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My objectives for this course

▪ Familiarize with the fundamentals of different imaging modalities used in 
cancer research

▪ Develop an engineering approach to the design and development of tools 
and methods in cancer imaging

▪ Get some hands-on practice with imaging tools, acquisition process, 
reconstruction, analysis

▪ Be able to better understand papers and talks in Cancer Imaging

▪ Build up a bit more background to make an informed decision about what 
research group to join.



A few important notes about my class

▪ My class is active and interactive: ask questions and don’t by shy to answer!

▪ I’d like to cater as much as possible to what you want to get out of the class

▪ This is still just the beginning of the program so it’s even more important for 
you to let me know what you found useful and interesting and what should 
be cut / added for next year.

▪ How is this different from an undergrad class?  How is it different from a 
typical graduate level class?



Schedule + grading rubric

This week: Optics (1.5 days) + Acoustics
2nd  week: Nuclear imaging, X-rays, Paper
3rd week:  Magnetic resonance, hands-on activity

Assignment % of grade

Problem Sets 65%

Class Participation 35%

Total 100%



Quick round of intros

▪  Your name

▪ Why did you choose to enroll in this new Cancer Engineering PhD program?

▪ What are some of the main things you’d like to get out of this class?

Take 1 min to think about it and we’ll go around the room very quickly 



Questions?



Common aspects of all imaging

1. Source of signal
➢ Light, sound, radioactive decay, magnetic moment etc.
 

2. Method of detection
➢ How does the signal get captured?
➢ How is the signal processed/converted into interpretable data
 

3. Generation of images
➢ What creates contrast?
➢ Signal to noise ratio (SNR) considerations
➢ Does contrast represent a qualitative or quantitative metric?
➢ Is the contrast coming from a material property or a biological 

function?



In optics the source of signal is light
▪ Light is a particular form of energy

▪ Moving charges create an oscillating electric 
field, which creates an oscillating magnetic 
field (or other way around)

A few important parameters for us:
• Amplitude
• Wavelength / Frequency
• Direction of propagation
• Phase
• Polarization 
• Speed



Light wave properties

What property of light do we perceive as brightness?

What property is the color?

What determines the speed of light? 

➢ Light waves interfere creating amplification of intensity (constructive 
interference) or reduction of intensity (destructive interference)

𝑣 = 𝑐/𝑛 𝑣 =  𝜆 𝑓 



Electromagnetic spectrum



Light particle properties (glimpse at quantum picture)

Color is still related to the frequency of the light

The energy of a photon is proportional to its frequency: E = ℏ f

Intensity is proportional to number of photons per area:

1801 1909 (photons) / 
1961 (electrons)

https://www.bu.edu/articles/2016/single-photon-avalanche-
diode-camera/



Interaction of light with matter

➢ We learn about biological matter based on how it interferes with light 

➢ We use these properties to design instruments to guide light and develop 
microscopy tools

What kind of interactions exist between light and matter?

▪ Reflection

▪ Transmission

▪ Absorption

▪ Refraction

▪ Diffraction

▪ Scattering



Light → Matter interaction one step deeper

Transmission: Electrons absorb the radiation and 
    perfectly  re-emit it to the neighboring 

   electrons until the light leaves the 
    material. 

Reflection:  Electrons absorb radiation and re-emit 
   phase-shifted by 180° Light therefore 
   is seen traveling back.

Absorption: Electrons and atoms absorb the radiation and do not reflect it back. The 
   energy is turned into vibration and heat (usually).

Refraction: Electrons absorb the radiation and re-emit it with a phase shift and a change 
  in speed.



Light → Matter interaction one step deeper

Snell’s law:  𝑛1 sin𝜃1 =  𝑛2 
sin𝜃2

n is the index of refraction and is based on the 
dielectric properties of the material.

n is wavelength-dependent!  This is called 
dispersion

Cauchy’s equation

The speed of light in the medium depends on the index of refraction. As does the 
wavelength, but not the frequency.

𝑣 𝑛 =
𝑐

𝑛
𝑣(𝑛)  =  𝜆(𝑛) ⋅  𝑓 



Light → Matter interaction one step deeper

In reality n is complex:

→ Real part corresponds to refraction

→ The imaginary part corresponds to absorption/extinction

Wave number:

Absorption coefficient: 

Penetration depth: 



Total Internal Reflection

Snell’s law:  𝑛1 sin𝜃1 =  𝑛2 
sin𝜃2

𝜃𝑐 =
 
arcsin(

𝑛2

𝑛1
)

Adv. Sci. 2022, 9, 2200456
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Evanescent wave and TIRF microscopy

Evanescent wave:  Even though no light propagates in the lower refractive index 
     medium, some EM energy seeps in and decays exponentially away 

    from the surface. 



