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a  b  s  t  r  a  c  t

The  novel  human  coronavirus  SARS-CoV-2  has been  responsible  for  a  worldwide  pandemic.  Although
media  transmission  through  contaminated  surfaces  is one  of the most  recognized  ways  of transmission,
the  study  on  the  number  and  viability  of  viruses  surviving  on a  surface  after  leaving  the  host  represents
a  “blind  spot”  in  current  research.  In  this  paper  we  have  reviewed  studies  on  the  physical  process  of
droplet  evaporation  on  media  surfaces,  and analyzed  the  recent  literature  related  to experiments  on  the
decay  of the  viral  concentration  and  infectious  activity  of  SARS-CoV-2  and other  viruses  on  those  surface
and  in  the  air.  The  huge  differences  in  the  risk  of media  transmission  of  large  saliva  and  sputum  droplets
were  analyzed  in  terms  of  time  elapsed.  Due  to the  rapid  decrease  of water  content  in  the evaporated

droplets  and the increased  concentration  of  each  component,  the  living  environment  of  the  virus  tended
to  deteriorate  sharply,  and  virus  concentration  plummeted  within  a few minutes.  Although  a  virus  can
be  detected  in  a matter  of  hours,  tens  of hours,  or days,  the risk  of  transmission  is negligible  compared
to  when  it  first  left  the  host.  This  study  suggests  that  the  key to prevention  and  control  is  to start  from
the  source,  the  earlier  the  better.  It is  extremely  important  to develop  good  public  health  habits,  wear
masks,  and  wash  hands  frequently.  That  said,  excessive  disinfection  and  sterilization  of  surfaces  during
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1. Introduction

The novel coronavirus SARS-COV-2 has brought about an
unprecedented global pandemic. The World Health Organization
(WHO) declared the COVID-19 pandemic as the most significant
public health emergency that the world has faced in a century [1].
It is considered that there are at least two main routes of transmis-
sion of SARS-COV-2 among susceptible people: (1) being in close
contact with infected persons or inhaling droplets from patients
or asymptomatic patients; (2) touching surfaces contaminated by
SARS-COV-2 [2]. The symptoms of this disease may  include fever,
sore limbs, weakness, sneezing, coughing [3,4], or no symptoms at

all with a greater risk of transmission [5,6].

Due to the diversity of the cultural backgrounds and customs
of social groups, a universal “cough etiquette” does not exist, and
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e  effects.

ome persons may even spit in public places. A large number of
roplets are expelled during coughing or sneezing and become
he carriers of potential pathogens [7]. The respiratory activities
including breathing, speaking, coughing, etc.) of infected persons
ill produce virus-containing droplets, which will be larger in size

rom coughing and sneezing those of normal breathing and speak-
ng [8–10], quickly settling to the ground or splashing down onto
he surface of objects. Droplet size decreases after evaporation, and
he droplet nuclei and sputum spots with the virus may  be sus-
ended in air due to the movement of people and to air flow [11].

n social life, people may  inhale the droplets produced by infected
ersons during respiratory activities or touch the surfaces of objects
ontaminated by the droplets. However, when people are exposed
o a potentially viral environment or find themselves in contact
ith contaminated objects, they cannot wash their hands to disin-

ect them in time, and may  then touch their mouths, noses, or eyes
nintentionally, which may  cause personal infection. Since risk of
nfection is high when droplets of small size are inhaled in a very
hort time due to close contact, there exists a blind spot in studies
ith regard to virus survival on the surface and to the transmission

isk of large virus-containing droplets.

https://doi.org/10.1016/j.idnow.2020.11.001
http://www.sciencedirect.com/science/journal/26669919
http://crossmark.crossref.org/dialog/?doi=10.1016/j.idnow.2020.11.001&domain=pdf
mailto:Longes2@163.com
https://doi.org/10.1016/j.idnow.2020.11.001
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The novel coronavirus is an envelope-structure pathogen with a
particle size of 60-140 nm [12]. In order to survive, it requires water,
nutrients, various salts and acid-base equilibrium conditions, and
then to be given the opportunity to enter the host cell nucleus
for transcription and proliferation [13]. Respiratory droplets are
composed of water and a small amount of non-volatile com-
pounds including sodium chloride, carbohydrate, lipids, protein
and microorganisms [14], which provide the physical conditions
most suited to survival of the virus. Exhaled virus-containing
droplets float briefly in the air and quickly settle to the ground or on
the surface of objects within seconds. In the process of air floatation
and deposition on the surfaces of objects, droplets will inevitably
undergo heat and mass transfer, gradually evaporate, and become
concentrated, resulting in major changes in the living environment
of the virus [15,16]. The decrease in the number of viruses and the
change of pathogenicity over time are crucial to assessment of the
risk of infection.

