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Photochemical Study of Vitamin K and Vitamin B Derivatives and Their Applications as
Photo-induced Antimicrobial Agents
Abstract

The photoactivity of a series of vitamin K and vitamin B derivatives was investigated
systematically by combining theoretical and computational modeling methods with empirical
evidences and experiments. The photochemical properties of lipophilic vitamin K derivatives,
including vitamin Ky, Kz, Ks, and K4, water-soluble vitamin Kz, as well as water-soluble vitamin
B> derivatives including riboflavin and flavin mononucleotide, are the examples discussed in this
work. Some of the vitamins are proven to efficiently generate oxidative triplet excited state (T1)
and reactive oxygen species (ROS), such as hydroxyl radicals (HO-), hydrogen peroxide (H20z),
and singlet oxygen (*O2), via the intersystem crossing (ISC) process followed by the type I or type
Il photoreaction under proper photoirradiation conditions. The generated active species are non-
selectively and efficiently bio-lethal to diverse microorganisms including Gram-positive and
Gram-positive bacteria, as well as viruses. Meanwhile, some vitamins exhibit excellent
photoinduced antimicrobial durability while maintaining their robust antimicrobial function under
long-term photo exposure, representing the good photosensitizer nature of these vitamins.

In this dissertation, chapter 1 introduces the basic photochemistry principles and
photoreaction mechanisms of the aromatic ketone, the parent structure of vitamin K derivatives.
Representative inorganic and organic photosensitizers are then identified and discussed.
Meanwhile, some natural photosensitizers that can be extracted from natural products are screened.
The photoactivity and photochemical properties of some common vitamins are presented as well.

In Chapter 2, the photochemistry of the lipophilic vitamin Ki.4 is discussed in detail by

employing the Gaussian computational modeling package. Vitamin Kz was proven the robust
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photosensitizer in generating either HO- or O, via type | or type Il photoreaction among four
vitamin K derivatives. In the following experiments, vitamin Kz demonstrated its highly efficient
photoinduced antibacterial function and excellent durability against both Gram-negative and
Gram-positive bacteria under daylight irradiation. The successful combination of the theoretical
modeling and experiments provides a solid platform to study the photochemistry of
photosensitizers at the molecular level.

In Chapter 3, vitamin Kz, vitamin Kz, or vitamin Ks were blended with hydrophobic
polyacrylonitrile (PAN) or hydrophobic poly (vinyl alcohol-co-ethylene) (PVA-co-PE) and
electrospun to nanofibrous membranes with fibrous diameters of 200-290 nm. The VK3/PVA-co-
PE nanofibrous membrane was proven to be the most efficient photoactive nano-membrane in
generating ROS under daylight irradiation. The VKs/PVA-co-PE nanofibrous membrane exhibits
robust and non-selective microbicidal performance against Gram-negative Escherichia coli
bacteria, Gram-positive Listeria innocua bacteria, T7 bacteriophage virus, and Feline Infectious
Peritonitis coronavirus under daylight irradiation. Excellent photoinduced antimicrobial durability
of the VK3/PVA-co-PE nanofibrous membrane was proven, which confirms the conclusion in
chapter 2 and indicates that the application potential of VK3 as a daylight-induced antimicrobial
agent was promising.

In chapter 4, the photoactivity of a water-soluble vitamin Kz, menadione sodium bisulfite
(MSB), is discovered and discussed in detail for the first time. It was proven that the triplet MSB
could efficiently inactivate bacteria even in the absence of hydrogen donors under UVA (365 nm)
irradiation. The determinant factor that affects the photoinduced antibacterial function of MSB is

the distance between the photoactive site and the target microorganisms. Excellent photoinduced



antibacterial durability of MSB was observed, indicating the photochemical reaction cycles of
vitamin Ks with the aromatic ketone structure.

In chapter 5, the photochemistry of two water-soluble vitamin B, derivatives, riboflavin
(RF) and flavin mononucleotide (FMN) was studied and discussed. Both RF and FMN were found
to produce H202 and O via type | or Il photoreaction due to the formation of the oxidative Ti.
However, RF and FMN show limited photoinduced antibacterial function against bacteria under
cool white (370-750 nm) or UVA irradiation. The RF/PVA-co-PE and FMN/PVA-co-PE
nanofibrous membranes exhibit good photoinduced antibacterial function against bacteria under
UVA irradiation, which is probably due to the intimate contact of the photoactive nanofibrous
membranes with target bacteria. Therefore, a close bacterial contact should be provided to RF or
FMN to achieve better photoinduced antibacterial performance.

The final chapter concludes the photochemistry and photoactivity of vitamin derivatives
and their photoinduced antimicrobial function, which may be applied in the fabrication of safe-to-
use, highly efficient, extremely durable, and environmentally friendly photoinduced antimicrobial

materials that can be applied in bioprotection and food safety related areas.
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Chapter 1. Introduction and Literature Review
Abstract

In recent years, because of the frequent outbreaks of emerging infectious diseases (EID)
and public hygiene concerns, antimicrobial materials have drawn more attention in several fields,
particularly in medical textiles and healthcare-related aspects. Among all existing functional
materials, photo-induced antimicrobial materials gain tremendous interest from both academia and
industry due to their clean energy consumption, high microbial inactivation efficacy, and
environmentally friendly nature of the photoreaction process. Photoactive chemicals can
effectively generate reactive oxygen species (ROS) under proper light exposure, which are
considered efficient in inactivating microorganisms as a result of the generated oxidative ROS that
can non-selectively destroy cellular components in bacteria and functional proteins or nucleic acids

in viruses.

This chapter describes the basic photochemistry information such as the photoexcitation
and photoreaction of photoactive chemicals including inorganic metal oxides and organic
photosensitizers, as well as some natural products that are photoactive and capable of generating
biocidal ROS. The application of photoactive chemicals in the preparation of photoinduced
antimicrobial materials is also discussed to better reveal the potential of the photoactive chemicals

in the microorganism inactivation-related fields.
1.1 Background

Over the past few centuries, global outbreaks of infectious diseases, such as the Black
Death in the 14th century and the influenza pandemics in the 20th century, have caused at least 50
million deaths and changed the course of human history, and left indelible memories of miseries?.

With the improvement of science, technology, and health care condition, the outbreak of infectious
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diseases has been mostly efficiently controlled yet still brings suffering to humankind?. For
instance, the Ebola virus disease in 2014 in West Africa caused significant losses to human life
and property, as well as social development®. The Coronavirus Disease 2019 (COVID-19, caused
by SARS CoV-2) pandemic that is still ravaging the world has caused tremendous losses of human
life and depression of the economy in the world*. In this case, antimicrobial functional materials
by introducing biocidal agents that can inactivate microbes are drawing researchers’ attention. A
series of biocidal agents, such as chitosan, peptides, and silver nanoparticles, are widely applied
in the preparation of bioprotective personal protective equipment (PPE)>’. Nevertheless, the
bioprotective functions of these materials are always questioned, especially on the durability and
stability during uses, due to their irreversible consumption of the biocides. Rechargeable
bioprotective halamine materials have been widely investigated and applied in recent years®®.
However, potential release of an irritant chlorine from the halamine materials is a concern, which

puts limitations in their applications in certain products.

Photo-induced antimicrobial materials prepared by introducing photoactive chemicals are
considered to have high biocidal efficiency, green energy consumption, high durability, and low
toxicity, which reveal their great potentials in applications of hygienic and human health protective
products. Both inorganic or organic photoactive chemicals have found applications in the
antimicrobial-related fields so far and can generate biocidal ROS including singlet oxygen (*O2),

hydroxyl radicals (HO-), and hydrogen peroxide (H202) under proper light exposure on surfaces

of materials. In general, the most commonly used inorganic photoactive agents with antimicrobial
and detoxifying functions are titanium dioxide, zinc oxide, and some other semiconductors®®.
Organic photosensitizers mainly include benzophenone derivatives?, anthraquinone derivatives'?,

naphthoquinone derivatives!®, phenols**, and some conjugated heterocycle compounds like



porphyrins®®, benzoylpyridine derivatives®®, as well as some synthetic dyes, such as Rose Bengal*’.
Some natural product extracts*® and vitamins'® are also reported to be photoactive and applied in

photoinduced antimicrobial-related applications.

This chapter intends to introduce the photoexcitation and photoreaction mechanisms in
semiconductors and various common photoreactions in organic photosensitizers that can generate
ROS, particularly type I photoreaction in aromatic ketones and type 11 photosensitization reactions.
Some other possible photoreactions in aromatic ketones are also discussed, such as
photoreduction?®, photo redox?!, photohydration?, and decarboxylation?32* reactions that may
compete with type | photoreaction, resulting in a reduction of ROS production. Meanwhile, this
chapter introduces several basic and common inorganic and organic photoactive chemicals that
can be employed as photoinduced antimicrobial agents. Especially, some natural or natural
derivatized photoactive agents and vitamins are discussed to explore green, sustainable, and safer

photoactive chemicals that could be used in medical or food storage-related aspects.
1.2 Mechanism of Photoexcitation and Photoreactions

Although both inorganic metal oxides (such as TiO2) and organic photosensitizers are
photoactive and capable of generating ROS under proper photoirradiation, their excitation process
and photoreaction mechanisms are different. Under proper photoirradiation, electrons in TiO2 can
be excited from the valence band to the conduction band®>2%. The formed conduction band
electrons (e”) and valence band holes (h*) are both reactive and can be oxidized and reduced to
generate ROS that are lethal to microorganisms. Differently, the excitation of organic
photosensitizers (such as benzophenone) is generally electron excitation from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO)?. After the

formation of excited states, type | or type Il photoreactions can happen to generate ROS.
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Meanwhile, some other competitive photoreactions such as photoreduction and
photodecarboxylation could happen, which may reduce the production of ROS via the suppressed

type | or type Il photoreactions.
1.2.1 Photoexcitation process and photoreactions in metal oxides

In general, the most commonly used inorganic photoinduced metal oxides with
antimicrobial and detoxifying functions are titanium dioxide, silicon dioxide, zinc oxide, nickel
oxide, and some other semiconductors'®. Among them, TiO nanoparticles are the most widely
utilized one due to their highly efficient photoreaction under ultraviolet (UV) and visible light
exposure. TiO2 nanoparticles can decompose toxic organic materials into small molecules under
UVA irradiation?®. The photoreactivity of TiO, nanoparticles depends on various structural
properties, such as morphology, crystallinity, surface area, and doped metals, etc. Under proper
photoirradiation, TiO2 nanoparticles have been proven to inactivate both Gram-positive and Gram-
negative bacteria under photoirradiation?*3°, due to the production of biocidal ROS. The

photoinduced ROS generation mechanism of TiO2 is depicted in Figure 1.1.

+ - +H*
0, " Hoo- %+ Hoo . k0,

Photoreduction
e Conduction band

302 r 3
hv>E, T~
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H,O —_—
Photooxidation TiOo;
HO: + H*

Figure 1.1. Schematic diagram of the photoexcitation and photoreaction process of TiO2zin

aerobic environment.



The widely accepted mechanism is that the semiconductor, TiO», can produce conduction
band e and valence band h* when irradiated by UVA that provides the necessary photo energy to
overcome the bandgap energy of TiO, (Eq=3.2 eV)? 3L, The reactions occur on surfaces of the
TiO2 particles, and as a result, nanoparticles possessing ultrahigh specific areas are the most
effective form of TiO,. The majority of the formed electron (e”) and hole (h™) would recombine
within a short time with the emission of heat®. Also, the e and h* could reduce oxygen or oxidize
water to produce ROS, respectively. The e could react with triplet oxygen (302) absorbed on the
surface of the material and then generate superoxide radical anion (-O2’), which could subsequently
generate hydroperoxyl radical (HOO-) and H202 by reacting with protons. At the same time, the
h* can oxidize the organics or react with OH" or H20 and oxidize them into HO-. The h*, H2O»,
and HO- are reactive and have a high tendency to oxidize various sorts of organic compounds and
microbes. In addition, TiO2 has the potential to be excited by sunlight or daylight by doping metals
that can improve the visible light absorbance band of TiO2*3, which can broaden TiO, based
photoinduced materials’ application fields. Besides, the excited TiO2 would eventually go back to
its original ground state without consumption, which also reveals its good durability as
photoinduced antimicrobial agents. However, although TiO; related photoactive materials have
above mentioned strong points, they do have their inherent shortcomings. For instance, TiO>
particles used for preparing photo-induced antimicrobial materials are nanoparticles®, which could
penetrate human skins and are toxic to human®. Meanwhile, the photoactivity of TiO;
nanoparticles can not only kill bacterial and chemical compounds around the material but also
affect the material matrix, impairing the physical and chemical properties of the materials'®.
Besides, TiO2and other inorganic photocatalysts inherently do not have interactions with material

matrixes, which also limits the applications of the inorganic photoinduced antimicrobial materials.



1.2.2 Photoexcitation, Type I, and Type II photoreactions

Some organic photoactive chemicals were also proven to be microbiocidal under certain
photoirradiation due to the photoinduced generation of ROS. The ROS generation processes can

be divided into the type I reaction with the accompanied formation of HO- and H>O», and the type

11 photosensitization reaction with the generation of !0,?’. Nevertheless, both type I and type II
photoreactions start from the lowest triplet excited state (T1) that is relatively stable with a longer
lifetime than that of the singlet state®®. The excitation process and formation of the T; can be

explained by referring to the Jablonski diagram in Figure 1.2.

*sn__
IC S an
*S; ISC
\’V\M *T-f
| 30,/RH
: Type | reaction
l HzOz’Ho'
hv Fluorescence i
0 02
i Type Il reaction
Phospho‘escence '\ 10,
5o v ! 5o

Figure 1.2. Jablonski diagram of the excitation process.

Under photoirradiation, electrons in the ground state (So) could be excited to higher singlet
excited states (Sn) by absorbing a photon whose energy is equal or higher than the energy gap
between S, and So. The formed S, is unstable with a very short lifetime which can subsequently

rapidly relax back to the lowest singlet excited state (S1) via an internal conversion (IC) process®”.



The S; is relatively more stable than S, but is still less stable than So. Then S; could relax back to
So by IC with nonradiative emission of heat or by radiative emission of fluorescence, or further
transfer to Ti via an intersystem crossing (ISC) process. The quantum yield of ISC is highly
dependent on the structures of the molecules. Aromatic ketones, such as benzophenones and
naphthoquinones, have very high ISC efficiency, yet aliphatic ketones have very low ISC
efficiency>®. The formed T} has slightly lower energy than S; and a relatively long lifetime because
the relaxation from T} to So is spin-forbidden according to El-Sayed’s rules®®. Thus, T; should be
the most stable excited state from which many photoreactions can start. T could react with

electron-rich substrates to form HO- and H,O, or sensitize ground-state triplet oxygen (*02) to

much more oxidative 'Ox. The detailed photoreaction mechanisms will be discussed later. Besides,
T1 could go back to So by radiative emission of phosphorescence, although the process is relatively

time-consuming because of the forbidden relaxation®.

Some aromatic ketones, such as benzophenones, anthraquinones, and naphthoquinones
(the parent ring of vitamin K derivatives), are known to be photoactive due to their high ISC
efficiency because of the aryl ketone structure*®*. The aryl ketone structure has proven to
influence the energy of Si, T», and T, states, which can largely impact the ISC efficiency via
indirect ISC process*®. The excitation and Jablonski diagram of benzophenone (BP) is depicted in

Figure 1.3a as a representative to depict the indirect ISC process of aromatic ketones.
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Figure 1.3. (a) Jablonski diagram of benzophenone excitation and ISC process. (b) nw*

transition of the carbonyl group in aromatic ketones under photoirradiation.

Under photoirradiation, electrons in benzophenone can be efficiently excited. Several electron
transition types could happen during the excitation process. Electron excited from 7 bonding
orbitals into the carbonyl carbon p* orbital (z* antibonding orbital) forms a nn* excitation, or
electron excited from carbonyl oxygen n, orbital (nonbonding orbital) into the carbonyl carbon p*
orbital forms an nz* transition (depicted in Figure 1.3b). The nn* excited states have lower energy
than the nn* excited states®® (Figure 1.3a). As we have discussed above, most photoreactions start
from T1. However, T1 (n*) of benzophenone cannot be directly formed via So-T transition due to
the spin forbidden by El-Sayed’s rules. T can be formed by the indirect ISC from S, which was
proven in gaseous benzophenone®’ whose Jablonski diagram is depicted in Figure 1.3a. Under
photoirradiation, the electron in benzophenone is effectively excited from the m bonding orbital to
the * antibonding orbital forming an S; with nn* transition. The S can rapidly relax back to S;
via the IC process. Meanwhile, the aryl ketone structure enables an efficient ISC of the nn* excited
Si to an isoenergetic T> with ™ transition. This process is spin allowed by El-Sayed’s rules (Sxn+-
Tor and Spps-Trr+ are allowed, whereas Spps-Tarr and Sppx-Tnr+ are forbidden). The T» can then

subsequently go back to lower-energy T efficiently. However, the indirect ISC pathway is not



available for aliphatic ketones*®. The ISC rate from nn* excited S; to T of aliphatic ketones is
much lower than aromatic ketones, which maybe because of the non-isoenergetic S; and T> due to
the absence of the aromatic ring. It is worth noting that either direct ISC (S1-T1) or direct excitation
from So to T are spin-forbidden in benzophenone. The T is a long-live intermediate during the

ISC process from Si to Ti.

The nn* excited T; is a biradical with very high oxidative property®®. The electron in the
lone pair of the carbonyl oxygen is excited to carbonyl carbon n* antibonding orbital, leaving the
electronegative oxygen more electron-deficient and more oxidative. Thus, the T is considered the
most reactive excited state in benzophenone®®. Although the mn* excited states are also produced
during the excitation, they are known with charge transfer (CT) feature and regarded as the most
unreactive states in benzophenone®®. The formation and reactivity of the T are also largely
impacted by substituents and solvent media*®. The substituents can shift the nn* T; to nn* T,
through inductive effects. Electron-donating functional groups can decrease the energy of np orbital
while increasing the energy of n* orbital. The increased energy gap, therefore, influences the
formation of Ti. Additionally, the nn* excited Ti is oxidative and electrophilic, and the
introduction of an electro-donating functional group could increase the electron density in the
carbonyl group and decrease the oxidative property, which makes the T; less reactive in the
hydrogen abstraction reaction. On the contrary, the addition of electro-withdrawing functional
groups was proven to benefit the reactivity of T1. Moreover, the introduction of a functional group
on the ortho position of the aromatic ring should be avoided due to possible intramolecular
interactions or reactions, such as the hydrogen-bonding effect*®. Increasing solvent polarity could

also shift nt* excited T; to n* excited T,



Starting from T;, various photoreactions could happen due to the oxidative property of the
excited states. Two photoreactions that could generate ROS are known as type I and type Il
reactions. The detailed type I and type II photoreaction mechanisms of benzophenone are depicted

in Figure 1.4.

Type | photoreaction

o] o]

= [t = [r = oo

Bp Singlet state Triplet state CBP*) Hydro BP radical (BPH-)

o = o 0T — oo

Hydroperoxyl radical
Intermediate product

HOO: —= H,0, + 0O,
hv
H, 0, — 2HO-

H,0, + *Oy — ™ HO" + HO + O,

Type Il photoreaction

|: ]
Triplet state (BP¥) Singlet oxygen

Figure 1.4. Type | and type Il photoreaction mechanisms of benzophenone under

photoirradiation in an aerobic environment.

After the formation of T1 (BP®"), type | photoreaction could happen, which is also the predominant
photoreaction of the biradical triplet state. According to the literature, hydrogen abstraction and
addition to C-C double bonds are favored by T:%. Whereas, the Ti is relatively stable in the
cleavage of the C-C bonds. Because of the excited electron from the np orbital of the carbonyl

oxygen to n* antibonding orbital of the carbonyl carbon, the formed nn* excited T is extremely
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electron-deficient in the carbonyl oxygen and has an oxygen radical center, which enables the T
to abstract a hydrogen atom from nearby hydrogen donors (RH), resulting in the formation of a
hydro benzophenone radical (BPH-). This photoreduction process can be also detected in an
environment without appropriate hydrogen donors but with good electron donors*®. For example,
the benzophenone T: could directly abstract an electron from amines to form a radical anion via
electron transfer, followed by a proton transfer to achieve the hydrogen atom transfer to form the

BPH-*’. The benzophenone T could also firstly couple with the electron-rich amines to form a

transition state via charge transfer, after which a hydrogen transfer could happen from the amines

to the formed BPH-*®. The electron donors could reduce both nn* and n* T through the energy

transfer process®®. The H abstraction reaction is highly dependent on the hydrogen donors.
Appropriate hydrogen donors could be aliphatic C-H bonds, such as the H in the methylene group,

and the o-H adjacent to hydroxyl groups®. After the formation of the BPH., the radical could be

trapped by oxygen to form an intermediate product (See type | photoreaction in Figure 1.4). The
intermediate is unstable and could be disassociated to -O," and BPH" under photoirradiation or via
thermal decay. The -O> could further react with BPH" and abstract a proton to form HOO-. The

formed HOO- could transform to HO- and H.0O- via a series of radical reactions® #8,

Singlet molecular oxygen (*02) could be formed via type Il photoreaction*®. Compared
with the type | photoreaction, type Il photoreaction is a photosensitization process that has no
requirement on the electron transition (nx* or nn*) of the triplet excited state. In the type Il
photoreaction, O, is generated through an energy transfer process from T of the photosensitizer
(BP*) to the ground-state triplet oxygen (*0z) by a collision. Although there is no requirement on
the electron transition of the Ti, several other requests should be satisfied®: (1) The
photosensitizers should have a high absorption coefficient under the excitation light irradiation.
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The high absorption coefficient could provide the photosensitizers with tremendous amounts of
singlet excited states that could potentially transfer to triplet excited states via ISC. (2) The energy

of the triplet state of the photosensitizers should be equal to or larger than 95 kJ mol™ (Er=95 kJ

mol™?), which is the required energy to sensitize triplet oxygen to singlet oxygen via the energy
transfer process. (3) The photosensitizers should have a high quantum yield of triplet states (©>0.4)
and long triplet lifetime (t>1 us). Besides, the photosensitizers should have (4) high photostability
since singlet oxygen is oxidative and could therefore damage and decompose the structure of some

photosensitizers, leading to the loss of the photoactive function.

It is worth noting that both type | and type Il photoreactions consume no photosensitizers,
and the re-formation of the ground-state photoactive chemicals could be achieved. Therefore, the
photoactivity of the photosensitizers should be ideally constant with no reduction. However,
certain reduction of photoreactivity could be observed during the experiments, which may be
caused by other competitive side photoreactions that could consume the T or change the structure

of the photosensitizers.
1.2.3 Some other photochemical reactions

Except for the type I and type 11 photoreactions, several side reactions could happen from
the T1 benzophenone due to its highly oxidative property. These side photoreactions could compete
with the type I and type II photoreactions and therefore lower the ROS production and the
photoinduced antimicrobial efficacy. This section intends to analyze some probable photoreactions

that may influence the hydrogen abstraction and oxygen photosensitization process.

Figure 1.5 depicts the addition reaction of an alkene with triplet benzophenone, namely

Paterno—Biichi oxetane formation reaction’!. The nn* excited benzophenone T; is electron-
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deficient and a very strong electrophile. In this case, the T could react with the electron-rich
alkenes, and an addition reaction could be achieved. The addition reaction is also known as a
predominant photoreaction in the triplet benzophenone, which largely competes with the H
abstraction reaction. In this case, a low ROS production in an alkene existed benzophenone system

should be observed due to the triplet quenching effect via the addition reaction.

Triplet state (BP3*)

Figure 1.5. Paterno—Biichi oxetane formation reaction between triplet benzophenone and

alkenes.

The triplet excited benzophenone could transfer its energy to other substances via the
Dexter energy transfer (ET) process 2. As shown in Figure 1.6, the benzophenone moiety in the
benzophenone grafted norbornadiene (G,-NBD) could be excited to its triplet excited states via the
ISC process. The energy in the benzophenone T could transfer to the norbornadiene moiety via
an energy transfer process. The absorbed energy in the norbornadiene could trigger the Diels-alder
reaction and generate the quadricyclane compound (Gs-QC). In this reaction, the benzophenone
T, is efficiently quenched by the substrates and new substances are produced. Thus, if the system
contains any substrates that could absorb the energy of benzophenone T, the ROS production

could be decreased due to this competitive photoreaction.
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Diels-Alder Reaction A>350 nm

Gn-NBD Gn-QC

Figure 1.6. The energy transfer process between the triplet benzophenone and

norbornadiene and subsequent Diels-Alder reaction.
Other than the competitive photoreactions starting from benzophenone Ti, some
competitive reactions could happen on BPH:, which could produce alcohol structures that could

not go back to original benzophenone ketone structures, resulting in a consumption of the

photoactive agents'!:33. Figure 1.7 depicts some possible reactions starting from BPH- after the H

abstraction reaction.
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Figure 1.7. Some side-photoreactions during the type | photoreaction process.

Light absorbing transient (LAT)

After the formation of BPH- via the abstraction reaction between triplet benzophenone (BP*") and

hydrogen donor (RH, take isopropanol as an example), there are several reaction paths to choose

for BPH- besides reaction with oxygen to generate ROS. As shown in Figure 1.7, a structural
resonance could happen on BPH- to form intermediate 1. The radical center in intermediate 1 is on

the ortho-position of the aromatic ring. The intermediate 1 could transform to intermediate 2 via
resonance to form a para-radical center. The intermediate 2 could further abstract hydrogen from
hydrogen donors to form a light-absorbing transient structure (LAT)* %3, The LAT structure could
be quenched by reducing agents to the original benzophenone, or it could be oxidized by oxygen

to original benzophenone with the accompanied formation of hydroperoxyl radicals't. The LAT
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structure was proven to be antimicrobial under dark conditions due to its rapid reaction with
oxygen and the resulted hydroperoxyl radicals that could further transform to hydroxyl radicals
and hydrogen peroxide. Meanwhile, the formation of LAT does not consume any benzophenone

due to the regeneration process. The BPH- could also further react with the hydrogen donor radical
(R-) after the hydrogen abstraction reaction. As shown in Figure 1.7, the BPH- could further

abstract hydrogen from the isopropyl radical to form an alcohol product 3 with the accompanied
formation of acetone, or it could couple with the isopropyl radical to form a product 4°3, The latter
reaction is also considered as the mechanism of the photoinduced crosslinking reaction. It is
worthy to know that neither product 3 nor 4 could go back to the original benzophenone structure.
Therefore, the formation of these alcohol products is generally an irreversible photoreaction that
competes with the type | photoreaction, resulting in the reduction of the photoreactivity and a
discount in the ROS production after long time exposure to light. Another reaction that may lead
to the irreversible consumption of photoactive agents is the pinacol coupling reaction of two

molecular BPH-, after which the formation of benzpinacol product is observed®. This reaction

could also result in the reduction of photoreactivity.

Some other photoreactions related to the triplet excited states could occur, such as photo
redox, photohydration, and photodecarboxylation reactions?®-24, Structure changes on the aromatic
ketones could happen after these photoreactions, which may influence the photoexcitation process

and the electron transition process.

Hydroxyl aromatic ketones could be oxidized to form corresponding oxidation products in
an acidic system under photoirradiation, according to the literature?*. The primary hydroxyl

benzophenone in acidic solutions under UV irradiation can be oxidized to form aldehyde
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benzophenone (Figure 1.8). Similar photoreactions could happen on the secondary hydroxyl
anthraquinone compounds® (Figure 1.9). The anthraquinone could be firstly excited to its triplet

state, which can be subsequently protonated and oxidized to its ketone products.

3% — — 3*

H
o) No*

i OH
OH v OH , ~ OH
B
I1SC .
H+
H,0 \ H

OH 9y o] OH OH OH OH
HyO ISC .

Figure 1.8. Photoredox reaction of primary hydroxyl benzophenone in an acidic

environment under photoirradiation.
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Figure 1.9. Photoredox reaction of secondary hydroxyl anthraquinone in an acidic

environment under photoirradiation.

17



Some researchers also investigated the photohydration reaction of the benzophenone in
acid solution under UV irradiation??. The mechanism of the photohydration reaction is depicted in
Figure 1.10. The ground-state benzophenone is irradiated to S1 and then to T: through the ISC
process. The T1 is then protonated by the H* in the solution and forms the T1" intermediate with
the positive charge locating on the ortho or meta position on the benzene ring. The positively
charged intermediate is easy to be attacked by the H2O to form ortho- and meta-intermediates.

These two intermediates are not stable and tend to reform benzophenone via dehydration reaction.

0 o) *OH

hv HJr
ISC

Figure 1.10. Photohydration reaction of benzophenone in an acidic environment under

photoirradiation.

Photodecarboxylation reaction is another probable photoreaction in carboxylic aromatic
ketones in an acidic solution system?*. The mechanism of the photodecarboxylation reaction in
ketoprofen is depicted in Figure 1.11. Ketoprofen is excited by UV light and then forms S; and T..

The T is subsequently protonated by the H* in the solution and form T1*, which can proceed
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decarboxylation reaction and subsequently form carbon dioxide and a biradical by intramolecular

charge transfer.

_[H20 or acid]”

o} 3*

OH
hv
—_—
[e] ISC

Second step

_[H20 or acid]

OH “oH *

- -~
+ CO,
Intramolecular
charge transfer

Figure 1.11. Photodecarboxylation reaction of ketoprofen in an acidic environment under

photoirradiation.

Overall, the photoreactions of aromatic ketones are highly dependent on the hydrogen
donor, electron donor, solvent media, pH value, as well as their chemical structures. Additional

photoinduced reactions in other photosensitizers will be discussed in the latter sections.
1.3 General Photoactive Antimicrobial Agents

Inorganic photoactive chemicals, such as semiconductors and carbon nanomaterials are
known to generate ROS under photoirradiation. Some organic photosensitizers including quinones,
naphthols, tetrapyrroles, synthetic dyes, and some transition metal complexes are also capable of
generating ROS under photoirradiation via type I or type II photoreactions. This section intends to
conclude some general inorganic and organic photoactive chemicals that could potentially be

utilized as photoinduced antimicrobial agents. Also, their photoreaction mechanisms are discussed.
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1.3.1 Inorganic photoactive antimicrobial agents

Carbon nanomaterials are a series of carbonaceous materials, such as fullerenes, carbon
dots (CDs), carbon nanotubes (CNT), carbon nanohorns, graphene (GR), and graphene oxide
(GO)>-%. The basic skeleton structure consists of tremendous sp*-hybridized carbon atoms®’,
which gives the carbon nanomaterials unique physical and chemical properties. Carbon
nanomaterials are widely used in biosensing, bioimaging, and biomedicine applications>®. Many
carbon nanomaterials are capable of generating ROS under photoirradiation, whereas the
photoreaction mechanisms varied from different carbon nanomaterials®. Researchers found that
graphemic carbon materials could react with dissolved oxygen under photoirradiation. The
photoreaction usually takes place at the graphene edge or defect sites, resulting in the generation
of -0, and H,0,*°. Carbon quantum dots (CQD) were also reported to generate 'O, with a high
yield under photoirradiation. Besides the conventional photosensitization with the energy coming
from T to So, the ISC from S; to T is also considered as a contributor that promotes the oxygen
photosensitization process of CQD®. Some carbon dots were also reported to generate -O” via
photoinduced electron transfer process®!. Carbon nanotubes (CNT) were also reported to generate

'0,, -O27, and HO- under photoirradiation via photosensitization and electron transfer to oxygen®?.

However, CNT has also proven to be a ROS quencher, yet the quenching effect is still not fully
understood®>%*. One possible reason could be the photoinduced disassociation of the excited CNT
(CNT*) to CNT" with the formation of hydrated electron (e7aq) that is reductive and could be

trapped by oxidative ROS.

Semiconductor nanomaterials are another category of photoactive chemicals that have been
diversely used due to their excellent physical and chemical properties. The ROS generated from
semiconductor materials are attributed to the photoinduced-formation of the conduction band
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electrons (¢) and valence band holes (h"), which has been discussed in the previous section. The
formed e and h" could react with oxygen and water to produce ROS. The semiconductor
nanomaterials, therefore, reveal great potential as photosensitizers in photodynamic therapy (PDT)
and antimicrobial applications. However, researchers are still trying to improve the photoreactivity
of the semiconductor nanomaterials by all means. Some researchers tried to introduce doping
materials®* and surface defects®® to expanding the light absorption of the semiconductors from UV
to visible or even near-infrared region (NIR). Furthermore, the quantum efficiency and electron-
hole recombination suppression were considered by researchers to improve the photoreactivity of

the semiconductors®.

Some defective inorganic nanomaterials, such as defective RuO» nanoparticles®® and Gd-

t7, were also proven photoactive to produce 'Oz and O during the

doped zinc oxide nanobulle
photoirradiation process. The particle size, morphology, and crystal defects of these materials are

considered to greatly impact the generation of ROS®,
1.3.2 Organic photoactive antimicrobial agents

Quinones and benzophenones are large groups of photoactive chemicals that are well
known for their high photoreactivity in the generation of ROS via type I and type II photoreactions.
The basic skeleton of these photoactive chemicals is the aryl ketone which has a high ISC
efficiency due to the indirect ISC process. The photoexcitation and photoreaction mechanisms
have been discussed in the previous chapter. Under photoirradiation, quinones and benzophenones
could be excited to its triplet state, which can then abstract hydrogen or electron and react with
oxygen to form ROS. Benzophenone (BP), anthraquinone (AQ), and naphthoquinone (NQ) are
derivatives of the photoactive chemicals and have proven highly photoactive in generating ROS.

The chemical structures of these photoactive chemicals are shown in Figure 1.12. Because of the
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aryl ketone structure, the ISC quantum yield for BP and AQ are close to unity, and for 1,4-NQ is
0.7440-4%- 8 \which provides the reaction with tremendous Ti. It is worthy to know that the
substituents on the chemicals have a great influence on photoreactivity. The introduction of
electron-withdrawing groups such as carboxylic acid and dianhydride, or very mild electron-
donating groups such as methyl and ethyl groups would not affect the electron transition and
hydrogen abstraction reaction®®. However, the introduction of strong electron-donating groups
such as amino and hydroxyl groups would reduce the oxidative property of triplet, resulting in a
reduction of HO- and H202 production. As shown in Figure 1.12, 3,3'44'-
benzophenonetetracarboxylic dianhydride reveals robust photoactivity under the daylight and
UVA irradiation and could generate large amounts of ROS against the microorganisms*® /°. The
introduction of the electron-withdrawing anhydride group does not change the electron transition
and T oxidative property. On the contrary, the introduction of the amino group to anthraquinone
or hydroxyl group to naphthoquinone causes the reduction in ROS production®®. Besides, the

photoreactivity of these chemicals is also affected by solvent media and pH values.

