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Abstract: The cold chain environment is an important route for the long-distance transmission of pathogenic
microorganisms. In this study, we explored the mechanisms of secondary propagation through surface contact on cold
surfaces. A quantitative statistical experimental method was adopted to study the surface-contact transmission of
microorganisms, wherein the transfer rate of surface contact was the dependent variable and Escherichia coli was used as
the indicator bacterium. The effects of contact pressure (0.44, 0.86, 1.55, 2.25, and 2.94 N/cm*) , contact time (0,
15, 30, 45, and 60 s), contact angle (15° and 25°), and surface materials (rubber and cotton gloves) were measured
at two storage temperatures: cold storage (5 C) and freezing ( — 18 °C). The results showed that as the temperature
decreases, the transfer of microorganisms through surface contact becomes less probable. The contact time did not
significantly influence the transfer rate of microorganisms when items were handled at cold-storage temperatures. Based
on these results, we recommend placing items as flat as possible to minimize the tilt angle when handling them at cold-
storage temperatures. Additionally, if the tilt angle cannot be avoided, rubber gloves should be used when handling items

stored at large tilt angles, whereas cotton gloves may be used for items placed at smaller angles.
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0 Introduction

Respiratory pathogens can spread via three
distinct mechanisms: direct human contact, through
the air, and via contaminated objects ( referred to in
medical terminology as fomites) '™ . While the role
of surface-mediated transmission is well-documented
across various infectious agents, researchers continue
to debate its relative significance in overall disease
spread'* . Recent global health events have highlighted
concerns regarding SARS-CoV-2 transmission through
supply  chains'>"®'.  This
transmission pathway is facilitated by the virus’s

temperature-controlled

capability to remain stable at low temperatures during

international shipping'!”’. Personnel handling these
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materials face risks surface

tt8,

exposure through

contac Scientific evidence, including successful

viral isolation from food packaging, demonstrates that

pathogens surviving cold-chain conditions can trigger

[9-10]

new infection clusters , thus contributing to

disease persistence across geographical boundaries.
Research has identified multiple physical and

biological parameters that influence microbial transfer

[11-12]

via environmental surfaces Critical variables

affecting pathogen transmission through contact

include; pressure applied during interaction,

characteristics of different microorganisms, material

composition of surfaces, moisture levels, transfer

vectors, surface characteristics, suspension media

13-17]

composition, and microbial growth stages' .

Surface texture, contact pressure, and frictional forces
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affect transmission by modifying the nature of surface
interactions. While the relationship between applied
force and transfer rates is not linear, increased contact

pressure creates larger effective contact areas,

transmission S

potentially enhancing efficiency
Studies involving specific pathogens have shown that
surface manipulation through rubbing can increase
transfer rates, though this effect varies depending on
surface characteristics and applied pressure'"® .

The composition of the medium carrying the
microorganisms and the direction of transfer
significantly influence transmission dynamics through
19=211 " Laboratory

findings indicate substantial differences in transfer

their effects on surface attachment"

rates between nutrient-rich and water-based media.
Directional effects are also remarkable. For example,
microorganisms in stationary phase show approximately

double the transfer rate from human contact to metal

[21]

compared to the reverse direction' ™. Extended surface

exposure typically leads to stronger microbial

adhesion, generally resulting in reduced transfer
potential **' . Interestingly, this pattern shows variation
for organisms in different physiological states' >’ | with
those in death phase exhibiting distinct transfer
characteristics 27" |

Most

microbial transfer has been conducted at ambient

research investigating surface-mediated
temperature conditions ( approximately 20 C), with

limited systematic investigation into biological
contaminant transmission dynamics on cold surfaces.
The transmission characteristics at typical food storage
temperatures (0 ‘C or —18 C) remain largely unexplored,
where both microbial survival rates and contact
influence transfer

mechanics may  significantly

efficiency. Environmental conditions, particularly
temperature, humidity, light exposure, and surface
physicochemical properties, have been demonstrated
to be critical factors in determining viral persistence

272) " Studies have, notably,

outside host organisms
shown that viruses can maintain viability for extended
periods exceeding 21 days during cold-chain transport,

even at temperatures as low as —18 T

. Temperature
also plays a fundamental role in surface friction
dynamics, affecting both frictional forces and surface
topography ,
between contacting materials.

as well as the interfacial properties
Generally, reduced
surface temperatures correspond to decreased frictional
forces. However,

the comprehensive impact of

lowered temperatures ( specifically at food storage
..

of 0C or -187T)
transmission behavior remains inadequately understood.

conditions on microbial

Generally, researchers have focused on the
contact transmission characteristics of microorganisms
at room temperature; however, there has been no
assessment of contact transmission in low-temperature
environments ( typical frozen temperature of —18 C
and cold-storage temperature of 2—5 C). Thus, in
this study, we aimed to quantify the transmission
characteristics of biological pollutants on cold surfaces
at typical cold-chain storage temperatures through
controlled experiments, and determine the influence of
touch force, contact material, and contact angle on
the transfer rate of microbes at low temperatures.

1 Materials and Methods

1.1 Experimental Materials

Escherichia coli DH-5a was utilized as the
representative bacterium to study microbial transfer by
surface contact. The contact materials included latex
foam gloves (length: 24 cm; width: 8.5 cm), cotton
thread gloves (length: 24 cm; width 8.5 cm), and
steel sheets ( diameter: 15 mm; thickness; 0.6 mm).
The essential materials required for the experiment
were phosphate-buffered saline (PBS), Luria Bertani
(LB)
equipment included a 5 kg weight set and an acrylic

liquid, and solid culture medium. The
plate (5 mm x5 mm x 8 mm; thickness: 3 mm),
alcohol burner, pipette gun, disposable gloves, Petri
dish, pipette gun head, and centrifuge tube.
1.2 Experiment
1.2.1 Preparation of experiment

