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Abstract  A strategy is developed to modify cel-
lulose nanofibril (CNF) surfaces with a combination 
of Cu0-mediated radical polymerization (SET-LRP) 
and CuI-catalyzed azide-alkyne click-chemistry 
(CuAAC). CNFs were grafted with statistical copol-
ymers of di(ethylene glycol) ethyl ether acrylate 
(DEGEEA) and acrylic acid 3-trimethylsilyl-prop-
2-ynyl ester (TMSPgA) that allows labeling of mul-
tiple fluorescent dyes, e.g. AF488 and ATTO633, 

special dyes for confocal laser scanning microscopy 
and stimulated emission depletion (STED) micros-
copy. Through our strategy and these microscopic 
techniques, we visualized isolated fibrils and fibrils 
embedded in a PVA composite in a high resolution. 
This work also provides new insight into the effect of 
the clickable entity/precursor on the compatibility of 
modified fibrils with the composite matrix.
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Abbreviations 
CNFs	� Cellulose nanofibrils
SET-LRP	� Single electron transfer living radical 

polymerization
CuAAC​	� Cu(I)-catalyzed azide-alkyne 

cycloaddition
STED	� Stimulated emission depletion 

microscopy
PVA	� Poly(vinyl alcohol)
DEGEEA	� Di(ethylene glycol) ethyl ether acrylate
Me6-TREN	� Tris[2-(dimethylamino)ethyl]amine
CDI	� 1,1′-Carbonyldiimidazole
TEA	� Triethylamine
DMSO	� Dimethyl sulfoxide
NaASC	� L-ascorbic acid sodium salt
TBAF	� Tetrabutylammonium fluoride
TMSPgA	� Acrylic acid 3-trimethylsilyl-prop-

2-ynyl Ester

Introduction

Nowadays, oil-based materials and resultantly plastic 
waste and plasticizers have become a significant con-
cern for our planet. Therefore, there is a constantly 
increasing interest in minimizing the environmental 
impact of those oil-based products. More and more 
attention has been given to the utilization of ligno-
cellulosic biomass for developing a more sustainable 
human society. Cellulose is a biodegradable, recycla-
ble, renewable polymer and has already found great 
interest in numerous fields and potential new applica-
tions ranging from a flexible gas sensor, water purifi-
cation to tissue engineering and drug delivery (Otten-
hall et  al. 2017; Poonguzhali et  al. 2018; Hur et  al. 
2022).

Cellulose nanofibrils or cellulose nanofibers 
(CNFs), one of the few nanostructured forms of cel-
lulose, can be assimilated to high aspect ratio wires 
with an average width of 5–60  nm and several 
micrometers in length (Klemm et al. 2011). The accu-
rate measurement of the fibril length remains a dif-
ficult challenge due to their curved morphologies and 
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the fibril aggregation behavior. CNFs are generally 
prepared by pre-treatment and delamination of cel-
lulosic materials through mechanical disintegration 
(Kalia et  al. 2014). CNFs have an abundant number 
of hydroxy, leading to some drawbacks such as hygro-
scopic character, instability in many organic solvents, 
strong inter-fibril hydrogen interactions (leading to 
fibril aggregation) which ones can drastically limit 
the use of the CNFs in numerous applications. To 
avoid those undesirable CNF behaviors, CNFs must 
be subjected to a surface modification process.

Common chemical surface modification of CNFs 
includes reactions of hydroxy with small molecules 
through silylation, (Xhanari et  al. 2011) acetylation, 
(Nogi et al. 2006; Gustavsson et al. 2020) esterifica-
tion, (Lee et  al. 2014; Willberg-Keyriläinen et  al. 
2017), oxidation, (Liimatainen et  al. 2012; Fuku-
zumi et  al. 2014; Zhang and Liu 2018) and click-
chemistry (Junka et  al. 2014; Hettegger et  al. 2016; 
Beaumont et  al. 2018; Aïssa et  al. 2019). However, 
through those mentioned reactions, the substitution 
degree remains low, limiting the suspendability of the 
CNFs in numerous organic solvents. Another chemi-
cal surface modification approach is the grafting of 
polymers. Polymerization is an optimal strategy to 
alter the CNF characteristics and properties as polym-
erization grows long molecular chains on the CNF 
backbone, creating, for example, optimal interphase 
between the CNFs and the surrounding medium such 
as solvent, host matrix (e.g. polymer) and therefore 
increasing the CNF stability and processability (e,g, 
composite production).

Grafting polymerizations can be achieved via three 
main approaches: “grafting to”, “grafting from”, and 
“grafting through” (Lizundia et al. 2016). The “graft-
ing to” approach covalently attaches existing, pre-
formed polymers onto cellulose surfaces (Tsubokawa 
et  al. 2000). The “grafting from”, also known as 
surface-initiated polymerization (SIP), involves the 
immobilization of reactive moieties onto a surface, 
which therefore initiates the propagation of a mono-
mer. Examples of “grafting from” reactions involve 
Ring-Opening Polymerization (ROP), (Wang et  al. 
2007; Lalanne-Tisné et al. 2020) as well as controlled 
or Living Radical Polymerization (LRP) techniques, 
(Rosen and Percec 2009) such as Reversible Addi-
tion-Fragmentation chain Transfer (RAFT), (Chiefari 
et  al. 1998) Atom Transfer Radical Polymerization 
(ATRP), (Chiefari et  al. 1998) and Single-Electron 

Transfer Living Radical Polymerization (SET-LRP) 
(Zhang et  al. 2014a). The “grafting through” strat-
egy can be considered as an intermediate approach 
between the two strategies described above (Kelly 
et al. 2021).

Cu0-mediated SET-LRP, first introduced by Percec 
et al. (2006) was described as the “ultrafast synthesis 
of ultrahigh molecular weight polymers”. The reac-
tion can be performed in the presence of oxygen, non-
inert condition, or even in the presence of water while 
keeping control of the polymer molecular weight 
(Nguyen et  al. 2010, 2012, 2013; Fleischmann and 
Percec 2010; Nicol et  al. 2012; Levere et  al. 2013; 
Samanta et  al. 2015). SET-LRP proved to be effec-
tive with a large library of hydrophilic or hydropho-
bic vinyl monomers on CNFs (Majoinen et al. 2011; 
Samanta et  al. 2013; Larsson et  al. 2013; Navarro 
et al. 2020).

