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This paper posits an Ultra Short Pulse (USP) laser technology as a means of pathogen inactivation
with broad-spectrum efficacy against viruses, bacteria, mycoplasma, and fungi. There is an urgent
need for the rapid development of viral vaccines due to the emergence of the SARS-CoV-2 virus and
the outbreak of the COVID-19 pandemic, which is the focus of this paper. In the case of a virus,
the femtosecond laser will selectively target the global mechanical properties of a viral capsid and
irradiate them through an Impulsive Stimulated Raman Scattering Process (ISRS). This process will
break hydrogen bonds and hydrophobic contacts causing the aggregation of viral capsid proteins
which results in pathogen inactivation. The Whole-Inactivated Virus (WIV) may then act as a
vaccine. Selective Photonic Disinfection (SEPHODIS) offers a method to produce a USP Laser-
Inactivated Virus Vaccine (U-LIVV) that may generate cross-protection against multiple strains of
the targetted pathogen. To illustrate potency: in vivo experiments in mice have shown an 87.5%
protection rate against lethal H1N1 virus infection, which offers more protection than traditional
inactivation techniques conferred at a higher dosage. SEPHODIS technology implemented for the
dissemination of U-LIVV offers an attractive solution to raise the ceiling of the medical infrastructure
to combat the SARS-CoV-2 virus and the COVID-19 pandemic.
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I. INTRODUCTION

The outbreak of the COVID-19 epidemic, now a pan-
demic, calls for an urgent response to stop the loss of
human life and mitigate damage to our civilization. Ur-
banized cities are a fertile nest for the virus to reproduce
and allow it to spread at a rate that threatens our re-
sponse time and medical infrastructure. Hygiene, quar-
antine, and social distancing may slow the rate of infec-
tion but they do not prevent this specific highly infec-
tious virus from spreading. The goal is to stimulate the
medical infrastructure to meet the present, and future,
demands in a timely response and mitigation of the
threat from infectious diseases; in this case, COVID-19.
Due to the work of Dr. K.T. Tsen and his colleagues,
one such technological advance is called Selective Pho-
tonic Disinfection (SEPHODIS), which offers strong ev-
idence for effective sterilization and pathogen inactiva-
tion and reduction, using Ultra Short Pulse (USP) laser
excitation. Pathogens inactivated by the USP laser irra-
diation will subsequently become vaccines, thereby pro-
tecting against future infections by the pathogen [1].

Pharmaceutical drugs offer a possibility for a vaccine
for the COVID-19 pandemic, yet this is a temporary
solution and only applies to a single strain and wave of
the virus in circulation. The costly drugs invented by
pharmaceuticals are merely a response used for treat-
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ment, and in our current case may take up to eigh-
teen months to produce. The drug-based vaccines do
not offer a permanent solution, nor do they offer any
form of infection prevention. To address this deficit,
SEPHODIS technology offers a range of possibilities for
the inactivation and reduction of pathogens in a safe
and timely manner. SEPHODIS treatment would cut
the vaccination response time dramatically, according
to Dr. K.T. Tsen: “With a proper investment of the
laboratory equipment, we envision that USP laser tech-
nology can be used to produce at least a few million
doses of vaccines in a month"[2]. A ‘few-million’ doses
per month would significantly raise the ceiling for the
medical infrastructure and would treat the majority, if
not all, of the confirmed COVID-19 infections.

The implementation of USP laser technology by
SEPHODIS to manufacture vaccines is a paradigm shift
from traditional treatment methods. SEPHODIS is an
assured method for killing pathogens because they can-
not escape the perturbation induced within them, it
uses mechanical vibrations to inactivate pathogens such
as viruses, bacteria, or fungi. SEPHODIS is far safer
than traditional treatment methods because there are
no chemicals added in the production of vaccines by
using USP laser technology. It is harmless to humans
and also non-toxic for the environment because it con-
tains no hazardous elements in its operation; such as
in ultraviolet (UV) lamps, which contain mercury, or
radioactive gamma-ray facilities. SEPHODIS offers a
means to urgently respond to the COVID-19 pandemic,
the only time-consuming task is to replicate the virus.
Once the viral stock is ready, it takes about 1 mil-
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lisecond (ms) for USP irradiation to inactivate a virus,
the whole-inactivated viruses (WIV) are then used as
a vaccine. The USP Laser Inactivated Virus Vaccine
(U-LIVV) preserves the antigens, nucleic proteins, and
epitopes effectively; and has great potential for cross-
protection. The development, production, and prolifer-
ation of U-LIVV will be much quicker and more reliable
than traditional vaccines. U-LIVVmay be disseminated
in the form of an intranasal vaccine, similar to the nasal
spray that is used for alleviating allergy symptoms [2].
SEPHODIS may also be applied to the treatment of
in vivo bloodstream infections via dialysis or pheresis,
amongst a variety of other methods of treatment and
applications [1].

To attack this COVID-19 pandemic there are two ap-
proaches for the production of vaccines by using USP
laser technology: one is to use a mixture of coron-
aviruses with different strains close to SARS-CoV-2,
and the other uses the wild SARS-CoV-2 for raw ma-
terials [2]. Vaccines produced by Formalin, UV light,
gamma-ray, or heat treatments are either ineffective or
have severe adverse side effects. Other methods, such as
DNA vaccination, require identification of the genome
in a virus that expresses the antigen, which can take
months or years [2]. Furthermore, since it has to be
uptaken and integrated into the immune cells, it is in-
efficient and a huge number of DNAs are required to
be effective. DNA vaccinations are more expensive and
timely in comparison to SEPHODIS treatment. More
importantly, the DNA method is very specific. In other
words, once the virus mutates it will lose its capability
of protection. This is very likely for coronaviruses be-
cause RNA viruses are prone to mutation. SEPHODIS
offers the ideal tactic via the implementation of U-LIVV
which selectively disinfects the target while being harm-
less to the human host.

A summary of the USP laser inactivation process pro-
ceeds as follows: When the photons from a USP laser
incident on a large molecule such as a protein, they set
off vibrations on the molecule through the Impulsive
Stimulated Raman Scattering (ISRS) processes. The
amplitude of vibration is sufficient to break Hydrogen
Bonds and Hydrophobic Contacts (HBHC) within the
molecule. These broken HBHC will be reformed rapidly
following the passage of photons at room temperature
if there are no similar molecules close by. In the case
of proteins, which are tightly packed within a virion,
there is a large probability that the broken HBHC con-
tacts can become cross-connected and therefore aggre-
gated [2]; such as in Fig. (1). When that happens,
the protein loses its functionality, leading to the inac-
tivation of a virus. It is this density-dependent aggre-
gation of proteins caused by the USP laser irradiation
that leads to its intriguing property of selectivity, killing
pathogens while leaving the sensitive materials benign.
This unique property of USP laser technology contrasts

from the traditional methods of disinfection such as For-
malin, UV, gamma-ray, heat, and bleach treatments.
The processes of SEPHODIS, IRSR, and the creation
of U-LIVV will be elaborated further in this paper; and
for a deeper understanding of the mechanism, please see
Ref. [1].

Figure 1. The proposed model for USP laser-induced
protein aggregation. USP laser irradiation leads to tran-
sient, partial unfolding of protein structures due to the dis-
ruption of electrostatic interactions through ISRS. In cases
where the protein is at high density, aggregation occurs be-
tween exposed hydrophobic patches on nearby proteins. In
cases where the protein is at low density, the proteins re-
cover rapidly by regaining their native conformation. Filled
spheres indicate hydrophilic regions of proteins and hollow
spheres indicate hydrophobic regions of proteins.

