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Abstract

Cancer is a group of disessthat are characterized tmycontrolled growth andpread of
cells. In order to treat cancer successfully, it is important to diagnose cancers in their early stages,
because survival often depends on the stage of cancer detection. For that purpgsseisghie
and selective methods must be developed, taking advantage of suitable biomarkers. The expression
levels of proteases differ from one cancer type to the other, because different cancers arise from
different cell types. According to the literagrthere are significant differences between the
protease expression levels of cancer patients and healthy people, because solid tumors rely on
proteases for survival, angiogenesis and metastasis.

Development of fluorescendmmsed nanobiosensors for thelg detection of pancreatic
cancer and nesmallcell lung cancer is discussed in this thesis. The nanobiosensors are capable
of detecting protease/arginase activities in serum samples over a broad henfgmciionaty of
the nanobiosensor is based Bdrster resonance energy transé@d surface energy transfer
mechanisms.

The ranobiognsors for protease detectiofeature dopamineoated Fe/F©,
nanoparticlesconsensus (cleavage) peptide sequenoessotetra(4carboxyphenyl)porphine
(TCPB, and cyanine 5.5. The consensus peptide sequences were synthesizedsmppoligd
peptide synthesidn this thesis, improved consensus sequences were used, which permit faster
synthesis and higher signal intensiti€€PP, which is thefluorophore ofthe nanoplatfornwas
connected to the frminal end of the oligopeptides whilews still on the resin. After the
addition of TCPP, the TCP#&ligopeptidewas cleaved off the resin and linked to the primary amine

groups of Fe/F®4-bound via a stablamide bond.



In the presence of a particular protease, the consensus sequences attached to the
nanoparticle can be cleaved and release TCPP to the aqueous medium. Upon releasing the dye, the
emission intensity increases significantly and can be detegtéddyescence spectroscopy or,
similarly, by using a fluorescence plate reader. In sensing of argipasgranslational
modificationof the peptide sequence will occur, transforming arginine to ornithine. This changes
the conformational dynamics of tbkgopeptide tether, leading to the increase of the TCPP signal.
This is a highly selective technology, which has a very low limit of detection (LOD) of 1% 10
molL*for proteases and arginase.

The potential of this nanobiosensor technology to detety pancreatic and lung cancer
was demonstrated by using serum samples, which were collected from patients who have been
diagnosed with pancreatic cancer and-sorall cell lung cancer at the South Eastern Nebraska
Cancer Center (lung cancer) and the @mity of Kansas Cancer Center (pancreatic cancer). As
controls, serum samples collected from healthy volunteers were analyzed.

In pancreatic cancer detection, tipeotease/arginase signature for the detection of
pancreatic adenocarcinomas in serum wastitled. It comprises arginase, MMHs - 3, and-9,
cathepsinsB and-E, urokinase plasminogen activator, and neutrophil elastase.

For lung cancer detection, the specificity and sensitivity of the nanobiosensors permit the
accurate measurements of #eivities of nine signature proteases in serum samples. Cathepsin

-L and MMPs1, -3, and-7 permit detecting neemallcell lung-cancer at stage 1.
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Abstract

Cancer is a group of disessthat are characterized tmycontrolled growth andpread of
cells. In order to treat cancer successfully, it is important to diagnose cancers in their early stages,
because survival often depends on the stage of cancer detection. For that purpose, highly sensitive
and selective methods must be developdng advantage of suitable biomarkers. The expression
levels of proteases differ from one cancer type to the other, because different cancers arise from
different cell types. According to the literature, there are significant differences between the
protease expression levels of cancer patients and healthy people, because solid tumors rely on
proteases for survival, angiogenesis and metastasis.

Development of fluorescendrmsed nanobiosensors for the early detection of pancreatic
cancer and nesmallcdl lung cancer is discussed in this thesis. The nanobiosensors are capable
of detecting protease/arginase activities in serum samples over a broad henfgmciionaty of
the nanobiosensor is based Bdrster resonance energy transé@d surface eneygtransfer
mechanisms.

The ranobiognsors for protease detectiofeature dopamineoated Fe/F©,
nanoparticlesconsensus (cleavage) peptide sequenoessotetra(4carboxyphenyl)porphine
(TCPB, and cyanine 5.5. The consensus peptide sequences wéresszed by soligupported
peptide synthesidn this thesis, improved consensus sequences were used, which permit faster
synthesis and higher signal intensiti€§&PP, which is thefluorophore of the nanoplatforrmas
connected to the frminal end of ta oligopeptides while itvas still on the resin. After the
addition of TCPP, the TCP#&ligopeptidewas cleaved off the resin and linked to the primary amine

groups of Fe/F®4-bound via a stablamide bond.



In the presence of a particular protease, thesensus sequences attached to the
nanoparticle can be cleaved and release TCPP to the aqueous medium. Upon releasing the dye, the
emission intensity increases significantly and can be detected by fluorescence spectroscopy or,
similarly, by using a fluoresmce plate reader. In sensing of argingsesttranslational
modificationof the peptide sequence will occur, transforming arginine to ornithine. This changes
the conformational dynamics of the oligopeptide tether, leading to the increase of the TCPP signa
This is a highly selective technology, which has a very low limit of detection (LOD) of 1% 10
molL*for proteases and arginase.

The potential of this nanobiosensor technology to detect early pancreatic and lung cancer
was demonstrated by using sergsamples, which were collected from patients who have been
diagnosed with pancreatic cancer and-sorall cell lung cancer at the South Eastern Nebraska
Cancer Center (lung cancer) and the University of Kansas Cancer Center (pancreatic cancer). As
contrds, serum samples collected from healthy volunteers were analyzed.

In pancreatic cancer detection, tipeotease/arginase signature for the detection of
pancreatic adenocarcinomas in serum was identified. It comprises arginase; MMRsnd-9,
cathepms -B and-E, urokinase plasminogen activator, and neutrophil elastase.

For lung cancer detection, the specificity and sensitivity of the nanobiosensors permit the
accurate measurements of the activities of nine signature proteassm samples. Cathepsin

-L and MMPs1, -3, and-7 permit detecting neemaltcell lung-cancer at stage 1



Table of Contents

LIST Of FIQUIES......eeiieieiieie ettt e e e e e e e e e e e e e Xi
IS 0 ) = ] =S P Xix
F N [0 1V =T o =T o 0= ] XXi
[D=To [Tt 1 o o DA TP XXiii
e =] = T PSSR XXV

Chapter 1 Biochemical Foundations of Diagnosing Solid Tumors in Lung and Pancreas by

Means Of LiQUIA BIiOPSIES. ... .ceiiiieeeeeiiiiieeieeees ettt mmme e e e e ee e smmnnnes 1
00 [ 0T [T £ PP PP P PP PPUPUPUPRPPRP 1
1.2 EQrly CANCEr AETECHIAN . .......uuuuriiiiiiiieeiieeeeiiiti ettt e e e e e e e e e eeer e e e e et e e e e e e e e e e e e e e e s s srmmneeeeeens 3
1.3 Forster resonance energy transfer (FRET).........uuuiiiieeeiieeieeeeeeeeee e 4
1.4 Designs of the NanODIOSENSOLS ........cooiiiiiiiii e 7
1.5 PrOBASES.... .ottt ettt ettt re e e e e e e e e e e e e e n e e e e e e ennn e e eeeeed 8

1.5.1 Matrix MetalloproteiNaSES. .........cccoviiiiiiiiiieeee e 9

1.5.2 CatNePSINS ...ttt eee e e ettt e e e e e e e e e ammne e e e e e e 13

1.5.3 SEINE PrOTEASES.....cceviiiiiiiiiiiii s ettt s e s e e e e e e e e s eenassaa s s e e e e e e eaaeeeeeeeensrnnneaeeeees 15
1.6 PACIEALIC CANCEEL.....uuuiriiiiiiiiiiiieieeeeeeteeeee ittt et eae e e e e e e e e e e s saateaeaaeeeeaeeesssssaannnrnnneeasesaans 16

1.6.1 Early Signs and SYMPLOMIS........ccooiiiiiiiiiiiieeee et e 16

I G ] 1 = o (] 17

1.6.3 DHAGNOSIS. ...etttteieeeieiee e e ettt ettt e e e e e e ettt e rmmne e e e e e e e ne bbb 17

1.6.4 TrEAIMINTS ... oottt eee ettt eeee e e e e e e e b e e e e et e eba s emme e e e e e e nenan s 18

1.6.5 Survival and deatiS..........oooiiiiiiiiii s 18

1.6.6 Pancreatic cancer and ProteasesS.........cooviiiiiiiiccciiie e 19
1.7 LUNQG CANCEL.....ceieieiiiiiiiiee et e e e e e et teema s s e e e e e e e e e e e e ee e e e e essnbnnneeeeeeeeeennnnnnnns 20

1.7.1 Early Signs and SYMPLOMIS. ......c.uuuuiiiiiiiiiii i e e et e e e e et e e e e e eaaa e 21

1.7.2 RISK TACIOIS ...ttt e e e e e e e e e enaes s e e e e e e eeaaas 21

R B B I - To | 1[0 1] SRR 22

R I T U1 41T ] T PP PUTR T UPPPTRPPIN 22

1.7.5 Survival and Mortaliti@s..........oooiiiiiiiiiie e 23

1.7.6 Lung Cancer and Prot@asEsS.........cuuuiiiiiiiiiieemieiiiie e e e e enmn e eeeeanaans 24

viii



Chapter 2 Early Detection of Pancreatic Cancers in Liquid Biopsies by Ultrasensitive

Fluorescence NaNODIOSENSOLS .....ccuuiiiiiiiiee it eeee e 26
2 N o 1] = Lo PRSP 28
P27 | 1 £ To [ Tod 1 o] o 29

pZ 00 R I o [0 1 o =TT o ] = R OS 31

2.2.2Standard of care in detecting pancreatiC CanCer............cceeeeeveeeeiiiiiiieeeeeeeeeeeen, 31

2.2.3 The Protease Web in Healthy and Cancer Patients................ccoocceeeeeeeeninnnnnd 33

2.2.4 Diagnostic Strategy in Liquid BIOPSLIES...........uuuumiiiriiiiieeniiiiiiiiiieieeeeeeeeeeeeeeeeees 35
2.3 Gene EXPresSion ANAIYSIS........uuu i eceeeiies s e e e e e e e e e e e e e e e v aeees e e e e e e eaeeaeeeeeeeaarnnnen 35

2.4 Synthesis and Validation of Ultrasensitive Nanobiosensors for Protease and Argitfase

2.5 MEBENOUS. ... s e e e e e e eenea e e s e e e e e e e e e e e e eeeeeannneeeeeeeeeeeeeeeerenrnnnns 46
2.5.1 NanobiOoSENSOr SYNTNESIS........uuuiiiiiiiiiiii et 46
2.5.2 Fluorescent Plate Reader Measurements: Calibration and Validation............47

2.6 RESUILS N0 DISCUBSBI. .....ceiiiiiieieieiiiisiieiimeee e e e e e et eneessssanbbb s seeeeeeeeeeessennsees 48

pZ A O o] g od 1] o] o 1= 58

Chapter 3 Early Detection of NorEmaltLung Cancer in Liquid Biopsies by Means of

Ultrasensitive ProteasBCtivity ANAlYSIS.........ccooiviiiiiiiiiiiiiimmee e ernnennann ) 60
G0 I N o 11 =T PP PPPPPPPRRPRRY 62
I T Tod (o | (o 18| o FO TP P PP PP PPPPPPPP 62

3.2.1 Competing TECNNOIOGIES ......cciiiiiiiite e e e e e e e e e e e 64

3.2.2 Protease ACtiVity and CanCEE.............uuuuuuuuiiicreeeeeeiiniese e s eeeersnn e e e 65

3.2.3 Fe/Fg04 core/shell Nanopartickbased NanobioSeNSorS..........ovvveeeeeeiiiviceeennn 66
3.3 Serum Samples from the Southeastern Nebraska Cancer.Center.............cc..cc..... 68
3.4 Selection of the Proteases Of INTELESE. ........uuiiiiiiiiii e 68
TSI /1] 1 T To LSRR P PPPPRPRPRPPRRRR 69

3.5.1 Synthesis, Characterization and Validation of the Nanobiosensars................ 69

3.5.2 Standard Procedure of Preparing Protease Assays (with thermally inactivated

SEIUMBY) Lottt ettt et e emee et eteeaeere e 70
3.5.3 Standard Procedure of Preparing Protease Assays (with proteolytically active serum)
3.6 ReSUItS and DiSCUSSIQN.........ceeveiririiiiiimmreeeeeeeierarsss s s e e e e ernnssnnas e e e e e e eeaeeaeeeeeeneneeas 70



3.6.1 Diagnosis of NoSmallCell Lung Cancer in Serum............cccevvvvvvvvieeeeeeeeeeeeenn, 70

3.7 Application of a Multivariate MOdel................ioiiiiiiiiecec e 81
3.8 SUMIMIATY. ..ottt errn s e e e e e e e e e e e et e e e emnea s e e e e e eeeeaeeennnnnnnns 82
Chapter 4 Experimental Section and Additional ProCcedures...............ceeiiiiieeeevevnnnnnnnnnns 84

4.1 Determination of Matrix Effects on the Observed Fluorescence Intensities of the

NP2 T o] = u 0] 1 1 SRR 84
4.2 Relative Error from 10 Independently Performed Protease Measurements.......... 88
4.3 CrossSensitivity of the NanObiOSENSOIS...........oovviiiiiiiiiieeee e seeeeeeeed 88

4.4 Means, Standard Deviations, and Average Protease Activities for Each Protease and Stage

..................................................................................................................................... 90
] (=] = o =R 93
ApPeNdiX A- Data tabIes.........oooi i 104



List of Figures

Figure 1: 2016 Estimated US Cancer Cases (Taken with permission of Ref¢rence......... 3
Figure 2: Schematic representation of FRET demonstrating the energy transfer from excited

donor (D*) to acceptor (A) via nonradiative process. Note that exteon&kersion of the

acceptor is not shown (Taken with permission of Refer&ce...........ccocvveevevvieeeeennn 5
Figure 3: Graphical representation of spectra
fluorescence/emission spectra and acceptor absorption spectra..............ccccceeeeeennn 6

Figure 4: Energy transfer efficiency E as a function of the distance between donor and acceptor
(nm), and the FOrster radiUs R...........uuuuiiiiiiiiiiieeeiiiiiiiiiiiiee e 6
Figure 5: A: Function principle of nanobiosensors for protease detection: the consensus sequence
is cut by the protease; B: Function principfenanobiosensors for posttranslational
modification: the chemical identity of amino acids in the linker is changed via enzymatic
reaction; C: Typical emission spectra occurring from the nanosensor for3/éfter 1h of
incubation at 37T &c=421nm). abuffer; b: nanosensor; c: nanobiosensor after
INcubation With MIMBRS ... emrennnes 8
Figure 6: Cysteine cathepsins expressed in tumor cells and-assaciated cells which
contribute to neoplastic progression (Taken with permission of Refef®@nce............. 13
Figure 7: Cystein Cathepsins (Taken with permission of Refefénce...........ccocvvevveivenenn.. 14
Figure 8: Cysteineathepsins expressed in tumor cells and tuassiociated cells which
contribute to neoplastic progression (Taken with permission of Refef®nce............. 14
Figure 9: Pancreatic cancetyBar relative survival and 95% confidence intervals (Taken with
PErmission Of REFEIENEB)...........oouv i ettt enn 19

Figure 10: Trends in Death Rates Among Males for Selected Cancers, United States, 1930 to

2008 (Taken with permission of RefereR@e...........cvoveveeeecieeeeece e, 24
Figure 11: The location of the pancreas obstructs eatlywndiagnostiCs...........ccccceeeeeeenns 32
Figure 12: Dysfunctional proteolytic Networks in CafEer..........c..ooveiveeiiceeee e 34

Figure 13:Statistical genetic expression analysis of Arginases | and Il in primary tumor samples
and healthy human tissue (group sizes: n(ARG I) = 117, n(ARG 2) =117). All data were
obtained from the NCBI GEO databd$&Bar graph (left, showing means and standard

Xi



deviations) and box plot (right, indicating the observed data range). PC: primary pancreatic
cancer tissue. Control: apparently rrancerous tissue from the same patient........... 36

Figure 14: Statistical genetic expression analysis of Cathepsin B in primary tumor samples and
healthy human tissue (group sizes: n(CTS B) = 117). All data wigtained from the NCBI
GEO databas¥?Bar graph (left, showing means and standard deviations) and box plot
(right, indicating the observed data range). PC: primary pancreatic cancer tissue. Control:
apparently nortancerous tissue from the same patien...........ccooeeeeeivieeeciiiin e, 37

Figure 15: Statistical genetic expression analysis of Cathepsin D in primary tumor samples and
healthy human tissue (grougzes: n(CTS D) = 117. All data were obtained from the NCBI
GEO databas¥?Bar graph (left, showing means and standard deviations) and box plot
(right, indicating the observed data range). PC: primary pancreatic cancer tissue. Control:
apparently nortan@rous tissue from the same patient............cccceeeeevieeeeiiiee e, 37

Figure 16: Statistical genetic expression analysis of Cathepsin E in primary tumor samdples
healthy human tissue (group sizes: n(CTS E) = 117). All data were obtained from the NCBI
GEO databas¥?Bar graph (left, showing means and standard deviations) and box plot
(right, indicating the observed data range). PC: primary pancreatic cescer. Control:
apparently nortancerous tissue from the same patient.............ccccoooivieeeiiiii e, 38

Figure 17: Statistical genetic expression analysisafinasep | as mi nogen acti vato
urokinaseplasminogen activators receptor and uP#ssue type in primary tumor samples
and healthy human tissue (group sizes: n(uPA) = 117, n(uPA tissue) = 117, n(uPA receptor
= 117). All data were obtained fromettNCBI GEO databasé&?Bar graph (left, showing
means and standard deviations) and box plot (right, indicating the observed data range). PC:
primary pancreatic cancer tissue. Control: apparentlycameerous tissue from the same
[F211T=] 0| S PP PPUPPPPPPPPP 39

Figure 18: Statistical genetic expression analysis of Matrix Metalloproteinase 1-@)IMP
primary tumor samples and healtthyman tissue (group sizes: n(MMP = 117. All data
were obtained from the NCBI GEO datab&&8Bar graph (left, showing means and
standard deviations) and box plot (right, indicating the observed data range). PC: primary
pancreatic cancer tissue. Cont@pparently nortancerous tissue from the same pati&et.

Figure 19: Statistical genetic expression analysis of MBMP primarytumor samples and

healthy human tissue (group sizes: n(Mig)P= 117). All data were obtained from the

Xii



NCBI GEO databas¥?Bar graph (left, showing means and standard deviations) and box

plot (right, indicating the observed data range). PC: primary paticrcancer tissue.

Control: apparently neoancerous tissue from the same patient.............ccccceeeviemenes 40
Figure 20: Statistical genetic expressaralysis of MMP9 in primary tumor samples and

healthy human tissue (group sizes: n(MIP= 117). All data were obtained from the

NCBI GEO databas¥?Bar graph (left, showing means and standard deviations) and box

plot (right, indicating the observedtdarange). PC: primary pancreatic cancer tissue.

Control: apparently neoancerous tissue from the same patient.............cccccoeevieemenes 40
Figure 21:Statistical genetic expression analysis of neutrophil elastase (NE) in primary tumor

samples and healthy human tissue (group sizes: n(NE) = 117). All data were obtained from

the NCBI GEO databagé? Bar graph (left, showing means and standard deviatant)

box plot (right, indicating the observed data range). PC: primary pancreatic cancer tissue.

