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Abstract 

Platelets play an important role in maintaining hemostasis in the body. As they 

circulate through the blood stream, platelets receive signals from other cells that 

call them to sites of vascular damage. When platelets reach a damaged area, 

they go through the processes of activation and aggregation. During activation, 

platelets begin to change shape and release their granular contents via 

exocytosis. During exocytosis, a series of small molecules and proteins are 

released that serve to propagate the platelet activation signal and initiate wound 

healing. Overall, this work explores the different aspects of platelet activation 

using microscopy and single cell methods. 

 

Chapter One reviews the different components of the cytoskeleton and the 

current advances in microscopy that are being applied to study it. While light 

microscopy is a useful technique for studying cellular dynamics, super-resolution 

imaging allows for more in depth exploration of the many regulatory roles that the 

cytoskeleton plays in cells. Chapter Two focuses on work performed to 

investigate the toxicity of mesoporous silica nanoparticles on platelets. In 

Chapters Three and Four, the role that the cytoskeleton and plasma membrane 

play in the shape change dynamics of platelet activation is detailed, with a focus 

on using microscopy to visualize these changes. Chapter Five analyzes platelet 

activation to characterize fusion pore dynamics during exocytosis. 

 

Lastly, Chapter Six provides an overview of three different chemical education 

projects I have worked on. The first two projects involved the development and 

implementation of outreach events at a local community center to teach students 

about the scientific process and the chemistry behind climate change. The third 

project is in progress and aims to develop labs for use in the high school 

chemistry classroom that combine literature with general chemistry concepts to 

promote student engagement and interdisciplinary focus. 
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Super-Resolution Imaging for Monitoring Cytoskeleton 
Dynamics 
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1.1 Introduction 
The mammalian cell cytoskeleton is composed of three main filament types: 

actin, microtubules, and intermediate filaments (Figure 1.1). While there are 

variations between cell types in the structures that these cytoskeletal elements 

form, the basic components are the same.1-4 The cytoskeleton is key to 

controlling the mechanical properties, cargo transportation, and shape of cells.1,5,-

7 Through the cytoskeleton, cells control their stiffness, shape, and can receive 

cues about the external environment surrounding them.8,9 Often, cells respond to 

environmental cues through cytoskeletal rearrangement.10 Due to their 

importance in controlling many cellular processes and their small size, it is 

optimal to study the cytoskeleton of fixed or living cells using super-resolution 

microscopy techniques. 

1.1.1 Cytoskeletal Elements 

The role of actin is multiplex in cells, and its presence is almost ubiquitous in 

eukaryotic cells. The basic structure of actin is a series of monomers that form 

filaments about 7 nm in diameter with a helical shape with a plus and minus end, 

giving them polarity.6 Despite this simplicity, this building block is used to create 

a huge variety of structures, ranging from filaments that criss-cross cells to 

sheets and extensions at the edges of cells.1 Actin serves to provide structure, is 

involved in endocytosis and exocytosis, transport within cells, cell division, and 

cellular movement.7 In endocytosis, actin is involved in the formation and then 

internalization of endosomes. Both organelles and vesicles have been shown to 

travel along actin networks. In conjunction with myosin, actin governs cell division 

by forming a contractile ring that splits a cell into two daughter cells. The 

assembly and disassembly of actin filaments creates the crawling motion that 

cells use to move.5,6 Its diversity in cellular function and the importance of the 

many roles it plays make actin an important structure to study towards achieving 

fundamental insights into cell biology and facilitating medical advances. 
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Microtubules serve primarily in intracellular trafficking, organelle positioning, and 

cellular polarization.8 Microtubules are made up of α- and β-tubulin subunits that 

link to form hollow tubes 25 nm in diameter.11 Like actin, microtubules are polar 

and together are key to conferring polarity in cells. In most cells, microtubules 

grow out from centrosomes toward the cell membrane in such a way that results 

in a higher concentration at the ‘front’ of the cell so as to direct cellular motility, 

for example in directing axonal growth.8,10,12 Microtubules are also important in 

the process of cell division as they modulate separation of the replicated 

chromosomes.5 In platelets, microtubules serve to stabilize the discoid resting 

shape and, as in other cells, stabilize the filopodia structure in spread platelets.13 

 

Like actin and microtubules, intermediate filaments are present in many types of 

cells. Unlike the other two elements however, they are very diverse in 

composition with high variability in their exact components but retaining the same 

basic structure. Each intermediate filament is structured as a rod with variable 

head and tail domains. The rod itself is about 8 – 12 nm in diameter and is 

composed of a series of two parallel, α-helix chains which, like the head and tail 

domains, are diverse in makeup.3,4 The variability of the structure is due to the 

diversity of cellular and tissue environments in which they reside.3,9 Despite this 

diversity, the main function of intermediate filaments appears to be consistent, 

managing cellular stress, primarily through mechanical means.9 There are a few 

main types of intermediate filaments with differences in amino acid sequence and 

filament structure. Key intermediate filament types are keratin which modulates 

mechanical tensions, desmin which is important in mechanical stress resilience, 

and vimentin which plays a role in mechanotransduction. In addition, 

intermediate filaments are important in conditions of osmotic stress and in the 

central nervous system during trauma responses.9 Intermediate filaments form a 

complex network that are the basis of the viscoelastic properties of cells.4  
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Figure 1.1 Schematic representation of the three main categories of 

cytoskeletal filaments.14  
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1.1.2 Microscopy 

Microscopy is ideal for studying cytoskeletal dynamics and structure due to their 

macromolecular nature. Microscopy has provided scientists with important 

insights on biological processes and structure since 1665 when Hooke used it to 

visualize the first cell.15 Imaging has since then been applied in biological studies 

to bulk samples, tissues, individual cells, and individual proteins. Light 

microscopy encompasses many different imaging techniques, including bright 

field, dark field, and fluorescence microscopy. This review will focus on super-

resolution fluorescence microscopy techniques, which utilize fluorescent probes 

attached to targets as a mode to selectively achieve sub-diffraction-limited 

images of specific features.  

 

While traditional light-based microscopy techniques are useful, the resolution 

required for imaging certain processes cannot always be achieved if the limit of 

diffraction for light is reached. The traditional Abbe spatial resolution of light is 

determined by Δr = λ/(2n sin α); where r is the resolution, λ the wavelength of 

light used, n the aperture angle, and α the refractive index.16 This limitation can 

be overcome through electron microscopy and super-resolution fluorescence 

imaging techniques. In electron microscopy, a sample is bombarded with a beam 

of electrons as opposed to light, and the diffraction of the beam is used to 

generate an image, completely avoiding the visible light diffraction limit with the 

much shorter electron wavelength. Each microscopy method can provide 

important answers to different questions. For example, the high resolution of 

electron microscopy makes it ideal for imaging small structural details, whereas 

using fluorescence microscopy one can easily identify different cellular 

components and tag species of interest. One major drawback to electron 

microscopy is the difficulty of sample preparation as it is both time-consuming 

and prone to altering biological structure.15 In the past two decades, advances in 

the area of super-resolution fluorescence microscopy have been revolutionizing 
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the imaging of cellular structures.17-19 These super-resolution fluorescence 

microscopy techniques allow us to image structures far below the spatial 

resolution traditionally allowed by visible light, down into the tens of 

nanometers.16  

1.1.3 Fixed versus Live Cell Imaging 

As with electron microscopy, sample preparation is a major consideration in 

fluorescence imaging. In addition, fluorescence imaging can be performed on 

both live and fixed cells, adding another consideration when preparing samples. 

Traditionally, the investigation of cellular structures and protein localization via 

imaging has been performed on fixed cells, where the target is labeled using an 

antibody tagged with a fluorophore, either small molecules or quantum dots 

(QDs). With the advent of fusion proteins, which encode for fluorescent proteins 

directly attached to the target, there has been a shift towards more live-cell 

imaging.20,21 It is important to consider how the perturbations that can be caused 

by either the probe or methods used to prepare the cells for either fixed or live 

cell imaging may lead to imaging artifacts. This is particularly important to 

consider for super-resolution fluorescence imaging, as some of the techniques 

do not have time resolution on par with the biological processes of interest. 

 

Fixed cell imaging generally has four stages of sample preparation: (1) fixation of 

the cell to preserve the structure of interest, (2) permeabilization so that the 

probe can enter the cell and bind to the structure of interest, (3) blocking 

nonspecific binding, and (4) introduction of the probe. Organic solvents, such as 

methanol, ethanol, and acetone perform stages (1) and (2) in one step. Another 

common method of immunofluorescence sample preparation includes fixation 

with an aldehyde followed by permeabilization by a saponin or detergent. Both 

modes of fixation/permeabilization can result in a number of problems. During 

fixation, the sites for probe binding can be blocked or protein structure altered. 

Fixation can also result in membrane or organelle disruption. A common problem 
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with permeabilization is the loss of proteins via extraction or relocalization.22 In 

particular, the side effect of protein extraction and redistribution is dependent 

upon protein size and cell type, making it difficult to predict changes.23 When 

imaging the cytoskeleton, extraction of the smaller components can be 

advantageous as it is generally desirable to image only the filaments rather than 

the monomers and dimers. However, the protocol should certainly take the 

protein of interest into consideration.24,25 The common labeling method used with 

fixed cells (used in Chapters 2 and 3) is use of an immunofluorophore conjugate, 

wherein antibody labels are used to mark the protein, or organelle, of interest. 

One major benefit of immunofluorescence is the ease of labeling multiple 

proteins with different probes so that colocalization of various elements can be 

studied. In addition, as cells are fixed prior to labeling, there are no concerns 

about the probe altering the function of the target or cellular processes.  

 
Live cell imaging allows for a more dynamic study of cells, which is fairly 

important for studying the cytoskeleton. However, live cell imaging can be difficult 

to perform, with problems generally arising either from the difficulty in delivering 

the probe to the location of interest or disruptions caused by either the delivery 

method or the probe itself to the cell or the target that it is marking. Fusion 

proteins require cells that can be readily transfected and contain the cellular 

machinery to then translate the encoding gene into a protein. The large size of 

fusion proteins can lead to disruption in target’s function.26 There is, however, a 

large variety of fluorescent proteins to choose from, allowing researchers to 

select for fluorescence character, size, and stability relative to the surrounding 

environment amongst others.27 While small molecules and QDs can circumvent 

some of these issues, such as size and tunability of fluorescent character, they 

are more likely to be toxic to the cell and both targeting and internalization can be 

difficult. Probe internalization can be achieved through a variety of methods, not 

limited to electroporation, use of pore-forming small molecules, and 

microinjection.28,29 Commonly used targeting moieties for the cytoskeleton are β-
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tubulin subunits to label microtubules, phalloidin to label actin, and various 

antibodies to label intermediate filaments.30-33 

1.2 Fluorescence Imaging 
Fluorescence imaging is an important technique due to its ability to selectively 

identify specific characteristics of a sample. It is particularly useful in the study of 

the cytoskeleton as it can be used to study both the dynamics of the cytoskeleton 

and its association with various proteins by labeling both components and 

imaging for colocalization. Optimal probes for fluorescence microscopy should 

have the following characteristics: (1) the probe should have specific association 

and a large binding constant with the protein of interest, (2) it should be nontoxic 

and not alter the natural cellular processes, (3) it should have a quantum yield 

greater than 0.3 when bound to the target, (4) it should have an excitation close 

to or above 500 nm to minimize autofluorescence from the cell, and (5) it should 

have no or minimal photobleaching.34 While much of the initial work to elucidate 

the structure and function of the cytoskeleton in cells was done using 

epifluorescence, recently there has been a push towards using higher resolution 

fluorescence techniques.35-37 

1.2.1 Nearing the Resolution Limit 

A few different fluorescence imaging techniques have been developed to get 

resolution closer to the Abbe diffraction limit. Two of these methods, confocal 

microscopy and total internal reflection fluorescence (TIRF) microscopy, function 

by reducing the volume of the sample that is illuminated.11,35 This effectively 

reduces the level of background fluorescence, resulting in a clearer, higher 

signal-to-noise image. 

 
Confocal microscopy functions by adding a pinhole to the microscope setup 

between the sample and the camera. The pinhole only allows passage of light 

from the focal plane of interest, thereby reducing out-of-focus light (Figures 1.2A 

and 1.3A).35 Using confocal microscopy, z-section imaging of samples can be 
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performed; z-slices between 0.6 – 1 µm in thickness are commonly obtained.11 

One benefit of confocal imaging is that it is not restricted by a penetration depth 

of light into cells or tissues and can be used to image a thick sample by 

combining many cross-sectional z-slices. One potential disadvantage of confocal 

fluorescence microscopy is that it is often performed using a laser to illuminate 

the sample and is more likely to result in sample damage or photobleaching of 

the fluorophore than epifluorescence.35  

 

The thin z-slicing obtained by confocal works nicely for imaging neurons as it is 

on the scale of the dendrite and axonal extension thicknesses.38 Confocal 

microscopy is often used for fluorescence recovery after photobleaching (FRAP) 

experiments to monitor diffusion of labeled targets.39,40 Through the use of FRAP 

and photoactivatable proteins, Hotulainen, et al. were able to monitor and 

quantify the treadmilling of actin subunits in dendritic spines.39,40 By disrupting 

actin, the synaptic activity at dendrite ends is disrupted.40 By disrupting cofilin, an 

actin disassembly protein, both the number and formation of protruding spines 

decreased.40  

 
TIRF takes advantage of the optical phenomenon known as total internal 

reflection (TIR). When light traveling with a high angle of incidence reaches the 

boundary between two media with different refractive indices, typically a solid-

liquid interface, TIR may occur. When the TIR critical angle is reached, nearly all 

the light will reflect back into the first medium. This reflectance generates a 

decaying evanescent field in the overlaying medium with a penetration depth on 

the order of 100 – 200 nm when using visible light (Figures 1.2B and 1.3B).11,29,41 

The evanescent wave has a small excitation distance that can be used for high 

resolution imaging of fluorophores close to the media interface.29,41-43  

 

TIRF microscopy has many benefits over other optical sectioning techniques. 

The thickness of the optical sections derived from TIRF are about one fifth of that 
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which can be obtained using confocal imaging.43 One large difference between 

confocal and TIRF microscopy is that in the former, the entire sample is 

illuminated but only one section is observed. In TIRF, only the portion of the 

sample in the evanescent wave is illuminated, which serves to reduce damage 

and photobleaching. This also means however, that only events taking place in, 

at, or near the plasma membrane can be observed and quantified at high 

resolution. By decreasing the angle of incidence, the penetration depth can be 

increased in what is termed ‘near-TIRF’ imaging.11 Due to its ability to monitor 

events at the cell surface, TIRF is often used to monitor surface membrane 

dynamics and kinetics, the cytoskeleton near the plasma membrane, fusion of 

proteins to the surface membrane, and secretion events.  

 

TIRF has been applied to study the cytoskeletal-membrane dynamics of both B-

cells and T-cells upon immune response. The cytoskeleton appears to be 

important in both the resting state and the initial stages of immune response, 

directing the movement and grouping of immunoreceptors.44 TIRF has also been 

used to monitor how molecular motors travel along both actin and microtubule 

cytoskeleton tracks.45 Zong, et al. demonstrated through TIRF imaging that 

during endocytosis in insulin-secreting cells, clathrin-coated pits are stationary at 

locations where microtubules are attached to the plasma membrane, whereas 

clathrin-coated vesicles move along microtubule filaments.46 The importance of 

microtubules to maintaining filopodia structure has also been investigated.11 

Interestingly, through TIRF imaging it is known that the growing ends of the 

microtubules making up the mitotic spindle do not come close to the cell 

membrane.11 

 

In part, because the exciting evanescent wave is localized to within a few 

hundred nanometers of the plasma membrane, the uses of TIRF for cytoskeletal 

imaging are limited. Further studies of cytoskeleton dynamics and structure 

within cells require techniques with sub-diffraction limit spatial resolution imaging. 
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Ideally, these techniques can also be used to develop three-dimensional images 

as is possible with diffraction-limited confocal microscopy. 

1.2.2 Super-Resolution Fluorescence Imaging 

Despite the improved spatial resolution of confocal and TIRF microscopy 

compared to epifluorescence, they can not reveal cytoskeletal structures smaller 

than the Abbe diffraction limit allows. The cytoskeletal elements often form a very 

intricate network, making it hard to resolve individual elements. Using super-

resolution fluorescence imaging, some of the unanswered questions regarding 

the cytoskeleton can be probed. Due to its nature, there are a few obstacles to 

applying super-resolution imaging to biological samples. The two main problems 

that arise are reducing background fluorescence and finding fluorescent probes 

with high quantum yield, slow photobleaching, and low cellular toxicity. As so few 

photons are collected in super-resolution imaging, any background fluorescence 

can be highly detrimental and easily override the signal of interest. To help 

reduce this, most stochastic optical reconstruction microscopy (STORM) and 

photoactivated localization microscopy (PALM) setups are similar to that of a 

TIRF microscope, thus reducing out-of-focus fluorescence.47 The pool of 

fluorophores available for super-resolution imaging has also been expanding, 

with work being performed to either create new probes or modify existing probes 

initially used for epifluorescence imaging.48-50  

 

STORM and PALM work though a series of activation and bleaching steps 

(Figures 1.2C and 1.3B). During each imaging cycle, a small subset of probes 

are activated, imaged, and then photobleached. PALM was developed by Betzig, 

et al. and uses a pattern of activating fluorescent proteins and then 

photobleaching most them so as to localize individual fluorophores with high 

resolution.17 STORM functions by utilizing fluorescent dye molecules that can be 

switched between fluorescent and dark states dependent upon the presence of 

an activator and wavelength of light used.18 By taking many images of the same 
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area while switching the fluorophores on and off, a sub-diffraction limit resolution 

image can be constructed. In both STORM and PALM, the centroid of the 

fluorophores can be mathematically determined after detection by modeling the 

fluorescent area as a point spread function (PSF) and fitting it to a Gaussian. By 

combining each fit image a super-resolution image can be generated.17,18,51 Work 

has been progressing to make STORM and PALM imaging systems that can 

provide high resolution in all three dimensions. The currently used methods 

exploit PSF calculations, harnessing astigmatism in the microscope setup, and 

dual-objective systems.52-57  

 

Stimulated emission depletion (STED) fluorescence microscopy functions by 

using two lasers, one to initially excite the sample and a second laser to deplete 

the excited state of the outer ring of fluorophores in an illuminated area, resulting 

in a smaller fluorescent area and thereby creating a narrower PSF to give high 

resolution images (Figures 1.2D and 1.3A).19 Using this technique a resolution 

below 10 nm can be achieved.58 

 

While STORM and PALM can reach a theoretical resolution of ~25 nm and STED  

a resolution of 10 nm, achieving this high resolution can be difficult in both live 

and fixed cell samples.17,18,52,58 To collect enough photons to resolve a structure, 

samples need to be imaged on the time scale of seconds, a timescale slower 

than many live-cell processes. In addition, the effectiveness of the labeling of the 

fluorescent probes plays a large role in the resolution that can be obtained. Low 

labeling efficiency, blinking, or clustering of the probes can all result in imaging 

artifacts.59,60 As with all imaging schemes, the effects of the probe on the cell and 

structure of interest as well as the cell preparation methods also need to be 

considered. 
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Figure 1.2 High resolution fluorescence microscopy techniques. A) Confocal 

microscopy, where the green represents the excited region of the sample. B) 

TIRF microscopy, where the green represents the excited fluorophores within the 

evanescent field whereas the gray represents a non-excited molecule located 

above the field. C) PALM/STORM microscopy. The stochastic nature of PALM 

and STORM turn on and off the fluorophores, allowing for the localization of the 

centroid. D) STED microscopy. The stimulated depletion of the outer ring of 

excited fluorophores allows for high resolution imaging. Modified from Hell 

Science 2007.16 
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Figure 1.3 Comparisons of fluorescence microscopy techniques. A) 

Comparison of confocal and STED imaged neurofilaments. B) Comparison of 

TIRF and PALM imaged transmembrane proteins. Modified from Hell Science 

2007.16 
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Probes 

Due to the long acquisition times and specific wavelengths required for super-

resolution fluorescence imaging, the number of probes that can be used is limited 

but a number of strategies have been used to broaden the available scope.59,61,62 

Multiple groups have modified fluorescent proteins for cytoskeleton 

imaging.59,61,62 Izeddin, et al. designed a probe for PALM by combining an actin-

binding peptide with a fluorescent protein. The resulting probe had a low affinity 

binding for actin to decrease imaging time.59 Using their probe, they investigated 

the long-term dynamics of the actin making up the dendritic spine in neurons in 

both fixed and live cells. In fixed cells, they obtained approximately 25 nm spatial 

resolution and in live cells Izeddin, et al. were able to attain 65 nm spatial 

resolution with a corresponding 50 s temporal resolution for up to 30 min.59 

Additionally, by labeling the plasma membrane through a GFP-quantum dot 

construct and imaging it with single particle tracking, the authors were able to 

obtain colocalization data about the actin-membrane interactions.59 

Gunewardene, et al. developed a photoactivatable fluorescent protein which 

functions in the far-red region.61 Using this fluorescent protein, they were able to 

perform simultaneous three-color live cell imaging using PALM to study the 

colocalization of both raft- and non-raft- associated membrane proteins with the 

actin cytoskeleton.61 Another group used the method of genetic code expansion 

to create proteins that could be easily tagged by fluorescent probes and imaged 

actin filaments in COS-7 cells using STORM.62  

 

Development of small molecule probes is also ongoing.63,60 By using a 

Ti:Sapphire oscillator for STED microscopy, Liu, et al. found that DyLight 650 is 

an effective fluorescent dye for STED imaging. Using this setup, they were able 

to resolve microtubules, intermediate filaments, and actin filaments in fixed 

cells.63 Lukinavičius, et al. designed probes specifically for actin and microtubule 

investigations using silicon-rhodamine (SiR) derivatives linked to small molecules 

which bind selectively to the cytoskeletal elements. These probes exhibited 



 

 16 

minimal cytotoxicity and fluoresce in the far-red region with 10-fold and 100-fold 

increased intensity when bound to microtubules and actin, respectively.60  

 

To enable colocalization imaging, Nanguneri, et al. investigated the use of 

rhodamine and bodipy fluorescent dyes that can be quenched by tryptophan as 

effective probes for dual-color STORM imaging.64 The use of tryptophan-

quenched synthetic dyes means that specific imaging buffers, which can interfere 

with fluorescent proteins, are not necessary. Thus, cells can be labeled with both 

synthetic dyes and fluorescent proteins to perform co-localization imaging 

experiments.64  

 

Structure 

Using these labeling strategies, there have been many studies applying super-

resolution fluorescence imaging to reveal details about cytoskeletal structure. 

