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Abstract:

This thesis focuses on the development of an
assay using carbon dots (CD) as visual in-
dicators of plastic degradation, specifically
for screening proteins with catalytic activity
towards polyethylene terephthalate (PET).
CD were synthesised and integrated into
PET substrates through spin-coating and
electrospinning. PET fibers produced via
electrospinning were found to be more suit-
able for the screening method, providing
higher surface area and stability compared
to PET films. Catalytic degradation as-
says were conducted using various proteins,
where release of CD upon enzymatic degra-
dation of the PET substrates was monitored
using fluorescence emission spectroscopy
and reversed-phase high-performance lig-
uid chromatography. The results demon-
strated that cutinase effectively degraded
PET fibers, resulting in significant CD re-
lease inducing a visible fluorescent signal.
However, the fluorescence response to sub-
strate degradation by other proteins was
less pronounced, indicating the need for fur-
ther optimization. Despite the promising
results with cutinase, inconsistencies in CD
release as a direct indicator of PET degra-
dation highlight the need for further refine-
ment of the method.
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ISC Intersystem Crossing.
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LUMO Lowest Unocupied Molecular Orbital.

MHET Mono(2-hydroxyethyl) terephthalate

PET Polyethylene terephthalate
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HPLC

SDS Sodium dodecyl sulfate

SDS- Sodium dodecyl sulfate polyacrylamide gel electrophoresis
PAGE
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Introduction 1

The impact of current large-scale production of synthetic polymers is of primary concern,
as their negative-effects on soil health, human health and aquatic ecosystems continues to
be increasingly documented [1, 2]. Aside from waste accumulation, recycling processes are
limited in the recovery of component parts and are not environmentally friendly, leading
to persistent pollution. Current recycling process are divided into primary, secondary and
tertiary recycling, each with a different final product and limitations. Primary recycling
reintegrates cleaner waste back into the production process, while secondary recycling
use physical processes to transform post-consumer plastics into pellets or granules. Both
methods are limited by the quality and contamination of the plastic waste that can be
used. Tertiary recycling addresses these limitations by chemically degrading the synthetic
polymers into smaller components, however, the process is energetically costly and leads
to the release harmful chemicals into the environment |3} |4]. In contrast, biorecycling
has the potential to overcome the limitations of both mechanical and chemical recycling
by employing enzymes to reduce polymers into composing monomers, which can then
be reused [5]. Although not yet fully scalable, the development of biorecycling has gained
increasing attention with advances in biotechnology underscoring the viability of enzymatic
degradation of polyethylene terephthalate (PET) [6], and it is starting to see commercial
application |7, 8]. The identification, development and exploration of PET degrading
enzymes has therefore become a research hotspot in efforts to advance the field [9, |10],
yet they are currently constrained by the challenges of screening proteins for catalytic
activity towards PET at a broader scale [11]. Current methods rely heavily in the
detection of the polymer monomers terephthalic acid (TPA) and ethylene glycol (EG), or
smaller units such as mono(2-hydroxyethyl) terephthalate (MHET), using sophisticated
and costly instrumentation, such as high-performance liquid chromatography (HPLC)
and mass spectrometry (MS). While highly sensitive, HPLC and similar techniques are
primarily limited by their low-throughput and required expertise, halting the discovery
and characterization of new proteins. |11, 12]. The development of new assays addressing
these limitations is therefore needed for faster development of the field, and has been the
focus of recent research |11} |13} |14]. Due to the hydrophobic aspect of PET, however, both
traditional and novel assays are often designed to monitor only the final stages of PET
degradation into water soluble products. As a result, enzymatic or catalytic activities
that do not result in full depolymerization remain overlooked [15]. The development
of an assay for catalytic activity using carbon dots (CD) as a fluorescent reporter of
PET degradation aims to offer a more accessible and time-efficient approach to screening
proteins for catalytic activity. The premise of the method lies in the release of a
detectable fluorescent signal resulting from the degradation of a polymer matrix with
CDs embedded therein. The method could reduce the need for costly instrumentation
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but also allow for the identification of enzymes that may not fully depolymerize PET but
still exhibit catalytic activity. Additionally, CD’s advantageous properties, including small
size, high hydrophilicity, non-toxicity, and ease of production make them an attractive
option for widespread use. CD can be synthesized from a variety of readily available
materials using simple techniques such as microwave-assisted pyrolisis, allowing for scalable
production at low cost [16]. The proposed assay could therefore contribute to overcoming
current bottlenecks in enzymatic degradation studies, potentially accelerating biorecycling
advancements.




Theory 2

2.1 Photoluminescence and fluorescence

Photoluminescence (PL) is a process that results in light emission following the
absorption of photons by a material. The term PL encompasses both fluorescence and
phosphorescence, with the key difference lying in the excited state from which the molecule
emits a photon. At the heart of fluorescence lies the concept of HOMO-LUMO transitions,
where electrons transition from the Highest Occupied Molecular Orbital (HOMO) to
the Lowest Unoccupied Molecular Orbital (LUMO). Upon absorbing the energy from a
photon, an electron in the HOMO transitions to the LUMO, creating an excited-state
molecule. After rapid relaxation to the lowest vibrational level of the excited state, the
electron returns to the ground state by emitting a photon, resulting in fluorescence.
The difference in energy between the HOMO and LUMO is directly related to the
wavelength of the emitted light. The process is non-destructive to the material and
can occur repeatedly, which is one of the key aspects of the applicability of fluorescent
particles. Historically, fluorescence has been studied since the mid-19th century, with
early researchers such as George Stokes and Sir William Herschel exploring its potential
applications [17]. Fluorescence is typically a faster process, with emission occurring on the
order of nanoseconds to microseconds, while phosphorescence involves a delayed emission
often persisting after the excitation is stopped. The difference in emission time is explained
by the pathway by which molecules return to their ground state (Sp) after absorbing a
photon, typically illustrated by a Jablonski diagram as shown in Figure 2.1} Both the
fluorescence and phosphorescence processes start with the absorption of a photon (hvy),
causing an electron to shift from the ground state Sy towards an excited state S; or Ss.
Fluorescence (hup) occurs when a molecule returns to the ground state by emitting a
photon from from excited states of same spin multiplicity as the ground state (S and St),
releasing the excess energy in the form of light. Other energy dissipation process such as
vibrational relaxation (VR) and internal conversion (IC), however, are faster than hup,
causing the energy released as photon by fluorescence to be lower than that which was
absorbed. This phenomena is known as the Stokes shift, where the dissipation of energy
by light emission occurs in longer wavelength of lower frequency than that of the absorbed
photon.
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Figure 2.1: Jablonski diagram illustrating the energy transitions leading to fluorescence and
phosphorescence. Absorption, fluorescence and phosphorescence are respectively indicated by
Hv,, Hup, Hup. IC: internal conversion; VR: vibrational relaxation; ISC: intersystem crossing.
Figure adapted from

Upon excitation, the molecule may initially reach a higher vibrational levels of an excited
electronic state, illustrated in Figure by the thin lines horizontal lines. In this case,
the molecule undergoes VR, where excess vibrational energy is transferred either to other
vibrational modes within the same molecule or to the surrounding molecules. This energy
transfer causes the molecule to relax to the lowest vibrational level of the excited electronic
state. Once the molecule has relaxed to the lowest vibrational level of a higher excitation
singlet state (S2), it may undergo internal conversion, where the molecule transitions to
a lower excited state (S1) of the same spin multiplicity. This transition happens because
the vibrational levels of the two singlet states overlap, allowing energy to be transferred
into vibrational modes. After IC from S to a vibrational mode of Sy, the molecule may
undergo further VR, returning to the lowest vibrational level of S1, at which fluorescence
occurs. Phosphorescence, in the other hand, occurs in molecules which allow intersystem
crossing (ISC), where instead of returning to the ground state via fluorescence, the molecule
transitions into a triplet state (T1). This process results from a change in the electron’s
spin orientation from single state paired spins to the triplet state with unpaired, parallel
spins. Once in T1, the molecule can return to SO by emitting a photon via phosphorescence
(hvp). However, this transition is spin-forbidden as it requires a change in spin in order
to transition back to the Sy paired state and therfore takes longer to occur, leading to
a delayed emission of light |17, [18]. Over the decades, the understanding of fluorescence
has expanded, making fluorescence indispensable in chemistry and biological assays, where
small quantities of substances can be rapidly detected based on their fluorescent properties.
Advances in nanotechnology have laid ground for the development of new fluorescent
materials such as carbon dots.
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2.2 Electrospinning of Polymer Fibers

