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ABSTRACT: Cellulose nanocrystals (CNCs), which offer a high
aspect ratio, large specific surface area, and large number of
reactive surface groups, are well suited for the facile
immobilization of high density biological probes. We here report
functional high surface area scaffolds based on cellulose
nanocrystals (CNCs) and poly(vinyl alcohol) (PVA) and
demonstrate that this platform is useful for fluorescence-based
sensing schemes. Porous CNC/PVA nanocomposite films with a
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thickness of 25—70 nm were deposited on glass substrates by dip-coating with an aqueous mixture of the CNCs and PVA, and
the porous nanostructure was fixated by heat treatment. In a subsequent step, a portion of the scaffold’s hydroxyl surface groups
was reacted with 2-(acryloxy)ethyl (3-isocyanato-4-methylphenyl)carbamate to permit the immobilization of thiolated
fluorescein-substituted lysine, which was used as a first sensing motif, via nucleophile-based thiol—ene Michael addition. The
resulting sensor films exhibit a nearly instantaneous and pronounced change of their fluorescence emission intensity in response
to changes in pH. The approach was further extended to the detection of protease activity by immobilizing a Forster-type
resonance energy transfer chromophore pair via a labile peptide sequence to the scaffold. This sensing scheme is based on the
degradation of the protein linker in the presence of appropriate enzymes, which separate the chromophores and causes a turn-on
of the originally quenched fluorescence. Using a standard benchtop spectrometer to monitor the increase in fluorescence
intensity, trypsin was detected at a concentration of 250 yg/mL, ie., in a concentration that is typical for abnormal proteolytic

activity in wound fluids.
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B INTRODUCTION

During the past decade, microarray technology has emerged as
a powerful tool for genome and proteome analysis,"* high-
throughput drug screening,** and medical diagnostics.>® Lab-
on-a-chip devices can provide a rapid, automated, and
economical analysis in a miniature format with small quantities
of samples. A continued objective of researchers in this field is
to improve the signal-to-noise ratio, for example, through the
design of sensing platforms that generate amplified responses to
analytes. In the case of fluorescence-based transduction
schemes, concepts to achieve such amplification include surface
plasmon-enhanced fluorescence spectroscopy,”® the use of
photonic crystals,”'® and amplified fluorescence quenching in
conjugated polyelectrolytes.""'> An alternative approach is to
increase the number of detection sites by creating high-surface-
area sensors, which generate stronger signals and also lend
themselves to rapid responses.'”'* High-surface-area sensing
materials with a high density of immobilized recognition sites
have been prepared in various ways. Illustrative examples
include porous films consisting of nanoporous organosilicates,13
polymer brushes,'> and nanostructured surfaces prepared, for
example, by electrochemical etching of polymer (silicon)
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films."* An interesting alternative is the use of materials that
offer an inherently high surface area, such as immobilized
carbon nanotubes, electrospun fibers, or TiO, nanorods.'®

We show here that cellulose nanocrystals (CNCs), which
offer a high aspect ratio, large specific surface area, and large
number of reactive surface groups, are well suited for the
fabrication of scaffolds for sensing applications. In contrast to
carbon nanotubes, whose acute toxicity precludes their
utilization in vivo,"” CNCs appear to be rather benign."®'? In
addition, cellulose’s strong hydrophilicity promises reduced
nonselective adsorption of biological materials that often causes
degradation of transducer surfaces.”’

CNCs are rod-like, highly crystalline, high-modulus particles
that are readily obtained through the controlled acid hydrolysis
of cellulosic materials.”’ CNCs can be isolated at a low cost
from renewable natural sources such as cotton,”* wood,*
banana plants,”* tunicates,” and many other species. They have
a typical diameter of S to 50 nm and a length of 100 to 3000
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nm, depending on the source and the processing conditions.
CNCs have found use in a broad variety of nanomaterials, for
example, as a mechanically reinforcing filler in polymer
nanocom;)osites,zs_29 mechanically adaptive’® > and light-
healable® golymer nanocomposites, as well as high-surface-area
aerogels.34’ > CNC-reinforced poly(vinyl alcohol) (PVA) gels
have been studied as biodegradable and biocompatible matrices
with potential applications in tissue engineering. These
materials were prepared in several ways, including repeated
freeze—thaw cycles,**"’ solution casting,**** or electrospin-
ning,** affording a wide variety of architectures. Previous work
from the authors’ group has illustrated the use of CNCs and
polymer binder to create porous structures.”’ Due to its
excellent film-forming properties and numerous positive
interactions through hydroxyl groups, PVA constitutes a good
polymer choice for deposition of CNC films. More recently,
CNCs have been used for the preparation of sensitive materials
for bioimaging or biosensing applications. For example, metallic
nanoparticles adsorbed on carboxylated CNCs were prepared
for electrochemical detection of DNA hybridization.*” The
CNCs were also used for the immobilization of enzymes,*** or
labeled with fluorescent molecules to study cellular uptake.*~**
Finally, a CNC-based sensor for detection of elastase activity
was developed by Edwards et al. based on the immobilization of
a fluorogenic peptide.*’