“Click Chemistry” is a term describing modular 
reaction, while offering high yield and in-offensive 
by-products (Wang et al. 2003). It requires simple syn-
thetic conditions, easy removal of the solvents and sim-
ple product isolation. Few reactions already meet these 
criteria, such as the Diels–Alder cycloaddition (Inglis 
et  al. 2009; Kloetzel 2011) or the thiol–ene reaction 
(Nilsson et al. 2008; Xiong et al. 2018). In addition, the 
CuI-catalyzed azide-alkyne cycloaddition (CuAAC) 
can also be classified as a click chemistry reaction. One 
noticeable fact is that biomolecules can preserve their 
bioactivity within this simple, efficient reaction, which 
contributes to the vast array of biomedical applications 
of click chemistry (Himo et al. 2005; Hein and Fokin 
2010; Presolski et  al. 2011; Song et  al. 2012; Kaur 
et al. 2021). As its popularity increased over the year, 
a large library of starting compounds is available, mak-
ing this reaction very attractive to the scientific com-
munity (Akeroyd and Klumperman 2011; Ramapan-
icker and Chauhan 2016).

The interest in using CNFs as fillers or reinforcing 
agents in bio-based composites is constantly increas-
ing as CNFs offer many advantages, such as relatively 
low-cost, it can be extracted from numerous renew-
able resources, meaning a high abundance and avail-
ability all over our planet and high mechanical prop-
erties (Moon et  al. 2011). Over the last few years 
many research groups devoted their research inter-
est to wood flour, cellulose fiber or cellulose nanofi-
brils reinforced composites, aiming to better under-
stand the filler-matrix compatibility, their interaction 



2932	 Cellulose (2023) 30:2929–2950

1 3
Vol:. (1234567890)

through their interface and the morphological/dimen-
sional aspect, e.g. homogeneous dispersion and ori-
entation of the filler in the matrix (Saba et al. 2017; 
Arof et al. 2019; Radakisnin et al. 2020).

The current characterization techniques such as 
Scanning Electron Microscopy (SEM) or Atomic 
Force Microscopy (AFM) have been the most widely 
used tools for imaging and localizing the cellu-
lose fibrils/fiber either alone or in the thermoplastic 
matrix. Despite the fact that these advanced micros-
copy techniques have very high resolutions, the elu-
cidation of how CNFs organize themselves when 
embedded in a polymer matrix remains a challenge, 
as generally, in composite images, the direct observa-
tion of a single buried CNF is significantly harder.

Nakagaito et  al. (2004) made detailed scanning 
electron images of cellulose materials from pulp fiber 
to CNFs and evaluated the effect of the cellulose 
morphological changes on the mechanical properties 
of composites. Fazeli et  al. (2018) showed the clear 
microstructure of individual CNFs with width rang-
ing from 51 to 103 nm via SEM and analyzed the sur-
face roughness of the composite of CNFs reinforced 
thermoplastic starch via AFM. Frone et  al. (2013) 
discussed CNF dispersion in polylactic acid com-
posites from aspects of the maximum surface height 
of composites and aggregate sizes of CNFs on the 
surfaces via advanced AFM. In a bio-based compos-
ite material, imaging single cellulose fibrils in the 
matrix are unfortunately not possible using traditional 

microscopy. However, with new technology develop-
ment such as stimulated emission depletion (STED) 
microscopy, imaging a luminescent CNF embedded 
in a polymer matrix could be possible.

Stimulated emission depletion (STED) microscopy 
is one of super-resolution microscopy techniques 
that has been developed over decades to overcome 
the diffraction limit of light microscopy. In STED 
microscopy, a depletion laser pattern overlaps with 
the exciting laser and brings excited fluorophores 
back to the ground state to prevent fluorescence 
emission in the predefined regions so that it reduces 
the amount of spontaneous fluorescence emission 
(Fig.  1) (Huang et  al. 2010). As a result, the effec-
tive point spread function is lower than the diffrac-
tion limit, thus achieving a high resolution down to 
20  nm (Vicidomini et  al. 2018). STED microscopy 
has been a versatile tool for biological research (Roo-
bala et  al. 2018; Stephan et  al. 2019; Sezgin et  al. 
2019) and nanoscale materials (Friedemann et  al. 
2011; Busko et al. 2012; Liu et al. 2021) as it allows 
living-cell imaging, (Stockhammer and Bottanelli 
2021; Calovi et al. 2021) 3D imaging as well as fast 
imaging, (Schermelleh et al. 2010) and there is a wide 
range of commercially available fluorophores suit-
able for it. Another specialty of STED is deep imag-
ing, by reducing specimen-induced spherical aber-
ration, STED microscopy achieved a resolution of 
60–80 nm, 120 μm deep inside scattering biological 
tissue (Urban et  al. 2011). However, to characterize 
CNFs with STED microscopy, a specific luminescent 
dye has to be labeled onto the CNFs.

The labeling of cellulose nanomaterials with fluo-
rescent dyes is of interest in biomedical and sensor 
applications (Edwards et al. 2013; Guise and Fangue-
iro 2016; Golmohammadi et al. 2017; Wu et al. 2018; 
Zhai et  al. 2022). Fluorescently tagged CNFs are 
also used for the study of, for instance, nanotoxicol-
ogy and therapeutics. (Salari et al. 2019; Ning et al. 
2021) Schyrr et al. (2014) prepared CNF/PVA nano-
composites with a high concentration of fluorescent 
sensor motifs by thiol-ene click reactions. Navarro 
et al. (2015) modified CNFs with furan and maleim-
ide groups to enable selective labeling of fluorescent 
probes through Diels–Alder cycloaddition and thiol-
ene click reaction. Goodge et  al. (2020) functional-
ized biotin-CNF membranes with the substitution of 
alkyne groups, and fluorescently tagged azide-biotin 

Fig. 1   Left Illustration of stimulated emission depletion 
(STED) Microscopy;(Huang et al. 2010) Right comparison of 
confocal laser scanning microscopy and STED microscopy 
images of modified cellulose nanofibrils labeled with a fluores-
cent dye
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conjugate via copper-catalyzed alkyne-azide cycload-
dition (CuAAC). Recently, a fluorescence-labeling 
approach on CNFs via a triazine linker and click-
chemistry is also reported (Babi et  al. 2022). In all 
these studies, the labeling of CNFs was achieved 
through specific chemical reactions sequentially 
inducing certain precursors, followed by one or two 
click-chemistry reactions.

