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ABSTRACT

In this paper, the microscopic damage mechanism of Modified Sporidiobolus johnsonii A (MSJA) in spray
drying was investigated. The results showed that at a water content of 0.21 or a temperature of 52 °C and at a
water content of 0.07 or a temperature of 71°C, irreversible damage such as selective-permeable damage and
collapse due to the transformation of the gel phase and the inverse-hexagonal phase of the phospholipid
molecular layer of the cell membrane bilayer were the main reasons for the beginning of inactivation and large
amount of inactivation of MSJA, respectively, in the spray-drying process.
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INTRODUCTION

As a culture throughout the Chinese civilization, baijiu is not only a treasure of the Chinese culture (Liu
Z. et al., 2023), but also one of the pillars of the national economy, which has formed a trend of "blossoming"
in the country (Wang et al., 2021). However, high-quality liquid active liquor yeasts (such as Modified
Sporidiobolus johnsonii A, MSJA) are difficult to store and transport due to weak vitality, which seriously
restricts the promotion and development of high-end baijiu in China (Cheng, et al., 2022). Current research
generally agrees that drying the yeast to reduce its moisture content (Cheng et al., 2021), so that it is in a
dormant state, is the optimal method to achieve its convenient transportation, long-term storage and promotion
of the using (UKi et al., 2021). Meanwhile, spray drying has been occupying a dominant position in the field of
drying microorganisms, such as yeast, by virtue of both high drying efficiency and low cost (Gong P., et al.
2018). Therefore, it is particularly important to investigate the microscopic damage mechanism of MSJA during
the spray drying process to provide theoretical guidance for the subsequent design of the combined drying
process with high efficiency and high survival rate of MSJA. (Yuan et al., 2022).

Regarding the investigation of damage mechanisms during spray drying of microorganisms: lzu H. et al
(2023) investigated the hot air drying of sake cake containing Aspergillus niger and Saccharomyces cerevisiae
and observed many free amino acids and a large amount of S-adenosylmethionine (SAM), which indicated
that ribosomes of either Aspergillus niger or Saccharomyces cerevisiae were damaged during the hot air drying
process. However, the critical temperature and mechanism of ribosome damage were not explored. Yang H.,
et al (2023) investigated the physical and thermal damage of Tetrahymena halophila during spray drying using
flow cytometry, and obtained that heat-excited treatment prior to drying better maintains the integrity of the cell
membrane, thus improving its survival rate in drying. However, the mechanism of cell membrane damage was
not explored, and the critical temperature at which cell membrane integrity was damaged was not derived.

Therefore, the MSJA, which was jointly developed by the China Academy of Baijiu, was taken as the
research object. Our team, carried out spray drying real-time sampling experiments, combined with Fourier
Transform Infrared Scanning (FTIR), differential incubation, Scanning Electron Microscopy (SEM) and other
microscopic detection means to explore the real damage mechanism of MSJA in the spray drying process.
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MATERIALS AND METHODS
Experimental materials and experimental program design

The MSJA developed by the China Academy of Baijiu was used as the drying object in this experiment,
and a small experimental spray dryer of Beicheng brand was used to carry out the spray drying experiment (Al
Zaitone, et al., 2022). Spray dryer main drying tower height was h = 1.65 m, cylinder height h; = 1.14 m,
diameter D = 800 mm, of which the effective drying section height was h, = 1 m, the bottom of the cone taper
a = 60°, the bottom of the tower outlet aperture d = 150 mm. And set the material flow rate of 700 mL/h, hot
air flow rate of 70 m3/h, and experimental variables inlet hot air temperature of 80, 100, 120°C and 140°C,
respectively. The experimental process and experimental equipment are shown in Fig. 1 (Xiong, et al., 2022).
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Fig. 1 - Experimental flow chart

Aiming at the difficulty of real-time sampling and nondestructive preservation of the spray drying
process, this study developed a step-type double-cup body curved sampling cup with real-time efficient
sampling and low-temperature nondestructive preservation system. In this system, firstly, the strong magnet
at the bottom of the outer cup and the heat-insulating magnetic sticker on the outer surface work together to
form a directional strong magnetic field at the mouth of the cup, which attracts the dry particles coated with
carboxy iron powder (CIP) to enter into the inner cup, realizing high-efficiency sampling.

