Making Molecular Movies with QSTORM
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Organization: Museum of Science, Boston


Contact person: Karine Thate


Contact information: kthate@mos.org; 617-589-4483
General Description
Stage Presentation with Demos 

 “Making Molecular Movies with QSTORM” is a public presentation that details the on-going interdisciplinary research project of a group of scientists/engineers who are collaborating to make a breakthrough in biological imaging. They are trying to make movies of the molecular machinery at work inside living cells at a greater resolution than ever before.  The presentation introduces the four scientists/engineers involved in this research effort, details the limitations of current technology and imaging challenge they face, and introduces the unique approaches they are pursuing in their quest to make this imaging breakthrough. This program seeks to show nanoscale science and engineering research as a human story, and an on-going endeavor – this research project is a work-in-progress, where the outcome is not certain.  The presentation uses a variety of metaphors, analogies, models, imagery, props and demonstrations to help visitors understand this complex research project. 
Program Objectives

Big idea: 

There are fundamental limits to light microscopes that limit how much resolution we have when imaging live cells, yet biologists yearn to see a cell’s molecular machinery at work.  New super-resolution imaging techniques allow us to see greater detail, and researchers are on a constant quest to find new materials, tools, and techniques that give us a better view of what’s happening at the nanoscale inside living cells. 
Learning goals:

As a result of participating in this program, visitors will be able to: 
1. Recognize that there are limits to traditional light microscopy that prevent us from seeing nanoscale features in living cells.
2. Understand that new imaging techniques (like STORM and using Quantum Dots with STORM) are being developed to overcome these limitations in microscopy.
3. Learn that interdisciplinary teams collaborate to drive research forward. 
NISE Network content map main ideas:

[X] 
1. Nanometer-sized things are very small, and often behave differently than larger things do.
[X] 
2. Scientists and engineers have formed the interdisciplinary field of nanotechnology by investigating properties and manipulating matter at the nanoscale.
[X]
3. Nanoscience, nanotechnology, and nanoengineering lead to new knowledge and innovations that weren’t possible before.
[  ] 
4. Nanotechnologies have costs, risks, and benefits that affect our lives in ways we cannot always predict.

National Science Education Standards:

[X] 
1. Science as Inquiry

[  ] 
K-4: Abilities necessary to do scientific inquiry

[X] 
K-4: Understanding about scientific inquiry
[  ] 
5-8: Abilities necessary to do scientific inquiry
[X] 
5-8: Understanding about scientific inquiry
[  ] 
9-12: Abilities necessary to do scientific inquiry
[X] 
9-12: Understanding about scientific inquiry

[X] 
2. Physical Science

[  ] 
K-4: Properties of objects and materials
[  ] 
K-4: Position and motion of objects
[X] 
K-4: Light, heat, electricity, and magnetism
[  ] 
5-8: Properties and changes of properties in matter
[  ] 
5-8: Motions and forces
[  ] 
5-8: Transfer of energy
[  ] 
9-12: Structure of atoms
[X] 
9-12: Structure and properties of matter

[  ] 
9-12: Chemical reactions

[  ] 
9-12: Motions and force

[  ] 
9-12: Conservation of energy and increase in disorder

[X] 
9-12: Interactions of energy and matter

[X]
3. Life Science

[X] 
K-4: Characteristics of organisms
[  ] 
K-4: Life cycles of organisms
[  ] 
K-4: Organisms and environments
[X] 
5-8: Structure and function in living systems
[  ] 
5-8: Reproduction and heredity
[  ] 
5-8: Regulation and behavior

[  ] 
5-8: Populations and ecosystems
[  ] 
5-8: Diversity and adaptations of organisms

[X] 
9-12: The cell

[  ] 
9-12: Molecular basis of heredity
[  ] 
9-12: Biological evolution
[  ] 
9-12: Interdependence of organisms
[X] 
9-12: Matter, energy, and organization in living systems
[  ] 
9-12: Behavior of organisms

[  ] 
4. Earth and Space Science

[  ] 
K-4: Properties of earth materials
[  ] 
K-4: Objects in the sky
[  ] 
K-4: Changes in earth and sky
[  ] 
5-8: Structure of the earth system
[  ] 
5-8: Earth's history
[  ] 
5-8: Earth in the solar system
[  ] 
9-12: Energy in the earth system
[  ] 
9-12: Geochemical cycles

[  ] 
9-12: Origin and evolution of the earth system
[  ] 
9-12: Origin and evolution of the universe
 [X] 
5. Science and Technology

[X] 
K-4: Abilities to distinguish between natural objects and objects made by humans
[X] 
K-4: Abilities of technological design
[X] 
K-4: Understanding about science and technology
[X] 
5-8: Abilities of technological design
[X] 
5-8: Understanding about science and technology
[X] 
9-12: Abilities of technological design
[X] 
9-12: Understanding about science and technology
 [X] 
6. Personal and Social Perspectives

[  ] 
K-4: Personal health
[  ] 
K-4: Characteristics and changes in populations
[  ] 
K-4: Types of resources
[  ] 
K-4: Changes in environments
[X] 
K-4: Science and technology in local challenges
[  ] 
5-8: Personal health
[  ] 
5-8: Populations, resources, and environments
[  ] 
5-8: Natural hazards
[  ] 
5-8: Risks and benefits
[X] 
5-8: Science and technology in society
[  ] 
9-12: Personal and community health
[  ] 
9-12: Population growth
[  ] 
9-12: Natural resources
[  ] 
9-12: Environmental quality
[  ] 
9-12: Natural and human-induced hazards
[X] 
9-12: Science and technology in local, national, and global challenges
[X] 
7. History and Nature of Science

