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Abstract

Early detection is critical in diagnosing any disease as it increases the chances of survival
and saves a patient from experiencing severe symptoms and related treatments, especially in
diseases like cancer and coronavirus. At the molecular level, these conditions are found to be
associated with an altered expression of specific biomarkers (biological molecules indicative of
normal behavior or abnormality in a physiological process or condition), such as proteases and
arginases. As these biomarkers are present not only in the tissues but also in the blood and other
body fluids, liquid biopsy can be conveniently performed to detect these disease-specific
enzymes, reducing patient discomfort, and allowing for repeated tests over time to track the
development of the disease and monitoring the progress of treatment. To target such biomarkers,
the use of peptides as a targeting moiety is getting substantial attention from scientists because of
the ease of synthesis, flexibility in structure and function, cost-effectiveness, high specificity and
selectivity towards a receptor, and high biocompatibility.

This work focuses on developing peptide-based detection platforms for the clinical
diagnosis of cancer (specifically lung cancer) at its early stages and coronavirus disease via
liquid biopsy. The design of biosensors consists of an enzyme-specific peptide sequence labeled
with tetrakis-carboxyphenyl-porphyrin (TCPP) and explosion graphene core-shell attached to
polyethylenimine (PEI, to link peptide via amide bond). These consensus peptide sequences act
as substrates for the enzymes/proteases that are overexpressed in lung cancer and COVID-19
diseases, hence, measuring the activity of lung cancer and coronavirus protease and arginase
biomarkers. These detection systems work on the principle of Forster resonance energy transfer,
where the cleaving of consensus peptide sequence by relevant proteases results in the termination

of the fluorescence quenching of TCPP by graphene. The increase in the fluorescence intensity



of TCPP upon the termination of quenching is measured using a plate reader. Furthermore, we
optimized the solid-phase peptide synthesis protocol to find a suitable set of conditions to get the
maximum purity of synthetic peptides, as confirmed by ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS). Hence, the newly developed biosensors with
ultrapure peptides are highly sensitive and can detect the overly expressed disease biomarkers
using a conventional plate reader down to the sub-femtomolar level and can potentially be used

in laboratories with limited resources without any compromise on efficiency and sensitivity.
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Chapter 1 - Potential of Synthetic Peptides in Diagnosis and

Therapy of Cancer and COVID-19

1.1. Cancer: a continuous battle?

Cancer is a broad term referring to more than 100 distinctive diseases associated with
cells' abnormal and uncontrolled growth.? This uncontrolled growth leads to the formation of
masses of cells called tumors. Tumors are classified as benign tumors, premalignant tumors, and
malignant tumors. Benign tumors are noncancerous as they stay at the primary site of the origin
and do not invade other tissues or organs. Premalignant tumors have the potential to be
malignant tumors while staying noncancerous. In contrast to benign and premalignant tumors,
malignant tumors are cancerous and spread to distant locations via metastasis.?? Benign tumors
can be removed entirely by surgical procedures and do not grow back, while malignant tumors
may grow back. Premalignant tumors may require careful monitoring and need to be surgically
removed or treated if they lead to the formation of “dysplasia”, masses in which cells reproduce
faster than normal, or “carcinoma in situ”, in which cells are highly abnormal to a point where
they can potentially start invading other cells and is also referred as “0-stage cancer”.*

Cancer can arise anywhere in the body and is mostly named after the region of origin.
Most cancer types show symptoms at earlier stages, but not all the cancer types show obvious
symptoms until stage 3 or 4. The lack of symptoms at earlier stages makes it harder to properly

treat cancer which, ultimately, reduces the chances of survival. Such cancers are named “silent

! Ehsan, S.; Covarrubias-Zambrano, O.; Bossmann, S. H. Mitochondrial Targeting Peptide-Based Nanodelivery for
Cancer Treatment. Curr. Protein Pept. Sci. 2022. https://doi.org/10.2174/1389203723666220520160435.



killers”. Examples include ovarian cancer, colorectal cancer, cervical cancer, lung cancer, and
breast cancer (the most common cancer).>®

This destructive disease has the second-highest mortality rate worldwide, after heart
diseases being the primary cause of deaths.” According to statistics from the American Cancer
Society, there are expected 1,918,030 new cancer cases and almost 609,360 cancer deaths in the
year 2022 in the US alone (approximately four new cases and one death per minute).® This
indicates the severity of this evil disease which is not only impacting human lives but also
increasing the socioeconomic pressure worldwide. The cost of managing the cancer treatment or
the individual’s inability to work are significant outcomes that lead to poverty. It is particularly

true for third-world countries that lack proper health care systems and cancer care centers.®

Estimated New Cancer Cases* in the US in 2022

Males Females
983,160 934,870

Prostate 27% 31% Breast
Lung & bronchus 12% 13% Lung & bronchus
Colon & rectum 8% 8% Colon & rectum
Urinary bladder 6% 7%  Uterine corpus
Melanoma of the skin 6% 5% Melanoma of the skin
Kidney & renal pelvis 5% 4% Non-Hodgkin lymphoma
Non-Hodgkin 4% 3% Thyroid

lymphoma

3% Pancreas

| i 4%
Oralcavily. & phacysx ’ 3% Kidney & renal pelvis

Leukemia 4%

" : ¢ 3% Leukemia
Pancr %

ancreas 3 21%  All other sites
All other sites 20%

"Excludes basal coll and squamous coll kn Cancers andin $itu cardinoma except unnary Sladder

Figure 1.1. Estimated number and percentage of new cases in both genders and all ages in
2022.10



Sadly, anyone can be a victim of this deadly disease without any discrimination! Thanks
to cancer research, the number of survivors has increased over the last decade, giving hope to the
people suffering from this disease.!

Several factors are known to trigger cancer, and the outcomes may vary from person to
person. A well-known cause of cancer is gene mutations. There are two types of these mutations:
acquired mutations and germline mutations. Acquired mutations occur due to damage to genes of
a particular cell at any point during a person’s life. Factors that can trigger an acquired gene
mutation include ultraviolet radiation, tobacco use, viral/bacterial infections, and age. Germline
mutations come from a mutation in the egg cell or the sperm cell and can pass from one
generation to the next generation. These types of mutations lead to cancer that is passed from
generation to generation and is named “inherited cancer”.? Genetic mutations occur in the genes
that control the cell proliferation mechanisms by either over-activating the growth-promoting
genes or suppressing the tumor-suppressor genes.* Errors in DNA repair genes can be acquired
or inherited as the genetic mistakes may remain uncorrected and transferred to the next
generation.?

Depending on the type and stage of cancer, a patient may undergo different treatments.
The most common cancer treatments include surgical removal of tumors and cancers,
chemotherapy, and radiation therapy. With recent advances in cancer research, some new
technologies have emerged as means of more effective cancer treatment. These include hormone
therapy which uses hormones to control the cellular behaviors, immunotherapy that uses a
person’s self-defense system to target and kill cancerous cells, bone marrow or stem-cell
transplant in which defective cells are replaced by bone marrow/stem cells that eventually grow

into normal cells, and targeted therapy in which tumor or cancer cells are specifically targeted



with minimal or no impact on the normal cells. Drug-based treatments (such as chemotherapy,
immunotherapy, and hormone therapy) are often named systemic treatments as they usually
affect the whole body.'* Radiation-based therapies are useful for small and localized tumors but
may also affect the growth of normal cells or sometimes induce them to generate secondary
tumors. Surgical procedures for cancer removal and bone marrow transplant are invasive and
expensive procedures with common side effects of developing infections and loss of blood,
resulting in weakened immune systems.*%® Thanks to the scientific research going on in cancer
diagnostics and treatment, the number of cancer survivors has increased over the past few
decades. According to statistics, there were 16.9 (5% population) million cancer survivors in the
US, which are expected to rise by 22.2 million (31.4% population) survivors by 2030.1¢ Early
detection of tumors and better ways of cancer therapies are two significant areas of concern to

increase the cancer survival rates.
1.2. History and importance of peptides in cancer research

Most conventional cancer therapies suffer from adverse side effects, off-targeting, drug
resistance, and high costs. An example is the most employed chemotherapeutic drug for cancer
treatment, "doxorubicin”, but its use is limited by potential oxidative stress-mediated injury to
the heart, kidneys, and brain.!” In comparison to the side effects associated with the use of toxic
chemotherapeutics, the use of peptides is a very safe, efficient, and biocompatible alternative.'®
Peptides are linear chains of amino acids having 500-5000 Da molecular weight and lie in
between small molecules and big-sized proteins but differ therapeutically and biochemically.*®
Because of the ability of peptides to participate in intrinsic signaling pathways for many
physiological activities, they provide an opportunity for therapeutic interventions that mimic the

natural pathways.'"18 These peptide drugs are also called “replacement therapies” because they



supplement the peptide hormones when endogenous levels are low or absent. The use of insulin
in diabetics, which started in the 1920s, is an example of the first therapeutic use of peptides as a
drug when the patient could not produce enough insulin. Not only insulin, but
adrenocorticotropic hormone (ACTH) was also among the life-saving peptide-therapeutics in the
early 1900s. Later after the discovery of methods to synthesize the peptides artificially, synthetic
vasopressin and oxytocin were also used clinically. Afterward, new peptides with therapeutic
potential were identified and isolated using natural sources such as venoms of cephalopods. With
the development in science and technology, genomic sequencing made it possible to identify and
characterize the receptors for many endogenous peptide hormones to evaluate the possible use of
peptide-based ligand for these peptide/protein receptors.?° Hence, the potential of peptides to be
used in therapeutics encouraged academia and industry to begin to pursue novel research in this
field. To date, there are many peptide-based drugs approved by Food and Drug Administration
(FDA) for different medical conditions, and many are under clinical trials. There are 23 peptides
and oligonucleotide therapeutics among a total of 228 drugs that the FDA approved from 2016 to
2020. In just the year 2020, the FDA approved 53 drugs out of which six were peptides and

oligonucleotide therapeutics.?
1.3. Biomedical applications of peptides in cancer diagnostics and therapy

1.3.1. Peptides in the detection of cancer
Early detection of cancer is crucial because it increases the likelihood of successful
treatment and lowers the death rates without the need for harsh treatments.?? The traditional
diagnostic methods for disease detection include endoscopy, tissue biopsies, X-ray scans,
magnetic resonance imaging, computed tomography, and positron emission tomography.?32*

However, these diagnostics are not practical for repeated screenings to evaluate the treatment



progress and are not accessible to a large population.?® There is a critical need for improved
clinical diagnostic tools and procedures that are sensitive, reliable, rapid, and cost-effective.?
Recently, Etayash and coworkers developed a real-time detection system to detect circulating

tumor cells in the event of breast cancer from human blood samples.?®
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Figure 1.2. Schematic of microcantilever biosensor. (a) Microcantilever with non-specific
reference peptide (Ref-1or Ref-2) showing no deflection to the presence of either normal or
cancer cells. (b) Microcantilever functionalized with cancer-targeting peptides showing strong
deflection to cancerous cells.?® (Reprinted with permission from ref 26).

The group used microcantilever arrays functionalized with breast cancer-specific peptide
sequence (WXEAAYQrFL) and tumor homing sequence RGD peptide (cCRGDfC) to detect the
circulating tumor cells in the bloodstream at the early stages of cancer, as clinical and molecular
findings suggest the blood invasion of cancer cells may occur during the early stages. Circulating
tumor cells can potentially give early prognostic characteristics and indications of a specific

tumor.?” Hence, the authors developed a cantilever decorated with the peptides specific for breast



cancer cells (MDA-MB-231 and MCF7) using an additional cysteine in the peptide sequence to
make a thiol-gold linkage between the peptides and gold interfaces.

The interaction between the immobilized peptides and the cancer cells (adsorption
through analyte-ligand interaction) on the cantilever surface caused a reduction in the surface
free energy, which in turn caused a differential surface stress between the functionalized and
non-functionalized sides of the lever. As a result of the differential surface stress, the cantilever
beam showed deflection or bending to a certain degree which is indicative of cancer cell capture
by the designed system. The surface stress generated was expressed using Stoney's formula®, as

shown below:

As = [L]
A1 — ¥)

Where As is differential surface stress, 6 is the deflection of the cantilever beam, E is the
substrate's Young's modulus, t is the cantilever's thickness, L is cantilever's length, and v is
Poisson's ratio (deformation in directions perpendicular to the direction of loading).?®

The system was able to give real-time detection of cancer cells with a detection limit of
50—100 cancer cells mL™". The cancer cells capture yield was calculated to be 80% from the

spiked whole blood samples with a flow rate of 1 mL per hour.?
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Figure 1.3. Real-time detection of cancer cells (a) Detection of MCF7 cells mimicking the
circulating tumor cells at 25+5 cells mL—1 using cantilever array functionalized with four
different peptides. (b) Capture yield of cancer cells corresponding to all four peptide-based
sensors.?® (Reprinted with permission from ref 26).

This efficient method did not require any labeling or sample preparation and showed a
potential to not only offer the easy detection of cancer but can also be used to find recognition
elements/biomarkers to develop peptide-based nanobiosensors for detection and targeted drug
delivery platforms.?® Scientists have used several other approaches to develop peptide-based
detection systems to detect different biomarkers and proteases such as using nanoparticle
conjugation, fluorescent tags, microfluidic devices, fluorescence resonance energy transfer

(FRET) technique, protein chips or microarrays using immobilized antibodies, etc. However,



there is still a need for an efficient system with the potential to detect cancer at early stages with
ease and accuracy in clinical settings.
1.3.2. Peptides in the subcellular-targeted drug delivery?

Targeted drug delivery to the organelles in the tumor cells eliminates the side effects and
risks associated with nuclear targeting, such as cardiotoxicity induced by nuclear targeting of
doxorubicin.t”? In this regard, the importance of mitochondria in cancer physiology makes them
a universal pharmacological target for almost all cancer types. Mitochondria consist of dual
membranes with a negative potential and are involved in cellular respiration and programmed

cell death processes.®
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Figure 1.4. Mitochondria; structure and compartments.! (Reprinted with permission from ref 1).

Scientists have developed certain chemical moieties to target mitochondria, for example,
fluorescent dyes (cyanine, rhodamine, pyridinium, boron-dipyrromethane, etc.) and lipophilic
cationic species (triethylammonium, triphenylphosphine or TPP, phenylsulfonylfuroxan,
dequalinium, guanidine, and indolinium). However, such chemical species are known to induce
fetal toxicity under physiological conditions, and synthetic protocols are very complex.

Additionally, linkers are often needed for the conjugation of other components of the designed



formulations. The cellular uptake of such chemical species is essentially charge-dependent
resulting in the accumulation of these compounds by the normal cells as well.3? Contrary to
that, targeting the intracellular organelle (mitochondria) using synthetic peptides is a promising
approach because of high biocompatibility and specificity. The use of peptides for mitochondrial
targeting started with the use of modified cell-penetrating TAT peptides. The original TAT
peptide was modified by adding arginine and cyclohexyl groups to increase the lipophilic
character for mitochondrial accumulation.® Scientists have divided mitochondrial targeting
peptides into three subdivisions: mitochondria penetrating peptides, Szeto-Schiller peptides (SS,
a class of cell-permeable peptides with antioxidative activity), and the mitochondrial targeting
sequence peptide (MTS).3

Mitochondria penetrating peptides are synthetic peptides (consisting of 4-16 amino acids)
with the ability to penetrate the cell membrane and accumulate specifically in the mitochondrial
matrix. The electrochemical gradient is the driving force of the translocation of these peptides
through the cell and mitochondrial membranes. Mitochondria penetrating peptides are
formulated to have an overall positive character and hydrophobic amino acid residues to interact
with negatively charged lipid membranes.®

SS peptides are a class of short amino acid sequences having aromatic and basic amino
acid residues (tyrosine, phenylalanine (Phe), dimethyltyrosine (Dmt), arginine, and lysine). The
amino acid residues that are basic in nature give an overall positive character to these peptides to
permeate the cell membrane and selectively accumulate in the inner mitochondrial membrane.
The presence of aromatic amino acids attributes to the antioxidant activity against ROS to
stabilize free radicals. SS peptides are known to follow energy-independent uptake mechanism

for membrane translocation.>3® Among other reported SS peptides, only SS-31 peptide (D-
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Arginine-Dmt-Lysine-Phe-NH>) has been evaluated for effectiveness in ischemia-reperfusion
and microvascular injuries in patients during clinical trials.*

MTS peptides are also short amino acid chains that consist of 20-40 amino acid residues.
These peptides act as ligands to the receptors present on the mitochondrial surface.®*3” The use
of such peptides to target the intracellular organelle offers better protein-protein and protein-lipid
interactions that are not as effective with chemical species (small drug molecules or
nanoparticles alone).>® To develop mitochondria-targeting moieties, the lipophilicity (log P
value, defined as the logarithm of the octanol—water partition) of peptide and its overall charge
(2) are two crucial factors to be considered because of the highly non-polar nature and highly
negative membrane potential of the mitochondrial membranes.®>® It has been found that the
peptides with an overall charge greater than 0 and a log P value greater than —1.7 result in a high
mitochondrial accumulation.?® In a study conducted by Horton and coworkers, a series of
peptides was developed for mitochondrial accumulation by combining hydrophobic amino acid
phenylalanine with positively charged amino acids (lysine and arginine) and a chemically
modified non-natural amino acid cyclohexylalanine. This study revealed that peptide sequences
with an overall charge of +3 or above with log P values of —2 accumulate well inside the
mitochondria.*® Hence, any tumor-targeting moieties can be combined with such mitochondrial
targeting peptide sequences to selectively deliver cytotoxic payloads and imaging agents to the
mitochondria of the tumor cells, hence, limiting the possibility of off-targeting and unwanted
toxicity.
1.3.3. Peptides in imaging applications

Selective receptor-targeting using peptide moieties is gaining considerable importance in

molecular imaging of tumor cells because tumors overexpress certain corresponding peptide
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receptors that can be targeted to deliver the imaging probes at tumor sites. Peptides are ideal
probes for imaging a tumor site because they provide the benefit of rapid clearance from blood
circulation as well as high affinities for their targets, hence removing the chances of induced
toxicities and off-targeting.>® For imaging applications, a targeting peptide is labeled with an
imaging moiety such as magnetic nanoparticle or contrast agents for magnetic resonance imaging
(MRI), radioisotope for single photon emission computed tomography (SPECT) or positron
emission tomography (PET), and fluorescent dyes for optical imaging.*® Several peptides have
been successfully explored for receptor-targeted imaging applications, such as vasoactive
intestinal peptide, somatostatin, and Arg-Gly-Asp (RGD) peptide, etc.*® Recently, Li and
coworkers developed a peptide-based imaging probe for the detection of prostate cancer.*! The
group identified four short peptide sequences (GVK, IGK, SGV, and ZD2) via phage display that
are specific to overly expressed extradomain B fibronectin (EDB-FN) in certain cancers. High
expression of oncofetal fibronectin (including EDB-FN) is directly related to the high rate of
metastasis and low chances of survival in patients with prostate, ovarian, breast, neck, and head
cancers. The imaging probe was synthesized by conjugating cyanin (Cy) 5.5-labeled peptides
with tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) in the solid phase, followed by
complexation with GdCls. This newly synthesized Gd-DOTA showed high in vivo chelation
stability when used for MR molecular imaging in BALB/c mice with aggressive PC3 prostate
tumor xenografts. High-resolution 2D axial MR images of tumors at T1-weighted spin-echo
were taken before (pre) and after intravenous injection at 10, 20, and 30 min at a dose of 0.1
mmol/kg body weight. The results showed very strong signal enhancement at 10 min to up to 30
min post-injection for all the designed contrast agents showing the effectiveness of the contrast

agents specific to EDB-FN. Similar results were obtained with T1-weighted axial MRI images
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for whole-body analysis. The results were also consistent with fluorescence microscopy, where
the fluorescence from Cy 5.5 showed a 1/3 decrease in the intensity at 3 hours compared to the

intensity at 15 minutes with successful clearance of contrast agents from kidneys after 24 hours
post-injection. Overall, the analysis revealed better tumor-signal enhancement when Gd-DOTA

decorated with peptide was used compared to clinical contrast agent Gd(HP-DO3A) alone.*!

Pre 10 min 20 min 30 min

SGV

ProHance

Figure 1.5. T1-weighted axial MRI images obtained before (pre) and at 10, 20, and 30 min after
intravenous injection of each contrast agent. Arrows indicate tumors.*! (Reprinted with
permission from ref 41).

1.4. Biomedical applications of peptides in COVID-19 diagnostics and

therapy

The COVID-19 pandemic caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has changed the world entirely since it started. Every individual has been
affected by this deadly virus one way or the other. We have lost so many precious lives to
COVID-19, and the number is still increasing to date, as there are no effective measures to

completely avoid and treat the virus. There is a great need for developing detection platforms
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that may give accurate results with no false positives, as well as, effective and specific therapy to
treat the patients.*? In this regard, peptides are promising candidates as they can be used to
identify new biomarkers to develop efficient, easy-to-use, and cost-effective detection platforms,
as well as, they have the potential to selectively deliver the drugs at the targeted site using the
ligand-receptor approach. Peptides also can be used as drugs by inducing a response resulting
from a receptor-specific interaction with peptide substrates. Studies have revealed that
angiotensin-converting enzyme 2 (ACE2) is used as an input receptor by the viral spike SARS-
CoV. * Hence ACE2-expressing organs, mainly the lungs (83%), are the target of the virus. The
heart and the kidneys are known to be affected in case of secondary infections because of the 4-
7.5% expression of ACE2 by these organs.*>*® As the entry point of the virus, ACE2 interaction
with the virus is the most critical part of the onset of the infection, hence, targeting this point of
interaction could be a possible way to discover a COVID-19-specific drug. Other possible targets
are cell serine proteases TMPRSS2 which primes the viral protein spike entailing the cleavage of
the spike at two sites: Arg685/Ser686 and Arg815/Ser816, and cathepsin L (CTSL) that activates
the virus. CD147 is another attractive target for COVID-19 detection and treatment, as it is an
activator of matrix metalloproteinases (MMPs). CD147 increases the expression of MMPs under
asthmatic complications, and studies have found enhanced levels of CD147 and MMPs in

inflammatory processes and cancer progression.*3
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Figure 1.6. lllustration of ACE2, TMPRSS2, and CD147 targets of SARS-CoV-2.* (Reprinted
with permission from ref 43).

Hence inhibiting CD147 or other similar proteins/enzymes using receptor-binding
peptides for COVID-19 therapy or measuring the increased expression levels of CD147, MMPs,
or other related proteins/enzymes using peptides to develop a highly efficient and cost-effective
COVID-19 detection platform are two very up-and-coming applications of peptides in COVID-
19 diagnostics and therapy.

Among other published peptides, SBP1 (targets SARS-CoV-2-RBD), Spikeplug (targets
SARS-CoV-2-RBD, EK1 (targets S protein-HR1), EK1C4 (targets S protein-HR1), 2019-nCoV-
HR1P & HR2P (target S protein-HR1), IBPO1 (targets S protein-HR1) and P9R (targets viral
binding and endosomal acidification) are in preclinical trails while CoVac-1 which is a peptide-
vaccine composed of a combination of viral SARS-CoV-2 epitopes is in phase Il clinical

trials.4244
1.5. Conclusion

Cancer and COVID-19 are two ongoing battles that have led to the loss of many precious

lives. There is still a lack of efficient early detection platforms and completely safe treatments.
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There is a particular need for developing detection systems that have the potential to detect
cancer and COVID-19-like diseases at the early onset so that the treatment could be possible to
save the life of at-risk patients. The use of peptides is getting a lot of attention from scientists
because of the ease of synthesis, flexibility in structure and function, cost-effectiveness, high
specificity and selectivity towards a receptor, and high biocompatibility. The use of peptides in
developing the detection systems and imaging applications is of great importance because of
rapid clearance from the body and high specificity if used as an immobilized receptor for
detecting the biomarkers from blood or serum samples. There are certain aspects that limit the
use of peptides for such biological applications, such as peptides are prone to proteolytic
digestion and offer low bioavailability, have a short half-life, and suffer from production and
manufacturing challenges. There is a need for developing methods to synthesize ultra-pure
peptides with increased stability to further extend the scope of their biomedical applications,
especially in disease diagnosis. Developing efficient detection systems with the potential to
detect deadly diseases at early stages should have some characteristics which are superior to the
traditional diagnostic tools, such as non-invasiveness, low cost, no need for expensive
instruments and extensive sample preparation protocols, and shorter processing time. Hence,

developing such technologies is crucial and needs to be the priority of the scientific community.
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Chapter 2 - Peptide synthesis and optimization?

