
films is dependent on the polymer density, with denser 
films showing decreased diffusion when transitioning 
from a dry to a wet state. Moreover, Giermanska et  al. 
[12] reported that the film density of thin polymer films 
is dependent on the film thickness. They provide an 
example of both increasing density with thickness and 
decreasing density with thickness and conclude that 
this behavior is polymer-dependent [12]. These princi-
ples may also apply to the present polyelectrolyte mul-
tilayers and thereby explain the observed behaviour. If 
the density of chitosan-alginate bilayers decreased with 
increasing coating thickness, then the rehydration speed, 
an important parameter for the survival of desiccation, 
would increase, and the viability would decrease. At the 
same time, however, the increase in bilayers leads to an 
increase in overall thickness and naturally leads to an 
overall improvement in desiccation tolerance via a longer 
diffusion path for water during de and rehydration. The 
combination of both effects could result in the observed 
decrease in viability per bilayer, as observed in Fig.  5. 
Unfortunately, there is no indication in the literature that 
alginate or chitosan behave in one of the ways described 
by Giermanska et al. [12].

The viability-chain length dependency shown in Fig. 6 
suggests that a decrease in void formation could be 
hypothesised through the use of shorter polymer chain 
lengths, with the pooled data of both experiments point-
ing towards an even closer correlation. Of course, this 
hypothesis can neither be accepted nor rejected on the 
basis of viability alone. However, considering that the 
only difference in the experimental setup was the poly-
mer chain length and that only de- and rehydration influ-
ence viability, the chain length must affect this process. 
The literature points towards decreased void forma-
tion [34, 50, 56]. Another factor, that may influence void 
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formation is the degree of chitosan deacetylation. In this 
study, all used chitosans were deacetylated to the same 
degree, but with an increase in charged groups, a denser, 
less porous chain packing might be achievable.

When the maximum achieved viability of 33.1% is 
compared to the viabilities reported in recent studies, 
specifically dedicated to enhancing blastospore survival 
rates for field application, there is a rather significant 
difference. Iwanicki et  al., Mascarin et  al. and Jackson 
et al., among others, reported viabilities of up to 80%, all 
while retaining pesticidal activity [22–24, 38, 41]. These 
are the results of fine-tuning many parameters that work 
together with additive effectiveness. Preconditioning and 
optimal media composition during fermentation, formu-
lation additives, gentle drying techniques, naturally more 
desiccation-tolerant strains, and ideal rehydration condi-
tions all contribute to the high achieved survival rates, 
far surpassing the viabilities achieved in this study [11]. 
This, however, was to be expected. To isolate the effect 
of polyelectrolyte multilayers on viability, no established 
techniques to increase blastospore desiccation tolerance 
were employed in this study. Additionally, the above-
mentioned studies determined viability via observa-
tion of germ tube formation within a set amount of time 
[22–24, 38, 41]. This is not directly comparable with CFU 
analysis, as blastospores may form initial germ tubes, but 
not proliferate any further. These would not be detected 
in CFU analysis. On the other hand, some blastospores 
may ultimately form colonies but will have germinated 
much too slowly to be of use in a hypothetical applica-
tion. Consequently, CFU analysis may more accurately 
reflect prolonged survival, but assaying germination is 
more application-oriented.

In terms of direct comparability, Sakkos et  al. [55] 
present the most similar experimental conditions. In 
their study of the impact of a lbl-coating on the biocata-
lytic activity of E. coli, they also employed harsh drying 
conditions, which are not generally suitable for appli-
cation, and focused on the singular effect of the coat-
ing. Their reported 6–sevenfold increase in biocatalytic 
activity compared with that of uncoated cells lies in the 
same regime as the fivefold increase reported here. Fur-
thermore, the catalyst activity exhibited similar behav-
iour in relation to the number of bilayers applied, with 
large improvements in the initial layers, but plateauing 
between bilayers three and five. However, it is unclear 
whether the E. coli in this study actually remained viable, 
as Sakkos et  al. [55] attributed the increase in catalytic 
activity to the ability of the coating to keep the enzymes 
encased in the structure regardless of cell life or death. 
It also remains unclear whether the plateauing of the 
catalyst activity is a result of increasing cell aggregation, 
as reported in this study. A comparison of the survival 

rates of M. brunneum blastospores conventionally encap-
sulated in calcium alginate (Ca-alginate) beads can be 
found in Lorenz et al. [35]. The reported survival rates for 
multiple strains did not exceed 14.7%, indicating that the 
thickness of the hydrogel layer surrounding a cell is not 
representative of its drying survival.

