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Polymer fabrics are versatile materials used in various fields. Surface modification methods for Received 20 December 2023
hydrophobic polymer fibers have been developed to endow the materials with water wett- Accepted 23 January 2024
ability and functionality. Nevertheless, it remains a challenge to freely introduce functional Revised 22 January 2024
groups to polymer fiber surfaces in a simple manner. Herein, we report the decoration of KEYWORDS

nonwoven fabric surfaces with azidated cello-oligosaccharide assemblies via molecular self- Azidated cello-

assembly. Cello-oligosaccharides with a terminal azido group were enzymatically synthesized oligosaccharides;

and allowed to self-assemble in polyolefin, polyester, and vinylon nonwoven fabrics. It was biomolecular sensing;
found that the functional oligosaccharides formed bark-like assemblies on the nonwoven fiber nonwoven fabrics; surface-
surfaces, probably through heterogeneous nucleation. The hydrophilic oligosaccharide assem- ~ mediated self-assembly;
blies made the hydrophobic nonwoven surfaces water-wettable. Moreover, the azido group at water wettability
oligosaccharide terminal was available for the post-functionalization of the modified nonwo-

vens. In fact, an antigen was successfully conjugated to the modified nonwovens via the click

chemistry. The antigen-conjugated nonwovens were useful for the specific and quantitative

detection of a corresponding antibody. Our findings demonstrate the great potential of cello-

oligosaccharide assembly for the functionalization of fabrics and other polymeric materials.

IMPACT STATEMENT

This study developed a novel and simple method for modifying surfaces of polymer nonwoven
fabrics based on the self-assembly of azidated cello-oligosaccharides to fabricate water-
wettable and click-reactive functional materials.
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1. Introduction
Representative synthetic polymers used in fabrics

Polymer fabrics are an important class of materials used  include polypropylene and polyethylene terephthalate,
in various applications, ranging from polymer compo-  which are hydrophobic. The hydrophobicity of poly-
sites to healthcare and electronic devices [1-6].  mers endows fabrics with stability in humid and
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aqueous environments. Nevertheless, hydrophobicity
leads to low surface wettability with water, even though
wettability is important for biomedical and other appli-
cations [7-9]. Meanwhile, applications in other fields,
such as oil — water separation and self-cleaning, require
polymer fabrics with superhydrophobic surfaces
[8,10,11]. Thus, surface modification methods for
hydrophobic polymer fabrics have been developed to
alter surface hydrophilicity/hydrophobicity and, more-
over, to introduce functional groups to fiber surfaces
[12-15]. One of the most widely used methods is
plasma treatment, which degrades polymers to generate
hydrophilic groups (e.g. hydroxy group) on fiber sur-
faces [12]. Hydrophilic groups are available for cova-
lently introducing functional groups to the fiber
surfaces. Meanwhile, the physical adsorption of adhe-
sive polymers [16], metal oxides [17], metal organic
frameworks [18], and polymer crystals [19] has been
investigated as a simple method. The physical adsorp-
tion approach has been shown to be useful for increas-
ing surface wettability and further functionalization.
Nevertheless, the free and stable introduction of func-
tional groups to polymer fiber surfaces via physical
adsorption remains a challenge.

Cello-oligosaccharides are emerging self-assembling
building blocks for creating advanced materials with
robustness and inertness [20,21]. Compared with other
biomolecular assemblies, cello-oligosaccharide assem-
blies exhibit exceptional properties, such as solvent resis-
tance, thermal stability, antibiofouling properties, and
cytocompatibility [20]. These unique properties make
those materials useful for nanomaterial confinement
[22-24], interface stabilization [25-27], cell culture
[28,29], nanocomposites [30], antibody detection [31],
and biocompatible bactericidal action [32]. We recently
demonstrated that cello-oligosaccharides self-assembled
onto cellulose paper surfaces to form nanostructures
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[33,34]. Notably, cello-oligosaccharide derivatives with
terminal functional groups could be used as well; the self-
assembly of cello-oligosaccharides with a terminal azido
group enabled us to introduce the click-reactive group
onto paper surfaces for subsequent conjugation of an
antigen via Huisgen cycloaddition [33]. Analyses for the
paper surface modification suggested that the self-
assembly of cello-oligosaccharides into nanostructures
occurred through heterogeneous nucleation on paper
fiber surfaces rather than through epitaxial growth.
This plausible assembly mechanism through heteroge-
neous nucleation, which does not rely on specific cellu-
lose - cello-oligosaccharide interactions, implies that the
surface modification by click-reactive  cello-
oligosaccharides will be applicable not only to cellulose
materials but also to synthetic polymer fabrics.

