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What Will You Learn Today?

Spectroscopy: working principle and application to biomolecules
 Light absorption
* Light emission (different luminescent processes)
 Spectroscopy in the THz region (10"°Hz)
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Spectroscopy: Relevance for

Biomolecules

SPECTROSCOPY

radiowaves microwaves IR VIS UV X-ray
. ) . radiation | | L l | >
how electrons interact with light frequency e - o o o
. m

- spectral lines and/or energy of a i ) o P
samp le spectroscopic e rotation vibration Slecanic

observables electronic  jiffracti
* to study sample absorbance and/or wranstion "
transmittance and the structure, relevanceto  FT-methods, icroscopy crystal
molecular CompOSi.tlon and biomolecules imaging structure

arrangement
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(Optical) Excitation & Jablonskit Diagram

Energy

A molecule can be excited to its electronic excited state

S, F——= straight lines: photon > e
curved lines. e - e (no light emission)
IC
S, $2
v ¥

ISC
M Tl

Fluorescence

Absorption ﬂwWWM WW

Phosphorescence

non-radiative decay —

Internal Conversion (IC): radiation-less transition
between states with the same spin state
¢ timescale: 10-14-10"11s

Absoprtion: e is excited from low energy level to a higher
energy level (energy transfer from a photon to the electron)
 allowed A = energy difference between the levels (E>E;)

e timescale: 10 "s

Intersystem Crossing (ISC): radiation-less
transition between states with different spin state

« timescale: 10-8-1073s

Planck’s constant speed of light

™~ hc—
E=hv=—

/1 = photon wavelength
photon frequency

radiative decay —

Fluorescence: electron in excited states (singlet)
decays to a lower enerqgy state
e timescale: 102-10"s

Phosphorescence: electron in excited states (triplet)
decays to a lower energy state
* timescale: 104-10"s
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Molecule Absorption (and UV-Vis)

Lambert-Beer’s Law I(1) = I e Absorbance

incident light,

- transmitted light,
lo(\) IA)

Increasing wavelength
107 10? 10°¢ 109 10° 108

melers 1 nanometer 1000 nanometer 1 millimeter 1 mefer 1 kilometer
| | | | | | | | | | | | | | |
Gamma X-rays Ultraviolet Infrared Microwaves Radar Radio Broadcast Long
rays (uv) (IR) waves band waves

Long wavelengths = =

T T
108 Hz 10 Hz
Increasing frequency

V\NV\ Short wavelengths
[

10% Hz

Visible Spectrum (390-780 nm)

Absorption peak
(molecule signature)

Absorbance
A

s

A Wavelength

max

ABSORPTION SPECTRUM:
light passing through the sample vs. wavelength

UV: 100nm-400nm

Ultraviolet Infrared
(V) (IR) .
Vis: 400nm-750nm
& & & &
Biomolecules ELEC-E3260 5
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Why 1s Absorption Important?

Absorbance/transmittance of a species

ldentify compounds (through the absorption maximum)

Color determination

Impurtty concentration

Reaction dynamics
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How to Measure Absorption

Mirror Photodetector
spectral
/ Photodetector response
i
Monochromator -
l Reference
side

|

slit
Light Source I \
5’ Photodetector
j’ Sample
Splitter side
A (or Optcial Density, OD) = eC1 I1=1ye %
(solution) (thin film)

e =(molar) extinction coefficient
C = concentration
| = path length

a = absorption coefficient
d = film thickness
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Measuring Absorption...