Our aim, in this paper was to develop a multifunc-
tional platform made of a bio-based polymer nano-
structure, the cellulose nanofibrils, that could be easily 
tunable to adapt to numerous and various applications. 
To prove our concept idea, we focus this study on labe-
ling the CNFs with specific luminescent dyes and per-
forming single-molecule imaging of isolated fibrils and 
fibrils embedded in a composite.

We develop a strategy to surface modify the CNFs 
through Cu0-mediated radical polymerization and 
finally introduce different luminescent dyes via post-
modification through CuI-catalyzed azide-alkyne click-
chemistry. For this purpose, after synthesizing the 
CNF-based macroinitiators, statistical copolymers were 
grafted onto the CNFs through Surface Initiated SET-
LRP. The monomers comprise a di (ethylene glycol) 
ethyl ether acrylate (DEGEEA) and a protected alkyne 
monomer (Acrylic Acid 3-trimethylsilyl-prop-2-ynyl 
Ester, TMSPgA). DEGEEA was employed to increase 
the stability of the CNFs in selected solvent (DMSO 
& H2O), while it is well known that hydrogen bonding 
enhanced the inter-fibril interaction yielding aggrega-
tion of fibrils automatically. So, this monomer aims to 
suppress this issue but also to act as a spacer between 
neighbor luminescent dyes by spacing the reactive 
clickable monomers. TMSPgA was used to introduce 
the reactive luminescent dyes on the CNF surface. 
Unfortunately, this alkyne monomer needed to be pro-
tected during the polymerization reaction and later-on 
deprotected. SET-LRP could not be performed with-
out this protection step. Finally, the morphology of the 
modified CNFs was investigated through confocal laser 
scanning microscopy and stimulated emission deple-
tion (STED) microscopy. Within the STED microscopy 
technique, we could visualize isolated fibrils and fibrils 
embedded in a composite. Moreover, we could also 
tune the compatibility of the modified CNFs within the 
matrix, by simply changing the clickable entity/precur-
sor, and therefore change drastically the adhesion of 
the CNFs within the composite matrix. Those changes, 
which could not be observed with traditional electron 

microscopy techniques (SEM, AFM), were possible 
with the STED.

Experimental section

Materials

1,1′-carbonyldiimidazole (CDI, 98%), 3-(Trimethyl-
silyl)propargyl alcohol (98%) were purchased from 
abcr. Dimethyl sulfoxide (DMSO, ≥ 99%), imidazole 
(≥ 99%), anhydrous diethyl ether (99%), acryloyl 
chloride (96%), tris[2-(dimethylamino)ethyl]amine 
(Me6-TREN, 98%), copper(II) sulfate pentahydrate 
(CuSO4·5H2O, ≥ 99%), L-ascorbic acid sodium salt 
(NaASC, 99%), poly(vinyl alcohol) (PVA, 98–99%), 
Cu wire (diameter 0.812 mm, 99.9%) were purchased 
from Alfa Aesar. 2-bromo-2-methyl- propionic 
acid (98%), di(ethylene glycol) ethyl ether acrylate 
(DEGEEA, 90%), hydroquinone (99%), triethylamine 
(TEA, 99%), sodium carbonate (Na2CO3, 99.5%), 
hydrogen chloride solution (0.1  M), tetrahydrofuran 
(THF, 99.9%) and azide fluor 488 (AF488, ≥ 90%) 
were purchased from Sigma-Aldrich. Acetone 
(99.90%) was purchased from BCD-Chemie. Acetic 
acid (AcOH, 99%) was purchased from Chemsolute. 
Ethyl 2-bromo-2-methyl propionate (EBiB, 98%) was 
purchased from Fisher. Tetrabutylammonium fluoride 
(TBAF, 1  M in THF) and 3-azido-7-hydroxyl-cou-
marin were purchased from TCI Chemical. ATTO633 
was purchased from ATTO-TEC GmbH.

To produce cellulose nanofibrils (CNFs), dried 
elemental chlorine-free (ECF) bleached kraft pulp 
(Stendal GmbH, Germany) was used, and the CNF 
suspension was obtained with the use of a Microfluid-
izer (M-110EH-30 Microfluidics, Indexcorp).

DI water (0.055 µS/cm) was used for the solvent-
exchange procedure and synthesis.

All the monomers for grafting polymerization 
were passed through a basic alumina column to 
remove inhibitors.

Production of cellulose nanofibrils

Cellulose nanofibrils were produced as previously 
described (Mietner et  al. 2021). In a general proce-
dure, cellulose pulp suspended in water was firstly 
ground to 75–80°SR (SR: Schopper-Riegler degrees), 
then passed through chambers with orifice widths of 
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400 µm and 200 µm (2 times), 200 µm and 100 µm (4 
times) successively under high pressure. The process 
resulted in a 2%  (w/w) CNF aqueous gel. The CNF 
gel was refrigerated at 5 ℃.

Solvent exchange procedure

The solvent exchange procedure of the CNF aqueous 
gel proceeded as previously described (Navarro and 
Edlund 2017). In general, DMSO was slowly added 
to the aqueous suspension of CNFs under stirring. 
Then, the solvent was discarded by centrifugation and 
replaced with fresh DMSO. The procedure resulted in 
a 2% (w/w) CNF/DMSO gel.

Synthesis of the CNF‑based macroinitiator (CNF‑MI)

CNF-based macroinitiator was produced as previ-
ously described (Georgouvelas et al. 2020). The sus-
pension of CNFs in DMSO was added with imida-
zole and degassed via nitrogen purging continuously. 
Separately, a solution of 2-bromo-2-methyl propionic 
acid in DMSO was prepared and purged with nitrogen 
for 10 min; then CDI was slowly added under stirring 
at room temperature until it was fully dissolved, and 
no gases were further produced. Finally, the solution 
was slowly added to the CNF suspension. The reac-
tion proceeded under a nitrogen atmosphere overnight 
at 55 ℃. The modified CNFs were purified by sequen-
tial washing with DMSO (4 × 30  ml), centrifugation 
(4427  rcf for 30 min), and decantation. The process 
resulted in a 1% (w/w) CNF-MI gel.