[X] 
K-4: Science as a human endeavor
[X] 
5-8: Science as a human endeavor
[X] 
5-8: Nature of science
[  ] 
5-8: History of science
[X] 
9-12: Science as a human endeavor
[X] 
9-12: Nature of scientific knowledge
[  ] 
9-12: Historical perspective
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15 minutes
20 minutes
10 minutes
Background Information
Definition of terms

Nano is the scientific term meaning one-billionth (1/1,000,000,000). It comes from a Greek word meaning “dwarf.”

A nanometer is one one-billionth of a meter. One inch equals 25.4 million nanometers. A sheet of paper is about 100,000 nanometers thick. A human hair measures roughly 50,000 to 100,000 nanometers across. Your fingernails grow one nanometer every second.

(Other units can also be divided by one billion. A single blink of an eye is about one-billionth of a year. An eye blink is to a year what a nanometer is to a yardstick.)

Nanoscale refers to measurements of 1-100 nanometers. A virus is about 70 nm long. A cell membrane is about 9 nm thick. Ten hydrogen atoms are about 1 nm.  At the nanoscale, many common materials exhibit unusual properties, such as remarkably lower resistance to electricity, or faster chemical reactions. 

Nanotechnology is the manipulation of material at the nanoscale to take advantage of these properties. This often means working with individual molecules.

Nanoscience, nanoengineering and other such terms refer to those activities applied to the nanoscale. “Nano,” by itself, is often used as shorthand to refer to any or all of these activities.

Program-specific background
The ultimate goal of this project is to make a major breakthrough in biological imaging – to use super-resolution microscopy techniques to make movies of the intricate details of molecular machinery in action inside living cells. (The qstorm.org website, designed by the Strategic Projects team at the Museum of Science, has a wealth of background information to help you understand the goals and process of this research – it’s the best place to start to get an overview of the project.)

The Challenge
While advanced microscopy and imaging techniques have begun to provide us with reconstructed images of the basic building blocks of matter (atoms), as well as intricate details of the basic building blocks of life (cells), we have yet to be able to witness and record molecular life processes at work inside living cells. 
Until recently, optical microscopy has been limited to the resolution of the smallest wavelengths of visible light, which are still too large to resolve the intricate nanoscale molecular machinery inside cells. Electron microscopy can reveal much of this subcellular detail, however, it cannot be used to image cells in living organisms. Scientists who want to study the processes by which cells live and grow and perform their different functions typically have no choice but to try to isolate, kill, and section cells, and then to try to infer from these static images the interplay of structure and functionality. Such post-mortem images provide intimate awareness of molecular-scale structure inside the cell, but afford much less insight into the molecular-scale processes that make up life itself. 

Molecular and cellular biologists long to see the actual millisecond-to-millisecond interplay of molecular-scale elements inside the specialized cells of muscle, bone, and brain tissues, as together they carry out the intricately coordinated activities of life. 

The Approach

The QSTORM team has come together to pursue one particular pathway to tackle this challenge. Their approach requires expert knowledge and experience from several different scientific and engineering disciplines. The full title of their research project is “Collaborative Research: QSTORM: Switchable Quantum Dots and Adaptive Optics for Super-Resolution Imaging.” The acronym QSTORM stands for Quantum dots with STtochastic Optical Reconstruction Microscopy. Stochastic Optical Reconstruction Microscopy (STORM) is one of several new techniques for enhancing the resolution of optical microscopy beyond the limit set by the wavelength of visible light. As the Howard Hughes Medical Institute describes it, “To create an image with STORM, researchers label the molecules they want to study with fluorescent probes, and then use a burst of light to activate the fluorescence in a small percentage of labeled molecules. The microscope captures an image of the fluorescing probes. The technique is designed to activate a sufficiently low percentage of the probes to allow the image of each fluorescing molecule to be seen separately. This allows the molecules to be localized individually. The process is repeated many times, capturing a different subset of molecules with each iteration. A final compilation of the images shows each molecule in its precise location in the cell with nanometer accuracy.” The STORM process also can be used to produce reconstructed images in three dimensions.

Another technique, known as Adaptive Optics (AO), allows researchers to use complex computer algorithms to correct for the “wavefront distortions” that occur when the waves of closely located point light sources interfere with each other. These two techniques have been used together to obtain super resolution images of cellular structures, but not in living cells. Furthermore, the fluorescent dyes that are currently used to tag particular structures within cells have significant drawbacks. Their florescence is limited, and it fades rather quickly.

The QSTORM team plans to substitute quantum dot probes for the florescent dyes typically used in biological imaging. Quantum dots are very bright, and last indefinitely. The challenge here is to develop a technique for “switching on and off” the quantum dots from outside the organism. The QDs need to be switchable in order the control how many are glowing at any one time. This will help reduce the wavefront interference or “airy disk” problem. The switchable QDs will then be microinjected into the cells of living organisms. So QSTORM plans to combine three elements — user-controlled quantum dot imaging probes, STORM imaging algorithms, and adaptive optics (AO) — to produce the world’s first super-resolution in vivo imaging technology. If the team is successful, this tool will allow biologists to observe biological structures and processes in action at a resolution below the limit of light microscopy (~ 200 nanometers). 

