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ABSTRACT: A wood based yarn platform for capturing
pharmaceutical molecules from water was developed. Cellulose
fiber yarns were modified with cyclodextrins, and the capture
of 17α-ethinyl estradiol (EE2), a synthetic estrogen hormone
used as contraceptive, from water was tested. The yarns were
prepared by spinning a deep eutectic solution (DES) of
cellulose in choline chloride-urea. Despite their high porosity
and water sorption capacity (5 g/g), the spun fiber yarns
displayed high wet strength, up to 60% of that recorded in dry
condition (128 MPa with 17% strain at break). Cyclodextrin
irreversible attachment on the yarns was achieved with
adsorbed chitosan and the conjugation reactions and capture
of EE2 by the cyclodextrin-modified cellulose were confirmed via online detection with Surface Plasmon Resonance (SPR). The
facile synthesis of the bioactive yarns and EE2 binding capacity from aqueous matrices (as high as 2.5 mg/g) indicate excellent
prospects for inexpensive platforms in disposable affinity filtration. The study presents a strategy to produce a wood fiber based
yarn to be used as a platform for human and veterinary pharmaceutical hormone capture.

■ INTRODUCTION

Besides their advantages as far as carbon neutrality, wood-based
cellulose materials have an extraordinarily large application
potential due to their cost, biodegradability, and recyclability.
They are suitable for manufacturing both long-lasting and
disposable products that compete favorably against oil-based
materials.1,2 Cellulosic fibers and fibrils are widely utilized in
applications that include paper and board, films, filters,
absorbents, and nonwoven materials for hygiene and home
care.3 Because lignocellulosics typically are hydrophilic, they
tend to swell when in contact with water and swell extensively,
especially if they are present in open structures. This is due to
the hydroxyl groups of cellulose, which form hydrogen bonds
with water molecules.4 It is thus reasonable to state that the
extent of water sorption is mainly limited by the number of the
accessible hydroxyl groups.5−7 In contrast to native fibers and
fibrils, cellulosic man-made filaments, for example, produced by
regeneration,8 have a dominant dense, crystalline cellulose
structure that limits water uptake.6 Recently, we reported a
method to produce yarns by spinning native cellulose fibers
dispersed in a deep eutectic solvent (DES).9 This method
combined the water absorbing character of wood fibers with the
characteristic one-dimensional structures in regenerated
cellulose filaments.

Global awareness of environmental risks posed by estrogen
based human and veterinary pharmaceutical hormone residues
in sewage waters has raised during recently.10,11 Since
conventional water purification systems are not capable to
remove these residues, they end up in rivers, lakes, and seas.
This is a major problem given the fact that synthetic hormone
steroids have numerous negative consequences in humans,
livestock, and wildlife.12 One of the most persistent steroid
hormones, 17α-ethinyl estradiol (EE2), is widely used in
contraceptive pills. The concentrations of the EE2 in river
waters in Europe and the US have been reported to reach levels
of 0.35 and 831 ng/L, respectively.13,14 Estrogen hormones
have been utilized in pharmaceutical veterinary operations to
increase the meat production, and thus, the estrogen hormone
(E1 (estrone), E2 (estradiol), and E3 (estridiol)) levels up to
75 μg/L in the sewage waters have been reported.
The capture of estrogen hormones from water can be carried

out by using affinity binding approach. Antiethinyl estradiol
antibodies has been reported to bind specifically EE2 from
water matrices.15−20 However, the use of antibodies in large
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volume applications has been difficult due the ethical and
economic implications. An alternative to antibodies are
cyclodextrins that are known to remove organic micro-
pollutants from water.21 Cyclodextrins are ring shaped
glucose-based structures with hydrophobic cavities that have
been used for the solubilization of hydrophobic molecules in
water in a wide range of applications (pharmacy, food,
chemistry, chromatography, catalysis, biotechnology, agricul-
ture, cosmetics, hygiene, medicine, textiles, and the environ-
ment).22−24 Since cyclodextrins only display hydroxyl func-
tional groups on their outer surfaces, chemical modification is
required covalent binding to the hydroxyl groups of cellulose.25

A large number of chemistries to immobilize cyclodextrins onto
cellulose have been reported.26 Typically, these methods are
unable to control the orientation of the cyclodextrin on the
surfaces of the given substrate. Thus, there is a need for new
avenues to covalently immobilize cyclodextrins on cellulose
surfaces in an oriented manner, for example, by utilizing
primary amine-containing molecules as a molecular anchor. An
advancement in this direction was the use of 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO)-mediated oxidation to
develop carboxylate groups from the C6-hydroxyls of cyclo-
dextrins.27 This opens the possibility for cationic biopolymers,
such as chitosan, which can conveniently add amine groups
onto the cellulosic materials,28,29 taking advantage of its
glucosamine units and the strong affinity between the two
polysaccharides.30,31

In this work, the water absorption properties of cellulose
fiber yarns, their high wet strength and affinity to chitosan, were
combined with the immobilization of TEMPO-oxidized
cyclodextrins for the capture of 17α-ethinyl estradiol from
aqueous matrices (Scheme 1). The carboxylation of the β-
cyclodextrin was investigated by 1H NMR and Fourier
transform infrared (FTIR) measurements. The immobilization
reactions and EE2 capture were confirmed with surface
plasmon resonance (SPR). The studies indicated that
carboxylated β-cyclodextrin can be conjugated onto the
cellulose surface by using chitosan as an anchor, and the

cyclodextrin-functionalized surface was produced a five-fold
increase in EE2 capture when compared to the reference
system, cyclodextrin-free, chitosan-modified cellulose. The
proposed platform represents an advancement toward the
development of cellulose materials that are able to selectively
remove harmful hormone estrogens from water.

