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ABSTRACT

SYNTHESIS AND APPLICATIONS OF CBD LOADED
PEPTIDE HYDROGELS AND
BIPHENYLALANINE DERIVATIVES

Baytekin, Batuhan
Master of ScienceBiochemistry
Supervisor: Assoc. Prof. Dr. Salih Ozgubukgu
Co-Supervisor: Assist. Prof. Dr. Melek Parlak Khalily

August2023 B3 pages

This thesis includes two differestudieson peptidebased therapeutick the first

chapter, peptidbased hydrogels were used as a delivery platfornCémnabidiol

(CBD). Five different types of antimicrobial peptides were synthesaed,CBD

was attempted to be incorporated into individual peptide fil&esIKFQFHFD-

NH2 (PEP2) and Nap-FFKK-OH (PEP5) were found to have low gelation
concentration, 2.5 wt% and 0.5 wt% respectively. Thigier6 were examined

through TEM and SEMIt was found that the two peptides have the encapsulation
efficiency of 3035%.The release studies showed that PER&do@lease up to 70%

of CBD, PEP5 up to 20%n rheological analysisPEP2 found to have three
regeneration cycl eCywmlicitylassay BfEhe peptise fioerse c y c |
on A375 cells showed PER2ZBD i ncreased CBD6s cell Vi
showedhigher number of migration cells. Peptide fibers also experimented-in RT

PCR, antiinflammatory and antibacterial assayhe potential significance of this

research is substantial, and CpBptide hydrogslin the project shows promising

results.

In the seconathapter, PSMA617 derivatives were expected to héngher affinity
against pure PSMA proteitNaphthalene group of PSMBL17 codedigand was
changedvith differentbiphenylalaninalerivatives(4-H, 4-CN, 4NO,, 3-AcNH, 4-
OH, 40OMe, 4AcNH). Biphenylalaninederivativeswere characterized via FTIR,



HRMS,H, and'*C NMR. Then, they were used RSMA-617synthesis to evaluate
inhibition values At 0.5 nm, ISMA-617 derivativeshad inhibition values oBIP
(20%), 4CN (15%), 4NO- (29%), 4AcNH (38%), 3-AcNH (32%), 40Me (36%)
and no significant differencgs, p>0.05was foundstatistically than PSMA17
(25%). Still the derivatives show promising results andHer research needs to be

conducted to evaluate their uptake by the @ails theirtherapeutiamage quality

Keywords: Antimicrobial peptides, Peptide hydrogels, Cannabidiol encapsulated
peptide, PSMA peptides, Wound healing, Tusteogeting peptides
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Oz

CBDY! KL! PEPTKT HKDROJELLER KLE
BKFENMKINKN T! REVLERKNKN SENTEZK VE UYGU

Baytekin, Batuhan
Yuksek LisansBiyokimya
Tez Yoneticisi: Dog. Dr. Salih Ozgubukgu
Ortak Tez Y°neticisi: Dr. ¥jJretim |y

AJ ust 0,483 sayfa? 3

Butez, pepttbazl & terap®tikler czerine iKki far
bolumde, Cannabidiol (CBD) icin | a - s al é ndarak peptiabt af zol réemu
hidrojeller kull anél de. Bek farkl, e tipte

peptitfiberlerineenkapstlesdildi. Ac-IKFQFHFD-NH> (PEP2) veNap-FFKK-OH

(PEP5) peptitlerinin s ér as éyl a %2, 5 vV e %0, 5 ol mak
konsantrasyonunasatp ol duj Bi beit ule weeSEM itleéncelendi.

KKi pepB3bdikmp®%3 0l eme veri mldiu Ki ai npabkaheém

PEP2'" nin CBD'nin %70'ine kadar, PEP5'" i n
gosterdi. Reolojik analizde PER2I n , PEPS5"in tek d°ng¢send
yenil enme d°nge¢sene sahip olduju bulund

fiberlerin sitotoksisite analizi, PEREBD' ni n CBD' nin h¢cre canl
(%101, 3) ve dmghsyonfhiceding a b ap & dybstendij Reptitu
fiberlera y r & eP&R, Rnliinflanatua ve antibakteriyeteneylerle analiz edildi

Bu projedekiCBD-peptt hidrojelleri umut verici sonuclaradediyor.

Kkinci ,ASMAGImMdet ¢revlierinin saftesiinSildhA pr ot e
yéksek amamaRSM&@1 7 kodlu |igandén naftald.i
alanin tdrevleri (4H, 4-CN, 4NOz, 3-AcNH, 4-OH, 40OMe, 4AcNH) ile
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dejiktirildi. Bi fenil ‘alvatG NMRtygluylav | er i FTI
karakterize edildi. Dma sonra i nhibisyon dejerlerinin d
PSMA617 sentezi 0.8 amd&k RSMA6a7ntarévierain inhibisyon

dej er | er i -GI%15)(4%Q.[(H29), 4AcNH (%38), 3AcNH (%32),

4-OMe (%36)b u | u n mustatistkdelolpraPSMA6 1 76 ye yakén bul unmi
(ns, p>0,05)Bu- a | amunaaddici sonuclar gstemektedirK| er | eyen akamada
tirevlerin g cr el er t ar af é ntdrapdtik garlirgl mdaldetergni v e

dej erilkenmedsiir hedef |l enmektedir.

Anahtar Kelimeler: Antimikrobiyal peptidler, Pepthidrojeller, Cannabidiol yukli
peptit, PSMA peptitleri, Yara iyilexktirme,
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CHAPTER 1

INTRODUCTION

It was long ago that each obstacle made chemists excel and turn their heads to more
complex structures, making them began to study natural products that have higher
molecular weightsThis was not untilaround the 1900s that scientists did not
mention the concept of peptides, nor were they sure on producing these molecules in
a synthetic manner. The history of peptides lied beneath protein chemistry that was
explored during the time, so the topic improwowly and in a delayed meahin

1901, however, the field wascamd to get more recognition, it was the start of

peptide chemistry.

Emil Fischer, who is recognized as one of the most successful scientists in ghemistr
embarked his journey on peptides through protein chemistry, a taboo field at the
time. Fischer became the founding father of peptides, in which he defined them as
amino acids that are linked to each other by amide bonds due to protein structure
principle}? Hence with that gleam, Fischerelgan experiments to link amino acids

by organic chemistry methods and proposed the first prototype "eiiyosihe".

This was achieved by the partial HCI hydrolyzation of glycine producing
diketopiperazine. Then, definitions like "dipeptide, tripeptide,lypeptide"”

followed 2

With the influence and the contributions of E. Fischer, Theodor Curtius did

experiments on syhesizing peptides. Thus, he created benzoylated alternatives
which contained alanine and aspartic acid. Still, there was a problem with easy
removal of amino protecting group. This made Fischer to introduce alpha halogen
fatty acid chlorides. Consequent®gyl chloride method made it possible to produce

peptides in mild conditions.



Within 10 years, Emil Fischer and hisworkers was able to produce mdéhan 100

peptides containing two to eighteen amino acid residues. Hence, Fischer's
proposition had the enormous repercussion on chemistry field, since the method was
appliable and gave the chance of synthesizing these complicated natural materials.

Around 1950s peptide synthesis rmadhuge leap and then the advances followed.

The earlier method of peptide synthesis strategy foreshadowed having the chance of
automated peptide synthesis. For every coupling, there was a need of removing
unreacted starting material, in which made imgmeso go on with the next step
without any purifications.The"Solid Phase Peptide Synthesis&thod had greeted

us at this point.

From beginning tolte end, amino acids were linked to a solid, insoluble polymer
support called "the resin". So that amino acids can be converted dipeptide and
polypeptide derivatives in the same vessel, meanwhile, unwanted residues and by
products were simply washed wittselected solvent. In the end, it was possible to
go on with the next step without a need of purification and transferring materials
from one vessel to another oh&This smart method actually designed and was
published in 1963 by R.L. Letsinger and M.J Kornet. Though, Merrifield's method
wasaccepted among scientists, Letsingernet method was not that praised. It is
because the two approaches had their own differénicater on, Merrifield went

with terbutyloxycarbonyl (Boc) instead of benzloxycarbonyl fhkterminal
protecting group$.Then around 1970, L.A. Carpino and G.Y. Han proposed the
protection ofN-terminals with Sfuoromethoxycarbonyl (Fmoc). With this way, the
alpha amino protecting group was cleaved with a base, mostly by piperidine, and
made it possibldor amino acids to have side chains that are protected with Boc
group. At the end, the acid labile resin could be cleaved with the mixture of TFA.
Hence, alongside the influence and contributions of Merrifield, RBocsolid
phase synthesis was established, which now is used widely for the preparations of
various peptide formso be used various applications from drug delivery to

diagnosisAnd amphiphilic is also one of the peptide kinds.



This class of peptidas considere@amphiphilic since thegontainhydrophilic and
hydrophobic domains. Headgroup can be positively gatieely charged depending

on the residues. The incorporation of lysine can make the head positive, whereas,
contributing amino acid residues like aspartic acid can ctheséneadto have
negative charge. For the hydrophobic tail, nonpolar amino acidiessiike alanine

can be used as in repetitive cycles.

Peptide hydrogels have thrdanensional fiber networks that can hold large amount

of water with the help of hydrophilic and hydrophilic domains. Giving the peptide
amphiphiles nature, they can eagilpduce networks in this environment, thus the
segments allow them to encapsulated drugs, making them great candidates in wound
healing. Achieving different sequence peptide amphiphiles is easier with the
discovery of solid phase peptide synthesis, theedfte method will be explained in

detail below.

1.1  FmoctBu Solid Phase Peptide Synthesis

TheFmodBu met hod, u nishagedonlscdibile protecton for Side,
chains andbaselabile Fmoc protecting grouN-t e r miamiad gropsSince tke
N-terminal of the amino acid is protected by a base labile group, the resin is designed
to be acid labileOne of the qualities make this method stand out that the protection
groups can be cleaved in milder conditions. WiNlé&smoc group can be cleavby

20% piperidine (in DMF) solutiong;butyl protection group and the alkoxybenzyl
based linkers can just be cleaweith trifluoro acetic acid (TFA). Since theanual
synthesi®f peptidegakesplace in a glass vessel, TFA is an excelégygnt ast can

be easily remoed by blowing air across the vessel until most of the TFA solution

filteredin ether?
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The way in which the FmaB8u method works has been explained in ithehe
Scheme 1.TTheGt er mi nal of the first amino acid was
Then Fmoc wa deprotected with 20% piperidine in DMRJnprotected amino

group was then coupled with the new amino acid, in the presences of activating
reagent which generally BBTU. HATU is preferred over HBTU in most rapait
challengingcoupling protocols. HATU is used in the same way as HBTU.
observe how the coupling is carried out, Kaiser Test provides quantitative
measurement for the matter. This is a very sensitivetjatiwve test for primary
amines, though not for secondary or tertiary like in proline. If there is uncoupled free
amine groups, the ninhydrin reacts to produce intensepuite colour, as seen in

the Scheme 1.20nce the coupling carried out and fisall successfully, the same
procedure is repeated, until all the sequence is achieved. Then the peptide is cleaved
from the resin by using strong acids, in which TFA is commonly used for such

purpose’*

1.1.1 Peptide Coupling Reagents

The coupling of the two amino acids to form peptide bond insdhe activation of

the next amino acid in the sequente.complete the acylation, the amount of amino

acid activated is typically-20 times the amount of resi@ther qualities that change

t he rati o de psetutiehsthe type oframisoiaciddaddeds thebvolume

that the glass vessel hdhe coupling time required will therefore depend on the
type of agent, its concentration, the designed peptide sequence and the capacity of
the resire

To date, there has been a wide variety of coupling reagentsasisth be seen in
Figure 1.1 and each of them has its own activating capadityen all the reagents
are comparedthe efficiency increases frolOBt < DIC/HOBt < HBTU < HATU®
The classical one, of course, is infamdudN-diisopropylcarbodiimide (DIC). In
carbodiimidemediated type of couplings,-Hydroxykenzotriazole (HOBt) or -1



hydroxy-7-azabenzotriazole (HOAt) used to enhance the coupdindto prevent
racemization. The reaction takes places betwewst protected amino acid and
DIC/HOBY, in whichresults in @t esters as seen itscheme 1.3The rateof the
reaction is faster in DCM when compaseith DMF, thoughDMF alsoworks well?

DIC was actually took the place in this type of activating, after the udg N
dicyclohexylcarbodiimide (DCC) since the urea that generated from DCC was
soluble in DMF®

© ©)
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©:N\@ | X N&® | XN
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Figure 1.1 Coupling reagents and their chemical structure.

In comparison to carbodiimidmediated coupling€)-uronium saltaare commonly
used in t od a indostBu synthesis. O-(7-azabenzotriazel-yl)-N,N,N'N-
tetramethyluronium hexafluorophosphate (HATQ}penzotriazoll-yl-N,N,N',N-
tetramethyluronium hexafluorophosphate (HBTQ}(6-chlorobenzotriazell-yl)-
N,N,N',N* tetramethyluronium hexafluorophosphate (HCTU) provide faster
coupling rate, enhance thé#fieglency and supresses enantiomerizatid-or these
reasons, they have become one of the most widelyresgeéntsHowever, HBTU

is preferred as it is cheaper and works as well as its relatives. fdeggnts are



commonly used wittN,N-diisopropylethylamine (DIEA or DIPEA) to achieve low

levels of racemization and enhance the coupling.

s
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OH 0 0" >N
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o +

Scheme 1.3 Mechanism of activation of amino acids and turning into OBt esters
shown over Fmot -phenyl alanine.

1.1.2 Solid Supports

The choice of solid support and the linker is important to have a successful SPPS.
One of the factors that affects having a ipooblemaitc peptide synthesis is the
solvation oftheresin, thus creating an efficient chain assembly during the synthesis.
Bothbatchwiseandcontiruous flowpeptide synthesis is carried out on beaded resins,
so thatthey are washed either with suction or und&ogen pressure. Polysene

(PS) is the one commonly used and contains arott¥d dlivinylbenzene (DVB) for

the purpose of crodmking agent.Crosslinked polystyrene resin (PS) &swidely



usedsolid support for peptide synthesis. Reasons for its popularity come from
several factors; it is not costly to produitesan be functionalized via Fried€rafts
reactionto have chloromethyl, aminomethyl grougerivatives andt swells easily

in commonly used solvenssich asDCM, DMF and NMPThe beads of these resins

can withstand high pressure and pack well into the reaction vessel. The size of beads

that these resins have very small and differs from2@Dand 208100 as mesh size.

The loadng capacity of a resin used for septlase peptide synthesis (SPPS) refers

to the maximum amount of peptide that can be synthesized and immobilized onto
the resin support. Loading capacity is an important factor to consider when selecting
a resin for SPPSas it directly impacts the yield of the final peptide product and the
efficiency of the synthesis process. It is typically expressed in terms of millimoles of
amino acid per gram (mmol/g) of resPEG resins have been used for long peptide
sequences wit quite high loading capacity around 0067 mmol/g>®> Commonly

used resins for SPPS, such as Waesin, Rink amide resin, often have loading
capacities ranging from around30mmol/g to 2.5 mmol/g (Figure 1.3. So, by
adding polar solvent it is possible ¢ocumventsuch problems with coupling and
solvent environmentn addition, sometimes it isn@ of the methods used to use
solid supporthathas lower substitutioso thatcrowding can be preventethus the
synthesis can occur in higher purity.

Various resnhs like polyethylene glycol (PEG) and polyethylene glycol
polyacrylamide (PEGA) also display enhanced solvation propdrtiieShas a very
high impact on diffusion and accessibility of the reagddkdF, on the other hand,
does not present this problem whiwaded with a higher number of residuks.
addition,DCM is not compatible with piperidinesDCM causeghe formation of
piperidine hydrochloride addwgunlike DMF. Therefore, DCM is still useith some

of the sages during SPP&owever, DMFhas bemme the dominant solvent choice

because of thproblemsmentioned abové.



RINK AMIDE MBHA RESIN WANG RESIN

Figure 1.2 Rink amideresin and & linker (eft), Wang resin and its linkeright).

Generally, PEG is linked to have modification on the synthesized peptide. The use
of such linkers, therefore, can create different functionality for the peptides and

flexibility in synthesizing'

When it comes to resin functionalization and types of linkers, there are
hydroxymethylbased resins, in which involves esterification of the first aracid

to have hydroxyl group at the-t€rminal. WANG, HMPA andrityl chloridebelong

to this categoryln addition to that, there is aldoityl-based linkers, in which
activation of the incoming amino acid is not required, thus enantiomerization
inhibited.? For peptides having cysteine, tryptophan, methionine or histidine at the
C-terminal can be synthesized on thissin if desired Though, the resin is
susceptible to the moisturkenceit needs to be handled carefully and should be
worked at room temperature. Regarding to aminomdtaged linker, they give
derivatization of peptide amides, thus peptides can bthasgized to have amide
modification at Cterminal. In that regard, the linkers for such category are
trialkoxyhydryamine, trialkoxybenzylamine and aminoxanthenyl. Today, Rink
amide is commonly used one and has benzhydrylamine liakeseen in theigure

1.3 MBHA version of the resin is generally chosen since it is less acid sensitive and
has more chemical compatibility than its AM alternatiaed the difference can be

noted fromFigure 13.23
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Figure 1.3 Difference between rink amide MBHA and AM resin
1.1.3 Microwave-assistedPeptide Synthesis

To date, microwawassisted organic synthesias beerused in order toamprove
yields, increasereaction ratg reducesynthesis time and to achieve high purity
producs. The first report of applying microwave to peptides occurred in 1198g5

than a decade later, the advances started to appear and bragkthroughs
followed: The first report actuallgone by Erdelyi and Gogoll, and they performed
SPPS in a microwave that is designed for organic synthesis. Among the equipments
they used, there were Green Motif | microwave synthesis reactor by IDX corp.,
Prolabo Synthwave 402 monomode microwave reactmy the Milestone
CombiChem microwave synthesizer then utilized to synthesize pepfiten the

first designed followed aftein 2003 thefirst microwaveassisted SPPS both fully
automaed andmanualwas introduced by Liberty, CEM. The design sisted of a
microwave reactor and washing station. With time, advafutiesved, and Brandt

et al reported amanualsynthesizer which then it developed as santbnmated
system in 2006, and the equipment contamediualaddition ofamino acidslong

with automated washing. Valve free synthesizer was then commercially introduced
in 2010?

The mechanism of microwasassisted SPPS is as follows: The energy heats the
resin next to the reactor itself by dipole rotation and ionic conduction, producing

11



instantaneous heatintn the liquid solution, ions and ddges will order themselves
to follow the electric field. Dipole and ion, therefore, will result in engliggipation

and yielding dielectric heatirfy.

When it comes to peptide synthesisggé polar and ionic molecules are heated by
this microwave energy. Generally, polar solveats usedPeptide having polar
backboneandamine terminal group make them absorbers in the microwave itself.
Once temperature rises in the vessel, the aggregetgeences will be broken due to
intra- and imer-chain association. In the standarocedures, peptides generally
syntlesized at 75°C, with 20W power. The deprotection dimoc usually takes
places within 3 minutes in total by using 20% Piperidine in Dddkition, when
coupling is considered, total time differs betweetDominutesandcanbesufficient

depending on the sequerfce

aspartamide

protonation | formation

Figure 1.4 Mechanism of protonation and aspartamide formation happens during

incoming amino acid activation

However, the high heat can result in racemizati®ng when amino acids like
Cysteine and Histidine is consi@éd, the instrumenteeds to beised in decreasl

temperatug, to around50 °C. Anotherissuein microwaveassisted SPPS is that

12



aspartamiddéormation as seen ifrigure 14. In Fmocdeprotection stage, reaction
occurs with Asp containing sequences that have carboxyl side chains such as Gly,
Ala, Ser or Asn. Thaspartamideauses sequence to continue from the unwanted
sidereactionsand yielding low purityWhile microwaveassistegeptide synthesis
offers several advantages, improper use or excessive application of microwave
irradiation can potentially lead to challenges aondthe problemsthat camot
encountered in traditional manual syntheSiserefore the synthesis needs to be
followed by cautiorf.

1.2  SelAssembling Peptides: Structure, Characteristics and Medical

Applications

Selfassembling peptidesiave gained more recognition and the fieldhas
experienceda cansiderable growth since tlearly of 1990s® Over time andwith a
deeper understanding of how proteins are fold, building olassémbled structures
beganto advancé.These materials are still being researched and used in a wide

range of applications. They are excellent candidates for biomedical appliédtions.

In general, sethssembled peptides consist of between 8 to 16 residues to form a
well-ordered structure. Normally, most peptides display low metabalidlisy and

arenot suitable fodrug encapsulatioWith selfassembled peptides, however, these
disadvantages can be altered due to their enhanced physicochemical and biochemical
properties. Hence, it also possible to generate these materialsemhitmced
selectivity and stability by promoting their interactions like temperature or pH, thus

making them eligible in drug delivery and tissue regeneration applicdtions.

When it comes to designing these materials, the betjemethod promotes a
deeper understanding. In addition to hydrophobic residues like phenylalanine,
leucine, isoleucine, thesselfstructured peptides alsbave positively charged
hydrophilic sequences like lysine, arginine or histidine. There are different types of

moduli to create tbse sequences all together to make thsattassembleln moduli

13



I, positive and negative chad residues stacked one another hje-,+,-,+,-,+.
When moduli 1l is considered, iepeatgthe same group of residues twiee,+,+,-

,+,+. Moduli Il repeatghis motif as triples;,-,-,+,+,+ and moduli IV as quadruplets,
-,---+,+,+,+. Though, He orientation of these charges can be alternated to yield
another desired peptide.

The building blocks of selassembled peptide units include single amino acids,
dipeptides, D/L peptides, cyclpeptides, stapled peptides, amphiphilic peptides and
multidomain peptides€ven single amino acids cae used to creathydrogelsdue

to their low cost. Dasguptat al. demonstrated that cinnamoyl protected phenyl
alanine showed an efficient hydrogela properties and the hydrogelation was
promoted both by pH arfteat.Dipeptides, on the other hand, are one of the simplest
building blocks of the group. Iwasfound thatH-FFOH was able to seldssemble
into nanotubes and nanostructurbecause of itsintramolecular hydrophobic

interaction$

D-peptidesaregreat carriers as making a drug to be release ctatilpby inhibiting
degildation ad increasing the hdife. Cyclic peptidesautcassembles therto
create cylindrical structureand this can bachieved via intramolecular hydrogen
bond that forms le&veen amino acids, thus creatin§-aheet tubular structure. The
amino acids in this building block tymanarrange themselves outside of the tube
structure with their side chains and the peptide backbone fixes itself inside. Stapled
peptides are the tgs that consist of heligromoting noncoded amino acids like
aminoisobutyric acid anf-amino acids. These stapling of side chains enhance the
helical tendenc{:® Regarding the mukilomain peptides, thegre sefassembled

with b-sheet mofi, thus yielding nanofibrous structures. The structure of the building
block is also stabilized by hydrophobic core and hydrogen bonded networks.
Amphiphilic peptides, on the other hamageformed by hydrophobic and hydrophilic
chairs. Electrostatic, hydrophobic, and aromatic stacking interacpoomote this
building block b stabilize, andgelfassemblento morphologies like nanotubes and

hydrogels®
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To assesselfasemble structure ofhese peptides, it should be noted ttied
secondary structureshelices andb-sheets is quite importani-helices are the
secondary structure, in which happens when hydrogen bond forms between the
hydrogen of amide group and the gey of the carbonyl group. With the bond
formation, the stabilization of peptide bond occurs. When the assembling is
considered, the side chains fixed outwardalthough the Uhelix is not a
thermo@namically stablen its own it is possible to crea®more stable structure

by assemblingt with other types together. In that regard, ceibed is the structure

that can be found in nature. It contains tbelicesthat havestacked each other
while their hydrophobic parts barred from the aqueous conditions and repeats
sequence template abfaefg) . In the sequenca andd considered as amino acids

that have hydrophobic chains, meanwhile e and g represent charged amino acids
sequence. Thus, the sequence ®mght-handed U-helical structure by then

assembling bundles to form lé¢fanded spercoils®®

T h e-hellces are more energetically favoured compad t ehelidesh ad U
represent another secondary protein structireegard tahe position ofb-strand
peptide, the backbone is stretched, and the hydrogen bemdsnas orthogonal.

