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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused huge social and
economic distress. Given its rapid spread and the lack of specific treatment options, SARS-CoV-2 needs
to be inactivated according to strict biosafety measures during laboratory diagnostics and vaccine
development. The inactivation method for SARS-CoV-2 affects research related to the natural virus and
its immune activity as an antigen in vaccines. In this study, we used size exclusion chromatography,
western blotting, ELISA, an electron microscope, dynamic light scattering, circular dichroism, and
surface plasmon resonance to evaluate the effects of four different chemical inactivation methods on
the physical and biochemical characterization of SARS-CoV-2. Formaldehyde and β-propiolactone
(BPL) treatment can completely inactivate the virus and have no significant effects on the morphology
of the virus. None of the four tested inactivation methods affected the secondary structure of the
virus, including the α-helix, antiparallel β-sheet, parallel β-sheet, β-turn, and random coil. However,
formaldehyde and long-term BPL treatment (48 h) resulted in decreased viral S protein content
and increased viral particle aggregation, respectively. The BPL treatment for 24 h can completely
inactivate SARS-CoV-2 with the maximum retention of the morphology, physical properties, and
the biochemical properties of the potential antigens of the virus. In summary, we have established
a characterization system for the comprehensive evaluation of virus inactivation technology, which
has important guiding significance for the development of vaccines against SARS-CoV-2 variants and
research on natural SARS-CoV-2.

Keywords: SARS-CoV-2; virus inactivation; formaldehyde; β-propiolactone; S protein; surface
plasmon resonance

1. Introduction

The rapid spread of the coronavirus disease 2019 (COVID-19), which is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has taken more than 6 mil-
lion human lives and caused huge economic losses around the world [1]. The SARS-CoV-2
infection has a wide range of clinical manifestations, ranging from asymptomatic to dysreg-
ulated immune response and severe/deadly disease [2–4]. Due to its fast-spreading nature
and a lack of effective therapeutics, live SARS-CoV-2 virus research must be conducted in a
biosafety level 3 (BSL3) facility [5]. In laboratories with lower biosafety levels and in the
development of all types of vaccines derived from whole viral particles, the SARS-CoV-2
virus must be completely inactivated and rendered non-infectious. The complete inacti-
vation of SARS-CoV-2 can help to ensure that experimental personnel work under safe
conditions, increase the number of laboratories and researchers engaged in SARS-CoV-2-
related research, and ensure the safety of inactivated virus-related biological products such
as inactivated vaccines [6]. Vaccines prepared via the inactivation of the whole virus play
an important role in the global fight against COVID-19, as they account for half the global
vaccine supply to date [7,8].
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An appropriate inactivator, correct inactivation procedures, and inactivation validation
are the most critical factors in the production of inactivated vaccines [9–12]. A reasonable
inactivation procedure should be tailored to the virus strain, the inactivator concentration,
and many other factors such as incubation time and virus concentration must be considered
to achieve a functional product [12]. Viral inactivation can be achieved by physical (heat, UV
irradiation) and chemical methods (detergents, SDS, TRIzol, formaldehyde, and BPL) [6,13].
Formaldehyde and BPL are the most readily available chemical inactivators for the inactivation
of viruses, and both are approved by regulatory agencies in various countries to produce
virus-inactivated biological products [14]. Formaldehyde inactivates viruses through the
cross-linking of virus surface proteins, while BPL inactivates viruses mainly via the acylation
or alkylation of virus DNA or RNA [15]. In the process of preparing COVID-19 vaccines,
BPL and formaldehyde are used to inactivate SARS-CoV-2 virus particles [7,16–18]. However,
because this is a new virus, there is currently no comprehensive study on the effects of
formaldehyde and BPL inactivation processes on the physical and chemical properties of
SARS-CoV-2, and there is no scientific standard for quantitatively evaluating the effects of
inactivation processes.

Surface plasmon resonance (SPR), a technology that allows for the label-free and real-
time detection of antigen–antibody interactions, has been used to detect antibodies that are
specific against SARS-CoV-2 [19]. Circular dichroism (CD) spectroscopy detects changes
in proteins’ secondary structures using UV radiation and has been used to detect the
S1 spike protein receptor-binding domain of SARS-CoV-2 [20]. In this study, we comprehen-
sively assessed the effects of four different chemical inactivation methods (formaldehyde,
formaldehyde + BPL, BPL, BPL + BPL) on the morphology, physical properties, and bio-
chemical properties of SARS-CoV-2 using size exclusion chromatography, western blotting,
ELISA, an electron microscope, dynamic light scattering, circular dichroism, and surface
plasmon resonance. We established an effective evaluation system for the chemical inac-
tivation of SARS-CoV-2 and confirmed that the BLP inactivation is a better process than
the other methods in this study. We observed that the inactivation method of BPL treat-
ment for 24 h not only ensures the complete inactivation of the virus but also maintains
the maximum homogeneity of the virus particles and the integrity of the antigen. Given
that the quality of the inactivated virus largely depends on the choice of inactivator, this
evaluation of the SARS-CoV-2 inactivation process can guide our preparation of inactivated
virus samples and the optimization of the process during vaccine production.

