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The properties of engineered nanomaterials and nanoparticles such as zinc oxide and
titanium dioxide may differ substantially from naturally occurring materials and particles.
Nanoparticles have unique physical properties making them ideal for use in various skin

care products currently on the market. Nano-preparations are currently under investigation
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as novel treatments of acne vulgaris, recurrent condyloma accuminata, atopic dermatitis,
hyperpigmented skin lesions, and other non-dermatologic diseases. Because of their
increased surface area, nanoparticles have increased reactivity and a small size allowing
for enhanced mobility through the human body and environment. As their use becomes
more prevalent, nanopatrticles are being scrutinized for their safety and long-term effects.
This review discusses the benefits of nanoparticles in dermatological therapies and skin

USA care products as well as potential disadvantages and possible mechanisms of toxicity.
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Introduction

Nanoparticles are particles measuring 1-t00 nm in at
least one dimension.” To put the nanoscale in perspective,
1o million nm are in 1 cm, and a human hair is about
100,000 nm in diameter. Naturally occurring nanoparti-
cles and nanomaterials have been part of the human
experience since the evolution of the species. For centu-
ries, nanoparticles have been used in artwork and other
materials manufactured by humans.* The advent of engi-
neered nanomaterials and nanoparticles has created new
opportunities and potential problems that may differ sub-
stantially from naturally occurring materials and particles.
Because of the potential benefits of nanoparticles, we are
currently in the midst of a nanoscience revolution.?
Nano-sized particles and materials display unique phys-
ical properties that are neither those of bulk metal nor
those of molecular compounds. Nanomaterials are in
extensive use in wound dressings, cosmetics, detergents,
food packaging, drug delivery, therapeutics, biosensors,
antimicrobial coatings, bactericidal food containers, stain-
resistant clothing, high-performance sporting goods, and
faster and smaller digital electronic devices.** According
to the Wilson Center’s Project on Emerging Nanotechnol-
ogies, since 2006 the number of nano-products has
increased by over 300%, from 212 products in 2006 to
over 1000 products in 2009. Personal care products
account for the largest category, with almost 200 prod-
ucts in the market today.’ In the cosmetic market, prod-
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ucts using nanomaterials are particularly valued for their
optical and tactile properties; they flow easily, may be
transparent, and are pleasant to the touch.® In addition,
functional modifications (e.g. silanization or PEGylation)
are expanding the diversity of applications for many
nanoparticles. According to the National Science Founda-
tion, nanotechnology is expected to become a $1 trillion
industry within the next decade.”

Metal oxide nanoparticles, specifically zinc oxide
(ZnO) and titanium dioxide (TiO:), are the primary
nanomaterials used in sunscreen, skin care, and cosmetic
products. In terms of the technology behind these
nanoparticles, the specific aspects of most metal oxide
processes are patent-protected or proprietary. Different
crystalline forms of the parent materials, which often
occur as oxide ores (e.g. ilmenite or FeTiOs;), exist
naturally. For example, anatase, rutile, and brookite
mineral forms of TiO2 occur naturally, and anatase TiO2
can be converted to rutile TiO= by heating.® These differ-
ent mineral forms of TiO> have unique optical and pho-
tocatalytic properties that change or can be modified at
the nanoscale. Titanium dioxide nanoparticles may also
be produced through a fuming process where TiCly is
hydrolyzed to TiO» (75% anatase, 25% rutile) in a
hydrogen flame.® Furthermore, metal oxide nanoparticles
such as these can be doped or modified further by
processes, including silanization.”™® These processes are
generally designed to increase the functionality or stability
of the nanoparticles.

International Journal of Dermatology 2011, 50, 247-254

247



248

Review Nanoparticles

Wiesenthal et al.

