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Abstract

The World Health Organization Global Cancer Observatory estimates that cancer caused 9.96
million deaths worldwide in 2020, making early detection crucial for diagnosis and treatment.
Accurate identification of cancer plays a crucial role in the diagnosis and treatment process. It
allows for customized and efficient therapies, minimizes unnecessary procedures and adverse
effects, and improves the prognostic insights for patients and healthcare providers alike. The
challenges in diagnosis include overdiagnosis, false positives/negative outcomes, and limited
sensitivity. Advanced technologies are needed for better imaging accuracy and minimizing
harm. This study aims to fabricate carbon dot-peptide conjugates to enhance bio-imaging
capacity and selectivity. The peptides used are derived from the GKPILFF cell-penetrating
peptide sequence and the RLRLRIGRR peptide, which is selective to cancerous cells. The
Carbon dots were used to provide the photoluminescent properties required for bio-imaging

of cancerous cells.

Carbon dots (CDs) were synthesized using iso-ascorbic acid as the source of carbon using a
microwave-assisted method. The nitrogen and germanium-modified carbon dots (Iso-N-Ge-
CDs) demonstrated the highest photoluminescent properties compared to the unmodified CDs
(Iso-CDs) and those with either N (Iso-N-CDs) or Ge (Iso-Ge-CDs). Photoluminescence
emissions of longer wavelengths suitable for cell imaging were observed for the CDs, and the
Iso-N-Ge-CDs demonstrated excitation-dependent emission wavelength behavior, pH

sensitivity, and Fe®* sensitivity.

The 13 peptides derived from the peptide accelerating sequence GKPILFF and the cancer-
selective peptide RLRLRIGRR were successfully synthesized. The peptides were
characterized using Liquid Chromatography Mass Spectrometry (LCMS) and purified using
preparative High-Pressure Liquid Chromatography (prep-HPLC). The secondary structure of
the L-GKPILFF penetration acceleration peptide sequence (Pas) adopted a helical secondary
structure. The D-GKPILFF derivative was found to adopt a random coil structure. These were
confirmed using Nuclear Magnetic Resonance (NMR) techniques such as Total Correlation
Spectroscopy (TOCSY) and Rotating Frame Overhauser Enhancement Spectroscopy
(ROESY) NMR.

The CDs-peptide conjugates were successfully synthesized, and the confirmation of

conjugation involved multiple methods, including UV-Vis and PL techniques. To the best of
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our knowledge, the thesis incorporates the first study to demonstrate long-range interactions
through ROESY NMR. The NMR analysis indicated that the helical structure of the peptide
could be affected after conjugation, leading to notable peak shifts. Since the helical structure
is crucial for the peptide's bioactivity and stability enhancement, NMR spectra with fewer
structural changes in the peptide region may improve its biological properties. The research
contained valuable information for scientists aiming to design and characterize Carbon dot-
peptide conjugates with enhanced permeability and selectivity that can effectively deliver

materials into cytosolic space.
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1. Introduction

1.1 Background and motivation

Carbon dots (CDs) are non-toxic and extremely biocompatible nanoparticles, making them
suitable for use in biological applications.! They are highly photostable, which means they
may be exposed to light repeatedly without deteriorating or losing their luminous qualities.?
CDs are also known to have a high fluorescence quantum yield, which indicates that when
activated by light, they create intense fluorescence signals.® These properties of CDs make

them extremely sensitive to bioimaging and suitable for long-term bioimaging research.

CDs may be targeted to cancer cells with remarkable selectivity by conjugating them with
certain peptides.*® This allows for the identification of cancer cells while ignoring healthy
ones. Therefore, carbon dot-peptide conjugates have the potential to increase bioimaging
sensitivity and specificity for cancer detection and surveillance, as well as to enable

multimodal imaging for more thorough cancer diagnosis.
1.2 Problem statement

According to The World Health Organization, cancer is the leading cause of death globally
and was responsible for almost 10 million deaths and 19.3 million new cancer cases in 2020.°
Current technologies for the treatment of cancer include surgery, radiation therapy, and
chemotherapy which are toxic to the body.® Remission of cancer might last months, years, or
one’s entire life with current treatment. However, it does not always imply that one is cancer-
free or cured.” Additionally, overdiagnosis, false positive/negative results, and low sensitivity
of instruments are one of the challenges faced when diagnosing cancer. Patients labeled as
‘cancer-free’ sometime develop cancer again even after years.® This calls for new
technologies for diagnosing cancer that have high imaging efficiency and is less harmful to
the body. This work proposes the use of nanotechnology for bio-imaging and monitoring
methods using nitrogen-doped carbon dots (N-CDs) with germanium to be conjugated to
tumour-homing peptides. This conjugate should be able to target cancer for imaging.
Germanium, which is known to have anticancer properties, was successfully incorporated

into the as-synthesized carbon dots. Optical and photoluminescence properties of GeO, have



been well documented and which was incorporated into the carbon dots. However,
Germanium, which is known to have anticancer properties, was successfully incorporated
into the as-synthesized carbon dots.® Spiro-germanium Compounds, 2-Carboxyethyl
Germanium Sesquioxide (Ge-132), Amino Acid Germanium, and Lactic Acid-Citrate
Germanium are organogermanium compounds that have been proven to have activity
against tumors and have been incorporated into drugs. A study conducted by Mark G.
Mainwaring and colleagues at the University of Florida College of Medicine and Veterans
Affairs Medical Center, Gainesville, demonstrated that treatment of Spindle cell carcinoma
with orally administered germanium sesquioxide could cause complete remission.'® Herein,
cancer-selective bio-imaging carbon dot-peptide conjugate was explored. The incorporation
of germanium to the N-doped carbon dots is an area that has scarce information and we
hypothesized that it may exhibit superior fluorescence. Additionally, the peptides used in this
study are known for their enhanced permeability and selectivity which are crucial properties
for conjugates.

1.3 Carbon Dots as Potential Cancer Diagnostic and Therapeutic

Agents

The increasing demand for low-cost and highly efficient diagnostic and therapeutic agents is
increasing exponentially globally, which requires research and development for creating new
and innovative drugs and diagnostics. Numerous well-known and effective drugs should be
reformulated to provide enhanced efficiency or more beneficial therapy in efforts to meet this

demand.

A nanotherapeutic delivery and diagnostic system are drug delivery concepts in
nanotechnology, which generally refers to a technique that develops nanoscale devices (1 to
100 nm) for enhanced delivery of small drug molecules to the cells of interest for treatment or

detection.t1 12

In 2005, the Food and Drug Administration (FDA) approved Abraxane as the first
commercially available nanomedicine for metastatic breast cancer, which encapsulates the
anticancer drug paclitaxel within protein (albumin) nanoparticles.’®> Other nanomedicines
encapsulated with albumin include 5-fluorouracil, doxorubicin, 10-hydroxy camptothecin,
and methotrexate, where chemotherapy drugs were utilized.** This shows that conjugates



have great prospects in the medical field, and selective bio-imaging conjugates may address
the limitations of current technologies for bioimaging.

1.4 Limitations of current technologies

Imaging tools such as Magnetic Resonance Imaging (MRI), Positron Emission Tomography
(PET), and Computed Tompography (CT) scans can assist to diagnose cancer and identify the
amount of its spread, a process known as staging.® This information is essential for selecting
the best treatment and predicting prognosis.'® Despite developments in imaging technology,
visualizing malignancies or tumours still poses various problems. Among the current
challenges are sensitivity, selectivity towards cancer cells and deep penetration of the
cells.}"18 This means that emerging imaging technology should be able to identify even tiny

tumours while also discriminating between diseased and non-cancerous cells with accuracy.

Although imaging is crucial in cancer diagnosis and therapy, more research and innovation
are still needed to overcome these problems and enhance accuracy and sensitivity. In this

case, cancer-selective carbon-peptide conjugates will be used to overcome these challenges.
1.5 Conjugation of carbon dots to peptides for bio-imaging

There are several conjugate systems with promising results such as antibody-dye conjugates
which are agents that can detect and bind to particular targets, such as proteins or cells by
labelling antibodies with fluorescent but used dyes with dose-limiting toxicities.*® Other bio-
imaging conjugates include quantum dot-protein conjugates, green fluorescent protein (GFP)
and magnetic nanoparticle-antibody conjugates.?® 2 2 The drawback with these conjugates
is that they often make use of chemical dyes which can be toxic if used inappropriately.?
Although they can be highly selective, the cost of producing synthetic antibodies or proteins
can be high depending on several factors, including the complexity of the molecule, the type
and scale of production method used, and the purification and characterization
requirements.? Carbon dots are metal free, biocompatible and cheap to synthesize because
waste can be used as a carbon source. Additionally, short peptides significantly reduce the

cost of synthesis because fewer reagents are used and purification is more facile.?®



1.6 Aim and objectives
Aim

The purpose of this research work is to synthesize carbon dot-peptide conjugates to enhance
the bio-imaging capacity and selectivity of the conjugates. Factors that affect permeability
include bioavailability, potency, stability, and half-life of the drug in the body. Theragnostic
IS a rising area of study which is a combination of therapeutics and diagnostics.

To achieve the aims of this thesis, the following objectives were outlined:

» Synthesize N-doped carbon dots to enhance fluorescence, using a microwave

assisted synthesis method.

* Synthesize Ge-modified carbon dots to add anticancer properties and investigate
other defects that may introduce enhanced fluorescent properties to the carbon dots.

» Synthesize L and D amino acid derivatives of cell-penetrating and/or cancer-homing

peptides for structure-activity studies.

» Synthesize peptides with adamantane and palmitoyl moieties to enhance cell

permeability.

« To fully elucidate the synthesized peptide analogues using NMR for insight into the

structure vs. activity study.

* To determine the optical properties of the nanoparticles and the conjugates by using

ultraviolet-visible spectroscopy and photoluminescence spectroscopy.

* To investigate the bio-imaging capacity of the nanoparticles and the conjugates by

using optical fluorescent microscopy



1.7 The study's novelty and prospective applications in the

context of South Africa

The preparation of carbon dots (CDs) and nitrogen-doped carbon dots (NCDs) with
germanium oxide (GeO») using a facile one-step microwave-assisted synthesis procedure was
explored. Studies have shown that the CDs, NCDs, and GeO2 nanoparticles individually have
excellent qualities for bio-imaging applications, including photoluminescence,
biocompatibility, good stability, and low toxicity.?® " While CDs have been thoroughly
explored in literature, CDs with germanium oxide on their surface are an avenue that has

scarce information.

To enlarge the scope of these CDs-Ge/GeO>, composites in practical applications, particularly
bioimaging applications, this study reports on a simple microwave reaction for the synthesis
of germanium oxide-modified NCDs. Iso-ascorbic acid and urea were utilized to evaluate the
response of Ge-132. Ge-NCDs produced were fluorescent, water-soluble, and emitted
different colors due to the different sizes. To the best of our knowledge, the effect of both
germanium and nitrogen on the photoluminescent traits of CDs has not been reported. We
found that the CDs modified with germanium oxide have excellent photoluminescent traits,

which are crucial for bio-imaging.

The short penetration accelerating sequence (PAS) has gained increasing attention from
researchers due to its ability to enhance cellular uptake.?® The seven-amino acid sequence
recognized by lysosomal protease cathepsin D promotes the endosomal escape of cell-
penetrating peptides (CPPs) and improves the cytosolic release of the delivered cargo.?® To
date, the peptide's mechanism is still unknown, and there is no available NMR data or other
structural information. This is a major limitation in understanding the mechanism of

penetration and how the peptide interacts with the target site.*°

In short, carbon dot-peptide conjugates offer a lot of potential in bioimaging.®! It is feasible to
generate fluorescent probes that may selectively target certain cells or tissues by conjugating
peptides to carbon dots, giving a potent tool for observing biological processes. Carbon dots'
strong photostability makes them useful for long-term imaging research. Many studies have

shown that carbon dot-peptide conjugates may be used for bioimaging applications such as in



vivo imaging of malignancies, imaging of cellular uptake, and imaging of protein-protein

interactions and this study expands the scope of carbon dot-peptide conjugates.



1.8 Outline of the thesis

Chapter 1

This chapter serves as a layout of the context and rationale for drug delivery for anticancer
drugs and emphasizes the need for a new class of drugs that are multifaceted to overcome the
current limitations and enhance pharmacokinetic properties. Moreover, the main aim and

objectives of the study are also discussed.
Chapter 2

First, the impact of tumours and cancerous diseases were reviewed. Subsequently, carbon
dots and peptides are thoroughly explored to fully understand the synergetic effects of the
Peptide-Carbon dot conjugates for treatment and drug delivery. Furthermore, the target sites

and receptors involved in enhanced drug delivery were examined.
Chapter 3

The synthesis and characterization of carbon dots were investigated, where we evaluated the
effects of introducing germanium into the CDs as well as doping with nitrogen. The nitrogen
doped CDs containing germanium were found to have the highest photoluminescent

properties.
Chapter 4

Herein, the synthesis and characterization of peptide derivatives were analysed following the
conjugation of the peptides to the carbon dots. There were 13 peptides which were
successfully synthesized, and the different retention times were indicative of different
structures for each peptide derivative. These peptides were variations of the penetration
accelerating peptide (sequence: GKPILFF) and cancer targeting peptide (sequence:
RLRLRLIGRR).

Chapter 5

In this section, the full elucidation of the penetration accelerating GKPILFF peptide
derivatives was examined to provide further insight into drug delivery and bioactivity. The

peptide was found to have a helical structure known to enhance stability in bioactive peptides.



Chapter 6

In this part, the full elucidation of the conjugates was examined to provide further insight into
drug delivery and bioactivity. Long-range interactions between the peptide and the CDs were

confirmed in the ROESY NMR spectra of the conjugates.
Chapter 7

Finally, this chapter will supply overall conclusions and recommendations for possible future
work on the synthesis of carbon dot Peptide conjugates for drug delivery and treatment of
cancer. The NMR results of the conjugates indicate that the helical structure may be impacted
due to noticeable peak shifts. Considering the potential influence of the helical structure on its
activity, conjugates with NMR spectra showing less structural deviation from the peptide may
possess more favourable biological properties. These promising options include GKP-Iso-N
Ge, GKP-ada-Iso-N-Ge, BP-pal-l1so-N-Ge, and DBP-ada-Iso-N-Ge, which still exhibit
distinguishable peaks compared to the original peptide.

Chapter 8

The detailed procedures for synthesizing the carbon dots and peptides are fully explained in
this chapter. Additionally, the instruments used for characterization and calculations used was

presented.
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2. Literature review

2.1 Introduction

This Chapter investigates the prevalence of cancer-related mortality internationally and
nationally. The imaging of tumors is important for prognosis and treatment; this is an area
where the development of nanotechnology could assist. Carbon dots conjugated to peptides
have been studied for their potential use in the bio-imaging of cancer cells, and this is
explored in this chapter. Furthermore, by conjugating peptides to the surface of carbon dots,
they can selectively target cancer cells or biomolecules that are overexpressed on cancer
cells, allowing for more precise imaging of the tumor. The effects of doping carbon dots and
manipulating peptides were discussed to further understand the structure-activity relationship.

2.2 Global and local impact of diseases caused by cancer and

tumors

At the end of 2020, the Global Cancer Observatory (GLOBOCAN) 2020 supplied an updated
approximation of cancer-related mortality and prevalence which was estimated at 19.3
million new cancer cases globally and nearly 10.0 million people deaths in the year 2020.% It
is caused by damaged cells due to malfunctions during cell division induced by harmful
substances or inherited DNA genes.? When a patient develops a tumor that leads to cancer, it
can be due to the environment that the patient was exposed to or their lifestyle habits such as
smoking, which accounts for 90-95% of reported tumor cases; moreover, only 5% and less of
the cases are due to inheritable defected genes from other family members.® In South Africa,
56 802 people died of cancer in 2021, as seen in Figure 2.1, according to the American
Society of Clinical Oncology (ASCO) Post, and the deadliest forms of cancer were found to

be lung cancer, oesophagal cancer, and cervical cancer.*

Mine workers are often exposed to excessive chemicals underground, which cause them to
develop cancer. A clinical study of South African mine workers by Ndlovu and colleagues at
the School of Public Health, Faculty of Health Sciences, University of the Witwatersrand,
Johannesburg, assessed the asbestos-related diseases in mine workers and demonstrated that
the chemical exposure underground caused asbestosis, mesothelioma, and lung cancer.>®

Exposure to UV rays from the sun and strong air pollution also cause cancer. Studies show

12



that an unhealthy lifestyle can also induce cancer, such as smoking, passive smoking,
drinking alcohol, and obesity.’

F Population
) 59.31 million (2020)

(‘ Number of Cases
108168

(\ Number of Deaths
56802

(\ Number of Prevalent cases (5 year)

262455

Figure 2.1 Stats as per The ASCO Post, in partnership with the American Society of Clinical
Oncology 2021.8

Any kind of swelling caused by abnormal growth of tissue is regarded as a tumor, but not all
tumors are cancerous or malignant.® Normally, dead cells that have gone through apoptosis
are replaced by new cells, but tumors form when the dead cells remain to form a growth.
Life-threatening tumors are classified as malignant tumors because they can spread
throughout the body and also limit the function of other organs. Malignant tumors can be
surgically removed, but regrowth is possible.l® On the other hand, benign tumors pose a

lower health risk because they do not spread in the body and can often be left untreated.!*
2.2.1 Treatment and monitoring

Imaging procedures play a crucial role in determining the appropriate treatment and location
of malignant tumors, as well as determining the stage of development.’?> More research has
gone into diagnosing and treating malignant tumors because they are fatal and aggressive. 3
One of the most important aspects of treating malignant tumors is monitoring their size and
growth. This can assist in determining the correct treatment and help monitor the response of

the tumor toward certain treatments.

One way to image and monitor the size and growth of the tumor is through the use of
nanotechnology. Nanomaterials such as gold nanoparticles, iron oxide nanoparticles, and
guantum dots have been explored extensively for tumor monitoring due to their unique
optical properties and biocompatibility.’* These nanomaterials can be functionalized with
targeting molecules such as antibodies or peptides to specifically bind to cancer cells, making

them useful for early cancer diagnosis and targeted therapy.®
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Among the carbon nanomaterial family, carbon dots (CDs) have the potential to be used in
tumor monitoring due to their unique optical properties and biocompatibility.*® CDs are small
carbon-based nanoparticles (diameters less than 10 nm) that exhibit strong fluorescence,
making them ideal for use in biological imaging.!’ In addition, CDs have low toxicity and can
be easily modified to target specific cells or tissues. Moreover, the competitive advantage
CDs possess over other nanomaterials is that they can be made from waste materials such as
agricultural waste, food waste, and industrial waste, which makes their production cheap and

sustainable.®

Several studies have demonstrated the potential of CDs for tumor imaging and monitoring.*°
For example, CDs have been used to label cancer cells and track their migration and
proliferation in vivo.2° Additionally, they have been functionalized with targeting molecules
such as antibodies or peptides to specifically bind to cancer cells, making them useful for

early cancer diagnosis and targeted therapy.?!

2.3 Carbon dots

2.3.1 Carbon dots — what are they?

CDs are nanoparticles that are less than 10 nm in sizes and predominantly contain carbon
atoms, as seen in Figure 2.2.22 These nanoparticles are biocompatible, which means that they
are not harmful to living tissue and maintain their efficiency in vitro and in vivo. 224 These
nanoparticles have strong luminescent properties and give off bright colors under UV light,
which allows for many bio-applications to emerge, such as fluorescence bio-imaging, bio-
analysis, and micro-arrays. CDs have both excellent antimicrobial properties and anti-cancer
properties. 2°

14



Figure 2.2 This is an illustration of a carbon dot with functional groups.

2.3.2 The potential of carbon dots for bio-application

Several studies have been conducted with CDs which explore the potential of using them in
the medical industry, especially for cancer.?® Below is a list of some of the fluorescent bio-

applications of carbon nanomaterials that have been used in biology or medicine:
e Fluorescent biological labels

CDs have been employed in a variety of biological applications, including cellular imaging,
bioimaging, and biosensing. ?* They are useful in both in vitro and in vivo labelling of diverse

biological substances such as proteins, nucleic acids, and lipids.??

One advantage of utilizing CDs as fluorescent biological identifiers is their high
photostability, which means they do not easily bleach or fade, which is useful for long-term
imaging.?® They are also less susceptible to photobleaching and photodamage than standard

fluorescent dyes, making them excellent for live cell imaging.*
e Drug and gene delivery

The fluorescence of CDs can be used to trace the distribution of medicines and genes.®! CDs,
for example, can be functionalized with specific targeting ligands like antibodies or peptides,
allowing them to bind to specific cells or tissues.®? The fluorescence of the CDs can be
monitored once they have been picked up by the target cells to follow the intracellular
delivery of the medication or gene.®*-%

e Bio-detection of pathogens
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The fluorescence features of the CDs can be used to detect the presence of the pathogen or
biomarker once they have been functionalized and exposed to the target pathogen or
biomarker.%® This can be accomplished through the use of several detection techniques like

fluorescence microscopy, flow cytometry, and spectroscopy.
e Magnetic resonance imaging (MRI) contrast enhancement

The fluorescence and magnetic resonance imaging (MRI) are separate imaging modalities,
therefore, the fluorescence properties of CDs are not directly applicable to MRI contrast
enhancement.® However, CDs can be functionalized with magnetic materials such as iron
oxide nanoparticles to improve their magnetic characteristics and allow them to be used as

MRI contrast agents. 3

Magnetic CDs can also be functionalized with specific targeting ligands like antibodies or
peptides to allow them to bind to certain cells or tissues.®® This can improve the sensitivity
and specificity of MRI imaging and allow for earlier disease identification. Moreover, the
fluorescence of CDs is used for probing DNA structures and bio-sensing, which demonstrates
the prospects of fluorescent CDs in the medical field.*% 4

2.3.3 Invivo and in vitro studies using fluorescent carbon dots

Carbon nanoparticles for bio-labelling studies are gaining popularity because of their low
toxicity and efficiency. One of the advantages of CDs is that they can be manipulated to
exhibit bright luminescent properties for bio-imaging experiments.*> CDs are a buildup of
organic molecules and are generally made up of carbon, oxygen, and hydrogen.*® They have
defected sp? domains which cause the surface states to be flawed, inducing the low energy
luminescent emission.** The excitation wavelength can be altered because CDs have
excitation-dependent emission properties, which can be used for fluorescence microscopy
experiments.* These experiments are often conducted on living cells or even mice for bio-

labelling, bio-sensing, and probing of cells.

Bio-labelling is the labelling of a living cell using nanoparticles for organelle and even
tumours.*> 43 This can help confirm the capability of the cell uptake of CDs.*® It can also be
used to differentiate between various parts of a cell or organelle. A study conducted by
Edward Jan and Nicholas A. Kotov “° proved that it is possible to monitor an embryonic
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neural stem cell of a mouse as it differentiates into various cells such as neurons, astrocytes,

and oligodendrocytes using carbon nanotubes.

Many diseases, including tumours, go undetected because the instruments available are not
sensitive enough to detect them at an early stage and subsequently detect the disease once
fully developed.®® This gives rise to the need for biosensors. Studies have shown that CDs are
easily functionalized, which makes it possible to target bio-makers which are present when
certain diseases affect the body.> °2 Additionally, CDs have electrical properties, which will
make it easier to produce devices that detect bio-makers at high sensitivity.*’ For instance,
CA-125 is a protein in the body encoded by the MUC16 gene, which is routinely used as a
biomarker for ovarian cancer because the presence of the protein is increased in the blood
when cancer is present.*”>® The use of CDs as a biosensor for cancer has shown to have high

sensitivity, selectivity, and stability.>®

The use of CDs in drug delivery for bio-imaging is very popular because the drug can be used
on a confocal microscope to monitor the drug released. Doxorubicin is a strong

chemotherapeutic drug that diminishes cancer cells or ceases the growth of cancer cells.>’

CDs have a structure composed of carbon and functional groups found on their surface. CDs’
luminous characteristics can be improved via doping. This involves the deliberate insertion of
impurities into a substance to change its qualities. Doping CDs can introduce atoms or
molecules that act as traps for excited electrons, enhancing the dots’ fluorescence quantum

yield.

Nitrogen, sulfur, phosphorus, and metal ions such as copper, silver, and gold are common
dopants used to improve their luminous properties. The specific dopant utilized will be

determined by the desired attributes and the synthesis method used to create the CDs.
2.3.4 N-doped carbon dots decorated with Ge

The properties of CDs can be enhanced by doping with various elements, such as nitrogen.
For instance, nitrogen doping of carbon is one of the ways of increasing the luminescent
properties of CDs which play an important role in bio-imaging.® CDs have incredible
properties, and the use of dopants and co-doping assists in tuning their properties to suit a
particular application.> For example, Fatemeh Khodadadei, and co-workers fabricated 10 nm

nitrogen-doped graphene quantum dots (N-GQDs) containing ten graphitic layers.%
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Additionally, the N-GQDs were loaded with the Methotrexate (MTX) cargo by strong m-n
stacking interaction. The layered structure of N-GQDs was exploited to render a high specific
area to intercalate the MTX between the layers generating a comprehensive anti-cancer drug

delivery system.

On the other hand, the properties of CDs have also been modified using additives such as
germanium. Germanium is a group 4 metalloid and is prone to have sp3 like bonding which
alters the properties of CDs differently compared to nitrogen.®! Studies have shown that Ge-
CD (carbon dots doped with germanium) are biocompatible with exceptional emission

properties and can be used for bio-application.®?

Organogermanium compounds have been shown to have anti-cancer properties.®®
Spirogermanium compounds, 2-carboxyethyl germanium sesquioxide (Ge-132), amino acid
germanium, and lactic acid-Citrate germanium are organogermanium compounds that have
been proven to have activity against tumours and have been incorporated in drugs.®® A study
conducted by Mark G. Mainwaring and colleagues demonstrated that treatment of Spindle
cell carcinoma with orally administered germanium sesquioxide could cause complete
remission.%* This implies that it can be hypothesized that the N-doped CDs decorated with
germanium can have anti-cancer properties.® When germanium is introduced into the N-
doped carbon dot, then germanium oxide, amino acid germanium, and other
organogermanium compounds will be present in the CDs, which can cause the CDs to have

antitumor properties.®
2.4 Peptides and their bio-application

Peptides are molecules containing two or more amino acids and are the building blocks of
proteins, as demonstrated in Figure 2.3.5 Attaching a natural peptide ligand or
peptidomimetic to an active therapeutic agent can be a direct targeting strategy achieved by
binding a receptor that is expressed on the target organ or tumour and undergoes

endocytosis.5®
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Figure 2.3 Illustration of how amino acids are building blocks of peptides and how proteins
are much larger forms of peptides.

On the other hand, stereoisomers can be evaluated as potential ligands for receptors utilizing
computation and analysis of peptide libraries. These are employed to elucidate the
arrangement of atoms of the peptide in crystalline form, with the prediction of ligand
conformation and orientation of the peptides.®® This kind of approach bypasses the necessity
for the manual synthesis of numerous peptide libraries and screening. However, the
disadvantage is that they primarily hinge on data about the receptor targets, and unknown
targets that may exist cannot be screened.”® "* Moreover, peptides that demonstrate biological
activity in silico don’t necessarily have activity in vivo.”?> Nonetheless, these strategies can

supply an excellent foundation for constructing targeting peptide libraries.”
2.4.1 Cell-penetrating peptides

There are several obstacles that most therapeutic agents need to overcome before reaching the
intended site to achieve their physiological function. The ability to permeate membranes is a
crucial feature that most therapeutic agents require to reach the targeted site. Therefore,
molecules or biomolecules that enhance the cell-penetrating properties must be incorporated

into active compounds.

For example, the GKPILFF fragment as well as the synthetic retro peptide (FFLIPKG) both
originate from a cathepsin D enzyme, a lysosomal aspartyl protease and are penetration
accelerating sequences (Pas).’* Literature has shown that they were able to substantially

enhance cellular uptake when bonded to a bioactive agent.”
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In a study by Woldetsadik and co-workers,® the selectivity of a peptide correlating to the
mitochondrial membrane—binding N-terminus sequence of HKII (pHK) was investigated by
evaluating the apoptotic selective detachment of HKII from mitochondria in cancerous cells.
To further improve the properties of the peptide, the penetration-accelerating GKPILFF
peptide was covalently coupled to the pHK peptide resulting in enhanced cellular uptake and
cell-death efficacy.

In another study by Kristensen and co-workers,’’ the peptides NR2B9c and N-dimer were
fashioned to hinder binding forces between the N-methylated D-aspartate and the
postsynaptic density-95 (PSD-95)/disc large/Z0-1 (PDZ) domains of PSD-95 for relieving
neuronal damage. Each of these peptides was covalently incorporated into the cell-
penetrating peptide TAT to promote permeation and neuro-cell absorption in the highly
selective semipermeable barrier of the brain. The peptide conjugates not only effectively
penetrated the vascular system of the mouse brain's central nervous system but also exhibited

a similar level of accumulation in brain tissue as other significant polymeric nanomedicines.’
2.4.2 Cell homing peptides

Targeted delivery increases the efficacy and decreases the side effects caused by the overall
toxicity of the corresponding therapeutic compound, and can function either by direct
conjugation or via promoted co-administrative effects.’”® Most therapeutic agents rely on
passive diffusion as transportation across cell membranes; however, one of the main
limitations of most pharmaceutical agents, especially highly toxic substances such as chemo
drugs, is the inability to target the diseased site without affecting the normal tissue.®& This has
led to a need for a new class of drugs that incorporate targeting molecules or biomolecules.
Peptides that possess cell-targeting properties often bind to receptors and other molecules
present in the cell membrane, which makes them attractive candidates for targeted drug
delivery systems for bio-imaging.®

One of the notable tumour-homing peptides is the Cys-Arg-Glu-Lys-Ala (CREKA) peptide
sequence which has been shown to bind to clotted plasmas proteins present in tumour
vessels 8!