The first 20 cm of the curved inner cup is then formed by rotating a Bezier cubic curve (Eqs 1-3 below)
with control points A, B, C, and D.
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This curved inner cup is used to optimize the hot air flow field at the cup mouth to achieve the goal of
reducing hot air inflow into the sampling cup. The curved inner cup optimizes the hot air flow field at the mouth
of the cup to achieve the goal of reducing the flow of hot air into the sampling cup under the premise of ensuring
the stability of sampling. Together with the freezing layer filled with -40°C antifreeze and the low-temperature
and heat-insulating effect of the outer cup thermal insulation stickers, the samples can be stored at low
temperatures (T<4°C) without damage. Eventually, the step arrangement scheme and the cup mouth baffle
were combined with the non-destructive installation of connecting magnets to achieve the goal of both real-
time stable sampling and non-destructive cryopreservation of samples. The newly developed curved sampling
cups and the pre-designed straight sampling cups are shown in Fig. 2.

A comparison of the bottom temperature (cryostat capability) and sampling quality (sampling stability)
of the straight and curved sampling cups is shown in Fig. 3. The specific dimensions of the curved sampling
cups were: the upper curved surface of the inner cup was 20 mm high with a minimum inner diameter of 18
mm; the lower part of the inner cup was 10 mm high with an inner diameter of 24 mm; the outer cup was 65
mm high with an outer diameter of 42 mm; and the wall thicknesses were all 2 mm. The dried particles were
rehydrated in real-time by filling the cups with saline to constitute rehydrated sample sampling cups for
microscopic observation of their drying damage.
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Straight Sampling Cup Curved Sampling Cup
B

Fig. 2 - Schematic diagrams of curved and straight sampling cups with double cups
1-Connecting magnet; 2-Frozen layer; 3-Outer cup; 4-Lower part of inner cup; 5-Powerful magnets;
6-Heat and magnetic insulation tape; 7-Upper part of inner cup; 8-Wireless temperature and humidity sensors.
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Fig. 3 - Comparison of bottom temperature and sampling quality of different types of sampling cups

The arrangement scheme is shown in Fig. 4, where the cups' rounded baffles together with the stepped
arrangement scheme eliminate the sampling interference among the sampling cups (Xiong et al., 2022).
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Fig. 4 - Schematic diagram of sampling experiment
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Determination of experimental parameters

First, the temperature and humidity sensors arranged at the mouth of the sampling cups together with
the data acquisition system collected and recorded the air temperature and humidity at each sampling point.
Then, the samples in the sampling cups were removed and placed in a refrigerator at 4°C. Finally, the moisture
content, rehydration survival rate, cell wall morphology, cell membrane, cell wall, protein and DNA damage
and the order of damage were determined after the experiment was performed.

Determination of moisture content is as follows: preheat the moisture meter for 20 min—put the sample
in the crucible—-click the measurement button—read and record (Spreutels et al., 2014).

The rehydration survival rate of rehydrated samples was determined by the hypomethylated orchid
staining + hemocyte counting method; and the formula for rehydration survival rate was (Gomez-Narvaez F. et al., 2023).

x100% Q)

N
Qv < } us>
T [ lthree- fields

Qv - survival rate of rehydrated water; Nys - number of live bacteria (number of colourless organisms); Nt - total
number of bacteria.
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Determination of cell wall and cell mould damage

The MIC assay is a key step in the preparation (determining the amount of experiment reagents to be
added) for the determination of MSJA cell membrane and cell wall damage. The steps of the assay are as
follows: (1) Prepare a sterile solution (20 groups in total) with deionized water according to Table 1, and filter
it with a sterile membrane to remove bacteria, and at the same time, put YEPD medium into an autoclave at
120 °C for 15 min for spare, and finally prepare 24 triangular flasks numbered (labelled with the name of the
additives and concentration) for spare. (2) Add 10 ml of sterilized YEPD medium to each triangular flask
according to the number, then add 10 ml of sterile solution prepared according to Table 1, and finally inoculate
the dried MSJA particles in the triangular flasks at the ratio of 2% (v/v). (3) Firstly, the triangular flasks were
placed in a constant temperature and humidity shaking incubator at 30°C and 70% humidity at 150 r/min for
12 h. Then, the absorbance of the culture solution in the well plates at 600 nm (OD600) was measured by UV
spectrophotometer. Finally, the value of the minimum added concentration that significantly inhibits the growth
of MSJA, obtained by graphing the data with Origin, is the MIC of the MSJA culture.