689 The $eet structure is created by hydrogen bonds between the amino acid
sequences of theeptide chains. Both the interactions between the peptides and the
amino acid sequences help stabilizing the structure, thus enhance the rigidity of the
assembly. Peptides that have betweezd@mino acid sequenced generally prone
to form b-sheets andherefore they can sedfissembly into different supramolecular
structuresParallel and antiparalledrrangementsre the main types df-pleated
sheets that yield different patterns of hydrogen bindihgn comparedAntiparallel
b-sheets, however, is fodrto be energetically more favoured because of its well

aligned hydrogen bonds.

The supramolecular structures thascribecabovegive rise to assembliesuch as
micelles and vesicles. Thes&uctures are the ones that discrete assemblies and

distinct dimensions such as ribbons, tubes, tapes, andibers.
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As oneof thedistinctstructures, spherical micelles form whée hydrophilic head
and hydrophobic tail sedissemble to form corgheltlike structure. Théormation
of micelle structure can be imgied by the factors such as concentration, pH,

temperature, and interaction of peptides.

By modifying a hydrophilic peptide sequence with an alkyl ,taile hydrophobic

effect can be enhancetgsulting in thecreaton of peptide amphiphiles. In the
literature, Shimadat al. designed such alpHzelical peptide, in which had the&
WAAAAKAAAAKAAAAKA  sequencé® The peptide could selssembld to

create micelles in aqueous solutions. They also found that the peptide changed
conformation and transformed to a worm looking micelle after incubation for few
days. It has been suggestedattlthis transformation is caused by the secondary

structure to form a stable betheetl®

Peptidesthat can generate this micelle like conformations are genesaiigl
peptides like in the AcGGAVILRR-NH: peptide and they have generally
hydrophobic and positively charged residues. Hydrophobic interactionAthat
GAVILRR-NH: peptide has yields nanopipe structure to become a nanodonut shape.
When all the factors are consideiadyiven peptidesor theformation of micelles,

the hydrophola and hydrophilic part, in addition to acetylation eféMminal might

yield selfassembled micelle conformati6fi 1°

Different from mielles, \esicles havean aqueousinternal structure,so their
amphiphilic building blocks form the bilayer where the hydrophobic groups position
both the inner and outer space. It has been fabatthe hydrophobicity of the
peptidetail hasa major influence on the structure forms. Zhagtgal synthesized
surfactantlike peptidesand they reported that these peptisielfassembled into 30
50 mm diameter vesiclé8.In anotheresearchby Van Hell et al discovered that
Ac-AAVVLLLWEE -OH and AcAAVVLLLEEEEEEE-OH oligopeptides self

assembled as vesicl®s.
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The member ofselfassembledstructures; fibers having hydrophobic tail and
hydrophilic surface making gimilar tovesicles. However, this structure type is not
spherical, instead, they are like e¢mted micelles. Though,wasobserved that the
peptide sequenseselfassemblento vesicles are closely resembles the ones form
fibers®21°Such example can be seen in the work done by Stglp their peptide
had an alkyl tail, disulfide bond forming of foaysteine residues, in addition the
threeglycine sequence and therefore, it formed nanofibers to createlibene
composite materidl.

Amphiphilicity is the major factor for a peptide a form fiber. Peptides that can form
betasheets can alsselfassembleinto fibers, depending on the factors like
concentration, pH and temperat@r.

1.2.1 Factors for Peptide Self-assembly

pH is one of the factors that affects peptide assembly. The fluctuthimtteappen

with pH create charggwith hydrogen bonds and salt bridges, thus the differentiation
influences the structue of peptides! The chargs of side chains peptide changes
either with protonation or deprotonatidrhe charges of amino acsitle chains in a
peptide can change through a process known as protonation and deprotonation,
which is directly related to the pH of the environméMhen amino acids are
chargedhydrogen bonds between amino acid residues and salt bridges are disrupted
henceionic bond forms between charged side chain amino acids. To clarify such
event, ETATKAELLAYEATHK peptide has negatively and positively charged
amino acid residues from N terminal to C termifat Any changes happen with

the charge ofthis peptide at pH 4, results Ithelical structure. Once, the pH of

environmenteaches t@, this structure turns infe-sheet.

When hydrophobic peptides like YVIRheptideis consideregthe electrostatic and
hydrogen bonds are reduced beloi/2 because of protonation. This formation then

creates an antiparallel structure due to aggregation. Once thergideidto 9-11,
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these electrostatic and hydrogen bonds are aggainedhe aggregatesesulting
antiparallel stacking structure. SimilarhlsKFEFKFEFKFE peptide becomes
hydrophobic at low pHlue to protonation aflutamic acidresidues presem the
peptide sequence and theelfsassembly induced by increased hydrophobicity

Then the peptide agggates with these hydrophobic interactibhs.

In addition to pH factor, there is also temperature aspect that affects the [setitid

assemblyWhen certain peptides are heated, they can undergo various structural
transformations that lead to the formation of different supramolecular assemblies,

including micelles, nanofibrils, and other secondary structiféth changes in

tempeature, the interactions between peptide molecules and their surrounding
environmentwill be affected. For exampld=F dipeptide forms crystal nanowire
structureafterheated to 90C and then cooled to 26. The heating makes ionization

constant ofNH3" to be lowered, thus makirtge peptidehighly soluble. Once the

temperature is decreased, seembljhappensiue to enhance hydrogen bonds and

finally nanowire structure occurSimilarly, ELP tripeptideds hydropl

is increased wheheated, resulting in micelle structdte.

Beside the factors are explained above, there are another stimulus that need to be
corsidered. Electrolytes are one of those factibasinducespeptide seHassembly.

For instanceAc-(AEAEAKAK) >-NH: peptide form$-sheet due to its hydrophobic
residues. Once electrolyte is added to the environment, electrostatic repulsion occurs
and hydophobic bonding increases resulting in se§embly byparallel b-sheet

structure$:1!

As one can sefom above,other than pH, temperature or presence of electrolyte,
the specific nature of interactions between the amino acid sequence of a peptide can
lead to the formation of various supramolecular structures, such as fibers, micelles,

andmore complex architecturé®!?

18



1.2.2 Interactions Responsible forPeptide Self-assembly

Peptide selassembly is driven by a complex interplay of various interactions
between individual peptide molecules. These interactions leac tiotimation of
well-defined, organized structures such as fibers, micelles, nanofibrils, and more.
Hydrophobic and electrostatic interactioasgmaticstackings, hydrogen bonds, and
van der Waals forcesre some of the key interactions responsible fotipeself
assembly These intermolecular interactions can be affectedviany factorsuch

as temperature, pH and electrolyte concentrgticesulting different structural

assemlieg?

Hydrogen bonding is one of the important driving forces for structural organization
of biological productsHydrogen bonds play a crucial eaih stabilizing protein and
peptide struc-hal e sskestsiandbothardconfognatidhsThe
interaction takes place usually between amide groups in peptide backibones,
betweenamino and carboxyl group that the sideains haveThe numbe and
strength of hydrogen bonds can vary widely depending on the sequence and the type

of structure formed

- interacti ons -assambf@a peptides pspecialipetores that | f
contain aromatic functional groups The interaction of suclkind can generate

directional growth.

Hydrophobic interactions amggnificant driving force in the selissembly process

of peptides and other molecules, despite having few directional constiets.
hydrophobic parts of amphipathic molecules aggregatwater to minimize the
contactsof water while the hydrophilic sites are exposed to wataeaning the
hydrophobic interactions are stabilised due to favourable enthalpy. In the literature,
it was found that such interactioms the peptidefavours micelles, rather than
nanofibers When saltriggered seHassembly is considered, the role of such
interaction seems enhanced. Therefore, the role of this hydrophobic force is quite
important for designing of peptidequence¥’
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Interactions between chaxjenoleculesare another type dfigger for the self
assembly of peptide€oulombic attraction between opposite charges can le¢hd to
formation of ion pairs, also known as salt bridges or electrostatic interactions. These
interactions play a significant role in stabilizing the structure of peptides
Electrostatic interactions usually promote structural specificity. Giving its sktrengt
being around 500 kdol?, the interactiormakes it stronger than hydrogen bamdi

Van der Waals interactiorig?

To have stable sedssembly for a peptide, the combination of these interactions and
elementsis quite important. Temperature is one of impat factorsthat affect
hydrogen bonding and hydrophobic interactiafspeptide units Changing in
temperature can weakdrydrogerbondingwhile increasing the hydrophobic effect.
When it comes to pH, the solution can affect the competing solvé@drinappens
between the sides of donor and acceptor, thus decreasing the strength of hydrogen
bonding. Salt effectin addition to the otherdyas great impact on electrostatic
interactions. Therefore, the balance of the interaction and forces when togethe

induces setassemblygreatly'?

1.2.3 SelfassemblingPeptides for TissueRegenerationApplications

Peptidebased wound dressings have bemseiving attention throughout the years.
One of the advantages of thesaterialss that they cabefunctionalizedor certain
specificity and activity, especially in tissue regeneration. Some pehiasiesbeen
identified that can promote the activity of growth factors like epidermal growth
factor (EGF) or fibroblast growth factor (FGF), thus enhancing the wound healing
processand induce tissue remodellinbhe selfassembled peptides are particularly
important in wound healing applicatiodse to their extracellular matrix mimicking

behaviourd?

Short sekassembled peptides also show promising reduligerature, RADA 16

| was found to be very effectivdor enhaming stem cell expansion and
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differentiation. Tls peptide also indusea significant amount of reduction in
osteoclast number at the injury side between 1 and 4 Wé@eang one of the
popular peptides that worked on, satlsembled (RADA)peptide also showedpid
haemostasis in transverse liver experiménis.addition, tlis peptide also exhikst
goodhemocompatibility byshowingno plateletsandno red blood cells® To such
example Ac-IEIKIEIKIEKI -NH2 peptidewas applied to human nasal chondrocyte
and was observed that expanded the fibroblast growth factor-2F&HAn the
literature, it was also found that LayVAGKK -NH: peptide ampluphile was

able to enhance neural differentiatidrivioreover,|3:QGK peptidewas reported to
form hydrogel and exhibited significant haemostasis in liver trauma models. In
addition to that, the peptide also showed low cytotoxicity and no immunological
responsé?

When long peptide chaingere consideredhe study done by Wangt al.in 2008,
they reported two selissembled peptides RARLT (Ac-
(RADA)4GsKLTWQELYQLKYKGI -NH>) and RADPRG Ac
(RADA)4sGPRGDSGYRGDSNH>). Their study in the end showed proangiogenic
potential, meaning that the mé&les promote angiogenesis, thus promotion in
endothelial cell growth and migration was achiet®d.In another study done by
Stuppet al., they worked on hepanrhinding peptide amphiphiles to deliver both
fibroblast and VEGF growth. The outcome then indicated HBPAs provide a
applicable environment for engraftment and for increase in blood vessel dénsity.
The peptidehatZhanget al studied had AEAEAKAKAEAEAKAK sequence and

it showed resistance to proteolytic degradation which is necessary for regulation
procesg® One of theb-harpin peptides, the MAX8 peptide that showed good cell
viability results, plus being injectable properties, thus making it suitable fer cell

delivery and wound area applicatioits.

As can be seeabove, selassembled peptides have many applications in tissue

engineering. Their characteristics like satisembling into nanofibrous hydrogels

21



and showing haemostatic behaviours make them applicable for wound area

applications to enhance tissue recawgr

1.2.4 SelfassemblingPeptides forDrug Delivery Applications

Drug delivery is a system, in which drugs areecifically combinedwvith carrier
moleculesand delivered to the targeted sité®ading of drugs to the carrier
molecules generally is done viaonjugation, complexation,or nonrcovalent
interactions.Self-assembling peptidesre among one of th@opularcarriers. The
design of such sequences gives multiple functionalittest enabls drug

ercapsulatiort?

Introducing hydrophobic drugs into salésemblegeptide structureis a promising
strategy for controlled drug delivery and targeted ther#ipg. reported that edf-
asembled peptides, can serve as carriers dome drugs such as taxol and
doxorubicin improving their solubility, stability, and bioavailability In literature,
RADA-16 has been developed also for such cause, to have sustained drug delivery.
Koutsopouloset al. worked closely with RADA14 hydrogels, and they studied
kinetics ofdifferent protein releasdésom hydrogel structuré hey found that release
dynami c was dependent on mol ecul ar wei ght
concentratiort®?” Dimitrios et al.,used gekforming Ac-(RADA)4-CONH;, peptide

for encapsulation and release of curcuioimchieve site specific chemotherapy for
malignant brain tumourgIn another studyZhao andis colleagues used RADA16
derivativesto encapsulatand controlled releaseof an antitumor drugpaclitaxel.
RADA16-X also found to be promote sustained and controllable drug release. The
peptide used with antitumor drug and showed inhibition effect on a breast cancer cell
line. It was also found that releaseok longer time with increased peptide
concentration, thus blocking tumour cell proliferation observed more effecti¥ely.
Ketone drugsalso can be released with peptide amphiphiles. Drugs such as
doxorubicin or paclitaxel contained ketone allows such relation between peptide and
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the drug due to a@lent tethering. In one of their studi8supp et al. modified
C16V2A2E2K(Hyd) with prodan which is a ketoreontaining fluorescent compound.
The drug release was found to be dependent on the order of peptide sefyuence,
sheet charactaf the peptidend also packing densityf pleatedb-sheef®

Self-assemblingeptides can also provide less drug loss ratidagitdrug loadings.

An example othis is EAK-16ll peptide as it does not cause an immuresponse
when the material is applied to anim#lisdydrophobic drugs like curcumin can be
encapsulated into peptide hydrogels. To clarify ,thdAX8 peptide
(KVKVKVKVDPPTKVEVKVKV -NH2) was used as the carrier ancurcumin
delivery was achieved In addition to these, gptidebased nanostructures with
modificationdike polylactide (PLA) and V6K2 (VVVVVVKK) was used &sirriers

for drug delivery, especially for doxorubicin and paclitax&k statedin the
literature® thedrug released from PL-A6K2 was slower than PL&thylene glycol
type. Though, PLAV/6K2 exhibited enhanced cellular uptake while showing no
cytotoxicity effects on cells. In addition to these, PUBK2 seems to have higher
tumour toxicity but lower toxicit for syngeneic breast cancer cells, meaning that the

drug released by this peptide can have selective toxicity behaviours.

When literature is considered, peptide amphiphiles are quite important for drug
release. The characteristic of sequence and thiiitydo encapsulate certain drugs,
make them great materials to enhance drug release. Also, the bioavailability of drugs
in addition to their solubility can be enhanced while they are combined with such

materials.

1.2.5 Amphiphilic Peptides (APs) and Their Applications

The structure of amphiphilic peptides consists of hydrophobic and hydrophilic sites.
Hydrophilic partof these peptidemostly contain acidic and basic amimadssuch
aslysineor glutamic acid residues. When it comes to hydrophobic tadsnsiss

of nonpolaramino acidsuch adryptophan or valine residué$lt is also possible
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to form peptide amphiphigeby addingalkyl chairs the polarpeptide epitope¥:>°
Peptide amphiphiles, functionalised with alkyl chains, are able tass#fimble into
a variety of nanostructures, includingcellesandvesicles Especially for the past
decadethesepeptides havegained an increasing momentsimcethey holda great
promise for applicationsespeciallyin drug delivery’® Self-assembly of these
peptide amphiphilesan be controlledavith light, pH, ions and enzymes #@swas

discussed earlier of.

Selfassembled peptide amphiphiles can be synthesizéemoatBu based peptide
synthesis or can be produced from bacteria as*¥ehe design of such amphiphilic
peptide can trigger sedfssembl to produ@ various nanostructurelcorporating
aromatic groups into the design of amphiphilic peptides can significantly influence
their selfassembly behaviour and lead to the formmatidd unique nanostructures.
Aromatic amino acids, such as phenylalanine, tryptophan, and tyrosine, possess
hydrophobic aromatic rings that can drive sel6 semb |l y -'t hgtoagki n'g
interactions These interactions aralso usedfor encapsulang certain drugs to
enhancetheir bioavailability and solubility®:3® Amphiphilic peptides carself
assemble themselves to create micelleigh contain of hydrophobic inner core and
hydrophilic exterior. Having a charged head group and hydrophobic tail contributes
to yield such structur& These mielles are also used for drug delivery applications
since they can enhance the encapsulation to a great &tanthe literature,
doxorubicin (DOX) was encapsulated iqteptide amphiphiles. The peptide can also

selectively release such drug ugu and temperature chantfe.

When the types of peptides amphiphiles are corsitjeselfassembled spherical
peptides are usually smaller than 100 nm in diameter and they are especially used
for biomedical applications since they cha taken up by the cells readily. In
addition, they can be loaded with hydrophobic drugs into the@s¢avhich makes

them perfect candidates for drug release studies.
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Besides the structures explained above, amphiphilic peptide vesicles can also be
great asset for drug delivery. Since the peptide contains charged head group and long
hydrophobic tail, itmakes them useful in such applicati6hdn the literature,
Rajagopal and the colleagues preparadouspeptides that @an selfassembldo

form hydrogelunder certain conditiorfé Additionally, Aggeliet al.studied on seif
assembled pobglectrolyte betasheet complexeby mixing the peptidevith both
cationic and anionisequencesTherefore, spontaneous saffsembling by fibrillar
networksin hydrogel was achieved in appropriate pH s¢aféin addition to these,
Ghadiri studied the design principles that promotesassémbly. Hence, was

found that cyclic peptide that have D anddmino acids show aggregations, thus

creating a microcrystalline tubes witlifferent pH adjustment¥:*

1.2.6 PSMA Peptides and Their Clinical Applications

PSMA (Prostatespecific membrane antigen) is membrdoeind glycoprotein with
having 100125 kDa, and located on chromosome&®¥ . The protein is composed

of 750 amino acids with three déffent domains24 amino acids for transmembrane
region 707 amino acids for extracellular domain and 19 amino acids for intracellular
domain Though the density of protein is 84.000, PSMA migrates in SDS with
molecular weight being 11025 kDa via the usef N-linked glycosylation site&’48

PSMA is overexpressed in prostate cancer, and such response seems to be an
androgerindependent, meaning right not becured with surgery. Therefore,
PSMA is generally used for potential biomeairk for prostate cancer (PCa), which is

still one of the primary tumotnelated deaths in mef*8

PSMA was discovered in the | ate 198006s,
di agnosis and therapy. Il n the beginning
were labelled with {!indium] and used as imagimgobe With time, discoveries

have done to increase image quality and reditbe radiations that the patients were

exposed? In 2012,gallium labelled PSMA ligand began to be used for recognition.
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Theradiolabelling was alsowstable for PET (Positron Emission Tomography), in

which the labelled PSMA targeted the extracellular component of the ptotem.

There are different types of PSMA ligandsich asureabased, thicbased and
phosphorusdasedigands Ureabased PSMA ligandshowed promising results in
preclinical trials. On the other hand, phosphdmgandsexhibitedlimited clinical
use due to theirhigher polarity Contrary to phosphorous ligandsjiol-based ones
are more favourab) though they lack of satisfactory metabolic stability and
selectivenes® On the other hand,rue a b a s e duchPaSPEMA14 and
PSMA-617in Figure 15 have been used extensively for therapeutic usage.
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O TNy HO
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I \
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07 NH S( .
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HOOC™"N™"N""COOH HOOCAH N cook
PSMA BINDING MOTIF PSMA BINDING MOTIF
PSMA-617 PSMA-11

Figure 1.5 PSMA inhibitors,(left) PSMA-617 (right) PSMA-11.

In 2001, new series of PSMA inhibitors were proposed by Kozikoetsii. One of

these uredbased PSMA inhibitors was FDCFBC (N-[N-[(9-1,3
dicarboxypropyl]carbamoyd-18Ffluorobenzylicysteine) and itontainsof Glu-
C(O)-Glu sequence® For such inhibitor, clinical results exhibited high sensitivity
for local recurrence. However, the radiopharmaceutical features needed
improvement, and protein binding of it was too higbulting inslow clearance from

the tissued®>*The yield was too low to prepare both DCFPyL(3X1-carboxy5-
[(6-[(18)F]fluoro-pyridine-3-carbonyl}amino}pentyl}-ureido) pentanedioic acid)

and DCFBCBesides they required complicated production process.
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At this stage, PSMAL007 was started to develop since it proposeembb
radiosynthesis process, in addition to 80% efficiency tdémce, this Glwreido
inhibitor offered high accuracy in the recognition of lymph node in various primary
diseased®°® Then the third generation PSMAlibitors were introduced and
PSMA-11 and PSMA617 gained recognition.

One of the third generation PSMAhibitors, PSMA11 has structural motif of Glu
NH-CO-NH-Lys(Ahx) andsearchedor clinical trials and imaging. Selection¥Ga

was a good alternativasimaging agentfor this peptide since their hdife was
matched, thus optimal peptide radiolabelling was achieved. It was also found that
DOTA (1,4,7,10Tetraazacyclododecaiie4,7,10tetraacetic acid) with the
combination of HBEDBRCC (N, Hisdj2-hydroxy-5-
(carboxyethyl)benzyllethylenediamiid NNjliacetic acid) increased the accuracy of
GaPSMA-11 (GaDOTA-PSMA) in clinical trials*®°¢>" Being one of the third
generation Glwreido inhibitor,PSMA-617 was alsdnvestigatedvith 1’’Lu. This
alternative was both effective and sdie therapeutic imaging. PSMA17,
additionally, showed increased affinity than its predecessors, haaitigblood
clearance and very low uptake from liver. Besides these factors, the imaging quality
was also increased because the gamrayiaadiation oft’Lu.*®°859Kabasakal and

the colleagues were worked on the dosaie'’’Lu-labeled PSMA ligand. The
injection dosage for the inhibitor was 185 to 210 MBg and uptake from the patients
was achieved. Their researshowed that the radiation dosage was inacceptable
range, though, it was also found that patgmecific dosage was mandatory. In
addition to this, Kurttet al also worked or’’Lu labelled PSMAG17 peptide. In

total of 50 patients, they worked on mCRRP@(astatic castratieresistant prostate
cancer) issue. As activity 6430.5 GBq was chosen. The result was showed that
177LuPSMA have effective half time,being a safe option for radionuclide
therapy/8:50
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1.3 Cannabinoids

Cannabinoid was the name given for a set of oxygen containing aromatic carbon
(C21) compound that occurs naturally ihe plant of Cannabis Sati#82 Even
though the medicinal use dates to way back in time, however the use and recognition
of cannabinoids started in 193@shas been found that Cannabis contains more than
460 known chemicals. One of the major psychoact@aenabinoids found in
Cannabis plant is€-tetrahydrocannabidiqTHC).%® a&-tetrahydrocannabinolag-

THC, dronabinol) was the first one that was identified, and this was only 60 years
ago®¥ % Between 1930s and 1940s structure of phytocannabinoids were successfully
characterized and synthetic derivatived bliC were testd for clinical studies. The
research had done on epilepsy, depression, dependency to the alcohol and for
opiates2’%8 Though, not until 1964 tha€-THC was not able to be synthesized nor
stereochemically characterized. The discoveries of THC allowed its use for clinical
studies>®
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Scheme 1.4 Representation for biosynthetic route for the formation of THC, CBD
and CBN.
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Figure 1.6 Chemical structure gfA) THC(B)di benzopy r8arHC)&y st em ( &
CBD.