Synthesis of acrylic acid 3‑trimethylsilyl‑prop‑2‑ynyl 
ester (TMSPgA)

3-(Trimethylsilyl) propargyl alcohol (5 g, 39 mmol), 
TEA (7.61  mL, 54.6  mmol), and hydroquinone 
(30 mg, 0.3 mmol) were dissolved in anhydrous die-
thyl ether (50 mL) and cooled in an ice–water bath. A 
solution of acryloyl chloride (3.80 ml) in diethyl ether 
(20 mL) was added dropwise over 30 min. The reac-
tion was set up in an inert atmosphere under nitrogen; 
the mixture was stirred in the ice bath for 1 h and then 
at ambient temperature overnight. The final product 
was obtained by extraction with Na2CO3 solution 
(1 M aq., 3 × 100 mL) and rotary evaporation of the 
collected organic phase.

Synthesis of statistical copolymer of DEGEEA 
and TMSPgA onto CNFs (DEG‑TMSPgA‑CNF) 
via SET‑LRP

The copolymerization of statistical copolymer 
DEG-TMSPgA-CNF (DEGEEA:TMSPgA = 6:4) 
was carried out in one pot. DEGEEA (9.24  mmol) 
and TMSPgA (6.16  mmol) in DMSO (15  ml) were 
added into a suspension of CNF-MI (4  g, 1%  w/w) 
in DMSO (30  mL). Separately, a Cu wire (diam-
eter = 0.812  mm, length = 6  cm) was immersed in 
a concentrated HCl solution for 10 min, then rinsed 
with water and acetone and dried prior to use. The 
suspension with Cu-wire was degassed via nitrogen 
purging for 10 min and raised to 40 °C. The reaction 
started when the Me6-TREN ligand (200 µL, 10% v/v 
in DMSO) was added and proceeded overnight under 
a nitrogen atmosphere. The modified CNFs were puri-
fied by sequential washing with DMSO (6 × 30  ml), 
centrifugation (4427 rcf for 30 min), and decantation.

Syntheses of statistical polymer DEGEEA and 
TMSPgA (DEG-TMSPgA, DEGEEA:PgA = 6:4) was 
also carried out according to the description above, 
except that the ethyl 2-bromo-2-methyl propionate 
(EBiB) replaced the CNF-MI as a sacrificial initiator 
at a [M]0/[I]0/[L]0 ratio of 100/1/0.2.

Deprotection of trimethyl silyl (TMS) protected 
polymers

The TMS-protected polymer (TMSPgA induced 
CNFs, DEG-TMSPgA-CNF 2.9  g, 6.16  mmol TMS 
groups in theory) was suspended in THF (72 ml) with 
the addition of acetic acid (0.7 ml, 2 equiv. mol/mol 
to TMS groups). The suspension was purged with 
nitrogen and cooled to −20  °C. A 1  M solution of 
TBAF·3H2O in THF (2  equiv.  mol/mol to the TMS 
groups) was slowly added. The mixture was stirred 
at −20  °C for 30  min and then warmed to ambient 
temperature overnight. The deprotected polymer was 
purified by sequential washing with THF (4 × 50 ml), 
centrifugation (4427 rcf for 30 min), and decantation.

General procedure of CuAAC click reaction

A suspension of an alkyne-containing polymer (TMS-
deprotected CNFs, DEG-PgA-CNF 4  mg (dry), 
10 µmol alkyne groups in theory) in DMSO (1.6 ml), 
and a solution of 3-azido-7-hydroxyl-coumarin in 
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DMSO (5  mM, 2  equiv.  mol/mol to alkyne groups) 
was mixed under an inert atmosphere of nitrogen. 
Separately, a solution of CuSO4 (20 M aq., 0.15 equiv. 
mol/mol to alkyne groups) and sodium ascorbate 
(100 mM aq., 3 equiv. mol/mol to alkyne groups) in 
H2O was deoxygenated and then transferred in the 
suspension. The resulting suspension was covered 
by aluminum foil and stirred under nitrogen at room 
temperature for 24  h. The product was purified by 
sequential washing with DMSO (4 × 5 ml), centrifu-
gation (4427 rcf for 30 min), and decantation.

The same procedure was performed for labeling 
DEG-PgA-CNFs with fluorescent dyes AF  488 and 
ATTO 633, respectively, except 0.5 mg azide dye was 
used for 1 g DEG-PgA-CNFs (1% w/w).

Blending of PVA with modified CNFs

Two concentrations of PVA/DMSO solution were 
prepared: 5–10%. PVA was dissolved in DMSO at 
80 °C with constant stirring and cooled down to room 
temperature. The suspension of modified CNFs with 
different dyes in DMSO was fully blended into each 
PVA/DMSO solution, respectively, resulting in the 
final concentration of all modified CNFs at 0.5% w/w.

Characterization

Fourier transform infrared spectroscopy equipped 
with an attenuated total reflection (ATR-FTIR) was 
performed using a Bruker Vector 33 spectrometer. 
All spectra were obtained as means of 60 scans in 
the spectral region of 3600–550 cm−1, with a spectral 
resolution of 4 cm−1.

Ultraviolet–visible (UV–Vis) spectroscopy was 
carried out with a Lambda 65 UV–vis Spectrometer. 
Absorption spectra were measured in DMSO from 
380 to 900 nm with a resolution of 1 nm in a 10 mm 
quartz cuvette.

Proton nuclear magnetic resonance (1H-NMR) 
experiments were performed on a Bruker Avance-III 
spectrometer HD 400 MHz operating at 400 MHz at 
room temperature. Samples were dissolved in chloro-
form-d and transferred to NMR tubes.

All 13C NMR spectra were acquired with a Bruker 
500 Avance III HD spectrometer at Larmor frequen-
cies of 125–500  MHz for 13C and 1H, respectively. 

The samples were packed in 4 mm zirconia rotors to 
carry out magic angle spinning (MAS) with a spin-
ning rate of 8  kHz. Ramped cross-polarization (CP) 
13C MAS NMR spectra were recorded with a 13C 
nutation frequency of 10  kHz and a contact time of 
1.5  ms. All spectra were obtained by Fourier trans-
form of the FIDs, and the chemical shifts were quoted 
relative to neat tetramethylsilane (TMS).