Table 1
Concentration for each component of the solution
Number 1 2 3 4 5 6
Penicillin (ug/ml) 0 0.156 0.312 0.624 1.248 2.496
Lysozyme (mg/ml) 0 0.156 0.312 0.624 1.248 2.496
Bovine bile salt (%) 0 0.032 0.064 0.128 0.256 0.512
NaCl (%) 0 0.25 0.5 1 2 4

In order to exclude the inhibitory effect of the four additives on the growth of healthy bacteria, and at the
same time to use the sensitivity of MSJA bacteria to the four additives to determine the damage or collapse of
the cell wall (membrane), the present study used the addition of 1/2 MIC concentration of the four additives to
carry out the experiment. Specific experimental steps were as follows: (1) YEDP medium containing the four
additives was prepared according to 1/2 of the minimum inhibitory concentration obtained by MIC
determination, and dried MSJA particles were inoculated into the newly made medium at the ratio of 2% (v/v)
and incubated for 12 h. (2) The number of viable bacteria and survival rate of MSJA were measured. (3)
According to the change of MSJA sensitivity to penicillin, lysozyme, bovine bile salt and NacCl, the order of cell
membrane and cell wall damage can be determined.

SEM observation of bacterial morphology and cell wall damage

Rehydrated samples were used: (1) Bacteriophage was washed twice with PBS buffer, then fixed
overnight with 4% (v/v) glutaraldehyde solution and washed again with PBS buffer. (2) Sequentially dehydrated
with alcohol at concentrations of 50%, 70%, 90% and 100% for 20 min. (3) Replaced ethanol by isoamyl
acetate 2 times for 30 min each time (Note: before each washing or replacement of liquid, it was separated by
centrifugation at 4000 rpm for 10 min, and the supernatant was discarded to take the precipitated bacterial
bodies). (4) Put the bacteria obtained by centrifugation into a refrigerator at -40 °C for 8 h, and then remove
the excess water and isoamyl acetate by freeze-drying. (5) The above-dehydrated samples were pasted onto
specific copper plates with conductive double-sided tape. (6) The dehydrated samples were pasted onto
specific copper plates with conductive double-sided tape. (7) The copper plates were sprayed with gold using
an ion sputtering coater, and then the changes in the morphology of the bacteria were observed on the
scanning electron microscope (SEM).

Dry pellet samples are used: (1) Directly fix the dry pellet samples on the aluminium plate with conductive
double-sided tape. (2) Gold spraying treatment. (3) The damage of the MSJA cell wall can be obtained by
observation under SEM.

Finally, the temperature and moisture content of each sampling point can be combined to obtain the
critical temperature and moisture content of MSJA cell wall and cell membrane damage during spray drying,
and then combined with SEM images can be analysed to obtain the kind of morphology that MSJA is less
susceptible to be damaged during drying.

Determination of cytoplasmic, ribosome and DNA damage

Fourier transform infrared (FTIR) was used to determine the damage of MSJA cytoplasm, ribosomes
and DNA (Kandasamy, et al., 2022). Firstly, the FTIR spectra of MSJA particles with different moisture contents
during spray-drying were determined in the 3000-2700 cm! band associated with the C-H stretching of cell
membrane lipids, the 1750-1500 cm? band associated with proteamides and the 1300-900 cm band
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associated with ribosomes (Noghabi, et al., 2020), respectively. Then, the second-order derivatives of the FTIR
spectra were derived to obtain the corresponding FTIR second-order derivative maps. Finally, each FTIR
second-order derivative profile was analysed in conjunction with microbiology to investigate the damage of cell
membrane fatty acids, proteins and DNA in MSJA bacteria during spray drying.

The steps were as follows, (1) Take the rehydrated sample and resuspend the bacteria in saline to make
a resuspension solution. (2) Take 0.03 mL of resuspended bacterial solution and evenly coat it on the zinc
selenide window slice. (3) Put the window slice into a 40 °C hot air drying oven to dry for 1 h to remove the
residual moisture, in order to avoid the interference of moisture on the spectrum during the experimenting
process. (4) The infrared spectrometer was adjusted to the ATR reflectance mode, and the scanning was
repeated 390 times at a resolution of 10 cm in the range of 100~4000 cm to obtain the Fourier infrared
spectra of the samples. (5) The image data were processed with OMINIC 8.0 software, based on which the
relevant absorption peaks were analysed and identified (the processing method was, firstly, 5-point smoothing
of the spectral curves using the Savitzky-Golay equation, and then normalizing the spectrograms using the
second-order derivatives).

