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ABSTRACT



Inflammatory conditions are frequently accompanied by increased levels of active proteases,
and there is rising interest in methods for their detection to monitor inflammation in a point of
care setting. In this work, new sensor materials for disposable single-step protease biosensors
based on poly(2-oxazoline) hydrogels cross-linked with a protease-specific cleavable peptide
are described. The performance of the sensor material was assessed targeting the detection of
matrix metalloproteinase-9 (MMP-9), a protease that has been shown to be an indicator of
inflammation in multiple sclerosis and other inflammatory conditions. Films of the hydrogel
were formed on gold coated quartz crystals using thiol-ene click chemistry, and the cross-link
density was optimised. The degradation rate of the hydrogel was monitored using a quartz
crystal microbalance (QCM) and showed a strong dependence on the MMP-9 concentration.
A concentration range of 0-160 nM of MMP-9 was investigated and a lower limit of

detection of 10 nM MMP-9 was determined.
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Introduction

Monitoring the degradation of hydrogel films is a promising platform for disposable
biosensors capable of measuring protease activity. Elevated levels of proteases have been
linked to a variety of inflammatory conditions including multiple sclerosis (MS), periodontal
disease, bacterial infection in catheters, anaphylaxis and solid organ graft rejection 7 Hence,
there is significant interest in the development of effective sensor technologies for the
detection of these enzymes. Single-step sensors that can be used in a point of care setting at a
doctor’s surgery or for home monitoring of inflammation are particularly sought after.

Poly(2-oxazolines), are a class of poly(ethylene glycol) (PEG) analogues that has been

reported to reduce the immunogenic properties of BSA ® and displays excellent anti-fouling
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properties *'°. They have been proposed for cell growth support ', cell delivery % drug

14 and the immune capture ° . Given their anti-fouling properties,

delivery applications
poly(2-oxazolines) are attractive materials for the development of biosensors as interference
of proteins during sensing and the associated lack in specificity and sensitivity are expected
to be reduced. Hence, this work focuses on the development of peptide cross-linked poly(2-
oxazoline) as a new class of sensor material for the detection of proteases. ‘Click chemistry’
has been intensively reviewed as a tool for facile functionalization of materials '®'”. The use
of thiol-ene click chemistry as a cross-linking method to prepare the biosensor material is
promising as it has been reported to react effectively at low concentrations and under mild
conditions '*°.

The target protease chosen for this work is matrix metalloproteinase-9 (MMP-9), which is a
biomarker for heart disease, cancer, autoimmune diseases and mostly linked to inflammation
2 For example, in MS, which is a chronic inflammatory demyelinating autoimmune
disorder of the central nervous system (CNS) *°, several studies showed that active MMP-9
serum levels were higher in patients of relapsing-remitting MS (830 puM) compared to
healthy controls (540 uM) >,

Film degradation by an enzyme has been monitored previously in a disposable sensor
format using a quartz crystal microbalance (QCM), impedance spectroscopy and surface
plasmon resonance ** . Natural substrates, i.e. proteins, have been used as protease activity

. 1.34—
sensors based on film degradation *'~*7*

. However, proteins only allow for limited
specificity as they contain multiple cleavage sites that can be degraded by proteases other
than the target protease.

The use of hydrogels cross-linked with peptides that contain cleavage sites for specific

proteases has been described previously *******°. While polyacrylamide hydrogel cross-

linked with the peptide AAPVAAK showed relatively low sensitivity to human neutrophil
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elastase (HNE), greater sensor responses were observed with peptide cross-linked oxidised
dextran hydrogel films, the degradation of which was monitored using QCM and impedance
measurements at interdigitated electrodes (IDEs) *****?. Oxidized dextran cross-linked with
different peptides showed sensitivity to biomarkers of periodontal disease such as HNE,
cathepsin G and MMP-8 ***2. MMP-9 has been detected using impedance measurements at
IDEs coated with LGRMGLPGK cross-linked oxidised dextran hydrogel films in a
concentration range of 0.54 to 4.3 nM MMP-9 *°. Drawbacks of this material were a delayed
QCM response at low enzyme concentrations when the film was produced in a single coating
step *” or a lack of stability of the QCM signal before enzyme addition when the film was
produced in separate deposition steps of oxidized dextran and peptide **. Dextran is a natural
polymer and contains aldehyde groups in its oxidized form, which may also cause unwanted
binding of proteins and its properties cannot be tailored as easily as that of synthetic
polymers. Therefore, new synthetic polymers cross-linked with enzyme-selective peptide
sequences are promising as biosensor materials as they offer great flexibility compared to
natural substrates and can be readily optimized to maximize the sensor response. A
collagenase biosensor based on a peptide cross-linked four-armed PEG has recently been
described, although the effects of non-specific binding were not investigated for this system
40,

In this study, a peptide cross-linked poly(2-oxazoline) hydrogel was developed as a
biosensor material for the detection of proteases using MMP-9 as a model analyte. Film

degradation in the presence of MMP-9 was monitored with QCM measurements.