Table 1 Summary of select studies
Study Substance
(reference) characteristics Endpoints measured Exposure Results
Wu et al.*? TiOy: Penetration and toxicity of In vivo: 30 (pigs) and 60 d In vitro, porcine skin: TiO, in
4-10 nm (100% anatase); TiO2 NP in vivo (mice and (mice) SC.
25-90 nm (100% rutile); pigs) and in vitro (porcine In vitro: < 24 h (porcine skin) In vivo, pigs:
Degussa P25 (21 nm: 25% skin) TiOz in SC, SG, PrC, and
rutile/75% anatase) BC (4 nm TiOy) layers;
pathological changes in
cellular structures
In vivo, mice: nanoparticles
(10-60 nm) pass through
skin and enter organs;
adverse growth effects (10,
25 nm; P25)
Sharma et al®®  ZnO: Genotoxicity in vitro (A431, <48h +Genotoxic potential,
DLS = 165 nm; human epidermal cell line) concentration and
TEM = 30 nm; time-dependent
BET = 50-70 nm
Uchino et al.%” TiOy: OH radicals and in vitro 24 h +ROS production and
Anatase: 30 nm; (CHO cytotoxicity: anatase > rutile,
Rutile: 90 nm; cells) cytotoxicity from amorphous forms
Amorphous TiO,-
UVA exposure
Baroli et al.*® TMAOH-stabilized Maghemite Penetration of NPs using ex <24 h NPs (<10 nm) penetrate hair

NP: 6.97 = 0.9 nm (by TEM);

vivo full-thickness skin pieces

follicles and SC;

AOT-stabilized Iron NP:
4.97 + 1.3 nm to 23.37 + 3.6
(by TEM)

occasionally viable epidermis

AOQOT, sodium bis (2-ethylhexyl) sulfosuccinate; BC, basal cell; BET, Brunauer—-Emmett—Teller method; CHO, Chinese hamster
ovary cells; DLS, dynamic light scattering; NP, nanoparticle; PrC, prickle cell; ROS, reactive oxygen species; SC, stratum corne-
um; SG, stratum granulosum; TEM, transmission electron microscopy; TiO,, titanium dioxide; TMAOH, tetramethylammoni-

um hydroxide; ZnO, zinc oxide.

Most recently, nanoparticles are being used in the
medical field to create innovative ways to detect and treat
diseases as their size scale is similar to that of biological
molecules (e.g. proteins and DNA) and structures (e.g.
viruses). Nanoparticle products are currently being devel-
oped to treat methicillin-resistant Staphylococcus aureus,
Alzheimer’s disease, lung and liver carcinoma, and coro-
nary artery disease to name a few.""™™ As their use
becomes more prevalent, nanoparticles are being scruti-
nized for their safety and long-term effects. This review
will discuss the benefits of nanoparticles in dermatological
therapies and skin care products, as well as potential dis-
advantages and possible mechanisms of toxicity.

Nanoparticles in dermatology

Topically applied nanoparticles are utilized in over
200 commercially available skin products, including
sunscreens, cosmetics, and personal care products. Older
formulations of sunscreens using ZnO or TiO» did not
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use nanoscaled material but rather micron-sized material.
The optical properties of micron-sized materials increase
reflection and have a fairly low refractive index compared
with nano-sized materials. Therefore, contemporary
sunscreens using nano-sized ZnO or TiO-. are relatively
opaque and clear compared with older formulations that
remained bright white after application. This dramatically
increased the cosmetic appeal of these products without
sacrificing their effectiveness. Nanoparticle preparations
are also currently under investigation for novel treatments
of dermatological conditions such as acne vulgaris, recur-
rent condyloma accuminata, atopic dermatitis, and hyper-

pigmented skin lesions.

Acne vulgaris treatment

Acne vulgaris afflicts millions of people, and treatment is
often inadequate secondary to poor patient compliance.*®
Use of topical retinoids, one of the mainstays of acne

treatment, is limited by a high incidence of side effects,
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including photosensitivity, eczematous irritation, dryness,
and scaling.”” Nanopreparations of acne medication,
including formulations containing retinoic acid, offer sim-
ilar efficacy and decreased side effects, possibly improving
patient compliance and treatment outcomes.

