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Abstract 
 

Optical Properties and Biological Applications of Electromagnetically Coupled Metal 
Nanoparticles 

 
by 

 
Sassan Nathan Sheikholeslami 

 
Doctor of Philosophy in Chemistry 

 
University of California, Berkeley 

 
Professor A. Paul Alivisatos, Chair 

 
 

The optical properties of metallic particles change dramatically as the size shrinks to the 
nanoscale.  The familiar mirror-like sheen of bulk metals is replaced by the bright, sharp, 
colorful plasmonic resonances of nanoparticles.  The resonances of plasmonic metal 
nanoparticles are highly tunable throughout the visible spectrum, depending on the size, shape, 
local dielectric environment, and proximity to other optical resonances.  Fundamental and 
applied research in the nanoscience community in the past few decades has sought to 
understand and exploit these phenomena for biological applications. 

In this work, discrete nanoparticle assemblies were produced through biomolecular 
interactions and studied at the single particle level with darkfield spectroscopy.  Pairs of gold 
nanoparticles tethered by DNA were utilized as molecular rulers to study the dynamics of DNA 
bending by the restriction enzyme EcoRV.  These results substantiated that nanoparticle rulers, 
deemed “plasmon rulers”, could measure the dynamics of single biomolecules with high 
throughput, long lifetime, and high temporal resolution.   

To extend these concepts for live cell studies, a plasmon ruler comprised of peptide-
linked gold nanoparticle satellites around a core particle was synthesized and utilized to 
optically follow cell signaling pathways in vivo at the single molecule level. The signal provided 
by these plasmon rulers allowed continuous observation of caspase-3 activation at the single 
molecule level in living cells for over 2 hours, unambiguously identifying early stage activation 
of caspase-3 in apoptotic cells. 

In the last section of this dissertation, an experimental and theoretical study of 
electomagnetic coupling in asymmetric metal nanoparticle dimers is presented.  A 
“heterodimer” composed of a silver particle and a gold particle is observed to have a novel 



2 
 

coupling between a plasmon mode (free electron oscillations) and an inter-band absorption 
process (bound electron transitions).  The modes in such asymmetric “plasmonic molecules” 
are possibly characterized by unique spatial and spectral profiles, and polarization behavior, 
allowing one to tune the optical response of the nanostructure in the near and far fields. 
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Chapter  1 – Introduction 
 

The striking colors of colloidal metal particles have fascinated artists and scientists for 
centuries.  The earliest known specimens of dichroic glass, which display different colors 
depending on the illumination conditions, contain small copper, gold and silver particles.  The 
Lycurgus Cup, the most famous example of an ancient dichroic glass, appears red when 
illuminated from the inside, and green in ambient light.  Similar effects can be observed in 
stained glass windows from the medieval period.  It is highly unlikely that these early glass 
makers were aware of the colloidal particles present in their work.  The first scientific 
investigations of metal colloids were initiated in the 19th century by Michael Faraday. 

 

 

 

 

In 1857 Michael Faraday delivered a lecture to the Royal Society where he first 
proposed that the optical properties of ruby colored solutions formed from a gold salt 
originated from the interaction of tiny particles of metallic gold with light.  Furthermore, he 
developed the first direct synthesis of colloidal gold by reduction with phosphorus, and even 
suggested that minute variations in the size of these particles changed their color.  It is 
noteworthy that Michael Faraday’s work had a dramatic impact on James Clerk Maxwell, who 
formalized the theory of electrodynamics decades later. 
 The first complete theoretical explanation of the interaction of light and small spherical 
particles was given by Gustav Mie in 1908.  Using Maxwell’s equations, Mie derived frequency 
depedent analytical expressions for the far-field scattering and absorption cross-sections of 
spherical particles of arbitrary sizes.  Mie’s theory succesfully predicted the bright colors arising 

Figure 1.1: The Lycurgus Cup.  The observed color is green under ambient light, and appears red when 

illuminated from the inside. 
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from the interaction of light and small metal particles.  Although only valid for spherical 
particles, Mie’s analysis had a dramatic impact on the theory of scattering of particulate matter. 
 The emergence of the modern field of nanoscience has initiated a surge of interest in 
colloidal metal particles.  In the last few decades, synthetic procedures, characterization tools, 
and electrodynamic simulations for studying colloidal nanoparticles have been developing at an 
expanding rate.  Specifically, optical detection methods to investigate single particles have 
allowed unprecented comparison with theory, and the fundamental framework for 
understanding the optical properties of metal particles is now well established.   
 Noble metal nanoparticles have proven to be extremely useful for applications in 
biology, catalysis, and sensing.  Gold nanoparticles are routinely utilized as labels in electron 
and optical microscopy studies of biological phenomena, due to their high scattering cross-
sections.  Although metallic gold is generally unreactive in the bulk, gold nanoparticles in the 2-
4nm size range have been shown to be excellent catalysts for industrially important chemical 
reactions.  Additionally, metallic nanoparticles are very sensitive to the local refractive index, 
and this has been exploited to construct sensors with great sensitivity. 
 The research presented in this dissertation focuses on the optical properties and 
biological applications of electromagnetically coupled metal nanoparticles.  A central theme of 
this work is the use of plasmonically coupled metal nanoparticles as a molecular ruler to 
measure the conformations, dynamics, and activities of biological systems on the nanometer 
scale.  The research presented in chapters 3 and 4 of this thesis build on previous work from the 
Alivisatos group to fully develop these gold nanoparticle based molecular rulers as a new tool 
for biomedical research and biophysical studies.  Finally, in the last chapter we discuss the 
electromagnetic coupling behaviors in asymmetric pairs of gold and silver nanoparticles. 
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Chapter 2 – Background 

The interaction of light with metallic nanostructures is dominated by the localized 
surface plasmon resonance (LSPR) of the nanostructure.  Due to this resonant effect, metal 
nanostructures have extremely large scattering and absorption cross-sections.  For an isolated 
nanoparticle, the resonance frequency has a strong dependence on the size, shape, medium 
refractive index, and composition of the metal [1].  Additionally, the LSPR of a nanoparticle is 
strongly affected by interactions with other optical resonances in its vicinity (other metal 
nanoparticles, quantum dots, and fluorophores).  We begin this chapter by reviewing some of 
the elementary electromagnetic theory and solid-state physics that is required to understand 
the optical properties of metallic nanoparticles.  The second part of this chapter is devoted to a 
discussion of the biological applications of metal nanoparticles. 
 
2.1 Free electron model of the optical constants of metals 
 In classical electrodynamics, the frequency dependent dielectric function of a material 
fully characterizes its interaction with electromagnetic fields.  A simple model to understand 
the physical properties of metals in terms of their conduction electrons was developed around 
1900 by Drude and Sommerfeld [2].  In this model, the valence electrons from each individual 
atom are independent and free to move throughout the volume of the metal.  This free 
electron model proved to be very successful in explaining many of the physical properties of 
metals including their electrical and thermal conductivities. 
 The free electron model can be used to derive an expression for the dielectric function 
of a metal in terms of its bulk plasma frequency ωp, the electron relaxation time γo, and the 
bound electron contribution ∈∞  [3] : 

∈ (𝜔)  =∈∞−  
𝜔𝑝

2

𝜔2+ 𝑖𝛾0𝜔
            (2.1) 

The bulk plasma frequency is related to the density of conduction electrons n, the electron 
charge e, the effective electron mass me, and the permittivity of free space ϵ0, through: 
 

 ωp =   
ne2

meε0
         (2.2) 

 
In Fig. 2.1 the Drude dielectric functions are compared to the experimentally 

determined values of Johnson and Christy [4].  This free electron dielectric function gives 
remarkable agreement with experimental results in the low frequency portion of the optical 
regime for the noble metals, where the interband absorptions do not contribute.  However, for 
accurate results across the entire optical regime, the inclusion of the inter-band transitions is 
essential. 
 When the diameter of the particle under consideration is smaller than the mean free 
path length of the electrons (~40nm for gold), an extra correction to the dielectric function 
accounting for surface collisions needs to be introduced.  This additive correction term has 
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been empirically deduced [5], and is dependent on the radius (r), and the fermi velocity (vf) 
through: 
 

𝛾 𝑟 =  𝛾0 +  
𝐴𝑣𝑓

𝑟
       (2.3) 

 
Where the coefficent A is a dimensionless empirical term, is surface chemistry dependent, and 
has typical values ranging from 0.1 to 1.  
 

 
 
 
 
 
 
 
 
 
  

Figure 2.1: Comparison of Drude and experimentally measured dielectric functions for silver and 

gold 



5 
 

2.2 Quasi-static model for the scattering and absorption of light by small particles 
 The solution of Maxwell’s equations with the appropiate boundary conditions and 
dielectric functions of the metal and the medium yields the complete description of light and 
matter.  Unfortunately, except in the simplest geometries with high symmetry, this is an almost 
impossible task.  However, an enormous simplification can be made when the dimensions of 
the particles under consideration are much smaller then the wavelength of light (d << λ).  In this 
case, the electric field incident on the particle can be assumed to be homogeneous, and the 
problem is reduced to solving Laplace’s equation of electrostatics.  Lord Rayleigh is credited 
with the first derivation of this result, and the subject is often referred to as Rayleigh theory. 
 This simplified picture of the interaction of light with small spherical particles yields the 
polarizability α, given by the Clausius-Mossotti relation [2]: 

𝛼 = 3𝜀0𝑉 
𝜀−𝜀𝑚

𝜀+2𝜀𝑚
       (2.4) 

Where ε is the complex dielectric function of the particle, V is the volume and εm is the complex 
dielectric of the medium.  A careful examination of this expression allows one to see that the 
resonance condition is satisfied when ε = -2εm.  

Next, following Bohren and Huffman [6], the expressions for the scattering and 
absorption cross-sections can be stated as: 

𝐶𝑠𝑐𝑎 =  
𝑘4

6𝜋
|𝛼|2       (2.5) 

𝐶𝑒𝑥𝑡 = 𝑘 ∗ 𝐼𝑚(𝛼)       (2.6) 
Where k is the wave vector and Im(α) signifies the imaginary part of the polarizability. 
 The quasi-static model can give us considerable insight into the scattering and 
absorption behavior of metal nanoparticles.  The effect of increasing the magnitude of the local 
refractive index will result in a red-shift of the plasmon resonance energy, as is evident by 
inspection of equation 2.3.  The scattering efficiency is negligible for very small particles but 
increases sharply as the sixth power of the radius.  Incidently, the k4 dependence of the 
scattering is commonly invoked to explain the blue color of the sky.  The absorption dominates 
the total extinction for very small particles, but is overwhelmed by scattering for particles with 
a radius larger than 50nm. 
 
2.3 Electrodynamical theory of scattering and absorption 
 In 1908, Gustav Mie published an analytical solution to Maxwell’s equation for an 
electromagnetic wave incident on a homogeneous uncharged spherical particle [7].  The 
solution is valid for spheres of arbitrary size and refactive index, and takes into account 
retardation due to the finite speed of light.  The method of the solution involves an infinite 
expansion of a plane wave into a basis set of vector spherical harmonics.  The Mie result 
reduces to the quasi-static case when only the dipolar term is kept, an approximation valid only 
for very small particles.  
  Although the derivation of this result is outside the scope of the present work, we 
present the main results following Bohren and Huffman [6].  The scattering and extinction cross 
sections can be written as follows: 
 

𝐶𝑠𝑐𝑎 =  
2𝜋

𝑥2    2𝑛 + 1 (|∞
𝑛=1 𝑎𝑛 |2 + |𝑏𝑛 |2)    (2.7) 
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𝐶𝑒𝑥𝑡 =  
2𝜋

𝑥2    2𝑛 + 1 𝑅𝑒{∞
𝑛=1 𝑎𝑛 + 𝑏𝑛}     (2.8) 

 
Where the Mie coeffecients an and bn can be expressed in terms of Riccati-Bessel functions: 
 

𝑎𝑛 =  
𝑚𝜓𝑛  𝑚𝑥  𝜓𝑛

′  𝑥 −𝜓𝑛 (𝑥)𝜓𝑛
′  𝑚𝑥  

𝑚𝜓 𝑛  𝑚𝑥  𝜉𝑛
′  𝑥 − 𝑚𝜉𝑛 (𝑥)𝜓𝑛

′  𝑚𝑥  
    (2.9) 

 

𝑏𝑛 =  
𝜓𝑛  𝑚𝑥  𝜓𝑛

′  𝑥 −𝑚𝜓 𝑛 (𝑥)𝜓𝑛
′  𝑚𝑥  

𝜓𝑛  𝑚𝑥  𝜉𝑛
′  𝑥 − 𝑚𝜉𝑛 (𝑥)𝜓𝑛

′  𝑚𝑥  
                                          (2.10) 

 
Here k is wave vector, n is the multi-polar order, and x and m are the size parameter and 
relative refractive index, respectively: 

 

𝑥 =  
2𝜋𝑁𝑚𝑒𝑑 𝑟

𝜆
       (2.11) 

 

𝑚 =  
𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑁𝑚𝑒𝑑
       (2.12) 

 
The calculation of the Mie coefficients and the cross sections, although very tedious to 

do by hand, is relatively simple to do on a computer.  Bohren and Huffman give an example of 
an implementation of these equations in BASIC in the appendix to their book.  As an example, 
the scattering, absorption, and extinction for a 40nm diameter gold and silver sphere are shown 
below. 

 

 

 

  

Figure 2.2:  Mie theory calculations for a 40nm diameter gold and silver sphere in water. 
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It is worthwhile to consider the Mie theory plots of the scattering and absorption of gold 
and silver particles with respect to the plots of the dielectric functions.  The resonance 
linewidths are much sharper for silver, and the overall cross sections are much higher.  This is a 
direct manifestation of the lower absolute magnitude of the imaginary part of the dielectric 
function for silver, which accounts for plasmon dephasing and damping processes related to 
absorption.  The polarizability, and thus the absolute scattering cross section, is also much 
higher in silver than in gold, which make it a better optical probe for the biological labeling 
experiments performed under darkfield microscopy described in later chapters. 
 
2.4 Plasmon coupling in metal nanoparticles 
 The surface plasmons in metal nanoparticles are strongly influenced by the near field 
interactions of neighboring particles [3].  Thus, the actual field at an individual particle is the 
sum of the field from the incident photon Eincident and the near field of neighboring particles Epart. 
 

