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Abstract 
 

CdSe/CdS Tetrapod Quantum Dots as Stress Probes: 
Characterization, Development, and Applications to 

Polymer Science and Biophysics 
 

By 
 

Andrew Carl Olson 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor A. Paul Alivisatos, Chair 
 

The bulk properties of materials and biological systems depend on their microscale behavior. 
This is intuitive to chemists who are used to thinking of molecular constituents dictating 
chemical properties at the macroscale. This bottom-up understanding of materials can be 
extended to mechanical properties, such as Young’s modulus, catastrophic failure modes, which 
can begin as nanoscale void formation, and polymer chain deformations that occur during 
mechanical loading. Such fundamental mechanical properties are also crucial in biology, where 
the viability of an organism is dependent on cell function and behavior. For example, 
tumorigenesis and metastasis of cancer depends on the ability of a cancerous cell to generate 
traction forces and move through the body. 
 
This dissertation details recent developments on the tetrapod quantum dot (tQD) as a 
fluorescence stress probe. The nanometer size and optical properties of the tQD make it uniquely 
suitable for studying forces and mechanisms of mechanical deformation at the smallest length 
scales. First, background is provided on colloidal semiconductor quantum dots in general and the 
tetrapod in particular. Second, development and application of the tQD in synthetic polymer 
materials is discussed. Third, applications of the tQD as a sensor for cellular biophysics are 
demonstrated. Finally, further characterization of single tQD properties and future studies are 
discussed and proposed. 
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Chapter 1: Introduction 
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1.1 Colloidal Semiconductor Nanoparticles 
 
Nanoparticles exhibit interesting properties due to their size and consequent nature as quantum-
confined materials. Quantum-confined materials can be thought of as belonging to a transition 
from large molecule to extended solids. Consequently, nanoparticles can be used as a means to 
study the interactions of molecular-level phenomena with material surfaces such as in charge 
transport and transfer kinetics1-3. Nanoparticles can also be used to study the surface-dependent 
behaviors of bulk materials as a greater proportion of atoms reside on the nanoparticle surface 
relative to the interior. Their small size offers a means to study and control facet-specific 
catalytic events4, phase transitions5-7, and the effects of defect sites on material properties8-10. 
 
The unique properties of nanoparticles and their dependence on the local environment also 
provide a straight-forward route to study potentially inaccessible nano and micrometer-scale 
events. Nanoparticles have been demonstrated as sensors for biological events11-13, gases14, and 
the presence of chemicals15-17.  
 
In this work, we restrict our discussion to the relatively narrow class of colloidal cadmium 
chalcogenide nanoparticles, commonly known as quantum dots. Optically, these particles are 
characterized by broad absorption above the bandgap of the semiconductor, narrow emission 
spectra, and high quantum yields. The unique optical properties of quantum dots are due to their 
size being similar to the radius of the exciton generated in absorption events, which results in 
discrete energy states near the bandgap.  As a semiconductor material decreases in size, the Bohr 
radius, rB, of the exciton becomes spatially confined by the crystal lattice boundaries18,19. This 
relation is approximated as rB = a0ε/m* where a0 is the classical radius, approximately 0.53Å, ε 
is dielectric constant of the material, and m* is the reduced effective mass of the electron/hole 
pair. Consequently, quantum-confinement is readily observed in materials with large dielectric 
constants and small effective masses such as cadmium chalcogenides.  
 
Due to the confinement of the electron wavefunction, the optical properties are also highly 
dependent on any changes to the crystal lattice of the particle. Mostly famously, as a quantum 
dot decreases in size, the exciton increases in energy. These sorts of effects need not be limited 
to synthetic procedures resulting in fairly static optical properties in a nanoparticle. Distortions to 
the crystal lattice of an existing quantum-confined material will result a change in the electronic 
environment for the exciton.  
 
1.2 Tetrapod Quantum Dots and Lattice Strain 
 
The electronic structure of two quantum-confined materials can be coupled through a shelling 
reaction. Coupled structures are achieved by combining materials in which the electron potential 
in the shell is below the vacuum level (or the dielectric of a typical solvent) but above the core’s 



2 
 

potential.  As discussed above, a change to the lattice of a quantum dot will result in a modified 
electronic structure of the material. In core/shell structures, this is observed through a shifting of 
excitonic features to lower energy wavelengths (Figure 1.1A), as the exciton is less confined18. 
In type I structures, the shell material has a larger band gap than the core and causes the exciton 
to be completely confined to the shell. This isolates the exciton from many of the potential trap 
states and can be used to reach quantum yields well in excess of 50%20,21. The main commercial 
applications of quantum dots, as biological tags and in displays, utilize the fluorescence 
properties emergent from a shelled particle. 
 

 
Figure 1.1 - Fluorescence, absorbance, and TEM of CdSe/CdS tetrapods of varying sizes. 
(A) UV-Vis aborbance and fluorescence of tetrapods (solid line) after growth from CdSe 
seeds (dotted line). (B) Tetrapods with average arm lengths of 25 nm. (C) Arms of 43 nm. 
(D) Arms of 15 nm. Scale bar is 100 nm for all images. 

 
Shelling reactions also provide a synthetic means of varying a quantum dot’s shape beyond the 
traditional sphere-like geometry to one-dimensional shapes (nanorods) and a variety of three-
dimensional branched particles (tetrapods, dendritic formations, yolk-shell particles, and 
snowflakes among others)22-24. The work here focuses on CdSe/CdS core/shell tetrapods, also 
referred to as tetrapod quantum dots (tQDs). 
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Tetrapod quantum dots are synthesized in a two-step seeded growth reaction. A cubic zinc-
blende phase CdSe core is grown by careful control of the reaction temperature and passivation 
of crystal facets by alkylphosphonate ligands. The resulting CdSe seed has four (111) facets. 
Epitaxial growth of würtzite-phase CdS arms off the (111) facets is performed in a secondary 
reaction and displays a beautiful symmetry analogous to a methane molecule (Figure 1.1). This is 
possible due to the small lattice mismatch between select CdSe and CdS planes25. This synthetic 
route also allows for straight-forward control of tetrapod arm dimensions from 15 nm to 50 nm 
by varying the amount of CdS precursor in the second step of the reaction (Figure 1.1B-D). 
There are several other methods for synthesizing tetrapods of varying materials but all depend on 
the nucleation of a cubic phase followed by growth of a hexagonal arm26-28. 
 
Wang and coworkers used a semi-empirical model to find that nanocrystal shape plays a major 
role in the electronic and optical wavefunctions of the nanoparticle29. This naturally leads to the 
idea that the mechanical and optical properties of nanoparticles are inherently linked. Further 
studies using these methods by Schrier, et al, predicted a decreasing bandgap with applied strain 
in the instance of compressing a single arm of a CdTe tetrapod30. Conversely, in the case of 
applied isotropic compression a tetrapod, like most other quantum dots, will exhibit an 
increasing bandgap as the increasing physical confinement causes greater overlap in the exciton 
wave functions31,32. The red-shifting (anisoptropic) fluorescence behavior can be attributed to the 
splitting of the CdSe valence band, which is comprised of the Se 4pxyz orbitals. As the CdS arm 
transfers stress to the CdSe core, the symmetry of the particle’s lattice is broken, and one of the 
4p orbitals will decrease in energy as the net result of the bond stretching and compressing in the 
core. 
 
In 2009, this behavior was experimentally verified and proven to be unique to the tetrapod 
structure by studies from Choi, et at, in the Alivisatos group33. Spherical quantum dots, nanorods, 
and tetrapods were subjected to hydrostatic and nonhydrostatic pressures in a diamond-anvil cell 
experiment. Tetrapods were shown to be unique in their ability to differentiate hyrostatic and 
nonhydrostatic pressures through blue shifting and red shifting fluorescence, respectively. The 
red-shifting response of tetrapods was shown to monotonically increase with increasing pressure 
(Fig. 1.2A).  
 
More recently, tQDs were demonstrated as optical strain gauges with micrometer spatial 
resolution in synthetic polymers (Figure 1.2B)34. This work also made use of the easily 
controlled dimensions of the tQD to optimize nanoparticle dimensions for a maximum 
fluorescence response. It was found that approximately 25 nm CdS arms are the optimal size for 
tQDs as sensors in the case of 5 nm CdSe core. This is attributed to a decreased stress transfer to 
the particle from the polymer phase as the arms become smaller. There is less interface to 
provide stress transfer from the polymer to the same size core as compared to larger arms. In the 
case of large, 40 nm, arms, the response was also less than that of 25 nm arms. This is likely due 
to stress concentration at stacking faults in the arms as defects become more prevalent in larger 
structures. Since the exciton is largely confined to the CdSe core, stress concentrators in the CdS 
arms are less likely to induce large optical shifts than stresses that are transferred to the core. 
Further aspects of this study are discussed in Chapter 2. 
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Figure 1.2: Previous  experiments on tetrapods and pressure.  (A) Tetrapods in a diamond-anvil 
cell experiment were suspended in a nonhydrostatic medium to validate theoritical predictions. (B) 
In a separate experiment, tQDs were first demonstrated as strain gauges capable of measuring 
homogeneity in the microscale response of polymers to mechanical deformation. Figures adapted 
from References 33 and 34. 

 
1.3 Dissertation Organization 
 
The work presented in this dissertation builds on the theoretical models and proof of concept 
experiments that demonstrated the potential of tQD as a means to investigate nanoscale forces. 
Chapter 2 discusses tQD-polymer composites. This includes a review of the deformation 
mechanisms in polymers that occur at the molecular and nanometer level during bulk material 
deformations. The tetrapod is then introduced as a means to interrogate those mechanisms as 
well as provide otherwise inaccessible phase-specific information on stress-transfer in a 
composite material. Comparison between fluorescence microscopy studies and traditional bulk 
mechanical measurements of tQD-polymer composites under uniaxial strain provide further 
verification and details of the unique sensing ability of the tQD. These comparisons are extended 
to a number of testing parameters – stress relaxation and cyclic loading – and widely differing 
polymers in order to demonstrate the robust and versatile nature of the tQD sensor. Finally, 
chapter 2 concludes with a study comparing the Young’s modulus in composites with branched 
and unbranched nanoparticle fillers. 
 
In chapter 3, potential applications to cell and cancer biophysics are explored. A brief overview 
of mechanical forces at the cellular level in living organisms is provided.  Direct and indirect 
methods of cellular force measurement are studied in which cells exert force directly on the tQD 
and strain their surrounding composite matrix, respectively. Finally, future studies on the 
importance of quantifying and investigating these forces are proposed. 
 
Throughout the studies in chapters 2 and 3, interesting results are seen which are beyond our 
current understanding of the relationship between the tQD electronic structure and applied strains. 
Single particle combination AFM-fluorescence experiments are discussed in chapter 4. These 
experiments are discussed in the context of providing an increased fundamental understanding of 
the tQD and how that might be applied to future studies of polymer and biological forces.   
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2.1 Nanoparticle-Polymer Composites 
 
Polymer nanocomposites display a number of useful properties that are enhanced compared to 
either individual constituent of the material. Typically, these enhancements are thought of in 
terms of the properties of the polymer matrix and include enhanced ductility, shear and bulk 
modulus, optical properties, conductive properties, thermal conductivity, antimicrobial properties, 
and biocompatibility among many others1. Alternatively, the polymer matrix can be thought of 
as a means of more easily integrating nanoparticles into otherwise inaccessible environments 
such as the cellular cytoplasm through polymer vesicles2. 
 
