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Background: Despite multifactorial evidence, the safe and effective elimination of free-
floating micro-organisms remains a significant scientific challenge. ZeBox Technology
exploits microbial Zeta Potential, to extract and eliminate them from free-flowing air,
using a non-ionizing electric field, in combination with a microbicidal surface.
Aim: Evaluation of ZeBox Technology against aerosolized SARS-CoV-2 and Mycobacterium
tuberculosis under controlled conditions.
Methods: SARS-CoV-2 and M. tuberculosis H37Ra were used in this study. Individual micro-
organisms were aerosolized using a Collison nebulizer inside an air-sealed test chamber. Air
samples were collected from the chamber on to a Mixed Cellulose Ester membrane, at
various time points, and used for enumeration. SARS-CoV-2 was enumerated using qRT-PCR,
while M. tuberculosis H37Ra was quantified using standard microbiological procedures.
Findings: We established a viable aerosolized microbial load of w10E9 and w10E6 for
SARS-CoV-2 and M. tuberculosis H37Ra, respectively, inside the test chamber. Under ideal
conditions, the floating microbial load was at a steady-state level of 10E9 for SARS-CoV-2
and 10E6 for M. tuberculosis. When the ZeBox-Technology-enabled device was operated,
the microbial load reduced significantly. A reduction of w10E4.7 was observed for
M. tuberculosis, while a reduction of w10E7 for SARS-CoV-2 was observed within a short
duration. The reduction in airborne SARS-CoV-2 load was qualitatively and quantitatively
measured using fluorescence analysis and qRT-PCR methods, respectively.
Conclusion: This validation demonstrates the efficacy of the developed technology against
two of the deadliest micro-organisms that claim millions of lives worldwide. In conjunction
with the existing reports, the present validation proved the true broad-spectrum elimi-
nation capability of ZeBox technology.
ª 2022 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
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ociety. Published by Elsevier
Introduction

Infection-causing bioaerosols that comprise micro-
organisms (viruses, bacteria, fungi), often transmitted inter-
personally as airborne particles, have been known to the
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medical fraternity for over a century. This phenomenon is now
in the public limelight due to the COVID-19 pandemic [1,2].
Bioaerosols are often generated by an infected human while
sneezing (a process defined by a sudden involuntary expulsion
of air from the nose and mouth, where millions of droplets of
water and mucus are expelled at about 100 m/s). These
droplets initially are about 10e100 mm in diameter but dry
rapidly depending on the relative humidity of the ambient air
to form droplet nuclei (1e4 mm) containing micro-organisms
[3]. This phenomenon is the primary means of transmitting
viral pathogens causing diseases such as COVID-19, SARS, MERS,
chickenpox, flu, measles, and bacterial pathogens causative of
whooping cough and meningitis diphtheria, pneumonia and
tuberculosis [4,5]. It would be of global medical significance if
we could eliminate SARS-CoV-2 and Mycobacterium tuber-
culosis from the air with a non-intrusive technology that is safe
to be operated in the presence of humans.

Filtration, electrostatic precipitation, chemical fumigation,
and ultraviolet germicidal irradiation (UVGI; using 254-nm
light) are the frequently used clean-air technologies to
address the rising concern of indoor air quality [6]. Filtration
and electrostatic precipitation are examples of non-germicidal
technologies. Microbes trapped inside filters can proliferate in
situ and pose severe hazards during disposal [7]. Electrostatic
precipitation uses an electric field to attract and trap pre-
charged aerosols generated by corona discharge; however, it
frequently produces gases such as ozone that can cause serious
health issues [8]. Although they cannot be deployed in the
presence of humans, chemical fumigation and UVGI can dis-
infect an entire room. UVGI is often used to disinfect upper
room air and air circulating through ventilation ducts. How-
ever, the microbicidal action of UVGI depends on environ-
mental parameters such as humidity and requires a minimum
duration of exposure to microbes [9].