The morphology of modified CNFs in PVA was 
observed via ultra-high-resolution field emission 
scanning electron microscopy (FE-SEM) of the 
Hitachi S-800. The dried samples were mounted on 
sample supports using carbon tape and coated with a 
5 nm layer of Pd/Pt with a Cressington 208HR under 
an inert atmosphere.

Stimulated Emission Depletion Microscopy 
(STED) super-resolution imaging were performed on 
1.5H fixed coverslips using a STEDYCON scanner 
with 488, 561 and 640 nm excitation  lasers together 
with a 775  nm STED laser (all pulsed) (Abberior 
Instruments GmbH, Göttingen, Germany). The 
STEDYCON was attached to a Zeiss Axio-imager 
Z2 with a 100 × /1.46 NA oil immersion Apochro-
mat objective. Depletion power was set to achieve a 
resolution of 40 nm, the pinhole was set at 50 µm, and 
the sampling rate was fixed at 20  nm/px. The sam-
ples were dried on cover glasses under vacuum and 
mounted on slide glasses with Abberior MOUNT 
embedding media.

Deconvolution and post-process were used by soft-
ware Huygens Essential and Zeiss Zen. We used itera-
tive CMLE (Classical Likelihood Estimation) decon-
volution with a maximum of 30 iterations to prevent 
over-deconvolution using the Huygens Professional 
software package. This algorithm has been validated 
multiple times and is considered standard in decon-
volution. The software package includes a module to 
estimate the point spread function (PSF) specifically 
for STEDYCON scanners fitted with a 1.46 NA lens. 
Moreover, the theoretical PSF was tuned to match 
the experimental PSF as closely as possible, provid-
ing the software with input regarding pixel size (sam-
pling), refractive index mismatch, depth of imaging, 
wavelength, projected pinhole radius and STED satu-
ration factor.
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Results and discussion

Solvent exchange and chemical surface modification 
of CNFs

Firstly, the unmodified pristine CNFs, initially sus-
pended in water, were solvent exchanged to DMSO. 
This exchange procedure is an exothermic process due 
to the water—DMSO interaction and the hydrogen 
bonding formation between the CNFs and the DMSO. 
(Voronova et al. 2006) After this, the pristine CNFs, 
already suspended in DMSO, were surface modi-
fied and converted to the CNF-based macroinitiator 
(CNF-MI) through an esterification reaction between 
the hydroxy and the 2-bromo-2-methylpropionic acid 

(in DMSO). The immobilization of the initiator onto 
the CNFs, is a one-step process, which will allow us 
later to directly grow a polymer via the SET-LRP 
reaction onto the CNF surface using the macroinitia-
tor unit as an anchoring point on the surface. Through 
this surface-initiated polymerization, the properties 
of the CNFs can be fully tuned and optimized. The 
chemical reaction pathway is shown in Scheme 1a.

The correct and successful surface modification 
was monitored with ATR-FTIR (Fig. 2) and CP-MAS 
13C NMR (Fig. 3) spectroscopy. The unmodified CNF 
spectra show the characteristic bands of the cellulose, 
with bands localized at 3320  cm−1 (O–H), 2950 and 
2895 cm−1 (C–H), 1430 cm−1 (C–H), and 1161 cm−1 
(C–O–C). In addition to those characteristic bands, 

Scheme 1   General chemical strategy for the polymer grafting 
onto the cellulose nanofibril (CNF) surface (a) synthesis of the 
CNF-based macroinitiator (CNF-MI); b Di(ethylene glycol) 
Ethyl Ether Acrylate (DEGEEA) and the Protected Alkyne 

Groups Acrylate (TMSPgA) grafted onto the CNFs via surface 
initiated SET-LRP, followed by the sequential deprotection of 
trimethylsilyl groups; c Cu-catalysed azide-alkyne cycloaddi-
tion between alkyne-induced CNFs and azido-fluorophore
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the spectrum of the CNF-MI shows an absorption 
band localized at 1733 cm−1 (C=O), which is attrib-
uted to the vibration of the carbonyl group of the ester 
group. The CP-MAS 13C NMR spectra of unmodi-
fied CNFs & CNF-MI, along with the peak assign-
ments, are exposed in Fig.  3. The pristine CNFs 
have the characteristic cellulose NMR peaks located 
at 105  ppm (C1, glycosidic bonds), 84  ppm (C4), 
72 ppm (C2, C3, C5), 62 ppm (C6) for the carbon on 
surface sites, and at 89 ppm (C4), 76 ppm (C2, C3, 
C5), 65  ppm (C6) for the crystalline fibril interior 
(Gårdebjer et  al. 2015). Besides the characteristic 
signals from pristine CNFs, the spectrum of CNF-MI 
showed an extra peak at 31 ppm (C9, C10). Although 
the carbonyl signals were not displayed through the 
solid-state CP-MAS 13C NMR, the successful con-
version of CNFs into CNF-MI can be confirmed by 
combining the results of both ATR-IR and CP-MAS 
13C NMR. Within this strategy, chemically modified 
CNFs can thus act as a macroinitiator, and initiate the 
polymerization of two different monomers, for the 
“grafting from” of polymer chains growing directly 
on the CNF surface.

Surface initiated SET‑LRP: growth of the statistical 
copolymer DEG‑PgA‑CNF

The surface-initiated grafting polymerization was 
carried out in a one-step procedure via SET-LRP. The 
aim was to initiate the growth of statistical copoly-
mers made of di (ethylene glycol) ethyl ether acrylate 

(DEGEEA)(Zhang et  al. 2014b; Anastasaki et  al. 
2014; Bao et  al. 2018) and a monomer containing 
alkyne functions in the presence of the CNF-based 
macroinitiator. The SET-LRP of the two monomers 
was proceeded in the presence of a Cu(0) wire and a 
tetradentate tertiary amine ligand (Me6TREN).