The interface between nanoparticles and polymers during the application of macroscopic 
mechanical forces is one of the most important factors in determining bulk composite 
mechanical properties. The interface dictates the fundamental mode of any interaction between 
the composite phases. In the case of stress-transfer, this could mean catastrophic failure of the 
bulk material or the loss of transfer of the desired property from the particle to the polymer. 
Stress transfer can also be used as a means of mechanically activating properties of a 
mechanophore such as cis/trans isomerization or lowering of the activation barrier for other 
chemical transformations3. 
 
However, rational design of these materials has remained elusive, due to a lack of detailed 
understanding of stress profiles at the microscale and nanoscale. In this work, we demonstrate 
and further develop the tetrapod quantum dot (tQD) as a means of probing the nanoparticle-
polymer interface in advanced composites. 
 
2.2 Uniaxial Deformation of Polymers 
 
When a polymer is strained at a macroscopic level, there are many mechanisms of deformation 
that occur in the internal structure of the material. The optical readout from a tetrapod strain 
gauge is a summation of all of the modes of deformation that result in a strain in the tetrapod 
structure. That simplification of mechanical information to an optical signal is advantageous as it 
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provides a way to measure the stress transfer to only the particle-phase of a composite in a 
convoluted system.  
 
2.2.1 Mechanisms of Deformation 
 
In this study, polymer composites were uniaxially extended in tensile tests. A typical stress-strain 
curve for a film of an elastomeric composite is shown in Figure 2.1. Stress (force per unit area, 
typically pascals) is a function of applied strain (deformation relative to the original material, 
unitless). Figure 2.1A illustrates typical true stress-strain curves typical of brittle, plastic, and 
elastomeric polymers. True stress and strain, as compared to an engineering stress and strain, is 
defined by the instantaneous cross-sectional area of the sample rather than the original. After the 
yield point in ductile materials (Fig. 2.1B), necking begins to occur as the local cross-sectional 
area decreases relative to the rest of the sample. Necking causes a decrease in apparent 
engineering stress; whereas, the true stress continues to rise with increasing strain. The majority 
of the work presented here will concern plastic and elastomeric polymers analyzed using 
engineering stress and strain. Figure 2.1B highlights some of the important aspects of a stress-
strain curve. Tensile deformation occurs elastically until the yield point of the material. 
Continuing application of strain results in plastic deformations as bonds between polymer chains 
are broken and voids begin to form in the internal structure of the material. Finally, the material 
fails entirely when a crack propagates across the entire sample.  
 

 
Figure 2.1 – Sress-strain behaviors for typical polymers under tensile testing. (A) Examples of 
brittle, A, plastic, B, and elastomeric, C, polymers. Note the strain hardening at high strains for the 
plastic and elastomer cases. (B) Schematic illustrating important definitions for mechanical 
properties of polymers. Necking refers to the continuing region of deformation after the yield point 
is reached.  Adapted from Reference 4. 

 
At small strains, the resulting stress in the material linearly increases with increasing extension. 
This is the elastic regime of the material. By definition, all deformations in this regime can be 
considered entirely recoverable and the underlying mechanism is the mechanical stretching and 
alignment of the polymer chains with the tensile axis. In semi-crystalline cases, it has become 
clear that even at small strains there are local plastic events5. Once the yield point of the material 
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is reached, crazing, lamellae reorganization, slipping, fragmentation, localized melting, 
recrystallization and other plastic deformations dominate the response of the polymer6. The 
combination of these mechanisms results in a real-world response of a polymer that is highly 
anisotropic at the microscale. AFM studies of poly(1-butene) during tensile drawing found local 
strains of up to 10% during the macroscopic application of only 6% strain7.  
 
The following section focuses on the deformation of a semicrystalline polymer, poly lactic acid 
(PLA). Poly lactic acid is a synthetic biodegradable polymer that has found use in a wide variety 
of applications including surgical and medical implants8, compostable packaging9, and 3D 
printing10. Electrospun PLA has also been shown as potential drug delivery systems11 and 
biological scaffolds12. The properties of pure PLA fibers have been studied extensively13-15 

making it an ideal system for characterizing the tQD probe and studying its effects on the host 
matrix. The major deformation mechanisms specific to a semicrystalline polymer are shown in 
Figure 2.2. In a pure semicrystalline polymer, the application of strain first induces elongation of 
the molecular chains in the amorphous region (Fig 2.2A). The crystalline regions of the polymer 
then rotate and reorient along the axis of extension (Fig 2.2B). Further elongation is 
characterized by plastic deformations and necking described above including void formation and 
cracking of the lamellae (Fig 2.2C). Finally, a second region of rapidly increasing hardening 
occurs as the molecular structure has become entirely aligned with the tensile axis (Fig 2.2D). 
 

 
Figure 2.2: Semicrystalline  polymer deformation mechanisms. (A) Amorphous  chain alignment 
occurs initially followed by (B) reorientation of crystalline regions. (C) Voids and fracturing of 
crystalline domains occurs at higher strains. (D) The majority of the polymer structure finally orients 
in the strain-hardening region during tensile testing. Adapted from Reference 16. 

 
Introducing a nanoparticle, with dimensions similar to those of the mechanisms described above, 
provides a local probe of these phenomena while also adding a further layer of complexity to an 
already convoluted response. It is difficult to predict how stress will be transferred to an 
inclusion in a polymer composite given all of these variables even though a nanoparticle is 
confined to the amorphous region of a semicrystalline polymer due the relative sizes of the 
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nanoparticle and the lamellae domains. However, as discuss in previous sections, the strain-state 
of a particle can have a large impact on its properties. In order to design, engineer, and utilized 
potential advanced nanoparticle-polymer materials, it would be ideal to have a way to measure 
only those local deformation mechanisms that affect the particle phase of the composite. 
 
2.2.2 Techniques for Probing Local Deformations 
 
Rational design of nanoparticle-polymer composites has remained elusive, due to a lack of 
detailed understanding of stress profiles at the microscale and nanoscale. Specifically, an 
understanding of the interface between the filler and polymer, how stresses are transferred across 
that barrier, and the actual loading conditions in the composite as compared to the isostrain case 
are critical in reproducibly synthesizing composites17-19. 
 
Established techniques for these studies - including micro-Raman spectroscopy20, synchrotron 
radiation21, and electron backscattering22 as well as contact techniques such as atomic force 
microscopy23,24, nanoindentation25, and others26 - are difficult to adapt to in vivostress detection 
and premature failure detection in service due to their stringent requirements in sample size and 
shape or need for controlled laboratory environments. Recent advances in smart materials have 
used self-reporting fillers such as near-infrared molecular probes27, micrometer-sized ZnO 
tetrapods28, metal nanoparticles29,30, and bioinspired concentric optical fibers with varying 
refractive index31. However, these fillers have drawbacks, including altering the molecular-level 
composition and structure of the polymer and potentially weakening multiple mechanical 
properties such as toughness. It is therefore of considerable interest to develop an optical 
luminescent stress sensing nanoparticle, and to establish ways of embedding these inside 
polymers without perturbing the mechanical properties that are being sensed. Herein, we 
demonstrate that it is possible to use luminescent semiconductor nanocrystal tetrapods as optical 
stress sensors. 
 
2.3 Electrospun Poly Lactic Acid Tetrapod Fibers 
 
In this work, nanoparticle-polymer composites are formed through electrospinning. 
Electrospinning is a versatile technique in which a droplet of polymer solution is suspended in a 
large electric field. Upon sufficiently high electric field application (typically 1 kV/cm or 
greater), the droplet loses its spherical shape and begins to elongate, forming a shape termed the 
Taylor cone32. Subsequently, a jet stream erupts from the unstable Taylor cone, forming fibers at 
the grounded electrode. The large electric field may cause nanocrystals and particle aggregates to 
be more uniformly dispersed throughout the polymer matrix than other nanocomposite 
fabrication methods33,34. This may minimize the formation of stress concentrations within the 
nano/microstructure, which would act to degrade the mechanical properties of composite 
materials35,36.  
 
As-synthesized tetrapods and a solution of polymer in chloroform are mixed and loaded into a 1-
mL syringe with an attached #21 gauge needle. A droplet of the solution is manually ejected 
from the syringe immediately prior to applying a one kilovolt/centimeter electric field. This 
causes individual fibers to be formed on the dual rod electrodes (Fig. 2.3A). The fibers dry 
within seconds and are collected for optical and mechanical tests. Figure 2.3D represents a 
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bright-field fluorescence image of a resulting poly lactic acid (PLLA) electrospun fiber, showing 
red 650 nm fluorescence from the tetrapods dispersed throughout the fiber. No diffusion of the 
fluorescence intensity along the length of the fiber during tests was observed, leading us to 
conclude that the tetrapods are effectively incorporated into the polymer composite structure. 
The tetrapods are not covalently bound to the matrix, nor have they undergone ligand exchange. 
They are simply incorporated into the polymer via electrospinning with their native hydrophobic 
ligands. For a full description of synthesis, testing parameters, instrumentation, and procedures, 
please see Appendix. 
 

 
Figure 2.3: (A) Schematic of electrospinning process. (B) TEM image of tQD-PLLA electrospun fiber cross-
section (scale bar 500 nm). (C) Higher magnification view of tQD-PLLA composite shown in part C (scale 
bar 200 nm). (D) Fluorescence image of tQD-PLLA electrospun fiber. 

 
Electrospinning also allows for the easy formation of composites with varying weight percents of 
particles. Solutions are simply prepared with the desired relative proportions of polymer and 
tetrapods. For example, tetrapods were incorporated at concentrations of 0, 3.6, 10, 20, and 40% 
by weight of the PLLA polymer. Parts B and C of Figure 2.3 show the polymer–tetrapod fiber 
TEM images where the tetrapods are mostly forming aggregates in the fiber. Particles and 
aggregates show no preference for the PLLA–solvent interface or interior of the fiber, but instead 
formed evenly throughout the fiber. We have also extended this processing technique to several 
other polymers as discussed later in this section. 
 
2.3.1 Fluorescence Monitoring of Tensile Deformation 
 
After collection, fibers were mounted onto the piezodrive in situ stretcher for fluorescence tests 
or onto cardboard tabs for mechanical tests on an Agilent T150 Universal Testing Machine 
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(UTM). Figure 2.4A shows the raw spectra from a typical fluorescence test, indicating both a 
redshift as well as an increase in the full-width half-maximum (FWHM) of the fluorescence 
spectrum as a function of stretching. As previously discussed, red-shifts in fluorescence during 
extension cannot be explained by polymer heating or changes in refractive index37. The increase 
in FWHM (10–20% increase) may be due to a combination of innate spectral line broadening 
during tetrapod nanocrystal deformation and the natural heterogeneity of strain states within the 
PLLA polymer fiber. The deformation of the tQD leads to bending of the CdS arms which 
stretches some bonds more than others; for example, the bonds at the interface between the arm 
and the CdSe core are more stretched than bonds within the CdSe core38. Additionally, as 
discussed above there is heterogeneity in the local strain state of polymers undergoing tensile 
deformation. Previous work demonstrated how tetrapods could be used to study strain state 
variations in fibers on a millimeter scale37. Variations on the micrometer scale (the diameter of 
the laser spot) should also be detectable by a nanometer size load cell. In the absence of single 
nanocrystal photoluminescence studies in the fibers, it is not yet known to what degree 
deformation of an individual nanocrystal broadens its emission, so the exact contribution of these 
mechanisms to the FWHM broadening is unclear. However, local variations in the strain state of 
the composite structure are likely to dominate intrinsic spectral broadening37,38. 
 