In a recent publication [10], we described a novel technol-
ogy called ‘ZeBox’ that exploits microbial Zeta Potential to
trap and eliminate free-flowing micro-organisms from the air.
The technology utilizes the fact that all micro-organisms are
naturally charged and characterized by their Zeta Potential
(Table I); hence, their movement can be manipulated by
applying an electric field. The technology uses a non-ionizing
electric field to trap free-flowing micro-organisms in the air
on to a three-dimensional surface coated with a long chain of
quaternary ammonium salt (QAS). Once trapped, the microbes
are eliminated by a synergistic effect of electric field and QAS.
Table I

Reported Zeta Potential of various micro-organisms, including
SARS-CoV-2

Micro-organism Zeta potential (mv) References

Escherichia coli �47 [12]
Staphylococcus aureus �38 [12]
Pseudomonas aeruginosa �40 [12]
Mycobacterium tuberculosis �28.8 [13]
Aspergillus niger spores �15 [14]
MS2 Coliphage �10 [15]
SARS-CoV-2 �25.675 [16]
PhiX174 Coliphage �31.78 [14]

It is important to note that regardless of the origin or type, Zeta
Potential is always negative for microbes.
The technology and its device variants are proven to eliminate
a wide range of micro-organisms under laboratory conditions
and in clinical settings [11]. We extended the validation exer-
cise and evaluated the efficacy of the technology in eliminating
two of the most pernicious airborne pathogens known to man,
SARS-CoV-2 and M. tuberculosis.

Materials and methods

Cells and virus

VeroE6 (CRL-1586, ATCC�) was used for infection experi-
ments. Cells were cultured in complete media prepared using
Dulbecco’s modified Eagle’s medium (DMEM; 12100e038,
Gibco) supplemented with 10% HI-FBS (16140e071, Gibco), 100
U/mL Penicillin-Streptomycin (15140122, Gibco) and Gluta-
MAX� (35050e061, Gibco). SARS-CoV-2 (Isolate Hong Kong/
VM20001061/2020, NR-52282, BEI Resources, NIAID, NIH) was
propagated and titrated by plaque assay in Vero E6 cells as
described in the literature [17].

Quantification of viral load by quantitative reverse
transcription polymerase chain reaction

Total RNA from infected cells was isolated using TRIzol
(15596018, Thermo Fisher). A 10-mL reaction mixture with
100 ng of RNA per sample in a 384-well block was used to
quantify viral RNA using the AgPath-ID� One-Step RT-PCR kit
(AM1005, Applied Biosystems). The following primers and
probes targeting the SARS CoV-2 N-1 gene were used. Forward
primer: 50-GACCCCAAAATCAGCGAAAT-30 and Reverse primer:
50-TCTGGTTACTGCCAGTTGAATCTG-30, Probe: (6-FAM/BHQ-1)
ACCCCGCATTACGTTTGGTGGACC. The Ct values were used to
determine viral copy numbers by generating a standard curve
using SARS CoV-2 genomic RNA standard.

Qualitative analysis using fluorescence microscopy

Cells were washed once with warm phosphate-buffered
saline (PBS) and fixed with 4% formalin for 10 min. After two
washes with sterile 1 � PBS, pH 7.2, cells were permeabilized
using 0.1% Triton X-100 for 5 min, washed and incubated with
blocking buffer (0.01% Triton X-100, 2% BSA in PBS) for 2 h. Cells
were then incubated for 4 h with SARS-CoV/SARS-CoV-2 spike
antibody (GTX632604, GeneTex), washed, and then incubated
for 2 h with anti-mouse Alexa 488 secondary antibody
(A110011, Invitrogen). Both antibodies were diluted (1:1000) in
the blocking buffer. Cells were incubated for 10 min in 0.1 mg/
mL DAPI (D9542-10 MG, Merck) in PBS to label nuclei. Images
were taken using an EVOS M5000 fluorescence microscope at
20 � magnification.

