
POLITECNICO DI MILANO 
School of Industrial and Information Engineering 

Department of Chemistry, Materials and Chemical Engineering 

“Giulio Natta” 

 

Master’s Degree Thesis in Materials Engineering and Nanotechnology  

NANOPARTICLE-BASED DETECTION 
OF METALLOPROTEINASES 

 

Nanyang Technological University, Singapore 

 

Supervisor: Prof. Guglielmo Lanzani 

Co-supervisor: Prof. Bo Liedberg 

 

Ludovico Aloisio, 898404 

 

Academic Year 2019/2020 



 



Table of Contents 

List of Figures ............................................................................................................................................... I 

List of Tables ............................................................................................................................................ VIII 

List of Equations ........................................................................................................................................ IX 

Abstract ...................................................................................................................................................... X 

Sommario .................................................................................................................................................. XI 

Chapter 1: Introduction ........................................................................................................................... 1 

1.1 Background and Significance ........................................................................................................... 1 

1.2 Hypothesis ........................................................................................................................................ 3 

1.3 Objective .......................................................................................................................................... 4 

1.4 Scope ................................................................................................................................................ 5 

Chapter 2: Literature Review ................................................................................................................... 6 

2.1 Cancer .............................................................................................................................................. 6 

2.2 Biomarkers ....................................................................................................................................... 8 

2.2.1 Matrix Metalloproteinases .......................................................................................................... 8 

2.2.2 Matrilysin ................................................................................................................................... 12 

2.3 Current Status of Analytical Techniques ........................................................................................ 13 

2.3.1 Enzyme Immunoassays .............................................................................................................. 13 

2.3.2 Western Blotting........................................................................................................................ 15 

2.3.3 Zymography ............................................................................................................................... 15 

2.3.4 Mass Spectrometry .................................................................................................................... 16 

2.3.5 Other Optical Methods .............................................................................................................. 17 

2.4 Introduction to Point of Care Diagnostics ...................................................................................... 17 

2.5 Biosensor/Detection ....................................................................................................................... 19 

2.5.1 Colorimetric Sensor ................................................................................................................... 20 

2.5.2 Peptides ..................................................................................................................................... 31 

Chapter 3: Colorimetric Functional Assay .............................................................................................. 32 



3.1 Introduction ................................................................................................................................... 32 

3.2 Materials and Instruments ............................................................................................................. 33 

3.3 Gold Nanoparticles Synthesis and Characterization ...................................................................... 33 

3.4 Alloy Nanoparticles Synthesis and Characterization ...................................................................... 36 

3.5 Functionalization of Nanoparticles ................................................................................................ 39 

3.6 Colorimetric Activity Assay ............................................................................................................. 39 

3.6.1 Optimization of Colorimetric Activity Assay .............................................................................. 41 

3.6.2 Stability Studies ......................................................................................................................... 46 

3.6.3 Assay in Human Plasma ............................................................................................................. 48 

3.7 Conclusions .................................................................................................................................... 49 

Chapter 4: Fluorometric Functional Assay ............................................................................................. 51 

4.1 Introduction ................................................................................................................................... 51 

4.2 Materials and Instruments ............................................................................................................. 53 

4.3 FRET Peptide .................................................................................................................................. 53 

4.3.1 FRET Peptide Sensitivity ............................................................................................................ 54 

4.4 Functionalization of Magnetic Beads ............................................................................................. 57 

4.4.1 Advantages of Immobilizing Peptides on Magnetic Beads ........................................................ 58 

4.4.2 Limit of Detection of pep0 Immobilized on Beads .................................................................... 59 

4.5 Optimization of Membranes .......................................................................................................... 61 

4.5.1 Plasma Filtration Membrane ..................................................................................................... 61 

4.5.2 Particle Support Membrane ...................................................................................................... 65 

4.5.3 Particle Separation Membrane .................................................................................................. 66 

4.6 Optimization of Fluorescence Signal .............................................................................................. 67 

4.6.1 Magnetic Beads Dimension ....................................................................................................... 67 

4.6.2 Magnetic Beads Concentration ................................................................................................. 68 