SEPHODIS treatment will not only combat COVID-
19 but will apply to any virus in general. Viruses may
occur naturally and prove to be lethal to humans, other
fauna, and flora alike. Natural pandemics are a prob-
lem that our current medical infrastructure struggles to
contain. Yet, in our modern-day, there is the added
danger of artificially constructed viruses. A virus may
be programmed on a computer screen with ill intent
[3]. An example of this is chimeric research or other
gain-of-function research to cause harm. This crosses
from the realm of natural disaster into being an issue of
national security. The threat may emerge from agents
of other countries, or hostile factions. Current vaccines
will not perform up to this challenge in a timely man-
ner, and that is why this paper proposes a technology
that would deal with any form of viral infectious threat;
that technology is SEPHODIS.

In this paper, technical details that support and ex-
pand on the observations in Refs. [1, 4–15] will be illu-
minated. The paper will be organized as follows: Sec.
(II) begins by reviewing the theoretical basis of the sim-
ulations and experimentations. In Sec. (III) the reader
will be provided with experimental evidence. Sec. (IV)
is comprised of the discussion, and the findings will be
summarized in Sec. (V), the conclusion.
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II. THEORETICAL BACKGROUND

Now we begin with the more technical background
and consider an incident laser beam of angular fre-
quency ωi being scattered by a molecule, in this
case, a virus particle, and then analyze the scattered
radiation spectroscopically. The scattered radiation
will generally consist of a laser beam with angular
frequency ωi, which is accompanied by weaker lines of
angular frequencies ωi ± ω. The Stokes line is at an
angular frequency of ωi − ω, and the anti-Stokes line is
at an angular frequency of ωi+ω. An important aspect
is that the angular frequency shifts ω are independent
of ωi, which is why this phenomenon is different from
luminescence, in which it is the angular frequency of
the emitted light is independent of ωi. This is called
the Raman effect, and it will be important for the
work set out by this project. The Raman effect was
experimentally discovered by Raman [16] and again by
Lansberg and Mandel’shtam in 1928 [17]. The effect
was predicted by Smekal [18] and is implied implicitly
by the radiation theory of Heisenberg and Kramers
[19]. The Raman effect can be explained as an inelastic
scattering of light where the internal motion of the
scattering system is either excited or absorbed during
the process [16].

A. Mechanics of SEPHODIS

A very basic analogy for the workings of the
SEPHODIS is a sympathetic harmonic tone for the nat-
ural frequency of a guitar string. When someone sings
a note in tune to the natural frequency of the string it
will vibrate. These natural frequencies are called nor-
mal modes and are generally simulated with springs.

To visualize and simulate the vibrational modes of
the virus, we will use the spring constants of the atoms
holding the proteins together, and the spring constants
of the proteins being held within the capsid. We fur-
ther this model to simulate a liquid crystal lattice of
proteins consisting of atoms and a capsid shell consist-
ing of repeating proteins [1]. We find that the virus
forms an icosahedral pattern, and from this simulation,
we may calculate the oscillatory frequency of the virus
[20]. Generally, the oscillation frequency for the global
or minimum frequency vibration of a typical icosahe-
dral viral capsid, with a diameter of about 30 nm, is
estimated to be on the order of 100 GHz [20].

SEPHODIS operates using the Impulsive Stimulated
Raman Scattering (ISRS) process, which will be briefly
described as follows: There exists a normal coordinate
we label Q, which will be used to represent the dis-
placement around an equilibrium position of a partic-

ular vibrational mode within a viral capsid or a single
protein. By ignoring the dispersion given from the in-
dex of refraction and assuming that the incident electric
field from the laser excitation will not be depleted by the
stimulated scattering, then we can arrive at an equation
of motion for Q. We can describe this equation in the
form of a damped Simple Harmonic Oscillator (SHO),
with damping constant γ and angular frequency of the
vibrational mode ωo (one of the normal modes). This
motion is driven by force F (t) which will be provided
by the photons if the incident laser [1]. The expression
will be shown as follows:

∂2Q

∂t2
+ 2γ

∂Q

∂t
+ ω2

0Q = F (t). (1)

The driving force F (t), can be rewritten with the
following transformation: F (t) = −∂U(Q,t)

∂Q , where:
U(Q, t) = − 1

2
~P (Q, t) · ~EL(t). Here, ~P (Q, t) is the

induced polarization, and is directly proportional to
~EL(t), the electric field of the excitation laser, by the
polarizability of the protein or capsid of a virus α [1].
This is shown by: ~P (Q, t) = α~EL(t).

In general, the electronic polarizability of the pro-
teins, or capsid of the virus, is a function of the normal
coordinate α(Q). Since ω � ωi, we consider at each
instant that Q is fixed relative to the external electric
field; here the ~E field of the laser beam. The expres-
sion for polarizability has a static part which produces
elastic Rayleigh scattering, and a part dependent and
modulated by the oscillating displacement Q. The Ra-
man effect is produced by this modulated contribution
and is a key component regarding this work. The in-
duced dipole moment ~P , at angular frequency ωi, can
be written as: ~P = α~E(t) = α(Q) ~E(t) [1]. By making a
Taylor series expansion of α(Q) about the equilibrium
position of the normal coordinate we find:

α(Q) = αo +

(
∂α

∂Q

)
o

Q+
1

2

(
∂2α

∂Q2

)
o

Q2 + . . . (2)

We can solve for ~P (t) by assuming ~E = ~Eo cosωit;
then we find the first term gives rise to elastic Rayleigh
scattering. The second and third terms (and so on)
account for the anti-Stokes and Stokes first-order and
second-order (and so on) Raman lines respectively. We
note that the intensities of the Stokes and anti-Stokes
lines are equal because all classical theories on the topic
neglect the possibility of spontaneous emission. For an
oscillating dipole moment, the magnetic and electric
fields of the emitted electromagnetic wave are given by:
~B = 1

cr2

(
∂2 ~P (t−r/c)

∂t2

)
× n̂ [21]. For the sake of brevity

we will not include the classical solutions for the po-
larization ~P (t) and the electric field ~E = ~B × n̂; more
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information may be found in the appendix of Ref. [1].
Returning to Eq. (1) up to the first-order of Q, from
Eq. (2) we find that:

∂2Q

∂t2
+ 2γ

∂Q

∂t
+ ω2

oQ =
1

2

(
∂α

∂Q

)
o

~E2
L. (3)

In order to solve Eq. (3) for Q one can use the
Green function method [22], as well as quantum me-
chanical calculations of the time-dependent perturba-
tion theory [23]. Note that the excitation by a single
USP laser beam of pulse width τL, has an intensity of:
I(t) = Io · et

2/τ2
L , where Io is the peak intensity. The

displacement from the equilibrium position can be ex-
pressed as: Q(t) = Qoe

−γt sinωot [4], and the ampli-
tude of the displacement from the equilibrium positions
produced by ISRS is given by:

Qo =

√
π

2

n

cKεo
α′o · Io · e−

ω2
oτ

2
L

4 . (4)

Here, n is the index of refraction, c is the speed of
light, Kεo is the permittivity of the dielectric medium,
and α′o =

(
∂α
∂Q

)
o
is the polarizability derivative calcu-

lated at the equilibrium geometry.
To find the laser pulse width τL, which gives rise

to maximum laser excited vibrational amplitude −Qo,
consider Qo = Qo(τL) for Eq. (4) and solve for τL
by setting dQo

dτL
= 0. The calculation shows that Qo as-

sumes a maximum when τL = T
4.44 , where T = 2π

ωo
is the

period of the vibration [1]. This periodicity is key in the
application of ISRS to inactivate pathogens by exciting
atoms in a low-energy state to their high-energy states.