Interaction of light with matter

✓ Reflection

✓ Transmission

✓ Absorption

✓ Refraction

▪ Diffraction

▪ Scattering

What kind of interactions exist between light and matter?
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Interaction of light with matter

Scattering:  In the context of optics, it’s the collision of light and a particle 
   (very broadly) 

𝛼 =
𝜋 𝑑

𝜆

𝛼 << 1: Rayleigh scattering
𝛼 ~ 1: Mie scattering
𝛼 >> 1: Geometric scattering

Scattering can be:

▪ Indicative of the presence of cells/biological 

matter of interest

▪ We can quantitatively describe the scatter and 

learn about the underlying biological properties

▪ An obstacle to the desired imaging 

Boltyanskiy et al, Scientific Reports, 2022



Let’s take a step back

Rayleigh scattering



Optical properties of biological tissues



Optical properties of biological tissues

µs‘ = reduced scattering coefficient 

Solid line = Rayleigh scattering component
Dotted line = Mie scattering component

Main take away: Generally, much 
    less scattering at 
    higher wavelengths



Optical properties of biological tissues

A few take aways

▪ Skin generally scatters more. Need ways 

around it to image tissues

▪ Diversity of results for scattering of different 

tissues

▪ Soft tissues overall scatter less than fibrous 

tissues



Optical properties of biological tissues

A few take aways

▪ Here is roughly what’s behind the 

optical finger oxygen meters

▪ Overall less absorption at higher 

wavelengths

Quick demo: use flashlight



Examples research of optimizing tissue refractive index

https://www.science.org/doi/10.112
6/science.adm6869

https://www.science.org/doi/10.1126/science.adm6869
https://www.science.org/doi/10.1126/science.adm6869


Microscopy tools
Light sources: 
▪ White light:   LEDs and incandescent bulbs
▪ One color + coherence: Lasers 

Lenses, mirrors etc

Cameras



Microscopy tools
Lenses: Focus and collimate light based on Snell’s law (and Len’s Maker’s formula)
  Carry and transform imagine information (such as magnification)



Microscopy tools
Lenses: Focus and collimate light based on Snell’s law (and Len’s Maker’s formula)
  Carry and transform imagine information (such as magnification)

https://global.canon/en/technology/s_labo/light/003/02.html



Microscopy tools
Lenses: Focus and collimate light based on Snell’s law (and Len’s Maker’s formula)
  Carry and transform imagine information (such as magnification)

M = 
𝑑𝑖

𝑑𝑜

1

𝑓
=

1

𝑑0
+

1

𝑑𝑖
 

Lens-maker’s formula: Thin lenses: Magnification



Microscopy tools: combination of lenses

Combinations of lenses can be used to relay and magnify and image

This is the fundamental principle behind compound microscopes



Bare bones of a microscope

▪ Lenses are placed at focal 
lengths from each other.

▪ Can resize a beam with 2 
lenses at focal lengths 
apart (magnification = ratio 
of focal lengths)

▪ Due to dispersion, the 
exact workings of all optics 
will be wavelength 
dependent!

Dion, Sylvere & Agre, Don & Akpa Marcel, Agnero & Zoueu, Jeremie. (2023). Multiplane Image Restoration Using Multivariate 
Curve Resolution: An Alternative Approach to Deconvolution in Conventional Brightfield Microscopy. Photonics. 10. 163. 
10.3390/photonics10020163. 

Soliman, Dominik. (2016). Augmented microscopy: Development and application of high-resolution optoacoustic and 
multimodal imaging techniques for label-free biological observation. 10.13140/RG.2.2.24410.03525. 



Upright vs. Inverted Microscopes

https://www.edinst.com/blog/illumination-techniques-in-optical-microscopy/



Little history break: first microscopes

Ni
ko
n 
~1
92
0

Letters, however small and dim, 
are comparatively large and 
distinct when seen through a 
glass globe filled with water.
Seneca (c. 4 BC – AD 65)

Zacharias Janssen (1585–c. 
1632) and his father Hans are 
thought to have made one of 
the earliest (c. 1600) compound 
microscopes

Leeuwenhoek (1632–1723) made simple one-lens 
microscopes using small, high-quality lenses that 
he ground himself. Leeuwenhoek observed animal 
and plant tissues, protozoa, human sperm and red 
blood cells etc

Robert Hook 
Microscope, 1665 

First picture illustrating use of a 
microscope ~1686



First microscopes

Joseph Lister 
(1786–1869) and 
his son: doctor 
and engineer.  