The first step was the preparation of the LB solid
culture medium. It was sterilized at a high temperature
and bacteria were activated. First, 5 g of nutrient agar
was dissolved in a conical flask filled with 100 mL of
pure water and subsequently mixed using a heated
magnetic stirrer; the flask was finally sealed with tin
foil. Second, the prepared 1.5 mL centrifuge tube,
nozzle of the 10 pL pipette, the prepared culture
medium, and test tubes ( diameter; 18 mm ) were
placed in a sterilization pot and sterilized at 121 C for
15 min. The
subsequently irradiated with ultraviolet light for 30 min

biological ultraclean table was
for sterilization; the LB solid medium was poured
from the conical flask into an inverted plastic Petri
dish and allowed to cool. Subsequently, the centrifuge

tube containing frozen E. coli ( strain DH - 5a,
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obtained from the School of Biological Food, Tianjin
University of Commerce ) was transferred to an
ultraclean table for activation. After the alcohol burner
was turned on, the centrifuge tube was placed close to
the alcohol burner, and 1 0 pL of E. coli solution was
placed in the pipettor and evenly transferred onto the
solid medium in the Petri dish. Finally, the Petri dish
containing E. coli was sealed and placed in a
thermostatic biochemical incubator at 37 C for 24 h.
When the strain in the culture dish grew to an
appropriate density, the morphology and activity of
the strain were evaluated. Typically, E. coli forms
circular colonies with neat edges and smooth and
translucent raised surfaces on the LB solid culture
medium. It was inoculated in the LB solid culture
medium by streaking and was cultured in a
thermostatic biochemical incubator at 37 C for 18 —
24 h. This process was repeated twice and the cultured
strain was stored in a refrigerator at 4 C.
1.2.2  Formal experiment

During the formal experiment, the five fingers of
the cotton and rubber gloves were cut off with an
average 2 cm x3.5 cm according to the finger joint
length and subsequently placed on an ultraclean
workbench with Alec rectangular blocks and weights
(UV)
Simultaneously, forceps were prepared to sterilize the

for ultraviolet sterilization for 30 min.
steel sheet using alcohol burner, and 3 mL of PBS
was poured into the test tube. A rectangular acrylic
plate (5 mmx8 mm; thickness: 3 mm; 20 g) was
added between the weight and contact surface. Warm
water (37 C; 100 g) was added into the acrylic box
to simulate the human body temperature. Where the
contact pressure is obtained as in Eq.(1).

o i thrR) e "

S

where f, is the weight of the rectangular acrylic plate
20 g, f, is the weight of warm water 100 g, f; is the
experimentally applied weight (200,500, 1000, 1500,
2000 g), g is the gravitational acceleration 9.8 m/s”,
and s represents a the contact area of 7 cm’.

The association between different contact pressures
(0.44, 0.86, 1.55, 2.25, and 2.94 N/cm’), contact
times (0, 15, 30, 45, and 60 s), contact angles (15°
and 25°), and the bacterial transfer rate under two
different conditions (cold-storage temperature: 5+0.5 C
and frozen temperature; —18+1 C) was determined.
The experimental setup is shown in Fig.l. As an
example, when the pressure and contact time were

1.55 N/cm” and 30 s, respectively, an untreated steel
sheet was used as the control group. Rubber and
and the
temperatures of the steel sheet coated with bacteria
-18+3 C
experiments were conducted in triplicate for each

cotton gloves were the contact surfaces,

were and 5+3 C, respectively. The
treatment group. The average of the three experimental
results was used as the final result.

After the contact experiment, the steel sheet was
promptly removed with tweezers and placed into a test
tube containing 3 mL of PBS. The steel sheet was
sterilized using an alcohol burner after each test.
Furthermore, the test tube was placed in a constant-
temperature shaking incubator at 120 r/min for 5 min,
with the temperature maintained at 27 °C; the bacteria
were eluted from the buffer. Bacteria in the buffer
were diluted by 100-fold. Subsequently, 100 pL of
the solution was drawn from the diluted centrifuge
tube into the LB solid Petri dishes, and dilution was
repeated. The diluted buffer containing the bacteria
was coated on each plate with sterilized coating rods,
and each Petri dish was labeled. Finally, the Petri dish
was cultured in a constant-temperature incubator at
37 C for 24 h. The number of bacteria was counted
after incubation. The transfer rate was calculated based
on the difference between the formal test results and
baseline.

Weight

37°C

r warm water
Tailored
O glove
Contact for

Glove 30s

Steel sheets with
bacterial droplets

Refrigerator

Fig.1 Schematic of the experimental setup

1.3 Optical Density Measurement

The optical density ( OD ), a property of the
studied material, is a measure of the light absorbed by
the detected object and is calculated as D(A) =1g (1/
trans) , where trans is the transmittance of the target
object. This value is the transmittance or absorbance
value. Within a certain range, the concentration of
E. coli in the liquid is directly proportional to the

. 3.
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absorbance value of the liquid;

a proxy measure of the

therefore, the
absorbance value is
concentration of E. coli and can be used to calculate a
linear range relationship. The OD value of the
bacterial suspension was recorded in each tube and
the OD

experiment were maintained within a similar range.

values of the suspension used in each
This method ensured that the concentration of bacteria
in each experiment was constant, minimizing experimental
errors as much as possible. The time was set to 8 h,
at which point the highest bacterial activity was obtained.
1.4 Calculation of the Transfer Rate

The experiment was conducted in four groups
under the same conditions. The first group served as
the control group, while the remaining three were
experimental groups. Each set of experimental results
needed to be diluted 100-fold. To ensure the accuracy

of data, the data in each test were diluted 10-fold,
consistent with the sample data. The transfer rate was
calculated using Eq.(2) :
o= (N, -N,)/N, (2)
where N, and N, are the numbers of E. coli on the
control steel sheet and glove material, respectively.
The average value of three sets of experiments
was considered the final value of the experiment. In
the experiment, the OD value of the bacterial solution
was recorded, and the three samples were measured
using a UV spectrophotometer with OD value of
1.389,1.532,1.375. The average OD of three samples
was calculated as the final OD value of 1.432. The
relationship between transfer rate and contact pressure
in rubber gloves at freezing temperatures is
exemplified by data processing. The measured transfer

rates are listed in Table 1.

