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ABSTRACT

Cell penetration of supramolecular sunscreen components

and the effects of these components on UV A-irradiation of cells

Biao Shen

Sunburn, pigmentation, hyperplasia, immunosuppression, and vitamin D synthesis
represent acute responses of the skin to solar ultraviolet radiation, whereas photoaging
and photocarcinogenesis constitute chronic effects. Sunscreens are known to protect
against sunlight-induced erythema and sunburn. However, a number of studies
demonstrated that UV-irradiated sunscreen components such as PABA and TiO,, when in
contact with skin cells, cause biological damage (e.g., to DNA or enzymes) through
facilitating generation of reactive oxygen species (ROS) in cells. Therefore, novel
supramolecular sunscreens are under development based on zeolites (porous material) as
hosts with sunscreen components as guests. Encapsulation shoula alleviate adverse side
effects by preventing direct contact of the sunscreen guests with skin cells.

Supramolecular sunscreens involving the use of supramolecular composites based on
zeolite hosts may reduce or even eliminate biomolecular damage by sunscreen
components such as titanium dioxide (Ti0,). The focus of this research is to examine the
penetration, if any, of zeolite particles into cells (rat keratinocytes and human skin
fibroblasts). Zeolites modified with fluorophores were used to obtain a distribution
profile within cells using confocal microscopy. Fluorescent probes that can be taken up
by viable cells were further used to examine the release of guests from the zeolite hosts.
The protective effect of zeolites against the production of harmful ROS caused by UV-

irradiation was examined by observing H,O, generation in cells using confocal
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microscopy. The results revealed that zeolites do not penetrate cells and they reduce the
amount of ROS produced by UV-irradiation of cells. The data presented here will help in

the design of supramolecular sunscreens.
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Abbreviations

The following abbreviations are used in this thesis:

cF

cFDA
CMTMR
CuZnSOD
DCF
DCFH
DCFH-DA
DIC
DMEM
FCS
F@NaY
HBSS
LSCM
MnSOD
NaY

PBS
Ru(bipy)s”*
Ru@NaY
SOD
TEMPOL

Ti0,

6-carboxyfluorescein
6-carboxyfluorescein diacetate
5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine
copper zinc superoxide dismutase
2’,7’-dichlorofluorescein
2’,7’-dichlorofluorescin
2,7’ -dichlorofluorescin diacetate
differential interference contrast
Dulbecco’s modified Eagle’s medium
fetal calf serum
fluorescein-modified faujasite
Hank’s Balanced Salt Solution
laser scanning confocal microscopy
manganese superoxide dismutase
fayjasite Y
phosphate buffered saline
2,2’-bipyridine ruthenous dichloride hexahydrate
Ru(bipy)s**-modified faujasite
superoxide dismutase
4-hydroxy-2,2,6,6-tetramethylpiperydine-1-oxyl (4-hydroxy Tempo)

titanium dioxide
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TP" 2,4,6-triphenylpyrylium; TiO, titanium dioxide
TiO,+NaY  free TiO; plus free NaY
TP@p triphenylpyrylium-modified -nanocrystalline

TiO,@NaY  TiO; encapsulated in faujasite

UVA ultraviolet A
UvVB ultraviolet B
[AY & ultraviolet C
UVR ultraviolet radiation

YPD yeast extract, peptone and D-glucose
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Introduction

1.1 Solar radiation
1.1.1 Sunlight composition at the earth’s surface

We know that solar rays can cause irreversible photo damage to the skin. Initially,
skin damage starts as sunburn, tanning, and increased freckling. In addition to this,
cumulative damage can occur and manifest as pigmentation, skin cancer, and solar
keratosis. In practical terms, the biologically important output from the sun reaching the
earth’s surface can be divided into three wavelength regions: ultraviolet (180 — 400 nm),
visible light (400 — 700 nm), and infrared (700 — 10° nm), which are about 15%, 60% and
25%, respectively, of total solar radiation reaching the earth’s surface. Visible light does
not appear to be harmful to healthy individuals. Infrared is essentially heat, and although
nonsolar sources can cause skin tumors and cataracts, it is uncertain at present if the
infrared in sunlight contributes significantly to the problem of skin cancer (1). Even
though UV radiation (UVR) is the smallest fraction of terrestrial solar radiation, it is
nonetheless the most energetic and induces biological damage to living systems. Thus,

the major sources of the damaging effects of sunlight are primarily from its UV portion.

1.1.2 Ultraviolet radiation

UVR is divided into 3 different types, namely UVC (180 — 280 nm), UVB (280 — 320
nm) and UVA (320 — 400 nm). UVC is very toxic and carcinogenic to humans.
Fortunately, virtually all UVC is filtered out by the earth’s ozone layer, which is a canopy

of a special form of oxygen in the atmosphere that is able to block out most of the



harmful radiation in sunlight. While UVB is also filtered out by the ozone layer, about
1% reaches the earth’s surface. UVA, unlike UVC and UVB, is largely unaffected by the
ozone layer and about 99% of it reaches the earth’s surface. Hence, UVA makes up 90 to

95% of total UVR exposure on the surface of earth (Figure 1).

1.2 Properties of human skin

The skin, composed of specialized epithelial and connective tissue cells, is divided
into the epidermis, dermis (Figure 2) and hypodermis (subcutis). Human skin consists of
various types of cells that form the epidermal layer. The upper portion, or stratum
corneum, is composed of dead keratinocytes. The basal layer between the dermis and the
stratum corneum is made up of actively proliferating cells and contains melanocytes that
produce melanin. Melanosomes (granules containing melanin) are present in melanocyte
dendrites and these granules are transferred to surrounding keratinocytes. The
melanocytes tend to form a cap over the keratinocyte nucleus and partially protect it from
UVR. Cells produced in the proliferating basal layer move to the surface of the epidermis
where they become flattened to form, ultimately, the dense protective keratin matrix of
the stratum corneum. The dermis consists of irregularly arranged fibrous tissues
containing a network of collagen and elastic fibers, together with an extensive capillary
blood supply. It also contains fibroblasts, histiocytes, endothelial cells, and dendritic
cells. The hypodermis contains adipose tissue and serves to attach the dermis to its
underlying tissues.

The basal keratinocyte is a mitotically active cell (analogous to the stem cell of bone

marrow), which differentiates from the basal form (least keratin) to the cornified form
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B o A = Epidermis

r B = Dermis

C = Stratum corneum

D = Suprabasal keratinocytes

E = Basal layer

F = Basement membrane

G = Collagen fibers in dermis

H = Capillary (enclosed by a single
microvascular endothelial cell)

[ = Melanocyte

J = Fibroblast

Figure 2. A transverse section of human skin illustrating the epidermis, basement
membrane, dermis, capillaries and major cellular components. The hypodermis
(not shown) serves to attach the dermis (B) to its underlying tissues.

From www.cascadebio.com/.../ Skin%20cross%20section.html
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Figure 3. Penetration of human skin by ultraviolet energy.
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(most keratin). As it migrates upward, there is progressive synthesis of keratin proteins,
which constitute part of the protective interface between the body and the environment.

Fibroblast cells in the skin synthesize collagen, elastin and reticulin.

1.2.1 Effects of UVR on skin

UVR effects the skin in a variety of ways. In addition to sunburn, UVR provokes
photoallergies and reactions of the skin in susceptible individuals. It is also an important
factor in the development of skin aging and skin cancer. The UVR-induced skin effects
manifest as acute responses such as sunburn, pigmentation, hyperplasia,
immunosuppression and vitamin D synthesis (3) and chronic effects, primarily
photocarcinogenesis and photoaging (4). During photocarcinogenesis, UVR works as
both an initiator by directly damaging DNA and as a promoter by suppressing
immunologic rejection (5). Much evidence has shown that exposure to UVR from
sunlight causes skin cancers, and also accelerates aging of human skin, characterized by
dryness, roughness, irregular pigmentation such as wrinkling, actinic keratoses, elastosis,
inelasticity and freckling (6). UVR is absorbed by different molecular species, including
proteins, DNA and lipids at various wavelength-dependent depths (Figure 3). This is very
important since specific tumor types are associated with different cell types.

Skin damage caused by UVR is not just thermal injury. UVR damages small vessels
and cells in the skin. The net result is that small vessels leak and inflammatory chemicals,
including histamine and prostaglandins, are released. UVB is about 1000 times more
effective than UVA in inducing sunburn. UVB is strongly absorbed by DNA, which

results in chromosomal damage that is a major cause of lethal and tumorigenic events.



Cancer may be viewed as a disease that progresses through multiple stages that involve
initiation, promotion, progression, and metastasis. Each stage is accompanied by further
changes in DNA. UVB is considered to be the major cause of skin cancers and animal
studies indicate that it is the major action spectrum for melanoma formation (1). The
longer wavelengths penetrate deeper into the subcutis. UVA penetrates into the middle of
the dermis whereas UVB just penetrates into the epidermis but not into the dermis
(Figure 3). Hence, much of the sun’s UVA damage occurs in the dermis and epidermis,
and UVB damage in the epidermal layer. It is estimated that 19 to 50% of solar UVA
reaches the depth of the melanocytes, whereas only 9 to 14% of solar UVB reaches these
cells (7).

Possibly because of its ability to penetrate more deeply into the skin, UVA is more
responsible for photoaging and wrinkling of the skin, and also is linked to the formation
of skin cancer. Studies indicate that about 90% of sunlight’s melanoma-causing effect
may come from UVA rays with only 10% from UVB rays (7). UVA is absorbed very
poorly by DNA, but it is capable of damaging DNA via photosensitized reactions that
result in production of ROS, including superoxide anion (O,") and the hydroxyl radical
(HO"), as well as nonradical species such as hydrogen peroxide (H,O,) and singlet
oxygen (‘O,). These ROS can cause single-strand breaks, mutations, sister chromatid
exchanges, and chromosomal aberrations that can result in cytotoxicity and
carcinogenesis. Furthermore, the ROS generated by UVA can damage mitochondria and
induce apoptosis in cell cultures (7). In cases of increased ROS generation, antioxidant
enzymes (CuZnSOD, MnSOD and catalase) may be overwhelmed, resulting in oxidative

stress and oxidative protein damage (8, 9).



Clouds and fog cannot block the more energetic and shorter wavelength UVR and
this is why it is still possible to be sunburned on an overcast day. Studies on UVR
protection offered by cotton fabrics used in summer clothing show that a substantially
greater percent transmission of UVA, as compared with UVB, occurred through these
fabrics. This means that people wearing summer clothing may receive substantially
higher UVA than UVB exposure. The longer wavelength of UVA also allows it to pass
through most window glass, whereas UVB 1is blocked (7). On the other hand, UVB rays
are most intense between the hours of 10:00 to 14:00, while the intensity of UVA rays
remains constant throughout all daylight hours (7). Consequently, protection against

UVA radiation is likely as important as protection against UVB radiation.