First achromatic 
lenses (minimizing 
dispersion) N
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➢ The invention of a microscope completely revolutionized cell biology.

➢ This is our dream in Cancer Engineering: to revolutionize cancer research and patient 
care through novel tools and technologies.



How to fix dispersion and spherical aberrations?

Dispersion Spherical aberrations

Modern objectives often have numerous combinations of lenses that try to compensate 
both of these effects



The anatomy of an objective

The objective is one of the most important choices when designing an imaging system



Important imaging / microscopy concepts

Resolution:

This blurred image of a feature is called the point spread function (PSF)

The PSF comes from all imperfections in the optics combined.
 
Cutting off part of the light from the finite size of objective is a 
bit part of it

Airy disk

the ability to distinguish 2 features close together



Important imaging / microscopy concepts

The objective doesn’t capture all of the light and the sample 
scatters light as well. Both of those contribute to the loss in 
resolution:

Numerical aperture (NA) = 𝑛 𝑠𝑖𝑛(𝜃)

Where n is the refractive index of the immersion medium
High NA = better resolution

Microscopy resolution: ∆𝑋 ≈
𝜆

2 𝑁𝐴

▪ Exact numbers depends on how you define overlap of Airy disks
▪ Higher NA means better resolution
▪ Imaging with lower frequency / higher wavelength gives better 

resolution
▪ This is just an approximation. Other optics aberrations can 

degrade the resolution.



One more word on objectives

Working distance of an objective (WD) is the 
maximum distance between the surface of the 
objective and the closest surface of the glass slide



https://www.photometrics.com/learn/imaging-topics/what-
happens-when-light-hits-a-pixel

The most fundamental working principle of all cameras is the 
photoelectric effect
▪ Light is incident on camera chip (usually silicon), electrons 

are released from the surface
▪ The number of electrons released is proportional to the 

intensity of the light
▪ The released electrons generate a current that is then 

converted into an intensity level displayed to the user

CMOS sensors:  Complementary Metal Oxide Semiconductor
    Each pixel has an amplifier
    Usually more noise, but cost-effective and light 

CCD sensors: Charged coupled devices
   Each pixel is a photodiode and collects it’s photoelectrons
   Usually produce better resolution

Basics of cameras



Signal to noise ratio (SNR)

▪ Just like every measurement has an error bar and the measurement is only 
meaningful with an error bar, every image has noise.

▪ In optics:
S = total signal (total number of photons)
σs = photon shot noise
σD = dark noise
σR = read noise

σs = photon shot noise: quantum nature of light (1/√N)
σD = dark noise: electronic noise from thermal fluctuations in a camera
σR = read noise: noise in converting charge to pixel value

▪ In practice, you also have extraneous signal from non-relevant sources 
contributing to the noise



Signal to noise ratio (SNR): example

▪ Think of 3 different ways to define SNR of the following image.
▪ Identify at least one pitfall of each



Reminder of where we are: common aspects of all imaging

1. Source of signal
➢ Light, sound, radioactive decay, magnetic moment etc.
 

2. Method of detection
➢ How does the signal get captured?
➢ How is the signal processed/converted into interpretable data
 

3. Generation of images
➢ What creates contrast?
➢ SNR and not signal is what matters
➢ Does contrast represent a qualitative or quantitative metric?
➢ Is the contrast coming from a material property or a biological 

function?



Widefield microscopy

Transmission: The light detected in the camera (or eye piece) is what 
   the sample transmitted. (bright = less scattered etc)

Reflection: The light detected is what’s reflected from the sample

Brightfield 

Darkfield: Block any light that’s transmitted and only keep what has 
   been scattered by the sample



Transmission



Darkfield



Widefield microscopy: phase imaging
Phase: Use the fact that samples can change the phase of light to create contrast 

Undiffracted

Diffracted

90°Phase plate

Idea of phase imaging: Make it such that light that did not interact with a sample  
     interferes destructively and disappears. This occurs through a 
     phase plate (or multiple).

Fritz Zernike got the Noble Prize for this in 1953



Phase

90°Phase plate



Widefield microscopy: phase imaging
Phase: Use the fact that samples can change the phase of light to create contrast 

https://www.thermofisher.com/us/en/home/life-science/cell-analysis/cellular-imaging/cell-imaging-systems/evos-
objectives/selection-guide-evos-objectives.html

https://moticmicroscopes.com/blogs/articles/phase-
contrast-by-motic



Widefield microscope: beyond transmission
DIC: Differential interference contrast. Use polarization to separate beams of light and 

 utilize phase delays caused by the sample to create contrast.



