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1 | INTRODUCTION

Philipp Vana® |

Kai Zhang'

Abstract

In living organisms, carbohydrate-protein interactions play key roles in physio-
logical and pathological processes, which are amplified by the “glycol-cluster
effect.” In this work, we synthesized novel fluorescent cellulose derivatives
bearing mannose moieties via thiol-ene click reactions by sequentially conju-
gating hydrophilic mannose-oxyethoxylpropane-thiol (Mann-SH) and fluo-
rescent coumarin-oxyhexyl-thiol (Coum-SH) and rhodamine B-ethyl-thiol
(RhB-SH) to cellulose undecenoate with terminal double bonds. The amphi-
philic fluorescent cellulose derivatives were converted into nanoparticles (NPs)
by dropping into low ionic strength solutions (<0.085 M). Obtained NPs have
average sizes between 240 and 554 nm depending on the solution concentra-
tions, exhibiting uniform size distributions (PDI values <0.12). These uniform
NPs exhibited excellent dispersion stability even at elevated temperatures. The
mannose moieties were accessible to 1,4-benzenediboronic acid (BDBA) in
NaOH aqueous solutions. Under irradiation with UV light of 320-400 nm, the
fluorescence of NPs increased by the formation of open-ring rhodamine

spiroamide, which could be a promising candidate for biomedical application.
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have been prepared via polymerization of glyco-monomers
or post-polymerization modification favored by the highly
efficient and selective click reactions.”°

Carbohydrate-protein interactions participate in numerous
biological activities, such as cellular recognition, adhesion,
infection of pathogen and cancer cell metastasis."* The
interactions between clustered saccharides and proteins are
strong due to the so-called “glycol-cluster effect” or “multi-
valent effect.”> Synthetic glycopolymers containing pen-
dant saccharides have been commonly used to mimic
biological recognition events, such as biosensing and diag-
nosis, targeting cells, drug delivery, and gene delivery.*®
Generally, glycopolymers carrying saccharide moieties

Cellulose is the most abundant polysaccharide of
B-(1 — 4)-linked anhydroglucose units (AGUs) and widely
distributes in plants, algae, and some bacteria.'' Cellulose
derivatives with diverse functional groups can be obtained
by regioselectively chemical modifications of three
hydroxyl groups presenting in each AGU.'* Certain cellu-
lose derivatives can formed nanoparticles with high sur-
face/volume ratio via nanoprecipitation also called “Ouzo
effect” or “solvent exchange process,” which include
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dropping and dialysis techniques.'? In the past decades,
bio-nano/microparticles produced from cellulose deriva-
tives have attracted great attentions due to their potential
applications in biomedicine field, such as drug delivery,
gene transfection and bioimaging.*>'> However, cellulose
derivatives with carbohydrate pendants have been rarely
reported, which could be a group of interesting biomate-
rials due to many superiorities, such as biocompatibility,
nontoxicity and specific recognition ability.'®!”

For medical and biological applications, fluorescent
dyes offer a platform to visualize and track molecular
interactions during cellular internalization process.'®
Among them, rhodamine and coumarin fluorophores are
commonly used due to their excellent and favorable prop-
erties, such as high fluorescent quantum yields, biocom-
patibility, stable fluorescent emission and sharp
fluorescence emissions.'®° Besides, the florescence of
rhodamine can be greatly enhanced via structural change
from the non-fluorescent spirocyclic state to fluorescent
open-ring state induced by different stimulus, such as UV
light, metal ions, and pH.*>*'

In the present study, we prepared fluorescent glyco-
polymers by chemical modification of renewable cellulose.
At first, three kinds of mercapto-containing compounds
were synthesized: hydrophilic mannose-oxyethoxylpropane-
thiol (Mann-SH) and fluorescent coumarin-oxyhexyl-thiol
(Coum-SH) and rhodamine B-ethyl-thiol (RhB-SH). Then,
they were conjugated to cellulose undecenoate with ter-
minal double bonds via sequentially photo- and thermal-
initiated thiol-ene click reactions. The final product 11-
(mannose-oxyethoxylpropane)(coumarin-oxyhexylrhodamine-
ethyl)thiolundecanoate 10-undecenoyl ester of cellulose
(CUE-MCR) was well soluble in organic solvents and fur-
ther converted into NPs. The properties of NPs bearing
mannose moieties were investigated regarding their ther-
mal stability, binding with phenylboronic acid and fluo-
rescence sensitivity.