For instance Zhang, Y. and co-workers designed a nano-vehicle containing the liposome
conjugated to the CREKA peptide and loaded with a reversible platelet inhibitor ticagrelor
(T). Primarily they showed that platelets could induce the transition of tumour cells, into
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invasive phenotypes in vitro and thereafter demonstrated that CREKA-Lipo-T can eliminate
this effect. These findings showed that CREKA-Lipo-T could efficiently block tumour cell

acquisition of an invasive phenotype. &

Other well-known tumour-homing molecules include folic acid and arginine-glycine-
aspartate, which strongly target the folate receptor and integrin avp3, respectively.®®®* To
harness the properties of both previously mentioned tumour targeting molecules, Yan, H. and
co-workers designed the PTX@MSNs-NH2-FA-RGD conjugate to assess its potential to kill
MCF-7 cells, and was found to be 1.6 times effective in contrast to the pristine PTX
compound, indicating that PTX@MSNs-NH2-FA-RGD had enhanced tumour selective

cytotoxicity.®
2.4.3 Cell homing and penetrating peptides

Cell homing and penetrating peptides are peptides that have a high affinity to certain
receptors or sites found in the cell. Additionally, they also can permeate the cell so that they

can perform their physiological function.®®

Cell homing and penetrating peptides can also be designed by combing peptides or molecules
that can facilitate each function, respectively. This strategy can be accomplished in several
ways by utilizing specific moieties such as carboxylic groups, amines, and thiols to name a

few.8’

Iwasaki, T., and co-workers designed enantiomeric antimicrobial peptide (AMP) analogues
derived from beetle defensins and observed their anti-cancer properties in several cancer cell
lines. These results demonstrated a negative charge-dependent selectivity in cancer cells
attributed to the d-9-mer peptides. Therefore, they have selective cytotoxicity and target
anionic phosphatidylserine on the cell surface in the cancer cell membrane. Furthermore,
combinations of d-peptide B (RLRLRIGRR-NH2) and the anti-cancer agent dexamethasone

demonstrated synergic growth inhibitory activity against mouse myeloma.®

For example, Myrberg, H constructed a cell-homing and penetrating peptide that contained
the cyclized peptide sequence, which is a targeting peptide, and the cell-penetrating peptide
pVEC. Although the anti-cancer cCCPGPEGAGC (PEGA) sequence is unable to penetrate the
plasma membrane, it can enter many breast cancer cells in vitro when coupled to the peptide

pVEC. Additionally, the conjugate accumulates mostly in the blood veins of tumorous breast
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tissue, where it is subsequently taken up, and the PEGA-in pVEC’s in vivo cell-directing
ability is maintained.®®

2.5 Peptide-Carbon dot conjugates

Nanostructured delivery systems can be used as a delivery system for peptides.®® Research
from over the years has demonstrated that this strategy is capable of improving the absorption
of the peptide and half-life.%! Different types of nanoparticles (NPs), such as carbon
nanoparticles, micelles, and dendrimers, to name a few, can be used for enhanced selective
targeted therapy of peptides facilitated by several chemical interactions. Polymetric and
mesoporous silica nanoparticles are the most popular class of nanoparticles utilized for active
agents and peptide drugs. Moreover, the exterior of nanoparticles can be modified with
specific biomolecules, such as carbohydrates, polypeptides, synthetic polymers, enzymes,
glycans, antibodies, nucleic acids, and oligonucleotides (ONTS), to name a few, which can

feasibly be employed as targeted delivery moieties or cargo.%? %

While bioconjugation involves the fusion of two molecules, of which one of them is a
biomolecule, normal conjugation occurs when two molecules are bonded together. Both
strategies can be facilitated by covalent and non-covalent bonds. Fabrication of bioconjugates
often involves straightforward, easy, and normally a one-step reaction which is generally
confirmed using characterization techniques such as zeta potential, UV-vis, NMR, and
FTIR.% This technique is also used for the incorporation of synthetic labels, for instance,
isotope labels, fluorescent dyes, affinity tags, and biotin, to biological molecules for

monitoring the internalization and bioavailability.® %

For instance, Lei Yang and co-workers designed conjugates that comprised CDs that were
functionalized with polyethylene glycol (PEG),%" which facilitated the covalent conjugation
of a nuclear localization signal peptide. Their research showed that the conjugate was
biocompatible, and the quantum yield was found to be 75.8%. Furthermore, intracellular
localization of the NLS-CDs conjugate in MCF7 and A549 cells was confirmed using

confocal laser scanning microscopy images.

In a similar study by Yu Cao and co-workers,*® polyethene glycol (PEG) was also used to
provide covalent interactions between the graphene quantum dots; however, rather than

conjugating a peptide, an aptamer was used to promote internalization and targeted cell-
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specific therapeutic effects. The GQD-PEG-P conjugate demonstrated effective
discrimination of cancer cells from somatic cells and the capacity to detect cancer-related
miRNA.

In recent years, the integration of diagnostic and therapeutic agents that provide multipurpose
functions in one individual nanostructure has proven to be critical to developing a new class
of theranostic (a term used to describe the combination of diagnostic and therapeutic).®® These
platforms have received profound attention, especially in the area of personalized

nanomedicine and clinical application.

In another study where the cRGD peptide was coupled to nanoparticles, the cCRGD@TAT-
DINPs showed increased cytotoxicity on both MDA-MB-231 and A549 cells, according to an
in vitro investigation. In particular, combination chemo/photothermal/photodynamic therapy
significantly increased the therapeutic efficacy of the produced nanoparticles under NIR
light.1%

Intricate and versatile platforms can be facilitated by these multifunctional nanostructures,
which can open a new gate towards a diagnostic, site-homing, and active treatment using a
single multifunctional system. Unfortunately, some of the limitations of such technologies
include a limited stability profile, high cost, and short storage life. Additionally, they faced
major intrinsic hurdles caused by production batches which led to harsh bench-to-bedside
transformation and poor reproducibility. To address these limitations, researchers are finding
various ways to improve on these limitations by using cheap resources such as wasted CDs

synthesis and facile one-step synthesis to enhance reproducibility.1%

At present, another alternative to nanoparticulate delivery systems is bioconjugates. Reports
show that medicinal business sector and academic scholars are investing heavily in
bioconjugate structures due to the appealing potential features. Bioconjugation is a pervasive
technique that finds a multitude of applications in different branches of life sciences,
including selective targeted therapy, biosensing biological assays, imaging, and gene delivery

applications.

Therefore, the intracellular concentrations for each construct must be determined separately
before using cell-permeable peptide/cargo constructs for intracellular investigations of
structure-function connections. This will ensure that the improved biological activity solely

relies on the conjugation of each component. The conjugation to homing peptides is known to

23



bind to the specific receptors present in the cells; however, it may not necessarily penetrate
the cells, as seen in Figure 2.4.1%% To address this potential challenge, conjugation to a cell-
penetrating peptide may be necessary. Another method would be to use a peptide that has

both the targeting properties and cell-penetrating properties to deliver the drug cargo.
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Figure 2.4 Multipurpose functions in one individual nanostructure
2.6 Derivatization of carbon dots and peptide and their effects

2.6.1 Functionalization of carbon dots

To facilitate CD modification, molecules with unique chemical characteristics and reducing
groups on the surface of CDs can be employed.' Luminescence properties can be enhanced
using synthetic approaches based on known organic chemistry reactions desirable functional
groups that can be covalently conjugated to CDs. External functional groups, including
carbonyl and carboxyl groups, can facilitate trapping states with different energy levels by
treatment of CDs utilizing polymers and organic compounds, producing luminescent CDs
that emit light with various energies.*** Additionally, covalent modifications can accomplish
enhanced control of the size, stabilization of surface energy traps, and physical features of
CDs.1% On the other hand, non-covalent modifications rely on interactions between CDs and
the substance being added, known as the London force or the -dispersion force. Non-covalent
alterations also have a less detrimental impact on the CDs’ structure than covalent
modifications, making it possible to tailor the photoluminescence and physicochemical

characteristics.!% 197 Significantly improved biocompatibility and optical properties can be
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observed after modification with these molecules, and typically the synthesis is
straightforward. For instance, if the surface of the CDs readily contains moieties such as
amino groups, then generally non-local n orbital and molecular orbital resonance structures
are found, which is associated with the enhanced QY and adjustable photoluminescence.®
Furthermore, normal CDs, which have been subsequently modified with amino-containing
compounds, are known to possess distinctly improved QY.1% As an alternative, oxygenated
moieties on the surface of CDs are affiliated with the photoluminescence properties usually
caused by electron-hole recombination and surface energy traps.'° The relationship between
the surface functionality of CDs and the different properties produced, oxidation on the
surface of CDs and photoluminescence can be customized by fine-tuning the amount of

oxygenated and amino groups to achieve specific properties.

Moreover, the main feature of CDs that makes them widely applicable in selectively targeted
therapy applications is functionalizing with bioactive molecules.!'! Pharmaceutical agent and
receptor targeting molecules can also be functionalized together to the surface of CDs,

resulting in a nanohybrid that can recognize the ailing sites and discharge medicinal agents.
112

CDs and similar nanostructures have been utilized as drug delivery systems (DDS) with a
focus on promoting properties such as drug solubility, half-life, and accumulation.'?
Targeting and controlling drug release at the tumorous area results in diminishing the drugs’

side effects and improving their bioavailability and tolerance. 114
2.6.2 Different types of interaction for the functionalization of carbon dots

The covalent and non-covalent interaction methods of functionalizing CDs are both readily
used and have different advantages, which are high on the application of the material.**®
Both techniques can improve selective targeted therapy and control; however, covalent bonds
are known to be very strong, and the integrity of the conjugates may be superior.!® On the
other hand, in applications where the attached molecule is required to release and bind to
receptors, non-covalent interactions may potentially allow better drug release of the cargo

drug attributed to the high affinity to the target site. 1*’

One of the most popular methods of covalently coupling peptides to CDs is EDC/NHS

coupling owing to its high efficiency and stability.}'® This technique achieves conjugation
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through activation of the carboxylic acid groups, which allows it to react with the free amine
groups present on the peptide, as seen in Figure 2.5. 11°

OH OH
/0 Hydrothermal EDC/NHS
" — —{-CO0H)x — —(coun\/\nnz)n
H,N
2 \/\NH,
Glucoze
Carbon dotz

Figure 2.5 Covalent modification of carbon dots 1%°

For example, Dada, S. N. and co-workers'?° fabricated folic acid-modified carbon dots (FA-
CDs) conjugated to doxorubicin (Dox) using the EDC/NHS strategy and subsequently
compared the covalently and noncovalently bonded nanohybrids as cancer-selective targeted
therapy system. For targeting cancer cells, folic acid was integrated into the surface of CDs to
attach to the overexpressing folate receptors. The data demonstrated that the non-covalent
FA-CD-Dox displayed superior efficiency against MDA-MB-231 in contrast to the CD-Dox
and covalent FA-CD-Dox.*?° Similar work was conducted by Qinghui Zeng and co-workers,
and their data demonstrated successful delivery of CD-DOX conjugates to HepG2 cancer
cells and HL-7702 normal .11

The various non-covalent modification of CDs includes dipole-dipole interactions, complex
formation, or m-n forces between CDs, to name a few.'% One of the benefits of these non-
covalent interactions include maintaining the crucial properties of the CDs while introducing
a new feature that enhances or adds new properties.!®® Furthermore, non-covalent
modifications present minimal adverse influence on the pristine framework of CDs and also
help provide new moieties, targeting molecules, or metal nanoparticles on the exterior of the
CD.'2 Consequently, these new features can establish a supplementary dimension in
controlling the interfacial properties and render a powerful link to connect nanoparticles to
biological molecules. The integrity of the nanostructure is the supreme virtue of non-covalent
interaction, which can be fabricated based on inherent functional groups and dispersion force

from van der Waals forces present on the CDs. For instance, in a study conducted by BR. Liu,
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successful delivery of CdSe/ZnS quantum dots by cell penetration peptides (PR9) was
reported. The intracellular trafficking data and functional assay evidence revealed that the
ingestion of the quantum dots was predominantly through endocytosis.*??> The electrostatic
interaction between the peptides and the quantum dots was found to play a key role in the
complex formation during conjugation and these interactions were analyzed using Zeta

potential.

One of the toughest membranes in the body is the blood-brain barrier (BBB) which is a
protective layer separating the brain’s blood vessels and the cells and other components that
makeup brain tissue.'?® This barrier provides a defense mechanism against bacteria, viruses,
and toxins that may exist in our blood. The selective permeability of this membrane causes
major medical drawbacks for drug-delivery systems that target the brain, which has led to
high demand for drug-delivery systems that can penetrate the brain. Shanghai Li, and co-
workers observed the penetration of transferrin-conjugated C-Dots in the central nervous
system (CNS) by crossing the BBB in vivo using a zebrafish model study.'?* This in vivo
study revealed that the CDs alone could not pass through the blood vessels that vascularize
the central nervous system and that the conjugation to transferrin glycoprotein is crucial for
permeability. The diameter of CDs was approximately 5 nm, with plenty of carboxylic groups
dispersed on the surface for feasible chemical interaction with the biological molecule.

In another study by Ullah, Z. and co-workers, a comprehensive theoretical study on
adsorption performance investigated the Pyrimidin-2-amine drug molecule on graphene
quantum dots (GQD).!” The computational simulations investigated non-covalent
interactions, density functional theory (DFT), and time-dependent density functional theory
(TD-DFT), and the data revealed that the enhanced interaction with doping (N, B) quantum
dot complexes with a AG value of —13.38 kcal/more, AE of -23.49, and AH of 22.60
kcal/mol. This shows that non-covalent conjugation is a good alternative for successfully
functionalizing carbon nanodots or other carbon-based nanomaterials with drug molecules,

targeting agents, and biomolecules.
2.6.3 Manipulation of the Amino Acid Sequence

The L- configuration of the stereogenic alpha carbon in amino acids is the most predominant

one found in nature, which polarizes light anticlockwise (Levorotation), as seen in Figure
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2.6.1%6 On the other hand, the D-configuration of the stereogenic alpha carbon is less common
and polarizes light clockwise (dextrorotation).'?”

The exchange of L-amino acids with D-amino acids in a peptide, whether partially or of the
full peptide, provides an alternative technique for reducing proteolytic cleavage and
decreasing immunogenicity.'?® According to the literature, when both termini replace L-
amino acids with the matching D-amino acids of cleavage-susceptible residues, then the
stabilization of several peptides increases.’?® Both L and the D amino acid-containing
peptides are naturally occurring; however, the D amino acids are less commonly found and
have interesting features such as enhanced protease resistance and increased target specificity

to name a few, 9130

Py

L. amino acid D amino acid

Figure 2.6 Illustration of L-amino acids versus D-amino acids

For germs to function properly, D-alanine and D-glutamic acid are necessary parts of the
peptidoglycan (PG), which is a critical component of the bacterial cell wall. Most proteases
created to cleave among L-amino acids are less able to break down the cell wall when D-
amino acids are present in the peptide moiety of PG.'* Nina Svensen and co-workers
investigated  two D-amino  acid peptides  with the  sequence DV1
(LGASWHRPDKCCLGYQKRPLP) and DV3 cyclo-(LGASWHRPDK).*® These peptides
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targeted the C-X-C chemokine receptor type 4 (CXCR-4) and were found to attach to CXCR-
4 with 1C50 values of 32 and 439 nM, respectively.

2.6.4 C-Terminal Amidation

Peptide degradation or aggregation plays a significant role in reduced activity and
solubility.3* As a result, numerous techniques have been employed to improve the stability
and pharmacological activity of peptides. One of the common ways to achieve this is by
converting the natural, free carboxyl group (-COOH) C-terminal of the peptide into an amide
group (-CONH2).1%2 Although this technique occasionally causes the peptide to lose activity,
several studies have shown that C-terminal amidated peptides have increased biological
activity and bioavailability which is why it remains a popular peptide modification.!3® Studies
have demonstrated that the uncharged C-terminal amide ends approximately imitates the
natural protein and consequently amplifies the pharmacological activity of a peptide.*3*
Additionally, the stability and shelf life of the peptide may be further increased. In a recent
study conducted by Keon-Hyoung Song and co-workers, C-terminal-amidated, N-terminal-
acetylated, and a combination of the two modifications were applied to the FCIGRL peptide
modulator. The FCIGRL-NH2, Ac-FCIGRL, Ac-FCIGRL-NH2, and FCIGRL-COOH
peptides were analyzed. Data revealed that the C-terminal-amidated had superior
performance in enhancing nasal drug delivery.®*®> Other peptide modifications on the C-
terminal end include the incorporation of benzylamine and memantine functional groups that

have been shown to enhance the cell viability and cell internalization of peptides.*®
2.6.5 N-Terminal modification

Although peptides are naturally occurring biomolecules that are generally bioavailable,
natural proteolysis of the peptide through proteases, in addition to fairly inadequate blood-
brain-barrier (BBB) permittivity, give rise to difficulties in producing peptides that are “drug-

like” 137

To broaden the application of peptides for a wide range of biotechnological applications and
essential biophysical studies, it is critical to include specific chemical moieties in peptides.*®
For modifications requiring chemoselectivity, the N-terminus is often easily targeted and can
therefore achieve site-specific bioconjugation.®® The N-terminus position is another
attractive target because there is normally only one present in a single-chain peptide, and
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examples include attachment of fluorophore, PEGylation, and glycosylation to name a few.%
Chemical enhancers are a class of chemical modifiers that improve the permeableness of drug
molecules.’* This includes esters, fatty acids, amides, surfactants, and glycols, to name a
few.?*! In certain circumstances, modifications of the peptide structure are by covalently
bonding to the chosen chemical enhancer, consequently altering its physicochemical
features.’*? When it comes to fatty acids, coupling on the N-terminus of a peptide, for
example, palmitoylation of a peptide sequence, is a popular molecular modification that can
increase the permittivity through membrane layers.'*® Furthermore, the peptides such as pal-
GHK tripeptide and Palmitoyl Dipeptide-6 (Pal-Lys-Val-Dab-OH) are commercially
available well-established cosmetic palmitoyl peptides known to have anti-wrinkle and

wound-healing properties.'#*

Since the central nervous system (CNS) continues to be a hindrance to the delivery of
therapeutic peptides and large hydrophilic molecules, it is necessary to explore other
compounds that assist in crossing the brain barrier.1*> Sharareh Eskandari and co-workers
designed an amphiphilic dalargin derivative peptide containing the palmitic moiety. The
Dalargin (Y-DA-G-F-L-R) peptide sequence is an opioid receptor (i receptor) agonist;
however, it has difficulty penetrating the blood-brain-barrier. Their study revealed that the
fatty acid modification conquered this major challenge, and additionally, the enhanced
stability of the drug in the plasma was observed, promoting endocytosis transportation across
the blood—brain—barrier.1*® The integration of fatty acids such as palmitic acid into peptide
biomolecules is a powerful technique and has an incredible prospect of increasing the

stability and penetrability of peptides.

Another effective technique to enhance pharmaceutical peptide properties is the covalent
conjugation of poly(ethylene glycol) which has proven to hinder recognition by inhibitors,
proteases, and antibodies.’*” In a study by P Esposito, isomers of mono-poly (ethylene
glycol)-modified with a mol. wt. of PEG = 5000 polymer chain was linked to Lys 12 or Lys
21 residues of the synthetic GRF1-29 (Sermorelin).'*® The finding revealed that high
biological activity was exhibited in vitro, which is similar to that of hGRF1-29. However, it
had greater pharmacodynamic activity in comparison to unmodified GRF peptide.
Adamantane is yet another moiety that offers appealing opportunities to manufacture diverse
adamantane-based compounds for biomedical applications.'*® These tricyclic alkane building

block molecules are very bulky and rigid and be exceptionally lipophilic, which can enhance
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the BBB penetrability of peptides and prevent proteolysis of peptides.t® In another study by
Li, B. and co-workers, adamantane was integrated into the peptidomimetic compound (Ac-
DGGL-NH2) to investigate its ability to penetrate the highly selective semipermeable brain
barrier for Alzheimer’s disease treatment. The data revealed that the adamantane-derivatized
peptide led to improved hippocampus-dependent learning and memory in normal adult mice.
Moreover, an increased generation and maturation of new neurons were observed in the
brain's granular layer and the interface region between the hilus and granular layer within the

hippocampus of the dentate gyrus.'®!

2.6.6 Structure-Activity Relationships (SAR)

Biological activity can be predicted from molecular structure thanks to the link between
activity and structure. To direct the acquisition or synthesis of desirable novel compounds as
well as to further analyze existing molecules, tools like CCD vault and Amber18 are strong

technologies utilized in drug development.

It is frequently possible to infer a new chemical compound’s biological effects from its
molecular structure by applying knowledge of related chemicals. This is due to the possibility
that related molecules may share physical and biological characteristics. The idea known as
the “Structure-Activity Relationship™ states that there is a connection between molecular

structures and their biological activity (SAR).1%2

SAR techniques like CDD Vault, which can develop models to assess new chemical
compounds and forecast their biological function, can find correlations that can then be used
to create and characterize desirable novel molecules. SAR can be used to further assess
existing drugs for potential side-effect activities.

Understanding which structural traits are correlated with chemical and biological reactivity is
essential for SAR. As a result, to make inferences about an unknown drug, it is necessary to
compare it to both database of known molecules and structural properties that can be
characterised. When used in conjunction with sound professional judgment, SAR can be an

effective tool for comprehending the functional significance of similarities.'®

For example, in a review study by Tony Velkov,'® the mechanism of the nonribosomal
peptides polymyxin B (PMB) and its analogues were explored, as seen in Figure 2.7. The

known mechanisms behind the microbial activity and bacterial resistance were correlated to
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the structure-activity interactions. According to the research, changes that neutralize the
positive charges on the Dab side chains and cyclic ring expansion or decrease frequently
result in a complete loss of antibacterial action. The ideal chain length of polymyxins is
between seven and nine carbons, and both lipopolysaccharides (LPS) binding and

antibacterial action depends on their distinctive three-dimensional design.

Hydrophobic interactons i
with lipid A fatty acyl chains [

Forms hydrophilic surface exposed
to the aquesus mileu

1 LDAB:NHy 3 L-DAB-NH, € L-Phe

Lipid & OM Layer  Innebr oligosaccharide O Lyes

QL-M-MH,?

Polymyxin B

L-DAB-NH,

1 P04 interaction

Figure 2.7 Shows a schematic diagram with essential contacts for the development of a
complex between PMB and the lipid A component of the LPS colour-coded fatty acyl chain at
the end, or FA. 1

In summary, when CDs are coupled with peptides, the resulting nanoparticles can be used for
fluorescence imaging, confocal microscopy, and even in vivo imaging. CDs emit intense and
steady fluorescence signals in fluorescence imaging, which may be identified and observed
with specialist equipment. Peptides can be used to target cancer cells selectively and increase
the permeability of their cargo. Overall, CDs coupled to peptides are a promising technique
for cancer bio-imaging that is now being studied in preclinical investigations. However, more
research is required to enhance the design of the conjugates as well as to assess their safety

and effectiveness.
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3.1 Abstract

Preparation of carbon dots (CDs) and nitrogen-doped carbon dots (NCDs) with germanium
oxide (GeO2/GeO) using a facile one-step microwave-assisted synthesis procedure is
presented. Iso-ascorbic acid, urea and Ge-132 were used as carbon/nitrogen and germanium
sources, respectively. Studies have shown that the CDs, NCDs and GeO,/GeO nanoparticles
individually have excellent qualities for bio-imaging applications including
photoluminescence, biocompatibility, good stability and low toxicity. While CDs have been
thoroughly explored in literature, CDs with germanium oxide on their surface are an avenue
that has scarce information. Hence the synthesis and physicochemical characterizations of
CDs- /NCDs- GeO2/GeO composites were studied using different microscopic and
spectroscopic techniques to explore their compatibility with bio-imaging applications. In the
presence of Ge, the approximate particle sizes of both the CDs and NCDs changed from 2.5
nm to 5.8 nm and the spherical or quasi-spherical shape was maintained. The X-ray
photoelectron spectroscopy survey spectrum showed that the surface of 1so-N-Ge-CDs
contained nitrogen and germanium, indicating the successful synthesis of nitrogen-doped
carbon dots (NCDs) with germanium oxide (GeO2/GeQ). Photoluminescence emissions of
longer wavelengths suitable for cell imaging were observed for 1so-N-Ge-CDs (350 nm) and
Iso-Ge-CDs (430 nm) and the Iso-N-Ge-CDs are able to fluoresce under the red and blue
wavelengths. The Ge-NCDs demonstrated excitation-dependent emission wavelength
behaviour, pH sensitivity and Fe** sensitivity which may be used as a probe for Fe** metal

ions and intracellular pH measurements.
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3.2 Introduction

Traditionally, carbon dots (CDs) are classified as nanoparticles that are generally spherical or
quasi-spherical possessing a diameter that is 10 nm or smaller.13 There are four classes of
CDs known thus far, these are carbonized polymer dots (CPDs), graphene quantum dots
(GQDs), and carbon quantum dots (CQDs). *°* CDs are considered the most promising
allotrope of carbon for drug delivery, bioimaging, biosensors, tissue engineering and cancer
therapy. This is due to their versatile physicochemical properties including good water
solubility, superior quantum yields, low cytotoxicity, favorable biocompatibility, good
photostability, high sensitivity, great cell membrane permeability, tunable fluorescence
emission and excitation, and selectivity for target analytes.® ” These qualities make them far
better candidates for aforementioned biomedical applications compared to other carbon
allotropes and metal-based quantum dots. For example, to activate the fluorescent qualities of
carbon nanotubes (CNTs) and graphene, further modification of their structures and surface
chemistry is required, whereas the as-prepared CDs already possess these fluorescent
qualities without any modification. On the other hand, metal-based quantum dots are
traditionally synthesized from heavy metals that may be toxic, however, CDs have shown to
overcome these limitations.® Additionally, the synthesis of CDs is facile and can be fabricated
using low energy, and a broad variety of carbon sources can be exploited including waste
such as banana waste, peanut shell and rose petal, carbohydrates, polymers and biomass.® As
such, there has been an exponential growth in the number of CD publications in biomedical

applications over the past few years.®

Another important quality of the CDs that makes them attractive is the fact that they allow
structure and interface modification which enhance their features for a specific application.
This is done by doping the carbon lattice with foreign atoms such as nitrogen. This has shown
significant improvement in the electrical dispersion and appropriate electronic energy levels
of CDs and thereby improving their fluorescent and other features.*® For example, Wang et
al. synthesized CDs plus nitrogen-doped CDs (or NCDs) with blue fluorescence, and utilized
them to enhance the light-harvesting qualities during the plant's photosynthesis process.!* The

authors reported that the NCDs had better light conversion and electron donor features which
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contributed to the promotion of the photoelectron transfer rate. Liao et al. synthesized NCDs
with a high fluorescence and higher quantum yield (28.46 %) compared to undoped CDs
(quantum vyield = 5.3 %).1? Additionally, the NCDs showed quick and extreme sensitivity

while also having a selective fluorescence quenching effect toward Au®* ions.

Composites of CDs with metal atoms also form nanomaterials with attractive features for
various applications.'®* For example, Lou et al., were able to produce a highly efficient
photocatalyst for hydrogen generation using Pt-NCDs.!* The catalyst synthesis strategies also
showed great potential for electrocatalysis, heterogeneous catalysis and drug delivery
applications. In another study, Safardoust-Hojaghan and Salavati-Niasari prepared
composites of NCDs with TiO2 and showed that by introducing the NCDs nanoparticles,
photodegradation efficacy of TiO2 to methylene blue under UV light (400 W UV tube) is
increased from 40% to 85%.%° Li et al., showed that Mg- and N-codoped CDs have enhanced
photoluminescence traits compared to CDs alone.*® Furthermore, biocompatibility, superior
photostability and reduced cytotoxicity are some of the properties of the Mg- and N-codoped
CDs which showed great potential for bioimaging applications. Indeed, studies show that
there has been a growing interest in these metal-CDs nanocomposites, especially in clean

energy research. 1/

Other interesting composites of CDs and metal to study for biomedical applications are the
CDs and germanium (Ge)/germanium oxide (GeO2/GeQ) composites. This is because both
CDs and Ge have excellent features for biomedical applications. Like the CDs, Ge
nanoparticles also possess quantum confinement, a broader optical range and powerful visible
photoluminescence.'® Germanium is a member of group 4 elements. It is a non-metal similar
to C and Si, and it is believed that it may feasibly have sp3-like bonding which may also
impact the electronic and structural features of carbon-based material but in a unique way
compared with other dopants such as N or S.*® Germanium is a semi-metal that is mostly used
as a semiconductor. Elemental germanium is similar in appearance to pure silicon, and it
readily forms complexes when reacted with oxygen. A trace amount of germanium can be
found naturally in food such as broccoli, celery, garlic and ginseng but it is not an essential
mineral.2>2 Germanium oxide nanoparticle is also reported to have both photoluminescent
as well as antimicrobial traits.?#% Anticancer activity of synthetic organo-germanium
compounds such as bis-carboxyethyl germanium sesquioxide or Gel32, has several

biological applications and is reported in numerous cancer cell models and clinical trials due
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to their antioxidant features.?® Other widely exploited metal-containing anticancer
pharmaceuticals including cisplatin may be circumvented by organogermanium compounds
such as Ge-132 that enhance pro-inflammatory responses by boosting interferon-y (IFN-y),
natural Killer cell and T-cell activity, and are substantially less harmful. Therefore, great
synergy and enhanced photoluminescence, higher biostability, higher activity and selectivity
can be expected. This could potentially broaden the application of both CDs and Ge.