The droplets generated by human respiratory activities are dis-
tributed in a wide size range. According to the literature [8–10,17],
the particle size of droplets produced by humans in breathing and
speaking is usually small, while large droplets above 1000 �m may
be generated in violent expiratory activities such as coughing and
sneezing. In addition, the size of droplets produced by infected
individuals is larger than in healthy individuals. During the exhala-
tion of droplets, individual particles may  aggregate, forming large
droplets for exhalation [18]. The volume of a droplet is proportional
to the cube of the particle size, so the larger the particle size, the
larger the droplet volume. Accordingly, the viral load of the droplets
will be much higher, and the risk of infection greater.

Recently, researchers [19–23] detected the viral load of throat
swabs and sputum samples obtained from COVID-19 patients
(including asymptomatic infections), which was as high as 109

copies/mL at the peak period, indicating that the exhaled droplets
contain a large number of viruses. However, the evaporation time
of the large particle size virus-containing droplets exhaled by the
patient is longer, and the deterioration of the viral living environ-
ment is “alleviated”, a factor conducive to the survival of the virus
for a longer time, leading to a greater risk of transmission. There-
fore, we have focused mainly on the transmission risk of large
virus-containing droplets above 500-1000 �m on the media sur-
face.

In their study of virus survival on the surface of objects, Thomas
et al. [24] evaluated the survival of the human influenza virus on
banknotes, while Van Doremalen et al. [25] evaluated the stability
of SARS-CoV-2 and SARS-CoV-1 in air and on four common surfaces
(copper, cardboard, stainless steel and plastic). The results showed
that while virus concentration on the surface decreased gradually
with the passage of time, a very small amount of virus could be
detected after several hours or even a few days on the surface. The
virus may  be resuspended in the air from the contaminated sur-
face and also from the floor surface [11]. We  are cognizant of the
fact that there is some risk of infection when touching a contami-
nated surface or being exposed to the secondary dust of the virus.
However, the number and viability of the viruses at this time are
different from those in the process leaving the host. The existing
literature does not clearly define or treat these two  moments as
equivalent.

In this paper we review the experimental results of the physical
process of droplet evaporation on the media surface and analyze
the experimental research literature on the decay of the virus con-
centration and infectious activity of SARS-CoV-2 and other viruses
on the surface of media and in the air, over time. The risk of media

transmission of large virus-containing mucosalivary droplets and
the risk of airborne transmission of secondary dust from surface
salivary spots have been analyzed. Numerous experimental data
were used to determine the actual situation of virus survival, and
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he transmission risk of large virus-containing droplets was  con-
idered with regard to temporality. These findings may  serve as
eferences for epidemic prevention and control measures based on
he difference of transmission risk over time.

. Physical process of surface droplet evaporation and
ransmission risk

.1. Surface droplet evaporation and the concentration process

The large-size mucosalivary droplets in a patient’s exhaled
irus-containing droplets float briefly through the air and then
uickly settle to the ground or onto object surfaces. The exhaled
roplets are composed of about 98.2% water and 1.8% non-volatile
olid compounds [26]. During surface evaporation, the water in the
roplet gradually decreases, while the concentration of other com-
ounds increases, which affects the number of viruses in the droplet
nd pathogenicity. An experimental study on the physical process
f droplet evaporation can predict the time of its occurrence and
rovide a basis for the prevention and control of the risk of trans-
ission of virus-containing droplets on the media surface. Due to

he restrictions of experimental conditions involving liquid extrac-
ion devices, measuring instruments and observation equipment,
he evaporation time of liquid droplets with a diameter of less than
000 �m is very short. In the relevant evaporation experiments,
he particle size of liquid droplets is mostly within the range of
000-4000 �m,  which can cover the physical evaporation process
f large saliva and sputum droplets on the surface.

