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Chapter 1. Introduction

In this Chapter we establish the background, challenges, and motivations behind this thesis.



Chapter 1

1.1. Photoprotection and UV Light

Photoprotection is the protection of organisms and materials from sunlight. Sunlight consists
of a broad spectrum of wavelengths of light before reaching earth, in which approximately
50% of the total energy lies in the infrared region (wavelength A =1 mm-700 nm), 40% in the
visible (A = 700-400 nm), and 10% in the UV (A = 400-1 nm).! Shorter wavelengths are higher
in energy, meaning that the term “photoprotection” more specifically refers to the protection
of organisms against higher-energy UV light.

UV light can be categorised into “bands” based on the wavelength of the light: UVA (A
=400-320 nm), UVB (A =320-280 nm), UVC (A = 280-100 nm), and EUV (A = 100-1 nm) (Figure
1.1a). However, not all these bands of UV light from sunlight actually reach the earth. The UV
light in sunlight is first significantly filtered by the largest photoprotective material on earth:
the ozone layer. The ozone layer absorbs all high-energy UV light with wavelengths shorter
than A =290 nm, allowing only UVB and UVA through. Next, UV light is also heavily scattered
by clouds, fog, and pollutants in the atmosphere before finally reaching the earth’s surface.?3
If the human eye was able to “see” UV light, then the sky would no longer appear blue. The
reason the sky appears blue is because blue is the highest energy radiation we can see, and
blue light — being of a higher energy than other visible light — is scattered the most through
our atmosphere (Figure 1.1b). If we could see UV light then the sky would appear UV
coloured. Interestingly, if we could only see UV radiation then the world would appear rather
hazy, with very low visibility. This is because higher energy wavelengths such as UV light are
scattered considerably, where scattering is proportional to the inverse of the wavelength to
the power of 4. Some insects can actually see UV light, which has even resulted in some
flowers evolving pigments to attract these pollinators (Figure 1.1c-d). All in all, less than 5%
of the total sunlight that reaches the organisms on earth is UV, where the ratio of UVA to UVB
is 20:1.2

UV radiation has both positive and adverse effects for organisms on earth. For humans
in particular, UVB radiation is required for the formation of bone-strengthening Vitamin D.3
Moreover, UVA radiation results in an often desirable skin-darkening (tanning). However,
excessive exposure to UV radiation can have devastating effects. UVA and UVB radiation are
both responsible for the generation of carcinogenic reactive oxygen species (ROS) in the skin
which damages DNA. UVA is more penetrative than UVB and therefore can damage DNA
deeper into the skin. UVA is also responsible for the degradation of collagen networks in the
skin, leading to skin aging. UVB is responsible for sunburn.®> The harmful effects of
overexposure to UV are serious, with more people diagnosed with skin cancer every year than
all other cancers combined.*

The harmful effects of UV light have resulted in many organisms evolving natural
photoprotection solutions. For example, the upper cell layers of plant leaves contain aromatic
sinapate ester molecules which absorb harmful UV light whilst they absorb light for
photosynthesis (Figure 1.2a).> Hippopotamuses secrete a colourless, viscous sweat consisting
of aromatic monomer compounds which polymerise on the surface of the skin resulting in a
colour change to red and then brown (Figure 1.2b).® As for humans, we have developed a
natural solution through melanin (Figure 1.2c). Melanin is a broad term for a group of natural
UV-absorbing pigments produced by the body in response to exposure to UVA and UVB
radiation. However, melanin alone is not sufficient to keep up with modern-day habits, such
as sunbathing holidays abroad. Moreover, the need to prolong the shelf life of our foods and
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Figure 1.1. (a) Visual representation of the UV and visible light spectrum within the electromagnetic
spectrum. (b) The sky appears blue to us because shorter light wavelengths are scattered more
strongly, and blue is the limit which our eyes can detect. If we could see UV light then the sky would
appear “UV”. (c, d) Photographs of the Potentilla Reptans flower in visible (c) and UV (d) light. Hidden
information about the plant becomes obvious when observing in the UV. Photo credit: “Flower in UV
light Potentilla Reptans” by Wiedehopf20, licensed under CC BY-SA 4.0.

our desire to prolong the lifetime of our dearest material possessions means that
photoprotection is an increasingly important industry. Therefore, humans are continuously
developing novel methods of photoprotection.

1.2. A History of Photoprotection

Humans have developed solutions to photoprotection using clothes and sunscreens. Clothes
have been used from antiquity, but perhaps surprisingly, so have sunscreens. The first known
use of sunscreen by humans was with the ancient Egyptians, who used extracts of rice,
jasmine, and lupine plants. The ancient Greeks would lather themselves with olive oil.”

The year 1928 saw the introduction of the first commercial synthetic product in the
US market, which consisted of an emulsion of two UV-absorbing molecules: benzyl salicylate
and benzyl cinnamate.” The general term describing UV-absorbing molecules such as these
later became “organic UV filters”. Over the next two decades, products were introduced
containing more organic UV filters, including phenyl salicylate, quinine oleate, quinine
bisulfate, and most notably para-aminobenzoic acid (PABA, Figure 1.3). PABA is still used
today and its discovery led to the development of several currently-used organic UV filters
based on para-benzoates. During the second world war, the US military swore by “Red Vet
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Figure 1.2. Natural solutions to photoprotection. (a) Leaves contain their own sunscreen, such as UV-
absorbing molecules sinapic acid (left chemical structure) and sinapoyl malate (right chemical
structure). (b) Hippopotamuses ‘sweat’ their own sunscreen, containing red and orange pigments aptly
named “hipposudoric acid” and “norhipposudoric acid” respectively. (c) Darker skinned individuals
contain more UV-absorbing melanin pigment in their skin.

Pet” (Red Petroleum Jelly), a sticky red substance that functioned as a physical barrier to the
sun.® Red Vet Pet was then developed after the war into a more consumer-friendly substance
with the addition of cocoa butter and coconut oil and sold under the name Coppertone.®
Sunscreens at this time were not so popular largely because of a lack of awareness of the
harmful effects of the sun, but also because of their unpleasant sticky feel, tendency to stain
clothes, and because many of the organic UV filters present in the formulations were
allergenic.'®

The 1970s and 1980s were a crucial period in the development of sunscreen. The
public was becoming more aware of tanning’s “dark side”. Scientists started to understand
the difference between UVA and UVB in terms of their effects on the body.!! They realised
that UVA was not well protected against and so avobenzone was synthesized as a UVA only
organic filter (Figure 1.3). Then, in further efforts to enhance UVA protection, large
micronsized titanium dioxide (titania, TiO2) and zinc oxide (ZnO) particles were used in
formulations. The general term describing UV-attenuating particulates such as titania and zinc
oxide later became “inorganic UV filters”. Inorganic UV filters were attractive because they
provided effective UVA and UVB protection whilst also being less allergy-inducing than many
of the organic UV filters. Despite this, these micronized inorganic UV filters were cosmetically
unappealing because of white appearance of the product when applied on skin, as well as
having undesirable comedogenic properties.!? Later, nano-sized titania and ZnO were
introduced, which provide more effective protection against both UVA and UVB and,
importantly, are transparent when applied as a coating because they scatter visible light less
effectively than their micronized counterparts.’> Most current photoprotection products
contain a mixture of organic and inorganic UV filters.!?

Consumer goods use similar photoprotection ingredients and strategies. For example,
plastics and many textiles often incorporate organic UV filters to protect against material
disintegration, phototendering, and colour degradation which all occur as a direct result of
extensive UV exposure.* These adverse effects of UV light for both consumer goods and
sunscreens is demanding increasingly advanced photoprotection solutions. Therefore, the
desire for greater cosmetic appearance and texture, effectiveness, durability, safety,
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Figure 1.3. The chemical structures of four commonplace organic UV filters used in photoprotection.

biocompatibility (less allergenic), water resistance, and environmental properties, has driven
chemists towards further developments in nanotechnology.

1.3. Nanotechnology in Photoprotection

Nanotechnology is defined as the manipulation of matter between 1 nm and 100 nm.
Nanotechnology has already significantly advanced photoprotection with the development of
nanosized inorganic UV filters (titania and ZnO) and improved organic UV filters. The
nanosized titania and ZnO are more effective UV attenuators than larger particles, have a
transparent appearance when applied as a coating, and a low allergenic response.3 Improved
organic UV filters have been developed which are less allergenic, more photostable, and can
better protect across a broad spectrum of UV. However, although nanotechnology has
progressed photoprotection to a certain extent, there are still improvements to be made.

The main concerns with current photoprotection components are effectiveness,
stability, safety, and environmental impact. Ideal sunscreens, for example, must: (i) provide
sufficient protection for long periods of time across the complete UVA and UVB spectrum, (ii)
contain components that are not harmful to humans or the environment, and (iii) do not
degrade to form by-products that are harmful to humans or the environment. However,
current photoprotection does not satisfy all these criteria. Regarding point (i), some organic
UV filters are unstable with respect to isomers that are less efficient UV absorbers, resulting
in reduced UV attenuation as a function of time.*> Regarding point (ii), organic UV filters can
be allergenic,'® and also penetrate through the skin to the bloodstream where they can
undesirably act as endocrine disruptors.'’ Additionally, the organic UV filter oxybenzone has
been linked with coral reef bleaching,® and the inorganic UV filter titania can accumulate in
coastal waters resulting in negative effects to marine organisms after ingestion.'® These
environmental concerns surrounding UV filters have even resulted in the US state Hawaii
passing a bill banning the sale of sunscreen containing organic UV filters oxybenzone and
octinoxate.?? Regarding point (iii), both organic and inorganic UV filters generate carcinogenic
reactive oxygen species (ROS) when exposed to sunlight which are undesirably in direct
contact with skin.?!

Further developments in nanotechnology have the potential to address these
problems. For example, one effective method to address many issues in photoprotection is
by encapsulation of organic UV filters into nanoparticles (Figure 1.4). Encapsulation of organic
UV filters into nanoparticles has been shown to stabilise the UV filters against degradation.??
Moreover, the co-encapsulation of organic UV filters with antioxidant photostabilisers into
nanoparticles is a potential method of enhancing the photostabilizing effects of the
antioxidant which is confined in close proximity to the organic UV filters. Additionally,
encapsulation of organic UV filters into nanoparticles reduces direct UV filter to skin contact,
resulting in reduced allergenic properties and reduced amounts of carcinogenic ROS reaching
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= nanoparticle

A = organic UV filter
* = antioxidant

Figure 1.4. A cartoon to visually describe a potential future of sunscreens. Here, nanoparticles can be
used to encapsulate multiple species, including organic UV filters/UV-absorbing plant extracts and
antioxidants.

the skin.?® Another effective method to address many issues in photoprotection is to replace
the current inorganic and organic UV filters with UV-absorbing plant extracts.?* UV-absorbing
plant extracts can potentially enhance safety and environmental impact in photoprotection.?*
This leads us nicely into the scope of Part 1 of this thesis.

1.4. Scope of this Thesis

1.4.1 Part 1: Biobased UV-Absorbing Nanoparticles for Photoprotection

Part 1 of this thesis is about the development of biobased UV-absorbing nanoparticles for
photoprotection. We investigate the encapsulation of commonplace organic UV filters, an
antioxidant photostabilizer, and UV-absorbing plant extracts into biobased nanoparticles
(NPs) from ethyl cellulose. We explore whether these biobased NPs can provide effective
broadband UV protection, photostabilize the organic UV filters, and form coatings. Moreover,
we investigate whether we can develop advanced functional materials from these biobased
UV-absorbing NPs.

1.4.2 Part 2: UV-Absorbing Composite “Matchsticks” for Functional Materials
In Part 2, we investigate a UV-absorbing colloidal particle which we have already discussed in
the context of inorganic UV filters, titanium dioxide (titania, TiO3). Titania, alongside being
UV-absorbing, also has other unique properties, such as a high refractive index and catalytic
activity.?® The high refractive index of titania makes it very interesting for the development of
novel advanced materials with optical functionality, whilst the catalytic property makes it
interesting for water-splitting?® and self-propelling particles.?’

Titania’s UV-absorbing and high refractive index properties have led to its extensive
usage in sunscreens, paints, food colouring, paper, and personal care products.? Titania is
therefore produced in considerable quantities, with the global production exceeding 9 million

6
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metric tons per annum.?® It is mined from ore and isolated as crystalline titania primarily in
the form anatase or rutile by chemical reactions. These applications use titania across a wide
range of sizes, from nanometers to micrometers. However, the use of titania in it’s pure form
limits its potential applications. Much research has therefore been devoted to the preparation
of composite materials with titania.?®

Composite materials with titania have many advantages. As is the case with composite
materials in general, titania-based composite materials allow the combination of the unique
properties of titania with effective properties of other compounds. For example, combining
titania with silica (SiO2) has shown to improve the thermal stability, dispersibility, stability of
NPs against aggregation and sintering,?> and optical tenability.?° Improvements in the thermal
stability allow the use of titania catalysts at higher temperatures, improvements in the
dispersibility allow easier cosmetic formulation preparations, and improved stability of NPs
against aggregation allows maintenance of the desired NP properties. Moreover, combining
titania with other compounds such as MgO and ZrO; can allow greater catalytic activity and
selectivity,3° whilst combining titania with magnetic iron oxide can significantly improve
recoverability of titania from reaction media.3! Despite the effectiveness of many titania
composite nanomaterials, one limitation of all these examples is that the structures are
isotropic. The design of anisotropic composite materials which incorporate titania, whilst
challenging, has the potential to open up completely new materials with new applications.3?
Therefore, we investigate the synthesis of composite matchstick-shaped particles with titania
in Part 2 of this thesis.

1.5. Thesis Outline

In this thesis, we develop UV-absorbing colloidal particles for advanced photoprotection and
functional materials. In Part 1, we develop UV-absorbing nanoparticles (size range 1-100 nm)
for advanced photoprotection and functional materials. In Part 2, we develop larger UV-
absorbing particles (with at least one dimension on the size range 100-1000 nm) for functional
materials. Therefore, we describe both sets of UV-absorbing particles under the umbrella
term “colloids”, which refers to the size range 1-1000 nm.33

1.5.1 Part 1: Biobased UV-Absorbing Nanoparticles for Photoprotection

In Chapter 2, we develop ethyl cellulose nanoparticles (ECNPs) with encapsulated
commonplace UV filters from sunscreens (oxybenzone, octinoxate, and avobenzone) and an
antioxidant (a-tocopherol). We show that these ECNPs can absorb UV light across the entire
UVA and UVB spectrum and that these ECNPs can form effective transparent flexible coatings.
Significantly, we also show that the co-encapsulation of an antioxidant with the UV filters
lowers the concentration of carcinogenic reactive oxygen species inside the ECNPs. These UV-
absorbing ECNPs with encapsulated photostabilizing antioxidant are potentially very
interesting for more effective and safer photoprotection.

In Chapter 3, we study ECNPs for their size tunability and encapsulation of
oxybenzone, octinoxate, and avobenzone. We investigate the maximum loadings of each of
the UV filters into the ECNPs, and the photodegradation of the UV filters upon incorporation
into the ECNPs and when encapsulated with the antioxidant a-tocopherol.

In Chapter 4, we develop nanoparticles from ethyl cellulose (ECNPs) and zein (ZNPs)
with encapsulated UV-absorbing plant extracts (retinol, p-coumaric acid, and quercetin). We
show that these fully-biobased UV-absorbing nanoparticles from both ethyl cellulose and zein

7
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can absorb across the entire spectrum of UVA and UVB. We then investigate the maximum
loadings of the UV-absorbing plant extracts into the ECNPs, the ability for these ECNPs to form
coatings, and the extent of leakage of these UV-absorbing plant extracts from the ECNPs.
These fully biobased UV-absorbing ECNPs have great potential to satisfy many issues
surrounding safety and environmental concerns in photoprotection.

In Chapter 5, we develop highly transparent UV-blocking “nanopaper” materials which
have great potential as sustainable replacements for plastics in food packaging. The materials
are prepared by combining the UV-absorbing ECNPs developed in Chapters 2-4 with a waste
source of cellulose nanofibrils. We maximise the transparency of these materials to visible
light whilst maintaining complete UV-blockage. Additionally, we investigate the photostability
of these materials.

In Chapter 6, we develop ethyl cellulose nanoparticles with an encapsulated
photochromic dye. This colourless photochromic dye changes molecular configuration upon
the absorption of UV light into a structure which is coloured. We investigate the ability for
these UV-absorbing ECNPs to form “smart materials”, such as colour-changing coatings and
colour changing nanopaper.

1.5.2 Part 2: UV-Absorbing Composite “Matchsticks” for Functional Materials

In Chapter 7, we develop composite matchstick-shaped particles with amorphous (non-
crystalline) titania “heads” and silica “tails”. We investigate the tunability of the “matchsticks”
in terms of their aspect ratio, and the assembly of these particles into 2D arrays and 3D
supraparticles.

In Chapter 8, we extend the synthesis from Chapter 7 for the preparation of
matchsticks with potentially any functionality. This synthesis is interesting for the preparation
of novel particle structures with a wide variety of functionalities, which could have a very wide
range of applications and fundamental interest. Moreover, this extended synthesis technique
should allow the incorporation of crystalline titania forms such as anatase and rutile, which
have a higher refractive index and catalytic activity than amorphous.
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Chapter 2. Biobased Nanoparticles for Broadband UV
Protection with Photostabilized UV filters

Sunscreens rely on multiple compounds to provide effective and safe protection against UV
radiation. UV filters in sunscreens, in particular, provide broadband UV protection but are
heavily linked to adverse health effects due to the generation of carcinogenic skin-damaging
reactive oxygen species (ROS) upon solar irradiation. Herein, we demonstrate significant
reduction in the ROS concentration by encapsulating an antioxidant photostabilizer with
multiple UV filters into biobased ethyl cellulose nanoparticles. The developed nanoparticles
display complete broadband UV protection and can form transparent and flexible films. This
system therefore shows significant potential toward effective and safe nanoparticle-based UV
protective coatings.

13
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2.1. Introduction

An essential issue within consumer products is protection against ultraviolet (UV) radiation.
UV protection within food and packaging materials is required for retarding chemical
degradation, whereas UV protection within personal care products (i.e., sunscreens) is
imperative for the preservation of human health as excessive exposure to UV-radiation
accounts for the vast majority of skin cancers.'3

The main requirements and challenges in the preparation of UV-protective coatings
are (i) to provide broad protection over the entire UVA/UVB spectrum, and (ii) to maintain
photo-stability after extended periods of irradiation.*® Currently, broad UV spectrum
protection is realized via the use of multiple organic UV filters (e.g. avobenzone, octinoxate,
oxybenzone, padimate-O, octocrylene) together in sunscreen formulations where the UV
filters are solubilized via emulsions. There is, however, considerable concern regarding the
production of carcinogenic reactive oxygen species (ROS) by organic UV filters because of
photo-degradation when exposed to sunlight.”® To address the issue, antioxidants (i.e., a-
tocopherol) are added to sunscreen formulations in order to scavenge generated ROS, thus
providing photostabilization.®-1! Minimising skin contact with UV filters is also desirable due
to concern over adverse effects caused by systemic absorption of UV filters penetrating the
skin.'>13 This has led to interest involving encapsulation into nanoparticles to reduce their
(photo)-toxicity.'*1” Encapsulation into nanoparticles provides further advantages such as
the amount of UV filter added to a formulation is no longer limited by its solubility in the
solvent/vehicle,'® photodegradation can be stymied,’® and the need for unnecessary
chemicals (i.e., surfactants, organic solvents) is reduced. So far, encapsulation has been most
popular using materials such as solid-lipid nanoparticles (SLNs),*® poly(D,L-lactide)
particles,'>'> and silica.}#1®2021 Notably, SLNs have shown to be suitable carriers for
encapsulating UV filter “couples”, two UV filters into the same carrier, in order to provide
broader UV spectrum protection.?> Nanoparticle-based UV-protective coatings still, however,
need to meet the requirements currently faced by sunscreens. Therefore, there is a need to
develop nanoparticles which can effectively encapsulate multiple UV filters and antioxidants
all together, regardless of their initial physical states (liquid/solid), in order to provide
broadband UV spectrum protection and vital photostabilization concerning protection against
ROS. Furthermore, the developed nanoparticles should be biobased for maximum cosmetic
appeal and also suitable for multiple solvent systems. Nanoparticles that can be dispersed in
multiple solvent systems offer versatility for usage within many different sunscreen
formulation types (e.g., oil, emulsion). SLNs for instance, although biobased, are not suitable
for oil-based formulations as they will simply dissolve.

Herein, we therefore demonstrate the encapsulation of multiple UV filters together
with an antioxidant into biobased and environmentally benign nanoparticles designed from
ethyl cellulose (EC). EC is a material with potential for use within many solvent systems. We
show that broadband UV spectrum protection can be achieved and that the concentration of
ROS within the ethyl cellulose nanoparticles (ECNPs) is reduced upon the encapsulation of an
antioxidant. Furthermore, considering the application of UV-protective coatings we show the
ability to form uniform, transparent, flexible, UV protective coatings from the ECNPs.
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2.2. Results and Discussion

ECNPs, with a desirable size for cosmetic applications (<100 nm) were prepared using
a modified “anti-solvent precipitation” procedure of that from literature.?® This was chosen
primarily for its up-scalable potential. Here, ethyl cellulose was dissolved in ethanol before
being poured into a large volume of water resulting in spontaneous formation of ECNPs.
Removal of the ethanol (and some water) by rotary evaporation resulted in a stable aqueous
dispersion of ECNPs with an average size of 50 nm and narrow distribution (Figure S2.1).

We then investigated the encapsulation of three commonplace UV filters separately,
which together span the entire UVA/UVB spectrum (oxybenzone, avobenzone, and
octinoxate), into ECNPs. The encapsulation procedure relies on the coprecipitation of the
hydrophobic UV filters together with the EC. To physically encapsulate UV filters into ECNPs,
the individual UV filter was dissolved with the ethyl cellulose in ethanol before undergoing
the antisolvent precipitation to form ECNPs with encapsulated UV filter. For each of the three
model UV filters the encapsulation efficiency and the maximum amount of UV filter
encapsulated into ECNPs were explored. To explore this, we prepared a series of dispersions
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Figure 2.1. (a-c) Absorption spectra for a series of ECNPs prepared in which varying amounts of UV
filter (a) octinoxate, (b) oxybenzone, and (c) avobenzone have been added to the synthesis. The
concentration of all aqueous ECNPs dispersions measured here are equal (5x102 g L?). “50%” is a
weight percentage indicating, for example, 0.5 g UV filter was added to 1 g of EC. (d) TEM image of
ECNPs with encapsulated octinoxate. Scale bar 500 nm.
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Figure 2.2. (a, b) Absorption spectra of ECNPs with equivalent amounts (by weight) of encapsulated
UV filters octinoxate, oxybenzone, and avobenzone, (a) individually and (b) together. (c, d) Absorption
spectra of ECNPs containing these three UV filters and an antioxidant (a-tocopherol (A = 288 nm)) all
encapsulated together, (c) in equivalent amounts (by weight) and (d) with more a-tocopherol relative
to the UV filters (mass ratio 1:1:1:10). Increasing the mass ratio as in (d) accentuates the presence of
the a-tocopherol.

for each UV filter in which increasing amounts of the UV filter were added to the synthesis
along with the EC. To clarify, the amount of EC used in the synthesis was always kept constant
but the amount of UV filter was varied. Figure 2.1 shows three absorption spectra, one for
each UV filter series, for the resulting aqueous dispersions of ECNPs. The spectra clearly show
the efficient encapsulation of all UV filters tested. There is a general trend that the more UV
filter initially added to the synthesis the more encapsulated, which is intuitive. However, in
the two series involving encapsulating avobenzone and oxybenzone the maximum
absorbance appears to level off for the addition of greater amounts of UV filter. This leveling
off indicates that the ECNPs become completely saturated with UV filter to a point in which
they cannot encapsulate any greater amounts. This result is consistent with the experimental
observation that increasing amounts of nondispersed aggregates were seen. Transmission
electron microscopy (TEM) imaging (Figure 2.1d) and dynamic light scattering (DLS)
measurements (Figure S2.1) indicated no change in morphology/size of the nanoparticles
upon encapsulation of the UV filters.

To provide full UV spectrum coverage with the ECNPs, we prepared ECNPs with
multiple UV filters encapsulated together. To achieve this, the same antisolvent precipitation
technique used before to encapsulate an individual UV filter was implemented. Thus, equal
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amounts (by weight) of the three UV filters (oxybenzone, avobenzone, octinoxate) were
dissolved with EC in ethanol before pouring into water. After evaporation of the ethanol, an
aqueous dispersion of ECNPs with multiple UV filters encapsulated was prepared. From the
spectrain Figure 2.2a-b, it is clear that by encapsulating all three UV filters together the ECNPs
provide protection across the entire UVA/UVB spectrum (A = 290—-380 nm).

To address the issue of large concentrations of ROS generated by UV filters when
irradiated by sunlight, we encapsulated an antioxidant along with the UV filters. We chose a-
tocopherol as the model antioxidant to be encapsulated as a result of the many independent
studies demonstrating the photostabilizing effect when used in combination with UV
filters.>1024 q-tocopherol has an absorption maximum at A = 288 nm, which overlaps with that
of octinoxate and oxybenzone but is far less prominent. Despite this, however, its presence
can be seen by these absorption spectra since there is a slight absorbance increase at A = 288
nm (Figure 2.2c), which becomes more prominent upon the addition of more a-tocopherol
(Figure 2.2d). We found these ECNPs with encapsulated UV filters and antioxidant maintained
a high level of stability with respect to the loss of absorbance as a function of time when
irradiated by artificial sunlight (Figure S2.2).

We devised an experiment to test whether the encapsulated antioxidant reduced the
concentration of carcinogenic ROS within the ECNPs by using the ROS scavenger 9,10-
diphenylanthracene (DPA). DPA is well-known as a ROS —in particular, singlet oxygen species
(*0,) — scavenger, used for the quantification of 10,.2> DPA absorbs UV light whereas its
reaction product with 0, (DPA-endoperoxide) does not (Scheme 2.1), so monitoring the
degradation of the absorbance of DPA at Amax= 376 nm indirectly provides an indication of the
amount of 03 species produced.

Scheme 2.1. Reaction of Diphenylanthracene (DPA) with a Singlet Oxygen Species to Form
DPA-Endoperoxide.

