Investigating Potential Nane and Micro-Drug
Delivery Systems toward the Nofinvasive
Treatment of Glioblastoma Brain Tumours

KINANA HABRA

A thesis submitted in partial fulfilment of thequirements of Nottingham
Trent University for the degree of Doctor of Philosophy

June2023



Copyright statement

This work is the intellectual copyright of the author. You may copy up to five per cent of this work for
private study, opersonal, nortommercial research. Any reuse of the information contained within this
document should be fully referenced, quoting the author, title, university, degree level and pagination.
Queries or requests for any other use, or if a more substagiairequired, should be directed in the

first instance to the owner of the Intellectual Property Rights.



Abstract

Glioblastoma is one of the most aggressive and fatal brain tumours and is uncurable in most cases. The
complete removal of glioblastoma brain tumours (GBM) is impossible by surgery &espite
aggressive chemotherapy and radiotherapy treatments fojj@argery, tumour cells continue to grow,

leading to the death of patients within 15 months after diagnosis. The carnosine dipeptide is an attractive
option for treating GBM, with growing numbers of studies now demonstrating its tumour accessibility,
resuting in improved survival in prelinical GBM models. Several attempts at carnosine treatments
have been developed and tested in GBM patients, however, these trials have not progressed due to the
short lifetime of carnosine as a result of etszymaticdegadation in the preser of the naturally
occurring carnosinase enzyme in the brain. This project aims to investigpt#ential ofusingnanc

and micredrug delivery systems for nanvasive treatment of GBMor applying carnosine as a

complementaryhterapy.

Carnosine was successfully embedded within a carrier that can be externally triggered to release its full
oncological treatment potential of the dipeptide in situ. The drug delivery device was comprised of
novel nanerod-shaped superparamagnetniroxide nanoparticles4.86 x 19 x 11 nm) capped with

a branched polyethyleneimine, capable of loading carnosine. The therapeutic agent was released by the
drug delivery carrier in the presence of heat or a rotating magnetic field, as an externalTthiggew

drug delivery system was characterised using electron microscopy, dynamic light scattering, elemental
analysis, and magnetic resonance imaging (MRI) techniques. In addition, the cytotoxicity studies were
also investigated which enabldgak detemination of the safety margof applyingthecoatedron oxide
nanorodon U87 MGcells

To determine the effectiveness of the carnosine delivery systems as a treatment for gliobilhstoma,

coated iron oxide nanoroggere screeneit vitro using the U87 MG human glioblastoma astrocytoma

cell line. Labile carnosine (100 mM) was determinedugpsess the proliferation and mobility of U87

MG cells within 48 hours, significantly reducing migration and potential metastdmscytotoxicity

studies enabled calculating the half maximal inhibitory concentration (IC50)thadhalf maximal

effective concentration (EC50) of the carnosifiéie active carnosine was found to be fully released

from the carrier, with only mild hyperthermia c
in clinical applications, for both sustained and triggeredsaldreatment of glioblastoma brain tumours,

utilising the paramagnetic properties of iron oxide nanorods. This demonstrates the potential to inhibit

postsurgery metastasis with the benefit of Aiowasive monitoringria MRI scanning.

The controléd releaeof carnosine treatment watsoinspected by applying external trigger. Therefore,
the nanerod-shaped superparamagnetic iron oxide and dheosinewere encapsulated inside
poly(lacticcog! ycol i ¢ acid) beads (10 ¢ ffiowfoausingrsygtena hy dr c

and he formulation was characteriseddmanning and transmissietectron microscop{SEM, TEM)
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andFouriertransform infrared spectroscopy (). A nonheating rotating magnetic field (Halbach
magnet array, 1 Tesla, 20 Hz, 8tin) was utilised to stimulate the release of carnosine from the
polymeric bead®y rotating the nano rods from distanéelditional potentialtreatmentm intranasal
application was also investigateid a spray deviceThe microfluidic flow focusing syem was utilised

to encapsulate the carnosine therapeutic inside a liposan890 nm diameter) matrix with a stability
profile of 30 days. The sulmicroscale size of the liposomes and the mucoadhesive properties were
expected to enhance the nasal bidabdity of carnosine over a prolonged time. The liposomal
formulation was optimised to load the carnosine (75% w/w). The characterisation of the liposomes was
confirmedvia microscopic imagingdynamic light scatteringOLS), Liquid chromatographiymass
spectrometry (LC-MS), and Fouriertransform infrared spectroscopy (FIR). The stability and
sustained release profiles were investigated using physicochemical studies of membrane dialysis over
time. The carnosinaded liposomes were stable (30 days at®) a s-to-ase suspansign for
intranasal spray application. Overall, these results provide a promising optimised formula for
complementary carnosine treatment, which is recommended to be studiedin rat models in the

near future.

Spheroidsa complex &dimensional (3D) structure, resemintevivotumour growth more closely. As

part of this project, a protocol has been developed towards a rapid and high throughput method for the
generation of single spheroids using various cancer cell Im&ading different cancer cells (U87 MG,
SEBTA-027, SF188), prostate cancer cells (D465, TRAMRC1) and breast cancer cells {349,

Py230) in 96round bottom well plates. The proposed method was associated with significantly low
costs per plate withouhé need for refining or transferring. The homogeneous compact spheroid
morphology was evidenced within one day after following this new protocol. Proliferating cells, on the
surface of the spheroid, were traced using confocal microscopy amactlwyte® live cell analysis

system. In contrast, dead cells were found to be located inside the core region of the spheroid.
Hematoxylin and eosin (H&E) staining of spheroid sections was utilised to investigate the tightness of
the cell packaging. This method etebthe determination of the EC50 of the arathcer dipeptide
carnosine on a U87 MG 3D culture. This new protocol allows for the robust generation of various
uniform spheroids that show 3D morphological characteristics. As such, further studies will be
developed towards amm vivo animal model to demonstrate the potential clinical viability of this work

on various cancer types, such as brain and prostate tumours.
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observed trend of cell reacting was changing its morphology into spherical shape................ 59

Figure 18.TEM images of U87 ® cells section without any treatment. The image shows the
component of the control cell. The arrows refer to the expected organelles such as, Mitochondrion,
Golgi apparatus, Ribosomes, Nucleus, Rough endoplasmic reticulum................cccccuvveeeeeeen. 60

Figure 19 Proliferation of different cell densities per well were monitored on 3 technical triplicates
from untreated cells passage number (12). The plotssthe confluence ratio of U87 MG cells over

48 hours (4000 cell/well is the best density). Error bars represent the standard error of the mean (SEM)

Figure 20(A) The number of the adherent U87 MG cells after 18 hours has no significant difference
in comparable study on 6 technical replicates of cells with and without adding mitomycin C. (B) The
percentage of the viablel87 MG cells after 18 hours has no significant difference in comparable study
between 6 technical replicates of cells with and without adding mitomycin C. Error bars represent the
standard error of the Mean (SEM).........ooo e e e e aaa e 66

Figure 21Incucytélive cell system images analysis for U87 MG cells confluence phase reflect (A) The
effect of carnosine on the cells was not affected by using mitomcC (B) the difference between the
normal increase of proliferation for the cells and the effect of adding mitomycin C to stop the
proliferation. Phase confluence proves the continuous dividing for control cells. However, the cells
with mitomycin C stogsplitting and start dying naturally after 24 hours. (C) Images of the cells in
control sample and with mitomycin C at (1, 24, 48 hours). Error bars represent the standard error of
GKS YSIy o6{9a0® .44.QL.L.S. . 0LNE. I . . 040 .2Y.0......l 67

Figure 22Incucytélive cell system (x4) live spheroids images analysis shows the proliferation curves
of the confluence ratio of the U87 single spheroid upomgshe protocol steps. The blue graph of

the control showed the inability of the cells to convert the aggregates of cells into a spheroid without
using the washing solution. Whereas consistent single spheroid formation reproducibility was
achieved for thehree different wells when the protocol was followed. The experiment was repeated
on triplicate and the images show the difference between the shape of the aggregates and the
successful shape of the spheroid, (scale bar = 500 um). The series of imagethbejoaph show the
growth of the spheroids from days 1 to 7, (scale bar = 400.Mm)..........cccoeeviiiiimiieeeeniiiiiieeenn. 69

Figure 23 Incucyte® Liv€ell System show (a) A. The proliferation curves of individual U87 single
spheroids from individual locations in the-9&Il plate (C2, C3, D2, D3). The spheroid area decreased
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during the first day. Then, each spheroid grew over seven dayBhe instant adherence of the cells
when the step of washing was missed. C. Represent the cells in different wells as referred in well A.
The cells were gathered after washing with the atherence solution with a 9&ell roundbottom
standard growth grface for adherent cells (red code). (b) The U87 cells in theedibplate image

turned into spheroids in various horizontal and vertical in the center of each seeded well after one
RIFeX gAGK | &aAT S RA&GNROGUziA 2 ye figule showsahatrsphepoidg Y F 2 N.
were not randomly growing in different locations which reflects the reproducibility in all wellg0

Figure 24 Fluorescence cell Imaging (a) Incuéyisee-cell system (4x). Live spheroid images after 10
days. A. The confluence of the live U887 MG cells around the spheroid is shown by the phase image to
be distributed uniformly. B. The localisation bétdead cells in the center of the spheroid is shown by

the Cytotox red stain. C. The 3D localization of the live cells around the spheroid is shown by the phase
with a green channel filter image. D. The 3D shape of the dead/live cells in the same sjzh&mnoign

by the overlap of the red and green channels. E. The mask of the invasion area. (b) The live green cells
stained by CFSE, and the blue nucleus stained by DAPI are both shown located on the rim of the
spheroid in the confocal images. A & C. Thikdhade of the dead cells is shown by theabd 106

day spheroid images across the center. B & D. Thad 10day spheroid images of the proliferating

CellS aCrOSS the MM @r€@........ccoiiuiiieiiiiie ettt eesirneesssneeessnnnne e d L

Figure 25Cell tightness and interaction analysis of U87 MG spheroids H&E stain of spheroid cross
sections from (A) the core area, and (B) top rim area of 7 days spheroid generated from 400 oells. Scal
bar is 250 M fOr DOt IMAGES.........eiiiiiiiie e 72

Figure 26.Incucyt€live cell system (x10) Live cell images analysis shows (A) proliferation curves of
the confluence ratio of U87 MG cells upon carnosine exposure over 48 hours. Cells were treated with
different concentrations between 0 and 125 mM. (B) To prove the saneetedf carnosine on cell
proliferation, a supportive study was applied with delayed carnosine addition until 24 hours for 0, 100
and 125 mM. In both cases (A, B), the treatment effect started after 8 hours. An MTT cell viability assay
was conducted on thdJ87 MG cell line with different carnosine concentrations. (C) The UV
absorbance at different concentrations refers to (IC50 = 28.62 mM) and (IC90 = 79.43 mM). Error bars
represent SEM. The test was applied on the same six samples at the end point obltfexgtion

study. (D) The images of the critical carnosine concentrations are shown. Each image was displayed as
the phase of U87 MG cells upon carnosine exposure over 1 and 2 days. Error bars represent the
standard error of the mean (SEM). (Scale ba$s am /1 1.2.Y.0.c.occeevivvecvieeeeieceeeeeeeenen 14

Figure 27Incucyte® live cell system (x10) images show proliferation of U87 MG cells upon carnosine
exposure after 2zours. Cells were compared with and without treatment of 200 mM carnosine

concentration in the presence of CytoLight Rapid Dye foicklegreen labelling dye (200 nM) which
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crosses live cells membrane and emit green fluorescence. Each photo wasetisptaphase and
green channel without mask. A decrease in cells population appeared after 24 hours. However, the
cells with no morphology change are the daughters who stay alive. (Scale bars are 400.umj5

Figure 28Incucyt&live cell system (x10) images show cytotoxicity on U87 MG cells upon carnosine
exposure after 24 and 48 hours. Cells were treated with different carnosineentmations in the
presence of Cytotox Red dye (250 nM), which enters dead cells after losing the membrane and binds
to the DNA to emit red fluorescence. Each photo was displayed as a phase and as a red channel with
- 0fdzS YIFalae o0{.0LLS...0.LNE..LNEB. .LALZY. 0, 76

Figure 29.Incucyt€ live cell system (x10) live cell images analysis shows IC50/EC50 curves of the
AYKAOAGAZ2Y 2d atSHe fefiicencylLdfl BatndsheSinNkiliing the tumour cells. Upon
carnosine exposure at different concentrations (0, 50, 100, 125 mM) over 48 hours, IC50 is indicated
by the confluence phase ratio, while EC50 is the ratio of the Cytotox Red dye that datd cells.

The carnosine effect has three phases: No effect plateau, Cytostatic around EC50, and Cy#toxic.
Figure 30.(A) The matrix of relative wound density for 6 samples of each concentration (0, 50, 100,
150 uM respectively) over 2 days. (B) The effect of different carnosine concentrations added on U87
MG cells after 18 hoursf adherence when the scratch was applied. The scratch wound starts healing
by proliferation and migration. Cells were imaged in 96 well plate while growing in media with
different carnosine treatments using Incuc§tiee cell imaging system to take twoaps per well each

hour over 2 days. The phase confluence was analysed by the standard |ficaofgeare, and the
relative wound density was analysed by the integrated Incfayteind scratch software and plotted
against elapsed time in hours. 0 hour icates the cell density half hour after placing the plate in the
Incucytéd 1 £t OSttaQ GFINARFGA2ya Ay 3INRSOGK FNARASR | ¥
cell migration are available in the supplementary movies. (C) The statistical anathsisiormalised

wound density shows that the significant effect starts between 50 and 100 mM of carnosine on cell
density 16 per well. The statistical analysis shows a significant effect caused by carnosine (50 mM) at
a cell density of 10per well. Thestatistical significance level and indicated with (*) for p < 0.05, and
(FF5) FOF P < 0.000L 1 .. eeeeeeeeeeeeee et eetee e et et et et e eeee et et eteseee et et et s ee et et et e e ee et et ee e e e et eren e 78

Figure 31Phase images with ask shows the effect of different carnosine concentrations on U87 MG
cells wound healing by proliferation and migration. Cells were imaged in 96 well plate while growing
in media with different carnosine treatments using Incuéjiee cell imaging systemach 12 hours

(0] GZA 6 F= YA VPP PPPPP PP 79
Figure 329 FFSOU 2F OFNy2aiAyS O02yOSyiN}IGA2Y 2y 'yT1 a
ceasing their proliferation with mitomycin C. The software able to quantify the space that was

generated by the wound. Cells were imaged in a 96 well plate while growimgdia with different
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carnosine treatments using the Incuc$ftiwe cell imaging system to take two snaps per well each hour,

(A) during the first day, when the relative wound density was analysed by the integrated Irftucyte
wound scratch software and pted against the elapsed time in hours. After 18 hours of adherence,
the scratch was applied, then mitomycin C (10 ug/ mL). was added after an hour. The carnosine
treatment was applied at different concentrations and the plate was placed inside the Ie&deytce

to start the Ghour image after about half an hour. All variations in cell growth were initiated after
about 4 hours. (B) The statistical analysis of the normalised wound density shows a slight increase in
cell mobility caused by carnosine at al ansity of 18per well. Error bars represent the standard

error Of the MEaN (SEM)......coo e 80

Figure 33Effect of carnosine conceniiaA 2y 2y ! y1 abD OSftfaQ ¢2dzyR KSI f
(A) The same criteria as migration were applied to quantitatively address the effect of carnosine. (B)
The statistical analysis of the normalised wound density shows a significant effect bgussdosine

(50 mM) at a cell density of $per well. The statistical significance level and indicated with (*) for p

< 0.05, and (****) fOr P < 0.000L. ... eeeeeeeeerereeeeeeeeeeseseeeeeeseseseeeeeeseseseeeeeeses s eeeeeeeseeseeeeserereeen, 81

Figure 34.Incucyt® live cell system (x10) live cell images analysis shows IC50/EC50 curves of the
AYKAOAGARZ2Y 2F OSttaqQ LINRPEAFTSNIXrGA2Y YR GKS STTIJ
carnosine exposure at @ifrent concentrations (0, 50, 100, 125 mM) over 48 hours, the IC50 is
indicated by the relative wound density, while the EC50 is the wound width. The images and videos of
scratch wound healing by cell migration are available in the Supplementary Materials......... 82

Figure 35.Microscopic images show the difference of the cell morphology after the differentiation
treatment. A. after 48 howr and B. after 7 days. The differentiated cells are more elongated than the
mitotic cells. The scale DarisS 50 M. .......ooii e 83

Figure 36.Microscopic images (EVOS) show the live U87 MG tumour cells coloured in fluorescent
green after the treatment to differentiate them for 48 hours and a week. (Scale bars are 15@3M)
Figure 37 Microscopic images (Leica) with magnification x20 show the U87 MG tumour cells nucleus
coloured in blue DAPI after the treatment to differentiate th€for 48 hours and a week. The red

antibody maker for the differentiated cells appeared in the sample of the 7 days. (Scale bars are 150

Figure 38Flow cytometer peaks of life cycle for the mitotic (control) and differentiated U87 MG cell
line. The peaks showed the difference between both types in all stages G1, S, and G2. Significant
differences were evidenced in G1 and 8gsts. The test was performed on biological triplicate and

Error bars represent the standard error of mean (SEM)..........ccooviiiiiiiieiiiiiiiiiieeee e 85
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Figure 39.(A) ICPMS test was applied after finishing the MTT test (48 hours). Measuring the iron
concentration showed similar percentage of BPEI coated IONRs left in the wells of both mitotic and
differentiated UB7 MG..........oii it 86

Figure 40.LDH test on U887 MG cell line with various concentrations of BPEI coated IONRs after 48
K2dzNBE® b2 aA3ayAFAOIY(d RAFFSNBYOS s a 20aSNBSR
triplicate. Error bars represent the standard error of mean (SEM)...........cccociiiieeeiiiiiiiinnnnn. 86

Figure 41MTT cell viability assay on U87 MG cell line (A. mitotic vs. B. differentiated) with various
concentrations of BEl coated IONRs after 48 hours. No significant difference was observed in
individual triplicate. Error bars represent the standard error of mean (SEM)............cccccceeeeen. 87

Figure 42.MTT cell viability assay on U87 MG cell line (passages 14, 15, and 16) with varying
concentrations of BPEbated IONRs after 48 hours. No significant difference in the normalised UV
absorbance was observed in individitidplicate. Error bars represent the standard error of the mean
(SEM). The statistical significance level and indicated with (*) for p <.0.05.......c.cvvvviininnl 88

Figure 43LCMS assay for the released carnosine from dialysis membranes containing carnosine free

T

or loaded BPED2 i SR Lhbw&dX dzyRSNJ RAFFSNBY (i O2yRAUGAZY A&

carnosine had a linear trend of the releagercentage while the release ratio of carnosine from the
BPEcoated IONRs embedded carnosine was enhanced exponentially in all conditions. Mild
hyperthermia allowed the carnosine to be fully released after 3to 5 hours..............cccoeenenee 89

Figure 44MTT assay on U87 MG cell line with same carnosine concentration 25 mM for all plates and
different concentrations of BPEbated IONRs (A) carnosine loaded BPBEted IONRs and mixed for

5 min with the media (B) BRE&bated IONRs added to the solubleruasine in the media. In both cases,

mild hyperthermia was applied by changing the temperature of separate the incubator. Comparing
the controls shows the inefficiency of mild hyperthermia in killing cells because of the insignificant
difference between theontrols in all plates. The heat released the carnosine from the-&Rid

IONRs after 3to 5 h when it was bonded, while the effect was equal, without any significant difference,
when the nanorods existed in the same vicinity. Each treatment was regeat 6 samples, then the

T test was applied to address the significant changes. (C) Comparison of the repeatability of all controls
from (A, B). (Abs = absorbance at 570 nm). The statistical significance level and indicated with (*) for
P < 0.05, (%) FOID < 0.0Lur .ttt ee e et eee e eee e ee e et ee e 90

Figure 45.Incucyt& live cell system (x4) live spheroids images show the comparison between the

morphology and sizef single spheroids on day one and day seven after applying different doses of

OF Ny2aAyS UNBIGYSyidid ¢KS YAYAO|ISR &adzadlr AySR NBf

spheroid growth and tightness, and a significant difference was reported isepbaposure. The
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statistical significance level of phase exposure time of the spheroids on day seven was indicated with
(*) for p < 0.05, (**) for p < 0.01. (n=3) Error bars represent the standard error of the mean E8EM).