Quick recap

Some aspects of light we have discussed

Amplitude

Frequency / wavelength

Direction of propagation

Phase 

Speed

Polarization

Which aspect is most relevant in the following imaging techniques

Transmission

Phase

DIC

Reflection

Darkfield



What is not a widefield scope? A confocal
Confocal:  A selective way of imaging a thin slice of a sample. 

https://www.youtube.com/watch?v=FJbn_eXzA4o
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What is not a widefield scope? A confocal
Confocal:  A selective way of imaging a thin slice of a sample. 

https://www.youtube.com/watch?v=FJbn_eXzA4o
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https://www.ptglab.com/news/blog/if-imaging-widefield-versus-confocal-microscopy/

While the signal may be decreased, the contrast and resolution are usually better.

Confocal imaging

Benefits and drawbacks?



Exercise: to build the bare bones of a simple microscope

M



Exercise: to build the bare bones of a simple microscope

light
Collect 

light
Focus 
light

sample
Collect 

light
Resize 
beam

Project on 
screen

Transmission

Part 1:  Break up into groups of 2 or 3 and draw where you would put the  
  lenses to project a transmission image (5 minutes)
  Can use handout as a guide 
  You have four plano-covex 60mm lenses, one plano-covex 125mm lens



Darkfield

light
Collect 

light
Focus 
light

sample
Collect 

light
Resize 
beam

Project on 
screen

Exercise: to build the bare bones of a simple microscope

Part 2:  In the same groups discuss what and where you would need to add to 
 the system to turn it into darkfield imaging.



Darkfield

light
Collect 

light
Focus 
light

sample
Collect 

light
Resize 
beam

Project on 
screen

Iris with 
opening 

Block transmitted 
light via beam block

Exercise: to build the bare bones of a simple microscope

Part 2:  In the same groups discuss what and where you would need to add to 
 the system to turn it into darkfield imaging.



Exercise: to build the bare bones of a simple microscope

Objective #1:  Build a simple transmission microscope and project the 
    image of your sample (letter) on a far placed screen 
    

Objective #2:  Convert your setup into a darkfield microscopy and  
    demonstrate that you are imaging scattered light almost 
    exclusively 
    (In addition to lenses, have an iris and a beamblock)

Tips:  → Feel free to use the cheat sheet of suggestions
  → Make sure everyone has a part in the building 



Fluorescence imaging



Fluorescence imaging
Fluorophore:  Usually a small molecule or a protein that has ”excitable” electrons which 

  absorb one frequency of light and emit another. 

Electron in 
the ground 

state

Electron in 
the excited 

state

The frequency of light that illuminates 
the fluorophore is called the excitation 
frequency.

The frequency of light that is emanated 
is called the emission frequency.

The length of time the electron is in the 
excited state is called its lifetime.  

➢ Excitation frequency is always higher than the emission frequency
➢ Excitation wavelength is always lower than emission wavelength

E = ℏ f

𝑣 =  𝜆 𝑓 



Fluorescence imaging
GFP:  Green fluorescent protein

2008 Noble prize in 
chemistry

Different variants but most common one is 
illuminated in blue and fluoresces in green

At this points, probably hundreds of 
fluorescent dyes, proteins etc with the 
possibility to conjugate to different cell 
proteins / components.



A few important fluorescence properties 
Photobleaching: The fluorescent molecules don’t last forever. With more excitations 
    they break and deform disabling the fluorescence mechanism.

➢ High laser intensity and longer imaging duration will dim images

➢ Most applications want to avoid it, but in several cases it’s a usual feature
➢ Background fluorescence can sometimes be bleached for better SNR
➢ FRAP: fluorescent recovery after photobleaching is an imaging technique 

Autofluorescence: Fluorescence of the naturally    
    abundant molecules in cells / tissues of interest



Fluorescence Imaging in Cancer Research
In vitro vs. In vivo

In vitro: “On a glass slide” which usually means with cultured cells, or thin tissue sections
▪ Could be live cells or stained
▪ Often a combination of fluorescently tagged cells components and a 

corresponding phase image of entire cell
▪ Static or dynamic

Example: COS7 mitotic cells. 