E = Eincident + Epart       (2.12) 

 
 This near field interaction is highly dependent on the polarization of the light and the 
relative orientation of the nanoparticles. To a first order approximation, each particle can be 
treated as a point dipole, and the plasmon coupling is treated as the interaction between two 
dipoles.  Following Khlebtsov [8], the polarizability (α) of two coupled dipoles, in the quasi-
static regime, for electric field polarization parallel and perpendicular to the dimer axis can 
be written as (r is the interparticle distance): 
 

𝛼‖ =  
𝛼1+𝛼2+

4𝛼1𝛼2
𝑟3 

1−
4𝛼1𝛼2

𝑟6 
       (2.13) 

 

𝛼┴ =  
𝛼1+𝛼2−

2𝛼1𝛼2
𝑟3 

1−
𝛼1𝛼2

𝑟6 
      (2.14) 

 
Then equations (2.5) and (2.6) along with above polarizabilities can be used to calculate the 
scattering and absorption, respectively.  It is obvious from inspection of the above equations 
that the polarizability, and thus the dipole interaction, is greater for polarization parallel to the 
dimer axis.  A detailed derivation for the quasi-static coupling between particles with unequal 
polarizabilities in presented at the end of chapter 5. 
 A very useful qualitative model to understand the interactions of plasmonic particles has 
recently been developed by Halas and Nordlander [9, 10].  In this plasmon hybridization 
approach, the plasmon modes of the individual particles interact to form bonding and anti-
bonding plasmon modes in a close analogy to molecular orbital theory.  These hybridized 
modes are in-phase and out-of-phase linear combinations of the basis plasmon modes.  The 
plasmon hybridization diagram for two interacting gold spheres is shown below, where the 
right hand side is for the case of polarization parallel to the axis, while the left side is for 
polarization perpendicular to the dimer axis. 
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The plasmon hybridization method applied to a dimer of metal nanoparticles yields an 
intuitive understanding of their optical properties.  In the case of light polarized parallel to the 
dimer axis, the plasmon modes hybridize into a lower energy bonding (σ), and a higher energy 
anti-bonding mode (σ*).  The dominant bonding mode red-shifts as the particles approach each 
other.  The anti-bonding mode is optically dark, as the dipoles in the out-of-phase combination 
cancel out.  However, when the polarization is perpendicular to the inter-particle axis 
(transverse polarization), the scenario is exactly reversed, i.e., the in-phase mode is an anti-
bonding mode (π*) and the out-of-phase one a bonding mode (π).  The plasmon hybridization 
method is especially useful for complex geometries where no analytical solutions exist. 

A complete generalization of Mie’s analytical solution to the scattering and absorption 
of a many-sphere system has been accomplished with the use of the spherical vector addition 
theorems [11].  In principle, the results of this generalization allow one to calculate the total 
scattering and absorption of a many sphere-system exactly.  Khlebtsov et. al. have recently 
reported the application of the Generalized Mie Theory to the case of two interacting metal 
nanoparticles [8], and their results compare favorably with recent experimental results [12] and 
popular numerical approximation methods including the Discrete Dipole Approximation (DDA) 
and the Finite Difference Time Domain (FDTD) approximation. 
 Concomitant advances in numerical algorithms and computer hardware have opened up 
great opportunities for accurate computer modelling of the plasmonic properties of metal 
nanoparticles and their assemblies.  This is especially important for modelling plasmonic 
particles with low symmetry (where no analytic solution exists), and for calculating the 
interaction among plasmonic particles.   The Discrete Dipole Approximation, developed by 
Draine and Flatau [13], treats each particle as cubic array of dipoles, and considers the local 
field acting on each cubic element as the sum of the incident field and the field from nearby 

Figure Figure 2.3: Plasmon hybridization diagram for two interacting gold nanoparticles. 
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dipoles.  Multiple studies have shown excellent agreement of DDA simulations with experiment 
and analytical solutions [14].  

The Finite Difference Time Domain method is another numerical technique to calculate 
the plasmonic properties of particles and particle arrays of arbitrary geometry.  The FDTD 
method solves Maxwell’s equations in differential form using difference methods in the time 
domain [15].  FDTD has been shown to accurately compute the near and far field optical 
properties of nanostructured metals [14].  Although very computationally expensive, the FDTD 
method is relatively straightforward to implement in parallel manner taking advantage of multi-
core computer chips and computer clusters. 
 
2.5 Biological applications of metal nanoparticles 
 Noble metal nanoparticles have had a long history of use in diagnostic and sensing 
applications in the biological community.  Starting in the 1970’s, gold nanoparticles have been 
extensively utilized as high contrast labels for electron microscopy studies of biological 
specimens [16].  Gold nanoparticles are particularly useful in such applications due to their well 
established surface chemistry, biocompatibility, and unique optical and electronic properties.  
In recent years, manifold applications taking advantage of the unique plasmonic properties of 
metal nanoparticles have been reported, including: contrast labels in light scattering 
applications [17], colorimetric assays for detection of trace amounts of biological analytes [18], 
surface enhanced Raman spectroscopy (SERS) [19], and molecular ruler applications [20]. 
 Metal nanoparticles with their surface plasmon resonance in the visible portion of the 
spectrum are well suited for use as labels in light scattering applications.  A 40nm diameter gold 
particle has a scattering cross section that is comparable to the light emission from 104 typical 
organic dye molecules [17].  Furthermore, metal nanoparticles are extremely stable, and do not 
blink or photobleach under illumination, making them particulary attractive for experiments 
where a long observation time is important.  In addition, light scattering experiments with 
metla nanoparticle probes can be performed with a relatively simple darkfield microscope and 
do not require the use of an expensive laser system.  The availability of refined surface 
modification techniques for gold nanoparticles [21] enables their deployment in a large range 
of biological experiments, as discussed below. 
 The plasmonic coupling between gold nanoparticles has been exploited with great 
success by the Mirkin group to develop colorimetric sensors for the detection of trace amounts 
of DNA, proteins, and metal ions [18, 22].  In these experiments, a set of thiolated probe 
oligonucleotides are covalently attached to a solution of gold nanoparticles through the 
formation of a gold sulfur bond.  Initially, the gold-DNA conjugates are isotropically dispersed 
and the solution is a deep red color, characteristic of the isolated particle plasmon absorption.  
When a target oligonucleotide, at least partially complementary to one of the probe sequences, 
is added to the solution, the particles are cross-linked together by the DNA base pairing and 
brought to within close proximity.  This results in strong plasmon coupling between the 
particles and the surface plasmon resonance frequency is red-shifted up to 200nm in 
wavelength, causing the solution to turn purple.  These colorimetric sensors are extremely 
sensitive and the readout can be done by visual inspection alone, making them very attractive 
for field based diagnostics. 
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 Surface enhanced Raman spectroscopy takes advantage of the strongly enhanced local 
electric fields on the surfaces of metal particles [19].  As the quantum mechanically derived 
selection rules for Raman activity dictate that the Raman cross section depends on the fourth 
power of the local electric field, even modest field intensities can result in very large 
enhancements.  In nearly touching particles, the local electric fields can be enhanced by up to 
four orders of magnitude, and thus the Raman enhancement can reach values as high as 1012 
[19], allowing for Raman spectroscopy of single biomolecules.  However, the reproducibility of 
most existing SERS substrates remains poor at best [23], and the detailed theoretical 
understanding of SERS is still a matter of controversy [19]. 
 The well known phenomena of Förster Resonance Energy Transfer (FRET), has been 
used for decades as a molecular ruler to measure the dynamics of interacting biomolecules [24].  
In a typical FRET experiment, a donor dye and an acceptor dye are covalently attached to a 
biomolecule of interest.  The distance between the dyes, which are assumed to follow the 
trajectory of the biomolecule (for instance, the folding of a protein), is measured 
spectroscopically as the relative change in fluorescence intensity of either dye.  The impact that 
FRET measurements have made on our detailed understanding of biological phenomena is 
difficult to overstate.  However, the scale of distances measureable in FRET experiment is 
limited to about 10nm, and the fast photobleaching of the dyes under laser illumination 
prohibits continuous measurement for longer than a few minutes. 

The studies presented in chapters 3 and 4 of this thesis are extensions of earlier work 
done in the Alivisatos group on developing plasmonically coupled nanoparticles as a new type 
of molecular ruler [20].  This initial study demonstrated that the distance dependent coupling 
between two gold nanoparticles could reliably report conformational changes of biomolecules.   
Individual pairs of biopolymer linked noble metal nanoparticles therefore act as “plasmon 
rulers”.  The scale of distances accessible to measurement by plasmon rulers is relativaley large 
(up to ~80nm), their lifetime is almost unlimited, and they do not blink or bleach.  Thus, 
plasmon rulers overcome some limitations inherent in FRET based molecular ruler experiments.  
The studies presented in chapters 3 and 4 of this thesis develop and extend the plasmon ruler 
technique for high temporal resolution and live cell studies. 

 

   

  

  

  

  

 

 



11 
 

References 
 
1. Kelly, K. L., Coronado, E., Zhao, L. L., & Schatz, G. C. (2003) J. Phys. Chem. B 107, 668-677. 
 
2. Ashcroft, N. & Mermin, N. D. (1976) Solid State Physics (Brooks Cole). 
 
3. Kreibig, U. & Vollmer, M. (1995) Optical Properties of Metal Clusters (Springer, Berlin). 
 
4. Johnson, P. B. & Christy, R. W. (1972) Phys. Rev. B 6, 4370-4379. 
 
5. Kreibig, U. & Genzel, L. (1985) Surf. Sci. 156, 678-700. 
 
6. Bohren, C. F. & Huffman, D. R. (1998) Absorption and Scattering of Light by Small 

Particles (Wiley Interscience). 
7. Mie, G. (1908) Ann. Phys.-Berlin 25, 377-445. 
 
8. Khlebtsov, B., Melnikov, A., Zharov, V., & Khlebtsov, N. (2006) Nanotechnology 17, 1437-

1445. 
 
9. Prodan, E., Radloff, C., Halas, N. J., & Nordlander, P. (2003) Science (Washington, DC, 

United States) 302, 419-422. 
 
10. Nordlander, P., Oubre, C., Prodan, E., Li, K., & Stockman, M. I. (2004) Nano Letters 4, 

899-903. 
 
11. Xu, Y. L. (1995) Appl. Optics 34, 4573-4588. 
 
12. Reinhard, B. M., M. Siu, Agarwal, H., Alivisatos, A. P., & Liphardt, J. (2005) Nano Letters 5, 

2246-2252. 
 
13. Draine, B. T. & Flatau, P. J. (1994) J. Opt. Soc. Am. A 11, 1491-1499. 
 
14. Zhao, J., Pinchuk, A. O., McMahon, J. M., Li, S. Z., Ausman, L. K., Atkinson, A. L., & Schatz, 

G. C. (2008) Accounts Chem. Res. 41, 1710-1720. 
 
15. Yee, K. S. (1966) IEEE Trans. Antennas Propag. AP14, 302-&. 
 
16. Faulk, W. P. & Taylor, G. M. (1971) Immunochemistry 8, 1081-&. 
 
17. Yguerabide, J. & Yguerabide, E. E. (1998) Analytical Biochemistry 262, 137-176. 
 
18. Elghanian, R., Storhoff, J. J., Mucic, R. C., Letsinger, R. L., & Mirkin, C. A. (1997) Science 

277, 1078-1080. 
 



12 
 

19. Stiles, P. L., Dieringer, J. A., Shah, N. C., & Van Duyne, R. R. (2008) Annu. Rev. Anal. Chem. 
1, 601-626. 

 
20. Sonnichsen, C., Reinhard, B. M., Liphardt, J., & Alivisatos, A. P. (2005) Nat. Biotechnol. 23, 

741-745. 
 
21. Duchesne, L., Gentili, D., Comes-Franchini, M., & Fernig, D. G. (2008) Langmuir 24, 

13572-13580. 
 
22. Xu, X. Y., Daniel, W. L., Wei, W., & Mirkin, C. A. (2010) Small 6, 623-626. 
 
23. Lin, X. M., Cui, Y., Xu, Y. H., Ren, B., & Tian, Z. Q. (2009) Anal. Bioanal. Chem. 394, 1729-

1745. 
 
24. Weiss, S. (1999) Science 283, 1676-1683. 
 
 



13 
 

Chapter 3 - Use of Plasmon Rulers to Reveal the 
Dynamics of DNA Bending and Cleavage by Single EcoRV 

Restriction Enzymes 

 

Abstract 
Pairs of Au nanoparticles have recently been proposed as “plasmon rulers” based on the 

dependence of their light scattering on the interparticle distance. Preliminary work has 
suggested that plasmon rulers can be used to measure and monitor dynamic distance changes 
over the 1 to 100nm length scale in biology. Here, we substantiate that plasmon rulers can be 
used to effectively measure dynamical biophysical processes by applying the ruler to a system 
that has been investigated extensively using ensemble kinetic measurements: the cleavage of 
DNA by the restriction enzyme EcoRV. Temporal resolutions of up to 240 Hz were obtained, and 
the end-to-end extension of individual dsDNA enzyme substrates could be monitored for hours. 
The single molecule cleavage trajectories acquired here agree unexpectedly well with values 
obtained in bulk through other methods, and confirm well-known features of the cleavage 
process, such as the fact that the DNA is bent prior to cleavage. New dynamical information is 
revealed as well, for instance, the degree of softening of the DNA just prior to cleavage.  This 
chapter has been reproduced with permission from Proceedings of the National Academy of 
Sciences, 2007; 104; 2667-2672. 
 

Introduction 
The optical characterization of the function and dynamics of individual biological 

molecules and complexes such as molecular motors [1, 2], RNA ribozymes [3] and DNA 
helicases [4] is an important tool of contemporary biomedical research (for reviews see [5-7]).  
Single molecule techniques are powerful tools to study the dynamics of biological systems, 
since they are free from ensemble averaging [7]. The predominant technique for optical single 
molecule dynamic studies is Fluorescence Resonance Energy Transfer (FRET) between individual 
organic donor and acceptor dye molecules [8, 9]. FRET has proven to be an extremeley effective 
tool for revealing the dynamics of molecular machines and monitoring their composition. 
However, conventional organic dyes typically photobleach after absorbing about 107 photons 
and exhibit complex photophysics including long lived dark states [10]. FRET based single 
molecule studies thus remain challenging due to low signal/noise, limited continous 
observation time, limited accessible distance range, probe blinking, and steric limitations due 
the need of free rotation of the dyes.  

We recently reported an alternative way for dynamic distance measurements on the 
nanometer scale using pairs of individual 40 nm gold particles [11]. If two gold particles 
approach within two particle diameters, the collective oscillations of the conductions electrons 
in the particles (their “plasmons”) couple [12-19] in a distance dependent matter. With 
decreasing interparticle distance, the plasmon resonance wavelength red-shifts [20] and the 
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scattering cross-section increases [21]. Individual pairs of biopolymer linked noble metal 
nanoparticles therefore act as “plasmon rulers”. 

Plasmon rulers have a nearly unlimited lifetime, can be used to monitor comparatively 
large distance changes, and are very bright. If the scattering background can be eliminated, a 
single 40 nm gold particle has the light emitting power of several thousand organic dyes [22]. 
The inherent brightness of these probes makes them good candidates for highly parallel single 
molecule assays able to reveal the dynamics of biological processes and biopolymers. A 
drawback of plasmon rulers compared to FRET methods is the relatively large size of the 
nanoparticles (~ 30-40 nm) ; organic fluorophores have dimensions of only ~ 1 nm. 

Our focus here is DNA bending by single enzymes, an experimental geometry in which 
the benefits of unlimited lifetime and lack of bleaching outweigh the disadvantage of larger 
probe size. DNA bending plays a crucial role in determining the specificity in DNA-protein 
recognition [23], in transcription regulation [24-28], and in DNA packaging [29, 30]. Typically, 
these DNA bending processes are quite slow (ms timescales) and it is highly desirable to be able 
to monitor a particular piece of DNA for extended durations (milliseconds to days), so that the 
effects of enzyme concentration, ionic strength changes, pH changes, etc. can be accurately 
followed.  

