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ABSTRACT

A strategy is devised for the conversion of cellulose nanofibrils (CNF) into fluorescently labelled
probes involving the synthesis of CNF-based macroinitiators that initiate radical polymerization
of methyl acrylate and acrylic acid N-hydroxysuccinimide ester producing a graft block
copolymer modified CNF. Finally, a luminescent probe (Lucifer yellow derivative) was labelled
onto the modified CNF through an amidation reaction. The surface modification steps were
verified with solid-state '*C nuclear magnetic resonance (NMR), and Fourier transform infrared
spectroscopy. Fluorescence Correlation Spectroscopy (FCS) confirmed the successful labelling
of the CNF, the CNF have a hydrodynamic radius of about 700 nm with an average number of
dye molecules per fibril of at least 6600. The modified CNF was also imaged with confocal laser
scanning microscopy. Luminescent CNF proved to be viable bio-markers and allow for
fluorescence-based optical detection of CNF uptake and distribution in organisms such as
crustaceans. The luminescent CNF were exposed to live juvenile daphnids and microscopy
analysis revealed the presence of the luminescent CNF all over D. magna’s alimentary canal

tissues without any toxicity effect leading to the death of the specimen.

KEYWORDS: Cellulose nanofibrils, controlled radical polymerization, grafting, luminescent

cellulose, fluorescent correlation spectroscopy, bio-marker
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INTRODUCTION

Nanocellulose, fibril nanoparticles of sub-micrometer thickness from cellulose, have attracted
considerable attention over the last decades as they are biodegradable, renewable and recyclable
with strong potential for a range of applications, from composites to drug delivery.'
Nanocellulose can be extracted from various sources (cotton, woods or algae) and under different
forms: Cellulose nanofibrils (CNF) assimilated to long wires are composed of amorphous and
crystalline domains, while cellulose nanocrystals (CNC) are described as small rods, where the
amorphous regions are removed through acid hydrolysis.>* The nanocellulose structure provides
good mechanical and thermal properties, and thereby could be used as a powerful reinforcing
filler for composite films'”. However, surface modification remained necessary for their further
use in specific applications in order to obtain a sufficient interaction of the nanocellulose with
the polymer matrix. Thanks to the abundance of hydroxyl groups on the nanocellulose surface,’
several synthetic approaches have been exploited such as click-chemistry,”® esterification,”'”
etherification, "' silylation,12 and oxidation."”® In most cases, the substitution degree, and hence
polymer matrix compatibility was relatively low, and nanocellulose dispersion in various organic
solvents remained difficult. Therefore, there is a real need of a surface modification approach
that produce chemically modified CNF which yield stable CNF suspensions in numerous organic
solvents and allow for facile handling and subsequent chemical functionalization. Controlled ring
opening polymerization (ROP) has been used to graft and polymerize e-caprolactone onto

14-16 Moreover, ROP modification allowed

nanocellulose, yielding a stable suspension in toluene.
for processing of a nanocellulose-based nanocomposite with a significant improvement of the

initial, undoped, mechanical properties. Majoinen et al.'” demonstrated that it was possible to

obtain stable nanocellulose suspension, either in aqueous or organic solvents, through surface
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initiated controlled radical polymerization. Yi et al.'® modified cellulose nanocrystals through
the controlled polymerization of N,N-Dimethylaminoethyl methacrylate and obtained a
thermally sensitive chiral nematic phase change in suspension.

Recently, it has been shown that polysaccharides can be efficiently converted to brominated or
chlorinated macro-initiators for Cu(0)-mediated controlled radical polymerization through partial
substitution of their hydroxyl groups.lg_23 Cu(0)-mediated radical polymerization, introduced as
Single Electron Transfer Living Radical Polymerization (SET-LRP) by Percec and co-workers®*
27 proved to be an efficient technique as it can be performed in water and under non-inert
conditions with full control on the molecular weight.***? SET-LRP is described to occur via an
electron transfer from the Cu(0) catalyst to an alkyl halide initiator and the dormant propagating
chain end.”> Cu(0)-mediated controlled radical polymerization has been demonstrated to be
viable for a wide range of vinyl monomers.* In view of the above, Cu(0)-mediated controlled
radical polymerization offers a strong potential applied to polysaccharide functionalization and
offer new opportunities to customize nanocellulose chemistry for specific applications and
desired property profiles.