In our first attempt, we tried to initiate the SET-
LRP of the unprotected propargyl acrylate. Unfortu-
nately, the CNFs could not be modified within this 
approach. Some side reactions of alkyne functions 
took place during Cu-catalyzed radical polymeri-
zations, as the terminal alkyne groups are prone to 
oxidative coupling (Glaser coupling) in the pres-
ence of CuI and oxidants, (Storms-Miller and Pugh 
2015) for example, while air exposure during the 
post-treatment. Therefore, this work employed a pro-
tection/deprotection strategy of the alkyne groups. 
This strategy allowed us to overcome those unwanted 
side reactions during copolymerization. Firstly, tri-
methylsilyl propargyl acrylate (TMSPgA) was syn-
thesized through the esterification reaction of acry-
loyl chloride and 3-(trimethylsilyl) propargyl alcohol; 
(Malkoch et al. 2005) after the protection step, both 
monomers TMSPgA and DEGEEA were copolymer-
ized onto the CNF surface (DEG-TMSPgA-CNFs). 
In the final step, the trimethylsilyl protecting group 
was removed using a tetra-n-butylammonium fluo-
ride (TBAF) solution in THF and acetic acid (AcOH) 
as the buffering agent to finally yield the deprotected 
alkyne group, DEG-PgA-CNFs (Scheme 1b).

The efficiency of the co-grafting polymeriza-
tion of DEGEEA and TMSPgA onto CNFs was first 
evaluated with ATR-FTIR (Fig. 2c). Compared to the 
CNF-MI spectra, the carbonyl band at 1733  cm−1 in 
the DEG-TMSPgA-CNFs and DEG-PgA-CNFs spec-
trum drastically increase due to the multiplication of 
the ester group number of the polymer repeating unit. 
The band localized at 1250  cm−1 and 700  cm−1 are 
attributed to trimethylsilyl groups (TMS, Si(C–H3)) 
of the TMS-protected alkynes. This also confirmed 
that no cleavage of the trimethylsilyl group from the 
TMS-protected alkynes occurred during and after the 
surface-initiated polymerization onto CNFs.

After the deprotection step, and the removal of 
the trimethylsilyl groups from the CNF surface, the 
absorption bands located at 1250 cm−1 and 700 cm−1 
disappear from the ATR-FTIR spectra, while the sig-
nals from carbonyl remain the same. Unfortunately, 
the alkyne groups on CNFs are more difficult to 

Fig. 2   ATR-FTIR spectra of a Pristine CNFs, b CNF-MI, c 
DEG-TMSPgA-CNFs and d DEG-PgA-CNFs
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Fig. 3   CP/MAS 13C-NMR sprectra of a Pristine CNFs, b CNF-MI, c DEG-TMSPgA-CNF, d PgA-CNFs

Fig. 4   Click chemistry reaction of DEG-PgA-CNFs and 3-azido-7-hydroxycoumarin: a DEG-PgA-CNFs before the reaction, b 
After the reaction with the fluorescence of 3-azido-7-hydroxycoumarin
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observe on the spectrum and it remains difficult to dis-
tinguish and differentiate them from the background 
clearly. We further extend the characterization of the 
product with the solid-state CP-MAS 13C-NMR and 
the spectra are exposed in Fig. 3. The CP-MAS 13C-
NMR results are consistent with the results obtained 
with the ATR-FTIR. Besides observing, the char-
acteristic CNF peaks, an additional peak located 
at 175  ppm (C7) appear and is attributed to the car-
bonyl bonds and the accumulated ester groups of the 
polymer repeating units. The peak at 0  ppm (C23) 
is attributed to the trimethylsilyl protecting group. 
After the deprotection step, besides the disappearance 
of trimethylsilyl groups, a signal at 76 ppm (C22) is 
detected from a board peak overlapped CNFs (C4) and 
is attributed to the deprotected alkyne groups.

Click chemistry azide‑alkyne cycloaddition of alkyne 
modified CNFs and various fluorescent azides dyes

The proof of the presence of alkyne functions via click 
chemistry with 3‑azido‑7‑hydroxycoumarin

As mentioned earlier, the surface modification of 
CNFs through SET-LRP and various monomers was 
effective; however, the direct presence of the alkyne 
functions onto CNFs was difficult to observe, and their 
presence has to be confirmed through the combination 

of two characterization techniques. Therefore, to 
ensure the presence of the alkyne function onto our 
CNFs, we performed a test click reaction with the 
DEG-PgA-CNFs and the 3-azido-7-hydroxycoumarin 
in DMSO/H2O (Fig.  4). An interesting parameter is 
the 3-Azido-7-hydroxycoumarin fluorescence proper-
ties can only be revealed when the dye reacts with an 
alkyne function and form 1,2,3-triazole through Cu-
catalyzed cycloaddition reactions, otherwise the fluo-
rescence is quenched (Sivakumar et  al. 2004). After 
few minutes, the CNF suspension became highly fluo-
rescent, and after several purification steps, the lumi-
nescent CNFs were isolated (Fig. 4).

It should also be stated that this Cu-catalyzed 
cycloaddition reaction was also performed using 
unmodified CNFs and CNF-MI (within the same Cu-
catalyzed condition). In both cases, the suspensions 
remained colorless even under UV-light, no reaction 
occurred since no alkyne function was present (Fig. 4, 
Picture a). Excessive reagents are unfortunately gen-
erally needed to ensure the molecules attachment 
onto the CNF surface, while the exact amount is still 
challenging to estimate and even more specifically in 
our case. In our work, the incorporated reagents for 
click chemistry were calculated on the free alkyne 
groups of DEG-PgA-CNFs with 100% chemical con-
version of SET-LRP and deprotection (1 µmol alkyne 
groups in 0.4  mg DEG-PgA-CNFs, dry). 2 equiva-
lents of azide based on alkyne groups were used for 

Fig. 5   Left UV–Vis spectra of a Pristine CNFs, b Coumarin@
DEG-PgA-CNFs; Right Confocal scanning laser microscopy 
imaging of coumarin derivate labelled on the polymer modi-

fied CNFs (Fluorescence image obtained at an excitation wave-
length of 488 nm, red color)
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fast reactions and concerning low alkyne contents; 
the concentration of the Cu catalyst was controlled at 
250 μM for efficient reactivity. After several purifica-
tion step, the modified luminescent CNF gel was iso-
lated (Fig. 4, Picture b).