We here report functional high surface area scaffolds based
on CNCs and PVA and demonstrate that this platform is useful
for fluorescence-based sensing schemes. Thin porous CNC/
PVA nanocomposite films were deposited on glass substrates
by dip-coating the substrate with an aqueous mixture of CNCs
and PVA and fixating the resulting nanostructures by heat
treatment.”® Depending on the drying conditions, different
architectures were obtained, ranging from dense films to highly
porous structures. In a subsequent step, a portion of the
scaffold’s hydroxyl surface groups was reacted with 2-
(acryloxy)ethyl (3-isocyanato-4-methylphenyl)carbamate to
permit the immobilization of sensor molecules via nucleo-
phile-based thiol—ene Michael addition (Schemes 1 and 2).%'

Scheme 1. Synthesis of HEA-TDI
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This design offers great versatility because of the possibility to
immobilize any thiolated chemical sensing motif on the surface
by thiol—ene click chemistry.>> To demonstrate this, two
different sensing schemes were investigated. First, a fluorescein
derivative was immobilized on the high surface area films. The
resulting enhanced fluorescent signal showed instantaneous
response to pH variations, thanks to the porous and
hydrophobic nature of the scaffold and a high specific
fluorophore content. Second, protease activity detection was
demonstrated by tethering a thiolated fluorogenic peptide
sequence to the scaffold. Due to their involvement in several
diseases or pathologies, such as HIV,>® different types of

cancer,”* and chronic wounds,> the accurate quantification of
protease activity is of the utmost interest, which makes the
present strategy particularly attractive.

B EXPERIMENTAL SECTION

Materials. 2-Propanol puranal grade, sulfuric acid 99.9%, poly-
(vinyl alcohol) (PVA) 99% hydrolyzed (MW 85 000—124 000), 2-
hydroxyethyl acrylate (HEA), tolylene-2,4-diisocyanate (TDI), 10 mM
phosphate buffered saline (PBS), PBS containing Tween 20 (PBST),
sodium hydroxide pellets puriss p.a. > 98% (NaOH), hydrochloric
acid (aqueous, 37%) (HCl), fluorescein sodium salt, hexylamine (HA),
tris(2-carboxyethyl)phosphine hydrochloride >98% (TCEP), dibutyl-
tin dilaurate 95% (DBTDL), and trypsin-EDTA solution (0.25%,
sterile filtered) were purchased from Sigma-Aldrich (Buchs, Switzer-
land). Hexanes, toluene extra dry, and dimethylformamide (DMF)
extra dry over molecular sieves were purchased from Acros Organics
(New Jersey, USA). All chemicals were used without further
purification, and all aqueous solutions were prepared with deionized
water. The thiolated fluorescein-substituted lysine (FL-SH) and
fluorogenic peptide (FP-SH) were custom synthesized by the
University of Applied Sciences and Arts Western Switzerland (HES-
SO, Sion, Switzerland). The peptide design is a modification of the
520 MMP FRET substrate VI from Anaspec (Fremont, USA). The C-
terminal quencher QXLTMS20 was replaced by a lysine residue that
was functionalized with a 4-(4’-dimethylaminophenylazo)benzoic
amide (DABCYL) on its side-chain. The peptide was synthesized by
solid-phase synthesis with a butanethiol tail introduced at the NH,
terminal upon cleavage from the resin. The model thiolated
fluorophore consisted of the thiolated, fluorescein-labeled lysine
residue without the rest of the peptide sequence. Cotton-derived
cellulose nanocrystals (CNC) were isolated from Whatman filter paper
made from cotton linters using sulfuric acid according to known
literature procedures.’®*”

Preparation of Porous CNC/PVA Nanocomposite Films. Glass
and quartz slides were cleaned by sonication in 2-propanol and rinsed
with deionized water. The substrates were then immersed in a bath of
concentrated sulfuric acid for 2 min to hydrophilize the surface by
revealing the silanol groups on the surface. After surface activation, the
substrates were rinsed for 5 min with deionized water and dried with a
stream of N,. PVA (S g) was dissolved in deionized water (S00 mL) by
heating at 95 °C for 10 h with constant stirring. The PVA solution (10
mg/mL) was then filtered through a cellulose filter (Whatman, Grade
1) and diluted to a PVA content of 1 mg/mL with deionized water.
Freeze-dried CNCs were added to reach a concentration of 4 mg/mL,
and the mixture was continuously sonicated for 1 h at room
temperature in a sonication bath (Bandelin Sonorex Technik RL 70
UH, 40 kHz) to disperse the CNCs. Thin films were deposited onto
the clean glass or quartz substrates by dip-coating using a NIMA dip-
coater (DC Mono 160) at a speed of 100 mm/min. After deposition,
the films were dried under three different conditions to tune their
morphology; these included (i) freeze-drying using liquid nitrogen
(VirTis BenchTop 2K XL lyophilizer, condenser temperature —78 °C,
25 mT) or (ii) at —20 °C for 2 h in a freezer followed by freeze-drying
using liquid nitrogen, and (iii) simple drying under ambient conditions
for 2 days. The nanocomposite films were then cured in an oven at
150 °C for 2 h, resulting in insoluble scaffolds (F—OH). Only films
dried at room temperature (condition (iii) were used for subsequent
derivatization experiments).

