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ARTICLE INFO ABSTRACT

Keywords:
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Inspired by nature’s photoprotection mechanisms, we report an effective UV-blocking nanomaterial based on
diethyl sinapate-grafted cellulose nanocrystals (CNC-DES). The colloidal stability and UV-blocking performance of
CNC-DES in aqueous glycerol (a common humectant in petroleum-free cosmetic formulations) and in a

UV-ﬁlte'rs commercially available moisturizing cream were studied. Grafting the water-insoluble DES onto CNCs renders it
Cosmetics . . . . . 1s1s .

Cytotoxicity dispersible in these water-based formulations, thanks to the excellent water-dispersibility of CNC nanoparticles.
Antioxidant Glycerol dispersions containing 0.1 to 1.5 wt% CNC-DES display very high UV-blocking activity owing to the anti-

UV DES moieties anchored onto CNCs. A facial cream blended with 1.5 wt% CNC-DES exhibits an SPF of 5.03,
which is higher than a commercially available sunscreen with the same active ingredient concentration
(SPF = 3.84). DPPH radical scavenging assay also showed the antioxidant potential of CNC-DES, albeit coinciding
with a significant reduction in antioxidant activity after grafting DES onto CNCs. Cytotoxicity measurements
revealed the CNC-DES not to cause significant cytotoxicity to murine fibroblast cells after 24 h of exposure.
Overall, CNC-DES exhibits strong anti-UV and antioxidant properties and is water-dispersible, biocompatible,
non-greasy, and lightweight. This study demonstrates the exceptional potential of DES-grafted CNCs as nature-
inspired UV filters in the next generation of cosmetic formulations, including those for sensitive skins.

1. Introduction

Ultraviolet (UV) light from the sun is necessary for basic life functions
and plays an important role in the environment [1]. However, over-
exposure to UV radiation can cause many pathological problems in
humans, including skin cancer, regarded as the most common type of
cancer worldwide [2]. The high energy emanating from UVB radiation
(290-320 nm) is primarily responsible for most sunburns and cataracts
[3]. On the other hand, UVA radiation (320-400 nm) can induce free
radical generation and cause damage to the DNA, proteins, and lipids [4].
Over the years, different sunscreen formulations have been developed to
address these issues. Among these are physical sunscreens that usually
contain zinc oxide and titanium dioxide and work based on UV reflection
mechanism [5]. Physical sunscreens are highly efficient, albeit having
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concerns about skin comfort, especially on dry and sensitive skins.
Chemical sunscreens, on the other hand, contain synthetic organic
compounds such as oxybenzone, octinoxate, octisalate, and avobenzone.
These compounds absorb UV and release the energy in the form of heat
[6]. However, the long-time use of these chemical sunscreens is associ-
ated with unexpected side effects on skins [7]. Therefore, natural
UV-absorbing compounds have been sought as a replacement to these
concerning chemical sunscreen additives. Ideally, UV filters in sunscreen
formulations should exhibit strong anti-UV properties and be
water-dispersible, non-greasy, lightweight (easily spreadable and absorb
into the skin quickly), non-irradiative, and non-cytotoxic [8].

In nature, plants synthesize UV-absorbing molecules as part of their
photoprotection mechanism. Brassicaceous plants, for example, produce
sinapate derivatives via the phenylpropanoid pathway to protect their
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leaves against the deleterious effects of UVB radiation [9]. Indeed, these
naturally occurring sinapate derivatives have been reported as promising
precursors of UV filters that offer exceptional photoprotection, as well as
other bioactivities [9-12]. Recently, Horbury et al. [10] reported a novel
and nature-inspired sinapate ester, diethyl 2-(4-hydroxy-3,5-dimethox-
ybenzylidene)malonate or diethyl sinapate (DES). Similar to the natu-
rally occurring sinapate esters, DES displays a strong anti-UV activity
(especially in the UVA region) and high photostability. DES can be syn-
thesized using a green Knoevenagel-Doebner condensation [13] reaction
of syringaldehyde and diethyl malonate. Its structure contains two
identical ethyl ester groups across the acrylic double bond to overcome
the classical issues associated with the cis- and trans-isomer conundrum
in sinapate monoesters. Further, DES was reported to exhibit strong
antioxidant potential and is not an endocrine-disrupting molecule [10].
The work presented here further highlights the exceptional promise of
DES as a UV filter in sunscreen formulations.