Abstract

Therapeutic peptides are known to have significant pharmaceutical and commercial
importance due to their high selectivity, versatility, and safe mode of action. Solid-phase peptide
synthesis is the most used and relatively efficient protocol for peptide synthesis. However, it is a
multi-step process in which there is a possibility that many undesired reactions will occur.
fluorenylmethoxycarbonyl (Fmoc)-based solid-phase peptide chemistry provides a good solution
to avoid side reactions but frequently suffers from deprotection issues. This study focuses on the
optimization of the Fmoc-based solid-phase peptide synthesis protocol, employing different
reagents and reaction conditions. Short peptide fragments were used as an example to determine
the effectiveness of each parameter during the optimization. The results were analyzed and
confirmed by means of ultra-high performance liquid chromatography-mass spectrometry

(UPLC-MS).

2.1. Introduction

Proteins and peptides are essential constituents of living systems and are also known to
have significant pharmaceutical applications as drug targets® and targeting moieties?. Peptide-
based therapeutics offer lower production complexity and higher targeting potency than
biopharmaceuticals and small molecule drugs.? Therapeutic activity of the peptides is attributed
to high selectivity, versatility, and relatively safe mode of action with fewer side effects. These

peptides have the ability to bind with cell surface receptors and ion channels as ligands to trigger

2 Reprinted with permission from Optimization of the Fmoc-deprotection in Solid-phase Peptide Synthesis,
Chemistry. Sumia Ehsan, Obdulia Covarrubias-Zambrano, and Stefan H. Bossmann, submitted.
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intracellular effects.® There are over 60 peptide-based medicines approved by the US Food and
Drug Administration (FDA) to date. The number is projected to increase significantly in the

future as almost 150 peptide drugs are currently in clinical trials.*

Recent advances in proteomics and genomics have opened new doors to identifying a
large number of target peptides and proteins relating to a number of diseases.! This evolution
resulted in higher demands of the potential therapeutic peptides; hence peptide synthesis has
become an essential part of peptide-based therapeutic procedures. Solid-phase peptide synthesis
(SPPS) is a suitable synthesis protocol that offers an easy and reliable synthesis of the peptides.
Chemically, SPPS follows a condensation reaction between a carboxylic acid functional group
and an amine functional group of two a-amino acids that leads to the formation of an amide bond
(also called a peptide bond).> In the SPPS process, amino acids are sequentially conjugated
(C — N direction) to a growing chain attached to a solid support or resin. There is usually a
cleavable handle between the C-terminal of the first amino and the solid support that can be

cleaved easily after completing the desired chain.®

There are 22 natural amino acids found in polypeptides.” 20 are genetically encoded,
whereas selenocysteine and pyrrolysine are synthesized via enzymatic modifications of serine®
and lysine®. Excluding glycine, all naturally occurring amino acids are chiral.” Consequently, the
nanoenvironment differs around each free - N*-amine group once the protection group has been
removed. Furthermore, depending on the amino acid sequence, the nascent oligopeptide will
develop distinct peptide dynamics while being tethered to the solid support. The underlying
paradigm of this study is that the conditions for each SPPS cycle (reagent concentration, reaction
temperature, and incubation time) must be optimized to evaluate the effectiveness of conditions

in each cycle to get highly pure peptide products.
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From the plethora of available peptide synthesis methodologies,
fluorenylmethoxycarbonyl (Fmoc) is the most efficient and commonly used a-amine protecting
group™®, which requires basic conditions for the removal*. In SPPS, the N*protecting group
(Fmoc) can be removed without affecting the sidechain protecting groups to prepare the
polypeptide chain for the next coupling cycle. All the chemical reactions are driven to
completion by using soluble reagents in excess that are removed by filtration and washings.® The
deprotection of the amine group has always been challenging as the effectiveness of this
deprotection step may vary depending on reagents used, experimental conditions (temperature),
length, and combination of amino acids in the chain.>®° In order to facilitate effective peptide
synthesis, previous studies suggested a convergent approach, in which protected peptide
fragments are synthesized first and then assembled to construct the protein.*23 Although this
approach minimizes the cumulative effects of the stepwise synthetic errors, it requires partially
protected peptide fragments and hence needs selectively cleavable protecting groups. Ultimately,
this is more complex than achieving a > 99.9% vyield in each Fmoc deprotection and consequent

addition step.t?4

The study reported here has been triggered by the following observation: the ultra-
performance liquid chromatography-mass spectrometry (UPLC-MS) analysis of some peptides
synthesized in the Bossmann labs has revealed Fmoc-protected peptides and peptide fragments in
the product mixture giving highly impure products. This phenomenon is linked to premature
peptide termination, the omission of amino acids within the peptide chain, and — ultimately — low
peptide yields and significant purification challenges. The consensus sequence for matrix

metalloproteinase-2 (MMP-2) GCKLVAN-LVAGDG has been chosen as a representative

23



synthetic challenge. This study addresses the problems of Fmoc-deprotection during SPPS, as

well as the virtually complete reaction of the deprotected -N“-amine group peptide chain.
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Scheme 2.1. Flow-chart diagram showing Merrifield-SPPS synthesis steps (regenerated with
permission from ref 16) with an additional step of using 4% acetic anhydride.

2.2. Materials and Methods

All commercial grade reagents and solvents were purchased from Fisher. Amines were
removed from N, N-dimethyl-formamide (DMF) by means of azeotropic distillation with water
and toluene under N2 gas. Dichloromethane (DCM) was refluxed over calcium hydride (CaH>)
for 1h and then distilled under argon (Ar) gas. Both solvents were stored and reacted under Ar
atmosphere. All other reagents including diethylamine, piperidine, N, N-diisopropylethylamine
(DIEA), and acetic anhydride were degassed with Ar before use. All resins, Fmoc-protected

amino acids, and hexafluorophosphate benzotriazole tetramethyl uronium (HBTU) were
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purchased from Hanhong Tech, Shanghai, China. Trifluoroacetic acid (TFA) and triisopropyl

silane (TRIS) were purchased from Aldrich.

2.2.1. Selection of Resin

SPPS is a multi-step process; the first step of the synthesis is selecting suitable solid
support (resin) to grow the peptide chain. The chlorotrityl resin and benzyloxybenzyl alcohol
resin (Wang resin) are widely used in SPPS and can be easily removed using an acid, after the
completion of the desired peptide chain.'® Resins used for the peptide sequences described
throughout this manuscript are listed in Table 2.1. The milli-equivalent ratio of resin to HBTU

was 1:2.9, and resin to amino acids was 1:3.

Table 2.1. List of resins used for the peptides.

Peptide sequence Resin

MMP2 H-Gly-2-CITrt resin

GDD H-Asp(OtBu)-2-CITrt resin
GRR H-Arg(Pbf)-2-CITrt resin
GEE Fmoc-Glu(OtBu)-Wang resin
GHH Fmoc-His(Trt)-Wang resin
GKK H-Lys(Boc)-2-CITrt
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2.2.2. Removal of the Fmoc-group

2.2.2.1. Fmoc-deprotection of short fragments

The MMP2 peptide chain and the short peptide fragments (GDD, GRR, GEE, GHH, and

GHH) were synthesized following standard SPPS protocol.>® H-Gly-2-CITrt resin, H-

Asp(OtBu)-2-CITrt resin, H-Arg(Pbf)-2-CITrt resin, and H-Lys(Boc)-2-CITrt had the first amino

acid of the chain that was not Fmoc-protected (additional mass of 222.247 g/mol due to Fmoc

group) so the deprotection step was not performed before adding the next amino acid of the short

peptide chain. Experimental conditions for the deprotection of the amine group during the

synthesis of short peptide fragments are given in Table 2.2.

Table 2.2. Summary of the synthesis of short (3 amino acids) peptides.

Peptide Resin Reagent (for Incubation | Incubation Reagent for
sequence the Fmoc- Temperature time removing amine
deprotection) impurities
GDD H- 20% RT 1 min, 4% Acetic
Asp(OtBu)- | Diethylamine 10 min anhydride in
2-ClTrt resin in DMF acetonitrile
GRR H-Arg(Pbf)- 20% RT 1 min, 4% Acetic
2-ClTrt resin | Diethylamine 10 min anhydride in
in DMF acetonitrile
GEE Fmoc- 20% RT 1 min, 4% Acetic
Glu(OtBu)- | Diethylamine 10 min anhydride in
Wang resin in DMF acetonitrile

26




GHH Fmoc- 20% RT 1 min, 4% Acetic
His(Trt)- Diethylamine 10 min anhydride in

Wang resin in DMF acetonitrile

GKK H-Lys(Boc)- 20% RT 1 min, 4% Acetic
2-CITrt Diethylamine 10 min anhydride in

in DMF acetonitrile

2.2.2.2. The Fmoc-deprotection of GKK fragments

The synthesis of GKK-2 to GKK-10 peptides was performed by using the diethylamine
base for the Fmoc-deprotection step. Multiple diethylamine concentrations (20-40% in DMF)
and incubation times were tested at room temperature for GKK-2 to GKK-6 (Table 2.4).
Similarly, the synthesis of GKK-7 to GKK-10 was carried out by removing the Fmoc group at a
higher temperature (36°C), employing different concentrations of diethylamine incubated for

different time intervals (Table 2.6).

The synthesis of GKK-11 to GKK-21 peptides was performed by using the piperidine
base for the Fmoc-deprotection step. Multiple piperidine concentrations (20-40% in DMF) and
incubation times were tested at room temperature (Table 2.9). The synthesis of GKK-20 and
GKK-21 was carried out by removing the Fmoc group at a higher temperature (36°C),

employing 20% piperidine incubated for different time intervals (Table 2.11).

To deprotect the amine group of GKK-22, GKK-23, and GKK-24, 20% piperidine was
used at room temperature (Table 2.13). For GKK-22, 20% piperidine was incubated three times

(2 min, 10 min, 10 min) at room temperature. The same conditions were used for the GKK-23
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and GKK-24 with four incubations (1 min, 10 min, 10 min, 10 min) and five incubations (1 min,

10 min, 10 min, 10 min, 10 min), respectively.

GKK-25, GKK-26, and GKK-27 were synthesized by using 30% diethylamine at room
temperature (Table 2.14). For GKK-25, 30% diethylamine was incubated three times (1 min, 10
min, 10 min), while for GKK-26 and GKK-27, it was incubated four times (1 min, 10 min, 10

min, 10 min) and five times (1 min, 10 min, 10 min, 10 min, 10 min), respectively.

2.2.2.3. The Fmoc-deprotection of MMP2 peptide sequences

The MMP2 peptide sequence GCKLVAN-LVAGDG was synthesized by removing the
Fmoc group with 20% diethylamine base incubated for 1 minute (at room temperature) followed
by 10 minutes incubation (at room temperature).

Another MMP2 peptide sequence, GCGLVAN-LVAGKG, was synthesized using 20%
diethylamine for different incubation times at room temperature and 36°C (Table 2.8).

The same peptide sequence was also synthesized (3 trials) by deprotecting the Fmoc
group with 20% piperidine incubated for 1 minute (at room temperature) followed by 10 minutes

(at room temperature) (Table 2.16).

2.2.3. Coupling of Amino Acids

To facilitate the formation of an amide bond between the Fmoc-deprotected amine of the
growing chain and the carboxyl group of the new amino acid, the carboxylic acid group of the
new amino acid was activated before adding to the growing chain by using the coupling agent
HBTU in DIEA:DMF (1:23). The amino acid mixture was coupled two times to the growing

chain and incubated for 30 minutes each to ensure the coupling of the new amino acid. After
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completing the amino acid coupling step, four DMF washings were performed and the cycle of

deprotection/coupling of amino acids was repeated to grow the peptide chains further.

2.2.4. Labeling of MMP2 peptides with dye

The MMP2 peptide sequence was labeled with rhodamine B dye (RhB) at the N-terminus
of the peptide. For the coupling of RhB dye to peptide chain, the milli-equivalent ratio of the
resin to HBTU was 1:2.9, and resin to the dye was 1:3. The carboxylic group of the RhB dye was
activated using HBTU in DIEA:DMF (1:23). The dye mixture was incubated for 24 hours with
the resin-peptide chain, followed by multiple DMF washings to remove any free dye after the

coupling step.

2.2.5. Acetic Anhydride

An additional step of adding 4% acetic anhydride (in acetonitrile) was used to remove
potential impurities resulting from amine reactions. After each amino acid was added to the
chain, acetic anhydride was added to the resin-peptide mixture for 30 minutes, followed by 5
DMF washings. Acetic anhydride was added to GKK-1, GKK-2, GKK-3, GKK-4, GKK-5,
GKK-7, GKK-8, GKK-9, GKK-10, GKK-11, GKK-18, GKK-25, GKK-26, GKK-27 and some

of MMP2 trials.

2.2.6. Cleaving of resin

After the desired chain was completed, an acid cocktail solution was used to cleave the
peptide sequence from the resin. This cocktail solution consisted of 95% TFA, 2.5% TIPS and
2.5% distilled water. The resin along with the peptide chain was incubated in this cocktail for 3
hours. After the completion of the resin cleaving step, the peptide was precipitated and washed

with cold ether, followed by drying with Ar gas.
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2.2.7. Analysis of the synthesized peptides

All the samples were prepared in 80% acetonitrile and 20% water v/v to perform UPLC-
MS analysis (sample concentration: 0.1 mg/mL) using Waters ACQUITY TQD Tandem
Quadrupole UPLC/MS/MS system in ES+ ionization mode using acetonitrile/water gradient. The
instrument was equipped with an ACQUITY UPLC peptide CSH C18 column (Waters), 130

Angstrom, 1.7 micrometer 2.1 mm x 150 mm.

2.3. Results and Discussion

The Fmoc group features an electron-withdrawing fluorenyl group that makes the
hydrogen atom of the B-carbon (at position 9) relatively acidic so that a f-elimination reaction

using a strong base is able to produce a dibenzofulvene intermediate.’

:

8 1o Wile
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;i 4
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Scheme 2.2. Scheme for the 9-fluorenylmethoxycarbonyl deprotection in solid phase peptide
synthesis.'® (Regenerated with permission from ref 18).
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To make a stable adduct, the intermediate is trapped by an excess of amine cleavage
agents. This process is faster when a polar solvent medium (such as DMF) is used.” Generally,
diethylamine is considered an inexpensive base and different concentrations of diethylamine in
DMF (up to 20%) have shown high efficiency towards deprotecting the Fmoc group for most of
the peptides.'® Though many studies have suggested variable sets of optimized conditions to
standard SPPS protocol?, further experimental evidence is still needed to find accurate
optimized set of conditions'® to get the high purity of the peptide products. Hence, a few longer
and shorter peptides were synthesized using different experimental conditions to test for the

maximal removal of the Fmoc group during the deprotection step.

The synthesis of MMP2 peptide was carried out by cleaving the Fmoc group with 20%
diethylamine solution incubated for 1 minute followed by 10 minutes (both at room
temperature). The additional step of adding the 4% acetic anhydride was performed after the
addition of each amino acid of the chain to eliminate the impurities that originate due to the
reactions with the amine-groups present on the sidechains of the amino acids or the N-terminal
a-NH.. These NH> groups can be modified by acylation with organic acid anhydrides (Scheme

23) _12,21
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Scheme 2.3. Side-chain acetylation of lysine with acetic anhydride.?! (Regenerated with
permission from ref 21).

The UPLC-MS analysis of MMP2 peptide indicated multiple peaks of high intensities
(Figure 2.1A). The theoretical mass for the unlabeled MMP2 peptide sequence (GCKLVAN-
LVAGDG) was calculated to be 1216.4 Da which appeared at 2.49 min. The peak purity of the
peptide peak calculated using the relative heights of the peaks in the chromatogram was found to
be 12.07%. The mass spectrum of the peak at 2.91 min matched the M+1 mass of the peptide
with a missing lysine at position 3 in the sequence (1088+1 Da). Interestingly, the UPLC-MS
analysis of RhB-labeled MMP2 peptide gave a major peak at 3.86 min corresponding to the
MMP2 peptide having Fmoc-protected amine with the mass peak at 1438 m/e (Figure 2.2A and
2.2C) while the mass spectrum of the peak at 2.91 min showed the relevant M+1 peak of the
RhB-labeled peptide (M+1 mass peak at 1678 m/z) with 17.16% peak purity. These results
suggested that the Fmoc group was not completely removed under the conditions used for the

Fmoc-deprotection step.
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Figure 2.1. (A) UPLC chromatogram of unlabeled MMP2 peptide. The peak at 2.49 min
corresponds to the MMP2 peptide product while the peak at 2.91 min corresponds to the peptide
with a missing lysine at position 3 in the sequence, (B) Mass spectrum of the peak eluted at 2.49
min corresponding to the mass (M+1 mass peak) of MMP2 peptide, (C) Mass spectrum of the
peak eluted at 2.91 min corresponding to the major peptide impurity with a missing lysine at
position 3 in the sequence.
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Figure 2.2. (A) The peak at 2.91 min corresponds to the RhB-labeled peptide while the major

peak at 3.86 min corresponds to the peptide with Fmoc-protected MMP2, (B) Mass spectrum of
the peak eluted at 2.91 min corresponding to the mass (M+1 mass peak, 1678 m/z) of the RhB-

labeled MMP2 peptide, (C) Mass spectrum of the peak eluted at 3.86 min corresponding to the
Fmoc-protected MMP2 peptide (m/z=1438).

The use of the small peptide fragments approach was employed to further confirm the
identification of the origin of impurities and to optimize the conditions to get rid of those
impurities in the longer MMP2 fragment. The summary of the experimental conditions used for
the synthesis of short fragments is shown in the Table 2.2. The relevant UPLC-MS
characterization results are shown throughout the chapter while some are shown in the Chapter

2 Appendix (S).

The GDD peptide showed a broad peak, one major peptide peak that was split in to two peaks,

possibly due to dimer formation (Figure S1-A, Appendix chapter 2). The peak purity was
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found to be 40%. The mass spectrum indicated that both (split) peaks in the chromatogram had

the same mass peaks.

The GRR peptide gave a major peptide peak with a peak purity of 51.03% at 0.76 min
retention time corresponding to the desired molecular mass peak without the Fmoc-group
(387.44+1) and a corresponding M+2 peak (194.06). This fragment indicated that the
deprotection of the amine group was efficient, but some impurities of unknown origin were

observed (Figure S2).

The GEE peptide showed one major peak at 1.06 min retention time corresponding to the
mass of the peptide while the second largest peak at 4.306 min retention time corresponds to the

peptide with the Fmoc-group (Figure S3). The peak purity was calculated to be 57.82%.

The GHH peptide showed two peaks in UPLC chromatogram; the peak at 0.79 min
retention time corresponds to the peptide mass peak (peak purity = 32.21%) while the major peak

at 2.93 min retention time corresponds to the Fmoc-protected peptide peak (Figure S4).

Likewise, the GKK peptide showed two peaks in UPLC chromatogram: the peak at 0.78
min retention time corresponds to the peptide mass peak (second highest peak with a 34.66%
peak purity) while the major peak at 2.70 min retention time corresponds to the Fmoc-protected

peptide peak fragment (Figure 2.3).
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Figure 2.3. (A) UPLC chromatogram of GKK peptide. The peak at 0.78 min corresponds to
GKK peptide product and the peak at 2.70 min corresponds to the GHH peptide attached to the
Fmoc group, (B) Mass spectrum of the peak eluted at 0.78 min corresponding to the mass (M+1
mass peak, 332 m/z) of GKK peptide, (C) Mass spectrum of the peak eluted at 2.70 min
corresponding to the mass (M+1 mass peak, 554 m/z) of GKK peptide attached to the Fmoc

group.
Table 2.3. Peak purities of the 3-amino acid peptide sequences.

Peptide Sequence Peak purity
GDD 30.49%
GRR 51.03%
GEE 57.82%
GHH 32.21%
GKK 34.66%
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2.3.1. Optimization of Fmoc-deprotection conditions

After the synthesis of the MMP2 consensus peptide and all the short peptide fragments,
multiple GKK peptides were synthesized to optimize the Fmoc-deprotection step using different
concentrations of bases (diethylamine in DMF and piperidine in DMF), time of incubation and

temperature.

2.3.1.1. Diethylamine for the Fmoc-deprotection
2.3.1.1.1. Optimization of the concentration of diethylamine at room temperature
The synthesis from GKK to GKK-6 represents different conditions used to optimize the
concentration of the diethylamine for the Fmoc group deprotection (Table 2.4). The UPLC-MS
results from the synthesis of GKK-2 showed a major peptide peak at 0.784 min, in the
chromatogram, with some impurities including a peak for the Fmoc-protected GKK peptide and

KK fragment at 2.733 and 4.02 min respectively (Figure 2.4).

For the GKK-3 peptide, the higher concentration (30% diethylamine) resulted in the
major peak corresponding to the peptide at 0.77 min retention time and a minor peak at 2.68 min
retention time (Figure 2.5), in the chromatogram, corresponding to m/e peak at 332 and 554 in
the Mass spectrum (Figure 2.5). Overall, 30% diethylamine did not completely deprotect the
Fmoc group but gave a very pure peptide without any major impurities including the KK peptide

fragment.

The UPLC-MS analysis for GKK-4 indicated a major peak at 2.91 min in the
chromatogram corresponding to the mass of the Fmoc-protected peptide (554 g/mol). The second

highest peak at 0.80 min in the chromatogram corresponds to the GKK peptide (Figure S5).
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Similarly, the GKK-5 resulted in a major peak corresponding to the Fmoc-protected
peptide at 2.76 min retention time, the second highest peak at 0.76 min retention time
corresponds to the GKK peptide while the peak at 4.02 min corresponds to KK-peptide fragment.
The presence of the Fmoc-protected peptide peak and KK-peptide fragment indicated that the

Fmoc-group was not deprotected completely during the synthesis procedure (Figure S6).