One can imagine the analogy of pushing a swing
about equilibrium position ‘0’. When pushed from po-
sition ‘0’ it will take a time of τpush = T

4 to reach the
maximum amplitude of Ro. If the pushing force is con-
tinued for a longer time, such as τpush > T

4 , then as
the swing will be returning to position ‘0’ the force will
be in the opposite direction as the motion of the swing.
Therefore impeding the swing and reducing the ampli-
tude of its oscillation; and in this case, remaining in a
low-energy state [1].

An atom in a low-energy state is bounded by po-
tential well U(R) and oscillates about its equilibrium
position. By exceeding the bounding potential Uo is to
go into the high-energy state, and as a result, the atom
will no longer oscillate about the equilibrium position
[1]. In the case of ISRS, the photons of the laser beam
provide the force to the proteins of a viral capsid which
are oscillating in the bounding potential. The total en-
ergy of vibration is proportional to the square of the
vibrational amplitude, and when it exceeds the bond-
ing value of the potential well these high-energy state

atoms can escape equilibrium positions. This leads to
the breaking of HBHC. A short enough pulse on a laser,
of τL < T

4 , can excite the vibrational modes within a
viral capsid and lead to the disruption of molecular con-
tacts and the subsequent inactivation of the virus [1].
It is also noteworthy that numerical calculations of the
vibrational frequency of the virus are not possible (cur-
rently) due to the large size and complexity of the virus.
Therefore using a Raman spectroscopy sweep at a small
frequency step, it will be possible to observe the vibra-
tional frequency at which the virus ‘lights-up,’ so to
speak.

ISRS and subsequent inactivation of pathogens can
only be achieved with a pulse laser. A continuous-wave
laser has a ‘pulse’ width of τL =∞� T

4 , and the ampli-
tude of the excited vibrational mode is zero. Therefore
using ISRS with a continuous mode laser will not be
able to excite the vibrational modes of the virus and
cause inactivation of the pathogen [1]. There is a long
list of lasers that do not "fit-the-bill" so to speak, but
for the sake of brevity, this paper will move onto de-
scribing how USP lasers will.

Typically ISRS is used to excite vibrational oscilla-
tions in solids and molecules using two independently
tunable USP laser systems that emit separate and dis-
tinct wavelengths [24–30]. This is an intricate experi-
mental configuration and can prove difficult to overlap
the two laser beams spatially and temporally. In the
case of biological systems, this configuration is unsuit-
able due to pathogens’ complex molecular structures
and surrounding biological solutions, which intensely
scatter light hindering the use of spectroscopic tech-
niques for measurement.

To overcome this difficulty we will employ the exper-
imental scheme of a single-laser-beam excitation config-
uration [4–8]. The broad spectral width of the USP
laser covers a wide range of vibrational frequencies
which generally includes those exhibited by viruses and
other pathogens. To achieve inactivation we just need
to determine the order of magnitude of the targeted
vibrational frequencies; which is a simple process us-
ing current theoretical models and experimental meth-
ods. The broad coverage of a single-beam system en-
ables the simultaneous inactivation of a wide variety of
pathogens [1]. There exists an infrastructure of com-
mercially available turnkey equipment for ultra-stable
single-beam lasers. Therefore the technology would al-
ready be within the grasp of the supply chain.

A noteworthy observation and deduction from Eq.
(4) shows that the existence of visible light-absorbing
molecules near the pathogen or within the pathogen it-
self can enhance the energy deposited to the virus by
USP laser excitation through ISRS via the resonance
Raman scattering effect. The overlapping electron wave
function between the molecules and the pathogen re-
sults in the molecules acting like chromophores, which
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typically enhance the Raman scattering cross-section
by as much as a million fold [31]. Since the square of
the amplitude Qo is proportional to the Raman scatter-
ing cross-section, this will allow a significant reduction
in threshold laser power density required to inactivate
pathogens using the USP laser treatment through ISRS.

B. Experimental System

This section will briefly detail the experimental sys-
tem of SEPHODIS and how a USP laser may use the
ISRS process. The excitation source is a diode-pumped
mode-locked titanium–sapphire laser (Ti-Sapph) which
produces a continuous train of 65 femtosecond (fs)
pulses at a repetition rate of 80 MHz. The output of
the second harmonic generation (SHG) system of the
Ti-Sapph is used to irradiate the sample. The excita-
tion laser operates at a wavelength of 420±5 nm with a
pulse width of full-width at half maximum (FWHM) of
approximately 100 fs. The spectral width of the FWHM
of approximately 100 cm−1. The experimental system
employs an achromatic lens with a focal length of 5cm,
which may focus the laser beam into the sample area [1].
Employed is a laser beam with a diameter d, a wave-
length of λ, that has a lens with a focal length f. We
find that the tightest focused region can be regarded
as a cylinder with a diameter of ∆ω and height ∆z.

These are given by: ∆ω ≈ λ · fd , and: ∆z ≈ λ ·
(
f
d

)2

.
Under these conditions, an experimental setup like that
depicted in Fig. (2) could be useful in continuous-flow
treatment of samples applications, such as the disinfec-
tion of blood products and therapeutics, amongst other
applications [1].

Figure 2. A representation of a continuous-flow design of
the SEPHODIS technology.

The pathogen interacts with the laser via a standard
sample with a volume of 0.1 mL in a buffered solution
which is placed inside a Pyrex cuvette with a micro-
magnet stir bar and stationed above a magnetic stirrer.
This is so the pathogen will be forced into the laser-
treated volume. This system was chosen partly because

of the theoretical estimate of the approximate frequen-
cies of the global vibrational modes of an icosahedral
virus, which recently became available [20]; and partly
because the approximate global vibration frequencies
of the M13 bacteriophage were recently determined by
Raman spectroscopy and shown to be consistent with
theoretical estimates [20].

The experiments were conducted and results ob-
tained at room temperature (25◦ C) and the average
laser power was 150 mW. Generally, the laser treatment
duration of the samples was for 1.5 hours (h), unless
otherwise specified. Due to the scale disparity between
the small active volume treated and the large total
volume of each sample, the effective laser exposure time
of individual pathogens in the sample was estimated
to be on the order of 1 second (s). The temperature
increase of the sample solutions during USP laser
treatments did not exceed 2◦ C, as monitored by a
thermocouple. The tightest focus of the laser beam
was approximately 100 µm, this was determined using
a knife-edge method [32]. However, using diffraction
optics, a convenient formula can be applied to make a
rough estimate of this [9].

C. Effects of SEPHODIS on Biological Material

As we know from quantum mechanics, there are only
a few options for photons passing through a medium:
absorption, reflection, scattering, and transmission. For
the sake of this work, we will focus on absorption and
scattering. Due to electron-radiation interactions with
photons, it is possible to ionize electrons due to the ab-
sorption process. During scattering, when the photon
energy remains static, we observe an elastic scattering
process called Rayleigh scattering. Meanwhile, if the
energy of the photon changes due to quantum excitation
of the medium we observe a Raman scattering otherwise
known as inelastic scattering [33]. These scattering be-
haviors were described and expressed mathematically
in subsection (A).

The visible-wavelength USP laser employed in
SEPHODIS selectively neutralizes pathogens through
the ISRS process by generating molecular vibrations
that critically damage structures within the pathogen
such as the viral capsid. The ISRS process causes the
protein aggregation, then the capsid no longer functions
"properly" during the infection process, and the virus
loses its infectivity. Meanwhile, proteins in a less-dense
environment are spared, such as clotting factors in hu-
man blood products or other structures of a virus such
as viral envelope proteins. Therefore, SEPHODIS kills
pathogens while preserving surrounding blood products
and therapeutics. It kills pathogens while preserving
the pathogen’s capability to serve as an effective vac-
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cine. Since SEPHODIS selectively targets viral cap-
sids, rather than nucleic acids, the treatment will not
produce mutated pathogens [1]. The visible laser light
use by SEPHODIS is not absorbed by water, because
water is virtually transparent to visible light. The min-
imum absorption frequency of water is approximately
420 nm, which is why it is the frequency employed by
the USP laser [34]. Therefore the process does not heat
the water, which usually surrounds the treated product.
Furthermore, visible light is of relatively low energy and
does not break the covalent bonds that hold individual
atoms together in biological systems.