To achieve success, the team must:
(1) Design, synthesize, and characterize specialized fluorescent quantum dots (QDs) that can be tagged to specific molecular structures inside specialized cells and can be reliably switched on and off from outside the model organism.
(2) Test the QSTORM integrated approach in non-living (ex vivo) cells.
(3) Test the approach in living (in vivo) cells, by:

(A) Micro-injecting the specialized QDs into the targeted cells of model organisms.
(B) Demonstrating single QD imaging in vivo using wide-field microscopy with adaptive optics.
(C) Evaluating effectiveness of QSTORM technique in model organisms.

(4) Share the process and results of QSTORM research broadly.

The two model organisms and systems selected are:
(i) Zebrafish, to study myofilament behavior in muscle cells.
(ii) Drosophila, to study vescicle transport in neural cells

These systems were selected because (a) they consist of components below the resolution limit for traditional optical microscopy; (b) they are thin specimens in which microinjection has been previously performed; and (c) they pose biological problems that cannot be adequately addressed with existing microscopy techniques.
An important aspect of the proposed approach is that several of the individual research components have the potential to advance the field whether or not all the aims are achieved. For example, several of the proposed experiments do not require switchable QDs or can be performed with alternative fluorescent molecules. Significant progress in biological imaging can still be achieved through these experiments, including possible first-of-a-kind demonstrations of single QD detection in vivo, the use of non-switchable QDs and adaptive optics, and high resolution ultrastructural analyses in vivo (using fluorescent dyes or traditional QDs and adaptive optics).
As happens in research-in-progress, the research plan has shifted overtime as the researchers have hit roadblocks, overcome hurdles, explored new avenues, etc. For example, after microinjecting the quantum dots into cells proved problematic, a new methodology for getting the quantum dots into cells was explored (using cell-penetrating peptides). Also, the biologists are exploring other cell models that are a bit easier to work with (PC12 cells and Rabbit Psoas muscle fibers), as intermediate steps before moving onto the living cells in drosophila and zebrafish.
Each of the 4 researchers has a page on the website to introduce their teams, and to explain their research to the public (the Museum of Science team have served as interpreters – making the content accessible for public audiences).

Jessica Winter, Chemical Engineer, Ohio State University (Quantum Dot Specialist)

Jessica Winter and her team - http://www.qstorm.org/team-2/jessica-winter/
Winter Lab Research Summary - http://www.qstorm.org/winter-lab-research-update/
Peter Kner, Microscopist, University of Georgia (Super-Resolution Microscopy Expert)

Peter Kner and his team – http://www.qstorm.org/peter-kner/
Kner Lab Research Summary - http://www.qstorm.org/kner-lab-research-update/
Ge Yang, Bioengineer, Carnegie Mellon University (Nerve biology)

Ge Yang and his team - http://www.qstorm.org/ge-yang/
Yang Lab Research Summary - http://www.qstorm.org/yang-lab-research-update/
Beth Brainerd, Biologist, Brown University (Muscle biology)

Beth Brainerd and her team – http://www.qstorm.org/beth-brainerd/
Brainerd Lab Research Summary - http://www.qstorm.org/brainerd-lab-research-update/
The latest developments in the research can be found on the team blog: http://www.qstorm.org/researcher-blog/
Other helpful background:

Glossary - http://www.qstorm.org/glossary-2/
QSTORM Project Timeline - http://www.qstorm.org/timeline-4/ (Top)

Biological Imaging Timeline – http://www.qstorm.org/timeline-4/ (Bottom)

 Materials
· “Making Molecular Movies with QSTORM” PowerPoint presentation (QSTORM_Presentation_PPT.pptx)
· Video files for the PowerPoint presentation

- InnerLifeTrimmed.m4v (for slides 1 and 17 – should loop continuously)

- TimeLapseConstruction.m4v (for slide 6)

- CellDivision-short.m4v (for slides 8-11)


- loop-and-slow-motion-female-sp_prores.mov (for slide 14)


- massive-electrical-storm-light_prores.m4v (movie for slide 27)


- Perfect Thunder Storm-SoundBible.com-2056381765.mp3 (sound effect for slide 27)

- Particle Detection.m4v (for slide 44 and left side of 46/47)


- Reconstructed Image.m4v (for slide 45 and right side of 46/47)


- Zhuang_storm_short_slow.avi (for slide 48)

- vim-NEiA_Fall2010_MoS_QSTORM_Final.mov (for slide 66)

· Life size (or smaller) cardboard or foam core cut outs of the 4 researchers (the image file for printing is called  Full-v10-lineup-final_small.jpeg)

· QSTORM Name Tags.ppt (for printing on fluorescent cardstock) and lanyards

· [image: image8.jpg]


QD Display and UV Light (called Quantum Particle in a Box, Demonstration Set) http://www.neobits.com/other_470002_914_each_quantum_particle_in_a_box_p5993078.html?atc=gbp&gclid=CMuvuei5qLgCFYmi4Aod1UQA-w) 

· Quantum Dot, Linker Molecule, Gold Nanoparticle model

· For the Quantum Dot, you could use “American DJ LED Color Ball” available here: http://www.amazon.com/American-Color-Ball-Changing-Powered/dp/B001NYO15C and here: http://www.americandj.com/ProductDetails.aspx?ItemNumber=1836
· For the Linker Molecule, you could use a colorful plastic slinky like: http://www.amazon.com/Plastic-Rainbow-Spring-2-Pack/dp/B000U63CQS/ref=sr_1_3?ie=UTF8&qid=1373580891&sr=8-3&keywords=slinky+plastic
· For the gold nanoparticle, just paint or wrap in gold foil a styrofoam ball.