Benzophenone Anthraquionone 1,4-naphthoquinone

0‘0 OH
o o
3,3',4,4'-Benzophenonetetracarboxylic dianhydride 1-Amino-anthraquinone 2-Hydroxy-1,4-naphthoquinone

Figure 1.12. Chemical structures of representative benzophenones and quinones.
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Some benzophenone heterologous chemicals are also reported to produce ROS under
photoirradiation, which share a similar photoreaction mechanism to aromatic ketones'¢. These
chemicals are reported to have nt* lowest triplet excited states that allow hydrogen abstraction for
various degrees. Chemical structures of some photoactive benzophenone heterologous are shown

in Figure 1.13.

O
[
N _~
4-Benzoylpyridine 4.4-Dipyridylketone

Figure 1.13. Chemical structures of some photoactive benzoylpyridine derivatives.

Naphthol compounds, such as 1-naphthol and 5-hydroxy-1-naphthol, are another group of
photoactive chemicals that are capable of generating ROS including 'O, -O2’, and H,0,"!.
However, the photoreaction mechanism of these types of chemicals is different from quinones due
to their low ISC quantum yields, which is depicted in Figure 1.14. Under photoirradiation, ground-
state naphthol is excited to its Si. According to literature, the ISC quantum yield of naphthol is
low so that the ISC efficiency is questionable’!. Therefore, the photoreaction starts from S, and a
photoionization process could occur with the formation of a proton (H"), solvated electron (€aq),
and a naphoxyl radical (-ONaph). The e’aq could be trapped by the dissolved oxygen efficiently to
produce -O2". On the other hand, the ionization product -ONaph could not react with dissolved
oxygen but react with Oz and proton to form a hydration intermediate, which could then form
NQ. Meanwhile, the formed -O2" could combine with protons to produce H>O,. Thus, naphthol

compounds have the potential to be used as photoinduced antimicrobial agents as well.
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Figure 1.14. Photoreaction of naphthol compounds under photoirradiation in an aerobic

environment.

Compounds with tetrapyrrole structures had been studied since 1900 when they were
proven to be photoactive for the first time’?. These types of chemicals were used in PDT in 1970
initially in the United States because of their robust capability in generating 'O, via energy transfer
from photosensitizer Ti to molecular oxygen’>. Also, their excellent physical and chemical
properties such as strong absorbance in visible or NIR region, substantial triplet quantum yield,
low dark toxicity, and rapid clearance from normal tissues offer great potential to be used as PDT
agents”. Porphyrins, chlorins, bacteriochlorins, and phthalocyanines are typical photoactive
tetrapyrroles and are widely used in photoinduced antimicrobial and anticancer-related

applications’*. Skeletal chemical structures of photoactive tetrapyrroles are shown in Figure 1.15.

24



ool
cn b b8 B

Porphyrin Chlorin Bacteriochlorin Phthalocyanine

Figure 1.15. Basal chemical structures of photoactive tetrapyrrole derivatives.

Some synthetic dyes were also proven photoactive to produce ROS, especially 'O, via type
IT photoreaction, under photoirradiation. Basic photoactive synthetic dyes generally include
phenothiazinium salts (e.g., Methylene Blue), xanthene compounds (e.g., Rose Bengal),
squaraines, and boron-dipyrromethene (BODIPY) dyes’®. Most of these photoactive dyes could be
excited in the range of 500~700 nm, which are widely applied in antimicrobial and anticancer PDT.
Chemical structures of some representative photoactive synthetic dyes are summarized in Figure

1.16.

Methylene Blue

Rose Begal
ose Begal BODIPY dye (DMPy-BODIPY)

SO3H

Squaraine dye (ASQI)
Figure 1.16. Chemical structures of some photoactive synthetic dyes.

Phenalenone compounds are also used as effective photoactive generators of 'O> under

photoirradiation”®. A cationic phenalenone compound (SAPYR) was successfully synthesized, and
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its 'Oz quantum yield was proven to be as high as 0.997°. The chemical structure of the phenalenone
compound is shown in Figure 1.17. The chemical was proven to be excited at around 380 nm and

reveals efficient antibacterial activity.

SAPYR
Figure 1.17. Chemical structure of a photoactive phenalenone compound (SAPYR).

Transition metal coordinated complexes are another new group of photosensitizers that
could generate ROS, such as Ru and Ir complexes’ 7®. Chemical structures of some transition
metal coordinated compounds are shown in Figure 1.18. These compounds were proven to be

excited at 450~600 nm and used to inactivate microorganisms and tumor cells.

Ruthenium Iridium

Figure 1.18. Chemical structures of photoactive transition metal complexes.

1.4 Natural Photoactive Antimicrobial Agents

Some photoactive chemicals could be extracted from natural products and used as

photoinduced antimicrobial agents because of the formation of ROS. This section intends to
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introduce some representative natural photosensitizers isolated from nature, such as plants and
microorganisms. Also, some vitamin derivatives that could be extracted from natural products or

used as food additives are discussed.
1.4.1 Natural products isolated photoactive antimicrobial agents

A diverse range of natural photosensitizers extracted from plants or microorganisms were
introduced, according to the literature'®. These natural photosensitizers include furanocoumarins,
polyacetylenes, thiophenes, polyphenols, xanthonoids, alkaloids, curcumins, phenalenones,
anthraquinones, porphyrins, and perylenequinones. Under proper photoirradiation, these
chemicals could be excited and undergo photoreactions via different mechanisms. Chemical

structures of some representative natural photosensitizers are summarized in Figure 1.19.
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Figure 1.19. Chemical structures of some natural photosensitizers.

Furanocoumarins are a series of chemicals with flat tricyclic planes that could be extracted
from plants, such as celery’”’®. The flat plane structure enables the furanocoumarin to insert into
the DNA. Clinical usage of furanocoumarins is under UVA light (usually> 320 nm). Under the
photoirradiation, a photoinduced crosslinking reaction could happen between one nucleobase and
the double bond in the furanocoumarin’’. Also, furanocoumarin could react with RNA, cell
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membranes, and proteins. However, the 02 quantum yield of some furanocoumarins is relatively
low, thus the type II photoreaction is not the predominant photoreaction during the

photoirradiation”.

Polyacetylenes compounds feature for their carbon-carbon triple bonds or alkynyl groups.
These compounds are widely found in Asteraceae species®®. Thiophenes could be generated by
polyacetylenes via a sulfur addition to polyacetylenes®!. The irradiation light wavelengths of these
compounds are generally from 314 nm to 350 nm'®. Thiophenes were also reported to be capable
of extracted from plants'®., Most aliphatic polyacetylene could generate limited 'O, under
photoirradiation, whereas aromatic polyacetylene could generate both oxygen radicals and 'O, via
type I and type II photoreactions®” ¥2. Unlike the aromatic polyacetylene which is a mixer of type
I and II photoreactions, thiophene is a pure type Il reaction photosensitizer with a high 0> quantum
yield'®. In general, the photoactivity efficiency ranks as thiophene >aromatic polyacetylene >

aliphatic polyacetylene, under photoirradiation®’.

Polyphenols are widely found in natural products such as grapes and green tea®*®>. Some
polyphenols including caffeic acid, gallic acid, proanthocyanidin, and (—)-epigallocatechin have

proven photoactive under blue light (400 nm) irradiation'*. HO- and H,O are detected during the

photoirradiation process of polyphenols. The polyphenols are demonstrated to effectively

inactivate both Gram-positive and Gram-negative bacteria under blue light irradiation.

Xanthonoids are a group of natural phenolic compounds formed from the xanthone
backbone and widely distributed in Clusiaceae plants. Some xanthonoids could be extracted from
microorganisms, such as bacteria and Ascomycetes®®. However, the photochemical properties of

xanthonoids are recorded controversially in literature. A representative xanthonoid, mangostin,
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was proven to produce 'O, under 400-800 nm photoirradiation®’. The formed 'O could lead to
cell apoptosis, lipid peroxidation, and DNA damage. On the other hand, another group of

researchers proves that xanthonoids mainly produce HO-, H>O», and -O2" via type I photoreaction

under UVA photoirradiation, resulting in DNA damage®®. On the contrary, the function of !0, was
proven to be negligibly small. A more detailed photochemistry study should be performed to know

better about xanthonoids derivatives.

Alkaloids are large groups of natural products, so the photoactive alkaloids compounds are
abundant. Alkaloids could be divided into several subclasses, such as beta-carbolines and
benzylisoquinoline. Various tricyclic beta-carbolines have been isolated®. Some alkaloids could
be found in the human body, for example, in a very little amount in eyes or skins®’. All beta-
carbolines compounds are recorded to have high triplet excited state quantum yield, which makes
the compounds produce H>O2 and '0>°!. The formed reactive oxygen species could further damage
DNA, enzymes, and lipid membranes. Harmine, one beta-carboline alkaloid compound, could

damage DNA and suppress tumor cells under UVA irradiation’**?

. Benzylisoquinoline-like
alkaloids could be extracted from Annonaceae plants’®. Isomoschatoline, a benzylisoquinoline,

was proven to be excited under a light in the range of 600-700 nm to produce 'O,’*. This compound

shows an inactivation function toward both Gram-negative and Gram-positive bacteria.

Curcumins are commonly found in Curcuma plants and now widely used as natural
photoactive agents. This type of natural photosensitizers consists of linear diarylheptanoids. It has
been proven that curcumin could show certain antibacterial functions in a dark environment®”.
Under blue light (462+3 nm) irradiation, the antibacterial activity of curcumin further increased
due to the formation of 'O against both Gram-positive and Gram-negative bacteria’®. Meanwhile,

curcumin under light irradiation reveals tumor cell inactivation function®’. According to literature,
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the cell membrane is the main target of curcumin, and severe cell membrane damage could be
observed with the leakage of cellular content’®. The major drawback of curcumin in practical
application might be its poor water solubility, which may attribute to its intramolecular bonding

and inherent hydrophobic molecular structure®.

Natural phenalenones can be found in various fungus and plants, such as Kingdom Fungi
and Kingdom Plantae'®. The skeleton and photoactive backbone of this type of natural product is
the tricyclic phenalenone, which was proven to have a very high !0, quantum yield (close to 1)

under the excitation light whose wavelengths ranges from 337 nm to 436 nm!%

. Hydroxyl or aryl
substitutions could be found in some natural phenalenones, and some of them were proven to

effectively suppress tumor cells under proper photoirradiation.

Anthraquinones have proven photoactive and are widely used in the preparation of
photoinduced antibacterial materials'?!-1>, Some anthraquinones dyes are chemically synthesized,
such as 2-ethyl anthraquinone and Vat Yellow GCN'2. Natural anthraquinones by introducing

104 and funguses'®. The

hydroxyl or amino substitutions onto aromatic rings widely exist in plants
photochemical property of anthraquinone was discussed earlier and could be affected by
substitutions, hydrogen bonding effect, and solvent polarity. Similarly, the substitutions in natural
anthraquinones could affect their photoactivity by alternating the energy of excited states and
changing the electron transition*®. In this case, the 'O, quantum yield of natural anthraquinones
varies distinctly. For example, the hydroxyl substituents in position 1 make the T energy higher
than Sy, resulting in a non-spontaneous ISC process and, therefore, a lower triplet population and
less '02 production. Interestingly, substitution on position 2 does not alternate the energy of Ti

and S, and an improved 'Oz production via type II photoreaction can be observed. Additionally,

hydroxyl substitution on position 1 makes the absorption spectrum redshift, due to the electron-
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donating effect (p-m conjugation) and the consequent charge transfer (CT) effect. However, the
hydroxyl substitution on position 2 has a slighter spectrum redshift effect, comparing to position
1-substituted anthraquinones. Besides, position 1-substituted anthraquinones are highly affected
by the intramolecular hydrogen bond between the -OH and carbonyl oxygen. Overall, most natural
anthraquinones can be excited by light with a broad wavelength range (400~450 nm), whereas the

10, production varies significantly'.

Protoporphyrin IX (Pp IX) is one of the natural photoactive porphyrin compounds. Pp IX
is the intermediate precursor of haem in the biosynthetic process!?®. Each nucleated cell must have
the capability of synthesizing Pp IX, even to a minimum extend. Under the excitation light at 500
nm and 630 nm, Pp IX shows a high 'O, quantum yield of 0.77 via type II photoreaction after the
formation of triplet excited states'> %7, Thus, the Pp IX shows great potential to be used in PDT-

related applications.

Natural perylenequinones are chemicals with a phenanthroperylene quinone backbone
substituted with hydroxyl and alkyl groups that could be extracted from plants and
microorganisms'%. A representative natural perylenequinone, hypericin, is isolated from St. Johns
wort and has proven photoactive in generating 'O> with a quantum yield reaching approximately
0.4 via type II photoreaction under excitation at 532 nm!%1%  Also, the hypericin could
generate -Oy” by electron transfer via type I photoreaction'!®, which enables hypericin to be

employed in photoinduced antiviral applications'!!.
1.4.2 Vitamin-based photoactive antimicrobial agents
Vitamins are a large class of organic compounds that are necessary for maintaining human

health!!'>!!3_ Vitamins are neither raw materials of body tissues nor energy source, but a regulating
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substance, which plays an important role in metabolisms. Different aqueous and lipophilic
vitamins are needed by humans due to their indispensable roles as cofactors or coenzymes during
the metabolism process. Vitamins cannot be synthesized in the human body, or the amount of
synthesis is insufficient. Although the vitamin demand is small, they must be frequently supplied
by foods. Many vitamins have proven to be photoactive in generating oxidative ROS vita type I or
type II photoreactions'!*!'6. However, some of them are photosensitive and unstable under
photoirradiation. Furthermore, some vitamins are demonstrated as excellent hydroxyl radical and
singlet oxygen quenchers'!”!"®, Photoreactions and photostability of some of the vitamins
including vitamin A, B, C, D, E, and K are discussed in this section. The chemical structures of
some vitamins are shown in Figure 1.20. Especially, vitamins with photoactivity in generating

ROS are highlighted with yellow color.
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Figure 1.20. Chemical structures of some vitamins.

Vitamin As are retinols or carotenoids that function importantly in visual perception'?’. It

has been reported that vitamin A could produce 'O, with a low quantum yield of 0.06 under UVB

(308 nm) irradiation''®. Under UVA irradiation (330-370 nm), no detectable 'O, was recorded.

Vitamin A is unstable under photo exposure, especially under UVB irradiation, and a spectral

change was clearly observed. Some researchers found that vitamin A could self-crosslink under

photoirradiation via Diels-Alder reaction, owing to its olefins structure!?!. Especially, with the

presence of photosensitizers, vitamin A is vulnerable to be attacked by oxidative 'O, to form

peroxides'!’.
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Vitamin Bs are a very large group of vitamins, such as vitamin B, vitamin B3, and vitamin

Bs. Among them, vitamin B> includes riboflavin (RF), riboflavin 5'monophosphate sodium salt

hydrate (FMN), and flavin adenin dinucleotide (FAD). The 'O, quantum yields of vitamin B3 and
vitamin B are reported to be 0.64 and 0.16 under UVB (308 nm) irradiation, respectively, whereas

116 Vitamin B, derivatives all show

almost no 'Oz production was found under UVA irradiation
apparent 'O, production under both UVA (0.61 for RF, 0.58 for FMN, and 0.13 for FAD) and
UVB (0.64 for RF, 0.64 for FMN, and 0.12 for FAD) irradiation''S. It is worth noting that the UVA
seems to trigger more 'O, generation from these vitamin B> compounds compared to UVB
irradiation. Some literature also reveals that vitamin B; is able to produce -O2" and H>O: by
electron transfer process via type I photoreaction'?>'2*, However, both vitamin B3 and vitamin Be

are considered as good ROS scavengers'?*!%, Vitamin B; could quench the 'O,, -Oz’, and HO- as

antioxidants to protect the cellular membranes in rat brains'?*

. Vitamin Bg is reported to effectively
scavenge 'O, and protect cells from oxidative stress induced by ROS!%. Besides, vitamin B,

derivatives are described to be significantly degradable under blue LED light irradiation, partially

due to the formed ROS, according to literature!?3,

Vitamin C (L-ascorbic acid) may be one of the most common vitamins in our daily life as
an oral nutrient supplement. It is also a very important antioxidant in the human body'?S.
According to the literature, vitamin C is photo-inactivate in the ultraviolet region due to its
minimum absorption above 300 nm'?’. It can be degraded under aerobic conditions, even in a dark
environment'?®, The degradation of vitamin C under such circumstances is attributed to the regular
oxidation by air. Also, this process is highly influenced by solution pH, dissolved oxygen

concentration, and any transition metal existed'?®. However, the UV or light irradiation generally

accelerates the decomposition of vitamin C, especially in the presence of photosensitizers, such as
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phenone, quinone, and naphthoquinone'?. ROS produced by the photosensitizers under
photoirradiation could attack the enol moiety of vitamin C, leading to a photooxidation and the
formation of ketone structures'*’. Thus, vitamin C is regarded as an effective ROS scavenger and

could protect cells from oxidative stress.

Vitamin Ds are essential for normal mineralization and bone growth!*!. Both
cholecalciferol (vitamin Ds3) and ergocalciferol (vitamin D7) can be found in various food sources,
such as milk!''®. Vitamin Ds are proven as limited 'O, photosensitizers with a quantum yield of
0.02 and 0.007 for vitamin D> and vitamin D3 under UVB (308 nm) irradiation, respectively!'!®.
Vitamin D in milk is electron-rich and could therefore be oxidized by 'O, generated by other
photosensitizers existed, such as riboflavin'!®. Thus, vitamin D is generally considered 'O>

suspectable because of the singlet oxygen addition on the double bond, leading to an epoxide

formation.

Vitamin E (o-tocopherol) presents in mammalian skin and could provide antioxidant
functions to defense skin'®?. Interestingly, Vitamin E is known to generate 'O, with a quantum

116 Meanwhile, vitamin E

yield of 0.15 under UVB (308 nm) irradiation via type II photoreaction
is a good quencher of 'O, with the accompanied formation of quinone compounds!'**!3*. This
photoactive vitamin has almost no UVA absorbance and therefore no 'O, production. However,
under UVB irradiation, the chemical structure of vitamin E is changed, and the UV absorbance

shifts to the UVA region with a lower 'Oz quantum yield (from 0.15 under UVB to 0.05 under

UVA)!® In this case, vitamin E is also considered photo-unstable under UVB irradiation.

Vitamin Ks (phylloquinone) function as cofactors in bone metabolisms and blood
coagulation'*31%¢ Natural vitamin Ks including vitamin K, and vitamin K> diversely exist in green

leafy vegetables and fermented foods'*’13, Vitamin K; shows high UVA absorption in the UVA
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region yet with a very limited 'O, quantum yield (0.02)!'®. This may be attributed to the double
bond in the side chain that could transfer electrons to carbonyl oxygen during the
photoirradiation''>. The intramolecular electron transfer process could compete with the ISC
process, leading to a reduced population of T1. Besides, vitamin K is reported to be photo-unstable
under photoirradiation!!% '3°. The olefin side chain could be crosslinked with the carbonyl oxygen
after photoirradiation, leading to a UV absorption spectral change. Synthetic vitamin Ks, such as
lipophilic vitamin K3 and water-soluble vitamin Ks have proven photoactive in generating 'Oa, -O2,

and HO- under UVA irradiation and biocidal against a wide range of Gram-negative and Gram-

positive bacteria'**-'*!. Especially, the ISC quantum yield of vitamin K3 is as high as 0.86 due to
the aromatic ketone structure without any electron-rich side-chain moiety®. Vitamin Ks has been
proposed as a food preservative due to its low toxicity and proven to have some antitumor effects'*!.

Therefore, the application of these vitamins in the photoinduced antimicrobial-related aspects is

promising.

1.5 Application of Photoactive Chemicals in the Preparation of Photoinduced Antimicrobial

Materials.

Aromatic  ketone compounds including anthraquinone, benzophenone, and
naphthoquinone have proven highly photoactive in generating ROS due to their high ISC
efficiency. Therefore, anthraquinone and benzophenone derivatives are widely employed in the
preparation of photo-induced antimicrobial cotton and nanofibrous materials. Some other
photoreactive photosensitizers, such as naphthoquinones, Rose Bengal, thiophene, porphyrin, and
vitamin B are also made into photoactive materials to inactivate microorganisms due to their

active role in the generation of ROS.
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Two photoactive anthraquinones, 2-ethyl anthraquinone (2-EtAQ) and Vat Yellow GCN,
were employed to dye cotton fabrics via a vat dyeing process'?. The prepared anthraquinone-
containing cotton fabrics demonstrated excellent photoinduced antimicrobial function by
generating biocidal ROS under UVA irradiation (365 nm). Both 2-EtAQ and Vat Yellow GCN
dyed cotton fabrics show non-selective bactericidal performance against Gram-positive S. aureus
and Gram-negative E. coli. 2-EtAQ Shows a better microbial reduction rate (98.46% against E.
coli and 93.4% against S. aureus after 30-min UVA irradiation) than Vat Yellow GCN (68.66%
against E. coli and 72.3% against S. aureus after 30-min UVA irradiation). The photoinduced
microbial inactivation function durability after a long-time UV A exposure and repeated laundering
process was also discussed. Both the two dyed cotton fabrics maintain the microbicidal function

against E. coli, but a little decreased efficacy against S. aureus after 5-time washes. 3,3',4,4'-

Benzophenone tetracarboxylic acid (BPTCA) was also employed as the ROS generators in the
preparation of photoinduced antimicrobial cotton fabrics via an esterification reaction’’. Similar

to anthraquinones, BPTCA incorporated on cellulose chains was proven to produce HO- and H,O»

via type I photoreaction under UVA irradiation (365 nm). Additionally, the BPTCA modified
cotton shows non-selective bacterial inactivation performance against both Gram-positive S.
aureus and Gram-negative E. coli, giving a 99.99% bacterial reduction after 60-min UVA

irradiation.

Anthraquinones and benzophenones were also applied on nanomaterials to obtain
photoactive nanomaterials with increase ROS production. Anthraquinone-2-carboxylic acid was
covalently modified on the cellulose nanocrystals (CNC) by using N, N’-carbonyldiimidazole

(CDI) as a linkage!'*?. HO- and H,O: were reported efficiently produced after UVA (365 nm)

irradiation. Interestingly, a LAT structure was found in the nanomaterials and demonstrated to
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produce HO- under dark conditions, which was not reported in the anthraquinone-modified cotton
fabrics'2. 3,3',4,4'-Benzophenone tetracarboxylic dianhydride (BPTCD) was chemically bonded

to poly (vinyl alcohol-co-ethylene) nanofibrous membrane via an esterification reaction'!. The
prepared BPTCD modified nanofibrous membrane reveals robust ROS generation efficiency under

daylight irradiation (300-800 nm), with one to two orders of magnitude higher HO -/H>O»

production reported comparing to other daylight-driven photoactive materials. Six log (99.9999%)
bacterial reduction could be achieved on the prepared BPTCD-modified nanofibrous membrane
against both Gram-negative E. coli and Gram-positive L. innocua after 60-min daylight irradiation.
The antibacterial performance of this nanomaterial does not decay after 5 times of repeated
exposures to concentrated bacteria suspension and daylight irradiation, which again proves the
durability of aromatic ketones as photoinduced antimicrobial agents. More interestingly,
researchers found that the LAT was formed in the nanomaterial to a very large extent after daylight

irradiation. The LAT was proven oxygen-sensitive and could be quenched by forming HO- and

H>0O; under dark conditions via the reaction shown in Figure 1.7. The contact bactericidal test of
the prepared functional nanomaterial was performed and proven to be highly efficient. Six log
(99.9999%) bacterial reduction against both E. coli and L. innocua could be achieved after 120-
min contact under dark conditions, even after 5-time cycles. Meanwhile, the material demonstrated
a high inactivation rate against T-7 bacteriophage virus (99.999% reduction) after 5-min daylight
exposure or 30-min LAT contact under dark conditions. Nanostructure could probably amplify the
photoinduced ROS generation, antibacterial, and antiviral function of the photoactive materials

due to its ultra-high specific surface area.
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Some naphthoquinone derivatives, such as 5-hydroxy-1,4-naphthoquinone (juglone), are
natural photosensitizers that could be derived from natural products. Type I photoreaction was
reported in juglone, leading to the generation of radicals'®’. A 2-hydroxy-1,4 naphthoquinone
(lawsone) rich alcoholic extraction from Lawsonia inermis dried leaf was employed to prepare
herbal topic gel for the management of skin and hair!**. The lawsone-rich extraction was applied
on various types of bacteria under red light irradiation (Amax at 500 nm) to evaluate the
photodynamic antibacterial activity of the lawsone. According to the UV absorption spectra,
naphthoquinones can be excited from ground states to triplet states during the light irradiation,
which is responsible for the photoinduced antibacterial activity of naphthoquinones in the

extraction'#*

. Under the red-light irradiation, the antibacterial activity of the lawsone extract can
be increased by 20%, compared with that under dark conditions, which demonstrates the potential

photo-induced antibacterial performance of lawsone.

Rose Bengal was employed in the preparation of a face mask against COVID-19'7. Cotton
fabrics were firstly modified with 2-diethylaminoehtyl chloride to form a cationic surface with
positive charges. The anionic rose Bengal can be effectively absorbed on the modified cotton via
electrostatic interaction. The prepared cotton fabric with rose Bengal functionalized could
efficiently produce 'O, under daylight irradiation via type II photoreaction, which was proven to
be responsible for its high biocidal efficiency (99.9999%) against bacteria (E. coli and L. innocua)
and bacteriophage (T7) after 60-min daylight exposure. Moreover, the antimicrobial efficiency
decays negligibly (>99.9%) after 15 times repeated washings or 7 days of light exposure,

demonstrating the durability of the photoactive antimicrobial agents.

Water-soluble anionic polythiophene and cationic porphyrin were synthesized to prepare a

complex through electrostatic interaction'*. The complex can be effectively excited under white
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light (400-800 nm), and an efficient energy transfer from thiophene to porphyrin via Dexter energy
transfer could happen. An enhanced 'O, production was observed. The 'O, production of the
complex is much higher than the sum of the isolated thiophene and porphyrin, which leads to a
70% bacterial viability reduction against Gram-negative E. coli and Gram-positive Bacillus
subtilis only after 5-min white light irradiation. The positively charged complex shows much better
antibacterial activity, partially due to its better affinity to the negatively charged bacterial cells and

consequent shorter 'O diffusion radius to the target bacteria cells.

Riboflavin (RF) was evenly dispersed in chitosan (CS) to prepare photoinduced
antimicrobial material for ensuring food safety and extending product shelf-life with the assistance
of the produced 'O, via type II photoreaction'*®. Through solvent casting, chitosan films with
different riboflavin concentrations were successfully fabricated, and their antimicrobial activity
was evaluated under blue light irradiation (455 nm) for 4h. It was demonstrated that the pure
chitosan film with no blue light irradiation nor riboflavin shows no microbial inactivating function
against any bacteria. Pure chitosan film under photoirradiation or 5% riboflavin-containing
chitosan films (CS-RF) under dark conditions exhibit no antibacterial activity neither. In contrast,
5% CS-RF film shows apparent antibacterial activity against Listeria monocytogenes, Vibrio
parahaemolyticus, and Shewanella baltica after 4-h blue light irradiation. Bacteria loaded on fresh
salmon without CS-RF wrapped was found readily increased in 8 h, whereas fresh salmon wrapped
with 3% CS-RF film under light irradiation exhibited a 3-log bacterial reduction against Listeria
monocytogenes and Shewanella baltica, and no Vibrio parahaemolyticus bacterial cell was
detected. The CS-RF film indicates the great potential of riboflavin in food storage and food shelf-
life extension as safe, green, and environmentally friendly food packaging materials. A transition

metal-based nanoparticles containing RF ware prepared and demonstrated as novel up-conversion
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photoactive materials that could be excited at a less energetic but more biological tissue-permeable
NIR light (980 nm) and applied in PDT application'®. Under NIR light irradiation, the transition
metals could be excited and transfer the excitation energy to RF via energy transfer, resulting in
the populated formation of triplet RF. The triplet RF could react with oxygen to produce -O2” and

HO. via type | photoreaction, or 1O, via type 11 photoreaction. The formed ROS led to a distinctive

cell viability reduction on the human breast cancer cells after 10-min NIR light irradiation.

Overall, photoactive chemicals that could produce biocidal ROS via type I or type II
photoreaction could be widely applied in the preparation of photoinduced functional materials with
bright application prospects. These materials exhibit great potential in photoinduced antimicrobial
application, personal protective equipment preparation, food safety, food storage, and

photodynamic therapy.
1.6 Research Objectives

Based on the literature review of the photoactive chemicals and their application in the
photoinduced antimicrobial applications, the photo-induced generation of biocidal active species
exhibits promising potential as a new approach to prepare functional photo-driven antimicrobial
materials. However, currently used photoactive agents show prominent defects when employed as
photoinduced ROS generators. Inorganic photoactive agents, such as TiO> and ZnO particles, are
restricted in nanoscale when employed in the applications due to the size effect on the excitation
bandgap energy'’. For instance, TiO> is widely added to sunscreen in the form of nanoparticles.
The nanoparticles in the sunscreen can effectively deflect and absorb UVA and UVB rays in the
sunlight. However, the TiO> nanoparticles could penetrate the healthy protective layers of the

human skin and enter blood circulation via different pathways, even within a short period of
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148 - Also, the ZnO was found in human blood and urine after the use of

sunscreen utilization time
sunscreen. The nanoparticles could reach distant tissues and organs, which may put consumers at
risk. The organic photoactive chemicals have demonstrated high photoreactivity in generating
ROS and robust photoinduced antimicrobial function when employed in the preparation of
photoactive bio-protective materials. However, some synthetic benzophenone and anthraquinone
derivatives are proven carcinogenic and could induce cancers in rats and mice!*1>!. Therefore,
vitamin-based photoactive ROS generators should be theoretically explored and practically
demonstrated in the fabrication of safe, green, sustainable, and environmentally friendly

photoinduced antimicrobial materials that could be applied in bio protection and food safety related

aspects.
The specific objectives are listed including:

(1). Photochemistry and photoreaction mechanism demonstration of some lipophilic
vitamin K derivatives with aromatic ketone structure and their photoinduced antimicrobial

performance in the solvent system.

(2) Application of the lipophilic vitamin Ks in the preparation of personal protective

equipment against bacteria and viruses.

(3) Photochemistry demonstration of the water-soluble vitamin K and its photoinduced

antimicrobial activity in solvent systems.

(4) Photochemistry demonstration of the water-soluble vitamin B derivatives and their
photoinduced antimicrobial function in both solvent systems and nanofibrous polymeric

membranes.
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Objective 1 was achieved by analyzing 2 types of natural lipophilic vitamin Ks including
vitamin K; and vitamin K>, and 2 types of synthetic lipophilic vitamin Ks including vitamin K3
and vitamin K4 (Chapter 2). The photochemical property of the 4 vitamin Ks was firstly predicted
using the Gaussian modeling package as a theoretical direction. Both type I and type II
photoreaction tendencies of the four vitamin Ks are computed and were proven highly consistent

with their corresponding HO- and 'O» production. The theoretical model provides a solid basis on

which photoreactivity can be fully discussed and demonstrated. Moreover, the photoinduced
antibacterial activity of vitamin K3 was proven robust against both Gram-negative and Gram-
positive bacteria with excellent durability under daylight irradiation. After that, the vitamin Ks
were blended with poly (vinyl alcohol-co-ethylene) (PVA-co-PE) or polyacrylonitrile (PAN) to
fabricate photoinduced antibacterial and antiviral nanomaterials by electrospinning technique
(Chapter 3). The prepared vitamin K containing nanofibrous membranes exhibit robust
antimicrobial function against bacteria, T7 bacteria phage, and coronavirus. Meanwhile, the
photoactive functional materials could maintain their high photoinduced biocidal performance
after 5 times repeated exposure to microorganisms and daylight irradiation, which proves the

durable photoinduced antimicrobial activity.

A unique water-soluble vitamin K3 was discussed in Chapter 4. The photochemistry and
photoreaction mechanisms of this vitamin were also demonstrated by combining the theoretical
model and well-designed experiments. The water-soluble vitamin K3 exhibits great antibacterial
activity and excellent durability in solvent systems under UVA irradiation. The solvent effect
which could affect the antimicrobial efficacy by tuning the distance between the photoactive core

and the microbes target was also discussed.
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Chapter 5 presents the photochemical property of two water-soluble vitamin B derivatives.
The two vitamin Bs were proven to efficiently generate ROS under UVA irradiation via type I and
type II photoreactions. Their photoinduced antimicrobial function in both solvent systems and
nanofibrous polymeric membranes was evaluated. The prepared vitamin B containing nanofibrous
membranes exhibit robust and non-selective antibacterial activity against bacteria. Like their
photoreactivity in solvents, the photoinduced antibacterial performance of the vitamin B
containing membranes decays dramatically under UVA irradiation, resulting from the

photoinduced decomposition of vitamin Bs.

Overall, the systematic study and experimental results on vitamin derivatives in this
dissertation report the possibility to employ photoactive vitamins as novel, safe, green, and

environmentally friendly photoreactors in bioprotection and food safety related applications.
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Chapter 2. Photoactivities of Vitamin K Derivatives and Potential Applications as Daylight-

Activated Antimicrobial Agents
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Abstract

Photoactivities of four natural or natural-derivatized vitamin K (VK) species were
investigated by using a combination of theoretical computational modeling, prediction, and
specially designed experimental tests. The results revealed that these VK compounds are photo-
active in generation of reactive oxygen species of hydroxyl radicals and singlet oxygen under
daylight, UVA, and UVB irradiations. Two possible photo-reaction paths exist in an environment
of good or poor hydrogen donors. Vitamin Kz (VK3), as an aromatic naphthoguinone compound,
was predicted and demonstrated as the most effective photo-active agent under a broad range of
UV-vis wavelengths and in production of both hydroxyl radicals and singlet oxygen. VK; and
VK are less active than VK3 due to existence of double bond in their side chains of
naphthoquinone. VK is different in photo-activities due to the loss of aromatic ketone structure.
As an example, VK3 was tested against Gram-negative Escherichia coli and Gram-positive

Listeria innocua under daylight irradiation and exhibited complete kill of Escherichia coli (six log
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reduction in 60 min of daylight exposure) and Listeria innocua (five log reduction in 90 min of
daylight exposure). In addition, VKsz retained its high bactericidal efficacy toward both
Escherichia coli and Listeria innocua after seven times of repeated daylight exposures, indicating
excellent reusability as a green biocide. This work provides insight into the development of green

and sustainable photo-induced antimicrobial materials for bio-medical and food safety applications.
2.1 Introduction

Photoactive chemicals can produce reactive oxygen species (ROS), including hydroxyl
radicals (HO-), hydrogen peroxide (H202), and singlet oxygen (*O2), under irradiation of light 1,
which are good green biocides and can be applied in biomedical and food safety areas 7.
Chemicals including colorants and TiO2 and ZnO nanoparticles can produce different ROS under
ultraviolet exposure #°, which may have applications under appropriate conditions, such as
continuous light exposure and restricted UV wavelengths. However, the photo-active
nanoparticles are in nano size and bring in an additional concern of nano-toxicity 5%, limiting their
applications in consumer products °. Many organic photosensitizers such as porphyrin and Rose
Bengal can produce very lethal but short-lived 1Oz under UVA (315-400 nm) exposure %12 while
benzophenone and anthraquinone derivatives can predominately produce HO- and H20- under
daylight or UVA irradiation efficiently * 316 All of them have found applications in different
fields but also are restricted due to potential human and environmental safety concerns on the
chemicals "8, The photo-induced antimicrobial functions are advantageous since the ROS
produced are the most powerful biocides capable of killing various pathogens rapidly without
producing toxic byproducts, and the process is most sustainable with only light and oxygen

required. Therefore, the development of environmentally friendly, especially natural or natural-
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derived, photoactive chemicals has become a desire in biomedical and food safety related

applications.