Herein, we report the surface-mediated self-assembly
of click-reactive cello-oligosaccharides on polymeric
nonwoven surfaces (Figure 1). Cello-oligosaccharides
with a terminal azido group were synthesized via the
cellodextrin phosphorylase (CDP)-catalyzed oligomeri-
zation of a-D-glucose 1-phosphate («G1P) monomers
from 2-azidoethyl j3-D-glucopyranoside primers. The
synthesized click-reactive cello-oligosaccharides were
dissolved in aqueous sodium hydroxide (NaOH) solu-
tions and then applied to polyolefin, polyester, and viny-
lon nonwoven fabrics impregnated with isopropyl
alcohol (IPA) aqueous solutions containing hydrogen
chloride (HCI). The neutralization of alkaline solutions
by HCI triggered the self-assembly of azidated cello-
oligosaccharides. It was found that the oligosaccharide
molecules successfully formed assemblies on nonwoven
fiber surfaces. This result demonstrates that azidated
cello-oligosaccharides can self-assemble onto materials
surfaces via heterogeneous nucleation, although our pre-
vious report using paper left open the possibility that the
self-assembly occurred via epitaxial growth. The
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resultant surface-modified nonwovens were character-
ized by scanning electron microscopy (SEM), infrared
absorption spectroscopy, and contact angle measure-
ments. Moreover, azido groups on the nonwoven sur-
faces were chemically conjugated with an antigen via the
click reactions to investigate the potential diagnostic
applications of the modified nonwovens.

2. Materials and methods
2.1. Materials

2-Azidoethyl 3-D-glucopyranoside and N-[(1R,8S,9s)-
bicyclo[6.1.0]non-4-yn-9-ylmethyloxycarbonyl]-1,8-dia-
mino-3,6-dioxaoctane (BCN-amine) were purchased
from Tokyo Chemical Industry (Tokyo, Japan). «G1P
disodium salt n-hydrate was purchased from Nacalai
Tesque (Kyoto, Japan) or Wako Pure Chemical
Industries (Osaka, Japan). Acetonitrile, dimethyl sulfox-
ide (DMSO, dehydrated), potassium chloride,
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholi-
nium (DMT-MM) chloride n-hydrate, bovine serum
albumin (BSA, protease free), and 40% sodium deuter-
oxide (NaOD)/deuterium oxide (D,O) solution were
purchased from Wako Pure Chemical Industries
(Osaka, Japan). 2,5-Dihydroxybenzoic acid, ProteoMass
MALDI-MS Standards (Bradykinin fragment 1-7, P4R,
and ACTH fragment 18-39), 1% trifluoroacetic acid, D,
O, and horseradish peroxidase (HRP)-conjugated anti-
mouse immunoglobulin G (IgG) IgG (produced in rab-
bits, polyclonal, lot: 0000143670) were purchased from
Sigma - Aldrich (Missouri, U.S.A.). HRP-conjugated
anti-biotin IgG (produced in rabbit, polyclonal, lot:
A150-109P-19) was purchased from Bethyl
Laboratories (Texas, U.S.A.). 31% hydrogen peroxide
(H,0,) solution was purchased from Santoku Chemical
Industries (Tokyo, Japan). All of the other reagents were
purchased from Nacalai Tesque (Kyoto, Japan).
Polyolefin nonwoven fabrics (HOP), polyester nonwo-
ven fabrics (TH), and vinylon nonwoven fabrics (VN)
were manufactured by Hirose Paper Mfg (Kochi, Japan).
CDP derived from Acetivibrio thermocellus DSM 1313
with fused His-tag was expressed in Escherichia coli
BL21-Gold (DE3) and purified using a Ni-NTA column
[35]. Ultrapure water at more than 18.2 MQ-cm was
obtained from a Milli-Q Advantage A-10 (Merck
Millipore) and used throughout the study.

2.2. Enzyme-catalyzed synthesis of
oligosaccharides

The enzymatic synthesis of cello-oligosaccharides and
azidated cello-oligosaccharides were performed
according to the procedures described in our previous
report (Figure S1) [33]. Briefly, 200 mM aG1P mono-
mers and 50mM primers (2-azidoethyl p-
D-glucopyranoside or cellobiose) were mixed with
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CDP (1U mL™") in 500 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid buffer solutions (pH
7.5) and incubated at 60°C for 3 days.