The excitations by USP laser treatment causes a tran-
sient disruption of the weak bonds, such as HBHC,
within the virus. It is these bonds which are the con-
nections that hold the biological structures together.
Generally, the breaking of these bonds will lead to the
partial unfolding of the affected proteins, which will lead
to a quick reformation of the bonds and recovery of the
protein structure [35, 36]. This reformation is gener-
ally observed on a timescale of about 10 picoseconds
(ps) at room temperature, which is three magnitudes
‘slower’ than the femtosecond rate of laser pulses we
find with the capabilities of a Ti-Sapph laser [35, 36].
If the proteins are localized in a high-density configura-
tion, such as a viral capsid, then the unfolded proteins
have a chance to reform the bonds with nearby proteins
rather than folding back to the original formation; this
will result in protein aggregation [14]. The aggregated
viral capsid is damaged, and therefore will no longer
function correctly, and prevent the virus from infecting
cells.

A key feature for the inactivation of pathogens by
USP laser irradiation is the repetition rate of the laser.
A laser pulse may interact with the capsid and excite
a small-amplitude vibration on the capsid. Due to the
polar nature of water molecules, which surround the
capsid, the rearrangement of the polar water molecules
effectively screen and weaken the HBHC of the pro-
teins; this will result in a decreased value for the spring
constants. The amplitude of the vibration in a spring
due to a force is inversely proportional to its spring
constant, therefore the amplitude of the vibration in
the capsid excited by the second laser pulse will in-
crease slightly. If the repetition rate of the USP is
high, the pathogen can be hit by many laser pulses while
within the laser active area. Since the repetition rate
of the Ti-Sapph system is 80 MHz, this may result in
the vibrational amplitude to increase a hundred-fold, a
thousand-fold, or even a million-fold, due to the sub-
sequent laser pulses and experimental conditions. No-
tably, the multiple laser pulse effects may consequently
reduce the threshold laser power density required to in-
activate pathogens using the USP laser irradiation via
ISRS process [1].

SEPHODIS technology is far more innocuous than

other radiation treatments such as gamma-rays or x-
rays, which may cause unwanted damage to biological
material via ionization. Ionization by photons is accom-
plished by the absorption process, in which an electron
interacts with a photon through electron–radiation in-
teraction [33]. Each ionization process releases approxi-
mately 33 eV of energy into the irradiated material, and
the structures surrounding the ionized atom are then
forced to absorb this energy. Compared to other types
of radiation, ionizing radiation deposits a huge amount
of energy into a small area within a biological material.
The 33 eV of energy from one ionization process is more
than enough to break the covalent bonds in biological
systems, whose energies lie in the range of 5 eV [1]. As a
result, if an electron is removed from a nucleic acid, pro-
tein, or lipid, it causes direct damage to the biological
system. On the other hand, if an electron is removed
from other structures, reactive oxygen species (ROS)
are often generated, which can indirectly damage nu-
cleic acids and proteins in the vicinity. In this manner,
gamma rays, and x-rays can cause substantial lethal or
nonlethal damage to biological systems. Therefore it
may be argued that SEPHODIS offers a superior ap-
plication method of irradiation for safe and controlled
treatments to biological systems.

D. Pathogen Inactivation

This paper is motivated by the belief that pathogen
inactivation maintains the greatest long-term lifesaving
capability and the highest potential for global victory
against infectious diseases. Blocking the transmission
of pathogens, and safeguarding humans against becom-
ing infected in the first place, will eliminate the need for
lengthy hospital stays, and expensive treatment meth-
ods. This project proposes a proactive solution, rather
than the reactive solution that pharmaceuticals offer
with chemical vaccination. The application of pathogen
inactivation may be observed in daily life, such as cook-
ing and pasteurization before consuming food or drink.
Unfortunately, these methods do not apply to humans
without damaging the host.

The ideal method of pathogen inactivation method,
in blood or other materials, will satisfy two main cri-
teria [10]. Firstly, the treatment used to kill viruses
must have minimal adverse effects on the function of
human red blood cells, platelets, and coagulation fac-
tors. This also applies to the structure of the virus’s
exterior proteins, since these are critical for the stim-
ulation of immune responses to the vaccine. Secondly,
the treatment must not add any toxic or carcinogenic
chemicals to the product, and should not produce any
hazardous byproducts. Currently, under these criteria,
there are no ideal pathogen inactivation methods for
blood products [37] or for vaccine production [38]; but
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this changes with the advent of SEPHODIS technology.
USP laser technology SEPHODIS has been shown

to kill 3–5 log10 of a variety of pathogens, and more
importantly, it exhibits selectivity against viruses and
microorganisms while sparing human proteins and hu-
man cells. Therefore, this USP laser technology repre-
sents an attractive pathogen inactivation technology for
the Pathogen Reduction (PR) of blood products. For
a transfusion recipient, the ideal strategy for ensuring
the safety of blood components would be to implement
a preemptive PR technology that can universally kill
microorganisms in blood products without adding po-
tentially toxic or carcinogenic chemicals, and without
adversely affecting the function of the blood product
itself. PR for human plasma has recently been demon-
strated using SEPHODIS [15]. To demonstrate that
USP laser treatment can inactivate viruses in plasma,
aliquots of HIV, HAV, or MCMV were spiked into hu-
man plasma and treated with the laser. USP laser
treatment of virus-spiked plasma samples resulted in
approximately 2 log10, 1 log10, and 3 log10 reductions in
HIV, HAV, and MCMV titers, respectively, as shown
in Figs. (3 A-C). Although the reduction in HAV titers
was relatively small after USP laser treatment it ex-
ceeds that which is achieved by the currently licensed
solvent-detergent and amotosalen techniques [39].

Figure 3. Human plasma containing HIV (A), HAV (B),
or MCMV (C) was treated with the USP laser to inactivate
viruses. For the HIV-spiked plasma, the viral titer was as-
sessed by plaque assay in MAGI cells. For the HAV-spiked
plasma, the viral titer was assessed by plaque assay in fetal
rhesus monkey kidney cells. For the MCMV-spiked plasma,
the viral titer was assessed by TCID50 assay in murine em-
bryonic fibroblast cells.

USP laser treatment does not alter the structure of
the influenza virus envelope protein. In the context of
vaccines, the influenza virus surface envelope protein,
hemagglutinin, is of paramount importance as an anti-
gen against which the immune system responds. The
function of hemagglutinin in agglutinating red blood
cells provides an indicator of its structural integrity.

Purified influenza stock was treated with USP laser ir-
radiation. Following the complete loss of infectivity,
hemagglutination activity was compared to the control
and U-LIVV. Influenza virus hemagglutination activ-
ity was not affected by USP laser irradiation within
the experimental uncertainty [1], as shown in Table (I).
Other pathogen inactivation methods, including forma-
lin and gamma rays, have been shown to reduce hemag-
glutination activity by nine-fold and three-fold, respec-
tively [40]. These results provide evidence that, among
pathogen inactivation methods, USP laser irradiation
causes fewer structural changes in viral surface proteins.