Table 1 Transfer rate and contact pressure of rubber gloves at freezing temperatures

Pressure

Average transfer

(N/em?) Group Dilution 10! Dilution 10? w rate (%)
Control group 892 81 -
Group 1 658 73 0.262332 24.4
04 Group 2 639 70 0.283632
Group 3 725 69 0.187220
Control group 603 43 -
Group 1 543 87 0.099502
050 Group 2 526 97 0.127695 12.1
Group 3 521 56 0.135987
Control group 631 69 -
Group 1 512 64 0.188590
b Group 2 532 52 0.156894 17.3
Group 3 522 49 0.172742
Control group 589 44 -
Group 1 468 70 0.205433
2 Group 2 399 32 0.322581 27.8
Group 3 409 40 0.305603
Control group 314 29 -
Group 1 164 26 0.477707
2 Group 2 241 21 0.232484 38.1
Group 3 178 24 0.433121

2 Results and Discussion

The survival of microorganisms at cold-chain
process temperatures is markedly different from that

4 .

observed at room temperature. The temperatures
encountered in cold chains are generally lower, which
can affect microbial survival in several ways. First,
low temperatures impede the growth and reproduction

rates of microorganisms. Many microorganisms slow
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their metabolic processes when exposed to low
temperatures ,
their However, some
psychrophilic and cold-tolerant bacteria have the

capacity to adapt to cold-chain temperatures. These

entering a state of dormancy that

reduces survival rate.

specific microbial species demonstrate a relatively high
survival rate at cold—chain temperatures compared with
at ambient temperatures, and are capable of growth
and reproduction at these temperatures'”'’.
2.1 Relationship Between the Transfer Rate

and Contact Pressure

Different contact pressures (0.44, 0.86, 1.55,
2.25, and 2.94 N/cm’) were applied to explore the
relationship between the transfer rate and contact
pressure. At freezing temperature, the transfer rate
with rubber gloves decreased to the lowest value,
namely, 12. 1%, and subsequently increased to a
maximum of 38. 1% with an increase in contact
pressure. At cold-storage temperatures, the transfer
rate with rubber gloves increased gradually with
increasing contact pressure, namely, from 31.2% to
56.9%. At freezing temperature, the transfer rate with
the cotton gloves first increased and subsequently
decreased with increasing contact pressure, ranging
from 26.8% to 44.4%. At cold-storage temperatures,
the transfer rate increased with increasing contact
pressure, ranging from 40% to 66.7%. The transfer
rates under different contact pressures are shown in

Fig.2.

80 —s=— Rubber glove at 5°C

701 —>—Rubber glove at -18°C
—+— Cotton glove at 5°C

60 —v— Cotton glove at -18°C

wn
(=]
T

[9%)
(=]
T

Transfer rate(%)
&

0 . . . . . .
0 0.5 1.0 1.5 2.0 2.5 3.0

Pressure(N/m?)

Fig.2 Transfer rates of different contact materials
under varying pressure

As depicted in Fig.2, the transfer rate increases
gradually with increasing contact pressure, regardless
of temperature ( cold-storage or freezing temperature ) .
The general trend is as follows: the higher the pressure

at the freezing temperature, the higher is the transfer
rate. The maximum and minimum transfer rates under
cold-storage temperature were 56.9% and 31.2%,
respectively. The transfer rates at freezing temperature
started to increase when the pressure values were 0.86
and 1.55 N/cm’ with the rubber ( due to the formation
of thin ice ) respectively.
Therefore, the transfer rate is affected by pressure,
beginning at 0.86 and 1.55 N/cm’ with the rubber and
cotton gloves, respectively. It was observed that the

and cotton gloves,

transfer rate increased with increasing contact pressure.
2.2 Relationship Between the Transfer Rate

and Contact Time

Different contact times (0, 15, 30, 45, and
60 s) were examined to study the effect of contact
time on the transmission rate. At freezing temperature ,
the transfer rate with rubber gloves stayed relatively
constant at 40. 9% - 48. 5% with increasing time,
whereas the transfer rate with cotton gloves increased
slightly and subsequently remained at 48.9% —69.3%.
At cold-storage temperatures, the transfer rate with
rubber gloves was initially stable and subsequently
increased to 51.2% —56.7% ; with cotton gloves, the
transfer rate increased minimally and remained in the
range of 29.8%—53.78%. The transfer rates associated
with the two different materials at different contact
times are shown in Fig.3.

100
——Rubber glove at 5C
90 L —*Rubber glove at -18°C
——Cotton glove at 5C
——Cotton glove at -18°C
80 -
S0}
]
=60 |
&
§ 50 +
=
40 |
30 +
016 20 30 40 30 60
Time(s)
Fig.3 Transfer rates using different materials and

at different contact times

The transfer rate at cold-storage temperatures was
higher than that at freezing temperatures. This is
because a thin layer of ice forms on the steel sheet at
freezing temperature, adhere
Thus, the microbial adhesion and

consequent mortality were considerably higher at

and microorganisms
closely to it.

. 5.
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freezing temperature than at cold-storage temperatures.
When using rubber gloves, the general trend in
microbial transfer fluctuates significantly at freezing
temperature ; however, it is relatively stable at cold-
storage temperatures. In the case of both temperature
settings, the longer the contact time, the more stable
the transfer rate becomes. The lowest transfer rate was
observed with cotton gloves with a contact time of
0 s, namely, the gloves and the steel sheet had not
made contact. The transfer rate increased sharply when
the contact time was extended to 15 s and subsequently
stabilized with increasing contact time. Regardless of
the contacting material, the transfer rate at cold-
storage temperatures was always higher than that at
freezing temperature.
2.3 Relationship Between the Transfer Rate
and Contact Material

We assessed the microbial transfer rate of
different contact materials under varying contact
pressures. Regardless of the contact pressure level or
temperature, the transfer rate when using cotton gloves
was higher than that when using rubber gloves
(Fig. 2). This phenomenon is possibly because cotton
gloves are porous and have a relatively high surface
roughness. As shown in Fig. 4, this material is more
likely to carry adhered bacteria.

