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ABSTRACT 

 

“Lab-on-a-chip” technology refers to the concept of shrinking normally macroscopic 

laboratory instruments down to the micrometer or nanometer scale, with “on-chip” 

specifically normally referring to silicon chip-based devices (including glass, a.k.a 

silicon dioxide). This thesis has two lab-on-a-chip components. The first part is 

developing new lab-on-a-chip technology. Optical tweezers are typically room-sized 

optics setups designed for precision (nanometer-scale) manipulation of single 

molecules. On-chip high-throughput optical tweezers (analogous to conveyor belts) 

were fabricated and optimized on coin-sized silicon-based devices. For the second 

part, existing lab-on-a-chip technology was used to conduct a toxicology study. 

Specifically planar microelectrode arrays were used to characterize the toxicity of next 

generation nanomedicine nanoparticles. Historical electrode arrays are large devices 

implanted into an animal brain, but microelectrode arrays are small chip-based arrays 

that can directly probe single neurons plated in culture in the microelectrode dish 

(neuron culture is similar to a miniature two-dimensional “brain”) , thus shrinking the 

electrode array technology down to the microscale.  
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CHAPTER 1 

INTRODUCTION TO LAB-ON-A-CHIP TECHNOLOGY 

 

Introduction 

The unifying theme of this thesis is development and applications of Lab-on-a-chip 

(LOC) technology. According to a recent 2018 LOC review
1
, Lab-on-a-chip 

technology is defined as: 

“Lab-on-a-chip (LOC) means miniaturization of analytical devices that 

integrate several laboratory operations such as PCR and DNA sequencing into 

a single chip on a very small scale. Scaling down operation units provides 

LOC devices numerous advantages such as cost efficiency, low 

volume reagents, high parallelization, ergonomy, high diagnostic speed, high 

sensitivity, and high expandability.” 

 

My main contributions to the LOC field, as summarized in this thesis, were: 

 

(1) Development of new Lab-on-a-Chip technology: Nano-conveyor belts (i.e. the 

nanophotonic Standing Wave Array Trap) with precision (single nm) and long range 

(10s of μm) position manipulation, and record-setting force manipulation (10s of pN) 

of the particles and biomolecules held on the conveyor belt. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/dna-sequence
https://www.sciencedirect.com/topics/medicine-and-dentistry/reagent


2 

(2) New application of existing Lab-on-a-Chip technology: Testing the neurotoxicity 

of engineered nanoparticles (ENPs) in “Brain-on-a-chip” microelectrode arrays 

(MEAs). 

 

For an introduction to (1), our lab has substantially reviewed the LOC sub-field of 

nano-conveyor belts in Chapter 2, and in a previous review in 2018 (which I co-

authored)
2
. 
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CHAPTER 2 

 

TOWARDS BIOLOGICAL APPLICATIONS OF NANOPHOTONIC TWEEZERS
1
 

 

Abstract 

 Optical trapping (synonymous with optical tweezers) has become a core 

biophysical technique widely used for interrogating fundamental biological processes 

on size scales ranging from the single molecule to the cellular level. Recent advances 

in nanotechnology have led to the development of “nanophotonic tweezers”, an 

exciting new class of “on-chip” optical traps. Here we describe how nanophotonic 

tweezers are making optical trap technology more broadly accessible and bringing 

unique biosensing and manipulation capabilities to biological applications of optical 

trapping. 

 

Introduction 

Since Johannes Kepler, and then Leonhard Euler, first studied the tails of 

comets centuries ago[1], we have known that light can exert radiation pressure on 

matter. The resulting “scattering force” propels an object in the initial direction of the 

light as a result of light absorption, reflection, and radiation. However, the magnitude 

of these forces was thought to be too small to have applications outside of astronomy 

and celestial mechanics[2]. This perception went through a revolutionary 

                                                 
1
 This chapter is adapted from Badman et al (2019). “Towards Biological Applications of Nanophotonic 

Tweezers”. Current Opinion in Chemical Biology. In Press. 
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transformation due to Arthur Ashkin’s seminal work in the 1970s-80s exploring the 

interactions of laser beams with matter[3,4]. Ashkin found that a tightly focused laser 

beam can optically trap a dielectric object, such as a virus or bacterium, near its focal 

point[5,6] (Figure 1a). This led to the discovery of the “gradient force” which directs 

the object towards the light focus, counteracting the scattering force and resulting in 

stable 3-dimensional trapping[3,4]. As a result of Ashkin’s discovery, we now know 

that radiation pressure can manifest as not only the scattering force, but also the 

gradient force that counteracts the scattering force to allow stable trapping. Ashkin’s 

cumulative work in optical trapping has far reaching impacts, and has paved the way 

for three Nobel Prizes in physics, one in 1997 for the use of optical traps in laser 

trapping and cooling of atoms, a second in 2001 for the use of magneto-optical traps in 

cooling atoms to form Bose-Einstein condensates, and the third in 2018, shared by 

Ashkin himself, for his contributions to optical trap applications primarily in single 

molecule biophysics.  

Optical trapping (synonymous with optical tweezers) has now become a core 

biophysical technique.  Its ability to probe piconewton (pN) forces occurring at the 

nanometer (nm) scale allows detailed insight into cellular and molecular 

interactions[7], including the forces and step sizes of motor proteins[8-11], protein 

folding[12], probing the biophysical properties of DNA[13,14] and RNA[15], and 

disruption of proteins bound to DNA[16].  

Despite the many successful biophysics applications of optical tweezers, the 

requirement for specialized laboratory space and complex table-top equipment has 

historically limited broader accessibility to the technology. A promising solution to 
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these constraints was first suggested by Kawata, Sugiura, and Tani in the 1990s 

[17,18]. They found that dielectric and metallic particles could be trapped and 

propelled by near field evanescent waves on the surface of waveguide on-chip 

structures. This groundbreaking discovery initiated the field of nanophotonic trapping, 

where waveguide or plasmonic-based nanostructures are used to trap small 

biomolecules and particles (Figure 1b). These new trapping platforms, also referred to 

as “nanophotonic tweezers”, are highly efficient at trapping small particles, more 

compact than traditional optical tweezers, and inherently robust against noise[19,20]. 

These features open new windows of opportunities to study individual biological 

molecules, viruses, and cells at high-throughput. 

Now, after almost three decades of development and innovation, nanophotonic 

tweezers have begun to solidify their status as a powerful, accessible optical trapping 

tool with some unique advantages over traditional free-space optical trapping[20,21]. 

In the past few years, there has been substantial development in the biological 

applications of nanophotonic tweezers. Here we provide a brief overview of the 

physical principles of optical trapping and highlight a few recent nanophotonic devices 

that have demonstrated potential for biological applications.   

 

Basic Principles of Optical Trapping 

Stable optical trapping requires that all forces on a particle, including 

scattering and gradient, are balanced at the trap center and the particle is directed 
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towards the trap center upon displacement from the center. A general solution of the 

time-averaged, net optical force experienced by a particle in an electromagnetic (EM) 

field is given by the surface integral of the Maxwell stress tensor  over the boundary 

of the particle: 

.     

  (1)  

Although this formulation is commonly used to obtain numerical solutions of the 

optical force, it does not provide physical intuition of optical forces.  

Optical forces may be more readily understood under the Rayleigh limit where 

the particle is much smaller than the wavelength  of the EM wave. Consider a 

spherical particle of radius .  The response of the particle to the EM wave can be 

approximated by an induced point dipole. Under this limit, the time-averaged 

scattering force acting on the particle originates from the linear momentum transfer 

from the photons: 

                          ,         (2) 

where  is the refractive index of the surrounding medium and  is the speed of light. 

 is the time averaged Poynting vector of the EM wave and thus the scattering force 

is always in the direction of light propagation[22]. The extinction cross-section of the 

particle  has contributions from both scattering and absorption: . 

When the particle is purely dielectric, , where 

 and , with  being the refractive index of the particle. 



7 

Furthermore, the time-averaged gradient force acting on the particle comes from the 

non-zero Lorentz force due to the electric field gradient: 

,         (3) 

where , is the polarizability of the dipole, with  being the 

vacuum permittivity. The gradient force always directs the particle towards the point 

with the highest field intensity. 

In conventional table-top optical tweezers, the diffraction limit of light is a 

fundamental obstacle for the generation of a large gradient force.  Two strategies have 

been most commonly employed to achieve stable trapping. For single-beam optical 

tweezers, a strong gradient force may be achieved via the use of a high numerical 

aperture objective that focuses the laser to a tight spot near the specimen plane, such 

that the gradient force pulling the trapping particle towards the laser beam waist is 

sufficiently strong to overcome the scattering force that pushes the particle 

downstream of the laser beam waist. Alternatively, stable trapping may be obtained by 

the use of counter-propagating laser beams whose scattering forces cancel near the 

specimen plane [3,13,23]. Although Ashkin demonstrated both implementations[3,4], 

single-beam optical tweezers are by far more prevalent and comparably easier to 

implement and operate.  

 While the diffraction limit of light significantly restricts the magnitude of the 

gradient force in conventional optical tweezers [21], nanophotonic tweezers overcome 

this limitation by taking advantage of the high intensity gradient of the near field in the 

vicinity of a nanostructure surface. Although trapping force analysis of nanophotonic 
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devices is more complex, due to a broad variation of device configurations, the basic 

principles behind the scattering force and gradient force remain unaltered.  

 

Molecular Sensing 

Nanophotonic tweezers offer tremendous promise for the biosensing of ultra-

small particles particularly in the study of protein conformational changes, nucleic 

acid denaturation, or protein-biomolecule interactions[24-26]. Two types of 

nanophotonic tweezers, nano-aperture tweezers and photonic crystal resonator 

tweezers (Figure 1b), have proven to be especially well-suited for studies for 

molecular sensing. Both types of nanophotonic tweezers create a strong localized 

resonance of EM field at predefined positions, generating  orders of magnitude 

higher than the focused laser beam in free space[27]. In fact, in many cases the mode 

volume is so small that the trapped particle plays an important role in reshaping the 

mode distribution, leading to the self-induced back action (SIBA), a phenomenon that 

is qualitatively different from that described in Eq. 3[27,28]. With their ability to 

generate ultra-strong field gradient in a tightly confined space, these nanophotonic 

tweezers can trap single nanometer-scale particles and single molecules considerably 

more readily than conventional optical tweezers[21]. 

Nano-aperture tweezers consist of a plasmonic nanoscale aperture in a gold 

thin film for generation of high field gradients[29].  Because of the ability to trap 

single biomolecules, nano-aperture tweezers offer unique, compelling capabilities for 

exploring biomolecular dynamics, conformational changes, and biomolecule 
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interactions[30], without the use of labels or tether-particles that may distort native 

protein behavior[31]. Small proteins and biomolecules (e.g., streptavidin proteins and 

10 bp DNA) may be trapped at low laser powers (~5 mW) with minimal requirement 

on polarizability of the protein of interest[29,32,33].  Protein conformational changes 

or interactions with biomolecules can thus be directly and reversibly probed via the 

laser power transmission through the nano-aperture[30,34,35] as solution conditions 

such as pH or trap power are varied over tens of minutes[29,34]. This transmission 

sensitivity can be understood by examining the optical transmission  through a 

subwavelength circular aperture of radius  in a metal film, approximated as [34]: 

         (4) 

where the effective trapping wavelength   is the original trapping wavelength 

reduced by the trapped particle’s refractive index. Thus, if the aperture were fully 

occupied by the particle, the transmission would increase by approximately a factor of 

, such that conformational changes of a protein, for example, which cause minute 

changes in  would still provide large observable signals in the transmission. This 

discriminatory power of nano-aperture tweezers has recently been used for identifying 

different native proteins even in heterogeneous “dirty” solutions which may be 

encountered in a clinical setting[36]. Such protein identification would normally 

require complicated, protein-altering, and expensive gel-electrophoresis or mass-

spectroscopy[36].   