The labelling of nanocellulose with fluorescent probes is of great interest as bio-markers and in

sensor applications.>* ™

Within the standard fluorescence spectroscopy and microscopy,
Mahmoud er al.*® monitored the in situ cellular uptake of fluorescently labelled cellulose
nanocrystals and evaluated its cytotoxicity. Colombo er al.*' modified cellulose nanocrystals
with Alexa Fluor 633 and studied their toxicity through intravenous injection in living

organisms. In both studies, nanocellulose proved to be an efficient material platform for

biomedical applications.
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Among the rich library of commercially available dyes, Lucifer Yellow has the advantage of
being water soluble, stable against photo-bleaching and useful for biological applications.4246 So
far, to study the photophysical properties of a dye at the single molecule level, and to verify the
correct labelling of the dye on an entity, fluorescence correlation spectroscopy (FCS) has proven

47,48

to be one of the most potent techniques.” ™ FCS detects fluorescently labelled particles diffusing

through a femtoliter detection focus, and provides information about the diffusion coefficient and

4930 From the diffusion coefficient

the particle concentration (picomolar to micromolar range).
the hydrodynamic radius can be derived which indicates the particle size. In single colour mode,
FCS can differentiate the detected fluorescence signal of a free dye from a signal of a dye
labelled larger objects such as proteins,” and nanoparticles.’”> During the last 20 years FCS and
related fluctuation techniques have developed into a widely used and commercially available tool
to analyse biomolecular interactions and fluctuations, in solution or in living cells.”* >

In terms of water ecology and ecotoxicology studies, the cladoceran Daphnia magna (D. magna),
a small freshwater shellfish, has been used for several years now as a standardized test
organism.’® Daphnia magna are filter feeders, ingesting algae into their mouth through a self-
produced water current. These animals are stable even if exposed to different feeding sources

. 57,58
and various stresses.’”

By exposing them to fungi, viruses or bacteria, the stress-induced
response is detectable.””®® One remarkable feature of the D. magna resides in their transparent
shell, which makes them an ideal candidate for microscopy studies. Teplova er al.®' used
different dyes to separate and image the intoxication-death step in the D. magna body. By

feeding D. magna with luminescent objects, it remained possible to study the ecotoxicity of a

material.
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Our aim was to develop luminescent CNF by controlled radical polymerization of block
copolymer grafts from purposely synthesized NFC-based macroinitiators. The first polymer
block comprises methyl acrylate to enhance the stability of the suspension, suppressing fibril-
fibril interactions, whilst the second block is composed of acrylic acid N-hydroxysuccinimide
ester, in order to introduce functional anchoring sites that are modified with a luminescent dye.
FCS and confocal scanning laser microscopy enabled determination of the photophysical
properties in suspension and at the molecular scale of the resulting fluorescently tagged CNF.
We finally exposed the fluorescently modified CNF to living juvenile daphnids to explore the

bio-marker potential.

EXPERIMENTAL SECTION

Materials

1,1’-Carbonyldiimidazole (CDI), 2-Bromo-2-methylpropionic acid 98%, imidazole > 99%,
methyl acrylate 99% and acrylic acid N-hydroxysuccinimide ester > 90% were purchased from
Sigma-Aldrich. Dimethyl sulfoxide (DMSO, > 99%) was purchased from Merck. Lucifer Yellow
cadaverine was purchased from Interchim. Copper wire (diameter 0.812 mm) was purchased
from Fisher. For the production of cellulose nanofibrils a bleached never-dried softwood sulphite
dissolving pulp (Domsjo mill, Domsjo Fabriker AB, Sweden) was used. A mono-component
endoglucanase (FiberCare® R, Novozymes, Denmark) was used as received. Milli-Q water was

used for the solvent exchange procedure.

Extraction of cellulose nanofibrils (CNF) from wood pulp
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The CNF was prepared by a combined refining and enzymatic pre-treatment procedure as
described by Paikké er al®® prior to homogenization in a Microfluidizer M-110EH
(Microfluidics Corp., USA). No biocide was added after the pre-treatment. The homogenization
was carried out at about 2% w/w concentration with repeated passes through fixed Z-shaped
chamber pairs connected in series. First, the fibre slurry was passed three times through a
chamber set with dimensions of 400 and 200 um followed by five passes through a chamber set
with dimensions of 200 and 100 um at 1700 bar. The total charge density of the CNF was
determined to be 40 peg/g by conductometric titration® of the unhomogenized pulp. Scanning
Elecron Microscopy micrographs of the lyophilized CNF are shown in Figure S1 (Supporting

information).