2 | RESULTS AND DISCUSSION
2.1 | Synthesis of fluorescent
amphiphilic 11-(mannose-
oxyethoxylpropane)(coumarin-oxyhexyl)
(rhodamine-ethyl)thiolundecanoate
10-undecenoyl ester of cellulose (CUE-
MCR) via thiol-ene click reaction

In this work, “thiol-ene click chemistry” technique as
a highly efficient and practical reaction to fabricate
multifunctional polymers was used to attach different
mercapto-containing compounds to cellulose backbones
with terminal double bonds under mild reaction

conditions. At first, three mercapto-containing com-
pounds were synthesized via reactions including glycosyla-
tion, acetylation, deacetylation and substitution reactions:
mannose-oxyethoxylpropane-thiol (Mann-SH), coumarin-
oxyhexyl-thiol (Coum-SH) and rhodamine B-ethyl-thiol
(RhB-SH) (Scheme 1(a)—(c)). Besides, compound Mann-SH
was hydrophilic and compounds Coum-SH and RhB-SH
were hydrophobic and fluorescent. At the same time, we
prepared cellulose 10-undecenoyl ester (CUE) under homog-
enous conditions, which was easily dissolved in THF due to
the high degree of substitution (DSc_c = 2.6) according to
elemental analysis (Scheme 1(d)). Due to the highly hydro-
philic property of Mann-SH and UV-sensitive property of
Coum-SH and RhB-SH, we used photo-initiated thiol-ene
click reaction between Mann-SH and CUE in the mix-
ture solvents of THF and DMAc for 6 h and sequen-
tially used thermal-initiated thiol-ene click reaction by
adding Coum-SH and RhB-SH stirring at 70°C for
10 h. After the two-step thiol-ene click reactions, the
final fluorescent amphiphilic product 11-(mannose-
oxyethoxylpropane)(coumarin-oxyhexyl)(rhodamine-ethyl)
thiolundecanoate 10-undecenoyl ester of cellulose (CUE-
MCR) was obtained with DScoum (1.0), DSc—c (0.9), low
DSpann (0.5) and DSgpeq (0.2), according to elemental anal-
ysis and '"H NMR spectroscopy (Scheme S1 and Figure 2).
The polymer CUE-MCR was well soluble in several organic
solvents, such as THF, DCM, DMAc and DMF.

The representative FTIR spectra of CUE and CUE-
MCR were displayed in Figure 1(a). Compared to the
FTIR spectra of CUE, the peaks of olefin C—H and C=C
at 3077, 1639, and 907 cm™! greatly decreased and the
stretching vibration peaks of O—H and C=O (ester car-
bonyl group and enone carbonyl group) at 3483 and
1735 cm™" broadly increased in the FTIR spectra of CUE-
MCR. This fact indicates that the double bonds of CUE
were partially consumed and three mercapto-containing
compounds (Mann-SH, Coum-SH and RhB-SH) were
attached to the CUE during the thiol-ene click reaction.
Meanwhile, we observed characteristic absorption peaks
for aromatic rings at 1610-1510 cm™" (the C=C stretching
vibration) and 870-750 cm™" (the aromatic C—H defor-
mation vibration out of plane), and peak at 1386 cm™t
(the —CHj; deformation vibration), indicating the exis-
tence of coumarin and rhodamine B structures.*” In addi-
tion, the new peak appeared at 1280 cm™' which was
ascribed to the tertiary aromatic amine N-aryl bond of the
rhodamine B moieties. The peaks at 1270 and 693 cm™"
were attributed to the —CH,—S—CH,— bond.'® In addi-
tion, gel permeation chromatography (GPC) was used
to measure the molecular weight of CUE-MCR. As shown
in Figure 1(b), the CUE-MCR had the number-average
molecular weight (M,) of 6844 gmol™' and a broad
molecular weight distribution (PDI = 14.0).
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'"H-NMR was employed to further investigate the
chemical structure of CUE-MCR, as shown in Figure 2.
In the 'H NMR spectrum of CUE, the terminal olefin
peaks appeared at 4.9 and 5.8 ppm and the signals from
3.0 to 5.3 ppm can be assigned to the protons of the cellu-
lose backbone, as shown in Figure 2(a). After thiol-ene
click reaction, a significant decrease of olefin resonances
revealed the most thiol-ene addition. The new peaks at
8.0, 7.5-7.6, 6.8-7.1, 6.1 ppm were assigned to the aro-
matic and enone protons of rhodamine and coumarin
group, respectively. The new signals appeared at 5.4 and
3.3-3.8 ppm and were corresponding to the protons of
mannose groups. The presence of these signals confirmed
the successful incorporation of mannose, coumarin and
rhodamine groups after the two-step thiol-ene click reac-
tion. Moreover, 'H NMR spectrum of CUE-MCR was also
used for calculating DS ascribed to functional groups.
Since the two-step thiol-ene click reactions were very
mild, the double bonds of CUE (DSc_c = 2.6) should
only be consumed by incorporation of three kinds of

functional groups. The integration of typical aromatic
peak of rhodamine group at 8.0 ppm, enone peak of cou-
marin group at 6.1 ppm, the terminal olefin peak at
5.8 ppm and C-1 peak of mannose group at 5.4 ppm
yielded a ratio of 0.24:1.00:0.86:0.48, which was in good
accordance with the result of elemental analysis.