Regardless, the redshift in peak emission clearly tracks fiber deformation. Figure 2.4B shows the 
result of fitting the spectra in Figure 2.4A to single Gaussians and then plotting these as a 
function of strain. It indicates an initial slack region followed by a linear elastic region, which 
then yields and flattens out into a plastic regime. This result matches textbook polymer tensile 
test graphs, as well as our own mechanical tests conducted on the same batch of fibers (Figure 
2.4D). 
 
2.3.2 Concentration Dependence on Optical Response 
 
Figure 2.4C indicates that as the concentration of tetrapods in the polymer increases, tQD 
sensitivity to strain in the fiber increases as evidenced by the average slopes of the linear region. 
Between concentrations of 3.6 to 20% by weight of the tQDs in the polymer, the average 
fluorescence slope increases 60% from 39 to 62 ΔmeV/strain (averaged for 13 and 12 samples, 
respectively; see Appendix Table A1.1 for full statistics), though the general shape of the tensile 
curves is constant. The observed clear distinction between elastic and plastic regimes and 
consistent curve shape across all particle concentrations in fluorescence tests has not been 
reported previously28,37. Although optical and mechanical tests were conducted on different 
fibers, all nanocomposite fibers used in comparative tests came from the same batch of 
electrospun fibers prepared using the same tQDs and polymer precursor solutions. 
 
Fiber-reinforced polymer composite studies help explain the observed concentration-dependence 
in our analogous system. In fiber-polymer composites, provided the fiber/matrix interface is 
sufficiently strong, the larger the fiber aspect ratio the better the stress transfer and the better the 
overall composite properties up to a critical length39-41.  Our observation of a fluorescence slope 
increase with increased tQD concentration is similar. As the filler concentration increases, the 
average aggregate size increases and the spacing between aggregates decreases, analogous to a 
larger aspect ratio in ceramic fiber-polymer composites. This augmented interaction between 
aggregates leads to a greater stress transfer to the tetrapod phase of the composite. A similar 



13 
 

result was recently reported with micrometer-sized ZnO tetrapods, though in that case a clear 
distinction between elastic and plastic regimes and good resemblance between tensile and 
fluorescence curve shapes  

 
Figure 2.4: Comparison of tetrapod stress or strain gauge with commercial mechanical tensile 
testing machine (Agilent T150). (A) Selection of 10 raw spectra from a trial illustrating redshift of 
fluorescence emission as function of continuously imposed strain. (B) Fluorescence tensile curve 
obtained by fitting and plotting sequentially full set (approximately 200 spectra) of data represented 
in part A. Negative strain indicates slack. (C) Illustration of typical fluorescence tensile curves at 
three tetrapod loadings (3.6%, 10% and 20%), showing increase in slope of linear region as function 
of loading. The 10% curve is offset by 0.2 strain for clarity. (D) Comparative typical macroscopic 
uniaxial tensile curve on same batch of fibers (0% tetrapods and 10%). 

 
was only seen at high (50% by weight) ZnO tetrapod concentrations28. In contrast, we see clear a 
distinction between elasticity and plasticity and an optical response approaching that in the 
mechanical tests at tQD concentrations as low as 3.6% by weight of the polymer. Additionally, 
in the work with ZnO tetrapods, oscillations were seen in the fluorescence tests at low tetrapod 
concentrations. This was attributed to non-interactive tetrapod domains in the polymer 
matrix28. In our case, we find oscillation-free behavior at even the lowest tQD concentrations in 
the polymer, meaning that interlocking is not necessary to achieve curves with relatively low 
noise and reasonable accuracy. 
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A complementary explanation for the particle concentration dependence is that aggregates near 
the fiber surface experience increased local strain due to the Poisson effect. PLLA has a 
Poisson’s ratio of 0.4 indicating that it contracts roughly one unit radially for every two units 
extended axially42. Studies indicate that the Poisson’s ratio is larger near the surface of a 
fiber43. Thus, this contracting force will be greatest at the surface. As the aggregate concentration 
increases, the number of aggregates proximal to the outer surface of the fiber does as well. 
Consequently, more aggregates are present in the region of maximum contracting force near the 
surface, leading to larger stress transfer and thus better response of the tQD probe. This 
explanation is consistent with the fact that the average maximum fluorescence peak shift also 
was seen to increase with concentration from −9.5 meV to −11.3 meV for 3.6% to 20% tQD 
concentrations by weight in the polymer, respectively, indicating that the sensor becomes more 
sensitive with increasing concentration of particles. 
 
2.3.3 Incomplete Stress Transfer to the Nanoparticle Phase 
 
It is apparent from parts B and D of Figure 2.4 that the linear elastic region as measured by the 
tQD sensor is much broader and covers more strain (6–30% extension) than the linear elastic 
region as measured by the UTM (which covers between 1 and 3%). This is likely due to poor 
stress transfer to the tQD filler. In the case of strong stress transfer, we would expect 
fluorescence shifts to occur over the same range of strain as seen in the mechanical data as well 
as significant mechanical property changes in the nanocomposite. The poor stress transfer is due 
to a weak interface between the nanocrystal and the polymer. The PLLA polymer is a 
hydrophilic aliphatic polyester with hydrogen bonding between the chains. The tQDs, with their 
native hydrophobic ligands, cannot participate in the hydrogen bonding. This unfavorable ligand-
polymer interaction leads to the observed tQD clusters in the polymer matrix (Figure 2.3B and 
C). Prior demonstrations of the tQD support the idea of partial stress transfer to the particle. 
Previously, tQDs were added to hydrophilic polymers, such as Nomex, through diffusion after 
application of a droplet of particle solution. Diffusion likely creates a weaker particle–polymer 
interface than electrospinning and explains why a smaller maximum particle shift was seen in 
previous work29. This suggests the tQD could also be used to optically probe the particle–
polymer interface strength in composite materials. Future studies to use the tQD as a probe of the 
relationship between stress transfer and particle-polymer interface are proposed at the end of this 
chapter. 
 
Despite the incomplete stress transfer to the particle phase, the tetrapod fluorescence still clearly 
responds to fiber deformation. This demonstrates the tQD’s usefulness in reporting phase-
specific mechanical information in composite materials. The UTM load cell senses the 
macroscopic strain, while the tQD is only sensitive to nanoscale deformations that introduce a 
strain in the CdSe/CdS nanocrystal lattice. These latter deformations may arise from nanoscale 
particle–particle interactions (inter- and intra-aggregate interactions) or direct nanoscale particle–
polymer interaction, but not from purely polymer molecular modes of deformation such as 
amorphous twist-tie chain unraveling, backbone covalent bond stretching, and others discussed 
above44. The phase-specific probing behavior of the tQD helps explain the differences between 
the optical and mechanical testing shown in Figure 2.4. 
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2.3.4 Stress Relaxation 
 
In service, parts often undergo more complex stress-states than pure tensile elongation, such as 
compression, torsion, stress relaxation and hysteresis. For example, heavy materials are often 
held together by an epoxy, which might undergo relaxation over time. These more complex 
behaviors are of key importance to understanding polymer dynamics. Furthermore, the ability to 
monitor relaxation in real time could be used to predict and study failure of components. 
Therefore, with an eye toward applications and advanced fundamental studies, we also examined 
stress relaxation and hysteresis in the nanocomposite, both optically and mechanically.  
 
To the best of our knowledge, this has never been mapped using self-sensing nanoscale sensors 
embedded into a material. Figure 2.5A depicts the results of a mechanical tensile test in which a 
fiber containing 10% tetrapods by weight was stretched to 77% strain and held there for 
approximately 53 seconds. Stress is plotted as a function of time and shows an exponential 
falloff associated with stress relaxation in the polymer45. Figure 2.5B illustrates a fluorescence 
test performed under identical strain rate and holding conditions as the mechanical test. The 
same distinct exponential falloff in stress relaxation is seen. The stress relaxation tests in the 
UTM were performed on 5 fibers of each tQD concentration (15 fibers total) and no difference in 
load relaxation properties was observed as a function of concentration. The mechanical stress 
relaxation behavior showed a 28.8 ± 0.8% 30.2 ± 0.7%, and 29.9 ± 1.38% relaxation for fibers 
containing 3.6%, 10%, and 20% tetrapods by weight, respectively. The average over all 15 
samples was 29.6 ± 1.13% relaxation. By contrast, the average over 45 fiber samples of stress 
relaxation measured optically was 20.9 ± 6.24% relaxation. Given that the mechanical test 
measures macroscale stress relaxation while the tetrapod sensing of stress relaxation originates 
from multiple dispersed local nanoscale polymer deformations, the degree of agreement between 
the two measurements is striking and demonstrates that the tetrapod can be an effective 
nanoscale sensor for stress relaxation, in addition to tensile properties. This may be useful for a 
variety of applications as it demonstrates an optical means of determining stress relaxation prior 
to failure in structural materials. Effects of the filler probe on mechanical properties of the 
composite are addressed in section 2.5. We observed a faster mechanical stress relaxation rate, 
(see Appendix figure A1.1, for exponential decay fits) consistent with the incomplete stress 
transfer to the tetrapod filler phase. In the case of the nanotetrapod–PLLA polymer 
nanocomposite, the load sensor is the filler phase and therefore only measures a fraction of the 
load felt by the polymer matrix. The smaller exponential stress falloff measured optically is thus 
in accord with the broadness of the linear response of the tQD as compared to that measured by 
the tensile testing machine. 
 
2.3.5 Cyclic Deformation 
 
We also used the tQD as a probe for sensing the response of the single PLLA fibers to cyclic 
loading, again as compared to mechanical tests, and found telling differences between the 
hysteresis curves obtained via the two methods. Figure 2.6A shows a hysteresis loop done on a 
10% tetrapod–PLLA composite fiber measured mechanically. The fiber was stretched to 
approximately 10% strain and returned to zero strain at the same strain rate. As before, the same 
strain rates and test conditions were used with both sets of tests. The fiber shows clear hysteresis 
in the first cycle of the mechanical test, but does not show hysteresis in the first optical test cycle 
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(Fig. 2.6B). If taken as a sensor of the polymer matrix, the tetrapod is reporting that some of the 
polymer plastic deformation is elastic. We believe that this again indicates that the tQD sensor is, 
in the PLLA nanocomposite system, reporting the stress that is transferred to the particle phase 
rather than the stress felt by the matrix. Furthermore, the fluorescence shift is based on an elastic 
deformation of the tQD crystal lattice46,47 and is not expected to show hysteresis48. The complete 
recovery of the initial width and position of the fluorescence signal also indicates the lack of 
residual stress in the tetrapod. Possibly, the poor particle–polymer interface, and the 
accompanying aggregation, may limit stress transfer to the tetrapods and prevent permanent 
deformation of the crystal lattice of a filler particle. 
 