Ph Ph
+ 102 .
Ph Ph

An aqueous dispersion of ECNPs with encapsulated DPA was irradiated by artificial
sunlight. DPA was found to degrade significantly under UV light itself. We found that
encapsulating the UV-filter octinoxate — known to produce 0, 2¢ — along with DPA did result
in even greater degradation, although this was a relatively small increase. We demonstrated
that the encapsulation of the antioxidant significantly suppresses this degradation (Figure
2.3a-b), and that a greater amount of encapsulated antioxidant results in slightly greater
suppression (Figure 2.3c). Therefore, we demonstrated that the encapsulation of an
antioxidant reduces the concentration of carcinogenic 102 within the ECNPs.
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Figure 2.3. (a, b) Absorption spectra showing the degradation of the absorbance of singlet oxygen
(*0,) scavenger DPA encapsulated into ECNPs as a function of time when irradiated by artificial
sunlight. DPA itself degrades under UV-irradiation to a certain extent but also due to the reaction with
10, to form DPA-endoperoxide (Scheme 2.1) which unlike DPA does not absorb in the 500-300 hm
range. The decrease in absorbance at A = 376 nm therefore is an indication for the amount of 0, in
the ECNPs. (a) ECNPs contain DPA and octinoxate only (mass ratio 1:1) and significant degradation at
A= 376 nm is observed. (b) ECNPs contain DPA, octinoxate, and a-tocopherol (mass ratio 1:1:1) and
this degradation at A= 376 nm is considerably suppressed as a result of the a-tocopherol presence
reducing the concentration of 10,. (c) displays these degradations from a and b as a percentage as a
function of time, as well as cases not shown in which the degradation was monitored for (i) ECNPs
with DPA only and (ii) ECNPs with DPA, octinoxate, and a-tocopherol but with a greater amount of a-
tocopherol than in b.

Finally, transparent, flexible and uniform UV-protective coatings were prepared by
spin coating a concentrated dispersion (290 g L) of the ECNPs containing encapsulated UV
filters avobenzone, oxybenzone, and octinoxate in equal amounts onto plasma-cleaned glass
microscope coverslips at 1500 rpm for 1 min (Figure 2.4a). We found that coating subsequent
layers upon the original layer — a well-established technique in spin coating — allowed
complete flexibility to tune the coating UV protection that we desired (Figure 2.4b). We
observed that the coating remained transparent to visible light when the glass was coated
with multiple layers, but was effective in blocking out UV light (Figure 2.4c and Figure 2.4d).
Furthermore, the coating is completely flexible (Figure 2.4e) in contrast with sol-gel inorganic
coatings,?! rendering it attractive for applications in, for example, UV protective food
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Figure 2.4. (a) Photo of a coated glass coverslip with a transparent, uniform, UV-protective coating.
(b) Absorption spectrum showing the absorbance exhibited when multiple layers are spin coated.
Wavelengths lower than A=290 nm are not shown as they are absorbed by the glass coverslip. (c, d):
Three UV-induced (by a A=375 nm LED) fluorescent squares in which the middle square has either: (c)
a plain glass cover slip or (d) our multiple-coated glass coverslip on top of it. The middle square with
the UV-protective coated glass slide (border indicated by the dashed line) appears considerably darker
than that of the plain glass slide because the coating — containing encapsulated UV filters in the ECNPs
—blocks UV light from passing through it and stimulating the square to fluoresce. The top and bottom
squares are references. (e) Photo of a coated rectangular glass coverslip with an intact coating upon
bending, showing that the coating is flexible.

packaging materials. By SEM (scanning electron microscopy) imaging we observed that a
three-layer coating was 235 + 18 nm thick (Figure S2.3); therefore, we deduced that each
coating layer was 78 = 6 nm thick, assuming each layer contributes an equal amount to the
overall coating. Thus, to get a coating that filters 90% of UVA-light (sun protection factor (SPF)
=10) at, for example, A = 320 nm (Absorbance = 0.68 A.U. for three-layer coating), a coating
thickness of 391 nm is required.

2.3. Conclusions

In conclusion, the encapsulation of multiple UV filters along with a photostabilizing
antioxidant into nanoparticles designed from ethyl cellulose (ECNPs) was demonstrated.
Importantly, the addition of this antioxidant photostabilizer (a-tocopherol) showed
significant reduction of the concentration of carcinogenic ROS within the ECNPs, known to be
produced by UV filters. These nanoparticle carriers effectively encapsulated all the UV filters
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(oxybenzone, avobenzone, octinoxate) and the antioxidant tested resulting in ECNPs with
complete UVA/UVB protection and photostabilized UV filters. Moreover, considering that
these nanoparticles are interesting for the application of UV protective coatings, the ability
for these nanoparticles to form transparent, uniform, flexible, UV-protective coatings with
tunable thicknesses and SPF were also demonstrated. As interest for nanoparticle use within
sunscreens grows because of the substantial concerns associated with UV filter—skin contact,
it must be demonstrated that suitable options exist that fulfill the requirements. Here, we
present a step toward realizing this goal.

2.4. Materials and Methods

Materials

Ethyl cellulose (EC) degree of substitution 2.1-2.6 (100 cP, lot number MKBT0521V), oxybenzone (98%,
solubility in water 69 mg/L at 25°C (PubChem database)), avobenzone (299%, solubility in water 2.2
mg/L at 25°C (PubChem database)), octinoxate (98%, solubility in water 0.4 mg/L at 24°C (PubChem
database)), antioxidant a-tocopherol (295%), and diphenylanthracene (DPA, 97%) were all purchased
from Sigma Aldrich. Ethanol (100%) was purchased from Interchema and pure water was used from a
Millipore system.

Preparation of ECNPs

ECNPs were synthesised via a modified anti-solvent technique as reported by Bizmark et al.2>A5 g L'?
solution of ethyl cellulose in ethanol was prepared and decanted into three times as much water.
Rotary evaporation removed ethanol and some water resulting in an aqueous dispersion of ECNPs.
The concentration was then set at 5 g L by gravimetric analysis and then adjustments with water.
This was then passed through a 2 um filter to remove any aggregate.

Loading of UV-filters and an Antioxidant into ECNPs

The UV-filters oxybenzone, avobenzone, octinoxate and the antioxidant a-tocopherol were
encapsulated by dissolving them into the original ethanol solution with ethyl cellulose, before
repeating the anti-solvent precipitation procedure.

Measurement of ROS reduction in ECNPs

ENCPs with encapsulated: (i) DPA; (ii) DPA and UV-filter; (iii) DPA, UV-filter and antioxidant; were all
prepared via the anti-solvent precipitation as described above. The dispersions were diluted and
added to a quartz cuvette sealed with a Teflon stopper. The cuvette was subjected to irradiation by a
75 W Xenon lamp at a distance of 20 cm (a flux of 3 mW cm™ between 300 and 400 nm). The
absorbance was measured hourly for four hours. The total UV dose was 432 k] m™; equivalent to 2
hours 24 minutes of summer sunlight in Nice at noon.?”

Preparation of UV-Protective Coatings

A concentrated dispersion of the ECNPs containing encapsulated avobenzone, oxybenzone, and
octinoxate (42 g L', 300 plL) was spin-coated onto plasma-cleaned glass microscope cover slips (No. 1,
22mm) at 1500 rpm for one minute. Additional layers were spin coated onto the original coating layer
to increase the coating thickness. Coating thickness was determined by breaking the coated cover slip
in half and imaging the broken slide placed vertically in the SEM.
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Measurements and characterizations

Aqueous ECNP dispersions were characterized by: TEM (Philips TECNAI12 electron microscope),
spectrophotometry (HP 8452a), SEM (FEI XL30FEG) and DLS (Zetasizer Nano ZS, Malvern). Coatings
were prepared with a spin-coater (SCS P6700) and the coating thickness images were analyzed with
Imagel. Photographs of fluorescent squares were taken using a DigiEye (VeriVide). The photographs
of the cover slips with transparent and flexible coatings were taken with a Nikon D70.
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Appendix
Characterization of ECNPs

DLS measurements (Figure $2.1a) showed a monodal size distribution with z-average 50 nm.
TEM (Figure S2.1b) imaging was consistent with this observation. Cryo-TEM imaging was
performed to capture a snapshot of the particles as they would exist in dispersion (Figure
$2.1c). The cryo-TEM images were also consistent with the size measurements from the DLS.

Volume (%)

1 10 100 1000 10000
Size (nm)

Figure S2.1. (a) DLS measurement of the aqueous dispersion of ECNPs, (b) TEM image of the ECNPs.
Scale bar 500 nm. (c) cryo-TEM image of the ECNPs. Scale bar 200 nm.

Photostability measurements of ECNPs with encapsulated UV-filters and antioxidant

ECNPs with encapsulated UV-filters and antioxidant (oxybenzone, avobenzone, octinoxate, a-
tocopherol, (1:1:1:1 mass ratio)) were irradiated by artificial sunlight in an identical way as for
the ROS measurements. We found that the absorbance degrades slightly but only by 20%
(measured from the degradation at 292 nm, Figure S2.2) after 4 hours of irradiation under
artificial sunlight (equivalent to 2 hours 24 minutes of summer sunlight in Nice at noon?’).
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Figure S2.2. Absorption spectrum showing the degradation of the absorbance of the three UV-filters
and antioxidant encapsulated together into ECNPs as a function of time when irradiated by artificial
sunlight.
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Analysis of coating thickness

The thickness of the coating was measured via SEM imaging, where the coated microscope
slide was broken in half and the broken edge was imaged from directly above. The edge of
the glass was visible and a small coating layer upon it (Figure S2.3a). Figure S2.3b-c show the
surface of the broken coated microscope slide at greater magnification and a small coating
layer is visible. The thickness of the layer was determined by ten measurements at different
points across the layer using Imagel. Figure S2.3d is an image of the surface of the coated
microscope slide. At this magnification some artefacts become apparent but to the human
eye the coating is uniform.

Figure S2.3. SEM images of the microscope slide with ECNP coating broken in half in which the coating
thickness was determined. (a) The broken edge of the microscope slide is imaged from directly above
at low maghnification. (b) The edge is imaged at higher magnification and a thin coating layer is present.
(c) The edge at a different area along the broken slide edge is imaged at high magnification. (d) The
surface of the coating is imaged at low magnification and appears uniform despite some artifacts.
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Chapter 3. Size and Optically Tunable Ethyl Cellulose
Nanoparticles as Carriers for Organic UV Filters

Optically active nanoparticles (NPs) are potential building blocks for bottom-up functional
technology in applications such as displays, sensors, and sunscreens. For sunscreens in
particular, NPs can be used as delivery systems for organic UV filters in order to minimise skin
exposure to these molecules. Here, we investigate the synthesis of size-tunable ethyl cellulose
NPs (ECNPs) and their application as carriers for multiple organic UV filters. We prepared
ECNPs with sizes of 50 to 165 nm via an antisolvent precipitation technique and investigate
the incorporation of three commonplace organic UV filters — oxybenzone, avobenzone, and
octinoxate — into the ECNPs. We found the particle loading varied greatly with each UV filter.
Photodegradation of the UV filters remained unchanged upon incorporation into ECNPs and
was not affected by co-encapsulating the antioxidant a-tocopherol. These results can
significantly advance the development of environmentally friendly functionalized
nanoparticles and UV-protective coatings.
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3.1 Introduction

Nanoparticles are becoming increasingly popular as building blocks for novel functional
materials via a bottom-up approach. Adding functionality to nanoparticles allows for
specialization for particular applications, and this functionality is most often achieved either
via surface modification or incorporation of materials into the nanoparticles. The
incorporation of optically active molecules into nanoparticles, in particular, has significant
importance in applications such as displays,*? sensors,’3 pigments,* and sunscreens.>®

Sunscreens can potentially utilize nanoparticles to address the issues surrounding
possible direct skin contact with the organic UV filtering compounds. These organic UV filters
— for example oxybenzone, avobenzone, octinoxate, padimate-0, and octocrylene — are often
highly conjugated aromatic molecules and work by absorbing UV radiation, therefore filtering
the amount that reaches the substrate (i.e. skin) which they are protecting. Despite providing
vital protection against harmful UV light, there are many adverse health effects associated
with the direct contact of skin with organic UV filters. Multiple studies have raised concern
that organic UV filters can penetrate through the skin and enter the blood stream”°. Some
such UV filters, oxybenzone in particular, have also been identified as potential endocrine
disruptors and potent skin allergens.>1%1* Moreover, many organic UV filters are also well-
known for their photo-instability resulting in the production of carcinogenic reactive oxygen
species (ROS) upon solar irradiation.’>~® One prospective method to improve the stability of
organic UV filters whilst also minimizing skin contact is to incorporate them into
nanoparticles.

The incorporation of individual organic UV filters into nanoparticles has been
demonstrated with nanoparticles designed from materials such as: silica,®'*2! solid-lipid
nanoparticles,?? poly-lactide particles,”?? gelatin,?* cyclodextrins,?> and ethyl cellulose?® (EC).
Nanoparticles from EC, in particular, are very appealing as carriers for organic UV filters
because: i) they are biobased and biocompatible, ii) the particles can be prepared in a simple
precipitation process using acceptable solvents, and iii) they are suitable for use in various
solvent systems thus multiple sunscreen formulation types i.e., emulsion, oil based and even
formulations containing ethanol — EC is soluble only in pure ethanol and EC nanoparticles are
perfectly stable in 25% v/v ethanol.2® Although EC nanoparticles (ECNPs) are promising
carriers for UV filters in sunscreen applications, their synthesis and optical properties are not
well studied.?’ In this study, we investigate the size and optical tunability of ECNPs.

Herein, we initially explore the preparation of ECNP dispersions using a simple
antisolvent precipitation method and explore the range of particle sizes that can be prepared.
Thereafter, we encapsulate three commercial organic UV filters (oxybenzone, avobenzone,
and octinoxate) into the ECNPs and determine the maximum particle loadings for each UV
filter. We then investigate the incorporation of the UV filters into the ECNPs — the particle
morphological changes upon incorporation, the effect of incorporating UV filters on the ECNP
dispersion stability, and the physical state (amorphous or crystalline) of the UV filters when
incorporated. Finally, we explore the photostability of the UV filters upon encapsulation when
exposed to artificial sunlight. We compare the photodegradation of the UV filters before and
after encapsulation into the ECNPs, and furthermore investigate whether the
photodegradation can be suppressed by co-encapsulating an antioxidant photostabilizer.
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Figure 3.1. (a-h) Size distributions determined by DLS for ECNPs at various EC concentrations in
ethanol. (i) Average particle size (values from the DLS measurements) as a function of the
concentration of EC used in the antisolvent precipitation.

Our results provide a vital insight into the preparation of ECNPs and the incorporation
of organic molecules into ECNPs to give optically functionalized nanoparticles.

3.2 Results and Discussion

3.2.1 Preparation of ECNPs and Investigation of the Particle Size Tunability

We investigated the size range that we could prepare ECNPs using a modified antisolvent
precipitation method from literature.?® The ability to prepare particles of very small sizes
(<100 nm) is advantageous for use in sunscreens to enhance cosmetic appeal — sunscreen
formulations appear transparent when applied on skin due to the reduced scattering of visible
light. We found that we could easily tune the average size of the ECNPs between 50 nm and
165 nm in diameter by varying the amount of EC used in the synthesis (see dynamic light
scattering (DLS) measurements in Figure 3.1(a-h) and Figure 3.1i.

Attempts to prepare particles smaller than 50 nm by using lower concentrations of EC
resulted in dispersions where the particle concentration was too low to be measured by DLS.
We therefore did not probe lower concentrations than 1.6x103 g mL?! of EC in ethanol.
Aqueous dispersions of ECNPs of smaller sizes (42 nm) have actually been reported in
literature by using lower EC concentrations and a different solvent system (isopropyl alcohol
instead of ethanol).?® Attempts to prepare particles greater in size than 165 nm resulted in
bimodal, very polydisperse distributions of particle sizes (Figure S3.1). Moreover, there was a
large amount of macroscopic aggregates formed during the precipitation. We actually found
this in general, that greater amounts of macroscopic aggregates of precipitated EC formed
during the antisolvent precipitation as a function of greater initial EC concentrations in
ethanol. This can be explained by the decrease in the yield of particles upon increasing
concentrations of EC (Figure $3.2, raw data in Table $3.1). Smaller particles were prepared
with very high yields — close to 100% — but the larger particles (>100 nm) had lower vyields.
Although we expect that the yield of larger particles could be enhanced by introducing a steric
stabilizer, we did not use one because we wanted to keep the formulation as simple as
possible.

The ECNP size shows an almost perfect linear dependence on the initial concentration
of EC in ethanol Figure 3.1i (raw data in Table $3.1), a phenomenon which has previously
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Figure 3.2. TEM (a) and SEM (b) image of ECNPs. Scale bars 500 nm.

been reported with other materials using an antisolvent precipitation method.3%-32 TEM and
SEM imaging showed particle sizes consistent with the DLS measurements (Figure 3.2).

We have therefore demonstrated tunability of particle sizes in the range very
appealing for sunscreen applications (<100 nm), where these very small sizes are particularly
interesting because such formulations appear transparent when applied on skin.

3.2.2 Loading of UV Filters into ECNPs and Investigation of the Maximum Particle
Loadings

We chose to investigate the ECNPs with size 71 nm (corresponding to the dispersion
in Figure 3.1d) because these are the largest ECNPs that can be prepared with a very high
yield (>80%) (Figure $3.2). We then explored the optical tunability in terms of the maximum
possible loadings of UV filters into the ECNPs. UV filters can be incorporated into ECNPs by
performing the antisolvent precipitation with both EC and UV filter dissolved together in
ethanol before pouring into water.?® The antisolvent precipitation procedure results in
aqueous dispersions of nanoparticles with incorporated UV filters, because of the
coprecipitation of hydrophobic EC along with the hydrophobic UV filters. We chose to
investigate the three UV filters oxybenzone, avobenzone, and octinoxate, because they are
commonplace in sunscreen formulations and because of their solubility properties (soluble in
ethanol and insoluble in water).

We found that all UV filters could be encapsulated efficiently and that more UV filter
used in the synthesis generally resulted in more incorporated (Figure 3.3, data in Table S3.3).
Interestingly, the UV filter octinoxate was efficiently incorporated to very high maximum
particle loadings (54.5 wt%), whereas the UV filters avobenzone and oxybenzone show lower
maximum particle loadings of 7.8 wt% and 13.8 wt% respectively. To put these loading values
into context, similarly-sized ECNPs (<100 nm) have been explored as drug carriers, showing
maximum particle loadings of 17 wt% for the drug Repaglinide33. As an experimental
observation, this lower encapsulation efficiency of oxybenzone and avobenzone is evident
during the synthesis because larger amounts of macroscopic precipitate are observed after
the antisolvent precipitation when larger amounts of UV filter are used. Although the exact
reason for this large discrepancy in loading between the UV filters is not known, we
hypothesise that this may be a result of a higher solubility of octinoxate in EC (thus a greater
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Figure 3.3. Amount of UV filter loaded into the ECNPs as a function of the amount of UV filter dissolved
in the solvent phase in the synthesis. Actual values are reported in Table S3.3.

partition coefficient) compared with oxybenzone and avobenzone, analogous to the loading
of SLNs with lypophilic drugs3* and polycarbonate NPs with highly hydrophobic drugs.?®
Avobenzone and oxybenzone apparently have a lower solubility limit in the EC than
octinoxate and therefore the ECNPs are saturated at lower loadings.

Despite the increasing amounts of precipitating material between dispersions, the
loadings were still relatively low which meant that the particle sizes mostly did not change
upon encapsulation of the UV filters and remained constant (~70 nm) for all dispersions
except for the ECNP dispersion containing the highest loading of octinoxate (54.5 wt%), where
the average particle size increased to ~90 nm (see Figure S3.3).

Attempting additions of large amounts of avobenzone (50 wt%) resulted in the
formation of a bimodal particle distribution where micron sized particles were also observed
along with the smaller ECNPs (Figure S3.4). This is why there is no data point in Figure 3.3 for
avobenzone at 50 wt%. These micron sized particles are either pure avobenzone particles or
avobenzone particles stabilized with some EC at the interface: similarly-sized particles form
when the antisolvent precipitation procedure is carried out with an equal amount of only UV
filter (no EC, Figure S3.5). The addition of very large amounts of octinoxate (>50 wt%) also
resulted in a bimodal particle distribution of micron-sized particles observed along with the
smaller ECNPs (Figure S3.6) — similar to what we witnessed previously with large amounts of
avobenzone. Similar to the case with avobenzone, we hypothesize that the larger micron-
sized particles were pure octinoxate particles or octinoxate particles stabilized with some EC
at the interface: similarly-sized particles form when the antisolvent precipitation procedure
is carried out with an equal amount of only UV filter (no EC, Figure S3.7). The larger micron-
sized particles form along with the ECNPs only when there is enough UV filter added. We
hypothesize that these larger micron-sized particles only form beyond a critical point when
there is enough excess unencapsulated UV filter to form stable particles.
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Oxybenzone

B

Figure 3.4. TEM/SEM images of ECNPs with encapsulated oxybenzone (a-b), encapsulated
avobenzone (c-d), encapsulated octinoxate (e-f). All scale bars 200 nm.

3.2.3 Insight into the ECNPs with Incorporated UV Filters

We gained an insight into the incorporation of UV filters into the ECNPs with TEM
imaging, zeta potential measurements, and powder X-Ray diffraction measurements.

To explore whether the particle morphology changed upon the incorporation of UV
filters, TEM imaging was performed on the ECNPs from the dispersions with the highest
loadings of the UV filters (13.8 wt% for oxybenzone, 54.5 wt% for octinoxate, 7.8 wt% for
avobenzone). In Figure 3.4 we see that the ECNPs remain roughly spherical upon
incorporation of the UV filters and that the particle size of the ECNPs remains consistent with
the DLS measurements.

Using the zeta potential measurements we investigated two factors associated with
the incorporation of UV filters into ECNPs: i) whether the dispersion was made more/less
colloidally stable (and therefore prone to particle aggregation) by the encapsulation of UV
filters, and ii) whether the UV filters exist surface bound, inside the ECNPs, or both upon
encapsulation. With respect to the former point, Figure 3.5a shows that the zeta potential
gets more negative as a function of greater loadings for all UV filters, which is desirable as it
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Figure 3.5. (a) Zeta potential as a function of the amount of the loaded UV filter for oxybenzone,
octinoxate, and avobenzone. (b) X-Ray diffraction measurements for: dried ECNPs with encapsulated
avobenzone (ECNPs contained 13.8 wt% avobenzone), dried ECNPs with encapsulated oxybenzone
(ECNPs contained 7.8 wt% oxybenzone), pure ECNPs, pure ethyl cellulose, pure oxybenzone, and pure
avobenzone.

indicates improved stability. This could be considered a surprising result because the UV
filters are all neutral molecules and therefore should have little effect on the surface charge,
however, it is known that even nonpolar surfaces can acquire a considerable negative
potential by adsorption of hydroxide ions released by the self-dissociation equilibrium of
water.36 A similar charging mechanism is also commonly seen with emulsions and particles
stabilized by non-ionic surfactants.3%3” With respect to the second point, it is desirable that
UV filters are less surface bound because the intended application is for cosmetic UV
protection —therefore skin contact is minimized. The change in zeta potential as a function of
particle loading in Figure 3.5a indicates that all the three UV filters are likely present on the
ECNP surface, and that higher loadings result in greater surface presence. Despite this, the
UV filters are likely not exclusively present on the ECNP surface, and this hypothesis is
supported by our findings in Figure $3.10 which show that the maximum loadings of the UV
filters into larger ECNPs is considerably greater than would be expected if the UV filters were
exclusively incorporated on the particle surface.

We gained further insight into the incorporation of the UV filter into the ECNPs using
X-Ray diffraction measurements. Upon encapsulation, it is necessary that the UV filters are
distributed evenly and amorphously amongst the ECNPs and therefore do not exist in
crystalline clusters. Crystalline clusters would hypothetically result in an uneven distribution
of UV filter across a coating prepared from these ECNPs, which is obviously undesirable. We
performed the X-Ray diffraction measurements on the dried particles from the dispersions
which contained the largest amount of encapsulated UV filter (13.8 wt% for oxybenzone, 7.8
wt% for avobenzone). In Figure 3.5b we see the crystalline nature of both UV filters
oxybenzone and avobenzone in their pure form (octinoxate is a liquid and therefore was not
measured) before incorporation into the ECNPs and how this crystalline nature is no longer
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Figure 3.6. Absorbance measurements of the three UV filters (octinoxate, avobenzone, and
oxybenzone) taken at hourly intervals when irradiated by artificial sunlight. (a, b, c) correspond to
oxybenzone, (d, e, f) correspond to octinoxate, (g, h, i) correspond to avobenzone. (a, d, g) The UV
filters are dissolved in ethanol, (b, e, h) the UV filters are encapsulated into ECNPs, (c, f, i) the UV filters
are encapsulated into ECNPs along with an antioxidant which is co-encapsulated (mass ratio 1:1).

exhibited when incorporated. These UV filters therefore exist in the desired state inside the
ECNPs for coating applications such as sunscreens.

3.2.4 Photodegradation Studies of UV Filters in ECNPs and the Effect of Co-
Encapsulation with an Antioxidant Photostabilizer

Finally, an effective nanoparticle carrier for UV filters must allow the UV filters to remain
photostable, where ‘photostability’ is quantified by the extent of the degradation of
absorption of UV radiation as a function of time when irradiated by sunlight (a.k.a.
photodegradation). Therefore, the ECNPs should preferably have little effect on the ability of
the UV filters to absorb UV radiation as a function of time. Nanoparticles prepared from
certain materials, such as poly-D,L-lactide-co-glycolide, have even been reported to actually
provide a stabilizing effect on UV filters resulting in reduced photodegradation?3.

In order to investigate the photodegradation of the three UV filters (oxybenzone,
octinoxate, and avobenzone) encapsulated into our ECNPs, we irradiated diluted aqueous
dispersions of ECNPs with encapsulated UV filters (loading 8.0 wt%, 7.9 wt% and 7.8 wt% for
oxybenzone, octinoxate, and avobenzone respectively) by artificial sunlight and measured the
absorption profiles at hourly intervals for three hours in total. We found that the
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photodegradation of the UV filters is identical when incorporated into the ECNPs to when
dissolved in ethanol (Figure 3.6 farthest left column compared with the middle column, no
significant difference is observed in the degradation profiles). It is noteworthy that octinoxate
shows a large degradation after the first hour. This is because octinoxate initially exists
primarily of the high-absorbing cis isomer and irradiation of sunlight causes an isomerism of
the octinoxate molecule to a racemic mixture.3® The identical photodegradation profiles of
the UV filters when both incorporated and not incorporated therefore show that ECNPs fulfill
the requirement of allowing the UV filters to remain photostable when incorporated.