The preparation of free-standing films of CNC/PVA nano-
composites was done by mixing PVA (10 mg/mL) with freeze-dried
CNCs (40 mg/mL). The mixture was sonicated for 4 h at room
temperature and freeze-dried. The resulting free-standing material was
cured in an oven at 150 °C for 2 h and employed to visually evaluate
the resistance of the nanocomposite to water.

Synthesis of 2-(Acryloxy)ethyl (3-lsocyanato-4-
methylphenyl)carbamate (HEA-TDI). In an oven-dried 100 mL
two-necked round-bottom flask, TDI (17.42 g, 0.1 mol, 10 equiv) was
dissolved under nitrogen atmosphere in dry toluene (15 mL), and the
solution was cooled to 3 °C. DBTDL (27.5 mg, 4.35 X 107° mol,
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Scheme 2. Functionalization of Porous CNC/PVA Nanocomposite Films (F—OH) with HEA-TDI
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0.004 equiv.) was added and the solution was stirred. Separately, HEA
(1.05 mL, 0.01 mol, 1 equiv.) was dissolved in dry toluene (15 mL)
and the mixture was added dropwise and under inert conditions to the
TDI solution. The homogeneous reaction mixture was stirred for 1 h
at 3 °C and allowed to react overnight at room temperature under N,.
After the reaction was complete, a white precipitate had formed, which
was removed by filtration. The filtrate was precipitated into cold
hexanes and the resulting precipitate was washed with hexanes (3 X
100 mL) and dried under reduced pressure at r.t. for S h. The title
compound was obtained as a white powder with a yield of 56%. 'H
NMR (300 MHz, DMSO-di): 6 = 9.8 (s, 1H, C—NH—C), 7.3 (d,
1H, C—CH—C, benzene ring), 7.25—7.0 (m, 2H, C—CH—CH—
C, benzene ring), 6.3 (d, 1H, C=CH,), 6.2 (m, 1H, C=CH,), 6.0 (d,
1H, (COO)CH=C), 4.3 (m, 4H, O—CH,—CH,—O0), 2.2 (s, 3H,
C—CH,).

Functionalization of the Porous CNC/PVA Nanocomposite
Films with HEA-TDI (F-Acryl). Prior to functionalization, the porous
CNC/PVA nanocomposite film on glass or quartz (F—OH) was
heated at 120 °C for 1 h in a two-necked 50 mL round-bottom flask.
In a separate 25 mL round-bottom flask that had previously been dried
at 120 °C for 2 h, HEA-TDI (400 mg, 1.38 mmol) and 3 drops of
DBTDL (2.6 mM) were dissolved in dry DMF (10 mL) under N,.
This solution was added to the reaction vessel containing the F—OH
and the reaction was performed at 45 °C overnight, stirring under N,.
The resulting samples with F-Acryl surfaces were subsequently rinsed
with DMF (3 X 10 mL) and acetone (10 mL), and subsequently dried
and stored under ambient conditions until further use.

The degree of substitution (DS) was approximated from the weight
gain of CNCs after their modification with HEA-TDI in solution. We
calculated a DS of 0.12 (with respect to the total number of cellulose
chains), using previously reported methods,”” which fell within the
previously reported range of isocyanate coupling onto CNCs.>”® This
value is close to the ratio of surface chains to the total number of
chains of 0.19 calculated by Goussé et al,,*® which suggests that a large
fraction of the hydroxyl groups on the CNC surface was reacted.

Michael Addition of Thiolated Fluorescein-Substituted
Lysine (FL-SH) with Acrylated Porous CNC/PVA Nanocompo-
site Films (F-FL). The acrylated porous CNC/PVA nanocomposite
films (F-Acryl) were cut into pieces with an area of 1 cm?® using a
diamond pen. The most efficient functionalization was obtained for
the following procedure, which was based on several literature
protocols.>"**" A buffer solution was prepared by mixing PBS (10
mM) with SDS (8.1 mM) and HA (1 mM), and the pH was adjusted
to 7.4 using 0.1 M HCL A solution of FL-SH (200 L) in DMSO (1
mM) was combined with the buffer solution (1.8 mL) to result a
mixed-solvent solution with a FL-SH concentration of 0.1 mM, before
TCEP was added until a concentration of 0.05 mM was achieved. The
F-Acryl substrates were then immersed in the reaction mixture and
allowed to react overnight at 40 °C in 3 mL glass test tubes. The
resulting samples with F-FL surfaces were subsequently washed with
PBS (3% 10 min) and stored in PBS.
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Michael Addition of Thiolated Fluorogenic Peptide (FP-SH)
with Acrylated Porous CNC/PVA Nanocomposite Films (F-FP).
Due to its hydrophobicity, the thiolated fluorogenic peptide (FP-SH)
was first dissolved in a 1:1 v/v mixture of acetonitrile and deionized
water (1 mM). This solution was further diluted with a solution
comprising PBS (10 mM, pH 7.4), SDS (8.1 mM), HA (0.1 mM), and
TCEP (0.005 mM). Pieces of the F-Acryl substrates with an area of 1
cm? were then immersed in the reaction mixture and allowed to react
overnight at 40 °C in 3 mL glass test tubes. The resulting samples with
F-FP surfaces were subsequently washed 3 times with a 1:1 v/v
mixture of acetonitrile and deionized water, followed by deionized
water, before they were dried under a stream of N, and stored in a
refrigerator at 4 °C.