 
Figure 2.5: Comparison of load relaxation behavior between tetrapod probe and commercial tensile 
tester. (A) Macroscopic mechanical test data illustrating load relaxation. (B) Fluorescence test data 
obtained under same mechanical test conditions (strain rate, percent extension, and load relaxation 
time) illustrating load relaxation. * indicates when strain was held at 77%. 

 
 
Parts C and D of Figure 2.6 represent the trials shown in Parts A and B, respectively, only now 
as a function of time. In these plots, the clear resemblance between the latter cycles is shown, 
whereas the first cycle again displays plastic deformation. Figure 2.6D also illustrates a level of 
baseline optical noise present in between optical test cycles. The noise is due to the fiber coming 
out of focus between cycles. Upon plastic deformation, the fiber length increases, and so upon 
returning to zero strain between cycles, it goes out of focus. 
 
As the cyclic deformation has nearly no hysteresis in the tetrapod fluorescence shift, no energy is 
dissipated in the tetrapods even when a great deal is lost in the polymer; this is evident through 
the degree of plastic deformation present in the mechanical hysteresis curves.  
 
These observations of hysteresis imply that in composites characterized by weak nanofiller-
polymer interfaces, such as the nanocomposite material presented here, failure occurs due to void 
formation in the polymer matrix or around the particle–polymer interface rather than within the 
tetrapod nanoparticle phase. Through hysteresis data, the tQD therefore provides a simple 
imaging technique for determining the source of failure in a nanocomposite. 
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Figure 2.6: Comparison of hysteresis behavior between the macroscopic mechanical test and tQD 
probe. (A) Mechanical hysteresis loop illustrating plastic deformation and accompanying energy 
loss. (B) Fluorescence ‘hysteresis’ curve obtained under same mechanical test conditions (strain 
rate, percent extension, and return rate) illustrating little to no hysteresis. (C) Hysteresis loops 
from trials shown in part A plotted versus time. (D) Fluorescence ‘hysteresis’ loops of data from 
trials in plot B plotted versus time. Dashed regions indicate periods where fiber was not in focus 
due to slack from plastic deformation. 

 
 
2.4 Demonstration of Versatility and Robustness 
 
In order to demonstrate that the tQD’s previously reported use as an internal stress sensor is 
robust and versatile, we tested electrospun nanoparticle-polymer composites of varying structure. 
The additional polymers tested in this study are Kraton G (styrene–ethylene/butylenes–styrene, 
aka SEBS), polycaprolactone (PCL), and polybutadiene (PBD). Previous work from this group 
has used nylon, polyester, Nomex, and polylactic acid (PLLA). Table 2.1 includes molecular 
structures and selected physical properties to illustrate the major differences in these polymers. 
 
These systems represent a wide range of polymer properties, varying from hydrophilic (PCL and 
PLLA) to hyodrophobic (SEBS), semi-crystalline (PLLA) to entirely amorphous (SEBS and 
PBD), and fairly compliant (SEBS, E ~ 40 MPa) to very stiff (Nomex, E ~ 20 GPa). Additionally, 
thin-film composites of SEBS were prepared by simply drying mixed solutions of nanoparticles 



18 
 

and SEBS in chloroform using a gentle stream of air. Remarkably, in every case the unmodified 
embedded tQD fluorescence shifts with applied strain. 
 

 
Table 2.1: The tQD has proven to be compatible with a variety of polymer structures and processing 
techniques. 

 
Side by side optical and mechanical tests of electrospun fibers were again performed in order to 
compare the fluorescence response of the tQD smart composite with traditional tensile testing 
results (Fig. 2.7). In contrast to previous tests in PLLA composite fibers, in SEBS stress is 
transferred immediately to the tetrapods and continuously throughout extension as evidenced by 
the fluorescence shift. In PLLA composites, the tQD-polymer interface was relatively weak due 
to the hydrophobic nature of the tQD ligands and the hydrophilic nature of PLLA. In the case of 
SEBS, it is expected that the composite has a stronger interface due to the like-like interactions 
of the tQD ligands with the ethylene/butylenes section of the polymer structure. 
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Additionally, the particles can only report stresses transferred to their domain, which in the case 
of PLLA is the relatively compliant region of the semi-crystalline polymer structure. As 
illustrated in Figure 2.2, a semicrystalline polymer has many deformation pathways that would 
not transfer stress through the amorphous region of the material where the tQD is located. Since 
SEBS is an entirely amorphous elastomer, any microscale deformation mechanism involves 
some stress transfer to the nanoparticle phase. The comparison of mechanical and optical data in 
Figure 2.7 demonstrates that is the case. 
 

 
Figure 1.7: Optical (A and C) and mechanical (B and D) characterization of SEBS-tQD 
composites. (A and B) represent tensile extensions and stress relaxation performed under 
identical conditions to Figure 2.4 for optical and mechanical measurements, respectively. 
(C and D) illustrate hysteresis curve for optical and mechanical tests, respectively.  

 
In comparative studies across polymer structures, it is important to remember that the 
fluorescence peak will only shift in response to forces transferred across the polymer-particle 
interface that are strong enough to deform the crystal lattice of the CdSe/CdSe nanoparticle. The 
fluorescence shift only occurs when a deformation mechanism induces a strain in the particle. 
All other deformation mechanisms involving only the polymer phase do not result in a optical 
response.  These results show that in contrast to PLLA composites, the SEBS composites 
continuously deform the filler particle. This insight is unique to the tQD sensor and should be 
considered in development of nanoparticle-polymer composites. 
 
Finally, these studies also indicate that the tQD is fairly indifferent to composite processing 
technique. Indirect diffusion into polymer fibers via pipetting37, electrospinning to form fiber 
composites49, and solution deposition to form films all result in functional composites. This also 
highlights that the tQD can be used to investigate the internal strain states of many polymer 
systems with essentially no modifications. 
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2.5 Effects on Composite Mechanical Properties 
 
Tetrapod probes also offer the ability to enhance the mechanical properties of their host material 
beyond unbranched nanoparticles such as quantum dots and nanorods. However, the effects of 
adding a nanoparticle filler into a polymer can vary from markedly from one polymer to another. 
For example, the modulus of PLLA-tetrapod composites did not differ significantly from pure 
PLLA. In contrast, SEBS-tetrapod composites were stiffer than pure SEBS and SEBS-
nanoparticle composites of nanorods and quantum dots. The following discussion explains these 
two differing results.  
 
Mechanical tests performed on the tensile testing machine on a total of over 70 PLLA fibers, 
found no significant trend in modulus (measured by taking the slope of the initial linear elastic 
region of the engineering stress–strain curve), toughness (measured by taking the area under the 
curve of the entire engineering stress–strain curve), or stress and strain at failure with 
concentration increased from 0% to 20% by weight of tetrapods in the PLLA polymer. Even at 
40%, there is no significant change in elastic modulus although there is a decrease in toughness 
and other mechanical properties, despite bulk CdS and electrospun PLLA having Young’s 
moduli of approximately 50 GPa and 2 GPa, respectively (Appendix, Table A1.2). This is 
unusual as many composite systems of semiconductor quantum dots50-52, micrometer-scale 
tetrapods28, and other polymer–ceramic systems show modulus increases with such weight 
percent additions53, sometimes accompanied by decreases in failure strains and toughness. 
Although opposite effects have also been observed9, it is perhaps surprising that all the tensile 
mechanical properties remain relatively unchanged with such high concentration of tetrapods. 
However, we believe that this is due to the combination of the weak tQD–polymer interface and 
PLLA structural variations caused by electrospinning. The poor stress transfer due to the weak 
interface explains why the measured Young’s moduli do not follow a straightforward “rule of 
mixtures” analysis53. Regarding structural variations, PLLA is a semicrystalline polymer with 
multiple phases determining its mechanical properties. These phases can clearly be observed as 
darker and lighter (crystalline and amorphous) regions in our TEM images. Small changes in the 
processing of the electrospinning precursor solutions, such as those introduced by large particle 
loading, may impact the crystallinity of the resultant fibers. Collection conditions as well as 
inherent electric field variations across the dual-rod electrodes may also result in structural 
variations. Accordingly, dynamic scanning calorimetry (DSC) analysis showed significant 
variation in crystallinity and grain size across samples, but no net effects on the crystallinity and 
polymer structural and thermal properties as a function of tQD concentration in the 
nanocomposite. The result is a material that shows little change in a wide range of mechanical 
properties even at large particle volume fractions. 
 
SEBS composites provide a contrasting case, which is unsurprising given the previously discuss 
evidence for a more strongly bound nanoparticle in these materials. Tensile tests to failure 
provided a mean composite modulus for tQD and nanorod composites of 5%, 10%, and 20% by 
weight (corresponding to 1.25%, 2.5%, and 5% by volume) was found (Appendix, Figure 1.2). It 
is immediately apparent that tQDs enhance the fiber’s modulus to a greater extent than nanorods 
do. This is despite the fact that both types of particles are made of CdSe/CdS, are present in the 
same volume percent, and are interfaced with the polymer via the same like-like interactions.  
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The reason for the added enhancement in tQD composites is that branched nanoparticles on the 
size scale of this study are best considered as randomly oriented chopped fiber-like composites. 
Though carbon fiber composites, and microneedle composites are typically considered as fiber-
composite systems, to the best of our knowledge a quantum dot-composite has never been 
demonstrated to behave in a fiber-like manner54-56. In an ideal fiber composite, fillers aligned 
with the tensile strain result in an overall modulus defined by the rule of the mixtures; whereas, 
fibers that are orthogonal result in a modulus defined by the inverse rule of mixtures. In the case 
of the filler particle being much stiffer than the surround matrix, an aligned composite should be 
much stiffer than the orthogonal case.  
 
The composites in this work are comprised of randomly aligned particle aggregates. However, 
due to its three-dimensionally symmetric branched structure, a single tQD is much more likely to 
be partially aligned with a strain tensor than a cylindrical nanorod. In essence, nanorods are 
anisotropic whereas tetrapods are isotropic in the randomly oriented composites studied here. 
This means that nanorods can take extremely different orientations with respect to the stretching 
axis (parallel or perpendicular to it), while tetrapods cannot. This experimentally observed 
dependence on isotropy can be rationalized by the fact that the nanorod elastic modulus differs 
along the two different axes of loading. Hence, the effective elastic modulus along the axis of 
loading is a weighted average of the two elastic moduli according to the orientation from the axis 
of loading. As the nanoparticle becomes more isotropic while maintaining fiber-like 
characteristic, such as a tetrapod, this dependence on orientation diminishes as the elastic moduli 
along the orthogonal axes converges to a single value. 
 