Here we use plasmon rulers to investigate the dynamics of the EcoRV catalyzed DNA 
cleavage reaction in a highly parallel, high bandwidth (up to 240 Hz) single molecule assay. We 
picked the EcoRV restriction enzyme since it is a member of the type II restriction 
endonucleases, which are important paradigms for the study of protein-nucleic acid 
interactions [31-34]. They catalyze phosphodiester bond cleavage with very large rate 

enhancements and superb sequence (EcoRV recognition sequence: 3’-CTATAG-5’) selectivities. 
The EcoRV endonuclease transiently bends its DNA substrate and the bend angle is well known 

from crystal structures to be approximately 50 (35, 36). Using plasmon rulers, we were able to 
follow certain steps in the catalytic cycle of EcoRV and directly observe DNA bending 
immediately preceding cleavage, confirming the standard model of how this enzyme works. By 
analysis of the interparticle potentials, we were also able to see the softening of the DNA 
resulting from its interactions with the enzyme prior to cleavage. 
 

Results and Discussion 
Three technical challenges needed to be overcome to be able to use plasmon rulers to 

monitor the dynamics of single enzyme-DNA complexes. First, nonspecific interactions between 
proteins and the particles needed to be suppressed. Second, methods needed to be developed 
to synthesize homogeneous samples of plasmon rulers. Third, the plasmon rulers’ temporal 
resolution, needed to be improved from ~ 1 Hz [11] to 240 Hz.  

To eliminate non-specific interactions between the gold surface and the enzyme, we 
used a stepwise ligand exchange strategy in which we passivated the particle surfaces with 
biocompatible (40) low molecular mass polyethylene glycols (PEGs). We then synthesized DNA 
linked nanoparticle dimers (plasmon rulers) with double stranded DNA spacers between 30-60 
bps using a liquid phase DNA-programmed assembly strategy followed by gel-electrophoretic 
purification (Fig. S3.1). As confirmed by TEM, this approach produces enriched samples of 
dimers. Since interparticle distances in aqueous solution cannot be inferred from TEM 
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measurements, we measured the pair distribution functions of isolated plasmon rulers using 
small angle x-ray scattering. The distributions contain strong dimer peaks of separated 40 nm 
gold particles and confirm that our synthetic strategy leads to DNA tethered dimers. Details 
concerning the synthesis and characterization are summarized in Materials and Methods and 
Fig. S3.1.  

To increase the temporal resolution of the plasmon ruler measurements, we 
investigated the dependence of the scattering intensity on the interparticle distance. In 
previous applications of plasmon rulers, we utilized the distance dependence of the resonance 
wavelength to measure distances and distance changes in DNA [11, 20]. However, the spectral 
analysis of individual plasmon rulers relies on the dispersion of light, which leads to integration 
times of several hundred milliseconds for a detectable signal in our set up. This is too slow to 
resolve the dynamics of biological processes such as enzymatic DNA bending and cleavage, 
which typically occur on timescales of micro to milliseconds. 

We reasoned that intensities can be collected with a much higher temporal resolution 
than spectral information, since no dispersion is required. It can be shown that – like the 
plasmon resonance wavelength – the scattering cross-section of a coupled pair of dimers 
depends on the interparticle distance. In a first approximation, each particle is treated as a 
simple dipole. Using this assumption, the cross-section of two coupled particles with identical 

diameters is proportional to the square of the pair polarizability , for which the following 
expression was derived by averaging over longitudinal and perpendicular plasmon modes [21]: 
 

𝛬 =
𝜂

3
(

1

1−2𝜂 𝑅 𝑅𝑝
  

3 +
2

1+ 𝜂 𝑅 𝑅𝑝
  

3        𝜂 =  
𝜖−𝜖𝑚

𝜖+2𝜖𝑚
      Eq. 1 

 

where  is the wavelength dependent dielectric function of gold [41], m is the dielectric 
constant of the surrounding medium, R the interparticle distance, and RP is the particle radius. 

We set the dielectric constant of the medium to m = 1.6, as before [20]. Eq. 1 is a highly 
simplified description of the relationship between scattering cross-section and interparticle 
distance; among other things, we are using a dielectric function for an idealized bulk metal in an 
isotropic environment, and we are neglecting multipole contributions. Therefore, we expect 
qualitative rather than quantitative agreement of Eq. 1 with experiment. 

To validate this approach, we recorded the scattering spectra of EcoRV catalyzed DNA 
cleavage reactions using an intensified CCD detector. The biological aspects of this experiment 
are described subsequently; for our purposes here it is only important to know that DNA 
cleavage by the EcoRV enzyme leads to plasmon ruler disassociation. As the DNA tethering the 
particles is cut, the interparticle distance suddenly increases, and consequently the scattering 
wavelength blue-shifts (Fig. 3.1) in a well-understood manner [20]. The particle plasmons cease 
to couple when the dimers dissociate and consequently their resonance wavelengths and 
scattering cross-sections shift back to the monomer values.  
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To correlate the spectral shifts with changes in scattering intensity, we computed the 
total scattering intensities by integrating photon counts on the spectrometer over all 
wavelengths for six individual wavelength trajectories. The average Pearson correlation 
coefficient [42] between integrated intensity and peak wavelength in individual trajectories is r 
= 0.92. Color (peak wavelength) and scattering intensity are correlated confirming that 
scattering intensity, in addition to peak wavelength, can be used to monitor changes in 
interparticle distances. Ultimately, we achieved temporal resolutions of 240 Hz in a 20 μm x 20 
μm field of view. To increase the throughput, we eventually collected data with a lower 
temporal resolution (85 Hz) but in a larger field of view of approximately 40 μm x 40 μm.  
Having in hand enriched samples of surface passivated plasmon rulers and a method for 
monitoring the ruler’s interparticle separation with high temporal resolution, we set out to 
monitor the bending and cleavage dynamics of single EcoRV enzymes. In a first set of 
experiments, we monitored the catalytic turnover of the enzyme by following many plasmon 
rulers in parallel under various conditions using a color camera. We immobilized plasmon rulers 
on the surface of a glass flowchamber via a Biotin-Neutravidin bond between the Biotin 
functionalized particle and the surface (Fig. 3.2a). After equilibrating the chamber with 10 mM 
Mg2+ reaction buffer, we introduced the EcoRV restriction endonuclease and monitored the 
plasmon rulers’ color and intensity. Due to the brightness of the plasmon rulers (scattering 
cross-section of 40 nm particles, Csca = 130 nm2) [22] it was possible to simultaneously monitor 
500 - 1500 plasmon rulers using a low numerical aperture and low magnification 40x objective. 
The complete field of view in these experiments is limited to 150 μm x 100 μm by our camera 
and chosen magnification. 

Figure 3.1: Correlation of plasmon resonance wavelength and scattering intensity. Scattering wavelength (left) 

and integrated intensity (right) during an EcoRV catalyzed DNA tether cleavage reaction recorded at 2Hz. Dimer 

dissociation leads to a sudden spectral blueshift (left) and drop in total intensity (right). Spectral shift and 

change in total intensity are highly correlated (Pearson correlation coefficient > 0.9). 
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Upon addition of the enzyme, some plasmon rulers exhibited sudden intensity drops 
(Fig. 3.2b). The green dots are individual dimers and the red arrows denote locations of these 

Figure 3.2:  Massively parallel single EcoRV restriction enzyme digestion assay. (a) The plasmon rulers are 

immobilized with one particle to a glass surface via Biotin-Neutravidin chemistry. The homodimeric EcoRV 

enzyme binds nonspecifically to DNA bound between the particles (I), translocates and binds to the target site 

(II), bends the DNA at the target site by ~50 (III), cuts the DNA in a blunt-ended fashion by phosphoryl transfer 

(54) (IV) and subsequently releases the products (V). (b) 150 μm x 100 μm field of view with surface 

immobilized plasmon rulers. Individual dimers are visible as bright green dots. Dimer dissociation upon EcoRV 

catalyzed DNA cleavage leads to a strong change in scattering intensities. The dimers are converted into 

monomers as shown for selected particles (red arrows, right side bar). 
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intensity drops. Mere detachment of the complete dimer from the surface cannot account for 
the observed intensity drops, since a dim green spot – corresponding to a surface-immobilized 
gold particle – remains after the intensity drop. Rather, the ruler dissociation events are due to 
enzymatic DNA cleavage, as we now establish.  

 

 

 

 

 

 

 
First, plasmon rulers constructed from DNA lacking the EcoRV restriction site do not 

dissociate (Fig. 3.3a): only 11 intensity drops are seen with the control DNA, whereas for dimers 
with the EcoRV recognition site, hundreds of dimer dissociations were observed. Second, the 
addition of Ca2+ to the reaction buffer dramatically reduces the number of intensity drops (Fig. 
3.3b). Ca2+ is a well characterized inhibitor of DNA cleavage by EcoRV [43]. In our experiments, 
the first order rate constants of the intensity drops decreased from 0.036 s-1 (no Ca2+) to 0.004 
s-1 (2 mM Ca2+). Taken together, the observed sequence specificity and the inhibition of 
cleavage reaction by Ca2+ confirm that the observed dimer dissociation is the result of DNA 
cleavage by the EcoRV restriction endonuclease. 

Plasmon rulers with 30 bps spacers exhibit a slightly cutting rate than the dimers with 
longer spacers (Fig. 3.3a), presumably due to steric hindrance. According to the wormlike chain 
model for DNA [44] (contour length L = number of bases / 10.5 * 3.4 nm, persistence length P = 
53 nm) [45], the interparticle distance for 30 bps DNA spacers is 9.42 nm compared to 12.69 
and 18.31 nm for 40 and 60 bps respectively. The PEG brush (L=4.1 nm, P=2 nm) adds about 6 
nm to the effective particle diameter. This leaves a gap of about 3.4 nm for the enzyme in case 

Figure 3.3: Statistical analysis of EcoRV restriction digestion of plasmon rulers. (a) The cleavage reaction is 

highly specific. Whereas for all DNA spacers with EcoRV restriction site hundreds of cutting events are 

observed, in the control experiments (60 bps dimer) without restriction site, the cutting efficiency is almost 

zero. (b) Percentage of plasmon rulers that have been cleaved as function of time for increasing Ca
2+

 

concentrations. EcoRV requires Mg
2+

 as a natural cofactor to catalyze DNA cleavage. Ca
2+

 can replace Mg
2+

 and 

facilitates formation of the enzyme-DNA complex but the resulting complex does not catalyze the 

phosphodiester bond cleavage. Ca
2+

 inhibits the cleavage reaction in the presence of Mg
2+

. An Mg
2+ 

concentration of 10 mM was retained throughout. 
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of the 30 bps spacer compared to 6.4 nm in case of the 40 bps spacer. It is known that the 
binding of one molecule of EcoRV covers about 15 bps = 4.79 nm of DNA [35]. Presumably, the 
binding step (Fig. 3.2a, step I) is sterically hindered by the PEG brush in the case of the 30 bps 
spacers, slightly reducing cleavage kinetics. 

After assigning the sudden intensity drops as dimer disassociation resulting from DNA 
cleavage by EcoRV, we analyzed the intensity vs. time traces of individual cutting events at high 
temporal resolution. According to the standard model of DNA cleavage by EcoRV (Fig. 3.2a), 

DNA cutting occurs in the bent state (bend angle ~ 50). Due to the inverse pair polarizability – 
distance dependence given in (Eq. 1), this bending should lead to a slight increase in intensity 

before dimer dissociation. Based on an end-to-end distance from the WLC model and a 50 
bend, the interparticle distance should decrease by 0.95 nm (∆30bps), 1.20 nm (∆40bps), 1.85 nm 
(∆60bps) due to DNA bending by EcoRV. Given that these changes amount to only ~ 10% of the 
DNA spacer lengths, this is a challenging test case for the sensitivity of the plasmon rulers. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4:  Single DNA cleavage events monitored by plasmon coupling. (a) Cleavage trajectory recorded at 

240 Hz using an intensified CCD detector. (b) Average scattering intensities at defined intervals preceding the 

dimer dissociation (0 ms) for 30 bps plasmon rulers (c) 40 bps plasmon rulers (d) 60 bps plasmon rulers (raw 

data recorded at 85 Hz). In (b) – (d) we set the time of the plasmon ruler dissociation equal to 0 ms and 

calculated the average intensities for shortening time intervals between [-1770 to 0] ms and [-24 to 0] ms. To 

account for different starting intensities we normalized the trajectories and set the average intensities of the 

longest time interval equal to one for each trajectory (total number of trajectories: 86 (30 bps), 96 (40 bps), 

114 (60 bps). The error bars indicate the standard errors of the mean. Increasing scattering intensities for 30 

and 40 bps spacers are consistent with a decreasing interparticle distance due to bending in the enzyme-

DNA complex. For the 60 bps spacers the plasmon coupling is too weak to observe the bending (see text). 

The slight drop in the last data point of (d) is due to some uncertainty in defining the moment of dissociation. 

In some trajectories points during or shortly after the dissociation are picked leading to an overall lower 

scattering intensity. (e) – (h) Individual scattering trajectories for 40 bps plasmon rulers recorded at 85 Hz. 

The raw data are plotted in blue, sliding averages ( over 10 frames (e), 25 frames (f), 50 frames (g)-(h) are 

included in red to guide the eye). A common feature observed in many trajectories is a slight increase in 

scattering intensity preceding the dimer dissociation (0s). The dwell times in the ‘high intensity’ state ranges 

from a few ms (e) to hundreds of ms (f) to tens of seconds (g). (h) In about 4% of the recorded trajectories 

we first observe a slight drop in intensity previous to dimer dissociation. This is consistent with subsequent 

cleavage event in plasmon rulers with multiple tethers. 
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Our search for intensity changes due to bending was greatly facilitated by the large  
intensity drop upon dimer dissociation, since it allowed us to locate the disassociation time with 
high precision and thus also constrain the region that needed to be analyzed for evidence of 
DNA bending. Using the dissociation event as a fiduciary time-point, we calculated the average 
intensity preceding the dissociation from all recorded trajectories. Although temporal 
resolutions of 240 Hz could be achieved (see e.g. Fig. 3.4a) we typically monitored the plasmon 
rulers’ intensity at only 85 Hz, to increase the throughput with the larger field of view.  

The average intensities as a function of time are shown in Figs. 3.4b-d. For both the 30 
and 40 bps DNA spacers, there is a significant increase in average scattering intensity of up to 
1.5% immediately before dimer dissociation. Consistent with the known inverse relationship 
between sensitivity and spacer length [20], the average intensity for the 60 bps spacer remains 
nearly constant. The measured average intensity changes (1.5% ± 0.8 (30 bps), 1.6% ± 0.9 (40 
bps) and -0.5% ± 0.8 (60 bps)) are consistently smaller (about 2-fold) than the estimates 
obtained from the order-or-magnitude calculation (Eq. 1, 2.6% (30 bps), 2.0% (40 bps) and 1.4% 
(60 bps)). Given the large number of assumptions that went into those estimates, including the 
magnitude of the bend caused by the EcoRV enzyme, the end-to-end extension of the DNA, the 
thickness of the PEG brush, the uncertainly in the dielectric function, and the omission of 
multipole terms, the agreement between theory and experiment is considerably better than 
expected.  