Recently, we reported a new and innovative synthetic route to graft
phenolic esters on cellulose nanocrystals (CNCs) [14]. We grafted a
family of p-hydroxycinnamate esters (including DES) on CNCs via a
click-type Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) [15,16]
reaction and reported that the resulting click products display strong
anti-UV activity and photostability. The novel phenolic esters and their
CNC derivatives are obtained from naturally occurring precursors and
prepared via green chemistry methods. Our previous study also showed
the important role of the CNC component as an effective dispersing
medium for these non-polar phenolic ester derivatives in water and other
hydrophilic systems [14,17]. For instance, we showed that grafting
diethyl ferulate (DEF) on CNCs allows the efficient dispersion of the
phenolic ester in polyvinyl alcohol (PVA) films [17]. Not only did CNCs
act as an effective dispersing medium for DEF, but they also served as
excellent nano-reinforcements in PVA films. CNCs (or nanocellulose, in
general) are ideal nanomaterials for functionalization owing to their
tunable surface chemistry, excellent mechanical properties, unique op-
tical properties, and biodegradability [18-20].

Inspired by these findings, we envision that CNCs grafted with DES
moieties (CNC-DES) could be ideal UV filters in cosmetic sunscreen for-
mulations as they are sustainable, biofriendly, and effective. In this study,
DES is grafted onto CNCs using the same click chemistry approach and
rigorously characterized to confirm and quantify the extent of grafting.
CNC-DES is incorporated in aqueous glycerol (a common humectant in
oil-free cosmetic formulations) and combined with a commercial mois-
turizing cream. We investigated the colloidal stability of CNC-DES in
these media and found that grafting DES onto CNCs increases their dis-
persibility in these aqueous media. We also show that CNC-DES incor-
porated in aqueous glycerol and cream exhibits strong anti-UV
properties. This study also highlights the antioxidant potential of CNC-
DES as measured by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. This
study explores the potential of CNC-DES as a nature-inspired and highly
efficient, sustainable UV filter in cosmetic sunscreen formulations. As
part of this, we evaluate the in vitro cytotoxicity of CNC-DES using an
MTS cell proliferation assay.

2. Experimental
2.1. Materials

All chemicals were analytical grade and used without further purifi-
cation. Sulfuric acid-hydrolyzed CNCs (98% freeze-dried powder,
0.8-0.9% S) were purchased from the University of Maine, USA. Ascorbic
acid, butylated hydroxyanisole (BHA), copper (II) bromide (CuBry),
dimethylformamide (DMF), glycerol, proline, potassium carbonate
(K2CO3), p-toluenesulfonyl chloride, sodium azide (NaNs), triethyl-
amine, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Tro-
lox), and syringaldehyde were purchased from Sigma-Aldrich. Propargyl
bromide (80 wt% in toluene) was acquired from Acros Organics, and
diethyl malonate and pyridine were from Tokyo Chemical Industries
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(TCI). 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical was acquired from
Bio-Strategy Pty Ltd, Australia. Dulbecco’s Modified Eagle Medium
(DMEM) was purchased form Gibco™, and CellTiter 96® MTS reagent
was purchased from Promega, Australia. Cream N (Neutrogena® Oil-Free
Moisture) and Cream S (Neutrogena® Oil-Free Moisture Sun Protection
Factor (SPF) 15,13.5% active ingredients) are commercially available
facial creams purchased in a local pharmacy. DES was synthesized via
proline-mediated Knoevenagel condensation of syringaldehyde and
diethyl malonate (Figure S1), as we have reported previously [14].

2.2. Synthesis of alkyne-modified DES

Alkyne-modified DES was synthesized via Williamson etherification
with propargyl bromide (Figure S2) as reported previously [14,21].
Basically, DES (1 eq, 4.41 g) was initially dissolved in 90 mL anhydrous
DMF and cooled to 0 °C. K2COs3 (1 eq, 1.89 g) was then added to the
reaction mixture, followed by the slow addition of propargyl bromide
(1.2 eq, 1.8 mL). The reaction was kept at 0 °C for 30 min and was
stirred at room temperature for 16 h under Nj. The reaction mixture
was poured into 400 mL of iced water and stirred for 10 min. The final
product was isolated by vacuum filtration in a 95% yield. The 'H and
13C NMR spectra of the alkyne-modified DES in (CD3),CO were
generated using a Fourier 300 Bruker at 300 MHz (residual signal at
§ = 2.05 ppm) and 75 MHz (residual signal at 6 = 206.26 and
29.84 ppm) at 20 °C, respectively. The spectra and assignments are
given in Figure S3-S4.