The produced water-insoluble oligosaccharides
were purified with ultrapure water through at least
five centrifugation (20,400 g)/redispersion cycles to
remove 99.999% of the reaction solution. The purified
oligosaccharides were dried at 105°C for 24h and
weighed to estimate the yields. Monomer conversions
were calculated from the yields and the average degree
of polymerization (DP) estimated by 'H nuclear mag-
netic resonance (NMR) spectroscopy. The purified
oligosaccharides were lyophilized and stored in
a desiccator until further use.

2.3. Self-assembly of oligosaccharides in bulk
solutions

Azidated cello-oligosaccharides or cello-
oligosaccharides was dispersed at 2.67% (w/v) in
1.33 M NaOH aqueous solutions at room temperature,
followed by dissolution at —20°C for 20 min. Then,
112.5 uL of the oligosaccharides/NaOH aqueous solu-
tions were mixed with 37.5 uL of IPA and 150 pL of
1 M HCI aqueous solutions containing 71.5 mM
sodium dihydrogenphosphate and 58.5 mM disodium
hydrogen phosphate (phosphate buffer species) before
incubation at 25°C for 1h. The self-assembled oligo-
saccharides were purified with ultrapure water
through at least five centrifugation (20,400 g)/redis-
persion cycles. The purified dispersions were used for
matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry as described
below. The dispersions were lyophilized to obtain
powder for '"H NMR spectroscopy and attenuated
total reflection-Fourier transform infrared (ATR-
FTIR) absorption spectroscopy.

2.4. Characterizations of oligosaccharides

For 'H NMR spectroscopy, the lyophilized cello-
oligosaccharides were dissolved at more than 2.5% (w/
v) in 4% NaOD/D,0. The spectra were recorded using
an AVANCE III HD spectrometer (500 MHz, Bruker
Biospin, Massachusetts, U.S.A.) at room temperature
and calibrated using residual water signals (6 =4.79) as
an internal standard. For MALDI-TOF mass spectro-
metry, 6 pL of the never-dried cello-oligosaccharide dis-
persions (0.05% (w/v)) was mixed with 6pL of
2,5-dihydroxybenzoic acid (10 mg mL™), 3 uL of tri-
fluoroacetic acid (1% (v/v)), and 15 pL of acetonitrile.
The mixtures were deposited onto a sample target plate
and dried in air. Mass spectra were recorded at room
temperature using an AXIMA-performance mass spec-
trometer (Shimadzu, Kyoto, Japan) equipped with
a nitrogen laser (A =337 nm) and pulsed ion extraction
at an accelerating potential of 20 kV in linear/positive
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ion mode. Peptide standards of 757.3997 Da
(Bradykinin fragment 1-7), 1533.8582 Da (P4R), and
2465.1989 Da (ACTH fragment 18-39) were used to
calibrate the spectra. For ATR-FTIR absorption spectro-
scopy, an FT/IR-4100 spectrometer (JASCO, Tokyo,
Japan) was operated at a cumulative number of 100
and a resolution of 2.0cm™" for lyophilized oligosac-
charides at room temperature.

For SEM observations, gels produced by the self-
assembly of azidated cello-oligosaccharides were
immersed in an IPA - ultrapure water mixture (1/7,
v/v) for 10 days at 4°C. The IPA - ultrapure water
mixture was exchanged every day. The resultant pur-
ified gels were sequentially immersed in 20, 30, 40, 50,
60, 70, 80, and 90% IPA, IPA, IPA-tert-butyl alcohol
(1/1, v/v), and tert-butyl alcohol at room temperature.
The resultant organogels were frozen in liquid nitro-
gen, fractured using a razor blade, and lyophilized.
The lyophilized gels were adhered with Dotite to sub-
strates and coated with osmium. A JSM-7500F field-
emission scanning electron microscope (JEOL, Tokyo,
Japan) was used to observe the fractured surfaces at an
accelerating voltage of 5 kV.

2.5. Self-assembly of oligosaccharides in
nonwovens

Nonwoven fabrics (1 cm in diameter) were immersed
in 1 mL of IPA at 25°C for 1 h and dried on filter paper
in air for 5 min. Typically, 2.5 uL of IPA, 10 uL of 1M
HCIl aqueous solutions containing the phosphate buffer
species, and 7.5 pL of 1.33 M NaOH aqueous solutions
containing oligosaccharides were sequentially applied
to the dried nonwovens and incubated at 25°C for 1 h.
The resultant conditions for oligosaccharide assembly
were 12.5% (v/v) IPA, 500 mM NaCl, and 1% (w/v)
oligosaccharides unless otherwise stated.