Is DNA bending by the EcoRV restriction enzyme the most probable explanation for the 
observed intensity increases before the cut? The scattering intensity depends – next to the 
interparticle distance – also on the dielectric constant of the surrounding medium. It is 
therefore conceivable that enzyme binding (Fig. 3.2a, step II) and not DNA bending (Fig. 3.2a, 
step III) causes the observed intensity change by a local change of the refractive index. 
Therefore, we decoupled binding from bending by letting EcoRV react with 40 bps plasmon 
rulers in the absence of divalent metal ions (KD in the absence of Mg2+: ~ 1x10-8 M) [46], 
preventing cleavage but not binding[47]. We then flushed the unbound enzyme out of the 
chamber with divalent free buffer. Finally, we introduced Mg2+, allowing the bound enzymes to 
cleave their DNA substrate. As shown in Figs. S3.2&S3.3, these trajectories have intensity jumps 
preceding dimer dissociation, confirming our interpretation of the intensity jumps as DNA 
bending and not protein-DNA binding or sticking of proteins to the gold particles. Thus, the high 
intensity state most likely corresponds to steps III – IV in Fig. 3.2a in which the DNA is bent by 

50. 
Individual traces show large variations in cutting times. The trajectory shown in Fig. 3.4e 

exhibits a spike in intensity before the dimers dissociate. In this trajectory only the very last 
frame before dissociation has an increased intensity whereas in f and g the dwell times are on 
the order of a few seconds (f) and a few tens of seconds (g) respectively. Student’s t tests show 
that in ~ 76 % of all 40 bps dimer trajectories with “high intensity states” exceeding 100 frames, 
high and low intensity states differ significantly (p < 0.05). In 4% of all collected trajectories, the 
large drop in intensity due to the DNA cleavage is preceded by a smaller intensity drop as 
shown in Fig. 3.4h. This behavior suggests two subsequent DNA cutting events in dimers that 
have two instead of one DNA tether. The cleavage of the first tether does not lead to the 
dissociation of the particles but only to a slight increase in equilibrium distance. The low 
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probability of this behavior suggests that most of the dimers are indeed tethered by only one 
DNA molecule. 

Having assigned the intensity jumps to DNA bending by the EcoRV enzyme and having 
determined the average intensity changes prior to DNA cleavage/particle pair disassociation, 
we built-up distributions of the duration of the high intensity state for the 30 and 40 bps dimer 
trajectories. The results of the dwell time analyses are shown in Fig. 3.5a. The cumulative 
dissociation probability is plotted in Fig. 3.5b. In these plots the percentage of dimers that have 
been cleaved is plotted against the time they spend in the high intensity state. Exponential fits 
to the decay curves in Fig. 3.5b give rate constants of k30 = 0.50 s-1 (30 bps, R2=0.94) and k40 = 
0.46 s-1 (40 bps, R2=0.91). The similarity of the two rate constants is in agreement with the 
assertion that the trajectories comprise molecular events like DNA bending, DNA hydrolysis and 
product release but not DNA binding, which is expected to be much slower in case of the 30 bps 
spacer due to steric hindrance. 

The catalytic cycle of the EcoRV endonuclease with short (7-14 bps) DNAs as substrate 
has been investigated in bulk using FRET, stopped flow fluorescence, fluorescence anisotropy 
and quench-flow methods [46, 48, 49]. These studies found that the turnover rate kcat is limited 
by the rates of the DNA hydrolysis and product release (Fig. 3.2a, steps IV & V), which are 
approximately equivalent in magnitude [46], whereas DNA bending is nearly simultaneously 
with binding. It is therefore possible to compare k30 and k40 with kcat. The determined k30 and 
k40 are lower than the bulk steady state kcat = 0.7 s-1 for 10 mM Mg2+ and are closer to the bulk 
kcat for 4 mM Mg2+ [49]. Interestingly, our rate constants are very close to the first order rate 
constant of 0.4 s-1 as obtained by FRET for the later stages of the reaction cycle [46]. Thus, 
although deviations from the bulk rates are to be expected in our experiments (in our case, the 
DNA substrate is tethered on the surface and has less configurational freedom, the gold probes 
may slow the dynamics of the enzymatic reaction, and there may be small non-zero force 
between the two particles[50])such deviations are therefore remarkably small (not more than 
0.2 s-1).  
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Figure 3.5: Kinetic & thermodynamic analysis of single molecule data. (a)-(b) Dwell time analysis of plasmon 

rulers in high intensity state. (a) Histograms with a bin size of 100 ms for 30 bps plasmon rulers (top) and 40 

bps plasmon rulers (bottom). (b) Cumulative probability of plasmon ruler dissociation. The plots show the 

percentage of dimers with dwell times less than the indicated time. First order kinetic fits have been included 

as dashed lines (k30 = 0.50 s
-1

, k40 = 0.46 s
-1

). (c) Histogram of normalized intensities for 21 individual cleavage 

trajectories of plasmon rulers with 40 bps DNA  (selection criterion: system remains in bent state for more than 

100 frames). The intensities are normalized to the maximum of the intensity distributions in the bent states 

(arbitrarily set to 0) The distributions of the bent state (black) are shifted to higher intensity values compared 

to the straight state (red). (d) Average interaction potentials of the particles in plasmon rulers with bent (black) 

and unbent (red) DNA spacer obtained from (c). The potential of the bent state is shifted to higher intensity (= 

shorter interparticle distance) and is offset in energy by ∆ = 1.2 kT. This energetic offset corresponds to the 

energy required for bending the DNA. The included histogram shows the intensity distribution of the last but 

one frames before dimer dissociation for all 21 trajectories. (e) The superposition of the interparticle potentials 

of the bent and unbent states show that the width of the bent potential is larger, indicative of a decreased DNA 

spring constant in the bent state.   



23 
 

In addition to elucidating the dynamics of DNA bending and cleavage by EcoRV, the 

scattering trajectories can also be used to estimate the interaction potential  between the two 
DNA-linked nanoparticles. Just as the probability P of a DNA-tethered microsphere to be at a 
certain height h above a surface depends on the potential between the surface and the 
microsphere [51, 52], the probability of an individual plasmon to be in a certain intensity state I 

is related to the interparticle potential . The interparticle potential  determines the 

equilibrium interparticle distance. We used the relationship P(I) ~ exp(-(I)/kT) to construct the 

potential  in the bent and unbent states for the 40 bps plasmon rulers. P(I) is obtained from 
scattering intensity histograms of the high and low intensity states from single scattering 
trajectories with more than 100 frames in the high intensity state (Fig. 3.5c). The resulting 
average potentials for the bent and unbent states are shown in Fig. 3.5d. The repulsive part of 
the interparticle potential is mainly determined by the surface coating of the particles and 
therefore identical for the bent and unbent states. Consequently, the arbitrary additive 
constant of the potentials has been chosen so that the repulsive parts of the potentials coincide. 

Comparison of the two potentials reveals that the bent state is energetically disfavored by Δ = 
1.2 kT.  
 This interpretation of the intensity distributions (Fig. 3.5c) must take various error 
sources into account. Specifically, the measured intensity distributions are convolutions of 
longitudinal and transverse fluctuations of the top particle with respect to the surface-bound 
particle and experimental noise. We are interested only in the variations of the interparticle 
separations, corresponding to the end-to-end distance of the tethering DNA. Assuming that the 
transverse fluctuations and the experimental noise are free from systematic errors, then their 
combined effect will be to broaden the intensity distributions. In consequence, the intensity 
distributions and all derived quantities therefore represent upper bounds on the magnitude of 
the longitudinal fluctuations, and the potentials shown in Fig. 3.5d are thus lower bounds 

constraining the shape of the unknown and not directly measurable “true” potentials. Our Δ of 
1.2 kT therefore represents a justified estimate of the true energy difference between the bent 

and straight state. Indeed, the WLC predicts an energy difference of 1.6 kT for a 50 kink in a 40 
bps DNA molecule (53) exceeding our experimental value by 25%.  
 A second quantity, the relative change of the width of the two potentials is less subject 
to various experimental errors since they should affect both underlying intensity distributions 
equally and since the assumption of coincidence of the repulsive parts of the potentials is not 

needed. Parabolic fits   = 1 + bI2 to the superimposed potentials in Fig. 5e reveal that bbent  is ~ 
27.3 %  smaller than bunbent (bbent = 0.016 , bunbent = 0.022) The overall wider potential for the 
bent DNA state indicates that the interaction of the DNA with the enzyme decreases the spring 
constant of the DNA. This effect could account for the difference between the experimental 

and the predicted Δ and has mechanistic implications. By reducing the DNA stiffness, the 
enzyme decreases the energetic bias of the bent state and reduces the activation energies of 
the rate determining steps – phosphate backbone hydrolysis and DNA dissociation – both of 
which occur in the bent state (Fig. 3.2a). 
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Conclusion 
The plasmon ruler is a new method for measuring dynamical distance changes in single 

molecule biophysics experiments. In this work, we have taken an important step forward in 
validating the use of this type of ruler, by performing an in depth study of DNA cleavage by the 
EcoRV restriction enzyme, a process that has previously been investigated by numerous 
established techniques. The plasmon ruler experiments recapitulate what is known from prior 
ensemble kinetic studies and single molecule FRET experiments, indicating that the Au particles 
do not significantly perturb the system. In addition, the plasmon ruler experiments afford the 
possibility of studying fluctuations in the bending of the DNA, which can be used to determine 
the potential energy change between the straight and bent states of the DNA. The plasmon 
ruler is now sufficiently well developed to be used as a tool to study a wide range of biological 
processes. The ability of the ruler to operate over extended time scales and to be effective in 
measuring distances over the 1 to 100 nm range make it an excellent tool for studying 
macromolecular assemblies and conformational changes at the single molecule level. 

 
Materials and Methods 

Aqueous solutions of 40nm gold particles with a concentration of 9.0x1010 particles/mL 
were purchased from Ted Pella. Freshly deionized water from a Millipore water system was 
used for all experiments. All buffers were filtered with a 0.2 μm Millipore filter directly prior to 
use. Trithiolated oligonucleotides were purchased from Fidelity Inc. 

We applied a scheme of sequential ligand exchanges to functionalize and passivate 40 
nm gold particles. In the first step, the citrate protected 40nm gold particles (concentration ~ 
9.0x1010 particles/ml) purchased from Ted Pella were reacted with bis(p-
sulfonatophenyl)phenylphosphine (BSPP) dipotassium salt, at the concentration of 1mg per 1ml 
of colloids. The particles were stirred with the BSPP for at least 8 hours before cleaning. The 
particles were washed twice by centrifugation (5000 rpm, 15 min) and resuspension in T40 
(40mM NaCl, 10mM Tris, pH8). After resuspension the gold particle concentration is 
approximately 1.8x1012 particles/ml. The particles are split into two separate batches for the 
functionalization with complementary single stranded oligonucleotides (ssDNA). We used 
ssDNAs of 30, 40 and 60 nucleotides. The trithiolated ssDNA is first pre-incubated with a 1,000-
fold excess of BSPP for 1 hour to reduce the disulfide bond of the protected ssDNAs before 
adding to the nanoparticle solutions at a ratio of 25 ssDNAs per particle. Then the mixture is left 
to react for 8 hours. The trithiolated ssDNA was chosen to enhance the anchor strength of the 
biopolymer (bond energy of a single Au-S bond: ~ 40 kcal/mol [37, 38]) and to decrease the 
flexibility of the DNA-thiol linker through multiple anchor points. The addition of salt was a 
prerequisite for successful functionalization of the particles with the ssDNAs.    

Next, two different surface chemistries are added to the particle batches with 
complementary ssDNA (Fig. S3.1a). In the first batch, the ssDNA-particle solutions are reacted 
with a low molecular weight (458.6 g/mol) thiolated carboxy terminated polyethylene glycol 
(PEG) at a ratio of 1:100,000. In the second batch, the thiolated carboxy terminated PEGs are 
mixed with a thiolated biotin terminated PEG in a 25:1 ratio and reacted at the same total PEG 
concentration. The ssDNA-particle mixtures are incubated with the PEG ligands for at least 8 
hours prior to cleaning. The PEG protected ssDNA functionalized particles are cleaned of excess 
reagent by centrifugation (5000 rpm, 15 min) and resuspension in T40. After two washing steps 
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the particles are resuspended in 160mM NaCl 10mM Tris pH8 prior to annealing. Equivolume 
aliquots of the two different batches with complementary ssDNA were added together and left 
for 8 hours at room temperature to anneal the ssDNA. 

The nanoparticle dimers were purified from monomers and higher order aggregates by 
gel electrophoresis (Fig. S3.1b) [39]. The annealed particle mixtures were mixed with 1/5 
volume Ficoll 400 loading buffer solution and loaded into 1% agarose gels. The gels were run 
horizontally at a fixed potential of 175 volts for 15 minutes with 0.5x Tris-Borate buffer as 
running buffer. After running the gels, the particle mixtures were found to be in discrete bands, 
with the second band from the top corresponding to the nanoparticle dimers. These bands 
were manually extracted from the gels and collected into an electroelution chamber. The 
dimers were then isolated from the gel via eletroelution. The isolated dimers were 
characterized by transmission electron microscopy, TEM (Figs. S3.1c-d), and small angle x-ray 
scattering, SAXS (Fig. S3.1e). 

Single molecule measurements were performed in a Zeiss axioplan2 upright microscope 
with a darkfield condenser. The darkfield microscope as described in previous publications [11, 
20] was modified by the addition of an Andor iXon EM+ CCD detector (512x512 pixel chip) on 
the imaging port of the Acton SpectraPro 2300i spectrometer.   

The flow chambers were prepared by, first, incubating for 15 minutes with a solution of 
1 mg/ml BSA-biotin [Roche] and then flushed with 300 μl T50 (50mM NaCl, 10mM Tris pH8). 
Next, the chambers were reacted with a solution of 1 mg/ml Neutravidin (Pierce, 31000) for 15 
min and flushed with 300 μl T50. Subsequently, the chambers were incubated with SuperBlock 
(Pierce, 37515) for 45 minutes and flushed again with 300 μl T50.  

Next, a dilute solution of plasmon rulers was flushed into the chamber. The plasmon 
rulers bind only with the biotinylated particle to the Neutravidin coated glass surface, while the 
non-biotinylated particle is free to move in solution. Control experiments verified that non-
biotinylated, pegylated particles do not stick to the passivated glass surfaces. In the last step 
the chamber was equilibrated with EcoRV reaction buffer (100 mM Tris-HCl, 100 mM NaCl, 10 
mM MgCl2, 1 mM Dithiotreitol (DTT), pH 7.9). 
 After equilibration of the chambers with reaction buffer, 40 units of EcoRV restriction 
endonuclease (New England Biolabs) in 200 μL reaction buffer was flushed into the chamber 
(EcoRV concentration ~1.75 nM). The scattering intensities of the plasmon rulers in the field of 
view were continuously monitored with a color camera (Roper Scientific, Coolsnap cf) or for 
faster temporal resolution with the Andor CCD detector. To correlate intensity and wavelength 
information, we recorded the scattering spectra of individual plasmon rulers during the EcoRV 
catalyzed cleavage reaction.  