During the evaporation process, droplet diameter decreases
ccording to the D2 law, that is, the diameter squared changes lin-
arly with time. Moreover, the higher the temperature, the higher
he airflow velocity and the lower the relative humidity, the faster
he droplet evaporation speed and the shorter the evaporation time
27,28]. The survival of pathogens in droplets is affected by the
roplet composition, and droplet evaporation is consequently cru-
ial to the survival of viruses in droplets and to the resultant risk
f infection [15,16]. Ma et al. [28] studied the evaporation process
f a single liquid droplet using the pendant droplet method, and
hey found that particle size decreased slowly in the early stage,
nd decreased more quickly in the later stage, as droplet diameter
ecreased. Shao [29] likewise studied the convective evaporation
rocess of multi-component liquid droplets using the pendant
roplet method, and demonstrated that the higher the ambient
emperature, the higher the evaporation rate, and the faster the
roplet diameter decreases. Zhang [30] used an analytical balance
o record the mass loss of a droplet and studied the change of par-
icle size over time in the evaporation process of pure water, NaCl
olution and bacterial liquid on the hydrophobic surface. Liu et al.
17] predicted that the size of droplet nuclei formed after evapo-
ation of saliva droplets was 32% of the original diameter, which
as similar to the maximum residual size in the classic Duguid

tudy [31,32]. Vejerano et al. [33] carried out evaporation exper-
ments on three component droplets containing NaCl, mucin and

ater (3 C) and human saliva droplets (HS). The results showed that
roplet evaporation are affected by relative humidity. The higher
he humidity, the less likely the droplet would be to dry out, and
he longer the droplet could exist on the surface.

Fig. 1 shows the relationship between particle size and time,
ased on published evaporation experiments. Due to the limita-
ions of the test method, the final droplet diameter may  not reach
he equilibrium diameter. Since researchers have provided data

n droplet mass change during evaporation, this paper converts
roplet mass into approximate droplet size according to pure water
ensity. It can be seen in the figure that whatever the droplet
ype, initial particle size environmental temperature and humid-
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Fig. 1. Particle size changes with time

ity conditions, the trend in time of the particle size change during
the droplet evaporation process is similar. Droplet size decreases
slowly in the early stage of evaporation, and then, as evaporation
speed accelerates, droplet size decreases more quickly with the pas-
sage of time. Moreover, the larger the initial droplet diameter, the
slower the evaporation, and the longer the time it takes to reach the
equilibrium diameter. However, due to the difference of tempera-
ture and humidity in these experimental conditions, evaporation
time is not affected by initial particle size alone. The higher the
ambient temperature and the lower the relative humidity during
the experiment, the shorter the time required for droplet evapora-
tion and drying. The loss of viability of pathogens after leaving the
host is largely determined by the environmental conditions sur-
rounding the parasitic droplets. During droplet evaporation, the
concentration of nutrient, salt and acid and alkali change con-
stantly, thereby destroying the living environment of the pathogens
and leading to the inactivation of pathogens in the droplet [34,35].
In these evaporation experiments, the initial droplet size approxi-
mated 1130-3150 �m,  and the corresponding droplet volume was
about 0.75-16.36 �L. This size is similar to the virus suspension
volume inoculated on the surface during the subsequent phase of
surface survival of the viral droplet, which can better explain the
transmission risk of large saliva and sputum droplets.

2.2. Characteristics of mucosalivary droplets

Human respiratory activities generate droplets with different
particle size distributions, and those exhaled by patients contain
viruses and other pathogens. Assuming that the pathogens are uni-

formly distributed in the droplets, the larger the particle size, the
higher the load of the pathogen. As concerns risk of transmission,
researchers have conducted studies on the quantity and particle
size distribution of exhaled droplets [8–10,36]. Chen et al. [36]
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g droplet evaporation [17,28–30,35].

ested the number of exhaled droplet particles in both coughing
nd speaking, and found there were more particles produced dur-
ng coughing than during speaking. Lindsley et al. [8] compared the
umber and size distribution of exhaled droplet particles between

nfluenza patients and healthy individuals, and found that the
roplets generated by influenza patients and the number of exhaled
articles was  larger than in healthy individuals. Morawska et al. [9]
ested droplet size distribution in human breathing, speaking and
neezing. It was observed that the number of particles produced by
neezing in different respiratory activities was the highest, while
he number of droplets produced by respiration was the lowest.
ourouiba et al. [10] studied the number and particle size distri-
ution of droplets produced by violent respiratory activities such
s coughing and sneezing. In their experiment, one droplet with a
article size of 2000 �m was  detected, and its volume was larger
han the sum of all the small particles.