RESULTS
Analysis of temperature, yeast moisture content and survival at sampling sites

Spray drying experiments of baijiu brewer's yeast were carried out according to the above experimental
scheme, and then analysed graphically by Origin, and the resulting temperature of the mouth of each sampling
cup, moisture content of dried particles and rehydration survival rate are shown in Fig. 5.
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Fig. 5 - Temperature, moisture content and survival of yeast particles as a function of sampling altitude

From the temperature change curve in Fig. 5, it can be seen that the temperature in the drying tower
generally decreases from top to bottom, but the rate of decrease decreases rapidly at the sampling heights of
15 cm and 45 cm, and stabilizes at 45 cm near the outlet temperature.

Combined with the moisture content curve and rehydration survival rate curve, it is easy to find that
before the sampling height of 45 cm, the moisture content and temperature of the dried particles decreased
sharply while the rehydration survival rate of the yeast in the particles almost did not decrease. This may be
due to the fact that in the initial stage of downflow spray drying, the free water in the particles evaporates
quickly and absorbs a large amount of heat from the hot air, and at the same time, it can also make the surface
of the particles reach the equilibrium of the two gas-liquid species, which ensures that the yeast is in the "wet
bulb temperature” environment and is almost not subject to thermal damage. The initial stage of microbial
spray drying was called the "constant speed drying stage" (Samborska et al., 2021). After the sampling height
of 45 cm, the free water in the pellet evaporates and the gas-liquid equilibrium on the surface of the pellet
cannot be ensured, and the bacteria are exposed to the air temperature; at the same time, the bound water
starts to evaporate, which leads to a gradual slowing down of the decrease of the moisture content of the pellet
(reduced-rate drying stage) and a rapid decrease in the rehydration survival rate of MSJA. With the decelerated
loss of bound water and the exposure of the bacteria to higher exit air temperatures, the MSJA bacteria were
rapidly inactivated by both dehydration damage and thermal damage (Hanae et al., 2018).

356



Vol. 72, No. 1 / 2024 INMATEH - Agricultural Engineering

Combined with the analysis of the moisture content and rehydration survival rate curves of spray-dried
particles in Fig. 5, it is not difficult to conclude that the yeast particles are not completely top-down movement.
Rather, the undried yeast particles will rise along the wall of the drying tower under the sheer force of the rising
airflow along the wall to extend the drying time, and the specific trajectory is shown in Fig. 6 below.
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Hot air and pellet outlet

Fig. 6 - Trajectory of MSJA particles at each t air temperature

It is not difficult to find that the moisture content of the particles corresponding to the beginning of rapid
inactivation of MSJA is between 0.2-0.32.

The order of cell wall (membrane) damage and temperature and moisture content determination
The effects of the four additives on MSJA growth at different concentrations as measured by the MIC
experiment are shown in Fig. 7
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Fig. 7 - Effect of each concentration on yeast growth

From the analysis of Fig. 7, it could be seen that the OD600 value decreased rapidly and then
approached to stabilization when penicillin, lysozyme, bovine bile salt and NaCl were added at the
concentrations of 0.312 ug/mL, 0.624 mg/mL, 0.032% and 1%, respectively. This further indicates that the MIC
values of penicillin, lysozyme, bovine bile salt and NaCl on MSJA growth were 0.312 ug/mL, 0.624 mg/mL,
0.032% and 1%, respectively.

NacCl can enter the cytoplasm through the cell membrane, which has lost its selective permeability, and
inactivate MSJA due to the imbalance of osmotic pressure between the inside and outside of MSJA.
Meanwhile, taurocholate can cross the collapsed cell membrane into the cytoplasm and cause DNA damage
and MSJA inactivation. Therefore, the sensitivity of MSJA to NaCl and bile salts is related to the selectivity and
integrity of MSJA cell membrane, respectively.

The sensitivity of MSJA organisms to the four additives can be measured by calculating the loss ratios
after the addition of the four additives to the culture, using the blank group as a control, where the loss ratios
are calculated as shown in Eq. 5 below.