To evaluate the effectiveness of 4% acetic anhydride on the Fmoc-deprotection, 4%
acetic anhydride was not used for the synthesis of GKK-6 peptide. The UPLC-MS results of
GKK-6 showed a major peak corresponding to the peptide at 0.763 min retention time, the
second highest peak at 2.626 min retention time corresponds to the Fmoc-protected GKK peptide
with a mass peak at 554 in the mass spectrum. The peak at 3.913 min corresponds to KK-peptide
fragment with a mass peak at 274 in the mass spectrum. The presence of Fmoc-protected peptide
peak indicated that the Fmoc-group was not deprotected completely during the synthesis
procedure (Figure 2.6). The comparison of GKK-6 with GKK suggested that though the use of
4% acetic anhydride gives more purity of the peptide by removing the unwanted impurities
(Figure 2.3 and Figure 2.6) but it resulted in the major Fmoc-protected peptide peak (Figure
2.3) as compared to GKK-6 where the major peak corresponds to GKK peptide when 4% acetic

anhydride was not used (Figure 2.6).
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Table 2.4. Summary of GKK synthesis to optimize the concentrations of diethylamine at room

temperature.
Peptide Reagent for Incubation First Second Reagent
sequence the Fmoc- Temperature incubation incubation | for
deprotection time (min) time (min) | removing
amine
impurities
GKK 20% RT 1 10 4% Acetic
Diethylamine anhydride
in DMF in
acetonitrile
GKK-2 20% RT 1 30 4% Acetic
Diethylamine anhydride
in DMF in
acetonitrile
GKK-3 30% RT 1 10 4% Acetic
Diethylamine anhydride
in DMF in
acetonitrile
GKK-4 30% RT 3 14 4% Acetic
Diethylamine anhydride
in DMF in
acetonitrile
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GKK-5 40% RT 10 4% Acetic
Dicthylamine anhydride
in DMF in
followed by acetonitrile
20%
Diethyamine
in DMF
GKK-6 20% RT 10 None
Diethylamine
in DMF
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Figure 2.4. (A) UPLC chromatogram of GKK-2. The peak at 0.78 min corresponding to GKK
peptide product with minor impurities at 2.73 min and 4.02 min corresponding to the Fmoc-
protected peptide and KK peptide fragment, respectively. (B) Mass spectrum of GKK-2
corresponding to the GKK at 0.78 min (M+1 mass peak, 332 m/z), (C) Mass spectrum of GKK-2
corresponding to Fmoc-protected GKK at 2.73 min.
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Figure 2.5. (A) UPLC chromatogram of GKK-3. The peak at 0.77 min corresponds to GKK
peptide product with the minor impurity peak at 2.70 min corresponding to the Fmoc-protected
peptide, (B) Mass spectrum of GKK-3 corresponding to the major peak at 0.78 min, (C) Mass
spectrum of GKK-3 corresponding to the Fmoc-protected GKK-peptide.
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Figure 2.6. (A) UPLC chromatogram of GKK-6. The peak at 0.75 min corresponds to GKK
peptide product with the impurity peaks at 2.63 min and 3.91 min corresponding to the Fmoc-
protected GKK peptide impurity and KK peptide fragment peak, respectively (B) Mass spectrum
of GKK-6 corresponding to the major GKK peptide peak at 0.76 min (C) Mass spectrum of
GKK-6 corresponding to the Fmoc-protected peptide impurity peak at 2.62 min.

Overall, the peptides GKK-2, GKK-3 and GKK-6 showed the GKK peptide peak as the
base peak. Though the peak of the Fmoc-protected peptide fragment was present, but it showed
very low intensity when compared to the original GKK peptide (Figure 2.3). Among the
peptides with the major peptide peak, the synthesis conditions used for GKK-3 showed best
Fmoc-group deprotection results as confirmed by UPLC-MS (Figure 2.5). GKK-3 did not show
the peak for KK fragment (3.91-4.02 min retention time, Figure 2.5) and gave a very low
intensity peak for the Fmoc-protected peptide hence GKK-3 showed the best optimized

concentration for deprotecting the Fmoc-group (with 92.97% peak purity) employing
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diethylamine base, at room temperature. The peak purities were also high for GKK-2 and GKK-6

peptides (Table 2.5).

Table 2.5. Peak purities of GKK-2, GKK-3, GKK-4, GKK-5 and GKK-6.

Peptide sequence Peak purity
GKK-2 62.16%
GKK-3 92.97%
GKK-4 18.83%
GKK-5 18.51%
GKK-6 60.79%

2.3.1.1.2. Optimization of the concentration of diethylamine at higher temperature

The removal of the Fmoc-protecting group was also carried out at a slightly higher
temperature (36°C) to evaluate the effect of the temperature on the deprotection step and
ultimately on to the purity of the peptide product (GKK-7 to GKK-10). In the case of GKK-7,
the UPLC-MS results indicated the major peptide peak at 0.77 min retention time corresponding
to the mass of GKK peptide 332 g/mol (Figure 2.7). The presence of minor peak in the
chromatogram at 2.7 min retention time corresponds to the m/e peak at 554 (Figure 2.7C),
indicating that the higher temperature for cleaving the Fmoc-group did not efficiently remove the

Fmoc-group from the peptide chain.

The characterization of the results of GKK-8 showed a major peak at 0.77 min in

chromatogram corresponding to the GKK peptide (332 g/mol). The presence of Fmoc-protected
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m/e peak at 554 suggested that using higher temperature (36°C) and slightly longer incubation

time (15 min) did not prove helpful to get rid of the Fmoc-group completely (Figure S7).

The Fmoc-group deprotection of GKK-9 employing 20% diethylamine with 4 repeats of
1 minute incubation at 36°C resulted in a major peak at 2.78 min retention time corresponding to
the Fmoc-protected peptide peak and the minor peak at 0.77 min corresponding to the peptide
peak (Figure S8). The higher temperature along with the multiple incubations did not improve

the purity of the peptide product and gave a major peak for the Fmoc-protected peptide.

The GKK-10 peptide was synthesized by increasing the temperature of the best optimized
condition with diethylamine for the deprotection of the NH»-protecting group. The UPLC-MS
results for this synthesis showed a major peak at 2.66 min in the chromatogram corresponding to
the mass of the Fmoc-protected GKK peptide (554 g/mol). The desired peptide was among the
one of minor peaks in the chromatogram (at 0.75 min). The use of higher temperature

significantly increased the impurity of the product, as confirmed by UPLC-MS (Figure 2.8).

Table 2.6. Summary of GKK synthesis to optimize the concentrations of diethylamine and time
of incubation at higher temperature.

Peptide Reagent for Incubation First Second Reagent
sequence the Fmoc- Temperature | incubation incubation | for
deprotection time (min) time (min) | removing
amine
impurities
GKK-7 20% 36°C 1 10 4% Acetic
Diethylamine anhydride
in DMF
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in

acetonitrile
GKK-8 20% 36°C 1 15 4% Acetic
Diethylamine anhydride
in DMF in
acetonitrile
GKK-9 20% 36°C 1 (4 repeats) 4% Acetic
Diethylamine anhydride
in DMF in
acetonitrile
GKK-10 30% 36°C 1 10 4% Acetic
Diethylamine anhydride
in DMF in
acetonitrile
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Figure 2.7. (A) UPLC chromatogram of GKK-7. The peak at 0.77 min corresponds to GKK
peptide product with the impurity peaks at 2.68 min and 3.99 min corresponding to the Fmoc-
protected GKK peptide impurity and KK peptide fragment peak, respectively (B) Mass spectrum
of GKK-7 corresponding to the major GKK peptide peak at 0.77 min, (C) Mass spectrum of
GKK-7 corresponding to the minor Fmoc-protected peptide peak at 2.71 min.
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Figure 2.8. (A) UPLC chromatogram of GKK-10. The peak at 0.75 min corresponds to GKK
peptide product with the impurity peaks at 2.66 min and 3.91 min corresponding to the Fmoc-
protected GKK peptide impurity and KK peptide fragment peak, respectively (B) Mass spectrum
of GKK-10 corresponding to the minor GKK peptide peak at 0.75 min, (C) Mass spectrum of
GKK-10 corresponding to the Fmoc-protected peptide peak at 2.66 min.
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Table 2.7. Peak purities of GKK-7, GKK-8, GKK-9 and GKK-10.

Peptide sequence Peak purity
GKK-7 56.66%
GKK-8 54.84%
GKK-9 15.52%
GKK-10 7.43%
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2.3.1.1.3. Diethylamine for the synthesis of longer peptide chains

Finally, a new consensus sequence for the MMP2 was developed to evaluate the purity of
oligopeptide synthesis under optimized Fmoc-cleaving conditions. The principal knowledge
regarding the statistical presence of each amino acid at each position of the four amino acids
before and after the cleavage site was obtained from MEROPS.?? The amino acid sequence
developed was GCGLVAN-LVAGKG. The difference between the previously synthesized
amino acid sequence and new amino acid sequence is that a lysine at position 3 of the chain is
replaced with glycine to eliminate the sidechain having NH2-group that may lead to unwanted
impurities. The aspartic acid at position number 12 is replaced with lysine to avoid the possible
unwanted fragments due to the side-chain reactions. The new MMP2 consensus sequence was
synthesized employing three different Fmoc-cleaving conditions in three different trials, as

shown in Table 2.8.

Table 2.8. Summary of MMP2 synthesis (with diethylamine).

Trial# | Reagent for the Incubation | Incubation time | Reagent for removing
Fmoc-deprotection | temperature amine impurities

Trial#l | 20% Diethylamine | RT 1 min, 10 min 4% Acetic anhydride in
Acetonitrile

Trial#2 | 20% Diethylamine | RT 1 min, 30 min 4% Acetic anhydride in
Acetonitrile

Trial#3 | 20% Diethylamine | 36°C 1 min, 10 min 4% Acetic anhydride in
Acetonitrile
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In the first trial, the MMP2 consensus peptide sequence was synthesized by following the
standard SPPS protocol; the Fmoc group was cleaved with 20% diethylamine for 1 minute
incubation followed by 10 minutes incubation (both at room temperature). The purpose of
employing same conditions (for trial#1) as previously synthesized MMP2 peptide was to
compare the results from both peptide sequences under the same Fmoc-cleaving conditions. The
UPLC-MS results of the complete MMP2 consensus peptide sequence showed fewer impurities
(with 21.13% peak purity, Figure 2.9) than previously synthesized MMP2 sequence (Figure 2.1
and Figure 2.2) but the two major peaks in the chromatogram did not appear to be the desired
mass peak of the MMP2 consensus peptide sequence (Figure 2.9A) and gave a small m/e peak at
1158 in the mass spectrum. The MMP2 peptide was labeled with RhB following the same Fmoc-
cleaving conditions and UPLC-MS results again showed multiple peaks in the chromatogram

with missing RhB-labeled peptide peak (Figure S9).

In the trial 2, the MMP2 peptide sequence was synthesized by cleaving the Fmoc-group
with 20% diethylamine for 1 minute incubation followed by 30 minutes incubation, at room
temperature. The results of the complete MMP2 peptide sequence showed fewer impurities (peak
purity = 25.56%) with a major peak at 2.52 min in chromatogram corresponding to the mass of

the MMP2 peptide (1158 g/mol) in mass spectrum (Figure 2.10).

In the trial 3, the MMP2 peptide sequence was synthesized by cleaving the Fmoc-group
with 20% diethylamine for 1 minute incubation followed by 10 minutes incubation, at 36°C in
the incubator. The results of the complete MMP2 peptide sequence again showed relatively
fewer impurities (peak purity = 23.66%) with a major peak at 2.52 min in chromatogram

corresponding to the mass of the MMP2 peptide (1158 g/mol) in mass spectrum (Figure 2.11).
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Figure 2.9. (A) UPLC chromatogram of unlabeled MMP2 (Trial#1). The peak at 2.58 min
corresponds to the unlabeled MMP2 peptide product and the peak at 3.15 min corresponds to the
impurity (peptide fragment without a cysteine and a water molecule), (B) Mass spectrum of the
peak at 2.57 min corresponds to the mass (1158) of the MMP2 peptide, (C) Mass spectrum of the
peak at 3.15 min corresponds to the mass of the impurity (peptide without a cysteine and one less
water molecule).
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Figure 2.10. (A) UPLC chromatogram of MMP2 (Trial# 2). The peak at 2.52 min corresponds to
MMP2 peptide product and the peak at 3.02 min corresponds to the impurity (peptide fragment
with a missing cysteine and a water molecule), (B) Mass spectrum of the peak at 2.53 min
corresponding to the mass of MMP2 peptide product, (C) Mass spectrum of the peak at 3.02 min
corresponding to the mass of the impurity (peptide fragment with a missing cysteine and one less
water molecule).
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Figure 2.11. (A) UPLC chromatogram of MMP2 (Trial#3). The peak at 2 52 min corresponds to
the MMP2 peptide product and the peak at 3.97 min corresponding to the number of peptide
fragments, (B) Mass spectrum of the peak at 2.52 min corresponding to the MMP2 peptide
product, (C) Mass spectrum of the peak at 3.97 min corresponding to multiple peptide fragments.

2.3.1.2. Piperidine for the Fmoc-deprotection

Many studies have shown piperidine as the major candidate for removing the Fmoc-
group during the SPPS.?® The concentration and conditions for the reaction have been optimized
by many research groups,?®?* Multiple studies have suggested different set of conditions and
concentrations employing piperidine such as 10-20% piperidine ** and 10-55% piperidine!’ in a
variety of solvents for a range of incubation times and temperatures. But a definite concentration

along with other conditions (incubation time and temperature) remain a question.
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Scheme 2.4. The Fmoc-group removal with piperidine (in DMF).18 (Regenerated with
permission from ref 18).

The use of the piperidine comes with the possible aminolysis of some amino acids,
mostly aspartic acid and glutamic acid, leading to the formation of corresponding o and 3

piperidides that renders the formation of a and p peptides.'>?

2.3.1.2.1. Optimization of the concentration of piperidine at room temperature

To further optimize the Fmoc-deprotection conditions another base, piperidine, was used
for the Fmoc-group deprotection for GKK-11 to GKK-19 (Table 2.9). The UPLC-MS results for
GKK-11 showed a major peak at 0.78 min in chromatogram corresponding to the mass of GKK
peptide (332 g/mol). The second highest peak in the chromatogram at 4.00 min had a
corresponding mass of the KK fragment 274 g/mol. The intensity of the Fmoc-protected peptide
peak significantly decreased when piperidine was used for the removal of the Fmoc group

(Figure 2.12).

The UPLC-MS results for GKK-12 indicated a major peak at 0.76 min in the

chromatogram corresponding to the mass of GKK peptide (332 g/mol). Surprisingly, there was
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no peak for the Fmoc-protected peptide and the only impurity present was KK peptide fragment
(Figure 2.13). The results from GKK-12 suggested that avoiding reaction with acetic anhydride

offered fewer impurities, especially, the impurities related to the Fmoc-deprotection.

The best optimized concentration (20% piperidine) was also tested for longer incubation
time (GKK-13 and GKK-14). The GKK-13 peptide that gave a major peak at 0.75 min in
chromatogram corresponding to the mass of GKK peptide (332 g/mol). The second highest peak
in the chromatogram at 3.94 min showed a corresponding mass of the KK fragment 274 g/mol
(Figure S10). The UPLC-MS results for the synthesis of GKK-14 showed the peptide peak (0.75
min in chromatogram) to be a minor product peak among other peaks. The major peak at 2.66
min in the chromatogram corresponds to the mass of the Fmoc-protected GKK peptide (Figure
S11). Overall, the peptides GKK-13 and GKK-14 showed less purity of the peptide than GKK-

11 and GKK-12 upon increased incubation times of piperidine solution.

GKK-15 to GKK-19 were synthesized by using higher concentration of piperidine (more
than 20%) for the Fmoc-deprotection step. The synthesis of GKK-15 resulted in a major peak at
0.76 min in chromatogram corresponding to the mass of GKK peptide (332 g/mol). The UPLC
chromatogram also indicated a peak at 2.60 min corresponding to the Fmoc-protected GKK
peptide peak (Figure S12). Another peak in the chromatogram at 3.93 min had a corresponding
mass of the KK fragment 274 g/mol. The analysis of GKK-16 indicated a major peak at 0.76 min
in chromatogram corresponding to the mass of GKK peptide (332 g/mol). The UPLC
chromatogram also indicated a peak at 2.63 min corresponding to the Fmoc-protected GKK
peptide peak (Figure 2.14). Another peak in the chromatogram at 3.93 min had a corresponding

mass of the KK fragment 274 g/mol.
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To further eliminate the Fmoc-protected peptide fragments, GKK-17 was synthesized by
deprotecting the Fmoc-group with 30% piperidine with slightly longer time of incubation. The
UPLC-MS results showed a major peak at 0.76 min corresponding to the mass of GKK peptide
(332 g/mol) and a minor peak at 2.70 min corresponding to the Fmoc-protected GKK peptide
peak (Figure S13) appeared in the UPLC chromatogram. Another peak in the chromatogram at

3.85 min retention time gave a corresponding mass of the KK fragment 274 g/mol.

To compare the purity of the peptide with and without the 4% acetic anhydride step,
GKK-18 was synthesized by using the additional step of adding 4% acetic anhydride at the end
of each cycle while keeping all other conditions constant as GKK-16. The UPLC-MS results for
this synthesis gave a major peak at 0.78 min in the chromatogram corresponding to the M+1
mass (331+1 Da) of the GKK peptide (Figure S14). The major impurities (the Fmoc-protected

peptide and KK fragment) were also present.

For GKK-19, the UPLC and MS results showed a major peak at 0.75 min corresponding
to the mass of GKK peptide (332 g/mol) and a minor peak at 2.64 min corresponding to the
Fmoc-protected GKK peptide peak (Figure 2.15). The peak in the chromatogram at 4.01 min
showed a corresponding mass of the KK fragment 274 g/mol. The peptides GKK-16, GKK-18

and GKK-19 showed fewer impurities than GKK-13, GKK-14, GKK-15, and GKK-17.
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Table 2.9. Summary of GKK synthesis to optimize the concentration of piperidine and time of
incubation at room temperature.

Peptide Reagent for the Incubation Incubation Reagent for removing
sequence Fmoc- temperature | time amine impurities
deprotection
GKK-11 | 20% Piperidine in RT 1 min, 4% Acetic anhydride in
DMF 10 min Acetonitrile
GKK-12 | 20% Piperidine in RT 1 min, None
DMF 10 min
GKK-13 | 20% Piperidine in RT 1 min, 15 min | None
DMF
GKK-14 | 20% Piperidine in RT 1 min, 30 min | None
DMF
GKK-15 | 25% Piperidine in RT 1 min, None
DMF 10 min
GKK-16 | 30% Piperidine in RT 1 min, 10 min | None
DMF
GKK-17 | 30% Piperidine in RT 1 min, 15 min | None
DMF
GKK-18 | 30% Piperidine in RT 1 min, 10 min | 4% Acetic anhydride in
DMF acetonitrile
GKK-19 | 40% Piperidine in RT 1 min, 10 min | None

DMF
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Figure 2.12. (A) UPLC chromatogram of GKK-11. The peak at 0.78 min corresponds to GKK
peptide product with the impurity peaks at 2.72 min and 4.00 min corresponding to the Fmoc-
protected GKK peptide impurity and KK peptide fragment peak, respectively (B) Mass spectrum
of GKK-11 corresponding to the major GKK peptide product eluted at 0.78 min, (C) Mass
spectrum of GKK-11 eluted at 3.99 min corresponding to the mass of KK peptide fragment.
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Figure 2.13. (A) UPLC chromatogram of GKK-12. The peak at 0.76 min corresponds to GKK
peptide product with the impurity peak at 3.92 min corresponding to the KK peptide fragment,
(B) Mass spectrum of GKK-12 eluted at 0.76 min, corresponding to the GKK peptide, (C) Mass
spectrum of GKK-12 corresponding to the KK peptide fragment eluted at 3.92 min.
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Figure 2.14. (A) UPLC chromatogram of GKK-16. The peak at 0.76 min corresponds to the
GKK peptide product and the peak at 3.93 min corresponds to the KK peptide fragment
impurity, (B) Mass spectrum of GKK-16 corresponding to the GKK peptide eluted at 0.75 min,
(C) Mass spectrum of GKK-16 corresponding to the KK peptide fragment eluted at 3.92 min.
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Figure 2.15. (A) UPLC chromatogram of GKK-19. The peak at 0.75 min corresponds to GKK
peptide product and the peak at 4.01 min corresponds to the KK peptide fragment impurity, (B)
Mass spectrum of GKK-19 corresponding to the GKK peptide product eluted at 0.76 min, (C)

Mass spectrum of GKK-19 corresponding to the KK peptide fragment eluted at 4.02 min.

Table 2.10. The peak purities of the GKK peptides (GKK-11 to GKK-19) synthesis to optimize
the concentration of piperidine and time of incubation at room temperature.

Peptide sequence Peak purity
GKK-11 55.36%
GKK-12 63.99%
GKK-13 25.58%
GKK-14 8.08%
GKK-15 32.71%
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GKK-16 49.63%

GKK-17 28.38%
GKK-18 38.78%
GKK-19 38.67%

2.3.1.2.2. Optimization of the concentration of piperidine at higher temperature

To investigate the effect of higher temperature on the efficacy of the Fmoc-deprotection
of amino acids, the best optimized condition with piperidine was tested at a higher temperature.
For the first trial (GKK-20), 20% piperidine was used for the removal of the Fmoc group for 1
minute and 10 minutes at 36°C while the second trial was performed with the same conditions as
trial 1 but with the shorter second incubation (5 minutes). The UPLC-MS results showed that the
higher temperature for the Fmoc-deprotection step gave very impure product mixture for both
trials. Many unwanted impurities were observed along with GKK peptide and the Fmoc-
protected GKK peptide. This approach led to an important finding that the increase in the
temperature does not always enhances the efficiency of a reaction (as the trial 1 was performed
with the best optimized conditions with piperidine except the temperature) and meanwhile the
second trial proved that increasing the temperature and shortening the time of incubation does

not always work as well (Figure 2.16 and Figure 2.17).
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Table 2.11. Summary of GKK synthesis to optimize the concentration of piperidine and time of
incubation at higher temperature.

Peptide Reagent for the Incubation Incubation Reagent for removing
sequence | Fmoc-deprotection | temperature time amine impurities
GKK-20 | 20% Piperidine in 36°C 1 min, 10 min None
DMF
GKK-21 | 20% Piperidine in 36°C 1 min, 5 min None
DMF
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Figure 2.16. (A) UPLC chromatogram of GKK-20. The peak at 0.75 min corresponds to the
GKK peptide product with the impurity peaks at 2.68 min, 3.91 min and 6.73 min corresponding
to the Fmoc-protected GKK peptide, KK peptide and a free K amino acid, respectively (B) Mass
spectrum of GKK-20 corresponding to the GKK peptide eluted at 0.75 min, (C) Mass spectrum
of GKK-20 corresponding to the minor peak at 6.73 min (M+1 mass peak for free lysine).
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Figure 2.17. (A) UPLC chromatogram of GKK-21. The peak at 0.75 min corresponds to the
GKK peptide product with multiple impurity peaks. The peaks eluted at 2.50, 3.89 min and 6.64
min correspond to the Fmoc-protected GKK peptide, KK peptide and a free K amino acid,
respectively (B) Mass spectrum of GKK-21 corresponding to the GKK peptide eluted at 0.75
min, (C) Mass spectrum of GKK-21 corresponding to the Fmoc-protected GKK peptide peak
eluted at 2.49 min.