(b) Rubber

Fig. 4 Partial magnification of the contact material

.6 -

Considering the transfer rate under varying
contact times, the transfer rates of the two different
glove materials were comparable at freezing
temperature but differed significantly at cold-storage
temperatures ( Fig. 3). As mentioned previously, this
result is attributed to the existence of a thin layer of ice
firmly adhered to the surface of the steel sheet,
leading to higher bacterial mortality. Therefore, at
freezing temperature, the impact of contact time on the
transfer rate of different glove materials is minimal. In
contrast, at cold-storage temperatures, the surface of
the steel sheet contains a wet layer of water, leading to
different results when using the two different glove
materials, wherein the transfer rate when using cotton
gloves is higher.
2.4 Relationship Between the Transfer Rate
and Contact Angle
In this experiment, small and medium tilt or
contact angles that are representative of those
commonly encountered in practical scenarios were
selected as 15° and 25°. The selected angles are
related to the tilt angle of packaging materials during
transportation. There is a significant difference
(15° and 25°). By

comparing the experimental results under these two

between these contact angles

distinct angles, the trend and degree of change in the
transfer rate of microorganisms with respect to the
contact angle can be clearly observed.

The transfer rate when using rubber gloves at a
contact angle of 25° was lower than that at 15°.In
contrast, the transfer rate when using cotton gloves at
a contact angle of 25° was higher than that at 15°.
This is because rubber gloves do not experience
relative sliding at an angle of 25°. The higher the
angle, the downward pressure becomes more
dispersed, resulting in a lower transfer rate. Conversely,
the smaller the angle, the higher the downward
pressure and the transfer rate. The outcome is different
when using cotton gloves relative sliding will occur at
contact angles of 25° and 15°, resulting in the transfer
of a considerable amount of bacteria. In this case, the
higher the angle, the more likely relative sliding is to
occur; thus, more bacteria will be transferred to the
glove material. The smaller the angle, the less obvious
the relative sliding, resulting in a lower transfer rate.
The relationship between the transmission rate and
contact angle for the two different glove materials at
different in Fig.5. The

significance of the difference between groups with

temperatures is shown



Journal of Harbin Institute of Technology ( New Series)

different contact materials and contact temperatures for
the same contact angle is analyzed in Fig. 5. a,b,c and
d are the letter marks of the ANOVA significance
analysis to indicate the significance of the difference
between groups. The marked letters are different
between the groups, and the results indicate that there
is a significant difference between the groups.

120
110 L I Cotton glove at 5°C
[ Cotton glove at -18°C
100 | [~ Rubber glove at 5°C
90 L [___]Rubber glove at -18°C
380 a ¢
IS
S, b 3|
370 —I—
5 ¢ .
5 60 +
Z2 50 [ g
g d d b
e 40 [
30 +
20 +
10 |
0
1 o 250
Angle(°)
Fig.5 Relationship between the transfer rate and

temperature at different contact angles

2.5 Relationship Between the Transfer Rate
and Temperatures
Figs.6 and 7 illustrate the relationship between the
transfer rate and temperature at varying contact times
When the pressure  was
constant, for rubber gloves, the transfer rates at cold-

and pressures. contact
storage and freezing temperatures ranged from 31.2%
to 56.9% and 12.1% to 38.1%, respectively. When
using cotton gloves, the transfer rates at cold-storage
and freezing temperatures ranged from 40% to 66.7%
and 26.8% to 44.4% , respectively. When the contact
time was the same, the transfer rates when using
rubber gloves at cold-storage and freezing temperatures
ranged from 51.2% to 56.7% and 40.9% to 48.5%,
respectively. When using cotton gloves, the transfer
rates at cold-storage and freezing temperatures ranged
from 48.9% to 69.3% and 29. 8% to 53. 78%,
respectively.

For both rubber and cotton gloves, under the
same working conditions, the transfer rate at cold-
storage temperatures was higher than that at freezing
temperature. This is because, at freezing temperature,
a thin layer of ice is firmly adhered to the surface of
the steel sheet. Microorganisms on the steel sheet
surface adhere closely to it as well and the adhesion is

significantly higher than that at cold-storage

temperatures. Additionally, the mortality rate of
microorganisms at freezing temperature was higher
than that at cold-storage temperatures. At cold-storage
temperatures, microorganisms survive and the number
of microorganisms is maintained to a certain extent.
Once the temperature drops to freezing, the cell
structure is damaged, preventing microorganisms from
As a
result, the microorganism mortality rate increases.
Consequently, the

maintaining normal physiological functions.

transfer rate at cold-storage

temperatures is higher than that at freezing temperature.

—=—Rubber glove at 5°C
80 ——Rubber glove at -18°C
—a—Cotton glove at 5°C
—v»—Cotton glove at -18°C
70 3
S
260
&
B
&
2 50
e
=
40t
30 F

0 10 20 30 40 50 60
Time(s)

Fig.6 Relationship between the transfer rate and
temperature at different contact times

80
—=— Rubber glove at 5C
70 —— Rubber glove at -18°C
—— Cotton glove at 5C
60 —— Cotton glove at -18°C
S 50 ¢
z
s 40 +
o)
[
2 30+
g
20}
10
0 1 L 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0

Pressure(N/cm?)

Fig. 7 Relationship between the transfer rate and
temperature at different contact pressures

3 Discussion

Airborne and contact transmission are -crucial
pathways for the spread of pathogenic microorganisms.