2.3. Synthesis of CNC-DES

Azide-grafted CNCs (CNC-N3) were initially synthesized by tosylation
of CNC with p-toluenesulfonyl chloride at room temperature for 48 h
followed by azidation with NaN3 at 100 °C for 24 h (Figure S5). DES was
then grafted onto CNCs via a click-type Cu(I)-catalyzed azide-alkyne
cycloaddition reaction between CNC-N3 and alkyne-modified DES
(DES-PB) as previously described [14,17] (Figure S6). CNC-N3 (1 eq,1 g)
and DES-PB (1 eq, 1 g) were suspended in 100 mL DMF. A 10 mL DMF
solution containing CuBrs (0.14 g), ascorbic acid (0.4 g), and triethyl-
amine (1 mL) was slowly added, and the reaction was allowed to proceed
at 60 °C for 24 h. The click product was isolated by precipitation with
500 mL ethanol, followed by repeated centrifugation at 11,000 rpm for
20 min and washing with ethanol and water. The CNCs were purified by
dialysis against Milli-Q water for 10 days using a cellulose dialysis
membrane (MW cut-off 12,000-14,000). Powdered CNC-DES was ob-
tained in a 54% yield (1.08 g) after freeze-drying for 48 h.

2.4. Incorporation of CNC-DES in glycerol and cream

An aqueous CNC-DES suspension (2 wt%) was initially prepared by
suspending a known amount of the freeze-dried CNC-DES in water fol-
lowed by ultrasonication (Sonics VCX 750) for 5 min at 19.5 kHz, 750
Watts, and 70% amplitude (ON/OFF, 5 s). The stock aqueous CNC-DES
suspension was further diluted with 10 wt% glycerol to prepare
0.1-1.5 wt% glycerol dispersions. Similarly, the glycerol dispersions
were ultrasonicated using the same conditions. Creams loaded with
0.1-1.5 wt% CNC-DES were also prepared by combining Cream N and
designated amounts of aqueous CNC-DES and stirring overnight.

2.5. Characterization

2.5.1. Elemental analysis

The amount of carbon, nitrogen, oxygen, and sulfur in the CNC de-
rivatives was quantified using a Thermo Scientific FlashSmart CHNS
elemental analyser. The degree of substitution (DS) of CNC-N3 was
directly calculated from the %N while the DS of CNC-DES was quantified
from %C and calculated using (1) as previously reported [22]:



D.J. Mendoza et al.

6% Mc — %C X Mgy

DS= 1
M, x %C — Mc, m

where 6 x Mc is the carbon mass of one anhydroglucose unit (72.07 g/
mol), Mgy is the mass of anhydroglucose unit (162.14 g/mol), My is the
mass of the grafted moiety (404.4 g/mol), and Mcg is the carbon mass of
the grafted moiety (228.19 g/mol).

The degrees of surface substitution (DSsy,f) were also derived from the
DS values using (2):

DSy =DS/R. 2
where R, is the CNC chain ratio = 0.29 [23].

2.5.2. X-ray photoelectron spectroscopy (XPS)

The surface chemical composition of the CNCs was characterized
using a Thermo Scientific Nexsa XPS spectrometer equipped with an Al
Ko irradiation source. Elemental survey scans were recorded from —10 to
1350 eV with a scan step of 1 eV. High-resolution N 1s and C 1s analyses
were also performed in the range of 392-410 eV and 279-298 eV,
respectively. Thermo Scientific Avantage software was used for all data
processing and peak deconvolution.

2.5.3. Fourier transform infrared (FTIR)spectroscopy

The FTIR spectra of pristine CNC and CNC-derivatives were recorded
using attenuated total reflectance (ATR)- FTIR spectrometer (Agilent
Technologies Cary 630). The spectra were generated at 4 cm ™" resolution
with 32 scans in the range of 4000-500 cm .

2.5.4. ICP-OES

The amount of copper in CNC-DES was quantified using a Perki-
nElmer Avio 200 Inductively Coupled Plasma-Optical Emission Spec-
trometer (ICP-OES) as reported previously [24,25]. A known amount of
CNC-DES was loaded in tared crucibles and ashed in a muffle furnace
operating at 600 °C for 3 h. The resulting ash was then digested in
concentrated nitric acid and diluted with 3% nitric acid.

2.5.5. Zeta potential

The zeta potential of 0.1 wt% CNC and CNC-DES dispersed in 10%
glycerol was measured using a Brookhaven Nanobrook Omni particle
analyzer. Measurements were performed in five replicates per sample,
and the average and standard deviations are reported.

2.5.6. UV-vis spectroscopy and in-vitro SPF quantification

All UV-vis transmission scans were recorded in a Cary60 UV-vis
spectrophotometer (Agilent Technologies). Glycerol dispersions of
CNC-DES were loaded in quartz cuvettes, and the transmission scans
were generated from 200 to 800 nm in a 1 nm resolution.