Table 2.12. Peak purities of GKK synthesized (GKK-20 and GKK-21) using piperidine at higher

temperature.
Peptide sequence Peak purity
GKK-20 5.63%
GKK-21 9.77%
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2.3.1.3. Multiple incubations with piperidine and diethylamine

The best optimized conditions for the Fmoc-deprotection step employing piperidine and
diethylamine were also tested for multiple incubation times to evaluate the best number of
incubations for the complete removal of the Fmoc-group. Three trials were performed for
piperidine and diethylamine, individually (Table 2.13 and Table 2.14). All three trials with
piperidine used 20% piperidine at room temperature without the acetic anhydride step. For the
Fmoc-deprotection step, 20% piperidine was incubated 3 times (1 min, 10 min, 10 min) in the
first trial, 4 times (1 min, 10 min, 10 min, 10 min) in the second trial while 5 times (1 min, 10
min, 10 min, 10 min, 10 min) in the third trial while all other conditions were kept same as the
optimized condition (GKK-12). Similarly, the best optimized condition with diethylamine was
also tested in three trials (GKK-25, GKK-26, and GKK-27). The UPLC-MS results for the three
trials with piperidine and diethylamine showed that all six peptides did not have Fmoc-protected
GKK peptide peak. All six peptides showed that the intensity of the KK fragment peptide peak
significantly reduced going from 3 incubations to 5 incubations (Figure S15, Figure 2.18,
Figure S16, Figure S17, Figure 2.19, and Figure S18) which indicates that each newly added
portion of the base was participating in efficiently removing Fmoc-group, so the chances of
having shorter fragments (KK) were eliminated. The GKK peptide peak was the base peak for
the peptides with 4 and 5 incubations of the piperidine solution (Figure 2.18 and Figure S16). In
case of diethylamine, the deprotection with 4 incubations gave higher intensity peak of the GKK
peptide (Figure 2.19). The synthesis of all six peptides confirmed that the best optimized
conditions both with diethylamine and piperidine gave Fmoc-deprotected peptide as the major
product. Some unwanted impurities were also observed along with the desired product in all (six)

cases.
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Table 2.13. Summary of GKK synthesis using piperidine with multiple incubations (more than

two).
Peptide Reagent for the Incubation Incubation | Reagent for removing
sequence | Fmoc-deprotection | temperature time amine impurities
GKK-22 20% Piperidine in RT 1 min, 10 None
DMF min, 10 min
3
incubations)
GKK-23 20% Piperidine in RT 1 min, 10 None
DMF min, 10 min,
10 min (4
incubations)
GKK-24 20% Piperidine in RT 1 min, 10 None
DMF min, 10 min,
10 min, 10
min (5

incubations)

Table 2.14. Summary of GKK synthesis using diethylamine with multiple incubations (more

than two).
Peptide Reagent for the Incubation Incubation Reagent for removing
sequence | Fmoc-deprotection | temperature time amine impurities
GKK-25 | 30% Diethylamine RT 1 min, 10 4% Acetic anhydride
in DMF min, 10 min
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incubations)

GKK-26 | 30% Diethylamine RT 1 min, 10 4% Acetic anhydride
in DMF min, 10 min,
10 min (4
incubations)
GKK-27 | 30% Diethylamine RT 1 min, 10 4% Acetic anhydride
in DMF min, 10 min,
10 min, 10
min (5

incubations)
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Figure 2.18. (A) UPLC chromatogram of GKK-23. The peak at 0.76 min corresponds to the
GKK peptide product with multiple impurity peaks. The peaks eluted at 3.93 min and 6.53
correspond to the KK peptide and a free K amino acid, respectively (B) Mass spectrum of GKK-
23 corresponding to the GKK peptide peak at 0.76 min, (C) Mass spectrum of GKK-23
corresponding to the impurity peak at 6.53 min (M+1 mass peak for free lysine).
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Figure 2.19. (A) UPLC chromatogram of GKK-26. The peak at 0.77 min corresponds to the
GKK peptide product with multiple impurities. The peak eluted at 3.88 min corresponds to the
KK peptide, (B) Mass spectrum of GKK-26 corresponding to the GKK peptide eluted at 0.77
min, (C) Mass spectrum of GKK-26 corresponding to the KK fragment peak at 3.89 min.

Table 2.15. Peak purities of GKK synthesized (GKK-22 to GKK-27) using piperidine and
diethylamine with multiple incubations (more than two).

Peptide sequence Peak purity
GKK-22 16.10%
GKK-23 38.79%
GKK-24 37.78%
GKK-25 14.96%
GKK-26 26.77%
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GKK-27 27.97%

2.3.1.4. Piperidine for the synthesis of longer peptide chains

The MMP2 consensus sequence was also synthesized by the removal of the Fmoc-group
with the best optimal conditions employing piperidine. In the first trial, the peptide sequence was
synthesized by cleaving the Fmoc-group with 20% piperidine for 1 minute incubation followed
by 10 minutes incubation, at room temperature. The acetic anhydride step was performed for the
removal of NHz-impurities. The UPLC-MS results of the complete MMP2 consensus peptide
sequence showed only two peaks in the chromatogram (Figure 2.20). The major peak
corresponds to the impurity fragment while the second highest peak corresponds to the mass of
the desired peptide (1158 g/mol) in the mass spectrum. There were no peaks for the Fmoc-
protected peptide in the product mixture. The peak purity of the peptide peak was found to be

32.75%.

The second trial was performed by employing the same conditions as trail # 1 but without
the acetic anhydride step. The UPLC-MS results showed a peak of the desired peptide along with
very few impurities (Figure 2.21). The second trial showed improved intensity of the desired

MMP2 peptide peak relative to the major impurity or the base peak with 54.26% peak purity.

To eliminate the impurity caused by cysteine, the third trial was performed with the same
peptide sequence but with an alanine amino acid instead of a cysteine amino acid at the second
position in the MMP2 peptide sequence. The conditions employed were same as the trial # 2.
The UPLC-MS results showed a peak of the desired peptide mass (1069 g/mol) along with very
few impurities (Figure 2.22). The third trial showed improved purity of 82.86% for the desired

MMP2 peptide peak.
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Table 2.16. Summary of MMP2 synthesis (with piperidine).

Trial# Reagent for the Incubation | Incubation time | Reagent for removing
Fmoc-deprotection | temperature amine impurities
Trial 1 20% Piperidine RT 1 min, 10 min 4% Acetic anhydride in
Acetonitrile
Trial 2 20% Piperidine RT 1 min, 10 min None
Trial 3 20% Piperidine RT 1 min, 10 min None
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Figure 2.20. (A) UPLC chromatogram of MMP2 (Trial#1). The peak at 2.68 min corresponds to
MMP?2 peptide product and the peak at 3.19 min corresponds to the impurity (peptide sequence
without a cysteine and a water molecule), (B) Mass spectrum of MMP2 corresponding to the
MMP?2 peptide peak eluted at 2.68 min, (C) Mass spectrum of MMP2 corresponding to the
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impurity peak (peptide fragment without a cysteine and a water molecule, 1040 m/z) eluted at

3.19 min.

(A)

100
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Figure 2.21. (A) UPLC chromatogram of MMP2 (Trial#2). The major peak at 2.62 min
corresponds to the MMP2 peptide product and the peak at 2.72 min corresponds to the peptide

sequence without a cysteine, (B) Mass spectrum of MMP2 corresponding to the M+1 mass peak
of MMP2 peptide (1159 m/z) eluted at 2.72 min, (C) Mass spectrum of MMP2 corresponding to

the M+1 mass of the impurity peak (peptide without a cysteine, 1056) at 2.62 min.
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Figure 2.22. (A) UPLC chromatogram of MMP2 (Trial#3). The major peak at 2.38 min

corresponds to the MMP2 peptide product with minor impurities, (B) Mass spectrum of MMP2
corresponding to the M+1 mass peak of MMP2 peptide (1170 m/z) eluted at 2.38 min.

2.4. Conclusion

The original GKK peptide that was synthesized by using standard SPPS protocol with an
additional step of acetic anhydride addition gave a major peak corresponding to the Fmoc-
protected peptide and a minor peak corresponding to the desired peptide. The results from the
optimization of experimental conditions suggested that diethylamine (in DMF) gave better
removal of the Fmoc-group for GKK-2, GKK-3, GKK-6, and GKK-7 as these peptides showed
major peptide peaks with fewer impurities. Though the peak for the Fmoc-protected peptide
fragment was present, it showed very low intensity compared to the original GKK peptide.
Hence, the use of high temperature (36°C) with 20% diethylamine, higher concentration (30%
diethylamine in DMF), longer incubation time (30 min) of 20% diethylamine (in DMF) along
with the additional step of using 4% acetic anhydride (in acetonitrile) and 20% piperidine

without 4% acetic anhydride step turned out to be the most suitable conditions for the Fmoc-
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deprotection giving a major peptide product. The absence of the peak for the KK-peptide
fragment (GKK-3) suggested that the 30% diethylamine is the best choice for the maximum
removal of the Fmoc protecting group along with the least probable impurities. The optimization
with 20% piperidine (in DMF), 1 min incubation followed by 10 minutes incubation at room
temperature, showed best results as the peak for the Fmoc-protected peptide completely
disappeared when the additional acetic anhydride step was not performed (GKK-12). Optimizing
the deprotection conditions led to the synthesis of very pure MMP2 consensus sequence (Figure
2.22). The synthesis of the relatively long and complex MMP2 consensus peptide sequence
employing the optimal conditions with piperidine proved that there was no Fmoc-protected
peptide peak. The optimized conditions (both with diethylamine and piperidine) are not only
suitable for the maximum removal of the Fmoc group for the peptide chains growing on the
polystyrene-based lysine beads (resin) but also for many other resin types and amino acids with
the potential Fmoc-deprotection issues. Overall, this study reported optimization of the
experimental conditions, both with diethylamine and piperidine, to maximize the Fmoc-
deprotection to get the higher purity of the shorter as well as the longer and more complex

peptide sequences.
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Chapter 3 - Developing peptide-based nanoplatform for lung cancer
diagnosis

Abstract

By accounting for about 25% of all cancer deaths in the US, lung cancer results in the
most cancer-related fatalities. Because the survival rate increases when a tumor is discovered
early, a significant effort has been made to identify strategies for the early detection of cancers.
To measure the lung cancer-related biomarkers, such as proteases, this research aims to develop
a peptide-based detection platform for the clinical diagnosis of lung cancer at its early stages.
Hence, we report a rapid and reliable biosensor design that consists of a peptide sequence labeled
with tetrakis-carboxyphenyl-porphyrin (TCPP) and explosion-synthesized graphene core-shell
attached to polyethylenimine (PEI, to link the peptide via an amide bond). These consensus
peptide sequences act as substrates for the enzymes/proteases that are overexpressed in lung
cancer, hence, measuring the activity of lung cancer protease biomarkers. This detection system
works on the principle of Forster resonance energy transfer, where the cleaving of consensus
peptide sequence by relevant proteases results in the termination of the quenching effect between
graphene and TCPP. The increase in the fluorescence intensity of TCPP upon the termination of
quenching is measured using a plate reader. A total of 19 nanobiosensors were developed for
lung cancer detection. These biosensors can detect the overly expressed biomarkers using a
conventional plate reader after 1 hour of incubation down to the sub-femtomolar level.

Furthermore, this biosensor can be easily used in laboratories with limited resources.
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3.1. Introduction

Lung cancer is the deadliest cancer as it is responsible for the most cancer-related deaths
in women and men.! It is also the most common cancer in men and women, making up to 12.4 %
of all cancer types after prostate and breast cancer which are 13.1 % and 14.8 %, respectively.?
The American Cancer Society estimated 236,740 new lung cancer cases (117,910 in men and
118,830 in women) with approximately 130,180 deaths from lung cancer (68,820 in men and
61,360 in women), in the year 2022. Hence, there is a likelihood of developing lung cancer in
every 1in 15 males and 1 in 17 females during the lifetime.® Primary lung cancer starts in the
lungs, whereas secondary lung cancer spreads to the lungs from somewhere else in the body.
There are two types of primary lung cancers: small cell lung cancer (SCLC) and non-small cell
lung cancer (NSCLC).* Among these two types, SCLC is a less common type of lung cancer
causing approximately 13 % of all lung cancer cases. SCLC are classed as neuroendocrine
tumors (NETS, tumors that develop in the neuroendocrine system). SCLC are usually fast-
spreading cancers and are directly associated with smoking. Around 84 % of lung cancer cases
are NSCLC and can be caused by not only smoking but exposure to secondary smoking,
asbestos, radon, air pollution and family history of lung cancer.®® These cancers progress slowly
and are subdivided into three types: adenocarcinoma, squamous cell carcinoma, and large cell
carcinoma.® Adenocarcinoma is the most common type of NSCLC and develops in the mucus-
making gland cells lining the airways. Squamous cell cancer is originated in the flat cells
covering the surface of the airways. They tend to grow near the center of the lung. In large cell
carcinoma, cancer cells appear large and round when analyzed under the microscope.* Both
SCLC and NSCLC differ in prognosis and treatment, but all three types of NSCLC are grouped

together because of similar behavior and response to treatment.>* The five-year relative survival

79



rates of patients diagnosed with NSCLC between 2011 and 2017 suggested 64% survival for
localized NSCLC, 37% for regional NSCLC, and 8% for distant NSCLC. The numbers estimated
are much lower in the case of SCLC patients as the five-year relative survival rates are found to
be 29% for localized, 18% for regional, and 3% for distant SCLC.®

Early detection is very crucial as it increases the chances of survival. Detection of lung
cancer at stage | increases the likelihood of successful and less painful treatment for the patient.
The available diagnostic tests for lung cancer diagnosis include x-rays, low-dose computed
tomography (LDCT) scan, magnetic resonance imaging (MRI) and positron emission
tomography (PET), and tissue biopsy.” These tools require a well-equipped laboratory setting
and trained personnel to run the diagnostic tests. Detecting lung cancer at early stages is not
always possible due to lack of clear symptoms, and detectable lung cancer cases comprise only
small percentage of all lung cancers.®>’ Hence, there is an urgent need for less invasive and
efficient detection method with the potential to enable the detection of lung cancer at early stage
with high sensitivity using liquid biological samples (liquid biopsy).
3.1.1. Biomarkers for cancer detection

Biomarkers (also called molecular markers and signature molecules) are biological
molecules that indicate normal behavior or abnormality in a physiological process or condition.
These biomarkers are found in blood, other body fluids, or tissues. Biomarkers not only indicate
a change or abnormality in a biological system but may also indicate the body's response to a
specific treatment for a disease.® Owing to the severity of lung cancer disease condition,
scientists have been searching for suitable biomarkers that may be used to indicate the onset as
well as different stages of lung cancer. In this regard, liquid biopsy is a convenient way to extract

several biomarkers at once. The key benefit of liquid biopsies is that no tissue samples are
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needed to be taken, reducing patient discomfort and allowing for repeated tests over time to track
the development of the disease.® There is a wide range of biomarkers, including proteins (such as
an enzyme or receptor), nucleic acids (such as a microRNA or other non-coding RNA),
antibodies, and peptides. A collection of alterations can also be considered a biomarker, such as
gene expression, proteomic, and metabolomic signatures.® Proteases (class of enzymes that
hydrolyze protein) are the largest enzyme gene family in vertebrates.!! Healthy and diseased
cells contain and secrete a vast number of proteases that could be used as a biological signature
for healthy or diseased conditions, such as cathepsins (CTSs), urokinase plasminogen activator
(uPA), and matrix metalloproteinases (MMPs).'? An estimated 3% of the human genome (641
genes) comprise the proteases genes that encode different proteases responsible for various
physiological functions.!! In particular, recognition of the connection between proteases and
cancer may be traced back to the 1940s, when Fisher postulated that tumor-associated proteolytic
activity might be to blame for the breakdown of the cellular matrix and the ensuing invasion of
the tumor into the surrounding normal tissue. Then in the 1970s, individual proteases with
secreted members of cysteine and serine proteases and metalloproteinase families were
identified.® Owing to the ability to disintegrate extracellular membrane, these proteases
participate in tumor growth, invasion, angiogenesis and cancer metastasis. An example is matrix
metalloproteinases (MMPs), which disintegrate the extracellular matrix. The extracellular matrix
of cells acts as a physical barrier for cancer cells, preventing them from entering blood or
lymphatic vessels to facilitate metastasis. As a result, the effective invasion of tumor cells is
facilitated by uncontrolled extracellular matrix breakdown caused by enhanced MMP activity.
Additionally, uncontrolled modification of the extracellular matrix makes it easier for

angiogenesis to occur, which promotes tumor development and spread.!* Similarly, the
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importance of proteases in lung health and illness cannot be overstated. In the lungs, proteases
perform homeostatic roles, which control procedures like regeneration and repair in healthy
lungs. The emergence of several forms of lung disorders depends on the dysregulation of the
proteases-antiproteases balance. A considerable increase in protease activities is linked to
chronic inflammatory lung diseases. As a result, successful infection and inflammation in the
lungs depend on the under-or- over regulation of related proteases.'® Hence, proteases could
potentially be used as a tool to indicate the presence of lung inflammations and tumors, and the
extent of levels could be indicative of different stages of cancer.
3.1.2. Platform for lung cancer detection

The Bossmann group has been working hard since 2007 to create peptide-based ultra-
sensitive protease detection platforms that can detect protease activities over a broad range down
to sub-femtomolar limits of detection (LODs).'21%1" Consensus peptide sequences are
oligopeptides designed to be quickly cleaved by their specific proteases but not by every other
protease. As a result, they exhibit extremely high selectivity towards the protease that they are
intended to detect.!? These nanoplatforms are composed of dopamine-coated iron/iron oxide
core-shell nanoparticles conjugated to a consensus peptide sequence (that is protease-
cleavable) labeled with a fluorescence dye tetrakis (4- carboxyphenyl) porphyrin (TCPP) via an
amide linkage, as well as cyanine 5.5, a second dye that is permanently bonded to the dopamine
layer and functions as a TCPP quencher. The working principle is based on the Forster resonance
energy transfer (FRET) and plasmon resonance quenching. When a suitable protease is present
and the consensus sequence is cleaved, TCPP is released and the fluorescence signal increases,
providing a "light switch effect"” that allows for the highly sensitive detection of protease

activity, which is then measured using a plate reader (Figure 3.1).
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Figure 3.1. Design principles of a nanobiosensor for protease detection (A) Iron/iron oxide-
peptide detection system!’ (Reprinted with permission from ref 17) (B) Graphene-peptide
detection system.

Despite the excellent success rates attained, the iron/iron oxide nanobiosensor technique
still has certain limitations, such as the cost and short-term stability of the iron/iron oxide
nanoparticles, as well as the necessity of using two fluorescent dyes, one for FRET quenching
and the other for sensing. To address these issues, we chose long-lasting, highly water/buffer
dispersible graphene as the core material that overcomes the shortcomings of the iron/iron oxide
nanoparticles. Additionally, by utilizing a graphene-based nanoplatform and taking advantage of
graphene's optical absorption property, which enables graphene to behave as a very effective

guencher for fluorescent molecules, we have overcome the problem of having to use two dyes.
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The study uses detonated carboxygraphene that is linked to polyethylamine (PEI) to provide an
anchor for the peptide (labeled with TCPP) conjugation via an amide bond.
3.1.2.1. Graphene

Graphene has exceptional chemical, mechanical, and optical properties that make it a
great choice among other drug delivery nanocarrier system candidates. Most important of all the
properties is the high surface area that leads to ultra-high drug-loading efficiency.'® The
Sorensen group (Physics at KSU) has developed a one-step, simple, easy, and nontoxic method
for the synthesis of graphene from O./C>H. detonation at 4000 K without the use of any catalyst.
The product forms 1-10mm aerosol gel globules and is very rich in carbon (99.2% carbon, 0. 7%
oxygen) with a zeta potential of +60 mV in H2O. Raman spectra of graphene synthesized with
different molar ratios of Oz and C2H, show two new bands at 1328 and 1610 cm™! along with G

and 2D bands at 1580 and 2650 cm™! corresponding to graphene nanoparticles.®
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Figure 3.2. Raman spectra of graphite and graphene nanoparticles.'® (Reprinted with permission
from ref 19).

Transmission electron microscopy (TEM) and RAMAN spectroscopic analysis also

confirm both the presence of stacked graphene layers (stacking number 7-20) and the fractal
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nature of explosion-graphene. UV/Vis (ultraviolet/visible) spectroscopy analysis showed that
graphene nanoparticles, as well as derived graphene oxide, can absorb light in the UV region
with a high optical extinction value that makes it a great choice for use in photothermal therapy

(Figure 3.3).

Figure 3.3. UV/Vis spectroscopic analysis of graphene and Fenton-oxidized graphene
nanoparticles.?’ (Reprinted with permission from ref 20)

Surface modification of graphene is often needed to enable its usage in different
applications and to increase water dispersibility. Hence, the Bossmann group has developed
novel methods for the easy surface modifications of explosion-synthesized graphene such as
Fenton oxidation and carboxylation. Fenton oxidation involves the use of iron sulfate?® that may
lead to iron toxicities when inside the biological system?!. To avoid the possible iron toxicity,
instead of oxidized graphene (GO), this study will use carboxygraphene. In this regard, method
developed for the modification of graphene surface with carboxylic acid functionality in
Bossmann lab is very easy to carry out and yields a high surface density of carboxylic acid
groups on the surface (4 -COOH groups per nm?), corresponding to an average space per -COOH
group of 0.27 nm?. Such high labeling density with surface -COOH groups, contributes to much

higher water dispersibility for carboxygraphene nanosheets.?
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3.2. Materials and Methods

3.2.1. Gene expression analysis
Finding the proteases that are overexpressed in solid tumors, such as pancreatic cancer, is

simple with the help of gene expression analysis. Databases like NCBI GEO, Entrez Gene ID,
Unigene ID, and Gene Symbol provide access to various information.??

The NCBI GEO database was used to gather the relevant datasets for the selection of proteases
for the detection of SCLC and NSCLC vs. non-cancerous health situations, as well as
distinguishing between SCLC and NSCLC.? Criteria for datasets included in the analysis were
that the investigated species was Homo sapiens and the dataset consisted of the samples from
both primary tumor samples and healthy human tissue.

3.2.2. Synthesis of peptides

All consensus peptide sequences for developing the lung cancer biosensors were

synthesized via our optimized solid phase peptide synthesis (SPPS) conditions (Scheme 2.1).
Briefly, a resin containing the first amino acid of the peptide was swollen in DCM for 20 minutes
followed by a DMF wash for 1 minute. Meanwhile, the next amino acid (Fmoc-protected) of the
peptide chain was activated with HBTU in DIEA:DMF (1:23). After that, the activated amino
acid was added to the resin-amino acid. The mixture was swirled for 30 minutes at room
temperature followed by another addition of the amino acid mixture. After the addition of new
amino acid was completed, the resin-peptide was washed five times with DMF. The next step
was to deprotect the amine group that was protected by the Fmoc. To do so, 20% piperidine in
DMF was used for 1 minute followed by 10 minutes incubation (both at room temperature).
Again, DMF washings were performed to get rid of piperidine. At this point, the next (Fmoc-

protected) amino acid was activated and added to the resin having the growing chain of peptide.
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The cycle of Fmoc-deprotection and addition of new amino acid was repeated until the desired
amino acid sequence was obtained for all three peptide sequences.
3.2.2.1. Labeling of consensus peptide sequences with the dye TCPP

After the synthesis, peptide sequences were labeled with TCPP dye at the N-terminus of
the peptide. For the coupling of dye to peptide chain, the milli-equivalent ratio of the resin to
HBTU was 1:2.9, and resin to the dye was 1:3. The carboxylic group of the dye was activated
using HBTU in DIEA:DMF (1:23). The dye was incubated for 24 hours with the resin-peptide

chain, followed by multiple DMF washings to remove any free dye after the coupling step.

3.2.2.2. Cleaving of the resin

After the successful attachment of the TCPP dye to the peptides, an acid cocktail solution
was used to cleave the peptide sequence from the resin. This cocktail solution consisted of 95%
TFA, 2.5% TIPS and 2.5% distilled water. The resin along with the peptide chain was incubated
in this cocktail for 3 hours. After the completion of the resin cleaving step, the peptide was

precipitated and washed with cold ether, followed by drying with Ar gas.
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Scheme 3.1. Activation and addition of dye to the peptide and resin cleaving.