Electrospinning is a versatile technique used to fabricate fibers from polymer solutions or
melts through the application of a high-voltage electric field. It has become widely used due
to its ability to produce fibers with diameters in the nanometer scale with applications such
as tissue engineering, filtration, and drug delivery [19]. The basic setup for electrospinning
consists of syringe pump, a metallic needle through which the polymer melt is pumped,
a high voltage power supply connected to the metallic needle and a grounded conductive
collector towards which the solution is spun into fibers. The electrospinning process starts
with the application of a high voltage to the metallic needle, charging the loaded polymer
solution therein. The drop on the tip of the needle is subject to the electrostatic repulsion
of the accumulated induced charges and to the external electric field created between the
charged needle and the grounded collector. These forces distort the polymer droplet into a
conical shape know as the Talyor cone, named after Sir Geoffrey Ingram Taylor, who first
provided a theoretical explanation for the observed conical distortion of fluids under an
electric field [19, 20]. By increasing the voltage past a critical point, the electrostatic forces
overcome the surface tension of the liquid, causing it to be expelled in a jet from the tip of
the Taylor cone. The jet follows the electric field towards the grounded collector, during
which it is elongated and its surface area increases, thereby favoring solvent evaporation.
The distance between the needle and the collector is set as such that the travel path allows
for the evaporation of most of the solvent, resulting in the solidification of the polymer as
thin fibers |19, [21].

The morphology and diameter of the fibers produced are influenced by a collection of
factors, including proprieties intrinsic to the solution such as polymer concentration,
conductivity and surface tension, as well as experimental conditions such as ambient
humidity and temperature. The composition of the polymer solution have a direct effect
in the stability of the jet, related to the balance between the opposing forces of surface
tension and electrostatic repulsion acting on it. Surface tension tends to reduce surface
area and can lead to breaking the jet into spherical beads while electrostatic repulsion
favors the increase of surface area by elongation of the jet. Other characteristics of the
solution contribute to this balance, such as viscosity. Low-viscosity solutions enable greater
jet elongation, producing thinner fibers, but at the cost of stability, which can lead to bead
formation as surface tension dominates [19]. In contrast, high-viscosity solutions stabilize
the jet, reducing the likelihood of bead formation by resisting jet breakup, though the
fibers tend to be slightly thicker due to less elongation [22|. Another example is the
solvent conductivity, which promotes the electrostatic repulsion leading to thinner fibers
by favoring the elongation of the jet [19]. The effect of humidity and temperature on fiber
morphology, in the other hand, originates from their influence on solvent evaporation. High
humidity levels can lead to the rapid condensation of water molecules onto the polymer jet
as it travels toward the collector. This phenomenon can disrupt the uniform evaporation of
the solvent, resulting in fiber defects such as beads, pores, or irregular surface structures.
Conversely, low humidity levels may lead to too rapid evaporation of the solvent, causing
fibers to become brittle and prone to breakage during deposition [22]. Humidity and
temperature also significantly impact fiber morphology through their influence on solvent
evaporation. At high humidity levels, water molecules can condense onto the polymer
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jet, causing defects such as fiber fusion or pore formation. Temperature, on the other
hand, accelerates solvent evaporation, favoring faster jet solidification and thicker fibers,
although the decreased viscosity also promote finer fibers by increasing jet elongation |19,
22]. The results of electrospinning are therefore governed by a delicate balance between
multiple factors, including solution properties, experimental conditions and environmental
conditions. The parameters can be optimized towards a wide-variety of outcomes in fiber
morphology and diameter, leading to the high versatility and vast applications of the
technique [21].




Methods

3.1 Preparation and Characterization of Carbon Dots

Three different carbon dots (CDs) with distinct fluorescent properties were synthesized,
arbitrarily referred to as CD1, CD2 and CD3. The synthesis were made via pyrolysis
using a common microwave at 650 W for four minutes. CD3 was synthesized from a
5mL suspension containing 0.5 g citric acid monohydrate and 386.6 mg diethanolamine.
CD1 and CD2 were prepared from citric acid and urea at mass ratios of 0.2:1 and 2:1
urea to citric acid, respectively. Post-pyrolysis, the CDs were suspended in Milli-Q
water and put in a sonic bath for one hour. The suspension was then centrifuged at
3000 rpm for 20 min, and only the supernatant was retained. Ultraviolet-Visible (UV-Vis)
spectroscopy was performed to record the light absorbance of the CDs using a Shimadzu
UV-1800 spectrophotometer, in the range of 300 nm to 600 nm. The wavelength of maximal
absorbance for each CD was used for excitation during emission spectroscopy, which was
conducted using an ISS Chronos DFD fluorescence lifetime spectrometer coupled to an ISS
K520 digital frequency domain and a P110 lamp power supply. Emission measurements
were made by scanning in 1 nm steps for 0.3 s without wavelength filters between the sample
and the light source, measurements were made on samples diluted by a factor 1 : 500 from
each stock. Following qualitative inspection of CD fluorescence, dynamic light scattering
(DLS) measurements were performed only for CD2 using a Brookhaven NanoBrook Series
instrument and BIC Particle Solutions software. The DLS settings used were:instrument
parameters at 90°, measurement temperature at 25 °C, set 30s, equilibration time of 30s,
and particle size range of 10nm to 50 nm. Ten automated measurements were taken with
Os intervals, and a refractive index of 1.693 was used for the sample parameters [23].
The CDs were later lyophilized for storage. After initial comparison, CD2 was selected
for further experimentation. Two additional batches of CD2 were produced following the
same protocol and were verified for consistency by measuring absorbance, emission, and
particle size using the herein described methods.

3.2 Preparation and Characterisation of PET films

3.2.1 PET film fabrication

PET films containing CD1, CD2 and CD3 were produced by spincoating. Serial dilution
of the CD stocks in the orders of 1 : 10,1 : 100,1 : 1000, 1 : 5000 were combined with a
solution of 2% (w/v) PET pellets, dissolved in a mixture of 40% (v/v) dichloromethane
(DCM) and 60% (v/v) trifluoroacetic acid (TFA). The mixture was stirred overnight at
the lowest magnet rotation speed prior to the addition of CDs. Silicon wafers measuring 1
x 1 cm were covered with the PET-CD solution and spincoated at 8000 rpm for 90 s using a




A302 3. Methods

POLOS SPIN150i spincoater. The films produced were screened for inclusion of CD using
a312nm UV lamp.

3.2.2 Fluorescence measurement of PET films

Emission spectroscopy measurements were attempted on films by fixating the films
perpendicular to the light source, with a pivoting support allowing the angle between
the light source and film to be adjusted to 30°, 45° or 60°.

3.2.3 pH and temperature testing on PET films

CD2-enriched PET films behaviour resulting from pH and temperature variation was
investigated using PET films prepared with the 1 : 100 CD2 stock dilution. CD2-enriched
PET films were incubated with 100 pL of 20 mMTris-HCI buffer deposited on their surface
with pH values ranging from pH 5 to pH 8 by steps of 1. One set of experiments was
carried out at room temperature and another at 60°C, both sets had their fluorescent
signal visually inspected for fluorescence with a 312nm UV lamp after incubation. Effects
of temperature increase were isolated by incubating two plain CD2-enriched PET films at
60°C. One film was incubated for 20 hours, while the other was analysed after 2 hours.
At the end of incubation times, both samples were rinsed with 200 uL. MiliQ water. The
rinsing volume as collected and inspected together with the films using a 312nm UV lamp.

3.2.4 PET film working temperature range

The working temperature range of CD2-enriched PET films was investigated by incubating
PET films for 24 hours in temperatures ranging from 30°C to 60°C in 10°C steps. The
experiment was conducted in duplicate: one set was incubated dry, the other set was
incubated with 100 uL deposition of 20mM TrisHCI (pH 8) on the films surface. After
incubation time, all samples were rinsed with 200 pL. MiliQQ water which was collected for
analysis.