Frost, et al. used PALM to track individual actin molecules as they traveled along 

actin filaments in dendritic spines.65 Using this method, they were able to identify 

areas of actin polymerization located throughout the spine.65 PALM allowed 

Scarselli, et al. to determine that the clustering of the G protein-coupled receptor 

β2-adrenergic receptor is directed by actin.66  

 

The Zhuang group has applied STORM to investigating the actin structure in 

cells.56,67,68 Initial studies optimized the use of a dual-objective setup to facilitate 

greater photon collection efficiency, serving to increase spatial resolution (Figure 

1.4). Using this setup, they achieved ~9 nm spatial resolution in the x, y direction 

and ~19 nm spatial resolution in the z direction. By applying this technique to 

cells stained with an actin-labeling fluorophore conjugate, they were able to 

image individual actin filaments and detect two actin layers in the protruding 

edges of cells.56 They further applied this technique to investigate the structure of 

actin and spectrin in neurons. Imaging showed that the actin formed long 

filaments down the neuronal dendritic shaft. In axons, however, the actin formed 
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circumferential rings periodically spaced along the entire shaft.67 Through 

colocalization experiments they found that βII spectin alternated in occurrence 

down the axonal shaft and that expression levels of βII spectrin were found to 

determine the presence of the periodic lattice structure.68 Lukinavičious, et al. 

used STED to image the periodic actin structure previously identified via STORM 

by Xu, et al. in live cells.60,68 In addition, they obtained the first live cell images 

showing the ninefold symmetry of the microtubule-based centriole. 

 

Van den Dries, et al. used dual-color STORM to clarify the structure of 

podosomes in dendritic cells, adhesion structures that specialize in sensing the 

extracellular matrix.69 Due to the super-resolution capabilities of STORM, they 

were able to disprove the previously hypothesized ‘closed’ ring structure of 

podosomes. In addition, they found that actin podosome cores were connected 

to nearby cores with actin filaments, a fact that had been previously unknown.69 
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Figure 1.4 Dual-objective microscope setup for improved resolution STORM 

imaging. A) Microscope setup, where M indicates a mirror, Obj. an objective, 

LP a long-pass filter, CL a cylindrical lens, and BP a band-pass filter. B) Each 

molecule is repeatedly activated and imaged, resulting in a cluster. The 

center of mass is determined and the x, y, and z position can be determined 

by fitting to a Guassian function. C) Distribution of the number of photons 

collected, with an average of 5,200 for the single-objective and 10,600 for the 

dual-objective setups. D) Images of the Alexa Fluor 647 molecules. 

Comparing objectives 1 and 2, the green and blue arrows indicate the same 

molecules as the molecules are elongated in opposite directions (one x, the 

other y). Conversely, the pink arrows indicate two different, but closely 

positioned, molecules, indicated by elongation in the same directions. Scale 

bar is 2 µm. Modified from Xu Nat. Method 2012.56  
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Correlative Techniques 

To bypass the limitations of super-resolution techniques, a number of groups 

have combined other techniques with super-resolution imaging to investigate the 

cytoskeleton. Heaslip, et al. studied how actin and microtubules direct insulin 

granule secretion in pancreatic β-cells by imaging cells with classical 

epifluorescence, TIRF, and STORM microscopy. By combining these techniques, 

they were able to get data about the location, size, and speed of growth of the 

cytoskeletal elements of interest.70 STED microscopy has been paired with both 

fluorescence correlation spectroscopy (FCS) and atomic force microscopy (AFM) 

to study cell membrane-cytoskeleton interactions.71,72 Mueller, et al. used STED 

microscopy in conjunction with FCS to show that lipid complex formation 

involving sphingolipids was dependent upon the cytoskeleton.71 In another 

example, by using both AFM and STED, Sharma, et al. were able to correlate the 

difference in stiffness in cisplatin-resistant and susceptible ovarian cancer cells to 

differences in F-actin arrangement in the cytoskeleton.72  

1.3 Conclusion 
Despite the fact that super-resolution imaging has only been developed in the 

last two decades, there has already been a large amount of development in the 

technique itself and the probes that can be used. These developments have 

made super-resolution imaging more applicable to cellular imaging, extending it 

to three-dimensions and multi-color imaging. The use of super-resolution in 

combination with other techniques also results in interesting discoveries, and 

further pairing could be beneficial. An ideal pairing would be AFM with STORM to 

correlate cell membrane stiffness with high-resolution cytoskeleton images. In 

addition, a technique such as Raman could be paired with PALM to monitor both 

molecular release and cytoskeletal control during exocytosis events. 

 

The application of super-resolution fluorescence imaging in cytoskeleton studies 

has been fairly narrow to date. Most studies investigate actin dynamics, most 
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often in neurons. There is minimal work examining microtubule dynamics, and 

almost no use investigating intermediate filaments. Even in the area of actin 

imaging, there are many structures and dynamics to probe beyond neurons and 

podosomes.69,73 For example, while much work has been done to elucidate 

cytoskeletal dynamics in B-cells using TIRF, a number of questions about the 

identity of and mechanism by which regulating proteins guide those dynamics still 

remain that would be best answered using super-resolution imaging 

techniques.44  

 

There are still many unknowns to be studied with regards to cytoskeletal 

dynamics but super-resolution imaging has opened up avenues for investigating 

these questions.  Future development of the technique will only further the field. 

In fact, recently, label-free super-resolution imaging was reported which will 

effectively eliminate labeling artifacts.74 Cytoskeletal dynamics are key to many 

biological processes, and with super-resolution microscopy, we are well on our 

way to gaining a better understanding of these processes. 
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Chapter 2 

On-chip Evaluation of Platelet Adhesion and Aggregation upon 
Exposure to Mesoporous Silica Nanoparticles 

 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 

 

 
Reproduced with permission from the Royal Society of Chemistry: 

Kim, D.; Finkenstaedt-Quinn, S.; Hurley, K. R.; Buchman, J. T.; Haynes, C. L. 

“On-chip evaluation of platelet adhesion and aggregation upon exposure to 

mesoporous silica nanoparticles.” Analyst, 2014, 139, 906-913.  

 
I contributed the platelet preparations, viability, and fluorescence imaging of the 

collected samples to this work. 
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2.1 Introduction 

Recently, mesoporous silica (MS) nanoparticles have gained significant attention 

from various scientific communities due to their promising characteristics, 

including large surface areas, flexible surface chemistry, chemical/physical 

stability, and biocompatibility.1-3 These particles are of particular interest as drug 

delivery agents due to their extraordinarily high surface-to-volume ratio.4 Multiple 

studies have investigated the effects of particle size, shape, and surface coating 

on cell viability,5-14 generally concluding that MS nanoparticles equipped with a 

biocompatible coating such as polyethylene glycol (PEG) or polyethylimine (PEI) 

do not induce cell death.10-14 However, the study of nanoparticle impacts on 

blood cells has been largely limited to live/dead viability studies, and the 

understanding of more complex biological interactions with these MS 

nanoparticles is still in its infancy. Clinical application of MS nanoparticles would 

likely involve intravenous injection and blood circulation; thus, understanding the 

potentially subtle effects of MS nanoparticle exposure on blood components is 

critical. The current knowledge gap is partly due to technical difficulties in 

conventional assay platforms; as such, this research is intended to provide a 

simple platform that yields insight into the mechanistic interactions of 

nanoparticles with blood components.  

 

In the in vitro and in vivo studies aimed at understanding the interactions of 

nanoparticles with various blood components, in vivo assays have been almost 

the only way to take into account the complex and dynamic nature of the 

biological system. However, in vivo methods are expensive, slow, ethically 

questionable, and, due to complexity, often don’t yield mechanistic insight into 

how the nanoparticles and cells interact.15-18 More importantly, many in vivo 

animal studies have questionable relevance for humans. As such, simple, cheap, 

fast, and ethically less-questionable in vitro assays that account for the dynamic 

and complex nature of physiological systems while using human blood 
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components would be ideal to answer biological questions in simplified, more 

controlled environments.  

 

Microfluidic platforms have gained significant attention recently as a potential 

way to keep the advantages of the in vitro assay platform while enhancing in vivo 

relevance, particularly with respect to blood components such as red blood cells 

and platelets.9,17-23 Our lab has recently performed a nanotoxicological study on 

endothelial cells using a microfluidic platform where we successfully incorporated 

the dynamic nature and shear stress relevant in the in vivo milieu.9 In the 

previous study, we found that the flow characteristics present in the vascular 

system has a significant impact on the apparent toxicity of mesoporous silica 

nanoparticles towards endothelial cells; however, our investigation was still 

limited to viability assessment on an immortal cell line. Herein, we further develop 

the analytical platform using primary human platelets with on-chip fluorescence 

imaging to investigate the impact of nanoparticles on the critical platelet functions 

of adhesion and aggregation (Figure 2.1). Platelets are anuclear cell fragments 

that regulate hemostasis and thrombosis.21-28 If either adhesion or aggregation of 

platelets is deregulated, platelets may induce damaging or lethal events; thus, 

any blood borne biomedical nanoparticles must have a minimal effect on platelet 

behaviour.21-25 

 

To develop an analytical assay platform for both platelet adhesion and 

aggregation under physiologically relevant conditions, this work exploits a simple 

microfluidic channel coated with a confluent layer of endothelial cells. The 

endothelial cell-coated microfluidic channel mimics a blood vessel wall; 

introducing a platelet stream over the endothelial cell layer simulates the vascular 

system. Herein, this platelet stream is subjected to various doses of MS 

nanoparticles to examine the nanoparticle impact on platelet-endothelial cell 

interactions. The MS nanoparticles used in this research are fluorescent MS 

nanoparticles co-modified with PEG and trimethylsilane (FMS@PEG/TMS 
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throughout the manuscript), a nanostructure which has proven to be colloidally 

stable in complex biological environments and does not induce cell death.9 

Because the microfluidic platform is optically transparent, the fluorescent MS 

nanoparticles can easily be imaged along with individual stained platelets and 

endothelial cells associated with these nanoparticles. The study presented herein 

provides comprehensive analysis of platelet adhesion and aggregation 

processes in the presence of MS nanoparticles, yielding fundamental insight into 

how these nanoparticles will behave upon intravenous injection. 

2.2 Methods and Experimental Setup 

2.2.1 Fabrication of Microfluidic Platforms  

The microfluidic platform was fabricated using standard photolithography 

techniques. Briefly, the device design was transferred to a chrome mask plate 

(Nanofilm) and then transferred onto a layer of SU-8 photoresist on a silicon 

wafer. After development, Sylgard 184 resin:curing agent (10:1) mixture was cast 

onto the mold and cured on a hot plate overnight. After this curing step, the 

polydimethylsiloxane (PDMS) layer on the mold was peeled and cut, punched for 

the inlet and outlet holes, rinsed using methanol, isopropyl alcohol, acetone and 

water, and then permanently bound to a glass substrate using oxygen plasma 

treatment. The channel dimensions were 100 µm (height) x 2000 µm (width) x 

25000 µm (length). 

2.2.2 Endothelial Cell Culture  

The Hy926 human endothelial cell line was purchased from ATCC and then 

cultured in a T-flask. The culture media was Dulbecco’s Modified Eagle Medium 

(DMEM) with high glucose, supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin and streptomycin. Two days before experiments, endothelial 

cells were trypsinyzed and re-suspended into the same culture media (1 x 107 

number/mL), and then 20 µL of the cell suspension was plated onto the 

microfluidic device. Once plated onto a device, cells were fed every 12 hours and 
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formed a confluent layer in the microfluidic channel within two days. Devices 

lacking a uniform layer of endothelial cells were discarded.  

2.2.3 Platelet Isolation  

Human platelets were isolated from freshly-drawn human blood. Human blood 

samples were obtained from trained professionals at the Memorial Blood Center 

(IRB protocol E&I ID#07809) where the blood was drawn directly into tubes 

containing EDTA as an anti-coagulant. Briefly, once blood samples were 

obtained, the entire contents of the vial (5 mL) was transferred into a 15 mL 

centrifuge tube and centrifuged at 270xg for 20 minutes with no brake. Then, the 

top two-thirds of the platelet rich plasma (PRP) layer were transferred into a new 

centrifuge tube. Hirudin (Sigma-Aldrich, St. Louis, MO) was added at a 

concentration of 10 U/mL, and then the PRP was allowed to rest at 37 °C for 25 

minutes. Following the rest, one-third volume of acid-citrate-dextrose (ACD, 85 

mM trisodium citrate dihydrate, 66.6 mM citric acid monohydrate, 111 mM D-

glucose) was added, and the PRP was again centrifuged at 800xg for 10 minutes 

with low brake. The platelet poor plasma (PPP) was removed, and the pellet was 

resuspended into Tyrodes buffer (137 mM NaCl, 2.6 mM KCl, 1.0 mM MgCl2, 5.6 

mM D-glucose, 5.0 mM HEPES, 12.1 mM NaHCO3). The PRP was placed in the 

incubator for 30 minutes to rest, then centrifuged again at 800xg for 10 minutes 

with low brake after adding ACD. The formed pellet was again resuspended in 

Tyrodes buffer and the platelets were kept in the incubator again for 30 minutes 

to rest prior to 30 minute incubation with 2 µM 5-chloromethylfluorescein 

diacetate (CMFDA) dye (Invitrogen, Carlsbad, CA) so that platelets adhered onto 

endothelial cells could be fluorescently monitored. All results reported in this 

manuscript are derived from many platelets measured from 6 biological 

replicates (6 donors) unless otherwise specified.  
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2.2.4 Mesoporous Silica Nanoparticle Synthesis  

Fluorescent mesoporous silica (FMS) nanoparticles were synthesized according 

to our previous work.14,26 To prepare rhodamine B isothiocyanate (RITC) for 

incorporation into the silica network, it was first functionalized with 3-

aminopropyltriethoxy silane (APTES) by incubating 2.6 mg RITC (Sigma Aldrich, 

Milwaukee, WI) and 2 µL APTES (Gelest, Morrisville, PA) in 1 mL 99% ethanol 

(Pharmco-Aaper, Brookfield, CT) with stirring overnight. The next day, 0.29 g 

cetyltrimethylammonium bromide (CTAB, Sigma Aldrich, Milwaukee, WI) 

surfactant was dissolved in 150 g of 0.256 M NH4OH (Mallinckrodt, Phillipsburg, 

NJ) by stirring at 300 rpm at 50 °C. After 1 h, 2.5 mL of 0.88 M ethanolic 

tetraethylorthosilicate (TEOS, Sigma Aldrich, Milwaukee, WI) were added, 

followed quickly by 1 mL of the ethanolic RITC/APTES reaction. The mixture was 

stirred at 600 rpm and heated at 50°C for 1 h, followed by the addition of 450 µL 

PEG-silane (500-700 MW, Gelest, Morrisville, PA). After 30 minutes, 68 µL of 

chlorotrimethyl silane (TMS, Fluka, Buchs, Switzerland) were added.  Stirring 

was stopped after 30 minutes, and the sample was aged at 50 °C for 20 h, 

allowing excess water to evaporate from the solution (final volume ~50 mL), 

resulting in sub-50 nm diameter RITC-fluorescent mesoporous silica 

nanoparticles co-modified with PEG and TMS (FMS@PEG/TMS).  All 

nanoparticle batches were passed through a 0.45 mm filter to exclude large 

aggregates and placed in an oven at 90 °C for 24 h.  This hydrothermal treatment 

contributes to colloidal stability and biocompatibility as established in our 

previous work.14,30 Treated particles were then purified by dialysis and 

centrifugation and stored in MQ DI water prior to use. All reactions and post-

synthetic steps were performed under dark conditions to prevent photobleaching. 

2.2.5 Mesoporous Silica Nanoparticle Characterization  

Dynamic light scattering measurements were performed on a 90Plus particle 

analyser (Brookhaven Instruments, Holtsville, NY) with a 35 mW red diode laser 

at 600 nm. Samples were diluted to 1 mg/mL in water and measured at room 
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temperature. A FEI Tecnai T12 transmission electron microscope with 120 kV 

operating potential was used to collect images for particle morphology and sizing. 

Diameters were calculated from an average of 500 nanoparticles. Nitrogen 

adsorption/desorption isotherms were acquired on a Micromeritics ASAP 2020 

instrument after being degassed at 120 °C for 8 h.  

2.2.6 On-chip Adhesion and Aggregation Assays  

Once nanoparticles, platelets, and endothelial cell-coated microfluidic devices 

were ready, the population of platelets was divided and treated as desired. Of the 

eight experimental conditions considered, the first four conditions involved 

platelet exposure to no, 20 µg/mL, 200 µg/mL, or 1000 µg/mL FMS@PEG/TMS 

nanoparticles without intentional platelet activation (labeled as “unactivated” 

throughout the chapter), and the other four were the exact same nanoparticle 

conditions except that platelets were intentionally activated with adenosine 

diphosphate (ADP, ADP-activated throughout the chapter). For ADP-activated 

conditions, platelets were first exposed to the same four nanoparticle conditions 

followed immediately by 5 µM ADP. Platelet activation by ADP was used 

strategically to separate platelet adhesion and aggregation from secretion 

responses, which take place after activation using other stimuli such as thrombin. 

ADP is a strong platelet aggregation agonist that results in no direct induction of 

secretion.28,29 Following exposure, the platelet suspension was introduced into 

the microfluidic channel using a syringe pump set at a flow rate of 30 µL/min. 