The photostability of UV filters is known to be influenced by the presence of
antioxidants, which are commonly added to sunscreen formulations for this reason. The
antioxidants — in particular a-tocopherol — are primarily known to neutralize the degradation
products generated as a result of irradiation by sunlight.3*=*' Some studies, although less
common, have also reported a-tocopherol to provide a beneficial effect towards suppressing
the photodegradation of UV filters.*4?2 We therefore investigated whether co-encapsulating
a-tocopherol along with UV filters in ECNPs would suppress the photodegradation of the UV
filters.

In previous work, we observed that the incorporation of octinoxate and a-tocopherol
in a 1:1 ratio into ECNPs results in a significant suppression of the reactive oxygen species
produced upon irradiation by artificial sunlight.?® Here, we therefore prepared three ECNP
dispersions with this same 1:1 ratio of UV filter to antioxidant but this time investigated the
effect of the antioxidant a-tocopherol on the photodegradation of the three UV filters
oxybenzone, avobenzone, and octinoxate. Dispersion 1 consisted of ECNPs with oxybenzone
and a-tocopherol incorporated, dispersion 2 consisted of ECNPs with octinoxate and a-
tocopherol incorporated, and dispersion 3 consisted of ECNPs with avobenzone and a-
tocopherol incorporated. The incorporation of the a-tocopherol is evident from the slightly
increased absorbance peak at A=288 nm (see Figure $3.11 for absorption spectrum of ECNPs
with only a-tocopherol incorporated), as can be seen in Figure 3.6 (most noticeable when
comparing Figure 3.6h with Figure 3.6i). The dispersions were stable and the particles were
sized ~70 nm.

Interestingly, we observed no photo-stabilizing effect of the antioxidant a-tocopherol
on any of the three UV filters. This can be seen in Figure 3.6, in which the photodegradation
profiles where an antioxidant is co-encapsulated with the UV filter (in the farthest-right
column) show no lesser photodegradation than when no antioxidant is incorporated (middle
column). In fact, we found that the photodegradation of octinoxate was actually marginally
greater in the presence of the antioxidant a-tocopherol (Figure 3.6f shows a marginally
greater degradation than Figure 3.6e). It is conceivable that this marginally greater
degradation is not actually the octinoxate photodegrading faster, but the a-tocopherol —
which absorbs in the same region as octinoxate and is known to photodegrade*® — also
photodegrading. These results imply that the antioxidant a-tocopherol does not suppress
photodegradation of UV filters, and thus the antioxidant’s stabilizing effect comes only in
neutralizing the skin-damaging decomposition products which we have shown in previous
work.26

3.3 Conclusions

We demonstrated the preparation of ECNPs with tunable size (50-165 nm) via an upscalable
antisolvent precipitation technique. We then investigated the loading of ECNPs with the three
commonplace commercial UV filters: oxybenzone, avobenzone, and octinoxate.
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We found that the maximum loadings varied strongly depending on the encapsulated
UV filter (avobenzone 7.8 wt%, oxybenzone 13.8 wt%. octinoxate 54.5 wt%). TEM imaging
showed the composite particles remained spherical with no significant morphological
changes upon incorporation of the UV filters. The incorporation of greater amounts of UV
filters resulted in moderate (avobenzone, oxybenzone) to strong (octinoxate) increases in the
zeta potential. X-Ray diffraction measurements showed that the UV filters exist in an
amorphous state upon incorporation into the ECNPs. Photostability of the UV filters was not
affected after incorporation into the ECNPs. Moreover, the addition of an antioxidant didn’t
result in better maintenance of absorbance by the UV filters, contrary to some other
studies.*4?

Here, we studied the incorporation of three commonplace UV filters into ECNPs and
conclude that ECNPs have great potential in photoprotection applications because of their
simple size and optical tunability, upscalable potential and biobased nature. UV-absorbing
ECNPs can significantly advance the utilisation of biobased functionalized nanoparticles for
many industrial applications where photoprotection is required, but further studies are
needed for this to become a commercial reality, such as the extent of leakage, the
incorporation of biobased UV filters and photostabilisers, and tests on the compatibility of
ECNPs with other formulation components.

3.4 Materials and Methods

Materials

Ethyl cellulose (EC) degree of substitution 2.1-2.6 (100 cP, lot number MKBT0521V), oxybenzone (98%,
solubility in water 69 mg/L at 25°C (PubChem database)), avobenzone (299%, solubility in water 2.2
mg/L at 25°C (PubChem database)), octinoxate (98%, solubility in water 0.4 mg/L at 24°C (PubChem
database)), antioxidant a-tocopherol (295%) were all purchased from Sigma Aldrich. Ethanol (100%)
was purchased from Interchema and pure water was used from a Millipore system.

Preparation of ECNPs

ECNPs were prepared via a modified ‘antisolvent precipitation’ technique from literature?®. We
prepared a series of various sizes of ECNPs by dissolving various masses of EC (0.08 g, 0.1 g, 0.1375 g,
0.275g,0.5g,0.75g,1g,1.125g, 1.25 g) in ethanol (50 mL) before pouring into the antisolvent water
(150 mL, pH 5-6) under fast magnetic stirring, resulting in the spontaneous formation of ECNPs. Rotary
evaporation removed the ethanol and some water until the dispersion was 50 mL. If too much was
evaporated, the dispersions were topped up to 50 mL with water to keep particle concentrations
constant. The dispersions were then passed through a 1.2 um filter to remove any large aggregates
that formed. The dispersions were prepared two-fold.

Loading of UV Filters into ECNPs

UV filters were encapsulated into ECNPs via a coprecipitation in the same antisolvent synthesis
described above. We prepared a series of various amounts of encapsulated UV filter in ECNPs, where
each series contained six dispersions for each UV filter oxybenzone, avobenzone, and octinoxate.
Here, EC (0.275 g) and UV filter (6.9x103g, 0.014 g, 0.021 g, 0.028 g, 0.055 g, 0.14 g, see full data in
Table $3.2) were both dissolved in ethanol (50 mL) before pouring into antisolvent water (150 mL).
The same antisolvent precipitation procedure was then followed (evaporation, top up to 50 mL, pass
through a filter) resulting in 50 mL aqueous dispersions of ECNPs with encapsulated UV filters.
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Determination of Particle Loadings

Loadings of UV filter in ECNPs were determined via a spectrophotometric method. Here,
approximately 40 mL of the ECNPs with encapsulated UV filter dispersions was dried in a glass 100 mL
beaker with magnetic stirrer at 80°C overnight. The following morning, the dried solid was removed
from the beaker and weighed. This known mass of ECNPs with encapsulated UV filter was then
completely dissolved in ethanol (10 mL) in a small glass vial sealed with a cap. Once completely
dissolved, a certain amount of this solution was diluted by a known amount (usually 100 times further
— 0.1 mL solution made up to 10 mL with water) and the absorption spectrum was measured using a
HP 8452a spectrophotometer. The absorbance value at the peak in the spectrum was compared with
a pre-prepared calibration curve comprised of multiple concentrations of UV filter dissolved in
ethanol. The measurements were performed in triplicate.

Particle Size Characterisation

ECNPs were characterised with TEM (Philips TECNAI12 electron microscope) in which the samples
were prepared by pipetting a drop of the ECNP dispersion onto a Butvar-coated TEM grid, SEM (FEI
XL30FEG), and DLS (Malvern Zetasizer Nano ZS, particle size distributions were obtained by using a
CONTIN fitting).

Powder X-Ray Diffraction Measurements

Powder X-Ray Diffraction measurements were performed with PW 1729 Philips diffractometer,
equipped with a Cu Ka X-ray source (A=1.5418 A), by drying the dispersions overnight at 80°C under
stirring and taking the resultant solid material for the XRD measurements.

Zeta potential Measurements

Zeta potential measurements were performed with a Malvern Zetasizer Nano ZS, at equal particle
concentrations, equal dilutions, and in the presence of a background salt (10 mM NaCl). The pH was
also kept constant (that of milliQ water, pH 5-6). Keeping the pH constant therefore allowed us to
directly compare the particles from dispersion to dispersion. Typically, a sample of the ECNP
dispersion was taken and this was diluted 40 times (i.e., 0.1 mL dispersion topped up to 4 mL with
water which contained 10 mM dissolved NaCl). All measurements were performed one day after
preparation of the ECNP dispersion.

Photodegradation Studies of UV Filters in ECNPs and the Effect of Co-Encapsulation with an
Antioxidant Photostabilizer

ECNPs with encapsulated UV filters were prepared as described above. Encapsulating an antioxidant
was also done in the same manner, where EC (0.275 g), antioxidant a-tocopherol (0.028 g) and UV
filter (0.028 g) (therefore mass ratio 1:1) were dissolved in ethanol before performing the antisolvent
precipitation as described above. In order to quantify the photodegradation, the dispersions were
diluted with water and added to a quartz cuvette sealed with a Teflon stopper. The cuvette was
subjected to irradiation by a 75 W Xenon lamp at a distance of 20 cm (a flux of 3 mW cm™ between
300 and 400 nm). The absorbance was measured hourly for three hours. The total UV dose was thus
324 kJ m?; equivalent to 1 hour 48 minutes of summer sunlight in Nice at noon*,
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Appendix
Preparation of ECNPs and Investigation of the Particle Size Range

In Figure 3.1 we found that ECNPs could be prepared with sizes ranging from 50 nm
to 165 nm. Attempts to prepare larger particles than 165 nm resulted in bimodal, very
polydisperse distributions of particles as shown in Figure $S3.1 below.

0.025
g/mL

o

1 10 100 1000 10000
Size (nm)

Figure $3.1. Size distribution as determined by DLS for when 0.025 g mL™ EC in ethanol is used for the
antisolvent precipitation. Note that the DLS measurement shows a very polydisperse bimodal
distribution of particles.

The yield of ECNPs for the series in which increasing concentrations of EC in ethanol
solution were used for the antisolvent precipitation was quantified (100 x particles formed
mass/mass of EC originally added). Yield values (Figure $3.2) were determined by taking 10
mL of the dispersion and drying in a glass vial at 80 °C overnight. The mass of the dried
particles was then measured, multiplied by 5 (to correspond to the total 50 mL dispersion),
and then this value was divided by the initial mass of EC added. This was done two-fold. We

100 7
80 ]

%

40

20| s E

0.00 0.01 0.02
Concentration of EC (g/mL)

Yield (%)

Figure $3.2. The yield for the series is plotted as a function of the concentration of EC in ethanol. The
two in the series concerning the lowest two concentrations of EC in ethanol (1.6x103 g mL? and 2x10°
3 g mL?Y) are not measured because the particle sizes for the lowest three concentrations were all

similar.
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see that the yield decreases for the larger concentrations of EC in ethanol. Thus, higher
concentrations of EC in ethanol allow the preparation of larger ECNPs but the vyield is
sacrificed.

The complete raw data set for Figure 3.1i, Figure $3.1 (conc. EC in ethanol 2.50x102%g
mL?) and Figure $3.2 can be found in Table $3.1 below. Both the mean and modal average
are reported for the particle size for completeness but the graph in Figure 3.1i only uses the
values for the mean average particle size.

Table S3.1. The raw data for Figure 3.1i.

Conc. of Particle Particle Particle Particle PDI PDI Yield Yield
ECin size size size size diameter average error
ethanol (g modal mean error error (nm) (%) (%)
mL?) average average (modal (mean

(nm) (nm) average, average,
1.60 x103 35 50 0.197 0.280 0.230 23.7 - -
2.00 x103 37 58 0.639 0.540 0.280 30.9 - -
2.75x10° 39 53 0.630 0.784 0.204 23.9 94.5 5.5
5.50x103 64 71 0.277 0.389 0.158 27.4 82.0 4.0
1.00 x102% 87 100 0.239 0.373 0.157 39.3 77.0 0.5
1.50 x102% 113 118 0.921 1.164 0.135 42.4 53.6 9.6
2.00 x102 148 146 0.176 0.224 0.126 52.8 35.5 0.5
2.25x102 177 160 0.265 0.482 0.136 60.7 23.0 1.0
2.50 x102% 206 165 5.231 1.064 0.243 83.1 14.7 7.8

Loading of UV filters into ECNPs (71 nm) and Investigation of the Maximum Particle
Loadings

Table $3.2 shows the compositions of a series of 7 ECNP dispersions which were prepared by
dissolving constant amounts of EC and increasing amounts of UV filter into ethanol before
undergoing the antisolvent precipitation.

Table S3.2. Compositions of the amounts of EC and UV filter initially dissolved in 50 mL ethanol for the
three series of seven dispersions (one series of 7 dispersions for each UV filter).

Dispersion Mass of Mass of UV filter oxybenzone/ UV filter added expressed as a

EC (g) avobenzone/octinoxate (g) weight percentage (wt%)
1 0.275 0.007 2.4
2 0.275 0.014 4.8
3 0.275 0.021 7.1
4 0.275 0.028 9.0
5 0.275 0.055 16.0
6 0.275 0.138 334
7 0.275 0.275 50
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Figure S3.3. Size distributions as determined by DLS for the ECNP dispersions which contained the
largest loadings of UV filter. (a) ECNPs with incorporated octinoxate (54.5wt%). Mean average particle
size 90 nm. (b) ECNPs with incorporated avobenzone (7.8wt%). Mean average particle size 70 nm. (c)
ECNPs with incorporated oxybenzone (13.8wt%). Mean average particle size 70 nm.

Interestingly, despite the larger amounts of precipitating material, we found that the
resultant particle sizes were constant for all dispersions (70 nm) except the ECNPs dispersion
containing the highest loading of octinoxate (90 nm). In Figure $3.3 below we see the DLS
measurement for this dispersion which contains the highest loading of octinoxate (Figure
$3.3a) compared with the DLS measurements which contain the highest loadings of
avobenzone and oxybenzone (these spectra are identical to the spectra of non-loaded ECNPs
prepared from the same concentration of EC in ethanol). The DLS measurements of all other
ECNP dispersions in the series were also identical to Figure $3.1b and Figure S3.1c below,
with an average particle size of 70 nm.

When attempting to prepare ECNPs with large amounts of encapsulated UV filter we
would dissolve large amounts of the UV filter in ethanol along with the ethyl cellulose before
undergoing the antisolvent precipitation.

When large amounts of UV filter avobenzone were dissolved in ethanol (before
undergoing the antisolvent precipitation) we found that the ECNPs would become saturated
and the excess UV filter would form a secondary set of larger droplets (Figure $3.4). We
hypothesize that the secondary set of larger particles are likely stable droplets of pure UV
filter (or possibly droplets of UV filter stabilized with some EC at the interface) because
performing the antisolvent precipitation with only UV filter avobenzone (and no EC) resulted
in only similarly-sized larger particles (Figure S3.5).

&

Volume (%)

1 10 100 1000 10000
Size (nm)
Figure S3.4. Size distribution as determined by DLS for the dispersion in which EC (0.275 g) and
avobenzone (0.275 g) were dissolved in ethanol (50 mL) before undergoing the antisolvent

precipitation. Note the bimodal distribution in which larger micron-sized particles are formed as well
as the expected ECNPs.
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Figure S3.5. Size distribution as determined by DLS for the dispersion in which only avobenzone (0.275
g) was dissolved in ethanol (50 mL) before undergoing the antisolvent precipitation. Note the
formation of larger, self-stabilized avobenzone particles.

A similar story is seen when using large amounts of octinoxate instead of avobenzone.
Figure $3.6 shows the DLS measurement for when large amounts of octinoxate was dissolved
in ethanol along with ethyl cellulose and larger particles are observed. We therefore
hypothesize again that the secondary peaks in the DLS measurement in Figure S3.6 are likely
due to stable particles of either pure octinoxate or octinoxate droplets partially stabilized with
EC because performing the antisolvent precipitation with only UV filter octinoxate (and no
EC) resulted in only similarly-sized larger particles (Figure $3.7). Lastly, we also investigated
preparing particles with larger loadings of oxybenzone. Moreover, we wanted to investigate
whether the particle size was mostly determined by the total mass of precipitating material
or mostly determined by the total mass of precipitating ethyl cellulose. Therefore, here we
used half the usual concentration of EC (half of 0.0055 g mL™, thus 0.0028 g mL™?) along with
an equal concentration (0.0028 g mL?) of UV filter. The total concentration of precipitating
material is therefore 0.0055 g mL%, however, half of this is ethyl cellulose and half of this is
UV filter oxybenzone. Therefore, we dissolved a total mass of 0.275 gin a 1:1 ratio (0.138 g
of ECand 0.138 g of UV filter) in ethanol before doing the antisolvent precipitation procedure.

7

Volume (%)

1 10 100 1000 10000
Size (nm)
Figure S3.6. Size distribution as determined by DLS for the dispersion in which EC (0.275 g) and
octinoxate (0.55 g) were dissolved together in ethanol (50 mL) before undergoing the antisolvent

precipitation. Not the multimodal distribution in which larger (micron sized and greater) particles are
formed as well as the ECNPs.
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ey

1 10 100 1000 10000
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Figure S3.7. Size distribution as determined by DLS for the dispersion in which only octinoxate (0.55
g) was dissolved in ethanol (50 mL) before undergoing the antisolvent precipitation. Note the
formation of large micron sized self-stabilized octinoxate particles.

We found this resulted in a bimodal particle distribution (Figure S3.8), similar to what
we saw previously with attempting higher loadings of avobenzone and octinoxate. Again, we
hypothesize that the peaks in the DLS measurement were due to ECNPs (presumably with
encapsulated UV filter too) as well as larger stable droplets of pure oxybenzone/droplets of
pure oxybenzone stabilized with some EC at the interface - because Figure $3.9 shows that
similarly-sized large particles are formed when performing the antisolvent precipitation with
only oxybenzone (and no EC). Interestingly, in Figure S3.8 we also found that the modal
average particle size of the ECNPs was 40 nm — lower than when precipitating 0.0055 g mL*
of only ethyl cellulose. (N.B. we compare the modal average values here instead of mean
because the mean average is disrupted by the fact the measurement is bimodal) According
to Table $3.1, performing the antisolvent precipitation with 0.0028 g mL! of EC would predict
a modal average particle size of around 40 nm. We therefore hypothesize that the
concentration of ethyl cellulose is the principal factor in the resultant ECNP particle size.

e A 4
L= S
1 I 1 1

Volume (%)

= M B o3 o
P A

1 10 100 1000 10000
Size (nm)

Figure S3.8. Size distribution as determined by DLS for the dispersion in which EC (0.138 g) and
oxybenzone (0.138 g) were dissolved in ethanol before undergoing the antisolvent precipitation. Note
the existence of micron sized particles along with the ECNPs.
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Figure $3.9. Size distribution as determined by DLS for the dispersion in which only oxybenzone (0.275

g) was dissolved in ethanol (50 mL) before undergoing the antisolvent precipitation. Not the formation
of micron sized self-stabilized particles of pure oxybenzone.

The complete raw data set for Figure 3.4 can be found in Table $3.3 below.

Table S3.3. All the data used for Figure 3.3. The measurements were performed in triplicate therefore
the values for the loaded UV filter below are an average of three measured values. This is the source
of the standard error.

UV filter Loaded Standard Loaded Standard Loaded Standard
added oxybenzone error octinoxate error avobenzon error
(wt%) (wt%) (wt%) (wt%) (wt%) e (wt%) (wt%)
24 3.1 0.02 1.4 0.33 0.9 0.05

4.8 5.2 0.09 4.0 0.54 33 0.09

7.0 6.2 0.19 5.9 0.18 5.8 0.11

9.1 8.0 0.41 7.9 0.43 7.0 0.50
16.6 13.5 3.90 15.8 0.25 7.8 0.55
333 13.8 3.18 32.8 0.64 7.0 0.45

50 11.8 1.20 54.5 2.50 - -

Loading of UV filters into larger ECNPs and Investigation of the Maximum Particle Loadings

We investigated the maximum loading values of the three UV filters oxybenzone,
avobenzone, and octinoxate into larger ECNPs to give further mechanistic insight. If the UV
filter were to be exclusively present on the surface of the ECNPs, we would expect that larger
particles would result in a smaller weight percentage of loaded UV filter because the surface
area to volume ratio is lower for larger particles. In fact, we find that the maximum loading of
oxybenzone and avobenzone in the ECNPs is considerably greater (27.8 wt% and 28.4 wt%
respectively) when the ECNPs are larger (Figure $3.10), and the loading of octinoxate remains
similar (47.2 wt%). This is evidence that the UV filters are distributed throughout the particles
and are not exclusively at the surface.
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Figure $3.10. Amount of UV filter loaded into the larger ECNPs (~100 nm, see exact sizes for all
dispersions in Table $3.5) as a function of the amount of UV filter dissolved in the solvent phase in the
synthesis. Actual values are reported in Table S3.4.

The complete raw data set for Figure $3.10 can be found in Table $3.4 below. The
measurements were performed in duplicate to obtain the error values.

Table S3.4. All the Data for Figure S3.10.

UV filter Loaded Standard Loaded Standard Loaded Standard
added oxybenzone error octinoxate error avobenzon error
(wt%) (wt%) (wt%) (wt%) (wt%) e (wt%) (wt%)
4.8 2.9 0.5 2.2 0.9 2.6 0.8

9.1 8.8 1 7.2 1.3 8.1 0.5

16.6 15.4 1.1 13.8 1.2 104 1.1

333 27.8 1.8 30.1 1.5 28.4 1.9

50 27.4 2.2 47.2 0.9 9.5 1.0

The particle size data for the dispersions of larger ECNPs with loaded UV filters can be found
in Table S3.5 below.
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Table S3.5. The Particle Size Data and PDI for the Dispersions in Figure $3.10.

uv filter added Particle size mean average PDI width
(wt%) (nm) (nm)
Oxybenzone

4.8 106 40
9.1 99 41
16.6 101 42
33.3 104 46
50 108 50
Avobenzone

4.8 105 39
9.1 101 44
16.6 104 41
33.3 119 49
50 115 68
Octinoxate

4.8 106 39
9.1 105 43
16.6 110 47
33.3 109 44
50 177 111

Co-Encapsulation of UV Filters with an Antioxidant Photostabilizer
Below we show the absorption profile for ECNPs with encapsulated a-tocopherol (EC: 0.275
g, a-tocopherol 0.028 g). Note the absorbance of the a-tocopherol at ~ A = 280-300 nm.

——vit E encapsulated only

0.4+

0.2

Absorbance (A.U.)

0.0

300 400 500
Wavelength (nm)

Figure S3.11. Absorption spectrum of ECNPs with a-tocopherol incorporated.
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Chapter 4. Fully Biobased UV-Absorbing Nanoparticles
from Ethyl Cellulose and Zein for Environmentally
Friendly Photoprotection

Effective photoprotection is a vital consumer issue. However, there are many concerns
regarding the adverse environmental and health impacts associated with current organic and
inorganic UV filters. Here, we prepare fully-biobased UV-absorbing nanoparticles from ethyl
cellulose (ECNPs) and zein (ZNPs) with encapsulated biobased photoprotectants obtainable
from plants and foods (quercetin, retinol, and p-coumaric acid), which have the potential to
satisfy both environmental and health issues in photoprotection. We show the ability for
ECNPs and ZNPs to be easily tuned compositionally to obtain uniform, broadband UV
spectrum absorbance profiles, and prepare transparent UV-absorbing coatings from the
ECNPs. We find maximum loadings for retinol, quercetin, and p-coumaric acid into the ECNPs
are 31 wt%, 14 wt%, and 13 wt% respectively. The ECNP size remains constant (except for the
largest loading of retinol, 31 wt%) and the absolute zeta potential increases upon increasing
loading of quercetin and retinol, whereas increasing loading of p-coumaric acid results in
increasing particle size and lower absolute zeta potential. We find that quercetin and retinol
are effectively retained inside the ECNPs with 64-70% after 72 hours. These results have
significant implications for the development of novel photoprotection technologies and
functional nanoparticles.
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4.1 Introduction

Excessive exposure to UV radiation from sunlight can lead to the degradation of foods
and packaging materials, as well as multiple adverse health effects such as sunburn,
accelerated skin aging, and the vast majority of skin cancers'2. Protection against UV radiation
via the use of sunscreens is therefore vital for many consumer products and crucial for human
health.

Many current cosmetic sunscreens provide protection across the entire UV spectrum
(A = 290-380 nm) via the use of multiple synthetic organic and inorganic UV filters. Despite
the effectiveness of synthetic organic and inorganic UV filters in protecting against UV
radiation, their use in large quantities has been reported to have significant adverse
environmental and health effects. For example, large concentrations of synthetic organic UV
filters in coastal recreational areas have been strongly linked with accelerated damage to
coral reefs®>* and marine phytoplankton® by promoting viral infections — which has significant
implications for the local ecosystem. Inorganic UV filters such as TiO2 nanoparticles have also
been reported as potentially toxic to marine life because they remain photocatalytically active
in the environment®’. As for health concerns, inorganic and synthetic organic UV filters have
been identified as phototoxic®®, potent skin allergens!®, and have been reported to penetrate
the skin and act as endocrine disruptors in the bloodstream%12,

One method to address the health concerns of inorganic and synthetic organic UV
filters is to minimize skin contact with the UV filters. Skin contact can be minimized for
inorganic UV filters via coating the particles (i.e. with silica/alumina) and for synthetic organic
UV filters via encapsulation into nanoparticles from materials such as silica’3, gelatin?4,
lipids'®, poly-lactide!®, and ethyl cellulose (EC)°. The coating of inorganic UV filters and
encapsulation of synthetic organic UV filters can result in significant reduction of direct skin
contact'>?, skin penetration?, and improvements in the phototoxicity>*3. Furthermore,
encapsulation of synthetic organic UV filters into nanoparticles also reduces the need for
unnecessary chemicals (i.e. surfactants used in formulation), can increase photostability?®,
and potentially allows higher loadings in formulations — the amount of UV filter in the
formulation is no longer limited by its solubility!®. Despite the advantages of
nanoencapsulation, the adverse health effects of inorganic and synthetic organic UV filters
cannot be completely eliminated and their environmental impact remains a concern. Thus,
the replacement of these UV filters with eco-friendly, natural, biobased photoprotectants —
which are potentially safer'® — and encapsulation into biocompatible eco-friendly
nanoparticles has the potential to satisfy both environmental and health concerns whilst
providing effective photoprotection.