3.2.5 Complementary qualitative testing

Visual qualitative inspections of fluorescence under 312nm UV lamp were conducted: (I)
CD2-enriched PET films were redissolved in 40% (v/v) DCM and 60% (v/v) TFA and
then inspected for fluorescence; (II) CD2 dilution used for PET-film fabrication was heated
to 100°C over 10 minutes and inspected for fluorescence; (III) Mechanical abrasion was
manually applied with metal spatulas to CD2-enriched PET films submerged in 150 pL
MiliQQ water, and the sumberging volume was collected after 2 minutes for fluorescence
inspection. Prior to the abrasion, the PET films had been hydrated for 2 minutes with an
equivalent volume, which had also been collected for analysis.

3.3 Preparation and Characterization of PET fibers

PET fibers were produced via electrospinning. Electrospinning was conducted with a Yflow
Nanotechnology Solutions Electrospinner 2.2.D-500. Initial fibers were produced using
solutions of 40% DCM (v/v) and 60% (v/v) TFA with 20% (w/v) dissolved PET pellets
and 0.1% (v/v) CD2 stock. Starting for Fiber Assay 2, the solution used was adjusted

8
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to 100% TFA with %25 (w/v) dissolved PET powder and 0.3% (w/v) lyophilized CD2.
Inclusion of CD2 within the fibers was verified with a 312nm UV lamp. The produced PET
fibers were then taken to an Olympus IX71 fluorescence microscope for fluorescence signal
imaging using a U-MWIB3 OLYMPUS Microscope Fluorescent Cube. The temperature
dependence of the PET fibers fluorescence was evaluated by incubating similar PET fibers
for 24 hours at 40 °C, 50°C and 60 °C. All samples were visually inspected for fluorescence
using a 312nm UV lamp prior to heat exposure. Samples were rinsed with 150 pL. MiliQ)
water post incubation before being re-inspected with a 312nm UV lamp.

3.4 Catalytic activity assays

3.4.1 Assays on PET films

Peptide HF7 provided by Peter Fojan (Associate Professor, Department of Materials and
Production) was deposited on CD-enriched PET films and incubated at 60 °C for 24 hours.
A range of HF7 concentrations was tested using a serial dilution of factor 10 in TrisHCI
buffer at pH 8.5, from 1 mM HF7 to 100nM HF7. A volume of 100 pL of each dilution was
deposited on different films which were then sealed within a large petri dish with parafilm.
Each petri dish contained paper towels humidified with 15 mL of water in order to increase
vapour pressure within the sealed environment. After incuabtion, 200 nL. MiliQ) water was
pipetted onto the surface of each sample and then collected for analysis after one minute.
Films were then rinsed with 5mL and dried under nitrogen flow. All films and rinsing
volumes were inspected under 312nm UV lamp for visible fluorescent emission.

3.4.2 Assays on PET fibres
3.4.3 Fiber assay 1

The assay was conducted with Cutinase provided by Evamaria Petersen (Associate
Professor, Department of Materials and Production) and aforementioned HF7 peptide
on CD2-enriched PET fibers produced via electrospinning. The fibers were produced
from a solution of 20% (w/v) dissolved PET pellets in 40% DCM (v/v) and 60% (v/v)
TFA containing 0.1% (v/v) CD2 stock. Two parallel assays were conducted: (I) proteins
applied directly onto fibers spun onto microscope glass slides (deposition assay); (II) pieces
of PET fiber of same weight were cut out and immersed in Eppendorf tubes containing
the proteins dissolved in buffer (immersion assay). The deposition assay was made with
100 uL. of 40 pM Cutinase and 100 uL of 80 pM HF7 peptide. The immersion assay had
proteins added in lower concentration as a compromise to the higher volume required and
stock limitation: 400 pL of 10 pm Cutinase and 400 pL of 20 pm HE'7 peptide. Both assays
where conducted in 20 mM TrisHCI at pH 8 over 24 hours at 40°C. Scanning Electron
Microscope (SEM) images of the fiber sample after incubation were provided by Peter
Kjeer (Research Technician, Department of Materials and Production), who conducted the
imaging using a Zeiss EVO 60 ESEM. The sample was coated with gold before imaging
and images were taken at working distance of 8.5 mm, with 10 kV electron high tension.
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3.4.4 Fiber assay 2

Deposition assay using 100 pL of five different protein solutions and a buffer control on
fibers produced by electrospining a solution of TFA with 25% dissolved PET powder
and 0.3% (w/v) lyophilized CD. Assay was made using microscope glass slides with CD-
enriched PET fibers, one slide incubated at 37°C and the other at 60°C, both for 24
hours. Slides were sealed with parafilm within a petri dish containing humidified paper
towels to maintain vapour pressure. Six subsections were delimited in each slide using
a metal spatula for deposition assay, respectively: 1. Control (20 mM TrisHCI pH 8) ;
2. Cutinase (40pM) ; 3. estDZ3mut (0.8 uM) ; 4. estDZ3mut (1 mmMm) ; 5. HE7(200 um)
; 6. HSH-25 (200m). After incubation, each subsection was rinsed with 200 pL MiliQ
water and the rinsing volume was collected to be qualitatively inspected for fluorescence.
Immersion assay with the same protein solutions was simultaneously conducted, using 5 mg
cut-outs of CD-enriched PET fiber. The cut outs were inmersed in 400 pL: protein solutions
of equal concentration to that of deposition assay. After 24 hour incubation, 500 pL MiliQ
water was added to each sample in order to conduct emission spectorscopy analysis. The
dilution was necessary to attain appropriate volume compatible with the available cuvette
usage.

3.4.5 Fiber assay 3

Deposition assay using 150uL of the same proteins as Fiber assay 2, with different
concentrations. Depositions were made on individual CD-enriched PET fibers of 2 cm?
cut from the same fiber mat, and sealed with parafilm within petri dishes containing
humidified paper towel for 24 hours at 40°C. The concentrations used were, respectively:
1. Control (20mm TrisHCI pH 8) ; 2. Cutinase (40pM) ; 3. estDZ3mut (0.8 uMm) ; 4.
estDZ3mut (320um) ; 5. HF7(200uMm) ; 6. HSH-25 (200 pM). After incubation, fibers
were transferred to eppendorfs with 1 mL MiliQQ water and centrifuged for two minutes on
a table-top microcentrifuge at 7000 RCF. The total volume was recovered and analyzed
for fluorescent emission both qualitatively and by emission spectroscopy, recording the
emission spectra resulting from excitation wavelength of 410nm. The presence of PET
degradation byproducts was investigated using reversed-phase high performance liquid
chromatography (RP-HPLC).

3.4.6 Fiber Assay 4

Fiber Assay 4 involved two sets of deposition assays and two sets of immersion assays using
CD-enriched PET fibers, similar to those used in Fiber Assay 3, but produced over a longer
period to yield thicker fiber mats. Each cut-out’s weight was measured before incubation
for comparative dry weight analysis. Deposition assays used cut-outs weighing 9.27 4+ 1.40
mg, while immersion assays used cut-outs weighing 7.29 + 0.76 mg. In addition to the
previously used protein solutions, Esterase DZ3 wild-type was also tested, resulting in six
samples per set and a total of 24 samples. The solutions used per sample set were: 1.
Control (20mM Tris-HCI, pH 7.5); 2. HSH-25 (125uMm); 3. HEF7 (100 pM); 4. estDZ3wt
(2nM); 5. estDZ3mut (2 pM); 6. Cutinase (40 pM).

In the deposition assay, 200 pL of each protein solution was applied to the respective
cut-outs, which were then sealed with parafilm within petri dishes containing wet paper

10
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towels. In the immersion assay, cut-outs were submerged in 1 mL of protein solution within
Eppendorf tubes. All samples were incubated for 24 hours at 40°C. One set from each
experiment (12 samples) was pre-centrifuged with Milli-Q water before protein exposure,
followed by qualitative evaluation of the water phase using a 312 nm UV-lamp to investigate
possible CD-release bias due to centrifugation. After the incubation period, both sets of
each assay were centrifuged as described for Fiber Assay 3. Post-incubation, all 24 cut-
outs were dried for 24 hours at 37 °C and their weights were measured. The centrifugation
supernatants were analyzed using emission spectroscopy and RP-HPLC.