Vitamin K15 (VK1) are compounds with structures similar to anthraquinone derivatives
containing aromatic rings and ketone structure, except Vitamin K4 (VK4) and Vitamin Ks (VKs)
which are the reduced ketone derivatives of Vitamin Kz (VK3) 122, Vitamin K1 (VK3) is a natural
vitamin in green leafy vegetables with low toxicity ?* and has been used as an oral nutrient
supplementary or injection to prevent bleeding caused by vitamin K deficiency 2*. Vitamin K
(VK?>) is also a natural product in fermented food or animal food and functions similarly as VK1
in the human body #. VK3 is an intermediate in conversion from VK; to VK, with the help of
bacteria and other microorganisms and has been reported with demonstrated photo-active
functions 2. VK4 and VKs as derivatives of VK3 do not contain aromatic ketone structure but have
been reported with photo-activity to generate ROS 2. There are also a few more VK derivatives
containing longer aliphatic conjugated double bond systems, but structurally similar to VK22, As
a result, many compounds in the VK family have demonstrated photo-active functions but without
detailed reaction mechanism proposed. While the naturally based VK compounds may play an
essential role in understanding and development of photo-active biocidal materials, we have
conducted a detailed investigation of the photo-reactivity of these compounds with the desire for
the development of naturally based chemicals as photo-active biocides for biomedical and food

safety applications.

Here, we present a systematic study of photo activities of VK compounds by using
Gaussian computational modeling to propose and then experimental tests to demonstrate possible
reaction mechanisms involved in these compounds under varied irradiation light wavelengths. The

research uncovered and illustrated the mechanisms of the generation of different ROS species and
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proved corresponding mechanisms of the photochemical processes of individual VK compounds.
VKs is unstable and presents structure alternations under UV irradiation 2% 28, Four VK compounds,
VK1, VK2, VKaz, and VK4, were selected as representatives and utilized in all computational
modeling, measurements of UV-vis spectra, and detection of ROS generation. Moreover, as an
example, time-dependent daylight-induced antibacterial tests of VK3 were also performed to fully
prove its robust bactericidal function and excellent durability to be used as a daylight-induced

green, efficient, and sustainable biocidal agent.
2.2 Experimental Methods
2.2.1 Materials

Phylloquinone (VK:) and menadione (VK3) were purchased from Chem-Impex
International Inc. Menadiol diacetate (VK4) and p-nitroso-N, N-dimethylaniline (p-NDA) was
purchased from TCI Co. LTD. Menatetrenone (VK2, MK-4), acetonitrile (ACN), isopropanol
(IPA), ethyl alcohol (EtOH), cyclohexane (CYC), tetrahydrofuran (THF), L-histidine, and 2 wt%
osmium tetroxide (OsO4) aqueous solution were purchased from Sigma-Aldrich. Luria-Bertani
(LB) broth, LB agar, Tryptic soy broth, and Tryptic soy agar (TSA) were purchased from Thermo
Fisher Scientific. Phosphate-buffered saline (PBS) was obtained from USB Co. Ltd. All of the

chemicals or supplies were used as received without any further purification.
2.2.2 Computational details

All calculations were performed by using computational software package Gaussian 09 ver.
08. The ground state geometries were optimized at unrestricted DFT-B3LYP/6-31G(d,p) level of
theory in the conductor-like polarizable continuum model (CPCM) using H2O as the solvent. The

singlet and triplet excited energy calculations were further performed at TDDFT-B3LYP/6-31G

68



(d,p) level of theory in the CPCM-H20O solvent model based on the optimized ground-state
structure. The ground state geometries of vitamin Kz in various solvents were optimized at the
same ground-state geometry optimization level and model using CAN, EtOH, IPA, CYC, and THF
as solvents, respectively. The singlet and triplet excited energy calculations were also performed
at TDDFT-B3LYP/6-31G (d,p) level of theory in the CPCM model in the corresponding solvent.
The ESP (electrostatic potential) calculation was performed by single-point energy calculations
with CHELPGS5 ESP population analysis at unrestricted DFT-B3LYP/6-31G(d,p) level of theory
in CPCM model in the corresponding solvents. The total electron density was first plotted and
subsequently mapped with ESP-derived charges to show an out-shell distribution of charges on
the molecular structure. The Gibbs free energies were obtained by frequency calculations at
unrestricted DFT-B3LYP/6-31G(d,p) level of theory in the CPCM- H>O model based on the

optimized ground state or triplet excited state geometries.
2.2.3 Measurements of hydroxyl radicals

The production of HO- was quantitatively measured by p-NDA, which is a selective radical
scavenger specifically toward HO-2°2C, Daylight irradiation device (Spectrolinker XL-1500,
Spectronics Corporation) equipped with D65 standard daylight tubes (GE F15T8-D) with an
irradiance power of 6.5 mW cm2 was employed in this experiment. The irradiance distance was
controlled at 16 cm between lamps and test samples. UVA or UVB irradiation device
(Spectrolinker XL-1000, Spectronics Corporation) equipped with UVA (Spectroline BLE-8T365)
or UVB tubes (Spectroline BLE-8T312) with irradiance power of 3.0 mW cm™2 was also used in
this experiment to provide UV irradiance. The irradiance distance between UV lamps and samples
was controlled at 12 cm. In the HO- quantification of VKs in solvents, VK (20 uM) and p-NDA

(40 uM) were dissolved in the specific solvent to obtain a homogeneous solution, which was then
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placed under photoirradiation or in dark condition for different time durations, alternatively. The
concentration of the residual p-NDA in the solution was quantitatively measured by a UV-vis
spectroscopy (Evolution 600 UV-visible spectrophotometer, Thermo Scientific). The production
of HO- can be obtained by referring to the stoichiometry between HO- and p-NDA in the specific

quenching reaction quantitatively?°-3°,
2.2.4 Measurements of singlet oxygen

The production of Oz was measured by a widely used method as previously described °.
A mixture of ethanol and 0.01 M phosphate buffer solution (pH=7.35) (volume ratio 10%: 90%)
was employed as a solvent to dissolve VK and p-NDA to obtain a VK (20 uM) and p-NDA (40
uM) solution. L-histidine (0.01 M) was then added into the solution to react with 'O, and form a
transannular intermediate that could subsequently oxidize p-NDA. The sample solution was then
placed under photoirradiation and the production of 10, was measured photometrically by referring

to the additional consumption of p-NDA in the solution.
2.2.5 Bacterial culture

Antibacterial experiments were performed on two typical etiological bacteria, Gram-
negative Escherichia coli O157:H7 [American Type Culture Collection (ATCC) 700728] and
Gram-positive Listeria innocua (ATCC 33090). Ten milliliters of LB broth was incubated with a
E. coli colony at 37 °C for 18 hours. After that, a bacterial culture of around 1x108 CFU mL™
(assessed by plate count) was obtained for further experiments. Ten milliliters of Tryptic soy broth
was incubated with a L.innocua colony at 37 °C for 24 hours, and a bacterial culture of around

4x10” CFU mL™ (assessed by plate count) was obtained for following experiments.

2.2.6 Antibacterial assays
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VK3 stock solution (50 mM) was freshly prepared in ethanol for each antibacterial
experiment. 40 puL of VK3 stock solution, 10 pL bacterial culture solution, and 950 uL of 0.01M
PBS buffer were homogeneously mixed to get a VKa/bacteria suspension and added into 24 well
cell cuture plate (Corning Incorporated, USA), and then the samples were exposed to daylight for
a certain time to perform the time-dependent antibacterial test. For each time point, the bacteria
suspensions were extracted out from well cell plate and were serially diluted (x10°, x10?, x103,
and x10°) to be plated on LB agar (E.coli) or TSA agar (L.innocua) for the bacterial enumeration.
For the antibacterial reuse test, 7 groups (cycle 1-7 times) of VKa/bacteria suspension samples
were exposed under daylight for 60 min (E.coli) or 90 min (L.innocua). After the first round of
irradiation, the cycle-1 samples were extracted out from the cell well plate and plated on agar plate.
10 pL bacterial culture suspension was added into the remaining 6 groups of VK3 suspension
samples to perform the second-round irradiation. The same operation was carried on until 7 times
of reuse tests were finished. After applying the sample suspensions onto the agar plate, LB agars
were incubated at 37 °C for 18 hours and TSA were incubated at 37 °C at least for 24 hours to

ensure the quantification of the CFU number to determine the survived bacteria.
2.2.7 SEM images

The bacteria in VK3 suspension after light irradiation or in PBS were harvested by
centrifuging at a speed of 8000 rpm for 10 min. The precipitate was washed by 4% EtOH/PBS for
two more times to remove residual VKs. The bacteria were then treated with 1 wt% OsO4 aqueous
solution for 30 min, after which the bacteria were rinsed with DI water for two times to remove
the OsO4. The bacteria samples were subsequently dehydrated by pure ethanol. Finally, the

bacterial samples in ethanol were placed on copper tape and coated with gold for SEM analysis.

2.2.8 Characterization
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UV-vis absorption spectra were collected with a Thermo Scientific Evolution 600
spectrometer. SEM images of bacteria in PBS or VK3 suspension were obtained from a Thermo

Scientific Quattro S.
2.3 Results and Discussion
2.3.1 Photo-reactivity of four vitamin K derivatives

Benzophenone and anthraquinone derivatives are aromatic ketones and widely used as
photo-initiators in chemical reactions -3, These chemicals mostly generate HO- and H2O; as
main ROS under UV irradiation %3 by undergoing a similar photo-reaction process. The excited
molecules can go intersystem crossing (ISC) with high efficiency to their triplet excited states (T1),
which then react with dissolved ground-state triplet oxygen (*0) to produce ROS %-*7, Aromatic
carbonyl and similar structures such as VK13 compounds enable excellent UV absorption and
indirect ISC, satisfying El-Sayed’s rules 4%, These VK compounds (Figure 2.1a) under photo-
irradiation, can be excited from the ground state (So) to their multiple singlet excited states (Sn)
that are very active and short-lived. Within an extremely short time, the Sy status molecules will
rapidly relax back to the lowest singlet excited states (Si) thermodynamically via internal
conversion (IC) process. The short-lived S; could either go back to their So with the emission of
fluorescence or transfer to the triplet states (T1) through the ISC. The process can be illustrated in
the Jablonski diagram (Figure 2.1b). Due to the unique aromatic carbonyl structure and its high
corresponding ISC efficiency, the naphthoquinone-containing VK13 (VK) should have a rare
possibility to go through the step of the relaxation of S; with the emission of fluorescence **.
Instead, they should predominately undergo the ISC path and change to the triplet (T1) status with
a relatively longer lifetime 4%, After the formation of the triplet excited VK (CVK¥*),

photoreactions of the excited molecules with oxygen will begin from and end with the formation
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of ground-state VK and different ROS #*. Figure 2.1c and Figure 2.2 depict two types of
photoreaction paths possible to the 3VK* under aerobic conditions *> . The type | photoreaction
preferably happens in the presence of sufficient hydrogen donors, leading to the formation of the
potent biocides, H,0, and HO- ™ % The type | reaction route requires an nm* excitation
configuration of the carbonyl group in triplet excited state to ensure a smooth operation of
hydrogen abstraction reaction 64, The generated hydro naphthoquinone radical (VK-H-) could
undergo the reaction with oxygen in the air finally producing hydroperoxide radical (HOO-) that
could then convert to H,O, and HO-, but not *O2. Type Il reaction is a photoreaction that occurs
via an energy exchange through the collision between *VK* and 30, with primarily very active
10, and ground-state VK formed. The excitation of VK is slightly different from other three VK
compounds as analyzed in computational modeling but the excited molecule will undergo through
the two photo-reaction paths. Thus, with the assistance of photo-irradiation and oxygen, a
sustainable generation of biocidal ROS can be theoretically achieved without the consumption of

the VK derivatives.
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Figure 2.1. Photo-reactivity and excitation of four Vitamin K (VK) derivatives. (a) Chemical

structures of VKi, VK, VKs, VK4 and VKs. (b) Schematic Jablonski diagram of the
photoexcitation process and potential chemical reactions of VKs. (c) Mechanism of the photo-
induced ROS generation cycle. (d to g) Measured UV-vis absorption (pathlength=1cm) of 20 uM
VK1, VK2, VKs, and VK3 in isopropanol and their theoretically computed frontier molecular

orbitals; the HOMO and LUMO represent for the highest occupied molecular orbital and lowest

unoccupied molecular orbitals, respectively.
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With the above analysis of the potential photochemistry of the VK compounds, excitation
features of VK31, VK3, VK3, and VK4 were obtained by using computational modeling following
time-dependent density functional theory (TD-DFT), and experimental UV-visible spectra of the
compounds were measured. The TD-DFT calculations (Table 2.1) of four VKSs reveal that the So
to Sy excitations of VK31, VK>, and VKzare very weak with small or even zero oscillator strengths,
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but their excitations from Spto S, are prominent. VK4, however, is different from the So to S;
excitation as the main excitation. The computed UV-vis absorption peaks of VKs (Figure 2.3)
matched well with those measured in Figure 2.1d-g, and the calculated maximum absorption
wavelengths (Amax) Of the VKSs are only a few nanometers away from those obtained experimentally,
proving the accuracy of the calculation method. The experimental Amax 0f VK1, VK2, VK3 and VK4
are 333 nm, 334nm, 333nm, and 285 nm, respectively (grey area in Figures 2.1d, 2.1e, 2.1f, and
2.1g). Accordingly, the main absorbance and excitation of VK1, VK3, and VK3 are in the UVA
region (315-400 nm) whereas that of VK4 is primarily in a higher-energy UVB region (280-315
nm) or even close to UVC region (<280 nm). Due to the fact that daylight may also irradiate some
UVA wavelength, VK1, VK3, and VK3 may exhibit certain photo-activity under standard daylight
(D65, 300-800 nm) irradiation whereas VK4 may not have detectable photo-activity (Figure 2.4).
Under UVB irradiation, the photo-activity of the four VKs should be comparable based on a
physical stimulation process because of their similar oscillator strengths of the singlet state
excitations (Table 2.1). Figures 2.1d-g depict configurations of frontier molecular orbitals that
could qualitatively reveal the T1 configurations of the VKs. The lowest unoccupied molecular
orbital (LUMO) for VK is a typical «* orbital whose electron density resides more on the carbonyl
carbon. The highest occupied molecular orbital (HOMO) of VK1 s a & characterized orbital which
has a significant m character on the unsaturated side chain moiety (C=C bond). Similarly, the
LUMO of VK is also a n* orbital, and a HOMO orbital of & character is found in the side aliphatic
double bonds of VK> molecule. VK3 is clearly different from both VK and VK in frontier
molecular orbital configurations. Typical n* characteristic LUMO on carbonyl carbon is found in
VK3, whereas the HOMO is a typical n-configured orbital localized on the lone electron pair of

the carbonyl oxygen, indicating its high photo-reactivity in the hydrogen abstraction in the type I
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photoreaction. HOMO and LUMO of VK4 are distinctly different from VK1, VK>, and VKa.

Although the LUMO of VK4 is in n* configuration, its m electrons distribute over the whole

conjugated aromatic rings instead of on the carbonyl carbon, which indicates that the ester carbonyl

group is not involved in the excitation and transition process. The HOMO of VK4 is also a 7 orbital

whose electron density concentrates on the same aromatic conjugation system, resulting in a

localized mHomo-*Lumo excitation, different from aromatic carbonyl groups.
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Figure 2.3. Comparison between calculated UV-vis spectra (a) and experimental UV-vis

spectra (b) of the four VKs.
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Vitamin Singlet state of PAmax (NM)

St 0.0000 487.28
S 0.0070 423.96
Sa 0.0001 395.48
Ki Se 0.0009 373.72
Ss 0.0808 340.49
Se 0.0635 289.01
S 0.1588 281.35
St 0.0114 482.08
S 0.0015 435.11
S 0.0079 421.87
Se 0.0003 417.04
S 0.0000 405.60
< S6 0.0004 396.60
S 0.0000 360.58
Sa 0.0792 338.72
S 0.2419 280.72
S10 0.0207 266.52
St 0.0000 449.31
S 0.0000 405.03
Ks S 0.0018 365.88
Sa 0.0707 344.93
S 0.2630 273.70
S 0.1319 204.27
S 0.0054 280.64
S 0.0141 240.00
Ke Se 0.0112 239.97
S 0.0441 237.13
Se 0.4509 234,68

aQcsillator strength and ®Theoretical absorbance in nm.

Table 2.1. TD-DFT Calculated singlet excitation states of the four VKs in water.
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% of Molecular Orbital
Contribution
HOMO-6—LUMO (2.08%, nn*)
HOMO-5—LUMO (9.38%, nn*)
HOMO-2—LUMO (33.31%, n*)
HOMO—LUMO (50.42%, nn*)
HOMO-8—LUMO (3.93%, nn*)
HOMO-5—LUMO (28.33%, ni*)
HOMO-4—LUMO (16.82%, nx*)
HOMO-3—LUMO (36.25%, nr*)
HOMO-2—LUMO (5.03%, nr*)
HOMO-1—LUMO (5.07%, nn*)
HOMO-3—LUMO+1 (2.02%, ni*)
HOMO—LUMO (95.66%, nn*)
HOMO-2—LUMO+4 (2.34%, nr*)
HOMO-1—LUMO+1 (5.30%, nr*)
HOMO—LUMO (91.56%, nn*)
HOMO<-LUMO (2.22%, nr*)

Vitamin af DAmax (NM) °Et(eV)

K1 0.0000 553.75 1.9318

K2 0.0000 548.29 1.9157

Ks 0.0000 535.60 2.1396

K4 0.0000 469.62 2.4546

aQcsillator strength, PTheoretical absorbance in nm, and °Energy of the triplet excited state in eV.

Table 2.2. TD-DFT Calculated lowest triplet excited states of the four VKs in water.
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The detailed orbital contributions and configurations of the Ty orbitals of four VKs are
summarized in Table 2.2. Based on the calculation results, both VK1 and VK2 reveal a mixture of
NHomo-Tt*Lumo /mHomo-Tt*Lumo character in their Ty states. The nHomo-n*Lumo Characterized T1 are
usually formed by excitation from a lower HOMO with n characterization to a n* LUMO. VK3
presents an almost exclusive nnomo-n*Lumo characterized Ti, representing the transition is
typically from n characterized HOMO to n* characterized LUMO. VK4 also shows a direct
transition of a local & electron from HOMO to LUMO in its T1 status resulting in the THomo-T*Lumo
characterization. In summary, the configurations of T status of excited molecules of VK3, VK3,
and VK3, are 33.31%, 45.15%, and 97.68% in nnomo-n*Lumo, but 99.20% in mHomo-Tt*Lumo for
VKa, respectively. Besides, the energies of the T1 (Et) of the four VKSs are also summarized in
Table 2.2, all of which are higher than 0.9846 eV (95 kJ/mol), a specific energy requirement of
the Er for the type 1l photoreaction in generating 1O, *3. Therefore, both of the type I and type I

photoreactions are theoretically possible for all four VKs under photoirradiation.

Thus, in a hydrogen donor sufficient environment, VKz should abstract hydrogen atoms
and generate HO- and H>0O- under photo-irradiation via the type | reaction primarily, due to the
“bi-radical-like” character of its nHomo-n*Lumo configured T1, which is extremely active in the
hydrogen abstraction reaction . A competition between the type I and 1l reactions should exist in
both VK1 and VK> because of their relatively low nnomo-n*Lumo percentages. However, VK4
should be the least active one to generate HO- through the type I reaction owing to the inactive

THomo-m*Lumo character of Ty in abstracting hydrogen 2.

From the above analyses, frontier orbitals of VK3, VK>, and VK3 revealed a significant

difference in potential photo activities. According to the structural features of these compounds,
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the double bonds in the aliphatic chains of the aromatic ketone always increase the energies of the
7t characteristic HOMO (mHomo) of both VK1 and VK. Therefore, we speculate that removal of
the aliphatic double bonds in both compounds would result in increased type | photo activities of
their products. Thus, a theoretical calculation on potential derivatives of VK3 with the double bond
broken by different reactions was conducted, and the results are (Figure 2.5 and Table 2.3) fully
supportive and precisely matching the speculations. By referring to the computed UV-vis spectra
of the chemically modified VK derivatives, no apparent absorption shift was observed, which
indicates the chemical modification does not affect the optical properties of the modified VK1 a
lot. Besides, from the computed frontier molecular orbitals and the orbital contributions to their
triplet excited states, the chemical modification of VK1 increases nt* characterization percentage,
which implies the stronger hydrogen abstraction ability and higher HO- production, compared with
the original VK3, shedding light on future developments of new VK based photo-active chemicals.
Thus, the analyses of photoexcitation of the selected four VK compounds have provided

interesting information in predicting and understanding their potential photo-induced reactions.
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(©)

Figure 2.5. Computed frontier molecular orbitals and UV-vis spectrum of various chemically
modified VK1 derivatives: (a) hydrogenation, (b) ring opening after epoxidation by using

CH3sOH as nucleophiles, and (c) oxidation of the double bond.

Vitamin Derivatizatives % of Molecular Orbital Contribution
HOMO-4—LUMO (3.55%, nn*)
(a) HOMO-1—LUMO (8.40%, nin*)

HOMO—LUMO (83.19%, n*)
HOMO-6—LUMO (13.30%,n7*)
HOMO-1—LUMO (78.96%, nr*)

HOMO-3—LUMO+1 (2.30%, nn*)

HOMO—LUMO (94.79%, nr*)

(b)

©

Table 2.3. TD-DFT Calculated lowest triplet excited states of the VK1 derivatives in water.
2.3.2 Photo-reactivity of the type I reaction of the vitamin K derivatives

To further investigate the photo activities of the four compounds, electrostatic potential
(ESP) mapped electron density of the corresponding Seand T structures were also computed. As
shown in Figure 2.6a, the ESP charge (8) of the carbonyl oxygens in T1 of both VK1 and VK>
become more negative, meaning an increment of electron density compared to their So, caused by
their high ratios of mHomo-T*Lumo excitation configurations in their T1 %, The electron sufficiency
in triplet carbonyl oxygen makes the Ty inactive in abstracting hydrogen to proceed with the type
| reaction. Compared with So, the 3 of carbonyl oxygen in T1 of VK3 becomes more positive, which
implies an electron deficiency of the excited carbonyl oxygen. Hydrogen abstraction from
electron-rich hydrogen donor to the electron-deficient carbonyl oxygen in VK3 is, therefore, more

preferable. For VK4, almost no change in electron charge is observed in both of its Sp and T:
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statuses in the carbonyl oxygen because the carbonyl oxygen is not involved in the excitation and
formation of Ti1. Based on the earlier analysis, the THomo-Tt*Lumo configuration of Ty of VK4 is
mainly achieved by local excitation of & electrons of the aromatic conjugation system. Overall,
based on the ESP analysis, the results are consistent with the molecular orbital analysis in the

previous section.
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Figure 2.6 Photo-reactivity of the type | reaction for the vitamin K derivatives. (a) ESP-
mapped electron density of the ground and triplet states of VKs. The o represents ESP charges on
carbonyl oxygens of VKs. (b and c) Detailed mechanisms of type | reaction and computed AG
for each step of the reactions. The (i), (ii), (iii), and (ix) represent VK1, VK32, VK3, and VK4,
respectively. (d to f) Quantification of HO- generated by various VKs under different irradiation
resources (d for D65, e for UVA, and f for UVB) versus time (irradiation in white and dark in
gray). (g) Summary of the HO- generation efficiencies of various VKs under different light

irradiations.

To quantitatively analyze the type I reactions of the four VKSs, reaction feasibilities of VKs
with isopropanol (IPA) as a hydrogen donor were analyzed by referring to computed Gibbs free
energy changes (AG). Two essential steps of the reactions (AG: and AG: in Figure 2.6b)
constitute the type | reaction after the formation of corresponding T1. The detailed calculation
results of relevant states of the VKSs are presented in Table 2.4. Based on the results, the total AG
and AG2 values of the four reactions are negative (Figure 2.6b), implying the possibility of the
type | reaction for all VKs. However, the differences in AG; values reveal that the hydrogen
abstraction reaction is crucial in the photo-reduction process *°. The AG; value of the reaction
between VK3z and IPA is the most negative, indicating the highest reaction tendency of this step
reaction. Meanwhile, the AGy values of both VK1 and VK are relatively smaller but still negative,
revealing their relatively lower possibility of the hydrogen abstraction reaction than VKz. The AG;
for VK4, however, shows as a positive value, meaning a non-spontaneous hydrogen abstraction
reaction. Thus, although the total AG values for the four VK reactions are negative, the hydrogen
abstraction reaction is the rate-determining step in the type I reaction. Hence, the reactions of four

VKs are in the order of VK3 the fastest, followed by VK1 and VK3, and then the VK4 as the lowest.
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The calculated Gibbs free energy changes of the reactions again support the analysis we made
previously. Combining all the above conducted theoretical analyses on the type I reactions of the
four VK compounds, VK3 should be the most reactive one, and VK1 and VK in the second place,

whereas VK4 the most inert one under the same reaction conditions.

Gibbs Free Energy (Hartree)

States VK1 VK2 VK3 VK34
VK -1358.928618 -1355.309164 -574.355098 -880.786524

SVK* -1358.856955 -1355.237000 -574.253613 -880.697186

VK-H- -1359.508971 -1355.886980 -574.944875 -881.304628

Table 2.4. TD-DFT Calculated Gibbs free energy of the relevant states of VKs. Other
molecules including 20z, 102, HOO-, RH (take isopropanol as hydrogen donor template), and

R- were calculated using same method at same calculational level.

The type | reactivities of the four VKs were evaluated experimentally, and p-nitroso-N,N-
dimethylaniline (p-NDA) was employed as a radical scavenger that could quantitatively react with
HO- 128 Superoxide radical (-O2), H202, and 1O produced during the photoreaction could not
directly react with p-NDA 2% %0, The triplet sensitizer produced during the photoirradiation could
not react chemically with p-NDAS?. Isopropanol was used as a solvent since it can dissolve all four
liposoluble VKs and p-NDA, while its a-tertiary C-H is a good hydrogen donor for the type |
reaction . According to the UV-vis absorbance of the compounds, D65, UVA, and UVB were
employed as light sources. The four VKs were subjected to repeated test cycles of 20-min light

exposure plus 20 min retained under dark.

As shown in Figure 2.6d, e, and f, the HO- were mainly generated during photo-irradiation,

the amounts of the radicals were basically unchanged during retention under dark condition,

87



proving the photo-induced type | photoreaction of the VKs. No obvious decay of the photo-activity
was observed in all three tests even after four cycles, implying the excellent durability of the VKs
in the type | reaction. Besides, VK3 shows the highest amount of HO- generated and reveals its
best photo-reactivity in the type I reaction. The generation of HO- by four VKs under three light
sources are summarized in Figure 2.6g. Under the exposure to D65 or UVA lights, the
HO- generation efficiencies of VK1 and VK> were much weaker than that of VK3 but are still
higher than that of VK4. Under UVB irradiation, VK3 still demonstrated as the strongest one in
generating HO-, however, the efficiencies in generating HO- by VKi, VK2, and VK4 become
comparable. Under D65 or UVA irradiations, VK4 molecules cannot be excited, and the majority
of them stay in So due to its limited absorbance in these ranges of wavelengths. Its HO- generation
efficiency is, therefore, the lowest due to no photoexcitation and consequently no photoreaction.
The UVB exposure, in contrast, could sufficiently excite VK4 molecules to their Ty that can
proceed with the following photoreaction (Figure 2.6b). Although the AG; of the VK4 reaction is
positive, the negative total AG indicates the possibility in the type | reaction even though in
relatively lower efficiency. Besides, because of the existence of ample hydrogen donors and
HO- scavengers in solution, the reaction is believed to be dragged to the thermodynamically
spontaneous direction. Hence, the HO- generation efficiency of VK4 became comparable to that

of VK1 and VK2 under the most powerful UVB irradiation.

The quantification results of the HO- generation of the four VKs in the type I reaction are
fully consistent with the computational data, proving the proposed mechanisms of the
photoreactions. Accordingly, VKas is the best candidate for the type | photoreaction in generating
HO- in a broad UV-vis range, and VK derivatives possessing similar structures could be the

potential candidates. As we have demonstrated computationally, four VK1 derivatives with double
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bonds removed (Figure 2.5) could be new candidates as well, which will be investigated in future

studies.
2.3.3 Photo-reactivity of the type Il reaction for the vitamin K derivatives

Similarly, the reactivities of the four VKs for undergoing the type Il reaction from their
triplet excited states ((VK*) with 20, were analyzed by calculating their corresponding AG values
of the reactions, and the results are shown in Figure 2.7a. The ESP difference of the ground-state
30, and the generated 'O indicates that the latter one is more blue (more positive in ESP scale)
and much more oxidative due to its electron deficiency, which is consistent with the common sense
that 1O is more oxidative than ground-state 30.. Different from the results obtained in the previous
section, all AG values for the reactions of four excited statuses (VK*) with oxygen were all
negative indicating that the type Il photoreaction is spontaneous for all VKs (Figure 2.7b). Among
the four VKs, VK3 still has the highest negative AG, implying its highest photo-activity in the type
I reaction in generating O, (Figure 2.7b). However, the AG values of VK4 becomes the second
highest and is only a little bit smaller than that of VK3, indicating increased type Il reactivity and
ability to generate 'O, by VKa. The AG values of VK1 and VK: are still very close due to the
similarity of their structures. However, these lower values of the AG represent their lower
feasibility of the type Il reaction as well. Therefore, we predict that the VK3 should be the strongest
photosensitizer in the type 1l reaction, followed by the VK4, whereas VK3 and VK are the weakest
in generating 102, under the photo-irradiation. Here again, the photoexcitation of the nuomo-
m*Lumo characteristics for triplet excited state is the critical structural requirements for chemicals
going through the type I photoreaction, while the © Homo-T*Lumo transition may mainly lead to the

type Il photoreaction.
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Figure 2.7. Photo-reactivity of type Il reaction of vitamin K derivatives. (a and b) Detailed
mechanisms of the type Il reaction and computed AG values of the reactions. (c to f) Singlet
oxygen production of the four VKs under UVA and UVB irradiation versus time. (g) Summary of
singlet oxygen production of the four VKs under UVA and UVB irradiation. (h to j)
HO- production of four VKs under light irradiation in relatively insufficient hydrogen donor

environment (10% EtOH/PBS system, h for UVA and i for UVB).

The type 1l reaction of the four VKs was experimentally evaluated in order to validate the
prediction on their feasibility of reacting with oxygen in the air without good hydrogen donors.
The product of the type Il reaction is *O,, and a widely used 'O detection method was employed
by using a system of p-NDA with L-histidine >, p-NDA itself could not be directly oxidized by
10,, however, with the presence of L-histidine, 1O, will firstly be quenched by the amino acid and
subsequently become a transannular intermediate that can oxidize p-NDA, leading to a visible
color fading. Compared with the system without L-histidine, more p-NDA should be consumed
since HO- that are formed via the type | photoreaction will result in the direct oxidation of p-NDA;
meanwhile, the 'O, produced in the type Il photoreaction could also react with it under the
assistance of L-histidine. As shown in Figures 2.7c, 3d, 3e, and 3f increased p-NDA consumptions
were observed in all four VKs under both UVA and UVB photo-irradiations, proving both type |
and 11 photoreactions of these VKs. The amounts of 1O, produced by the four VKs under UVA or
UVB irradiation are summarized in Figure 2.7g, proving their feasibility of undergoing the type Il
reaction and consistence with the Gibbs free energy change results (Figure 2.7b). Under UVA
irradiation, VK3 should be the most active to go the type II reaction generating more 0. VK; and
VK, produce a comparable amount of *O2 under the UVA irradiation, but the amounts of 1O

produced were still much lower than that of VKs. However, the *O; production of VK4 under the
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UVA irradiation was negligible, which implies its low photo-reactivity, consistent with the low
HO- production in the previous section due to no excitation of VK4 under the UVA region. Under
UVB irradiation, VK4 shows a strong capacity of generating *O2 thanks to the sufficient excitation
and the improved AG. The type Il reactivity of VK4 is still lower than that of VK3 but now becomes
higher than those of VK1 and VK3, proving that the computational results are correct. It is worth
mentioning that the solvent used in the O tests is a mixture of ethyl alcohol and DI water (volume
ratio 10%: 90%) due to the low solubility of these VKs in water. The solvent mixture is, therefore,
a relatively deficient hydrogen donor system comparing to the pure isopropanol system. Thus, the
HO- generation efficiency of the four VKs in this hydrogen donor deficient system was also
studied. Figures 2.7h and 2.7i describe the amounts of HO- generated by the four VKs in the
solvent system under UVA and UVB irradiation versus time. The HO- productions are
summarized in Figure 2.7j. Under UVA irradiation, the HO- production of VK3 is still the highest
even in the hydrogen donor deficient system. VK1 and VK2 show weaker HO- generation ability
when compared with VK3, which is consistent with the AG calculation results of the type I reaction.
VK4 exhibits the lowest HO- production due to its photo-inactivity under UVA exposure. Different
from the HO- quantification results in isopropanol, the sequence of HO- production of the four
VKs in the hydrogen donor deficient systems under UVB irradiation satisfies the AG calculation

of the type I reaction perfectly, that is, VKs>VKi=VK>>VKjs, especially in the first 20 minutes

test when the hydrogen donors in the solution are still relatively sufficient to support the type |
photoreaction (Figure 2.7i). In figure 2.7], VK3 only shows a little bit higher HO- production
comparing to VK1 and VKz, which may be because of the insufficient hydrogen donors that restrict

the HO- production of VK3 under the most potent UVB irradiation. Thus, the abnormal high
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HO- production of VK34 in isopropanol can be ascribed to the abundance of hydrogen donor in

isopropanol solution.