2. Materials and Methods
2.1. Virus Culturing

The virus strain was obtained from the Beijing Institute of Biological Products Co.,
Ltd., (batch number: W2021 (COVID-19-BJ-P7)03). The viruses were cultured in a 10 L
basket bioreactor at a temperature of 36 ± 1 ◦C. The virus supernatant was harvested
48–72 h after inoculation.

2.2. Virus Inactivation

After harvesting, the virus supernatant was clarified using a 1.5/0.8 µm filter. The
clarified virus supernatant was then inactivated using one of the four following methods.
(a) The virus was treated with formaldehyde at 36.5 ± 1 ◦C and a concentration of 0.1 g/L
for 48 h then dialyzed with 0.02 M PBS for 4 h three times to remove the formaldehyde.
(b) The virus was treated with formaldehyde at 36.5 ± 1 ◦C and a concentration of 0.1 g/L
for 48 h, dialyzed with 0.02 M PBS for 4 h three times, and then treated with BPL at a
concentration of 1:4000 at 2–8 ◦C for 20–24 h. The BPL was then degraded at 37 ± 1◦C for
2 h. (c) The virus was inactivated by BPL at a concentration of 1:4000 for 20–24 h at 2–8 ◦C.
The BPL was then degraded at 37 ± 1 ◦C for 2 h. (d) The virus was inactivated with BPL at
a ratio of 1:4000 at 2–8 ◦C for 20–24 h, followed by cell debris clarification, incubation at
37 ± 1 ◦C for 2 h, and a second BPL inactivation (1:4000 (v/v)).
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2.3. Validation of the Inactivation

Ten milliliters of inactivated SARS-CoV-2 was used to inoculate Vero monolayers in
75 cm2 flasks, and negative control cells were prepared; the cells were then cultured at
36 ± 1 ◦C for 4 days. This was the first passage. Then, 20 mL of supernatant from the cells in
the flask was inoculated onto two additional Vero monolayers in 75 cm2 flasks (10 mL each)
and incubated at 36 ± 1 ◦C for 4 days. This was the second passage. Then, 10 mL of
supernatant from the cells in the flask was inoculated onto further Vero monolayers in
75 cm2 flasks and incubated at 36 ± 1 ◦C for 4 days. This was the third passage. No
cytopathic effect (CPE) was observed in any of the three passages.

After being consecutively blind passaged for three generations, the supernatant and
cells were re-verified by immunofluorescence. The supernatant was inoculated onto Vero
cells and cultured in a 37 ◦C incubator. The cells were cultured in a 12-well plate after diges-
tion with trypsin for 48 h and then washed three times with potassium-free PBS. The cells
were fixed with 4% paraformaldehyde, and primary antibody (rabbit anti-SARS-CoV-2,
dilution 1:100) was added overnight at 4 ◦C, then they were washed three times with PBS.
The secondary antibody (FITC-labeled anti-rabbit IgG, dilution 1:100) was added for 40 min
at 37 ◦C then washed three times with PBS. Then, DAPI dye for nuclear staining was added
to each sample for 5 min, after which they were washed with PBS. The cells were mounted
with PBS–glycerol (1:1) solution and examined with a fluorescence microscope.

2.4. Virus Purification

The inactivated SARS-CoV-2 viral supernatant was filtered through a 0.45 µm filter
membrane to remove cell debris. Then, concentrated virus was obtained via 30 times
ultrafiltration concentration using filters with 300 kDa cut-off membranes. Nuclease was
added to a final concentration of 50 U/mL at 37 ◦C for 1 h to degrade the residual DNA
in the Vero cells. Capto Core 700 gel was loaded into the column, washed with 1 mol/L
sodium hydroxide solution, and balanced with PBS buffer. The concentrated virus was
loaded into the gel and eluted with PBS. Under the detection of UV 280 nm, the first peak
was collected for the follow-up experiment.

2.5. SDS-PAGE

The purity chromatography was characterized by 12% protein electrophoresis pre-
formed on M5 Prestained Plus Protein Ladders. The images were analyzed using a lumi-
nescent image analyzer.

2.6. Western Blot

The protein samples were denatured via boiling for 10 min and loaded onto SDS-PAGE
for electrophoresis. The gel was transferred to a PVDF membrane at 50 V for 2 h and closed
using 5% BSA, followed by the addition of 1/1000-diluted SARS-CoV-2 spike primary
antibody (40591-T62, Sino Biological, Beijing, China) overnight. It was then washed three
times using PBST (PBS: Tween = 1000:1), incubated for 1 h with 1/10,000-diluted IgG
secondary antibody (17294442, Cytiva, Marlborough, MA, USA), washed three times using
PBST, and incubated using ECL. The luminescent image was detected using Amersham
ImageQuant 800.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