In addition to the carbon signals assigned to terminal
olefin at 114.15 and 138.97 ppm as observed in *C NMR
spectra of CUE, new characteristic signals emerged in the
13C NMR spectra of CUE-MCR assigned to the mannose,
coumarin and rhodamine groups (Figure 3). As shown in
Figure 3(b), the carbon signals at 61.66, 66.65, 67.89,
69.60, 71.81 and 99.93 ppm were assigned to the mannose
ring, while the carbon signals at 18.61, 101.22, 111.71,
112.59, 113.34, 125.42, 152.58, 155.18, 161.30, and
162.08 ppm were attributed to the methyl, cyclic enone
and aromatic carbons of coumarin groups, respectively, as
displayed in detail in Figure 3(b). The weak carbon sig-
nals at 12.54, 50.69, 97.59, 107.99, 124.55, 125.15, 127.96,
128.47, 128.81, 131.40, 148.69, and 153.22 were assigned


http://wileyonlinelibrary.com

WANG E . 173
— o % —WILEY- 2
(@ o ®
CHy) v(OH,S) V(CS) '
CUE-MCR M,, =6844 g/mol
—~ 0.8{M,,/M,, = 14.0

—~ =
S o
- &
° K]

O [CUE g 061
s o
£| v(-0H) v(-C=C-H) (77
S

& 5 0.4
(= (%]
& 2
= a

0.2

v(-CH,") LI o(-CH=CH,)
vV(-C=0) v(C-0-C) 0.0
T T T T T T VT T T T T
3600 3300 3000 18001 1500 1200 900 600 35 40 45 50 55 6.0
Wavenumber (cm™') log M (g/mol)

FIGURE 1

(a) FTIR spectra of cellulose 10-undecenoyl ester (CUE) (DSc—c = 2.6) and 11-(mannose-oxyethoxylpropane)(coumarin-

oxyhexyl)(rhodamine-ethyl)thiolundecanoate 10-undecenoyl ester of cellulose (CUE-MCR) (DSyann = 0.5, DScoum = 1.0, DSgpoq = 0.2 and
DSc—c = 0.9). (b) Size exclusion chromatographic curve of CUE-MCR measured in THF [Color figure can be viewed at

wileyonlinelibrary.com]
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(coumarin-oxyhexyl)(rhodamine-ethyl)thiolundecanoate 10-undecenoyl ester of cellulose (CUE-MCR) (DSyann = 0.5, DScoum = 1.0,
DSgrhod = 0.2 and DSc_c = 0.9) measured in CDCl;. The numbers in the structural formula of CUE-MCR display the protons of CUE-MCR

[Color figure can be viewed at wileyonlinelibrary.com]

to the methyl and aromatic carbons of rhodamine group
due to the low DS.

2.2 | Formation of nanoparticles

The NPs were formed via nanoprecipitation of CUE-
MCR using dropping technique through a solvent

exchange process (Figure 4(a)). In this work, the ionic
strengths of non-solvent affecting average size and size
distribution of NPs during nanoparticle formation pro-
cess was investigated. Three electrolytes were chosen:
monovalent salts NH,Cl, NaCl and divalent salt MgSO,.
After dropping CUE-MCR solution in THF with the con-
centration of 4 mg ml™" into excessive aqueous solutions
of electrolytes with various concentrations (0, 17, 51,


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

174 JOURNAL OF WANG ET AL.
—I—WI LEY— POLYMER SCIENCE -

1 5 2 8 cDCl
,6,110
97
11
b) |4 [e262eg [13
( )34 21 26 |22
O._Ll4
) R = COCH,(CH,);,CH=CH, H01 15 (a_lh
orggg:z(g:z)gg-mannos_e H018 o e T T
or 2 2)9S-coumarin
orCOCH;iCH;;:S-rhadamine 16 OSH 180 160 140 120 100 80
orH Chemical shift (ppm)
CUE-MCR

FIGURE 3 '3C NMR spectra of (a) cellulose 10-undecenoyl ester (CUE) (DSc_c = 2.6) and (b) 11-(mannose-oxyethoxylpropane)
(coumarin-oxyhexyl)(rhodamine-ethyl)thiolundecanoate 10-undecenoyl ester of cellulose (CUE-MCR) (DSytann = 0.5, DScoum = 1.0,
DSghod = 0.2 and DSc_c = 0.9) measured in CDCl; with 15,000 scans. The numbers in the structural formula of CUE-MCR display the
carbons of CUE-MCR [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 (a) Schematic illustration for the nanoprecipitation of CUE-MCR solutions using dropping technique. Blue areas: THF,
colorful chains: CUE-MCR chains. (b) SEM images of obtained NPs prepared via dropping into aqueous electrolytes solutions of different
concentrations after aging at 80°C for 36 h [Color figure can be viewed at wileyonlinelibrary.com]
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85 mM), stable and milky NPs were only obtained in
pure DI water and solutions of 17 mM electrolytes
(NH,CI, NaCl, MgSO,) as well as 51 mM electrolytes
(NH,CI and NaCl). After the nanoprecipitation, NPs were
dialysed against DI water for days to remove THF and
electrolytes.