The SPF values of the creams were measured in vitro using a previ-
ously reported method [26]. In brief, the creams (2 mg/crnz) were
applied on a 3 M Transpore® tape (2 layers, 19 mm x 35 mm) attached
on a quartz slide. The slide with the creams was then placed in the dark
and dried for 20 min prior to UV-vis measurement. Transmission scans of
the slides were recorded in the range of 290-400 nm in a 1 nm resolution.
The transmittance scans of the samples were corrected by subtracting the
transmittance scans of the slide and tape. For comparison, the trans-
mittance scans of Cream S were also measured. Note that Cream S with an
active ingredient concentration of 1.5 wt% was also prepared by diluting
the original formulation (13.5 wt%) with 10 wt% glycerol. The SPF was
calculated using a modified Mansur equation [27] (3):

400 400
SPFuvivo=Y_E:S; | Y ES:T; ©)
290 290

where E, is the erythemal spectral effectiveness, S, is the solar spectral
irradiance, and T}, is the %transmittance of the sample.
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2.5.7. Transmission electron microscopy (TEM)

The morphology and size distribution of CNC particles were analyzed
using an FEI Tecnai F20 transmission electron microscope. The CNC
dispersions were diluted to ~0.001 wt%, dried on plasma-cleaned copper
grids, and stained with 2% uranyl acetate. TEM micrographs were
generated at 200 kV.

2.6. Evaluation of antioxidant potential by DPPH radical scavenging
activity

The measurement of DPPH radical scavenging activity of CNC-DES
was adapted from methods reported previously [10,28] with some
modification. A stock DPPH solution (200 pM) was prepared by dis-
solving a known amount of DPPH in ethanol. In a 96-well plate, 150 pL of
DPPH was added to 50 pL of CNC-DES glycerol dispersions at different
concentrations (0.1-1.5 wt%). The mixture was then incubated in the
dark at room temperature for 1 h, and the absorbance at 517 nm was
measured using a microplate reader (Tecan Infinite M Nano). For com-
parison, varying concentrations of DES, alkyne-modified DES, pristine
CNC, and some antioxidant standards (ascorbic acid, Trolox, and BHA)
were also tested. The absorbance of DPPH solution without the samples
(blank) was also measured. The DPPH radical scavenging activity was
calculated using 4:

A(l _A]

0

DPPH Radical Scavenging Activity (%) = x 100 4)

where Ag is the absorbance of the blank at 517 nm and A; is the absor-
bance of the DPPH solution with the samples at 517 nm.

The % scavenging activity was plotted against sample concentration
and the efficient concentration needed to scavenge DPPH radicals by
50% (ECs() was calculated from the plot.

2.7. Evaluation of cytotoxicity

Murine fibroblast cell line L929 was cultured in DMEM supplemented
with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin and strep-
tomycin. Stock CNC-DES dispersions (6, 4, 2, and 0.4 wt%) were diluted
in the culture medium to achieve treatment concentrations of 1.5, 1, 0.5,
and 0.1 wt%. DMEM containing 1.5 wt% pristine CNC and 10% glycerol
was also tested. The 96-well plates were seeded with 10,000 cells/well
and incubated at 37 °C and 5% CO- for 24 h to allow attachment to the
tissue culture polystyrene (TCPS). The media was aspirated, the cells
were washed with PBS, and the treatment media were added to the wells.
The positive and negative controls were treated with 10% (v/v) dimethyl
sulfoxide (DMSO) and fresh DMEM, respectively. After 24 h of incuba-
tion, the treatment media was replaced with an MTS reagent and incu-
bated for 1 h in the dark. The absorbance at 490 nm was read using a
Thermo Scientific Multiskan Spectrum multiplate reader. The experiment
was performed in three technical replicates with independent biological
triplicates. The percentage viability was computed by normalizing the
absorbance with respect to the negative control (untreated cells). The
cells were also observed under an optical microscope (Nikon Eclipse Ts2)
to investigate the changes in the morphology of the cells.

Statistical analysis of the results from the biological triplicates was
performed using GraphPad Prism 8.0.2 by one-way analysis of variance
(ANOVA), with significance assigned at p < 0.05, followed by Tukey’s
post hoc test to compare individual pairs of data.