Only a few journal articles have reported on the synthesis of CDs-Ge/GeO, composites.
However according to literature, they are biocompatible and have low toxicity. Yuan et al.
reported that the Ge-CDs composite for the detection of mercury ions in cancer cells which
demonstrated that bio-application is feasible for these compounds.?’” The composite exhibited
a blue-green luminescence, excitation-dependent photoluminescence traits, as well as a high
sensitivity towards mercury ions. Another study by Yu-Cing Juho et al. evaluated the
improvement of blood circulation and sexual satisfaction using a unique FIR fiber called Ge-
Ti-textile made of germanium, titanium, and various polymers.?® After three months of
therapy, the Ge-Ti-underpants treatment considerably raised the average penile blood flow
velocity and enhanced sexual function, according to the findings. On the other hand, in a
different study, the activity of composites of CDs-Ge-GeO, was investigated for the
photocatalytic degradation of pendimethalin and dinotefuran pesticides.?® It was found that
the CDs-Ge-GeO» can degrade ~100% of both pendimethalin and dinotefuran pesticides
under visible light illumination (>440 nm) in less than 30 min. This high photocatalytic
degradation was ascribed to the synergy between the composite of the components. To
enlarge the scope of these CDs-Ge/GeO> composites in practical applications, this study
reports on a simple microwave reaction for the synthesis of germanium oxide-modified
NCDs. Ge-NCDs produced were fluorescent, water-soluble, and emitted different colours due
to the different sizes. To the best of our knowledge, the effect of both germanium and
nitrogen on the photoluminescent traits of CDs has not been reported. We found that the CDs
modified with germanium oxide have photoluminescent traits which are crucial for bio-

imaging and are sensitive towards Fe>".
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3.3 Experimental

3.3.1 Materials

Iso-ascorbic acid (CeHgOe), urea (CHsN20) and bis (2-carboxyethyl germanium (1V)
sesquioxide) (Ge-132) were all purchased from Sigma Aldrich, South Africa, and used as
received. Distilled water and hydrochloric acid (HCI 32 %, Sigma Aldrich, South Africa)

were utilized as solvents in the experiments.
3.3.2 Synthesis of various carbon dots

Carbon dots (CDs) and carbon dots composites were synthesized using previously reported
iso-ascorbic acid and urea-derived CDs technique but with modifications3® 3L, The schematic
representation of the CDs preparation is summarized in Scheme 3.1 below. The experiments
were carried out in a CEM Discovery SP microwave operating under closed vessel conditions
at a maximum power and pressure output of 150 W and 250 psi, respectively. Before the
reaction, the precursors were dispersed in 8.0 mL distilled water and 2 mL 0.1 M HCI until a
homogenous mixture was formed. Thereafter, the mixture was transferred into a 30 mL
microwave reaction vessel, placed in the microwave oven, and irradiated at 150 W for 5 min
until an infrared temperature of 125 °C was reached. After the reaction, it was observed that
the reaction mixture changed colour from clear to black-brown, which symbolized
carbonization.®® The reaction vessel was allowed to cool down to room temperature before
the acid was neutralized by adding 0.1 M NaOH. The resulting solution was purified by
centrifugation at 14000 rpm for 20 min to separate the supernatant. The supernatant was then
filtered using a hydrophilic 0.22 pm nylon syringe filter membrane. Finally, a rotary
evaporator was then employed to evaporate the water from the CDs solution. The obtained
product was allowed to dry in an oven at 100 °C overnight. The quantity of precursors used in
each reaction as well as the product yields are summarized in Table 3.1 below. The products
were named 1so-CDs, Iso-Ge-CDs, 1Iso-N-CDs and Iso-N-Ge-CDs depending on the

precursors utilized in each experiment, as explained in Table 3.1.
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CDs powder

Scheme 3.1 A simple illustration of the fabrication process for the various CDs and Ge-CDs

composites presented in this work.

Table 3.1 CDs microwave-assisted synthesis conditions

Precursor amount (g) Final product
Product name Iso- Gel32 Urea Mass

ascorbic

. (9)

acid
Iso-CDs 2.00 - - 0.19
Iso-Ge- CDs 2.00 0.50 - 1.16
Iso-N- CDs 2.00 - 0.50 1.2
Iso-N-Ge-CDs 2.00 0.50 0.50 0.95

66 9,

= this precursor was not used for that particular experiment.

% Yield

o1
N



3.4 Characterization techniques

The morphology of the synthesized CDs and modified CDs was probed using transmission
electron microscopy (TEM) which uses a FEI Technai G2 Spirit electron microscope
operated at 120 kV. The particle size distribution was analysed using the ImageJ software.?
A Bruker D2 phaser with Cu-Ka radiation (A=1.5405 A) was employed to determine the
powder X-ray diffraction (PXRD) patterns of the samples. The data was collected from 10° to
70° 20. The Agilent Technologies Cary Series UV-Vis spectrophotometer was used,
acquiring data using an absorption spectrum with a range from 200 to 800 nm and varying at
an excitation wavelength of 245 nm to 288 nm. The Photoluminescence (PL) spectroscopy
data were obtained from Varian Cary Eclipse EL04103870 fluorescence spectrophotometer at
a range between 320 and 380 nm, by exciting the sample solutions at 300 nm to 400 nm
wavelength. The analysis of the functional groups on the CDs was explored using a Bruker
Tensor 27 FTIR analyser. The X-ray photoelectron spectroscopy (XPS) data was collected
using a quantum 2000 scanning ESCAIlab 250Xi microprobe system operated at 300 W with
monochromatic Al ko (1486.7 eV). The images were captured using the Olympus BX63
Fluorescence Microscope (OFM). The processing of the captured images was conducted on
Fiji ImageJ software.

3.5 Results and discussion

3.5.1 Morphological characterization

Carbon dots (CDs) were synthesized using a microwave-assisted technique with commonly
used precursors for CDs synthesis such as iso-ascorbic acid as a carbon source and urea for
nitrogen doping.3! However, for the reactions reported here, HCI was utilized as one of the
solvents to help accelerate the formation of the CDs during the reaction.®® Typically,
microwave-assisted irradiation of ascorbic acid produces CDs with approximate average
particle sizes of 2 to 3 nm when iso-ascorbic acid is irradiated at microwave powers between
600 and 900W for > 5min.30, 31 Herein, it is shown that CDs from iso-ascorbic acid, with
average sizes of 3.2 + 1.2 nm and an average size ranging between 2.0 and 8.0 nm (Figure
3.1a) and the corresponding Ge-modified (Figure 3.1b), can be produced under reduced
temperature, power and reaction time by simply adding HCI to the reaction mixture.

Likewise, nitrogen-doped CDs synthesized from equal amounts of iso ascorbic acid and urea,
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when irradiated at 600W for 6 min were produced with particle sizes of ~4 nm. 34 The
synthesis of CDs is traditionally in harsh conditions however under these milder reaction
conditions mentioned in this work, the average particle sizes were 2.2 + 1.88 nm, with an
approximate size range between 1.0 nm and 5.5 nm as seen in Figure 3.1c. Other studies
have shown that machine-learning-based techniques can be used to further fine-tune the
microwave-assisted reaction for optimum CDs productions (i.e., production of CDs with high

% yield, quantum yield and other properties). %

The incorporation of germanium oxide (GeO2/GeO) led to a slight enlargement in the CDs
particle sizes as shown by the size distribution graphs in Figure 3.1b) and 3.d). For example,
the Iso-Ge-N-CD's approximate average particle sizes were 5.8 £ 0.78 nm Figure 3.1d),
which is ~3 nm larger than the 1so-N-CDs (i.e., without GeO2/GeO modification). The
enlargement in the CDs particle sizes may be ascribed to the large sizes of Ge atomic radius
(211 pm) on the carbon lattices or surface functionalization, which will be further discussed
in the XPS analysis. The quasi-spherical morphology of the CDs did not change when
germanuim was incorporated in both Iso-Ge-CDs and 1so-Ge-N-CDs. High-resolution TEM
images were taken to determine the lattice fringes of the prepared samples (if any), and the
results obtained from each sample are inserted on images in Figure 3.1. The lattice d-spacing
of Iso-CDs was found to be 0.18 nm corresponding to the (004) place of a graphitic structure
(insert Figure 3.1a and supplementary information Figure S$3.1).%¢ Surprisingly, the 1so-Ge-
CDs sample did not show any lattices even at higher resolution (insert Figure 3.1b and
S3.2), which implies that these nanoparticles are highly amorphous compared to the other
samples. 1so-N-CDs and Iso-N-Ge-CDs had lattice d-spacing of 0.21 nm, corresponding to
the (100) plane lattice of graphite as seen in insert Figure 3.1c, 3.1d and Figures S3.3 and
S3.4.3" The d-spacing of the CDs were consistent with the literature,®® the slight changes is
size may be attributed to doping with nitrogen and germanium. Moreover, in order to
comprehend structural morphology, quantify qualities, measure particle size distributions,
validate findings, and conduct comparative analysis®, a number of TEM images were
obtained for the CDs and are presented in Figures S3.5 — S3.8 for 1so-CDs, 1so-Ge-CDs, Iso-
N-CDs and Iso-N-Ge-CDs respectively.
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Figure 3.1 TEM micrographs and (inserted) size distribution curves of (a) Iso-CDs, (b) Iso-
Ge-CDs, (c) Iso-N-CDs and (d) 1so-N-Ge-CDs.

3.5.2 Chemical properties

Figure 3.2 below displays the FT-IR spectra of Iso-CDs, 1so-Ge-CDs, Iso-N-CDs and Iso-N-
Ge-CDs. The absorption peaks of all the samples showed a broad intense absorption band at
approximately 3247 cm™ indicating the existence of —O-H or O-H/N-H for N-doped CDs.
The peak at approximately 2939 cm™ was due to the C—H stretching vibrations and the peak
at approximately 1747 cm™ and 1606 cm™ can be ascribed to C=0 stretching vibrations and
C=C stretching vibrations, respectively. The characteristic absorption band of C-N stretching
at approximately 1392 cm™* and the absorption band at approximately 1053 cm™* is ascribed



to C-O-C stretching vibrations. Interestingly, the Ge-containing samples showed a
significant reduction in the C=C bands, which could imply that the incorporation of Ge

somehow reduces the graphitic nature of the CDs.

Iso-N-Ge-CDs
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Figure 3.2 FT-IR spectra of (a) 1so-CDs, (b) Iso-N-CDs, (c) Iso-N-CDs and (d) Iso-N-Ge-
CDs.

XPS analysis was further conducted to study the surface elemental analysis of the doped and
Ge modified CDs. The XPS survey spectrum comparison of 1so-CDs and Iso-N-Ge-CDs
shown in Figure 3.3a) clearly shows the carbon (Cls) and oxygen (O1s) surface
functionalities of Iso-CDs (in black), versus the Iso-N-Ge-CDs (in blue) which further
contains nitrogen (N1s) and germanium (Ge2p3). The relative abundance of C1s, O1s, N1s
and Ge2p3 for 1so-N-Ge-CDs were estimated to be 55.4, 25.9, 15.9 and 2.8 w%, respectively,
as summarized in Table S3.1.%° The 1so-N-Ge-CDs expanded XPS spectra of the C1s (Figure
3.3b) showed peaks at 284.7, 286.0, 287.9 and 288.7 eV, matching the sp? C-C and/or N-C,
sp® C-C/N-C, C=0, and O-C=0 and/or N-C=0O bonds, respectively.>* The Ols peak
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deconvolution (Figure S3.9) revealed the presence of O-C as well as the O-C=0 and/or N-
C=0 bonds at binding energies of 531.5 and 532.7 eV, respectively. N1s spectrum (Figure
3.3c) revealed the presence of graphitic-N (399.6 eV) and NOx (401.3 eV).3* Finally, the
Ge2p3 spectrum (Figure 3.3d) showed a peak at 1219.6 eV, which is evident in the presence
of Ge=0 and Ge-0.*! This data suggest that nitrogen was successfully incorporated into the
carbon lattice as proven by the presence of graphitic-N, however, the absence of a Ge-C bond
suggests that there were no bonds formed between the core of CDs and germanium. The XPS
data of Iso-CDs (Figure S3.10), I1so-Ge-CDs (Figure S3.11) and Iso-Ge-CDs (Figure S3.12)

showed the expanded survey scan consistent with literature.?” 4

The atomic abundance of carbon in Iso-CDs, Iso-Ge-CDs, Iso-N-CDs and Iso-N-Ge-CDs,
was found to be 64.6%, 63.4%, 58.9% and 55.4% respectively (Table S3.1, S3.3, S3.5, and
S3.7). This data illustrated that when nitrogen or germanium is incorporated in the sample the
abundance of carbon is reduced. As a result, I1so-N-Ge-CDs which contain both nitrogen and
germanium has the lowest carbon content. Additionally, the incorporation of nitrogen
affected the atomic abundance of carbon more significantly. This may be attributed to the fact
that nitrogen replaces some of the graphitic carbons in addition to the surface functional
groups as seen in the breakdown of C, N, O and Ge species found in 1so-N-Ge-CDs in Table
S2 and species breakdown of C, N, and O 1so-N-CDs Table S3.8 found in the supplementary
information. The comparison of the atomic species between 1so-CDs and 1so-Ge-CDs seen in
the supplementary information Table S3.4 and S3.6 respectively demonstrated that

germanium only affected the surface functional groups since no Ge-C bond were detected.

Interestingly, the CDs containing nitrogen (I1so-N-CDs and Iso-N-Ge-CDs) had a higher C-O
content compared to the CDs which did not contain nitrogen (Iso-CDs and Iso-Ge-CDs) and a
higher content of C=0 was observed (supplementary information). This may be due to the
fact that urea (the nitrogen source) is also known to be a reducing agent.*? Carboxyl groups
(O=C-OH) can undergo reduction reactions to form various reduced products, depending on
the reaction conditions and the nature of the reducing agent used. This suggests that
carboxylic groups were further reduced by urea to form functional groups such as alcohols,
esters, and aldehydes, which resulted in an increase of the C-O content in the samples.
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Figure 3.3 (a) Survey scans of 1so-CDs and Iso-N-Ge-CDs showing four major peaks of
carbon, oxygen, nitrogen and germanium, and the expanded survey scan of (b) C1s (c) N1s
and (d) Ge2ps.

3.5.3 XRD analysis

The PXRD pattern (Figure 3.4) of the synthesized CDs showed one broad peak centred at 20
of 17° 20°, 23° and 22° for Is0-CDs, Iso-Ge-CDs, 1s0-N-CDs and Iso-N-Ge-CDs,
respectively. The peaks that appear at these 20 ranges are typically observed for amorphous
carbon. “** The incorporation of nitrogen and (especially) germanium resulted in a
significant broadening of the peak for 1so-N-CDs, 1so-Ge-CDs and Iso-N-Ge-CDs, which
implied that the incorporation of heteroatoms in the CDs structure makes them more

amorphous. Interestingly, 1so-Ge-CDs appear to produce the broadest peak, indicating that it
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is more amorphous compared to the other CDs.*® Moreover, this highly amorphous nature
correlates to the lack of lattice fringes previously observed in the high-resolution TEM.

10 20 30 40 50 60 70
20 (9

Figure 3.4 XRD spectra of the various CDs.
3.5.4 Photophysical properties

CDs have distinct optical characteristics that make them ideal for photoluminescence (PL)
research. Additional investigations, such as PL excitation mapping, PL decay dynamics, or
PL imaging, might be investigated depending on the unique research objectives and
applications. For example, a study by Pyng Yu and co-workers investigated the temperature-
dependent fluorescence measurements on highly fluorescent CDs between 77 and 300 K.
Their data indicated that CDs have metallic-nanocluster-like temperature behavior. Herein,
the excitation dependence, pH sensitivity and quenching capacity were investigated using
photoluminescence spectroscopy.

The CDs showed very intriguing luminescent qualities. Figure 3.5 demonstrates the PL
spectra of the newly prepared 5 pg/ml CDs aqueous solutions. Each PL spectrum revealed a
single band, indicating the origin of luminescence should be the same. A redshift was
observed in the spectrum for all the CDs while increasing the excitation wavelength.*” The
maximum emission (and full width at half maximum) was observed for (a) Iso-CDs (b) Iso-
Ge-CDs (c) 1so-N-CDs (d) Iso-N-Ge-CDs an excitation of 330 nm (95 nm), 340 nm (110
nm), 330 nm (120 nm) and 330 nm (90 nm), respectively, as seen in Table 3.2. Moreover, the

defects that are present in the material and the inhomogeneity of the material are known to
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affect the full width at half maximum (FWHM) which may give more insight regarding the
fabricated samples.*® Literature has shown that when the material is doped and the maximum
emission as well as the FWHM in PL is affected 38, this can be ascribed to the changes in the
width of the absorption line due to the lattice vibrations and lattice imperfections.*® The
intensity of the peaks appear to be low compared to literature, however, their ability to emit
photons after the excitation and recombination processes demonstrated that they do possess
photoluminescent properties.>® The photoluminescence and quantum yield are closely related
as they are both linked to the efficiency of the light emission process.>*
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Figure 3.5 Photoluminescence (PL) of (a) 1so-CDs (b) Iso-Ge-CDs (c) Iso-N-CDs d) I1so-N-
Ge-CDs
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Table 3.2 Data derived from the Photoluminescence data.

PL data
Name Maximum excitation (nm) Emission FWHM (nm)
(nm)
Iso- CDs 380 457 95
Iso-Ge- CDs 320 370 120
Iso-N- CDs 380 417 110
Iso-N-Ge-CDs 320 383 90

Interestingly, PL emission with a longer wavelength is more favourable because the cell
nuclei generally emit blue light. Hence, the CDs presented in this work are more suitable for

cell imaging applications.>?

CDs PL characteristics can be greatly impacted by N-doping. CDs can have their electrical
and surface properties changed via N-doping, which entails adding nitrogen atoms to the
carbon lattice. CDs photoluminescence efficiency can be increased by N-doping, which can
also cause their emission spectra to shift toward the red. Although the exact mechanism
underlying the PL enhancement in N-doped carbon dots is unknown, it is thought to be
connected to the entry of new energy levels into the bandgap of the CDs as illustrated in
Figure S3.13. When nitrogen atoms are added, N-doped graphitic domains can emerge,
which can produce new energy levels inside the CD bandgap. This could explain why the
intensity of Figures 3.5 (a) and (b) appears to be lower than the nitrogen-doped CDs in
Figures 3.5 (c) and (d).

Since the CD concentrations were kept constant, the intensities were compared, and the Iso-
N-Ge-CDs exhibited the best photoluminescent properties. This sample was then selected for
the pH and quenching study. The surface charge, size, and chemical makeup of CDs can all
be influenced by the pH, which can have an impact on how they behave.>3The protonation or
deprotonation of surface functional groups, changes in the electronic structure of CDs, and

changes in the local microenvironment of the CD are just a few examples of the many
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variables that can affect the PL properties of carbon dots.>* Emission wavelength, intensity,
and quantum yield, change as a function of pH CDs may be used in bioimaging, sensing, and

medication delivery, all of which depend on pH for optimal functioning.®

Several studies have shown that C-dots with pH-sensitive PL show tremendous potential for
monitoring pH changes in living cells, tissues, and animals, demonstrating that they can be
used as a useful research tool in biomedical studies. For instance, CDs can be utilized as pH
sensors in bioimaging because of their pH-dependent photoluminescence characteristic. Liu's
group created two fluorescent CDs with pH-sensitive red fluorescence in the pH range of 1.0
to 9.0 and a linear range of 3.5 to 6.5. This was shown to be useful for measuring the pH
value in living cells MCF-7 cells and were used to test the ability of CDs to monitor
intracellular pH fluctuations.*®

Figure 3.6 shows the pH-sensitive properties of 1so-N-Ge-CDs. The maximum excitation is
observed at a pH of 3, and the minimum is pH 11. Interestingly, there appears to be a linear
increase from pH 4 to 6. Since tumour tissues have an acidic extracellular pH of 6.2-6.8, and
Iso-N-Ge-CDs seem to have stronger photoluminescent properties at low pH, then this
suggests that the Iso-N-Ge-CDs possess good prospects for monitoring pH changes in living
cells or releasing pH sensitive cargo.>’
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Figure 3.6 Photoluminescence spectra of the 1so-N-Ge-CDs at pH ranging from 1 to 11.
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Carbon dots can interact with ion metals due to their great surface area and variety of surface
functional groups. lon metals and carbon dots may interact, which may change some
characteristics, including photoluminescence, stability, and toxicity which can be used for
sensing.® Comprehending the mechanism of interaction between carbon dots and ion metals
can be aided by ion metal investigations. For instance, ion metals can snuff out CDs
photoluminescence, which can be exploited for sensing purposes. The photoluminescence of
carbon dots, on the other hand, can be enhanced by ion metals and employed for bioimaging
and sensing applications. For example, the human body cannot usually metabolize Fe** ions
and too much of them can lead to cancerous cell growth.®® As a result, it is crucial to find Fe3*
ions. With an excitation wavelength of 340 nm, the quenching capabilities of 12 different
metal ions (0.01 mM) were tested to clarify the fluorescence sensing of 1mg/ml CDs for Fe®*
ions. This study was evaluated by adding 0.5 ml of the CD solution and 0.5 ml of the metal
ions at room temperature. The emission peak intensity of 1so-N-Ge-CDs with different metal
ions, such as Cu?*, Fe3*, Co®, Zn®", Ni¥, Cd®*, Ca®*, Na*, AI**, K*, As**and As?* ions, was
depicted in Figure 3.7 (a-b). According to the findings, when compared to other metal ions,

Fe3* ions had the highest level of quenching for Iso-N-Ge-CDs.

In Figure 3.7 (c), the samples containing the metal ions were placed under a UV lamp, and
the data reveal that the photoluminescence spectroscopy matched the fluorescent intensity
seen and UV light. The concentration of the Fe®* was then varied from 0.01 mM to 0.09 mM,
and 5pg/ml was used for the study in Figure 3.7 (d). A consistent decrease was detected as
the concentration of Fe3* was increased. The quenching effect of Fe ** can be reversible, and
in a similar study by Yan Liang et al., an “on-0ff-on” photoluminescent properties using

glutathione (GSH) of Fe * was demonstrated.*®
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Figure 3.7 (a) The emission peak intensity ratio of 1so-N-Ge-CDs with Cu?*, Fe**, Co®*,
Zn®*, Ni?*, Cd?*, C¥* Na*, AI**, K*, As**and As?* ions, (b) Photoluminescence (PL) of
carbon dots of Iso-N-Ge-CDs with different metal ions, (c) fluorescent properties of t

According to prior studies, the intramolecular photoinduced electron transfer process from
excited CDs to Fe* ions is a plausible mechanism for the fluorescence quenching of CDs.%’
The d-orbital of Fe®* splits when electron-deficient Fe®* complexes containing functional
groups on the surface of the N-CDs (such as carboxyl groups and amino groups) are added as
shown in Figure S3.14. As a result, a portion of the electrons in the excited state of the CDs
were transported to the d-orbital of the Fe3*. Fluorescence quenching resulted from the

radiation forms restrained electron transition (FL emission).

The absorption spectra of 1s0-CDs, 1s0-Ge-CDs, Iso-N-CDs, and Iso-N-Ge-CDs are shown in

Figure 3.8 below. Iso-CDs showed absorption peaks at ~204 and 291 nm, which correlated to
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the m—n* and n—n* transition of C=C and C=0 bonds, respectively. The absorption peaks
for 1so-Ge-CDs were observed at ~204 and 267 nm, correlating to the m—n*, characteristic of
the aromatic sp2 domains. 1so-N-CDs showed peaks at ~214 and 243 nm, correlating to the
n—7n* transition of the C=C bond. Finally, similar to the Iso-Ge-CDs, Iso-N-Ge-CDs
absorbed UV-Vis radiation at ~204 and 264 nm, correlating to the =—n*, characteristic of the
aromatic sp2 domains. The absorption edges of all four samples extend into the visible band.
The products were dispersed in water and were exposed to UV light and each exhibited

greenish luminescence (Figure S3.15).
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Figure 3.8 UV-Vis absorption spectra of 1so-CDs, Iso-Ge-CDs, Iso-N-CDs and Iso-N-Ge-
CDs

The BX63 Upright Microscope was then utilized to analyse the fluorescent qualities of the
Iso-N-Ge-CDs to determine their capacity for bio-imaging applications. A single grain of the
Iso-N-Ge-CD powder was placed on a glass slide and analysed under the microscope, and this
revealed that the 1so-N-Ge-CD can fluoresce under the red and blue wavelengths, Figure 3.9.

Most CDs fluoresce in the blue only however the Iso-N-Ge-CD fluoresces in longer
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wavelength regions as well. CDs which are red display high resistance to photobleaching,
intense absorption in the red/NIR region, and biodegradability.>®

Figure 3.9 Fluorescent Microscopy of 1so-N-Ge-CDs under blue (a) and red (b) wavelength

3.6 Conclusion

A successful synthesis of CDs (diameter < 10 nm) using a simple microwave assisted method
was confirmed using TEM. The FTIR spectra showed that the CDs were successfully doped
with nitrogen for the Iso-N-Ge-CDs, as shown by the characteristic band at approximately
3247 cm™ (N-H) and 1392 cm™ (C-N) and further confirmed by the XPS data with the
relative abundance of N1s estimated to be 15.9 w %. The presence of GeO./GeO on the
carbon dots was also confirmed by the XPS data however, the lack of C-Ge interaction
suggests that the incorporation of germanium only affected the surface functionalities. The
effects were more notable in the size increase of the CDs shown in TEM as well as the
significant shift and broadening of the peaks on the XRD. The photoluminescent qualities of
the CDs show that the CDs are fluorescent, and when exposed to UV light, the CDs exhibited
a wide range of colors. PL data also showed that the CDs have photoluminescent qualities.
Data from the BX63 Upright Microscope showed that the Iso-N-Ge-CDs exhibit
fluorescence, which can be applied for bio-imaging applications. The Iso-N-Ge-CDs
demonstrated the best photoluminescent capabilities, although for future work, further studies
may be conducted to improve these properties. The linear rise in pH from 4 to 6 in the pH-
sensitivity study may be exploited because tumor tissues have an acidic extracellular pH of

6.2-6.8. This implies that 1so-N-Ge-CDs have promising applications for monitoring pH
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changes. Moreover, the quenching study of the different metal ions revealed that Fe3* ions
showed the highest quenching effect for Iso-N-Ge-CDs.

67



3.7 References

1. Yao, B., Huang, H., Liu, Y. & Kang, Z. Carbon Dots: A Small Conundrum. Trends
Chem. 1, 235-246 (2019).

2. Kang, Z. & Lee, S.-T. Carbon dots: advances in nanocarbon applications. Nanoscale 11,
19214-19224 (2019).

3. Mkhari, O., Ntuli, T. D., Coville, N. J., Nxumalo, E. N. & Maubane-Nkadimeng, M. S. A
comparison of fluorescent N-doped carbon dots supported on the surface of hollow and solid
carbon spheres, and solid silica spheres. Diam. Relat. Mater. 118, 108500 (2021).

4. Xia, C., Zhu, S., Feng, T., Yang, M. & Yang, B. Evolution and Synthesis of Carbon Dots:
From Carbon Dots to Carbonized Polymer Dots. Adv. Sci. 6, 1901316 (2019).

5. Sarkar, S., Banerjee, D., Ghorai, U. K., Das, N. S. & Chattopadhyay, K. K. Size
dependent photoluminescence property of hydrothermally synthesized crystalline carbon
quantum dots. J. Lumin. 178, 314-323 (2016).

6. Hu, L. et al. Multifunctional carbon dots with high quantum yield for imaging and gene
delivery. Carbon 67, 508-513 (2014).

7. Su, W. et al. Carbon dots: A booming material for biomedical applications. Mater. Chem.
Front. 4, 821-836 (2020).

8. EI-Shafey, A. M. Carbon dots: Discovery, structure, fluorescent properties, and
applications. Green Process. Synth. 10, 134-156 (2021).

9. Wang, J., Choi, H. S. & Wang, Y.-X. J. Exponential growth of publications on carbon
nanodots by Chinese authors. J. Thorac. Dis. 7, E201-205 (2015).

10. Li, F., Yang, D. & Xu, H. Non-Metal-Heteroatom-Doped Carbon Dots: Synthesis and
Properties. Chem. — Eur. J. 25, 1165-1176 (2019).

11. Wang, C. et al. Nitrogen-Doped Carbon Dots Increased Light Conversion and Electron
Supply to Improve the Corn Photosystem and Yield. Environ. Sci. Technol. 55, 12317-12325
(2021).

68



12. Liao, J., Cheng, Z. & Zhou, L. Nitrogen-Doping Enhanced Fluorescent Carbon Dots:
Green Synthesis and Their Applications for Bioimaging and Label-Free Detection of Au3+
lons. ACS Sustain. Chem. Eng. 4, 3053-3061 (2016).

13. Lin, L., Luo, Y., Tsai, P., Wang, J. & Chen, X. Metal ions doped carbon quantum dots:
Synthesis, physicochemical properties, and their applications. TrAC Trends Anal. Chem. 103,
87-101 (2018).

14. Luo, H. et al. Pt single-atoms supported on nitrogen-doped carbon dots for highly
efficient photocatalytic hydrogen generation. J. Mater. Chem. A 8, 14690-14696 (2020).

15. Safardoust-Hojaghan, H. & Salavati-Niasari, M. Degradation of methylene blue as a
pollutant with N-doped graphene quantum dot/titanium dioxide nanocomposite. J. Clean.
Prod. 148, 31-36 (2017).

16. Li, F. et al. Mg/N double doping strategy to fabricate extremely high luminescent carbon
dots for bioimaging. RSC Adv. 4, 3201-3205 (2014).

17. Xu, Q. et al. Recent progress of quantum dots for energy storage applications. Carbon
Neutrality 1, 13 (2022).

18. Xu, Y. et al. Group IV nanodots: synthesis, surface engineering and application in
bioimaging and biotherapy. J. Mater. Chem. B 8, 10290-10308 (2020).

19. Chroneos, A., Uberuaga, B. P. & Grimes, R. W. Carbon, dopant, and vacancy
interactions in germanium. J. Appl. Phys. 102, 083707 (2007).

20. Goodman, S. Therapeutic effects of organic Germanium. Med. Hypotheses 26, 207-215
(1988).

21. Jiang, S. I., Shi, C. h. & Wu, J. g. Determination of trace amount for germanium (ge) by
atomic fluorescence spectrometry in rice (ORYZA SATIVA L.). J. Food Qual. 30, 481-495
(2007).

22. Stanisz, E. & Krawczyk-Coda, M. ZnO nanoparticles as an adsorbent in ultrasound-
assisted dispersive micro solid-phase extraction combined with high-resolution continuum
source electrothermal atomic absorption spectrometry for determination of trace germanium
in food samples. Microchem. J. 132, 136-142 (2017).

69



23. Zaijun, L., Jian, T., Huizhen, L., Xia, Z. & Rui, Y. Determination of trace amounts of
germanium in food and fruit by spectrophotometry with p-methybenzeneazosalicylflurone. J.
Food Compos. Anal. 20, 1-6 (2007).

24. Hu, J. et al. Synthesis of Fluorescent and Water-Dispersed Germanium Nanoparticles and
Their Cellular Imaging Applications. Langmuir 34, 8932-8938 (2018).

25. Zaki, M. F. & Tawfik, S. M. Synthesis, Surface Properties and Antimicrobial Activity of

Some Germanium Nonionic Surfactants. J. Oleo Sci. advpub, (2014).