The average size, size distribution and zeta potential
were essential parameters for NPs. The average diameters
of the resulting NPs ranging from 118 to 560 nm were
determined by DLS measurement (Table 1). When using
pure DI water as no-solvent (dispersant), the average
diameter of NPs was smaller with relatively broader size
distribution. In comparison, the presence of electrolytes
greatly increased the average sizes of NPs with a more
uniform size distribution (PDI value <0.12). At the same
lower concentration of electrolytes (17 mM), the average
diameters of NPs formed in monovalent electrolyte solu-
tions were smaller than in divalent electrolyte solution.
The average diameter of NPs formed in 17 mM MgSO,
was similar to NPs formed in 51 mM NaCl. Using the
same electrolyte, the average diameter of NPs increased
more than two-fold by increasing the concentration from
17 to 51 mM. The ionic strength of divalent electrolyte
MgSO, was four times higher than an equivalent concen-
tration of monovalent electrolyte NaCl. The presence of
low ion valences introduced small electrostatic screening
and weakened the electrostatic interactions, leading to
the growth of NPs according to nucleation-aggregation
mechanism.?®> Thus, stable NPs dispersions in 17 mM
solutions of all electrolytes but only in 51 mM solutions
of monovalent electrolytes were obtained. The zeta
potentials of the stable NPs were between —30.9 and
—35.2 mV, confirming the negative surface charges and
fairly good physical stability of NPs in these dispersions.
With the ionic strength further increased up to 0.085 M,
the NPs flocculated instantly upon formation. Therefore,
the formation of stable particles is probably strongly
limited at higher ionic strengths and/or ion valences

TABLE 1
using the CUE-MCR solution of 4 mg ml~" THF

(51 mM MgSO,, 85 mM NH,CI and 85 mM NaCl), which
introduced greater electrostatic screening and strongly
reduced surface negative charges.

To investigate the effect of temperature on the disper-
sion stability of NPs, NPs formed in different electrolytes
concentration were incubated at 80°C for 36 h and used
DLS to measure the corresponding average diameter and
zeta potential of those NPs. After aging for 36 h, NPs
with excellent dispersion stability maintained stable and
the dispersions stayed transparent. According to their
SEM images (Figure 4(b)), spherical NPs of CUE-MCR
with a smooth surface remained after aging at 80°C for
36 h. As summarized in Table 1, an increase in tempera-
ture resulted in a slight decrease in both the average size
and size distribution of those NPs after aging at 80°C
compared to initial NPs. The average sizes of those NPs
after aging were 225.3 + 101.7 nm, 260.3 + 51.0 nm,
253.2 +69.0 nm, 473.7 +121.1 nm, 477.6 + 158.2 nm,
and 538.4 + 103.5 nm for NPs formed in pure DI water,
17 mM NH,Cl, 17 mM NaCl, 17 mM MgSO,, 51 mM
NH,Cl and 51 mM NaCl, respectively. Zeta potential
measurements showed that those NPs after aging became
more negatively charged. In particular, the zeta potentials
of NPs formed in monovalent electrolyte solutions were
similar (with the increase of 15-17 mV to around 50 mV)
and more than NPs formed in pure DI water or divalent
electrolyte solutions (with the increase of 9-10 mV to
around 40 mV).

2.3 | Interaction of NPs bearing
mannose moieties with BDBA

The NPs bearing monosaccharide units have potential
bio-medical applications via protein-clustered saccharides
interactions. Besides, boronic acids are considered as
synthetic lectins, which are extensively exploited to cova-
lently bind to 1,2- or 1,3-diols of carbohydrates in

Z-average diameters (d), PDI and zeta potential of NPs formed in aqueous electrolytes solutions of different concentrations

Ionic

strength d of as-prepared
Dispersant ™m)? NPs (nm) PDI
DI water 0 117.8 + 1.0 0.29 + 0.04
NH,CI (17 mM) 0.017 2393 +1.2 0.10 + 0.01
NacCl (17 mM) 0.017 196.2 + 0.6 0.08 + 0.04
MgSO, (17 mM) 0.068 4714 + 4.7 0.05 + 0.01
NH,CI (51 mM)  0.051 553.7 + 7.6 0.12 + 0.01
NaCl (51 mM) 0.051 491.0 + 44 0.10 £ 0.02

*The data calculated according the Reference 23.

Zeta Zeta
potential d of NPs at 80°C potential
(mV) for 36 h (nm) PDI (mV)
-319+04 109.8 + 54 0.26 + 0.01 —41.2 + 0.6
—-33.1+0.9 2219+ 1.2 0.10 + 0.02 —48.9 + 0.6
—-35.0+0.5 187.8 + 4.1 0.06 + 0.02 —50.6 + 0.8
-309 £ 0.1 443.0 + 2.4 0.05 + 0.02 -394 + 04
—352+0.2 477.5+9.1 0.08 + 0.04 —53.3+0.8
—34.6 +£ 0.6 458.5+ 0.3 0.02 + 0.02 —49.5+ 1.1
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nonaqueous or alkaline aqueous media.**** The accessi-
bility of pendant mannose moieties on NPs of CUE-MCR
was further verified via the interaction of the NPs with
BDBA in alkaline aqueous solutions.