As a specific interesting example, Kotnala and Gordon showed that nano-

aperture tweezers were able to optically trap a tether-free DNA hairpin and to 
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quantitatively detect protein interactions with the hairpin[32] (Figure 2a). Upon 

entering the nano-aperture tweezers, the DNA hairpin was found to change its 

conformation, which the authors referred to as “unzipping”, based on measurements of 

a shift in the light transmission through the nano-aperture. This unzipping appears to 

be a result of a transition that unfolds the hairpin. Although the molecular mechanisms 

of this transition under a high EM field remains to be elucidated, local heating was 

ruled out as an unzipping mechanism since the temperature increase was only 

determined to be 0.1 K[32].  

Photonic crystal resonator tweezers are dielectric photonic resonator cavities 

that can generate high field gradients[37], and can be adapted to trap objects ranging 

from the size of single protein molecules up to the cellular scale. Photonic crystal 

resonators have comparable benefits to nano-aperture tweezers for label-free and high 

field gradient single molecule trapping studies because of the ultra-high gradient force, 

but are based on dielectric cavity resonators rather than surface plasmon resonances in 

nano-aperture tweezers. Chen et al. have used photonic crystal resonator tweezers to 

trap proteins[25] and Kang et al. used a similar device to trap and detect influenza 

virus and its binding to antibodies in real-time[38] (Figure 2b). Interestingly, a recent 

photonic crystal resonator trapping study by Liang et al. found that protein-DNA 

interactions could be significantly altered by the presence of fluorescent labels[31] 

(Figure 2c). 

             In summary, these nanophotonic tweezers demonstrate appealing features for 

biosensing of individual biomolecules. The strong power confinement of these devices 

allows a single molecule to be trapped at an input power substantially lower than that 
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used in traditional free-space laser trapping[21]. The presence of the biomolecule and 

its conformational changes may be detected without the need to tag the molecule.  

  

Cellular Sensing 

The ability to sense trapped cells label-free has enabled nanophotonic tweezers 

to be extended to public health, biomedical, and biological applications. Traditional 

diagnostic methods for identifying bacterial infection or contamination of water or 

food require large bacterial samples, use time-consuming bacterial culture protocols, 

and deplete samples during testing[39]. In comparison, nanophotonic tweezers-based 

assays generally require smaller sample volumes, offer label-free, non-destructive 

measurements for repeatable sample testing[40], and have the potential to make faster 

and more accurate diagnoses.  

Photonic crystal resonators can be employed to trap micrometer-scale cells 

with properly designed resonator defects[41]. The presence of a trapped cell 

introduces a small change in the refractive index near the trap center and causes a 

change of the frequency of the optical mode in the photonic crystal resonator. Based 

on the analysis previously laid out [42,43], here we define the following a Figure of 

Merit (FOM) to characterize a resonator device’s biosensing sensitivity: 

    (5) 
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where  is the cavity resonance frequency and  is the shift of the resonance 

frequency in response to a change in refractive index  in the trapping region due to 

the analyte.  is proportional to the fractional mode volume of the perturbed 

region.  is the quality factor of the resonator. A larger  value corresponds to a 

higher FOM. Typical  values of photonic crystal resonators for biological, dual 

trapping-sensing applications are in the range of 1,000-10,000 [37,44].   

After the first demonstration of bacterial trapping in a photonic crystal 

resonator tweezers by van Leest and Caro[45], Tardif et al. used a combination of 

Brownian motion and optical transmission observations to differentiate between 

bacterial species trapped on a photonic crystal[44]. Therisod et al. further streamlined 

this concept by using 2D photonic crystal resonator cavity tweezers to rapidly, 

accurately, and nondestructively identify whether a trapped bacterium was Gram-

positive or Gram-negative (Figure 3) by simply quantifying the relative change in the 

power transmission of the device[41]. Accurately determining the Gram-type of a 

bacterial population is essential for the selection of appropriate antibiotics, however 

traditional Gram-type identification methods require toxic and carcinogenic chemicals 

and a large volume of bacteria[46]. Yao et al. trapped individual bacterium in one of 

the cavities of an array of plasmonic structures,  and then used surface-enhanced 

Raman scattering (SERS) to detect bacterial spore biomarkers, demonstrating the 

potential for detection sensitivity at the ultra-low zepto- to attamole range[47]. Lotan 

et al. further explored highly sensitive, fluorescently labeled single cell bacterial 

detection using nanophotonic tweezers technology[48]. Specifically, the authors 
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demonstrated the potential for microscope-free, low volume detection of bacteria 

using plasmonic V-groove waveguides that could transmit the fluorescent emission 

light of trapped bacteria to an output detector[48].  Nanophotonic tweezers are not 

limited to trapping bacteria, as researchers have shown red blood cells may be trapped 

on a waveguide and transported along it[49-51]. Ahluwalia et al. have used this 

capability to study how compression forces generated by the waveguide evanescent 

field affect blood cell deformation and cellular structural changes[50,51]. These initial 

cellular applications of nanophotonic tweezers suggest significant promise for utilizing 

this technology in both biomedical research and the clinical setting. 

 

Precision molecular manipulation 

While nanophotonic tweezers have demonstrated promise for biosensing, the 

ability to controllably manipulate biomolecules with precision[20] is a critical need for 

nanophotonic tweezers . An ideal device should encompass the full capabilities of 

traditional optical tweezers for precision manipulation and measurement experiments, 

including nm-precision manipulation resolution, comparable trap stiffness to 

traditional optical tweezers, μm-scale long-range manipulation, low heating, and bio-

compatibility[52,53]. Enabling these capacities in nanophotonic tweezers would make 

optical tweezers more accessible to a larger scientific community. 

These requirements are not readily attainable via the most commonly 

employed nanophotonic structures. Traveling-wave waveguides represent the simplest 

nanostructure for trapping, where a particle of interest is captured at the surface of the 
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waveguide and then transported unidirectionally along the waveguide[54], but 

precision control of the particle position is not possible. Photonic crystal resonators 

and nano-aperture tweezers, discussed above, are excellent at trapping a particle at a 

fixed location for interrogation [29,37]; however this trapping location also cannot be 

relocated in a controllable fashion. Other tunable nanophotonic structures, such as 

loss-based devices[55,56] and near-field mode-beating optical lattices[57], can 

achieve trap control, but only at μm-precision. 

To overcome these challenges, a standing wave waveguide-based trapping 

platform, has been developed by Soltani et al.[19], Ye et al.[58,59], and Badman et 

al.[60] (Figure 4a). The nanophotonic standing wave array trap (nSWAT), has two 

coherent lasers that counter propagate along a single-mode waveguide, forming an 

array of trapping centers at the anti-node positions of a standing wave[19]. To stretch 

an array of DNA molecules, two copies of an nSWAT were incorporated into a single 

device, each controlled independently by its own microheater (Figure 4b). DNA 

dumbbells – single molecules of DNA with a bead attached at each end – were trapped 

between the two nSWATs via beads at the DNA ends and smoothly stretched via 

control of the microheaters[19]. This experiment is analogous to DNA stretching in 

conventional optical tweezers[61-63], except that manipulation was performed on 

multiple DNA molecules simultaneously, thus highlighting the potential for nSWAT-

based high-throughput precision manipulation on-chip. 

Besides high-throughput, an nSWAT device has several notable advantages in 

comparison to conventional table-top tweezers. The counter-prorogating lasers cancel 

out the scattering force, allowing stable trapping by the gradient force. This resulting 
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standing wave naturally creates an array of traps by recycling the laser power without 

the need to proportionally increase trapping laser power with an increase in the trap 

number[20]. The elimination of the scattering force allows high refractive index 

particles to be stably trapped [60], which would be challenging for single-beam 

conventional optical tweezers and because of the short optical paths creating the trap 

array on chip, the nSWAT device is inherently robust against drift[19].  

 

Future Outlook 

Nanophotonic tweezers offer an exciting alternative to conventional optical 

tweezers, presenting unique advantages that include on-chip, label-free, ultra-sensitive 

single molecule biosensing, and high-throughput precision manipulation. As 

nanophotonic tweezer devices are utilized for broader biological applications, a greater 

variety of more complex experiments may be realized. Indeed, increasingly impactful 

biological and biomedical experimentation, beyond just a proof-of-principle, is already 

being performed utilizing nanophotonic trapping technology.  

This expansion also requires development of nanophotonic tweezers with 

further enhanced capabilities. While label-free and tether-free sensing methods (nano-

aperture tweezers and photonic crystal resonator tweezers) minimally alter the native 

state of the molecule of interest, the molecule cannot be interrogated via controlled 

application of forces to gain additional insight via mechanical perturbation. 

Conversely, the precision manipulation allowed by nSWAT critically relies on the use 

of trapping particles as handles to manipulate the molecule of interest and thus does 
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not afford some of the advantages of the label-free techniques. New platforms that 

integrate label free and precision manipulation would significantly broaden the 

applicability of nanophotonic tweezers.  

Additionally, the advent of nanophotonic tweezers requires increased 

comprehensive understanding of the interactions between a trapping laser and 

biological systems. For example, nano-aperture tweezers present unique opportunities 

to not only trap biomolecules but also induce their molecular conformational changes 

[29,32,34]. Elucidating the mechanism inducing these changes will allow better 

assessment of how to best utilize the technology. For another example, a trapping laser 

is also known to potentially induce photo-damage to the molecules of interest as a 

result of photon absorption[64]and singlet oxygen formation[65,66]. This is of 

particular importance given the high local field intensity of nanophotonic tweezers 

[40]. The exact mechanism inducing the photo-damage requires better understanding 

and characterization in order to develop methods and devices that minimize this 

impact.  

While nanophotonic tweezers have begun to move beyond proof-of-concept, 

this technology still has significant potential that is just beginning to be unlocked. The 

full realization of their capabilities will allow increased accessibility and expansion of 

application to a wide range of biological and biomedical research topics, and 

encourage broad adoption of these dynamic platforms. 

 

Figure Legends 
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Figure 1. Comparison of free-space optical tweezers and nanophotonic tweezers. The 

gradient force directs a dielectric particle to the region of strongest light intensity. (a) 

A dielectric particle is trapped near the focal point of a tightly focused Gaussian-

profiled laser beam. (b) A dielectric particle is trapped at the surface of a nanophotonic 

waveguide (top), near a defect in a photonic crystal resonator (middle), or in close 

vicinity to a nano-aperture on a metal thin film (bottom). 
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Figure 2. Single molecule detection by nanophotonic tweezers. (a) Scanning electron 

microscope (SEM) image of nano-aperture tweezers formed by a double nano-hole on 

a gold substrate. Single biomolecules (such as a DNA hairpin) can be trapped at the 

center, which has a high field gradient. Adapted with permission from Ref. [29] & 

Ref. [32]. (b) Detection of binding of an antibody to an influenza virus using 

nanophotonic tweezers formed by a 1D nanophotonic crystal resonator along a 

waveguide. Adapted with permission from Ref. [38]. (c) (top) SEM image of a 1D 

nanophotonic crystal resonator cavity formed by a single 50-nm-diameter gold particle 

(orange arrow) located in the central grating of a nanocavity, and (bottom) cartoon 

illustration of a biofunctionalized gold nanoparticle. XPA proteins, which are 
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immobilized to a self-assembled monolayer of 11-mercaptoundecanoic acid (11-

MUA) on gold, can interact with DNA. Adapted with permission from Ref. [31]. 