Besides THC, it is also found that Cannabis consists of-8d#trtahydrocannabinol
(@®THC), cannabinol (CBN), cannabichromene (CBC), cannabicyclol (CBL), and
cannabigerol (CBG) and lastly cannabidiol (CBD). Though, they are present in small

quantities, have no major psychotropic effects when compared with $¥HC.

Cannabidiolic acid (CBDA) and tetrahydrocannabinolic acid (THCA) aeedd the

main components of cannabis. Though, CBD and THC have relevance to cannabis
more, the molecules are not synthesized from the plants. Rather, the plant produces
CBDA and THCA as can be seen iBcheme 1.4Then the chemical reaction
triggered by kat, and decarboxylation occurs. Then the new compounds as CBD
and THC arebtainedas seerfrigure 16.%°

1.3.1 Cannabidiol

As mentioned befor&annabidiol CBD) is one of the main compounds of Cannabis
Sdiva and considered a pharmacologically active phytocannabinoids. CBD has
many beneficial properties such as antiammatory, antioxidant, andnalgesic
Besides these, the molecule is quigées leffect on metabolic and neurodegenerative

diseases and being used as antidepressant a8 {¥ell.
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Figure 1.7 Chemical structure of CBD.

When the molecular structure of CBD is considered, it is a terpenophenol compound,
in which consists of twentgne carbon atomsts molecularformulais C21Hz002,

and the IUPAC name is[21R,6R)-3-methyl6-prop-1-en-2-ylcyclohex2-en-1-yl] -
5-pentylbenzee-1,3-diol. The molecule contains cyclohexane and phenol ring, in
addition to a pentyl side chain. The terpenic and aromatic ring are located in

perpendicular plane structufe.

It has been known that CBD has wide range ofdgiical activity. In the literature,
Hillard et al. found that CBD inhibits [3H] thymidine incorporation in murine
microglial cells, in addition to no effect on their cycle. Later, they found that CBD
is immunosuppressive since it enhanced the endogerdmrsosine signalling.
Besides, in vivo studies showed that CBD decreased-ONfoduction on LPS
treated micé>’* In addition to such research, Hampseh al investgated
antioxidant properties of CBD. Their data proposed that CBD actually prevents
oxidative damage either equally or better than ascorbic acid (Vitamin C) or
tocopherol (Vitamin EJ*7> Moreover, Lastre8ecker et al. found that CBD
provided neuroprotection against the progressive degeneration of neurons during
Par ki nsonos D insthearssearch( NPeBhpularat al worked on
administration of CBD into mice that had typeliabetes. Their diagnosis was that
32% of the mice diabetes waiagnosed, whereas in the untreated group the value
was 100%. Beside this, they also found thatlA (preinflammatory cytokine)
production significantly reduced, whereas-1Q (anttinflammatory) production
elevated after the treatment with CBD. Thesta showed that CBD can be used as
a therapeutic agent for the typediabetes*’’
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1.4  Coupling Reactions

For decades, metahtalysed crossoupling reactions have been developsdheir
mechanism can be seerfigure 18, and theyhavebecomemainstay in the modern
synthesis applications. So much so that, we can seeeftexition on 2010 Nobel

Prize winners to Heck, Negishi and Suz(ki.

M
R'-m + R2X R.R2 + m-X
additive
m= Mg (Kumada-Tamao-Corriu)

R'=R2=alkenyl, aryl, alkyl Li (Murahashi)

Al, Zn, Zr (Negishi)
X=F, ClI, Br, TfO, | B (Suzuki-Miyaura)

Si (Hiyama)

M= transition metals (Pd, Ni) Sn (Migita-Kosugi-Stille)

Figure 1.8 Summary of the crossoupling mechanism that was developgdo
now.’®

The starting of crossouplingswas statedn 1965 Tsuji worked on palladium
mediated carboerarbon forming reactiorfS.Under basic conditions, the mixture of
PdChk (cyclooctadiene) complex and ethyl malonate were able to generate
carbopalladation product. Then, the discovery led development of palladium
chemistry. This processwas the start of crossoupling reaction$! Tsuji also
investigated” -allylpalladium complexes with ethyl malonate to form ethyl allyl
malonate. In adton to the advances Tsuji had done, Trost was able to do
asymmetric synthesis of what Tsuji had done. Then, this palladium catalysed
substitution reaction by usirigallylpalladium complexes have been recognied

it got the-TmameiosHFemTSuj i

Since then, metatatalysed crossoupling got more recognition and the advances
followed. The first instance of such reaction was developed by Kharash and Kochi,
i n which they nanKenadaTamacCosriy €Coupliegs.i s T laes
synthesis added transitionetal salts to Grignard reagents to finally form carbon

carbon bonds. They found that catalytical activity of nigkebsphine complexed
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dependent on structure of the phosphine ligand on a great manner. Aiter the
development on the synthesis method, they were also able to improve the

enantioselectivity of asymmetric ferrocene based lig&héfs.

Early crosscoupling reactions did not used palladium catalysts wi (1=metal)

and GX ( X=h al i Mueakashi Gompting!l @A Mur ahashi -report
coupling of organic halides did occur by using palladiesed catalyst, besidesth

nickel types®8 Murahashi and the colleagues dictated the potential of
organolithium compounds for these reactions. The method expanded in applicable

ranged for crossoupling reactions to be used with organolithium compouféfs®

I n the middle of 706s, Sonogashira and H
with aryl halide with copper () salts and palladium catalystsachieve cross

coupling reactions. They observed that the yield was increased when copper (1) salts
whenused as ceatalyst. The reaction had the advantage of achieving the products

with higher yield, even in milder conditior$8’

Negishi, on the other hand, worked on organomagnesium and organolithium
compounds in 1976He successfully synthesized crasaipling products with the
combination of palladium catalysts and organoaluminum reagents. The method was
the first example of combining cressupling reaction with hydrometallation. Then,

he found that the reaction pemmed better with palladium salts. The reaction
Negishi designed has been used for synthesis of biaryls and conjugate dienes, in

which found in natural product&®88°

In 1977, Migita and Kosugi incorporated organotin compounds in -cagsling

reactions thatdi ven by pall adium catalysts, thus
KosugiSt i | | e 0. Having toxic nature of or ga
operation was needed to be done at the laboratory level. Hence, despite the
challenges with the compounds beiogic, there is still demand for such reaction

because of its mild and neutral reaction conditions. The reaction was found to be

useful in terms of synthesizing natural produéfs.
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Kumada, Tamao and Yoshida stated a new erospling reaction, in which
organopentafluorosilicates and organic halides reacted when companied with
palladium catalyst at high temperatsireSince there is inactive saturated
hexacoordinated organosilicates, the removal of fluoride was necessary to achieve
pentacoordinated silicate, then to promote transmetalation. The reaction, however,
needed harsh conditions and prevent its usage widelyever, more recent to what
Kumada and the team had done, Hiyama prepared HOMSi reagent by intramolecular
nucleophilic attack of a hydroxy group to activate these silicons, unlike with fluoride
ion. When the hydroxy group is protected, it seemed thesiliitcd not react to it.

After the transformation reaction, deprotection of hydroxy group enabled smooth
crosscoupling. Then t he react i o rHiyawa s named
Couplingp 72:91:92

1.4.1 Suzuki Miyaura Coupling

To this date, the widely explored cressupling method was developed by Suzuki
and Miyaura in 1979. The synthesis uses organobdevivatives under palladium
catalysts. Having nature of nanetallic element, the bond between carbonon of
organoboronic acids is quite inert to undergo protonation in water environment and
with the acids. The reactivity of organoboron is low, howgere can increase the
reactivity of it with the modifications like usingtrongbases. Once this key was
realised, the synthesimade a breakthrough. All over world, pharmaceutical
companies brought so many organoboron derivatives to the market. Now, -Suzuki
Miyaura coupling is one of the famous crasaipling methods to form carbon

carbon bond?®®3

The reacton of arylboronic acids were first reported in 1981, and Stizlifaura
reaction further the elements and improved the synthesis. A variety of organoboron
like trifluoroborates trihydroxyborates, trialkoxyborates, and triolborates complexes

were establish’%%3
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Boronic acids play an important role as nucleophilic coupling partners in Suzuki
Miyaura coupling reaction. When compared the other method that uses Palladium
catalysts, SuzulViyaura can proceed under mild conditionsashgreener
alternatives and functional group tolerance, and is cheaper to conduct. In addition to
these, the reaction can occur even in lower temperatt#e¥Iindeed, the method

became a gold standard for modern iti@adl chemistry astated byLennoxet al.’®

In general, Suzuki coupling proceed in three fundamental steps, Oxidative Addition,

Transmetalation, and Reductive Elimination, as seéigarel.9.

Tom
+2,|Vfé‘ o
LnPd - Na
R1-X4 : X :
Oxidative
ii @ ..0
Addition &5
0 Suzuki Cross-Coupling L 32 Ri 4
Ln-Pd Catalytic Cycle WPd ..
OH
Reductive Rz\ \
Elimination Transmetalation
HO O R
Na
R1 'RZ +2 R1
and .
R, O
Ho’. ‘o—R B’
2 o o
Na
O..
:OH
@ -
Na

Figure 1.9 Mechanism of Suzukiiyaura Coupling.

Transmetalation process is promoted byltaige angpromoteghe transfer of aryl or

the alky group from boronic acid derivative to the Pd complex. Under basic
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conditions, organoborane derivative react with interntediain transmetalation
process to yield intermedia2e Then reductive elimination occurs to give the desired
product,as R-R? (stating that @ bondoccurred and thestepalso generates Pd(0)

species®

In the cycle, oxidative elimination is the rate determining.degides other factors,

the activity of reaction depends on the halegeand decreases | > OTf >Br > Cl in

the order. During generating of Pd(0) complex? §/pe of based mechanism occurs
that result in stereochemical inversion. Other studies also showed that the oxidative
step consists of four stages, in which the is@ra&on occur from cis isomer to trans,

a more stable isomeas seen iffigure 1.10.9%%7

X T
R—IIDd—L D — R—IIDd—X
L L
cis- trans-

Figure 1.10 Isomerization in the oxidative elimination step.

Suzuki coupling generally uses Pd catalysts and they uswaaitgina precursor and
aligand. To clarify such statement, Pd(OAd&d(dba), or Pd(PPk4 examples can

be gven, like in Figure 1.11 andFigure 1.2. For enhancing the reactivity in the
reaction, usually bulky and electron rich catalysts are prodié&&® Generally
phosphine ligands amidely usedhan the other ones. Scientists produced different
ligands from the inspiration they got from phosphine ligands. In the literatuet, Fu
al. replaced the aromatic groups with more bulky alkyl groups. Thus, they were able
to enhance the reactivity on legactive reagents. Beside this finding, Buchwetld

al. introduced new bulkier and electron rich phosphine ligands, in which the skeleton
is based on dialkylbiaryl phosphine ligands.
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Figure 1.11 Represerative of dialkylbiaryl ligands from Buchwald group.

Many scientists designed different ligands, including bidentate phosphine.

[Pth PPh, (F’th PPh,

PPh
PPh, PP“Z PPh, i
DPPE DPPP DPPB BINAP

sSefves

PPh, PPh,  PPh, PPh,

DPEPhos XantPhos

L>—pph,

|
e
PP,

DPPF

Figure 1.12 Common bidentate phosphine ligarts.

When electrophilic partners such as alkenwgllyl, benzyt and aryl halides are
considered in Suzuki coupling, their activitgpendn the leaving group. Therefore,
their reactivity decreases in the order of |1 >>Br > OTf >> Cl > F. Chloride especially
quite reluctant to participate in the oxidative elimination step. When it comes to
bases, NaOH, TIOH and NaOMe perform better in THF ap@ Bystem$510t
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Besides, mild bases likesRQs can perform in DMF and mixture of isopropyl
alcohol and water. Weak bases likeCkK)z can @so work in those conditions, but

the reaction rate can be lower.
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CHAPTER 2

PREPARATION AND EVALUATION OF CBD -LOADED PEPTIDE
HYDROGELS AS WOUND DRESSING MATERIALS

2.1  Aim of The Study

In this project,the aim was toencapsula CBD into selfassembling peptide

hydrogelsin order to improve water solubility and bioavailabilithhus design

effective biomaterials for wound healings thegeneral idea can be seenFigure

2.1 Due to concerns about possible bacterial growth resulting tlee moist

environment provided by hydrogels, the use of antimicrobial peptide hydrogels was

preferred. SinceCBD shows has antinflammatory and antioxidant activity

resulting peptide hydrogelgencapsulatedvith CBD will have antrinflammatory
antioxidantand antimicrobiaéctivity.

Antioxidant

@ Anti-inflamatuar

® Anti-microbial -
ECM-mimicking

--\H OH ﬂz{H\/IOL i'rHﬁiN
N N
NS Sy

HO

g

Q Moisture-holding

—

O CBD l Peptide

0 o]

CBD-loaded peptide hydrogel ey

Figure 2.1 The summary of the project aif@BD encapsulation into peptide

hydrogels)
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To the best of our knowledge there is no study of a pejaded or any similar
system in which CBD is trapped and then released in a controilszhtrolled
manner on damaged tissuBsultof this work will be impactful and hence will be
highly cited.Absence of any commercial CBjeptide hydrogel material so far, also
increases the possibility that this work can be patented and converted into a

commercial product.

2.2 RESULTS AND DISCUSSION

221 Synthesis and Purification of Antimicrobial Peptides

After literatureresearch, amphiphiliantimicrobial peptides were chosdhat can
form hydragels atlow and medium concentrations40% (mg/mL) without any
driving force (such as pH, enzyme, heatin@jansparent hydrogel properties and
shear thinningvere theother important characteristics tifeseselected peptides
Considering all these parameters, the peptides mentionedliakile.1was chosen

and their chemical structure can be sedrigure 22.

Table 2.1 Amphiphilic peptides in the research

PEPTIDE NUMBER SEQUENCE
1 (PEP1) FmMocGIGKFLKKAKKFGKAFVKILKK -NH, 102
2 (PEP2) Ac- IKFQFHFD-NH %3
3 (PEP3) Ac- IKYLSVN -NH, 14
4 (PEP4) Ac-RKKWFW-NH 10
5 (PEP5) Nap-FFKK-OH 106
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2.2.1.1 Synthesis and Purification of PEP1

Microwaveassisted peptide synthesis proceduasused to rapidly prepa2-mer
PEP1 peptideThe Fmoc protecting group attached to theNninus was removed
with a 20% piperidine in DMF. During this process, a microwave program \bf,20

75 °C, 2x3min was applied. After each coupling reaction and after removal of the
Fmoc group, the Kaiser Té%t was applied continuously to observe whether the
desired reaction was completed. All amino acids were coupled by using strong
coupling reagent HBTUN,N,N',N-tetramethylO-(1H-benzotriazoll-yl) uronium
hexafluorophosphate) and diisopropyl ethyl amine (DIPEA), accompanied by MW
heating combined. For problematic coupling reactions, HAd$ used as more
potent coupling reagent than HBTW the coupling reaiins 3 equivalents Fmec
L-amino acids2.85 equivalents diBTU (or HATU), 6 equivalents of DIPEAvere
mixed in DMF and20 W, 75°C, 510 min microwave heating progranas applied

with gentle nitrogen gastream After each coupling, the Kaiser t&twas applied

to see if coupling occurred successfully, thenNkheerminus of unreacted peptides
was capped by acetylati using DMF/Acetic anhydride (AgO)/Pyridine (10:1:1,
v/viv) solution,nitrogen bubblingat 20 W, 75°C for 2 minutes The couplingand

capping process were continued until all the sequence was achieved.

Once all the sequence was completed, the resin was washed respectively with DMF,
dichloromethane (DCM), methanol (MeOH), DCM and diethyl ether. Then the resin
was air dried for at lest 1 hour. The peptide was cleaved from the resin with the
mixture of trifluoroacetic acid (TFA)/ triisopropyl silane P8)/HO (95:2.5:2.5,

viviv) for at least 4 hours. The peptide was gathered by filtration of solution phase
and the phase was precipéd in diethyl ether. Then the mixture was centrifuged at

5500rpm for 5 minutes to remove unwanted impurities from protecting groups and
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TFA. The ether phase was discarded, and the remaining peptide precipitate was

washed with ether at least 3 times andal

20.09.21 #239 070622 PEP1 RAW UV VIS 1
mAU WVL:214 nm)
] 18 - 15,483

3.000

2500

20004
12 - 13,890

1.500

1.0004

‘ 20 - 15,867

500+

Figure 2.3 TheHPLC chromatogram of crudeEPlat 214 nm

1 500.20.09-21 #255 [modified by user] 070622_PEP1_ALLPREP-86+ UV_vIS_1
A mAU WVL214 nnl

] 3-15443
1.400H

1.2001
1.00H
800

600+ ‘

400-| ‘

200+ ‘

o

20— ——————

Figure 2.4 The HPLC chromatogramf PEP1 after purification with the method of

5-100% gradientor 70 minutes. Thabsorbanc&as shown at 214 nm.
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The crude peptide was analys@gdgure 23) and purified by reverse phase high
performance chromatography (RAPLC). At first, PEP1 was pified via gradient

of 5-100% for 70 minutes. However, the method was not suitable to separate the
peptide in high yield and puritys seen ifrigure 24, the maximum purity with the
method was 88% which was not suitable to continue other experimémristhe
gradient was changed to-85%, and the timing was increased to 80 minutes. Then

the peptide was collected with betweer%®Pb purity and the result can be observed

in Figure 25.
5 ppg-20.09-21 #314 modified by user] 190722_pep1_preps-42 6 UV_VIS_1
! maAU WVL:214 nr

1-15.537

1 ,?50—5
1 ,500—5
1 ,250—5
1 ,000—5
750—5

500
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] ! [2-15810
J —

H— —_—

11 S —
00 50 10.0 15.0 200 250 30.0 35.1

Figure 2.5 HPLC chromatogram d?PEP1 after purification with the new method.
The data was collected at 214 nm.

The purified peptide was dried by lyophilization, and its molecular weight was
confirmed byhigh resolutionmass spectromstrtr (retention time): 1553 min.
HRMS (ESI*) m/z: [M+2H]?* (calculated 1349.8489 observed 1350.297)
[M+3H]3* (calculated: 900.23260bserved: 900.5238[M+4H]** (calculated:
675.4244 observed: 675.6383 [M+5H]°>* (calculated 540.5395 observed:
540.708).
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2.2.1.2 Synthesis and Purification of PEPTIDE 2,3, and 4

Unlike PEP1, PEP2 (AtKFQFHFD-NH2), PEP3 (AelKYLSVN-NH) and PER
(Ac-RKKWFW-NH2) were prepared by standard manual H8&®S method on

Rink amide MHBA resin at room temperature.

In this method, all amino acids were attached to the elongated peptide chain with the
HBTU. For problematic coupling reactions, a stronger alternative HATU was used.
In the coupling reactions, 3 equivalents Frieamino acids, 2.85 equivalents of
HBTU (or HATU), 6 equivalents of DIPEA were mixed in DMFmoc protecting
groups attached to the-tdrminus were removed with a 20% piperidine solution
DMF. Approximately 10 rh of 20% piperidine solution was added for 1 g of
peptidebound resin and mixed f@&0 minutes, and this process was repeated 2 more

times.

After eachcouplingandforming N-acetyl peptides the N-terminus of the peptide

was acetylated with DMF/A©/Pyridine (10:1:1, v/vivimixture The acetylation
process was completed in 10 minutes atnrademperature. After synthesis was
completed, the same procedure for acidic cleavage and precipitation processes
applied like in the PEP1.

RP-HPLC purification of crude PEP2 was done by4296 gradient for 80 minutes,
at the flow rate 4.000 bimin. The puity of PEP2 was evaluated by analytical-RP
HPLC, was found 98%&igure 26) and the characteristic magschargeratio(m/z)
valueswere confirmed byigh resolutiormass spectrometrHPLC: tr (retention
time): 13.36min. HRMS (ESI*) m/z: [M+H]* (calculated 1122.5658 observed
1122.515%[M+2H]?* (calculated561.7829observed561.748)
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Figure 2.6 HPLC chromatogram d?PEP2 after purificatioat 214 nm

The crude PEP3 was not purified further as it showed greater than 90% purity.
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Figure 2.7 HPLC chromatogram afrudePEP3 It shows 93%purity.

The purity of PEP3 was verified by analytical HP{FEgure 27), and characteristic

masscharge (m/z) valuewere determined biigh resolutionmass spectrometry:
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HPLC: tr (retention time): 15.12 min. HRMS (ESI) m/z: [M+H]* (calculated:
877.5069, observed: 877.4627M+2H]?>* (calculated: 439.2534, observed:
439.2228)

PEP4 was purified and characterized by preparatiwREC using method of 20

40 for 80 minutes at the flow rate of 4.000 ml/min. The peptide was gathered with
98% purity (Figure 28). HPLC: tr (retention time): 14.97 min. HRMS (ESI)

m/z: [M+H]* (calculated 991.5552 observed 991.5083 [M+2H]?* (calculated:
496.2776, observed: 496.2447)

3.000 20.09.21 #22 [modified by user] 150921_pep4_reprepi-22,5 UV_VIS_1
) JmAU WVL:214 nm
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Figure 2.8 The analytical result of PEP4 after purificationReverse Phase
HPLC.

2.2.1.3 Synthesis and Purification of PEPTIDE 5

The synthesis of PEP5 (Ndj-KK-OH) was carried out on Wamgsin. Addition of

the first amino acid to Wang Resin wasried out as reported in tHigeraturel819°
The resin was inflated in dry DCM at room temperature for 30 minutes. 2d eq
FmocLys(Boc)OH, 4.0 eqg. of HOBt and 2.0 eq. of DIC were dissolved in DMF and
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transfered to the swelled resin. To this solution, dimethyl aminopyridine (DMAP)
was added, thewas stirredovernight. After the first amino acid was attached, the
resin was treated with a benzoyl chloride/pyridine/DMF (10:8:82, v/v/v) solution for
30 minutes, and the amino acid unattached benzyl alcohol ends of the resin were
capped, forming the benzoyl estdhe resin was then washed sequentially with

DMF, DCM and ether and dried in open air for about 1 hour.
The loading capacity of the prepared resin was calculated using the formula:
Loading capacity = A2qed (resin mg x 1.65)
(A290, denoting the U\absorbance of the Fmoc group at 290 nm).

The first amino acid loading capacity of the resin was found in the range €0.d35
mmol/g per synthesis. After addition of the first amino acid, the other amino acids
and 2naphthaleneacetiacid werecoupled baed onthe manual standard Fmoc

SPPS protocol described before.

3 000_20‘09.21 #352 [modified by user] 090822 PEP5-RAW-DILUTED UV VIS 1
! m
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-500 T T T T T T T

Figure 2.9 HPLC chromatogram of PEP5 at 214.nm

To purify FEP5 by RRHPLC, gradient of 8.00% with the flow rate of 4.00 lvimin
was used. Theurity of the peptide was evaluated by analyticatHRR.C and
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gathered with 99% purit{fFigure 29) . The molecular masses were confirmed by
high resolutionmass spectrometryHPLC: tr:1509 min. HRMS (ESI*) m/z:
[M+H]* (calculated 737.3948 observed 737.3533 [M+2H]?>* (calculated
369.19740bserved369.168§.

2.2.2 CGC and CAC Calculation of Peptides

CTRL 1 0.1 001 0.001 10% 10°% 10° 107 10% 10° mM

000000000000
000000000000 ) ~
00000000000
00000000000
000000000000 ) -
00000000000
00000000000
000000000000 \
000000000000
00000000000
00000000000 ) )
00000000000
00000000000
000000000000 ) ~
00000000000
000000000000

Figure 2.10 Plate design for CAC. Wells contain different concentration of
peptides with Nile Red dye.
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Critical aggregation concentratio@AC) is the minimum peptide concentration at
which peptide fibers begin to form. To measure CAC is also important to prepare
pegide solutions for the other experiments or imaging, like in TEM or encapsulation
experiments. Since the experimenting and observing the ditaghe key in the
research, the concentration of peptide solution cannot go below this CAC value,
otherwise fibe formation will not be observed. The peptides in the project have not
been used in drug release before, an analysis of critical aggregation concentrations
(CAC) in PBS has not been found in the literature.