Figure 46.Incucyté®live cell system (x4) live spheroids images converted to graphs which show the

potential of using the protocol to obtain EC50 of carnoginanultiple points for drug delivery study

and in vitro sustained release profile. The EC50 of carnosine on monolayer cells was calculated for

SEVEI TAYS.. . etteeeeee et ettt e e e e e ettt e e e e e o bt e et e e e e e R e et e e e e e e e e et e e e e e e R e e et e e e e e r e e e e e e e e nnnes 92

Figure 471ncucytélive cell system (x4) live spheroids images show the potential of using the protocol

in chapter 5 paragraph 1.16 to obtain single spheroids from various celllines..................... 94
Figure 48 Dolomite micromixer hydrophilic or hydrophobic chifhe alcoholic mixture is the central

stream, while the water flows from iNPUtS 1 and.3.........cccccuviiriiiiiiiiiiieeeeeer e 100

Figure 49.Microscopic images showing the mixing patterns during the optimisation of the pump

pressure. The pressure of the continuous central flow increased from left to right while thefsiz

generated VENICIES AECIEASEM. .........ccooo i e e e e e e e e e e e e 100

Figure 50Microscopic images for liposomes before and after loading carnosine. (A & B) Optical, SEM,

and TEM imagewere compared between the characterisation of empty blank liposomes (blue) and

carnosineloaded liposomes (green). (C) The histograms show the hilistn of the liposome

RAIFIYSGUSNBR® ¢KS RAIFIYSUGUSNR 2F tALRaz2ySa y x pn

for the blank liposomes was 82.9 + 19.4 nm and 284.1 + 91.1 nm for the carhuesilesl liposomes.
The scale bar of TEM iMages = 100 MM.....cooiiiiiiiiieeee it ee s 102
Figure 51 TheDLShormalisedandcumulativeintensitydistributionof the blankandcarnosineloaded
liposomesTherepeatablity of the distribution for three individualbatchesof liposomess shownin

both. Thered curveisthe averagecumulativeintensity for three liposomalbatches................... 104

Figure 52 FFIR spectra for liposomes with carnosine, lipids as empty liposomes, and carnosine

crystals. The carnosindoaded liposomes displayed characteristic bending bands around 1600

cnP! attributed to the carnosine peptide DON.............ocvveviceeiieie e 104

Figure 53 Stability studies via DLS measurements at room temperature: hydrodynamic diameter and
polydspersity of carnosiroaded liposomes over 30 days. Every measurement for three individual

batches of liposomes was averaged after 60 readings from the DLS + SD, which were repeated over 3

IVUNMUEES ...ttt e e e e e et e e e e e et e e e e e e e et e e e e e e e et e e e e e e e e e e e e n s 105
Figure 54Membranedialysisexperimentover aweek. TheLGMSresultswere averagedo showthe
releasedcarnosinefrom three membranebags,includingcarnosineloadedliposomes.Many points
were measuredduringthe first 6 hoursof day 1. Then,a samplewasmeasureddaily until the end of

the week.Thegraduatereleasefrom the liposomesexposedo the mechanicatotation of amagnetic

18

gST



bar with 100 rpm stirring speedsis shown by the LCMS cumulative analysisfor the released
(o214 1[0 5] 1= TP P PP PP PPPRRPPI 107

Figure 55 The DLSresults of the normalisedintensity distribution of the liposomeswere at the
beginningof the study (blue peak) higher than after a week of releasingthe carnosinefrom the
liposomesthrough the membranedialysisbag (blackpeak).At the sametime, a magneticbar was

stirred at @ SPEEUOT LOOIPIM. ....uviiiiieeiiiiie it e e e e e e e e s r e e e e e e snnnnneeeas 108

Figure 56 Carnosine effect on red blood cells. The 2% sheep blood regstte suspension was
washed with PBC and centrifuged. Then, the blood erythrocyte suspension was added to cuvettes
containing carnosine concentrations free or loaded in liposomes (100, 200, and 400 mM) and cuvettes
containing positive control of distillegater (red) and negative control of saline buffer (transparent).
The resulting colour in each incubated and centrifuged mixture showed no cell membrane damage,
except in the DI Water SAMPIES....... ..o e e e e e e e e e e e e e e e e e 109

Figure 57 Comparison between applying water or liposomal solution using the original and modified
a!'5 blaltfu RSOAOSD® b2 AAIYATAOIY(d RATTaboMBY OS 4 3

Figure 58 Thef G SNI f @ASg 2F GKS Y2dzaS ylalrt OF@AadGe af
Y2RATASR a!5 blalfux RSGA OSacthd épitzeliins aea bfythe RaSalJ2 & A i A
OF @AGe O0GKS fSTG YyFINARAOP® ¢KS FTRYAYAAGSNAY3I 2F wmrs
dye in the respiratory epithelium and partially in the olfactory epithelium (the right ng@gpfter 5

minutes, the dye coloured the posterior twtbirds of the olfactory turbinates on the left side..111

Figure 59 MRI images of a seriesf water and various gadolinium solutions show the best
concentration of the gadolinium loaded inside liposomes and demonstrate a similar T1 coattast.

Figure 60(A) Ex vivo MRI images of the rat brain after intranasal application for gadotlfitimol/L
loadedliposomes using a pipette or the spray device. The location of injected gadolinium is shown by

white shades. The signal showed a decrease in intensity over time. (B) The MRI image shows the rat
head anatomy and the gadolinittnaded liposomes localised in the Nasoturbinates close to the

(o] 7= Tt (0] VAN £=To [ o] o FEU TP 113

Figure 61Microscopic images for PLGA beads after encapsulation and during evaporatiorl16

Figure 62 FFIR spectra for PVA, PLGA, empty beadsrhosine (with/without PLGA), and IONRs
(WITR/WITNOUL PLGA)..c ettt et e e et e e e e e e e e e e e e e e e e e e e eaaaeaaeaaaanns 116

Figure 63 Empty Beads, SEM images compare the characterisation of empty (0.1%, 1% PLGA beads)

and the uniform distribution of the water phase inside the beads. IONRs Beads, SEM images for IONRs
loaded 0.1% PLGA beadBIEmapping the blue colour of iron traces inside the red carbon colour of

the PLGA, and the iron peaks confirm the images. The histogram refers to a mean diameter size of 7.4
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distribution and the MS spectrum identifies the peaks of carnosine pattern. The histogram refers to a
YSIY RAFYSGSNI aAT S 2F mMmMdc 5 Tdn >YO /| NYy2aAyS«k
loaded 1% PLGA beads. The size of the beaglgshifts to 10 times larger than the previous beads.

Figure 64 Theeffect of a rotating Halbacharray on a suspensiorof nanorodsembeddedin agarose
(2%wl/v) overtime. Maskingthe darkareasshowedthe differencebeforeandafter 3 hoursof external
(gaF=Te 0 [T 1o £ £= 11 (o] o RO RPPP S PPPPPPPPPP 118
Figure 65 (A) Exvivo MRIimagesof the mice brainsinjected with IONRsThelocation of injected
beadsof IONRsor controls is shown by red circles.The colour codesthe signalintensity which is
proportionalto the valueof TZin ms. Thesignalis shownto decreasén intensityfor the 50 ppmand
25 ppm areascorfirming the presenceof a negative contrast agent which is expectedfrom the
magneticnanoparticles(B) Comparativecurvesof the control (left) and IONRdeads(right) showed
the dropin signalintensityasa function of echotime, with a steeperchangein the caseof free IONRs
g Yo [ToroN i TaTo T Bl g Lo T4 =Y G 1 LIRSS 119
Figure 66 Membranedialysisexperiment. (A) SEMimagesshowthe PLGAbeadsin the beginning
which had holesin the structure after a weekand becamecompletelyempty after a month. (B) The
LGMScumulativeanalysidor the releasedcarnosineshowsfasterreleasefrom the beadswhichwere
exposedo the highermechanicalotation................eeviiiiiiiiiie e 120
Figure 67 The DLSresultsof the normalisedintensity digtribution of the beadsover a week with
IffEreNt SHITING SPEEUS... ... ettt e e e e e e e e e e e e e e e e e annees 121

Figure 68 Thetemperaturefluctuationsfor applyingthe rotatingMFon __ watervs. __ PLGAeads.

Figure 69(A) Schematidllustrationfor the rotating magnetsystemdesignedor this application.The
arrowsindicatethe direction of the magneticfield which producesan intenseuniform magneticfield
within their centralair gap,and zerofield outside. (B)LGMSassayfor the normalisedconcentrations
of carnosineshowsthe advantageof usingthe hydrophobicchip (dark curveswith high load of
carnosine) and the hydrophilic chip (light curves with low load of carnosine)for the initial
emulsification(C)LGMSassayfor the normalisedconcentrationof carnosineshowsthe comparison
betweenaddingthe encapsulatedONRgo0 the carnosinebefore or after the initial emulsification.
Curveswith light coloursarefor beadsbeforethe applicationof the magneticfield andthe curveswith
dark coloursare for after the applicationof the magneticfield. Redspheresare carnosineand black

rodsare IONRsThedotted linesaretrend linesfitted to the experimentaldata........................... 123
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Figure 70ICPassayfor IONRs1ormalisedconcentrationsshowsthe comparisorbetweenaddingthe
encapsulatedONR4o the carnosineasseedsvs.beads.Thedecreasen the concentrationis because

of the attachmentwith the releasedcarnosineover time. Thedotted linesrefer to the trend lines.

Figure 71Zetapotentialmeasurementgor 15daysto comparethe freezefryingeffecton the stability
profile. (A) Freezedryingthe sampleinducedthe initial releaseof carnosinewhile (B)showsmultiple

wavesfor the releasedcarnosinebecauseof using vacuumoven. Thedotted linesrefer to the trend

Figure 72Carnosine affects mitochondrial functionality and slows down the proliferation of cells after
48 hours. (A) PC346FIul and (B) TRAMIPMTT doseesponse curve indicates that carnosine induces

cell death and slows down proliferation dedependently withan EC50 of ~100 mM after 48 hours in
oTo) i g o= |1 oT] (g i ) S 146

Figure 73 Incucyt€ live cell system (x10), live cell image as&\shows that carnosine affects the
mitochondrial functionality within hours for both PC346FIlul cells (A) and TRXMeéells (B).
Carnosine significantly inhibited the growth of each cell line in a dose and time dependent manner.
The maximum effect on pliferation was shown at carnosine concentration 300 rfike Incucyté

live cell imaging system was used to study the etesgendent effect of carnosine on proliferation.
PC346rlul and TRAMEL prostate cancer cells were cultured in the absence or presence of various
carnosine concentrations using a density of 3 X déliswell for PC346FIlul and 16ells/well for
TRAMPRCL1. Proliferation was observed on an hourly basis (Figure..73)........ccccccceeviiiinnnnnenn. 147

Figure 74 Incucyte® live cell system (x10), dead cell image analysis shows that carnosine increases
death of A) PC346Flul cells, B) TRAMRells. Carnosine significantly inhibited cell growth in a dose
and time dependent manner due to the relatively different growtties of the cells studied. The
higher the dose of carnosine the shorter the time required for cell death over 6 days for the human
cells and over 48 hours for the murine cells. The maximum effect was shown starting from carnosine
concentration 300 mM foPC346FIlul cells and 200 mM on TRABAR............cccceeviiiieeiiiinneenns 148

Figure 75Incucytélive cell system (x10) images show cytotoxicity upon carnosipesexe after 48

hours (A) PC346Flul cellB) TRAMIZC1 cells. Cells were treated with different carnosine
concentrations in the presence of Cytotox Red dye (250 nM), which enters dead cells after membrane
integrity is lost and binds to DNA to emit rédorescence. Each photo was displayed as a phase and
with a red mask for dead cells. Significant carnosine induced cell death was shown from a
O2yOSYyidNYGA2Y 2F wmnn Ya JdzZJLNRAT..{.QL.£.S. . 0l8NKE I NB
Figure 76 Incucyt&€live cell system (x10), dead/live cell images analysis shows IC50/EC50 curves of

the inhibition of cell proliferation and the efficiency of carnosine in kiltimg tumour cells.Upon
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carnosine exposure at different concentrations, ranging between 0 and 400 mM over 48 hours, the
IC50 is indicated by the confluence phase ratio. At the same time, EC50 is the ratio of the Cytotox Red

dye that enters dead cells. Tharaosine effect has three phases: no effect, cytostatic, and cytotoxic.

Figure 77 Carnosinelincucyté® images show the effect of sustained treatment using carnosine on
single spheroids in (A) PC346Flul and (B) TRAMEtlls. Carnosine was added every other day at
different concentrations ranging from 0 to 150 mM. The images were collected after severnTtiays
spheroid tightness was affected by carnosine concentration > 100 mM and a significant difference was
reported in the largest brightfield object area (UM2). The statistical significance level on day seven
indicated with (*) for p < 0.05, (**) for p&.01. Scale bars 500 UM. (NF3)...ceeevirirrirereeerrinnne. 151

Figure 78Seahorse flux analysis of cells treated with carnosine. (A) mitochondrial ATRjjwodate

data (basal and induced rates), (B) glycolysis ATP production rate data (basal and induced rates), (C)

total ATP production rate data (basal and induced rates), (D) induced rates average of ATP production.
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1.1 Cancer definition

Cancer is @rimary global health problem as considered by the World Health Organisation (WHO)
2005 (World Health Organisation, 2005). Cancer is responsible for a significant number of annual
deaths globally which needs an aatiplan towards controlling it (World Health Organisation, 2008
2013). The difficulty in the treatmenf this highly complex disease resulted from the characterisation
of its multi-forms (Hanahan and Weinberg, 2000he last published update classifioa for cancer
mechanisms incorporated the deregulated androgen metabolism by e(i#ytsiades et al., 2012he

ability to overcomehe immunosurveillancaefenceof the body(Carlo et al., 2009)and the instability

of cancer cells witliecognised increase in the number of chromosomi&ett(Dahiya et al., 1997)

This disease is generally associated with tissue chronic inflamm@fanos and Marzo, 2012)
Despite the remarkable efforts in categorising cancer, the treatmerd peogmosis is still associated

with various possibilitiegMason, 2009)A genomic study for 2000 breast cancer patients identified 10
multiple forms of the diseag€urtis et al., 2012)Immunostaining of tumours proves the characteristics

of the man and sukgroups of cell protein expressi{Broers et al., 1987 ancer heterogeneity extends
even to within the individual tumour by showing various-sab populations, that support the theory

of both clonal evolution and cancer stem c@llampbdl and Polyak, 2007)According to the follow

up oftheglobal action plan for the prevention and control of-communicable diseases 262320, a

wide range of managements are currently considered to prevent cancer no(adegsHealth
Organisation 2013). WHO updates guidelines and fact sheets about cancer, regularly. In 2018, this
disease was estimated to be the second fatatglobal disease, leading to one in six deaths (9.6
million). The most common types among both genders are lung and colorectal cancer (World Health
Organisation, 2021).

1.2 Glioblastoma

Glioblastoma multiforme (GBMis the mat malignant central nervous system tumour with prognosis

of 15 months after diagnosis. Its incidence increases with age and more common in men than women
(Kromer et al., 2017)Glioblastoma multiforme are mainly primary, however, secondary glioblastoma
multiforme may occur from lower grade gliomdBleeker, Molenaarand Leenstra, 2012)
Glioblastoma histology shows that GBM consists of highly differentiated and pleomorphic astrocytic
cells with high mitotic activity. Vascular proliferation and necsastist in some sections of the tumour
(Young et al., 2015)Glioblastoma multiforme wafsirther categorised in four subtypes by their gene
expression profiles: classical, mesenchymal, proneural and neural subtypes. These subtypes occur at

different rats; 22% classical, 32% mesenchymal, 32% proneuronal, and 14% neural. The classical
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subtype is identified by the loss of chromosome 7 and the amplificatigpidgérmal growth factor
receptor (EGFR) The nesenchymal subtype expresses the mesenchymal markers Ciitiiase
protein 1(YKL40) and hepatocyte growth factor receptor (MET). In addition, this subtype expresses
several genes in the tumour necrosis factor super family and nuclear factotighppbainenhancer

of activatedBcell(NeB) pat hways. The proneural subtype
of platelet derived growth factor receptor A (PDGFRAint mutations insocitrate dehydrogenase
1(IDH1), mutations in tumour protein 53 (TP5R)ss of heterozygosity, high expression of homeobox
protein Nkx2.2 (NKX2-2), and oligodendrocyte transcription factor 2 (OLIGR)e neural subtype is
defined according to the expression of neuron markers and potasdionide transporter member 5
(SLC12A5)(Verhaak et al., 20105BM has a wide range of mutations in gene expression which lose
the function by evading growth su@ssion. Metastasis is rarely seen in GBM; however, invasion is a
hallmark of the diseasHanahan and Weinberg, 20113BM cells downregulate connexin 43
(cnx43/GJA1L) protein which reduces their adherence and as a result increases their invasign capac
(Verhaak et al., 2010\5BM tumours develop many mechanisms to avoid immune destruction such as
the recruitment of immunosuppressive myeloid derived suppressor cells (MB&LCH)e expression

of immuneinhibitory checkpoint protein€abrilovich, 2017; Mosella et al., 2017)

1.3 Current techniques

Many approaches are now available to tackle glioblastoma brain tumousuaitiety of complexity.

Until 2015, the WHO had considered 30% of cancers as leungies(McGuire, 2016) Some notable
successes include the tuménitiating vaccination(Tay, 2012) in addition to the completely treatable
retinoblastomas through current theragiesnaras and Corson, 2018Beyond surgical intervention,

the tiaditional treatments include chemotherapy and radiothef@pyrncross et al., 2006Both
techniques introduce the patient to scheduled doses of cytotoxic drugs which commonly inhibit the
Deoxyribonucleic acidyNA) andRibonucleic acidRNA) synthesisandtranscription. However, the
death of the patient was faster than the reoccurrence of the tumour after numerous side effects in all
cases. The current canceetfpies are often combinational technigthest limit the chanceof the
tumour resistancéZhang et al., 2012)Over the last few decades, novel and promising cancer
treatments have been developed to implmththe detectionand prognosis of the diseas hese new
strategies include gendargetedand immunetherapy. The gene therapy example is the wilivscted
enzyme with an oncolytic virus. It results in the tumour cells expressing thergtiiotase enzyme
which produce a cytotoxic drug. The advantage is that only the infected cancerous cells are affected
by the cytotoxic drugHedley, Ogilvie and Springer, 2007Examplesof the targeted therapy to a
specific molecule through drugs or antibodies would be the tyr&Biase inhibitor which affects the
epidermal growth factor receptor, implicated in damages in the cell cycle of lung ¢Saesrers,

2004) and the hormone therapy treated the denial of andrd@éms Hedlund et al., 2008)Jsing the

immunotherapy drm of treatment activates the immune systdavaccination(MacDonald et al.,
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2020) Few vaccines are licensed for use such as Sipulduaelaccine against hormonefractory
prostate cancer which showptblongedsurvival in phase Il clinical trial(Kantoff et al., 201Q)Up

until now, vaccines only provide an extension of life, however, the potential is thereby investigating
better targets and strateg{@hou and Levitsky, 2012; Antonarakis and Drake, 2012)

Currently, the course of cancer treatment consists of surgical removal of the tumour followed by
traditional radiotherapy and chemotherapy. In spite of that aggressive multimodal course of regime, the
prognosis of the patients is nearly 15 mon{B8supp etal., 2005) In addition, corticosteroid
dexamethasone is used preoperatively to reduce the peritumoral swelling of the craniotomy which is
the pref eaweaekle i assu re(Eonte&tlal., 20&0; Contelet al., 2018hother method

for resedng GBM tumours is stereotactic ablation by laseluced thermal theragyon Tempelhoff,

Ulrich and Schwarzmaier, 2014; Bredlau et al., 2016; Linz et al., 2@E®blastoma multiforme is

highly resistant due to the infiltrative and diffuse naturehefcells which are observed after the surgery
(Holland, 2000) Postsurgery, Temozolomide (TM&)an be administered oral{ghang, Stevens and
Bradshaw, 2012) The body absorbs TMZ amdetabolisdt to produce the active corapent methy
diazonium. This cation methylates DNA at the O6 position of guanine towards a cytotoxic effect on
the brain cancer cells. Unfortunately, the lethal O6 guanine adducts may be repaired by methylguanine
DNA methyltransferase enzyn{&hang, Steves and Bradshaw, 2012 addition, several micro

RNAs are implicated in the resistance to TMZ chemothe(djpfuku et al., 2010) The other Federal

Drug Administration (FDARpproved treatment for GBM patients is Bevacizuf@hen et al., 2009)
Bevacizumab had little benefit when used in newly diagnosed pafkings 2014; Wen and Junck,
2014) However, it provides an alternative to corticosteroids for cerebddno. In 2011, the FDA
approved the Optune device which involves wearing scalp electrodes that apply alternating electric
fields. It affects the mitosis of tumour cells and showed to imptie@erogression in the number of
survived patients. However, thitechnique still requires improvements towards the curative target
(Hottinger, Pachec@and Stupp, 2016; Mittal et al., 2017)

1.4 Carnosine

Modern research and development to treat Glioblastoma will likely be in the multitude of treatment
modalities. Single therapyas beerineffectiveso far(Stupp et al., 2005however, a combination of
therapeutic approaches could be a key factor ireasing the potential survivdiowever, some will

be associateavith deleterious side effects. For instance, combining-RIDtL and antCTLA-4
immune checkpoint blockade increased the adverse immune events in the meldaessh et al.,
2017) Early dudies found that even the diet could be an essential part of the treatment of GBM by
altering metabolisnfZuccoli et al., 2010; Champ et al., 2014)

Some types of supplementary materials are relatively enigmatic compoundsasbkiiown to have

many finctions in numerous settings. For example, carnosine dipeptide is a compound of two amino
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a c i dataning Bnd thistidine) which is abundant within the brain and skeletal muscle. It has been
proven that carnosine possesses many roles such as free smdicahger, metal ion chelator,
neurotransmitter, immunomodulatory, antioxidant pridufferwith pKa value of 6.88Hipkiss et al.,
1998) Carnosine has been shown to have-tmtiour effectvia different mechanisms. Carnosine
inhibits human GBM cell gwth (Oppermann et al., 201&nd reduces the acidification which
contributes tevardsa reduction in the amount of carbonic anhydrase IX (CAyme activity within
these tumour cells. The carnosine treated tumoers &lso shown to express high levels of HIE
(Ditte et al., 2014)This extracellular acidification has beawnestigaed as a potential treatment strategy
for cancerdueto the bufferingability of carnosine. Carnosingas shown to havan antiproliferative
effecton the gastric cancer cell line S&Q01 effect without inducing the apoptosis or necrosis. Further
analyses revealed that carnosine treatment reduces the basal oxygen consumption raté96flSGC
cells whichindicates that carnosine has the potential to inhibit glyco{$$ien et al., 2014)n addition

to using carnosine alone, combining it with chemotherapeutic agmbrburacil has also shown
therapeutic potential against HT29 colon cancer ¢kilsne et al., 2016)The downside of carnosine

is cytotoxicity for the human renal cell line Cékiby inducing the apoptotic protein casp8se
(Pandurangan et al., 2016Jowever carnosine is rapidly broken down by the enzyme carnosinase
which is downrgulated in GBM patient plasma compared to healthy control plé&aatam et al.,
2012) Hence, the anttancer effect of carnosine is enhanced to affect the cell death or to supress the
proliferation of cancer cells. Using carnosine holds promisestesapeutic agent against GBM since

it has previously demonstrated-aatively safe potential therapylherefore the model of carnosine
delivery and releaseequire further investigatior(glabra et al., 2021)

1.5 Drug transport strategies to the brain

In spite of the tremendous improvement in drug delivery for treatment to the brain there is still a need
for novel brain targeted strategies. The blood brain barrier (BBB) is the main hurdle due to its tight
endothelial network which protects the brainnfrany harmful materials passing the circulatory
system. The substances usually allowed to penetrate tBeuB&er specific hydrophilicitynolecular

weight and surfacehargezetaOnly lipophilic and positively charged drugs can easily cross it such as
antidepressant and many hormones. This sophisticated system results in a limitation of the treatment
options for targeting the brain can¢@ardridge, 2005)Therefore, drug transport routes to the brain

are regularly presented. Timeninvasive transport of drug delivery is highly desirable such as the
olfactory pathway which showed a desirable therapeutic effect at lower doses with less side effects.
This direct drug transportation to brain throughout the transmucosal olfactorgrgedr trigeminal
pathway to bypass the BEBa recommended route to connect the brain with the(Misty, Stolnik,

and lllum, 2009) The nasal route permeability has gained attention for the delivery of many

formulaions in animal and human studies. The deposited drug at the olfactory epithelium increased the
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drug delivery from nose to brafiilum, 2000; van Woensel et al., 2013)so, the convection enhanced

delivery showed a consistent drug concentration inatfgeted areéSaloni et al., 2021(Figure 1).