■ EXPERIMENTAL SECTION
Materials. Bleached pine chemical pulp fibers (Metsa ̈ Pulp,

Finland) were used for fiber yarn manufacture. For experiments with
SPR, bleached birch pulp fibers (Metsa ̈ Pulp, Finland) were used to
prepare cellulose nanofibril (CNF) surfaces. β-Cyclodextrin (#C4767,
purity >97%), choline chloride (#C1879, purity >98%), TEMPO
(#214000, 2,2,6,6-tetramethyl-1-piperidinyloxy, free radical, purity
98%), urea (#U5378, purity >98%), PAA (#181285, poly(acrylic
acid) , Mv ≈ 450 kg/mol), EDC (#03450, N-(3-dimethylaminoprop-
yl)-N′-ethylcarbodiimide hydrochloride, purity >98%), NHS
(#130672, N-hydroxysuccinimide, purity 98%), and EE2 (#E4876,
17α-ethinyl estradiol, purity >98%) were obtained from Sigma-Aldrich,
Finland. Gold-coated sensors for surface plasmon resonance (SPR)
were obtained from Bionavis Ltd., Finland. All other chemicals used in
this study were laboratory grade. Water was double purified by a Milli-
Q device.

■ METHODS
Preparation of Fiber Yarn by Using the DES Method. The

cellulose fiber yarn used in this study was prepared by using a deep
eutectic solvent (DES) as a spinning medium, as described elsewhere.9

Briefly, never dried cellulose fibers were first washed to sodium form
by lowering the pH of the suspension (to pH 2 with hydrochloric
acid). After one-hour acid treatment, the fibers were washed several
times with deionized water followed by titration into the sodium form
by addition of NaHCO3. Finally, the excess sodium hydrogen
carbonate was removed by washing the fibers with Milli-Q water.
Bleached pine fibers were washed with water and acetone using
filtration cycles followed by acetone evaporation in a vacuum oven at
40 °C.

The spinning medium, DES, was prepared by mixing choline
chloride and urea (1:2 ratio) by using known procedures.32 In a 1-L
reactor vessel, the washed cellulose fibers were mixed overnight into
DES under constant stirring (4.5 w-% cellulose fibers content, 100

Scheme 1. EE2 Hormone-Capturing Fiber Yarns Obtained by DES Solution Regeneration and Synthesized by First Adsorbing
Chitosan Followed by Covalent Conjugation of Carboxylated Cyclodextrinsa

aCyclodextrin moieties were able to bind EE2 hormones non-specifically from water matrices.
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°C). When a uniform spinning dope was achieved, PAA (10 w-%) was
added by utilizing a speed mixer (FlackTek Inc., UK) under constant
1600 rpm for 10 min in vacuum. The fiber yarn was prepared by using
a laboratory scale spinning device by using ethanol as coagulant. The
spinning rate was kept constant, ∼1.4 mL/min, and the nozzle
diameter was 0.63 mm. After spinning, the prepared fiber yarn was
kept in fresh ethanol for two hours to remove the DES solvent and the
yarn was dried in ambient conditions. The fiber yarn, carrying 10%
PAA, was cross-linked by using a laboratory oven (140 °C for 30 min)
following the procedure presented earlier by us.33 The detailed
procedure and analyses of the fiber yarn properties can be found in
Tenhunen et al.9

Mechanical Strength of Fiber Yarn in Dry and Wet
Conditions. The mechanical strength of the fiber yarn was measured
by utilizing an Instron Universal Testing Instrument (model 33R4204)
operating in tensile mode, with a 100 N static load cell attached. A
strain rate of 2 mm min−1 was applied to each specimen (average
dimensions ∼20.00 mm length, ∼100 μm diameter), with samples
conditioned at 23 °C and 50% relative humidity for at least 88 h prior
to analysis. Results presented are the average of five repetitions.
Water Absorption Properties of Fiber Yarn. Swelling of the

fiber yarn was tested by utilizing the gravimetric equilibrium swelling
test. First, 3 cm long fiber yarns were kept in a desiccator overnight
followed by weighting (w0). The weighted samples were then placed
into Milli-Q-water for two hours. After swelling, the samples were
shortly wiped with a blotting paper and reweighted (w1). The water
swelling capacity of the fiber yarn was calculated from seven
repetitions.
The amount of loosely bound water in the swollen fiber yarn was