357



Vol. 72, No. 1 / 2024

where:

Ds - loss ratio; Quck - survival rate of the control group, %; Qur - survival rate of treatment group, %.
The calculations lead to the following: the loss ratio of MSJA at different moisture contents and temperatures

are shown in Tables 2 and 3.
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Table 2
Loss ratios of MSJA with different moisture content cultured on four additive media
Moisture content Penicillin Lysozyme Bovine bile salt NacCl
0.65 0.03+0.003 ¢ 0.02+0.003 ¢ 0.04+0.010 ¢ 0.03+0.005 ¢
0.37 0.05+0.003 ¢ 0.03+0.013 ¢ 0.03+0.007 ¢ 0.04+0.007 ¢
0.31 0.46£0.015 a 0.34+0.031 b 0.04+0.005 ¢ 0.04+0.03 b
0.24 0.44+0.031 a 0.38+0.027 b 0.07+0.013 ¢ 0.35+0.022 b
0.21 0.49+0.018 a 0.41+0.029 b 0.06+0.004 ¢ 0.64+0.028 b
0.14 0.54+0.021 a 0.44+0.033 b 0.05+0.007 ¢ 0.73+0.025 b
0.09 0.30+0.025 b 0.65+0.027 a 0.06+0.007 ¢ 0.79+0.041 b
0.07 0.23+0.021 b 0.78+0.042 a 0.56+0.034 b 0.94+0.078 a
0.04 0.20+0.018 b 0.81+0.031 a 0.914+0.038 a 0.60+0.058 b

Note: The letters a, b and c in the table characterize the significant differences between the loss rates of MSJA pellets incubated with the
same additive at different moisture contents.

As shown in Table 2, MSJA organisms were not susceptible to either penicillin or lysozyme until the
moisture content was greater than 0.37, were sensitive to penicillin but not to lysozyme between moisture
contents of 0.31-0.14, and were sensitive to lysozyme but not to penicillin between moisture contents of 0.09-
0.04. Penicillin, as an inhibitor of peptidoglycan synthesis, inhibits synthetic repair of the cell wall and is
associated with the presence or absence of reversible cell wall damage. Lysozyme can dissolve the cell wall
structure of MSJA by hydrolysing the B-1,4-glycosidic bond of the MSJA broken cell wall, which is related to
whether there is irreversible damage or even collapse of the cell wall. So, it can be concluded that the cell wall
of MSJA showed reversible damage between moisture content of 0.37-0.31 and irreversible damage or even
collapse between moisture content of 0.14-0.09.

MSJA was extremely insensitive to both NaCl and taurocholate when the moisture content was 0.65-
0.31, more sensitive to NaCl and insensitive to taurocholate when the moisture content was 0.24-0.09,
extremely sensitive to both NaCl and taurocholate when the moisture content was 0.07, insensitive to NaCl
and extremely insensitive to taurocholate when the moisture content was 0.04. The inactivation of MSJA was
caused by the fact that NaCl could enter the cytoplasm through the cell membrane which lost its selectivity.
NaCl can enter the cytoplasm through the cell membrane which has lost its selectivity, so that the osmotic
pressure inside and outside the bacterium is imbalanced and MSJA is inactivated; at the same time,
taurocholate can enter the cytoplasm through the cell membrane which has collapsed, and cause damage to
the DNA which is inactivated by MSJA; therefore, the sensitivities of MSJA to NaCl and taurocholate are
respectively related to the selectivity and the integrity of the cell membrane of MSJA. Therefore, it can be
concluded that the selective permeability of the MSJA cell membrane began to be impaired when the moisture
content was between 0.31-0.24, and collapsed when the moisture content was between 0.09-0.07, and the
cell membrane collapsed in a wide range when the moisture content reached 0.04.

Table 3
Loss ratio of MSJA cultured on four additive media at different temperatures
Temperature®°C Penicillin Lysozyme Bovine bile salt NaCl
71 0.20+0.018 b 0.81+0.031 a 0.91+0.038 a 0.60+0.058 b
64.5 0.23£0.021 b 0.78+0.042 a 0.56+0.034 b 0.94+0.078 a
52 0.30+0.025 b 0.65+0.027 b 0.06+0.007 b 0.79+0.041 a
39.2 0.94+0.021 a 0.03+0.003 ¢ 0.02+0.007 c 0.04+0.011c

Note: The letters a, b and c in the table characterize the significant differences between the loss rates of MSJA pellets incubated with the

same additive at different temperatures.
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As shown in Table 3, MSJA organisms were extremely sensitive to penicillin and insensitive to lysozyme
at 39.2°C, insensitive to both penicillin and lysozyme at 52°C, and insensitive to penicillin but extremely sensitive
to lysozyme at 64.5°C and 71°C. It can be deduced that the cell wall of MSJA bacteriophage began to suffer
reversible damage near 39.2°C, and irreversible damage, such as collapse, began to 64.5°C.