While the etiology of acne is multifactorial, increased
sebum production due to androgens acting at the seba-
ceous follicle is seen in all patients with acne. *® In the
past, oral anti-androgenic therapies have been limited by
their systemic effects, including teratogenicity in women
and gynecomastia in men. With the latest nanoprepara-
tion, cyproterone acetate-loaded solid lipid nanoparticles
(SLN), researchers have observed enhanced skin absorp-
tion with reduced systemic side effects compared with the
oral administration.™

Condyloma acuminata treatment

The most common sexually transmitted infections seen by
dermatologists are due to mucosal human papillomavirus
(HPV) infections. Of those infected with HPV, up to 1%
of sexually active individuals between 15 and 19 years of
age will develop condyloma acuminata within several
months.*® Once an individual contracts HPV, there is no
way to eradicate the virus from the body. Podophyllotox-
in (POD) has been shown to decrease HPV-infected epi-
thelial  cell
condyloma acuminata but has been linked to severe skin
irritation after its systemic absorption.

Research has shown that POD-loaded SLN may avoid
the systemic uptake of POD through its strong epidermal

growth delaying the development of

localization, unlike the ordinary topical cream and tinc-
ture preparations of POD. Furthermore, POD-loaded
SLN increased the accumulation of POD in the stratum
corneum (SC) of pig skin nearly 3.5 times that of a
0.15% tincture. This finding was thought to be due in
part to the small diameters of the SLN and the enhance-
ment of SC permeability by the soybean lecithin incorpo-
rated into the SLN preparation.®*

Skin hyperpigmentation treatment

Melasma, post-inflammatory hyperpigmentation, and
senile lentigines are all common examples of benign
forms of skin hyperpigmentation. Hyperpigmentation
results from an overproduction of melanin by melano-
cytes and is typically treated by sun avoidance, sunscreen,
and a combination of topical all-trans retinoic acid
(atRA) with hydroquinone.** The atRA accelerates epi-
dermal turnover, which in turn causes an acceleration of
melanin granule discharge, while hydroquinone sup-
presses the formation of new melanin.*> This epidermal
turnover replaces a hyperpigmented epidermis with a less-
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pigmented one within weeks of treatment. Although it is
an effective treatment, the use of atRA and hydroquinone
are known to cause irritation and erythema.

Nano-atRA preparations have a similar bleaching effi-
cacy to standard preparations, but they have improved
permeation into the SC and may allow for slow release.
Retinoid dermatitis is a side effect of nano-atRA but to a
lesser degree.**

Another concern with atRA is its poor stability in heat,
air, and light, as it contains conjugated double bonds,
which are easily isomerized or oxidized creating altered
products.***> Nano-atRA preparations can have colloidal
structures, such as micelles and liposomes, and other mod-
ifications influencing its physical stability.*® As a result,
the solid matrix of SLN offers protection from hydrolysis
and oxidation of active pharmaceutical ingredients such
as atRA. Thus, these nanopreparations have a longer
shelf life, allowing many to be stored for six months to

three years without losing their chemical activity.**>¢

Atopic dermatitis treatment

The prevalence of atopic dermatitis is increasing in indus-
trialized countries, where 10-20% of children and 1-3%
of adults are affected.” These patients characteristically
present with dry skin and pruritus, with failed attempts
at alleviation by scratching or rubbing leading to addi-
tional inflammation and lichenification. Acute, subacute,
and chronic atopic dermatitis are effectively managed by
topical glucocorticoids. However, prolonged or excessive
use of glucocorticoids has been shown to cause osteopo-
rosis, pituitary—adrenal axis suppression, growth retarda-
tion in children, and the inhibition of fibroblasts leading
to skin atrophy.*%°

During an atopic dermatitis flare, glucocorticoids can
reach the dermis after bypassing the compromised and
inflamed epidermis, leading to irreversible skin atrophy.*®
In one study, the topical glucocorticoid, prednicarbate
(PC), was incorporated into SLN and found to induce a
localized effect in the epidermal layer particularly pro-
nounced at 6 h, exceeding that of the standard cream and
ointment nearly fourfold. Furthermore, with the use of PC-
loaded SLN, PC levels were not enhanced in the deeper der-
mis, and there was no increase in the concentrations of PC
or toxic PC metabolites.*® Nanopreparations of these tradi-
tional treatments may enhance drug efficacy and decrease
drug toxicity leading to greater patient satisfaction.