Assemble them to look like:

As you move the gold nanoparticle close to the QD, use the remote to discreetly turn the QD off. When you  move the gold nanoparticle far away from the QD, use the remote to discreetly turn the QD on. With a bit of practice, this can be seamless and the audience won’t notice you touching the remote.
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Set Up
Time: 10 minutes
· On the stage, arrange the 4 researcher cut outs so they are visible and well-lit  - but out of the way.
· On a table/cart, lay out the Quantum Dot display, the UV light, and have goggles/gloves. Also test the lighting to make sure you can turn the lights down and back up – you’ll want the stage dark enough that you can see the QDs glowing when you demonstrate them. 

· Set up the QD-linker-Gold nanoparticle model – and test that the remote (to turn the QD on off and off when the gold nanoparticle gets close) is working.
Program Delivery
Time: 20 minutes
Safety

The quantum dot display case (though sealed) still requires personal protective equipment (goggles, gloves). Do not let visitors handle the QD case without PPE. 
Suggested Script: 

(Feel free to adapt/revise to tailor content to your visitors).

[Slide 1] – Opening sequence. Animation and walk-in music.
[Slide 2 – Title Slide] - Good afternoon everyone! My name is _________, and I’ll be your host while we talk about making molecular movies with QSTORM. And by that I mean making movies of what molecules are doing inside living cells.  And now please help me give a warm welcome to the QSTORM Team, our special guest researchers…(walk/gesture to each one of the life-size cut-outs while introducing them)…. Peter Kner … Jessica Winter…. Ge Yang …..and Beth Brainerd.
[Slide 3 – The QSTORM Team, 4 Researchers] - As you can see, this team of researchers hail from four different universities and they’re experts in four different fields of science. 
[Slide 4 – qstorm.org website] - They been working with folks at the Museum of Science to help you follow along on the journey – check out their progress on our website, qstorm.org.  You’ll notice that they are under some pressure, because…
[Slide 5 – Time is ticking…] – They have just four years of funding from the National Science Foundation to try to make this major breakthrough in biological imaging – to make movies of the intricate details of molecular machinery inside living cells…
Let’s take a step back for a minute… I’m going to begin by showing you a metaphor for the movie making challenge we face.
[Slide 6 – Time lapse of Building Construction] - (pause)   Here’s a time lapse movie of the construction of a 15-story hotel in China. (pause –let it play for a little while…)  

Now, as you watch this movie, take a moment to try to imagine what else *must* be going on inside the building that is too small to see from this point of view… 
Do you see any people?  Anyone have any ideas? (pause – take suggestions from audience)
Right, we don’t see the construction workers, the electricians or the plumbers.  We don’t see the small tools they are using, like the drills and wrenches.  We don’t see the systems being built that help the building function – like the electrical, plumbing, and heating systems.
(when figure out the timing, have video stop on completed still image)
Now I’m going to show you another time-lapse movie - this one on a much smaller scale … in fact, it was shot through a microscope.
[Slide 7 – Cells through a microscope] Just to orient you, before the movie begins - we’re looking at a group of cells from the lining of a kidney. Each cell is about 20 microns or so across – which means what you’re seeing here is magnified about 15,000x.  The cell bodies have been stained green and the nuclei have been stained red. 
And these orange squiggles in the center of that bright area are the chromosomes inside this cell’s nucleus.
Now watch.   (change to next slide, movie will play automatically)
[Slide 8 – Video of cell division] - (when video finished) 
Anyone know what we just saw? [take answers from audience]

Yes.  One cell dividing into two daughter cells – each with the same genetic material. 
One of the greatest wonders of the biological world.  So, thinking back to the time lapse movie of building construction - does anyone think there might be things happening in this movie that are too small to see?
You do?  Let’s watch again…
[Slide 9 – Video of cell division] (play again in silence)
There must be lots of intricate things going on here that are just too small to see.
[Slide 10 – Video of cell division] (play and narrate)
How are the chromosomes being duplicated, and lined up, and then pulled apart? 
[Slide 11 – Video of cell division] (play and narrate)  What tiny molecular machinery is pinching together the cell membranes to create two separate cells?   