2.6 Conclusions and Future Studies 
 
These experiments build upon the foundation of the tetrapod as not only an optical strain gauge, 
but as a tool for investigating nanoscale mechanisms of deformation and stress transfer across 
phases of complex composite materials.  The tQD has now been shown to be a highly versatile 
sensor even without exploiting its easily accessible surface chemistry. Further tailoring the 
polymer-particle interface through ligand exchange on the nanoparticle will allow for more in 
depth studies of stress transfer. Already, we have seen that surprising result that the interfaces in 
SEBS-tQD composites and PLLA-tQD composites result in shifts of similar magnitude despite 
being of a chemically very different nature. Whether this is due to the relatively weak binding 
forces involved in both cases or to some inherent limit on stress transfer in these types of 
composites has yet to be seen.  
 
In order to more deeply understand the fluorescence response, we also must have a more 
thorough understanding of the effects of orientation, sheer, normal, compressive, and mixed 
forces on the electronic structure of the tetrapod. The current assumption of a simple uniaxial 
deformation has proven to be useful, but there are clearly more levels of complexity accessible 
through these types of experiments. 
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3.1 Forces at the Cellular Level - Mechanoreciprocity 
 
 Cell-generated forces play a central role in tumor growth and invasion. In this section, we 
propose to use tetrapod quantum dot (tQD) to investigate the role of physical forces and 
mechanical properties in biological fibers and during cellular processes such as contraction, 
migration and branching morphogenesis. This project will combine tQD force sensors with 
cancer biology, and allow study of cellular forces in physiological conditions, which will inform 
our quantitative understanding of how cancers interact mechanically with their environment in a 
different way than normal cells. Proof-of-concept experiments are first demonstrated and future 
studies and their importance are proposed. 
 
 Biomechanical forces play an important role in cellular processes including contraction, motility, 
and metastasis. Cells feel substrate rigidity through mechanoreceptors, which lead to the 
formation of focal adhesions, remodeling of the cytoskeleton, and changes in gene expression. 
Stiffness of the extracellular matrix (ECM) can alter cell differentiation, migration, and invasive 
potential1-4. Cells respond to these mechanical cues by exerting reciprocal forces through both 
cytoskeleton-dependent and independent processes termed mechanoreciprocity. While it is clear 
that cell traction forces are intrinsically linked with ECM mechanics and play a central role in 
tumorigenesis and metastasis, the molecular scale restructuring of collagen during these 
processes is poorly understood. The development of tQDs as a biological strain gauge will allow 
for the first quantitative dynamic stress profiles of microscale collagen restructuring by 
biologically relevant crosslinkers and tumorigenic cells.  
 
The spatial and temporal information obtained from this type of stress profile is not accessible 
using the current techniques available for the measurement of cell forces. High-density two-
dimensional arrays of elastomeric posts have been widely used to measure cellular forces during 
migration5. These measurements are based on deducing the magnitude of traction forces from 
measuring the bending of an elastomeric post with a known modulus. While these studies have 
provided insights into the magnitude of cellular forces and made correlated measurements with 
actin localization6,7, they have limited spatial resolution due to pillar spacing (typically about 10 
μm) and cannot be performed in real-time with simultaneous monitoring of biochemical events. 
Furthermore, pillar-based measurements inherently perturb cell biomechanics due to spatial 
distribution of binding sites on the pillars8. An alternative technique relies on tracking the 
displacement of embedded fluorescent beads during cell-induced substrate deformations9. 
However, both of these techniques are only capable of reporting local strains and assume 
mechanical homogeneity of the substrate10. While that assumption is reasonable for synthetic 
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polymer substrates, physiological substrates are mechanically inhomogenous and such 
techniques would be difficult to implement. A more recent advancement in cell traction 
measurements has been the use of FRET-based techniques11. These techniques have been used to 
probe the stretching of fibronectin and other cytoskeletal components during cell movement. 
However, they are only applicable to the piconewton (pN) force range and do not address the 
nanonewton (nN) forces to which tQDs are sensitive. Additionally, tQDs have the same 
advantage over FRET-based sensors as quantum dot labels do over any fluorescent molecule – 
quantum dots have broad absorbance, narrow emission, and do not easily photobleach.  
 
Tetrapod quantum dots also offer improvement over techniques in acellular collagen 
measurements, which are similar to the previously discussed polymer probing techniques. 
Current biopolymer techniques are limited to studying the bulk mechanics of collagen gels under 
strain12, require lengthy time scales for X-ray diffraction (XRD) and small angle X-ray scattering 
(SAXS) measurements of the microstructure13, or must employ synchrotron radiation sources for 
fast microscale strain measurements14. We have built a custom tensile tester that is capable of 
making bulk mechanical measurements of collagen simultaneously with fluorescence monitoring 
of tQD signals. By using tQDs as our probe of microscale mechanics in collagen we can make 
stress profiles with approximately 1 μm2 resolution at millisecond timescales.  
 
Development of tQDs as biomechanical probes will enable investigations and promote the 
understanding of many force-dependent processes that are critical to tumor growth and 
metastasis. In the following proposed experiments, the microscale structure of collagen matrices 
under tensile strains will be spatially and temporally resolved for the first time. Real time 
restructuring of the collagen matrix with the addition of biologically relevant crosslinkers such as 
lysyl oxidase (LOX) and ribose will then be monitored and new stress profiles of collagen under 
tensile strain will be generated. Finally, the distribution of strain due to oxytocin-induced 
contractions of normal and tumor-derived myoepithelial cells will be investigated. These 
experiments will provide a quantitative molecular mechanical understanding of how collagen is 
restructured during tumor growth and how it differs from healthy cellular environments. 
 
3.2 Collagen and Tumorigenesis 
 
Collagen is the primary component of the ECM and exhibits a wide array of mechanical stability, 
strength, and stiffness depending on the specific tissue such as tendons, ligaments, skin, cornea, 
and bone in which it is found. The versatility of collagen is derived from modifications to its 
hierarchical structure. The basic building block of collagen is the tropocollagen molecule – a 
triple helix of approximately 280 nm in length and 1.5 nm in diameter comprised of three 
polypeptide helices15 (Figure 3.1). The tropocollagen molecule can form higher level structures 
like fibrils and fibrils; however, the most relevant structure for our studies is the polymerized 
networks of tropocollagen molecules predominant in the ECM. Collagen has been a material of 
interest for some time due to its rigidly hierarchical structure spanning across the angrstrom, 
nanometer, and micrometer scales16. Despite being of great biological importance and one of the 
few hierarchical biological nanomaterials17, the molecular deformation mechanisms of collagen 
under macroscale load are not well characterized or understood15. 
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Figure 3.1: Collagen is remarkable for its highly structured composition at multiple levels. Three α-helices 
comprised typically of Gly-X-Y amino acids make up the triple helix of the tropocollagen molecule with 
proline and hydroxyproline being the most common X and Y constituent. These then form fibril bundles with 
regular D-spacing of approximately 67 nm. Higher order structures such as fibers, tendons, bone, and skin 
are possible depending on physiological conditions. Adapted from Reference 15.  

 
Type I collagen is the most prevalent protein in mammals; however, we currently lack the ability 
to probe the mechanical heterogeneity of collagen. Presently, XRD and SAXS are the tools 
typically used for studying the molecular response to strain in collagen17. Both of these 
techniques rely on the ensemble measurement of a periodic structure over the size of the X-ray 
beam, which is typically on the order of hundreds of microns. Consequently, current techniques 
for probing collagen mechanics cannot be adapted to investigate microscale variations in 
response to the biologically relevant regime of forces. The tQD system will be the first to 
achieve a dynamic microscale map of the strain response of collagen. This quantitative 
understanding of the distribution of mechanical properties and how they change with strain is 
critical to understanding the interplay between cell and ECM during tumor growth and 
metastasis.  
 
Tumor initiation has been shown to be accompanied by collagen crosslinking, which results in 
increased invasion18. Lysyl oxidase is secreted by tumorigenic cells to crosslink collagen and 
reduction of LOX impedes malignant progression. Again, current probes of collagen mechanics 
are incapable of mapping molecular changes to collagen mechanics during these crosslinking 
processes.  
 
Tetrapod quantum dots will also shift investigations of cellular biomechanics towards probing 
stresses in more biologically relevant environments including more realistic matrix materials. 
Studies based on elastomeric posts require the substrate to be made of a patterned elastomeric 
polymer. As demonstrated in studies of synthetic polymers, the tQD can be incorporated into 
biological systems of any geometry, potentially leading to studies of forces from cells cultured in 



29 
 

three-dimensional environments. The tQD’s optical response to stress can be easily monitored 
with spatial and dynamic resolution down to the capabilities of the best light microscope. 
Though not proposed in this study, tQDs have the potential to be the first probe of stresses 
generated by cells in a three-dimensional ECM with the ability to map the distribution of those 
forces throughout the ECM in real time. 
 
3.3 Tetrapods and Cellular Forces 
 
One of the major advantages of the tQD probe is its versatility and compatibility with a number 
of environments. It has also been shown to be responsive to several types of deformation tests – 
tensile, cyclic, and relaxation. This allows for the tQD as a biosensor to be demonstrated in a 
step-wise manner. First, the tQD was shown to respond to direct interactions from 
cardiomyocytes. Then, tQD-collagen composites were synthesized and tested for fluorescence 
response. The combination of these two results leads directly toward a method for measuring 
cellular forces and restructuring of the ECM in a more natural, three-dimensional environment.  
 
Prior work performed jointly between the Alivisatos and Werb groups has also shown the 
suitability of the tQD for biological settings. In this study, cardiomyocytes were cultured directly 
on fibronectin-coated monolayers of tQDs (Fig. 3.2a). The contractile force due to 
cardiomyocyte beating was then measured using the resulting shifts in fluorescence from the 
tQDs (Fig 3.2B). To the best of our knowledge, this work represents the first example of a 
dynamic nanocrystal that can respond to cellular forces and demonstrates our probes sensitivity 
to cell-generated forces. 
 

 
Figure 3.2: Schematic of a cell grown on a fibronectin-coated monolayer of 
tQDs. b) Spectral map snapshots of peak shifts from a cardiomyocyte-
perturbed tQD array over time. The change in peak energy at each pixel is 
plotted relative to a standard spectral map containing the highest peak 
energies observed; each frame represents 350 ms spectral integration time. (I) 
and (II) are spectral snapshots taken on substrates with beating 
cardiomyocytes. (III) is an unchanging snapshot from a fibronectin-coated 
tQD grid with no cardiomyocytes. Side length is 40.7 μm. 
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3.3.1 Tetrapod-Collagen Composites 
 
A complementary method of examining forces in mechanoreciprocity is to probe mechanical 
deformations in the ECM. This method through which the tQD is employed in analogous to the 
nanoparticle-polymer composites described in the previous chapter. Tetrapods can be embedded 
into a collagen matrix such that a deformation on the macroscale or distant from the tQD still 
produces some stress transfer to the nanoparticle and a resulting fluorescence shift. 
 
In order to form collagen-tQD composites, bovine dermis type I collagen was polymerized and 
crosslinked following standard protocols19. The resultant gels were thick (approximately 1-2 cm) 
with Young’s moduli on the order of 10-100 kPa. Tetrapods were incorporated into the gels via 
amide bound formation. Particles were first ligand-exchanged to poly(maleic anhydride-alt-1-
tetradecene) (MAAT) through previously reported techniques20. The carboxylic acid group of the 
ligand and the primary amines native to the collagen peptide structure were reacted in the 
presence of N-hydroxysulfosuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) in order to covalently link the tQD into the collagen structure. This protocol 
was adapted from Castaneda, et al.21 who used it to covalently bind gold nanoparticles to 
tropocollagen. 
 
