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Reversibly light and pH dual-responsive spiropyran-based cellulose nanocrystals (SP-CNCs) is synthesized
by the attachment of carboxyl-containing spiropyran (SP-COOH) onto cellulose nanocrystals (CNCs). The
resulting structure and properties of SP-CNCs are examined by Fourier transform infrared spectroscopy
(FT-IR), elemental analysis, transmission electron microscopy (TEM), atomic force microscopy (AFM),
dynamic laser light scattering (DSL), {-potential measurements and ultraviolet-visible (UV-Vis) light
absorption spectroscopy. SP-CNCs exhibit excellent photochromic and photoswitching properties.
Spiropyran moieties on SP-CNCs can be switched between open-ring merocyanine (MC) and closed
ring spiropyran (SP) forms under UV/Vis irradiation, leading to color changes. Moreover, SP-CNCs display
improved photoresponsiveness, photoreversibility, fatigue resistance, and stability in DMSO than in H;O.
We further investigate the pH-responsive behavior of SP-CNCs in H,O. SP-CNCs aqueous solution
display different colors at different pH values, which can be directly observed by naked eye, indicating
that SP-CNCs can function as a visual pH sensor. These results suggest that light and pH dual-
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Introduction

Stimuli-responsive materials can alter their physical/chemical
properties upon external stimuli, such as light, temperature,
magnetic fields, and pH. They have received extensive attention
in recent years due to their unique properties and various
potential application in controlled release agents, adaptive
shape memory materials, responsive coatings, etc."® Spi-
ropyran, as one of the most classical stimuli-responsive mate-
rials, undergoes reversible structural isomerization upon
a variety of stimuli, such as light, pH, temperature, metal ions,
and solvent polarity.”** Spiropyran-based materials have been
extensively investigated and widely applied in many fields, such
as bioimaging, controlled release, data storage, and sensors."*

There has been great interest in developing stimulus-
responsive nanoparticles ascribing to their advantages such
as, good water dispersibility, excellent biocompatibility and the
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switching and light-controlled nanomaterials.

ability for further functionalization."” Spiropyran has been used
to functionalize various nanomaterials, such as gold or silver
nanoparticles, semiconductor quantum dots, and carbon-based
nanomaterials, to gain multifunctional materials to widen their
field of applications.’®?® Cong et al. have reported spiropyran-
functionalized gold nanoclusters with controlled reversible
dual-color fluorescence, which can be used for accurate fluo-
rescence imaging.’* Chen et al. have prepared spiropyran-
functionalized carbon nanoparticles showing good photo-
reversibility upon UV/Vis irradiation. This has given rise to
potential applications in bioimaging, reversible data storage/
erasing, and light-controlled nanomaterials.'> Moreover, Liao
et al. have reported spiropyran-modified silicon quantum dots
with good reversible photoluminescence that can be a prom-
ising candidate in many potential application areas such as
biolabeling, bioimaging, photo-switch, and data storage.*®
Cellulose nanocrystals (CNCs) are sustainable and renewable
rod-shaped nanoparticles with high crystallinity, high aspect
ratio and surface area, and which can be extracted from cellu-
lose fibrils through strong acid hydrolysis processes.*
Compared with the conventional nanoparticles, CNCs have
been great interest to researchers due to their advanced prop-
erties, for instance, environmentally benign, naturally abun-
dant, biocompatible, and biodegradable.”> CNCs have been
widely applied in various fields, such as nanocomposite mate-
rials, drug delivery, sensing, bioimaging and packaging.>*>*
CNCs have been reported to be used for sensing and responding
to pH, metal ions, temperature, and humidity.>*** However,
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CNCs is still rarely reported as multi-stimulus responsive
nanomaterials.

Spiropyran-based CNCs have not been reported to our
knowledge. Herein, we successfully synthesized light and pH
dual-responsive spiropyran-based cellulose nanocrystals (SP-
CNCs) through the covalently linking between CNCs and
carboxyl spiropyran (SP-COOH). SP-CNCs preserved the original
properties of spiropyran, and exhibited excellent photochromic
properties, photoresponsiveness, photoreversibility, fatigue
resistance and stability. Moreover, SP-CNCs aqueous suspen-
sions exhibited a pH-responsive behavior, different colors could
be observed with the naked eye at different pH values. This
novel dual-stimuli-responsive nanomaterial could be poten-
tially used for various applications such as bioimaging, revers-
ible data storage/erasing, sensing, and light-controlled
nanomaterials.