4.6.3 Number of Peptides Immobilized on Magnetic Beads .............................................................. 69 

4.6.4 Reporter Molecule ..................................................................................................................... 70 

4.6.5 Buffer ......................................................................................................................................... 76 

4.7 Optimization of Particle Release .................................................................................................... 77 

4.7.1 Beads Deposition on Membranes ............................................................................................. 77 

4.7.2 Pores Dimension of Particle Support Membrane ...................................................................... 78 



4.7.3 Tween 20 Concentration in PBS ................................................................................................ 81 

4.7.4 Number of Beads Deposited on Membrane .............................................................................. 83 

4.7.5 Sample Volume .......................................................................................................................... 85 

4.8 Assays for MMP-7 Activity Detection ............................................................................................. 86 

4.8.1 In Solution Assays ...................................................................................................................... 86 

4.8.2 Assays Using a Syringe ............................................................................................................... 89 

4.8.3 Functional Assay Using a Syringe ............................................................................................... 93 

4.9 Selectivity ....................................................................................................................................... 98 

4.10 Conclusions .................................................................................................................................... 99 

Chapter 5: Conclusions and Future Outlook ........................................................................................ 100 

5.1 Summary ...................................................................................................................................... 100 

5.2 Future Perspectives ...................................................................................................................... 101 

Appendix - Peptide Sequence Optimization ............................................................................................ 103 

Introduction and Previous Optimizations .................................................................................................. 103 

Materials and Instruments ........................................................................................................................ 105 

Activity in Solution ..................................................................................................................................... 106 

Activity on Surface..................................................................................................................................... 109 

Conclusions ................................................................................................................................................ 114 

References .............................................................................................................................................. 115 

 



 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



 

 



ε ε  

κ  

ε

ω ε

 

ε

ω ε

 

η

 

ε

 

 

ε









 

 





 



 

 



 



 

 





 

 







• 

• 



• 

• 

 



 

 



• 

• 

• 

• 



 

 



 

 



 

 





 



 



 



 

 



𝜀(𝜔) = 𝜀′(𝜔) − 𝑖𝜀′′(𝜔)

ε

ε

κ

ñ = √𝜀 = 𝑛 + 𝑖𝜅

κ



κ



𝐶𝑎𝑏𝑠 = 4𝜋𝑘𝑎3 {𝐼𝑚 (
𝜀 − 𝜀𝑑

𝜀 + 2𝜀𝑑
)}

ε ω

ε

𝐶𝑠𝑐𝑎𝑡𝑡 =  
8𝜋

3
𝑘𝑎6 |

𝜀 − 𝜀𝑑

𝜀 + 2𝜀𝑑
|

2

ε ω

ε

𝜀𝑚𝑒𝑡𝑎𝑙 = −2𝜀𝑚𝑒𝑑𝑖𝑢𝑚

 

‐









 

  



 
 



 



 

 



 

 



θ

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑅𝐻

η

400 500 600 700 800

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)



ζ

ζ

ζ potential.



 

  



400 500 600 700 800

0.2

0.4

0.6

0.8

1.0

A
b

so
rb

a
n

ce
 (

A
u

)

Wavelength (nm)

 10mM

 8.5mM

 8mM

400 500 600 700 800

0.2

0.4

0.6

0.8

1.0

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Wavelength (nm)

 10 mM

 8.5 mM

 8 mM



400 500 600 700 800

0.2

0.4

0.6

0.8

1.0

A
b
so

rb
an

ce
 (

A
u
)

Wavelength (nm)

 90°C

 100°C

 110°C

 120°C

 130°C

400 500 600 700 800

0.2

0.4

0.6

0.8

1.0

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)

 90 °C

 100 °C

 110 °C

 120 °C

 130 °C



 

 



400 500 600 700 800

0.0

0.1

0.2

0.3

0.4

0.5
A

b
s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)

 Before MMP-7

 After MMP-7



 

 

0 200 400 600 800

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

A
b

s
(6

0
0

)/
A

b
s
(5

2
0

)

Time (s)