Given the dimensions of the microfluidic channel, the shear force generated by 

this flow rate, ~ 0.1 N/m2 (~ 150 s-1), will have minimal impact on the cells inside 

channel.30-31 The stream of platelets was maintained for 25 minutes, and then the 

channels were washed with fresh Tyrodes buffer to remove non-adherent 

platelets from the channel. The platelet suspension coming through the channels 

was collected at the outlet for further analysis, and the devices placed on the 

fluorescence microscope for analysis using the Metamorph V.7.7.5 software. In 

adhesion studies, 3 replicates of 400 µm x 400 µm images (20x magnification) 
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were obtained from 3 random locations for each of the 6 donors. For the 

aggregation study, 3 replicates of 200 µm x 200 µm images (40x magnification) 

were obtained from 5 random locations for each of the 6 donors. Platelet 

aggregation was further analyzed using qualitative fluorescence imaging at 

higher magnification as detailed in Section 2.2.8. For the purposes of this study, 

platelet aggregates were defined as groupings of more than one platelet. Due to 

day-to-day differences in the absolute number of platelets adhered onto the 

endothelial cell layer, adhesion levels are reported as the ratio to the control 

(conditions without nanoparticle exposure in both unactivated and ADP-activated 

platelets). T-tests with p = 0.05 were used for statistical mean ± SEM significance 

testing.  

2.2.7 Viability Assay  

First, 20 µL of each platelet condition was collected at the microfluidic outlet and 

mixed with an equal volume of 0.4% trypan blue aqueous solution. Then, 20 µL 

of that solution was placed on a hemocytometer for cell counting. Trypan blue 

can enter dead cells due to their compromised cell membranes, staining them 

blue. The live and dead cells were counted and percent viability calculated. 

2.2.8 Fixed-cell Fluorescence Imaging for Platelet Aggregation Assessment  

The remaining platelets collected from the microfluidic device outlet were fixed by 

the addition of an equal volume of 8% formaldehyde (Sigma Aldrich, Milwaukee, 

WI) in Tyrodes buffer. Following fixation for 30 minutes at room temperature, the 

platelets were allowed to settle on poly-L-lysine coated coverslips. Some of the 

platelet-coated coverslips were then incubated with AlexaFluor 594 phalloidin 

(Life Technologies, Carlsbad, CA) at room temperature for 20 minutes to 

fluorescently label platelet actin according to the manufacturer’s protocol. Briefly, 

the AlexaFluor 594 phalloidin vial contents were dissolved in 1.5 mL methanol, 

and then 5 µL of the stock was dissolved in 400 µL Tyrodes buffer to stain 

platelets. The platelets were imaged on a Nikon Eclipse TE-2000U using a 
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100x/1.40 oil immersion objective and various filter cubes to capture the platelet 

aggregates and association with the nanoparticles. The number of platelets 

making up each aggregate was analyzed using Metamorph V.7.7.5. The 

statistical variation between samples was analyzed using a t-test.  

 

 
Figure 2.1 On-chip platelet adhesion/aggregation assay platform schematic. 
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2.3 Results and Discussion 

2.3.1 Nanoparticle Synthesis/Characterization 

FMS@PEG/TMS nanoparticles were obtained through a procedure based on our 

previous work. These MS nanoparticles are surface functionalized with both PEG 

and TMS, a co-modification procedure that has been shown to produce long-term 

colloidal stability in biological environments such as protein-containing or high 

ionic strength media.14,2 TEM imaging of these nanoparticles revealed relatively 

monodisperse particles with a diameter of 47.9 ± 7.1 nm (Figure 2.2A). DLS 

hydrodynamic diameter in water was slightly higher, as expected, at 66.8 ± 0.3 

nm (Figure 2.2B). Photos of bulk nanoparticle solution under ambient and 

ultraviolet light (Figure 2.2B inset) show the bright and homogeneous 

fluorescence achieved with these materials. Nitrogen adsorption/desorption 

isotherms show that high surface area is obtained despite the functionalization of 

this material (Figure 2.2C). This high surface area will be critical in future studies 

where these nanoparticles will be used to deliver drug cargo to platelets or other 

cell types. 

2.3.2 FMS@PEG/TMS and Platelet Viability 

Trypan blue staining of platelets collected from the microfluidic device showed no 

significant loss in platelet viability for any of the conditions (Figure 2.3). This 

benign nanoparticle interaction was expected for FMS@PEG/TMS nanoparticles 

as they have been shown to be non-toxic to endothelial cells in the past.9 The 

main interest of our investigation, then, was in identifying any deviations in 

platelet adhesion and aggregation behavior upon exposure to FMS@PEG/TMS 

nanoparticles.   
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Figure 2.2 RITC-MS@PEG/TMS nanoparticle characterization. A) TEM image 

B) Hydrodynamic size distribution by dynamic light scattering. C) Nitrogen (N2) 

adsorption/desorption data for the fluorescently labeled mesoporous silica 

nanoparticles co-modified with PEG and TMS (RITC-MS@PEG/TMS). 

 

 
Figure 2.3 Percent viability of platelets by trypan blue assay. Error bars are 

present on this graph but are difficult to visualize as the SEM is very small in 

these data. p > 0.05 in all cases. 
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2.3.3 FMS@PEG/TMS and Platelet Adhesion and Aggregation 

To investigate the impact of nanoparticle presence on platelet adhesion, varying 

concentrations of nanoparticles were introduced into the platelet stream on 

endothelial cells. The chosen concentrations of nanoparticles are 20 µg/mL, 200 

µg/mL, and 1000 µg/mL. Assuming 3-5% loading by weight of doxorubicin, a 

typical cancer therapeutic, a single nanoparticle dose via intravenous injection 

would be in the range of 3000-4000 mg in a total volume of 10s to 100s of mL.  

Thus, the doses used in this study are relevant, particularly for platelets near the 

site of injection. As platelets are sensitive to flow conditions,36-38 the device 

operation was kept at a flow rate (30 µL/min in a channel that is 100 µm thick and 

2000 µm wide) that minimizes flow-induced activation of platelets. The device 

used herein had multiple straight channels to perform simple parallel analysis of 

replicate samples, but it could easily be adapted to include multiple branches to 

increase the throughput or various channel dimensions to simulate more complex 

vasculature.  

 

The number of platelets adhering to endothelial cells had a slight variation from 

day-to-day (or donor-to-donor); as such, the adhesion values reported in this 

manuscript are presented as the ratio compared to the control cells from that 

donor. Thus, control cells from both unactivated and ADP-activated cells always 

show 1 as the adhesion value. Without ADP activation, FMS@PEG/TMS 

nanoparticle exposure had a significant impact on platelet adhesion to 

endothelial cells. Both 20 µg/mL and 200 µg/mL nanoparticles resulted in 

reduced adhesion of platelets to endothelial cells (p < 0.0001 for both compared 

to control, Figure 2.4), and the trend was concentration-dependent. In our 

experimental system, ~ 3.5 x 106 platelets are introduced to the confluent 

endothelial cell layer and, assuming an average platelet diameter of 2.5 µm, an 

average nanoparticle diameter of 48 nm, the shape of each nanoparticle as a 

hexagonal prism, a pore volume of 0.81 cm3/g, and a diffusion length of 1 µm for 
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a nanoparticle, ~ 2000 nanoparticles surround a single platelet during an 

experiment. Intuitively, the presence of nanoparticles within the platelet 

suspension may interfere with platelets interacting with one another as well as 

with the layer of endothelial cells, and this might be a cause of the reduction in 

adhesion. In previous work, the FMS@PEG/TMS nanoparticles have shown no 

significant impact on the viability of endothelial cells, so the change in adhesion 

behaviour can be attributed to nanoparticle effects on the platelets directly.9  

 

A similar trend was found in ADP-activated platelets. Compared to the control 

cells (no nanoparticles) activated by ADP, ADP-activated platelets exposed to 

both 20 µg/mL and 200 µg/mL FMS@PEG/TMS nanoparticles also showed 

reduced adhesion to endothelial cells (p < 0.0001 for both, Figure 2.4). Thus, it 

can be concluded that the presence of nanoparticles interferes with the platelet-

endothelial cell interaction and reduces physical contact between them. This 

preliminary conclusion requires further studies into platelet and endothelial cell 

biology to characterize why this interaction is impeded – possible causes include 

changes in surface receptor expression, outer bilayer phospholipid composition, 

or secretion of soluble mediators.   

 

While ADP-activated platelets still had nanoparticle concentration dependence in 

their adhesion behavior, they display a more complicated trend than their non-

activated counterparts. ADP-activated platelets exposed to 200 µg/mL 

nanoparticles show slightly higher adhesion to endothelial cells when compared 

to the ADP-activated platelets exposed to 20 µg/mL nanoparticles (p = 0.025, 

Figure 2.4). A previous nanotoxicity study with endothelial cells has shown that 

activation of cells may result in different trends in cellular responses against 

nanoparticles compared to their unactivated counterparts.9 This difference, 

depending on whether or not platelets are ADP activated, implicates cell-

nanoparticle interaction beyond a physical interaction level in platelet adhesion to 
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endothelial cells; at a certain concentration, the presence of nanoparticles may 

cause cellular activation that changes adhesion behaviour.  

 

This reasoning is supported by the trend in platelet adhesion exposed to the 

highest concentration of nanoparticles. Both unactivated and ADP-activated 

platelets exposed to 1000 µg/mL nanoparticles showed a significant increase in 

their adhesion to endothelial cells (Figure 2.4). Several data support the 

hypothesis of a potential signaling cascade triggered by this large dose of 

nanoparticles. First, fluorescence analysis confirmed nanoparticle association to 

endothelial cells, and while it was not very clear from on-chip assessment due to 

the interference from nanoparticles on endothelial cells, our fixed-cell 

fluorescence imaging (vide infra) confirmed nanoparticle association with 

platelets (Figure 2.5). Second, our preliminary assessment of platelet adhesion to 

fibronectin-coated (i.e. without endothelial cells) surfaces has shown that both 

unactivated and ADP-activated platelets adhered less to fibronectin when they 

were exposed to 1000 µg/mL than 200 µg/mL (data not shown). Together, these 

imply an additional signaling cascade between platelets and endothelial cells that 

is triggered by the high concentration of nanoparticles presented. As adhesion of 

platelets is a critical step for their in vivo function, future studies could probe 

platelet secretion of chemical messengers and adhesion studies under the same 

nanoparticle exposure conditions but with different biological stimuli (e.g. 

thrombin that induces direct secretion from platelets).  
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Figure 2.4 Adhesion of non-activated and ADP-activated platelets onto 

endothelial cells.  

 

 
Figure 2.5 Representative images from fixed-cell fluorescence imaging. A) 

ADP-activated, 0 µg/mL nanoparticle condition showing major population of 

platelets in single or small aggregates, and B) ADP-activated, 1000 µg/mL 

nanoparticle condition showing major population of platelets in large 

aggregates. Images processed for overlaying by ImageJ (green: platelets, 

purple: nanoparticles). 
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In addition to adhesion, the presence of nanoparticles also influenced platelet 

aggregation behaviour (Figure 2.6).  Unlike the adhesion assay, the aggregate 

value obtained in these on-chip experiments is the absolute number of 

aggregates (normalized to the total area of the collected image). In general, 

compared to the control cells, the number of platelet aggregates did not 

significantly change except at the highest nanoparticle dose. Only the 20 µg/mL 

nanoparticle condition of ADP-activated platelets showed a slightly lower number 

of aggregates when compared to that in 200 µg/mL condition of ADP-activated 

platelets (p = 0.01). Both unactivated and ADP-activated platelets exposed to 

1000 µg/mL nanoparticles show significantly increased aggregation.  

 

These results support the conclusion from the adhesion assay above that the 

impact of nanoparticles on platelet adherence is mostly physical interference until 

they reach a certain dose. While on-chip investigation provides an initial 

assessment of platelet aggregation, the majority of the platelet suspension will 

pass over the layer of endothelial cells and flow through the device outlet. To 

assess aggregate formation in non-adherent platelets, we performed 

conventional fluorescence imaging on fixed platelets delivered to the outlet to 

complement our on-chip assay results.  

 

The imaging studies of the collected platelet suspensions exhibited similar trends 

to those found in the on-chip assay (Figure 2.7 and Figure 2.8). First, in both the 

unactivated and ADP-activated platelets, the majority of the platelets were not 

part of an aggregate. The isolated state of the majority of platelets is consistent 

with the fact that activated platelets are likely to adhere to the endothelial cells 

and form aggregates within the microfluidic device. For unactivated conditions, 

platelets exposed to 200 and 1000 µg/mL nanoparticle concentrations showed a 

significantly increased number of aggregates (p = 0.06 and p = 0.03, 

respectively). For ADP-activated conditions, only the 1000 µg/mL nanoparticle 

condition showed a statistically significant increase in aggregation (p = 0.02). The 
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small population of aggregates were analyzed further, focusing specifically on the 

larger aggregates, namely those with more than 4 platelets. These were counted, 

and the ratio of the number of aggregates to the total number of platelets in the 

population was calculated. The unactivated platelet aggregate ratios were the 

same under all control and nanoparticle exposure conditions. On the other hand, 

the ADP-activated platelet ratios were similar to those from the unactivated 

platelets except for the 1000 µg/mL condition. These ADP-activated platelets 

showed an increased number of large aggregates at this nanoparticle dose (p = 

0.02 Figure 2.8), which is consistent with the on-chip aggregation results. To be 

noted, as shown in Figure 2.5, the fluorescence imaging also revealed that the 

nanoparticles are co-localized with the platelet aggregates. Isolated platelets 

show weak nanoparticle fluorescence when the platelet and nanoparticle 

fluorescence signals are overlaid (Figure 2.5A) while the platelet aggregates 

appear to be highly associated with the fluorescent nanoparticles (Figure 2.5B). 

All of these results support the conclusion from the on-chip adhesion and 

aggregation assays, showing high levels of activation and aggregation of 

platelets at the high nanoparticle dose. 

 

 
Figure 2.6 Aggregation of non-activated and ADP-activated platelets. The p 

value indicates significant differences between the 1000 µg/mL treatment with 

all other treatments within a condition.  
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Figure 2.7 Aggregation assay by fixed-cell fluorescence imaging. A) Non-

activated platelets. B) ADP-activated platelets.  

 

 
Figure 2.8 Aggregation of more than 4 platelets. A) non-activated platelets 

and B) ADP-activated platelets obtained from fixed-cell fluorescence 

imaging.  

 



 

 39 

2.3 Conclusion 
This study exploits the use of microfluidics to explore the impact of mesoporous 

silica nanoparticles on platelets and endothelial cells in a simulated blood vessel 

system. As the use of nanoparticles as drug delivery agents increases, in 

particular those with a proposed delivery method of injection into the blood 

stream, it is important to understand what potential interactions will occur 

between nanoparticles and the various blood components. It is critical to go 

beyond considerations of live/dead viability and assess changes in critical cellular 

functions upon nanoparticle exposure.39 The simple microfluidic platform used 

herein incorporated multiple cell types, endothelial cells and platelets, and 

reveales that introduction of mesoporous silica nanoparticles, especially at high 

doses, can impact platelet-endothelial cell interactions. Also, in this initial study, 

we limited our model blood vessel by considering only convective flow conditions 

and one set of channel dimensions, but it is trivial to expand the scope of studies 

by changing these parameters to match other physiological environments. For 

example, flow-induced shear stress varies in our body (e.g. artery vs. vein), and 

as mentioned earlier in the manuscript, both platelets and endothelial cells have 

shear stress dependency in their behaviors. Thus, it will be of significant interest 

in future studies to study the impact of different shear stress levels on such cell-

nanoparticle interactions using a similar approach. In addition, this platform can 

be used with cell types beyond platelets and endothelial cells, and more 

importantly, assessment of other critical cellular functions, such as secretion or 

reactive oxygen species generation.  Accordingly, this approach will be generally 

useful in providing good in vitro models for nanotoxicology studies to broaden our 

understanding of nanoparticle-cell interactions. 
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Chapter 3 

Cytoskeleton Dynamics in Drug-treated Platelets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from: 

Finkenstaedt-Quinn, S. A.; Ge, S.; Haynes, C. L. “Cytoskeleton dynamics in 

drug-treated platelets.” Analytical and Bioanalytical Chemistry, 2015, 407 (10), 

2803-2809.  
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3.1 Introduction 

Platelets play a diverse set of roles in the body. The most well-characterized 

aspects of platelets are the roles they play in hemostasis and thrombosis, but 

they have also been implicated in processes such as inflammation and the 

migration of cancer cells.1-3 

 

In vessel injury, endothelial cells expose a variety of adhesion molecules and 

secrete small molecules. When platelets encounter the site of injury, the exposed 

adhesion molecules bind to the platelets and impede their travel. The binding of 

the adhesion molecules and the small molecules secreted by the endothelial 

cells initiate an activation cascade in the platelets that then leads to clot 

formation. Specifically, damaged endothelial tissue releases tissue 

thromboplastin (Factor III), which goes on to activate Factor VII. Additionally, 

exposed collagen can bind to Factor XII and activate it. Either Factor VII or 

Factor XII can then initiate the signaling cascade, leading to prothrombin 

activator (Factor X) formation. Prothrombin activator can then bind to the 

substrate prothrombin (Factor II), cofactor V, and Ca2+ to form prothrombinase. 

This prothrombinase complex cleaves the prothrombin and releases thrombin. 

Thrombin serves a few different functions, including activating Factor XI and 

cleaving fibrinogen, either released from the platelets or found in the blood, to 

give fibrin. Factor XI is one of the proteins involved in the cascade leading to 

Factor X activation, and thus thrombin serves to amplify the activation signal. 

Fibrin functions as the linker between platelets so that they can form clots.4,5 Two 

main processes characterize platelet activation: (1) the secretion of small 

molecules and proteins and (2) a major cytoskeleton-mediated shape 

change.6,7 Small molecule secretion functions to propagate the activation signal 

and initiate the wound healing process by other cells, and there has recently 

been significant progress in characterizing this secretion process.8-13 Preliminary 

work has studied the accompanying shape change, wherein platelets undergo a 
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major cytoskeletal rearrangement where the cell body swells up and then flattens 

out to form extensions called lamellipodia and filopodia, but the timeline of shape 

change has not been quantitatively evaluated.14  

 

The two main components that make up the platelet cytoskeleton are the 

microtubule ring and the actin matrix. Dissimilar to most cells, the microtubules in 

platelets form a circumferential loop at the outer edge of the platelet while the 

actin matrix is spread throughout the platelet.15,16 There are a number of proteins 

associated with actin and actin dynamics in platelets, a few of which are 

mentioned here.17 The actin matrix is attached to the cell membrane primarily 

through the von Willebrand factor receptor, whereby actin-binding protein bind to 

a cytoplasmic portion of the receptor. Actin monomer addition is primarily 

regulated by thymosin β4, which binds monomers to prevent their addition, and 

profilin, which facilitates monomer addition. Growth of the filaments can also be 

regulated by CapZ/capping protein which binds to the barbed, fast growth ends 

to modulate filamentous growth. VASP, a focal adhesion protein, is involved in 

filamentous bundling and nucleation.17 

 

Our goal herein is to develop a way to make a direct connection between platelet 

secretion and morphological change, allowing both fundamental insight into 

platelet biology and critical studies about drug or disease effects on blood 

platelets. With the methods developed, this work demonstrates that as platelets 

in suspension undergo activation, both the actin matrix and microtubule ring 

decrease in size. As activation progresses, the actin matrix reaches a stable size 

whereas the microtubule ring shrinks to a certain extent and then breaks up into 

small microtubule fragments. It is possible to then compare the results from the 

imaging data with dynamic secretion measurements and obtain information by 

correlating the two. The results presented herein, when compared with data 

previously obtained, verify that the actin matrix acts as a barrier to dense-body 
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granule secretion and that the microtubule ring is not involved in dense-body 

granule secretion.9   

3.2 Materials and Methods 

3.2.1 Platelet Isolation 

To isolate platelets, approximately 10-15 mL of rabbit blood was drawn from the 

midear artery of a rabbit after sedation according to IACUC protocol # 1311-

31082A. The blood was centrifuged at 500 rcf with a brake speed of 0 for 15 

minutes, at which point the supernatant, platelet rich plasma (PRP), was 

transferred to a clean centrifuge tube. The PRP was mixed with an equal volume 

of acid citrate dextrose solution (ACD; 85 mM trisodium citrate dihydrate, 66.6 

mM citric acid monohydrate, 111 mM D-glucose) to prevent clotting during the 

platelet isolation. The PRP was then centrifuged at 750 rcf for 9 minutes to pellet 

the platelets, and the supernatant was removed. Next, the platelet pellet was 

resuspended in Tyrodes buffer (137 mM NaCl, 2.6 mM KCl, 1 mM MgCl2!6H2O, 

5.55 mM D-glucose, 5 mM HEPES, 12.1 mM NaHCO3) and PGI2 (0.5 µM). To 

ensure that the platelets had time for recovery, they were not used until 1 hour 

after isolation. Visual inspection of the platelets upon resuspension was 

performed to detect any morphological changes in the platelets, indicating 

activation. The platelet cell count was determined using a hemocytometer, with a 

typical isolated platelet concentration between 1-2 x 108 platelets/mL. The actin 

and microtubule experiments were performed on different days, and platelet 

preparations resulted in a lower concentration of platelets for the microtubule 

conditions. 