1.3 Sunscreens

Although sun exposure is a destructive force to human skin, it is not necessary (or
realistic) for humans to become nocturnal or avoid exposure to the sun at all costs. The
sun provides psychological and physiological benefits. Being outdoors makes people feel
good and elevates their mood. Sunlight provides a physiological benefit by causing the
skin to manufacture vitamin D from cholesterol precursors in the skin, which historically
was an important means of avoiding rickets. Studies provide evidence that sunscreens
used on a regular year-round basis provide substantial protection from sun-induced skin
lesions (1, 10). Some individuals may experience equivalent amounts of sunlight
exposure to the face, neck, and arms in winter months as in the summer. Exposure to

UVR always produces more skin damage in unprotected than in sunscreen-protected skin



because the acute and chronic effects of UVR are dose-, time- and wavelength-
dependent, and sunscreens reduce the dose of UVR.

Sunscreens are UVR-absorbing chemicals that attenuate the amount of UVR reaching
the skin. Photoprotection is concerned with the reduction of exposure to UVR,
specifically UVB and UVA, from the sun. The protection provided by a sunscreen is
indicated by the sun protection factor (SPF), which is approved by the U.S. Food and
Drug Administration (FDA), and measures the effectiveness of blockage against UVB
radiation only. There is no current standard to measure UV A protection. The SPF number
is a guide for the consumer, which helps people determine how long they can stay in the
sun without burning as compared to the normal amount of time it takes to obtain a
sunburn. UVR is considered to be the major cause of skin cancer and UVB to be a major
risk factor for melanoma (1, 7). Sunscreens, which block the penetration of UVR through
the epidermis by acting as filters and absorbing and reflecting UVR, can be expected to
have a substantial impact in reducing the incidence of melanoma and nonmelanoma skin

cancers in those individuals who use them regularly (1).

1.3.1 Active sunscreen ingredients

Chemical sunscreens block the penetration of UVR through the epidermis by acting
as filters and absorbing and reflecting high-energy UV. The ingredients used in sunscreen
products in the United States and approved by the FDA (11) are listed in Table 1. These
ingredients are divided in two categories: organic and inorganic. The organic sunscreens
are referred to as soluble or chemical sunscreens. The inorganic sunscreens are

commonly known as physical, mineral, insoluble, natural or nonchemical sunscreens. The



Table 1. List of FDA-approved sunscreen ingredients and maximum concentrations*

Ingredients Max. concentration (%) Comment
Aminobenzoic acid (PABA) 15 Rarely used
Avobenzone 3 Currently four products
Benzoate (Padimate-O) 8
Cinoxate 3 Rarely used
Dioxybenzone 3 Rarely used
Homosalate 15
Menthyl anthranilate . 5
Octocrylene 10 Found in many recreational

sunscreen products

Octyl methoxycinnamate 7.5 Found in over 90% of sunscreen

(OMC) products used in the world

Octyl salicylate 5 Used in oxybenzone/OMC primarily
for its solvent properties

Oxybenzone 6 Combined with OMC in many beach
products

Phenylbenzimidazole sulfonic 4 Used in combination with OMC in

acid (PBSA) daily UV protectant products

Sulisobenzone 10 Rarely used

Trolamine salicylate 12

Titanium dioxide 25

Zinc oxide 25

* Data from the 1995 Federal Register of the USA (11)



distinction between these two categories of sunscreens is based on mechanism of action.

Organic sunscreens have been the mainstay of sunscreen formulation for decades.
Organic molecules are capable of absorbing and converting UV light into heat through a
process known as cyclic photochemistry (6). One of the first commercially and widely
used sunscreen was p-aminobenzoic acid (PABA), which absorbs UVB (12, 13).
Padimate-O is a PABA derivative that was introduced later into sunscreens. It was an
attractive sunscreen component because it is virtually insoluble in water and is a colorless
oily liquid easily incorporated into lotions and it clings well to the skin. Currently, the
most widely used organic sunscreen is octyl methoxycinnamate (OMC).

The inorganic materials, which have been used as sunscreens with increasing
frequency during this decade, act as light scatterers. The most commonly used scatterers
are titanium dioxide (TiO;) and zinc oxide (ZnO). Both exist as odorless white powders,
and the particles scatter or absorb UV and visible light in a manner that depends on their
size. TiO; and ZnO are divided into several general grades depending on their sizes
(Table 2). Any color rendered to a sunscreen by an ingredient, so-called whitening, is
undesirable for cosmetic reasons. Thus, the average particle size of a metal oxide is
reduced below the optimal light scattering size, ~ 200 nm, allowing visible light to be
transmitted and so that the particles appear transparent. Since micronized metal oxides
are transparent to visible radiation, they are used in cosmetic products. Studies have
shown that the smaller the particle size, the less UV light is transmitted, and the more
UVB and UVA protection is expected (14). The intensity of scattering is proportional to
the refractive index of a material, and since the refractive index of ZnO is lower, it is

more transparent than TiO,. TiO; is a UVB absorber and a UVA scatterer (15). TiO; has
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Table 2. Primary particle size of TiO; and ZnO

Micronized Attenuation
Pigmentary
(microfine) (ultrafine)
Medium Small
Size | TiO; > 200 60 - 100
35-60 15-35
(nm)
ZnO > 200 60 - 200 15-35

excellent protection against UVB at small particle size. However, to optimize UVA
protection, the TiO, particle size should be increased slightly, because scattering intensity
increases with particle size (14). At the right size, TiO, can be very effective in UVA
protection. The common polymorphs of TiO, are the anatase and rutile forms, and both
are used in sunscreens (16). ZnO attenuates UVA and UVB mainly by its absorption, and
protection is inversely related to its particle size, the smaller the size, the higher the
absorption and protection (14). Generally, ZnO provides better UVA protection than
Ti0, because it absorbs UV A strongly.

The majority of the commercially available products today use sunscreens in
combination. No single sunscreen ingredient, used at levels currently allowed by the
FDA, can provide a high SPF. Further, individual sunscreen ingredients have a relatively
narrow absorption spectrum that can be broadened by combinations. Most recently, the
combination of organic and inorganic sunscreen ingredients has become increasingly
popular in sunscreen products. Sun protection should not be limited to avoiding sunburns.
It should also minimize long-term skin damage and decrease the risk of skin cancer

associated with sun exposure.
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1.3.2 Effects of sunscreens on skin exposure to UVR

Sunscreens are increasingly included in diverse consumer products. Given this,
questions regarding their safety, particularly in the presence of UVR exposure have been
raised. In general, studies have been conducted to identify what effect sunscreens have
on UVR-induced damage, either genetic or cytotoxic, and, by inference, UVR-induced
skin carcinogenesis. These studies, which have been built on in vitro findings using
preparations of naked DNA or cultured cells, have found that following irradiation,
sunscreens may attack DNA either directly or indirectly through free radicals to produce
damage in the form of adducts or cell death (17 —23).

Organic sunscreens are usually in contact with biological materials and can be
absorbed by the skin and come into direct contact with live tissue (24, 25). Such contact
and absorption can have adverse effects, particularly, in combination with exposure to
UVR. In vitro studies show that PABA-like sunscreens were potential carcinogens and
that Padimate-O, a derivative of PABA, was harmless in the dark but mutagenic
following exposure to solar-simulated radiation (SSR) from an artificial light source.
These data suggest that PABA-like sunscreens might represent a human hazard if applied
and exposed to UVR from sunlight as intended (6, 26). Many organic sunscreen
ingredients, with PABA being the most efficient, are good triplet state sensitizers with the
potential to convert harmless triplet oxygen (302) into singlet oxygen (102), a well-known
cytotoxic species (27). Oxidative damage to amino acids, particularly histidine,
tryptophan, and cysteine, as well as nucleic acids, proteins, and lipids, as a result of

reaction with 'O, is known to occur (28). The reaction of 'O, with cellular lipids results
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in the formation of lipid peroxides that decompose, forming highly reactive free radical
species that can lead to genotoxic effects (29). Padimate-O is known to cause indirect
DNA damage (strand breaks) with UV irradiation (20, 21, 22). Padimate-O penetrates
human skin (24) and any Padimate-O in contact with the cells substantially increases
strand breaks following UVR exposure (19).

Although TiO; and ZnO have been used for years in consumer products and are
generally considered to be inert, recent photocatalytic applications of TiO; have led some
to a reconsideration of their effect in sunscreens. TiO; is susceptible to excitation by
UVB and UVA in sunlight. It is a semiconductor with a band gap in the region of 3.0 eV,
corresponding to light at wavelengths below ~380 nm, which is the UVR region. Under
certain conditions, TiO, can generate free radicals (30, 31). Absorption of UV by TiO,
results in the formation of electrons (¢") and holes (h"). The electron is a reducing agent,
whereas the hole is a powerful oxidizing agent. Usually, the electron recombines with the
hole, but sometimes the hole migrates to the surface of the particle, where it can react
with absorbed species. In an aqueous environment, electrons can react with oxygen
(reaction 3) and holes with water or hydroxyl ions (reaction 2), forming hydroxyl radicals
(17). A number of ROS may be subsequently generated in aqueous solutions (reactions 3-
8). The photocatalytic activity of anatase TiO; is greater than that of the rutile form (17)

because its optical band gap is greater (3.23 eV vs 3.06 ¢V). Hence, UV A-irradiation of

hv
TiO, ——» hole"+¢ 6))
A =350 nm
hole” + H,O —» HO"+H" )
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anatase TiO, should generate electrons and holes more efficiently than irradiation of
rutile TiO, (32). The photocatalytic activity of TiO, has been used experimentally to
degrade suspensions of organic materials, treat contaminated waters and purify drinking
water (33).

