
ABSTRACT 

ZHAO, LUYANG. Single Nanoparticle Microscopy and Spectroscopy. (Under the direction 

of Dr. Gufeng Wang). 

 

Understanding the properties of nanometer-sized particles, e.g. how they behave on or 

near interfaces, and how they respond to light, is important for the fundamental sciences and 

many emerging applications. In this dissertation, we develop three-dimensional (3D) single 

particle tracking microscopy to study the particle-surface interactions in confined spaces, and 

construct micro-spectrometers to study the scattering and luminescence of individual gold 

nanoparticles. Efforts are made toward using light to enhance the catalytic activity of metal 

nanoparticles through the design of hetero-metallic nanostructures.  

First, we study how negatively charged nanoparticles interact with the samely charged 

flat solid surfaces. By tracking the 3D trajectories of the nanoparticles near the surface, we 

find that contrary to conventional wisdom that nanoparticle retention is achieved by frequent 

adsorption/desorption events, the nanoparticles are retained on or near the surface through a 

long-range, like-charge attraction. A counter-ion interaction theory is proposed and the 

characteristic length scale is determined for this interaction. This new theory is important in 

explaining the specific binding between biomolecules/ nanoparticles and a solid or semi-

fluidic membrane surface when the antigen concentration is low.  

To study the anomalous mass transport of nanoparticles in confined space rather than the 

semi-open flat surface, we track their microscopic movements in cylindrical nanopores. 

Under two model situations: (1) increased solvent viscosity, which slows down the particle 

throughout the whole pore, and (2) increased wall affinity, which slows down the particle 

only at or near the wall, particles are retained much longer inside the pores. In viscous 



solvents, the decrease of particle individual steps is proportional to the increment of viscosity 

as expected. As a contrast, increasing the pore wall affinity only decreases the step size by a 

small fraction. This suggests that the direct withholding of the particle by the pore wall alone 

does not account for the increased residence time in the pore. A restricted diffusion mode is 

possibly the main reason in holding particles in surface-modified pores for longer time. This 

study depicts a picture of macroscopically slow but microscopically active nanoparticle 

movement in confined spaces. 

In recent years, gold nanoparticles are receiving more attention because of their potentials 

in serving as imaging labels, optical sensors, and heterogeneous catalysts, etc. Despite of 

extensive studies in the literature, their luminescence mechanism is not clear. We recently 

found that when gold nanoparticles were excited at the red side of the surface plasmon 

resonance (SPR) wavelength by a continuous wave (CW) laser, up-converted luminescence 

was discovered, possibly involving a new emission mechanism: phonon-coupled interband 

transitions. With this knowledge, we study the origin of gold nanorods luminescence under 

multiphoton excitation conditions. By exciting gold nanorods with different aspect ratios at 

different excitation wavelengths using a femtosecond laser, we show that gold nanorod 

luminescence at the blue side of the excitation has mixed contributions from two-photon 

excited surface plasmon resonance (SPR) emission and single photon excited up-converted 

luminescence from interband transition. The total luminescence is enhanced by single photon 

excited SPR.  

In an effort to tune reactivity of nanoparticles, we coated gold nanorods by a second 

metal—palladium. We demonstrate that palladium-coated gold nanorods show excellent 

catalytic activity using a model photo-reaction: converting resazurin, a dye used in cell 



viability assay, to resorufin under visible light illumination. The photo-initiated electron 

transfer in the reaction is drastically increased possibly because: (1) the presence of the 

catalyst facilitates the electron transfer from hydrazine to resazurin through a SPR-generated 

hot electron process, and/or (2) Pd-coated Au nanorods act as an antenna to receive and 

transfer photon energy to resazurin.  
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Chapter 1 Background and Significance 

1.1 Overview of Particle/Molecule-Surface Interactions 

There are two interesting phenomena that probably have been observed in every optical 

lab that is doing single particle/molecule imaging: (1) small particles/molecules slow down 

significantly when they approach a surface so that they can be viewed or imaged clearly; (2) 

the samely charged small particles diffuse in loose pairs as if they like each other, which is 

contrary to the textbook knowledge that like charges repel each other. These indicate that 

particles/molecules behave differently as in the bulk solution when they are near a surface (or 

near the surface of another particle). So far, despite of numerous efforts devoted, there are 

controversies and debates regarding the origins of above phenomena. Understanding these 

interfacial phenomena is of vital importance to the development of industrial processes 

including emerging applications in renewable energy, environment protection, and human 

health.  

These issues are unresolved mainly because of technical challenges: insufficient temporal 

resolution and/or spatial resolutions of current techniques. Recently developed super 

resolution optical techniques, e.g., stimulated depletion microscopy (STED) and single 

molecule localization-based techniques, e.g. stochastic optical reconstruction microscopy 

(STORM)/photoactivated localization microscopy (PALM), give a new opportunity to study 

these problems. However, so far these techniques are still expensive and mostly used in 

biological labs. Out lab has been working on developing and employing super localization-

based three dimensional (3D) microscopic techniques to study chemical systems with the 

belief that 3D super resolution imaging will disclose unprecedented chemical information.  
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1.1.1 Importance of Interfacial Studies 

Understanding the interfacial phenomena between a liquid and a solid substrate is 

important to not only fundamental sciences but also emerging applications in renewable 

energy and human health. Especially of interests are nano-confined environments, e.g., pores, 

extended tubes, planar channels, etc., where molecules are surrounded by interfaces within a 

length scale of nanometers. Understanding mass transport, e.g., diffusion, adsorption, and 

specific binding in these confined environments is an important step for advanced 

applications in separations, micro- to nano-fabricated tools, heterogeneous catalysis, 

controlled drug release, enzymatic reactions, and trans-cell membrane biological processes, 

etc.1-15 

1.1.2 Nanoparticles/Molecules Behave Differently on or near Interfaces 

Mass transport in confined environments can be significantly different from those in the 

bulk solution. One prominent phenomenon is that mass transport near interfaces can be 

extraordinarily slow.16-24 For example, slow diffusion of molecules/nanoparticles has been 

reported in various porous media in multiple studies.16-24 

Currently, there is little discrepancy regarding the existence of the anomaly. However, 

there is no consensus on three essential questions: (1) How far the anomaly extends to the 

bulk: a distance of a few layers of water molecules16-19 or as long as several tens to hundreds 

of nm?20-25 A number of studies consistently show that the interface only affects water 

molecules that are in direct contact with, or within a couple of water molecule layers from, 

the substrate (~1 nm length scale).26 These observations suggest that the interfacial effects 

are short-ranged (~1 nm).16-19 However, there are a number of reports from multiple research 
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groups showing that slow diffusion occurs in nanopores with a diameter > 20 nm even to 

hundreds of nanometers.20-24 These macroscopic phenomena suggest that the interfacial 

effect can be long-ranged.25 (2) How different is diffusion near interface compared to that in 

the bulk? The reported difference in diffusion coefficient varies largely in the literature: from 

just a few times to 4~5 orders of magnitude. (3) What causes this anomaly in nanoconfined 

environment? Is everything slowing down,16 or because of adsorption events on the interface, 

or other reasons? Hydrodynamic effect is thought to play an important role in the slowing 

down, too.  

1.1.3 How Nanoparticles/Molecules Interact with Surfaces: Long-range or Short-range 

Interaction?  

Apparently, the observed slowdown of particles/molecules at a distance 10s to 100s nm 

from the surface is relevant to how molecules/particles interact with the surface. However, 

again, there is yet no consensus on what is the dominant force at this length scale. The largest 

discrepancy is whether there is a long-range attractive force between the same charges 

(either a pairs of particles, or a particle and a surface). For example, Bevan and other 

research groups used total internal reflection fluorescence (TIRF) microscopy to study 

micrometer-sized particles near a variety of surfaces.27 They found that the particle-surface 

interaction is predictable by current theories. However, Yeung and coworkers performed 

similar experiments but using much smaller protein molecules. They found that there is a 

long-range attractive force between the molecules and the quartz surface.25 They ascribed 

this force as the long-range, like-charge attraction proposed by Sogami and Ise.28,29 
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The long-range, like-charge attraction problem remains one of the most mysterious 

problems that stimulated a lot of healthy debating. It is against current dominant theory in 

colloidal science: the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.30,31 In DLVO 

theory, particle-particle or particle-wall interaction can be expressed as the sum of the short-

ranged attractive van der Waals interaction and the long-ranged, charge-based repulsion. The 

potential energy of van der Waals attraction between a pair of polystyrene particles (VA, PP) 

is:32  
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where A131 is Hamaker constant; the subscript 1 denotes the materials of the particles, 

which is polystyrene, and 3 denotes the medium, which is aqueous solution; H is the gap 

between particles; a is the radius of the particles. For polystyrene particle pairs in aqueous 

solution, Hamaker constant measured from micrometer-sized polystyrene particles is 

reported to be 0.4~1.3 × 10-20 J.27,32 Thus, van der Waals interaction drops to the thermal 

energy level (3/2kBT) at a distance ~ 1/20~1/10 of the particle size, thus is usually viewed as 

short ranged. The charge-based repulsion derived from linearized mean field model will 

never be attractive:33 

r

r

a

a
Zru B

)exp(

1

)exp(
)(

2

2 



















 (1.2) 

where Z is the charge of the particle, λB is the Bjerrum length, and κ-1 is the Debye-

Huckle screening length. This theory successfully explains the stability of colloidal solutions 
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as a function of electrolyte concentration. However, it cannot explain the long-range 

attraction observed experimentally.  

The questioning about DLVO theory dates back to 1960s~1980s when charged latex 

particles show attractions in the long-range and self-assemble in bulk solution.28,29,34,35 Grier 

and coworkers confirmed this attraction force between the samely charged particle pairs, but 

only when the particle pairs are near a samely charged wall.33,36 Numerous theories have 

been proposed and simulation done to explain this phenomenon.37-4344,45 However, there is 

NOT a satisfactory answer. On the other side, the observation of like-charge attraction is 

challenged, with studies reporting no such attraction observed,46-48 or suggesting alternative 

reasons for the observed attraction, e.g., impurity or hydrodynamic interactions, etc.49  

1.1.4 Size Matters 

 So far, the long-range attraction between same charge pairs: no matter particle-particle or 

particle surface, remains an open question. Part of the reason of the debating is because of the 

confusion in the dimension of different systems, which range from micro-particles to small 

molecules. Notably, as the length scale of the particle varies by several orders of magnitude, 

van der Waals interaction also changes by orders of magnitude while the charge-based 

interaction remains almost identical. We have done systematic studies using particles 

spanning from 2 µm to 25 nm. Our results suggest that the like-charge attraction has a 

characteristic length scale irrespective of the particle sizes, which means that for large 

particle, the like-charge attractions are covered by van der Waals interaction. This shall 

explain much of the inconsistent reports in the literature.  
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1.1.5 Super-resolution Optical Microscopy Provides a New Opportunity 

 Another main reason that above mentioned fundamental problems are unresolved is 

because of technical challenges: insufficient spatial and temporal resolutions. For small 

nanoparticles, conventional optical microscopy does not have the resolution to resolve these 

“long” distances, which is on the order of magnitude of 10s ~ 100s nm. The advent of super-

resolution optical microscopy, e.g., STORM50,51/PALM52 and STED microscopies,53 gives a 

new opportunity in this study. Compared to other high-resolution techniques like electron or 

scanning probe microscopies, optical microscopy allows us to observe dynamic processes in 

real time and in situ!  

1.2 Three-dimensional Super Resolution Microscopy 

In order to have a better understanding of the issues mentioned above, we develop a 

novel astigmatism-based 3D super resolution imaging technique that is ideal to study the 

“long-range” interaction on flat interfaces and in nanopores.   

1.2.1 3D Point Spread Function and Model-based Correlation Imaging 

Astigmatic imaging has been used to locate the axial position of particles and 

molecules.54 By introducing a weak cylindrical lens into the optical path, the horizontal and 

vertical rays are focused on different planes in the x and y directions. Depending on the focal 

length of the cylindrical lens and its position in the optical path, the astigmatic images of a 

point object can range from an ellipsoid to a well expanded, diamond-like pattern, from 

which the axial position together with the lateral position of the point object can be 

determined. 
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To have the maximal difference of the image patterns along the axial position, we 

inserted a cylindrical lens with a focal length of 1.0 m between the microscope objective and 

the tube lens in an epi-fluorescence microscope (Figure 1.1A). Unique diamond-like 

intensity distributions can be observed at different sample positions in the axial direction 

(Figure 1.1B). The 3D point spread function (PSF) is shown in Figure 1.1C, which has 

symmetry similar to D2 point group with one side truncated. Note that the difference between 

patterns that have a 200 nm axial gap can be visually identified in a total range over 10 µm. 

When the particle diffused inside the pore, there was little lateral movement. However, we 

can identify the axial movement of the particle by the changing image pattern. When the 

particle diffused out of the pore, we can immediately identify the lateral movement of the 

particle with an expanded particle image pattern. 

To quantitatively locate the particle position in the 3D space from the complicated image 

pattern, we developed a model-based correlation imaging approach.55,56 Specifically, a stack 

of images for an immobilized particle were collected at different z-positions and served as the 

calibration set. The particle image to be analyzed was compared with the particle image in 

the calibration set to find out its x, y, and z-positions. The closest match gave the highest 

correlation score, which was defined as the Pearson’s correlation coefficient p: 
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where the summation is over all the m pixels in the sample image; I is intensity; avg and 

σ denote the average and standard deviation of all intensities in the model or the sample, 

respectively. To have the best estimation of the center of the sample particle, a whole 3D 
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correlation map was generated by shifting the sample image pixel by pixel, line by line, and 

frame by frame on the calibration set and a correlation score was calculated at each sample 

image position (Figure 1.2). The center of a nanoparticle was then computed from the 3D 

correlation score map by weighting all nearby p values: 
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where X denotes one of the Cartesian coordinates, x, y, or z; a threshold is applied to 

remove contribution from the background noise. Through this weighting procedure, a sub-

pixel precision can be obtained. 
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Figure 1.1 Astigmatic imaging for 3D super localization. (A) Schematic of the imaging 

system. A cylindrical lens is inserted between the objective and the tube lens to generate an 

astigmatic image pattern for a point object. (B) Image patterns of an immobolized 85 nm 

particle placed at different z-positions, starting from the particle outside the focal plane 

toward inside the focal plane. The step size between images was 200 nm. The integration 

time was 300 ms. The complete calibration set contains 523 images with a step size of 20 

nm, a span over 10 µm. (C) The 3D view of the astigmatic point spread function. The last 

image labeled (45, 45) was looking down with 45º angle from the diagonal of the x- and y-

axes. 
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Figure 1.2 3D correlation score map shows a spheroidal shape. 

 

1.2.2 Localization Accuracy and Precision 

 To quantitatively assess the tracking accuracy and precision, several issues must be 

addressed: (1) the drifting of the sample or the microscope stage; and (2) the levelness of the 

sample or the stage. We deem that these are universal issues in high precision measurements. 

We first tested the localization precision by putting the sample near the focal plane and 

measuring the same immobilized particle multiple times. Highly reproducible results can be 

obtained. Note that the localization precision is tightly related to the signal-to-noise (S/N) 

ratio, which is directly relevant to the particle size and integration time. For example, using 

200 nm particles and an integration time of 100 ms, the standard deviations recovered from 

100 measurements at multiple z-positions were 2 nm laterally and 5 nm axially (Figure 

1.3A) . 
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Figure 1.3 Super localization accuracy and precision with astigmatic imaging. (A) z-stepping 

experiment using a piezoelectric stage. A 200 nm particle was stepped in the z-direction with 

100 nm steps. The integration time was 100 ms. 100 measurements were made at each z 

position. (B) Variation of 100 super localized xyz positions of particle S relative to particle R. 

Particle size: 85 nm. Integration time: 30 ms. The localization precision was 15-20 nm for the 

xy position, and 20 nm for the z-position, respectively. 

 

We then assessed the localization accuracy by stepping the microscope objective in 100 

nm steps. At each z position, 100 frames of images were collected and then analyzed. Figure 

1.3A shows the recovered axial position of an immobilized 200 nm particle during the 
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stepping experiment using a 100 ms integration time. It is clear that the sample (200 nm 

particles) position changed by ~100 nm in each step with little variation between 

measurements, which indicates that the localization method is accurate over a large range of 

z-distance. Note that we can see glass transformation and stage drifting in the continuous 

stepping experiment, e.g., the total measured moving distance was 2200 nm for 20 steps as 

opposed to 2000 nm. However, if we only look at the moving distances between the moving 

steps, they gave a mean of 102 nm and a standard deviation of 6 nm. This stage drifting 

contributed ~160 nm movement in the z-direction during a total experimental time ~10 min. 

Considering the transformation of the thin coverglass (~150 µm) and the following recovery 

introduced by stepping, we deem this level of drifting is acceptable. 

One way to eliminate the effect of the drifting both laterally and axially was to use 

referenced localization. In addition, using an immobilized particle as the reference also gave 

the absolute position of the membrane filter surface during the tracking experiment. Figure 

1.3B shows 100 repeated measurements of an 85 nm particle S with respect to a reference 

particle R in the inset of Figure 1.3B. The standard deviations of the relative x, y and z 

positions were 15, 20 and 20 nm, respectively, with an integration time of 30 ms for 85 nm 

particles. In the study, all reported translating particle coordinates were referenced with one 

or more particles permanently adsorbed on a membrane surface. 

Finally, we address the validity of the reference system in the presence of unleveled 

sample slide. Since neither the microscope objective is absolutely vertical, nor the sample is 

absolutely horizontal, the relative “levelness” of the samples is defined with respect to the 

tangential plane of the microscope objective. Using our method, a difference of ~ 200 nm in 
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the z-direction for a pair of particles can be visually identified in the eyepiece or on the 

screen. Thus, we found that we were able to limit the sample slide tilting angle within 2.5 

milli rad, i.e, the particles in the whole field of view in the camera (~80 µm across) can have 

~200 nm difference in the z-position. Figure 1.4 shows a typical image when the tilting of 

the sample slide can be visualized. All the particles on the lower-right side have an image 

pattern with a thinner inside circle, which indicates that the cover glass is tilted that the 

lower-right corner is farther away from the objective. The x, y and z positions of 15 isolated 

particles in the same image show the slope across the sample slide to be 2.0 milli rad. 

Apparently, we were able to achieve better levelness in the experiment. Even with a tilting 

angle of 2.0 milli rad, the error introduced in the reference system by the tilted sample slide 

is small, within ~25 nm if we choose the sample and reference particles spacing to be ~10 

µm. 

 

Figure 1.4 Levelness of the sample slide. (A) Particle permanently adsorbed on the cover 

glass surface. (B) The recovered 3D positions of 15 isolated particles in the image.  
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1.2.3 Comparison with Other Super Resolution Optical Techniques 

There are several advantages of this new method as compared to current existing 

techniques, such as the mostly used total internal reflection fluorescence (TIRF) microscopy. 

First, it works in all geometries as long as the sample is transparent. Second, it has a large 

working distance of 10 µm in the z-direction, while TIRFM only works in ~200 nm. The 

long working range is crucial to study “long-range” interactions, as will be seen in this study. 

Third, using a reference system, the absolute z distance of a particle from the interface can be 

obtained without knowing the particle intensity (I0) when it is on the surface (z = 0). This is 

especially important in distinguishing transiently adsorption or diffusion because I0 is 

unknown in a dynamic experiment. Finally, the localization is pattern recognition-based. 

Thus, photo-bleaching has little effect on the localization precision but huge effect on 

intensity-based localization in TIRF.  

Methods such as STED and STORM, though have better spatial resolution than our 

method, take long time to record one image, which fails to see the dynamic information of 

the studied system. Besides the cost to build a STED or STORM system is much higher, 

which cannot be afforded by most labs. 

1.3 Gold Nanoparticle Luminescence 

1.3.1 Origin of Luminescence and Involvement of Surface Plasmon Resonance 

Photoluminescence from bulk gold, which covers from UV to IR, was reported  long time 

ago.57 The luminescence is weak because of efficient non-radiative decays. The origin of the 

luminescence is attributed to inter-band, i.e., recombination of d-band holes with electrons in 
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sp-band, and intra-band transitions, i.e., electron–hole recombination in sp band. Later, it was 

reported that in gold nanostructures,58-60 the luminescence is enhanced and cannot be 

accounted for just considering inter- and intra-band transitions. It was concluded that the 

luminescence must involve the surface plasmon resonances (SPR), which is the collective 

oscillation of valence electrons excited by light when the size of the metallic nanostructures 

becomes comparable to the wavelength of the light.  

Currently, there are two mechanisms proposed in the literature regarding how SPR is 

involved in gold nanoparticle (AuNP) luminescence. In the first mechanism, excitation 

energy from hot electron-hole pairs is quickly transferred to the plasmon and the radiative 

decay of the excited plasmon yields luminescence. This mechanism can be loosely viewed as 

fluorescence resonance energy transfer (FRET) process.61-64 The second mechanism is based 

on antenna effect of surface plasmons. Here, plasmon does not emit directly but enhances the 

radiative recombination rate of electron-hole pair by local surface plasmon field.59,60,65,66 As 

compared to that from the bulk, the luminescence is amplified and shaped to have a profile 

resembling closely to the SPR spectrum. It is not clear so far which mechanism dominates. 

1.3.2 One Photon Excitation and Two Photon Excitation 

The luminescence can be generated by using one photon or two photon excitations. One 

photon luminescence (1PL) of AuNP has been studied in more detail62,64,67,68 and several 

applications, e.g., luminescence autocorrelation spectroscopy,62 are emerging in recent years. 

For example, Tcherniak et al studied the polarization dependence of 1PL of spheres and rods. 

They found that for gold nanorods, the intense red spectral component is polarized parallel to 

the longitudinal SPR (LSPR), which strongly supports that fast inter-conversion between the 
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surface plasmon and the hot electron-hole pairs occurs and the luminescence comes directly 

from the emission of a surface plasmon. However, the blue spectral component near 

transverse SPR (TSPR) wavelength is weakly polarized, which suggests that it may have 

mixed contributions from both the TSPR emission and the inter-band transitions. Above 

observation was confirmed by Yorulmaz et al.68 In addition, they also systematically studied 

on the quantum yield of gold nanorods with different aspect ratios and the difference between 

luminescence and SPR scattering spectra. They found that for short rods, the luminescence is 

blue-shifted while for the long rods, it is red-shifted. Although the origin of the shifts is 

unclear, they suggested that the shift may be contributed from non-SPR emissions, i.e., inter-

band and/or intra-band luminescence reminiscent of those from the bulk gold.  

Photoluminescence of AuNP can also be observed when using two photon excitation. 