Overall, based on the outcomes of both HO- and the 1O tests, the computationally modeled
type | and type Il photoreaction mechanisms of the four compounds were supported by
experimental results. VK3 is the best in the VK family, followed by both VK1 and VK3, to go
through both types of reaction mechanisms and producing both HO- and 1O; in hydrogen donor-
rich or deficient conditions under D65, UVA or UVB irradiation. However, due to the dominating
NHomo-*Lumo feature of VK3, it shows the strongest capacity in generating HO- and 1O, implying
its highest photo-reactivity for the two types of photoreactions. VK4 shows the worst photo-
reactivity due to its inefficient light absorption under D65 or UVA irradiation. However, under
UVB irradiation, VKj is the second best one below VK3 in generation of 02, much better than
VK1 and VK3, though still least effective in generating HO-. So VK4 is photoactive under very
restricted conditions and producing mostly 'O, while VKj is almost unrestricted under broad
photo-irradiation resources and in varied solvent systems. Thus, more VKz similar structures are
proposed (Figure 2.5) as future alternatives. Moreover, the robust photo-reactivity in generating

ROS by VK3s makes it representative photoactive vitamin K in the following study.
2.3.4 Hydrogen donor effect on the photo-reactivity of vitamin Ks

Based on the above assessments, VK3 was proven to be the most effective VK compound
in generating both HO- and !O,. However, the type | photoreaction has special functions of
producing HO- and H202, which are more oxidative and stable biocidal ROS than O, respectively.
Thus, hydrogen donors could affect the hydrogen abstraction step in the type | photoreaction, and

computational analysis and experimental tests of different hydrogen donors were performed.
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Main Excited State in UVA Range

Solvent . . .
Amax (NM) f Excited State Configuration
344.84 0.0711 Sa T
ACN
365.54 0.0019 S3 ¥
344.77 0.0722 Sa T
IPA
365.05 0.0019 S3 T
344.80 0.0716 Ss T
EtOH
365.29 0.0019 Ss T
341.42 0.0715 Ss T
CcyC
357.48 0.0022 Ss ¥
344.15 0.0727 Sa T
THF
363.34 0.0020 S3 T
Solvent Lowest Triplet Excited State (T1) AEsT
olven T
Amax (NM) f Er (eV) % of MO Contribution (eVv)
HOMO-3—LUMO+1(2.02%, nr*)
ACN 536.07 0.0000 2.3129 0.4461
HOMO—LUMO (95.66%, n*)
HOMO-3—LUMO+1(2.01%, nr*)
IPA 536.78 0.0000 2.3098 0.4466
HOMO—LUMO (95.65%, nr*)
HOMO-3—LUMO+1(2.02%, nu*)
EtOH 536.44 0.0000 2.3113 0.4463
HOMO—LUMO (95.65%, nm*)
cYc 546.96 0.0000 22668  HOMO—LUMO (95.58%, nr*) 0.4545
THF 539.09 0.0000 22999  HOMO—LUMO (95.64%, nr*) 0.4483

Table 2.5. TD-DFT Calculated singlet and triplet excited states of VK3 in various solvents.

UV-vis absorption spectra of VK3 in solvents of acetonitrile (ACN), isopropanol (IPA),
ethyl alcohol (EtOH), cyclohexane (CYC), and tetrahydrofuran (THF), respectively, were
measured (Figures 2.8a to 2.8e). The solvents with varied C-H bond structural features could serve
as hydrogen donors in the type | photoreaction but with varied reaction potentials. The
experimentally measured maximum absorbance wavelengths (Amax) Of VK3 in various solvent
systems were almost the same, which are 332 nm, 332 nm, 332 nm, and 331 nm for VK3 in ACN,

IPA, EtOH, and THF, respectively, and the computed UV-vis spectra matched with those
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measured perfectly (Figure 2.9), validating the computational modeling method. A slight shift of
the Amax for VKzin CYC was observed at about 325 nm, which may be due to the nonpolar nature
of the solvent alternating the frontier molecular orbital excitations of VKz. The similar shift of the
Amax absorbance of VK3 in CYC was observed in the computation results (Figure 2.9). However,
the oscillator strength values of VK3 in these solvents are similar (Table 2.5), implying similar
photo absorbance capacities of VK3 in these systems with different polarities. Based on the frontier
molecular orbital computation, the configurations of T1 of VKz in the above solvents are all in
NHomo-T*Lumo characterization with very high ratios (Table 2.5), indicating the high possibility for
the type | photoreaction of VK3 in these solvents. The configurations of T1 of VK3 in the above
solvents were further confirmed by employing the computed ESP method, as shown in Figure 2.8f.
In all five solvents, the electron density on the carbonyl oxygen in T1 becomes more positive
compared with that in So. The electron deficiency on the T1 carbonyl oxygen reveals the feasibility
of the hydrogen abstraction reaction in the type | reaction. Thus, the above analysis suggested that
VK3 retains the same photoexcitation properties in the five solutions. As a result, any difference
in the HO- production should be a result caused by different solvents with their respective
hydrogen donating ability. Here, the quantifications of HO- were tested in these five solvents by
using p-NDA as a scavenger under D65, UVA, and UVB photo-irradiation to find out the most

efficient hydrogen donor in the photoreaction under different irradiation resources.
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Figure 2.8. Hydrogen donor effect on the photo-reactivity of vitamin Ks. (a to €) UV-vis
spectra of VK3 in various solvent systems (from a to e, acetonitrile, isopropanol, ethyl alcohol,
cyclohexane, and tetrahydrofuran, respectively) with their theoretically computed frontier
molecular orbitals. (f) ESP-mapped electron density of the ground state and triplet state of vitamin
K3 in various solvent systems. (g to j) Quantification of HO- generated by VK3 in various solvent

systems under different irradiation resources.

As shown in Figure 2.8g, under D65 irradiation, VK3 in THF shows the most robust
capacity in generating HO-, followed by CYC, EtOH, IPA, and ACN, consequently. The same

tendency was also observed under UVA and UVB irradiation. The distinct hydrogen donor effects

96



of the five solvents could be explained by their different bond disassociation enthalpies (BDE)
which represents the homolytic cleavage energy of the solvent molecules. According to the
literature, the BDE of the a C-H bond in THF, CYC, EtOH, IPA, and ACN are 384.56 kJ/mol °2,
399.19 kd/mol 5354, 384.56 kJ/mol 2, 372.02 kd/mol 2, and 401.28 kJ/mol °? at 298K, respectively.
The high BDE of ACN makes it the least active hydrogen donor among the five solvents 5°°¢,
whereas although CYC has a relatively higher BDE, it could still serve as a good hydrogen donor
in the photochemistry study on benzophenone *¢. The BDE values of THF (384.56 kJ/mol) and
CYC (399.19 kJ/mol) also satisfy the HO- production efficiency sequence, which implies that THF
is a better hydrogen donor than CYC. However, abnormal HO- production efficiencies occur in
both EtOH and IPA solvent systems. Although their BDE values are lower than or similar to those
of CYC and THF, the HO- production efficiency of VK3 in these two solvents was not high. This
may be due to the fact that both ethanol and isopropanol are very good HO- scavengers leading to
the HO- consumption competence between alcohols and p-NDA in the solvent, resulting in

reduced color fading of p-NDA and HO- production 5758,
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Figure 2.9. Comparison between calculated UV-vis spectra (a) and experimental UV-vis

spectra (b) of VKsin various solvents.

Thus, the hydrogen-donating capacity of the five molecules provided some insights into
finding new matrix materials that may work as hydrogen donors in the photoreactions. Meanwhile,
controllable ROS productions of either HO- and H202 in hydrogen donor-rich system via the type
| photoreaction or O, in hydrogen donor-deficient system via the type Il photoreaction could be
achieved by alternating matrix materials. This could lead to further development of light-induced

antimicrobial materials for different applications.

2.3.5 Daylight-induced antibacterial performance of vitamin K3
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Two typical etiological bacteria, Gram-negative Escherichia coli O157:H7 (E.coli) and
Gram-positive Listeria innocua (L.innocua) were added into 4% EtOH/PBS containing 20 mM
VK3 and exposed to daylight irradiation to evaluate the antibacterial activity of VKs. For the time-
dependent daylight-induced antibacterial assay, two control groups (EtOH/PBS without VK3
under daylight irradiation, and VK3/EtOH/PBS under dark condition) were performed to eliminate
any bactericidal effect caused by VKg itself or daylight irradiation. 10 pL of 1x108 colony-forming
units (CFU) mL™ E.coli suspension or 4x10’ CFU mL™* of L.innocua suspension was added into
990 pL of VK3/EtOH/PBS or EtOH/PBS to form initial bacterial suspension (1x10° CFU mL* for
E.coli and 4x10° CFU mL™ for L.innocua) for further antibacterial tests. Then the bacterial
samples were exposed to daylight irradiation or dark for different time durations, after each time
point the bacterial proliferation was assessed by agar plate counting. Figure 2.10a and 2.10e depict
the time-dependent antibacterial performance of VK3 under daylight irradiation. It is obvious to
notice that both E.coli and L.innocua were completely inactivated by VK3 after certain period of
daylight irradiation. VK3 showed effective antibacterial performance achieving 6 log reduction
(99.9999%) of E.coli and 5 log reduction (99.999%) of L.innocua after 60-min and 90-min
daylight irradiation, respectively. In contrast, for the control groups that bacteria in EtOH/PBS
under daylight irradiation or in VK3/EtOH/PBS under dark condition, significant bacterial growth
was found in both groups after 60-min (for E.coli) or 90-min (for L.innocua) durations, indicating
that EtOH, daylight irradiation, and VKj3 itself have negligible impact on the inactivation of
bacteria at corresponding conditions. The inactivation of bacteria was exclusively caused by the
ROS resulted from daylight irradiation of VKs. Compared to previously reported natural photo-
induced antibacterial chemicals, VK3 reveals stronger bactericidal ability with lower concentration

5960 Interestingly, L.innocua showed stronger resistance comparing to E.coli, to ROS, which could
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be because of the distinct cell wall structures of these two bacteria. According to the literature, the
bactericidal mechanism of ROS are all non-selective oxidation of the substances on the surface of
cell wall membranes leading to a cell wall destruction followed by the oxidation of intracellular
DNA or RNA *°, Gram-negative bacteria have a thinner cell wall membrane whose thickness is
within 2 nm. In contrast, the thickness of the cell wall membrane of Gram-positive bacteria reached

20~80 nm, which makes the Gram-positive bacteria harder to be inactivated 5,

To evaluate durability and reusability of the daylight-induced antibacterial functions of
VK3, 7-times cyclic daylight-induced antibacterial tests were performed on both E.coli and
L.innocua. As shown in Figure 2.10b and 2.10f, the seven cyclic daylight-induced antibacterial
tests indicated that the bactericidal efficacy of VK3 kept nearly constant with 6 log reduction of
E.coli and 5 log reduction of L.innocua, revealing that VK3 could still produce enough ROS to
inactivate bacteria even after 7 times of repeated uses, which demonstrates that VK3 is a durable

and reusable green and sustainable biocide.
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Figure 2.10. Daylight-induced antibacterial performance of vitamin Ks (a and e) Time-

dependent bactericidal activity of VKs against E.coli (a) and L.innocua (e) under daylight
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irradiation. (b and f) Seven-cycle bactericidal activity of VKzagainst E.coli (b) and L.inncoua (f)
under daylight irradiation. (c and g) SEM images of E.coli (c) and L.innocua (g) in PBS without
any treatment. (d and h) SEM images of E.coli (d) and L.innocua (h) in VK3 suspension after 90-

min daylight irradiation.

The morphological changes of bacteria in VK3 suspension after daylight exposure were
also obtained by employing scanning electron microscope (SEM). As shown in Figure 2.10c and
2.10g, both E. coli and L. innucua in PBS without any treatment remain their intact and smooth
membranes. In contrast, cell wall membrane damage and structure deformation of both E. coli and
L. innucua were observed in the test groups containing VK3z and irradiated under daylight for 90
min. The sharp morphological changes of the bacteria cells with or without VK3 reveal the rapid

ROS generation efficiency and cell destruction function of VK3 under daylight irradiation.
2.4 Conclusion

We successfully analyzed and examined the photo-reactivities of four vitamin K
derivatives by using the computational modeling process and designed experimental methods.
Among these four VKs, VK3 reveals its highest reactivity to undergo both type | and type Il
photoreactions and can generate HO- and O under photoirradiation of D65, UVA, and UVB
irradiations. Structural features of aromatic ketones and nHomo-m*Lumo configuration of its Ty state
make this compound special among others. VK1 and VK are less effective in photo-reactivity than
VK3 due to existence of unsaturated bonds in side chains, though possessing aromatic ketone
structure. Similarly, the structural feature of VK4 makes it have Amax in UVB region and preference
in going through type II reaction because of its @ Homo-T*Lumo T1 orbital configuration. The
hydrogen-donating effect of different solvents was also studied for the photoreactions. Moreover,

VK3 showed robust and instant inactivate function toward both Gram-postive and Gram-negative
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bacteria under daylight irradiation, and the functions are durable and reusable. The results provided
some new insights into designing and preparing naturally based photoactive antimicrobial

materials for different applications.
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Chapter 3. Daylight-Induced Antibacterial and Antiviral Nanofibrous Membranes

Containing Vitamin K Derivatives for Personal Protective Equipment
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Abstract

During the development of antibacterial and antiviral materials for personal protective

equipment (PPE), daylight active functional polymeric materials containing Vitamin K
compounds (VKs) and impacts of polymer structures to the functions were investigated. As
examples, hydrophobic polyacrylonitrile (PAN) and hydrophilic poly (vinyl alcohol-co-ethylene)
(PVA-co-PE) polymers were directly blended with three VK compounds and electro-spun into
VK-containing nanofibrous membranes (VNFMs). The prepared VNFMs exhibited robust
photoactivity in generating reactive oxygen species (ROS) under both daylight (D65, 300-800 nm)
and ultraviolet A (UVA, 365 nm) irradiation, resulting in high antimicrobial and antiviral
efficiency (>99.9%) within a short exposure time (<90 min). Interestingly, PVA-co-PE/VK3

VNFM showed a higher ROS production rates and better biocidal functions than that of the
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PAN/VK3z VNFM under the same photo-irradiation conditions, indicating that PVA-co-PE is a
better matrix polymer material for these functions. Moreover, the prepared PVA-co-PE/VK3
VNFM maintains its powerful microbicidal function even after five times of repeated exposures
to bacteria and viruses, showing the stability and reusability of the antimicrobial materials. The
fabrication of photo-induced antimicrobial VNFMs may provide new insights into the
development of non-toxic and reusable photo-induced antimicrobial materials that could be

applied in personal protective equipment with improved biological protection.
3.1 Introduction

Public health issues have drawn increased attention in recent years due to the frequent
occurrence of emerging infectious diseases (EID) caused by pathogens!2. Over the past few
centuries, global outbreaks of infectious diseases, such as the Black Death (Yersinia pestis) in the
14" century and the influenza pandemics in the 20" century, have caused at least 50 million deaths
and changed the course of human history and left indelible memories of miseries®. With the
improvement of science, technology, and health care condition, the outbreak of infectious diseases
has been efficiently controlled yet still brings suffering to humankind®. For instance, the Ebola
virus disease in 2014 in West Africa and the Zika virus in 2015 in Brazil and elsewhere caused
significant losses to human life and property, as well as social development>®. The Coronavirus
Disease 2019 (COVID-19, caused by SARS CoV-2) pandemic that is ravaging the world has
caused tremendous losses of human life and a depression of the economy in the world’. During a
pandemic of respiratory diseases, people or health care workers are strongly required to
appropriately use personal protective equipment (PPE) including facial masks and full-body suits
89 The current PPE can prevent direct exposures of the wearers to the microbial pathogens 1012

but cannot inactivate them, leaving the pathogens potentially alive and infectious on the surface of
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the PPE, which increases risks of infections caused by cross-contamination or post-infection
during the PPE removal process'®!4. Besides, in a sudden epidemic, there is a severe PPE shortage
due to its disposable characteristics'®*6. Therefore, reusable self-cleaning PPE materials with
antimicrobial properties have been considered as a solution to overcome the shortage and improve

protective functions of the PPE"-18,

Many antimicrobial agents, including chitosan, peptides, silver nanoparticles, and
quaternary ammonium salts, have been applied in the preparation of antibacterial materials!’-°.
Yet most of the materials could only provide slow inactivation against microorganisms, and many
are not effective in killing viruses. In addition, the functions are not refreshable. For instance,
quaternary ammonium salts usually take few hours to exhibit maximum functions?®. Therefore,
rapid inactivation of a broad spectrum of microorganisms by contact is a requirement for biological
protective clothing for health care workers. Rechargeable halamine materials, which can generate
oxidative chlorine and inactivate microorganism rapidly, have been proven as effective biocidal
materials in recent years?:?2, Some hydantoin derivative modified textiles can be functional even
after 50 times of repeated launderings and bleach recharging?. However, the release of free
chlorine prevents their applications in certain PPE products such as face masks and respirators. By
comparison, photoactive chemicals that can produce oxidative biocidal reactive oxygen species
(ROS) are considered as effective, durable, and low toxicity candidates to be employed in
preparing antimicrobial materials in the preparation of reusable face masks or respirators®*2.
Photoactive nanoparticles such as TiO2 and ZnO are reported to generate ROS including singlet
oxygen (*02), hydroxyl radical (HO-), and hydrogen peroxide (H202) under ultraviolet (UV)
exposure?s-2’. However, their excitation bandgap energy restricts the size of these photo-catalysts

in the nanoscale range 223, which raises health concerns because of the potential skin penetration
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and inhalation by human 3. Organic photosensitizers such as porphyrin and Rose Bengal were
also reported to produce cell-lethal O, under UVA exposure, but the diffusion of O to pathogen
targets may be limited due to its short lifetime3>22, Another group of photo-active chemicals are
anthraquinone and benzophenone derivatives, which have been proven to generate the most potent
oxidant**, HO-, the most stable oxidant, H.O,, and 'O efficiently under daylight or UVA
irradiation®>-%, These photosensitizers, however, are all synthesized instead of natural or naturally
derived, and some of them are potentially carcinogenic®. Thus, there is an urgent need to find bio-
based photoactive chemicals that are capable of generating ROS efficiently under daylight
exposure as environmentally friendly, non-toxic, and reusable antimicrobial agents that could be

applied in fabricating durable PPE.

Vitamin Ks (VKs) are photoactive chemicals derived from natural products*®*! and
essential in blood clotting and bone health*>3, They have shown high photoactivity under light
irradiation, resulting in a production of ROS in various solvent systems**°. Especially, under
daylight irradiation, VK3 has demonstrated robust and durable antibacterial function in the PBS
buffer system #4. To further investigate the potential of using VKs as photoactive agents in the
preparation of reusable antimicrobial PPE materials, we prepared VK containing photo-induced
antimicrobial nanofibrous membranes (VNFM) that can work under both daylight and UVA
irradiation. Specific aims were accomplished in this study include, which proves that both
hydrophobic polyacrylonitrile (PAN) and hydrophilic poly (vinyl alcohol-co-ethylene) (PVA-co-
PE) present daylight active functions by directly mixing with VKs. Electrospun nanofibrous
membranes (VNFM) from the polymeric systems demonstrate robust generation of biocidal ROS

and rapid and reusable microbial inactivation functions against bacteria and viruses under daylight
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irradiation. This work proves the feasibility of applying the materials in preparing reusable

daylight-induced biocidal PPEs such as surgical face masks or respirators.

3.2. Experimental Methods

3.2.1 Materials

Phylloquinone (VK1) and menadione (VK3) were purchased from Chem-Impex Int’1 Inc.
(Wood Dale, USA) Menadiol diacetate (VK4) was purchased from TCI Chemicals, USA. Rose
Bengal was purchased from Acros Organics. Poly(vinyl alcohol-co-ethylene) (PVA-co-PE,
ethylene content of 27 mol%), polyacrylonitrile (PAN), isopropanol, ethyl alcohol, 2 wt% osmium
tetroxide (OsO4), potassium iodide, sodium hydroxide, ammonium molybdate,
dimethylformamide, potassium hydrogen phthalate, deuterated dimethyl sulfoxide (DMSO-ds), L-
histidine, chloroform, sodium phosphate dibasic, potassium phosphate monobasic, sodium
chloride, potassium chloride, maximum recovery diluent, and crystal violet were purchased from
Sigma-Aldrich. p-Nitroso dimethylaniline (p-NDA), Luria-Bertani (LB) broth, LB agar, Tryptic
soy broth (TSB), Tryptic soy agar (TSA), and Dulbecco Modified Eagle’s Medium (DMEM) were
purchased from Thermo Fisher Scientific. Fetal bovine serum was purchased from Gemini Biotec.
PowerUp SYBR Green Master Mix was purchased from Applied Biosystems. All the chemicals

were used as received without any further purification.

3.2.2 Computational details

All calculations were performed by using computational software package Gaussian 09 ver.
08. The optimization of the ground state geometries of VKs and matrix polymer (n=3) were carried
on DFT-B3LYP/6-311G (d,p) level of theory in the polarizable continuum model using the integral

equation formalism variant (IEFPCM) in H2O solvent. The excitations of the VKs were further

115



performed at TDDFT-B3LYP/6-311G (d,p) level of theory in the IEFPCM-H20 solvent model
based on the optimized VKSs structures above. The Gibbs free energies were obtained by frequency
calculations at DFT-B3LYP/6-311G (d,p) level of theory in the IEFPCM-H20 solvent based on

the optimized geometries.
3.2.3 Fabrication of PAN/VK and PVA-co-PE/VK VNFMs

The electrospinning technique was employed to obtain nanofibrous membranes. PAN
polymer particles were dissolved in dimethylformamide at 85°C with stirring for 6 hours to obtain
a homogeneous PAN solution at a concentration of 7 wt %. PVA-co-PE polymer particles were
dissolved in a mixture of water and isopropanol (weight ratio of 30%: 70%) at 85°C with stirring
for 6 hours to obtain a PVA-co-PE solution in a concentration of 7 wt %. Then VK (5 wt % of
polymer) was added into this solution and mixed sufficiently. The solution was subsequently filled
in four 20-mL syringes equipped with metallic needles. The solution pumping rate was controlled
by a syringe pump (Kent Scientific) at a speed of 2 mL h™. A high voltage electrostatic source of
28 kV (EQ30, Matsusada Inc.) was applied to the metallic needles. The formed electro-spun
VNFM membrane was collected on a metallic roller covered by a wax paper. The membranes were

directly used in other tests.
3.2.4 Measurement of hydroxyl radicals

The production of hydroxyl radicals was quantitively measured by instantly quenching the
formed radicals with p-NDA, a radical scavenger *7 %6, A Spectro-linker XL-1500 (Spectronics
Corporation) equipped with six 15-Watt D65 standard daylight tubes (GE F15T8-D) was
employed in this experiment. The irradiance distance between lamps and test samples was

regulated at 16 cm. A Spectrolinker XL-1000 (Spectronics Corporation) equipped with five 8-Watt
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UVA (Spectroline BLE-8T365) or UVB tubes (Spectroline BLE-8T312) was used to provide UV
irradiance. The irradiance distance between UV lamps and samples was regulated at 12 cm. 10 mg
of the VNFM was immersed in 10 mL of 50 uM p-NDA solution and then placed under
photoirradiation for varied durations. The decomposition of p-NDA was measured photometrically
by referring to the absorption intensities at 440 nm. The production of HO- by the VNFM can be

quantitatively calculated according to the specific stoichiometry between HO- and p-NDA%,
3.2.5 Measurement of singlet oxygen

For the singlet oxygen production test on VNFMs, p-NDA (50 uM) and L-histidine (0.01
M) were dissolved in 0.01 M phosphate buffer solution (pH=7.35). 10 mg of the VNFM was
immersed in 10 mL of the prepared solution and then placed under photoirradiation for certain
periods. The production of singlet oxygen by the VNFM was obtained by the p-NDA consumption
difference between L-histidine added and L-histidine free systems®” 4. For the relative singlet
oxygen quantum yield tests, a mixture of ethanol and 0.01 M phosphate buffer solution (pH=7.35)
(volume ratio 1: 9) was employed as the solvent of a VK (or Rose Bengal) (20 uM) and p-NDA
(40 uM) solution. L-histidine (0.01M) was added into the solution to capture the generated singlet
oxygen. The mixture solution was then placed under photoirradiation, and the relative singlet

oxygen quantum yield can be measured using Rose Bengal as a standard.
3.2.6 Measurement of hydrogen peroxide

The production of hydrogen peroxide was detected by an indirect quantification method
according to the literature®. Potassium iodide (66 g L™), sodium hydroxide (2 g L™), and
ammonium molybdate tetrahydrate (0.2 g L) were dissolved in water to obtain reagent A.

Potassium hydrogen phthalate (20 g L) was dissolved in water to obtain reagent B. 10 mg of the
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prepared VNFM was immersed in 10 mL of water which was then placed under photoirradiation
for different time of periods. At each time point, 1 mL of the sample solution was extracted and
mixed with 1 mL reagent A and 1 mL reagent B, and the mixture was vigorously vortexed for 10
seconds to mix homogeneously. The mixture was subsequently placed in a dark environment for
5 min to react sufficiently. The concentration of the formed hydrogen peroxide in the sample
solution can be determined quantitatively according to the absorbance at 351 nm by using a UV-

Vis spectroscopy.
3.2.7 Incubation of bacteria and bacteriophages

Antibacterial experiments were performed on the prepared PVA-co-PE/VKz and PAN/VK3
VNFMs against two typical etiological bacteria, Gram-negative E. coli 0157: H7 [American Type
Culture Collection (ATCC) 700728)] and Gram-positive L. innocua (ATCC 33090). 10 mL of LB
broth was inoculated with a colony of E. coli at 37 °C for 18 h. After that, a bacterial culture of
around 1x10° CFU mL* (assessed by plate counting assay) was obtained for further antimicrobial
test. Meanwhile, a colony of L. innocua was inoculated in 10 mL of TSA broth at 37 °C for 24 h,
after which a bacterial culture of around 3x10® CFU mL™ (assessed by plate counting assay) was

obtained.

An antiviral test was performed on PVA-co-PE/VK3 VNFM against T7 bacteriophages.
1x10° PFU mL? of T7 Bacteriophage (ATCCBAA-1025-B2) were inoculated in previously
cultured E. coli BL21 (ATCC BAA-1025) in tryptic soy broth (TSB) at 37°C for 4 hours. The E.
coli-T7 phage mixture was incubated at 37°C for 15 minutes for initial infection before centrifuged
at 13,000 rpm for 1 minute to harvest the infected E. coli cells. The broth was then discarded, and
the bacterial cells were resuspended in 15 mL of fresh TSB and incubated at 37°C with constant

shaking until there was no visible turbidity. The remaining bacterial cells were lysed by adding 3
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mL of chloroform into the mixture, vortexed, and cooled on ice for 15 minutes. The solution was
then centrifuged at 6,000 rpm for 10 minutes to precipitate the cell debris. The supernatant
containing phage particles was collected and centrifuged at 13,000 rpm for 10 minutes to harvest
the T7 bacteriophage particles. After washing the phage pellet twice with PBS, T7 phages were
resuspended in PBS and stored at 4°C. The titer of the T7 phage solution was enumerated to obtain

a titer of 1107 PFU mL™! by plaque counting assay.
3.2.8 Photo-induced antibacterial tests

For the time-dependent photo-induced antibacterial test, 10 pL of the 1x10° CFU mLE.
coli or 3x108 CFU mL™ L.innocua suspension was uniformly loaded on the surface of the VNFM
or control samples in a size of 2 x 2 cm?. The samples were then placed under dark conditions or
photoirradiation for different time of periods. At each specific time point, the samples were
vortexed vigorously for 1 min with 1 mL of water to collect the bacteria on the nanofibrous
membranes. The harvested bacteria suspension was then serially diluted for 10°, 10%, 10%, and 10°
times and subsequently plated on LB agar (for E. coli) or TSA agar (for L. innocua) for bacterial
culture. The agar plates with bacteria were further cultured at 37 °C for 18 h (for E. coli) or 24 h
(for L. innocua). The reduction of the bacteria caused by the VNFMs under photoirradiation was
evaluated by counting the remaining bacteria on the agar plates through plate counting assay. For
the cyclic daylight-induced antibacterial test, 10 pL of the 1x10° CFU mL™E. coli or 3x10® CFU
mL ! L.innocua suspension was uniformly dropped onto the surface of five-group PVA-co-PE/VK3
VNFMs in a size of 2 x 2 cm?. After the first-cycle daylight irradiation, the bacteria on the round-
1 VNFMs were collected and inoculated on agar plate for further plate counting assay. Another
fresh 10 pL bacteria suspension was loaded onto the remaining four groups to carry on the second-

cycle daylight irradiation. The same process was performed five times to achieve the antibacterial
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durability test. After that, the agar plates were further cultured at 37 °C for 18 h (for E. coli) or 24
h (for L. innocua). The bacterial inactivation durability of the PVA-co-PE/VKz VNFM was

accessed by plate counting assay.
3.2.9 SEM imaging of bacteria

The bacteria in the control or treated groups were firstly harvested in 1 mL water by
vigorous shaking for 3 min. The collected bacteria suspension was centrifuged for 10 min at a
speed of 8000 rpm to separate and concentrate bacteria from water. The precipitated bacteria were
treated with 1 wt% OsO4 aqueous solution for 30 min in a dark environment. The bacteria sample
was then dehydrated by ethanol. After that, 10 puL of the bacteria-ethanol suspension was dropped

on a copper tape and coated with gold before SEM analysis.
3.2.10 Daylight-induced T7 bacteriophage inactivation tests

For the time-dependent daylight-induced antiviral test, 10 uL of 1x10” PFU mL* T7
bacteriophage suspension was uniformly loaded on the surface of the PVA-co-PE/VK3 VNFM or
control samples in a size of 2 x 2 cm?. The samples were then placed under dark conditions or
daylight irradiation for different durations. At each specific time point, the samples were vortexed
vigorously with 3 mL of maximum recovery diluent to collect the T7 phages from the nanofibrous
membranes. After 100-fold serial dilutions, 100 uL of the phage dilution was mixed with 200 uL.
of E. coli BL21 (1x10° CFU mL™) suspension and incubated for 10 minutes at 37°C. 3 mL of
Molten LB agar at 45°C was then mixed with the T7 phage-E. coli mixture, followed by
immediately pouring onto a prewarmed LB agar plate. After agar solidification, the plates were
incubated overnight at room temperature, after which the phage plaques were counted and

standardized to the initial concentration. For the cyclic daylight-induced antiviral test, 10 pL of
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1x107 PFU mL™ T7 phage suspension was uniformly dropped onto the surface of the five-group
PVA-co-PE/VK3 VNFMs in a size of 2 x 2 cm?. After the first-cycle daylight irradiation of 60
minutes, the T7 phages on the first-cycle VNFMs were recovered and cultured as above-mentioned
for further plate counting assay. Another fresh 10 uLL T7 phage suspension was loaded onto the
remaining four groups to proceed the second-cycle daylight irradiation. The same process was
performed five times to accomplish the antiviral durability test. The T7 phage- E. coli LB agar

plates were incubated overnight at room temperature, followed by plate counting assay.
3.2.11 Daylight-induced feline infectious peritonitis virus (FIPV) inactivation test

FIPV was employed in this work as a surrogate for SARS-CoV-2. 80 uL of FIPV (WSU-
79-1146, GenBank DQ010921) infectious supernatant equivalent to 4 x 10* TCID50 of FIPV was
pipetted onto the surface of 2 cm? pieces of the PVA-co-PE/VKs VNFM and PVA-co-PE NFM
samples. The FIPV-treated membranes were then placed in 47mm polystyrene Petri Dishes (Fisher
Scientific) under D65 irradiation. Samples as control for no light exposure were also placed inside
the instrument protected from light. After 30 minutes of D65 irradiation, the membrane was placed
into a 5.0 mL MaxyClear amber polypropylene microtube (Axygen Scientific) containing 500 puL
of Dulbecco Modified Eagle’s Medium (DMEM) and vortexed for 30 seconds to recover the virus
from the membrane. The infectivity of the recovered inoculum was determined using a viral
plaquing assay. FIPV susceptible Crandell-Reese feline kidney cells (CRFK, ATCC) were grown
to 90% confluency in a 96-well tissue culture plate (Genesee Scientific) using DMEM with 4.5g/L
glucose (Corning) and 10% fetal bovine serum. Five serial 10-fold dilutions of the recovered FIPV
inoculum extending from 107 to 10 (final concentration in DMEM) were made and 200 pL of
each dilution were added to each well in 6-well replicates and incubated at 37 °C and 5% CO,. At

72 hours post-infection the CRFK cells were fixed with methanol and stained with crystal violet.
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Individual wells were evaluated visually for evidence of virus-induced cytopathic effect (CPE),
scored as CPE positive or negative, and the TCID50 was determined based upon the equation
log1oTCID50 = [total # wells CPE positive/# replicates] + 0.5 to reflect infectious virions per
milliliter of supernatant*®, FIPV copy number post-treatment was determined in parallel via
quantitative real-time reverse transcription polymerase chain reaction (QRT-PCR). Viral RNA was
isolated from 140 pL of the recovered inoculum using QIAamp Viral RNA Mini Kit (Qiagen) and
subsequently reverse transcribed using High-Capacity RNA-to-cDNA Kit (Applied Biosystems)
following the manufacturers’ protocols. qRT-PCR performed on Applied Biosystems’
QuantStudio 3 Real-Time PCR System with PowerUp SYBR Green Master Mix per 10 pL

protocol. cDNA templates were amplified using the FIPV forward primer, 5’-

GGAAGTTTAGATTTGATTTGGCAATGCTAG, and the FIP reverse primer, 5’-
AACAATCACTAGATCCAGACGTTAGCT targeting the terminal portion of FIPV 7b gene.
Cycling conditions as follows: 50°C for 2 min, 95°C for 2 min, followed by 40 cycles of 95°C for
155, 58°C for 30 s, 72°C for 1 min. Each reaction was performed in triplicates with water template
as a negative control and plasmid DNA containing the cloned amplicon of interest as a positive
control. FIPV copy number was calculated based on standard curves generated from viral
transcripts cloned into plasmid vector pCR2.1 (Invitrogen)*® and normalized to the culture medium

volume.
3.2.12 Characterization

SEM images of the prepared VNFMs, as well as the SEM images of bacteria in control or
sample groups, were obtained from a Thermo Scientific Quattro S environmental scanning electron
microscope. The diffusion reflection UV-vis spectra of the above nanofibrous membranes were

collected with a UV-vis spectrophotometer (Evolution 600, Thermo Fisher Scientific) equipped
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with DRA-EV-600 diffuse reflectance accessory (Labsphere). *H NMR spectra were collected by

using a 400 MHz Bruker Advance HD spectrometer, and DMSO-ds was used as solvents.
3.3 Results and Discussion
3.3.1 Fabrication and biocidal functions of VNFMs

Polyacrylonitrile (PAN) is a polar and hydrophobic vinyl polymer, and poly (vinyl alcohol-
co-ethylene (PVA-co-PE, ethylene 27 Mol %) is a hydrophilic vinyl polymer. Both are popular
polymers widely used in various textile fibers and plastic films and were directly blended with VK
compounds, respectively. The mixtures were electrospun into nanofibrous membranes as textile
personal protective materials to block the penetration of pathogens with good air permeability .
The electrospinning process of the nanofibrous membranes followed a method reported in
literature?® . The two polymers were chosen since the chemical structures of the media could affect
the generation of ROS from different VK derivatives under photoirradiation 44, In this case, we
assume that the electrospun matrix polymer should provide photoreaction conditions similar to the
literature**, including surface morphology and membrane thickness, for the generation of biocidal
ROS. Figure 3.1a illustrates the photoactivated biocidal function of the prepared VNFMs. Due to
the porous structure and super high specific surface area of the prepared VNFMs, the pathogens
can be intercepted by the nanofibers efficiently. Once the pathogens are in contact with the surface
of the VNFMs, VKs, the photoactive chemicals, in the VNFMs could generate various ROS (HO-,
H20,, and 1O;) under light irradiation. The ROS could damage cellular components of pathogens,
such as lipid bilayer membranes of encapsulated viruses and bacteria as well as genetic materials
and proteins of the viral and bacterial pathogens, leading to efficient pathogen inactivation 5152,
Figure 3.1b describes the photoactivated ROS production mechanism and cycles of the reactions

on the VNFMs. Under photoirradiation, VK is excited to the triplet excited state (T1) which
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proceeds with two potential pathways, namely, Type | and Type Il photoreactions. In the Type |
photoreaction, polymer matrix plays a significant role in the production of HO- and H.O2 by
serving as a hydrogen donor during the reaction process. After the hydrogen abstraction occurs,
the VK-H radical can return to the ground state VK accompanied by the formation of HO- or H20>
after reaction with oxygen in air*. However, in Type Il photoreaction, there is no specific
requirement on the hydrogen-donating capability of the matrix polymer itself°®. An energy
exchange happened between the excited triplet VK and the ground-state triplet molecular oxygen
(0y), after which more oxidative singlet oxygen (*O2) and ground-state VK are formed. In this
case, changing the matrix polymer species should only affect the generation of HO- and H20,, but
not 0, Based on this mechanism, both Type | and Type Il photoreactions consume no
photoactive VK species, indicating that the prepared VNFMs should be able to be reused several

times, maintaining robust ROS generation efficiency.