3.2.2 Immunofluorescence Imaging 

Immunofluorescence imaging was performed on fixed platelets. Initially, platelets, 

at a concentration of 1 x 107 platelets/mL, were activated using human thrombin 

(5 units/mL, Sigma-Aldrich, Milwaukee, WI) at room temperature. Aliquots from 

the activated PRP were removed at 50 s intervals and activation was quenched 
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by addition of the PRP to 8% formaldehyde in Tyrodes buffer.18 Fixation was 

allowed to proceed for 20 minutes in the same 8% formaldehyde solution, after 

which the platelets were pelleted by centrifugation for 5 minutes at 2500 rcf. The 

fixative solution was removed, and the platelets were resuspended in 0.1% Triton 

X-100 (Sigma Aldrich, Milwaukee, WI) in Tyrodes buffer containing 0.1 mM 

EGTA (Sigma Aldrich, Milwaukee, WI). After 10 minutes of permeabilization, the 

platelets were again washed via pelleting, supernatant removal, and 

resuspension. Next, the platelets were incubated in a 1% BSA (SeraCare Life 

Sciences Inc., Oceanside, CA) solution in Tyrodes buffer for 30 minutes to block 

nonspecific antibody binding. After another wash step, the platelets were 

incubated with either a Cy3-conjugated anti-β-tubulin-antibody (ab11309, Abcam, 

Cambridge, MA) to label the microtubule ring, with the antibody diluted 1:100 in 

1% BSA in Tyrodes, or a FITC-conjugated anti-β-actin-antibody (ab11005, 

Abcam, Cambridge, MA) to label the actin matrix, with the antibody diluted 1:250 

in 1% BSA in Tyrodes buffer. The antibody incubation was performed overnight 

at 4oC. Finally, the platelets were washed again and allowed to settle onto poly-

L-lysine coverslips (1 µg/mL, 0.1% w/v poly-L-lysine in H2O, Sigma Aldrich, 

Milwaukee, WI) for imaging.   

 

The fixed and labeled platelets were imaged using a Nikon Eclipse TE2000-U 

microscope and a Photometrics QuantEM:512SC camera. A 100x/1.40 oil 

immersion objective was used to obtain sufficient magnification of the platelets to 

enable clear visualization of the microtubule ring.   

3.2.3 Drug Treatment 

Drug-treated platelets were incubated with cytochalasin D, latrunculin A, 

vincristine, or paclitaxel (Sigma Aldrich, Milwaukee, WI) at a concentration of 10 

µM for 45 min at room temperature prior to activation. The concentration used 

was chosen based on previous work examining the platelet cytoskeleton.9,19 As 

cytochalasin D, latrunculin A, and paclitaxel are insoluble in water, they were first 
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dissolved in DMSO. As a control, platelets were also incubated with an 

equivalent DMSO concentration prior to activation to account for any effects 

DMSO itself might have on platelets.20 

3.2.4 Image Analysis 

For each condition, approximately 20 82 µm by 82 µm fluorescence images were 

recorded, with several platelets visible in each image. Shape change 

progressions are shown in Figures 3.1 and 3.3 for the microtubule ring and actin 

matrix, respectively. For the microtubule ring-stained platelets, the diameter of 

each microtubule ring was measured at three locations to account for any non-

circular character of the microtubule ring (Figure 3.2A). For the actin-treated 

platelets, the circumference of the actin matrix was measured. An ellipse was 

drawn inside the fluorescently labeled actin matrix, touching but not exceeding 

the edges (Figure 3.4A). For each condition, 25 platelets were measured. By 

determining the average measured value for each time point, a plot was created 

showing the change in diameter or circumference over time. Each plot was fit 

using a one-phase decay curve. Statistical analysis was performed using 

GraphPad Prism. One-way ANOVA was used to compare the shape change as a 

function of time. A comparison of fits was also used to determine significance 

between the various treatments. Any p < 0.05 was considered significant.  

3.3 Results and Discussion 

There are several pharmacological agents with modes of action based on 

cytoskeletal elements; these drugs present a perfect platform to prove the utility 

of these platelet imaging analyses. To disrupt microtubule dynamics, platelets 

were incubated with either vincristine or paclitaxel. At the concentrations used, 

paclitaxel is known to stabilize microtubules, and vincristine is known to cause 

destabilization of microtubules.21 Paclitaxel binds to the inside surface of the β-

tubulin subunit in microtubules and causes a conformational change that 

increases the tubulin subunit’s affinity for the adjacent subunits, effectively 

promoting polymerization.21 Vincristine binds to both the free tubulin subunits and 
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ends of microtubules and reduces treadmilling, leading to microtubules of static 

length.21 The same procedure was applied to examine the role of the actin matrix 

in platelet secretion wherein platelets were incubated with either cytochalasin D 

or latrunculin A, both of which are known to inhibit polymerization of actin 

filaments. The modes of inhibition vary between cytochalasin D and latrunculin A, 

where the former binds to the filament and prevents addition of monomers while 

the latter binds to the monomer to prevent addition to the filament.22,23 

3.3.1 Microtubule Results 

Image Processing 

The labeled microtubules exhibited well-defined fluorescence, clearly showing 

that the labeled structures formed a ring (Figure 3.1). The rings were not 

completely circular, many being ellipsoidal in shape. To get an accurate 

measurement of the size change, the diameter of the microtubule ring was 

measured three times, approximately where the longest, shortest, and an 

intermediate diameter were chosen (Figure 3.2A). In addition, platelets that 

appeared to have settled on the coverslip at an angle were not measured, as 

their dimensions were skewed, appearing thin and long.   

No Treatment 

Untreated (control) platelets showed a change in microtubule ring diameter from 

3.3 ± 0.1 µm to 1.7 ± 0.1 µm during the 240 s time course following activation 

with thrombin. The primary diameter change occurred over the first 40 s of 

activation (p < 0.0001); while the diameter appears to decrease over the 

remaining 150 s, the changes are not statistically significant (Figure 3.2B).   

DMSO 

A control was also performed using DMSO, a necessary reagent to dissolve the 

paclitaxel. The diameter of the DMSO-treated platelets started and ended at 3.4 

± 0.1 µm and 1.7 ± 0.1 µm, respectively. These diameters were not statistically 

different from those measured from the non-treated platelets (p > 0.05, Figure 
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3.2B). However, during activation, the DMSO-treated platelets exhibited a more 

start-stop approach to microtubule shrinkage, where the diameters had 

statistically significant decreases between 0 and 40 s (p < 0.0001) and 90 and 

140 s (p < 0.05). This was further exemplified by the fact that a one phase 

exponential fit tested via ANOVA did not fit both data sets (p < 0.05). 

Vincristine 

Treating platelets with vincristine resulted in the destruction of the microtubule 

ring dynamics (Figure 3.2C). These platelets had microtubule rings that started 

off with an average diameter of 2.3 ± 0.1 µm and ended at a diameter of 2.5 ± 0.1 

µm. The diameter fluctuated throughout the 240 s with a low of 2.2 ± 0.0 µm at 

90 s and a high of 2.5 ± 0.1 µm at 240 s.  

Paclitaxel 

The paclitaxel-treated platelets were statistically compared to the DMSO-treated 

platelets as the paclitaxel solutions were prepared in DMSO. The paclitaxel-

treated platelets started off with a smaller ring diameter, 3.1 ± 0.1 µm, than the 

DMSO-treated platelets. After activation, the paclitaxel-treated platelets initially 

exhibited a slower decrease in ring diameter compared to the DMSO-treated 

platelets (p < 0.001). Around 140 s however, the shrinkage dynamics of the 

microtubule ring in the paclitaxel-treated platelets became greater in magnitude 

than those of the DMSO-treated platelets, resulting in a final diameter of 1.5 ± 0.0 

µm (Figure 3.2D). Similar to the DMSO-treated platelets, the primary shape 

change occurred between 0 and 40 s (p < 0.0001) and 90 and 140 s (p < 0.05) of 

activation. 
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A 

 
B 

 
C 

 
D 

 
Figure 3.1 Timeline of microtubule ring shrinkage dynamics during activation. A) 

No treatment – The ring structure of the microtubules can be seen initially but 

becomes less well-defined as activation progresses. B) DMSO – As in the no 

treatment condition, the ring structure of the microtubules is visible at early time 

points but loses definition as activation progresses. C) Vincristine – The 

vincristine-treated platelets showed a complete destruction of the microtubule 

ring structure. D) Paclitaxel – In the paclitaxel-treated platelets, the microtubule 

ring structure is apparent at the early time points, but as activation progresses it 

becomes harder to distinguish. Scale bar 10 µm. 
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Figure 3.2 Microtubule ring – progressions A) The microtubule ring of each 

platelet was measured by taking the diameter of the ring at the smallest, 

largest, and intermediate lengths. B-D) Comparison of the microtubule ring 

shrinkage curves for non-treated and DMSO-treated platelets, non-treated and 

vincristine-treated platelets, and DMSO-treated and paclitaxel-treated platelets, 

respectively. Error bars indicate SEM. 
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3.3.2 Actin Results 

Image Processing 

Labeling of the actin matrix is not as straightforward as labeling the microtubule 

ring because the cytoskeletal element is not as well defined. The actin-based 

fluorescence images showed diffuse fluorescence that appeared throughout the 

platelet (Figure 3.3). There were some structures visible in the form of dark spots 

within the fluorescent area, possibly resulting from granules, but they were 

uncommon and thus left uncharacterized (Figure 3.5). Like the microtubule rings, 

the fluorescent structure was not uniformly circular in shape and so it was 

necessary to determine the best measurement method to characterize the 

structure. The methods tried include: fitting a circle or ellipse to the exterior or 

interior of the actin matrix or tracing the edges of each platelet. While tracing the 

edges initially appeared to be the best method, it became apparent that the time 

required to accurately trace the edge of each actin matrix was substantial. In 

addition, the edges were not always clear in the images, making this method 

somewhat subjective. More of the images exhibited platelets with an elliptical 

shape than a round shape, and so using the ellipse to approximate the platelet 

size was found to be most efficient and effective. When comparing 

measurements made on the exterior or interior of the fluorescent area, the 

interior measurements visually resulted in a closer fit to the true circumference 

than the exterior measurements. Thus a best-fit ellipse was used to approximate 

the actin matrix circumference, though this may result in a slight underestimation 

of total actin coverage (Figure 3.3A). 

No Treatment 

The platelets that were not subjected to drug treatment showed a change in actin 

matrix circumference from 10.9 ± 0.3 µm to 9.1 ± 0.2 µm over the 240 s imaged 

(Figure 3.4B). The key characteristic found for actin matrix shape change was 

that the majority of the shrinkage occurs within the first 40 s after platelet 

activation. While the size did not appear to be completely static during the later 
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time points, the differences in the circumference were not statistically significant 

(p > 0.05). 

DMSO  

Similar to the microtubule disruption experiments, a control set of platelets were 

treated with DMSO as both latrunculin A and cytochalasin D are insoluble in 

water. The DMSO-treated platelets exhibited a more gradual decrease in 

circumference compared to the untreated platelets, going from 9.5 ± 0.4 µm to 

8.2 ± 0.2 µm during the time monitored (Figure 3.4B). The decrease in size 

occurred over the first 90 s rather than the first 40 s in the untreated platelets (p ≤ 

0.05). Similarly however to the untreated platelets, later changes were not 

statistically significant (p > 0.05). It is also important to note that, in addition to the 

change in time course, the DMSO-treated platelets started and ended up with a 

smaller circumference than the untreated platelets, despite the low DMSO 

concentrations used, indicating that the DMSO does influence the normal actin 

dynamics. 

Latrunculin A 

The latrunculin A-treated platelets started off the same size as the DMSO-treated 

platelets but did not change size in a statistically significant manner at any point 

during activation (p > 0.05). The circumference varied slightly, within a range in 

0.5 µm where they were at their smallest at the 0 s time point and their largest 

during the 90 s time point, going from 9.6 ± 0.2 µm to 9.9 ± 0.2 µm (Figure 3.4C).  

Cytochalasin D 

The decrease in size of the cytochalasin D-treated platelets occurred faster than 

that of the DMSO-treated platelets, where they reached a stable size within the 

first 40 s of activation. In addition, the cytochalasin D-treated platelet 

circumferences started off 1.5 µm larger than the DMSO-treated platelets and 

ended 0.5 µm larger, going from 11.0 ± 0.3 µm to 9.1 ± 0.2 µm, despite the 

DMSO-treated platelets being larger at the 40 s time point (Figure 3.4D).  



 

 52 

 

A 

 
B 

 
C 

 
D 

 
 

Figure 3.3 Timeline of actin matrix shrinkage dynamics during activation. A) No 

treatment. B) DMSO – DMSO-treated platelets started and ended with a 

smaller actin matrix than the no treatment platelets. C) Latrunculin A – The 

actin matrix of latrunculin A-treated platelets does not appear to go through any 

circumference changes as activation progresses. D) Cytochalasin D – In 

cytochalasin D-treated platelets the actin matrix underwent all circumference 

changes within the first 40 s, after which they reached a stable size. Scale bar 

10 µm. 
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Figure 3.4 Actin matrix – progressions A) The actin matrix of each platelet 

was measured by using the best fit ellipse to measure the circumference. B-

D) Comparison of the actin matrix shrinkage curves for non-treated and 

DMSO-treated platelets, DMSO- and latrunculin A-, and DMSO- and 

cytochalasin D-treated platelets, respectively. Error bars indicate SEM. 

 

 
Figure 3.5 Additional structures revealed by actin labeling. Some platelets 

exhibited one or more dark spots during actin matrix labeling that may be 

due to chemical messenger-filled granules within the platelet.  
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Based on the fact that there are some significant changes in platelet cytoskeletal 

elements upon drug treatment, we considered correlation between these 

changes and platelet secretion of chemical messenger species. To this end, the 

microtubule ring and actin matrix dynamics were compared to previously 

published data showing the release of serotonin from platelets incubated with the 

same drugs at the same doses and incubation times. Previous results showed 

that when the platelets were incubated with the microtubule destabilizing drugs, 

the serotonin secretion from dense-body granules was not affected. However, 

when the actin matrix was disrupted, serotonin secretion was affected. With this 

previously published information in concert with the two data sets presented 

herein, we can see that the microtubule ring is not involved in the dense body 

granule release process despite the cytoskeletal changes that were observed 

during activation.9 Perhaps the microtubule ring is more closely associated with 

alpha granule release (not assessed here) or shrinks to the inside of the platelet 

to minimize interactions with the granules during activation.24 Future work could 

explore these hypotheses by performing simultaneous imaging of the alpha 

granules and the cytoskeletal elements. 

3.4 Conclusions 

Here, the dynamic changes of the cytoskeleton have been quantitatively tracked. 

Changes in the microtubule ring were tracked during the activation process by 

measuring the diameter of the ring at various time points. The images show that 

during activation, the microtubule ring first exhibits a decrease in diameter with 

retention of its circular or elliptical shape. However as activation proceeds, the 

microtubule ring begins to break apart into distinct pieces. The dynamics of the 

actin matrix are more difficult to quantify due to the more diffuse and abstract 

feature shape; however, changes in the actin matrix were effectively tracked by 

placing a best fit ellipse into the fluorescent area representing the labeled actin to 

measure the circumference. Like the microtubule ring, the actin matrix first 

decreases in size. After the initial decrease in circumference, at about 40 s post-
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activation, the actin matrix reaches a steady circumference that remains 

throughout the rest of the activation process.  

 

Future studies could involve tracking the cytoskeleton dynamics of live rather 

than fixed cells and a further exploration of the dynamics within the first 40 s of 

activation, where it became apparent through this work that the majority of 

cytoskeletal changes are occurring. Also, the application of a super-resolution 

microscopy technique would make the features within the actin matrix more 

visible, making it possible to further elucidate the intertwining roles of the platelet 

cytoskeleton and granule release. TIRF microscopy would be an ideal technique 

to use as it would allow us to visualize the actin-granule interactions right at the 

cell surface. Additionally, super-resolution microscopy could be used to 

investigate the proteins involved in regulating actin during platelet activation. 

 



 

 56 

Chapter 4 

Cholesterol Membrane Content Plays a Minor Role in Platelet 

Aggregation 
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4.1. Introduction  

Platelets play a critical role in the mammalian cardiovascular system, where they 

are involved in regulating bleeding and the repair and regeneration of connective 

tissues.1 When coagulation is poorly controlled, there is a greater chance that 

thrombosis, the formation of a clot in diseased vessels, can occur.2 As such, the 

mechanisms of platelet activation have been a subject of much study and 

pharmacological targeting. Platelet activation consists of a series of cellular 

events, including a shape change as detailed in Chapter 3 and the release of 

chemical messengers and proteinaceous species from granules as detailed in 

Chapter 5.1 During shape change, platelets go from a flat, disk shape to more 

globular bodies with cytoplasmic extensions to promote aggregation.3 As 

described in Chapter 3, the dynamics of the platelet cytoskeleton during 

activation have been studied.  

 
Cholesterol is an important regulator of cell membrane dynamics. It is expected 

that cholesterol in the platelet membrane has an effect on the activation cascade 

as cholesterol is known to be a modulator of membrane viscosity, where 

increasing cholesterol content leads to a stiffer membrane.4 It plays a large role 

in microdomain formation, such that reduction of cholesterol in the cell 

membrane can result in the loss of function for transmembrane proteins.4 In 

platelets, many of the proteins integral to the activation cascade are sequestered 

in the cholesterol-rich microdomains.5 The clustering of microdomains upon 

platelet activation has also been observed and is thought to bring together the 

multimeric proteins involved in the activation cascade, such as the collagen 

receptor GpVI and FcγRIIa.5-8  

 

Herein, and in Chapter 5, we are interested in the biophysical role that 

cholesterol plays in the platelet membrane. Previous work has shown that in 

platelets and other cells, increasing cholesterol results in slowed fusion pore 
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dynamics (see Chapter 5).9,10 When cholesterol in the membrane is increased, a 

subsequent increase in secretion time, rate of secretion, and number of narrow 

pore events results. By substituting epicholesterol for cholesterol in platelets, Ge 

et al. determined that the effects of cholesterol on granule secretion were 

biophysical as opposed to biochemical in nature.9 The proteins involved in both 

secretion and anchoring the cytoskeleton have been shown to be localized in the 

cholesterol-rich microdomains of the cell membrane.11,12 In addition, the 

phospholipid composition of the plasma membrane is known to effect secretion, 

aggregation, and shape change in platelets.13 In an attempt to tie all these 

related phenomena together in the context of platelet function, this work explores 

how platelet membrane cholesterol content influences platelet behavior. The 

study reveals that at decreased membrane cholesterol content, the initial rate of 

platelet aggregation is slowed and membrane shape change is halted.  