3. Results
3.1. Synthesis of diethyl sinapate-grafted CNCs
Grafting of diethyl sinapate onto cellulose nanocrystals was achieved

via a Cu(l)-catalyzed cycloaddition reaction between azide-modified
CNCs (CNC-N3) and alkyne-bearing diethyl sinapate (DES) (Figure S6).
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Successful anchoring of DES moieties on CNC surface was supported by a
combination of analyses (FTIR, XPS, TEM) shown in Figure S7. FTIR
revealed the conversion of azide to triazole groups as evidenced by the
57% decrease in peak intensity at 2110 cm ™! for the antisymmetric azide
stretching motion [29]. High-resolution N 1s analysis from XPS also
showed that CNC-DES exhibits a single, sharp peak at 401 eV, confirming
the conversion of the azide group into a 1H-1,2,3-triazole ring triazole
ring [30]. Further, high-resolution C 1s analysis revealed the appearance
of a new peak at 289 eV assigned to carboxylic groups (O-C=O0) attrib-
uted to the presence of ester groups in DES grafted on CNCs [22].
Grafting of DES on CNCs afforded a DS of 0.28, corresponding to 56%
conversion of the azide groups to triazole ring. TEM also revealed that the
CNCs retained their rod-like and nanosized morphology after the click
reaction. These results confirm that the click reaction employed is highly
efficient, similar to the results we have previously reported [14,17].

3.2. UV-blocking property of CNC-DES in glycerol and cream

CNC-DES was dispersed in 10 wt% glycerol to mimic common, pe-
troleum, and oil-free cosmetic formulations where glycerol is used as a
humectant for water-based formulations. Figure S8 shows that aqueous
dispersions of CNC and CNC-DES can be dispersed in 10% glycerol via
ultrasonication. Pristine CNCs and functionalized CNC-DES in glycerol
exhibited zeta potentials of —57.13 + 0.94 mV and —49 + 1.29 mV,
respectively. On the contrary, DES is not dispersible or soluble in 10%
glycerol due to its hydrophobic structure. This shows that grafting DES
onto CNCs rendered it dispersible in aqueous glycerol and that CNC
served as an effective dispersing medium for the non-polar phenolic
ester. Fig. 1a shows that CNC-DES dispersed in aqueous glycerol solutions
exhibits a very high UV-blocking performance. At 285 and 325 nm, the %
transmittance of the CNC-DES suspension abruptly decreased after the
addition of 0.1% CNC-DES (Fig. 1b). At concentrations > 0.5 wt%, zero
transmittance of UVA, UVB, and UVC was measured. On the other hand,
pristine CNCs do not exhibit any appreciable UV blocking properties at
0.1-1.5 wt% (Figure S9). Fig. 1c also shows that the incorporation of
CNC-DES imparts a deep yellowish color to the glycerol solution. This is

140

——— Gly + 0% CNC-DES

a —Gly +0.1% CNC-DES
120 { —— Gly + 0.5% CNC-DES

——Gly + 1% CNC-DES

—— Gly + 1.5% CNC-DES
1004 Gly +1.5% CN

80

60

40

Transmittance (%)

20 4

T T T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

—

Glycerol
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attributed to the presence of residual copper in CNC-DES during the click
reaction.

The in vitro SPF of creams blended with CNC-DES was quantified.
Similar to glycerol, ultrasonicated, aqueous CNC-DES can be dispersed in
the cream by overnight stirring with a magnetic stirrer. The blending of
DES with the cream resulted in an aggregation of DES particles sug-
gesting that DES is not colloidally stable in the cream. Fig. 2a shows the
transmittance spectra of Cream N blended with different concentrations
of CNC-DES. As expected, Cream N does not exhibit any appreciable UV-
shielding property by itself, as evidenced by the 90-100% transmission
of UV light. However, after the addition of CNC-DES in Cream N, the UV
blocking properties improved dramatically. Low to moderate trans-
mission of UV light was measured depending on the concentration of
CNC-DES added. On the other hand, the commercially available sun-
screen formulation, Cream S, exhibits a stronger and broader wavelength
UV protection. This is expected because of the presence of UV filtering
compounds in Cream S such as avobenzone, octinoxate, octisalate,
octocrylene, and oxybenzone that strongly absorb in the UVA and UVB
regions. Interestingly, at the same active ingredient concentration (1.5 wt
%), CNC-DES displays a comparable UV protection relative to Cream S.

Using the Mansur equation (Eq. (3)), the SPF of the creams was
quantified (Table 1). Cream S exhibited an SPF of 15.2, in agreement
with the product SPF label. The SPF of Cream N blended with CNC-DES
increases with increasing CNC-DES concentration. However, the addition
of pristine CNC did not cause any significant improvement in the SPF of
Cream N. This shows that the increase in SPF of these creams can be
attributed to the DES moieties grafted onto CNCs. Interestingly, at the
same active ingredient concentration, Cream N blended with 1.5 wt%
CNC-DES has a higher SPF than the commercial sunscreen, Cream S (SPF
5.03 vs 3.84).