 

Figure 3. Detection of a single bacterium by nanophotonic tweezers. An SEM image 

of a 2D hollow photonic crystal resonator cavity and illustration of the experimental 

setup. The presence of a bacterium (green) when trapped near a cavity (red) is 

determined by an intensity change of the transmitted light. Adapted with permission 

from Ref. [41]. 
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Figure 4. Single molecule manipulation by nanophotonic tweezers. (a) Schematic of 

the design of an nSWAT device. Laser input to the waveguide is partitioned into two 

nSWATs using a Mach–Zehnder interferometer (MZI). Each nSWAT has a 50/50 

waveguide beam-splitter with output arms connected to generate counter-propagating 

waves. Three microheaters are located above the waveguides, one above the MZI to 

control partitioning of the laser into the two nSWATs, and two above the two 

nSWATs to independently control the trap position of each nSWAT. Adapted with 

permission from Ref. [19]. (b) Tilted-angle SEM image of the fluid pool region of an 

nSWAT device. Adapted with permission from Ref. [19].  
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CHAPTER 3 

A BIOCOMPATIBLE AND HIGH STIFFNESS NANOPHOTONIC TRAP ARRAY 

FOR PRECISE AND VERSATILE MANIPULATION
2
 

ABSTRACT: The advent of nanophotonic evanescent field trapping and transport 

platforms has permitted increasingly complex single molecule and single cell studies 

on-chip.  Here, we present the next generation of nanophotonic Standing Wave Array 

Traps (nSWATs) representing a streamlined CMOS fabrication process and compact 

biocompatible design. These devices utilize silicon nitride (Si3N4) waveguides, operate 

with a bio-friendly 1064 nm laser, allow for several watts of input power with minimal 

absorption and heating, and are protected by an anticorrosive layer for sustained on-

chip microelectronics in aqueous salt buffers.  In addition, due to Si3N4’s negligible 

nonlinear effects, these devices can generate high stiffness traps while resolving sub-

nanometer displacements for each trapped particle.  In contrast to traditional table-top 

counterparts, the stiffness of each trap in an nSWAT device scales linearly with input 

power and is independent of the number of trapping centers.  Through a unique 

integration of micro-circuitry and photonics, the nSWAT can robustly trap, and 

controllably position, a large number of nanoparticles along the waveguide surface, 

operating in an all-optical, constant-force mode without need for active feedback.  By 

reducing device fabrication cost, minimizing trapping laser specimen heating, 

                                                 
2
 Chapter adapted from Ye, F., Badman, R. P., Inman, J. T., Soltani, M., Killian, J. L., & Wang, M. D. 

(2016). Biocompatible and high stiffness nanophotonic trap array for precise and versatile 

manipulation. Nano letters, 16(10), 6661-6667. R.P. Badman was co-first author on this work. 



27 

increasing trapping force, and implementing commonly used trapping techniques, this 

new generation of nSWATs significantly advances the development of a high 

performance, low cost optical tweezers array laboratory on-chip. 

Introduction 

Optical trapping utilizes the gradient forces of an electromagnetic field to trap and 

manipulate small dielectric particles.
[1-9]

  A traditional free-space optical trap is a 

sensitive tool generated by a tightly focused laser beam using table-top optics.  These 

traps can generate piconewtons (pN) of force and detect nanometer (nm) 

displacements
[3,5-9]

 and have become indispensable tools in physics, chemistry, and 

biology, and particularly in single molecule biophysics.  Despite their significant 

utility, these large instruments are impeded by low throughput and an inherent 

susceptibility to environmental noise, and exceptional measures must be implemented 

to ensure their stability.[10-13]  To increase throughput, holographic and time-sharing 

techniques have been used to generate tens to hundreds of traps in a single instrument, 

but this also requires increasing the laser power proportionally to the number of 

traps.[14-20]    

An entirely different platform, driven by recent advances in nanophotonics, now 

permits on-chip trapping and transport via evanescent fields on nanophotonic 

waveguide surfaces (e.g. linear waveguide,
[21,22]

 resonator ring,
[23]

 photonic crystal 

resonator,
[24]

 and liquid core waveguides
[25]

) . Compared with free-space optical traps, 

these nanophotonic platforms offer the advantage of scalability, as the same 

evanescent field can trap multiple particles, as well as potential for high stability due 
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to the compact on-chip photonic designs.  However, major challenges still face the 

application of nanophotonic traps for single biomolecule manipulation, namely in the 

realization of controllable, precision manipulation schemes for trapped objects at 

biologically-relevant ambient conditions and forces.   

To deal with these challenges, we have recently developed a nanophotonic standing-

wave array trap (nSWAT) that generates an array of traps at the antinodes of a 

standing-wave evanescent field of a nanophotonic silicon (Si) waveguide.
[26]

  

Representing the first nanophotonic device allowing controllable positioning of 

multiple, stably-trapped objects, the entire trap array can be precisely manipulated by 

thermo-optical modulation of the phase difference between two counter-propagating 

laser beams via an on-chip microheater.
[27]

  Both nSWATs and previous free-space 

optical trapping using holographic/time-sharing methods allow the formation of a 

trapped array of tens to hundreds of traps. The advantage of the nSWATs is that it can 

do so without the need of increasing the laser power as the laser is recycled for 

multiple uses, although the trap spacing in an nSWAT cannot be readily varied and 

individually addressed, as would be possible for a trap array generated by 

holographic/time-sharing methods. 

To make nSWAT devices more broadly accessible and biologically applicable, several 

measures are called for: a reduction in device fabrication cost, minimization of 

specimen heating by the trapping laser, an increase in trapping force, and 

implementation of various modes of operation commonly used in optical trapping.  In 

this work, we achieve these features with a new generation of nSWATs enabling high-
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stiffness and long-range precision manipulation with increased modes of operation, 

most notably constant velocity[12,28-42] and constant force,[12,43-57] the two most 

commonly used manipulation schemes for single molecule studies.  These critical 

abilities are novel in an on-chip environment and, when coupled with a streamlined, 

lower cost fabrication process results in an important milestone in creating a full 

optical tweezers array laboratory on-chip.   

Fig. 1a shows a concept schematic of the core components of the new nSWAT 

devices.   They were fabricated using deep-ultraviolet (DUV) lithography, versus the 

electron-beam lithography of the previous generation (Fig. 1; Supporting Information).  

This significantly reduces device cost and processing time, while retaining the high 

quality photonic performance typical of electron-beam lithography, as demonstrated 

by the smooth surfaces and straight side walls (Figs. 1b and 1c), and a measured 

waveguide propagation loss of 0.44 dB/cm (Fig. S1).  Additionally, the previous 

generation Si waveguides are replaced by Si3N4 waveguides.  Silicon nitride 

waveguides offer multiple practical advantages over silicon ones.  They can operate 

with a laser of much shorter wavelength (e.g., 1064 nm used here versus 1550 nm 

used previously) with minimal non-linear absorption.[58,59]   These features not only 

reduce specimen heating by two orders of magnitude, but also permit an order of 

magnitude increase in laser power at the trapping region.  These waveguides sustained 

up to 3W of input laser power (the limit of our current laser source) for high trap 

stiffness measurements without detectable damage, which is significantly more power 

tolerance than previously attainable with Si3N4 waveguides.
[60]

  Finally, the 

microheaters, used to reposition the trap arrays via the thermo-optic effect (Fig. S2), 
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were protected by an anticorrosive layer from the corrosive aqueous salt buffer and 

sustained voltage application of 10 volts over many tens of hours of experiments with 

no detectable corrosion in a 10 mM Tris (HCl) pH 8.0 buffer containing 100 mM 

NaCl. 

The microheater also responds to the control voltage at a 30 kHz rate (Fig. S3), 

comparable to what is typically attainable by the AODs or piezo stages commonly 

used to steer a trap in bench-top optics.
[29,30]

  This speed is crucial for transport of an 

array of trapped beads over a long distance where the microheater’s voltage must be 

rapidly reset to zero each time the trap array is transported by one spatial period λz of 

the standing-wave trapping potential before re-ramping the voltage.
[26]

 

Such a method requires a precise knowledge of λz, which may differ somewhat from 

device to device.  Here, we demonstrate a new method of phase tuning and its 

application in a constant speed mode.  Using this phase tuning, the periodicity may be 

determined from just a single trapped bead, simplifying characterization while 

increasing precision.  In this approach, a trapped bead is transported along the 

waveguide at a constant speed over a defined distance d by increasing the voltage 

before the voltage is reset and re-ramped.  As shown in Figs. 2a-c, when d = λz, the 

bead moved forward seamlessly at the voltage resets.  When d > λz, the bead position 

back-tracked along the waveguide at the voltage reset, whereas when d < λz, the bead 

forward-tracked at the voltage reset.  Thus, by minimizing the seams in the bead 

position at the voltage resets, the periodicity of the trapping potential can be precisely 

determined.  Using this method, we found λz = 360 ± 5 nm, which is in agreement with 
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simulated results that give λz = 355 nm (Fig. S4).  Once the periodicity is determined, 

the bead may be precisely moved at any constant or variable rate over a long distance 

along the waveguide.  Fig. 2d shows an example of long distance transport in a 

constant velocity mode, where an array of trapped beads was smoothly moved along 

the waveguide at 3.6 µm/s over an 18 µm range before the direction was reversed (see 

also Fig. S5).  Such an approach will enable manipulation of an array of biomolecules 

in a constant velocity mode. 

Because the trap speed is modulated by the microheater voltage which can take a 

broad range of waveforms, nSWAT also allows the generation of user-specified 

variable velocity modes, such as sinusoidal velocity,[61] which is another mode of 

operation that has been exploited in optical trapping. 

In many assays performed with traditional trapping platforms, it is important to 

maintain a constant force on the trapped object. This is typically achieved via active 

force feedback,[29] which, however, may introduce feedback noise in the force.
[62]

  

Current methods for all-optical constant force require either modifications of the 

trapping beam profile or limited bead motion in a trap.
[63,64]

  Here, we demonstrate that 

the nSWAT can readily operate in an all-optical, constant-force mode, without the 

need for any active feedback.  Such a mode comes naturally out of the periodic feature 

of the trapping potential and is achieved when the array trap is moved more rapidly 

than a bead can respond to.  This can be understood by considering the equation of 

motion for a bead in an array trap that is moved at a speed vtrap: 
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 ,  (1) 

where z is the bead position along the waveguide, β the viscous drag coefficient for the 

bead, and  ftrap = vtrap/λz  the equivalent frequency of the trap movement.  This equation 

describes a damped-forced oscillator
[65]

 at low Reynold’s number, where the viscous 

drag force balances the optical force.  Below a critical trap speed, vcritical = Fmax/β , or a 

critical trap movement frequency, fcritical = Fmax/(λz β), the bead tracks the trap motion 

except for a force-dependent offset.  Note that fcritical = fcorner is the corner frequency of 

the Brownian motion of a bead held in a trap of a stationary array.  However, above 

the critical trap speed, the bead can no longer fully track the trap motion.  When vtrap 

≫ vcritical, the array trap effectively scans a quasi-stationary bead and the array trap 

exerts a constant force on the bead in the direction of trap motion: 

         (2) 

This is a direct analogy to the passive torque wrench that we previously developed for 

the angular optical trap
[32,66]

 to exert a constant optical torque on a trapped particle 

without the need of any feedback. 

Using this method, we show that when vtrap ≫ vcritical, a trapped bead moved at a nearly 

constant speed with only a small, detectable drift from the expected baseline (Fig. 3a).  

The resulting mean-square-displacement (MSD) of the drift shows a linear 

dependence on time (Fig. 3b).  These features are characteristic of a particle 
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undergoing purely diffusive Brownian motion biased by a constant force.  The 

diffusion constant measured in this way is, D = kB T/β = 4.1 ± 0.1 × 10
5
 nm

2
/s, in 

agreement with that determined from the power spectrum analysis of a bead held in 

one of the traps of a stationary array: D = 4.4 ± 0.7 × 10
5
 nm

2
/s (Fig. S6).  Using this 

diffusion coefficient, the optical force may be estimated from the viscous drag force 

(Fig. 3c). Although these results illustrate the diffusive motion of a free particle under 

a constant force, once the particle is attached to a biological system and becomes 

constrained, e.g., via a DNA molecule that is tethered to another surface,[38,41] the 

Brownian motion of the particle will then be greatly suppressed by the biological 

molecule. 

Fig. 3d shows the optical force as a function of trap speed and is in agreement with 

theoretical predictions.  As expected, the measured critical speed increases linearly 

with the laser power.  Furthermore, because a trapped bead can be moved in both 

directions, the quality of the standing wave may be directly assayed by the degree of 

anti-symmetry in the force versus trap speed relation.  The highly anti-symmetric 

relation in Fig. 3a suggests an excellent standing-wave quality of the fabricated 

nSWAT, i.e., the 50/50 beam splitter has created two counter-propagating waves of 

essentially identical intensities. 