Coated antibodies (20210310, BIBP, Beijing, China) were diluted using 1/5000 coating
solution and placed on ELISA plates at 2–8 ◦C overnight at 100 µL/well. They were
washed five times with 300 µL/well of PBST (PBST:Tween = 2000:1), and 200 µL/well of
PBS containing 1% BSA was added for 2 h at 37 ◦C. The closure solution was then decanted
for use. We added 100 µL/well of standard, negative control and inactivated sample
and to ELISA plates at 37 ◦C in a constant temperature water bath for 2 h. The standard
inactivated virus is the reference product for the determination of the antigen content of
the SARS-CoV-2 inactivated vaccine (Vero cells) stock solution (STD-nCoV-2021004, BIBP,
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China). The standard, the antigen concentration of which was 16 U/mL, was diluted
from 2 to 128 times. The samples were diluted from 2 to 256 times. Then, the plate was
washed with PBST five times. We added 100 µL/well of 1/1250-diluted antibody detection
working solution (W2021032S, BIBP, China) and incubated the solution for 1 h at 37 ◦C in a
constant temperature water bath. We then washed it five times with PBST. We added 100
µL/well of 1/4000-diluted enzyme labeled antibody working solution and incubated it
for 1 h in a constant temperature water bath at 37 ◦C. We then washed it five times with
PBST. We added 50 µL/well of color development A and color development B solution,
respectively, and incubated them for 15 min at room temperature while protected from
light. We added 50 µL/well of the termination solution and read the reaction at 450/630
nm with an enzyme marker within 15 min of termination. Four-parameter fitting was
performed on the standard concentration and absorbance to obtain the standard curve
equation using Gen5 software.

2.8. Quantitative Determination of Protein

The protein concentration of the virus samples was measured via the Lowry assay. To
1 mL of sample and protein standards from 5 to 100 µg/mL, we added 1 mL of the alkaline
copper reagent, and then, we mixed it and allowed it to stand for 10 min. We added 4 mL
of Folin–Ciocalteu’s reagent mix diluted 16 times, vortexed it thoroughly, and incubated it
for 30 min. After incubation, we vortexed it again and measured the absorbance at 650 nm.

2.9. EM Sample Preparation

Samples were applied to a carbon-coated copper grid previously emitted at low pres-
sure, stained with 2% uranyl acetate, and visualized with a Tecnai T12 electron microscope
(FEI) equipped with a LaB6 filament operating at an accelerating voltage of 120 kV. The
images were recorded on imaging plates using a low-dose procedure with a magnification
of 23,000× and a bokeh of approximately 1.5 µm.

2.10. Dynamic Light Scattering (DLS)

The average size and zeta potential of BNP, DNP, MNP, and CNP were determined by
dynamic light scattering (DLS) using a ZetaSizer Nano Series Nano ZS (Malvern Instru-
ments Ltd., Malvern, UK). Measurements were performed at a constant angle of 173◦ after
appropriate dilution of inactivated samples in distilled water. Each batch was analyzed
three times.

2.11. Circular Dichroism (CD) Spectroscopy

The protein concentration of the inactivated sample was fixed at 0.5 mg/mL. The
circular dichroism (CD) was obtained using a MOS-500 circular dichroism chromatograph
with the following parameters: starting wavelength 190 nm; ending wavelength 260 nm;
step 1 nm; repeat one time; acquisition period 1s/point; UV spectrum from 190 to 260 nm.
The secondary structures of the samples were fitted and calculated using CDNN software,
and the results reported include Helix (Helix), Antiparallel (Anti-parallel β-fold), Parallel
(Parallel β-fold), Beta-Turn (Beta-turn), and Rndm. Coil (Irregular Coil).

2.12. Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) experiments were performed using a BIAcore
T200 machine (BIAcore, GE Healthcare) in PBS buffer (with 0.05% Tween added) at 25 ◦C.
The purified virus was immobilized on the surface of the CM5 sensor chip using the
NHS/EDC method, resulting in a response unit of approximately 5000. A gradient concen-
tration of SARS-CoV-2 spike chimeric monoclonal antibody (40150-D002, Sino Biological,
Beijing, China) was then passed through the chip at a rate of 30 µL/min. After each injection
cycle, the chip was regenerated using a solution containing 3 M MgCl2. Binding affinity
was obtained by globally fitting the curve using BIA evaluation software.
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3. Results
3.1. Effects of Different Inactivation Methods on the Homogeneity of Virus Particles

The infectivity of the viral supernatants was measured by CPE. Our results demon-
strate that all four inactivation methods were efficient at inactivating the virus completely
(data not shown). Firstly, we purified the virus and examined the homogeneity of the
viral particles treated with different inactivation methods using size exclusion chromatog-
raphy. The results showed that the UV absorption curves of formaldehyde-inactivated
and formaldehyde + BPL-inactivated groups were wide and flat (Figure 1A,B). The UV
absorption curves of the BPL-inactivated and BPL + BPL-inactivated groups were nar-
row and sharp (Figure 1C,D). These results indicate that formaldehyde-inactivated and
formaldehyde + BPL-inactivated treatments affect the dispersity and homogeneity of the
viral particles. The remaining two inactivation methods had less of an impact on the
physical properties of the viral proteins.
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Figure 1. Size exclusion chromatography results of different inactivated virus samples (A–D). Size
exclusion chromatography (SEC) results of viral supernatant inactivated with four different chemical
inactivation methods (A) Formaldehyde-inactivated. (B) Formaldehyde + BPL-inactivated. (C) BPL-
inactivated. (D) BPL + BPL-inactivated.