0 100 200 300 400

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

A
b

s
(6

0
0

)/
A

b
s
(5

2
0

)

Time (s)

 2.5X

 1.0X

 0.1X



 

0 100 200 300 400

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

A
b

s
(6

0
0

)/
A

b
s
(5

2
0

)

Time (s)

 1 µM

 10 µM

 100 µM



 



0 200 400 600 800

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

 JR2EC

 JR2E'C

A
b

s
(6

0
0

)/
A

b
s
(5

2
0

)

Time (s)



 

0 10 20 30 40

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

 JR2EC

 JR2E'C

A
b

s
(6

0
0

)/
A

b
s
(5

2
0

)

Time (s)



-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000

0.2

0.4

0.6

0.8

1.0

1.2

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Time (s)

 1 day

 3 months



 

400 500 600 700 800

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)

 Blank

 Plasma

 Milli-Q



• 

• 

 

• 

• 





 

 



• 

• 

• 



 

 



 

• 



• 

• 

• 

 

-20 0 20 40 60 80 100 120 140 160 180 200

0

500

1000

1500

2000

2500

3000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Time (min)

-20 0 20 40 60 80 100 120 140 160 180 200

0

500

1000

1500

2000

2500

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Time (min)



-20 0 20 40 60 80 100 120 140 160 180 200

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Time (min)



 

• 

• 

• 

• 

• 



 

340 360 380 400 420 440 460 480 500 520

F
lu

o
re

s
c
e
n
c
e
 (

a
.u

.)

Wavelength (nm)

340 360 380 400 420 440 460 480 500 520

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)



 

350 400 450 500 550 600

-5000

0

5000

10000

15000

20000

25000

30000

35000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 Blank

 0.1 µg/mL

 0.5 µg/mL

 1 µg/mL

 2 µg/mL

 5 µg/mL

 10 µg/mL



350 400 450 500 550 600

0

5000

10000

15000

20000

25000

30000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 Blank

 2 µg/mL

 5 µg/mL

 10 µg/mL

 20 µg/mL

 40 µg/mL



 

 

• 

• 

• 



340 360 380 400 420 440 460 480 500 520

0

1000

2000

3000

4000

5000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 PES (0.22 µm) Syringe

 PVDF (0.22 µm) Syringe

 CA (0.1 µm) Centrifugation

 PA (0.1 µm) Centrifugation

 Plasma

 Milli-Q



350 400 450 500 550 600

-200

0

200

400

600

800

1000

1200

1400

1600

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 PEEK (0.03 µm)

 PCTE (0.03 µm)

 PES (0.1 µm)

 Plasma

 Milli-Q



350 400 450 500 550 600

-5000

0

5000

10000

15000

20000

25000

30000

35000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 PEEK (0.03 µm)

 PEEK (0.1 µm)

 Plasma

 Milli-Q



 

• 

• 

350 400 450 500 550 600

-5000

0

5000

10000

15000

20000

25000

30000

35000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength

 PEEK

 Plasma

 Milli-Q



• 

 



 

• 

• 

• 

• 

 



 

350 400 450 500 550 600

0

100

200

300

400

500

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 1/320 MBs

 1/160 MBs

 1/80 MBs

 1/40 MBs

 1/20 MBs

 1/10 MBs



 



 

 

350 400 450 500 550 600

-200

0

200

400

600

800

1000

1200

1400

1600

1800

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 5 µL

 10 µL

 20 µL

350 400 450 500 550 600

0

2000

4000

6000

8000

10000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 5 µL

 10 µL

 20 µL





ε φ

ε φ



350 400 450 500 550 600

0

2000

4000

6000

8000

F
lu

o
re

s
c
e
n
c
e

 (
a
.u

.)

Wavelength (nm)

 Mca

500 520 540 560 580 600

0

10000

20000

30000

40000

50000

60000

70000

80000

F
lu

o
re

s
c
e

n
c
e
 (

a
.u

.)