26. lkemoto, K. et al. 2-Carboxyethylgermanium sesquioxide, a synthetic organogermanium

compound, as an inducer of contrasuppressor T cells. Experientia 52, 159-166 (1996).

27. Yuan, Y. H. et al. Germanium-doped carbon dots as a new type of fluorescent probe for
visualizing the dynamic invasions of mercury(Il) ions into cancer cells. Nanoscale 7, 16841
16847 (2015).

28. Juho, Y.-C. et al. Germanium-Titanium-x Polymer Composites as Functional Textiles for
Clinical Strategy to Evaluate Blood Circulation Improvement and Sexual Satisfaction.
Polymers 13, 4154 (2021).

29. Dhenadhayalan, N., Chauhan, A., Lin, K.-C. & AlFantazi, A. Architecting 3D prism
shaped carbon dots/germanium/germanium oxide nanohybrid for photocatalytic degradation
of pendimethalin and dinotefuran pesticides. Mater. Today Chem. 24, 100913 (2022).

30. Mokoloko, L. L. et al. Evolution of large-area reduced graphene oxide nanosheets from
carbon dots via thermal treatment. Carbon Trends 4, 100074 (2021).

31. Gong, J., Lu, X. & An, X. Carbon dots as fluorescent off-on nanosensors for ascorbic
acid detection. RSC Adv. 5, 8533-8536 (2015).

32. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671-675 (2012).

33. Martinez-Rodriguez, R. A., Vidal-lglesias, F. J., Solla-Gullon, J., Cabrera, C. R. & Feliu,
J. M. Synthesis of Pt Nanoparticles in Water-in-Oil Microemulsion: Effect of HCI on Their
Surface Structure. J. Am. Chem. Soc. 136, 1280-1283 (2014).

70



34. L. Mokoloko, L. et al. From 0D to 2D: N-doped carbon nanosheets for detection of
alcohol-based chemical vapours. RSC Adv. 12, 21440-21451 (2022).

35. Xu, Q. et al. Machine learning guided microwave-assisted quantum dot synthesis and an
indication of residual H202 in human teeth. Nanoscale 14, 13771-13778 (2022).

36. Perikala, M. & Bhardwaj, A. Excellent color rendering index single system white light
emitting carbon dots for next generation lighting devices. Sci. Rep. 11, 11594 (2021).

37. Bajpai, S. K., D’Souza, A. & Suhail, B. Blue light-emitting carbon dots (CDs) from a
milk protein and their interaction with Spinacia oleracea leaf cells. Int. Nano Lett. 9, 203-212
(2019).

38. Atchudan, R., Jebakumar Immanuel Edison, T. N., Perumal, S., Vinodh, R. & Lee, Y. R.
Multicolor-emitting carbon dots from Malus floribunda and their interaction with
Caenorhabditis elegans. Mater. Lett. 261, 127153 (2020).

39. Malatesta, M. Transmission Electron Microscopy as a Powerful Tool to Investigate the
Interaction of Nanoparticles with Subcellular Structures. Int. J. Mol. Sci. 22, 12789 (2021).

40. Wei, X., Si, X., Han, M. & Bai, C. One-Step Preparation of S, N Co-Doped Carbon
Quantum Dots for the Highly Sensitive and Simple Detection of Methotrexate. Molecules 27,
2118 (2022).

41. Kraft, N. et al. Phase and grain size engineering in Ge-Sbh-Te-O by alloying with La-Sr-
Mn-O towards improved material properties. Mater. Des. 199, 109392 (2021).

42. Lei, Z., Lu, L. & S. Zhao, X. The electrocapacitive properties of graphene oxide reduced
by urea. Energy Environ. Sci. 5, 6391-6399 (2012).

43. Siddique, A. B., Pramanick, A. K., Chatterjee, S. & Ray, M. Amorphous Carbon Dots
and their Remarkable Ability to Detect 2,4,6-Trinitrophenol. Sci. Rep. 8, 9770 (2018).

44. Dlamini, M. W. et al. Carbon Spheres Prepared by Hydrothermal Synthesis—A Support
for Bimetallic Iron Cobalt Fischer—Tropsch Catalysts. ChemCatChem 7, 3000-3011 (2015).

45. Jiang, L. et al. Photoactivated Fluorescence Enhancement in F,N-Doped Carbon Dots
with Piezochromic Behavior. Angew. Chem. 132, 10072-10077 (2020).

71



46. Yu, P., Wen, X., Toh, Y.-R. & Tang, J. Temperature-Dependent Fluorescence in Carbon
Dots. J. Phys. Chem. C 116, 25552-25557 (2012).

47. Hol, K. et al. Graphitic Nitrogen Triggers Red Fluorescence in Carbon Dots. ACS Nano
11, 12402-12410 (2017).

48. Toyozawa, Y. Further Contribution to the Theory of the Line-Shape of the Exciton
Absorption Band. Prog. Theor. Phys. 27, 89-104 (1962).

49. Toyozawa, Y. Theory of Line-Shapes of the Exciton Absorption Bands. Prog. Theor.
Phys. 20, 53-81 (1958).

50. Zhu, S. et al. The photoluminescence mechanism in carbon dots (graphene quantum dots,
carbon nanodots, and polymer dots): current state and future perspective. Nano Res. 8, 355—
381 (2015).

51. Fries, F. & Reineke, S. Statistical treatment of Photoluminescence Quantum Yield
Measurements. Sci. Rep. 9, 15638 (2019).

52. Ding, H., Cheng, L.-W., Ma, Y.-Y., Kong, J.-L. & Xiong, H.-M. Luminescent carbon
quantum dots and their application in cell imaging. New J. Chem. 37, 2515-2520 (2013).

53. Jiang, J., Oberdorster, G. & Biswas, P. Characterization of size, surface charge, and
agglomeration state of nanoparticle dispersions for toxicological studies. J. Nanoparticle Res.
11, 77-89 (2009).

54. Yu, J. et al. Luminescence Mechanism of Carbon Dots by Tailoring Functional Groups
for Sensing Fe3+ lons. Nanomaterials 8, 233 (2018).

55. Shen, C., Sun, Y., Wang, J. & Lu, Y. Facile route to highly photoluminescent carbon
nanodots for ion detection, pH sensors and bioimaging. Nanoscale 6, 9139-9147 (2014).

56. Liu, C., Zhang, F., Hu, J., Gao, W. & Zhang, M. A Mini Review on pH-Sensitive
Photoluminescence in Carbon Nanodots. Front. Chem. 8, 605028 (2021).

57. Das, P. et al. Carbon Dots for Heavy-Metal Sensing, pH-Sensitive Cargo Delivery, and
Antibacterial Applications. ACS Appl. Nano Mater. 3, 11777-11790 (2020).

72



58. Liu, T. et al. Ferrous-Supply-Regeneration Nanoengineering for Cancer-Cell-Specific
Ferroptosis in Combination with Imaging-Guided Photodynamic Therapy. ACS Nano 12,
12181-12192 (2018).

73



4. Synthesis and characterization of enhanced cell-

penetrating peptides derivatives

Machumele, K., Makatini, M. and Maubane-Nkadimeng, M.S., Title: Synthesis and

characterization of cell-penetrating peptides derivatives.

4.1 Abstract

Scientists are persistently striving to improve the design of cell-penetrating peptides (CPPs)
and grasp their cellular uptake mechanisms, aiming to surmount challenges and fully exploit
their potential in diverse biomedical and biotechnological uses. In this section, adamantane,
palmitic acid and D-amino acids were used to improve the properties of the GKPILFF and
RLRLRIGRR peptide sequences which have cell-penetrating properties. The novel peptides
derived from these sequences were synthesized using an optimized procedure, reducing
coupling time and increasing purity. The addition of adamantane and palmitic acid increased
retention time due to hydrophobic moieties and potential secondary structure changes. The
RGDGKEP peptide had a lower retention time of 8.75 minutes compared to the GKP peptide.
The syntheses and purification of these peptides were successful with yields vary from 20%
to 62%.

Keywords: peptide synthesis; adamantane; palmitic acid; peptide permeability; penetration-

accelerating segment; enantiomeric 9-mer peptide
4.2 Introduction

The CDs presented in Chapter 3 have demonstrated potential for bioimaging applications due
to their unique optical properties, such as strong fluorescence. However, their application on

their own in bioimaging is often limited due to low permeability.

To address this limitation, carbon dot-peptide conjugates, where the peptide used is derived
from a penetration-enhancing sequence were developed. Modifications were conducted to
further increase permeation, and the short length of the sequence is beneficial in terms of

cost, synthesis, and purification.
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Remarkable attributes of synthetic peptides, such as facile and cost-effective synthesis, higher
mechanical stability, good tissue penetration, and less immunogenicity, are ascribed to ultra-
short peptides, which have gained popularity over the years. Moreover, better control of the
micromolecule and characterization is much more straightforward. Additionally, very short
peptides have better tunability, biodegradability, biocompatibility, non-cytotoxicity, and non-

immunogenicity in contrast to their longer counterparts.*

The penetration-accelerating segment (GKPILFF) which is briefly discussed in section 2.3.1
of Chapter 2, is a peptide that has been used as a cell-penetrating tool. This peptide can be
added to other peptides or bioactive molecules for enhancement of the permeability of the
pharmaceutical agent.> This short cell-penetrating peptide (CPP) is described as a
hydrophobic peptide previously shown to enhance endosomal escape as a membrane
transport mechanism.®> Endosomal escape begins with an initial destabilization of the
membrane, which sub sequentially leads to the formation of pores on the membrane surface.*
Once an endosome has formed, it either results in endosomal rupture or membrane fusion.®
Endosomal escape is the desired effect that provides optimum membrane penetration, which
is encouraged by several features, such as the pH-buffering effect of portable groups, which
may result in enhanced permeability. °

Researchers have found innovative ways to enhance the pharmacokinetic properties of
peptides by making slight modifications that affect how the peptide is absorbed and
distributed in the body.” Successful peptide-based pharmaceutical drugs have modifications
such as N-terminal modifications, replacement of L-amino acids with D-amino acids, N-
methylated amino acids, peptoid moieties, etc.® ® These impact the bioavailability, potency,
stability, and activity of the peptide.°

In this study, we investigated the influence of D-amino acids, lipophilic molecules as well as
the incorporation of the tumour-homing RGD moiety on the overall structure of the peptide
derivatives using the LCMS and NMR. Structural analysis conducted using the NMR

technique is outline in Chapter 5.

A study by Dorit Avrahami et al. described the synthesis of a new class of lipopeptides with
strong antifungal and antibacterial properties.** These lipopeptides were created by
palmitoylating (PA), the N terminus of positively charged peptides that include both D- and
L-amino acids. The peptides which were investigated had the sequence KsX7;W, where X
stands for Gly, Ala, Val, or Leu (Table 4.1). The results showed that KGGGKWGGKGGK-
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NH: (PA-d-G) and KAAAKWAAKAAK-NH: (PA-d-A) (Table 4.1) exhibited strong
antibacterial and antifungal activity even though both parental peptides had no effect on
model phospholipid membranes or microorganisms. In contrast, KLLLKWLLKLLK-NH>
(PA-d-L) obtained and kept some antifungal activity but lost the ancestral peptide's powerful
antibacterial activity. ** This demonstrates the significance of conjugating palmitic acid to
peptides and the effect of D-amino acids. It also shows that modifications often enhance
certain properties while negatively affecting others. In order to understand the effects of each
modification, it is very crucial to know the structural properties of each derivative to provide

foresight in designing new peptides.

Table 4.1 K4G7W peptide analogues investigated by Dorit Avrahami et al. conjugated to
Palmitic Acid and D-amino acids

PEPTIDE PEPTIDE SEQUENCE \'>/IV(E):_GEI_CI:.}_JLAR
DESIGNATION FORMULA (G/MOL)
PA-D'K1’5'9’12' (CH?’(CHZ)MCO)_
PA-d-G K.GW KGGGKWGGKGGK | 1353
407VV -N H2
PA_D_A3,4,8,10_ (CH3(CH2)14CO)'
PA-d-A K AW KAAAKWAAKAAK- 1451
= NH.
PA_D_V3,4,8,10_ (CH3(CH2)14CO)'
PA-d-V KW KVVVKWVVKVVK- 1647
AV TNV NH2
PA_D_L3,4,8,10_ (CH3(CH2)14CO)'
PA-d-L KaLW KLLLKWLLKLLK- 1746
— NH>

Each diastereomer contained four bD-amino acids at positions 3, 4, 8,10, when X Ala, Val, or Leu, or alternatively

at positions 1, 5, 9, 12, when X Gly. 1

The original peptide sequence RLRLRIGRR and its derivatives was also investigated in this
study. RLRLRIGRR is a synthetic antimicrobial peptide with anticancer properties that
consists of 9 amino acids and has a net charge of +5 due to the presence of 5 positively
charged arginine residues.*?> The amino acid sequence of RLRLRIGRR contains a high
proportion of basic amino acids, that can interact with negatively charged molecules such as

nucleic acids or cell membranes.

The synthetic enantiomeric 9-mer peptide named D-peptide B was based on the amino acid
sequence of the active site of the 43-mer insect defensins Figure 4.1.12 The D-9-mer peptides
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maintained bacterial membrane disruptive activity similar to the original peptides and also

showed various extents of growth inhibitory activity against different cancer cell lines.*?

Figure 4.1 Using an information-theoretic technique based on Jensen-Shannon divergence,
active sites were predicted at D amino acid 81 (D, Aspartic Acid), 84aa (D, Aspartic Acid),
and 438 (E, Glutamic Acid).*?

In a study by Takashi Iwasaki and coworkers., the selectivity of the RLRLRIGRR peptide
towards cancer cells was shown to be due to its high affinity for negatively charged
phospholipids found in the cancer cells.}* Additionally, the peptide has been proven to have
selective cancer cell cytotoxicity against the mouse myeloma cell line P3-X63-Ag8.653.
Moreover, in various cancer cell line studies, a strong correlation between the negatively
charged phosphatidylserine (PS) density in cancer cell membrane surface and sensitivity to
D-9-mer peptides was observed. These results suggest that D-9-mer peptides have negative
charge-dependent selective cancer cell cytotoxicity and they target the PS in the cell

membrane. Hence, they may enhance the cancer-cell selectivity of bio-imaging carbon dots.

In summary, peptides derived from the GKPILFF and RLRLRIGRR sequences were
synthesized and conjugated with CD dots to improve the selectivity and permeability of the
CD dots. The anticancer properties of RLRLRIGRR may have a synergistic effect since the

imaged sites are tumours or cancer growths.
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4.3 Design of the short peptide derivatives

4.3.1 L-and D-amino acids

The foundation of peptide research is predominantly based on L--amino acid peptides. On the
other hand, peptides containing D-amino acids are less commonly found in nature. The
difference in stereochemistry demonstrated in Figure 4.2 leads to altered secondary and

tertiary structures of peptides with identical sequences.

O O
HoN
2 f)J\OH HzN\:S)J\OH

Figure 4.2 D-amino acid ((R)-alanine) and L- amino acid ((S)-alanine)

The synthesized D-peptide have been reported to be resistant to proteolytic degradation,
which represents a breakthrough in utilizing D-amino acids to develop biostable inhibitors as

potential therapeutics.t®

D-amino acids rarely act as the substrates of endogenous proteases, contrary to L-amino acids
hence, the D-peptides end up being resistant to proteolysis. Exploiting this stereochemical
advantage is a common strategy to improve in vivo proteolytic stability of bioactive
molecules.’® In this chapter, we investigated L-amino acid peptide analogues and D-amino
acid peptide analogues of the GKP peptide, as illustrated in Figure 4.3, to study the effect it
may have on the secondary structure of the peptides. This data may provide some insight into
how to achieve optimum activity and information on the features needed to prolong the
integrity of the peptide in the body.

SZONHz

HzNG

Figure 4.3 Peptide sequence of GKP peptide.
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4.3.2 Adamantane and Palmitic acid

The remarkable structural and chemical properties of adamantane afford attractive
opportunities to design various adamantane-based scaffolds for biomedical applications. A
wide variety of mono-functionalized adamantane compounds have previously been
investigated and reviewed, mostly as anti-viral agents such as amantadine and rimantadine,
which treats a wide array of influenza strains owing to their ability to increase permeability as
discussed in section 2.5.5. Moreover, other FDA-approved pharmaceutical agents containing
this moiety include vildagliptin, tromantadine, carmantadine, bromatane, adapromine,
saxagliptin, and memantine.!” The four bridgehead positions of the adamantane supply many
possibilities to design poly-functional derivatives, and the recent conception of adamantane
building blocks with multiple substituents has shown promising applications in several
domains.'® Therefore, the adamantane moiety was added to the peptide to increase

permeability, as demonstrated in Figure 4.4.

Figure 4.4 Peptide sequence of the L and D- GKP peptides with the adamantane moiety on
the N terminus

The most common saturated fatty acid found in the human body is palmitic acid, and it can
be supplied through diet or produced through endogenic processes from other fatty acids,
carbohydrates, and amino acids.'® In the membrane, 20-30% of total fatty acids (FA) are in
the form of palmitic acids, which is present in phospholipids (PL) and adipose

triacylglycerols. 2

The treatment and prevention of external skin ageing is the predominant focus for drugs
containing palmitic acid.?! Skin health has been shown to improve due to synthetic peptides
containing the palmitoyl moiety.?? Fatty acid-conjugated peptide drugs, including the long-
acting insulin drugs such as Levemir and Tresiba, as well as the anti-diabetic medication
liraglutide, have been FDA-approved and are commercially available for clinical use.

Additionally, the binding of fatty acids to albumin has been shown to achieve long-lasting
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impact by extending the circulation of insulin in the blood.?® Therefore, the palmitic acid
moiety was added to the peptides to investigate the enhancement of the penetration into the

cell membrane, as shown in Figure 4.5.

Figure 4.5 Peptide sequence of the GKP peptide with the palmitic acid moiety on the N
terminus

4.3.3 RGD homing moiety
The tripeptide arginine-glycine-aspartic acid (RGD) is the first and the most widely used
endothelial binding peptide that has high affinity towards integrins avp, integrins ovfs and

avPs, which are almost exclusively overexpressed during angiogenesis and nearly absent in

the normal tissue.?*

Chemical reactions have been used to couple RGD-peptides to other compounds. Moreover,
some of these products have shown impressive results in preclinical animal models.?® For
example, an RGD-targeted radiotracer has already successfully been tested in humans for the
visualization of ovp3-integrin, which demonstrates the feasibility of this approach.?®
Furthermore, an FDA-approved drug known as Eptifibatide is an RGD-based drug that is a
glycoprotein 1lb/llla class platelet inhibitor drug that successfully minimizes ischemic
cardiac events in certain patients that have particular criteria.?” Therefore, the integration of
the RGD moiety into the peptide may assist in enhancing the selectivity of the peptide, as

shown in Figure 4.6.

This design combines the known homing properties of the RGD moiety and penetration-
enhancing properties of the GKPILFF sequence to fabricate a selective bio-imaging carbon

dot-peptide conjugate with superior permeability properties.
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Figure 4.6 Peptide sequence of the GKP peptide with the RGD moiety on the N terminus

Synthesizing peptide analogues with the previously mentioned moieties allowed for the
creation of novel molecules with therapeutic potential. These modifications can lead to
entirely new functions or improved activities against specific targets. The D-amino acid
peptide analogues listed in table 4.2, were designed to improve the stability and
bioavailability of naturally occurring peptides. Modified peptides containing palmitic acid
and adamantane, can enhance their pharmacokinetic properties, such as absorption,
distribution, metabolism, and excretion (ADME), as discussed in the section above. As a way
to minimize harm to healthy cells, the RGD peptide analogue was synthesized to facilitate
targeting of cancer cells or tissues. Listed below are the peptide analogues which were
synthesized with the explanation of each modification.
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Table 4.2 Peptide analogues and the modification

FEFTLDE PEPTIDE SEQUENCE MOLECULAR MODIFICATIONS
ID. Q MASS
GKP CONH2-GKPILFF-NH; 819.50 LIS TES Gt gliv e &
changed to an amide
GKP-ada | ADA-GKPILFF-NH; 981.61 The N terminus is coupled
to adamantane
GKP-pal | PAL-GKPILFF-NH; 1057.73 The N terminus is coupled
to palmitic acid
The free carboxylic end is
D-amino acid CONH2- changed to an amide, L-
DHEINP GKPILFF- NH2 St amino acids are replaced
with D-amino acids
The N terminus is coupled
D-GKP- D-amino acid ADA-GKPILFF- to adamantane, and L-
981.61 ; .
ada NH2 amino acids are replaced
with D-amino acids
The N terminus has been
D-GKP- D-amino acid PAL -GKPILFF- modified with palmitic
1057.73 . . .
pal NH2 acid, and D-amino acids
replace L-amino acids
RGDGKP | CONH: -RGDGKPILFF- NH2 | 1147.6292 The free carboxylic end is
changed to an amide
BP CONH2-RLRLRIGRR-NH:2 1193.81 i i7Et CEr e B i
changed to an amide
BP-ada | ADA-RLRLRIGRR-NH: 1355.91 Ui ) FERTIS |25 (£26T
modified with adamantane
The N terminus has been
BP -pal PAL-RLRLRIGRR-NH? 1432.04 modified with palmitic
acid
The free carboxylic end is
D- BP - D-amino acid CONH: - 1193.81 changed to an amide, and
GKP RLRLRIGRR - NH2 ' D-amino acids replace L-
amino acids
The N terminus has been
D- BP - D-amino acid ADA- 135591 modified with adamantane
ada RLRLRIGRR-NH:> ' and D-amino acids to
replace L-amino acids
. . The N terminus has been
5 (B gl | DGO [ e 1432.04 modified with palmitic

RLRLRIGRR-NH:2

acid and D-amino acids to
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replace L-amino acids

4.4 Methods and Procedures for Peptide Synthesis

The landmark studies by an American biochemist Bruce Merrifield introduced solid-phase
peptide synthesis (SPPS), which played a monumental role in immensely simplifying the
synthesis and the elimination of entities like toxic reagents and solvents in peptide synthesis.
This Nobel prize-winning approach opened the doors for automation as subsequent couplings
could be iteratively performed by a defined set of unit operations. As a result, many
challenging peptides have been successfully synthesized using SPPS. Originally, the N-a-
Boc-protected amino acid building blocks were used for peptide synthesis. Subsequently, the
9-Fluorenylmethoxycarbonyl/tert-butyl (Fmoc/tBu) strategy achieved great prominence
mainly owing to its avoided use of dangerous liquids such as anhydrous hydrogen fluoride

for cleavage from the solid support and final deprotection. 28

4.4.1 General peptides synthesis

The Fmoc-based solid phase peptide synthesis process was used to synthesize the L-amino
acid and D-amino acid GKPILFF peptides. The rink amide resin (300 mg) was swelled in
dimethylformamide (DMF,10 ml) and placed in a 15 ml centrifuge tube. The resin was then
transferred into a fritted reaction vessel, and a suction vacuum was used to remove the
solvent. To deprotect the resin, 15 ml of 20% piperidine in DMF was added twice for + 5
minutes each time. The reaction was filtered, and the resin was washed with DMF (3 X 10
ml) and dichloromethane (DCM, 3 X 10 ml), as shown in Scheme 4.1.
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Scheme 4.1 General synthetic scheme for peptides

Subsequently, a solution of N-methylmorpholine (NMM, 1.0 M), O-Benzotriazole-
N,N,N’,N'-tetramethyl-uronium hexafluorophosphate (HBTU, 1.9 M), and the first amino acid
phenylalanine (2.0 M) were added to the reaction vessel, and the reaction was mixed by
bubbling a gentle stream of nitrogen gas for 15 minutes. Upon filtration, the resin was
washed with DMF (3 x 15 ml) and DCM (3 x 15 ml). A 20% piperidine solution (15 ml) was
added to the resin to remove the protecting group for £ 5 minutes twice. The resin was then
washed with DMF (3x15 ml) followed by DCM (3%15 ml). This method of deprotection and
coupling was repeated for each amino acid added to the growing peptide chain on the resin.
Once the full peptide was synthesized, it was then washed with (3 x 15 ml) DMF, and then (3
x 15 ml) DCM dried under suction. A cleavage mixture was prepared by mixing 9.6:2.5:1.5
% (v/v) trifluoroacetic acid (TFA): H.O: triisopropylsilane (TIPS) in a 15 ml centrifuge tube.
The dry resin was then transferred into the 50 ml centrifuge tube containing 20 ml of the
cleavage mixture and placed in a shaker for 3 hours. The resin was filtered and washed with
the cleavage mixture, and 50 ml of cold diethyl ether was added to the filtrate, which caused

the peptide to precipitate. The samples were centrifuged at 5000 rpm for 10 minutes. The



supernatant was discarded, and the precipitate was washed with cold diethyl ether three

times.

This method was mostly used in the beginning stages. However, we anticipated that several

changes had to be employed to improve the efficacy of the method.

It is also worth noting that the fluorenylmethyloxycarbonyl (Fmoc) amino acids in the
sequence GKPILFF do not contain any side chain protecting groups, except lysine, which has

the Boc protecting group.

Protecting groups commonly used to protect specific functional groups on the side chains of
amino acids during peptide synthesis play a crucial role in directing the reaction site.?°

Protecting groups include:

e Boc (tert-butyloxycarbonyl) - This group is commonly used to protect the amine
groups on the side chain of lysine and arginine.

e tBu (tert-butyl) - This group is commonly used to protect the hydroxyl group on the
side chain of serine, threonine, and tyrosine.

e Trt (trityl) - This group is commonly used to protect the thiol group on the side chain

of cysteine.

These groups block the reactive functional group on the side chain and prevent it from
participating in unwanted reactions during peptide synthesis. However, the amino acids with
no protecting groups on the side chain, such as Gly, Pro, lle, Leu, and Phe, may contribute to
lower steric hindrance during the reaction and higher efficiency. These protecting groups are
acid labile and can be removed using TFA, revealing the original reactive functional group on

the side chain.
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4.4.2 Peptide purification

An Agilent 1260 Infinity preparative equipment HPLC with a UV/VIS detector (215 nm and
254 nm) and an automated fraction collector were used to purify the peptides on a
Phenomenex Kinetex XB-C18 column (5 pm 100 A 250 mm x 21.2 mm) column at a flow-
rate of 15 mL/min. Formic acid served as the ion-pairing agent in a two-buffer system.
Buffers A and B contained 0.1% formic acid/H20 (v/v) and 0.1% formic acid/acetonitrile
(v/v), respectively. The peptide was eluted using a gradient method of 5 - 95% Buffer B for

15 minutes.

The peptide NH>-GKPILFF-CONH2 has seven amino acids and a molecular weight of
819,5007 g/mol. The net charge of the peptide is 1+ and is very water immiscible with an
average hydrophilicity of -0.08 due to the non-polar groups such as glycine, proline,
phenylalanine, leucine, and isoleucine.®® The peptide only has one polar group, which is
lysine, which may facilitate some hydrogen bonding which affected the solubility of the
peptide and led to use of 1:1 DMSO: ACN to dissolve the peptide. After synthesis and
cleavage of the short peptide, the sample was analyzed on the UHPLC-MS, and the mass
found was [M+H]" 820,5053 m/z, as shown in Figure 4.7. The peptide was eluted with a
gradient method from 5 — 95 % ACN in 10 minutes with a 0.3 ml/minute flow rate. A two-
buffer system was employed, Buffer A consisted of 0.1 % formic acid/H20O (v/v), and Buffer
B consisted of 0.1 % formic acid/acetonitrile (v/v). A Phenomenex Kinetex XB-C18 column

(5 um, 100 A, 250 mm x 21.2 mm) was used to separate the compounds.
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Figure 4.7 UHPLC-MS spectrum of crude GKPILFF peptide on the first attempt

4.4.3 Modifications for optimization

Upon studying the data from UHPLC-MS it was noted that the crude sample contained
numerous impurities due to side reactions. However, for a short seven amino acid-containing

peptide, this level of contamination was not expected.

Impurities in biological compounds can significantly impact experimental results and
therapeutic applications. They can lead to misinterpretation of data, introduce variability and
inconsistency in experiments, raise toxicity and safety concerns, cause undesired biological
effects, complicate clinical trials, hinder quality control and analysis, result in legal and
regulatory issues, and decrease the compound's shelf life and stability. To address these
issues, rigorous optimization, thorough purification, and comprehensive characterization are

crucial to ensure high purity and safety of biological compounds.
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Short peptides such as the present peptide should be at less risk of side-chain reactions.
Nonetheless, the mass peak of [M+H]" 820,5033 m/z detected on the instrument indicated
that the peptide was successfully synthesized. The area under each peak in the chromatogram,
which is detected using UV absorbance, can be used to determine the purity % of the sample.
The crude sample was found to be approximately 25% of the desired peptide, and the rest of
the sample contained side products that formed during synthesis. Although the quantity of the
desired peptide was low, it remained the major product formed during synthesis, and several
changes were employed to optimize the synthesis.

Several aspects can contribute to the formation of side products. The most common side

products include:

1. Incompletely deprotected sequences

2. Sequences modified during cleavage (reconnection of protecting groups at other
locations on the peptide)

3. Truncation sequences

4. Deletion sequences

5. Other side-reaction products that are formed during synthesis include oxidation

reactions and the formation of aspartimide

The coupling reagents can also affect the efficiency of the peptide synthesis. HBTU is a
popular coupling reagent used in solid-phase peptide synthesis. It activates carboxylic acids
found on the amino acid of the peptide after deprotonation of the carboxylic acid group by
diisopropylethylamine, as shown in Scheme 4.2. The HBTU produces a HOBt
(Hydroxybenzotriazole), which further attacks the carbonyl group on the amino acid, creating
a HOBt ester. This ester is more sensitive, which easily allows the incoming amino acid to
form a bond.