The inherent spatial confinement of two photon luminescence (2PL) along with the 

brightness and stability offered by gold nanoparticles make it ideal for three-dimensional 

(3D) imaging and tracking studies.69,70 However, 2PL properties of gold nanoparticles are 

more complicated and so far inconsistent spectra were reported. For example, Imura et al66 

and Bouhelier et al63 independently reported that the 2PL spectra of individual gold nanorods 

closely resembles corresponding SPR scattering peaks. On the other hand, distinctively 

different luminescence spectra from individual nanorods have been reported by Wang et al70 

and Beversluis et al.60 The intra-band transitions may contribute to the difference in the 

observed 2PL spectra in the red to IR regions.60  

The most majority of above studies focused on the luminescence generated by exciting 

the nanoparticles at a wavelength on or blue-shifted from the SPR wavelengths using either 
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one photon or two photon excitation. In our recent work of building a continuous-wave 

stimulated emission depletion (CW-STED) microscope that uses 488 nm excitation and 592 

nm depletion,71 surprisingly, we observed fairly intense, up converted luminescence from 

gold nanospheres and short nanorods when they were illuminated by the CW 592 nm laser. 

These gold nanoparticles were clearly visible in the microscope eyepiece when illuminated 

by the 592 nm laser, giving a green image with a different shade than the normal down 

converted luminescence. Continued from this work, in Chapter 4 we investigate the origin 

of gold nanorod luminescence under multiphoton excitation condition. 

1.3.3 Luminescence or Resonant Raman Scattering 

On the other hand, alternate interpretations of the photoluminescence from noble metal 

nanostructures has been proposed and is being debated.72-75 For example, the continuum 

background observed in surface enhanced Raman scattering has been ascribed to inelastic 

light scattering, or Raman scattering, from the oscillating electrons in the noble metal 

nanostructures supporting the surface plasmon modes. Apparently, the background emission 

is drastically amplified in nanostructures, showing the involvement of the SPR modes. Note 

the emission from gold nanoparticles is on the femtosecond time scale, it is challenging to 

resolve its origin: luminescence or Raman scattering, using current technology.76 Recently, 

Hugall et al. studied the temperature dependence of the SERS background emission using a 

continuous wave (CW) laser source and found that the anti-Stokes background is highly 

temperature dependent and can be explained using a simple model concerning the thermal 

occupation of electronic states of the metal.77 More interestingly, Huang JY reported that the 

emission generated by a picosecond-laser excitation at the plasmon resonance frequency can 
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be explained by a single photon process rather than a two-photon process, i.e., electronic 

Raman scattering from single-particle electron-hole pair excitations of the Au or Ag metal 

that are resonantly enhanced by the surface plasmon.78 The observed quasi-quadratic 

relationship between the signal and excitation power was explained by a two-temperature 

model. 

1.3.4 Instrumentation 

For up-converted luminescence study, single particle spectra and images were acquired 

using our home-built micro spectroscopic and imaging system in Figure 1.5. It was modified 

from our confocal-type STED microscope by removing the vortex phase plate in the 

depletion beam path.71 The excitation can be toggled between excitation module 1 (EM1, 488 

nm excitation from an Ar ion laser, 35-LAP-431-240, CVI/Melles Griot) and excitation 

module 2 (EM2, 592 nm excitation from a fiber laser, VFLP-1000-592-OEM1, MPB 

communication). Both beams were circularly polarized by quarter-wave plates (ACWP-400-

700-06-4, CVI/Melles Griot) and collimated to overfill the back aperture of the microscope 

objective. The luminescence signals were filtered using proper combinations of dichroic 

mirrors and bandpass/shortpass/longpass filters. The detection was from either a 

microspectroscopic system (detection module DM1) or a confocal type imaging system 

(DM2). DM1 was composed of a transmission grating (300 grooves/mm, Thorlabs) and a 

CMOS camera (Hamamatsu ORCA 2.8). The spectrometer was calibrated using three 

different laser lines and the spectral resolution was estimated to be ~5 nm. DM2 was a 

confocal type imaging system using the combination of a 50 µm, multimode fiberoptics 

(M16L01, Thorlabs, NJ) serving as the confocal pinhole and an avalanche photodiode 
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(SPCM-AQRH-15-FC, Perkin Elmer) serving as the detector. Both excitation laser lines 

were aligned to overlap in all xyz directions so that the same particles can be excited 

simultaneously/alternatively. The confocal image was acquired by scanning the sample using 

a piezo-stage (PI Nano, Physik Instrumente) mounted on a manual XY translational stage. 

The precision of the piezo-stage was 1.0 nm.  

For multiphoton excitation study, the setup is very similar. But the excitation wavelength 

was provided by a femtosecond pulsed Ti-sapphire oscillator (80 MHz, 140 fs, 680-1050 nm, 

Coherent, Chameleon Ultra II) and varied from 720 nm to 920 nm or wherever the signals 

are too weak to collect. The laser power at sample was estimated to be ~150 GW/cm2. The 

emission was collected through a 680 nm shortpass filter. The excitation laser beam was 

circularly polarized to cancel out the effect of the particle orientation.  

 

Figure 1.5 Schematic of the confocal microscopy and spectroscopy system. EM: excitation 

module; DM: detection module; L: lenses; QWP: quarterwave plate; DCSP: dichroic mirror 

(short pass); DCLP: dichroic mirror (long pass); NF: notch filter; BP: bandpass filter; LP: 

longpass filter; APD: avalanche photodiode detector.  
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1.4 How Light Enhances the Catalytic Activity of Palladium-coated Gold Nanorods  

1.4.1 Noble-metal Nanoparticle Catalysts 

Compared to their inert bulk counterparts, noble-metal nanoparticles often have superior 

catalytic properties for a wide variety of organic and inorganic reactions including oxidation, 

carbon-carbon coupling, electron-transfer, and hydrogenation-dehydrogenation.79 For 

example, small clusters of gold are catalytically active but bulk gold is very unreactive. Since 

the discovery by Haruta in 1989,80 the research on Au nanoparticle catalysis has increased 

exponentially. Au nanoparticles supported on Co3O4, Fe2O3, or TiO2 have shown high 

reactivity and specificity for catalyzing petroleum processing, combustion reactions, CO2 and 

unsaturated hydrocarbon hydrogenation, and converting hazardous materials into harmless 

products including CO oxidation, water-gas shift reaction, and NO reduction, etc.81-83 

1.4.2 Surface Plasmon Resonance (SPR) – Enhanced Catalytic Activity  

At nanometer dimensions, noble-metal particles show special properties associated to 

surface plasmon resonance, where SPR refers to the optical excitation of the collective 

oscillations of conductive electrons in metallic lattice. The resonant photons are confined in 

the nanoparticles in such a manner that: (1) there is a large increase in its electromagnetic 

field in the near field and consequently, great enhancement of radiative properties including 

absorption and scattering by the nanoparticles; and (2) the photothermal effect is intrigued by 

the rapid dephasing of the coherent electron motion and energy transfer to the lattice.  

A more recent interesting discovery about noble-metal nanoparticle catalysts is that their 

catalytic activity is greatly enhanced by illumination at their SPR wavelength(s). For 

example, Adleman et al demonstrated that by illuminating the gold nanoparticles in a 
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microfluidic channel with a low-power laser source at their SPR wavelength - 532 nm, the 

conversion of ethanol into CO2, CO, and H2 was expedited.84 Scaiano and co-workers 

showed that resazurin in the presence of hydroxylamine was reduced to resorufin with great 

efficiency when the catalyst gold nanoparticles were excited at ~532 nm with a laser or LED 

source.85 Liu et al showed that by integrating plasmonic Au nanoparticles with TiO2, the 

photocatalytic splitting of water on TiO2 was increased 66 times under visible illumination 

close to the plasmon resonance wavelength.86  

How the catalytic reactivity is enhanced in the presence of light illumination is still 

unclear. A common opinion is to ascribe the increased catalytic reactivity to the 

photothermal effect, i.e., the reaction is thermally activated at high temperature generated by 

the noble-metal nanoparticles under plasmon resonance excitation.84,85,87 However, recent 

studies suggest that the enhanced reactivity may come from the enhanced local 

electromagnetic field under SPR conditions. For example: for the visible light-enhanced 

catalytic oxidation reactions on plasmonic silver nanostructures, it was proposed that the 

surface plasmon polaritons on the silver surface populate O2 antibonding orbitals to form a 

transient negative ion, which facilitates the rate-limiting O2-dissociation.88 Another example: 

for the photocatalytic water-splitting under visible illumination at gold SPR wavelength, it 

was concluded that the increased photocatalytic activity is because of the local electric field 

enhancement by gold nanoparticles.86 

1.4.3 Photothermal Effect or Enhanced Local Electromagnetic Field?  

The difference between these two proposed mechanisms is that whether the surface 

reactivity is enhanced in a localized or a global manner. The photothermal effect will 



 

22 

increase the reactivity of surface sites in a delocalized manner, i.e., reactivity of all sites will 

be enhanced correspondingly. As a comparison, the local electromagnetic field generated by 

SPR will enhance the reactivity at certain “hot” spots sharply – where local electromagnetic 

field can be magnified by 106 ~1014 times as observed in surface enhanced Raman scattering 

experiments (SERS).89,90 Apparently, a reactivity mapping of gold nanoparticle surface in the 

absence and in the presence of the SPR illumination will disclose which mechanism is more 

practical and help us better understand the mechanism of noble-metal nanoparticle catalysis. 

However, up to date, it is still challenging to differentiate surface active sites that are a few 

nanometers apart because of technical difficulties. 

1.4.4 Palladium-coated Gold Nanorods 

Palladium nanoparticles demonstrated its role in catalyzing chemical transformations in 

organic and inorganic synthesis, pollutant treatment, and energy conversion.91,92 Recently, 

there is a growing interest to tailor and improve their catalytic property by introducing a 

second metal to Pd nanoparticles to form a composite nano-structure. For example, an 

effective method is to construct a core–shell type of bimetallic particles with Au. The 

bimetallic structures frequently exhibit enhanced catalytic activity than that of the individual 

metals alone, because of geometric and mixed site effects, and electron interactions between 

the two electron rich elements. More interestingly, experimentally we observed that catalytic 

activity of Pd-coated gold nanorods can be enhanced by exciting the SPR of the gold cores. 

However, the mechanism is completely unknown. The light-harvesting ability arising from 

the SPR of the gold nanorod core and the terrific catalytic activity endowed by the core-shell 

structure make Pd-coated gold nanorods an extremely attractive catalyst. 
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In Chapter 5, we will develop 3D single molecule tracking technique with nanometer 

resolution to measure the catalytic activity of Pd-coated gold nanorods at single molecule 

level. By comparing the reactivity in the absence and in the presence of the SPR illumination, 

we will know which mechanism is dominant during the catalysis process. If the reactivity is 

enhanced in a global manner, then photothermal effect dominates, otherwise SPR dominates. 
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Chapter 2 Long-Range Trapping of Single Particles near Liquid-Solid Interface  

2.1 Introduction 

Molecular transport near a liquid-solid interface, i.e., adsorption/desorption, diffusion and 

migration, is the key process in both fundamental sciences and many advanced applications 

such as heterogeneous catalysis, chemical separations, controlled drug delivery and release, 

biological sensing, intracellular enzymatic reactions, macromolecular machinary, batteries 

and capacitors etc.25,93-101  

Macromolecules and small nanoparticles (<100 nm) show similar transport behavior 

when they are near liquid-solid interfaces. Their Brownian motion slows down significantly, 

allowing them to be observed with high signal-to-noise ratio. Frequently, we can observe 

macromolecules or small particles hovering over a “sticky” region for extended period of 

time with intermittent pauses, as if they were “adsorbed transiently” on the interface. Movie 

2.1 shows one example of an 85 nm carboxylated polystyrene particle diffusing near glass 

surface at pH 9.0. Such microscopic observation is correlated to macroscopically defined 

“retention” in chromatography and other interfacial phenomena.  

Current dominant view about the physical origin of retention of small molecules to small 

particles on a liquid-solid interface is adsorption. The word adsorption is coined by German 

physicist Heinrich Kayser in 1881, which refers to the adhesion of molecules to a surface. In 

analogy to small molecules, the adsorption of macromolecules and small particles can be 

defined as the immobilization of the particle in a thin layer adjacent to a liquid-solid 

interface. For example, a dominant view describing molecular diffusion on surfaces as 

multiple “hops” between adjacent adsorption sites separated by an energy barrier that can be 
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overcome by thermal activities. The “hops” may happen between adsorption sites that are 

separated by a distance of molecular length scale,102-104 or over an extended distance during 

which complete detachment and bulk diffusion of the adsorbates are involved.105 More 

recently, Schwartz and coworkers further show that two modes of surface diffusion, crawling 

mode and flying mode classified according to the displacement and time absent from the 

surface of the adsorbate molecules, co-exist.106 In these views, weak adsorption events are 

essential to retain the molecules/particles on or near the surface.  

In this study, we tracked the 3D trajectory of 85 nm carboxylated polystyrene 

nanoparticles retained near a negatively charged glass surface. Using astigmatism-based 

imaging, we are able to localize these particles with a precision of 10~15 nm laterally and 20 

nm axially at a frame rate of 30 ms (33 frames per second). Surprisingly, we found that these 

retained particles are mostly distributed in the solution with a maximum probability of 

several tens to hundreds of nanometers from the surface during their trapped movements near 

the surface. This type of retention of small particles distinctively different from the 

conventional “hopping” model, and may represent a new model of diffusion for nanometer-

sized, charged particles “on” a samely charged surface. The long trapping distance extends 

well beyond the range of van der Waals interaction, indicating this kind of retention does not 

fall in current theoretical frames. This observation gives us new insight in 

macromolecule/small nanoparticle-surface interactions involving various particular objects 

and surfaces including cell membrane.  

2.2 Results and Discussion 
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2.2.1 Particles Are Remotely Retained by Attractive Site(s) near Surface 

As mentioned earlier, the particles are retained at certain regions near surface. Using 

conventional optical microscopy, it is difficult to monitor the absolute distance of particles to 

the surface during retention. In this study, we used astigmatic imaging to track the 3D 

trajectories of a variety of strongly negatively charged nanoparticles, including 45 ~ 500 nm 

carboxylated polystyrene particles and 40 ~ 60 nm citrate capped gold nanospheres, diffusing 

near the aqueous solution – borosilicate glass surface. All of the negatively charged particles 

show similar behavior. For the sake of conciseness and clarity, we will base our discussion 

on 85 nm polystyrene particles, whose 3D distribution can be localized 33 frames per second 

with a ~20 nm resolution in all 3 dimensions.  

Movie 2.2 shows an example of an 85 nm particle being trapped near the surface for over 

12 s in 8.0 mM phosphate buffer adjusted for pH 9.0. In the tracking, one firmly adsorbed 

particle was chosen to serve as the reference to eliminate sample/stage drifting effect during 

the continuous image collection. The absolute 0 position of the z-axis was provided by the 

reference particle, and a positive z-value corresponded to the particle in the solution. The 

particle shows active movement in a confined space (1.0 × 1.0 × 0.7 m3) in all xyz 

directions. The recovered particle 3D distributions are plotted in Figure 2.1A-C, which show 

a typical egg-shell like shape. The center of the hemisphere is open, as disclosed by a vertical 

center slice across the 3D distribution (Figure 2.2A). The z-position distribution indicates 

that for most of the time, the particle stayed at a significant distance from the interface with a 

maximum probability at ~400 nm (Figures 2.2B). Note that the reference and sample 
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particles were ~12 m apart in this case, contributing a tilting error no more than ± 30 nm to 

the particle’s z-position.  

 
Figure 2.1 Particle-surface interactions. Scattered particle distributions during a time of 30 s 

(1000 frames) in (A) 3D space, (B) XY plane, and (C) XZ plane. (D) Proposed potential 

energy surfaces caused by both particle-attractive site (green) and particle-surface (between 

red lines) interactions. The particle distribution is thus subjected to both PES’s, creating a 

shell-like distribution (particle I) and a truncated shell-like distribution (particle II). 
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Figure 2.2 Center slice (A) and z-histogram (B) of particle I in Figure 2.1. The center slice 

was cut with a thickness of 100 nm in the x-direction.  

 

Besides the typical egg-shell-like distributions, there are 3D particle distributions with 

other shapes. Figure 2.1E-G shows the 3D distribution of another particle – particle II 

(Movie 2.3). This particle also moves actively in a confined space of 0.8 × 0.8 × 0.4 m3 
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above the interface. However, this particle shows a ring-like XY distribution and XZ 

distribution has its top part narrower than the bottom part: a typical truncated egg-shell with 

the top of the shell sliced off. This particle stayed ~200 nm above the surface most of the 

time (Figure 2.3B).  

 

Figure 2.3 Center slice (A) and z-histogram (B) of particle II in Figure 2.1. The center slice 

was cut with a thickness of 100 nm in the x-direction.  
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We monitored a total of 44 retained particles at the interface. 39 out of the 44 particles 

show 3D distributions with C∞ symmetry, similar to either Particle I or II in Figure 2.1. This 

suggests that the dominant force that retains the particle to the surface is from a surface 

attractive center: either a single attractive site, or a group of tightly bundled attractive sites. 

For more examples, please see Figure 2.4.  
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Figure 2.4 More examples of 3D distribution of trapped particles. A-D: Particle III. E-H: 

Particle IV. (A) Scattered particle distribution during a time of 30 s (1000 frames). (B) 2D 

scatter plot of X-Y. (C) 2D scatter plot of Y-Z. (D) Proposed particle-center interaction and 

particle-surface interaction PES’s corresponding to the same particle. (E) Scattered particle 

distribution during a time of 30 s (1000 frames). (F) 2D scatter plot of X-Y. (G) 2D scatter 

plot of X-Z. (H) Proposed particle-center interaction and particle-surface interaction PES’s 

corresponding to the same particle.  
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More interestingly, we found that in these retention events, the particles are 

predominantly retained in the solution several tens to hundreds nanometers away from the 

surface rather than “on” the surface. To keep the analysis consistent, we selected trajectories 

from those 39 particles with symmetrical distribution and that the trapping lasted for more 

than 10 s. For all of those analyzed particles, they have a z-distribution with a most probable 

z-distance several tens to several hundred nanometers from the surface. The histogram of the 

most probable z-distances from the interface for these 25 particles was plotted in Figure 

2.5A. Note that the separation distances are “long” as compared to the interaction range of 

van der Waals force. For example, the van der Waals potential energy between glass surface 

and a ~85 nm polystyrene particle drops to below thermal energy (kBT) at a gap of 5~10 nm. 

(For a detailed calculation, please see the Supporting Information).  

Contrary to intuition, weak adsorption does not seem to be the main reason to retain the 

particles near the surface. In “hopping” model of surface diffusion, the molecules/particles 

are retained near surface by numerous adsorption potential energy wells. A direct conclusion 

is that the particle will have a maximum probability on the surface when being retained 

according to Boltzmann distribution. However, this is inconsistent with our observation. Note 

that in the measurements, the camera frame time should not change the maximum probability 

of the z-distribution since the imaging is integrative, i.e., the final image in each frame is a 

time-weighted average of the particle during the frame time. We do not exclude the 

possibility that the particles may collide or transiently being retained near the surface during 

the retention. In fact, near-zero z-distances of particles can be observed during the trapping, 

e.g., Particle II in Figure 2.1. However, adsorption should not be the main reason that the 



 

33 

particles being retained near the surface as none of the 39 particles shows extended staying 

on the surface or gives a maximum z-probability of, or close to, zero.  

 
Figure 2.5 The most probable R and Z distributions for 25 trapped 85 nm particles, where R 

is the particle-site distance and Z is the particle-surface distance. (A) Histogram of Z. (B) 

Histogram of R. (C) Correlation of Z and R. 



 

34 

 

We examined carefully that the retention of the particles above the surface is not due to 

an artifact. The coverglass used in the experiments has a surface roughness (root-mean-

square) on the order of magnitude of 1 nm (for an AFM evaluation of thoroughly cleaned 

coverglass surface, see Figure 2.6). Surface protrusions or holes/grooves with a dimension 

similar to the trapping distance (~ 100 nm) should be excluded. The coverglass used in the 

experiments was thoroughly cleaned and examined carefully before and after experiments by 

dark-field microscopy to exclude the possibility of dirt particles/air bubbles that stick the 

fluorescent 85 nm particles. It is not caused by light trapping either as the particles are 

retained even the lights are turned off. Particles being tethered to the surface by floating 

polymer chains with sticky ends should also be excluded because: (1) the trapping distance 

changes as a function of ionic strength as we will see in the following discussion; and (2) the 

trapped phenomenon can also be observed for citrate-capped gold nanoparticles (for 

example, see Movie 2.4), which possibly indicates that long range trapping is universal for 

nanometer-sized, strongly charged particles.   

Finally, we show that the intermittent pauses of the retained particles observed under 

conventional microscopy do not necessarily mean weak adsorption. To show this, we 

simulated a 45 nm particle diffusing in a cylinder with a height and a diameter of both 500 

nm. The particle diffuses randomly and is reflected elastically when it collides with the 

virtual wall. No adsorption is assumed. The simulated movie (Movie 2.5) also shows 

intermittent movement for the particle diffusing in confined movement, indicating that the 

intermittent pauses may be due to the stochastic nature of diffusion.  
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Figure 2.6 AFM image and typical line profile of the surface of a thoroughly cleaned 

Corning coverglass.   

 

2.2.2 Both the Attractive Site and the Surface Influence Particle Distribution.  

To study how the particles are retained near the surface, we studied the particle 

distribution and the potential energy surface of the retained particles.  
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The hemispherical particle distribution, e.g., Particle I in Figure 2.1, shows that the 

particle is attracted by an attracting center of the glass surface ~ 400 nm away from the glass 

surface. Importantly, the interior of the hemisphere is open (Figure 2.2A), indicating that the 

particle is repelled from approaching the attraction center. Thus, the particle is trapped in a 

potential energy well around the attraction center, which gives the particle long-range 

attraction and short-range repulsion on any radial direction from the attraction center. 

Meanwhile, the particle is excluded ~400 nm away from the surface, indicating that glass 

surface is also affecting the particle distribution. In this case, the interaction between the 

surface in whole and the particle is repulsive, which is natural since both the particle and the 

surface are negatively charged.  

Particle II in Figure 2.1 shows a more interesting particle 3D distribution. It is most 

accurately described by a hemisphere with the top part being sliced off. The interior of the 

hemisphere is also open (Figure 2.3A), indicating that particle II is also trapped in an 

potential energy well that is generated by a point center. However, the top of the hemisphere 

is truncated, indicating the particle is also attracted by a flat surface, which is the glass 

surface in whole. That is, the particle is also trapped by the potential energy well generated 

by the glass surface in whole, with a long-range attraction and a short-range repulsion in the 

z-direction. Considering the particle distribution with a maximum z-distance of ~200 nm 

from the surface, this attraction is also long distance as compared to van der Waals 

interaction.  