tested by following the ISO 17190−6 standard. A preweighed fiber
yarn pad was placed into a centrifugal sack, which was subsequently
immersed in Milli-Q-water for 30 min. The loose water in the fiber
yarn pad was removed by utilizing a centrifugal acceleration of 250g.
Then the sample was reweighed and the average water retention
capacity was calculated from ten parallel measurements.
The water absorption capacity under compression was measured

following the ISO 17190−7 standard. A preweighed fiber yarn pad was
allowed to swell in Milli-Q-water under 0.3 mechanical pressure of 0.3
psi for 60 min. Then the sample was weighed and the water swelling
capacity under load was calculated from two parallel repetitions.
Optical and Scanning Electron Microscopy Imaging. Swelling

of the fiber yarn in water was observed utilizing a Nikon H550S optical
microscope with a 40× TU Plan Fluor objective. The fiber yarn was
taped from the ends onto a microscope glass. A spot at the yarn
surface was imaged following the addition of a droplet of Milli-Q-water
on the yarn. When the swelling of the yarn progressed, microscope
imaging was performed. The thickness of the fiber yarn was calculated
from the microscopy images by utilizing the Nikon imaging software.
The measurement was repeated five times to calculate the average
value for the swelling.
The SEM imaging was performed by utilizing a Merlin FE-SEM

(Carl Zeiss NTS GmbH, Germany) with gold sputter coating. First, all
samples were fastened onto aluminum specimen stubs with double-
sided carbon adhesive discs. Then the samples were coated with a thin
layer of gold to prevent charging of sample surfaces under electron
beam. The imaging was performed using the 5 keV electron energy
with the secondary electron detector. The size of all SEM images was
fixed at 2048 × 1536 pixels.
Selective TEMPO-Oxidation of β-Cyclodextrin. β-Cyclodextrin

was first selectively carboxylated by using neutral TEMPO-NaClO-
NaClO2 oxidation.

34 One gram of β-cyclodextrin was dissolved in 90
mL of sodium phosphate buffer (0.05M, pH 6.8). Then 0.016 g of
TEMPO (0.1 mmol/g) and 1.13 g of sodium chlorite (80%, 10 mmol)
were dissolved into the cyclodextrin solution. The TEMPO-oxidation
was initialized by an addition of sodium hypochlorite in the reaction
buffer (1.0 mmol/g concentration in the reaction solution). The
reaction was allowed to proceed in a closed bottle under laboratory
conditions (23 °C) for 19.5 h. The carboxylate β-CD was purified by
dialyzing against Milli-Q-water in a 100−500 Da dialysis membrane
tube (MWCO 500 Da, Spectra/Por, Spectrum laboratories) until no

changes in conductivity of the dialyze water were observed. The
purified TEMPO-oxidized β-cyclodextrin (referred as TO-CD) was
dehydrated by using a rotary evaporator and subsequent lyophilization
via freeze-drying. The dry TO-CD powder was stored in a desiccator
until use. As a reference, alkaline TEMPO-NaBr-NaClO reaction
(room temperature, TEMPO 0.13 mmol/g, NaBr 4.7 mmol/g, NaClO
5.65 mmol/g, pH 10, oxidation time 30 min)35 was tested on the
carboxylation of CD. The alkaline TEMPO-oxidized CD was purified
using the same procedure used with neutral TEMPO-mediated
oxidation.

Immobilization of TEMPO-Oxidized β-Cyclodextrin (TO-CD)
on Fiber Yarn. The fiber yarn was first aminated by adsorbing
chitosan from 50 mM NaOAC at pH 5 at a concentration of 0.5 g/L.
The yarn was placed in a large volume of the chitosan solution and it
was allowed to react for one hour. The chitosan-modified fiber yarn
was purified with the 50 mM NaOAC buffer at pH 5 several times to
remove unabsorbed chitosan. For covalent conjugation of TO-CD to
the chitosan-modified fiber yarn, aqueous EDC/NHS coupling was
utilized, which catalyzed the formation of amide bond between
carboxyl and primary amine groups.36 Then 0.025 g of TO-CD, 0.06 g
of EDC, and 0.106 g of NHS were dissolved into 50 mL of 50 mM
NaOAc buffer at pH 5. Then the chitosan-modified yarn was placed
into the reaction medium, and the solution was allowed to react
overnight in room atmosphere. The TO-CD decorated fiber yarn
(referred as CD-fiber yarn) was first washed several times with 50 mM
NaOAc buffer at pH 5 and then with Milli-Q-water to remove
unreacted chemicals. The CD-fiber yarn was removed from water by
evaporation in ambient conditions. The prepared, dry functional fiber
yarn was stored in room conditions.

Preparation of CNF Thin Films for SPR Experiments. CNF
thin films were spin coated onto gold coated SPR sensors by using PEI
anchoring.37 CNF were mechanically disintegrated from bleached
birch pulp with sequential Masuko grinding (six passes) and
microfluidization (10 passes) treatment. The individual cellulose
nanofibrils were then produced by using tip ultrasonication (0.148w-%
CNF in Milli-Q-water, 400W tip sonicator, Brandon 450 Digital
Sonifier, Branson Ultrasonics, Danbury, USA) with a 10 min treatment
time at 25% amplitude. The CNF fibril bundles were removed by
using centrifugation at 10 400 rpm for 45 min followed by collecting
fibrils from the supernatant by manual pipetting. The collected
cellulose nanofibrils were then spin-coated onto PEI coated gold SPR
sensors by using a spin coater (WS-650SX-6NPP, Laurell
Technologies, PA, USA, 3000 rpm and 90 s spinning time).