4.2 Methods 

4.2.1 Platelet Isolation and Membrane Manipulation 

Blood was drawn from the mid-ear artery of sedated New Zealand white rabbits 

following the IACUC protocol #1311-31082A. To isolate platelets, they were first 

centrifuged at 500xg for 15 minutes at low brake. The top platelet rich layer was 

transferred to a new centrifuge tube and allowed to rest at room temperature. 

The platelets were then divided into two aliquots, control and methyl-β-

cyclodextrin- (MβCD) treated to assess how cholesterol depletion influences 

platelet aggregation and shape change. MβCD has been previously used to 

deplete cholesterol from cell membranes.9,14,15 A freshly made 20 µM MβCD 

(Sigma-Aldrich, Milwaukee, WI) solution in Tyrodes buffer (137 mM NaCl, 2.6 

mM KCl, 1 mM MgCl2!6H2O, 5.55 mM D-glucose, 5 mM HEPES, 12.1 mM 

NaHCO3) was made and then added in equal volume to the platelets to achieve a 

final concentration of 10 µM. An equal volume of Tyrodes buffer was added to 

the control platelets to avoid dilution effects. The platelets were incubated in the 

two solutions for 30 minutes at room temperature. Following membrane 
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manipulation, 1:3 volume of ACD (85 mM trisodium citrate dihydrate, 66.6 mM 

citric acid monohydrate, 111 mM D-glucose) to platelet suspension was added, 

and then the suspension was centrifuged at 750xg for 10 minutes at full brake. 

The supernatant was removed and the platelets resuspended in Tyrodes buffer. 

The platelets were allowed to rest for at least one hour prior to measurement or 

visualization. The platelet concentration was determined using a hemocytometer 

and ranged from 8.1 x 107 to 1.5 x 108 platelets/mL. For the experiments detailed 

here, platelets were isolated on three different days to achieve three biological 

replicates. 

4.2.2 Cholesterol Content Determination 

Cholesterol content of the control and MβCD-treated platelets was evaluated 

using the Amplex Red cholesterol assay (Invitrogen Corp., Carlsbad, CA). First, 

the platelets were lysed. To do this, the platelets were pelleted by centrifugation 

at 2500xg for 10 minutes. The supernatant was discarded and the pellet 

resuspended in half the original volume of M-PER Reagent (Thermo Scientific, 

Rockford, IL). The solution was then sonicated for 10 minutes to break the 

platelets apart. Next, the solution was again centrifuged at 14000xg for 15 

minutes to remove cellular debris. The supernatant was collected and frozen at   

-80 °C until use. The Amplex Red cholesterol assay was performed following the 

instructions provided by the manufacturer. Cholesterol oxidase reacts with the 

cholesterol in the samples to form H2O2, which then reacts with the Amplex Red 

reagent in the presence of horseradish peroxidase to form fluorescent 

resorufin.16,17 The formed resorufin was detected by measuring the absorbance 

of the solution at 571 nm using a microplate reader (Synergy2, Biotek, Winooski, 

VT). Using known cholesterol concentrations, a standard curve was created, and 

the cholesterol content of the various samples was determined. To normalize 

between the different platelet isolation efficiencies, the cholesterol content was 

calculated per 1 x 107 platelets.  
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4.2.3 Aggregation Assay 

A Chrono-Log Whole Blood Lumi aggregometer (Havertown, PA) with Aggro/Link 

software was used to test the aggregation of the platelets in both conditions. 

Prior to performing the aggregation assay, the platelets were brought to a 

concentration of 7.5 x 107 platelets/mL. A 400 µL aliquot of platelet suspension 

was added to a cuvette with a stir bar. The blanks were made using Tyrodes 

buffer. After setting the baseline and allowing the signal to stabilize, 50 U/mL of 

thrombin was added to each sample for a final concentration of 5 U/mL. 

Thrombin-induced activation was allowed to progress for approximately 10 

minutes or until the percent transmittance had stabilized. Three analytical 

replicates were performed each day, resulting in a total of 9 measurements. 

4.2.4 Membrane Shape Change 

The platelet membrane shape change was monitored via dark-field microscopy. 

The platelets were activated using a 50 U/mL concentration of thrombin to result 

in a final concentration of 5 U/mL. At each time point, an aliquot of the platelet 

suspension was removed from the activating platelets and mixed with 8% 

formaldehyde to quench activation.18 Samples were collected at 0 s, 15 s, 30 s, 

45 s, 60 s, 75 s, 90 s, and 180 s after activation initiation. To remove the 

formaldehyde, the suspensions were centrifuged for 5 min at 2500xg to pellet the 

platelets. The supernatant was discarded and the pellet resuspended in Tyrodes 

buffer.    

 

The platelets were imaged on a Cytoviva dark-field-equipped Olympus BX43 

microscope (Auburn, AL) using a 100X/1.30 oil immersion objective. Samples 

were prepared by placing 4 µL of fixed platelet suspension on a No. 1 coverslip 

that was then gently covered with another coverslip. Images were gathered with 

an exposure time of 137 ms and a gain of 10.8 dB using a Dage MTI XLM 524 

camera (Michigan City, IN). Image analysis was performed using ImageJ 

software (National Institutes of Health). The circumference of the platelet 
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membrane was determined using a best-fit ellipse, a technique previously 

optimized and discussed in Chapter 3, Sections 3.2.4 and 3.3.2. For each day, 

10 platelets for each condition and time point were analyzed, resulting in 30 

measurements for each time point.  

4.3.5 Data Analysis 

All statistical analysis was performed using GraphPad Prism. Error bars indicate 

standard error of the mean. Conditions were tested for significance using the 

unpaired t-test. A p value below 0.05 was considered significant. 

4.3 Results and Discussion 

To investigate the role that cholesterol plays in platelet aggregation dynamics, we 

treated platelets with MβCD, a small molecule previously used to manipulate 

membrane cholesterol levels. MβCD has a high affinity for cholesterol and draws 

it out of the platelet plasma membrane while minimally disturbing other 

membrane components.14,15 Platelets are interesting in their own right, but they 

can also serve as a model for how cholesterol in the general cell membrane will 

effect exocytosis and membrane dynamics. Due to platelets’ anuclear nature, 

any response differences upon stimulation can be attributed directly to the 

cellular manipulations.9,13,19 Herein, we compared platelet aggregation and size 

change between control and MβCD-treated, lower level cholesterol, platelets.  

4.3.1 Cholesterol Content 

The cholesterol content of the control and MβCD-treated platelets was measured 

using the Amplex Red cholesterol assay. The platelets contained 2.3 ± 0.6 µg 

cholesterol per 1 x 107 platelets and 1.5 ± 0.6 µg cholesterol per 1 x 107 platelets 

for the control and MβCD-treated samples, respectively, which was not 

significantly different (p = 0.4388, Figure 4.1). While this was not significant, to 

characterize the relative cholesterol content moving forward in this chapter, the 

ratio of cholesterol in the MβCD-treated platelets to the control platelets for each 

day was calculated. On average, the MβCD-treated platelets contained 63.8 ± 
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9.6 % of the cholesterol content of the control platelets. As detailed below, some 

functional changes were observed, and so further replicates will be performed to 

clarify whether or not there is a statistically significant difference in membrane 

cholesterol content between the control and MβCD-treated platelets.  

 

Figure 4.1 Average cholesterol content of control and MβCD-treated platelets. 

There is no significant difference in the cholesterol content of the control and 

MβCD-treated platelets though further replicates may reveal otherwise. n = 3 

 

4.3.2 Aggregation 

The aggregation behavior of the control and MβCD-treated platelets was 

monitored via light transmittance. After addition of the thrombin agonist, platelets 

initially swell up, resulting in a decrease in transmittance. As they continue along 

the activation cascade, they begin to stick together and form aggregates. This 

results in an increase in transmittance, which is exacerbated when the platelet 

aggregates get large enough that they fall out of suspension. Each aggregometer 

curve was analyzed for the primary aggregation rate, secondary aggregation 

rate, and overall percent aggregation (Figure 4.2, Table 4.1).20 The biphasic 

release pattern is associated with the conversion of ATP to ADP to power the 

secretion processes and is not thought to be involved in controlling 

aggregation.21 The overall percent aggregation and secondary aggregation rate 

of the platelets did not change upon membrane cholesterol manipulation. 
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However, the primary aggregation rate decreased in the MβCD-treated samples, 

dropping from 1.4 ± 0.1 %/s to 0.9 ± 0.1 %/s (p ≤ 0.001). This indicates that the 

platelets were not aggregating as quickly, suggesting that the MβCD treatment 

impacts aggregation. The slowed primary rate of aggregation is most likely due to 

platelets sticking to one another less efficiently. Whether the decreased rate is 

related to changes in the membrane biochemical characteristics or to hampered 

membrane protein dynamics cannot be distinguished with this data alone.  

 
Figure 4.2 Schematic platelet aggregation curve. Model depiction of an 

aggregation curve and the characteristics analyzed in each curve. 

 
Table 4.1 Platelet aggregation characteristics. The primary aggregation rate, 

secondary aggregation rate, and total percent aggregation were measured for 

the control and MβCD-treated platelets in 9 replicates. 

 Primary Aggregation 
Rate (%/sec) (p ≤ 

0.001) 

Secondary  
Aggregation Rate (%/sec) 

Percent 
Aggregation 

Control 1.4 ± 0.1 0.1 ± 0.0 74.6 ± 3.0 
MβCD 0.9 ± 0.1 0.1 ± 0.0 69.4 ± 4.6 
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4.3.3 Shape Change Analysis 

As platelets are known to go through shape change upon activation, the size of 

activated platelets was also analyzed after membrane cholesterol level 

manipulation. To achieve a more dynamic picture of the change of platelet size 

upon activation, platelets were fixed at eight time points in the activation time 

line. As the primary cytoskeleton shape change dynamics have been previously 

shown to be complete after 90 s (Chapter 3, Section 3.3), activating platelets 

were fixed every 15 s from 0 s to 90 s with an additional time point of 180 s. The 

platelets were imaged using a dark field microscope setup and analyzed for 

changes in platelet size. Dark-field microscopy was chosen because it is a label-

free method to achieve high contrast images of small entities, like platelets. A 

representative dark-field image can be seen in Figure 4.3A. The analysis 

technique used to achieve quantitative information from these images is 

discussed in Chapter 3, Sections 3.2.4 and 3.3.2. Briefly, a best-fit ellipse was 

drawn over the platelet to get an approximate cell membrane circumference 

(indicated by the red ellipse in Figure 4.3 B). To screen quickly, just the 0 s and 

180 s time point conditions were imaged and analyzed initially. There was a 

significant difference in size between the control and MβCD-treated platelets 180 

s post-activation (Figure 4.3C, p ≤ 0.05). The control platelets had an average 

circumference of 6.6 ± 0.2 µm and the MβCD-treated platelets had an average 

circumference of 7.4 ± 0.2 µm. Comparison to the 0 s circumferences showed 

that, despite a lack of statistical significance between the 0 s and 180 s time 

points, the control platelets underwent an apparent decrease in circumference 

while the MβCD-treated platelets maintained their original circumference size, 

with initial circumferences being 7.1 ± 0.2 µm and 7.4 ± 0.1 µm for control and 

MβCD-treated platelets, respectively. These data imply that not only is the 

‘stickyness’ of the platelets, as measured in the aggregation data, impacted by 

the MβCD treatment but that the cellular components that control platelet shape 

change are also disrupted upon MβCD treatment. Ge, et al. showed that platelet 
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secretion is slowed with decreased cholesterol membrane content, yet there is 

faster pore opening (complimentary results shown in Chapter 5).9 Together, 

these results indicate a loss in control of the dynamics involved in platelet 

activation. In other cells, decreased cholesterol in the cell membrane has been 

shown to result in an decreased stiffness associated with membrane-

cytoskeleton interactions, which pairs well with the loss of shape change upon 

MβCD treatment.22,23  

 

 

 
Figure 4.3 Circumference change of the platelet membrane upon activation. A) 

Representative dark-field images of control and MβCD treated platelets at 0 s 

and 180 s. B) Schematic showing circumference measurement. C) The 

circumference changes for both control and MβCD-treated platelets at 0 s and 

180 s after activation. n = 30, * indicates p ≤ 0.05 
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4.4 Conclusion 
This study shows that the primary rate of platelet aggregation is dependent upon 

MβCD treatment. In addition, after the time traditionally attributed to platelet 

shape during the activation process, the MβCD-treated platelets exhibited a 

larger circumference compared to the control platelets, indicating that they did 

not undergo any decrease in size. These two results correspond well with 

cholesterol’s biophysical role in controlling membrane viscosity as well as 

microdomain formation. While this study was unable to determine whether one or 

both of these elements contribute to the reduced rate upon cholesterol depletion, 

future work could investigate this. It is important to note that these studies were 

performed in suspensions without blood plasma proteins. The proteins von 

Willebrand factor and collagen are key players in the aggregation process and 

their presence would likely result in platelet functional changes.24,25 In addition, 

because these experiments were performed in suspension, the platelets may not 

undergo typical spreading behavior. Thus, future work will also explore the role of 

cholesterol depletion on platelets in contact with surfaces and blood plasma 

proteins. 
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Chapter 5 

Variations in Fusion Pore Formation in Cholesterol-Treated 

Platelets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from: 

Finkenstaedt-Quinn, S. A.; Gruba, S. M.; Haynes, C. L. “Variations in Fusion 

Pore Formation in Cholesterol-Treated Platelets.” Biophysical Journal, in press. 

 

Sarah Gruba and I worked equally on peak analysis, data discussion, manuscript 

writing, tables, and figures. In addition, I performed the graphing, analysis of 

cholesterol loaded data, and initial figure design. 



 

 68 

5.1 Introduction 
To maintain proper physiological function, cell-cell communication occurs through 

the highly regulated exocytotic process wherein granules dock on the cell 

membrane, utilizing soluble NSF attachment protein receptor (SNARE) proteins 

to assist in regulating attachment. These proteins are localized to cholesterol-rich 

microdomains throughout the cell membrane.1 The amount of cholesterol in 

these domains not only plays a role in the proper clustering of SNARE proteins, 

but also helps stabilize the negative curvature needed for formation and 

stabilization of the fusion pore between the docked and primed granule and the 

cell membrane. Cholesterol levels and membrane viscosity are directly 

correlated, and increasing viscosity is known to result in delayed movement of 

lipids between the leaflets, which has been hypothesized to increase fusion pore 

formation and closing times.2,3 Chemical messenger molecules can be released 

through this dynamic fusion pore structure into the extracellular space. Literature 

precedent has shown that cholesterol has a role in controlling exocytosis, but the 

extent to which it dictates the opening and closing of the fusion pore structure 

requires more exploration, ideally with a method that can quantitatively assess 

this dynamic structure.2,3   

 

In recent years, it has become clear that the process of granule fusion is more 

intricate than originally thought. Traditionally, exocytosis was considered to be an 

all-or-nothing process, but in the last decade the definition has changed to 

include kiss-and-run events where a granule temporarily fuses with the cell 

membrane before detaching. More recently, it has become apparent that most 

granule release events are in fact extended kiss-and-run events which do not 

result in full chemical messenger content release.4-7 Schematic portrayals of 

these various exocytosis events can be seen in Figure 5.1 A-C. Further 

countering the traditional view of exocytosis, individual granules have also been 

observed combining with one another, either before or during release, resulting in 

a process termed compound exocytosis.8,9 However, in platelets, our chosen 
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exocytosis model due to its lack of nucleus and therefore decreased ability to up- 

or down-regulate proteins, granules can also fuse to the open canalicular system 

(OCS). The OCS is a tubular system located throughout the platelet, which is 

hypothesized to assist in the release of granular content into the extracellular 

environment.10 At the OCS-cytosol interface, it is possible for two granules to 

attach near one another and release their contents into the OCS where the 

contents can combine and release simultaneously into the extracellular 

environment. This phenomenon could lead to chemical messenger release 

measurements characteristic of compound exocytosis. Unfortunately, current 

measurement technology does not allow us to distinguish between these two 

forms. Therefore we will describe all events with large amounts of serotonin 

release, typically larger than the average amount released in two separate 

granules, and fast pore opening as bulk fusion (Figure 5.1D).  

 

Even with this limitation, carbon-fiber microelectrode amperometry (CFMA) is an 

ideal technique for studying the dynamic variations in granule release events. In 

platelets, the only electroactive compound at 700 mV vs. Ag/AgCl is serotonin, 

which has been confirmed by cyclic voltammetry.11,12 Statistical analysis has 

demonstrated that due to the size of the cell relative to the electrode and the 

distance between the electrode and platelet, nearly 100% of all released 

serotonin is detected.11 Electrode fouling is also checked by monitoring the noise 

of the connection, as indicated by the root mean square of the current function 

(IRMS), and replacing the electrode if IRMS increases or the signal goes down. 

Therefore monitoring the oxidation of serotonin, found in the dense-body 

granules of platelets, gives us a means to study changes in the pore dynamics 

when microelectrodes are placed in immediate contact with individual platelets. 

As each granule fusion pore opens, an increase in current is detected as 

secreted serotonin is oxidized, resulting in a current spike. In some cases, an 

individual current spike will be flanked either before or after the current maximum 

by a smaller current feature known as a “foot” event; these foot events 
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correspond to the relatively small number of serotonin molecules released when 

a fusion pore is not fully dilated. Due to the small number of granules in platelets 

and length of time between granule release events, it is possible to distinguish 

the start and end of each granule event, including feet events, without overlap 

from other granule release events. This event resolution allows analysis of the 

variations in each spike profile, revealing mechanistic biophysical information 

about fusion pore behavior for each granular release event. Since cells do not 

typically release their entire content and there is a limited quantity of dense-body 

granules, it is possible that several of the recorded spikes in each cell 

amperometric trace are from the same granule. This work examines the modes 

of pore formation and closure and how membrane cholesterol levels impact 

these modes. Results indicate that as the cholesterol membrane content 

increases, there is a corresponding increase in the number of release events with 

distinguishing characteristics. In particular, an increase in the number of non-

traditional events (NTEs) was observed. It was also noted that at greater levels of 

cholesterol, the NTEs have a slower fusion pore opening, increased release of 

serotonin molecules during each release event, and a longer duration in which 

the fusion pore remained open.   
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Figure 5.1 Various proposed modes of exocytosis, from least to most chemical 

messenger release.  A) Kiss-and-Run: In kiss-and-run events, the granule 

fuses briefly with the plasma membrane, releasing only a small portion of its 

contents without significant dilation of the fusion pore. B) Partial Fusion: In 

partial fusion events, the granule initially fuses with the plasma membrane, 

releases some of its contents, and then closes and returns to the platelet 

cytoplasm. C) Full Fusion: In full fusion events, the granule fully fuses with the 

plasma membrane and releases all of its contents. D) Bulk Fusion: In bulk 

fusion, multiple granules are hypothesized to fuse with one another prior to 

fusing with the plasma membrane; this is commonly referred to as compound 

fusion. However, platelet granules can adhere to the OCS and release their 

contents into the extracellular environment together, which is indistinguishable 

from compound fusion using CFMA. Therefore, we termed all of these events 

as bulk fusion. 
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5.2 Materials and Methods 

5.2.1 Cell Manipulation and Amperometry 

Amperometric traces from individual rabbit platelets were recorded previously by 

Shencheng Ge using CFMA.2 Briefly, platelet cholesterol levels were 

manipulated by exposing platelets either to methyl-b-cyclodextrin (MβCD) (Sigma 

Aldrich, St. Louis, MO) to achieve cholesterol depletion or MβCD complexed with 

cholesterol (Sigma Aldrich, St. Louis, MO) to achieve cholesterol enrichment. 