2. Materials and methods
2.1 Materials
The following chemicals were purchased from Sigma-Aldrich, UK: Tricine (N-

[tris(hydroxymethyl)methyl]glycine, 99%), sodium chloride (99.5%), calcium chloride
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dihydrate (99%), MES hydrate (4-morpholineethanesulfonic acid, 99.5%), pentenoic acid
(97%), anhydrous toluene (99.8%), 3-(trimethoxysilyl)propyl methacrylate (98%),
trichloro(octadecyl)silane (90%), bovine serum albumin (BSA, lyophilized powder, 96%),
triethylamine (99%), 4-pentenoyl chloride (98%), 2-chloroethylamine hydrochloride (99%),
2-ethyl-2-oxzoline (99%), methyl p-toluenesulfonate (97%), deuterium oxide (99.9% atom%
D), anhydrous magnesium sulfate (99.5%), sodium bicarbonate (99.7%), hydrochloric acid
(37%), dichloromethane (99.5%), anhydrous acetonitrile (99.8%), anhydrous
dichloromethane (99.8%), anhydrous methanol (99.8%), diethyl ether (99%), and Irgacure
2959 (2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophene, 98%). Chloroform-D (99.8%)
was purchased from Cambridge Isotope Laboratories Inc. Zinc chloride, concentrated sulfuric
acid (95-98%) and hydrogen peroxide (30% H»O, (w/w)) were purchased from Fluka.
Sodium hydroxide (1 M) was purchased from Fisher Chemicals, UK. The peptide used as the
cross-linker, Ac-CSG(ac-K)IPRRLTAC (95-98%) with molecular weight 1388.88 Da was
synthesized by Genscript Ltd. (Hong Kong). MMP-9 catalytic domain (39 kDa, purity
>95%), MMP-2 catalytic domain (40 kDa, purity >90), fluorogenic substrate, Mca-KPLGL-
Dpa-AR-NH, (98%), and OmniMMP™ fluorogenic control, Mca-PL-OH (98%), were
purchased from Enzo Life Sciences (UK) Ltd. Microscopic glass slides (Menzel-glaser, 75
mm X 25 mm) used in sensor fabrication were purchased from Thermo Scientific. Round
glasses cover slips (20 mm) were purchased from VWR. Polished, gold coated QCM crystals
(AT-cut, 10 MHz) were purchased from the International Crystal Manufacturing Company,
Inc (USA). Milli-Q water (resistivity 18.2 MQ.cm) was used to prepare all the solutions and
to rinse the glassware.
2.2 Standard analysis techniques

"H-NMR spectra were measured using Bruker AV400 and AVIII400 spectrometers with

abbreviations for the peaks: t-triplet and m-multiplet. ATR-FTR measurements were
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conducted using a Bruker Tensor 27 spectrometer equipped with an MCT detector and
spectra were obtained between 600 and 4000 cm™. GPC analysis was obtained using an
Agilent 1260 infinity system operated in DMF with NH4BFs (5 mM) and equipped with
refractive index and variable wavelength detectors, 2 Plgel 5 um mixed-C column (300 x 7.5
mm), a Plgel 5 mm guard column (50 x 7.5 mm). The instrument was calibrated with
poly(methyl methacrylate) standards between 5.5 and 46.9 kg/mol. All samples were passed
through 0.2 pm nylon 66 filters before analysis.
2.3 MMP-9 and MMP-2 activity

The enzymatic activity of MMP-9 and MMP-2 at 25°C in tricine buffer (100 mM, pH 7.4)
containing 100 mM NaCl, 10 mM CaCl,, 50 uM ZnCl, was measured based on the
degradation of a fluorogenic substrate using a FLUOstar microplate reader over 8§ min. The
fluorogenic control substrate was used to construct the calibration curve and the degradation
rate (pmoles/min) was measured. The calibration curve (Relative fluorescene units, RFU
versus concentration of enzymes, pmoles) gave a linear regression with equation y = 259 x +
106 (r*= 0.999). The enzyme assay using 20 nM (780 pg/ml) of MMP-9 gave a degradation
rate of 2.57 pmol/min and 1.60 pmol/min for 20 nM (800 ng/mL) of MMP-2.
2.4 Peptide degradation

