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Advanced microscopy & non-invasive imaging

1) Implant testing
2) Introduction to microscopy
3) Fluorescence lifetime imaging
4) Multiphoton microscopy
5) Raman microspectroscopy
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Implant testing

How do material design & properties influence in vivo performance or failure?

Material characterization & mechanical properties

Material-tissue interaction

Cytotoxicity, Viability

Degradation 

Functionality

Safety

>> in vitro testing, animal models, in-human performance
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In vitro & ex vivo testing

Ex vivo testing

Mechanical & surface properties

Biomechanical testing

Design

In vitro testing

2D & 3D models

3R principle: Replace, reduce, refine – alternatives to animal testing

>> organ-on-a-chip technology: models that recapitulate human physiology
dynamic conditions – blood flow simulation, exchange of nutrients & drugs
physiological cell density
personalization by patient-derived tissue models (cells, microtumors, organoids)
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Animal models

In vivo preclinical testing to bridge the gap between lab scale and translation into clinical practice

Strong regulations, confined to the 3R principle

Rodent models: mouse, rat, rabbit

Large animal models: dog, pig, goat, sheep, horse, primates

Selection of the animal model depends on the research question
proof-of-concept, degradation, safety
biocompatibility, biomechanics, long-term repair/regeneration

Limitations
>> human physiology, anatomy and immunology, mechanical loads
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Clinical testing

In-human performance & safety

Medical device clinical trials are required for all Class III medical devices and implants (EU MDR)

>> clinical evidence, clinical performance, clinical benefit ..

Only an implant or an ATMP (advanced therapeutic medicinal product)?
Tissue engineered products or combined ATMPs

CE-marked, used within the intended purpose or additional invasiveness / patient burdensome procedure?

Post-market surveillance
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Quality by design

Trend towards individualized, patient-specific products e.g. by 
additive manufacturing

‘Quality cannot be tested into products - it should be built-in or
should be by design.’

In situ tools needed which allow for

better understanding of structure-function relations
monitoring biological processes
non-destructive testing 
real-time quality assessment

https://www.designnews.com/design-hardware-software/accelerating-medical-device-innovation-using-additive-manufacturing
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Implant testing

State-of-the-art

Two implants
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Implant testing

The future

One single implant & non-

invasive online process 

control
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Implant testing

Non-invasive imaging

Advantages for biomedical imaging

Intrinsic biomarkers

No application of dyes

No tissue preprocessing/staining

Potential in vivo application

Real-time & in situ

Non-destructive

Less time consuming sample preparation

Clinical imaging

MRI

X-Ray

Tomography (CT, SPECT, PET)

Ultrasound

Elastography
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Introduction – Microscopy History

Microscope in 1872 Laser scanning microscope, today

Fraunhofer

Zeiss

Abbe

Schott

Köhler

Göppert-Mayer FörsterStokes

Zernike
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Introduction - Resolution

https://www.thermofisher.com/ca/en/home/life-science/cell-analysis/cell-analysis-learning-center/molecular-probes-school-of-
fluorescence/fundamentals-of-fluorescence-microscopy/epifluorescence-microscope-basics.html
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Introduction - Resolution

https://www.microscopyu.com/microscopy-basics/resolution

>> the resolution is dependent on the N.A.

Abbe formula:

resolved

Limit of 
detection

unresolved

Shortest distance d0 between two points that can still be distinguished as separate entities
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Introduction - Numerical Aperture

1 Object
2 Incident light
3 Objective

N.A. = “opening” of an objective

the smaller the object the more light is diffracted

to collect sharp images from small objects, the objective needs 
to collect as much diffracted light as possible

Numerical Aperture

Zeiss: Microscopy from the very beginning
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Introduction - Numerical Aperture

α1

α2

Increase N.A. of the objective
Condenser lense (4) with the same N.A. as 

the objective

Increasing the resolution

Zeiss: Microscopy from the very beginning
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Introduction – Refractive index

N.A. is dependent on the refractive index n

Increasing n due to reduction of the reflections on the microscopic devices

>> more light reaches the objective

3 Objective
5 Cover slip
6 Immersion liquid

Zeiss: Microscopy from the very beginning

Low refractive index High refractive index Refractive indices n 
of immersion liquids