Platelets with varying levels of cholesterol were stimulated using 10 µM 

ionomycin and 2 mM Ca2+ in Tyrode's buffer. The released serotonin was 

oxidized by an in-house fabricated carbon-fiber microelectrode at 700 mV vs a 

Ag/AgCl reference electrode held by an Axopatch 200B potentiostat (Molecular 

Devices, Sunnyvale, CA), and the resulting current was measured as a function 

of time. Each collected current vs time trace was filtered at 5 KHz by a four-pole 

Bessel filter ahead of further analysis.   

5.2.2 Peak Categorization 

Each amperometric trace (N= 75, 72, and 50 for MβCD-depleted, control, and 

cholesterol-loaded platelets, respectively) was then digitally filtered at 1000 Hz 

and analyzed using Mini Analysis software (Snyptosoft Inc., Fort Lee, NJ) for pre- 

and post-spike feet. The peaks were analyzed visually by using a gain of 15 and 

a block of 20 unless the current spike was too large for the frame, in which case 

the gain was decreased so that the entire peak was visible within the frame. After 

examining each trace, the various features were divided into categories based on 

the general shape of the release event, resulting in pre- and post-feet and NTEs 

(Figures 5.3A, 5.7A, and 5.8A). Each peak was analyzed manually using the 

“group analysis and curve fitting” option to determine the duration and area of 

both the foot alone and the peak and foot features combined. Schematic 

representation of these features can be seen in Figure 5.2A. For NTEs, the total 

event area and duration were measured. The percent frequency of each feature 
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(pre-foot, post-foot, or NTE) was determined by dividing the total number of 

events with that feature by the total number of release events in each trace. 

Within each feature type, the percent frequency was accounted for with respect 

to the total number of events with that feature (for example, within each trace, a 

pre-foot type was compared to the total number of granule release events with 

pre-foot features). Significance (p < 0.05) was determined between conditions by 

one-way ANOVA with all error given as the standard error of the mean.  

5.2.3 Non-Traditional Events 

Non-traditional events are current spikes that do not display the typical quick 

current rise due to serotonin release followed by a gradual current decay as 

serotonin diffuses away. These NTEs were subdivided into six different 

categories (full fusion, partial fusion, bulk fusion, kiss-and-run, recurring kiss-and-

run, and jagged top) based on the area (charge, Q) under each peak, which is 

proportional, through Faraday’s Law, to the amount of serotonin released, and 

how quickly the fusion pore opened relative to its maximum release (slope10/90, 

the slope between 10% and 90% of maximal current intensity) (Table 5.1). 

Jagged top features were distinguished by continuous up and down fluctuations 

of serotonin release at maximum opening, and recurring kiss-and-run displayed 

several kiss-and-run events within a second of each other.  

 

The cut-off criteria categorizing events with a 10/90 slope under 6 pA/ms was 

chosen empirically based on the manual analysis of many spikes that 

represented traditional and non-traditional release events. Non-traditional release 

events were further categorized based upon the amount of serotonin released. 

To set an upper limit on the release that could be attributed to kiss-and-run, we 

averaged the peaks in the control platelets considered to be kiss-and-run and 

found the highest value within one standard deviation of the mean, then made 

this our maximum release value. Previous data obtained by HPLC indicated that 

a 5 minute ionomycin stimulation on rabbit platelets resulted in the average 
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release of 52% of the total serotonin content.13 The average area (250 fC per 

granule in control platelets) was thus assumed to be 52% content release. Full 

fusion was set as a minimum of 80% content release, or 385 fC/event. Release 

events where granule fusion resulted in at least 200% content release, or greater 

than 970 fC, and contained a 10/90 slope of 6 pA/ms or greater were categorized 

as bulk fusion events. For NTEs, the event area and event duration of the entire 

peak was analyzed. Example traces of NTEs can be found in Figure 5.8A with 

additional details in Table 5.1. 

 

 
Table 5.1 Non-traditional events were characterized by their 10/90 slope and 

area. As NTEs are often characterized by slower pore opening, the 10/90 slope 

was determined to be a good indicator of NTEs. To distinguish between the 

different types of NTEs the extent of release, or area under the current spike, 

was used. Commonly, events releasing twice the amount of serotonin or greater 

than the predicted concentration, had steep 10/90 slopes that were most likely 

due to more serotonin occupying the larger free space outside the dense-body 

core. Therefore, bulk fusion events had a 10/90 slope >6. All slopes and areas 

were calculated using the Mini Analysis software.   
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5.3 Results and Discussion 

5.3.1 Categorization of Foot Events 

Based upon previously established methods of release, exocytosis events have 

been categorized herein into four types 1) kiss-and-run, 2) partial fusion for both 

normal pore opening rates (10/90 slope > 6 pA/ms) and extended pore opening 

rates (10/90 slope < 6 pA/ms) (when discussing partial fusion for the remainder 

of the paper, we are referring to the extended pore opening rates and not the 

traditional spike formation), 3) full fusion, and 4) bulk fusion (including both 

granule-granule fusion and bulk OCS fusion). The different models are illustrated 

schematically in Figure 5.1.4-9 

 

After platelets were enriched in cholesterol or depleted of cholesterol by platelet 

exposure to MβCD (132% and 68%, respectively, compared to control platelet 

cholesterol levels),2 the total percentage of events with either a foot or NTE 

release profile increased with increasing concentrations of cholesterol (52.6 ± 

2.4%, 64.7 ± 2.2%, and 76.8 ± 2.8% for depleted, normal, and cholesterol-

enriched platelets, respectively, Figure 5.2B). Normal levels of foot events 

reported with CFMA are traditionally around 10-30%,2,13,14 which is nominally 

lower than what we have reported; this discrepancy is likely due to our inclusion 

of non-traditional type events and post-foot containing events when determining 

the percentage of events with features-of-interest. When only events with pre-

foot characteristics are taken into account, the percentage of events falls in 

previously described ranges with 15.2 ± 1.8%, 21.9 ± 2.0% and 21.8 ± 2.3% for 

increasing cholesterol concentrations, respectively (Figure 5.2C). Post-foot 

events, which have been known to only occur ~2% of the time in PC-12 cells,6 

occur relatively infrequently (4.8 ± 1.0%, 4.2 ± 0.8%, and 6.5 ± 1.2% for 

increasing cholesterol concentrations) in platelets and do not change significantly 

as the cholesterol content is changed. Changes in platelet membrane cholesterol 

have the largest impact on secretion via NTEs, with statistically significant 
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increases from 33.5 ± 2.5% for cholesterol-depleted platelets to 53.6 ± 3.6% of 

the events for cholesterol-enriched platelets, with a value of 42.7 ± 2.5% in 

control platelets. This suggests that cholesterol has a large impact on the whole 

fusion event rather than just the initial opening or closing of the pore. This 

difference is not attributable to a change in the number of granules undergoing 

exocytosis as the membrane cholesterol levels change. By counting the number 

of peaks in each trace, on average, each platelet released 12.7 ± 0.7, 12.6 ± 0.9, 

and 13.1 ± 0.9 granules per cholesterol-depleted, control, and cholesterol-

enriched platelet, respectively (p > 0.05).  

  

 

 
Figure 5.2 Classes of peaks. A) Diagram indicating the parameters used to 

categorize and quantify various peaks. B) The frequency of events with features 

upon the different cholesterol treatments. C) Relative frequency of classes of 

peaks with the different cholesterol treatments. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001, ****p ≤ 0.0001  
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5.3.2 Pre-Spike Foot Events 

The occurrence of pre-spike foot events only changes significantly as seen in a 

decrease for cholesterol-depleted platelets (p ≤ 0.05). When the pre-foot events 

are broken down into sub-types, the majority of the pre-feet were present in two 

forms: those where the initial release took some sort of ramp (an initial slow 

gradual opening) or those where the initial release took the form of a plateau (an 

initial opening which is held steady over an extended period of time) (Figures 5.4 

and 5.5, respectively). These two general characteristics have been reported 

before in several papers.6,14,15 The most commonly reported and most discussed 

pre-spike foot type is the ramp. Amatore and colleagues reported that in 

chromaffin cells, of their pre-spike feet events, 70% were ramps, 20% were 

ramps with plateaus, and 10% were unclassified. They then found a positive 

correlation between the ramps’ maximum current and the maximum current given 

by the spike.14 Our data show that the ramp-type pre-spike foot was the most 

frequently occurring of the pre-spike foot types, at 35.7 ± 5.3%, 34.6 ± 4.7%, and 

23.0 ± 3.8% for cholesterol depleted-, control-, and cholesterol-enriched 

platelets, respectively. For the depleted and control conditions, the percent 

occurrence of the ramp was significantly enhanced (p ≤ 0.0001) compared to the 

other pre-spike foot types. The ramp frequency in cholesterol-enriched platelets 

was only significantly different from four out of the nine other pre-spike feet types 

(p ranging from 0.05 to 0.0001). This, along with previous work in other groups, 

leads us to believe that this ramp characteristic is representative of the traditional 

entryway for granular fusion. The ramp-like variants, such as jagged rise, could 

potentially correspond to the opening and closing of the fusion pore during 

formation, suggesting that the cell is not able to easily transition to the type of 

curvature needed in the membrane as the fusion pore opens. This inability to 

rapidly change the membrane curvature paired with increased membrane 

stiffness is also implicated in the significant increase in the occurrence of long 

plateau foot events between the cholesterol-depleted and enriched conditions (p 
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≤ 0.01). In addition, the increase in the duration of the short plateau foot relative 

to the whole event as cholesterol content increases suggests that increasing 

membrane rigidity results in a barrier to the pore opening to the proper form 

(Figure 5.6).   
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Figure 5.3 Pre-spike foot events. A) Representations of the various pre-spike 

feet. The representative traces are all on the same current and time scale. B) and 

C ) Percent of total pre-spike feet with varying cholesterol concentrations 

graphically and in table form, respectively. **p ≤ 0.01  

 

 
Figure 5.4 Pre-spike foot events with ramp-like character. A) Representative 

traces of the different types of pre-spike feet that had a ramp-like characteristic. 

The representative traces are all on the same current and time scale. B) 

Relative frequency for each type of ramp-like pre-spike foot with the different 

cholesterol treatments. 
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Figure 5.5 Pre-spike foot events with plateau-like character. A) Representative 

traces of the different types of pre-spike feet that had a plateau-like 

characteristic. The representative traces are all on the same current and time 

scale. B) Relative frequency for each type of plateau-like pre-spike foot with the 

different cholesterol treatments. **p≤0.01  

 

 

 
Figure 5.6 Percent of event area and time for pre-spike feet. A) Area the foot 

feature took up relative to the area of the whole event. B) Time the foot feature 

took up relative to the time of the whole event. **p ≤ 0.01, ****p ≤ 0.0001  
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5.3.3 Post-Spike Foot Events 

As the post-spike feet were not very prevalent, it was difficult to identify variation 

in their forms. In total, eight different types of post-spike feet were identified, 

three of which were categorized as different forms of re-opening: post kiss-and-

run, partial re-open, and re-open (Figure 5.7). Of the re-opening type post-spike 

feet, the partial re-opening type foot showed a significant difference in frequency 

between the cholesterol-depleted and cholesterol-enriched conditions, with the 

foot occurring 8.3 ± 4.8% and 46.5 ± 9.4% of the time, respectively. Since the 

significant increase is only seen in the partial re-open post foot event, where the 

pore begins to reopen directly after beginning to close, it indicates that the pore 

initially has difficulty closing, but after closure has been initiated, the cholesterol 

levels do not impact the process to the extent they do for pre-foot events. 

 

 
Figure 5.7 Post-spike foot events. A) Representations of the various post spike 

feet.The representative traces are all on the same current and time scale. B) 

and C ) Percent of total pre-spike feet with varying cholesterol concentrations 

graphically and in table form, respectively. **p ≤ 0.01 
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5.3.4 Non-Traditional Events 

The most interesting results arising from categorization of the spikes observed 

upon platelet activation was the prevalence of spikes that were not in the form of 

traditional release events, meaning that they lacked the typical fast rising current 

due to pore opening followed by a slow current decrease as serotonin diffuses 

out of the closing pore. These release events were sorted into six categories by 

examining a combination of the following characteristics: 10/90 slope, the lack of 

a foot character, and the area (Figure 5.8, Table 5.1). Table 5.1 gives the 10/90 

slope and area characteristics for four out of the six types of NTEs observed. 

While the NTEs as a category showed significant increases in percent frequency 

of total events as the cholesterol increases (Figure 5.2C), when the NTEs are 

broken down into the various exhibited types, no significant changes are 

observed where one specific category more is affected by the amount of 

cholesterol (Figure 5.8). However, there are significant changes in the area and 

duration for the various features as the membrane-cholesterol levels are 

changed (Figure 5.9). Most surprisingly, these changes in duration and area are 

seen in events that have set upper and lower limits for the amount of serotonin 

released, including partial fusion and kiss-and-run events. When comparing the 

average amount of serotonin released per ms during kiss-and-run events, there 

is no significant difference between cholesterol conditions (Figure 5.10). This 

suggests that the cholesterol helps the pore stay open longer, but does not 

change the size of the pore, assuming that the serotonin diffusion characteristics 

are unchanged. Therefore, with the small standard deviation associated with 

each event type’s duration and amount of serotonin released and the fact that 

there is no difference in the rate of serotonin release between conditions, this 

suggests that all granules going through kiss-and-run will follow a similar pattern 

of release. In comparison, for partial fusion, there were no significant differences 

in rate of release, but a downward trend was noted as membrane cholesterol 

content increased. This suggests that once the pore opens past the kiss-and-run 
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stage, it may not open as wide at higher cholesterol levels. However, due to the 

longer length of time it stays open, more serotonin is released which serves to 

make up for this decreased rate of release. Finally, there is an apparent upward 

trend in percent occurrence for full fusion events and a corresponding apparent 

downward trend for partial fusion events as the conditions contribute to higher 

membrane cholesterol levels. These trends can all be explained by the increased 

membrane rigidity due to the additional cholesterol. As previously hypothesized, 

an increase in cholesterol would lead to longer inversion times for the 

phospholipids needing to change the curvature along the fusion pore, biasing 

towards full release events.  

 

 
Figure 5.8 Non-traditional events A) Representative traces of the different types 

of NTE peaks. The representative traces are all on the same current and time 

scale. B) Relative frequency for each type of NTE under the different 

treatments.  

 



 

 84 

 
Figure 5.9 Area and duration of non-traditional events A) Average area and b) 

Average duration of each NTE type under the different cholesterol treatments.  

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001  

 

 
Figure 5.10 Kiss-and-run events. Rate of release for A) kiss-and-run events 

and B) partial fusion events.  
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5.4 Conclusion 

Close examination of the pre-foot and post-foot spike features from individual 

platelets with manipulated outer membrane cholesterol levels indicated a few 

styles of pore opening and closing. Pre-foot features tended to fall into two sub-

categories: ramp-like and plateau-like, with the ramp occurring most frequently. 

There was a slight decrease in the occurrence of pre-foot features in cholesterol-

depleted platelets, indicating that the pore opens more quickly at low cholesterol 

levels, bypassing the slower foot-inducing features. The post-foot features 

occurred fairly infrequently and had primarily re-opening characteristics. The 

most prevalent category of non-traditional secretion events showed an increase 

in frequency as the cholesterol content of the membrane increased. These 

events are characterized by an increase in the amount of serotonin released, 

increased duration of the pore opening, and a slowing in the opening of the pore. 

From these analyses, we conclude that as the cholesterol concentration in 

platelets is increased, the membrane-granule fusion curvature transitions are 

slowed due to increased rigidity, leading to a slower pore opening and closing.  

 

Even though the fusion pore dynamics of human platelets have not been studied 

directly with CFMA, it has been shown that platelets from other species, in 

particular cow which has comparatively increased levels of cholesterol, 

demonstrate similar fusion pore dynamics as the rabbit platelets incubated with 

cholesterol. These included increased Trise and T1/2 times compared to rabbit 

platelets without cholesterol modification which are often associated with 

NTEs.2,13 In addition, since platelets are anucleate, the up- and down- regulation 

of proteins and receptors is limited, suggesting that the only difference between 

the conditions was the concentration of cholesterol. Therefore we believe these 

results, though they are measured in an animal system, can be generalized to 

human platelets and other cell types that undergo exocytosis. 
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Human platelets have been shown to undergo changes in cholesterol membrane 

content due to various diseases, drugs, or pre-dispositions.16,17 In addition, 

platelets are known to increase cholesterol uptake in vitro when suspended in 

cholesterol-rich environments.18 Previous literature indicates that cholesterol 

plays a role in human platelet sensitivity, microtubule ring formation, and 

aggregate size due to cholesterol levels.18,19 Thus, it is likely that the results 

presented herein can inform understanding of human platelets and the diseases 

affecting them.  
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Chapter 6 

Engaging Chemistry – Learning by doing 

 
 
 

 

Adapted from: 

Meyer, A.; Knutson, C.; Finkenstaedt-Quinn, S. A.; Gruba, S. M.; Meyer, B.; 

Thompson, J.; Maurer-Jones, M.; Halderman, S.; Tillman, A.; DeStefano, L.; 

Haynes, C. L. Activities for Middle School Students to Sleuth a Chemistry 

“Whodunit” and Investigate the Scientific Method. J. Chem. Educ. 2014, 91(3), 

410-413. 

 

To the above manuscript, I contributed to the writing of the manuscript and 

experiment developments. The manuscript was also included in the thesis of 

Audrey Meyer.1 

 

Finkenstaedt-Quinn, S. A.; Styles, M.; Juelfs, A.; Haynes, C L. Increasing Climate 

Change Awareness through Ted-ED Videos and Demonstrations. In preparation. 

 

To the above manuscript, I contributed to the experiment development, data 

analysis, and writing of the manuscript to this work. 

 

Finkenstaedt-Quinn, S. A.; Schoeller, S.; Haynes, C. L. Increasing chemical 

understanding using literature to stimulate student interest. In preparation. 

 

To the above manuscript, I contributed to the experiment development and 

writing of the manuscript to this work. 
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6.1 Introduction 

Chemistry is often-cited by students around the world as a subject that is hard for 

them to relate to and become engaged in, partially due to its requiring 

background mathematical knowledge and abstract concepts.2-4 In an effort to 

make chemistry more relatable and accessible to students, I have worked on the 

development of several teaching modules. These modules are aimed at K-12 

students. By presenting basic scientific concepts in an engaging way we hope to 

(1) cultivate scientifically interested citizens and (2) combat the development of 

misconceptions early in science education that are hard to unlearn.5 Two of the 

modules included herein were implemented as part of an outreach event hosted 

by the Haynes research group at a local community center. The last module is 

currently being tested in a local high school. 

 

The events developed for and run at the local community center focused on two 

key scientific ideas, the scientific method and climate change. These matters 

were chosen as they are key in the field of chemistry. The scientific method is 

important for students to understand as they enter science, technology, 

engineering, and mathematics (STEM) classes and begin learning more in-depth 

scientific concepts. Climate change is a global issue that an engaged citizenship 

should understand, while also providing opportunities to learn about 

interdisciplinary science. In addition, we felt that, as the age of the students 

participating in these activities spanned such a wide range, broader topics would 

more likely appeal to the diversity of students.  

 

The module in development for the high school chemistry classroom is a series 

of laboratory experiments designed to increase student engagement by relating 

chemistry concepts to literature. Each lab draws connections between the 

chemical concepts being discussed in the lab and a piece of literature. By 
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framing the chemistry through stories, we aim to make the science accessible 

and make a connection between the arts and the sciences.  

6.2 Activities for Middle School Students to Sleuth a Chemistry “Whodunit” 
and Investigate the Scientific Method 

6.2.1 Background 

In recent years, public interest in forensic science has increased greatly, due in 

part to television shows such as CSI and Bones, which feature scientists using 

analytical tools to solve crimes.6,7 By leveraging student interest in the applied 

nature of forensic chemistry, educators also have an opportunity to use a 

practical, problem-solving approach to introduce students to the scientific 

method,8 including formulating hypotheses, selecting an appropriate experiment 

from those available, performing positive and negative controls, and interpreting 

both conclusive and inconclusive results. 