The use of HATU instead of HBTU increased the efficiency of the peptide synthesis. This
coupling reagent is known to be more reactive than HBTU, which also contributed to the
lower reaction time; however, caution needs to be taken because the high reactivity can lead

to more side reactions if the reaction time is too long or left unattended.
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Scheme 4.2 Mechanism of deprotonation with DIPEA and activation with HBTU

Both HBTU and HATU are very effective coupling reagents and have very striking
similarities; however, HATU contains a triazolopyridine ring structure rather than a
benzotriazole ring structure seen in HBTU as illustrated in Figure 4.8, resulting in a much

quicker reaction time with lower side reaction production during activation.
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Figure 4.8 Side-by-side comparison of HBTU and HATU

The incorporation of DBU into the deprotection reaction with piperidine was also
investigated, which significantly enhanced the efficacy since it is a much stronger base.
Generally, a small amount of DBU (<5 %) is added to a 20% piperidine solution because it is
highly reactive and may cause unwanted side products. When 1% or less is added, the

reaction is improved, and impurities are minimized.
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Therefore, the Fmoc (fluorenylmethyloxycarbonyl) removal step mediated by a secondary
amine base, which conventionally employs piperidine/DMF (dimethylformamide), was one
of the wvaried steps, and the alternative Fmoc-removal solution 1% DBU (1,8-
diazabicyclo[5.4.0Jundec-7-ene)/15% piperidine/DMF led to a drastic reduction of side
products when compared to 20% piperidine/DMF. 3! Piperidine is a heterocyclic amine
organic reagent with a six-membered ring containing five methylene bridges and an amine
bridge. This bulky base extract a proton from the Fmoc, which sets off a chain of reactions
that result in the deprotection of the amino acid, as seen in Scheme 4.3.
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Scheme 4.3 Mechanism of piperidine

Initially, diisopropylethylamine (DIPEA) was used in the preliminary stages of peptide
synthesis. At this point, several method variations were being investigated.
Diisopropylethylamine is a very bulky base and is relatively hindered. The basicity depends
on the nature of the substituents on the nitrogen atom, generally increasing as the number of
electron-donating methyl and methylene groups increases. This tertiary amine base is bulkier
than N-methylmorpholine (NMM), which is another base we investigated. N-
methylmorpholine (Figure 4.9) is a cyclic tertiary amine which is also rather bulky, and it

was also used to synthesize the peptide.
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Figure 4.9 Side-by-side comparison of DIPEA and NMM

The intention was to compare the two bases and continue with the best reagent. However, the
resulting peptides were very similar, and there was no significant effect when synthesizing
these peptides. N-methylmorpholine was utilized moving forward even though, theoretically,
it’s not as strong a base as diisopropylethylamine. Additionally, diisopropylethylamine was
not as readily available commercially, and it had little to no effect on peptide synthesis. In
Table 4.3 below, the variations in the peptide synthesis are summarized, and all the peptide
synthesis were further made with NMM, HATU, and 15% piperidine with 1% DBU.

Table 4.3 Modification of the synthesis procedure of GKP peptide for optimization

LA TOTAL
ATTEM | DEPROTECTIN | DEPROTECTI | COUPLING COUPLING
PT NO. G REAGENTS NG TIME REAGENTS
TIME (MIN)
(MIN)
1 | 20% -piperidine 5x2 HBTU 35
2 | 20% piperidine 5x2 HATU 20
15% piperidine+
3 1% DBU 5x2 HBTU 20
15% piperidine+
4 1% DBU 5x2 HATU 15

After the procedure was optimized, the chromatogram of the crude sample was significantly
improved compared to the first crude sample. The crude peptide samples were then dissolved
in an acetonitrile/DMSO mixture or 100% DMSO. The UHPLC-MS spectrum (Figure 4.10)
revealed that only two other components were present in the crude sample, which
demonstrated that the changes that were introduced to the synthesis drastically decreased the
formation of side products and impurities. Not only was the purification of the peptides
straightforward, but the time required to synthesize the peptide was also reduced. It is also
worth noting that the desired peak appears to be tailing, which implies that the DMSO in the

sample needed to be reduced because it was interfering with the stationary phase.
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Figure 4.10 LCMS spectrum of the crude sample after optimization of the synthesis

4.5 Synthesis of the GKP peptide derivatives

All the peptides were then synthesized using NMM, HATU, and 15% piperidine with 1%
DBU (optimized method mentioned in section 4.4.3). The UHPLC-MS data of the second
and third trials of the GKP peptide synthesis is presented in the appendix, and the peptide
synthesis procedure with the optimized modifications in the synthesis can be seen in Scheme
4. This peptide was then scaled up and divided into three parts for the derivatives containing

adamantane and palmitic acid.
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Scheme 4.4 Optimized procedure for the synthesis of peptides
4.5.1.1 Synthesis of the GKP peptide

The peptide was cleaved off the resin with a TFA solution following the procedure described
in section 4.4.1. The purity was evaluated using the UHPLC-MS, which was found to be
97%. Once purification was complete, the peptide was dried using the rotary evaporator
resulting in a mass of 7.0 mg and a yield of 35%. Thereafter, the synthesis was repeated and
scaled up, which resulted in 80 mg of the GKPILFF sequence peptide and a yield of 62%
using the optimized procedure mention in section 4.4.3. The sample was dissolved in 100%
DMSO, and the theoretical yield was calculated using the equations described in Section
8.2.6. From the UHPLC-MS spectrum (Figure 4.11) of the scaled-up GKP peptide, the
desired mass of [M+H]* 820,5069 m/z was observed with a retention time of 8.94 minutes.
This matched the molecular mass calculated (not shown) using ChemDraw which was
819.5007 g/mol and the chemical formula Cs3HesNgO.

Rzﬁ)l\
DMF, NMM, HATU \ NH;

93



|m--?jsé i GHP RERUN ALL _GB2_D1_45127.0: BPC +51 M5
wi0%:

o ] H & 8 10 12 Time [min]

|"'|E"t']55: GEP RERUN ALL _GB2_01_45137.d: +M5, 8,04 men V1064
w1023

5.; 450, 7590

B205069

i53.1495 BSAA117
200 400 600 a00 1000 1200 m

Irtens. ] +W5, 8,04 min 106
,:-Enﬁ.

sl 410,7540

BERLEOES
183,405 6564117 1
200 400 ; 00 " 800 E 1000 1200 miz

Figure 4.11 LCMS of purified GKPILFF

4.5.1.2 Synthesis of the GKP-ada peptide

The N-terminal adamantane analogues were synthesized by mixing the resin-bound peptide
with 1-Adamantanecarboxylic acid (0.2 M, 0,432 g), NMM (1.0 M, 12.0 ml), and HBTU
(0.863 g 0.19 M) in DMF. After 30 minutes of reaction time and gentle mixing, the solvent
was removed using vacuum suction, and the resin was washed with DMF (3 x 15.0 ml)

followed by DCM (3 x 15.0) and then dried under vacuum. The peptide was then cleaved off
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the resin with a TFA solution following the procedure described in section 4.4.1. A 15 mg
(yield of 38 %) of the GKP-ada peptide was obtained using the optimized procedure
mentioned in section 4.4.3. The sample was dissolved in 100% DMSO. The HPLC-MS
retention time was found to be 8.10 minutes as seen in Figure 4.12, and the mass found was
[M+H]" 982.6120 m/z. The molar mass calculated using ChemDraw was 981.6052 g/mol
and the chemical formula Cs4H79NgOs. The derivatives containing palmitic acid were also

successfully synthesized and the final chromatograms are presented in the appendices.
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Figure 4.12 LCMS of crude GKPILFF-ada peptide
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4.5.1.3 Synthesis of the RGD-GKP peptide

For the synthesis of the RGD-GKP peptide, the same optimized synthesis process outlined in
section 4.4.3 was utilized. After purification on prep-HPLC, a yield of 43% (21mg) was
obtained. Peaks 2 and 3 were both the desired peptide, and the mass found was [M+H]"
1148.6233 m/z. The calculated mass determined using ChemDraw provided a value of
1147.6292 g/mol and the chemical formula CssHgsN1sO12. This was consistent with the
expected mass. The different retention times may suggest the presence of conformational
isomers, and the peptide eluted at 8.75- and 9.00-minutes retention time, as seen in Figure
4.13. Peak 1 was an impurity which eluted very close to the desired peptide and cause
challenge during purification. Several strategies and conditions were attempted such as
increasing the duration of prep_ HPLC method and varying the ratio between acetonitrile and
water. Moreover, smaller amounts of sample were loaded to avoid overloading and the
fraction collecting for the peak of interest was reduced. Other prep-HPLC strategies such as

varied colounm temperature and pH adjustment could be tried in future.
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Figure 4.13 LCMS of purified RGDGKPILFF peptide

4.5.2 Synthesis of the BP peptide derivatives
4.5.2.1 Synthesis of the BP peptide

The same optimized procedure outlined in section 4.4.3 was utilized in the synthesis of BP
peptide and its derivatives. Purification on prep HPLC using the optimized procedure
presented in section 4.4.2. yielded 54 mg (32 %) of the BP peptide in Figure 4.14, with a
purity of 93%. The HPLC-MS retention time was found to be 6.7 minutes, and the mass
found was [M+3H]** 398.9391 m/z. This corresponded with the expected mass calculated
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using ChemDraw and gave a value of 1193.8132 g/mol and molecular formular of

Cs0HogN250s.
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4.5.3 Summary of all synthesized analogues

In summary, all the derivatives were successfully synthesized, and the yields were

reasonable, as seen in Table 4.4. The different peptide derivatives resulted in different

retention times due to the addition of lipophilic moieties, and the chromatograms are

presented in the appendices.

Table 4.4 Summary of peptides derived from GKPILFF and RLRLRIGRR sequences.

PEPTIDE EXPECTED F'\gﬁ‘fé RETENTION TIME | MASS YIELD %
MASS (G/MOL) [M+H]* (MIN) (MG)

e 819,5007 820,5070
e Ca3HesNoO7 [M+H]* 8,94 80 02
NP2 GIBIERES 981,6052 982,6034
ADA ' ’

CesHroNoOs [M+H] + 8,10 15 38
NHzGKPILFF- 1057,7304 1058,7377
PAL ’ ’

CeoHoeNoOs [M+H] + 14,20 21 42
D-NH»>-GKPILFF 819,5007 820,5030

CusHecNeOs [M+H] + 5,82 34 56
D-NHZ-GKPILFF- 981,6052 982,6044
ADA CesHaoNsOs [M+H] + 7,08 16 39
D-NHZ-GRPILFF- 1057,7304 1058,7324
PAL CeoHosNaOs [M+H]* 9,55 18 40
NH2-
RGDGKPILFF 1147.6292 1148.6233
CONHz2 Cs5HgsN15012 [M+H]* 8.75 21 43
NH2-
RLRLRIGRR 1193.8132 398.9190
CONH: CsoHooN2s09 | [M+3H]PY 275 >4 32
NH2-
RLRLRIGRR - 1355.9144 339.9728
ADA Ce1H113N25010 | [M+4H]* 9.3 52 2
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D-NH2-
RLRLRIGRR
CONH:2

D-NH2-
RLRLRIGRR -
PAL

1193.8147
Cs0HgoN2509

1432.0498
CeeH129N25010

597.8994
[M+2H]**

359.0095
[M+4H]**

9.40

54

48

D-NH,- represents the peptides with D-configured amino acids.



4.6 Conclusion

The peptides derived from the peptide accelerating sequence GKPILFF and the cancer-
selective peptide RLRLRIGRR were successfully synthesized. Furthermore, an optimized
synthesis procedure was developed, which reduced the coupling time and increased the
purity. The incorporation of adamantane and palmitic acid appeared to increase the retention
time of the peptides. This is due to the hydrophobic nature of the moieties and the overall
possible change in the secondary structure. The RGDGKP peptide appeared at a lower
retention time of 8.75 minutes compared to the GKP peptide at 8.95, owing to the additional
hydrophilic residues, arginine, and aspartic acid. The yields varied from 20% to 62%, which
suggests that the cleavage and purification step significantly affected the final yield. The
cleavage step may lead to side reactions that can potentially affect the peptides. Moreover,
the impurities found in the samples varied, which affected how each peptide was purified.
This challenge may be investigated in the future by varying the cleavage conditions for
optimum results. These peptides will be sent to permeability studies to investigate how the

incorporation of palmitic acid, adamantane and D-amino acids will affect the activity.
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5. The total structure of the penetration accelerating
sequences (Pas) by two-dimensional nuclear

magnetic resonance spectroscopy.

Machumele, KP., Ntombela, T., Peme, T., Maubane-Nkadimeng, M.S. and Makatini, M.
2023. Title: The total structure of the penetration accelerating sequences (Pas) by two-
dimensional nuclear magnetic resonance spectroscopy. Manuscript ID: MRC-23-0073.
(Submitted-28 July 2023)

5.1 Abstract

Researchers are increasingly drawn to the short penetration accelerating sequence (Pas)
because of its capacity to improve cellular absorption. The seven-amino acid sequence
recognized by lysosomal protease cathepsin D promotes the endosomal escape of cell-
penetrating peptides (CPPs) and improves the cytosolic release of the delivered cargo. To
date, the peptide’s mechanism is still unknown, and there is no available NMR data or other
structural information. This study describes the determination of L and D- peptide secondary
structures using two-dimensional (2D) NMR. Characterization of the peptides was confirmed
using Ultra-high performance liquid chromatography Mass Spectrometry (UHPLC-MS), and
preparative High-Pressure Liquid Chromatography (prep-HPLC) was used for purification.
The 2-dimensional structure was elucidated using total correlation spectroscopy (TOCSY)
and rotating-frame nuclear Over-Hauser effect correlation spectroscopy (ROESY). The L-
GKPILFF peptide demonstrated the preferred helical structural conformation for membrane
permeation, while the D peptides adopted a random coil structure which was confirmed using

NMR, Circular dichroism (CD), and computational studies.

Keywords: Nuclear magnetic resonance, circular dichroism, molecular dynamics, TOSCY
NMR; ROESY NMR, intracellular delivery peptides; penetration accelerating sequence;
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5.2 Introduction

The GKPILFF fragment is a penetration-accelerating sequence (Pas) derived from the
cathepsin D enzyme, a lysosomal aspartyl protease.! Literature has shown that when the Pas
peptide is bonded to a bioactive agent, it can substantially enhance the cellular uptake of the
agent.? In a study by Woldetsadik, A. D, the GKPILFF peptide was covalently coupled to an
apoptosis-inducing pHK peptide, and as a result, an enhancement in cellular uptake and cell
death efficacy was observed.? In similar studies, the Pas has been reported to promote the
endosomal escape of cell-penetrating peptides (CPPs) and thus improve the cytosolic release
of the delivered cargos.* Though the peptide is found in literature and used to enhance cell
penetration, the structure-activity relationship is not fully understood, and elucidating the
peptide’s 3-dimensional structure may provide insight. In this study, 2-dimensional NMR
experiments were conducted to fully elucidate the structural conformation of the L and D
isomers of the seven amino acid sequence, GKPILFF. The D amino acid peptide was

synthesized to explore the structure-activity relationship and to improve protease stability.®

According to the literature, peptides containing D-amino acids are resistant to degradation
owing to the preference of proteases binding to L amino acids to hydrolyse the peptide bond.®
This is because D-amino acids are stereo-chemically unfavourable to peptidases.’8
Additionally, D-amino acids can introduce a degree of structural rigidity to the peptide,
which can further increase its stability.® However, the structural changes induced by the use
of D-amino acid can cause a loss of activity due to the structure-activity relationship.l® Other
modification strategies, such as the stapled hydrogen bond surrogates (SHBs) approach, can
also be utilized to reduce enzyme susceptibility.!* SHBs consist of a peptide sequence that is
covalently linked by a hydrocarbon staple. This rigidifies the molecule’s structure and
promotes hydrogen bond-like interactions enforcing a specific or preferred secondary

structure, typically an alpha helix.?

The peptide conformation can affect its ability to interact with receptors, enzymes, and
antibodies®®; hence, it significantly impacts the peptide’s therapeutic potential.}* The peptide
conformation is determined by its amino acid sequence and can be influenced by the
surrounding environment, such as pH, temperature, and the presence of other molecules.*>
Herein, the secondary structure of the GKPILFF peptide is elucidated using NMR techniques

and molecular dynamics.
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5.3 Materials

Chlorotrityl resin, triisopropylsilane (TIPS), formic acid, trifluoroacetic acid (TFA),
piperidine, N, N, N, N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate
(HBTU), paraformaldehyde, p-toluenesulfonic acid, toluene, diisopropylethylamine
(DIPEA), N-Methylmorpholine (NMM) were purchased from DId Scientific.
Dichloromethane (DCM) was purchased from Sigma Aldrich, and dried upon distillation
over calcium hydride. Dimethylformamide (DMF), acetonitrile, dimethyl sulfoxide, and ether

were purchased from Radchem.
5.4 Synthesis of peptides

The synthesis of the L-amino acid and D-amino acid GKPILFF peptides followed the general
Fmoc-based solid phase peptide synthesis protocol.® In a 15 ml centrifuge tube, the rink
amide resin (300 mg) was swollen in DMF (10 ml). The resin was then transferred into a
fritted reaction vessel, and a suction vacuum was used to remove the solvent. To deprotect
the resin, 15 ml of 20% piperidine in DMF was added twice for 5 minutes each time. The
reaction was filtered, and the resin was washed with DMF (3 X 10 ml) and DCM (3 X 10 ml,

as shown in Scheme 5.1.
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Scheme 5.1 Synthetic scheme of peptide formation

Subsequently, a solution of NMM (1.0 M, 12.0 ml), HBTU (1.9 M), and the first amino acid
phenylalanine (2.0 M) were added to the reaction vessel, and the reaction was mixed by
bubbling a gentle stream of nitrogen gas for 15 minutes. Upon filtration, the resin was
washed with DMF (3 x 15 ml) and DCM (3 x 15 ml). A 20% piperidine solution (15 ml) was
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added to the resin to remove the protecting group for £ 5 minutes twice. The resin was then
washed with DMF (3x15 ml) followed by DCM (3x%15 ml). This method of deprotection and
coupling was repeated for each amino acid added to the growing peptide chain on the resin.
Once the full peptide was synthesized, it was then washed with (3 x 15 ml) DMF, and then (3
x 15 ml) DCM dried under suction. A cleavage mixture was prepared by mixing 9.6:2.5:1.5
% (v/v) TFA: H20: TIPS in a 15 ml centrifuge tube. The dry resin was then transferred into
the 50 ml centrifuge tube containing 20 ml of the cleavage mixture and placed in a shaker for
3 hours. The resin was filtered and washed with the cleavage mixture, and 50 ml of cold
diethyl ether was added to the filtrate, which caused the peptide to precipitate. The samples
were centrifuged at 5000 rpm for 10 minutes. The supernatant was discarded, and the
precipitate was washed with cold diethyl ether three times. The white powder was then
dissolved and purified using prep-HPLC. The sample was analyzed on the UHPLC-MS, and
the mass found was [M+H]" 820,5030 m/z with 97% purity Figure S5.1 (supplementary
information). The loading capacity was found to be 0.065 mmol/g, and the final yield was
62%.

5.5 Results and discussions

5.5.1 NMR elucidation of L-GKPILFF peptide

The structure of the L-GKPILFF peptide was characterized using H-/*C-, TOCSY, and
ROESY NMR spectroscopy to determine the primary structure shown in Figure 5.1, and to
also evaluate the possible secondary structure formation.

NH, 52
51
sﬂzc"CH?
w &
- 2
Hzf 47 46
CH
ﬁ”’s\é,:" g 45 >
H / 32 34
- ]
/CZH %0 0 & _—
N 35
H,N o bk . 0 He -

Hie tl:l-’i1 N c iy M
3 -.\éi'l_r 12 14 18 -

[g]

- 16 20 - 22
“i:/ cH 15““&’17 NC719 NCH 21 NH,

a2l | I 25

43 _CH, O H,C CH, O H,C
CH
40° 29 27

28
Figure 5.1 An illustration of the primary structure of the GKPILFF penetration acceleration
sequence
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For elucidating the structure, conformation, dynamics, and connections of peptides and
proteins, amide peaks in NMR spectra are fundamental. Due to the well-establish and distinct
spin patterns they produce, amide protons are important starting point because they provide
significant data about the surrounding environment. Once the amide protons were assigned,

other protons such as the alpha and beta protons could easily be identified.

The 'H 1D NMR experiment was obtained at the optimal temperature of 293.15 K, and the
spectrum is shown in Figure 5.2. The figure reveals the presence of amide peaks from the
backbone of the L-GKP peptide between 7.5 ppm and 8.5 ppm, which are very crucial in the
identification of atom-specific chemical shifts. The region between 7.25 ppm and 6.75 ppm
contains the distinct aromatic protons from the two phenylalanines found in the L-GKPILFF

sequence, which makes it easier to assign the sequence and determine correlations.
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Figure 5.2 *H NMR spectrum of the L-GKPILFF peptide.

Illustrated in Figure 5.3a and Figure 5.3b, the *H NMR between 8.7 ppm and 7.6 ppm for
the L- and D-GKPILFF peptide shows six spin patterns in the amide region. The seventh spin
system, which was attributed to the proline, appears in a different region owing to the
distinguishable lack of the amide proton in the proline residue seen in Figure S5.2

(supplementary information); however, further characterization was conducted in the
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section below for confirmation. There is a shift upfield of approximately 0.1 ppm in the peaks
that are attributable to the conformational differences in the secondary structure between the
L and D-peptides. A trend towards lower ppm levels is referred to as a "upfield shift" and
suggests a more shielded proton environment in the peptide backbone. Moreover, the peak

appearing at 7.71 ppm in the L peptide shifted to 7.95 ppm in the D peptide.
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Figure 5.3 An amide region in the *H NMR spectra of the GKPILFF peptides a) L peptide

and b) D peptide.

During purification, the GKP peptide coeluted with a truncated peptide sequence, and its low-
intensity peaks are observed at chemical shifts, such as 8.35 ppm and 8.25 ppm. The GKP
peptide was obtained with 97% purity (62% yield), and the truncated peptides made up 3% of
the analysed sample. The structure of the truncated peptide was also elucidated and was

discussed further later in this chapter.

The TOCSY 2D 'H NMR experiment was used for the elucidation of the peptide’s spin
systems. In the spectra of the L,-, and D peptides in Figure 5.4, the amide protons are
between 7.75 ppm and 8.70 ppm, as shown with six dashed lines representing each spin
system. The area between 8.10 and 7.95 ppm in the *H NMR are three amide protons in very
close proximity, which can be distinguished from each other in TOCSY and ROESY NMR.
Interestingly, the spin systems of the truncated peptide match the spin pattern of some of the
GKP peptide amino acid residues and appear close to the peptide of interest. This further
validates the suggestion that the impurity may be a truncated peptide. The UHPLC-MS
spectrum showed the mass of the coeluted side product to be 656.4117 [M+H]* which

correlates to the GKPILF sequence seen in Figure S5.1 (supplementary information).
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Figure 5.4 A TOCSY NMR spectra of the GKPILFF peptide in the amide region with dashed
lines representing each spin system between 7.75 ppm and 8.70 ppm for a) the L peptide and
b) D-peptide.

The identification and sequential assignment of the amino acids in the peptide were assigned
using a combination of TOCSY, HSQC, COSY, and ROESY NMR due to the complex
assignment of the peptide. The first amino acid that was readily recognized was the glycine
residue which is widely known to exhibit a single peak and has only two a-protons whose
chemical shift appears around 3.5-4 ppm.! In this instance, the two alpha protons’ have
nearly equal chemical shifts, which caused an overlap. The HN-H coupling is detected for
protons on the same amide H line in the COSY or TOCSY spectra at NHa 8.06 ppm.
Furthermore, this showed a Hi* -HNi+1 correlation to the lysine spin system at (8.65,3.57)

ppm, as seen in Figure 5.5.

The Lys2 has a distinct feature which is the e-protons of lysine’s side chain, which resonate
at around 2.6-3.0 ppm, while the a-protons resonate at around 3.4-4.5 ppm, which is observed
in Figure 5.4. The spin system with NH at 8.65 ppm attributed to Lys correlated to the a-
proton at 4.56 ppm, B-protons at 1.54 and 1.66 ppm, 6- protons at 1.37, and finally &- protons
at 2.75 ppm.*® The Lys correlation to 3.58 glycine and proline *Hp 3.67 on the ROESY at
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8.65 ppm was observed, as shown in Figure 5.5. The proline spin system was observed in the
TOCSY NMR spectra in the region between 4.56 and 4.06 ppm in Figure S5.2
(supplementary). The proline was attributed to the spin system with the a-proton at 4.38
ppm, B-protons at 3.67 ppm, y- protons at 1.74 and 1.94 ppm. Since there is a lack of NH in
Pro3, the sequence continues at (7.94,4.38), which is the Hi* -HVi+1 connectivity from the a-

proton of proline and the NH of Ile4.
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Figure 5.5 A Sequential walk of the ROESY spectra in the region between 8.85 and 7.55 ppm
connecting Gly-1, Lys-2, and Pro-3.

The methyl resonances with chemical shifts of 0.81 and 0.73 ppm were exploited to identify
leucine and isoleucine.® The leu5 was attributed to the spin system with NH at 7.85 ppm
correlating to the a-proton at 4.26 ppm, B-protons at 1.34 ppm, y- protons at 1.50ppm and 6-
protons at 0.83 ppm which are the methyl groups. The HSQC correlation showed that the
carbon at 41.14 correlates to two protons at 1.31-1.34 ppm, which are in proximity, as seen in
Figure S5.3 (supplementary information). This is distinct from the lle4, which was

assigned to the spin system with NH at 7.94 correlating to the a-proton at 4.08 ppm, -proton
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at 1.68, y- protons at 1.05 ppm and 1.40 ppm and - protons at 0.73 ppm of the two methyl
groups. The distinct feature of the lle is the CH2 at 1.05 ppm and 1.40 ppm, which both
correlate with the methyl groups 0.73-0.78 ppm seen in the COSY NMR in Figure S5.4
(supplementary information). Additionally, the a-H of Ile4 at 4.08 ppm correlates with the
NH of Leu5 at 7.85 ppm, which is Hi* -HNi+1 on the ROESY NMR in Figure 5.6.
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Figure 5.6 A magnification of the sequential walk on the ROESY spectra in the region
between 8.02 and 7.85 ppm connecting lle-4, leu-5, Phe-6, and Phe-7.

The only repeating unit found in the peptide sequence is phenylalanine, and we expect the
spin systems to be equivalent in the TOCSY spectrum.?® It was facile to assign the short spin
systems for Phe (consisting of only an a-H, -, and -2 B protons) using COSY or TOCSY
spectra. Two equivalent spin systems were observed at 8.01 and 7.86 ppm in the TOCSY
spectrum, and using the ROESY experiment, the spin systems were distinguishable. This was
accomplished by identifying the Hi* -HNi+1 connectivity of the o-proton of Leu at 4.26 ppm
and the NH of Phe 6 at 7.87 ppm. The protons of the spin system of Phe 6 were observed at
NH 7.86 ppm, a-proton at 4.48 ppm, and B-protons at 2.76, 2.95 ppm. Finally, the spin
system of Phe7 was observed at NH 8.01 ppm, a-proton at 4.40 ppm, and B-protons at
3.00,2.82 ppm. The cross-correlation was observed at (7.68,4.43) ppm for the Phe 6 NH and
a-proton of Phe 7.

113



Therefore, the NMR data from the ROESY and TOSCY demonstrates the successful
assignment of the amino acids in the peptide. Additionally, the sequential ROESY -walk

further confirms the assignment of the amino acids in the Pas sequence, which is summarized

in Table 5.1.

Table 5.1 Assignment of NMR chemical shifts (ppm) of long-range interaction in L-

GKPILFF

Spin Residu  Residue H-NH Ha Ca. HB Hy 'H6 ROESY

syste e correlatio correlation

m No. &

1 (Lys-2) (Lys-2)- 8.65 456 50.7 1.54,1.66 1.37 2.7 (8.65,3.67)
(Pro-3) 5

2 (Gly-1) (Gly-1)- 8.06 357 404 (3.57, 8.65)
(Lys2)

3 (Phe-7)  (Phe-7) 8.01 440 54.3 3.00,2.82

4 (Leu-5)  (lle-4)- 7.85 426 576 1.34*CH2 1.50 0.8 (7.85,4.08)
(Leu-5) (C-41.82) 1

5 (Phe-6) (Phe-6)- 7.86 448 514 2.76,2.95 (7.86,4.40)
(Phe-7)

6 (lle-4) (Leu-5)- 7.94 408 59.8 1.68*CH 1.05, 1.40 0.7 (7.94,4.38)
(Phe-6) (C-36.6) *CH2 (C- 3

24.8)

7 (Pro-3)  (Pro-3)- 438 38.9 3.67 1.74,1.94

(1le-4)

As previously mentioned, the truncated peptide exhibited properties that were like the

GKPILFF peptide, and now that the main peptide residues were assigned, the truncated
peptide could be investigated. The peaks at 8.35, 8.23, 8.08, 7.97, and 7.75 ppm in the

TOCSY NMR match lysine, isoleucine, glycine, leucine, and phenylalanine spin patterns.

The spin system of the impurities indicates a truncated peptide; however, other impurities

found in the spectra couldn’t be assigned but are present in the sample.
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The ROESY NMR spectrum of the D peptide in yellow was then compared to the ROESY
NMR spectrum of the L peptide in red, as seen in Figure 5.7. The only difference seems to
be the shift in the peaks which is a direct result of the conformational difference in the
structure. Furthermore, the previously mentioned peak appearing at 7.71 ppm in the L

peptide, which shifted to 7.95 ppm in the D peptide, is ascribed to isoleucine.
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Figure 5.7 A ROESY overlapping spectra of the L- GKPILFF peptide in red and blue and D-
GKPILFF peptide in yellow and turquoise in the region between 8.70 and 7.65 ppm.

5.5.2 Full structural elucidation using HSQC NMR

The identification of the amino acid residues was used as a foundation for fully assigning all
of the other proton and carbon atoms present in the peptide. The HSQC (Heteronuclear
Single Quantum Coherence) experiment was used to determine proton-carbon single bond
correlations, where the protons lie along the observed F2 (X) axis, and the carbons are along
the F1 () axis. In Figure 5.8, HSQC spectra of the aromatic area are displayed between

115



130-124 ppm F1 () axis and 7.10-7.05 ppm F2 (X) axis. The ten aromatic protons found on
the *H NMR were used to assign the corresponding carbons. Five peaks were observed since
the sixth carbon was quaternary. The carbonyl carbons were easily confirmed on the 3C
NMR, and all appeared above 165 ppm since they disappeared on DEPT NMR as shown in
Figure S5.5 and Figure S5.6, respectively (supplementary information). The aromatic
protons were easily identified on the *H NMR, and the aromatic carbons were correlated
using HSQC NMR. This provided all the information required for the full elucidation which

was summarized in Table 5.2.