The suspension was first characterized through 
UV–Vis spectroscopy and the spectra is exposed in 
Fig.  5. The spectra of the luminescent CNFs show 
the presence of a strong absorption band at 350 nm, 
while the spectra of the unmodified CNFs do not 
show any distinct absorption band. This demonstrates 
the successful grafting of the coumarin azide dye 
onto the polymer modified CNFs through a Cu-cat-
alyzed cycloaddition with the alkyne groups (DEG-
PgA-CNF). Confocal laser scanning microscopy 
(CLSM) was used to image the coumarin labeled on 
the copolymer modified CNFs (Fig. 5, Right). From 
this CLSM image, it can be seen that fluorescent 
spots were only observed along the CNFs. Moreover, 
the fluorescence distribution appears to be homogene-
ous on the fibril surface.

Click chemistry strategy for STED high‑resolution 
imaging of modified CNFs

As exposed previously, it was possible to label a 
fluorescent coumarin dye derivative onto the CNFs 
through a Cu-catalyzed click post-modification 
reaction. Since the concept worked, our goal was 
now to label the CNFs with a specific dye and per-
form STED measurements for single-molecule stud-
ies. For this purpose, two dyes the ATTO633 & 
AF488 were labeled onto the CNFs as exposed in 
Scheme  2. Both of those dyes have a specific pur-
pose as described in the following.

The AF488 (Abs/Em = 501/525 nm), was initially 
used to easily localize the CNFs under the micro-
scope. This bright green fluorescent dye is already 
widely used in confocal microscopy and also has a 
good spectral separation with the ATTO633. The 
ATTO633 (Abs/Em = 630/657  nm) fluorescent 
dye is a red-emitting dye, used especially for the 
STED microscope due to its photophysical prop-
erties, high quantum yield and photo-stability. For 

Scheme 2   Preparation of the luminescent cellulose nanofibrils: Labeling of the two dyes ATTO633 and AF488 onto the polymer 
modified CNFs (DEG-PgA-CNF) through click-chemistry
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Fig. 6   Schematic illustration of labeling fluorescent dyes on cellulose nanofibril surfaces and hypothetical morphologies of modified 
CNFs

Fig. 7   Deconvolved STED 
images of modified cellu-
lose nanofibrils: a Isolated 
fibril, b Dispersion state of 
fibrils, c Fibril network, d 
Fibril bundle, e Cluster
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the purpose of this study, two different batches 
of fluorescent CNFs were produced, the CNFs 
labeled with the two dyes AF488 and ATTO633 
(AF488&ATTO633@DEG-PgA-CNF) as exposed 
in scheme  2, and also the CNFs labeled with only 
the ATTO633 dye (ATTO633@DEG-PgA-CNFs).

As introduced earlier, STED microscopy with 
the appropriate dyes and the optical scheme can 
normally achieve a super-high resolution (Fig.  1). 
For post-processing images, we used deconvolution 
with a standard algorithm to prevent over-decon-
volution, and an experiment specific modelled PSF 
that was validated measuring 40 nm beads exciting 
and emitting in the same wavelength ranges as the 
fibrils.

Therefore, our modified cellulose nanofibrils 
labeled with special fluorescent dyes as well as in a 
composite material are ideal objects for investigation 
with this technique.

STED and high‑resolution imaging of modified single 
CNFs

A suspension of DEG-PgA-CNFs labeled with 
AF488 and ATTO633 (AF488&ATTO633@DEG-
PgA-CNFs) or CNFs only labeled with the ATTO633 
(ATTO633@DEG-PgA-CNFs) in DMSO (0.5% w/w) 
was used for sample preparation to detect isolated 
modified CNFs and sufficient signals with clean back-
ground under the microscope.

We considered hypothetical morphologies of 
grafted polymer chains stretching away from CNF 
surfaces (Fig. 6, M1), or wrapping around on CNFs 
(Fig. 6, M2), which corresponds to fluorescent signals 
either spreading or wrapping, respectively.

Figure  7 shows a series of deconvolved STED 
images, in which the fluorophores are represented as 
red dots and formed into spaghetti-like shapes. For 
example, in Fig. 7A the fibrils exhibits a fluorescent 
strip with a width of 56  nm and a length of 9  µm, 
which match the typical dimension of CNFs produced 
by mechanical treatments. Interestingly, fluorophores 
on this strip display a periodical interval (Fig.  7a) 
with red luminescent dots followed by empty (black) 
space, which can represent either grafted di(ethylene) 
glycol chains or unlabeled alkyne function on the 
CNF surfaces. As mentioned earlier, excess azide dye 
was employed to ensure the full functionalization of 
the alkyne groups.

This periodical interval phenomenon was observed 
among all the CNF images and all our different CNF 
samples. The study of the morphology of the poly-
mer-modified CNFs revealed that the grafted polymer 
chains wrap around the CNF surfaces (Fig.  6, M2). 
In other words, the arrangement of the fluorophores 
expresses the dimension and morphology of the cel-
lulose nanofibrils and is mostly not influenced by the 
grafted polymer.

The interactions between several CNF nano-
structures were further observed and discussed. Fig-
ure  7b provides an overview of the representative 
CNFs with various inter-fibrillar structures, which 
could be observed with the STED. The inter-fibrillar 
nanostructures can be summarized into three types 
(Fig. 7c–e): homogeneous network, fibril bundle and 
cluster. The homogeneous network is formed by sin-
gle fibrils interacting with distances of max. 0.5 µm 
between them (Fig.  7c); a fibril bundle consists of 
several aligned fibrils with a thin gap (approx. 50 nm) 

Fig. 8   a FESEM image of Fibrils/PVA composite, b STED 
image of fibrils in PVA
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in between (Fig. 7d); a cluster involves all entangled 
fibrils/bundles with a minimal (below 10  nm) gap 
(Fig. 7e).

More isolated fibrils or homogeneous networks 
are desired when dispersing CNFs in a solvent, e.g. 
DMSO, to form a stable suspension. For this, mono-
mers with more extended hydrophilic groups, such as 
oligo(ethylene glycol), can be used for modifying the 
CNF surface, as the long hydrophilic groups interact 

effectively with solvent molecules (DMSO&H2O) 
and better suppress the inter-fibril interaction.

It should also be noted that for a same chromo-
phore, the brightness of the fluorescent signals is 
directly proportional to the fluorophore concentration. 
This concentration effect can, in some cases, indi-
cate an inhomogeneous dispersion of the CNFs, e.g. 
high density of dye due to large fibril aggregation. 
This aggregation phenomenon will lead to complete 

Fig. 9   Schematic illustration of a STED imaging of fibrils 
dried from DMSO, b Detecting distribution and morphology 
of modified CNFs in a PVA composite: (i) Model of modified 
CNFs in PVA, (ii) Concept map overview of modified CNFs in 

PVA: “In-Focus” lights in circle, “Out-of-Focus” lights in rec-
tangle, (iii) Concept image of focused modified CNF structure 
in PVA
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saturation of the fluorescence signal and STED meas-
urement can therefore not be performed.