3.2. Formaldehyde and BPL Treatment Have Less of an Impact on the Morphology of SARS-CoV-2

Electron microscopy has been used to evaluate the structural characteristics of inac-
tivated SARS-CoV-2 [21]. To test whether SARS-CoV-2 undergoes morphologic changes
during formaldehyde or BPL treatment, we used an electron microscope to study the
virus morphology. Viral supernatant treated with formaldehyde or BPL was analyzed via
negative staining. As is shown in Figure 2A–D, the virus particles treated with different in-
activation methods have normal morphological structures and crown shapes. These results
indicate that formaldehyde and BPL treatment have little impact on the morphological
structure of SARS-CoV-2.
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Figure 2. Electron microscope images of the morphology of different inactivated virus sam-
ples. (A) Formaldehyde-inactivated. (B) Formaldehyde + BPL-inactivated. (C) BPL-inactivated.
(D) BPL + BPL-inactivated. Scale bar, 100 nm.

3.3. Long Time Treatment of BPL Causes the Aggregation of SARS-CoV-2

Earlier studies have demonstrated that BPL treatments with high concentrations cause
the aggregation of virus particles [9] and that formaldehyde treatment causes protein
crosslinking [15]. To test whether SARS-CoV-2 undergoes aggregation during formalde-
hyde or BPL treatment, we used dynamic light scattering (DLS) to study the virus’s particle
size distribution in a suspension (Figure 3A–D). The dynamic light scattering results showed
that the viral particles treated with BPL for 24 h had an average size of about 127 nm and
that the size increased to over 150 nm after 48 h of treatment with BPL (Table 1). The particle
size of the BPL-inactivated group was significantly lower than that of the BPL + BPL group
and formaldehyde + BPL group (Figure 3E). The particle size of the BPL + BPL-inactivated
group was significantly greater than that of the other three groups (Figure 3E). Taken
together, these results demonstrate that treatment with BPL for a long time causes the
aggregation of SARS-CoV-2 particles in a time-dependent manner. Therefore, it is necessary
to control the inactivation time when using BPL (not higher than 24 h) and to remove BPL
quickly after inactivation.
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Figure 3. Dynamic light scattering (DLS) analysis graphs of different inactivated virus sam-
ples: (A) Formaldehyde-inactivated (FA-inactivated). (B) Formaldehyde + BPL-inactivated
(FA + BPL-inactivated). (C) BPL-inactivated. (D) BPL + BPL-inactivated. (E) Dynamic light scat-
tering (DLS) results of different inactivated virus samples. FA, formaldehyde. * p < 0.05, ** p < 0.01
and *** p < 0.001 were defined as statistically significant.

Table 1. Dynamic light scattering (DLS) results of different inactivated virus samples.

Sample Particle Size
(nm) PDI (Polydispersity Index)

Formaldehyde-inactivated 129.60 ± 1.77 0.11 ± 0.01
Formaldehyde + BPL-inactivated 130.20 ± 0.16 0.13 ± 0.02

BPL-inactivated 127.40 ± 0.59 0.13 ± 0.03
BPL + BPL-inactivated 152.47 ± 3.18 0.25 ± 0.01

3.4. Formaldehyde and BPL Treatment Have Less of an Impact on the Secondary Structure of
SARS-CoV-2

We used CD analyses in the far region to estimate the secondary structure of the
virus (Figure 4A–D). According to a quantitative analysis of the far UV-CD spectra, as
can be seen in Table 2, the viruses treated with the four different inactivation methods
have similar proportions of α-helixes, antiparallel β-sheets, parallel β-sheets, β-turns, and
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random coils, indicating that the treatments only have a tiny impact on the secondary
structure of SARS-CoV-2. These results suggest that formaldehyde and BPL treatment have
no significant effect on SARS-CoV-2’s secondary structure.
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Table 2. The percentage of secondary structure contents of different inactivated virus samples
obtained in the CD studies.

Samples α-Helixes Antiparallel β-Sheets Parallel β-Sheets β-Turns Random Coils

Formaldehyde-inactivated 6.80% 47.30% 3.80% 16.70% 29.40%
Formaldehyde + BPL-inactivated 6.50% 48.20% 3.80% 16.50% 29.60%

BPL-inactivated 6.60% 47.50% 3.80% 16.50% 29.80%
BPL + BPL-inactivated 6.50% 47.60% 3.80% 16.50% 29.70%

3.5. Effects of Different Inactivation Methods on the Content of S Antigen

We further tested the epitope integrity of SARS-CoV-2 virions inactivated with BPL.
Virus samples were electrophoresed via SDS-PAGE to visualize the antigens. SDS-PAGE
and western blotting results indicated that the formaldehyde-inactivated and
formaldehyde + BPL-inactivated treatments caused crosslinks and viral protein aggre-
gation, as can be seen in Figure 5A,B. However, BPL inactivation does not have this adverse
effect (Figure 5A). We then studied the effect of different inactivation methods on virus
antigens via ELISA. The results showed that BPL-inactivated virus particles had the highest
antigen/protein ratio when compared with the other groups (Table 3). Formaldehyde
treatment caused a considerable loss of antigens. In summary, the above results indicate
that BPL inactivation can better maintain virus antigenic integrity.
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Table 3. ELISA analysis of protein and antigen concentrations of different inactivated virus samples.