Interestingly, the NPs mixing with excess BDBA alka-
line solution had good dispersion stability over a period of
100 h. The average diameter of NPs after the incubation
with BDBA was determined by DLS measurement. After
the incubation for 5, 25, 50, 100 h, the average diameter of
NPs formed in 17 mM NH,CI remained 246.6 + 5.7 nm
with narrow size distribution (PDI = 0.11 + 0.02) (Figure 5
(a)), which slightly increased compared to initial NPs with
the average size 221.9 + 1.2 nm and narrow size distribu-
tion (PDI = 0.10 + 0.02). As shown in Figure 5(b), the aver-
age diameter of NPs formed in 17 mM MgSO4 remained
500.1 +125 nm with narrow size distribution
(PDI = 0.08 +0.03) after the incubation for 5, 25,
50, 100 h. These sizes also slightly increased compared to

(a) (b)

initial NPs with the average size 443.0 + 2.4 nm and nar-
row size distribution (PDI = 0.05 + 0.02). The results
supported the covalent bond between NPs bearing man-
nose moieties and BDBA under alkaline condition, forming
boronic acid-cis diol complexes with strong boronate ester
bonds.

NPs together with excess BDBA in alkaline solutions
of NaOH were incubated at 60°C (Figure 5(c), sample A).
As comparison, NPs in alkaline solution without BDBA
(sample B) and alkaline solutions of BDBA without NPs
(sample C) were also incubated at 60°C. As shown in
Figure 5(c), the NaOH-induced aggregation of NPs was
observed in sample B: NPs formed in 17 mM MgSO, pre-
cipitated within 1 h, which significantly faster than the sed-
imentation of NPs formed in 17 mM NH,CI (about 6 h).
The reason was that larger average size nanoparticles were
more unstable than smaller particles, due to the greater
electrostatic screening introduced by NaOH (usually used

25 25
NPs formed in NH4CI solution NPs formed in MgSO, solution
1 eessssOh 1 weeses0 h
o —25h = 25h
- : == 50h - e 50h
S 15- i e 100h 815 ——100h
L) : =
z z
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$10- £10-
E : =
5 5]
04 : 0 "
10’ 10° 10° 10* 10' 10° 10’ 10*
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% =————100 h
s it
- \} 117 mM Mgs0,
5 i (f) NPs formed in MgSO« solution
Q b
(&) :';
i1 17 mM NH,CI

4150100 -50 0 50 100 150
Zeta potential (mV)

FIGURE 5

DLS curves and SEM images of NPs after incubation in excess BDBA alkaline solution at 60°C for 5, 25, 50, and 100 h:

(a) and (e) NPs formed in 17 mM NH,C]; (b) and (f) NPs formed in 17 mM MgSO,. (c) Photo image after incubation in NaOH solution at
60°C for 100 h: Sample a containing NPs with excess BDBA, sample B containing NPs without BDBA, and sample C containing BDBA
without NPs. (d) Zeta potential curves of NPs after incubation [Color figure can be viewed at wileyonlinelibrary.com]
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as precipitation agent). Over the 100 h, the color of sample
A changed from milky to yellow and finally to reddish
brown, also indicating the formation of tetrahedral
boronate anions under alkaline aqueous condition, which
was similar to the result observed in sample C only con-
taining BDBA alkaline solution.”® The tetrahedral boronate
anions multivalently bond with clustered mannoses exis-
ting on the surface of NPs, transforming nonionic NPs into
anionic NPs. The negatively charged NPs had great electro-
static repulsion which can stabilize the NPs against electro-
static screening introduced by NaOH. The slight increases
of the average diameter of NPs were caused by the slight
aggregation due to electrostatic screening introduced by
NaOH. As shown in Figure 5(d), compared with initial
NPs, the zeta potentials of NPs in sample A were both
greatly increased: the zeta potential of NPs formed in
17 mM NH,CI increased from —33.1 to —63.1 mV, and the
zeta potential of NPs formed in 17 mM MgSO, increased
from —30.9 to —66.6 mV. Similar results can be obtained

/'N]

when incubated at room temperature over longer time.
In addition, the elevated temperature was not necessary
but accelerated the resulting aggregateion or binding
behavior.

SEM images of NPs incubating with BDBA at 60°C
under alkaline condition were shown in Figure 5(e),(f).
After the incubation with BDBA in NaOH solution, the
spherical morphology of mono-dispersion NPs maintained
but those NPs had enhanced tendency to agglomerate over
incubation time when dried.

2.4 | Fluorescent properties of NPs

When NPs of CUE-MCR containing coumarin and rhoda-
mine moieties was irradiated with UV light of 320-400 nm
for 90 min, a significant decrease of the peak at 328 nm in
the UV-Vis spectrum due to the dimerization of the cou-
marins. As well, there was an increase in the fluorescence
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FIGURE 6 UV (365 nm) irradiation of NPs formed in 17 mM NH,4Cl solution for 90 min: (a) dimerization of coumarin and structure
change of rhodamine; (b) fluorescent microscopy images of NPs in dispersion and in dry-state; (c) UV-vis spectra, the inset showing the

corresponding photographs before and after treatments. (d) DLS curves of NPs before and after treatments. (e) Zeta potential curves of NPs