Microorganisms are  significant

[31]

components  of

atmospheric particulate matter'”'. A low-temperature

.7 .
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environment retards the movement rate of particulate
matter, thereby reducing its diffusion rate in the
atmosphere. Consequently, the transfer rate of
microorganisms via contact also decreases. At low
temperatures, the average velocity of gas molecules
decreases. This leads to a decline in the mass-transfer
rate at the gas-solid interface, as the movement of
particles in the atmosphere is influenced by the

[32-33] Specifically, at low

collision of gas molecules
temperatures, both the collision frequency of gas
molecules and the movement rate of particles decrease.
As a result, the contact-related transfer rate of
particulate matter is reduced. Furthermore, at low
temperatures, the electrostatic attraction between
particles is enhanced, causing particle aggregation.
The accumulation of particles increases their effective
radii and diminishes their diffusion rates in the
atmosphere. Thus, the contact-related transfer rate of
particles at low temperatures is also affected.
Temperature is an crucial factor influencing the
propagation characteristics of microorganisms. A
change in temperature will exert diverse effects on the
transmission rate of microorganisms through contact.
Normal temperatures( 10-40 C) are conducive to the
survival and reproduction of microorganisms, which
adapt to the environment and improve resistance, and
their

temperatures'

survival time is maximized at

34]

optimal
Their growth rate and metabolic
thus
reproduction of microorganisms. Concurrently, the

activity will be enhanced, promoting the

mortality rate will decrease. As a result, the
transmission rate of microorganisms through contact is
higher under this temperature range.

Adhesion represents a widespread phenomenon
linked

Interfacial energy and the work of adhesion influence

intricately to multiple forms of energy.
the microbial adhesion capacity through altering the
energy state of the system, critical parameters, and
These

interconnected and jointly determine the adhesion state.

other relevant factors. elements  are
In the micro- and nanoscale regimes, as the size of
the structure diminishes, surface energy assumes a
pivotal role, with interactions involving elastic energy

becoming dominant™. When the temperature
decreases, molecular motion is attenuated, the binding
of microorganisms to the object surface is
strengthened, and the work of adhesion is increased.
As a consequence, microorganisms on the object

surface adhere more tenaciously to the surface, the
.8 .

rises! .

transfer rate declines, and mortality
Considering that microorganisms require appropriate
temperature, nutrients, and humidity for their growth
and reproduction, low-temperature environments have
an inhibitory effect on the growth and reproduction of
microorganisms'*’'. At low temperatures, the
metabolic rate of microorganisms is significantly
slowed down, and cell division and growth are
inhibited, ultimately leading to microbial death'*’.
Notably, at extremely low temperatures, such as
-20 C, the metabolic activity of microorganisms is
nearly at a standstill; thus, their survival rate is
substantially reduced.

The cell
microorganisms play a role in protecting the internal

structure and maintaining the integrity of cells'™’ .

membranes and cell walls of

Low-temperature environments can damage the cell
membranes and other structures of microorganisms.
Microbial cell membranes and cell walls are affected
by freezing and melting, resulting in structural damage
and loss of function. At such low temperatures, the
permeability of microbial cell membranes increases and
material inside the cells leaks out. The cell walls are
damaged, viability of microorganisms is severely
affected, and the number of surviving cells is reduced.
In a low-temperature environment, water in the
bacterial suspension freezes and the microorganisms
are destroyed during the phase transition of water from
solid.  Additionally ,

environments affect the biochemical reactions inside
[39-40]

liquid to low-temperature

the cells of microorganisms At cold-storage
temperatures, the growth rate and metabolic activity of
microorganisms decrease but do not completely stop.
The damage to microorganisms is relatively mild
( compared with the effects of freezing ), and

microorganisms may survive through self-repair
mechanisms.

Fig. 8 depicts the comparison of data fitting
curves for the transfer rates of rubber and cotton gloves
different

temperatures. For the fitted curve of transfer rate

as functions of time and pressure at
versus time, x represents time and y represents transfer
rate. For the relationship between transfer rate and
pressure, x represents pressure and y represents transfer
both time and
pressure were identified as independent variables that,

rate. In the experimental context,

within a certain range, showed a positive correlation

[41

with the transfer rate'*'!. In the time domain, for both

cotton and rubber gloves, an escalation in time leads
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to a rise in the transfer rate at the corresponding
temperature, yet to a more limited extent'**’. This is
attributed to the fact that the substance has more time
to infiltrate the glove material ', In the pressure-
dimension, an increase in pressure caused an increase
in the transfer rate, as the glove made closer contact
with the substance being transferred. However, when
the time or pressure extends beyond a certain range,
the limitations of the linear fit become evident. When
the time is too long, the penetration of the substance
in the glove material reaches saturation. As a result,
the transfer rate no longer increases with time, and the
actual transfer rate deviates from the linear fitting
results. Similarly, when the pressure is too high, the
structure of the glove material is damaged, and the
transfer rate decreases, deviating from the positive-
correlation trend described by the linear fit'*'***!. The
influence of pressure on the transfer rate is
characterized by its rapidity and significance. A slight
change in pressure can lead to a substantial change in
the transfer rate. For example, at 5 °C , the transfer rate
of cotton gloves shows a remarkable increase in

. . 43
response to an increase 1n pressure[ ]

. In contrast, the
effect of time on the transfer rate is relatively slow.
Even after an extended period, the increase in the
transfer rate may not be as significant as the change
induced by pressure over a short period. For instance,
at =18 C, the transfer rate of cotton gloves increases
gradually over time. The impact of pressure on the
transfer rate is mainly due to the changes in the contact
and interaction between the glove and the substance
being transferred. These changes may include an
increase in the tightness of the contact or the
facilitation of the substance’s entry into the pores of
the material. Conversely, the effect of time on the
transfer rate is mainly related to the diffusion and
penetration process of the substance within the glove
material. As time passes, the substance gradually fills
the pores of the glove material, thus resulting in an
increase in the transfer rate'*’-*’.