Figure 5.8 A magnification of the HSQC NMR spectra in the region between 7.31 and 7.04
ppm in the F2(X) axis and 132.5 and 124.5 ppm in the F1(Y) axis for the L-peptide
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Table 5.2 Full assignment of all the protons and carbons in the L-peptide.

Atom lha,b, 13c Atom lha,b, 13c
1 7,1 - 27 7,23 128,56
2 3.57 40.38 28 7,23 126,59
3 *no proton 166,18 29 7,17 126,73
4 8,06 *no carbon 30 3.00, 2,82 37,92
5 4,56 50,74 31 *no proton 138,16
6  *no proton 169,94 32 7,16 129,35
7 *no proton *no carbon 33 7,18 128,43
8 4.38 59.77 34 7,23 128,56
9  *no proton 170,94 35 7,23 126,59

10 7.94 *no carbon 36 7,17 126,73
11 4.08 57,55 37 1.34 41.82
12 *no proton 171,34 38 1.50 41,82
13 7.85 *no carbon 39 0.77 23,42
14 4.26 51,36 40 0.83 21,79
15  *no proton 171,79 41 1.68 36,72
16 7,94 *no carbon 42 1.05,1.40 24,75
17 4.39 54,31 43 0,73 11,32
18  *no proton 172,15 44 0.76 15.63
19 8,01 *no carbon 45 3.67 47.42
20 4,48 50,71 46 1.74,1.94 29.34
21 *no proton 173,12 47 1.32 41,14
22 7,86 *no carbon 48 1,66,1.54 31,27
23 2.95,2,76 37,99 49 27,15
24 *no proton 137,91 50 1.37 22,17
25 7,16 129,35 51 2.75 11.32
26 7,18 128,43 52 7.82 *no carbon
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5.5.3 Secondary structure of GKPILFF peptide

CD spectroscopy is an important technique for the characterization and analysis of peptide
structures, and it can provide valuable insights into the structure-function relationship of
peptides.?* The CD experimental were performed using acetonitrile as the solvent, and the
results are shown in Figure 5.9., The results of the D-GKP depict a random coil structure
going to a helix conformation with a negative peak around 202 nm, while the results for L-
GKP in acetonitrile display a minimum absorption with a negative peak around 204 nm,

which is a characteristic of an a-helix structure.
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Figure 5.9 The CD spectra of a-helical peptides and the secondary structure of the
GKPILFF penetration acceleration sequence for a) the L peptide in orange and b) the D-
peptide in blue.
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Table 5.3 Peptide fold occurrence in the dataset

DGKP GKP
Helix 30.7 21,8
Antiparallel 6.9 15,9
Parallel 0.0 0
Turn 8.3 25,7
Random coil 54.2 36,7
Spectral deviation
RMSD 3.2703 2,1532

NRMSD 0.1174 0,1094

In Table 5.3, it appears that most of the structural elements of both peptides were random
coils; however, the structure of D-GKP appears to be a more random coiled (54.2%) than L-
GKP (36.7%). This suggests that the helical structure of the peptides is distorted due to the

use of D amino acids.??

Interestingly, proline also has been shown to result in proline-mediated helix kinks, which
may contribute to the distortion; however, literature shows that it is often crucial for
activity.?® The conflicting steric geometry with the preceding residue and interruption of the
backbone H bond results in helix deformation. 60 % of transmembrane helix deformations
are caused by proline; however, proline-induced distortion is often essential in the function of
the peptide.?*

A helical wheel is a type of plot or visual representation used to illustrate a-helices properties
in proteins.?® The sequence of amino acids that make up a helical region of the protein’s
secondary structure is plotted rotating where the rotation angle between consecutive amino
acids is 100° so that the final representation looks down the helical axis. The helical wheel
projection of the L- and D- GKP peptide seen in Figure 5.10 demonstrates possible
interactions that can be expected, and the interaction between proline and phenylalanine
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found in the ROESY NMR spectra investigated in the next section corresponds with what is

predicted in the helical wheel projection.

Figure 5.10 The helical wheel projection of the GKPILFF penetration acceleration sequence
for a) the L peptide and b) the D-peptide

The folding properties of peptides can also be investigated through ROESY experiments and
molecular dynamics simulations.?® These techniques can provide accurate information about
the three-dimensional spatial structure of peptides. Furthermore, crucial insights, especially

potential chemical reactions and interactions, are achieved with these techniques.

Since the chemical shift of protons from different amino acids has been demonstrated using
TOCSY and ROESY spectra, long-range interactions between peptide residues that are two
or more amino acids away provide insight regarding the potential folding properties that the
peptide possesses.?” In Figure 5.11, the ROESY spectra of the GKP peptide are displayed in
the range between 4.15 ppm and 5.0 ppm in the frequency 1 (f1) axis and range between 2.60
ppm and 3.10 ppm in the frequency 2 (f2). Long-range interactions were found between phe-
7 (CH2, 2.82 ppm) and pro-3 (NH, 4.38) for the L peptide in Figure 5.11a), which
corresponds with the helical wheel projection structure in Figure 5.10a) labelled as (a) and
(e). The other peaks which appear in this region are ascribed to the o protons of the Phe-6 and
Phe-7 interacting with their respective beta protons. On the contrary, the D-amino acid seen
in Figure 5.11b) only correlates with their respective beta protons of the phenylalanine
groups. Therefore, the side-by-side ROESY comparison demonstrates that the phenylalanine

interacts with proline that is four amino acids away from the L-peptide due to its alpha-
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helical structure. The lack of this long-range interaction in the D-peptide suggests that the 2D

structure does not possess a helical structure.
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Figure 5.11 A magnification of the ROESY spectra in the region between 3.10 and 2.60 ppm
in the F2(X) axis and 5.50 and 4.10 ppm in the F1(Y) axis for a) the L peptide and b) D-
peptide showing the difference in the long-range interactions.

5.5.4 Structural elucidation using computational techniques

Molecular modelling is a useful tool in protein/peptide structural predictions and assists in
elucidating their folding properties in a three-dimensional structure.?® Molecular dynamics
(MD) is one of the prominent molecular mechanic techniques used to study the dynamic
behaviour of molecules using the fundamental Newton’s laws of motion. MD simulation
calculations were performed using Amber182%, one of the most frequently used software
programs, to predict the peptides’ structural properties relative to their energies.®® Using the
sequence command in Amber, a linear peptide was constructed from the amino acid

sequences (GKPILFF) and both the L- and D-conformations.

The peptide’s energy is minimized to remove any possible clashes between amino acid
residues. Subsequently, the peptide was gradually heated from 0 to 325 K before the MD
production simulation, as seen in Figure 5.12. Upon heating, the peptide adopted a semi-
folded state and was subjected to MD simulation at a constant temperature of 325 K in the
simulation of the D peptide. The temperature had to be adjusted to prevent the structure from

being trapped in local minima.
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Figure 5.12 The structure of the linear L-GKPILFF peptide and its folded state after MD
simulations at 325 K.

The L-peptide adopted a left-hand a-helical folded structure after a150ns MD simulations.
The folded peptide, especially peptide 1, shows intramolecular hydrogen bond interactions,
and the amino acid residues involved are Lys2—Leu5 and Pro3—Phe7. The folding
conformation of the D-peptide is somewhat different from the L-peptide, as seen in Figure
5.13. The hydrogen bonds observed in the D-peptide are from Lys2—Leu5, Lys2—Phe7, and
Ile4—Phe6.

MD
simulations
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D-Amino peptide
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Figure 5.13 The structure of the linear D-GKPILFF peptide and its folded state after MD
simulations at 325 K.

The potential energy and root-mean-square deviation (RSMD) analyses were performed to
assess the atoms’ positions upon peptide folding and measure their stability, respectively,
during the simulation. The potential energies of both peptides are similar, thus indicating
their folding favourability, as shown in Figure 5.14 (a).*! On the other hand, the peptides’

RMSD in Figure 5.14 (b) shows more conformational dynamics, which means the peptides
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are stable at certain points in time. This observation entails prolonging the simulation time

frame may result in a better overview of the peptide behaviour.

a) b)

80 ———L-peptide 6 ——L-peptide
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Figure 5.14 The potential energy and root-mean-square deviation (RSMD) analyses of the L-
and D- GKPILFF peptide.

To affirm the observed helicity on the peptides, a Ramachandran plot was used to examine
the spatial arrangement of atoms in the peptides, as seen in Figure 5.15. The backbone psi
(¢) — phi () dihedral angles of the peptides are measured based on the positions of amino

acid residues in the allowed, favoured, disallowed, and unfavoured regions.*
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Figure 5.15 Figure 5.15 The Ramachandran plots show the stereochemical analysis of the
peptides’ psi (¢p) — phi (V) dihedral angles. (a) L-peptide and (b) D-peptide. The red
regions represent the favoured region, the yellow represents the allowed regions, and the
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These properties provide information on amino acid positioning associated with the
secondary structure assignment. Typically, amino acid residues whose psi (¢p) — phi (¥)
dihedral angles lie between -95° and -35° for psi (¢) and between -15 and -70 for phi (¥),
respectively, are classified as helical in shape or structure.®® The psi (¢) — phi (¥) dihedral
angles of each amino acid residue in the peptides were provided in Table 5.4 below and
demonstrated that the L-GKPILFF peptide adopted a helical structure and the D-GKPILFF
peptide did not.

Table 5.4 Stereochemical analysis of the peptides’ backbone psi (¢) — phi (¥) parameters of
each amino acid residue

L-Amino (i) b 4 D-Amino (i) b 4

peptide (degrees  (degrees | peptide (degrees  (degrees
) ) ) )

GLY 1 - - GLY 1 - -

LYS 2 130.8 -78.8 LYS2 132.9 81.5

PRO 3 -43.7 -62.3 PRO 3 34.2 82.4

ILE 4 -43.0 -32.2 ILE 4 103.0 146.8

LEUS -50.9 -61.4 LEUS 48.9 36.1

PHE 6 -65.0 -63.0 PHE 6 17.5 65.7

PHE 7 - - PHE 7 - -

124



5.6 Conclusion

In summary, the two peptides were successfully elucidated using NMR. Major overlapping
seen with one-dimensional NMR spectroscopy observed in the *H NMR spectra posed a
challenge for assigning the peaks; however, this was overcome with the use of two-
dimensional NMR spectroscopy such as TOCSY and ROESY NMR. It has been shown that
the L-GKPILFF penetration acceleration peptide sequence (Pas) conformation adopts a
helical secondary structure, which has been verified by TOSCY and ROESY NMR method
through-space interaction between the Pro 3 and Phe 7 amino acid residues. The data from
the helical wheel projection, CD, and molecular dynamic simulations further confirmed the
alpha-helical properties of the L-peptide and the random coil structure of the D-peptide.
Furthermore, we propose that the a-helix peptide structure may facilitate the pore formation
and binding to the phospholipids, thus accelerating the penetration of its cargo.®* Therefore,
for future work, permeability studies will be conducted to compare the biological activity of
the structural conformers. Additionally, the stapled hydrogen bond surrogates (SHBs)

approach will be worth investigating to improve the peptide structure activity.
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6. The use of NMR techniques for Carbon dots-
GKP peptide conjugates

Machumele, K., Makatini, M. and Maubane-Nkadimeng, M.S., 2023. Title: The use of NMR
techniques for Carbon dots- GKP peptide conjugates.

6.1 Abstract

Nuclear magnetic resonance (NMR) is a powerful technique for identifying molecular species
in carbon-based nanomaterials. It is essential to include NMR as a standard characterization
technique to identify molecular species in the final material and impurities. The conjugates'
characteristics were determined using photoluminescent and UV-Vis spectrometers, revealing
successful conjugation. NMR spectroscopy was used to show long-rage interactions between
the peptide and the CDs. Additionally, unreacted starting material and impurities in the CDs
that could interfere with the properties of the CDs or conjugates were also investigated.
Dialysis reduced the amount of unreacted urea and other impurities, and the presence of urea
and a small molecule was revealed. The 2-D NMR analysis of the conjugates suggested that
the helical peptide structure was affected after conjugation, as indicated by significant peak
shifts. The peptide region in NMR spectra of some of the conjugates were showing fewer
shifts in the peptide which could be indicative of conjugates with better stability for

bioactivity.

Keywords: carbon dots-peptide conjugates; photoluminescence; wavelength excitation-
dependence; pH-dependence, NMR

6.2 Introduction

Carbon dots-peptide conjugates for bioimaging refer to hybrid materials that consist of
carbon dots (CDs), which are fluorescent nanoparticles, and peptides. These conjugates are
designed for the purpose of visualizing biological structures and processes. The conjugates
incorporate CDs as imaging agents, utilizing their strong fluorescence properties. Upon
excitation by an external light source, these nanodots emit light, enabling the observation of

biomolecules or cellular components. By conjugating peptides to the carbon nanodots, the
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conjugates gain enhanced permeability capabilities. The peptides used for fabricating the
conjugates were the penetration accelerating sequence (Pas) GKPILFF and the cancer
selective enantiomeric 9-mer peptide RLRLRIGRR. Since the Iso-N-Ge-CDs exhibited the
highest photoluminescent properties, it was used to form conjugates with the synthesized

peptides.

The combination of peptides and CDs leverages the unique advantages of both components.
The CDs offer brightness, stability, and compatibility with biological systems, while the
peptides provide target-specific recognition. This amalgamation results in highly valuable
tools for bioimaging, facilitating the visualization and investigation of biological processes

with enhanced precision and sensitivity.
6.3 Synthesis of carbon nanodot-GKP peptide conjugates

Water-soluble CDs were synthesized according to the procedure described in section 3.2.2. A
mixture of iso-ascorbic acid, Mili-Q water, and urea was added to a microwave reaction
vessel and then shaken vigorously to dissolve the reagents. Then the solution was subjected
to microwave irradiation under closed vessel conditions at a maximum power and pressure
output of 150 W and 250 psi, respectively (CEM Discovery SP microwave). The resulting
solution was purified by centrifugation to separate the supernatant from the precipitate. The
supernatant was then filtered, and the solvent was removed using a rotary evaporator. The

product was further dried in an oven overnight.

The peptides (Table 6.1) conjugated to the CDs were synthesized using a Fmoc solid phase
synthesis strategy. The synthesis and characterization are reported in chapters 4 and 5.
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Table 6.1 List of GKP and BP peptide analogues and their respective sequences, which
were conjugated to 1so-N-Ge-CDs

PEPTIDE
D, PEPTIDE SEQUENCE MOLECULAR MASS | MODIFICATIONS
Parent COOH-GKPILFF- NH2 | 820.48
sequence
GKP NH-GKPILFF-CONH, 81950 The free carboxylic end is
changed to an amide.
GKP-ada | ADA GKPILFF-NH: 981.61 The N terminus hias been
modified with adamantane.
The N terminus has been
GKP-pal | PAL GKPILFF-NH2 1057.73 modified with palmitic acid.
The free carboxylic end is
D-amino acid CONHa- changed to an amide, and D-
BRCINF GKPILFF- NH> 819.50 amino acids replace L-amino
acids.
The N terminus has been
D-GKP- D-amino acid ADA- 981 61 modified with adamantane
ada GKPILFF-NH: ' and D-amino acids to replace
L-amino acids.
The N terminus has been
D-GKP- D-amino acid PAL- 1057.73 modified with palmitic acid,
pal GKPILFF-NH2 ' and D-amino acids replace L-
amino acids.
RGDGKP ECH)L\IHZ uAEIRICINA IS 1147.6292
BP CONH2-RLRLRIGRR- 1193.81 The free carboxyl_lc end is
NH: changed to an amide.
BP-ada | ADA-RLRLRIGRR - NH: | 135591 LIS I B s o2
modified with adamantane.
The N terminus has been
BP-pal PAL-RLRLRIGRR-NH2 | 1432.04 modified with palmitic acid.
The free carboxylic end is
D-amino acid CONHz - changed to an amide, and D-
DA RLRLRIGRR-NH:> —— amino acids replace L-amino
acids.
The N terminus has been
D-amino acid ADA- modified with adamantane
D-BP-ada | g o1 RIGRR-NH: Teal and D-amino acids to replace
L-amino acids.
The N terminus has been
D-BP-pal D-amino acid PAL- 1432 04 modified with palmitic acid,

RLRLRIGRR-NH:2

and D-amino acids replace L-
amino acids.
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Peptide—CDs were fabricated by adding 20 mg of CDs and 2 mg of the peptide into a solution
of phosphate-buffered saline (PBS pH 7.4) and 5% DMSO. The reaction was gently stirred at
room temperature overnight, as seen in Figure 6.1. 1so-N-Ge-CDs were further explored in
conjugation reactions as it demonstrated the highest photoluminescent properties (See section
3.4.4).
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Figure 6.1 Illustration of the synthesized carbon dots conjugated to the peptide

Purification

Membrane dialysis is a method used in purification to divide molecules according to their
size using a semipermeable membrane. It is a specific kind of diffusion-based procedure that
depends on the osmosis and concentration gradient theories by which solvent molecules
(usually water) move through a semipermeable membrane from an area of lower solute
concentration to an area of higher solute concentration. This movement of water molecules

continues until the concentration of solute molecules is equal on both sides of the membrane.

The purification of the conjugates was conducted using membrane dialysis since the unbound
peptide and starting material have a smaller molecular size compared to the conjugated
molecules. A seamless cellulose tubing with a partly permeable covering, a molecular weight
cut-off of 12000 to 14000 Da, and pore sizes of 2.4 nanometers were used to remove the

unreacted starting material.

6.4 Results and discussion

6.4.1 UV-Vis spectroscopy

The UV absorbance of peptides can vary depending on a number of factors, such as their

sequence, structure, and environment. That being said, there are some general trends that can
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be observed. Peptides typically have strong absorbance in the ultraviolet (UV) range due to
the presence of aromatic amino acids such as tryptophan, tyrosine, and phenylalanine, which
have absorption maxima in the range of 280-300 nm. However, a molecule's precise
absorbance peaks will depend on both its electronic structure and the makeup of its
chromophore, which is the component of the molecule that absorbs light in the UV-Visible
range. The magnitude of the UV absorbance depends on the number and positioning of these
aromatic amino acids in the peptide sequence. Peptides with more aromatic amino acids
generally exhibit higher UV absorbance.

Due to their electronic transitions, side chains that include -electrons can substantially absorb
light in the UV-Vis spectrum. Examples of these groups include double bonds and aromatic
rings. In aromatic rings, for instance, the n-n* transition, which includes the excitation of an
electron from the bonding orbital to the antibonding orbital, often takes place in the UV area
and results in significant absorbance peaks. This is similar to the n- n* transition, which
includes the excitation of an electron from a non-bonding orbital to the n* antibonding
orbital, which can occur in molecules having carbonyl or nitrile functional groups. This
transition often results in absorbance within the visible spectrum, which manifest as peaks in

the photoluminescence spectra.

The absorption spectra retrieved from the instrument of GKP, GKP-1so-N-Ge-CDs, and Iso-
N-Ge-CDs are shown in Figure 6.2 (any conjugating of the peptide and CDs will often be
referred to as the conjugate). GKP showed absorption peaks at ~222 nm, which corresponds
to the m—n* transition of the conjugated double bonds or aromatic rings that absorb (C=C
bonds).! The absorption peaks for GKP-1so-N-Ge-CDs were observed at ~210 and 264 nm,
corresponding to the m—n* and n—n* transition of C=C and C=0 bonds, characteristic of
the aromatic sp?> domains and carbonyl moieties.? Finally, 1so-N-Ge-CDs absorbed UV-Vis
radiation at ~207 and 260 nm, corresponding to the m—7*, characteristic of the aromatic sp?
domains. 2 The absorption edges of all three samples extend into the visible band, which is
typically from 380 nm to 700 nm.
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Figure 6.2 Absorption spectra of GKP, GKP-Iso-N-Ge-CDs, and 1so-N-Ge-CDs

The successful conjugation of GKP peptides derivatives to Iso-N-Ge-CDs was characterized
using the UV-Vis spectrometer, as shown in Figure 6.3, and the data revealed that the
various conjugates had slightly different absorbance peaks and different relative intensities,

which was consistent with the literature.*

The different relative intensities may be attributed to the conformation and functional groups
of the peptide. The two-dimensional arrangement of a peptide's atom, known as its
conformation, can modify the electrical characteristics of these functional groups and have an
impact on how they absorb light. The adamantane and palmitic moieties do not contain
functional groups that absorb strongly in the UV-Vis region, which implies that they only

contribute conformational changes.

The absorbance characteristics of the peptide bond, which comprises both a carbonyl group
and an amide nitrogen, often dominate the UV-Vis spectra of peptides. The n- o* transition,
which involves the excitation of an electron from the non-bonding lone pair on the nitrogen
atom to the m * antibonding orbital of the carbonyl group, is what causes the peptide bond
absorption. For instance, a peptide bond adopts a planar shape in peptides with -helical or -
sheet conformations, resulting in a significant absorbance peak at about 190-200 nm. This is
due to the fact that the planar conformation enables maximum n and ©* orbital overlap,

which raises the transition energy and absorbance intensity.
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The degree of conjugation in the backbone is reduced in peptides with random coil or
stretched conformations, which causes the peptide bond to adopt a twisted conformation,
lowering the energy and intensity of the absorbance peak. Both peptides and carbon dots have
distinctive UV-Vis absorption peaks, and when they are conjugated with one another, their

spectra may overlap. However, a shift in the peaks is often observed, and the broadness of the

peaks may vary, as seen in Figure 6.3.

The GKP-Iso-N-Ge-CDs conjugate seen in green in Figure 6.3a) and b) appeared to have a
greater relative intensity of the peak at 210 nm than the peak at 261 nm compared to the other
conjugates in Figure 6.3c)-f). The loss of relative intensity in the other conjugates may
indicate that the peptide is more stretched/linear and adopts a random coil characteristic. A

summary shown UV-Vis spectra of the conjugates is shown in Table 6.2 and a similar trend

was observed in the other conjugates.
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Figure 6.3 Side by side comparison of all the GKP peptide analogue-conjugates against the
Iso-N-Ge-CDs. Black line represents the GKP peptide derivative, blue line represents the
Iso-N-Ge-CDs and the green/lime line Conjugate.



Table 6.2 Summary of the peaks observed in the UV-Vis spectrometer of GKP conjugates.

. Absorptio Absorption
Conjugate Name n peak

1(nm) peak 2 (nm)
1. GKP-Iso-N-Ge-CDs 210 264
2. GKP-ada- 1so-N-Ge-CDs 205 261
3. GKP-pal-1so-N-Ge-CDs 208 265
4. D-GKP-lso-N-Ge-CDs 207 266
5. D-GKP-pal- Iso-N-Ge-CDs 203 263
6. D-GKP-ada-Iso-N-Ge-CDs 204 262
7. GKP 221 -
8. GKP-pal 211 -
9. GKP-ada 213 -
10. D-GKP 211 -
11. D-GKP-pal 213 -
12. D-GKP-ada 214 =
13. Iso-N-Ge-CDs 204 267

A similar trend was observed for the BP peptide derivative and their conjugates. The UV-Vis
spectra of peptides appeared dominated by the peptide bond's absorbance properties, which
include both a carbonyl group and amide nitrogen which was observed for the GKP

analogues as well.

Although the BP peptide derivatives lack aromatic groups, the arginine side chain contains
guanidine groups ((NH2)-C=NH) which can undergo various electronic transitions and shows
a peak around 200-220 nm. The two peptides were expected to have spectra that appear
different since the sequences are different, but the characteristic peak around 200 nm was
observed in both peptide derivatives. Interestingly, for the conjugates, the 260 nm peak
ascribed to the C=0 appeared to be much lower than the GKP conjugates. This demonstrates
that the peptide sequence affects the overall conjugate. Furthermore, the conjugates in Figure
6.4a), b), and d) appear to lose intensity in the peak around 260 nm more significantly

compared to the other conjugates. This suggests that the conformation of the conjugates may
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be different, and the lowered intensity may indicate that the peptide is wrapping around the
dots and shielding the carbon nanodots.®> The effects of conjugation on the peptide structure
were further investigated using NMR studies which will be discussed in a later section of this
chapter. In Table 6.3, a summary of the absorbance peak in the UV-Vis spectra was shown.
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Figure 6.4 Side by side comparison of all the BP peptide analougue-conjugates against the
Iso-N-Ge-CDs. Black line represents the BP peptide derivative, blue line represents the Iso-
N-Ge-CDs and the green/lime line Conjugate.
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Table 6.3 Summary of the peaks observed by the UV-Vis spectrometer of the BP conjugates.

UV-Vis data
Conjugate Name ’S‘:{:lg rlrz::r(;\r; S‘azfgp(ﬂ?r?)
1. BP-1s0-N-Ge-CDs 211 259
2. BP-ada-1so-N-Ge-CDs 209 262
3. BP-pal-Iso-N-Ge-CDs 208 258
4. D-BP-1s0-N-Ge-CDs 212 257
5. D-BP-pal- 1so-N-Ge-CDs 207 266
6. D-BP-ada-1so-N-Ge-CDs 206 256
7. BP 214 -
8. BP-pal 212 -
9. BP-ada 210 -
10. D-BP 213 -
11. D-BP-pal 215 =
12. D-BP-ada 211 =
13. Iso-N-Ge-CDs 204 267

6.4.2 Photoluminescence spectroscopy

The CD-peptide conjugates show fascinating photoluminescent features ascribed to their
ability to absorb and emit photons. The PL spectra of the freshly prepared CD-peptide
conjugate in an aqueous 10 mM PBS solution are shown in Figure 6.5. The PL spectra of the
Iso-N-Ge-CDs, GKP-1so-N-Ge-CDs, and the GKP consists of almost similar peak
broadening. The observed effects were attributed to the homogeneous broadening of the
excitonic band due to similar distribution of structural makeup between the peptide, carbon

nanodots, and conjugates.®

140



— GKP
—— Iso-N-Ge-CDs
Conjugate

)
e

@
e

Intensity (a.u.)
8 &

e

350 400 450 500
Wavelength (nm)

Figure 6.5 PL data for GKP in black, Iso-N-Ge-CDs in blue, and GKP-Iso-N-Ge-CDs in
green

The emission (and full width at half maximum) was observed for GKP in black, Iso-N-Ge-
CDs in blue, GKP-1s0-N-Ge-CDs in green with an excitation of 375 nm (60 nm), 398 nm (75
nm) and 383 nm (85 nm), respectively. The full width at half maximum (FWHM) of the
peaks gives some insight into the effects of the defects that are present in the material and the
inhomogeneity of the material.” Literature has shown that when the material is doped, it then
affects the maximum emission as well as the FWHM in PL spectra by introducing new
energy levels, defects, or altering the energy landscape within the host material.®
Furthermore, a large FWHM value results in broad luminescence, which may affect the
application of the material. This is characteristic of the effects on the width of the absorption

line due to the lattice vibrations and lattice imperfections.®

A redshift is a change in the absorption peak from the unmodified molecule’s absorption peak
to longer wavelengths (i.e., lower energy). This indicates a decrease in the energy gap
between the excited state and the molecule's or material's ground state, which is often
referred to as the bandgap or the HOMO-LUMO gap. The redshift may be due to the
extended conjugations that allow for more delocalization of the excited state electron. The
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interaction between the carbon dots and the peptides has altered the electronic features of the
carbon dots, affecting their absorption properties, as evidenced by a redshift in the UV-Vis
spectra of carbon dot conjugates to peptides.’® Therefore, the redshift between the GKP
peptide and its conjugate demonstrates the noncovalent interaction in the formation of the
conjugates. This suggests that molecular planarity increases the electronic conjugation
resulting in the redshift;!* hence we hypothesize that the conjugates or conjugates peptide

adopts a planar shape observed in peptides with -helical or -sheet conformations.

The shifts to lower energy seen in Figure 6.5 indicate that the functional groups on carbon
dots may interact with the molecular orbitals of the surface domain in the peptide sequences.
The electrostatic forces between the carboxylic functional groups on the carbon dots and the
amines from the peptide may facilitate this interaction.'? The formation of molecular orbitals
as a consequence of noncovalent interactions and orbital overlap between the pi bonds of
aromatic rings may also be taking place. Another possible interaction is pi stacking (also
called m—m stacking) through the aromatic ring present on the carbon dots, and the
phenylalanine rings from the peptide.® The surface chemistry of carbon dots appears to be
affected by the presence of the peptide seen with the shift in the peak and narrowing of the
peak, which changed the emission wavelength and can further affect the stability of their

photoluminescences.*

When carbon dots have broad photoluminescence spectra, they produce light over a large
range of wavelengths as opposed to an emission color purity.*®> Wide photoluminescence
spectra are frequently linked to the existence of various carbon dot sizes and configurations
in the sample.® This was observed in the TEM images and size distribution graphs in section
3.5.1 resulting in a broad absorption peak for Iso-N-Ge-CDs in Figure 6.5. Larger carbon
dots emit light at longer wavelengths than smaller carbon dots do on average, with smaller

carbon dots emitting light at shorter wavelengths.’

For applications like biological imaging or sensing, broad photoluminescence spectra might
be helpful since they can offer a greater variety of information about the sample. To acquire
the requisite emission characteristics, it could be necessary to isolate or synthesize carbon
dots with particular sizes or surface qualities for some applications where a light generated in

the near-infrared (NIR) spectral range is desired.®

The benefits of a broad photoluminescence spectrum seen for the 1so-N-Ge-CDs are mainly

versatility for a wide range of applications and sensitivity, such as detecting tiny levels of
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changes. On the other hand, narrow photoluminescence (PL) spectra seen for the conjugate
mean that they may be used in applications that require high precision and selectivity, which
is useful for detecting certain analytes in a complicated matrix. Since bioimaging of
cancerous cells may involve complex cell matrices and require selectivity towards cancer

cells, narrow PL spectra are desirable for this application.®

In Figures 6.6 and 6.7, the conjugates appear to be narrow compared to the peptides and the
CDs. This demonstrated that the conjugation of peptides to the CDs has a favorable effect on
the PL spectra. Moreover, the conjugates in Figure 6.6 d), e), and f) have slightly narrower
than the other conjugates. This shows that the conjugation of CDs to peptide can reduce the
broadness of the peak and suggests that conformation and functional groups of the peptide

can also affect the broadness of the peak.