Prior to the preparation of hydrogel films, the peptide sequence, Ac-CSG(ac-
K)IPRRLTAC, was first shown to be degraded by MMP-9. Throughout this investigation, the
acetyl protecting groups remained intact. However, thiol from cysteine was reported to inhibit

MMP-9 activity by chelating a zinc-containing active site *'**?

. Thus a capping method was
introduced (Scheme S1); 4-pentenoic acid (PA) was used to cap both cysteines at the
terminals of the peptide sequence. PA (90 umol, 90 mM) was reacted with peptide (45 pumol
in MES buffer, 45 mM) using the UV thiol-ene click reaction. 5 mol % of photo-initiator,

Irgacure 2959 (2.5 mM, 12.5 pL from 250 mg/mL) was added into the solution and UV-
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cured for 300 s. 100 uM of the product formed (modified peptide, X) was incubated with 25
nM MMP-9 in tricine buffer solution for 3 hours at 37°C. The sample before and after
degradation was measured using a matrix assisted laser desorption/ionisation-time of flight
mass spectrometer (MALDI-ToF MS).

2.5 Synthesis of poly(2-oxazoline) co-polymer (pOx)

2-(3-Butenyl)-2-oxazoline monomer (M1) was synthesised as described by Gress et al.*’
(Scheme S2). Briefly, 2-chloroethylamine hydrochloride (R1, 10.6 g, 1.2 eq., 93.1 mmol) was
dissolved in anhydrous dimethylformamide (80 mL) and the solution was cooled to 0 °C.
Triethylamine (R2, 19.6 g, 2.5 eq., 194 mmol) was added, followed by dichloromethane (75
mL) and pentenoyl chloride (9.12 g, 1 eq., 77.6 mmol). The reaction was stirred in an
ice/water bath for 24 h under an inert nitrogen atmosphere and allowed to warm up to room
temperature. To this mixture, dichloromethane (200 mL) was added and the combined
organic phases were washed with hydrochloric acid (1M, 500 mL four times), saturated
sodium bicarbonate solution (500 mL twice) and brine (500 mL four times) then dried over
magnesium sulfate to yield N-(2-chloroethyl)-4-pentenamide (R3) as a brown oil. Crushed
potassium hydroxide (4.48 g, 1 eq., 79.8 mmol) was added into an oven dried flask and
purged with nitrogen. Dry methanol (40 mL) was added and then R3 (12.9 g, 1 eq., 79.8
mmol) was introduced. The mixture was then heated at 70 °C for 24 h. The salts were
separated by filtration and the organic phase concentrated in vacuo. The crude product was
purified by distillation (82 °C, 6 mbar) from calcium hydride to yield M1 as a clear oil.

The poly(2-oxazoline) co-polymer (pOx) was synthesised as reported previously *.
Briefly, 2-ethyl-2-oxazoline (M2) was distilled from calcium hydride (7.93 g, 80 eq., 80.0
mmol), M1 (2.50 g, 20 eq., 20.0 mmol) and anhydrous acetonitrile (20 mL) were measured
into a microwaveable flask, to which methyl p-toluenesulfonate (R4, 0.186 g, 1 eg., 1.00