500 180
A , Pepl B . Pep2

y=547.61x+ 699.78

FL{au.)

CAC:7,6 102 mM

100 }“' .

y=-10911x +/106.42

CAC: 6,4 10" mM

CAC: 6,7 10* mM

Figure 2.11 CAC value and the graphs k) PEP1(B) PEP2(C) PEP3(D) PEP4
(E) PEP5
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In addition to these, the CAC valuealculated for these peptides will be a resource
for researchers who will use similar peptides. The assay was done accortlieg t

procedure with modificationas seen ifrigure 2.10
CalculatedCAC values aregiven for each peptaTable 2.2

Table 2.2 Peptides and their CAC values.

PEPTIDES CAC (mM)
1 (PEP1) 7.6x102
2 (PEP2) 1.5x10°
3 (PEP3) 6.4x10%
4 (PEP4) 3.1x10°
5 (PEP5) 6.7x10*

In the literature, the gelation of the peptides was done in distilled water and the pH
was adjusted with NaOH solution. In our research, however, gelation was carried out
with phosphate buffer solution (PBS) with a pH of 7.4 since it needed to resemble
physical conditions. It is also known that the ionic strength provided by the saline
buffer environment is effectivier inducing gelation and modulating the mechanical
properties of gels, thus reducing gelation concentratfbit! From each peptide,
different concentrations of peptide solutions (0.5, 1, 2, 2.5, 5, 10, 15, 20, 25, and 30%
by weight) diluted in 4PBS (pH= 7.4) were prepared. Then the gelation was
observed from 1 min to 7 days. Gelation at room temperature was etdayv

inverting the tubes as shownhigure 2.2.

It was observed that PEP2, PEP3 and PteeR® low critical gelation concentration

thus made them suitable for the upcoming experiments. Although PEP4 was gelated
in 1 minute, the gelation concentratioasvfound to be 30 wt%. In addition to this,
PEP1 was found to be farthest from ideal since both the concentration and time for
gelation was higher. In the literature, the claim that PEP1 was gelated easily at 2.5 %

wi/v by adjusting the pH to 7.4 with thelp of NaOH in water has also been tesféd.
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However, no gel formation was observed under the gelation conditions reported in
the literature. All other pejles except PEPAnd PEP4orm a gelin PBS at a lower

concentration, as seen in thable 2.3

Figure 2.12 Images of peptide hydrogels from PEP1 to PEP5

Table 2.3 Peptide and their gelation concentration values dictated as wt%.

PEPTIDE CGC (wt%)

NAME PBS (I, 7.4 pH) Co

PEP1 15 34 day:
PEP2 2.5 <1 min
PEP3 2.5 1 min
PEP4 30 1 min
PEPS 1.0 5 min

2.2.3 Encapsulation Efficiency of Sefassembled Peptides

Hexafluoroisoprapanol (HFIP) mne of thesolvens to dissolve proteins, peptides,
and synthetic polyamides, as it is a strgdrogernbond donor. It is also known that

CBD dissolves readily in HFIP at powers greater than 20 8ikte it is a common
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solvent both for peptides and CBD,wias choseras thesolvent ceevaporation

method

At first, it was decided to carry out the encapsulation and release of CBD by
absorbance measurements using-\A® Spectrophotometer. But later, it was
realized that the Fmoc group (PEP1), tryptophan (PEP3), naphthalen8) (PEP
structures found in some of the peptides absorb light from the same wavelengths as
CBD, resulting in cumulative absorption peaks due to overlapping signals. Therefore,
after removing CBD thatannot enter the inside tliers, the supernatants were
andysed using analytical HPLC as the absorbances for each component (peptides
and CBD) would be recorded at different retention times. At least 6 different
concentrations of peptide were prepared, and the amount of CBD retained at each
concentration was detained. The same procedures were repeated for the 5 peptides

and the capacity of the peptide fibers to encapsulate CBD was determined.

Sinceboth peptides and CBD give detectable peaks atrthdvavelength, even at
very low concentrationdJV absorbance peaks at this wavelength were considered
in HPLC. Standard CBD solution series were prepared, and each solutionveeeies
analysedin HPLC (Figure 2.13. Using the peak areas and concentrations, a
calibration curve was prepared. Encapsad@d&D concentrations were calculated
with the aid of the equation obtained from this calibration curve. The encapsulation
efficiency EE%) for each peptide was found using the following equation.
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Peptide + CBD in 105 uL HFIP

1) Evaporation of HFIP for 1 h at room temp.
2) Addition of 100 uL PBS
3) Reconstitution of PAs
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2) Analysis of supernatant

vV v ¥ ¥ ¥ ¥ ¥ W v
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Figure 2.13 Encapsulation procedure of CBD using solvengeaporation
method.
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Figure 2.14 Encapsulation efficiency of peptidés) PEP1(B) PEP2(C) PEP5

As shown irFigure 2.4, only PEP1, PEP2 and PEP5 were found to show reasonable
encapsulation efficiency. The drugtaining efficiency of nanocarriers generally

depends on two factor§l) the volume of their hydrophobic fraction ag@) the

chemical ineraction of drugs with the nanocarri€herefore, it is reasonable to see

that PEP1 having Fmoc modification, PEP5 having naphthalene group, and PEP2

being rich in phenylalanine (F), can sequester cannabidiol. PEP3 and PEPS5 are likely

to have a limited ydrophobic domain for CBD to attach, whereas other peptides may
prefer strong iinntearmod teicaund sa-regulating witGBD wh e
CBD.

Though the PEP1 showed better encapsulation efficiency than the other ones, the
research went on with PER2d PEP5 because of their low gelation concentration,
easiersynthesisand purificationAnother reason for PEP1 being inapplicable is that

the gelation did not occur after encapsulation of CBD.
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224 Morphological Analysis of Seltfassembled Peptides

Figure 2.15 SEM Images of peptides and their CBD encapsulated vergins.
PEP2(B) PEP2CBD (C) PEP5(D) PEP5CBD.

The morphology of the selissembled nanomaterials of peptides with/without CBD
was evaluated by scanning electron microscopy (SEM), as seenkigthe 2. 5.

The SEM image of both neat hydrogels and CBD loaded ones showed the presence
of interconnectednetwork structure. These images revealed that -GBided
hydrogels had comparably less interconnected morphology than the neat gels, which
may be attributed to the disturbance of-ssiéembly by CBD molecules.
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Figure 2.16 TEM images of peptides and their CBD encapsulated vergnBEP2
(B) PEP2CBD (C) PEP5(D) PEP5CBD.

Morphological analysis of peptide nanofibers was further analysed with TEM and
average diameterd the fibers were measured to determine if swellingtomking
wereoccurred by incorporation of CBD. Average widths of 17.4 + 3.6 and 9.5+ 1.6
nm were observed for PEP2 alone and PEP2 with CBD, respectively. Fiber diameters
appeared tthave aminor shit in the presence of CBD in case of PEP2 assembly.
Average widths of 8.3 £ 1.5 and 7.8+ 1.6 nm were observed for PEP5 alone and PEP5
with CBD, respectively. It seems that no significant change was observed in fiber

size.
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2.2.5 Preparation of CBD-loaded PeptideHydrogels

Encapsul ation of CBD i nt solvepteogevaporhion f i ber s he
method, which is stated to p'®Hdawiththeuant i tat:i
approach of sol vent evaporation, t he prec
hydrophobicitywas inhibited in aqueous environment. Besides, the method allowed

to do gelation at nontoxic environment, which can cause problems in cell
experimentsand make gelation difficultAs mentioned, @xafluoroisopopanol

(HFIP) is a volatile solvent that readily dissolves protepeptidesand synthetic

polyamides, as it is a strong hydrogen bond donor. It is also known that CBD readily

dissolves in HFIPtaconcentrations greater than 20 mM. For these reasons, HFIP was

chosen as the esolvent.

After gelation and encapsulation studies, two antimicrobial peptide hydrogels with
nanofiber networks were selected for cannabidiol loading. As explained at the
begnning of Chapter 2,PEP2 (AclKFQFHFD-NH>) is an octapeptide that self
assembles into nanofiber networks leading to the formation of aqueous gels at neutral
pH.1% This hydrogel is destabilized and disrupted at acidic pH (the pathological
environment of infected chronic wounds), providing agitchable drug release
platform. PEP5Nap-FFKK-OH) has been characterized to form a-salbporting
antimicrobial gel at neutral pH, due to ext
groups present on the naphthalene and phenylalanine re¥iéiias amphiphilic
peptide can also be used for delivery of drugs by trappside their hydrophobic
areaand then releasing them

In the method, both thHeydrophobic moiety and the peptide amphiphile are dissolved

in HFIP and the solvent removed by evaporation, which deposits and remains in a
co-soluble solvent in a thin film length. Then, the aqueous medium in which the
hydrogel will be formed is addedxPBS pH 7.4), sonicated for 45 minute®

achieve homogenous gel.
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2.2.6 CBD Release Experiments

The release time and amount of CBD from fibrillar netwoeravinvestigated in
both physiological and pathological conditions. The specific pathological acidic
evironment (pH 5.515.6) of i nfected c hr

Therefore, release studies were done at pH 7.4 and 5.5.

A PEP2 B PEP5

100 100

—e—pH7.4

PH55

—e—pHT7.4

PH55

Cumubtive Release %
cumubtive Release %

Time (h)

Figure 2.17 Cumulative Release of CBD by the peptiddg. PEP2(B) PEP5

Amino acids with basic side chains tend to bind a proton, becoming positively
charged at acidic pH (5.5). Therefore, pH activated disassembly of peptide fibers was
expected to happen due to the intermolecular electrostatic repulsion of positively
charged mino acids for both peptides. The PEP2 hydrogel loaded with CBD showed
a maximum CBD release of 51% at pH 7.4 and 71% at pH 5.5 after 3 days of follow
up(Figure 2.17. As expected, the difference between two results caused by activated

release of CBD in@dic media.

On the other hand, PEP5 hydrogel showed approximately similar release profile with
different pH conditions which was remained betweerl8®% cumulative release

(Figure 2.13%. PEP5hydr ogel s ar e i oramedd parni maen | W:
interaction, between phenyl groups within the naphthalene and phenylalanine
subunits, besides intermolecular interactiisDue to the domiance of

stabilization of the fibrillar structure by hydrophobic and aromatic interactions,

electrostatic repulsion between positively charged amino acids in acidic media did
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not cause any significant degradation of the overall hydrogel structures. Thus,

making PEP5 release less amount of CBD when compared to PEP2.

2.2.7 Rheological Analysis of Hydrogels

Gelation kinetics and viscoelastic properties are important material properties shows
the potential clinical usage of a hydrogel. For this reason, mechanitasgifand
elasticity of the hydrogels, with and without addition of CBD, were investigated

using oscillatory rheology measurements.

All rheological studies have been performed for gels at their minimum gelation
concentrations and under similar conditions 2 00 €L pepti de hydrogel
peptide (conc. of gels: 2.5 wt.PEP2 and 1.0 wt.®BEP5) were prepared inRBS

(pH 7.4). As explained before, for the encapsulation of CBD into peptide hydrogels,
solventco-evaporation method was usebthgCBDwa | oaded in 200 &L p
hydrogels. To compare viscoelastic properties of peptide hydrogels and 1.0 wt % and

2.5 wt % Carbopol hydrogels (sangelation concentratiowith PEP2 and PERS

were also prepared as the control group.

Gelation kinetics was determined by a tisweeep test within the linear viscoelastic
range. Time sweep tests of samples veargiedout until storage and loss modulus
reach plateau. Storage modulus (GNj) and | os

stans weep of 0.011500% at a frequency of 10 r

For all the groups, storage moduli (GNj) wer e
the gel character of the resulting netwogkgyure 2.18. Storage modulus of CBD

embedded samples was lower &tirgroups when compared to their sadfsembled

PA controls showing that the encapsulation of CBD resulted in the formation of

softer gel s. Hi gher d a mp i +ogdedfhgdecogetsr s ( Gnj/ G|
compared to their ne@BD hydrogel partners also suped this claim. Within 15

minutes storage moduli, the energy stored during deformation, PEP2 hydrogel
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reached a plateau demonstrating the complete gelation. On the other hand, complete

gelation of PEP5 took approximately &0n.
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Figure 2.18 Time-sweep test of peptide gels a@drbopol polymer gel(A) PEP2
(B) PEP2CBD (C) PEP5(D) PEP5CBD (E) CARBOPOL at 2.5wt% (F)
CARBOPOL at 1.0wt%.

Cannabidiol encapsulation into the gels effect the gelation time differently; gelation
time of PEP2 was elongated while gelation time of PEP5 was shortened after
encapsulation.To compare viscoelastic properties of peptide hydrogels with
commercial polymemydrogel, time sweep test of Carbopol with two different
concentration (same concentration with peptides) was also performed. Smaller
damping factor of polymer gels refers to a more pronounced elastic character against
a viscous character. In other wordxarbopol formed stiffer hydrogels in shorter

interval of time compared to peptide hydrogels.
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To investigate the viscoelastic properties of the resulting gels, amplitude/strain sweep

was applied taest showing the relationship between the storage moduotlistrain
amplitudes. Test was carried out within | og
to 500, during fr equdhradis Gvsaose ofkkhee meéasuce® N st ant
of structural integrity, and a decrease in this value indicates structuoaindion

and the onset of nonlinear viscoelag@formance
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Figure 2.19 Shear stress result of peptides, CBD alternatives, and @dra® the
control group.(A) Comparison of shear stress between PEP2, REBT2 and
CARBO at 2 wt%.(B) Shear stress differences between PEP5, PEPRD and
CARBO at 1 wt%.

As noted, the stress curves are very close to each other at low strains, meaning that
the material propertiesaroughly constant regardless of the shear rate imposed and
therefore, that the material responds within the linear viscoelastic region. When shear
stress is exceeded to a certain limit, the curves start to deviate one from another,

meaningthat the mateal leaves the linear viscoelastic regiof.

The anplitude (strain) scan can also be measurement of robustness of a material
particularly with respect stabilityLosing the elastic modulus of the material, the
stiffer it is, and the wider the linear elastic region, the more resistant it is against to
increased shear strain without losing its structural integrity. Within all groups, the

linear elastic region of polymer hydrogels is wider than that of peptide hydrogels and
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thus they retain their structural integrity longer than peptide hydrogels with tiee sam
concentration. PEP5 gels can withstand higher shear stress than PEP2 gels, meaning
they can retain their structural integrity longer than PEP2 gelseen ifigure 2.19

For both gel systems, both the deformation resistance and the flexibility of the
resulting networks were reduced by the qvowalent incorporation of CBD into the

gels. This can be explained by the fact that the presence of CBD disturbs stacked
aromatic groups (adjacent phenyl rings inside groups of PEP2 aedmial

naphthalene grgqus i n PEPS5) -"anidn tweraakcetnison’s , whi ch

driving forces for selassembly of these peptides.

To investigate the seliealing ability, the recovery of the gel network phases was
carried out by straknecovery rheological experimentstivialternating low and high
strain cycles to ensure rupture of the gel network. Stesinvery experiments with
alternating low and high strain cycles of the peptide hydrogels revealed that full
recovery of the gels is not possible as sedfignre 220. Full recovery of polymer

gels was observed up to 3 cycld@he cycles for PEP2 hydrogel could be also
repeated for 3 times with a significant reduction of the average magnitude of storage
modules displaying dow but rapid thixotropic behaviouwhich wasin good

agreement with the macroscopic thixotropy observed by pipét&ating cycles.

On the other hand, the recovery of PEP5 hydrogel is not possible after 1 cycle and

gel was destructed with shear sasseanin and
in Figure 2.20 Another important observation about strain cycle measurements is
that CBD encapsulation didnot have signi
seems that physical and/or chemical characteristic of gels determines-tieasialj

propety of the gels when.B mg CBD was loaded in 200Lppeptide hydrogels.

However, recovery of the peptide hydrogels with higher or lower CBD loadings can

be furtheranalysedor another study.
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Figure 2.20 Oscillatory rheology of the peptide hydrogels recoMenp test via
continuous stegtrain measurements at 1.6 Hz.

Considering rheological analysis and SEM imagesyas concludedhat non

encapsulated but physically trzgadl CBD molecules affect the overall gel structure,
resulting in less dense and softer gels.

2.2.8 Antioxidant Analysis of CBD-loaded Peptide Fibers

Antioxidant tests are used to measure the ability of compduatisrials to
neutralize or scavenge free radicafed reactive oxygen species, which can cause
oxidative damage to cells and tissugsereforejt is one of the importaqtarameters

that needs to be fulfilled for wound healing materials. Three different antioxidant
tests were performed to prove the axitlant ability of the synthesidematerials:
DPPHradicalscavengingassay ABTS radical scavenging activityrerric reducing
antioxidantpower (FRAP)assay

64



DPPH'radical is a stable free radical and ABTS an agueous radical cation; both
have been widely used for evaluating antioxidant capacity of various compounds and
materials. Since the antioxidant activity of ascorbic acid and cannabidiol is Kriown
they were used as positive controls for comparison with peflides As seen in
Figure 221, all three assays showed that CBD loaded peptide hydregieilsited
increasing radical scavenging activities witbreasingpeptide concentrations (005

0.5 wt%). At minimum concentration values (0rd§/mL),CBD loaded PEP2 fibers
(PEP2CBD) scavenged 44.6% and 72.6% of the generated DPPH radical and
ABTS fadcal, respectively. On the other har@BD loaded PEP5 fiber?EP5

CBD) possessed higher antioxidant activity; 68.9% DPBRH 90.3% ABTS*
radical scavenging power. When compared to ascorbic acid and cannabidiol, drug
incorporategeptides showeslightly or even higher radicauenching abilities, at

which was possibly due to additional antioxidant ability of antimicrobial peptides.

Antioxidant ability of each peptide and their diegded version was also
determined for FRAP assay, as seelhigure 2.21 FRAP assay is different from the
abovementioned radicascavenging assaybdsed on single electron transfett
measures the capacity of a compounds to reduce Fe(lll) to Fe(ll) which has been

closely associated with their antioxidant capacity.
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Figure 2.21 DPPH(A), ABTS (B) and FRAP(C) assays. First raw of the 96 well
plate was assigned as a negative control. Last raw was empty and the rest of the plate
was divided into four boxes. In each box, cornraion of samples was measured

triplicate.

In this test, CBD encapsulated peptide solutions showed the higher antioxidant
activity than CBD itself, like DPPH and ABTS assays. Overall, all three antioxidant
assay results showed that PEEPRD and PEPEBD solutions can be utilized to
promote wound healing by mitigating oxidative stress in wounds sites.
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2.2.9 In Vitro Analysis

2.2.9.1 Cytotoxicity Assay

Biocompatibility is @& important aspeathen developing new materials for medical
applicatiors. Therefore fiber solutons including CBDwerestudied byMTT Assay
to evaluate cell viability Peptide hydrogels were firprepared as mentioned on
Chapter2.2.5 Gels were then dilutedt different ratios over critical aggregation
concentration rangegsom 1/50 to 1/40Gxs inTable2.4. Diluted peptidesolutions
with and withoutCBD werefor 48 hourson A375 cells.Plate desigrior this assay

can be seen iRigure 2.22

Table 2.4 Dilution factors from 150 to Y400 and concentrations of the peptides
and CBD.

DILUTION SAMPLES

FACTORS PEP2 (mM) PEP5 (mM) CBD (uM)
1/50 0.45 0.27 0.16
1/100 0.22 0.14 0.08
1/200 0.11 0.07 0.04
1/400 0.05 0.03 0.02
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Figure 2.22 Plate design for MTT Assay.

Cell viability assessment for samples were normalized to the control group on the
first day and was accepted as 100&¢he resultsit has been found th#te cellular
viability was loweredwvith CBD, however, viability was enhanced whéBD was
incorporded into peptide assembligSBD-encapsulategeptide fibershad higher
viability than pure CBDAt 0.446 mM(1/50), PEP2CBD maintained cell viability

at 101.3%enhancingannabidiol's cell viabilityas seen ifrigure 2.23 Meanwhile,
PEP5CBD showed sug an increasat 0.136mM (1/100) with a remaining viability

of 93%Figure 2.23.At 0.446 mM (1/50) in PEREZBD suggests its potential usage
even higher concentrations, while the distinct behavad PEP5CBD at higher
concentrations emphasizes the impaonce of encapsulation efficiency and therefore
the effect on cell viability.

Bioavailability of the two peptidesiere alsoconducted using dilution factors of
1/200 and 1/400. The 1/400 dilution factor was also chosen due to its ability to sustain
bettercell viability for CBD.
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Figure 2.23Viability of Human melanoma cells evaluated by the MTT {gsk.Cell
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CBD (green and viability of untreated cell¢B) Cell viability after 1 and 2 days of
incubation with PEPSblue), PEP5CBD (dark blue), CBD (green. Statistic values
were adjusted to the viability of A375 cells on the first day.
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Figure 2.24 Viability of Human melanoma cells evaluated by the MTT tE&stB,
C) Cell viability after 1 and 2 days of incubation with PER2llow), PEP2CBD
(red), CBD (greer) and viability of untreated cells at 1/100, 1/200 and 1/400
dilutions. (D, E, F) Cell viability after 1 and 2 days of incubation with PEBRE),
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PEP5CBD (dark blue), CBD (green at 1/50, 1/200 and 1/400 dilutiorStatistic

values were adjusted to the viability of A375 cells on the first day.

2.2.9.2 Cell Scratch Assay

Migration rate of cells upon exposure to 1/400 diluted peptide aliquots (5 5x¥0
PEP2 and 3.3d.02 mM PEP5)with/without CBD (2x10? uM) wereanalysed The
wound was simulated by creating two perpendicular lines in each of the Tiredls.

cells migrating in the wound areas monitoredhroughout 48 hours.
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Figure 2.25Microscope images of migrated cells in the wound area. Observations
were made at 0 h, Zdand 4&.
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Figure 2.26 Number of A375 cells in the wound area atk sampldetween 24 h
and 48 h. PEP2 (yellow), PERBD (red), PEP5 (light blue), PEREBD (blue),
Cell controtA375 cells (purple)

Figure 2.25shows a timdapse of the actual wound healing procédsanwhile,
Figure 2.26presentghe number of cells in the wouradeas. It was found thaf
CBD in PEPZfiberspromotehealing procesly increasing the number of cells better
thanPEP2 and control grou®n the other hand, 2 days exposure to déaied
PEP5fiberspromotewound healing less than nd2EFS fibers.

2.2.9.3 Monocyte Differentiation into Macrophages

THP-1 cells are commonly employed in the investigation of monocyte/macrophage
function and biology. PMAghorbol myristate acetates frequently used to induce
differentiation into cells that simulate human MDM@Monocyt e deri v
macrophagés concerning cellular morphology, macrophage surface markers, and
cytokine production. Nevertheless, the quantity and duration of PMA treatment vary
considerably. In another study by Gadétbal. they differentiated THPL cells into
macrophages by the administration of 50 ng/mL with treatment of PMA for 3 tays.

It was found thamorphological changeccurredby their observation witloptical

and electron microscopy. On the other hand, lBaed. worked on again effects on
THP-1 differentiation with different PSMA concentratiot8.It was found that, the
level of TNFUand IL-8 expression from supernatant of the cell culture was increased
with increased dose. There was an approximatelyidBenhancement in prein

expression at 100 nglomwhen compared with that at 5 nd/m

This is whythe PMA concentration effeavas studiecbn THR1 monocytedefore
antrinflammatory assayWhen the literature is consideradwas decided to use
PMA concentrations ranging frog0 ng/nm., 50 ngmL, and 100 ng/a. Monocytes
(6x1®) were first cultured and then incubated aP@7n the dark with given PMA
concentrations for three daySimilar to theliteraturé*>!, it was foundthat the
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number of cells attached on well layer and differentiated to macrophagdsghas
in number (3%10% at 50 ng/mh. concentration, as seen Figure 2.27 and Figure
2.28.