3.5 Reversed-phase high performance liquid
chromatography (RP-HPLC)

RC-HPLC was used to analyze the content of PET degradation products BHET (bis(2-
Hydroxyethyl) terephthalate) and TPA (terephthalic acid) on liquid recovered from assays
3 and 4. Measurements were made with a ThermoFisher Scientific Dionex Ultimate 3000
HPLC connected to a analytical C18 column and absorbance monitored using a diode
array detector. The system was run isocratically with 25% acetonitrile and 75% MiliQ
water and flow rate of 1 mLmin~'. Samples were adjusted to system condition and loaded
with an injection volume of 20 pL. Solutions of BHET 100pM and TPA 100 M were
prepared and run through the column for reference, their retention time was used to
match absorbance peak in chromatograms of the inspected assay results. Fiber Assay
4 had their samples filtered with 3 kDa centrifugal filter units before further analysis
by HPLC. Deposition assay samples of Fiber Assay 4 were complementary analysed by
Virender Kumar (Postdoc Fellow, PhD. Department of Chemistry and BioScience) using a
different setting: increasing gradient of methaol in 0.1% formic acid, from 10% to 100% over
20 minutes and flow rate of 1 mL min~!, at 40 °C. Samples were adjusted to 50% methanol
prior to loading the injection volume of 2 ul. and the methanol gradient increase was set
to: 10% to 50% over five minutes, 50% to 100% over twelve minutes, 100% continuously
for three minutes.

3.6 Cutinase production and purification

Cutinase expression was conducted in Luria Broth (LB) containing ampicillin (100 mL~!)
at 25 °C using PFCEX1 plasmids in E. Coli BL21(DE3). Protein expression was induced at
ODgoo 0.8 for 6 hours with 0.3 mMm isopropyl-5-d-thiogalactopyranoside (IPTG). TES buffer
containing 20% sucrose was used to isolate the cutinase from the bacteria’s periplasmic
space via osmotic shock. The cells were centrifuged at 4°C and resuspended first in
TES then in MiliQ water. The supernatants were dialysed against water using 12-14
kDa MWCO dialysis tubes (Spectra/Por) and then adjusted to 20mM NaAc (pH 5). A
cation exchange column chromatography was conducted using 20mM NaAc (pH 5) as
equilibration buffer and an increasing gradient of 0M to 1 M NaCl was used to elute the
protein. The purified cutinase was diaylysed against water and freeze-dried.

11
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3.7 SDS-PAGE

SDS-Page was conducted using stacking gels (12%) and separation gels (4%) described by
Laemmli [24]. Protein samples were mixed with Laemmli sample buffer in a 1:1 ration
and a heat shock was applied by 3 min incubation at 80 °C followed by 1min rest on ice.
Tris-Glycine-SDS (TGS) buffer was used for the electrophoresis, with a potential of 130V,
followed by biosave coomasie blue staining.

3.8 Materials

Dichloromethane and Acetonitrile were purchased from VWR LIFE SCIENCE. Trifluo-
roacetic acid was supplied from Iris Biotech and Polyethylene terephthalate powder and
pellets from GoodFellow. Cirtric Acid, Bis(2-hydroxyethyl) terephthalate, terephthalic
acid, Trizma base and Urea were purchased from Sigma Aldrich. All materials were used
without further purification.

12



Results and discussion 4

4.1 CD synthesis and photoluminescence characterisation

Three recipes for CD production were used for CD synthesis, hereby referred to as CD1,
CD2, and CD3, based on reported studies of well characterised CD [25-29]. All three
different CD were successfully produced and showed different photoluminescent properties
when excited with a 314nm UV lamp. Specifically, CD3 showed visible fluorescence within
the red wavelength range, CD1 showed visible fluorescence within the blue wavelength
range, and CD2 showed visible fluorescence within the green wavelength range. Their light
absorbance was analysed by UV-spectroscopy and showed a maxima at 342nm, 410 nm,
and 308 nm respectively for CD1, CD2, and CD3. These maxima in absorbance were then
used to obtain the fluorescence emission spectra of each CD respective to their maximal
absorbance, as presented in Figure

The CD’s emission spectra allowed for the characterisation of their photoluminscent
profile as well as the quantified comparison of their fluorescent output. Both CD1 and
CD2 yielded emission signals with intensity on order of magnitude higher than that of
CD3. To determine the relation of excitation wavelength to fluorescence emission, the
reverse approach was used by fixing the emission wavelength measured and varying the
excitation wavelength applied. The fixed wavelength of emission measured was set to each
corresponding emission maxima presented in Figure [£.1] i.e. 421 nm, 452nm and 529 nm
respectively for CD3, CD1 and CD2. The resulting excitation spectra are presented in

Figure

Out of the three produced CDs, CD1 and CD2 seemingly outperformed CD3 presenting
emission and excitation spectra of the same magnitude (respectively Figs. and
Figs. and were consequently plotted together in Figure for better contrast.
Their fluorescence was quantified using Fluorescence Regional Integration (FRI) by
integrating the area corresponding to signal intensities exceeding an arbitrary threshold of
10° arbitrary units (au) [30]. In Figure CD1 shows higher FRI across a larger spam
of wavelengths when excited at it’s maxima absorbance wavelength than CD2. In Figure
however, CD2 show to be less reliant on the specificity of the excitation wavelength,
providing higher FRI across a broader spam of excitation wavelengths. These differences
are relevant because CDs photoluminescent properties are know to vary based on surface
passivation and surrounding environment |31} 32].

Although no passivation was directly applied to the CDs, embedding them within PET
substrates could affect such properties, favoring the choice for CD2 as reporter molecule
due to the lesser excitation specificity of its photoluminescent profile.
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Figure 4.1: Fluorescence emission spectra of the three CDs. (a) CD3 emission spectrum for 308 nm
excitation wavelength, maximum at 421nm ; (b) CD1 emission spectrum for 342nm excitation
wavelength, maximum at 452nm; (c) CD2 emission spectra for 410nm excitation wavelength,
maximum at 529 nm.

Finally, dynamic light scattering (DLS) was used to estimate the size of the produced
CDs using samples at a dilution ratio of 1 : 100 from the originally produced stock. The
particle’s estimated diameters based on five consecutive measurements were of 396 + 122
nm for CD1 and 21 + 11 nm for CD2. Only three of the five measurements were used
to estimate CD3 77 4+ 27 nm due to outliers in the pm range, which were disregarded.
Estimations for CD2 were in agreement with those measured by Qu et al. [29] using
transmission electron microscopy and atomic force microscopy, but not for CD1 which
was reported measuring between 4 nm to 45 nm. Moreover, later DLS estimations of CD2
diameter measured at a second point in time using ten consecutive measurements and two
replicates yielded consistent results in contradiction to the first estimations, placing the
average of CD2 estimated diameter at 185 nm, as shown in Figure .4

The particle’s photoluminescent properties were consequentially re-inspected after the
difference in size estimations was measured, yet they presented the same characteristics as
previously found. Increases in size estimations of CDs using DLS have been reported to
be associated with long-term degradation of fluorescent impurities depositing on CDs over
time [33] and were neglected in light of the consistent photoluminescent profile.
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Figure 4.4: DLS distribution of CD2 measurements conducted at a second time, x-axis in
logarithmic scale. Inset: Histogram of the mean diameter estimations from DLS measurement
with a red line indicating the average mean diameter estimation at 184.67 nm

4.2 CD-PET composites

Initial attempts to integrate CD into a PET substrate were made by spincoating PET
solutions containing CD into films. Given that CD are know to self-quench at high
concentrations , PET films were prepared with different concentrations of CD, following
a serial dilution from stock by factor 10. A concentration range for which the PET films
presented fluorescent signal was identified between self-quenching and lower detection limit,
as shown in Table The fluorescent signal of the different PET films was compared
semi-qualitatively based on visual inspection under a 312nm UV lamp.