mmol) was added. The reaction was heated using a microwave, at 140 °C for 30 min. The
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reaction was terminated by the addition of a drop of water and the product precipitated by the
addition of cold (0-4 °C) diethyl ether (500 mL). The remaining polymer was collected by
filtration under suction and dried in vacuo. Characterisation: N-(2-chloroethyl)-4-
pentenamide (R3): oy (400 MHz; CDCls) 2.27-2.35 (4H, m, CH,-CH,-C=0), 3.55 (4H, m,
NH-CH,CH,-Cl), 4.94-5.09 (2H, m, CH,=CH) and 5.72-5.90 (1H, m, CH,=CH); 2-(3-
butenyl)-2-oxazoline monomer (M1): oy (400 MHz; CDCl3) 2.45 (4H, m, CH,-CH,-C=N),
3.88 (2H, t, CH,-C-0), 4.35 (2H, t, CH»,-N=C), 4.99-5.12 (2H, m, CH,=CH) and 5.90-5.93
(1H, m, CH,=CH). v/em™ ~2900 (w, C-H), 1675 (s, C=0), 1174 (w, C-N): poly(2-oxazoline)
co-polymer (pOx): oy (400 MHz; CDCl3) 1.06-1.22 (3H, m, CH3-CHy), 2.21-2.55 (9H, m,
CHjs-N, CH3-CH,-C=0, CH,-CH,-C=0, and CH,-CH,-C=0), 3.28-3.74 (8H, m, N-CH»-CH,-
N), 4.95-5.11 (2H, m, CH,-CH) and 5.74-5.89 (1H, m, CH-CH,). vicm™ ~3400 (br, O-H),
~2900 (w, C-H), 1633 (s, C=0), 1180 (w, C-N). Co-polymer ratio (M2:M1) was calculated
85:15. Mn 6.3 kg/mol, PDI 1.62.
2.6 Sensor fabrication
2.6.1 Cleaning of QCM crystals

The gold coated QCM crystals were cleaned with piranha solution (a mixture of 3:1, v/v,
concentrated sulfuric acid and 30 wt % hydrogen peroxide) for 3 min and then rinsed
thoroughly with Milli-Q water three times. The crystals were then blow-dried using nitrogen
prior to use.
2.6.2 Functionalised glass slide

A microscopic glass slide was first cleaned using piranha solution for 10 min. The glass
slide was rinsed thoroughly using Milli-Q water and dried in an oven at 100 °C for 10 min.
The clean glass slide was immersed in a beaker of 0.02% v/v of trichloro(octadecyl)silane in

anhydrous toluene for 90 min and closed tightly with Parafilm to avoid moisture absorption.



The modified glass slide was then rinsed with toluene, acetone and lastly with Milli-Q water
before blowing dry using nitrogen.
2.6.3 Mixture of peptide and pOx for hydrogels

A stock solution of pOx (303 mg/mL) was prepared in MES buffer (0.2 M, pH 5.5). For 25
% cross-linking with 135 pmol/mL pOx (91.1 mg/mL), a total volume of 200 pL solution
was prepared with 60 pL of pOx stock solution mixed with 4.7 mg of peptide cross-linker
(33.75 mM, 23.43 mg/mL dissolved in MES buffer, 0.2 M, pH 5.5) to which photo-initiator
(Irgacure 2959, 1.69 mM, 0.38 mg/mL, 5 mol %) was added (Table S3). The cross-linking
procedure used here was adapted from a thiol-ene click reaction between mono-cysteine
peptide sequence and pentenoic acid '*. To obtain different degrees of cross-linking, 9.4 mg
(67.50 mM, 46.87 mg/mL) and 14.06 mg (101.3 mM, 70.31 mg/mL) of peptide were used to
achieve 50% and 75% cross-links respectively, keeping the concentration of pOx constant,
and 5 mol % (with respect to thiol) of photo-initiator. Hydrogel films were prepared with
different pOx concentrations using 180 pmol/mL (121.5 mg/mL) and 225 pmol/mL (151.8
mg/mL) pOx stock solutions. 25% peptide cross-linker and 5 mol % of photo-initiator were
mixed into the pOx solution. All the mixtures were kept in the dark after the photo-initiator

was added.
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2.6.4 Hydrogel deposition

The clean gold coated QCM crystal was coated with hydrogel through UV thiol-ene cross-
linking as shown in Scheme 1. 25% cross-linked pOx was deposited by sandwiching 3 pL of
solution containing peptide and photo initiator between the clean gold coated QCM surface
and the silane-modified glass slide prior to UV-curing for 300 s (17 mW/cm?, 350-500 nm)
using a UV-lamp Omnicure series 1500. The glass slide was used to prevent evaporation and
shrinkage of the hydrogel during the curing. The hydrogel film coated QCM crystals were
removed from the silane-modified glass slide immediately after UV-curing and were kept in
tricine buffer prior to the degradation experiment.
2.7 Hydrogel film characterisation