Surface Plasmon Resonance (SPR) To Verify TO-CD
Conjugation onto Cellulose and EE2 Capture by CD-Modified
Cellulose. Conjugation of TO-CD onto cellulose by using chitosan as
a molecule anchor was investigated in real-time by using a
multiparametric surface plasmon resonance instrument MP-SPR
Navi210A (Oy BioNavis Ltd., Finland). The measurements were
carried out with gold-covered SPR sensors carrying spin-coated
cellulose nanofibrils (CNF) that were utilized as a model for the
surface of the fiber yarns. The thickness of the adsorbed layer was
calculated based on the change of the SPR angle by using eq 1:38

=
Δ

−
d

l
m n n2 ( )

d angle

a 0 (1)

where Δangle is the change in the MP-SPR angle, ld is a characteristic
evanescent electromagnetic field decay length, assumed to be 0.37 of
the light wavelength (240 nm), m is the sensitivity factor for the sensor
obtained after calibration of the MP-SPR (109.94°/RIU), na is the
refractive index of the adsorbed substance, and n0 is the refractive
index of the bulk solution. The refractive indices utilized in the
estimations were 1.5 for chitosan, 1.45 for TO-CD, and 1.623 for EE2.
The adsorbed mass of chitosan was calculated from the thickness
estimation by using specific mass density of chitosan (1.77 g/cm3 for
chitosan). All SPR measurements were carried out at 23 °C with a 10
μL/min flow rate. All sample points were in duplicates, at least. The
CNF-coated SPR sensors were kept in an oven (80 °C) for 10 min to
ensure the fibrils attach to the PEI surface. The CNF-coated sensors
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were stored in a desiccator, and prior to use in SPR studies, they were
stabilized overnight in Milli-Q-water.
The SPR studies were conducted by allowing 50 mM NaOAc buffer

at pH 5 to flow over the sensor surfaces until no change in the SPR
signal was observed. The 0.5 g/L chitosan in buffer (50 mM NaOAc at
pH 5) was allowed to adsorb onto the CNF surface for 20 min
followed by rinsing with buffer (50 mM NaOAc at pH 5) to remove
nonadsorbed chitosan. The TO-CD was conjugate onto the chitosan
modified CNF surface by allowing 0.5 g/L TO-CD (50 mM NaOAc at
pH 5) with 0.06 g EDC and 0.106 g NHS to flow over the sensor
surface for 20 min. The EDC and NHS contents were two- and six-
fold, respectively, to the theoretical amount of the carboxyl groups in a
TO-CD molecule. The unreacted TO-CD molecules were removed
from the SPR chamber by allowing the buffer (50 mM NaOAc buffer
at pH 5) to flow for 30 min following the buffer exchange into 50 mM
phosphate buffer at pH 7.4. The 17α-ethinyl estradiol (EE2) binding
with the conjugated CD was tested by allowing 2 μg/mL EE2 (50 mM
phosphate at pH 7.4) to adsorb onto chitosan modified CNF surface
with and without conjugated TO-CD. The binding time was 20 min
followed by rinsing with buffer (50 mM phosphate at pH 7.4). After
SPR measurements, the sensor surfaces were shortly washed with
Milli-Q-water and stored in a desiccator prior to analysis with atomic
force microscopy (AFM).
Colloidal Probe Microscopy (AFM) Imaging of CD-Modified

CNF Surfaces. Surface topography of the CNF surfaces, before and
after TO-CD conjugation in the SPR, was characterized by an atomic
force microscope (AFM+, Anasys Instruments, Santa Barbara, USA).
The imaging was carried out by using the tapping mode with silicon
cantilevers that were obtained from μMash (tip radius 8 nm). The
image size was constant 5 × 5 μm2, and at least three different spots on
each sensor were investigated. No image processing except flattening
was utilized.
Fourier Transform Infrared Reflectance (FTIR) Microscopy

Analyses. The chemical features of β-cyclodextrin with and without
neutral TEMPO-oxidation was characterized with a Thermo Scientific
Nicolet iS50 FT-IR spectrometer with an ATR diamond (Thermo

Scientific, USA). Also, the chemistry of the fiber yarn was characterized
prior and after conjugation of cyclodextrin via chitosan attachment. All
spectra were obtained from 32 scans with a resolution of 4 cm−1 and
transmission mode by using the wavelength range from 400−4000
cm−1.

