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ABSTRACT: The development of green alternatives for petroleumbased 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 highperformance, 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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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,7 antibacterial,8 sensing,9 and anticounterfeit10 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 cellulose11
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

he 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.1−4 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.1,4,5 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.1,3 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.6 Additionally,
paper-based materials can be eﬀectively functionalized by a
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Figure 1. (a, c) SEM and TEM images, respectively, of the oxidized 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 μm, (c) 100 nm, and (f, h) 2 μm.

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.25 Since the crosssectional 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
reaction26 and a high-energy mechanical deagglomeration
process.25 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 of
∼4 nm1,25). The structure of ﬁbrils obtained after the oxidation
reaction is known to be strongly dependent on the starting
material,27 and indeed we found that the width of cellulose
nanoﬁbrils from bacteria remained similar after the individualization process (mean width 43 nm, Figure 1a and discrete
size distributions shown in Figure S5), which has been
reported previously,28 while the individualization process on
citrus cellulose yielded much thinner nanoﬁbrils with a mean
width of 7 nm (Figure 1c and discrete size distributions shown
in Figure S5), 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
nanoﬁbrils from the citrus source was signiﬁcantly more
transparent and less hazy than the nanopaper prepared using
the nanoﬁbrils from bacterial cellulose (Figure 1b vs d), at a
similar thickness (8−12 μm as measured by SEM imaging of
cross sections in Figure 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 σset ∝ D4 for long thin ﬁbers, where σset is the

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)).5,12,13 Eﬀective UV blocking cellulose ﬁlms can also
be prepared by incorporating inorganic ZnO14,15 or synthetic
ﬁbers16 into nanopaper, or even using chemically modiﬁed
UV-absorbing CNCs as ﬁllers in a polymeric matrix,17 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 lignincontaining cellulose nanoﬁbrils into nanopaper,12,18 but this
technique signiﬁcantly compromises ﬁlm appearance and
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,19 fragrances,20 antimicrobial,21 photochromic molecules,22 and potentially many more. Therefore, the novel
principle of functionalizing nanopaper with size and compositionally tunable ethyl cellulose NPs23 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.
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,24 unlike in the case of
wood pulp where extensive mechanical/mechanochemical
treatment needs to be applied to obtain ﬁbrils in the
642

DOI: 10.1021/acsapm.9b00192
ACS Appl. Polym. Mater. 2019, 1, 641−646

Letter

ACS Applied Polymer Materials

Figure 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.

scattering cross section and D is the ﬁber diameter3) 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,4 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.29 The diﬀerence in nanoﬁbrils size between the
bacterial and citrus cellulose sources is also apparent when
observing the nanopaper ﬁlm surface in Figure 1, where the
individual nanoﬁbrils are distinguishable on the surface of the
bacterial cellulose nanopaper (Figure 1e), but indistinguishable
on the surface of the citrus cellulose nanopaper (Figure 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 UVblocking 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” containing encapsulated commonplace organic UV ﬁlters from cosmetic sunscreens (oxybenzone, avobenzone, and octinoxate),11,23 and (ii) “biobasedNPs” containing encapsulated biobased UV-absorbing molecules obtainable from plants (quercetin, retinol, and pcoumaric acid).19 Both the sunscreen-NPs and biobased-NPs
were prepared by an upscalable “antisolvent precipitation”
technique, and were prepared using 10 and 34 wt % UVabsorbing 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.11,19,23 The resultant prepared
sunscreen-NPs and biobased-NPs show average particle
diameters of 70 and 90 nm, respectively (DLS measurements
in Figure S1 and SEM images in Figure S2), and demonstrate
eﬀective uniform absorbance across the entire UV spectrum λ
= 290−400 nm (Figure S3).11,23 The biobased-NPs also
absorb up to λ = 450 nm due to the broad absorbance proﬁle
of quercetin, resulting in a yellow appearance (Figure S4).

We found that the nanopaper containing the sunscreen-NPs
is almost identical in appearance to the nonfunctionalized
nanopaper (Figure 1d vs Figure 2a), demonstrates similar
direct and total transmission values in the visible spectrum
(Figure 2e,f), but completely blocks out UV light (<1%
average between λ = 290−380 nm, Figure 2e). The nanopaper
containing the biobased-NPs is also similar in appearance to
the other two ﬁlms, completely blocks out UV light (Figure
2e), but has a slight yellow tinge (Figure 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 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 μm for the ﬁlms functionalized with
sunscreen-NPs and biobased-NPs, respectively (Figure S7a,b),
and the rms surface roughness is 67 and 68 nm, respectively
(Figure S8). Improving the transparency of nanopaper can be
achieved with more advanced nanopaper preparation methods
and techniques. For example, postprocessing techniques such
as polishing,1 heat pressing,3 and irreversible collapsing by
capillary action by the evaporation of water during pressing1
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 postprocessing 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 λ = 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.12,18 Moreover, the haze (HT) values of
these ﬁlms (47%, 39%, and 56% respectively at λ = 600 nm)
are lower than haze values for typical (not postprocessed)
nanopaper (>60% at λ = 600 nm),5,30 as determined by5
HT = 100 ×

(total transmission − direct transmission)
total transmission
(1)

This is remarkable considering we use such a simple technique
of nanopaper production.
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Figure 3. (a, b) Photos of a glass vial containing 2 nm CdSe quantum dots which ﬂuoresce as a result of stimulation by a λ = 375 nm laser light. In
(a), the UV laser light is shined through the nonfunctionalized nanopaper (from Figure 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 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.

The presence of the NPs in both the resultant UV-blocking
ﬁlms is supported by SEM imaging of the surface (Figure 2c
and d) and cross section (Figure S7c). 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 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 UVabsorbing 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 (also known as 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 λ = 375 nm UV laser, is signiﬁcantly
suppressed when the UV laser is shined through our UVblocking nanopaper, as compared to the nonfunctionalized
nanopaper (Figure 3a,b). Moreover, we demonstrate the
ﬂexibility and ability to print onto the fully biobased UVblocking nanopaper in Figure 3c. We observed no obvious
diﬀerence in the mechanical properties of the UV-blocking
ﬁlms compared to the nonfunctionalized ﬁlm, where all ﬁlms
are ﬂexible and can be repeatedly bent without damage.
The UV-blocking ﬁlms demonstrate eﬀective photostability
as a function of time, maintaining identical appearance (Figure
4a−c) and transparency (Figure 4d, transmission of visible
light λ = 400−700 nm is almost identical to Figure 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%,

Figure 4. (a−c) Photos and (d) transmission measurements of the
three ﬁlms from Figure 2 after 5 months of sunlight exposure. (a)
Nanopaper, (b) nanopaper with embedded sunscreen-NPs, and (c)
fully biobased nanopaper with embedded biobased-NPs.

respectively (between λ = 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 nonfunctionalized nanopaper which transmits 36% (Figure
4d). Since the UV absorption is deﬁned by the degradation of
the compounds encapsulated inside the NPs,19,23 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 S9).
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
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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 λ = 290−
380 nm) while exhibiting high transparency (57%/94% and
39%/89% direct/total transmission at λ = 600), low haze (39%
and 56% at λ = 600), and good thermal and photostability (still
<10% direct transmission between λ = 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.
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