Chemical disruption for the blood brain barrier

Focus ultrasound enhanced delivery

Craniotomy- based drug delivery

Polymeric wafers and microchip technology

Convection enhanced delivery*
Drug transport routes to
the brain

Prodrug approach

Cell based therapy

-~

Nanocarriers drug delivery*

Intranasal drug delivery*

*Non-Invasive Strategies;—— Efflux pump inhibition J

Figure 1. Diagram presents the drug transport routes to the brain. *The investigated strategies in this project.

1.1.1 Intranasal drug delivery

Drug absorption through nasal route sends the drug into the systemic circulation through the nasal
respiratory epithelium, followed by a transcytosis mechar(Saioni et al., 2021)However, the
administrated substances pose the challenge of BBB tistrigherefore, applying the vectors deep

into the nasal cavitgets it closer tohe nasal mucosa which leads to the direct transmission of the drug
into the brairvia the olfactory pathway. The olfactory neurons carry the drugsmasively and slow

the degradation with a fast transportation by the paracellular mech@ogat Jadhav et al., 2020)

1.1.2 Convection enhanced delivery

Convection delivery is a technigue for local drug administration into the targeted brain tissue. However,
this is invasivebecause of the insertion of more than one catheter through cranial burr holes into the
brain to deliver the therapeutic agents by micro infusion pitapbaugh, Saundersnd Reeder, 1988;

Chen et al., 1999)This method showed effective drug concenrain the targeted region where the
catheter is placed, without producing cerebral oedema or measurable increase in intracranial pressure.
The high drug concentrations can be delivered to the brain with drug distribution and the least systemic
side effectowards the targeted tissugdunningham et al., 2008; Lu et al., 2014)
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1.1.3 Vectors for enhanced brain drug delivery and medical imaging

Various types of colloidal carriers included liposomes, dendrimers, nanoparticles, micelles, and
nanogels wereecommededas potential vectors towards the achievement of successful direct brain
drug delivery (Figure 2). However, the limitations in finding the right combination of the applied vectors
and the route of delivery are still expected to be investigdted exarple, using thepolyethylene

glycol PEGylated nanopatrticles to cross the blood brain barriez@maling the doxorubicin tenhance

the brain uptakéKhan et al., 2017)The focus of the future workshould investigate the optimum
distribution of the anttancer agentsy using the suitable vector

® @ O

Liposomes Dendrimers Lipid nanoparticles Micelles Metal nanoparticles  Nanogel

Figure 2. Colloidal carriers (liposomes, dendrimers, nanoparticles, micelles, and nanogels) which have been used

as vectors for enhanced brain drug deliverg aredical imaging.

In this project the focus will be on formulations consistingaztedron oxide nano patrticles, polynier
beadsand liposomes to discuss the advantages of triggering these vectors as adjuvants for controlled
release drug delivery and medical imagifigpese approaches are promising for naemed micre
noninvasively drug delivery applications.

1.1.3.1 Magnetic nanoparticles

Magnetic nanoparticles have demonstrated therapeutic and diagnostic potential as brain tumour delivery
devices. Superparamagnetic iron oxide nanoparticles (SPI€Nd)e directed with remmimagnetic

fields to target a specified region as well as distinguishing the tumour cells among the healthy tissues
(Khan et al., 2017)SPIONs have the advantage of being a supplementary treatment which could be
used in combination with radiotherapy faacking the therapy and act as imaging contrast agehés

et al., 2017)For instance, combining SPIONS with the endothelial vascular cell adhesion mdlecule

as a sensitive indicator of brain metastasis helped in early detection of brain (8m@g et al., 2012)

In addition, SPIONs were encapsulated inside liposomes and conjugated with transferrin protein to
facilitate brain uptake through transferrin receptor mediated delivery. The magneto liposomes of
paclitaxel increased the brain uptalair times and provided sustained released paclitexeivo
(Dilnawaz et al., 2012)
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1.1.3.2 Polymers

The submicrossized polymeric based nanoparticles usually contain a therapeutic or diagnostic agent
either conjugated or functionalised into a polymeric mg®Panyam and Labhasetwar, 2008pme of
the most popular polymeric nanoparticles for brain targeted delivery are poNa@ide co-glycolide)
(PLGA), poly (lactic acid) (PLA) and poly (glycolic acid) (PGA|Beduneau, Saulnieand Benoit,
2007) Coating the polymeric surface with PEG, chitosan, and dendrimers, elevate -#yesifie
targeting ability of the polymel¥ oon et al., 2014)Iin addition, conjugating them with cell penetrating
peptidesprovokethe brain uptake significantlyhich resultsin alongermedian survival timelue to

the improved antitumour effect(Khan et al., 2018)The common advantages of using the previous
polymers are the biocompatiblipdegradableand improving the drug stability and releé$afaghodi

et al., 2004; Makadia and Siegel, 2011)

The potential use of PLGA in brain drug delivery was inve&tigjm vitro andin vivoten years ago.

Loading olanzapine in PLGA nanoparticles increased the uptake into the brairciigid after

intravenous administration, arwé. 10-fold via intranasal administratiofSeju, Kumar and Sawant,

2011) Also, donezeip-loaded PLGA nanoparticles were superior in delivering donezepil to the brain

(Md et al., 2014)PEG with PLA polymer was used to improve the diffusion across the mucus barrier

by minimising muceadhesion with no signs of toxicifZhang et al., 2008/Vang et al., 2008; Jain et

al., 2010) Whereas chitosan (C®pntains primary amines which are positively charged in most
physiological fluids and present mucoadhesive and is permeattlmancing(Kang, Cho and Yoo,

2009) This excipient showed a decrease in the nuilcary clearance for intranasal powder
formulations(Soane et al., 2001Moreover, CS can open the tight junction of the mucosal epithelium

which enhances the permeability of large molecules such as peptides and phobdiingt al., 2010)

Many CS nanoparticle formulatiomere introduced a8l z hei mer 6 s di sease treatr
stability due to the positive zeta potential and high transport percentage as compared to the drug in
solution(Alam et al., 2012; Fazil et al., 201For examplet e sy mpt oms of Par ki nsol
reveisedin mice modeby applying bromocriptineloadedchitosannanoparticlevia intranasal route

whereas thérain/blood raticof the formulationvas negligiblein the brain following théntravenous
administration(Lim et al., 2009; Shadab et &013) Versatile molecules can attach onto the surface

of a dendrimer which consists of repetitive branches grioem a core (Figure 2). This resedtin

nanoparticles electrostatically attémipto the active material. Upon the intranasal administnatine

dendrimer shows a wide distribution into the brain and clear therapeutical(Kffaatt al., 2012)

1.1.3.3 Liposomes

Liposomes are phospholipid vesicles (Figure 2) which have been utilised for the delivery of antigens or
adjuvants(Bolhassani, Safagn and Rafati, 2011; Temizoz, Kurodand Ishii, 2016)During the

1970 6Gregoriadiexplordthe liposomesvhich weredescriledaslamellae of swollen phospholipids

He investigated the entrapmentenizymeand proteirinside liposomes anabtimised thé& localisation
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in vivoto improve the targetingf drugs Since then,all their derivatives nanovesicles have attracted

the attention as delivery systems. The 18800s r ¢
the 199006s cl i nitowardthd apgroaal of injectaklegrodustsih ashnaBis@md®

andDoxil® (Gregoriadis, 2016)

Some key advantages of using liposomes are their versatility, plasticity, biocompatibility, and
biodegradability. Various choices of lipidsn form the desired cancémmunotherapeutiavith a
specific charge, size, distribution, travelingnd location of antigens or adjuvantqe.g.,
immunostimulatoryadjuvants such aagonistic and noagonistic ligands for TLRs, -G/pe lectin
receptors, retinoic acishducible gene-like receptors and stimulator of interferon ge{@uzzubbo et

al., 2021) Manyanimal models showed that liposomal formulations have superior efficacy over non
liposomal. For example, liposomal delivery of cytosine guanine dinucleotide oligodeoxynucleotides
(CpG ODNSs)rovided potent antiumour effects in a mouse model of neuroblastoma, whereas the CpG
oligonucleotidesalone group failedecauseRNA interference reducedoll-like receptor 9 (TLR9)
expressior(Brignole et al., 2010)Also, in mice challenged with Lewis cells, the liposomal adjuvant
monophosphoryl lipid A (MPLA)nduced a tumouspecific antibody and Th-tiype immune responses

in lung carcinomgZhong et al., 2010)In addition,the first clinical trials in follicular lymphoma
patients using liposomes as a vaccine carrier system for a tuitiotype antigen showed safety and
capability of inducing prolonged antigapecific CD4+ and CD8+ -Eell responseéNeelapu et al.,
2004) The previous series of studikesl to someoptionsfor currentcommercialcancertherapeutics

(e.g.,Annamycin®, Vincxome®, and Daunoxome®) (Sharma and Agrawal, 2021)

In the past, some reviewers emphasised that using liposomes for human applications is restricted due to
the lackof manufacturing stability and thedxcessive cogSchwendener, 2014; Temizoz, Kuroda, and
Ishii, 2016) To resolve th@stability, a study introducedrmanufacturable synergistic anionic liposome

with TLR4/TLR7 adjuvant which was made of pharmaceutical excipients and agonists to be ready for
human clinical trialg¢Fox et al., 2014)The next generation of designed lippsal adjuvants were cost
effective, also, offéng a strong platform for the delivery of subunit and nucleic éietrie et al.,

2016) Liposomes were conjugated with peptides (Lipopepsomes) that promote their efficacy by
enhancing the internalisation i U-oVergxpressing A549 lung tumour cediu et al., 2018)The

GP2 peptide conjugation in lipopepsomes was applied prophylactically and therapeutically as a
composition of DMPE€DMPG- CholDPOE and MPL adjuvant whicimcreased splenocytes INF
production and reduced the tumour growth in HER2/meerexpressing TUBO breast cancer model
(Razazan et al., 201 7#yor superior antitumor activities, astragalus saponins were utilised as a valuable
additive in highly effectie vaccines and tumour therapy by constructing adjuvant formulation ef lipo
saponins/bFGF complgXhang et al., 2018)n addition, liposomd®NA complexes (Lipoplexes) were
developed taking into consideration the scalindgbepause thegan be lyophilied and storedt room

temperature without aggregation or loss efficiency. The lipoplexesdemonstratedthe GMP
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requirements in gene therapies and vaccines within adyanoes for the diseases at the genetic level
(Gregoriadis, 2016)Moreover, an encapsulated complex of DOTAP/Chol/DSHES cationic

liposomes as a cationic liposome/protamine complex evoked the conventionahRi® vaccines

by stronger uptake and stimulatiorantitt u mour | mmune response i nNn aggr e
model(Mai et al., 2020)Another lipopolyplexe were formulatddtely for mRNA nasal vaccine\

tripartite formulation with RNA, cationic polymer, and anionic liposomes was encapsulated with RNA

into neutralformulation (Van Der Jeught et al., 2018) novel lipopolyplex vectofor thein vivo

delivery of MRNA was also proposedttwget the dendtic cells without celspecific functionalisation

or ligands Multi-LP incorporaédt he i mmune-galdd atvasy FGdlEer)aamd al e ( U

multivalent cationic lipidGuevara et al., 2019)

In summary liposomedecameversatile delivery systems widti can load antigens, proteins, peptides,
nucleicacids,and carbohydrates to construct new types of vaccines targeting the macrophage immune
cells, the lymphatic system, and dendritic c@lisi et al., 2018; Stolk et al., 2020)he liposomes can

targe different organs including the skihah et al., 2012; Stolk et al., 202fYgin(Hong et al., 2019),
mucosal routegRamvikas et al., 201%p decrease the adverse effects throughout the @adet al.,

2019) Many liposomalkarriers forchemotherapeutical drugpave been approvedhderthe following
commercial namesDaunoXome, DepoCy?, Ambisomé&, Visudyné&, and Doxil/CaelyR. The
treatmers targetedseveral type®f cancer such dsrain, breast, and skifiippens, 1999; Torchilin,

2006)

1.6 Microfluidics based synthesis of nanoparticles, liposomes, and

microbeads

Traditional methods for synthesising micro and nanoparticles are spray drying, polymerisdtags, sol
reaction, co-precipitation, hydrolysis, coagulation, emulsificaticaind microfluidic systemsThe
advanced microfluididlow focussystem producgemonodisperse emulsisrwith droplets in uniform

shape and size. Therefore, the mechanical properties and functibaatghowean improved impact

on biomedical applications. The microfluidic control methods consist of single phase lamicials
segmented as either singdenulsion phase @ multi-emulsion phasé&ung et al., 2020)Both PLGA

beads and liposomes can be synthesised by the microfluidic solvent diffusion method. They are
generated inside a micromixer chip which consists of microchannels. By rapid mixing,-PLGA
dichloromethane or lipiélcohol solution are nucleated byethgueous continuous phase using the

hydrodynamic flow focusing mechanism.
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1. Nucleation

3. Growth

Figure 3. Schematic shows a hydrodynamic flow focusing microfluidic system which mediates the synthesis

strategy of nanoparticles, liposomes, and micrdbea

A stable laminar focussed strediows along the central channel toeet two adjacent water streams
flowing at higher flow rates. The flow focusing squeezes between twes@aant water streams,
resulting in rapid solvent exchange by diffusion. Thetiples formation takes place spontaneously at
the nucleation spots that are distributed through the mixture then aggregates or gedivassembly

The hardening occurs throughout and post the growth stage by the solvent diffusion from the matrix
into the surrounding mixture (Figure 3). Many types of cancer treatments have been prepared using this
single emuldication method including polymesinglecore-shell or multiple cored droplets carriets

be pH responsivandprotect the drug in the pH of the gastrointestiredk thenrelease thé&reatment

for the colorectal canc€HasaniSadrabadi et al., 2016; Lian et al., 2Q2)d metal particlesuch as
embedeéd silver nanoparticles for breast canteatmen{Aftab et al., 202Q)Many challenges were
shown by the coupling and proximity effects between the different compdiventst al., 2019)
However, these problems can be solvedjbgerating coiisshell structure nanomaterials for multiple
emulsions watem-oil-in-water (W/O/W) dropletd-or example, tis technique facilitateda
formulationfor enhancedh vivoimagingguided cancer photothermal thergRao et al., 2017)The
Dolomite microfluidic method produces batches witkarly 100% encapsulation efficiency and
monodispersity < 5% which can be scaled up with no waste; uniform ingredients distribution can be
formed without filtering(Damiati et al., 2020)

1.7 Magnetic field tri gger for controlled drug releaseand medical imaging

The main contributing factor to the low survival rates of GBM is attributed to the persistence of residual
malignant cells which have been found to be resistant to chemotherapy and radiotherapy therapies,
resulting in rapid recurrence (Jain, 2018). Ithsrefore imperative to look towards new theragnostic
approaches to treat this downside in the treatment strategy of such a terminal disease (Wang et al., 2018;
Pearson et al., 2019). In order to mitigate the risk of residual malignant cellsupgsty, eal time

medical imaging (e.g., MRI) during surgery is emerging as a new tool for surgeons to help reduce
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recurrence, however, to optimise this process a targeted contrast agent is required (Chen et al., 2016;
Hebelmann et al., 2017; Wach et al., 2019).

Nowadays, kelated gadolinium is used in over than 30% ofhahnetic resonance igiag (MRI)

scans as a contrast agent, however, its widespread clinical use is (fitedand Caravan, 2009)
Despite being fully chelated (typically wittthylenediaminetetraacetic aciTA) analoguesjRees

et al., 2018) gadolinium ions are reported to leach into the blood stream, resulting in nephrogenic
systeamic fibrosis and signs of neurological disord@gyaterweger et al., 2018puper paramagnetic iron

oxide, (SP10, nanoparticles are therefore emerging as clinically approved alternéBaés and
Caravan, 2018 This can be attributed to their lower toxicity, colloidal stability at physiological
conditions which should be always optimised to prevent cases of severe reactions and blood clots
(Veiseh et al., 2010;Wop et al., 2018)controllable surface chge and their low nonspecific protein
adsorptiorn(Nie, 2010; Chapman et al., 2013he combined medical imaging and potential therapeutic
properties of SPIO nanoparticles have been recently demonstrated for biocompatibility in both
preclinical and clirgal trials(Cai et al., 2013; Hola et al., 2015; Kandasamy and Maity, 2QtBjuely,

SPIO nanoparticles have also been investigated as a medical device for localised hyperthermia therapies
to induce cell death in cancer tiss{&upta et al., 2007; Rera Gil et al., 2010)The application of
magnetic field (MF}riggers a following biological responssuch as the hyperthermia whidapends

on the characteristics tie MF and the magnetic nanopartidles nat ur e

Non heating MF ||] Heating MF

Nano magneto-
mechanical
effect *

Thermo-
mechanical

impact Magnetic
hyperthermia

f (Hz)

Figure 4. Magnetic field map with allowable intensity limits for frequency range. The technique which is
indicated by asterisks refer to an intensity of ~1 T at f < 1 kHz in physiotherapy of nanomechanical magnetic

activation(Golovin et al., 2021)
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In physiotherapy, the heating of soft tissues is caused by M (@Hz), and the neuron stimulation

is caused by an electric field generated with an intensity of ~1 T and a duration of ~1 ms. The lower the

MF frequency, the higér the maximal allowed field intensity during maintaining an electromagnetic
equipment (Figure 4). The two approaches to convert the MF energy into biochemical effects are the

form of thermal energy which takes place in magnetic hyperthermia at frequGi&p@ kHz and the

local forces that induce deformation in biomolecules which are adjacent to rotating magnetic
nanoparticles in neheating lowfrequency < 1 kHz (Figure 4). Many studies showed that heating

cannot be localised in a region smaller thaewa millimetres, and each magnetianoparticlecannot

be over heated more than®@ C . Thus, the forces of t he nanome

attention

By applying an alternating magnetic field, SPIO nanoparticles rotate, and their kinetic energy
translated into a localised increase in tissue temperature @406 e C) , resul ting in t
apoptosis with minimal side effec{®Rachakatla et al., 2010; Deatsch and Evans, 203R)O
nanoparticles in the range ¢20-150 nn) are reprted to have good renal clearance and avoid
opsonisation with serum proteins, before being removed from the bloodstream by macrophages; this
can be significantly quickened by controlling the surface charge on the \&®t@e addition of a
surface coatingCai et al., 2013; Kandasamy and Maity, 20Fa)nctionalising SPIO can also prevent

their degradation and convert them into efficient carriers fottrjgidered drug releas@-an et al.,

2013a) as well as suppress their aggregatidfu et al., 2015; Kandasamy and Maity, 201E)ese

surface coatings can also be utilised to attach prodrugs; thus, the whole functiorebmatex has

both diagnostic and therapeutic potential propeffi@sptaand Gupta, 2005)However, translating

metal oxide nanoparticle formulations from the aqueous solutions into physiological conditions is
problematic, due to their inherent immediate or gradual sedimentation in media conditions that are rich
with ions sub as physiological buffers and bodily fluiisan et al., 2013Yesulting in flocculation of

the SPIO nanoparticles and protein binding.
1.8 Non- heating rotating magnetic field

Nanomechanical magnetic activation (NMM#£Qpresents the techniques that employ the nanoscale
deformation of molecular structures by means of nanomagnetic particles which are activated by non
heating lowfrequency [< 1 kHz rotating magnetic field (MH)]zolovin et al., 2021)Over te last two
decades, NMMA techniques have been developed to utilise the sensitivity of the body components to
the induced deformatiorfSuresh, 2007; Belaadi, Aureille and Guilluy, 2016; Master et al., 2016; Naud

et al., 2020) The biochemical responststhe mechantransduction with the cell apoptosis received

a particular attention since it has opened up a wide perspective in the development of new approaches
and techniques in the treatment of oncologiBalkesh K Jain, Martin and Stylianopoulos, 20Chen

et al., 2020) The nanoparticles act as mediators that localise and apply forces to target biomolecular
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structures including enzymes, transport vesicles and cell organelles, without significant heating.
Therefore, NMMA demonstrates a biophysip&tform for various therapies including the sustained
and controlled release of therapeutics, without increasing tox@&diovin et al., 2021)Paramagnetic
nanoparticles have been used as-th@mmal contrast reagents in magnetic resonance imagthgsan
carriers in drug delivery by nanoscale modyl@keng et al., 2016; Armenia et al., 2019pwever,
clusters of superparamagnetic nanoparticles have also been demonstrated to induce magnetic
hyperthermia therapies when enshrouded with a polymeingpampregnated with a dru@hanget

al., 2020; Caizer, 2020)Therefore, introducing paramagnetic nanopatrticles to a living organism can
result in both thermal and ndghermal therapies; simply by changing the frequency of the alternating
magnetic figd (Golovin et al., 2021)These combined properties have successfully been utilised to
induce controllechnticancer doxorubicifrom a nanoscale vectarhich wascalledsmart responsive
nanoparticlegHayashi et al., 2014; Hervault and Thanh, 2014)