To prebind EcoRV enzyme to plasmon rulers, we incubated the plasmon rulers with 
EcoRV (4.4 nM) for approximately 1 min in Mg2+ free buffer (50 mM Tris-Hcl, 100 mM NaCl). 
Then we flushed the chamber with buffer (50 mM Tris-Hcl, 100 mM NaCl) to remove excess 
enzyme. Subsequently, reaction buffer containing Mg2+ was introduced and we started 
recording.  
 By inspection of the movies recorded with the Andor CCD detector using software 
provided by the manufacturer, we detected all those dimers in the field of view that showed a 
sudden intensity drop. The movies were then imported into Matlab, where the exposed pixels 
were manually marked with a box. The CCD detector has a pixel size of 16μm x 16μm, and most 
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of the light scattered from individual plasmon rulers is collected in one pixel. The intensity 
trajectories of individual plasmon rulers were calculated as sequence of the most intense pixels 
in the defined boxes. All of the recorded trajectories contained a clear drop in intensity that 
was set to 0 ms. For the analysis of the average scattering intensity before dimer dissociation 
(recorded at 85 Hz), we superimposed all trajectories for a given spacer length. First, we 
calculated the average scattering intensities over defined intervals preceding dimer dissociation 
for each trajectory (interval lengths: 1770.0 ms, 1180.0 ms, 885.0 ms, 559.0 ms, 472.0 ms, 
354.0 ms, 236.0 ms, 118.0 ms, 59.0 ms, 23.6 ms). Within each trajectory the average intensity 
of the longest time interval was set to 1. Then the normalized intensities for each time interval 
were averaged over all trajectories. 
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Figure S3.1: Liquid Phase DNA-Programmed Assembly of Plasmon Rulers. (a) 40 nm gold particles passivated 

with PEG and functionalized with single stranded DNA (ssDNA) were obtained via subsequent ligand exchange 

reactions: Citrate ligands vs. BSPP, BSPP vs. DNA and finally BSPP vs. PEG. We synthesized two different flavors 

of particles per dimer: one with thiolated carboxy terminated PEGs (blue) and one with PEGs mixed 25:1 with a 

thiolated biotin terminated PEG (pink). These particles were stable in 500 mM NaCl for several days. In order to 

minimize multiple tether formation during hybridization of the gold-ssDNA conjugates, the ssDNA : particle 

ratio was limited to 25:1, which leads to a maximum surface coverage of 1 ssDNA / 201 nm
2
. (b) After annealing 

overnight, dimers were separated from non-reacted monomers and larger assemblies by gel-electrophoresis 

and isolated by electroelution. (c) TEM micrograph of gel purified 60 bps dimers immobilized on a Neutravidin 

functionalized grid. The particles are arranged in pairs with distinct gaps between the individual particles. (d) 

TEM statistics of gel purified 60 bps dimers (total number of measured particles: 1055). The sample is highly 

enriched in dimers (82%), monomers and higher agglomerates are only minor impurities. (e) Pair distribution 

function of an aqueous solution (0.5x tris borate buffer) of 40 bps plasmon rulers obtained by small angle x-ray 

scattering (SAXS). The pair distribution function shows a center to center distance of ~52.4 nm. This confirms 

that the 40 nm particles are not touching but tethered by a double stranded DNA linker. Small Angle X-Ray data 

was collected using a Bruker Nanostar spectrometer fitted with a copper x-ray tube operating at 40kV and 

35mA. The CuK radiation (wavelength = 1.54 Å) was selected with graded multilayer cross-coupled Göbel 

mirrors. The scattered radiation was collected for five hours at a distance of 104.65 mm with a two-

dimensional pressurized xenon gas detector (Bruker HiStar).  The detector face had a diameter of 11.5 cm and a 

resolution of 1024 by 1024 pixels. A 2 mm beam stop (87% Pb, 13% Sb) is standard with the detector to prevent 

damage from the primary beam. Data were collected with a q range of approximately .01 Å
-1

 to .21 Å
-1

. The 

instrument is routinely calibrated using a silver behenate standard.   The pair distribution function was 

calculated using the program GNOM (Svergun, D. I., J. Appl. Cryst. (1992), 25, 495-503).  
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Figure S3.2: Average scattering intensities at defined intervals preceding the dimer dissociation (0 ms) for 40 

bps plasmon rulers under reaction conditions that decouple DNA binding and bending (bandwith: 85 Hz). The 

plasmon rulers are preincubated with EcoRV in Mg
2+

 free buffer, which allows the enzyme to bind but not to 

bend the DNA. Then the free enzyme is flushed out of the chamber and only after the unbound enzyme is 

removed, Mg
2+

 is added and the cleavage reaction is initiated. EcoRV is capable to bend DNA only in the 

presence of  Mg
2+

. Total number of trajectories: 68. 
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Figure S3.3: Individual scattering trajectories for 40 bps plasmon rulers recorded at 85 Hz under reaction 

conditions that decouple DNA binding and bending (compare Fig.S2): the enzyme is bound to the plasmon 

rulers in the absence of Mg
2+

. The trajectories show the same slight increase in scattering intensity preceding 

the dimer dissociation (0s) observed when EcoRV restriction was added in Mg
2+

 containing buffer (compare Fig. 

4).  
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Chapter 4 - Continuous Imaging of Plasmon rulers in Live 
Cells Reveals Early Stage Caspase-3 Activation at the 

Single Molecule Level 
 

Abstract 
The use of plasmon coupling in metal nanoparticles has shown great potential for the 

optical characterization of many biological processes.  Recently, we have demonstrated the use 
of “plasmon rulers” to observe conformational changes of single biomolecules in vitro. Plasmon 
rulers provide robust signals without photobleaching or blinking.  Here, we demonstrate the 
first application of plasmon rulers to in vivo studies to observe very long trajectories of single 
biomolecules in live cells.  We present a new type of plasmon ruler comprised of peptide-linked 
gold nanoparticle satellites around a core particle, and utilized them as probes to optically 
follow cell signaling pathways in vivo at the single molecule level.  These “crown nanoparticle 
plasmon rulers” allowed us to continuously monitor trajectories of caspase-3 activity in live cells 
for over 2 hours, providing sufficient time to observe early-stage caspase-3 activation, which 
was not possible by conventional ensemble analyses.  This chapter has been reproduced with 
permission from Proceedings of the National Academy of Science, 2009; 106, 17735-17740. 
 
Introduction 
 Single molecule imaging has enabled the exploration of biomolecular dynamics and has 
revealed processes at work that are lost by extrapolation of ensemble assays [1-17]. During the 
past few decades, optical single molecule techniques such as single fluorophore tracking [4, 5] 
and single molecule fluorescence resonance energy transfer [1, 6-8] have proven to be effective 
tools for such purposes and have provided new biological information related to enzyme activity 
[6], transcription [7], protein dynamics [8], identification of rare intermediates and kinetic 
heterogeneity during RNA folding [5, 9], and RNA-protein interactions [10].  Despite recent 
advances, however, most studies rely on biomolecules either immobilized on substrates or 
confined in a matrix, and observation of single molecule behaviors inside live cells remains 
challenging [11-15]. The inherent limitations of molecular dyes for single molecule imaging, 
including low signal intensities, complex blinking phenomena, and photobleaching, are even 
more pronounced in live cell studies [16]. Specifically, the fast photobleaching (less than a 
minute) of fluorescent dyes [17] hinders the ability to continuously monitor signaling pathways 
that transpire on the timescale of hours.  New fluorophores such as green fluorescent proteins 
(GFPs) and quantum dots (QDs) have led to significant improvements [18, 19]. For example, 
GFPs can be expressed as chimeras with a protein of interest to study subcellular localization in 
live cells, but are still prone to photobleaching [18]. QDs show less bleaching, but blinking can 
make the interpretation of single molecule data obtained with QDs ambiguous [20]. Recent 
advances suggest that blinking can be controlled, but there are still remaining issues such as a 
broad photoluminescence spectrum and biocompatibility [21-23]. 
 We recently reported an alternative imaging technique utilizing gold nanoparticle 
plasmon rulers for the optical readout of in vitro single DNA hybridization and cleavage kinetics 
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[24, 25]. Since gold nanoparticles effectively scatter visible light and do not suffer from blinking 
or photobleaching [26], they have great potential to both provide the highly enhanced signal 
intensity required for single molecule detection and greatly extend the observation time for 
monitoring biological processes in living cells [27]. To test this hypothesis, we chose caspase-
dependent apoptotic signaling as a case study because apoptosis is an important biological 
process for maintaining homeostasis and function of the immune system and is highly related to 
various autoimmune diseases and cancer [28]. Previous studies with ensemble techniques have 
shown that the activation of caspase-3 through the apoptotic signaling pathway can take several 
minutes up to hours [29]. The long time scale of these signaling events has made them difficult 
to measure continuously at the single molecule level with established techniques. Here, we 
demonstrate the first in vivo application of plasmon rulers in a study of caspase-3 signaling at 
the single molecule level in living cells. The signal provided by these plasmon rulers allowed 
continuous observation of caspase-3 activation at the single molecule level in living cells for 
over 2 hours, unambiguously identifying early stage activation of caspase-3 in apoptotic cells.  
 
Results and Discussion 
Design and synthesis of crown nanoparticle plasmon rulers.   In order to apply the plasmon 
rulers to in vivo cell signaling, it is necessary to construct a nanoparticle assembly that provides 
a very clear signal at the single molecule level in the highly heterogeneous and high-background 
scattering environment of live cells. For the design of such an assembly, it is important to recall 
that the polarizability, and hence the light scattering intensity for a pair of particles in close 
proximity (within one diameter) is significantly greater than that of two separate particles [24, 
25]. In fact, this applies to assemblies where the particle is surrounded by several others. Here 
we find, for instance, that a crown nanoparticle assembly with a core 40 nm particle surrounded 
by five others (Fig. 4.1a, b) scatters light approximately 44 times more intensely than a single 
particle, along with a substantial spectral redshift (Δλ= 75 nm) (Fig. 4.1c, d, Fig. S4.1). For this 
reason, we developed a series of crown nanoparticle plasmon rulers for this in vivo study of 
caspase-3 activation (Fig. 4.1b). These assemblies are linked together by peptides containing the 
DEVD sequence via Neutravidin-biotin and Au-thiol chemistries (Supporting Materials).  It is 
well-known that caspase-3 cleaves the DEVD sequence most efficiently; therefore, caspase-3 
cleavage of one of the DEVD peptides [30] in the crown nanoparticle is expected to result in an 
immediate reduction in light scattering intensity. Recent reports also suggest that other 
caspases can exhibit some activity for DEVD [31]. Although the cleavage activities of caspase-6, 
8, and 10 to this substrate are negligible (25 -103 times less active) compared to caspase-3, 
caspase-7 cleaves DEVD with similar efficiency. To minimize such cross-reactivity, we used a cell 
line which caspase-7 is not expressed at the mRNA level. In addition, we inserted a glycine 
residue at the P1’ site which is known to be optimal for caspase-3 cleavage activity. The use of a 
substrate containing a peptide bond avoids selectivity issues that have been observed with 
substrates containing activated amide bonds such as amino-coumarin and para-nitroanilide [32, 
33]. 
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In vitro studies and analyses of enzymatic kinetics.   We first investigated the capabilities of the 
crown nanoparticles to detect caspase-3 activity under in vitro conditions.  The Neutravidin-
functionalized crown nanoparticles were immobilized on the biotinylated surface of a glass flow 
chamber (Fig. 4.2a).  The scattering color and intensity were monitored under a dark field 
microscope with a 100 W tungsten lamp for illumination.  Upon addition of caspase-3 (250 
ng/ml), initial intense red colored spots (Fig. 4.2b) gradually turned into yellow and then dim 
green spots as time elapsed (Fig. 4.2, c & d).  Consistent with these observations, stepwise 
spectral blue-shifts in the scattering spectrum of a single crown nanoparticle were detected due 
to sequential loss of satellite nanoparticles by caspase-3 mediated peptide cleavage (Fig. 4.2e).  
Single particle trajectories of the scattering intensity recorded by EM-CCD (temporal frequency: 
120 Hz) also show a stepwise decrease in the scattering intensity corresponding to each 
individual proteolytic event (Fig. 4.2f).  

Figure 4.1: Crown nanoparticle plasmon rulers. (a) Schematic of crown nanoparticle probes which are 
composed of a Neutravidin-coated gold core nanoparticle with multiple biotinylated gold satellite 
nanoparticles.  Peptides with the caspase-3 cleavage sequence DEVD crosslink the core and satellite 
nanoparticles via avidin-biotin interactions. (b) Transmission electron microscopy (TEM) of crown nanoparticles. 
Approximately 3-6 satellite nanoparticles are linked to the core nanoparticle. (c) A representative scattering 
image of crown nanoparticles. Intense and bright red colored spots correspond to a single crown nanoparticle. 
(d) Representative scattering spectra of a single crown nanoparticle (red) and a single gold nanoparticle (black). 
A single crown nanoparticle probe exhibited a significant redshift (Δλ= 75 nm) and highly increased scattering 
intensity (~44 times), compared to a single gold nanoparticle. 
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To analyze the kinetics of cleavage by caspase-3, each proteolytic event was counted 
(n=300) and plotted as a function of time (Fig. S4.2).  The cumulative probability was calculated 
by dividing the number of cleavage events up to a given time, by the total number of cleavage 
events observed during the experimental time-course (Fig. 4.2g).  The results of this in vitro 
experiment fit well to a first order kinetic model, with a kinetic rate constant (k) of 0.0046 s-1.   
Using literature values for Km and the rate constant derived from this work, the catalytic kinetic 
constant (kcat) was calculated to 6.17 s-1 [34].  This value falls within the range of previously 
reported kcat values (2.4 – 8.2 s-1) obtained in ensemble studies [34]. Control experiments either 
in the absence of caspase-3 or with crown nanoparticle probes constructed from a peptide 

Figure 4.2: In vitro caspase-3 mediated cleavage of crown nanoparticle plasmon rulers. (a) Schematic of 
experimental design. Crown nanoparticles were immobilized on a glass flow chamber via avidin-biotin 
chemistry. After equilibrating with buffer, caspase-3 molecules were introduced and the color and intensity 
changes of crown nanoparticles were monitored under dark field microscopy. (b-d) Scattering color changes 
upon caspase-3 treatment of crown nanoparticles. Intense red-colored spots (b) progressed to yellow spots (c) 
and then dim green spots (d). (e) A representative spectral shift of a single crown nanoparticle upon caspase-3 
cleavage. Initially, the crown nanoparticle exhibited a scattering peak maximum at 654 nm (red). Gradually 
blue-shifts were observed as time elapses, corresponding to the sequential cleavage of satellite nanoparticles. 
(f) Single crown nanoparticle intensity trace as a function of time. The trajectory was recorded at a temporal 
resolution of 100 Hz by using an intensified CCD detector. Stepwise-intensity drops were observed, which 
correspond to the sequential satellite nanoparticle cleavages. (g) Determination of rate constant using crown 
nanoparticle rulers as a substrate. The cumulative probability of cutting is shown as a function of time..  Fitting 
the curve yielded first-order rate constant k.  Using k and literature reported Km, kcat was calculated to be 6.17 s

-

1
. 
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lacking the DEVD sequence showed only minimal cleavage (Fig. S4.3).  
  

Intracellular delivery and distribution of plasmon rulers.  The in vitro experiments 
demonstrated that the crown nanoparticles could be used to monitor caspase-3 activity and 
were modified for live cell experiments. In order to deliver the Neutravidin-functionalized crown 
nanoparticle probes inside of cells, they were conjugated with a biotinylated form of the cell 
penetration peptide, TAT.  Either HeLa or SW620 cells were incubated with the TAT-modified 
crown nanoparticle plasmon rulers for 12 hours to allow sufficient time for loading into cells, 
and then imaged with a dark field microscope. The background scattering from the cell details 
its boundary, while the bright red spots inside suggest successful delivery of the plasmon rulers 
(Fig. 4.3, a, b). Without TAT modification, there was no indication of the nanoparticle delivery 
inside cells (Fig. S4.4); however, some of the nonspecifically bound plasmon rulers were seen on 
the culture plate at a high dose of nanoparticles (Fig. S4.5). 