To estimate the loading rates of cello-
oligosaccharides to nonwovens, the nonwoven fabrics
with self-assembled oligosaccharides were washed with
1 mL of a DMSO - ultrapure water mixture (1/1, v/v)
by pipetting 10 times, and the first washings were
collected. Then, the nonwoven fabrics were flipped
and washed with 1 mL of a DMSO - ultrapure water
mixture (1/1, v/v) again, and the second washings were
collected. Optical densities of the first and second wash-
ings (OD 4t washing a1d OD51d washing> Tespectively) after
2-fold dilution were recorded at 500 nm using a V-670
ultraviolet - visible spectrometer (JASCO, Tokyo,
Japan) at room temperature. The loading rates of oli-
gosaccharides to nonwoven fabrics were estimated
using the following equation:

(ODlst washing) + (ODZmi washing)

x 100
(ODtotal oligosaccharides)

(%Loading rate) = |1 —

where ODygtal oligosaccharides indicates the OD of the
oligosaccharide dispersions prepared through self-
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assembly at 1% (w/v) in bulk solutions and subsequent
dilution with a DMSO - ultrapure water mixture.

2.6. Characterizations of nonwovens with
oligosaccharides

For SEM and ATR-FTIR absorption spectroscopy, the
nonwoven fabrics with self-assembled oligosacchar-
ides were sequentially immersed in 1 mL of 50, 60,
70, 80, and 90% ethanol, ethanol, ethanol-tert-butyl
alcohol (1/1, v/v), and tert-butyl alcohol at room tem-
perature. The resultant nonwoven fabrics impregnated
with tert-butyl alcohol were lyophilized, adhered with
carbon tape to substrates, and coated with osmium.
The surfaces of nonwovens were observed using
a JSM-7500F field-emission scanning electron micro-
scope at an accelerating voltage of 5 kV. FTIR absorp-
tion spectra were recorded using an FT/IR-4100
spectrometer at a cumulative number of 100 and
a resolution of 2.0 cm™".

For contact angle measurements, the nonwoven
fabrics with self-assembled oligosaccharides were
washed twice with ultrapure water by pipetting and
dried overnight at 25°C in air. A water droplet (1 uL)
was mounted onto the dried nonwoven surfaces using
a contact angle meter (DMs-401, Kyowa Interfacial
Science, Saitama, Japan). The contact angles after
100 ms were analyzed using FAMAS analysis software
(Kyowa Interfacial Science, Saitama, Japan) using the
tangent method.

2.7. Conjugation of biotin to azidated
cello-oligosaccharides in nonwovens

The nonwoven fabrics with self-assembled azidated
cello-oligosaccharides were washed through immersion
five times in a DMSO - phosphate-buffered saline
(PBS: 137 mM sodium chloride, 8.2 mM disodium
hydrogen phosphate, 2.7 mM potassium chloride, and
1.5 mM potassium dihydrogen phosphate) mixture
(1/1, v/v) at room temperature. Clickable biotin was
synthesized by incubating 48 mM biotin with 48 mM
DMT-MM and 24 mM BCN-amine in a DMSO - PBS
mixture at 25°C for 2 h. The resultant solutions con-
taining clickable biotin were appropriately diluted with
a DMSO - PBS mixture, and 500 uL of the diluted
solutions was applied to the nonwovens impregnated
with DMSO - PBS before incubation at 25°C for 1 h for
the Huisgen cycloaddition reaction. The amount of
clickable biotin molecules was 2-fold of that of the
azidated cello-oligosaccharide molecules in nonwovens.
Then, the biotin-conjugated nonwovens were washed
with DMSO by immersion five times to remove
unreacted species.

To calculate the conjugation rate of biotin to azi-
dated cello-oligosaccharides in nonwovens, the biotin-
conjugated nonwovens were washed five times with
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ultrapure water by immersion and dried overnight at
25°C in air. To extract the oligosaccharides, the dried
nonwovens were placed on a nylon mesh and impreg-
nated with 10 uL of IPA and 30puL of 1 M NaOH
aqueous solutions to extract oligosaccharides for 3
min. The solutions containing dissolved oligosacchar-
ides were collected by centrifugation at 5,000 g. Then,
10 uL of IPA and 20 uL of 1 M NaOH aqueous solu-
tions were added to the nonwovens after centrifuga-
tion, and the solutions containing dissolved
oligosaccharides were collected by centrifugation at
5,000 g. The collected alkaline solutions containing
oligosaccharides were neutralized with 6 M HCl and
left to stand at 25°C for 3 h. The precipitated oligosac-
charides were purified with ultrapure water by five
centrifugation/redispersion cycles and subjected to
MALDI-TOF mass spectrometry measurements. The
conjugation rate was calculated based on the peak
areas of unreacted azidated cello-oligosaccharides
and biotin-conjugated cello-oligosaccharides in the
mass spectra.