Sample Protein Concentration
(µg/mL)

Antigen Concentration
(U/mL)

Ratio
(U/µg)

Formaldehyde-inactivated 332.4 267.9 0.81
Formaldehyde +
BPL-inactivated 211.33 224.57 1.06

BPL-inactivated 327.56 623.38 1.90
BPL + BPL-inactivated 308.19 372.56 1.21

3.6. Formaldehyde and BPL Treatment Does Not Affect the Ability of the SARS-CoV-2 to Bind to
the S Protein Antibody

The SPR method is commonly used for detecting antigen–antibody affinity [22]. To fur-
ther evaluate the impact of different inactivation methods on the immunological properties
of SARS-CoV-2, we performed SRP experiments. We used the SARS-CoV-2 spike chimeric
monoclonal antibody to examine the equilibrium dissociation constants for viruses treated
with four different inactivation methods. The results showed that the affinities of the viruses
treated by the four inactivation methods to the SARS-CoV-2 spike chimeric monoclonal
antibody D002 were all at the nanomolar level, with no significant differences between
them (Figure 6A–D, Supplementary Figure S1). These results indicate that formaldehyde
and BPL treatment made no significant difference to the affinity of SARS-CoV-2 for S
monoclonal antibody.
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4. Discussion

Due to the huge loss of life and property caused by COVID 19, the development
of effective vaccines is a top priority. Several vaccine platforms are being investigated,
including whole virus vaccine platforms, protein-based vaccine platforms, and nanoparticle
and genetic vaccine platforms [1].

Virus inactivation is one of the most important steps in virology research and inacti-
vated vaccine development. Common inactivators include β-propiolactone and formalde-
hyde. However, there is no common standard for the design and determination of the
inactivation process. At present, intensive methods are usually selected in laboratory
studies, such as heat, detergent, UV, high-concentration formaldehyde, etc., which may
cause irreversible damage to the virus [6,23]. In vaccine production, the inactivator BPL,
which was applied in the first SARS-CoV-2 inactivated vaccine, has been used [7,24–26].
Meanwhile, there have also been reports on the combination of formaldehyde and BPL to
inactivate the virus. However, the impact on various aspects of the nature of the virus was
not evaluated in a systematic way during the selection of inactivators.

Because BPL and formaldehyde are both common inactivators and have been reported
to inactivate SARS-CoV-2 successfully, four inactivation methods were reproduced in this
study, all of which inactivated the SARS-CoV-2 virus thoroughly. Then, we used various
tools to characterize the physical and biochemical properties of SARS-CoV-2 viral particles
following different treatments.

The results showed that formaldehyde treatment reduced the homogeneity of virus
particles. Although there were no significant differences in the negative staining or circular
dichroism spectra, the treament’s performance in terms of size exclusion chromatography
became worse, and its UV absorption curve became less sharp. An examination of the S
protein showed that the viral S protein after formaldehyde treatment displayed dispersive
bands and cross-linking upon SDS-PAGE. Compared with the 20–24 h BPL treatment, the
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S antigen content decreased by more than twice. After BPL treatment, the virus particles
remained relatively homogenous, and the S protein was still clear. These results confirm
the chemical properties of formaldehyde, which can cause viral protein cross-linking and
denaturation and damage viral surface antigens. Therefore, although formaldehyde does
not destroy the morphology or secondary structure of the virus, compared with BPL,
formaldehyde is not a suitable SARS-CoV-2 inactivator.

It is noteworthy that BPL treatment over a long time (48 h) can cause aggregation so
that the virus particle sizes increased from about 130 nm to 150 nm, and the surface S antigen
content is also slightly reduced. Previous studies have shown that high concentrations of
BPL also cause the aggregation of SARS-CoV-2 [9]. Therefore, attention should be paid to
treatment concentration and treatment time during BPL inactivation.

This study also attempted to study the function of the S protein in inactivated SARS-
CoV-2. We tested the equilibrium dissociation constants of viral particles treated with
different inactivators with monoclonal antibodies against the S protein, and the results
showed only tiny differences in their affinity for antibodies. This may be due to the
limitations of SPR. Formaldehyde treatment can destroy the S protein and lead to a decrease
in the antigen amount, but it cannot completely destroy the antigen count. The remaining
S protein still maintained a good and consistent affinity for monoclonal antibodies.