Toxicity and adverse effects

Penetration: just skin deep?
Nanoparticles’ increased surface area creates increased
reactivity, and their small size allows for great mobility
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through the human body and the environment.?® Concern
exists as to the extent of penetration of nanopreparations
of topical medications. According to Rastogia et al. in
their 2009 study on transdermal penetration, polymer
vesicles accumulate in the epidermis with minimal con-
centration in the deeper layers. They postulate that the
site-specific nanoparticle accumulation in the epidermis
can be used for sustained delivery of potent topical agents
in the treatment of psoriasis.>*

Still, others disagree with this observed level of penetra-
tion and argue that nanoparticles are able to infiltrate
beyond the superficial layers of the dermis and possibly
into the bloodstream.

Nanoparticles in sunscreen: safe or hazardous?
Sunscreens are one of the most common products utiliz-
ing nanotechnology. Traditional inorganic particles in
sunscreens, such as ZnO and TiO:, are larger in size,
scatter visible light, and appear white when applied to
the skin. Though ZnO and TiO. are effective in filtering
ultraviolet (UV) A and UVB, the conventional prepara-
tions are cosmetically unattractive, leaving an obvious
white film on the skin. The cosmetic industry solved this
problem by decreasing the size of these inorganic particles
down to the nano-scale, which enabled their products to
scatter less visible light, creating more transparent and
aesthetically-appealing topical products. However, the use
of these nano-sized particles, such as nano-TiO. and
nano-ZnO, has created concern about health risks due to
the increased potential for penetration and reactivity in
the presence of UV light. While several studies suggest lit-
tle if any epidermal or dermal penetration of these nano-
particles, recent work in live mice and pigs indicates that
topically applied nano-sized TiO- particles (<10 nm) may
indeed pass through the SC.3*

In a study by Sharma et al., >3, ZnO nanoparticle-induced
genotoxicity was investigated using a human epidermal cell
line (A431) and a variety of cytotoxicity parameters. A431
cells were exposed to different concentrations of ZnO nano-
particles (0.008-20 pg/ml) for 3—48 hours. The resulting
cytotoxicity was determined by assessing lactate dehydroge-
nase release, mitochondrial activity (MTT assay), and neu-
tral red uptake assay for assessing cell viability, all of which
showed evidence of a time-dependent cell compromise.
DNA damage was assessed using the Comet assay, which
showed a significant amount of DNA damage in the cells
exposed to the ZnO nanoparticles for 6 hours at 5 and
0.8 pg/ml concentrations. More damage was found with
higher ZnO nanoparticle concentrations. There was also an
increase in lipid peroxidation with ZnO nanoparticles at
concentrations > 0.08 pg/ml, dose-dependent levels of
glutathione depletion (59% at 0.8 pg/ml and 51% at
0.08 pg/ml), decreased catalase activity, and reduced
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superoxide dismutase activity after 24 h of exposure to
the ZnO nanoparticles. These data provide evidence that
even low concentrations of ZnO nanoparticles may have
genotoxic effects in human epidermal cells, likely due to
lipid peroxidation and oxidative stress.>?

Titanium dioxide + ultraviolet A yields reactive oxygen
species

TiO: has different crystal forms, including rutile, anatase,
and amorphous. The rutile form, or a mixture of rutile
and anatase, is generally used in cosmetic sunscreens.’*
Studies have found that UV irradiation of the anatase
form of TiO= can lead to reactive oxygen species (e.g.
hydroxyl radical, hydrogen peroxide) formation.?>737

In a 2002 study by Uchino et al., TiO> + UV treatment
(0-36 mJ/cm*)-induced cytoxicity was assessed using vari-
ous sizes (15—400 nm), crystal forms (anatase, rutile, and
amorphous), and quantities of TiO. (o-100 ug/ml).
Results of this study showed that the amount of OH radi-
cal formation depended on the anatase crystal form and
size in both a dose and exposure-related manner, while
the rutile and amorphous forms were less capable of gen-
erating OH radicals. They also used Chinese hamster
ovary (CHO) cells to examine the OH radicals’ cytotoxic-
ity from the first experiment. Uchino et al.?” found that
cytotoxicity was influenced more by the anatase concen-
tration, while there was no significant change in CHO
cell viability with the rutile form. In short, the CHO cells
were sensitive to the amount of OH radical formed.