Control: apparently neoancerous tissue from the same patient...............cccceevvemenens 41
Figure 22: Chemical structure of the nanobiosensors for protease and arginase detectidvh
Figure 23: A: Function principle of nanobiosensors for protease detection: the consensus

sequence is cut by the protease; B: Function principle of nanobiosensors for

posttranslational modification: the chemical identity of amino acids in the linker is changed

via enzymatic reaction; C: Typical emission spectra occurring from the nanosensor for

MMP-3 after 1h of incubation at 3Z (f exc= 421nm). a: buffer; b: nanosensor in HEPES

buffer after 1h of incubation at 8Z; c: nanosensor after 1h of incubation witM®-3 at

Figure 24: Bar graph (left, showing means and standard deviations of fluorescence intensities)
and box plof{right, indicating the observed data range) for Arginase. Group sizes:
apparently healthy volunteers: n=48, pancreatic ductal adenocarcinoma (DAC): n=7,
metastatic adenocarcinoma (MAC): n=9, pancreatic neuroendocrine tumors (NET): n=5,
metastatic NET (MNEY. n=2, all pancreatic cancers (ALL): n = 35. All samples were
obtained from the Biospecimen Repository Facility of the University of Kansas Cancer
Centert3® H=agematched healthy volunteers; PC=pancreatic cancer patienis......... 49

Figure 25: Bar graph (left, showing means and standard deviations of fluorescence intensities)
and box plot (right, indicating the observed data range) forepaih B. Group sizes:

apparently healthy volunteers: n=48, pancreatic ductal adenocarcinoma (DAC): n=9,

Xiii



metastatic adenocarcinoma (MAC): n=9, pancreatic neuroendocrine tumors (NET): n=5,
metastatic NET (MNET): n=2, all pancreatic cancers (ALL): n = 35sathples were
obtained from the Biospecimen Repository Facility of the University of Kansas Cancer
Centert®® H=agematched healthy volunteers; PC=pancreatic cancer patienis......... 50
Figure 26: Bar graph (left, showing means and standard deviations of fluorescence intensities)
and box plot (right, indicating the observed data range) for Cathepsin D. Group sizes:
apparently healthy volunees: n=48, pancreatic ductal adenocarcinoma (DAC): n=7,
metastatic adenocarcinoma (MAC): n=9, pancreatic neuroendocrine tumors (NET): n=5,
metastatic NET (MNET): n=2, all pancreatic cancers (ALL): n = 35. All samples were
obtained from the Biospecimen Reajiory Facility of the University of Kansas Cancer
Center!** H=agematched healthy volunteers; PC=pancreatic cancer patienis......... 51
Figure 27: Bar graph (left, showing means and standard deviations of fluorescence intensities)
and box plot (right, indicating the observed data range) for Cathepsin E. Group sizes:
apparently healthy volunteers: n=48, pancreatic ductal adenocarcinoma: (DAC
metastatic adenocarcinoma (MAC): n=9, pancreatic neuroendocrine tumors (NET): n=5,
metastatic NET (MNET): n=2, all pancreatic cancers (ALL): n = 35. All samples were
obtained from the Biospecimen Repository Facility of the University of Kansaganc
Centert3® H=agematched healthy volunteers; PC=pancreatic cancer patients......... 52
Figure 28: Bar graph (left, showing means atahdard deviations of fluorescence intensities)
and box plot (right, indicating the observed data range) for urokinase plasminogen activator.
Group sizes: apparently healthy volunteers: n=48, pancreatic ductal adenocarcinoma
(DAC): n=7, metastatic adenacanoma (MAC): n=9, pancreatic neuroendocrine tumors
(NET): n=5, metastatic NET (MNET): n=2, all pancreatic cancers (ALL): n = 35. All
samples were obtained from the Biospecimen Repository Facility of the University of
Kansas Cancer Cente® H=agematchel healthy volunteers; PC=pancreatic cancer
0= 1AL 1 PSPPSR 53
Figure 29: Bar graph (left, showing means and standard deviations @siteoce intensities)
and box plot (right, indicating the observed data range) for Matrix Metalloproteinase 1
(MMP-1). Group sizes: apparently healthy volunteers: n=48, pancreatic ductal
adenocarcinoma (DAC): n=7, metastatic adenocarcinoma (MAC): n=9 gadiccr

neuroendocrine tumors (NET): n=5, metastatic NET (MNET): n=2, all pancreatic cancers

Xiv



(ALL): n = 35. All samples were obtained from the Biospecimen Repository Facility of the
University of Kansas Cancer CentétH=agematched healthy volunteers; P@mcreatic

CANCET PALIENTS ...eeiiiiiiiee et e e s e e eeensse b b bbb n e e e e e e 54

Figure 30: Bar graph (left, showing means and standard deviations of fluorescence intensities)

and lox plot (right, indicating the observed data range) for Matrix Metalloproteinase 3
(MMP-3). Group sizes: apparently healthy volunteers: n=48, pancreatic ductal
adenocarcinoma (DAC): n=7, metastatic adenocarcinoma (MAC): n=9, pancreatic
neuroendocrine tumsr(NET): n=5, metastatic NET (MNET): n=2, all pancreatic cancers
(ALL): n = 35. All samples were obtained from the Biospecimen Repository Facility of the
University of Kansas Cancer CentétH=agematched healthy volunteers; PC=pancreatic

CANCET PALIENTS ...ceiiiiiiiiee et rr e s bbb s eeeessebb b b e e e e e e e e e 55

Figure 31: Bar graph (left, showing means and standard deviations of fluorescence intensities)

and box plot (right, indicatinthe observed data range) for Matrix Metalloproteinase 9
(MMP-9). Group sizes: apparently healthy volunteers: n=48, pancreatic ductal
adenocarcinoma (DAC): n=7, metastatic adenocarcinoma (MAC): n=9, pancreatic
neuroendocrine tumors (NET): n=5, metastatt€INMNET): n=2, all pancreatic cancers
(ALL): n = 35. All samples were obtained from the Biospecimen Repository Facility of the
University of Kansas Cancer CentétH=agematched healthy volunteers; PC=pancreatic

CANCET PALIENTS ...eeiiiiiiiie ettt e e eeenss bbb e e e e e e e ee s 55

Figure 32: Bar graph (left, showing means and standard deviations of fluorescence intensities)

and box plot (right, indicating the observed data range) fatrbghil Elastase (NE). Group
sizes: apparently healthy volunteers: n=48, pancreatic ductal adenocarcinoma (DAC): n=7,
metastatic adenocarcinoma (MAC): n=9, pancreatic neuroendocrine tumors (NET): n=5,
metastatic NET (MNET): n=2, all pancreatic cancersl(Aln = 35. All samples were

obtained from the Biospecimen Repository Facility of the University of Kansas Cancer
Centert3® H=agematched healthy volunteers; PC=pancreatic cancer patienis......... 56
gure 33: Mechanistic scheme of the #dAlight
fluorophore is switched on due to the increase in distance between thgrebre/shell
nanoparticleleading to decreased Forster Energy Transfer (FRE;Tankl dipolesurface

energy transfer (SET) oK ..o et eeee e 65

XV



Figure 34: Nanobioseaosfor in-vitro protease detection. For each protease, a highly selective
consensus sequence is employed as a tether between nanopatrticle and TCPR{tetrakis
carboxyphenyporphyrin). Cyanine 5.5 is linked permanently to the F€¥re
nanoparticles. Citeffom referencé??with permission from the Beilstein Journal of
NPz TaT o] (=Tl ] o] oo | VPSSR 67

Figure 35: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for cathepsin B. The group szdqapparently
healthy control group, n = 20), 1: NSCLC cancer stage 1 (n =9), 2: NSCLC cancer stage 2
(n=12), 3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained from the
Southeastern Nebraska Cancer Center (SNGQ)udrescence intesity of the measured
protease,sl fluorescence intensity of the solvent,fluorescence intensity of the
nanobiosensor in the absence of the respective protease...........cccuvvvveeeeevivviiinennnne. 71

Figure 36: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for cathepsin L. The group sizes are H (apparently
healthy control group, n = 20), 1: NSCLOnhcar stage 1 (n = 9), 2: NSCLC cancer stage 2
(n =12), 3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained from the
Southeastern Nebraska Cancer Center (SNGQ)udrescence intensity of the measured
protease,sl fluorescence intensity dlfie solvent,d fluorescence intensity of the
nanobiosensor in the absence of the respective protease............ccuvvvvieeeeviviviieeenene. 72

Figure 37: Bar grapHdft, showing means and standard deviations) and box plot (right,
indicating the observed data range) for uPA. The group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n = 9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC caner stage 3 (n = 12). All biospecimens were obtained from the Southeastern
Nebraska Cancer Center (SNCG) fluorescence intensity of the measured protease, |
fluorescence intensity of the solvent,fluorescence intensity of the nanobiosensor in the
absence of the reSPECHIVE ProtEASE.........cccvvuuiii i ieeee e reeer e 73

Figure 38: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for MVHUPThe group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n =9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained fromutie&stern

Nebraska Cancer Center (SNCG) fluorescence intensity of the measured protease, |

XVi



fluorescence intensity of the solvent,fluorescence intensity of the nanobiosensor in the
absence of the reSPECHIVE PrOtEASE............uvuuriri i errern e e eas 74

Figure 39: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for MH2PThe group sizes ak (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n = 9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained from the Southeastern
Nebraska Cancer Center (SNCG) fluorescence intertyi of the measured protease, |
fluorescence intensity of the solvent,fluorescence intensity of the nanobiosensor in the
absence of the reSPECHIVE PrOtEASE............uuurruriiimre e eeeeere e e eas 74

Figure 40: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for MH8PThe group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancerggd (n = 9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained from the Southeastern
Nebraska Cancer Center (SNCG) fluorescence intensity of the measured protegse, |
fluorescence intensity of the seht, L: fluorescence intensity of the nanobiosensor in the
absence of the respective ProtEaSE..........coccuuuiiiiieeee e 76

Figure 41: Bar graph (lefshowing means and standard deviations) and box plot (right,
indicating the observed data range) for MiMIPThe group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n =9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancestage 3 (n = 12). All biospecimens were obtained from the Southeastern
Nebraska Cancer Center (SNCG) fluorescence intensity of the measured protegse, |
fluorescence intensity of the solvent,fluorescence intensity of the nanobiosensor in the
abence of the resSpPectiVe ProtEaSE..........cciiiiiiiiiieeee s 77

Figure 42: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for MHIPThe group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n =9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained fromutiee&stern
Nebraska Cancer Center (SNCG) fluorescence intensity of the measured protease, |
fluorescence intensity of the solvent,fluorescence intensity of the nanobiosensor in the

absence of the reSPECHIVE ProtEASE.........ccovvuviii i ieeee e rreee e 78

Xvil



Figure 43: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for VHUB. The group sizesaH (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n =9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained from the Southeastern
Nebraska Cancer Center (SNCG)fluorescence inteiity of the measured protease, |

fluorescence intensity of the solvent,fluorescence intensity of the nanobiosensor in the

absence of the respective ProtEaSE..........ccccuuiiiiiiieree i 79
Figure 44: Multivariate Model: Cancer State over Mi#IRLy) and CathepsiB (y) ............... 81
Figure 45: Average protease activity as a function of NSCL cancer stage/healthy control group
for all nine proteases monitored in this StUAY...........ccooviiiiiiiice e 83
Figure 46: fAMatrix effects for MMP7, MMP13, a
°C under standard conditions (Taken with perroissif Referenc®)..............c.ccccuveue.nd 84

Figure 47: AMatrix effects for MMPL1, MMP 2, M
incubation at 28C understandard conditions (Taken with permission of Refer&hce. 85
Figure 48: fAMatrix effects for MM@R®erand uPA a
standard conditions (Taken with permission of RefeféNce...........ccceevveveveemrennnnee., 86
Figure 49: ATEM (1la, 1b) a n-dorelstellmaMpatides thatarana g e s
forming the inorganic core of the nanoplatforfosprotease detection, HRTEM images
reveal ed that the Fe(0) c'&@akenwih permissionob st | vy
the Royal Society of Chemist?)............ccooiiiiiiiee e, 87
Figur e 80w ticthi ¢geftf e ¢ t -oanaplatforim ioedetEceng MMES:O 4
fluorescence increase as a function of reaction time under standard conditioRG aft2b
addition of 1.0 x-13tI0fludteBcenomintendityi (Takea with MM P
permission from Royal Society of ChemiSf............ccoooveviiiiieeece e 87
Figure 51: 10 independent repetitions of measuring the activity of the Fe/FedOglatform
for detecting MMP13 under standard conditions at%®5afteradd t i on of 1. 0 x 1

LT 1 of Thdrelati8e.error was determined to be 2 perdefitiorescence intensity

.................................................................................................................................. 38
Figure 52:7 C r -eensitivities of the nanobiosensors used in this study. Further explanations are
provi de % (Takdnovithgermission of Refereee.........cooovvvvviiiiiieeecinen, 89

XVili



List of T ables

Table 1: Matrix Metalloproteinases (Reproduced with permission of Refef®nce............. 11

Table 2: Key matrix metalloproteinases in relation with the stages of cancer progression and their
effect (Reproduced with permission of Refereffie............coevviveviveceee e 12

Table 3: Serine protease expression in cancer (Taken with permission of Réfrence...16

Tabl e 4: NCBvalue§&taad ldgARCqdownor pipregulation of genes) for the group

of target proteases in pancreatic cancer tissue safpls............cccoieiiiieeeenn 42
Table 5: Peptide Sequences for NanobioSEHEOLS. ..........cocuvieeivie e e 47
Table 6: Significance Table Pancreatic CanCerS.........ccoeiiiiieieeceeeiiiiiie e eeeeee e 57
Table 7: Peptide Sequences for NanobioSERS0LS. ...........ccveveeeieieeee e e, 69

Table 8: Significance Table: plot of the calculatedajpues of each protease vs. cancer stage.

Table 9: Multivariate Model: Cancer State over MiIRly) and CathepsiB (y) readings:...82

Table 10: Means, Standard Deviations, and Average Protease Activities in Serum for Cathepsin
I (O ST = ) TSP ERPPPPPPPPR Q0

Table 11: Means, Standard Deviations, and Average Protease Activities in Serum for Cathepsin
I (O S T I R PPPP Q0

Table 12: Means, Standard Deviations, and Average Protease Activities in Serum for urokinase
type Plasminogen ACtiVAtOr (UPA).........uue e eeeee e e e e e e e aaeena) 90

Table 13: Means, Standard Deviations, and Average Protease Activities in Serum for Matrix
Metalloproteinase 1 (IMIVHL) ...ttt ettt e e e emmr e e e e e e e e e e e e e e e e e e 91

Table 14: Means, Standard Deviations, and Average Protease Activities in Serum for Matrix
Metalloproteinase 2 (IMIVHR) .......uuueiiii ettt eeeeeeee e e e e e 91

Table 15: Means, Standard Deviations, and Average Protease Activities in Serum for Matrix
Metalloproteinase 3 (IMIVHB) ...ttt e e e s e e e e e e e e e e e e e e e e e 91

Table 16: Means, Standard Deviations, and Average Protease Activities in Serum for Matrix
Metalloproteinase 7 (MIMHT) .....oovueiii et eee e 92

Table 17: Means, Standard Deviations, and Average Protease Activities in Serum for Matrix
Metalloproteinase 9 (MIVHB) ...ttt eeeeeie ettt e e e e e e e e et e e e e e e e e e e e e e e e e e e e aaans 92

Table 18: Means, Standard Deviations, and Average Protease Activities in Serum for Matrix
Metalloproteinase 13 (MME3) .......uii i remr e e eaaaaas 92

XixX



Table 19:
Table 20:
Table 21:
Table 22:
Table 23:
Table 24:
Table 25:
Table 26:
Table 27:
Table 28:
Table 29:
Table 30:
Table 31:
Table 32:
Table 33:
Table 34:
Table 35:
Table 36:

Fluorescence intensity data andilpies for Arginase in Fig 24...........ccccceeeeennnn. 104
Mean values and standard deviations of fluorescence intensities in Tahble.1004
Fluorescence intensity data analoes for Cathepsin B in Fig 25................... 105
Mean values and standdediations of fluorescence intensities in Table.11.....105
Fluorescence intensity data andipies for Cathepsin D in FRS..........ccceeenn.... 106
Mean values and standard deviations of fluorescence intensities in Tahle.1406
Fluorescence intensity data analoes for Cathepsin E in Fig 27.................... 107
Mean values and standard deviations of fluorescence intensities in Table. 1607
Fluorescence intensity data andipies for UpAin Fig 28...........coovvviiviivvniieeee.. 108
Mean values asthndard deviations of fluorescence intensities in Table.18...108
Fluorescence intensity data anglpies for MMPRL in Fig 29............euviiiiiiiniinn 109
Mean values and standard deviations of fluorescence intensities in Table 2009
Fluorescence intensity data andipies for MMR3 in Fig 30........cccceeeeeeeiinnnnnen. 110
Mean values and standard deviations of fluorescence intensities in Tahle 2210
Fluorescence intensity data anglpies for MMPO in Fig 31...........cuvviiiiiiiiinnnn 111
Mean values and standard deviations of fluorescence intensities in Table 2411
Fluorescence intensity@aind pvalues for Neutrophil Elastase in Fig.32........ 112
Mean values and standard deviations of fluorescence intenshisgar?6........... 112

XX



Acknowledgements

| would first like to express my sincere gratitude to my major research advisor and mentor,
Prof. Stefan H. Bossmann, for hgglidance, continuous support and emagement throughout
my PhD program | am very grateful for him for sharing his valuable knowledge, experience,
patience and suggestions throughout the last few years. His advices in research as well as in real
life have been helped me to build up myself and to overcome every hard time | had during this
time period. | am so grateful for him for the support trefreedom provided for me throughout
my PhD program and it is a great honor to work with such an excepticeatist and a great
human being.

Besides my advisor, | would like to especially acknowledge the rest of my PhD committee:
Prof. Daniel Higgins, Prof. Deryl Troyer, Prof. Christopher Culbertson and outside chairperson
Prof. William Hageman forheir valualke time and support.

A special thank goe® Mrs. Katharine Bossmann for beiagind, supportive and loving
friend throughout the years. | highly appreciate your support, love and care given for me all the
time.

| would like to acknowledge Dr. Thilanigarakoon for her valuable advices, support and
time given and for sharing her research experience with me to initiate my resetrelhaimand
for being a geat friend throughout the tim@lso a special thank goes to both present and past
Bossmanrgroup members for their help asdpport, especially to Dr. Homging Wang an@®r.
Sebastian Wendel

| also extend my acknowledgements to Prof. Daniel Higgins and Prof. Emily McLaurin for
allowing me to use their resourcaad Prof. Gary Gadbury for the rdoibution on statistical

analysis.

XXi



| also would like to acknowledge my collaborators: Prof. Deryl L. Troyer, Department of
Anatomy and Physiology, Kansas State Univerfoty his guidance in all questions related to
cancer biologyProf. Christopher Cullseson, Department of Chemistry, Kansas State University
for his valuable advices.

My sincere thankgyo to the graduate faculty, negraduate faculty, staff and all the
colleagues in Department of Chemistry. It was a great pleasure and a valuable opportvorik
with such talented people.

| amgrateful to all the family and friends here in United States and Sri laantkaspecially
to Ravithree Senanayake, Medha Gunaratne, Dr. Dinusha Udukala, Dr. Dhanushi Welideniya and
Dr. Gayani Pallewela for theirvang and caring frienship.

Last but not leastmy deepest gratitude goes to my mother, my grandma, myraynt,
sister and brother for ahe sacrifices that they have made on my behalf@ritieir unconditional
love and support.

| am forever indebtedtmy late father and grandpa for their unconditional love, care and
support given for my life and f@howing me the path to become who | @malay.Your memory

will be eternal.

XXii



Dedication

To myloving Mom,Grandma, Aint, Sister and Bother
for their un@nditional love anatontinuoussupport
And

To the memory of

my loving Dad and Grandpa!

XXili



Preface

Since | joined the group of Prof. Dr. Stefan Bossmann in 2013, my graduate research was
concerned with the development of nanobiosensors for the detectyoteéses, kinases, and

cytokines, with a special emphasis on liquid biopsies.

My research has resulted in three accepted/published and two submitted publications:

1. Patabadige, D. E. W.; Sadeghi, J.; Kalubowilage, M.; Bossmann, S. H.; Culbertson, A. H.;
Latifi, H.; Culbertson, C. T., Integrating Optical Fiber Bridges in Microfluidic Devices to
Create Multiple Excitation/Detection Points for Single Cell AnalyAisal. Chem2016,88
(20), 99209925.

2. Voelz, B. E.; Kalubowilage, M.; Bossmann, S. H.; Troy&r].; Chebel, R. C.; Mendonca, L.

G. D., Associations between concentrations of arginase or matrix metalloprotifhsH-
8) and metritis in periparturient dairy cattReproductive Biology and Endocrinolog916,
accepted.

3. Maroto, R.; Zhao, Y.; Jamaddin, M.; Popov, V. L.; Wang, H.; Kalubowilage, M.; Zhang, Y ;
Luisi, J.; Sun, H.; Culbertson, C. T.; Bossmann, S. H.; Motamedi, M.; Brasier, A. R., Effects
of storage conditions on airway exosome integrity for diagnostic and functional analyses.

Journal d Extracellular Vesicle2017,accepted

My thesis is focusing on the research that is reported in the following manuscripts, where | am

either first author or one of the equally contributing authors.

XXiv



4. Udukala, D.; Wendel, S.; Kalubowilage, M.; Wang, Mlalalasekera, A. P.; Yapa, A. S.;
Toledo, Y.; Ortega, R.; Maynez, P.; Bossmann, L.; Janik, K.; Gadbury, G.; Troyer, D. L.;
Bossmann, S. H., Early Detection of NBmallCell Lung Cancer in Liquid Biopsies by
Ultrasensitive Fluorescence NanobiosensA€SNano2017,submitted

5. Kalubowilage, M.; Malalasekera, A.; Covarrubidambrano, O.; Wendel, S. O.; Wang, H.;
Yapa, A. S.; Chlebanowski, L.; Toledo, Y.; Ortega, R.; Janik, K.; Gadbury, G.; Kasi, A.;
Williamson, S.; Troyer, D. L.; Bossmann, S. H., Early éatibn of Pancreatic Cancers in
Liquid Biopsies by Ultrasensitive Fluorescence Nanobiosenbiaisomedicine NBM2017,
submitted
In the research that is reported in both manuscripts, | have synthesized and purified peptide

sequences and have assembled,ifipdr and characterized functional nanobiosensors.

Furthermore, | have designed and carried out the fluorescence plate reader experiments, which led

to the data reported here. | was a member of the team that did the data analysis.
| would like to thank D. Hongwang Wang for synthesizing the Fe®£nanopatrticles, Dr.

Malalasekera for the development of the arginase sensor and design of fluorescence plate reader

experiments, Prof. Dr. Gary Gadbury, Dr. Sebastian Wendel and Ms. Obdulia Covarrubias

Zambrano for their help with the statistical data gsialand gene expression analysis, Dr. Dinusha

Udukala, Ms. Asanka Yapa, Ms. Lauren Chlebanowski, Ms. Obdulia CovarZdnialsrano, Ms.

Yubisela Toledo, Ms. Raquel Ortega, Ms. Pamela Maynez, and Ms. Leonie Bossmann for their

synthetic contributions, and $Katharine Jan#ossmann for her help with the software and the

use of the English language.