The resulting composites were mechanically robust and easily transferred to a custom tensile 
tester which allowed for simultaneous optical and mechanical measurements (Fig. 3.3A and B).  
The homebuilt tensile tester was based off of a previously reported apparatus22. Briefly, a Mark-
10 Series 5 force gauge was mounted across from a micrometer stage. A piece was cut out 
between the two sample clamps that was large enough to support a clear plastic buffer tray for 
collagen samples as an objective for optical measurements. The buffer tray also included a 
window made from a glass coverslip in order to avoid potential distortions through the plastic 
tray.  These composites exhibited evenly dispersed particles (Fig. 3.3C) and stress-strain curves 
characteristic of collagen gels (Fig. 3.3D). However, they did not exhibit a fluorescence shift in 
response to tensile testing (Fig. 3.4). 
 
Collagen is a biopolymer and has a repeating structure qualitatively similar to the synthetic 
polymers we have previously studied. Consequently, the microscale mechanisms of deformation 
– chain reorganization, backbone stretching, slipping, crack propagation, etc. – are categorically 
the same. However, the collagen fibers in this study are formed and tested as gels with embedded 
nanoparticles. Consequently, there is a much larger viscoelastic component to its stress-strain 
relationship. Water surrounding the collagen fibers flows during tensile testing. This kind of 
deformation is unlikely to result in much or any stress transfer to a nanoparticle. Of the variety of 
polymers composites tested and described in this manuscript, it is interesting to note that 
collagen is the only case in which no significant stress transfer could be observed. 
 
In order to encourage larger stress transfer to the tQD, a higher level composite gel was 
synthesized. Essentially, we sought to create stress concentration in the vicinity of tQD by 
encumbering collagen chain movements. Collagen was again polymerized in the same manner, 
except PLLA-tQD electrospun fibers were included in the solution bath. Tangled mats of PLLA-
tQD fibers (Fig 3.5A) were created by electrospinning onto an aluminum foil target suspended 
between the previously described collection rods. The gels composites were again crosslinked 
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via sulfo-NHS / EDC coupling in order to utilize the carboxylic acid groups present in the 
amorphous region of the PLLA structure. 
 

 
Figure 3.3: Characterization of collagen-tQD gels. (A) Custom build tensile tester for simultaneous 
optical and mechanical measurements of collagen films in buffer. (B) Example of mounted dog-bone 
collagen gel sample. (C) Emission of tetrapods (red circle) embedded in collagen gel (black and gold 
background) indicating even dispersion of particles in gel. (D) Mechanical testing of collagen gels without 
NHS-EDC induced crosslinking (black), after 1 hour of crosslinking (light blue), after 24 hours (dark 
blue) and with the inclusion of poly(MAAT) functionalized tQDs (red). 

 
The resulting gels were again mechanically robust (Fig. 3.5A and B) and displayed fluorescence 
localized to the PLLA-tQD fibers only (Fig 3.5C). Additionally, under uniaxial extension these 
composites did exhibit the desired reversible red-shift (Fig 3.5D). A striking result from this 
experiment is that a clear increase in the energy of the tetrapod bandgap occurs with applied 
strain. Taken at face value, this would mean that stress transfer from the collagen matrix to the 
electrospun PLLA results in an isotropic compression of the tQD; whereas, when the collagen 
phase is removed stress is transferred from the PLLA to the tQD in an anisotropic manner. 
Studies have suggested that polymers do isotropically compress around defect sites during 
mechanical deformation23, but it seems unlikely that the addition of collagen would cause such a 
dramatic change in the microscale deformation mechanisms around the nanoparticle phase. 
Rather, it is more likely that the idea of a blue-shift being solely attributable to isotropic strain is 
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overly simplistic. The implications of this result and follow up studies are discussed in more 
detail in Chapter 4. 
 

 
Figure 3.4: Non-responsive behavior of collagen-tQD gels. (A) Fluorescence from tQDs is easily resolvable 
with high signal to noise even while particles are embedded in gels. (B) No correlation between 
fluorescence shift and stress measured in gels was observed. 

 
Regardless, as is clear from Figure 3.5 there is a much lower signal to noise ratio than from 
previous experiments in pure polyer-tQD composites. Again, this can be attributed to the viscous 
nature of a collagen gel in combination with its relatively low Young’s modulus. This does 
indicated a potential method for probing the strains induced in the collagen matrix by cellular 
traction forces. In an experiment measuring cellular forces transmitted through this sort of 
composite, the physiological behavior of the cell would likely be modified as it encounters 
networks of relatively stiff PLLA fibers. Nonetheless, this offers a relatively simple way to 
measure cell forces in a three dimensional substrate.  
 
 
 
3.4 Future Studies 
 
At this point, the proof-of-concept experiments have been completed. Tetrapods have clearly 
been demonstrated as a means of accessing difficult to probe mechanical information in the 
biological environment. However, no specific systems of interest or biological questions have 
been studies. The following is a potential path forward using the proven capabilities of the tQD 
to advance understanding of cancer biophysics. 
 
3.4.1 Molecular Restructuring of the ECM 
 
Tumors are directly involved in ECM remodeling and stiffening through several processes 
including the secretion of MMPs and lysyl oxidase (LOX)24. There have been several studies to 
address the changes in collagen mechanical properties due to crosslinking12,21,25-27, but none to 
address the microscale restructuring of the collagen matrix. We will examine the mechanical 
response of the collagen fibers during the addition of LOX with a dynamic spatial mapping 
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capability unique to the tQD system. This experiment will be the first to optically probe the 
microscale effects of collagen crosslinking and their variability throughout a collagen a substrate.  
 

 
Figure 3.5: Characterization of collage-PLLA-tQD super composites. (A) Picture of fluorescent mats 
of electrospun PLLA-tQD composite fibers. (B) Example of two stress-strain curves from crosslinked 
collagen-PLLA-tQD gel composites. (C) tQDs remained localized to fibers (spaghetti-like structures) 
even after insertion into collagen (background of image). (D) Strain was applied (10-45 seconds, 
dashed line) and held for 12 seconds (second dashed lined) before being removed. 

 
Although the stiffness of ECM components influences cancer progression, our understanding of 
the mechanical properties of the main ECM constituent, collagen, is incomplete. In particular, 
the microdomain stress and strain properties of collagen fibers are unknown. This is important as 
cancer biologists have been crosslinking fibers by adding chemicals or utilizing enzymes to 
change the stiffness without a molecular understanding of how they are altering fiber 
characteristics18. Tetrapod quantum dots will enable us to determine the spatial distribution of 
stresses along perturbed fibers, information that cannot currently be obtained by any other 
technique. Using the techniques for tQD-composites already demonstrated, fluorescence spectra 
will be taken along the collagen sample with resolution of 1 μm2, creating a stress profile as a 
function of strain. Thus, the relative strain at each spot along the fiber will be quantified for the 
first time. We will therefore be able to gain a fundamental understanding of collagen mechanics 
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and dynamics in an unperturbed collagen fiber and the response under an imposed and increasing 
strain. 
 
Once the basic microscale mechanical properties of the collagen fibers are understood, we can 
begin to probe biologically important perturbations of the system such as LOX-induced 
crosslinking. We will examine the mechanical response of the collagen fibers as these factors are 
introduced into the system. In the simplest experiments, the immediate changes in the 
mechanical properties of a collagen substrate after incubation with LOX will be examined by 
optically determining a stress profile along the sample before tensile testing. This will be used to 
establish any immediate introduction of stresses into the collagen matrix due to crosslinking. The 
effects of extended incubation with LOX and increased concentrations will be examined.  
 
After establishing a mechanical response to LOX-mediated crosslinking, we will examine how 
the distribution of strain and polymer chain mobility changes with the application of strain, as 
larger stresses are present at sites of increasing polymer mobility. This will give the first insights 
into the heterogeneity of stress during strain in collagen, which will lead to increased 
understanding of the tissue environment surrounding tumors and how invasive cells are 
generated.  
 
Alternatives crosslinking agents such as ribose and MMPs could be measured. It is also possible 
the fluorescence profile of tQDs could be modified by LOX-induced crosslinking of the 
poly(MAAT) ligand on the nanoparticle surface. A simple control for this is to incubate tQDs 
with LOX alone and compare fluorescence spectra before and after. Any change could be used as 
a baseline to be subtracted from further shifts seen in collagen-tQD substrates. Alternatively, if a 
shift is seen peptide ligands or other functionalities could be used with the tQD. 
 
3.4.2 Biologically Relevant Cell Force Measurements 
 
Cell-generated forces are important for the biology and function of many cell types. For example, 
during lactation mammary myoepithelial cells generate force on the ECM due to oxytocin-
mediated contraction. Cell migration also requires force generation and is important in many 
diseases including cancer metastasis. Metastasis is a multistage process whereby cancer cells 
leave the primary tumor site, enter the bloodstream, and seed new organs for tumorigenesis. It is 
therefore important to quantitatively understand the differences in how normal and tumor cells 
interact mechanically with their environment and how those differences contribute to the 
invasive ability of tumor cells. The project proposed in this section will be the first to examine 
quantitatively the stresses resultant throughout the collagen matrix by normal myoepithelial cells 
and compare them to myoepithelial/basal cells isolated from tumors. Additionally, the spatial 
resolution of the tQD system will allow us to examine the restructuring of the collagen matrix in 
a mechanical frameset during the generation of invasive cells. 
 
Mammary myoepithelial cells (MEC) will be cultured on top of a tQD-functionalized collagen 
substrate analogous to the studies on cardiomyocytes. This project will use mouse models of 
human cancer (e.g., MMTV-polyoma virus middle T) as sources of mammary epithelial cells. 
The nature of the disease is one of the whole organism and requires models that recapitulate all 
of the cell types, including those that involve complex interactions of cells with their surrounding 
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environment. Both wild type and transgenic mice that have cell-type specific markers will be 
used. We will use K14-Actin::GFP mice28 to mark cells that express K14. Transgenic mice will 
be mated to inbred mice and continuously backcrossed into the appropriate strain (FVB/n). 
Transmission of the transgenes will be monitored by analysis of DNA isolated from tail biopsy. 
GFP-positive cells will be isolated by flow cytometry.  
 
After plating normal myoepithelial cells on a tQD-collagen substrate we will induce contraction. 
Upon addition of oxytocin, the cell-generated stresses applied to the collagen will be reported by 
the tQDs. Fluorescence measurements and stress characterization of the resulting film will then 
be performed with the dynamic and spatial resolutions of the previous experiments. The long 
term mechanical restructuring of the collagen matrix will also be observed since we will have the 
capability to maintain a cell line under active observation on our microscope using a CO2, heated 
stage.  
 