Interestingly, each peptide before conjugation appeared to have distinct peaks appearing
between 450-500 nm. Features such as different functional groups and ionization state of
amino acid residues result in various peaks in the PL spectra. 2° Additionally, the secondary
structure of the peptides affects the emission peaks.?* As a result, the PL spectra of the
peptides vary significantly. Circular Dichroism Spectroscopy is previously mentioned
spectroscopic technique (see section 5.5.3) that used the same optical activity for determining

the secondary structure of peptides.
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Figure 6.6 PL study on the effects of conjugation by different CDs. Black line represents the
GKP peptide derivative, blue line represents the Iso-N-Ge carbon dots -and the green/lime

line Conjugate.

In scientific and analytical applications, photoluminescence (PL) analysis using a single

excitation wavelength is a commonly used technique. In this PL study the samples were

analysed at a standard of excitation of 320 nm. In Table 6.4, the peptides, and conjugates

were directly compared to spot distinctions, or similarities in their emission characteristics by

maintaining a constant excitation wavelength. The similarity between the conjugates was the

peak appearing between 375 and 425 nm. The difference in the PL spectra of the conjugates

was the shift and broadness of the peaks.
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Table 6.4 Summary of the peaks observed by the Photoluminescent spectrometer for GKP
peptide derivatives and the conjugates.

PL data
Emission
Conjugate Name @ (:?zrgz‘m F(V:r:)M

excitation
1. GKP-lIso-N-Ge-CDs 382 68
2. GKP-pal-lso-N-Ge-CDs 385 72
3. GKP-ada-Iso-N-Ge-CDs 383 75
4. D-GKP-1Iso-N-Ge-CDs 379 65
5. D-GKP-pal-lIso-N-Ge-CDs 380 64
6. D-GK-ada-1so-N-Ge-CDs 382 66
7. GKP 378 57
8. GKP-pal 379 59
9. GKP-ada 377 61
10. D-GKP 376 58
11. D-GKP-pal 379 62
12. D-GKP-ada 378 63
13. I1so-N-Ge-CDs 398 90

A similar trend was observed for the BP peptide derivative and their conjugates. The
conjugation of CDs to the peptide can decrease the peak's width, indicating that both the
conformation and functional groups of the peptide can influence the peak’s broadness.
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Figure 6.7 PL study on the effects of conjugation by different CDs. Black line represents the
BP peptide derivative, blue line represents the Iso N Ge carbon dots -and the green/lime line

Conjugate.

A comparative analysis of the RLRLRIGRR sequence was conducted, enabling direct

assessment of the PL characteristics across the different peptides. This approach was aimed

to identify trends, differences, and similarities in emission properties among various

materials. The same excitation wavelength of 320 nm was used in attempt to highlight their

distinctive emission features. The notable difference was the absence of the peak between
425 and 500 nm seen in some of the peptides of the GKPILF sequence. Additionally, the
conjugates appeared to have a peak appearing in a similar region between 375 and 450 nm
and a shift in the peaks was also observed as seen in Table 6.5.
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Table 6.5 Summary of the peaks observed by the Photoluminescent spectrometer for BP
peptide derivatives and the conjugates.

PL data
Emission
Conjugate Name i) FWHM (nm)

@ 320nm

excitation
1. BP-lso-N-Ge-CDs 387 68
2. BP-pal- 1so-N-Ge-CDs 385 58
3. BP-ada-lso-N-Ge-CDs 383 66
4. D-BP-lso-N-Ge-CDs 382 59
5. D-BP-pal-1so-N-Ge-CDs 385 60
6. D-BP-ada-lso-N-Ge-CDs 382 58
7. BP 377 62
8. BP-pal 375 61
9. BP-ada 378 60
10. D-BP 375 58
11. D-BP-pal 376 56
12. D-BP-ada 378 63
13. Iso-N-Ge-CDs 398 90

The interaction between electromagnetic radiation and the samples can also be investigated
using an excitation study. These experiments use spectroscopic measurements whereby the
frequency of the excitation light is varied, and the emission frequency of the sample is

monitored in order to observe how it affects the luminescence.

Molecules are flexible entities capable of rotation and vibration. The molecule's energy
landscape may be impacted by these vibrational and rotational transitions, leading to changes

in energy levels that can produce a broad range of emission wavelengths. However,
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The data in Figure 6.8 shows that the GKP-Iso-N-Ge-CDs sample is excitation dependent,
which means their fluorescence colour could be tuned simply by changing the excitation
wavelength.?? The lowest emission is detected when the excitation is 400 nm, and the
maximum emission is observed when the excitation is 340 nm. Most fluorophores can be
selectively excited by a specific excitation wavelength.?®> Molecules, however, are flexible;
they may spin and vibrate.?* As a result, vibrational and rotational transitions are affected,
leading to changes in energy levels that can produce range of emission wavelengths as seen
in Figure 6.8.2° Nevertheless, finding the highest emission wavelength is crucial for
identifying a compound’s electronic properties and analysing their electrical structure.?
Additionally, in bio-imaging applications, knowledge of the maximum emission wavelengths
can ensure compatibility with the biological sample or organism under investigation

selectivity when analyzing cells.?’
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Figure 6.8 PL spectra of the GKP-1s0-N-Ge-CDs conjugate at various excitations

Another notable feature that most CDs can possess is their intrinsic pH-sensitive nature
which can also be monitored using photoluminescence spectroscopy, which therefore
demonstrates their great perspective for pH sensing applications, especially in pH sensors
relating to living organisms, also known as biotic pH sensing.?® The pH sensitivity of CDs is
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considered to be ascribed to the reversible protonation and deprotonation of the functional
groups on the surface of the CDs.?® In addition, the favourable properties of CDs such as
good biocompatibility and photostability, in conjunction with the great potential in pH
sensitivity, make CDs a great candidate for bio-imaging tumours.®® According to the
literature tumours possess several pockets of acidity in their microenvironment, which can be
exploited using the pH-sensitive CDs that can be hydrolysed at lower pH and result in
superior drug delivery.®? The pH study of the GKP-Iso N Ge was conducted (Figure 6.9) on
the photoluminescent spectrometer, and as the pH was increased from pH 1 to pH 10, the
sensitivity of the conjugate fluctuated similarly to what is found in the literature.3? The lowest
emission is detected when the pH is 7, which may be due to the fact that the least protonation
and deprotonation can occur at this pH, and the maximum emission is observed when the pH
is 3 and 8 attributed to the increased possibility of protonation and deprotonation which

seems to increase the luminescent properties.
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Figure 6.9 pH study on the GKP-1so-N-Ge-CDs
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6.4.3 NMR of CDs conjugates

There are several characterization techniques that provide information on the physical and
chemical properties of carbon dots.3 In some cases, the scanning electron microscope (SEM)
coupled to energy-dispersive X-ray spectroscopy (EDX) (SEM/EDX) can be used to
determine the size and elemental composition measurements.3* Additionally, X-ray
photoelectron spectroscopy (XPS) and infrared (IR) can supply valuable information about
the nature of the composition, whether it has a high content of sp2 hybridized carbon or a
wide variety of functional groups.®® NMR is a technique that is scarcely used for the
characterization of carbon dots but can provide better clarity on the carbon species found in
the material.>® Moreover, we demonstrated that NMR could be used to analyse CDs-peptides
conjugates. The NMR was used to understand the peptide's possible interactions with the
CDs by monitoring regions in the NMR spectra that were affected by the noncovalent
interactions. To get a better perspective on the NMR of the conjugates, the fully elucidated

peptide and the NMR of the CDs were used for comparison.

In a study by Elena V Bichenkova et al., the interactions of graphene with aromatic and
aliphatic hydrocarbons in water were investigated.®” The data revealed that changes in spin—
spin coupling, increase in relaxation, line broadening, and decrease in NMR peak heights
were a direct result of compounds bound to graphene. Moreover, when the concentration of

the graphene was increased, the aromatic protons would vastly decrease.

The lack of magnetic field homogeneity results in the broadening of the peak. For example,
in a study, by Simone C et al., glucose (G), fructose (F), and ascorbic acid (A) were used to
synthesize CDs.*® The data showed that G-CDs and F-CDs were well-defined with lattice
fringes with an interlayer spacing of 2.4 A on HRTEM, but A-CDs were poorly defined. The
H NMR of the distinctly formed CDs possessed the characteristic broad peak between 3.0
and 4.5 ppm. Therefore, in addition to using UV-Vis and PL techniques to confirm
conjugation, the shift and intensity of the peaks in the NMR of conjugates were examined to
determine the success of the formation of noncovalent interaction between the peptide and

CDs due to adsorption.
6.4.4 NMR of CDs before and after dialysis

The NMR spectra of CDs in deuterated DMSO before dialysis and after dialysis were
analyzed, and revealed that the resolution of the peaks were improved after dialysis. This was
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crucial for assigning the peaks found in the spectra of the CDs to determine the different
functional groups present. The peak at 5.5 ppm was attributed to the urea molecule, which
was doped into the CDs. Before dialysis of the CDs, the unreacted urea appears to be present
in the sample. After dialysis, a significant reduction in the peak is observed in the urea peak
at 5.5 ppm, as seen with asterisks in Figure 6.10. Since membrane dialysis relies on osmosis,
most small molecules pass through the membrane, but some of the small molecules and
unreacted reagents remain. The *H NMR of the CDs after dialysis (Figure 6.10c) appears to
have more prominent peaks than the CDs before dialysis (Figure 6.10b). These are detected
around 4.0 ppm, 3.5-3.1 ppm and 1.2 ppm. The unreacted precursors may have masked the
peaks of the CDs, and upon removal, through membrane dialysis, the peaks appear more

prominent.

Urea *

b) CDs before dialysis

c) CDs after dialysis w

8.5 8.0 7.5 7.0 6.5 6.0 35 5.0 4.5 4.0 3.5 30 .5 20 1.5 1.0 0l

Figure 6.10 Stacked *H NMR spectra of urea (pink), CDs before (red), and after dialysis
(brown) in deuterated DMSO.

A slight shift was detected in the peak ascribed to unreacted urea at around 5.5 ppm, which
initially appeared at 5.45 ppm before carbonization and 5.54 ppm after, as seen in Figure
6.11, indicating physisorption interactions facilitated by the carboxylic group from the CDs

and amine groups from urea.
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Figure 6.11 Overlapping *H NMR spectra of urea (pink), CDs before (red), and after
dialysis (brown) in deuterated DMSO.
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Cross peaks in the COSY experiment are between protons that are coupled two or three
bonds away. These cross-peaks can reveal details on the connectivity of the carbon atoms in
the molecule as well as the various functional groups present. Figure 6.12a shows
correlations connecting 4 different chemical shifts in the COSY NMR spectrum. The methyl
group at 0.85 ppm (methyl) correlates with the CH2 at 1.25 ppm, which in turn further
correlates to the CH2 at 1.48 ppm and another CH2 at 2.28 ppm. This CH3CH>CH>CH. chain
does not show a COSY correlation to other protons in the spectra. This suggests that the peak
at 8.3 ppm might be an amide or aldehyde. The HSQC was then used to determine the carbon

chemical shifts of CH3CH>CH>CHy> since it shows *H-13C direct correlations.
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Figure 6.12 The COSY NMR of the CDs after dialysis and an insert of the allylic region
between 2.5 and 0.4 ppm a) COSY and HSQC NMR.

In Figure 6.13a of the HMBC NMR, the region between 8.5 and 7.5 ppm does not show any
correlations to the 8.3 ppm proton peak. However, other peaks that appeared in the *H NMR
correlated to other carbons in the spectra. Additionally, the correlation at 2.28,173.68 ppm in

Figure 6.13a of the HMBC shows that the CH2 is correlating to a carbonyl carbon.

Carbon dots are known to produce a wide variety of functional groups, and the other peak
may be attributed to that. However, the CH3CH>CH>CH> chain was clearly connecting on the
COSY and appeared to be a small side molecule that formed during synthesis, and the

HMBC correlation H-2.28, C-173.68 ppm confirms the presence of pentanal. It is more likely
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that the chemical shift of 173 ppm is an aldehyde due to its large ppm value. It is more
common for an amide to show much lower chemical shift, perhaps 120-160 ppm. The NMR

summary of the correlations is seen in Table 6.6.
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Figure 6.13 The HMBC NMR of the a) CDs after dialysis and b) ihe allylic region between
2.0 and 0.4 ppm

Table 6.6 The summarized NMR data of the short chain confirming the pentanal structure.
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Figure 6.14a of the GKP-1s0-N-Ge-CDs shows multiple carbon peaks at 63.49, 72.91, 78.49,
129.60, 160.19, and 172.23 ppm that did not correspond to the protons found on the *H
NMR. The 3C NMR of the Iso-N-Ge-CDs seen in Figure 6.14b show the prominent carbons
before conjugation to clearly distinguish the carbons present after conjugation. Any
correlation may have been helpful in proving more information about the CH3CH,CH>CH>

chain. Fortunately, the one peak that was seen to correlate with 173.68 on HMBC was the
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2.28 ppm proton peak. The corresponding protons of these carbons determined by HSQC
NMR are shown in Table 6.7. These peaks were identified because they could possibly

interact with the peptide after conjugation.

a)

160,33

Figure 6.14 The 1*C NMR of the a) GKP-Iso-N-Ge-CDs conjugate and the b) 1so-N-Ge-CDs

Table 6.7 The summarized NMR data of the carbon dots

IHNMR BC
(HSQC) NMR  COSY  HMBC
335| 6349 162  63.49
343 72,91
417 | 78,49
129,60
- 160,19
172.23

6.4.4.1 H NMR comparison between the GKP-Iso-N-Ge-CDs conjugate and the GKP
peptide

The freshly prepared GKP-1so-N-Ge-CDs conjugate sample was also analyzed using H
NMR. The data revealed that the conjugate displayed similar peaks as the bare peptide
sample. This indicated that the peptide was still intact after conjugation. In Figure 6.15,
drawn in red, are the spectra of the GKP-1so-N-Ge-CDs conjugate, and the blue/green spectra
represent the GKP peptide.
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Figure 6.15 The overlapping *H NMR spectra. Indicated in red and blue/green, are the
spectra of the GKP-I1so-NGe-CDs conjugate and GKP peptide

Interestingly, when comparing the two spectra, a shift to the right was detected in the
aromatic region between 7.0 and 7.25 ppm and between 0.5 and 0.75 ppm in the methyl
region. Another possible interaction is the m-n stacking between the aromatic rings on the
carbon dots and the aromatic rings in the phenylalanine groups. However, the phenylalanine
peaks are still distinct after conjugation, which shows a low affinity for the CDs.* Moreover,
the amide protons in the backbone of the peptide appeared to be significantly affected after
conjugation due to the poor resolution of the amide protons and reduced peak intensity
between the region 8.6 ppm and 7.7 ppm. This indicated that the peptide could possibly be
wrapped around the CDs.**#! Additionally, the amide proton peak from lysine disappeared in
the conjugate spectra. The computational studies mentioned in Chapter 5 showed that the
dihedral angle of the lysine was 130.8 degrees, ascribed to the antiparallel feature, while the
other residues were between -95 and -35, which is characteristic of the helical structure. This
implies that the lysine NH is exposed while the other NH protons are in line with each other
in a helical coil. Moreover, lysine is the only hydrophilic amino acid in the peptide and since
the functional groups of the CDs are also hydrophilic, they have high affinity towards each
other. This was attributed to the possibility that the NH of lysine was embedded in the CDs
which resulted in the disappearance of the lysine NH.

The ROESY NMR of the conjugate was used to investigate whether there are any long-range

correlations between the peptide and the CDs. The spectra in Figure 6.16b) showed a
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correlation between peaks at 4.94 and 3.59 ppm, whereby the 3.57 ppm (Figure 6.16c) was
the alpha proton of the glycine residue and the 4.94 was from the CDs.
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Flgure 6 16 The ROESY NMR of the a) Iso N- Ge CDs b) GKP conjugate and of c) GKP—
Iso-N-Ge-CDs

Another new interaction was observed between 4.18 and 2.53 ppm (Figure 6.16b), where the
2.53 ppm peak is clearly from the peptide sample but may be one of the truncated peptide
impurities correlating with a proton peak at 4.17 ppm from the CDs (Figure 6.16a). Finally,
the correlation between the proton from the conjugate at 5.50 ppm and the alpha proton of
proline at 3.70 ppm was observed. This data suggested that the interaction between the CDs
and the peptide is stronger at the backbone of the peptide compared to the residues of the

amino acids, further illustrating the wrapping effect, for example, Figure 6.17.
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Figure 6.17 Peptide wrapping around the CDs

The data gathered from the NMR experiments provided insight into the mechanisms of the
CDs formed as well as the possible structure of the final conjugates. Figure 6.18 illustrates
the monomer which was used after heating using a microwave, which led to crosslinking and
polymerization. This further reacted to form graphene layers which interact through pi
stacking or amorphous layers, which was confirmed in the HRTEM images and as a graphitic
peak in XRD patterns 20 = 22.4° (002) plane reflection mentioned in section 3.5.1 and 3.5.4,
respectively. The resulting carbon dots seem to interact with the unreacted urea through
electrostatic force and the alpha protons of the glycine and proline amino acids.
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Figure 6.18 The mechanisms of the CDs formed as well as the possible structure of the final
conjugates.

6.4.4.2 2-D COSY NMR comparison between the GKP-Iso-N-Ge-CDs conjugate and the
GKP peptide

In Figure 6.19, the COSY NMR spectra show the *H-'H correlations within the a) GKP and
b) GKP-1so-N-Ge-CDs conjugate. Due to the various chemical environments in which the
proton can exist, peaks that were previously overlapped in the peptides' *H NMR spectra are

now seen as distinct peaks.

The area between 5.5 and 3.0 ppm commonly exhibits CH groups and hetero-atom-
containing moieties, and this region seems to be the most populated area. This may be a
combination of the CH groups found on the surface of the carbon dot and the CH groups
found on the peptide. Interestingly, some of these protons appear to be correlating to the

aromatic protons around 7.5 and 8.5 ppm for the conjugate. These are more likely to be
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attributed to the aromatic protons from the peptide rather than the aromatic protons from the
carbon dots.
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Figure 6.19 The COSY NMR spectra show the *H-H correlations within the a) GKP-1so0-N-
Ge-CDs conjugate and b) GKP.

Illustrated in Figure 6.20 are the overlapped COSY spectra of the peptide and the conjugate,
with the peptide in red and the conjugate in green. The comparison between the two shows a
huge difference; however, the regions which are overlapping should provide insight into the
conjugate. Due to the different intensities of the samples, the similarities are not clearly
exhibited.

Figure 6.20 The overlapping of the peptide and the conjugate COSY spectra, with the
peptide in red and the conjugate in green.
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When a carbon dot is conjugated to a peptide, the peptide can have a complex effect on the
carbon atoms' NMR chemical shift, resulting in portions of the carbon dot's NMR spectrum
that are both shielded and deshielded.*? For instance, if the peptide has groups that can give
electrons to the carbon dot, like amino or hydroxyl groups, this can shelter the carbon atoms
that are close to the carbon dot. On the other hand, if the peptide contains electron-
withdrawing groups like carbonyl or nitro groups, they may pull electrons away from the

carbon dot, deshielding the carbon atoms nearby.

Additionally, the peptide may engage in noncovalent interactions with the carbon dot, such as
hydrogen bonds, which may potentially have an impact on the carbon atoms in the carbon
dot's NMR chemical shift. These interactions occasionally cause localized regions of shielded
or unshielded carbon atoms to form in the carbon dot. Thus, the NMR chemical shift of a
carbon dot attached to a peptide can be complicated and reliant on a variety of variables.
Thus, it's critical to carefully examine the NMR spectrum before conjugation to comprehend

the carbon dot's chemical environment.

Four regions that were overlapping were analyzed to see if a shift could be observed relative
to the peaks of the peptide. In Figure 6.21a) the region between 4.60 to 4.04 ppm F2 (X) and
3.1to 1.3 ppm F1(Y) illustrates the alpha-beta correlation of leucine, isoleucine and the two
phenylalanine at (1.51,4.6) ppm, (4.08, 1.70) ppm and (4.48- 4.39, 3.00, 2,76) respectively.
The conjugate in green appears to shift upfield in this particular region in the F2 (X). This
shielding phenomenon often occurs when the atoms are being shielded from the magnetic
field, which suggests that the alpha protons of the phenylalanine are being shielded as a result

of conjugation to the carbon dots.
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Figure 6.21 COSY NMR of four overlapping sections with the peptide in red and the
conjugate in green.

In Figure 6.21 b), the chemical shifts for the CH3 groups of isoleucine and leucine are
observed at (1.69,0.73) ppm and (1.51,0.83) ppm, respectively. The elucidation of the short
chain, which was assigned above, also had a peak at 0.83 ppm, however, the COSY revealed
that a (0.83,1.25) ppm correlation was observed, which eliminated the possibility of it being
from the short chain-CDs. Other correlations around these protons could be seen; however,
more importantly, a downfield shift is observed in this area. This indicates that the functional
groups which are further away from the peptide backbone are exposed to the magnetic field.
Moreover, Figure 6.21c) also displays a downfield shift for the amides of isoleucine, leucine,
and phenylalanine at (7.85,4.08), (7.94, 4.26) and (7.86,4.48) ppm.

Finally, in Figure 6.21 d) six peaks in the aromatic region were investigated to analyze the
effect of conjugation in this region. Interestingly, the four peaks between 7.18 and 7.13 were
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shifted downfield; however, the peaks at 7.25 and 7.23 ppm appear to shift downfield
slightly. This data indicates that a carbon dot attached to a peptide may exhibit deshielded
and shielded NMR chemical shifts in different regions. The magnetic field surrounding the
target nucleus in NMR spectroscopy determines the chemical shift.

6.4.4.3 2-D HSQC comparison between the GKP-I1so-N-Ge-CDs conjugate and the GKP
peptide

The HSQC experiment is used to determine proton-carbon single bond correlations of the
conjugate, where the protons lie along the observed F2 (X) axis, and the carbons are along
the F1 (Y) axis. In this section, conjugation was analyzed to compare the effects of
conjugation concerning carbon atoms. In Figure 6.22, the HSQC NMR of the peptide in red

and the conjugate in green was assessed.

The first thing which was noticed was the significant difference in the region between 4.50
and 0.50 ppm. The carbons on the peptide appear to be more evenly distributed, while the
conjugate is more concentrated between 5.5 ppm and 3.0 ppm. This may be because peptides
have a wide variety of alkanes while carbon dots predominantly have hetero-atom containing
protons and anilines (due to nitrogen doping) as well as other non-cyclic alkanes which may

be the functional groups present on the surface of the carbon dots.
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Figure 6.22 This shows the HSQC NMR of the peptide in red and the conjugate in green.
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In Figure 6.23a) the aromatic region is observed, which appears to be shifted upfield in the
direction F2 (X) axis and slightly downward in the downfield direction in the F1(Y) axis.
This demonstrated that the carbon atoms are also affected by the conjugation of the carbon
dots. The combination of shielding and deshielding seen in this section is consistent with
what was observed in the COSY NMR. The CHz groups from leucine and isoleucine are

observed in Figure 6.23b) and appear to be shifting upfield.

Figure 6.23 This iIIustratesv the HSQC NMR of the a) aromatic ré»gion and b) methyl region
of the peptide in red and the conjugate in green.

6.4.4.4 Comparison of other conjugates

Other GKP peptide derivatives were conjugated to the Iso-N-Ge-CDs, as seen in Figure 6.24.
One common feature that seems to be observed in all the samples is the presence of a broad
peak from 5.5 ppm to 3.0 ppm, although, in a) GKP-Iso-N-Ge, d) D-GKP-Iso-N-Ge-CDs and
e) D-GKP-ada-1so-N-Ge-CDs the broad peak appears more distinctly. Although the broad
peak is small, it appears to have shifted downfield and wider for b) GKP-ada-1so-N-Ge-CDs,
c) GKP-pal-Iso-N-Ge-CDs and f) D-GKP-pal-1so-N-Ge-CDs. This suggests that different
peptides were affected differently due to the carbon dots after conjugation, and less intensity
and broadening of peaks usually indicate poor structure integrity or homogeneity. Sample b)
GKP-ada-1so-N-Ge-CDs and ¢) GKP-pal-1so-N-Ge-CDs also had larger FWHM compared to
the other conjugates. This further suggests that the conjugates have inhomogeneity, and

hence these conjugates might not be suitable for biological studies.

Therefore, based on the obtained data the following conjugates will be sent for biological
testing: a) GKP-Iso-N-Ge-CDs, d) D-GKP-Iso-N-Ge-CDs and e) D-GKP-ada-1s0-N-Ge-CDs.
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The selection criteria involve the narrow FWHM of PL spectra indicative of CDs of a smaller
size distribution for higher selectivity of the spectral range. The UV-Vis data clearly
demonstrates conjugation for all the samples, however there is no additional information
which can indicate if they have better properties for biological testing. The NMR of the
conjugates suggests that the helical structure may be affected due to the significant shift in
the peaks. Since the helical structure may be contributing to its activity, the NMR spectra

with less structural difference in the peptide may have better biological properties.
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Figure 6.24 This shows the *H NMR of the a) GKP-Iso-N-Ge-CDs for b) GKP-ada-Iso-N-
Ge-CDs c) GKP-pal-Iso-N-Ge-CDs d) D-GKP-I1so-N-Ge-CDs and e) D-GKP-ada-1so-N-Ge-
CDs f) D-GKP pal-Iso-N-Ge-CDs of the conjugate in red and the peptides in blue.

A similar trend was seen for the conjugates synthesized from the BP peptide derivatives
(Figure 6.25). However, a significant shift appears in the region between 3.0 and 4.5 ppm
which has been assigned to the functional groups from the CDs. Therefore, based on the data

the following conjugates will be sent for biological testing: ¢) BP pal-lIso-N-Ge-CDs, and d)

DBP ada-lso-N-Ge-CDs.
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Figure 6.25 The *H NMR of the a) BP-1so-N-Ge-CDs for b) BP-ada-I1so-N-Ge-CDs ¢) BP-

pal-1so-N-Ge-CDs, d) D-BP-Iso-N-Ge-CDs, and e) D-BP-ada-1so-N-Ge-CDs, f) D-BP-pal-
Iso-N-Ge-CDs of the conjugate in red and the peptides in blue.

6.5 Conclusion

The key to identifying molecular species is the use of nuclear magnetic resonance, which
proves to be an effective tool. Our work highlights the need to include nuclear magnetic
resonance as a standard characterization technique for carbon-based nanomaterials, to reduce
the possibility of observing properties that arise from molecular species, rather than the target

carbon nanodots.

The characteristics of the conjugates were determined using the photoluminescent
spectrometer, and the UV-Vis spectrometer. This data demonstrated that the conjugates have
excellent photoluminescent properties and the shift in the peaks when comparing the CDs
alone with the conjugated counterparts indicated successful conjugation. Furthermore, the
shift in the UV peaks of the conjugates corroborates the data revealed by the
photoluminescence. Additionally, the significant effects on the *H NMR of the conjugates
also indicated the interactions in the backbone of the peptide. Therefore, the characterization

techniques indicate successful conjugation of the CDs to the peptide.
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In summary, the critical role of NMR spectroscopy demonstrated that inconsistencies and
errors when classifying CDs may occur, and only NMR can clearly determine the unreacted
starting material and impurities. Additionally, unreacted starting material and impurities that
can interfere with the properties of the CDs or conjugates can be determined using NMR

techniques.

We investigated the CDs before and after dialysis using NMR experiments, and the data
revealed that dialysis reduced the amount of unreacted urea and other impurities which are
not part of the CDs or conjugate. More importantly, the NMR data revealed the presence of
urea and a small molecule which could not be explicitly revealed using other characterization
techniques. 2-D NMR was used to analyze the effects of conjugation and long-range
interactions on the ROESY NMR of the peptide to carbon dots through various atoms clearly
correlating in the NMR of the resulting conjugate. The confirmation of conjugation was not
only achieved through UV-Vis and PL techniques but also through the detection of long-
range interactions between the peptide and CDs in the ROESY NMR. Additionally, the NMR
analysis of the conjugates suggests that the helical structure may be influenced after
conjugation, as indicated by significant peak shifts. Since the helical structure is likely crucial
for the peptide's bioactivity and enhanced stability, NMR spectra showing fewer structural

changes in the peptide could potentially lead to improved biological properties.

For future investigations, the samples that exhibit promising results and can be sent for
biological testing include a) GKP-1s0-N-Ge-CDs, d) D-GKP-1s0-N-Ge-CDs and e) D-GKP-
ada-1so-N-Ge-CDs, c¢) BP-pal-Iso-N-Ge-CDs, and d) DBP-ada-1so-N-Ge-CDs. These
candidates still display distinguishable peaks from the original peptide, making them worthy
of further exploration.

Moreover, this chapter demonstrates that NMR is a powerful technique which should be
incorporated when analyzing CDs or conjugates. NMR has proven to be an essential
technique to minimize the risk of residual molecular species in the final material since it can

reveal the presence of molecular species in a fast and easy way.
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7. Final conclusions and recommendations

The simple microwave synthesis of CDs was confirmed using TEM and the synthesized CDs
were all found to be < 10 nm in size with a sphere-like shape. The FTIR spectra showed that
the CDs were successfully doped with nitrogen for the novel Iso-N-Ge-CDs as shown by the
characteristic band at approximately 3247 cm™ (N-H) and 1392 cm™* (C-N). Moreover, the
N1s spectrum in the XPS revealed the presence of graphitic-N (399.6 eV) and NOx (401.3
eV).33 with the relative abundance of N1s estimated to be 15.9 w %. The incorporation of
GeO: on the carbon dots was also confirmed by the XPS data with the Ge2p3 peak at 1219.6
eV, which is evidence of the presence of Ge=0. The photoluminescent qualities of the CDs
were examined using PL and the results show that the CDs are fluorescent and when exposed
to UV light the CDs exhibited a wide range of colors. PL data also showed that the CDs have
substantial photoluminescent qualities. According to data obtained from the BX63 Upright
Microscope, 1so-N-Ge-CDs display fluorescence that can be used for bio-imaging

applications.

On the other hand, the 11 novel peptides derived from the peptide accelerating sequence
GKPILFF and the cancer-selective peptide RLRLRIGRR have been successfully synthesized
as well as the 2 original sequences. The chromatograms of the GKP peptides before and after
tuning also show how the synthesis process was improved, which decreased coupling time
and increased purity. The retention time of the peptides seemed to be lengthened by the
addition of adamantane and palmitic acid. This is due to the hydrophobic nature of the
moieties and the overall change in the secondary structure. The RGDGKP peptide appeared
at a lower retention time of 8.75 min compared to the GKP peptide at 8.95, owing to the
addition of hydrophilic residues such as arginine and aspartic acid. The yields varied from 20
to 62%, which suggests that the cleavage and purification step significantly affected the final
yield. Moreover, the impurities found in the samples varied, which affected how each peptide
was purified. This issue may be investigated in the future by varying the cleavage conditions

for optimum results.