Analytical Methods. UV/Vis and Fluorescence Spectroscopy.
UV /vis spectroscopy was used to characterize the optical absorption of
porous CNC/PVA nanocomposite films deposited on quartz slides
before (F—OH) and after reaction with HEA-TDI (F-Acryl).
Absorbance spectra were recorded between 200 and 400 nm using a
Shimadzu UV-2401 PC spectrophotometer with a resolution of 1 nm.
Fluorescence emission of porous CNC/PVA nanocomposite films
modified with the fluorescent sensor molecules (F-FL and F-FP) was
measured on a UV/vis plate reader spectrometer (TECAN Infinite
PRO), using 24-well plates (BD Biosciences, San Jose, USA). The
amount of immobilized fluorophore or fluorogenic peptide was
determined after hydrolysis of pieces of the F-FL or F-FP samples with
an area of 1 cm* with NaOH (1 M, 1 mL) at room temperature for 7
and 10 days, respectively. The fluorescence intensity (A, = 490 nm,
Aem = 530 nm, gain 90) was compared to standards of the fluorescein-
substituted lysine in NaOH (1M, 1 mL) to determine the fluorophore
concentration. For enzymatic tests, the functionalized surfaces were
cut into 0.5 cm? samples using a diamond pen and placed inside a 96-
well plate. The fluorescence intensity (Ao = 480 nm, 4., = 540 nm,
gain 100) in PBS (200 uL) was first measured to generate a baseline.
Enzymatic solutions (200 uL) consisting of trypsin (250 pg/mL) in
PBS were then added to the samples, and fluorescence was monitored
every 2 min over the course of 1 h.

Detection of pH Changes with F-FL. Light from a 488 nm argon
laser (162A-07, Spectra-Physics, Santa Clara, USA) was focused on the
sample placed inside a 96-well plate with an incident angle of 45°. A
lens was placed normal to the sample to collect the fluorescence
previously filtered using a colored filter (OGS30, Schott AG, Mainz,
Germany) and coupled into a 600 ym diameter glass optical fiber
connected to an avalanche diode (C5460, Hamamatsu Photonics,
Hamamatsu, Japan). The fluorescence intensity was recorded with a
time lapse of 100 ms. The system comprised a lock-in amplifier
(SRS810, Stanford Research Systems Inc., Sunnyvale, USA) connected
to a chopper (SRS40, Stanford Research Systems Inc.) set at a
frequency of 280 Hz for reduction of background noise. For in situ
measurements of pH changes, F-FL samples were immersed in tilted
position in NaOH (1 M, 50 uL), before HCI (1M, 100 uL) was added
to the well. Alternatively, the F-FL samples were immersed in HCI (1
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M, S0 uL) before adding NaOH (1 M, 100 uL). The sensor response
time was calculated as the average time required for 95% of signal
variation for three identical experiments. Reference experiments were
conducted with SO uL of a solution of fluorescein in 1 M NaOH (0.08
mM) to which HCI (1 M, 100 uL) was added.

Contact Angle Measurements. Static contact angle measurements
were performed using a Kriiss Drop Shape Analysis system DSA10 on
neat porous CNC/PVA nanocomposite films (F—OH) as well as on
the modified (F-Acryl) films. For each sample, the contact angle was
measured over three different regions by depositing a S uL drop of
deionized water, and the average angle value was reported.

Atomic Force Microscopy (AFM). AFM images of the porous
CNC/PVA nanocomposite films (F—OH) deposited on glass slides
were acquired on a Nano Wizard II (JPK Instruments) microscope in
tapping mode using a silicon cantilever (spring constant 42 N/m,
resonance frequency 320 kHz). The coating thickness was determined
from scratched samples by measuring the depth profile across the
groove.

Scanning Electron Microscopy (SEM). The appearance and
porosity of porous CNC/PVA nanocomposite films (F—OH) was
characterized by SEM (Philips XL30 ESEM-FEG, S5 kV) after
deposition of a conductive carbon coating.

Fourier Transform Infrared Spectroscopy (FTIR). To monitor the
surface modification reaction, FTIR spectra of neat porous CNC/PVA
nanocomposite films (F—OH) and the nanocomposites after reaction
with HEA-TDI (F-Acryl), both deposited on glass slides at a speed of
100 mm/min, were collected on a PerkinElmer Spectrum 65
spectrometer in ATR mode between 4000 and 600 cm™ with a
resolution of 4 cm™ and 16 scans per sample.