In oncology, NMMA techniques have been employed in the deformation of molecular structures, where
in, the paramagnetic nanoparticles atiBsedto manipulate the sensitivity of tissue, cells, and vesicles
(Golovin et al., 2021The biochemical respongethis mechantransduction is cell death or apoptosis
(Jain, Martin and Stylianopoulos, 2014; Chen et al., 2010has, unfortunately, also been seen to
stimulate tumour growth. This is attributed to the transmission of force from the rigid nmalagpiis

to the soft surrounding healthy ones, leading to metasi@isdersBondon et al., 2018)
Functionalising the paramagnetic nanoparticles and utilising magnetic actuation to trigger mechanical
forces offers an exciting strategy to remotely calrttie drug release from coupled magnetic materials
(Diab et al., 2018)The contactless mechanical disruption of the polymer coating triggers the release of
the therapeutic material which triggers apoptosis cascade within the targetéBroelssBondon et

al., 2018) In anticancer drug delivery system based on calcium carbonate particles loaded with a
photosensitizerthe physical stimulation has been shown to be advantageous, compared to photon or
thermal triggering Thanks to the possibility ofcaieving deep activation in a controllable and non
invasive mannewhich targes intracellular delivery with a high selectivity to cancer celle tothe

pH-controlled releaséSvenskaya et al., 2013a)
1.9 Project aim and objectives

This work aims to create a principle ready formulation of modified superparamagnetic iron oxide
nanorodsfor biomedical applicationsand to utilise them inPLGA and liposomeencapsulated
formuldions for the controlled releaseof carnosine. Using different triggers includingild
hyperthermia and rotating magnetic fieldill introduce many nonrinvasive approachew®ward a
triggered orsustained release treatment. The investigation outcomes will reflect thtetamguring

effectof carnosine treatmeat the same time as monitoritige brain tumour cells.
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The research objectives and techniques to be used in this project are:

1. Synthesising biocompatiblecoatedoxide nanorods for biomedical applications:

In terms of high surface area, magsaion, blood circulation availability and long retention in cancer

cells, it has been proved that one dimensional (1D) iron oxide nanostructures possess considerable
advanages over the spherical and cubic shgpes et al., 2016)Tuning the iron oxide magnetics
properties by decreasing the surface and the amount of coating is tedious because engineering the size
and shape affects the spin, also, limits the magnetigepties. Moreover, different coating material

might entirely change the crystalliniffKandasamy and Maity, 2015Yhus, using the branched
polyethyleneiming BPEI) with reactive primary amines is a great advantage to form a hydrophilic,
stable, biocompatible, and positively charged surface which displays a relatively ighavity

(Wang et al., 2009; Cai et al., 2013 achieve the best potential formulatiohe researchvill be

following therecommendatianfrom the previouly publishedmethods and avoiding the drawbacks

(Wan et al., 2005; Wang et al., 2009; Ebrahiminezhad et al., 2012; Ding, Liu and Jiang, 2013; Cai et
al., 2013; Mohapatra et al., 2015).

2. Assessing the magnetic properties of theynthesi®d nanorods to check the physical efficacy:

The thermal effectfor the iron oxide nanorods essential in hyperthermia treatment to inititte
cancer cells apoptosiKandasamy and Maity, 2015)o produce pulses of hetlite synthesiseiton
oxide nanorods should keep the magnetic properties to stimulateléiaseof carnosine from the
surfacecoatof theiron oxidenanorods. Alsoit is necessary to evaluate the T2 relaxivfythe iron
oxide ranorods becauseaffectsthe ability of censoring the cancer tissuesnnitor thesize of the
solid cancervia MRI or magnetic particlamaging(MPI1) (Mohapatra et al., 2015; Wu et al., 2015; Xie
et al., 2018)To study the diagnostic potential of the synthesised iron oxide nanorods, phantdms

or ex vivomice models will be utilised.

3. Investigating the cytotoxicity of the optimised iron oxide nanorods usindiuman brain tumour

cell line (U87 MG) to estimatetheir safety margin for the brain tumour applications:

Althoughtheiron oxide toxicity was estimated to be low, it cannot be ensured yet since resulis from
vitro studies are sometimes contradictory in the literattma.oxide inhibitshetumour growth by pro
inflammatory macrophage polarisatitfanganeh et al., 28). Therefore, the cell viability of the core
iron oxide particles should be appreciatedy applying the necessary tests such as 3(é,5
dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromideMTT) assayMahmoudi et al., 2009)n vivo
studies aralsorare and human epidemiological studies are nearly inexiStaato the useful presence

of iron oxide, the tolerability of human Hewey brain cellsowardformulations includeron oxidemust

be established to determine Ha#edose(Valdiglesias et al., 2016AIso, the dose response of carnosine
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will be addressedly calculating thénalf maximal inhibitory effective concentratior{IC50/ EC5( to

estimate the amount to kenbedded ontthe prepared core of PEbated iron oxide nanorods

4.Studying the uptake and | oc afionabiltyof thenumoufcels he f or

after treatment:

Surgery followed by radiotherapy cannot assure the removal of all Glioblastoma cells that often migrate

away amongst healthy cellsiu et al., 2012; Wang et al., 2018}herefore, it is important to cble if

the formula inhibit the tendency dlfewouadheajngant c e
assay is reliable to be used for the migration and invasion studies of the U87 MG cells after applying
carnosine as a treatmemoreover, different microscopic imaging techniques @quée useful for

tracing the nanoparticle§he scanning anansmission electronic imagingll reveal the morphology

of the materiahnd the cells for the characterisatmithe resulted applicaths. Also, the fluorescent

dye will be used focell studiesand detecteeitherby the confocal microscopy or thecucyte® live

cell system.

5. Comparing the critical parameters of time, temperature, and carnosine concentration to induce
the tumour cell deah under a controlled conditions for the drug release.
It is essential to asse®ein vitro effect of the formulations of loaded carnosine on PEI coated iron
oxide nanorods while applying hyperthermia to stimulate the controlled drug rdlaagelerability
ofacontrolU87 MGc el | s towards the suggested niinethenul ati o
safety margin and the effective dasfecarnosineduring releasing timéValdiglesias et al., 2016)
Also, hyperthermia effect should be addressed alongside the applied trektimeatsay is a reliable
indicator for the comparative studiesaafl viability.
6. Optimising encapsulatedron oxide nanorods with/ without carnosineto formulate PLGA beads

or liposomes fordrug delivery and sustained release:

Using drug release systems is an advantage to preserve biodegradableudhugs the dipeptide
carnosine which attracts the attention as a natural regulator of oxidative metabolism in brain tissues
(Boldyrev, 2012) In this work, PLGA or liposomesncasulationwill be developedvith stability

profile to increase the bioavailability of the formula for longer ti(Baidamakilinc, Cakir-koc and
Kecelgunduz, 2018)Tailoring a controlled dimensidor the particless crucial for the best potential
uniformity, so, the nanorodsill be precisely adjusted around 70 fiahn et al., 2007; Danhier et al.,
2012) Moreover, both shell and core will be tuned to get the optimal theranostic balasfcthe
nanorodsThe dolomite microfluidic flow focus systepmovidesproducible conditions toptimise the
aimedencapsulatioby using various microchips according to the recommended protocofsladie

starting point.Thereafter, a Halbach arragtating magnet systemill be designedor studying the

controlled releasapplication
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Chapter 2. Super paramagnetic nanorods

1.2 Overview

Superparamagnetic nanoparticles have shown advantages in cancer therapeutic and diagnostic
applications. Primarily, superparamagnetic iron oxide (SPIO)-tfaranostic particles attracted the
attention for then vitro andin vivo bio-applications. Praatally, SPIO particles at size below 30 nm
exhibit the superparamagnetic behaviour at room temperature because SPIO nanoparticles with only a
single magnetic domain exhibit high magnetic susceptibility and provide a fast strong magnetic
responséNee Koo etal., 2019) Among many examples, the recent developments were administrated

on magnetite (®4) and ma g hieed) foredrug delivery, hyperthermia treatments, and
magnetic resonance imaging (MRBven with many beneficial properties, the toxicity of SPIO
nanoparticles on healthy cells must be considéfaddasamy and Maity, 2015)

1.2.1 The shapes of SPIO nanoparticles

Modifying the shape of the superparamagnetic iron oxide nanoparticles is a kegystPaactically,
changing the geometry while avoiding chemical composition amendments will directly affect the
magnetic anisotropy of the SPIO nanoparti¢®avilan, Posth, et al., 201 ®loreover, the morphology
changes of SPIO nanoparticles showed an impact on the magnetic heatinf/\édfeat et al., 2014;

Das et al., 2016a; Simeonidis et al., 2016; Nemati et al., 26b8)example, the nano cube shape of

iron oxide crystals demaitrated one of the best magnetic heat promoters. SPIGcohes display the
highest hysteresis losses which have been reported in the literature so far, provided that the field
amplitude is enough to ensure the remagnetisation. The hyperthermia effisielesjrable with size
ranging between 1&nd 50nm for the internalisation into mammalian céBuardia et al., 2012Both

shape and magnetic field intensity are crucial in these studies. Another interesting system for
investigation is the elongategP1O nanoparticles which were well defined by the property of single
magnetisation axiglongated SPIO nanoparticles are several. They have strong shape anisotropy which
align when an external magnetic field is applied and flow with low resistance withinloodstream.

Also, they show a favourable uptake by cells due to their large surface area which allows multivalent
interactions with the receptors of the cell membr@evilan, Posth, et al., 2017; Avolio et al., 2019)

In general, the target of dienging strategies is the synthesis of the elongated SPIO nanoparticles with
size of less than 100 nm. The templates of iron oxide in aqueous phase are the initial start in SPIO

nanoparticles growth preparati@@caria, Morales, and Serna, 1995)

For deeades, the most accessible SPIO nanoparticles shape was the spherical which can be&iprepared
various methods. Amongst these techniquespreaipitation is the most popular which consists of

mixing ferrous and ferric precursors in alkaline agueous n{&tiea et al., 2009; Ammar and Fievet,
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2020) Using coprecipitation, a certain SPIO nanoparticles assembly was predictable with the size
distribution by controlling the key parameters of the synthesis. This followed by the changes in the
characteristicsf the crystal which affect the anisotropy energy and magnetic ¢Baetlan, @nchez,

et al., 2017) The importance of the selectivity of the synthetic route rises from the high impact of the

stability of the produced colloid. Thus, the chemical prtps on the surface of SPIO nanoparticles

depict the degree of their aggregation.
1.2.2 The coating of the SPIO nanoparticles

The coating of the SPIO nanoparticles by biocompatible surfactants prevents the direct contact between
the SPIO nanopatrticles becaudehe dipolar magnetic interactions which exploit hindraf@abrera

et al., 2018)In fact, improving the stability of SPI@anoparticles by increasing the anisotropy barriers
enhances their thermal fluctuations and superparamagnetic relafgitios et al., 2002; Burrows et

al., 2010) Several stability strategies have shown positive impact on the magnetic heating energy
(Mehdaoui et al., 2013; de La Presa et al., 2015; Art€agdona et al., 2016; Engelmann et al., 2018)
However, imwanted effets on heating efficiency can also be caused by strong dipolamtbraction

which reduces the stability and induce the agglomeration, aggregation, and sedimentation phenomena
(Ovejero et al., 2016)This is due to such changes as the size, demaginstiedfect will slow the
relaxation and degradatid@rinyi, Barsi and Buki, 1997; Xu et al., 2012)

1.2.3 The advantages oflongated SPIO nanoparticles

The most commonly used shape for nanocarriers is the spherical which includes micelles, liposomes,
and polymers. Those nanostructures reduce the rapid biological clearance barrier because the
phagocytic cells opsonise the spherical nanoparticles by thieamism of adsorption at their surface
(Lundqvist et al., 2008)The size distribution of the nanopatrticles also plays a significant influence on
the filtration process and the elongation of circulation time. For instance, the spherical nanoparticles
with diameter of 20 nm or below showed an extended lifetime after surface modification with coating
material such as the PEGelation with stealth polyrfi€itanov et al., 1990; Gref et al., 1994)

Switching the shape of nanocarriers changes the initiat pbicontact with the cell membrane. The
geometrical structure with long axis spreads in parallel to the cell membrane which leestiuiction

in phagocytosis occurren¢€hampion and Mitragotri, 2006; Champion and Mitragotri, 2009; Sharma

et al., 201). Trials on the clearance delay were initiatedivoby forming filo-micelles. The dblocks

of PEG flexible micelles survived in the animal bloodstream for a week despite the biodegradation
(Geng et al., 2007)Persistent delivery by the fimicelle formulation was notable with previous
intravenous delivery of drugs and dyes by using the highly elongateanitikdles(Mahmud et al.,

2017) The advantage of the filmicelles was using them to load doubleelo§lung cancer treatment

which demonstrated sustained shrinkage for the tumour in the mouse(@adet al., 2007; Christian
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et al., 2009) Therefore, combining the size, shape, and surface functionalisation effects to generate
collections of optimied parameters faliverse designsf new drug carriers is paramount.

Many reports investigate cell targeting, blood distribution, and transportation pathway for controlled
complexes of nanoparticles vivo (Simone, Dziublaand Muzykantov, 2008; Decuzet al., 2009;

Pillai et al., 2011; Venkataraman et al., 2011; Truong et al., 2014; Zhao et al.,R&18)ample, the

renal clearance of 20 to 150 nm SRi@norodsvas reported as not the ops
removal from the bloodstrea(ai etal., 2013; Hola et al., 2015pH-triggered modification for the
surface of SPI@anorodsontrol the release, as well as reduced their aggred&i@mmet al., 2013; Wu

et al., 2015; Kandasamy and Maity, 201%hese surface coatings can also besetdito attach
prodrugs. Thus, the whole functional nasamplex has both diagnostic and therapeutic potential
properties(Gupta and Gupta, 20Q5Recent investigations have reported the forces of unidirectional
nanoparticles growth which allow the gertema of pure nanodrugs instead of unnecessary loading of
extra cytotoxic materials. Therefore, elongated-asfembled nanocarrier formation was preferred for
advanced therapeutic applicatiqsolio et al., 2019; Mougin, Bourgaux and Couvreur, 2021)

Heat generation by magnetic forces was compared between cubic and spheroid SPIO nanoparticles for
hyperthermia application. The reports found that the magnetic heating efficiency was higher from the
SPIO nano cubes with 20 nm si@dartinezBoubeta et al.2013) Afterwards, another comparison
between the nanoube and nanood SPIO particles showed that similar volume of SRéDorods
exhibit more enhanced hypertherr(izas et al., 2016)n spite of the previous advantages of the nano

rod carriers, translating metal oxide nanoparticle formulations from the aqueous solutions into
physiological conditions is problematic, due to their immediate or gradual sedimentatiorrichion
media couditions, such as physiological buffers and bodily fluids, which inherently results in protein
binding and the flocculation of SPIO nanopartidean et al., 2013)Hence, stability profiles should

be studied thoroughly after each SPIO nanoparticleda@vent.

1.2.4 The advantages of using SPIO nanoparticles over other metals

Chelated gadolinium is used in over than 30% of all MRI scans as a contrast agent; however, its
widespread clinical usage is limité8lime and Caravan, 2009Despite being fully chetad (typically

with EDTA analogues|Rees et al., 2018yadolinium ions are reported to leach into the blood stream,
resulting in nephrogenic systemic fibrosis and signs of neurological dis@thidesweger et al., 2018)

SPIO nanoparticles are, tedore, emerging as clinically approved alternatif@ale and Caravan,
2018) This can be attributed to their lower toxicity and colloidal stability at physiological conditions,
which should be optimised to prevent cases of severe reactions and bisq¥eilgeh et al., 2010;

Fulop et al., 2018)ontrollable surface charge and their low nonspecific protein adsofiEm2010;
Chapman et al., 201.3The combined medical imaging and potential therapeutic properties of SPIO
nanoparticles have reagnbeen demonstrated for biocompatibility in both preclinical and clinical trials
(Gupta et al., 2007; Rivera Gil et al., 2010; Cai et al., 2013; Hola et al., 2015; Kandasamy and Maity,
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2015; Jain, 2018)Uniquely, SPIO nanoparticles have also beenstiyated as a medical device for
localised hyperthermia therapies to induce cell death in cancer t{€&uas et al., 2007; Rivera Gil et

al., 2010)

Further potential applicati@for SPIO nanoparticles currently attracted attention as the wireless on
demand respee. For instance, applying an alternating magnetic field triggers the SPIO nanoparticles
to rotate, and their kinetic energy is translated into a localised increassui@ temperature (up ¢a.

46 °C), resulting in targeted cellular apoptosis with minimal side effgb@o et al., 2012; Stocke et

al., 2017) Personalised SPIO nanoparticles can control drug delivery efficiency. They can be controlled
spatially bya static magnetic field to the targeted site to release the loaded drug according to the
frequency of the appliechagneticdorces(Wang and Kohane, 201 Mlyperthermia can be addéa

certain cases ta@olovin et al., 2015)In spite of the previous adntages, thegwvel approachestill

have limitations at the moment. These systems should be provided with senstiie éxact
temperature inside the body to measure the intensity and frequency of the magnetic field precisely to
avoid offtarget side fects. Designing a control system is essential to induce the temperature before
developing random necrosis or hyperthermic shocks to the cells. The stability of thpackages

could be affected by the leak or leaching of the active material from tiwecaaiers(Mirvakili and

Langer, 2021)

In summary, SPIO nanopatrticles have been extensively used in cancer theranostics for imaging and
various magnetic targeting, resonance, heating, and mechanical forces. Some of the SPIO nanoparticles
usages are asciated as the following: contrast agents, fluorescence stains, neareihfeand
ultrasound imaging. They were synchronised with the other types of cancer treatments such as, the
chemo, gene, immune, antibodies, photo, and thermal therapiesphlckeamgs of conjugated vectors
showed both effectiveness and downsides in recent cancer treffi@edasamy and Maity, 2015)

1.3 Method development

The synthesis of iron oxide nanostructured crystals in aqueous media dominates the methods of
developing SPIO particles due to the fact of the abundance of the iron precursors naturally. Furthermore,
the easy accessibility and cadfective starting matals derived a considerable desire for the
formation of excellent magnetic SPi@anoparticlegLi and Zhu, 202Q)Some synthetic methods for

SPIO nanoparticles are coprecipitation, combustion, gyrothermal, thermolysis; gedl and
hydrothermal processé¢Bae et al., 1998; Rigneau et al., 1999; Deb and Basumallick, 2001; Dong and
Zhu, 2002; Khollam et al., 2002; Woo et al., 2004; Deshpande, MukaaydrvVarma, 2004; Zou et

al., 2005; Zhang et al., 2008)

1.3.1 Co-precipitation

The coprecipitation synthesiss likely the most popular, applicable, and efficient method to generate

SPIO nanoparticle@/Nu et al., 2011)The straightforward steps include dissolving ferrous and ferric
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salts ratio of (2:1) in aqueous solution, then adding an alkaline reageigger the homogeneous
precipitation of iron oxide while stirring vigorously at specific temperaffeng-Molina et al., 2008;

Pereira et al., 2012Pue to the instability of the iron oxide in the presence of oxygen, the reaction
usually conducted undeitrogen in closed flask. The final physical structure to the crystals is strongly
related to the parameters and conditions such as the temperature, pressure, time, alkaline reagent, and

speed of mixingSalavatiNiasari, Mahmoudiand Amiri, 2012)

The mechanisms of iron salt transformation to iron oxide crystals were observed using advanced
technology such as including transmission electron microscopy (TEMBy diffraction (XRD)for

the characterisation and the particle growth or changing from rice like shape into §phestsal.,

2011; Suh et al., 2012)Jrea and ammonia are the common precipitation agents. However, using
different alkaline reagentsiabled variation of saturation magnetisation. Moreover, using a surfactant
in the reaction affects the size, shape, and magnetisation of the nanopartifleetad., 2008) For
example, adding different amount of surfactant sodium dodecyl sulfat) (iring a coprecipitation
reaction produced nargpheres, nanneedles, and narmubes FgD, particles(Woo et al., 2004)

Coating the SPIO nanoparticles with sodium oleate or PEG polymers decreases the sizmefatedy
nanoparticlegBronstein et al., 2007; Wang et al., 201&s0, doping with Cu or Sn forms small sizes
due to the reduction in the band gap to the smdlléshg et al., 2006)The choice of reactor of the
coprecipitation reaction can havesignificant influence, for instance, using a micttannel reactor
obtained uniform size distribution for high crystalline nanoparticles with small size and large surface
area(Hu et al., 2012)In general, the conventional coprecipitation reaction stidightforward process
ingredient, and conditions made this method promising tifier scaleup production of SPIO
nanoparticles. Even with the easdlwd coprecipitation method, the control of the properties of SPIO
nanoparticles is still difficult as long as the rate and kinetic factors are uncontr@iabkt al., 2011)

1.3.2 Conventional hydrothermal method

The hydrothermal templated synthesis was &slied to produce crystalline structures five decades
ago(Guo et al., 2015)In general, water is used to dissolve the reactants. A sealed autoclave which
should be heated to maintain a specific temperature and high pressure for a fixed time ig the mos
common instrument for this process. The certain parameters during the hydrothermal synthesis are the
key to generate the growth of the crystals out of the precursors in accelerated process. Any maodification
to the conditions will strongly implicate a afge in the size, morphology, and other physical/ chemical
properties. Hydrothermal synthesis is reported to yield different structure shapes such as, mushroom,
cube, sphere, and hierarchical iron oxide nanostructures with various morphologies and sizes.
Simultaneously, changes in crystals could depend on adding a surfactant beside adjusting the

experimental condition@rpkov et al., 2018)
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An interesting example when producing an@hollow sea urchidike nanostructured from aqueous
solution of FeGland NaSQy as building block§Zhang et al., 2009Afterwards, the research reported

the templated mechanism to produce the growth gdfeanorodgNi et al., 2009; Almeida et al.,
2010) Moreover, assembling EK&s microspheres was investigated bging ascorbic acid as the
reductant, urea as the precipitator, and poly(ethyleneghg€@dlp) as a templatgv et al., 2009)In
another work, controlling the hydrothermal reaction by adding polyacrylamide averaged the size to 230
nm (Leshuk, Krishnakumr and Gu, 2015whereas, using sodium oleate instead of poly(acrylic acid
sodium salt) demonstrated an influence on the hydrophilicity/hydrophobicity and the dispersion
properties of the E®, nanoparticled Kol en 6 Ko .eCurrerdly, many r2ofe logtipns have
become available in iron oxide based nano composites including amorphous nanorods, three
dimensional hierarchical porous graphene structure, and flid#enanosheet composi{€uma and

Deng, 2015; Zhang et al., 201ehahg et al., 2017)
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Scheme 1Synthesis of nanotherapeutic carrier, loaded with carnoSiee.l is the coprecipitation, Step2 is the
thermal degradation, Step3 is coating with BPEI, and step4 is embedding the carnosine into the BPEI branches.