Wavelength (nm)

 FAM





500 520 540 560 580 600

0

10000

20000

30000

40000

50000

60000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 Blank

 1 µg/mL

 10 µg/mL



 

350 400 450 500 550 600

0

50000

100000

150000

200000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 PBS

 Assay Buffer



 

 

• 

• 

• 

• 



• 

• 

 





𝐴 = 𝜀 𝑙 𝑐 

ε

400 500 600 700 800 900 1000

0.2

0.3

0.4

0.5

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)

 0.22 µm

 0.45 µm



𝑄 =
−𝑘 𝐴

µ
 
𝑑𝑝

𝑑𝑥

 



400 500 600 700 800 900 1000

0.2

0.3

0.4

0.5

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)

 0.01%

 0.025%

 0.05%



 



400 500 600 700 800 900 1000

0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)

 100 µL

 200 µL

 400 µL

 600 µL

 800 µL

 1/20 MBs



 



 

 

 



 

350 400 450 500 550 600

0

5000

10000

15000

20000

25000

30000

35000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 0.125 µg/mL

 0.25 µg/mL

 0.5 µg/mL

 1 µg/mL

 2.5 µg/mL

 5 µg/mL

 10 µg/mL

 15 µg/mL

 20 µg/mL



 

• 

• 

• 

350 400 450 500 550 600

-10000

-5000

0

5000

10000

15000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 0.125 µg/mL

 0.25 µg/mL

 0.5 µg/mL

 1 µg/mL

 2.5 µg/mL

 5 µg/mL

 10 µg/mL

 15 µg/mL

 20 µg/mL



 

 





 

350 400 450 500 550 600

0

5000

10000

15000

20000
F

lu
o

re
s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 0.25 µg/mL

 0.5 µg/mL

 1 µg/mL

 5 µg/mL

 10 µg/mL

 20 µg/mL



350 400 450 500 550 600

-2000

0

2000

4000

6000

8000

10000

12000

14000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 5 µg/mL

 10 µg/mL

 20 µg/mL



 

• 

• 

• 

• 





 

350 400 450 500 550 600

-200

0

200

400

600

800

1000

1200

1400

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 1 µg/mL

 2 µg/mL

 5 µg/mL

 10 µg/mL

 20 µg/mL



 

 

350 400 450 500 550 600

-2000

0

2000

4000

6000

8000

10000

12000

14000

16000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 0.5 µg/mL

 1 µg/mL

 2 µg/mL

 5 µg/mL

 10 µg/mL

 20 µg/mL



 

 

350 400 450 500 550 600

0

1000

2000

3000

4000

5000

6000

7000

8000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 1 µg/mL

 2 µg/mL

 5 µg/mL



 

350 400 450 500 550 600

0

2000

4000

6000

8000

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

 Blank

 MMP-7

 Trypsin



 



 

 



 





In solution On surface
0

20

40

60

80

100

P
e

rc
e

n
ta

g
e

 a
ct

iv
ity



0 1 2 3
0

20

40

60

80

100

P
e
rc

e
n
ta

g
e
 a

c
ti
v
it
y

Number of spacer molecules



• 

• 

• 

• 

• 

• 

https://www.thermofisher.com/order/catalog/product/15153
https://www.thermofisher.com/order/catalog/product/15153


𝐴 = 𝜀 𝑙 𝑐 

ε

ε

300 350 400 450 500

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)



0 5 10 15 20 25

0.0

0.2

0.4

0.6

0.8

1.0

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Time (min)

 PepA

 PepB

 PepC

 PepD

 PepE

 Pep0



0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.0

0.1

0.2

0.3

0.4

0.5

 PepA

 PepB

 PepC

 PepD

 PepE

 Pep0
F

lu
o

re
s
c
e

n
c
e

 (
a

.u
.)

Time (min)



 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 



0 20 40 60 80 100

F
lu

o
re

s
c
e
n

c
e

 (
a

.u
.)

Time (min)

0 20 40 60 80 100

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Time (min)



• 

• 

• 



0 1 2 3 4 5

0.00

0.05

0.10

0.15

0.20

0.25

 PepA

 PepB

 PepC

 PepD

 PepE

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Time (min)







β















‐

 

 



 



‐ ‐ ‐

α β





‐

‐