There are many known biobased photoprotectants, such as flavonoids (i.e. quercetin
and rutin), lignin (i.e. p-coumaric acid), and carotenoids (i.e. B-carotene, lutein, lycopene,
retinol). Quercetin and rutin are the most extensively studied biobased photoprotectants,
and both have even been individually incorporated into solid-lipid nanoparticles (SLNs) for
sunscreen applications'#1%29, Despite this, there is still a need to develop UV-absorbing
nanoparticles with an entirely natural composition which can: (i) efficiently encapsulate
multiple biobased photoprotectants, (ii) provide broadband and uniform UV absorbance, (iii)
prepare effective UV-protective coatings, and (iv) be potentially used for multiple solvent
systems e.g. oil and emulsion (SLNs may dissolve in oil continuous formulations), for effective
eco-friendly photoprotection. Here, we develop fully-biobased UV-absorbing nanoparticles
via the encapsulation of multiple biobased photoprotectants together into biobased ethyl
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cellulose nanoparticles (ECNPs) and biobased zein nanoparticles (ZNPs) using an upscalable
technique. As a protein, zein may not be suitable for skincare applications but is potentially
very interesting for edible photoprotection applications such as food coatings, and is
moreover an interesting material because it absorbs UV light itself primarily due to the
presence of xanthophylls and B-carotene?!. We show that the fully-biobased UV-absorbing
ECNPs and ZNPs with encapsulated quercetin, retinol, and p-coumaric acid can provide
effective uniform broadband UV spectrum protection. We then focus on the UV-absorbing
ECNPs and prepare transparent, flexible coatings with tunable thicknesses and study the
photodegradation of these coatings. Additionally, we study the retention of the biobased
photoprotectants inside the ECNPs and study the incorporation of the biobased
photoprotectants into the ECNPs.

These findings are significant for the development of safer and more environmentally
friendly methods of photoprotection, in applications such as cosmetic sunscreen
formulations, packaging materials and food coatings. Furthermore, these findings also have
important implications for the more general fields of UV protective coatings and functional
nanoparticles.

4.2 Results and Discussion

4.2.1. Preparation of Fully-Biobased UV-Absorbing Nanoparticles from EC and Zein
We investigated the incorporation of three biobased photoprotectants quercetin, retinol, and
p-coumaric acid (chemical structures in Chart 4.1) into ECNPs and ZNPs. The biobased
photoprotectants were specifically chosen because of their solubility properties
(hydrophobic) and because together they absorb across the entire UV spectrum (290-380 nm)
—broadband UV spectrum protection is of paramount importance for sunscreen applications.
The three photoprotectants were incorporated into ECNPs and ZNPs (<100 nm) via a simple,
upscalable, surfactant-free “antisolvent precipitation” technique®?2. The antisolvent
precipitation procedure relies on the co-precipitation of the hydrophobic photoprotectants
together with the hydrophobic EC or zein.

Chart 4.1. Molecular structures of the biobased photoprotectants: quercetin, retinol, and p-
coumaric acid.

Quercetin Retinol p-Coumaric acid

By using this procedure, we prepared fully-biobased ECNPs and ZNPs with
encapsulated quercetin, retinol, and p-coumaric acid. Both the prepared ECNPs and ZNPs with
encapsulated biobased photoprotectants were roughly spherical and had an average size of
70-76 nm, as seen by dynamic light scattering (DLS) measurements and SEM imaging (Figure
4.1a, Figure 4.1d and DLS measurements Figure S4.1). We found that we could tune the
amount of each biobased photoprotectant encapsulated simply by varying the ratio of each
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photoprotectant initially dissolved in the ethanol or ethanol/water solution before
undergoing the antisolvent precipitation. Therefore, we always added the same total amount
of the three biobased photoprotectants (10 wt% of the amount of EC/zein). We always kept
the total loading below 10 wt% because ECNPs are known to encapsulate organic UV filters
efficiently to this weight percentage?3, and we wanted to stay under this value so that all
photoprotectants were efficiently encapsulated and therefore the absorbance profiles from
the ECNPs were reproducible (Figure S4.3 shows unpredictability of the ECNP absorbance
profile upon loadings greater than 10 wt%). We found that we could achieve a uniform
absorbance profile across the entire UV spectrum for both ECNPs and ZNPs with encapsulated
guercetin, p-coumaric acid and retinol in a ratio of 7:1.5:1.5 (Figure 4.1b and Figure 4.1e),
whereas a 1:1:1 ratio resulted in greater absorbance in the UVB region of the spectrum
(Figure S4.2b). Interestingly, the absorbance of zein itself contributed slightly to the overall
absorbance of the ZNPs (cf. Figure 4.1b and Figure 4.1e), in which the absorbance profile
remained approximately uniform but slightly greater in the UVB region and also with some
absorbance at wavelengths greater than 425 nm. The absorbance of the ZNPs at higher
wavelengths resulted in a distinctive yellow colour of the ZNPs?* compared to the ECNPs?>
(Figure 4.1c left vial vs. Figure 4.1f left vial). The encapsulation of quercetin, which was
necessary to achieve absorbance in the UVA region of the spectrum, also gave the dispersions
a yellow colour due to its absorbance in the blue region of the visible light spectrum?®,
Therefore, the resultant ECNP and ZNP dispersions both had a yellow colour (Figure 4.1c right
vial and Figure 4.1f right vial), unlike UV-absorbing ECNPs prepared with synthetic UV filters
encapsulated which can provide uniform absorbance across the entire UV spectrum without
a yellow colour because synthetic UVA filters have been developed which do not absorb into
the visible spectrum®. We found that the ECNPs had a zeta potential of -25 mV (at the pH of
milliQ water, pH=5-6), the ZNPs had a zeta potential of +30 mV (at pH=3.5) and both were
colloidally stable at these respective pH values.

4.2.2. Preparation of Fully-Biobased, Transparent, UV-Absorbing Coatings from the
UV-Absorbing ECNPs

We then focused on the ECNPs because of their superior colour and ease of handling with
regards to their stability at close-to neutral pH — zein has an isoelectric point at pH 6.8%2. The
ability for these UV-absorbing nanoparticles to form coatings is essential for photoprotection
applications such as cosmetic sunscreens and packaging materials.

We prepared uniform and transparent coatings from the fully-biobased UV-absorbing
ECNPs (Figure 4.2(a-b)), with uniform absorbance profiles across the entire UV spectrum, via
spin coating. We could completely tune the coating absorbance simply via the spin coating of
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Figure 4.1. (a, d) SEM images of (a) ECNPs and (d) ZNPs with encapsulated biobased photoprotectants:
quercetin (Q), retinol (R), and p-coumaric acid (C). Scale bar 200 nm. (b, e) Absorbance measurements
of the (b) ECNPs and (e) ZNPs with encapsulated UV filters showing a broadband absorbance profile
across the UV spectrum. Both dispersions were measured by spectrophotometry at equal
concentration (5x 102 g L'Y). (c, f) Photo of the (c) ECNP and (f) ZNP dispersions without (left) and with
(right) encapsulated photoprotectants.

additional layers on top of the original (Figure 4.2c), and we found that a 4-layer coating had
a thickness of 373 + 17 nm (Figure S4.5). Despite the noticeable yellow colour of the ECNP
dispersions, the coating appeared very transparent and a yellow tinge is only visible upon
close inspection of the coating at the edges (Figure 4.2a), due to the well-known “coffee-ring”
drying effect where higher concentrations of particles end up at the edges in coatings
prepared by spin coating?®. The 373 + 17 nm fully-biobased coating therefore shows effective
and uniform absorbance across the entire UV spectrum although, interestingly, does
demonstrate a lower absorbance (average 0.44 A.U. between A= 290-380 nm) than a similarly
thick (¥312 nm) coating of similarly-sized ECNPs with a similar loading of synthetic UV filters
of ~10 wt% (average coating absorbance 0.81 A.U. between A= 290-380 nm)°.

We also investigated the photostability of the coating — photostability is essential if
coatings are to provide effective photoprotection. Moreover, the photostability is known to
vary greatly between commercialised UV filters®?72% In order to investigate the photostability
of the fully-biobased UV-absorbing ECNPs, the coating was irradiated by artificial sunlight for
4 hours and the coating absorbance was measured at hourly intervals (Figure 4.2d). The
coating was subjected to a total flux of 432 k)] m2 UV irradiation (between A=300-400 nm)
over the 4 hours which translates to 2 hours and 24 minutes of summer sunlight in Nice
(France) at noon?°. We found that the morphology of the ECNPs on the coating surface
remained identical after this dose of UV irradiation (Figure S4.6). However, the coating
absorbance degraded by approximately 50% after the total of 4 hours of irradiation. The
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Figure 4.2. (a) Photo of a transparent and uniform coating of the ECNPs on a glass cover slip. A blue
dashed line indicates the outside edge of the glass cover slip. (b) SEM image of the coating surface,
scale bar 1 um. (c) Absorbance measurements of the ECNP coating showing the absorbance of each
successive spin coated layer. Wavelengths lower than A = 300 nm are not shown as they are absorbed
by the glass coverslip. (d) Absorbance measurements showing the degradation of the absorbance of
the 4-layer coating of ECNPs when irritated by artificial sunlight for 4h.

absorbance loss can be attributed to the degradation of the plant-based photoprotectants
encapsulated inside the ECNPs, which are known to lose absorbance upon UV
irradiation?”:3931, This coating degradation is about two times as large as what is reported for
ECNPs with encapsulated synthetic organic UV filters®. Interestingly, the coating absorbance
begins to degrade very quickly, especially in the UVB region — but this degradation then
plateaus after about 2 hours of irradiation. This is likely due to the photoisomerisation of
retinol into a mixture of isomers?’ as well as the cis-trans isomerisation of p-coumaric acid,
which both result in absorbance degradation in the UVB region. Overall, the coating maintains
effective uniform absorbance across the entire UV spectrum upon irradiation by artificial

54



Fully-Biobased UV-Absorbing Nanoparticles from Ethyl Cellulose and Zein

sunlight and, therefore, these fully-biobased UV-absorbing ECNPs can prepare effective UV
protective coatings with photodegradation values comparable with synthetic UV filters.

4.2.3. Investigation into the Encapsulation of Biobased Photoprotectants into
ECNPs

We then investigated the encapsulation of the individual biobased photoprotectants into the
ECNPs. Studying the encapsulation of each of these photoprotectants into the ECNPs is crucial
in giving us a better understanding of how to prepare effective fully-biobased UV-absorbing
NPs. Here, we studied two phenomena: i) the maximum loadings of the biobased
photoprotectants into the ECNPs, and ii) the effect of increasing loadings on the size and
stability of the ECNPs. It is important that the ECNPs can efficiently encapsulate large amounts
of the biobased photoprotectants whilst remaining colloidally stable and without significant
changes to the morphology of the particles — preferably the ECNPs will remain small (<100
nm) to minimize scattering of visible light when applied as a coating and therefore remain
attractive for cosmetic applications.

We found that the biobased photoprotectants could all be efficiently encapsulated
into the ECNPs (Figure 4.3a), but the extent of loading varied between photoprotectants. For
example, 14 wt% quercetin and 13 wt% p-coumaric acid could be encapsulated into the
ECNPs, whereas up to 31 wt% for retinol (Figure 4.3a). Addition of larger amounts of quercetin
to the synthesis simply resulted in similar particle loading for the ECNPs (12-14 wt%, Figure
4.3a), indicating that the ECNPs become saturated with the maximum amount of quercetin
that can be incorporated at 12-14 wt% and the excess quercetin used in the synthesis simply
precipitates out. This hypothesis is supported by the experimental observation that more
precipitate is observed after the antisolvent precipitation when larger amounts of quercetin
are added to the synthesis. Addition of larger amounts of p-coumaric acid than 17 wt% led to
the formation of a separate set of micron-sized particles of excess p-coumaric acid, as seen
by DLS (Figure S4.7). This is why Figure 4.3 does not show data points for larger additions of
p-coumaric acid.

Addition of larger amounts of retinol than 50 wt% similarly resulted in the formation
of a separate set of much larger particles of excess retinol (Figure S4.8). Interestingly, these
maximum loading values of retinol, quercetin, and p-coumaric acid into ECNPs are
comparable to the synthetic UV filters octinoxate, oxybenzone, and avobenzone, which show
maximum loadings of 47 wt%, 14 wt%, and 8 wt% respectively into similarly-sized ECNPs (70-
90 nm)?3. We have previously hypothesised that the discrepancy between loadings between
compounds may be a result of the varying solubility of the compound in EC?3, which is
analogous to the high loadings of SLNs with lyophilic drugs®? and polycarbonate NPs with
hydrophobic drugs®.

The size and stability of the ECNPs as a function of increasing loadings of quercetin
and retinol (except for the largest loading of retinol) demonstrated similar behaviour in which
the average particle size remained constant (70-76 nm) and absolute zeta potential would
increase, indicating increased dispersion stability. This behaviour is similar to the behaviour
displayed by the synthetic UV filters oxybenzone, octinoxate, and avobenzone upon
encapsulation into ECNPs, where dispersion stability also increased as a function of loading
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Figure 4.3. (a) Amount of photoprotectant loaded into the ECNPs (Loaded Photoprotectant) as a
function of the amount of photoprotectant added to the synthesis (specifically: the amount dissolved
in the ethanol phase before undergoing the antisolvent precipitation). (b) The average ECNP size
measurements as determined by DLS as a function of the photoprotectant loading. (c) The zeta
potential measurements of the ECNP dispersions as a function of the photoprotectant loading. The
raw data for Figure 4.3(a-c) is shown in Table S4.1.

and average particle size remained constant (for loadings below 50 wt%)?3. However,
increasing loadings of p-coumaric acid undesirably resulted in a large average particle size
increase (70-140 nm) and decreasing absolute zeta potential — indicating decreased
dispersion stability. Loading the ECNPs with quercetin and retinol is therefore not limited by
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decreasing dispersion stability, unlike for p-coumaric acid.

Quercetin and retinol are therefore very attractive for the preparation of effective
fully-biobased UV-absorbing NPs from EC because of i) high maximum loading values of
guercetin and (particularly) retinol when compared with synthetic UV filters into similarly-
sized ECNPs?3, and ii) because higher loadings of quercetin and retinol are not limited by
decreasing dispersion stability.

4.2.4. Retention of Biobased Photoprotectants inside ECNPs

We also investigated the retention of the three biobased photoprotectants inside the ECNPs.
Physical encapsulation of UV filters into nanoparticles is known to be prone to leaching, since
the molecules are not covalently bound to the nanoparticle!®34. Although covalent
encapsulation of organic UV filters is possible and has been shown to dramatically increase
retention'3, covalent encapsulation is unrealistic for commercial use because these modified
molecules need to be legislatively reapproved. For example, in the U.S. only 3 new UV filters
(zinc oxide, avobenzone, and ecamsule) have been approved since 19783,

We found that the biobased photoprotectants quercetin and retinol were effectively
retained inside the ECNPs with 64-70% after 72 hours (Table 4.1, Figure S4.11), where
retention values were similar to synthetic UV filters physically encapsulated into
nanoparticles developed for sunscreen applications3%37. The retention of p-coumaric acid
could not be measured accurately via our spectrophotometric method because the molecule
is prone to cis-trans isomerisation which changes the absorbance°. For these retention
experiments the absorbance of 10 mL of the UV absorbing nanoparticles in dialysis tubing was
measured at time intervals when sitting in a very large body of water (300 mL). It must be
noted that these results represent the retention in the particles when in large bodies of water,
as opposed to smaller volumes of water, like in formulations. The retention in the ECNPs in
formulations will likely be far greater, potentially allowing for long shelf life of the
formulations. These biobased UV-absorbing nanoparticles therefore demonstrate effective
retention values, with the additional advantage that if these biobased photoprotectants are
released into the environment they are not reported to have such detrimental environmental
impacts as their synthetic counterparts to i.e. coral reefs.

Table 4.1. Percentage of Biobased Photoprotectants Retained in the ECNPs as a Function of
Time

Retention (%)

Sample 24h 48h 72h
Quercetin 86 71 70
Retinol 85 67 64

4.3 Conclusions

In conclusion, we prepared UV-absorbing nanoparticles with an entirely biobased
composition via the encapsulation of biobased photoprotectants into nanoparticles from
ethyl cellulose and zein. The composition of the ECNPs and ZNPs could be easily tuned in order
to exhibit uniform, broadband UV spectrum absorbance profiles. We then prepared fully-
biobased, transparent coatings with broadband and tunable absorbance by spin coating
aqueous dispersions of the UV-absorbing ECNPs. We found that all the biobased
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photoprotectants could be encapsulated efficiently into the ECNPs to maximum loadings of
31 wt%, 14 wt% and 13 wt% for retinol, quercetin and p-coumaric acid respectively, which is
comparable to synthetic organic UV filters encapsulated into similarly-sized ECNPs. We found
that increasing loadings of quercetin and retinol inside the ECNPs resulted in more favourable
behaviour than increasing loadings of p-coumaric acid, where the ECNP size remained <100
nm (except for the largest loading of retinol, 31 wt%, where the size increased to 102 nm) and
the absolute zeta potential (thus dispersion stability) increased. We also found that the
biobased photoprotectants were effectively retained inside the ECNPs with 64-70% after 72
hours, which is comparable to synthetic organic UV filters encapsulated into nanoparticles for
sunscreen applications.

Photoprotection technology is pushing towards biobased alternatives for inorganic
and synthetic organic UV filters because of their association with many adverse health and
environmental effects. Here we develop effective fully-biobased UV-absorbing nanoparticles,
representing significant progress towards potentially satisfying these issues, but further
studies on the toxicity/environmental impact of plant-based photoprotectants are required.

4.4 Materials and Methods

Materials

Ethyl cellulose (100 cP, lot number MKBT0521V), zein (lot number SLBL9380V), quercetin (>95%, water
solubility 60 mg/L at 16°C (DrugBank Database)), retinol (295%, water solubility 0.67 mg/L at 25°C
(DrugBank database)), and p-coumaric acid (98%, water solubility 1.02 mg/L at 24°C (DrugBank
database)), were all purchased from Sigma Aldrich. Ethanol (100%) was purchased from Interchema
and pure water was used from a Millipore system.

ECNPs/ZNPs with Biobased Photoprotectants Encapsulated

ECNPs and ZNPs with quercetin, retinol and p-coumaric acid were prepared via an antisolvent
precipitation technique. Briefly, 0.275 g of EC (for ECNPs) or 0.35 g zein (for ZNPs) and 7 wt% quercetin
(thus 0.020 g for ECNPs and 0.025g for ZNPs), 1.5 wt% p-coumaric acid and 1.5 wt% retinol (0.004 g
for ECNPs and 0.005 g for ZNPs) were dissolved together in 50 mL ethanol (for ECNPs) or 50 mL of an
ethanol/water mixture (80 (v/v)% EtOH) (for ZNPs). This solution was then poured into water (150 mL)
under fast magnetic stirring, resulting in the spontaneous formation of ECNPs/ZNPs with encapsulated
UV filters. Rotary evaporation removed ethanol and some water to give a 50 mL aqueous dispersion
of ECNPs or ZNPs with encapsulated UV filters. The ECNP/ZNP dispersions were filtered through filter
paper to remove any large aggregates formed during the antisolvent precipitation. The particles were
characterised by Scanning Electron Microscopy (SEM, FEI XL30FEG, samples were sputter coated with
platinum), spectrophotometry (HP 8452a), Dynamic Light Scattering (DLS) and zeta potential
measurements (Malvern Zetasizer, particle size distributions obtained using a CONTIN fitting and zeta
potential measurements performed in presence of 10 mM NaCl background salt one day after
preparation of the particles). DLS and zeta potential measurements were performed in triplicate.

Preparation of UV-Protective Coatings and Photodegradation Studies

Coatings were prepared by spin coating (SCS P6700) a concentrated dispersion (30 g L) of the fully-
biobased UV-absorbing ECNPs onto plasma-cleaned, circular glass microscope cover slips at 1800 rpm
for 1 minute. For photodegradation studies, the coating was subjected to irradiation by a 75 W Xenon
lamp at a distance of 20 cm (a flux of 3 mW cm™ between 300-400 nm). The absorbance was measured
hourly for four hours. Coating thickness was measured by SEM imaging (Figure S4.5).
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Determination of the Maximum Loadings of Photoprotectants into ECNPs

Loadings of photoprotectant inside ECNPs were determined by a spectroscopic method. Briefly, the
absorbance of a known concentration of aqueous ECNPs containing encapsulated photoprotectant at
the peak of the spectrum was compared with a calibration curve prepared from a series of known
concentrations of photoprotectant dissolved in ethanol. Here we make the assumption that the
contribution of particle scattering to absorbance is negligible, which is supported by Figure S4.9.
Particle dispersions were prepared in duplicate to give the error bars in Figure 4.3a.

Retention of Photoprotectants inside ECNPs

The retention of the photoprotectants inside the ECNPs was measured as follows: 10 mL of ECNPs
with one biobased photoprotectant encapsulated (at 3 wt% for retinol and 4 wt % for quercetin,
dispersion concentrations both 5 g L) in dialysis membrane tubing (pore size 40 kDa) was placed into
300 mL of water at room temperature under gentle magnetic stirring. Retention was determined by
measuring the absorbance of the contents of the dialysis tubing after 24h, 36h, and 72h, in separate
experiments to avoid inaccuracy through measurement.
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Appendix
Preparation of Fully-Biobased ECNPs and ZNPs with Broadband UV Absorbance

The ECNPs and ZNPs with quercetin, p-coumaric acid, and retinol encapsulated together in a
7:1.5:1.5 ratio respectively (from Figure 4.1) show average particle size measurements of 72
nm (for ECNPs, PDI = 26.6 nm) and 76 nm (for ZNPs, PDI = 30.2 nm) as determined by DLS
(Figure S4.1).

We found that we could simply tune the amount of biobased photoprotectant
encapsulated into the ECNPs by the addition of varying ratios of photoprotectant (absorbance
profiles shown in Figure S4.2a) in the ethanol solution. We found that a 1:1:1 (3.3 wt% ratio
for each of retinol, p-coumaric acid and quercetin) resulted in an absorbance profile which
was lacking in UVA coverage (Figure S4.2b). We always kept the total loading below 10 wt.%
because ECNPs are known to encapsulate organic UV filters efficiently to this weight
percentage?3, and we wanted to stay under this value so that the encapsulation efficiency
remained high. This meant that the absorbance profiles from the ECNPs were reproducible.
We found that a ratio of 7:1.5:1.5 provided uniform UV spectrum coverage.

We also investigated loading the ECNPs with greater than 10 wt% material in order to
prepare thinner coatings with higher absorbance. Spin coating multiple layers can sometimes
result in non-uniformity and this can be avoided by preparing thinner coatings with already
high absorbance. We found that this was possible by simply dissolving more material in the
initial ethanol solution, and that the ECNPs showed a much greater absorbance at the same
concentration of particles (Figure S4.3 vs. Figure S4.2b). However, we found that the
absorbance profile was not easy to predict, probably because not all the biobased
photoprotectants which were added to the synthesis ended up encapsulated. For example in
Figure S4.3 we see that a 10:3:3 ratio [Q:R:C] results in higher absorbance below 350 nm than
a 15:15:4 ratio. This is likely because the ECNPs are unable to encapsulate material after a
certain maximum point, which is consistent with our “Maximum Particle Loading” results in

16 16
[ ——ECNP broadband | | ==——zZNP broadband
— 12- — 121
§ Q 12
) )
E 8 E 8
= =
(2] (*]
> 4 >
0 LI R R A | T T T =TT O T T T
10 100 1000 10000 10 100 1000 10000
Size (hm) Size (nm)

Figure S4.1. Size distributions as determined by DLS for the (a) ECNPs and (b) ZNPs with
quercetin, retinol and p-coumaric acid encapsulated in the ratio 7:1.5:1.5.
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Figure S4.2. (a) Absorbance profiles of quercetin, coumaric acid, and retinol all measured at equal
concentrations of photoprotectant in ethanol (1x102 g L'}). (b) Absorbance measurements of ECNPs
with the three UV filters encapsulated in varying ratios in which the total loading was kept under 10
wt.%. All measured at equal ECNP concentrations (5 x 102 g L).

Figure 4.3a where we find that quercetin and p-coumaric can only be encapsulated to a
maximum of between 12-14 wt.%. Also, the final ratio of the UV filters encapsulated may then
be a result of factors other than just the maximum loading for each UV filter, including
potential interactions between UV filter molecules with each other (and also with ethyl
cellulose) when confined into a small space.

Preparation of Coatings from Full-Biobased UV-absorbing ECNPs

In Figure 4.2 we showed the preparation of spin coatings of the ECNPs with quercetin, p-
coumaric acid and retinol encapsulated in the ratio 7:1.5:1.5. We also prepared spin coatings
from the ECNPs with greater amounts of encapsulated material, such as those from Figure
$4.3 (Figure S4.4). We found that spin coating the ECNPs with a 15:15:4 ratio of encapsulated

1.0
—(): 10% R: 3% C: 3%
(. 6% R: 6% C: 3%
0.8- —(): 15% R: 15% C: 4%

Absorbance (A.U.)

0.0

300 350 400 450
Wavelength (nm)

Figure S4.3. Absorbance profiles of ECNPs with the three biobased photoprotectants encapsulated in
varying ratios. All measured at equal ECNP concentrations (5 x 102 g L%).

63




Chapter 4

—_
N

A.U)
=

o o
o o™

0.4

Absorbance (

0.2

300 350 400 450

Wavelength (nm)

Figure S4.4. Absorbance measurements of the ECNP coating prepared from the ECNPs with a 15:15:4
ratio of encapsulated quercetin, p-coumaric acid, and retinol. The absorbance is shown for 4
successive spin coated layers. Wavelengths lower than A =290 nm are not shown as they are absorbed
by the glass coverslip.

UV filters (quercetin, p-coumaric acid, and retinol) gave thinner coatings with greater
absorbance than an equal concentration (30 g L) of the ECNPs with less encapsulated
material (Figure S4.4 vs. Figure 4.2b in main article). The spin coatings were again prepared
onto plasma-cleaned, circular glass microscope cover slips at 1800 rpm for 1 minute. This way,
highly transparent and thin coatings high absorbance could be prepared.

Figure S4.5. SEM images of the cross section of a glass slide covered with a 4 layer coating of fully-
biobased UV-absorbing ECNPs, (a) at low magnification and (b) at high magnification where the thin
coating is visible.
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Figure S4.6. SEM image showing the coating surface after UV irradiation. Scale bar 1 um.