Sample Hemagglutination units
(HAU)

Control (2.3± 0.2)× 105

U-LIV (2.1± 0.2)× 105

Table I. Hemagglutination activity of control and USP
Laser-Inactivated Virus (U-LIV) of H1N1 influenza.

III. EXPERIMENTAL EVIDENCE

The following section will provide experimental ev-
idence for the successful pathogen inactivation per-
formed by SEPHODIS technology. To demonstrate
ISRS as the inactivation mechanism of non-enveloped
viruses [41], experiments were performed on many viral
systems where Table (II) shows the results of experi-
mentation. For the sake of brevity, this paper will only
use two non-enveloped viruses as examples, namely the
murine norovirus (MNV) [9], which is a non-enveloped
RNA virus that is used as a model for noroviruses, and
the M13 bacteriophage [11], which is a non-enveloped
DNA virus that infects bacteria. For more information
on SEPHODIS treatment on non-enveloped viruses re-
fer to Refs. [1, 9, 11].

In the case of SARS-CoV-2, which is an enveloped
virus, refer to Table (III) to see the load-reductions
from USP laser treatment. Enveloped viruses will be
elaborated upon after the description of non-enveloped
viruses.

A. Treatment of Non-Enveloped Viruses

It has been observed that USP laser treatment causes
structural changes in the capsid of MNV-1, which is il-
lustrated in Fig. (4) which depicts transmission elec-
tron micrographs for control and laser-treated MNV-1
samples [1]. The inactivation of MNV-1 by USP laser
treatment will depend on the laser power density. To
find insight in this matter, we may measure the fraction
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Microorganism Properties Load-Reduction

M13
Bacteriophage

Single-stranded
DNA

106

MS2
Bacteriophage

Single-stranded
RNA

106

Encephalomyo-
Carditis virus

(EMCV)

Single-stranded
RNA

103

Murine Norovirus
(MNV)

Single-stranded
RNA

103

Hepatitis A virus
(HAV)

Single-stranded
RNA

103

Enterovirus 71
(EV71)

Single-stranded
RNA

103

Human
Papillomavirus

(HPV)

Double-stranded
DNA

105

Table II. Load-reduction rates due to the inactivation of var-
ious non-enveloped viruses using the SEPHODIS technology.

Microorganism Properties Load-Reduction

Human
Immunodeficiency

Virus (HIV)

Single-stranded
RNA

104

Influenza virus
(H1N1)

Single-stranded
RNA

105

Murine
Cytomegalovirus

(MCMV)

Double-stranded
DNA

105

Table III. Load-reduction rates due to the inactivation var-
ious enveloped viruses using the SEPHODIS technology.

of MNV-1 survival as a function of laser power density
on a natural logarithmic scale (ln), which is depicted
by Fig. (5). The laser exposure time was 2 hours, and
the fraction of survival is defined as the reciprocal of
load reduction. We find two inactivation curves, one for
laser power densities up to 75 MW cm−2, where the ef-
fective inactivation rate is relatively small; and another
for laser power densities greater than 80 MW cm−2,
which reveals a much higher effective inactivation rate.
In these laser experiments, a photon energy of 2.92 eV
is generated from the USP laser at a wavelength of 425
nm. Here we note that the typical energy of a covalent
bond in a biological system is 5 eV, therefore weaker
HBHC can be broken, but not stronger covalent bonds
[35, 36].

The laser power density of 80 MW cm−2 denotes the
threshold power density above which the broken bonds
cannot be reformed in time and the structure of the
virus cannot be restored for MNV-1 [4, 20]. This is ar-
guably the threshold when many simultaneous HBHC

Figure 4. MNV-1 imaged with a Transmission Electron
Microscope (TEM). The untreated control MNV-1 is shown
in (a) and has a spherical structure with an approximate
diameter of 30 nm. A particle of MNV-1 after USP laser
treatment is shown in (b) and at a laser power density of
1.1 ± MW cm−2. This is an intermediate laser power den-
sity; (b) shows that the inactivated MNV-1 particle splits
along the structural links of its capsid. Figure (c) shows
MNV-1 after USP laser treatment at a laser power density
of 100 ± 10 MW cm−2 a high laser power density; and (c)
demonstrates the disintegration of the capsid of the inacti-
vated MNV-1 into spherical structures with a diameter of
around 10 nm.

being broken that the entire capsid is spatially disin-
tegrated, as depicted in the TEM image of Fig. (4-
c). Thus, at laser power densities of ≥ 80MW cm−2,
inactivation for MNV-1 was exponentially enhanced,
which gave rise to the sharp decrease in the survival
fraction shown in Fig. (5). Experimental observations
conclude that USP laser treatment does not cause sig-
nificant damage to MNV nucleic acid. To test the ef-
fects of USP laser treatment on the genome of MNV-1,
real-time polymerase chain reaction (PCR) counts on a
linear scale for the genome of MNV-1 were taken; with-
out control, or with average laser treatment of 100 MW
cm−2, the results are shown in Fig. (6). The similar-
ity between the control and laser-treated samples for
real-time PCR counts suggests that within the ampli-
con size of 273 base pairs (bp) tested, there is minimal
to no degradation/damage in the MNV-1 genome after
USP laser treatment [1].

This data is consistent with the aforementioned the-
ory of the ISRS process under a single-laser-beam ex-
citation configuration [4, 5]. When the laser intensity
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Figure 5. The survival fraction for MNV-1 as a function of
laser power density. Note the rapid decrease in the survival
fraction at a laser power density around 80 MW cm−2. We
find a similar trend at this density with the M13 bacterio-
phage as shown in Fig. (7).

Figure 6. A linear scale showing real-time PCR counts for
the MNV-1 genome with USP laser treatment at an average
laser power density of 100 MW cm−2. The similarity of the
PCR counts for the control and laser-treated samples sug-
gests that there is minimal genome degradation or damage
in MNV-1 after USP laser treatment.

or the laser power density remains constant, the ampli-
tude of the laser-excited vibrational motion is propor-
tional to exp

{
−(ω2

o/∆ω
2
L)/4

}
, where ωo is the angular

frequency of the excited vibrational motion and ∆ωL
is the FWHM of the laser spectral width. Since the
excited amplitude of the vibration depends on the fac-

tor ω2
o/∆ω

2
L in an exponential fashion, then the ISRS

process predicts that a threshold laser spectral width,
which is comparable to the angular frequency of the
global vibrational motion of the virus, exists for viral
inactivation [1]. Specifically, because the angular fre-
quency of the global vibrational modes of an icosahe-
dral virus with a diameter of 30 nm is estimated to be
about 2 cm−1, the ISRS inactivation mechanism pre-
dicts that there is a laser spectral width threshold of
about 1 cm−1 for the inactivation of MNV-1 by a USP
laser [42]. This is observed in the experiments and sum-
marized as follows: The ISRS process predicts that to
excite a sufficient vibrational amplitude to break HBHC
and achieve inactivation, the laser spectral width has to
be larger than, or comparable to, the angular frequency
of the oscillations. This prediction is indeed consistent
with the experimental results in Fig. (4).

Figure 7. Survival titer of M13 bacteriophage as a function
of laser power density. Note the decrease of the survival
fraction at laser power density near 80 MW cm−2. We find
this trend with MNV-1 and shown in Fig. (5).

These observations also apply to the M13 bacterio-
phage, which is efficiently inactivated by the USP laser
treatment. Refer to Fig. (7) which shows the number
of plaque-forming units (pfu) on a log10 scale as a func-
tion of the laser power density for M13 bacteriophage
samples, and observe a 6 log10 (or one million-fold) load
reduction of the M13 bacteriophage [1]. It is notewor-
thy that USP laser treatment does not cause significant
damage to a model mammalian protein. This has been
observed by testing the effects of USP laser treatment
on the structure of Bovine Serum Albumin (BSA) pro-
tein. The luminescence, excitation spectra, and Circu-
lar Dichroism (CD) from the amino acids of proteins are
sensitive to the structural changes of proteins. There-



10

fore, these optical characterization methods were em-
ployed to detect any changes in the secondary structure
of the proteins after USP laser treatment and the results
are depicted in Figs. (8 (a-c)).