This process of cell division is only one of the millions of different molecular scale activities going on inside the trillions of cells of our bodies.  And biologists – who study life - want to see them up close.  As do the two biologists on our QSTORM team.
[Slide 12 – QSTORM team members] – (Beth and Ge are highlighted)  Ge Yang and Beth Brainerd.
[Slide 13 – Beth and her team]  Beth Brainerd and her students at Brown study muscle cells.  They want to see what’s really happening…
[Slide 14 – video of hurdlers/sprinters] on the molecular scale inside our muscles when they contact and extend during movement.  (Approach Beth model – drape name tag with “Muscles” around her neck.) 
[Slide 15 – Ge and his team]  Ge Yang and his students at Carnegie Mellon study nerve cells.  They want to know…
[Slide 16 – Brain/Nerves]  …what happens when these transport systems inside nerve cells break down, leading to neurodegenerative diseases like Alzheimers.  (Walk up to Ge model –drape name tag with “Nerves” around his neck.) 
So, both Beth and Ge would like to be able to see a great deal deeper into the cellular systems they are studying.   In an ideal world, they’d love to be able to see movies of molecular machines at work inside nerve and muscle cells, like …
[Slide 17 – Animation from “The Inner Life of the Cell”]  THIS one. This is ARTIST’S rendition of molecular machinery at work inside a white blood cell.  (pause)
(point to each….) In this animation, this blue balloon-like structure represents a cargo vessel. It’s  being dragged along this microtubule track – by this single motor protein… that’s this little guy here….. And, by the way, even though this looks like something Pixar came up with – the action of this motor protein has been scientifically validated.  

This motor protein actually DOES have two little molecular feet -  that grab footholds, pull, and release – dragging its cargo forward along the microtubule highway.   This is actually how many resources get distributed inside living cells. 

But- of course -  this isn’t a real movie – it’s an animation.   And that’s because NO ONE will ever be able to make an actual movie at this level of detail inside living cells – 

[Slide 18 – Still from animation – with scale bar] …The reason being that these are nanoscale structures… They are so tiny that they are smaller than ….

[Slide 19 – Still with wavelengths of visible light graphic] …then even a wavelength of visible light. So a light – or optical – microscope, can’t resolve any of the their details.

[Slide 20 – Still from animation – highlighting the motor protein] Take for example this little motor protein, made up of a few thousand atoms.

[Slide 21 – Motor Protein with animated wavelength of light]  It’s just 30 nm across – much smaller than a wavelength of visible light… (click to send through wavelength). It would be like an ocean wave washing right over a pebble on a beach - it’s presence hardly even registered.

And if we tried to pinpoint the exact location of this tiny protein by attaching…

[Slide 22 – Motor Protein with light source] a tiny source of light to it, all we would see through a microscope…

[Slide 23 – Optical Limit: 200 nm] …is a 200 nm blur.   200 nm is the smallest point of visible light that can be detected with an optical microscope.   It’s the absolute physical limit.  If we try to see anything smaller, all we get is a blurry diffraction pattern like this one.  

You can imagine what a problem this would be if there were many molecules – close together – that we wanted to see moving around each other. 

[Slide 24 – Overlapping Blurs] All we would see would be a bunch of overlapping blurs… 

It’s because of this limitation in light microscopy, that our QSTORM biologists….

[Slide 25 – QSTORM Team with Ge/Beth/Peter highlighted] Ge Yang and Beth Brainerd

Went for help to the QSTORM microscopist, Peter Kner.
[Slide 26 – Peter Kner and his team] Peter and his students at the University of Georgia know how to make a special microscope that can get around the ordinary limits of light microscopy.

(Walk up to Peter model – drape name tag with “Microscopes” on his neck) 
These guys know how to trick the laws of physics to produce higher resolution images of tiny sub-cellular structures. They do it with a technique called…..

[Slide 27 – STORM – lightning and thunder] STORM! (pause while it plays a few seconds, then)
Oh.  Not that kind of STORM.
[Slide 28 – STORM Imaging] STORM imaging actually has NOTHING to do with weather.

STORM is an imaging technique – and it’s an acronym for….
[Slide 29 – STORM acronym] Stochastic  - Optical – Reconstruction-  Microscopy.   …Don’t worry about the unfamiliar terms right now… we’ll get back to them.…
[Slide 30 – Xiaowei Zhuang] This technique was invented at Harvard University by Xiaowei Zhuang in 2006, and is now being used in labs like Peter’s to see below the limits of light microscopy.  Let me show you how STORM imaging can trick its way past the 200 nanometer optical limit. 
[Slide 31 – Microscope image of blue microtubules] Here is a conventional optical microscope image of a bunch of microtubules inside a cell that have been labeled with a blue fluorescent dye. The dye emits light in the form of photons that are being captured by the light microscope.  The scale bar shows you that the area bounded by the gold square is a little over 3 microns on a side – that’s 3,000 nanometers – imagine a square 10,000 times smaller than a postage stamp. That’s already pretty small!  

Now, look what happens when we try to zoom in even closer to the area inside that gold square…. Zoom in to the nanoscale!

[Slide 32 – Close-up of blue Microtubules] All we can see is this blur of square pixels showing that some pattern of light has been detected.

Now compare…

[Slide 33 – side-by-side images of microtubules] …this close-up now on the left, with the close up of the same set of microtubules, on the right, in green, taken with the STORM technique - you can see much greater detail.
So how did the STORM technique beat the optical limit?

Here’s a clue: The image on the left is a SINGLE IMAGE where each tiny point of light blurs into the others.    However, the image on the right is actually a computer generated reconstruction - a stacking of THOUSANDS of images taken over time, each image capturing only a small subset the individual points of light at any one time.  

Let me tell you a story that may make all this a little clearer.