Experimental section
Materials

CNCs were purchased from ScienceK Ltd (Shanghai China),
which were extracted from microcrystalline cellulose through
a sulfuric acid hydrolysis process. Epichlorohydrin, 5-nitro-
salicylic acid, pyridine, p-dimethylaminopyridine (DMAP),
EDC-HCL were supplied by the Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). All the chemicals were analytical
grade and used without any further purification.

Synthesis of SP-COOH

SP-COOH was synthesized according to the procedure described
by Chen et al. (Scheme S17).** First, 3-bromo-propionic acid
(4.8 g, 31.4 mmol) and 2,3,3-trimethyl-3H-indole (2.5 g, 15.7
mmol) were dissolved in CH;CN (30 mL). The mixture was
refluxed for 12 h. The resulting solution was evaporated, and the
residue was washed with ethyl ether (50 mL) for 3 times. Then,
1-(2-carboxyethyl)-2,3,3-trimethyl-3H-indolium bromide (2.55 g,
52%) was obtained by recrystallized with acetone/
dichloromethane (5/1, v/v). Second, 1-(2-carboxyethyl)-2,3,3-tri-
methyl-3H-indolium bromide (2.1 g, 6.73 mmol), 5-nitro-
salicylaldehyde (1.13 g, 6.73 mmol) and triethylamine (1.5 mL,
10.7 mmol) were dissolved in ethanol (30 mL), and refluxed
under nitrogen for 6 h. The precipitate was filtered and washed
with cool ethanol. Finally, SP-COOH was obtained as yellow
powder (1.91 g, 75%).

The analytical data of SP-COOH: "H-NMR (400 MHz, DMSO-
de): (TMS, ppm) 1.07 (s, 3H), 1.19 (s, 3H), 2.49 (m, 2H), 3.40 (m,
1H), 3.46 (m, 1H), 6.02 (d, J = 12.0 Hz, 1H), 6.66 (d, ] = 8.0 Hz,
1H), 6.78 (t, ] = 8.0 Hz, 1H), 6.86 (d, ] = 12.0 Hz, 1H), 7.13 (t,] =
8.0 Hz, 1H), 7.18 (s, 1H), 7.22 (s, 1H), 8.01 (dd, J = 12.0 Hz, 1H),
8.22 (d, J = 4.0 Hz, 1H) (Fig. S1f). ESI-MS: m/z: calcd. for
C»1H,005N,: 380.4; found: 379.2 [M-H'] (Fig. S27).

Preparation of CNC-NH,

Amino-modified CNCs (CNC-NH,) were prepared following our
previous study (Scheme 1).>? First, epoxy—-CNC was prepared by
reacting epichlorohydrin (0.8 g) with CNCs (100 mL, 1 wt%)
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under alkaline conditions (1 M aq. NaOH) at 60 °C for 3 h.
Second, the epoxy ring was opened with excess ammonium
hydroxide (6 mL) to introduce amino groups onto CNCs. The
reaction was carried out at 60 °C for 2 h. Finally, the suspension
was dialyzed against deionized water for 5 days, and concen-
trated to 1 wt% using a rotary evaporator.

Preparation of SP-CNCs

Freeze-dried CNC-NH, (0.5 g) powder was dispersed into DMSO
(50 mL) under stirring and mild sonication for 30 min. Next, SP-
COOH (0.5 g), EDC (0.5 g), and DMAP (0.1 g) were gradually
added, and the mixture reacted at 30 °C for 48 h. After reaction,
the product was precipitated and washed with acetone until no
fluorescence emission was present. Then, SP-CNCs was
dispersed into water, and dialyzed against deionized water for 5
days. Finally, SP-CNCs suspension were concentrated, soni-
cated, and preserved in the dark at 4-10 °C. Solid SP-CNCs
powder was also obtained by lyophilization.

Characterizations

NMR spectra were recorded using an INOVA-600 spectrometer
(Varian, Inc., Palo Alto, CA, USA; in DMSO-d, solutions). Fourier
transform infrared (FT-IR) spectra were recorded on a Nicolet
5700 spectrometer (Nicolet Instrument Corp., Madison, WI,
USA) and analyzed over the wavenumber range from 400 to
4000 cm ™', with the KBr-disk method for sample preparation.
Elemental analyses (CHON) were obtained on a Vario EL cube
elemental analyzer (Elementar Analysensysteme GmbH, Hanau,
Germany).