Fig.9 presents the correlation analysis of all
factors influencing the risk of infection during contact
The

temperature ( 7, ), hand contact temperature (T, ),

transmission. influencing  factors  include
contact pressure (P), contact angle (A.,), contact
time (., ), surface material ( Sy, ) , storage time (7)),
and infection risk (R). The most relevant factor
is temperature, followed by surface materials. In this

experiment, the number of surviving microorganisms

than at
freezing temperatures ( microbial mortality was lower
Therefore, the
transfer rate at  cold-storage
than that at
temperatures. Consequently, the risk of infection is

was higher at cold-storage temperatures

at cold-storage temperatures ).
contact-related
temperatures was higher freezing
higher at cold-storage temperatures and lower at
freezing temperatures. Regarding contact materials,
based on the biological experimental results, different
cold-surface materials have different contact transfer
rates. Differences in materials affect the number of
microorganisms adsorbed onto their surfaces: cotton
gloves are porous and have a large difference in grain
height; thus, they are more likely to carry bacteria.
Rubber and cotton gloves carry approximately 190
CFUs and 220 CFUs of E. coli bacteria, respectively;
thus, cotton gloves carry more bacteria on their
surface than rubber gloves. This results in an increased
rate of contact-related transmission and a relatively
high risk of infection. Other factors also showed a
correlation with the risk of infection. Contact pressure,
contact time, and storage time were moderately
correlated with the risk of infection; contact angle was
weakly correlated with the risk of infection; and hand
contact temperature was not correlated with the risk of
infection. Our results indicate that the contact-related
propagation characteristics of microorganisms on cold
surfaces are affected by different influencing factors.
The
presence of miscellaneous bacteria in the laboratory

However, our study has certain limitations.
atmosphere also affected the experiment. Future studies

should focus on controlling the experimental
conditions, selecting inanimate indicators, and using
And thus, the

experimental conditions should be further improved,

aerosol particles as indicators.
and experimental errors should be reduced to enhance
our understanding of the contact-related propagation
laws.

The limitations of our study are as follows;
microbial activity was affected by several factors.
Because of the limited experimental conditions, the
temperature and humidity of the biological laboratory
could not be controlled. The presence of miscellaneous
bacteria in the air could also affect the results. The
mortality rate of E. coli could only be estimated. In the
experiment, owing to the inactivity of aerosols, it is
recommended to choose aerosol particles containing
fluorescent dyes instead of microorganisms; this would
reduce the experimental error caused by uncertainty

.9.



Journal of Harbin Institute of Technology ( New Series)

regarding the microbial mortality rate. However,
owing to the lack of microscopes capable of detecting
fluorescent particles in the laboratory, we could only
use microorganisms as indicators. The secondary
transmission of microorganisms on cold surfaces is
affected by several factors. However, only few factors
were considered owing to the practical constraints. In
an optimal experimental setup, as many factors as
possible can be considered, such as wind speed,
ambient humidity, and more types of contact materials.
In future studies, the control of experimental conditions
and selection of indicators must be

addressed. These improvements in experimental design

inanimate

will reduce errors and yield results that will provide a
clear understanding of the mechanism of microbe
transmission through contact surfaces.
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0 1 ™ 2 ) 3
90 T T T
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g0 | ~ Rubber glove at -18°C, »=33.59+0.33x, R*=0.84
-o-Cotton glove at 5°C,  »=31.92+9.49x, R*=0.89
-o- Cotton glove at 5°C,  »=35.26+10.25x,R?=0.99

©

Transfer rate(%)
(=)
(=)

© L1}
Ly

50

40 =

0F o ©

0 10 20 30 40 50 60
Time(s)

Fig. 8 Comparison of data fitting curves of rubber
and cotton glove transfer rate with time
and pressure at different temperatures
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T,, temperature; Ty,,, hand-contact temperature; P, contact pressure; A., , contact angle; 7., contact time; Sg,,, surface material;

T, storage time; and R, infection risk

Fig.9 Correlation analysis of all factors influencing the risk of infection

4 Conclusions

To address the problem of microbial contact
transmission in cold-chain environments, E. coli was
used as the indicator bacterium to explore the factors

.10 -

governing secondary transmission from contact with
cold surfaces. The correlation between the contact-
related transmission of microorganisms
surfaces and
Notably, the lower the temperature,
complicated is the

on cold
influencing factors was elucidated.
the more

contact-related transfer of
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microorganisms.

This study delves into the unique characteristics
of microbial transmission within low-temperature
environments, with a specific emphasis on the cold
chain environment context. This research orientation
holds substantial significance. Its objective is to clarify
the singular regulations that govern microbial
transmission in low-temperature settings. By doing
so, the study not only uncovers novel perspectives on
the complex dynamics of microbial behavior in
extreme conditions but also enriches our understanding
of these phenomena. The research comprehensively
takes into account the impacts of contact pressure,
contact time, contact temperature, contact angle, and
contact materials ( cotton and rubber) on microbial
contact-based transmission. Subsequently, it meticulously
analyzes the synergistic effects of multiple factors.
This approach is designed to offer a more precise
understanding of the complex interplay of influencing
factors in real-world cold chain operation scenarios.
As a result, the study is better positioned to accurately
reveal the underlying influencing mechanisms of
microbial transmission.

This study clarifies the correlation between the
contact transmission of microorganisms on cold
surfaces and multiple influencing factors. It enriches
the theory of microbial transmission, which is highly
significant for the hygiene and safety of the cold chain
industry. By identifying the factors affecting the
contact transmission of microorganisms, cold chain
industry practitioners can take targeted actions. They
can effectively reduce microbial transmission in the
cold chain environment, thus minimizing the risk of
food contamination and ensuring food safety. For
instance, according to the experimental results, we
suggest several best practices to minimize microbial
transfer during the handling of stored items in the
commercial cold-chain process of refrigerated and
frozen products. Lowering the cold-storage temperature
can decrease the transfer rate of microorganisms.
When handling items in the cold-storage process,
items should be placed flat to reduce the tilt angle. If
the tilt angle is inevitable, use rubber gloves when the
angle is large, and cotton gloves are suitable when the
tilt angle is small.

References

[1]Zhang N, Chen W, Chan P T, et al. Close contact
behavior in indoor environment and transmission of

respiratory infection. Indoor Air, 2020,30(4) ;645-661.
DOI:10.1111/ina.12673.