before and after treatments [Color figure can be viewed at wileyonlinelibrary.com]
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intensity at 556 nm due to the formation of ring-opened
structure of rhodamine from the corresponding non-
fluorescent spirolactam structure (Figure 6(a),(c)). More-
over, the strong fluorescence of NPs in dispersion and
dry-state was observed by fluorescent microscopy after the
irradiation with UV light of 320-400 nm, compared with as-
prepared NPs (Figure 6(b)). However, the exposure to
320-400 nm UV light was not sufficient enough to change
the average diameter of NPs significantly, but changed
zeta potential of NPs. The average diameter of NPs deter-
mined by DLS measurement decreased from 239 + 1
to 218 +1 nm after the irradiation with UV light of
320-400 nm for 90 min (Figure 6(d)). PDI greatly decreased
simultaneously from 0.208 + 0.014 to 0.083 + 0.013,
while the zeta potential value obviously increased from
—33.1 + 0.9 to —41.2 + 0.8 mV, as shown in Figure 6(e). By
irradiating the NPs solution with 254 nm UV light for
90 min, an obvious peak increase at 328 nm in the UV-Vis
spectrum due to the cleavage of coumarin dimer is notable.
At the same time, the fluorescence intensity at 556 nm
decreased due to the degradation of rhodamine under irra-
diation with UV light of 254 nm (Figure S1).

The results showed that NPs of CUE-MCR was
highly UV sensitive, which greatly enhanced the fluores-
cence of NPs by forming open-ring rhodamines. Besides,
the coumarin moieties of NPs were photo-switchable,
with accompanying fluorescence and stabilizing NPs by
dimerization.

3 | CONCLUSION

In summary, we obtained uniform NPs of novel fluorescent
cellulose derivatives bearing mannose moieties and couma-
rin as well as rhodamine moieties. The preparation of final
product CUE-MCR started from esterification of cellulose
to obtain cellulose backbone with terminal double bonds
(CUE) and then two-step thiol-ene click reaction between
three mercapto-compounds and CUE. The CUE-MCR with
DSwmann = 0.5, DScoum = 1.0, DSghoa = 0.2 and DSc_c = 0.9
was soluble in organic solvents, such as THF, and were
converted into stable NPs via nanoprecipitation. When
dropping CUE-MCR solution into aqueous solutions with
low ionic strengths (<0.085 M), the average sizes of NPs
with uniform size distribution (PDI < 0.12) increased along
with ionic strength. The NPs were thermal stable due to
the sufficiently high zeta potential. Furthermore, obtained
NPs bearing mannose moieties can multivalently bind with
BDBA in alkaline solution, stabilizing dispersions in NaOH
solution even at elevated temperatures. Irradiation with
UV light of 320-400 nm increased the fluorescence of the
NPs bearing mannose moieties, which had potential appli-
cation in biomedical fields.

4 | EXPERIMENTAL

41 | Materials and Methods

Microcrystalline cellulose (MCC) with the average size
of 50 pm was received from Sigma-Aldrich (Steinheim,
Germany). 10-Undecenoyl chloride, pyridine, lithium
chloride, D-Mannose, boron trifluoride-ethyl etherate
(BF;-Et,0), iodine, sodium methoxide, 2-allyloxyethanol,
thioacetic  acid, = 7-hydroxy-4-methylcoumarin, 1,6-
dibromohexane, potassium thioacetate, ion exchange resin
(H*-form), rhodamine B, cystamine dihydrochloride, potas-
sium tert-butoxide, ammonium thioglycolate solution, 2,2-
dimethoxy-2-phenylacetophenone (DMPA) and organic
solvents including dichloromethane (DCM), ethyl acetate
(EtOAc) and n-hexane were bought from Th. Geyer GmbH
(Germany). Azobisisobutyronitrile (AIBN) was bought
from TCI (Japan). Deionized water (DI water) was purified
on a Merck Millipore system.

4.1.1 | Synthesis of mannose-
oxyethoxylpropane-thiol (Mann-SH)

Mann-SH was synthesized from commercially available
D-mannose in three steps according to previous report
with a few modifications.?”*® First step: iodine (0.2 g)
was added to a stirred mixture of acetic anhydride
(30 ml) and D-mannose (5.0 g, 27.8 mmol). the reaction
mixture was allowed to stir at room temperature until the
solid was completely dissolved. Then, saturated Na,SO;
aqueous solution (10 ml) and saturated NaHCO; aqueous
solution (50 ml) were added sequentially. The mixture
was then diluted with DCM (100 ml) and washed against
brine solution. After the solvent was removed under
reduced pressure, a yellow oily product 1 was obtained
without further purification. Second step: a solution of
compound 1 (1.0 g, 2.5mmol) and 2-allyloxyethanol
(0.4 ml, 3.3 mmol) in DCM (30 ml) was kept in ice-bath
for 10 min under nitrogen protection. Then, BF;-Et,O
(0.4 ml, 3.3 mmol) was added dropwise. The mixture was
allowed to stir in ice-bath for another 10 min and then at
ambient temperature for overnight. The solution was
added into ice water, extracted with DCM and washed
with saturated NaHCO; aqueous solution. The crude
product was purified using silica gel column chromatog-
raphy (n-hexane/EtOAc = 4:1) and gave yellow oily prod-
uct 2. Third step: A solution of compound 2 (1.0 g,
2.3 mmol) and thioacetic acid (3.3 ml, 46.0 mmol) in
DCM solution was stirred under UV irradiation for
2 days. After the extra thioacetic acid was removed by
evaporation, sodium methoxide was added slowly until
the pH was 10 by pH test paper. The mixture was stirred
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overnight at room temperature. Thereafter, ion exchange
resin (H"-form) was added to adjust the pH to neutral.
The crude product was purification by silica gel column
chromatography (EtOAc/methanol = 1:4) to afford a red
oily product 3. Yield: 24%.