[Slide 34 – Blurry Image on black background] Suppose you were out on a dark foggy night, and you see this blurry apparition on the horizon. You know it’s all light up with lights – but you can’t make out the detail, because all the lights appear blurred together from this distance. Let’s say, you know the electrician in that area of town, and you ask her to do you a favor - could she please turn on only a few of the lights at a time, so you can pinpoint and record their exact location?   I’s a slow night, and your friend decides to humor you.  And the next minute you see this….

[Slide 35 – Still image a few pinpoints of light] A random few of the thousands of lights are on – the rest are turned off.
[Slide 36 – Pinpoint image with blue cross-hairs appearing] …so you pinpoint and record the center of each little blob of light you see … and then, when your friend at the power station turns OFF this set of lights …
[Slide 37 – Blue cross hairs] And moves on to the next subset of lights…
[Slide 38 – New pinpoint image with points of light] You record…
[Slide 39 – Blue cross hairs appear on top of pinpoints of light] The center of each of the new sets of blurry lights you see….

[Slide 40 – Localization] This is called localization…

[Slide 41 – New set of pinpoint lights] And you proceed to do this for each new subset of lights…

[Slide 42 – Blue cross hair appear again] localizing the center of each blur of light…

[Slide 43 – Blue cross hairs on their own]

[Slide 44 – Video of many different pinpoint images – lights appear to flash on/off]  And you repeat this… thousands of times… all night long, until the coffee runs out.   
And then you start stacking all the pinpointed images on top of each other, in a computer, and what do you think you see?  

[Slide 45 – Eiffel Tower Reconstruction/Greetings from Paris] 
Yes, the Eiffel Tower.  

You didn’t know we were in Paris for this demonstration, did you?

[Slide 46 – STORM Imaging at Work] What I’ve showed you is a visual analogy, but it reveals the essence of STORM imaging – stochastic or random blinking of a small subset of lights….
[Slide 47 – STORM Imaging at work – particle detection] Detection and localization of light, repeated many times over – and then a stacking of the thousands of images to make a  reconstruction with true detail.  
Only, instead of doing it to make out the details of a large building in the distance…
[Slide 48 – STORM Imaging of Cell Structures] Researchers are doing it to make out the details of tiny molecular structures within cells… like these microtubules inside a cell….

Now, by this point, you’ve probably noticed that STORM imaging requires very bright light sources. In fact, the more light – or the more photons we can collect - the higher resolution we can achieve.

[Slide 49 – STORM Depends on bright light sources] For example, to get this STORM image…

…researchers attached green light-emitting fluorescent dyes to the microtubules, had them blink on and off, localized the light sources and made a reconstruction by stacking thousands of images.
 But, our research team wants to make even higher resolution images than these – because…
[Slide 50 – STORM Depends on bright light sources – less than 30 nm] We want to be able to see those tiny motor proteins moving along these microtubules. We’re going to need even better resolution.
And to achieve that, we’re going to need even brighter and longer lasting light sources than these typical fluorescent dyes.

[Slide 51 – How to get even greater resolution?] We need more photons.

[Slide 52 – QSTORM Team] And that’s why Peter, Beth, and Ge…

(pause til after arrows arrive)  …are all looking to Jessica Winter for help.

[Slide 53 – Jessica Winter and her team] Jessica and her students at Ohio State are quantum dot specialists.  (Walk up to Jessica model – drape name tag with “Quantum Dots”  on her neck) 
[Slide 54 – Quantum Dots] Quantum dots are tiny nano-sized crystals that when activated by a laser, are many times brighter and longer-lasting than regular fluorescent dyes.  Here you see  solutions of billions of tiny Quantum Dots each tuned to give off a different wavelength – or color – of visible light. 
I have my own little set of Quantum Dots right here.   They look almost completely clear.  Now, watch as I activate them with a UV light…. (turn down lights, activate QDs with UV light)
See how bright they are?  This brightness – this ability to emit so many, many photons, is why Jessica thinks Quantum Dots may work even better than fluorescent dyes in STORM imaging. 

[Slide 55 – Jessica and her team] So, Jessica and her team are at work engineering special quantum dots that can can be used safely inside living cells. 
But there’s another key thing Jessica’s team needs to figure out how to do with the quantum dots for STORM imaging? Can anyone guess what it is?  Here’s a hint…

[Slide 56 – flashing lights from Eiffel Tower video] 
What do you see the lights doing?  (take answers from audience)

Right.  Remember that for STORM imaging to work, the light sources have to blink on & off – just a few at a time… 

[Slide 57 – Quantum Dot]  So, Jessica needs to get the Quantum Dots to blink on and off, a small number at a time  (click on and off a few times …)
How can they do this? They don’t come with light switches…

One idea Jessica’s team had was to use a gold nanoparticle.
[Slide 58 – Gold Nanoparticle flies in…] The gold nanoparticle absorbs the energy that the Quantum Dot would otherwise have given off as light, so the quantum dot goes dark.
When the gold moves away, the energy can again be released as light, and it turns back on.

It comes close, the energy is absorbed and the light turns off. And so forth.  

The gold particle acts like a light switch.
So the trick is, how do you control the movement of the gold nanoparticle?