The mechanical properties of the resulting peptide cross-linked pOx were characterised
using photo-rheology (TA Discovery HR-3 hybrid rheometer) with a UV activated setup.
Cover slips were cleaned using plasma (10 min) **. Then the cover slips were immersed in a
solution of 3-(trimethoxysily)propyl methacrylate (0.25 mmol, 60 pL) in anhydrous toluene
(20 mL) overnight. The cover slips were then rinsed with toluene, acetone and lastly with
Milli-Q water before blow drying using nitrogen. Functionalised cover slips were used to
prevent slippage between the hydrogel formed and the measuring surfaces during the
rheology measurement **. The functionalised cover slip was glued to the top geometry and
bottom quartz plate of the rheometer. Then, the hydrogel solution with photo-initiator was
sandwiched between the rheometer upper plate and the cover slip within a fixed gap of 250
pm. Oscillation at 1% strain was set for controlled strain mode. UV-irradiation was started
after 30 s and kept on for 300 s. The storage modulus of hydrogels with different pOx
concentrations and different degrees of cross-linking were measured during this time.

X-ray photoelectron spectroscopy (XPS) was performed on a gold coated QCM crystal

coated with 25% cross-linked pOx (135 pumol/mL) at Thermo Fisher Scientific, UK, and the
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spectrum was analysed using the Advantage software. Survey scans were carried out over a
1100 ~ 0 eV range and the region of sulfur binding energy was analysed in detail to confirm
the formation of thioether bonds after the cross-linking. The thickness of the hydrogel on the
QCM crystals was measured using a Dektak Surface Profiler (Bruker) and analysed using
Vision64 software from Bruker.
2.8 Experimental setup for QCM measurements

QCM measurements were conducted using the experimental setup described by Sabot and
Krause*. One full quartz crystal admittance spectrum (402 points, acquisition time 1s, ac
stimulus 160 mV) was recorded over a range of 20 kHz centered at the QCM resonance
frequency (~10 MHz) every 10 s. To monitor hydrogel degradation by MMP-9, the
measurement was performed in a customised cell at room temperature (25 °C). 140 pL of
tricine buffer was added into the cell and QCM data were recorded 10 min prior to enzyme
exposure. 10 pL of enzyme solution was added into the cell and the degradation was
monitored for an hour. For the setup, 420 scan points were recorded for the entire experiment
over 80 min. A control was run for the degradation by replacing enzyme solution with 10 uLb
of tricine buffer, recorded as 0 nM MMP-9. The QCM admittance spectra were recorded
before and after degradation. The QCM admittance spectra where then fitted with a
Butterworth Van Dyke (BVD) equivalent circuit as described by Sabot and Krause *°. Two
QCM parameters were used to describe the degradation of the hydrogel, which is the change
in resistance, 4R, and the change in reflective inductance, wAL. The change in resistance, 4R,
represents the viscoelasticity of the hydrogel or energy loss due to damping and the change in
reflective inductance, wAL, represents the mass loss of the hydrogel during the degradation.

A set of sensors fabricated using the functionalised glass slide method were prepared for
the calibration of the sensor using a range of 0 nM to 160 nM of MMP-9. The selectivity of

the sensor and the effects of percentage cross-links, pOx concentration, and the presence of
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bovine serum albumin (BSA) on the MMP-9 response were also investigated using sensors
fabricated by the functionalised glass slide method. The degradation was monitored before
and after the addition of MMP-9 over 60 min.

2.9 Statistical analysis

Results were analysed using T-test and analysis of variance (ANOVA)/post-hoc analysis by
Tukey HSD test. Statistical data analysis was carried out using SPSS software version 22.0
and a statistically significant difference was denoted by p<0.05. Data were processed based

on the average changes of 4R and wAL within 60 min of MMP-9 addition.

3. Results and discussion

To obtain films that degraded in the presence of MMP-9, a suitable peptide cross-linker for
pOx had to be selected. For this work, the SGKIPRRLTA peptide sequence was chosen as
the cross-linker due to its good sensitivity to MMP-9 and MMP-2 with the cleavage site
situated between arginine and leucine. The catalytic efficiencies of this peptide sequence to
MMP-9 and MMP-2 have been reported with ke,/Kp, 1.6x10° M 17 and Keat/Kin 3.8x10*
M sT * respectively. In order to enable this peptide sequence to be incorporated into
polymeric cross-linked biosensor substrates, cysteine residues were added at both N- and C-
peptide terminals. The cysteine (N-terminal) and the lysine residue within the peptide
sequence were acetylated to protect free amines from reacting during the cross-linking
reactions. The degradation of the peptide (X, (ac-C)SG(ac-K)IPRRLTAC) by MMP-9 was
confirmed by MALDI-ToF MS analysis, with the presence of a new molecular ion (Y, (ac-
C)SG(ac-K)IPRR) observed at m/z 1102.1, which corresponds to the degraded peptide
sequence (Fig. S4).
3.1 Characterisation of hydrogel films