 

In this outreach activity, we engaged middle school students to select an assay, 

consider positive and negative controls, and use information gained from several 

assays to reach a conclusion and solve a mystery. Three mysteries were 

presented in consecutive years to students participating in a summer program at 

the West 7th Community Center in St. Paul, MN. Mysteries included an 

environmental chemical spill, a jewel heist, and a case of sabotage at a solar cell 

factory. Results of the student answers to pre- and post- experiment questions 

are included: in Year 2, student comprehension increased for two of the four 

questions asked from the pre- to the post-activity assessment, and in Year 3, 

increases in student comprehension were observed for all four of the questions 

from the pre- to the post-activity assessment. 

6.2.2 Methods 

This activity involves preparation beforehand of (1) a video (or other format 

presentation) detailing the events of the mystery to students, (2) evidence kits, 
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and (3) solutions for assays. The format of the activity as well as the assays 

made available to students are described herein, and detailed transcripts of the 3 

mystery videos as well as instructions for preparation of the evidence kits and 

assays can be found in the published paper from which this text is adapted.9 The 

students first watched a video wherein an investigator described the mystery and 

interviewed a cadre of suspects. In addition, in the first and second year, 

students viewed a short video describing the assays available to them. In the 

third year, assay use instructions were described by graduate student volunteers 

at each station as the students needed each assay.  

 

In scenario 1, “Chemical Spill on the Mississippi River,” students watched a video 

that explained that a portion of the Mississippi River was mysteriously lacking in 

fish and wildlife and watched investigator interviews with the suspects that might 

have caused this environmental change. In scenario 2, “Jewel Heist at the 

Science Museum,” students watched a video that explained that the Crown 

Jewels on display at the Science Museum had been stolen during a break-in, and 

they were shown interviews with suspects. In scenario 3, “Sabotage at a Solar 

Cell Factory,” students watched a video depicting a crime of sabotage at the 

Solar Haynes Industries solar cell factory, including police investigator interviews 

with potential suspects. For each scenario, students were presented with 4 

suspects and 5-6 assays with which to test their evidence. It is possible to 

change the guilty suspect in any given scenario by altering the evidence 

apparently collected from each suspect. 

 

Student participants were split into groups of four and assigned to a graduate or 

undergraduate student ‘guide’ who helped keep the students on-task during the 

activity (Figure 6.1). Each group was given a box containing (1) approximately six 

pieces of evidence that they were told had been collected from the suspects or at 

the crime scene, (2) a list of stations where they could test their evidence, and (3) 

a set of worksheets to record their results. Additionally, graduate or 
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undergraduate students were available at each of the assay stations to explain 

the chemistry concepts of the assay, how to perform the assay, and positive and 

negative controls where applicable. For all three scenarios, evidence kit contents 

and assays available to the students are listed in Table 6.1. In addition to the use 

of several well-known tests widely used in outreach activities (DNA extraction, 

starch detection with iodine, filter paper chromatography with felt-tip pens), a 

series of less well-known tests that demonstrate chemical concepts were 

incorporated. Examples include an acid/base detection of metal salts in scenario 

1 and a nanoparticle-based test for pesticide detection in scenario 2. The 

students were given no instructions regarding which assay to use on which piece 

of evidence. For each assay, students recorded the evidence tested and the 

results of the assay as well as the results of the positive and negative controls. 

Students were also asked to interpret their results in the context of the mystery 

and determine the guilty party.  

 

All mystery scenarios were tested with students ages 10-14 in a one-day event 

for socioeconomically disadvantaged students (average of 74% of students 

identify as racial minorities and 87% of students were from homes below 200% of 

the Federal Poverty Guidelines) participating in a W. 7th Community Center 

summer program.10 Although the mysteries were developed for use in an 

outreach event, all activities were translated and optimized by a certified 

Minnesota high school teacher for use in middle or high school classrooms.  

 

In the second and third years of the activity, students were asked multiple-choice 

pre- and post- questions about important scientific vocabulary related to the 

scientific method. The questions asked were: (1) What is an observation, (2) 

What is a hypothesis, (3) What is a positive control, and (4) What is a negative 

control. They used personal response devices, which have received generally 

positive student reviews,11,12 to answer the questions, and student answers were 

analyzed to evaluate student learning during the course of the activity. Some 
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students participated in the summer program for multiple years, leading to a 

small degree of overlap between students each year. 

 

Table 6.1 Overview of the evidence kit contents and available assays for the 

three mystery activities. 

Activity Contents of Evidence Kita Assays Available to Students 
Chemical 
Spill 

• Contaminated river water sample 
• Handwritten notes found in contaminated 

area 
• Pens belonging to suspects 
• Map with fingerprints and fingerprint samples 

from suspects 
• Soil sample from contaminated area 
• Homogenized fish sample from contaminated 

area 

• Acid/base detection of metal 
ions in solution 

• Ink chromatography 
• Flame test 
• Iodine fingerprint developing or 

ninhydrin fingerprint 
developing 

• Luminol test 
• pH test 
 

Jewel 
Heist 

• Fingerprint samples from each suspect 
• Debris from crime scene with fingerprint 

present 
• Glass from the display case 
• Glass found in a suspect’s car 
• Powder found at crime scene 
• Powder samples found on suspects 
• Paint collected from security camera 
• Paint from a suspect’s hands 
• Paint sample from a mural (suspect’s alibi)  

• Acid/base detection of metal 
ions in solution 

• Ink chromatography 
• Iodine fingerprint developing or 

ninhydrin fingerprint 
developing 

• Nanoparticle test for pesticides 
• Iodine test for starch 

Solar 
Cell 
Factory 
Sabotage 

• Piece of plastic left at crime scene 
• Pieces of plastic from the workplaces of 

suspects 
• Sample containing DNA from a cup at the 

crime scene 
• DNA sequence pre-processed from each 

suspect 
• Handwritten note found at the crime scene 
• Pens belonging to suspects 
• Metallic dust found at the crime scene 
• Metallic dust found on shoes of suspects 
• Fingerprint samples from suspects 
• Piece of paper with fingerprint found at crime 

scene 
• Sample of scent detected at crime scene 
• Cologne or perfume from suspects 

• Plastic density comparison 
• DNA extraction  
• Metal ion flame test 
• Ink chromatography 
• Iodine fingerprint developing or 

ninhydrin fingerprint 
developing 

• Silver plating test 
 

aPositive and negative control samples were provided to students at the assay stations. 
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6.2.3 Results and Discussion 

During the Jewel Heist Mystery activity (in year 2 of this effort), all groups solved 

the mystery correctly, and the percent of students answering the pre-activity 

questions and post-activity questions correctly are listed in Table 6.2. Of the four 

questions asked, the percent of students answering correctly increased from the 

pre- to the post-activity assessment for Questions (3) and (4) (by 13% and 25%, 

respectively), did not change for Question (1) (0.0% change), and decreased for 

Question (2) (-8.3%). The increase in overall student scores from 60% before the 

activity to 68% after the activity was found to be non-significant using a two-tailed 

t-test (p = 0.5). Based on the results in Table 6.2, it was clear that increased 

emphasis on the concepts of the scientific method (observations, hypotheses, 

and controls) was needed to enhance student comprehension of the scientific 

method during the activity. As the goal of this activity was for students to learn 

through problem solving rather than direct instruction, preparations for the assay 

stations for the following year (Solar Cell Factory Sabotage) focused on 

improving emphases on observations, hypotheses, and controls. In doing so, 

students were exposed to these principles through the mini-experiments that they 

performed at each assay station. 

 

During the Solar Cell Factory Sabotage Mystery activity in year 3, students were 

asked the same questions before and after the activity as for the Jewel Heist 

Mystery. Overall student scores increased significantly from 52% to 68% (p = 

0.03). The percent of students answering correctly increased from the pre- to the 

post-activity assessment for all four questions asked (Table 6.2). The increase in 

students correctly answering was 3.7% for Question (1), 11% for Question (2), 

22% for Question (3), and 26% for Question (4).   
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Figure 6.1 Students participating in the ‘Whodunit’ activity 

 
Table 6.2 Comparison of correct student responses to pre- and post-activity 

assessments 

Assessment Questions Jewel Heist Activity, N = 24 Solar Cell Factory Sabotage 
Activity, N = 27 

 Pre-activity, % Post-activity, % Pre-activty, % Post-activity, % 

Question 1: 

What is an 
observation? 

79 79 70 74 

Question 2: 

What is a hypothesis? 
67 58 78 89 

Question 3: 

What is a positive 
control? 

50 63 30 53 

Question 4: 

What is a negative 
control? 

46 71 22 48 

Overall Percent 
Correct 60 68 52 68 
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To assess the statistical significance between pre- and post-activity responses, 

the student responses to each question for both of the activities were pooled. 

Using McNemar’s test,13 the pooled responses showed a significant increase in 

comprehension for Questions 3 (p = 0.01) and 4 (p = 0.01). Significant 

differences between the pre- and post-activity responses were not observed for 

Questions 1 (p = 0.6) and 2 (p = 0.6). These results indicate that an outreach 

activity with no direct instruction can lead to significant increases in student 

comprehension of concepts related to the scientific method and are promising for 

student learning when implemented in an outreach event. 

 

While the focus of the investigations when implemented as an outreach activity 

was on engaging students in solving a mystery through problem solving using 

chemical assays, each investigation contains multiple activities that could be 

used to highlight a number of different chemical concepts in a classroom, 

including solubility, acid-base chemistry, chemiluminescence, and atomic 

emission spectroscopy. Using a format with minimal direct instruction and instead 

allowing students to determine which chemical tests were appropriate for certain 

types of samples, student comprehension of concepts related to the scientific 

method increased when these concepts were emphasized during the explanation 

of the assay protocols. This pairs well with the inquiry-based learning currently 

being implemented in undergraduate chemistry laboratories, priming students for 

future laboratory classes.14 

6.2.4 Conclusion 

In the activity presented here, three separate investigations were developed 

where students use simple chemical assays to solve a mystery. In each 

investigation, students were given a kit of evidence, a list of assays, and minimal 

direct instruction. Although this activity was originally designed as an outreach 

event, the activities have also been modified and formatted for implementation in 

a middle school classroom. Students work in groups, make decisions related to a 
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course of action for solving a problem, formulate hypotheses, perform positive 

and negative controls, interpret data, and formulate conclusions based on results 

of multiple chemical assays. Instructors could also modify activities as needed for 

a greater focus on scientific concepts of interest to the class. 

6.3 Developing a Conceptual Understanding of Climate Change 

While understanding a broad concept like the scientific method is critical for 

young students, there is also significant interest in framing chemistry concepts by 

current events where possible as a mode to increase engagement. In the second 

chemical education activity pursued as part of this thesis work, we focused on 

climate change both due to its importance as a worldwide issue and as a context 

for teaching students core chemistry concepts.  

6.3.1 Background  

Anthropogenic climate change is a global issue with widespread impacts. The 

International Panel on Climate Change warns, “Warming of the climate system is 

unequivocal, and since the 1950’s, many of the observed changes are 

unprecedented over decades to millennia. The atmosphere and ocean have 

warmed, the amounts of snow and ice have diminished, sea level has risen, and 

the concentrations of greenhouse gases have increased”.15 In recent decades, 

these changes have impacted natural and human ecosystems on all continents 

and across the oceans.16 Despite the clear scientific consensus, according to 

Gallup polls, only 57% of Americans believe that human activities are the driving 

force in the rapid climate change we are observing, and only one-third feels that 

climate change is cause for great concern.17,18 Less than half of Americans know 

that carbon dioxide (CO2) traps heat from the Earth’s surface, and only 1-in-4 

know that increased carbon dioxide in the atmosphere causes ocean 

acidification.19  
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Young students typically have a strong concern for the environment and enjoy 

learning about it. However, they are typically more concerned about local 

environmental issues than global issues. With reinforcement, they have been 

shown to expand their concern to global environmental issues; without it, they 

lose their initial concern.20 High school students can commonly pick out basic 

facts, such as rising CO2 levels, but cannot apply their knowledge to determine 

potential problems or solutions as there appears to be no further curriculum 

covering this area during high school.21 Even undergraduate chemistry students 

consistently fail to accurately discuss climate change.22,23 

 

Chemistry principles are key to understanding why the climate is changing and 

what the effects will be. Many factors in climate change link to topics covered in 

chemistry courses (Figure 6.2), such as surface albedo, combustion of fossil 

fuels, the greenhouse effect, cloud and aerosol formation, light scattering and 

absorption, and ocean acidification.24 For example, understanding the 

greenhouse effect requires knowledge of light-matter interactions, vibrational 

absorbance and emission of long wavelength radiation by gases, and scattering 

of high energy radiation by clouds and aerosols.  

 

Over the past several decades, there has been a large push to integrate 

environmental issues into chemistry courses.25-27 Debates within the chemical 

education community have led to two conclusions: connecting chemical concepts 

to real world applications and issues will lead to an increase in student 

engagement in chemistry classes, and environmental effects have been shown 

to be useful in motivating and enhancing chemistry learning and fostering pro-

environmental attitudes.28-30 Many teaching modules have been developed that 

can be formally integrated into high school and college level curriculum.31-33  

 

Attempts to implement these modules as supplements to the formal integration of 

environmental chemistry concepts have been limited but successful when done. 
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Rather than giving a world-view perspective of environmental issues such as 

climate change, most outreach programs focus on local environmental issues like 

drinking water quality, and those that do take a global view focus only on one 

issue such as ocean acidification. In addition, many of these programs require 

equipment, software, or chemistry expertise available only at college campuses.  

 

With an increase in ease of creating and sharing media, there has been a boom 

in educational videos featuring experts talking about their area of specialization. 

These videos are ideal for use in science education. In formal education, videos 

are often used as a substitute for interactions between students and teachers 

rather than as a tool to explain key chemistry principles. Short videos are ideal 

for use as brief introductions to topics and as tools for ideas more easily 

explained visually. TED has created a series of videos designed for specific use 

as mini-lessons through its “TED-Ed” program. TED-Ed has over 100,000 short 

animated video lessons designed for specific use as mini-lessons; these videos 

span a wide range of topics, including a series on climate change: Our Changing 

Climate.34 Despite their broad applicability, in the published literature, TED-Ed 

has been rarely used as a formal teaching tool. Our work utilizes Ted-Ed videos 

to give students a short introduction to a topic prior to engaging them in demos 

and hands-on activities related to that topic, and all topics tie together to give a 

larger perspective on climate change. Overall, this outreach program was 

designed to provide a comprehensive overview of climate change by focusing on 

understanding light-matter interactions and how the burning of fossil fuels 

impacts the environment. It is suited for a low technology, low expertise setting 

with broad applicability in terms of educational level and motivation that can be 

utilized in the traditional outreach style or supplement current chemistry 

curriculum in schools.   
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Figure 6.2 Overview of the various chemical processes directing climate 

change, covering both fossil fuel emission and light-matter interactions. 

 

 
Figure 6.3 Students participating in the climate change activity 
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6.3.2 Methods 

These modules were developed and tested as part of two half-day outreach 

programs at the same local community center described in Section 6.2 for 

socioeconomically disadvantaged (75% come from low income, minority families, 

and nearly half speak English as a second language) students pre-K through 10th 

grade and also as part of a week-long STEM summer program for rising high 

school juniors and seniors (n = 23). At the community center, students were 

sorted into two groups by age, the ‘Little Kids’ included pre-K through 4th grade (n 

= 33) and the ‘Big Kids’ included 5th –10th grade (n = 38). Each group was divided 

into sub-groups based on the number of stations (Table 6.3). Each station 

addressed a different aspect of climate change. The ‘Little Kids’ stations were 

more broad and simple in concept. The STEM students and ‘Big Kids’ stations 

were more specialized and technical. In addition, the STEM and ‘Big Kids’ 

stations included TED-Ed videos while the ‘Little Kids’ stations did not. Each 

station had demonstrations and/or hands-on activities to engage the students 

and facilitate learning of the topic discussed at the station (Table 6.3). Specific 

processes were addressed with the older students whereas general topics were 

used to discuss the idea of climate change with the younger students. The STEM 

students and ‘Big Kids’ groups were accompanied by graduate or undergraduate 

student guides who helped to facilitate the discussion.  

 

The activity stations were designed to cover a number of topics that demonstrate 

the complexity of climate change and the chemistry involved in these topics 

(Table 6.3). These topics correspond well with the Minnesota state high school 

science standards. The standards addressed are those relating to the interface 

between scientific progress, society, and the environment. This includes 

standards ranging from the interplay of various naturally occurring systems to 

understanding the impacts that society and technological advances have on our 

ecosystems.35  
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Two specific areas of chemistry were highlighted in the stations due to their 

strong ties with climate change: chemical reactivity and light-matter interactions 

(indicated in Table 6.3 by † and ‡, respectively). We chose to cover chemical 

reactivity, with a particular focus on the products of fossil fuel combustion, due to 

the multifaceted roles of released carbon dioxide and aerosols. The stations 

cover how fossil fuels are linked to global warming, sea level rise, and ocean 

acidification, with a primary goal of increasing understanding of the impacts of 

fossil fuel products. The second area covered focuses on the interaction of light 

and matter and the role these interactions play in exacerbating environmental 

changes. Relevant phenomena covered include the absorption of infrared (IR) 

radiation by greenhouse gases, blackbody radiation, and surface albedo. 

 

The students’ understanding of climate change was assessed both before and 

after visiting the activity stations. Assessment was administered using personal 

response devices (as described in Section 6.2.2 above) for the ‘Little Kids’ and 

paper forms for the ‘Big Kids’ and STEM students. The ‘Little Kids’ and ‘Big Kids’ 

were each asked a series of nine multiple choice questions while the STEM 

students were asked six multiple choice questions, three “select all that apply” 

questions, and two short answer questions to better assess their understanding 

(Table 6.5 details the assessment questions posed to the ‘Big Kids’, and Tables 

6.7 and 6.10 detail the multiple choice/“select all that apply” and short answer 

assessment questions, respectively, posed to the STEM students). The ‘Little 

Kid’ assessment questions are not included in a table as there is only minor 

discussion of their results; however, the questions can be found in the SI of the 

paper from which this chapter is adapted.36 

 

Student understanding before and after participation in the activity was analyzed 

for statistical significance using GraphPad Prism. The overall percent change 

between the pre- and post-tests were tested for significance using an unpaired t-

test, with a p-value below 0.05 being considered significant. Error bars in the 
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presented graphs indicate standard error of the mean. Changes in the 

percentage of students answering individual questions correctly (data shown in 

Tables 6.4, 6.6, 6.8, and 6.9 and Figure 6.5) were not tested for significance due 

to limitations in sample size. 