[Slide 59 – Linker Molecule] Well, Jessica’s team is now testing a very promising solution, using a linker model to control how close the gold nanoparticle is… That linker molecule is so top secret they’ve applied for a patent.  But I have this representative model – so watch here.  
(DEMONSTRATE WITH MODEL) – Here’s an enormously blown up model of a glowing Quantum Dot.  And this gold ball represents the tiny gold nanoparticle.  Notice it is connected to the Quantum Dot by this linker molecule –represented by this slinky. The linker keeps the nanoparticle tethered to the quantum dot so it doesn’t just float away. And Jessica can get this linker molecule to contract, so it will bring the gold nanoparticle in closer to the Quantum Dot – and when it’s close enough – Zap! – the Quantum Dot goes dark.  (use remote to turn QD off/on at the right time. Practice in advance so this transition is discreet)
She can also make this linker molecule stretch out again.  What do you think is going to happen?  Right! The quantum dot lights back up.

So Jessica’s current plan is to control the Quantum Dots by controlling the length of these linker molecules, and so far, her tests are very promising.

(repeat in and out, on and off with model)
And Jessica and her team are very excited about finding a way to switch Quantum Dots on and off. That means that quantum dots may eventually be useful for improving STORM imaging.

[Slide 60 – QSTORM] And that puts the Q in QSTORM! (Bing! As “O” lights up) 

Q is for Quantum dots that the team (click to bring up picture of researchers) hopes to use to make their breakthrough in biological imaging.
So, I told you a little about what Jessica is working on… What’s the rest of the team doing?

[Slide 61 – Ge/Nerve Cells] Ge’s team is working on various ways to get the Quantum Dots INSIDE the nerve cells they want to study.
[Slide 62 – Beth/Muscle Cells] And Beth’s team has been labeling the tiny proteins inside muscle cells and sending her samples to Peter for imaging.

[Slide 63 – Peter/Microscope] And Peter’s team is working on adapting the STORM technique to view deeper inside living samples.
In fact, you can think of Peter, our microscopist….,
[Slide 64 – Movie Set] as the cameraman for a molecular movie-making team.  (click to bring up each colored rectangle for each person)
With Jessica as the lighting technician with her Quantum Dots, and Beth and Ge serving as the movie directors, deciding which parts of the living cells to zoom in on. 
And… Speaking of filming:  Students at the New England Institute of Art …
[Slide 65 – QSTORM Superheroes] Made a one-minute cartoon superhero adventure featuring our friends here, and I thought you’d like to see it.  They start out sad and frustrated by the challenges they can’t overcome alone and then come together to make a breakthrough in biological imaging…

[Slide 66 – Superhero Cartoon]

[Slide 67 – qstorm.org] That’s all for today folks. You are welcome you to follow the QSTORM team’s progress on their website qstorm.org. Please write in with comments and questions.  You may hear back from one of our researchers!

[Slide 68 – Credits] This presentation and the qstorm website were produced by the Museum of Science Boston.  We’d like to thank the National Science Foundation for supporting this work. 

I’ll be up here for a few more minutes to answer any questions you may have.  

Thank you, and enjoy the rest of your day here at the museum.

Tips and troubleshooting

It’s easiest to learn this presentation by watching the video of the presentation at the Museum of Science to see the nuances of the choreography between the script/slides.  Spend some time on the website to become familiar with the research.
There are many video files – which will probably need to be downloaded separately and inserted onto the correct slide. Most should be set to play “automatically”, but you may prefer to play “on click” instead. Some videos may need to loop (i.e. the Inner Life of the Cell animation). The key is to insert them into the appropriate slide and to practice/test out the entire presentation to make sure videos play as you expect and that you are familiar with the transitions. 
Practice with the wireless remote and QD-Linker-Gold NP model to become smooth and discreet with turning the QD on/off.

Common visitor questions

This program draws a wide variety of questions/comments from audience members. Due to the complexity of this research project, only a certain amount of information could be included in the 20-minute stage program – many details and engineering challenges had to be glossed over in the interest of time and simplicity. Luckily, many in-depth questions can be answered from the information on the qstorm.org website.  Here are a few typical questions:
Don’t we already have microscopes that can see down to the molecular/atomic level? 

Excellent point! Yes, we do. High-resolution microscopy techniques like SEM (scanning electron microscopes) or AFM (atomic force microscopes) and others, do exist and are able to “see”/image down to the atomic level. BUT they can’t be used on living cells due to the conditions in the microscope (high vacuum, or extremely low temperature, etc). Typically, the sample must be “fixed” (read: dead) and dehydrated to preserve its structure during imaging. That’s why biologists have been seeking other types of imaging techniques to get more resolution in vivo (in living cells in a living sample).
What are the applications for this type of super-resolution imaging technology?
The main goal for developing this technology is first and foremost to advance basic biological research – to create a technique where we can track/image single molecules in living cells at a resolution never before achieved. The two applications our biologists would use this for is in their research of nerve/muscle cells. Ge would like to be able to track cargo transport along the axons of nerve cells to see how/if the distribution of tau proteins affects (and possibly disrupts) this transport leading to it’s breakdown (which eventually could lead to neurodegenerative diseases). Beth would like to be able to take very precise measurements of certain molecules in muscle muscle cells to see how/if the length of these molecules changes during muscle contraction – this ability would allow her to test various hypothesis about how are muscle cells work, and the role of various proteins in muscle contraction. Beyond these 2 specific applications, there are many potential applications for this technology in biological research. For example, microbiology studies bacteria (tiny cells that are just a few hundred nanometers in size) – and these cells have been historically difficult to image and their biology is not well understood as a result – better resolution imaging would allow us to make breakthroughs in this field.  In neurobiology, biologists would like to use this type of imaging technology to explore the molecular architecture of synapses (the fundamentally important part of our nerve cells that connects to other nerve cells). But really the applications are nearly endless for biological research…
How do they get the quantum dots inside the cells? 
 The team has been exploring a few different ways to get quantum dots into cells – and they haven’t yet settled on the best method. One way involves microinjection (using a tiny needle to inject the QDs into the cytoplasm of a cell). Another method involves cell-penetrating-peptides (CPPs) – a protein that facilitates the uptake of QDs by the cell. Lastly, there is just incubation (cells in a petri dish will take up QDs by endocytosis). This is one of the engineering challenges that the team is still working on figuring out how to do!  Once inside the cells, the biologists use immunohistochemistry to label specific structures/molecules in a cell.  This process uses antibodies (connected to the QDs) that will specifically bind to the antigens (proteins on the surface) of specific sub-cellular structures. (There are a few diagrams on this page - http://en.wikipedia.org/wiki/Immunohistochemistry - that are helpful in understanding how it would work). 