Based on the scatter plots obtained in our experiments, we proposed the PES near a glass 

surface which is composed of a parallel PES of the glass surface and a semicircular PES of 
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the attraction site (see details in Supporting Information). Figure 2.1D and Figure 2.1H 

show the PES of particle I and particle II separately.  

Apparently, the particle distribution is determined by both potential energy surfaces of 

the attraction center and the surface in whole. To characterize the interactions, we calculated 

the potential energy surfaces from the particle 3D distribution with respect to the attraction 

center and the glass surface. In calculating the PES generated by the attraction center, we 

assume that the particle is moving around the attraction site and the glass surface only affects 

the particle distribution in the z-direction. The probability of observing the particle at a 

distance R from the attraction center can be estimated from the particle distribution, from 

which the PES can be calculated (Supporting Information). Similarly, the PES generated 

by the glass surface can be calculated using the probability of the particle showing up at a 

distance z from the glass surface. Figure 2.7 shows one example of the calculated PES’s of 

particle II in Figure 2.1. Both PES wells are deep (>4 kBT), consistent with our observation 

that the particle is trapped by the surface for long time.  

Generally, the most probable radius distance from the attraction center is large than the 

most probable z distance from the surface for the 39 particles (Figure 2.5AB). Importantly, 

the most probable R and the most probable z are linearly correlated (Figure 2.5C), 

suggesting that the attraction of the attraction sites to the particle is somehow correlated to 

the attraction of the neighboring glass surface. Notably, in our observation, the surface itself 

does not generate extended trapping, i.e., the particle being retained close to the surface with 

unlimited lateral motion but restricted movement in the z-direction. 
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Figure 2.7 Potential energy surfaces of a trapped particle. (A) PES along the radial direction 

R with respect to the attractive center on the glass surface; and (B) PES along the z-direction 

with respect to the glass surface.  

 

To study how the particle-attractive site and particle-surface interactions change as a 

function of ionic strength, we monitored the same trapped particle 3D distribution under 

different ionic strengths. In the experiment, the sample solution was sandwiched in a flow 
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cell chamber between a piece of the coverglass and a piece of glass slide separated by 

spacers. The buffers at different ionic strengths (8 µM, 80 µM, 0.8 mM and 8.0 mM) were 

flowed through and the trapped particle was imaged at different conditions. As the buffer 

concentration increases, the most probable R distance shows a trend of decrease (Figures 

2.8A). The 3D distribution of the particle shows a shrinking trend both for the radial 

distribution with respect to the attraction center and the z-distribution with respect to the 

glass surface as the ionic strength increases (Figure 2.8B). This is consistent with the 

prediction of Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, as when ionic strength 

increases Debye length would decrease.  

2.2.3 pH Affects the Particle-Surface Interactions 

Changing pH of sample solution will alter the particle-surface interactions. For example, 

when pH equals 4.5, most of the particles are adsorbed on glass surface. But we can still see 

some moving ones and a few trapped particles. As pH increases, more and more freely 

diffusing particles are observed and so are the trapped particles. When pH falls in between 9 

and 10, we can find the most trapped particles. If the pH continues to increase to higher than 

10, most particles will undergo free diffusing, and no particle is trapped.  
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Figure 2.8 Z positions of a trapped G85 particle as a function of log[buffer]. The sample was 

made in a flow cell and phosphate buffer with concentration of 8 µM, 80 µM, 0.8 mM, 8.0 

mM and 0.8 mM were flowed in, successively. (A) radius shows a clear trend of decreasing 

when buffer concentration is increased. (B) shrinking trend of particle distrubution. Brown: 8 

µM. Green: 80 µM. Blue: 0.8 mM. Orange: 8.0 mM.
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 2.2.4 Long-range Like-charge Attractions Serving as the Main Tapping Force 

What force causes this trapping of the particles? Since weak adsorption does not apply in 

our case, how the particles are trapped on the interfaces need to be re-examined. Current 

dominant theory in colloidal science, Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory,30,31 predicts that the combined forces from short-ranged attractive van der Waals 

force and long-ranged repulsive electrostatic force generate a second potential energy 

minimum at a distance from the attractive site. The second minimum is separated from the 

first minimum at contact by an energy barrier that is higher than the thermal energy. This 

theory successfully explains the stability of the colloidal particles as a function of electrolyte 

concentration. However, it cannot explain the potential energy well over 100 nm from the 

surface because the van der Waals interaction is too weak to trap the particles (Supporting 

Information). Thus, particles must be retained near surface by long-range interactions that 

cannot be explained by DLVO theory.  

Such unexplained long-range attractive interactions were ascribed to the like-charge 

attraction in the literature.25,29,36 To date, like-charge attraction remains one of the most 

curious phenomena that stimulated a lot of healthy debating. It started when it is discovered 

that DLVO theory failed to explain charged latex particles self-assembling in water in 1960s 

to 1980s.34,35 Based on a series of microscopic and small-angle X-ray scattering experiments, 

Sogami and Ise proposed that attractive force can be generated by the same type of charged 

macroions in solution phase.29,107-109 Using mean field approximation, they showed that the 

pair-wise potential of the same type of particles contains a short-range repulsion and a long-

range attraction. Grier and coworkers confirmed the observation of like-charge attractions, 
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but only in confined space, e.g., near a samely charged wall.33,36 On the other side, the like-

charge attraction is challenged, with studies reporting no such attraction observed,46-48 or 

suggesting alternative reasons for the observed attractions, e.g., impurity or hydrodynamic 

interactions, etc.49  

Similarly, if the long-range like-charge interaction exists between particle pairs, it should 

also be true for particle-surface interactions because of the similarity of the two problems. 

However, there is no consistency in the literature as reports of the existence25 and absence27 

of such interactions were both published.  

In our study, the interactions were between a negatively particle and an attractive site in 

the presence of a negatively charge glass wall. To the best of our knowledge, such a long 

range interaction between a particle and an attractive site has never been published in the 

literature. Although the polarity of the attractive sites is undetermined, we can conclude the 

site is also negatively charged base on the following reasoning. (1) The surface is negatively 

charged. As positively charged particles, e.g., CTAB-coated gold nanoparticles are 

introduced, they are adsorb permanently rather than trapped. (2) According to current 

theoretical frame, the oppositely charged sites would never form a trap even in the presence 

of neighboring negatively charged site(s).110 The total electrostatic force changes 

monotonically as the distance between the particle and the attractive center changes. (3) We 

also observed similar trapping of one moving particle by another immobilized particle on the 

surface (Movie 2.6). Similarly, we observed that the 3D distribution of the moving particle is 

confined around the fixed particle, AND close to the glass surface, indicating the particle 

movement is subjected to both PES’s of the fixed particle and the surface.  
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Based on the discussion above, it is reasonable to believe the interaction is caused by a 

similarly charged center of the surface.  

In the literature, various theories and simulation method were proposed to explain the like 

charge attraction. Essentially, there are two types of views: “big dipole” interaction and 

“bonding” interaction. The former views the charge center and its ionic atmosphere as a big 

dipole, while the latter views the counter ions acting as electron clouds that bond two 

“nuclei” together.  In either view, there are significant amount of counter ions in between that 

bridge the particles together. Grier et al. simplified this model by replacing the accumulated 

charge between the particles as a point charge q and reformulated the potential between two 

charged particles:40,41 
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This potential will give a PES minimum even when the q is a very small fraction of Z. 

However, we found this equation is still flawed to explain our experimental data, especially 

at the high concentration range. The most probable z-distance of a trapped particle at 

different ionic strengths was measured in a flow cell. Figure 2.8C shows the same trapped 

particle 3D distribution by 8 µM, 80 µM, 0.8 mM and 8.0 mM phosphate buffer/glass 

interface, respectively. As the buffer concentration increases, the particle gathers toward the 

attraction center. However, the fitting was poor using Equation 2.1 at the high concentration 

buffer end. The main reason we assumed is the exp(-κr) term, which describes the screen 

effect of the ions in the solution that forces the PES to decay quickly. No long range 

interaction can be reproduced using this equation at mM buffer range. A further thought 
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about Equation 2.1 is that the ions in the middle were considered twice. Removal of the 

exp(-κr) term can immediately lead to excellent fitting. To correct this, we propose to use an 

empirical κ’ to replace κ: 

r

r

a

a
Zq

r

r

a

a
Zru BB

)2/'exp(

'1

)'exp(
4

)'exp(

'1

)'exp(
)(

2

2 





























  (2.2) 

 

The physical meaning of κ’ is that the presence of the second particle will effectively 

reduce the screen effect of the ions to the first particle.   

2.2.5 Rugged PES near Surface 

Such trapped diffusion events eventually ended with permanent adsorption or flying 

away. Trapped particles moving from one location to another can also be observed 

frequently. Movie 2.7 shows one such example that a particle was first trapped at one site for 

18 seconds and then flew to another trapping site ~7 µm away. Note that the particle was 

indeed trapped in the solution rather than on a tilted surface. From time to time, freely 

diffusing particles near the trapped particle gave image patterns with a flatter center circle, 

indicating they can move to a position closer to the cover glass. The flying process took ~2 s 

and then the particle was trapped in the second spot for 13 s in the movie. The 3D trajectory 

for this particle is plotted in Figure 2.9A.  

Trapped diffusion can happen at arbitrary time scale. A lot of times, we observed short 

time scale trapping events. For example, Movie 2.8 shows a freely diffusing particle being 

trapped transiently when it moved close to the surface. It started in the solution ~ 1 m from 

the surface. At 2.85 s, the particle moved closer to the surface, giving a pattern similar to the 

adsorbed particle. The particle was retained near the interface for 0.3 second before it 
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diffused back into the bulk solution. The 3D trajectory shows that the trapped diffusion 

happened at ~ 200-400 nm above the surface during a period of 10 frames (Figure 2.9B). 

Note the trapped diffusion is distinctively different from the reversible adsorption (Movie 2.9 

and Figure 2.9C).  

 

 
Figure 2.9 Real time tracking of 85 nm particles moving in the vicinity of the aqueous 

solution-glass interface. (A) A trapped particle moving from one trapping location into 

another. (B) A particle transiently retained near the interface for ~0.3 s. (C) A paritcle 

transiently adsorbed on the interface for ~0.4 s.  The green circle highlights the part of the 

trajectory of interest.  

 

Overall, this study shows that in addition to strong attractive sites, there are a lot of weak 

sites that trap particles transiently, or show no trapping. Our preliminary data gives a new 
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view of rugged surface in terms of potential energy that traps diffusion particles, which may 

partly explain the discrepancies in the literature of whether long range interaction exists.  

2.2.6 “Trapped Diffusion” as an Important Mechanism for Surface Diffusion and Targeted 

Binding 

 During the trapped diffusion, the particles showed some retardation but still moved 

actively in a sizable volume. For example, for a 85 nm particle freely diffusing in the bulk 

solution confined between the glass slide and the cover glass with a gap of 7.5 m, the mean 

squared displacement in the xy plane was 3.8 ×10-13 m2 for each 30-ms frame (Figure 2.10A 

and Movie 2.10). During a period of ~200 frames, the particle moved wildly and virtually 

appeared at all z-positions between the glasses (Figure 2.10B). The movement of the freely 

diffusing particle is consistent with typical bulk diffusion. The apparent diffusion coefficient 

can be estimated from the mean square displacement according to Einstein-Stokes equation: 

nDtx 22   (2.3) 

where x2 is the mean square displacement; D is the diffusion coefficient; t is time 

interval; n is number of dimensions. The estimated D was ~ 3.3 × 10-12 m2/s, which is similar 

to the theoretical value (5.1 × 10-12 m2/s). 

As a comparison, for a trapped diffusing particle whose z-distribution maximizes at ~600 

nm from the surface (Movie 2.11), its mean squared displacement in the xy plane was 4.6 × 

10-14 m2 in each 30-ms frame (Figure 2.10C, for the z-distribution, see Figure 2.10D), ~ 8 

times smaller. Note that this value could be under-estimated because the movement of the 

particle is confined in a potential energy well. Nevertheless, this estimation shows that the 

particle was moving actively although being trapped near the surface.    
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Figure 2.10 Movement of a freely diffusing and a trapped diffusing 85 nm particles. (A) 

Square displacement dxy for a freely diffusing particle. (B) Histogram of the z-positions of the 

freely diffusing particle in the bulk. (C) Square displacement dxy for a trapped diffusing 

particle. (D) Histogram of the z-positions of the trapped particle.  

 

2.2.7 Implication for the Novelty of the Discovery 

This trapped diffusion of particles near surface discloses a new mechanism of how nano-

particular objects interact with a surface.  

First, it explains why particles will be retained near a surface for extended period of time. 

Not adsorption, what we found is that the driving force to keep these “trapped” particles near 

surface is the long-range interaction between the particle-surface attractive sites. That is, it is 

the first time a description of how the particle is retained “on” the surface (i.e., through 
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trapping rather than adsorption), and a plausible interpretation why it is retained (i.e., through 

long-range attractive interaction between like charges), are given. Such a fundamental 

understanding of this important phenomenon has not been in the literature. 

Second, it discloses the movement of the retained particles. Macroscopically slow but 

microscopically fast. This is important to targeted binding on the solid surface. The potential 

energy minimum tens to hundreds of nm away from the surface practically provides a buffer 

zone so that the particle is temporarily retained near the surface with considerable mobility. It 

is imaginable that this potential energy well can enhance the probability of targeted binding. 

First, it pre-concentrates the analytes to a much smaller volume near the surface. Second, the 

analytes still have significant mobility that it can actively search the binding sites within a 

considerable area (~1 m2) on the surface. Such an approach is more efficient than random 

diffusion-based binding especially when the guest particle concentration or the surface 

receptor density is low.  

Third, it discloses that the surface is heterogeneous. There are multiple attractive sites 

that “trap” nanoparticles near surface through long-range interactions. In our study, the 

particles are interacting with the surface through a lot of attractive sites over a long-range. 

Our conclusion is that the surface is heterogeneous (containing multiple attraction sites) and 

the potential energy surface of the surface is more rugged (strong and weak sites). 

Fourth, it has more general impact. In this study, we investigate the surface diffusion 

model of nanoparticles with a size of 10s of nm. We do not reject the “hopping” model for 

surface diffusion as it accurately describes small molecules to even macromolecule like 

proteins diffusing on surface according to our experience. However, the trapped diffusion 
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model is possibly more general for strongly charged nanoparticles and macromolecules on a 

samely charged surface. It may also apply to charged small molecules at certain conditions. 

For example, individual dye molecules have a high probability coming back to the surface 

after leaving the surface transiently.106,111 This may well be explained by the potential energy 

well that stretches several 10s to 100s nm away from the surface so that individual molecules 

are biased to flying back to the surface.    

Finally, new theory is needed for molecule/particle interactions: protein/DNA, viral 

particles, drug delivery vehicles, cell membranes. Such a new view implies that current 

theories about particle-surface interactions, which are based on random-diffusion-and-

collision model, need to be revised or redeveloped accordingly.    

2.3 Conclusions 

In summary, by tracking the 3D trajectories of particles diffusion “on” a solid-liquid 

interface, we show that the surface diffusing particles are actually trapped in potential energy 

minima several tens to hundreds of nanometers from the surface by long-range interactions 

between the particle-surface attractive site(s). The particles keep considerable mobility 

microscopically when being trapped. This new view will shed new light on how nanoparticle 

objects interact with a surface and be potentially important for many fields including from 

fundamental interfacial chemistry to biological sciences. It is also important for emerging 

applications such as drug delivery and viral infection in that it explains the efficient targeted 

binding when the guest particle or the surface receptor concentration is low.  

2.4 Experimental 
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2.4.1 Materials and Sample Preparation 

 Cover glass (22 mm × 22 mm No. 1) was purchased from Corning. Carboxylated 

polystyrene nanoparticles of different sizes were acquired from Invitrogen (45 nm, 200 nm, 

500 nm) and Thermo/Duke Scientific (85 nm). The surface charge on 45 nm, 200 nm and 

500 nm reported by the manufacturer was 0.7248, 0.0811, and 0.3156 meq/g, respectively. ζ-

potentials of 85 nm particles was -48 mV measured on a Malvern Nano HT Zetasizer in 25 

mM pH 9.0 CHES buffer at a concentration of 3.0 × 1011 particles/mL. The absorption and 

fluorescence emission maxima of aqueous suspension of these particles were 505 and 515 

nm, respectively. The original aqueous solution of the particles was diluted in relevant buffer 

at proper pH and concentration. The diluted solution was sonicated for 5 min at room 

temperature before use.    

The coverslip was sonicated for 30 min in detergent, deionized water and ethanol (twice) 

sequentially. After that it was rinsed thoroughly with deionized water and was dried with 

high purity nitrogen.  

2.4.2 Atomic Force Microscopy 

A MultiMode NanoScope IIIa SFM (Digital Instruments) was used to assess the surface 

of the glass slide. The AFM was operated in tapping mode under ambient conditions. An 

Ultrasharp cantilever/tip (MikroMasch) with a length of 120–130 m, a width of 32–38 m, 

a thickness of 3.5–4.5 m, a resonant frequency of 265–400 kHz and a spring constant of 20–

75 N/m was used to image the substrates. The setpoint oscillation was set to 80% of the free 

oscillation amplitude. 25 m2 images were recorded at a scan rate of 1.5 Hz (512 × 512 



 

51 

lines). The images were analyzed and prepared with n-Surf 1.0 (http://www.n-

surf.com/index.html). 

2.4.3 3D Imaging 

An upright Nikon Eclipse 80i epi-fluorescence microscope was used in our 

investigations. To obtain the axial position of the particle, a cylindrical lens (f = 1.0 m) was 

placed between the microscope objective and the tube lens (7.5 cm from the tube lens) to 

induce astigmatism in the imaging. The signal was collected by a 100× Apo TIRF/1.49 oil 

immersion objective. A P-725 PIFOC long-travel objective scanner from Physik Instrument 

(model no. P725.2CD) was used to control the axial distance from the sample to the 

objective. The images and movies were acquired by an Andor iXon 897 camera (512512 

imaging array, 16 μm pixel size). 30-ms integration time was used in all dynamic tracking 

unless specified. MATLAB and NIH ImageJ were used to analyze and process the collected 

images and videos.  

2.5 Supporting Information 

2.5.1 Particle-Wall Interaction Analyzed with DLVO Theory 

The quantitative analysis of the interactions between particle-particle or particle-wall was 

first provided by Derjaguin and Landau in 194130 and by Verwey and Overbeek in 194831 

independently; hence the theory is named DLVO theory.  

In DLVO theory, the potential energy caused by London-van der Waals attraction 

between the particle-wall (VA,PW) is:32,112 
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where A132 is Hamaker constant; subscripts 1, 3, 2 denote glass, water, and polystyrene, 

respectively; a is the particle radius; H is the gap between particle-wall.  

Under the thin electric double layer (EDL) assumption, the potential energy caused by 

repulsion between particle-wall (VR,PW) is: 
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 is the dielectric constant; 0 is the vacuum permittivity; Z is the valence of the ion; e0 is 

the charge of an electron;  is the surface potential; kB is Boltzmann constant; T is the room 

temperature; NA is Avogadro’s constant; I is the ionic strength; 1/κ is the characteristic Debye 

length of the electrolyte, or the thickness of the double layer. Under our experimental 

conditions (8.0 mM phosphate buffer), the Debye distance is ~ 1.4 nm, much smaller than the 

particles (85 nm in diameter). Thus, thin EDL assumption applies. Hamaker constants were 

calculated according to Israelachvili32 and all the parameters used in simulation are listed in 

Table 2.1. In the estimation, the zeta potential of the particles was assumed to be – 50 mV as 

the purchased particles usually show a zeta potential between -30 ~ -80 mV from batch to 

batch. 

 

 



 

53 

Table 2.1 Parameters used in the estimation of particle-wall interactions. 

 

Wall Glass 

Particle Polystyrene (PS), carboxylated 

T (K) 298.3  

Aglass-water-polystyrene 

(J) 

7.2 × 10-21  

P (mV) -50  

W (mV) -50 

 (water) 78.3 

 

The calculated attractive van der Waals potential, repulsive Coulombic potential, and the 

total potential as a function of the separation distance between particle and wall is in Figure 

2.11. The total potential energy V:    

RA VVV 
       (2.8) 

between the particle-wall interactions has a second energy minimum at a particle-wall 

gap of ~10 nm, with the first minimum at particle-wall contact (not shown in this Figure).  

From Figure 2.11, the absolute value of van der Waals potential drops to below 4 × 10-21 

J (thermal energy kBT) at a gap of ~7.4 nm. The second minimum is at a particle-wall gap of 

~10 nm.
 
However, the energy minimum has an absolute value smaller than the thermal 

energy kBT, indicating that the second energy minimum is not deep enough to trap particle 

close to the surface.   
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Figure 2.11 Estimated potential energy surface between 85 nm polystyrene nanoparticles and 

glass surface in the presence of 8 mM phosphate using DLVO theory. A: attraction; R: 

repulsion; P: particle; W: wall; H: gap between particles.    

 

2.5.2 Potential Energy Surface Calculated from Particle 3D Distribution 

The potential energy surface of a particle diffusing near a glass surface can be calculated 

from the 3D trajectories. For an individual particle, the probability p(z) of finding the center 

of the particle at any position z from the glass surface will be given by Boltzmann’s 

distribution equation: 
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where E(z) is the potential energy at h; kBT is the thermal energy; and A  is a pre-

exponential factor defined such that all probabilities sum to unit. To eliminate A, we divided 

E(z) by  a reference E(zm), where zm usually denotes the most probable distance of the particle 

to the surface: 
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The ratio of the probabilities can be substituted by the ratio of the number of observations 

n:  
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Figure 2.7B shows the restored potential energy surface of a trapped particle near the 

interface. Such a deep potential well clearly demonstrates an attraction interaction between 

nanoparticles and glass surface at a long distance (~400 nm).27,113 

 Similarly, the potential energy surface of a particle moving around an attraction 

center is calculated using an equation modified from Equation 2.11:  
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where R is the distance between the attraction center to the center of the particle; n’ is the 

normalized number of observations by the volume.  

2.5.3 Proposing PES of Glass Surface 

Suppose glass surface is X-Y plane, then Figure 2.12 depicts the PES projected on Y-Z 

or X-Z plane. The inner and outer semi-circles represent repulsion and attraction PES’s of the 
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attraction site separately. While each two of those red lines denote repulsion and attraction 

PES’s of the glass surface.  