2.8. Detection of HRP-conjugated IgGs using
nonwovens with biotin-conjugated
cello-oligosaccharides

The biotin-conjugated nonwovens after washing with
DMSO were immersed in 1 mL of PBS for 25 min
during which the PBS was refreshed every five min-
utes. The biotin-conjugated nonwovens impregnated
with PBS were immersed in 500 uL of 3% BSA/PBS
solution containing HRP-conjugated anti-biotin IgG
(or anti-mouse IgG IgG) at an IgG concentration of
100 ng mL™' (unless otherwise stated) at room tem-
perature for 10 min. Free IgG molecules in the bulk
solutions were removed by immersing the nonwovens
in 1 mL of PBS for 25 min during which the PBS was
refreshed every five minutes. The washed nonwovens
were immersed in 500 pL of Mcllvaine buffer solution
(pH 4.0) containing 2 mg mL™" o-phenylenediamine
(OPD) and 0.03% (v/v) H,O, at room temperature for
10 min to allow the HRP-catalyzed reaction to occur.
Then, 3 M H,SO, aqueous solution was added to stop
the catalytic reaction. A microplate reader (Model 680,
Bio-Rad Laboratories, California, U.S.A.) was used to
record the absorbance at 490 nm for 100 uL of the
reaction solution in a 96-well plate at room tempera-
ture. The contribution of spontaneous reactions of
OPD was subtracted from the measured absorbance.
To evaluate the intrinsic activities of HRP conju-
gated to anti-biotin IgG or anti-mouse IgG IgG, 200
uL of the OPD solution containing H,O, was added to
8 uL of 3% BSA/PBS solutions containing the IgGs at
0, 20, 40, 60, 80, and 100 ng mL~". After 10 min, the
enzymatic reactions were stopped by adding 200 pL of
3 M H,SO, aqueous solution, and the absorbance at
490nm of the solutions was recorded using
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a microplate reader (Model 680, Bio-Rad

Laboratories, California, U.S.A.).

3. Results and discussion

3.1. Self-assembly of azidated
cello-oligosaccharides in polyolefin nonwovens

We firstly investigated the neutralization-induced self-
assembly of azidated cello-oligosaccharides in IPA aqu-
eous solutions in the absence of nonwoven fabrics
because hydrophobic nonwoven fabrics were found to
be impermeable to water (see below). Azidated cello-
oligosaccharides used in this study were synthesized via
the CDP-catalyzed oligomerization, according to the
procedure described in our previous report (Figure S1)
[33]. Their oligosaccharide moieties had an average DP
of ~ 7. When azidated cello-oligosaccharides were sub-
jected to the neutralization-induced self-assembly, they
successfully self-assembled and formed gels irrespective
of the presence of IPA (Figure S2(a)). The average DP of
oligosaccharide moieties and molecular weight distribu-
tion hardly changed through the self-assembly in the
presence of IPA (Figure S2(b,c)). The assembled oligo-
saccharides were in the cellulose II allomorph, which is
the thermodynamically most stable allomorph for cellu-
lose; FTIR absorption spectra showed peaks at ~ 3,440
and 3490 cm™', assignable to the intrachain hydrogen-
bonded hydroxy groups in the cellulose II allomorph
(Figure S2(d)) [36]. The assembled gels were composed
of nanoribbon-shaped fibers, which were considered to
be lamellar crystals of the oligosaccharides (Figure S3)
[37]. Cello-oligosaccharides without azido group self-
assembled in IPA aqueous solutions as well (Figure S4).
Nevertheless, it was found that the introduction of an
azido group at the terminal end and the presence of IPA
increased the self-assembly kinetics of the oligosacchar-
ide molecules (Figure S5). Water — IPA mixtures
appeared to be poorer solvents for cello-
oligosaccharides. These results show that azidated cello-
oligosaccharides can self-assemble even in the presence
of IPA, albeit with faster kinetics.