3.3. Antioxidant potential of CNC-DES
The antioxidant potential of CNC-DES was evaluated by DPPH radical
scavenging assay. The assay is based on the ability of potential antioxi-

dants to donate a hydrogen atom to a DPPH radical. Upon hydrogen

100
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Fig. 1. UV-blocking property of glycerol dispersions as a function of CNC-DES concentration. (a) UV-Vis transmittance spectra of 10% glycerol, 1.5 wt% pristine CNCs
in 10% glycerol, and varying concentrations (0.1-1.5 wt%) of CNC-DES in 10% glycerol. (b) Effect of CNC-DES concentration on the optical transmittance at different
UV wavelengths. (c) Photographs of CNC-DES-glycerol dispersions at different concentrations.
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Fig. 2. UV blocking property of CNC-DES blended in Cream N. (a) UV transmittance spectra of Cream N, Cream N blended with varying concentrations (0.1-1.5 wt%)
of CNC-DES, and Cream S (1.5-13.5 wt% active ingredients). (b) Photographs of Cream N and Cream N + CNC-DES formulations.

Table 1
SPF of Cream N, Cream N blended with varying concentrations (0.1-1.5 wt%) of
CNC-DES, and Cream S (1.5-13.5 wt% active ingredients).

Sample SPF

Cream N 0.96 + 0.14
Cream N + 0.1 wt% CNC-DES 2.22 +0.28
Cream N + 0.5 wt% CNC-DES 2.82 + 0.50
Cream N + 1.0 wt% CNC-DES 3.64 + 0.08
Cream N + 1.5 wt% CNC-DES 5.03 £0.71
Cream N + 1.5 wt% CNC 1.10 £ 0.05
Cream S (1.5 wt% of UV filters) 3.84 + 0.65
Cream S (13.5 wt% of UV filters) 15.20 + 2.84

acceptance, the DPPH radical is reduced to its corresponding hydrazine,
resulting in a concomitant loss of its original violet color [31]. The radical
scavenging activity of the antioxidant standards, DES, alkyne-modified
DES, pristine CNC, and CNC-DES are presented in Fig. 3. In line with
expectation, the commercial antioxidant standards, ascorbic acid, Trolox,
and BHA, exhibit moderate to high scavenging activities depending on
the concentration. These standards exhibited more than 80-90% scav-
enging of DPPH radical at 400 pM concentration. At the same concen-
tration, DES and alkyne-modified DES exhibit lower scavenging activities
relative to the standards. Even at elevated concentrations (>400 pM),
DES could only scavenge at most 65% of the original amount of DPPH
radical. Interestingly, the scavenging activity of DES dramatically
decreased after the addition of an alkyne moiety (at most 25% scav-
enging activity).

Using the same range of concentration as in the SPF experiments, the
DPPH radical scavenging activities of CNC-DES was quantified (Fig. 3b).
For comparison, the scavenging activity of CNC was also tested. As ex-
pected, pristine CNCs exhibited a very low to moderate scavenging
ability. The activity that does exist can arise from the presence of residual
lignins [26] in CNC and the reducing end groups (aldehydes) [32] pre-
sent in cellulose. After grafting of DES, the scavenging activities of CNC
improved by 2- to 6-folds, depending on the concentration. The apparent
antioxidant properties of CNC-DES can be attributed to the synergistic
antioxidant properties of CNC and DES, as shown by our results.

Table 2 presents the ECsy values of the standards, DES, alkyne-
modified DES, pristine CNC, and CNC-DES. The ECso corresponds to
the minimum concentration of the material at which 50% of the DPPH
radicals have been reduced. This value is a measure of the antioxidant
potential of a material with the lower the ECs, the stronger being the
antioxidant potential. Apparently, these values could not be detected in
the case of alkyne modified DES and pristine CNC, even at higher
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Fig. 3. DPPH radical scavenging activity of antioxidant standards, DES, and
alkyne-modified DES (a). DPPH radical scavenging activity of pristine CNC and
CNC-DES at different concentrations (0.1-1.5 wt%) (b).

concentrations. Relative to the standards, DES has 16-30x higher ECsg
(927.02 pg/mL). This supports the study of Horbury et al. [10] where a
lower antioxidant activity of DES was observed compared to Trolox, BHT,
and BHA. CNC-DES, on the other hand, has an ECs( of 8658.28 pg/mL,
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Table 2
ECs of antioxidant standards, DES, and alkyne-modified DES, pristine CNC, and
CNC-DES against DPPH radical.