Fig. 2 shows the distribution of droplets with different particle
izes generated by human respiratory activities. It can be observed
hat the number of small-sized droplets is greater than that of
arge-sized droplets, and that those generated by different respira-
ory activities are distributed in a wide size range. The particle size
f droplets exhaled in breathing and speaking generally does not
xceed 1000 �m,  while coughing, sneezing and other violent respi-
atory activities can produce droplets with larger particle size. The
ifferences between the test results of different researchers under-
cores the complexity of the droplet quantities and particle size
istribution in respiratory activities. Since the volume of a spheri-
al particle is proportional to the cube of its diameter, the volume
f a 100 �m virus-containing droplet is equivalent to millions of
roplets of 1 �m diameter. Although the number of large parti-
le size droplets is often relatively small, their volume is large and

hey carry proportionately more viruses. The large droplets evap-
rate slowly and take longer to dry, which is conducive to virus
urvival. There is consequently a much greater risk of transmission
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Fig. 2. The number of droplets with different particle

once large saliva and sputum droplets have been touched or inhaled
by susceptible individuals.

2.3. Viral load in clinical samples and transmission risk of
mucosalivary droplets

SARS-CoV-2 is mainly transmitted by the respiratory droplets
produced by an infected person’s sneezing and coughing that
directly reach another person’s nose, mouth or eyes, or contaminate
surfaces that are touched by susceptible individuals. Researchers
[19–23] have detected the viral load of patients’ nose and throat
swabs, sputum samples and stool samples, etc., and monitored their
physical condition and treatment effects. As a result, test data on
patients’ viral load can help to establish the risk differential from
the source of virus transmission.

Using throat swab, Cao et al. [19] detected the SARS-CoV-
2 viral load of 199 patients, of whom 99 were treated with
lopinavir–ritonavir, while the remaining 100 were treated with
standard care, their objective being to evaluate the effect of the
drug on the patients’ clinical treatment. Pan et al. [23] examined
the throat swabs, sputum, urine and stool samples of two patients,
and showed that the viral load of throat swabs and sputum sam-
ples peaked at around 5-6 days after symptom onset. This pattern
of change in viral load is distinct from that observed in patients
with SARS, which normally peaked at around 10 days after onset
[37]. In addition, Zou et al. [21] monitored SARS-CoV-2 viral loads
in upper respiratory samples obtained from 18 patients in Zhuhai,
Guangdong, China, and their results showed that high viral load was
detected soon after symptom onset, and that the viral load detected
in the nose was higher than that detected in the throat.

Fig. 3 shows the viral load test results from patients infected
with SARS-CoV-2, where A, B, and C represent the viral load of nasal
swabs, throat swabs, and sputum samples, respectively. It can be

observed that the viral load of patients changed with the number of
days after symptom onset in a similar pattern. Higher in the early
stage, the viral load gradually decreased in the later stage. After
certain patients’ treatment and recovery, the virus was no longer

o
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produced by various respiratory activities [8–10,36].

etected in the samples. Although patients’ SARS-CoV-2 viral load
howed some differences, it generally reached its peak (up to 109

opies/mL) about 4-6 days after symptom onset. There is a corre-
pondingly elevated risk of transmission in the early stages after
nset of the symptoms. The average viral loads of the nasal swabs,
hroat swabs and sputum samples were 1.66 × 103 copies/mL,
.1 × 103 copies/mL, and 1.07 × 105 copies/mL, respectively. The

arge mucosalivary droplets produced by violent respiratory activ-
ties such as coughing may  indeed lead to heightened risk of
ransmission. Droplets generated from patient respiratory activ-
ties are distributed in a wide size range and contain different
mounts of viruses. As for the large virus-containing droplets pro-
uced by coughing and other violent respiratory activities, they
uickly settle on the surface of objects after a short drift in the air.
he heat and mass transfer between the droplets and the environ-
ent leads to gradual evaporation of the droplets, which further

hanges the virus’s living environment. Inactivation of the virus
ver time after leaving the host is a major determinant of the risk
f transmission.

. Virus survival in mucosalivary droplets: An experiment

.1. Virus stability in air

A patient exhales virus-containing droplets with different par-
icle size distributions. The droplets are initially sprayed into the
ir, and those with smaller particle size spread in the air, gradu-
lly evaporating and even becoming droplet nuclei in the process
f transmission. Droplets of large size (e.g. salivary droplets) float
riefly in the air and quickly settle to the ground or the surface of
bjects. The virus may  be resuspended from the contaminated sur-
ace to the air due to people’s movements. of. It leaves the host as the
atient (including asymptomatic patients) breathes, talks, coughs,

r sneezes, drifting in the air and sinking to surfaces. The new par-
sitic environment poses a serious challenge to its survival. In this
ection, we will review the survival after exhalation of viruses and
ther pathogens of the virus-containing droplets in the air.