Considering the results, we suggest polymer coat for-
mulations to be used in conjunction with other formula-
tion methods. Lbl-coats are situated in the sub-µm range 
of thickness and therefore do not interfere with other 
techniques such as conventional encapsulation or spray 
drying [9]. This allows formulations to prioritise other 
factors, such as UV protection or leaf adhesion or enables 
the use of harsher drying protocols.

Conclusion and outlook
Blastospores were coated with polyelectrolyte multilay-
ers composed of chitosan and alginate. The addition of 
such a polymer coat, consisting of multiple layers on the 
blastospore cell surface, led to a significant increase in 
desiccation tolerance as a function of the number of pro-
duced bilayers and the chain length of the polymers. The 
successful layer formation was verified using fluorescent 
polymers and scanning electron microscopy. An analysis 
of the surface characteristics and water absorption into a 
dry layer of coated cells revealed that if chitosan was the 
air-interfacing polymer, the water contact angle was sig-
nificantly greater, and water diffused significantly slower 
into the cells.

Compared with a study that similarly focused on inves-
tigating the isolated effect of a polyelectrolyte multilayer, 
the results clearly demonstrate the potential of biocom-
patible polyelectrolyte multilayers to protect against the 
loss of cell viability during de- and rehydration. It is obvi-
ous that employing this technique to improve desicca-
tion tolerance is still in a proof-of-concept stage, with the 
underlying mechanisms not yet fully understood. This, 
however, implies that the application of this technique for 
this purpose is unoptimised and that further improve-
ments are likely feasible. We have already demonstrated 
that by simply adjusting the polymer chain length, the 
viability could be improved, and the loss through aggre-
gation decreased. Nevertheless, the highest viability of 
33.1% is not yet enough to compete with application-ori-
ented formulations or warrants the use of this technique 
in the fabrication of living cell products that are dried for 
storage. To extract the full potential of this technique, 
more light must be shed on the underlying mode(s) 
of action. This will allow targeted optimisation and 
improvement. Furthermore, this formulation can and 
should be applied in conjunction with other established 
techniques to improve desiccation tolerance. Currently, 
centrifugation steps complicate industrial scale-up, but 
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alternatives to centrifugation, such as cell separation via 
filtration or sedimentation, are conceivable. The polymer 
material usage is very low, and the downstream process-
ing is concluded after the final wash of the cell suspen-
sion before dehydration. In conclusion, polyelectrolyte 
multilayers are promising prospects for flexible, desicca-
tion-tolerant formulations of living cells.
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S3: Untreated Metarhizium brunneum blastospores in phase contrast, 
GFP, and MCherry fluorescence channels. Supplementary Materials 4: 
Supplementary Figure S4: Yield of viable M. brunneum blastospores 
post formulation, but before drying in dependence of the number of 
produced chitosan and alginate bilayers. Data related to the data shown 
in “Results—Influence of polymer layers on desiccation tolerance”. Error 
bars show the standard deviation. There is a significant decrease in yield 
per layer (estimate of the logit model =—0.30694, std. error = 0.08951, 
p < 0.001 = 0.0024, n = 6). Supplementary Figure S5: Lightfield Microscopy 
Image of a blastospore aggregate. Supplementary Materials 5: Supple‑
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6: Supplementary Figure S6: Effect polymer chain length treatment on 
viability after de- and rehydration. This graph shows the pooled data of 
Fig. 5 and Supplementary Figure S2. Lowercase letters indicate statistically 
significant differences according to a general linear model (estimated dif‑
ferences of the logit model, n = 20 (pooled!), p < 0.05, standard errors and 
exact p-values against all treatments are given in Supplementary Table S3 
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viable M. brunneum blastospores post formulation, but before drying in 
dependence of the polymer chain length. Data related to the data shown 
in “Results—Polymer layers of different chainlengths”. Error bars show the 
standard deviation. Lowercase letters indicate statistically significant dif‑
ferences according to a general linear model (estimated differences of the 
logit model, n = 5, p < 0.05, standard errors and exact p-values against all 
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