... as function of molecule concentration

HO. OH

R, O I O B /
OH O e
o

R, = R,=OCH, Curcumin o)

R, =OCH,, R=H Demethoxycurcumin > 3

R, =R=H Bisdemethoxycurcumin| 2
% er.:: [ =
S
€10}
c CurN1-1 pg
:.9_. Cur N1-2.5ug
& 05 Cur N1-5 g
o Cur N1- 10 pg
2 \ — Cur N1-
<

00—

320 360 400 l440 . 480 . 520 A 560 ‘ 600

Wavelength (nm)
Absorption spectra of curcumin-ethanol
solutions  for  different  curcumin
concentration. Curcumin solution shows
absorbance @A=425nm and linear
increasing absorption with increasing
concentration [SpringerPlus 5, 1147
(2016)]

25.01.2022

Absorbance

... as function of molecules composition

Wavelength (nm)

UV-Vis absorption of different acene-
based molecules (anthracene, tetracene,
pentacene) [Chem. Comm. 47, 10112
(2011)]

Biomolecules ELEC-E3260

L
300 400 500 GO0 OO 8O0 800

... as function of molecules form

solution vs. film vs, crystal

@
009
c
©
L
L
2
~ 06
3+
=
@
M
T 0.3
g | = Solution
—— Film
=z 0.0b_—o Crystal .
400 600 700

500
Wavelength (nm)

UV-Vis spectra of P3HT in different
forms: crystal, solution, thin film on
glass. Differences arise from
aggregation (solution), molecular
packing (thin film) and crystal
structure [RCS Adv. 4, 11121 (2014)]



Absorption of Nucleotides

NH,

(b) % T b T T v T T T T T T
= N 204 dAMP . = uracil (0.1 mM)
Adenine % I \> o = uracil (0.2 mM)|
KN N = uracil (0.3 mM)
G H . ~——— uracil (0.4 mM)
et — & —— uracil (0.5 mM)]
o N 204+ dGMP 2 — uracil (0.6 mM){
Guanine | \> g —— uracil (0.7 mM)
" )\N " g W —— uracil (0.8 mM)]
i H T 2 —— uracil (0.9 mM)
NH, £ T — uracil (1.2 mM)
E 204 ¥ —— uracil (1.6 mM) |
Cytosi | o : ~— uracil (2.0 mM)
ytosine /k S 0o uracil (2.4 mM)
ﬂ ) g 200 220 240 260 280 300 320 340
2 Wavelength (nm)
204
Uracil | i 25 = uracil Py
u/Ko e  DNA-uracil -
204+ 2
g
Thymine | Ll -g
N o ey g
160 180 200 220 240 260 280 300 <
Wavelength / nm
Absorption and structural formula of different nucleotides “00 03 0 os 12 15 18 21 24
U-concentration in the precursor (mM)
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(b)

Absorbance

T L T 4 T T b4 T . T *: T E
e N, .
e DNA -uracil (0.1mM)
e DNA -uracil (0.2mM)
e DNA -uracil (0.3mM)
. DNA -uracil (0.4mM)
e DNA -uracil (0.5mM)
= DNA-uracil (0.6mM) -
e DNA -uracil (0.7mM)
e DN A -uracil (0.8mM)
== DNA-uracil (0.9mM) -
e DNA -uracil (1.2mM)
e DNA -uracil (1.6mM)
e DNA -uracil (2.0mM)
w DNA -uracil (2.4mM)

200 220 240 260 280 300 320 340 360

Wavelength (nm)

Absorbance of uracil-based
aqueous solution with/without
DNA for various uracil
concentrations [Opt. Express 27,
36075 (2019)]



Photosynthesis: Absorption in Nature

Sun's Energy

C02 + HQO 7 C’éHlQOé + OQ
Carbon Water . Sugars Oxygen
dioxide ®
o
.
Chlorophyll

—CH, in chlorophyll a,
—CHO in chlorophyll b,

CHZCHJ
pevphyrin
ving
CH,
|
¢ "
| conjugated doukle
(|:HZ c=0 °  bonds -» delocalived
c=0 (|)CH electrons - [ight
(|) d abSoTETt'oV\
@ hydrocarben Tac
CH, CH, oH,

| 4
®= —CH,—CH=C—CH,—(CH;— CH,—CH—CH,),—CH, —CH,—~Cl{
CH,

25.01.2022

Electronics excitation energy s used for charge separation,

Chlorophylls is based on a porphyrin
backbone and represents one of the key
pigments for photosynthesis in plants, algae
and photosynthetic bacteria.