The lowest degree of cross-linking required for gelation was determined to be 25% as

confirmed by carrying out the UV thiol-ene click coupling in a vial (Fig. S5). The result
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shows that the hydrogel was formed in 300 s under UV-irradiation. Photo-rheology
confirmed the rapid evolution of the pOx hydrogel as a function of time after exposure to UV
(Fig. 1a and 1b). As shown in Fig. la, the storage modulus increased sharply after UV-light
was turned on after 30 s for 50% and 75% cross-linking. However, the storage modulus for
25% cross-linking increased slowly with a lower final value of the storage modulus. The
same trend was observed with the pOx concentration (Fig. 1b) which shows that the storage
modulus increased slowly at 135 pmol/mL compared to 180 and 225 pmol/mL. 25%, 50%,
and 75% cross-linked pOx hydrogels prepared with 135 umol/mL pOx resulted in storage
moduli of 81.61 + 3.258 Pa, 4964 + 428.0 Pa, and 7533 + 335.8 Pa, respectively. 135
pumol/mL, 180 umol/mL and 225 pmol/mL of pOx concentration resulted in storage moduli
of 81.61 + 3.258 Pa, 299.0 + 19.83 Pa and 1400 + 629.4 Pa. An increase of initial reactant
concentration in the hydrogel mixture resulted in an increase of the cross-linking efficiency
and, therefore, an increase of the storage modulus *.

Fig. 1c displays the narrow scan XPS spectrum for sulfur 2p of the 25% cross-linked pOx
hydrogel film coated on a QCM crystal. The XPS spectrum was fitted with 2 components,
where each component has a doublet S 2p3,and S 2py, with an energy separation of 1.2 eV
and an intensity ratio of 2:1. The fitted S 2ps/, peaks were assigned to Au-S (~162.40 eV) and
S-C (~163.59 ¢V) which is in agreement with previous studies ** . The S-C peak reported
here belongs to C-S-C, which was reported previously in the region of 163.4-163.6 eV . In
conclusion, the S-C peak confirmed the formation of carbon-sulfur bonds between the alkene
from pOx and the thiol from the cysteine residue in the peptide cross-linker. The unreacted
peptide was dissolved in water and washed away during the rinsing process. The average

thickness of these hydrogel films was 0.594 pum = 0.042 pm.
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Fig. 1 (a) The evolution of the storage modulus as a function of time for different percent

cross-linking with 135 pumol/mL and (b) 25% cross-linked with different pOx concentration.

(c) XPS spectrum of gold coated QCM crystal coated with 25% cross-linked pOx.

3.2 Optimisation of the peptide cross-linked pOx hydrogel

3.2.1 The effect of the degree of cross-linking on the MMP-9 sensor response

Hydrogel films with various percentages of peptide cross-links in a range from 25% to 75%

were obtained by changing the concentration of peptide in the pOx solution, and their
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degradation before and after addition of 20 nM MMP-9 was monitored using QCM
measurements, which were performed in a custom cell at room temperature (Fig. 2a-c). The
degree of cross-linking referred to is defined by the stoichiometric feed ratio of thiol groups
in the peptide to alkene groups in the pOx. The hydrogel was first equilibrated in tricine
buffer for 1 h before exposure to MMP-9 to allow the film to stabilise before the enzyme was
added. A small increase of both the resistance 4R and the reactive inductance wAL was
observed immediately after the addition of the enzyme, which corresponded to the enzyme
binding to the hydrogel. The degradation of hydrogels was strongly dependent on the
percentage of peptide cross-links. An increase of the percentage cross-linking caused a
decrease in the sensor response. At 25%, 50% and 75% cross-linking, the 4R at 60 min
observed were -8.0 Q, -5.2 Q and +0.6 Q, respectively. The average sensor response, 4R,
shows a significant difference between different percentages of crosslinking (ANOVA,
p<0.05). This trend was observed as the hydrogels with lower percentage cross-linking had
more porous hydrogel structures compared to the higher percentage cross-linking, thus
allowing better access of the MMP-9 to the peptide cross-links and resulting in faster
degradation. A similar trend was reported by Schyrr ez al. **, where a higher sensitivity of an
MMP-2 optical sensor was observed at a lower cross-linking concentration of glutaraldehyde
in gelatine. For a recently reported collagenase sensor based on peptide cross-linked four-
armed PEG, the opposite trend was observed yielding the highest sensitivity at the highest
cross-link density *°. It is assumed that this difference was caused by larger pore sizes due to
the four-armed architecture of the PEG and possibly the greater hydrophilicity of the peptide
allowing the enzyme to enter the hydrogel even at high cross-link densities. The linear
architecture of the pOx used in this work most likely resulted in smaller pore sizes at high
cross-link densities. At the highest cross-link density of 75%, a small increase in both