My thanks go to Prof. Anup Kasi, MD and Prof. Stephen Williamson, MD, as well as the

staff of the Southeastern Nebraska Cancer Center, for the serum saraptead my thanks to

XXV



Prof. Dr. Deryl L. Troyer for his guidance in all questions related to cancer biology and the
practical art of working with blood samples.

Finally, | would like to acknowledgmy major research advisor and mentor, Dr. Stefan H.
Bossman, for sharing his knowledge, experience, suggestions and the support given to make these

projects successful.

XXVi



Chapter1-Bi ochemi cal Foundations of Di

Lung and Pancreas BbypBeass of Liqu

1.1 Introduction

Cancer is a group of diseases that are characterized by an uncontrolled growth and spread
of cells. Cancer can develop anywhere in the human body, and ptadgeeumber of cells. In
a healthy human body, cells normally growar divide in order to make new cells according to
the bodyds needs. I f these cells are damaged
process runs as a cycle. When a cancer starts to develop, cells become more and more abnormal.
With the devedpment of cancer, new cells develop even if they are not required and old cells,
which are supposed to die, survive their damages and become virtually immortal. The unstoppable
division of cells form cell growths called tumors. There are different typ&snodrs. Many of
them form solid tumors, which contain solid masses of tissue.

Cancer can develop due to external factors, as well as internal factors. Cancers occur due
to external factors, such #se usage of tobacco, infectious organisms, as well as exposure to
chemicals and radiation, are avoidable. But the development of a cancer due to internal factors,
such as inherited mutations, hormones, immune conditions, and mutations that occur due to
changes in the metabolism, are unavoidable. These factors can act together or individually to
initiate a cancer in a human body.

Cancers can be categorstzaedeioafocdntéeoents
the cancer was at when it was firsaginosed. In stage Gancer is in the position where it started.

Some cancers never go beyond this early staigstage 1, which is called localized canaml]s
gain the ability to pas sbutrdmaioasalsingle mp. Gahcars e me n

stays partly in the tissue where it began and partly in a neighboring tissteges 2 and 3ancer



cells can invade lymph nodes atien divide, forming a lump in the lymph node. This is called
Aregi onal spreado. Th e rhe genarahregiortiawheteitfirstbagan s pr e
but not to other parts ofthe bodyt age 4 i s referred to asllsthe ic
invade the blood stream, and then can go anywhere in the body to form new colonies and spread
further. Identifying the stage of the cancer is very important because it is a critical factor in
deciding the best way to treat the carfcer.

There are more thatD0 typeof cancer. Cancers are usually named based on the organs
or tissues where the cancers form. There are several ways to treat cancer, such as surgery, radiation,
chemoherapy, hormone therapy, biological therapy, and targeted th&Regular screening
examinations can help detecting cancer at its early stages, as well as remoeabntgnous
growths. Cancers developing in cervix, colon, and rectum can be prevented by removal of
precancerous tissue. Cancers that can be diagnosed early via screening include cancers of the
breast, colon, rectum, cervix, prostate, oral cavity, and®skin.

Eventhough anyone can develop cancer, the risk of being diagnosed with a cancer increases
with age. According to the statistics, about 77% of all cancers are diagngseons 55 years

of age and oldetAccording to the statistics, the probability of developing a particular type of

cancer and the mortality depends on the gendeels w



Estimated Deaths

Lung & bronchus 85920 2% Lung & bronchus 72,160 26%

Prostate 26,120 8% Breast 40,450 14%

Colon & rectum 26,020 8% Colon & rectum 23,170 8%

Pancreas 21,450 T Fancreas 20,330 7%

Liver & intrahepatic bile duct 18,280 6% Ovary 14,240 5%
Leukemia 14,130 4% Uterine carpus 10470 4%

Esophagus 12,720 4% Leukemia 10,270 4%

Urinary bladder 11,820 4% Liver & infrahepatic bile duct 8,830 3%
Mon-Hodgkin lymphoma 11,520 4% MNon-Hodgkin lymphoma 8,630 ¥
Brain & other nervous system 9,440 3% Brain & other nervous system 6,610 2%
All Sites 314,290 100% All Sites 281,400 100%

Figure 1: 2016 Estimated US Cancer Casd3aken with permission of Referente

1.2 Early cancer detection

In order to treat cancer successfully, it is important to diagnose cancer in early stages.
Therefore, it is required to have highly sensitive methods to measure cancer diagnosis markers.
Early diagnosis of caee leads to better treatment methods and thereby reduce the mortality rate

by increasing the survival rate.

Most of the cancer related diagnostics have been studied using eliziyede
immunosorbent assay (ELISAELISA is a common laboratory technique iaf is used to
measure the concentration of an analyte (usually antibodies or antigens) in a sdiution.
cancer diagnostics, ELISA is used to measure the protease/protein concentrations in biological
samples.But it is hard to determine the activity of different types of proteases which are associated
with cancer by using ELISA. Proteases usualtgur as inactive precursors (zymogens), active
enzymes or enzyme inhibitor complexes which makes difficult in ong@sactivityto analyze

stages of the cancer.

Apart from ELISA, there are different methods use to diagnose cdtleetrochemical

biosensors immunohistochemical method$, chemiluminescence immunosen$orand



fluorescence in situ hybridizatidrare few ofthose widely used methodEventhough these
methods have been used widely to detect cancer, early detection of cancer has become a challenge
due to the lack of seitivity of the techniques. It is required to have highly sensitive techniques to

detect vey low molar concentrations of cancer related biomarkers.

The research | have indad in my thesis arbased on aevelopment of fluorescence
based nanobiosenstt for the early detection of pancreatic cancer and lung cancer. This is a
previously established method and has besedfor early detection of breast canééin my
research,hte similar techniqués usedto detect pancreatic and lung cancer in their early stages.
The functionalty of the nanolbsensors are basemh the Forster resonance energy transfer

mechanism.

1.3 Forster resonance energy transfer (FRET)

FRET is defined as radiationless energy transfer from an energetically excited fluorophore
(donor) to another molecule (acceptor) throdgiole-dipole coupling through space. After FRET
has completed, the excited acceptor molecule loses its energy via photon emission or internal

conversion and returns back to the ground sfate.
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Figure 2: Schematic representation of FRET demonstrating the energy transfer from
excited donor (D*) to acceptor (A) via nonradiative procesdNote that external conversion
of the acceptor is not showr{Taken with permission of Referent?
FRET efficiency Errer) varies with the sixth power of the distance between the two

moleculesand can be expressed e following equatior?

R
R + R

Eyrer =
Ro is the Forster radius or critical distance, which is the characteristic distance at a FRET
efficiency of 50%. This FRET efficiency is varying for different FRET pairs. FRET efficiency is
close to maximum at distances less tRanand minimum for distansegreater thaRo. In an
aqueous solutiorRo is determined by followingquation'?
Ro=[8.79x10 { & T 4@ ( &%) ] i
&’ is the angle between the two fluorophore dipole mom&atss the donor quantum yield
anddis the refractive index of the mediud{s) is the spectral overlap integral between the

normalized donor fluorescendé;(a), and theacceptor absorption spectra (which is a direct

measure of the molar extinction coefficieii(a)).*?



J(8 is determined by the following equation:
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Figure3: Gr aphical representation of spectral ove
fluorescence/emission spectra and acceptor absorption spectiaken with permission of

Referenc®)
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Figure 4: Energy transfer efficiency E as a function of the distance between donor and
acceptor (nm), and the Forster radius R



1.4 Designs of the Nanobiosensors

These nanobiosensors were developed for the eadgtaet of pancreatic cancer amoin
small cell lung cancer. For the early detection of pancreatic canEefFeOs-based
nanobiosensors for proted& and arginasé were developed and patedt in the
Bossmann/Troyer groupsere used.This technology facilitates the detection of enzymetic
activities by measuring the fluorescence increaSe nanoparticldinked fluorophore upon
cleavage or posttranslational modificatiohan oligopeptide sespnce.The synthesis of the

nanobiosensomseredone according to an establistat published procedures.

Nanobiosensors synthesized for proteases contain dopamine coateckOfe/Fe
nanoparticlesTCPP, and cyanine 5.5.tér dispersible, dopamine coateelFeO4 nanoparticles
TCPP, and cyanine 5.%ere synthesizedccording to established procedute¥he consensus
peptidesequencesvere synthesized bgolid-supported peptide synthesisTCPP which is the
fluorophore of the nanoplatform wasnnected to the fi&rminal end of the oligopeptides while

it is still on the resin.

After the addition of TCPP, thECPRoligopeptide is cleaved off the resin and linked to
the primaryamine groups of Fe/E®s-bound via an amide bortd.Each consensus peptide
sequence contains GAG and AG as peptide spacers at-tlamdNGterminal ends of the

oligopeptide. This facilitates the access by the enzymes to their respective consensus sequence.

The average core diameter of@@is13 ++ 0.5nm and FegOa4 shell thickness of 2.8 0.5
nm, respectivelyFollowing a randordeposition, ganine 5.5 is directly bound to the dopamine
coated nanoparticle and the determined optimal density isb@et nanoparticle. TCPP is
attached to thenanoparticle via oligopeptide and the density is 3bpler nanoparticleThe

distribution of ligands per nanoparticle follows a Poisson distribution. Unreacted low molecular



weight components, dyes and oligopeptidédsbe removed from the nanoplatformia dialysis.

Nanoplatform undergoes lyophilisationcadriedcompletely prior to use.
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Figure 5: A: Function principle of nanobiosensors for protease detectianthe consensus
sequence is cut by the proteas®; Function principle of nanobiosensors foposttranslational
modification: the chemical identity of amino acids in the linker is changed via enzymatic
reaction; C: Typical emission spectra occuring from the nanosensor for MMP-3 after 1h of
incubation at 3”PC dca 421nm). a: buffer; b: nanosensor; c: nanbiosensor after
incubation with MMP -3

1.5 Proteases
Proteases are a class of enzymes which involve with cleaving peptide bonds in specific
peptide chain in a particular protein. There are different types of tatzbsses of proteases such

as aspartic, metalpcysteine, serine, threonine and glutamic. Depending on the group involving



in nucleophilic attack at the carbonyl group, the proteases have been categorized. Aspartic,
metallo and glutamic proteases leaa polarized water molecule as the nucleophile at the active
center while serine and threonine proteases have the hydroxyl group and cysteine proteases have
the sulfhydryl group at the active center.

There are few proteases which are necessary for cdewetopment and progression.
Those are Matrix Metallproteinases (MMPs), urokinase plasminogen activator (uPA) and
Cathepsins (CTS$}.These prteasesireexpresedduring the tumor progression and metastesis.
These proteases incorporatéh each other and act in cascade like manner. The carnagzdre
proteases are important and possess reliability as specific biomarkers for the early cancer detection.

Extracellular proteases play a major role in transforming pancreatic cancer into metastatic
and invasive phenotypg€ The expression and the activity of proteases will vary depending on the
cell typethat express the protease. It has been found thataimyncancer types, proteases are
produced by the stromal and inflammatory c¥liBor an example, in pancreatic cancer, there are
cancer cellsvhich will induce urokinase (uPA) in stromal cells but will bind to the urokinase
receptors on cancer celfs.

Three main proteases which areatetl to cancer are discussed below.

1.5.1 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) &sfamily of enzymes which has been identified as a
major player in tumor progressiofiMMPs are involved in degradation of the extracellular matrix
while wound healing, bone resorption, being a part of pathological conditions such as rheumatoid

arthritis, coronary artery disease and cadtérhas been identified that the cancer cells (tumor



cells) use the ability of MMPs to degrade matrix and spread to the sites far away from the tumor
environment. MMPs are belied to promote thgrowth of tumor cells

There are five subdivisions of MMP family; the collagenases, the stromelysins, the
gelatinases, PUMR or matrilysin and membrane type (MT) MMPs.The conmon
characteristics of these taécontaining proteases are degrading at least one basement membrane
component, active at physiological pH, requires twé*Zons to be active, inhibited by metal
chelators and tissuehibitors of metalloproteinases and secreted as zymogens while require
activation extracellularly®? Al MMPs have at least three domains; a hydrophobiepegtide
domain, an amino terminal propeptide domain and 4 @&talytic domairt>2! There are three
levels in MMPs regutions; alteration of gene expression, activation of latent zymogens and
inhibition by tissue inhibitors of metallopteinases. It has been fouticht the changesithese
three levels arassociated with tumor progressignOnce MMPs are activated, they can be
activated by themselves as well. MMRactivates MMP2 while MMP-9 activates MMP7 19

Metastasis is a hallmark of cancer. In metastasis, the cells from primary tumor get
colonized in distant sites of the body. There are several major stepgethvn metastasis such as
tumor cells break from the primary tumanyasion of cancer cells through the basal membrane
into a blood or lymphatic vessel, survival of tumor cells, extravasation from blood or lymphatic
circulation and colonization of tumocells and angiogenesis to form metastatic leSion.
Angiogenesis is required for the metastasegrow and includes few stepd)et release of
angiogenic factors, release of proteolytic enzymes toadegpostcapillary venule basement
membrane, endothelial cell migration to the tumor, endothelial cell proliferatiomanovessel

formation and differentiatioff*
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In order to invade extracellular matrix, malignant cells require proteases. Proteases are used
by metastatic cells to invade through the basement membrane and underlying connective tissues,
basement membrane of small blood vesaats lynphatics® MMPs playa major role in tumor
angiogenesis. According to many studies, endothelial cells can express and activate MMPs and

TIMPs differentially. MMP-1 is a main protease in angiogenic cascade.

Table 1: Matrix Metallopr oteinasegReproduced with permission of Referedge

Protease Commonother names

MMP-1 Collagenasd. / fibroblast colagenase
MMP-2 GelatinaseA / 72kDa gelatinase
MMP-3 Stomelysinl/ transinl

MMP-7 Matrilysin / PUMP

MMP-8 Collagenase / neutrophil collagenase
MMP-9 GelatinaseB / 92 kDa gelatinase
MMP-10 Stromelysin2 / transin2

MMP-11 Stromelysin3

MMP-12 Macrophage metalloelastase
MMP-13 Collagenase8 / rat collagenase
MMP-14 MT1-MMP (membrangype MMP)
MMP-15 MT2-MMP

MMP-16 MT3-MMP

MMP-17 MT4-MMP

MMP-18 Collagenas&

MMP-19 -

MMP-20 Enamelysin

MMP-21 -

MMP-22 -

MMP-23 CA-MMP
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MMP-24

MT5-MMP

MMP-25

Leukolysin/ MT6-MMP

MMP-26

Endometasématrilysin2

Table 2: Key matrix metalloproteinases in relation with the stages of cancer progreiss

and their effect (Reproduced with permission

of Referer®e

MMP

Effect

Cancercell invasion

Several
MMP-9)

MMPs NIT1-MMP, MMP-2 and

Degrade physical barriers

Cancercell proliferation

MMP-1,-2,-3,-7,-9,-11,-19

Proliferation

MMP-3, -7, ADAM17, ADAM10

Proliferation

MMP-9, -2,-14

Proliferation

Cancercell apoptosis

MMP-7, ADAM10

Anti-apoptotic

Tumorangiogenesiandvasculogenesis

Several MMPs (MMF2, -9 MMP-3, -10, -11
MMP-1, -8, -13)

Angiogenesis upegulation/dowrregulation

Cell adhesion, migration, and epithelial to
mesenchymatansition

MMP-2

Promote migration

MMP-2,-3,-9,-13,-14

Induction of EMT(Epitheliakto-mesenchymal
transition); cell migration

Immunesurveillance

MMP-9

Decreasd -lymphocyte proliferation

MMP-9, -2, -14

Decrease T-lymphocyte reaction
cancer cells

again

MMP-7,-11,-1,-8, -3

Decrease cancer cell sensitivity to natu
killer cells
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1.5.2 Cathepsins

Cathepsingre globular proteases which have intracellular and extracellular functions. In
cathepsin family, there are 14 types of cathepsins, cathepsin A,B,C,D,E,F,G,H,L,K, O, S,V
and W?’ In humans, cysteine cathepsin family comprises 11 members. The largest class of
cathepsin is represented by cathepsin B, C, F, H, L, K, O, S, V,d\Xamhich are cysteine
proteases of the papain famfinitially cathepsins are synthesized as inactive proenzymes. Then

they are processed to become mature and active enzymes.
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Figure 6: Cysteine cathepsins expressed in tumaells and tumorassociated cells which
contribute to neoplastic progressiorn(Taken with permission of Referent®

Cystein cathepsins are involved in apoptosis, angiogenesis, cell proliferation and invasion.
Protein degradation and processing are the main functions of cysteine cathepsins in northal cells.
Studies have foundhat the activity levels and expression of some cysteine cathgpare

upregulated in human as wellm®use cancers.
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Figure 7: Cystein Cathepsing(Taken with permissin of Referencé?)

Figure 8shows the cysteine cathepsin expression of tumor and tumor associated cells in

caner progression.
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Figure 8: Cysteine cathepsins expressed in tumor cells and tumassociated cells which
contribute to neoplastic progresion (Taken with permission of Referent®

14



1.5.3 Serine Proteases

Serine proteasdwave a close relationship with cell growth and differentiation. Ueslen
is one of the serine proteases which is closely associated with tumor invasion and méktéstasis.
has been founthat the expression and enzyme activity regulation of serine proteases are related
to the malignanphenotypes of tumors. Matriptase and trypsin are two other serine proteases
involved in cancer? Matriptase is responsible for angiogenesis, extracellular matrix degradation
and epithelial cancer progressitrin normal cells, matriptase is inhibited bgpatocyte growth
factor activator inhibitofl(HAI-1). The expression of matriptase and loss of-HlAkn be seen in
prostate cancer progressioficcording to the studies, the ratio betweeaitriptase and HAL act

as a very good biomarker for prostateazr progressioff:

Trypsin is avell characterized protease among otleeing proteases. Trypsin is associated
with food digestionblood coagulation, fibrinolysis, and control of blood pressure. Apart from
those, trypsin plays a major role in atherosclerosis, inflammation and éaficgpsin is secreted
in pancreatic juice as an inactive zymogen (trypsinoged) aantivated by enteropeptidase to
trypsin3® This was done for physiological protection against premature activity. Antiprotease
mediator pancreatic secretory trypsin inhibitor (PSI$p protects from premature activity, but
the imbalance between proteas®l antiprotease system leads to the development of pancreatitis.
This makes a risk to develop pancreatic adenocarcifdfirgpsin also associated with colorectal

carcinogenesis while promoting cell proliferation, invasion and metadtasis.

Urokinase plasminogen activator (UPA) is also a serine protease which plays a major role
in cancer development. it associated with extracellular matrix degradation as well as basement

membrane dissolutiof.
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Table 3: Serine protease expression in cancé€Taken with permission of Refererife

Serine

Protease

Hepsin | T |4 1 J |1 K 1
IKLKG J J
KLKT tit|t i B v
IKLKB v |1 1 Nl o[t]t 1
Matriptase| T4 | T [T4[ t [+ [t |4 |t [t| [N |t t
sLPI 4 |¥ i ii 4 4
TMPRSS3 | v (] T

1.6 Pancreatic Cancer

Pancreaticancer is one of the deadliest diseases among other various types oftiancer.
United Stategpancredic adenocarcinoma is the thikehding cause of cancer deatbisboth male
and female Since 2003, the death rates due to other cancer types (lung, colorectal, breast, and
prostate) were declined while pancreatic adenocarcinoma has incteased.

It has been recorded that, since 1998, incidence rates for pancreatic cancer is increasing by
0.8% per year in men and by 1.0% per year in wofriEme calculated death rate for pancreatic

cancer has been increased from 2003 to 2007 by 0.7% and 0.1% for men and women respectively.

1.6.1 Early signs and symptoms

It is difficult to identify the early symptomsf pancreatic cancer. Most of the time

pancreatic cancers develop without initial stage symptoms. It has been found out that only a small
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number of pacareatic cancer patients hawshowed the early symptoms of the disease. But
researchers were unable to find out a specific pattern of early symptoms for the early diagnosis.
The signs and symptoms associated with pancreatic cangcpaaré upper abdomemhich can

spread over the back, weight loss, loss of appetite, high blood glucose, dark urine, yellow skin and
eyes etC.According to the studies, 4% of the pancredizmnosed patients had sudden disgust for
preferred tastes such as coffee, smoking, wine etc. for more than 6 months prior to the disease
diagnosis’® Also 5% of the patients had weakness, loss of appetite while 1% of patients had attacks
of acute pancreatittsDue to the vagueness of #eeearly symptoms, it is difficutb use these

situations in diagnosis of pancreatancer in its early stages.

1.6.2 Risk factors

The incident rates of pancreatic canceraiee higher in smokerthannonsmokers. It has
been found that 25980% of pancreaticancer cases were caused by smoking cigdretteis
indicates that the risk for pancreatic cancer is increased by tobacco smoking and use of smokeless
tobacco. Family history of pancreatic cancer and the personal history of pancreatitis increase the
risk for pancreatic cancer. Apart from thadlcohol consumption, diabetes, obesity and

consumption of red meat are some of the risk factors associated with pancreatié cancer.

1.6.3 Diagnosis
In pancreatic cancethe symptoms are undetectable until it spsemader todistantorgans.
That causes the early detection of pancreatic cancer more difficult atlengmg Currently,

there is no specific diagnostic method to detect pancreatic cancer in its early Graged)o of
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pancreatic cancer cases have been detected at early stages and there are ongoing research

developments for early detection of pancreatic cahcer.