Transmission electron microscopy (TEM) images were ob-
tained on a JEM-2100 microscope (JEOL Ltd, Tokyo, Japan)
operating at the voltage of 200 kV. Atomic force microscopic
(AFM) images were obtained in a dynamic force mode (Cypher
S, Oxford Instrument ple, Abingdon, UK) using an AC240TS tip
(tip radius < 10 nm, resonance frequency 300 kHz, and spring
constant 42 N m ™). Dynamic laser light scattering (DLS) and -
potential were measured using the Malvern Zetasizer Nano-ZS
(ZEN3600, Malvern Instrument Ltd, Malvern, UK).

The UV-Vis absorption spectra of CNCs were measured with
a UV-Vis spectrophotometer (UV-6100PCS, Shimadzu Corp,
Tokyo, Japan).

Results and discussion
Structure and morphology of SP-CNCs

The successful covalent linkage of SP groups onto CNCs surface
was confirmed by FT-IR analysis, and the SP content was
determined by elemental analysis. FT-IR spectra of SP-COOH,
CNCs, CNC-NH,, and SP-CNC are shown in Fig. 1. For SP-
COOH, the absorption peaks at 1715, 1651, 1567 and
1088 cm ™ were assigned to C=0, C=C, Ar-C and C-O-C
group, respectively, which further confirmed that SP-COOH
were successfully synthesized.*® For nanocellulose, the
absence of IR peaks at 3368 (O-H), 2904 (C-H), 1430 (CH,), and
1060 (C-0) cm ™" were associated with the native cellulose.**
Comparing the spectra of CNCs and SP-CNCs, the new

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR spectra of CNCs, CNC-NH,, SP-CNCs and SP-COOH.

absorption peaks at 1715 and 1567 cm™ ' were observed in SP-
CNCs, which were assigned to C=0 and Ar-C groups of SP-
COOH, respectively. FT-IR results thus suggested that SP-
COOH were successfully incorporated onto cellulose skeleton.

The elemental composition of CNCs, CNC-NH,, and SP-
CNCs are evaluated from elemental analysis (Table 1). CNCs
contained no nitrogen (N) content, whereas the increased N
content of SP-CNCs further confirmed the successful introduc-
tion of SP groups onto CNCs. The SP content on SP-CNCs was

Table 1 Elemental analysis of CNCs, CNC-NH, and SP-CNCs

Sample C (wt%) O (Wt%) H (wt%) N (Wt%)
CNCs 41.49 — 6.51 0
CNC-NH, 41.42 — 5.89 0.12
SP-CNCs 44.04 — 6.28 0.23

© 2023 The Author(s). Published by the Royal Society of Chemistry

calculated from the N content of SP-CNCs using the following
equation:

(1 x 0.12% + 2N x m)/[1 + (380 — H,0) x m] = 0.23%

where m is the molar number of SP reacted with 1 g of CNC-NH,,
and 380 is the molar mass of SP-COOH. The SP content (/) was
calculated to be 40.49 pmol g~ of CNCs (6.4 SP moiety per 1000
anhydroglucose units).

The morphologies of CNCs and SP-CNCs were investigated
by TEM and AFM (Fig. 2). TEM images of CNCs and SP-CNCs are
shown in Fig. 2a and b. The rod-like shapes of CNCs and SP-
CNCs appeared not to have been changed, and SP-CNCs
morphology did not alter after introducing SP groups onto
CNCs surfaces. The length (L) and width (W) of CNCs and SP-
CNCs were evaluated to be 50-350 nm and 5-30 nm,
respectively.