resistance 4R and the reactive inductance wAL was observed. This is most likely due to
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swelling caused by the cleavage of cross-links without significant dissolution of the film and
subsequent influx of water into the surface regions of the hydrogel.

A comparison of the changes in the reactive inductance wAL and the resistance 4R (Fig. 2a
and b) shows that the changes in wAL were about three times smaller than the changes in 4R.
This could be caused by the poor mass coupling of the hydrogel to the quartz crystal due to
the high viscoelasticity of the hydrogel. The decrease in wAL corresponds to mass loss as the
hydrogel started to be degraded by the enzyme through the cleaving of the peptide cross-
linker. The fragments of the degraded hydrogel then dissolved into the tricine buffer. A
decrease in AR indicates that the energy loss due the damping caused by the hydrogel film
decreased as the film degraded. Interestingly, in contrast to the results obtained here, a
peptide cross-linked four-armed PEG described recently *° only showed a change in AR but
no significant mass loss upon degradation with collagenase. It was assumed that this was due
to the binding of the enzyme to the partially degraded hydrogel, which also resulted in
incomplete degradation. This does not appear to be the case for the MMP-9 response of the
peptide cross-linked pOx in this work where the degradation continues over the entire
measurement period.

3.2.2 The effect of the pOx concentration during cross-linking on the MMP-9 sensor
response

The effect of the pOx concentration during hydrogel formation with 25% of peptide cross-
links on the degradation rate upon exposure to MMP-9 is shown in Fig. 2d-f. Degradation
was measured for 60 min using 20 nM MMP-9 for each hydrogel. Films were prepared with
135, 180 and 225 pmol/mL of pOx concentration cross-linked with 25% peptide. From Fig.
2d and e, the increase of pOx concentration resulted in a decrease of wAL and 4R. Fig. 2f
shows a significant difference in average sensor response, AR, between different pOx

concentrations (ANOVA, p<0.05). Again, the changes in wAL were about three times smaller
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than the changes in 4R. The hydrogel synthesised with 225 pmol/mL of pOx showed the
lowest response with about 0 Q in good agreement with the response observed at different
cross-link densities. It is proposed that both, increasing the concentration of pOx and
increasing the cross-link density, decreases the porosity of the hydrogel film, thereby
reducing the accessibility of cross-links to the enzyme. As the 4R change was more

significant than that of wAL, the following results will be discussed using the 4R values.
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Fig. 2 QCM response, (a) wAL and (b) 4R of 25%, 50%, and 75% CSGKIPRRLTAC cross-
linked pOx (135 pmol/mL) before and after addition of 20 nM MMP-9 at ¢ = 0. (c) Average
of AR for different degrees of cross-linking after 60 min incubation. QCM response, (d) wAL
and (e) AR of 25% cross-linked films with different concentrations of pOx: 225, 180 and 135
umol/mL after addition of 20 nM MMP-9 at ¢ = 0. (f) Average of AR for hydrogel films made

with different pOx concentrations in 60 min. The error bars represent the standard deviation

for n=3.
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3.3 Concentration dependent MMP-9 response of the hydrogel

The optimised hydrogel was exposed to different concentrations of MMP-9 (Fig. 3a).
Comparatively, no degradation response of the hydrogel was observed over the same time
period in tricine buffer without MMP-9, which demonstrated the hydrogel stability over the
degradation time. With increasing MMP-9 concentration, the rate and the extent of the
decrease in AR increased. The degradation was observed to be faster at the beginning and
then became slower. The continued change in AR indicates that the degradation was
incomplete within the 60 min measurement window. For the hydrogel that was exposed to
160 nM MMP-9, the higher rate of degradation lasted for 30 min and for 10 nM MMP-9, it
lasted for 13 min. This may be caused by the zinc atom at the active site of the enzyme
coordinating to the unreacted cysteine of the peptide resulting in deactivation of the enzyme.
Based on these results, it can be seen clearly that MMP-9 concentrations as low as 10 nM can
be detected using this system. The lower limit of detection is defined as the concentration at
which a response significantly different from the blank response was obtained. The sensor
response, 4R, shows a significant difference between 0 nM (blank response) and 10 nM (T-
test, p < 0.05). A calibration curve was plotted using the change in resistance, 4R, at 60 min
of hydrogel degradation at various MMP-9 concentrations (Fig. 3b) showing a linear
relationship. To investigate the effect of non-specific binding, multiple concentrations of
BSA were added to the sensor. No significant change of AR or wAL was observed indicating