1.6.4 Tredgments

There are several different options available for the treatment of pancreatic cancer.
Surgery, radiation therapy and chemotherapy options help to increase the survival rate of patients
and relieve symptoms. But those methods will not produce \eme often. Most of the time
pancreatic cancer is detected after it spreads beyond the pancreas. Therefore, less than 20% of
patients undergo surgery for the removal of the cahGemcitabine is a chemotherapy drug used
to treat the patients who undergo surgeries. This increases the survival of many patients after going
through a surgery. Erlotinib (Tarceuva)another anticancer drug usadng with gencitabine for

theimprovement opancreatic cancer survival.

1.6.5 Survival and deaths

According to the literature, with all combinesgeés, 1 and gear relative survival rates
are 26%and 6% respectively. It has been found that the 5 year survival for pancreatic cancer is
very less regardless of stage. During 2Q007, fiveyear survival rate for locadtaged cancer,
regionalstaged cancer, and distastaged cancer are 21.9%, 9.1%d ah.8% respectively.
According tothe estimated calculations,320 deaths were expected to occur in 2@1®th men

and women populatiorss.
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Figure 9: Pancreatic cancer 5year relative survival and 95% confidence intervals(Taken
with permission of Referendg)
1.6.6 Pancreatic cancer and Proteases

As discussed earlier, pancreatic cancer is a challenging disease whicyehsas &urvival
rate less than%.*> Therefore, in developed countries, disregarding the advanced medical therapies
and surgical techniques available, pancreatic cancer lead to therhighteer of deaths compared
to the other cancer related dedthEarly dissemination and high local tumor progression are the
major hallmarks associated with pancreatic cancer. Due to those factorgrtsghtignosed with
this disease will not undgo initial treatments thus leading a high mortality rate among
pancreatic cancer patierffGenerally, in cancer, invasion and metastasis taking place at the tumor
environment. In tumor environment, tumor cells and stroma can exchange signals in order to

increase cell proliferation, cell migration as well as survival.
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Several types of proteases play a significant role in the progression and development of
pancreatic cancer. According to the previous stutiésR-2, MMP-9, TIMP-1 and TIMR2 were
found in excess amounts in pancreatic cancer tissue samples with compared to the normal
pancreatic tissue sampl&3iVhile collagens type | and lll are localized in spindle shaped stromal
cells, MMP9 was elevated in the tumor cells. MMPelevated amounts also found in stromal
cells. More MMR2, MMP-9, TIMP-1 and TIMR2 were detected in bothmor cells and stromal
cells. Even distbution of TIMP-1 and TIMR2 wereseen in tumor and stromal celfsThis study
shaws a good correlation between MMPs and TIMPs overexpression with collagen protein levels
and transcript coding levels for ECM proteins.

In chronic pancreatitis, elevated levels of MMRNd TIMR2 were recorded. But mMRNA
encoding transcripts for MMB, MMP-3 and TIMR1 were not detected in chronic pancreatitis
tissue<’® Immunohistochemistry has proven that the MRIPMMP-3 and TIMR1 levels are
higher in pancreatic and ampullary carcinomas. The studies showthéhsmmunoreactivity in
pancreatic and ampullary malignant epithelial cells is greater than in stromal ffssues.

Type IV collagen distribution in basement membrane tissues imgaitcadenocarcinoma
was found to be discontinuous and irregular. This may be due to the abnormal degradation and
deposition of collageff In pancreatic ductal adenocarcinoma, tumor extracts show the elevated

amounts bcollagen | and ?

1.7 Lung Cancer

Lung cancer is the most common cancer worldwide. In 2012, we had 1.&:mélicases
and caused 1.6 million deattfdt is a leading cancer killer of men and women in the United States

and sirce 1987, lung cancer mortality has surpassed breast cancer mortality among>viomen.
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2016, it has been estimated that 158,080 Americans died from lung cancers. This is approximately
27% all recorded cancer death§he lung cancer mortality patterns show differences between
men and women, depending whether they are smokers or not.

Lung cancer is predominantly detected in the elderly. Thentapf lung cancer patients
arediagnosed within the last 5 years ofedise progressm According to the statistics) 2013,

83% of lung cancer patients were 60 years of age or tider.

1.7.1 Early signs and symptoms

Most lung cancergo notshow any symptoms or signs until they become distant. There
are common symptoms of lung cancer, such as a cough that does not go away, bloed or rust
colored sputum that is cougheg, chest pain, hoarseness, loss of appetite and weight loss, feeling
tired, as well as the occurrence of lung infections and pneunidiiiang cancer spreads to distant
organs, bone pain, headache, dizziness, seizures, yellow skin and eyes@ndear the surface

of the body may occi.

1.7.2 Risk factors

The main risk factor for lung cancer is cigarette smoking. Studies show that the cigar and
pipe smokilg also can increase the risk of getting a lung cahtke risk of getting a lung cancer
increases with the quantity and the duration of smoking. Apart from ciganetiees gases
released from soil and building materials, environmental exposure to cancer hazardous gases,
asbestos, paint, organic chemicals and Cr, As, Cd like metals, air pollution and radiation cause
lung cancer among people. Family history and the naédlistory of tuberculosis may increase

the risk factor for lung cancér.
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1.7.3 Diagnosis

Recent studies prove that the chestix screenings do not reduce the mortakitg of lung
cancer patients Modern tests such as lesose spiral computed tomography (€and molecular
markers®in sputum are found to be better techniques to detect lung cancer in their early stages.
Nationd Lung Screening Trial results show 20% fewer lung cancer deaths among lung cancer
patients (heavy smokers) who went through spiral CT screenings compared to normatapest x
screenings.

Screening of high risk individuals enhances lung cancer survival rates by diagnosing the
disease at an early stage, which makes treatments more successful. It has been estimated that at
least 8.6 million Americans, who are considersdigh risk lung cancer patients should receive
low-dose CT scans annuaftlt is possible to prevent over 13,000 deaths if the half of these high

risk individuals have been tested via ldase CT scans.

1.7.4 Treatments
There are few stages of a lung cancer. f&onall cell lung cancer and small cell lung
cancer?® Non-small cell lung cancers aréagnosed as 4 different stages from stage | to stage 1V,
depending on disease progress. Stage | is where the cancer is confined to the lung. In stage Il and
[ll, cancer can be seen in lung as well as in lymph nodes. Stage IV is the stage where cancer is
spread away from lungs and has moved to other organs of the body (e.qg. liver or brain).
Treatments are strictly dependent on the type and the stage of the lung®Gungery,
radiation therapy, chemotherapy and some other targeted therapies are the few treatment methods
currently used. Surgeries are commonly performed for the localizedmalh cell lung cancers.

Radiation therapy and chemotherapy will be usually dftee a surgery, because it improves the
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survival rate. Patients who have advanced (stage Il and I\V3smati cell lung cancer are
normally treated with targeted drugs and chemotherapy. For small cell lung cancer patients,

chemotherapy alone or combiratiwith radiation are the most common treatments avaifable.

1.7.5 Survival and Mortalities

Statistical data shows that the 1 year relative survival for lung cancerdneased from
37% in between 1975979 to 43% in between 20@®06° However, the 5 year survival rate for
all stages in lung cancer has been estimatduketts%. For snall cell lung cancer, the 5 year
survival rate is about 6%, while for n@mall cell lung cancer is about 17%.

According to the studies, delping a lung cancer in male smokers is 23 times higher and
in female smokers it is about 13 times higher compared to nonsnibkersnentimed earlier,
lung cancelis the main contributor to theancer related mortalities in the United States and
surpassed colon cancer in men and breast cancer in women in the early 1950s and early 1980s,
respectively.

According to the statistics, men from af@ years onward have a high risk of mortality
due to lung cancer compared to the other cancer related mortalities. For women lung cancer

mortality surpasses breast cancer mortality at age 60 years anef older.
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Figure 10: Trends in Death Rates Among Males for Selected CancgrUnited States, 1930
to 2008(Taken with permission of Referent®
1.7.6 Lung Cancer and Proteases

There are many proteases involved in lung cancer development and tumor generation. We
have discussed three main protease categories in section 1.5. Most of those proteases play major
roles in lung cangedevelopment.

Urokinasetype plasminogen activatquPA) is overexpresseth lung carchomas in
stromal andcancer cell$® In nonsmalkcell, norNE (neuroendocrine) carcinomas, stromal
expression of uPA and MMP1 was amounting to 80 to 90% of the expression in the whole
tumor>® Studies showed that uPA oegpression is detected in stromal fibroblasts and in tumor
cells in both norsmall cell lung carcinomas and neuroendocrine lung tufioEpithelial
expression of uPA in nesmall cell lung carcinomas is linked to the presence of node metastasis

and expression in fibroblasts was correlated to the tumof%ize.
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In matrix metalloproteinases, MMP (gelatinase A) and MM® (gelatinase B) were
expressed in lung cancer tumor célsAlso, in non-small cell lungcarcinomas MMPL, MMP-

9 and MMPR11 wee found in tumor samplédTokurakuet al reported a matrix metalloproteinase
(MT-MMP or MMP-14) which is expressed on the cell surface. It is capable of activating- MMP
2. A correlation between MMR expession in tumor tissue and expression o-MWVIP (MMP-

14) was discovered. MMP2 also correlates with lymph node meta&tagesysis of human lung
tumor tissues indicated that MMPand MMR10 are overexpressed in lung tumors, but MMP

is detected in lower concentratiofs.

Cathepsin S has been analyzed in tissue cytosols of lung parenchyma, lung tumors and
lymph nodes by using ELISA. The levels of Cathepsin S in lymph nodes were significantly higher
compared to lung parenchyma or tumbBtudies on the cysteine proteings@athepsin L and
Cathepsin B indicated that they are involved in tumor progression and aregyd@cause they

are able to degrade extracellular matrix protéins.
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Chapter 2 - Early Detection of Pancreatic Cancers in Liquid Biopsies by

Ultrasensitive Fluorescence Nanobiosensors
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2.1 Abstract

Numerous proteases, such as matnetalloproteinases (MMP's), cathepsins (CTS), and
urokinase plasminogen activator (UP&)e either dysfunctional, ovesr underexpressed in solid
tumors, when compared to healthy human subjects. This offers the opportunity to detect early
tumors in liquid biopsies, such as serufrhis approach is of particuladvantage for the early
detection of pancreatic cancer, which is a #fs
at the distant stage when the survival rates are especially low.

We hae developed fluorescence nanobiosensors for ultrasensitivefefsttimolar)
protease detection, consisting of wadespersible FéeOs cordshell nanoparticles and two
tetheed fluorescent dyes: tetratdscarboxyphenyl)porphyrin (TCPP) and cyanin&.5These
nanobiosensors exhibit bothjpdle-surface energy transfer (SETuenching andForster
Resonanc&nergy Transfer (FRET) of tethered TCPP. Upon entignakeavage, the fluorescence
of TCPP increases, which enables the detection of numerous proteasesfantsuafolar
activities.

Additionally, we have tested a recently tested arginase sensor as well. The major difference
in design is that the tether betweeriHesO4 and TCPP is notleaved, but biochemically altered
by arginases | + Il. The change in tether dynamics then leads to an increase of TCPP fluorescence,
thus permitting the detection of arginase activity.

We have identified aprotease/arginase signature for the detectionpamcreatic
adenocarcinomas in serum, consisting of arginase, MiIRs3, and-9, cathepsinsB, and-E,
urokinase plasminogen activator and neutrophil elastase. This is a potentiatigamgerin

pancreatic cancer detection.
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2.2 Introduction

PancreaticCanceris the third leading cancer in the United States, withy@&r survival
rate of less than 6%. In 201®, the U.S. alone there were an estimad@D70new cases of
pancreatic cancer antl,780death<”® Pancreatic cancers are markedly on the increase over the
past three decadeBespite the high mortality rate associated with pancreatic cancer, its etiology
is poorly understooff. Pancreatic cancer has one of the worst prognoses of all gastrointestinal
malignancies.

The symptoms are not easily detectable (only 7% of cases are detected at stage |, virtually
no cases are detected at stage O)tlzar@ is to datao reliable screening test for pancreatic cancer
Detection is usuallyaccomplishedn anadvanceestage, lading to a very poor prognosis. The
development of a feasible early warning test for pancreatic cancer would not only save lives, it
would also have a positive impact on the projected health care costs in the US.

Many cases are already in walllvanced stages of metastases and dissemination with
peripheral invasion of the retroperitoneum, vascular system, or nerves when paceresr is
diagnosed. The rate of resection is <15% and tleab survival rate isi25% in the curative
resected casé8/°In the majority of cases, recurrencesrfrpancreatic cancer are liver metastases
and peritoneum disseminatiéh’It is well established that surgical treatment for liver metastases
from pancreatic cancer cannot offer letegm survival for the vast majority of patients.
Additionally, the outcomes of radiotherapy and chemotherapy are equally unfavérable
Pancreatic ductal adenocarcinoma (DAC;9886 of all cases) is ehnacterized by desmoplasia,
which is the abundance of extratar matrix (ECM) containingcollagen, fibronectin,
proteoglycans, and hyaluronic acid, as well as catalytically active enzymes and protéifiases.

accumulation of ECM components alters the architeatigancreatic tissue causing abnormal
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configurations of blood and lymphatic vessels leading to poor perf(Sidnis effect is ultimately
responsible for the inefficacy of classic chemotherapy against ®8@sed on data from the
National Cancer Data Base (192Q04, statistictast revised on 09/15/2016), they&ar observed
survival for exocrine pancreatic cancer is 14% when the cancer was discovered at stage 1A, 12%
at 1B, 7% at IlA, 5% at 1IB, 3% at Ill, and 1% at stage IV. Endocrine pancreatic cancers show
higher survival rees: 61% at stage 1, 52% at Il, 41% at Ill, and 15% at stagéNte that this
data is for patients who have received surgery. All stages used here were defined in accordance
with the American Joint Committee on Cancer (AJCC) Tatiting systent

Approximately 96% of all pancreatic cancers are exocrine. They comprise of
adenocarcinomagmore than 90% of all pancreatic cancerajlenosquamous carcinomas,
squamous cell carcinomas, signet ring cell carcinomasdlifferentiated carcinomas,
undifferentiated carcinomas with giant cells, and solid pseudopapillary neoplasms of the
pancreas® The only viable strategy to distinguish between these cancer types to date is their
position within the pancreas and the histological identification of the cell tygecré&atic
neuroendocrine tumors/carcinomas, or islet cell tumors, @@mwumon (approx. 4% of pancreatic
tumors). Among them arasulinomasgastrinomasglucagonoma, matostatinomad/IPomas
(VIP: vasoactive intestinal peptijd®?PomagPP:pancreatic polypeptideand carcinoid tumors.
Insulinomasand @strinomasare the mst common. Although gncreatic neuroendocrine
tumors/carcinomas are less aggressive than exocrine pancreatic cancers, the differentiation
between benign neuroendocrine tumors (50%) and aggressive neuroendocrine cancers (50%)

solely based on histologicasults is challengin’
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2.2.1Liquid Biopsies

Detectingcancer and other diseases by means of a simple blood test has become a realistic
possibility. Virtually all competing companies, among them Personal Genome Diagfipstics
Genomic Healt, Myriad Genetic®, Guardant Healtl! and Pathway Genomi€srely on PCR
to detect genetic mutations, and various RNAGOG:
the approach discussed here focuses on detdbéngrotease/arginad$é? signature of various
solid tumors (brea%t nonsmall lung? andpancreatic cancefseported herd) Including blood
tests for the estimated 14.5 million cancer survivors in the United Stagée@sarket potential for
liquid biopses is currently estimated toore than $20 billion a yeaFhe average genomic test is
currently between $5,000 and $6,000, which may prove prohibitively expensive for many patients.
Compared to the statd#-the-art in liquid biopsies, proteageofiling using the proposed approach
will result in significantly reduced costs: $100 to $200 per protease/arginase profile for the end
user appears to be realistic. It should also be noted that there is a high potential for synergy between
genomic and mteomic testsgenetic tests often show the potentiald@easalevelopment, but
not exactly whethe transition to a tumor actually occuRroteasealrginaseassays can dexactly

that.

2.2.2Standard of care in detecting pancreatic cancer

The gandard of care is based on symptoms, which are developed onlypahereatic
cancer has progress&dNonspecific symptoms of exocrine pancreatic cancer are jaundice or
diabetesPancreatic neuroendocrine tumors can have a variety of symptoms, among them stomach
ulcers, diabetes, hypoglycemia, glossitis, diarrhea, and gallbladder problems. If unspecific

symptoms exist or any masses or fluid builcwgve been detected, statethe-art imaging
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methods, such as Computed Tomography (CT scans), Magnetic Resonance Imaging (MRI),
Positron emissionomography (PET), Ultrasonography (ultrasound or US) or more specialized
methods (e.g. Somatostatin receptor scintigraphy (SRS) and Endoscopietrograde
cholangiopancreatography (ERCP)) will be used. Although the information that is obtainable by
using these different methods is important with regattierapy decisions, none of these methods
is capable of routinely detecting-situ pancredt cancers, becaudbe pancreas is obscured by
other organs, making the detection of tumors with volumesSofitr? difficult. 34

There are three typesof common precancerouslesions for pancreatic cancer,
"PancreatidntraepithelialNeoplasia” or PaniINs|ntraductl Papillary Mucinous Neoplasms

(IPMNs) and "MucinousCysticNeoplasms" or MCN&

Figure 11: The location of the pancreas obstructgarly in-vivo diagnostics

Blood tests for pancreatic cancer have been focusing on-8Ad&bohydrate antigen 19
9)8¢ CEA (carcinoembryoniantigen§’ and recently Kras gene mutatiorf§. These tests are not
suitable for the detection @if-situ pancreatic cancers. CAIBis overexpressed in many ggof

gastrointestinal cancer (e.g. colorectal cancer, esophageal cancer, and hepatocellular carcinoma),
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but it is also elevated during pancreatitis, cirrhosis, and other diseases in which inflammation
occurs, resulting in numerous false positifégalse negatives alssisefrequently due to genetic
factors, especially in the Caucasian population. Therefore, the Ame3meirty of Clinical
Oncology discourages the use of CAA9n screening for tumofS. Besides tumors, CEA
(carcinoembryonic antig@rtoncentrations in the blood of adults are known to be influenced by
numerous factors, many of them unrelated to cancer. Although the genetic landscape of pancreatic
cancer shows negrubiquitous mutations of #as the detection obncogenic Kras mutéions

aloneis not sufficient to lead to pancreatic ductal adenocarcinoma (PDAC) in either human or in

genetically modified adult mouse mod&s.

2.2.3The Protease Web in Healthy and Cancer Patients

Matrix metalloproteinases(MMPSs), serine proteasesndcysteine proteasehave welt
documented roles in malignant progression, including angiogenesis, invasion, and métdistasis.
is of importance that tumegromoting proteases act as a part of an extensive multidirectional
network of proteolytic interaction$here are 570 known human protegsasupledwith a smaller
group of endogenous protease inhibitors tiggitly regulae their activity’? In geneal, cathepsin
B, urokinaseplasminogen activatduPA), metalloproteinase$MMP), occupy central nodder
amplifying proteolytic signals passing through tietwork. Recent research has shown that this
proteolytic signaling network interacts with othengortant signaling networks, such as
chemokines, cytokines, and kinaSédUnderstanding this extensive network of proteolytic
interactions as a system of activating and inhibiting reactions may prove to be an important key to

unlock tumor biology.

Urokinase plasminogen activator(uPA) is a very specific protease thaihds to its
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receptor, uUPAR, and cleaves the inactive plasminogen to the active plasmin. This is the first step
in a welkknown protease cascade that causes angiogenesis. Therefore, uPA is associated with
angiogenesis in tumors. It is also very activeumdr metastasis. Plasmin is a somewhat non
specific protease that goes on to cleave many targets including activathogllpgenases,
degrading the extracellular matrix (ECM), and releasing/activating growth factors. uPA has been

identified as a targeniclinical trials for advanced breast and pancreatic c&Acer.
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Figure 12: Dysfunctional proteolytic networks in cancef?
Figure 12 emphasizes the principles of protease biochemistry, but it is by no means

comprehensive. Further interlinked protease networks existed®es in red have been used

successfully for the detection of early solid tusfFables 4 and)5

Cathepsinsg with a few exceptions, are cysteinroteaseé* Often found in the
lysosomal/endosomal pathway, cathepsins usually operate at low pH valuesnpairenable to

retdn some activity at neutral pkLathepsins are either largely overexpressed or misexpressed by
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cancerous cells, causing activation outside of the cells. This activation outside of the cell can cause
ECM degradation and initiate known EC#égradation cascades. For instance, cathepsin B is
known to activate uPA! Cathepsinsare highly upregulated irpancreaticcancerand contribute

to the development and progression of¢aecemphenotype 3949

2.2.4Diagnostic Strategy in Liquid Biopsies

Our diagnostic strategy is based on the paradigm tledegse networks in pancreatic
cancer are dysfunctional. However, some proteases are known to be-spetafit, which adds
to the complexity. For instance, dowegulation of cathepsin L is known to inhibit pancreatic islet
cell carcinogenesi§ but enhances epidermal tumor progres$i@everaMMPs (-3,-9,-11) are
known to either impaif or promoteé® tumor progression, depending on cell type and tumor

microenvironment.