MSJA organisms were extremely insensitive to both NaCl and bovine bile salts at 39.2°C, insensitive to
penicillin and lysozyme at 52°C and 64.5°C, extremely sensitive to NaCl but more sensitive to bovine bile salts
at 64.5°C and 71°C, and more sensitive to NaCl but extremely sensitive to bovine bile salts at 71°C. From this,
it can be inferred that the cell membrane of MSJA bacteriophage began to be impaired in selective permeability
near 52°C, and irreversible damage such as collapse began to occur near 71°C.

In summary, it can be concluded that the damage process of MSJA organisms during spray drying is as
follows: first, reversible damage begins to occur at a water content of between 0.31-0.24 or at a temperature
of 39.2°C. Subsequently, the selective permeability of the cell membrane began to be impaired at a water
content of between 0.31-0.24 or a temperature of 52°C. Then, irreversible damage or even partial collapse of
the cell wall began to occur at a water content of between 0.14-0.09 or a temperature of 64.5°C. Finally,
irreversible damage, such as cell membrane collapse, began to occur at water contents between 0.09-0.07 or
at a temperature of 71°C.

Observation of the morphology of the bacterium and cell wall damage mechanism

Using SEM at a magnification of 20,000 times, observations were made on rehydrated samples in
rehydrated sample sampling cups at a sampling height of 45 cm under the four processes to investigate the
effect of the size and morphology of the MSJA organisms on their survival rate. Dried particles with moisture
content of 0.81, 0.34, 0.21, 0.09, 0.07 and 0.04 were observed in dried sample sampling cups to investigate
the process of MSJA cell wall damage as shown in Fig. 8 and Fig. 9, respectively.

=" - o —

Fig. 8 - SEM scans of samples at 45 cm at each inlet temperature

As shown in Fig. 8, on the one hand, from the point of view of the average size of the bacterium, after
the end of the descending-rate drying stage of spray drying, the size of the MSJA bacterium at different inlet
temperatures was ranked as 80°C>100°C>120°C>140°C. The reason for this situation may be that the higher
the hot air temperature is, the faster the water loss rate is. This may be due to the fact that, under the condition
of certain material flow rate and hot air velocity, the higher the hot air temperature, the faster the water loss
rate in the descending drying stage, and if the water loss rate is too fast, the more serious the dehydration
damage is, which ultimately leads to the rapid contraction or even collapse of the cell wall of some bacteria.
Therefore, from the point of view of the size of the bacterium (cell wall damage), the maximum inlet air
temperature of spray drying should be limited to reduce the dehydration damage in the drying process of
MSJA.

On the other hand, from the point of view of morphology and size uniformity, it is not difficult to find that
with the increase of inlet temperature, the morphology of the bacterium is more similar while the size is more
uniform. It may be due to the low inlet temperature, resulting in the uneven heating of the bacterial particles
during atomization and descent, which ultimately led to the inconsistency of the morphology and size of the
bacteria within the particles. Therefore, from the morphology and size uniformity of the bacteria, the minimum
inlet temperature of spray drying should be limited. In summary, the inlet air temperature should be 100-120°C.
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Fig. 9 - SEM scanning images of dried particles with different moisture content during the spray drying process

Observing Fig. 9, it is easy to see that the cell walls of the majority of MSJA organisms can remain intact
and smooth before the moisture content is higher than 0.21, but as the moisture content drops to 0.07, the cell
walls of the MSJA organisms gradually begin to shrink or even rupture. Because the rapid inactivation of MSJA
occurs between 0.21-0.34 moisture content, it can be concluded that the cell wall is one of the sites of
inactivation of MSJA organisms, but it is not the key site.