From AFM images of CNCs and SP-CNCs, length (L) and
width (W) information can be extracted (Fig. 2c and d). Length
and width distribution histograms for CNCs and SP-CNCs were
produced, with the mean values of length and width for CNCs
were calculated to be 159 £ 70 nm and 20 + 6 nm, respectively,
and the mean aspect ratio (L/W) was 8.0 (Fig. 3). For SP-CNCs,
the mean values of length and width were calculated to be
178 £ 64 nm and 21 + 8 nm, respectively, with a mean aspect
ratio (L/W) of 8.5. Due to the surface modification of CNCs with
SP groups, the mean size of SP-CNCs was slightly larger than
that of CNCs. In addition, the hydrodynamic radius (Ry,) of
CNCs and SP-CNCs dispersed in water were determined by DLS,
with the mean Ry, values for CNCs and SP-CNCs of 60.8 and
81.0 nm, respectively (Fig. 4). These results suggested that the
apparent hydrodynamic radius of SP-CNCs increased slightly
due to the introduction of SP groups onto CNCs. The surface
charges of CNCs and SP-CNCs dispersed in water were esti-
mated by {-potential measurement, with the {-potential values
of CNC and SP-CNCs at —34.9 and —27.3 mV, respectively. After
introduction of SP groups, the {-potential value of SP-CNCs was
slightly increased due to the hydrophobic SP (closed-ring)

RSC Adv, 2023, 13, 1495-11502 | 11497
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Fig. 2 TEM images of CNCs (a) and SP-CNCs (b, scale bar is 200 nm); AFM image of CNCs (c) and SP-CNCs (d).

isomerization. SP-CNCs were also well dispersed and stable in
aqueous suspension, suggesting that the dispersibility was not
significantly affected by surface modification of CNCs with SP.

Photochromic properties

It is well-known that the SP-based derivatives exhibit a revers-
ible color change under UV (365 nm) and Vis irradiation.®** To
investigate the photochromic properties, SP-CNCs suspensions
(0.5 wt%) in H,O and DMSO were prepared and investigated by
UV-Vis spectroscopy. Fig. 5a shows the absorbance spectra of
SP-CNCs aqueous suspension upon exposure to UV irradiation
from 0 to 6 min. There was no noticeable absorbance of SP-
CNCs in range of 450-700 nm before UV irradiation, since
most spiropyran structures on CNC were present as closed-ring
forms (SP). Upon UV irradiation (365 nm), an apparent
absorption peak at 525 nm was observed, which continuously
and markedly increased with increasing irradiation time due to
the transformation of SP into the open-ring (MC) isomers.
Meanwhile, the color of SP-CNCs suspensions turned from
colorless to pink, as the spiropyran structure gradually changed
from SP to MC isomers. The zeta potentials of SP-CNCs were
measured to be —21.0 mV (MC) and —13.7 mV (SP), indicating
that the structure of spiropyran changed between the hydro-
philic MC and hydrophobic SP isomers, which accordingly
altered the distribution of charge in the molecule. When SP-
CNCs were immediately irradiated with Vis light, the

1498 | RSC Adv, 2023, 13, 11495-11502

absorption peak at 525 nm rapidly decreased with increasing
irradiation time. Following 90 s of Vis irradiation, the absorp-
tion peak was almost disappeared and completely restored to its
value before UV irradiation. Meanwhile, the color of SP-CNCs
turned from pink to colorless (Fig. 5b). These results sug-
gested that SP-CNCs preserved the excellent photochromic
properties of spiropyran.

Spiropyran-based polymers displayed different colors and
photochromic properties due to of different extent MC isomers.
Moreover, the MC isomers dissolved in different solvents
exhibited different colors upon UV irradiation.>*® We further
investigated the photochromic property of SP-CNCs in DMSO.
Fig. 5¢ shows absorbance spectra of SP-CNCs aqueous suspen-
sion upon UV irradiation from 0 to 8 min. Before UV irradiation,
no obvious absorbance of SP-CNCs was observed because most
spiropyran structures on CNCs were present as closed forms of
SP. Upon UV irradiation (365 nm), an apparent absorption peak
at 560 nm was observed and continuously increased markedly
with increasing irradiation time due to the transformation of SP
into MC isomers. And the color of SP-CNCs suspension turned
from colorless to purplish red. When SP-CNCs was immediately
irradiated with Vis light, the absorption peak at 560 nm clearly
decreased with increasing irradiation time, and almost dis-
appeared after 120 s Vis irradiation. Meanwhile, the color of SP-
CNCs turned from purplish red to colorless (Fig. 5d). The results
demonstrate that SP-CNCs in DMSO also exhibited excellent
photochromic properties.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Photoreversibility and photofatigue-resistant properties
were important indicators which can remarkably influence
the final applications of photochromic materials.?” To inves-
tigate photoreversibility and photofatigue-resistant proper-
ties, SP-CNCs suspension (0.5 wt%) in H,O and DMSO were
used to measure the absorbance intensity in maximum after