In this project, the synthetic route of carnosine embedded withinoanoxide nano rod (IONR)
functionalised carrier is illustrated in (Scheme 1). Branched polyethyleneimine polymer (BPEI), with
its high density of cationic amino functional groups, dendritic structure, and inherent interstitial voids,
was selected as a template for the IOIg, 2010) In step one of the syntheses, the ferrous and ferric
iron precursors were loaded into the polymer template before the addition of ethyleneditmiatest

resuled in the coprecipitation of FgD.. The template was then removed, in stepid,thermal
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degradation in a sealed reaction vessel (120 °C, 20 h), and the IONRs were washed with dry dimethyl
formamide to avoid aggregatigHabra et al., 2021)

1.4 Results and discussion

1.4.1 Characterisation

Figure 5. (A, B) SEM images show the aggregates of naked iron mxaderodsefore coating. The scale bars

are lem, 100nm. (C) TEM image shows similar aggregate

Figures 5, 6 and 7 f@EM, TEM, XRD and thermal gravietric analysis (TGA}tudies confirmed that

the IONRs were repeatable (85.9 +17.1 x 19.1 £+ 1.8 x 11.3 + 2.1 p@yramoscale crystals (Figure

7A). The powder XRD spectrum of the capped IONRs correspai@igdt al., 2013¢)as expected,

to the two individual components, with the inorganic lattice displaying the (111, 220, 311, 222, 400,
511, 440) planes of E®. (Figure 6C). The IONRs were then capped in fresh BPEI (13.4 £ 2.3% w/w
coating ratio), an efficient transfection agéhthittaker and Davis, 2009before being washed with
water, centrifuged, and dried under vacuum, resulting in a black powder (846%azytld), before

being stored under a nitrogen atmosphere until furthefWsa et al., 2005; Ebrahiminezhad et al.,
2012; Ding, Liu and Jiang, 2013; Mohapatra et al., 2015; Medeiros et al.,. ZBM) microscopy
(Figure 7B) of the BPEtoated IONRs wafound to be a crystalline, with a tetragonal prdipyramid
morphology and mean length of 85.9 + 17.1 nm. The electron microscopy images show prolific
agglomeration and a lack of uniformity prior to coating with the BPEI, whereupon they transition to
monodispersed tetragonal bipyramidal nanorods (Figurd3@) et al., 2012; Mohapatra et al., 2015)
The BPEI polymer adsorbs onto the surface of the RBBted IONRs, thus making a steric
stabilisation, which enhances the dispersion state. Optimigngolymer density on the surface of the
BPElcoated IONRs is essential to avoid the cimsdging effects reported at higher concentrations
(Ogura et al., 1996)
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Figure 6. Transmission electron microscopic (TEM) images of (A) uncoated IONR exhibiting significant
agglomeration, (B) mono disperse BRidlated IONRs, (C) single IONR with tetragonal pridipyramid
morphology, (D) FasEouriertransformation (FFTgrystalstructure diffraction pattern of BPEONRS, (E)the

images show theniformity size and shape of the BR&dated IONRsn various magnifications and spots
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TGA with hyphenated FTHGC-MS (shown in Figures 8 and 9), confirmed that the IONRs w@ated

with BPEI (87% w/w)(Mohapatra et al., 2015; Wang et al., 201 8yure 8 and 9 shows a carnosine

loading ofca.60% mg carnosine/pg IONR/mL water, as analysed by evolved gas analysis using TGA
FTIR-GC-MS (Figure 10). The polymer is observedFigure 8, to be completely dissociated between

150 and 300 -#aBine amdhtiistide ftom the darnosine degraded between 300 and
700 AC. This is similar to the results-aafneer ved
betweer200 and 300 °C and-histidine between 600 and 900 °C (Figure S3), evidencing that carnosine

is embedded within the structure of the carfizalog et al., 2015)
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Figure 11. FT-IR specta show changes in the spectrum of unedalONRs (red), IONR capped with BPEI
(green) and capped IONR loaded with carnosine (blue). Arrows indicate the representative frequencies from the
imidazole ring of Lhistidine and peptide bond.

The infrared attenuated total reflectance () ATR spectum of the carnosine loaded carrier
displays characteristic bending bands between 1474 and 183@hamnare attributed to the peptide

bond of carnosine, and a band at 2900'dnom the imidazole ring of thistidine. In addition, the

strong stretch at 3000 ¢his due to the absorbance alkanéi@Mohapatra et al., 2015) (Figure, 3)

and the peptide bond overlaps the strong bending band at 1474 and 168QleenNH group. Despite

the annealing of the BPEI as a template during the synthesis of the IONRs, it is clear that there remains

trace residual polymer on timanorods

1.4.2 IONRs colloidal stability

Aggregation of nanoparticles can lead to anomalies in results and limodueility. As a time
dependent process, this can result in changes when measuring their cellular responses and the toxicity
profiles (Ogura et al., 1996; Butkus and Grasso, 1998; Ebrahiminezhad et al., R¥ta) oxide
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nanoparticles, including thosevestigated as MRI contrast agents, are often susceptible to
agglomeration or sedimentation over prolonged periods of time, especially under physiological
conditions(Mohapatra et al., 2015; Unterweger et al., 20T8)erefore, the colloidal stabilityf o
SPIONs is commonly demonstrated in deionised water in order to eliminate the detrimental interactions
of electrolytes and variations in pH. This is, however, not representative -o¥addlbehaviour and,

thus, their colloidal stability in physiologicablutions and media is of paramount importance when
considering their potential biomedical applicati¢8ader, Carnieand Chan, 1995; Butkus and Grasso,
1998) The zeta potential is often used as an indication of the net charge of a cloud of counter ions
around the particle, which differ because of their environment due to the ionisation dissociation of
surface groupgMcCartney and Levine, 1969; Ogura et 4B96; Bhattacharjee, 2018) is reported

that the addition of a BPEI coating, onto metal oxide nanopatrticles, improves charge and overall electro
steric stabilisatiovia the induced steric hindrance provided by the formation of a hydrophilic macro
shield (Ebrahiminezhad et al., 2012)

In order to evaluate the stability of the BRiflated IONRs,dynamic light scattering (DLS)
measurements are usually condudtedwards and Williams, 2004 owever, due to the limitation in

DLS sensitivity when usmbio-logical buffers, serum, and complex media, they often lead to inaccurate
refractive index result§Saini et al., 1987)Thereforethe samples described herein were studied using
biological media and MRI techniques. Thanks to the paramagneticrpespef the IONRs, MRI can

be utilised to provide spatial resolution and contrast of the samples. The stability of the IONR in water
was evaluated for hydrodynamic diameter and polydispersity changes, measurddLSioger the
course of one hour and 8@ys (Figure 12).
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Figure 12. Colloidal stability studiesvia DLS compering intensity distributiormeasurementsat room
temperature: (A) hydrodynamic diameter of uncoated IONR at pH 7 (pink), IONR capped with BPEI at pH 7
(blue) and IONR capped with BPEI at pH3 (brown) over one hour; (B) hydrodynamic diameter polydispersity of
uncoated IONR at pH 7 (pink), IONR capped with BPEI at pH7 (blue) and IONR capped with BPEI at pH 3
(brown) over one hour; (C) hydrodynamic diametefONR capped with BPEI at pH 7 (blue) and IONR capped
with BPEI at pH 3 (brown) over one month; (D) hydrodynamic diameter polydispersity of IONR capped with
BPEI at pH 7 (blue) and IONR capped with BPEI at pH 3 (brown) over 30 days.
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Figure 13. DLS compering the intensity distribution of the iron oxitBnorodshydrodynamic diameter before
and after coating. The polymer coating prevents the aggregation. After coating, the rods had a relative stable
hydrodynamic stabldiameter over an hour. Each measurement is the mean of 60 measurements repeated 3 times

over 3 minutes to reduce the error to the minimum.
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Table 1. R? for the Hydrodynamic diameter and polydispersity of the IONRs in different conditions over 1 hour.

Uncoated BPEI coated IONRs  BPEI coated IONRs

Hydrodynamic diameter (um) 0.311 0.254 0.123
Diameter polydispersity 0.6 0.277 0.012

The IONR size and polydispersity did not show any significant changes over time in water at pH 7,
indicating that the formula is colloidally stable for over one hour at room temperature (Figure 13). By
comparison, the uncoated IONRs show significant aggi@y even after sonication, with a mean
hydrodynamic diameter afa. 500 nm (Figure 12A). Reducing the pH down to three did not have a
significant effect on the hydrodynamic diameter of the IONR; however, the polydispersity was observed
to be more uniform (Figure 12B). Thé & the coated IONRs, at both pH 3 and 7, wdew®.5 and,
therefore, has an insignificant effect on the hydrodynamic diameter and polydispersity. However, the
polydispersity for the uncoated IONRs was 0.65, which refers to a moderate effect in the uniformity
from the first hour (Table 1). The initiblydrodynamic diameter and polydispersity weaie(165, 0.2),

and endeda. (500, 0.35) after an hour.

The results of the 3Bay DLS stability trial show that at pH 7, the IONR has stability in the
hydrodynamic diameter (172 + 8.8 nm), and also demoastpatlydispersity (0.267 + 0.038). Similar
results were also observed at pH 3, with a mean hydrodynamic diameter of 163 = 8 nm and a
polydispersity of 0.228 + 0.031. There was an absence of aggregation indications, and no precipitation
would have been delaped over a month, which is essential for biomedical applicafidtasg et al.,
2009)(Figure 12). This study showed a wide range of safe pH storage conditions as a ready suspension
that will be buffered before the application instead of a longer mafdsydrolysing the dry powder

by sonication. Irdeed, the suspension had been reserved over a year and did not show sedimentation
or change in specifications.

In line with the DLS results, the two dispersions of IONR in water, at pH 3 and 7, show uniform
dispersion throughout the 4®uirs with little to no evidence of any sedimentation or flocculation of

the carrier. The carriers quickly agglomerated with the additigphoEphate buffer solutiorlPBS

resulting in a black precipitate that completely fell out of solution within @& yielding similar

results for the 1durand 48 loursimages. PBS (1x) showed rapid sedimentation, while sedimentation

of the carrier was slower over the course of tkgeement when dispersed into HEPES buffer. The
main ingredient of t he E &9YBM@ i $BSnandn therefote, itevass e n't i &
substituted with OptiMEM media, which contains HEPES. The carriepbserved to remain colloidal

in the third component of the cell medietal calf serumRECS); however, when combined with MEM,
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the IONR was sedimented out of the solution. Conversely, when OptikéENted serum media was
substituted for MEM, the IONR remained susnded as a colloidal dispersion (Figure 14).
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Figure 14. (A) MR images show the BPHEated IONRs as blue contrast agents at the concentration range of
coating in this project an@) the colloidal sedimentation of BPEbated IONRs under different conditions: water

pH 3/pH 7, PBS, FCS, MEM. MEM/FCS, OfNMEM, Opti-MEM/FCS and HEPES at room temperature after 1,
24 and 48 burs The difference found between 1 and 2itsis more than that which is found between 24 and
48 hours The colour codes are related to sedimentation in arbitrary Urties. yellow shadow referto

sedimentation and the blue shows the stability of the suspension.

The MRI results included herein confirm that the use of PBS, alone or within a media, results in rapid
sedimentation. This is due to the relatively high sodium ion concentrations ansulisequent
compression of the electrical double layer that surrounds the-&Rid IONRgSaini et al., 1987)

and ultimately the collapse of the colloidal system. It is algmread that sedimentation can be reduced
by substituting PBS for the zttérionic HEPES buffer since it is proposed that the FCS proteins attach
to the surface of the BPEbated IONRs and sterically hinder any potential to agglométajara et

al., 1996) This further MRI experiment was undertaken simultaneously to eealbit process by
determining the effective spin lattice relaxation time constasif)($ince the paramagnetic properties

of thenanorodsare known to shorten this val(ldang, Park and Guan, 2007hese results show that
the ionic chargehetween the BPEtoated IONRs and media, can be balanced by usingMEM as

the media in combination with FSC. Furthermore, the B&tfated IONRs within the carrier preserve
their super paramagnetic properties, enabling them to be utilised as MRI tagtats. The overall
nanccarrier foundation is also proven to be stable as both a dry powttat can be readily re

suspendedand directly as suspension in sterilised water, for at least one month.
1.4.3 Trace and localisation of IONRs

The uptake and lodahtion of the IONRs was studied in UBIG cells. The intercellular transportation
and intracellular localisation of BPfbated IONRs are vital in their overall interactions due to their

theragnostic applicatior{§vVani, 2017) Many factors impact the tagke of IONR, such as patrticle size,

56



Chapter 2: Super paramagnet@norods

polydispersity, and the surface charge of the functionalised coating. The SEM images show the uptake
and localisation of BPEtoated IONRs in USTIG cells after incubation for 24durs

Figure 15 showed theanorodsn the cytoplasnand probaly localised inside the nucleughe iron

ions overloaded heavily in the images of cells treated with BB&ied IONRs at a concentration of

10 epyg/ Mowever, a concentration of -dispersvg XragL kept
spectroscopy (EDSJetected the elements and proved the iron peaks in the map scan of the cells. This
toxicity was dictated in previous works when the Blegated IONRs became overload@d. 10

€ g / )nfWani, 2017) while the BPElc o at ed | ONRs at a concentration

considered safe for use in the treatment of glioblastoma brain tuWdang et al., 2018)

Nanomaterial with positively charged surface functionalisation allows cellular adhesidn
transportation through the ionic interactioitwnegatively charged cell daces The delivery will be
increasedvhich enhances their cytotoxicity mardgifoged et al., 2005; Vasir and Labhasetwar, 2008;
Patil et al., 2018)The BPEicoated IONRs &y cause DNA damage by breaking the hydrogen bonding,
which generates the reactive oxygen species (RMD&) at high doses,damagenside the nucleus
injures the actin cytoskeleton structdige to the extra chargelass and Barnstable, 20X6jgure 16).
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Figure 15. SEM images show the uptake and localisation of B&talted IONRs in USHMG cells at different
concentrations after 24ohrsof incubation: (A, B) a 5 pg/mL concentration shows the uptake of BB&ted
IONRs without affecting the live cells; (C, D) a cemtration of 10 pug/mL BPEtoated IONRs shows the
overloaded uptake of BPfbated IONRs, which affects the nucleus. (E) The localisation around the nuclei was

detected by the EDS map scan spectrum. Areas with iron localisation are distinguished bycpkrudbat was

applied simultaneously to the i mages fdar@ amdC)phdl50 g h't
pm for (B andD).

Figure 16. SEM images showing uptake and localisation of BBd&dted IONRsnost likelyinside the destroyed
nucleus of a UBMG cell at a concentration of 10 pg/mL of BR&bated IONRs.
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Figure 17. TEM images of UBMG c e | | s &8 s pidures epresent: (A hGells treated 1dur after the
addition of BPEicoated IONRs at a concentration of 5 pg/mL and show the rods on the border of the cell
membrane. (Gl) Cells after 4 h of being incubated with BP&lated IONRSs at a concentrationsofig/mL for 4

hours The IONRs that are under 100 nm start to enter the cells and localise in the cytoplasm. (J, K) Cell division
4 h after the addition of carnosine (25 mM). The mitochondria are loaded with carnosimaigloyganelle is

likely to play a pivotal role in relation to MTT assay and the size and distribution most probably refer to the

mitochondria (M) Thegeneral observed trend éll reactingvaschanging its morphology into spherical shape
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Figure 18 TEM images of U8 MG cells section without any treatmeiihie image shows the component of the
control cell. The arrows refer to the expectetanelles such as, Mitochondrion, Golgi apparatus, Ribosomes,

Nucleus, Rough endomaic reticulum.

TEM images were taken tiie resin embedded87 MG cell sections to support the entrance of the

rods inside the cells, as opposed to merely settling on the surface. The sections of the cells, after an hour
of incubation with BPEkoated IONRs at a concentration of 5 pg/mL, exhibited BieBated IONRs

that were spread around the cell membrdi images of the tumour cells, after 4 h of exposure to

the BPEicoated IONRs, demonstrated the capability of rods < 100 nm to penetrate the ezlbbard

reach the cytoplasm that was moving towards the nucleus regions (FiguréeelB)ank cell shows

the basic component of the cell (Figures 18).

1.5 Conclusiors

1.5.1 Synthesising SPIO nanopatrticles

SPIO nanoparticles could be defined as the nanostructoodetules which develop paramagnetic
nature due to the effect of external magnetic field and tend to lose the magnetic oscillation or rotation
property once the applied magnetic field is turned off. The relation between the size and the modified
surface aga of SPIO nanoparticles is proportionally inverted. Thus, the smaller the size of the
nanoparticles, the more reactive functions can be added such as coating with surfactants, polymers,
lipids. Those additions electrical and spatial hindrances on trecewf SPIO nanoparticles maintain

the stability of the colloids by preventing the agglomeration and sedimentation development over time.
However, the surface functionalisation can affect the size, shape, and themagpetism of the initial
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SPIO nanopdicles depending on many parameters including the amount, nature, and thickness of the

coating.
1.5.2 Estimating the fate of the SPIONs

The TEM images enabled the tracking of entry into U87 MG cells ovand4 hous), and theSEM
images with the EDS traced tHistribution of BPEicoated IONRs in the target organelle nuclafbsr

24 hours(Hass and Barnstable, 2016; Arachchige et al., 20If7¢ TEM images represented the
morphology change n t he U87 MG emedlldursadd cammosihedrpatmeers, which fvds
similar to that of rapamyci(Lenzi et al., 2016)The carnosine crystals exacerbated the damage caused
to the structure of the mitochondria, which veaplained in detail by thincucyté live cell studies

and MTT assay ighapter3.

61



Chapter3: In-vitro studies

Chapter 3: In-vitro studies

1.1 Overview

As mentioned irchapter 1, carnosine has potential therapeutic effects in health and disease. Carnosine
is a naturally occurring histidireontaining dipeptide which is produced in some regions of the brain
to neutralise the reactive species and regulate detoxifia@rtioli, Sale and Jones, 2018)

1.1.1 The mechanisms of carnosine in GBM brain tumour treatment

The first potential antineoplastic effect for carnosine was proposed nearly four decades ago. The
sarcoma tumour cells were implanted subcutanednshvo, and carnosine was administrated every
other day in close proximity to the implantation site. A®sult, both tumour growth and mortality

were reduced (Nagai and Suda, 1986). Since then, over the years other supportive projects have been
interested in proving the selective effect of carnosine in supressing transformed and neoplastic human
glioblastomacells (Holliday and McFarland, 1996; Renner et al., 2008; Renner et al., 2010). After daily
application ofin vivointraperitoneal treatment with 1 M carnosine the delay in the aggressive growth

of tumour modelvas evidenced despite the uncompleted reviensthe tumour (Renner et al., 2010).