Air = 1.00
Water = 1.33
Glycerol = 1.47
Oil = 1.57
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Introduction – Image contrast

Difference between the signal in one pixel and that in 
another 

Information about the shape of the specimen

Difference in signal intensity between details of 
interest and “background” 

Various physical and digital “filters” 

Contrast enhancing techniques

Köhler illumination
Phase contrast
Differential interference contrast (DIC)

Contrast
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Introduction – Image contrast

Small differences between the refractive indices of the aqueous solution (A) the cell 
periphery (B) and the nucleus (C) 

Setup: condenser with annuli matched to a phase ring

Shift of light rays are translated into intensity shifts

Ideal for thin specimens with low absorption 
-> cells

http://zeiss-campus.magnet.fsu.edu/articles/basics/contrast.html
Murphy: Fundamentals of light microscopy and electronic imaging

(A) (B) (C) 

Light

Amplitude shift

Phase shift

Phase contrast
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Introduction - Confocality

Pinhole

Fluorescent light emitted from 
one focal spot is detected

Pinhole

Fluorescent light is detected
from all focal planes

http://www.nature.com/milestones/light -microscopy
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Introduction - Confocality

Widefield
microscopy

Confocal laser 
scanning

Claxton, Confocal microscopy

Thick section of rat 
smooth muscle

Autofluorescence of 
pollen grain

Thick section of mouse 
hippocampus
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Introduction – Light-matter interaction

Light-matter interaction

Results in transmission, reflection, 
refraction, diffraction, absorption or 
scattering

Changes in photon energy are measured 
and represented in a spectrum

Microspectroscopy:
microscopy + spectroscopy
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Introduction – Fluorescence Microscopy

Fluorescence microscopy 

4',6-diamidino-2-phenylindole (DAPI)

Alexa488

Green fluorescent protein 
(GFP)
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Introduction – Limitations

Thickness of specimens

No z resolution 

Information about colocalization is insufficient

Confocal

Autofluorescence within the specimens

Limited penetration depth/long acquisition times

Quantification of fluorescence signal is limited

Wide-field

Application of fluorescence dyes

Destructive sample preparation

Use of multiple dyes is limited

No discrimination of dyes with similar excitation and emission ranges

Bleaching of fluorophores
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Introduction – Non-invasive imaging

Non-invasive, label-free microscopic imaging

Fluorescence lifetime imaging (FLIM)

Multiphoton imaging

Raman imaging

Further techniques: Scanning Ion Conductance, Optical Coherence, Holotomography, PLIM

Endogenous fluorophores 
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Fluorescence Lifetime Imaging (FLIM)
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FLIM - Basics

Every fluorescent molecule has an average time that it spends in the excited state followed after excitation

>> fluorescence life time τ

Simplified Jablonski energy diagram

Time – ns range

Maximum intensity 

35% of Maximum 
intensity 

Fluorescence lifetime τf

In
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Fluorescence decay curve
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FLIM - Basics

FLIM uses contrasts based upon fluorescence lifetimes  for image 
construction

Lifetime τf is specific for a fluorophore

Based on τf multiple dyes can be distinguished in one channel at 
high detector sensitivity (multiexponential decay fitting)

FLIM can be used for:
Ion concentration imaging
Chemical microenvironment (pH, protein-binding…)
Quantitative fluorescence measurements

http://www.biology.uiowa.edu/microscopy/pdf/FLIM_Basics_iowa.pdf
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FLIM – Detection modes

>> Measurement of the phase shift Δϕ of fluorescent light with respect to the phase of a modulated excitation 
source

Commonly used with wide-field microscopy

Emission is delayed relative to the excitation wave

Van Munster, 2005

http://www.olympusfluoview.com/applications/flimintro.html

Frequency-domain FLIM
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FLIM – Detection modes

Time-domain FLIM

>> Measurement of the time-dependency of fluorescence intensity with respect to a short excitation pulse 

Use of a pulsed light source

Time-correlated single photon counting (TCSPC) or time gating

Pawley: Biological confocal microscopy

http://www.olympusfluoview.com/applications/flimintro.html
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FLIM – endogenous & exogenous markers