Each spectrum contains four curves, two of which are
controls and two are laser-treated samples. The experi-
mental results are within experimental uncertainty and
demonstrate that the luminescence, excitation, and CD
spectra of BSA protein remain virtually the same be-
fore and after laser irradiation. This indicates that USP
laser treatment causes minimal or no structural changes
in BSA protein [1]. Experimental observations evidence
that USP laser irradiation does not alter the structure
of single-stranded DNA, which is indicated by the gel
electrophoresis results for single-stranded M13 bacterio-
phage DNA in Figs. (9) and (10). The optical results for
BSA protein in Fig. (8), and the DNA gel electrophore-
sis results in Figs. (9) and (10) together demonstrate
that USP laser treatment damages the structural in-
tegrity of the capsid of the M13 bacteriophage by break-
ing its weak links, without causing severe damage to the
single-stranded DNA genome or the individual protein
units of the capsid [1].

B. Treatment of Enveloped Viruses

For enveloped viruses, like SARS-CoV-2, USP laser-
induced protein aggregation is a leading mechanism
of virus inactivation by SEPHODIS. A typical en-
veloped virus, MCMV, is selected for demonstration
[13]. MCMV is an enveloped DNA virus that is fre-
quently used as a model for human cytomegalovirus. Ir-
radiation with a visible USP laser caused approximately
a 5 log10 (or one-hundred-thousand fold) reduction of in
MCMV titer relative to the control MCMV [1]. When
comparing the TEM images of non-enveloped viruses
such as MNV-1, Fig. (4), with the TEM images of en-
veloped viruses such as MCMV, depicted in Fig. (11),
take note of how the global appearance of the control
and USP laser-inactivated MCMV are similar, mean-
while, the capsid of the MNV-1 is disintegrated into pro-
tein subunits after USP laser irradiation. The MCMV
capsid remains intact after USP treatment because of
vibrational damping produced on it by the surrounding
tegument and envelope layers. These outer structures
confine the damaged capsid spatially and prevent capsid
units from scattering far from their original positions.

To test if USP laser treatment damages viral genome,
agarose gel analysis was performed on genomic DNA
isolated from control or laser-irradiated MCMV, which
appeared to have essentially identical banding patterns.
This suggests a lack of double-strand breaks or cross-
linking of viral DNA after USP laser treatment. DNA
was electrophoresed intact or after digestion using re-
striction enzymes. These experimental findings are con-

Figure 8. CD studies of control and USP laser-irradiated
BSA protein. (a) Excitation and luminescence spectra of
BSA protein; (b) far-UV CD spectra of BSA protein; and
(c) near-UV circular dichroism spectra of BSA protein. For
clarity, the spectra shown were normalized to the concentra-
tion of BSA protein.

sistent with our previous reports that USP laser irradia-
tion does not cause strand breaks in the single-stranded
DNA of M13 bacteriophage [11]. This data further in-
dicates that visible USP laser irradiation does not cause
double-strand breaks or cross-linking of MCMV DNA.

USP laser treatment causes density-dependent pro-
tein aggregation, which is indicated by the data from
dynamic light scattering (DLS) experiments on sev-
eral proteins in there buffered solutions; which include
BSA and a monoclonal antibody (mAb04). Moreover,
experiments indicate that 1) the structure of a non-
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Figure 9. Gel electrophoresis of single-stranded M13 bac-
teriophage DNA with and without USP laser treatment.

aggregated protein is not compromised; 2) the pro-
tein aggregation effect depends on the type of protein
treated; and 3) the aggregation effect depends on pro-
tein concentration. Observations show that the higher
the protein concentration, the larger the percentage of
aggregation. Lastly, 4) mixing a stable BSA protein
with a less-stable protein, mAb04, does not help stabi-
lize the less stable protein [1].

Partial unfolding of proteins is required for protein
aggregation [43], therefore a model has been developed
for USP laser-induced protein aggregation, which is de-
picted by Fig. (1). This model, along with the results
from Table (IV), proposes that USP laser treatment
can cause density-dependent protein aggregation by dis-
rupting HBHC in viral proteins through the ISRS pro-
cess. There is a significant chance for the MCMV capsid
and tegument proteins to become aggregated since they
are confined at high density within a very small volume
inside the virus particle [1]. The aggregate contained
predominantly MCMV-associated capsid and tegument
proteins, and the identified MCMV proteins have previ-
ously been detected in MCMV virus particles [44]. By
contrast, MCMV envelope glycoproteins, such as gly-

Figure 10. Gel electrophoresis of single-stranded M13 bac-
teriophage DNA isolated from control M13 bacteriophages
and USP laser-irradiated M13 bacteriophages. For clarity,
on the laser-irradiated sample, an additional band that re-
sults from the alpha helix protein units of M13 bacterio-
phages and appears on a different scale is not shown.

coprotein B [45], glycoprotein H [46], and glycoprotein
M [47],were not detected in the aggregate. This data
indicates that USP laser irradiation causes selective ag-
gregation of MCMV capsid and tegument proteins.

The aggregation of the capsid and tegument proteins
leads to the loss of viral capsid function and the effec-
tive inactivation of MCMV. USP laser irradiation has
been shown to cause the aggregation of MCMV cap-
sid proteins, which results in the stabilization of the
viral capsid against detergent dissociation [13]. This
will be elaborated upon further in this paper. There is
indirect evidence for a functional defect in the capsid
function of a USP laser-treated virus. The data indi-
cates that the defect in USP laser-treated virus occurs
downstream of cell internalization but upstream of vi-
ral replication and gene expression [14]. The USP laser
treatment aggregates the viral capsid and tegument pro-
teins, thus inhibiting intracellular capsid uncoating and
preventing the viral DNA from undergoing replication
or transcription in the host cell nucleus. The most likely
explanation of this phenomenon is that the virus is de-
fective in either intracellular capsid uncoating or capsid
translocation. The results for USP laser-induced aggre-
gation of viral capsid proteins [13] suggest that USP
laser treatment may stabilize the viral capsid, which
prevents it from disassembling correctly within cells.
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Figure 11. Preservation of MCMV global virus struc-
ture after USP laser treatment. Representative electron mi-
croscopy images of control and laser-treated virions (150 to
200 nm in diameter) at both 50,000× and 150,000× mag-
nification, showing no clear differences in the global appear-
ance of the viral enveloped and capsid structures between
the control and USP laser-treated MCMV.

Therefore ‘trapping’ viral DNA so that it is unable to
be replicated or transcribed in the nucleus, as shown in
Fig. (12). Based on the available evidence, this model
provides the most plausible functional explanation for
the USP laser inactivation of enveloped viruses [1].

The results of this study evidence and support po-
tential applications of the USP laser method in vac-
cine production. The data suggest that USP laser-
inactivated viruses retain their ability to enter cells
by the normal infection route. Electron microscopy
was used to image virus particles within murine em-
bryonic fibroblast cells that had been infected with
control MCMV or USP laser-treated MCMV to de-
termined whether laser-treated MCMV was internal-
ized by host cells [13]. The observation showed the
presence of MCMV within cells in both the control
and laser-treated groups, Fig. (13). To confirm these
findings, a fluorescent dye, PKH26, was used to la-
bel control or laser-treated MCMV. Murine fibroblast
cells were infected with PKH26-labeled control or laser-
treated MCMV before fluorescence microscopy imag-
ing. In both the control and laser-treated groups, we
found substantial numbers of fluorescent virus particles
within cells as noted by Fig. (14). These results were
confirmed by PCR detection of MCMV genomic DNA
in cells infected with both control and laser-treated
MCMV [1].