Azidated cello-oligosaccharides were allowed to
self-assemble in polyolefin nonwoven fabrics. The
alkaline solutions of the oligosaccharides were
applied to polyolefin nonwoven fabrics impreg-
nated with HCI solutions (Figure 2(a)). Although
the solutions without IPA remained as droplets on
the hydrophobic nonwoven surfaces, the applica-
tion of IPA to nonwovens prior to the oligosac-
charide solution application allowed the aqueous
solutions to permeate the hydrophobic nonwoven
fabrics. After self-assembly, the rates of azidated
cello-oligosaccharides loaded into nonwovens were
estimated (Figure 2(b)). It was found that IPA at
5% (v/v) or higher concentrations facilitated the
loading of oligosaccharides into nonwovens. The
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Figure 2. Self-assembly of azidated cello-oligosaccharides in polyolefin nonwoven with IPA. (a) Photographs of polyolefin
nonwovens impregnated with different concentrations of IPA aqueous solutions containing 1% (w/v) azidated cello-
oligosaccharides. Loading rates of (b) azidated cello-oligosaccharides and (c) cello-oligosaccharides into polyolefin nonwovens
at different IPA concentrations. The loading rate values are presented as the average of nine individual trials, and the error bars

represent the standard deviation of those trials.

loading rates were almost constant for IPA concen-
trations ranging from 5 to 15% (v/v). The 20% (v/
v) IPA yielded a lower loading rate. This was
attributed to the faster self-assembly kinetics of
azidated cello-oligosaccharides in the presence of
IPA (Figure S5(a)), which potentially increased the
frequency of homogeneous nucleation in the bulk
solution. The optimal IPA concentration for the
loading of azidated cello-oligosaccharides with rela-
tively high reproducibility was 12.5% (v/v)
(Figure 2(b)). At this IPA concentration, cello-
oligosaccharides without azido group could be
loaded into polyolefin nonwovens as well

(Figure 2(c)). These results show that the neutrali-
zation-induced self-assembly using IPA aqueous
solutions enables us to load azidated «cello-
oligosaccharides and cello-oligosaccharides into
hydrophobic nonwovens.

3.2. Characterizations of polyolefin nonwovens
with azidated cello-oligosaccharides

The polyolefin nonwovens with azidated cello-
oligosaccharides (Figure 3(a)) were structurally char-
acterized. SEM observations revealed that the surfaces
of nonwoven microfibers with self-assembled azidated
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Figure 3. Structural characterization of azidated cello-oligosaccharide-decorated polyolefin nonwovens. (a) Photographs, (b) SEM
images, and (c) ATR-FTIR absorption spectra of polyolefin nonwovens with and without azidated cello-oligosaccharides and cello-

oligosaccharides.

cello-oligosaccharides and cello-oligosaccharides were
rough and bark-like (Figure 3(b)). These surface struc-
tures were different from the smooth surfaces of non-
wovens without oligosaccharides. These results
indicate that the surface structures were assemblies
of the oligosaccharides, and consequently, that oligo-
saccharide self-assembly enabled the decoration of
nonwoven microfiber surfaces. It appears that the
azidated cello-oligosaccharide assemblies were
rougher than the cello-oligosaccharide assemblies,
suggesting that the terminal azido group altered the
oligosaccharide self-assembly behavior onto polyole-
fin surfaces. Notably, the bark-like structures of the
oligosaccharide assemblies on polyolefin nonwoven
surfaces were different from the hairy structures of
the azidated cello-oligosaccharide assemblies formed
on paper microfibers [33]. It seems that the differences

in the polymer species constituting microfibers (poly-
olefin and cellulose for nonwoven and paper, respec-
tively) and the solvents (12.5% (v/v) IPA aqueous
solutions and water for nonwoven and paper, respec-
tively) affected the assembled structures of azidated
cello-oligosaccharides. Moreover, the bark-like struc-
tures were significantly different from the nanoribbon
networks formed in bulk solutions (Figure S3), indi-
cating that oligosaccharide self-assembly was
mediated by polymer surfaces.

FTIR absorption spectra of the azidated cello-
oligosaccharide-decorated polyolefin nonwovens
showed peaks corresponding to azido group
at ~ 2,100 cm™" [38], indicating that azido groups
were successfully introduced into the polyolefin
nonwovens (Figure 3(c)). The nonwovens with azi-
dated cello-oligosaccharides and those with cello-
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oligosaccharides exhibited characteristic absorp-
tions at~ 3,440 and 3490 cm™! assignable to the
intrachain hydrogen-bonded hydroxy groups in
the cellulose II allomorph [36]. This crystal allo-
morph is the thermodynamically most stable for
cellulose and is the same as that of azidated cello-
oligosaccharides assembled on paper microfi-
bers [33].