Chlorophyll a and b are the most common
and they exhibit two dominant bands in the
blue (400-500nm, Soret band) and red
(600-700nm, Q, band)

Biomolecules ELEC-E3260

Absorbance

to be used to drive all subsequent biochemical reactions

>

Chlorophyll b
Chlorophyll a
1 1 k
1 I I I
400 500 600 700

Wavelength [nm]
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Monitoring Photosynthesis

Upon optical excitation, chlorophyll also exhibits (high)
fluorescence (~700nm), which can be used to measure
plant parameters

_AL High light period Dark period
]

Down- and upregulation
of photosynthetic
light-conversion efficiency

! —

S
5

Residual chlorophyll fluorescence of plant leaf
1 1
| |
~
N
\
\
[ \
\

\ /
g T /
.@ 0.6 ~ ~ _ l'
'E <4 - — —
= 04
1y .-\
0.2
. 0 : : : : =
=
400 500 600 700 800 9 : i - - 25
Wavelength (nm) Time / min
plant open addition energy regulation mechanism
release paths, and residual resides and chlorophyll
fluorescence decrease fluorescence increase

when exposed to different illumination conditions,
plants regulate the amount of excitation energy
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Fluorescent Molecules

fluorescent “markers” are
often covalently linked to
the biomolecule of interest

proteins and biomolecules
do not exhibit intrinsic
fluorescence

adding fluorescent
molecules

Fluorescent molecules:
* narrow absorption spectrum
* high extinction coefficient
o hlgh quantum ylel.d (CD — number ofphotonsemitted)

number of phtons absorbed

* narrow fluorescence spectrum

* soluble in aqueous environment
» chemical active site
» photostability

rhodamine green

25.01.2022 Biomolecules ELEC-E3260

biomolecules
can be identified

HO 0] @)
‘ = ‘ fluorescin

tetramethylrhodamine (TMR)
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Rhodamine

Rhodamine

QY=94%

Emission

450 500 550 600 650 700

Wavelength (nm)

| Primary Human Primary Human

Dermal Fibroblast Epidermal
Keratinocytes

Primary Human Primary Human
Monocytes Macrophages

Primary Rabbit Primary Rat Cortical
Limbal Ephitilial Cells Neurons

Primary Human
Endhotelial cells

Primary Human
MSc Stem Cells

Primary Rat Motor
Neurons

A375 Melanoma
cells

KB cancercells

SCC4 H&N
cancercells

Rhodamine enables visualization of large number of structural details (e adhesion
filipodia in both HDF and HE cells, the multinuclear nature of SCC4 cancer cells, and
the formation of motoneuronal axon on RMN cells) [PLOS ONE 5(5): e10459 (2010)]



Fluorescein

Rigid Absorption and fluorescence in the VIS range are separated and do
T not overlap with absorption and fluorescence of proteins and DNA

Polar
residue

Polar
residue

solubility

large transition Reactive site

. for labellin

dipole moment 9
2 QY=95%
8
o
E
w
5
s Fluorescein angiography picture of High-magnification fluorescein
2 ischemic branch retinal vein angiogram showing a branch

K occlusion in 30-year-old woman. retinal vein occlusion.

) L) L) L) i
350 400 450 500 550 600 650
Wavelength / nm
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Fluorescein-based Imaging for the Eye

Moisten the fluorescein strip with 1 drop
of saline or topical anesthetic. Depress the
lower lid and gently place a wetted strip
onto the inside of the patient’s lower lid so
that only the smallest amount is instilled.

Positive Seidel test. Fluorescein seen
streaming down the cornea indicates an
open-globe injury. (From Krachmer JH,
Mannis M, Holland E, eds. Cornea. 3rd ed.
St. Louss; Mosby; 2010.)