Although both the constant velocity mode and the constant force mode are generated 

under a constant trap speed, the constant velocity mode is intended to operate below 

the critical trap frequency such that the particle and trap motions remain essentially in 

sync.  In contrast, the constant force mode operates above the critical trap frequency, 
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where the particle and trap motion are no longer in sync, and the particle, instead, 

experiences a constant force. 

A distinctive feature of the nSWAT device is its built-in capacity for parallelized 

precision manipulation and measurements.  We demonstrate here that this new 

generation of devices has achieved the benchmarks of a single, high-end precision 

optical trap, but in a high throughput fashion.  To determine the spatial resolution of 

the trap movement, we generated square-wave steps of trap motion using the 

microheater and measured the response of bead motion.  As shown in Fig. S7, 3.4-nm 

steps are readily detectable and 0.85-nm steps can be discerned. These data show that 

the spatial resolution of this current generation of nSWAT is comparable to that of 

benchtop optical traps typically used in singe molecule manipulation 

experiments.
[12,30,36]

  However, while the nSWAT resolution is on par with traditional 

high-end optical tweezers, the nSWAT platform is inherently more noise-resistant than 

free space platforms due to the short optical path difference between the two counter-

propagating trapping waves generated on chip.
[26]

  Fig. 4a shows the measured 

positions of an array of beads in an nSWAT over time, demonstrating that an entire 

bead array can be stably trapped with minimal drift.  In another example, while the 

positions of the trapped beads were monitored, an additional bead in the solution 

became trapped on the waveguide (Fig. S8).  However, the positions of the existing 

beads in the array showed no detectable changes (< 1 nm) upon this new addition, 

indicating minimal cross-talk among the trapped bead positions.  This is due to the 

majority of the laser power (78%) being confined within the waveguide core (Fig. S4), 

making the waveguide mode insensitive to small perturbations around the waveguide.  
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In addition to trap stability, this power confinement isolates the trapping region from 

the laser path and further reduces sample heating, another fundamental advantage of 

the nanophotonic waveguide platform compared with free-space traps. 

To determine the force generation capacity, the trap stiffness values of an array of 

trapped beads were also simultaneously measured (Fig. 4a).  We found a stiffness 

variation from bead to bead of about 5% (Fig. S9).  The consistency in the trap 

stiffness along the waveguide is a further indicator of the quality and uniformity of the 

waveguide.  It also indicates that the trapping power among all traps in the array was 

rather uniform.  This was only possible because of the low loss waveguides (Figure 

S1) and minimal scattering by the trapping particles.  Furthermore, we have compared 

trap stiffness using three different methods (Fig. 4b): the power spectrum method, the 

variance analysis method, as well as the critical trap movement frequency method 

described in this work.  The latter methods also allows for a broader survey of the 

trapping quality and uniformity. The results from all three methods are in agreement. 

The trap stiffness of ~1 pN/nm per watt of power in the waveguide at the trapping 

region is of the same order of magnitude as that of a single conventional optical 

trap,
[7,36,41,67]

 while the same laser in an nSWAT is recycled to generate an entire array 

of traps, each with a comparable stiffness.  For each trap in the array, the estimated 

maximum force Fmax = ktrap λz/(2π) is ~ 60 pN per watt.  This, in combination with the 

high power tolerance of this new generation of the nSWAT, enables parallel high-

stiffness trap array. 
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We have developed and characterized a significant new generation of nanophotonic 

trapping devices operating at a bio-compatible 1064 nm laser wavelength.  An 

individual device contains an array of several hundred simultaneous, stable, and fully-

positionable trapping centers, each with biologically relevant trapping force, negligible 

specimen heating, and efficient laser power use.  Additionally, we have established the 

ability to readily switch between two useful modes of operation within the platform: 

constant velocity mode and constant force mode.  These devices match or surpass 

current table-top laser traps in terms of sub-nm manipulation resolution, long-range 

manipulation ability, and scalability of the numbers of traps without loss of trap 

stiffness and maneuverability, all while yielding increased noise resistance and 

stability due to the short optical path length.  Taken together, these features have made 

the Si3N4 nSWAT a compelling high-throughput, on-chip alternative to traditional 

free-space optical traps. 
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FIGURES: 

 
 

Figure 1. Si3N4 nSWAT design and characterization.  (a) A schematic of the core 

components of a Si3N4 nSWAT device.  A 1064 nm laser is coupled into the TM mode 

of a Si3N4 waveguide through a tapered single mode fiber.  After the laser passes 

through a 50/50 splitter, two counter-propagating waves form a standing-wave in the 

loop where a fluid pool region for trapping is also located.  The standing-wave creates 

a periodic trapping potential along the waveguide, with the periodicity being the 

spacing between two adjacent anti-nodes.  A microheater modulates the phase of one 

counter-propagating wave relative to the other via the thermo-optic effect, and thus 

repositions the trap array in response to an applied voltage.  Inset to the right is a 

cross-section of the electric field profile from a 3D full-wave electromagnetic 

simulation in the presence of a 349 nm polystyrene bead trapped at one of the anti-
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nodes of the standing-wave formed along the Si3N4 waveguide.  Color scale from blue 

to red is 0 to 7 × 10
7
 V/m, respectively.  (b) A SEM micrograph of the top view of the 

fluid pool region of a Si3N4 device. The fluid pool is etched down to expose the Si3N4 

waveguide for bead trapping.  Small circles are fiducial markers used for position 

tracking.  (c) A SEM micrograph of the cross-section of a fabricated Si3N4 waveguide.  

The waveguide has a cross-section of 660 nm in width and 250 nm in height. 
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Figure 2. Phase-tuning for long distance transport.  (a) Periodic waveform of the 

voltage applied to the microheater for transport.  Three different voltage amplitudes 

are shown.  (b) The corresponding measured position of a trapped bead along the 

waveguide, in response to (a).  (c) The corresponding phase change in the standing 

wave.  (d) An example of a long-range transport of an array of trapped beads.  The top 

plot shows positions of a trapped bead array versus time, with an image of the initially 

trapped bead array shown to the left.  The bottom plot shows the corresponding phase 

change introduced by the microheater.  Measurements were conducted at 16.6 mW of 

laser in the trapping region. 
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Figure 3. All optical constant force mode.  (a) The motion of a trapped bead under the 

constant force mode.  Under 10.4 mW of laser power in the trapping region 

(corresponding to a critical frequency of 166 Hz), a trapped bead was moved in the 

forward direction along the waveguide under three different trap movement 

frequencies.  (b) Mean squared displacement (MSD) from the linear drift.  

Experiments were conducted with five different trapped beads (five grey curves) at the 

250 Hz trap movement frequency.  Each trace of bead position versus time plot was fit 
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by a line which represents the drift due to the force.  The mean-square-displacement 

from this fit was then computed.  The average MSD from these traces (solid black) 

was fit to a line (red) to obtain the one-dimensional diffusion coefficient (4.1 ± 0.1 × 

10
5
 nm

2
/s).  Viscous drag force was determined based on the bead speed and the 

measured diffusion coefficient.  (c) The corresponding viscous drag force on the bead 

from (a).  Viscous drag force was obtained as a cumulative moving average of the 

bead speed.  (d) Trapped bead speed and corresponding viscous drag force versus trap 

speed and corresponding trap movement frequency.  Data were taken under three 

different laser powers.  Dots indicate measurements and solid curves are fits to Eq. (2). 
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Figure 4. Parallel precision measurements.  (a)  An array of beads was trapped on the 

waveguide and their positions were monitored over time.  The middle panel provides a 

zoomed in view of the position of each bead versus time, with its stiffness per watt of 

laser power at the trapping region shown to the right.  The images were acquired at 

540 Hz.  The black scale bar corresponds to 100 nm.  (b) Trap stiffness measurements 

using three different methods: the power spectrum method, the variance method, and 

the critical frequency method described in this work.  The linear fits for the three 

methods are: 1.01 pN/nm/W for the variance analysis method, 0.87 pN/nm/W for the 
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power spectrum method, and 0.82 pN/nm/W for the critical trap movement frequency 

method.  Error bars are standard errors of the means. 



44 

REFERENCES 

1. Ashkin A, Dziedzic JM, Yamane T: Optical Trapping and Manipulation of 

Single Cells Using Infrared-Laser Beams. Nature 1987, 330:769-771. 

2. Ashkin A, Dziedzic JM: Optical Trapping and Manipulation of Viruses and 

Bacteria. Science 1987, 235:1517-1520. 

3. Svoboda K, Schmidt CF, Schnapp BJ, Block SM: Direct Observation of Kinesin 

Stepping by Optical Trapping Interferometry. Nature 1993, 365:721-727. 

4. Kuo SC, Sheetz MP: Force of Single Kinesin Molecules Measured with Optical 

Tweezers. Science 1993, 260:232-234. 

5. Finer JT, Simmons RM, Spudich JA: Single Myosin Molecule Mechanics - 

Piconewton Forces and Nanometer Steps. Nature 1994, 368:113-119. 

6. Molloy JE, Burns JE, Kendrickjones J, Tregear RT, White DCS: Movement and 

Force Produced by a Single Myosin Head. Nature 1995, 378:209-212. 

7. Yin H, Wang MD, Svoboda K, Landick R, Block SM, Gelles J: Transcription 

against an Applied Force. Science 1995, 270:1653-1657. 

8. Smith SB, Cui YJ, Bustamante C: Overstretching B-DNA: The elastic response 

of individual double-stranded and single-stranded DNA molecules. Science 

1996, 271:795-799. 

9. Wang MD, Schnitzer MJ, Yin H, Landick R, Gelles J, Block SM: Force and 

velocity measured for single molecules of RNA polymerase. Science 1998, 

282:902-907. 

10. Abbondanzieri EA, Greenleaf WJ, Shaevitz JW, Landick R, Block SM: Direct 

observation of base-pair stepping by RNA polymerase. Nature 2005, 

438:460-465. 

11. Moffitt JR, Chemla YR, Izhaky D, Bustamante C: Differential detection of dual 

traps improves the spatial resolution of optical tweezers. Proceedings of the 

National Academy of Sciences of the United States of America 2006, 103:9006-

9011. 

12. Hall MA, Shundrovsky A, Bai L, Fulbright RM, Lis JT, Wang MD: High-

resolution dynamic mapping of histone-DNA interactions in a nucleosome. 

Nature Structural & Molecular Biology 2009, 16:124-129. 

13. Mahamdeh M, Schaffer E: Optical tweezers with millikelvin precision of 

temperature-controlled objectives and base-pair resolution. Optics Express 

2009, 17:17190-17199. 

14. Dufresne ER, Grier DG: Optical tweezer arrays and optical substrates created 

with diffractive optics. Review of Scientific Instruments 1998, 69:1974-1977. 

15. Dufresne ER, Spalding GC, Dearing MT, Sheets SA, Grier DG: Computer-

generated holographic optical tweezer arrays. Review of Scientific 

Instruments 2001, 72:1810-1816. 

16. Curtis JE, Koss BA, Grier DG: Dynamic holographic optical tweezers. Optics 

Communications 2002, 207:169-175. 

17. Korda PT, Taylor MB, Grier DG: Kinetically locked-in colloidal transport in an 

array of optical tweezers. Physical Review Letters 2002, 89. 



45 

18. Curtis JE, Grier DG: Structure of optical vortices. Physical Review Letters 2003, 

90. 

19. Grier DG: A revolution in optical manipulation. Nature 2003, 424:810-816. 

20. van der Horst A, Forde NR: Calibration of dynamic holographic optical 

tweezers for force measurements on biomaterials. Optics Express 2008, 

16:20987-21003. 

21. Kawata S, Tani T: Optically driven Mie particles in an evanescent field along a 

channeled waveguide. Optics Letters 1996, 21:1768-1770. 

22. Yang AHJ, Moore SD, Schmidt BS, Klug M, Lipson M, Erickson D: Optical 

manipulation of nanoparticles and biomolecules in sub-wavelength slot 

waveguides. Nature 2009, 457:71-75. 

23. Lin SY, Schonbrun E, Crozier K: Optical Manipulation with Planar Silicon 

Microring Resonators. Nano Letters 2010, 10:2408-2411. 

24. Mandal S, Serey X, Erickson D: Nanomanipulation Using Silicon Photonic 

Crystal Resonators. Nano Letters 2010, 10:99-104. 