Water droplets were mounted onto the polyolefin
nonwovens with and without the oligosaccharides. The
contact angles of the water droplets were lower for the
nonwovens with oligosaccharides than for those with-
out oligosaccharides (Figure 4), demonstrating that the
loading of oligosaccharides endowed the hydrophobic
nonwovens with water wettability. It is noted that the
nonwovens with azidated cello-oligosaccharides exhib-
ited a lower contact angle than those with cello-
oligosaccharides (Figure 4(b)). The t-test showed sta-
tistical significance for the difference (p =0.001). Given
the slightly lower loading rate for azidated cello-
oligosaccharides (Figure 2(b,c)) and the higher hydro-
phobicity of azido group than hydroxy group [39], the
rougher surfaces of the azidated cello-oligosaccharide-
decorated nonwoven microfibers (Figure 3(b)) seemed
to contribute to the higher water wettability [40].

(@ Azidated cello-
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3.3. Modification of polyester and vinylon
nonwovens

Other polymeric nonwovens, namely, polyester
and vinylon nonwovens, were subjected to the
modification with azidated cello-oligosaccharides.
When azidated cello-oligosaccharides were
allowed to self-assemble at 1% (w/v) in polyester
and vinylon nonwovens with 12.5% (v/v) IPA, the
loading rates of the oligosaccharides into nonwo-
vens were several tens of percent (Figure 5(a,b)).
The use of IPA increased the loading rate. SEM
observations revealed bark-like morphologies of
the nonwoven microfiber surfaces (Figure 5(c,d)).
Given the smooth surfaces of raw nonwovens
(Figure S6), the azidated cello-oligosaccharide
assemblies appeared to cover the microfiber sur-
faces. It is noted that the morphologies of the
oligosaccharide assemblies varied depending on
polymer species (Figures 3(b) and 5(c,d)), suggest-
ing that oligosaccharide self-assembly was
mediated by the polymer surface properties (e.g.
hydrophobicity). ATR-FTIR absorption spectra
showed that azido groups were successfully intro-
duced into polyester and vinylon nonwovens and
that the cello-oligosaccharide moieties in the
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Figure 4. Contact angle measurements for the surface-modified polyolefin nonwovens. (a) Photographs and (b) Contact angles of
water droplets on the polyolefin nonwovens with and without azidated cello-oligosaccharides and cello-oligosaccharides. The
contact angle values are presented as the average of nine individual trials, and the error bars represent the standard deviation of

those trials.
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assemblies on nonwovens were in the cellulose II
allomorph (Figure 5(e,f)). These results demon-
strate that the surface modification via the self-
assembly of azidated cello-oligosaccharides is
applicable to various polymeric nonwovens.

3.4. Conjugation of an antigen via the click
reaction

We hypothesized that the hydrophilic and click-
reactive nonwovens decorated with azidated cello-
oligosaccharides could be useful for developing bio-
molecular sensing platforms. This potential was inves-
tigated through a model experiment where a target
antibody, HRP-conjugated anti-biotin IgG, was
detected using biotin. Specifically, the small-molecule
antigen, biotin, was conjugated to the click-reactive
nonwovens, and the resultant biotinylated nonwovens
were used to detect anti-biotin IgG.

Alkynylated biotin was synthesized (Figure S7) and
applied to the polyolefin nonwovens with azidated
cello-oligosaccharides (Figure 6(a)). After the click
reaction in 50% DMSO, the oligosaccharides in non-
wovens were extracted using alkali solutions and sub-
jected to MALDI-TOF mass spectrometry
measurements. The mass spectra showed a series of
peaks corresponding to the cello-oligosaccharides
conjugated with biotin via the click reaction

(Figure 6(b)). The rate of biotin conjugation to azi-
dated cello-oligosaccharides in nonwovens was esti-
mated from the mass spectra to be 24.5 + 1.9%, which
was comparable to the biotin conjugation rate for the
azidated  cello-oligosaccharide-decorated  paper
(~20%) [33]. This conjugation rate is low for click
reactions and is attributed to the possibility that the
linker-conjugated biotin molecules were unaccessible
to a large portion of the azido groups in the assem-
blies. Given that the assemblies had bark-like struc-
tures at the submicro- and micrometer scales
(Figure 3(b)), a large portion of the azido groups
seemed to be embedded in the submicro- and micro-
structures. It is emphasized that the analysis by
MALDI-TOF mass spectrometry is exceptional for
modified nonwovens. It is generally difficult to quan-
tify the amount of functional moieties introduced into
nonwovens. On the other hand, the chemical conjuga-
tion of functional moieties to the oligosaccharide-
decorated nonwovens can be precisely analyzed ex
situ at the molecular level (Figure 6(b)).