In 2007, Consumer Reports analyzed eight different
sunscreens, and although there was not any identification
on the bottle, both titanium and zinc nanoparticles were
found.?® In their study of sunscreens, Barker and Branch?®
found that several of the sunscreens they sampled con-
tained the anatase crystal form of TiO-. The risks and ben-
efits of using the anatase crystal form of TiO: in
sunscreens and other cosmetics should be carefully consid-
ered, as the risk of OH radical production and cytotoxicity
appear to increase in the presence of UV irradiation.

Background on metallic nanoparticle
penetration

A major function of the skin, especially the SC, is to pro-
vide a protective barrier against the hazardous external
environment. The skin is relatively impenetrable to lipo-
philic particles larger than 6oo Daltons in size, whereas
lipophilic particles any smaller than this may passively
penetrate the skin (See Table 1).#° Because some nanopar-
ticles have the capacity to create reactive oxygen species
upon UV irradiation, much of the debate regarding the
safety of nanoparticles centers around the question of
skin penetrability.*"4*
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et al.®
<10 nm (modified iron-based nanoparticles with dimen-
sions similar to those of skin penetration routes), which
were not created for skin absorption were capable of

Baroli investigated whether nanoparticles

penetrating or even permeating the skin. Two different
types of nanoparticle dispersions, sodium bis(z-ethyl-
hexyl) sulfosuccinate and tetramethylammonium hydrox-
ide, were applied to human skin samples with the use of
vertical diffusion cells for 3—24 hours and then quantified
for nanoparticle concentration. When comparing back-
scattered electron images and chemical analyses, it was
found that the nanoparticle-treated skin contained iron
aggregates in the SC, sometimes in the epidermis, but
rarely below the SC-epidermal junction. The hair infun-
dibulum and skin grooves also had a predilection for
nanoparticle penetration. This study supports the possibil-
ity of nanoparticles being able to reach the epidermis by
way of the SC.#3

Recently, Wu ef al.>* examined both iz vivo and in vitro
skin absorption and toxicity of various forms and sizes of
nano-TiO- (anatase, rutile, and Degussa P25, anatase/
rutile) using porcine ear skin and pathogen-free mutant
hairless mice. The authors found that in vitro exposure of
isolated pig skin to TiO= for 24 hours led to the detection
of nanoparticles in the outermost surface of the SC with-
out any evidence of penetration into epidermis or dermis.
However, after exposing live pigs to 5% nano-TiO- for
30 days, the nanoparticles had penetrated the SC into the
deeper layers of the epidermis, prickle cell layer, and
basal cell layer. The authors noted that there was deeper
skin penetration with smaller nanoparticle size, leading to
a higher likelihood of damaging the various skin support
and structures.’*

Wu et al. also exposed BALB/c hairless mice for a pro-
longed period of time (6o days) and found that all of the
test nanopigments could penetrate through skin and enter
the liver, lung, heart, and various other organs. Dermal
exposure to these nanoparticles induced excessive kerati-
nization, atrophy of the dermis, and skin wrinkling due
to lipid peroxidation and a reduction in collagen contents
in the mouse skin. Because of these findings, the authors
suggest that skin penetration studies may have more accu-
rate results when using in vivo porcine skin model, and
that nanoparticle penetration into the skin following der-
mal exposure appears to be time-dependent in nature.
Further, topical nano-TiO- exposure probably leads to
dermal toxicity by way of free radical formation, oxida-
tive stress, and collagen depletion, which lead to skin
aging and a potential risk to human health over an
extended period of time.3*

It is important to note that the majority of studies
addressing nanoparticle skin penetration use different ani-
mals such as mice, rabbits, and pigs in an attempt to find
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an animal model that is best able to predict topical
absorption in humans. Each of these animals has varying
skin thicknesses, making results difficult to generalize to
humans. For example, studies have shown that rabbit
skin has greater penetration than rodent skin, which has
greater penetration than pig skin, which in turn has
greater penetration than human skin.*"#* Studies using
larger domestic animals are few in number and should be
considered in future studies. Additionally, the amount of
percutaneous absorption of nanoparticles in short-term
studies may be relatively small. Therefore, the long-term
accumulation may be of greater relevance and conse-
quence. The inadvertent transference and absorption of
topically applied substances containing nanoparticles via
the gastrointestinal, ocular, and respiratory systems has
not been closely examined. These other routes of entry
may prove to be more concerning than percutaneous
absorption.