Solvent exchange procedure

7 g of CNF (2.06 % w/w) were suspended in 50 mL of water and subsequently stirred for 5 h.
The suspension was then sonicated for 5 min and again stirred for 3 h. The suspension was
finally distributed (10 mL) into several centrifugation tubes and DMSO (30 mL) was added. The
tubes was then centrifuged (4000 RPM, 20 min), the supernatants removed and replaced with

fresh DMSO. The centrifugation operation was repeated 4 times.

CNF-based macroinitiator synthesis

2-Bromo-2-methylpropionic acid (2 g, 12 mmol) was dissolved in 30 mL DMSO and mixed with
CDI (1.95 g, 12 mmol) at room temperature for 1 h. Subsequently, the temperature was raised to

55°C and a suspension composed of CNF (5 g, 1 % w/w) and imidazole (1.5 g, 22 mmol) in 50
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mL of DMSO was slowly added. The reaction proceeded for 16 h. Finally, the modified CNF
were purified by centrifugation (4 000 RPM / 20 min). The supernatants were discarded and
replaced with DMSO. The purification steps were repeated 8 times. The modified CNF was

characterized by FTIR spectroscopy and solid-state MAS *C NMR.

Tris[2-(dimethylamino)ethyl]amine (Mes-TREN) synthesis

Mes-TREN was synthesized according to literature.®* Briefly, tris(2-aminoethyl)amine (15 g, 0.1
mol) was added dropwise to a solution composed of formaldehyde (160 mL) and formic acid
(160 mL) previously cooled to 0°C. After 1 h stirring, the solution was allowed to warm to room
temperature and subsequently refluxed for 16 h. The solution was concentrated by rotary
evaporation, washed with a saturated solution of NaOH and the product was extracted with
dichloromethane. The solvent was finally removed and the slightly yellow liquid was dried

overnight under vacuum before purification by vacuum distillation.

Polymerization reactions

The CNF-based macroinitiator was suspended in DMSO (10 mL), followed by the addition of 3
g of monomer, either methyl acrylate (MA) or acrylic acid N-hydroxysuccinimide ester (NAS).
A piece of copper wire (diameter=0.812 mm, length=6.25 cm) was added and the suspension
was degassed via nitrogen sparging for 10 minutes and the temperature was raised to 40°C. The
MecTREN ligand was added and the reaction was allowed to proceed for 16h, under a nitrogen

atmosphere. The modified CNF were purified through several centrifugation steps (4 000 RPM /

ACS Paragon Plus Environment
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20 min). The different reactants were used with the ratio [M]o/[1]o/[L]o of 200/1/0.2 for the SET-
LRP of MA and [M]y/[I]o/[L]o = 30/1/0.2 for NAS. The modified CNF batches were

characterized by FTIR spectroscopy and solid-state MAS *C NMR.

Fluorescent labelling with Lucifer Yellow cadaverine

The block copolymer modified CNF (2 g, 1 % w/w) was suspended in DMSO (8 mL) before
addition of 2 mL DMSO solution composed of Lucifer Yellow cadaverine (20 mg, 37 umol) and
triethylamine (22 pL), and stirred at 40°C for 48 h. The luminescent CNF was purified through
several centrifugation steps (4 000 RPM / 20 min), and the purification step was repeated until
no fluorescent signal was detected in the supernatant. The luminescent CNF was characterized
by fluorescence spectroscopy, fluorescence correlation spectroscopy (FCS) and confocal

scanning laser microscopy.

CNF uptake in Daphnia magna.

Daphnia magna is a freshwater crustacean and an established model species in ecotoxicological,
ecological and evolutionary studies. The animals used in this study originate from the test strain
“Klon 5°°, the State office for nature, environment, and customer protection North-Rhine
Westfalia, Bonn, Germany; originally from the Federal Environment Agency, Berlin, Germany).

Daphnids were cultured in M7 medium®® in groups of ~25 females in 2 L containers and fed a
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mixture of the green algae Pseudokirchneriella subcapitata and Scenedesmus subspicatus three
times a week.

Characterization

Infrared spectroscopy was performed using a PerkinElmer Spectrum 2000 spectrometer,
equipped with an attenuated total reflection (ATR) accessory. Measurements were normally
performed by accumulating 64 scans in the spectral region of 4000-550 cm™ with a spectral
resolution of

4 cm™.