2.3Gene Expresion Analysis

Gene Expression Analysts is straightforward approach to determine the proteases that
are overexpressed in solid tumasach as pancreatic cancer. A wealth of data is available from
databases, such as NCBI GEfrez Gene ID, Unigene ID and Gene SyniBbThis strategy is
able to select protease candidates that have a high probability of being proximal biomarkers for
pancreatic cancerdm the total of 570 proteases that are known from the human géadiris.
makes the selection process far less arbitrary that it would have to be based on-elaiEase
cancer literature alone.

The relevant datasets for this study were obtained from the publicly accessibl&ROBI

databasé® Criteria for datasets included in the analysis were that the investigated species is homo
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sapiens and that the dataset contains samples from both primary tumor samples and healthy human
tissue. The fold change géne expression is taken as an indicator of th@ugownregulation of
the genes of interest and R was used to extract the relevant raw data, calvalakes pnd
generate boxplots to illustrate datanges?3104

Arginase is found in mammalian bodies in two isoforms: arginase {aiginase
ureahydrolase, Al, UniProt P0O5089) and arginase Il (All, UniProt P78B4d@inase | and Il share
61% amino acid sequence idity.1%° Arginase lis aliver enzymé®®, whereas arginase Il is found
in tissue'” From the data summarized in Figut3 arginase Il is a more suitable candidate for
pancreatic cancer detection, if this tissue enzyme is able to find its waphéenbdoodstream in
sufficient concentrations. Unfortunately, the sensor for arginase activity developed in the

Bossmann group wondét be able % differentiate
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Figure 13: Statistical genetic expression analysis of Arginases | and Il in primary tumor
samples and healthy human tissuéroup sizes: n(ARG 1) = 117 n(ARG 2) =117. All data
were obtained from the NCBI GEO database'®? Bar graph (left, showing means and
standard deviations) and box plot (right, indicating the observed data range). PC: primary
pancreatic cancer tissue. Control: apparently norcancerous tissue from the same patient

From the data shown in Figure, Ixathepsin B appears to be an excellent candidate, which

is in agreement with numerous reports in the literatie®°1%1 Cat hepsin B won
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specific for pancreatic cancer, because it is also enhanced in breast and lung cancer. However, it

can be an important component of a panel of enzymes for early cancer detection.
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Figure 14: Statistical genetic expression analysis of Cathepsin B in primary tumor samples
and healthy human tissue(group sizes: n(CTS B) = 11) All data were obtained from the
NCBI GEO databasel®? Bar graph (left, showing means and standard deviations) and box
plot (right, indicating the observed data range) PC: primary pancreatic cancer tissue.
Control: apparently non-canceraus tissue from the same patient
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Figure 15: Statistical genetic expression analysis of Cathepsin D in primary tumor samples
and healthy human tissug(group sizes: n(CTS D) =117. All data were obtained from the
NCBI GEO databasel®? Bar graph (left, showing means and standard deviations) and box
plot (right, indicating the observed data range). PC: primary pancreatic cancer tissue.
Control: apparently non-canceraus tissue from the same patient

According to the data summarized in Figure 15hepsin D appears to be a slightly better

candidate for detecting pancreatic cancer than cathepsin B. However, since this data is obtained
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from primary cancerous tissue and apparently healthy tissue from the same patient, it does not
exactly reflect the dferent expression pattern in truly healthy and pancreatic cancer patients.

The gene expression analysis performed [(fégure 16)clearly identified cathepsin E as
the best candidate for pancreatic cancer detection.
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Figure 16: Statistical genetic expression analysis of Cathepsin E in primary tumor samples
and healthy human tissue(group sizes: n(CTS E) =117). All data were obtained from the
NCBI GEO databasel®? Bar graph (left, showing means and stadard deviations) and box
plot (right, indicating the observed data range) PC: primary pancreatic cancer tissue.
Control: apparently non-canceraus tissue from the same patient

Both, urokinaseplasminogertype activator (UPAY? and urokinas@lasminogen
receptot!® exist in multiple isoforms. Depending on the location where uPA iseqctie decide
between uPA(all isoforms which can be found in blood) and ut¥sue type, which comprises
all isoforms foundin tissue. As shown in Figure l1uPAtissue type is most promising as
biomarker for pancreatic cancer. However, the nanobiosensors in the Bossmanarg not yet
able to differentiate between the uPA isotypes. FurthermoretisBde type has to migrate into
the bloodstream before it can be detected besides uPA in liquid biopsies based on serum. During

the recent years, the uHReceptor isoforms iblood and tissue have become the target of great

interest'® because theappear to be proximal biomarkers for metastases in numerous solid

38



tumors!* The Bossmann group is currently working on supramolecular detectors, which will be

able to detect the uPA regtor in the future.
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Figure 17. Statistical genetic expression analysis of urokinaggasminogen activators
( u P Awakipaseplasminogen activatorsreceptor and uPAT tissue typein primary tumor
samples and healthy humartissue (group sizes: n(UPA) =117, n(uPA tissue) =117, n(uPA
receptor = 117). All data were obtained from the NCBI GEO database%? Bar graph (left,
showing means and standard deviations) and box plot (right, indicating the obsexd data
range). PC: primary pancreatic cancer tissue. Control: apparently norcancerous tissue
from the same patient.

MMP-1 is a marker for tissue remodeling and, therefore, overexpressed in numerous solid

tumors!'® It has been found to be a proximal marker for-soralkcell-lung cancer as wie®?
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Figure 18: Statistical genetic expression angsis of Matrix Metalloproteinase 1 (MMP-1) in
primary tumor samples and healthy human tissuggroup sizes: n(MMP-1) = 117. All data
were obtained from the NCBI GEO databasé® Bar graph (left, showing means and
standard deviations) and box plot (right, indicating the observed data range)PC: primary
pancreatic cancer tissue. Control: apparently norcanceraus tissue from the same patient
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MMP-3 has been recently proposed gg@gnostic factor for poor survival in pancreatic,
pulmonary, and mammary carcinodté&Furthermore MMP-1, -2, -3, -7. -11 (not tested here),

and MMR13 (not tested here) are implicatednflammationinduced egheliatto-mesenchymal

transitiors (EMT) 1%’
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Figure 19: Statistical genetic expression analysis of MMB in primary tumor samples and
healthy human tissug(group sizes: n((MMP-3) =117). All data were obtained from the NCBI
GEO database!®? Bar graph (left, showing means and standard deviations) and box plot
(right, indicating the observed data range) PC: primary pancreatic cancer tissue. Control:
apparently non-canceraus tissue from the same patient
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Figure 20: Statistical genetic expression analysis of MMB in primary tumor samples and
healthy human tissug(group sizes: n(MMP-9) =117). All data were obtained from the NCBI
GEO databasel®? Bar graph (left, showing means and standard deviations) and box plot
(right, indicating the observed data range) PC: primary pancreatic cancer tissue. Control:
apparently non-canceroustissue from the same patient.
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In previous studies, MMB® was found in excess amoumtspancreatic cancer tissue
samples with compared to the normal pancreatic tissue sathples.

Neutrophil elastase has beecluded into this panel, because it was predicted that it will
be less active in tumor tissue than in presumably healthy tissue of the same patient. This offers the
opportunity to further experimentally test the predictions of statistical genomic expression
analysis. Neutrophil elastase is produced by active neutrophils and a mediator of the innate
immune system!® However, tumor tissue is highly immuaepressed, as characterized by high
arginase activity® Therefore, it can be expected that neutrophil elastase activigwisin
pancreatic turor tissue.
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Figure 21. Statistical genetic expression analysis of neutrophil elastase (NE) in primary
tumor samples and healthy human tissuégroup sizes: n(NE) =117). All data were obtained
from the NCBI GEO database'®? Bar graph (left, showing means and standard deviations)
and box plot (right, indicating the observed data range) PC: primary pancreatic cancer
tissue. Control: apparently noncanceroustissue from the same patient

InTable4 t h g@-valu®® and logFC (downor upregulation of geneddr the group
of target proteasds pancreatic cancer tissue samples are summaf2&4it should be noted
again that this data is obtained from comparing the protease expression levels ingameggtic

tumors and apparently healthy tissue samples from the same patients. Since cancer is a systemic

disease, it cannot be expected that all of these correlations can be verified by measuring the activity
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(not the concentration) of proteases in augrof pancreatic cancer patients and a group of age

matched healthy volunteers. Much more likely, also noncancerous tissue will be affected by a

tumor

somewher e i

starting from stage 91,120,121

Table4: NCB |
group of target proteases in panreatic cancer tissue sample¥3.104

G E p-valuie$Ssand logFC (down or up-regulation of genes) for the

the patientos

ID P-Value | logFC CENE Gene title
symbol
Arginase 2
7975269 4.20E02| 0.17303] ARG2 |Arginase 2
Cathepsin B
814933( 3.18E07|0.848623 CTSB [Cathepsin B
Cathepsin D
7945664 5.64E07|0.53450§ CTSD [Cathepsin D
Cathepsin E
7909164 6.00E15|2.68410] CTSE |Cahepsin E
uPA
7928429 2.54E10(1.374367 PLAU |Plasminogen activator, urokinase
8037374 7.25E07(0.84384¢ PLAUR |Plasminogen activator, urokinase receptor
MMP1
7951271 1.96E04|1.225159 MMP1 |Matrix metallopeptidase 1
MMP3
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7951284 1.93E05| 0.66726] MMP3 |Matrix metallopeptidase 3

MMP9

8063115 5.12E09 (1.11667¢ MMP9 |Matrix metallopeptidase 9

Neutrophil Elastase

8024054 8.87E02|-0.09969 ELANE |Elastase, neutrophil expressed

2.4 Synthesis andvalidation of Ultrasensitive Nanobiosensors for Protease

and Arginase

A detailed account of the Bos ssthaanopartgcle oup 6 s
based diagnostic nanobiosensors is givemefierence$®812212FgFe;0, nanoparticlesare
synhesized by thermal decomposition of Fe(€8§1241%The nanoparticles have a wekfined
core/shellstructure, with the average Fe(0) core diameter of 1®.5/nm and the E©a shell
thickness of 2.& 0.5 nm, respectivel}?? Dopamineforms robust organic coatings with binding
constants of the order of 0o mol.1%¢ |t also increases the watsolubility of the resulting
nanoplatforms to > 5g°L?° Porphyrins have beemsed asleavable fluorescent dyes, because
theirphotophysical properties anell characteized?’ Cyanines.5has beenco-attached as FRET
quencherdue toits large molar extinctiorcoefficient'?® Figure 22shows the sticture of the
nanoplatform comprised of dopamineated Fe/F©, consensus sequendeCPP,andCy 5.5
In Table 5 the consensus sequences that will be employed for detecting the selected pthteases
as well as the peptide tether for measuring argfiaa® summarized. Cyanine 5.5 is permanently
linked to dopamine without using an enzynieavable tether. The optimalerage density of
cyanine 5.5, which is directly bound to the dopamine units, and TCPP, which is tethered via

oligopeptide, was determinéd 50+/4 (Cy 5.5) and 35+3 (TCPP)per nanopatrticle, following a
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randomdeposition based modelling appro&€hassuming aore/shellstructure, withaverage

Fe(0) core diameter of 18- 0.5 nm and~e304 shell thickness 02.0+/- 0.5nm, respectively.o

date, the Bossmann group has scaled up the synthesis of the nanobiosensors to the 59 stage.
Thenanoplatforms are activated via enzymatic cleavage or posttranslational modification

of the tether between central nanoparticle and dye, which leads to increaseduldCé¥eence

(light switch effegtseeFigure23).122

Consensus Sequence
or COOH

Posttranslational
Modification
Sequence

Dopamine HNFN
layer 5 O O COOH
O
®

COOH

TCPP

NH, Cyanine 5.5

Figure 22: Chemical structure of the nanobiosensors for protease and arginase detection

Figure 22 showshe core of the nanobiosensor consists of dopacoated a Fe/R&s
core to which50+/+4 cyanine 5.5and 35+/3 TCPP molecules are bound, following a random
deposition hsed modelling approaéf. The consensus sequences experience proteolytic cleavage

by their respective proteases, whereas the chemigastitution of the posttranslational
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modification sequence is changed. For instance, arginases | + Il convert arginine to ornithine
without proteolytic cleavage of the oligopeptfe.
Due to the inferiorscattering properties of Fef@ancparticles (compared to Ag and

Au)t3L the limits of detection(LOD) when using central Fe/f@-nancparticles in optical

nanobiosensors are significantly lower. ForMMPs and cthepsins use hersub-femtomolar
limits of detection (LOD) have been realiZ&&32 After optimization, ten repetitions of the
calibration procedure established a relative error under 2%, which is sufficient for clinical

applications.
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Figure 23 A: Function principle of nanobiosensors for protease detection: the consensus
sequence is cut by the protease; B: Functigorinciple of nanobiosensors fomposttranslational
modification: the chemical identity of amino acids in the linker is changed via enzymatic
reaction; C: Typical emission spectra occuring from the nanosensor for MMP-3 after 1h of
incubation at 37PC (f exc = 421nm).a: buffer; b: nanosensorin HEPES buffer after 1h of
incubation at 37°C; c: nanosensor afterlh of incubation with MMP -3 at 37°C.
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2.5Methods
2.5.1Nanobiosensor Synthesis

The synthesis of the nanobiosensors has been performed according to established and
published procedurd8:122125132|n short, watewispersible Fe/R©. nanoparticles featuring
dopamine ligandg®, TCPP?2 and cyaine 5.3?2 were synthesized according to established

procedures.

Oligopeptideswere synthesized by meanssofid phase peptide synthesis eatforotrityl
resinl?>133Threeequivalens of Fmoc (N-(9-fluorenyl)methoxycarbonyl) protected amino acid and
HBTU were dissolved in a DIEA/DMF solution, and addedh®?2-chlorotrityl resin preloaded
with 0.20 mmol of amino acid per g.he solution was drained from the resin aB@minutes of
reaction. This process was repeated one more filmen,the Fnoc group of the newly introduced
amino acid was removed hysing 20% (v/v) piperidine in DMF.Following this procedure,
stepwise additin of Fnoc-protected amino acids resulted in the desired peptides. The consensus
sequencgused are summarized in Tabld&PP has been connected to theNninal end of the
oligopeptides while it was still on the resin. The T@®igopeptide was thetleaved ofthe resin
and linked to the primary amine groups of Fezebound via an amide borté? Note that these
sequences also contain GAG and AG as pemmeers at the Nand Gterminal ends of the
oligopeptides to facilitate easier access by the enzymegitoréspective consensus seqoe.

The oligopeptides have heeurified by quantitative HPLC if their purity did not exceed 90%, as
determined by analytical HPL®81122Their chemical iderity has been confirmed by MALDI

TOF 2 Nanobiosensors were assembled according to the published proéttarés'®and he
separation of the nanobiosensors from unreacted low molecular weight components, dyes, and

oligopeptides, will be achieved vdalysis (cutoff: 5,000 Da). After subsequent lyophilisation,
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the resulting nanobiosensors have a slifelfof at least 2 years when stored under argon between

+ 4 andi 8C°C.

Table 5: Peptide Sequences for Nanobiosensofd

Nanobiosensor Oligopeptide Tether

MMP 1 GAGVPMS-MRGGAG
MMP 3 GAGRPFSMIMG AG

MMP 9 GAGVPLS-LYSGAG

uPA GAGSGR-SAG

Cathepsin B (CTS B) GAGSLLKSR-MVPNFNAG
Cathepsin D GAGDSG-LGRAG
Cathepsin E GAGEVAL -VALK AG
Neutrophil Elastase GAGGEPV-SGLPAG
Arginase GAG RRRRRRRAG

Peptidesequenceare writtenin singleletter code

2.5.2Fluorescent Plate Reader Measurements: Calibration and Validation

A BioTek Synergy Plate reader (tungsten halogen lamp, excitation bandpass filtet: 421
10 nm, analysis bandpass filteE®G+ 25nm) with 96well plates wasisal. Solution (1) HEPES
buffer (25 pmol) (2[4-(2-hydroxyethyl) pipeazin-1-yllethanesulfonic acid) wagrepared
enrichedwith Ca(l), Mg(ll), and Zn(I1) (10 umol each) at 298 K (pH=7.8) ensure full enzymatic
activities Solution (2)containing theFe/FeO4 based nantwosensomwasprepared by dissolving
0.30 mg of theselectechandiosensoin 1.0 mL of HEPES buffer by sonication for 10 min at 298
K. The following samples areprepared and plated by adding solution (1) or solutioto(2)uL
of seruniproteasesample; A: Sample Control (125 pL of solution (1) + 5 yuL sdprotease

sample); BAssay (125 pL of solution (2) + 5 uL ekerum¢alibration solution containing kmm
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concentrations of commercially available protea§esAssay Control (125 pL of sation (2) + 5

ML of solution (1));and D: Blank (130 pL of solution )L Each sample (total 130 pL) whkraded

into one well of 96 wells plates, haviag) leasthree replicates of each assay per sépuntease
sample. Solutions &reincubated at 310 K fo60 min, followed by detection of nanoplatform
fluorescee at 298 K utilizing a 94vell fluorescence plate reader. Matrix effects have been
previously evaluated by using heaactivated combined sera from the control group of healthy
volunteers. The resdts were previously publishéd Heat inactivation of seruwas performed
according to established procedut&¥sNVhereas in previous analyses of the protease activities in
serum, we have calculated the protease activity for each measured protease, the main focus of this
study was on developing a quick fluorescence piedeler method for pancreatic cancer detection,
which will work reliable in a clinical setting. Therefore, the actual fluorescence signals measured

by the plate reader were used to calculate the results discussed below.

2.6 Results and Discussion

Arginaseactivity appearso be higher in patients wWitpancreaticductal adenocarcinoms
(DAC) and netastatigpancreaticadenocarcinom@MAC) than in the control group (Figure 24).
However, the observed variations are much higher in both groups of pancreatic cancer patients
than in the apparently healthy ¢oy groups. It is noteworthy that arginase activity is about the
same in healthy and patients havingnpreaticneuroendocringumors (NET), whereas the
arginase activity is actually lower in patients witketastaticpancreaticneuroendocringumors
thanin the controlgroup. As summarized ifable § there are statistically significant differences
for ductal adenocarcinomas, which have the highest incidence and mortality of all pancreatic

cancers, and for metastatic neuroendocrine tuffiors.
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Figure 24: Bar graph (left, showing means and standard deviationf fluorescence
intensities) and box plot (right, indicating the observed data range) for Arginase Group
sizes: apparently healthy volunteers: n=48, pancreatic ductal adenocarcinomBAC): n=7,
metastatic adenocarcinoma MAC): n=9, pancreatic neuroendocrine tumors NET): n=5,
metastatic NET (MNET): n=2, all pancreatic cancers (ALL): n = 35. All samples were
obtained from the Biospecimen Repository Facility of the University of Kansas Cancer
Center.13® H=age-matched healthy volunteers; PCpancreatic cancer patients
The variations that are observed in the control groups arise from tmeadgeing process.
The same numbers of ageatched healthy volunteers than in the respective cancer groups were
selected from the control group to avoidag®@bias in the analysis of this data, except for MNET,
which was too small. Gene expressanalysis predicted upregulation of arginase expression in
tumors tissue. For two stdroups, DAC and MAC, we did observe higher arginase activities.
CathepsirB expression was lower in all investigated-gubups of pancreatwancer, with
the exception opancreaticneuroendocringumors(NET), where it was slightly highdFigure
25). Although the expression patterns were not consistent, the data for both, ductal
adenocarcinomas (DAC) and neuroendocrine tumors (NET) were statistically significant, whereas
no significance was calculated for both groapsetastasizig pancreatic cancesene expression

analysis predicted upregulation of cathepsin B expression. Higher cathepsin B activity was only

observed in NET, all other groups were lower in activity.
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Figure 25. Bar graph (left, showing means and standarddeviations of fluorescence
intensities) and box plot (right, indicating the observed data range) for Cathepsin BGroup
sizes: apparently healthy volunteers: n=48, pancreatic ductal adenocarcinomBAC): n=9,
metastatic adenocarcinoma MAC): n=9, pancreatic neuroendocrine tumors NET): n=5,
metastatic NET (MNET): n=2, all pancreatic cancers (ALL): n = 35.All samples were
obtained from the Biospecimen Repository Facility of the University of Kansas Cancer
Center.13® H=age-matched healthy volunteers; PC=pancreatic cancer patients

Although some patients in the sgloups of ductal adenocarcinoma (DAC),
neuroendocrine tumors (NET) and metastasizing adenocarcinomas (MAQ)haeaeterized by
high cathepsin D activities in serum, no statistically significant differences between all four
pancreatic cancer stgroups and their respective control groups have been detected. This is
surprising, because gene expression analysisqgheedsignificant oveexpression of cathepsin D
in pancreatic tumor tissue. This may be an indication that for cathepsin D, there is no good
correlation between activity in tumor tissue and in blood, or this may have been caused by the
relatively small grap sizes of this study. Another reason for the observed discrepancy is that all
proteases are being biosynthesized as zymogens (inactive enzymes). They require enzymatic
activation, usually by another protease. Therefore, cathepsin D, as well as soraeotifeth

proteases, which do not fit the predicted pattern, may be synthesized in high concentration, but not

activated?1:9>136
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Figure 26. Bar graph (left, showing means and standard deviationsof fluorescence
intensities) and box plot (right, indicating the obsened data range) for Cathepsin DGroup
sizes: apparently healthy volunteers: n=48, pancreatic ductal adenocarcinomBAC): n=7,
metastatic adenocarcinoma MAC): n=9, pancreatic neuroendocrine tunors (NET): n=5,
metastatic NET (MNET): n=2, all pancreatic cancers (ALL): n = 35.All samples were
obtained from the Biospecimen Repository Facility of the University of Kansas Cancer
Center.13>H=age-matched healthy volunteers; PC=pancreatic cancer patients

Genetic expression analysis also predicted that cathepsin E will be an excellent marker for
pancreatic cancers and ovepressed in tumor tissue. Elevated activityathepsin E was found
in the sera of patients with neuroendocrine tum@iggure 27) whereas in all other three
pancreatic cancer stgyoups cathepsin E activity was lower than in the respective control groups.
The data distributions vyielded statisticallyignificant differences for pancreatic ductal
adenocarcinomas (DAC) and neuroendocrine tumors (NET), but not for both groups of

metastasizing pancreatic cancer. Cathepsin E will be a valuable member of the panel of proteases

designed for early diagnosi$ ancreatic cancer.