3.2.2.3. Analysis of the synthesized peptides

All the samples were prepared in 80% acetonitrile and 20% water v/v to perform UPLC-
MS analysis (sample concentration: 0.1 mg/mL) using Waters ACQUITY TQD Tandem
Quadrupole UPLC/MS/MS system in ES+ ionization mode using acetonitrile/water gradient. The
instrument was equipped with an ACQUITY UPLC peptide CSH C18 column (Waters), 130

Angstrom, 1.7 micrometer 2.1 mm x 150 mm.

3.2.3. Synthesis of carboxygraphene

Detonation-synthesized graphene nanosheets (0.3 O/C, 2g) was suspended in 40 mL
DMF at room temperature in a 250 mL three-necked round bottom flask equipped with a
magnetic stir bar. First, the temperature of the reaction mixture was increased to 40 °C and 1.0 g
of 5-bromo-valeric acid (0.0055 mol) was added to the graphene suspension, followed by the
addition of 0.36 g sodium azide crystals (NaNs) (0.0055 mol). After NaNs was fully dissolved,

the suspension was slowly heated up to 80 °C (about 1°C/min.) and stirred for 1 hr. When the
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temperature of the mixture reached between 40 °C and 50 °C, a nucleophilic substitution reaction
(SN) occurred, in which organic azide and DMF-soluble sodium halogenide was formed. When
the temperature reached above 50 °C, the organic azide released nitrogen gas and a nitrene
intermediate was formed. The nitrogen of the nitrene intermediate contained an incomplete
valance shell so this intermediate underwent a cycloaddition with a pi-pi double bond at the
surface of graphene to form a stable azirane anchor (three-membered C-N-C ring). After 1 hour,
the suspension was cooled down to room temperature, and carboxygraphene was collected via
centrifugation (5 min @ 7,000 rpm) and washed five times with DMF followed by three
anhydrous diethyl ether washings. Finally, the resulting product was dried for characterization
and then stored under argon.
3.2.4. Loading of peptide

After characterizing the carboxygraphene, the next step was to load the peptide onto the
graphene. The first step was to add polyethylenimine groups (PEI) to use later for making an
amide bond with the C-terminal of the peptide. To do so, a one-pot reaction was performed by
suspending 1.0 g of synthesized carboxygraphene in 30 mL anhydrous DMF (at room
temperature) in a 100 mL round bottom flask equipped with a magnetic stir bar. Next, 500 mg of
polyethylenimine (PEI), branched, molecular weight 10,000 (PEI), 250 mg of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), and 250 mg of 4-dimethylaminopyridine (DMAP)
were added to the solution. The reaction mixture was stirred at room temperature overnight. The
final product carboxygraphene-polyethylenimine (CG-PEI) was collected via repeated
centrifugations (5 min each at 7000 rpm) followed by washings with DMF and diethyl ether.

Finally, resulting product was dried under argon.
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To attach peptide, 250 mg of carboxygraphene-PEI was suspended in ~8.1 mL DMF in a
small glass vial, and the solution was sonicated for one min. Next, 5 mg DMAP and 5 mg EDC
were added to the vial followed by 3.5 mg of TCPP-conjugated peptide. The solution was
sonicated for about five minutes to ensure the full suspension of all components in DMF. The
reaction mixture was then stirred overnight at room temperature. The next day, the product was
collected via centrifugation (10 min @ 7000 rpm) followed by three DMF washings and three
washings with diethyl ether. After the last washing with diethyl ether, the final product was dried

with argon.
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Figure 3.4. Representation of carboxygraphene-polyethylenimine-based platform.

3.2.5. Enzymatic digestion experiments

To run the digestion experiments, commercially available enzymes were used. 25 nM of
each peptide (unlabeled) was dissolved in 1.0 mL of a buffer comprised of Tris (50 mM), CaCl;
(20 mM), and NaCl (150 mM), pH=7.5 (adjusted with HCI). The enzyme (specific for the
relevant peptide substrate) (100 nM) was dissolved in 1.0 mL of the same buffer. Both solutions
were heated to 37 °C. The reaction started by adding the enzyme solution to the peptide solution.

The reaction mixture was kept at 37 °C for four hours. Samples (25 ul) were taken at 0, 60, 120,
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and 240 min. and analyzed using a Waters ACQUITY TQD Tandem Quadrupole UPLC/MS/MS
system that was equipped with an ACQUITY UPLC peptide CSH C18 column (Waters), 130
Angstrom, 1.7 micrometer 2.1 mm x 150 mm. An acetonitrile/water gradient was used for
eluting the peptides/fragments.
3.2.6. Fluorescence measurements with detonated graphene-biosensors

In accordance with previously published procedures’?42° A BioTek Synergy H1 plate
reader with tungsten halogen lamp, analysis bandpass filter: 650 + 25 nm, excitation bandpass
filter: 421 = 10 nm and 96-well plates was used. Two types of solutions were prepared; solution
1 contained HEPES buffer (25 umol) (2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic acid)
that was prepared enriched with Ca(Il), Mg(II), and Zn(II) (10 umol each). The temperature was
kept 298 K (pH = 7.2) to ensure the full enzymatic activities. Solution 2 contained the
nanobiosensor (0.03 mg of graphene-nanobiosensor) in 1.0 mL of HEPES buffer and was
sonicated for 10 min at 298 K. Sample control, assay, assay control and blank were prepared
using solution 1 and/or solution 2 to 5 puL of serum sample as follows; Sample Control contained
125 pL of solution 1 + 5 pLL serum sample. Assay contained 125 pL of solution 2 + 5 puL of
serum sample. Assay Control contained 125 pL of solution 2 + 5 pL of solution 1. Blank
contained 130 uL of solution 1. Each sample was loaded (130 uL) into one well of a black 96-

well plate and incubated for 90 min. at 37°C.
3.3. Results and Discussion

For Fe/Fe304 core/shell-based nanobiosensors the early detection of pancreatic cancer at
stages 0 and 1'°, and of NSCLC at stage 1?* was possible by means of Liquid Biopsies (serum),

because of distinctly changes of their protease signatures during the transition from non-
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cancerous to cancerous. The data collected for some proteases (out of 19 selected) has been
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Figure 3.5. Gene expression differences (displayed as natural logarithm on y-axis) between
control tissue (non-cancerous lung tissue cells) and cancerous tissue (NSCLC, on x-axis).? The
y-axis is normalized to natural logarithm of mMRNA expression for the respective enzyme found

in tumor tissues before surgery. The error bars indicate the deviation of mRNA’s for the
proteases found in tissue.

shown in Figure 3.5, 3.6 and 3.7.
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Principally, the same selection of proteases/arginase could also differentiate between

SCLC and healthy tissue, as shown in Figure 3.6.
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Figure 3.6. Gene expression differences (displayed as natural logarithm on y-axis) between
control tissue (non-cancerous lung tissue cells) and cancerous tissue (SCLC, on x-axis).?® The y-
axis is normalized to natural logarithm of comparative mRNA expression for the respective
enzyme found in tumor tissues before surgery. CTSL1 and CTSL2 are isoforms of cathepsin L.

Gene splicing is very common in the tumor environment.?® The error bars indicate the deviation
of mRNA’s for the proteases found in tissue.

The computed differences in gene expression between SCLC and NSCLC are shown in
Figure 3.7. Due to significant differences in the gene expression levels of SCLC versus NSCLC,
MMP10 and CTSH were found suitable to discriminate between SCLC and NSCLC. Differences
in the expression levels of NSCLC versus control make them promising biomarkers for lung
cancer detection (especially NSCLC, Figure 3.5) as well. Among other analyzed proteases, the
candidates with significant differences in the gene expression levels of cancerous versus non-
cancerous were selected (Figure 3.5 and Figure 3.6) to differentiate between the cancerous lung
condition (NSCLC and SCLC) and non-cancerous cells. An example is neutrophil elastase which
shows altered expression in both types of lung cancers compared to the control cells (NSCLC
and SCLC, Figure 3.5 and Figure 3.6); hence it will be used as an example in the later sections

(characterization and enzymatic digestion) of this chapter.
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Figure 3.7. Gene expression differences (displayed as natural logarithm on y-axis) between
Small Cell Lung Cancer (SCLC) and Non-small Cell Lung Cancer (NSCLC) tissue (on x-axis).??
The error bars indicate the deviation of mRNA’s for the proteases found in tissue.

3.3.1. Peptide syntheses and characterizations

Table 3.1 summarizes all the consensus sequences that were synthesized to develop the

19 nanobiosensors for the detection of lung cancer. These peptides are cleavable in the presence

of relevant proteases that are over- or under-expressed in NSCLC and/or SCLC lung cancer.

Table 3.1. Consensus peptide sequences for lung cancer proteases.

Host Proteases

Consensus peptide sequences

MMP1 GAGVPMS-MRGGAG
MMP2 GAGIPVS-LRSGAG
MMP3 GAGRPFS-MIMGAG
MMP7 GAGVPLS-LTMGAG
MMP9 GAGVPLS-LYSGAG
MMP10 GAGPSG-LQTGAG
MMP11 GAGGAAN-LVRGAG
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MMP12 GAGPKA-LGLAAG
MMP13 GAGPQGLA-GQRGIVAG
MMP15 GAESDA-SQTGAG
Arginase (ARG) GAGRRRRRRRAG

uPA GAGSGR-SAG

CTSB GAGSLLKSR-MVPNFNAG
CTSD GAGDSG-LGRAG

CTSE GAGEVAL-VALKAG
CTSH GAQFVR-SPSGAG

CTSK GAGAKLK-AENNAG
CTSL GAGSGVVIA-TVIVITAG
Neutrophil elastase GAGGEPV-SGLPAG

The characterization results gave high purity of the desired peptide sequences synthesized
via our optimized SPPS conditions. An example is the consensus sequence for neutrophil
elastase, which secreted by neutrophils, monocytes, macrophages in the tumor environment of
lung cancers.?” The unlabeled peptide showed a highly pure peak at 2.66 min in the
chromatogram corresponding to the desired mass peak in the mass spectrum (MW = 1068.134
Da) with closer to 100% peak purity (Figure 3.8). The TCPP-labeled neutrophil elastase
consensus sequence also showed high purity (Figure 3.9) with the mass confirmation via mass

spectrum (MW = 1840.924 Da).
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Figure 3.8. Neutrophil elastase (unlabeled) characterization via UPLC-MS. Chromatogram
(green) shows the relevant peaks when mass filter was applied.
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3.3.2. Reaction kinetics analysis between enzymes and peptide substrates

Enzymatic digestion experiments were performed for unlabeled consensus sequences
synthesized for MMP2, MMP9, MMP13, CTSB, CTSD and Neutrophil elastase proteases. These

proteases were selected based on the availability of active recombinant proteases. The digestion
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fractions were analyzed at Oh, 1h, 2h and 4h intervals and UPLC-MS analysis was performed. It

was found that almost all the peptides showed an increasing trend for the concentration of the

digested fragments while an expected decreasing trend for the concentration of the peptide, with

respect to time. These results confirmed that commercially available proteases were active and

specific towards our consensus peptide sequences.
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Figure 3.10. Neutrophil elastase consensus sequence digestion with commercial Neutrophil
elastase protease, created using UPLC-MS results. (A) Trend-line for peptide fragment product
(B) Trend-line for digested peptide substrate.
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The digestion experiments indicate that the commercially available proteases were able to
cleave the consensus sequences that were used for the design of nanobiosensors. This is an
important result, because it demonstrates that our nanobiosensors principally work as discussed
in their general paradigm: upon cleavage of the consensus sequence the fluorescent dye can
escape the quenching sphere of the formerly attached nanoparticle or graphene surface. As
shown in Figure 3.10, principally the same kinetics is found for both fragments of GAGGEPV-
SGLPAG. Surprisingly, this was not corroborated by the kinetics of substrate disappearance. The
most likely reason for this observation is that the substrate is adsorbed at/in the enzyme and is
removed via filtration prior to injection. Another possible explanation is that all MMPs follow
Michaelis-Menton kinetics. However, at the chosen concentrations in the digestion experiments
described here, both the release of the peptide fragments and the consumption of the consensus
sequence should be linearized. It should also be noted that all enzymes used are recombinant. A
wide variation of enzyme activity was observed for different enzyme batches throughout my
thesis.?® The results from enzymatic digestion experiments for MMP2, MMP9, MMP13, CTSB,
and CTSD are shown in Appendix A.

3.3.3. Carboxygraphene and carboxygraphene-PEI characterizations

The reaction of bromovaleric acid with sodium azide leads to the formation of organic
azide via nucleophilic substitution reaction that, upon increasing the temperature, releases
nitrogen gas to form nitrene intermediate (Scheme 3.2). At this point, the nitrogen of the nitrene
intermediate contains an incomplete valance shell, so this intermediate undergoes a cycloaddition
with a pi-pi double bond at the surface of graphene to form a stable azirane anchor (three-

membered C-N-C ring) with a carboxylic acid side chain.?
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Scheme 3.2. Synthesis of carboxygraphene.

The CHNO elemental analysis of the starting material graphene, carboxygraphene, and
carboxygraphene-PEI was performed to find the relative percentage of carbon, hydrogen,
nitrogen, and oxygen. Results showed that the inclusion of N in carboxygraphene signifies that a
three-membered C-N-C ring called an azirane anchor was formed, indicating that the
cycloaddition reaction to conjugate carboxylic acids to graphene's surface was successful. The
effective addition process for anchoring polyethylenimine to carboxygraphene is also indicated
by the considerable rise in N content for carboxygraphene - PEI. Additionally, we calculated the
PEI amount to be 27 £ 2 percent based on the N-content for carboxygraphene-PELI.

Table 3.2. CHNO elemental analysis results.?

CHNO Elementary Analysis

Graphene (0.3) 99.80% C 0.15% H 0.05% O
Carboxygraphene 94.22% C 1.79% H 2.82% O 1.17% N
Carboxygraphene-PEI 82.58% C 4.65% H 2.12% O 10.65% N

Thermogravimetric analysis (TGA) was used to examine the thermal stability of
carboxygraphene and carboxygraphene-PEI. The samples were heated to 600 °C (under nitrogen)

at a rate of 10 °C/minute. It was found that before reaching 100 °C, carboxygraphene
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experienced an initial mass loss of 28 + 2 percent by weight (Figure 3.11). Graphene was highly
stable at temperatures above 100 °C as this behavior is typical of graphene. On the other hand,
carboxygraphene-PEI resulted in an initial mass loss of 9 + 1% by weight below 100 °C and an
additional mass loss of 11.5 + 1% by weight above 150 °C (Figure 3.11). The weight loss from
carboxygraphene - PEI in the heating range of 150 °C to 600 °C resulted from PEI
decomposition. In contrast, the initial weight loss observed was caused by the partial loss of

attached valeric acid units in the outer shell of carboxygraphene and the removal of adsorbed
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Figure 3.11. Thermogravimetric Analysis of Carboxygraphene and Carboxygraphene-PE|.2°
(Reprinted with permission from ref 20).

100



The presence of -COOH functional groups on graphene surface was confirmed via
Fourier-transform infrared spectroscopy (FTIR analysis) that was recorded as powder ATR
(Attenuated Total Reflection. The spectrum in Figure 3.12 shows data for wavenumber (cm™)
on x-axis and % transmittance on the y-axis. The results showed a distinct signal for the presence
of -COOH groups (3400 - 3000 cm™). The stretching vibrations of C-H bonds were responsible
for the absorption band at 2875 cm, those of C-O bonds were responsible for the bands at 1250

and 1070 cm?, and those of C=0 bonds were responsible for the band at 1630 cm™.
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Figure 3.12. Fourier-transform infrared spectroscopy (FTIR) analysis of carboxygraphene.?°
(Reprinted with permission from ref 20).

3.3.4. Dynamic Light Scattering and Zeta-Potential measurements of
carboxygraphene, carboxygraphene-PEI, and nanobiosensors

The hydrodynamic size and zeta potential of carboxygraphene, carboxygraphene-PEl,
and all 19 nanobiosensors were measured. It was found that agglomeration happens in all
samples. Here, two sizes are mentioned for each sample, one from the individual population and

the other from the average size (considering possible clusters formed). Based on the findings,
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carboxygraphene showed a hydrodynamic diameter of 147.98 nm. The size increased after

attaching PEI to the carboxygraphene, which was confirmed by a diameter of 241.53 nm.

Similarly, a further increase was observed upon conjugation of TCPP-labeled peptide to

carboxygraphene-PEI in the case of all biosensors (Table 3.4). Likewise, the zeta potential of

carboxygraphene was found to be +22.1 mV, and after covering it with PEI, it rises to +31.9 mV.
The rise in charge from carboxygraphene to carboxygraphene-PEI again confirmed that PEI was
effectively conjugated to carboxygraphene. After the peptide loading, the zeta potential reduces

to almost neutral value that confirms the successful loading of peptide onto the carboxygraphene.

Table 3.3: Dynamic light scattering and Zeta Potential measurements of carboxygraphene and

carboxygraphene-PEI

Table 3.3. Dynamic light scattering and Zeta Potential measurements of carboxygraphene and
carboxygraphene-PElI.

DLS (nm) Zeta
DLS (nm)
Sample Individual Potential
Average
Population (mV)
Carboxygraphene 147.98 839.54 +22.1
Carboxygraphene-PEI 241.53 362.32 +31.9

Table 3.4. Dynamic light scattering and Zeta Potential measurements of all 19 nanobiosensors.

DLS (nm) Zeta potential (mV)
Batch 1 Batch 2 Batch 1 Batch 2
MMP1 611.07 611.51 1.19 1.33
MMP2 551.19 688.17 0.37 -0.87
MMP3 551.19 603.09 3.66 1.33
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MMP7 563.71 636.74 3.13 1.25
MMP9 569.27 670.57 1.68 1.52
MMP10 368.11 419.43 1.96 1.75
MMP11 401.15 404.29 3.33 1.97
MMP12 324.48 363.58 4.10 2.93
MMP13 601.67 676.28 1.85 1.26
MMP15 607.38 684.30 0.55 0.91
CTSB 563.96 657.33 1.42 1.38
CTSD 467.87 533.72 3.88 2.18
CTSE 692.28 794.73 -0.33 -1.81
CTSH 514.39 504.57 2.23 2.35
CTSK 433.65 452.68 3.88 1.42
CTSL 686.77 701.84 0.56 1.19
Neutrophil

504.69 498.07 1.68 0.25

elastase
uPA 467.57 509.31 1.92 0.68
ARG 545.25 485.01 3.47 2.06

The data summarized in Table indicates that the sizes of batch 1 and batch 2, as
determined by means of light scattering, and their zeta potentials, are comparable. Based on the
data available to date, we are not able to formulate a paradigm how to minimize the observed

deviations.
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3.3.5. Ultraviolet/Visible (UV/Vis) spectroscopy analysis

Very interesting results were obtained from the UV/Vis spectroscopy analysis as the
Soret band was clearly visible in the UV/Vis spectra of nanobiosensors at 420 nm which is a
characteristic of TCPP confirming the successful loading of peptides labeled with TCPP in all
nanobiosensors. It was concluded from the results that TCPP was successfully attached to the
polyethylenimine layer through the peptide encoding the consensus MMP-1 sequence. The
concentration of TCPP was 1.07 x 10° moles per gram of carboxygraphene-PEI, based on an
estimated absorption coefficient of 135,000 M cm™*. Additionally, the findings demonstrated
that carboxygraphene-derivatives, such as covalently attached polyethyleneimine could function
throughout a wide range of optical wavelengths because the absorption spectrum changes were
minimal going from UV to near-infrared (NIR) regions, increasing the biosensor scope with NIR
lasers and related biomedical applications. The parameter E (optical extinction) is the sum of A

(optical absorption) and Sct (scattering).
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Figure 3.13 Ultraviolet/visible optical extinction spectra of carboxygraphene (Black),

carboxygraphene-PEI (Grey), and the MMP1 nanobiosensor (Red, for comparison) in water. The
absorption peak of TCPP is marked with a red arrow.?° (Reprinted with permission from ref 20).
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Table 3.5. Concentration of graphene-attached TCPP for each nanobiosensor.

Enzyme Consensus Molecular AADbs Moles of TCPP

Sequence weight per gram of
nanobiosensor
x 10°

MMP1 GAGVPMS- 1920.118 0.014482 1.070
MRGGAG

MMP2 GAGIPVS- 1914.068 0.00975 0.722
LRSGAG

MMP3 GAGRPFS- 2024.268 0.02255 1.670
MIMGAG

MMP7 GAGVPLS- 1903.108 0.02523 1.868
LTMGAG

MMP9 GAGVPLS- 1921.058 0.00479 0.355
LYSGAG

MMP10 GAGPSG- 1744.798 0.01161 0.860
LQTGAG

MMP11 GAGGAAN- 1842.948 0.02065 1.529
LVRGAG

MMP12 GAGPKA- 1754.928 0.01552 1.150
LGLAAG

MMP13 GAGPQGLA- 2181.348 0.010065 0.745
GQRGIVAG
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MMP15 GAESDA- 1822.778
SQTGAG
ARG GAGRRRRRRRAG | 2197.418 0.004599 0.341
uPA GAGSGR-SAG 1491.508 0.02645 1.959
CTSB GAGSLLKSR- 2491.768
MVPNFNAG
CTSD GAGDSG-LGRAG | 1689.728 0.0078 0.577
CTSE GAGEVAL- 1928.128 0.017625 1.305
VALKAG
CTSH GAQFVR- 1905.998 0.01583 1.172
SPSGAG
CTSK GAGAKLK- 1973.088 0.01393 1.032
AENNAG
CTSL GAGSGVVIA- 2257.528
TVIVITAG
Neutrophil GAGGEPV- 1840.928 0.01760 1.304
elastase SGLPAG

3.3.6. Transmission electron microscopy (TEM) analysis

To examine the morphology of the samples, TEM images of graphene, carboxygraphene,
carboxygraphene-PEI, and carboxygraphene nanobiosensors were collected by Dr. Prem Thapa
using a Hitachi H-8100 Transmission Electron Microscope (200 kEV) at the University of

Kansas' MAI Research Resource Core Laboratory. The samples dispersed in methanol and were
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put onto copper grids, followed by evaporation under a high vacuum. The TEM data

demonstrated that the samples' morphology remained unaltered after all derivatizations.

Figure 3.14. Transmission electron microscopy images of A) Graphene, B) Carboxygraphene,
C) Carboxygraphene-PEI, and D) MMP1 nanobiosensor.? (Reprinted with permission from ref

20).

The TEM Images of all other nanobiosensors synthesized in this thesis are provided in
the Appendix A. They demonstrate that the fractal structure of explosion graphene-derived
nanobiosensors is not changed by the synthetic procedures described here.

3.3.7. Optimizations of designed nanobiosensors
3.3.7.1. Optimization of the peptide concentration

To get the best results from the designed biosensors, the next step was to optimize the
working conditions for the nanobiosensor using a serum sample and MMP1 nanobiosensor (as an
example). First, the concentration of TCPP-labeled peptide (MMP1-TCPP) loaded onto the

nanobiosensor was optimized to get maximum fluorescence intensity after enzymatic cleavage
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with recombinant MMP1 (Enzo Lifesciences). For this purpose, 0.30 mg of various graphene
nanobiosensors for MMP1 detection possessing multiple TCPP-peptide concentrations (7.5,
14.5, 18, and 24 mg per 100 mg of nanobiosensor) were incubated with 1.0 x 10" M MMP1 in
HEPES buffer at 37° C for 60 min. The outcomes demonstrated that 7.5 mg of TCPP-peptide
produced the maximum fluorescence. Based on these findings, the concentration of 7.5 mg
TCPP-peptide was selected and used in the subsequent studies. Note that 7.5 mg per 100 mg of
nanobiosensor was the lowest concentration that was measurable by means of UV/Vis absorption
spectroscopy (see Figure 3.13). At lower TCPP concentrations, we were unable to ascertain the
concentration of TCPP-peptide that was bound to the surface of carboxygraphene-PEI.
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Figure 3.15. Measurement of fluorescence intensity for the optimization of peptide-TCPP
(MMP1-TCPP) per 100 mg of nanobiosensor.?’ (Reprinted with permission from ref 20).