There is evidence that TiO, particles are capable of penetrating into the lower layers
of the skin (34). Studies have shown that the use of sunscreens containing microfine TiO;
(30-220 nm) can result in the percutaneous absorption of titanium (23, 34). Investigations
also have shown that TiO; in sunscreens penetrates the human stratum corneum and hair
follicles (35). TiO;, particles were incorporated into the cytoplasm of human skin
fibroblasts in vitro (18) and also into Hela cells (23). The distribution of TiO; in HeLa
cells was observed using a transmission electron microscope (23), and particles were
observed in the cytoplasm. HeLa cells were killed in the presence of TiO, following short
UV-irradiation times (~10 min at <100 pg TiO,/cm?), whereas more than 90% of the

control cells (no TiO,) remained alive. Thus, photoexcitation of TiO, not only in the cell
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membrane, but also in the cytoplasm is toxic to cells (23). Other investigators concluded
that greater permeability to calcium following membrane damage may play a role in
TiO,-sensitized phototoxicity in cells (18, 36, 37). In vitro studies demonstrate that both
TiO, and ZnO produced DNA stand-breaking, converting supercoiled plasmid DNA to a
relaxed and ultimately liner form after irradiation (17, 31). It was suggested that the DNA
stand-breaking activity of irradiated TiO, is due to ROS since effects could be reduced in
the presence of free radical scavengers (17). Wamer et al. (18) demonstrated that cellular
nucleic acids, particularly RNA, are targets for photoxidative damage sensitized by TiO,.
The enzyme horseradish peroxidase is extensively inactivated by UVA exposure in the
presence of TiO, (38). In vitro studies in our lab showed that catalase and CuZn-
superoxide dismutase (CuZnSOD) are rapidly inactivated when irradiated in the presence
of TiO,. The ROS generated in TiO, solutions upon UVA irradiation presumably attack
and inactivate these enzymes.

Any new generation sunscreen composition must protect against both UVB and
UVA, unlike most current sunscreens, which are mainly UVB filters. A combination of
both organic and inorganic components will most likely make it easier to achieve this.
But in conventional sunscreens the question of possible intermolecular interactions,
leading to potential hazards, or loss of activity is of concern since it is known that TiO;

interacts with the organic components of these mixtures.

1.4 Supramolecular sunscreen components

Our overall goal is to develop and test sunscreens based on supramolecular chemistry.

The concept of encapsulation is widely employed by the pharmaceutical industry as a
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way of preventing direct contact of chemicals with non-target biological materials, or to
achieve slow release of drugs. In these novel sunscreens, submicron particles of a well-
defined porous material, zeolites, will be used as hosts for the actual sunscreen composed
of organic or inorganic molecules (39). Zeolites are non-toxic and they are widely used as
dietary supplements in animal feeds, filters for drinking water and have had success in
the healing of cuts and wounds (40). Zeolites can be prepared in a wide range of particle
sizes (20-1000 nm), and their particulate nature will allow them to act as truly inert light

scatterers.

1.4.1 Properties of zeolites

Compositionally, zeolites are similar to clay minerals, both being aluminosilicates.
They differ, however, in their crystalline structure. Many clays have a layered crystalline
structure (similar to a deck of cards) and are subject to shrinking and swelling as water is
absorbed and removed between the layers. In contrast, zeolites have a rigid, 3-
dimensional crystalline structure (similar to a honeycomb). Their primary structure is
formed by SiO;* and AlO,” tetrahedral sharing edges (41), and a tertiary structural
network of interconnected tunnels and cavities (micropores) of molecular dimensions.
For example, faujasite (zeolite Y), a common zeolite, has a cavity of 13 A with 7 A
windows (Figure 4A, B). The lower valence of Al relative to that of Si creates excess
negative charge (one per Al) that requires charge-balancing cations to maintain
electroneutrality. These cations are located in the interior of the cavities and can be
exchanged without disturbing the rigid framework (Figure 4C).

The porous zeolite is host to water molecules, as well as to a variety of other
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C

Figure 4. The structure of faujasite (A) and its window (B) (from
www.olemiss.edu/depts/chemistry/web/ellison. html). Zeolites ©) are
aluminosilicates. They have a rigid, 3-dimensional crystalline structure (similar to
a honeycomb) consisting of a network of interconnected tunnels and cages whose
sizes are nearly uniform (from www.zeoponix.com/zeolite. html).
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molecules, but only those of appropriate molecular size to fit into the pores are admitted
since the zeolite framework remains rigid. In fact, the pore and channel sizes are nearly
uniform, allowing the crystal to act as a molecular sieve. Organic and inorganic
molecules used as light absorbers can be readily encapsulated within these cavities and
permanently trapped. Zeolites should alleviate any adverse side effects by preventing
direct contact of their organic or inorganic guests with biological materials. Zeolites also
effectively isolate molecules, and therefore the level of intermolecular interactions can be
easily controlled, or totally eliminated.

Although some zeolites are natural minerals, most are synthesized by hydrothermal
crystallization of mother gels. For some zeolites, it is possible to change the framework
Si/Al ratio slightly, and thus the abundance of charge-balancing cations. Zeolites can be
classified as small-, medium-, and large-pore, depending on the number of oxygen atoms
(8, 10, or 12) defining the pore apertures. Typical zeolite particles are in the 500 — 2000
nm range, but particles as small as 20 nm can be produced. Zeolites can accommodate
guests in the micropores, provided they are smaller than the pore apertures. The
dimensions of the pore and the geometry of the voids control the possible guest uptake
and their intercavity diffusion. These limitations to incorporation of large organic species
inside a solid host of a narrow pore size distribution can be overcome since novel
mesoporous aluminosilicates have been reported (42). Among them, the most widely
used is MCM-41, whose internal voids are formed by parallel hexagonal channels.

Silicalite is another example of a neutral (and in this case hydrophobic) zeolite.
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1.4.2 Synthesis of supramolecular sunscreen

Molecules can be incorporated within zeolite cavities either through diffusional
processes from the particle exterior, or through ship-in-the-bottle synthesis, a terminology
that refers to diffusion of small precursors followed by reaction within the cavity to make
the desired molecule. This strategy is particularly attractive for systems where the target
molecule fits in the cavity, but it is too large to diffuse through the windows of zeolites.
The example of zeolite Y mentioned above has 13 A cavities but only 7.3 A windows.
Large molecules prepared within the cavity are permanently entrapped in the zeolite and
cannot escape. This strategy has been used for photocatalysis, and should be adaptable to

sunscreens.

1.5 Experimental approach

The objective of this project is to develop supramolecular sunscreens to alleviate the
adverse side effects of common sunscreens on exposure to UVR. The safety and efficacy
of free zeolites and zeolites with sunscreen ingredients as hosts were tested in the
presence of keratinocytes and fibroblasts. The effect of UVA irradiation of cells in the
presence of the composites vs the individual composite components was investigated.
The second objective was to test the penetration, if any, of zeolite particles into cultured
cells. Zeolites containing fluorescent hosts were used to probe cell penetration using laser
scanning confocal microscopy. The initial choice of zeolite was NaY, a faujasite which is
readily available, inexpensive and of very low acidity. Near-neutral zeolites are less
likely to cause adverse effects on skin. Faujasite zeolites are usually produced in particle

sizes between 500 and 1000 nm, which makes them ideal for in vitro studies but too large
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to be cosmetically acceptable. Hence, small (< 200 nm) zeolites, such as -
nanocrystalline, will have to be studied in future experiments. While fluorescent guests
will not be used in actual sunscreen products, the development of zeolite-incorporated
probes provides a straightforward way of establishing whether the zeolite particles bind

or penetrate live cells.

1.5.1 Laser scanning confocal microscopy (LSCM)

Confocal microscopy is an established tool in many fields of biomedical research. Its
major application is for improved light microscopic imaging of either fixed or living cells
within fluorescently-labeled tissues. Image resolution of a conventional light microscopy
is often compromised by fluorescence from outside the focal plane of interest, especially
in tissues made up of multiple cell layers. In order to gain acceptable resolution, many
methods are used to prepare the specimens. Nevertheless, most of the methods have the
potential of introducing artifacts and therefore lead to questions about the validity of the
results, especially imaging of viable cells. Confocal microscopy can improve the
resolution to a theoretical maximum resolution of 0.2 pm along the optical axis. Hence,
structures in the middle of a cell may be distinguished from those on the top or bottom.

The illumination in a confocal microscope is achieved by scanning one or more
focused beams of light, usually from a laser, across the specimen and so the technique is
called laser scanning confocal microscopy (LSCM). A laser beam is focused to a small
spot by an objective lens and onto a plane within the fluorescent specimen each time. The
fluorescent light from points in the specimen that are not within the focal plane (out-of-

focus light) will be largly obstructed by the confocal aperture (pinhole). In this way, any
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out-of-focus fluorescent light (both above and below the focal plane) ray is greatly
reduced. Only the fluorescent light from the focal plane (in-focus fluorescent ray) can
pass through the pinhole and reach the photodetector. This feature of LSCM becomes
especially important when dealing with thick specimens. The main advantage of confocal
microscopy is the ability to facilitate the imaging of living cells by allowing the
automated collection of three-dimensional (3D) data in the form of a Z-series. A Z-series
is a sequence of optical sections collected at different planes within a specimen (Figure
5). The high resolution and capability of LSCM to generate Z-series through cells and the
ability to merge the separate series into 3D images are exploited here to detect the
penetration of zeolite particles into cells. By labeling the cells and the zeolite particles
with different fluorochromes, the distribution profiles of the particles within the cells can

be probed.
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Materials and methods

2.1 Chemicals

Fluorescent probes cFDA, DCFH-DA, fluorescein, CMTMR were purchased from
Molecular Probes. cFDA (10.9 mM) and CMTMR (9 mM) stock solutions were prepared
in dimethyl sulphoxide (DMSO, BDH). DCFH-DA stock solution (14.4 mM) and
fluorescein (240 uM) stock solution were prepared in ethanol (Fisher) and
dimethylformamide (DFM, Aldrich), respectively. All stock solutions were stored at —
20°C and diluted with saline or PBS or Mcllvaine buffer (100 mM citric acid and 200
mM disodium hydrogen phosphate dihydrate, pH 4.0). Ru(bipy)s;Cl, was purchased from
GFS Chemicals and 4-hydroxy-2,2,6,6-tetramethylpiperydine-1-oxyl (TEMPOL) and
2,4,6-triphenylpyrylium hydrogensulfate (TP") from Sigma. Stock solutions of
Ru(bipy);Cl, (15 mg/ml), TEMPOL (290 mM), and TP" (11 mM) were prepared in
deionized water from a Model MP-11A Mega-Pure System from Barnstead. TiO,@NaY
and fluorochrome modified zeolites, Ru@NaY, F@NaY and TP@p, were obtained from
Dr. Tito Scaiano, University of Ottawa. TiO, (anatase) with an average particle size of 32
nm, which is comparable to that employed in sunscreens and cosmetics (14), was

purchased from Alfa Aesar.

2.2 Cell cultures
Wild-type yeast Saccharomyces cerevisiae W303-1B from our lab was grown

aerobically in rich YPD medium [2% Bacto-peptone (Difco), 1% Bacto-yeast extract

(Difco), 2% D-glucose (Sigma)] on a shaker-incubator at 180 rpm at 30°C. Cells were
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harvested by centrifugation (453xg, 5 min, at room temperature) at the end of the
exponential growth phase (~ 20 h) at a cell concentration of approximately 3 x 107 cells
per ml of medium as determined with a Bright-Line counting chamber (0.1 mm depth).
After removing broth, cells were washed with buffer (see Section 2.3.1).