Sample ECso (pg/mL)
Ascorbic acid 31.38

Trolox 55.82

BHA 32.35

DES 927.02
Alkyne-modified DES Not detected
CNC Not detected
CNC-DES 8658.28

which suggests that the antioxidant potential of CNC-DES is inferior to
that of the standards and DES.

3.4. Cytotoxicity of CNC-DES

The cytotoxic effect of CNC-DES and CNC was investigated in-vitro on
murine fibroblast cell lines (Fig. 4). Cells treated with the negative con-
trol (Fig. 4a) show a confluent layer of healthy fibroblasts. In contrast,
cells treated with 10% DMSO (Fig. 4b) were rounded and detached from
the surface of the plate, suggesting that these cells are non-viable.
Importantly, cells exposed to glycerol, pristine CNC, or CNC-DES
(Fig. 4c-f) also appear to be viable, as similar to the negative control.
The cell viability after exposure to CNC-DES was quantified using the
MTS assay (Fig. 4g). These results demonstrate that pristine CNCs did not
have a significant effect on the viability of the cells. At the highest con-
centration of CNC-DES (1.5 wt%), the percentage viability was 82%,
which is defined as non-toxic according to the ISO 10993-5 standard
[33]. This standard states that any material that leads to a viability less
than 70% is cytotoxic. Post-hoc statistical analysis revealed that the
viability of cells treated with CNC-DES is not significantly different from
that of the untreated cells, regardless of the CNC-DES concentration
tested. Hence, CNC-DES is not cytotoxic to murine fibroblast cells.

4. Discussion

In this paper, we have reported the potential of DES-grafted CNCs as
UV filters in modern cosmetic formulations. The results show that
grafting DES onto CNCs aids in the dispersion of the hydrophobic DES in
aqueous glycerol and oil-free moisturizing cream. This can be attributed
to the several hydroxyl groups and negatively charged sulfate half-ester
groups found in CNCs, which render CNC-DES dispersible in hydrophil-
ic matrices. We have previously demonstrated this effect with a hydro-
philic polymer, polyvinyl alcohol (PVA) [17]. A similar effect was also
observed by Zhang et al. when cinnamate-grafted CNCs were dispersed in
water, PVA, and polystyrene (PS) [34]. Importantly, grafting DES
imparted excellent anti-UV properties to CNCs. CNC-DES (> 0.5 wt%)
dispersed in aqueous glycerol exhibits strong anti-UV properties, block-
ing the transmission of light in all the UVA, UVB, and UVC regions. It
should be noted that at higher concentrations, the reduced transmittance
of UV and visible light is due to the scattering of the CNC-DES particles
instead of absorbance. When incorporated in an oil-free moisturizing
cream, the SPF of CNC-DES is higher than those of the commercial sun-
screen at the same active ingredient concentration. The anti-UV prop-
erties of CNC-DES can be solely attributed to the DES moieties that are
covalently anchored to the CNC surfaces. The CNC-DES is effective in this
regard by absorbing the detrimental energy from UV rays to dispersing it
to the environment in the form of heat [35]. DES, in particular, can un-
dergo an efficient trans-cis and cis-trans photoisomerization, resulting in a
photo-equilibrium between the isomers [10,36].

DPPH radical scavenging assay reveals that grafting DES on CNCs
drastically reduces its antioxidant property. This is most likely due to the
etherification of the phenolic group in DES, which is the functionality
primarily responsible for the DPPH radical scavenging activity of DES
[10]. The free hydroxyl group in phenol and hydroxycinnamate
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Fig. 4. Cytotoxicity of CNC-DES. Optical light micrographs of L929 cells after
24 h of incubation with DMEM media only (a), 10% DMSO (b), 10% glycerol
(c), 1.5 wt% pristine CNC (d), 0.1 wt% CNC-DES (e), and 1.5 wt% CNC-DES (f).
Normalized cell viability of L929 cells after 24 h of incubation with varying
concentrations of CNC-DEF (0.1-1.5 wt%), CNC (1.5 wt%), 10% glycerol, and
10% DMSO. The data are expressed as mean + standard deviations for tripli-
cates from three independent sets of biological replicates. All treatments, except
DMSO, are not significantly different from DMEM media only (negative control).
The number of asterisks over the bars indicates the level of significance of the
data as compared with 10% DMSO. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. —
no significant difference (g).