Previous studies have shown that inactivators affect virus antigenicity, particle size,
and surface protein functions (such as the affinity for receptors, the ability to promote
membrane fusion, etc.) [9,14,15]. Our study confirmed that different inactivators and
inactivation procedures also have effects on SARS-CoV-2 in terms of its physical and
biochemical characteristics.

In this study, the effect of different inactivation processes on SARS-CoV-2 was com-
prehensively assessed. We found that 20–24 h BPL treatment can best ensure the complete
inactivation of the virus, retain antigen activity to the maximum extent, and ensure virus
dispersity. Additionally, we used a variety of systematic and effective tools to characterize
the inactivated viruses in a multi-dimensional manner. These results provide important
guidance and evaluation tools for SARS-CoV-2 research and for the selection and continu-
ous optimization of inactivators and process parameters in vaccine production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14091938/s1. Figure S1: SPR analysis of different inactivated
virus samples to SARS-CoV-2 Spike chimeric monoclonal antibody D002.

Author Contributions: Conceptualization, X.Y., H.W. (Hui Wang) and S.Y.; data collection, S.Y.,
Y.W. (Yangyang Wei), H.L., Z.C., S.X., H.W. (Hao Wu), W.L., Y.W. (Yichuan Wang), Y.L. and J.L.;
data interpretation and investigation, S.Y., Y.W. (Yangyang Wei) and W.J.; writing—original draft,
S.Y., Y.W. (Yangyang Wei) and W.J.; writing—review and editing, X.Y., H.W. (Hui Wang), S.Y., Y.W.
(Yangyang Wei) and W.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Beijing Nova Program (Z201100006820128) and Beijing
Science and technology plan (Z211100002521017).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Acosta-Coley, I.; Cervantes-Ceballos, L.; Tejeda-Benítez, L.; Sierra-Márquez, L.; Cabarcas-Montalvo, M.; García-Espiñeira, M.;

Coronell-Rodríguez, W.; Arroyo-Salgado, B. Vaccines platforms and COVID-19: What you need to know. Trop. Dis. Travel Med.
Vaccines 2022, 8, 20. [CrossRef] [PubMed]

2. Agrati, C.; Carsetti, R.; Bordoni, V.; Sacchi, A.; Quintarelli, C.; Locatelli, F.; Ippolito, G.; Capobianchi, M.R. The Immune
Response as a Double-Edged Sword: The Lesson Learnt during the COVID-19 Pandemic. Immunology 2022. Available online:
https://onlinelibrary.wiley.com/doi/epdf/10.1111/imm.13564 (accessed on 16 August 2022). [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/v14091938/s1
https://www.mdpi.com/article/10.3390/v14091938/s1
http://doi.org/10.1186/s40794-022-00176-4
http://www.ncbi.nlm.nih.gov/pubmed/35965345
https://onlinelibrary.wiley.com/doi/epdf/10.1111/imm.13564
http://doi.org/10.1111/imm.13564
http://www.ncbi.nlm.nih.gov/pubmed/35971810


Viruses 2022, 14, 1938 12 of 13

3. Marino, A.; Munafò, A.; Augello, E.; Bellanca, C.M.; Bonomo, C.; Ceccarelli, M.; Musso, N.; Cantarella, G.; Cacopardo, B.;
Bernardini, R. Sarilumab Administration in COVID-19 Patients: Literature Review and Considerations. Infect. Dis. Rep. 2022, 14,
360–371. [CrossRef]

4. Marino, A.; Pampaloni, A.; Scuderi, D.; Cosentino, F.; Moscatt, V.; Ceccarelli, M.; Gussio, M.; Celesia, B.M.; Bruno, R.; Borraccino,
S.; et al. High-flow nasal cannula oxygenation and tocilizumab administration in patients critically ill with COVID-19: A report
of three cases and a literature review. World Acad. Sci. J. 2020, 2, 23. [CrossRef]

5. Loveday, E.K.; Hain, K.S.; Kochetkova, I.; Hedges, J.F.; Robison, A.; Snyder, D.T.; Brumfield, S.K.; Young, M.J.; Jutila, M.A.; Chang,
C.B.; et al. Effect of Inactivation Methods on SARS-CoV-2 Virion Protein and Structure. Viruses 2021, 13, 562. [CrossRef]

6. Patterson, E.I.; Prince, T.; Anderson, E.R.; Casas-Sanchez, A.; Smith, S.L.; Cansado-Utrilla, C.; Solomon, T.; Griffiths, M.J.;
Acosta-Serrano, Á.; Turtle, L.; et al. Methods of Inactivation of SARS-CoV-2 for Downstream Biological Assays. J. Infect. Dis. 2020,
222, 1462–1467. [CrossRef]

7. Wang, H.; Zhang, Y.; Huang, B.; Deng, W.; Quan, Y.; Wang, W.; Xu, W.; Zhao, Y.; Li, N.; Zhang, J.; et al. Development of an
Inactivated Vaccine Candidate, BBIBP-CorV, with Potent Protection against SARS-CoV-2. Cell 2020, 182, 713–721.e9. [CrossRef]
[PubMed]