that BSA does not bind to the film (Fig. 3c).
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Fig. 3 (a) QCM response, AR for 25% peptide cross-linked pOx after exposure to different
concentrations of MMP-9 in a range of 0-160 nM. (b) The linear regression between the
average AR value at 60 min and the MMP-9 concentration based on the QCM response in
panel (a) (y = 0.183 x + 0.147 (r*= 0.965)). The error bars represent the standard deviation

for n=3. (c) QCM response, AR and wAL for 25% peptide cross-linked pOx after exposure to

different concentrations of BSA.

3.4 Cross-sensitivity studies using MMP-2 and MMP-9
Chen et al.*® reported that the peptide sequence SGKIPRRLTA was sensitive towards both
MMP-9 and MMP-2. Here, the optimised sensor was tested with MMP-2, known as

gelatinase A, which was reported to be detected in MS but in a different subtype with MMP-9
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27 No sensor response was observed after exposure to 20 nM MMP-2 over 60 min as in Fig.
4. At 160 nM, MMP-2 shows about 30% reduction of the sensor response compared to
MMP-9, which is in line with the activities that were measured with both enzymes. Where
clinical applications demand complete differentiation of MMP-2 and MMP-9, selectivity
could be achieved by using sensor arrays with different peptide cross-linkers, by further
modifying the polymer scaffolds or through a combination of both.

enzyme added

54 1
ol N 20 nM MMP-2
54
10] 20 nM MMP-9
S 5]
%
-20 160 nM MMP-2
-254
-30+ 160 nM MMP-9
-35

20 10 0 10 20 30 40 50 60 70
Time / min

Fig. 4 QCM response, AR of 25% cross-linked pOx (135 pumol/mL) with 20 nM and 160 nM

of MMP-9 and MMP-2.

3.5 Effect of BSA on the MMP-9 sensor response

Fig. 5 shows the effect of 1% BSA on the degradation of the optimised hydrogel of 25%
peptide cross-linked pOx with 20 nM and 160 nM MMP-9. The sensor response, 4R, after
addition of MMP-9 in tricine buffer was -8.7 Q and -30.0 Q for 20 nM and 160 nM MMP-9,
respectively. In the presence of 1% BSA, the sensor response was still significant, but
decreased to -3.1 Q and -18.6 Q for 20 nM and 160 nM MMP-9, respectively. It is assumed
that this reduction in the sensitivity was caused by the increase of viscosity of solution due to

the high protein concentration as BSA does not bind to the film (see Fig. 3c).
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Fig. 5 QCM response, AR, of 25% cross-linked pOx (135 pmol/mL) to 20 nM and 160 nM

MMP-9 in tricine buffer with 1% BSA.

4. Conclusions

Biosensor materials based on peptide cross-linked pOx hydrogels for disposable protease
sensors were developed. The performance of the sensor material was demonstrated by using a
peptide cross-linker that can be cleaved by MMP-9. The new sensor material was shown to
undergo degradation after exposure to MMP-9 using QCM measurements, and the
degradation was observed to be directly related to the MMP-9 concentration. Interestingly,
lowering the degree of cross-linking at a lower concentration of pOx hydrogel gave a higher
response towards MMP-9, which is assumed to be due to the higher porosity of the hydrogel
film formed under these conditions compared to those with a higher degree of cross-linking,
thereby allowing better access of the enzyme to the cleavage sites of the peptide cross-links.
Using hydrogels close to the gelation point also means that a smaller number of cross-links
needs to be eliminated to cause the gel to break up resulting in faster degradation. As
expected from the previously reported antifouling properties of poly(2-oxazolines), the
hydrogels did not show significant binding of the non-specific protein BSA, although a

somewhat reduced sensitivity of the sensor in the presence of 1 % BSA was observed. This,
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allied to the generic sensor format, means that the hydrogel could easily be adapted for the

detection of other proteases by changing the sequence of the peptide cross-linker.
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