1H-Nuclear Magnetic Resonance Spectroscopy for Charac-
terizing Carboxylation of TEMPO-Oxidized Cyclodextrin. The
chemical structure of the β-cyclodextrin before and after neutral
TEMPO-oxidation was characterized by 1H NMR spectroscopy. NMR
spectra were recorded with a Bruker AVANCE III 500 NMR
spectrometer with a magnetic flux density of 11.7 T, equipped with a 5
mm BB(F)O double resonance probe head. Samples were dissolved in
D2O, with concentration of 30 mg/mL. All spectra were recorded at
22 °C with 32 scans for each spectrum and using a 30-degree flip angle
rf-pulse for excitation. The delay between successive scans was 1.5 s,
signal acquisition time was 2.0 s, and the spectral width 8 kHz. The
spectra were processed with TopSpin 3.5 software.

Capture of EE2 Hormone from Water Solution with
Cyclodextrin-Functionalized Fiber Yarn (CD-Fiber Yarn) by
UV−vis Spectroscopy. The ability of the CD-fiber yarn to remove
EE2 hormone from water was measured by a Lambda 900 UV/vis/
NIR spectrometer (PerkinElmer, USA). The 2.5 cm long pieces of the
CD-fiber yarn were swelled in 50 mM phosphate buffer at pH 7.4 for
overnight to prevent the swelling effect during the measurement. The
EE2 solutions in 50 mM phosphate buffer at pH 7.4 were prepared
with the concentrations of 0, 0.1875, 0.375, 0.75, and 1.25 μg/mL. The
prepared EE2 solutions were applied in measurement cuvettes
(volume 3 mL) and their light absorbances at 280 nm were measured.
Then swollen CD-fiber yarn samples were placed into the cuvettes
(one piece of the CD-fiber yarn per cuvette) and the capture was
allowed to progress for 30 min. Then the yarns were removed from the
cuvettes, and the absorbance at 280 nm was remeasured. The decrease
in the light intensity is proportional to the binding of EE2 from the
solution. As a reference, absorbent measurements were carried out
with chitosan modified fiber yarn without coupled CD. All sample
points were duplicated.

Figure 1. SEM images of the (a) surface and (b) cross-section of the fiber yarn. SEM images of the possible poly(acrylic acid) (PAA) ribbons (c) on
a cellulose fiber and (d) in the interface between cellulose fibers.
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■ RESULTS

Structural and Water Absorption Properties of Fiber
Yarn. The fiber yarn was manufactured by the utilizing the dry-
jet wet spinning approach with choline chloride/urea, deep
eutectic solvent (DES), as a spinning medium. The details of
the yarn manufacturing have been presented previously by
Tenhunen et al.9 When wood fibers in the DES solution have
been forced through a narrow nozzle, they tend to orientate

mainly into the parallel orientation (Figure 1a). Similar
behavior takes also place when regenerated cellulose or CNF
filaments are produced.39,40 The spun yarn was coagulated in
pure ethanol, an antisolvent for cellulose fibers and poly(acrylic
acid) (PAA). When all DES was removed from the fiber yarn, it
was dried in air followed by cross-linking in an oven.33 The
produced yarn had a porous inner structure, seen as open fiber
lumens and cavities between the cellulose fibers (Figure 1b).

Figure 2. Optical microscopy images of a fiber yarn (a) before and (b) after placing a water droplet on the yarn.

Figure 3. (a) FTIR spectra of the β-cyclodextrin before and after TEMPO-oxidation with alkaline and neutral TEMPO-mediated oxidation. (b) 1H-
NMR spectra of β-cyclodextrin before and after TEMPO-oxidation. (i) nonoxidated cyclodextrin. (ii) TEMPO-oxidized cyclodextrin, neutral
conditions. (iii) TEMPO-oxidized cyclodextrin, alkaline conditions.
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The thickness of the produced fiber yarn was approximately
320 μm. The thickness of the yarn was significantly larger
compared to that of typical regenerated cellulose filaments due
to the dimensions of used cellulose fibers.8 On the SEM images
was evidence of polymeric ribbons between the fiber surfaces
(Figure 1c,d). The actual chemical content of the ribbons is not
clear, but it can be speculated that the added cross-linker, PAA,
formed polymeric ribbons onto the fiber surfaces and physical
bridges between the cellulose fibers.
Cellulose fiber materials have typically poor wet strength

properties since the material bonding takes place through
hydrogen bonds, which are disrupted by water.41 The
conditioned dry strength of the fiber yarn was approximately
128 ± 16 MPa that was reduced to approximately 65 ± 9 MPa
when the yarn was kept in water. Therefore, it is evident that
that the PAA cross-links the fiber structure. Moreover, the wet
elongation of the fiber yarn was smaller compared to dry
elongation (10 ± 1 vs 17 ± 4%, respectively), conceivably due
to the PAA bridging between fibers. The mechanical properties
of the produced fiber yarn were lower compared to that of
reported for regenerated cellulose and CNF filaments.8,39,42−45