Rat keratinocytes were purchased from American Type Culture Collection (ATCC)
and human skin fibroblasts were obtained from forearm skin biopsies of normolipidemic
subjects in Dr. Katherine Cianflone’s lab at Royal Victoria Hospital, Montreal (43). Cells
were maintained at 37°C under an atmosphere of 5% CO; in 100 mm cell culture dishes
(Corning) containing Dulbecco’s modified Eagle’s medium (DMEM), which contained
100 units/ml penicillin and 0.1 mg/ml streptomycin (Sigma) and was supplemented with
5% (for use with rat keratinocytes) or 10% (for use with human skin fibroblasts) fetal calf
serum (FCS, Sigma). After ~ 20 h incubation, subconfluent cells were harvested by
trypsin-EDTA solution treatment, which removes cells from dishes. Harvested cells were
suspended in DMEM with 5% or 10% FCS, and 1 ml cell suspensions were transferred to
4-well chamber slides (VWR). The cells were incubated at 37°C under an atmosphere of

5% CO; in preparation for zeolite penetration and intracellular ROS assays.

2.3 Fluorochrome staining of cells

Samples, which were stained with fluorochromes and prepared on glass or chamber
slides for examination by LSCM, were transferred to a Leica microscope, equipped with
x63 and x40 objectives and a Leica TCS SP2 confocal attachment. Three lasers,
Ar/ArKr, GreNe and HeNe, were used to obtain 458, 488, 543 and 633 nm light to excite

fluorescence. The fluorescence images of the samples were recorded by computer for
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further analysis. Samples also were imaged by differential interference contrast (DIC)

microscopy, using the Leica confocal microscope.

2.3.1 cFDA, DCFH-DA and Ru(bipy)s>* staining of S. cerevisiae

Yeast cells washed and resuspended in Mcllvaine buffer were incubated with cFDA
(43 pM) for 15 min at 40°C, and then cooled on ice for a minimum of 10 min. The
suspension was analyzed with an Aminco-Bowman Series 2 spectrofluorometer using
excitation and emission wavelengths of 488 and 520 nm, respectively. The stained cells
were examined by LSCM to determine the distribution profile of cF within the cells.
Previously, cFDA has been used as a viability probe with a variety of cells. cFDA is
nonfluorescent in the acetylated form and moderately permeant to most cell membranes.
Upon diffusion into cells and hydrolysis by nonspecific intracellular esterases, cFDA is
converted to the fluorescent product, cF (Figure 6), which because of its extra negative
charges, is better retained in cells. Thus, after staining with cFDA, fluorescence can be
detected from viable cells only. The increase in cF fluorescence in whole cells is linear
with the cFDA concentration since the uptake of cFDA is a simple diffusion process. To
obtain an optimal signal-to-noise ratio, millimolar intracellular cF concentrations are
needed, but higher cF concentrations result in quenching (44).

DCFH-DA (10 pM) was added to the yeast cell suspension in 50 mM phosphate
buffered saline (PBS, pH 7.0) and incubated at 30°C for 20 min. After incubation, the cell
suspensions were examined in the spectrofluorometer using excitation and emission
wavelengths of 488 and 520 nm, respectively, and the stained cells were transferred to

glass slides to detect the fluorescence by LSCM from DCEF in the cells. DCFH-DA is a
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nonpolar compound that readily diffuses into cells, where it is hydrolyzed to the
nonfluorescent polar derivative DCFH and thereby trapped within the cells. In the
presence of an oxidant (hydrogen peroxide), DCFH is oxidized to the highly fluorescent
DCEF (Figure 7)..

Yeast cells were incubated in deionized water or 10 mM PBS (pH 7.4) containing 200
uM Ru(bipy);Cl, at room temperature for 30 min. Cells were washed twice and
resuspended in deionized water or PBS before analysis on the spectrofluorometer
(excitation, 450 nm and emission, 610 nm). Cells were transferred onto glass slides and

subjected to LSCM to detect intracellular fluorescence (excitation, 458 nm and emission,

600 - 620 nm) from Ru(bipy)s>".

2.3.2 Viability of yeast under cFDA staining conditions

Conditions associated with the cFDA staining procedure (incubation at 40°C for 15
min in Mcllvaine buffer at pH 4.0) may affect the viability of yeast cells. To assess the
viability of S. cerevisiae, 1 ml of cells in YPD was added to each of four microtubes (1.5
ml). Cells in tubes 1 and 2 were washed with Mcllvaine buffer twice to remove medium
and resuspended in buffer only. Cells in tube 3 were washed with fresh YPD twice and
resuspended in fresh YPD. Cells in tube 4 were not washed and this tube was used as the
control. Following addition of cFDA to tube 1, tubes 1-3 were incubated at 40°C for 15
min. After the incubation, the steady-state fluorescence of the yeast cells in tube 1 was
measured and the cells were examined by LSCM to verify that they were loaded with
cFDA by monitoring cF fluorescence. To assay cell viability, 0.5 ml of cell suspension

from each of the four tubes was transferred to four flasks containing 50 ml fresh YPD.
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Following 6 h incubation at 30°C with shaking at 180 rpm, 1 ml of cell suspension was
removed every 8—12 h from each of the four flasks, and the absorbance was measured at
600 nm on a Beckman DU650 UV-Visible spectrophotometer. The growth curve of each

culture is plotted as ODggp vs growth time.

2.3.3 Staining of mammalian cells with cFDA, DCFH-DA, Ru(bipy) 3" and fluorescein

Rat keratinocytes and human skin fibroblasts grown on chamber slides were washed
twice with 0.9% saline. The cells then were incubated in saline containing 40 pM cFDA
or 10 uM CFDH-DA at room temperature for 4 min, and the intracellular fluorescence
from cF or DCF was examined by LSCM.

For staining with Ru(bipy)_o,2+ and fluorescein, the washed cells were incubated for 25
min on chamber slides in saline with 40 pM Ru(bipy);*" at room temperature or in saline
with 2 uM fluorescein at 37°C. The cells were washed twice with saline to remove the
extracellular fluorochromes, and intracellular fluorescence from Ru(bipy)32 " (excitation,

458 nm; emission, 600 — 620 nm) and fluorescein (excitation, 488 nm; emission, 510 -

520 nm) was detected by LSCM.

2.4 Release of guests from probe-modified zeolites
Ru@NaY, F@NaY and TP@pB were used to probe the release of guests from

modified zeolites. The zeolites were suspended in 0.9% saline (~1 mg/ml) and sonicated

at room temperature for 15 min on Fisher FS30H sonicator. The supernatants were
removed after centrifugation at 35,064xg for 5 min. Except Ru@NaY and TP@p,

F@NaY was washed with saline twice to remove any remaining fluorochromes and
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resuspended in saline. The steady-state fluorescence of the modified zeolite suspensions
and the supernatants were measured following excitation at 450 nm for Ru(bipy)s>* and
fluorescein, and 420 nm for TP". The emission was set at 610, 550 and 500 nm for
Ru(bipy)s**, fluorescein and TP, respectively. The fluorescence of free Ru(bipy)s** (200
uM), fluorescein (2.4 pM) and TP (110 uM) solutions was measured before and after
centrifugation as controls using the same excitation and emission setting as for the

modified zeolites.

2.5 Sample irradiation

UVA irradiation of samples was performed in a photoreactor, model LZC- ICH2
from Luzchem Research (Ottawa), which was equipped with a power meter to measure
irradiation intensity. To calculate the light intensity in mW/cm?, the power meter was set
to the 2000 FC scale and the intensity was calculated from:

intensity in mW/cm?* = meter reading x calibration factor

The calibration factor used for our instrument was 0.0277. Four 350-nm Luzchem UVA
lamps were placed in the ceiling of the light chamber. The total UVA irradiation received
by each sample was 1.7-2.0 mW/cm®. A turntable was used to ensure homogeneous
irradiation. Non-irradiated controls were foil-covered and placed in the light chamber so
that all samples were treated identically except for UVA exposure. The temperature of
the light chamber was maintained at 25 £+ 1°C. Cultured cells in each well of chamber
slides were covered with 1 ml HBSS when exposed to UVA irradiation. HBSS is

permeable to UVA light.
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2.6 Cell penetration of modified zeolite particles

After ~ 20 h incubation, the medium surrounding the cultured cells in the chamber
slides was removed and new DMEM medium containing 30 pg/ml sonicated
fluorochrome-modified-zeolite (Ru@NaY and F@NaY) was added to the cells at various
times. DMEM with FCS was used for dividing cells and serum-free DMEM was used for
growth-arrested cells. The cells on chamber slides were exposed to the modified-zeolite
suspensions at 37°C under an atmosphere of 5% CO,. After different times of exposure to
the modified zeolites, the cells were washed twice with 0.9% saline and incubated at
room temperature in saline containing cFDA (40 pM) for 5 min or CMTMR (4.5 uM) for
15 min. Cell penetration of the modified zeolite particles was probed by LSCM by
selecting appropriate excitation and emission wavelengths (cFDA/Ru@NaY pair:
excitation 488 nm; emission 510-530 and 600-620 nm; CMTMR/F@NaY pair: excitation

543 and 488 nm; emission 560 - 580 and 510 - 530 nm).

2.7 Assay of intracellular H,O,

Intracellular H,O, production was measured by the method of Bass et al. (45) as
modified for LSCM by Ohba et al. (46). Briefly, chamber slides containing confluent
cells, to which TiO,, NaY, NaY plus TiO, (NaY+TiOz) and TiO,-encapsulated NaY
(TiO,@NaY) suspensions were added, were exposed to UVA for different times and
washed twice with HBSS. The washed cells were incubated at room temperature for 5
min in HBSS containing 22 yM DCFH-DA (45). Intracellular ROS generation was
detected by LSCM following oxidation of DCFH to DCF (Figure 7). DCFH

photooxidation were minimized by collecting the fluorescent image with a single rapid
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scan (line average, 4; total scan time, 4.33 s) and identical parameters, such as contrast
and brightness, for all samples. The cells were also imaged by DIC microscopy. All
images were collected using a 512 x 512 pixel format. Five to seven groups of 20+3
clearly defined cells were selected from the images in the DIC channels for each sample
to quantify the fluorescence. Well defined cells were selected since it is possible to
measure all of the intensity from these cells. The intensity of the fluorescence in single
cells was quantified (using Leica software) for each group of 20 cells, and the relative
fluorescence intensity per cell was obtained from the average of ~100 cells per sample
using the untreated control cells as a reference (100% intensity). All experiments were
repeated three times.