51



Cathepsin E

16000 16000
14000 5
12000 5
10000 o 12000 i =
% 8000 = il e
= o T 8000
4000 o
2000 (m)
0 4000
H PC H PC H PC H PC
DAC NET MAC MNET 0' DAC NET MAC MNET

Figure 27. Bar graph (left, showing means and standard deviationf fluorescence
intensities) and box plot (right, indicating the observed data range) for Cathepsin EGroup
sizes: apparently healthy volunteers: n=48, pancreatiductal adenocarcinoma (DAC): n=7
metastatic adenocarcinoma (MAC): n=9, pancreatic neuroendocrine tumors (NET): n=5,
metastatic NET (MNET): n=2, all pancreatic cancers (ALL): n = 35. All sampleswvere
obtained from the Biospecimen Repository Facility of the University of Kansas Cancer
Center.13® H=age-matched healthy volunteers; PC=pancreatic cancer patients

Gene epression analysis correctly predicted the upregulation of urokinase plasminogen
activator (uPA). UPAGs act i v-grdaups, congpares mohtreein ¢ e d
respective control grougfigure 28) However, there is a considerable variapiif uPA activity
within the subgroups of cancer patients, as well as the apparently healthy volunteers. Therefore,
only neuroendocrine tumors could be detected with statistical significance. Since uPA has
numerous functions within the human b&¥ljt is not surprising that its expression pattern varies,
to a degreebetween different human subjects. However, uPA may play a more important role

with regard to early pancreatic cancer detection when data obtained from larger patient groups can

be analyzed in the near future.
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Figure 28: Bar graph (left, showing means and standard deviation®f fluorescence
intensities) and box plot (right, indicating the observed data range) for tokinase
plasminogen activator Group sizes: apparently healthy volunteers: n=48, pancreatic ductal
adenocarcinoma DAC): n=7, metastatic adenocarcinoma NIAC): n=9, pancreatic
neuroendocrine tumors (NET): n=5, metastaticNET (MNET): n=2, all pancreatic cancers
(ALL): n = 35. All samples were obtainedrom the Biospecimen Repository Facility of the
University of KansasCancer Center.*3®> H=age-matched healthy volunteers; PC=pancreatic
cancer patients

Genetic expression analysis also predicted overexpression of MikPancreatic tissue.
In this case, we were able to find enhanced MMativity in virtually all sera from pancreatic
cancer patients. For the group of early pancreatic cancers (ductal adenocarcinomas and
neuroendocrine tumors), MMP is a proximal biomarker. For the group ofetastasizing
pancreatic cancers, detecting MMPeads to less significant data. Again, the calculation of-the p
values is affected by the relatively small numb€rsnetastatic adenocarcinomdAC): n=9, and
metastaticmeuroendocrine tumof8INET): n=2 It is our expectation that statistically significant

differences between MAC and MNET and their control groupsbeaseen when larger patient

cohorts become available.
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Figure 29: Bar graph (left, showing means and standard deviationf fluorescence
intensities) and box plot (right, indicating the observed data range) for Matix
Metallopr oteinase 1 (MMR1). Group sizes: apparently healthy volunteers: n=48, pancreatic
ductal adenocarcinoma DAC): n=7, metastatic adenocarcinomaNIAC): n=9, pancreatic
neuroendocrine tumors (NET): n=5, metastaticNET (MNET): n=2, all pancreatic cancers
(ALL): n = 35.All samples were obtainedrom the Biospecimen Repository Facility of the
University of Kansas Cancer Center3® H=age-matched healthy volunteers; PC=pancreatic
cancer patients

In agreement with gene expression analysis, MBvietivities are enhanced in all four sub
groups of paneatic cancer patientd-igure 30) However, only for ductal adenocarcinomas
(DAC), a statistically significant difference between the cancer and the control group was
observed. In the other three groups, the differences were systematic, but too ssidéyicgthe

small number of patients in each group (NET, MNET), or the experimental variance was too high

(MAC). For detecting DAC, MMFB was the best biomarker inglstudy (see Table) .6

54



MMP-3

200
180 a
” , 300
% 120 8’
o 100 ©
= I )
© 150
20
== £
" H PC H PC H PC H PC ™ il ™
DAC NET MAC MNET o' DAC NET MAC MNET

Figure 30: Bar graph (left, showing means and standard deviationf fluorescence
intensities) and box plot (right, indicating the observed data range) for Matix

Metalloproteinase 3 (MMP-3). Group sizes: apparently healthy volunteers: n=48, pancreatic
ductal adenocarcinoma DAC): n=7, metastatic adenocarcinomaNIAC): n=9, pancreatic

neuroendocrine tumors (NET): n=5, metastaticNET (MNET): n=2, all pancreatic cancers
(ALL): n = 35. All samples were obtainedrom the Biospecimen Repository Facility of the
University of Kansas Cancer Cater.'3®> H=age-matched healthy volunteers; PC=pancreatic

cancer patients
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Figure 31: Bar graph (left, showing means and standard deviation®f fluorescence
intensities) and box plot (right, indicating the observed data range) for Matix

Metalloproteinase 9 (MMP-9). Group sizes: apparently healthy volunteers: n=48, pancreatic
ductal adenocarcinoma DAC): n=7, metastatic adenocarcinomaNIAC): n=9, pancreatic

neuroendocrine tumors (NET): n=5, metastaticNET (MNET): n=2, all pancreatic cancers
(ALL): n = 35. All samples were obtainedrom the Biospecimen Repository Facility of the
University of Kansas Cancer Center3®> H=age-matched healthy volunteers; PC=pancreatic

cancer patients

MMP-9 activity was enhanced in ductaflenocarcinomas, neuroendocrine tumors and

metastasizing adenocarcinomas, which is in agreemémthe prediction from gene expression
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analysis (Figure 31). However, for all three gpbups, the differences in MM® activities
detected in the sera of cancer patients and healthy volunteers were not statistically significant.
Only for the group of nmastasizing neuroendocrine tumors, for which M®Bctivity was
decreased, a potential significance could be disceragdndicated by p 9.0715 for n=2.
However, further analysasith larger patient numbetsave to be performetb either verify or
falsify this result. This will depend on the availability ofidentified quality serum samples.
Genetic expression analysis predicted a decreased activity of neutrophil elastase (NE) in
tumor tissue. Interestingly and quite contrary to this prediction, NEtgovas increased in all
four subgroups, compared to their respective control gro{ifpgure 32) Due to the large
variations found in both, patient and control groups, statistically significant differences were found
in none of the sulgroups. Withouturther experimental data, it is not possible for us to speculate

about the observed discrepancy between gene expression analysis and protease activity

measurements.
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Figure 322 Bar graph (left, showing means and standarddeviations of fluorescence
intensities) and box plot (right, indicating the observed data ranggfor Neutrophil Elastase
(NE). Group sizes: apparently healthy volunteers: n=48, pancreatic ductal adenocarcinoma
(DAC): n=7, metastatic adenocarcinomaNIAC): n=9, pancreatic neuroendocrine tumors
(NET): n=5, metastaticNET (MNET): n=2, all pancreatic cancers (ALL): n = 35All samples
were obtainedfrom the Biospecimen Repository Facility of the University of Kansas Cancer
Center.13® H=age-matched healthy volunteers; PC=pancreatic cancer patients
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The results of all protease/arginase activity mesaments are summarized in Table 6
which is calledii Si gni f i c almecaase iT amaihsethe,calculated-yalues for each
comparison between the pancreatic cancergsabps and their agmatched control groups, as
well as for the comparison between the groups of all pancreatic cancer patients and all apparently
healthy volunteers. Alpairings of pancreatic cancer (s)dyoups and enzymes, for which a
significant difference in activity is found (p < 0.05) are shown in green, all pairings for which this
is not the case, are shown in red. They may become significant when more humas sabgeune
available. One combination (MNET/MM®) is shown in light green, because it is almost

significant.

Table 6: Significance Table Pancreatic Cancers:
DAC: Pancreatic Ductal AdenocarcinonNET: Pancreatic Neuroendocrine Tumors;

MAC: Metastatic Pancreatic AdenocarcinoVlNNET: Metastatic Pancreatic Neuroendocrine
Tumors

ARG | CTSB | CTSD | CTSE | MMP-1 | MMP-3 MMP -9 uPA NE

DAC
NET
MAC
MNET
ALL

In Table 6, the p-values'® obtained for comparisons of the protease/arginase expression
pattern in each cancer subgroup with those of he healthy control group are tabulated. The
color green denotes measured fluorescence signals that are different from the control group
with high significance (p < 0.05). Red denotes all cases where thaseno statistically
significant difference betweenthe cancer (sub)group and the control group can be found.

Group sizes: apparently healthy volunteers: n=48, pancreatic ductal adenocarcinoma
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(DAC): n=7, metastatic adenocarcinoma (MAC): n=9, pancreatic neuroendocrine tumors
(NET): n=5, metastatic NET (MNET): n=2, all pancreatic cancers (ALL): n = 35. All samples
were obtained from the Biospecimen Repository Facility of the University of Kansas Cancer
Center.!3® ARG: arginase, CTS: cathepsin, MMP: matrix metalloproteinase, uPA: urokinase

plasminogenactivator, NE: neutrophil elastase

2.7 Conclusiors

All pancreatic cancer patients vs. all volunteersOwing to the larger groups of human subjects,
compared to the suiroups(pancreatic cancer patients: n=35, healthy volunteers: n=48); the p
values are generally lower. The result from this study is that arginase, cathepsins B and-E, MMP
1, -3, -9, urokinase plasminogen activator and neutrophil elastase are capable of detecting
pancreatic adenocarcinomas and neutroendocrine tumors at early and distant stages. In the clinical
practce, this means that this panel of enzymes will be able to detect that a patient has potentially
pancreatic cancer. Further methods of clinical diatigcmdor instance a CT scanner of hifgld

MRI will then follow to ascertain the patient

Pancreatic Ductal Adenocarcinoma (DAC): n=7 As already discussed in detail above,
pancreatic ductal adenocarcinomas comprise more tharer@@np of all pancreatic cancéfs.

They also possess the lowest survival rate among pancreatic candeeeefore, detecting them

early by means of a simple blood test (liquid biopsy) is most desirable. Thishstsichentified a

panel of five enzymes: arginase, cathepsins B, E, and {M#Ad-3 that can detect DAC with

high significance. Detecting pancreatic ductal adenocarcinomas at the earliest possible time has

the potenti al to safe numerous patientsd | ive
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Metastatic Adenocarcinoma (MAC): n=9: For other solid tumors, such as bréasand non

smalkcell lung tumor®, protease expression increases steadily with tumor stage. Therefore,
higher stages are easier detectable by means of proteasty as@gsurements. This is not the

case for metastatic adenocarcinoma. The major reason for this difference is the great variance that

is observed in this sufproup.

Pancreatic Neuroendocrine Tumors (NET): n=5:Cathepsin B and E, MMB and uPA are
suitablebiomarkers ér neuroendocrine tumarBecause this class of pancreatic tumors is much
less aggressive thgrancreatic ductal adenocarcinomearly detection offers a greater potential

of saving patentso6 | ives.

Metastatic Pancreatic Neuroendocrine Tumors(MNET): n=2: Arginase and, potentially,

MMP-9 are, to date, suitable biomarkers for metastatic neuroendocrine pancreatic tumors. Because

of the very small group size, conclusions are very limited.
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Abbreviations

MMP: matrix metalloproteinase, CTS: cathepsin, uPA: urokityse plasminogen activator,
PBS: phosphatbuffered saline, HEPE®4-(2-hydroxyethyl}1-piperazineethanesulfonic acid),
FRET: Forster Resonance Energy Transfer, Skplale-surface energy transfer

NSCLC: nonrsmaltcell lung cancer
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3.1 Abstract

Solid tumors are characterized by dysfunctional protease expression.fastesequently,
numerous proteases, such as matrix metalloproteinases (MMP's), cathepsins (CTS), and urokinase
plasminogen activator (uUPAxre either over or underexpressed, when compared to the
proteasome of healthy human subjects. This enables tketida of solid tumors in liquid
biopsies. We have developed nanobiosensors for ultrasensitivefe(stdimolar) protease
detection, consting of a watedispersible F&FesOs cordshell nanoparticle and atthed
fluorescent dyes tetraki&carboxyphenyporphyrin (TCPP) and a cyanine 5.5. Both, the central
nanoparticle and cyanine 5canquench photoexcited TCPP, which is attached via a pretease
cleavable consensus sequence. The specificity and sensitivity of the nanobiosensors permit the
accurate measements of the activities of nine signature proteases in serum samples as small as 5
eL. Thi s caneeatebtmardmallgell lungcancer at stage 1, which has the potential of
significantly reducing lungancermortality because of earlier detectioRrincipally, this
technology is working for the detection of virtually all solid tumors, of which many feature distinct

protease signatures.

3.2Background

Despite the tremendous efforts dedicated to cancer prevention, diagnosis and treatment,
mortality remains unacceptably high. Specifically, lung cancer is the most commonly diagnosed
deadly cancer worldwide with a disappointing 1%erall Syear survival rateThis high
mortality rate is mainly due to the absence of clinical symptoms early in thesdjsack of
methods for effective screening, the molecular heterogeneity of lung cancer and the lack of

techniques that can be used to select the optimum therapeutic intervention for the treatment of lung
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cancer ¥"138Non-small cell lung cancer (NSCLC) is the most common histological type of lung
cancer, representing 80% of all lung cancers diagnosed and accounting for over one million deaths
world-wide each yeal®®* NSCLC is strongly etiologically linked to smoking/smoke exposure, an
association that has been well established in taog¢e epidemiological studies. These prior
studies have clearly demonstrated that cigarettes are the greatest risk factor, accounting for 87%
of lung cancer$*°In addition, environmental or secehdnd tobacco smoke is also linked to lung
cancert*® Currently more than onelbion people around the world are smokers. It is expected that
more than eight million people will die annually from tobacelated diseases by 2030 unless
current trend is reverset
The clinical outcome of treatment for NSCLC is highly dependent on the stage of disease
at the time of diagnosis. Unfortunately, the vast majority of NSCLC (70%) are diagnosed at
advanced disease stages with very poormosig® Typically, 5-year survival rates for NSCLC
drop from 49% (stage IA) and 45% (IB) to 30% (II), and then rapidly to 14% (IlIA), 5% (IIIB)
and less than 1% (I\)Based on this data, there is a critical need for the development of analysis
methods that are capable of detecting NSCLC (and other lung cancers) at its earliest stages
Since the 1970s, researchers have investigated whether chest radiography can be used for
screening and early detection of lung cancer. Later in the 1990s, high resolution CT scans
produced significant improvement in the outcome for thoracic resefcti lung cancer. However,
similar to chest xays, the use of CT imaging has not been widely adopted. Reasons for this
include 1) the high cost of CT scans, 2) the clinical expertise needed for their interpretation, 3) the
safety concerns that the highevalence of false positives result in surgical interventions in patients

who do not actually suffer from lung cancer and 4) the lack of availability of this technique in
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resourcdimited environments$?! Consequently lowdose CT is only used as a screerting in
very highrisk populations.

Thus, it is weHaccepted by the medical community that new screening tools that will allow
for noninvasive, cost effective and reliable screening of NSCLC need to be developed and

translated to the clinic for earlidetection and improved treatment of lung cafteér.

3.2.1Competing Technologies

The recognition of the need for the development of moletdaedscreening techniques and
liquid-based biopsy approaches that can be used to detect and quantify early changes that are
known to accompany the onset of lung cancer before malignant changes has resulted in the
development of promising techniques for fiomasive detection and staging of lung cartéér.
While significant progress has been made for the diagnosis of intermediate and late stage lung
cancet**in the field of liquid biopsy and the use of markers of cancer thabeaetected based
on the analysis dflood borneanalytes (e.g. circulating protefft$ autoantibodi€$®, circulating
tumor cells (CTCSY, circulating tumor microemboli (CTM, and CTGderived nucleic acid
signature¥") , these techniques have failed to detect NSCLC at early stage of development mainly
due to their failure to detect molecular markers of NSCLC and particularly those of EMT
associated with the onset of NSCEE Although moleculaibased diagnostics can, principally,
help distinguish early stage lung cancer from beniguiutes that are incidentally detected by a

CT scan, the impact has been incremental reducing the number of false positives'dy 32%.

64



3.2.2 Protease Activity and Cancer

Extracellular proteases are associated with a variety of disease prdées8estin
particular increased activity of matrix metalloproteind¥eand cathepsin&’ have been reported
for a varietyof diseases and that makes them potential biomarker candidates. The activities of
these enzymes, however, are regulated through a complex network of pfotmagetherefore,
their activities are highly context dependent. This hampers their potential use as clinical
biomarkers of disease stateSollowing the pioneéng research of Weissledeet all%
moleculat®’, macromoleculal®® and nanopartickbased® protease sensors have beeported
for in-vivo imaging andin-vitro diagnostts of proteasesnd posttranslational modification
enzymes (e.g. arginaSpthatmake use ofiuorescence and magnetic principtésHowever, the
' i mits of pr ot ease d-eftheartttechmalogy(ate Gdpiéomglar sub t h e
ng/mg)%8152155 which is sufficient foin-vivoimaging of tumor¥81%2155 put not for thén-vitro
detection of human cancét$in their earliest stages. Competing technologies for quantitative
protease detection, such as immunosorbent d8§agsantum dot barcode technoldgy and

immunobead$®have similar LOD®6s.
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fluorophore is switched on dueto the increase in distance between the Fe/f&x core/shell
nanoparticle, leading to decreased ForsteResonanceEnergy Transfer (FRET), ki, and
dipole-surface energy transfer (SET), k.
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3.2.3Fe/Fe04 core/shell Nanoparticlebased Nanobiosensors

The Bosmann and Troyer groups have developed Ipiasensorsfor protease
detectiod®>1%0 that are capable of detecting protédsand arginas® activities over a wide
activity range down to sufemtomoh r L ODO6s. These nanopicavdrddor ms c
waterdispersible iron/iron oxide core/shell nanopatrticles, to which one fluorescent dye (TCPP,
tetrakiscarboxyphenyl porphyrin) is tethered viprateasespecific or highly selectiveonsensus
sequenceé?® A second dye (Cyanine 5.5) is permanently linkedhe dopamine coatind his
design enables both, plasmmsonance quenching (SE%)and Forster Resonance Energy
Transfer (FRET) quenchifff of the tethered TCPP units. Once TCPP is released via proteolytic
cleavage of the consensus seguence, i t'® fluor
enables highly sensitive detection of protease activity by quirgiftuorescence measurements.
By using a mathematical model describing the quenching occurring betweeradoaptor pairs
on a spherical surfat®1® we have determinethat 35 TCPP and 50 cyanine Bljes result in
optimal quenching at the surface of doparminated Fe/F©, nanopaiitles (F€0) core: d = 13
+ 0.5 nm, FeOs shell: d = 2 + 0.5 nm, dopamine: 1 + 0.2 nm, surface: 1.13'Xrif). Therefore,
for most proteases, a substantial fluorescence increase is observed when the consensus sequence
between the nanoparticle and TCPP is cleaved. However, for uPA and9yiEecrease in
fluorescence intensity was detected. In an earlier report, we have discussed possible reasons for
this anomaly. In short, the Fed&a cordshell nanoparticles featuad-e plasmon that is distinctly
weaker than an Au plasméff:'% The Fecore is able to quench TCPP fluorescence very
efficiently, if TCPP is sufficiently close. However, for the consensus sequences for uPA

(GAGSGRSAG) andVIMP9 (GAGVPLSLYSGAG) the distance between Fe{Bgand tethered
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TCPP is optimal with regard to fluorescence enhancement (between 5 and 7 nm). Therefore, TCPP

fluorescence is enhanced while TCPP is bound and it decreases after enzymatic cleavage.

Dopamine Layer

Consensus Sequence
(oligopeptide)

TCPP

——_Cyanine 5.5

H
HO. N
]/\/\/\
A= oas 2ags

Cyanine-5.5

Figure 34: Nanobiosensor for invitro protease detection For each protease, a highly
selective consensus sequence amployed as a tether between nanoparticle and TCPP
(tetrakis-4-carboxyphenylporphyrin). Cyanine 5.5 islinked permanently to the Fe/FeOas
nanoparticles. Cited from reference ?? with permission from the Beilstein Journal of
Nanotechnology.

In 2014, we have published detailed synthetic procedures of the :Bethased
nanobiosensors, as well as their calibration focd@mercially available proteas&$.In 2016,
we have reported the matrix effects of serum for the protease detection by the nanobi&sensors.
We utilized this data for developirgdiquid biopsy for the staging of breast cancer. It is noteworthy

that recognition of breast cancer at stage 1 can be routinely achieved and that stage 0 detection of

breast cancer is possible. In this report, we would like to extend this methodolbgy&iection
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of nonsmaltcell lung cancer. As noted earlier, this cancer is characterized by the rapid decrease
of survival rates with increasing stage. Therefore, the opportunity to save lives by detecting cancer
at the earliest possible stage duringtiee blood tests is even higher. Furthermore, the liquid

biopsy developed here is, principally, also capable of detecting the recurrence of (lung) cancer

earlier than any other known method.