[2]Stephens B, Azimi P, Thoemmes M S, et al. Microbial
exchange via fomites and implications for human health.
Current Pollution Reports, 2019, 5. 198 - 213. DOI; 10.
1007/s40726-019-00123-6.

[3]Kormuth K A, Lin K, Prussin A J, et al. Influenza virus
infectivity is retained in aerosols and droplets independent
of relative humidity. The Journal of Infectious Diseases,
2018, 218(5) :739-747.DOI; 10.1093/infdis/jiy221.

[4]Wang P, Zhang N, Miao T, et al. Surface touch network
structure determines bacterial contamination spread on
surfaces and occupant exposure. Journal of Hazardous
Materials,2021,416.126137.DOI:10.1016/j.jhazmat.2021.
126137.

[5]Pang X, Ren L, Wu S, et al. Cold-chain food
contamination as the possible origin of COVID-19
resurgence in Beijing. National Science Review, 2020,
7(12) ;:1861-1864.DOI ; 10.1093/nsr/nwaa264.

[6]Xie Y, Chen Y, Ma M, et al. Re-emergence of
coronavirus disease in Chinese cities associated with chilled
and frozen food products. The Journal of Infection, 2021,
82(4) . 18-19.DOI;10.1016/j.jinf.2020.12.028.

[7]Ma H, Zhang J, Wang J, et al. COVID-19 outbreak
caused by contaminated packaging of imported cold-chain
products-Liaoning Province, China, 2021. China CDC
Weekly, 2021, 3 (21). 441 - 447. DOI; 10. 46234/
ccdew2021.114.

[8]XulJ, Zhang Y, Zhao X, et al. A reemergent case of
COVID-19-Harbin city, Heilongjiang province, China,
April 9, 2020. China CDC Weekly, 2020, 2 (25) : 460.
DOI; 10.46234/ccdew2020.127.

[9]Liu P,Yang M, Zhao X, et al. Cold-chain transportation
in the frozen food industry may have caused a recurrence of
COVID-19 cases in destination: successful isolation of
SARS-CoV-2 virus from the imported frozen cod package
surface. Biosafety and Health, 2020,2(4) :199-201.DOI;
10.1016/j.bsheal.2020.11.003.

[10]Choudhary A, Ranjan J K, Sharma P
Incorporating the outcomes of COVID-19 with other

, et al
recent pandemic outbreaks on healthcare workers: A
systematic review and meta-analysis. Socioeconomic
Dynamics of the COVID-19 Crisis: Global, Regional,
and Local Perspectives,2022.327-48.DOI:10.1007/978~
3-030-89996-7_15.

[11]Lopez G U,Gerba C P, Tamimi A H, et al. Transfer
efficiency of bacteria and viruses from porous and
nonporous fomites to fingers under different relative

Applied
Microbiology,2013,79 (18) : 5728 = 5734.DOI; 10. 1128/
AEM.01030-13.

[12]Xiao S, Li Y, Lei H, et al. Characterizing dynamic
transmission of contaminants on a surface touch network.

- 11 -

humidity  conditions. and  Environmental



Journal of Harbin Institute of Technology ( New Series)

Building and Environment, 2018, 129.107-116.DOI ; 10.
1016/j.buildenv.2017.12.015.

[ 13]Nazaroff W W. Indoor bioaerosol dynamics. Indoor Air,
2016,26(1) :61-78.DOI; 10.1111/ina.12174.

[14]Zhao P, Li Y, Tsang T L, et al. Equilibrium of particle
distribution on surfaces due to touch. Building and
Environment, 2018, 143,461 -472.DOI; 10. 1016/]. buildenv.
2018.07.023.

[15]Nicas M, Jones R M. Relative contributions of four
exposure pathways to influenza infection risk. Risk
Analysis; An International Journal,2009,29(9) ;1292 -
1303.DOI; 10.1111/j.1539-6924.2009.01253.x.

[16]Julian T R, Leckie J O, Boehm A B. Virus transfer
between fingerpads and fomites. Journal of applied
microbiology,2010,109(6) :1868-1874.DOI. 10.1111/
j.1365-2672.2010.04814.x.

[17]Zhao P, Chan P T, Gao Y, et al. Physical factors that
affect microbial transfer during surface touch. Building
and Environment, 2019, 158. 28 - 38. DOI; 10. 1016/j.
buildenv.2019.05.005.

[ 18] Greene C, Vadlamudi G, Eisenberg M, et al. Fomite-
fingerpad transfer efficiency ( pick-up and deposit) of
Acinetobacter baumannii-with and without a latex glove.
American Journal of Infection Control, 2015, 43 (9) .
928-934.DO0I:10.1016/].ajic.2015.05.008.

[19] Brar P K, Danyluk M D. Salmonella transfer potential
during hand harvesting of tomatoes under laboratory
conditions. Journal of Food Protection, 2013, 76 (8) .
1342-1349.DOI;10.4315/0362-028X.JFP-13-048.

[20]Zhang N, Li Y, Huang H. Surface touch and its network
growth in a graduate student office. Indoor Air, 2018,
28(6):963-972.DOI;10.1111/ina.12505.

[21]Zhang N, Jia W, Wang P, et al. Most self-touches are
with the nondominant hand. Scientific Reports, 2020,
10(1) ;10457.DOI;10.1038/s41598-020-67521-5.

[22]Bos R, van der Mei HC, Busscher HJ. Physico-chemistry
of initial microbial adhesive interactions-its mechanisms
and methods for study. FEMS Microbiology Reviews,
1999,23(2) :179-230.DOI: 10.1111/j.1574-6976.1999.
tb00396.x.

[ 23] Garrett TR, Bhakoo M, Zhang Z. Bacterial adhesion and
biofilms on surfaces. Progress in Natural Science, 2008,
18(9) :1049-1056.DOI; 10.1016/j.pnsc.2008.04.001.