8. Al Kaabi, N.; Zhang, Y.; Xia, S.; Yang, Y.; Al Qahtani, M.M.; Abdulrazzaq, N.; Al Nusair, M.; Hassany, M.; Jawad, J.S.; Abdalla, J.;
et al. Effect of 2 Inactivated SARS-CoV-2 Vaccines on Symptomatic COVID-19 Infection in Adults: A Randomized Clinical Trial.
JAMA 2021, 326, 35–45. [CrossRef]

9. Gupta, D.; Parthasarathy, H.; Sah, V.; Tandel, D.; Vedagiri, D.; Reddy, S.; Harshan, K.H. Inactivation of SARS-CoV-2 by β-
propiolactone causes aggregation of viral particles and loss of antigenic potential. Virus Res. 2021, 305, 198555. [CrossRef]

10. Widera, M.; Westhaus, S.; Rabenau, H.F.; Hoehl, S.; Bojkova, D.; Cinatl, J.; Ciesek, S. Evaluation of stability and inactivation
methods of SARS-CoV-2 in context of laboratory settings. Med. Microbiol. Immunol. 2021, 210, 235–244. [CrossRef]

11. Awadasseid, A.; Wu, Y.; Tanaka, Y.; Zhang, W. Current advances in the development of SARS-CoV-2 vaccines. Int. J. Biol. Sci.
2021, 17, 8–19. [CrossRef] [PubMed]

12. Herrera-Rodriguez, J.; Signorazzi, A.; Holtrop, M.; de Vries-Idema, J.; Huckriede, A. Inactivated or damaged? Comparing the
effect of inactivation methods on influenza virions to optimize vaccine production. Vaccine 2019, 37, 1630–1637. [CrossRef]

13. Auerswald, H.; Yann, S.; Dul, S.; In, S.; Dussart, P.; Martin, N.J.; Karlsson, E.A.; Garcia-Rivera, J.A. Assessment of inactivation
procedures for SARS-CoV-2. J. Gen. Virol. 2021, 102, 001539. [CrossRef] [PubMed]

14. Goldstein, M.A.; Tauraso, N.M. Effect of formalin, beta-propiolactone, merthiolate, and ultraviolet light upon influenza virus
infectivity chicken cell agglutination, hemagglutination, and antigenicity. Appl. Microbiol. 1970, 19, 290–294. [CrossRef] [PubMed]

15. Fan, C.; Ye, X.; Ku, Z.; Kong, L.; Liu, Q.; Xu, C.; Cong, Y.; Huang, Z. Beta-Propiolactone Inactivation of Coxsackievirus A16
Induces Structural Alteration and Surface Modification of Viral Capsids. J. Virol. 2017, 91, e00038-17. [CrossRef]

16. Gao, Q.; Bao, L.; Mao, H.; Wang, L.; Xu, K.; Yang, M.; Li, Y.; Zhu, L.; Wang, N.; Lv, Z.; et al. Development of an inactivated vaccine
candidate for SARS-CoV-2. Science 2020, 369, 77–81. [CrossRef]

17. Zhang, X.Y.; Guo, J.; Wan, X.; Zhou, J.G.; Jin, W.P.; Lu, J.; Wang, W.H.; Yang, A.N.; Liu, D.X.; Shi, Z.L.; et al. Biochemical and
antigenic characterization of the structural proteins and their post-translational modifications in purified SARS-CoV-2 virions of
an inactivated vaccine candidate. Emerg. Microbes Infect. 2020, 9, 2653–2662. [CrossRef] [PubMed]

18. Chen, H.; Xie, Z.; Long, R.; Fan, S.; Li, H.; He, Z.; Xu, K.; Liao, Y.; Wang, L.; Zhang, Y.; et al. A valid protective immune
response elicited in rhesus macaques by an inactivated vaccine is capable of defending against SARS-CoV-2 infection. bioRxiv
2020, 2020.08.04.235747.

19. Basso, C.R.; Malossi, C.D.; Haisi, A.; de Albuquerque Pedrosa, V.; Barbosa, A.N.; Grotto, R.T.; Araujo Junior, J.P. Fast and reliable
detection of SARS-CoV-2 antibodies based on surface plasmon resonance. Anal. Methods Adv. Methods Appl. 2021, 13, 3297–3306.
[CrossRef]

20. He, Y.; Qi, J.; Xiao, L.; Shen, L.; Yu, W.; Hu, T. Purification and characterization of the receptor-binding domain of SARS-CoV-2
spike protein from Escherichia coli. Eng. Life Sci. 2021, 21, 453–460. [CrossRef]

21. Liu, C.; Mendonça, L.; Yang, Y.; Gao, Y.; Shen, C.; Liu, J.; Ni, T.; Ju, B.; Liu, C.; Tang, X.; et al. The Architecture of Inactivated
SARS-CoV-2 with Postfusion Spikes Revealed by Cryo-EM and Cryo-ET. Structure 2020, 28, 1218–1224.e4. [CrossRef] [PubMed]