While definitive proof of cytosolic localization of the gold nanoparticles awaits further 
experimentation, their sub-cellular distribution can be inferred from following regards. TAT 
peptides release a wide range of cargos such as gold nanoparticles from endosomal 
compartments following endocytosis [35]. SW620 cells were incubated with the TAT conjugated 
crown nanoparticles for 12 h to provide time for TAT mediated endosomal escape. The 
nanoparticles that remain endosomally trapped will eventually fuse with lysosomes, which are 
not accessible to caspase-3 [36]. The apoptotic inducer used in this study has been shown to 
permeabilize lysosomal membranes, facilitating the release of pro-apoptotic cathepsins [37]. 
Therefore the efficiency of our cytosolic delivery might be a function of both TAT induced 
endosomal escape and lysosomal permeabilization during apoptosis. The caspase-3 mediated 
cleavage events that are described later in fact suggest that the majority of crown nanoparticles 
are cytosolic.   
The scattering signals from the plasmon rulers are highly intense compared to the background 
scattering from the cell, allowing continuous imaging at rates up to 250 Hz with an EM-CCD. In 
addition, the scattering signal lasts more than ~8 hrs under continuous illumination of visible 
light, with no signal decrease in healthy cells. The highly intense and stable scattering properties 
of crown nanoparticles should allow the detection of single particle trajectories with high 
temporal resolution during caspase-3 activation. 
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Figure 4.3: Cellular delivery of crown nanoparticles in live cells and their utilization for single molecule imaging 
of caspase-3 activation in apoptotic cells. (a, b) Crown nanoparticles were first conjugated with the cell 
penetration peptide, TAT, and delivered into colon cancer cells SW620. Bright red colored spots correspond to 
individual crown nanoparticles.  (c, d)  Ensemble caspase-3 activity was measured by either a luminescence 
assay (Caspase Glo 3/7) or flow cytometry 30 min, 100 min, 4.5 hours, and 23 hours after the addition of TNF-

 (c) The luminescence assay shows minimal caspase-3 activation at early stages.  TNF-  
caspase-3 activation is evident only at 23 hours. (d) Flow cytometry results are consistent with the 
luminescence assay.  Shoulder peaks that might be indicative of caspase-3 activity appear at early time points. 
(e-g) Caspase-3 activation was induced by the addition of the apoptotic inducers TNF-
elapses, some red spots turn into either dim red or green dots. (h-j) Vehicle treated cells show almost no signal 
change during the entire observation time. (k-m) Cells were pre-treated with the caspase-3 inhibitor, z-DEVD-
fmk and subsequently treated with TNF- . There are no indications of proteolysis throughout the time 
course. 
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Ensemble assay of caspase-3 activity in live cells.  Before investigating caspase-3 activity in live 
cells with the crown nanoparticle plasmon rulers, we first measured caspase-3 activity in cells 
via conventional non-continuous fluorescence-based ensemble techniques. SW620 cells were 
treated with the apoptotic inducers, tumor necrosis factor-α (TNF-α) and cycloheximide (CHX). 
SW620 cells were chosen because caspase-7, the major competitor for the DEVD sequence, is 
absent in SW620 cells at the mRNA level.  In addition, it is well documented that SW620 cells 
are resistant to death receptor induced apoptosis and low levels of caspase-3 activity upon 
addition of death receptor agonists [38]. We reasoned that low levels of caspase-3 activity 
would be an excellent test of the single molecule sensitivity of the crown nanoparticles. To 
confirm the resistance of SW620 cells to death receptor mediated apoptosis, we employed 
ensemble analyses with peptide substrates containing the DEVD sequence.  Analysis of caspase 
activity with a luminescent assay (Caspase Glo 3/7) showed almost no caspase-3 activity in cell 
lysates 4.5 hours after the addition of TNF-α/CHX.  In fact, death receptor induced caspase-3 
activity was only detectable after 23 hours (Fig. 4.3c).  To investigate caspase-3 activity on a cell-
by-cell basis, we also performed flow cytometry with a cell permeable fluorescent DEVD 
substrate. Consistent with the in vitro data, only a small percentage of cells show high levels of 
caspase-3 activity (labeled III; fluorescence intensity (F.I.) between 102 and 103) 23 hours after 
addition of TNF-α/CHX (Fig. 4.3d(III); Figs. S4.6, S4.7). Interestingly, at early time points, an 
unknown shoulder peak also appears (labeled II) and then decreases gradually (Fig. 4.3d(II)). 

  
In vivo plasmon rulers for imaging of caspase-3 activation.  Use of the crown nanoparticle 
plasmon rulers allows continuous observation of caspase-3 activation at the single molecule 
level, and provides a clearer understanding of the origin of the shoulder peaks in the flow 
cytometry and the early stage caspase-3 activation. Some crown nanoparticles exhibited 
sudden intensity drops after a short period of time (30 min and 100 min) following the addition 
of TNF-α/CHX (Fig. 4.3, e-g), which correspond to the cleavage of satellite nanoparticles by 
activated caspase-3. Since caspase-3 is present predominantly in the cytosol, the observed 
cleavage of crown nanoparticles during apoptosis is consistent with cytosolic localization. On 
the other hand, some nanoparticles (~15 %) do not show any signal reduction after addition of 
an apoptotic inducer. This is possibly due to residual endosomal trapping of a portion of the 
nanoparticle plasmon rulers. The peptide in our crown nanoparticle is a selective caspase-3 
cleavage sequence and is unlikely to be cleaved by other endosomal proteases such as papain-
like proteases, because these proteases have been shown to be unable to degrade peptide 
substrates with P1 Asp [39].  
 In order to verify that the sudden intensity changes of the crown nanoparticle probes 
were due to the caspase-3 activity, a number of control experiments were performed. In the 
absence of TNF-α/CHX, virtually no changes in the scattering signals of the plasmon rulers were 
observed over the entire 2 hour measurement period (Fig. 4.3, h-j).  As another control, we pre-
treated the cells with a cell permeable caspase-3 inhibitor, z-DEVD-fmk, and activated apoptotic 
signaling by the addition of TNF-α/CHX.  No sign of cleavage was observed over the course of 
the experiment (Fig. 4.3, k-m).  In a separate experiment, we measured the behavior of the 
crown plasmon nanoparticle rulers that are nonspecifically bound on the cell culture plate.  The 
scattering signal of these rulers remained unchanged upon addition of TNF-α/CHX to cells (Fig. 
S4.5).  These results show that caspase-3 is activated at early time points during death receptor 
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induced apoptosis and this activation is barely detectable by currently available ensemble 
analyses.  

Interestingly, unlike small molecular probes, the movement of crown plasmon rulers is 
minimal during the observation time course. It is well-known that the presence of networks of 
cytoskeleton filaments restricts the diffusion of large particles in cells [39, 40]. Though there 
should be regional and cell-dependent differences, the size of void spaces (50 - 250 nm) is 
similar to that of plasmon rulers (~100 nm) [40, 41]. Their movement in the cytosol is hindered 
by such cytoskeletal sieving and therefore they diffuse slowly. On the other hand, the cleaved 
satellite nanoparticles are smaller than the void size.  Thus, upon cleavage, the freed individual 
particles can readily escape from the region of interest, which is defined as the diffraction limit 
(Fig. S4.8).  Such limited diffusion of our plasmon rulers in the cytosol enables facile 
interpretation of single particle trajectories with minimal signal perturbation by the probe 
movement. 

Single particle trajectories of the crown nanoparticle probes were obtained with an EM-
CCD enabling kinetic analysis of the enzymatic reaction in vivo and providing more details on 
early stage caspase-3 activation.  Fig. 4.4, a & b show the scattering intensity map of a whole 
cell labeled with crown nanoparticles and a representative time trace of a single crown 
nanoparticle probe upon addition of the apoptotic inducers TNF-α/CHX, respectively (See also 
Figs. S4.9, S4.10).   Each cleavage event, represented by a sudden intensity drop in the time 
traces (Fig. 4.4b, arrows), was counted independently for each particle in all cells (Fig. 4.4c).  
Only minimal cleavage events were observed directly after the addition of TNF-α/CHX, but after 
several minutes, the number of cutting events increased dramatically (Fig. 4.4b, c).  The time lag 
(~16 min) between the addition of the TNF-α/CHX and the majority of cleavage events is 
indicative of the induction time required for signaling events upstream of caspase-3 activation 
such as initiator caspase-8 activation.  

To further understand early stage caspase-3 activation, we also analyzed the cleavage 
statistics of nanoparticles located inside ten individual cells from the same group (Fig. S4.11).  
Interestingly, we observed significant variations in the induction times between different cells in 
the same population, ranging from 15 min to 50 min (Fig. 4.4d). In addition, we found that 
differences in the induction time correlate with the time duration from the initial to the 
complete cleavages of the crown nanoparticle rulers (Fig. 4.4e). In addition, we found  that 
differences in the induction time (labeled in Fig. 4.4c) correlate with the time required for the 
majority of cleavages to occur (defined as cutting period and labeled in Fig. 4.4c) (Fig. 4.4e). A 
longer cutting period was observed for cells exhibiting a longer induction time. While the total 
cleavage period and induction time were correlated within a cell, variability in both induction 
time and total cleavage period across cells in the same population reflect the heterogeneity in 
the resistance of cells to caspase-3 activation.  Such results are consistent with recent single cell 
studies describing that cells in a group can exhibit different caspase-3 activation behaviors in 
response to the same apoptotic stimulus and such differences determine whether cells die or 
survive after a certain period of time [29, 42]. This variability is believed to be dependent on 
each cell’s individual resistance to death receptor induced apoptosis [29, 42]. 
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Conclusion 
 The crown nanoparticle plasmon ruler technique provides a new way for probing single 
molecule activities in live cells. In this work, we have demonstrated that crown nanoparticle 
plasmon rulers can be used for continuous observation of caspase-3 activity, establishing 
plasmon rulers as robust tools for single molecule imaging in live cells. This would not be 
possible with conventional single molecule imaging techniques, which are limited by much 
shorter continuous observation windows or discontinuous snap-shot imaging. Caspase-3 
activation kinetics was successfully analyzed at the single molecule level. Although the current 
study only probes enzyme activity, more elaboration of the crown nanoparticle plasmon rulers 
by using proper peptides will afford the possibility of studying the dynamics of enzymatic 
reactions with signaling molecules such as conformational changes in live cells. Furthermore, by 
using different types of plasmon rulers in terms of nanoparticle composition, size, shape, and 
number of particles, it should be possible to realize multi-color imaging of different signaling 
molecules in live cells. This will allow the activity of different signaling effectors to be correlated 
within the same cell at the single-molecule level. 

Figure 4.4: Single particle traces in live cells as a function of time. (a) Scattering intensity map of a single cell 
having internalized multiple crown nanoparticles plasmon rulers. (b) Trajectory of a single crown nanoparticle 
upon addition of TNF- . Stepwise decreases in signal intensity were observed, which correspond to the 
sequential cleavage of satellite nanoparticles by caspase-3. (c, d) Statistical analyses of crown nanoparticle 
cleavages in a single cell as a function of time (c). Only minimal proteolysis was observed from 0 min to 16 min. 
Then, a rapid increase in cleavages occurs in the period from 16 to 35 min, indicative of caspase-3 activation. 
Caspase-3 mediated proteolysis of ten different cells in a group (d). Differences in induction times across cells in 
the same population reflect cell-by-cell heterogeneity against caspase-3 activation. (e) A plot of the induction 
time (i.e. time from addition of apoptotic inducer until 5% of cleavages have occurred) vs. the cutting period 
(i.e. time following the induction period and ending when 95% of cleavages have occurred) of crown 
nanoparticle plasmon rulers. A slower cleavage rate was observed from cells exhibiting a longer induction time 

for initial cleavage. 
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Materials and Methods 
Reagents. Gold nanoparticles (40 nm) were purchased from Ted Pella Inc. and were ligand-
exchanged with P,P’-(bis-p-sulfonatephenyl)-P”-phenylphosphine according to a literature 
protocol (25) and then concentrated to 5 nM. Either biotin-GSEGGSESEDEVDGGSNSGGRLCC or 
biotin-CH2CH2(OCH2CH2)6DEVDG-GCH2CH2(OCH2CH2)12CC peptides were used as caspase-3 
substrates and were purchased from New England Peptide Inc. HOOCCH2(OCH2CH2)6S-
S(OCH2CH2)6-CH2COOH and biotin-CH2(OCH2CH2)6S-S(OCH2CH2)6-CH2-biotin were purchased 
from PolyPure Inc. and reduced by treatment with BSPP before use.  
Optical setup. Scattering images were taken using an Axioplan2 upright microscope (Zeiss, Jena, 
Germany), with a dark field immersion oil condenser. The microscope was modified by the 
addition of an iXon EM-CCD detector (512 x 512 pixel chip; Andor, South Windsor, CT) on the 
imaging port of the SpectraPro 2300i spectrometer (Acton, MA). 
Synthesis of crown nanoparticles. Synthesis of Neutravidin (Ntv)-coated gold nanoparticles and 
peptide conjugated gold nanoparticles are described in Supporting Materials. 15 μLof Ntv-
coated gold nanoparticles (1 nM) was added to 300 μL of peptide conjugated gold nanoparticles 
(5 nM). After an overnight reaction at 4 oC, crown nanoparticles were separated from highly 
ordered aggregates and excess reactant nanoparticles via a sucrose-density gradient separation 
protocol with detection by UV-Vis absorption spectrometry. 
In vitro single-molecule experiments. The glass flow chamber was modified with BSA-biotin 
(Roche, Nutley, NJ) as described in the literature [23]. A dilute solution of crown nanoparticle 
plasmon rulers was flushed into the chamber. The chamber was equilibrated with T30 buffer (10 
mM Tris, 30 mM NaCl) and then flushed with 200 μL of 250 ng/ml caspase-3 in 10 mM 
phosphate buffer containing 50 mM NaCl. The scattering color images and intensities of the 
crown nanoparticle plasmon rulers in the field of view were continuously monitored by either a 
color camera (Coolsnap cf.; Roper Scientific, Trenton, NJ) or an EM-CCD. Also, we recorded the 
scattering spectra of individual crown nanoparticle plasmon rulers during caspase-3 mediated 
cleavage. For comparison, we used biotin-GSEGGSESEIETDGGSNSGGRLCC peptide-conjugated 
crown nanoparticles.  
Caspase-Glo® 3/7 Assay. SW620 cells were maintained in DMEM, 10% FBS, 1x glutamax, and 1x 
penicillin/streptomycin.  Four 96-well clear plates were seeded with 2 x 104 SW620 cells/well for 
a seeding density of 6.25 x 104 cells/cm2.  Cells were allowed to attach overnight.  On average, 
cells were at 30% confluency before addition of apoptotic inducer.  Prior to induction, media 
was removed and replaced with the following reagents in SW620 growth media:  1 µM 