None of the PET films enriched with CD3 showed visible fluorescent signal upon qualitative
inspection, while both PET films containing CD1 and CD2 showed clear fluorescence for
dilution factors 1 : 100 and lower intensity fluorescence for dilution factor 1 : 1000. The
absence of signal from CD3 within its corresponding PET films does not necessarily imply
the complete absence of fluorescence but rather that no emission was perceived from the
semi-qualitative evaluation.

Due to the inherently subjective nature of the semi-qualitative visual inspection, the
difference in fluorescence intensity observed for PET films containing CD1 (++) and
PET films containing CD2 (+++) at dilution 1 : 100 can not be directly associated with
higher fluorescence emission from CD2. In fact, CD1 had reported comparatively higher
fluorescent intensity at 312 nm excitation before integration into PET film (Figure .
The higher photolumincence attributed to PET films containing CD2 in Table could
therefore also result from a natural human perception bias in favor of green coloration
in spite of similar emission intensity [35]. Efforts to quantify the fluorescence emission of
the PET films were inconclusive. The CD-erniched PET films proved to be incompatible
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with the fluorescence spectrometer, for fluorescence spectrometry measurements failed to
detect emission signals from the PET films. The visual identification of fluorescence was
therefore considered when selecting CD2 as the reporter molecule, as its clear visibility
could improve the interpretation of semi-qualitative results."

Table 4.1: Semi-qualitative comparison of fluorescent emission in CD-enriched PET films with
varying concentrations of different CD. Relative scale: (-) no observable fluorescence emission ;
(+, ++, +++) progressively stronger observed fluorescence emission

CD concentration | CD1 | CD2 | CD3
Very high - - -
High ++ | -
Medium + + -
Low - - -

4.3 Preliminary assessment of CD-enriched PET films

PET films prepared with CD2 (CD-enriched) were used for preliminary testing for the
novel method o reporting catalytic activity based on substrate degradation. The HF7
peptide has been reported to degrade similar PET thin films at 65 °C with an optimal pH
of 8.5 and was therefore chosen for the initial assessments of CD release induced by
catalytic degradation of PET. Deposition assays (DA) were devised for this evaluation, in
which 100 pL of Tris-HCI buffer (20 mm, pH 8.5) solutions containing the peptide HF'7 were
applied to the surfaces of CD-enriched PET films, as resumed in Table[4.2] The assays were
designed on the premise that the highly hydrophilic CD entrapped within the PET films
would leach from the hydrophobic substrate as a result of PET degradation, and a range
of HF7 concentrations (0.1 1M to 1000 pM) was used in the attempt to measure a dose-
dependent response fluorescent signal. A choice for semi-qualitative analysis was made
given that previous attempts to obtain quantitative measurement of CD-enriched PET
film fluorescence by fluorescence spectroscopy proved unsuccessful. The observed results,
however, indicated a complete loss of substrate fluorescence with inconsistent evidence of
CD leaching, as presented in Table £.2] where only the sample incubated with 1 pm HF7
had a fluorescent signal observed in the deposited droplet when analysed post-incubation.

Table 4.2: Semi-qualitative inspection of fluorescence from CD-enriched PET films and
corresponding supernatant after 20-hour incubation with HF7 peptide. PET films were incubated
at 60 °C with 100 pL of HF7 peptide at varying concentrations in 20 mM Tris-HCI buffer, pH 8.5.

[HF7] peptide | PET film | Supernatant
1mMm - -
100 pm - -
10 pMm - -
1 pm - ++
100 nMm - -

The inconsistent results of the DA brought forth the need to assess the robustness of
CD-enriched PET films under varying experimental conditions of pH and temperature.
The loss of photoluminescence across all substrates with one sole positive result for CD
leaching on the deposited droplets prevented conclusions regarding the relation between
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peptide activity and release of the reporter molecule. Nevertheless, the one positive result
validates that the reporter molecules are not irreversibly entrapped within the substrate
and can be transferred towards the deposited droplet.

Assessing the robustness of CD-enriched PET films under different pH and temperature
conditions revealed the previously observed loss of substrate fluorescence to be
temperature-dependent, and that the positive signal observed is not directly attributable
to peptide activity (Table . PET films incubated with 20mM Tris-HCI adjusted to
pH in a range from pH 5 to pH 8 as a control experiment maintained fluorescence when
incubated at room temperature while a parallel set incubated at 60°C showed complete
loss of photoluminescnce on par with previous results. Moreover, fluorescence quenching
was observed in substrates after incubation at 60°C, but fluorescence was restored when
the quenched substrates were later dissolved in 40%/60% DCM /TFA (v/v), uggesting that
temperature affected the PET films rather than the photoluminescent particles therein.
Experiments conducted at a second time showed the CD-enriched PET films loss of
fluorescence to follow a gradient with increasing temperature, with complete loss of signal
at 50°C (Table . From Table it is observed that once again, one sample showed
evidence of CD transferring from the substrate to the deposited droplet although in this
case in the absence of peptide, suggesting that using CD leaching as a reliable reporter
for catalytic activity required further substrate optimization. Further experimentation
with CD-enriched PET films was therefore not pursued and a different approach using
electorspinning to produce CD-enriched PET fibers was investigated instead.

Table 4.3: Semi-qualitative evaluation of pH and temperature effects on the fluorescence of CD-
enriched PET films and associated CD release after incubation. PET films were incubated for
20 hours in 100 pL of 20mMm Tris-HCI buffer at the specified pH levels, with one set at room
temperature and another at 60 °C.

H Room Temperature 60°C
P PET film | Supernatant | PET film | Supernatant
phb 4+ - - [
ph6 ++ - - -
ph7 ++ - - -
ph8 ++ - - -

4.4 Evaluation of CD-enriched PET Fibres

Electrospinning PET solutions containing CD was investigated as an alternative for the
enriched PET films for the new screening method. Meshes of overlayed nanofibers produced
by electrospinning are known to achieve high porosity and increased surface area [36|, and
were therefore produced in an attempt to facilitate protein interaction with the substrate.
Electrospining a solution of 40%/60% DCM/TFA (v/v) containing 20% (w/v) dissolved
PET pellets and 0.1% (v/v) CD2 stock yielded fluorescent fibers which were used for
further analysis. Firstly, the enriched PET fibers were inspected with UV-microscopy
and semi-qualitatively assessed for the temperature induced quenching effect observed for
enriched PET films. The new substrate maintained fluorescence at temperatures up to
60 °C, as summarized in Table and successfully incorporated CD into the fibers as
shown in Figure No CD leaching from either substrates was observed.
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Table 4.4: Semi-qualitative evaluation of the fluorescence of CD-enriched PET films and
electrospun PET fibres after incubation at the specified temperatures. Substrates incubated for
20 hours with 100 uL of Tris-HCI1 (20 mM, pH 8).

Temperature | PET film fluorescence | PET fibre fluorescence
30°C ++ ++
40°C + ++
50°C - ++
60°C - ++

(b)

Figure 4.5: UV-microscopy images of CD-enriched PET fibers. (a) Image obtained without
wavelength filters (b) Fluorescence emission (510 nm to 550 nm) image of sample exposed to 460 nm
to 495 nm excitation wavelengths

The fluorescent emission of the enriched PET fibers in Figure was captured using a
fluorescent cube composed of an excitation filter from 460nm to 495nm, an emission
filter from 510nm to 550nm and a 505nm dichroic mirror. The cube permits blue
light to illuminate the sample, while only allowing green fluorescent light to reach the
detector. Consequently, the resulting image exclusively captures the fluorescence emission
(Figure of the enriched PET fibers. Interestingly, the excitation wavelength range
permitted by the fluorescent cube corresponds to low intensity areas on the excitation
spectra presented for CD2 (Figure and yet a clear fluorescent signal was produced,
supporting the choice made for the reporter molecule with broader excitation spectra.

4.5 Catalytic activity assays on CD-enriched PET fibers

A series of assays based on catalytic activity were conducted to investigate the viability of
the PET fibers containing CD as a substrate for the protein screening method. Each assay
had adjustments made to either the substrate composition or the experiment conditions,
with the goal of achieving a reliable correlation between CD release and PET degradation
by catalytic activity.