After establishing a baseline for both the magnitude of stress and the spatial distributions of 
those stresses through collagen by normal MECs, we will culture the corresponding 
myoepithelial/basal cells derived from tumors on tQD-collagen substrates. Stresses generated 
through the collagen matrix by oxytocin-induced contraction will again be measured with a 
corresponding dynamic and spatially resolved stress profile. Again, long term mechanical 
changes to the substrate will be monitored. To the best of our knowledge, this stress profile will 
be the first measurement of the differences in the mechanical properties of a collagen matrix due 
to restructuring of the collagen by tumor cells.  
 
It is well-recognized that tumor cells can modify the ECM by secreting molecules such as matrix 
metalloproteinases (MMPs)29. The Werb lab at UCSF, our collaborators on the cardiomyocytes 
studies, has developed a full suite of tools to address how MMPs are involved in cell-generated 
forces including various MMP knockout mice, vectors to over express MMPs, and MMP 
knockdown constructs. Furthermore, biosensors to measure MMP activity and other protease 
activity have been developed by the Werb group and others30. These tools will allow us to 
address the questions of how MMPs alter cell-generated forces.  
 
Additionally, we may find that the forces exerted by wild-type and tumor organoids are not 
different. While this would be a surprising finding given that cancer cells extensively remodel 
the ECM, this would have far-reaching implications on how we understand the process of 
tumorigenesis, invasions and metastasis. Therefore, even if we find a negative result we will 
have learned about the basic mechanisms cancers use to branch and migrate. 
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4.1 Fluorescence Studies of Single Tetrapods 
 
In order to fully exploit the potential uses of the tQD, we require a more thorough understanding 
of the fundamental nature of its response. As is evident in Figure 4.1, the fluorescence response 
is not a purely monotonic shift to lower energy wavelengths with applied strain. Figure 4.1 
illustrates examples of how the wavelength shift can involve shoulders (Fig. 4.1A), changes in 
the full-width half max (FWHM) (Fig. 4.1A), and even shifts to higher energy emission (Fig. 
4.1B) in SEBS films (inset). These phenomena all have multiple explanations that can be 
supported with the current experimental data available. 
 

 
Figure 4.1: Tetrapod fluorescence response exhibits features beyond a simple red-shifting behavior. (A) 
Normalized fluorescence from a tensile test on a SEBS-tQD composite film (inset of B) shows changes in the 
FWHM during testing as well as the emergence of shoulders at higher strains. (B) Simultaneous optical and 
mechanical tests of SEBS-tQD films show increased agreement between mechanical (red) and optical (black) 
data, but also exhibit a blue-shift in fluorescence. 
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Shoulders and increases in the FWHM with applied strain could be due to the ensemble nature of 
the measurement technique. Nanoparticles are being excited over a relatively large area 
(hundreds of micrometers) compared to their size. Since the internal strain state of a polymer 
under deformation is clearly not homogenous, the heterogeneity could manifest itself as a 
broadening of the fluorescence signal as it is the summation of a distribution of strain states or 
even splitting into shoulders if two particular strain states are dominant in the polymer. 
Alternatively, changes in the FWHM could be an artifact due to the inherent broadening of the 
spectral line-width of a single particle under strain1. Splitting has also been clearly demonstrated 
to occur in core-shell particles under high pressures2-4. In reality, there is likely to be some 
confluence of these explanations, but currently it is not possible to predict which the dominant 
mechanism is. 
 
Similarly, observed red-shifts and blue-shifts can be explained by arguments involving the 
mechanisms of deformation in the polymer and by how stress is distributed through aggregates 
of particles regardless of the surrounding polymer deformation. The tQD has been predicted to5 
and experimentally shown2 to be capable of reporting isotropic and anisotropic pressures as blue-
shifts and red-shifts, respectively. In other words, not only can the tQD be used to study stress-
transfer as a whole, but could also be used to determine which stress components are nonzero 
during deformation of the material. If in a polymer composite only one of σ11, σ22, and σ33 are 
nonzero, then particles should experience only a shear, normal, or compressive force. In the case 
of a compressive force, the resulting tQD shift would be blue with shear and normal forces 
predicted to result in red shifts. Consequently, particle-composites could be engineered with 
knowledge of the most likely mode of failure for the particle. This unique capability has yet to be 
exploited.  
 
Many of these questions can be more fully answered through studies on single particles removed 
from polymers. In these studies, the ensemble effects are removed and the complexity of the 
polymer structure is removed. Single particle fluorescence studies of tQDs have already provided 
insight into how to further develop uses of the tQD. 
 
Previous work has also shown that dual-emission can be detected from single tQDs at room 
temperature due to lower-probability spatially indirect transitions (Fig. 4.2A)6. Typically in 
CdSe/CdS nanoparticles, recombination occurs entirely in the CdSe from an electron in the 
LUMO. In spatially indirect transitions, recombination occurs from the LUMO +1 state, which 
involves an electron in the CdS arms of the tetrapod (Fig. 4.2B). Separately evaluating shifts in 
the indirect transition and the direct transition could broth provide further insight into the nature 
of stress transfer to a particle as well as improve the sensitivity of the tQD probe. The current 
measurement technique involves stress transfer from the polymer to the CdS arm to the CdSe 
core through the CdSe/CdS lattice interface. Monitoring the indirect transition would essentially 
involve distortions to the CdS arm directly and presumably increase the response of the probe 
though the transient nature of the indirect transition would make this difficult (Fig. 4.2C). 
 
However, we currently lack a full understanding of how the tQD‘s optical response depends on 
force applications at a single particle level. That level of fundamental information can be 
discovered by employing simultaneous AFM-single particle fluorescence measurements. 
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Figure 4.2: Spatially indirect emissive transitions at room temperature in single tQDs. (A) Electronic 
structure of CdSe/CdS core/shell particles with corresponding differences in radiative lifetimes and 
energies. (B) Schematic of electron wave function localization (left side) and hole wave function for the 
observed transitions. (C) Series of spectra from a single tQD over time indicating the transient nature of 
both the dominant direct transition and less probably indirect transition. Adapted from Reference 6. 

 
4.2 AFM-Fluorescence Measurements 
 
Ideally, a magnitude of shift in tQD emission wavelength could be assigned to a particular force 
exerted on the nanoparticle. Furthermore, it would be advantageous to be able to differentiate 
fluorescence shifts from normal, sheer, compressive, and other off axis forces. This set of 
information would provide us with a fully characterized probe for internal mechanisms of 
deformation. Currently, we are limited to comparing fluorescence shifts from experiments to a 
combination of pseudo-empircal predictions5 and AFM experiments on single CdTe tetrapods7.  
 
For example, in experiments on the contractile forces of cardiomyocytes fluorescence red shifts 
of up to -20 meV were observed. By using the predicted effects of uniaxial compression on the 
lowest energy transitions of CdTe tetrapods, that could be converted to an average contractile 
force of 0.7 nN. Though that amount of force is consistent with previous reports, there are a 
number of potential errors in using these sorts of indirect comparisons as calibrations. For 
example, the DFT calculations were performed on pure CdSe tetrapods with perfectly ordered 
crystal structures. The tQD is a core/shell particle in which there are likely dislocations, twin 
boundaries, and other sources of stress concentration. 
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This experiment will also investigate the fundamental aspects of blue and red shifts that we have 
observed in the polymer composites. Previous work has shown that polarization anisotropy is 
observed when tetrapods are cast onto a substrate, breaking the symmetry of the particle8. A 
blue-shift is due to the isotropic compression of the particle and the resulting uniform 
compression of the bond lengths in the crystal lattice. Consequently, we would expect to observe 
minimal change in the emission polarization anisotropy of a blue-shifting particle. Conversely, a 
red-shifting particle should exhibit increased polarization of its emission. 
 
4.2.1 Instrumentation, Procedures, and Potential Pitfalls 
 
These experiments will make use of the unique capabilities of the NT-DMT AFM at LBNL’s 
Molecular Foundry. The NT-DMT microscope is a combination AFM and inverted confocal 
microscope coupled to an Andor EMCCD. This allows for nanometer resolution optical 
microscopy with simultaneous AFM measurements of the area of excitation (Fig. 4.3).  
 

 
Figure 4.3: Schematic representation of setup for 
simultaneous AFM and single particle fluorescence 
measurements.  

 
Tetrapod quantum dots will be synthesized following reported techniques9-10. In order to 
maximize the probability that a point emitter is a tQD, as-synthesized particles will be purified 
by centrifuging at ~10,000 rpm without the addition of nonsolvent. This technique results in a 
morphologically pure phase of tQDs at the expense of high yields and is ideal for a single 
particle experiment. Tetrapods will be dispersed on clean cover glass at a concentration of 
approximately 1 particle / µm2 by spin coating a single drop of a 70 pM solution of particles in 
CHCl3 at 2000 rpm for 1 minute. The resulting coverage should minimize the probability of 
multiple particles being simultaneous excited or contacted by the AFM.  
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There are several challenging fluorescence phenomena inherent to single quantum dot 
experiments that will need to be directly addressed – namely, spectral diffusion and 
photobleaching. Spectral diffusion (also referred to as walking or wandering) was observed in 
some of the first single particle CdSe fluorescence studies in the late 1990’s11.  This phenomenon 
is attributed to the quantum-confined Stark effect as there are nanoscale charge fluctuations in 
and around the nanoparticle12-16. Unfortunately, spectral wandering in CdSe causes fluorescence 
shifts on the order of 1-10 meV and has the potential to obscure strain induced shifts in single 
particle experiments. Previously performed proof of concept AFM-fluorescence experiments 
highlighted this potential problem as well as the ability statistically differentiate the two 
phenomena (Fig. 4.4).  
 

 
Figure 4.4: Example of spectral wandering in a single tQD (red) as compared to fluorescence shifts 
(blue). Spectral wandering is a stochastic process that will have a normal distribution of states around 
a mean value (dashed red line at 0 meV). If induced fluorescence shifts were actually spectral diffusion, 
subtracting peak emission positions during AFM contact from the mean spectral position during non-
contact (dashed red line) should result in the same normal distribution of shifts about a zero mean. 
However, this treatment in a proof of concept AFM experiment found an average shift of approximate 
-12 meV (dashed blue line) over several hundred presses (“Trial Number”) on single particles. 
Unfortunately, not corroborating evidence of contact with the tQD could be obtained on the 
instrument used for this study. 

 



43 
 

By employing statistically significant periods of time where the AFM tip is in contact and out of 
contact with the tetrapod, fluorescence shifts can be attributed to the tip-induced strain rather 
than spectral diffusion. Since spectral diffusion is known to result in a normal distribution of 
emission wavelengths, a simple t-test can be used to demonstrate that spectral shifts are 
significantly different during AFM contact and not attributable to diffusion. The length of the in 
and out of contact periods will be determined by the frame rate of the measurement, such that 
that number of collected spectra, N, is a statistically relevant size. 
 