Fluorescence spectra were obtained using a Varian Cary Eclipse Fluorescence
spectrophotometer. Single nanoparticle fluorescence visualization was performed using an
inverted Zeiss Axiovert Observer.Z1 microscope equipped with a LSMS5 exciter. The sample was
visualized with a 63x/1.4 NA oil-immersion objective lens, excited with a diode laser (405 nm),
together with a beam splitter (HFT 405/488/543/633) and a long-pass filter (LP 530).
Fluorescence microscopy was used to identify the uptake and presence of CNF in the guts of the
daphnids. Pictures were taken on live juvenile daphnids (age 24-48 old) sampled from the culture
and immediately exposed to 1 g/ CNF for 3 hours. The microscope-camera-setup consisted of
a Canon EOS 5d Mark III camera (Canon Inc, Tokyo, Japan) mounted via a camera tube (model:
DD20DMT, Diagnostics Instruments Inc, Sterling Heights, USA) to a Leitz DMRBE microscope
(Leica microsystems GmbH, Wetzlar, Germany).

Field-emission Scanning electron microscopy (FE-SEM) imaging was performed with a Hitachi
S-4800 field emission scanning electron microscope, operating at 1 kV. Samples were mounted

on carbon tape-coated stubs and sputter coated with a 12 nm thick layer of Pt/Pd using a

Cressington 20HR sputter coater.

ACS Paragon Plus Environment
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All ®C NMR experiments were performed with a Bruker 500 Avance III HD spectrometer at
Larmor frequencies of 125 MHz and 500 MHz for "°C and 'H, respectively. The samples were
packed in 4 mm zirconia rotors and spun at 8 kHz. Ramped cross-polarization (CP) °C MAS
NMR spectra were recorded with a >C nutation frequency of 50 kHz and contact time 1.5
ms. High-power 'H decoupling was achieved by the TPPM technique using a nutation frequency
of 80 kHz. 4096 signal transients were accumulated with relaxation delays from 3 to 15 s,
depending on relaxation time estimated for each sample. Signal apodization by an 30 Hz
Lorentzian broadening was applied before Fourier transformation and '>C chemical shifts are
quoted relative to neat tetramethylsilane (TMS).

FCS measurements were performed on an FCS-equipped Zeiss 780 confocal microscope (Zeiss,
Jena, Germany). The sample was excited by a 405 nm laser line (300 pW) focused through a C-
Apochromat 40X/1.2 NA water-immersed objective via a dichroic mirror. The fluorescence was
detected by the same objective and was spectrally divided and detected by a 32 channel GaAsP
detector after passage through a pinhole in the image plane. The size of the confocal detection
volume was estimated by measurements on the dye Lucifer Yellow, which was assumed to have
a diffusion coefficient of about 400 um?*/s in in water and thereby a diffusion coefficient of about
200 pm?*/s in DMSO. This yielded a detection volume of 0.2 fL. FCS analysis was performed
using the Zen 2012 software (Zeiss, Jena, Germany) as well as in house written functions using
Origin 9.1 (Originlab Corporation, USA). The autocorrelation function in an FCS experiment is

calculated as:

<F(t)F(t+7)> _ <8F(t)-6F (t+1)>
<F(t)>2 <F(t)>2

+1

G(r) =

Here F is the detected fluorescence intensity, oF is the deviation from the mean fluorescence

intensity at a certain time point, (6F(t)=F(t) -(I}), and brackets denote mean value.

ACS Paragon Plus Environment
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For a sample containing particles of uniform size, and where translational diffusion is the only
process giving rise to fluorescence fluctuations, the autocorrelation function in an FCS

measurement is fitted to:

1 1 1

T 2 '
N (1+— WTT\1/2
1+ (45 /

G(r)=

Where N is the mean number of particles in the detection volume, tD is the diffusion time of
particles through the detection volume, and ® and z denote the distances in the radial and axial
dimensions respectively, at which the average detected fluorescence intensity has dropped to e-2

of its peak value.

RESULTS AND DISCUSSION

To produce a (multi)functional platform, bio-marker or sensor, cellulose nanofibrils (CNF) were
chemically modified through an esterification reaction and two consecutive Cu(0)-mediated
controlled radical polymerizations to further exploit the build-up of block copolymer grafts and
the labelling of specific entities. In contrast to the so-called TEMPO-oxidized CNF," where the
native cellulose is converted/processed to individual fibrils through the introduction of surface
charges which induce an electrostatic repulsion between the fibrils, our CNF source was
composed of an abundant numbers of hydroxyl groups on the surface, enhancing the possibility
of an inter-fibril interaction. The growth of the first polymer block aims to suppress this tendency
of fibril-to-fibril aggregation, yielding a stable CNF suspension over the time. The second
polymer block will allow introducing reactive functionality on to the CNF surface, producing a

highly reactive CNF platform toward amine-based entities. Finally, the block copolymers

ACS Paragon Plus Environment
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modified CNF was labelled with a water-soluble luminescent probe through an amidation
reaction.