Fluorophore Solvent	 Excitation	
max	[nm]

Emission	
max	[nm]

Lifetime	
[ns]

Endogenous
Tryptophan Water 295 353 3.1
Tyrosine Water 275 304 3.6

Phenylalanine Water 260 282 6.8
NADH Water 350 460 0.4
FAD Water	 450 525 4.7
FMN Water 450 525 2.3

Exogenous
ATT0	565 Water 561 585 3.4

Rhodamine	B Water 562 583 1.68
Cy3 PBS 548 562 0.3
Cy5 PBS 646 664 1
DAPI TRIS/EDTA 341 496 0.16
FITC PB	pH	7.8 494 518 4.1

Fluorescein PB	pH	7.5 495 517 4
GFP Buffer	pH	8 498 516 3.2

Hoechst TRIS/EDTA 336 471 0.35
Lucifer	yellow Water 428 535 5.7

We can excite 

Chen, L.-C., Lloyd 3rd, W. R., Chang, C.-W., Sud, D. & Mycek, M.-A. Fluorescence lifetime imaging microscopy for quantitative biological imaging. Methods Cell Biol

Schenke-Layland, J. Biophotonics 2008
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FLIM - NADH

Reduced Nicotinamide adenine dinucleotide (phosphate)

Important cofactor in cell metabolism

Free NAD(P)H: short lifetime τ1

Protein-bound NAD(P)H: long lifetime τ2

Typical values: τ1~ 700 ps and τ2 ~ 2600 ps

Hypothesis: 

lifetime and contribution changes with disease

Becker, Wolfgang: The bh TCSPC handbook. 6th. Becker & Hickl GmbH, 2015

FLIM of NADH – ATP production 
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FLIM - NADH

FLIM of NADH – ATP production 

Glycolysis

Oxidative phosphorylation 

Krebs cycle 

NADH free
NADH protein bound
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FLIM 

FLIM parameters enable the metabolic evaluation of the inquired specimen  

Immunosuppressive drugs

VEGF

Pancreatic niche molecules

http://www.drive-project.eu/

DRIVE
Diabetes-Reversing Implants for enhanced viability and long-term efficacy

>> Islet transplantation < 5 years insulin independency 
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FLIM – Hypoxia in pseudoislets

Zbinden & Carvajal et al. Journal of Biophotonics (2020)
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>> Hypoxia “overload” as metabolic response to glucose
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FLIM - Summary

Intensity-independent information from fluorescent molecules

Imaging of protein-bound and free metabolites

>> Label-free metabolic profiling of cells

Sensitive to the fluorophores microenvironment
>> new ways for life scientists to detect, visualize, and investigate structure and function in biological 
systems
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Multiphoton Microscopy
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Multiphoton microscopy - History

Maria Göppert-Mayer predicted multiphoton 
absorption in 1931

Practical proof was not possible by that time

In 1961 first laser systems enabled to proof her 
theory

Maria Göppert-Mayer
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Multiphoton – Resolution & Background

Ishikawa-Ankerhold HC, Molecules. 2012 Apr 2;17(4):4047-132..

Single-photon 
excitation 

Multiphoton 
excitation

Laser focus

Nonlinear optical process
Simultaneous absorption of photons of the same wavelength

Excited region is limited to a subfemtoliter volume

Fluorescence is only generated in the focal plane
No pinhole needed

No absorption in out-of-plane areas
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Multiphoton microscopy - SHG

Two photons interact with non-linear material

>> One photon with exact the double frequency is emitted

Virtual transition >> no bleaching

SHG is energetically neutral >> no loss of energy 

SHG intensity is proportional to the square of the incident light intensity 

SHG-process happens within femtoseconds

M. Kozak et al. Physica E, 2012 
Pentazis et al., PNAS 2010

Second harmonic generation (SHG)
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Multiphoton microscopy – SHG

SHG imaging

Imaging of structural macromolecular organization in tissues 

Endogenous SHG is known for certain non-centric symmetric molecules that form microfibers and fibrils 
(collagens, microtubuli and myosin) 

A cylindric structural organization is common in all SHG-active molecules 

collagen in a rat tail

mictrotubuli

Skeletal muscle fibers

Vanzi, J. Biomed. Optics, 2012
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Multiphoton microscopy - TPEF