➢ Chromatin (cyan, mCherry)

➢ mitotic spindle (yellow, EGFP), 

➢ Golgi apparatus (red, Atto647N) 

➢ mitochondria (green, AF532)

➢ actin filaments (magenta, SiR700)

https://www.leica-microsystems.com/science-lab/cancer-
research-image-gallery/



Fluorescence in-vitro applications span wide areas of cancer

Labeling antibodies: By fluorescently tagging specific antibodies one can track the 
     proteins of interest (both in vivo and in vitro).
     → Development and identification of cancer biomarkers 

Tagging signaling pathways: Ras, PI3K and other common cancer-related proteins 
      can be tracked when tagged with one of the   
      fluorophores we discussed

Viability assays: Certain dyes only become permeable when cells dye allowing for 
    viability assessment 

Light up ECM: Extra-cellular matrix can be visualized either by fluorescently labeling 
   ECM components (collagen etc) or by tracer particles

Labeling specific cells: Can genetically modify cells to express GFP for example and tag 
    their growth / migration etc 



Fluorescence in-vitro applications span wide areas of cancer

Tracking immune response:  Can tag cancer target cells and thus monitor efficiency of 
       immune clearing.
       Can tag immune-specific molecules like PD-1, PD-L1 and 
       track the initiation of an immune response.

Tagging stem cells: Can tag stem cell biomarkers (CD44 or CD133) and look at the  
     progression from stem cells to tumors etc
     FACS is a fluoresncence-based protocol commonly used to sort 
     cancer stem cells

Many others of course!



Fluorescence in-vivo applications

Intravital Imaging:  Basically in-vivo microscopy, often fluorescence based

How do you image inside of a person or animal?

▪ Make sure the fluorescent signal (excitation and emission) penetrate through tissues
➢ Use confocal or multi-photon imaging with “regular” fluorophores
➢ Use fluorophores that penetrate deeper into tissues 

• Bioluminescence
• NIRF / SWIRF

▪ Create a window to image through
➢ Fix a window (usually in animals) 
       for imaging
➢ Surgically open the tissue to 
 visualize tumor



Fluorescence guided surgery



Window for intravital imaging



Two-photon / Multiphoton microscopy

https://www.neurotar.com/contract-research/two-photon-microscopy/

In-vivo calcium imaging



Advantages and costs of multiphoton microscopy 

Multiphoton:  Each photon is lower energy → Each photon is higher wavelength

▪ Deeper tissue penetration
▪ Lower toxicity

▪ Higher costs / complexity
▪ Longer imaging time
▪ Resolution

E = ℏ f 𝑣 =  𝜆 𝑓 



NIRF / SWIRF
NIRF: Near infrared fluorescent imaging (~ 700 – 1400 nm) 
SWIRF: Short wave infrared fluorescence imaging (~ 1400 – 3000 nm)

▪ Deeper penetration:
➢ Less scattering
➢ Less absorption

▪ Less tissue autofluorescence in this range, hence better SNR 



NIRF / SWIRF probes
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Optical imaging holds great promise as an ideal modality 

for cancer imaging. Light signals emitted from biological 

tissues present molecular information that is related to the 

pathophysiological change. Near-infrared fluorescence 

(NIRF) imaging, with high sensitivity and multi-detection 

capability, is an attractive modality for early cancer detec-

tion among potential optical imaging technologies. This 

approach basically depends on a fluorescence probe with 

emissions in the NIR region. In this region (650–900 nm), 

lower tissue autofluorescence and less fluorescence extinction 

enhance deep tissue penetration with minimal background 

interference.4

Nanotechnology significantly facilitates the development of 

both therapeutic and diagnostic agents. Theranostic nanomedi-

cine, the integration between diagnosis and treatment, takes 

advantage of imaging and therapeutic functions to simultane-

ously detect and treat disease. Thus, it allows for successive 

determination of agent distribution, release, and efficacy, which 

is anticipated to achieve personalized medicine.5–7

Strong interest has been attracted in bioimaging and thera-

peutics of NIRF probes in the last two decades. Numerous 

novel NIRF dyes with fine photophysical properties have 

been developed. These dyes can easily be conjugated with 

various moieties such as small molecules, nucleotides, 

double-stranded deoxyribonucleic acid (DNA), DNA prim-

ers, amino acids, proteins, and antibodies to acquire specific 

targeting abilities.2 Due to convenient modification by conju-

gating with moieties of interest, NIR dyes are ideal candidates 

for cancer imaging with high specificity and sensitivity. 

Nanoparticles (NPs) containing NIRF dyes and anticancer 

agents contribute to the synergistic management of cancer. 

Moreover, novel NIRF dyes alone can be utilized as effective 

agents for photothermal and photodynamic therapy.

This review aims to provide a timely and essential update 

on emerging NIRF dyes and multifunctional agents. Their 

potential uses for cancer-specific imaging, lymph node 

mapping, and therapeutics are included. These advances have 

widely extended current concepts of cancer theranostics by 

NIRF imaging.