The reason for this observation is the lower specific surface area
of wood fibers that leads to smaller number of hydrogen bonds
and the porous inner structure.
The free swelling capacity of the prepared fiber yarn was

approximately 4.9 ± 0.8 g/g. The measured value is
significantly higher compared to that reported for cotton and
regenerated viscose rayon, lyocell, and modal fibers (0.31−0.33,
0.36, 0.22, and 0.17 g/g, respectively).46−49 The water in the
fiber yarn was loosely bound, which can be seen in the lower
water retention capacity (1.7 ± 0.2 g/g) when centrifugation
was applied. However, the value is almost twice to that of neat
cellulose fibers, which highlights the effect of PAA.4 The
manufactured fiber yarn resisted compression significantly since
the swelling under compression of the yarn pad was 9 ± 1 g/g.
The fiber yarn expanded significantly when it came into contact
with water (Figure 2). The thickness of the fiber yarn increased
approximately 166% (dry and wet thicknesses of 324 ± 25 and
539 ± 50 μm, respectively) when a droplet of water was applied
on the yarn. This correlates with the cross-section area change
of 276% (the fiber yarn cross-section was assumed to be a
circle). The most probable reason for the observed large
expansion is the contribution of PAA, a known water
superabsorbent. The observed expansion potential is signifi-
cantly higher than that of regenerated cellulose filaments. As an
example, lyocell filaments have been reported to expand
approximately 30% when kept in water.50

Carboxylation of β-Cyclodextrin with Neutral TEMPO-
Oxidation. Both neutral and alkaline TEMPO-mediated
oxidation chemistries were applied for the selective carbox-
ylation of CD molecules. The recorded FTIR spectra (Figure
3a) reveled clearly that both TEMPO-oxidation approaches
successfully installed carboxyl moieties on CD molecules. This
can be seen from the appearance of two new peaks at 1600 and
1411 cm−1 wavenumbers, assigned to the characteristic peaks of
carboxylic acid salts.51 Compared to the neutral oxidation, the
alkaline TEMPO-oxidation caused more extensive carboxyla-
tion; the peak intensity after alkaline oxidation at 1600 and
1411 1/cm were larger compared to that after neutral oxidation.
However, on the basis of the FTIR analysis, it is not possible to
speculate if the ring structure of CD was damaged during the
carboxylation.

The 1H NMR measurements were carried out to verify that
TEMPO-oxidation did not break the ring structure of CD.
Figure 3b shows the spectra from a reference nonoxidized b-
cyclodextrin sample, and TO-CD with oxidation carried out in
neutral and alkaline conditions. The signals from nonoxidized
CD are in an agreement with earlier reports,52 and resolved to
the extent that the J-couplings can be readily observed. The
relative intensity of the signal from H6 at 3.77 ppm decreased
in the spectrum of the TO-CD, indicating disappearance of the
CH2−group due to the oxidation. However, the 1H NMR
spectrum of the TO-CD oxidized in alkaline conditions shows
only broad featureless signals. A potential cause for the
observed signal broadening is an opening of the dextrin ring
in the alkaline oxidation reaction. After breaking of the CD ring
(deuterated), water becomes less favorable solvent for it,
leading to aggregation of the molecules. On the other hand, the
spectrum of TO-CD from neutral reaction conditions still
showed signals with narrow line widths, albeit overlapped with
increased complexity, suggesting that the ring structure
remained intact during the oxidation. However, some evidence
of degradation of the CD molecule can be observed, for
example, the relatively weak unresolved signals at 4.2−4.0 ppm.
According to diffusion ordered spectrum (DOSY, data not
shown), these belong to a species with a slightly larger diffusion
coefficient, which could indicate breaking of the small portion
from CD into smaller fragments. Earlier, alkaline TEMPO-
mediated oxidation has been utilized in the selectively oxidation
of C6 hydroxyls of a CD molecule.27 In that study, the alkaline
TEMPO-oxidation was carried out in an ice bath that caused
slower reaction (while also preventing unwanted side
reactions), which can explain the difference with our results
conducted in room temperature. Moreover, it has been shown
that compared with the alkaline TEMPO-oxidation, the neutral
conditions favors a more gentle carboxylation of the cellulosic
materials.34

Surface Plasmon Resonance (SPR) To Verify Con-
jugation of TO-CD to Cellulose and EE2 Capture. CNF
films were used as models for the surface of wood fiber. The
SPR study showed that the chitosan adsorbed irreversibly onto
the CNF surface (Figure 4a). The average thickness of the
adsorbed chitosan layer was estimated to be approximately 0.53
nm (surface coverage of approximately 93 ng/cm2). In an acidic
solution, the amine group of chitosan are positively charged,
producing a favorable electrostatic interaction between slightly
anionic CNF and positively charged chitosan.29,53 Moreover,
chitosan and cellulose have identical backbones that cause a
natural affinity for adhesion.54 These two factors cause the
chitosan to adsorb strongly onto cellulose with a flat adsorption
configuration.29 When TO-CD with EDC and NHS was
injected onto the chitosan-modified surface, a large raise in the
SPR signal was observed. This is explained by the liquid effect
since the SPR method is also sensitive to the changes in the
refractivity of the bulk liquid.55 After rinsing, the signal did not
return to the starting level, which indicates that the CD was
bound onto the chitosan modified cellulose surface. The
average thickness of the CD layer was approximately 1 nm,
which correlates rather well with the height of a β-CD molecule
(0.78 nm).56 This result suggests that the adhered CD layer was
likely in the form of a monolayer. The SPR estimation were
carried out with pure CNF surfaces, whereas the fiber yarn
contain 10% of PAA. Its effect on the chitosan adsorption and
subsequent CD coupling was not studied with the SPR. We can
assume that anionically charged PAA increases chitosan
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adsorption on the fiber surfaces via electrostatic interaction.
Moreover, small part of carboxyls of PAA can be coupled with
amines of chitosan within the EDC/NHS activation.
The binding of 17α-ethinyl estradiol (EE2) on the CD