USP laser-treated MCMV may enter cells, but
MCMV cannot express virus-encoded genes within the
cells. Using an MCMV that expresses a green fluores-

Sample, titer Percent of
Aggregation

Percent of
non-aggregation

(monomer)

mAb(04), 5 mg
ml−1 (c)

2.7± 0.3 97.3± 0.3

mAb(04), 5 mg
ml−1 (lt)

18.6± 0.3 81.4± 0.3

mAb(04), 1 mg
ml−1 (c)

2.7± 0.3 97.3± 0.3

mAb(04), 1 mg
ml−1 (lt)

4.1± 0.3 95.5± 0.3

BSA, 5 mg ml−1

(c)
1.5± 0.3 98.5± 0.3

BSA, 5 mg ml−1

(lt)
1.6± 0.3 98.4± 0.3

mAb(04) + BSA,
5 mg ml−1 (c)

2.6± 0.3 48.6± 0.3
(mAb(04)),

49.1± 0.3 (BSA)
mAb(04) + BSA,
5 mg ml−1 (lt)

30.7± 0.3 24.2± 0.3
(mAb(04)),

45.3± 0.3 (BSA)

Table IV. Dynamic light scattering data for a variety of pro-
teins in buffered solution after USP laser treatment. Sam-
ples are labelled (c) for control and (lt) laser-treated sam-
ples.

cent protein (GFP) was as an indicator of viral DNA
replication in host cells will allow for imaging with Fluo-
rescence microscopy (FM). Note that MCMV replicates
and produces progeny virus over the course of 18–36
h post-infection [48–50]. To observe and assess the
replication of MCMV in host cells, murine fibroblast
cells were infected with either control or laser-treated
MCMV and subsequently imaged for GFP fluorescence
at 24, 48, and 72 h post-infection. This is depicted in
Fig. (15). Observations show a strong GFP signal in
the majority of the cells infected with control MCMV at
24, 48, and 72 h. By contrast, cells infected with laser-
treated MCMV did not exhibit an observable GFP sig-
nal even 72 h post-infection. This result demonstrates
that the laser-treated MCMV virus does not replicate
after infecting a cell. There was the possibility that the
USP laser treatment might be damaging the MCMV
genomic DNA, which would also prevent viral gene ex-
pression. However, this effect is unlikely because visible
USP laser treatment lacks sufficient energy to disrupt
covalent bonds in DNA. As previously stated and now
shown, nothing has been detecting to show any effect
of USP laser treatment on MCMV DNA [13].
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Figure 12. Proposed model for USP laser-induced viral
capsid defect. USP laser treatment causes the aggregation of
viral capsid proteins. The laser-treated virus is internalized
by cells, but the aggregated viral capsid cannot disassemble
properly, and thus the viral genome remains ‘trapped’ and
cannot replicate or express viral genes in the cell.

C. Experimentation with Mice

To argue the safety for the in vivo clinical trial in hu-
mans, we may take note of the success of USP laser
treatment performed in mice. A U-LIVV for H1N1
(U-LIVV-H) confers protection against lethal influenza

Figure 13. Electron microscopy images depicting the cel-
lular internalization of control (untreated) vs USP laser-
treated MCMV. Control or laser-treated MCMV were in-
jected into murine embryonic fibroblast cells, and the cells
were harvested, fixed, and sectioned for imaging. The im-
ages show the cellular internalization of control MCMV or
USP laser-treated MCMV at 2 h post-infection. The arrows
indicate intracellular virions.

Figure 14. Fluorescence microscopy depicting the cellu-
lar internalization of control vs USP laser-treated MCMV.
PKH26-labeled control or laser-treated MCMV were in-
jected into murine embryonic fibroblast cells. The images
show combined bright field and fluorescence depicting the
cellular internalization of control MCMV or USP laser-
treated MCMV at 2 h post-infection.

virus infection in mice. Mice were vaccinated with a
U-LIVV-H and subsequently given a lethal dose of live
influenza virus 21 days after the vaccination. The per-
centage of weight loss in the mice was used as an indica-
tor of animal health [12]. Referencing Fig. (16), we note
that by the seventh day after receiving the challenge
dose (lethal influenza virus), the control mice had lost
a significant percentage of their initial weight. Mean-
while, the mice in the vaccinated group maintained
healthy weights. The results show that vaccination is
87.5% effective against lethal challenge [12].
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Figure 15. FM images of cells infected with control (un-
treated) GFP-expressing MCMV vs. cells infected with
USP laser-treated GFP-expressing MCMV. Murine embry-
onic fibroblast cells were infected by control GFP-expressing
MCMV or laser-treated GFP-expressing MCMV and imaged
for GFP expression 24, 48, and 72 h post-infection using
fluorescence microscopy. The images show qualitative levels
of GFP expression in cells infected with control MCMV vs
laser-treated MCMV at 24, 48, and 72 h post-infection. BF:
bright field. GFP: green fluorescent protein.

A U-LIVV-H increases CD8+ T cell responses in
mice. To investigate the cellular immunity generated by
vaccination with a U-LIVV, an assessment of the activa-
tion of CD8+ T cells was made. Fig. (17) demonstrates
that the vaccinated mice showed a ten-fold increase in
the percentage of activated influenza antigen-specific
CD8+ T cells in comparison to the control mice. This
data indicates that vaccination with a U-LIVV-H en-
hances influenza antigen-specific CD8+ T cell immune
responses [12].

A U-LIVV-H generates neutralizing antibody re-
sponses in mice. The next investigation is the humoral

Figure 16. Body weight changes after lethal influenza virus
challenge in control mice vs mice vaccinated with U-LIVV-
H. Groups of BALB/c mice were vaccinated twice with laser-
inactivated H1N1 virus by intranasal administration at a
two week interval, or received no treatment. 21 days later,
all the mice were challenged with a lethal dose of H1N1
influenza virus. Following the lethal challenge, the mice were
monitored for their percentage change of initial weight for
nine days.

immune responses induced by vaccination using a mi-
croneutralization assay. This neutralization assay is a
sensitive and specific technique to measure neutralizing
antibody responses to the H1N1 virus. Sera from mice
that received U-LIVV showed a significantly higher neu-
tralizing antibody titer compared to sera from control
mice [12], as shown in Fig. (18). Observations show
that vaccination with decreasing doses of U-LIVV-H
generated virus-specific antibody responses to lesser de-
grees [1]. Therefore, these experimental results indicate
that vaccination with U-LIVV-H induces neutralizing
antibody responses.