 

 

 

 

For both glass surface and attraction site, we call the area inside the repulsion PES the 

repulsion zone, outside the attraction PES the attraction zone and in between the trapping 

zone.  When trapping zone lies in between line 1 and line 2, the PES will give a distribution 

the same as that in particle II. When it’s seated between line 4 and line 5, particles will 

follow the distribution as that in particle I. However, a distribution in particle I does not 

necessarily mean a trapping zone between line 4 and line 5. It could also be between line 2 

and line 5, only if the repulsion zone volume (VR) is much smaller than the trapping zone 

(right above the repulsion zone of interest) volume (VA) so that each part of the confined X-

Y area has the same probability for particles to stop by. According to our proposed PES, 

several other distributions should also be observed and they are summarized in Table 2.2. 

X 

Y 

Z 

Figure 2.12 Schematic PES’s of attraction site and glass surface. Each two of the red lines 

represent the PES of glass surface, and the semi-circles denote the PES of attraction site. 

Coordinate system is shown in lower right panel. 
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When the glass surface confines an area between line 2 and line 3, depending on the ratio of 

VR vs VA, X-Y distribution could be a ring, a filler scatter or a pseudo ring (VR/ VA~1).   

 

Table 2.2 Summary of scattered distribution patterns of X-Y and X-Z. 

 

 

2.5.4 More Examples - Different Types of Interception 

In our experiments, all these cases in Table 2.2 were found reproducibly. Particle III 

(Figure 2.4D) has a filled X-Y scatter and a trapezoid-like X-Z distribution, which 

corresponds to case 3 in Table 2.2. Particle IV (Figure 2.4H) with a pseudo ring distribution 

in X-Y plane and a trapezoid distribution in X-Z plane is related to case 2. Figure 2.13 

depicts a pseudo ring-like X-Y scatter and an arc-like X-Z scatter, which is resulted from the 

PES of case 5. Since sometimes it’s difficult to distinguish an arc from a trapezoid due to that 

the radian of the arc is small, significant amount of particles were studied in order to obtain 

the PES’s in good shape.  
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Figure 2.13 An example of a particle trapped near the surface for an extended period of time. 

(A) Scattered particle distribution during a time of 30 s (1000 frames). (B) 2D scatter plot of 

X-Y. (C) 2D scatter plot of X-Z. (D) Proposed particle-center interaction and particle-surface 

interaction PES’s corresponding to the same particle. 
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MOVIES 

Movie 2.1 was collected at 20 frames per second (fps). Movie 2.4 was collected at 10 fps. 

Movies 2.2, 2.3, 2.6-2.11 were collected at 33 fps. Movie 2.5 was simulated with a frame 

rate of 200 fps. All movies were played at real time.   

 

Movie 2.1. An 85 nm particle retained by glass surface in the presence of 25 mM CHES 

buffer at pH 9.0 imaged with conventional epi-fluorescence microscopy.  

Movie 2.2. Particle I in Figure 3. 85 nm particle retained by glass surface in the presence 

of 8.0 mM phosphate buffer adjusted to pH 9.0 collected with astigmatism-based imaging. 

Movie 2.3. Particle II in Figure 3. 85 nm particle retained by glass surface in the presence 

of 8.0 mM phosphate buffer adjusted to pH 9.0 collected with astigmatism-based imaging. 

Movie 2.4. A 60 nm citrate capped gold nanoparticle being trapped near glass surface. 

The images were acquired using astigmatism-based dark-field microscopy. The numeral 

aperture of the dark field objective was smaller so the astigmatic images showed a different 

pattern than the ones showed in the manuscript. Buffer was 8.0 mM phosphate with pH 

adjusted to 9.0.  

Movie 2.5. Simulated movie of a 45 nm particle diffusing in a cylinder with a 500 nm 

diameter and 500 nm height. Elastic collision with no adsorption is assumed when the 

particle collides with the cylinder wall. Frame time was 5 ms.  

Movie 2.6. One particle trapped by another particle on glass surface. Buffer was 8.0 mM 

with pH adjusted to 9.0. Buffer was 8.0 mM phosphate with pH adjusted to 9.0.  
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Movie 2.7. A trapped diffusing particle moving from one trapping location to another 

(Figure 6A). Buffer was 8.0 mM phosphate with pH adjusted to 9.0.  

Movie 2.8. A particle transiently being trapped near surface at 2.85-3.12 second (Figure 

6B). Buffer was 8.0 mM phosphate with pH adjusted to 9.0.  

Movie 2.9. A particle being adsorbed on the surface at 0.72-1.14 second (Figure 6C). 

Buffer was 8.0 mM phosphate with pH adjusted to 9.0.  

Movie 2.10. A freely diffusing particle in the bulk solution (Figures 7AB). Buffer was 

8.0 mM phosphate with pH adjusted to 9.0.  

Movie 2.11. A trapped diffusing particle analyzed in Figures 7CD. Buffer was 8.0 mM 

phosphate with pH adjusted to 9.0.  
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Chapter 3 Three-Dimension Tracking Microscopic Movements of Diffusing 

Nanoparticles in Cylindrical Nanopores 

3.1 Introduction 

Understanding mass transport in confined environments such as nanopores, planar 

micro- to nanochannels, and cytoplasm is an important step for many advanced applications 

such as separations,8,9,13 micro to nanofabricated tools,8,9 controlled drug release,1,2,11,12 

enzymatic reactions,14,114 and other biological processes. We are particularly interested in 

objects with a size of 10s to 100s nanometers, which covers the size range of biomolecules, 

viral particles, small bacteria, and some cell organs. Mass transport of these nano-objects in 

an environment with similar size in one or more dimensions can be significantly different 

from those in the bulk solution. A reduction of diffusion coefficient (D) in confined 

environments is usually observed in the literature but the observed slowing down varies 

hugely. Different interpretations have been proposed to explain the slowing down. For 

example, Durand et al. found that the effective diffusion coefficient of a protein (38 kDa) in 

50 nm high nanochannels were four orders of magnitude smaller than that in bulk 

solutions.115 This was explained by dynamic adsorption and desorption of molecules on glass 

channel surfaces. Pappaert et al. measured the diffusion coefficient of DNA molecules in one 

dimensional micro- and nanochannels; more than 30% decrease of the D was observed when 

the channel size dropped to 260 nm.116 Ma et al. studied protein molecules in unmodified and 

polyethylene glycol (PEG)-passivated anodic alumina oxide (AAO) membrane filters with 

cylindrical pores and found orders of magnitude slowing down of the protein 

molecules.117,118 They concluded that in addition to adsorption, there must be other factors, 
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e.g.,  anomalously large viscosity of water near the pore wall, contributing to the slowing 

down. Han et al. studied the electromigration and diffusion of polystyrene nanoparticles in 

AAO membranes.119 They found that both the electromigration and passive diffusion of the 

particles slowed down by ~20 times and ascribed this to the microenvironment difference in 

nanopores. Kaji et al. observed a three times slowing down of 50 nm carboxylated 

polystyrene beads diffusing in 400 nm-height channels, which was ascribed to the unusual 

viscosity due to the confinement.120 Eichmann et al. studied the diffusion of 50 nm gold 

nanoparticles in 350 nm-height channels. Observed lateral diffusion coefficient was 50% 

smaller than the predicted value, which was explained by hydrodynamic interactions and 

electroviscous effect due to the overlap between the electrostatic double layers around the 

particles and the wall surfaces.121 Note that some of the proposed mechanisms, e.g., increased 

viscosity of solvents in a pore large than several nanometers, has been under debate for a 

long time. Some argue that the unusually large viscosity can only extend to ~ 1 nm scale into 

the solution,122,123 while others suggest that the microenvironment in pores as large as 10s to 

100s nanometers can be significantly different than that in the bulk solution.124  

There are multiple reasons for the observed discrepancies in the literature: the size of 

the confinement, the experimental conditions, and the detection techniques, etc. To 

differentiate the models and find the common aspect in the diffusion in these systems, the 

key is to know how the diffusing entities move microscopically in the confined 3D space. For 

example, an increased microviscosity will impact on the diffusion entity in the whole pore 

volume, while increased adsorption/desorption will only slow down the particle on or near 

the pore wall. So far, the dominant methods in studying mass transport in confined space are 
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based on ensemble measurements. In this study, we developed an astigmatism-based 3D 

single particle tracking technique to monitor microscopic diffusional motion of nanoparticles 

in AAO cylindrical nanopores.125 The details of this method are described in Chapter 1. 

Generally by inserting a cylindrical lens with a focal length of 1.0 m between the microscope 

objective and the tube lens in an epi-fluorescence microscope, we obtained unique, diamond-

like image patterns depending on the sample positions in the z-direction. A model-based, 

correlation coefficient mapping method was developed to recover the particle position in the 

3D space. Compared to other 3D tracking techniques, e.g. 3D photoactivated light 

microscopy (PALM)/stochastic optical reconstruction microscopy (STORM),126,127 bifocal 

imaging,128 double-helix PSF129 and others,54,130 this method allowed us to track individual 

fluorescent nanoparticles in arbitrarily shaped systems with a z-distance as large as ~10 µm. 

The tracking precision varied with the particle size and the integration time. For 85 nm 

fluorescent, carboxylated polystyrene nanoparticles, which were similar in size to the 

particles we used in this study, the tracking precision was 15-20 nm in all three dimensions at 

~30 frames per second temporal resolution. 

To find out how particles were slowed down, we tracked the microscopic movement 

of 100 nm fluorescent nanoparticles in AAO filters bearing cylindrical pores with a nominal 

diameter of 200 nm under different conditions: (1) in pores with minimal particle–wall 

attractive interaction and regular buffer: 25 mM CHES buffer at pH 10.0; (2) in pores filled 

with viscous buffer: 50% (volume) glycerol: 50% regular buffer; and (3) in pores with 

enhanced particle-wall attraction: the pore wall was coated with C18/PEG at different C18 
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ratios from 0%-20%. Note that the percentage of C18 refers to that in the modification 

solution rather than on the pore wall.  

3.2 Results and Discussion 

3.2.1 Particle Diffusing Trajectories 

In all these conditions, we were able to track the 3D trajectories of particles diffusing in 

and out of the AAO filters. For example, Figure 3.1 and Movie 3.1a show a particle 

diffusing in an unmodified membrane filter in viscous buffer. The particle diffuses in one 

pore first for ~11 s, moves out of the pore, diffuses in the bulk solution briefly, and enters 

another pore, and diffuses there for ~21 s. The particle movement was tracked and displayed 

in Movie 3.1b. The top and side views of the 3D trajectory are shown in Figures 3.1b and 

3.1c, respectively. The recovered 3D trajectory in part reflects the nanopore cylindrical 

geometry. Interestingly, the cylinders are not perfect: the pores show slight distortion and 

twisting, which is consistent with the SEM images (Figure 3.2). From the SEM images, the 

measured pore diameter 3 µm below the filter surface is 300 ± 50 nm. In our recovered 3D 

trajectories, their projections have a mean of 330 ± 50 nm measured from both the x and y 

directions for 20 trajectories. It is slightly bigger than the actual area the particle can move in 

theory, which is ~200 nm active diffusion area considering 100 nm particles in 300 nm pores. 

The possible reasons for the slight expanding include: (1) the localization errors expand the 

spot by ~ 50 nm; (2) the pores are skewed and have irregular shapes along the z-direction so 

their projection on xy-plane is expanded; and (3) the particles are in larger pores. Through 

carefully studying the 3D trajectories, we conclude that the localization error and the 

irregular shape of the pores are the dominant reasons. For example, Figure 3.1d shows the 
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projection of the 3D particle distribution within a thin z-slice (500 nm), which shows that 

most of the particle positions are confined in a 100 nm-circle. Thus, we can exclude the 

possibility that our measurement is biased by selecting large pores.    

 

 

Figure 3.1 Three dimensional particle distribution when diffusing in two cylindrical pores 

sequentially. (a) 3D view. (b) Top view. (c) Side view. (d) The top view of the particle 

distribution in a thin slice in the z-direction. 
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Figure 3.2 SEM images of longitudinal section of Whatman dia. 200 nm membrane filter.  
 

Such particle diffusing in-and-out of the pores was commonly observed at all 

experimental conditions (for another example, see Movie 3.5 and Figure 3.3). We also 

observed particles moving from one pore to its neighboring pore inside the membrane filter, 

indicating that the pores were inter-connected by defects (Figure 3.13 and Figure 3.14). 
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Figure 3.3 Three dimensional particle distribution when diffusing in two cylindrical pores 

sequentially – Example 2. Viscous solvent. (a) 3D view. (b) Top view. (c) Sideview – along 

x-direction. (d) Side view – along y-direction.  

 

3.2.2 Calculation of Diffusion Coefficients 

From the 3D trajectories, we were able to estimate the particle axial diffusion 

coefficient using the conventional mean-square displacement (MSD) method. Generally, we 

calculated the MSD plot in the axial direction using movie clips that were longer than 6 

seconds (~200 steps). The MSD up to 15% of the total collection time was calculated. When 

the MSD curve deviated from a straight line, the initial linear portion was fitted to obtain a 

diffusion coefficient. Figure 3.4a shows the representative MSD curves of particles diffusing 

in the z-direction under different conditions. For unmodified pores and the regular buffer, the 
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median axial diffusion coefficient of 33 particles calculated from the linear portion of the 

MSD curves is 1.4 ± 0.5 × 10-12 m2/s (Supporting Information 3.5.2).  

 

Figure 3.4 Axial diffusion coefficients for particles in 3 different types of pores. (a) 

Representative MSDs as a function of time for particles diffusing in different types of pores. 

(b) (c) and (d) Histograms of particle individual steps in the z-direction under different 

conditions. (e) (f) and (g) Histograms of particle axial diffusion coefficients obtained from 

individual steps under different conditions. (b) and (e) Unmodified pores. (c) and (f) 

Unmodified pores with viscous buffer. (d) and (g) C18/PEG modified pores.  
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More importantly, using the 3D tracking trajectory, the diffusion coefficient can be 

estimated from the individual steps of the particles. Brownian diffusion of nanoparticles can 

be modeled as random walks, where the particle step size L after each observation time 

interval Δt is normally distributed with a standard deviation of σL: 

tnDL  22  (3.1) 

Figure 3.4b shows one representative histogram of individual axial step sizes of a 

particle in an unmodified pore. By using non-linear least squares (NLLS) fitting, the axial 

diffusion coefficient can be extracted from the standard deviation of the Gaussian 

distribution. The diffusion coefficient obtained this way more reflects the particle diffusion in 

a short time scale, or in a microscopic length scale. The histogram of the 33 D’s obtained this 

way is plotted in Figure 3.4e. The median axial diffusion coefficient of the 33 particles is 1.3 

± 0.6 × 10-12 m2/s, which is consistent with the D’s estimated using the MSD method. This 

shows that the particle axial diffusion in unmodified pores follows the random diffusion 

model both microscopically (at a scale of ~200 nm representing the particle individual steps) 

and in a relatively larger length scale (~10 µm representing the observation volume).  

This measured diffusion coefficient is ~ 3 times smaller than that predicted by 

Einstein-Stokes equation for 100 nm particles (4.4 × 10-12 m2/s) in the bulk. To exclude the 

possibility that the discrepancy is caused by systematic errors, we also measured the D of the 

particles in the bulk (a solution chamber sandwiched between two pieces of glass slides with 

a gap of ~ 10 µm). The diffusion coefficient in axial direction is ~3.9 × 10-12 m2/s from 



 

70 

multiple measurements using the individual step size method (for an example, see Figure 

3.5), which is consistent with the theoretical value.  

 

Figure 3.5 Histograms of individual steps in the z-direction for particle diffusing in free 

solution.  
 

The 3 times difference between the diffusion coefficients in the pore and in the bulk 

solution can be explained by the hydrodynamic friction (see detailed discussions in 

Supporting Information 3.5.3 and 3.5.4).131 Also, above data were acquired in unmodified 

pores in CHES buffer at pH 10.0, at which both the particle and the pore wall were 

negatively charged. To completely passivate the pore wall, we also coated the pore wall with 

PEG. The median axial diffusion coefficients for 22 particles measured in PEG pores are 1.4 

± 0.7 × 10-12 m2/s using the MSD method and 1.0 ± 0.4 × 10-12 using the individual steps, 

respectively (Figure 3.6). This shows that there is minimal adsorption for both PEG-

modified and unmodified pores.  
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Figure 3.6 Axial diffusion coefficients for particles in PEG coated pores. (a) Histograms of 

particle axial diffusion coefficients obtained from MSD method. (b) Histograms of particle 

axial diffusion coefficients obtained from individual steps. 
 

3.2.3 Slowing Down in Viscous Buffer or “Sticky” Pore Wall 

Next, we studied the 3D trajectories and individual steps when the particles were forced 

to slow down by using viscous buffer or “sticky” pore wall. When we compared the particle 

diffusing under the different conditions, the first thing we noticed was that the particles 

stayed in the pores for much longer times in viscous buffer or C18/PEG modified nanopores. 

Movie 3.3 shows 100 nm particles diffusing in and out of unmodified nanopores in regular 

buffer. Clearly, in viscous solution/unmodified pores (Movies 3.1 and 3.5) or C18/PEG 

modified pores (Movies 3.2, 3.4, and 3.6), the particles stay in the pores for much longer 

time. To quantitatively compare the apparent slowing down, we counted the total residence 

times of particles staying in the nanopores under these conditions (for counting criterion, see 

Supporting Information 3.5.5). The median residence times are 3.0 s, >30 s, and 12 s, 

respectively (Figure 3.7). Thus, both viscous solvent and increased particle-surface 
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interaction augments the particle’s residence time significantly. Since conventional ensemble 

measurements are usually relevant to particles’ residence times, the direct conclusion is that 

the particle movement in the presence of viscous solvent or increased particle-surface 

interaction will slow down the particle axial diffusion macroscopically.  

 

Figure 3.7 Histograms of residence times of partilces in cylindrical pores. (a) Unmodified 

pores. (b) Unmodified pores with viscous buffer. (c) C18/PEG modified pores. There were 

numerous events that particles stayed transiently on the membrane surface or went into the 

pore for a very short distance. Only particles went ~500 nm below the membrane filter 

surface were counted. 
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We further studied how the particle axial diffusion was affected by viscous solvent or 

increased particle-wall interaction. In the viscous buffer where the viscosity increased by a 

factor of ~7,132 the particles are moving much slower in the z-direction, indicated by the slow 

changing pattern of the particle image (e.g., Movies 3.1 and 3.5). Similarly, we can estimate 

the D from the MSD plot and individual axial steps. Figure 3.4c shows a representative 

histogram of the step sizes of a particle in unmodified pores with viscous buffer. The 

distribution is Gaussian. The median diffusion coefficient through NLLS fitting from 29 

particles is 0.21 ± 0.10× 10-12 m2/s (Figure 3.4f and Table 3.1), which is consistent with the 

D’s calculated using the MSD method (0.30 ± 0.12 × 10-12 m2/s). Notably, when the viscosity 

becomes ~7 times larger, both the MSD slope and the individual step size decrease by a 

factor of ~7, which is consistent with our expectation. Thus, the increase of the viscosity in 

the pores slows down the microscopic particle movement proportionally, leading to the 

slowing down of the particles macroscopically.  

However, in C18/PEG modified pores, a quick glance of the movies (e.g., 1% C18, 

Movies 3.2, 3.4, and 3.6) allowed us to find that the particles were moving fast in the axial 

direction in the cylindrical pores. A statistical analysis of the individual axial steps of 

particles in 1% C18 modified nanopores shows that the step sizes are comparable to those in 

unmodified pores with regular buffer (Figure 3.4d). Analysis of 43 particles gives the 

median axial D calculated from individual steps of ~ 1.1 ± 0.5 ×10-12 m2/s (Figure 3.4g and 

Table 3.1)., which is consistent with the D’s calculated using the MSD method (1.2 ± 0.4 × 

10-12 m2/s). The mean step size drops only by ~15% in 1% C18/PEG modified pores as 
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opposed to that in unmodified pores. Compared to the 400% increase of the residence time 

macroscopically, our 3D trakcing data gives a picutre that the movement of particles in the 

C18 modified pores are microscopically active.  

 

Figure 3.8 Lateral distribution(2D histogram) of particle’s locations in 1% C18 modified 

nanopore. (a) top view. (b) side view.  

 

Table 3.1 Measured axial diffusion coefficient of 100 nm carboxylated polystyrene 

nanoparticles in 200 nm pores. 

 

 Dz (10-12 m2/s) 

MSD ~ t slope in linear 

region 

Dz (10-12 m2/s) 

Indiviudal steps 

Theoretical D in bulk 4.4  

Unmodified pores 1.4 ± 0.5 1.3 ± 0.6 

Glycerol/Buffer 0.30 ± 0.12 0.21 ± 0.10 

C18/PEG pore 1.2 ± 0.4 1.1 ± 0.5 
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Why the step size of the particles will decrease by 15% in 1% C18 pores? Apparently, the 

decreased step size is a result of the increased particle-wall interaction. With the modification 

of C18, the pore wall becomes more hydrophobic, resulting in a stronger van der Waals 

interaction between the particle and the pore wall. After carefully scrutinizing our data, we 

can conclude that long time adsorption, which is defined as the immobilization of the particle 

for a few frames, or ≥100 ms, is very rare and not a major factor that slows down the particle 

diffusing. Further evidence can be gained by the lateral distribution of the particle in the 

pores. For example, Figure 3.8 shows the particle distribution in a 1% C18 modified 

nanopore, which shows the distribution is relatively flat with the maximum in the middle of 

the pore rather at the out rim of pore. It also confirms that long time adsorption is not the 

main reason for the prolonged residence time of particle in the pore. To be noted, the absence 

of long time adsorption is also consistent with our confocal single particle fluorescence 

correlation spectroscopy (FCS) measurements, which shows no observable adsorption events 

up to a time resolution of 0.5 ms (data not shown). 

However, we cannot exclude the possibility of short time adsorption, i.e., the particle 

is immobilized on the surface at the microsecond time scale, or temporarily retained in the 

potential energy surface (PES) well near the pore wall (within a distance of ~5 nm) because 

of van der Waals interaction. We describe this process as “particle being withheld by the pore 

wall” as not to confuse with the retention process in chromatography (Figure 3.9). Such 

withholding time wt  is short so that it is not readily detected due to the limited temporal 

resolution of current imaging techniques.  
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Considering above discussion, there are two possibilities that the particle steps are 

reduced by 15% in 1% C18/PEG pores: (1) the step size decreases because of numerous 

transient withholding events by the pore wall (microseconds) while the diffusion coefficient 

of the particle does not change in the solution except the hydrodynamic friction. Since 

Brownian motion is accumulative, which means that the mean square step size is 

proportional to the total diffusing time within the observation interval, the total withholding 

time within a frame can be estimated from the difference between the mean square step sizes 

in the absence and in the presence of particle-wall interactions. Thus, the total withholding 

time only accounts for ~15% of the total frame time in 1% C18 modified pores. (2) There is 

no particle-wall interaction but the diffusion coefficient in the solution decreases by ~15% 

because of the microenvironment change.  
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Figure 3.9 Schematic of the time that the particle spends inside the proe. The total time can 

be devided into different segments according to different definitions. In this manuscript, the 

residence time is defined as the time the particle is in the pore. It can be further devided into: 

(1) 0

RSt : the residence time of the particle in the pore in the absence of particle-wall 

interaction; (2) the withholding time Wt , where withholding could happen as either transient 

immobilization or short range (~ 5nm) retention in the PES wells; and (3) the trapping time 

Tt , i.e., the extra time that the particle spends in the pore due to the presence of particle-wall 

interfaction but not direct withheld by the pore wall. In adsorption and partition 

chromatography, the void time 
Mt   includes both the time the particle outside the pores and 

0

RSt ; the adjusted retention time St  or '

Rt   includes both the withholding time Wt  and the 

trapping time 
Tt . 
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3.2.4 Calculation of Activation Energy 

To find out how the particles were withheld by C18-modied pore wall, we varied the 

surface C18 concentration by changing the C18-to-PEG ratio in the modification solution. 