[ 24 ]Busscher H J, Weerkamp A H. Specific and non-specific
interactions in bacterial adhesion to solid substrata. FEMS
Microbiology Reviews, 1987, 3(2): 165 - 173. DOI; 10.
1111/j.1574-6968.1987.tb02457 .x.

[25] Oprisan C, Carlescu V, Barnea A, et al. Experimental
determination of the Young’s modulus for the fingers with
application in prehension systems for small cylindrical
objects. InIOP Conference Series: Materials Science and
Engineering, 2016, 147( 1) : 012058. DOI; DOI 10. 1088/
1757-899X/147/1/012058.

- 12 -

[26]Dzidek B M,Adams M J, Andrews J W, et al. Contact
mechanics of the human finger pad under compressive
loads. Journal of The Royal Society Interface, 2017,
14(127) :20160935.DOI ; 10.1098/1sif.2016.0935.

[ 27 ]Hoseinzadeh E, Javan S, Farzadkia M, et al. An updated
min-review on environmental route of the SARS-CoV-2
transmission. Ecotoxicology and Environmental Safety,
2020,202:111015.DOI:10.1016/j.ecoenv.2020.111015.

[28]Chin AW H,ChuJ T S, Perera M R A, et al. Stability
of SARS-CoV-2 in different environmental conditions.
The Lancet Microbe, 2020, 1(1): el0.DOI: 10. 1016/
S2666-5247(20)30003-3.

[29]Xue X,Ball J K, Alexander C, et al. All surfaces are not
equal in contact transmission of SARS-CoV-2. Matter,
2020,3 (5) : 1433 -1441.DOLI: 10. 1016/j. matt. 2020. 10.
006.

[30]Fisher D, Reilly A, Zheng A K E, et al. Seeding of
outbreaks of COVID-19 by contaminated fresh and frozen
food. BioRxiv, 2020.08. 17.255166.DOI: 10.1101/2020.
08.17.255166.

[31]Ramasamy K P, Mahawar L, Rajasabapathy R, et al.
Comprehensive insights on environmental adaptation
strategies in Antarctic bacteria and biotechnological
applications of cold adapted molecules. Frontiers in
Microbiology, 2023, 14, 1197797. DOI; 10. 3389/fmicb.
2023.1197797.

[32]Adapa S, Gumaste P, Konala V M, et al. Peritonitis due
to Moraxella osloensis; an emerging pathogen. Case
Reports in Nephrology,2018( 1) :4968371.DOI:10.1155/
2018/4968371.

[33]Gao D, Bai E, Wasner D, et al. Global prediction of soil
microbial growth rates and carbon use efficiency based on
the metabolic theory of ecology. Soil Biology and
Biochemistry, 2024,190:109315.DOI; 10.1016/j. soilbio.
2024.109315.

[34]Xu N, Ye C, Chen X, et al. Genome-scale metabolic
modelling common cofactors metabolism in microorganisms.
Journal of Biotechnology, 2017,251.:1-3.DOI; 10.1016/
j-jbiotec.2017.04.004.

[35]LiuJ L, Xia R. A unified analysis of a micro-beam,
droplet and CNT ring adhered on a substrate: Calculation
of variation with movable boundaries. Acta Mechanica
Sinica, 2013,29(1): 62-72. DOI; 10. 1007/s10409 -
012-0202-8.

[36]Bean B, Moore B M, Sterner B, et al. Survival of
influenza viruses on environmental surfaces. Journal of
Infectious Diseases, 1982,146(1) :47-51.DOI:10.1093/
infdis/146.1.47.

[37]Li R, Wang B, Niu A, et al. Application of biochar
immobilized microorganisms for pollutants removal from
wastewater; A review. Science of The Total Environment,
2022, 837.155563.DOI ;10.1016/].scitotenv.2022.155563.

[38]Bhaduri S, Cottrell B. Survival of cold-stressed



Journal of Harbin Institute of Technology ( New Series)

Campylobacter jejuni on ground chicken and chicken skin
during frozen storage. Applied and Environmental
Microbiology, 2004,70(12) :7103-7109.DOI; 10.1128/
AEM.70.12.7103-7109.2004.

[39]Lunov O, Churpita O, Zablotskii V, et al. Non-thermal
plasma mills bacteria; Scanning electron microscopy
observations. Applied Physics Letters, 2015, 106 (5) ;
053703. DOI;10.1063/1.4907624.

[40]Chen B, Mei J, Xie J. Effects of packaging methods and
temperature variations on the quality and microbial
diversity of grouper ( Epinephelus Lanceolatus) during
cold storage. Food Bioscience, 2024 ,60:104315.DOI . 10.
1016/j.1bi0.2024.104315.

[41]Wen X, Feng J, Sang Y, et al. United under stress;
High-speed transport network emerging at bacterial living
edge. Fundamental Research, 2024 ,4(3) .563-569.DOI ;
10.1016/j.fmre.2022.05.003.

[42]Burnett A R, Critzer F, Coolong T. Quantification of

Escherichia coli transfer from plastic mulch to field-grown
tomatoes and bell peppers. Journal of Food Protection,
2025,88(3) :100458.DOI;10.1016/j.jfp.2025.100458.

[43]da Silva R T, de Souza Pedrosa G T, dos Santos Franco
A J, et al. Transfer, survival and photoinactivation of
Salmonella enterica on fresh produce and gloves.
International Journal of Food Microbiology, 2025, 431
111089.DOI:10.1016/j.ijfoodmicro.2025.111089.

[44]Zhao P, Chan P T, Gao Y, et al. Physical factors that
affect microbial transfer during surface touch. Building
and Environment, 2019, 158. 28 — 38. DOI; 10. 1016/]j.
buildenv.2019.05.005.

[45]Lu L, Zhao Y, Li M, et al. Contemporary strategies and
approaches for characterizing composition and enhancing
biofilm penetration targeting bacterial extracellular
polymeric substances. Journal of Pharmaceutical Analysis,
2024,14(4) : 100906.DOI;10.1016/j.jpha.2023.11.013.

<13 .