To provide a better understanding of the secondary structure of the peptides, the GKPILFF
peptide was fully elucidated using a combination of NMR techniques. The D-GKPILFF
peptide was also evaluated to study the effect of the use of D amino acids on the structure.
The *H NMR peaks of the peptide showed similar chemical shifts which posed a challenge

for assignments. Therefore, several two-dimensional NMR spectroscopic techniques were
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used such as COSY, HSQC, DEPT, TOCSY and ROESY NMR. The data revealed that the
L- GKPILFF penetration acceleration peptide sequence (Pas) conformation adopts a helical
secondary structure, which has been verified by the ROESY NMR method via the through-
space interaction between the Pro 3 and Phe 7 amino acid residues. Peptides with helical
structure often have enhanced stability which improves the bioactivity of the peptide.
Furthermore, we propose that the a-helix structure of the peptide may be the contributing
factor that facilitates the pore formation and binding to the phospholipids, which results in the
acceleration of the penetration of its cargo. For future work, permeability studies will be
conducted on the synthesized peptides and computational studies will be used to check if the

DPRE1 enzyme found in the cell membrane binds to the peptides.

The conjugates were then investigated using a photoluminescent spectrometer, and the UV-
Vis spectrometer. This data demonstrated that the conjugates have photoluminescent
properties and the shift in the peaks when comparing the CDs alone with the conjugated
counterparts which indicated successful conjugation. Furthermore, the shift in the UV peaks
of the conjugates corroborates the data revealed by the photoluminescence. Additionally, the
'H NMR of the conjugates also indicated the interactions in the aromatic region which is
influenced by the m-m stacking between the phenylalanine groups of the peptide and the
aromatic core of the CDs. Moreover, the amide protons from the peptide backbone appeared
to be more significantly affected by the conjugation compared to the peptide residues from
phenylalanine, isoleucine, and leucine. Additionally, the amide proton from lysine was shown
through molecular dynamics that were not aligned with the alpha helix of the other residues.
This caused it to be embedded in the CDs which resulted in the amide of lysine
disappearance in the *H NMR. Therefore, the data indicates that the peptide wrapped around
the CDs through pi stacking between the aromatic core of the CDs and the backbone of the

peptide.

Additionally, the NMR analysis of the carbon dots before conjugation demonstrated the need
to include nuclear magnetic resonance as a standard characterization technique for carbon-
based nanomaterials, to reduce the possibility of observing properties that arise from
molecular species, rather than the target carbon dots. Not only was the conjugation confirmed
using UV-Vis and PL, long-range interactions between the peptide and CDs were detected in
the ROESY NMR. Moreover, the NMR analysis of the conjugates suggests that the helical
structure could be affected, as evidenced by the notable shift in peaks. Since the helical

structure likely influences its bioactivity through enhanced stability, the NMR spectra

175



showing fewer structural changes in the peptide structure might have improved biological
properties. This means for future work, the samples which can be sent for biological testing
as promising candidates are a) GKP-Iso-N-Ge, b) GKP-ada-Iso-N-Ge, c) BP pal-1so-N-Ge,
and d) DBP-ada-1so-N-Ge, which still retain distinguishable peaks from the original peptide.

The critical role of NMR spectroscopy demonstrated that inconsistencies and errors when
classifying CDs may occur and only NMR can clearly determine the unreacted starting
material and impurities. Moreover, unreacted starting material and impurities that can
interfere with the properties of the CDs or conjugates can be determined using NMR
techniques.

Furthermore, the other impurity formed may require other purification techniques such as
liquid-liquid extraction using dichloromethane and water or chromatographic techniques such
as prep-HPLC. More importantly, the NMR data revealed the presence of urea and a small
molecule which couldn’t be explicitly revealed using other characterization techniques. 2-D
NMR was used to analyze the effects of conjugation of the peptide to carbon dots and various
atoms could be identified.

Finally, the structural differences in the peptide after conjugates may not be a desirable effect
since the alpha-helical conformation plays a key role in the penetration of cells. This reveals
the importance of understanding the structure of the conjugates and using techniques such as
NMR to monitor the effects of conjugation. For future work, different types of linkers can be
investigated to help maintain the crucial secondary structure of the peptide to prevent

potential loss of activity.
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8. Experimental procedures

8.1 Reagents and chemicals

8.1.1 Reagents for peptides

Piperidine, N, N, N', N'-tetramethyl-O-(1H-benzotriazol-1-yl) uronium hexafluorophosphate
(HBTU), Fmoc amino acids, paraformaldehyde, p-toluenesulfonic acid, toluene,
triethylsilane, chlorotrityl resin, triisopropylsilane (TIPS), formic acid, trifluoroacetic acid
(TFA), 1,2-ethanedithiol (EDT), diisopropylethylamine (DIPEA), N-Methylmorpholine
(NMM) were purchased from DId Scientific. lodine, ascorbic acid, and dichloromethane
(DCM) were purchased from Sigma Aldrich. DCM was dried upon distillation over calcium
hydride. Dimethylformamide (DMF), methanol, acetonitrile, hexane, dimethyl sulfoxide, and

ether were purchased from Radchem.
8.1.2 Reagents for carbon dots

Iso-ascorbic acid (CeHsOe), urea (CHaN:20), and bis (2-carboxyethyl germanium (I1V)
sesquioxide) (Ge-132) were all purchased from Sigma Aldrich, South Africa, and used as
received. The experiments utilised distilled water and hydrochloric acid (HCI 32 %, Sigma

Aldrich, South Africa) as solvents.

8.2 Instrumentation

8.2.1 Instrumentation used for peptides and amino acids

8.2.1.1 Ultra High-Pressure Liquid Chromatography (UHPLC)

Analysis and purity assessment were carried out using a Thermo Scientific Dionex Ultimate
3000 UHPLC coupled to a Diode Array Detector (215 nm and 254 nm) and a Bruker
Compact Q-TOF mass spectrometer. The compounds were separated using a binary solvent
system where solvent A consisted of H2O and 0.1% FA (v/v) and solvent B consisted of ACN
and 0.1% FA (v/v) at a flow rate of 0.30 ml/min and on a Phenomenex C18 column (5 m, 100
m, 4.60 mm x 150 mm). An electrospray ionization (ESI) source operating in the positive

mode was used for the mass spectrometry study.
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8.2.1.2 Mass spectroscopic analysis

The Advion expression-MS (ESI) mass spectrometer was used in the positive mode to

analyze amino acids and short peptide sequences.

Analytical LC-MS analysis was performed using a High-Resolution Mass Spectrometer
(Bruker Compact quadruple time of flight) connected to a UHPLC Thermo Scientific
Ultimate 3000, RS coupled to a diode array detector (215 and 254 nm). The autosampler was
set at 20.0°C with an injection volume of 10 pL. The electrospray ionization (ESI) source
was utilized and the ion source was kept at 220 °C in the positive ion mode. The MS scan
range was set at m/z 100-3000. Nitrogen gas (N2) was used as the dry and nebulizer gas. The
nebuliser gas was operated at a pressure of 1.8 bars whereas the drying gas was operated at a

flow rate of 9 L/min.
8.2.1.3 Preparative High-Pressure Liquid Chromatography (PREP-HPLC)

The Agilent 1260 Infinity preparative equipment HPLC with a UV/VIS detector (215 nm and
254 nm) and an automated fraction collector were used to purify the peptides on a C-18 (5
pm 100 A 250 mm x 21.2 mm) column at a flow rate of 15 mL/min. Formic acid served as
the ion-pairing agent in a two-buffer system. Buffers A and B contained 0.1% formic
acid/H20 (v/v) and 0.1% formic acid/acetonitrile (v/v), respectively.

8.2.1.4 Ultraviolet-visible spectroscopy

A Cary Series UV-Vis spectrophotometer from Agilent Technologies was used to collect the
absorption spectra. The theoretical yield of the peptides was calculated using the absorbance

at 301 nm; see section 4.1.3 for details.
8.2.1.5 Nuclear magnetic resonance spectroscopy (NMR)

!H-NMR spectra were acquired on a Bruker Avance 300 MHz, Bruker Avance 400 MHz, and
a Bruker III 500 MHz spectrometer. The chemical shifts (d) readings are referenced to the
internal standard, tetramethylsilane, and provided in parts per million (ppm) relative to
deuterated dimethyl sulfoxide (DMSO-d6, 2.49 ppm) (TMS, 0.00 ppm). The first-order
analysis of the spectra resulted in Hertz values for the coupling constant (J) (Hz). Signal
multiplicity is denoted by the following symbols: singlet (s), broad singlet (br), doublet
doublets (dd), triplet (t), quartet (g), and multiplet (m).
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Bruker Avance 300 MHz, Bruker Avance 400 MHz, and Bruker I11 500 MHz spectrometers
were used to record 3C-NMR spectra. The chemical shift values are expressed in (ppm)

relative to internal standards such as DMSO-d6 39.52 ppm and TMS as an internal standard.

With a 500 MHz NMR Bruker 111 spectrometer, 2D NMR spectra from the COSY, *C-
HSQC, TOCSY, NOESY, and ROESY experiments were captured at 293, 300, and 308 K.
All 2D spectra were captured using time-proportional phase increase in the phase-sensitive
mode (TPPI). A pre-saturation pulse with a 2 s length decreased the DMSO-d6 residual water
peak.

The TOCSY signal was captured with mixing times of 48, 64, 70, 80, and 100 ms; each
increment was the sum of 32 scans with a relaxation delay of 2.0 s; 2048 data points were

gathered for each experiment.
8.2.1.6 Circular Dichroism (CD)

CD spectra were recorded on a JASCO J-18 spectropolarimeter between the range of 190 to
250 nm in the specified solvents (water and phosphate buffer), with 10 scans at 20°C. The
quartz cuvette used had a pathlength of 0.2 cm with a resolution of 0,2 mm, a bandwidth of
1.0 nm and a sensitivity of 10-20 mdeg. The peptides (0, 00061 mol L) were prepared in
water and a 20 mM phosphate buffer (pH 8). The value of absorption was measured as molar
ellipticity per residue deg.cm2. dmol™?). The signals obtained were converted to mean residue

ellipticity, [0] using the equation below:

_ (MRW x 6)

0] = 0w d e deg.cmz2.dmol -1

where MWR is the mean residue weight, 0 the observed ellipticity in degrees, ¢ is peptide

concentration in g/ml and d is the path length in cm.
8.2.2 Instrumentation used for carbon dots and their conjugates.

8.2.2.1 Transmission electron microscopy (TEM)

The FEI Tecnai-12 microscope was used to obtain transmission electron microscopy (TEM)
pictures with a 200 KV electron acceleration voltage and a 10-100 nm beam size. The
particle size and shape of the CDs were determined using TEM. After being dissolved in

ethanol or water, the CDs underwent a 20-minute ultrasonic treatment. The 10 mg CDs were
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dissolved in 5 ml of water and two drops of the solution were added to the copper grid that
had been coated. The grid was then left to dry for 24 hours at room temperature. The FEI
Tecnai T12 electron microscope was used to capture the TEM pictures, which operate at an
acceleration voltage of 120 kV.

8.2.2.2 Ultraviolet-visible spectroscopy

Samples in solution were subjected to UV-Vis absorption measurements using a Varian Cary
Eclipse (Cary 50) UV-Vis absorption spectrophotometer (200-800 nm wavelengths). The

measurements were conducted using a quartz cuvette with a 1 cm optical length.
8.2.2.3 Bruker Tensor 27 FTIR analyzer

An FTIR analyzer called the Bruker Tensor 27 was used to determine the functional groups
of the CDs (Figure 3.7). The measurements were made using a transmission mode with an

accumulation of 64 scans and a resolution of 4.0 cm™ on solid samples.
8.2.2.4 X-ray photoelectron spectroscopy (XPS) data

The surface composition of the CDs was determined using XPS. In this method, the material
is exposed to X-ray radiation to extract the photoelectrons. The spectra were acquired using a
quantum 2000 scanning ESCAIlab 250Xi microprobe instrument operated at 300 W with
monochromatic Al ka (1486.7 eV) (1486.7 eV). The CSIR was responsible for sample
preparation and analysis. The application known as Origin85 software was used to analyze
the obtained CDs’ XPS spectra.

8.2.2.5 Photoluminescence (PL) spectroscopy

PL spectroscopy was utilized to examine the CD’s fluorescence characteristics, conjugates
were dissolved in PBS solutions while the carbon dots were dissolved in water. The
emissions were measured in the wavelength range of 300-700 nm and the width of the slit
was 5 nm. The Varian Cary Eclipse EL04103870 fluorescence spectrophotometer was used
to collect the PL data.

8.2.2.6 X-ray diffraction (XRD)

The PXRD is an effective method that was used to identify the phases of the materials while
they were being synthesized and to determine their crystallinity based on their diffraction

patterns. Moreover, the purity of the produced goods can be checked using the PXRD. The
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samples were reduced to powder and placed into a sample container with zero background. A
glass slide was employed to achieve a level and homogeneous surface. The Bruker D2
PHASER powder X-ray diffractometer, equipped with an LYNXEYE detector, utilized the
co-ka irradiation with a 30 KV x-ray and 10 mA current in 0.0260° increments for 10 minutes

to produce the PXRD patterns. PXRD patterns were gathered between 2Theta = 10 and 90°.
8.2.3 General procedure for synthesizing carbon dots

The carbon dots were synthesized in a closed vessel CEM Discovery SP microwave with a
maximum power and pressure output of 150 W and 250 psi, respectively. The amounts used
to synthesize each of the CDs were presented in Table 1. The starting material was dispersed,
by shaking, in distilled water (8.0 ml and 1 mM Formic acid (2 ml) until a homogeneous
mixture was formed. The mixture was then transferred to a 30 ml microwave reaction vessel,
placed in the microwave oven, and irradiated at 150 W for 5-10 minutes. Following the
reaction, the reaction mixture changed color from clear to black brown, indicating
carbonization. The samples were purified by centrifugation at 14000 rpm for 20 minutes to
separate the large particles. The collected supernatant was then filtered using a 0.22 pum filter
membrane, and a rotary evaporator was then used to evaporate the water from the CD

solution. The obtained product was allowed to dry in an oven at 100 °C overnight.

Table 8.1 List of the precursors for the synthesis of the carbon dots

Precursor amount (g

Product name | Iso-ascorbic acid Gel32 Urea

1. Iso-CDs | 2.00 - -

2. lso-Ge- CDs | 2.00 0.50 -
3. Iso-N-CDs | 2.00 - 0.50
4. |so-N-Ge-CDs | 2.00 0.50 0.50
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8.2.4 General procedure for conjugating carbon dots to peptides

Peptide—CDs were fabricated by adding 20 mg of CDs and 2 mg of peptide in 1 mM of PBS
pH 7.4 and 5% DMSO. The mixture was gently stirred at room temperature overnight.
Subsequently, the conjugate (composite) was dialyzed against Milli Q water for 24 hours to

remove free peptide and unreacted material and then finally dried using a freeze drier.

8.2.5 General procedure for the swelling, activation, and coupling of the

first amino acid to rink amide resin

In a 15 ml centrifuge tube, the rink amide resin (600 mg, 0.160 mmol/g) was swelled in DMF
(15.0 ml) for 3 hours. The resin was subsequently dried using suction in a reaction vessel
equipped with a fritted filter. The resin was deprotected twice by adding 20% piperidine in
DMF for 5 minutes each time. The resin was then rinsed with DMF (3 x 15 ml) and DCM (3
x 15 ml). To couple the first amino acid to the free NH> on the resin, HBTU (0.863 g, 0.19
M), NMM (1.0 M, 12.0 ml), and phenylalanine (0.2 M, 1.86 g) for GPKILFF peptide or
arginine (0.2 M, 3.12 g) for RLRLRIGRR peptide, were added to the reaction vessel and the
reaction was gently mixed using a steady stream of nitrogen gas. After 10-30 minutes, the
mixture was filtered under suction. Lastly, DMF (3 x 15.0 ml) and DCM (3 x 15.0 ml) were

used to wash the resin.

8.2.6 General procedure for analysing the substitution of the first amino

acid

The first amino acid attached to the resin was weighed out in duplicate 5.0-10.0 mg samples
into Eppendorf tubes. Subsequently, 20% piperidine in DMF (1.0 ml) was then added to the
resin to remove the Fmoc protective group, and the mixture was agitated for 20 minutes
before centrifugation. 100 ul of the supernatant from the centrifuged material was placed into
a tube containing DMF (10.0 ml). Afterwards, 2.0 ml of the solution and 2.0 ml of DMF were
pipetted into separate cuvette cells. The spectrophotometer was zeroed using the cuvette with
the DMF solution. The sample's absorbance at 301 nm was measured three times, and the

substitution was calculated using the equation:
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Subs = 101(A)/7.8(w)
A = absorbance
w = mg of resin

The theoretical yield was then determined using the calculated loading capacity (sub) as

shown in the equation below.

Theoretical yield = sub (mmol/g) x mass of resin (g) x Mr of peptide (g/mol)
8.2.7 General procedure for the synthesis of peptides

After coupling the first amino acid using the procedure mentioned in section 1.1.6, the first
amino acid (phenylalanine) was deprotected by treating the resin with 20% piperidine in
DMF (20.0 ml) for five minutes. DMF (3 x 15.0 ml) was then used to wash the resin. A
solution of the second amino acid (0.2 M) in DMF was added to the resin along with NMM
(2.0 M, 12.0 ml) and HBTU (0.863 g, 0.19M). This combination was reacted for 30 minutes
with gentle mixing by bubbling nitrogen gas, after which suction was used to remove the
solvent. The resin was washed with DMF (3 x 15.0 ml), treated twice for 5 minutes with 20%
piperidine in DMF (12.0 ml), and then washed again with DMF (3 x 15.0 ml). The following
amino acid was weighed according to the calculated masses presented in Table 2., dissolved
in DMF and added to the resin together with NMM (1 M, 12.0 ml) and HBTU (0.86 g
0.19M). after the mixture had been reacted for 10-30 minutes, the resin was then rinsed with

DMF (3 x 15.0 ml). This process was continued until the entire peptide was produced.
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Table 8.2 List of the amino acid (0.2 M) added to the resin together with NMM (1.0 M) and
HBTU (0.19 M) during synthesis.

Mass of Fmoc Protected Derivatives amino acids for a 0.2M in 6 flgrOm
ml vial Mg

resin
Amino acid Moles I(\él;:lss
1. Phenylalanine (Phe, F) 0,0012 | 0,465
2. Aspartic acid (Asp,D) 0,0012 | 0,494
3. proline (Pro, P) 0,0012 0,405
4. Glycine (Gly, G) 0,0012 | 0,358
5. lysine (Lys, K) 0,0012 | 0,563
6. Aspartic acid (Asp,D) 0,0012 | 0,494
7. Glycine (Gly, G) 0,0012 | 0,714
8. Arginine (Arg, R) 0,0012 | 0,779
9. Cysteine (Cys, C) 0,0012 | 0,703
10. Leucine (Leu, L) 0,0012 | 0,424
11. Isoleucine (lle, I) 0,0012 | 0,424
Other Reagents
HATU PO 0433
HBTU 0’001}1 0,433
Palmitic 0,0012 | 0,307
Adamantane 0,0012 | 0,216

8.2.8 General procedure for the synthesis of peptides containing

adamantane and palmitic acid on the N-terminal

The N-terminal palmitic acid analogues were synthesized by mixing the resin-bound peptide
with palmitic acid (0.2 M, 615 mg), NMM (1.0 M, 12.0 ml), and HBTU (0.863 g 0.19 M) in
DMF. After 30 minutes of reaction time and gentle mixing, the solvent was removed using
vacuum suction and the resin was washed with DMF (3 x 15.0 ml) followed by DCM (3 x
15.0 and then dried under vacuum.

1-Adamantanecarboxylic acid (0.2 M, 0,432 g) with the same quantities of NMM (1.0 M)
and HBTU (0.19 M) were added to the resin-bound peptide to produce the N-terminal

adamantane analogues. The resin was then washed with DMF (3 x 15.0 ml) followed by

184



DCM (3 x 15.0 ml) and dried before the peptide was cleaved using the procedure described in
section 1.1.10.

8.2.9 General procedure for the cleavage of the peptides from the resin

The process of detaching the peptide from the solid support also includes removing the
protective groups from the side chains. In a 50 ml tube, 96:2.5:1.5 (v/v) TFA: H2O: TIPS
were combined to create a cleavage mixture/cocktail. After that, the dried resin was placed
into a 50 ml centrifuge tube with 20 ml of the cleavage mixture, and the tube was shaken for
three hours. Upon filtration, the supernatant and the washings (resin was washed with 5 ml of
the cleavage mixture) were transferred into a centrifuge tube and 60.0 ml of cold diethyl ether
was added to the supernatant, which caused the peptide to precipitate. The tubes were
centrifuged at 5000 rpm for 5 minutes and the ether/TFA solution was decanted. The

resulting peptide precipitate was washed with cold ether three times.
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9. Appendix

9.1 Chapter 3

Figure S3.1. TEM micrograph displaying the lattice fringes of 1so-CDs.
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Figure S3.3. TEM micrograph displaying the lattice fringes of 1so-N-CDs
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Figure S3.4. TEM micrograph displaying the lattice fringes of 1so-N-Ge-CDs
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Iso - CDs

Figure S3.5. TEM micrograph displaying the size distribution and morphology of 1so-CDs.

Iso Ge -CDs

Figure S3.6. TEM micrograph displaying the size distribution and morphology of Iso-Ge-
CDs.
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Iso N- CDs

Figure S3.7. TEM micrograph displaying the size distribution and morphology of 1so-N-
CDs.

Figure S3.8. TEM micrograph displaying the size distribution and morphology of 1so-N-Ge-
CDs.
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Figure S3.9. Expanded survey scan of O1s XPS spectrum of Iso-N-Ge-CDs.

Table S3.1: Elemental 1D and Quantification of Iso-N-Ge-CDs.

Name Peak FWH | Atomi
BE M eV c %
Cls | 2854 4.1 55.4
Ols 532 3.3 25.9
N1ls | 399.9 3 15.9
Ge2 12109.
2 P : 3.2 2.8
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Table S3.2: Breakdown of C, N, O, and Ge species found in 1so-N-Ge-CDs.

Name Peak | FWHM | Atomic
BE eV %
[C-C] 284.6 1.4 25.1
[C-O/C-N] 286 1.4 18.7
Cls[C=0] 288 1.4 5.7
Cls[O-C=0/ N-C=0] | 288.7 1.4 6.1
N1s [Graphitic N] 399.6 1.6 15.6
N1s [NOx] 401.3 1.6 1.2
O1s [C-O] 531.5 1.8 19.6
O1s [C=0] 532.8 1.8 5.8

1219.

Ge2p3 [Ge0./GeO] 5 1.7 2.1
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Figure S3.10. XPS data of Iso-CDs showing a) the full survey scan, (b) the C1s expanded

scan and (c) the O1s expanded scan.

Table S3.3: Elemental 1D and Quantification of Iso-CDs

Name Peak | FWHM | Atomic
BE | eV %
Cls 215' 4.2 64.6
Ols 5‘22' 3.3 35.4
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Table S3.4: Breakdown of C, N, O and Ge species found in 1so-CDs

Name P;Ek FV;/\I—/I i Atomic %
[C-C] 284.7 1.4 26.4
[C-O] 286.4 1.4 24.3
Cls [C=0] 287.5 1.4 6.5
Cls [O-C=0] 288.8 1.4 6.6
O1s [C-O] 531.7 1.9 34
O1s [C=0] 532.9 1.9 32.7
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Figure S3.11. XPS data of Iso-Ge-CDs showing (a) full survey spectrum showing peaks
from the survey scan, (b) C1s expanded scan, (¢) O1s expanded scan and (d) Ge2p3

expanded scan.

Table S3.5: Elemental 1D and Quantification of Iso-Ge-CDs

Peak FWH Atomi
BE M eV c%
Cils 285.4 41 63.4
O1s 532.3 3.5 345

Ge2p | 1219.

3 9 3.7 2.1

Name
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Table S3.6: Breakdown of C, N, O and Ge species found in 1so-Ge-CDs

Peak = FWHM g
Name BE oV Atomic %
[C-C] 2848 | 14 276
[C-O] 2862 | 14 21.8
Cls [C=0] 2874 | 14 8.1
C1s [0-C=0] 2888 | 1.4 6.1
O1s[C-O,GeOs] | 5317 | 2.2 4.7
O1s [C=0] 5327 | 2.2 208
Ge2p3 [GeOs] 1220 23 2
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Figure S3.12. XPS data of 1so-N-CDs showing (a) full survey spectrum, (b) C1s expanded

scan, (c) O1s expanded scan and (d) N1s expanded scan.
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Table S3.7: Elemental 1D and Quantification of Iso-N-CDs

Nam | Peak | FWHM | Atomic
e BE eV %
Cls | 285.1 4 58.9
N1s | 399.7 2.9 21.4
Ols | 531.7 3.4 19.7
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Table S3.8: Breakdown of C, N, O, and Ge species found in 1so-N-CDs

FWHM | Atomi

Name Peak BE oV c %

Sp® [C-C] 284.2 1.2 15.6
Sp?[C-C] 284.8 1.2 16.9
[C-O/C-N] 285.9 1.6 18.6

Cls [C=0] 287.8 1.6 4.4

C1s [O-C=0/ N-C=0] 288.7 1.6 8

Graphitic N [C-N] 399.7 1.7 18.9
Ols[C-O] 531.4 1.8 13.4

O1s [C=0] 533 1.8 4.2
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Core of Graphitic
CDs nitrogen

Energy

Excitation dependent

Figure S3.13. lllustration of how the surface functional groups affect the photoluminescent

properties.
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Excited state Excited state
1| E=————
I l —
——— e 3d Orbital of Fe”

Ground state Ground state

Figure S3.14. CDs' fluorescence quenching mechanism when exposed to Fe3* ions.

Figure S3.15. Luminescence of (from left to right) Iso-CDs, Iso-N-CDs, 1so-Ge-CDs, and
Iso-N-Ge-CDs under UV lamp.
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Chapter 4
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Figure S4.1 LCMS chromatogram of the crude GKP peptide (Full sequence and mass)

obtained using method 1 outlined in section 4.4.3. (Fmoc-amino acids coupled and HBTU

for 35 minutes and the Fmoc protecting group was removed using 20% piperidine for 5

minutes twice)
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Figure S4.2 LCMS chromatogram of the crude GKP peptide (Full sequence and mass)
obtained using method 2 outlined in section 4.4.3. (Fmoc-amino acids coupled and HATU
for 20 minutes and the Fmoc protecting group was removed using 20% piperidine for 5

minutes twice)
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Figure S4.3 LCMS chromatogram of the crude GKP peptide (Full sequence and mass)
obtained using method 3 outlined in section 4.4.3. (Fmoc-amino acids coupled and HBTU
for 35 minutes, and the Fmoc protecting group was removed using 20% piperidine 1% DBU

for 5 minutes twice)
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obtained using method 4 outlined in section 4.4.3. (Fmoc-amino acids coupled and HBTU
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Figure S4.5 LCMS chromatogram of the GKP peptide after purification.
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Figure S4.6 LCMS chromatogram of the GKP-ada peptide after purification.
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Figure S4.7 LCMS chromatogram of the GKP-pal peptide after purification.
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Figure S4.8 LCMS chromatogram of the RGD-GKP-ada peptide after purification.
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Figure S4.9 LCMS chromatogram of the D-GKP peptide after purification.
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Figure S4.10 LCMS chromatogram of the D-GKP-pal peptide after purification.
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Figure S4.13 LCMS chromatogram of the BP-pal peptide after purification.
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Figure S4.14 LCMS chromatogram of the BP-ada peptide after purification.
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Figure S4.15 LCMS chromatogram of the D-BP peptide after purification.
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Figure S4.16 LCMS chromatogram of the D-BP-ada peptide after purification.

N
H
~



x106
2.5

20

osdl

——

d-BP-pal Baa_GE3_01_B2681.d

e

[ ' 10 12 ' Tirme {min]

057

0.0+

TH.O174

d-BP-pal Saa_GEI_01_62681.d: +M5, 2 BEmin #340)

200 ' 400

800 ' 800 ' 1000 T miz

Iriteers.
w108

0.8
0.6+
0d-

024

0.0

4

359.0037

S
2874047

S
4783369

. ki

+hd5, 12.16min #1451

i+

Tiv.0013

400 800

800 1000 1200 miz

Figure S4.17 LCMS chromatogram of the D-BP-pal peptide after purification.

N
[
(00



9.3 Chapter 5

lrn-rga ] TGP RERUN ALL _GB2_01_45127.0. BPC <A1 M5
Ly

o 2 1 & a 10 12 Time [mir]

Intens | GEP RERUN ALL _GB2_01_45137.d: +M5; 8.54min 41064

] 4307530

B205069
183.1485 B36.4117 |

200 400 600 200 1000 1200 mez

Irtens. ] +W15, 8.9 min 1064

gl 4107550

1 @
i 183.1455 BSE4117 ’
o e I L

200 400 00 800 1000 1200 miz

Figure S5.1. LC-MS spectrum of the GKPILFF peptide with the found mass of [M+H]"
820,5030 m/z, the main peak coeluted with a mass of 656.4117 [M+H]*
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Figure S5.2. Expanded TOCSY NMR spectrum of the GKPILFF peptide showing the

fL (opm)

proline spin system seen as a dotted line which doesn’t appear in the amide region due to the

lack of an NH amide proton.
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Figure S5.3. Expanded HSQC NMR spectrum of the GKPILFF peptide showing the leucine
CH: group which was distinguishable from isoleucine due to its COSY correlation to the

alpha proton at 4.26
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Figure S5.4. Expanded COSY NMR spectrum of the GKPILFF peptide showing the distinct
isoleucine methyl protons at 0.74 ppm correlating to the CH. protons at 1.05 and 1.43 ppm.
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Figure S5.5. Full 13C NMR spectrum of the GKPILFF peptide.
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Figure S5.6. Full DEPT NMR spectrum of the GKPILFF peptide.
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