Table 3.2 and Figure 3.10a show the apparent axial diffusion coefficients at different 

surface C18 concentrations calculated from the individual steps of ~ 20 particles each, 

respectively. When the percentage of C18 in total silanes is increased from 1% to 20%, the 

apparent axial diffusion coefficient decreases continuously from 1.1 to 0.55 ×10-12 m2/s. Over 

20% of C18, the pore wall property has a sharp transition and becomes adsorptive: most of 

the particles adsorb permantly onto the surface immediately upon contact. The whole 

changing trend clearly shows that the C18-modified pores do have an increased attractive 

interaction for the particles as the surface C18 concentration increases. To be noted, even in 

20% C18 modified pores where the particle D drops by a factor of 50%, there is still no 

obervable long term adsorption event.  

 

Figure 3.10 Particle axial diffusion coefficient varies with C18 fraction. (a) Dz changes with 

C18 concentration. (b) plot of 0ln( 1)
'

D
RT

D
  vs. 18Cf . 
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It is practically impossible to differentiate the two models mentioned above with 

current imaging temporal resolution. However, if we assume that the slowing down is mainly 

caused by the withholding by the pore wall while the actual diffusion of the particle does not 

change, we can estimate the Gibbs free energy change G  for the withholding of the particle 

on the pore wall (Supporting Information 3.5.6):  

)1
'

ln( 0 
D

D
RTG  (3.2) 

where R is the gas constant; T is the temperature; 
0D  and 'D denote the apparent 

diffusion coefficients in unmodified and C18/PEG modified pores, respectively. The 

estimated values of G  are listed in Table 3.2 for different C18 concentrations. As C18 

fraction increases, G  decreases. Over 20% C18, G  changes from positive to negative, 

indicating that the withholding becomes a spontaneous process at this condition. 

If we take a further assumption that the activation energy wE  for withholding is a 

constant, i.e. the energy barrier for the particle going over to be withheld by the surface is 

independent of C18 fraction; and the activation energy for de-retention Ed is linearly 

proportional to the fraction of C18 on the surface, i.e., the more C18, the more energy the 

particle needs to depart from the surface, we can obtain a linear relationship: 

00
18ln( 1)

'
d C w

D
RT E f E

D
     (3.3) 
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where 0

dE  is the extrapolated activation energy of de-retention for the surface coated 

with 100% C18; f18 is the fraction of the C18. Figure S10b shows the plot of 0ln( 1)
'

D
RT

D
  

vs. 
18Cf . Interestingly, the data points can be satisfactorily fitted with a straight line. From the 

linear fitting, we obtain 
0

dE  = 26 /kJ mol , 
wE  = 4.37 /kJ mol , and 

dE  for different C18 

percentage is listed in Table 3.2. The 
wE and 

dE at low C18 concentrations are similar to the 

thermal energy (1.5 kBT = 3.7 /kJ mol ), which means that the withholding and de-retention 

can happen quickly. The fact that our experimental data matches equation (3) is an indication 

that all our assumptions are self-consistent. It is highly likely that the decreased apparent D in 

C18 pores, which reflects a decreased step size, is caused by short time withholding of the 

particles by the pore wall.  

 

Table 3.2 Dz, G  and deE  of C18 modified nanopores. 

C18 fraction in 

C18/PEG 

Dz (10-12 m2/s) 

Indiviudal steps 

G  

( / )kJ mol  

Ed
 

( / )kJ mol  

1%  1.1 ± 0.5 4.23 0.26 

5%  1.0 ± 0.4 2.98 1.3 

10% 0.86 ± 0.4 1.66 2.6 

20% 0.55 ± 0.2 -0.77 5.2 
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3.2.5 Confined Diffusion in Axial Direction 

In all C18 modified pores, the particles are microscopically active by showing very 

limited reduction in step sizes: 15% reduction for 1% C18 coated pores and 50% reduction 

for 20% C18 coated pores. Thus, the increased withholding time (~15% for 1% C18 

modified pore) does not explain the increased residence time (400% for 1% C18 modified 

pore). To find out why the particles were retained in the pores for much longer time, we 

further analyzed the MSD ~ t plots of the particles in all three conditions. We find that in 

unmodified pores, the majority (~80%) of the particles show linear MSD ~ t curves within an 

observation time of ~1 s. The rest of the curves show different extents of leveling off within 

the 1 s window. The fraction of linear MSD curves drops to slightly larger than 50% in 

viscous buffer. However, in C18 modified nanopores, the majority of the particles (~80%) 

show MSD plots leveling off within 0.1 ~ 0.5 s, which corresponds to a diffusion distance of 

~ 500-1000 nm. Figure 3.4a shows a representative MSD ~ t plot for particle diffusion in 

C18/PEG modified nanopores (blue curve).  

The leveling off of the MSD plot is indicative of confined diffusion in the axial 

direction during the observation period.133 In this study, the confinement possibly reflects the 

heterogeneous environment inside the pore so that the particles tend to be “trapped” within 

certain segments of the pores. This can be clearly seen in particles’ z-trajectories (for typical 

examples, see Figure 3.11). In PEG modified pores (Figure 3.11a), the particle moves 

drastically in the axial direction, giving a lot of sharp spikes in the trajectory. As a contrast, 

in 1% C18 modified pores (Figure 3.11b), relatively “flat” segments with z-fluctuations 
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within 1 µm are observed, which means that the particle prefers to stay within the segment in 

that period of time.  

 

Figure 3.11 Typical z-trajectories of particle diffusing in different conditions. (a) A particle 

diffusing in a PEG-coated pore in regular buffer. (b) A particle diffusing in a 1% C18 

modified pore in regular buffer. (c) A particle diffusing in viscous buffer in unmodified 

pores. 

 

This shall explain why the particles show non-linear MSD ~ t plots in C18 modified 

pores. The length scale of the axial confinement is estimated to be 500 nm ~ 1 µm from the 
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corresponding times of confinement (0.1 ~ 0.5 s) using Einstein-Stokes equation. When 

“trapping” happens in the pores, the total residence time increases as the solute needs more 

time to diffuse out of the trapping region, or from one trapped region to the other. To be 

noted, although the whole trajectory in Figure 3.11b appears less fluctuating for the C18 

modified pore, its individual step size does not decrease much. The statistics of individual 

steps shows that the average step size in Figure 3.11b is ~ 85% of that in Figure 3.11a. 

Finally, in 50% glycerol solution (Figure 3.11c), the individual steps decrease drastically, 

giving a much smoother trajectory. 

More interestingly, a look at the particle distribution along the z-axis in the whole 

observable window usually discloses that the particle distributions are relatively uniform 

along the z-direction, i.e. no preferred segments can be identified in which the particle spent 

longer time. Figure 3.12 and Movie 3.4 show a particle diffusing in one pore and then 

moving to another pore through the bulk solution. The particle distribution in the z-direction 

is uniform from 1.5 µm to 4.5 µm in pore 1 (Figure 3.12d). However, the MSD ~ t curve 

still starts to level off from ~ 0.5 second (Figure 3.12e), indicating confinement of the 

particle in the axial direction. The absence of identifiable micro-domains in the z-direction 

possibly suggests the trapping zones are not static. That is, the trapping zones are 

momentarily formed at arbitrary locations in the pores due to the non-equilibrium nature of 

the interaction among the particle, solvent and the pore wall. How and why the particles 

show confined diffusion in C18/PEG modified pores still need to be investigated.  
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Figure 3.12 Analysis of a selected particle diffusing in C18/PEG modified pores. (a) 3D 

particle distribution for a particle diffusing in C18/PEG modified pores. (b) Side view. (c) 

Top view. (d) Histogram of particle z-distribution in pore 1. (e) MSD as a function of t.  
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3.3 Conclusions 

To summarize, we developed a 3D single particle tracking method to monitor 

microscopic motion of nanoparticles in cylindrical alumina nanopores with a z-span as large 

as several micrometers. In unmodified and PEG-passivated nanopores, the slowing down of 

the particles can be explained using hydrodynamic frictions. We compared the effects of two 

model situations in which mass transport was slowed down: (1) a viscous solvent; and (2) 

increased particle-surface attractive interaction. When the microenvironment becomes more 

viscous, both macroscopic and microscopic diffusion slow down, with a reduction in the 

microscopic axial step sizes scaling with the increased viscosity. When the particle-surface 

interaction is increased by coating a layer of C18/PEG on the pore wall, the macroscopic 

diffusion also slows down significantly, giving a longer residence time (e.g., 400% for 1% 

C18 coating) of the particle in the pore. However, the individual particle steps in the axial 

direction only decrease by a small fraction (e.g., ~15% for 1% C18 coating). The extent of 

the macroscopic slowing down does not scale directly to the total withholding time of the 

particle by the wall, but is rather more relevant to the heterogeneous environment, which 

traps the particles in pores for extended period of time. Thus, our data depicts a 

macroscopically slow but microscopically active picture of particles in pores with “sticky” 

surface.  

These observations show that it is possible to differentiate slowing down caused by 

different mechanisms. It also suggests new insights in mass transport in confined 

environments and in separations. For example, in adsorption and partition chromatography, 

the adjusted retention time is defined as the total retention time minus the void time, which 
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can be viewed as the time the solute is being retained by the stationary phase. However, our 

experiments suggests that the time the particle being directly “withheld” by the C18-modified 

pore wall only explains a small portion of the total time the particle being retained within the 

pores when the solute is similar in size to the pores. The particles tend to be “trapped” inside 

the pores for prolonged time as an indirect result of the particle-surface interaction. How and 

why this trapping happen still need to be further investigated. Second, whether the observed 

diffusion is slow or not is relevant to the scale of our observation volume. That is, depending 

on the detection technique, different researchers may obtain completely different conclusion. 

The particles in C18 modified pores show a typical example where they are microscopically 

active but macroscopically slow. Caution should be exercised when we compare different 

experiments.  

3.4 Experimental 

3.4.1 Chemicals and Sample Preparation 

Dye-doped, carboxylated polystyrene nanoparticles with different sizes were purchased 

from Life Technology or Thermo Fisher Scientific (Waltham, MA). The 100 nm red 

fluorescent particles in aqueous suspensions are packaged as 1% solids. The particles were 

diluted 50,000-fold in 25 mM pH 10.0 CHES buffer, or 50%:50% (v/v) mixture of glycerol 

and such buffer prior to the experiment. The dynamic viscosity of the glycerol/buffer solution 

is ~7 times larger than that of water at room temperature.132 

Porous alumina membranes with pore diameters of 200 nm and a thickness of 60 µm 

were from Whatman International (Maidstone, U.K.). The membranes were preconditioned 

in the relevant buffer for 30 min before use in the diffusion experiments. 
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3.4.2 C18/PEG Modification of Pore Wall 

The alumina membrane filters were first boiled in 30% hydrogen peroxide for 15 min to 

introduce -OH groups on the surface for further modification. The filters were then boiled in 

deionized water for 15 min to clean up the surface. They were then dried gently with purified 

air flow and modified immediately after drying. First, 

hydroxy(polyethyleneoxy)propyltriethoxysilane (PEG) (Gelest, MW:350-750) was dissolved 

in 20 mL of anhydrous toluene to make a 1% PEG solution. Chloro(dimethyl)octadecylsilane 

(C18) (Sigma-Aldrich, MW:347.09) was dissolved in 20 mL of anhydrous toluene to make a 

5% C18 solution. Then, 20 µL 5% C18 solution was added to 20 mL 1% PEG solution so 

that C18:PEG ratio was 1:100. The membrane filters were incubated in the mixture for 1 h, 

followed by rinsing with toluene, acetone and DI water.134,135 The membrane filters were 

conditioned in relevant buffer before use. 

3.4.3 Epi-fluorescence Microscopy and CCD Camera 

 An upright Nikon Eclipse 80i microscope was used in single particle 3D tracking 

experiments. To obtain the axial position of the particle, a cylindrical lens (f = 1.0 m) was 

placed between the microscope objective and the tube lens (7.5 cm from the tube lens) to 

induce astigmatism in the imaging. The signal was collected by a 100× Apo TIRF/1.49 oil 

immersion objective. A P-725 PIFOC long-travel objective scanner from Physik Instrument 

(model no. P725.2CD) was used to control the axial distance from the sample to the 

objective. The images and movies were acquired by an Andor iXon 897 camera (512512 

imaging array, 16 μm pixel size). 30 ms integration time was used in all dynamic tracking 

unless specified. To track the particle movement both in pores and in solution, we parked the 
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focal plane on or near the membrane surface, which gave us ~ 5 µm working distance into 

the pores. MATLAB and NIH ImageJ were used to analyze and process the collected images 

and videos. The 3D images were rendered in Visage Imaging Amira (Berlin, Germany). 

3.5 Supporting Information 

3.5.1 Defects on the Pore Wall 

Figure 3.13 and Movie 3.2a give one example that a particle moved between two 

neighboring pores in a C18/PEG-modified membrane filter. The particle of interest (upper 

right corner) diffused in pore 1 for ~3.18 s. Note pore 1 was slightly distorted above ~ 2 µm. 

The particle then moved into its neighboring pore (pore 2) at the z-depth of 2.27 µm and 

continued diffusing in pore 2 for 0.18 s. Then, this particle moved back to pore 1 at the z-

depth of 2.17 µm, and diffused for another 1.20 s. The 3D, side, and top views are given in 

Figure 3.13. The particle movement were tracked and displayed in Movie 3.2b. The distance 

between the two pores was ~400 nm, consistent with SEM images. Again, particles crossing 

into its neighboring pores was common and another example is given in Figure 3.14 and 

Movie 3.6. 
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Figure 3.13 Particle crossing into neighbouring pores through defects. (a) 3D view of the 

particle distribution. (b) Side view. (c) Top view.  
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Figure 3.14 Particle crossing into neighbouring pores through defects – Example 2. (a) 3D 

view. C18/PEG-modified pores. (b) Top view. (c) Side view – along x-direction. (d) Side 

view – along y-direction.  

 

3.5.2 Diffusion Coefficient Calculated from MSD vs Δt Plot 

From the 3D trajectories, we were able to estimate the apparent axial diffusion coefficient 

of the particle in the nanopores. According to Einstein-Stokes equation, the mean-square 

displacement (MSD) of a particle scales with the observation time interval Δt:
  

 

tnDx  22  (3.4) 

where <x2> is the mean-square displacement; n is the number of dimensions; D is the 

diffusion coefficient. Plotting MSD as a function of Δt, D can be obtained from the slope. 
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We analyzed MSD in the axial direction of 33 particles that stayed continuously in the 

focal volume for more than 1.0 s in unmodified nanopores and regular buffer. The most 

majority of them (>80%) showed a fairly straight line as a function of time over 1.0 s. Figure 

3.7a shows one example (dark line) that gave a representative MSD curve in one-

dimensional diffusion (z direction). The median axial diffusion coefficient of the 33 particles 

calculated from the linear portion of the MSD curve was 1.4 ± 0.5 × 10-12 m2/s. 

In viscous solution, over 50% of the particles showed a straight line as a function of time 

over 1.0 s. the median D calculated from the linear portion of MSD~t plot of 29 particles was  

0.30 ± 0.12 × 10-12 m2/s (Table 3.1).  

In C18/PEG modified pores, only a small portion of the particles (<20%) showed a 

straight line as a function of time over 1.0 s. The rest showed levelling off at 0.1~0.5 s. The 

median D calculated from the linear portion of MSD~t plot of 43 particles was 1.2 ± 0.4 × 

10-12 m2/s, slightly smaller (~14%) than that in unmodified pores (Table 3.1). This was 

consistent with the measured step sizes, which was ~15% smaller than the step sized in 

unmodified pores.  

3.5.3 Theoretical Bulk Diffusion Coefficient 

 The measured diffusion coefficient is smaller than the theoretical bulk diffusion 

coefficient estimated from Einstein-Stokes equation: 

R

Tk
D B

Bulk
6

  (3.5) 

where Bk  is the Boltzmann constant (1.38×10-23 J/K); T is the room temperature 

(298.2K);  is the dynamic viscosity of the solvent (0.001002 Pas for aqueous solution and 
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0.0069 Pas for 50% glycerol/buffer solution);132 and R is the hydrodynamic radius of the 

spherical particle. The theoretical value in aqueous solution was 4.4 × 10-12 m2/s for 100 nm 

particles, ~3 times larger than the measured values. If we consider that the particle was 

diffusing in a confined space, the hydrodynamic friction force imposed by the pore wall will 

slow the particle axial diffusion down significantly. Anderson and Quinn formulated the 

pore-to-bulk solute diffusivity ratio under the hydrodynamics theoretical frame.131 According 

to their calculation, the 100 nm particles should slow down by a factor of ~6 in 300 nm 200 

nm pores (Supporting Information 3.5.4). The discrepancy (observed ~3 times slower vs. 

the theoretical ~6 time slower) might be caused by the overestimation of the hydrodynamic 

theory. Note that Anderson formulation was derived under the assumption that solvent is 

continuous and uniform, and there is no other force except the hydrodynamic force applied 

on the particle. These conditions were not satisfied as the pore size drops to nm range, and 

both the pore wall and the particle were negatively charged. Why there is this discrepancy is 

still under investigation. In here, it is reasonable to ascribe the observed slowing down of the 

particle in the unmodified pores to enhanced friction in the confined space.  

3.5.4 Hydrodynamic Theory 

According to Anderson and Quinn,131 we have: 

Bulk

Pore

D

D
  

(3.6) 

)0,()1( 12   K
 (3.7) 
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Pore

Particle

R

R


 (3.8) 

531 948.0089.21044.21)0,(  K
  (3.9) 

For 
particleR = 50 nm and 

poreR = 150 nm, the predicted diffusion coefficient of 100 nm 

particles is 0.73 × 10-12 m2/s, ~6 times slower than the D in bulk solutions. 

3.5.5 Criteria for Counting Particle Residence Time in Pores 

To quantitatively compare the apparent slowing down, we counted the total residence 

times of particles staying in the nanopores under different conditions. In the observations, 

there were numerous events that the particle stayed transiently in or near the nanopores. It 

was challenging to determine whether the particles were inside the pores or not in these 

cases. To exclude the ambiguity, we only counted those events that the particles were at least 

500 nm down inside the pore. Also, in the counting, some particles stayed for longer than the 

30 s observation window, during which 1000 frames were collected. Those events were 

counted as >30 s. 

3.5.6 Gibbs Free Energy and Activation Energy of Particle Withheld by the Pore Wall 

 Based on the apparent diffusion coefficients at multiple C18 concentrations, we can 

estimate the activation energy for withholding (include contact adsorption and non-contact 

retention by PES wells), namely Ew, and for de-retention, namely Ed, if we assume that 

withholding of the particle by the pore wall is the reason for slowing down. Start from Gibbs 

free energy G , we have: 

KRTG ln  (3.10) 



 

94 

where K is the equilibrium withholding constant; R is the gas constant; and T is 

temperature. The equilibrium constant is determined as: 

/

/

w d w

d w d

k n t t
K

k n t t
  

 (3.11) 

where n is the number of sorption events during each observation window 
ft  (30 ms); wk  

is the rate constant for the withholding process; 
dk  is the rate constant for the de-retention 

process; wt  is the total time a particle being withheld on the pore wall within the frame time 

ft , dt  is the total time a particle diffusing in the pore within the frame time 
ft . 

During each observation window, the total distance a particle moves can be expressed as: 

2

02 ( )w dd D t t 
 (3.12) 

dtDd 0

2 2' 
 (3.13) 

where d is the distance a particle traveled in an unmodified pore when no withholding 

event happens; d’ is the distance a particle traveled in a C18-modified pore; D0 denotes the 

diffusion coefficient in an unmodified pore. Take the ratio of Equation 3.12 and 3.13: 

2

0

2

0

2 ( )
1

' 2

w d w

d d

D t t td

d D t t


    (3.14) 

In practice, d and d’ are expressed as their apparent diffusion coefficient:  

2

02 fd D t  (3.15) 

2' 2 ' fd D t   (3.16) 
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where D’ is the apparent diffusion coefficient in C18 modified nanopores. Combining 

Equation 3.14, 3.15, and 3.16, we get: 

0 1
'

w

d

t D

t D
    (3.17) 

If we assume the activation energy for withholding is a constant and the activation energy 

for de-retention is proportional to C18 fraction, we have: 

0

18w d w d CG E E E E f        (3.18) 

wE  is the activation energy for withholding; dE  is the activation energy for de-retention; 

0

dE  is the activation energy of de-retention in nanopores fully coated with C18. Combining 

equations 3.10, 3.11, and 3.18, we have:  

0
0

18ln( 1)
'

d C w

D
G RT E f E

D
       (3.19) 

Which is equivalent to Equation 3.2 and 3.3 in the manuscript. 

Based on the activation energy we calculated, we gave a plausible energy diagram of the 

withholding process in Figure 3.15. 
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Figure 3.15 Energy diagram of withholding and de-retention. X-axis is the distance between 

particle and pore wall. Y-axis is the energy. 
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MOVIES 

All movies were collected at 30 ms integration time and played in real time. The scale bar 

is in the first frame of the movies. The scale bar is 5 µm if unspecified.   

Movie 3.1a. Diffusing particle in Figure 3. The particle diffused in the first pore, then 

diffused out of the first pore, and entered and diffused in the second pore. 100 nm particle; 

unmodified nanopores; solvent was 50%:50% mixture of glycerol/25 mM CHES buffer at pH 

10.0. 

Movie 3.1b. The moving trajectory of the same particle in Movie 3.1a.  

Movie 3.2a. Diffusing particle in Figure S4. The particle diffused in the first pore, and 

then diffused into a neighboring pore inside the membrane filter through a defect. The 

particle of interest is on the upper-right corner. 100 nm particle; C18/PEG modified 

nanopores; solvent was 25 mM CHES buffer at pH 10.0.  