The main advantage of carnosine is the contradicted effect it has on healthy cells versus cancer cells
where it seems to increase the healthy <cellsb6 v
cells (Gauwnitz and Hipkiss, 2012)Normal cells usually depend on the oxidative phosphorylation to
produce energy in normoxic conditions. However, mitotic cells rely on the glycolysis Warburg effect
which generates lacta(®ppermann et al., 2016)he primary nechanism for carnosine effect is the

ability to inhibit the glycolysis pathway in the tumour cells, particul@Rgnner et al., 2013)The

reports explanation included activities of the glycolytic enzymes, metabolic regulatory, protein
glycation, cell @optosis, gene expression, redox biology, and metagtipiiss and Gaunitz, 2014)

In 2018, a ceculture model has been developed from patikmived glioblastoma cells and fibroblasts

cells. The presence of carnosine reduced the ATP comparedutitbated cells. The mitotic cells did

not make colonies after 4 weeks of carnosine exposure. However, the layers of fibroblasts were healthy.
The study showed the elimination of the tumour cells in the model which shadowed the effect on cell
mobility (Oppermann et al., 2018)

In this project, the antinigration andantrinvasion effect of the carnosine on glioblastoma U87 MG
cell line was proven with thantiproliferative effectof mitomycin C(Habra et al., 2021)Another
group confirmed the carno® effect which suppresses human glioma cells under normoxic and
hypoxic conditions by the inhibition of glutamine metabolic pathifang et al., 2020)Carnosine
targets the tumour metabolism by promoting protein degradation in the proteasome patiway a

influences transcriptiomia epigenetic regulation to inhibit the proliferation and metastasis of tumour
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cells(Oppermann et al., 2019; Fang et al., 2020k efficient uptake for carnosine to enter the tumour
cells has been proved to be accomplishgdhree protorcoupled oligopeptide transporters (PEPT2,
PHT1, and PHT2)Any absence or reduction in one of them should be considered during the cancer
treatment because it will reduce the carnosine ug@gpermann et al., 2019)he halflife of carnitine

has not been established, it is presumed &hb#, and thexcretiontakes90 minutesThus, carnosine

with high quantity to affect tumour cells need to be protected in a biodegradable storage which provide
the sustained releas€he antineoplastic effect of carnosine is independent of its cleavage, but the
experimens identified a strong induction of expression of the gene encoding pyruvate dehydrogenase
4 (PDK4)under the influence of-histidine too. This conclusion means that single amino acids can

regulate key metabolic pathysin the body(Oppermann et al., 2019)

1.1.2 The advantages of PLGA beads and liposomes vesicles for cancer drug delivery

and modified release

Traditional chemotherapeutic treatments are known for their toxicity to healthy cells because they
showed norsekctivity in the biological effects. Bhycancer drugs are considered hydrophobic active
materials that creata challenge in drug application and delivery. However, many investigations
introduced methods for entrapping the therapeutic compounds ir/ mdiom- colloidal formulations

to enhance the efficacy and minimise the side eff@gger, Dubernet, and Couvreur, 201Zhe
FDA-approved polymer of PLGA has attracted great attention due to its safety as well as many potential
applications such aseéhpossibilities of sustained release, surfacelification,and specific targeting

to provide a better interaction with biological mater{@anhier et al., 2012PLGA encapsulation was

the solution for the water insolubility for cancer drugs, for edamthe paclitaxel loaded PLGA
microsphere¢Zhang et al., 2018Furthermore, the surface modification of PLGA developed to be pH
sensitive or to enable the release of drugs to be contmllgilas the encapsulation of antitumor drug
doxorubicin hydrehloride (DOX) and Gadolinium (NaGdF4) for cancer cell imaging and drug delivery.
(Taghavi et al., 2017; Zhao et al., 201Similar to the effect of PLGA in drug delivery, encapsulation
using liposomes has showed benefits in vaccine preparaltioasomparative study between PLGA
encapsulation and liposomes for subcutaneous vaccine formulation, loaded cationic liposomes showed
a superior functional cytotoxic CD8+ T cell immune respadnsévo. The liposomes demonstrated a

stable safety storage accommodate the antigefvarypataki et al., 2016)

The rapid release of the drug could be triggered by ultrasdiancbmbine the stability, the liposomal
vesicles were formulated with lipid, cholesterol, and PLRRs. Afterward, Mitoxantrone was
en@psulated into the liposoma&¥ith optimisedstable liposomesadding PLGANPs showed the rapid
ultrasonic responsive ability. PLGNPs vibraion affectsthe lipid membranandtrigger thein vitro/

in vivo release(Xin et al., 2017) Another interestindnybrid system was the liposomal doxorubicin

loaded thermogel which was generatled sustained delivery of doxorubicin as a local treatment of
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breast cancer. The liposomal doxorubilbaded PLGAPEGPLGA thermogel was a solution at room
temperature andansformed into a solid gal vivo. This formula exhibited a steady prolonged release
of DOX without a distinct initial burst. The gel gradually degradedthe entrapped drug pass through
the liposomal bilayer. This thermogel has significantly inhibttedour growth in the mouse model
(Cao et al., 2019)

1.1.3 The safety studies on healthy cells (carnosine, PEI, PLGA, and liposomes)

The main materials in this project were carnosine agcéie pharmaceutical ingredient (APBE],

IONRs, PLGA for beads, anliposomes. Each component should be extensively investigated to
guarantee safety application on normal cells and tissues. The therapeutic benefits of carnosine have
been investigated preclinically and clinically for many neurological diseases assadfteaimplexity

and it was gradually biodegraded. Current reports supported the significant boost in health when using
carnosine without showing side effeitshumans(Xing et al., 2019) Carnosine was reported with
undesirable side effects just in one study where a benign sensation of tingling and nuvhiesas
observed with a concentration over 100 ([derave et al., 2010; Boldyrev, Aldini, and Derave, 2013)

The healthy benefitassessment of carnosine was proved clinically in a dose ranging between 0.8 to 2.8
g/day if the degradative enzyme carnosinase was in the normal abundarfHeugdghani et al., 2018)
However the cases witharnosinaemidiseasessociate with thiack of carnosinasgKyriazis, 2010)

Overall, carnosine is a safe bioactive component as a dietary supplement. The healthy properties
overweigh the only downside of paraesthesia.

Extensive evaluations have been reported on the ability of PLGA to delasy therapeutic agents

with sustained and/ or targeted reledlsiel et al., 2015; Park et al., 2017PLGA toxicity of the
biological distribution have been studigdvivo (Semete et al., 2010; Pan and Ding, 20280, PEI

has been reported as setul pulmonary gene carrier with a low effect on the production of cytokine in

the lungg(di Gioia and Conese, 2008Y)lost of the safety studies focused on the adulthood duration,
butthe effect of the exposure to PLGA and PEI was detected in preimganémbryos during early
pregnancy. A labelled naftcacer was used in gametes and preimplantation embryos in mouse models.
The results showed that PLGA and PEI are safe and biocompatible because they do not affect the
developmental programming of thelgaembryos in the next generation of mice. Thus, the embryo was

developed to the blastocyst safely in the presence of PEI and E{i@/et al., 2018)

Currently, various liposomal formulations are on the market or in the pipeline for cancer treatment.
Since 2014, ke improvements in liposomesere patentedas formulationsand analysed by many
expertssuch aghe liposomes that contain Ciprofloxacin Nanocrystaélose improvements included

the ingredients, stability, and release profile. The new lipoksysiems showed longer circulation
with novel structures and functionalisation for theranostic applications. Moreover, they heethme

adapted for passive and active drug deli&lyHammadi and Arias, 2019ncreasing the complexity
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of the lipid vegles requires accuracy in the analysis performed frowitro experiments before they

can be translated into clinical studies. After the identification of the liposomal formulation, both toxicity
and compatibility studies are always mandatory to proéeedfficiency and deliveryBozzuto and
Molinari, 2015)

1.1.4 How the project is going to expand other groups recommendations

Effectivedeliverystrategies should be applied to protect the carnosine from carnosinase, as well as, to
increase its level in the tumour site. In this project, many optimisations and preliminary studies have
been reported including using the IONRs as carnosine carriéls vetease the treatmeantvitro upon
applying a thermal trigger of mild hyperthermia. The same approach could be used for various
therapeutic bieapplications and for imagin{Habra et al., 2021)For controlled and/ or sustained
release trigger by aaxternal magnetic field, loaded PLGA beads were formulated for hydrophilic
IONRs and/ or carnosinga double emulsification using the flow focus microfluidic systéBamiati

et al., 2020)Finally, carnosindoaded liposomes for prolonged releaseribtissues were generated

and applied intranasally on animal model.

In the future, any analogue treatment or active material which synergises with the therapeutic effect of
carnosine should be considered by the researdf@rexample, it was reportélationg-term physical
exercises increase the carnosine natur@fiitiol, Sale, and Jones, 2018Jhus, another novel

exploration about natural carnosine may support cancer treatment.

1.2 U87 MG cell line optimisations for 2D and 3D models

1.2.1 Cell Proliferation

Prior to the proliferation and cytotoxic studies of the U87 MG cell line, cell density studies were
conducted to define the cell number required to attain a significant adherence to the bottom of the 96
well plate within 18 hours and without reachthg full confluence after 48 hours. As such, the optimum

cell density was found to be 4000 cells per well because wells seeded withddljldensitywere

found tohavecells growing on top of each other by 48 hours affectingetponentialgrowth. Ths

was reflectedby theincrease in the deviatiaf theerror bars over the last 6 hours (Figug.
1.2.2 Scratch wound assay (migration / invasion)

Scratch wound assay is a convenient and inexpensive method for the analysis of cell nmgvatmn

(Liang, Park, and Guan, 2007Jo study the effect of carnosine on the metastasis of U87 MG, the
migration and invasion of the cells were assessed over 48 hours course in the same plate in the presence
of a concentration of mitomycin C known to prevent cell proliferation (10 pg/ nidhjowt killing the

cells. To confirm the independency and the-taxicity of mitomycin C on carnosine, a series of tests

were carried out to validate the cell adhesion, viability, and prolifergaCarroll et al., 2004,
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Afshordel et al., 2015) Theadherence and viability of the cells were similar with and without using
mitomycin C and no significant difference was recorded (Fig@@s In addition, no synergism
appeared between carnosine and mitomycin C against the growth of the cells. Thabwedsbgr
imaging the live cells during their migration which was conducted to monitor the intracellular

interactions between the mitotic cells and the healthy adjacent cells (R2dures
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-e-U87 (P12) 4K / well
30 - -e-U87 (P12) 6K / well
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Figure 19. Proliferation of different cébensities per well were monitored on 3 technical triplicates from untreated
cells passage number (12). The plots show the confluence ratio of U87 MG cells over 48 hours (4000 cell/well is
the best density). Error bars represent the standard error roktoe (SEM)
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Figure 20. (A) The number of the adherent U87 MG cells after 18 hours has no significant difference in
comparable study on 6 technical replicates of cells with and without adding mitomycin C. (B) The percentage of
the viable U87 MG cells after 18 hours has no sigaift difference in comparable study between 6 technical
replicates of cells with and without adding mitomycin C. Error bars represent the standard error of the mean
(SEM).
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Figure 21. Incucyté® live cell system images analysis for U7 MG cells confluence piefleet (A) The effect

of carnosine on the cells was not affected by using mitomycin C (B) the difference between the normal increase
of proliferation for the cells and the effect of adding mitomy€i to stop the proliferation. Phase confluence
proves the continuous dividing for control cells. However, the cells with mitomycin C stop splitting and start
dying naturally after 24 hours. (C) Images of the cells in control sample and with mitomydih, @4t48 hours).
Error bars represent the standard error of the mean
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1.2.3 Single spheroids development

Threedimensional models have been shown to have many advantages over monolayer cell systems.
Spheroids have attracted atientdue to their complex microenvironment and behaviour which mimic
many of the naturah vivo conditions(Ravi et al., 2015)While single spheroids cannot replateivo
model sd scientific investigati on,ayerdelesjudiesanglr es e n't
the more complicated structure iof vivo tumours(Kunz-Schughart, 1999)Spheroid formation has

shown potential for higthroughput investigations of argancer treatmen{taBarbera, Reicand Yoo,

2012) The current standardeathods for spheroid generation include the liepigrlay(Carlsson and

Yuhas, 1984)hangingdrop(Timmins, Dietmairand Nielsen, 2004and shaking methodl/ascu and
Kubbies, 2006; Shi et al., 2018)he limitations of these methods were foumthie amount of spheroid
formation and the relative excessive costs. Sawailable examplegor commercial ultrdow
attachment 96 or 24 well platase Corning, Costa?, Brand® and Kurara§ multiple pore type which

all have the same basic principle. Other methods such as magnetic le\{tisier et al., 2013)

NASA BioreactofHammond and Hammond, 200&hd micrecages require expensive tools while the
uniformity of the generated bproids remains loyHe et al., 2020)Therefore, a method that would
combine the reproducibility of forming copious quantities of uniform spheroids while keeping the costs
low is required. Herein, the methodology describes a detaileekffestive probcol for establishing

anin vitro 3D single spheroid model which can be used to identify potential new therapeutic approaches.
The results have shown that the method can be applied to many human and murine cancer cell lines of
different origins (prostateamcer, TNBC, and GBM). More specifically it was shown that the formation

of spheroids, i.e., when the cells steplucing in sizeand started to grow is celfpe dependent and

will need to be optimised for each cell litbese can then be utilised foetmvestigation of targeted

drugs, antibodies, and immunoconjugafééinter et al., 2003)In summary, using a conventional
glioblastoma cell line such as U87 MG cellssnbe studied due to its tumour stem-tik# features

(Pontén and Macintyre, 196@jang et al., 2009; Allen et al., 2016)rein, a method to generate single
spheroid was establishethd used tassess the effect of carnosisegccessfully. Theant-tumour
carnosindli-peptidewhich was added each other day®wedthe potential sustaineelease therapy

better than the single dose applicatiorsingle spheroidsf glioblastomecell line (Winter et al., 2003;

Tredan et al., 2007; Shi et al., 2018; Habra et al., 2021)

1.2.3.1 Concisemethod to generate reproduciblesingle spheroids

The experimental protocol ohapter5 was applied to evaluate the homogeneity of growing siwglé
spheroids, and the size distribution was quantified byrtbecyté® spheroids softwareHabra et al.,

2021). The cells were seeded in 3 wells (Triplicat8)lof a 96well plate, and an additional well was

used as control (i.e., no washing referred to as triplicate 4) these were left to grow for seven days to

form spheroids while being monitored hourly. Theam&onfluence of the phase area for individual
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spheroids was calculated using theucyté& spheroid software. This setting was then repeated 2 more

times keeping the same position for all triplicates.

The results demonstrated that following the protoirwjle spheroid could be obtained with consistent

reproducibility for triplicates 1, 2, and 3, while triplicate 4 failed to convert the cells into spheroids.

Insteadaggregates were formed highlighting the importance of the washing step. The celleatespl

1 to 3 gathered over the first day as detected by a reduction in the number of largest brightfield area

(Figure 22). Thereafter, unlike the aggregates seen in triplicate 4, the spheroids displayed a regular

morphology with a uniform spherical geomeand a narrow size deviation. Seeding U87 MG 400 cells

per well on day 0 was sufficient to convert them into homogeneous spheroids that ranged in diameter

from 216 = 9 um after 1 day to 475 = 8 pym after 5 days and then 847 + 11 um after 7 days. The

homogeneity of the spheroids was reflected by the small standard deviation ranging from the mean.
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Figure 22. Incucyte® live cell system (x4) live spheroids images analysis shows the proliferation curves of the

confluence ratio of th&J87 single spheroid upon using the protocol steps. The blue graph of the control showed
the inability of the cells to convert the aggregates of cells into a spheroid without using the washing solution.
Whereas consistent single spheroid formation repiibdilg was achieved for the three different wells when the
protocol was followed. The experiment was repeated on triplicate and the images show the difference between
the shape of the aggregates and the successful shape of the spheroid, (scale bar)=Bt¥ geries of images

below the graph show the growth of the spheroids from days 1 to 7, (scale bar = 400 pum).

In addition to washing the wells with ar@tdherence solution, another critical factor to consider was the
type of plate. The use of a 9&Il round bottom plate with a hydrophobic surface designed for
suspension cells (Green code: 83.3925.500, Sarstedt, Nimbrecht, Germany) proved to be a key step,
which promoted the formation of homogenous spheroids. Single spheroids could not be genegated usin

a 96well round bottom with a standard growth surface for adherent cells (Red code: 83.3925, Sarstedt,
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Numbrecht, Germany) despite washing the surface of the wells with thadhetience solution. The

cells adhered to the bottom of the wells formingrexomplete circle after centrifugation (Figutg, a).

By centrifugation, the cells are pelleted at the bottom of each well. This ensures equal number of cells
for the initiation of the formation of a single spheroid (Ivascu and Kubbies, Z0Bé)most critical

steps in the protocol were the use of both gt plate and aréidherence washing solution which
consists of an amphipathic component to prevent cell adhasiexplained in the experimental chapter
(Schlenoff, 2014) This method showed cells forming spheroids in every seeded well at various
locations horizontally and vertically. This monitoring confirmed the consistency and reproducibility of
producing spheroids in the 96 wells (Fig@; b).
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Figure 23. Incucyte®Live-Cell System show (a) A. The proliferation curves of individual U87 single spheroids

from individual locations in the 9&ell plate (C2, C3, D2, D3). The spheroid area decreased during the first day.

Then, each spheroid grew over seven days. B. Thanihadherence of the cells when the step of washing was

missed. C. Represent the cells in different wells as referred in well A. The cells were gathered after washing with

the antiadherence solution with a 9gell roundbottom standard growth surface faherent cells (red code).

(b) The U87 cells in the 9%ell plate image turned into spheroids in various horizontal and vertical in the center

of each seeded well after one day, with a sihows di stri

that spheroids were not randomly growing in different locations which reflects the reproducibility in all wells
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The spheroids obtained were further characterised usinigtheyte® live cellimaging system. The
3D structure of the spheroids was sinow be achieved uniformly in all seeded wells. The spheroids
grew consistently for up to 10 days.
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Figure 24. Fluorescence cell Imagin@) Incucyt€ live-cell system (4x). Live spheroid images after 10 days. A.

The confluence of the livel87 MG cells around the spheroid is shown by the phase image to be distributed
uniformly. B. The locakation of the dead cells in the center of the spheroid is shgwimeCytotox red stainC.

The 3D localization of the live cells around the spheroid is shown by the phase with a green channel filter image.
D. The 3D shape of the dead/live cells in the same spheroid is shown by the overlap of the red and gréen channe
E. The mask of the invasion area. (b) The live green silised by CFSEnd the blue nuclewstained by DAPI
arebothshownlocated on the rim of the spheroid in t@nfocal images. A & C. The dark shade of the dead cells

is shown by the band 10day spheroid images across the center. B & D. Frem8 10day spheroid images of

the proliferating cells across the rim area.
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The observed morphology confirmed the overall transformation from forming aggregates to generating
tight single spheroids where the dead cells (stained in red) localised in the centre and the live cells
proliferated at the rim of the spheroid. Theucyt€® images with a green channel filter showed the live
cells stained with carboxyfluorescein succinimidyl ester fluorescent dye (C&i8Eunding the
Cytotox red colour which was taken up thgad cells at the core of the spheroid (Figi#ea/ A-D).

This has the advantage of assessing the mobility of the tumour cells and it enables the monitoring of
the invasion of the U87 MG cells from the surface of the spheroid. The invasion area masedsti

after applying an invasion mask and subtracting the area of the dead cells from the whole spheroid
(Figure24, a/ E). The confocal microscopic images for the spheroid morphology showed a significant
increase in growth from day 5 which was confirmgdh® viability of the cells at the rim of the spheroid
(CFSE green live cells and DAPI blue nucle{iSyure 24/ AB), and 10 days spheroid images across

the centre showed the dark shade where the dead cells are locateda#iQu®.

1.2.3.2 Cell tightnessand interaction analysis of U87 MG spheroids

To investigate the tightness of the cell packaging in the single spheroid, histological sections were
examined for spheroids which were grown for 7 days in culture. d&lih wa applied to these
spheroids after fixation and embedding. The hematoxylin stains cell nuclei a pbtpéstolour, while

eosin stains the extracellular matrix and cytoplasm pink. FRisbows the H&E stain from the centre

and the rim crossection ofa spheroid. Thigisual analysis for the section showed it cell density

was high in the core region, whereas the daughter cells gathered around the rim to tighten and increase

the spheroid size.

Figure 25. Cell tightness and interaction analysis of U87 MG spheroids H&E stain of spheroigsentiems
from (A) the core area, an®) top rim area of 7 days spheroid generated from 400 &slide bar is 250 um for

both images.
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An easy method for mass prodoct of homogeneous and uniform 3D cultures would leadhiglay
efficientprocess that minimises both setup time and wasted 3D culbee®t al., 2020)Utilising the
Incucyté® system and confocal imaging for 3D image analysis enabled the characterisation of the 3D
cellular matrix of different spherasdThe spheroids were characterised by studying the 3D structures,
cell viability, and necrosis.

1.3 Results and discussion

1.3.1 Applying the carnosine treatment on U87 MG and the mechanisms of effect

1.3.1.1 Proliferation and cytotoxicity (IC50/ EC50)

The inhibition in U87 MG cell proliferation was observed upon increasing the added carnosine
concentration from 0 to 125 mM after 18 hours to ¢heseded cell cultures. The cells were imaged
hourly during the 48 hours exposure in complete -®OfiEM culture media. The growth of U887 MG
cells was relatively inhibited after 8 hours and completely affected after 48 hours when the applied
carnosine reacldea. 125 mM (Figure26, A). To confirm that the change of the behaviour was not due
to cell death by other conditioms these wells, U87 MG cells were first seeded, and their proliferation
was monitored for 24 hours, before carnosine was added. RfBrelearly shows the suppression of
U87 MG growth within 8 hours after the addition of carnosine, which led to a complete growth
inhibition and cell death after 2 days. TS50 was determined after the MTT assay was performed as
a colorimetric assay for ssssing cell metabolic activity. Results were analysed by GraphPad Prism
software (San Diego, CA, USA). A range of (23.6 to 34.7 mM) carnosine with a confidence level of
95% and a regression value of=R0.8195 was found (Figui26, C). The effect of cawsine on U87

MG proliferation was clearly observed using phase contrast images of the cells with and without
carnosine over 2 days (Figuzé, D).
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Figure 26. Incucyte live cell system %10) Live cellimages analysis shows (A) proliferation curves of the
confluence ratio of U87 MG cells upon carnosine exposure over 48 hours. Cells were treated with different
concentrations between 0 and 125 mM. (B) To prove the same effect of carnosine on cell tojifara
supportive study was applied with delayed carnosine addition until 24 hours for 0, 100 and 125 mM. In both cases
(A, B), the treatment effect started after 8 hours. An MTT cell viability assay was conducted on the U87 MG cell
line with different canosine concentrations. (C) Th®/ absorbance at different concentrations refers to (IC50 =

28.62 mM) and (IC90 = 79.43 mM). Error bars represent SEM. The test was applied on the same six samples at
the end point of the proliferation study. (D) The images of the critical carnosine caticerstiare shown. Each

image was displayed as the phase of U87 MG cells upon carnosine exposure over 1 and 2 days. Error bars represent

the standard error of the mean (SEM). (Scale bars are
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ohtrol
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Figure 27. Incucyte® live celkystem ¥10) images show proliferation of U87 MG cells upon carnosine exposure

after 24 hours. Cells were compared with and without treatment of 100 mM carnosgentcation in the

presence of CytoLight Rapid Dye for laell green labelling dye (200 nM) whiadrossedive cells membrane

and emit green fluorescence. Each photo was displayed as phase and green channel without mask. A decrease in
cells population apgared after 24 hours. However, the cells with no morphology change are the daughters who
stay alive. (Scale bars are 400 pm)

To study the dead and live cells performance due to the carnosine treatment, the live cells were
monitored by using théncucyté after applying the CytoLight Rapid green dye (Figam@, while
Incucyté® Cytotox red reagent was used for réale quantification of cell death. The number of live

cells was shown to decrease while the number of dying cells increased in@gedeadenmanner.