Our mechanistic paradigm for the observed release kinetics of peptide-TCPP from the
surface of the graphene nanobiosensor is that the attack of the protease is sterically hindered at
higher concentrations of consensus-sequence bound TCPP on the surface of the coated few-

graphene layer stacks, which acts like a “dense forest”. Because graphene is an excellent
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quencher, virtually no fluorescence is observed from bound TCPP, even at higher concentrations
on the surface.
3.3.7.2. Optimization of the nanobiosensor concentration

The nanobiosensor concentration was optimized to determine the lowest concentration
necessary to produce the highest fluorescence intensity using the same serum sample as the
previous experiment. The results demonstrated that the ideal concentration of MMP1
nanobiosensor was between 0.1 mg/mL of nanobiosensor to produce the highest fluorescence
intensity. The analysis of samples was repeated three times to get the average values. The
average error was =+ 2 relative percent. The observed curve shape is typical for the release of
fluorescently labeled protease substrates from the surface or few-layer graphene. It should be
noted that at 0.5 mg/ml there was no discernible fluorescence. This is an indication for the
excellent Fluorescence Resonance Energy Transfer properties of graphene.
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Figure 3.16. Measurement of fluorescence intensity for the optimization of (MMP1)
nanobiosensor concentration.?° (Reprinted with permission from ref 20).
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It should be noted that the final optimization of this heterogeneous reaction system is
currently being performed by Hawkeye Bio LLC. This has been decided to mitigate any potential
conflict of interest with this technology of great identified commercial value.

3.3.7.3. Activity in buffer

The fluorescence intensity was measured in HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer as well as in MES (2-(N-morpholino)ethanesulfonic acid)
buffer to finalize a buffer with most suitable to maintain the physiological conditions during the
analysis. The concentration of each buffer used for the analysis was 25 umol at 298 K
temperature and 7.2 pH to ensure the full enzymatic activities. It was observed that most of the
nanobiosensors showed higher fluorescence intensities relative to intensities of control samples
in HEPES buffer, hence, it was chosen to proceed with. Data for all nanobiosensors is shown in
Appendix A.
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Figure 3.17. Measurement of fluorescence intensity in HEPES vs. MES buffer using CTSE
nanobiosensor.

3.3.7.4. Adjusting the pH
The following experiment was carried out to look at how pH affected the fluorescence
intensity. When optimized concentration (0.1 mg/mL) was used, it was found that the pH of the

sample declined to 6 on its own. It was noticed that the fluorescence intensity significantly
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increased again when the pH was adjusted to 7.2 versus when it was not adjusted. There are two
main reasons for the observed differences; the enzymatic activity is maximum at physiological
pH, which results in maximal cleaving of the peptide substrate leading to higher fluorescence
intensity; and acidic pH disturbs the protonation of TCPP dye as TCPP dye displays maximum

fluorescence when it is monoprotonated at slightly higher pH.
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Figure 3.18. Measurement of fluorescence intensity for the optimization of pH using MMP1
nanobiosensor.?® (Reprinted with permission from ref 20).

3.3.7.5. Adjusting the incident wavelength

Since the wavelength is based on the fluorescent moiety employed in the nanobiosensor
design, the final optimization experiment was conducted to identify the best wavelength to
produce the highest fluorescence intensity. It was discovered that the ideal wavelength for the

fluorescence intensity produced by TCPP in the MMP1 nanobiosensor was A =425 nm.
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Figure 3.19. Measurement of fluorescence intensity for the wavelength optimization using
MMP1 nanobiosensor (before and after incubation). All sera used for the principal testing of the
MMP1 biosensor were provided by Hawkeye Bio LLC.?° (Reprinted with permission from ref
20).

3.3.7.6. Determination of limit of detection (LOD)

To estimate the limit of detection (LOD) of the designed detection platform, the MMP1
nanobiosensor was tested under optimized conditions ((0.1 mg/mL, decreasing enzyme
concentration. It was discovered that the detected signal's intensity was correlated with the
enzyme concentration. From the data shown here, we estimate a limit of detection (LOD) in the
femtomolar range. This is based on the experimental result that with 3% relative error from five
independent measurements of the fluorescence intensity after 24h reaction of the optimized
nanobiosensor for MMP1 detection (0.1 mg/ml) in HEPES buffer (pH = 7.2) at 37° C for 60 min.
The range of MMP1 concentration was varied from 1.0 x 10t M to 1.0 x 10716 M.

The observed fluorescence at A = 425 nm after 60 min. of incubation was a function of
MMP1 concentration, whereas virtually no light was emitted by the intact graphene

nanobiosensors for MMP1 detection in the absence of cleaving enzyme (assay control). As it
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becomes clear from Figure 3.20, the assay (341 + 8 counts) at an MMP1 concentration of 1.0 x
101 M is clearly different from the assay control (12 + 2 counts). At an MMP1 concentration of
1.0 x 10> M the assay reads 34 + 2 counts, whereas the assay control reads 11 + 1 counts. Based
on these findings, we have estimated that the LOD of this assay is at or near 1.0 x 10> M of
MMP1 in HEPES. The assay is about three times larger than the assay control, meaning that at

this concentration MMP1 activity is still detectible.
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Figure 3.20. Limit of detection estimation indicated by plotting signal vs - log molar enzyme
concentration. (Blue: fluorescence before adding MMPL1 in various molar concentrations to 0.01
mg/ml optimized MMP1 nanobiosensor in HEPES; Orange: fluorescence after 60 min.
incubation at 37 °C).%° (Reprinted with permission from ref 20).
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3.4. Conclusion

In conclusion, this chapter describes a highly efficient detection system for the early
detection of lung cancer. The design of the detection system consists of a TCPP-labeled peptide
attached to the carboxygraphene core via PEI as a linker and dispersant. The chapter fully
describes the synthesis, assembly, characterization, and validation experiments. The designed
biosensors were fully optimized to get the best outcomes to detect the lung cancer pathologies.
The experimental results showed that after only one hour of incubation, the nanobiosensor was
capable of detecting lung cancer biomarkers at as low as sub-femtomolar levels. It has been
shown that these nanobiosensors can detect and monitor protease activity in a quantitative and
very sensitive manner. This project is in collaboration with Hawkeye Bio LLC, a biotech
company located in Torrance/CA. 19 nanobiosensors have been developed with appropriate
biomarkers for the detection of lung cancer. They are currently being tested in a Clinical Trial in

Shanghai/China for the early detection of lung cancers.
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Chapter 4 - Developing peptide-based nanoplatform for COVID-19
diagnosis

Abstract

The coronavirus pandemic, which started in December 2019, spread around the globe at a
rapid pace and proved dangerous, if not deadly, to so many. According to the John Hopkins
University and Medicine Coronavirus Resource Center, approximately 535 million people have
been affected by the coronavirus, and 6.31 million people have lost their lives to date, and the
numbers are still increasing. There is a critical need for a detection system that can diagnose the
infected patients with the least resources (especially true for third-world countries and large
populations). In this study, we report a rapid and reliable biosensor design that consists of
peptide sequence labeled with tetrakis-carboxyphenyl-porphyrin (TCPP) and explosion graphene
core-shell. The consensus peptide sequences specifically target and measure the activity of
SARS-CoV-2 protease biomarkers, including papain-like cysteine protease (PLpro) and 3C-like
serine protease (3CLpro). The detection system works on the principle of Forster resonance
energy transfer, where the cleaving of consensus peptide sequence by the PLpro or 3CLpro
proteases results in the termination of the quenching effect between graphene and TCPP. The
increase in the fluorescence intensity upon the termination of quenching is measured using a
plate reader. This platform not only gives a faster detection and quantitative measure of the viral
infection, but also offers the opportunity for an easy redesign by modifying the consensus
peptide part depending on the genome of the new strain of coronavirus and related proteases.

Furthermore, this biosensor can be easily used in laboratories with limited resources.
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4.1. Introduction

The coronavirus is now the major pathogen of respiratory disease outbreaks. Recently, at
least two major epidemics caused by a severe acute respiratory syndrome coronavirus were
reported.! In 2002/03, a strain was first detected in Foshan, in Guangdong province, and in
2019/20, another was detected in Wuhan, Hubei province, both in mainland China. Among the
severe clinical manifestations of COVID-19 disease, caused by the SARS-CoV-2 that originated
in Wuhan, are mainly acute respiratory distress syndrome (ARDS), severe pneumonia, sepsis,
and septic shock. Studies have found that a median duration between onset of symptoms and
ICU admission is 9 to 10 days, which suggests a gradual deterioration in the majority of cases.!
The most documented reason for requiring intensive care has been respiratory support, of which
two-thirds of the patients have met criteria for ARDS.? Currently, the diagnosis of ARDS
requires clinical and ventilatory criteria. These are supported by chest imaging, including chest
radiograph, CT scan, or lung ultrasound demonstrating bilateral opacities (lung infiltrates >
50%). ARDS is the most common cause of death related to COVID-19.? Current diagnostic
techniques are expensive and labor-intensive. Therefore, fast, and cost-effective methods for
monitoring the development of respiratory failure in SARS-CoV-2 infected patients are urgently
needed.

Two major types of SARS-CoV-2 (COVID-19) tests exist to date: A) The majority of
SARS-CoV-2 (COVID-19) tests used in clinical diagnostics are based on real-time reverse
transcriptase (RT)-PCR (polymerase chain reaction) diagnostic panels®, including the ID NOW
platform from Abbott Diagnostics®, which obtained emergency use authorization (EUA) from the
FDA.® Real-time (quantitative) PCR offers rapid high-throughput detection and quantification of

virtually any conceivable DNA or RNA target. With respect to detecting SARS-CoV-2, real
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time-PCR methods are reliable for detecting more than 100 to 1000 viruses per milliliter.> B) The
second group consists of serological methods (e.g., radioimmunoassays, ELISA (enzyme-linked
immunosorbent assays), Western blots, and recombinant immunoblot assays that are used to
determine antibodies titres resulting from (viral) infections.® ELISA is widely popular due to low
limits of detection (pico- to attomolar) for viral antigens, resulting in high sensitivity, relatively
low costs, >90% specificity, and straightforward interpretation of results.® However, antibodies
that are truly specific for SARS-CoV-2 are not available to date. Therefore, patients who had a
coronavirus infection other than SARS-CoV-2 in the past may be incorrectly diagnosed as
SARS-CoV-2 positive. However, these patients would not have developed immunity against
SARS-CoV-2. A comprehensive list of all SARS-CoV-2 tests that have been approved to date
can be found here’. Overall, classic approaches (like PCR and serology) are fast but limited to
the known pathogens only. Some advanced methods give more data, but are not established in
clinic yet, such as HTS (high throughput screening).® What is missing is a method to ascertain

the activity of a virus (e.g., SARS-CoV-2) close to real-time.
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Figure 4.1. The determination of the prevalence of clinical or scientific application of a
developed method.® (Reprinted with permission from ref 6).
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4.1.1. Biomarkers for COVID-19 detection

The typical PCR-based and serological methods have one aspect in common-that they
cannot distinguish between patients with active coronavirus infection and patients that have
survived the disease; PCR can still give a positive test to viral pieces after a patient survives the
infection and serological methods give a positive test to antibodies produced as a result of viral
infection.® Therefore, a critical need for a technology exists that is capable of detecting the activity
of a (corona)virus infection by means of a liquid biopsy using plasma, serum, sputum, or exhaled
breath condensate. To fill this need, peptide-based biosensors were developed for detecting the
proteolytic activities of SARS-CoV-2 protease biomarkers, including papain-like cysteine protease
(PLpro) and 3C-like serine protease (3CLpro). These two signature proteases of coronaviruses are

evolutionary conserved®®, because they are required to cleave their open-reading frames (ORF,

Figure 4.2).
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Figure 4.2. Genomes and Structures of Coronviruses.’® (Reprinted with permission from ref 10).
The typical coronavirus contains a non-segmented and single-stranded ribonucleic acid

(RNA) genome (approximately 30 kb). It is arranged in the order of 5’-3" including replicase
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genes, genes that encode for structural proteins (spike glycoprotein (S), envelope protein (E),
membrane protein (M) and nucleocapsid protein (N)), and polyadenylated tail. The partial
5’-terminal ORF 1a/b is within the 5" two-thirds of the covid genome and encodes for replicase
polyprotein 1a (ppla) and pplab. These polyproteins are cleaved by specific proteases including
papain-like cysteine protease (PLpro) and 3C-like serine protease (3CLpro) to produce the non-
structural proteins, including RNA-dependent RNA polymerase and helicase, which are
important enzymes for CoVs transcription and replication.° It is of importance that, according to
the recently published genome of COVID-19, both papain-like cysteine protease (PLpro) and
3C-like serine protease (3CLpro) are genetically conserved.®® Therefore, they are suitable targets
for detecting active coronavirus infections, as well as the recurrence of corona viruses after
initial immunity.
4.2. Materials and Methods
4.2.1. Synthesis of peptides

All consensus peptide sequences for developing the COVID-19 biosensors were
synthesized via our optimized solid phase peptide synthesis (SPPS) conditions (Scheme 2.1).
Briefly, a resin containing the first amino acid of the peptide was swollen in DCM for 20 minutes
followed by a DMF wash for 1 minute. Meanwhile, the next amino acid (Fmoc-protected) of the
peptide chain was activated with HBTU in DIEA:DMF (1:23). After that, the activated amino
acid was added to the resin-amino acid. The mixture was swirled for 30 minutes at room
temperature followed by another addition of the amino acid mixture. After the addition of new
amino acid was completed, the resin-peptide was washed five times with DMF. The next step
was to deprotect the amine group that was protected by the Fmoc. To do so, 20% piperidine in

DMF was used for 1 minute followed by 10 minutes incubation (both at room temperature).
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Again, DMF washings were performed to get rid of piperidine. At this point, the next (Fmoc-
protected) amino acid was activated and added to the resin having the growing chain of peptide.
The cycle of Fmoc-deprotection and addition of new amino acid was repeated until the desired
amino acid sequence was obtained for all three peptide sequences.
4.2.1.1. Labeling of consensus peptide sequences with dye

After the synthesis, peptide sequences were labeled with tetrakis-carboxyphenyl-
porphyrin (TCPP) dye at the N-terminus of the peptide. For the coupling of dye to peptide chain,
the milli-equivalent ratio of the resin to HBTU was 1:2.9, and resin to the dye was 1:3. The
carboxylic group of the dye was activated using HBTU in DIEA:DMF (1:23). The dye mixture
was incubated for 24 hours with the resin-peptide chain, followed by multiple DMF washings to

remove any free dye after the coupling step.

4.2.1.2. Cleaving of the resin

After the successful attachment of the TCPP dye to the peptides, an acid cocktail solution
was used to cleave the peptide sequence from the resin. This cocktail solution consisted of 95%
TFA, 2.5% TIPS and 2.5% distilled water. The resin along with the peptide chain was incubated
in this cocktail for 3 hours. After the completion of the resin cleaving step, the peptide was

precipitated and washed with cold ether, followed by drying with Ar gas.

4.2.1.3. Analysis of the synthesized peptides

All the samples were prepared in 80% acetonitrile and 20% water v/v to perform UPLC-
MS analysis (sample concentration: 0.1 mg/mL) using Waters ACQUITY TQD Tandem
Quadrupole UPLC/MS/MS system in ES+ ionization mode using acetonitrile/water gradient. The
instrument was equipped with an ACQUITY UPLC peptide CSH C18 column (Waters), 130

Angstrom, 1.7 micrometer 2.1 mm x 150 mm.
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4.2.2. Enzymatic digestion experiments

To run the digestion experiments, recombinant papain-like cysteine protease (PLpro) and
3C like serine protease (3CLpro) enzymes were used. 25 nM of each peptide (unlabeled) was
dissolved in 1.0 mL of a buffer comprised of Tris (50 mM), CaCl, (10 mM), and NaCl (150
mM), pH=7.5 (adjusted with HCI). 100 nM of either PLpro or 3CLpro were dissolved in 1.0 mL
of the same buffer. Both solutions were heated to 37 °C. The reaction started by adding the
enzyme solution to the peptide solution. The reaction mixture was kept at 37 °C for four hours.
Samples (25 pl) were taken at 0, 60, 120, 180, and 240 min. and analyzed using a Waters
ACQUITY TQD Tandem Quadrupole UPLC/MS/MS system that was equipped with an
ACQUITY UPLC peptide CSH C18 column (Waters), 130 Angstrom, 1.7 micrometer 2.1 mm X
150 mm. An acetonitrile/water gradient was used for eluting the peptides.
4.2.3. Synthesis of nanoparticles

Detailed procedures for Fe/FesOs-nanobiosensor synthesis have been published.!! In
short, Fe/FezOs-nanoparticles were synthesized from Fe(CO)s by means of a seeded growth
reaction in the presence of oleylamine and hexadecylammonium chloride (HADxHCI) using 1-
octadecene (ODE) as solvent, and then coated with organic dopamine layer.
4.2.4. Assembly of nanobiosensors

In the last step, peptide-bound TCPP and cyanine (Cy) 5.5 were bound to the primary
amine groups of the dopamine on the Fe/Fe3O4 surface via stable amide bonds. To do so, three
reaction mixtures were prepared by taking 100 mg of Fe/Fez04 nanoparticles coated with
dopamine and were suspended in ~15.5 mL DMF in a glass vial individually. All reaction
mixtures were sonicated for one min. Next, ~10 mg 4-dimethylaminopyridine (DMAP) and ~10

mg 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were added to each vial followed by
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~14.13 mg of TCPP pre-conjugated with each consensus peptide sequence individually. After
doing that, all reaction mixtures were sonicated for five minutes to ensure full suspension of all
components in DMF. The reaction mixture was then stirred (vigorously) overnight, at room
temperature. After the completion of 24 hours, the nanobiosensors were collected via
centrifugation (5 min @ 10000 rpm) followed by multiple DMF washings to get rid of unbound
components. After that, washings with cold diethyl ether (263 K) were performed and resulting
nanobiosensors were collected via centrifugation. After the washings with diethyl ether,
nanobiosensors were dried with argon.

Two batches of nanobiosensors for COVID-19 detection were synthesized, both featuring
35 + 5 TCPP fluorophors and 50 £ 8 Cyanine 5.5 molecules per Fe/FesO4 nanoparticle.
4.2.5. Fluorescence measurements with Fe/FesOs-biosensors

In accordance with previously published procedures!?* A BioTek Synergy H1 plate
reader with tungsten halogen lamp, analysis bandpass filter: 650 + 25 nm, excitation bandpass
filter: 421 = 10 nm and 96-well plates was used. Two types of solutions were prepared; solution
1 contained HEPES buffer (25 umol) (2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic acid)
that was prepared enriched with Ca(II), Mg(II), and Zn(II) (10 umol each). The temperature was
kept 298 K (pH = 7.2) to ensure the full enzymatic activities. Solution 2 contained the
nanobiosensor (0.3 mg Fe/Fe304) in 1.0 mL of HEPES buffer and was sonication for 10 min at
298 K. Sample control, assay, assay control and blank were prepared using solution 1 and/or
solution 2 to 5 pulL of serum sample as follows; Sample Control contained 125 uL of solution 1 +
5 uL recombinant enzyme. Assay contained 125 pL of solution 2 + 5 pL of calibration solution

containing known concentrations of purchased enzymes. Assay Control contained 125 pL of
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solution 2 + 5 uL of solution 1. Blank contained 130 uL of solution 1. Each sample was loaded
(130 pL) into one well of a black 96-well plate and incubated for 90 min. at 37°C.
4.2.6. Fluorescence measurements with detonated graphene-biosensors

Similarly, two types of solutions were prepared; solution 1 contained HEPES buffer (25
umol) prepared enriched with Ca(II), Mg(II), and Zn(II) (10 umol each). The temperature was
kept 298 K (pH = 7.2) to ensure the full enzymatic activities. Solution 2 contained the
nanobiosensor (0.03 mg of graphene-nanobiosensor) in 1.0 mL of HEPES buffer and was
sonication for 10 min at 298 K. Sample control, assay, assay control and blank were prepared
using solution 1 and/or solution 2 to 5 pL of serum sample as follows; Sample Control contained
125 pL of solution 1 + 5 puLL serum sample. Assay contained 125 uL of solution 2 + 5 uL of
serum sample. Assay Control contained 125 pL of solution 2 + 5 uL of solution 1. Blank
contained 130 uL of solution 1. Each sample was loaded (130 uL) into one well of a black 96-

well plate and incubated for 90 min. at 37°C.

4.3. Results and Discussion
4.3.1. Iron/lron oxide-based nanobiosensors for Cysteine Protease (PLpro) and

3C-like Serine Protease (3CLpro)

The nanoparticles have a well-defined core-shell structure, with the average Fe(0) core
diameter of 13+0.5 nm and the Fe3O4 shell thickness of 2.0 + 0.5 nm, respectively.!! The high-
resolution transmission electron microscopy (HRTEM) image reveals the polycrystalline nature
of the nanoparticles. Dopamine forms robust organic coatings with binding constants of the order

of 10*° | mol 1.2
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Figure 4.3. Fe/Fe3O4 core/shell nanoparticle-based nanobiosensor for protease detection.

It also increases the water-solubility of the resulting nanosensors to > 5g L. Porphyrins
have been used as cleavable fluorescent dyes because their photophysical properties are
excellently characterized.® Cyanine 5.5 has been co-attached as FRET quencher due to its large
molar extinction coefficient and suitable Forster radius.!” Figure 4.3 shows the structure of the
nanosensor comprised of dopamine-coated Fe/Fez0a, consensus sequence, TCPP, and Cyanine

5.5. Cy 5.5 is permanently linked to dopamine. Due to plasmonic quenching by the Fe/Fe3O4
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nanoparticles, Cyanine 5.5 shows only minimal fluorescence. Once the oligopeptide tether is
cleaved by a protease with high selectivity for the selected consensus sequence, the fluorescence
of TCPP increases significantly. The measure of the fluorescence intensity of the nanosensor
after the peptide cleaving gives the extent of the protease activity.

4.3.2. Designing consensus sequences for Cysteine Protease (PLpro) and 3C-like

Serine Protease (3CLpro)

The consensus sequences for both viral proteases (Table 1) were taken out of the viral
genome. Like many other viruses, SARS-CoV-2 expresses both non-structural and
structural/accessory proteins in open reading frames. Papain-like cysteine protease (PLpro) and
3C-like serine protease (3CLpro) cut both distinct cleavage sites of these open reading frames to
release proteins. These two signature proteases of coronaviruses are evolutionary conserved and
an established measure of virus activity.? Following consensus sequences were designed to
develop fluorescence-based nanobiosensors for measuring the proteolytic activity of
corresponding proteases.

Table 4.1. Consensus sequences for PLpro and 3CLpro detection.

Human coronavirus protease Common name Consensus

sequence(s)

C16.002: human coronavirus papain-like cysteine GAGKAAG-GKVSAG
229E papain-like peptidase 1 protease (PLpro)

(PLpro)

C16.002: human coronavirus papain-like cysteine GAGKQGA-
229E papain-like peptidase 2 protease (PLpro) GDAGAG

(PLpro)
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C30.003: human coronavirus 3C-like serine protease | GAGVTLQ-SAESAG

229E main peptidase (3CLpro) (3CLpro)

4.3.3. UPLC-MS characterization of consensus peptide sequences

The UPLC-MS analysis of peptide sequences synthesized via optimized SPPS showed
good high purity of peptides with minimum impurities. The PLprol peptide sequence showed a
major peptide product at 1.77 min. The mass of the highest intensity peak was confirmed by

mass spectrum taken for the relevant peak in the chromatogram (1030 Da).
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Figure 4.4. UPLC-MS analysis of PLprol peptide sequence.