4.1.2 | Synthesis of coumarin-oxyhexyl-
thiol (Coum-SH)

Coum-SH was synthesized from commercially available
7-hydroxy-4-methylcoumarin in 3 steps according to pre-
vious report with a few modifications.? First step: anhy-
drous K,COj3 (0.8 g, 5.7 mmol) and 1,6-dibromohexane
(1.8 ml, 11.4 mmol) were added to a solution of
7-hydroxy-4-methylcoumarin (0.5 g, 2.8 mmol) in ace-
tone (5 ml), and the mixture was refluxed for 10 h. After
cooling down to room temperature, the reaction mixture
was filtered and the filtrate was evaporated under
reduced pressure. The crude product was purified on sil-
ica gel chromatography (n-hexane/EtOAc = 4:1) to afford
white solid compound 4. Second step: potassium
thioacetate (0.5 g, 4.5 mmol) was added to a solution of
compound 4 (1.0 g, 3 mmol) in DMF (5 ml). The mixture
was stirred at room temperature for overnight. When fin-
ished, the mixture was poured to water and extracted
with ethyl acetate. The solvent was removed by rotary
evaporation and the crude product was purified on silica
gel chromatography (n-hexane/EtOAc = 4:1) to afford
white solid compound 5. Third step: sodium methoxide
was added slowly to a solution of compound 5 in metha-
nol until the pH was 10 by pH test paper. The mixture
was stirred overnight at room temperature. Then, ion
exchange resin (H*-form) was added to adjust the pH to
neutral. The crude product was purification by silica gel
column chromatography (n-hexane/EtOAc = 4:1) to
afford white solid compound 6. Yield 50%.

4.1.3 | Synthesis of rhodamine B-ethyl-
thiol (RhB-SH)

RhB-SH was synthesized according to the literature with
a few modifications.*® Under argon gas protection,
cystamine dihydrochloride (5.2 g, 33.8 mmol), potassium
tert-butoxide (4.5 g, 40.0 mmol) and rhodamine B (1.2 g,
2.6 mmol) were dispersed in ethanol and refluxed for
24 h. The solvent was removed by evaporation thereafter.
Then, 10 ml ammonium thioglycolate aqueous solution
(60%) was added to the solution of crude product in
DCM (20 ml). The mixture was stirred for overnight at
room temperature. After that, the reaction mixture was
extracted with DCM (100 ml) and washed against water

for three times and the organic solvent was removed by
evaporation and purified by silica gel column chromatog-
raphy (n-hexane/EtOAc = 4:1) to yield yellow solid com-
pound 7. Yield: 40%.

4.1.4 | Synthesis of polymeric cellulose
10-undecenoyl ester (CUE) under
homogeneous condition

CUE was synthesized homogenously according to the
previous report with a few modifications.>’ MCC was
dried at 80°C for 12 h and lithium chloride was dried at
130°C for 2 h under the vacuum of less than 133 Pa
before use. 1.0 g MCC was suspended in 40 ml DMAc
and the mixture was kept at 130°C for 2 h under rigorous
stirring. After removing the oil-bath and cooling down to
100°C, 2 g lithium chloride was added. The mixture was
stirred for overnight until a clear solution was obtained.
Then, the cellulose solution was heated up to 50°C and
4.1 ml of 10-undecenoyl chloride (3 mol 10-undecenoyl
chloride per mol anhydroglucose units in cellulose) was
added. Thereafter, 4.9 ml pyridine was added under stir-
ring. The mixture was then stirred for additional 4 h at
50°C and stopped by pouring the warm mixture into five
volumes of methanol. Thereafter, the product was sepa-
rated via centrifugation and purified by repeated dissolu-
tion in THF and precipitation in methanol. Yield: ~3.0 g
CUE. Degree of substitution ascribed to double bonds
DSc—c is 2.6 according to elemental analysis: C 69.03%,
H 9.64%.

4.1.5 | Synthesis of 11-(mannose-
oxyethoxylpropane)(coumarin-oxyhexyl)
(rhodamine-ethyl)thiolundecanoate
10-undecenoyl ester of cellulose (CUE-
MCR) via thiol-ene click reaction

0.7 g CUE was dissolved in 70 ml THF at room tempera-
ture and the solution of 1.9 g Mann-SH (2 mol per mol
C=C double bonds) and 0.5 g DMPA in 20 ml DMAc
were added. Under argon protection, the mixture was
stirred under UV irradiation (320-400 nm with the inten-
sity of ~100 mW-cm™2) for 6 h. Then 4.6 g Coum-SH
(5 mol per C=C double bonds), 0.9 g RhB-SH (0.6 mol
per C=C double bonds) and 1.5 g AIBN were added to
the mixture solution and was stirred at 70°C for 10 h.
The mixture was condensed by removing THF and
poured into 5 volumes of methanol. The product was
separated via centrifugation and purified by repeated
dissolution in THF and precipitation in methanol.
Yield: ~ 0.9 g CUE-MCR. Degrees of substitutions ascribed
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to mannose groups (DSyann), coumarin groups (DScoum),
rhodamine groups (DSgpnoq) and double bonds (DSc_c)
are 0.5, 1.0, 0.2, and 0.9, respectively, according to ele-
mental analysis and "H NMR spectra. Elemental analy-
sis: C 66.90%, H 8.6%, N 0.78%, S 4.85%.