Pathogen attack Light-induced ROS generation

b HO-/H,0, c
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Figure 3.1. Fabrication and Biocidal Functions of VNFMs. (a) Schematic illustration of
photoactivated biocidal function of VNFMs. (b) Mechanism of the photoactive ROS generation

cycle of VNFMs. (¢) Micro-structure of various VNFMs.

Both PAN and PVA-co-PE nanofibrous membranes have similar morphology. The
scanning electron microscopy (SEM) images of the resulting VNFMs (Figure 3.1c) reveal the
randomly oriented three-dimensional nanostructure of the electrospun nanofibrous materials,
which provide ultrahigh fibrous surface areas for triggering the photo-reactions of the polymers
with oxygen in air. The porous structures also provide the nanofibrous materials with desired air
permeability and potential pathogen interception capacity. An average fiber diameter of 200-290
nm was found in the fibers in all membranes based on the SEM images (Figure 3.3), demonstrating
the successful fabrication of the nano-scale fibrous materials. No apparent hierarchies are observed
between the membranes containing or without containing VKs (Figure 3.2), implying good
compatibility of the compounds with the polymers. To confirm that the structure of VKs in VNFM
is not affected by the high voltage applied during electrospinning, Nuclear magnetic resonance
(NMR) analyses of the VNFMs were conducted, and results are shown in Figure 3.4. No obvious
structural change was found based on the NMR spectra, indicating that the chemical structures of
the photoactive VKs are resistant to high electrical voltage. Furthermore, the photoactivity of the
chemicals is therefore retained, and the fabricated VNFMs could possess the desired photo-

induced biocidal functions and be applied in the biological protective PPEs.
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Figure 3.2. Microstructure of electrospun (a) PVA-co-PE and (b) PAN nanofibrous

membranes.
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3.3.2 Photoactivity and ROS generation efficiency of VNFMSs

Diffuse reflection UV-visible (UV-vis) spectroscopy was employed to explore the
excitation nature of the prepared VNFMs (Figure 3.5). The detailed excitation information was
explored at the molecular level with the assistance of computational modeling using time-
dependent density functional theory (TD-DFT). VK1, VK3, and VK4 in polymer materials all show
similar absorption wavelengths in solvent systems, indicating that the polymers do not affect the
light absorption and excitation of the photoactive chemicals. The maximum excitation
wavelengths for VKiNFMs, VK3NFMs, and VKsNFMs are Ss (339.30 nm), S4 (343.74 nm), and
S1(297.83 nm), respectively, according to the calculation results, which are all =n* excitation.
However, the triplet states for the three VNFMs are distinctly different, which are nn* (35.59%),

nn* (95.68%), and nn* (91.70%), respectively (Figure 3.5).
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Figure 3.5. Diffuse reflection UV-vis spectra and excitation analysis of VNFMs. (a) VKiNFMs,
(b) VK3NFMs, and (c) VKsNFMs.
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Based on our previous study, VK3 should be the most efficient one in generating HO- and
H20; via Type I photoreaction due to its highest nm* ratio in the triplet state**. To demonstrate
whether VKs have similar photoactivity as previously studied in the solvent systems, a photo-
induced HO- production test of six VNFMs was carried out under three types of irradiation
resources (daylight D65 300-800nm, UV A 365 nm, and UVB 312nm). Although the D65 can only
provide VKs with necessary excitation wavelengths to a relatively small extent (Figure 3.6), it was

employed in this study to mimic the daylight that is much more accessible in the practical situation.
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Figure 3.6. UV-DRS spectra of various VNFMs along with the emission spectrum of the D65

standard daylight source.

Under the D65 irradiation (Figure 3.7a), VK3 is the most efficient one in generating HO- in
either PVA-co-PE or in PAN matrix, whereas VKiNFMs and VKsNFMs are much less efficient.
VK1 shows higher HO- production via Type | photoreaction comparing to the VK4, due to its
higher contributions of nn* featured triplet excited states and UVA-wavelength absorption®.
Moreover, the PVA-co-PE/VK3 VNFM reveals robust HO- generation capacity under D65

irradiation, reaching to 948 ug g*in one hour, which is more than ten times higher than that of
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natural polyphenols or synthesized antibacterial materials reported in literatures® . In
comparison to the D65 irradiation results, PVA-co-PE/VK3z: VNFM again produced more
HO- under UVA and UVB irradiation (Figure 3.7b and 3.7c). The HO- production efficiency
indicates that VK3 is the most optimal in Type | photoreaction in the polymer materials under

various photoirradiation resources, consistent with its photoactivity in the solvent system®*.
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Figure 3.7. Production of reactive oxygen species by VNFMs under various photo-irradiation
resources. Hydroxyl radical production of VNFMs under (a) D65, (b) UVA, and (c) UVB.

Hydrogen peroxide production of VNFMs under (d) D65, (e) UVA, and (f) UVB. Singlet oxygen
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production of VNFMs under (g) D65, (h) UVA, and (i) UVB. Summary of (j) hydroxyl radical

production, (k) hydrogen peroxide production, and (I) singlet oxygen production of VNFMs.

To further demonstrate the Type | photoreactivity of the materials, the H.O> production
test was carried on the membranes, and the results are shown in Figure 3.7d, 3.7e, and 3.7f,
respectively. Similarly, VKsNFMs show the highest efficiency in generating H>O> under all
irradiation resources, which again proves that the VK3 is the best one in Type | photoreaction in
the polymer materials. Under the D65 irradiation, the PVA-co-PE/VK3 VNFM exhibits highly
efficient H,O2 production, reaching 3292 pg g h which is three times more efficient than those
of previous daylight-induced antibacterial nanofibrous materials. Increased H»O- productions
under the UVA and UVB were noticed on the materials, consistent with their photoactivity in the

HO- production test.

In addition to the Type | photoreaction, the VK compounds could undergo Type Il reaction
under light exposure33 °, Our previous study indicates that VKs could generate 1O, via the Type
I reaction in the solvent system*. Since the energies of the triplets are all high enough to produce
10, Inter System Crossing (ISC) yield is considered as a main factor that can influence the singlet
oxygen quantum yield. VK1 and VK3 are photoactive chemicals with high triplet quantum yield
due to their quinone structure which is reported to have a 0.74 intersystem crossing yield in
acetonitrile *. VKa, however, does not have a high ISC quantum yield according to the
computational calculation. Comparing to VK1 and VK3, VK4 has a very limited ISC yield due to
its high-ratio n* featured S1 and Tz states, which is a violation of the El-Sayed’s Rules in ISC
process®®. Although VK1 has symmetry allowed excited states during the 1SC process, however,
according to literature, an intramolecular electron transfer competes with the ISC process, which

lowers its singlet oxygen quantum yield to 0.02%°. Thus, VKi or VK4 containing VNFMs may
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exhibit very low 'O production. As a demonstration, the O, production by the membranes was
also carried out, and the results are shown in Figure 3.7g, 3.7h, and 3.7i, respectively. All
VK1FNMs and VK4NFMs showed much lower 'O production rates under the photoirradiation,
whereas VKsNFMs are still the most efficient material under each irradiation condition, same as
the results we got previously*. Moreover, it is worth mentioning that PVA-co-PE/VK3 and
PAN/VK3 VNFMs generated comparable 1O after one hour of photoirradiation, suggesting that

the production of the 'O of VK3 may be independent on the matrix polymers.

Interestingly, we noticed that PVA-co-PE and PAN-based VNFMs were relatively similar
in the production of ROS with the photosensitizers VK1 and VK4. However, the ROS production
difference of PVA-co-PE and PAN VNFMs was obvious when VK3 is employed. The detailed

ROS production ratios of PVA-co-PE/VK3 and PAN/VKs VNFMs are listed in Table 3.1.

ROS production ratio

(PVA-co-PE : PAN) ‘0, HO: 0,0,
D65 1.64 4.10 2.61
UVA 1.02 325 225
UVB 114 334 270

Table 3.1. ROS production ratio of PVA-co-PE/VK3 and PAN/VKs VNFMs.

According to Table 3.1, PVA-co-PE/VKs VNFM and PAN/VK3 VNFM produced similar
amounts of O, under D65, UVA, and UVB irradiation with ratios close to one, confirming that
the generation of 1O, via the Type I photoreaction is independent on the polymer matrix material.

However, PVA-co-PE/VK3 VNFM shows significantly higher HO- and H20- production via the
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Type | photoreaction comparing to PAN/VKz VNFM under all three types of irradiation conditions.
The data confirms that polymer matrix material has an impact on the Type | photoreaction,
especially on the hydrogen abstraction reaction (Figure 3.8, AG;1) which is considered to be the
critical step of the formation of HO- and H20,%. To explore the Type | photoreaction tendency
between VK and the polymers, the detailed reaction mechanism and Gibbs free energy change

were calculated with results shown in Figure 3.8.
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Figure 3.8. Gibbs free energy and frontier orbital analysis of the Type | photoreaction, and

relative singlet oxygen production from the Type Il photoreaction. Computed Type |

photoreaction AG for (a) VK31, (b)VKsz, and (c)VKs with PAN and PVA-co-PE. The color
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represents the ESP-mapped electron density of the VKs and polymers. The & is the ESP charge on
the carbonyl oxygen in VKs. (d) Summarized AG for each step in the Type | photoreaction. (e)
Orbital energy analysis on VKs and hydrogen donors. (f) Singlet oxygen production of VK1, VK3,

VK34, and Rose Bengal under D65, UVA, and UVB irradiation.

Two essential steps (AG1 and AG») constitute the Type | reaction for the VK derivatives
after the formation of their triplet excited states. Based on the calculation, the AG1, AGg, and total
AG values of the VK1 and VKs are negative in both two polymers, implying the feasibility of the
Type | reaction for both VK3NFMs and VK:NFMs. Noticeably, the AG; values of VK3 are more
negative than that of VKi in the two polymers, revealing that VK3 is much more efficient in
generating HO- or H20> via the Type I photoreaction due to the dominating nz* triplet excited
states. However, the AG; values of VK4 in the two polymers are both positive, indicating its low
HO- or H20- generation efficiency in both polymer materials. Interestingly, we found that the AG:
value of VK3 in PAN is more negative than that in PVA-co-PE, which indicates that PAN should
be a better hydrogen donor comparing to PVA-co-PE and can consequently generate more
HO- and H20.. The calculation result is contradictory to the experimental data that in fact VK3
produces much more HO- or H202 in PVA-co-PE. This difference can be attributed to a better
orbital overlap between VK3z and PVA-co-PE, which is shown in Figure 3.8e. A semi-occupied
molecular orbital (SOMO) of oxidative triplet VKs (VK*) and the highest occupied molecular
orbital (HOMO) of electron-rich hydrogen donors are depicted. Based on the orbital energy
analysis, VKs* has the lowest SOMO, followed by VK1*, whereas VK4* has the highest SOMO.
As the hydrogen donor, PVA-co-PE has a higher HOMO than PAN. In this case, the electron-
deficient VKs* has a smaller orbital energy gap to PVA-co-PE comparing to PAN, meaning that

VKs* has a larger reactivity with PVVA-co-PE via the Type | photoreaction. The energy gap order
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of VK1*, VK3*, and VKs* between the polymer hydrogen donors also proves that VK3 is the best
one in generating HO- and H20. comparing to the others. The configuration of SOMO also proves
the triplet excited state computation of VKs in Figure 3.5. For VK, its triplet excited state is
formed through a transition from the double bond in the side chain to the unoccupied carbonyl
carbon forming a > transition (51.60%), or through a transition of the none bonding lone pair
electrons on the carbonyl oxygen to the unoccupied carbonyl carbon, forming an nz* transition
(35.59%). So, the SOMO of its triplet excited state locates on both side-chain double bond and
carbonyl carbon, leading to very mild hydrogen abstraction reactivity. For VK3, due to its high
ratio of nmt* transition in the triplet state (95.68%) from carbonyl oxygen to carbonyl carbon, its
SOMO merely locates on the carbonyl oxygen leading to its highest oxidative property and largest
HO- and H20> production. This can be further confirmed by the electrostatic potential (ESP)
mapped electron density in Figure 3.8. For VK3, an obvious change on the ESP was noticed on the
excited carbonyl carbon, whereas the other two VKs have no obvious ESP change during the
excitation and triplet state formation process. Due to the nz* transition, the carbonyl oxygen of
VKs* becomes extremely electron-deficient and oxidative, which enables the hydrogen abstraction
between the VKs* and matrix polymer. However, for VKa, its SOMO is on the conjugated @ system
among the whole molecule, indicating its lowest HO- and H.O> production, which is consistent
with the obtained results. Based on the above analysis, we confirm that the polymer matrix material
has little influence on the YO, generation efficiency of VK3 via the Type Il photoreaction. Whereas
for HO- and H20. formation, the polymer matrix has a significant impact because of its
involvement in the hydrogen abstraction reaction. Specifically, based on this study, PVA-co-PE is
a better hydrogen donor comparing to PAN, possibly because it has a higher-energy HOMO and

electron-richer reaction site.

141



To further investigate the O production of the prepared VNFMs, we compared the singlet
oxygen quantum yield of VKs and Rose Bengal, the latter of which is a benchmark O sensitizer
with a known singlet oxygen quantum yield as 0.76%" 51, Under each light irradiation condition,
the relative O production rates are shown in Figure 3.8f and the relative singlet oxygen quantum

yields are summarized in Table 3.2.

Relative 'O,

Quantum Yield D65 UVA UVB
(@)
VK, 0.002 0.017 0.094
VK, 0.027 0.519 0.417
VK, 0.000 0.007 0.090

Table 3.2. Relative singlet oxygen quantum vyield of VKs under D65, UVA, and UVB

irradiation.

According to Figure 3.8f, both VK1 and VK4 show little YOz production under D65, UVA,
and UVB photo-irradiation, whereas VK3 shows the highest O production. By comparing the 1O
production rates of VK3 and Rose Bengal, the VK3 only shows comparable O, production and
guantum yield to Rose Bengal under UVA and UVB irradiation, but not under daylight. Thus, VK3

may not be an efficient 1O, sensitizer under D65 irradiation.
3.3.3 Photo-induced antibacterial function of VNFMs.

10,, HO-, and H20; all could serve as biocides. The prepared VNFMs could provide
desired antimicrobial functions under light exposure based on the above analyses. Thus, two model

bacteria, Gram-negative Escherichia coli O157: H7 (E. coli) and Gram-positive Listeria innocua
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(L. innocua), were applied on the surfaces of PVA-co-PE/VK3 or PAN/VKz VNFM and exposed
to D65 or UVA irradiation for a certain time of periods. For the time-dependent photo-induced
antibacterial test, two control groups (pristine nanofibrous membranes without VK3 under light
irradiation and VK3NFMs under dark condition) were also employed to evaluate the bacterial
inactivation resulting from light irradiation or the presence of VK3 itself. Figures 3.9a and 3.9b
depict the daylight-induced time-dependent antibacterial function of PVA-co-PE/VKz and

PAN/VK3 VNFMs against E. coli.
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under D65 irradiation. SEM morphology of (i) E. coli and (k) L. innocua without any treatment.
SEM morphology of (j) E. coli and (I) L. innocua on PVA-co-PE/VK3 VNFM after 60-min and

90-min D65 irradiation, respectively.

Both PVA-co-PE/VK3 and PAN/VK3z VNFMs can provide 7-log reduction (>99.99999%)
of E. coli within 60 minutes under daylight irradiation. The control groups showed very little
bacterial inactivation (around 1 log) after 60 minutes of the daylight irradiation, indicating that
neither the daylight nor VKa itself is lethal to bacteria. Only the combination of daylight irradiation,
VK3, and polymer could demonstrate a significant antibacterial effect. Interestingly, we noticed
that it only takes 30 minutes for PVA-co-PE/VK3 VNFM to completely kill the E. coli. Yet, for
PAN/VK3 VNFM, it takes 60 minutes to achieve complete bacterial inactivation. Similar results
were found in the UVA-induced time-dependent antibacterial tests of VKz NFMs against E. coli.
In Figure 3.9c and 3.9d, UV A shows a stronger power than D65 to provide antibacterial functions
on the VNFMs. For PVA-co-PE/VK3 VNFM, the complete bactericidal timepoint is shortened to
10 minutes under UVA irradiation. Under the same condition, the PAN/VK3z VNFM could achieve
a complete kill in 30 minutes. The higher efficiency of UVA in triggering photoreactions is
consistent with the previous formation of ROS by the materials, in which UVA exposure leads to
production of more ROS. Meanwhile, under both D65 and UVA irradiations, the PVA-co-PE/VK3
VNFM shows a higher bactericidal efficiency than that of the PAN/VKz VNFM, indicating that
PVA-co-PE is a better hydrogen donor matrix polymer for preparing antimicrobial materials via

the type | photoreaction to generate biocidal ROS.

To demonstrate the non-selective antibacterial function of the prepared PVA-co-PE/VK3
VNFM, a time-dependent antibacterial test was also performed against Gram-positive L. innocua

under D65 and UVA irradiation. Under daylight irradiation, PVA-co-PE/VK3 VNFM achieved a
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6-log reduction of L. innocua (>99.9999%) in 90 minutes of daylight exposure (Figure 3.9¢), while
UVA irradiation could shorten the kill time to 30 minutes (Figure 3.9f), again proving that UVA
is more powerful than daylight. It is worth noting that, under both D65 and UVA irradiations,
PVA-co-PE/VK3 VNFM takes a longer time to achieve a complete inactivation against L. innocua
than that of E. coli, even with a lower L. innocua concentration. This phenomenon is consistent
with the antibacterial results of VK3 in PBS buffer solvent system**. Gram-positive bacteria like
L. innocua have a thicker cell wall compared with Gram-negative bacteria (E. coli), which will
likely decrease the bactericidal efficiency of ROS, resulting in a stronger bacterial self-defense and

slower bactericidal activity®?.

The PVA-co-PE/VK3 VNFM could be reusable in the practical situation, according to the
proposed photo-induced ROS generation mechanism. Thus, an antibacterial durability test was
carried out under daylight irradiation to verify this putative function. Cyclic daylight-induced
antibacterial tests against E. coli or L. innocua were applied on the PVA-co-PE/VKz VNFM for
five times, and the results are shown in Figure 3.9g and 3.9h. The PVA-co-PE/VK3 VNFM retains
its robust antibacterial function even after five-time bacterial accumulations, leading to consistent
7-log reduction (>99.99999%) of E. coli and 6-log reduction (>99.9999%) of L.innocua,
respectively. The antibacterial efficiency of the VNFMs after five repeated uses are basically the
same as the freshly produced ones, proving that the VNFMs are durable and reusable antibacterial

materials under daylight exposure.

To demonstrate that the bacteria are completely and irreversibly inactivated by the ROS
produced by the PVA-co-PE/VKs VNFM under daylight irradiation, the morphological changes
of the bacteria before and after contacting with the PVA-co-PE/VK3 VNFM were investigated by

using SEM shown in Figure 3.9i-3.91. The cell structures of both E. coli and L. innocua in control
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group without any treatment remain smooth and intact during the SEM capturing process. By sharp
contrast, the cell walls of both E. coli and L. innocua on the PVA-co-PE/VK3 VNFM after D65
irradiation are disrupted or broken into small fragments due to the attack by ROS**, which again

proves the daylight-induced bactericidal function of the prepared PVA-co-PE/VK3 VNFM.
3.3.4 Daylight-induced antiviral function of VNFMs.

Inspired by the antibacterial results of the prepared VNFMs, several antiviral efficacy tests
of the PVVA-co-PE/VK3 VNFMs were conducted. T7 bacteriophage (ATCCBAA-1025-B2), a non-
enveloped double-stranded DNA virus that infects bacteria, was employed as a surrogate of
mammalian viruses due to several distinguishing features including its rapid and relatively simple
detection method and lack of pathogenicity to humans 2> %% Most importantly, the non-
enveloped virus is widely considered to be less sensitive to photodynamic inactivation (PDI) in
comparison to enveloped mammalian viruses such as Zika virus, Ebola virus, and coronavirus
(SARS-CoV-2)%%  As shown in Figure 3.10a, we challenged PVA-co-PE/VK3; VNFM with a
concentrated T7 phage suspension and placed the samples under daylight irradiation or dark
condition for various durations to determine the material’s time-dependent antiviral performance.
Similar to the antibacterial tests, two control groups were designed to eliminate the effects caused
by daylight irradiation or VK3 itself. The results demonstrate that the T7 phage isolated from the
control groups experienced only a slight reduction in phage count based on the activity assay
assessed using plaque counts. In contrast to these findings, PVA-co-PE/VK3s VNFM demonstrates
a rapid and effective antiviral capacity, achieving 6 logs (>99.9999%) of PFU (plaque-forming
units) reduction after 30-min daylight irradiation, revealing highly efficient antiviral activity
compared to literature reported UV-induced antiviral materials®’. The inactivation of the T7 phages

can be attributed to the ROS oxidation of viral nucleic acids and lipid membranes®2. Also, the ROS
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were reported to crosslink the capsid protein of viruses, resulting in an inactivation of specific

binding sites with virus hosts®.
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Figure 3.10. Daylight-induced antiviral function of PVA-co-PE/VKs VNFMs. (a) Time-
dependent antiviral activity of PVA-co-PE/VKs VNFM against T7 bacteriophage under D65
irradiation (PVA-co-PE/VK3s VNFM without daylight and pristine PVA-co-PE nanofibrous
membrane with daylight as controls). (b) Five-time cycle antiviral activity of PVA-co-PE/VK3

VNFM against T7 bacteriophage under D65 irradiation. (¢) Antiviral results against FIPV of PVA-
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co-PE/VK3s VNFM and pristine PVA-co-PE nanofibrous membranes under daylight D65

irradiation. (d) RT-PCR results of the FIPV on the materials.

To further investigate the antiviral durability of the nanofibrous material, cyclic antiviral
test was applied on the PVA-co-PE/VKz under daylight irradiation for five times. As shown in
Figure 3.10b, the PVA-co-PE/VK3 VNFM retains its robust antiviral function even after 5 times
phage accumulation, achieving a 6 log of reduction (>99.9999%). The constant antiviral efficacy
of the PVA-co-PE/VK3 VNFM proves its durability and reusability as a potential antiviral PPE

material under daylight exposure.

An in vitro cell culture system utilizing Crandell-Reese feline kidney cells (CRFK, ATCC)
and feline infectious peritonitis virus (serotype Il FIPV, WSU-79-1146, GenBank DQ010921) was
utilized in order to assess the anti-coronaviral effect of the PVA-co-PE/VKs VNFM materials.
Four thousand TCID50 (median tissue culture infectious dose) FIPV inoculated onto 1 x 2 cm? of
the PVA-co-PE/VK3 VNFM and then exposed to D65 irradiation for 30 minutes. No detectable
FIPV was found in a viral infection assay, whereas the same membrane that was not exposed to
light for 30 minutes had 1000 TCID50 FIPV. Pristine PVA-co-PE nanofibrous membrane (control
sample) inoculated with FIPV showed 3000 or 1000 TCID50 FIPV, without or under the same
D65 light exposure, respectively (Figure 3.10c). These results confirm the effective daylight-
induced anticoronavirus functions of the PVA-co-PE/VKs VNFM materials. Interestingly, no
significant reduction in viral RNA was identified as a result of any treatment when assessed by
real-time RT-PCR (Figure 3.10d). This result suggests that the antiviral effect of the vitamin K

derivatives is not a result of hyper-fragmentation of the viral genome.

3.4. Conclusion
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Vitamin K derivatives in both PVA-co-PE (PVA-co-PE/VK3) and PAN (PAN/VK3)
VNFMs could effectively produce large amounts of hydroxyl radicals, hydrogen peroxide, and
singlet oxygen under photoirradiation following two different reaction paths. The two VNFMs are
comparable in generating 'O, which proves the 'O, production is generally independent of the
matrix polymer material via the Type Il photoreaction. Interestingly, PVA-co-PE/VKz: VNFM
produces more HO- and H20. than PAN/VK3s VNFM indicating that PVA-co-PE is a better
hydrogen donor matrix polymer in the Type I photoreaction. The PVA-co-PE/VK3 VNFM showed
very high daylight-induced microbicidal efficiency against Gram-negative E. coli (>99.99999%),
Gram-positive L. innocua (>99.9999%), T7 bacteriophage (>99.9999%) and feline infectious
peritonitis virus (WSU-79-1146) (>99.9%), confirming the proposed photoreaction mechanism
and robust biocidal functions. Moreover, the PVA-co-PE/VK3 VNFM demonstrated great non-
selective antimicrobial durability with constant microbicidal efficiency even after five times of
repeated exposures to bacteria and T7 bacteriophages, revealing the excellent antimicrobial
durability and reusability of the prepared VNFM under daylight irradiation. The membranes could
serve as antibacterial and antiviral materials for face masks and other PPE with improved

antimicrobial functionality.
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Chapter 4. Photoactive Water-soluble Vitamin K: A Novel Amphiphilic Photo-induced

Antibacterial Agent
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Abstract

Menadione sodium bisulfite (MSB), also known as water-soluble vitamin Ks, are widely
used as an animal food additive due to its low toxicity and low cost. MSB is for the first time
proven to be photoactive and antibacterial under various photoirradiation sources, evidenced by
computational modeling method and well-designed experiments. MSB demonstrates its robust
photoactivity and application potential under ultra-violet A (UVA, 315-400 nm) irradiation. The
results reveal that MSB could effectively generate reactive oxygen species (ROS) under UVA
irradiation due to the formation of its oxidative triplet excited state. The photo-induced
antibacterial tests also demonstrate the non-selective bacterial inactivation functions of MSB under
proper photo-irradiation. MSB was challenged against Gram-negative Escherichia coli (E. coli)
and Gram-positive Listeria innocua (L. innocua) under UVA irradiation and exhibited excellent
antibacterial performance (99.999% bacterial inactivation in 30 min of UVA exposure) in PBS.

The antibacterial performance of MSB does not decay after five-times of repeated exposures to
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bacteria and UVA irradiation, indicating the photostability and durability of MSB as a photo-
induced antibacterial agent. More interestingly, solvents played a significant impact on photo-
induced antibacterial properties but not on the generation of ROS of MSB, indicating that the
solvents may serve as contact media between MSB and bacteria cells. Intimate contact of MSB
and microorganisms is thought to determine the bacterial inactivation by ROS or triplet excited

states due to their relatively short lifetimes and limited diffusion and function radius.
4.1 Introduction

Vitamin K derivatives are a series of photoactive compounds sharing similar aromatic
ketone structures with different side chains. They play essential roles in human bodies in blooding
coagulation and bone metabolism processes'2. Both vitamin K; and Kz are naturally based®* and
nontoxic®’ but less photoactive in generating cell-lethal ROS due to the electron transfer from the
side chain to the carbonyl oxygen during the photoexcitation process, which lowers the intersystem
crossing (ISC) and triplet state quantum yields®®. Vitamin Ks (VKs), which is also known as
menadione and used in animal foods, is however organically synthesized and harmful to human
due to its active role in cell-mediated electron transfer and consequently severe cell oxidative
stress’®. High photo reactivity of VK3 was demonstrated in previous works® 1, and therefore,
excellent photo-induced antimicrobial performance of VKs was found and applied in the

fabrication of daylight-induced reusable antimicrobial materials for face masks?2.

Inspired by the strong photoactivity of VKs, a water-soluble vitamin Kz derivative,
menadione sodium bisulfite (MSB), attracted our attention due to its aromatic ketone structure
similar to VKs. MSB is derivatized from VK3 by addition of a sulfonate group and hydrogen to the
conjugated double bond. The compound was found non-fluorescent with a high ISC yield®®, which

reveals its potential in forming the triplet excited state, a key structure in certain photoreactions'*,

161



especially the formation of ROS under photoirradiation® %16, Meanwhile, MSB is less cytotoxic
than VK3 due to its stable intracellular electron transfer function and less production of superoxide

radical anion and hydrogen peroxide during the metabolism?’.

MSB has been widely used as an animal feed additive in Europe for a long time without a
time limit®8, It is considered as an adequate vitamin K resource to prevent animals’ vitamin K
deficiency. Besides, MSB is also intended for use in drinking water®. No acute toxicity of MSB
was found at levels as high as 1000 times of the dietary requirements'®. Meanwhile, there is no
danger to humans when MSB is used as a nutritional additive in animal feed8. Also, the use of
MSB in animal feed does not put the environment at risk. The U.S. Food & Drug Administration
also lists MSB as a legal animal food additive to prevent vitamin K deficiency of animals®. A long
history of using MSB in poultry food in the U.S. can be traced back to 1958, demonstrating the
safety of the MSB utilization'®. Except for being used as animal food additives, MSB was also
employed as a plant defender to inactivate various pathogens?®-?! or as a detoxifier against some
carcinogens??. Despite the multi functionalities mentioned above, few literature reveals the
photoactivity of MSB and its potential to be used as a photo-induced antibacterial agent, though it
shares a similar basic aromatic ketone structure as other photoactive quinone derivatives, such as
benzophenones and anthraquinones. Thus, we took the lead in predicting and explaining the photo
reactivity and photo-induced antibacterial property of MSB. More interestingly, we noticed that
some solvents could significantly impact the photo-induced bacterial inactivation activity of MSB

by providing intimate interactions between the short-lived reactive species and bacteria cells.
4.2 Experimental Methods

4.2.1 Materials
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Menadione (VK3) was purchased from Chem-Impex International Inc. p-Nitroso-N, N-
dimethylaniline (p-NDA) was purchased from TCI Co. LTD. Menadione sodium bisulfite (MSB),
ethyl alcohol (EtOH), ethyl acetate (EtOAC), chloroform (CHCI3), L-histidine, potassium iodide,
sodium hydroxide, ammonium molybdate tetrahydrate, potassium hydrogen phthalate, sodium
phosphate dibasic, potassium phosphate monobasic, sodium chloride, potassium chloride,
propidium iodide dye (Pl dye), SYBR green dye (SG dye), and Reactive Black 5 (RB) were
purchased from Sigma-Aldrich. Luria-Bertani (LB) broth, LB agar, Tryptic soy broth (TSB), and
Tryptic soy agar (TSA) were purchased from Thermo Fisher Scientific. All of the chemicals or

supplies were used as received without any further purification.