Firstly, CNF-based macroinitiators were successfully prepared via an esterification reaction
between 2-Bromo-2-methylpropionic acid and the hydroxyl group of the nanocellulose

backbone, yielding—C(CH3)2-Br pendant groups on the surface (Scheme 1).

OH (0]
OH Br
NN "L o s
o NS v/ 0

0
Br /= HO HO OH /. HO OH
Br *LN\?N 3 Wo 0 o}
OH  DMSO, 1h, RT DMSO, 55°C, 16h HO HO™ OH /

Scheme 1. Synthetic pathway for the preparation of CNF-based macroinitiators.

Next, we explored the ability of the CNF-based macroinitiator to initiate Cu(0)-mediated
controlled radical polymerizations of methyl acrylate (MA) and acrylic acid N-
hydroxysuccinimide ester (NAS) monomers, respectively (Scheme 2). The polymerization of
MA, initiated by the modified CNF, was conducted run in the presence of Cu(0) and a
tetradendate tertiary amine ligand (MesTREN) in DMSO (Scheme 2a). After several purification
steps, the graft polymer modified CNF initiated the second SET-LRP of the NAS monomer,
yielding a reactive block copolymer modified CNF. In these two polymerization steps, the
monomer feeds were set to achieve a higher degree of polymerization of the first block (factor:
6.6). Finally, the Lucifer yellow cadaverine was labelled onto the modified CNF through an

amidation reaction (Scheme 2b).

ACS Paragon Plus Environment
13



Biomacromolecules Page 14 of 41

) 0 —0 0 Br

o Br o} Oy\\
Br GRLI NN R

\;O

o
/

©CoO~NOUTA,WNPE

9
\)J\O/
—_—

J
o N
Ho-_ot 0 HO-__OH
o0 ° R ps=
HO HO™  OH MesTREN, DMSO  \xo HO~ OH

Cu wire, Ny, 40°C

(CH2)sNH;
O N_O ot

(B)

o) 2 HO
Ho X, % °
Q o
o O DMSO, Et3N, 40°C HO
HO n

(o}
[e] HO OH o
o}
o0 0
MesTREN, DMSO HO HO OH

Cu wire, N,, 40°C

Scheme 2. Synthetic pathway for the labelling of fluorescent probes onto surface modified CNF:

(a) Synthesis of a block copolymer onto CNF-based macroinitiators through SET-LRP with

methyl acrylate and acrylic acid N-hydroxysuccinimide ester. (b) Fluorescent labelling of the

block copolymer-modified CNF with the Lucifer yellow cadaverine by amidation.

The structures of the different chemically modified CNF were verified by ATR-FTIR and are

compared in Figure 1. Unmodified CNF (Figure 1a) shows the characteristic absorption bands

located at 3320 cm™ (O-H), 2950 and 2895 cm™ (C-H), 1430 cm™ (C-H) and 1161 cm™ (C-O-C).

In addition to these absorption bands, the CNF-based macroinitiator (Figure 1b) shows an

additional band located at 1736 cm™, attributed to the carbonyl group. Unfortunately, this

additional absorption band is not intense, due to a relatively low substitution degree of the 2-

bromo-2-methylpropionic acid onto the CNF. Nevertheless, the FTIR spectra of the polymer-

modified CNF (Figure 1c) shows strong additional absorption bands located at 2954 cm™ (C-H),

1727 em™ (C=0), 1437 cm™ (C-H), 1159 cm™ (C-O-C) indicating the expected grafting of PMA.