derivatives can donate a hydrogen atom to reduce the DPPH radical to its
corresponding hydrazine derivative [37-39]. However, the free hydroxyl
group in DES is lost after the click reaction, and therefore, no free
hydrogen atoms can be abstracted by the DPPH radical. Interestingly, a
previous study reported that cinnamate derivatives could scavenge free
radicals through their side acrylic double bond functional groups.
Waterhouse et al. [40] proposed that the free radical can attack the
o,p-unsaturated side-chain in cinnamate derivatives, attaching at the a
carbon to produce a resonance-stabilized benzyl radical. The apparent
antioxidant activity of CNC-DES can also be attributed to traces of
ascorbic acid that may not have been completely removed after the click
reaction. The ECso of CNC-DES was found to be 8658.28 pg/mL, which is
155- to 268-folds higher than the standards and 9-folds higher than DES.
This value is equivalent to 0.83 wt% of CNC-DES. If CNC-DES is added to
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the cosmetic formulation above this concentration, a comparable anti-
oxidant property can arise, as with the antioxidant standards. Never-
theless, the addition of any of these commercial antioxidants in cosmetic
formulations is beneficial to the skin. The potential antioxidant activity of
CNC-DES dispersed in glycerol or cream is beneficial as it contributes to
maintaining a healthy skin barrier. Antioxidants can neutralize reactive
oxygen species (ROS) induced by UV radiation [41].

MTS assays also reveal that CNC-DES is not cytotoxic to murine
fibroblast cells after 24 h of exposure. However, it should be noted that
the copper concentration is crucial in CNC-DES cytotoxicity. Our results
reveal that the amount of residual copper in CNC-DES significantly in-
fluences its cytotoxicity. Indeed, several studies have reported the
detrimental effects of copper on biological systems [42-45]. The pres-
ence of copper in CNC-DES arises from CuBr; that is used as a catalyst in
the click reaction. We initially added 140,000 ppm of CuBr; to the re-
action mixture. After isolation and purification by dialysis for 3 days, the
amount of copper retained in CNC-DES was reduced to ~5100 ppm. At
this copper concentration, we found that CNC-DES can kill more than
80% of the cells at 1.5 wt% concentration.

To address this problem, CNC-DES was re-dialyzed for an additional 7
days, which further decreased the copper concentration in CNC-DES by 50-
folds (102 ppm). Further increase in dialysis (by at least 10 days) could
ensure the removal of most copper ions. It is also possible to lower the
initial CuBr; concentration used in the reaction; however, this effect on the
properties of the grafted CNCs requires investigation. The cytotoxicity of
CNC-DES may also arise from the presence of the triazole ring, a potential
skin irritant; the pathomechanisms involved are poorly understood [46].

Ultimately, this study shows the potential of CNC-DES as a sustainable
and performant sunscreen additive able to substitute commercially
available chemical UV filters. CNC-DES dispersed in aqueous glycerol
exhibits strong UV blocking properties and high visible light trans-
mittance, making it ideal as a non-whitening UV filter in sunscreen for-
mulations. Also, the ability of CNC-DES to be dispersed in glycerol and
oil-free moisturizing creams makes it suitable for water-based sun-
screen formulations that are typically non-irritant (for sensitive skins),
non-greasy, and should have a ‘lightweight’ feel. The antioxidant po-
tential of CNC-DES is an added benefit to the sunscreen formulation.
Importantly, these CNC-based UV filters are not considered cytotoxic to
skin cells in vitro.

5. Conclusion

In this study, we report a novel and nature-inspired UV filter based on
diethyl sinapate-grafted cellulose nanocrystals (CNC-DES) dispersible in
aqueous glycerol and water-based cosmetic creams. Grafting the water-
insoluble DES onto CNCs renders it dispersible in water and 10% glyc-
erol, while the DES itself is not water-dispersible. Glycerol dispersions
containing 0.1-1.5 wt% CNC-DES display very high anti-UV activity. An
oil/petroleum-free moisturizing cream blended with 1.5 wt% CNC-DES
exhibits an SPF of 5.03, higher than a commercially available sun-
screen with the same active ingredient concentration (SPF = 3.84). DPPH
radical scavenging assay also shows the antioxidant potential of CNC-
DES. Notably, the antioxidant activity of DES dramatically reduces
after the click reaction, which is most likely due to the etherification of
the phenolic group in DES. In vitro MTS cell proliferation assay also re-
veals that CNC-DES is not cytotoxic to murine fibroblast cells after 24 h of
exposure. Overall, CNC-DES possesses strong anti-UV and antioxidant
properties and is water-dispersible, biocompatible, non-greasy, and
lightweight. This study demonstrates that CNC-DES is a highly prom-
ising, nature-inspired UV filter that can be engineered and applied in
cosmetic formulations, including for sensitive skins.
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