Analysis of damage to cell membrane fatty acids, proteins and DNA
The FTIR second-order derivative profiles at three bands are shown in Fig. 10 (a) - (c), respectively.
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As shown in Fig. 10 (a), the FTIR second-order derivative patterns of MSJA particles with different
moisture contents all showed obvious absorption peaks in the regions near the wavelengths of 2950 cm,
2900 cm* and 2850 cm?, which were closely related to the composition and phase transition of the cell
membrane lipids of the MSJA organisms. The absorption peaks near 2950 cm-! and 2900 cm* were related
to the symmetric expansion and contraction of CHs and CHz in the lipid acyl groups of the cell membrane, i.e.,
the gel phase transition of the cell membrane, and the absorption peaks near 2850 cm* were related to the
asymmetric expansion and contraction of CHz and CH: in the lipid acyl groups of the cell membrane, i.e., the
anti-hexagonal phase transition of the cell membrane. At the wavelengths of 2950 cm-! and 2900 cm™, the
absorption peaks gradually shifted to 2935 cm! and 2875 cm-! when the moisture content was lower than
0.21, and the peak heights were also gradually increased. This indicates that the van der Waals force between
the bilayer phospholipid molecules of the MSJA cell membrane increases at moisture content of 0.21, and the
gel phase transition occurs, and the selective permeability of the cell membrane is also damaged.
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At the wavelength of 2850 cm1, the peak height of the absorption peak was dramatically lowered when
the moisture content was lower than 0.07. This indicates that at moisture content of 0.04, the cell membrane
of MSJA bacteriophage begins to undergo an anti-hexagonal phase transition and thus begins to collapse.
This is consistent with the two critical moisture content points for the massive death of MSJA, indicating that
the gel phase transition and the anti-hexagonal phase transition of the cell membrane at moisture content of
0.21 and 0.07, respectively, are the key causes of the death of MSJA during the spray-drying process.

As shown in Fig. 10 (b), the FTIR second-order derivative patterns of MSJA particles with moisture
contents of 0.065 and 0.037 both showed fluctuation peaks at wavelengths ranging from 1660 cm-! to 1635
cm? associated with protein B-turns and a-helices, respectively. And the fluctuation peaks were obviously
weakened as the moisture content decreased to 0.21 and 0.09, and the fluctuation peaks completely
disappeared as the moisture content decreased to 0.07. The a-helix and B-rotor are an ordered structural
component of proteins, and the disappearance of the a-helix and B-rotor implies that the protein structure in
the bacterium has been irreversibly damaged. It means that the proteins in the bacterium begin to suffer
reversible damage when the moisture content is 0.21, and the proteins in the bacterium begin to suffer
irreversible damage when the moisture content is 0.07.

As shown in Fig. 10 (c), the FTIR second-order derivative patterns of MSJA particles at each moisture
content all showed distinct absorption peaks closely related to the symmetric and asymmetric scaling of PO%
in the DNA ribosome in the region near the wavelengths of 1200 cm-t and 1040 cm-?, respectively. The
symmetric expansion of PO2 in DNA started to move slowly to the right to 1195 cm-! when the moisture content
reached 0.07, and finally moved rapidly to 1180 cm! when the moisture content was 0.04. The asymmetric
expansion of PO% in DNA suddenly moved rapidly to 1010 cm-! when the moisture content reached 0.04. The
symmetric expansion of POZ in DNA was also found in the region near 1200 cm-! and 1040 cm-’. It indicates
that the DNA of MSJA bacteriophage started to suffer reversible and non-lethal damage at moisture content
of 0.07, and started to suffer greater damage only at moisture content lower than 0.04.

CONCLUSIONS

During the spray-drying process of MSJA, although the cell wall was damaged first, this damage did not
directly lead to the death of MSJA,; it was the immediately following cell membrane damage that was the most
critical to directly cause the death of MSAJ. The critical temperature and moisture content for the cell
membrane phospholipid bilayer to undergo gel phase transition, leading to the death of MSJA, were 52°C and
0.21°C, respectively, while the critical temperature and moisture content for the cell membrane phospholipid
bilayer to undergo anti-hexagonal phase transition or even disintegration, leading to the death of a large
number of MSJA, were 71°C and 0.07°C, respectively.

When the drying water content was lower than 0.21, the phase transition of the phospholipid bilayer
resulted in the loss of selective permeability of the cell membrane, which was the key factor leading to the
death of MSJA. Only when the water content was lower than 0.04, protein damage in the bacterium caused
MSJA death, and the effect of DNA damage on MSJA death was almost negligible.

The hot air inlet temperature and outlet temperature of spray drying should be limited to 100-120°C and
48-52°C respectively.
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