Movie 3.2b. The moving trajectory of the same particle in Movie 3.2a.  

Movie 3.3. Diffusing 100 nm particles in 200 nm unmodified nanopores. The solvent was 

25 mM CHES buffer at pH 10.0.  

Movie 3.4. Diffusing particle in Figure 6. The particle diffused in the first pore, then 

diffused out of the first pore, and entered and diffused in the second pore. 100 nm particle; 

C18/PEG modified nanopores; solvent was 25 mM CHES buffer at pH 10.0.  

Movie 3.5. Diffusing particle in Figure S3. The particle diffused in the first pore, then 

diffused out of the first pore and entered the neighboring pore immediately, and diffused in 

the second pore. 100 nm particle; unmodified nanopores; solvent was 50%:50% mixture of 

glycerol/25 mM CHES buffer at pH 10.0. 
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Movie 3.6. Diffusing particle in Figure S5. The particle diffused in the first pore, crossed 

into the second pore inside the membrane filter through a defect, and diffused in the second 

pore. 100 nm particle; C18/PEG modified nanopores; solvent was 25 mM CHES buffer at pH 

10.0. 
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Chapter 4 Luminescence of Gold Nanorods Excited by a Femtosecond Laser 

4.1 Introduction 

Studies of noble metals at nanoscale level are prevalent and still yet innovating. Optical 

properties of noble metals, e.g. gold nanoparticles provide great insight in applications such 

as biomedical imaging and biological tagging. However, thorough understanding about their 

fundamental mechanisms is primordial for their extensive use.  Mooradian,136 back in 1969 

reported a first study about luminescence of noble metals; furthermore, Heritage et al. ten 

years later, observed similar phenomenon and it was consider a broad background in surface-

enhanced Raman scattering (SERS).137 Alternative interpretation of this background was 

proposed and it has been ascribed to inelastic light scattering, or Raman scattering.72-75 

Single-photon luminescence from bulk metals, e.g., Au, has been described as a three-step 

process: (i) formation of electron-hole pairs by exciting electrons from d to sp band (inter-

band transition )136,138-140 or within the conduction band (intra-band transition)141; (ii) energy 

will be transferred to the phonons, with electrons and holes being scattered on the 

picoseconds timescale; (iii) energy, resulting from electron-hole recombination, will be 

emitted in the form of light. The origin of luminescence is attributed to the interband and 

intraband transitions. The luminescence is weak because of efficient non-radiative decays.   

Later, enhanced photoluminescence of gold nanostructures was observed. It cannot be 

explained by just interband or intraband transitions, indicating the involvement of surface 

plasmon resonance (SPR).90,141,142 As of now, there are two mechanisms proposed in the 

literature regarding how SPR is involved in gold nanoparticle (AuNP) luminescence. The 

first mechanism can be viewed as a fluorescence resonance energy transfer (FRET) process. 



 

100 

Energy from hot electron-hole pairs is transferred to the surface plasmon, which then emits a 

photon.143-146 The second mechanism involves near field enhancement. The electromagnetic 

field generated by the recombination of electron-hole pairs is enhanced by the electric field  

of the surface plasmons. 90,139,141,147,148  

Photoluminescence of AuNP can be observed under both single photon and multiphoton 

excitation conditions. Multiphoton excitation luminescence (MPEL) of AuNP is of particular 

interest because of its near-infrared excitation where tissue absorbs and scatters weakly. It 

has excellent penetration depth in tissue and high 3-D spatial resolutions, and provides good 

contrast between gold nanoparticle labels and tissue. 149-152 

MPEL of gold nanostructures was first characterized by Boyd et al. and is considered 

being produced by a similar mechanism as single-photon excitation luminescence except that 

the excitation is through a multiphoton absorption process.139 So far, inconsistent MPEL 

spectra of AuNPs were reported in the literature and different mechanisms were proposed. 

Bouhelier et al. reported that for individual gold nanorods with different aspect ratios, the 

two photon excitation luminescence (TPEL) spectra closely resemble corresponding SPR 

scattering spectra, possibly suggesting their origin of surface plasmons.143 However, Imura 

and coworkers found that photoluminescence is radiated when the electron near the Fermi 

surface recombines with the hole near the X and L symmetry points. The polarization 

characteristics obtained can be reasonably understood on the basis of the crystalline structure 

and the band structure of gold nanorods.147 Similarly, Wang et al. studied gold nanorods with 

an aspect ratio larger than 3 and reported two emission peaks at ~680 nm and 530 nm, which 

are independent of aspect ratio of gold nanorods and excitation wavelengths.153 When the 
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excitation is shifted from 760 nm to 1040 nm, the TPEL intensity decreases. This can be 

explained as that the enhancement of the interband transition by surface plasmon decreases 

as the excitation is moved away from the longitudinal SPR wavelength. Note their excitation 

is always at the red side of the LSPR peak. Wang et al. showed more complicated TPEL 

spectra containing several peaks for bulk nanorod solutions.154 The peaks are independent of 

the excitation wavelengths, and the TPEL profile overlaps with the Longitudinal SPR band, 

indicating two-photon absorption cross section is enhanced by SPR. Beversluis et al. studied 

roughened gold surface and found broad, front slope emission extending from visible range 

to the IR range.141 They interpreted the visible emission as the interband transitions of d-band 

electrons into the conduction band and subsequent radiative recombination. The strong IR 

emission is proposed to be the intraband transitions mediated by the strongly confined field 

near the metal nanostructure, or, localized surface plasmons.  

On the other hand, alternate interpretations of the photoluminescence from noble metal 

nanostructures has been proposed and is being debated.72-75 For example, the continuum 

background observed in surface enhanced Raman scattering has been ascribed to inelastic 

light scattering, or Raman scattering, from the oscillating electrons in the noble metal 

nanostructures supporting the surface plasmon modes. Apparently, the background emission 

is drastically amplified in nanostructures, showing the involvement of the SPR modes. Note 

the emission from gold nanoparticles is on the femtosecond time scale, it is challenging to 

resolve its origin: luminescence or Raman scattering, using current time-resolved 

technologies.76 Recently, Hugall et al. studied the temperature dependence of the SERS 

background emission using a continuous wave (CW) laser source and found that the anti-
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Stokes background is highly temperature dependent and can be explained using a simple 

model concerning the thermal occupation of electronic states of the metal.77 More 

interestingly, Huang reported that the emission generated by a picosecond-laser excitation at 

the plasmon resonance frequency can be explained by a single photon process rather than a 

two-photon process, i.e., electronic Raman scattering from single-particle electron-hole pair 

excitations of the Au or Ag metal that are resonantly enhanced by the surface plasmon.78 The 

observed quasi-quadratic relationship between the signal and excitation power was explained 

by a two-temperature model. 

Interestingly, we recently observed that anti-Stokes or up-converted photoluminescence, 

from gold nanospheres (SPR 530 nm) and short nanorods (SPR 560 nm) becomes substantial 

when the particles are excited by a powerful CW laser at 592 nm.155 A second order 

luminescence signal-excitation power relationship was identified although a CW laser is 

used. The up-conversion emission always shows a structureless, front slope-like spectrum, 

completely different than the SPR profile of gold nanoparticles. The intensity of the front 

slope decreases from the excitation wavelength towards the blue end of the spectrum. This 

emission is explained as phonon-coupled, up-converted interband transitions from gold 

particles. SPR is involved in enhancing the signal because nanospheres and short rods (SPR 

560 nm) luminescence is greatly enhanced while longer rods (SPR 780 nm) show much 

weaker signal. As a comparison, excitation at the same wavelength with a femtosecond laser 

yields a similar front slope-like emission with a shoulder peak at 520 nm, possibly suggesting 

two-photon excited SPR emission is involved.  
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To have a better understanding of the luminescence origin especially at multiphoton 

excitation conditions, in this manuscript, we study the emission spectra of gold nanorods 

with different aspect ratios under different excitation wavelengths using a femtosecond 

Ti:Sapphire laser. Figure 4.1 shows the excitation and emission collection scheme. The 

excitation wavelength was provided by a pulsed Ti-sapphire oscillator (80 MHz, 140 fs, 680-

1050 nm, Coherent, Chameleon Ultra II) and varied from 720 nm to 920 nm or wherever the 

signals are too weak to collect. The laser power at sample was estimated to be ~150 GW/cm2. 

The emission was collected through a 680 nm shortpass filter.  

 
Figure 4.1 Excitation and detection schemes used in collecting single particle 

photoluminescence spectra. For comparison, their corresponding extinction spectra in the 

bulk solutions are also shown. Black: 25 ×  51 nm rods; red: 25 × 57 nm rods; blue: 25 × 92 

nm rods. Vertical solid line: shortpass dichroic mirror cut off. Vertical dashed line: Shortpass 

optical filter cut off.  
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Luminescence spectra of individual nanorods were acquired using our home-built 

microspectroscopic system as described previously (Figure 4.2).155,156 The excitation laser 

beam was circularly polarized to cancel out the effect of the particle orientation.  

 

 
Figure 4.2 Schematic of the micro-spectroscopy system. EM: excitation module; DM: 

detection module; L: lenses; QWP: quarterwave plate; DCSP: dichroic mirror (short pass); 

SP: short pass filter. 

 

AuNRs with three aspect ratios, two short rods: 25 × 51 nm (nominal SPR wavelength 

600 nm) and 25 × 57 nm (nominal SPR wavelength 650 nm), respectively, and a long rod: 25 

× 92 nm (nominal SPR wavelength 780 nm) are presented (bulk UV-VIS spectra shown in 

Figure 4.1). The particle sizes are consistent with the manufacturer reports as measured by 

SEM and show consistent emission peaks in their luminescence spectra when excited by a 

488 nm laser (Figure 4.3). The particles are selected that both the short rods have their 
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longitudinal SPR wavelengths within the collection range (< 680 nm); for the long rod, the 

excitation can cover the whole longitudinal SPR peak. For each type of particles, over 20 

particles are studied.  

 

Figure 4.3 Photoluminescence spectra of gold nanorods excited using 488 nm CW laser. 

Black: 25 × 51 nm rods; red: 25 × 57 nm rods; blue: 25 × 92 nm rods. 

 

4.2 Results and Discussion 

4.2.1 General Description of Luminescence Spectrum 

All the spectra excited by the femtosecond laser show a front slope-like background with 

emission peaks or shoulder peak on the top (Figures 4.4A, 4.5A and 4.6A), which is 

ascribed to single photon excited up-conversion luminescence from interband transitions and 

two-photon excited surface plasmon resonance (SPR) emission from TPEL. The intensity 

drop near 680 nm is caused by the optical filter cut. This characteristic front slope-like profile 

is consistent with most of the literature reports.78,141,153-155 However a clear explanation was 

missing in literature. Note that this front-slope emission should not be a mere reflection of 
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the band structure excited by two photon processes for two reasons: (1) the front slope profile 

does not show when we excite at the blue side, e.g., 488 nm (Figure 4.3), which means the 

emission is relevant to at which wavelength we excite it; (2) the front slope extends beyond 

double the excitation frequency, showing that there must be other mechanisms than two-

photon excitation to bring the particle to higher energy level. Figure 4.7 gives a closer look 

of 840 nm excited luminescence spectrum in Figure 4.9. It clearly shows a front slope that 

extends beyond the SHG peak. 

Since this front slope-like emission also shows up when excited by a CW laser at the low 

energy, we ascribe it to phonon-assisted up -conversion luminescence (Supporting 

Information).155 Note that up-conversion luminescence also scales as a quadratic 

relationship of the excitation power. So, it cannot be differentiated from two-photon excited 

luminescence. Figure 4.4C shows the dependence of photoluminescence intensity as a 

function of laser power for a 25 × 57 nm rod. The curve displays a second-order nonlinearity 

as disclosed by polynomial fitting, indicating a TPEL process. 

To have a better understanding of the origin of the observed spectrum, we excited gold 

nanorods with different aspect ratios at a series of excitation wavelength. 
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Figure 4.4 Photoluminescence spectra of a typical 25 × 57 nm nanorod at different excitation 

wavelengths. (A) Photoluminescence spectra excited at 720 nm, 760 nm 800 nm and 820 nm 

respectively. (B) Photoluminescence intensity as a function of excitation wavelength. Black: 

total luminescence intensity (integrated from zero-order image). Red: intensity at 622 nm 

band (integrated from 607 nm to 637 nm). Blue: intensity at 530 nm band (integrated from 

515 nm to 545 nm). Luminescence intensity normalized according to the excitation laser 

power squared. (C) Photoluminescence intensity as a function of the excitation laser power. 

The luminescence intensity was measured at 740 nm. Nonlinear least-squares fittings (second 

order) is shown in red. Spectra are vertically shifted for displaying on the same figure. 
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Figure 4.5 Photoluminescence spectra of a typical 25 × 51 nm nanorod at different excitation 

wavelengths. (A) Photoluminescence spectra excited at 720 nm, 740 nm, 760 nm and 780 nm 

respectively. (B) Photoluminescence intensity as a function of excitation wavelength 

normalized by integration length. Black: total luminescence intensity (integrated from zero-

order image). Red: intensity at 615 nm band (integrated from 600 nm to 630 nm). Blue: 

intensity at 518 nm (integrated from 503 nm to 533 nm). Luminescence intensity normalized 

according to the excitation laser power squared. Spectra are vertically shifted for displaying 

on the same figure. 
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Figure 4.6 Photoluminescence spectra of a typical 25 × 92 nm nanorod at different excitation 

wavelengths. (A) Photoluminescence spectra excited at 720 nm, 740 nm, 760 nm, and 780 

nm respectively. (B) Photoluminescence intensity as a function of excitation wavelength 

normalized by integration length. Black: total luminescence intensity (integrated from zero-

order image). Red: intensity at 600 nm band (integrated from 585 nm to 615 nm). Blue: 

intensity at 510 nm (integrated from 495 nm to 525 nm). Luminescence intensity normalized 

according to the excitation laser power squared. Spectra are vertically shifted for displaying 

on the same figure. 
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Figure 4.7 The same 840 nm excited luminescence spectrum as in Figure 4.9. It clearly 

shows that the front-slope like emission extends beyond the SHG peak.  

 

4.2.2 Luminescence of Short Rods  

For the two short rods, both of them show the longitudinal SPR peaks at different 

wavelengths, respectively (Figures 4.4A and 4.4A). The relatively longer 25 × 57 nanorods 

show two SPR peaks at ~530 nm and ~630 nm, respectively (Figure 4.4A), similar to their 

bulk SPR positions. At 720 nm excitation, the 630 nm peak is readily identified while the 530 

nm peak shows up as a shoulder peak. As the excitation wavelength becomes longer, both the 

emission at SPR wavelengths and the total emission decrease drastically. The two peaks at 

SPR positions become difficult to recognize. The total luminescence intensity becomes weak 

beyond 800 nm excitation (Figure 4.4B). The luminescence becomes stronger again at 860 
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nm excitation and sometimes a second harmonic generation (SHG) peak showed up (Figure 

4.8), whose origin will be discussed later.    

  

 
 

Figure 4.8 Photoluminescence spectra of the 25 × 57 nm nanorod show in Figure 4.4 at 

different excitation wavelengths. From top to bottom, excitation wavelength is 720 nm, 740 

nm, 760 nm, 780 nm, 800 nm, 820 nm, 840 nm, 860 nm, 880 nm, 900 nm and 920 nm, 

respectively. Luminescence intensity was normalized according to the excitation laser power 

squared.  
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For the relatively shorter 25 × 51 nm nanorods, only the longitudinal SPR peak at ~ 615 

nm can be clearly identified (Figure 4.5A). The transverse SPR peak at 530 nm is not 

identifiable, possibly because it is too close to the longitudinal peak so that it is buried in the 

slope caused by LSRP; or, the enhancement from SPR is little because the energy gap 

between the excitation and SPR is even bigger for small aspect ratio rods. Similarly, as the 

excitation wavelength becomes longer, the total luminescence intensity drops quickly 

(Figure 4.5B). Again, the luminescence becomes stronger at ~ 860 nm and a SHG peak may 

show up (Figure 4.9).     

Since the luminescence of gold nanorods always resembles corresponding SPR peaks 

regardless of the excitation wavelength or gold nanorods aspect ratios, it is more of a 

reflection of SPR emission caused by TPLE rather than the interband transitions. 143 
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Figure 4.9 Photoluminescence spectra of the 25 × 51 nm nanorod show in Figure 4.5 at 

different excitation wavelengths. From top to bottom, excitation wavelength is 720 nm, 740 

nm, 760 nm, 780 nm, 800 nm, 820 nm, 840 nm, 860 nm, 880 nm, 900 nm and 920 nm, 

respectively. Luminescence intensity was normalized according to the excitation laser power 

squared. 

 

4.2.3 Luminescence Intensity 

As the excitation wavelength increases, all luminescence peaks of short rods (25 × 57 nm 

and 25 × 51 nm) decrease monotonically, which are probably resulted from two causes. First, 

as the excitation wavelength increases, the gap between excitation energy and the energy that 

is required to excite SPR is increased. As we know from previous analysis, SPR could 

enhance the luminescence, so when the involvement of SPR is weakened, all peak intensities 

should decrease. Second, up-converted luminescence would also decay while the excitation 
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strength between electrons and phonons caused by reduction of occupation number for 

effective phonons.155,157 The change of total luminescence intensities, and integrated 

intensities at LSPR and TSPR peaks are plotted in Figure 4.5B and Figure 4.6B for those 

two short rods. The total luminescence intensities are integrated from zero-order images. 

However, the intensity shows fluctuation because of several reasons: 1) stage drifting that 

causes the center of laser off from center of AuNR. 2) laser spot is not focused well on the 

plane of AuNR. Overall, as excitation wavelength increases, the intensity of luminescence 

decreases monotonically. When the excitation wavelength is greater than 760 nm, the TSPR 

peak of 25 × 57 nm rods is hardly seen. This is because of the fast conversion between TSPR 

and electron-hole pairs which eventually leads to non-radiative decay. For 25 × 51 nm rods 

there is no apparent TSPR peak observed even with 720 nm excitation. This is reasonable 

considering the gap between excitation and SPR is even bigger for smaller aspect ratio rods, 

which weakens the SPR enhancement of luminescence. Another reason might be that the 

TSPR peak is overwhelmed by the much stronger LSPR peak. Those sharp peaks around 450 

nm are second-harmonic generation (SHG) peaks, which have a double frequency of their 

excitation photons (Figure 4.9). The presence of SHG also indicates the existence of TPEL 

process. Note that not all particles have SHG peaks, ~25% of particles did not show a SHG 

peak in our experiments. The origin of the SHG peaks is not discussed in this study.  

4.2.4 Luminescence of Long Rods  

To find out whether the intensity drop is caused by reduced single photon-excited SPR, 

or the separating of detection window from the excitation wavelength, we also measured 

longer rods. For 25 × 92 nm long rods, only a broad peak at 510 nm is identified, possibly 
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reflects the transversal SPR (Figure 4.6A). The LSPR peak at 770 nm is outside our 

detection window. The reason to choose this rod is that our excitation can cover the whole 

longitudinal SPR peak. We tested ~20 particles, and consistently, as the excitation 

wavelength increases, the luminescence intensity decreases. But at around 760 nm, the 

decrease slows down, and the decay curve resembles the SPR profile of this rod (Figure 

4.6B). This shows two points: (1) SPR is involved in enhancing the luminescence. As we 

know, the luminescence intensity is enhanced when excited at SPR wavelength. So for short 

rods that excitation is always on the red side of their LSPR, luminescence intensities decay as 

excitation wavelength increases. But for long rods whose SPR peak is completely covered by 

excitation, when excited at the SPR wavelength, luminescence intensity shows a local 

increase. (2) The distance between detection and excitation or up-converted luminescence 

dominates the spectrum. Two processes are involved when we excite with a pulsed laser. One 

is TPEL, the other is up-converted luminescence. When we increase the excitation towards 

the SPR wavelength, TPRL should increase. Though part of the luminescence intensity decay 

curve resembles the SPR profile, the overall trend is still a decay, indicating that the other 

process which is up-converted luminescence plays a major role in determining the intensity 

of the spectrum.  

4.2.5 Silver Component in Gold Nanorods 

A peak at ~430 nm exists in some of the spectra. As we know, AgNO3 was used in the 

synthesis of AuNRs, it is highly possible that there is silver contamination in AuNRs. 

Considering SPR of silver nanoparticles could vary from ~400 nm to ~500 nm depending on 

the size and shape,158 we assign this peak to the luminescence of the silver component in the 
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nanoparticle. The excitation of silver component would also enhance the luminescence 

signals.159,160 So, a luminescence local maximum would show up at ~860 nm (Figure 4.5B 

and Figure 4.6B). SEM/EDS was done to analyze all elements present in gold nanorods, but 

no detectable silver was found probably due to low Ag level in the particle. 

4.3 Conclusions 

We studied luminescence spectra of single AuNR with different aspect ratios under TPE 

condition. By changing excitation wavelength, we found that the luminescence spectra of 

AuNRs always show emission peaks at their surface plasmon resonance (SPR) wavelengths 

on top of a broad, front slope-like emission band. Further analysis showed that the 

luminescence may have mixed contributions from two-photon excited SPR emission and 

single-photon excited up-converted luminescence. The luminescence intensity as a function 

of the excitation wavelength following the longitudinal SPR band profile indicates that single 

photon excited SPR is involved in the enhancement of luminescence. However, the overall 

emission still decreases as a function of wavelength, suggesting that up-converted process 

dominants the luminescence intensity. 

4.4 Experimental 

4.4.1 Gold Nanorods 

 Gold nanorods with different aspect ratio were purchased or obtained as a gift from 

Nanopartz Inc (Loveland, CO).The presented data include nanorods with a dimension of 25

×51 nm, 25×57 nm, and 25 × 92 nm (Product number: 30-25-600, 30-25-650, and A12-25-

780, respectively). The actual particle sizes, as measured with SEM, were consistent with 
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manufacturer reported values. The absorption spectra were measured on a commercial UV-

VIS spectrometer (Varian, Cary 300).  

4.4.2 Optical measurements 

 Single nanorods were deposited on Corning coverglasses and exposed to aqueous 

solution when their spectra were measured. The sample was mounted on a 3D piezo-stage (PI 

Nano, Physik Instrumente). The luminescence spectra of individual nanorods were acquired 

using our home-built microspectroscopic system as described previously.155,156 The excitation 

wavelength required for this study was provided by a pulsed Ti-sapphire oscillator (80 MHz, 

140 fs, 680-1050 nm, Coherent, Chameleon Ultra II). The laser beam was circularly 

polarized with a quarter wave plate (ACWP-400-700-06-4, CVI/Melles Griot), expanded to 

fill the whole back aperture of the objective, and focused to a diffraction limited spot using a 

high numerical aperture objective (Nikon CFI Plan Apo VC 100× Oil NA 1.4). The laser 

power was reduced to 13 ~ 27 mW using neutral density filters and all displayed spectra were 

normalized according to the square of the excitation power. The signal of interest was filtered 

using the proper combinations of a shortpass dichroic mirror and a short-pass filter (SP 680 

nm). The detection was from a micro-spectroscopic system that consists of a transmission 

grating (70 grooves/mm, Edmund Optics) and a CMOS camera (Hamamatsu ORCA 2.8). 