1500000
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500000

NUMBER OF THP-1 MACROPHAGE

48H 72H
TIME

mmm=  CONTROL === 20 ng/ml

s 50 ng/m| === 100 ng/ml

Figure 2.27 Calculation of THPL macrophage number between 48 and 72 hours.
Control as THPL monocyte ¢rangg, 20 ng/ni. PMA (purple), 50 ng/n. PMA
(green), 100 ng/nh. PMA (blue).

For assessing aritiffammatory respons&HP-1 macrophages (3x30were seeded
into eaxh well Then, theplate was left for incubation for 72 hours in the dark at 37
°C 5% CQ. Thesupernatant was discardafier three daysand then new medium
wasaddedThe plate was again incubated for 24 hours in the dark at Firfally,

the culturesupernatant of each group was collected to experimgmtELISA kits

to asses$l -8 and TNFUresponses
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Figure 2.28 Observation of THRL monocytes differentiation for three days with

different PMA concentration.
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2.2.9.4  Anti-inflammatory Analysis

CBD, besides itdmmune responseffect, is known forits ability to modulate
inflammation as mentioned inChapter 1.3.1 It has ben found thatCBD
downregulate the expression of prmflammatory cytokinedike tumour necrosis
factoralpha (TNFU)  mtarléuking (IL-8). The role of these is timitiate and
sustainthe inflammation It was also found that CBBasetheir releasetherefore
making the drug a candidate for antiinflammatory agent*”118 Aswadet al.found
that the effects of highCBD extract (CBDBX) on cytokine production in immune
cells, including THPL macrophages. Thesdts showed that CBIX significantly
reduced the levels of piiaflammatory cytokines, including H8 and TNFalpha, in
THP-1 macrophages?®

In the experiment, THR macrophages were treated with peptides and CBD
encapsulated versions to study-mflammatory cytokinesThe resultshowedthat
reduction occurreth the release of H8 and TNFalpha preinflammatory cyokines

when peptides encapsulated CBDis observatios t at e s {pdieatialusayB D 6 s
in addressing inflammation.
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Figure 2.29 The graphA andB show concentration of target protein as pg/#).
shows the expression of tumor necrosis faatpha (TNFU ) b y1 nikdfophages
treated with peptidegB) shows preinflammatory cytokines, interleuki@ (IL-8)

response provided after treatment FHRacrophages with peptides.

2.2.9.5 Antimicrobial Analysis

The bacterial activity o€BD encapsulated peptides was evaluatgainst Gram

negative E. coli) and Grarrpositive §. aureusbacteria
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Figure 2.30 Antibacterial effect on(a) E. coliand(b) S. aureusafter incubation for
8 hours withpeptides and CBD[at 1/4 dilution The values in the graphs were
represented as optical densiiH 7.4 (greer), pH 5.5 (orange.

Wang et.al% highlighted thatPEP2antibacterial activitywas efficientat pH 5.5
against botlE. coliandS. aureusHowever, no impact was found at pH .7The
result from the experiment also showed tR&P2 lacked antibacterial activity
towardsE. coliandS. aureusitneutral pH Once PEP2 encapsulated CBD, however,
its antibacterial propertiesvere enhance@t both pH values and 5.57 mM, as
depicted inFigure 2.26 (A and B).
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When PEP5 is considered, tihesearch by Lavertgt.al®® showedthe peptide
showedactivity against Grampositive S. aureusand GramnegativeE. coli at
gelation concentrationsCorrelating with such findingPEPS5 inhibited E. coli
proliferationto almostt0% atpH valuesat 3.39 mM as seem Figure 2.27. PEP5
CBD also showed antibacterial activityith its lower optical densitgnd remaining

below the contro(E. coli and S. aureus).
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Figure 2.31 Antibacterial effect on(A-B) E. coli and (C-D) S. aureusafter
incubation for 8 hours witlpeptides and CBD at 1Mand 1/400dilution. The

columnswere represented as opticansity.pH 7.4 (greer), pH5.5(orangs.
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No antibacterial activityor all the samples were fourad 1/40 and 1/400 o. coli,
as seen irFigure 2.27. However, the samplesxhibitedantibacterial activityon a
moderate levebn S. aureusAt 1/40 and both pH value®EP2CBD and PEP5
CBD showed lower optical densitystating that they suppressed the bacterial
proliferation. Still PEP5CBD showed such activity only grH 5.5at 1/400dilution

factor, as seen ifrigure 2.27(D).

2.2.9.6  Gene Expression Analysis

With this analysis, wécused exploration of specific genetic factors cemtf&BD
encapsulated peptides. For this purpdbke, studycentredon the targetedjenes
PLAU, MMP-2, TIMP1, and VEGFR2These genes have a rolegromoting the

growth and development of blood vessels.

As seen irFigure 2.28 PEP5CBD increased thiold of geneexpression of all four

genes compared to control and the CBD. However, it was found thatCHEP 2vas

not able to show such a response. The modulation of these peptides when combined
with CBD can be the reason to see such response in gene expressipfurtser
exploration needs to be conducted to decipher these gene expression patiems.

way, we can gain valuable insights into the potential mechanisms unddérigPg
andCBD's effects.
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Figure 2.32 Relative mRNA expression of wound healiredated genes of
melanoma cells after 72h incubatiqA) PLAU, (B) MMP-2, (C) VEGFR2, (D)

TIMPL1. The untreated cells served as the control. The results were normalized to the
expression of GAPDH as a hotlseeping gene.
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2.2.10 Conclusion

Table 2.5 Amphiphilic peptides in the project.

PEPTIDE NUMBER SEQUENCE
1 (PEP1) FMocGIGKFLKKAKKFGKAFVKILKK -NH, 192
2 (PEP2) Ac- IKFQFHFD-NH, 103
3 (PEP3) Ac- IKYLSVN -NH, 104
4 (PEP4) Ac-RKKWFW-NH, 10
5 (PEP5) Nap-FFKK-OH 106

In this projectthe aimwas to producselfassemt#d peptide hydrogelto enhance
water solubility and bioavailability of CBD and thus design effective biomaterials
for wound healingFive antimicrobial peptides were chosen from the literafore

their gelation capabilite in which occurs withowtny stimuli and can se{ssemble

at neutral pH. The peptides were synthesized and purified WHHRREC. Since it is

the first time thathese peptides used as drug release studies, critical aggregation
concentrationsvere needed to be studie@ihis valuewas beneficial for release
studies and to evaluapeptide hydrogels vitro studies in a wide range of aspect.
The gelation concentiiah studies were done with PBS buftdipH of 7.4 to see if

ionic forces influenced gelation concentration. When compared with the liteiiaiture,
was foundhat ionic forces did induce lower gelation concentrations, excePEP4

For the core of the gsfly, low gelation concentration was beneficiand
encapsulation studies went on with AEPR, 3 and 5. It was also found that PEP1, 2
and 5 could encapsulate CBD. Even though, PEP1 could encapsulate the drug higher
than the two peptides, gelatiggroblens after encapsulation of CBInade this
peptide inapplicable for the research. Then other studies went on with PEP2 and
PEP.

TEM and SEM results showed that the fibers are formed, and once CBD is

encapsulated the fiber lengths did differ. Correlating witbh finding, rheological

79



studies suggested that CBD encapsulation caused decreasing in stiffness of the
hydrogels. In addition, PEP2 had more regeneration cycle than PEP5 had. However,

the amount of stress that can take was until they disintegrateligixes for PEP5

The study showed that these peptides can be chosen as a wound dressing material
depending on their characteristic behaviour. The release studies showed that PEP2

could release up to 70% of CBD it encapsulates depending on the pH. WhedeBas PE

only releaseBD up t020%.The'-~ st acking that PEP5 had as
let CBD to be released.

Then the research went on withvitro studies. The cytotoxicity was done in wide

range of peptide fiber solutions. PEP2 and PEP5 could bea able e nhance CBDOSs
cell viability on A375 cell line. Though, PEP2 showed better cell vial{ili®1.3%)

when concentratiowasclose to the gelation. The study showed that the importance

of encapsulation and the viability of peptide to be used as materialigiration

assay, PEREZBD showedncreasechumberof migrated cells (650)hen compared

with control group. Though, it was found that PEPBBD could be able to enhance

gene expression in RFCR analysi¢110-fold for MMP-2, 1.5fold for PLAU, 1.5

fold for VEGFR2, 3fold for TIMP1). This can be caused by other stimulus from the

peptides in cells, so additional research for that cause needs to be explored. Anti
inflammatory studies done with THPmacrophages showed that CBD encapsulated
peptides supressed the response. This <can
the inflamnatory response when compared in literature. Antibacterial study was

done with peptide fibers ranging from different concentrationstid.5 and 7.4n

E. coliandS. aureusPEP2CBD was able to show antibacterial effecpid 7.4 by

showing low numberfdbacterial formation (OB (a. u.) of PEPZXBD: 0.18Q E.

coli: 0.45, S. aureus 042). This can mean CBD has beneficial to enhance
antibacterial effect of the peptides. Closer to the gelation concentration the peptides
showed enhanced antibacterialivity. Whereas diluted versions peptides could

only showsuch activity toS.aureusat two pH values.
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With the experimentsdone in the research, peptides showed noteworthy findings
both in characterization studies and in vitro. Given the studies never done to
encapsulate CBD into peptide hydrogele research will be the starting point for
wound healing applications for CBlBy enhancing its clinical usagéhe potential
significance of this research is substantial, and it is anticipated to receive
considerable citation rates. Furthermore, the absence of any current commercial
CBD-peptide hydrogel substances raises the clsanoé patenting and
commercializing the outcomes.

81



2.3 MATERIAL AND METHOD

2.3.1 Synthesis andPurification of Antimicrobial Peptides

2.3.1.1 Materials

All - amino acids, O-(7-azabenzotriazel-yl)-N,N,N'N:tetramethyluronium
hexafluorophosphate (HATU), -@H-benzotriazoll-yl)-1,1,3,3
tetramethyluronium hexafluorophosphate (HBTU), WANG resin (1.16 mmol/g),
rink amide MBHA resin (0.48 mmol/gram, 1600 mesh) were purchased from
ChemImpex International (Wood Dale, IL, USAJYrifluoro acetic acid (TFA),

isopropyl silane (TIS) and piperidine were acquired from Acros (Beijing, China).

Milli-Q water (18.2 MY) was obtained by
simplicity 185 purification system (Darmstadt, Germany).

2.3.1.2 General Peptide Synthesis

All the peptides were synthesized via Fri@sed soligphase peptide synthesis
(SPPS). FronPER2 to PERS, manual synthesis was applied under atmospheric
conditions at room temperatureEPL was synthesized using seatomated
microwaveassisted peptide synthesis under inert atmospREel, 2,3 and 4 were
synthesized using Rink amide MBHA resin, meanwllER was produced
handling with WANG resin. Manuel SPPS was carried out in a-fyiéiesl reaction
vessel. Resin was swollen in DMF fan hour before synthesis. All amino acids were
activatedwith HBTU reagentand switched to HATU in case of coupling errors.
Couplings weredone with 3.0 equivalents of Fmelc-amino acids,2.85 eq. of
coupling reagent, 6 equivalents dfl,N-diisopropylethylamine (DIPEA) in
dimethylformamide (DMF)FEmoc cleavageas achieved with mL solution of 20%

piperidine in DMFfor 10 minutes and 2 times. Fmoc cleavage and coupling
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processesvere checked wih a Kaiser test at 11TC. For blocking thefree amine
groupsafter coupling reactignN-terminak were capped with DMF/Ac20/Pyridine
(10:1:1, viviv) forl0 minutes After each processhe resin was washedth DMF.
After peptidesequencevas completd, for the last timepeptidyl resin was washed
with DMF (x3). Then switched tBCM (x3), MeOH (X3) and EzO (x3). After which
the resinvas airdried for at least 1 Reptide cleavageas achieved bgwellingthe
resin in a mixture of trifluoroacetic acid ER) /Triisopropylsilane (TIS)/HO (95:
2.5: 2.5 ratio, v/v/v) for 23 hours at room temperature. Free peptwese filtrate
Collected filtrate was precipitated in cold diethyl eth&he solution containg
precipitated peptide was centrifuged at 5508 fpr 5 minutesThe supernatant was
removedwashing with diethyl ether was repeatguto four times. The crudeas
then air-dried The peptidepurified by reverseghphase HPLCand lyophilized to

achievepure peptides as powders.

2.3.1.3 High-performance Liquid Chromatography (HPLC)

Analytical HPLC spectra of peptides were recorded on a Dionex UltiMate 3000

HPLC system (Sunnyvale, CA, USA) equipped with a GerhiXi C18 column

di mensions 150 I 3 mm, particle size 3 &gn
CA, USA) and 20uL injection loop. The peptides were eluted in acetonitrile

containing 0.08% TFA (v/v) and water containing 0.1% TFA (v/v) gradient (5

100%, 1i 35 min., flow 0.4 mL/min).

Preparative HPLC of peptides was performed on a Dionex URNAGO0 Hplc

system (Sunnyvale, CA, USA) equipped with a spreparative GemiANX C18

coumndi mensions 150 I 10 mm, particle size
Torrance, California, U.S.A) and 2nmnjection loop. For elution of peptides, a linear

gradient of acetonitrile and water containing 0.08% TFA (afgl 01% (v/v)

respectively (20 55%, 1i 80 min.) and a flow of 4.0 mL/min were used.
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2.3.2 CGC and CAC Calculation of Peptides

The CAC of the synthesized amphiphiles was determined by fluorestaaimique
using O6Nile redbdb as a mod e lconckntratiorof A st ock s
2.5x10° M was prepared in ethanol. Then the stock was diluted to form concentration
of 2.5x10° M. 10 pL of 2.5x16 M Nile red solution was added into wells ohite
bottom 96 well plate §PL life Sciences, Noepyrogenic, norcytotoxic,
DNase/Rnase/DNA free, sterile)l.5 nL peptide solutions were prepared at a
concentration of 1 mM (1.5x1}) using 1xPBS buffer and sonicated. Eifitl serial
dilution of the stok solutions was done to achieve different concentrations of
peptides. Peptidewerealiquoted in triplicate and 50L from each transferred into

the wells. Then, 2L of Nile reddye wasadded to keep the final concentraten
2.5x10° M. The samples werxcited at 540 nm, and the fluorescesgectrum was
measured betweds60and750 nm. The CAC was determined by plotting the log of
the concentration with the corresponding maximum fluorescence intensity (614 nm)
and calculating the conetation at the intersection of the baseline and tangent line

to the rising curve.

For CGC, peptides were prepared at different concentrations starting front?0.5 w
(mg/100pL) with 1xPBS (pH7.4). Samples were sonicated. Timing for gelation of
each peptid and their concentrations were observed throughout the experiment.

2.3.3 Morphological Analysis ofSelf-assembledPeptides

For SEM, peptide hydrogels (200 pL) with/without cannabidiol (h§) were
prepared in Eppendorf tubes and transferred to silicon wafiaces with a pipette.
Silicon wafers covered with hydrogels were filled by immersion in liquid nitrogen
and dried using a lyophilizer (Telstar Cryodos). On silicon sheets, dried lyophilized

hydrogels were spray coatedth 3-4 nm palladium for SEM analysiSEM images
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were acquired on a JEOL JSM5310LV at 30 kV and 33 Pa in low vacuum mode and

an operating distance of I mm.

For TEM, 200uL peptide hydrogels with/without CBD were prepared and then
diluted 400 times with 1xPBS. 3jof solution was droppeonto the carbceroated
copper grid. After 60 seconds of incubation, the excess sample was removed with a
filter paper. The sampleoated grid was then washed with B pf ddHO. Excess

water was taken from the grid with the same method, 3 pL of uraeyhtac2%
(g/mL) was pipetted onto the copper grid to ensure negative staining and waited for
60 seconds. Excess paint was removed with a filter paper. Finally, the carbon grids
were left to air dry for at least 3 hours at room temperature before imagank). D
field TEM imaging was performed on a FEI Tecnai G2 F30 electron microscope
operating at an accelerating voltage of 300 kV. ImageJ software was used to quantify

fiber size distribution from TEM images.

2.3.4 Encapsulation Efficiency of Self-assembledPeptides

Encapsulation of CBD into peptide amphiphile nanofibers was achieved using a
solvent co-evaporation technique, which has been reported to result in a near
quantitative level of encapsulatiétf.Both CBD and peptides were found to dissolve
readily in HFIP at concentrations higher than 20 mM. Below their critical gelation
concentrations and over their critical aggregation concentrations, peptides were
dissolved in 10QuL HFIP at varying concentrians. 5 |[L of CBD solution from 16

mM stock solution was pipetted into each peptide solutions. Then, the mixtures were
sonicated for 30 min at 40 °C. HFIP was then left for evaporation in an open air for
1h at RT. After the removal of HFIP, peptide amjftiligs were reconstituted in PBS

for 1 h at 40°C. The solutions were centrifuged at 12,000 rpm for 30 toiremove

any nonencapsulated CBDSince both peptides and CBD absorbs the same
wavelengths, UWIS analysis of supernatants shows cumulative alisorpeaks

due to overlapping signals. Therefore, the supernatants were analysed using
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analytical HPLC that enables recording the peak area and retention time for each
component. To assess, 214 nm wavelength was preferred becauseafdlength
where tle amide group in peptides and CBBsorb Concentrations of encapsulated
CBD (solubilized CBD) were calculated using a-prepared standard curve with
known CBD concentrations. Encapsulation efficiency (EE%) for each peptide were
calculated using the faling equation:

7 OAAT GBA'GRA A

%% b AAT S
P S R R AARSCP T

2.3.5 Preparation of CBD-loaded Peptide Hydrogels

To produce 1 ma hydrogels peptides were weighted in an Eppendorf tube depending
on their weight percentage. Addition of 2.5 mg CBD (0.25 mg CBD/100 pL gsl) wa
then followed. After addition of 20AQL HFIP, the mixtures were sonicated at 40 °C
for 30 minutes. The HFIP was then allowed to evaporate in open air for 1 hour at
room temperature. After removal of HFIP, the peptide amphiphiles were allowed to
selfassenbly in 1xPBS (pH 7.4) for 1 hour at 4C via sonication. Then samples

were stored at room temperature for 30 minutes more to finalise gelation.

2.3.6 CBD ReleaseExperiments

To determine the release time and amount of cannabidiol from the peptide hydrogels,
pH 7.4 and 5.5 solutions were prepared. Cannabidiol loaded peptide hydrogels (0.25
mg CBD/100 pL gel) were prepared in Eppendorf tubes using the solvent
evaporation methodh a typical experiment, a release buffer (2 times the gel volume)
consisting of PBS solution at pH = 7.4 (or pH = 5.5) ehdnol(1:1 v/v) was placed

on top of the CBEoaded gels. At predetermined time intervals, 20qf PBS
release solution was takéo quantify the released drug and 20qf fresh solution

was added to maintain a constant total volume. The amount of CBD released was

monitored using HPLC with an absorption wavelength of 214 nm. Cumulative CBD
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release was calculated using the CBD lralion curve (HPLC peak area

concentration) and plotted against release time.

2.3.7 RheologicalAnalysis ofHydrogels

In rheological studiepeptide hyrogelswere studiedor gels at their minimum
gelation concentratiorend with similar conditiondRheologichmeasurements were
evaluatedon Anton Paar, Physica Modular Compact Rheometer (MCR 301)
equipped with Peltieheated hood (HPTD200)with 12 mm diameter parallgllate
geometry.Samplesvere prepared accordingtteeprotocol with/withoutCB D ( 01 5
mg/mL). Approximately150 L sample was loaded on a parallel plate witfap of
0.5.Gelswere transferred to the stainlesteelplate andncubated for 15 minutes at

4°C in Peltier hood befor@oing themeasurement. The purpose of this pretreatment
for the eels to regenerate themselves in aaiseny damagevhile transferring Data
collection was stopped whexfinal plateau was reached or whitie samples began

to dry out Changes were observatdaxial force measured by the rheometer.dAll
thetime sweep measurements were performed at 25 °C using 0.04%asiulaime
frequency of 1.0 Hz and executed in duplisatemplitude/strain sweep tests was
evaluatedvi t hi n | ogarithmically ramped range f
was kept constdn a't ¥=10 -recavery experim8ritsrwath alternating
low(0.2%) and high (100%) strain cycles of the hydrogels were also perfaomed
observe thaecovery of gels after certain steps. The cycles were continued until

sample breakage.

2.3.8 Antioxidant Analysis of CBD-loaded Peptide Fibers

DPPH Radical Scavenging Assayhe hydrogen atom donating ability of the
samples were determined by the decolorization of ethanol solution-diph&nyt
1-picrylhydrazyl (DPPH). DPPldreatedsiolet purple colour in etinol solutionand

the color shade to yellowisti there is antioxidantactivity. The DPPH radical

87



scavenging assay wasaluatedollowing to proceduré?with slight modifications.

In the experiment, 5QL from the solution 0D.2 mM DPPH ragtal dissolved in
95% ethanol. Thenfrom this stock solution 50 uL was added into eactwells
containing sampleis 96 wellplates.Then,50 uL HFIP was also transferred to each
well to prevent precipitationf CBD in aqueous media. The plate was kept at room
temperature for 30 min in the daskdthe absorbance cfamplesveremeasured at
517 nm.

For ABTS activity the radical was dissolved inater toachieveconcentration of
7mM. ABTS solutiorwas then prepared withmL ABTS stock solutionthen it was
mixed with 5 mL potassium persulphat® achieve2.45 mM. After, the stock
solution was left in the dark for 1@ room temperatur@he ABTSradical solution
was diluted with 10 ml ethanbkfore analysidp get absorbance of 1.088 at 734.nm
50puL diluted ABTS radical solution was mixéuthe wellswith 50uL in sanples.
50 pL HFIP was then addedhfter incubatiorfor 10 minutesn dark the absorbance
was measured at 734 nm against the corresponding blank and déhtrol.

FRAP assays another colorimetric methdd measuréhe ability of antioxidantsit

is based on theedudion the colourlessferric-tripyridyltriazine complex (Fe(llh
TPTZ) to the blue ferrous tripyridyltriazine cation ([Fe(TPTZ)]?"). The
absorption occurs in the UV by collecting thygectrum at 598m. The assay was
carried out as described in literattffewith modifications. 300 mM acetate buffer
(pH 3.6), 10 MM TPTZ in 40 mM HIGand 20 mM FeGI6H-0 in the ratio of 10 :
1:1(25n:25 mL: 25 mL) were mixedo achieve th&RAP reagent andtept at
room temperaturél he solution was needed to jpepared freshndrequiredusage
immediately before the experime®0 pL from each samplaere incubated with
100 L FRAP solution and 50lpHFIP in the darkor 15 min. Absorbance dierrous
tripyridyltriazine complexwas then measured at 593 nm using microplate reader.
Fresh working solutions of ascorbic acids@A were used as positive control to

compare antioxidardapacity of samples with it.
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2.3.9 In Vitro Analysis

2.3.9.1 Treatment of Wells with Peptides

Peptides were used in their critical aggregation concentrations ranging/s0nol
1/400 dilution factors to assess the cell viability in a wide range. First, CBD, peptide
arnd CBD encapsulated peptide hydrogels were prepared. Then, dilution was made

with 1x PBS (7.4H) to give concentration valuess seen iffable2.6.

Table 2.6 Dilution factors from 1/50 to 1/400 and concentrations of the peptides and
CBD.

DILUTION SAMPLES

FACTORS PEP2 (mM) PEP5 (mM) CBD (uM)
1/50 0.45 0.27 0.16
1/100 0.22 0.14 0.08
1/200 0.11 0.07 0.04
1/400 0.05 0.03 0.02

For antimicrobialactivity, however, a different approach was used. The activity of

peptides was evaluated also close to their gelation concentr@iadvis 2.7.