25. Kuhn S, Measor P, Lunt EJ, Phillips BS, Deamer DW, Hawkins AR, Schmidt H: 

Loss-based optical trap for on-chip particle analysis. Lab on a Chip 2009, 

9:2212-2216. 

26. Soltani M, Lin J, Forties RA, Inman JT, Saraf SN, Fulbright RM, Lipson M, Wang 

MD: Nanophotonic trapping for precise manipulation of biomolecular 

arrays. Nature Nanotechnology 2014, 9:448-452. 

27. Soltani M, Inman JT, Lipson M, Wang MD: Electro-optofluidics: achieving 

dynamic control on-chip. Optics Express 2012, 20:22314-22326. 

28. Baumann CG, Bloomfield VA, Smith SB, Bustamante C, Wang MD, Block SM: 

Stretching of single collapsed DNA molecules. Biophysical Journal 2000, 

78:1965-1978. 

29. Brower-Toland BD, Smith CL, Yeh RC, Lis JT, Peterson CL, Wang MD: 

Mechanical disruption of individual nucleosomes reveals a reversible 

multistage release of DNA. Proceedings of the National Academy of Sciences 

of the United States of America 2002, 99:1960-1965. 

30. Koch SJ, Shundrovsky A, Jantzen BC, Wang MD: Probing protein-DNA 

interactions by unzipping a single DNA double helix. Biophysical Journal 

2002, 83:1098-1105. 

31. Koch SJ, Wang MD: Dynamic force spectroscopy of protein-DNA interactions 

by unzipping DNA. Physical Review Letters 2003, 91. 

32. La Porta A, Wang MD: Optical torque wrench: Angular trapping, rotation, 

and torque detection of quartz microparticles. Physical Review Letters 

2004, 92. 

33. Brower-Toland B, Wacker DA, Fulbright RM, Lis JT, Kraus WL, Wang MD: 

Specific contributions of histone tails and their acetylation to the 

mechanical stability of nucleosomes. Journal of Molecular Biology 2005, 

346:135-146. 

34. Jiang JJ, Bai L, Surtees JA, Gemici Z, Wang MD, Alani E: Detection of high-

affinity and sliding clamp modes for MSH2-MSH6 by single-molecule 

unzipping force analysis. Molecular Cell 2005, 20:771-781. 



46 

35. Shundrovsky A, Smith CL, Lis JT, Peterson CL, Wang MD: Probing SWI/SNF 

remodeling of the nucleosome by unzipping single DNA molecules. Nature 

Structural & Molecular Biology 2006, 13:549-554. 

36. Deufel C, Wang MD: Detection of forces and displacements along the axial 

direction in an optical trap. Biophysical Journal 2006, 90:657-667. 

37. Dechassa ML, Wyns K, Li M, Hall MA, Wang MD, Luger K: Structure and 

Scm3-mediated assembly of budding yeast centromeric nucleosomes. 

Nature Communications 2011, 2. 

38. Ma J, Bai L, Wang MD: Transcription Under Torsion. Science 2013, 340:1580-

1583. 

39. Dame RT, Hall MA, Wang MD: Single-Molecule Unzipping Force Analysis of 

HU-DNA Complexes. Chembiochem 2013, 14:1954-1957. 

40. Sheinin MY, Li M, Soltani M, Luger K, Wang MD: Torque modulates 

nucleosome stability and facilitates H2A/H2B dimer loss. Nature 

Communications 2013, 4. 

41. Inman JT, Smith BY, Hall MA, Forties RA, Jin J, Sethna JP, Wang MD: DNA Y 

Structure: A Versatile, Multidimensional Single Molecule Assay. Nano 

Letters 2014, 14:6475-6480. 

42. Li M, Hada A, Sen P, Olufemi L, Hall MA, Smith BY, Forth S, McKnight JN, 

Patel A, Bowman GD, et al.: Dynamic regulation of transcription factors by 

nucleosome remodeling. Elife 2015, 4. 

43. Adelman K, La Porta A, Santangelo TJ, Lis JT, Roberts JW, Wang MD: Single 

molecule analysis of RNA polymerase elongation reveals uniform kinetic 

behavior. Proceedings of the National Academy of Sciences of the United 

States of America 2002, 99:13538-13543. 

44. Adelman K, Yuzenkova J, La Porta A, Zenkin N, Lee J, Lis JT, Borukhov S, 

Wang MD, Severinov K: Molecular mechanism of transcription inhibition 

by peptide antibiotic microcin J25. Molecular Cell 2004, 14:753-762. 

45. Brower-Toland B, Wang MD: Use of optical trapping techniques to study 

single-nucleosome dynamics. Chromatin and Chromatin Remodeling 

Enzymes, Pt B 2004, 376:62-72. 

46. Shundrovsky A, Santangelo TJ, Roberts JW, Wang MD: A single-molecule 

technique to study sequence-dependent transcription pausing. Biophysical 

Journal 2004, 87:3945-3953. 

47. Bai L, Fulbright RM, Wang MD: Mechanochemical kinetics of transcription 

elongation. Physical Review Letters 2007, 98. 

48. Deufel C, Forth S, Simmons CR, Dejgosha S, Wang MD: Nanofabricated quartz 

cylinders for angular trapping: DNA supercoiling torque detection. Nature 

Methods 2007, 4:223-225. 

49. Johnson DS, Bai L, Smith BY, Patel SS, Wang MD: Single-molecule studies 

reveal dynamics of DNA unwinding by the ring-shaped T7 helicase. Cell 

2007, 129:1299-1309. 

50. Forth S, Deufel C, Sheinin MY, Daniels B, Sethna JP, Wang MD: Abrupt 

buckling transition observed during the plectoneme formation of 

individual DNA molecules. Physical Review Letters 2008, 100. 



47 

51. Sheinin MY, Wang MD: Twist-stretch coupling and phase transition during 

DNA supercoiling. Physical Chemistry Chemical Physics 2009, 11:4800-

4803. 

52. Daniels BC, Forth S, Sheinin MY, Wang MD, Sethna JP: Discontinuities at the 

DNA supercoiling transition. Physical Review E 2009, 80. 

53. Patel G, Johnson DS, Sun B, Pandey M, Yu X, Egelman EH, Wang MD, Patel SS: 

A257T Linker Region Mutant of T7 Helicase-Primase Protein Is Defective 

in DNA Loading and Rescued by T7 DNA Polymerase. Journal of 

Biological Chemistry 2011, 286:20490-20499. 

54. Forth S, Deufel C, Patel SS, Wang MD: Direct Measurements of Torque During 

Holliday Junction Migration. Biophysical Journal 2011, 101:L5-L7. 

55. Sheinin MY, Forth S, Marko JF, Wang MD: Underwound DNA under Tension: 

Structure, Elasticity, and Sequence-Dependent Behaviors. Physical Review 

Letters 2011, 107. 

56. Sun B, Johnson DS, Patel G, Smith BY, Pandey M, Patel SS, Wang MD: ATP-

induced helicase slippage reveals highly coordinated subunits. Nature 

2011, 478:132-U148. 

57. Sun B, Pandey M, Inman JT, Yang Y, Kashlev M, Patel SS, Wang MD: T7 

replisome directly overcomes DNA damage. Nature Communications 2015, 

6. 

58. Dinu M, Quochi F, Garcia H: Third-order nonlinearities in silicon at telecom 

wavelengths. Applied Physics Letters 2003, 82:2954-2956. 

59. Ikeda K, Saperstein RE, Alic N, Fainman Y: Thermal and Kerr nonlinear 

properties of plasma-deposited silicon nitride/silicon dioxide waveguides. 

Optics Express 2008, 16:12987-12994. 

60. Ahluwalia BS, Subramanian AZ, Helleso OG, Perney NMB, Sessions NP, 

Wilkinson JS: Fabrication of Submicrometer High Refractive Index 

Tantalum Pentoxide Waveguides for Optical Propulsion of 

Microparticles. Ieee Photonics Technology Letters 2009, 21:1408-1410. 

61. Svoboda K, Block SM: Force and Velocity Measured for Single Kinesin 

Molecules. Cell 1994, 77:773-784. 

62. Elms PJ, Chodera JD, Bustamante CJ, Marqusee S: Limitations of Constant-

Force-Feedback Experiments. Biophysical Journal 2012, 103:1490-1499. 

63. Greenleaf WJ, Woodside MT, Abbondanzieri EA, Block SM: Passive all-optical 

force clamp for high-resolution laser trapping. Physical Review Letters 

2005, 95. 

64. Nambiar R, Gajraj A, Meiners JC: All-optical constant-force laser tweezers. 

Biophysical Journal 2004, 87:1972-1980. 

65. Strogatz SH: Nonlinear dynamics and Chaos : with applications to physics, 

biology, chemistry, and engineering. Reading, Mass.: Addison-Wesley Pub.; 

1994. 

66. Inman J, Forth S, Wang MD: Passive torque wrench and angular position 

detection using a single-beam optical trap. Optics Letters 2010, 35:2949-

2951. 



48 

67. Wang MD, Yin H, Landick R, Gelles J, Block SM: Stretching DNA with optical 

tweezers. Biophysical Journal 1997, 72:1335-1346. 

 



49 

SUPPLEMENTARY MATERIAL FOR CHAPTER 3: BIOCOMPATIBLE AND 

HIGH STIFFNESS NANOPHOTONIC TRAP ARRAY FOR PRECISE AND 

VERSATILE MANIPULATION
3
 

 

Supplementary Methods 

1. Fabrication protocol for Si3N4 nSWAT device: 

The nanofabrication protocol used to create the Si3N4 nSWAT contains the following 

important changes over the previous generation of nSWAT[1].  (1) We switched from 

electron-beam lithography to deep ultraviolet lithography (DUV) with an automated 

stepper.  This significantly reduced the time and cost of waveguide patterning without 

sacrificing photonic performance, increased the device success rate as electron-beam 

charge deflection due to the thick oxide under-layer was no longer problematic, and 

allowed automated, rapid alignment of subsequent fabrication layers.  (2) We switched 

from Si waveguides to Low Pressure Chemical Vapor Deposition (LPCVD) silicon 

nitride waveguides. We customized the anneal to reduce optical loss from N-H bonds 

and dangling Si bonds [2] without increasing film stress, and utilized recently 

developed etch chemistries (3000 W CH2F2 or C4F6 with He) to etch highly 

rectangular and smooth side-walled waveguides.  (3) We reduced waveguide defects 

in the trapping region by DC power Cr deposition with a low RF backsputter on, 

producing a denser etch shield over the waveguide for fluidic pool etching than 

                                                 
3
 Section adapted from the supplementary information section of Ye, F., Badman, R. P., Inman, J. T., 

Soltani, M., Killian, J. L., & Wang, M. D. (2016). Biocompatible and high stiffness nanophotonic trap 

array for precise and versatile manipulation. Nano letters, 16(10), 6661-6667. 
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without RF.  (4) We incorporated a water-proof, anti-corrosive silicon nitride layer as 

protection for our microelectronics coating and this has dramatically improved heater 

lifetime and performance.  We modified this superior anti-corrosion layer to be 

compatible with high power laser input, by stripping back a window in the 

microelectronic cladding over the tapered waveguide regions.  This was necessary to 

prevent catastrophic failure of the tapers due to coupling into the anticorrosive nitride.   