The spectrometer was calibrated using three different laser lines and the spectral resolution 

was estimated to be ~5 nm. The acquired luminescence spectra were corrected for 

transmission grating and detector profiles using manufacturer reported data. NIH ImageJ was 

used in the data analysis.  

4.5 Supporting Information 
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4.5.1 Up-conversion Luminescence of Gold Nanoparticles 

When we excited 60 nm gold spheres at 592 nm, i.e., the lower energy side of the SPR 

band, interestingly, we observed a substantial up converted luminescence in 510-560 nm 

emission range. More importantly, the up converted emission (black-dotted curve in Figure 

4.10) does not resemble the gold nanosphere SPR peak. For clarity, luminescence spectrum 

of the same particle excited at 488 nm and collected at the same range is also shown (solid-

black curve in Figure 4.10). 

 
Figure 4.10 Photoluminescence spectra of two types of gold nanoparticles: 60 nm spheres 

(black) and 25×51 nm short rods (blue). Integration time was 50 ms, and focal plane laser 

power was 1.0 MW/cm2 and 12 MW/cm2 for 488 nm and 592 nm laser, respectively.  

 

We then measured the luminescence of short gold nanorods (25 × 51 nm). They also 

show substantial up converted luminescence when illuminated at 592 nm (solid blue curve in 

Figure 4.10), which could excite both the inter-band transitions and the LSPR. Like the 
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spheres, the shape of this spectrum is very different from the 1P down conversion 

luminescence (blue-dotted curve in Figure 4.10). 

The up-conversion luminescence signal obtained under CW excitation is not due to two-

photon process. We can exclude the possibility for two reasons: (1) the excitation intensity 

used in our experiment is on the order of magnitude of MW/cm2, ~1000 times weaker than 

those used in typical two photon excitation luminescence experiments. (2) The up conversion 

luminescence profile does not follow the SPR band profile. To confirm the argument, we 

measured the spectra of the same particles using 592 nm pulsed and CW excitations and 

collected the spectra below 560 nm. The spectra for spheres and short rods are shown in 

Figure 4.11. The pulsed excitation (blue curves) contains an additional component at ~520 

nm, which is consistent with the position of the TSPR peak as revealed in the differential 

spectra (red curves). This is expected as the pulsed excitation results in down converted 

luminescence via a two-photon excitation process, which is at ~520 nm. The remaining part 

of luminescence may come from inter-band transitions, or have the same origin as the up 

converted luminescence. This further confirms that the up conversion luminescence obtained 

under CW excitation is not due to two-photon process. 
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Figure 4.11 Luminescence spectra of a sphere (frame A) and a short rod (frame B) with CW 

and pulsed modes excitation at 592 nm. In both frames, blue and black curves are for the 

pulsed and CW excitations, respectively. The red curve represents the difference between the 

pulsed and CW excitation spectra. The focal plane pulsed and CW laser intensities used were 

12 MW/cm2 and 1 GW/cm2, respectively.  
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Chapter 5 Palladium-Coated Gold Nanorods Drastically Expedite Photo-Reduction of 

Resazurin to Resorufin 

5.1 Introduction 

Palladium nanoparticles demonstrated its role in catalyzing chemical transformations in 

organic and inorganic synthesis, pollutant treatment, and energy conversion.91,92 Recently, 

there is a growing interest to tailor and improve their catalytic property by introducing a 

second metal to Pd nanoparticles to form a composite nano-structure. For example, an 

effective method is to construct a core–shell type of bimetallic particles with Au.161-165 As Pd 

is deposited, the SPR peak of Au core becomes  broader and damped gradually. Xie et al 

reported that the SPR peak first showed a small red-shift then followed by a blue-shift. They 

ascribed the shift to a thickness-dependent SPR for the Pd shell,  

The bimetallic structures show unique catalytic properties compared to monometallic 

catalysts for the formation of hydrogen, CO oxidation, hydrogenation of hydrocarbons, and 

many other reactions. They frequently exhibit enhanced catalytic activity than those of the 

individual metals alone, which is attributed to geometric and mixed site effects, and electron 

interactions between the two electron rich elements. 166 

The core component gold and other noble metals in the form of nanometer-sized structure 

themselves are catalytically interesting.79-83 An even more interesting feature is that their 

catalytic activity is greatly enhanced by illumination at their surface plasmon resonance 

(SPR) wavelength(s), where SPR refers to the optical excitation of the collective oscillations 

of conductive electrons in metallic lattice. For example, Adleman et al. demonstrated that by 

illuminating the gold nanoparticles in a microfluidic channel with a low-power laser source 
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at their SPR wavelength ~532 nm, the conversion of ethanol into CO2, CO, and H2 was 

expedited.84 Fasciani et al. found that hydrolyzation of dicumyl peroxide, which has a high 

activation energy (34.3 kcal/mol) and usually takes place at 500 oC, can be catalyzed on gold 

nanoparticle surface at room temperature under 532 nm laser excitation.87 Scaiano and co-

workers showed that resazurin in the presence of hydroxylamine was reduced to resorufin 

with great efficiency when the catalyst gold nanoparticles were excited at ~532 nm with a 

laser or LED source.167 Liu et al. showed that by integrating plasmonic Au nanoparticles with 

TiO2, the photocatalytic splitting of water on TiO2 was increased 66 times under visible 

illumination close to the plasmon resonance wavelength.86 Christopher et al. demonstrated 

that plasmonic nanostructures of silver can drive catalytic oxidation reactions such as 

ethylene oxidation, CO oxidation, and NH3 oxidation efficiently at lower temperatures 

concurrently under low-intensity visible light illumination.88 To date, a lot of study has been 

done about plasmonic-metal nanostructures enhancing the photocatalysis on semiconductors. 

There are three mechanisms that explain the energy transfer caused by SPR of the plasmonic 

metal: SPR-mediated charge injection from metal to semiconductor, near-field 

electromagnetic, and scattering mechanisms. However, the observations of photocatalysis on 

plasmonic nanostructures are rather limited, let alone those on plasmonic bimetallic core-

shell structures such as Pd coated gold nanorods, which are of great interest, due to the light-

harvesting ability arising from the SPR of the hybrid gold nanorods and the terrific catalytic 

activity endowed by the core-shell structure. It was proposed that the electrons that were 

generated by SPR flew into the available orbitals of adsorbate, which assisted in activating 

those molecules. 
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In this study, we coated a layer of Pd on 25 x 65 nm gold nanorods to form a core/shell 

composite structure using seed-assisted synthesis. First, we anticipated this Pd-coated-Au 

structure will show improved catalytic property than that of Pd nanoparticles. Second, we 

were especially interested in the cores in a nanorod shape because gold nanorods’ SPR is 

readily tunable in the visible wavelengths by varying their aspect ratio. Constructing such a 

core/shell nanorod structure may allow us to tune the catalytic property by illuminating the 

catalyst at selected wavelength.  

The catalytic activity of Pd-coated gold nanorods was examined with a model reaction: 

reduction of non-fluorescent resazurin to highly fluorescent resorufin. This reaction was first 

used to quantify bacterial content in milk by Pesch and Simmert in 1929168 and has been 

widely accepted in estimating the concentration of metabolically active spermatozoa in 

semen samples.169 It has been reported that resazurin can undergo reduction catalyzed by 

gold nanoparticles,170 or photo-reduction in the absence of catalyst when irradiated at its 

absorption band at ~600 nm.171 We demonstrated that the palladium-coated gold nanorods 

showed excellent catalytic reactivity in catalyzing the photo-reaction. The excellent catalytic 

reactivity may come from the effective electron transfer and energy transfer from the metal 

surface to the reactant. The reactive sites on the Pd-coated Au nanorods were studied with 

single molecule imaging with a resolution of ~15 nm. The reactive sites are randomly 

distributed on the catalyst surface.  

5.2 Results and Discussion 
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5.2.1 Scattering Spectrum of Pd-coated Au Nanorods 

 In the experiments, a layer of ~3 nm metal palladium was coated onto the surface of gold 

nanorods (25 nm × 65 nm) (Figure 5.1). The gold nanorod cores had transverse and 

longitudinal SPR wavelengths at 516 nm and 686 nm, respectively (Figure 5.2A). After 

coating with Pd, both SPR modes of gold nanorods were attenuated and the UV-VIS 

spectrum of the colloidal solution was dominated by the tail of the Pd SPR wavelength at ~ 

260 nm (Figure 5.2B).161,165 

 

 
Figure 5.1 TEM image of Pd-coated gold nanorods. The average length and width of the 

particles are 65 nm and 25 nm, respectively. 
 

200 nm
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Figure 5.2 Absorbance and scattering spectra of Au nanorod and Pd-coated Au nanorods. (A)  

and (B) UV-VIS spectra of bulk Au nanorods (8.0×10-10 mol/L) and Pd-coated Au nanorods 

(1.7×10-10 mol/L), respectively. (C) Orientation dependent scattering intensity of three 

arbitrarily selected Pd-coated gold nanorods immobilized on coverslip and illuminated at 685 

nm. The scattering images can be found in the Supplementary Figure 1. (D) Zeroth and first 

order diffraction images of the scattering of Pd-coated gold nanorods. (E) and (F) Scattering 

spectra of individual Pd-coated Au nanorods and Au nanorods, respectively. In (E), black line 

and red lines are for in the absence and presence of resazurin binding, respectively.  
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However, when we focused onto the scattering of individual Pd-coated Au nanorods, we 

observed orientation-dependent scattering intensity at 685 nm when illuminated with 

polarized light. Figure 5.2C shows an example of three different particles whose scattering 

intensity at 685 nm changed periodically as a function of the polarization direction of the 

illumination beam. The dark-field images of one immobilized particle at different 

polarization angles were presented in the Figure 5.3. The dipole-like symmetry (two-fold 

axis) is an indication of the existence of the SPR mode defined by the rod shape. It is 

important to note such orientation-dependent scattering intensity existed for nearly all 

observed individual Pd particles (>95% for over 30 particles), indicating the SPR with 

dipole-like symmetry was common for our Pd-coated Au nanorods.   

 

 

Figure 5.3 Dark-field images of an immobilized gold nanorod illuminated with polarized 

light at 685 nm. The polarization direction was rotated with a step of 10 degrees.  

 

1 m
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To further study the SPR of Pd-coated Au nanorods, we measured the scattering spectra 

of individual Pd-coated Au nanorods. To achieve this, a transmission grating was inserted 

into the optical path in the microscope between the tube lens and CCD camera. The zeroth 

order and first order diffraction images were captured, where the first order image was 

dispersed into a line image (Figure 5.2D). The corresponding wavelength at each pixel in the 

first order image was calibrated according to their distance from the zeroth image. The 

reconstructed spectra of individual Pd-coated Au nanoparticles showed big variation. A total 

of 35 particles were examined in the absence of resazurin and the most probably peak value 

is at about 595 nm, blue-shifted as compared to the gold nanorods cores (686 ± 20 nm). 

Figures 5.2EF show typical examples of a Pd-coated Au nanorod and a Au nanorod core. 

Interestingly, the bandwidth of the Pd-coated Au nanorod spectra was significantly broader 

than that of the gold nanorod, possibly because of the increased interband damping in the 

presence of two types of metals.172 These scattering spectra clearly showed that SPR of gold 

nanorod cores still exists in Pd-coated Au nanorods. 

There is a clear discrepancy between the absorbance and scattering spectra of the Pd-

coated Au nanorods. This is possibly because of the relatively high light-scattering 

efficiencies at the blue end, giving different appearance of absorbance and scattering spectra.  

5.2.2 Photo-reduction of Resazurin to Resorufin in the Presence of Hydrazine 

 It is reported that resazurin can be photo-reduced to resorufin when irradiated at its 

absorption band at ~600 nm in the presence of aliphatic amines.171 We found that the photo-

reduction of resazurin can proceed also in the presence of reducing agent hydrazine at a 

proper concentration. Upon reaction, the solution color changed from blue (resazurin) to pink 
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(resorufin), giving straightforward indication. Figure 5.4A and 5.5A show the photo-reaction 

monitored with UV-VIS in the presence of low concentration (175 μM) and high 

concentration (1.75 mM) of hydrazine. The initial resazurin concentration was 7.85 μM at pH 

11, 100 mM phosphate buffer. 1.5-mL such solution was irradiated by a 500 mW, 592 nm 

laser beam in a centrifuge tube. At high concentration of hydrazine, the reaction proceeds 

quickly (Figure 5.5A and Table 5.1) while at low hydrazine concentration, resazurin only 

showed photo-bleaching with little resorufin production (Figure 5.4A and Table 5.1), 

indicating the importance of the presence of the reducing agent hydrazine.  

This photo-reduction of resazurin involves a radical intermediate. Sako et al. proposed a 

single electron transfer mechanism for the photo-deoxygenation of heterocyclic N-oxides in 

the presence of N,N-dimethylaniline.173 The initial electron transfer from N,N-

dimethylaniline to N-oxides forms a radical, which can be stabilized by a following proton 

transfer reaction. The oxygen loss occurs through the recombination of the radicals formed in 

the electron transfer step. Similar mechanism has been proposed for the photoreaction of 

resazurin in the presence of aliphatic tertiary amines174 and thiols.175 The same mechanism is 

proposed here in the presence of hydrazine (Figure 5.6) as this photo-reduction can be 

effectively blocked in the presence radical scavengers such as acrylamide and 5,5-Dimethyl-

1-Pyrroline-N-Oxide (DMPO). After irradiation, resazurin molecules obtain photons and go 

to the excited state. An electron is transferred from hydrazine to the excited resazurin 

molecule and forms a radical ion, which activates the cleavage of N-O bond and finally the 

deoxygenation product resorufin is formed. 
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Figure 5.4 Photo-reduction of resazurin to resorufin under low concentration of reducing 

agent hydrazine. (A) and (B) UV-VIS spectra of the photo-reaction measured in the absence 

and presence of Pd-coated Au nanorods, respectively; (C) time profiles of absorbance of the 

material resazurin after laser illumination; (D) time profiles of absorbance of the product 

resorufin after laser illumination. The initial resazurin concentration was 7.85 μM; Pd-coated 

Au nanorod concentration was 3.3 pM if present; illumination power was 500 mW provided 

by a continuous wave 592 nm laser. The material resazurin absorbance was characterized at 

602 nm in the absence of catalyst and 613 nm in the presence of catalyst. The product 

resorufin absorbance was characterized at 571 nm in the absence of catalyst and 585 nm in 

the presence of catalyst. 
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Figure 5.5 Photo-reduction of resazurin to resorufin under high concentration of reducing 

agent hydrazine. (A) and (B) UV-VIS spectra of the photo-reaction measured in the absence 

and presence of Pd-coated Au nanorods, respectively; (C) time profiles of absorbance of the 

material resazurin after laser illumination; (D) time profiles of absorbance of the product 

resorufin after laser illumination. Other conditions are the same as in Figure 3.  
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Figure 5.6 Schematics of the photo-reduction of resazurin in the presence of hydrazine. 

 

 In this reaction, the presence of hydrazine is critical as it serves as the electron donor 

to form the radical intermediate. Notably, resorufin was only produced in the presence of 

high concentration of hydrazine.  

5.2.3 Pd-coated Au Nanorods Greatly Expedite Photo-reduction of Resazurin to Resorufin 

 In the presence of a very small amount of Pd-coated Au nanorod catalysts (3.3 pM) that  

retain the longitudinal SPR of Au nanorod core, we found that the photo-reduction can be 

greatly expedited. The solution turned pink almost instantaneously upon laser illumination in 

the presence of the catalyst. Figure 5.4B and 5.5B showed that in both low and high 

concentrations of hydrazine, the reaction rates were fast. At low concentration of hydrazine, 
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resorufin production rate was 0.011 M/s, which was enhanced more than 100 times than 

that of without catalysts and resazurin consumption rate increased from 0.020 M/s to 0.035 

M/s, by a factor of 2.2 (Table 5.1). At high concentration of hydrazine, resorufin 

production rate increased greatly (from 0.006 M/s to 0.052 M/s, a factor of 9). The 

resazurin consumption rate also increased from 0.030 M/s to 0.085 M/s, a factor of 3 as 

compared to that in the absence of the catalyst (Table 5.1).  

The Pd-coated Au nanorod catalyst may have served as the medium to transfer electrons 

from hydrazine to resazurin in this reaction. At low hydrazine concentration, resazurin 

molecules were excited upon irradiation, but not turning into the radical intermediate and the 

product in the absence of the catalyst. Only in the presence of the catalyst, or far excess of 

hydrazine can this electron transfer reaction happen and resorufin produced. It’s very 

interesting that at low concentration of hydrazine the formation rate of resorufin was 

enhanced by more than 100 times while at high concentration of hydrazine it’s only enhanced 

by 9 times. This phenomenon reflects the critical role of hydrazine and the function of Pd-

coated Au nanorod catalyst in this reaction. As we know that hydrazine serves as an excellent 

electron donor. At high concentrations, electron transfer reaction proceeds fast even in the 

absence of the catalysts. However, at low hydrazine concentrations, the existence of catalysts 

greatly helps accelerate the electron transfer process. 

Photons are also critical in this reaction in that it generates excited resazurin molecules so 

that electron transfer between the donor (hydrazine) and the acceptor (excited resazurin with 

an empty ground state orbital) can happen efficiently. As a comparison, resazurin can be 

reduced to resorufin in the presence of the Pd-coated Au nanorods slowly without irradiation 
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(Figure 5.7 and Table 5.1). The overall reaction rate was very slow, only ~1% of that upon 

irradiation. This is possibly because the activation barrier is high without irradiation so that 

the whole reaction slows down. Corresponding mechanism is shown in Figure 5.8. Pd-

coated Au nanorods can bind with N-oxide of resazurin, providing electrons to activate N-O 

bond. After the cleavage of N-O bond, Pd-coated Au nanorods are oxidized and recycled by 

the reduction with hydrazine. 

 
Figure 5.7 Reduction of resazurin to resorufin on Pd-coated Au nanorods without light 

illumination. (A) UV-VIS spectra of the reaction. (B) Time profiles of absorbance of 

resazurin (613 nm, black dots) and resorufin (585 nm, red dots). The initial resazurin 

concentration was 7.85 μM; N2H4 concentration was 174 μM; Pd-coated Au nanorod 

concentration was 3.3 pM. 
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Table 5.1 Reduction of resazurin to resorufin rates at various conditions. 

Reaction conditions Initial reaction 

rates (M/s) 

Resazurin  

Initial reaction 

rates (M/s) 

Resorufin  

7.85 M Resazurin 174 M N2H4, 500 

mW light 

0.020 - 

7.85 M Resazurin 174 M N2H4, 500 

mW light, Pd-Au nanorod 

0.035 0.011 

   

7.85 M Resazurin 1.74 mM N2H4, 500 

mW light 

0.030 0.006 

7.85 M Resazurin 1.74 mM N2H4, 500 

mW light, Pd-Au nanorod 

0.085 0.052 

   

7.85 M Resazurin 174 M N2H4, Pd-Au 

nanorod 

0.00041 0.00045 

   

7.85 M Resazurin 174 M N2H4, Pd 

spheres 

0.00023 - 

7.85 M Resazurin 174 M N2H4, 500 

mW light, Pd spheres 

0.023 - 

* Pd-Au nanorod concentration was  3.3 pM; Pd sphere concentration was 3.75 pM.  
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There are some other factors in effect for the expedition of the catalyzed photo-reaction. 

First, besides serving as the medium to transfer electrons from hydrazine to resazurin, Pd-

coated Au nanorod catalyst facilitated the excitation of the reactants by acting as an 

antenna.176 The Pd-coated gold nanorods have a SPR of ~600 nm, overlapping with the 

resazurin’s absorption band. At its SPR wavelength, the catalyst particles have a much larger 

optical cross section thus the photon energy is more efficiently intercepted and transferred to 

the available orbitals of adsorbed resazurin molecules, making it sufficient to overcome the 

activation barrier for the formation of transient negative ion (TNI). The resazurin 

Figure 5.8 Mechanism of resazurin reduction in the presence of Pd-coated Au nanorod. 
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consumption rate increased by a factor of 1.8 at low hydrazine concentration, and 2.8 at high 

hydrazine concentration when comparing reaction rates in the presence and absence of the 

catalyst.  

The antenna effect can gain direct support from the following experiment. Because 592 

nm laser irradiation could trigger the photoreaction and meanwhile excite the SPR of Pd-

coated Au nanorod catalyst, it’s difficult to tell whether the catalyst enhanced the reaction 

rate simply by serving as a medium for electron transfer or antenna effect also contributed to 

the reaction. In order to make the comparison more straightforward, we run the same reaction 

using 514 nm laser, which will excite the transverse SPR of gold nanorods core, but doesn’t 

cause any photoreaction. As is showed in Figure 5.9, in the absence of the catalyst, the one 

irradiated by 514 nm laser for 10 min (C) was almost in the same color as the one without 

irradiation (D), indicating that 514 nm didn’t initialize the photoreaction. In the presence of 

catalyst, after irradiation for 10 min, the sample (A) changed to pink immediately while 

without irradiation it (B) remained green (this color was caused by mixing of blueish 

resazurin and yellowish catalyst). The corresponding absorbance spectra (Figure 5.9B) told 

us the reaction rate was enhanced by at least 5 times after exciting the transverse SPR of the 

gold nanorods core. Longitudinal SPR has much higher intensity than transverse SPR, so we 

can expect more enhancement by exciting the longitudinal SPR, that is exactly what we did 

in this study.  

This antenna effect can gain further support from the scattering spectrum of individual 

Pd-coated Au nanorods in the absence and presence of resazurin (Figure 5.2E). After 

binding with resazurin, all Pd-coated Au nanorods showed a reduction in the scattering 
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intensity at ~ 600 nm, leading to corresponding blue-shift or red-shift depending on their 

original scattering spectra. Figure 5.2E shows one typical example, where the scattering 

spectrum showed a blue-shift due to the adsorption of resazurin on the catalyst surface. The 

scattering photon energy loss is a clear indication that photon energy is transferred from the 

particles to the adsorbed resazurin molecules.  