modified CNF surface was tested also by SPR. It was observed
that the adsorption of the EE2 was five-fold higher when
conjugated CD was present on the chitosan-modified CNF
surface (Figure 4b). The thicknesses of the adsorbed EE2 layers
on the chitosan modified CNF without and with conjugated
CD were approximately 0.095 and 0.5 nm, respectively. The
small EE2 adsorption on chitosan is mostly caused by the
hydrophobicity of EE2 (solubility in water 9.2 μg/mL).57 The
development of biosensors to detect steroid hormones from
sewage waters by using the SPR method has already been
discussed in detail.20

The topological changes on the CNF surface after chitosan
adsorption and subsequent CD conjugation were imaged by
AFM. The pure CNF surface composed of cellulose fibrils that
were evenly spread on the SPR sensors (Figure 5a). When
chitosan was adsorbed onto the CNF surface, no drastic
changes in topology of the fibrils were observed (Figure 5b).
This is accordance with the SPR measurement where the
adsorbed chitosan layer was observed to be thin. The RMS
roughness values of the CNF surface with and without
adsorbed chitosan were 4.53 ± 0.3 and 3.75 ± 0.25 μm,
respectively. This result suggests that chitosan forms an even
adsorption layer on the CNF surface. Also, changes on the
surface topography after CD conjugation were limited (Figure
5c). The dimensions of a CD molecule have been reported to
be 0.78 × 15.4 nm2.56 Therefore, when these molecules are
packed densely on a surface, no significant changes in
topography should be observed by AFM (the radius of the
used AFM tip was 8 nm). The AFM measurements were
carried out with pure CNF films, whereas fiber yarn contain
10% of PAA, the effect of which on the topography of CNF
surface was not studied with AFM. In the manufacture of fiber
yarn, PAA attachment on the fiber surfaces takes place through
precipitation with ethanol and subsequent evaporation, which
are difficult to analyze with CNF thin films.

Preparation of CD Functionalized Fiber Yarn. The
conjugation of TO-CD onto the fiber yarn was carried out
similarly as in the SPR studies. The fiber yarn was kept in a
chitosan solution followed by the purification with the buffer to
release loosely adhered chitosan. Then the chitosan-modified
fiber yarn was placed into the TO-CD solution with EDC and
NHS for overnight. When the reaction was carried out, the CD-
fiber yarn was purified with buffer washing and dried in
laboratory conditions. The conjugation process was followed
indirectly by using the FTIR-ATR technique. The fiber yarn
contains 10% of PAA as a wet strength additive that is seen as
two new peaks at 1710 and 1560 1/cm (Figure 6), compared to
the spectrum of the neat fibers, which correlate with the
carboxylic acid and carboxylic salt.51 The fingerprint region
(900−1200 1/cm) of cellulose was identical to that reported
for native cellulose.58 When the fiber yarn was treated with
chitosan, a small decrease in the peak at 1560 1/cm
(carboxylate) was observed. Moreover, a small elevation at
1640 1/cm was observed that correlates with the NH-bending
of primary amines.51 When TO-CD was conjugated onto the
chitosan modified fiber yarn, a clear elevation at 1640 1/cm was
observed again that correlates with the amide bond formation

Figure 4. (a) Surface plasmon resonance (SPR) spectrum on the
conjugation of TEMPO-oxidized β-cyclodextrin on the CNF surface
with EDC/NHS chemistry by using chitosan as an anchor. (b) SPR
spectra on the adsorption of 17α-ethinyl estradiol (EE2) on the
chitosan modified CNF with (blue curve) and without (green curve)
conjugated β-cyclodextrin.

Figure 5. AFM height images of (a) pure CNF surface, (b) chitosan modified CNF surface, and (c) β-cyclodextrin functionalized CNF surface by
using chitosan as an anchor. The Z-scale of the images is 10 nm.
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(peak range for amide bond is 1680−1630).51 It is important to
note that from the FTIR signal it is not possible to isolate the
small effect of possible amine bond formation in the interface
between chitosan and PAA. However, taking the SPR and FTIR
measurements together, the success in the conjugation of TO-
CD onto the fiber yarn can be concluded. The fiber yarn with
and without chitosan adsorption and subsequent TO-CD
conjugation were also characterized by utilizing the SEM
imaging (Figure S1, Supporting Information). However, no
significant changes in the topography of the yarns were
observed. This further proves that the investigated conjugation
method was gentle for cellulose materials.
Capture of EE2 from Water with CD-Fiber Yarn. The