Aren’t Quantum Dots toxic?
Yes, some types of Quantum dots are toxic (particularly, the cadmium-based ones). So there are some cadmium free quantum dots. Also, there are methods for coating the quantum dots with a stable polymer coating which renders them essentially non-toxic. Lastly, for some of the biological imaging applications – the toxicity occurs on a longer time scale than we’d need for imaging. That said, obviously, researchers couldn’t explore in vivo imaging using QDs in humans until much more is known about their toxicity and how they are absorbed/excreted by the body.
Are there other uses for Quantum Dots?

Yes – quantum dots have many possible uses – beyond the biological imaging/super-resolution microscopy application described in this presentation. Outside of biological imaging, researchers are currently exploring applications for quantum dots as transistors (computing), solar cells, LED lighting, diode lasers. Some quantum dot lighting and computer display applications are already on the market (for example QD Vision http://www.qdvision.com/ has partnered with LG Displays, Samsung also has a QD-based display).
Will the team be successful? What happens when their 4 years of funding runs out?

Success is not guaranteed! We honestly don’t know if this research project will work, but that’s all part of the scientific process and something that we think is a valuable lesson for our visitors.  (This type of research is sometimes called “high-risk, high-reward”. An important aspect of this research project is that several of the individual research components have the potential to advance the field whether or not all the aims are achieved. For example, several of the proposed experiments do not require switchable Quantum Dots, or can be performed with alternative fluorescent molecules. Significant progress in biological imaging can still be achieved through these experiments, including possible first-of-a-kind demonstrations of single QD detection in vivo, the use of non-switchable QDs and adaptive optics, and high resolution ultrastructural analyses in vivo (using fluorescent dyes or traditional QDs and adaptive optics).

The team is excited about the collaboration and feels like they are making good progress, so they are seeking further funding mechanisms to sustain this research beyond the 4 years. 

Going Further…

The best sources for additional information would be the qstorm.org website and the videos of the researchers presenting their work.
Jessica Winter Lab Research Summary - http://www.qstorm.org/winter-lab-research-update/
Peter Kner Lab Research Summary - http://www.qstorm.org/kner-lab-research-update/
Ge Yang Lab Research Summary - http://www.qstorm.org/yang-lab-research-update/
Beth Brainerd Lab Research Summary - http://www.qstorm.org/brainerd-lab-research-update/
For a general background on Super-resolution/STORM imaging, check out: http://www.microscopyu.com/articles/superresolution/stormintro.html
Clean Up
Time: 10 minutes

Pack up and store the props (QD display set, UV Light, QD-Linker-Gold NP model, and the 4 life-size cut outs of the researchers). 
Universal Design
This program has been designed to be inclusive of visitors, including visitors of different ages, backgrounds, and different physical and cognitive abilities. 

The following features of the program’s design make it accessible:

[X] 
1. Repeat and reinforce main ideas and concepts

Several key ideas are repeated throughout the program, including: nanoscale objects inside cells (that are smaller than wavelengths of visible light) are too small to see with traditional microscopes; new techniques like STORM microscopy, and new materials like Quantum Dots, offer possibilities to get past the traditional limits of light microscopes; Research is interdisciplinary, it’s an on-going endeavor conducted by real people, and many researchers are collaborating to make a big breakthrough in biological imaging. 
[X] 
2. Provide multiple entry points and multiple ways of engagement
We use many analogies, metaphors, and visualization tools to make these complex ideas more accessible – for example, the Eiffel tower analogy for how STORM imaging works. We also include a physical model for the QD-Linker-Gold nanoparticle mechanism that Jessica’s lab is developing, and the superhero cartoon to engage different ages.
[ X] 3. Provide physical and sensory access to all aspects of the program


In addition to the visual images on the slides, and the verbal descriptions from the presenters, there are numerous physical props (that visitors may touch and explore after the presentation) and several videos to show what’s happening.

To give an inclusive presentation of this program:
Be sure to speak slowly and clearly, facing the audience and do not obscure your mouth when speaking. Invite audience members to explore the props at closer view after the show.  Hold up props or display them in a manner that they can be seen by everyone in the audience.  

There is a lot of information packed into this program.  Using your own personal style of humor and drama can go a long way in breaking up some of the information here.  
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