Test set-up for SARS-CoV-2

The entire experiment was performed in the Viral BSL3
facility at the Centre for Infectious Disease Research, Indian
Institute of Science, Bangalore, India. All safety protocols were
strictly followed while performing the experiment. A test
chamber with dimensions 2 ft � 2 ft � 1 ft was built and placed
inside a biosafety level 2 laminar flow hood while performing
the experiments. The air-decontamination unit was placed
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inside the test chamber. Proper care was taken to seal off all
open ends around the test chamber before any nebulization
experiment. During each control experiment, 3 mL of SARS
CoV-2 was nebulized into the test chamber for 5 min; using a
six-jet Collison Nebulizer. Dry air from a compressed air cyl-
inder at a pressure of 10 psi was used to operate the nebulizer.
Immediately after this, the nebulized virus was collected on
mixed cellulose esters (MCE) membrane of 0.22-mm pore size
(Millipore, GSWP04700) assembled within a filter unit (Tarsons
521090) connected to a vacuum unit. The collection was per-
formed for a total duration of 15 min at 0.04 MPa pressure. The
same procedure was repeated where the air-decontamination
unit was operated during the nebulization process to deci-
pher the efficiency of the technology.

Upon completion of each experiment, disinfection was
carried by nebulizing 70% ethanol into the chamber for 30 min.
The chamber and associated apparatus were then exposed to
ultraviolet light for 1 h.

Quantitative analysis of SARS-CoV-2 collected from air
samples

Viral particles collected in the MCE membrane filters were
placed in a six-well cell culture dish containing 2 mL OptiMEM
reduced serum medium (31985062, Gibco) per well. The plate
was incubated at room temperature for 1 h, followed by
incubation at 4 �C for 12 h. After 12 h of incubation, the
reduced serum medium was aspirated and passed through a
0.45-mm syringe filter before using this as a sample for infec-
tion. Vero E6 cells were seeded to reach 80% confluency in 24-
well cell culture dishes at the time of infection. The medium in
wells was aspirated, and 100 mL of the sample was added per
well in triplicate. After 1 h of virus adsorption with an inter-
mittent rocking of the plates to ensure even spread of the
inoculum, the medium was topped up with 400 mL per well
DMEM containing 2% foetal bovine serum. Forty-eight hours
post-infection, cells were harvested for immunofluorescence
assay and quantitative reverse transcription polymerase chain
reaction (qRT-PCR) analysis.

Cultivation of M. tuberculosis H37Ra

M. tuberculosis H37Ra (MTCC 300) was procured from MTCC
India. The microbes were revived in LowensteineJensen
Selective Medium (Himedia Labs, M162) at 37 �C for 21 days
as instructed by the supplier. Post revival, M. tuberculosis
H37Ra were cultivated using Middlebrook 7H9 Broth Base
(Himedia Labs, M198) supplemented with Middlebrook ABC
supplement (Himedia labs, FD019) as media and incubated at
37 �C for two weeks. Cells were pelleted down at 3500 � g for
15 min, resuspended with sterile 1 � PBS pH 7.2, and aero-
solized using a six-jet Collison Nebulizer.

Test set-up for M. tuberculosis

An air-sealed test chamber of dimensions 8 ft � 6 ft � 7 ft
was built with multiple sampling and nebulization ports. The
environmental parameters such as relative humidity and tem-
perature could be monitored using a probe inside the chamber.

A six-jet Collison Nebulizer was used to aerosolize the test
microbes for a definite period in the test chambers. The
nebulizer produces bioaerosols of 2e5 mm diameter that allow
them to be suspended in the air in the test chamber for a
definite period. Dry air from a compressed air cylinder at a
pressure of 10 psi was used to operate the nebulizer.

The nebulized microbes were collected after different time
intervals (with or without ZeBox operation) on an MCE mem-
brane of 0.22 mm pore size (Millipore, GSWP04700) assembled
within a filter-unit (Tarsons 521090) connected to a vacuum
unit. The collection was performed for a total duration of
15 min at 0.04 MPa.
Enumeration of M. tuberculosis H37Ra

The MCE membrane of 0.22 mm pore size collecting the
microbes was resuspended in 1� PBS pH 7.2, and samples were
then plated on blood agar [18] and incubated at 37 �C for six
days. After six days of incubation, individual colonies were
enumerated.
Results

The experimental strategy evaluated the efficiency of the
ZeBox Technology-enabled unit in decontaminating a confined
space of micro-organisms. M. tuberculosis H37Ra, a surrogate
for the virulent strain, and SARS-CoV-2 were used in this study.
Reduction in SARS-CoV-2 load during challenge test