 

More specific fabrication details are provided below.  The following state-of-the-art 

nanofabrication techniques have been added to the original Si nSWAT prototype [1] to 

enable the new Si3N4 nSWAT’s high performance: low loss and high power tolerating 

Si3N4 waveguide, top nitride protective layer for salty solution resistance, error-

tolerant mask design for DUV lithography for waveguide patterning, and parallel Ni 

heater design for thermo-optic phase modulation.  Figure 1(a) shows the concept 

schematic of the core components of a Si3N4 nSWAT device. A 1064 nm laser is first 

coupled into the TM mode of a Si3N4 waveguide through a tapered single mode fiber 

via the recessed waveguide coupling scheme [3].  The laser beam is then divided by a 

50/50 splitter into two equal parts, which encounter each other in a closed loop to form 

a standing wave. In this design, a 250 nm Si3N4 thin film is deposited by LPCVD onto 

a 4 um thermal oxide layer grown on a polished Si wafer, then N2 annealed at 1060°C 

for 4-5 hours. DUV lithography is used to define the Si3N4 waveguide pattern, with 

critical dimension of 250 nm at the tapering tip of the waveguide.  It is critical to use 

developable ARC which dissolves in TMAH developer, such as the DS-K101 used in 

this work, as non-developable ARC permanently bonds to the Si3N4 waveguide 
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surface during the high power (3000 W) waveguide etching, which cannot be removed 

by wet etching or oxygen ashing.  A photo mask design that has a range of different 

splitter sizes is utilized to ensure the fabrication of at least several 50/50 splitters.  

After the etched waveguides are covered in a 4 µm PECVD oxide and 200-300 nm 

PECVD nitride for insulation and anti-corrosive protection of the heaters, a fluid pool 

region is etched open at a selected part of the standing wave loop to expose the top 

surface of the Si3N4 waveguide for bead trapping.  The anti-corrosive nitride layer 

should not exceed 300 nm with 4 µm of SiO2 spacing between the waveguide and top 

nitride, or coupling occurs between the waveguide and anti-corrosive layer.  A 60 nm 

RF-back-sputtered (at 10 W RF power and 150 W DC power), high density Cr layer is 

sputtered onto the Si3N4 waveguide at the fluid pool region as the etch protection layer 

of the Si3N4 waveguide.  The Cr layer is etched away with wet Cr etchant after etching 

open the fluid pool with a dry oxide etch, leaving a smooth Si3N4 surface for bead 

trapping.  30:1 Buffered Oxide Etch (BOE) is used to clean any oxide residues off of 

the Cr mask before this Cr stripping step, this is necessary to prevent permanent 

residues attaching to the waveguide from stiction forces. Away from the fluid pool 

region, Ni micro heaters are evaporated directly above a section of Si3N4 waveguide, 

with a 2 µm PECVD oxide separation, for the phase modulation of the standing wave 

via thermo-optic effect with a response frequency of 30 kHz (Figure S3). We replaced 

the serial diamond polishing used in our previous report to expose the tapered 

waveguide ends for coupling.  We instead have adopted an efficient, parallelized deep 

Si etch process using the Bosch chemistry near recessed waveguide tapers to open a 

region where the tapered fiber can be moved adjacent to the taper ends.  By tuning the 



52 

applied voltage on the microheater, we can create on-demand manipulation of the 

position of the standing wave, and thus the movement of the trapped beads. The 

obtained Si3N4 waveguide is 700 nm wide in the guiding part, 660 nm wide in the 

fluid pool region. 

 

2. Data acquisition and analysis methods  

The movement of the beads at the fluid pool region is recorded by a JAI-RM6740 high 

speed camera.  The camera is operated at a speed of 540 frames per second for all 

bead tracking data.  For force calibration data and power spectrum the camera is 

operated at 1240 frames per second.  The beads in each frame are then tracked using 

the following cross-correlation centroid tracking technique.  Background subtraction is 

applied to minimize the effect of the waveguide image.  The bead image is fit to a 

Gaussian function and from this fit function a template image is created.  This 

template image is cross-correlated with the bead image.  The peak of the cross-

correlation is then used as the bead center location.  

Power at the trapping region was estimated by calibrating power losses incurred along 

the laser path.  This calibration was performed with test chips without nSWAT 

devices.  We estimate the typical power coupling efficiency from the tapered fiber to 

chip to be 44%.  The bend free loss of the waveguides is estimated to be 0.44 dB/cm.  

Each waveguide bend is estimated to incur a loss of 2% (0.083 dB).  With 8 mm of 

waveguide and 12 bends between the input and the trapping region, the on-chip 
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propagation loss is estimated to be 73%.  Thus, we estimate that 32% of the light in 

the input fiber reaches the trapping region. 
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Figure S1. Si3N4 waveguide loss measurement.  A 1064 nm laser is coupled into a 

Si3N4 waveguide covered by 2 µm SiO2 cladding.  An IR camera (Sensors Unlimited 

320HX-1.7RT) is used to image the scattered light away from the Si3N4 waveguide, 

due to slight surface imperfections. The intensity of the scattered light is proportional 

to the light intensity within the Si3N4 waveguide.  The measured intensity is obtained 

by integrating the intensity of a section with fixed width and length of the Si3N4 

waveguide, then subtracting the background signal. The measured intensity of the 

scattered light decreases with distance from the input end.  Fitting this relation with an 

exponential function shows a loss of 1.0 dB/cm.  Note that this loss includes both loss 

from straight regions and 6.6 bends/cm.  By repeating such measurements for 
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waveguides with different number of bends, we found the straight waveguide loss to 

be 0.44 dB/cm and the loss at each bend to be 0.083 dB. 
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Figure S2. Microheater calibration curve.  Because the phase change in a waveguide 

is proportional to the heating power and thus the square of the microheater voltage, the 

trap displacement is also expected to change with the square of the voltage.  This plot 

characterizes the microheater response to a voltage and shows such a linear 

dependence on the voltage square (slope ~ 3.4 nm/V
2
). 
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Figure S3. Modulation speed of the Ni microheater.  (a) Applied voltage to the Ni 

microheater. (b) Measured output light intensity from the top (output) arm of the 

nSWAT device.  Fitting to an exponential function gives a rise time of 28.4 μs, and 

fall time of 38.2 μs, corresponding to a response frequency of 30 kHz. 
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Figure S4. 3D full-wave electromagnetic simulation for a single bead trapped on a 

Si3N4 nSWAT device for waveguide dimensions shown in Fig. 1 (660 nm in width 

and 250 nm in height). (a-c) Electric field norm profiles in different cross-sections 

with the color scale from blue to red corresponding to 0 to 7×10
7
 V/m.  All cross-

sections pass through the center of the bead.  Measured trap period is λz = 355 nm.  

The white circles indicate the trapped bead positions.  Indices of refraction used in the 

simulation are: water above Si3N4 waveguide (n = 1.3260), Si3N4 (n = 1.9861), SiO2 

beneath Si3N4 waveguide (n = 1.4496), at 1064 nm. The power flow density integrated 

over the space above the top surface of the Si3N4 waveguide is 22% of the total input 
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power, meaning 78% of the power is confined to the waveguide, not accessible to the 

trapped beads. Integration done in a 2D simulation with the same cross-section as (c). 
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Figure S5. Kymograph of bidirectional long range transport of an array of trapped 

beads.  The inset graph shows the phase of the standing wave introduced by the 

microheater. 
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Figure S6. Stiffness measurements using three different methods: variance analysis, 

power spectrum method, and critical trap movement frequency method developed in 

this work.  The first two methods have been widely established for optical trapping 

measurements [4].  In the variance method, the Brownian motion of a trapped bead 

along the waveguide was recorded and the bead position distribution was fit to a 

Gaussian function.  The stiffness was calculated from the variance of the bead position 

using the equipartition theorem: the position variance  corresponds to stiffness 

 (  is the thermal energy).  For the same set of data, the stiffness was 

also determined from the power spectrum of the bead position.  The measured power 

spectrum was fit to a Lorentzian function: .  The fit yielded 
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 and , and thus trap stiffness, .  Trap stiffness was also 

obtained from the critical speed or critical trap movement frequency when the trap was 

rapidly repositioned as discussed in the main text (Fig. 3): 

. 

(a) An example of a position histogram of the trapped bead position at 16.6 mW of 

laser in the trapping region and the Gaussian fit.  (b) The corresponding power spectral 

density of the position of a trapped bead from (a).  (c) An example of the critical trap 

movement frequency determination as shown in Figure 3d. 
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Figure S7. Spatial resolution of trap movement.  The microheater was driven with a 

square wave signal to induce a small shift in the position of the trap (red) while the 

trapped bead positions were recorded with video tracking (black).  The bead position 

data were fit to a square wave function (dashed blue).  Results are shown for a 3.4 nm 

step (top) and 0.85 nm step (bottom).  The images were acquired at 540 Hz and the 

tracked bead position data were further filtered using a 300 point adjacent-averaging 

algorithm in Origin. 
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Figure S8.  Minimal cross-talk among different traps in an array.  On the left is an 

image of an array of beads trapped on an nSWAT.  A kymograph of this array of 

beads shows the arrival of an additional bead in the middle of the trace (red arrow).  

Plots of bead positions versus time shows that the equilibrium positions of the beads in 

the array are minimally affected by the arrival of this bead. 
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Figure S9. Simultaneous trap stiffness calibration for an array of beads on an nSWAT.  

(a) The trap stiffness was determined using the power spectrum method.  (b) A 

histogram of the trap stiffness calculated from the same bead motions as shown in (a). 
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CHAPTER 4 

HIGH TRAP STIFFNESS MICROCYLINDERS FOR NANOPHOTONIC 

TRAPPING
4
  

 

 

ABSTRACT: Nanophotonic waveguides have enabled on-chip optical trap arrays for 

high-throughput manipulation and measurements. However, realization of the full 

potential of these devices requires trapping enhancement for applications that need 

large trapping force. Here, we demonstrate a solution via fabrication of high refractive 

index cylindrical trapping particles. Using two different fabrication processes, a 

cleaving method and a novel lift-off method, we produced cylindrical silicon nitride 

(Si3N4) particles and characterized their trapping properties using the recently 

developed nanophotonic standing-wave array trap (nSWAT) platform. Relative to 

conventionally used polystyrene microspheres, the fabricated Si3N4 microcylinders 

attain an approximately 3- to 6-fold trap stiffness enhancement. Furthermore, both 

fabrication processes permit tunable microcylinder geometry and the lift-off method 

also results in ultra-smooth surface termination of the ends of the microcylinders. 

These combined features make the Si3N4 microcylinders uniquely suited for a broad 

range of high-throughput, high-force, nanophotonic waveguide-based optical trapping 

applications. 

 

 

                                                 
4
 Adapted from “Badman, R., Ye, F., Caravan, W., & Wang, M. D. (2019). High Trap Stiffness 

Microcylinders for Nanophotonic Trapping. ACS Applied Materials & Interfaces.” 
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1. Introduction 

Over the past three decades, optical trapping has proven to be a powerful tool in the 

physical and biological sciences. Trapped particles, which serve as handles for 

biological molecules, can be manipulated with piconewton (pN) forces and nanometer 

(nm) precision[1,2], making optical trapping especially valuable for biophysical, 

chemical, biochemical, and cellular studies. Recent advancements in a broad range of 

nanophotonic structures hold promise to enable optical trapping experiments at high-

throughput on-chip[3-12]. These nanophotonic devices are compact and portable, and 

can be fully integrated with microelectronic and microfluidic components[13,14].  

While nanophotonic trapping potentially offers tremendous benefits over free space 

traps[14,15], challenges remain in creating stiff traps for various manipulation 

applications. Thus far, significant effort has been devoted to the optimization of the 

coupling of a free-space laser to a given device[16] and to the minimization of 

waveguide propagation losses[17,18].  Several strategies have also been developed to 

enhance laser power at the trapping region and trapping efficiency. Slotted 

waveguides afford significant power enhancement but require trapping particles to 

have a size smaller than the slot[19]. Photonic crystal waveguides also provide 

substantial local power enhancement, but are limited in their flexibility of particle 

position manipulation[5,6,20].  

For biological applications, power enhancement is not a viable option when the 

waveguide materials cannot sustain high powers due to non-linear power 
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absorption[21] or must be operated at sufficiently low power to minimize laser heating 

of the aqueous solution[4]. Thus while greater power in a device may be 

advantageous, a more desirable solution is power usage efficiency in applications 

involving biomolecules. This need requires a method that permits further 

nanophotonic trap stiffness enhancement.  

In this work, we take an alternative and complementary approach to trap stiffness 

optimization by creating high refractive index microcylindrical trapping particles. 