4.2.2 Computational details

All computations were performed in a computational software package Gaussian 09 ver.
08. The ground-state and triplet-state geometries of ionic MSB and ionic hydro-MSB (MSB-H)
radical were optimized at the unrestricted DFT-B3LYP/6-31G+ (d,p) level of theory in the
polarizable continuum model (PCM) using the integral equation formalism variant (IEFPCM) in
H20 solvent. The ground-state geometries of neutral molecules were optimized at the unrestricted
DFT-B3LYP/6-31G (d,p) level of theory in the IEFPCM in H,O solvent. The ionic MSB excitation
was further obtained at the restricted TDDFT-B3LYP/6-31G+ (d,p) level of theory in the
IEFPCM-H,0 solvent model based on the optimized ground-state MSB structures. The Gibbs free
energies of the anions were obtained by frequency calculations at the DFT-B3LYP/6-31G+ (d,p)
level of theory in the IEFPCM-H-O solvent based on the optimized geometries. The Gibbs free
energies of neutral molecules were obtained by frequency calculations at the DFT-B3LYP/6-31G
(d,p) level of theory in the IEFPCM-H-0 solvent based on the optimized geometries. The ESP-

mapped electron densities of the ground-state and triplet-state MSB were obtained at the DFT-
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B3LYP/6-31G+ (d,p) level of theory in the IEFPCM-H20 solvent model. The total electron density
was plotted and mapped with ESP-derived charges to show the molecular out-shell charge

distributions.
4.2.3 Measurements of UV-vis spectra of MSB, VK3, and Reactive Black 5 (RB)

The photostability of MSB under the UVA irradiation was obtained using a UV-vis
spectrometer (Evolution 600, Thermo Fisher Scientific). 20 uM MSB in H20 was placed under
the UVA (365 nm) irradiation. The UV-vis absorption of MSB in H20O was recorded every 10 min.
The photostability of MSB in 10% EtOH/H.O under UVA irradiation was also determined. The
UV-vis absorption spectrum of 0.2 mM MSB in the presence of hydrogen donor (EtOH) was
recorded after 20-min and 60-min UVA exposure. The decomposition of RB by MSB was recorded
using the UV-vis spectrometer. 20 uM of RB was dissolved in various solutions with or without
0.2 mM MSB. The solution was then placed under the UVA irradiation. The degradation of RB
was recorded according to the absorbance at 598 nm with Amax. The light transmittance of 2 mM
VK3 in 8% EtOH/PBS or 8% EtOAc/PBS solution was also determined by UV-vis spectrometer.
The transmittance rate of the VK3 suspensions at 660 nm was recorded after 10-min, 20-min, and

30-min placement at room temperature.
4.2.4 Measurements of hydroxyl radicals

The hydroxyl radicals produced from MSB in the solution under the UVA irradiation were
quantitively measured by p-NDA, a specific hydroxyl radical quencher that is widely used in the
hydroxyl radical related tests'® 3. A photo-irradiation crosslinker box (Spectrolinker XL-1500,
Spectronics Corporation) equipped with six 15-Watt cool white (CW) fluorescent lamps (General

Electric F15T8-CW) was employed in this experiment. The irradiance distance between lamps and
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test samples is 16 cm. The UV irradiance power of the cool white fluorescence lamps were detected
by an Ultra-Violet Radiometer (Fisher Scientific) as 50 pW/cm?.Photo-irradiation crosslinker box
(Spectrolinker XL-1000, Spectronics Corporation) equipped with five 8-Watt 365 nm (UVA)
lamps (Spectroline BLE-8T365) or 312 nm (UVB) lamps (Spectroline BLE-8T312) was also
employed to supply UV irradiance. The irradiance distance between UV lamps and samples is 12
cm. The UV irradiance power was detected as 3.0 mW/cm?. MSB (or VK3) and p-NDA (50 uM)
were dissolved in various solutions and exposed under photoirradiation or dark conditions for a
certain time. The amount of the residual p-NDA in the solution was quantitively measured by the

UV-vis spectrometer according to the absorbance at 440 nm with Amax.
4.2.5 Measurements of hydrogen peroxide

The production of hydrogen peroxide was quantified by an indirect photometric method,
according to the literature'®. MSB (or VK3) was dissolved in 5 mL of various solutions and placed
under photoirradiation sources or dark condition. After that, 1 mL of the sample solution was
mixed with 1 mL of the reagent A [Potassium iodide (66 g L), sodium hydroxide (2g L), and
ammonium molybdate tetrahydrate (0.2 g L) in water] and 1mL of the reagent B [Potassium
hydrogen phthalate (20g L) in water]. The mixture was vortexed for 10 seconds to mix
homogeneously and sufficiently. The mixture was then placed in a dark environment for 5 min to
fully react. The accumulated hydrogen peroxide in the sample solution could be quantified by the

UV-vis spectrometer according to the absorbance at 351 nm with Amax.
4.2.6 Measurements of singlet oxygen
The generated singlet oxygen was measured by a widely used method in literature?*2°,

MSB (20 uM) and p-NDA (50 uM) were dissolved in 0.01 M PBS solution (or 20 uM VK3 in 10%
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EtOH/PBS solution). L-histidine (0.01 M) was also added to detect the singlet oxygen. Under the
photoirradiation, the formed singlet oxygen could first react with L-histidine and subsequently
form a transannular intermediate, which could oxidize the p-NDA leading to an extra p-NDA
consumption, comparing to the system without L-histidine. The additional p-NDA consumption

caused by singlet oxygen was recorded as the singlet oxygen formation.
4.2.7 Bacterial culture

Two types of generic bacteria, Gram-negative E. coli and Gram-positive L. innocua, were
incubated and used in the photo-induced antibacterial tests in this work. A colony of E. coli was
inoculated in 10 mL of LB broth at 37 °C for 18 h. A bacterial culture of around 1x10° CFU mL™
was obtained accordingly. The E. coli suspension was diluted to around 1x10” CFU mL* for the
following antibacterial tests. Similarly, a colony of L. innocua was inoculated in 10 mL of TSB
broth at 37°C for at least 24 h. After that, a bacterial culture of around 1x10%8 CFU mL™* was
obtained. The L. innocua suspension was diluted to around 1x10” CFU mL™ for the following

antibacterial tests.
4.2.8 Antibacterial tests

MSB stock solution (50 mM) was freshly prepared in PBS. Similarly, VK3 stock solution
(50 mM) was also freshly prepared in EtOH, EtOAc, or CHCI3 for the photo-induced antibacterial
tests. 10 uL of the 1x10” CFU mL™ E. coli or L. innocua suspension, a certain amount of MSB or
VK3 stock solution, and a certain amount of EtOH, EtOAc, or CHCI3 solvent were also added into
the PBS to obtain 1 mL of finalized bacterial suspension with a concentration of 1x10° CFU mL"
! The bacterial suspension was placed under photoirradiation sources for a certain time. Then the

bacteria suspension was serially diluted (x10°, x10', x10?, and x10%) and plated on LB agar (E.
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coli) or TSA agar (L. innocua) for the bacterial enumeration. For the antibacterial durability test,
5 groups of MSB/bacteria suspension were placed under UVA (365 nm) irradiation for a certain
time. After the first cycle, the bacteria in group 1 were collected and plated on the agar plates.
Another fresh 10 pL of the 1x107 CFU mL™ bacterial suspension was added to the remaining four
groups, which were subsequently placed under the UVA irradiation for the second cycle. Same
operations were performed until the five cycles were finished. The LA agars with E. coli were
incubated at 37°C for 18 h. The TSA agars with L. innocua were incubated at 37°C for at least 24

h. The bacterial viability was assessed by the plate counting assay.
4.2.9 Live/dead bacterial viability assay

10 pL of the 1x10° CFU mL™ bacterial suspension and 40 pL of the MSB stock solution
were added into 950 puL of PBS to obtain an MSB/bacteria suspension with a final bacterial
concentration of 1x10” CFU mL™. The bacterial suspension was placed under UVA irradiation for
60 min. Bacteria in PBS without MSB under dark conditions were used as the control group. Pl
and SG dye were added to the bacterial suspension with a concentration of 10 ug mL ™. The bacteria
were washed and re-diluted with PBS after 20-min staining. The bacteria suspension was
subsequently dropped on a microscope slide, and the fluorescence signals were detected on a laser

scanning confocal microscope (Olympus F\VV1000).
4.2.10 Surface tension test

Surface tension was measured using a SensaDyne surface tensiometer (SensaDyne
Instrument Division, Mesa, AZ) attached with 0.5 and 4 mm non-inverted probes. Prior to
calibration, N2 gas bubble frequency of the smaller probe (0.5 mm) was set slightly faster than the

larger probe (4 mm). Calibration was then completed with water (around 72 mN/m) and ethanol
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(around 22 mN/m) at room temperature. Probes were inserted into a beaker containing a sample
until fully submerged. After readings stabilized (around 1 min), surface tension was recorded from

display.
4.2.11 Bacterial affinity to organic solvents

The affinity between the bacteria and organic solvent was quantitatively determined by
using an extraction method, according to the literature?®. 1 mL of the 1x10° CFU mL™* E. coli
suspension was added to 9 mL of PBS solution, resulting in a bacterial suspension with a
concentration of 1x108 CFU mL™. The absorbance of the bacterial suspension was measured at
600 nm and recorded as Ao. 3 mL of 1x108 CFU mL™ E. coli suspension was mixed with 1 mL of
PBS, EtOAc, or CHCIs. After 10 min of incubation at room temperature, the two-phase system
was vigorously vortexed for 2 min to mix them homogeneously. The mixture was further incubated
for 20 min at room temperature to let the bacterial extraction sufficient. After that, the aqueous
phase was removed, and its absorbance at 600 nm was measured and recorded as Ai. The
percentage of the bacterial concentration reduction by the solvent extraction was calculated as (1-

A1/Ap) %x100.
4.3 Results and Discussion
4.3.1 Photo-reactivity of MSB

The photoactivity of VK3 comes from the aromatic ketone structure, which has been
confirmed in a previous research®. The unique aromatic ketone structure shows a high 1SC yield
with minimal fluorescence emission?’28, which is also the unique feature found in MSB during its
excitation process!®. MSB therefore possesses potential photoactivity due to the aromatic ketone

structure. In this case, we infer that MSB shares the typical photoreaction mechanism as VKa.
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Under proper photo-irradiation, the ground-state MSB can be excited to the singlet state followed
by the ISC and the formation of triplet state (Figure 4.1a), the latter of which is widely thought of
as the starting material in various photoreactions due to its relatively long lifetime and oxidative
property? 29, Several subsequent reactions could occur to MSB after the formation of the triplet
state, such as the electron transfer®® or hydrogen abstraction reaction from substrates®?, the singlet
oxygen sensitization®?, and the microbial oxidation and disruption'®>. A UV-vis absorption
spectrum of MSB was obtained to determine its proper excitation light resource. According to
Figure 4.1b, MSB mainly absorbs light in the ultra-violet B (UVB) region (280-315 nm) with weak
absorption peaks in the UVA region (315-400 nm). The prominent absorption peaks of MSB in
the UVB region can be attributed to its multiple singlet excited states, such as Ss (279.86 nm) and
S13(235.76 nm), based on the computational modeling. However, a weak absorption shoulder at
around 350 nm (Figure 4.1b, inset) noticed under a higher MSB concentration can be attributed to
excited states of S1-S3(335.69 nm- 328.71 nm), revealing a weaker photo reactivity of MSB under
UVA irradiation compared with that under UVB irradiation. The detailed computational excitation
information can be found in Table 4.1. A good coincidence between the computed and
experimental spectra is found (Figure 4.2), which proves the accuracy of the modeling used in this

work.
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Figure 4.1. Photo reactivity of MSB. (a) Schematic Jablonski diagram describing the
photoexcitation process of MSB and following photoreactions. (b) UV-vis absorption spectrum of
20 uM MSB in H20 (Inset: UV-vis spectrum of 1 mM MSB in H20) and computational frontier
molecular orbitals of MSB. HOMO: highest occupied molecular orbital; LUMO: lowest
unoccupied molecular orbital; SOMO: semi occupied molecular orbital. (c) Proposed
photoreaction mechanism of MSB in aerobic environment. (d) ESP-mapped electron density of
ground-state and triplet-state MSB. The & is the ESP charge on the carbonyl oxygen of MSB in

each state.
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Singlet state af Pmax (NM)

S, 0.0049 355.69
S, 0.0031 339.72
Ss 0.0022 328.71
S, 0.0502 292.29
Ss 0.0461 279.86
Se 0.0693 276.78
S 0.1974 239.27
Sis 0.2396 235.76

30scillator strength and °theoretical excitation wavelength of corresponding singlet state.

Table 4.1. Computation details of singlet states of MSB.

Based on the frontier molecular orbitals obtained from the computation, the triplet-state
configuration of MSB is mainly nz* with electron excitation from HOMO-1 to LUMO, which is
highly active in abstracting an electron or hydrogen from substrates®:. During the photoexcitation,
the electrons are excited from the lone-pair electrons of the carbonyl oxygen to the anti-bonding
orbital on the carbonyl carbon (Figure 4.1b). The SOMO of the MSB triplet, which locates at the
carbonyl oxygen, also confirms the electron excitation process. The electron migrates from the
carbonyl oxygen’s lone pair, leaving a partially unoccupied site on the carbonyl oxygen. The
HOMO of the hydrogen donor used in this project, ethanol (EtOH), is also depicted in Figure 4.1b.
The computation result shows that the electron-rich sites in EtOH are the lone-pair electrons in the
hydroxyl group and the a C-H bond, which also coincides with the literature®*. The formed MSB
triplet state is much more oxidative, verified by the computed Electrostatic Surface Potential
(ESP)-mapped electron density difference between the ground-state and triplet state of MSB.
Figure 4.1d shows that the carbonyl oxygen is relatively electron sufficient in the ground state.

After the triplet state formation, the electron charge on the carbonyl oxygen changes from -0.438
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to -0.143. The less negative value proves the electron deficiency on the carbonyl oxygen after the
photoexcitation. The oxidative triplet MSB provides the potential for type | and type I
photoreactions. Typically, both type I and type Il photoreactions start from the triplet MSB (Figure
4.1a and 4.1c) after the photoexcitation and ISC processes. In the presence of a hydrogen donor or
electron donor, the type | photoreaction with an electron/hydrogen transfer can happen from
electron-rich substrates to electron-deficient triplet MSB. The formed hydroquinone radical

(MSB-H radical) can then react with oxygen to form hydroxyl radical (HO-) and hydrogen

peroxide (H202) with the accompanied formation of ground-state MSB. Meanwhile, a type Il
photoreaction can simultaneously happen between the triplet MSB and ground-state triplet oxygen
(30,) via energy exchange, after which a more oxidative singlet oxygen (*O2) and ground-state

MSB can be generated. The formed HO-, H,O>, and *O; are known as ROS, which are lethal to

microbes®®. Based on the photoreaction mechanisms, no MSB is consumed after the reaction cycles.
Interestingly, we noticed that the triplet excited state of MSB could also efficiently kill the bacteria
even with no hydrogen-donating substrates existed in the system, which will be discussed in the

latter sections.

Hansen Solubility Parameters

oD oP oH OVK3-Solvent
H-.O 155 16.0 42.3 37.4
EtOH 15.8 8.8 19.4 16.0
EtOAcC 15.8 5.3 7.2 10.8
CHCI; 17.8 3.1 5.7 10.0
VK3 19.9 12.2 6.1 -

Table 4.2. Hansen Solubility parameters of VK3 (structure shown below) to various solvents.
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Hansen Solubility Parameters

oD oP oH OAK-Solvent
H,O 15.5 16.0 42.3 38.4
EtOH 15.8 8.8 19.4 16.6
EtOAc 15.8 5.3 7.2 10.5
CHCI; 17.8 3.1 5.7 9.80
AK 19.6 12.2 5.0 -

Table 4.3. Hansen Solubility parameters of the aromatic ketone structure of MSB (AK,
structure shown below) to various solvents.
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Figure 4.2. Computational and experimental UV-vis spectra of MSB in H20 (The calculated

spectrum was fixed to have the same absorbance peak height as the experimental spectrum).

4.3.2 Photo reactivity of the type | and type Il reactions of MSB
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To further investigate the type | and type Il photoreaction potentials of MSB under
photoirradiation, the Gibbs free energy changes (AG) of the two reactions were computed by the
Gaussian modeling package®. In the type | photoreaction, the hydrogen abstraction reaction is
regarded as the critical step determining the photoreaction rate®. The AG of the hydrogen
abstraction step in type | reaction of MSB was calculated and depicted in Figure 4.3a using EtOH
as a hydrogen donor. According to the modeling, the AG of the hydrogen abstraction step is -54.66
kJ/mol, which indicates the feasibility of the hydrogen abstraction reaction between the a C-H of
EtOH and the triplet MSB. The electron charges of the carbonyl oxygen before and after the
hydrogen abstraction step were also computed as -0.143 and -0.452, respectively. The increased
electron charge after the hydrogen abstraction proves that the carbonyl oxygen becomes less
electron-deficient due to the addition of the hydrogen atom with a relatively low electronegativity.
The AG of the type Il reaction of MSB was also computed to be negative, which is -96.93 kJ/mol,

indicating that the MSB is a potential singlet oxygen sensitizer under proper photoirradiation.

Based on the proposed photoreaction mechanisms, the MSB should be regenerated after
the photoreactions with no consumption regardless of the hydrogen abstraction reaction or the
singlet oxygen sensitization. The photostability of 20 uM MSB in H2O is shown in Figure 4.3b.
After UVA (365 nm) irradiation for 60 min, no noticeable change was found in UV-vis spectra,
which shows its excellent photostability compared to other vitamin derivatives®’-3. With increased
concentration of MSB (0.2 mM) and the addition of hydrogen donors (EtOH), no apparent
absorption peak change was noticed until after 60 min of the UVA exposure. A slight absorption
increase shows at around 340 nm was found in Figure 4.4, which can be attributed to the formation
of some light-absorbing transient (LAT) structures that can be efficiently quenched by reducing

agents or oxygen accompanied with re-formation of aromatic ketone structures, according to
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literature!™ 4041, Meanwhile, a slight decrease in absorption intensity was noticed at around 270
nm, which can be attributed to the reduction of carbonyl oxygens to alcohol structures that are
structurally irreversible to ketones under photoirradiation®. These slight changes revealed that

only a minority of them could transform to other structures irreversibly, additional evidence of the

photostability of MSB.
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Figure 4.3. Photo-reactivity of type | and type 11 reactions of MSB. (a) Computed Gibbs energy
changes (AG) for the type | and type Il photoreactions. (b) UV-vis spectra of 20 uyM MSB in H.O
under UVA (365 nm) irradiation after various time durations. Productions of (c) hydroxyl radical
and (d) hydrogen peroxide from 20 uM MSB in 10% EtOH/H0 solution, and | singlet oxygen
production from 20 uM MSB in 0.01M PBS solution under UVB (312 nm), UVA (365 nm) and
cool white (CW, 370-750 nm) photoirradiation or dark conditions (irradiation in white and dark

periods in gray).
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Figure 4.4. UV-vis absorption spectra of 0.2 mM MSB in 10% EtOH/H20 under UVA (365

nm) irradiation.

To demonstrate the photoactivity of MSB predicted by the theoretical modeling, the
amounts of reactive oxygen species (hydroxyl radical, hydrogen peroxide, and singlet oxygen)
generated by 20 uM MSB in 10% EtOH/PBS solution under irradiations of cool white (CW, 370-
750 nm), UVA (365 nm), and UVB (312 nm) lighting sources are depicted in Figures 4.3(c-e).
Hydroxyl radicals are generated effectively under the UVB light irradiation, whereas no hydroxyl
radical is produced when the light source is removed (Figure 4.3c). MSB shows the strongest
photoactivity under the UVB irradiation because of its prominent absorption peaks in the region.
Less hydroxyl radical production from MSB is found under the UVA irradiation, and the least
under the CW irradiation, which are consistent with the MSB UV-vis spectra with fewer absorption

peaks in the UVA region and almost no absorption in the CW region. As comparison tests, the
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decomposition of 50 uM p-NDA solution under CW, UVA, and UVB irradiation was studied and
shown in Figure 4.5a. No obvious p-NDA decomposition was noticed in these experiments, which
demonstrates the photostability of p-NDA under the photoirradiation. The UVB-induced
decomposition of 50 uM p-NDA in 20 uM MSB solutions was also studied and shown in Figure
4.5b. No obvious p-NDA decomposition was found in either normal or deoxygenated solution,

indicating that the triplet MSB could not chemically react with p-NDA.

a b

100+ = ] 100{ ®—s
B"Q‘ 804 < 804
5 5
2 60+ £ 604
X 2
@ 2
< 404 < 404
S S
1 —&— 20 uM MSB/50 uM p-NDA under dark conditions ] .
e 204 —=—50 uM p-NDA under cool white irradiation e 204 —=— N, purged MSB/p-NDA solution

—=&— 50 uM p-NDA under UVA irradiation —a— MSB/p-NDA solution
50 uM p-NDA under UVB irradiation
D T T T T T T T 0 T T T T T L L
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) UVB Irradiation time (min)

Figure 4.5. (a) p-NDA Photostability under CW, UVA, and UVB irradiation. (b) p-NDA

decomposition in MSB solution under UVB irradiation.

Similar results are found in the generations of hydrogen peroxide (Figure 4.3d) and singlet
oxygen (Figure 4.3e). UVB (312 nm) always gives the highest amount of ROS production,
followed by the UVA (365 nm) irradiation. The CW is the least effective light source in terms of
ROS production from MSB. Interestingly, the ROS production from MSB under the UVB
irradiation was reduced as testing time prolonged, different from the predicted photo-stability of
MSB. Such a phenomenon maybe caused by consumption of the hydrogen donors and ROS
detectors in the systems. The formation of irreversible alcohol structures under the robust UVB
irradiation could also be one of the possible reasons causing the reduction in ROS production.
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According to the proposed photoreaction mechanism, MSB should be capable of generating
hydroxyl radical, hydrogen peroxide, and singlet oxygen under photoirradiation via type | and type
Il reaction without any MSB consumption. The unchanged ROS production slopes (red lines in

Figures 4.3c, 4.3d, and 4.3e) during the irradiation periods demonstrate the photostability and

reusability of MSB under the UV A photoirradiation.
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Figure 4.6. ROS production from MSB and VKas. (a) Chemical structures of MSB and VKa. (b)
UV-vis spectra of 20 uM MSB or VK3 in 10% EtOH/H20 solution. Production of (c) hydroxyl
radical and (d) hydrogen peroxide from 20 uM MSB or VK3 in HO, PBS, and 10% EtOH/H20
solutions under the same photoirradiation conditions after 20-min exposure. (e) Singlet oxygen

production from 20 uM MSB or VK3 in 10% EtOH/PBS under the photoirradiation conditions

after 20-min exposure.
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The ROS production from MSB in various solvent systems was also determined to evaluate
the hydrogen donor functions of the chemicals in the type I photoreaction. As a comparison, VK3
(structure shown in Figure 4.6a) was employed as a reference due to its demonstrated excellent
antimicrobial function under various photoirradiation conditions in photo dynamic therapy***2.
Figures 4.5c to 4.5e depict the hydroxyl radical, hydrogen peroxide, and singlet oxygen production
from 20 uM MSB or VK3 in several solvent systems. UVB (312 nm) is proven most effective in
generating ROS during the photoreaction of both MSB and VK3, followed by UVA (365 nm).
Cool white light (CW) is less effective in triggering the photoreactions for both MSB and VKa.
Almost no ROS is produced from MSB and a small amount from VK3 under the CW irradiation.
The results indicate that very limited triplet states of MSB or VK3 were formed in a CW exposure
environment. MSB shows the highest hydroxyl radical and hydrogen peroxide production in the
presence of EtOH, which is employed as a hydrogen donor under the three photoirradiation sources.
Much less hydroxyl radical and hydrogen peroxide is produced from MSB when it is in the aqueous
systems, for example, water and PBS solutions, proving the mandatory role of the hydrogen donors
in the type | photoreaction. VKsis more photoactive under the UVA and CW irradiation than MSB,
which is because of its higher-conjugated system that enables it to absorb more lights in the UVA
and CW regions. The removal of the double bond in VK3 makes UV absorption of MSB blue
shifted, resulting in reduced photo reactivity under the UVA or CW irradiation (Figure 4.6b).
Interestingly, under the UVB irradiation, MSB seems to be more reactive than VK3, leading to
much more ROS production. The reason may be that the energy level of the triplet excited state of
MSB is higher than that of VK3 because that the shorter-wavelength excitation light has higher
energy. Therefore, the MSB shows excellent potential to be employed in photo-induced

antibacterial application in the UVB region due to the produced ROS that are lethal to bacteria.
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4.3.3 Photo-induced antibacterial function of MSB.

Gram-negative Escherichia coli (E. coli) and Gram-positive Listeria innocua (L. innocua)
were employed as the representative microbes to demonstrate the non-selective photo-induced
antibacterial functions of MSB, according to literature®. Based on the previous analysis, MSB
should show the strongest photo reactivity under the UVB irradiation. Therefore, we challenged 2
mM MSB with E. coli in 4% EtOH/PBS solution under the UVB irradiation for specific periods.
E. coli in 4% EtOH/PBS with MSB under dark conditions or in 4% EtOH/PBS without MBS under
the UVB irradiation were employed as control groups to exclude any effect caused by the dark
toxicity of MBS or the cell-lethality of the UVB irradiation itself. The 4% EtOH/PBS solution
causes no bacterial inactivation based on our previous research®. According to the Figure 4.7, E.
coli in 4% EtOH/PBS without MSB under the UVB were completely killed only after 5 min of
exposure. However, E. coli in PBS with MSB under the UVB remains partially alive after 5 min
of irradiation. The complete bacterial inactivation time is delayed to 20 min in the MSB/PBS/UVB
group. We infer that the UVB irradiation itself is exceptionally lethal to bacteria in this case. MSB
in PBS plays a shielding role like “sunscreen” to protect the bacteria from the UVB irradiation.
Although a certain amount of MSB triplet and ROS were produced during the UVB irradiation,
their lethality to E. coli is much weaker than the direct UVB irradiation. Thus, the addition of MSB

in PBS under the UVB actually slows down the inactivation of the bacteria.
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Figure 4.7. UVB (312 nm) induced antibacterial performance of 2 mM MSB in 4%

EtOH/PBS against E. coli.

Inspired by the ROS production tests mentioned above, the UVA irradiation should also
be effective in triggering the photoreactions for MSB to inactivate bacteria due to the ROS formed
via the photoreactions. The ROS are reported to be lethal to pathogens by damaging cellular
components, such as lipid bilayer membranes, proteins and nuclei acids, through oxidation
reactions® 42, Therefore, we challenged 2 mM MSB with E. coli and L. innocua under the UVA
irradiation in 4% EtOH/PBS solution to demonstrate its non-selective antibacterial function.
Similarly, bacteria in 4% EtOH/PBS with MSB under dark conditions or in 4% EtOH/PBS without
MSB under the UVA irradiation were taken as control groups. Figures 4.7a and 4.7b indicate MSB
shows non-selective bacterial inactivation function against both E. coli and L. innocua under the

UVA irradiation. E. coli shows a stronger resistance to MSB than L. innocua under the UVA
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irradiation. In the 4% EtOH/PBS system, around 5-log reduction (99.999%) of E. coli bacteria was
achieved after 90 min of the UVA irradiation. Meanwhile, it only takes 60 min to completely Kill
L. innocua bacteria under the same circumstance. No dark toxicity of MSB was noticed in these
two cases since no apparent bacterial inactivation was found even after 90 min of incubation in a
dark environment (the blue bar). Whereas the UVA irradiation shows lethality to bacteria cells to
some extend (the red bar). The bacterial inactivation function of the UVA irradiation is not evident
until after 60 min of incubation. Bacterial accumulation tests were also performed to show the
photostability and reusability of MSB under the UVA irradiation. Figures 4.7c and 4.7d depict the
durability of MSB against E. coli and L. innocua under UVA irradiation in 4% EtOH/PBS solution,
respectively. No bacterial inactivation activity decay was found in either E. coli or L. innocua
group, indicating the excellent photo durability of MSB with a constant 99.999% bacterial
inactivation efficacy in the presence of hydrogen donors, even after five times of repeated 90-min
UVA exposure. To demonstrate the CW-induced bactericidal function of MSB, time-dependent
antibacterial tests were also performed. Figures 4.7e and 4.7f depict the bacterial inactivation
efficacy of MSB in 4% EtOH/PBS solution under CW irradiation against both E. coli and L.
innocua, respectively. After 90 min of CW irradiation, only a little bacteria inactivation (less than
1-log bacterial reduction) was found in both E. coli and L. innocua groups, which is much
ineffective than that of the UVA-irradiated groups, coinciding with the ROS production tests

mentioned in the previous section.

It is worth of noting that MSB is photo-sensitive under UVA irradiation, which is safer
than UVB to biomolecules but still could cause damages to tissues and cells, especially under long

exposure time. Proper applications of the photo-sensitivity of MSB should be emphasized.
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Figure 4.8. Photo-induced antibacterial function of MSB in 4% EtOH/PBS solution. UVA

(365 nm) induced antibacterial activity of 2 mM MSB in 4% EtOH/PBS against (a) E. coli and (b)

L. innocua. Five-time cycle bactericidal activity of 2 mM MSB against (c) E. coli and (d) L.
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innocua in 4% EtOH/PBS under UVA (365 nm) irradiation for 90 min. Cool white light (CW)

induced antibacterial activity of 2 mM MSB in 4% EtOH/PBS against (e) E. coli and (f) L. innocua.

We performed another series of antibacterial tests in PBS solution without addition of any
organic solvent to exclude the hydrogen donor effect on the photo-induced antibacterial functions
of MSB. Figures 4.8a and 4.8b depict the antibacterial results of MSB in PBS solution against E.
coli and L. innocua under the UVA irradiation, respectively. Interestingly, we found a faster
bactericidal rate of MSB in the absence of EtOH, which is a potent hydrogen donor, in PBS under
the UVA light. The complete bacterial inactivation time was shortened to 30 min against both E.
coli and L. innocua. Similar phenomena were found in the bacterial accumulation tests, which are
shown in Figures 4.8c and 4.8d. The UVA irradiation time in each cycle of the test was shortened
from 90 min in the 4% EtOH/PBS solution (Figure 4.8c and 4.8d) to 60 min. The results show that
the shortening of the UVA irradiation time does not affect the antibacterial efficacy of MSB in
PBS solution. No bacterial function decay was noticed after five times of repeated 60-min of the
UVA exposure, indicating a better bacterial inactivation activity of MSB in PBS without existence
of hydrogen donors. Since the existence of EtOH in the system could increase production of
biocidal ROS, the reduced antimicrobial function in the 4% EtOH solution system is quite strange.
According to the literature, such a result may be because that the triplet excited state of MSB could
directly damage and degrade proteins or DNAs via direct oxidation reactions or hydrogen
abstraction®®. Effective electron transfer or hydrogen transfer could happen from amino acids and
nucleic acids to triplet excited quinones®® 4446, The EtOH in the PBS solution can effectively
guench the triplet excited MSB via the type | photoreaction with production of hydroxyl radicals.
Coincidently, EtOH is a very good hydroxyl radical quencher as well which can react with both

the triplet-state MSB and hydroxyl radicals in the system*’*. Therefore, the triplet excited state

184



of MSB could be a dominant biocide if the generated hydroxyl radicals are not in the vicinity of
microorganisms. The CW induced antibacterial performance of MSB in PBS solution also supports
this hypothesis. Figures 4.8e and 4.8f depict the bacteria inactivation function of MSB in PBS
under CW irradiation. More than one log of bacterial reduction (>90%) was found against both E.
coli and L. innocua in the tests of MSB under the CW irradiation. The bacterial inactivation effect
of MSB in PBS is more robust than that of MSB in 4% EtOH/PBS solution after 90 min of CW
irradiation. Only a limited amount of ROS is generated from MSB even though in the presence of
EtOH in the PBS solution under CW irradiation, indicating the bactericidal function of MSB
because of the formation of the triplet excited state. These results indicated that the solvent system
may play a significant role in the photo-induced antibacterial process. We thus employed
additional organic solvents in the photo-induced antibacterial tests to study the solvent effect in

the next section.
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time cycle bactericidal activity of 2 mM MSB against (c) E. coli and (d) L. innocua in PBS under
UVA (365 nm) irradiation for 60 min. Cool white light (CW) induced antibacterial activity of 2

mM MSB in PBS against (e) E. coli and (f) L. innocua.

A live/dead bacterial fluorescence staining assay was employed to demonstrate the bacteria
inactivation function of MSB in PBS under the UVA irradiation'®. The bacteria in PBS with no
MSB under dark conditions or in PBS with MSB under the UVA irradiation were first stained with
a cell-nonpermeant propidium iodide (PI) red dye, which is only capable of penetrating dead
bacteria without intact cell wall structures. The bacteria were then counterstained with a cell-
permeant SYBR Green (SG) green dye, which can penetrate both alive and dead bacterial cell
walls regardless of the cell wall structures. As shown from Figures 4.9, E. coli (4.9a and 4.9b) and
L. innocua (4.9c and 4.9d) in PBS without MSB nor UVA irradiation remain mostly in green color
whereas little in red color, indicating that the majority of the bacteria cells are alive. In sharp
contrast, after the UVA irradiation for 60min, E. coli (4.9e and 4.9f) and L. innocua (4.9g and 4.9h)
in PBS with MSB were all stained by the PI dye that is only capable of staining dead bacteria cell,
indicating that the bacterial cells in the MSB/UVA group were disrupted by the attack from the

ROS and MSB triplet excited states during the UVA irradiation process.
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Figure 4.10. Fluorescent live/dead bacterial viability assay of E. coli (a, b, e, and f) and L.
innocua (c, d, g, and h) cells in PBS without MSB under dark conditions (a to d) or in PBS

with 2 mM MSB (e to h) under UVA (365 nm) irradiation for 60 min.
4.3.4 Solvent effect on the photo-induced function of MSB.

Based on the above analysis, the solvent medium may significantly impact the antibacterial
function of MSB during the photo irradiation process. The addition of EtOH in MSB/PBS solution
reduced the bactericidal efficacy of MSB under the photoirradiation. A potential question is that
whether ethanol is a good triplet state and hydroxyl radical quencher in the system, which lowers
the biocide concentration in the solution. Therefore, we employed ethyl acetate (EtOAC) as a
substitution for EtOH to perform the same photo-induced antibacterial test. According to Figure
4.11a, MSB in 4% EtOACc/PBS solution gives a faster bacteria inactivation rate than in water or
PBS solution without any organic solvent. No apparent difference in bacteria inactivation rate was
found on MSB in either water or PBS system, in which most of the bacteria can be efficiently
inactivated within 30 min of the UVA exposure, much quicker than that in the 4% EtOH/PBS
system. To investigate the triplet states or hydroxyl radical quenching function of EtOH and EtOAc,
an organic dye, namely Reactive black 5 (RB, structure is shown in Figure 4.12), was used as a
non-specific quencher of triplet excited states and hydroxyl radicals, according to the literature?,
RB can be non-selectively oxidized by the triplet states or hydroxyl radicals with a color fading
that can be quantitively detected by the UV-vis spectrometer. Any addition of organic solvent that
can promote the production of hydroxyl radicals could accelerate the decomposition of RB under
the photo-irradiation. RB and MSB were dissolved in pure water, PBS, 4% EtOH/PBS solution,
or 4% EtOAC/PBS solution to prove the radical quenching effect caused by EtOH or EtOAc. As

control groups, RB in pure water, PBS, 4% EtOH/PBS, or 4% EtOAc/PBS without any MSB were
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employed to eliminate any photo-bleaching effect from RB itself. As shown in Figure 4.11b, no
RB decomposition was found in the absence of MSB, revealing that RB is relatively stable under
the UVA irradiation. With the presence of MSB, the UVA-induced decomposition rate of RB is
apparently accelerated but remains similar in water, PBS, and 4% EtOAc/PBS systems. A low RB
decomposition rate was noticed in 4% EtOH/PBS solution in the presence of MSB under the UVA
irradiation, which coincides with the photo-induced antibacterial tendencies shown in Figure 4.11a,
and the rate is actually lower than that in the pure water or PBS system, in which the triplet states
are dominant biocides due to the limited production of ROS. This result also suggests that the
triplet states of MSB in the 4% EtOH/PBS system could be consumed due to the presence of EtOH.
The production of hydroxyl radical (Figure 4.11c) and hydrogen peroxide (Figure 4.11d) from
MSB in various solvent systems reveal that EtOH is a suitable hydrogen donor and MSB triplet
state quencher. In contrast, EtOAc shows very low hydrogen-donating or triplet state quenching
capacity, leading to the low production of hydroxyl radicals and hydrogen peroxides in the 4%
EtOAc/PBS group. Therefore, the reduced antimicrobial effect of EtOH in PBS solution comes
from its quenching capacity to hydroxyl radicals and triplet states, reducing the bactericidal species

formed by photo-irradiation of MSB.
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Figure 4.11. Solvent effect on the photo-induced antibacterial function of MSB. (a) UVA (365
nm) induced antibacterial activity of 2 mM MSB in various solvent systems. (b) UVA (365 nm)
induced degradation of 20 uM Reactive Black 5 by 0.2 mM MSB in various solvent systems. (c)
Hydroxyl radical production from 50 uM MSB in various solvent systems under UVB (312 nm)
irradiation. (d) Hydrogen peroxide production from 50 uM MSB in various solvent systems after

20-min UVB (312 nm) irradiation.
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Figure 4.12. Chemical structure of Reactive Black 5.