4.5.1 Assay 1

The initial assay of this investigation was conducted using the HF7 peptide and Fusarium
solani pisi cutinase, both of which are known to successfully cleave PET chains [37-40].
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A deposition assay, similar to the one previously conducted with enriched PET films, was
set up to assess rather alterations to the substrate caused by the HF7 and cutinase could
be detected. The DA was conducted by exposing the CD-enriched PET fibers produced as
previously described to HF7 (80 pM), cutinase (40 pM) and TrisHCI as a buffer control test
(20 mMm) for 24 hours at 40 °C. The fibers were inspected before and after incubation under
a 312nmUV lamp, as shown in Figure [£.6a] To complement the investigation, an Immersion
Assay (IA) was devised and conducted simultaneously where separate 2 cm? pieces of CD-
enriched PET fibers were incubated in the same experimental conditions while submerged
within 400 uL. of 10 pMm Cutinase, 20 uM HF7 and 20 mMm TrisHCL. This assay focused in
analysing the release of CD from the substrate by measuring the emission spectra of the
solutions post incubation (Figure . The different concentrations used in the parallel
assays were due to limitations in the provided cutinase stock during testing. Nonetheless,
both assays presented substrate degradation induced by cutinase, with DA results showing
visible PET fiber removal and IA results showing close to three-fold increase of 535 nm
emission for samples immersed in cutinase than for the control test (Figure. The assays
failed to produce a clear response signal to HF7 degradation, with no visually detectable
substrate alteration on DA and inconclusive increase in emission signal for IA as compared
to control test. It was also observed that a fluorescent signal was obtained for the control
test on TA, suggesting that detectable amounts of CD leak from the substrate regardless

of catalytic activity.

~== TrisHCI
= Cutinase
|— HF7

535 nm emission (au)

Emission Wavelength (nm)

(b)

Figure 4.6: Results from initial assays conducted on CD-enriched PET fibres. (a) Deposition assay
substrate illuminated with a UV lamp set to 312nm. top: substrate before assay, circles from left
to right indicate areas to be covered respectively by HF7 peptide, TrisHCI and cutinase; bottom:
substrate after assay.(b) Emission spectra measured from immersion assay after incubation.

The DA sample was further investigated by Scanning Electron Microscopy (SEM),
revealing that the surface of the substrate exposed to HF7 also showed areas with degraded
PET fibers, as presented in Figure and [L.7dl The melt-like morphology observed in
regions of PET nanofibers with pronounced HF7 activity (Figure[4.7d)) could be attributed
to partial cleavage of polymer chains within the amorphous regions of the PET fibers
resulting in the accumulation of small insoluble oligomers at the surface. Polymer chains
of small average molecular weight have been shown to have reduced glass transition
temperature in other polymers . The amorphous regions of polymers, characterized by
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their disordered and flexible chain structure, become more mobile when molecular weight
decreases, particularly when the glass transition temperature approaches the experimental
temperature . Furthermore, the cleavage of polymer chains without significant material
removal could also account for the reduced CD release observed in the A assay, as the
reporter molecules remain entrapped within the substrate. This mechanism of partial
degradation, therefore, provides a plausible explanation for both the melt-like morphology
and the low CD release signal in the presence of HF7.
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Figure 4.7: Scanning Electron Microscopy images of CD-enriched PET fibers on microscope slide,
after incubation for 20 hours at 40°C with (a,b) 20mM TrisHCL; (c,d) 80pM HF7 ; (e,f) 40 pMm
cutinase. The scale bars are 100 pm for (a, ¢, e) and 10 pm for (b, d, f)
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4.5.2 Enzyme production

Following the depletion of the provided cutinase stock, cutinase expression and purification
was conducted based on the procedure established for the expression of the provided
cutinase . SDS-PAGE was used to verify that the protein expression was successful
before purification (Figure. Additionally, stocks provided for Esterase DZ3 (estDZ3wt)
and Esterase DZ3 mutant 1144F M203Y (EstDZ3mut) was simultaneously verified for their
protein content.

Figure 4.8: SDS-PAGE of fractions collected from cutinase expressions, and of enzyme stocks
provided. From left to right: (1) estDZ3mut ; (2) estDZ3wt ; (3) TES fraction of produced
cutinase ; (4) water fraction of produced cutinase ; (5) protein ladder. Samples to the left of the
enumerated columns are not related to this work.

4.5.3 Assay 2

The SEM images were followed by a new set of DA and IA on a newly prepared substrate.
The production of PET fibers was adjusted to electrospinning a solution of 25% (w/v)
PET powder dissolved purely in TFA, containing 0.3% (w/v) CD. The original CD2 stock
was lyophized to allow for the incorporation of the increased amount of CD within the
PET fibers. The CD percentage of the polymer solution was increased in an attempt
to amplify the intensity of florescence emission. The PET content of the electrospining
solution was increased to reduce the solvent content, and the use of DCM was abandoned
due to its toxicity. In addition, the list of reactants employed in the following assays was
extended to include the peptide HSH-25 and the Esterase DZ3 1144F M203Y (EstDZ3mut)
in order to explore the capability of the developing method to report the catalytic activity
of other proteins. The former is a peptide designed for non-substrate specific hydrolysis of
polyesters, which has been showed to degrade PET chains while the latter is an enzyme
optimized in silico for PET degradation, which has not been tested experimentally .
However, due to misleading concentrations on the provided estDZ3mut stock, the enzyme
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concentrations used for the following assays were miscalculated. Corrected concentrations
are shown in the following assays (Assay 2, 3 and 4), leading to unintended large variations
between protein concentrations used, not allowing for direct comparisons. In order to
address the previously inconclusive TA signal from HF7, the peptide concentration used in
the new assay was increased to 200 pnM. The new peptide tested, HSH-25, was adjusted to
the same concentration (200 pM )to facilitate comparison while Cutinase concentration was
maintained at 40 pM. Finally, estDZ3mut was used both at a high concentration (1 mm)
and a low concentration (0.8 nM), given that its activity had not yet been experimentally
characterized. Two equivalent DAs were conducted, one at 37 °C to maintain consistency
with the previous assay, and one at 60°C to enhance peptide reaction rates, as higher
temperatures generally accelerate catalytic processes, according to the Arrhenius equation
. Microscope slides coated with CD-enriched PET fibers were divided into six sections,
each exposed to a different reactant, including a control test with 20 mm TrisHCI at pH 8.
After incubation it was found that the deposited reactants had come in contact with each
other during incubation, proving the high compartmentalization of a single substrate to be
unsuited for PET fibers on glass slides. The DA conducted at 37 °C showed direct contact
between the reactants applied to the substrate, and was therefore disregarded of further
analysis. The DA conducted at 60°C showed an overlap of the diffusion radius for the
different reactants, as indicated by dashed outlines in Figure [£.9a] but the remnant of the
solutions deposited on the surface were clearly separated. The separated remnants were
collected for qualitative inspection, as shown in Figure Due to the overlap of the
diffusion radius, the fluorescence observed for the remnants collected could not be directly
attributed to the different solutions applied to each section. The visibly distinct fluorescent
intensities observed across the samples, however, suggest that a progressive release of CD
as a function of catalytic activity could potentially be achieved.

Cutinase | EstDZ3mut HF7 HSH-25
40uM 0.8uM 200uM 200uM
(2) (4) (5) (6)
TrisHCL EstDZ3mut
20 mM 1mM
(1) (3)

(b)

Figure 4.9: Deposition assay conducted at 60°C over 24 hours. (a) CD-enirched PET fibers
divided into six sections, after incubation. Dashed outlines added to illustrate overlapping diffusion
radius. Subsections are numerated according to deposited reactant: 1. TrisHCI 20 mM, 2. cutinase
401M, 3. estDZ3mut 1mM, 4. estDZ3mut 0.8 pM, 5. HE7 200 um, 6. HSH-25 200 uM ; (b) Top:
shcematic representation of the deposition assay, bottom: remaining supernatant recovered form
deposition assay, illuminated with a 312nm UV lamp. Water sample added as non fluorescent
reference.