In Figure S4.5 we show a SEM image of the cross section of a glass slide with a 4 layer coating.
This SEM image was used to determine the coating thickness (373 £ 17 nm) on the glass slide
by taking the average of 10 measurements at different areas along the cross section.

In Figure S4.6 we show a SEM image of the coating surface after irradiation by UV
light. We can see that there is no significant change in size or shape of the ECNPs as a result
of the irradiation with UV light.
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Figure S4.7. Size distributions as measured by DLS for the ECNP dispersions with encapsulated p-
coumaric acid in Figure 4.3.
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Investigation into the Encapsulation of Individual Biobased Photoprotectants into ECNPs

Increasing loadings of p-coumaric acid into the ECNPs resulted in a considerable change in the
average ECNP size (Figure S4.7). Moreover, we found that the addition of p-coumaric acid
greater than 17 wt% resulted in the formation of a second set of micron-sized particles. This
larger set of particles is likely pure p-coumaric acid or p-coumaric acid with some EC at the
interface: the same micron-sized particles are formed when the antisolvent precipitation is
performed with pure p-coumaric acid and no EC (Figure S4.7f). This observation has
previously been reported for the loading of large amounts of synthetic organic UV filters into
ECNPs of similar size (<100 nm)?3.

Retinol could be loaded into the ECNPs very efficiently, up to 31 wt%. The average
particle size did not change upon increasing loadings (70-76 nm) except for the largest loading
in which the size increased slightly to 102 nm (Figure S4.8). The increase in size probably arises
because of with the greater amount of material in the particle, and this phenomenon has
been seen previously for ECNPs with high loadings (47 wt%) of the UV filter octinoxate?3. We
found that the addition of large amounts of retinol (66 wt%) resulted in the formation of much
larger particles along with the ECNPs. Similarly as to the case with p-coumaric acid, these
larger particles are likely pure retinol or retinol stabilised by some EC at the interface: large
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Figure S4.8. Size distributions as measured by DLS for the ECNP dispersions with encapsulated retinol
in Figure 4.3.
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particles are also formed upon performing the antisolvent precipitation of retinol alone

(Figure S4.8h).

Increasing loadings of quercetin into the ECNPs resulted in no change in the average
particle size (Figure S4.9). We hypothesise that this is because the loadings are still relatively

low.
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Figure S4.9. Size distributions as measured by DLS for the ECNP dispersions with encapsulated

quercetin in Figure 4.3.
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The raw data for Figure 4.3 can be found in Table S4.1 below.

Table S4.1. Raw data for Figure 4.3.

Sample Loading | error | z-average | Error | PDI width | Zeta pot. | error

size (nm) | (nm) (mV)

(nm)
5 wt% Quercetin | 3.8 1.6 76 0.1 28 -27.9 0.1
9 wt% Quercetin | 7.1 0.7 75 0.1 30 -33 0.5
17 wt% Quercetin | 12.0 1.4 76 1.1 32 -36.5 0.1
26 wt% Quercetin | 14.0 0.8 77 0.7 31 -32 0.5
33 wt% Quercetin | 13.0 2.5 77 0.5 34 -33.5 0.1
50 wt% Quercetin | 8.6 2.6 82 0.9 33 -35 0.4
5 wt% Retinol | 2.7 0.1 68 0.1 27 -26.0 0.5
9 wt% Retinol | 7.1 0.3 69 0.1 29 -34.6 0.5
17 wt% Retinol | 12.6 2.8 71 0.5 29 -38.2 1
26 wt% Retinol | 15.9 0.1 72 0.5 31 -36.5 0.5
33 wt% Retinol | 20.2 3.9 73 0.1 34 -37 1
50 wt% Retinol | 30.9 3.5 102 0.5 46 -38.8 0.5
5 wt% p-Coumaric | 1.9 0.2 93 0.5 32 -24 0.1
9 wt% p-Coumaric | 6.9 0.5 120 0.1 31 -16 0.5
17 wt% p-Coumaric | 12.8 0.9 131 0.5 51 -12 0.5
Empty ECNPs 0 0 71 04 |24 -26 1.8

The loadings from Figure 4.3 were determined by a spectroscopic method, where the
absorbance of a known concentration of aqueous ECNPs containing encapsulated
photoprotectant at the peak of the spectrum was compared with a calibration curve prepared
from a series of known concentrations of photoprotectant dissolved in ethanol. Here we make
the assumption that the contribution of particle scattering to absorbance is minimal. This
assumption is supported by Figure S4.10 which shows the absorbance shown by the ECNPs
alone is very small compared to the absorbance profile from the series which were used to
determine the loadings, when measured at similar concentrations (actual concentrations
shown in Figure S4.10). The potential inaccuracy of the final loading which arises as a result
of this assumption is smaller than 0.6 wt% for the loadings of p-coumaric acid, which is the
photoprotectant for which the particle scattering contributes most to the peak absorbance
(because the peak maximum of p-coumaric acid is at the shortest wavelength A=310 nm of all
the photoprotectants and the absorbance due to particle scattering is greatest at lower
wavelengths). The potential inaccuracy due to this assumption is much lower for the other
photoprotectants (<0.1 wt%). We therefore consider the potential inaccuracy due to this
assumption negligible for all the photoprotectants. We determined the loadings in this way
and not by drying the particles and re-dissolving in another solvent because retinol is unstable
upon direct contact with air and both retinol and p-coumaric acid are unstable as a result of
elevated temperatures which would be required to dry the particles3%32, This way, we could
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Figure S4.10. Absorbance measurements of ECNPs with encapsulated p-coumaric acid, retinol,
quercetin, and ECNPs with nothing encapsulated. These absorbance measurements were used to
determine the particle loadings. The absorbance of the ECNPs due to scattering is very small compared
to the absorbance profiles for the used to determine the particle loadings. The legends show the
amount of photoprotectant added to the synthesis (akin to the x-axis on Figure 4.3a) as well as the
concentration of the ECNP dispersions at which they were measured by spectrophotometry.

determine the loadings for all the UV filters using an identical technique and without
damaging the photoprotectants (and therefore reducing the chance of inaccurate results).
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Retention of the Biobased Photoprotectants inside the ECNPs

In Figure S4.11 we show the absorbance measurements of 10 mL aliquots of ECNPs containing

retinol and quercetin (both dispersions 5 g/L) in dialysis tubing measured after 0, 1, 2, and 3
days. Percentage retention is in Table 4.1.
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Figure S4.11. Absorbance measurements showing the decrease in absorbance due to the release of

ECNPs containing (a) 3 wt% of retinol and (b) 4 wt% quercetin from dialysis tubing into the surrounding
water medium over a period of 3 days.
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Chapter 5. Fully Biobased Highly Transparent
Nanopaper with UV-Blocking Functionality

The development of green alternatives for petroleum-based plastics is essential for the
protection of our environment and its ecosystems. Here, we demonstrate broadband UV-
blocking, highly transparent composite nanopaper films from a waste source of cellulose
nanofibrils with embedded tunable UV-absorbing nanoparticles (NPs) from ethyl cellulose.
These functional nanopaper films are highly-transparent, selectively block UV light, and show
excellent photostability, therefore with great potential as high-performance, renewable,
sustainable and biodegradable materials for photoprotection applications. Moreover, the
integration of functionalized NPs from ethyl cellulose into nanopaper is a platform for novel
advanced sustainable materials with a myriad of functionality.
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5.1 Introduction

The problem of plastic waste is one of the greatest challenges faced by the current
generation. Every year, millions of tons of plastic pollutes our oceans resulting in potentially
major damage to marine life, biodiversity, food security, and human health. The development
of renewable, sustainable, and biodegradable alternatives for plastic materials is therefore
essential.

Nanopaper has attracted attention as a low-cost, environmentally-friendly, high-
performance material with strong potential to replace plastic substrates in many electronic
and material applications.™ Nanopaper is prepared from the same chemical constituents as
regular paper but uses very thin cellulose nanofibrils (<20 nm) instead of thicker fibers. These
very thin cellulose nanofibrils can advantageously be obtained from diverse sources (multiple
plants or bacteria) including waste sources, instead of thicker fibers that are typically obtained
from wood pulp. Preparing a material from these thinner nanofibrils results in a material that
exhibits superior mechanical and barrier properties to regular paper, and significantly, is also
optically transparent.»*® The transparent property arises because nanofibrils are much less
effective in scattering visible light than larger cellulose fibrils, and can also pack together more
efficiently.>? The transparent nature of nanopaper has opened up the potential for optically
functionalized paper-based materials.

Paper-based materials like nanopaper are excellent substrates for functionalization by
nanoparticles (NPs) because the porous structure allows for high NP loadings.® Additionally,
paper-based materials can be effectively functionalized by a wide variety of NPs, resulting in
materials suitable for a wide range of applications. For example, the use of inorganic NPs (e.g.
TiO2, Au, Ag) can produce paper-based materials with excellent catalytic,” antibacterial,®
sensing® and anticounterfeit'® properties. Despite the easy functionalization of regular paper-
based materials with inorganic NPs, the opaque nature of regular paper limits the potential
for optical functionalization. Moreover, inorganic NPs are: (i) non-biobased which limits the
renewable and sustainable nature of the resultant material, and (ii) unable to easily utilize
functional organic molecules. Therefore, there is a need to develop materials from
transparent nanopaper which can be functionalized with biobased organic NPs containing
functional organic molecules as encapsulants — which offer a great range of functionality.

Here, we develop transparent UV-blocking nanopaper by embedding tunable UV-
absorbing NPs from ethyl cellulose!! into nanopaper. The embedded NPs are used as carriers
for two types of UV-absorbing species: (i) organic UV filters commonly used in sunscreens
(oxybenzone, octinoxate, and avobenzone), and (ii) biobased UV-absorbing molecules from
plants (quercetin, retinol, and p-coumaric acid). Significantly, the nanopaper prepared with
the latter set of embedded NPs is entirely biobased. Both the NPs and nanopaper preparation
processes are upscalable and moreover, we adopt a more environmentally-friendly route to
prepare our nanopaper by retaining the fibrillar structure of cellulose instead of dissolving it
using toxic solvents (dissolution is often performed to prepare highly transparent cellulose-
based materials, i.e., cellophane and nanopaper containing cellulose nanocrystals
(CNCs)).>*%13 Effective UV blocking cellulose films can also be prepared by incorporating
inorganic ZnO**> or synthetic fibers'® into nanopaper, or even using chemically-modified UV-
absorbing CNCs as fillers in a polymeric matrix!’, but the resulting materials are all
nonbiobased and the latter two examples involve toxic solvents. Fully-biobased UV-blocking
cellulose films can be prepared by incorporating lignin-containing cellulose nanofibrils into
nanopaper,'>*® but this technique significantly compromises film appearance and
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transparency. In our method, the incorporation of biobased UV-absorbing NPs
advantageously allows us to more selectively block UV light while maintaining excellent
transparency and appearance of the films. We envisage that our transparent UV-blocking
nanopaper has great potential for low-cost, high-performance, sustainable materials in a wide
variety of photoprotection applications including food and beverage packaging, eye-
protection, consumer goods packaging, photoresist templates, UV protective materials for
solar panels, and UV filter window shades. Even though we focus here on the potential of
transparent UV protective materials, the NPs we use are potential vehicles for a vast range of
organic molecules with a variety of properties, including: dyes,*° fragrances,?® antimicrobial, !
photochromic molecules,?? and potentially many more.

Therefore, the novel principle of functionalizing nanopaper with size and
compositionally tunable ethyl cellulose NPs?® allows for the facile fabrication of
environmentally-friendly materials with a potentially almost unlimited functionality, as an
alternative to plastics in a tremendous range of applications.

5.2 Results and Discussion

We first prepared simple nonfunctionalized nanopaper using cellulose nanofibrils from two
sources: (i) bacteria and (ii) primary cell walls in citrus peels waste after production of pectin.
The fibrils from both sources are a few tens of nanometers in width in their native state,?
unlike in the case of wood pulp where extensive mechanical/mechanochemical treatment
needs to be applied to obtain fibrils in the nanometer range. However, in a dispersed state,
these fibrils have a tendency to aggregate due to their attractive van der Waals and hydrogen-
bonding interactions.?’ Since the cross-sectional dimension of the fibrils plays a crucial role in
fabricating nanopaper, it is important to individualize the nanofibrils in the dispersed state.
This was done by a combination of a TEMPO-mediated surface oxidation reaction?® and a
high-energy mechanical deagglomeration process.?> The oxidation reaction results in the
conversion of some hydroxyl groups to charged carboxyl groups at the fibril surface leading
to electrostatic stabilization of the nanofibrils against agglomeration. Both cellulose sources
underwent the same individualization process, which disintegrates the fibrils into much
thinner elementary fibril components (nanofibrils are composed of bundles of elementary
fibrils with a width ~4 nm¥2°). The structure of fibrils obtained after the oxidation reaction is
known to be strongly dependent on the starting material,?” and indeed we found that the
width of cellulose nanofibrils from bacteria remained similar after the individualization
process (mean width 43 nm, Figure 5.1a and discrete size distributions shown in Figure S5.5),
which has been reported previously,?® while the individualization process on citrus cellulose
yielded much thinner nanofibrils with a mean width of 7 nm (Figure 5.1c and discrete size
distributions shown in Figure S5.5), close to that of elementary fibrils.

We prepared nanopaper from both cellulose sources via a simple vacuum filtration
followed by gentle heating and pressing. Remarkably, the nanopaper prepared using cellulose
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Bacterlal Cellulose Cltrus CeIIquse

Flgure 5.1. (a c) SEM and TEM images, respectively, of the OX|d|zed bacterial and (negatively stained)
citrus cellulose nanofibrils. (b, d) Photos of the nanopaper films prepared from bacterial (b) and citrus
(d) cellulose sources, 1 cm away from the text. (e-h) SEM images of the surface and cross section of
the nanopaper film from bacterial (e, f) and citrus (g, h) cellulose sources. Scale bars: (a, e, g) 1 um, (c)
100 nm, and (f, h) 2 um.

nanofibrils from the citrus source was significantly more transparent and less hazy than the
nanopaper prepared using the nanofibrils from bacterial cellulose (Figure 5.1b vs Figure 5.1d),
at a similar thickness (8 - 12 um as measured by SEM imaging of cross sections in Figure 5.1).
We hypothesize that the higher transparency of the nanopaper prepared from citrus cellulose
nanofibrils arises because these nanofibrils are much thinner than the cellulose nanofibrils
from the bacterial source, despite both cellulose sources undergoing the same
individualization process. These thinner nanofibrils result in more transparent nanopaper
films because they scatter visible light less effectively than the thicker nanofibrils (Rayleigh’s
scattering theory predicts oset o D*for long thin fibers, where oset is the scattering cross section
and D is the fiber diameter?) and can also pack together more efficiently. The denser packing
of nanofibrils results in fewer air gaps within the cellulose film and therefore less haze,* which
arises as a result of the refractive index mismatch between the cellulose and structural air
gaps causing light scattering. Moreover, nanopaper prepared with thinner fibrils is reported
to have better mechanical properties than nanopaper prepared with thicker fibrils, by an
anomalous scaling law.?° The difference in nanofibrils size between the bacterial and citrus
cellulose sources is also apparent when observing the nanopaper film surface in Figure 5.1,
where the individual nanofibrils are distinguishable on the surface of the bacterial cellulose
nanopaper (Figure 5.1e), but indistinguishable on the surface of the citrus cellulose
nanopaper (Figure 5.1g). We therefore found that this citrus waste cellulose source is very
beneficial for preparing highly transparent nanopaper.

Consequently, we chose to use cellulose nanofibrils from the citrus source, instead of
bacterial, to prepare transparent UV-blocking nanopaper. We prepared these films by
premixing the cellulose nanofibrils with UV-absorbing ethyl cellulose NPs before proceeding
with the same filtration, heating, and pressing technique used for the preparation of the pure
nanopaper. We used two types of UV-absorbing ethyl cellulose NPs: (i) “sunscreen-NPs”
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Figure 5.2. (a, b) Photos of nanopaper films functionalized with (a) sunscreen-NPs and (b) biobased-
NPs, 1 cm away from underlying text. (c, d) SEM images of the surface of the nanopaper films (a) and
(b), respectively, in which sunscreen-NPs and biobased-NPs are visible on the respective surfaces. Both
scale bars are 500 nm. (e) Spectral transmission measurements for the three films. (f) Total
transmission measurements for the three films.

containing encapsulated commonplace organic UV filters from cosmetic sunscreens
(oxybenzone, avobenzone, and octinoxate),’*?* and (ii) “biobased-NPs” containing
encapsulated biobased UV-absorbing molecules obtainable from plants (quercetin, retinol,
and p-coumaric acid).’® Both the sunscreen-NPs and biobased-NPs were prepared by an
upscalable “antisolvent precipitation” technique, and were prepared using 10 and 34 wt%
UV-absorbing material respectively in the antisolvent precipitation because these recipes are
known to give stable aqueous NP dispersions and provide effective uniform absorbance
across the entire UV spectrum.1923 The resultant prepared sunscreen-NPs and biobased-
NPs show average particle diameters of 70 and 90 nm respectively (DLS measurements in
Figure S5.1 and SEM images in Figure S5.2), and demonstrate effective uniform absorbance
across the entire UV spectrum A=290-400 nm (Figure S5.3).223 The biobased-NPs also absorb
up to A=450 nm due to the broad absorbance profile of quercetin, resulting in a yellow
appearance (Figure S5.4).

We found that the nanopaper containing the sunscreen-NPs is almost identical in
appearance to the nonfunctionalized nanopaper (Figure 5.1d vs Figure 5.2a), demonstrates
similar direct and total transmission values in the visible spectrum (Figure 5.2e-f) but
completely blocks out UV light (<1% average between A=290-380 nm, Figure 5.2e). The
nanopaper containing the biobased-NPs is also similar in appearance to the other two films,
completely blocks out UV light (Figure 5.2e), but has a slight yellow tinge (Figure 5.2b) due to
the presence of quercetin in the biobased-NPs. This fully biobased nanopaper also appears
slightly hazier than the other films, which is confirmed by slightly lower direct and diffuse
transmission values (Figure 5.2e-f). This is likely due to the increased scattering caused by the
slightly larger biobased-NPs compared to the sunscreen-NPs, especially considering that the
thickness and root-mean-square (rms) surface roughness for both films are very similar to
each other, where the thickness is 9.5 + 0.4 and 9.6 + 0.3 um for the films functionalized with
sunscreen-NPs and biobased-NPs, respectively (Figure S5.7a-b), and the rms surface
roughness is 67 and 68 nm respectively (Figure S5.8). Improving the transparency of
nanopaper can be achieved with more advanced nanopaper preparation methods and
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Figure 5.3. (a, b) Photos of a glass vial containing 2 nm CdSe quantum dots which fluoresce as a result
of stimulation by a A=375 nm laser light. In (a), the UV laser light is shined through the
nonfunctionalized nanopaper (from Figure 5.1d, shown in the inset) and the quantum dots are
strongly fluorescing, whereas in (b) the UV laser is shined through the nanopaper functionalized with
biobased-NPs (from Figure 5.2b, shown in the inset) and the fluorescence is significantly suppressed.
(c) Photo of nanopaper functionalized with biobased-NPs with text printed on, being bent to
demonstrate flexibility.

techniques. For example, postprocessing techniques such as polishing,! heat pressing,® and
irreversible collapsing by capillary action by the evaporation of water during pressing? are all
known to result in far greater transparency. We therefore believe that the
transparency/haziness of these films could be improved further by such post-processing
techniques. Despite this, we find that our films are highly transparent (direct transmission
51%, 57%, and 39% and total transmission 95%, 94%, and 89% at A=600 nm for nanopaper,
nanopaper with sunscreen-NPs, and nanopaper with biobased-NPs respectively), with far
greater transparency values than UV blocking films containing lignin.'>'8 Moreover, the haze
(Hr) values of these films (47%, 39%, and 56% respectively at A=600 nm) are lower than haze
values for typical (not postprocessed) nanopaper (>60% at A=600 nm),>*° as determined by:®

(Total Transmission — Direct Transmission)

Hp = 100 X

(1)

Total Transmission

This is remarkable considering we use such a simple technique of nanopaper production.

The presence of the NPs in both the resultant UV-blocking films is supported by SEM
imaging of the surface (Figure 5.2c and Figure 5.2d) and cross section (Figure S5.7c). In order
to achieve complete UV-blockage, we used a mass ratio of 44:56 [NPs:nanofibrils] for the
preparation of the films. We did find that some particles were lost upon preparing the films
via vacuum filtration, but this was only a small amount: ~95% of both the added sunscreen-
NPs and biobased-NPs were retained in the resultant films respectively (meaning the other
5% passed through the filter), which we determined from the absorbance of the filtrate.
Improving the transparency of the films (e.g. with postprocessing techniques) may result in
more NPs required for complete UV blockage than what we use, because more transparent
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Figure 5.4. (a-c) Photos and (d) transmission measurements of the three films from Figure 5.2 after 5
months of sunlight exposure. (a) Nanopaper, (b) nanopaper with embedded sunscreen-NPs, and (c)
fully biobased nanopaper with embedded biobased-NPs.

films will typically have greater transmission of UV light too, therefore requiring more NPs in
order to fully block UV radiation. In this case, both: (i) the amount of NPs embedded in the
film as well as (ii) the loading of the UV-absorbing molecules into the NPs, can simply be tuned
either by varying the amount of NPs used in the nanopaper preparation or by varying the
amount of UV-absorbing material in the NP preparation (a.k.a. antisolvent precipitation)
process, in order to provide the desired UV protection. As a visual demonstration of the UV-
blocking ability of the fully-biobased UV-blocking nanopaper, we show that the fluorescence
of CdSe quantum dots, which fluoresce on exposure to a A=375 nm UV laser, is significantly
suppressed when the UV laser is shined through our UV-blocking nanopaper, as compared to
the nonfunctionalized nanopaper (Figure 5.3a-b). Moreover, we demonstrate the flexibility
and ability to print onto the fully-biobased UV-blocking nanopaper in Figure 5.3c. We
observed no obvious difference in the mechanical properties of the UV-blocking films
compared to the non-functionalized film, where all films are flexible and can be repeatedly
bent without damage.
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The UV-blocking films demonstrate effective photostability as a function of time, maintaining
identical appearance (Figure 5.4a-c) and transparency (Figure 5.4d, transmission of visible
light A=400-700 nm is almost identical to Figure 5.2e) when exposed to sunlight over a period
of 5 months on a windowsill. This duration and intensity of sunlight exposure can be
compared, for example, to many food packaging materials in supermarkets. The UV-blocking
ability of both the nanopaper with sunscreen-NPs and nanopaper with biobased-NPs
remained effective but did degrade slightly, in which the films show average direct
transmission values of 10% and 9%, respectively (between A=290-380 nm), as opposed to <1%
before sunlight exposure. Despite this, even after the extensive sunlight exposure, these
values are still much lower than that of the non-functionalized nanopaper which transmits
36% (Figure 5.4d). Since the UV absorption is defined by the degradation of the compounds
encapsulated inside the NPs,'%?3 the photostability of both films could be vastly improved
simply by loading the films with more NPs or loading the NPs with more UV-absorbing
compounds, so that the films maintain full UV blockage despite degradation of the UV-
absorbing compounds. Additionally, the UV-blocking films also demonstrated thermal
stability very similar to typical nanopaper (Figure S5.9).

5.3 Conclusion

In conclusion, we prepared highly transparent UV-blocking nanopaper with embedded UV-
absorbing NPs from ethyl cellulose, via a completely upscalable technique. We use a waste
source of cellulose nanofibrils resulting in highly transparent films. We then prepare
nanopaper which selectively blocks UV light without compromising film quality by embedding
sunscreen-NPs. Significantly, we also prepare transparent UV-blocking nanopaper with a fully
biobased composition by embedding biobased-NPs with encapsulated plant-based UV-
absorbing compounds. The films blocked UV light completely (<1% direct transmission
between A=290-380 nm) while exhibiting high transparency (57%/94% and 39%/89%
direct/total transmission at A=600), low haze (39% and 56% at A=600), and good thermal and
photostability (still <10% direct transmission between A=290-380 nm after 5 months of
sunlight exposure). Crucially, these films are entirely upscalable and the embedded ethyl
cellulose NPs are potential vehicles for a huge range of organic molecules, with a wide range
of functionality. This system therefore is highly promising for the innovation of novel and
advanced sustainable functional materials for many applications.

5.4 Materials and Methods

Materials

Bacterial cellulose (BC) nanofibrils in the form of pellicles of the strain Acetobacter were sourced from
a commercial Nata de coco product (Cozzo food industries, Malaysia). Citrus fibers (Herbacel-AQ Plus,
type N, ~75% cellulose containing water insoluble fraction) were obtained from Herbafood. Ethyl
cellulose (100 cP, lot number MKBT0521V), octinoxate (98%), avobenzone (299%), oxybenzone (98%),
retinol (295%), p-coumaric acid (98%), quercetin (295%), and DURAPORE membrane filters (25 mm,
pore size 0.65 um) were obtained from Sigma Aldrich. Ethanol was purchased from Interchema.
Deionized water from a Millipore system was used in all experiments.

Preparation of Oxidized Nanofibrils from Bacterial and Citrus Sources

Citrus nanofibril dispersion was prepared by mixing a weighed amount of citrus fibre powder with
water, first using a shear mixer (Silverson, L5M-A) for 10 mins at 3000 RPM and then passing it once
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through a Z-chamber (87 um channel diameter) in a Microfluidizer™ (Microfluidics Corp, M-110S)
operated at a maximum pressure of 1200 bar. Bacterial cellulose pellicles were immersed in a 0.1 M
NaOH solution followed by thoroughly washing with water and then breaking it down using a hand
blender (Braun 4185545). The resulting BC slurry was then subjected to 8 washing cycles involving
vacuum filtration and re-dispersion in water, in order to remove soluble impurities. A macroscopically
homogeneous dispersion was obtained after passing the suspension once through the Microfluidizer™
operated at a maximum pressure of 1200 bar. The weight fraction of the nanofibrils in the dispersion
was determined gravimetrically, as the average of three samples from which water was evaporated
at 45°C under a pressure of 40 mbar in a vacuum oven (Memmert Celcius). A combination of TEMPO-
mediated oxidation reaction and high energy mechanical deagglomeration was applied to disintegrate
cellulose nanofibrils from both the sources, described as follows. The oxidation reactions on 0.2 wt%
dispersions were done in TEMPO/NaClO,/NaClO system at neutral conditions for 48 hours at 60°C.2°
After the reaction, the oxidized nanofibrils were purified by repeated centrifugation at 10000 g
(Hettich Rotina 380R) for 30 mins, decantation and re-dispersion steps, 6 times. In order to
individualize the nanofibrils, the purified dispersions were passed through the Microfluidizer™ 5 times,
operated at a maximum pressure of 1200 bar. The concentration of the final dispersion was re-
measured gravimetrically by the aforementioned procedure.