Classific

a

t ions  of  organi c NI RF dy es
Although NIRF dyes attract intensive attention in bioimaging, 

only a few of them are readily available owing to poor 

photostability and hydrophilicity, and difficulties of signal 

capture in heterogeneous tissues in vivo. Extensive research 

has been focused on the redesign and adaptation of NIRF 

dyes to overcome these limitations. Great effort has been 

made to develop new NIRF dyes with better photostability 

and strong fluorescence emission. Parts of the hydrophobic 

dyes are improved, with stronger hydrophilicity to decrease 

self-aggregation. These new dyes show high potential for 

biomedical imaging. Herein, NIRF dyes are classified into 

several categories, including cyanines, rhodamine analogs, 

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPYs), 

squaraines, phthalocyanines, and porphyrin derivatives and 

other related dyes in light of their NIR organic fluorophore 

platforms.8 The basic chemical structures of these dyes are 

presented in Figure 1.

Cyanine dyes
Cyanine dyes were first developed by Williams in 1856. 

Indocyanine green (ICG), for instance, is a tricarbocyanine 

dye that was permitted by the US Food and Drug Administra-

tion (FDA) for medical diagnostic application over 50 years 

ago.9 Typical cyanine dye contains two nitrogen-containing 

heterocycles as charged chromophores, each conjugated 
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Figure 1 Basic chemical structures of NIRF dyes.
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and low toxicity to normal cells. 45 A self-quenching  

composite was constructed by conjugating galactosyl human 

serum albumin (hGSA) and NMP1, a bacteriochlorin-based 

NIRF dye. The complex selectively linked to the D-galactose 

receptor of ovarian cancer cells and 75% of 555 peritoneal 

ovarian cancer metastases and was detected by hGSA-NMP1.46  

Although significant progress in NIRF probe design and their 

biological applications has been made, they are still fledgling 

compared to visible light optical imaging and many challenges 

remain in the development of clinically available NIRF dyes.

NP-based NIRF probes
Advances in nanotechnology facilitate the development 

of complex multicomponent nanomaterials, significantly 

contributing to the fast growing biomedicine branch. 

Great pro gress has been made in the field of NP-based 

probes for cancer theranostics. Newly developed probes 

 selectively accumulate in malignant lesions via the enhanced 

permeability and retention (EPR) effect of tumor micro-

 vasculatures,47,48 and bind to specific receptors on cancer 

cells through  corresponding ligands in NPs. Thus, NP-based 

NIRF probes, such as NIRF dye-containing nonmetallic NPs, 

NIRF gold nanostructures, and quantum dots (QDs), attract 

strong interest as platforms for early-stage cancer detection 

(Figure 2). Three main types of these fascinating probes 

developed in recent years are described below.

NIRF dye-containing nonmetallic NPs
NIRF dye-containing nonmetallic NPs are based on nano-

materials of polymer and inorganic matrices that confine 

various NIRF dyes. Organic NIRF dyes are typically 

embedded through non-covalent or covalent combination to 

shape functional NPs with a core–shell architecture. Owing 

to the protective architecture, these probes show enhanced 

photostability and biocompatibility, low self-aggregation, 

bright fluorescence signal, with bioconjugation that is 

easily tunable.49

Different routes to obtain functional NIRF nonmetallic 

NPs have been employed in recent years. ICG molecules 

with a polyethylenimine moiety were incorporated into a 

Quantum dots Nonmetallic nanoparticle s

Targeted dye

NanodotsNanorods

Cleavage

Luminescent

Dark dyes due to

quenching effect

Activatable dyesNanotubeNanocluster

Targeted dye

Figure 2 Structural characteristics of nanoparticle-based NIRF probes.

Notes: QDs are comprised of a core/shell structure and a coating that minimizes their potential toxicity. Furthermore, specific moieties with targeting ability can be linked 

to the surface. Nonmetallic nanoparticles include dye-loaded micelles and polymer-based structures that retain NIRF dyes inside or on the surface. Nanorods, nanodots, 

nanoclusters, and nanotubes are mainly developed using gold nanomaterials. Most of the targeted dyes are linked with moieties that have selective binding activity. Activatable 

NIRF dyes originally have little flu

o

r escence emi ssi on;  wh en di si nt egrated,  these dyes emi t strong fluo

r

escence.

Abbreviations: NIRF, near infrared flu

o

r escent ;  QDs ,  quant um dot s.
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enzymatic cleavage, which disintegrates the probes into 

fluorescent dyes. In that circumstance, initial dark probes 

due to quenching effects are activated and restore the ability 

of fluorescence emission. Besides, NPs can also function as 

carriers by specific receptor identification and/or EPR effect 

to avoid the direct conjugation of fluorophores and target 

sites. Therefore, the development of probes with targeting 

ability holds great promise in targeted cancer imaging and 

related therapeutic applications.