23



A302 4. Results and discussion

The complementary IA was conducted with reactant concentrations adjusted to match that
of the DAs and their results are presented in Figure Both peptides HF7 and HSH-25
measured higher emission intensity outside of the expected maximal emission range for CD2
(500 nm to 550 nm). Specifically, HSH-25 emission at 460 nm showed a four-fold increase
compared to the maximal emission intensity of cutinase at the expected range (Figure
4.10a)). The fact that HF7 also showed an increase in emission at shorter wavelengths
, in contradiction with previous results, hints to a possible explanation related to
higher peptide concentrations resulting in peptide-CD interactions. To this point, both
peptides are primarily composed of histidines, which have been show to interact with CDs
fluorescent properties [47, |48]. Moreover, the histidine content of HSH-25 is double that of
HF7 and the peptide’s has a natural propensity to aggregate resulting from its amphiphilic
nature, both of which are factors that could contribute to the shift of the emission maxima
and higher magnitude observed for HSH-25 emission. A new emission spectrum was
recorded for HSH-25 after the sample was centrifuged for two minutes on a table-top
microcentrifuge at 7000 RCF, and is presented in Figure The signal intensity of
460 nm emission signal is decreased four-fold, supporting the partial explanation based on
CD-peptide interactions. Cutinase demonstrated a strong signal intensity at the expected
CD2 emission maxima (550 nm). The consistent signal with previous IA results highlights
its potential use as a positive control for the assay. Conversely, estDZ3mut exhibited
higher emission intensity than the control test at low esterase concentrations but lower
emission intensity at high esterase concentrations. It is unlikely that the lower signal
originated from variations in CD leakage from the substrate because the PET fibers pieces
of similar weight were used for IA. The lower emissions compared to the control test
could result from dynamic quenching due to saturation of the sample, driven by the high
protein concentration [49]. Additionally, CD quenching has been observed in glucose-
based hydrogels due to esterase-substrate interactions, leading to CD aggregation within
the degraded matrix [50]. Although a different substrate is used in this case, a possible
quenching mechanism resulting from interactions between estDZ3mut and PET fibers could
be present. To further investigate this effect, the maximal concentration of est DZ3mut was
reduced in subsequent assays.
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Figure 4.10: Emission spectra of the Immersion Assay conducted with TrisHCl 20 mM, cutinase
40 pM, estDZ3mut 0.8 M, estDZ3mut 1 mMm, HF7 200 pM and HSH-25 200 M. (a) Plot displaying
the spectra of all reactants ; (b) HSH-25 spectrum omitted ; (c) Spectra of all reactants and HSH-
25 spectrum measured after centrifuging.

4.5.4 Assay 3

A third catalytic activity assay was conducted with the intention of improving the
understanding of the previous results. The following adjustments were made to the
procedure of the new assay: (I) Isolated substrates were used for each reactant given the
limitations observed for substrate compartmentalization. Electrospinning was conducted
over a longer period of time to produce a thicker, more manageable mat of PET fibers,
which allowed 2 cm? sections to be easily cut for each sample. (II) The separated sections
also allowed for the increase of the droplet volume deposited on the individual substrates
to 150 pL as sample interaction via diffusion was no longer a restricting factor. (III)
Reversed-phase high performance liquid chromatography (HPLC) analysis was conducted
post-incubation to assess the presence of PET degradation products TPA and Bis(2-
Hydroxyethyl) terephthalate (BHET). The analysis intended to investigate the relation
between CD release and catalytic activity. (IV) After incubation, all substrates were
submerged in 1 mL MilliQQ water and centrifuged to avoid possible CD-protein aggregates
and the supernatant was used for fluorescence spectometry and HPLC analysis. (V)
Lastly, the upper-concentration of estDZ3mut used was reduced from 1mM to 320 pm
to investigate the quenching effect previously observed. The concentration of all other
reactants was maintained equal to the previous assay. The fluorescence spectroscopy
results respective to 410 nm excitation are presented in Figure [£.1Ta] the spectra show a
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homogeneous profile across all samples, with variation in emission intensity. In comparison
to the profiles obtained on the previous assay (Figure , the profile of the emission
spectra shown in Figure have a higher similarity to that of the emission spectrum
found for the characterisation of CD2 (Figure . The similarity in profile suggests that
the assay adjustments led to a better representation of the released CD available in the
solution. The measured emission of each reactant relative to the control test, however,
seems mostly unchanged across both assays with the exception of estDZ3mut. Reducing
the tested upper-concentration for estDZ3mut from 1 mM to 320 M failed to bring the
resulting emission signal above that of the control test (TrisHCI), suggesting that the
observed deficit in fluorescence as compared to the control test is not directly related
to protein concentration. Moreover, the sample incubated with 0.8 pM also presented an
emission deficit, contrary to the results of the previous assay, going against the dynamic
quenching explanation for the observed effect. In the other hand, results from RP-
HPLC suggest that PET degradation products are found in samples incubated with
estDZ3mut, incidentally validating its activity towards PET (Figure . Reference
HPLC measurements of the PET degradation products TPA and BHET were made using
100 uM solutions, TPA showed a retention time of 5 mintues while the absorption peak
associated to BHET is maximal at 6.5 minutes (Figure .
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Figure 4.11: Fluorescence spectroscpoy and RP-HPLC 260 nm chromatogram results from third
assay. (a) Emission spectra of all centrifuged samples respective to 410nm excitation; (b) RP-
HPLC chromatogram of TPA (pink) and BHET (black) reference solutions depicting absorbance
at 260 nm as a function of retention time. TPA and BHET peaks have their maxima respectively
at 5min and 6.5min ; (c¢) Ensamble of RP-HPLC 260nm chromatogram as a function of
retention time for all samples. Individual chromatograms have been shifted along the y-axis for
better visualisation. The color-coded inlet describes the area under the peak at 5min for each
corresponding sample

For RP-HPLC analysis, samples were adjusted to 25% acetonitrile and run isocratically
through the column for a duration of 10 mintues. The chromatography results shows
samples incubated with 40 uM cutinase, 320 pM estDZ3mut and 0.8 uM estDZ3mut to have
an absorption peak at the same retention time observed for the TPA reference (Figure
, suggesting the presence of the degradation product within those samples. Moreover,
the quantification of the area under the samples peak corresponding to the retention time of
TPA suggests a higher amount of the degradation product within samples incubated with
estDZ3mut than in that incubated with cutinase, in opposition to the trend of fluorescence
emission repported by CD release (Figure . The individual chromatography results
of the enzymes for 214nm, 230 nm, 260nm and 280 nm wavelengths are presented for
comparison in Figure identified peaks have been annotated together with their
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retention time, starting with injection peaks. At the retention time of the TPA
reference, the three enzymes show absorption peaks for 230 nm and 260 nm wavelengths,
characteristic of TPA absorption. The complementary wavelengths 214 nm and 280 nm
are used to detect proteins, specifically peptide bonds and amines absorb at 214 nm while
aromatic amino acids absorb at 280nm. Both estDZ3mut samples show peaks for the
mentioned wavelengths indicating that presence of proteins within the eultion of the peaks
associated with PET degradation products, yet the magnitude of the absorption peaks for
230nm and 260 nm together with the associated integrated area of 260 nm support the
presence of TPA in higher amounts than observed for cutinase. Interestingly, the sample
incubated with 320 pM estDZ3mut shows a third peak corresponding to the retention time
of the BHET reference, suggesting that at higher concentrations the depolymerisation of
PET into monomers. The fact that the estDZ3mut samples seem to present higher amount
of PET degradation products but do not show a corresponding higher emission signal from
released CD could suggest that the substrate release of the photoluminescent particles is
not directly correlated to PET degradation.
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Figure 4.12: Individual RP-HPLC chromatogams of estDZ3mut and cutinase samples depicting
absorbance of 214 nm (pink), 230 nm (orange), 260 nm (black) and 280 nm (brown) as a function
of retention time. Y-axis scales correspond to 260 nm, other chromatograms have been shifted

for better visualisation.