L. Guo, M. Wang, L. Zhang et al. 

Fig. 3. Viral load of SARS-CoV-2 in infected patients [19–23].
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In a survival experiment concerning viruses and other
athogens in the air, an initial concentration of microbial solution

s sprayed into an aerosol chamber or rotating drum under certain
nvironmental (temperature and humidity conditions) through a
ebulizer. Samples are taken at different time nodes after atomiza-
ion to test microbial concentration at that moment, the objective
eing to determine the survival conditions of viruses and other
athogens in the air after different periods of time. Sattar et al.
38] used a 6-jet Collison nebulizer to spray a Klebsiella pneumo-
iae soil load into an aerosol chamber. After about 210 minutes, the
acteria were no longer detected. Sattar et al. [39] assessed rate of
iological decay at different time nodes after staphylococcus aureus
as  sprayed into a car in a level 3 biosafety containment facility.

yankov et al. [40] sprayed a MERS-COV isolate HCOV-EMC/2012
irus-containing suspension into a Rotating Aerosol Chamber, and
ampled the aerosol from the chamber at 0, 5, 15, 30 and 60 min
fter aerosolization to monitor viable virus concentration. Van
oremalen et al. [25] detected the virus stability of SARS-CoV-2
nd SARS-COV-1 virus in air within 3 hours at 65% relative humid-
ty (RH) and 21-23 ◦C. Zhao et al. [41] sprayed 5 ml  of Gumboro
accine virus suspension into an aerosol chamber with a Walther
ilot spray head, and the inactivation rate was high in the first few
econds or minutes after aerosolization, followed by a lower inac-
ivation rate. Table 1 shows the main conditions and parameters of
he survival experiments for different pathogens in the air.

The results of the tests on the survival of klebsiella pneumo-
iae and staphylococcus aureus are shown in Fig. 4. Initial sampling
as  carried out immediately after the suspension aerosolization
as  completed. The sampling time was 2 minutes at each time
ode, and sample concentration represented the average con-
entration during the period. Initial concentration at the end of
erosolization is highlighted in the figure. It can be observed
hat the concentration of pathogens in both groups decreased
harply after aerosolization and the first sampling. Klebsiella pneu-
oniae decreased from an initial nebulization concentration of 4.61

og10CFU/m3 to 4.17 log10CFU/m3 (equivalent to 10% virus inacti-
ation) and, for staphylococcus aureus,  from 6.1 log10CFU/m3 to 4.37
og10CFU/m3 (equivalent to 28.4% viral inactivation). After which,
he logarithmic concentration of pathogens in the air decayed lin-
arly with time; about 50% of the pathogens were inactive after
0 min.

Fig. 5 compares the survival of different types of viruses in air. (A)
s the MERS and Gumboro Vaccine Virus presented by the authors
40,41] in units of virus concentration of TICD50/mL; (B) the viabil-
ty of SARS and SARS-CoV-2 in air postulated by the author [25] in
erms of TICD50/L air (translated as per L air). While the survival
ime of different kinds of viruses in the air is somewhat diver-
ent, the trend concerning virus survival in air is similar. Within

 few minutes after the end of atomization and initial sampling,
irus concentration decreased sharply and the virus inactivation
ate was very high. In Figure 5A, the virus decreased from an ini-
ial concentration of 6-7 log10TCID50/mL  to 3-5 log10TCID50/mL.
n Fig. 5B, the SARS virus was  reduced from 5.94 log10TCID50/L
o 4.3 log10TCID50/L, which is equivalent to 27.6% virus inactiva-
ion; SARS-CoV-2 virus went down from 4.49 log10TCID50/L to 3.5
og10TCID50/L, which is equivalent to 22% virus inactivation. This

as  followed by a lower inactivation rate. In addition, virus sur-
ival is related initial droplet size and virus concentration. When
he atomized particle size in the experiment was small, the virus
urvived in the air for a shorter time. However, when the droplets
tomized into the air featured a larger particle size, the viral load
n the droplets was higher and it took longer for the droplets to

vaporate completely. As a result, the deterioration of the viral
iving environment was  “alleviated”, and the virus could still be
etected after a longer lapse of time. Indoor environmental param-
ters affect droplet evaporation, leading to the difference in virus
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Table  1
Main conditions and parameters of pathogen survival experiment in air.