Table 2.7 shows dilution factors from/4 to 7400 and concentrations of the samples,

including peptides and CBD.

DILUTION SAMPLES
FACTORS PEP2 (mM) PEP5 (mM) CBD (uM)
V4 5.57 3.39 2
1/40 0.56 0.34 0.2
/400 0.05 0.03 0.02
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2.3.9.2 Cell Culture

A375 human melanoma cell line (ATCC CRb191G2) wasused tanvestigate the

in vitro cell viability, cell migration and gene expression analysis. A375 cells were
cultured in DMEM (Capricorn, Germany) supplemented with 10% (w/v) Fetal
Bovine Serum (Caprarn, Germany), %1 (w/v)diglutamine (Capricorn, Germany),
and 1% (v/v) antibioti@antimycotic solution (BIOIND, Israel). The cells were
incubated at B°C in a 5% v/v CQ humidified atmosphere. The medium was

replacedbetween 2 to 3 daymitil the culturereached 7480% confluence.

THP-1, a premonocytic cell line, was used to turn into macrophages to evaluate the
antrinflammatory effects o€BD encapsulated peptidéBHP-1 cells were cultured

in RPMI 1640 (Capricorn, Germany) supplemented with 10% (¥&%gl bovine
serum (Capricorn, Germany), %1 (w/\j gdutamine (Capricorn, Germany), and 1
(v/v) % antibiotic solution (BIOIND, Israel). Culture wksptat 5% CQ, 37°C.

2.3.9.3 Cell Viability 8 MTT Assay

The biocompatibility of peptide hydrogels with CBD was stddiusing the

colorimetric MTT assay at 24 and 48&h. Peptide solutions were added into the 96

we | | plate (100 €L/ hol e) and the plate was
achieve a peptide layer at the bottom. The cells were seedednall9glates at&

density of 5x18for each well The culture medium was removexdter each 24 and

48hours and the cel |l s weof MITsolutiors(®2ndg/mk)iwash PBS. 10
then added to the cell$hen, thg were further incubated at 37 °C. Afterhdof

incubation DMSO was added to dissolf@mazan crystalsTheabsorption of each

well was measured at 570 nm. The results were expressed as mean + SEM from
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triplicate experiments. The viability of other samples was adjusted relative to

control

2.3.9.4  Antimicrobial Assay

The antimicrobial activity of peptide nanofibers was tested by broth dilution method
against Grarmmegative E. coli, NCTC 11303) and Graipositive S. aureusATCC
29213) bacteriaCultureswere prepared by transferring a loop full of teal cells

from the stock cultures to test tubes of Muehignton broth (MHB) They were then
incubated without agitation for 24 at 37 °C.The cell density was adjusted to
turbidity equivalence of 0.5 McFarland turbidity standards (3&FJ/mL) throwgh
dilution of the activated culture using sterile nutrient brétbr. the investigation of

the pHswitchable antimicrobial activity of peptides, bacterial solutions (1x10
CFU/mL) with different pH 7.4 and5.5) were incubated with peptiddésoughout

8h. ODeoo values of bacteria solutions were recorded.

2.3.9.5 Monocyte Differentiation into Macrophages

Human THP1 monocytes were differentiated into macrophaigesvaluate ani
inflammatory response. The monocy(és1(®) wereincubaed in the presence of
phorbol 12myristate 13acetate (PMA). Different PMA concentrations (20, 50 and
100 ng/nb), in addition to differenincubation times (24, 48 and Fdur9 were
evaluated For monitoling cell number and morphology, cells were incubated with
CalceinrAM dye in the dark for 30 min at7/3C. The number of cells were calculated
in the captured images using ImageJ softwhireally, 72 hours ofincubation in the

preseceof 50 ng/mL PMA wasselected as differentiation protocol
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2.3.9.6  Anti-inflammatory Analysis

96-well plate holes were veneered with pepsideor each well, THRL macrophages

(3x1C°) were seededThe plate wageft for incubation for 72 hours in the dark at

37 °C 5% CQ. Next, he supernatant wadiscardedand thennew medium was

added for all the sample groupkhe plate was againcubated for 24 hours in the

dark at 37 °C. The culture supernatant of each group was colteargderiment on

ELISA. Theantiinflammatory response of all the groupas studied aftelTNF-U

and IL-8 (ELK Biotechnology, USA) were studied with ELISAi The instructions

were applied according to the manufacturer o

450 nm by a microplate reader to evaluate target protein concentration.

2.3.9.7 Cell Scratch Assay (In Vitro Wound Healing)

Peptide nanofibersontaining/wihout CBD were veneered in the holes of the 24

well plate. Human melanoma cells were seeded into the wells%8&tl€®well) and

incubated at37 °C for 24 h in the culture mediunin each wellthe cell layemwas

scraped by a perpendicular scravghappling with a sterile pipette tip. The scratch

was used as a reference pdortday Q To clearlyobserve the cell migratian the

scratch area in each wel | -acetoxgnethydesterer e dyed
(Santa Cruz Biotechnology, Inc., Dallas, XS A) f or 30 min in the da
The images were recordada Fluorescence inverted microscope Leica DM IL

(Leica, Wetzlar, Germany) at 0, 24and 48h. Photographs were captured from

three distinct experimental groupg usingthe Image J softwar&/ound areas were

measured and quantifieéhotographs were captured randomly from several distinct

experimental groupsWound areas were measuresing ImageJand quantified.

Migration assay was then determined by calculating the number of migrated cells in

the wound areas and compared with the control group.
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2.3.9.8 Gene Expression Analysis

The impact of peptides and their CRBIbcapsulated variants on the expression of
regenerative genes wasudied Genesselected as their associationth tissue
remodeling, vascular endothelial growth factor responsiveness, and cell migration
were selectedor this analysis. As target genes TIMP(TIMP metallopeptidase
Inhibitor 1), VEGFR2 (kinase insert domain receptor), MRIP(matrix
metallopeptidase 2) and lastly PLAU (plasminogen activator) were selected. Peptide
nanofibrescontaining/not containinGBD wereimplementedn wells of the 24well

plate. Human melanoma cells were seeded into the wells {®eli8/well) and
incubated at 37C for 72h in the culture medium. After incubatioh72 hourstotal

RNA was isolated witlBluezol Reagent (SERVA, Garany) 60 ng of total RNA

from one sample was used per-RTR reaction using Lightcycler® 96 system
(Roche Diagnostic Systems, Indianapolis, IN) and AB.2X gPCR SYBRGreen
Master Mix kit (ATLAS Biotechnology, Turkdy samples were also studied in
triplets cDNA formation was achieved by usimmestep qRTPCR master mix.
Normalization of gqRTPCR data was achieveg GAPDH andby its cycle threshold

(Ct) value. The mean Ct values were usedraategraphical data and Ct ratio for

each group was then @emnined.

2.3.9.9 Statistical Analysis

Statistical analyses were performed by using-ivay ANOVA followed by Tukey
post hoc testing. The level of statistical significance is represented by ns for p>0.05
* for p < 0.05, ** for p < 0.01, *** for p < 0.001, and *¥or p < 0.0001. Error

bars indicate standard error of mean.
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CHAPTER 3

SYNTHESIS OF BIPHENYLALANINE DERIVATIVES AND THEIR
IMPLEMENTATION ON PSMA PEPTIDES

3.1  Aim of The Study

In this part of the thesis, Fmdcbiphenylalaninederivativeswere synthesized
Then, heseartificial amino acidgScheme 3)lwereplannedto be used on PSMA
617 instead of naphthylanine amino acidBinding affinity of PSMA-617
biphenylalaninalerivativeswereaimedto be higher when comparedR&SMA-617,

thusachieving enhanced therapeutic usage for prostate cancer.

0] O O

R: 4-H, 4-CN, 4-NO,, 3-AcNH, 4-OH, 4-OMe, 4-AcNH

Scheme 3.1 Synthesis route for producing Fmbebiphenylalaninelerivatives.
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3.2 RESULTS AND DISCUSSION

3.2.1 Synthesis ofBiphenylalanine Derivatives
0.4 eq. |
o 0.2 eq. NalO3 0]
0.035 eq. NalOy4
OH > OH
NH, H,S04, CH;COOH | NH,

70 °C, overnight

H,O:MeCN (1:1) | 1.2 eq. Fmoc-OSu
r.t. , overnight 3.18 eq. NaHCO3;

(0]
5% Pd(dppf)Cl,
2.5 eq K3PO4 OH
1.2 eq. Boronic Acid | HN O
o

H,O: t-Amyl Alcohol
(1:1, 0.05M)
40 °C, overnight

Scheme 3.2 First synthesis route fdniphenylalaninealerivatives.

The firstmethod to synthesiz@phenylalaninalerivatives started wittodinationof
L-phenyl alaningl) at the paraposition. This iothated productvould be used in
transmetalation process ¢ouplewith phenyl boronic acidierivatives Since these
artificial amino acidsvould be used in Fmeloased solid phase peptide synthasis,
was aimed to protect the 4odophenyl alanine (1) first with
fluorenylmethyloxycarbonylHmoq. Then, theseFmoc protectedamino acid(2)
was usedin SuzukiMiyaura Coupling toobtain biphenylalaninederivative (3)
(Scheme 3.2 However, even the mildeactionsconditions (low heat and low
concentration ofhebase)}hat was designed foisingFmoc-protected amino aciéts

were not ableto prevent Fmoc deprotection Throughout the reaction,

96



dibenzofulvene formatioanddeprotection of both startingaterial and the product

wereobservedhence the method was inapplicable.

Same reactiomprocedurewas tried with different basesnd monitored via TLC.
Fmoc deprotection was observed 0.2 M with different bases (¥COs, KsPQy,
NaOH)even athebeginning of the reactiohough, the Suzuk¥liyaura coupling
reaction performs bettavith strong baseghe problem of deprotection was tried to
be inhibited by using 0.0R1 K>CGs. In addition,the reaction took place at 4C,
though with the increadereaction timing.Even with thesemethods Fmoc

deprotectiorcould not be inhibited.

Since the firstoutehadproblems withFmocdeprotectionit was foundnapplicable
to achieveatrtificial amino acidsThus, a new approach was designed to produce

biphenylalaninealerivatives.

To synthesizebiphenylalaninederivatives, unprotected-iddo-phenyl alanine was
coupled with ad-methoxyphenylboronic acigia SuzukiMiyaura Coupling. The
amino acid(4) was tren purified with reversphase higkperformance liquid
chromatography. However, with this approach, the overall yield was too low, ranged

between $H%, as seen ilcheme 3.3
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0.4 eq.l,

(0] 0.2 eq. NalO; 0
0.035 eq. NalOy4
OH - I OH
H,S0O4, CH3COOH 2
NH; 70 °C, overnight l 1
H,0:iPrOH (1:1) 5 eq. K,CO3

40 °C, overnight | 1.2 eq. Boronic acid

1.2 eq. Fmoc-OSu

3.18 eq. NaHCO3 OH
NH»
H,0:MeCN (1:1)
rt. , overnight
' MeO 4
Yield: 3-5% Q O

Scheme 3.3 Second synthesis route feynthesis obiphenylalaninalerivatives

A

After theHPLC purification, biphenyl derivatives were planned to be protected with
Fmocto getproduct5. Even though, the amount of Fm@Su was 0.97eq., five
spots appeared on TLC on the course of reactiorcluding FmocOSu and
dibenzofulvene!H NMR spectrafigure 3.1 showed a complex mixture mfagents

and productsHence, the route was believed to be inapplicable to continue peptide

synthesis and to produce the derivatives.

98



FMOC-4-OME-L-BIPHEMYL ALANINE 2300000
-—ZZEII]I]EIEI
;2IDDDDD
|| ‘-2000000

i ‘ 00000 +1900000
oH H Haooaoo
*"\(D /,\r\ F1700000
I — 1y 1600000
o . : [
I 7% s 16 H1500000

‘ f1 (ppm) 400000
Q D 300000
1000000 [ 1200000
H100000
500000 [
IIL | Haoao0o
A [
7_)\WJ|LJ T UL_'JI\_ 0 '—guuuuu
O B e
= 2 =

L) =z g 800000
e, o 70 / 700000
/ ) s o y [

600000

500000
400000

300000

200000

| | . |
o~ / ““\JL_ J__JL*_U" Y Ju'U 'wijhxw L_J,/l Al o

0

e

mmmmm

100000

3.00 T

485

+-200000
T T T T 1
2.0 1.5 1.0 0.5 0.0

o4

T : T T T
55 50 45 40 35 3.0
1 (ppm)

[l
n

Figure 3.1 *H NMR spectrum of Fmed-OMe-L-biphenylalanings) in d6-
DMSO.

To get the final dificial amino acids, after synthesizingiddo-phenyl alaningl),
the amino acid was protected witrt-butyloxycarbonyl Boc)from N-terminal as
seen irsScheme 3. Then, the Boc protected amino a@@iwas coupled with boronic
acidderivativesYields of 7690% have been observed Bocprotected derivatives
Since the number of reactions in the design was incre@se decided toontinue
without any purification untilFmoc protection step. After achievifigpc protected
amino acidproducts(7a-7g) via SuzukiMiyaura couplingBocgroupwas cleaved
with 12 eq.rifluoro acetic acid in dry DCM. Then pH was adjusted to betwe&n 7
to protect thdree aminewith Fmoc(8a-89). After thesereactions Fmoc protected
biphenylalaninederivatives wasobtainedby purification viasilica gel column
chromatographyThe yield of8a-8g ranged betweeh5-45% andweresufficientto

synthesizd®SMA-617 biphenylalaninalerivatives
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0.4 eq.
0.2 eq NalO3 o
0.035 eq. NalOy4
OH -
H,SO,4, CH3COOH NH,
70 °C, overnight

NH,

H20 : THF (1:3) | 1.2 eq. Di-tert-butyl dicarbonate
r.t., overnight 1.0 eq. NaOH
under N,

o) 10% Pd(dppf)Cl, or Pd(PPh3)Cl,
25 eq K3PO4
1.2 eq. Boronic Acid OH
| HN (0]

H,O: Isopropyl Alcohol

(1:1) 0
80 °C, overnight

A

1) TFA, DCM

2) 1.2 eq. Fmoc-OSu, 3.18 eq. NaHCO3 o
H,0:MeCN (1:1), r.t. , overnight

8a-g
R: 4-H, 4-CN, 4-NO,, 3-AcNH, 4-OH, 4-OMe, 4-AcNH
Yield: 15-45%

Scheme 3.4 Final synthesis route fdriphenylalaninalerivatives.

To explain the final route from start &nd first, 4iodo-L-phenyl alaningl) was
synthesized based on literature vgtight modifications(Scheme 3)5The literature
method?%1?"use DCM toremoveexcess iodine during workup to yield desired
product in high purity. However, largescale synthesjsheremoval of iodine from
the reaction mixture was not efficient by DCM extractidhis problem was solved

by crystallization with equal amounts of water and ethemgkt purel.
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0.4 eq.

0] 0.2 eq. NalOj O
0.035 eq. NalO
OH ! . OH
NH, H,SO,, CH3COOH | NH;
70 °C, overnight 1
Yield: 45%

Scheme 3.5 Synthesis of 4odo-L-phenyl alaning€l).

The product was not soluble in neutral pH since the pKa of phenyl alanine is 2.20.
Unlike in the literaturethe sample wapreparedn DO with addition of NaOHo

get clear solutin for NMR measurement.

o)
0 1.2 eq. di-tert-butyl dicarbonate
oH 1.0 eq. NaOH _ MOH
NH, H,0 : THF (1:3) | HN\(O

r.t., overnight

O
under N, j<

Yield: 84%

Scheme 3.6 Boc protection o#i-iodo-L-phenyl alanin€6).

After iodination of L-phenyl alanine,Boc protection wasperformedbased on
literature with modificationgScheme 3)62% Instead of acidifying the water phase
during workup with IM HCI, agueous phase was neutralized with sédralHCl

to preventBoc cleavage that happens during acidic wash. Furthermore, in the
literature oily product was formed, however, the product evlaged with hexane

and condensed under rotaoyform whiteyellowishsolid crude produc(6).

In the final stepBoc protected 4odo-L-phenyl alanine was coupled with phenyl
boronic acids to givebiphenylalaninederivatives(7a-7g). Phenyl boronic acid
derivativeswere chosen depending on their commercial availability and for being
electron withdawing/donating groupshe coupling reactions weonebased on

the literatures with slight modificationgScheme 3)8412> First, it was found that

5 mol% catalyst ratio was not enough for reaction to proceed, thus the ratio changed
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to 10 mol%. Then, the timing of reactisrwas changedto overnightto gethigh
conversios. It was also found thdhe inert atmosphengromoted the reaction rate
by preventing the decomposition of cataly$tsCOzs in the literature was changed

with a strongr base, KPQs to enhance coupling rate.
o) 10 mol% Pd(dppf)Cl, or Pd(PPh);Cl,
25eq K2C03
OH 1.2 eq. Boronic Acid
| HN\(O H,0: Isopropy! Alcohol o
0 (1:1) (0]
j< 80 °C, overnight K
7a-g

R: 4-H, 4-CN, 4-NO,, 3-AcNH, 4-OH, 4-OMe, 4-AcNH

Yield: 70-90%

Scheme 3.7 SuzukiMiyaura coupling of phenyl boronic acid derivatives with

Boc-iodo-L-phenyl alanine to yielBiphenylalaninalerivativeg7a-79).

It was also observed that the yield was bettdren boronic acids were used as
reagentcompared ttheirpinacol estederivatives. However, due to the commercial
availability, the phenyl boronic acigpinacol estersvith 4-OH, 3-AcNH, 4-AcNH
substituentwere used instead of boronic acid derivativ@aring workup, it was
found thakthyl acetate promotes bettphase separatiamstead of dichloromethane
When pinacol ester reagents were used, it was also observed difficutyrkap
where aqueous phase acidified watiturated ammonium chloride to achieve neutral

pH. The problem was oveame by acidifying topH 5 with 0.1 M HCI.

Synthesizedoc protectecbiphenylalaninalerivatives are shownn Figure 32.
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Figure 3.2 Synthesized Boc protectéiphenylalaninalerivatives(7a-79).

With 3-amino and 4amino phenyl boronic acid pinacol ester alternatives, amine
groupsrequiredprotection since free amines woulderfereN-Fmoc protectiorand
cause side products duripgptide synthesisso, hesetwo amine derivatives were
protectedby acetyl groupusing the same procedure as peptide capping phenyl
boronic acid pinacol ester reagent was dissolaatty DCM. 1.25 eq.of eachdry
pyridine andacetic anhydride wreaddedandthe reaction was stedfor 30 minutes,
under inert atmosphe (Scheme 3)7 Then 3-acetamidg9a) and 4acetamid€9b)
derivativeswvereobtained after the complete removal of solvent. The crude products
were directlyused as reagents in the Suzikyaura coupling reaction witBoc-4-

iodo-phenyl alaning6) to obtainproducts7d and7g.
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1.25 eq. Ac,0 /Q
] 1.25 eq. dry Pyridine ]
B B

X0 > Xy 0
|/ 7 dry DCM |/ =
R, under Np, 30 min. R,
R4: 3-NHj, 4-NH, Rj: 3-AcNH, 4-AcNH
9a-b
Yield: 100%

Scheme 3.8 Acetylation of 3/4-amino phenyl boronic acid pinacol ester

After the coupling reaction, the crude product dried with diethyl etheBaodroup

was cleaved with idsolving the crude in dry DCM and adding TFA at@ The
reaction was stigdfor 3 hours, and then TFA was evaporated. If there was problem
with evaporation of remaining TFA, the solution was diluted with toluene or diethyl
ether to get the crude produender vacuum. The route continued wEmoc
protectionto achieve product8a-8g (Scheme 3)8

OH 1) TFA, DCM
HN (0] -
N \( 2) 1.2 eq. Fmoc-OSu, 3.18 eq. NaHCO3
| H,0:MeCN (1:1), r.t. , overnight

/ = 0
. <
7a-g

asp

8a-g
R: 4-H, 4-CN, 4-NO,, 3-AcNH, 4-OH, 4-OMe, 4-AcNH

Scheme 3.9 Boc cleavage and Fmoc protectiorbgfhenylalaninalerivatives.

In the method oFmocprotection, the same procedure was applied with protection
of 4-iodo-phenyl alaning2). However, it was also observed that dibenzofulvene
formation decreases once FmOBuU solution in acetonitrile was added into the

reaction insteadf utilizing it as crude.
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FMOC-4-M02-BIPHE VS FMOC-4-10D0-BIPHE
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Figure 3.2: Comparison of NMR results between FmbbdlO-L-biphenylalanine
and Fmoed-iodo-L-phenylalaningo show the difference of adding Fm@Su as

crude orin acetonitrile solution.
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Figure 3.3 Synthesized Fmoc protectbgbhenylalaninalerivatives(8a-89).

After Fmocprotectionreaction formation of dibenzofulvenandexcesdmocOsu
and the product wastated in'H NMR. There was nctarting materialeft as
ninhydrin test indicated. For all the derivativé&a-8g), the silica gel column
chromatographyvas applied with DCM: MeOH: AcOH (97:2:1), and for the cases
that spots were apart, gradient was apabddCM: MeOH: AcOH(95:4:1) The Rf
value for all the derivatives ranged between @13D and he yieldwas found
between 0-45%, as seen on thEable 3.1 PreparativeTLC was appliedor a better

purification of the target compounds from dibenzofulvene and Fofaa.
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Although the yields were low, thereunt ofbiphenylalaninelerivatives obtained

after purification was enough to be used in the synthesis of P&MAlerivatives.

Table 3.1 The yields of biphenylalaninelerivatives.

BIPHENYLALANINE

DERIVATIVES VIELD% R
4-H 28 0.4

4-CN 16 03
4-NO2 28 0.3
3-AC-NH 20 0.1
4-OH 13 0.2
4-OMe 44 0.4
4-AC-NH 40 0.1

For Fmoc4-OH-L-biphenylalanine derivative (8e) hydroxy group required
protection sincat would interferethe coupling reactiomnd cause side products
during peptide synthesi®N-methyl imidazolewas chosen as base prevent the

deprotection oFmoc(Scheme 3)9

5 eq. TBDMS-CI
10 eq. N-methyl imidazole

dry THF
r.t., overnight
inert atmosphere

8e 10

Scheme 3.10 TBDMS protection of Fmod-OH-L-biphenylalanine
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Figure 3.4 'H NMR spectum of TBDMS protectedd-OH-FmocBiphenylalanine
(20).

However,the purification of TBDMS protected 4OH-FmocL-biphenyl (10) was
problematicand complex mixture of products were obtaifieidure 3.4. Hence 4-
OH derivative was used without any protagtigroupfor the synthesis odPSMA-

617 derivatives

The overall synthesi®utes to synthesize Fmdgphenylalaninelerivativescan be

seen inScheme 3.10

Once eachierivativewaspurified via silica gelcolumnchromatographythey were
characterized and used FmoctBu to synthesizePSMA-617 biphenylalanine

derivatives.

108



OH
NH,

s fste

R: 4-H, 4-CN, 4-NO,, 3-Ac-NH, 4-OH, 4-OMe, 4-Ac-NH

Scheme3.11 All thesynthesigoutesto synthesizéiphenylalaninelerivatives.
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3.2.2 Synthesis of PSMA Peptides

HOOC., HOOC
“\\NJ\’NK\ /\N_\ NP COOH
o@ N"~(_N_J COOH @ \/NKJ
N COOH

oW QCV iy

HOOC N "N"“COOH HoOC™ H H COOH
H H
R: 4-H, 4-CN, 4-NO,, 4-OH, 3-AcNH, 4-AcNH, 4-OMe

PSMA-617 PSMA-617 biphenyl alanine derivatives

Figure 3.5 PSMA-617 and PSMA617biphenylalaninalerivatives.