Trap enhancement from higher refractive index particles has not been explored in 

nanophotonic traps though it has been demonstrated in free space optical traps and 

laser fibers[22-24].  The new particles developed in this work are nanofabricated out 

of silicon nitride (Si3N4) thin films, which offer a higher index of refraction (n = 2.0 at 

wavelength λ = 1064 nm) over conventional polystyrene (n = 1.57) or silica (n = 1.45) 

microspheres. In addition, as compared to spherical particles, their cylindrical shape 

allows for more overlap of a particle with the evanescent trapping field of a 

nanophotonic waveguide. These characteristics are congruent with stiffer traps. We 

characterized their trap stiffness using a nanophotonic standing-wave array trap 

(nSWAT) device capable of precise manipulation of a trap array[7,17,25]  and found 

that the microcylinders provide significantly higher trap stiffness than conventionally 

used polystyrene microspheres. We anticipate that this approach for trapping 

enhancement should also be applicable to many other nanophotonic trapping 

functionalities in a broad range of microfluidic devices.  

2. Experimental Methods 
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For our previous nSWAT measurements[7]
, 
[17,25], we employed spherical trapping 

particles which are commercially available and widely used for optical trapping. 

However, microcylinders of desired dimensions are not commercially available and 

must be fabricated. We thus developed methods to fabricate Si3N4 microcylinders 

using two approaches: a cleaving method or a lift-off method. Here, we refer to the 

resulting microcylinders as “cleaved Si3N4 microcylinders” or “lift-off Si3N4 

microcylinders” respectively. Both methods are based on high-throughput and cost-

efficient deep ultraviolet (DUV) lithography to pattern at the sub-micron scale and are 

detailed below. 

2.1 Cleaved Si3N4 Microcylinders 

Microcylinders were cleaved from top-down fabricated micropillars composed of a 

Si3N4 core with a 50 nm thick hafnium dioxide (HfO2) inner shell and a ~5 nm silicon 

dioxide (SiO2) outer shell (Figure 1a, Figure S1). This approach is inspired by our 

previously established protocol to fabricate quartz microcylinders[26-32] and we 

adapted our protocol for Si3N4 microcylinders.  

To begin the fabrication process, a 4-inch standard silicon wafer was coated with 930 

nm of low stress Plasma Enhanced Chemical Vapor Deposition (PECVD) Si3N4. We 

used DS-K101-312 for the underlayer antireflective coating (ARC) on the wafer, as 

this ARC is readily removed by standard 726 MIF developer. The negative-tone DUV 

photoresist UVN 2300-5 was spun on the ARC-coated wafer at 1300 rpm with a 70 s 

110 C bake, for a final thickness of approximately 800 nm. The photoresist was then 
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patterned in a 4x lithographic stepper (ASML 300C DUV Stepper) with 248 nm light, 

exposing a pattern of microylinders spaced in a hexagonal lattice pattern, with center 

to center distance of 1 µm between a cylinder and its 6 closest neighboring cylinders 

(5.1 billion cylinders total). The patterned Si3N4 was then etched by high power (3000 

W) CH2F2/He plasma chemistry[17], with etch rates of approximately 200 nm/min for 

Si3N4 and 80 nm/min for the photoresist. 

After etching, we used isotropic, fluorine-based, Buffered Oxide Etch (BOE) wet 

etching of Si3N4, and SiO2 and HfO2 layer growth by Atomic Layer Deposition (ALD) 

to attain target cylinder dimensions guided by our simulations (see below). This 

allowed fabrication of smaller diameter cylinders (~350 nm) than possible with the 

DUV photolithography equipment used, but is not generally necessary if the 

photolithographic patterning tool achieves target dimensions at the start. Specifically, 

we coated a 50-nm layer of ALD HfO2 (n = 2.0) on the Si3N4 core after the BOE etch 

to reach our target dimensions, with core and post-ALD dimensions verified by 

scanning electron microscope (SEM). ALD HfO2 was chosen over ALD Si3N4 because 

oxide ALD processes have substantially shorter deposition times, and these two 

materials have nearly identical refractive indices. We then added a final 3-5 nm ALD 

SiO2 shell for potential chemical functionalization of the cylinders. The microcylinders 

were mechanically cleaved off with a razor blade and suspended in in 10 mM Tris-

HCl pH 8.0 for measurements. See Figure S1 for a schematic of microparticle material 

layers. 

 2.2 Lift-off Si3N4 Microcylinders  
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Lift-off Si3N4 microcylinders were composed entirely of Si3N4, fabricated top-down, 

and were recovered by dissolving an Al2O3 sacrificial layer (Figure 1b, Figure S1). To 

our knowledge, Al2O3 has not previously been used as a sacrificial layer for 

microparticle generation. In addition, this novel lift-off method results in a minimally 

toxic and biocompatible product compared to other microparticle lift-off methods used 

in optical trap applications which involve dissolving an entire gallium arsenide wafer 

to lift-off the microparticles[33]. 

A 4-inch Si wafer was first coated with 60 nm of Al2O3 using plasma-based ALD 

before being coated with approximately 385 nm of low stress PECVD Si3N4. The 

wafer was then subjected to the same photolithography protocol for patterning and 

etching as detailed above for the cleaved microcylinders, except that the diameter 

shrinking of the pillars post-etching was not needed due to the larger ~500 nm target 

diameter being attainable via the DUV exposure. To perform the microcylinder lift-

off, the alumina sacrificial layer was dissolved by placing the wafer in 726 MIF 

developer and sonicating at 60°C, for one hour and then heating for an additional 4 

hours without sonication.  The sample quality was then inspected by SEM and finally 

the microcylinder solution was placed in centrifuge tubes and centrifuged for 5 

minutes at 8000 RCF and 20
o
C. The supernatant was decanted and the microcylinder 

pellet, easily visible by the naked eye, was washed, spun and re-suspended twice with 

DI water before final suspension in 10 mM Tris-HCl pH 8.0.  

Both methods produce 1 ml stock solutions of approximately 10 pM (close to 100% 

yield) at ~$500 (excluding labor) per 4” wafer using the Cornell NanoScale Science & 
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Technology Facility. We anticipate significant cost reduction if these cylinders were to 

be mass-produced commercially. In our biophysics laboratory, multiple users can use 

one such stock solution for 10-12 months of experiments[26].  

 

We found the lift-off method to be especially advantageous over cleaving for 

fabricating shorter cylinders (<500 nm height) that would otherwise be difficult to 

cleave, producing cylinders with a smoother end termination on both the top and 

bottom surfaces, compared to the cleaved protocol where only the microcylinder top is 

smooth.  

2.3 Polystyrene Microspheres 

The carboxylated polystyrene microspheres were purchased from Polysciences Inc. 

(product #21753). The manufacturer measured the microspheres as 380 ± 10 nm 

diameter (CV 3%) and highly spherical geometry. These specifications were verified 

by SEM.  

2.4 Numerical Force Simulations 

To quantitatively assess trap stiffness enhancement with the use of Si3N4 

microcylinders, we first performed 3D full-field electromagnetic simulations of the 

microcylinders using the COMSOL Multiphysics finite element method software. 

These simulations for microcylinders used the same waveguide parameters as those 

previously published for polystyrene microspheres[17,25].  
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2.5 Trap Stiffness Measurements 

To experimentally determine the trap enhancement factor provided by the 

microcylinders, we monitored the Brownian fluctuations of a microcylinder trapped 

along the waveguide of an nSWAT device and then analyzed these motion trajectories 

to determine trap stiffness using both power spectrum  and variance analysis methods, 

including corrections for blurring and aliasing introduced by the camera[17,34-36].  

 

Positions of microcylinders were tracked by a cross-correlation-based method[37]. 

The power spectrum of tracked microcylinder positions were resampled by box-car 

windowing in the log frequency space, and then fitted by a modified Lorentzian 

function with weighting factors proportional to the sample mean
35-

[38].The modified 

Lorentzian function takes into account the camera blurring effect due to finite 

integration time, and the aliasing effect due to finite camera frame rate, and a white 

noise term
35,

[36]: 

            

where  is the thermal energy,  is the corner frequency,  is the sampling 

frequency,  is the camera integration time,  is the drag coefficient, and  is the 

white noise term. Fitting this modified Lorentzian function (truncating at  = 4) yields 

 and , and trap stiffness  can be calculated. The variance analysis of 
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the microcylinder traces was also modified for camera blurring and aliasing effects 

and white noise taken into account[35]: 

                      

yielding the trap stiffness . The above mentioned power spectrum analysis and 

variance analysis correspond to two methods of trap stiffness determination. When 

they are properly implemented and executed, and  are expected to show 

consistent values
35,36

. 

3.  Results 

3.1 Microcylinder Characterization 

We characterized the microcylinders’ dimensions using SEM. The cleaved Si3N4 

microcylinders (N = 45) were 742 ± 75 nm (mean ± SD) in height, 303 ± 27 nm in top 

diameter, and 353 ± 21 nm in bottom diameter (Figure 2a). The lift-off Si3N4 

microcylinders (N = 76) were 386 ± 20 nm in height and 517 ± 35 nm in diameter 

(Figure 2b). These variations correspond to a coefficient of variation of approximately 

10% in height and 6-9% in diameter for the cleaved microcylinders, and 

approximately 5% in height and 7% in diameter for the lift-off microcylinders. We 

attribute the reduced height variation of the lift-off microcylinders to the more 

controlled removal of microcylinders from the wafer. 
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We further investigated the orientations of these microcylinders on an nSWAT 

device[17] that operates with a bio-friendly 1064 nm laser for minimal sample heating. 

In such an nSWAT device, the nanophotonic standing-wave platform results from a 

standing wave that is generated by the interference of two counter-propagating laser 

beams in a Si3N4 nanophotonic waveguide, forming an array of stable three-

dimensional optical traps at the antinodes of the evanescent field. By tuning the phase 

difference between the two counter-propagating laser beams using a 

microheater[7,39], the optical trap locations can be precisely repositioned and 

manipulated.  

We found that when trapped on an nSWAT device, a cleaved microcylinder was 

always oriented with its cylinder axis along the waveguide’s top surface (Figure 2c), 

whereas a lift-off microcylinder was always oriented with its cylinder axis 

perpendicular to the waveguide’s top surface (Figure 2d). In each case, the 

microcylinder was orientated in such a way that allowed for optimal volume overlap 

between the microcylinder and the evanescent wave. 

3.2 Numerical Force Simulations 

Trapping forces along three directions (Figure S2) were calculated across one spatial 

period of a standing wave trap of an nSWAT device, which is approximately 355 

nm[17]. For each type of microcylinder, we performed these simulations at or close to 

the mean values of the fabricated cylinder dimensions (Figure 3a). As a comparison, 

we also performed similar simulations using 380 nm polystyrene microspheres, which 
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are commercially available and have a mean size close to the optimal diameter for 

trapping for this type of microsphere[17,25] (Figure S3). In our simulations, all 

microparticles were assumed not to rotate, which is a standard treatment in the 

nanophotonic trapping field[17]. For a symmetric and optically isotropic 

microcylinder, rotation about its cylindrical axis will not alter the trapping force. 

However, due to unavoidable fabrication imperfections, a microcylinder may have 

some slight shape asymmetry. This may give the microcylinder a slight preference for 

rotational orientation. 

In this work, we are primarily concerned with forces along the waveguide (z) because 

this is the direction along which trapped particles can be translocated along the 

waveguide by the modulation of the microheater. Figure 3b shows how the trapping 

force along z varies with displacement from their equilibrium positions for cleaved 

Si3N4 microcylinders, lift-off Si3N4 microcylinders, and 380-nm polystyrene 

microspheres. For all three types of particles, the trapping force reaches a maximum 

when the center of the particle is approximately 90 nm from the trap center. However, 

the maximum force of a microcylinder, of either type, is approximately 6 times that of 

the 380-nm polystyrene microspheres, representing significant trapping force 

enhancement.  

Figure S4 shows that both types of fabricated microcylinders have dimensions close to 

those that which would support high trapping forces. Although longer cleaved Si3N4 

microcylinders or wider lift-off Si3N4 microcylinders may allow for somewhat higher 

trapping forces, increased sizes of these microcylinders will reduce measurement 
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throughput when they are used to form an array on the nSWAT.  

In addition, we found that both types of microcylinders also afford similar force 

enhancement relative to the microsphere along the other two directions (x and y) 

(Figure S2).  