: & \
‘. 1.{. -

Large corneal abrasion seen with the
naked eye. Smaller abrasions or corneal
injuries produced by keratitis or a welder’s
arc flash require slit lamp evaluation to
identify minor corneal defects.

i

Corneal abrasion as seen via a slit lamp. A
moderate-sized abrasion (arrow) is revealed
by fluorescein staining and blue light. (From
Friedman NJ, Raiser PK, Pineda R.
Massachusetts Ear & Eye Infirmary lllustrated
Manual of Ophthalmology. 3rd ed.
Philadelphia Saunders; 2009.)

9

N\

Examine the eye with a Wood lamp or a slit  The Eidolon Bluminator ophthalmic
lamp with a cobalt blue filter (shown). Check illuminator provides an intense blue LED
for areas of bright green fluorescence on the light with 7x magnification. (Courtesy of
corneal and conjunctival surfaces. Because ~ Michael W. Ohlson, OD, FAAO, and Victor J.

the naked eyes may not be able to
appreciate small defects, magnification
should be used.

25.01.2022

Doherty, Eidolon Optical, LLC.)

Vertical linear abrasions. These types of
abrasions are typically caused by a foreign
body trapped under the upper eyelid. (From
Kliegman R, Stanton B, Behrman R, et al,
eds. Nelson Textbook of Pediatrics.

19th ed. Philadelphia: Saunders; 2011.)

Biomolecules ELEC-E3260

Superficial punctate keratitis. These diffuse,
shallow corneal irregularities are caused by
chemical irritation, viral illnesses, exposure
to bright light, and many other conditions.

Herpes simplex keratitis. A classic herpetic
epithelial dendritic lesion is seen on this
fluorescein examination. (From Palay DA,
Krachmer JH, eds. Primary Care
Ophthalmology: Concepts and Clinical
Practice. 2nd ed. St. Louis: Mosby; 2005.)
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Fluorescent Proteins

Green Fluorescent Protein (GFP) can be found in jellyfishes and it shows an absorption
maximum at ~ 400nm and a fluorescence maximum ~510nm

25.01.2022

fluorescence

excitation

300 400 500 600
wavelength [nm]

GFP forms from the
residues of the serine,
tyrosine and glycine,
which are in close
proximity in the primary
sequence of the protein
(autocatalytic reaction).
GFP can be used as a
marker.

|
ange
| TagRFP, TagRFP-T

B
€

!
t

600

CONCO,
agBFP
TagCFP, Cendlean, mTurquoise

EGFP, EMGFP, mAG1, AGGFP1, Wasabi, TagGFP2 otc

Vonus, TagYFP, Citrine, Topaz. SYFP2, otc.

Diversity of proteins and mutations can cover the VIS range. Multicolor
labeling, living Hela cells (TagBFP-H2B, TagGFP2-actin, ,
, mKate2-zyxin). [Physiol Rev. 90, 1103 (2010)]

GFP is an excellent "reporter gene,”
able to attach itself to another gene
without interfering with its behavior.

Biomolecules ELEC-E3260 16



Chemiluminescence & Bioluminescence

light emission derived from a chemical reaction in which, chemically excited molecules

decay to the electronic ground state and emit photons

25.01.2022

CRIME SCENE CHEMISTRY - LUMINOL

WHAT TRIGGERS LUMINOL'S CHEMILUMINESCENCE?

)OO O O

BLOOD BLEACH FAECES URINE HORSERADISH

The reaction that triggers luminol’s chemiluminescence has to be catalysed. The iron in blood
can carry out this role, but luminol can also be oxidised by bleach to achieve the same effect.
Enzymes in faeces and horseradish can also help trigger the reaction.

HOW DOES LUMINOL REACT TO PRODUCE LIGHT?

o 0 * o

NH Base o o
H 0, + ] —_— 3 —_— B Light
NH  catalyst (o} o

NH, O NH, O NH, O
Luminol solution also contains an oxidising agent, such as hydrogen peroxide, and a base. In

the presence of a catalyst, the reaction produces energy, promoting electrons in the product to
higher energy levels, before they fall back down and release their excess energy as light.