Table 3.2 PSMA-617 Biphenylalaninaelerivativesand their sequences.

PEPTIDE PEPTIDE
NAME SEQUENCE
PSMA-617BIP DOTA-TXA-BiphenylalaLys-UreaGlu-OH
PSMA-6174-CNBIP DOTA-TXA-4-CN-BiphenylalaLys-UreaGlu-OH
PSMA-6174-NO2BIP DOTA-TXA-4-NO2-BiphenylalaLys-UreaGlu-OH
PSMA-6173-AcNHBIP DOTA-TXA-3-AcNH-Biphenylala Lys-UreaGlu-OH
PSMA-6174-OHBIP DOTA-TXA-4-OH-BiphenylalaLys-UreaGlu-OH

PSMA-6174-AcNHBIP DOTA-TXA-4-AcNH-BiphenylalaLys-UreaGlu-OH
PSMA-617 4-OMeBIP DOTA-TXA-4-OMe-BiphenylalaLys-UreaGlu-OH

All the PSMA617 derivativesvere synthesized via FmoBU solid phase peptide
synthesigTable 3.2. Fmoc protectethiphenylalaninelerivatives were coupled on
tBu-Glu(tBu)-ureaLys(Mtt)-wang resinwhich wasgifted by PeptiTeam(Figure
3.5.
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Resin was swollen in DMF for an hour before synthesis. Then the resin was washed

with DCM three times. MTT wasleaved with 0.8% TFA in DCM for 30 minutes

with threeminute intervals. Once MTT was cleaved, the artificial amino was

activated with HBTU and coupléd peptidyl resinFor all the artificiaamino acids,

2 or 3 eq. were usedepending on the yielof eachartificial amino acidsThen the

coupling was left overnight, checked with Kaisert.td® ensure that thexgereno

uncoupled free ames peptide was capped with DMF/A2/Pyridine. (10:1:1,

v/viv). All the Fmoc/tBu peptide synthesis wiadlowed and tranexamic acid was

then coupled for an hour, whereas DOWKtBu esterwas coupled overnighDnce

all the sequences were completed and the wagdried, the peptide was cleaved

for 4 hours. Then the analytical HPLC spectra of peptidas wecorded on a Dionex

UltiMate 3000HPLC system (Sunnyvale, CA, USA) equipped witiH¥PERSIL

GOLD Cl18columpAdi mensi ons 200 I 2.1 mm, particl
(Thermo, Waltham, Massachusetts, U.SaAdl 20uL injection loop.

PSMA-617 derivativeswith biphenylalaninederivatives(8a-8g) were synthesized
and purifiedwith a purity 0f96-100%.

800 20.09.21 #798 [modified by Ozcubukcu Lab]  PSMAB17-4-OH BIPHE UV_VIS 1
{mAU WWVL:214 nm
] 913,400
7004
600+
] -13,190
5004
400+
300+
2004
_ It
100 | |I 1 1711'31@6%37
] 1.7 3837 | 12-15,493
1 /\I/\ | 3 5 U - 13-25983
D_.—,_,_JI{\P—/\ ) \' "‘\—1—,,1\—1‘ ““-h—-._,_‘_m_ I
f SS——
T
1 min
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Figure 3.6 HPLC chromatogramf PSMA-617 4-OHBIP after synthesiat 214
nm.

The gnthess of PSMA-617 derivative with 4-OH-L-biphenylalaninewas not
succesfullFigure 3.§. Since, apping was applied aftecoupling of the

biphenylalaninealerivative the final peptide wasbtained as a mixture of esters

«10& |+ES| Scan (12,767 min) Frag=200,0V PSMAS17-4-OH BIP_2023-06-1604-29-23.0
224
2] 1126,4000
184
164
1.4
124
14 563,5000
0.8
064 477.3000 N
4 BOT3000  g7g.4
24 14g1000 320.1000 643,300 l l
0 ; I'IT' i .II.... IIJ.| I'I. I NS S S N I . I I I . I
100 200 300 400 500 600 70D 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Counts vs. Mass-to-Charge (m/'z)

Figure 3.7 Massspectrometrylata of thdirst peak (etention time: 13.19

The chromatogranshowed formation of two peakBigure 3.9. It was found that
the first peak is acetylated version ofOH, thus yieldingPSMA-617-4-OAc-L-
BiphenylalaningFigure 3.7) Mass spectrometry(ESI*) m/z: [M+H]* (calculated
mass 1126.52 observed masg:126.40

SN
) O O”"NH
H3C)J\O COOH

- 0

HOOC ™ N""N"~COOH
H H

Figure 3.8 Acetylatedderivativeof PSMA-617-4-OHBIP.
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The second peak, on the othand, is found to be a product of esterification between
tranexamic acid and-@H group of biphenylalanine This might be caused
unfinished acetylation of OHyroup, making peptide synthesis to continue frem 4
OH sideof the biphenyl groupThus, creatinghe PSMAG617 derivativein the
Figure 3.10 Mass spectrometry(ESI*) m/z: [M+2H]?* (calculated mass805.89
observed mas®05.5 (Figure 3.9)

x108 [+ESI| Scan (13,182 min) Frag=200,0V PSMAG17-4-0H BIP_2022-06-1604-25-23.0
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Figure 3.9 Massspectrometrylata of thesecondpeak (etention time: 13.40
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Figure 3.10 Esterificatedderivativeof PSMA-617-4-OHBIP.
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3.2.3 Purification of PSMA Peptides

Table 3.3 PSMA-617 derivativesand their purities

PEPTIDE PURITY

NAME [%]
PSMA-617BIP 99.0
PSMA-6174-CNBIP 961
PSMA-6174-NO,BIP 996
PSMA-6173-AcNHBIP 100
PSMA-6174-OMe 99
PSMA-6174-AcNHBIP 99

PSMA-617 derivativeswere purified with a linear gradient of acetonitrile and water
containing 0.08% TFA (v/vand 0,1% (v/v) respectively (1480%, 1- 90 min.) and

a flow of 2mL/min. To dissolve the peptides, 1:5 (Milli.etonitrile) was used,
and the solution was filtedebefore purifying onRP-HPLC. All peptides were
successfully purifiedvith a purity 0f96-100%(Table 33).
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3.24 Binding Affinity of PSMA -617 Biphenylalanine Derivatives

After the synthesis of PSMAL7 biphenylalaninederivatives their 1Gyo (half-
maximal inhibitory concentratignvalues were evaluated with PSMA Inhibitor
Screening KifABCAM ab283384) in which the samples were tested against pure
PSMA protein.The values shown ifable 34 andFigure 3.11

Table 3.4 PSMA-617 derivativesnd theinnhibition percentages.

PEPTIDES INHIBITION%
PSMA-617BIP 20
PSMA-6174-CNBIP 15
PSMA-6174-NO2BIP 29
PSMA-6173-AcNHBIP 32
PSMA-6174-OMe 36
PSMA-6174-AcNHBIP 38
PSMA-617 25
50
ns
40 N I
S 1
5 30 ns I I
E I
m 20 ns
: ;
10
0 | | 1 | 1 | |
L O ¢ X .Q
NS SR
> b\'é,,_,,?'c’ N

PSMA-617 DERIVATIVES

Figure 3.11 Inhibition% of PSMA-617 derivatives. The level of statistical

significance is represented by ns for p>0.05 * for p < 0.05, ** for p < 0.01, *** for
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p <0.001, and **** for p < 0.000foneway ANOVA. Error bars indicate standard

error of meanStatistic values were adjusted to PSIBILY.

It has beemound that the PSMA withiphenylalaninelerivatives was able to inhibit
PSMA proteinbetween 180% at 0.5 nM, as seen Trable 34. The percentage of
inhibition PSMA617 derivativesvere as followsBIP (20%) 4-CN (15%), 4-NO>
(29%) 4-AcNH (38%), 3-AcNH (32%), 4-OMe (36%) When compared with
PSMA-617 (25% inhibition), it was found thastatisticallythere was no significant
difference(ns, p>0.05 via oneway ANOVA betweenPSMA-617 derivatives and
PSMA-617, as seen ifrigure 311 Thus, PSMA617 derivatives show inhibition
activity similar to PSMA617.Still, the derivatives show promising result and their

uptakeby cells and image quality needs to be assessddrtber studies.

3.25 Conclusion

In this project,the aim was t@yntheste of FmocL-biphenylalaninederivativesto
explore thederivativesof the PSMA617 and tochange its naphthalene group with
biphenylalaninalerivatives In addition, it was also planned to havigher binding
affinity with these PSMA617 biphenylalaninederivativescompared to original
PSMA-617. To achievebiphenylalaninalerivatives,varioussynthesis routewere
applied and they were centred around SuzMiyaura coupling since the method
allows for GC formation between halogenated compound and boronic acid
alternatives. All the synthesis routstarted with the sae compound4-iodo-L-
phenyl alanineFirst, the molecule was protected wkmoc groupto be used in
Suzuki coupling to achievemocprotectedbiphenylalaninalerivatives. However,
even in mild basic conditions, reaction failed due to unexpected Fmuuvaé
Another synthesis routavas applied bystaring with the unprotectedodinated
phenylalanineand itwas coupledvith boronic acid derivatives viduzukireaction

to giveunprotectediesired productEven though, this seems working, yields were

too low to continue for further reaction3herefore, the method changed to couple
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tBoc protected 4odo-L-phenyl alanineto use in Suzuki couplingAfter Suzuki
coupling, Boc group wasemoved,and amine waserprotected with baskbile
Fmoc group, and the desired productvas isolatedby column chromatography
between 1515% yields. Thesebiphenylalaninalerivativesthat weresynthesized in
this strategywere then useth FmoctBu peptide synthesis to produB&SMA-617
derivatives then purified to have 9800% purity. The PSMAG617 derivatives
exhibited the following inhibition percentag&P (20%), 4CN (15%), 4NO2
(29%), 4AcNH (38%), 3AcNH (32%), and 4OMe (36%). Comparing them to
PSMA-617 (25% inhibitionyia oneway ANOVA showed no significant difference
(ns, p>0.05)Hence,the inhibition activity of PSMA617 derivatives is similar to
that of PSMAG17.

To sum upall the PSMA-617, derivatives demonstrate potential results, and it is
necessary to evaluatieeir uptake by cells arttherapeutiamage quality for further

research.
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3.3 MATERIAL AND METHOD

3.3.1 Materials

FmocL-tranexamic acid and DOT&i(tBu ester) were purchased from Chem
Impex International Inc. Solvents like DCM, MeCN, THF,&tDMF, ethanol and
methanol were supplied from Merck. EtOAc, hexane and DCM were purchased as
technical grade and dried with magnesium sulphate in distillation system.
Pd(dppf)Ct, Pd(PPB)CI2, Phenyl boronic acid,-€N-phenyl boronic acid, ANO>-

phenyl boonic acid, 3NH2-phenyl boronic acid pinacol esterQH-phenyl boronic

acid pinacol ester,-®Me-phenyl boronic acid, NH2-phenyl boronic acid pinacol

ester were purchased frontds Organics

Merck Silica gel 60 (0.068.20 mm) was purchased and pwafion of organic

molecules performed.

Reaction progress was monitored via TLC plates and were purchased from Merck.
Silica gel TLC plates, in which contain F254 fluorescent indicator enabled the

visualization at 254 nm.
FT-IR measurements were appliea@ ihermo Scientific Nicolet is 10 instruments.

LC/MSD was performed in positive and negative mode*(ES) in scan speed of
10400 Da/svith Agilent G6125B

HRMS analysis was performed in positive and negative mod&[ES$ in the range
of 507 1000 Da(ESFTOFRMS) with Waters SYNAPT G1 MS

Fluorescenceneasurementsere done wittSpectraMax® Paradigm ®MuliMode

Microplate Reader (Molecular Devices).
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3.3.2 Experimental

3.3.2.1 Synthesis of diodo-L -phenyl alanine (1)

O The product was synthesized based on literatitle
oH Slight modifications***” 4.00 g (24.2 mmol) of L
NH, phenylalanine was dissolved in 22_rof acetic and 2.9

mL sulphuric acid. The mixture was heated to °Q0
Once, startingg fully dissolved, 2.49 (9.68 mmol)jodine was added. After addition
of 0.95 g(4.84 mmol)sodiumiodate, the mixture was allowed to stir at the same
temperature overnight. The reactionswaft one hour more, after the addition of
0.19 g(0.87 mmol) ofsodium periodate, resulting in pinkrange colour. Mixture
was condensed under vacuum and diluted with@Dnl water. The aqueous layer
was extracted with DCM (50 Imx 5) to remove any reamning iodine. Water phase
was then neutralized, and precipitation was filtered. Pink crude product was
observed, crystallized in Ethanol: Water (1:1) and obtained 3.2D@n{imol, 45%)
as a white solid.

IH NMR (D20+NaOH, 400 MHz):d ( p p m) J=77.9 512 2H), 6.85 (d =
7.9 Hz, 2H), 3.28 (1) = 6.6 Hz, 1H), 2.73 (dd] = 13.5 5.6 Hz, 1H), 2.61 (dd,
=13.6 7.3Hz, 1H).

3.3.2.2 Synthesis of Fmoed-iodo-L -phenyl alanine (2)

0]

Based on literaturavith slight modificationg?® 1.00
/©/:NHJ\8H grams (0.8 mmol) of 4-iodo-Lphenylalanine was
! i dissolved in60 mL of waterand60 mL of acetonitrile,

at room temperatureOnce, startingnaterial isfully

0.0 dissolved,1.12 g (3.31 mmol) FmocOsuwas added.

After addition of 0.90 g (4.8 mmol) sodium
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bicarbonate the mixture was allowed to stir at the same temperature overnight.
Mixture was condensed under vacyunashed with 1 M HCIThe aqueous layer
was extracted witlEthyl acetat€50 nmL x 5). Organicphase wasondensed under
rotary to yield whiteyellow product. The product purified vigColumn
Chromatography. (RD.5,DCM: MeOH: AcOH, 97:2:1)

IH NMR (d6-DMSO, 400 MHz): i ( p7@on(,J = 7.5, 2H), 7.74 (dd) = 8.6,
2.4 Hz,1H), 7.697.59 (m,4H), 7.41 (td,J = 7.4, 2.6 Hz, 2H), 7.38.25 (m,2H),
7.09 (d,J = 8.2 Hz,2H), 4.254.09 (m,4H), 3.05 (dd,J = 13.8, 4.3 Hz, 1H), 2.82
(dd,J = 13.7, 10.6 Hz, 1H)

3.3.2.3 Synthesis of 4OMe-L -biphenylalanine (4).

o) Based on théiteraturé?®, 565 mg (5.11 mmol, 5
O OH eq.) KCOsz was dissolved irisopropyl alcohol
O NH; and water (1:1, 0.05 M) and heated td8under
MeO N2 atmosphere. After the addition of 200 mg0(1.
mmol) 4iodo-L-phenyl alanine, DMe-phenyl boronic acid (1.2 eq.), and 39ng
(10 mmoko) o f-Bis[dipherdylNhosphino)ferrocene]dichloropalladium(ll), the
reaction wastirredovernight under flow of inert atmosphere. Isopropyl alcohol was
evaporatedandagueouphase was extracted with DCM (1.m5). Thenaqueous
phase was$yophilisedto give brown crude producbntainingboth the product and
potassium salt. Analytical HPLC spectra of the product recorded on a Dionex
UltiMate 3000HPLC system (Sunnyvale, CA, USA) equipped with HYPERSIL
GOLD Cl18columadi mensi ons 200 I 2.1 mm, particle ¢
v (Thermo,Waltham, Massachusetts, U.S.A) and ROpjection loop. The product
was eluted in acetonitrile containing 0.08% TFA (v/v) and water containing 0.1%
TFA (v/v) gradient (5100%, 1i 35 min., flow 0.5 mL/min). Preparative HPLC of
peptides was performed @nDionex UltiMate 3000 Hplc system (Sunnyvale, CA,
USA) equipped with a senpreparative Thermo Scientific Hypersil Gold C18
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coumndi mensions 250 I 10 mm, particl e
U.S.A) and 2 rh injection loop. The crude was dissolviedMilli Q -Acetonitrile
(3:1). A linear gradient of acetonitrile and water containing 0.08 % TFA and)
0.1% (v/v) respectively (280%, 1- 70 min.) and a flow of 2.0 mL/min were used.
(tr: 13.6)Mass spectrometry[M+H] * (calculated272.1, observed272.9.

3.3.2.4  Synthesis of diodo-tert-Butyloxycarbonyl-phenyl alanine (6).

O The molecule was synthesized based on the literature with
/O/\HJ\OH slight modifications?20.28 g (6.87 mmol, 1 eq.) NaOH was
| HN\fO dissolved in 30 o water and 90 in THF was added. Into

O\K the mixture, 2009 (6.87 mmol) 4odo-L-phenyalanine was

added and waited until fully sisolved. Thaeaction flask
was bubbled with Bigas and capped. Then9IiL (8.2 mmol, 1.2 eqJi-tert-butyl
decarbonate was added dnope The reaction wastirred at room temperature
overnight under inert atmosphere. The reaction wasitored bythin layer
chromatography andinhydrin test. After completion, THRwvas evaporated under
vacuum. Aqueous phase was neutralized with satuamgdonium chloride and
extracted withethyl acetate(x5). Organic phase was dried over MgSiOllowed by
filtration and evaporation to get oily product. Then, 50 hexane was added and

condensed via rotagvaparatoto get 2.25 g (5.7 mmol 486) white crude product.
(DCM: MeOH: AcOH, 97:2:1 Rf: 0.25)

IH NMR (d6-DMSO, 400 MHz):4 ( p p m) J=7.8 B9 2HJ, 8.03¢, J=7.9
H, 2H), 4.084.04 (m, 1H), 3.05 (dd] = 14.6, 4.3 Hz, 1H), 2.80 (dd,= 13.6, 8.9
Hz, 1H) 1.32 (s, 9H)
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3.3.2.5 General Procedure for SynthesizingBoc ProtectedBiphenylalanine

Derivatives via SuzukiMiyaura Coupling (7a-79)

Based on thditerature, 11 g (5.1 mmol, 5 eq.) ¥Qs was dissolved insopropyl

alcohol and water (1:1, 20 eq.) and heated tdGB0nder N atmosphere. After the

addition of0.4 g(1.02 mmol) tert-Butyloxycarbonyliodo-phenylalanine, Boronic

acid (1.2 eq.) and 10% mo | -[ 1, 1N;j
Bis(diphenylphosphino)ferrocene]dichloropalladium(ll) or
Bis(triphenylphosphine)palladium(ll) dichloridéhe reaction wastirred overnight

under flow of inert atmosphere. Isopropyl alcohol was evaporated, and agueous
phase was acidified tpH 5 with saturatedammonium chloride solution. Then,

ageous phase was extracted wetthyl acetate(x5), dried with Magnesium Sulphate,

fillered and evaporated to give brownish crude product9(rR® yield, 99%

conversion). Continued to the next step withauwt purification.

3.3.2.5.1 Synthesis oftBoc-L -biphenylalanine (7a)

The compound was prepared according to the general
procedure and purified with silica column
chromatography to achieve browrack product (9%
yield). (Petroleum etheEthyl Acetate, 6:2% AcOH,

Rf: 0.42)

IH NMR (d6-DMSO, 400 MHz): i ( p7@en(d,J = 17.3 Hz, 3H), 7.59 (d] =
7.5 Hz, 2H), 7.547.33 (m, 5H), 4.08 (qJ = 7.1 Hz, 1H), 3.20 (dd, 1H), 2.98 (dd,
1H), 1.37 (s, 9H).
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3.3.2.5.2 Synthesis oftBoc-4-CN-L -biphenylalanine (7b)

o} The compound was prepared according to the

)

O OH general procedure and purified with silicalumn
HN\( chromatography to achieve brown product%®0

NC l O\K yield). (DCM: MeOH: AcOH, 97:2.1, Rf: 6)

IH NMR (CDCl3, 400 MHz):ti  ( p p m) J=B.2 18202 H).751 (d,J = 8.1 Hz,
2H), 7.38 (d,J = 7.6 Hz, 2H), 7.20 (d] = 7.5 Hz, 2H), 4.531.28 (m, 1H) 3.16 (dd,
J=13.8, 1H), 2.97 (dd] = 15.32,1H), 1.29 (s, 9H)

3.3.2.5.3 Synthesis oftBoc-4-NO2-biphenylalanine (7c)
0 The compound was prepared according to the
chromatography to achieve yellow product ¥86

O,N O O\K yield). (Petroleum etherEthyl Acetate, 6:22%
AcOH, Rf: 0.31)

O OH general procedure and purified with silicalumn
"y

IH NMR (d6-DMSO, 400 MHz): i ( p8R9r(),J = 8.7Hz, 2H),7.94 (d,J=8.6
Hz, 2H), 7.71 (d,J = 7.8 Hz, 2H), 7.40 (dJ = 8.1 Hz, 2H), 4.03 (g] = 7.1 Hz, 1H),
3.12 (dd,J = 13.4,3.2 Hz,1H), 2.92 (dd,J = 9.4 Hz,3.1 Hz,1H), 1.32 (s, 9H).

3.3.2.5.4 Synthesis oftBoc-3-AcNH-L -biphenylalanine (7d)

The compound was prepared according to the general
procedure and purified with silica column
chromatography to achieve brown prod{@@ yield).
(DCM: MeOH: AcOH, 97:2:1, Rf: 0.34)
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IH NMR (d6-DMSO, 400 MHz):ti (ppm) 10. 04 ( s ;7.43(h,)
4H), 7.407.26 (m, 3H), 4.03 (g] = 7.1 Hz, 1H), 3.06 (dd] = 11.73,3.30 Hz1H),
2.87 (dd,J = 11.40,3.78 Hz1H), 1.34 (s, 9H).

3.3.2.5.5 Synthesis oftBoc-4-OH-L -biphenylalanine (7e)

The compound was prepared according to the
general procedure and purified with silicalumn
chromatography to achieve brown product%87
yield). (DCM: MeOH: AcOH, 97:2:1, Rf: 0.11)

IH NMR (d6-DMSO, 400 MHz): Ui ( pP@Ir3,
1H), 7.47 (tJ = 8.9 Hz, 4H)7.27 (d,J = 8.0 Hz, 2H), 7.09 (dJ = 7.96, 1H), 6.83
(d,J=8.4 Hz, 2H)4.14-4.07(m, 1H), 301 (dd,J = 10.97,1.3 Hz,1H), 2.85 (dd,]
=12.51,2.7 Hz,1H), 1.32 (s, 9H).

3.3.2.5.6 Synthesis oftBoc-4-OMe-L -biphenylalanine (7f)

The compound was prepared according to the
general procedure and purified with silica
column chromatography to achieve brown
product (2% vyield). (DCM: MeOH: AcOH,
97:2:1, Rf: 0.33)

IH NMR (d6-DMSO, 400 MHz):i ( pp m) 7, .7.897dJE M02 HB, BH),
7.00 (d,J = 6.45 Hz, 2H), 4.2-4.04(m, 1H), 3.79 (s, 3H)3.05 (dd,) = 14.1,2.4 Hz,
1H), 2.85 (dd,J = 12.1,2.2 Hz 1H), 1.32 (s, 9H)

124

7.

8 7

‘N



3.3.2.5.7 Synthesis oftBoc-4-AcNH-L -biphenylalanine (79g)

0 The compound was prepared according to the

O OH general procedure and purified with silica
HN\( column chromatography to achieve brown

LA
)J\N O\K product (886 yield). (DCM: MeOH: AcOH,

97:2:1, Rf:0.10)

IH NMR (d6-DMSO, 400 MHz): U ( p1p.07)(s, 1H), 7.7%.56 (m, 8H), 7.35
(d,J=7.7 Hz, H), 4154.05(m, 1H),3.12 (dd,J = 13.8, 4.9 Hz, 1H), 2.93 (dd,=
9.5, 3.7 Hz, 1H), 1.39 (s, 9H).