The evident acceleration effect of EtOAc in the system is another issue to be investigated.
According to the literature, organic solvents could improve conversion yields and selectivity of
chemical reactions by increasing interactions between reactants and catalyst surfaces®. We
speculate that the accelerated antimicrobial function of EtOAc in the solution systems is caused
by its good affinity with both MSB and E. coli bacteria cells, which could serve as a good media
by shortening the distance between the bacterial cells and the photoactive aromatic ketones
(marked in red in Figure 4.6a) and promoting contacts between the short-lived triplets or ROS with
the bacteria cells. The shortened distance enables the biocidal ROS and oxidative triplet states to
diffuse effectively to the target microbes®-?, resulting in more efficient microbial inactivation.
Although MSB is known as a water-soluble vitamin K bearing a hydrophilic sulfonate group
(marked in blue in Figure 4.6a), MSB was recorded as an amphiphilic compound due to its
lipophilic aromatic ketone structure (marked in yellow and red in Figure 4.6a)%. As shown in
Figure 4.13a, MSB shows an apparent surface tension reduction effect with its concentration
gradually increased in solutions. Based on its surface-active feature, the sulfonate group in MSB
is hydrophilic, whereas the aromatic ketone part is hydrophobic and prefers to stay in the EtOAc
moiety in the solution system. As an evidence of the proposed affinity hypothesis, lipophilic VK3
was dispersed in 8% EtOH/PBS or 8% EtOAc/PBS solution. Figure 4.13d depicts the solubility
and stability of the lipophilic VK3 in these EtOH and EtOAc solution systems, respectively. VK3
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was dispersed evenly in the EtOH and EtOAc systems at the very initial time without noticeable
phase separation or VK3 aggregation. After 30 min of placement at room temperature, VK3 in the
EtOH system became aggregated and precipitated, while no evident VK3 precipitation was found
in the EtOACc group. The light transmittances of the VK3s/EtOH/PBS and VK3/EtOAC/PBS systems
were also determined and shown in Figure 4.13b. PBS solution without presence of organic solvent
nor VK3 is clear with a 100% transmittance as a reference. The VK3/EtOAC/PBS system remains
clear and has a higher transmittance rate than the VK3/EtOH/PBS system after 30 min of placement
at room temperature, indicating a better affinity between EtOAc and the aromatic ketone structure.
Additionally, Hansen Solubility Parameters (HSP) theory was also employed to evaluate the
affinity between two substances®*°. HSP is widely used to understand the solubility of a chemical
in various organic solvents by three parameters, 0D for dispersion (van der Waals), 6P for polarity
(related to dipole moment), and dH for hydrogen bonding. The solubility parameter distance is
calculated as the square root of 4A8D?+A8P>+ASH?, which is a theoretical parameter to evaluate
the solubility of a solute in a specific solvent. The HSP results also support the experimental
phenomena, which can be referred to in Tables 4.2 and 4.3, in which EtOAc shows better affinity
to both VK3 and the aromatic ketone structure of MSB than EtOH. Accordingly, the accelerated
antimicrobial effect of EtOAc was partially proven to be its good affinity to the lipophilic aromatic
ketone structure. This can also be demonstrated in the UVA-induced antibacterial test of VK3
against E. coli in 4% EtOH/PBS and 4% EtOAc/PBS solution systems, which could reveal similar
tendencies as those in MSB solutions. As shown in Figure 4.13c, EtOH apparently reduces the
photo-induced antibacterial efficacy of VKs to a large extent, which confirms the radical
quenching effect of EtOH. VK3 in 4% EtOAc/PBS clearly shows a much quicker bacterial

inactivation efficacy due to the better stabilization and homogenization function of EtOAc.
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Moreover, VK3z reveals a higher photoactivity than MSB under the UVA irradiation, which

coincides with the previous study that VK3 generates more considerable ROS than MSB, and

accordingly, more triplet excited states. The higher antibacterial efficacy of MSB and VK3 in

EtOACc/PBS systems demonstrates the excellent affinity between the EtOAc and aromatic ketone

structures.
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after 10 min, 20 min, and 30 min of placement at room temperature. (¢) UVA (365 nm) induced
antibacterial activities of 2 mM VKs and 2 mM MSB in 4% EtOAc/PBS and 4% EtOH/PBS
solution systems against E. coli. (d) Clarity of 2 mM VK3 in 8% EtOH/PBS and 8% EtOAc/PBS

solution systems at 0 min and 30 min of replacement at room temperature, respectively.

To prove the affinity between bacteria cells and the organic solvent, a bacteria extraction
test was performed using either chloroform (CHCI3) or EtOAc as an electron-deficient or an
electron-rich solvent, respectively®®>". The affinity between the organic solvent and bacteria cells
mainly comes from the electrostatic attraction of bacteria cells with a solvent in an oil-water system,
according to the literature®®. The bacteria concentration before and after the extraction by the
organic solvent was recorded and converted to a bacteria concentration reduction in percentage.
Figure 4.14a depicts the bacteria concentration reduction after mixing E. coli in PBS suspension
with equal amount of PBS, CHClIs, and EtOAC, respectively. The results show that CHCl3 extracts
most of the E. coli bacteria cells from PBS, whereas EtOAc shows a weaker extraction effect,
indicating that E. coli is an electron donor and, therefore, electron-rich. EtOAc shows a slightly
better bacterial extraction and bacterial concentration reduction effect than a direct bacterial
concentration dilution effect by mixing equal amount of PBS solutions, indicating that E. coli has
no preference to stay in PBS or EtOAc. The accelerated antimicrobial effect of EtOAc in the MSB
systems may be merely due to the better affinity between the organic solvent and photoactive
aromatic ketone, which provides closer distance between the bacteria cells and photoactive sites.
The dark toxicity of MSB and VK3 in 4% EtOH/PBS or 4% EtOACc/PBS solutions toward E. coli
cells also proves the hypothesis. According to the literature, both MSB and VK3 are capable of
penetrating the cell membranes due to the lipophilic aromatic ketone structure they possess® .

After the cell membrane penetration, MSB or VK3z can cause an impact on cell metabolism by
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engaging in the intracellular redox reaction as redox mediators’. Production of various ROS, such
as superoxide radical anion and hydrogen peroxide, or oxidation of the NAD(P)H can happen
during the redox reaction, resulting in oxidative stress to cell activity. Especially, VK3 is
considered more toxic than MSB because of its stronger promotion effect on the oxidation of
NAD(P)H and production of ROSY. Figure 4.15 shows less dark toxicity and less bacterial
reduction of MSB than VKs regardless of in 4% EtOH/PBS or 4% EtOAc/PBS systems.
Remarkably, both MSB and VK3 are more toxic in the 4% EtOAc/PBS than in the 4% EtOH/PBS,
leading to more bacterial reduction, which may be because of the better affinity between the E.

coli bacterial cells and aromatic ketone structures in EtOAc than in EtOH.
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Figure 4.14. The acceleration effect of CHCIls on MSB antibacterial function. (a) E. coli
affinity to PBS, CHCI3, and EtOAc. (b) UVA (365 nm) induced antibacterial activity of 0.25 mM
VK3 in 0.4% CHCI3/PBS and 0.4% EtOACc/PBS solution systems. (¢c) UVA (365 nm) induced
antibacterial activity of 0.25 mM MSB in 0.4% CHCIs/PBS and 0.4% EtOACc/PBS solution
systems. (d) Hydrogen peroxide production from 0.25 mM MSB in various solvent systems after

20-min UVA (365 nm) irradiation.

200



107
10°

;“1‘]51
§;1ﬂﬁ1
2 10° 1
:I
551921
10" 1

107

Figure 4.15. Dark toxicity of 2 mM MSB or VK3 toward E. coli in 4% EtOH/PBS and 4%

EtOAC/PBS solution systems after 30-min incubation.

Based on the above analysis, CHCIs should be a better organic solvent than EtOAc, in
which the distance between photoactive aromatic ketones and bacteria cells is further closer. Table
4.2 and 4.3 show CHCIs has a slightly better affinity to aromatic ketone structures than EtOAc.
Figure 4.14a also indicates that E. coli extremely prefers to stay in CHCIz than in EtOAc or PBS.
In this case, the addition of CHCIz in PBS should further accelerate the antibacterial rate of MSB
and VK3 under photoirradiation. Figure 4.14b shows an exact accelerating effect of CHCIs than

EtOAc on VK3 in PBS under the UVA irradiation. In order to eliminate the influence of the dark
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toxicity of MSB and VK3, their concentration was lowered from 2 mM to 0.25 mM. The percentage
of chloroform and ethyl acetate in PBS solution was decreased to 0.4% due to the limited solubility
of chloroform in water. No pronounced bacterial inactivation was found in the VK3/CHCI3PBS
solution under dark conditions. Similar accelerating effect of CHCIlz on MSB was also found and
depicted in Figure 4.14c. 0.25 mM MSB in 0.4% CHCIs/PBS shows a quicker bacterial
inactivation rate than that in 0.4% EtOAc/PBS, which again proves the better affinity between
bacteria cells and photoactive aromatic ketone structures in the CHCIs. To get rid of the hydrogen-
donating effect of CHClIs, due to its weak C-H bond, hydrogen peroxide production from 0.25 mM
MSB in various solvent systems was determined under the UVA irradiation. As shown in Figure
4.14d, no additional hydrogen peroxide production was found in the CHCIz group, which excludes
the hydrogen donating function of CHCIs. The test result coincides with the literature in which
CHCls is regarded as a lousy hydrogen donor and can hardly quench triplet benzophenone or triplet
decafluoro-benzophenone®. The latter one is recognized as one of the most oxidative triplet
excited states. Herein, we conclude that CHClz and EtOAc can tremendously accelerate the photo-
induced antibacterial function of MSB by shortening the diffuse distance between the short-lived

biocidal active species to bacterial cells, resulting in a more effective bacterial inactivation.
4.4 Conclusion

MSB, a water-soluble vitamin K3 derivative with low dark toxicity, was proven to be
photoactive under various photoirradiation sources. Although UVB is a more powerful source of
excitation of MSB, UVA irradiation could primally provide desired triggering force in generating
MSB triplets and ROS to inactivate bacteria. MSB showed highly non-selective bacterial
inactivation efficacy against both Gram-negative E. coli and Gram-positive L. innocua (99.999%

bacterial reduction) within 30 min of UVA exposure in PBS solution. The bacterial inactivation
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function of MSB is durable and can survive five repeated exposures to concentrated bacterial cells
and UVA irradiations. More interestingly, organic solvents could significantly affect the photo-
induced antibacterial efficacy of MSB. Both CHCIs and EtOAc could accelerate antimicrobial
effects of MSB with the former one apparently better in performance. This effect was proven to
be a function of the organic solvent serving as medium for close contacts of MSB and
microorganisms, assisting the short-lived ROS and triplet MSB to inactivate the bacterial cells.
This work may provide a platform for seeking new sustainable photo-induced antibacterial agents
applied in medical and food-related aspects. Meanwhile, the solvent effect may offer some new

insights into optimizing antibacterial functions of photo-sensitizers in the practical applications.
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Chapter 5. Photoactivities of Two Vitamin B Derivatives and Their Applications in the

Perpetration of Photo-induced Antibacterial Nanofibrous Membranes

Abstract

Photoactivities of two vitamin B2 (VB2) derivatives, riboflavin (RF) and flavin
mononucleotide (FMN), were investigated by computational modeling and experiments. Under
photoirradiation, the ground-state of both VB2 derivatives could be excited to their lowest singlet
excited states (S1) that could subsequently transform to the lowest triplet excited states (T1) via an
efficient intersystem crossing (ISC) process. The generated T1 was oxidative and could undergo
type | photoreaction with the accompanied formation of hydroxyl radicals (HO-) and hydrogen
peroxide (H20), or type Il photoreaction with the generation of singlet oxygen (*O,). Especially,
the photoreactive site on both VB derivatives was proven to be the nitrogen atoms in the imine (-
C=N-) functional group in the isoalloxazine ring. The formed reactive oxygen species (ROS) could

non-selectively inactivate microorganisms. However, RF and FMN exhibited negligible
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photoinduced antimicrobial activity in PBS solution even at high concentrations. Therefore, a poly
(vinyl alcohol-co-ethylene) (PVA-co-PE) nanofibrous membrane blended with RF or FMN was
prepared through electrospinning technique and challenged by Gram-negative Escherichia coli (E.
coli) and Gram-positive Listeria innocua (L. innocua) under UVA (365 nm) irradiation. The
fabricated nanofibrous membranes containing VB> (VBNFMs) showed great photoinduced
antibacterial activity against E. coli (99.999% in 20-min UVA irradiation) and L. innocua (99% in
20-min UVA irradiation). The photoinduced antimicrobial performance of RF/PVA-co-PE and
FMN/PVA-co-PE nanofibrous membranes were comparable. Interestingly, the durability of the
photoinduced antibacterial function of the prepared VBNFM was questionable, which might be

caused by the photodegradation of VB2 when presenting in nanomaterials.
5.1 Introduction

Riboflavin (RF), which is also known as vitamin B, is a naturally occurring water-soluble
vitamin and plays an essential role in human health®. Riboflavin is vital in the human body as an
antioxidant nutrient that may prevent lipid peroxidation and reperfusion oxidative injury. The
insufficient intake of riboflavin may increase the risk of certain cancers such as cervical cancer by
inducing its precursor condition?. Moreover, riboflavin may exhibit neuroprotective effects in
some neurological disorders®. It widely exists in diverse food sources, such as milk, cereals, meats,
fatty fish, and fruits and vegetables, especially dark-green vegetablest. Flavin mononucleotide
(FMN) is another vitamin B derivative that is produced enzymatically from riboflavin as a
precursor®. Unlike RF that is sparingly soluble in water, FMN is highly water-soluble due to the
ionic phosphate group in the side chain. Flavin adenine dinucleotide (FAD) is also derivatized

from RF as a precursor with the assistance of FAD synthetase®.
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All three vitamin By derivatives have been proven to be photoactive under UVA (330 nm
or 370 nm) and UVB irradiation (308 nm) and are capable of generating singlet oxygen (*O2) with
distinctive quantum yields®. The photoactivity of vitamin B derivatives is attributed to the
isoalloxazine ring that shows strong absorption in both UVA and visible light regions. However,
the 'O, quantum yield of FAD (0.12) is much smaller than that of RF (0.64) and FMN (0.64)°.
Therefore, FAD should not be an effective photosensitizer under photoirradiation and is thus
excluded from this work. Except for the 1O, generation from RF and FMN via type 11 photoreaction,
some literature reveals the type | photoreaction in RF and FMN through a one-electron transfer or
a hydrogen atom abstraction reaction®. After the electron transfer or hydrogen abstraction reaction,
the reduced VB could be oxidized by ground-state oxygen (°0,) and generates superoxide radical
anion (-O2") and H20,. The formed ROS may lead to many lethal effects to live cells including
cell-membrane peroxidation and nucleic acid degradation’. Unlike vitamin K derivatives, vitamin
B> derivatives do not have the aromatic ketone structure yet still possess photoactivity in
generating ROS, which should be attributed to the nitrogen atoms in the imine group in the
isoalloxazine ring’. The goal of this work was to further explore and identify the photochemistry
of VB2 derivatives. The detailed photochemistry of vitamin B derivatives is discussed in this work,
and the carbonyl group in the structure is shown not to be the photoactive center based on the

computational modeling.

Inspired by the ROS production from vitamin B: derivatives, they have been applied in the
fabrication of food-packaging materials to prevent oxygen or to inactive microorganisms under
photoirradiation®. Some transition metal nanoparticles are synthesized with RF to prepare up-
conversion photoactive functional materials to kill tumor cells in photodynamic therapy (PDT)®.

Likely, free RF or FMN was dissolved in PBS solution to inactivate Gram-negative E. coli and
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Gram-positive L. innocua under UVA irradiation in this work. Interestingly, no apparent bacterial
reduction was found after long-period UVA exposure, which could be attributed to the long
distance between the bacteria and the isoalloxazine ring in the solution weakening the diffusion
and function of the short-lived ROS. In this case, RF or FMN was further blended in PVA-co-PE
nanofibrous membrane and challenged by the bacteria. Certain bacterial inactivation was found
after 20-min UVA irradiation. The distinct photoinduced antibacterial tests reveal that the diffusion
of ROS to target microbes is the predominant factor that could affect the antibacterial efficacy of
both Rf and FMN. A contact antibacterial method is needed for the vitamin B: derivatives, which
is contradicted to the vitamin K derivatives that could inactive microbes either in solutions or in
materials. This work may provide some insights into developing vitamin B2 containing photoactive

materials in photoinduced antimicrobial related applications.

5.2 Experimental Methods

5.2.1 Materials

Riboflavin (RF), menadione sodium bisulfite (MSB), ethyl alcohol (EtOH), ethyl acetate
(EtOAC), L-histidine, potassium iodide, sodium hydroxide, ammonium molybdate tetrahydrate,
potassium hydrogen phthalate, sodium phosphate dibasic, potassium phosphate monobasic,
sodium chloride, potassium chloride, methylene blue (MB), poly (vinyl alcohol-co-ethylene)
(PVA-co-PE, ethylene content of 27 mol%), isopropanol, and 2% osmium tetroxide (OsOa)
aqueous solution were purchased from Sigma-Aldrich (St. Louis, MO, USA). Flavin
mononucleotide (FMN) was purchased from Spectrum Chemical (New Brunswick, NJ, USA). p-
Nitroso-N, N-dimethylaniline (p-NDA) was purchased from TCI Co. LTD (Tokyo, Japan). Luria-

Bertani (LB) broth, LB agar, tryptic soy broth (TSB), and tryptic soy agar (TSA) were purchased
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from Thermo Fisher Scientific (Waltham, MA, USA). All the chemicals and supplies were used

as received without any further purification.

5.2.2 Computational details

The computational modeling was carried on a computational platform using the software
package Gaussian 09 ver. 08. The ground-state and triplet-state geometries of anionic FMN, hydro-
FMN radical (FMN-H-), and reduced dihydroflavin (FMNH>) were optimized at the unrestricted
DFT-B3LYP/6-31G+ (d,p) level of theory in the polarizable continuum model (PCM) using the
integral equation formalism variant (IEFPCM) in H20 solvent model. The ground-state or triplet-
state geometry of neutral molecules (ethanol, ethanol radical, lumichrome, lumiflavin, RF, RF-H-,
and RFH2) was optimized at the unrestricted DFT-B3LYP/6-31G (d,p) level of theory in the PCM-
IEFPCM in H20 model. The excited anionic FMN and excited RF were further computed at the
restricted TDDFT-B3LYP/6-31G+ (d,p) level and the restricted TDDFT-B3LYP/6-31G (d,p) level
of theory in the IEFPCM-H20 solvent model, respectively. The Gibbs free energies of anionic and
neutral molecules were obtained by frequency calculations at the DFT-B3LYP/6-31G+ (d,p) and
the DFT-B3LYP/6-31G (d,p) level of theory in the IEFPCM-H-0 solvent, respectively. The ESP-
mapped electron densities of the ground-state and triplet-state anionic FMN (or FMN-H-) and RF
(or RF-H-) were obtained at the DFT-B3LYP/6-31G+ (d,p) level and the DFT-B3LYP/6-31G (d,p)
of theory in the IEFPCM-H20 solvent model, respectively. The total electron density was further
plotted and mapped with ESP-derived charges to reveal the electron distribution of the out layer

of the molecules.

5.2.3 Measurement of UV-vis spectra of RF and FMN
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The UV-vis spectra of 20 uM RF or FMN in water was obtained from a UV-vis
spectrometer (Evolution 600, Thermo Fisher Scientific). The photostability of RF and FMN was
also measured by using the UV-vis spectrometer. Twenty micromolar (uM) RF or FMN in H.O
was placed under UVA (365 nm) or cool white (CW, 370-750 nm) irradiation. The UV-vis
absorption spectra of RF or FMN under one-hour photo irradiation were recorded after every 10

min.
5.2.4 Measurement of hydrogen peroxide

The hydrogen peroxide produced by RF and FMN was quantitively measured by an indirect
method reported in the literature’®. Twenty micromolar (uM) RF or FMN was dissolved in H20
and placed under photoirradiation or dark conditions. After each specific duration, 1 mL of sample
solution was mixed with 1 mL of reagent A [ Potassium iodide (66 g L), sodium hydroxide (2g
L), and ammonium molybdate tetrahydrate (0.2 g L) in water] and 1mL of reagent B [Potassium
hydrogen phthalate (20g L) in water]. The mixture was vigorously vortexed for 10 seconds to
make the mixture homogeneous. The mixture was then placed in a dark environment to allow the
reaction to complete. The accumulated hydrogen peroxides produced by RF or FMN were
quantified by referring to the UV-vis absorption spectrum with a maximum absorption peak at 351
nm. As a reference, 1 mL of the sample solution was mixed with 2 mL of H.O to eliminate the

color influence on the H>O> absorption caused by the inherent color of VB, derivatives.
5.2.5 Measurement of singlet oxygen

The singlet oxygen generated by RF or FMN was measured by using a widely used singlet
oxygen quenching method reported in the literature!**2, Two pM RF or FMN was dissolved in 5

mL of 0.01 M PBS solution. Ten millimolar (mM) L-histidine was also dissolved in the solution
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to quench the generated singlet oxygen by forming a transannular intermediate that could
subsequently react with p-NDA (50 uM), leading to a color fading that could be detected at 440
nm by UV-vis spectrometer. The additional p-NDA consumption in the L-histidine-containing
solution comparing to the L-histidine-free solution was taken as the singlet oxygen production.
The singlet oxygen production comparison between FMN and methylene blue (MB) was also
performed. Twenty uM FMN or MB was dissolved in 5 mL of 0.01 M PBS solution with 0.01 M
L-histidine. The singlet oxygen production from FMN or MB was recorded after 20, 40, and 60

min of UVA or CW irradiation.
5.2.6 Fabrication of RF/PVA-co-PE and FMN/PVA-co-PE nanofibrous membranes

The photoactive VBNFMSs were prepared by using the electrospinning technique. PVA-co-
PE polymer particles were dissolved in a mixture solvent of isopropanol and water (weight
ratio=7:3) at 85 °C with stirring for 6 hours to obtain a PVA-co-PE polymer solution in a
concentration of 7% in weight. RF (0.5 wt% of the polymer) was then added into the polymer
solution and mixed thoroughly. Similarly, FMN (same mole content as RF) was added to the
polymer solution to obtain FMN blended PVA-co-PE polymer solution. The VB2/PVA-co-PE
polymer solution was filled in four 20-mL syringes with metallic needles. The solution feeding
rate was controlled by a syringe pump (Kent Scientific) and set up at the speed of 2 mL h't. A high
voltage electrostatic source of 28 kV (EQ30, Matsusada Inc.) was applied to the metallic needles.
The formed electrospun nanofibrous membrane was collected on a roller covered by wax paper.
The tip-to-roller distance was controlled at 15 cm. Fabricated membranes were then directly used

in the following tests.

5.2.7 Bacterial culture
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Two types of generic bacteria, Gram-negative Escherichia coli (LJH-1247) and Gram-
positive Listeria innocua (ATCC 33090), were used in this study to demonstrate the photoinduced
non-selective antibacterial activity of RF and FMN. An E. coli colony was cultivated in 10 mL of

LB broth at 37 °C for 18 h. A bacterial suspension of approximately 1x10° CFU mL"* was obtained
accordingly. The E. coli suspension was further diluted to around 1x10” CFU mL™* as stock

bacterial suspension for the following antibacterial tests. Similarly, an L. innocua colony was

cultivated in 10 mL of TSB broth at 37°C for at least 24 h. A bacterial suspension of around 1x
10° CFU mL! was obtained. The L. innocua suspension was diluted to around 1x108 CFU mL™

as stock bacterial suspension for the following photoinduced antibacterial tests.
5.2.8 Antibacterial tests

A stock solution of FMN (50 mM), RF (10 mM), or methylene blue (10 mM) was freshly
prepared before the photoinduced antibacterial test. The stock solution should be kept in dark and
at a low temperature to avoid any photooxidation. To determine the concentration effect of VB>
on the photoinduced antibacterial activity, RF or FMN stock solution was first diluted to following
concentrations of 0, 0.1, 0.25, 0.5, 1, 2, and 4 mM in PBS solution. After that, 10 uL of E. coli
stock suspension was added to RF or FMN solutions of different concentrations and placed under
UVA irradiation for 30 min. The surviving bacteria were enumerated by serial dilatation and
plating on LB agar. Colonies were counted after 24 hours of incubation at 37 °C. To determine the
impact of different solvent medium, 10 uL of E. coli or L. innocua suspension was added to 2 mM
FMN in 1 mL PBS solution or 4% EtOH/PBS solution and placed under UVA irradiation or dark
conditions for 30 min, 60 min, and 90 min. Then the bacteria suspension was serially diluted and

plated on LB agar (for E. coli) or TSA agar (for L. innocua) for the bacterial enumeration.
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To evaluate the electro-static effect between the antimicrobial agent and bacteria, 2 mM
Methylene blue in 1 mL PBS solution was also challenged by 10 uL of E. coli or L. innocua stock
suspension under UVA or CW irradiation for 60-min. The bacteria suspension after
photoirradiation or dark reservation was serially diluted and plated on LB agar (for E. coli) or TSA
agar (L. innocua) for the bacterial enumeration. 10 pL of E. coli stock suspension was added to 2
mM FMN, 2 mM MB, and 2 mM FMN+2 mM MB in PBS solution and placed under UVA
irradiation for 30 min. The bacteria suspension was serially diluted and plated on LB agar for the

bacterial enumeration.

Ten microliters (uL) of E. coli or L. innocua stock suspension was uniformly applied on
the surface of 2x2 cm? RF/PVA-co-PE or FMN/PVA-co-PE nanofibrous membranes and placed
under UVA or CW irradiation for 5, 10, 15, or 20 min. After each time point, samples were washed
with 1 mL of PBS solution and vortexed vigorously for 1 min to harvest the bacteria from the
membranes. The collected bacteria were serially diluted and plated on LB agar (for E. coli) or TSA

agar (L. innocua) for the bacterial enumeration.

For the UVA-induced antibacterial durability test, 10 uL of the E. coli stock suspension
was uniformly applied on the surface of five-group RF/PVA-co-PE or FMN/PVA-co-PE
nanofibrous membranes in the size of 2 x 2 cm?. After the first-round 20-min UVA irradiation, the
bacteria on the first-group nanofibrous membranes were harvested and cultivated on LB agar plates
for further plate counting assay. Another fresh 10 pL bacteria stock suspension was applied to the
remaining four groups to carry on the second-round UVA irradiation. The same process was
performed another 3 times to complete the antibacterial durability test. After each round, the
bacteria collected from nanofibrous membranes were serially diluted (x10°, x10%, x10?, and x10%)

and plated on LB agar for the bacterial enumeration. The agar plates were further cultured at 37 °C
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for 18 h. The bacterial inactivation durability of the VB2 containing PVA-co-PE nanofibrous

membranes was accessed by plate counting assay.
5.2.9 SEM images of nanofibrous membranes

The SEM images of PVA-co-PE, RF/PVA-co-PE, FMN/PVA-co-PE nanofibrous
membranes were obtained from a Quattro S SEM (Thermo Scientific). The nanofibrous

membranes were placed on copper tape and then coated with gold before SEM images capture.
5.2.10 SEM images of bacteria

10 pL of 1x10° CFU mL™ E. coli or L. innocua suspension was evenly applied to the

VBNFMs in a size of 2 x 2 cm?. The samples were placed under UVA irradiation for 30 min. After
that, the bacteria on the sample nanofibrous membranes were firstly harvested by vigorous vortex
for 3 min. The bacteria suspension was then centrifuged at 8,000 rpm for 10 min to deposit the
bacteria for the following steps. Precipitated bacteria were then treated with 100 uL of 1 % (wt)
Os04 aqueous solution for 30 min in dark. The bacteria were then washed with PBS solution two
times to remove any residual OsOa. The bacteria were subsequently dehydrated by ethanol. After
that, 10 puL of the bacterial ethanol suspension was dropped on a copper tape and coated with gold

before SEM analysis.
5.3 Results and Discussion
5.3.1 Photoreactivity of RF and FMN

Vitamin B2 derivatives do not have an aromatic ketone structure that is known for its high
photoreactivity in type | and type Il photoreactions. The photoactivity of VB is due to the

isoalloxazine moiety that absorbs light with maxima wavelengths at around 365 nm and 445 nm®.
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As shown in Figure 5.1a, under UVA or blue light irradiation, the ground-state VB, was excited
to multiple singlet excited states (Sn) or the lowest singlet excited state (S1) via a spin-allowed
excitation process. The S; can be formed by Sn via the internal conversion (IC) process as well.
The S; of flavins is highly fluorescent with a very short lifetime (around 5 ns in water at ambient
temperature)®®. Meanwhile, the S of VB, can transform to the lowest triplet excited state (T1) via
a rapid intersystem crossing (ISC) process with a quantum yield of 0.67%, which is relatively high
although still lower than aromatic ketones. The T: was reported relatively long-lived with a
lifetime of 15 ps in water at ambient temperature'®. The T1was also recorded as a bi-radical that
is much more oxidative compared with the ground-state VB,®. Therefore, many biomolecules are
reported to be oxidized by the T1 of the VB2®. As shown in Figures 5.1a and 5.1b, the triplet VB,
could proceed with either type | photoreaction by abstracting a hydrogen or an electron from
substrates or type Il photoreaction by transferring its energy to the ground-state molecular oxygen
(302). According to the literature, the energy transfer process between VB Tz and the oxygen to
generate more oxidative singlet oxygen is highly efficient and almost diffusion controlled®. The
singlet oxygen quantum yield of RF and FMN is similar, reaching 0.64 under UVA irradiation®.
The T1 of VB2 can abstract hydrogen or an electron from substrates through the direct interaction
via type | photoreaction, leading to the generation of radicals (Figure 5.1b). RF-~ (FMN-") or RF-
H- (FMN-H-) can be produced after electron abstraction or hydrogen abstraction process,

respectively. The formed RF-~ (FMN-") or RF-H. (FMN-H-) can be further oxidized by 30, to

superoxide radical anion (-02)% %, The -0, could further transform to HO- and H,02. Also,
after the first hydrogen abstraction, the RF-H- (or FMN-H-) could further abstract hydrogen from
substrates to form the reduced flavin in the dihydroflavin form (RFH2/FMNH.), which can

subsequently be oxidized by *0O; to the ground-state VB, accompanied with the formation of
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H»0,8. The formed HO-, H,0», and O, could oxidize biomolecules and inactivate microbes via

cell wall peroxidation or nucleic acid cleavage. To better understand the photoactivity of VB>

derivatives, their frontier molecular orbitals were computed and presented in Figures 5.1c and 5.1d.
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Figure 5.1. Photoreactivity of RF and FMN. (a) Schematic Jablonski diagram illustrating the
photoexcitation process and following photoreactions of VB> derivatives. (b) Type | and type 1l
photoreactions of VB> derivatives after the formation of the lowest triplet excited state. (c) UV-
vis absorption spectrum of 20 uM FMN in H>O and computational frontier molecular orbitals of

FMN. HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular orbital.

(d) UV-vis absorption spectrum of 20 uM RF in H20 and computational frontier molecular orbitals
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of RF. ESP-mapped electron density of ground-state and triplet-state (¢) FMN and (f) RF. The

is the ESP charge on the carbonyl oxygen of RF or FMN in each state.

According to Figures 5.1c and 5.1d, both FMN and RF exhibit high absorption in the UVA
and blue light region (300-500 nm). Based on computation, the predominate excitation is So—S:
(430.39 nm) and So—S3(357.53 nm) for FMN, and So—S1 (422.97 nm) and So—S4 (356.33 nm)
for RF. Unlike vitamin K derivatives, the direct excitation from Sp to S; reveals the high absorption
of the two VB derivatives under photoirradiation. The computational UV-vis spectra of FMN and
RF are highly consistent with the experimental spectra (Figures 5.2a and 5.2b), which proves the

accuracy of the computation method employed in this work.
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Figure 5.2. Computational UV-vis spectra of (a) FMN and (b) RF in H20.

Based on the computational frontier molecular orbital information (Figure 5.1c and 5.1d),
the FMN T1was computed and proven to be formed via an electron transition from HOMO to
LUMO. The electron in the nitrogen atom of the imine group (-C=N-) was excited to the ©
antibonding orbital, forming a bi-radical as shown in Figure 5.1b. Similarly, the RF T was formed
by an electron transition from the nitrogen atom of -C=N- to the carbon 7 antibonding orbital.