Preparation of Non-Functionalized Nanopaper Films

Bacterial or citrus cellulose nanofibril dispersion (1 mL at concentration 5 g L'3/0.5 wt%) was vacuum
filtrated onto a 22 mm hydrophilic polyvinylidene fluoride membrane filter (pore size 0.65 pm,
DURAPORE) cut to fit an 18 mm Buchner funnel for 10 mins until a gel-like cake formed. The filter with
the gel-like cake was then removed from the funnel, placed in a petri dish, and put in an oven at 50°C
for 10 mins. The nanopaper film was then peeled from the filter with tweezers and pressed for 1
minute with 10 tons of pressure using a hydraulic press (Specac) at room temperature.

Preparation of UV-Absorbing Ethyl Cellulose NPs (Sunscreen-NPs and Biobased-NPs)

Ethyl cellulose NPs with encapsulated UV absorbing molecules were prepared via an antisolvent
precipitation technique.!! Briefly, ethyl cellulose (0.275 g) was dissolved in ethanol (50 mL) along with
i) oxybenzone (0.008 g), avobenzone (0.008 g), and octinoxate (0.008 g) for the sunscreen-NPs, or ii)
quercetin (0.019 g), p-coumaric acid (0.008 g), and retinol (0.014 g) for the biobased-NPs, before being
poured into water (150 mL, pH 5-6) under fast magnetic stirring resulting in the spontaneous
formation of NPs. The dispersions were then evaporated to 50 mL and filtered through filter paper to
remove any large aggregates. These dispersions were then concentrated to 10 g L (by rotary
evaporation, gravimetric determination of concentration and adjustments using water) for the
preparation of the UV-blocking nanopaper films.

Preparation of UV-Absorbing Nanopaper Films

Aqueous cellulose nanofibril dispersion (1 mL at concentration 5g L™/0.5 wt%) from the citrus source
was first mixed with a quantity (0.65 mL of concentration 10 g L™ in Figure 5.2) of either of the aqueous
NP dispersions in a small glass pot. This resultant dispersion was then vacuum filtrated, dried, and
pressed as described above.

Characterization

Nanopaper films were characterized with SEM imaging (FEI XL30FEG) in which samples were sputter
coated with platinum, direct transmission measurements using a HP 8452a spectrophotometer, total
transmission measurements using a home-built set-up with a spectrophotometer (HR4000, Ocean
Optics) equipped with a 15 cm diameter integrating sphere (barium sulfate coated, Labsphere) and a
Tungsten Halogen light source (HL-2000-FHSA-LL, Ocean Optics), and photographs which were taken
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with a Nikon D70 camera. NPs were characterized with SEM imaging as described above and also DLS
(Malvern Zetasizer Nano ZS) in which particle size distributions were obtained using a CONTIN fitting.
Nanofibrils were characterized with SEM imaging as described above and also TEM imaging (Philips
TECNAI20) in which the imaged nanofibrils were negatively stained using uranyl acetate and dried on
a BUTVAR-coated TEM grid. AFM measurements were used to characterize the surface roughness.
Measurements were performed with a JPK Nanowizard Il Atomic Force Microscope at room
temperature in non-contact mode with a silicon cantilever (BRUKER model: OTESPA-R3) and the
roughness of the films was determined from the height images over a 25 um? area and are presented
as root-mean-square (rms) values. Thermogravimetric analysis (TGA) was performed with a TGA Q50
V6.7 Build 203, using approximately 2-3 mg of the respective samples, under an air atmosphere with
a ramp of 15.00 °C/min to 800.00 °C. Printing of text onto the film was performed by sticking the
nanopaper onto a sheet of A4 paper with tape and subsequent printing using a Xerox WorkCentre
7855.
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Appendix
Ethyl Cellulose Nanoparticles (NPs) Characterization

Both the sunscreen-NPs and biobased-NPs were characterized with Dynamic Light Scattering
(DLS), Scanning Electron Microscopy (SEM) imaging, and absorbance measurements. The DLS

measurements show an average particle diameter of 70 nm for the sunscreen NPs and 90 nm
for the biobased-NPs (Figure S5.1).
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Figure S5.1. Size distributions as determined by DLS showing the sunscreen-NPs with an average size
of 70 nm and the biobased-NPs with an average size of 90 nm.

The SEM imaging shows that both sets of NPs are spherical with sizes consistent with the DLS
measurements (Figure S5.2).

Figure S5.2. SEM images of (a) sunscreen-NPs and (b) biobased-NPs. Scale bars 200 nm.

The absorbance measurements show that both the sunscreen-NPs and the biobased-NPs

demonstrate absorbance over the entire UV spectrum, and the biobased-NPs also absorb up
to 450 nm (Figure S5.3).
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Figure S5.3. Absorption spectra for (a) sunscreen-NPs and (b) biobased-NPs, both measured at a
concentration of 110 g L%,

The photograph of both NP dispersions in Figure $5.4 shows that the biobased-NPs are yellow
compared to the colourless sunscreen-NPs (slightly blue-tinged due to the Tyndall effect). It
is also worth noting that the fully-biobased particles have been investigated for their
environmental durability in wet conditions in previous work, where the UV absorbing
molecules are effectively retained within the NPs but some migration can occur.'® Despite
this, EC is insoluble in water and these NPs are known to be stable also at low pH values and
across a range of ionic strengths.3132

Figure S5.4. Photo showing dispersions of sunscreen-NPs (left vial) and biobased-NPs (right vial).

84



Fully Biobased Highly Transparent Nanopaper with UV-Blocking Functionality

Nanofibril characterization

The size distributions for the cellulose nanofibrils from a bacterial source and the cellulose
nanofibrils from a citrus source are shown in Figure $5.5. The cellulose nanofibrils from the
bacterial and citrus sources have mean average widths of 43 nm and 7 nm respectively.
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Figure S5.5. Discrete size distributions for the average width of the cellulose nanofibrils from (a) the
bacterial source and (b) the citrus fruits source. Information was obtained from the TEM and SEM images
in Figure 5.1.
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(Citrus) Films Characterization

When too few sunscreen-NPs or biobased-NPs are used to prepare the films, the films do not
completely block UV radiation (Figure S5.6).

Nanopaper with Nanopaper with
a sunscreen-ECNPs b biobased-ECNPs
70 60
2 60 em===0.65 mL, in article T 50 emm(0.65mL, in article
c o
% 504 gg; 401
£ 40 E 301
% 30- 2
@© J
~ 20- = 20
§ 10_ E 10‘
5 0 T T T T 5 0' T T T
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure S5.6. Transmission measurements for the nanopaper films prepared with (a) sunscreen-NPs,
and (b) biobased-NPs, showing that when too few NPs are used there is transmission of UV radiation.
Concentration of particles used for nanopaper is always 10 g L for both the sunscreen-NPs and
biobased-NPs.

The film thicknesses for the nanopaper films functionalized with the sunscreen-NPs and the
biobased-NPs (shown in Figure 5.2 in the main article) were 9.6 + 0.3 um and 9.5 + 0.4 um
respectively, determined by measuring the thickness at ten points across the SEM images of
the cross sections of both films in Figure $5.7a-b. Additionally, from SEM imaging of the cross
section of another area of the nanopaper film with embedded sunscreen-NPs we found that
the NPs are not just distributed on the surface of the films as seen in Figure 5.2, but also

Figure S5.7. (a-b) SEM images of the cross sections of the functionalized nanopaper films from Figure
5.2 in the main article, in which (a) is an image of the nanopaper film functionalized with sunscreen-
NPs and (b) is an image of the nanopaper film functionalized with biobased-NPs. Both scale bars 10
pum. (c) SEM image of the cross section of a nanopaper film functionalized with sunscreen-NPs from
Figure S5.2 showing that sunscreen-NPs are visible between the layers. Scale bar 500 nm.
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between the layers (Figure S5.7c).

The surface roughness values of the prepared films were determined by Atomic Force
Microscopy (AFM) from height profiles over a 25 pum? area, shown in Figure S5.8. The surface
roughness values are presented as rootmean-square (rms) values. The root mean square
(rms) roughness values were measured as 42 nm, 26 nm, 67 nm, and 68 nm for: i) pure
bacterial cellulose nanopaper (from Figure 5.1b) ii) pure citrus cellulose nanopaper (from
Figure 5.1d), iii) citrus cellulose nanopaper functionalized with sunscreen-NPs (from Figure
5.2a), and iv) citrus cellulose nanopaper functionalized with biobased-NPs respectively (from
Figure 5.2b). These values are all typical for nanopaper3® which is much smaller than typical
values for regular paper (rms values ~5-6 microns3?*).

177 nm

422 nm

-

Figure S5.8. AFM height profiles for: (a) pure bacterial cellulose nanopaper (b) pure citrus cellulose
nanopaper, (c) citrus cellulose nanopaper functionalized with sunscreen-NPs, and (d) citrus cellulose
nanopaper functionalized with biobased-NPs.
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The thermal stability of the nanopaper films was investigated using Thermal Gravimetric
Analysis (TGA). We found that the nanopaper films were stable until 180-220°C, where they
decomposed significantly up to 450°C (Figure S5.9). This decomposition can be attributed to
the decomposition of cellulose which has been previously observed in the TGA of
nanopaper.> Interestingly, we find second degradation peaks at ~400°C for two of the films,
which we cannot explain. Although interesting, the films have already heavily degraded by
this temperature, therefore we emphasize that the important information from this data is
that all the films are stable until 180-220°C.
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Figure S5.9. TGA profiles for the pure nanopaper (from Figure 5.1d), nanopaper with sunscreen-
NPs (from Figure 5.2a), and nanopaper with biobased-NPs (from Figure 5.2b), indicating their
thermal stability under an air atmosphere. (a) Weight loss as a function of temperature. (b)
Temperature first derivative weight loss profiles (dW/dT) of the samples.
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UV-Blocking Nanopaper from Bacterial Cellulose

We found that nanopaper from bacterial cellulose could also be prepared and functionalized
in the same way as with citrus cellulose (Figure $5.10). Fewer NPs were required in order to
achieve full UV blockage here — 0.1 mL sunscreen-NPs at 10 g L' — because the transparency
was much lower anyway).
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Figure S5.10. (a-b) Photographs of a nanopaper film using cellulose nanofibrils from a bacterial source
(1 mLat5 g L?) functionalized with sunscreen-NPs (0.1 mL at 10 g L'}). (c) SEM image of the surface of
the nanopaper film clearly showing the large nanofibrils and the particles embedded. Scale bar 500
nm. (d) Direct and (e) total transmission measurements of both the pure bacterial cellulose nanopaper
film (the film shown in Figure 5.1b) and the bacterial cellulose nanopaper film functionalized with the
sunscreen-NPs.
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Chapter 6. Photochromic Nanoparticles from Ethyl
Cellulose for Smart Materials

The development of photochromic nanoparticles (NPs) is important for the development of
novel smart materials in many applications. Here, we develop photochromic NPs from ethyl
cellulose (ECNPs) by encapsulating an organic photochrome from the spirooxazine family by
an upscalable technique. The photochromic ECNPs exist in as a dispersion in water and have
an average diameter of 78 nm. We then prepare transparent thin films on glass substrates
and transparent nanopaper from the ECNPs and observe the photochromic activity. These
results have great implications for the development of photochromic nanoparticles and smart
materials.
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6.1 Introduction

Photochromism is the reversible transformation of a chemical species between two forms
with different absorption spectra, with the use of a light stimulus.® The word photochromism
derives from Greek and originally referred to a general light-induced (“photo”) colour change
of compounds (“chromism”), but has since been replaced by the more specific above
definition.? The property of photochromism in compounds can be exploited for many
applications, perhaps most-commonly known for darkening lenses for glasses, but also in data
storage,® energy storage,* and textiles.®

Many compounds exhibit photochromism, including both organic and inorganic.
Typical families of photochromic organic compounds include spiropyrans, spirooxazines,
dithienylethenes, stilbenes, and azobenzenes.? Some inorganic metal halides also exhibit
photochromism such as AgCl, which is the active ingredient in many darkening lenses. The
origin of the colour change is usually a result of either a photoisomerization, which is the case
for organic molecules, or a photoreduction of metallic ions, which is the case for inorganic
compounds. Organic photochromes offer a greater variety of properties than inorganic
photochromes and are more tunable. For example, new organic photochromes are being
developed commercially with novel colour or solubility properties by synthetic modifications
of the molecular structures of existing photochromes.®’ Despite this, there is currently not
such a wide variety of photochromic compounds and therefore the properties and potential
applications are limited. These limitations have driven research towards the incorporation of
organic photochromes into NPs.?

The incorporation of photochromic molecules into NPs can combine the unique
properties of the photochrome with effective properties of NPs. For example, the
incorporation of these predominantly water-insoluble photochromic molecules into water-
dispersible NPs allows the use of these photochromes in agueous media. The ability to use
these photochromes in aqueous environments is interesting for biological imaging,®°
colloidal imaging, as well as the use of these photochromes in the preparation of many
materials and coatings which require a water solvent. Additionally, incorporation of
photochromes into NPs can result in suppressed degradation,'! as well as enhanced light
emission.’?> Photochromes have been incorporated into micron-sized particles for use in
water-based coatings,'? but such large particles on the micron instead of nano-scale scatter
light very effectively and therefore cannot be used for transparent materials. Despite the
potential of photochromic NPs, the field is still very young. The only significant commercial
application of photochromic compounds is currently in lenses.'3 Therefore, there is a need to
develop upscalable photochromic NPs which can be used for the development of novel
materials with photochromic properties.

Herein, we develop photochromic NPs from ethyl cellulose (ECNPs) with an
encapsulated photochrome from the spirooxazine family and demonstrate their use in the
preparation of novel colour-changing materials. ECNPs are known effective carriers for
multiple organic compounds,'41® are size-tunable,’” and can be prepared using an upscalable
process. Moreover, ECNPs can produce thin films on substrates'*'® and effectively
functionalize textiles® and paper-based materials.’> We therefore prepare transparent films
of photochromic ECNPs on glass substrates and investigate the photochromic activity. We
then prepare transparent photochromic paper-based materials by combining the
photochromic ECNPs with cellulose nanofibrils. These paper-based materials are interesting
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particularly for the development of sensor applications. For example, such a transparent
material which responds to UV light could be used in food packaging and give information
about the extent of UV light that the packaged food is exposed to, which relates directly to
food spoilage. Moreover, we investigate the potential to stimulate only particular sections of
the nanopaper material by UV light, which has implications for the development of erasable
messages and untraceable documents.

6.2 Results and Discussion

We first identified a suitable organic photochromic molecule from the spirooxazine family to
encapsulate into the ECNPs (Scheme 6.1). We chose this photochrome because it shares the
solubility properties of EC (soluble in ethanol, insoluble in water) which are required for the
encapsulation using an upscalable antisolvent precipitation method. Moreover, this
photochrome changes molecular conformation to a species which is not charged, unlike other
photochromes.? It is important that the molecule does not become charged because this will
likely change the solubility properties to water soluble, and the solubility properties for the
antisolvent precipitation rely on the molecule remaining water-insoluble.

Scheme 6.1. Reaction scheme for the spirooxazine molecule (full name: 1,3-Dihydro-1,3,3-
tri- methylspiro[2H-indole-2,3'- [3H]naphth[2,1-b][1,4]oxazine]) conformation change upon
UV irradiation.

(colourless) (blue)

We encapsulated the photochrome using the established antisolvent precipitation
method, which has previously been used to effectively encapsulate UV filters into ECNPs.14%
Here, the photochrome was dissolved in ethanol together with the EC, before undergoing the
antisolvent precipitation process to form an aqueous dispersion of ECNPs with encapsulated
photochrome. We found that the ECNPs had an average diameter of 78 nm (as measured by
Dynamic Light Scattering, DLS), which is expected for the amount of EC used in the antisolvent
precipitation process.!” The resultant photochromic ECNPs have a zeta potential of -28 mV,
which is similar to pure ECNPs (-26 mV)?!’ and desirably shows that the incorporation of the
photochrome does not destabilize the ECNPs, which can happen with UV filters.1®

We found that an aqueous dispersion of the photochromic ECNPs changed colour
from slightly turbid to a distinct blue colour upon irradiation by 1 minute under a UV lamp
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Figure 6.1. (a) Photographs of an aqueous dispersion of ECNPs (concentration 5 g/L) before
(left) and directly after (right) UV irradiation. (b) Absorbance spectrum for the ECNPs,
measured at a concentration of 0.25 g/L.

(Figure 6.1a). This colour change confirms that the conformation change of the photochrome
is not prevented by confinement into the ECNPs. The presence of the photochrome in the
ECNPs was further confirmed by the absorbance spectrum (Figure 6.1b), which also showed
that the photochrome (in its relaxed state) absorbs from A=380 nm. The colour change of the
photochromic ECNP dispersion is reversible, where the colour change from blue back to
colourless quickly occurs in a matter of seconds (Figure $6.1).

We then investigated the ECNPs for their ability to make coatings. The ability to form
coatings is important for the application of these ECNPs to form thin films and functionalize
various substrates. We found that the photochromic ECNPs could form uniform transparent
coatings on glass slides simply by spin coating (Figure 6.2a). The presence of ECNPs on the
surface of the glass slide was confirmed using SEM imaging, where the ECNP size is consistent
with the DLS measurements (Figure 6.2b). We found that the transparent coatings of
photochromic ECNPs demonstrated the colour change from colourless to blue upon
irradiation by UV light, similar to the photochromic ECNP dispersion. Interestingly, we found
that the colour change was slower with the coatings than with the ECNP dispersion, where
the colour change for the coatings still hadn’t completely reversed from blue back to
colourless after 2 minutes (Figure S6.2). This slower colour change is likely due to the
photochrome now being in the solid state, which reduces the speed of the molecular
conformation change, as has been previously observed.®

Finally, we investigated the ability for these photochromic nanoparticles to make free-
standing transparent paper-based materials. It is known that functional UV-absorbing ECNPs
can effectively functionalize transparent paper-based materials (a.k.a. nanopaper), simply by
filtering a mixture of an aqueous dispersion of ECNPs with cellulose nanofibrils.'> We found
that the photochromic ECNPs could also effectively be combined with cellulose nanofibrils to
prepare transparent nanopaper (Figure 6.3). The functional nanopaper exhibited
photochromic behavior, where the colour of the material changed from transparent to blue
upon irradiation by UV light. Similar to the spin coatings, we also found that the colour change
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Figure 6.2. (a) Photographs of a glass slide coated with the photochromic ECNPs, before (left)
and directly after (right) UV irradiation. (b) SEM image of the surface of the glass slide showing
the photochromic ECNPs.

from blue back to colourless took much longer (>2 minutes) than when the ECNPs were in the
liquid state (Figure S6.3).

Another remarkable observation is that particular sections of the nanopaper could be
stimulated to change colour by the use of a UV laser (Figure 6.3c), and also with the use of a
template (Figure 6.3d). This property allows the nanopaper to be written onto using laser
light and without physical contact, which is interesting for the development of erasable
messages and untraceable documents. Additionally, we found that the intensity of the UV
light was directly dependent on brightness of the blue colour exhibited by the nanopaper. In
Figure 6.3b, the nanopaper is stimulated with a UV lamp for 1 minute and the blue colour is
fainter than in Figure 6.3c, where the nanopaper is stimulated with a high-intensity UV laser.
In Figure 6.3d, the nanopaper is placed underneath a template before being stimulated by a
UV lamp for a minute (in the same way as for Figure 6.3b), and the nanopaper is even fainter
than the nanopaper in Figure 6.3b because the template blocks some UV light.
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Figure 6.3. Photographs of nanopaper containing photochromic ECNPs. (a) Photochromic
nanopaper. (a) The nanopaper after irradiation by a UV lamp for 1 minute. (b) The nanopaper
is irradiated by a UV laser for 10 seconds. (c) The nanopaper after irradation by a UV lamp
through a template, demonstrating that text can be temporarily “printed” on using UV light.

6.3 Conclusions

In conclusion, we developed an aqueous dispersion of photochromic NPs from ethyl cellulose
(average diameter 78 nm) by encapsulating a photochromic molecule from the spirooxazine
family via an upscalable technique. We then prepared transparent thin films from these NPs
by spin coating and transparent paper-based materials by combining the NPs with cellulose
nanofibrils. The thin films and paper-based materials both demonstrated effective
photochromic activity, where the speed of the colour change of the photochromic NPs in the
solid state was significantly slower than compared with the aqueous dispersion. Moreover,
we found that the use of templates resulted in the ability to “write” on the paper-based
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materials using UV light. We also found that the higher intensity UV irradiation resulted in
greater photochromic activity. We believe that these results have great implications for the
development of photochromic NPs for smart materials, such as transparent food-packaging
which can give an insight into the extent of food-spoilage, as well as erasable messages and
untraceable documents.

6.4 Materials and Methods

Materials

Cellulose fibers (Herbacel-AQ Plus, type N, ~75% cellulose containing water insoluble fraction) were
obtained from Herbafood. Ethyl cellulose (100 cP, lot number MKBT0521V), the photochrome (1,3-
Dihydro-1,3,3-tri- methylspiro[2H-indole-2,3'-[3H]naphth[2,1-b][1,4]oxazine], >98%) and DURAPORE
membrane filters (25 mm, pore size 0.65 um) were obtained from Sigma Aldrich. Ethanol was
purchased from Interchema. Deionized water from a Millipore system was used in all experiments.

Preparation of Photochromic ECNPs

ECNPs with encapsulated photochrome were prepared via an antisolvent precipitation technique.'
Briefly, ethyl cellulose (0.275 g) was dissolved in ethanol (50 mL) along with the photochrome (0.028
g) before being poured into water (150 mL, pH 5-6) under fast magnetic stirring resulting in the
spontaneous formation of NPs. The dispersions were then evaporated to 50 mL and filtered through
filter paper to remove any large aggregates. These dispersions were then concentrated to 42 g L! (by
rotary evaporation, gravimetric determination of concentration and adjustments using water) for the
spin coating and to 10 g L™ for the preparation of the nanopaper.

Spin Coating of Photochromic ECNPs

A concentrated dispersion of the photochromic ECNPs (42 g L%, 300 pL) was spin-coated onto
plasma-cleaned glass microscope cover slips (No. 1, 22mm) at 1500 rpm for one minute.

Preparation of Oxidized Cellulose Nanofibrils

The oxidized cellulose nanofibril dispersion was prepared by mixing a weighed amount of cellulose
fibre powder with water, first using a shear mixer (Silverson, L5M-A) for 10 mins at 3000 RPM and
then passing it once through a Z-chamber (87 um channel diameter) in a Microfluidizer™ (Microfluidics
Corp, M-110S) operated at a maximum pressure of 1200 bar. The weight fraction of the nanofibrils in
the dispersion was determined gravimetrically, as the average of three samples from which water was
evaporated at 45°C under a pressure of 40 mbar in a vacuum oven (Memmert Celcius). A combination
of TEMPO-mediated oxidation reaction and high energy mechanical deagglomeration was applied to
disintegrate the cellulose nanofibrils, described as follows. The oxidation reactions on 0.2 wt%
dispersions were done in TEMPO/NaClO,/NaClO system at neutral conditions for 48 hours at 60°C.*
After the reaction, the oxidized nanofibrils were purified by repeated centrifugation at 10000 g
(Hettich Rotina 380R) for 30 mins, decantation and re-dispersion steps, 6 times. In order to
individualize the nanofibrils, the purified dispersions were passed through the Microfluidizer™ 5 times,
operated at a maximum pressure of 1200 bar. The concentration of the final dispersion was re-
measured gravimetrically by the aforementioned procedure.

Preparation of Photochromic Nanopaper

An aqueous dispersion of oxidized cellulose nanofibrils (1 mL at concentration 5 g L™/0.5 wt%) was
mixed with the photochromic ECNPs (0.65 mL, 10 g L'!) and vacuum filtrated onto a 22 mm hydrophilic
polyvinylidene fluoride membrane filter (pore size 0.65 pum, DURAPORE) cut to fit an 18 mm Buchner
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funnel for 10 mins until a gel-like cake formed. The filter with the gel-like cake was then removed from
the funnel, placed in a petri dish, and put in an oven at 50°C for 10 mins. The nanopaper film was then
peeled from the filter with tweezers and pressed for 1 minute with 10 tons of pressure using a
hydraulic press (Specac) at room temperature.

Characterization

Photochromic ECNPs were characterized by: Spectrophotometry (HP 8452a), SEM (FEI XL30FEG) and
DLS (Zetasizer Nano ZS, Malvern). Coatings were prepared with a spin coater (SCS P6700). Photographs
were taken with a Nikon D70 camera. The aqueous dispersion of photochromic ECNPs and spin coated
glass substrates were irradiated with a 6 Watt UVGL-58 Handheld UV lamp at A=365 nm at a distance
of 10 cm. The nanopaper was irradiated with the same UV lamp and also a 0.07 Watt A=375 nm LED
UV Pen Light (Varta), both at a distance of 10 cm.
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Appendix

<5 seconds 5 seconds 15 seconds

Before
irradiation

Figure $S6.1. Photographs of aqueous dispersions of photochromic ECNPs before and after
irradiation with a UV lamp for 1 minute. Six photographs are taken at increasing time periods
after irradiation to monitor the speed of the reversing colour change from blue back to
colourless.
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Figure S6.2. Photographs of spin coatings of photochromic ECNPs before and after irradiation
with a UV lamp for 1 minute. Six photographs are taken at increasing time periods after
irradiation to monitor the speed of the reversing colour change from blue back to colourless.
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Figure S6.3. Photographs of nanopaper containing photochromic ECNPs before and after
irradiation with a UV lamp for 1 minute. Six photographs are taken at increasing time periods
after irradiation to monitor the speed of the reversing colour change from blue back to
colourless.
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UV-Absorbing Composite “Matchsticks” for Functional
Materials
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Chapter 7. Seeded-Growth of Silica Rods from Titania
Particles and Self-Assembly

Seeded-growth of silica rods from titania particles is a facile method to synthesize novel,
complex, matchstick-shaped particle structures which are particularly interesting for optical
applications. However, the synthesis and assembly of these matchsticks is challenging and not
well explored. Here, we explore the tunability of these matchsticks and their assembly into
arrays with liquid crystalline order via sedimentation and supraparticles via spherical
confinement. These results are valuable for the development of novel particle structures and
particle assembly.
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7.1 Introduction

Photonic crystals are materials which can manipulate light because of periodic order, or more
specifically, the materials contain a periodically varying index of refraction. Many examples
of photonic crystals exist in nature, including the colouring in peacock feathers and some
butterfly wings, as well as the reflective ‘eyeshine’ seen in many nocturnal animals.® Photonic
crystals find use wherever light needs to be manipulated, therefore have many potential
applications, particularly in optics,?™ reflective coatings,® and structural colouration.®

One potential novel bottom-up approach towards photonic crystals is through rod-
shaped silica particles. The use of colloidal particles to form photonic crystals is attractive
because this gives the chemist control of the nano/micron-sized building blocks and a bottom-
up approach to their assembly. Rod-shaped silica particles are particularly interesting because
they can be made with an anisotropic shape,® hybrid and anisotropic composition,’™ are size-
tunable at the length scale appropriate for optical applications (the wavelength of visible
light),®”1° and can assemble into 2D and 3D liquid crystal phases.!!