The analysis of the phageagesenabled the redime evaluation of cell membrane integrity and cell
death in response to carnosine exposure after 24 and 48 hours g8gure

The half maximal effective concentration curve was defined (EC50 2 @8V). The red fluorescent
areas with blue masks were quantified for different carnosine treatments using Ifics@ytard
analysis software. This was integrated with the previous proliferation test at (IC50 = 34 mM) (Figure
29). The plots representiniyé and dead cells initially showed no effect, followed by a cytostatic phase
starting from 30 mM carnosine. However, the cell cytotoxicity could be seen to start immediately after
the integration point. The mechanism of cell death is the effect of caenosithe functionality of
mitochondria, which lose the metabolic capability to develop the purple colour in the MTT assay and
allow the red dye to penetrate.
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Figure 28. Incucyt€® live cell system ¥10) images show cytotoxicity on U87 MG cells upon carnosine exposure
after 24 and 48 hours. Cells were treated with different carnosimeentrations in the presence of Cytotox Red
dye (250 nM), which enters dead cells after losing the membrane and binds to the DNA to emit red fluorescence.

Each photo was displayed as a phase and as a red chan
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Figure 29. Incucyt live cell system %10) live cell images analysis shows IC50/EC50 curves of the inhibition

of cell sdéb proliferation and the efficiency of carnos
different concentrations (0, 50, 100, 125 mM) over 48 hours, IC50 is indicated by the confluence phase ratio,

while EC50 is the ratio of the Cytotox Red dye that enters dead cells. The carnosine effect has thrddgphases:

effectplateay Cytostaticaround EC50and Cytotoxic.

1.3.1.2 Cell migration and invasion

In vitro migration was studied by creating a wound in a U87 MG cell monolayer, then capturing the
images at regular intervals during the closure of the wound due to the migration of the cells. By
comparing the imges of the same cells in media alone, it was possible to quantify the migration rate of
the cells, which reflected the effect of the treatment on cell moliligng, Park, and Guan, 2007)

Also, the invasion assay was studied by embedding a monolayer of U87 MG tumour cells inside a
biomatrix to monitor the speed at which the cells invade through the matrix to the neighbour cells
(Figure 30) (Brekhman and Neufeld, 2009 he quantificatio of phase images assessed cell
morphology at every time point. After proliferation was suppressed by mitomycin C, migration was
reduced after 24 hours but not abolished by carnosine (p < 0.2 from 100 mM, 6 experimental replicates).
Such as proliferatiorthe migration of the cells decreased following the addition of carnosine. In-a time
dependent manner, both effects were seen to increase after 24 hourqoidthtialeffective decrease

in the concentration of intracellular ATé% detected bfRenner etl., 2008)starting from adding a
moderate concentrated of carnosi@ger the second day, the wound density showed a plateau because
mitomycin C formed covalent crodisks between complementary strands of DNA, thereby no new
cells were availabléor replicationor migration(Figures31, 32 and33) (Ueda and Komano, 1984;
Tomasz, 1995)
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Figure 30. (A) The matrix of relative wound density for 6 samples of each concentration (0, 50, 100, 150 uM

respectively) over 2 days. (B) The effect of different carnosine concentrations added on U87 MG cells after 18

hours of adarence when the scratch was applied. The scratch wound starts healing by proliferation and migration.

Cells were imaged in 96 well plate while growing in media with different carnosine treatmentsnasioge®

live cellimaging system to take two shaps wvell each hour over 2 days. The phase confluence was analysed by

the standarthcucyté® software, and the relative wound density was analysed by the intefretegté® wound

scratch software and plotted against elapsed time in hours. 0 hour intlieated density half hour after placing

the plate in thdncucyt®. Al |

cel

|l sé6 variations in growth

arised

movies of cell migration are available in the supplementary movies. (C) The statistical afdlysisormalised

wound densityshowsthatthe significant effect starts between 50 d0® mM of carnosine ooell density 18

per well. The statistical analysis shows a significant effect caused by carnosine (50 mM) at a cell density of 10

per well. The stattical significance level and indicated with (*) for p < 0.05, and (****) for p < 0.0001.

78



Chapter3: In-vitro studies

( f . . ’

MK2 dzNJ M HZ dzNA H K2 dzZNR o &2 dzNA n w2 dzNA

Figure 31. Phase images with mask shows the effect of diffeoarnosineconcentrations on U87 MG cells

wound healing by proliferation and migration. Cells were imaged in 96 well plate while growing in media with

different carnosine treatments usimgucyte® live cellimaging system each 12 hours for 2 days.
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Figure32 Ef f ect of carnosine concentration on U87 MG cell
proliferation with mitomycin CThe software able to quantify tispace that was generated by the wo@wlls

were imaged in a 96 well plate while growingrmedia with different carnosine treatments using the Incficyte

live cell imaging system to take two snaps per well each hour, (A) during the first day, when the relative wound
density was analysed by the integrated Incifewteund scratch software and piled against the elapsed time in

hours. After 18 hours of adherence, the scratch was applied, then mitom{idnug/ mL).was added after an

hour. The carnosine treatment was applied at different concentrations and the plate was placed inside ¢fie Incucyt
device to start the-Bour image after about half an hour. All variations in cell growth were initiated after about 4

hours. (B) The statistical analysisthe normalised wound densi&fows a slight increase in cell mobility caused

by carnosine at aell density of 18per well. Error bars represent the standard error of the mean (SEM).
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Figure 33 Ef f ect of <carnosine concentration on U87 MG cell
The same criteria as migration were applied to quantitatively address the effect of carnosiie. g¢&itistical
analysis of the normalised wound densitypws a significant effect caused by carnosine (50 mM) at a cell density

of 10° per well. The statistical significance level and indicated with (*) for p < 0.05, and (****) for p < 0.0001.

Carnosine affects the migration and metastasis by suppressingtte6el mobi | i ty regar dl e
of proliferation(McCarroll et al., 2004)The effects of the cell matrix and interactions in cell invasion
mimic the cells during wound healing vivo. Carnosine affects the invasions and metastases

significantly when the concentration exceeds 50 mM (FigiBe

The data of migration and invasion were used as indicators to recalculate the IC50/ EC50 of carnosine.
The IC50 was determined by the relative wound density ratio, and the EC50 was determined using the
width of the wound. The IC50/ EC50 ata. 100 mM at a density of €ell/well (Figure43). These

values corroborated the results which were found from previous live/dead cell curves 8Bjgure
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Figure 34. Incucyt live cell system 10) live cell images analysis shows IC50/E@5@ves of the inhibition

of cellsd proliferation and the efficiency of car
different concentrations (0, 50, 100, 125 mM) ovehda8rs, the IC50 is indicated by the relative wound density,
while the EC50 is the wound width. The images and videos of scratch wound healing by cell migration are
available in the Supplementary Materials.

1.3.2 Safety studies for applying BPEicoated IONRs onU87 MG

1.3.2.1 The differentiation of malignant U87 MG cell line

The comparison betweghe morphology oflifferentiated and undifferentiated control U87 MG cells

is essential to investigate the effect of the applicaif@PEFcoated IONR®N both healthy and natic

cells. The cells were grown in a serfiree medium supplemented with dibutyryl cyclic adenosine
monophosphate (dbcAMP; 0.3 mM) and B27 Supplement (1% v/v). Following the differentiation, a
fluorescent green dy@éFSEwas added to show the cell profidition after 48 hours and 7 days (Figures
35and36). Also, DAPI was used for the blue nucleic colouring, and red mouse antibody marker glial
fibrillary acidic protein (GFAP) dyevas applied to stain the differentiated cells (Figdirg(Gomes,
Paulin and Moura Neto, 1999; Chemmarappally et al., 2026)ore investigation is needed, using a
cholinergic antibody marker will give a clearer specific colouring for the differentizells(Liu et al.,

2019)
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20X

Figure 35. Microscopic images show the difference of the cell morphology after the differentiation treatment. A.

after 48 hours and B. after 7 days. The differentiated cells are more elongattgbtimatotic cells. The scale bar
ny K2 dzNA

is 50 UM.
M - n -

Figure 36. Microscopic images (EVOS) show the live U87 MG tumour cells coloured in fluorescent green after

Control

Differentiated

the treatment to differentiate them for 48 hours and a week. (Scale bars are 150 pM)
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Control

Differentiated

Figure 37. Microscopic images (Leica) with magnification x20 show the U87 MG tumour cells nucleus coloured
in blue DAPI after the treatment to differentiate them for 48 hours and a week. The red antibodfomiheer
differentiated cell@ppeared in the sarepof the 7 days(Scale bars are 150 uM)

1.3.2.2 The cell cycle of the differentiated and malignant U87 MG cell line

To confirm the successful differentiatidhe life cycle of the cells before and after differentiaticas
comparedAfter the differentiation of th&J87 MG cells,samples with high densityere prepared and

the flow cytometer cell cycle tesvas applied orthree independent passag@®zarowski and
Darzynkiewicz, 2004)The test was performed 48 hours after addingifferentiation treatment to the
malignant U87 MG cell. After staining the cells with propidium iodide (B¢ fluorescence was
measuredThe estimated percentage for the cells in the G1, S, and G2 phases of the cellhgycle. T
mitotic cells were faster in moving from G1 to the next phases which makes the intensity of the S and

G2 stages significantly higher than the differentiated cells (Fig8)re
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Figure 38. Flow cytometer peaks of life cycle for the mitotic (control) and differentiated U87 MG cell line. The
peaks showed the difference between both types in all stages G1, S, and G2. Sigliffexamces were
evidenced in G1 and S stages. The test was performed on biological triplicate and Error bars represent the standard
error of mean (SEM).

1.3.2.3 The effect of BPEkcoated IONRs on mitotic vs. differentiated U87 MG cells

1.3.2.3.1 BPEktoatedIONRs accumulation (ICP), cell cytotoxicity assays of lactate dehydrogenase
(LDH) and MTT

U87 MG cells were grown in a serdiree medium supplemented with dibutyryl cyclic adenosine

monophosphate (dbcAMP; 0.3 mM) and B27 Supplement (1% v/v). After tkessfal optimisation

of the U887 MG differentiation, comparison studies for the cytotoxicity/ proliferation between the

mitotic and differentiated cells were essential by applying theMSPanalysis, LDH test, and MTT

assay in the same conditioffsu et al, 2007; Valdiglesias et al., 2016Jhe ICP test showed similar

leftovers from the applied IONRs on the cells with and without differentiation after the same time
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exposure and conditions. No significant difference was detected between both typeq Bigre#39).

The LDH test and the MTT assay on 3 passages showed a similar effect for each concentration of
Il ONRs (5, 7.5, adaO0hnd4ip The gfféechof BPEHodtad gDNRsassnonselective,

and the IONRs showed less effect on the metsimolof the differentiated U87 MG cells
(Chemmarappally et al., 2020jlowever, it was not a significant difference because the astrocytes
harbour protective mechanisms including neurotrophic factors andxadétive stress moleculéBla,
Pascualand Guerri, 2016; Hass and Barnstable, 2016)
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Figure 39. (A) ICP-MS test was applied after finishing the MTT test (48 hoW&asuring the irononcentration
showed similar percentage of BPEI coated IONRs left in the wells of both mitotic and differentiated U87 MG.
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Figure 40. LDH test on U87 MG cell line with various coantrations of BPEI coated IONRs after 48 hours. No
significant difference was observed after applying I

bars represent the standard error of mean (SEM).
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Figure 41. MTT cell viability assay on U87 MG cell line (A. mitotic vs. B. differentiated) with various
concentrations of BAEcoated IONRs after 48 hours. No significant difference was observed in individual

triplicate.Error bars represent the standard error of mean (SEM).

1.3.2.4 Safety marginof BPEI-coatedlONRs in malignant U887 MG cells (MTT)

The quantitative MTT assay data shows that the viability of cells treated withd®@id IONRs at
concentrations of (0O to 10 eg/mL) did not displ
However, two other passages showed cytotoxicity chusby | ONRs at a concentr e
Hence, the surface modifications, which occur via positive charge (+19.14 mV) at pH 7, are safe to be
applied on U87 MG cells using BREIlo at ed | ONRs concentrations of

exposure period a8 hours (Figurd?2).
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Figure 42. MTT cell viability assay on U87 MG cell lingpassages 14, 15, and 16}h varying concentrations

of BPEFcoated IONRs after 48 hours. No significant differemcthe normalised UV absorbanags observed

in individual triplicate. Error bars represent the standard error of the mean (SEM). The statistical significance
level and indicated with (*) for p < 0.05.

1.3.3 The effect of (IONRs/carnosine)ombination and mild hyperthermia application

on the controlled release of carnosine

Using dialysis tubing to model the releasdret carnosinefigure 43 predicts that water entereth

osmosis, and the carnosine leftthe tubitegd i f f usi on. The | ONRs6®6 BPEI cC o
from having permeability through the membrane. I
complete release of carnosine after 2 hours. The BP&tkd IONRs partially retained the carnosine at

37 eC. Free carnosine had a |inear trend of rel
delaying the effect of the treatment, as mentioned in the proliferation study. Using the caoauaae

BPElcoated IONRs may offer the advantage of aenguickly controlled treatment relative to the

traditional application of caosine. By comparing the results from the-MS, it was seen that the

carnosine structure was not affected by mild hyperthermia. All samples and standards showed identical
peakswhich appeared due to the release of carnosine without any impurities or structural modification
(Figure43).
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Figure 43. LC-MS assay for the released carnosine from dialysis membranes contaimogindree or loaded
BPEFcoat ed | ONRs, under different c oFned catnosioenhad a lieear t e mp e
trend of the release percentage while teleae ratio of carnosine fronthe BPEI-coated IONRsmbedded
carnosine was enhanced exponentially in all conditions. Mild hyperthermia allowed theireatoobe fully

released after 3 t® hours.

In all plates, the controls of seeded cells, alone or withosine, showed no significant changes in
terms of l'ive cell s, which proves the | ack of a
5% CQ) on cell growth. In the samples of bonded IONR nreawier with 25 mM carnosine, the

normali ncubati on inshoywedthatGhe effeckoof €afdosine was hindered because the
polymer is attached to the BREIo at ed | ONRs. However, applying he
the release of carnosine. A maximum of 5 hours of mild hypertherouilal deattach the carnosine

inside the cells, which was reflected in the treatment result after the completion of 48 hours in normal
incubation (Figurd4A). When the samples contained carnosine that was already mixed with the media,

the added BPEtoaed IONRs had no influence on the regular effect of carnosine, in all conditions.
TheBPElcoat ed | ONRs & exi st enc e inivitrodid hoemaskdhmteeatmentc i ni t vy
because the carnosine stayed free (FigdB).

The presented results sk that cationic BPEtoated IONRs are promising in terms of their
intracellular delivery into brain tumour cells, which is like that of colon cancer(gds Pascual, and
Guerri, 2016) The fast uptake and localisation of BRIeated IONRSs in the niewus were used in drug
delivery for GBM gene therapy or in tha.20-fold enhancement of the cell entry of hydrophobic drugs
(Arachchige et al., 2017; Wang et al., 20184ding the mild hyperthermia treatment gives the
advantage of controlled releasgatnosine from the IONRs to the mitochondria. Thus, the presence of

a safe amount of heated iron oxide in the same vicinity as the encapsulated drug could leaémlong
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GBM therapy and i mprove the saf et yeragonsanfblodde o f
brain barrier permeabilitfAu et al., 2007)
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Figure 44. MTT assay on U87 MG cell line with same carnosine concentration 25omdll plates andlifferent
concentrations oBPEI-coated IONRgA) carnosine loaded BPEoated IONRs and mixed for 5 min with the

media (B) BPElcoated IONRs added to tkeluble carnosine in the media. In both cases, mild hyperthermia was
appliedby changing the temperature of separate the incub@tmmparing the controls shows the inefficiency of

mild hyperthermia in killing cells because of the insignificant differdmetveen the controls in all plates. The

heat released the carnosine from the B&&gted IONRs after 3 to 5 h when it was bonded, while the effect was
equal, without any significant difference, when trenorodsexisted in the same vicinity. Each treatmerats

repeated on 6 samples, then the T test was applied to address the significant changes. (C) Comparison of the
repeatability of all controls from (A, B). (Abs = absorbance at 570 nm). The statistical significance level and
indicated with (*) for p < 0.8, (**) for p < 0.01.
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1.3.4 Sustained released carnosine application in single spheroids

1.3.4.1 The effect of the sustained treatment of carnosine on U87 MG single spheroids

The efficacy of carnosine was applied at different concentrations (0, 50, 100, 150 mM) t@34&MN\

grown as single spheroids, on days 1, 3, and 5 to mimic sustaieade therapy. The change in

morphology of the single spheroids after day 3 proved the effect of carnosine in suppressing the

proliferation of these spheroids. From the seriesabh@sine concentrations, the critical amount to

hinder the spheroid growth was found to be over 100 mM (Figi)re
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[
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Figure 45. Incucyte® live cell system %4) live spheroids images shdhe comparison between therphology

and size of single spheroids on day one and day seven after appfféngntdoses of carnosine treatment. The

mi mi cked sustained

rel ease

of

carnosi ne

concentratior

significant differencevas reported in phase exposure. The statistical significanceofepease exposure time of
the spheroiden day seven was indicated with (*) for p < 0.05, (**) for p < 0(@%3) Error bars represent the

standard error of the mean (SEM).

The concentridgon of carnosine required to affect the viability of U87 MG was found to be around 30

mM in a previous investigation that utilised a monolayer 2D m@dabra et al., 2022)The same

results were obtained in Figuds at 22 hours when EC50 waslculated before the complete of

forming spheroid. Comparing drug sensitivity in 2D and 3D cultures was feasible daily by measuring

EC50 using the change of spheroids phase exposure. The increment of EC50 on day 2 to 155 mM was

an important indicator tadd the second carnosine dose on day 3. The EC50 was stable at around 100

mM between days 3 and 7 which confirmed the suitability of the dose frequency @yure
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Figure 46. Incucyté® live cell system %4) live spheroids imagesnverted to graphs whighowthe potential of
using the protocol to obtain EC50 of carnosine on multiple points for drug delivery studly trd sustained

release profile. The EC50 of carnosine on monolayer cells iadatadfor seven days.

92



Chapter3: In-vitro studies

The penetration and binding of compounds into spheroids have been shown to be a promising predictor

of compound uptake in thick tissu@gelstuen et al.,@09). The formed tumour spheroids of U87 MG

reflected the effect concentration EC50 by using carnosine as a tredkfadnd et al., 2022)By

utilising different concentrations (0, 50, 100, 150 mM) of carnosine in a sustained release designed
experime t the inhibition of the single spheroi dsa
spheroidgHabra et al., 2021)

1.3.4.2 Obtaining single spheroids from various cell lines

The applicability and reproducibility ahe methodin chapter Sparagraph 16 were demonstrated

using different cell lines from various cancer types (originating from either humans or mice) (Figure
47). Generating single spheroids from seven different murine and human tumour cell lines showed the
potential of this method for gerating spheroids from various cancer types (brain, prostate, and breast)
starting with the same cell density per well. The size of the spheroids can be adjusted by seeding
different cell numbers and manipulating the time of incubation according to smpésed experiment

design. One should however keep in mind that the core region consisting of a necrotic area will also
increase with the spheroid size and therefore experiments aiming to assess treatment efficacy will have
to be carefully plannefCarlson et al., 1983For U887 MGcell ling, the presence of dead cells in the
spheroid centre was due to hypoxi€olenda et al., 2011)Tumour hypoxia has been attributed to
tumorigenesis and therapeutic resistance by maintaining the undifferentiteeaf ttanour stem cells.
Thereby, therapeutic strategies should take oxygen tension into afi€olemtda et al., 2011 he loss

of green CFSE fluorescent signal throughout the z depth of spheroids exhibited a reproducible
exponential decay functiofl.eary et al., 2018)Monitoring the changes in the content of live, dead,

and apoptotic cells enables observation of the consequences of compound exposure on the spheroid
(Sirenko et al., 2016)The H&E staining of the middle cresgction of the sphieid encompassed the
complete tight structures from core to rim. The rim of the spheroid consisted of even layers of packed
cells toward the centre despite the death of the cells which formed a necrotic cor§Bedienal.,

2020) During spheroid fomation, a small proportion of cells did not integrate into the sphere and lost
cell-cell adhesion properties. The reason for this separation is gemdisnentation(Stadler et al.,

2018) After the optimisation towards mimicking various stages of @vas tumour regions, the
resulting single spheroids can easily be transferred to any plate or cell culture vessel due to the ease of
mechanical access for further investigation or analysis. Cell viability assays such as the MTT, trypan
blue exclusion, andlDH release assays can be usedifovitro therapeutic screening in spheroids
(Daunys et al., 2021onsistent culture conditions need to be kept during the spheroid growth as this
otherwise might affect proliferation significantly by altering theregpion of tight junction molecules,

which establish a delay in the initial shrinking of the spheroid @zescu and Kubbies, 2006Pn

average the spheroids reach a stable symmetrical size after 24 to 48 heseegogf. However, some

cell lines rguire a longer time such as the DU145 cells which needed around 5 days to produce firm
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spheroids. The observed diameter @00 nm at which the spheroids started to show a necrotic core
and a proliferative outer layer. In the future, adding cells @fttimour microenvironment to develop
multicellular 3D cultures will make the models more representative ointhé/o tumour situation
(Zraikat and Alshelleh, 20207 his protocol could also be tested on essential tumour stem cells such as
SJ1 (Kolenda et al., 2011)
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Figure 47. Incucyt® live cell system %4) live spheroids images show the potential of using the protocol

chapter 5 paragraph16 toobtain single spheroids from various cell lines.
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1.4 Conclusions

1.4.1 The controlled sustained release of carnosine using mild hyperthermia

To realise the full oncological potential of carnosine, the dipeptide was embedded within a novel nano
rod-shape superparamagnetic iron oxide of about 80 nm capped with a branched polyethyleneimine.
After the safety studies, the IONRs were used as calvizded with carnosine. The application of the
combination with carnosine was found to stimulate the full release of carnosine from the vector
foll owing the use of only mild hypé&onttheefieandfa cond
(IONRs/canosine) combination and mild hyperthermia applicaamilitatedan achievable application

of slow controlled sustained release treatment of glioblastoma brain tumours that demonstrates potential

to inhibit the possurgery metastasis with MRI monitoring.