TEMPOL is a stable nitroxide radical, which is capable of scavenging free radicals
and mimics superoxide dismutase (SOD) activity. Unlike SOD, TEMPOL readily
penetrates cell membranes providing intracellular protection against free radicals (47,
48). Furthermore, it is water soluble and can be added directly to the culture medium. In
this study, we investigated the ability of TEMPOL to protect against UVA-induced H,O,
generation in vitro in human skin fibroblasts and to confirm the oxidation of DCFH by
H,0; in cells. Before cells were exposed to UVA irradiation, the medium was removed
and fresh DMEM containing 5 mM TEMPOL was added to the chamber slides for 15
min. During UVA irradiation, DMEM-containing TEMPOL was replaced by HBSS-
containing TEMPOL (5 mM). Control cells were incubated with HBSS only. After UVA
irradiation, cells were examined by LSCM to determine the effect of TEMPOL on DCFH
oxidation. Since TEMPOL does not absorb above 320 nm, it will not absorb the UVA

irradiation (320 — 400 nm) produced in light chamber.
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Results

3.1 Uptake of free fluorochromes by cells
3.1.1 8. cerevisiae loading with cFDA, DCFH-DA and Ru(bipy)s’*

The uptake of selected fluorescent probes by viable cells was first tested in yeast.
After yeast cells were incubated with the fluorescent probes, the steady-state fluorescence
of the cell suspensions was measured on a spectrofluorometer. Figure 8 shows the
fluorescence spectra of yeast cells loaded with three fluorescent probes. Figure 8A
reveals that Mcllvaine buffer, the buffer plus cFDA and the cell suspension are
nonfluorescent. However, the fluorescence of a cell suspension plus ¢cFDA is high,
revealing that cFDA is converted to fluorescent cF in cells (Figure 6). Furthermore, the
fluorescence intensity of the supernatant is much lower than that of cFDA-loaded yeast
suspension (Figure 8A), indicating that cF was trapped in the cells and did not escape
during the 15-min incubation period.

Like cFDA, after DCFH-DA is taken up by viable cells, its DCF derivative will
fluoresce (Figure 7). The fluorescence intensity of PBS, DCFH-DA in PBS and the yeast
cell suspension was low while that of the yeast cells plus DCFH-DA was high (Figure
8B). These results indicate that nonfluorescent DCFH-DA penetrates into yeast cells and
is converted to fluorescent DCF (Figure 7). The fluorescence of DCFH-DA in PBS
should be the same as that of buffer alone, but its intensity was found to be higher than
that of buffer (Figure 8B). Fresh solutions of DCFH-DA in PBS were less fluorescent
than old solutions (not shown), indicating that DCFH-DA may be oxidized to DCF by

impurities in the buffer. Figure 8B shows that the cell suspension plus DCFH-DA
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(spectrum 4) was less fluorescent than the supernatant (spectrum 5) post-staining. After
washing with PBS, the cell suspension (spectrum 6) is less fluorescent than before
(spectrum 4), indicating that DCF leaked out of the cells into buffer.

Yeast cells were also loaded with Ru(bipy);Cl, in PBS and deionized water. Because
Ru(bipy)32+ itself fluoresces, steady-state fluorescence measurement cannot differentiate
between extra- and intracellular Ru(bipy)s>*. After incubation in PBS or water containing
Ru(bipy)s>*, the yeast cells were washed twice and resuspended in PBS or water. The
inserts of Figure 8 C vs D show that the fluorescence intensity of yeast stained in water is
clearly higher than that of yeast stained in PBS. These results suggest that Ru(bipy):*
penetrates into yeast cells when stained in deionized water but not in PBS. LSCM was
used next to confirm the penetration of Ru(bipy);>" and the other probes into yeast cells.

As mentioned in Section 1.5.1, LSCM can focus on different planes within cells.
Hence, it is possible to detect the penetration of fluorochromes into cells by using
confocal microscopy. Figure 9A shows the fluorescence of cF, converted from cFDA in
yeast cells. LSCM focuses on one plane at a time, and different planes are detected in a
group of cells. Figure 9B shows the DIC image, which confirms that the observed
fluorescence comes from the yeast cells. By performing a wavelength scan, the emission
spectrum can be obtained, and compared with that of the free probe to verify that the
fluorescence from the cells is that of the probe. The emission spectra using the LSCM
wavelength scan and the spectrofluorometer are similar (Figure 9C), which verifies that
the fluorescence from the cells is due to cF excitation. A Z-series of fluorescence images
were taken at ~0.2 pm intervals (minimum) within the cells from top to bottom (Figure

10). Using the LSCM software to color the images based on fluorescence intensity
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Figure 9. LSCM analysis of yeast cells loaded with cFDA. (A) Fluorescence at ~520
nm from cF in yeast cells following excitation at 488 nm; (B) DIC image of yeast
cells; (C) overlay of the emission recorded by LSCM and with the spectrofluorometer.
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Figure 10. Computer-treated Z-series images of cFDA-loaded yeast cells. The
fluorescence intensity is represented by the variation in color (see color bar) and
demonstrates the distribution profile of the fluorochrome within the yeast cells

after 15 min exposure to 43 UM cFDA.
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indicates the distribution of cF in the cells (Figure 10). A 3D video (not given here) based
on the Z-series images clearly demonstrated the penetration of cF into the yeast cells as
well as its distribution profile. Thus, the LSCM results confirm those obtained using
steady-state fluorescence, which suggested that cFDA penetrated into the yeast cells and
was converted to fluorescent cF.

Yeast cells loaded with DCFH-DA also were examined by LSCM to confirm the cell
penetration of DCFH-DA. The fluorescence from DCF, formed from DCFH-DA within
cells, was detected (Figure 11A) and the DIC image (Figure 11B) confirms the presence
of the cells. The emission spectra obtained by LSCM and using the spectofluorometer
(Figure 11C) are similar in shape and indicate that the detected fluorescence was from
DCF in the cells. Z-series images and a 3D video of the images (not shown) further
confirmed that DCFH-DA penetrated into yeast cells and was converted to fluorescent
DCEF in cells.

The penetration of Ru(bipy)32+ into yeast cells suspended in PBS buffer and deionized
water also was tested by LSCM. Because Ru(bipy)32+ itself fluoresces, stained cells were
washed and resuspended in buffer or water to remove extracellular Ru(bipy);>". No
fluorescence was observed from yeast cells suspended in PBS buffer containing
Ru(bipy)s>" (Figure 12A), and the DIC image (Figure 12B) confirms that the cells were
scanned. However, when the yeast cells were stained with Ru(bipy)s*" in deionized
water, fluorescence was observed (Figure 12C). The similarity of the emission spectra
recorded by LSCM and on the spectrofluorometer confirms that the fluorescence is from

Ru(bipy)g,2+ (Figure 12D). A Z-series scan was performed, and the 3D video of the
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Figure 11. LSCM analysis of yeast cells loaded with DCFH-DA. (A) Fluorescence at ~520
nm from DCF in yeast cells following excitation of 488 nm; (B) DIC image of yeast cells;
(C) overlay of the emission recorded by LSCM and with the spectrofluorometer. Cells were
exposed to 10 uM DCFH-DA for 20 min.
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Figure 12. . LSCM analysis of yeast cells loaded with Ru(bipy)32+. (A) Fluorescence
at ~610 nm from Ru(bipy)s;** following excitation at 456 nm is not observed in yeast
cells suspended in PBS; (B) DIC image of the yeast cells; (C) fluorescence at ~610
nm from Ru(bipy)s** in cells suspended in deionized water; (D) overlay of the
emission recorded by LSCM and with the spectrofluorometer. Cells were exposed to
200 uM Ru(bipy):** for 30 min
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images confirms that Ru(bipy);>" penetrated into yeast cells suspended in deionized
water.

Live cells autofluoresce when excited at certain wavelengths. Thus, untreated yeast
cells were examined by LSCM under the same conditions used to monitor probe
fluorescence. No autofluorescence was observed (Figure 13 A, C), confirming that the

fluorescence detected was from the probes.

3.1.2 Viability of yeast cells after staining with cFDA

Because they were loaded with cFDA under conditions that may cause cell death (pH
4.0 buffer, at 40°C for 15 min), the viability of yeast cells after staining was examined.
Two suspensions in Mcllvaine buffer (tubes 1 and 2), one of which contained cFDA
(tube 1), and the third suspension in fresh YPD medium (tube 3) were incubated at 40°C
for 15 min. The original suspension (tube 4), which was incubated at 30°C, was used as
the control. Fluorescence from cF in the cells in tube 1 was observed using the
spectrofluorometer and LSCM (Figure 14A, B), and confirmed that cFDA penetrated the
cells. Four flasks, containing 50 ml fresh YPD each and 0.5 ml cell suspension each from
tubes 1-4, were incubated on a shaker (30°C, 180 rmp). At 8-12 h interval, the ODggp of
the cell suspensions in the flasks was measured and growth curves were constructed for
each sample (Figure 14C). Since the growth curves of three treated samples are the same
as that of untreated control, the viability of yeast is not affected by the cFDA-loading
conditions, which was confirmed by staining with Trypan Blue. This vital stain penetrates
the plasma membranes of dead cells but not viable cells, so that dead cells are stained

blue and viable cells remain colorless. Few blue cells were detected in the treated and
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Figure 13. No autofluorescence from yeast cells excited at (A) 458 nm and
(C) 488 nm; (B) and (D) are DIC images of cells
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Figure 14. Viability of yeast cells under cFDA staining conditions. Yeast was washed
and resuspended in different solutions and exposed to the cFDA staining conditions
(15 min at 40°C in pH 4.0 buffer). (A) Fluorescence spectra of cFDA-treated yeast;
(B) fluorescence (left) and DIC (right) images of yeast loaded with cFDA; (C) growth
curve of yeast in YPD following exposure to the cFDA staining conditions. The
control cells were from the original cell suspension in YPD.
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control samples (data not shown), revealing the same level of viability, consistent with

the growth curve results.

3.1.3 Rat keratinocytes loading with cFDA, DCFH-DA, fluorescein and Ru(bipy) 2

Following the procedures used for the yeast cells, the penetration of the free
fluorochromes into cultured rat keratinocytes was examined. Rat keratinocytes were
stained with the probes in 0.9% saline on chamber slides and examined by LSCM. Figure
15 shows the fluorescence from cells loaded with cFDA. The results are consistent with
cFDA penetration into cells and its convertion to cF. A DIC image of the cells was taken
at the same time (Figure 15) to confirm that the fluorescence arises from the cells and not
the background. A wavelength scan, a Z-series scan and a 3D video (not shown) were
recorded and confirmed that the fluorescence is from cF in the rat keratinocytes.
Fluorescence from DCF (derived from DCFH-DA) in the cells also was detected (Figure
15), and the DIC image of the cells recorded. Analysis of the wavelength scan, Z-series
scan and 3D video (not shown) of the loaded cells confirmed that the fluorescence was
from DCF in the keratinocytes.