With the addition of the second monomer (NAS), the spectra of the block copolymer modified

CNF did not show any new absorption bands. The (initial) absorption bands of the NAS

ACS Paragon Plus Environment
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monomer were located at 1821 cm'l, 1775 cm™ and 1711 cm'l, attributed to the succinimide
group, and 1200 cm™ (C-O, ester) overlapped with the absorption bands of the first polymer

block modified-CNF bands. Moreover, the carbonyl band intensity (or ratio if compared to the

©CoO~NOUTA,WNPE

11 OH band) did not increase since the precursor ratio was different for the two blocks (factor: 6.6).
13 Indeed, the second chain block will have a shorter degree of polymerization if compared to the
15 first block. The different FTIR spectra indicate that the surface modifications of the CNF through

18 an esterification reaction and subsequent graft polymerization were successful.
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50 Figure 1. FTIR spectra of (a) unmodified CNF, (b) CNF-based macroinitiators, (c) Poly(MA)-

o2 grafted CNF and (d) Poly(MA-block-NAS)-grafted CNF.
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CPMAS C spectra of unmodified cellulose nanofibrils, CNF-based macroinitiator, and
poly(MA-block-NAS)-grafted CNF, as well as the corresponding chemical structures are shown
in Figure 2, with the various chemical shifts provided at the top of each spectrum. The spectrum
of the initial, unmodified, CNF showed the characteristic bands of cellulose, with bands located
at 84 ppm (C4) and 62 ppm (C6) for the surface carbon sites, at 89 (C4) and 66 ppm (C6) for the
carbon inside the crystalline region. These peak positions agreed with previous reports.®”® The
CNF-based macroinitiator spectrum (Figure 2b) includes a new carbonyl bond signal (C7, 169
ppm), which has low intensity compared to the integration of the peaks from the initial cellulose,
from which a substitution degree of 2 % was estimated. This observation confirmed the
relatively low substitution degree of the 2-bromo-2-methylpropionate onto the CNF, in
agreement with the previous observations made with FTIR. The poly(MA-block-NAS)-grafted
CNF spectrum (Figure 2c), on the other hand, shows the appearance of new intense peaks
characteristic of the MA-block-NAS: the *C NMR peak at 175 ppm is attributed to the sites
C12, C16 and C17 (carbonyl bond); the band located at 52 ppm corresponds to the methyl group
(C13) and the methylene in B-position of the carbonyl group (C10 and C14), whereas the bands
located between 41 and 36 ppm are attributed to the sites C11, C15 and C18. The integration of
the NMR peaks revealed a ratio of 0.9 of the poly(MA-block-NAS)-grafted polymer to the signal
of the initial cellulose. Unfortunately, it was not possible to isolate the carbonyl bonds signals
from the MA block and the NAS block, and thus estimate the polymerization degree of each

block.
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31 Figure 2. Solid state °C NMR spectra at 500 mHz and chemical structures of a) CNF, b) CNF-
33 based macroinitiator, and (c) Poly(MA-block-NAS)-grafted CNF. The spinning side bands are

36 localized at 138.8, 136.2, 11.8 and 9.2 ppm.

42 UV-visible and fluorescence spectra of Lucifer yellow and the Lucifer yellow labelled CNF
suspended in DMSO are shown in Figure 3. For a better comparison the absorption and emission
47 spectrum were rescaled with respect to the maximum intensity. The Lucifer yellow is
49 characterized by absorption and emission bands localized at 435 nm and 514 nm, respectively.
50 The spectra confirmed that tethering of the free Lucifer yellow to the block copolymer-modified

54 CNF did not affect the position of the absorption-emission bands.
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Figure 3. Normalized UV-Visible (solid line) and fluorescence spectra (dashed line) of Lucifer

yellow (black) and Lucifer yellow labelled onto CNF (red).

One of the most appropriate techniques for probing the photophysical properties of a dye at the

4748 since it is possible to

single molecule level is fluorescence correlation spectroscopy (FCS),
detect the intensity fluctuation of a single chromophore passing through the focal point. Through
this approach, a small volume (< 1 pL) of highly diluted chromophore solution (pM) is excited
through a focused laser beam passing by a microscope objective. The subsequent fluorescence is
detected via a confocal pinhole and monitored through a single-photon detector. Each time a
chromophore diffuses through the observation volume a fluorescence signal is generated, and the
fluctuations thus generated are analyzed by the automatically calculated correlation function.
This technique will provide information on the photodynamics of the dye (blinking,
photobleaching), as well as the concentration and diffusion time of the luminescent species (i.e.
small molecules or large objects will have fast or slow diffusion times, respectively) in the focal
volume.”>™

In our experiment, the unlabelled Lucifer Yellow (LY), i.e. the free dye, and the Lucifer yellow

labelled CNF (LY-CNF) were studied with FCS. The fluorescence correlation curves are shown
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in Figure 4 and the results are summarized in Table 1. The free dye curve (Figure 4, top) is
composed only of fast diffusing molecules in the focal volume (t4iF=45 us). In the case of the

dye-labelled CNF (Figure 4, bottom), the fluorescence signal is drastically different and is only