Nuclear Magnetic Resonance Spectroscopy (NMR). 'H NMR
(300 MHz, 200 scans) spectra were recorded in dry deuterated DMSO
(DMSO-dy) at room temperature on a Bruker Avance III 300 MHz.

Bl RESULTS AND DISCUSSION

Preparation of Porous CNC/PVA Nanocomposite
Scaffolds and Functionalization with Acrylate Anchor
Groups. Taking advantage of the CNCs high functionality and
aspect ratio, and using them as structuring agent, functional
high surface area films were fabricated by dip-coating a mixture
of PVA and CNCs. CNCs were extracted from cotton pulp
using sulfuric acid treatment. This process introduces a small
concentration of sulfate ester groups on the CNC surfaces,
which promote good dispersibility in water and other polar
solvents on account of electrostatic repulsion.” Stable CNC
dispersions in an aqueous solution of PVA could thus be
obtained by sonication and these mixtures were used to coat
glass (and for UV measurements quartz) slides in a dip-coating
process. Prior to coating, the substrates were made hydrophilic
using sulfuric acid to improve surface wetting by the CNC/
PVA mixture, which proved critical for the deposition of high
quality films. Due to the high density of hydroxyl groups
present on the surfaces of the CNCs and the PVA, favorable
hydrogen bonding between the two components is thought to
contribute to the deposition of homogeneous films.

Different architectures were obtained by varying the
processing conditions, as can be seen from representative
scanning electron microscopy (SEM) images (Figure 1). When
freeze-dried in liquid nitrogen, a fibrillar structure was obtained
with a pore size on the order of 1 to 2 um (Figure 1a). When
the samples were frozen at —20 °C before freeze-drying, smaller
pores were obtained with sizes on the order of 0.5 to 1 ym
(Figure 1b). In both cases, the resulting CNC/PVA scaffolds
showed fractures over the entire surface and were exceedingly
difficult to manipulate due to fragility. The structure formation
process is driven by the phase separation that occurs as ice
crystals form and demix from the polymer, leaving behind a

Figure 1. Scanning electron micrographs of porous CNC/PVA
nanocomposite films deposited by dip-coating glass substrates at a
speed of 100 mm/min in an aqueous solution containing 1 mg/mL
PVA and 4 mg/mL CNC. (a) Freeze-dried, (b) frozen at —20 °C for 2
h followed by freeze-drying, (c) dried in air at ambient pressure, and
(d) dried in air at ambient pressure followed by curing at 150 °C for 2
h.

porous structure upon water removal.>> Smaller pores were
thus obtained when first freezing at —20 °C, because of the
smaller ice crystals that formed at this temperature. By contrast,
drying at room temperature under normal pressure resulted in
homogeneous, stronger, and denser films with much smaller
pore size (Figure 1c). Adapting a recently reported annealing
step that causes cross-linking of the PVA without the need for
any additional chemical cross-linking algent,31’63‘64 the scaffolds
produced by ambient drying were cured at 150 °C for 2 h to
render them water insoluble. A comparison of Figures lc and
1d shows that no significant difference in the film morphology
can be observed by SEM inspection after thermal treatment.

To assess the water stability after curing, free-standing films
of the CNC/PVA nanocomposites prepared by freeze-drying
CNC/PVA mixtures were heat-treated at 150 °C and immersed
in water for 4 days at 40 °C without any visible degradation of
the material. The thickness of the CNC/PVA nanocomposite
scaffolds could be tuned between 25 and 70 nm by varying the
deposition speed in the range of 25—200 mm/min, as shown by
AFM measurements of samples produced under room
conditions (Supporting Figure S1).

The surface modification of cellulose, and particularly CNCs,
has been performed by many methods, including grafting with
isocyanate or acyl chloride, oxidation, and silylation.65 For the
grafting of biological moieties or sensing molecules such as
fluorophores, a three-step reaction is typically employed. The
first two steps involve derivatization of the CNC surface with
amino groups, followed by reaction with isocyanate®”*%*® or
succinimidyl ester.” For example, Nielsen et al. performed
esterification of the CNC surface with methacrylic acid for
thiol—ene addition of cysteamine.”” Dong et al. started with
decoration of CNCs using epichlorhydrin.* Alternatively, the
modification of CNCs has been achieved in a single step using
isothyocyanate derivatives of fluorescein and rhodamine,*” or
using 5-(4,6-dichlorotriazinyl)aminofluorescein (DTAF).*
Thiol—ene chemistry has become an attractive tool in polymer
science, as it permits the connection of (macro)molecules
under mild reaction conditions, has a high tolerance to the
presence of oxygen and water, and offers high coupling
efficiency.”® It has found many applications in controlled
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Scheme 3. Michael Addition Reaction Used to Immobilize Sensor Molecules on Acrylate-Functionalized Porous CNC/PVA