© 2023 The Author(s). Published by the Royal Society of Chemistry

UV (365 nm) and Vis irradiation for 10 cycles (Fig. 6).
Furthermore, SP-CNCs in DMSO showed better fatigue resis-
tance after 10 cycles of alternating UV/Vis irradiation than SP-
CNCs in H,O. Specifically, the maximum absorbance of SP-
CNCs in DMSO was higher than that in H,O, while the
maximum absorbance of SP-CNCs in H,O gradually decreased
with 10 cycles of alternating UV/Vis irradiation. The fatigue
behavior of SP-CNCs in H,O was mainly caused by photo-
degradation. In addition, aggregated MC was difficult to
immediately transform back to SP structures immediately and
more likely to be affected by photodegradation.®® These
results suggested that their excellent photoreversibility and
photofatigue-resistant properties could yield them applicable
for practical used as anti-counterfeiting light-controlled, or
sensing materials.

pH-sensitivity of SP-CNCs

We further studied the pH-responsive behaviors of SP-CNCs
aqueous suspension at room temperature. SP-CNCs suspen-
sion at different pH values (2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13)
were prepared. As expected, SP-CNCs displayed rapid and
distinct responses in the acid and alkali pH ranges. Fig. 7 shows
the UV-Vis spectra of SP-CNCs aqueous suspension (0.5 wt%) at
different pH values. It can be seen that SP-CNCs exhibited
absorption peak changes at different pH values.

RSC Adv, 2023, 13, 1495-11502 | 11499
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When the pH values were 2, 3, a strong absorption peak at
418 nm was observed. When the pH values were 4-10, there
was a medium intensity absorption peak near 530 nm. When
the pH values were 11-13, strong absorption peaks at 350 and
390 nm were observed. Therefore, the pH range of SP-CNCs
aqueous suspension could be determined by UV-Vis absorp-
tion spectra measurement. Compared to the spectral method,
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Fig. 6 Recyclability of the SP-CNCs (0.5 wt%) in H,O (a) and DMSO (b).

colorimetric detection was more convenient. The results found
that SP-CNCs aqueous suspensions at different pH values
displayed different colors (Fig. 7). The color of the solutions at
PH 2 and 3 (extreme acid) was light yellow, while the color of
the solutions at pH 4-10 (weak acid, weak alkali and neutral)
was pink. When pH values were 11-13 (extreme alkali), the
color of the solutions was yellowish brown. These different
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Inset denotes the photographic image of SP-CNCs aqueous solution
at different pH values.

colors could be distinguished by the naked eye. The color
changes in the pH response were mainly due to the presence or
absence of H', which affected the different forms of spiropyran
molecular ring opening, thus affecting the change of its UV
absorption peak position.*® Therefore, SP-CNCs aqueous
suspension could be used as a colorimetric and spectral probe
to determine pH in the range of 2-13.
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Based on the above results and literature reports, we
proposed a possible structural transformation process of
photochromism and pH response based on SP-CNCs aqueous
suspension (Fig. 8).*** The SP form of SP-CNCs was trans-
formed to MC form under UV irradiation, and MC form could
be reversibly transformed to SP form under Vis irradiation. The
MC form was protonated to MCH" form under acidic conditions
and converted to SPH' form under strong acidic conditions.
MCH' form could be converted into protonated SPH' form by
Vis irradiation, which could be converted into SP form under
alkaline conditions and MC form under strong alkaline
conditions.

Conclusions

Novel reversibly light and pH dual-responsive spiropyran-
based cellulose nanocrystals (SP-CNCs) were synthesized by
grafting of carboxyl spiropyran (SP-COOH) onto CNCs surface.
SP-CNCs displayed high stability, good photochromism
properties, excellent photoreversibility and anti-fatigue prop-
erties. SP-CNCs aqueous solution also can be served as a visual
pH sensor, which display different colors at different pH
values. pH conditions could be directly determined through
color changes, observed by naked eye. Thus, this dual-
responsive nanomaterial may exhibit potential applications
in bioimaging, reversible data storage, sensing and light-
controlled nanomaterials.
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Fig. 8 Photochromism and acidochromism of spiropyran based on the reversible transformations between the four states: spiropyran (SP),
merocyanine (MC), protonated spiropyran (SPH*), and protonated merocyanine (MCH™). Inset denotes the photographic images of SP-CNCs
aqueous solution at different pH values (2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 and 13).
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