 

Table 6.3 Overview of outreach program demonstrations and activities 
Groups Stations Demonstrations/Activities 

Hydrosphere Ocean acidification† 

 Ocean stratification 
 Oil spill† 

Recycling Sorting 
 Dissolving styrofoam† 

 Plastic density 
Energy Wind turbines 
 Electrolysis of water† 

Atmosphere Cloud in a bottle† 

‘Little Kids’ 
 
 
 
 
 
 
 
 
  Blue sky, red sunset‡ 

Greenhouse 
Gases 

Climate Change: Earth’s giant game of Tetris‡ 

A guide to the energy of the Earth (recommended) 
 Model atmosphere‡ 

Ocean  The secret to rising sea levels 
Disruptions Ocean acidification† 

 Thermal expansion 
Radiative  How quantum mechanics explains global warming‡ 
Properties Blackbody radiation‡ 

 Light interference‡ 

Clouds/Rain 
Cloudy climate change: how clouds affect earth's 
temperature‡ 

 Cloud in a jar† 

 Acid rain† 

Surface Albedo 
Why the Arctic is climate change’s canary in the coal 
mine‡ 

‘Big 
Kids’/STEM 
 
 
 
 
 
 
 
 
 
 
 
 
  

Absorbance of energy‡ 

Reflection of energy‡ 

TED-Ed video titles are italicized. †Activities that focus on chemical reactivity, i.e. combustion, 
acid/base chemistry, etc. ‡Activities that focus on light-matter interactions *For STEM students, 
the Surface Albedo and Radiative Properties stations were combined 
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 6.3.3 Results and Discussion:  

Assessment results for the ‘Little Kids’ group showed significant room for 

improvement. The participant response rate fluctuated between 25 and 32 

throughout the nine questions, and overall results showed no significant changes 

in correct answers for the ‘Little Kids’ (Figure 6.4, p = 0.8292). The multiple 

choice assessment questions only showed an increase in the percent of students 

answering correctly for three out of the six questions (Table 6.4). In addition to 

not gaining a better understanding of the processes dictating climate change, 

there appeared a shift towards students thinking that climate change will either 

occur on a long time scale or will not occur at all (Figure 6.5), clearly not the 

desired outcome. Casual observation of the ‘Little Kids’ during the activities 

revealed that the students were not as engaged as we have seen during other 

outreach events done with the same demographic students on different topics 

and with different methods. We attribute this to a decrease in the number of 

hands-on activities and an increase in demonstrations where the students 

watched as the volunteers explained the concepts. Additionally, the concepts 

covered may have been too great in range of information and number for the 

‘Little Kids’. In future endeavors, we recommend that the focus for young 

students be on demonstrating the impacts (oil spill, ocean acidification, etc.) and 

solutions (wind turbines, recycling, etc.) as a means of helping to raise general 

awareness and cultivate environmentally conscious attitudes rather than focusing 

on the exact chemistry of the climate processes. Lastly, we feel that making the 

activities more hands-on and having a greater cohesiveness between the 

concepts at different stations will likely result in better information transfer and 

retention for this age group.  
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Figure 6.4 Changes in student understanding for the three groups tested. All 

the multiple choice questions were included in determining the average 

percentage correct for each group. The number of questions (N) = 6, 9, and 6 

for the STEM students, ‘Big Kids’ and ‘Little Kids’, respectively. *p ≤ 0.05 and 

error bars represent SEM.  

 
Table 6.4 ‘Little Kids’ percentage correct of the assessment questions. The 

number of responses ranged from n = 27 to 33. 
Question 4 5 6 7 8 9 Average 
Pre-test 65.6 43.8 40.0 67.7 76.7 3.7 49.8 ± 10.9 
Post-test 70.0 34.5 28.1 58.1 80.8 7.4 46.3 ± 11.5 
 

 
Figure 6.5 ‘Little Kids’ understanding of the time scale of climate change.  
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Overall there is no statistically significant change in the overall understanding of 

climate change among the ‘Big Kids’ at the community center outreach event 

(Figure 6.4, p = 0.3116). In the ‘Big Kids’ data, there was an increase in 

percentage answered correctly for five of the questions, a decrease in 

percentage answered correctly for three of the questions, and no change for one 

of the questions (see questions in Table 6.5 and results in Table 6.6). The 

addition of the TED-Ed videos to the stations did not appear to result in a change 

in understanding when the results from the ‘Big Kid’ activities (where videos were 

used) were compared those of the ‘Little Kids’ (where videos were not used). 

 

Questions 1 through 3 and 9 assessed the community center ‘Big Kids’ 

understanding of how fossil fuels direct climate change. Unfortunately, significant 

drops were seen in questions 1 and 9 (Table 6.6) for identification of carbon 

dioxide as the main pollutant in climate change and the complex role of fossil 

fuels in causing multiple phenomena, respectively. There was however an 

approximately ten percent change in the percentage of students who identified 

fossil fuels as the primary pollutant responsible for global warming as seen in 

question 2 (Table 6.6). This likely resulted from repeated exposure and students’ 

prior knowledge. Question 3 resulted in no net change, staying at 47.4% percent 

of the students choosing the correct answer (Table 6.6). A shift in answers 

toward sea level rise as the only change caused by fossil fuels (question 9) may 

indicate a bias in the TED-Ed videos over a demo, in this case, as the video 

talked exclusively about sea level rise while the Ocean Disruptions station 

required more time to see the result compared to other demos. Overall, there 

was no significant change in understanding as indicated by the fossil fuel 

assessment questions (Fig 6.6, p = 0.7994). 

 

Student understanding of light-matter interactions was evaluated with questions 4 

through 8. Gains of at least ten percent were seen in three of the five questions, 

however there was also a drop in question 6 of about fifteen percent that may 
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have resulted from students trying to understand both the albedo and cloud 

formation demos (Table 6.6). The albedo station indicated that water can absorb 

a large amount of IR energy (high albedo) and increase its temperature, 

however, the “cloud in a jar” demo indicated that clouds of water vapor were 

formed with aerosols which help reflect sunlight and its IR energy. Placing an 

emphasis on the difference in albedo between water vapor and liquid water along 

with coordination between the Atmosphere and Surface Albedo stations would 

serve to reduce confusion. When combined, there was no significant change in 

understanding of light-matter interactions (Figure 6.6, p = 0.1359). 

 

We feel that the use of the TED-Ed videos was good for brief introductions to the 

topics covered but that the ties between the videos and topics covered should be 

more explicit. In addition, some of the videos may have been longer than student 

attention spans (TED-Ed videos ranged in length from 1:15 minutes to 6:40 

minutes, averaging of 3:56 minutes). Future uses of these stations should place 

more focus on the hands-on activities as this is something the students are less 

likely be able to experience on their own and it may also serve to increase the 

students’ grasp of the topics covered. In future iterations, students will be asked 

to watch the free TED-Ed videos ahead of the outreach event and then spend 

more time at each station working with the hands-on activity associated with 

those videos. 
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Table 6.5 Assessment questions for the ‘Big Kids’. 
Number Question Answer Options 

1 What is the main pollutant causing 
global warming? 

a. Water (H2O) 
b. Nitrogen (N2) 
c. Oxygen (O2) 
d. Carbon Dioxide (CO2) 

2 What source of energy increases this 
pollutant? 

a. Nuclear 
b. Corn-based ethanol 
c. Wind 
d. Fossil fuels 

3 How does burning coal affect the 
amount of clouds? 

a. Increases 
b. Decreases 
c. No effect 
d. I don’t know 

4 When the Earth gives off energy, ___ 
absorb(s) it and sends it back to 
Earth? 

a. Greenhouse gases 
b. Aerosols 
c. Nitrogen and oxygen, the primary 

components of air 
d. I don’t know 

5 When sunlight shines on ice, the 
energy ___?  

a. Reflected into space 
b. Absorbed by earth’s surface 
c. I don’t know 

6 When sunlight shines on clouds, the 
energy is ___? 

a. Reflected into space 
b. Absorbed by earth’s surface 
c. I don’t know 

7 When sunlight shines on the ocean, 
the energy is ___? 

a. Reflected into space 
b. Absorbed by earth’s surface 
c. I don’t know 

8 When sunlight shines on air, the 
energy is ___?  

a. Reflected into space 
b. Absorbed by earth’s surface 
c. I don’t know 

9 Burning fossil fuels will cause which of 
the following changes? 

a. Warming 
b. Sea level rise 
c. Ocean acidification 
d. All of the above 

 
Table 6.6 ‘Big Kids’ percentage correct of the assessment questions. N = 38 
Question 1 2 3 4 5 6 7 8 9 Average 
Pre-test 71.1 55.3 47.4 42.1 21.1 50.0 26.3 44.7 42.1 44.4 ± 4.9 
Post-test 60.5 65.8 47.4 78.9 50.0 34.2 47.4 50.0 31.6 51.8 ± 4.9 
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Because we didn’t see the learning gains expected among the community center 

outreach participants, we elected to make slight modifications and use similar 

activities with a different audience, high school juniors and seniors that self-

identify as interested in STEM fields. The STEM high school students started off 

with a better understanding of the concepts of climate change compared to the 

community center outreach participants. Even with this initial better 

understanding, the STEM students exhibited statistically significant gains in 

conceptual understanding after completing the activity stations, with the pre- and 

post-test averages increasing from 52.9 ± 14.0% to 87.7 ± 4.3% (Figure 6.4, p = 

0.0390). The questions covering fossil fuels (questions 1 through 4, 7, and 11) 

showed no significant change in correct answers (Figure 6.6, p = 0.1729). 

Climate science terminology was completely foreign as indicated by question 8 

pre-test responses about positive feedback effects, but there was a large 

increase in students answering correctly by the end of the program (Table 6.8). 

Students showed little understanding of the light matter interactions, as indicated 

by questions 5, 6, and 9 (Tables 6.8 and 6.9), before the program. Of those 

questions, only question 9 showed an increase in the percent of students 

answering correctly after the activities to above 50%, increasing to 69.6%. The 

“select all that apply” questions, 5 through 7 do show some possible changes in 

comprehension (Table 6.9), yet the post-test percentages are surprisingly low 

compared to the rest for this group of students. It is possible that the nature of 

these questions, as “select all that apply” questions, explain the lower 

percentages as they require each student to correctly identify all correct answers 

rather than one correct answer. 

 

In addition to the multiple choice and “select all that apply” questions, the STEM 

participants were asked two short answer assessment questions to demonstrate 

whether or not they could apply their knowledge of climate science to predict 

problems and evaluate solutions. The answers were assessed for correctness 

and a demonstration of understanding. Unlike the multiple choice and “select all 
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that apply” questions, not all the students chose to respond to these questions. 

The number of student responses, comparing pre- and post-activities, increased 

from 8 to 13 for question 10 and from 11 to 18 for question 11, suggesting that 

the student became more familiar with the material during the activity stations. 

During the pre-test, only 2 students successfully demonstrated understanding of 

the question and the answer. Post-activities, nearly a quarter of the students 

were able to demonstrate that they understood the question and correctly 

answer, a 20-50% increase from pre-test assessment. For example, to answer 

question 10, one student gave the following answers: pre-test: “Soot causes 

more clouds trapping heat.”; post-test: “The soot can cause the ice to be darker, 

which takes in more heat. Aerosols can cause more clouds, which trap heat 

when there is little sunlight. Greenhouse gases cause more infrared light to be 

sent back to Earth.” The increase in the number of students who answered the 

short answer questions and the complexity of their answers indicates that the 

students felt more confident with the concepts surrounding climate change and 

that they had the ability to apply the basic facts she/he had learned.  
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Table 6.7 Assessment questions for the STEM kids. Questions 1 through 4, 8, 

and 9 are multiple choice and questions 5 through 7 are circle all that apply. 
Number Question Answer Options 

1 What is the main pollutant causing 
global warming? 

a. Water (H2O) 
b. Nitrogen (N2) 
c. Oxygen (O2) 
d. Carbon Dioxide (CO2) 
e. Methane (CH4) 

2 What source of energy increases this 
pollutant? 

a. Nuclear 
b. Corn-based ethanol 
c. Wind 
d. Fossil fuels 
e. Solar 

3 How does burning coal affect the 
amount of clouds? 

a. Increases 
b. Decreases 
c. I don’t know 

4 On average, how long does carbon 
dioxide stay in the atmosphere once 
released by burning fossil fuels?  

 

a. A week 
b. A month 
c. A year 
d. A decade 
e. A century 
f. A millenia 

5 When the Earth gives off energy, ___ 
absorb(s) it and sends it back to 
Earth? (circle all that apply) 

a. Carbon dioxide (CO2) 
b. Aerosols 
c. Clouds 
d. Nitrogen (N2) 
e. Oxygen (O2) 

6 When sunlight shines on ___, the 
energy is mostly reflected into space? 
(circle all that apply) 

a. Ice/snow 
b. Clouds 
c. Aerosols 
d. Ocean 
e. Air 

7 Continued burning of fossil fuels will 
cause which of the following 
changes? (circle all that apply) 

a. Warming 
b. Sea level rise 
c. Ocean acidification 
d. Acid rain 
e. Melting of the cryosphere 

8 The term positive feedback effect 
refers to the effect of a change that 
____? 

a. Benefits our climate 
b. Warms our climate 
c. Stabilizes our climate 
d. Amplifies the initial change 

9 What type of energy does the surface 
of the Earth give off during thermal 
radiation?  

a. Heat 
b. Infrared light 
c. Ultra violet light 
d. Chemical energy 
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Table 6.8 STEM students’ percentage correct of the multiple choice assessment 

questions (questions 5-7 are “select all that apply” type questions). N = 23 
Question 1 2 3 4 8 9 Average 
Pre-test 91.3 91.3 65.2 30.4 26.1 13.0 52.9 ± 14.0 
Post-test 100.0 87.0 95.7 87.0 87.0 69.6 87.7 ± 4.3 
 
 
Table 6.9 “Select all that apply” assessment question responses from the STEM 

students. N = 23   
Question 5 6 7 
Pre-test 13.0 8.7 30.4 
Post-test 30.4 17.4 47.8 
 
 
Table 6.10 Short answer assessment questions administered to the STEM kids. 
Flying planes over the arctic between the US and Russia gives off soot, aerosols, and 
greenhouse gases. In what ways do each of these pollutants cause warming in the arctic? 
Some scientists believe that we might be able to geo-engineer the atmosphere by adding 
large amounts of sulfuric acid, an aerosol, to the atmosphere to stabilize/reduce warming.  

a. Why would this cause cooling? Is this a short-term or long-term solution? 
b. What would be one major disadvantage to cooling by using sulfuric acid? 

 

 
Figure 6.6 Breakdown of the multiple choice questions by fossil fuel or 

light-matter interaction broad topic categories. There was no significant 

difference measured. Error bars represent the SEM. The number of 

questions in each category (n) = 4, 4, and 5 for STEM fossil fuels, ‘Big 

Kids’ fossil fuels, and ‘Big Kids’ light-matter, respectively. 
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The significant increase in the percentage of STEM students answering the 

questions correctly with similar gains not seen in the other two student groups 

has interesting implications. The STEM students are mostly likely to have 

deeper exposure to and background in chemistry and climate change. It may be 

that this outreach event is most effective for students who have some 

background knowledge that can be built upon. Events designed for beginner 

students can use some of the demos and hands-on activities we have described 

but should be tailored to a level appropriate for the audience. 

6.3.4 Conclusion 

The outreach event as we have performed it appears be effective for students 

who already posses a good science background and ineffective as a mode for 

introducing and teaching students about climate change when they are relatively 

young or naïve to the topic. Students with some level of background knowledge 

were better able to understand the concepts covered and think critically about the 

topic. While the outreach event, as presented herein, does not appear to be 

successful for the students at the community center, we think that the subject 

matter is still important and that the demonstrations and activities just need to be 

better tailored with the students’ science backgrounds taken into consideration or 

the activities need to be done as part of a larger unit, rather than as a one day 

outreach event.  

 

The TED-Ed videos paired well with the demos and activities performed and 

served as an introduction for the concepts for each station. To our knowledge, 

this is the first published example of pairing TED-Ed videos and STEM outreach 

activities. Other than the modifications mentioned previously, the addition of an 

alternative energy module may add to the overall experience of this set of climate 

change activities. For example, in a five-day science summer camp put together 

by Canisius College in New York students, two days were devoted to solar and 

wind power.37 Including alternative energy would complement the climate change 
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event overall and educate students on how we might counteract and/or prevent 

the effects in the future. Overall, we believe that introducing the science of 

climate change to outreach events is important to cultivate a better 

understanding of the issue and that its inclusion will result in an overall increase 

in comprehension and awareness.  

6.4 Increasing Chemical Understanding using Literature to Stimulate 
Student Interest 

The last chemical education activity described as part of this work focused on 

high school juniors and seniors in a formal classroom setting. Therefore, unlike 

the previous modules, these were primarily developed following the usual 

laboratory format. To enhance student engagement in fundamental chemistry 

concepts, activities were developed that tie chemistry concepts with fictional 

literature. The idea for this activity was inspired by the use of dystopian novels in 

a freshman seminar course here at the University of Minnesota and by previous 

use of Kurt Vonnegut’s novel Cat’s Cradle to explain thermodynamics 

concepts.38,39 

6.4.1 Methods 

A series of novels were chosen that fit into the broad category of science fiction 

or dystopian literature. While many were considered, ultimately, the novels 

chosen were Cat’s Cradle by Kurt Vonnegut, Fahrenheit 451 by Ray Bradbury, 

On the Beach by Nevil Shute, and the short story Pate de Foie Gras by Isaac 

Asimov.39,40,41,42 Other books considered included Forty Signs of Rain by Kim 

Stanley Robinson, Frankenstein by Mary Shelley, and Oryx and Crake by 

Margaret Atwood.43,44,45 While initially screening each piece of writing, we 

marked portions that touched upon an important scientific concept. Looking 

through the marked excerpts, each book was paired with a unit in the general 

chemistry high school curriculum. Labs were then developed that linked the 

excerpt and critical concepts for the unit. Each lab includes a hands-on 
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laboratory activity as well as pre- and post-lab questions to reinforce the hands-

on learning.  

 

These activities are still under development, and so the results presented herein 

are preliminary. So far, two of the labs have been tested with two high school 

laboratory sections (N = 53 students, with 31 female and 22 male). A control 

group of one lab section (N = 32, 15 female and 17 male) performed the labs 

previously taught as part of the general chemistry classes. The labs were 

administered over two to three days depending on the length of the lab, and all 

the work was performed during class time.  

 

Assessment questions were developed to evaluate both student engagement 

and comprehension. The questions were based on examples found in previous 

literature.46-48 Both the experimental and control group students were tested with 

the assessment questions both prior to and after performing the laboratory, 

including the pre- and post-lab questions. In addition, the comprehension of the 

experimental groups was evaluated by examining the post-lab questions. 

Qualitative results are discussed below and quantitative analysis is still 

underway. 

6.4.2 Preliminary Results  

The first lab run with the students was titled ‘Matter, Properties, and Change 

Calorimetry Lab’ and it was inspired by Fahrenheit 451 by Ray Bradbury. The lab 

started off with the students reading a few short passages from the books. Then 

the students created a soda can calorimeter and were charged with determining 

the energy released when burning a marshmallow and a page of a book. We 

gave them pages from a copy of Fahrenheit 451 to burn, which the students 

found quite entertaining. Overall the students seemed to enjoy the lab and were 

engaged during the activity. 
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The second implementation of the new labs took two different forms. Two 

activities have been developed around the short story Pate de Foie Gras by 

Isaac Asimov. One was a traditional laboratory experiment where students 

explored the properties of transition metal complexes and the other was a 

reading assignment that incorporated critical reading strategies. Due to the lack 

of time, one laboratory section performed the lab while the other did the reading 

assignment. The students doing the laboratory activity did not seem to be 

engaged but the lab itself was rushed and there were only three stations, leading 

to student crowding. 

 

We chose to develop a reading assignment around Pate de Foie Gras in part due 

to the fact that it was a short story, making it easy for the students to read during 

one or two class periods. Additionally, Asimov incorporated a large amount of 

scientific detail in the story, making it ideal for asking both conceptual and 

calculation-based questions. The details he gave allowed us to pose questions 

touching upon a number of areas, including the scientific method, dimensional 

analysis, and transition metal chemistry. While the students did not enjoy this 

assignment, qualitative analysis of their answers by the high school teacher 

showed that they were answering questions correctly and well.  

 

The lab based upon Cat’s Cradle by Kurt Vonnegut will focus on solubility, and 

On the Beach by Nevil Shute will be used to develop a supplemental lab based 

around nuclear chemistry, a topic often neglected in high school chemistry 

classrooms. In addition, there may be future collaboration between the Chemistry 

high school teacher and one of her colleges who teaches English to develop a 

series of cross-classroom lectures surrounding On the Beach by Nevil Shute. 
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Figure 6.7 Fahrenheit 451 soda can calorimetry lab 

 

6.5 Conclusion 
I have focused on increasing student engagement and understanding in 

chemistry through both outreach events and in traditional educational settings 

throughout my time as a graduate student. Outreach events are an important 

mode for interacting with students who have little experience with chemistry. By 

creating fun yet informative activities we can teach students scientific concepts 

they may not be exposed to in school. On the other hand, by creating laboratory 

experiments that tie in with topics that interest students we hope to increase their 

engagement and learning. The three modules described above are three 

different ways that we can increase student interest in chemistry. 
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