22. Wang, K.; Zheng, B.; Zhang, L.; Cui, L.; Su, X.; Zhang, Q.; Guo, Z.; Guo, Y.; Zhang, W.; Zhu, L.; et al. Serotype specific epitopes
identified by neutralizing antibodies underpin immunogenic differences in Enterovirus B. Nat. Commun. 2020, 11, 4419. [CrossRef]
[PubMed]

23. Yao, H.; Song, Y.; Chen, Y.; Wu, N.; Xu, J.; Sun, C.; Zhang, J.; Weng, T.; Zhang, Z.; Wu, Z.; et al. Molecular Architecture of the
SARS-CoV-2 Virus. Cell 2020, 183, 730–738.e13. [CrossRef]

24. Xia, S.; Duan, K.; Zhang, Y.; Zhao, D.; Zhang, H.; Xie, Z.; Li, X.; Peng, C.; Zhang, Y.; Zhang, W.; et al. Effect of an Inactivated
Vaccine Against SARS-CoV-2 on Safety and Immunogenicity Outcomes: Interim Analysis of 2 Randomized Clinical Trials. JAMA
2020, 324, 951–960. [CrossRef]

http://doi.org/10.3390/idr14030040
http://doi.org/10.3892/wasj.2020.64
http://doi.org/10.3390/v13040562
http://doi.org/10.1093/infdis/jiaa507
http://doi.org/10.1016/j.cell.2020.06.008
http://www.ncbi.nlm.nih.gov/pubmed/32778225
http://doi.org/10.1001/jama.2021.8565
http://doi.org/10.1016/j.virusres.2021.198555
http://doi.org/10.1007/s00430-021-00716-3
http://doi.org/10.7150/ijbs.52569
http://www.ncbi.nlm.nih.gov/pubmed/33390829
http://doi.org/10.1016/j.vaccine.2019.01.086
http://doi.org/10.1099/jgv.0.001539
http://www.ncbi.nlm.nih.gov/pubmed/33416462
http://doi.org/10.1128/am.19.2.290-294.1970
http://www.ncbi.nlm.nih.gov/pubmed/5437304
http://doi.org/10.1128/JVI.00038-17
http://doi.org/10.1126/science.abc1932
http://doi.org/10.1080/22221751.2020.1855945
http://www.ncbi.nlm.nih.gov/pubmed/33232205
http://doi.org/10.1039/D1AY00737H
http://doi.org/10.1002/elsc.202000106
http://doi.org/10.1016/j.str.2020.10.001
http://www.ncbi.nlm.nih.gov/pubmed/33058760
http://doi.org/10.1038/s41467-020-18250-w
http://www.ncbi.nlm.nih.gov/pubmed/32887892
http://doi.org/10.1016/j.cell.2020.09.018
http://doi.org/10.1001/jama.2020.15543


Viruses 2022, 14, 1938 13 of 13

25. Abdoli, A.; Aalizadeh, R.; Aminianfar, H.; Kianmehr, Z.; Teimoori, A.; Azimi, E.; Emamipour, N.; Eghtedardoost, M.; Siavashi, V.;
Jamshidi, H.; et al. Safety and potency of BIV1-CovIran inactivated vaccine candidate for SARS-CoV-2: A preclinical study. Rev.
Med. Virol. 2022, 32, e2305. [CrossRef] [PubMed]

26. Kozlovskaya, L.I.; Piniaeva, A.N.; Ignatyev, G.M.; Gordeychuk, I.V.; Volok, V.P.; Rogova, Y.V.; Shishova, A.A.; Kovpak, A.A.; Ivin,
Y.Y.; Antonova, L.P.; et al. Long-term humoral immunogenicity, safety and protective efficacy of inactivated vaccine against
COVID-19 (CoviVac) in preclinical studies. Emerg. Microbes Infect. 2021, 10, 1790–1806. [CrossRef] [PubMed]

http://doi.org/10.1002/rmv.2305
http://www.ncbi.nlm.nih.gov/pubmed/34699647
http://doi.org/10.1080/22221751.2021.1971569
http://www.ncbi.nlm.nih.gov/pubmed/34427172

	Introduction 
	Materials and Methods 
	Virus Culturing 
	Virus Inactivation 
	Validation of the Inactivation 
	Virus Purification 
	SDS-PAGE 
	Western Blot 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Quantitative Determination of Protein 
	EM Sample Preparation 
	Dynamic Light Scattering (DLS) 
	Circular Dichroism (CD) Spectroscopy 
	Surface Plasmon Resonance (SPR) 

	Results 
	Effects of Different Inactivation Methods on the Homogeneity of Virus Particles 
	Formaldehyde and BPL Treatment Have Less of an Impact on the Morphology of SARS-CoV-2 
	Long Time Treatment of BPL Causes the Aggregation of SARS-CoV-2 
	Formaldehyde and BPL Treatment Have Less of an Impact on the Secondary Structure of SARS-CoV-2 
	Effects of Different Inactivation Methods on the Content of S Antigen 
	Formaldehyde and BPL Treatment Does Not Affect the Ability of the SARS-CoV-2 to Bind to the S Protein Antibody 

	Discussion 
	References