Only weak fluorescence was detected from fluorescein-stained (excitation, 488 nm;
emission, 510-530 nm) rat keratinocytes in 0.9% saline (Figure 15). The cells were also
stained in PBS (pH7.4), and the results (not shown) were the same as those in 0.9%
saline. This suggests that only a little fluorescein penetrates into rat keratinocytes or that
it rapidly leaks from the cells.

No fluorescence was observed by LSCM (excitation, 488 nm; emission, 600-620 nm)

from rat keratinocytes loaded with Ru(bipy)s>" in 0.9% saline on chamber slides. DIC
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images were recorded at same time to verify that the cells were present on the slides
(Figure 15). Because the excitation maximum of Ru(bipy);** is 450 nm, the 458 nm line
of the Argon laser also was used to excite the cells, but no fluorescence was observed
(not shown). A Z-series scan was performed to detect fluorescence from different planes
within the cells, but again no fluorescence was detected, indicating that Ru(bipy)s** did
not penetrate into the rat keratinocytes in 0.9% saline.

The autofluorescence (excitation, 488 nm) of rat ketatinocytes was examined to verify
that the observed fluorescence was from the probes. No autofluorescence (Figure 15) was
detected under the conditions used to examine the penetration of the probes into the rat
cells. DIC images confirm that the cells were present. In summary, the results reveal that
cFDA and DCFH-DA stain rat keratinocytes in 0.9% saline, fluorescein stains weakly,

and Ru(bipy)s*" does not stain the cells.

3.1.4 Human skin fibroblasts loading with cFDA, DCFH-DA, fluorescein and Ru(bipy)s""

Penetration of the fluorescent probes into human skin fibroblasts also was examined
by LSCM. The cells were stained in 0.9% saline on chamber slides and examined by
LSCM. Fluorescence from cF and DCF was observed (Figure 16) by LSCM and the
penetration of the probes into the cells was verified by performing wavelength and Z-
series scans (not shown). Unlike the rat keratinocytes, strong fluorescence from
fluorescein was detected in the fibroblasts (Figure 16) and confirmed by wavelength and
Z-series scans. However, no fluorescence from Ru(bipy)s’* was detected in the

fibroblasts (Figure 16) and the cells did not autofluoresce on excitation at 488 nm. The
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combined results show that cFDA, DCFH-DA and fluoresein penetrate into human skin

fibroblasts in 0.9% saline but Ru(bipy)s;>* does not.

3.2 Cell penetration of the fluorochrome-modified zeolites
3.2.1 Examination of escape of the fluorescent probes from the zeolites

Three fluorescent-probe-modified zeolite samples were provided by our collaborators
at the University of Ottawa. The fluorescent probes were encapsulated in the cavities of
the zeolites, and these fluorescent zeolites were used to examine by LSCM the cell
penetration of the zeolites. However, before testing cell penetration, escape of the probes
from the zeolite cavities had to be examined. The modified zeolites were suspended in
0.9% saline, the solution used to examine cell penetration, and escape of the probes was
monitored by steady-state fluorescence.

The fluorescence of an Ru@NaY suspension was measured just after it was prepared.
The suspension was subjected to centrifugation at 35,064xg for 5 min, and the
fluorescence of supernatant and the resuspended pellet were measured. The fluorescence
intensities of the initial Ru@NaY suspension and the suspension reformed after
centrifugation were almost the same. Also, the fluorescence intensity of the supernatant
was very low (Figure 17A), indicating that Ru(bipy)s>* did not escape from the faujasite
at this time point (0 h). Another sample of Ru@NaY was left standing in 0.9% saline at
room temperature for 24 h and the fluorescence measurements were repeated. The
fluorescence intensities of the Ru@NaY suspension and resuspension also were very
close, and that of the supernatant was very low (Figure 17B). These results indicate that

Ru(bipy)s** did not escape from the faujasite over 24 h. A solution containing free
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Figure 17. Emission spectra of Ru@NaY suspensions and supernatants in 0.9% saline.
(A) Spectra recorded just after preparation (0 h) of an Ru@NaY suspension; (B) spectra
recorded 24 h after preparation; (C) spectra of free Ru(bipy);Cl, before and after
centrifugation. All experiments were performed at room temperature (excitation 450 nm
and slits 4 nm). The concentration of suspension was ~ 1 mg/ml and that of free
Ru(bipy);Cl, was 0.15 mg/ml (200 pM).
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Ru(bipy);>" also was centrifuged at 35,064xg for 5 min and the fluorescence measured
before and after centrifugation to insure that free Ru(bipy)32Jr did not precipitate under the
centrifugation conditions. The results verified that free Ru(bipy)s*" did not precipitate
(Figure 17C), although the fluorescence intensity measured before and after
centrifugation was slightly different, which may be caused by the high Ru(bipy)32+
concentration used.

TP@pB was examined using the same procedure. The fluorescence intensity of a
TP@f suspension and resuspension were very close and that of the supernatant was very
low. A 24 h suspension gave the same results as a 0 h suspension (Figure 18A, B),
demonstrating that TP" was trapped in the cavities of the B-nanocrystalline zeolite. The
fluorescence of a free TP" solution also was measured before and after centrifugation and
the results showed that free probe did not precipitate under the centrifugation conditions
(Figure 18C).

Unlike Ru@NaY and TP@, the supernatant of F@NaY was highly fluorescent and
the F@NaY resuspension was less fluorescent than the original suspension (Figure 19A).
Did fluorescein molecules escape from the cavities of faujasite or just from its surface?
When F@NaY was washed with saline twice, the fluorescence intensity of the third
supernatant was close to zero (Figure 19A). The washed F@NaY was held at room
temperature for 24 h and the fluorescence measurements were repeated. As the spectra
show (Figure 19B), the fluorescence intensity of supernatant remained very low,
suggesting that fluorescein does not escape from the cavities of faujasite. The high
fluorescence intensity of the supernatant of non-washed F@NaY was caused by

fluorescein molecules on the surface of the faujasite particles. The fluorescence intensity
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Figure 18. Emission spectra of TP@J suspensions and supernatants in 0.9% saline.
(A) Spectra recorded just after preparation (0 h) of a TP@J suspension; (B) spectra
recorded 24 h after preparation; (C) spectra of free TP before and after centrifugation.
All experiments were performed at room temperature (excitation 420 nm and slits 4
nm). The concentration of the TP@f} suspension was ~ 1 mg/ml and that of free TP
was 45 pg/ml (110 um).
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Figure 19. Emission spectra of F@NaY suspensions and supernatants in 0.9% saline.
(A) Spectra recorded just after preparation (0 h) of a F@NaY suspension; (B) spectra
recorded 24 h after preparation; (C) spectra of free fluorescein before and after
centrifugation. All experiments were performed at room temperature (excitation 450
nm and slits 4 nm). The concentration of suspension was ~ 1 mg/ml and that of free

fluorescein was 0.8 pug/ml (2.4 um).
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of free fluorescein was also measured before and after centrifugation and the results
verified that free fluorescein does not precipitate during centrifugation (Figure 19C).
In summary, the fluorochromes encapsulated in zeolites are trapped in the cavities

and cannot escape.

3.2.2 Counterstains for examining zeolite cell penetration

To image cells by fluorescence LSCM, they must be stained by fluorochromes. As
tested above, rat keratinocytes and human skin fibroblasts can be stained with cFDA and
DCFH-DA and their derivatives (cF and DCF) emit around 520 nm (excitation, 488 nm).
Since Ru(bipy)32+ emits around 610 nm (excitation, 488 nm), cFDA and DCFH-DA
should be ideal counterstains for Ru@NaY. Therefore, cFDA was selected because of its
higher retention by the cells, and the penetration of Ru@NaY into rat keratinocytes was
tested. Figure 20 showed the fluorescence images within a single plane recorded by
LSCM following excitation at 488 nm. Image A shows the fluorescence (emission 600-
620 nm) from Ru(bipy)ngr encapsulated in faujasite, while image B shows the
fluorescence (emission 510-530 nm) from cF in cells. Using these different emission
wavelength settings, fluorescence from the modified zeolites or the cells can be detected
by LSCM. In image A, only the red fluorescence from Ru@NaY is observed whereas the
green fluorescence of cF in the cells is seen in image B. Since the emission maxima of
Ru@NaY and cF do not overlap (Figure 21), and there is negligible overlap within the
detection ranges selected (600-610 and 510-530 nm), cFDA is a good counterstain to test

cell penetration of Ru@NaY by LSCM (Figure 20C).
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C

Figure 20. cFDA as a counterstain to test Ru@NaY penetration into rat keratinocytes.
Subconfluent cells in 0.9% saline were incubated with 30 pg/ml of Ru@NaY for ~20
min on chamber slides, stained with cFDA, and excited at 488 nm under LSCM. (A)
Fluorescence from Ru@NaY (em ~610 nm); (B) fluorescence from free cFDA (em
~520 nm); (C) overlay of image A and B in the same plane.
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Figure 21. LSCM emission spectra of cFDA-stained keratinocytes exposed

to Ru@NaY. The emission maxima of cF and Ru@NaY are well separated.

The experimental conditions are given in the caption to Figure 20.
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Neither ¢cFDA nor DCFH-DA is an ideal counterstain for F@NaY because the
emission maximum of the modified zeolite is ~ 520 nm. Therefore, other probes had to
be examined as counterstains for F@NaY. With excitation and emission maxima at 540
and ~ 570 nm, respectively, CMTMR was tested as a counterstain for F@NaY. In Figure
22, image A shows that only CMTMR emission (565-575 nm) was observed following
excitation of the cells at 543 nm, and image B reveals that only F@NaY emission (510-
520 nm) is detected on excitation at 488 nm. Since the fluorescence from the two probes
does not overlap (Figure 22C), CMTMR is a good counterstain for F@NaY.

After exposure to Ru@NaY or F@NaY for 20 min in saline on chamber slides, rat
keratinocytes were stained with cFDA or CMTMR and examined by LSCM. Overlaying
image A and B (Figure 20C), the distribution profile of Ru@NaY in the cells should be
observed. However, image C revealed that Ru@NaY did not penetrate into the cells but
particles adhered to their surface. A Z-series scan was performed and confirmed that
there is no cell penetration of Ru@NaY (not shown). No cell penetration of F@NaY was
detected (Figure 22C) under the same conditions. In summary, NaY does not penetrate
into rat keratinocytes when cells are exposed to the zeolite in 0.9% saline for a short
period (~ 20 min). Does penetration occur when cells are exposed for longer times to

NaY in DMEM, which is close to their natural growth environment?