3.3Serum Samples from the Southeastern Nebraska Cancer Center

We hae obtainedserum samples that were stored8¥PC from 33 norsmalkcell lung
cancer patients (20 males, 13 females, ages 42 to 70 years; 9 stage |, 12 stage Il, 12 stage lll), as
well as 20 healthy human subjects (10 males and 10 females, ages3@6y¢ars) from the
Southeast Nebraska Cancer Center, Lincoln, NE. Serum is especially suitable for liquid biopsies,
because it retains its proteasome for 10h when froze80&. All patients were Caucasian. No
significant statistical differences indlprotease expression pattern between the females and males

of the control group were found.

3.4 Selection of the Proteases of Interest

Due to thefact that about two percent of the human genome encode for proteases, every
selection of target proteasessismewhat arbitrary. Based on literature evidénte%%67 we
have selected the matrix metalloproteses MMP 1, 2, 3, 7, 9, 13, uRAe cathepsins CTS B and
L. This panel of proteases has the additional advantage that the results can be directly compared
with those from the breast cancer detection stegpnted earlie?! We hypothesize that due to
dysfunctional protease expression by tumor and stroma cells, the whole web of proteases is out of

equilibrium in cancerThis leads to enhanced activity of some proteases and decreased activity of
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ot her . By observing the activity of mul tiple
detectiono <can be established, whi ch easee ei t

activities. This will enable the detection of both, the types and stages of numerous solid tumors.

Table 7: Peptide Sequences for Nanobiosensdf
The @nsensus sequenca® writtenin singleletter code

Nanobiosensor Oligopeptide Used as Cleavable Tether
MMP 1 GAGVPMS-MRGGAG

MMP 2 GAGIPVS-LRSGAG

MMP 3 GAGRPFSMIMG AG

MMP 7 GAGVPLS-LTMG AG

MMP 9 GAGVPLS-LYSGAG

MMP 13 GAGPQGLA-GQRGIVAG

uPA GAGSGR-SAG

Cathepsin B (CTS B) GAGSLLKSR-MVPNFNAG

Cathepsin L (CTS L) GAGSGVVIA-TVIVIT AG

Consensus SequenceBeptide Spacers

3.5Methods

3.5.1Synthesis, Characterization and Validation of the Nanobiosensors

The synthesis and characterization of all components for the nanobiosensors and their final
assembly and characterization is described in detail in refet&med in chapter 4The effects

of theserum matrix on the nanobiosensors are discussed in reféyasoeell as crossensitivity

of the nine proteases used for this study.
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3.5.2Standard Procedure of Reparing Protease Assay$with thermally inactivated
serumt34)

fi3.0 mg of nanoplatform were dissolved in 3.0 mL of PBS. diepersion was sonicated
for 10 min. The resulting dispersionaBemically stable for 14 days 4t°C. 900 mg of dextran
wasdissolved in 9® mL of PBS. Stock solutions of all 9 enzymesre prepared by consecutive
dilution of commercially availablproteases (Enzo Lifesciences) L of PBS dextran(10 mg
dextran in 1.0 mL of PBS) are mixed witb 7 ¢ L mahopladtfrra dispersion (3.0 mg in 3.0
mL of PBS, seeabovednd 30 eL of each of the pinPBSeases
The dispersions weliacubated at 25 °C for 60 min, followed by the recording of a fluorescence
spectrumat28C using a Fluoromax2 sped680memed ( @emt

from referencé! with permission from the Beilstein Journal of Nanotechnology.).

3.5.3Standard Procedure of Preparing Protease Assaysvith proteolytically active
serum)

Exactly the same proceduas describe aboweas followed, with the exception thaeh

of serum were added instead®D of dommercially available proteases in PBS.

3.6 Resultsand Discussion

3.6.1Diagnosis of NorSmall-Cell Lung Cancer in Serum

The activities of MMR1,-2,-3,-7,-9,-13, uPA, and CTSB and-L in the sera of 33 nen
smalktcell lung cancer patients and 20 healthy volunteers were determined by folltwing
procedures described in thection3.5. Calibration curves obtained with commercially available

proteases in healeactivated serum were used for determining the protease activities. All
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FeFe;04- based nanobiosensors utilized possess {eutipmolarLimits of Detection (LOD) and
an extensive, but neimear range from 1 to 10° moles L of protease activity. The results
were statistically analyzed and displayed in a series of boxplots and bar graphs. Our conclusions
are based on the data ranlyattcorrelates with each cancer stage in comparison with the range of
presumably healthy persotis:168

The activities of CathepsiB in the apparently healthy control group ahéd groups at
NSCLC stages,12, and 3 are shown in Figure.35significant increase from state 1 to stage 2 is
clearly discernible. This protease is suitable to detect when NSCLC cancer is becoming distant.

This is in agreement with the literaturewhich cathepsin B is established as a valuable prognostic
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Figure 35: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for cathepsin BThe group sizes are H (apparently
healthy control group, n = 20),1: NSCLC cancer stage 1 (= 9), 2: NSCLC cancer stage 2 (n

= 12), 3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained from the
Southeastern Nebraska Cancer Center (SNCC)pil fluorescence intensity of the measured
protease, k fluorescence intensity of the solvent, i fluorescence intensity of the
nanobiosensor in the absence of the respective protease.
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Contrary to cathepsin B, the activity of cathepsin L increases stepwise from the group of healthy
volunteers to the patient group at stagéFRjure 36) One possild reason for the observed

stepwise increase is that cathepsin L is involved in angioged®&&8The connection of tumors

and metastases to blood supply has to increase steadily with tumor growth to fulfill the nutritional
needs of the tumor and per migénsupple Cathepgiruliisae d ac

very suitable protease to monitor the general process of NSCLC cancer.
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Figure 36: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) forcathepsin L The group sizes are H (apparently
healthy control group, n = 20),1: NSCLC cancer stage 1 (n = 9), 2: NSCLC cancer stage 2 (n
= 12), 3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained from the
Southeastern Nebraska Cancer CentefSNCC). Ip: fluorescence intensity of the measured
protease, k fluorescence intensity of the solvent, i fluorescence intensity of the
nanobiosensor in the absence of the respective protease.
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Urokinase plasminogen activator (UPA) is, such as cathé&ysa good indicator for nen
smallcell-lung cancer becoming distafftigure 37) For the selection of a panel of proteases that
permits the best Abarcode detectiono, cathepsi
the nanobiosensor for uPAase of the two (to date) that decrease in fluorescence intensity upon

enzymatic cleavage of the consensus sequence between depaatat: Fe/FH©4 nanopaticles
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and TCPP, cathepsin Bwvlich increases in fluorescence when cleaved) is better suited for
detection purposes. Monitoring the increase of a fluorescence signal is a better approach than a

decrease, which would also baused by photobleaching of TCPP.
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Figure 37: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for uPA.The group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n = 9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12). All biospecimens were obtained from the Southeastern
Nebraska Cancer Center (SNCC). d: fluorescence intensity of the measured proteas Is:
fluorescence intensity of the solvent,cl fluorescence intensity of the nanobiosensor in the
absence of the respective protease.
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Matrix-metalloproteinase 1 (MMR) is an excellent enzyme for monitoring the occurrence
(or recurrence) of nesmalkcell lung cancer, because it is significantly elevated in stage 1,
compared to the apparently healthy control group (Figure 38). Therefore, it is especially suited for

very early detection of NSCLC.
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Figure 38 Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for MMP1. The group sizes are H (apparently healthy
control group, n = 20),1: NSCLC cancer stage 1 (n = 9), 2dSCLC cancer stage Zn =12),
3: NSCLC cancer stage 3 (n = 12)All biospecimers were obtained from the Southastern
Nebraska CancerCenter (SNCC). Ip: fluorescence intensity of the measured proteases: |
fluorescence intensity of the solvent,ci fluorescence intensity of the nanobisensor in the
absence of the respective protease.
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Figure 39: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for MMP2. The group sizes are H (apparently healthy
control group, n = 20),1: NSCLC cancer stage 1 (n = 9), 2NSCLC cancer stage Zn =12),
3: NSCLC cancer stage 3 (n = 12)All biospecimers were obtained from the Southastern
Nebraska CancerCenter (SNCC). Ip: fluorescence intensity of the measuregrotease, k
fluorescence intensity of the solvent,ci fluorescence intensity of the nanobiosensor in the
absence of the respective protease.
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Contrary to MMR1, which is a good marker for tissatveolarremodeling processts,
theactivity of MMP-2 increases again stepwise with increasargcer stage of nesmaltcell lung
cancer (Figure 39). MMR is associated in the literature with TMN stage, pathological
differentiation and lymph node metastasis in NSCLE& The steady increase in fluorescence
signal and, at the same time, low sigianoise, makes MMR a very suited biomarker for non
smaltcell lung cancer.

MMP-3 is a similar biomarker as MMP, since it also shows a stepwise increase in
nanobiosensor fluorescence as a function ofsmalkcell lung cancer stagin@igure 40) MMP-

3 has been identified as a major player in matretalloproteinasénduced lung fibrosis and other
malignancies, among them lung cantéMMP-3 has been recently proposed agragnostic
factor for poor survival in pancreatic, pulmonary, and mammary carcihrirathis study, we
were able to corroborate this finding while, at the same time, the sensitivity of detsctizn
nanobiosensors used is 10000 times for sensitive than conventionally used immunoassay

technologies.
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Figure 40: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed datarange) for MMP-3. The group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n = 9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12All biospecimens were obtained from the Southeastern
Nebraska Cancer Cater (SNCC). Ip: fluorescence intensity of the measured proteases: |
fluorescence intensity of the solvent,ci fluorescence intensity of the nanobiosensor in the
absence of the respective protease.

Means

Contrary to the results obtained when detecting MMiR the serum of breast cancer

patients vs. healthy volunteBtsMMP-7 is statisticallysignificant when diagnosing nesmalk

cell lung cancer, albeit less significthan most otheprotease¢See Table8). The fact that in
NSCLC, MMP-7 slightly increases with increased cancer st@ggure 41) but not in breast
cancer, is an indication that the protease expression pattern of solid diffevssaccordingto

tumor origin and stage. This can be explained by small differences in the biochemistry of the
various cell types from which these solid tumors originate. These differences are partially retained
in the developing tumors. However, major changes in protease sxpraxccur during later

stages.
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Figure 41: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for MMP7. The group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n = 9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12All biospecimens were obtained from the Southeastern
Nebraska Cancer Center (SNCC)lp: fluorescence intensity of the measured protease; |
fluorescence intensity of the solvent,cl fluorescence intensity of the nanobiosensor in the
absence of the respective protease.
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As already discussed, the nanobiosensor for detecting-SlMPserunshows a decrease
of TCPP fluorescence upon proteolytic cleav@iggure 42) Therefore, the actual changes in
fluorescence intensity as a factor of stage are small. However, since the experimental error is
smaller than 2%, we can detect MMRchanges witlvery good accuracy. As shovim Table 8§
MMP-9 is a viable biom&er for NSCLC. HoweverlMMP-9 has been implicated in numerous
inflammatory diseases, such as cardiovascular disorders, cancer, and even neuropsychiatric
disorderst’® Therefore, it is not suitedt b e aa |fiosntea nbdi o mar ker 0. Howeve

a panel of proteases for nemallcell cancer detection, because this disease is inflammatory.
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Figure 42: Bar graph (left, showing means and standard deviations) and boplot (right,
indicating the observed data range) for MMP9. The group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n = 9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12All biospecimers were obtaired from the Southestern
Nebraska CancerCenter (SNCC). Ip: fluorescence intensity of the measuregrotease, k
fluorescence intensity of the solvent,ci fluorescence intensity of the nanobiosensor in the
absence of the respective protease.
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Together vith MMP-1, -2, -3, -7. -11 (not tested here), MMP3 (Collaginase) is
implicated in inflammatiorinduced epheliakto-mesenchymal transitions (EM¥). However,
MMP-13 does not correlate with NSCLC staging. One possible explanation for the observed
behavior is that EMT occurs very early in the cancerogeh@ditierefore, significant changes in

MMP-13 expession may occur before stage 1 is reached.
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Figure 43: Bar graph (left, showing means and standard deviations) and box plot (right,
indicating the observed data range) for MMP13. The group sizes are H (apparently healthy
control group, n = 20), 1: NSCLC cancer stage 1 (n = 9), 2: NSCLC cancer stage 2 (n = 12),
3: NSCLC cancer stage 3 (n = 12All biospecimers were obtained from the Southastern
Nebraska CancerCenter (SNCC). Ip: fluorescence intensity of the measured protease; |
fluorescence intensity of the solvent,ci fluorescence intensity of the nanobiosensor in the
absence of the respective protease.

Means

From the bar graphbox plots and especially thigisificance tablg¢Table 8) it isapparent
that the signal quality of Cathepsin B andak well as MMPL, -2 and-3 is supewr to the signal
quality of MMP-7 and-13. Highly significant differences are achieved with Cathepsin B and L,

MMP- 1, -2 and-3.
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Table 8: Significance Table: plot of the calculated pvalues of each protease vs. cancer
stage.

Green: pvalue significant (p < 0.05), nanobiosensor fluorescence in the disease group is higher
than in the control group. Yellow=-yalue sgnificant (p < 0.05), nanobiosensor fluorescence in
the disease group is lower than in the control group. Red: protease activity does not differ

significantly in both, the cancer and the control groups.

NSC Lung Cancer
uPA MMP1 MMP2 MMP3 MMP7 MMP9 MMP13

Cathepsin | Cathepsin
B L

5""1‘9" 1.08E-06

s“';ge 1.37E-09 | 6.17E-09 | 3.81E-08 | 3.00E-12 | 1.23E-04 | 3.71E-08 | 0.01586 | 8.93E-06

Stage
3

7.15E-15 | 5.91E-03 | 0.000379 | 0.000741 | 0.00015

9.09E-11 | 5.85E-09 | 3.95E-13 | 2.20E-16 | 3.51E-06 | 2.61E-07 | 0.004205 | 4.43E-06

As summarized in th8ignificance Table(Table §, CathepsirL and MMP-1, -2, -3, -7,
and-9 are capable of detecting a statistically significant difference in nanobiosensor fluorescence
between the group of patients with remallcell-lung cancer at stage 1 and the apparently healthy
and agematched cotrol group. As already discussed in the introduction section, all patients were
CaucasianThe nanobiosensefor eight proteaseathepsid_, -B, uPA, MMP-1, -2, -3, -7 and
-9) were able to differentiate between stage 2 and stage 3 NSCLC patients aadttbl group.

The results presented in tBegnificance Tableclearly indicate that the detection of stage
I nonrsmalkcell lung cancer and beyond is clearly possible by means of a liquid biopsy using either
fresh serum or serum that has been storeddweeral years (up to five) at80°C. The Fe/F¢D4
core/shell nanoparticleased nanobiosensors have been synthesized on the gram scale and can be
stored (frozen) for up to four years under nitrogen/argon without losing activity. In aqueous
buffers, they are stable for up to 7 days. Therefore, the temyntiat is described in this report

is, principally, available for use in clinical laboratories. Conservatively estimated, the mortality of
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nonsmalkcell lung cancer could be decreased by more than 30% if these tests would be routinely

performed during garly health checkps.

3.7 Application of a Multivariate Model

A combination of MMP 1 and Cathepsin B was chosen for the multivariate model- MMP
1 achieves a good separation between the hegidthup and stage 1, while Cathepsin B increases
the separabin between the later stages, a qualitythatMMP| acks. The par amet e
linearized (log). This model 6%value ceacheB.9icThe nt s a
cubic graph (Figure 44shows how the data groupings shift to the righMP-1 influence) and
back (Cathepsin B influence) with increasing cancer stages. This permits the precise detection of
stage 1 NSC lung cancer by looking at only two variables. This approach can be, principally,

enhanced by including more than two proésas
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Figure 44: Multivariate Model: Cancer State over MMR1 (1y) and CathepsinB (y)
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Table 9: Multivariate Model: Cancer State over MMP-1 (1y) and CathepsinB (y) readings:

Coefficients: Estimate| Standard | t-value | Pr(>|t|)
Error

z-axis Intercept | -0.52849| 0.05615 |-9.413 | 1.18x10'*?

MMP1 slope 0.90623 | 0.09336 | 9.707 | 4.34x10"

Cathepsin B slope 1.13514 | 0.10446 | 10.867 | 9.11x10%

Signif. codes: 06**|0.0010. 0100560061

Residual standard error: 0.1686 on 50 degrees of freedom
Multiple R-squared: 0.9181Adjusted Rsquared: 0.9148
F-statistic: 280.1 on 2 and 50 DF;vplue: < 2.2x 18°

3.8 Summary

Non-smaltcell lung cance(NSCLC) can be reliably detected in a liquid biopsy measuring

the protease activity of eight proteases (Cathepsin B, L, MMP, -3,-7,-9), and uPA) utilizing

FI uor oma x

2 spectr omet 630 n)MEIPAl3provedtdbe anmnreliable x

marker. Based on the fluorescence readings obtained from the groups of NSCLC patients and

healthy volunteers (Figures 38), we have calculated the average protease concentrations for
each NSCLGstage and the agaatched control group. The tdts are sumarized in Figure 45

From the real protease activities, not the integrated nanobiosensor fluorescence signals, it can be
discerned that MMA ard MMP-9 exhibit the highest activities in the serum of rsnallcell

lung cancer patients. It is reasonablyllvestablished that the activities of numerous proteases in

cancer tissue and stroma correlate with their activities in blood, because virtually all proteases are

involved in angiogenesis and ECM (extracellular matrix) degrad&ttoBeginning with from
stage 1, virtually all solid tumors are well connected to the blood supply.-M&tvity is related

to tissue remodeling processes in the mgvhereas MMP9 is an inflammation marker, which
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is involved in numerous processes in the hubwy and is not necessarily reld to a diseasg?
This may explain the relatively high average activity of MBIEB.60 x 10F M) in theapparently

healthy control group.
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Figure 45: Averageprotease activity as dunction of NSCL cancer stage/healthy control
group for all nine proteases monitored in this study.

The calibration curves reported in referefitevere used for calculating the protease activities
measured in serulote thathe activity is shown on a logarithmic scale gggrotease activity)).

The data summarized in this figure is also reportedhapter 4Section 4.4
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Chapter4-Ex peri ment al Section and Addi

4.1 Determination of Matrix Effects on the Observed Fluorescence Intensities

of the Nanoplatforms

% 4 AMMP 13
5 % = MMP 13 serum
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Figure46.AiMatri x effects for MMPT7, MMP13, and cat'
at 25°C under standard conditions(Taken with permission of Refererfée
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Figure4d7.iMatri x effects for MMP1, MMP 2, MMP 3,
incubation at 25°C under standard conditions(Taken with permission of Refererfce

Triangles: fluorescencereadingsin PBS; Squares:fluorescencereadingsin PBS containing
inactivatedserum y: fluorescenceignalafter60 min. of incubation;lc: fluorescenceignalin the
absencef proteasafter 60 min. incubation;ls: fluorescenceignalof serum/PBS&lextranalone.

Experimentakrrorsareindicated &
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Figure48 iMatri x effects for MMP9 and?253CuAderaf t er
standard conditions(Taken with permissionf Referencd)

Triangles: fluorescencereadingsin PBS; Squares:fluorescencereadingsin PBS containing
inactivatedserum y: fluorescenceignalafter60 min. of incubation;lc: fluorescenceignalin the
absencef proteaseafter 60 min. incubation;ls: fluorescenceignalof serum/PBS&lextranalone.

Experimentakrrorsareindicated 86
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Figure49 A TE M

that are forming the inorganic core of the nanoplatforms for protease detection, HRTEM

(la, 1b) and ffaEBD4core/shell nanopartckes

i mages revealed that the Fe/( 0)Y2/(Takemtite r s
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fluorescence increase as a function of reaction time under standard conditions at @5
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4.2 Relative Error from 10 Independently PerformedProtease Measurements
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Figure 51: 10 independent repetitions of measuring the activity of theFe/Fe304
nanoplatform for detecting MMP-13 under standard conditions at 25C after addition of 1.0
X 1071 137 1lmodf LMM® feldtive error was determined to be2 percent. I:
fluorescence intensity

4.3 Cross-Sensitivity of the Nanobiosensors

filn order to determinethe crosssensitivities of the nanoplatforms,the following control
experimentsvere conductedThe nanoplatformdor MMP 1, 2, 3,7, 9, 13,uPA,andCTSB, L
were (separately)ncubatedwith 1.0x 10 1° mol I'! of MMP 1 understandarcconditions After
60 min. of incubationat 25 °C, the fluorescencespectraof all nanoplatformavererecordedThe
nextsetof experimentgonsistedf incubatingthe nanoplatformgor MMP 1,2, 3,7, 9, 13,uPA,
andCTSB, L with 1.0x 10 mol I'! of MMP 2 understandarctonditions.This is followed by
MMP 3, 7,9, 19, uPAandCTS B, andL. In Figure 52, the normalizedresultsfor this set of
experimentsare summarized.The normalization procedureconsistsof dividing each set of
integratedluorescencelatafor eachenzymeby the fluorescenceecordingfor the correctmatch

in theentiresetof nine nanoplatforms.
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Setl: integratedluorescenceecordingdor all nine nanoplatforns incubatedvith MMP-1 (1.0x
101 mol I'Y), divided by the integratedfl uorescencsignal obtainel with the nanoplatformfor
MMP-1 in the presenc®f MMP-1,

Set2: integratedluorescenceecordingdor all nine nanoplatforns incubatedvith MMP-2 (1.0x
1019 mol I'Y), divided by the integratedfluorescencesignal obtainel with the nanoplatformfor
MMP-2 in thepresencef MMP-2

Sets3 to 8 havebeenrecordedaccordinglyfor MMP-3,-7,-9,-13,uPAandCTSB.