Conclusions

Over the millennia, organisms have developed methods
for handling small amounts of naturally occurring nano-
particles. Concern exists over the potential for illnesses
associated with accumulating an overwhelming concen-
tration of nanoparticles within an organism that is not
equipped to dispose of such excess. Concern increases
when considering the array of engineered nanomaterials
that are presently under development or in production.
frequently lags  behind
advances, and it is difficult to say which specific diseases

Toxicology technological
we may see associated with ‘“nanoparticle overloading”
due to their increased use and unintentional ingestion
from a variety of sources.*’ For example, 1o years ago
no one would have predicted that organic chelated gado-
linium complexes (i.e. nanoparticle-sized gadolinium)
used in magnetic resonance imaging could cause nephro-
genic systemic fibrosis.#®4” Nephrogenic systemic fibrosis
appears to be a dose-response to gadolinium, as even
normal rats develop the disease when given sufficient
quantities of gadolinium.*® The lungs’ response to
inhaled particles can lead to fibrosis and chronic
obstructive pulmonary disease.*’ The effects of nanopar-
ticles on the gastrointestinal tract, including the liver,
are unclear at this time.

Sunscreen use is a cost-effective means to reduce the
incidence of skin cancer.*® Still, studies have shown a
causal relationship between nanoparticles (e.g. TiO2) and
dermal toxicity, though most have been short-term and
used non-human cells. While the health-protective benefits
of sunscreen use are well known, possible adverse health
risks associated with the recently developed nanoscale
ZnO and TiO> formulations are not yet fully resolved.
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According to Newman et al.*" in their 2009 analysis of
data from 1980 to 2008, there is no evidence to suggest
that TiO> and ZnO nano-sized particles reach signifi-
cantly beyond the SC. This suggests that proper and care-
ful application, as directed, does not result in detectable
internal exposure. Still, with daily or regular application
of nanoparticle sunscreens, the long-term effects of
chronic, repeated exposure are largely unknown. Whether
toxicity exists from incidental ingestion and inhalation,
trace amounts being absorbed dermally, or from direct
reactive oxygen species formation in the skin itself, much
is still unknown about the safety of these products.

Questions

1. Which of the following is one of the primary nano-
materials found in skincare products?
(a) FeTiO;
(b) TiO-
(¢c) Zn203
(d) TiOs

2. Cyproterone acetate-loaded solid lipid nanoparticles
have enhanced skin absorption with increased sys-
temic side effects compared with the oral administra-
tion.
(a) True
(b) False

3. Topical podophyllotoxin-loaded solid lipid nanoparti-
cles are thought to be less irritating due to
(a) Increased systemic uptake
(b) Decreased epidermal localization
(c) Strong epidermal localization
(d) Decreased efficacy

4. Nanopreparations of all-trans retinoic acid with
hydroquinone have a longer shelf life.
(a) True
(b) False

5. Studies have shown which form of TiO: leads to
increased formation of the most reactive oxygen spe-
cies?
(a) Rutile
(b) Amorphous
(c) Degussa P25
(d) Anatase

6. Lipophilic particles larger than 1000 Daltons can
penetrate the skin.
(a) True
(b) False

7. Dermal exposure to nanoparticles in hairless mice
has not shown which of the following?
(a) Excessive keratinization
(b) Atrophy of the dermis
(c) Skin wrinkling
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(d) Reduced lipid peroxidation
(e) Reduced collagen
8. Topical nanopreparations are not currently used to
treat
(a) Atopic dermatitis
(b) Post-inflammatory hyperpigmentation
(c) Scabies
(d) Acne vulgaris
9. The anatase crystal form of TiO> has been found in
sunscreen on the market.
(a) True
(b) False
10. Topical nanoparticles have been found to penetrate
(a) Subcutaneous tissue
(b) Hair infundibulum
(c) Nail
(d) Fascia

Answers on page 254.
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