staurosporine (0.1% final DMSO; Sigma, Catalog S6942); 0.2 µg/ml TNF- (Invitrogen, Catalog 
PHC3016) and 2 µg/ml cycloheximide (CHX) (1% final DMSO; Sigma, Catalog C4859); or vehicle 
controls with matching concentrations of DMSO.  A total of 12 replicates were performed.  23 h, 
4.5 h, 100 min, and 30 min after addition of apoptotic inducer, Caspase-Glo® 3/7 Reagent 
(Promega) was added to all wells in a 1:1 ratio following manufacture’s instructions.   After 10 
min on a plate shaker at room temperature, 90% of the lysate volume was transferred to a 96 
well solid white plate (E&K Scientific, Catalog EK-25075).  Cell lysates were analyzed with an 
Analyst HT microplate reader (Molecular Devices) and data points were blank subtracted.   
Flow cytometry. A six well-plate was seeded with 5.7 x 105 SW620 cells/well for a seeding 
density of 6 x 104 cells/cm2.  Cells were allowed to attach overnight.  On average, cells were at 
30% confluency before addition of apoptotic inducer.  Addition of apoptotic inducers was 
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performed as described above.  23 h, 4.5 h, 100 min, and 30 min after addition of apoptotic 
inducer, media was removed from all wells.  To recover caspase-3 positive cells that might have 
detached during the time-course, cells from the media were harvested by centrifugation at 
1,000 r.c.f. for 5 min and combined with cells recovered from the plate.  The cells on the plate 
were detached using TrypLE Express (Gibco, Catalog 12604-013) following manufacturer’s 
instructions.  After harvesting by centrifugation, supernatant was removed and cells were re-
suspended in 75 µL of PhiPhiLux G1D2 (OncoImmunin, Catalog A304R1G).  This reagent contains 

a peptide with the sequence DEVD-GI that is homodoubly labeled with a fluorophore (ex=505 

nm; em=530 nm).  Cells were incubated at 37 °C, 5% CO2 for one hour.  Following incubation, 1 
ml of flow cytometry dilution buffer (OncoImmunin) was added to each tube and cells were 
harvested by centrifugation.  Following supernatant removal, cell pellets were loosened by 
gently flicking, re-suspended in 1 ml of flow cytometry dilution buffer, and transferred to 12 x 
75mm polystyrene round-bottom test tubes (BD Biosciences, catalog number 352054).  2 x 104 
cells were analyzed with a Beckton Dickinson FACS Calibur cytometer.  Unstained cells (not 
loaded with substrate) were adjusted to the 1st decade of the FL1 channel and data analysis was 
performed with FlowJo version 7.2.4.  To facilitate analysis of the shoulder peaks, the major 
peak of each histogram (located between fluorescent intensity of 101 to 102) were overlaid and 
plotted in Figure 4.3d. 
Single-molecule imaging of caspase-3 catalytic reaction in SW620 cell lines.  Crown 
nanoparticles (approximately 0.15 pmol) were treated with 4.5 pmol of biotinylated TAT 
peptides for 1 hr. Then, the TAT-conjugated nanoparticles were mixed with 2 ml of culture 
media. SW620 cells were incubated with the nanoparticle solution for 12 hours. The cells were 
washed with 2 ml of SW620 growth media three times. The cells were treated with 0.2 µg/ml of 
TNF-α and 2 µg/ml of CHX and continuously monitored by either color camera (Coolsnap cf.; 
Roper Scientific, Trenton, NJ) or an EM-CCD (scan speed: 100 images per min) for 2 hours. 
 
Supporting Materials 
Synthesis of peptide conjugated gold nanoparticles (satellite nanoparticles). Biotinylated 
peptide (6 pmol) was added to the gold nanoparticle solution (3 nM) and reacted overnight. 
Then, 105 molar excess of HOOCCH2(OCH2CH2)6S-S(OCH2CH2)6-CH2COOH was added to the 
solution and further reacted for 2 hr. Peptide-conjugated nanoparticles were separated by 
agarose gel electrophoresis at 100 V for 1 hr and isolated. Centrifugation of the nanoparticle 
solution at 1800 r.c.f. for 10 min yielded red pellets. Clear supernatant was decanted and the 
nanoparticle pellet was resuspended in T100 buffer (10 mM Tris, pH 8.0, 100 mM NaCl) to a 
final concentration of 5 nM . 
Synthesis of Neutravidin (Ntv)- coated gold nanoparticles (core nanoparticles). A 105 molar 
excess of HOOCCH2(OCH2CH2)6S-S(OCH2CH2)6-CH2COOH and biotin-CH2(OCH2CH2)6S-
S(OCH2CH2)6-CH2-biotin mixture (25:1 molar ratio) was added to a gold nanoparticle solution (3 
nM) and reacted for 2 hrs. The nanoparticles were separated by gel electrophoresis as described 
above. A 10,000 equivalent amount of succinylated Ntv was then added to the nanoparticle 
solution. After an overnight reaction at 4 oC, nanoparticles were isolated via centrifugation at 
1800 r.c.f. for 10 min and dissolved in T100 buffer. The excess amount of Ntv was removed by 
repeated washing with T100 buffer (3 times) by using a Centricon (Amicon). The final 
concentration of Ntv-coated nanoparticles was adjusted to 1 nM. 
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Figure S4.1: Representative scattering spectra of single crown nanoparticles. 
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Figure S4.2: Representative single crown nanoparticle trajectories and (e) histogram of cleavages (n = 300) 
during the experimental time course. 
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Figure S4.3: Control experiments for detection of in vitro caspase-3 activity  (a, b) Scattering images of crown 
nanoparticles that were not treated with caspase-3. (c, d) Scattering images of crown nanoparticles that are 
linked by a peptide containing the sequence IETD, instead of DEVD. Although it is reported that that Ac-IETD-
AFC can be cut by caspase-3, its cleavage activity is almost negligible at the very low concentration of caspase-3 
that we used (250 ng/mL or 4.31nM). No changes in color and intensity were observed for these controls. (e, f) 
Representative single particle trajectories of the non-treated crown nanoparticles linked by peptides containing 
the sequence DEVD (e) and caspase-3 treated crown nanoparticles linked by peptides containing the sequence 
IETD.  
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Figure S4.4: Delivery of crown nanoparticles inside cells. (a) Dark field microscope images of HeLa cells 
incubated with unmodified crown nanoparticles (b), SW620 cells incubated with TAT conjugated nanoparticles. 
Localization of nanoparticle scattering surrounding the nucleus indicates the nanoparticles are either in the 
cytosol or in endosomes rather than in surface membrane. 

 Figure S4.5: Behavior of crown nanoparticles without TAT modification that have nonspecifically bound to the 
cell culture plate. (a, b) Scattering images show nonspecifically bound crown nanoparticles before (a) and 100 
min after (b) the addition of TNF-
nonspecifically bound crown nanoparticles. 
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Figure S4.6: As a control, we also treated SW620 cells with the caspase-3 activator staurosporine and found 
levels of caspase-3 activation to be in good agreement with literature. (See: Heerdt, B. G., Houston, M. A., 
Mariadason, J. M. & Augenlicht, L. H. Dissociation of Staurosporine-induced Apoptosis from G2-M Arrest in 
SW620 Human Colonic Carcinoma Cells: Initiation of the Apoptotic Cascade Is Associated with Elevation of the 
Mitochondrial Membrane Potential. Cancer Res. 60, 6704-6713 (2001).) (a)  Caspase-3 activity measured by 
luminescence (Caspase-Glo® 3/7 Assay).  (b, c) Caspase-3 activity measured by flow cytometry.  (b)  Histograms 
of SW620 cells 30 min (green) and 23 h (blue) after staurosporine addition are overlaid with vehicle treated 
cells (red).  To quantify the % of caspase-3 positive cells, the same gate (horizontal line) was applied to each 
histogram.  (c)  % of caspase-3 positive cells determined by applying the gate shown in Panel B to each time 
point. 
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Figure S4.7: Percentage of cells within region II (black line) and within region III (red line) of Figure 3d in the 
manuscript. 

Figure S4.8: Fate of cleaved satellite nanoparticles in the cytosol. 
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Figure S4.9: Trajectory of a single crown nanoparticle ruler located inside vehicle treated SW620 cells. 

Figure S.4.10: A time trace trajectory of a single crown nanoparticle located inside TNF-α/CHX treated SW620 
cells for two hours. 
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Figure S4.11: Cleavage statistics of nanoparticles located inside ten individual cells from the same group. For cell 
#1, see Figure 4c. 
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Chapter 5 - Coupling of Optical Resonances in a 
Compositionally Asymmetric Plasmonic Nanoparticle 

Dimer 
 
 

Abstract 
 Electromagnetic coupling between a pair of plasmon resonant nanoparticles follows 
principles of molecular hybridization, i.e., particle plasmons hybridize to form a lower energy 
bonding plasmon mode and a higher energy anti-bonding plasmon mode. For coupling between 
equivalent particles (homodimer), one of these modes is strongly allowed in light scattering 
experiments, depending on the incident polarization, the other being dark due to the 
cancellation of the equivalent dipole moments. We probe, using polarized scattering 
spectroscopy, the coupling in a pair of non-equivalent particles (heterodimer), i.e., a silver and a 
gold nanoparticle, which allows us to observe both bonding and anti-bonding plasmon modes 
at the same time. The hybridization model postulates that the lower energy mode should be 
red-shifted with respect to the gold particle plasmon resonance and the higher energy mode 
blue-shifted with respect to the silver particle plasmon resonance.  In practice, the higher 
energy mode is red-shifted with respect to the silver plasmon resonance. This anomalous shift 
is due to the coupling of the silver particle plasmon resonance to the quasi-continuum of inter-
band transitions of the gold, which dominate in the spectral region of the silver particle 
plasmon resonance. The plasmon hybridization model, which considers the metal to have only 
ideal free electron behavior, fails to account for the observed coupling between a plasmon 
resonance mode (collective conduction electron oscillation) and an inter-band absorption 
(bound electron transition). 
 
Introduction 

The optical properties of metallic nanostructures are dominated by their localized 
surface plasmon resonances, the collective coherent oscillation of conduction electrons in the 
metallic nanostructure[1].  In an individual metallic particle, the frequency, strength, and 
quality of the localized surface plasmon resonance (LSPR) depends sensitively on the size, 
geometry, the metal composition, and the refractive index of the local environment[2, 3].  In 
addition, the LSPR of a metal nanoparticle is especially sensitive to the presence nearby of 
other metal nanoparticles, as well as organic chromophores or quantum dots. In an assembly of 
proximal metal nanoparticles, the LSPR is strongly affected by the near-field coupling of the 
resonances of the individual particles[4, 5]. Such plasmonic coupling between nanoparticles 
offers a unique strategy to tune the spectrum, strength, as well as the spatial distribution and 
polarization of local electric fields in and around the nanostructure[6, 7]. For example, the 
plasmon coupling between a pair of metal nanoparticles has been used to generate a strongly 
confined and enhanced electric field at the junction of the pair allowing for intense surface-
enhanced Raman scattering (SERS)[8, 9], for achieving improved sensitivity of the resonance to 
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the local environment[10, 11], and also for photonic propagation and wave-guiding[12, 13]. The 
near-field coupling, being tunable by the coupling distance, has also been used to design 
plasmon rulers for measuring nanoscale distances[14-16] and metallic nanoshells/nanoboxes 
for visible-NIR-tunable absorbers and scatterers[17, 18]. In order to optimally design and 
exploit near-fields, the fundamental study of plasmon coupling has been the subject of 
numerous studies, and remains a topic of intense current interest.   

An established model of plasmon coupling has already been developed from 
electrodynamic theory and experimental LSPR spectra of assembled nanostructures. It is well 
accepted from the work of Nordlander and Halas[19, 20] and the El-Sayed group[21] that 
plasmon coupling can be viewed as analogous to molecular hybridization. The plasmon modes 
(ψ1 and ψ2) of two interacting metal nanoparticles hybridize either in-phase (ψ1+ ψ2) or out-of-
phase (ψ1-ψ2). When the incident light field is polarized along the inter-particle-axis 
(longitudinal polarization), the in-phase mode reflects a bonding mode (with electric field 
enhanced at the junction and a red-shift of the LSPR frequency) and the out-of-phase mode 
represents an anti-bonding configuration (with the electric field localized on the non-junction 
ends of the particles and a blue-shift of the LSPR frequency), respectively denoted as σ and 
σ*.[21] However, when the polarization is perpendicular to the inter-particle axis (transverse 
polarization), the scenario is exactly reversed, i.e., the in-phase mode is an anti-bonding mode 
(π*) and the out-of-phase one a bonding mode (π). It must be noted, however, that the 
coupling and the resulting LSPR shifts are weaker in the case of transverse polarization[21]. In 
the case of plasmonic “homodimers”, the anti-phase mode is spectrally dark due to the 
cancellation of the equal but oppositely oriented dipoles on the two particles[20]. Hence, a 
homodimer structure under longitudinal polarization supports only a bonding plasmon mode 
(σ), with its electric field strongly localized at the junction of the dimer. Likewise, only a π* 
mode is observed in a homodimer under transverse polarization. 

In the present work, we investigate both experimentally and theoretically a plasmonic 
“heterodimer” structure, which due to its broken symmetry, is expected to support both 
bonding and anti-bonding plasmon modes at the same time, and also extends the concept of 
“plasmonic molecules” further. Past experimental work described in the literature has mainly 
focused on lithographically-patterned arrays that enabled studies of plasmon coupling with 
controlled spacing and orientation of the interacting metal nanoparticles, and incident light 
polarization , but limited such studies to coupling between particles of only one metal[4, 22]. 
Improvements in colloidal synthesis and particle functionalization strategies have opened up 
new opportunities for the study of plasmon coupling in complex nanoparticle assemblies 
including asymmetric nanoparticle dimers.  As a first example, Halas and Nordlander have 
assembled and studied the plasmon coupling in dimers of large and small gold nanospheres and 
nanoshells[23, 24] and found that the plasmon modes in this structure are dominated by strong 
dipole-multipole type interactions between the particles. We utilized colloidal conjugation 
techniques to assemble compositional heterodimers of gold and silver particles in order to 
systematically investigate the effects of symmetry breaking by dark-field scattering 
spectroscopy of single dimers. The small nanoparticles (< 50 nm) amenable to the DNA 
assembly method used here will show minimal multipolar contributions to the plasmon 
coupling[2]. 
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Results and Discussion 
The LSPR scattering spectrum of a symmetric dimer composed of 40nm silver particles is 

shown as a function of the polarizer angle in Fig. 5.1a.  The scattering spectrum from a 
symmetric dimer displays two distinct modes, the lower energy one resulting from  the 
longitudinal coupling of the particle plasmons (σ) and the higher energy one due to transverse 
coupling (π*), as expected from the plasmon hybridization model for a homodimer[20].  When 
the polarizer is oriented perfectly along the inter-particle axis, only the σ-mode is seen in the 
scattering spectrum, whereas only the π*-mode contributes when the polarizer is oriented 
perfectly perpendicular to the inter-particle axis. Although in our experiments, it is not possible 
to independently know the polarizer angle relative to the dimer axis, we are able to clearly 
assign the two polarizations, since the σ-mode is known (from our calculated spectra and past 
work[20]) to have a lower frequency and a stronger intensity, whereas the π*-mode is slightly 
blue-shifted and lower in intensity (Fig. 5.1c). These two extreme cases from our experimental 
results are plotted in Fig. 5.1b and agree with the scattering spectra predicted (Fig. 5.1d) using a 
coupled dipole-dipole model in the quasistatic approximation (see Supporting Information for 
details of model). At all intermediate angular orientations, the spectrum is a linear combination 
of the two orthogonal modes, as confirmed by the presence of a clear isosbestic point near 475 
nm[26].  