Set9: integratedluorescenceecordinggor all nine nanoplatforns incubatedwith CTSL (1.0x
1019 mol I'Y), divided by the integratedfluorescencesignal obtainedwith the nanoplatformfor
CTS L in the presenceof CTS L .1%% (Taken with permissionfrom Beilstein Journal of

Nanotechnology).

1 EMMP 1
T EMMP 2
MMP 3
0.6 EMMP 7
ai u “MMP 9
i ,F A==k 'l n MMP 13
>’ 9 ”'J?”l‘ == s UPA
0 > - “’I/ y __J “”MMN::PI\iMw CTsB
MI:4P M;qP M';"'P‘MMP MM'P MI;;I; . ey MMP 2 CTSL

Figure 52 i Cr esensitivities of the nanobiosensors used this study. Further
explanati ons a r8(Tagen with pednission af Referegde 0
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4.4Means, Standard Deviations, and Average Protease Activitiésr Each

Protease and Stage

Table 10: Means, Standard Deviations, and Average Protease Aciiies in Serum for
Cathepsin B(CTS B)

Stages Means SD AverageProteasé\ctivity in Serum(mol L)
H 1.360853 |0.07226045 2.4x 1016
1.356708 |0.0532257 2.2x 1016
2 2.312725 |0.1794251 1.2x 1013
3 2.417865 |0.2105544 3.5x10%3

Table 11: Means, Standard Deviations, and Average Protease Acttigs in Serum for
Cathepsin L(CTS L)

Stages Means SD AverageProteasé\ctivity in Serum(mol L)
H 1.923536 |0.40659660 1.8x 101
2.525293 |0.0836583 2.5x 10
2 2.873535 |0.2741506 1.4x 101
3 3.049788 |0.3474912 1.2x 1012

Table 12 Means, Standard Deviations, and Average Protease Activities in Serum for
urokinase-type Plasminogen Activator (UPA)

Stages Means SD AverageProteasé\ctivity in Serum(mol L)
H 0.9848335 [0.025264087 |1.3x 10%
0.9921240 |0.02331398 1.2x 10%
2 0.8921566 |0.03422694 2.8x 101
3 0.8868113 | 0.02110238 7.4x 101
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Table 13: Means, Standard Deviations, and Average Protease Activities in Serum for
Matrix Metalloproteinase 1 (MMP -1)

Stages Means SD AverageProteaséctivity in Serum(mol L)
H 1.314616 |0.23507424 1.6x 10%°
2.4499240 |0.13775162 8.3x 108
2 2.3424636 |0.21967214 3.1x10°
3 2.3840819 |0.11741315 4.5x 10°

Table 14: Means, Standard Deviations, and Average Protease Activities in Serum for
Matrix Metalloproteinase 2 (MMP -2)

Stages Means SD AverageProteasé\ctivity in Serum(mol L)
H 1.551050 |0.2210302 4.0x 10%
1.778842 |0.1615579 7.0x10%
2 1.797345 |0.2712342 8.8x 1013
3 1.917671 |0.1823691 9.1x10%

Table 15: Means, Standard Deviations, and Average Protease Activities in Serum for
Matrix Metalloproteinase 3 (MMP -3)

Stages Means SD AverageProteasé\ctivity in Serum(mol L)
H 1.276774 |0.10293781 3.4x 10
1.387032 |0.05586801 8.2x 10%
2 1.670378 |0.13738547 1.2x 10%
3 1.789161 |0.19236757 9.3x 10
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Table 16: Means, Standard Deviations, and Average Protease Activities in Serum for
Matrix Metalloproteinase 7 (MMP -7)

Stages Means SD AverageProteasé\ctivity in Serum(mol L)
H 1.265858 |0.08413963 6.4x 1016
1.353391 |0.05112853 9.2x 1016
2 1.352708 |0.09032285 9.1x10%°
3 1.365533 |0.11891228 9.5x 10%°

Table 17: Means, Standard Deviations, and Average Protease Activities in Serum for
Matrix Metalloproteinase 9 (MMP -9)

Stages Means SD AverageProteasé\ctivity in Serum(mol L)
H 0.9622952 | 0.011980785 |8.6x 10%3
0.94443 0.012026643 |1.3x10%
2 0.941885 |0.011387601 |14x10%
3 0.940606 |0.010589256 |2.6x 1010

Table 18 Means, Standard Deviations, and Averag@rotease Activities in Serum for

Matrix Metalloproteinase 13 (MMP-13)

Stages Means SD AverageProteasé\ctivity in Serum(mol L)
H 2.402871 |0.6767673 3.2x 10%°
2.426960 |0.5062057 7.7x 107
2 2.443162 |0.5665877 7.8x 10%°
3 2.690081 |1.104793 9.7x 10%°
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AppendixA-Dat a t abl es
Table 19: Fluorescence intensitydata and p-values for Arginase in Fig 24
Ductal Neuroendocrine Metastatic Metastatic
Adenocarcinoma Tumor Adenocarcinoma Neuroendocrine
Sample ID patient | Sample ID| Patient | Sample ID patient Sample ID Patient

2720 308.7778 5327 102.2222 2689 290.5556 851 106.4444
4236 249.7778 5247 156.8889 2996 344.6667 7428 103.0000
4967 114.2222 7433 110.2222 3824 151.5556
7253 158.6667 9829 126.1111 5273 139.3333
8306 123.1111 10550 107.3333 5237 107.6667
9620 148.8889 5417 111.1111
9928 130.2222 6839 127.1111

7779 144.0000

8417 98.2222

Sample ID control Sample ID | Control Sample ID control Sample ID Control

17424 109.7778 21486 141.4444 2741 206.5556 5783 126.4444
17297 122.4444 17370 118.6667 17170 129.5556 17125 121.3333
9178 115.5556 17268 116.8889 3371 101.8889
4650 122.2222 20834 130.4444 3319 113.3333
8170 114.3333 17468 122.0000 3754 93.7778
6194 113.1111 9503 111.3333
20483 109.2222 8441 116.2222

4185 107.7778

17180 126.2222

Table 20: Mean values and standard deviations of fluorescence intensities in Table 10

Ductal

Neuroendocrine

Metastatic

Adenocarcinoma

Control Patient

Tumor

Control

Patient

mean 115.2381 176.2381 125.8889 120.5556

SD 5.3566 = 73.9566

10.1367

22.1850

104

Adenocarcinoma

Control
122.9630
33.2447

Patient
168.2469
87.5471

Metastatic

Neuroendocrine

Control Patient
123.8889 104.7222
3.6141 2.4356



Table 21: Fluorescence intensitydata and p-values for Cathepsin B in Fig 25

Ductal Neuroendocrine Metastatic Metastatic
Adenocarcinoma Tumor Adenocarcinoma Neuroendocrine
Sample ID| patient | Sample ID| Patient Sample ID patient Sample ID Patient

2720 3638.7778 5327 3283.6667 2689 2804.6667 851 3567.3333
4236 3091.0000 5247 3794.0000 2996 1235.2222 7428 2976.5556
4967 2731.5556 7433 3630.5556 3824 3799.0000
7253 3220.0000 9829 3585.7778 5273 3424.5556
8306 3396.4444| 10550 | 3916.1111 5237 3003.3333
9620 3686.2222 5417 2319.1111
9928 3086.2222 6839 3235.0000

7779 3677.2222

8417 2913.0000

Sample ID| control | Sample ID| Control Sample ID control Sample ID Control

17424 | 3954.3333| 21486 | 3579.1111 2741 4300.5556 5783 3503.3333
17297 | 4264.6667| 17370 | 2581.0000 17170 4208.5556 17125 3708.5556
9178 2573.6667| 17268 | 3355.4444 3371 2717.3333
4650 3626.6667| 20834 | 3970.7778 3319 3191.6667
8170 3555.2222| 17468 | 3697.6667 3754 3170.5556
6194 3405.7778 9503 3321.4444
20483 | 4083.5556 8441 3506.7778

4185 4039.6667

17180 3614.1111

Table 22: Mean values and standard deviations of fluorescence intensities Tiable 11

Ductal

Adenocarcinoma

Control

Patient

Control

Neuroendocrine

Tumor

Patient

Adenocarcinoma

Control

Metastatic

Patient

Metastatic

Neuroendocrine

Control

Patient

mean 3637.6984 3264.3175 3436.8000 3642.0222 3563.4074 2934.5679 3605.9444 3271.9444

SD

560.5072  337.4507 527.3634

239.7580

105

531.4033

784.0405 145.1140 417.7430




Table 23: Fluorescence intensitydata and p-values for Cathepsin D in Fig 26

Ductal Neuroendocrine Metastatic Metastatic
Adenocarcinoma Tumor Adenocarcinoma Neuroendocrine
Sample ID | patient | Sample ID| Patient Sample ID patient Sample ID patient

2720 317.4444 5327 360.8889 2689 305.7778 851 248.2222
4236 196.0000 5247 397.6667 2996 257.7778 7428 234.0000
4967 282.8889 7433 283.4444 3824 328.6667
7253 258.8889 9829 269.1111 5273 281.2222
8306 266.6667 10550 253.8889 5237 223.2222
9620 296.4444 5417 250.5556
9928 316.2222 6839 254.4444

7779 315.5556

8417 202.6667

Sample ID | control | Sample ID| Control Sample ID control Sample ID Control

17424 264.7778 21486 291.7778 2741 315.0000 5783 281.7778
17297 270.0000 17370 273.3333 17170 298.3333 17125 240.0000
9178 239.3333 17268 270.6667 3371 219.4444
4650 259.8889 20834 286.1111 3319 299.0000
8170 264.8889 17468 253.1111 3754 224.5556
6194 212.7778 9503 250.1111
20483 282.2222 8441 253.6667

4185 242.3333

17180 260.4444

Table 24: Mean values andstandard deviations of fluorescence intensities in Table 14

Ductal Adenocarcinoma

Control

mean

256.2698

SD 23.0948

Patient
276.3651 275.0000 313.0000 262.5432 268.8765 260.8889

41.9918 42.4310 29.5413

15.0468

62.7608

106

34.1110

Neuroendocrine Metastatic
Tumor Adenocarcinoma
Control Patient Control Patient

Metastatic
Neuroendocrine

Control

Patient
241.1111
10.0566




Table 25: Fluorescence intensitydata and p-values for Cathepsin E in Fig 27

Ductal Adenocarcinoma| Neuroendocrine Tumor Metasta_tic Metastatic.
Adenocarcinoma Neuroendocrine
Sample ID patient Sample ID patient Sample ID patient Sa}r[r;ple patient
2720 12948.2222| 5327 11465.1111 2689 11646.1111 851 10322.4444)
4236 7478.5556 5247 14530.3333 2996 2637.7778 7428 | 10493.1111
4967 10721.7778) 7433 8826.6667 3824 8623.0000
7253 10101.2222| 9829 11112.3333 5273 9005.4444
8306 10857.8889] 10550 11283.6667 5237 8618.0000
9620 9654.3333 5417 5787.0000
9928 5719.2222 6839 11375.0000
7779 8508.0000
8417 8964.1111
Sample ID| control Sample ID control Sample ID control Sa}r[r;ple Control
17424 | 10449.3333| 21486 12870.0000 2741 10783.7778 | 5783 | 12284.8889
17297 10298.3333] 17370 10947.6667 17170 11149.6667 | 17125 | 11509.1111
9178 10247.4444) 17268 10526.5556 3371 9004.2222
4650 9936.2222 20834 10784.7778 3319 11528.4444
8170 12849.7778| 17468 9984.0000 3754 10559.2222
6194 10483.1111 9503 10829.1111
20483 | 10118.6667 8441 10719.6667
4185 12375.5556
17180 14465.7778

Table 26: Mean values and standard deviations of fluorescence intensities in Table 16

Adenocarcinoma

Control

Ductal

Patient

Neuroendocrine

Tumor

Control

Patient

Metastatic

Adenocarcinoma

Control

mean 10626.1 9640.17 11022.60 11443.62 11268.3827

SD

998.387 2375.39 1095.4236 2031.750

1495.3726

107

Patient

Metastatic

Neuroendocrine

Control

Patient

8351.6049 11897.0000 10407.7778

2742.9787

548.5577

120.6796



Table 27: Fluorescence intensitydata and p-values for UpA in Fig 28

Ductal Neuroendocrine Metastatic Metastatic
Adenocarcinoma Tumor Adenocarcinoma Neuroendocrine
Sample ID | patient | Sample ID| patient Sample ID patient Sample ID patient

2720 159.0000 5327 107.8889 2689 193.3333 851 130.1111
4236 143.8889 5247 117.7778 2996 353.6667 7428 91.1111
4967 1141111 7433 93.0000 3824 100.7778
7253 111.2222 9829 152.8889 5273 164.1111
8306 109.3333 10550 107.5556 5237 148.6667
9620 130.6667 5417 106.3333
9928 152.0000 6839 111.1111

7779 121.8889

8417 219.2222

Sample ID | control | Sample ID| control Sample ID control Sample ID control

17424 110.8889 21486 104.1111 2741 118.0000 5783 108.1111
17297 108.0000 17370 77.6667 17170 102.6667 17125 104.1111
9178 87.5556 17268 108.5556 3371 97.0000
4650 102.4444 20834 138.3333 3319 104.7778
8170 110.8889 17468 100.0000 3754 98.8889
6194 118.2222 9503 99.4444
20483 117.4444 8441 118.5556

4185 112.8889

17180 129.6667

Table 28: Mean values and standard deviations of fluorescence intensities in Table 18

Ductal Neuroendocrine
Adenocarcinoma Tumor
Control Patient Control Patient Control
mean 107.9206 131.4603 105.7333 115.8222 109.0988
SD 10.4816 20.5572  21.7599  22.5272 11.2358

Metastatic

Adenocarcinoma

108

Patient
168.7901 106.1111
80.4713

Metastatic

Neuroendocrine

Control

2.8284

Patient

110.6111
27.5772




Table 29: Fluorescence intensitydata and p-values for MMP-1 in Fig 29

Ductal Neuroendocrine Metastatic Metastatic
Adenocarcinoma Tumor Adenocarcinoma Neuroendocrine
Sample ID | patient | Sample ID| patient Sample ID patient Sample ID patient

2720 647.7778 5327 431.2222 2689 611.6667 851 583.4444
4236 592.1111 5247 328.6667 2996 494.6667 7428 293.0000
4967 483.3333 7433 291.2222 3824 471.0000
7253 326.7778 9829 321.7778 5273 607.2222
8306 312.3333 10550 231.8889 5237 533.2222
9620 297.5556 5417 325.5556
9928 323.4444 6839 305.0000

7779 252.7778

8417 239.4444

Sample ID | control | Sample ID| control Sample ID control Sample ID control

17424 492.0000 21486 337.5556 2741 495.3333 5783 348.7778
17297 540.7778 17370 264.4444 17170 511.5556 17125 223.6667
9178 222.3333 17268 249.1111 3371 422.0000
4650 384.7778 20834 269.2222 3319 339.0000
8170 223.5556 17468 280.7778 3754 230.5556
6194 241.4444 9503 412.6667
20483 292.3333 8441 189.8889

4185 181.8889

17180 207.1111

Table 30: Mean values and standard deviations of fluorescence intensities in Table 20

Ductal

NeuroendocrineTumor

Adenocarcinoma

Control

Patient

Control
mean 342.4603 426.1905 280.2222

SD | 132.1416 147.1088 34.0046

Patient
320.9556
72.5186

Adenocarcinoma

109

Control

Metastatic

Patient
332.2222 426.7284 286.2222
133.3186 147.9377 88.4669

Metastatic

Neuroendocrine

Control

Patient

438.2222
205.3752




Table 31: Fluorescence intensitydata and p-values for MMP-3 in Fig 30

Ductal Neuroendocrine Metastatic Metastatic
Adenocarcinoma Tumor Adenocarcinoma Neuroendocrine
Sample ID | patient | Sample ID | patient Sample ID patient Sample ID patient

2720 94.8889 5327 60.1111 2689 89.8889 851 73.3333
4236 85.6667 5247 74.1111 2996 307.3333 7428 66.2222
4967 64.4444 7433 59.4444 3824 66.7778
7253 70.6667 9829 63.1111 5273 80.8889
8306 78.0000 10550 49.0000 5237 82.1111
9620 85.7778 5417 66.6667
9928 100.1111 6839 68.5556

7779 68.5556

8417 76.3333

Sample ID | control Sample ID | control Sample ID control Sample ID control

17424 77.6667 21486 63.7778 2741 64.3333 5783 70.3333
17297 76.1111 17370 53.2222 17170 75.2222 17125 53.5556
9178 53.5556 17268 47.8889 3371 70.5556
4650 73.2222 20834 60.4444 3319 68.8889
8170 62.5556 17468 48.8889 3754 59.8889
6194 53.7778 9503 66.5556
20483 45.3333 8441 56.8889

4185 48.6667

17180 59.2222

Table 32: Mean values and standard deviations of fluorescence intensities in Table 22

Adenocarcinoma

Control

SD

Ductal

Patient
mean  63.1746 82.7937
12.7662 12.7154

Neuroendocrine

Tumor
Control Patient
54.8444  61.1556
7.0293 8.9923

Metastatic

Adenocarcinoma

Control
63.3580
8.0712

110

Patient

100.7901

77.8792

Metastatic

Neuroendocrine

Control
61.9444
11.8637

Patient
69.7778
5.0283




Table 33: Fluorescence intensitydata and p-values for MMP-9 in Fig 31

A denlgg;:?:noma Neuroendocrine Tumor | Metastatic Adenocarcinoma Netﬂr%t:r?éfgine
Sample ID| patient Sample ID patient Sample ID patient Sample ID patient

2720 174.1111 5247 229.6667 2689 271.1111 851 174.7778
4236 246.5556 7433 157.0000 2996 322.4444 7428 156.0000
4967 167.7778 9829 151.7778 3824 185.6667
7253 180.7778 10550 192.2222 5273 178.0000
8306 193.2222 5237 178.5556
9620 205.7778 5417 137.1111
9928 176.4444 6839 159.0000

7779 192.7778

8417 156.8889

Sample ID | control Sample ID control Sample ID control Sample ID control

17424 151.3333 21486 192.3333 2741 179.8889 5783 182.7778
17297 203.1111 17370 152.1111 17170 185.6667 17125 202.7778
9178 152.8889 17268 205.2222 3371 140.2222
4650 159.0000 20834 183.8889 3319 179.7778
8170 183.4444 17468 181.6667 3754 171.3333
6194 176.5556 9503 164.3333
20483 168.4444 8441 179.1111

4185 193.7778

17180 210.1111

Table 34: Mean values and standard deviations of fluorescence intensities in Table 24

Ductal Neuroendocrine
Adenocarcinoma Tumor
Control Patient Control Patient Control
mean 170.6825 192.0952 183.0444 183.6667 178.2469
SD 18.6256 27.2097 @ 19.6062 36.1165 19.3799

Metastatic

Adenocarcinoma

111

Patient
197.9506
59.9038

Metastatic

Neuroendocrine

Control

Patient

192.7778 165.3889

14.1421

13.2779




Table 35: Fluorescence intensitydata and p-values for Neutrophil Elastase in Fig 32

Ductal Neuroendocrine Metastatic Metastatic
Adenocarcinoma Tumor Adenocarcinoma Neuroendocrine
Sample ID| patient | SamplelD patient Sample ID patient Sample ID patient

2720 3973.5556 5327 1767.2222 2689 3517.2222 851 2163.1111
4236 3367.7778 5247 2012.5556 2996 1038.7778 7428 1477.5556
4967 1811.1111 7433 1453.0000 3824 2700.5556
7253 1661.4444 9829 1650.0000 5273 1841.3333
8306 1664.6667| 10550 | 1601.7778 5237 1978.6667
9620 1456.7778 5417 1138.1111
9928 1172.0000 6839 1491.1111

7779 1433.3333

8417 1655.2222

Sample ID| control | Sample ID| control Sample ID control Sample ID control

17424 2889.1111| 21486 | 1794.6667 2741 2675.3333 5783 1638.4444
17297 1954.2222| 17370 | 1329.4444 17170 2004.1111 17125 1778.8889
9178 1350.0000| 17268 | 1694.8889 3371 1587.4444
4650 1559.2222| 20834 | 1436.6667 3319 1571.3333
8170 1982.7778 17468 1506.1111 3754 1636.7778
6194 1548.2222 9503 1496.4444
20483 1497.2222 8441 1691.0000

4185 1699.4444

17180 2033.5556

Table 36: Mean values and standard deviations dluorescence intensities in Table 26

Control

Ductal

Adenocarcinoma

Patient

Control

Neuroendocrine

Tumor

Patient

Adenocarcinoma

Control

Metastatic

Patient

Metastatic

Neuroendocrine

Control

Patient

mean 1825.8254 2158.1905 1552.3556 1696.911 1821.7160 1866.037 1708.6667 1820.3333
99.3092 484.7610

SD

525.0757  1067.2386 189.8962 209.3554 370.2063

112

792.3547
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