© COMPOUND INTEREST 2016 - WWW.COMPOUNDCHEM.COM | Twitter: @compoundchem | Facebook: www.facebook.com/compoundchem @@@@
This graphic is shared under a CC BY-NC-ND licence. Luminol photo: Osajus, Flickr.com, CC-BY licence (www flickr.com/photos/osajus/12424273244/) i
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Flourescence Intensity/a.u.

6k

4kt

2kt

A

a b
(396nm) (426nm)

360

400 440
Wavelenth/nm

480
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Chemiluminescence & Bioluminescence

b G 8, o O
T v4 ATP + 02
LT
D-luciferin
Luciferase | mg*
‘ 4] /> < + PP+ AMP + CO: + Light

Oxyluciferin

How Bioluminescence Works Luciferin and

luciferin-luciferase reaction

25.01.2022

°c @ ¢ In bioluminescence, a
\ o luciferin produces light,
and a luclferase allows
the light-producing
chemical reaction to take
place.

In this reaction, the
luciferase acts as a
catalyst.

The luciferase allows
oxygen to combine with
the luciferin,

This reaction produces
photons of light...

and the oxidized luciferin
becomes inactive
oxyluciferin.

form of chemiluminescence naturally occurring in living organisms

efficient process

This little light

Firefly flashe: part of a complex
system of in: eduction — male
fireflies in the air use distinctive

pattems of flashing and

respond with a flash, after a

setinterval that signals
they are of the same
species.

Photinus pyralis,
the “Big Dipper
Firefly”

Distinctive
flash patterns of five
North American fireflies:

Photinus pyralis, the
m

marginellus

Photinus
consimi

Photinus -
granulatus

Photinus
collustrans "+

How it works

complex photonic
structure

Nearly 100 percent of the flash’s energy is
given off as light; in a standard lightbulb,
10 percent of the energy is light and the
other 90 percent is given off as heat.

duced during

NATIONAL
GEOGRAPHIC

—— Transparent
exeskeleton

Firefly Squid

-

“ . ety

Railroad Worm Hatchetfish

18



THz Region [10"?HZz]

Frequency: 10GHz 100 GHz 1THz  10THz 100 THz 1 PHz
| | | | 1

Microwave THz Infrared

| | [ [ I
Wavelength: 3cm 3mm 300um  30um 3um 300 nm

| | | | | |
Wavenumber: 0333cm13.33ecm? 33.3cm! 333cm~! 3333 cm-! 33333 cm!

Electronics Photonics

* not perceptible by the human eye

* not ionizing

* can cross many non-conducting common materials
(Le. paper, fabrics, wood, plastic, organic tissues)

25.01.2022

vibration frequencies of (bio)molecules
in THz region are related to collective
vibrations, distorted vibrations and
structural deformation

THz radiation allows contactless and
non-destructive analysis of the
materials under investigation with
resolution higher than micro- and
millimeter waves

19



THz Time-Domain Spectroscopy
(THz-TDS)

1 ” —lw
THz-TDS directly measures the transient electric field Nez J_OOE (Bye™H" dt
(rather than its intensity)

1 Q o
('b_). '§ 0
Femtosecond —— ; 8.
pulses l i Probe beam e, FET 3 o
— .: & a8
§,7.\ %'“
Delay stage Pump beam < é
19 ') ” w0 — 85 ] 15 b 4 15 3
' Time [ps Frequency [THz
Parabolic [ps] quency [T
Y ,

complex refractive 7 =n+ ik n: refractive index

THz . k : absorpti incti
: ption (or extinction coeff.)
$ I —J\/T detector | Lndex

- v
Sample dielectric §=¢& +i&, with !ﬁ = / Sﬂ/gouo ]
! permittivity
-

e

01 = EWéEy

THz-TDS can work in transmission and reflectance mode conductivity ¢ = 01 + 10, with {02 = gy (e — &)

-
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THz-TDS of Nucleotide & DNA