Nanocomposite Films
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surface grafting,””® polymer functionalization, protein

immobilization,”" and hydrogels and biomaterials.””~"* In
order to utilize this framework to covalently attach sensor
molecules of choice to the porous CNC/PVA nanocomposite
scaffolds, the films were equipped with acrylate anchor groups.
Thus, 2-(acryloxy)ethyl (3-isocyanato-4-methylphenyl)-
carbamate (HEA-TDI) was prepared using isocyanate chem-
istry according to a known literature procedure with minor
modifications (Scheme 1).”> The procedure consists of reacting
HEA hydroxyl groups with 10-fold excess of the diisocyanate
compound TDI in the presence of a catalyst to obtain the
monoadduct HEA-TDI, which retains the second isocyanate
function for grafting onto the CNCs. Indeed, isocyanate
chemistry has been successfully used for the direct modification
of CNCs surface hydroxyl groups,”*® achieving a high degree
of surface grafting through a stable urethane moiety.>’
Infrared spectroscopy confirmed the disappearance of
hydroxyl groups in the region between 3200 and 3600 cm™*
and the formation of the urethane bond at 3340 cm™ (N—
HCOO group). A remaining isocyanate functionality was still
present, as confirmed by the strong peak at 2265 cm™". Heat-
treated porous CNC/PVA nanocomposite films (F—OH) were
dried at 120 °C to avoid side reactions between the HEA-TDI
and residual water, and subsequently reacted with HEA-TDI to
yield an acrylate-functionalized porous CNC/PVA nano-
composite films (F-Acryl) (Scheme 2). F-Acryl was charac-
terized by UV/vis and FTIR spectroscopy (Figure S4,
Supporting Information). The presence of the HEA-TDI
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residue’s aromatic ring was confirmed by the appearance of
characteristic UV absorption bands at 4 = 212, 238, and 286
nm. As a result of limited film thickness (<100 nm), the
absorption in the IR region was predominantly due to the glass
substrate (Si—O—Si stretching, 1500—600 cm™"). However,
the FTIR spectrum clearly shows the disappearance of the
isocyanate band at 2270 cm™' as well as the appearance of
signals corresponding to N—H stretching (3345 cm™"), C=0
stretching (1720 cm™'), and N—H bending (1605 cm™),
which all indicate that HEA-TDI was successfully reacted with
the substrate. The functionalization of the scaffold with acrylate
anchor groups was further reflected by a change in the sessile
drop test, giving contact angles from 29.9° + 3.3 for F—OH to
522° + 12 for F-Acryl, which is consistent with a more
hydrophobic surface compared to the originally hydroxyl-rich
surface.

Immobilization of Fluorescein on Porous CNC/PVA
Nanocomposite Films. The first sensor molecule explored in
this study was fluorescein, a fluorescent molecule whose
emission characteristics are pH-dependent, and which has been
widely employed in sensing applications.”®”” To produce
fluorescein-decorated porous CNC/PVA nanocomposite films
(F-FL), thiolated fluorescein-substituted lysine (FL-SH) was
reacted with F-Acryl under nucleophile-catalyzed Michael
addition reaction conditions (Scheme 3). Because the reaction
is greatly influenced by the polarity and pH of the reaction
medium,”® the reaction conditions (solvents, reaction times,
temperature, and catalysts) were varied to maximize attach-
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ment. To assess coupling efficiency, F-FL samples produced
under the various conditions were subsequently immersed in 1
M aqueous sodium hydroxide for 1 week to hydrolytically
cleave the fluorescein from the surface and the concentration of
the released dye was monitored via the fluorescence of the
supernatant solution. Although this procedure induced film
degradation, a model experiment dismissed any influence of
dissolved PVA on the fluorescein emission properties (Figure
SS, Supporting Information). The amount of fluorescein
immobilized under the different reaction conditions was thus
determined, using a comparison with reference solutions of
fluorescein in the same solvent and assuming complete
hydrolysis (Figure S6, Supporting Information). This analysis
revealed a maximum immobilized fluorescein density of 96
pmol/cm” when using phosphate buffered saline with sodium
dodecyl sulfide as a surfactant, in the presence of TCEP and
HA as catalysts and conducting the reaction at a temperature of
40 °C for 20 h. In PBS, F-FL samples showed a 5-fold higher
fluorescence emission intensity compared to PVA-only films
functionalized under the same conditions, which shows the
improvement of the nanostructured surface over a flat
nonporous substrate (PVA).

pH-Sensing with Fluorescein-Grafted Porous CNC/
PVA Nanocomposite Films. The porous nature and large
specific surface area of the CNC/PVA nanocomposite scaffolds
not only permit the immobilization of a high density of sensor
molecules but should also enable rapid transport of analytes to
the sensing sites. Although the thin nature of the films did not
allow direct measurement of specific surface area by BET
methods, the sensing rates suggested high available areas. To
confirm this, the fluorescein-grafted porous CNC/PVA nano-
composite films were used as pH sensors and their response
was compared to that of a solution comprising the same
chromophore. Figure 2 shows the changes of the fluorescence
intensity that occurred when HCI was added to a solution of
NaOH (starting pH 14, final pH 0.5) containing either the new
solid-state sensor or, as a reference, the unbound sensor
molecule in the dissolved state. The change in fluorescence
intensity was almost instantaneous in both cases. In the case of