However, this measurement is further complicated by photobleaching. Despite having a long life 
time relative to fluorescent molecules, single tQDs will still photobleach typically over the 
course of a few minutes of constant excitation. Increased excitation fluence is desirable, because 
the resulting increased emission allows for more easily resolvable spectra. Conversely, this will 
decrease the time before a particle photobleaches17. Obviously, this makes selecting a excitation 
intensity a tradeoff between increased statistical significance in differentiating shifts from 
diffusion and the ability to resolve very small fluorescence shifts in a series of single particle 
spectra. 
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Chapter 5: Concluding Remarks 
 
Since the initial verification in 2009 of the theoretical prediction of a CdTe tetrapod’s response 
to uniaxial compression, the tetrapod as a strain gauge has seen remarkable development. Initial 
experiments in Nylon and polyester fibers affirmed the tQD’s ability to sense strain in complex, 
polymer environments. At the same time, concurrent research on the fluorescence properties of 
single particles was being performed in order to gain a more thorough understanding of the 
underlying mechanisms of response.  
 
This work provides further fundamental understanding of how the optical response of a tQD 
relates to traditional bulk measurements of polymer mechanical properties. The tetrapod allows 
for the interrogation of failure mechanisms in polymers at a level of detail that has historically 
been largely inaccessible. At that same time, the foundation for applications to biopolymers and 
cancer biophysics has been built.  
 
There are many investigations and further developments available for future studies on and 
utilizing the tQD. For example, it is clear that the tetrapod is useful as a measurement of stress 
transfer to the particle phase of a nanoparticle-polymer composite. The degree of stress transfer 
based on interfacial strength (ie, Van der Waals forces vs. hydrogen bonding vs. covalent bonds) 
is of immediate interest and a natural follow up study to those presented in Chapter 2. Similarly, 
the ability of the tetrapod to differentiate isotropic from anisotropic strain states has been 
demonstrated but never utilized. There are many paths forward from this point full with the 
opportunities for interesting and meaningful results. 
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Appendix 
 
A1: Methodology for Chapter 2, Tetrapod-Polymer Composites 
 
Synthesis of CdSe-CdS Tetrapods.  
 
CdSe-CdS core/shell tetrapods were prepared in-house via established methods1-2. The tetrapods 
had average arm length 22+-4.5 nm and average diameter 4.0+-0.75.  
 
Preparation of Tetrapod-PLLA Polymer Solutions for Electrospinning.  
 
Poly-L-lactic acid (PLLA, 100,000 g/mol molecular weight) was purchased from ShenZhen 
ESUN Industrial Co. Ltd., and dissolved in chloroform (Sigma Aldrich) to create solutions of 20% 
PLLA by weight in chloroform. Tetrapods coated with native hydrophobic ligands (no post-
synthetic modification) were dissolved in chloroform and added to the 20% PLLA solution to 
create solutions of 12% PLLA by weight in chloroform with 3.6%, 10%, 20%, and 40% 
tetrapods by weight of PLLA.  
 
Electrospinning of Tetrapod-PLLA Composite Single Fibers  
 
Electrospinning was performed using a bias of 15 kV between the collector and syringe needle 
and collector-syringe needle distance of 15 cm for all runs. For all samples, needles purchased 
from Nordson corporation (part number 7018225, 38.1 mm gauge length, 0.51 inner diameter) 
were used. Around 0.1-0.2 mL of solution was loaded into the syringe, and a large droplet of 
solution was manually ejected immediately prior to turning on the power supplies. Single fibers 
of diameter 2.5-10 microns were fabricated using the collector design of Li et al (3), consisting 
of two metal rods of 0.8 cm diameter spaced 9.5 cm apart, while dynamic scanning calorimetry 
(DSC) samples were fabricated using a random fiber network deposited onto a single metal rod 
under the same electric field conditions. For transmission electron microscopy (TEM) studies, 
single aligned fiber arrays were wound around a microtomable epoxy substrate and sputter-
coated with 15 nm of gold. Single fibers were removed from the double-rod collector using 
twisted pipe cleaners coated with double-sided tape, and subsequently taped and glued directly 
onto the Piezodrive stretcher for fluorescence monitoring or onto small cardboard tabs (10mm x 
5mm) for mechanical tests.  
 
Tensile Testing and Optical Diameter Measurements.  
 
Single fibers were removed from the double-rod collector using twisted pipe cleaners coated 
with double-sided tape, and subsequently taped and glued with epoxy directly onto small 
cardboard tabs (10mm x 5mm) for mechanical tests. The diameters of the fibers were imaged and 
photographed using a 63x objective lens on a standard optical microscope (QCapture camera and 
QImaging software) which was calibrated using a TEM grid (11.85 pixels/micron). The fiber 
diameters were analyzed using ImageJ.  
 
Tensile testing was performed using an Agilent T150 nanomechanical tensile tester. The strain 
rate was set to 4e-3 for all runs, and mounted in the tensile tester using standard pivot grips. The 
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average fiber diameter measured over 20-25 samples was 6.6 ± 2.2, 5.1 ± 0.7, 4.7 ± 2.2 um, and 
4.7 ± 1.6 um for 0, 3.6, 10, and 20% tetrapods respectively and the gauge lengths, measured with 
digital calipers, fell between 6-10 mm. For standard tensile mechanical tests, we conducted a 
total of 20-25 tests per sample of 0%, 3.6%, 10%, and 20% loading by weight of tetrapods, rods, 
or dots in the PLLA polymer. For load relaxation tests, performed on five samples for each 
concentration, the sample was held at a maximum strain of 77% for 53.25 seconds. For 
hysteresis, performed on five 10% tetrapod-PLA samples, 5 cycles to a maximum strain of 13% 
were run continuously and the samples had an average diameter of 3.9 um. For modulus 
calibration, a total of 22 fibers for the 3.6%, 25 samples for the 10%, and 20 samples for the 20% 
fibers were used.  
 
Piezodrive In Situ Fiber Stretcher  
 
In order to monitor the fluorescence while stretching the single fibers continuously, a piezo-
stretcher mounted via screws on a metal platform was used; the platform had a hole to allow the 
laser to reach the sample. A piezodrive (part number O-103-01) and D-drive controller were 
purchased from Piezosystems Jena. The piezodrive was controlled using a function generator 
(Agilent/HP 3314A, 0.001 – 20 MHz) and the triangle wave signal was monitored using a 500 
MHz oscilloscope. The gauge length for all optical tests was 1.8 mm. The piezodrive was 
calibrated to move at a strain rate of approximately 4e-3 for all tests. Strain was calculated by 
dividing the total range of motion of the drive by the fiber gauge length. The piezodrive was 
screw-mounted on a 0.5” steel platform (6x8”) with a hole for laser passage for stability during 
stretching.  
 
For hysteresis, a maximum strain of 13% was used, and a total of four cycles were run per 
sample, while for load relaxation, a maximum strain of 77% was used and one cycle was run per 
sample, and the sample was held at the maximum strain for 53.25 seconds.  
 
The nanocrystal fluorescence was excited with a 488-nm Ar+ laser (Lexel Laser, Inc., 95) with 
1-W power and 250-μm spot size at the sample. Brightfield and fluorescence images were taken 
with a digital microscope camera (Paxcam 2+). The fluorescence spectra were monitored using a 
home-built inverted fluorescence microscope with a spectrometer (Acton Research Corporation, 
SpectraPro-3001) and CCD detector (Princeton Instruments, Model 7509-0001). Exposure times 
of 1 s were used to collect spectra with a 0.6 s lag time between frames. Approximately 190 
spectra were collected for each load relaxation curve and 220 for each series of 4 loading cycles.  
Fluorescence spectra were collected over the area of the laser spot and fit to single Gaussians. 
Change in emission was defined as the difference between the peak position at time t and the 
peak position at zero strain. Stress relaxation rates were determined by fitting the emission shift 
versus time to a single exponential decay: ΔEmission(t) = Ae-λt . For mechanical tests, stress 
was substituted for emission shift. Optical decays were fit to a series of 35 spectra over 53 sec. 
Mechanical decays were fit to approximately 530 load measurements over 53 sec. Optical stress 
relaxation data was collected on 13, 14 and 12 fibers of 3.6%, 10%, and 20% tetrapod load by 
weight, respectively.  
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Transmission Electron Microscopy Imaging and Sample Preparation 
 
Epoxy (Araldite 502, Electron Microscopy Sciences) was formed into a thin plate by curing 
overnight at 60C in a shallow dish. The electrospun fibers sample were then wrapped around 
these substrates and sputter -coated with around 15-20 nm of gold using a Desktop II Denton 
sputter coater. They were then embedded in more epoxy stained with rhodamine 6G (Sigma 
Aldrich) and cured overnight at 60C. Thin sections approximately 60 nm in thickness were cut 
using an RMC MT-X Ultramicrotome (Boeckler Instruments) and picked up from water onto 
copper TEM grids. The thin sections were imaged using an FEI Tecnai 12 at an accelerating 
voltage of 120keV or an FEI Tecnai G2 at an accelerating voltage of 200keV. 
 
Supplemental Figures 
 

 
Figure A1.1: Stress relaxation curves from PLLA-tQD tensile trials fit to single exponential decay functions. 
The legend indicates the decay time in seconds for each fit. Optical decays (yellow and blue) were found to be 
much faster than mechanically measured decay (black and red). 
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Table A1.1 – Optical response and particle concentration 
Samples Loading 

(Weight 
Percent) 

Mean Slope Min 
Slope 

Max 
Slope 

Young's 
Modulus 
(GPa) 

Max Shift 
Std 

Stress Shift 
(Max 
Shift/Young's 
Modulus) 
(meV/GPa) 

13 3.60% 0.39±0.2 0.11 0.77 1.9±0.5 9.54±3.82 5.02±0.55 
14 10% 0.58±0.29 0.25 1.2 1.7±0.4 12.42±5.2 7.3±1.1 
12 20% 0.62±0.24 0.31 0.97 2.5±0.75 11.3±2.0 4.5±0.43 
        
    Average stress shift, over all 

concentrations: 
5.61±0.7 

 
Mechanical properties of PLLA-tQD and SEBS-tQD composites 

 
Figure A1.2: Mechanical properties of SEBS-nanoparticle composites. (A and B) Representative tensile tests 
to failure for SEBS-tQD (A) and SEBS-nanorod (B) electrospun fibers. (C) Measured modulus of SEBS-
nanoparticle fibers. tQDs were shown to enhance the composite modulus to a great extent than nanorods at 
all measured volume fractions. (D) Strain at failure for composites did not follow any clear trends or vary 
with a great deal of statistical significance.  
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Table A1.2: Mechanical properties of PLLA-tQD fibers 
Particle % by weight  0%  3.6%  10%  20%  40%  
Modulus (GPa)  2.2±0.4 (27 

samples)  
1.9±0.5 (20 
samples)  

1.7±0.4 (21 
samples)  

2.47±0.75 (20 
samples)  

2.070±0.4( 6 
samples)  

Toughness(MPa)  51.52±33.2  38.8±19  46.9±31.9  48.6±25.5  21.73±15.8  

Strain at Failure 
(mm/mm)  

1.05±0.86  0.58±0.31  1.25±0.87  0.854±0.411  0.65±0.48  

Stress at Failure (MPa)  84±48.6  103.2±33.5  54.22±26.56  73.32±29.8  38.55±18.9  

Specimen Diameter 
(um)  

8.9±4.8  5.10±7.4  5.3±2.6  5.46±1.7  4.76±1.62  

Number of Samples 
Tested 

27  15  16  15  6  
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