Infection in Vero E6 cells was used for testing the efficacy of
ZeBox in abrogating infectious virus particles in aerosols gen-
erated by nebulization within the test chamber. Under ideal
conditions, i.e, when the device was not operated, the float-
ing viral load was at a steady-state level between w10E9 and
w10E8. In contrast, there was a viral load reduction of w10E7
to 10E6 when the device was operated. Fluorescence micro-
scopic analysis carried out 48 h post-infection showed SARS-
CoV-2 spike positive infected cells in virus control. Upon
virus nebulization within the chamber, this was partially
reduced in control experiments (colocalization of DAPI and
SARS-CoV-2 spike antibody signals) and almost completely
abolished during test experiments when the ZeBox
technology-enabled unit was operated as indicated by the
reduction in green SARS-CoV-2 spike antibody signal
(Figure 1a). Upon quantification by qRT-PCR, this translated to
a 7 log10 decrease in viral RNA copy number from cells infected
with the virus collected during the test experiment (with
ZeBox operation) (Figure 1b).
Reduction in M. tuberculosis H37Ra load during
challenge test

At first, control experiments (without ZeBox operation)
were performed to determine the timeframe within which the
device could be operated for testing. Under ideal conditions,
i.e, when the device was not employed, the floating bacterial
load was at a steady-state level, settling atw10E6 over 20 min.
In contrast, when the device was operated, there was a
reduction of w10E4.5 within 20 min (Figure 2).
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Figure 1. ZeBox abolishes aerosolized SARS-CoV-2 within the test chamber. SARS-CoV-2 was aerosolized within the air-sealed test
chamber, and ZeBox operation was initiated. The virus collected from the air samples of the test chamber was used to infect Vero E6 cells
and incubated for 48 h. SARS-CoV-2 virus stock was used a virus control. (a) Immunofluorescence assay images showing SARS-CoV-2 spike
positive cells (green) and nuclei (blue) for samples from different conditions. (b) quantitative reverse transcription polymerase chain
reaction (qRT-PCR) analysis of viral RNA copy number from different conditions as indicated.
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Discussion

This validation demonstrates the efficacy of the ZeBox
technology against two of the deadliest micro-organisms,
claiming more than 5 million lives worldwide. Studies have
shown that more than 10 million tuberculosis cases are repor-
ted yearly [16]. Globally, it is the 13th leading cause of death
and the second leading infectious killer after COVID-19. It is
prevalent in all countries and age groups. Therefore, diseases
such as tuberculosis, which pose a global threat due to the
emergence of MDR-TB and XDR-TB, will continue to claim more
and more lives in the coming years, especially in an era where
therapeutic options are limited. Respiratory pathogens such as
SARS-CoV-2 and tuberculosis are transmitted via aerosol, and
deploying proven air-decontamination technologies has
become imperative. In conjunction with the existing reports
[7,8], the present validation demonstrated the true broad-
spectrum elimination capability of ZeBox technology. The
fact that the killing efficiency of the device is independent of
the microbial strain or species further gives it an edge in
today’s world, where the prevalence of hospital-acquired
infections and the emergence of different antimicrobial-
resistant strains are major issues.

Several air decontamination technologies are available,
but most have certain drawbacks. Technologies such as HEPA
filters can only trap microbes but are not bactericidal.
Electrostatic-precipitation-involving technologies produce
noxious gases such as ozone, and methods such as UVGI and
chemical fumigation cannot be carried out in the presence of
humans. As compared with these existing decontamination
technologies, ZeBox has several advantages. It can trap and
kill free-floating microbes without chances of further
growth. It can be operated in the presence of humans, is
effective against a wide range of robust microbes, and does
not produce harmful chemical emissions or ozone. It also has
low energy utilization as the airflow is parallel to the anti-
microbial surface with almost no resistance. It can be used
with existing technologies such as HEPA filters or independ-
ently in different settings such as hospitals, homes and office
spaces. Therefore, this technology can be a validated start-
ing point for our future war to prevent pandemics caused by
airborne pathogens.
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