4.1.6 | Fabrication of NPs from
CUE-MCR

CUE-MCR was converted into NPs via nanoprecipitation
using dropping technique. CUE-MCR was dissolved in THF
at a concentration of 4 mg ml~%. Then, 1 ml CUE-MCR
solution was added dropwise to 10 ml DI water or various
electrolyte solutions of different concentrations (17, 51, and
85 mM of NH,Cl/NaCl/MgSO,) under a stirring of 600 rpm
at room temperature. After the complete addition, the sam-
ples were subsequently dialysed (molecular weight cut-off
3500) against DI water for 2 days to remove THF and elec-
trolytes before further characterization.

4.1.7 | Incubation NPs solution
with BDBA in alkaline condition at 60°C

BDBA alkaline solution was prepared by dissolving 30 mg
of BDBA in 1 ml NaOH solution (containing 10 mg NaOH)
under sonication. Sample A: 1 ml NPs (formed in 17 mM
NH,Cl/MgSO, solution and subsequently dialysed in DI
water) was added to 1 ml BDBA alkaline solution and then
incubated at 60°C in oven for different periods of time.
Sample B: 1 ml NPs (formed in 17 mM NH,Cl/MgSO,
solution and subsequently dialysed in DI water) was added
to 1 ml NaOH solution (containing 10 mg NaOH) and then
incubated at 60°C in oven for different periods of time.
Sample C: 1 ml DI water was added to 1 ml BDBA alkaline
solution and then incubated at 60°C in oven for different
periods of time.

4.2 | Characterization

4.21 | Elemental analysis

The contents of carbon, hydrogen, nitrogen and sulfur
were determined with an Elemental Analyzer 4.1 vario
EL III (Elementar, Germany).

4.2.2 | FTIR spectroscopy

FTIR spectroscopy was conducted on Bruker Alpha FTIR
Spectrometer (Bruker, Germany) at room temperature.
All polymer samples were measured between 4000 and

400 cm™" with a resolution of 4 cm™' using Platinum
ATR and accumulated 24 scans.

4.2.3 |
spectra

Liquid-state 'H and *C NMR

All polymer samples in CDCl; were obtained at 25°C on
Bruker DRX 500 spectrometer (Bruker, Biospin GmbH,
Ettlingen). For "H NMR spectra, scans of up to 16 were
accumulated with a frequency of 500.3 MHz. For '*C
NMR spectra, scans of up to 15,000 were accumulated
with a frequency of 125.8 MHz. Liquid-state NMR spectra
were performed at 300 MHz ("H-NMR) and 75 MHz (**C-
NMR, APT) on Bruker Avance III 300 and Avance III
400 instruments in the solvent indicated. Chemical shifts
(8) were given in ppm and referenced to the residual sol-
vent signal of CDCls.

4.2.4 | Scanning electron
microscopy (SEM)

SEM images were obtained on a LEO supra-35 high-
resolution field emission scanning electron microscope
(Carl Zeiss AG, Germany) with an electron beam acceler-
ation voltage of 5 kV. A layer of carbon was coated on
the surface of samples before SEM measurements.

4.2.5 | Size exclusion
chromatography (SEC)

SEC characterization of CUE-MCR was measured with
THF as the eluent on an Agilent 1260 Infinity system con-
sisting of an autosampler (Agilent 1260 Infinity Standard
Autosampler), an isocratic solvent pump (Agilent 1260
Infinity), a precolumn of the type SDV (8 mm X 50 mm,
particle size 10 pm) from the company Polymer Standard
Services (PSS), three separation columns of the type SDV
(8 mm X 300 mm, nominal particle size 10 pm, with pore
sizes of 10%, 10°, and 10* A) from PSS maintained at 35°C in
a column compartment and a refractive index detector. An
injection volume of 50 pl of CUE-MCR solution in THF at
the concentration of 1 g L™ was measured and the flow rate
of the mobile phase was 1 ml min~'. Sample CUE-MCR
was filter with the pore size of 0.45 pm before the injection.

4.2.6 | Dynamic light scattering (DLS)

DLS measurements were performed on a Zetasizer Nano
ZS (Malvern Instruments Ltd., UK) using 5 mW laser
with the incident beam of 633 nm (He-Ne laser). 1.2 ml
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of NPs suspensions (4 mg ml™" different aqueous solu-
tions) were used for the size measurement (Z-average
diameter) in a disposable cuvette (IDL GmbH, Gief3en,
Germany), and were used for zeta potential measurement
in disposable zeta cuvette (DTS1060C from Malvern
Instruments Ltd.). The sizes and zeta potentials (mV) of
NPs were measured three times with 15 and 20 runs for
each measurement, respectively.
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