Year Atomization device Environmental
parameters

Pathogen The initial
concentration

Initial sampling
concentration

Reference

2020 A 3-jet Collison
nebulizer

T = 21-23◦C
RH = 65%

SARS-CoV-2 4.49 log10TCID50/L 3.5 log10TCID50/L van Doremalen
et al., 2020 [25]

SARS-CoV-1 5.94 log10TCID50/L 4.3 log10TCID50/L
2018  A 3-jet Collison

nebulizer
T = 25◦C
RH = 79%

MERS-CoV 6.1 log10TCID50/mL 3.22 log10TCID50/mL  Pyankov et al.,
2018 [40]

T = 38◦C
RH = 24%

MERS-CoV 6.1 log10TCID50/mL 2.81 log10TCID50/mL

2017  A Collison
nebulizer

T = 22 ± 1◦C
RH = 50 ± 5%

S. aureus 6.1 log10CFU/m3 4.37 log10CFU/m3 Sattar et al., 2017
[39]

2016 A 6-jet Collison
nebulizer

T = 20 ± 2◦C
RH = 50 ± 5%

K. pneumoniae 4.61 log10CFU/m3 4.17 log10CFU/m3 Sattar et al., 2016
[38]

2011 A Walther Pilot
spray head

T = 10◦C
RH = 40%

Gumboro Vaccine
Virus

6.5 log10TCID50/mL 2.86 log10TCID50/mL  Zhao et al., 2011
[41]

T = 10◦C
RH = 70%

Gumboro Vaccine
Virus

6.5 log10TCID50/mL 4.48 log10TCID50/mL

T  = 20◦C
RH = 40%

Gumboro Vaccine
Virus

6.5 log10TCID50/mL 2.16 log10TCID50/mL

T  = 20◦C
RH = 70%

Gumboro Vaccine
Virus
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living environment of the virus deteriorates rapidly, which is the
Fig. 4. Biologic decay of Staphylococcus aureus and Klebsiella pneumoniae in air
[38,39].

survival. Setting When indoor environmental parameters are most
adverse to virus survival, the risk of infection will be correspond-
ingly reduced. It bears mentioning that different sample detection
methods (immediate detection or post-incubation) may  lead to sig-
nificant differences in the results. As shown in the experiment in
Fig. 5 (B), the virus concentration is significantly higher than in Fig. 5
(A) after 180 minutes. The fundamental reason is that the samples
had been incubated for 18 to 20 hours. Therefore, accurate under-
standing of the factors conditioning experimental results potently
contributes to objective judgment of the attendant risks.

3.2. Virus stability on surfaces

To accurately define the transmission risk of SARS-CoV-2 virus
deposited on the surface of objects through infected patients’
sneezing and coughing, the virus surface survival experiment is
an important support. Surface survival experiments are gener-
ally conducted by setting a given volume of a virus-containing

droplet onto the surface of an object in a specific temperature and
humidity environment, by sampling at different time nodes, and
by testing virus concentration at the different times by the plaque
method or the PCR technique. Although researchers’ environmental
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arameters, virus types and inoculation surfaces may  vary, their
espective experiments reliably assess virus survival on the sur-
ace of objects. Chan et al. [42] titrated the SARS virus with high
oncentrations (107 TCID50/mL) on smooth plastic surfaces, and
CID50 was  determined according to Reed and the Muench method.
hey found that virus concentration gradually decreased over time,
nd that the virus could not be detected after the 5th day. Duan
t al. [43] used the SARS coronavirus strain CoV-P9 to study virus
tability on the surface of commonly used materials in a mimic
nvironment. Casanova et al. [44] evaluated the survival of the SARS
irus on environmental surfaces and strove to determine how sur-
ival is affected by environmental variables. Van Doremalen et al.
25] titrated 50 �L of virus suspension on four common surfaces
copper, cardboard, stainless steel and plastic), and compared the
tability of SARS-CoV-2 and SARS viruses on each one of them.
homas et al. [24] evaluated the survival of influenza virus on ban-
notes. Tests showed that HRV2 and HRV37 survived on paper
urrency for 2 days and 5 days, respectively.