3.5. Detection of IgG

The biotinylated polyolefin nonwoven was used for
the detection of anti-biotin IgG. Notably, the water
wettability of oligosaccharide-decorated nonwovens
enabled us to perform detection procedure in fully
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biotinylation.

aqueous media. Moreover, the assembled state of oli-
gosaccharides on nonwoven surfaces was stable and
remained throughout the process, from the click reac-
tion in 50% DMSO and subsequent repetitive washing
with DMSO to the IgG detection that required H,O,.

HRP-conjugated anti-biotin IgG was applied at 100
ng mL™" to the biotinylated nonwoven, followed by the
HRP-catalyzed conversion of OPD with H,0, into
a dye, 2,3-diaminophenazine (Figure 7(a)). Figure 7(b)
shows the absorbance derived from the dye correspond-
ing to the relative amounts of anti-biotin IgG adsorbed
on the biotinylated nonwovens and control samples.
The biotinylated nonwovens yielded an absorbance
value much higher than those of nonwovens without
azidated cello-oligosaccharides after treatment with
alkynylated biotin (see the leftmost two bars) and non-
wovens with and without azidated cello-
oligosaccharides (i.e. without alkynylated biotin, the
rightmost two bars), indicating that the detection of
anti-biotin IgG was successful and that anti-biotin IgG
was adsorbed onto the biotinylated polyolefin nonwo-
ven through the specific antigen-antibody interaction.
Notably, the absorbance value with chemically conju-
gated biotin via azidated cello-oligosaccharides was ~
12-fold higher than that with physically adsorbed biotin
without azidated cello-oligosaccharides (the leftmost
two bars); this difference was greater than the pre-
viously reported ~ 6-fold difference using biotinylated
paper [33]. Azidated cello-oligosaccharide-decorated
nonwovens treated with biotin (not alkynylated biotin)

yielded a lower but substantial absorbance value, even
though nonwovens treated with biotin yielded negligi-
ble absorbance (see the middle two bars). The azidated
cello-oligosaccharide assemblies may physically adsorb
biotin for subsequent adsorption of anti-biotin IgG.
When anti-mouse IgG IgG, which does not bind to
biotin, was used instead of anti-biotin IgG, absorbance
values remained negligible even for the biotinylated
nonwovens (Figure 7(c)). It is mentioned that the cat-
alytic activity of HRP conjugated to anti-mouse IgG IgG
was ~ 20% lower than that of HRP conjugated to anti-
biotin IgG (Figure S8), indicating a slight underestima-
tion of the amount of anti-mouse IgG IgG adsorbed on
nonwovens. Nevertheless, the difference in the absor-
bance values for anti-biotin IgG and anti-mouse IgG
IgG was significant. In fact, when IgG concentrations
were varied, the absorbance increased linearly with
increasing IgG concentrations, and the slope for anti-
biotin IgG was more than 40-fold higher than that for
anti-mouse IgG IgG (Figure 7(d)). This result demon-
strates that the detection of anti-biotin IgG using the
biotinylated nonwovens was quantitative and specific.
The polyester nonwovens with biotinylated
cello-oligosaccharides were also available for the
specific detection of anti-biotin IgG (Figure S9).
Given that the antigen (biotin) was introduced
into the nonwovens via click chemistry, various
antigens will readily be introduced into nonwovens
decorated with azidated cello-oligosaccharides.
Collectively, the self-assembly of azidated cello-
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presented as the average of nine individual trials, and the error
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oligosaccharides is a promising strategy for con-
verting conventional nonwoven fabrics into versa-
tile biomolecular sensing platforms.

4. Conclusions

We have presented the modification of polymer
nonwoven fabrics via the surface-mediated self-
assembly of azidated cello-oligosaccharides. The

Y. MIZUUCHI et al.

azidated cello-oligosaccharide assemblies were
stable not only on cellulose surfaces [33,34], which
had identical chemical structures, but also on the
polyolefin, polyester, and vinylon surfaces, demon-
strating the versatility of this surface functionaliza-
tion method. This remarkable characteristic of
azidated cello-oligosaccharide assemblies can be
attributed to the amphiphilic nature [41-43] and
the strong intermolecular interactions [44] of cello-
oligosaccharides [20,21]. Another advantage of
cello-oligosaccharides is that their derivatives with
various terminal groups, such as amino [45], vinyl
[46], thiol [47,48], phenolic [49], oligo(ethylene gly-
col) [50], and alkyl groups [51], are readily synthe-
sized via the CDP-catalyzed oligomerization using
glucose derivative primers. Their use should allow
the introduction of various functions into polymer
fabrics. Moreover, there are many types of candi-
date self-assembling building blocks [52-58]. Taken
together, surface-mediated self-assembly will be
a versatile strategy for the modification of fabrics
and other polymeric materials.
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