HCI added
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Figure 2. Change of the fluorescence intensity (monitored at 530 nm)
upon addition of 2 equiv. of 1 M HCI to a 1 M NaOH solution
containing the sensor. The pH change was initiated at time t = 20 s.
Shown are the responses of the new fluorescein-grafted porous CNC/
PVA nanocomposite films (immobilized, solid line) and a reference
solution (in solution, dashed line) of fluorescein sodium salt dissolved
in 1 M NaOH.

the solid-state sensors, 95% of the reduction of the signal
intensity was reached after 1.24 + 0.4S s. An identical switching
speed was observed (1.16 = 0.26 s) upon switching from acidic
to basic pH. Gratifyingly, the switching speed of the solid-state
sensor based on the fluorescein-grafted porous CNC/PVA
nanocomposite is identical with that recorded for the reference
solution of fluorescein (1.0 = 0.1 s). Although this result
suggests that in the present experiment the response time is in
both cases limited by mixing step and does not capture the
kinetics of quenching, the data clearly indicate that the new
sensor platform enables rapid and reliable sensing of simple
analytes in an aqueous environment.

Application of Porous CNC/PVA Nanocomposite
Films for Protease Detection. Building on the successful
proof-of-concept for pH-sensing with fluorescein-grafted
porous CNC/PVA nanocomposite films, the acrylated scaffold
was modified with a more complex sensing motif to detect
enzyme activity. This was achieved by immobilizing a specific
fluorogenic peptide (FP-SH) sequence (Scheme 3). Few
studies have reported the immobilization of peptides on
CNCs.*””? Barazzouk et al. employed oxidized CNCs to couple
N-ethyl-N'-(3-(dimethylamino)propyl)carbodiimide hydro-
chloride, and formed an active ester upon reaction with N-
hydroxysuccinimide for coupling with amino groups on
peptides.”” Edwards et al. prepared glycine-modified CNCs
for coupling of a succinyl-bearing peptide sequence.* They
used this system for in situ detection of elastase activity in
chronic wounds.

Detecting enzymatic activity is of great interest due to the
role of groteases in several pathologies such as chronic
wounds,*” where elevated and persistent activity is linked to
the uncontrolled degradation of the extracellular matrix
components that promote healing. Several studies have
shown the implication of these high protease levels and
approaches to address it.*' Being able to monitor efficiently
their activity is thus highly important for diagnostic purpose as
well as evaluate the effect of protease activity reduction
treatments.*”® In clinical settings, protease detection actually
relies on swab sample analysis using the tedious but very
sensitive gel zymography technique, or based on solution
fluorescence assay using fluorogenic peptides.

The principle of the sensing scheme using the fluorogenic
peptide is as follows: in the immobilized state, a specific peptide
sequence links the fluorophore (S-carboxyfluorescein) with
DABCYL, which serves as a quencher such that the
fluorescence of the fluorophore is suppressed through Forster
resonance energy transfer (FRET) to the quencher.** Upon
cleavage of the peptide sequence by a protease, the quencher is
released, while the S-carboxyfluorescein remains immobilized
on the scaffold, and the fluorescence is turned on. Thus, the
presence of the protease can be sensed by monitoring the
increase of the emission intensity of the sensor system.

To functionalize the porous CNC/PVA nanocomposite
scaffolds with the fluorogenic peptide (FP-SH), the latter was
designed to feature a butanethiol connector to facilitate
nucleophile-catalyzed Michael addition as reported for the
pH-sensing FL-SH reported above. The reaction was again
conducted at 40 °C in a mixture of PBS/SDS, HA, and TCEP.
The catalyst concentrations were decreased to a tenth in
comparison to the reaction conditions employed for the
immobilization of FL-SH in order to minimize the risk of side
reactions such as aza-Michael addition that have been observed
for long reaction times and large excess of catalyst."”®> We
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observed comparable fluorescence emission intensities at 540
nm when F-Acryl surfaces were functionalized with FL-SH
using both catalyst concentrations, suggesting that the reaction
yield remained comparable (Table S1, Supporting Informa-
tion). Immobilized peptide densities were measured in solution
after hydrolysis of F-FP films in NaOH and comparison with
solutions of F-SH standards in NaOH. Densities of 13, 21, 23,
and 28 pmol/ cm?® were measured for reaction times of 1, 2, 4,
and 24 h respectively, indicating that the reaction was
essentially complete after 2 h and that the level of
functionalization compares favorably with previously described
flat surfaces.**™®® For instance, Fixe et al. reported a maximal
density of 12 + 0.8 pmol/cm® of single stranded 18-
oligonucleotides DNA (ssDNA) immobilized on flat aminated
PMMA surfaces modified with glutaraldehyde.*® Houseman et
al. realized a microarray using Diels—Alder-mediated immobi-
lization of a peptide—cyclopentadiene conjugate onto a
benzoquinone-derivatized surface, reaching a peptide density
of 10 pmol/cm2.*” Wegner et al. measured a surface coverage of
2S pmol/cm® using a disulfide exchange reaction between a
cysteine-modified peptides and a self-assembled monolayer on
gold.*® To confirm the functionalization of the acrylated porous
CNC/PVA nanocomposite films with FP-SH, contact angles
were measured and an increase from 52.2° + 1.2 for F-Acryl to
67.4° + 1.3 after 24 h reaction was observed, consistent with
the attachment of lypophilic FP-SH.