EE2 capture of the prepared CD-fiber yarn was evaluated by
using indirect UV−vis absorbance measurements. The
investigation was performed by comparing the change in the
EE2 concentration when a piece of CD-fiber yarn was kept in
the solution for 30 min. Before the measurements, the CD-fiber
yarn was kept in the given buffer to prevent any effect from
bulk liquid absorption that could drive hormone transport.
First, a calibration curve was measured for EE2 solutions (EE2
concentrations from 0 to 1.25 μg/mL in 50 mM phosphate
buffer at pH 7.4, Figure 7). When pieces of wet CD-fiber yarn
were kept in the measurement cuvettes, clear changes in the
absorbances of the EE2 solutions were observed. However, it is
important to note that the UV−vis method is not capable of
detecting EE2 concentrations < 0.1 μg/mL, the limit of UV−vis
for samples of real sewage water. When the EE2 concentration
was below 0.4 μg/mL, the prepared CD-fiber yarn removed
almost all of the EE2 from the solution. Above 0.4 μg/mL, EE2
removal was limited by the capacity of the CD-fiber yarn to
capture EE2 molecules. The effect of CD molecules on EE2
capture is evident since the chitosan modified fiber yarn
without CD did not cause any change in the absorbance of the
EE2 solutions. The EE2 capture capacity of the CD-fiber yarn
was estimated based on the UV-measurements and gravimetry.
The CD-fiber yarn was estimated to bind up to 2.5 mg/g of
EE2 (Figure 7) since the equilibrium of the EE2 capture was
not achieved within studied conditions. The shape of the EE2
capture isotherm was following rather well (in low concen-
trations, the measurement accuracy of the UV-absorbance may
vary the curve profile) the model of Langmuir I isotherm that is
used to express monolayer type adsorption behavior on
surfaces.59 The use of carbon materials to bind EE2 from

water have been studied in literature. Solid carbon fibers have
reported to bind 1.8 mg/g of EE2 from aqueous solutions.60

Moreover, fullerene and carbon nanotubes have been reported
to bind EE2 0.23 and 0.1 mg/g, respectively,61 whereas
activated carbon absorbent takes 10.4−27.6 mg/g ethinyl
estradiol due to the extremely high surface area.62 Regenerated
cellulose has been reported to be a relatively poor absorbent
material for EE2.63 Thus, the observed capture properties of the
CD-fiber yarn were competitive when compared to the
literature values. However, the EE2 capture with CD is based
on nonselective hydrophobic interactions. The specific capture
can be achieved by utilizing antibodies as we have shown earlier
for different target molecules with CNF filaments.64 Compared
to active carbon and other materials used for EE2 capture, the
CD-fiber yarn allows to produce filters enabling size exclusion
and affinity separation. The CD-fiber yarn based membranes
and nonwovens can be designed to reduce the trans-membrane
pressure and conveniently be modified to induce selectivity as

Figure 6. FTIR spectra of raw pulp used to prepare the fiber yarn, fiber yarn containing 10% PAA, chitosan modified fiber yarn, and CD decorated
chitosan modified fiber yarn.

Figure 7. UV−vis absorbance at 280 nm of 17α-ethinyl estradiol
(EE2) in 50 mM phosphate buffer at pH 7.4 before and after
contacting 2.5 cm long β-cyclodextrin modified fiber. The β-
cyclodextrin modified fiber yarns were swollen in the given buffer
solution before being placed in the measurement cuvette (liquid
volume 3 mL) for 30 min. Before light absorbance measurement, the
yarns were removed from the cuvettes. The bound EE2 (mg/g CD-
fiber yarn) was calculated based on the concentration of EE2 change
and weight-length of the yarn.
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well as used in multiple capturing cycles since CD moieties can
be regenerated.21 Moreover, the CD-fiber yarn can be utilized
in disposable applications and incinerated to destroy the
captured hormones. However, it is important to note that the
capture ability of the developed CD-fiber yarn need to be tested
later with real estrogen containing hormone water samples to
further proof the concept. Overall, the study shows that the
investigated fiber yarn material exhibits interesting swelling
properties that can be combined with specific functionalities for
affinity filtration applications.

■ CONCLUSIONS
Cellulose fiber yarns carrying cyclodextrin were used for 17α-
ethinyl estradiol (EE2) capture. The prepared fiber yarn
presented an open inner structure that swelled significantly in
water. The produced yarn material resists compression while
also exhibiting good water absorption properties under tension
forces. The conjugation of cyclodextrin onto the fiber yarn was
carried out by utilizing aqueous EDC/NHS chemistry using
chitosan as an anchor molecule. The carboxylation of
cyclodextrin was carried out by using neutral TEMPO-
mediated oxidation, and the successful insertion was verified
using FTIR and NMR spectroscopies. The conjugation of
carboxylated cyclodextrin onto the surfaces of the fiber yarn
and capture of EE2 was estimated by surface plasmon
resonance (SPR) with cellulose nanofibril (CNF) thin films.
The SPR studies revealed that the conjugation of carboxylated
cyclodextrin onto chitosan modified CNF was successful and
the prepared CD surface captured five-fold more EE2 than the
reference surface. Finally, the preparation of the cyclodextrin
functionalized fiber yarn was manufactured and the capture of
EE2 was confirmed with UV−vis measurements. The EE2
capture potential of the prepared yarn was 2.5 mg/g.
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