The synthesis of rod-shaped silica particles with titania on one end has recently been
demonstrated in literature, where the particles have a “matchstick” like structure with a silica
tail and titania head.” Titania is a high refractive index material, which makes these hybrid
matchsticks particularly interesting for photonic crystals. However, the synthesis and
assembly of these novel structures is not well studied. There is a therefore a need to explore
the synthesis and tunability of these hybrid matchsticks, and investigate their assembly into
2D and 3D ordered structures.

In this work, we grow silica rods from titania particles to form matchstick-shaped
hybrid particles. We then assemble these matchsticks via sedimentation and spherical
confinement. We explore the formation of nematic and smectic liquid crystal phases when
assembling the matchsticks into arrays via sedimentation. The ability to vary the liquid crystal
phase simply by varying the particle concentration is interesting for fundamental studies. The
formation of smectic liquid crystal phases is particularly desirable because this results in 1D
periodic long-ranged ordering of the high refractive index titania “heads”, which is interesting
for photonic crystals. We then investigate the assembly of these matchsticks into spherical
structures consisting solely of clusters of matchstick particles, termed supraparticles.
Supraparticles can themselves be building blocks for further hierarchical structures.?13

We believe these results have great implications for the development of novel
complex hybrid particle structures with potential applications in photonic crystals, as well as
being fundamentally of great interest.

7.2 Results and Discussion

7.2.1 Growth of Silica Rods from Titania Particles

We began by synthesizing titania particles with an average size 432 nm (polydispersity
6 = 4%, where 6 = (standard deviation)/(mean diameter)) (Figure $7.1). These particles were
synthesized by an established technique in literature, involving the hydrolysis and
condensation of titania precursor titanium tetraisopropoxide.'* Next, we grew silica rods from
titania particles. The growth of silica rods from colloidal titania particles in this size range is
already an established synthesis in literature, which results in anisotropic matchstick-shaped
particles with a titania “head” and silica “tail”.” The experimental conditions to grow silica
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c 15 mins d 1hour e 2hours

Figure 7.1. (a, b) SEM images of matchsticks with titania “heads” and silica “tails”. (c-e) TEM images
of the resulting matchsticks when the reaction time is shortened to: (c) 15 minutes, (d) 1 hour, (e) 2
hours.

rods from titania particles exploits the well-established emulsion-droplet based growth of
anisotropic silica structures.” In this synthesis, a water-in-oil emulsion is formed where the
water droplets are stabilized by sodium citrate and poly(vinyl pyrrolidone) (PVP), in a
continuous phase of 1-pentanol which also contains dispersed titania particles. The water
droplets interact with the hydrophilic surface of the titania particles, and silica rods then grow
from the ammonia-catalysed condensation of TEQS inside the emulsion droplets.

We prepared matchsticks using this technique and the resulting particles have lengths
ranging between 4-5 um, widths 300-400 nm, and aspect ratios ((rod length)/(rod diameter))
8-13 (Figure 7.1a, b). We could also prepare matchsticks with lower aspect ratios by using
larger titania particles (786 nm, & = 5%, Figure $7.2). We found that it was essential to age the
titania particles in water for at least one day before the growth of silica rods from the titania
particles, and not doing this resulted in dispersions of pure silica rods and titania particles
with no silica rods grown from the surface, similar to another study.” Interestingly, we also
observed that some silica rods grew from multiple titania particles, which can be explained
by the favourable free energy of the water droplet attachment at concave regions, as has
been previously observed.!> We also found that we could tune the length, and therefore
aspect ratio, of the matchsticks simply by varying the reaction time (Figure 7.1c-e).
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Nemac

Smectic

Figure 7.2. Confocal images in reflection mode of the bottom layer of matchsticks, which have been
sedimented in a capillary to form liquid crystal phases. The bright dots are indicative of the high
refractive index titania. (a, b) The sedimentation column was filled with 500 pL of a solution of
matchsticks in ethanol at a concentration of 0.14 g/L and a nematic phase was formed. (c, d) The
sedimentation column was filled with 500 pL of a solution of matchsticks in ethanol at a concentration
of 1.06 g/L (volume fraction 0.4) and regions of smectic phases formed.

7.2.2 Self-Assembly of Matchsticks into Liquid Crystalline Phases via
Sedimentation

We then left dispersions of these matchsticks (500 pL, concentration 0.14 g/L and 1.06 g/L)

to sediment in ethanol for 3 days, in hand-made sedimentation columns prepared from the

end of a glass pipette glued to a glass cover slip.

Interestingly, we found that the bottommost layers of the sedimented matchsticks
formed nematic and smectic liquid crystal phases. We found that the type of liquid crystal
phase (nematic or smectic) was dependent on the concentration of sedimenting matchsticks
(Figure 7.2). We believe that we were able to form both nematic and smectic liquid crystal
phases because of the high aspect ratio (9-13) of these matchsticks. This hypothesis is
consistent with the phase diagram for spherocylinders which shows that the nematic and
smectic phases form over a wider range of packing fractions for higher aspect ratios.®

108



Seeded-Growth of Silica Rods from Titania Particles and Assembly

Figure 7.3. (a) SEM image of the clusters of rods formed for the high aspect ratio matchsticks from
Figures 7.1 and 7.2. (b, c) Spherical supraparticles formed from lower aspect ratio matchsticks (Figure
$7.2).

7.2.3 Self-Assembly of Matchsticks into Supraparticles via Spherical Confinement
Finally, we assembled the matchsticks into supraparticles via spherical confinement. Here,
the matchsticks were assembled into supraparticles simply by emulsifying an aqueous
dispersion of the matchsticks into a water-in-oil emulsion, followed by slow evaporation of
the solvent in the suspended water droplets.'’

We first found that supraparticles from the high-aspect ratio rods did not form
spherical supraparticles, instead forming supraparticles composed of small clusters of nearly
parallel matchsticks (Figure 7.3a). We believe that the small size of the emulsion droplets
relative to the large matchstick length facilitated the formation of small clusters of parallel
matchsticks instead of spherical supraparticles. We then found that lower aspect ratio
matchsticks (Figure $7.2) did form spherical supraparticles (Figure 7.3b, c), which is consistent
with our hypothesis that a large emulsion droplet size relative to the particle size helps
facilitate the formation of spherical supraparticles. We did not find that the matchsticks inside
the spherical supraparticles were particularly ordered. Despite this, we believe that
optimizing conditions and increasing supraparticles size may result in greater order. For
example, more controlled emulsification procedures, such as microfluidics, would allow the
formation of well-defined and controllable droplet sizes.'82° Moreover, slower speeds of the
self-assembly (thus longer drying times) has been reported to improve ordering.?! The
formation of such supraparticles is very interesting for 3D photonic crystalline materials.

7.3 Conclusions

In conclusion, we prepared matchstick-shaped hybrid particles with titania “heads” and silica
“tails”. We explored the size tunability of these particles, ability to control the length and
aspect ratio, and ability to grow from multiple sizes of titania (average diameter 432 nm and
786 nm). We then assembled these structures into arrays via sedimentation and
supraparticles via spherical confinement. We found nematic and smectic liquid crystal phases
from the assembly via sedimentation. The matchsticks inside the supraparticles did not show
any order. However, we believe that optimizing the conditions of supraparticles formation
could result in ordered supraparticles. These results are valuable for the development of
novel particle structures and particle assembly.
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7.4 Materials and Methods

Materials

Sodium citrate dihydrate (99%), 1-pentanol (99%), tetraethylorthosilicate (TEQS, 98%), ammonium
hydroxide (NH40H, 25 w/w%), Polyvinylpyrrolidone-40 (PVP, Weight Average Molecular Weight MW
=40 kg/mol), PVP-360 (MW = 360 kg/mol), (3- aminopropyl)-triethoxysilane (APTES, 98%), methanol
(99%), acetonitrile (99%), titanium(IV) isopropoxide (TTIP, 97%), dodecylamine (>99%), and Span 80
were purchased from Sigma Aldrich. Ethanol (100%) was purchased from Interchema and pure water
was used from a Millipore system. n-Hexadecane (for synthesis) was obtained from Merck.

Preparation of Titania Particles

Titania particles were prepared by a modified method from literature.'* Here, acetonitrile (49 mL),
H,0 (0.18 mL), dodecylamine (350 pL), methanol (101 mL) were added to a 250 mL round bottomed
flask and stirred vigorously. TTIP (1.0 mL) was then added. The reaction is left to proceed for 8 hours.
After 8 hours, the titania particles were isolated via centrifugation, washed with ethanol, and then
finally isolated via centrifugation and subsequent drying in an oven at 50 °C. The following day, the
dried particles were then redispersed in water to make a 2.5 wt% solution. For the lower aspect ratio
matchsticks in Figure S7.2 which were used for the supraparticles in Figure 7.3, the reaction was left
to proceed for 24h instead of 8h resulting in larger titania seed particles.

Growth of Silica Rods from Titania Particles

Silica rods were grown via a modified procedure described by Datskos et al.?, in which our modification
is that we prepare the matchsticks using a defined concentration of titania in water. The silica rod
growth is a modification from the silica rod growth procedure originally described by Kuijk et al.®
Firstly, a PVP/1-pentanol stock solution was made with concentration 100 g/L. Then 9.11 g of this stock
solution was added to a 15 mL centrifuge tube. Next, 500 pL of titania particles (2.5 wt% in water)
were dispersed in the PVP/1-pentanol solution via sonication. Ethanol (1.5 mL) and aqueous sodium
citrate (0.18 M, 100 pL) were then added and the mixture was vigorously shaken by hand. Ammonia
(200 pL, 25%) was then added and the mixture shaken again. TEOS (100 pL) was then added followed
again by vigorous shaking. The mixtures were then left to stand for 12 hours. The particles were
washed by two rounds of centrifuging at 500g for 15 minutes, discarding the supernatant, and
redispersing in ethanol. To obtain shorter matchsticks, a higher concentration of titania particles in
water (5 wt%) was used.

Assembly of Matchsticks via Sedimentation

The sedimentation columns were prepared by hand from a glass Pasteur Pipette (WU Mainz, short
form, 150 mm), glass cover slip (Deckglaser, No. 1.5H, 22 x 22 mm), conventional glass slide
(ThermoFisher), and UV curing glue (NOA 68). Briefly, the end of a glass Pasteur Pipette (where the
rubber bulb attaches) was cut off and the resulting sharp end was then sanded. One end of this glass
cylinder was then glued to a glass microscope cover slip using UV curing glue. Next, this pipette end
with connected cover slip was inserted through a glass microscope slide which contains a
complimentarily-sized hole drilled in the centre, which is used so that the cell can be held in a
conventional microscope stage. The two were then glued together resulting in a home-made
sedimentation column. The dispersion of matchsticks in ethanol (500 UL, concentration 0.14 or 1.06
g/L) was then pipetted into the end of glass pipette and the top sealed with Parafilm to prevent solvent
evaporation. The matchsticks in ethanol were then left to sediment for 3 days in this sedimentation
column.
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Assembly of Matchsticks via Spherical Confinement

Supraparticles were made using a water-in-oil (W/0O) emulsion method, in which charge stabilized
colloids are compressed inside aqueous droplets dispersed in a nonvolatile organic phase.r” The
matchstick particles obtained from the synthesis were centrifuged and redispersed in deionized water
(10 mL, 2 g/L). 0.5 mL of this dispersion was then pipetted into hexadecane (5 mL) containing nonionic
surfactant Span 80 (1 wt%) in a small glass vial (20 mL). This solution was then shaken vigorously to
form the emulsion. Parafilm was then used to seal the top of the glass vial, which was then punctured
with a few holes (to allow slow evaporation of the aqueous dispersed phase). The vial was then left to
shake gently (IKA KS 260 basic, 250 rpm) for 2 weeks. The shaking was then stopped to allow the
formed supraparticles to sediment. After 1 hour, sediment was visible on the bottom of the vial so the
supernatant was carefully removed using a glass pipette. The supraparticles were then washed twice
with cyclohexane (cyclohexane added, solution vortexed, left to sediment, solvent removed),
eventually leaving a relatively concentrated supraparticle dispersion in <0.5 mL cyclohexane.

Characterization

Imaging of the particle morphology was performed with TEM, SEM and confocal microscopy. TEM was
performed with an FEI TECNAI 20 electron microscope, in which samples were prepared by pipetting
a drop of the particle dispersion in ethanol onto a Formvar/Carbon Films 200 Mesh Copper (100) grid.
SEM was performed with an FEI XL30SFEG in which samples were prepared by pipetting a drop of the
particle dispersion onto a silicon wafer on top of an aluminium stub and subsequently sputter-coated
with a platinum layer of approximately 4 nm. Confocal microscopy was performed with a Leica SP8
confocal microscope (100x oil immersion lens).
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Figure S7.1. TEM image of titania particles. Scale bar 1 micron.

Smaller titania rods

Figure S7.2. (a) TEM image (scale bar 2 microns) of titania particles with average size 786 nm, 6 = 5%.
(b-c) SEM images of lower aspect ratio matchsticks, prepared using an equal concentration (by weight
%) of slightly larger seed particles. Silica rod growth from the matchsticks proceeded in an identical
way as for the smaller titania particles.
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Chapter 8. Seeded-Growth of Silica Rods from Silica-
Coated Particles

Seeded growth of silica rods from colloidal particles has emerged as a facile method to
develop novel complex particle structures with hybrid compositions and asymmetrical
shapes. However, this seeded-growth technique is so far limited to colloidal particles of only
a few materials. Here, we first develop a general synthesis for the seeded-growth of silica rods
from silica particles. We then demonstrate the growth of silica rods from silica-coated
particles with three different cores which highlight the generality of this synthesis:
fluorescently labeled organo-silica (fluoresceine), metallic (Ag) and organic (PS latex). We also
demonstrate the assembly of these particles into supraparticles. This general synthesis
method can be extended to the growth of silica rods from any colloidal particle which can be
coated with silica, such as crystalline titania.
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8.1. Introduction

Fine control of the composition and shape of building blocks at the nano and micron scale is
a route to novel functional materials with unique properties. Particularly interesting colloidal
building blocks are colloidal silica rod-like structures. Silica rods with high uniformity can
already be made via a one-pot wet-chemical synthesis method,! are low-cost, inert,
biocompatible, highly tunable and already show great potential for many novel materials such
as advanced coatings (superhydrophobic? and non-fouling?), thin films for solar cells,* porous
composites,>® and advanced optical materials because of their ability to form liquid crystal’™
9 and plastic crystal phases.1012

Increasing the breadth of these potential applications as well as the complexity of
potential novel materials can be achieved by increasing the complexity of the building blocks
themselves. Two ways to increase the complexity of silica rods are by introducing: i)
heterogeneity in composition (e.g. composites/hybrid structures), and ii) anisotropy in
composition (e.g. creating asymmetry). Introducing heterogeneity in the composition of silica
rods adds functionality which broadens the potential properties of the material, whilst
asymmetry in these structures is essential for some potential applications in active matter,3-
16 directed assembly,® and advanced optical materials.

Currently, the most effective experimental conditions to prepare silica rods exploit the
emulsion-droplet based growth of anisotropic silica structures, which was developed in our
group.t”18 In this method, silica rods grow from the ammonia-catalysed condensation of
tetraethylorthosilicate (TEQOS) in water emulsion droplets stabilized by sodium citrate and
poly(vinyl pyrrolidone) (PVP) in a 1-pentanol continuous phase. This method reproducibly
results in highly uniform silica rods with tunable aspect ratio. Moreover, with this method the
silica rods can even be shaped by modifying conditions during growth,>*® or via post-
treatment to create even more complex particles.?%?! Subsequent research then found that
when certain colloidal particles (e.g. TiO2, FeOx, and MnOx) are also present in the synthesis,
the silica rods can grow from the water droplets attached to (or Pickering stabilized by) the
colloidal “seed” particles, resulting in anisotropic composite silica rods.141>1922.23 Thjs is
known as “seeded-growth” and the resulting particles as “matchsticks”. Alternatively,
functional polymers can be introduced by an inverse seeded-growth method, where silica
rods are used as seeds in a polymerization reaction.?* Despite the seeded-growth synthesis
technique being very effective for growing anisotropic composite silica rods with certain
functionalities, the synthesis is so far limited to only a few colloidal particles e.g. FeOy, TiO;,
and MnOy. This is probably because the colloidal particle ‘seeds’ must adhere to certain
requirements, e.g. be dispersible in 1-pentanol and interact in a specific way with the water
emulsion droplets in order to facilitate growth of a silica rod. In practice, this means that seed
particles and growth conditions must be optimized for each desired material. In fact, the use
of this method along with colloidal silica and silica-coated particles has shown to result in
isotropic shapes with multiple silica rods grown from the seed.®? It is difficult with some
colloidal particles to facilitate silica rod growth at all, where instead pure silica rods grow
independently of the dispersed colloidal seeds. Therefore, there is a need for a general
synthesis of silica rod growth from colloidal particles. This general synthesis will allow facile
experimental preparation of advanced anisotropic composite silica rods with a wide range of
functionalities.

Herein we demonstrate a general synthesis for growing silica rods from silica seeds
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with potentially any functionality. We optimize experimental conditions of this seeded growth
approach of growing silica rods from seed particles in order to grow silica rods from silica
seeds. Then, we use the principle that almost all colloidal particles can be coated with silica.2®
Subsequently, as a proof-of-principle for the generality of this method, we prepare composite
matchstick particles from core/shell silica particles with (i) a fluorescent silica core, (ii) metallic
Ag core, and (iii) organic polystyrene (PS) core, using the same experimental conditions for
matchstick growth. These three cores were specifically chosen in order to demonstrate the
generality of the synthesis, highlighting that these matchsticks can potentially be prepared
with a huge diversity of functionality/composition. The first anisotropic composite matchstick
particles we prepare with a fluorescent core in the head are particularly interesting for
applications which can utilize the fluorescent anisotropic nature of these particles, including
confocal fluorescence microscopy in which single particle orientations and positions can be
determined even in concentrated systems,?’ cell imaging, and the investigation of flow
behavior. The second anisotropic composite matchstick particle we prepare introduces a
catalytically active and electrically conductive material (Ag) into the rod head. The former
property makes these potentially self-propelling particles with applications in active
matter,’37%® while the latter introduces the possibility of fine and anisotropic manipulation of
the rods via dielectrophoretic trapping.?® The seeded growth method presented here is able
to incorporate the silver head, while reliably maintaining a shape resembling a high aspect
ratio rod. Current methods to incorporate metals into rod heads require Pickering
stabilisation of water droplets, which results in polydisperse mixtures of particles (size range
of smallest dimension generally between 100 — 1000 nm) with nonuniform shapes.*® The third
anisotropic composite matchstick particles we prepare with organic PS in the heads are
potentially very versatile because organic polymers — and therefore these particles — can be
made with a huge range of functionality.

We then also demonstrate the assembly of the matchsticks with PS heads into
supraparticles. Supraparticles are clusters of smaller particles which themselves have a
defined structure.?®>3 The formation of supraparticles commonly utilizes the technique
involving the slow drying of particle-containing emulsion droplets in a nonvolatile continuous
phase, and recently our group extended this technique to the formation of supraparticles also
from rod-like nanoparticles.?”3! These hybrid matchsticks with PS heads therefore have the
potential to form advanced hierarchical structures, because supraparticles can be used as
building blocks themselves for hierarchically ordered structures which combine original
functionalities at different length scales.?®3° These supraparticles assembled from the
matchsticks with PS heads are particularly interesting for advanced supraparticles with
tunable porosity, because the organic PS can be burned away.3? Such structures are
potentially interesting for catalysis and sensing applications.

We believe these results have great implications for the development of novel
complex composite particles, for applications towards novel advanced materials as well as
being fundamentally of great interest.
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Figure 8.1. (a-c) SEM images of matchsticks grown from silica particles.

8.2. Results and Discussion

8.2.1. Seeded Growth of Silica Rods from Silica Particles

The seeded growth of silica rods from silica particles has previously been shown to
result in isotropic star-shaped particles in which multiple rods are grown from the silica seed
particles.'® Using this synthesis as our starting point, we then optimized the conditions of silica
rod growth in order to grow singular silica rods from pure silica particles (average size 325
nm, polydispersity 6 = 6% where & = (standard deviation)/(mean diameter), Figure $8.1). We
reduced the number of rods grown from the silica seed particles by using more water in the
emulsion. The effect of increased water content of the emulsion has recently been shown
with FeOy structures to better facilitate the growth of one rod onto one seed.** However, the
increasing amount of water is also known to reduce the rod aspect ratio (Figure $8.2).! We
therefore compensated for this rod shortening by increasing the amount of ethanol present,
which is known to increase rod length up to a certain point, beyond which no rods are formed
at all — only spheres.” The amount of each reagent in the recipe is a delicate balancing act,
which is all the more reason why a general synthesis is necessary. By using more water and
more ethanol in our recipe, we were successfully able to facilitate the growth of a singular
silica rod from the silica seed particles (Figure 8.1a). We did interestingly find many instances
of silica rod growth from multiple seed particles (Figure 8.1b) and this can be explained by
the favourable free energy of the water droplet attachment at concave regions, as has been
previously observed.3® Despite this observation, the synthesis results in a highly uniform set
of matchsticks (Figure 8.1c).

Notably, we also found that the size of the seed particle was important in facilitating
singular silica rod growth. We found that using much larger seed particles sizes of >1.5 um
diameter facilitated the growth of many rods from one seed particle, resulting in rough
particles with short spikes (Figure S8.3). We hypothesize that this is because the size of the
emulsion water droplets from which the silica rods grow are ~200-500 nm,”*° therefore
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Figure 8.2. (a-c) Confocal microscopy images of dried matchsticks with a single (a,c) and double (b)
fluorescent head. The fluorescence signal is overlayed in red on the grayscale reflection images. The
only appreciable fluorescence signal was found in the matchstick heads. Scale bars for both (a) and (b)
500 nm.

multiple emulsion droplets are able to form without coalescing on the surface of larger seed
particles. In a similar way, urchin-like silica particles have been prepared?>.

8.2.2. Seeded-Growth of Silica Rods from Silica Particles with a Fluorescent (FITC)
Core.

We then grew silica rods from silica particles with a fluorescent silica core containing
fluorescein isothiocyanate isomer | (FITC). We chose a fluorescent core because this increases
the utility of these particles for imaging applications. For example, this allows 3D tracking of
one end of the particle from confocal image volumes, yielding information about the
matchstick orientation and dynamics.

The silica particles with a fluorescent core (size 441 nm, 6 = 3%) were prepared using
established techniques, by a modified Stéber method, utilizing seeded-growth and the
incorporation of silane coupling agents that were first reacted to a fluorescent dye (Figure
$8.4).34 The silica rods were then grown from these silica particles with a fluorescent core in
the same way as with the pure silica particles. The resulting matchsticks displayed
fluorescence exclusively in the head of the matchstick (Figure 8.2), while our group also
developed the methodology to fluorescently label the silica rods.?

8.2.3. Seeded-Growth of Silica Rods from Silica Particles with a Metallic (Ag) core

Next, we grew silica rods from silica particles with a core consisting of metallic silver
(Ag). We chose Ag for the metallic core because silica rod matchsticks have not been prepared
from large Ag colloidal particles, and colloidal Ag can be prepared with high yields. Moreover,
Ag has (i) a high conductivity and (ii) high catalytic activity. The former means anisotropic
hybrid rods with a Ag head would be responsive in an electric field, and therefore have
potential applications in directed assembly. The latter means that these hybrid rods are
interesting for the fields of active matter and catalysis.
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The silica particles with a Ag core were synthesized by an established method involving
the reduction of silver ions to metallic silver by ascorbic acid, which is known to result in
polydisperse dispersions of Ag with diameter around 500 nm,3 followed by subsequent
washing and coating of the Ag particles with silica by an established method?® (Figure 8.3).
The resultant Ag particles were polydisperse (Figure $S8.5) with an average diameter of 560
nm (from dynamic light scattering). Next, these particles were coated with silica (Figure $8.6).
We then grew silica rods from these silica particles with a Ag core in the same way as with the
pure silica particles. TEM images of the resulting matchsticks display an obvious darker region
in the head of the matchstick, which is due to the presence of the Ag (Figure 8.3).
Interestingly, despite the high polydispersity of the seed particles, matchsticks were
successfully prepared from the seed particles of all sizes and the length and diameter of the
silica rods between seeds of all sizes is relatively uniform (Figure $8.7). This suggests that the
relative width of the rod diameter distribution is still governed by a similar emulsion droplet
size distribution as found in ordinary rod growth, while the mean rod diameter is increased
by the wetting of the initial droplets on the large seeds.

Figure 8.3. (a-c) TEM images of matchsticks with a head containing an Ag core.

8.2.4. Seeded-Growth of Silica Rods from Core-Shell Silica Particles with an Organic
(Polystyrene) Core and Assembly into Supraparticles

Finally, we grew silica rods from silica particles with an organic core of polystyrene
(PS). We chose an organic core in order to fully demonstrate the generality of the synthesis.
We chose PS as our organic core because monodisperse PS colloidal particles can easily be
prepared. Moreover, polymers can have a huge potential range of functionality, which means
developing a synthesis for anisotropic composite rods with a polymer head could have many
applications. Additionally, polymers can be removed via heating3? which means that the
porosity of these particles could be tuned.