The enzyme-sensing ability of the new sensor was probed
using trypsin as a model analyte. The fluorogenic peptide-
grafted porous CNC/PVA nanocomposite films prepared
under different conditions (resulting in different peptide
densities) were immersed into PBS solution containing trypsin
at a concentration of 250 ug/mL (Figure 3). This
concentration is within the range of protease levels found in
chronic wounds fluids.*® The emission intensity—time traces
shown in Figure 3 show that the fluorescence intensity
increases over the course of 1 h and the observed intensity
increases with the density of immobilized fluorogenic peptide;
however, sensor materials with a peptide density of 23 and 28
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Figure 3. Evolution of the fluorescence emission intensity at 540 nm
of porous CNC/PVA nanocomposite films derivatized with a
fluorogenic protein (F-FP), upon exposure to trypsin in PBS (250
ug/mL). The density of the fluorogenic peptide immobilized on the
scaffold was varied via the reaction time used for the immobilization.
(O) 13 pmol fluorogenic peptide/cm* (1 h reaction time); (A) 23
pmol fluorogenic peptide/cm” (4 h reaction time); (V) 28 pmol
fluorogenic peptide/cm” (24 h reaction time). The data for the highest
density substrate (28 pmol/cm?) exposed to (#) 20 pg/mL trypsin in
PBS and (OJ) neat PBS are also shown. Fluorescence emission was
measured in counts per second (cps).

pmol/cm?” displayed a similar behavior in the presence of 250
ug/mL trypsin, suggesting that a saturation level has been
reached. Although the distribution in CNC morphology can
influence signal measurement, such artifacts are averaged by the
testing procedure that involves relatively large (0.5 X 0.5 cm)
samples, and an instrument excitation light spot diameter of 0.3
mm. No change of the fluorescence intensity was observed in
the absence of the enzyme, which confirms that the sensor
system, at least in the time frame investigated here, is robust
and shown no hydrolytic degradation. The system also did not
show a response when exposed to a solution containing trypsin
at a concentration of 20 yg/mL, which puts a lower end to the
detection limit of the enzymatic sensors investigated here.

The covalent attachment of the fluorophore on the sensor
surface was probed after the enzymatic test. Following exposure
to trypsin, the substrate was further cleaned by washing with a
1:1 solution of ACN:deionized water for 1 min, and the
fluorescence emission was monitored again in PBS. No
significant differences were observed after washing, which
confirms that the increase in fluorescence intensity results from
cleavage of surface-bound peptides and cannot be imparted to
detached peptides because of ester bond hydrolysis or
retroaddition reaction.

B CONCLUSIONS

In summary, we have shown that CNC/PVA nanocomposites
can be readily be processed into robust, water-insoluble high-
surface-area scaffolds by dip-coating, and appropriate drying
and annealing steps. On account of the large number of surface
hydroxyl groups made available by both the CNCs and the
PVA, these scaffolds could readily be derivatized with acrylate
functions, which permit the subsequent introduction of a high
concentration of fluorescent sensor motifs by thiol—ene
Michael addition reactions. The reaction conditions used for
the immobilization are mild and tolerant, so that the sensing
motif can be selected virtually at will. pH sensors made by
immobilization of fluorescein display a robust and extremely
rapid response to pH changes. These characteristics benefit
from the availability of a large number of surface-bound
fluorophores and the hydrophilic nature and the porosity of the
scaffold. To probe a more complex design, the approach was
further extended to the detection of protease activity by
immobilizing a Forster-type resonance energy transfer
chromophore pair via a labile peptide sequence to the scaffold.
Using a standard benchtop spectrometer to monitor the
increase in fluorescence intensity, trypsin was detected at a
concentration that is typical for abnormal proteolytic activity.
Taken together, the results presented here support the
conclusion that the porous CNC/PVA nanocomposites are a
versatile scaffold for the development of new biosensors for
applications in wound diagnosis and other biomedical
applications.

B ASSOCIATED CONTENT

© Supporting Information

Topographic AFM images and trace height measurements of
CNC/PVA (F—OH) films deposited at various dip-coater
withdrawal speeds and dried at room conditions; UV and FTIR
measurements of HEA-TDI, F—OH film and F-acryl film; FL-
SH fluorescence emission calibration curve; experimental table
for Michael addition reactions. This material is available free of
charge via the Internet at http://pubs.acs.org.
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