STED and high‑resolution imaging of modified CNFs 
in PVA

As previously introduced, the morphology of CNFs in 
composites is generally studied via microscopic tech-
niques, such as AFM, SEM and TEM. A downside of 
these techniques is that the distinction between CNFs 
and the matrix (e.g. PVA) is difficult or not possible. 
For instance, Fig. 8a shows the surface of a modified 
CNF/PVA composite detected by FESEM, where 
the modified CNFs are fully buried. A significant 

difference can be obtained by STED microscopy that 
modified CNFs labeled with fluorescent dyes are illu-
minated and revealing not only their morphology but 
also the spatial configuration within a PVA matrix 
(Fig. 8b).

We here firstly investigated the possibility to image 
isolated CNF nanostructure through STED micros-
copy. We now aimed to extend the study and see if 
the morphology of the modified CNFs embedded in a 
PVA composite could be investigated through a com-
bination of CSLM and STED microscopy (Fig.  9). 
CSLM microscopy is a convenient microscopic tech-
nique, which can illuminate the entire specimen of 
interest and localized all the chromophores rapidly 

Fig. 10   Microscopic 
images of modified CNFs 
(0.5% w/w) in PVA (10% 
w/w): a Deconvolved 
confocal image of cluster 
of AF 488&ATTO 633@
DEG-PgA-CNFs, b, Map 
overview of ATTO633@
DEG-PgA-CNFs in PVA 
Matrix, c Deconvolved 
STED image of cluster of 
ATTO633@DEG-PgA-
CNFs, d Intrafibrillar 
network, e Single fibrils 
from a bundle
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at once. Combining CSLM and STED microscopy, 
we were able to localize the fluorescently labeled 
CNFs (AF488&ATTO633@DEG-PgA-CNFs and 
ATTO633@DEG-PgA-CNFs) and observe their 
distribution in the three dimensional PVA matrix 
(Fig. 9b). Despite the fact that both dyes had a spe-
cific function in our materials, we rapidly found out 
that the behavior of those two samples was com-
pletely different when mixed with the PVA matrix, 
and only when mixed.

In the previous STED observation, fibrils were 
directly deposited on a cover glass through solvent 
evaporation, and all the fibrils were all on the same 
focal plane (Fig. 9a). But now, CNFs are distributed 
in a PVA matrix with a thickness of approx. 10 µm, 
creating a 3D environment (Fig. 9b). CNFs can either 
disperse or form aggregates in different locations of 
the PVA matrix at different heights, and therefore 
be either on the “in-focus” plane or be observed as 
blurry spots when CNFs are on a “out-of-focus” 
plane.

The distribution and the localization of the CNFs 
in the PVA matrix were firstly observed with the 
CSLM microscope, so a large overview could be 
created (Fig.  10a, b). As mentioned previously, 
both dyes had a specific function in our materi-
als, but their behavior was completely different 
when mixed with the PVA matrix. In Fig. 10a, the 
AF488&ATTO633@DEG-PgA-CNF show only 
large aggregates (between 50–100  µm). Those 
aggregates could not be studied by STED as the 
density of chromophore was too substantial, creat-
ing a complete saturation of the signal.

Interestingly for the other sample, ATTO633@
DEG-PgA-CNFs, much smaller aggregates could 
be first observed with the CSLM (Fig.  10b). How-
ever, when those fibrils were studied with the STED, 
clear inter-fibrillar structures, fibril networks were 
observed, with a distinct distance between each fibril.

More detailed structures inside the aggregates 
of ATTO633@DEG-PgA-CNFs were revealed 
(Fig.  10c–e). Fibrils still formed a relatively 

Fig. 11   ATTO633@
DEG-PgA-CNFs in a PVA 
matrix: a STED image, b 
FESEM Image
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homogeneous network with a distance of max. 0.2 µm 
in between; fibril bundles are associated tightly in 
PVA.

Through STED microscopy, the modified CNFs 
embedded in a PVA composite are finally exposed. 
Now we can extrapolate fibrils detected by FESEM. 
Figure 11b show a classic grey-scale image obtained 
by FESEM, which shows an aggregate of ATTO633@
DEG-PgA-CNFs on the outer face of a PVA matrix, 
while the deeper structure remains buried. To sum up, 
STED microscopy manifests its remarkable perfor-
mance for the fibril morphology study.

Conclusions

We have devised a tunable strategy to surface mod-
ify CNFs via a combination of Cu0-mediated radi-
cal polymerization and CuI-catalyzed alkyne-azide 
cycloaddition. The spectra of ATR-IR and solid-state 
13C-NMR demonstrated that CNF-based macroini-
tiators were synthesized and initiated the growth 
of statistical copolymers on CNF surfaces via SET-
LRP. Furthermore, the effectivity of induced termi-
nal alkyne groups was proven by the restored fluo-
rescence of 3-azido-7-hydroxycoumarin via click 
chemistry. This versatile strategy could be adapted to 
modify CNFs with desired properties for applications 
in a broad scope.

The novelty of our work lies in the morphol-
ogy study of modified CNFs investigated through 
laser scanning microscopy and STED microscopy. 
With these techniques, modified CNFs embedded in 
a PVA composite were also detected and visualized 
nondestructively.

In deconvolved STED images, we found out that 
the grafted polymer chains wrapped around CNFs 
and thus the dimension of CNFs were outlined. We 
measured over 30 specimens with widths ranging 
from 56 to 68  nm and lengths of several microm-
eters, which match the typical dimension gained by 
mechanical treatment CNF production. The present 
study has explored the behaviors of CNFs dried 
from DMSO, including single fibrils, fibril net-
works, fibril bundles and clusters. The behavior of 
CNFs in a DMSO suspension needs to be explored 
further.

The distribution and morphology of modified 
CNFs embedded in a PVA composite with a thickness 

of approx. 10 µm were revealed through a widefield 
microscope and CLSM/STED microscopes.
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