We chose to use cationically stabilized PS to further show the generality of the
synthesis — silica itself is anionically stabilized and therefore we are demonstrating that we
can also prepare matchsticks with colloids stabilized cationically, too. The silica particles with
a PS core were prepared by an established surfactant-free emulsion polymerization method,3¢

120



Seeded-Growth of Silica Rods from Silica-Coated Particles

supraparticles assembled from the matchsticks with PS heads.

followed by subsequent washing and coating of the PS particles with silica by an established
method.?® The size of the PS particles from TEM imaging is 372 nm, § = 1%, (Figure S8.8) and
then this was coated with a 32 nm layer of silica (Figure $8.9). We then grew silica rods from
these silica particles with a PS core in the same way as with the pure silica particles. The
resulting matchsticks were uniform and similarly contained matchsticks with multiple seeds
(Figure 8.4a-c, Figure S8.10).

We then assembled the matchsticks with PS heads into supraparticles. We thus
demonstrate that these matchstick particles have potential to form advanced hierarchical
structures, which can lead to advanced materials in many applications. We found that the
matchsticks with PS heads could be assembled into supraparticles simply by emulsifying the
aqueous matchstick dispersion into a water-in-oil emulsion, followed by slow evaporation of
the solvent in the suspended water droplets.?” The spherical compression of the matchstick
dispersion inside the shrinking droplets formed supraparticles which were composed solely
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of the matchstick particles (Figure 8.4d, e) and generally ranged in size from 3 to 15 microns
(Figure S8.11). These supraparticles assembled from matchstick rods with PS heads are
particularly interesting for the development of advanced supraparticles with tunable
porosity, because PS can be easily be burned away from the cores of silica particles without
damage to the silica.3? Tunable porosity in supraparticles is particularly interesting because
supraparticles are currently being studied for applications in catalysis — in which porosity is a
key factor — as well as fundamental research which requires the formation of novel self-
assembled structures.

8.3. Conclusions

In conclusion, we developed a general synthesis for the seeded-growth of silica rods from
silica-coated particles. We then demonstrated the potential of this synthesis to prepare
anisotropic composite matchstick particles with a range of functionality by growing silica rods
from other colloidal particles with a silica shell. We show the generality of this synthesis
method by growing silica rods from three general types of colloidal particles as cores: i)
fluorescent (FITC), ii) metallic (Ag), and iii) organic (polystyrene, PS). We then demonstrate
the assembly of the matchsticks with a PS head into supraparticles, which are particularly
interesting for the development of advanced supraparticles with tunable porosity. We believe
that this general synthesis method can be extended for the preparation of matchsticks with
a great range of functionality, for the development of advanced materials and of interest to
study how the exact shape of anisotropic particles affect their self-assembly.

8.4. Materials and Methods

Materials

Sodium citrate dihydrate (99%), 1-pentanol (99%), tetraethylorthosilicate (TEQS, 98%), ammonium
hydroxide (NH40H, 25 w/w%), Polyvinylpyrrolidone-40 (PVP, Weight Average Molecular Weight My =
40 kg/mol), PVP-360 (MW = 360 kg/mol), (3- aminopropyl)-triethoxysilane (APTES, 98%), Fluorescein
isothiocyanate isomer | (FITC, >90%), AgNO3 (>99%), L-ascorbic acid (>99%) and Span 80 were
purchased from Sigma Aldrich. Ethanol (100%) was purchased from Interchema and pure water was
used from a Millipore system. Gum arabic was obtained from Fluka. n-Hexadecane (for synthesis) was
obtained from Merck.

Preparation of Silica Particles

Silica particles (325 nm, & = 6%) were prepared via a modified Stober method. Briefly, NH4OH (4.0 mL),
water (3.0 mL), ethanol (22.0 mL) and TEOS (1.1 mL) were added to a 50 mL round bottomed flask.
The mixture was stirred for 24 hours before the particles were isolated via centrifugation and dried
before then being redispersed in water to make a 2.5 wt% dispersion. Polydispersity values were
obtained from 25 particles in the TEM image in Figure S8.1.

Preparation of Silica Particles with a Fluorescent Core

The silica particles with a fluorescent core (441 nm, 6 = 3%) were synthesized by first coupling the FITC
dye to APTES, followed by the addition of ammonia and TEOS using a syringe pump until the desired
particle size was reached, as described by Vlug.3*3® Polydispersity values were obtained from 50
particles in the TEM image in Figure S8.4.
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Preparation of Silica Particles with an Ag Core

The silica particles with an Ag core were synthesized by first synthesizing Ag colloidal particles and
subsequent coating with silica. The Ag particles were synthesized as follows: First, gum arabic (0.35 g),
ascorbic acid (5.86 g) were dissolved in water (50 mL). Then a separate solution of gum arabic (0.35
g), AgNO3 (1.41 g), and water (50 mL) was prepared. The second solution was quickly poured into the
first solution in a 250 mL round bottomed flask and left to react for 12 hours. The Ag particles were
then isolated by centrifugation. Next, these Ag particles were coated with silica as described by Graf
et al.2® Briefly, 5.0 mL of a 4.72 g/L solution of Ag particles in water was added to 8.7 mL of a 9.5 g/L
PVP (40 kg/mol) solution in water in a 50 mL centrifuge tube and the tube was slowly rotated for 24
hours. Then, the PVP-coated Ag particles were centrifuged, the supernatant discarded, and
redispersed in a solution of NH4OH in ethanol (4.2 vol%, 8.63 mL). Then TEOS (87.2 uL, as a 10%
solution in ethanol) was added to coat the particles with a thin layer of silica. Next, double the amount
of the TEOS solution (10% in ethanol) was continuously added stepwise every 60 minutes (174.4 L,
348.8 uL, 697.6 uL and so on) for 6 additions. The resultant silica coated Ag particles were then isolated
via centrifugation.

Preparation of Silica Particles with a PS Core

Cationic polystyrene (PS) particles (372 nm, & = 1%) were prepared by a surfactant-free emulsion
polymerization as described by Goodwin et al.?® These particles could be readily dispersed in ethanol.
The PS particles were then coated with silica as described by Graf et al.?® The PS particles were
sedimented, the supernatant discarded, and a 4.75 mL solution of particles ethanol (0.41 g/L) was
then added to 4.75 mL of a 7 g/L PVP (360 kg/mol) in ethanol. Then, ammonia (0.25 mL) was added
along with 500 pL TEOS (10% in water) in order to coat the particles with a thin layer of silica. Next,
double the amount of the TEOS solution (10% in ethanol) was continuously added stepwise every 60
minutes (1.0 mL, 2.0 mL, 4.0 mL and so on) for 6 additions. The resultant silica coated PS particles (436
nm, 6 = 1%) were then isolated via centrifugation.

Growth of Silica Rods from Silica Particles

Silica rods were grown via a modified procedure described by Datskos et al.'®, which is a modification
from the silica rod growth procedure originally described by Kuijk et al.'” Firstly, a PVP/1-pentanol
stock solution was made with concentration 100 g/L. Then 9.11 g of this stock solution was added to
a 15 mL centrifuge tube. Next, 300 pL of the seed particles (2.5 wt% in water) were dispersed in the
PVP/1-pentanol solution via sonication. We found that the seed particles needed to have aged in
water for at least 24 hours before use in the reaction to ensure growth of silica rods from the particles.
Ethanol (1.5 mL) and aqueous sodium citrate (0.18 M, 100 uL) were then added and the mixture was
vigorously shaken by hand. Ammonia (200 pL, 25%) was then added and the mixture shaken again.
TEOS (100 pL) was then added followed again by vigorous shaking. The mixtures were then left to
stand for 12 hours. In the case of the Ag cores, the mixture was slowly rotated for the 12-hour reaction
period to prevent sedimentation. After the 12-hour reaction, the mixtures were centrifuged at 800g
for 45 minutes, the supernatant discarded, and the particles redispersed in ethanol. The particles were
then washed by two rounds of centrifuging at 500g for 15 minutes, discarding the supernatant, and
redispersing in ethanol. The Ag matchsticks were further isolated simply by letting the particles
sediment for an hour and removing the supernatant.

Supraparticles from Matchsticks with PS Heads

Supraparticles were made using a water-in-oil (W/O) emulsion method, in which charge stabilized
colloids are compressed inside aqueous droplets dispersed in a nonvolatile organic phase.3 The
matchstick particles with PS heads obtained from the synthesis were centrifuged and redispersed in
deionized water (10 mL). 0.5 mL of this dispersion was then pipetted into hexadecane (5 mL)
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containing nonionic surfactant Span 80 (1 wt%) in a small glass vial (20 mL). Parafilm was then used to
seal the top of the glass vial, which was then punctured with a few holes (to allow slow evaporation
of the aqueous dispersed phase). The vial was then left to shake gently (IKA KS 260 basic, 250 rpm) for
2 weeks. The shaking was then stopped to allow the formed supraparticles to sediment. After 1 hour,
sediment was visible on the bottom of the vial so the supernatant was carefully removed using a glass
pipette. The supraparticles were then washed twice with cyclohexane (cyclohexane added, solution
vortexed, left to sediment, solvent removed), eventually leaving a relatively concentrated
supraparticle dispersion in <0.5 mL cyclohexane.

Characterization

Imaging of the particle morphology was performed with TEM, SEM and confocal microscopy. TEM was
performed with an FEI TECNAI 20 electron microscope, in which samples were prepared by pipetting
a drop of the particle dispersion in ethanol onto a Formvar/Carbon Films 200 Mesh Copper (100) grid.
SEM was performed with an FEI XL30SFEG, FEI Phenom in which samples were prepared by pipetting
a drop of the particle dispersion onto an aluminium stub (Figure 8.1) or silicon wafer on top of an
aluminium stub and subsequently sputter-coated with a platinum layer of approximately 4 nm.
Confocal microscopy was performed with a Leica SP8 confocal microscope (100x oil immersion lens)
with excitation by a 488 nm laser line. The reflection signal was recorded at 488 nm and the
fluorescence in the range 500-600 nm. To prepare the samples, the rods with fluorescent heads were
dried from ethanol on a #1.5 coverslip before adding a drop of refractive index matching liquid
(glycerol/water mixture, 85:15 by mass) on top.
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Appendix

Silica particles

Silica particles (Figure S8.1) were prepared by a modified Stober method, as described in the
Experimental Section. Particle size average as determined from 25 particles in Figure S8.1:
325 nm, 6 = 6%.
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Figure $8.1. TEM image of silica particles used as seeds for the rods in Figure 8.1.
Rods from Silica Particles

When we first increased the amount of water used in the silica rod growth reaction, we found
that this facilitated the growth of fewer spikes per seed particle, but also shortened the length
of the rods (Figure S8.2).
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Figure S8.2. TEM image of short and fat silica rods grown from silica particles.

When using much larger seed particles with an average size of 1.5 um, we found that multiple
rods would grow from the particles (Figure $8.3).

Fluorescent silica particles

Silica particles with a fluorescent core had an average size of 441 nm, § = 3%, as measured
from 50 particles in Figure S8.4.
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Figure S8.4. TEM images of silica particles containing a fluorescent core.

Ag particles and SiO2@Ag particles

The Ag particles and Ag particles coated in silica which were used as seeds for the preparation
of the structures shown in Figure 8.3 are shown in Figure S8.5 and Figure S8.6, respectively.
We do not quote an average value for the size of the silica layer because the sample is so
polydisperse. This means that the silica layer for each particle will likely be very different, and
light scattering techniques will also not give an accurate value for particle sizes. Despite this,
we can see for the individual particles in Figure $S8.6 that the thickness is approximately
between a few nanometers and 30 nm.

Figure $8.6. TEM images of silica coated Ag particles. These particles were used as seeds for the rods
grown in Figure 8.3.
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Figure $8.7. Diameters of single-headed particles. (a) Size distributions of the silver seed particles and
the rods grown from them. The rod and Ag mean values are 650 nm (10%) and 700 nm (23%)
respectively. (b) Relation between the diameter of the silver particle and that of the rod grown from
the same particle. The fit line has gradient 0.26 and intercept 0.47 um.

The diameter polydispersity of the rods grown from Ag (6 = 10%) was remarkably similar to
that of the unseeded synthesis (Figure $8.7),! despite the high polydispersity of the seeds (&
= 22%). The positive correlation between the two diameters (Figure $S8.7b), shows that the
rod diameter is increased approximately 26 nm for every 100 nm increase in the seed size,
suggesting a high contact angle of the droplet on the seed particle.

PS Particles and SiO2@PS Particles

The PS particles and PS particles coated in silica which were used as seeds for the preparation
of the structures shown in Figure 8.4 are shown in Figure $8.8 and Figure S8.9 respectively.

Figure S8.8. TEM images of PS particles. Particle size as determined from 25 particles in the images:
372 nm, 6 = 1%.
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Figure S8.9. TEM images of silica coated PS particles. Particle size average as determined from 25
particles in the image: 436 nm, 6 = 1%.

TEM images of matchsticks with PS heads

TEM images of the matchsticks shown in Figure 8.4 are shown in Figure $8.10 below, where
the PS cores inside the matchstick heads are more obvious.

IT

Figure $8.10. TEM images of matchsticks with PS heads.

Supraparticles Assembled from Matchsticks with PS Heads

Further SEM imaging of the assembled supraparticles (shown in Figure 8.4) is shown in Figure
$8.11. The supraparticles ranged in size from ~3-15 microns, and we also observed some
‘broken’ supraparticles in the sample.
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Figure S8.11. SEM images of supraparticles assembled from matchsticks with heads of PS.
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Summary for the Broad Public

The work presented in this thesis is most succinctly described by the title: “UV-Absorbing
Colloids for Advanced Photoprotection and Functional Materials”. To elaborate on this, we
develop colloidal particles which can absorb UV light, for applications in photoprotection and
for the development of new materials.

Colloidal particles are small, with sizes between 1-1000 nanometers. To get an idea of
the scale, 1 nanometer is about the same size as a medium-sized molecule and 1000
nanometers is about the same size as bacteria/blood platelets. The width of human hair is
about 100 micrometers, meaning the same width as 100 bacteria placed end-to-end. A single
bacterium is then approximately the same width as 1000 molecules placed end to end. In this
thesis, we develop particles which are bigger than molecules but smaller than bacteria. We
develop such particles because colloidal particles are a potential solution to many of the
challenges faced in current photoprotection, as well as a route towards novel materials.

Photoprotection is the protection of organisms and materials from sunlight, where the
most common example is cosmetic sunscreens. The main challenges in photoprotection
include effectiveness, stability, safety, and environmental impact. Ideal sunscreens, for
example, should (i) effectively protect against the full range of UV light in sunlight for long
periods of time, (ii) contain components which are not harmful to humans or the
environment, and (iii) contain components which do not degrade to form by-products that
are harmful to humans or the environment. Current sunscreens do not satisfy all these
requirements. Many of the UV-absorbing components in sunscreens degrade over time when
exposed to sunlight. Some UV-absorbing components are harmful to coral reefs, so much so
that Hawaii became the first US state in 2018 to pass a bill banning the use of sunscreens
containing these components. Many UV-absorbing components also produce harmful by-
products called reactive oxygen species (ROS) upon exposure to sunlight, which are
carcinogenic and promote skin ageing. However, all these challenges can potentially be
addressed by the use of colloidal particles.

Sunscreens can address many of these challenges by using colloidal particles as
carriers for the UV-absorbing components. The encapsulation of UV-absorbing components
into colloidal particles can improve effectiveness by stabilizing the components from
degradation. Moreover, encapsulation can improve the safety by minimizing direct skin
contact with the components, and co-encapsulation of photostabilizers into the colloidal
particles along with the UV-absorbing components can improve safety by neutralizing the
harmful ROS by-products generated by the UV-absorbing components.

UV-absorbing colloidal particles have a big role to play for the development of
sunscreens, but also for many materials in photoprotection e.g. food packaging and eye
protection. These transparent materials also face many of the same challenges as sunscreens.

In Part 1 of this thesis, we develop UV-absorbing nanoparticles (colloidal particles in
the size range 1-100 nm) from biobased ethyl cellulose for advanced photoprotection and for
advanced materials for photoprotection. We show how the biobased UV-absorbing
nanoparticles can satisfy many of the challenges faced by sunscreens and we go on to use
these nanoparticles for the preparation of transparent photoprotective materials which have
great potential for sustainable food packaging.

In Chapter 2, we develop UV-absorbing nanoparticles from biobased ethyl cellulose
with commonplace UV-absorbing components from sunscreens encapsulated, along with a
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photostabilizing antioxidant. We show that these NPs can provide broadband UV spectrum
protection and that these NPs can form transparent coatings. Significantly, we also show co-
encapsulation of an antioxidant can neutralize the carcinogenic ROS.

In Chapter 3, we further study this system from Chapter 2. We investigate the size
tunability of the nanoparticles and study the incorporation of the UV-absorbing components
into the nanoparticles.

In Chapter 4, we develop fully biobased UV-absorbing nanoparticles from ethyl
cellulose with UV-absorbing plant extracts encapsulated. We show that these nanoparticles
can provide broadband UV spectrum protection, form coatings, and study the incorporation
of the plant extracts.

In Chapter 5, we develop innovative transparent UV-blocking paper-based materials
(a.k.a. “nanopaper”), by combining the NPs developed in the previous chapters with cellulose
nanofibrils. We investigate the optical properties, degradation, and mechanical properties of
these materials, which have great potential as sustainable solutions for food-packaging.

In Chapter 6, we develop photochromic (colour-changing) NPs from ethyl cellulose
with unique photochromic compounds encapsulated. We show that these NPs can similarly
be combined with cellulose nanofibrils to produce innovative colour-changing paper-based
materials, which have great potential for food-packaging, as well as erasable documents.

In Part 2 of this thesis we develop novel colloidal particle structures which contain a
well-known UV-absorbing compound, titanium dioxide. Titanium dioxide is a material with
many unique properties. Therefore, the development of novel colloidal particle structures
from unique materials like titanium dioxide and the assembly of these particles is a route
towards a new generation of materials with advanced/tailorable properties. However, the
synthesis of novel particle structures on the colloidal size range and their assembly is
unsurprisingly very challenging. We therefore investigate the synthesis and assembly of novel
particle structures containing titanium dioxide. Mastering the synthesis allows the design of
the exact building blocks we want, whilst mastering the assembly allows the building of
structures using the building blocks from the bottom-up. Mastering of both will give complete
control over new materials and their properties.

In Chapter 7, we synthesize matchstick-shaped particles with a titania “head” and a
silica tail, and assemble these into arrays and 3D structures.

In Chapter 8, we develop a general synthesis for matchstick-shaped particles which
can incorporate any material, not just titanium dioxide.

The results in this thesis involve the use of nanotechnology in order to make a step
towards more advanced photoprotection and innovative functional materials. The results
intentionally have a strong flavour of sustainability, which is widely regarded as one of the
greatest challenges facing our generation. We hope that our results will inspire further
research.
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Het werk gepresenteerd in dit proefschrift kan kort en bondig beschreven worden met de
titel: “UV-Absorberende Colloiden voor Geavanceerde Zonbescherming en Functionele
Materialen”. Verder uitgebreid, wij ontwikkelen colloidale deeltjes die UV-licht kunnen
absorberen voor gebruik in zonwerende toepassingen en het ontwikkelen van nieuwe
materialen.

Colloidale deeltjes zijn klein, tussen de 1-1000 nanometer groot. Om een beter idee
te krijgen over die lengteschaal, 1 nanometer is ongeveer net zo groot als een typisch
molecuul en 1000 nanometer is ongeveer net zo groot als bacterién/bloedplaatjes. De
breedte van een menselijke haar is ongeveer 100 micrometer, dezelfde breedte als 100
bacterién naast elkaar dus. Een enkele bacterie is daarom ongeveer dezelfde breedte als 1000
moleculen naast elkaar. In dit proefschrift, ontwikkelen wij deeltjes die groter zijn dan
moleculen maar kleiner dan bacterién. Wij ontwikkelen dergelijke deeltjes want colloidale
deeltjes zijn een potentiele oplossing voor veel van de uitdagingen in huidige zonwerende
technologie, en bovendien zijn ze een route naar nieuwe materialen.

Zonbescherming is het beschermen van organismen en materialen tegen zonlicht. Het
meest bekende voorbeeld is cosmetische zonnebrand. De hoofd uitdagingen in de veld van
zonbescherming zijn effectiviteit, stabiliteit, veiligheid, en milieu-impact. Ideale zonnebrand,
zou bijvoorbeeld: (i) effectief moeten beschermen tegen het volledig gebied van UV licht voor
lange periodes van tijd, (ii) componenten moeten bevatten die niet beschadigend zijn voor
mens en milieu en (iii) componenten moeten bevatten die niet degraderen en niet resulteren
in de formatie van schadelijke nevenproducten die schadelijk zijn voor mens en milieu.
Huidige zonnebrand voldoet niet aan al deze eisen. Veel van de UV-absorberende
componenten in zonnebrand degraderen met de tijd door blootstelling aan zonlicht. Door
blootstelling aan zonlicht, produceren sommige UV-absorberende componenten ook
schadelijke nevenproducten, die kankerverwekkend zijn en resulteren in veroudering van de
huid. Die nevenproducten heten reactieve zuurstofcomponenten (ROS). Al deze uitdagingen
kunnen opgelost worden met het gebruik van colloidale deeltjes.

Het inkapselen van de UV-absorberende componenten in colloidale deeltjes kan veel
van deze uitdagingen oplossen. Het kan bijvoorbeeld de effectiviteit van de componenten
vergroten door de stabiliteit te verbeteren. Bovendien, het inkapselen verbetert ook de
veiligheid door direct contact van de UV-absorberende componenten met de huid te
verminderen. Het inkapselen van stabiliserende antioxidanten samen met de UV-
absorberende componenten verbetert ook veiligheid door schadelijke ROS nevenproducten
te neutraliseren.

UV-absorberende colloidale deeltjes zijn belangrijk voor het ontwikkelen van
zonnebrand, maar ook voor veel UV-absorberende materialen op het gebied van
zonbescherming, zoals voedselverpakking en oogbescherming. Deze transparante materialen
hebben veel van dezelfde uitdagingen als zonnebrand.

In Deel 1 van dit proefschrift beschrijven we ontwikkelingen in UV-absorberende
nanodeeltjes (colloidale deeltjes van tussen de 1 nm en 100 nm groot) van biologisch ethyl
cellulose voor geavanceerde zonbescherming en functionele materialen in zonbescherming.
We laten zien dat de biologische UV-absorberende nanodeeltjes veel van de uitdagingen in
huidige zonweringtechnologie op kunnen lossen. Daarna laten we zien dat we nieuwe
innovatieve transparante zonwerende materialen kunnen maken met deze nanodeeltjes, die
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veel potentie hebben voor duurzame voedselverpakking.

In Hoofdstuk 2, beschrijven we de ontwikkeling van UV-absorberende nanodeeltjes
waarin biologisch ethyl cellulose met UV-absorberende componenten uit normale
zonnebrand samen met een stabiliserende antioxidant is ingekapseld. We laten zien dat deze
nanodeeltjes over het volledig gebied van UV kunnen beschermen en dat tot transparante
coatings verwerkt kunnen worden. We laten ook zien dat het inkapselen van een antioxidant
samen met de UV-absorberen componenten resulteert in een vermindering van de
schadelijke ROS.

In Hoofdstuk 3, bestuderen wij dit systeem nog verder. Wij onderzoeken het
inkapselen van de UV-absorberende componenten binnen de nanodeeltjes en voor welke
groottes nanodeeltjes deze techniek werkt.

In Hoofdstuk 4, ontwikkelen wij volledig biologische UV-absorberende nanodeeltjes
van biopolymeren ethyl cellulose en zeine, waarin UV-absorberende plantenextracten
geincorporeerd zijn. Wij laten zien dat deze nanodeeltjes over het volledig gebied van UV
kunnen beschermen, tot transparante coatings verwerkt kunnen worden. Verder bestuderen
wij het inkapselen van de UV-absorberende plantenextracten binnen de nanodeeltjes.

In Hoofdstuk 5, ontwikkelen wij innovatieve transparante UV-werend papier, door het
combineren van de nanodeeltjes van de eerdere hoofdstukken met dunne cellulose vezels.
Wij onderzoeken de optische eigenschappen, degradatie en mechanische eigenschappen van
deze materialen, die veel potentie hebben als duurzame oplossingen voor plastic voedsel
verpakkingen.

In Hoofdstuk 6, wij ontwikkelen fotochromische (kleur-veranderende) nanodeeltjes
van ethyl cellulose waarin unieke fotochromische componenten zijn ingekapseld. Wij laten
zien dat deze nanodeeltjes gecombineerd kunnen worden met dunne cellulose vezels om
nieuwe, innovatieve, transparente, kleur-veranderende papier te maken, die veel potentie
hebben in voedsel-verpakking en ook uitwisbare documenten.

In Deel 2 van dit proefschrift beschrijven wij de ontwikkeling van nieuwe vormen van
colloidale deeltjes die de UV-absorberende component, titanium dioxide, bevatten. Titanium
dioxide is een materiaal met veel unieke eigenschappen. Dus het ontwikkelen van nieuwe
vormen van deze colloidale deeltjes die titanium dioxide bevatten en het assembleren van
deze deeltjes zou kunnen resulteren in een nieuwe generatie van materialen met
geavanceerde eigenschappen. Echter, het synthetiseren van dergelijke nieuwe vormen van
deeltjes op deze lengteschaal en het assembleren van deze deeltjes is vrij lastig. Daarom
onderzoeken wij het synthetiseren en assembleren van nieuwe vormen van colloidale
deeltjes die titanium dioxide bevatten. Het beheersen van deze synthese resulteert in het
ontwerpen van de gewenste bouwblokken die wij willen en het beheersen van de assemblage
maakt het mogelijk om nieuwe structuren te kunnen bouwen van de kleinste bouwblokken.
Controle over de combinatie zou kunnen resulteren in volledig controle over nieuwe
materialen en hun eigenschappen.

In Hoofdstuk 7, synthetiseren wij luciferhoutjevormige deeltjes die een titanium
dioxide “hoofd” bevatten en een silica “staart”. Daarna gebruiken wij deze deeltjes in zelf-
assemblage.

In Hoofdstuk 8, ontwikkelen wij een algemene synthese voor luciferhoutjevormige
deeltjes die alle materialen kunnen bevatten, niet alleen titanium dioxide.

De resultaten in dit proefschrift gebruikt nanotechnologie om een stapje te maken
naar geavanceerde zonbescherming en innovatieve functionele materialen. De resultaten zijn
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expres gericht op duurzaamheid, dat één van de grootste uitdagingen is voor onze generatie.
Wij hopen dat onze resultaten verder onderzoek zullen inspireren.
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