©CoO~NOUTA,WNPE

11 composed of slowly diffusing species, i.e. large objects. The diffusion time of the luminescent
13 fibrils was estimated to be 500 ms. This corresponds to a diffusion coefficient of fluorescent
CNF of Denpr0.018 um?/s, approximately 11 000 times smaller than that of LY, Dy y=200 pm?/s.
18 In the most highly concentrated samples of CNF, FCS yielded a concentration of 0.35 nM on

average.
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Figure 4. Fluorescence correlation curves of Lucifer yellow (LY), unlabelled dye (top) and

Lucifer yellow-modified CNF (bottom). Both samples were recorded in DMSO.

It is worth noting that the amplitude of the two autocorrelation curves is highly different. The
curve amplitude is inversely dependent of the average number of fluorescent molecules diffusing

in the focal volume. As such, as the autocorrelation amplitude increased, the number of observed
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chromophores decreased. From the estimated concentration and the fluorescence count-rate the
brightness of the dye can be calculated. The brightness of LY was 18.7 kHz per molecule when
excited at 300 uW, whereas the brightness of the LY- CNF was 247 kHz per molecule (i.e. per
fibril) when excited at 0.6 pW. Taking the measured difference in brightness as well as the
difference in laser power into account, the CNF fibrils were approximately 6600 times brighter
than individual LY dye molecules, and accordingly each CNF should contain at least 6600 LY
dye molecules.

As a control experiment, and to ensure that nonspecific binding between the free dyes with the
CNF was not possible, a separate measurement was performed by simply mixing the LY with the
chemically modified CNF-based macroinitiators. That measurement yielded a diffusion time of
45 ps, which corresponds to the diffusion time of the free dye. Thus, nonspecific binding
between the free dyes and the CNF was not observed, thus we conclude that the luminescent

signal stems from LY covalently bound to the CNF.

Table 1. Summary of the results obtained by FCS for the LY free dye and labelled onto the

modified CNF in DMSO.
Brightness of
CNF/ Brightness of
Samples Taifr / LS Brightness / kHz LY
LY 45 187 -
LY CNF 5x10° 247% 6600
Physical blend 45 18.7 0
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“The brightness of the LY -labelled CNF was 247 kHz per fibril.

In FCS the diffusion coefficient D is usually given by the measured diffusion time (tp) from the

equation =w*/4D, and from D the hydrodynamic radius Ry of the particles can be obtained

from the Stokes-Einstein equation. However in the current situation, the analyzed CNF®*" are

not spherical particle within the nanometer scale range but instead object with a size larger than

the detection focus. Thus, the measured tp must be interpreted differently in order not to

overestimate the Ry, value.

Based on the results from Wu ez al.’”?, we extrapolate our result, and with changing the solvent

viscosity, a diffusion time of 500 ms corresponds to a hydrodynamic radius of 700 nm (Figure

5).
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Figure 5. Estimation of the hydrodynamic radius Ry, of the CNF. Two particle sizes with their
diffusion time, plus the origo, were converted from Wu et al.”, adjusted for the viscosity of

DMSO, and fitted with a second order polynomial for extrapolation.

As concluded above, the average hydrodynamic radius of CNF was 700 nm and the average
fluorescence brightness per fibril corresponds to that of 6600 LY fluorophores. The
hydrodynamic radius corresponds to a spherical particle volume of about 1.5 fL, while the FCS
detection volume is about 0.19 fL. In other words, the part of the CNF which is inside the FCS
detection volume gives rise to a fluorescence signal corresponding to 6600 LY fluorophores, but
a spherically shaped CNF would be about eight times larger than the FCS detection.
Accordingly, if the fibrils are spherically shaped then each fibril is labelled about 8 times more
than the 6600 LY detected (50 000LY unit/CNF). If instead the fibrils are rod-shaped, they are
most likely aggregated, since a rod-shaped CNF of 5 nm diameter would not be able to
accommodate enough LY fluorophores inside the FCS detection volume without causing

significant fluorescence quenching.