3.3.2.6  Synthesis of Fmoc Protecte®iphenylalanines from Boc protected

Derivatives. (8a80)

Derivative oftBoc protectedbiphenylalaninevas dissolved in dry DCM at TC.
Then, into this solutionTFA (12 eq.) was added astrredfor 3 hours. Solvent was
evaporated under reduced pressure, drieddigtihyl ether. The residue was diluted
with water (L0 mL) andacetonitrile(5mL), thensodiumbicarbonate (3.18 eq.) was
added to have final pH between87 FmocOSu (1.2 eq.) was dissolved in
acetonitrile(5 mL) and added into the reaction mixture drop by drop witmifute
intervals. Reaction was thestirred ovemight. Acetonitrile was evaporated and
agueous phase was acidified to pH 3 wittl HCI, then extracted witkthyl acetate

5 times. Organic phase dried oveagnesiurnsulphate, filtered, and dripaded on

a silica gelcolumnto purify with silica column citomatography.
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3.3.2.6.1 Synthesis of Fmoed.-biphenylalanine (8a)

o} The compound was prepared according to the

OH general procedure and purified with silicalumn

HNYO chromatography to achieve white product (28%
o yield). (DCM: MeOH: AcOH, 97: 2: 1, Rf: 0.44)

Q.O 'H NMR (d6-DMSO, 400 MHz):t (ppm) 7.88 (d,

J=7.6 Hz, 2H), 7.81 (dJ = 8.5 Hz, 1 H), 7.70
7.53 (m,5H), 7.567.23 (m, 9H)4.347 4.17(m, J = 13.4, 7.3 Hz, #), 3.13 (ddJ
=13.8, 4 Hz, 1 H), 2.92 (dd,= 13.8, 10.7 Hz, 1 H)

3.3.2.6.2 Synthesis of Fmoe4-CN-L -biphenylalanine (8b)

The compound was prepared according to the
general procedure and purified with silica
column chromatography to achieve white
product (1646 yield). (DCM: MeOH: AcOH,

97: 2: 1, Rf: 0.29)

Q O 'H NMR (d6-DMSO, 400 MHz): 4 ( p p m)

7.927.77 (m, 7TH), 7.77.61 (m, 4B, 7.41 (tJ= 7.5 Hz, 4H), 7.28 (dt) = 14.7, 7.4
Hz, 2H), 4.284.11 (m, 4H), 3.16 (dd] = 13.9 Hz, 4.3 Hz, 1H), 2.93 (dd= 13.8,
10.7 Hz, 1H)

13C NMR (DMSO, 100 MHz): i ( ppm) 173.2, 155.9, 144.3,
136.2, 132.7, 129.9, 127.5, 127127.0, 126.8, 125.2, 120.0, 118.8, 109.7, 65.5,
55.3, 46.5, 36.0

HRMS Csz1H24N204[M-H]" calculated: 487.136 [M -H] observed: 487.1/.
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3.3.2.6.3 Synthesis of Fmoed-NO2-L -biphenylalanine (8c)

0 The compound was prepared according to
OH the general procedure and purified with silica
HN\(O column chromatography to achieve white

product (286 yield). (DCM: MeOH: AcOH,

(0]
Q.O 97:2:1, Rf: 0.3)
IH NMR (d6-DMSO, 400 MHz): 4 ( p p m)

8.28 (d,J=8.5 Hz, 2 H), 8.0F.79 (m, 4H), 7.787.61 (m, 4 H), 7.56.18 (m,7H),
4.304.06 (M, 4H), 3.17 (dd} = 13.7, 4.3 Hz, 1H), 2.94 (dd= 13.8, 10.8 Hz, 1H)

O,N

13C NMR (d6-DMSO, 100 MHz):i  ( plip3rb)156.3, 146.8, 146.7, 144.0, 141.0,
139.5, 136.1, 130.3, 127.9, 12787.4, 125.6, 124.4, 120148.2, 117.865.9,
55.6, 46.8, 36.4

HRMS CzoH24N20s [M-H] calculated: 507.1% [M-H] observed: 508578

3.3.2.6.4 Synthesis of Fmoe3-AcNH-L -biphenylalanine (8d)

0 The compound was prepared according to the
OH general procedure and piied with silicacolumn
HN\fo chromatography to achieve white product %20

yield). (DCM: MeOH: AcOH, 97: 2: 1, Rf:0.1)

(0]
HN O
A Q.O IH NMR (d6DMSO, 400 MHz):i ( ppm) 10. O -

(s, 1H), 7.88 (qJ = 4.9 Hz, 3H), 7.76 (dJ = 8.4
Hz, 1H), 7.727.61 (m, 2H), 7.56.47 (m, 3H), 7.45.22 (m, 8H), 4.12.28 (m,
4H), 3.13 (ddJ = 14.1, 4.2 Hz, 1H), 2.92 (dd,= 13.8, 10.4 Hz, 1H)

13C NMR (d6-DMSO, 100 MHz): 173.1, 168.7156.2,1440, 141.0,140.7,140.1,
138.5, 130.0, 129.5,2¥.9, 127.3, 126.6, 125.5, 121.5, 120.3, 118.2, 1784,
65.8, 55.8, 46.9, 36.4
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HRMS Cz2H28N20s [M+H]" calculated: 521.282 [M+H]* observed: 521.276.

3.3.2.6.5 Synthesis of Fmoed-OH-L -biphenylalanine (8e)

o} The compound was prepared according to the

OH general procedure and purified with silica
HN\fO column chromatography to achieve white
product (136 yield). (DCM: MeOH: AcOH,

o}
Q.O 97:2: 1, Rf: 0.21)
'H NMR (d6-DMSO, 400 MHz): 4 ( p p m)

9.56 (s, 1H), 7.97.85 (m, 3H), B2-7.62(m, 3H), 7.567.19 (m,9H), 6.82 (d,J =
8.2 Hz, 1H), 4.381.08 (m, 4H), 3.10 (dd] =13.9,3.5Hz, 1H), 296-2.83(m, 1H)

13C NMR (d6-DMSO, 100 MHz):Ui  ( p p 18)156.9, 7589, 143.9,143.7, 142.5,
140.6, 130.7, 1295, 128.8,1275, 1270, 125.6, 125.3, 128, 1200, 115.6, 655,
466,30.3, 8.9

HRMS CzoH2sNOs [M-H]" calculated: 478.133 [M -H] observed: 478.148.

3.3.2.6.6 Synthesis of Fmoe4d-OMe-L -biphenylalanine (8f)

¢} The compound was prepared according to

OH the general procedure and purified with

HN\I//O silica column chromatography to achieve
© white product (4% yield). (DCM: MeOH:

Q.O AcOH, 97: 2: 1, Rf: 0.40)

IH NMR (d6-DMSO, 400 MHz): i ( p p m) J=77.5 BB 2HJ, 4697.47 (m,
6H), 7.33 (M, 6H), 7.4%.24 (d,J = 8.4 Hz, 2H), 4.251.10 (m, 4H), 3.78 (s, 3H),
3.12 (dd,J = 13.8,2.35 Hz1H), 2.90 (dd,) = 13.9,10.4 Hz1H)
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13C NMR (d6-DMSO, 100 MHz): ti (ppm) 159.0, 156.2, 144.1, 141.0, 138.1, 137.0,
1327, 130.0, 127.9, 127.8, 127.3, 126.2, 125.6, 120.3, 114.6, 65.9, 56.0, 55,4, 46.9
29.3.

HRMS [M+H]* calculated: 494.128 [M+H]* observed: 4944977.

3.3.2.6.7 Synthesis of Fmoe4d-AcNH-L -biphenylalanine (89)

0o The compound was prepared according to

O OH the general procedure and purified with

0 O HN\I//O silica column chromatography to achieve
)J\H © white product (40% yield). (DCM: MeOH:

Q.O AcOH, 97: 2: 1, Rf: 0.12)

IH NMR (d6DMSO, 400 MHz): i ( ppm) 10. 02J=7.6Hz,2HH) , 7. 8
7.76 (d,J=8.5 Hz, 1H), 7.760.51 (m, 8H), 7.45.23 (m, 5H), 4.1@4.30 (m, 4H),
3.12 (dd,J = 14.1, 4.4 Hz, 1H), 2.91 (dd,= 13.8, 10.6 Hz, 1H)

13C NMR (d6-DMSO, 100 MHz):i  ( plp3mB)L72.7, 168.3, 155.9, 143.7, 140.6,
138.9, 138.1, 137.0, 134.8, 130129.64, 127.5, 127.0, 126.6, 125.9, 125.2, 120.0,
119.3, 73.5, 65.5, 55.4, 46.5

HRMS [M-H]  calculated: 519.998[M-H] observed: 519.19.
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3.3.2.7  Synthesis of 2Ac-NH-phenyl boronic acid pinecol ester (9a)

EC,: Mixture was bubbled with i\ and capped. Then, 1.2 eq..8¢
©/ O along with 1.2 eq. dry pyridine was added and the reaction was

stirredunder N for 30 minutes. Solvent was evaporated under

/@ 3-Amino phenyl boronic acid was dissolved in 0.04 eq. DCM.

HN.__O
vacuum and dried with diethyl ether to get white crude product.

CHs (100% yield) (DCM: MeOH: AcOH, 97: 2: 1, Rf: 0.66)

IH NMR (d6-DMSO, 400 MHz):ti (ppm) 10.01 (s, aH), 7.96
7.2, 2.0 Hz, 1H), 7.37 (d,= 8.0 Hz, 2H), 2.09 (d] = 1.5 Hz, 3H), 1.35 (s, 12H)

, Z):u ppm . , . , - :
13C NMR (d6-DMSO, 100 MHz):4  ( ) 168. 8 139. 2 129. 2
83.9, 25.0, 24.2

HRMS [M+H]" calculated: 262.18 [M+H]" observed: 262.161.

3.3.2.8 Synthesis of 4Ac-NH-phenyl boronic acid pinacol ester (9b)

|

4-Amino phenyl boronic acid was dissolved in 0.04
eg. DCM. Mixture was bubbled withNand capped.

B\
o)
j\ /©/ Then, 1.2 eq. A©, along with 1.2 eq. dry pyridine
HyC ” was added and the reaction vstisredunder N for 30

minutes. Solvent was evaporated under vacuum and dried with diethyl ether to get
white crude produc{100% yield,DCM: MeOH: AcOH, 97: 2: 1

IH NMR (CDCL 3, 400 MHz):i ( p p m) J=78.1628l), 7(48 (dJ = 8.0 Hz,
2H), 2.09 (s, 3H), 1.26 (s, 12H)
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3.3.2.9  Synthesis and Purification of PSMA Peptides

3.3.2.9.1 Materials

All amino acids, O-(7-azabenzotriazel-yl)-N,N,N'N-tetramethyluronium
hexafluorophosphate (HATU);@H-benzotriazoll-yl)-1,1,3,3tetramethyluronium
hexafluorophosphate (HBTU), WANG resin (1.16 mmol/g), rink amide MBHA
resin (0.48 mmol/gram, 100 200 mesh) were purchased from Chenpex
International (Wod Dale, IL, USA).tBu-Glu(tBU)-ureaLys(Mtt)-wang resin was
purchased from Pegieam @Ankara, Turkey).Trifluoro acetic acid (TFA), isopropy!
silane (TIS) and piperidine were acquired from Acros (Beijing, China). -Killi
water (18. 2 MY)urifying distillecowatarivia Miliporb simplicity
185 purification system (Darmstadt, Germany).

3.3.2.9.2 General Peptide synthesis

All the peptides were synthesized via manual Fased soligphase peptide
synthesis (SPPS under atmospheric conditions at teorperature. Manuel SPPS
was carried out in a glagstted reaction vessel. Resin was swollen in DMF for an
hour before synthesis. Then the resin was washed with DCM three times. MTT was
cleaved with 0.8% TFA in DCM10x) for 30 minutes. All the artificleamino acids

were coupled after that, with coupling reagent HBTU and switched to HATU in case
of coupling errors. Couplings were conducted with 3.0 eq. of artificial amino acids
(fmoc-L-biphenylalaninederivatives) and 5.0 equivalents of fmimanexamicacid

and DOTA, 2.90 or 4.90 eq. of coupling reag@tBTU or HATU), 6 equivalents

of N, N-diisopropylethylamine (DIPEA) in dimethylformamide (DMF). Cleavage of
fmoc was achieved with 5Ilosolution of 20% piperidine in DMF (10 min2 ) for

0.5 gram of ras. The progress of Fmoc cleavage and the couplings was checked
with a Kaiser test at 110 °C. To block the remaining free amine groups after amino

acid coupling, MNerminal of peptides were capped with solution of
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DMF/Ac20/Pyridine (10:1:1, v/viv) for 5 mutes. After each step, the resin was
washed using excess DMF. After peptide elongation was complete, peptidyl resin
was washed with DMFx@), DCM (x3), MeOH (x3) and E#O (x3) after which it

was airdried for at least 2 h. Cleavage of the peptide fremesin was achieved by
suspending the resin in a mixture of trifluoroacetic acid (TFA) /Triisopropylsilane
(TIS)/H20 (95: 2.5: 2.5 ratio, v/v/v) for 4 hours at room temperature. Free peptides
were separated from the resin by filtration and the resinfwéser washed with

TFA. Collected filtrate was precipitated in cold diethyl ether and centrifuged. The
supernatant was removed, and diethyl ether was further added to repeat the washing
step up to three times. The precipitate waslaed to yield crde peptides. and
purified Purification by reversepghase HPLC, followed by lyophilization yielded
pure peptides as powders.

3.3.2.9.3 High-performance liquid chromatography (HPLC)

Analytical HPLC spectra of peptides were recorded on a Dionex UltiMate 3000 Hplc

systen (Sunnyvale, CA, USA) equipped withHlY PERSIL GOLD C18 column

di mensions 200 I 2.1 mm, p@hemmo,WWhitkamsi ze 1. 9
Massachusetts, U.S.And 20uL injection loop. Peptides were eluted in acetonitrile

containing 0.08% TFA (vlvand water containing 0.1% TFA (v/v) gradient -(5

100%, 1i 35 min., flow 0.5 mL/min).

Preparative HPLC of peptides was performed on a Dionex UltiMate 3000 Hplc

system (Sunnyvale, CA, USA) equipped with Luna C18 LC coldimrensions

250x10 mm,partid si ze 5 em, pore size 100 j (Phenon
U.S.A) and 2 nb injection loop. For elution of peptides, a linear gradient of

acetonitrile and water containing 0.08 % TFA (v/v)and 0,1% (v/v) respectively (15

40%, 1- 90 min.) and a flow ©2.0 mL/min were used.
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3.3.2.10 Binding Affinity of PSMA -617 Biphenylalanine Derivatives

The inhibitor activity of PSMA-617 derivativeswere evaluated wittABCAM
ab283384 PSMA Inhibitor Screening Kit (Cambridge, United Kingdom). 1 mM
from each peptide were prepared, then diluted two times to achieve 5 nm. Then, all
the samples were added according to kit procedure to have 0.5 nm as final
concentration. Theamples were incubated for 20 minutes a®@7After addition

of fluorescence probe mix, the samplealysedfor 90 minutes with kinetic loop
mode on in Fluorescence Microplate Readl&e activity and inhibition of peptides

were calculated as %Relatilréhibition and %Relative Activity.
% Relative Inhibition =i T T T HNART T T "M/ T T T [ Ax 100

% Relative Activity = T 1 1l #]/n 1 T 1Tl "H\R) x 100
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APPENDICES

A. Amino Acids and Their One- And Three- Letter Notations

Amino Acids with Positively Charged Side Chains

R H K
O__OH Oxy-OH
(@) OH
H,N N HaN
® Z “NH @
HNYNHQ Nﬂ NH3
NH,
Arginine Histidine Lysine
(Arg) (His) (Lys)

Amino Acids with Negatively Charged Side Chains

O _OH O~_OH
H,N HoN
O (0]
o~ O
(0]
O
Aspartic Acid Glutamic Acid
(Asp) (Glu)
Amino Acids with Polar Uncharged Side Chains
0:_0

Os_OH O« OH H

O~ __OH
HZNI HzNI/ HoN H,N
OH OH 07 “NH, ©
NH,
Serine Threonine Asparagine Glutamine
(Ser) (Thr) (Asn) (GIn)
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Amino Acids with Hydrophobic Side Chain

OIOH
HoN

Alanine
(Ala)

Oy _OH

HoN

Phenylalanine
(Phe)

Special Cases

O+ _OH

H,N
SH

Cysteine
(Cys)

O _OH O _OH O~_OH Os_OH
HzNj/H/ HzNj\;( HoN HoN
S
Valine Isoleucine Leucine |
(val) (lle) (Leu) Methionine
(Met)
Os_OH O+_OH
HoN HoN
7 "NH
OH
Tyrosine Tryptophan
(Tyr) (Trp)

OxOH Oj\;OH Os_OH
H2N H2N N H
SeH
Selenocysteine Glycine Proline
(Sec) (Gly) (Pro)
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B. HPLC and Mass Analysis of Peptides in Chapter 2

Table B.1 HRMS analysis of PEP.1

Peptide Name PEP1
Sequence FmMocGIGKFLKKAKKFGKAFVKILKK -NH2
Exact Mass 2,6976978

[M+ 2H]?* calculated | 13498489 [M+2H]?**observed | 1350.2971
[M+3H]3*calculated | 900.2326 [M+3H]3*observed 9005238
[M+4H]* calculated | 675.244 [M+4H]* observed 675.683
[M+5H]°* calculated | 540.895 [M+5H]>* observed 5407081

Retention Time 15.47

UV_VIS_1

WWVL:214 nm|

20.09.21 #238 [modified by user] 260422 pepl1_ALLPREP
2.500
|mAU
2 000 2-15477
1.500+
1.000+
500+
I .
J fil 15234
o T —
0 o e e B S Es e e e e L A S s e e e e e LA E s e
0,0 50 10,0 15,0 20,0 250

Figure B.1 RP-HPLC chromatogram of PER214 nm).
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x10 3 |+ES| Scan (rt: 0.090-0.355 min, 17 scans) Frag=150.0V Pepl 01.d

67563230
[M+4H]**

ad R40. 70812 500.52538
25 [M+5H]5 [M+3H]*

1.5+ 1350.29717
17508420 ‘ [M+2H]%*
L L

T | 1813.05638

2659.62194

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Counts vs. Mass-to-Charge (miz)

Figure B.2 HRMS result of PEP1

Table B.2 HRMS analysis of PEP2

2600 2800

Peptide Name PEP2

Sequence Ac- IKFQFHFD-NH2

Exact Mass 1,121.%58

[M+H]* calculated 1122.%58 [M+H]* observed

11225155

[M+2H]?* calculated 561.7829 [M+2H]2* observed

5617481

Retention Time 13.36

x10 & |+ES| Scan (rt: 0.110-0.242 min, 9 scans) Frag=150.0V Pep2 014

1.1

14
0.5
0.2

561.74814
[M+2H]?*

0.6
0.5
0.4
0.2
0.2

D-:}- 19702683 apgepse (072 || PP 50027548

1122 51551
[M+H]*

e

" 200 250 200 350 400 450 500 550 600 650 70D 750 200 850 500 950 1000 1050
Counts vs. Mass-to-Charge (m/z)

Figure B.3 HRMS result of PER.
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3.000 20.09.21 #209 [modified by user] 250422 PEP2_PREP_ALL35.9-37.6 Uv_VIS_1
{mAU WvL:214 nm
| 1-13,367
2.50[%_
2.00[%:
1.50[%:
1.000{
500—:
| 2-13.670
o T
'5007““I""I T I I""minl
0.0 50 10,0 15,0 200 250 30,0 35,1
Figure B.4 RP-HPLC chromatogram of PER® 214 nm
Table B.3 HRMS analysis of PEP3.
Peptide Name PEP3
Sequence Ac- IKYLSVN -NH:2
Exact Mass 8765069
[M+H]* calculated 877.5069 [M+H]* observed 877.4627
[M+2H]?* calculated 439.2534 [M+2H]?* observed 439.2228
Retention Time 15.12
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x10% |+ESI Scan (rt: 0.073-0.255 min, 12 scans) Frag=150.0V Pep 3.d

87746273
[M+H]*

18-
161
144
124

14
0.8-
0.6
0.4-
0.2-

[M+2H]%*
439.22280
o o || R

561.74860

746.39511

1025.35807
b

A
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Figure B.5 HRMS result of PEP3.
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Figure B.6 RP-HPLC chromatogram of PER214 nm)
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Table B4 HRMS analysis of PEP4

Peptide Name PEP4
Sequence Ac-RKKWFW-NH:
Exact Mass 990.5%52

[M+H]* calculated 991.5552 [M+H]* observed 991.5083

[M+2H]?*calculated | 496.2776 [M+2H]?* observed 496.2447

Retention Time 14.97

x10 € |+ESI| Scan (rt: 0.096-0.211 min, 14 scans) Frag=150.0v Pep 4.d

275 4396.24473

25 [M+2H]?*
2.25-
1754 991.50826

154 [M+H]*
1.254

0.75

0251 130.05626 JNBISE 43153072 B46.£0635 1047 56738
0 [ [ T L [T} | fon .y

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 S50 1000 1050 1100
Counts vs. Mass-to-Charge (m/'z)

Figure B.7 HRMS result of PEP4.
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2500
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] |
14,660
I e - .
'5007“"|""\""\“"\“"l"“\"'r‘nin
0.0 5,0 10,0 15,0 20,0 25,0 30,0 351
Figure B.8 RP-HPLC chromatogram of PER214 nm)
Table B5 HRMS analysis of PEP5.
Peptide Name PEP5
Sequence Naphthalend-FKK-OH
Exact Mass 736.39%8
[M+ H]* calculated 737.3948 [M+H]* observed 737.3533
[M+2H]?* calculated 369.1974 [M+2H]?* observed 369.1688
Retention Time 15.2
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x108
354

+ES| Scan (rt: 0.085-0.476 min, 24 scans) Frag=150.0v Pep 5.d

369.16286
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Figure B.9 HRMS result of PEPS5.
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Figure B.10RP-HPLC chromatogram of PER#& 214 nm
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C. NMR Spectra of Chapter 3
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Figure C.1*H NMR spectrum of 4odo-L-phenyl alaning2) in D20+NaOH.
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Figure C.2 *H NMR spectrum of Fmoed-iodo-L-phenyl alaning3) in d6-DMSO.
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TBOC-4-I0DO-L-PHENYL ALANINE
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Figure C.3 H NMR spectrum ofBoc-4-iodo-L-phenyl alaning6) in d6-DMSO.
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Figure C.4 *H NMR spectrum ofBoc-L-biphenylalaning7a)in d6-DMSO.
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TBOC-4-CN-L-BIPHENYL ALANINE
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Figure C.5'H NMR spectrum ofBoc-4-CN-L-biphenylalaning7b) in d6-DMSO.
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Figure C.6 'H NMR spectrum ofBoc-4-NO,-biphenylalaning7c)in d6-DMSO.
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TBOC-3-AC-NH-L-BIPHENYL ALANINE
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Figure C.7 *H NMR spectrum ofBoc-3-Ac-NH-biphenylalaning7d) in d6-
DMSO.
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Figure C.8 *H NMR spectrum ofBoc-4-OH-biphenylalaning7e) ind6-DMSO.
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TBOC-4-OME-L-BIPHENYL ALANINE
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Figure C.9 *H NMR spectrum ofBoc-4-OMe-biphenylalaning7f) in d6-DMSO.
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Figure C.10 1H NMR spectrum ofBoc-4-AcNH-biphenylalaning7g) in d6-
DMSO.
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Figure C.11'H NMR spectrum of Fmot.-biphenylalaning8a) in d6-DMSO.

Figure C.12H NMR spectrum of Fmet.-4-CN-biphenylalaning8b) in d6-
DMSO.
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