Native NIRF dyes with tumor-targeting ability

Several native NIRF dyes have been demonstrated with 

unique tumor-targeting capability without conjugation 

to guiding moieties or incorporation into nanostructures. 

Currently, heptamethine indocyanine dyes such as IR-780 

iodide, IR-783 (Figure 3), MHI-148, and porphyrin deriva-

tives Pz 247, are identified with preferential accumulation 

in cancer tissues, displaying great advantages over the com-

mon fluorescent dyes, like ICG.104 Although the mechanism 

accounting for the specific accumulation and retention of 

these dyes remains unclear, the implications of mitochondrial 

membrane potential, organic-anion transporting polypeptides 

(OATPs), and EPR effect in this process have been illustrated. 

These natively multifunctional NIRF dyes extend our under-

standing in tumor-targeted imaging.

NIRF NPs with specific

 

target ing abi lity
Most of the NIRF dyes require conjugation with targeting 

moieties to obtain specific binding abilities. These probes 

are first applied as fluorescent biosensors for real-time 

tracing of glucose,105 metal ions, and anions.106,107 With 

the rapid development in bioimaging, targeted NIRF 

probes are introduced for cell labeling and tracking in 

the physiological conditions108 as well as morphological 

and functional evaluations in cancer cells and interstitial 

tissues, such as the surveillance of pH change,109 hypoxia 

state,110,111 enzyme activity,112,113 apoptosis, and necrosis.114 

The pH determination relies on the unique chromophores 

that are susceptible to protonation and deprotonation. 

Syntheses of receptor-targeted NIRF probes are based on 

the different receptor-expressing patterns on the surface 

of cancer cells. A host of receptors have been exploited as 

ideal targets for NIRF imaging and cancer therapy, such as 

integrin receptor,112 human epidermal growth factor recep-

tor 2 (HER2) receptor,115 folate receptor,116,117 transferrin 

receptor,118 translocator protein receptor,119 endothelin 

receptor,120 somatostatin receptor,121 and gastrin-releasing 

peptide receptor.122 The targeting moieties, targets, and NP 

platforms that have been reported in recent years are sum-

marized in Table 1.

In fact, receptor-targeted NIRF imaging is definitely not 

limited to the aforementioned receptors. Other targets, such as 

CXC chemokine receptor type 4 (CXCR4) and CXCR7, pros-

tate specific membrane antigen, uPA, low-density lipoprotein 

(LDL) receptors, vasoactive intestinal peptide (VIP) recep-

tors, type I insulin-like growth factor receptor (IGF1R), and 

estrogen receptors have also been extensively investigated for 

selective NIRF imaging. Meanwhile, various molecules and 

proteins that are involved in carcinogenesis and tumor micro-

environments are included in the design of NIRF probes 

with specific targeting abilities.123,124 Upconversion materials 

have also been exploited for targeted cancer cell ablation.125 
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Figure 3 NIRF cancer imaging using IR783 (0.375 mg/kg) in athymic nude mice with subcutaneous prostate cancer.
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Bioluminescence
There is a way to make cells or tissues fluoresce without an excitation light.
Everyday example: firefly

A luciferase enzyme catalyzes luciferin (with other ingredients) to provide light (and other 
products)  

https://goldbio.com/articles/article/a-crash-course-on-luciferase-assays

▪ Can genetically encode cells to produce luciferase
▪ Provide luciferin as a substrate in the media
▪ The wavelength of light produced depends on the source / type of luciferase

➢ Can essentially tag cells (such as cancer cells of interest) and observe their growth, 
migration etc



Bioluminescence example
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Genetic reporter systems

Reporter gene: Usually traditional fluorescence (like GFP) or bioluminescence that is 
    genetically introduced and coupled to an experimental promoter gene

➢ Fluorescence or bioluminescence is then indicative of expression 
of the gene of interest 

➢ In a sense, bioluminescence can be cast 
as a genetic reporter system as well 

➢ The reporter, like luciferase, can be 
placed downstream of a particular 
signaling cascade 



Summary: in-vivo vs. in-vitro

Benefits

Physiological relevance Better controlled conditions

Closer to clinical translation Better resolution 

Capture (tumor) microenvironment More perturbation options

Longer term studies possible Multi-modal capacity

Challenges

Difficult to create controls Limited physiological relevance

Lots of background / autofluorescence Further from clinical translation

Limited depth of penetration Longitudinal studies unlikely

Limited sample size and resolution Artifacts introduced by setup

In
-v

iv
o In

-vitro



FRET
FRET: Fluorescence Resonance Energy Transfer: the emission of one fluorophore is the 
  excitation of another 

https://www.olympus-lifescience.com/en/microscope-
resource/primer/techniques/fluorescence/fret/fretintro/