Confocal laser scanning microscopy was used to image the LY labelled on the block copolymer-
modified CNF. The fluorescence images were obtained with a 405 nm excitation wavelength,
with a beam splitter (HFT 405/488/543/633) and a long-pass filter (LP 530). The resulting
images (fluorescence and combined overlay fluorescence-bright-field images) were obtained
with two different magnifications and are shown in Figure 6. For clearer visualization, the dyes
were spotted in blue. Luminescent spots were only observed along the CNF, which confirmed
the absence of unlabelled dye in the suspension. Moreover, the fluorescent spots were

homogeneously distributed onto the CNF.
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Figure 6. Confocal scanning laser microscopy imaging of LY labelled on the block copolymer-

modified CNF. (Left) Fluorescence image obtained with an excitation wavelength of 405 nm,

(middle) bright-field image (right) combined overlay fluorescence-bright-field images.

In the previous sections we have shown that the chromophore-labelled CNFs exhibit the desired
fluorescence, allowing precise imaging of the fibrils by confocal laser scanning microscopy. As
such it may serve as a potential bio-marker that allow for the fluorescence-based optical
detection of CNF uptake and distribution in living organisms. For this purpose, we choose the

Daphnia magna. Daphnids were cultured in M7 medium®>®°

in groups of ~25 females and fed a
mixture of the green algae Pseudokirchneriella subcapitata and Scenedesmus subspicatus three
times a week. The live juvenile daphnids were then exposed to the LY-CNF (1g/L) for 3 h.
During this period, no dead species were observed. The experiment was repeated 5 times to
ensure a good reproducibility. Thanks to their transparent shell, fluorescence microscopy was

used to identify the uptake and presence of CNF in the guts of the daphnids (Figure 7). The

bright field images revealed the presence of green algae in the D. magna’s alimentary canal
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tissues, while the fluorescence images revealed the presence of the luminescent CNF throughout
the alimentary canal (Figure 7, top). No fluorescence signal was detected on the control
specimen (Figure 7, bottom). Thus, the D. magna ingested the luminescent CNF, which then
dissipates within the algae in the guts of the daphnids, demonstrating the non-toxicity of our

1,61 the fluorescence

material for the viability of the species. In case of toxic fluorescent materia
emission would have changed due to the lack of transmembrane potential. These results highlight

the non-toxicity of the modified CNF and as a new kind of nanomaterial based on wood, it

remains highly important to prove their biocompatibility for their future use in bio-applications.

Figure 7. Bright field (left) and fluorescence (right) images of Daphnia magna in (bottom)

control experiment and (top) exposed to LY-CNF.
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CONCLUSIONS

A strategy toward luminescent nanocellulose is devised based on the principle of controlled
radical graft copolymerization and photophysically probed on the molecular scale by FCS. CNF
were first converted to CNF-based macroinitiators able to initiate Cu(0)-mediated controlled
radical polymerization, producing block methyl acrylate-co-acrylic acid N-hydroxysuccinimide
ester grafted from the CNF backbones. A luminescent probe (Lucifer yellow derivative) was then
coupled to the modified CNF. FCS probing confirmed that CNF was successfully labelled by LY
fluorophores. For ecotoxicity purpose, the luminescent CNF were exposed to live juvenile
daphnids. After 3 hours, the specimens were subjected to microscopy analysis, revealing the
presence of the luminescent CNF throughout D. magna’s alimentary canal tissues with no
toxicity leading to the death of the specimen. Luminescent CNF were proved to be viable bio-
markers and allow for fluorescence-based optical detection of CNF uptake and distribution in

organisms such as crustaceans.
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Figure 2. Solid state NMR spectra at 500 mHz and chemical structures of a) CNF, b) CNF-based
macroinitiator, and (c¢) Poly(MA-block-NAS)-grafted CNF. The spinning side bands are marked localized at

138.8, 136.2, 11.8 and 9.2 ppm.
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normalized absorbance / a.u.

Figure 3. Normalized UV-Visible (solid line) and fluorescence spectra (dashed line) of Lucifer yellow (black)
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Figure 4. Fluorescence correlation curves of Lucifer yellow (LY), unlabelled dye (top) and Lucifer yellow-
modified CNF (bottom). Both samples were recorded in DMSO.
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Figure 5. Estimation of the hydrodynamic radius Rh of the CNF. Two particle sizes with their diffusion time,
plus the origo, were converted from Wu et al.63, adjusted for the viscosity of DMSO, and fitted with a
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Figure 6. Confocal scanning laser microscopy imaging of LY labelled on the block copolymer-modified CNF.
(Left) Fluorescence image obtained with an excitation wavelength of 405 nm, (middle) bright-field image
(right) combined overlay fluorescence-bright-field images.
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Figure 7. Bright field (left) and fluorescence (right) images of Daphnia magna in (bottom) control
27 experiment and (top) exposed to LY-CNF.
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