In order to demonstrate the effect of introducing a size asymmetry in the coupling 
scheme, we discuss the LSPR scattering spectra obtained from an asymmetric dimer composed 
of a 20-nm silver particle and 40-nm silver particle. The spectra are plotted as a function of the 
polarizer angle in Fig. 5.1e. The absence of an isosbestic point indicates that the spectrum is not 
solely a linear combination of two pure modes of the system. The experimentally measured 
scattering spectra from the two extreme orthogonal modes (longitudinal and transverse 
polarizations) of the asymmetric dimer each contain two modes (Fig. 5.1f), as supported by the 
spectra calculated for this system using the coupled dipole-dipole model (Fig. 5.1h) and the 
Discrete Dipole Approximation (DDA) method, which include multipolar modes and 
electromagnetic retardation (see Supporting Information for details). This observation is in 
direct contrast to the homodimer case and can be understood by introducing the asymmetry 
(Ψ1≠Ψ2) in the plasmon hybridization model, as depicted in the scheme in Fig. 5.1g. 

The out-of-phase (ψ1-ψ2) combinations of the individual particle plasmons, i.e., σ* for 
longitudinal polarization (higher energy compared to σ) and π for the transverse polarization 
(lower energy compared to π*), otherwise dark in the symmetric dimer, are dipole active in the 
size asymmetric dimer due to incomplete cancellation of the dipoles, respectively, from the 
small and large silver particles. Of course, these modes (σ* and π), being out-of-phase 
combinations are weaker in intensity compared to the in-phase modes (σ and π*), as seen in 
experiment and calculations. Thus, our results match the expectation from the plasmon 
hybridization model, modified for the size asymmetry. Furthermore, since transverse coupling 
is weaker than longitudinal coupling[21], we can know the direction of the energy shift resulting 
from the coupling of the particles even in the absence of experimental spectra from the 
isolated particles. Thus, the LSPR of the isolated “red” particle (ψ1) is closer to the π mode than 
the σ mode, and that of the isolated “blue” particle (ψ2) is closer to the π* mode than the σ* 
mode, as further confirmed by our calculations. Coupling in the size-asymmetric dimer is thus 
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observed to result in a red-shift of the lower-energy mode and a blue-shift of the higher energy 
mode, as expected from the hybridization of two non-degenerate modes (Fig. 5.1g). 

 

 

 

 

Figure 5.1: Plasmon coupling of symmetric (a-d) and size-asymmetric (e-h) silver nanoparticle dimers. 

Scattering spectra from a symmetric (a) and an asymmetric (e) dimer as a function of the polarizer angle (0-

90
o
). Two extreme cases from the polarization experiments of the symmetric and the asymmetric dimer are 

presented in panels (b) and (f), respectively. These match well with the hybridization model (c, g) and with the 

scattering spectra predicted using a coupled dipole-dipole model in the quasistatic approximation (d, f). 
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As an example of another form of symmetry-breaking, we discuss the measured LSPR 
modes of a representative compositional heterodimer composed of a 30-nm silver nanoparticle 
and a 40-nm gold nanoparticle. As silver nanoparticles scatter more strongly than gold particles 
of comparable size, we measured an asymmetric dimer with a slightly larger gold particle so 
that the scattering contribution from each particle in the pair would be roughly equal. The 
measured scattering spectra of the heterodimer are shown in Fig. 5.2a as a function of the 
polarizer angle. The extreme cases – transverse and longitudinal – plotted in Fig. 5.2b, are well 
supported by spectra (Fig. 5.3c) for the two polarization directions simulated using the DDA[27] 
method (Supporting Information) with experimentally measured dielectric functions for gold 
and silver[28]. Similar to the size-asymmetric heterodimer, the scattering from the longitudinal 
and transverse polarization directions each contains contributions from two modes. The σ-
mode is red-shifted with respect to the π-mode as would be expected from a red-shift of the 
gold particle LSPR in the heterodimer. However, the σ*-mode is red-shifted with respect to the 
π*-mode, which is in contrast to an expected blue-shift of the silver nanoparticle LSPR. Thus, 
the coupling in the silver/gold heterodimer results in both the gold nanoparticle and the silver 
nanoparticle LSPR modes shifting to lower energies, unlike what plasmon hybridization would 
predict. We have confirmed this observation by repeating the polarized scattering 
measurements for three other representative silver/gold heterodimers (Supporting 
Information). It is likely that this anomalous red-shift of the silver nanoparticle LSPR is due to 
the coupling of the silver nanoparticle LSPR mode to inter-band absorption of gold. Inter-band 
transitions in gold are known to be dominant in the region near and above the silver 
nanoparticle LSPR and thus may couple to the silver nanoparticle LSPR much more strongly 
than the spectrally-distant gold nanoparticle LSPR[29]. 
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Our dipole-dipole coupling model calculations (see Supporting Information for details) 
of the scattering spectra for the silver/gold heterodimer (Fig. 5.3) confirm this hypothesis. 
When the spectra are calculated by using the full dielectric function, i.e. with real and imaginary 
parts of the Drude and inter-band contributions fully included, the high-energy modes (π* and 
σ*) in the silver/gold heterodimer are found to be red-shifted with respect to the isolated silver 
nanoparticle mode (Fig. 5.3a). As described earlier, the red-shift is smaller for transverse 
coupling (π*) as compared to the longitudinal coupling case (σ*). This confirms the anomalous 
shift we observe experimentally and in DDA simulations. However, when we calculate the 

Figure 5.2: Plasmon coupling of a compositionally asymmetric dimer composed of a 30-nm silver and a 40-nm 

gold nanoparticle. (a) Scattering spectra of the asymmetric dimer as a function of the polarizer angle (0-90
o
). 

Two extreme cases (black and red) presented in the panel (b) reasonably match spectra for transverse (black) 

and longitudinal (red) polarization direction by the Discrete Dipole Approximation (DDA) method presented in 

panel (c), respectively 
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spectra by using a dielectric function with the dissipative (imaginary) part of the inter-band 
contribution of gold removed (see Supporting Information for details), we see that the high-
energy modes in the heterodimer are strongly blue-shifted (Fig. 5.3d), as would be expected 
from the plasmon hybridization model (Fig 5.3f), but found to be in direct contrast to the 
experimental observation. This strongly confirms the role of the gold inter-band absorption in 
determining the coupled plasmon modes of the silver/gold heterodimer. Clearly, a plasmon 
hybridization model which assumes the metal to have ideal free electron behavior[19] and 
neglects the bound core electronic contribution fails to account for the coupling we observe in 
the silver/gold heterodimers between the LSPR mode and the inter-band absorption. To 
account for this novel form of coupling, we present a modified plasmon hybridization picture 
(Fig. 5.3c), which includes the inter-band absorption of gold. The primary effect of the inter-
band absorption continuum in the spectral region near and above the silver nanoparticle LSPR 
is to red-shift the silver nanoparticle LSPR band position in the silver/gold heterodimer (σ*). In 
addition, the intensity of this mode is enhanced significantly due to this coupling, indicating 
that this may not strictly be an anti-bonding interaction. It is noteworthy that separate 
theoretical studies in recent literature have predicted a significant interaction between the 
LSPR of the silver and inter-band transitions of the gold, yielding Fano profiles in the absorption 
of the gold nanoparticle[29]. Although we did not observe these Fano resonances directly, since 
we measure scattering and not absorption, the results of these theoretical calculations appear 
to show a red-shift for the anti-bonding modes in good agreement with our observations and 
model. 
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Conclusions 
In summary, the ability to fabricate and study asymmetric dimers has allowed us to 

observe plasmon modes predicted by plasmon hybridization, but otherwise dark in optical 
spectra of homodimers. At the same time, we have observed novel coupling between a 
plasmon mode (free electron oscillations) and an inter-band absorption process (bound 
electron transitions). The modes in such asymmetric “plasmonic molecules” are possibly 
characterized by unique spatial and spectral profiles, and polarization behavior, allowing one to 
tune the optical response of the nanostructure in the near and far fields. For instance, in the 
silver/gold heterodimer, the π mode is expected to have a field localized on the transverse axis 
around the gold nanoparticle, and the π* localized on the transverse axis around the silver 
nanoparticle. Such an asymmetric junction can allow one to spatially filter different spectral 
bands of the far-field light with sub-diffraction nanoscale resolution[6]. This may have 
implications for the field of nano-photonics and sub-diffraction imaging. 
 
 

Figure 5.3: Inter-band absorption contribution of gold to the coupling in a silver/gold heterodimer. The coupled 
dipole-dipole model using the full dielectric function shows red-shifts of both high-energy (π* and σ*) (a) and 
low-energy modes (π and σ) (b) in the heterodimer with respect to the isolated silver and gold nanoparticle 
modes, respectively. Modified hybridization model including the inter-band contribution is depicted in panel 
(c). In contrast, calculations using a  dielectric function with imaginary part of the inter-band absorption of gold 
removed, exhibits red-shifts of low-energy modes (π* and σ*) (e) but blue-shifts in high-energy modes (π and 
σ) (d), as would be expected from the plasmon hybridization model (f). 
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Materials and Methods 

Symmetric dimers of 40-nm silver nanoparticles, asymmetric dimers of 20-nm and 40-
nm silver nanoparticles, and asymmetric dimers of gold and silver nanoparticles were 
assembled in buffer solution through the hybridization of complementary oligonucleotides 
functionalized to each particle. We followed established techniques[15, 25] to conjugate a few 
number of short (35bp) thiolated ss-DNA molecules to each batch of colloidal nanoparticles, 
followed by a passivation layer of thiolated polyethylene glycol to provide enhanced stability 
against aggregation in high ionic strength buffer. Subsequently, we mixed the batches of 
particles with complementary DNA in a 1:1 ratio in 10mM Tris-HCl pH=8 buffer and 130mM 
NaCl and allowed them to hybridize overnight.  The assembled dimers were purified from 
monomers and higher particle number assemblies by agarose gel electrophoresis, resulting in a 
colloidal solution of dimers with 60-80% purity as shown by TEM (Fig. S5.1). In order to ensure 
strong near-field coupling between the metal particles, we restricted the inter-particle gaps to 
the 3-8nm range, as confirmed by TEM (Fig. S5.1), by using very short oligonucleotides and a 
thick ligand shell.  
 The dimer solutions were drop-cast on freshly cleaned glass cover-slips (no. 1) for 
optical spectroscopy of single dimers on a dark-field inverted microscope (Zeiss AxioObserver) 
with an Acton grating spectrometer and a liquid N2-cooled CCD (Princeton Instruments). The 
sample was illuminated with unpolarized white light from a Xenon-Tungsten lamp and passed 
through a dark-field condenser (oil, NA =1.4). A sheet polarizer was inserted between the 
spectrometer and exit port of the microscope for collecting polarized scattering. Spectra were 
recorded for each dimer at 10o rotational steps of the polarizer and corrected for background 
and white-light excitation.  
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Supporting Materials 

 

 

 

 

 

 

Figure S5.1: Low and high magnification transmission electron microscope images of nanoparticle dimers. (a, b) 
Symmetric dimers composed of 40-nm silver nanoparticles, (c, d) Asymmetric dimers composed of a 20-nm 
silver nanoparticle and a 40-nm silver nanoparticle, (e, f) Asymmetric dimers composed of a 30-nm silver 
nanoparticle and 40-nm gold nanoparticle. 
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Dipolar-Coupling Model:  

The dipolar-coupling model for a homodimer has been described in ref [21]. Here, we 
extend this to a heterodimer. The electric dipole moment μ of a small particle in an electric field 
E is given as: 

                  Em            (1) 

where α is the Clausius-Mossotti dipole polarizability for an isolated metal nanosphere in the 
quasistatic approximation where particle radius is much smaller than the wavelength: 
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where ε = εr+iεi is the complex dielectric function of the metal, εm = nm
2 is the medium dielectric 

constant, ε0 is the vacuum permittivity, and V is the particle volume. In the dimer, the electric 
field E1 (or E2) felt by particle 1 (or 2) is the sum of the incident light field E0 and the near-field of 
the electric dipole μ2 (or μ1) on the neighboring particle, which decays as the cube of the 
distance d from the particle: 

              
3

0

2
01

4 d
EE

m




      
  (3) 

              
3

0

1
02

4 d
EE

m


        (4) 

κ is an orientation factor, which depends on the alignment of the two single-particle dipoles. κ = 
2 for dipoles arranged head-to-tail corresponding to parallel polarization in our experiments, 
while κ = -1 for dipoles aligned side-by-side corresponding to perpendicular polarization. From 
Eqs. 1, 3, and 4: 
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The net polarizability α′ of the two-particle system is given as: 
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From Eqs. 5-7: 
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Further from (3) and (4): 
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From (7) and (9) 
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From (10) we get: 
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For the special case of a homodimer α1 = α2 = α 
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The scattering cross-section of the dimer is then calculated as: 
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The polarizabilities α1 and α2 were calculated as per Eq 2. For the scattering spectrum 
calculations, the bulk experimental dielectric function from Johnson and Christy [28] was used 
for both gold and silver. A value of εm of 1.77 corresponding to water was used. The scattering 
spectrum was constructed by cubic inter-polation of the calculated values of the scattering 
cross-section in Eq. 13 at discrete wavelengths.  

The complex dielectric function of the metal ε is the sum of the free-electron 
contribution εD and the inter-band contribution εIB. The free-electron contribution is given as 
per the Drude-Sommerfeld model [28]: 
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where ωp is the bulk plasma frequency for the metal, γ is the bulk electron collision frequency, 
and ω is the light frequency. The real (Re) and imaginary (Im) parts of the free electron 
contribution are therefore given as: 
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The real and imaginary parts of the inter-band contribution to the dielectric function are given 
as: 
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In order to probe the effect of the interband absorption of gold from the coupling in the 
silver/gold heterodimer coupling, scattering calculations were performed with the full dielectric 
function of gold εAu and also with a modified dielectric function εAú with Im(εIB) for gold 
subtracted out. For gold, we used ωp= 9.1 eV and γ=0.073 eV. 

 

Discrete Dipole Approximation Simulations:  

The Discrete Dipole Approximation (DDA) method used in this study has been described 
before [27]. Briefly, DDA is a discretization procedure for solving the Maxwell’s equations for 
arbitrary shaped particles, which takes into account both electromagnetic retardation effects 
and multipolar modes [27]. We employed the DDSCAT 6.1 code developed by Draine and 
Flatau.[27] Polarizabilities were assigned by the lattice dispersion relation (LDR) by Draine and 
Goodman [27] with radiative reaction correction for finite dipole arrays. Each target dimer 
structure was approximated as a pair of spheres, represented by a cubic array of point dipoles 
with an inter-dipole spacing of 1 nm. The effective radius of the dimer structure was calculated 
as reff = (3Vdimer/4π)

1/3, where the volume Vdimer is equal to the sum of the volumes of the two 
particles. The edge-to-edge separation between the nanoparticles was 5 nm. For both silver 
and gold, we employed the bulk experimental dielectric function from Johnson and Christy.[28] 
The medium refractive index nm was 1.33 for an aqueous solution. Calculations were performed 
for two incident polarizations – one along the inter-dimer axis and the other orthogonal to it. 
We verified this to be equivalent to subjecting the dimer to circularly (or 45º) polarized light 
incidence and calculating the scattering polarized along the axis and orthogonal to it. The 
computed scattering efficiency Qsca was converted to a scattering cross-section as Csca = 
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Qsca.πreff
2. Scattering spectra were constructed from the calculated data points at discrete 

wavelengths by cubic interpolation. Scattering spectra were also calculated separately for the 
isolated nanoparticles for the purpose of comparison. 
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