Fig. 6 illustrates the viability of the SARS-CoV-2 and SARS viruses
n different surfaces over time. It can be observed that the initial
oncentration of SARS-CoV-2 and SARS virus suspensions on each
urface approximates 107 TCID50/mL. The first sampling was con-
ucted immediately after inoculation on the surface of the object,
nd the virus number quickly decayed to 103-4 TCID50/mL, while
he virus concentration decreased by 3log10, which is equivalent
o the rapid inactivation of most viruses within a few seconds or

inutes after the virus left the host and settled on the surface of an
bject. With increased deposition time on the surface, the number
f viruses decreased gradually. There are some differences in the
irus decay rate for different media surfaces; viable SARS-CoV-2
irus can be detected after 4 hours on a copper surface and 24 hours
n cardboard. Although the presence of viruses can be detected for
ours or even days, their number and pathogenicity becomes neg-

igible compared to when they were deposited to the surface, and
he risk of transmission is greatly reduced. As illustrated in Figure 6,
xperimental results concerning droplets on surfaces show that in
he evaporation of droplets with a particle size of 1.2 mm,  it does
ot take more than 30 min  for equilibrium diameter to be reached.
uring the process, the concentration of various salts in the droplets

ncreases rapidly, the balance of acid and base is broken, and the
undamental reason for the massive decline of the virus. It bears
entioning that in the different experiments, the concentrations of

iruses sampled on the surface at each time node were all measured
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Fig. 5. Viability of virus in air. (A) The virus concentration unit is given as TCID50/mL. GV, Gumboro Vaccine Virus [40,41]; (B) The virus concentration unit is given as TCID50/L
air  [25].
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Fig. 6. Viability of SARS-CoV-1 and SARS-CoV-2 on different surfaces [25].

after incubation under the same conditions, which represented
the relative activity and reproductive ability of the viruses in the
droplets deposited on the surface at different times.

The volume of a virus droplet may  vary widely between different
researchers conducting surface-survival experiments. Similarly,
bad habits of coughing, sneezing or spitting may  result in large
differences in the volume of droplets deposited on the surface, pre-
senting different risks of transmission when exposed to susceptible
populations at different time points. Fig. 7 extracts different experi-
mental data, and compares change of virus concentration over time
when 50 �L [25], 20 �L [45] and 1 �L [45] virus suspensions were
respectively titrated on copper surface. While the former contained
SARS-CoV-2 virus, the latter contained Human Coronavirus 229E at
21 ◦C and 30%-40% relative humidity (RH). The equivalent diameter
of the titrated droplet volume ranged from 1240-4570 �m.  Con-
centration of the virus decays more rapidly when the amount of
titrated droplets on the surface is smaller. Within a few minutes,

the concentration of viruses in a 1 �L droplet drops by 4 orders of
magnitude (equivalent to 99.99% virus inactivation). It takes 40 to
50 minutes for the virus concentration in a 20 �L droplet to drop by
4 orders of magnitude, while the concentration of viruses in a 50 �L
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ig. 7. Virus inactivation in droplets of different volumes on a copper surface [25,45].

roplet decreases more slowly, close to the experimental results
n Fig. 1. This shows that due to droplet evaporation, water vol-
me  decreases rapidly, while the concentration of each chemical
omponent increases, leading to deterioration of the virus’s liv-
ng environment and to substantial virus inactivation. To conclude,
he difference in virus inactivation between droplets of different
olumes is conditioned by the rate of the above-mentioned deteri-
ration

. Discussion and conclusions

COVID-19 patients’ respiratory activities (including breathing,
peaking, coughing, etc.) produce virus-containing droplets with
ifferent particle size distributions, and violent respiratory activi-
ies such as coughing or sneezing can lead to larger-sized droplets.

lthough the proportion of large-sized droplets in the different
xhaled droplets is small, the cumulative volume of large-sized
roplets is huge, and the number of viruses contained in large-
ized droplets is pronouncedly larger than in small-sized droplets.
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In the nose and throat swabs of COVID-19 patients, the amount of
viruses contained in their secretions is relatively high, reaching a
peak of 109 copies/mL in a few days, with a high viral load. The
large, exhaled droplets contain more viruses, and present a greater
risk of disease. From the instant when the patient exhales the virus-
containing droplets, the virus concentration drops rapidly as they
enter the air. The small particle droplets are suspended in the air,
and virus concentration gradually decreases with the passage of
time. However, large droplets travel through the air for a short time
after exhalation, and while the size of the large droplets decreases
slowly in the initial stage, without having a fatal impact on the
virus’ living environment, they quickly settle to the ground or on
the surface of nearby objects.