Therefore, the N atom of the -C=N- in the triplet VB2 is oxidative and active to abstract an electron
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or a hydrogen from substrates, which is consistent with the literature'®8, Based on the computed
frontier molecular orbitals, the carbonyl group does not engage in the excitation and the formation
of the T1 process, indicating that the carbonyl group may be photoinactive during the photoreaction.
The oxidative property of the formed T1 of two VB2 derivatives was further confirmed by the ESP-
mapped electron distribution of the ground state and the triplet state (shown in Figure 5.1e). The
electron density of the carbonyl oxygen in the ground state and triplet state does not change much,
proving the inactivity of the carbonyl group during the photoirradiation and photoreaction process.
The electron density of the nitrogen atom in -C=N- in FMN changes from -0.600 to -0.520,
indicating the electron deficiency on the nitrogen atom in the -C=N- functional group. Similarly,
the electron density of the nitrogen atom in the -C=N- group in RF changes from -0.628 to -0.568.
The less negative electron density tendency of the nitrogen atom in the -C=N- group from the
ground state to triplet state proves the oxidative property of the formed triplet VB,. However,
compared with the water-soluble vitamin Kz (menadione sodium bisulfite, MSB) with an nt*
excited Ty in the carbonyl group (electron density from -0.438 to -0.143), the electron deficiency
change in the triplet VB2 is not significant, which indicates that the triplet VB2 is not as oxidative

as the triplet MSB.
5.3.2 Photoreactivity of the type | and type Il photoreactions of FMN and RF

Based on the above analysis, FMN and RF should be able to generate H.O via type |
photoreaction or produce 'O via type Il photoreaction. To investigate the H.O, generation
efficiency of the VB> derivatives, 20 uM of FMN or RF in water was placed under irradiations of
CW or UVA lighting source or kept in dark. As shown in Figure 5.3a, H.O> was merely produced
from FMN and RF under photoirradiation (white area), whereas no H>O> production was found in

the dark period (the grey area). As photo exposure duration prolonged, H-O> production was found
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to decrease in both RF and FMN, which indicated that FMN and RF might be degraded under
long-term photoirradiation. The singlet oxygen production from 2 uM of FMN or RF was also
determined and shown in Figure 5.3b. No 'O, was produced in dark. As the photoirradiation
duration increased, the YO, production decreased but to a smaller degree comparing to the H20;
production. For example, the H2O> production reduction of FMN compared between the first 20-
min and the last 20-min irradiation under CW and UVA were determined as 93.2% and 94.2%,
respectively. The O production reduction of FMN under CW and UVA were measured as 75.6%
and 86.2%, respectively. According to the literature, RF and FMN could self-degrade to toxic
lumichrome by the intramolecular hydrogen abstraction happened on the side chain'® %21, Some
other byproducts such as lumiflavin could also be formed at higher pH values®!. Comparing to RF
and FMN, the produced lumichrome is a more photostable and efficient 1O, generator, whereas
with a lower solubility in water??. Moreover, the type | photoreaction of lumichrome was proven
to be not as efficient as that of RF or FMN, indicating that lumichrome was not a good generator
of H202 under photoirradiation®!. Thus, it could be explained that the pro-longed photo exposure
largely decreases the production of H2O and leads to a less reduction in the 1O production, which
could be attributed to the better 1O, generation efficacy yet the worse H.O, generation efficacy of
the degradation product. Interestingly, although the photoreactivity of RF and FMN are reported
comparable, FMN clearly exhibits more H2O, and 'O production under photoirradiation, which
may partially due to the better water solubility of FMN than RF, leading to a more intimate contact
between ROS detectors and the photoactive site. To further explore the photodegradation via the
intramolecular hydrogen abstraction, the effect of hydrogen donor on VB: derivatives was
determined and is shown in Figures 5.3c and 5.3d. Twenty uM of RF or FMN in water (not a

hydrogen donor), ethyl acetate (EtOAc, poor hydrogen donor), and ethanol (EtOH, good hydrogen
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donor) were placed under CW and UVA irradiation to detect their H.O, production via the
hydrogen abstraction reaction. Under CW irradiation, the H,O> production of RF and FMN was
identical regardless of the hydrogen donors (water, EtOAc, or EtOH). Similarly, the H.O>
production of RF and FMN in these solutions were the same under UVA irradiation, which proved
that the hydrogen donors in the system caused a negligible impact on the hydrogen abstraction
reaction. The H.O> was generated from RF or FMN by the intramolecular hydrogen abstraction
from the side chain, and most likely, from the oo C-H next to the hydroxyl groups. The abstraction
of the C-H from the side chain induces a side-chain cleavage and the isoalloxazine ring

rearrangement, leading to the photodegradation and the formation of lumichrome or lumiflavin.
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Figure 5.3. Photoreactivity of the type | and type Il photoreactions of FMN and RF. (a)
Hydrogen peroxide production from 20 uM of RF or FMN in H2O and (b) singlet oxygen
production from 2 uM of RF or FMN in 0.01M PBS solution under CW and UVA (365 nm)
photoirradiation or dark conditions (irradiation in white and dark periods in gray). The effect of

hydrogen donors on the hydrogen abstraction reaction on 20 uM of RF or FMN in various solution
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systems under (c) CW and (d) UVA (365 nm) photoirradiation. Photostability of 20 uM (e and g)
RF or (fand h) FMN under (e and f) CW and (g and h) UVA (365 nm) photoirradiation. (i) Orbital
energy analysis on RF, FMN, and hydrogen donor (take EtOH as an example). Photoinduced
hydrogen abstraction reaction on (j) carbonyl and (k) imine groups in the triplet VB derivatives.
(I) Gibbs free energy change of the intramolecular hydrogen abstraction reactions in the triplet
VB derivatives. (m) Gibbs free energy change of the singlet oxygen photosensitization reaction.
(n) SOMO of the VB2-NH-. (0) Intramolecular hydrogen abstraction in the triplet VB derivatives

and the Gibbs free energy change of the formed dihydroflavin (VB2H>).

The photostability of RF and FMN was also determined, and the results are illustrated in
Figures 5.3e, 5.3f, 5.3g, and 5.3h. Both RF and FMN could be degraded under either CW or UVA
(365 nm) irradiation to a large extent, even after only 10-min light exposure. UVA is a stronger
trigger force on the VB; degradation because of the higher photoactivity of the VB: in generating
ROS via type | or type Il photoreaction under UVA irradiation (Figure 5.1a and 5.1b). Besides the
intramolecular hydrogen reaction in the side chain that leads to the generation of H.O2, the
production of *O2 could also lead to the oxidation and degradation of VB derivatives®. Under
photoirradiation, an absorption decrease was clearly noticed in the 400-500 nm region in both RF
and FMN solutions. The decrease could be attributed to the photodegradation of VB: derivatives
and the formation of the major product, lumichrome. Due to the poor water solubility of the
lumichrome, its UV-vis absorption spectrum was computed and shown in Figure 5.4a. The
absorption peak in the 400-500 nm region of the lumichrome disappeared due to the isoalloxazine
ring rearrangement after the hydrogen abstraction on the side chain. Meanwhile, a little absorption
peak increase was found in the 300-400 nm region (Figures 5.3e to 5.3h) after photoirradiation,

which could be attributed to the formation of the lumiflavin that still possesses the isoalloxazine
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ring and has an absorption peak at around 342.97 nm. Interestingly, RF exhibits a better
photostability than FMN in water regardless of the irradiation lights (CW or UVA). This may be
because that the phosphate group in FMN probably engaged in the excitation and photoreaction
processes, as shown in Figures 5.1c and 5.1d. The HOMO-1 of FMN mainly locates at the
phosphate group in the side chain, indicating that some electron transfer may happen from the
phosphate group to the antibonding orbitals, leading to a photodegradation. Comparing to FMN, a
HOMO-3 orbital on the side chain of RF was found, which means that larger light energy is needed
to excite the electron in the RF side chain to transfer to the antibonding orbital. Another possible
reason is that FMN has a better water solubility than RF, which enables FMN to disperse evenly
and homogeneously in water, decreasing the triplet annihilation effect caused by the aggregation.
In contrast, RF may self-aggregate because of its limited water solubility, which results in a triplet

annihilation and a subsequent weaker photoreactivity in the water.

The semi-occupied molecular orbital (SOMO) of the triplet VB derivatives and the
HOMO of the hydrogen donor (EtOH) were also computed to determine the photoinduced
hydrogen abstraction activity of RF and FMN (Figure 5.3i). The SOMO of RF and FMN locates
at the nitrogen atom in the -C=N- because of the electron excitation from the N atom to the C atom,
leaving an unoccupied site on the nitrogen atom in the -C=N- moiety. The HOMO of EtOH locates
at the hydroxyl group and the o C-H, indicating the a C-H is the most electron-rich and could be
most possibly abstracted by the oxidative triplet VB,. The energy of the SOMO of triplet FMN
and RF, as well as the energy of the HOMO of EtOH, were computed and depicted in Figure 5.3i.
The energy gap between triplet FMN and EtOH is smaller than that between triplet RF and EtOH,
indicating that the hydrogen abstraction reaction between FMN and hydrogen donors is more

favorable than that between RF and hydrogen donors. This is also consistent with the H20-
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production of FMN and RF under photoirradiation (Figure 5.3a). In this case, the worse
photostability of FMN compared with RF could be attributed to its higher photoactivity in the
hydrogen abstraction reaction. Also, FMN may be a better photoinduced antimicrobial agent due

to its higher ROS production comparing to RF.
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The Gibbs free energy change of the intramolecular hydrogen abstraction reaction and
singlet oxygen photosensitization was computed to demonstrate the above analysis. As shown in
Figures 5.3j and 5.3k, hydrogen abstraction could potentially happen on the triplet carbonyl group
or the triplet imine group. Based on the computational information in Figures 5.1c and 5.1d, the
carbonyl group does not engage in the excitation and formation of the triplet VVB. derivatives.
Therefore, the hydrogen abstraction reaction on the carbonyl group or the imine group was
computed and the Gibbs free energy change was concluded in Figure 5.3l to further prove the
photo inactivity of the carbonyl group in VB2 derivatives. It turned out that the carbonyl group in

the triplet RF or triplet FMN was inactive to abstract hydrogen from the side chain due to the
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positive or negligible negative AG (VB2-OH-/*VB,). On the contrary, the imine group in both
triplet RF and triplet FMN reveals great potential in the intramolecular hydrogen abstraction
because of the negative AG (VB2-NH-/2VB,). The computed Gibbs free energy change results are
consistent with the previous conclusion that the photoactive site is the imine group in the VB>
derivatives. The hydrogen abstraction reaction on the imine group may lead to ROS generation
and photodegradation via the following reactions. As shown in Figure 5.3n, the oxidative SOMO
of the formed VB2-NH- is on the N atom in the other imine group, which is active to further abstract
hydrogen intramolecularly followed by the formation of the reduced riboflavin, dihydroflavin
(VB2H2, including RFH2 and FMNH3), which can be avidly oxidized by molecular oxygen and
regenerate VB, derivatives with the accompanied formation of H.0,*> 242, The Gibbs free energy
change of the VVB2H, formation process was computed and depicted in Figure 5.30. The AG
(VB2H2/*VB,) for both RF and FMN was negative, which proves the spontaneity of the
intramolecular hydrogen abstraction reaction and the formation of the reduced flavin compound,
as well as the H20.. Moreover, the type Il reaction of the triplet RF and FMN was confirmed by
calculating the Gibbs free energy change of the photosensitization reaction. As shown in Figure
5.3m, both RF and FMN give a negative AG of the type Il photoreaction, indicating the

spontaneity of the singlet oxygen photosensitization process in the two VB: derivatives.
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Figure 5.5. (a) Hydrogen peroxide and (b) singlet oxygen production of 20 pM FMN or MSB
in 10% EtOH/H20 solution under CW, UVA (365 nm), and UVB (312 nm) photoirradiation

or dark conditions (irradiation in white and dark periods in gray).

As discussed above, the triplet state of the VB> derivatives was proven to be oxidative, and
a certain amount of ROS was detected in RF and FMN solutions under photoirradiation. The
oxidative property of the triplet VB: derivatives maybe not be as strong as the triplet water-soluble
vitamin Ks, the MSB, based on the ESP-mapped electron density change before and after the
excitation. To prove this, the H20, and 1O, production comparison between the FMN and MSB
under various photoirradiation sources was performed and shown in Figures 5.5a and 5.5b. MSB
exhibited very limited photoactivity under CW irradiation as discussed in Chapter 4. In contrast,
FMN was photoactive under CW, UVA (365 nm), and UVB (312 nm) photoirradiation. FMN
generates more H>O> than MSB under CW, which is merely because of the poor light absorption
of MSB in the CW region. Under UVA and UVB irradiation, MSB obviously generates more H>0>
than FMN. The H,O> production distinction becomes the maximum under UVB irradiation. The
H20; production of MSB is almost 3 times higher than that of FMN. In contrast, the 1O, production

of FMN is way larger than that of MSB no matter under CW, UVA, or UVB. Especially, the 1O,
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production of FMN under UVA reaches a plateau after 20-min irradiation, which reveals that the
produced 'O, quenched all 'O, detectors in the solution, indicating the robust O, generation
capacity of FMN. Meanwhile, the largest 1O, production of FMN under UVA irradiation proves
that FMN is most photoactive under the light in this wavelength. Overall, the productions of both
H.02 and 1O prove that the triplet VVB; is less oxidative than MSB in generating H2O> via type |

photoreaction yet a better YO, generator under photoirradiation.
5.3.3 Photoinduced antibacterial function of RF and FMN in PBS solution.

The photoinduced antibacterial performance of RF and FMN in PBS solutions was
evaluated by employing two typical generic bacteria including Gram-negative E. coli and Gram-
positive L. innocua. Based on the above analysis, RF and FMN should potentially be used as
photoinduced antibacterial agents due to the generation of the biocidal ROS under photoirradiation.
In this case, 2 mM RF or FMN was dissolved in PBS solution and challenged by E. coli under
UVA irradiation. PBS solution without VB> with bacteria under UVA irradiation or PBS solution
with VB> and bacteria under dark conditions were employed as control groups to eliminate the
influence caused by UVA irradiation or the VB dark toxicity. As shown in Figure 5.6a, neither
RF/PBS nor FMN/PBS group showed antibacterial function against E. coli under dark conditions
after 30-min incubation. No apparent E. coli reduction was found in the PBS solution without RF
or FMN added after 30-min UVA irradiation, which demonstrated that the short-time UVA
irradiation caused non-significant bacterial inactivation. Interestingly, no obvious bacterial
inactivation performance of RF or FMN was found in PBS after 30-min UVA irradiation. To
exclude the concentration effect of VB2 on the photoinduced antibacterial activity, PBS solutions
with different RF or FMN concentrations (0, 0.1, 0.25, 0.5, 1, 2, and 4 mM) were challenged by E.

coli under UVA irradiation for 30 min. As shown in Figures 5.6b and 5.6¢, no apparent E. coli
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reduction was noticed in the diluted VB or concentrated VB: solution after 30-min UVA
irradiation. Therefore, the VB2 concentration may not be the determinant factor that causes the
limited photo-induced antibacterial activity of the VB: in PBS. One possible reason could be the
short UVA irradiation time which resulted in limited ROS production in PBS. Thus, the UVA
irradiation time was prolonged to 90 min to further confirm the photoinduced antibacterial activity
of VB2 in PBS. As shown in Figure 5.6d, 2 mM of FMN in PBS was challenged by E. coli under
UVA irradiation. Especially, the photoirradiation duration was prolonged to 60 min or 90 min to
evaluate the photoinduced antibacterial activity of FMN under a longer-time UV A photoirradiation.
The FMN containing PBS revealed no bacterial inactivation function under dark conditions after
90-min placement at room temperature. After 60-min UVA irradiation, a certain bacterial
reduction was found in the FMN-free PBS solution (less than 1 log reduction), which may be
caused by the UVA-induced protein crosslinking or DNA damage after a long-term UVA
irradiation. However, no bacterial reduction was found in the UVA/FMN/PBS group, and even
less than the UVA/PBS group, which demonstrated that FMN in PBS could protect bacterial cells
from the UVA irradiation by absorbing the light energy. Meanwhile, the photoinduced
antibacterial performance of FMN in PBS was tested against L. innocua under UVA irradiation,
and the results are shown in Figure 5.6e. No L. inncoua was inactivated by FMN in PBS after 90-
min UVA irradiation. The photoinduced antibacterial activity of FMN also demonstrated less
oxidative triplet FMN than triplet MSB. According to the literature, a 5-log bacterial reduction
(99.999%) of both E. coli and L. innocua was found in 2 mM MSB/PBS solution after 30-min
UVA irradiation?. As discussed previously, MSB in PBS produces limited HO- and H.02 under
photoirradiation due to the lack of hydrogen donors. The active biocidal agent should be the

oxidative triplet state. Therefore, the triplet MSB is much more oxidative than triplet VB,, leading
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to more bacterial inactivation. The photoinduced antibacterial activity of 2 mM FMN in 4%
EtOH/PBS solution against L. innocua under UVA irradiation was also performed and shown in
Figure 5.6f. Additional EtOH as potent hydrogen donors were added to evaluate the hydrogen
donor effect on the photoinduced antibacterial activity of FMN in the solution system. After 90-
min UVA irradiation, no L. innocua bacteria were inactivated comparing to the FMN-free/UVA
group. Therefore, the photoinduced antibacterial function of VB in solution is suspectable, which
may be because that the distance between the produced ROS and the target microbes is too far in
PBS solution due to the lack of affinity between them. Thus, the short-lived ROS could not diffuse

to the microbes and function as biocidal agents efficiently.
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Figure 5.6. Photoinduced antibacterial function of RF and FMN in PBS solution. (a) 2 mM
of RF or FMN in the PBS against E. coli under UVA (365 nm) irradiation. Different concentrations
of (b) FMN and (c) RF in PBS against E. coli under UVA (365 nm) irradiation for 30 min. 2 mM

of FMN in the PBS against (d) E. coli or (e) L. innocua under UVA (365 nm) irradiation for 30,
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60, and 90 min. 2 mM of FMN in the 4%EtOH/PBS solution against (f) L. innocua under UVA

(365 nm) irradiation for 30, 60, and 90 min.

To better evaluate the distance issue that may affect the photoinduced antibacterial activity
of VB derivatives in the solution system, another 1O, photogenerator, methylene blue (MB), was
employed to inactivate E. coli (Figure 5.7a) and L. innocua (Figure 5.7b) under photoirradiation.
2 mM MB in the PBS solution exhibit certain E. coli and L. innocua reduction after 60-min CW
and UVA irradiation. The higher photoinduced antibacterial activity of MB compared with FMN
can be attributed to the positive charge in the MB molecular structure, which could interact with
the negatively charged bacteria through electrostatic interaction?’. The produced ROS could
therefore efficiently inactivate bacterial cells due to the affinity and reduced distance between the
photoactive site and the target microbes. It is worth noting that CW seems to be a stronger trigger
light source than UVA irradiation for MB to inactivate bacteria, which could be explained by the
10, production of MB under CW and UVA irradiation. As shown in Figure 5.7c, MB generated
more 1O, under CW than UVA irradiation, which may be because that MB does not absorb light
in the UVA region (365 nm). Interestingly, FMN produces more O, than MB under the same
photoirradiation condition, yet a way weaker photoinduced antibacterial activity was found. This
again proves that the photoinduced antibacterial function of VB in the solution system is mainly
determined by the distance between the photoactive site and the target microbes. To further
demonstrate the hypothesis, photoinduced antibacterial activity of 2 mM FMN, 2 mM MB, and 2
mM FMN+2 mM MB in PBS solution was challenged by E. coli under UVA irradiation for 30
min. As shown in Figure 5.7d, 2 mM of FMN in PBS exhibit no bacterial reduction. Apparent
bacterial reduction of 2 mM of MB in PBS was noticed after 30-min UVA irradiation. Surprisingly,

no bacterial reduction in the 2 MM FMN+2 mM MB group was found. The addition of the FMN
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with a higher O, production actually slows down the photoinduced antibacterial activity of the
MB, which may be due to the charge neutralization between the negatively charged FMN and the

positively charged MB, offsetting the electrostatic interaction between the MB and the microbes.
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Figure 5.7. Photoinduced antibacterial activity of MB in PBS solution. 2 mM MB in PBS
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5.3.4 Photoinduced antibacterial activity of RF/PVA-co-PE and FMN/PVA-co-PE

nanofibrous membranes.

Poly (vinyl alcohol-co-ethylene) (PVA-co-PE) is a hydrophilic polymer with excellent
biocompatibility and has been used in the fabrication of photoinduced antibacterial and antiviral
nanofibrous membranes due to its large specific surface area that could provide the photoactive
chemicals with sufficient contact area with oxygen and microbes'®. PVA-co-PE nanofibrous
membranes containing benzophenone exhibited robust photoinduced antimicrobial activity against
Gram-negative and Gram-positive bacteria, as well as viruses. RF or FMN was blended with PVA-
co-PE polymer and electrospun into photoactive nanofibrous membranes (0.5 wt% of RF to
polymer) with photoinduced antibacterial function. The morphology of the prepared VBNFMs and
the fibrous diameter statistics are shown in Figures 5.8a, 5.8b, and 5.8c. An average fiber diameter
from 200 nm to 250 nm was found in the nanofibrous membranes based on SEM imaging. A
porous structure was noticed in all the VBNFMs, providing diffusion space for bacteria suspension
and promoting better contact between the photoactive nanofibrous membranes and the microbes.
No apparent hierarchies were found in either the RF/PVA-co-PE or FMN/PVA-co-PE nanofibrous
membranes, indicating that the blending of RF and FMN did not change the architecture of the
electrospun nanofibrous membranes. RF and FMN should be dispersed evenly and homogeneously
in the PVA-co-PE polymers. To evaluate the photoinduced antibacterial activity of the prepared
VBNFMs, E. coli and L. innocua were applied on the surface of the nanofibrous membranes and
then placed under CW or UVA irradiation for certain durations. Bacteria on PVA-co-PE
nanofibrous membranes without VB under photoirradiation and bacteria on RF/PVA-co-PE or
FMN/PVA-co-PE nanofibrous membranes under dark conditions were employed as control groups.

The photoinduced antibacterial performance of the VBNFMs is shown in Figures 5.8d, 5.8e, 5.8f,
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and 5.8g. In Figure 5.8d, no E. coli reduction was found in the PVA-co-PE/UVA group,
demonstrating that neither PVA-co-PE nor 20-min UVA irradiation could cause bacterial
inactivation. No E. coli reduction was found in the VBNFMs under dark conditions neither,
revealing the low dark toxicity of the prepared nanofibrous membranes. In contrast, after 5-min
UVA irradiation, E. coli on the RF/PVA-co-PE and the FMN/PVA-co-PE nanofibrous membranes
were partially inactivated (90%). After 20-min UVA irradiation, a 5-log reduction of E. coli
(99.999%) can be found on the two types VBNFMs. The photoinduced antibacterial performance
of the VBNFMs was also evaluated under CW irradiation. After 20-min CW irradiation, around
2-log reduction of E. coli (99%) on VBNFMs was achieved (Figure 5.8e). L. innocua were also
applied on the VBNFMs to demonstrate the non-selective photoinduced antibacterial function. As
shown in Figure 5.8f, a 3-log reduction of L. innocua (99.9%) was achieved after 20-min UVA
irradiation, which was still higher than the VBNFMs under CW irradiation (Figure 5.89g). After
20-min CW irradiation, only 1-log reduction of L. innocua (90%) was achieved by VBNFMs.
Overall, the UVA irradiation is clearly a stronger trigger force than the CW irradiation on inducing
the photoinduced antibacterial function of the VBNFMSs, which is consistent with the larger ROS
production of RF and FMN under UVA irradiation than CW. RF/PVA-co-PE and FMN/PVA-co-
PE nanofibrous membranes exhibit comparable photoinduced antibacterial efficacy under UVA

irradiation, which proves the nearly identical photoreactivity of RF and FMN in the polymer.
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nanofibrous membranes. SEM images and nanofiber diameters of (a) P\VA-co-PE, (b) RF/PVA-
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co-PE, and (¢) FMN/PVA-co-PE nanofibrous membranes (n=30). (d) Time-dependent
photoinduced antibacterial activity of RF/PVA-co-PE and FMN/PVA-co-PE nanofibrous
membranes against E. coli under UVA irradiation. () Photoinduced antibacterial activity of
RF/PVA-co-PE and FMN/PVA-co-PE nanofibrous membranes against E. coli under CW
irradiation for 20 min. Photoinduced antibacterial activity of RF/PVA-co-PE and FMN/PVA-co-
PE nanofibrous membranes against L.innocua under (f) UVA and (g) CW irradiation for 20 min.
Five-time cycle photoinduced bactericidal activity of (h) FMN/PVA-co-PE and (i) RF/PVA-co-
PE nanofibrous membranes against E. coli under UVA irradiation (20 min/cycle). (j) SEM images
of E. coli and L. inncoua in PBS solution. SEM images of (k) E. coli and (I) L. innocua on the

FMN/PVA-co-PE and RF/PVA-co-PE nanofibrous membranes under UVA irradiation for 30 min.

The durability of the photoinduced antibacterial function of the VBNFMs was further
determined by a bacterial accumulation test. The VBNFMs were challenged by E. coli five times
under UVA irradiation. As shown in Figure 5.8h, FMN/PVA-co-PE nanofibrous membrane
exhibited robust antibacterial function against E. coli in the first cycle. A 5-log bacterial reduction
(99.999%) was found after the first-round 20-min UVA irradiation. Nevertheless, distinctive
photoinduced antibacterial function decay was noticed in the second cycle. A 2-log less bacterial
reduction (<99%) was achieved after the second-round 20-min UVA irradiation. Further
photoinduced antibacterial function decay can be seen after the fifth cycle (<90%). Similarly,
RF/PV A-co-PE nanofibrous membrane exhibits excellent photoinduced antibacterial function, and
a 5-log bacterial reduction could be attained. Dramatic photoinduced antibacterial function decay
was found after each photoinduced antibacterial cycle. The antibacterial function decay of the
VBNFMs can be attributed to the photodegradation of RF and FMN. RF/PV A-co-PE nanofibrous

membranes show slightly better durability than the FMN/PVA-co-PE nanofibrous membranes,
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which could be because of the better photostability of the RF than FMN under UVA irradiation.
In addition, the presence and accumulation of dead bacterial cells and the lysate of dead cells
generated from each cycle of inactivation might play a protection effect over live cells by providing

nutrients to the live cells or activating resistance mechanisms in live cells?®-3,

To prove the bacterial cell damage caused by the attack from oxidative ROS, SEM images
of the bacteria in PBS solution or bacteria on VBNFMs under UVA irradiation were captured and
shown in Figures 5.8j, 5.8k, and 5.8I. Either E. coli or L. inncoa in PBS solution maintain the intact
and smooth cell structure (Figure 5.8g). In sharp contrast, bacteria on the VBNFMs under UVA
irradiation for 30 min revealed the cell structure damage caused by ROS attack. Apparent cellular
shrinkage was found, which proves the cell structure deformation of the bacteria on VBNFMs

under UVA irradiation.
5.4 Conclusion

Photoactivity of two vitamin B> derivatives, riboflavin (RF) and flavin mononucleotide
(FMN), was determined by combining a theoretical modeling study and wet-lab or empirical
experiments. Both RF and FMN exhibit a certain amount of H202 and *O production via type |
and type 11 photoreactions, respectively. RF and FMN were proven better 1O, generators yet worse
H20 generators comparing to the water-soluble vitamin Ks. Under photoirradiation, both RF and
FMN are photo-unstable due to the intramolecular hydrogen abstraction on the side chain or the
10, oxidation. No photoinduced antibacterial function of RF of FMN was found in the solution
systems, which may be due to the nonadjacent distance between the photoactive site and the target
microbes, limiting the diffusion and function of the short-lived ROS. The apparent photoinduced
antibacterial function of the electrospun RF/PVA-co-PE and FMN/PVA-co-PE nanofibrous

membranes against Gram-negative E. coli (99.999% reduction under 20-min UV A irradiation) and
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Gram-positive L.innocua (99.9% reduction under 20-min UVA irradiation) was observed. The
biocompatible PVA-co-PE nanofibrous membrane matrix material with the ultra-high specific
surface area provides photoactive VB, with sufficient and intimate contact with oxygen and
bacteria. However, the durability of the photoinduced antibacterial function of the prepared
VBNFMs is suspectable, which may be attributed to the poor photostability of RF and FMN under
photoirradiation. The fabrication of the VBNFMs with high biocidal efficacy under
photoirradiation may offer some insights into utilizing photoactive VB, as edible photoactive
agents in the preparation of safe, green, and environmentally friendly photoinduced antimicrobial

materials.
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Chapter 6. Conclusion

In this dissertation, the photochemistry and photochemical properties of a series of vitamin
K and vitamin B derivatives were thoroughly studied and discussed. These vitamins include
lipophilic vitamin Ky, vitamin Kz, vitamin Ks, and vitamin K, as well as water-soluble vitamin K3
(MSB), riboflavin (RF), and flavin mononucleotide (FMN). A combination of theoretical models
and well-designed experiments was employed to predict the photochemistry of vitamins and then
experimentally confirm the speculative photochemical property. Some vitamin derivatives could
efficiently generate oxidative triplet excited state (T1) via rapid intersystem crossing (ISC) process

under photoirradiation. Various reactive oxygen species (ROS) including hydroxyl radicals (HO:),

hydrogen peroxide (H202), and singlet oxygen (*O2) can be efficiently produced from vitamin T1
with the presence of oxygen (302) via type | or type Il photoreaction. The formed active species
could non-selectively inactivate diverse microorganisms including bacteria and viruses.
Meanwhile, the excellent photoinduced antimicrobial durability of some aromatic ketone vitamin
derivatives was demonstrated, indicating the sustainable and recyclable photochemical reactions

of the unique structure.

Among the lipophilic vitamin K derivatives, vitamin Kz (menadione, VK3z) was proven the
most efficient in generating ROS under either daylight (D65, 300-800 nm), UVA (365 nm), or
UVB (312 nm) irradiation. Vitamin K1 and vitamin K3 exhibit comparable photoreactivity due to
their similar molecular structures, which significantly lowers the photoreactivity of the two vitamin
Ks due to the intramolecular electron transfer from the side-chain double bond to the carbonyl
group, leading to the competition with the ISC process. Vitamin Ks reveals poor photoactivity
under either daylight or UVA irradiation because of its limited absorption in these regions.
Compared with UVA and UVB irradiation, daylight provides VK3 with weaker photoreactivity in
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generating ROS, yet still triggers the excellent photoinduced antibacterial performance of VK3
against both Gram-negative E. coli (99.9999% bacterial reduction in 60-min daylight irradiation)
and Gram-positive L. innocua (99.999% bacterial reduction in 90-min daylight irradiation).
Especially, VK3 retains the highly efficient photoinduced antibacterial function (99.9999%
bacterial reduction against E. coli and 99.999% against L. inncoua) even after 7 times repeated
exposure to daylight irradiation and bacteria suspension. Inspired by the excellent photoactivity of
the vitamin K derivatives, VK1, VKs, and VK4 were blended with biocompatible poly (vinyl
alcohol-co-ethylene) (PVA-co-PE) and electrospun into nanofibrous membranes, respectively.
The prepared VK3/PVA-co-PE nanofibrous membranes exhibit better ROS production comparing
to VK1 or VK4 blended PVA-co-PE nanofibrous membranes under daylight, UVA, or UVB
irradiation. VKs/PVA-co-PE nanofibrous membranes show robust non-selective antimicrobial
activity against Gram-negative E. coli (99.99999% bacterial reduction in 30-min daylight
irradiation), Gram-positive L. innocua (99.9999% bacterial reduction in 60-min daylight
irradiation), T7 bacteriophage virus (99.9999% viral reduction in 30-min daylight irradiation), and
feline infectious peritonitis coronavirus (FIPV) (99.9% viral reduction in 30-min daylight
irradiation). Moreover, the VK3z/PVA-co-PE nanofibrous membranes exhibit excellent durability
against bacteria and T7 bacteriophage (99.9999% reduction after 5 cycles), which again proves the

photoactivity of VKs we predicted.

The photochemistry and photochemical properties of the water-soluble vitamin Ks
(menadione sodium bisulfite, MSB) were also studied and discussed for the first time. MSB was
proven most photoactive under UVB (312 nm) and less photoactive under UVA (365 nm), yet
least photoactive under cool white (370-750 nm) irradiation. A certain amount of ROS including

HO-, H202, and 02 could be detected from MSB under proper photoirradiation. Meanwhile, the
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photoactivity of the water-soluble VK3 was proven less photoactive than the lipophilic VK3 under
UVA irradiation, which is rationalized to the better absorption of the lipophilic VK3 in the UVA
region. Under UVA irradiation, MSB could non-selectively inactivate Gram-negative E. coli
(99.999% bacterial reduction in 30 min) and Gram-positive L. innocua (99.999% bacterial
reduction in 30 min) in the absence of hydrogen donors, indicating that triplet MSB is extremely
oxidative and lethal to microorganisms. Meanwhile, the durability of MSB was proven with
unchanged photoinduced antibacterial efficacy (99.999%) after 5 times of repeated exposure to
UVA irradiation and bacterial suspension. Interestingly, organic solvent plays a significant role in
the photoinduced antibacterial activity of MSB by tuning the distance between the photoactive
MSB and the target microorganisms. The intimate contact between the photoactive site and
bacteria provided by the organic solvent could promote the diffusion and function of the short-

lived active species produced under photoirradiation.

Water-soluble vitamin B> (VB:) derivatives, including riboflavin (RF) and flavin
mononucleotide (FMN), were also proven photoactive in generating H202, and O, under
photoirradiation. UVA (365 nm) was proven a better light source compared with cool white (370-
750 nm) irradiation on the photoinduced generation of ROS from the vitamin B, derivatives.
Comparing to vitamin K derivatives, VB> derivatives seem to be a better 1O, generator yet a less
efficient H2O> producer under photoirradiation due to the less-oxidative triplet excited state.
Dramatic photodegradation of RF and FMN was found due to the intramolecular hydrogen
abstraction on the ribityl side chain. Neither RF nor FMN in the solution system exhibits effective
antibacterial activity under UVA irradiation, which could be because of the non-adjacent contact
between the photoactive VB> and the bacteria due to the lack of affinity in the solutions. Therefore,

RF and FMN were further blended with biocompatible PVA-co-PE and electrospun into
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nanofibrous membranes (VBNFMs) with porous structure and ultra-high specific surface area that
could provide the VB> and bacteria with sufficient and intimate contact. The prepared VBNFMs
show apparent antibacterial activity against Gram-negative E. coli (99.999% bacterial reduction in
20 min) and Gram-positive L. innocua (99.9% bacterial reduction in 20 min) under UVA
irradiation. However, reduced photoinduced antibacterial activity (90% bacterial reduction) of the
VBNFMs was noticed after five-time exposures to UVA and bacteria suspension. The reduced
antibacterial function of the VBNFMs could be attributed to the photodegradation of VB: in the

nanomaterials.
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