To give a perspective on the vaccine potency, U-
LIVV-H will be compared to the vaccine dosages re-
quired for protection against lethal challenge in ani-
mals using conventionally inactivated vaccines. Among
conventional methods, including heat, formalin, beta
propiolactone, and detergents, formalin was found to
have the greatest preservation of influenza vaccine anti-
gens [51]. The Formalin-Inactivated H1N1 Influenza
Vaccine (FIHIV) is therefore chosen for our compari-
son. Experiments were performed in which two con-
trol groups of mice received conventional FIHIV. The
first group received a 2.76 × 106 pfu/dose of vaccine,
which is the same as the dose of U-LIVV-H used for
protection in Fig. (16). The mice in the first group all
succumbed to the infection within 10 days after chal-
lenge, the weights decreased more than 30%. In the
second group, which received a ten-fold higher dose,
2.76×107 pfu/dose of vaccine was administered and this
achieved 75% protection [12]. Therefore, these results
indicate that the U-LIVV by the conventional forma-
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Figure 17. Assessment of CD8+ T cell induction in con-
trol mice vs mice vaccinated with a U-LIVV-H. Splenocytes
were isolated from control mice and mice given U-LIVV-
H, stimulated with influenza nucleoprotein (NP) peptide,
and stained for CD8 and interferon-gamma (IFN-γ) expres-
sion. The splenocytes were then analyzed by flow cytometry
and gated on the lymphocyte area. (A) Representative flow
cytometry analysis. The upper right-hand quadrant shows
the percentage of NP-specific, IFN-γ secreting CD8+ T cells
among the lymphocytes. (B) Bar graph depicting the per-
centage of activated CD8+ T cells among the splenocytes in
control vs vaccinated mice.

lin inactivated vaccine. While orthodox methods cause
damage to carbonyl groups and can result in the for-
mation of aberrant chemical structures [1], U-LIVV-H
inactivates H1N1 through the disruption of weak non-
covalent HBHC in the virus particle. This results in a
reduced concern about side-effects for vaccines prepared
by the SEPHODIS method.

Figure 18. Assessment of neutralizing antibodies in control
mice vs mice given U-LIVV-H via microneutralization assay.
Serum from control mice and U-LIVV-H mice was extracted
20 days after immunization and tested for H1N1 virus neu-
tralization in vitro. The presence of neutralizing antibod-
ies was determined by MDCK cell survival. Neutralization
titers were calculated using the Reed–Muench method.

IV. DISCUSSION

This paper has described a new USP laser technol-
ogy called SEPHODIS that overcomes the limitations
posed by orthodox medicine. As the COVID-19 pan-
demic cripples the medical infrastructure of our society,
SEPHODIS offers a solution, to reliably increase the in-
frastructure ceiling, for the defense of the citizenry from
the SARS-CoV-2 virus. Currently, no forms of medical
technology created by pharmaceuticals offer any form of
infection prevention, but this will change with the im-
plementation of SEPHODIS technology. Specific tar-
geting of viral capsids through ISRS makes the USP
laser technology unique among physical pathogen inac-
tivation methods. Pathogens inactivated by the USP
laser irradiation will subsequently become U-LIVV for
the pathogens, thereby protecting against future infec-
tions. U-LIVV can be easily disseminated, and much
sooner than the current vaccination efforts, in the form
of an intranasal-vaccine. SEPHODIS may also be im-
plemented in dialysis or pheresis, if necessary, and this
implementation may become useful in low gravity envi-
ronments. U-LIVV can effectively inactivate pathogens
and may perform proactive infection prevention, which
is the opposite methodology from reactive orthodox vac-
cination methods. This paper has shown that USP laser
treatment has broad-spectrum efficacy against all the
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viruses, bacteria, mycoplasma, and fungi tested, and
with minimal effects on human cells and proteins [1].
USP laser treatment is a one-step process that does
not introduce any chemicals, therefore it is far safer
than traditional methods. As its namesake suggests,
SEPHODIS technology selectivity disinfects pathogens
without provoking unwanted side-effects.

A U-LIVV may be capable of eliciting the effective
immune responses typically associated with live vac-
cines, but with the safety profile of a killed vaccine
[1]. Furthermore, as USP laser treatment preserves the
structure of proteins in low-density micro-environments,
the use of a U-LIVV leads to improved antibody re-
sponses compared to vaccines treated with heat or UV,
which cause extensive protein damage [1]. On the other
hand, this paper has demonstrated that the USP laser
technique preserves the structure of proteins [13], and
in contrast to heat and UV techniques, the novel USP
laser method has effective applications in the pathogen
reduction of blood products and other biologicals. Note,
that with the current understanding of genetic muta-
tion, it would not be possible for viruses to alter fun-
damental aspects of their structure, such as density or
vibrational frequencies of their capsids. Therefore, USP
laser treatment is likely to be effective against newly
emerging and rapidly mutating viral pathogens.

Experimental evidence has shown that non-enveloped
viruses, such as MNV, are inactivated by a visible USP
laser through the ISRS process. The USP laser pulses
excite Raman-active vibrational modes on the capsid of
the non-enveloped virus. Weak links, such as HBHC,
within the capsid of the virus, may break when the
excited amplitude of vibration on the capsid becomes
sufficiently large. This is due to the fact that the am-
plitude of the vibration is linearly proportional to the
laser intensity. This effect will cause the capsid to dis-
integrate into subunits, therefore inactivating the virus
due to the loss of its capsid integrity.

In regards to enveloped viruses, such as MCMV, in-
activation occurs via visible USP laser pulses exciting
Raman-active modes on the proteins of the capsid and
tegument proteins of the enveloped virus through the
ISRS process [13]. The photon energy of the USP laser
is insufficient to break covalent bonds in DNA in an
enveloped virus such as MCMV. The excitation breaks
HBHC on these proteins and causes the partial unfold-
ing of the proteins. The unfolded proteins will rapidly
reform the weak HBHC in the effort to return to the
original configuration. In the case of high protein con-
centration, such as in the capsid of a virus, HBHC may
occur with proteins nearby which will lead to protein
aggregation [1]; as seen in Fig. (1). This result has
been observed in the enveloped virus MCMV [12]. Ag-
gregation between capsid and tegument proteins is be-
lieved to be the cause of functional inactivation for an
enveloped virus. This is because the inactivated viruses

are able to enter cells, but unable to replicate within
them, as seen in Fig. (12). Arguably, the USP laser
treatment can produce efficient U-LIVV that mimics
the natural pathogen closely but is nevertheless inacti-
vated and safe for use in humans.

The level of safety for in vivo use of USP laser treat-
ment in humans can be compared to the success in mice.
The experimentation of USP treatment in mice has
shown more protection against H1N1 as compared to
traditional methods. The results from Sec (III-C) indi-
cate that the U-LIVV, which boasted 87.5% protection
at a ten-fold lower dosage, is significantly more efficient
than the vaccine prepared by the formalin-inactivated
vaccine, which achieved 75% protection [1]. The po-
tency of the U-LIVV-H can be attributed to the mini-
mal effect on the structure of proteins that USP laser
irradiation performs. This was measured and observed
by the CD spectrum of BSA protein measured before
and after USP laser irradiation and illustrated in Fig.
(8). Experimental results on the hemagglutination ac-
tivity of the virus show, within the experimental uncer-
tainty, that the USP laser irradiation has no effects on
the surface protein structure of the virus [12]. Note that
the U-LIVV-H may generate heterosubtypic immunity,
which can prove to be useful in the current efforts of
designing a universal influenza vaccine. The results of
experiments in mice suggest that the U-LIVV-H may
generate cross-protection against multiple strains and
address the issue of viral mutation.

V. CONCLUSION

In summary, a novel USP laser irradiation method
has been demonstrated to be effective for the produc-
tion of safe and potent U-LIVV vaccines, and as a means
of pathogen inactivation with broad-spectrum efficacy
against viruses, bacteria, mycoplasma, and fungi. The
future of pathogen inactivation technologies will favor
higher safety profiles, such as chemical-free methods
that selectively target pathogens while preserving de-
sirable components of the treated product. Presently
SEPHODIS offers such a methodology and will allow
rapid development of viral vaccines to respond to the
emergence of the SARS-CoV-2 virus and the outbreak
of the COVID-19 pandemic. The potency of U-LIVV
is more effective and efficient than traditional vaccines
and inactivation methods. In vivo experimentation in
mice has provided evidence for this, yet human experi-
mentation and clinical trials are warranted.
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