1.4.2 The mechanisms of carnosine effect on Glioblastoma U87 MG cancer cells

Glioblastoma is the most aggressive form of all brain cancers, with a prognosis of only 15 months after
diagnosigKromeretal.,2017) Unf ort unat el y, d édspthetcompléetdramowalur g e o n
of the tumours cannot be achieved by surgery alone due to the complexikag&ructure of the

tumour. Also, these tumours are highly resistant to current radiation and chemotherapy treatments
(Stupp et al., 2005)The resub have demonstrated that carnosine lowers the growth and mobility rate

in the Glioblastoma U87 MG cancer cells. However, there is a necessity for a suitable sustained drug
delivery system to be implanted into the psstgical cavity antbeused as a conlgmentary treatment

with imaging advantage to improve the prognosis isfdevastating disease.
1.4.3 Invitroinvestigations for sustained released carnosineing 3D model

Monolayer cultured tumour cells exhibit less resistance to therapeutic interventions tamcells

(Ravi et al., 2015)Developing a 3D model that more resembles solid tumours is important, especially
when trying to bridge the gap betwe@nvitro and in vivo tumour models. The use of 3Dodels is
nowadays largelysed, and the commonly used protocols were followed by significant updates. The
protocol described here demonstrated reprodiidibdings in generatingingle spheroids using a
simple costeffective method that other researchers and different laboratories can benefit from. Uniform
single spheroids without any additives were consistently obtained. The spheroids exhibited the typical
characteristic morphology consisting of a proliferatingaimad a necrotic core. The 3D model was used

to assess drugs EC50 as was highlighted using sustained released carnosine treatment. Preliminary
optimisation for different cell lines of single spheroids is proposed to provide the research workers with
an eady accessible and average-f20d cheaper method than the ultcav adherent platesalculated

based omhecurrentpricesof the purchased items from the marketthe future, the reported data needs

to be further studied to find the validity of patietgrived tumour cedl.

95



Chapter 4:Micro vectors for drug delivery

Chapter 4: Micro vectors for drug delivery

1.1 Overview

Despitethe advantages of the synthesised Bé&ddted IONRshownin chapter2, the formulatiorhas

a limitation The high buffering capacity of carnosine helps keep the pH aitsigysiological value.
However, the pH in the alkalir@ectrum enhances the sedimentation of the BB&ted IONRs due

to the neutralisation dhe surface chargéVhen the zeta potenti@é reduced to zero, the repulsion
forces among the particles disappear dramati¢gliiyvards and Williams, 2004 hus, the amount of
functionalised material should lmarefully studied, and the optimum amount should not affect the
stability of BPEFcoated IONRs.

Drug delivery researchas edto many types of suitable carriers for moleculehich canalso have
the advantage of tuning the rele@idance et al., 2021for example, liposomes are safe candidftes
use as hiocompatible vehiclEs carnosineThis isbecause thecoreis a hydrophilic solutiorwithin
alipid shellthatcan be modified to target hato-treat glioblastoma tumoussa the nasal routédHong

et al., 2019)Loading carnosine inside polymer beaglsch asphericalcagescan also be designed to
control the release of carnosine. By incorporating the synthesised-ddBted IONRs into
neighbouring beads, they aout of the beads and break faymer shelby rotaing. Mechanical
spinning movement can lixreduced froma distance by applying a rotating magnetic field. Thereafter,
pulses of carnosinare released tprovidea healing effec{Habra et al., 2022Both previous vectors

were hvestigated iformulations with cytotoxicity, stability, and releasvestigations.
1.2 Liposome vesicles for drug delivery and sustained release treatment

Most therapeutic compounds have limited entry into the brain due to the restrictions of tifier BB
accessibility of small moleculefom the systemic circulatiorfPardridge, 2007) Nanoparticle
formulations ae delivey carriersof the central nervous system (CN&iposomeshave attraced
clinical developmentparticularly for intranasal applicatioriblance et al., 2021)ver the last few
years,the effectivenesof hydrophilic liposomeshas beerreportedto enhancenoseto-brain drug
delivery(Hong et al., 2019)0ptimising studies for the formulation liffosomess thereforeessential
to deliverthe active material and surface modifiart the phospholipighell of the liposomevhich
also playg a vital role Furtherstability studies, drug release, and bioavailability were considered due to
the immedige impact of the integrated functionalised mateygish as surfactandlum et al., 2002)
or many moreincluding the formulationghatdevelop cationi@aggregate# intranasal physiological
conditions(Nakamura et al., 2017Yalidated tests should be appliedvitro andex vivoto facilitate
safe formulations for brain treatme®olid evidenceof the predominantontribution ofdrugloaded

liposomesshould be shown in chemical and mechanistic studiigategies for distguisting
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opportunities inthe noseto-brain direct transport of drugs may be the futuristic solut@treating
brainrelated diseasg®ozzuto and Molinari, 2015; Hong et al., 2018Bhe iposomes in this project
belong to micresized drug delivery veéorswith diameter of 300 nm

1.2.1 Applications of direct noseto-brain therapy

The olfactory systerhasattracted the attentiorf applying therapies to spread the treatment directly in
the brain It consists of the olfactory epitheliymwhere the drugs transporéd through the cribriform
plate toreach the olfactory bul©OB) (diagram 1)

Glomerular layer of OB
Cribriform plate
Olfactory epithelium

Diagram 1: The structure of the rat nasal passagedlaproposedreatment pathwayheformulation contacts

the olfactory epitheliumwhich contains dendritic processes from olfactory receptor neuiidmes. xonal
projections extend through channels in the cribriform plate and into the glomerular layer of the olfactory bulb.
Zoom box:liposomes purple dots) crossing the cribriform plate to gain access to neuron bundles in the olfactory
bulb (Boyles et al., 2021)

Many diseaseBawe been managedn clinic using intranasal applications for insulike growth factor

l,such as brain stroke, n e u r(Gothezgteah, 80123 $alameh etaln d Al 2
2015; Kalviainen, 2015; Jiang, Li and Liu, 2013Yloreover, gene therapeutia®e delivered without

having the side effect of spreading the moleculeautiirghysiological fluid¢Born et al., 2002; Li et

al., 2015; Aly and Waszczak, 201B)espite thedvantagesf noseto-brain transporttheintracranial
applicationhasreceived more attention in modali¢@erwer and James, 2012; Peterson ePal4)

The significant direct effect of antineoplastic agents through olfactory bulbs has been praten in

in vivo applications for chemotheragwang, Gapand Yun, 2005; Sakane et al., 2009; Shingaki et al.,

2009; Shingaki et al., 2010)For exanple, a comparison studyadministered methotrexate
intraperitoneally and intranasally to rats with 9L glioma cell brain tusaditer 10 days of treatment,

tumour weight from treated rats was 20%hter than untreated rats. However, the intranasal route
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resultedin an 80% reduton in tumour burdenwhich proved the effective cross of methotrexate
through the BBB(Blakeley et al., 2008; Shingaki et al., 201D0) the context of extending survival,
blocking the telomerase function by daily intranasal application for a phosphonalaisée
oligonucleotide was reported@successful studiRats with U251 glioblastoma ceil®plantedin their
brainshadtwo timeslonge survivalratesthanthe control(Hashizume et al., 2008) he treatment of
the brain implanted with C6 glioma cells by using camptothecin as a chemotherapeutic inhibitor was
attempted in anothetudy. Camptothecin was loadedsidenanasized micelles and integrated wih
cell-penetrating peptidé€Tat analoge) on the surfaceThe importance of modification strategies was
demonstrated irhe resultbecaus¢heyincreagd the efficiency of drug uptakat a high concentration

of 2 mM/mL withoutcytotoxic side effect§Taki et al., 2012; Djupesland, 2013)he work in this
projectaims to load carnosinat a high concentratiof300' 400 mM) inside stable liposomes with
negative surface charge. The liposomnsbsuldreserve the carnosine to release it over tas@an

exterded treatmento eliminateanyleft malignantcellsafter surgerwithout affectingthe brain
1.2.2 Advantages of current intranasal application methods

Bypassing the BBBs a routefrom the blood vessels ofhe olfactory and trigeminal nerves to the
parenchymavia perivascular convectiort hasbeenshown to be effective for targeting the central
nervous system (CNS)onrinvasively using various active materialsncluding inglin with rapid
efficiency after intranasal administratidhochhead and Thorne, 2012; Thorne et al., 2004; Miller et
al., 2008; Frey, 2013; Appu et al., 2018Erosol propellarst have been employed in some studiies
the olfactory epithelium or the pipette to the sinus casstycerningpositioning the animals upright or
supinefor high drug uptake(Apostolatos et al., 2012; Xiao et al., 201Bhe advantage dhe self
administrative techniquis that noskill is needed for the applicati@xceptfor small volumeswhen
accuracy and consistenbgcomechallenging A drastic drop in therapeutic drug delivery with a small
volume was reported ithesecases. This happenbdcause of the drainage of the apptiedinentto
the oesophagu&andis, Boydenand Pegg, 2012)

The transition of fluids to the brain was not facilitated tagitional applicationsisinga pipette The
therapyshould bealelivered to reach the upper and posteriorsssénasal cavities where cranial nerves
arefound (Guastella et al., 2013Yhus, despite the downsidestbé intranasal route becausetio#
difficulties duringin vivo application,it is still the mostpromising route for bypassing the BBB
(Lochhead and Thorne, 2012)ne of the recommended devidesintranasal treatmers precision
olfactory delivery (POD Impel NeuroPharmayvhich was used to delivéiitium-labelled pralidoxime.
The devicedemonstrated the feasibilibf intranasallyapplying the oximes for neuroprotection against
organophosphate threat agemegardlesof the weight or age of the anim@rishnan et al.2016;
Krishnan et al., 2017)
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1.2.3 Improvements in liposomes of previous biomedical applications

As shown inFigure2, liposomes aréipid vesiclesprepaed to be employeds vectordor biomedical
purposeswvhich used to be characterised as closed shells consisting of monwulti-phospholipid

bilayer lamellae surrounding a small volume of aqueous ligiadugo et al. reviewed any protocok

and produced diverse options for narto micro- liposomes for differset final use. Theirmedical
preparations were unilamellar liposomes with an average diameter of around 100 nm. The assembly
was driven by the spatial organisation of the amphiphilic molecules towards the core to minimise
interactions entropicallyvith the surrounding aqueous phase. Hundreds of biologid¢sltirophobic

active compounds were integrated within these cariéasersolublematerialsare intercalated in the

lipid bilayerto beentrapped inside thequeous interiocompartmen{Carugo et al., @16).

The inherited preparation process usually includes lipid film hydration,ifigrtarge unilamellar
vesicles by freezing and thawigdthen applying extrusion through polycarbonate filters to obtain
single bilayer vesicles with sizxclusion purification and drug active loadiagcapsulation (Allen
and Cullis, 2013)Overthedecadesa batchof liposomeshasbeengeneratedby developé techniques
relying on either mechanical manipulation of the dispersed bilayers or the aggregation of the lipids
(Akbarzadeh et al., 2013).ately, modern microfluidi@pproachesontrol thephysical propertiesf
liposome efficientlywithin the microervironment. Therefore, the microfluidic technique will be
explainedn this chapteralongwith its advantages and downsid@$ie curent focusis on addressing
experimental evidence for reliability before scalingippsome productioto anindustial batch size
Herein,forming the liposomesicluded addng the cholesteraolvith the lipidas a stabiliseto control

the time of blood circulation and accumulatic@ritical physicochemicaktudieswere applied to
characteris¢he liposomesize distribution, zeta potentidr surface chargeencapsulation efficiency,
stability and biosafety. Afterwards, thlesigned formulatioshould beested by comparing the effect
of free and loaded drsgn the preclinical stagen the animal model(Chang and Yeh, 2012The
reported results the field incluéedd comprehension identification studiésdditionally, acomparison
between the control of blank liposomes and ¢damosindoaded liposomesver a sustained release

time was providedHowever,a scaledup study of theliposomalformulation is still needed.
1.2.4 Current techniques for liposome preparation

Many microfluidic approachdsawe been investigatedsuch as pulsed jettinétachowiak et al., 2008)
double emulsificatiofChu et al., 2007)transient ejectioPautot, Friskerand Weitz, 2003)droplet
emulsification(Ota, Yoshizawaand Takeuchi, 2009hydrodynamic flow focusingMazzitelli et al.,
2013) and hydrodynamic pinebff mechanismo improve liposome preparatiqibeshpande et al.,
2016) The previous methods produce microscale liposomeshowever, they arenot strictly
microfluidics excepfor microfluidic hydrodynamic flow focusing (MHBEAdvanced encapsulation

and loading efficiency were accomplish®dproducing unilamellar liposomes with diamatsangng
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bet ween 5 (Carugdeta@.02016rheparticularphysical characteristic of MHHAposomes
isthe naneunilamellarmorphology which hathe potentiato bescalel up andapplied inclinical trials.
Microchips are usually designed with a circular crasstion in 3Dannular coaxial geometHood et
al., 2014)or a rectangular crossection to force crossfloKastner et al., 2015Both types promote
the focus forces hydrodynamicallyhich intersect and shiethe two phases. The lateral or coaxial
channelbof the lipidconsists ohnaqueous phase streadis(illed water or buffer) The central or inner

channel streamsf the lipid phasearedissolved in an alcoholic solvefiigure 48)

Mixing Stage
|

Output ——

Input1 — =
Input2 —= = -
Input3 —= :~ ST

Figure 48. Dolomite micromixerhydrophilic or hydrophobicchip. The alcoholic mixture is theentral stream

while thewater flows from inpus 1 and 3.

Figure 49. Microscopic images shang the mixing patterns during the optimisation of thamp pressurelhe

pressuref thecontinuous central flouncreasedrom left to right whilethe size of generated vehicldscreased

The volumetric and total flow rates for each phase should be contioltediceably adjust the size of
the liposomegCapretto et al., 2013piffusion dominates mass transfer at the liquid interface. The
alcohol solubilises into the water phase until a critazaicentration levels reachedThen,the self
assembly ophospholipié triggersthe liposomegenerationJahn et al., 2007Figure49). The lipid
molecules pcipitate andhesimultaneous structure forms the vesicles to mirerthis repulsion forces
between the lipids anthe water (Jahn et al., 2010)The final morphologywas controllable by the
physical pessure and temperaturearpmetersand by modifyingthe chemical conditions. The
repeatability andeproducibility of the microfluidic techniques aassed the bulphase preparations
This happenetecauseheyfollowedan analogous protocol thatercamehe high polydispersity and
heterogeneity of traditional liposomal suspensigastner et al., 2014)Besides the previous
advantages, MHFF offers the possibility ofgrocess control and monitoring during the continuous

formation and scaling upf liposomegy multiple synchronised reactqiGapretto et al., 2013)
1.3 Optimising the microfluidic preparation of liposomes

The main improvements the parameters of microfluidic technologgwe been investigated during

the last two decades. It was reportiedt the average size of the liposawess related directly to the
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lipid concentratior(Hood et al., 2013; Mijajlovic et al., 2018pd inversely to the flow rat& higher
rate ofcentralalcoholicfluid forming smaller liposomesvas observedlahn etl., 2007; Jahn et al.,
2010) The total flow rate and the geometry of tuerentmicrochip designproducel similarliposome
suspensias) even with the recent micromixer tife’ Y crosssection shapevhich is supposed toethe
fastest turbulent microixer toinduce chaotic advectiqiastner et al., 2014; Walter et al., 2015; Hood
et al., 2015)More studies arestill needed to overcome the limitatiof the availablenicrochipsfor
MHFF. Also, more studies should consider using cationic hpixtures and functionalisatiomhich
may produce liposomes for biomedical applicati@ush as drug delivery for anticancer treatments in
commercial medicine@rang et al., 2013; Ran et al., 2019; Hamano et al., 20A&gover, the toxicity
study ofthe isopropanol residual needs to be extended because it used to be the principal solvent in
MHFF protocols whereas ethanavas used by just a few studias a safe alternative. During the
development of readio-use liposomal productspecificdilution should be optimexd beforeMHFF

to guarantee the availability of the epabduct with the required fluid viscosifyVebb et al., 2020)
Many limitationsare still gappingand yet to be resolvedo obtain stable and scalable liposomal

therapeutic formlations

In this project the lipid mixturewas composed ofecithin 90% soybean (LC)cholesterol95%
stabilised (CH) andetrabutylammoniumbromide (TBAB) TBAB is a doublechained quaternary
ammonium surfactant that helfsrm unilamellar vesicles in water. A mixtufeom the previous
compoundsat a ratio 0f0.1:0.1:0.1g was suspended in 10 mL of alcohol at room temperature and
stirred for 8hoursa t 2 The satGrated solutiamas then collected and filteretsinga Millipore 0.22

em filter. Deionised watewas used aanantisolvent. The microfluidic hydrodynamic focus relied on
usinga hydrophilic micromixer chip with crossflow geometry. At a rationgfterto-alcohol1:1 flow

focus rate, the lipid in the centred alcohol stream exceeded the solubility level. Spontaneous self
assembly was generatedasupersaturated environmentform spherical structurethat enclosed the

liposomalvesicles.
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Figure 50. Microscopic images for liposomes before and after loading carnosine. (A & B) Optical, SEM, and
TEM imagesverecompare between the characterisation of emplgnk liposomegblue) andcarnosindoaded
liposomes(green) (C) The histogram show the distribution of the liposomeadieters. Thediameers of
l i posomes n O 50 we.rTeemeaa disneter sizk ftle blank liposdmessag 82D + 19.4
nmand 284.1 £ 91.1 nm fdhe carnosindoadedliiposomesThe scale bar of TEM images = 100 nm.
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1.1 Liposomes characterisation and physicochemical studies

1.1.1 Optical, SEM, and TEM images

During the preparatioprocess, many images were captuwgth a camera attached & optical
microscope to show the size of thpdsomesThe best technique to check the morphology of the
liposomes is usuallgryo-TEM operating at194 °C. Hereinmany samples were prepared fbe
availableSEM and TEM imagingAn aliquot ofthe sample aspensiorwas mounteeén formvar films

over copper grids and coated with mm of gold. Theair-dried liposomes were examined in the
environmental chamber of fully automated vitrification SEM and TEM devieés, a relative air
humidity of 100% and a temperature of 22 °C (Figa®eA & B). The phospholipid bilayer lamellae

dark shell surrounding a small chamber volume, which included the carnosine crystals in the loaded
liposomes, was shown in tAi&EM images of the bright field (Figu#9B). The diameters of the blank

and loadediposomes were measurgdm the SEM and TEM imagessing Image3oftware The mean
diameter size for blank liposomgs x p82.9 $19.4 nm and 284.1 + 91.1 nm foe carnosine
loaded liposome<arnosindoaded liposomes are a few times larger than unloaded probably because
of the interaction of carnosine with the lipid on the liposomal suffBakaragt al., 2013)

1.1.2 DLS: Diameter (DI), Polydispersity (PD), and Zeta potential

A particle sizeanalysis of the liposome dispersions was perforomdgthe DLS The differential
intensity percentage and the cumulative distributvere measured by DL® showthehydrodynamic
diameter and thdispersity of the liposoai formulation. The mean patrticle size was obtained from the
results of three experimenisr liposome preparatioron different days. Tie hydrodynamic diameter
and polydispersity measuremenfshe generatetiposomeswere carried out at 22 @iluted in the
InVivoPure pH 6.0T dilution buffefTable?2). It was indicated in theeported resultthatthe similarity
betweerthe liposomes becauséPD was 0.3which refesto theuniformity in the size distribution of
the liposomes before and after loading carnosine (Fifr&Zeta potentialvas also measured by DLS
for the liposomesn distilled wate andwas-77 = 1mV, whichis expected from the negative charge of
lipids. At the same timeysingInVivoPure pH 6.0T dilution buffeto dilute the liposomeseduced the
negative charge t6 + 1mV, still high enough tanaintain the dominance of the elstatic forces
The use oflnVivoPure pH 6.0T dilution buffedemonstrate suitability as astorageliquid that
physiologicallymatches the pH of thearal tissuefEdwards and Williams, 2004)

Table 2. The diameter and polydispersity of empty aadnosindoaded liposomes by DLS.

Blank liposomes Carnosine liposomes
DI size (nm) 120.9 480.2
PD 03 03
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Blank liposomes

Loaded liposomes

Figure 51. The DLS normalisedand cumulative intensity distribution of the blank and carnosindoaded
liposomesThe repeatabilityof the distributionfor threeindividual batcheof liposomess shownin both The

redcurveis theaverageumulativeintensityfor threeliposomalbatches.

Transmittance

Wavenumber

Figure 52. FT-IR spectra for liposomes with carnosine, lipids as empty liposomes, and carnosine cristals.
carnosindoaded liposomes display characteristic bending bands around 1600*attributed to thearnosine

peptide bond
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