3.2.3 Probing cell penetration of the modified zeolites at longer times
After growth on chamber slides for ~ 20 h, cells were added to fresh DMEM with or
without FCS. In serum-free DMEM, cells cannot divide but remain viable, whereas cells

in DMEM containing FCS can divide and reproduce. Modified zeolites were added
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Figure 22. CMTMR as a counterstain to test F@NaY penetration into rat
keratinocytes. Subconfluent cells in 0.9% saline were incubated with 30 pg/ml
of F@NaY for ~20 min on chamber slides, stained with CMTMR, and excited
under LSCM. (A) fluorescence from F@NaY (ex 488 nm, em ~520 nm); (B)
Fluorescence from CMTMR (ex 543 nm, em ~570 nmy); (C) overlay of image
A and B in same plane.
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to the cells at different times, the cells were washed with 0.9% saline twice and incubated
with ¢cFDA for 4 min at room temperature. Figure 23 shows the images of growth-
arrested rat keratinocytes exposed to Ru@NaY for 1, 4 and 30 h. Upper panels show
fluorescence from a single plane within the cells and the lower panels show the overlay
of the fluorescence and DIC images. The Ru@NaY particles aggregated on the surface of
the rat keratinocytes, as can be seen clearly from the overlaid images (Figure 23, lower
panels). There was no penetration of Ru@NaY into cells since there is no Ru@NaY
fluorescence from within the cells in Figure 23, although the particles accumulated at
several places on the surface of the cells. Z-series scans were performed and the results
are consistent with Ru@NaY aggregation on the surface but no cell penetration after
exposure up to 30 h. The same experiments were repeated for dividing rat keratinocytes,
with the same results. The images in Figure 24 show Ru@NaY particles aggregated on
the surface of dividing rat keratinocytes but no cell penetration. Thus, Ru@NaY did not
penetrate into either dividing or growth-arrested rat keratinocytes even after 30 h
incubation in DMEM.

The time course of cell penetration of Ru(bipy)s*-modified zeolites was also tested
with both dividing and growth-arrested human skin fibroblasts. Even after 27 h exposure
to Ru@NaY, no penetration of the zeolite into the fibroblasts was observed. The
Ru@NaY particles aggregated on the surface of the fibroblasts (Figure 25, 26), and a Z-
series scan and 3D video (not shown) confirm the results. Thus, Ru@NaY did not
penetrate into either rat keratinocytes or human skin fibroblasts after long exposure times

(30 and 27 h, respectively).
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Figure 23. Effects of Ru@NaY exposure on growth-arrested rat keratinocytes.
Subconfluent cells in DMEM were incubated in chamber slides with 30 pg/ml of
Ru@NaY for the times indicated. The cells were washed with saline twice, stained
with cFDA, and excited at 488 nm under LSCM. The upper panels are fluorescence
images (from a single plane) and the lower panels are overlays of the fluorescence
and DIC images.
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Figure 24. Effects of Ru@NaY exposure on dividing rat keratinocytes. The
upper panels are fluorescence images (from a single plane) and the lower
panels are overlays of the fluorescence and DIC images. The experimental
conditions are given in the caption to Figure 23.
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Figure 25. Effects of Ru@NaY exposure on growth-arrested human skin fibroblasts.
The upper panels are fluorescence images (from a single plane) and the lower panels
are overlays of the fluorescence and DIC images. The experimental conditions are
given in the caption to Figure 23.
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Figure 26. Effects of Ru@NaY exposure on dividing human skin fibroblasts.
The upper panels are fluorescence images (from a single plane) and the lower
panels are overlays of the fluorescence and DIC images. The experimental
conditions are given in the caption to Figure 23.
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The same experiments were carried out with F@NaY. After exposure to F@NaY for
1, 4 and 27 h, dividing or growth-arrested human skin fibroblasts were washed with
saline and stained with CMTMR. Figure 27 clearly reveals that F@NaY aggregated on
the surface of growth-arrested human fibroblasts but did not penetrate the cells. The same
results were observed for dividing fibroblasts (data not shown). Z-series scan images and
3D videos confirmed these results (data not shown).

Unmodified NaY was incubated with human skin fibroblasts, the cells were loaded
with ¢cFDA and examined by LSCM to verify that the fluorescence of Ru@NaY or
F@NaY was from the Ru(bipy)32+ or fluorescein guests and not from the faujasite itself.
In Figure 28, panel A shows the cF fluorescence from the cells and no other fluorescence
was detected. Panel B shows the DIC image of the same samples and the faujasite
particles are detected. The overlay of the images A and B in panel C reveals that the
unmodified faujasite does not fluoresce, and the same results were obtained when the
cells were stained with CMTMR (not shown). Thus, the fluorescence detected from the
modified zeolite particles must be from the Ru(bipy)s>* and fluorescein guests and not
from the host.

To summarize, the experimental results demonstrate that neither Ru@NaY nor
F@NaY penetrated into rat keratinocytes or human skin fibroblasts after 24-30 h

exposure to modified zeolites. The zeolites aggregated on the surface of the cells.
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Figure 27. Effects of F@NaY exposure on growth-arrested human skin fibroblasts.
Subconfluent cells in DMEM were incubated in chamber slides with 30 pg/ml of
F@NaY for the times indicated. The cells were washed with saline twice, stained
with CMTMR, and simultaneously excited at 488 nm and 543 nm under LSCM.
The upper panels are fluorescence images (from a single plane) and the lower
panels are overlays of the fluorescence and DIC images.
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Figure 28. Human skin fibroblasts exposed to free NaY and loaded with cFDA.
Subconfluent cells were incubated in saline containing 30 pg/ml of free NaY for
~ 30 min in chamber slides, stained with cFDA, and excited at 488 nm under
LSCM. (A) Fluorescence from cF in fibroblasts; (B) DIC image of fibroblasts
exposed to free NaY; (C) overlay of the DIC and fluorescence images showing
that free NaY is nonfluorescent.
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3.3 Effects of UVA, NaY, TiO,, TiO,@NaY on oxidative stress in human skin
fibroblasts

Oxidative stress is caused by reactive oxygen species (e.g., O,", HO®, H,0,).
Oxidative stress can be evaluated by the measurement of H,O; levels in cells. A special

fluorescent probe, DCFH-DA, is used to detect changes in H,O, levels in cells by LSCM

(Figure 7).

3.3.1 Effect of UVA on H,O, generation in human skin fibroblasts

The effect of UVA alone on H,O, generation in human skin fibroblasts was examined
first. After irradiation under UVA lamps for 0 — 45 min, the cells were loaded with
DCFH-DA and the fluorescence was examined by LSCM. Figure 29 demonstrates that
when the UV A-irradiation time was increased, the fluorescence intensity of DCF inside
cells increased, suggesting an increase in intracellular H,O; levels. In Figure 29, the left
panels show the untreated DCF fluorescence and the right panels the computer-enhanced
images of the same samples. Based on these images, the relative DCF fluorescence
intensity was calculated using the software supplied with the microscope. Exposure of
human skin fibroblasts to UVA for different times resulted in a large increase in DCF
fluorescence intensity with a > 8-fold increase apparent after 45-min UVA irradiation
(Figure 30). The statistical analysis is consistent with the fluorescence images; H,O,
generation increases with increasing UVA irradiation. The error bar for the UVA 45-min
time point is large. As indicated in Figure 30, the experiment was repeated three times.
The microscope was broken between the first and second trials. The results of the last two

trials were close but are very different from the first trial.
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Figure 29. DCF fluorescence in human skin fibroblasts after UVA irradiation for different
times. Left panels show DCF fluorescence and right panels are the computer-treated images
of the fluorescence. H,O, levels increase with increasing UV A irradiation. Harvested cells
were irradiated under UVA lamps (~ 2.0 mW/cm®) in 1 ml HBSS in chamber slides at 25°C
for 45 min and examined by LSCM.
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Figure 30. Change in H,O; levels in human skin fibroblasts after UVA irradiation.
Harvested cells were irradiated under UVA lamps (~ 2.0 mW/cmz) in 1 ml HBSS
in chamber slides at 25°C for up to 45 min. Fluorescence intensity was averaged
over 200 cells for each sample, and the values are relative to the control (0 min).
The error bars represent the standard derivation of three experiments (n = 3).
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We next examined whether TEMPOL, a free radical and H,O, scavenger, and a
superoxide dismutase (SOD) mimic (47, 49, 50), prevented the oxidation of DCFH.
Human skin fibroblasts were exposed to UVA irradiation in the absence and presence of
5 mM TEMPOL. The addition of TEMPOL inhibited the increase in DCF fluorescence
(Figure 31), induced by 50-min UVA irradiation. However, TEMPOL did not reduce
DCF fluorescence in nonirradiated cells, suggesting that the additional H,O,, formed
from superoxide generated by UVA, participated in DCFH oxidation.

TEMPOL shows maximal absorption between 230 and 250 nm with little absorption
above 320 nm (Figure 32). Since the energy intensity spectrum of UVA lamps (Figure
32; data from Luzchem Research) used in the experiments dose not overlap with
TEMPOL absorption, the reduction of DCF fluorescence seen in Figure 31 is not due to

the absorption of UVA radiation by TEMPOL.

3.3.2 Effect of UVA plus TiO,, NaY and TiO,@NaY on H;O; generation in human skin
fibroblasts

The effect of exposure of human skin fibroblasts to UVA in the presence of TiO;,
NaY and TiO,@NaY was examined by LSCM. Compared to the control, the DCF
fluorescence increased about 2-fold after UVA irradiation, which is consistent with the
results in Figure 30. UVA irradiation in the presence of TiO; increased the fluorescence
over 2-fold (Figure 33), suggesting that TiO, promotes H,O, generation in irradiated cells
as shown previously (17, 18). However, the fluorescence of cells exposed to free TiO,
plus NaY (TiO,+NaY) increased even more on UVA irradiation compared to cells

exposed to T10; only. The fluorescence of cells exposed to free NaY or TiO,@NaY
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Figure 31. Effect of TEMPOL on H,O, generation in UV A-irradiated human
skin fibroblasts. Fluorescence intensity averaged over >150 cells for each
sample. The values are relative to the control (no UVA, no TEMPOL ).
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Figure 33. Changes in H,O, levels after 50-min UVA irradiation of human skin

fibroblasts exposed to 0.05 mg/ml TiO,, 0.05 mg/ml TiO; plus 0.45 mg/ml NaY
(Ti02:NaY=1:9), 0.5 mg/ml TiO,@NaY, and 0.5 mg/ml NaY. The fluorescence
intensity was averaged over 200 cells for each sample. The values are relative to
the control (no UVA, no TiO;, no NaY).
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showed little increase on UVA irradiation. However, without UVA irradiation, the
fluorescence of cells exposed to TiO,+NaY or TiO,@NaY was less than control cells
(Figure 33). These results show that irradiated TiO, promoted H,O, generation in cells
even when free NaY was present, although the presence of free NaY reduced H,0,
generation in cells in the absence of TiO,. Like free NaY, TiO,@NaY also reduces H,O,
generation in cells under UVA irradiation. Clearly, encapsulation should protect cells

from the damage caused by the H,O, produced by UV A-irradiated TiO,.