THz spectrum of nucleic acids reflect intermolecular collective vibrations, the lattice
vibrations and the configuration characteristics of nucleic acid molecules

Absorbance (a.u.)

o

HN)iN Guanine

)\ N

S Adenine
NH,

NZ N T T T
§ [ > os 10 15 2.0 25 30 35 4.0
N Frequency (THz)

A

Four nucleotides (adenine, cytosine,
guanine, thymine) show characteristics

bands near 3 THz [Spectrochim. Acta A:

Mol and Biomol Spec. 179, 255 (2017)]
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S,, (dB)

20+

.30

T T T T v T T T T T T T T
-10 - —— without DNA
- - - - without DNA (calc.) - ,
—— with denatured DNA ssDNA

| — - — with hybridized DNA

hybridization
denaturation

DOOOL

02 03 04 05 06 07
frequency (THz)

Frequency dependence of THz signal for hybridized, denaturated and
without DNA. THz fingerprint enables differentiation between single-
and double-stranded DNA [Phys. Med. Biol. 47, 3815 (2002)].
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THz Spectroscopy for Tumor Detection

THz-TDS is capable of distinguishing between healthy and
malignant tissues, being sensitive to:
* morphology
« water content (dielectric permittivity, refractive index,

absorption coefficient, dielectric relaxation)

b
o

ha L o
[51] (=] [54]
1 1 1

*

Refractive index
*

42
L=
1

* ﬂ¢$"
"M;,;fm_.

- 1
A onman g

« 50T

40°C

s+ 30T
20°C

¢« 10T
0c

x_-5T]

05

1.0
Frequency (THz)

15

400

Absorption coefficient (cm™)

(9]

(=]

o
1

200~

1004+

[=]

"
wn®
lllll
[} i
.....
........
="
ut

0.5

1.0
Frequency (THz)

15

Refractive index and absorption coefficient of water molecules in
the THz region, as functions of frequency and temperature.
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101 . M203T - MCF-7
' PC3 SNU-1 oA
8- A431 293T o/
] A549
—~~ 6-
‘T | 0.5 1.0 15 20
e 4] |5mC (@53K) ‘4
S
13
3 2{ |
1 ‘ Freq.
o]&‘-"z’afz:‘-m—
04 08

Frequency (THz)

THz absorption coefficient of two control samples
of DNA (kidney cell M293T and 293T) and five
types of cancer DNA: prostate cancer (PC3), skin
cancer (A431), lung cancer (A549), breast cancer
(MCF-7) and gastric cancer (SNU-1), originated
from methylation measured at -20°C [IEEE J. of Sel.
Topics in Quantum Elect. 23(4), 8600109 (2017)].
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THz Imaging for Tumor Detection

b White c d g
MRI light GFP H&E OCT TRI ppIX

B, freshly excise human
N breast cancer

Histology

0.06
0.05
0.04
0.03
0.02
0.01

0 0 10 20
Emax Eumx/Emin

THz images generated using the
maximum of the reflected pulse (E,,) and
the ratio between maximum/minimum of

the reflected pulse (E,../Evin), along with C e . : o
histology report [Opt. Exp. 17(15), 12444 Tumor discrimination in mice using (a) MRI, (b) white light, (c)

(2009)] GFP fluorescence, (d) hematoxylin and eosin (H&E) stained
images, (e) optical coherence tomography (OCT), (f) TRI and (g) 5-
ALA-induced pplX fluorescence [Sci. Rep. 6, 36040 (2016)].

contactless, non-invasive
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Complementar

25.01.2022

Atomic Force
Microscopy

10um*

Bio-Imaging
(through Transmission
spectroscopy such Electron
as fluorescence, M Microscopy
Raman, confocal)

NMR, X-Ray Scanning Electron
crystallography, Microscopy

Biomolecules ELEC-E3260
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Summary of Today

Spectroscopy: study structure and molecular arrangement through spectral response

* excitation and light emission (se. absorption, fluorescence)
» THz spectroscopy, with biomolecules showing a characteristics fingerprint

\
\
-
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