Beyond fluorophores

Quantum dots: Semiconductors with interesting quantum optics properties
    Size-dependent emission (2-20 nm)
    Much more resistant to photobleaching
    Switch to non-radiative states cause quantum dots to blink



Beyond fluorophores

Nitrogen Vacancy: A fluorescent defect in a diamond 
     Defects in a slab or nanodiamonds
     No bleaching or blinking
     Optical output indicative of many biophysical parameters

➢ Magnetic fields (NMR)
➢ pH
➢ Temperature 



Optical Coherence Tomography

OCT: Imaging based on light interference at different wavelengths 

Time domain Spectral domain



Optical Coherence Tomography example
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Raman spectroscopy

Raman scattering:  Light scattering by molecules can come in two forms:
➢ Elastic = no energy change
➢ Inelastic = change in energy (due to molecular vibration)

➢ This inelastic scattering is particular to each molecule and 
can be used as a molecular signature.

      

https://www.edinst.com/blog/what-is-raman-spectroscopy/



Raman spectroscopy examples



SCIFI = Secondary Cerenkov-induced 
Fluorescence Imaging

Cerenkov imaging in cancer
Cerenkov radiation: Charged particle can travel in a medium faster than the speed of 

    light. As they do, they emit characteristic light that can serve as an 
    imaging tool

Figure 5.

Intraoperative optical CLI of mouse 4 during surgical resection of the BT-474 ( HER2/neu

positive) tumor at 144 hours postadministration of 89Zr-DFO-trastuzumab. A, Background

CLI of the scanner bed recorded immediately prior to commencing surgery. B, Preoperative

optical CLI of mouse 4 prior to surgical incision. C, Intraoperative optical CLI of the

exposed tumor immediately prior to resection. Note the increased intensity of the CLI signal

owing to reduced attenuation and scattering from removal of the skin. D, Resected tumor

(upper left corner) and the exposed incision site showing the complete loss of CLI signal in

the exposed region of the mouse. E, CLI of the excised BT-474 tumor alone. F,

Postoperative CLI of the mouse after closing the incision site with sutures. All CLIs are

shown at the same radiance scale for direct quantitative comparison.

Holland et al. Page 15
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Shaffer, T., Pratt, E. & Grimm, J. Utilizing the power of Cerenkov light with nanotechnology. Nature 
Nanotech 12, 106–117 (2017). https://doi.org/10.1038/nnano.2016.301



So much more to say!











Short feedback form



Perhaps a case in point about how we built one
-- Air table, all of the optics, the energy diagram (like my 

version for CERIP)







We have developed a multi-purpose intracellular optical sensor based on a 
defect in a diamond lattice 

https: //xqp.physik. uni-muenchen.de/research/single_photon/index.html

Nitrogen vacancy (NV) color center:

✓ A magnetic field 

✓ A pH change

✓ A temperature change

➢ NMR 

➢ Intracellular pH

➢ Nano-thermometry



How does it work? A short foray into quantum mechanics

Ground state

Excited state

s = 0

s = ± 1

2.87 GHz

s = + 1

s = - 1

~ 𝛾B

s = + 1

s = 0

s = ± 1

s = - 1

λ 
=

 6
37

 n
m

λ 
=

 5
32

 n
m

Optically Detected Magnetic Resonance

➢ Optical (fluorescent) readout of the 
spin state of the system

➢ Sensing of external magnetic fields 
(i.e. performing NMR) is done by 
properly pulsing between the 
magnetically split (+1 or -1) and 0 
states

➢ Temperature changes the 0 → ± 1 
transition    

➢ pH changes the emission frequency



Shifts in ODMR represent temperature changes

Example ODMR from a single NV



Shifts in ODMR represent temperature changes

Example ODMR from a nanodiamond

25 °C39 °C

39 °C

25 °C

39 °C

25 °C





Microscopy tools
Light sources: 
▪ White light: LEDs and incandescent bulbs
▪ One color: lasers 

LED:

▪ Light emitting diode

▪ Semiconductors 
with specific 
photonic band gap 
properties

  
▪ Color depends on energy band gap

▪ When electrons meet holes, light is emitted

▪ Efficient, long-lasting

Incandescent bulb:

▪ Filament inside 
heats up and emits 
light

▪ Quite inefficient and 
shorter lifetime

▪ Simple, more time 
on the market

  



focus = f1 focus = f2

f1 + f2



Bare bones of a microscope

▪ Lenses are placed at focal lengths from each other.

▪ Can resize a beam with 2 lenses at focal lengths 
apart (magnification = ratio of focal lengths)

▪ Due to dispersion, the exact workings of all optics 
will be wavelength dependent!
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