(a) Chromatograms for 0.8 M estDZ3mut ; (b) Chromatograms for

320 uM estDZ3mut ; (¢) Chromatograms for 40 uM cutinase. Annotations within chromatograms
innumerates measured peaks and displays the retention time of the respective maxima.
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4.5.5 Assay 4

A fourth assay was conducted, divided in two distinct sets, Set I and Set II, and both DA
and IA were conducted for each set. Substrates of Set II were centrifuged in MiliQ) water
before protein exposition in an attempt to reduce background noise from CD-leakage.
Both sets were centrifuged post-incubation, following the procedure of Assay 3. Each
set, comprised 6 samples for DA and 6 samples for TA, totalling 24 samples which were
inspected by HPLC and emission spectroscopy. The primary goals of Assay 4 were to
replicate the results of Assay 3, determine whether centrifuging the substrates led to
increased CD-leakage and investigate if centrifuging the substrates prior to incubation
reduced background measurements. Assay 4 was devised so that the DA samples from
Set II were the equivalent experiment of Assay 3, serving as a replicate for the previous
assay. The peptide concentrations used in Assay 4, however, were adjusted to lower values
due to stock limitation. Additionally, the wild-type of Esterase DZ3 (estDZ3wt) was
included in Assay 4, as an attempt to provide a reference for evaluating estDZ3mut. The
following concentrations were used for the six different incubation conditions: (1) control
test (Tris-HC1 20mm); (2) HSH-25 at 125 pM; (3) HF7 at 100 uwm; (4) EstDZ3wt at 2 pw;
(5) EstDZ3mut at 2 pM; (6) Cutinase at 40 pM.

Following incubation, IA samples which had been exposed to cutinase showed visually
distinctive fluorescence emission in the supernatant for both Set I and Set II, as presented
in Figure [£.13] The significant increase in fluorescence resulting from CD release in IA
incubated with cutinase is also seen in the fluorescence spectrometry results, shown in
Figure Results from DA of both Set I and Set II also show a increased emission
intensity resulting from cutinase incubation (Figure , albeit at lower intensity than
their TA counterparts, suggesting that the assay reliably reports PET degradation resulting
form cutinase activity. IA was not conducted for HSH-25 samples due to limited availability
of peptide stock.

Figure 4.13: Both sets of IA samples examined over a 312nm UV lamp after incubation. Left
hand side: Set I; right hand side: Set II. Samples incubated with cutinase are indicated in red.

The emission spectra obtained for the other proteins offer limited insight into the assay
performance, as no consistent trend is observed across the assays. The ensamble of their
emission spectra seem to fluctuate around values measured for the TrisHCI control, not
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allowing for distinctive conclusions to be made. Moreover, emission spectra from DA of
Set I (Figure are not consistent with those measured in Assay 3 (Figure ,
made under similar conditions, suggesting that the concentrations used for Assay 4 may
be bellow the sensitivity of the assay for the tested proteins, with the exception of cuti-
nase. The emission spectra measured for the TrisHCI control test showed to be consistent
between IA results of Set I and Set II (Figures [4.14b|and [4.14d} respectively) and showed
little variation across DA results of Set I and Set II (Figures[4.15aland 4.15b| respectively),

suggesting that centrifuging the substrate prior to protein incubation does not have a sig-
nificant impact on CD leakage from the substrate. The difference of emission intensity
measured for cutinase between IA and DA of both sets indicates that assays where the
substrate is submerged in a protein solution result in a more distinct signal than assays
where the enzyme is applied to the surface, which is to be expected given the increased
coverage of the substrate surface. Nonetheless, DA results successfully reported an in-
creased release of CD, suggesting that the method could also be suited for working with
small volumes.

The HPLC results investigating the presence of TPA and BHET within the samples had to
be disregarded due to issues with the instrument, involving column pressure above normal
operating conditions and leakage from the injection valve (data not shown). The samples
were therefore taken to the Department of Chemistry and BioScience for further HPLC
analysis. The provided HPLC analysis was conducted using a different methodology, where
peaks associated with TPA detection were found for cutinase samples and for HSH-25 sam-
ples, as presented in Figure[£.16] The HPLC analysis was conducted exclusively for samples
from Set I, due to the availability of the department. The sample incubated with HSH-25
from Set II was exceptionally added to the HPLC analysis (Figure in order to avoid
having only one result from HSH-25 incubation analysed. The comparison of the HPLC
analysis results (Figure with those from fluorescence spectrometry (Figures and
supports that Assay 4 successfully reported PET degradation resulting from cuti-
nase incubation. However, it also suggests that the assay failed to report PET degradation
resulting from HSH-25 incubation, indicating that further optimization is required before
the assay can reliable be applied for proteins whose optimal conditions are not known.
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Figure 4.14: Emission spectra of the TA samples, respective to 410 nm excitation. (a,b) samples
from Set I - only centrifuged after incubation. y-axis adjusted in (b) for comparison. (c,d) samples
from Set II - centrifuged both prior to protein exposition and post incubation. y-axis adjusted in

(d) for comparison.
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Figure 4.15: Emission spectra of the DA samples, respective to 410nm excitation. (a) Set I,
centrifuged after incubation. (b) Set II, centrifuged both prior to protein exposition and post

incubation.
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Figure 4.16: HPLC chromatograms obtained from the Department of Chemistry and BioScience,
depicting 241 nm absorption with respect to retention time. Absorption peaks are annotated
together with their retention times, peaks at 9 minutes correspond to TPA retention time. (a)
sample incubated with HSH-25 (DA, Set I); (b) sample incubated with HSH-25 (DA, Set II); (c)
sample incubated with cutinase (DA, Set I); (d) sample incubated with cutinase (TA, Set I).
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Three types of CD (CD1, CD2, and CD3) were successfully synthesized and characterized
according to size and fluorescent properties. Among them, CD2 was selected for further
experimentation due to its fluorescent properties allowing for easier detection. The CD was
then successfully integrated into PET substrates. Initial characterisations of spincoated
CD-enriched PET films revealed the substrate to show loss of fluorescence for temperatures
above 30 °C, limiting its applications fot enzyme screening. This issue led to the fabrication
of electrospun CD-enriched PET fibers instead, which showed consistent fluorescence up to
60 °C while also providing a higher surface area available for protein interaction. Catalytic
activity assays were initially performed using cutinase from Fusarium solani and peptide
HF7, showing successful degradation of the PET substrate, with significant release of CD
resulting from cutinase activity. Fiber removal from the substrate was confirmed by SEM
imagining for both proteins, yet the lower intensity of fluorescence emission resulting from
the peptide degradation underlined the need for optimizing the assay conditions in order
to increase sensitivity. Three subsequent catalytic activity assays were performed, each
with adjustments to the experiment conditions and to substrate fabrication. Additionally,
the assays were progressively extended to include more proteins, notably peptide HSH-25,
Esterase DZ3 and Esterase DZ3 mutant [144F M203Y.

Overall, the catalytic activity assays conducted on CD-enriched PET fibers validate the
method as a proof-of-concept for using carbon dots as visual markers to report PET
degradation. PET fibers incubated with cutinase consistently showed a significant increase
in fluorescence emission associated with fiber removal, as measured by a combination
of fluorescence spectrometry and HPLC measurements. However, the method failed to
consistently report PET degradation for other catalysts tested. In separate instances, the
presence of PET degradation product TPA was detected by HPLC for the peptide HSH-25
and Esterase DZ3 mutant 1144F M203Y, without a corresponding increase in fluorescence
emission. Furthermore, the formation of potential protein-CD complexes, and their
resulting effect in fluorescence emission, requires further investigation before the method
can be considered for high-throughput screening of PET-degrading enzymes. Nevertheless,
these findings provide a novel approach for using carbons dots as visual indicators of
PET degradation, which can serve as a basis for developing high-throughput enzyme
activity assays. Future developments should focus on assessing the assay sensitivity,
which could be achieved by using cutinase as positive control in a range of concentrations;
exploring optimal ratios of CD to PET content in substrate fabrication and investigating
potential fluorescence quenching from protein-CD interactions. Finally, if the method is
optimized to reliably screen different catalysts, it could be adapted for use with other
synthetic polymers, substantially contributing to advancements in biorecycling and the
environmental sustainability of plastic waste management.
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