As regards large virus-containing droplets that quickly settle
to the ground or splash onto the surface of objects, experimental
study on the survival of viruses on the media surfaces shows that
within a few seconds or minutes, virus concentration declines by
about 3-4 orders of magnitude after the droplet falls onto the sur-
face. Experimental results suggest that virus concentration changes
after the exhaled droplets settle to the ground or to the surface of
objects, and that the viral living environment deteriorates rapidly
after the virus leaves the host and settles on the surfaces of nearby
objects, and virus concentration decreases significantly. Although
1 in 10,000 or 1 in a million viruses on the surface can remain active
for hours to days compared to the initial stage, their number and
pathogenicity are greatly reduced. In fact, the highest risk of media
transmission occurs when the surface is exposed to susceptible
persons shortly after being contaminated by infected droplets. As
time goes by, virus concentration decreases gradually, and the risk
drops accordingly, becoming small or even insignificant after a few
days or even a few hours. It also bears mentioning that the larger
the exhaled droplets, the larger the volume of the virus-containing
droplets deposited on the surface of an object, which is equivalent
to the evaporation of large particle size virus-containing droplets
on the surface of an object. The inactivation rate of the virus on the
object surface slows down significantly, and the deterioration of
the viral living environment is “alleviated”. As a result, large virus-
containing droplets exhaled by violent respiratory activities such
as coughing and sneezing increase the risk of transmission. These
results further suggest that prevention of media transmission over
time should be undertaken as early as possible.

The large saliva and sputum droplets deposited on the surface
of objects and clothing will evaporate and dry for several minutes
and go on to form droplet nuclei or spots. Due to the movement of
people or the flow of air, the virus may  be resuspended into the air,
possibly entailing a further risk of infection if inhaled by susceptible
people. The field measurement results in Wuhan Fangcang Hospi-
tal showed that the highest concentration of SARS-CoV-2 virus in
the dressing room was due to resuspension of the virus deposited
on the surface of the medical’s staff protective apparel [11]. How-
ever, the risk of transmission in secondary dust still depends on the
point in time when it is inhaled by susceptible people, so preven-
tion of infection should also be contemplated from the time axis
standpoint, and carried out as soon as possible. It behoove us to be
attentive the locations where patients or asymptomatic patients
often appear; that said in places where there are few patients or
that remain unoccupied for tens of minutes or hours, the risk of
transmission is very low.

The virus loads of patients or asymptomatic infected patients
have shown that the virus concentration released by the source of
infection varies pronouncedly at different times, at times reaching
109 copies/mL, and that it does so quite randomly. Once as normal

social activities are resumed, it is difficult to prevent the spread of
the virus. Experiments on aerosol virus-containing droplets have
shown that the concentration of viruses in the droplets declines
rapidly, and that the earlier the exposure to the virus, the greater
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he risk of infection of susceptible people. That is why, first of all,
ocial distancing is so important. Secondly, during a severe epi-
emic it is necessary during normal social activities to wear a mask,
hich can not only prevent the inhalation of droplets that have just

eft the contagious patient, but also to the greatest possible extent
reclude a potential impact on other individuals. Hence, it is more
onsiderate and of much lower social cost to wear a mask than to
e grounded at home or banned from social activities.

Surface survival experiments of virus-containing droplets have
hown that concentration of the viruses declines sharply with time
ue to the rapid deterioration of the viral living environment, and
hat over 99% of the virus are inactivated within a few minutes in
ormally sized saliva and sputum droplets. Taken together, these
bservations suggest that novel coronavirus transmission risk can
e effectively reduced when practicing good coughing etiquette
nd maintaining good sanitary habits such as no spitting, fre-
uent hand washing and no eye rubbing, the objective being to
educe the sources of infection. Secondly, surfaces should be fre-
uently cleaned with disinfectant in areas where people are active
nd tend to congregate, the objective being to remove potential
ources of infection. On the other hand, surface survival experi-
ents remind us that in low-risk public spaces, especially those

rotected by patient isolation, close contact tracing and body tem-
erature measurement during epidemic outbreak, the negative
ffects of excessive surface disinfection through the use of chemi-
als may  far outweigh the positive effects on epidemic prevention
nd control. In brief, disinfection and sterilization of outdoor urban
oads and facilities is not necessary; even though these surfaces
ay  indeed be contaminated with viruses, the likelihood of human

ontact is very low, and transmission risk over time is close to
egligible.

The primary transmission route of COVID-19 consists in inhal-
ng droplets produced by an infected person and circulating in the
ir or in touching virus-containing droplets deposited on the sur-
ace of objects. According to the results of survival experiments
edicated to virus-containing droplets in the air and on a surface,
nd given the mechanisms of virus survival and the specificities of
ropagation environments, it has been revealed that when virus
ransmission risk is analyzed over time after the virus has left the
ost, the focus and eventual difficulties of prevention and control
an be accurately assessed and determined. Effective scientifically
alidated prevention and control strategies can be communicated
he public to avoid human-induced panic and rapidly restore rou-
ine social and economic activities.
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