-73 -



Discussion

The proposed supramolecular sunscreens are based on supramolecular chemistry.
Submicron particles of a well-defined porous material (zeolites) act as hosts for the actual
sunscreen ingredients to alleviate the adverse side effects on the skin, especially under
UV radiation, by preventing direct contact of the sunscreen guests with skin. In order to
assess the safety of supramolecular sunscreen components, cell penetration of the
modified zeolites, Ru@NaY and F@NaY, was tested in this study. Also, the effect of the
components on UVA-induced H,O, generation in cells was measured using the
fluorescent probe, DCFH-DA.

Zeolites have been studied widely in the context of animal feeds (40) and are
recorded as safe oral contrast agents for MRI work (51). The identification and safety of
zeolites as hosts in supramolecular sunscreens have not been established. Some sunscreen
ingredients such as TiO, and PABA penetrate into skin cells and cause adverse side
effects (e.g., DNA damage) upon UVR (18, 25). To assess their safety, it is necessary to
determine if zeolite particles penetrate into cells. Hence the leakage of guest molecules
from the zeolites and the penetration of zeolites into cells were examined using
fluorescent guests. Membrane-permeant fluorophores (cFDA, DCFH-DA, CMTMR) that
freely diffuse through the membranes of viable cells were used as counterstains in our
studies. Confocal fluorescence microscope analysis of yeast, rat keratinocytes and human
skin fibroblasts following treatment with free and encapsulated fluorophores was used to
determine if the zeolite-fluorophore complexes penetrate the cells under a variety of

conditions.
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Studies with yeast cells, which are easy to manipulate, allowed us to develop
expertise in the use of fluorophores and confocal microscopy. The results obtained show
that cFDA and DCFH-DA permeate live yeast cells. Fluorescent cF derived from cFDA
was retained in the cells presumably because it possesses extra negative charges whereas
DCF derived from DCFH-DA rapidly leaked from the cells (Figure 8). These results are
consistent with previous studies (44, 52). Ru(bipy)g,2+ permeated yeast cells when the
cells were suspended in deionized water but not in PBS. This may be due to osmotic
imbalance across the cell membrane and/or to electrostatic attraction between the cell
surface and Ru(bipy)32Jr in water. Penetration of the probes into the yeast cells was
confirmed using LSCM.

Penetration of the fluorophores into rat keratinocytes and human skin fibroblasts in
0.9% saline was also examined by LSCM. Unlike yeast cells, mammalian cells burst in
water, and have to be examined in osmosis-balanced buffer such as 0.9% saline, which
was chosen for our studies for convenience. Dividing and growth-arrested mammalian
cells attached to slides is closer to their natural environment than suspensions.
Mammalian cells settle to the bottom of cuvette more readily than yeast cells because of
their greater mass, so it was difficult to detect the fluorescence from fluorophores in
mammalian cells using a spectrofluorometer. Like yeast cells, rat keratinocytes and
human fibroblasts were easily loaded with cFDA and DCFH-DA, and cF was trapped in
the cells much better than DCF. Neither the keratinocytes nor the fibroblasts could be
loaded with Ru(bipy)32+ in saline, similar to the results with yeast cells in PBS. The
penetration of fluorescein into mammalian cells also was tested by confocal microscopy

under normal conditions. It was difficult to load rat keratinocytes with fluorescein even
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on incubation for 30 min. However, human skin fibroblasts could be loaded with
fluorescein although not to the same extent as cFDA and DCFH-DA. Differences in
membrane structure and composition between keratinocytes and fibroblasts clearly lead
to differences in fluorescein permeability and retention.

Confocal microscopy was used to examine the penetration of fluorochrome-labeled
zeolite particles into the cells. Use of Ru@NaY and F@NaY allows visualization of the
zeolite particles, and to ensure that the fluorescence is from encapsulated and not free
probes, their escape from the zeolite hosts was tested. The results showed that
Ru(bipy)s>*, TP" and fluorescein were retained in zeolites (Figures 17, 18, 19), and no
leakage of the fluorescent guests was detected over 24 h. Hence, cell penetration of the
modified zeolite particles can be followed by monitoring guest fluorescence. Because of
its Z-series scan function and high-resolution images, confocal microscopy is a very
useful method to determine the penetration of fluorophore-modified particles into cells
and the distribution profile within cells. All the collected images, especially the Z-series
scan images, showed that neither Ru@NaY nor F@NaY penetrated into rat keratinocytes
or human skin fibroblasts. The faujasite particles aggregated on the surface of the cells,
which is clearly seen in the 3D video (not shown) of the Z-series images. If the modified
particles penetrated into the cells, they would be distributed evenly within cells and not
aggregated at several places like the images shown in Figures 23-27.

As skin is in contact with oxygen and increasingly exposed to UVR, due to
degradation of the protective ozone layer, the risk of photooxidative damage induced by
ROS, leading to phototoxicity, photoaging, and skin cancer, has increased substantially

(53-56). ROS are produced from molecular oxygen by the mitochondrial electron carriers
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and enzymes during the normal metabolism of aerobic cells. It is well known that UVA
and UVB irradiation induces the formation of ROS in cutaneous tissues (9, 57 — 61). To
protect them from oxidative injury, aerobic cells have evolved a complex antioxidant
defense system. However, if the ROS load reaches a critical concentration and
overwhelms the antioxidative defense, oxidative or, if mediated by UVR, photooxidative
damage to all cellular components including DNA, proteins, lipids, and membranes
eventually occurs (9, 62 — 65). Since UVA radiation constitutes more than 90% of the
terrestrial UV solar energy spectrum (Figure 1) and penetrates more efficiently than UVB
into the proliferative basal layers of the epidermis (66, Figure 3), its effect on skin has
been characterized as intrinsic photoaging induced by ROS generation (67). Our studies
on ROS generation upon UVA irradiation, which utilized the H,O,-index probe DCFH-
DA and confocal microscopy, showed increased H,O, generation in a UVA-dose
dependent manner consistent with the previous studies (58, 59). The cells in the
experiment summarized in Figure 31 were irradiated by UVA for a longer time (50 min)
than the cells used in Figure 30 (45 min) but the UVA-induced fluorescence reported in
Figure 31 is lower than that in Figure 30. This may be due to the fact that the cells used in
the two experiments were at different passages (14™ and 11"), and their sensitivity to
UVA was different.

To 1dentify the active oxygen species responsible for the oxidation of DCFH (Figure
7), previous studies (46, 68) examined whether catalase, an enzyme that decomposes
H,0,, prevented the oxidation of DCFH. The addition of catalase completely inhibited
the increase in DCF fluorescence intensity after inducing H,O,, suggesting that H,O,

participated in DCFH oxidation (46, 68). To confirm that DCFH oxidation was caused by
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UVA-induced ROS in human skin fibroblasts, we attempted to repeat the above
experiments with catalase, which was transferred into cells by electroporation. However,
the catalase activity was lost or decreased upon UVA irradiation, and catalase does not
permeate biological membranes and has to be incorporated into cells by electroporation.
TEMPOL, a superoxide scavenger that is water-soluble and permeates biological
membranes, was instead used to examine its effect on DCFH oxidation in our
experiments. TEMPOL inhibits oxidative damage mainly by removing superoxide anions
(69, 70, 71). Investigators have demonstrated the capability of TEMPOL to protect
mammalian cells from damage by superoxide and hydrogen peroxide (47, 49, 50, 71),
although TEMPOL exhibits no catalase-like activity. O," production also leads to H,O,

production due to the disproportionation reaction:

0" +0" + 2H" SO—DP H,O, + O,

This reaction, which is either nonenzymic or catalyzed by SOD, is one of the main
sources of H,O; in vivo (72). Our results demonstrated that DCF fluorescence intensity
was reduced under UVA irradiation after addition of TEMPOL, but the DCF
fluorescence intensity of non-irradiated cells with TEMPOL was almost the same as that
of the control (Figure 31). These results suggest that the UVA-induced superoxide anion
was scavenged by TEMPOL leading to reduction of its downstream product, H,O,, and
confirmed that DCFH oxidation was caused by UV A-induced H;O,..

The formation of ROS, especially hydroxyl radicals, by UV-irradiated TiO, has been

reported (16, 17, 73) as well as in vitro photooxidative damage sensitized by TiO, (18,
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23, 38, 74). The formation of ROS varied with both the crystal size and form of TiO,.
UV-irradiation of the anatase form produced more free radicals than the rutile form (16,
17). Our results on the effect of UVA-irradiated TiO, (anatase form) on H,O, generation
in human skin fibroblasts (Figure 33) are consistent with previous reports of irradiated-
TiO, promoting H,O, generation in cells in vitro. The effects of UV A-irradiated NaY and
TiO; encapsulated in NaY (TiO,@NaY) on H,O, generation also were examined (Figure
33). The results show that NaY alone protected cells from H,O, generation and that
TiO>@NaY dramatically reduced the H,O, levels in cells under UVA irradiation.

Could NaY be used in sunscreens to prevent UVR damage because of its capability to
reduce UVR-induced ROS? The answer is no. Faujasites are usually produced in particle
sizes between 500 and 1000 nm, which makes them ideal for in vitro studies, but too
large to be cosmetically acceptable. Large particles result in more opacity (14) and any
color rendered to sunscreen by an ingredient (whitening) is undesirable. Also, studies
have shown that the smaller the particle size, the less UV light transmitted and better
UVB and UVA protection is expected (14). The goal of our studies was to examine the
ability of TiO,@NaY to protect cells from the adverse effects of UV A-irradiated TiO,.
The results demonstrate that unlike free TiO; plus free NaY, which promote H,O,
generation, TiO,@NaY protects cells from ROS generation upon UVA irradiation
(Figure 33).

Free faujasite also was shown to reduce H,O, generation in fibroblasts (Figure 33).
However, since faujasite particles are too large (200-1000 nm) to be cosmetically
acceptable, small zeolites such as B-nanocrystalline (20-30 nm), which have the particle

size favoured by the cosmetic industry, should be tested. Unfortunately, sufficient
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quantities of modified B-nanocrystalline ware not available for this work. However, in
future research, the penetration of B-nanocrystalline into cells should be tested since TiO,
particles of this size are capable of penetrating into the lower layers of the skin (23, 34).
Also, the ability of organic sunscreen components encapsulated in zeolites in preventing

ROS damage (H,O, generation) in skin cells upon UVA irradiation should be examined.
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