 
 

Figure 5.9 Photo-reduction of Resazurin excited by 514 nm laser. (A) Photograph of 

resazurin reduction in cuvette. Sample A and sample B were in the presence of catalyst, and 

sample A was illuminated by 130 mW 514 nm laser for 10 min. Sample C and sample D 

were in the absence of catalyst, sample C was also illuminated by 130 mW 514 nm laser for 

10 min. The initial resazurin concentration was 7.85 μM; N2H4 concentration was 1.74 mM; 

Pd-coated Au nanorod concentration was 3.3 pM. (B) Corresponding UV-VIS spectra of 

samples in (A). 
 

 

To further assess the effect of the surface plasmon resonance of the catalyst particles, we 

performed the same photo-reduction using 30 nm spherical palladium nanoparticles. The 30 

nm Pd nanoparticles also show catalytic reactivity of resazurin without irradiation but with 

much lower reactivity at low concentration hydrazine, which is consistent with literature 
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reports.177 Upon irradiation, the photo-reaction as characterized by resazurin consumption did 

not show significant difference in the presence and absence of the catalyst, which indicates 

that Pd spheres didn’t catalyze the photoreaction. The difference between Pd spheres and Pd-

coated Au nanords is resulted from the relatively low activation barrier caused by the unique 

catalytic properties of bimetallic catalysts. High concentration of hydrazine will also decrease 

the activation barrier while adding more Pd spheres doesn’t, because Pd spheres are the 

places for the reaction to happen. When we add more Pd spheres, we would have more 

reaction islands, however on each island the reaction condition remains the same or worse 

because of lower coverage of hydrazine on each island. We also measured the scattering 

spectrum of individual Pd sphere. The results show that Pd sphere absorbs at 520 nm (Figure 

5.10), which is far from the absorption of resazurin. And this is possibly the reason that Pd 

spheres are not capable of transferring electrons to resazurin upon irradiation.  

 
Figure 5.10 Distribution of SPR peaks of 32 Pd nanospheres.  
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Second, the binding of the Pd-coated Au nanorods to the reaction material and 

corresponding intermediates and products stabilizes these molecules, which may further 

facilitate the electron transfer to resazurin. This is indicated in the UV-VIS spectrum of 

resazurin, which red-shifted from 602 nm to 611 nm after binding to the catalyst (Figure 

5.11A). Similarly, the product resorufin spectrum also red-shifted from 571 nm to 585 nm 

after binding to the catalyst (Figure 5.11B). In addition, both materials and product 

absorption peaks became more intense after binding, indicating the electronic structure of the 

molecules changed and the optical cross section became larger. Note that the spectral change 

is not caused by simple addition of the catalyst and material absorbance.  

 
 

Figure 5.11 UV-VIS of resazurin and resorufin in the absence and presence of the Pd-coated 

Au nanorods. (A) Resazurin; (B) resorufin. Black lines: in the absence of Pd-coated Au 

nanorod. Red lines: in the presence of the Pd-Au coated nanorods.  

 

Third, it was recently reported that the local thermal effect of plasmonic materials upon 

irradiation may increases reaction speed.87 Although the irradiation power (100~500 mW) is 
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minimal, the thermal effect caused by illumination at SPR may also contribute to the overall 

reaction rate.  

5.2.4 Distribution of Catalytic Sites on Pd-coated Au Nanorods 

 Finally, we assessed the reactive site distribution on Pd-coated Au nanorod surface. To 

achieve this, we monitored the individual product molecules being produced on single Pd-

coated Au nanorod. The nanoparticles were immobilized on a piece of glass coverslip 

through electrostatic interaction. The coverslip is then capped on a flow chamber that is made 

of double sided tape. The reactants and reducing agents were flown through. The particles 

were imaged in the dark-filed mode and the fluorescence images were imaged in the epi-

fluorescence mode. The fluorescence signals were collected by an AndoriXon897 camera. 

The catalyst was very efficient in converting resazurin to resorufin. In order to observe only 

one molecules being produced on one particle at a time, the reactant concentration was 

reduced to 10-7 mol/L in single molecule experiments, and the solution was photo-bleached 

using the excitation light for ~ 30 min before the introduction of the reducing agent. Note this 

was the reduction of the resazurin on individual particles without the irradiation. 

Movie 5.1 shows that individual resorufin molecules were produced on the particles 

intermittently. To confirm that the molecules were being produced on the catalyst particles, 

we also imaged the particles in the dark-field mode and compared to the fluorescence 

images. Figure 5.12A shows the distribution of the catalyst particles in dark-field mode, 

which co-localized with the summed fluorescence images (Figure 5.12B), confirming that 

the molecules were produced on nanorod catalyst surface.  

http://www.andor.com/scientific_cameras/ixon_emccd_camera/897_single-photon/
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Figure 5.12 Reaction on the Pd-coated Au nanorod surface. (A) Dark-field image of the 

particles. (B) Integrated fluorescence images of resorufin being produced on these 

nanoparticles. The fluorescence images can be found in Movie 5.1.   

 

When we focused on a single particle, we saw repeated fluorescence signal being “turned 

on” and “off”, giving intermittent fluorescence bursts (Figure 5.13A). Each burst in the 

fluorescence trajectory represents a product molecule being generated on catalyst surface. 

The single burst disappeared when product dissociates from the catalyst or being photo-

bleached. The free diffusing molecules cannot be detected because of their fast diffusion in 

the free solution. Blinking, photobleaching and other factors are excluded from the reason of 

generating this kind of trajectory because: (1) No fluorescence bursts were observed in the 

absence of Pd-coated Au catalyst or resazurin or hydrazine. (2) When substituting equal 

amount of resorufin with resazurin and keeping other conditions same, no fluorescence bursts 

were generated, indicating blinking was not responsible for these bursts. (3) The mean 

photobleaching time of resorufin molecules is 720 s in our experiment (Figure 5.14), which 
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is much bigger than the average on. There are rich information, e.g., surface site reactivity, 

etc., can be extracted from the fluorescence trace.178  

 

 
 

Figure 5.13 Reactive site distribution on Pd-coated Au nanorod surface. (A) Fluorescence 

intensity trace of resorufin molecules being produced on a nanorod catalyst surface. (B) 

Recovered location distribution of a permanently adsorbed resorufin molecule on glass 

surface. 200 locations are recovered from 200 consecutive images. The standard deviation of 

X and Y coordinates are 18 nm and 14 nm, respectively. (C) Recovered locations of 

individual product molecules being produced on the catalyst surface. Locations of the same 

molecule (showing up in consecutive images) are grouped using the same color. (D) 

Schematics of a nanorod in the same length scale as in (A) and (C). Images of fluorescent 

products were taken at 300 ms per frame.  
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Figure 5.14 Photobleaching of resorufin molecules measured at single molecule level. Y axis 

is the number of resorufin molecules in field of view.  X axis the total exposure time. As the 

exposure time increases, resorufin molecules would be photobleached, thus the total number 

of resorufin molecules left in field of view decreases.  

 

Here are we were interested in where those product molecules were generated on the 

single particle catalyst surface. To achieve this, we localized the origin of each product 

molecule in a fluorescence intensity trace through non-linear least squares (NLLS) fitting. 2D 

Gaussian function was used to approximate the point spread function of the microscope 

system. The reliability of this method was tested on a permanently fixed resorufin single 

molecule on a piece of glass slide. Figure 5.13B shows the recovered lateral positions of a 

resorufin molecule in 200 continuous images acquired at the same conditions as in the single 

molecule reaction experiment. The distribution of 200 measurements gave a precision of 18 
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nm and 14 nm in measurements along X and Y directions, respectively. Since the single 

molecule events were temporally separated, the localization precision is the spatial resolution 

of the single molecule reaction measurement. Thus, the resolution in the imaging was 

sufficient to resolve individual reactive sites located on different parts of the nanorod.  

We then located the product molecules from their fluorescence images and their 

distribution is presented in Figure 5.13C. Note that each molecule was imaged multiple 

times, so each molecule will have multiple locations in the distribution plot. To differentiate 

locations recovered from different molecules, we color-coded each molecule that was 

generated at different times.  

Combining all the recovered single molecule locations, we obtain a scattered distribution 

with a nanorod shape. The scattered distribution is slightly larger than the actual rod size due 

to experimental errors (Figure 5.13D). Note that the location recovered from the same 

molecule showed as a scattered distribution due to errors, with a standard deviation on the 

scale of ~ 15 nm, similar to that of a fixed molecule. This indicated that the product molecule 

was not moving significantly, or not moving at all. It was important to note that the centers of 

each individual molecule were randomly scattered on the nanorod surface, indicating the 

catalytic sites were uniformly distributed.  

5.2.5 Kinetic Mechanism Revealed by on 

on and off are two important characteristic durations. on is the fluorescence time of 

resorufin generated on catalyst surface, which is related to the dissociation of resorufin from 

catalyst to solution. off is the waiting time of next product molecule being produced. The 
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dependence of the product formation rate on [s] can be then described by the 

Langmuir−Hinshelwood equation29  

 

 
-1 2 2 3

on

2

[S]+
=

1+ [S]

 





 (5.1) 

Where 
2  is the rate constant for product dissociation in the substrate-assisted pathway, 

3 is the rate constant for direct product dissociation, and 1
2

-1 2

=
+


 

 , where 
1 is the rate 

constant for the substitution of a product molecule by a substrate molecule on a reactive site 

and 
-1 is the rate constant for the reverse process. The dependence of 

-1

on on substrate 

concentration [S] is shown in Figure 5.15. The change on 
-1

on is small compared to the 

value that is reported by Xu29, which means that our Pd-coated Au nanorods catalyst has a 

different kind of reactive sites, and 
2  is similar to 

3 . 
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Figure 5.15 Dependence of 
-1

on on the concentration of the substrate, resazurin. 

5.3 Conclusions 

In this study, we showed that the photo-reduction of resazurin to resorufin in the presence 

of hydrazine is increased by the presence of Pd-coated Au nanorod catalyst. The photon-

initiated electron transfer in the first step of the reaction can only proceed efficiently in the 

presence of high concentration of hydrazine, or in the presence of catalyst when 

concentration of hydrazine was low. Compared with the Pd nanosphere catalyst, Pd-coated 

Au nanorods became more efficient under irradiation, which supported that the weak SPR of 

Pd-coated Au nanorods helped enhance the reaction rate. Finally, the catalytic activity of Pd-

coated Au nanorods was examined at individual molecule level. The reactive sites were 
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randomly distributed on the surface of the nanorod, indicating the uniformity of the catalyst 

surface. 

5.4 Experimental 

5.4.1 Materials 

 Palladium chloride (PdCl2, 99%), cetyltrimethylammonium bromide (CTAB), L-ascorbic 

acid, poly(N-vinyl-2-pyrrolidone) (PVP, average molecular weight 40 000), resazurin sodium 

salt, resorufin sodium salt and hydrazine hydrate were purchased from Aldrich, and were 

used as received. Pd-coated Au nanorods (25× 65 nm) were provided by Nanopartz 

(Loveland, CO). 

5.4.2 Synthesis of Pd-coated Au Nanorods 

 The size distributions of Pd-coated Au nanorods were measured by transmission electron 

microscopy (TEM), and they agreed well with the manufacturer’s data (Figure 5.1).  

The core/shell Au/Pd nanorods were synthesized using seed-assisted method, which is an 

effective approach toward the size-controlled synthesis of transition metal nanoparticles. The 

seed-assisted synthesis of Pd-coated Au nanorods involves reducing palladium ions on the 

surface of Au nanorods with a mild reducing agent. H2PdCl4 aqueous solution was prepared 

from PdCl2 (175.0 mg) dissolved in HCl (2 mL, 0.2 M), and diluted to 100 mL with 

deionized water. 1 mL Au nanorod seed was mixed with cetyltrimethylammonium bromide 

(CTAB, 0.025 M, 4 mL), H2PdCl4 (0.01 M, 0.015 mL), and ascorbic acid (0.1 M, 0.008 mL), 

and followed by quick shaking. The color of the solution gradually deepened from deep red 

to dark brown, indicating the formation of products. Different thickness of Pd shell can be 

obtained by changing the volume of H2PdCl4 solution. 
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Before using, Pd-coated Au nanorods were cleaned by centrifugation to remove 

suspension in the solution, and re-suspended in 18.2-MΩ milli-Q water to 1 × 1011 

particles/mL. The suspension was sonicated for 15 min at room temperature before use. 

5.4.3 Synthesis of Pd Nanospheres 

 H2PdCl4 solution (2.0 mM) was prepared by mixing 0.6 mmol of PdCl2, 6.0 mL of 0.2 M 

HCl, and 294 mL of H2O. A mixture of 15 mL of a 2.0 mM H2PdCl4 solution, 21 mL of H2O, 

14 mL of ethanol (40 vol %), and 0.0333 g of PVP were refluxed for 3 h in air. The solution 

thus prepared had a dark brown color.179,180  

5.4.4 Catalytic Reaction in Bulk Solution 

 The illumination for the photo-reaction was provided by a laser (Model number, 592 nm, 

MPE, F-043061-1, Canada). Following illumination, the absorption spectrum of solution was 

measured with a Cary300 UV-VIS spectrophotometer (Varian, Palo Alto, CA). 

5.4.5 Catalytic Reaction at Single Molecule Level 

 To observe the catalytic reaction at single molecule level on individual nanoparticles, a 

flow chamber was constructed using a piece of coverslip, a piece of glass slide, and 2 pieces 

of double-sided tape as spacers. The positively charged nanoparticle catalysts were 

electrostatically immobilized onto a freshly cleaned No.1.5 coverslip (Corning, NY) after 30 

minutes incubation. The coverslip was then placed on top of the glass slide with two pieces 

of double-sided tape as the spacers. Such a design allows both dark-filed and epi-

fluorescence mode imaging.  
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In the reaction, solutions containing the materials and the reducing agents (0.05-1.2 μM 

resazurin and 1 mM N2H4) were flown through the chamber for the reaction to occur on 

immobilized nanoparticles. 

5.4.6 Optical Microscopy 

 An upright Nikon Eclipse 80i microscope was used for single molecule fluorescence and 

dark-filed imaging. For the single molecule fluorescence imaging, samples were excited with 

a mercury lamp (X-Cite 120Q) in the epi-mode with proper bandpath filters applied in the 

excitation and emission channels. The signals were collected with a 100× Nikon Apo 

TIRF/1.49 oil immersion objective, or a 100×, NA 1.4 oil immersion objective. An Andor 

iXon 897 camera (512 × 512 imaging array, 16 × 16 μm pixel size) was used to record the 

fluorescence images. The integration time was 30, 100 or 300 ms as specified in the text.  

Dark-field images were obtained with the same microscope. The illumination light was 

focused onto the sample with an oil immersion dark-field condenser (NA = 1.20-1.43). An 

NA-adjustable (0.7 - 1.25) 100× dark-field objective was used to collect the scattered light 

from the nanoparticles. A polarizer was placed between the beam and condenser in a fixed 

angle, and was not adjusted during the experiment. The sample was fixed on a rotation 

mount, and was rotated by 10 degrees each time. The amplification of this objective is 100 

times, so actual size of pixel is 16 μm /100=160 nm.  

Home-written MATLAB programs and NIH ImageJ were used to analyze the collected 

images and videos. 
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Chapter 6 Conclusion and Outlook 

6.1 Conclusions 

We focus on single nanoparticle study that differentiates from its bulk measurement, 

which would give us more details about the two topics that we’re particularly interested in: 

(1) particle-surface interactions including migration on/near interface, adsorption/desorption 

and trapping etc. (2) metal nanoparticle luminescence composed of single-photon and 

multiphoton excitation luminescence.  

First we successfully developed a 3D super-localization technique which is ideal for 

interfacial studies because of its superiority in combination of temporal resolution and spatial 

resolution. With the help of this tool, we gained better knowledge about how particles 

interact with the interfaces under the influence of local environment, and how these 

interactions affect mass transport in nano-confined environments such as flat surface and 

nanopore.  

We showed that retention of nanoparticles by a flat surface can happen at long distance 

without significant contribution from adsorption. That is, these particles can be trapped in 

potential energy minima several tens to hundreds of nanometers from the surface by long-

range interactions between the particle-surface. And this long-range interaction cannot be 

explained by any of current theories. Base on our experiments, we gave empirical 

modifications to Debye length. This trapping phenomenon provides us a new mechanism for 

targeted binding. First, it pre-concentrates the analytes to a much smaller volume near the 

surface. Second, the analytes still have significant mobility that it can actively search the 

binding sites within a considerable area (~1 µm2) on the surface. Such an approach is more 
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efficient than random diffusion-based binding especially when the guest particle 

concentration or the surface receptor density is low. 

While tracking the movements of nanoparticles in confined nanopores, we distinguished 

the effects of viscosity and particle-surface both microscopically and macroscopically. In 

viscous solvents, the decrease of particle individual steps is proportional to the increment of 

viscosity as expected. As a contrast, increasing the pore wall affinity only decreases the step 

size by a small fraction. This suggests that the direct withholding of the particle by the pore 

wall alone does not account for the increased residence time in the pore. A restricted 

diffusion mode is possibly the main reason in holding particles in surface-modified pores for 

longer time. This study depicts a picture of macroscopically slow but microscopically active 

nanoparticle movement in confined spaces. 

As a continued work from up-converted luminescence of gold nanoparticles which were 

previously done in our group, we studied the luminescence spectra of single AuNR with 

different aspect ratios under two-photon excitation (TPE) condition. By changing excitation 

wavelength, we found that the luminescence spectra of AuNRs always show emission peaks 

at their surface plasmon resonance (SPR) wavelengths on top of a broad, front slope-like 

emission band. Further analysis showed that the luminescence may have mixed contributions 

from two-photon excited SPR emission and single-photon excited up-converted 

luminescence which was always missing in reported spectra. The luminescence intensity as a 

function of excitation wavelength following the longitudinal SPR band profile indicates that 

single photon excited SPR is involved in the enhancement of luminescence. However the 
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overall trend is still a decay, suggesting that up-converted process dominants the 

luminescence intensity. 

Finally the catalytic activity of Pd was enhanced by adding a Au core to form a bimetallic 

core-shell structure. Excitation of surface plasmon resonance of the gold nanorod core further 

enhanced the catalytic property by serving as an antenna to generate hot electrons that 

accelerated the electron transfer in a model reduction reaction. The catalytic activity of Pd-

coated Au nanorods was examined at individual molecule level using super-localization 

technique. The reactive sites are randomly distributed on the surface of the nanorod. 

6.2 Further Work 

6.2.1 Interfacial Studies on Liquid-liquid/Liquid-air Interfaces 

Migration, adsorption/desorption or trapping on other interfaces except for solid-liquid 

interface are also of great interest. For example, understanding particle diffusing on water-oil 

interface is important for applications in petroleum industry and bottom-up nanofabrication. 

But due to the limit of prevalent methods, the understanding is still immature. Thankfully, 

the 3D super-localization technique recently developed in our lab provides a perfect tool for 

this study. With its excellent spatial and temporal resolution, we are able to track particle’s 

movements with nanometer precision and 30 ms temporal resolution, which allows us to 

“see” a lot of details that are missing using other techniques. 

6.2.2 Single Molecule DNA Sequencing  

We can adopt our super-localization technique to the field of single molecule DNA 

sequencing, which is called the 3rd generation DNA sequencing. Compared to the traditional 

Sanger methods, single molecule sequencing has lower error rate, costs less time and money. 
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The super-localization technique built up in our lab can be applied to both single particles 

with a size tens of nanometer and single molecule of several nanometer. Current single 

molecule sequencing method has issues such as low localization precision, fluorescence 

quenching and interference from background etc. I believe our imaging and analysis methods 

would further decrease the error rate of single molecule sequencing. 
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Appendix A Example of Matlab program for 3D localization 

 

cd D:\LZ\a2014_04_24\spool15                                                                                     

%%% Calculate corrmaps  using model 'model_20nmstep_1-400' 

close all;clear all; 

nf=1000;           %% # of frames to calculate Histogram of free diffusion particles 

nstal=650;nstol=900;%%%%%z range to calculate the center of mass    

a=70;b=70;     %%%%% original image size             

c=90;d=90;       %%%%%model size  

 

 

fnamein='spool_55_refer_337_465.spe'; 

fid1=fopen(fnamein,'r'); 

 

tic 

%k=2; 

for k=1:1000; 

    status=fseek(fid1, 4100+2*a*b*(k-1), 'bof'); 

    temp1=fread(fid1,[a,b],'uint16'); 

    temp5=temp1(:); 

    fnamein2='spool_2_Cali1_90_90.spe'; 

    %fnamein2='cropped_model_20nmstep.spe'; 

    fid2=fopen(fnamein2,'r'); 

    status=fseek(fid2, 4100+2*c*d*(nstal-1), 'bof'); 

    fnameou=['spool55_refer_337_465_',int2str(k),'th_frame','.bin']; 

    fid3=fopen(fnameou,'w'); 

 

    for z=nstal:nstol; 

        temp2=fread(fid2,[c,d],'uint16'); 

             

        for x=1:21 

            for y=1:21; 

  temp6=temp2(x:x+69,y:y+69);  

                temp7=temp6(:); 

                temp3=corrcoef(temp5,temp7); 

  ttt=temp3(1,2);   

                fwrite(fid3,ttt,'float32'); 

                              

       

       end 
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         end 

          

    end 

    status=fclose(fid2); 

    status=fclose(fid3); 

end 

toc 

status=fclose(fid1); 

 

 

%%%%%calculate xyz 

 

clear all;close all; 

nf=1000; 

nsta=650;nsto=900; 

thr=0.5; 

 

xxx=zeros(nf,3); 

YYY=[];  

a=21;b=21; 

 

 

for i=1:1000; 

     xx=0;yy=0;zz=0;ww=0;  

     fnamein=['spool55_refer_337_465_',int2str(i),'th_frame','.bin']; 

     fid3=fopen(fnamein,'r'); 

     %status=fseek(fid3, a*b*(nsta-1)*4, 'bof'); 

     for z=nsta:nsto; 

    temp1=fread(fid3,[a,b],'float32'); 

  for x=1:21 

      for y=1:21; 

   ttt=temp1(x,y); 

       if ttt>thr; 

      xx=xx+x*ttt; 

      yy=yy+y*ttt; 

            zz=zz+z*ttt; 

      ww=ww+ttt;  

   end   

        end 

   

         end 

     end 

 status=fclose(fid3); 
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 xxx(i,1)=xx/ww; 

 xxx(i,2)=yy/ww; 

 xxx(i,3)=zz/ww; 

end 

 

YYY=[YYY, xxx]; 

%%savefile=['spool',int2str(num),'.txt']; 

%%save(savefile,'xxx','-ascii'); 

%%save spool_10.txt xxx -ascii; 

 

 

fnameout='result_spool55_refer_337_465.xlsx'; 

xlswrite(fnameout,YYY,'thr0.5', 'A2'); 

 