The PLpro2 peptide sequence showed a high purity as the two peaks present in the
chromatogram were the peaks corresponding the desired mass (1016 Da) of the peptide, when
the mass filter was applied (Figure 4.5). The peaks were observed at 1.72 min and 2.17 min. The
mass of both high intensity peaks was confirmed by the matching mass spectrum taken for the

relevant peaks in the chromatogram (1016 Da).
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Figure 4.5. UPLC-MS analysis of PLpro2 peptide sequence.

The UPLC-MS analysis of 3CLpro peptide also showed high purity as the highest
intensity peak in the chromatogram corresponds molecular mass of the peptide (1147 Da)
calculated theoretically at 2.50 min. The mass of the highest intensity peak was confirmed by

mass spectrum taken for the relevant peak in the chromatogram (1147 Da, Figure 4.6).
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Figure 4.6. UPLC-MS analysis of 3CLpro peptide sequence.

4.3.4. Bioinformatics: CABS-dock server for flexible protein-peptide docking

By using CABS-dock, a computational service provided by the Kolinski research group
at the University of Warsau, Poland?8, it was verified by Dr. Bossmann that the proposed
consensus sequences are excellent fits for the active center of human coronavirus 229E main
peptidase (3CLpro, monomer shown in Figure 4.7). CABS-dock performs docking searches and
determines preferred binding sites allowing for full flexibility of the peptide and small
fluctuations of the receptor backbone. CABS-dock simulations are carried out using a coarse-
grained protein model, which is reverted to Protein Data Bank (PDB)-compatible coordinates

once the optimization is completed.'®2
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Figure 4.7. Docking Simulation (CABS-dock (20-25)) of GAGVTLQSAESAG to the active
center of human coronavirus 229E main peptidase (monomer). The peptide is shown in red.

4.3.5. Reaction kinetics analysis between enzymes and peptide substrates
The reaction kinetics of the consensus sequences (shown in Table 1) was studied by
performing enzymatic digestion reactions using recombinant PLpro and 3CLpro enzymes. The

UPLC-MS results for digestion fractions collected at different time intervals are shown in Figure

4.8 (A, B, C).
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Figure 4.8. UPLC-MS (total mass range detection), signal intensity in percent vs. retention time
in minutes. A) Digestion of GAGKAAG-GKVSAG peptide (25 nM) with PLpro enzyme (100
nM) in modified Tris buffer. B) Digestion of GAGKQGA-GDAGAG peptide (25 nM) with

PLpro enzyme (100 nM) in modified Tris buffer. C) Digestion of GAGVTLQ-SAESAG peptide

(25 nM) with PLpro enzyme (100 nM) in modified Tris buffer. UPLC chromatograms of
digestion fractions collected at 0 and 4 hours are shown.

The UPLC-MS results from enzymatic digestion experiment on the peptide substrates
proved that PLprol substrate was significantly cleaved by enzyme at multiple locations, hence,
giving multiple digested fragments. PLpro2 substrate showed very little digestion and only one

mass fragment (574.5 mass) was identified. The total ion current for different fractions was
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almost similar which indicates minor chemical changes during the digestion process. The data in
Figure 4.8 (C) proved that recombinant 3CLpro is capable of cleaving GAGVTLQ-SAESAG at
the designed position. The major fragment is GAGVTLQ (m/z = 644.73). It is noteworthy that
the presence of multiple digested fragments in PLprol and 3CLpro peptide substrates indicated
the presence of a multiple cleavage site. It should be mentioned that according to our experience,
the observed activity of recombinant proteases is generally several magnitudes lower than of
correctly folded proteases. Therefore, relatively high concentrations of bothPLpro and 3CLpro
were required to verify the cleavage sites.

Figure 4.9 shows the observed reaction kinetics of PLpro with GAGKAAGGKVSAG
and GAGKQGAGDAGAG,; and of 3CLpro with GAGVTLQSAESAG. This data was obtained
by UPLC-MS as described above. GAGKAAG, m/z: 530.56 was detected as a major cleavage
product of GAGKAAGGKVSAG by PLpro-1, as predicted. GAGKQGA, m/z: 587.62 was found
when GAGKQGAGDAGAG was digested with PLpro-1. As already shown in Figure 1,
GAGVTLQ, m/z: 644.73 is the major product that is cleaved by 3Clpro. In all three enzymatic

reactions, the C-terminal cleavage products underwent further enzymatic degradation.
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Figure 4.9. Intensities of the peptides PLpro-1: GAGKAAGGKVSAG, m/z: 1030.13;
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PLpro-2: GAGKQGAGDAGAG, m/z: 1016.08; and 3CLpro: GAGVTLQSAESAG, m/z:
1147.21 as a function of reaction time in minutes. The peptides (concentration: 25 nM) were
digested in the presence of their respective enzymes (100 nm) in modified Tris buffer at 37 °C.

4.3.6. Activity of iron/iron oxide-based nanobiosensors for Cysteine Protease
(PLpro) and 3C-like Serine Protease (3CLpro) detection
4.3.6.1. Detection of Cysteine Protease (PLpro) activity

The data summarized in Figure 4.10 clearly indicates that the range of use for Fe/Fe3O4-
nanobiosensor 1 for PLpro detection is limited; though the normalized fluorescence intensity
trend was random for very low concentration values, the linear trend was observed for higher
concentration range only (log PLpro concentration of 10" to 10® moles L*) compared to
nanobiosensors for protease!!132425 and arginase detection?®, which show sub-femtomolar limits
of detection. Furthermore, the observed linear correlation (y = 0.0235x + 0.8249; R? = 0.844) is
relatively weak, indicating that only semi-quantitative measurements of PLpro activity are
possible with this nanobiosensor in the specified activity range.
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Figure 4.10. Calibration curve of the nanobiosensor 1 for Cysteine Protease (PLprol) in HEPES
buffer (pH=7.2). Plot of normalized fluorescence intensity (Synergy H1, BioTek) vs. decadic
logarithm of PLpro concentration. 190min: fluorescence signal at 650nm (excitation: 420nm)
after 90 min of incubation. I0min: fluorescence signal at 650nm immediately after mixing. AC:
assay control: fluorescence at 650nm after 90 min. of incubation in the absence of PLpro.

135



Both synthesized batches performed equally well, considering the higher than usual
margin of error (+ 7 %), compared to + 3 % that was observed for nanobiosensors for the
detection of human proteases.124

It should be noted thatdespite its suboptimal performance, nanobiosensor 1 for Cysteine
Protease (PLpro) activity detection is the first working prototype that demonstrated that the
proposed detection strategy of COVID-19 is feasible.

We were unable to calibrate the second nanobiosensor for Cysteine Protease (PLpro)

detection, as indicated in Figure 4.11. A meaningful calibration curve could not be obtained.
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Figure 4.11. (Failed) Calibration curve of the nanobiosensor 2 for Cysteine Protease (PLpro2) in
HEPES buffer (pH=7.2). Plot of normalized fluorescence intensity (Synergy H1, BioTek) vs.
decadic logarithm of PLpro concentration. 190min: fluorescence signal at 650nm (excitation:
420nm) after 90 min. of incubation. 10min: fluorescence signal at 650nm immediately after
mixing. AC: assay control: fluorescence at 650nm after 90 min. of incubation in the absence of
PLpro.

It should be noted that in previous nanobiosensor research in the Bossmann group it was
discovered that the length and the shape of the consensus sequence (amorphous vs. helical) is
critical for the performance of protease nanobiosensors.** The mechanistic reason for this

behavior is that nanoparticles exhibit both enhanced light scattering and fluorescence
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quenching.?” Therefore, the exact positions of the TCPP-fluorophore before and after proteolytic
cleavage are very important for the observed increase vs. decrease of fluorescence intensity. This
effect is, quite obviously, also highly concentration dependent.
4.3.6.2. Detection of 3C-like Serine Protease (3CLpro) activity

The calibration date for 3C-like Serine Protease (3CLpro) are summarized in Figure
4.12. This Fe/Fez04-based nanobiosensor yielded a satisfactory linear performance in the
concentration range of 102 to 10 moles L™ of 3CLpro in HEPES buffer (y = 0.0285x + 1.1165;

R2 = 0.9406).
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Figure 4.12. Calibration curve of the nanobiosensor for 3C-like Serine Protease (3CLpro) in
HEPES buffer (pH=7.2). Plot of normalized fluorescence intensity (Synergy H1, BioTek) vs.
decadic logarithm of PLpro concentration. 190min: fluorescence signal at 650nm (excitation:
420nm) after 90 min. of incubation. 10min: fluorescence signal at 650nm immediately after
mixing. AC: assay control: fluorescence at 650nm after 90 min. of incubation in the absence of
PLpro.

Based on our findings, both COVID-19 signature proteases can be detected, albeit with a
limited concentration range. However, it is anticipated that the PLpro and 3CLpro activities will
be significantly higher than of human proteases, which range usually from 1024 to 10"*° moles L

1 according to our observations. 11324
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4.3.7. Graphene-based biosensors for measuring the activity of Cysteine Protease
(PLpro) and 3C-like Serine Protease (3CLpro)

The Bossmann group is known for developing protease-specific nanobiosensors
decorated with peptides. In addition, the group has developed nanobiosensors based on Fe/FezO4
as well as graphene core-shell for various applications.'! Since the activity of designed
dopamine-coated Fe/FesO4 did not show significant differences in the fluorescence intensity
when tested with recombinant enzymes, the nanobiosensors were redesigned by using detonated
graphene core-shell because graphene has superior quenching abilities compared to Fe/Fez04
core/shell nanoparticles. The use of graphene eliminates the need for the co-attached quencher
(Cy 5.5). The concentration of the graphene-based nanobiosensor used to analyze the serum
samples (0.03 mg/mL) was less than the concentration required by Fe/FesO4 nanobiosensors
owing to higher sensitivity of graphene-nanobiosensors. The procedures for the synthesis of
carboxygraphene-polyethylenimine core-shell and assembly for nanobiosensors are same as
explained in Chapter 3.

A total of ten samples were analyzed for each group of serum samples given as 1) healthy
versus (vs) drug-treated 2) healthy vs placebo 3) drug-treated vs placebo 4) healthy vs COVID-
infected. The drug utilized was the experimental drug ATI-450 from Aclaris Therapeutics, Inc.,
which inhibits MK2 kinase. MK2 enables the production of pro- inflammatory cytokines. MK2
is also important in a process known as epithelial-to-mesenchymal transition (EMT), in which
epithelial cells transform into a type of stem-like cell that helps organs develop and repairs

damaged tissue.
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The samples were collected on day zero (DO0), day 3 (D3), end of treatment (EOT) and on
day 28 (D28). The serum samples were collected in collaboration with Dr. Gregory Gan and Dr.
Deepika Polineni at the University of Kansas Medical Center.
4.3.7.1. Serum Sample Assays — Graphene nanobiosensor protease activity measurements
procedure

Protease activity for 3 assembled COVID related protease nanobiosensors was quantified
using serum samples collected from 10 healthy volunteers and 20 COVID infected patients
(group divided into two, 10 treated with placebo and 10 treated with a drug. Serum sample for
COVID infected volunteers were collected over time, at days 0, 3, end of treatment (EOT), and
28. To quantify protease activity, a 0.03 mg/mL solution of graphene-based nanobiosensor was
prepared in 25 umol/L HEPES buffer enriched with 10 pmol/L of Ca?*, Mg?*, and Zn?*, pH of
7.20. If pH for HEPES buffer or nanobiosensor solution needed to be adjusted to 7.20,a 0.1 M
HCI or 0.1 M NaOH solution was used. A black 96-well plate (Greiner Bio-one, non-binding)
was used to plate 3 solutions prepared to measure protease activity, which are as follows:

1. Sample control: 125 pL of HEPES buffer + 5 pL of serum sample
2. Assay control: 125 L of 0.03 mg/mL graphene solution + 5 pl of HEPES buffer
3. Assay: 125 uL of 0.03 mg/mL graphene solution + 5 pl of serum sample (plated in triplicates)

After solutions were plated, plate was incubated at 37°C for 1 hour and then fluorescence
intensity was measured using a BioTek Synergy H1 plate reader using excitation of 425 nm and
emission of 650 nm.

The fluorescence measurements taken for all the groups are shown in Figure 4.13.
Significant differences in the fluorescence intensity were observed in healthy serum samples vs

drug treated samples, healthy vs placebo and healthy serum samples vs COVID-infected
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samples. The differences were more prominent in the case of PLprol and PLpro2 as compared to
3CLpro which was prominent only in the case of healthy vs drug-treated (D28) and healthy vs
placebo (D3). The significant differences among different samples within a group were
statistically analyzed and those p-values are shown in Table 4.2. The yellow boxes indicate the
significant differences of fluorescence, gray boxes indicate the borderline values while white
boxes indicate non-significant differences. Potentially, the borderline values might be significant
with a bigger sample size. The results concluded that the nanobiosensors were able to detect the
differences in the healthy vs COVID-infected patients as well as the healthy vs drug-treated, but
non-significant differences in placebo vs drug-treated samples showed that though
nanobiosensors can differentiate between COVID vs healthy patients, they cannot be used to

monitor the progress of an ongoing treatment of the infected patients.
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Figure 4.13. Protease activity in serum samples.

The statistical results are summarized in Table 4.2.
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Table 4.2. Significance Table — Protease Activity differences.

PLprol PLpro2 3CLpro

Healthy vs Drug-DO0 7.360E-04 2.221E-05 0.23882
Healthy vs Drug-D3 0.01191 9.743E-04 0.30961
Healthy vs Drug-EOT 0.22176 2.152E-04 0.32935
Healthy vs Drug-D28 0.00392 5.547E-06 0.04248
Healthy vs Placebo-D0 1.436E-04 8.334E-06 0.17625
Healthy vs Placebo-D3 0.00338 0.00026 0.03066
Healthy vs Placebo-EOT 0.02695 1.288E-04 0.07884
Healthy vs Placebo-D28 0.34832 0.40985 0.55828
Drug-DO0 vs Placebo-D0 0.54078 0.47576 0.93888
Drug-D3 vs Placebo-D3 0.11521 0.70192 0.05852
Drug-EOT vs Placebo-EOT 0.48972 0.58411 0.42278
Drug-D28 vs Placebo-D28 0.60589 0.54301 0.34670
Healthy vs COVID (DO0) 1.738E-04 5.918E-09 0.18842
Healthy vs COVID (D3) 0.00546 2.350E-05 0.11745
Healthy vs COVID (EOT) 0.05112 3.888E-07 0.13981
Healthy vs COVID (D28) 0.07246 0.06257 0.76265

Yellow: p < 0.05; Green: p < 0.1 (borderline). The R software environment for statistical

computing was used to extract the relevant raw data, and calculate p values.?® The p-value is a
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number, calculated from a statistical test (here R software environment), that describes how
likely if the null hypothesis is true for the comparison of two data sets. P-values are used in
hypothesis testing to help decide whether to reject the null hypothesis

These results suggest that:

1) The nanobiosensors for PLprol and PLpro2 are more suitable to detect acute COVID
infections at days 0 and 3.

2) There is no clear effect of treatment with ATI-450 on the activities of PLprol and PLpro2,
because the drug and placebos have shown comparable statistics!

In conclusion, ATI-450 is not active in suppressing the viral load during a COVID
infection, as indicated by comparable PLprol and PLpro2 activities when ATI-450 and a placebo
were given.

These first clinical results indicate that our technology works, and that COVID patients
can be clearly distinguished from apparently healthy human subjects. This was the principle aim
of this EAGER grant. We will offer this technology to Hawkeye Bio LLC, who are already using
our explosion graphene-based nanobiosensors for the early detection of lung cancers in serum.
This technology will be easily adaptable to other pandemic viruses, based on their genetic code,
which will permit the elucidation of consensus sequences for their viral proteases, which are
required to dissect the open reading frames that will be expressed in human cells.

4.4. Conclusion

In conclusion, this chapter describes the development of a highly efficient optical
nanobiosensors for the detection of SARS-Covid 19 virus. The chapter fully describes the
synthesis, assembly, characterization, and validation experiments. The nanobiosensors designed

to measure the proteolytic activities of signature proteases of SARS-CoV-2 (PLprol and PLpro2)
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at the early days of infection (day 0 and 3). The designed systems have the potential to enable the
determination of its functionality and viability, yielding critical diagnostic information beyond
how the SARS-CoV-2 is recognized by PCR and QPCR, techniques that are currently used in
clinical setting, but are lacking the diagnostic power that is needed to determine the functionality
of the virus in the host. The available PCR-based and serological methods cannot distinguish
between patients with active coronavirus infection and patients that have survived the disease.
Therefore, we have developed a detection system that can detect the activity of a (corona) virus
infection in a host by means of a liquid biopsy using plasma, serum, sputum, or exhaled breath
condensate. This technology has the potential to detect re-infected patients with high antibody
titres from previous coronavirus infection(s) due to coronavirus mutation. Not only detection but
the developed system can be easily employed to monitor the progress of a drug in treating lung
infection. Our results indicated that the drug used to treat the viral infection (ATI-450) did not
prove helpful in reducing the infection. Optical nanobiosensing of viral protease activities would
permit the precise diagnosis of coronavirus activity (increasing, maximal, decreasing), which can
be used to dose medications against coronavirus infections and their physiological symptoms
based on actual measurements. This technology also has the advantage of detecting any new
strain of the SARS-CoV virus as the consensus peptide sequence can be easily
redesigned/modified as soon as the genome and genome-encoded proteases of the new viral

strain are known.
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4.5. Outlook: Verification the concept of SARS-CoV-2 protease activity

monitoring in a COVID-19 mouse model

Based on our Human study described above, we have developed a validation and further
development strategy for protease-based SARS-CoV-2 sensors in rodents, which is summarized
below:

4.5.1. Calibration and validation of the optical nanobiosensors for Papain-like
Cysteine Protease (PLpro) and 3C-like Serine Protease (3CLpro)

The activity of newly designed optical nanobiosensors for papain-like cysteine protease
(PLpro) and 3C-like serine protease (3CLpro) will be validated using the supernatant of SARS-
CoV-2 infected cell cultures and serum obtained from a SARS-CoV-2 infected mouse model,
both under BSL-3 conditions. The strategy for nanobiosensor validation includes testing and
optimization of the sensors in SARS-CoV-2 with infected primary cells, and a unique mouse
model of SARS-CoV-2 infection.

4.5.1.1. Calibration of optical nanobiosensors

Plasmids for the expression of C16.002: human coronavirus 229E papain-like peptidase 1
(PLpro, 898-2484 of open reading frame 1 (ORF 1)) and C30.003: human coronavirus 229E
main peptidase (3CLpro, 2966-3267 of ORF 1) in E. coli will be obtained from collaborative and
commercial resources. The plasmids will be expressed in E. coli, as described by Zhang et al.?®
After heat disruption of the microorganisms at 70 °C, the inclusion bodies and other cell debris
will be collected via centrifugation 8000 x g.%° After dissolution in 200 mM oleyl ether (Brij-92),
polyoxyethylene, PLpro or 3CLpro will be isolated, making use of their his-tags,®! and

reconstituted in HEPES-buffer containing 0.1mM Brij-92. Both enzymes will be quantified by
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means of Bradford assays.3? After quantification of both enzymes, the calibration of the optical
nanobiosensors will be performed as described in the literature.**-?4
4.5.1.2. In-vitro approach

Two highly relevant to COVID-19 cell types will be used: primary umbilical vein
endothelial cells (HUVEC; PSC-100-01) and human airway epithelial cells (EpiAirway HAE
cells); both commercially available from ATCC or MatTek. Cells will be grown to confluency in
6 well plates or 6 well inserts as with the HAE cells followed by infection with 10%, 104, or 10°
plaque forming units (PFU) per mL of a neon GFP-labeled SARS-CoV-2. Conditional media of
control and infected cells will be used for validation. Cell culture supernatant on the apical side
(HUVEC) or basolateral side (HAE cells) of the cells will be harvested on day 1, 3, 5, and 7 post
infection, and cell infectivity will be checked by immunofluorescence microscopy. The viral
protease activities in the supernatant will be quantitatively analyzed using the nanobiosensors for
PLpro and 3CLpro, based on the calibration procedures described above.
4.5.2. Assessment of sensor performance in pre-clinical studies

Small animal studies will be conducted to assess the ability of the optical biosensor to
detect the SARS-CoV-2 Protease activity monitored in infected animals. Currently, the models
that are used for understating host response to SARS-CoV-2 as well as studying the modes of
transmission of this virus include Collaborative Cross Mice, Syrian Hamster and Ferret as small
animal models and NHP as large animal model. To conduct this study, Collaborative Cross
Mouse Model of Viral Infection will be used.®*3* Thirty-six Collaborative Cross (CC) mice will
be purchased and used to conduct this study. These mice come from 8 founder strains, purposely
outbred to produce over 60 genetically distinct and documented strains, in order to mimic a

genetically diverse population, such as the human population, making their use in disease effects
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modeling strongly translational. Work done by Galveston National Laboratory (GNL)
investigators has shown that the CC001 and CCO072 strain of these CC mice are ideal models for
coronavirus infections, with demonstration of nearly 20% progressive weight loss by 4 days
post-coronavirus infection in young CC001 mice, as compared to 5 other test strains, and nearly
the same weight loss by day 3 post-infection in CC072 aged mice, (when subsequent death
occurred), while other strains continued living (unpublished results). Prior published work by Dr.
Ameredes has also shown a differential susceptibility of CC mouse strains to metabolic
derangements of cytochrome P450 function with inhalation of toxicants®.
4.5.2.1. Approach

CC mice of the CC001 (coronavirus susceptible) and CC003 (coronavirus resistant)
strains will be infected with either SARS-CoV-2 (CC001, n=6; CC033, n=6), MERS virus
(CCO001, n=6; CCO033, n=6), or given vehicle (CC001, n=4; CC033, n=4) as sham/infection
control. Mice will be weighed and monitored daily, and will be sacrificed on day 6 post
infection, or sooner, if near death, or death occurs. Bronchoalveolar lavage (BAL), blood, and
lung samples will be obtained, using well-established techniques we have previously published.
Briefly, BAL cells will be separated and fixed for histological characterization and differential
assessment, and BAL fluid will be quantitatively analyzed by means of nanobiosenor analyses
and compared with Nanostring for pro-inflammatory cytokine messages, consistent with the
“cytokine storm,” e.g., IL-6, that has been observed as characteristic of COVID-19. Blood
samples will be obtained tail vein blood sampling that is suitable for collection of small volumes
of blood, without premature sacrificing/decapitation of the animal. This will be possible because
the optical nanobiosensor technology is ultrasensitive and can work with less than 3 pl of blood.