Two-photon excited fluorescence (TPEF)

Pentazis et al., PNAS 2010

Two photons with near-infrared frequency (700-1200 nm) are absorbed simultaneously and excite together 
the emission of blue, red or green fluorescence

Excitation frequency is lower than in SHG imaging 

Molecules experience an excited stage 

TPEF happens within nanoseconds

TPEF is connected with a loss of energy

Accessible to all ‘autofluorescent‘ molecules

e.g. elastin, NAD(P)H
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Multiphoton microscopy – Transplanted heart valves

collagen fibers
elastin

green:
λex 800 nm
SHG signal of collagen fibers

red:
λex 740 nm
TPEF of elastic fibers & cells

Biermann, Marzi et al, Europ J Cadiothorac Surg, 2018
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Multiphoton Imaging - Summary

Label-free imaging of intrinsically fluorescent & SHG-active molecules

Advantages in measurements of thick tissue specimens

>> deeper penetration (in vivo deep tisue imaging)

>> less fluorescence background

>> less phototoxicity, photobleaching

>> less scattering

http://www.jenlab.de/MPTflex-R.114.0.html
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Raman Microspectroscopy
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Raman microspectroscopy – Basics

Light scattering

One photon is absorbed another one is emitted at the same time
Most emitted photons have the same energy as the incident light (elastic scattering)

few photons are shifted in their frequency (inelastic scattering)

Stokes scattering refers to photons shifted towards red (lower energy)
Photons with an increased energy correspond to Anti-Stokes scattering

Chandra. Venkata Raman
(* 1887, † 1970)
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Raman microspectroscopy

>> spectral analysis of the wavelength and intensity of inelastic scattered light from molecules
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Raman microspectroscopy - Instrumentation

Basic setup

Light microscope

upright or inverted

sample stage

Light source

Laser (NIR, green)

Filter/Mirror system to split the photons

beam splitter

notch filter

Spectrometer

Detector (CCD camera)
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Raman microspectroscopy - Basics

Diffraction grating

wavenumber
1

wavenumber
2

wavenumber
3
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Raman spectrum
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Raman microspectroscopy

Advantages

non-invasive & marker free

various samples (chemicals, materials, biological samples)

non-destructive

no sample preparation

Imaging AND molecular analysis

in situ measurement

>> ideal conditions for real-time quality control of tissue engineered products

Limitations

Raman scattering is a rare event

Long measurement times and strong lasers are required
(for biological samples)

Risk of sample burning

Autofluorescence of the sample can obscure the Raman 
scattering

Lack of comprehensive database for biomolecules
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Raman microspectroscopy – Analysis

Spectral analysis



Department für
Frauengesundheit

51 |  

Raman microspectroscopy – Cell Analysis

Analysis of bacterial species

Applications:

Quality control for food and pharmaceuticals

Diagnosis of infections
e.g. epidemiology of nosocomial infections
(River® diagnostics, SpectraCell RA)

Advantages:

Short incubation times (microcolonies)

analysis on the single cell level
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Raman microspectroscopy

Spectral mapping

Acquisition of a spectral map

>> every pixel is assigned to a single spectrum

Color-coded image generation

sum filter

multivariate analysis tools (PCA, TCA)
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Raman microspectroscopy – Tissue Analysis

Scale bars = 20 µm

Q
M

contractile proteins ECM nuclei

G
M

G
M

 +
 T

G
Fβ

QM: Quiescence Medium
GM: Growth medium

Monitoring of ECM remodeling under different culture conditions

GM+TGFβ treated SMC rings exhibit ideal tissue formation
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Marzi et al, Acta Biomat, 2019
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Raman microspectroscopy - Summary

Optical detection of molecular vibrations in any sample

Marker-free method for cell/tissue monitoring in vitro

Biological samples result in very complex spectra

>> multivariate analysis (e.g. PCA-based methods) 

Imaging with biochemical contrast

Clinical applications

https://www.osa-opn.org/news/raman-ibd/ 
http://www.riverd.com/skin-analysis
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Thank you for your attention!

julia.marzi@uni-tuebingen.de
www.schenke-layland-lab.com
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