Blood (50ul) will be collected daily (1-6 days post infection) and allow the blood to clot; cell-
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free serum will be obtained by filtration (passing through 20um or 45um cut-off filters). As with
the BAL fluid, Nanostring analyses will be performed for comparison with quantitative
nanobiosensor results. Whole lung tissue specimens will be collected at the end of each
experiment, with portions being formalin fixed, sectioned, and analyzed histologically, to
determine potential airway pathology (e.g., derangement or necrotic destruction of airway
epithelium). Data variables will be tested for normality and equal variance, and compared with
ANOVA, with discreet differences between treatment groups compared using post-hoc testing
with either Tukey’s or Student-Newman-Keuls method. If group data fails the normality or equal
variance test, comparisons will be made with non-parametric test analogs. All tests will be
considered significant at the 0.05 level of significance.
4.5.2.2. Expected results and potential alternatives

As suggested by data with coronavirus infection in CC mice, it is expected that the
CC001 mouse strain will be particularly susceptible to both SARS-CoV-2 and MERS, as
compared to sham/vehicle controls, but that the nanobiosensor analysis will be able to
differentiate between infection with SARS-CoV-2 and MERS. If results are negative in
discerning susceptibility to SARS-CoV-2 in the CC001 strain, the CC072 strain will be utilized
to test SARS-CoV-2 susceptibility, based on our original preliminary data findings with
coronavirus infection. If MERS fails to induce testable infection-associated pathology as a
nanobiosensor differentiating comparison with SARS-CoV-2, SARS-CoV-1 may also be
considered for comparison. SARS-CoV-1 is a select agent and will require obtaining of specific
permissions for its use, which will be pursued, if necessary.

Based on the paradigm that the viral protease activities of SARS-CoV-2 first increase,

then reach a plateau, and then eventually decrease, we anticipate that we’ll be able to follow
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virus maturation in host animals. This will be useful to guide clinical interventions in ICU
patients, as well as to understand the maturation of the virus in patients with little or no
discernible symptoms.
4.5.3. Broader impacts

The optical nanobiosensor technology will provide virologists and clinicians with an
important tool that possess unprecedented capabilities. For the first time, the (reproductive)
activity of SARS-CoV-2 will be measurable in mammalian and human host organisms. This will
enable in-vivo studies, in which the dependence of viral activity on clinical measures can be
precisely monitored. This will aid clinicians in precisely dosing viral medication. This
technology will also permit the detection of SARS-CoV-2 recurrence in patients with partial
immunity, due to previous corona virus infections other than SARS-CoV-2, or the loss of
immunity after SARS-CoV-2 infection. Furthermore, this platform technology can be adapted to
virtually any virus of clinical or academic importance. Principally, this technology can be
extended to studying the activity of self-replicating RNA vaccines®®, which rely — in analogy to
RNA viruses — on viral proteases to achieve self-replication. This approach will allow the
determination of candidates for a self-replicating RNA vaccine, which will permit the selection
of vaccine candidates based on biophysical measurements. This approach will help reduce the

required time for vaccine development approx. in half.
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Chapter 5 - Summary and Future Outlook

Cancer and COVID-19 are two ongoing battles that have led to the loss of many precious lives.
Cancer alone is one of the main causes of death on the planet, with the highest mortality caused
by lung cancer. The traditional diagnostic methods for lung cancer detection include endoscopy,
tissue biopsies, X-ray scans, magnetic resonance imaging, computed tomography, and positron
emission tomography.* However, these diagnostics may not always indicate early-stage tumors,
are not practical for repeated screenings to evaluate the treatment progress and are not accessible
to a large population.? There is a critical need for improved clinical diagnostic tools and
procedures that are sensitive, reliable, rapid, non-invasive, and cost-effective.

Similarly, the COVID-19 pandemic caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has changed the world entirely since it started. Every individual has been
affected by this deadly virus one way or the other.? There is a great need for a detection system
that can give accurate results with no false positives and efficiently diagnose the infected patients
with the least resources.

Our study describes the successful development of detection systems based on peptides to detect
lung cancer and coronavirus diseases. Before developing the systems, we optimized the solid-
phase peptide synthesis (SPPS) procedure condition to get highly pure peptides. We identified
that the fluorenylmethoxycarbonyl (Fmoc) removal step in SPPS was not efficiently removing
the Fmoc group to get the amine group on peptide precursor deprotected. Two secondary amine
bases were tested for different concentrations, time of incubation, number of incubations, and
processing temperatures to give maximal removal of the Fmoc group. The ultra-performance
liquid chromatography-mass spectrometry (UPLC-MS) analysis revealed that 20% piperidine (in

dimethylformamide, DMF) incubated for 1 minute followed by 10 minutes (both incubations at
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room temperature) was able to remove the Fmoc group completely. Optimizing the conditions
for the amine deprotection/Fmoc removal step significantly increased the purity of the desired
peptide products as complete removal of the Fmoc group terminated the chances of formation of
incomplete (undesired) peptide fragments during the synthesis of longer chains of amino acids.
After the optimization of the peptide synthesis protocol, we applied the peptides to develop
detection systems for the detection of lung cancer disease and COVID-19 virus.

The design of the biosensors consists of cleavable peptide sequence specific to the
protease biomarker of interest. The C-terminal of the peptide is attached to the graphene core
shell via a polyethylenimine linker through an amide bond, while the N-terminal is attached to
tetrakis-carboxyphenyl-porphyrin (TCPP). The working principle is based on the Forster
resonance energy transfer, where the fluorescence of TCPP dye is quenched when it is in closer
proximity to graphene due to its high optical absorption properties.* This quenching is terminated
when the specific protease from the serum sample (liquid biopsy) cleaves the consensus peptide
substrate because of the increased distance between the fluorophore and graphene. A total of 19
nanobiosensors are developed to detect 19 lung cancer protease biomarkers related to lung
cancer. The detection platforms detect up to femtomolar concentrations of the proteases with
high precision in a quantitative manner. To detect coronavirus disease, three biosensors are
developed to detect coronavirus-specific proteases. Out of three biosensors, two biosensors
(papain-like cysteine protease, PLprol and Plpro2) have shown promising results in detecting the
coronavirus infection, specifically on day 0 and day 3. It was also found that the drug used to
treat the viral infection (ATI-450) did not treat the infection as there were no significant

differences between the fluorescence intensities in drug-treated versus placebo-treated patients.
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The chapters discussed in this thesis mainly discuss the use of peptides in disease detection
applications, but the similar concept can also be used in cancer therapy and the treatment of other
deadly diseases like COVID-19. The high selectivity of the peptides towards their specific
proteases/receptors could potentially be used to target the receptors at the tumor sites to deliver
the desired payloads. Concerning future work, a peptide-based platform will be designed to
deliver an anticancer drug, SN-38 (active metabolite of irinotecan), inside the tumor cells to a

specific organelle, mitochondria, to reverse multi-drug resistance® in cancer therapy.
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Figure 5.1. Mitochondria® (regenerated with permission from ref 5).
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Figure S1. (A) UPLC chromatogram of GDD peptide. The peaks at 1.15 min and 1.08 min
correspond to GDD peptide product, (B) and (C) Mass spectra of the peaks eluted at 1.08 min
and 1.15 min, both corresponding to the mass (M+1 mass peak) of GDD peptide.
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Figure S2. (A) UPLC chromatogram of GRR peptide. The peak at 0.76 min corresponds to GRR
peptide product, (B) Mass spectrum of the peak eluted at 0.76 min corresponding to the mass
(M+1 mass peak, 388 m/z) of GRR peptide.
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Figure S3. (A) UPLC chromatogram of GEE peptide. The peak at 1.06 min corresponds to GEE

peptide product and
Mass spectrum of th

the peak at 4.31 min corresponds to the peptide with the Fmoc group (B)
e peak eluted at 1.04 min corresponding to the mass (M+1 mass peak, 334

m/z) of GEE peptide, (C) Mass spectrum of the peak eluted at 4.31 min corresponding to the
peptide with Fmoc-protected peptide (537 m/z).
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Figure S4. (A) UPLC chromatogram of GHH peptide fragment. The peak at 0.79 min
corresponds to GHH peptide product and the peak at 2.93 min corresponding to the Fmoc-
protected peptide, (B) Mass spectrum of the peak eluted at 0.79 min corresponding to the mass
(M+1 mass peak) of GHH peptide, (C) Mass spectrum of the peak eluted at 2.93 min
corresponding to the mass of GHH peptide attached to the Fmoc-group (571 m/z).
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Figure S5. (A) UPLC chromatogram of GKK-4. The peak at 0.80 min corresponds to GKK
peptide product with the impurity peaks at 2.91 min and 4.00 min corresponding to the Fmoc-
protected GKK peptide impurity and KK peptide fragment peak, respectively (B) Mass spectrum
of GKK-4 corresponding to the major Fmoc-protected peptide impurity peak at 2.92 min, (C)
Mass spectrum of GKK-4 corresponding to the minor GKK peak at 0.79 min.
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Figure S6. (A) UPLC chromatogram of GKK-5. The peak at 0.76 min corresponds to GKK
peptide product with the impurity peaks at 2.76 min and 4.02 min corresponding to the Fmoc-
protected GKK peptide impurity and KK peptide fragment peak, respectively (B) Mass spectrum
of GKK-5 corresponding to the minor GKK peptide peak at 0.77 min (C) Mass spectrum of
GKK-5 corresponding to the major Fmoc-protected peptide impurity peak at 2.76 min.
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Figure S7. (A) UPLC chromatogram of GKK-8. The peak at 0.77 min corresponds to GKK
peptide product with the impurity peaks at 2.60 min and 3.98 min corresponding to the Fmoc-
protected KK peptide fragment impurity and KK peptide fragment peak, respectively (B) Mass
spectrum of GKK-8 corresponding to the major GKK peptide peak at 0.77 min, (C) Mass

spectrum of GKK-8 corresponding to the Fmoc-protected KK peptide fragment impurity peak at
2.61 min.
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Figure S8. (A) UPLC chromatogram of GKK-9. The peak at 0.77 min corresponds to GKK
peptide product with the impurity peaks at 2.78 min and 4.02 min corresponding to the Fmoc-
protected GKK peptide impurity and KK peptide fragment peak, respectively (B) Mass spectrum
of GKK-9 corresponding to the GKK peptide peak at 0.77 min (C) Mass spectrum of GKK-9
corresponding to the major Fmoc-protected peptide peak at 2.79 min.
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Figure S9: UPLC chromatogram of RhB-labeled MMP2 (Trial 1). The major peak at 3.13 min
corresponds to the mass of impurity (peptide fragment with a missing cysteine along-with a
water molecule) and multiple peaks of unknown origin, (B) Mass spectrum of RhB-labeled
MMP?2 for the peak eluted at 3.13 min corresponding to the impurity (peptide fragment with a
missing cysteine and a water molecule).
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Figure S10. (A) UPLC chromatogram of GKK-13. The peak at 0.75 min corresponds to GKK
peptide product with the impurity peaks at 3.94 min and 6.65 min corresponding to the KK
peptide impurity and a free K amino acid, respectively (B) Mass spectrum of GKK-13
corresponding to the GKK peptide eluted at 0.76 min, (C) Mass spectrum of GKK-13
corresponding to the minor peak at 6.65 min (M+1 mass peak for free lysine).

166



ACQ.-TQD#QBAD4S

',', o b Wiv 1 s} ) '4'\'7 ‘ ' - ' e
100+ 2 & aa
(A) 2028 g 09
A M 38 f
i 457 508 e s J
ors f 267 ars iy \ sz N 5%
| Ky %m3s M| 4%5axm [| 493 SO, 82, J
-’ | 154 200/ R 0l aho Al AL e i
0137 %o 107138 Mg
e v
o T T T T T YTy . T T T T T T T Time
050 100 150 200 230 300 350 400 450 500 $%0 600 650 00

(B)

(€)

Figure S11. (A) UPLC chromatogram of GKK-14. The peak at 0.75 min corresponds to GKK
peptide product with the impurity peaks at 2.44-2.49 min and 3.89 min corresponding to the
Fmoc-protected GKK peptide impurity and KK peptide fragment, respectively (B) Mass
spectrum of GKK-14 corresponding to the GKK peptide eluted at 0.75 min, (C) Mass spectrum
of GKK-14 corresponding to the KK peptide impurity eluted at 3.92 min.
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Figure S12. (A) UPLC chromatogram of GKK-15. The peak at 0.76 min corresponds to the
GKK peptide product with the impurity peaks at 3.93 min and 6.61 min corresponding to the KK
peptide impurity and a free K amino acid, respectively (B) Mass spectrum of GKK-15
corresponding to the GKK peptide eluted at 0.76 min, (C) Mass spectrum of GKK-15
corresponding to the minor peak at 6.61 min (M+1 mass peak for free lysine).
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Figure S13. (A) UPLC chromatogram of GKK-17. The peak at 0.76 min corresponds to GKK
peptide product with the impurity peaks at 3.85-3.96 min and 6.68 min corresponding to the KK
peptide impurity and a free K amino acid, respectively (B) Mass spectrum of GKK-17
corresponding to the GKK peptide eluted at 0.76 min, (C) Mass spectrum of GKK-17
corresponding to the minor peak at 6.68 min (M+1 mass peak for free lysine).
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Figure S14. (A) UPLC chromatogram of GKK-18. The peak at 0.78 min corresponds to GKK
peptide product and the peak at 4.08 min corresponds to the KK peptide fragment impurity, (B)

Mass spectrum of GKK-18 corresponding to the GKK peptide eluted at 0.78 min, (C) Mass
spectrum of GKK-18 corresponding to the KK peptide fragment eluted at 4.08 min.
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Figure S15. (A) UPLC chromatogram of GKK-22. The peak at 0.77 min corresponds to the
GKK peptide product with multiple impurity peaks. The peaks eluted at 3.93 min and 6.53 min
correspond to the KK peptide and a free K amino acid, respectively (B) Mass spectrum of GKK-
22 corresponding to the GKK peptide eluted at 0.77 min, (C) Mass spectrum of GKK-22
corresponding to the impurity peak at 6.53 min (M+1 mass peak for free lysine).
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Figure S16. (A) UPLC chromatogram of GKK-24. The peak at 0.76 min corresponds to the
GKK peptide product with multiple impurity peaks. The peaks eluted at 3.91 min and 6.71
correspond to the KK peptide and a free K amino acid, respectively (B) Mass spectrum of GKK-
24 corresponding to the GKK peptide eluted at 0.76 min, (C) Mass spectrum of GKK-24
corresponding to the KK fragment peak eluted at 3.91 min.
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Figure S17. (A) UPLC chromatogram of GKK-25. The peak at 0.77 min corresponds to the
GKK peptide product with multiple impurities (peaks with unknown origin in the region of 4.90
to 5.50 min). The peak eluted at 3.93 min corresponds to the KK peptide, (B) Mass spectrum of
GKK-25 corresponding to the GKK peptide eluted at 0.77 min, (C) Mass spectrum of GKK-25
corresponding to the KK fragment peak eluted at 3.99 min.
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Figure S18. (A) UPLC chromatogram of GKK-27. The peak at 0.76 min corresponds to the
GKK peptide product with multiple impurities of unknown origin. The peak eluted at 3.93 min
corresponds to the KK peptide, (B) Mass spectrum of GKK-27 corresponding to the GKK
peptide eluted at 0.76 min, (C) Mass spectrum of GKK-27 corresponding to the KK fragment
peak eluted at 3.93 min.
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Appendix_ Chapter 3 (A)

UPLC-MS Characterization of consensus peptide sequences
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Figure Al. MMP1: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A2. MMP2: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A3. MMP3: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A4. MMP7: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Sampled_12062021

ACQ-TQD#QBA043
1: Scan ES+

1149 2.0¢
" /{\
0 L B BN B RN I SN IS AN I AL LA UL LA LS L LIS LA UMLLE IS IUMLILE [ SN I AN S IR BN BRI |
050 100 150 200 250 300 350 400 450 500 550 600 650  7.00
Sample4_12062021 1: Scan ES+
3.08 TIC
1004 1.86e9
2 295
> 4.19 )
0 I B B o B L B L B U B U LA UL L L L L LA MRS LA LARES RARAN mARS nan s nanas nanay WU
050 100 150 200 250 300 350 400 450 500 550 600 650  7.00
ACQ-TQDRQBA043
MMP9_TCPP_03142022 1: Scan ES+
552 1922 2.00Da
1004 2.15e7
L -
0 LB A IR I LN LA IR UL LI IR LA SIS LA NN BLALILAN BN EULEULN SIS BN SN I I UL BN RULIUILN IS UL AN IS IR |
050 100 150 200 250 300 350 400 450 500 550 600 650  7.00
MMPS_TCPP_03142022 1: Scan ES+
552 TIC
1004 48607
5] 334
a7\ 394417 446
0 L L L B L L L I L I L L L ) U U UM U UM I AU I s I e s 11
050 100 150 0 200 250 300 350 400 450 500 550 600 650  7.00

Figure A5. MMPO:

Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).

ACQ-TQD#QBA043
MMP10_12172021 1: Scan ES+
254 973 2.00Da
1007 2.85e8
" ]
O-Arrrrrrrrrrreereerrrr M IALAN RARAN AN ALY L T L AL AN ULLES RN IUULAS AR AL LA Y AR RN ALY AN LAY LSRN LA RN LA LR LA
050 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850
MMP10_12172021 1: Scan ES+
254 TIC
1007 3.01e9
5 296313
D TP T T TP T P T LT TP T [ PP T T A T e e e e Time
050 100 150 200 250 300 350 400 450 500 550 600 650 7.00 750 800 850
ACQ-TQDEQBA043
MMP10_TCPP_03142022 1: Scan ES+
5.48 1745 2.00Da
1007 1.64e7
PRt
e L L e L B B B B B o B L e e e e B A B s e
0.50 100 150 200 250 300 350 400 450 500 550 600 650  7.00
MMP10_TCPP_03142022 1: Scan ES+
5.48 TIC
1004 3.28e7
=] 517
251 3.89 475 _
B B A I L AR 7 e THE
0.50 100 150 200 250 300 350 400 450 500 550 600 650  7.00

Figure A6. MMP10: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A7. MMP11: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A8. MMP12: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A9. MMP13: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A10. MMP15: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure All. CTSB: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).

ACQ-TQD#QBA043
CathepsinD_12172021 1: Scan ES+
2.63 918 2.00Da
1007 2.71e8
[ B2
D-
050 100 150 200 25 300 35 400 45 500 550 600 650 700 750 800 830
CathepsinD_12172021 1. Scan ES+
263 TIC
1005 6.3089
] 285
7 )
0 LA R LR D LA L L R L A LS L) A L) LAY LALRS RN AL LAY LA LLAAS AR LSRN RS RASAN LAARS RARLY LALRS RAALY LAALS RAALE LALLS RAALELALES Time
050 100 150 200 250 300 350 400 45 500 55 600 650 700 750 800 850
ACQ-TQD#QBA043
CathepsinD_TCPP_03112025 1: Scan ES+
4.44 1690 2.00Da
1004 1.27e7
L -
e L I L L B B L L L L I o I o ) L B s s A R s s
0.50 1.00 1.50 2.00 2.50 3.00 3.80 4.00 4.50 5.00 5.80 6.00 6.50 7.00
CathepsinD_TCPP_03112025 1. Scan ES+
4.44 TIC
1007 2.78e7
= 297 354 450 5.93
ol oae 09107 147 185185 217 285 29325346354 3843091 469 545555577 5 5.486.70
E SBAS e

im
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00

Figure A12. CTSD: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A13. CTSE: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure Al4. CTSH: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A15. CTSK: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A16. CTSL: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure Al7. ARG: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).

182



ACQ-TQD¥QBA043

UPA_03112023 1: Scan ES+
0.81 720 2.00Da
1004 6.51e8
=]
0 LA LA AN RARSN AARAN RARAN LARAS RASLE RAZAN LRSS LARAR RARAR AREAN AR RARAN BARAN LRSS LIS LAY AN AASAN RARSN AN AR RASAN RARSE AASAN LARLE RS
050 100 150 200 250 300 350 400 450 500 550 600 650  7.00
UPA_03112023 1: Scan ES+
0.81 TIC
100 4.63e9
=]
L L B e L L B L L L B I e B A A e B A R AR R s nan ey s nan s TS
050 100 150 200 250 300 350 400 450 500 550 600 650  7.00
ACQ-TQD#QBA043
UPA_TCPP_03112024 1: Scan ES+
431 1492 2.00Da
100 197 1.95e7
=]
3.3
0 LA AR RS LR | LBARESE BARSS L T LB RRALE | LB | REEAS | BEEAS FLARSS RESN LSS S BLAGEN PSS ESSN SRR A AR A RN FLARE |RARARRARAS]
100 150 200 250 300 350 400 45 500 550 600 650 7.0
uPA_TCPP_03112024 1: Scan ES+
431 TIC
100, 4.10e7
e 0.81 320 339354 58
003 Nogr 135 189 198 2632927 7 401 AAB4 523527 570590 615 6.63.5716.76
R L L e B s L L B B B A B e B e A B S s ARl A naR A na e naas nan ey uanns e S LI

0.50 1.00 1.50 2.00 280 3.00 3.50 4.00 450 5.00 5.80 6.00 6.50 7.00

Figure A18. uPA: Unlabeled and TCPP-labeled (both filtered to the relevant mass, in green).
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Figure A19. MMP2 consensus sequence digestion with commercial MMP2 protease, created
using UPLC-MS results.
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Figure A20. MMP9 consensus sequence digestion with commercial MMP9 protease, created
using UPLC-MS results.
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Figure A21. MMP13 consensus sequence digestion with commercial MMP13 protease, created
using UPLC-MS results.
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Figure A22. CTSB consensus sequence digestion with commercial CTSB protease, created
using UPLC-MS results.
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Figure A23. CTSD consensus sequence digestion with commercial CTSD protease, created
using UPLC-MS results.
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MMP2 - HEPES vs MES
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MMP9 - HEPES vs MES
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MMP12 - HEPES vs MES
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CTS B - HEPES vs MES
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TEM images of all nanobiosensors

Figure A24. TEM (200 KeV) of Explosion graphene from the Sorens oup, Physics, Kansas
State University. This material is the graphene core of all batch 2 nanobiosensors.

Figure A25. TEM (200 KeV) of Carboxygraphene, batch 2.
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Figure A26. TEM (200 KeV) of explosion graphene-based nanobiosensor for ARG Activity
Detection, batch 2.

Figure A27. TEM (200 KeV) of explosion graphene-based nanobiosensor for CTSB Activity
Detection, batch 2.
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Figure A28. TEM (200 KeV) of explosion graphene-based nanobiosensor for CTSD Activity
Detection, batch 2.

Figure A29. TEM (200 KeV) of explosion graphene-based nanobiosensor for CTSE Activity
Detection, batch 2.
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Figure A30. TEM (200 KeV) of explosion graphene-based nanobiosensor for CTSH Activity
Detection, batch 2.

Figure A31. TEM (200 KeV) of explosion graphene-based nanobiosensor for CTSK Activity
Detection, batch 2.
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Figure A32. TEM (200 KeV) of explosion graphene-based nanobiosensor for CTSL Activity
Detection, batch 2.

Figure A33. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix
Metalloproteinase 1 Activity Detection, batch 2.
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Figure A34. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix
Metalloproteinase 2 Activity Detection, batch 2.

Figure A35. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix
Metalloproteinase 3 Activity Detection, batch 2.
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Figure A36. TEM (200 KeV) of explosion grphe-based nanobiosensor for Matrix
Metalloproteinase 7 Activity Detection, batch 2.

Figure A37. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix
Metalloproteinase 9 Activity Detection, batch 2.
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Figure A38. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix
Metalloproteinase 10 Activity Detection, batch 2.

Figure A39. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix
Metalloproteinase 11 Activity Detection, batch 2.
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Figure A40. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix
Metalloproteinase 11 Activity Detection, batch 2.

Figure A41. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix
Metalloproteinase 13 Activity Detection, batch 2.
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Figure A42. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix
Metalloproteinase 15 Activity Detection, batch 2.

Figure A43. TEM (200 KeV) of explosion graphene-based nanobiosensor for Matrix Neutrophil
Elastase Activity Detection, batch 2.
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Figure A44. TEM (200 KeV) of explosion graphene-based nanobiosensor for Urokinase
Plasminogen Activator 15 Activity Detection, batch 2.
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