Finally, further simulations demonstrated that the force enhancement is due to 

significant contributions from both increasing the refractive index of the microparticle 

material, and switching from spherical to cylindrical geometry (Figure S3 & S5). 

3.3 Trap Stiffness Measurements 

The trap stiffness was measured for cleaved microcylinders, lift-off microcylinders, 

and 380 nm polystyrene microspheres using the power spectrum (Figure 4a) and 

variance (Figure 4b) methods. Since trap stiffness of a travelling wave trap is 

conventionally reported in the units of pN/nm per watt of laser at the trapping 

center[37,40-42], for ease of comparison, we define an “effective power” for the 

nSWAT to be the sum of the magnitudes of powers in the counter-propagating waves 

at the trapping region[17].  The effective power in the waveguide at the trapping 

region was ~ 7 mW.  Additionally, based on our COMSOL simulations, this power is 

expected to increase the local temperature by ~ 0.007 
o
C, which should have minimal 

influence on the measurements. 

Figure 4c shows the measured trap stiffness enhancement factors of the two types of 

microcylinders relative to 380 nm polystyrene spheres, along with the numerically 
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predicted trap stiffness enhancement factors from the COMSOL simulations. 

Compared with the measured trap stiffness of microspheres, the cleaved 

microcylinder’s trap stiffness shows a 6-fold enhancement and the lift-off 

microcylinder’s trap stiffness shows a 3-fold enhancement.  

The error bars in the measured stiffness should reflect the sensitivity of trap stiffness 

to variations in the particle dimensions (Figure S4). It is important to note that 

although there were some variations in microcylinder trap stiffness, the trap stiffness 

of each microcylinder was individually calibrated. This in situ trap stiffness calibration 

permits accurate force determination in a force measurement application. 

For the both microcylinder types, the measured trap stiffness is in agreement with 

prediction within measurement and theoretical uncertainties. The measured trap 

stiffness of the lift-off microcylinders was somewhat smaller than predicted, possibly 

due to the large contact region, between the flat cylinder bottom and flat waveguide 

surface, leading to a stronger repulsive electrostatic force that moves the 

microcylinders away from the waveguide.  

4. Discussion 

This work demonstrates the promise of using microcylinders of high refractive index 

(n = 2.0) to significantly enhance trap stiffness on nanophotonic waveguides and to 

our knowledge, represents the highest demonstrated trap stiffness on any 

biocompatible nanophotonic waveguide device. Comparable trap stiffness in 

nanophotonics has only been demonstrated with photonic crystals[20] using a silicon 
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waveguide operating with a 1550-nm laser that leads to significant laser absorption 

and sample heating at high laser powers. Our trap stiffness is also comparable to the 

highest reported in plasmonic traps[43], though plasmonic traps also experience 

sample heating at higher powers[44]. Notably, in contrast with high refractive index 

microparticles for free-space traps[23], high refractive index microcylinders for the 

nSWAT applications do not require any anti-reflective layer particle coating, which 

when needed is normally difficult to optimize.  

While the cleaved microcylinders provide significantly stronger trap stiffness, for 

biological applications we anticipate that the lift-off microcylinders are better suited at 

meeting the demands of high-throughput precision measurements because of their 

smaller dimension along the waveguide. Alternatively, if precision is less critical than 

achieving high trap stiffness in a particular application, the cleaved longer cylinders 

could instead be used. If even greater trap stiffness is called for, the lift-off fabrication 

protocols established here for Si3N4 may be readily extended to microparticle 

materials of even higher refractive indices such as amorphous Ta2O5[40], or amorphous 

or rutile TiO2[45,46].  Figure S3 shows simulation of the force enhancement for 

trapping particles of higher refractive indices. 

Our microcylinders are not commercially available and are top-down fabricated on a 

small scale, thus they incur a higher cost than commercial polystyrene microspheres. 

A precise cost comparison between our microcylinders and commercial polystyrene 

microspheres is challenging and produces disparate results because the cost 

breakdown (including original development costs and benefits from large volume 
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production) for commercial microspheres is unavailable. In addition, an equitable cost 

comparison would need to quantify the unique experimental benefit conveyed by the 

microcylinders to the end user. The demonstrated resulting trap stiffness enhancement, 

which broadens the range of biological experiments that can be performed with the 

nSWAT or other nanophotonic trapping devices, is unattainable with polystyrene 

particles. This stiffness enhancement advantage, coupled with accessible fabrication 

processes that result in each batch of fabricated microcylinders allowing for thousands 

of experiments, provides a compelling motivation to utilize these microcylinders even 

considering the modest production cost. 

Future studies in manipulating single biological molecules on nanophotonic devices, 

such as on the nSWAT, may require a biological molecule of interest to be attached to 

a sidewall of a microcylinder. This would require surface functionalization of the 

sidewall only, which could be achieved prior to removal of the photoresist etch mask 

that blocks the top surface of the microcylinder. Recently, DNA attachment to Si3N4 

surfaces was found to be as feasible as attachment to SiO2 surfaces[46], and thus 

functionalization of only the sidewalls of the microcylinders is expected to be 

straightforward. Alternatively, a thin (1-5 nm) layer of ALD of SiO2 could be coated 

over the cylinders as was done in the cleaved cylinder protocol, and standard protocols 

exist to functionalize a SiO2 substrate[26].  

5. Conclusions 

In this work, we present two methods to fabricate high refractive index microcylinders 
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for nanophotonic trapping and demonstrate that these microcylinders permit 

significant trap stiffness enhancement compared with commercially available 

polystyrene microspheres. We anticipate that the significant enhancement of trap 

efficiency demonstrated here will enable a broader range of nanophotonic waveguide-

based optical trapping applications, including parallelized biomolecular or cellular 

biophysical experiments under high forces (predicted as tens of pN or higher within 

demonstrated nSWAT specifications). 

 

Associated Content 

Supplementary Information 

Figure S1: Cartoon schematic of the material layers of the microparticles under study. 

Figure S2:  Simulations of the maximum force along all three directions for each watt 

of laser power at the nSWAT trapping region.  Figure S3: Calculated maximum force 

along z for microspheres of five different microparticle materials.  Figure S4: 

Simulations of the dependence of the maximum trapping force along z as a function of 

microcylinder dimensions for (a) lift-off and (b) cleaved microcylinders. Figure S5: 

Trap stiffness enhancement contributions from geometry and refractive index. 
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Figure 1: Comparison of Si3N4 microcylinder fabrication processes between the (a) 

cleaved method adapted from a previous protocol[26] and (b) a novel lift-off method.  

 

 

 



84 

 

 

Figure 2: Scanning electron microscope (SEM) images of (a) cleaved Si3N4 

microcylinders and (b) lift-off Si3N4 microcylinders. The measured dimensions of 

these cylinders are shown below each image. The trapped orientations of the 

microcylinders on an nSWAT device were determined for both (c) cleaved Si3N4 

microcylinders and (d) lift-off Si3N4 microcylinders based on their optical images. On 

an nSWAT device[17], a 1064-nm laser is coupled into the TM mode of a Si3N4 

waveguide (250 nm high and 750 nm wide) before passing through a 50/50 splitter 

that creates counter-propagating waves to form a standing wave within a fluidic pool 

region. The antinodes of the standing wave form trap centers for an array of traps. The 

entire trap array may also be translocated via a microheater, which changes the phase 
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of one of the counter propagating waves.  Bright field microscopy image scale bars in 

the inserts of (c) and (d) are 1 μm in length. 

 
Figure 3 Caption: (a) Simulated distributions of the squared magnitude of the electric 

field when a cleaved Si3N4
 
microcylinder (top) or lift-off microcylinder (bottom) 

(white rectangles) is located at its equilibrium position above the waveguide. Each 

simulated microparticle is located at 10 nm above the waveguide surface[17]. (b) 

Predicted trapping force along the waveguide as a function of displacement of a 

trapped particle from its equilibrium position, for 1 W of effective power simulated in 

an nSWAT waveguide. 
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Figure 4 Caption: (a) Trap stiffness may be measured by the power spectrum of the 

trapped particle motion. The example shown here is a measurement from a cleaved 

microcylinder at ~6 mW of laser power at the trapping region (540 Hz camera 

sampling rate, ~5-10 seconds per trace). A fit to the power spectrum using a 

Lorentzian function yields a trap stiffness of 4.16 pN/(nm·W). (b) Trap stiffness may 

also be measured by the variance of the trapped particle motion. The same trace as 

shown in (a) was analyzed based on the variance of the particle motion and 

equipartition theory. This yielded a trap stiffness of 3.94 pN/(nm·W). (c) A 

comparison of the measured trap stiffness enhancement for the cleaved (N = 11) and 
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lift-off (N = 6) microcylinders relative to the measured values for more conventional 

380-nm polystyrene microspheres (N = 18). The viscous drag coefficient was 

measured to be 22.2 ± 4.0 x 10
-6

 pN·sec/nm for lift-off microcylinders, and 19.2 ± 1.9 

x 10
-6

 pN·sec/nm for cleaved microcylinders.  Error bars are standard deviations. 

Results from simulations are also shown for comparison with error bars obtained from 

a distribution of simulated microcylinders that match the size distribution of fabricated 

microcylinders.  
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SUPPLEMENTARY MATERIAL FOR CHAPTER 4: HIGH TRAP STIFFNESS 

MICROCYLINDERS FOR NANOPHOTONIC TRAPPING
5
 

 

Figure S1: Cartoon schematic of the material layers of the microparticles under study. 

Figure S2:  Simulations of the maximum force along all three directions for each watt 

of laser power at the nSWAT trapping region.   

Figure S3: Calculated maximum force along z for microspheres of five different 

microparticle materials. 

Figure S4:  Simulations of the dependence of the maximum trapping force along z as 

a function of microcylinder dimensions for (a) lift-off and (b) cleaved 

microcylinders.   

Figure S5:  Trap stiffness enhancement contributions from geometry and refractive 

index. 

 

                                                 
5
 Adapted from the Supplementary Information from “Badman, R., Ye, F., Caravan, W., & Wang, M. 

D. (2019). High Trap Stiffness Microcylinders for Nanophotonic Trapping. ACS Applied Materials & 

Interfaces.” 
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Figure S1:  Cartoon schematic of the composition of each microparticle under study. 

Shown are the mean dimensions. 
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Figure S2:  Simulations of the maximum force along all three directions for each watt 

of laser power at the nSWAT trapping region.  Note the trap stiffness enhancement of 

the microcylinders over microspheres in all three directions. 
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Figure S3: Calculated maximum force along z for microspheres of five different 

microparticle materials: polystyrene (n = 1.57 at 1064 nm), Si3N4 (n = 2.0), 

amorphous Ta2O5 (n = 2.15), amorphous TiO2 (n = 2.25), and rutile TiO2 (n = 2.75). 

These simulations show that higher refractive index microspheres provide 

substantially larger force enhancement with the maximum enhancement occurring at a 

smaller dimeter. The vertical dashed line indicates the diameter of the polystyrene 

microspheres used in this work. 
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Figure S4:  Simulations of the dependence of the maximum trapping force along z as 

a function of microcylinder dimensions for (a) lift-off and (b) cleaved microcylinders.  

In each simulation, only a single dimension was varied while the other dimension was 

held at the mean value, and the cylinder orientation was also held fixed.  Each vertical 

dashed line indicates the mean fabricated dimension. 
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Figure S5:  Trap stiffness enhancement contributions from refractive index and 

geometry. We computed the maximum z trapping forces for a 380 nm diameter 

polystyrene microsphere, a 380 nm diameter Si3N4  microsphere (also see Figure S3), 

a lift-off Si3N4 microcylinder (also see Figure 3), and a cleaved Si3N4 microcylinder 

(also see Figure 3). The mean measured dimensions for cleaved microcylinders and 

lift-off microcylinders were used in the simulations.  
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CHAPTER 5 

 

DEXTRAN-COATED IRON OXIDE NANOPARTICLE-INDUCED 

NANOTOXICITY IN NEURON CULTURES
6
 

 

Abstract 

Recent technological advances have introduced diverse engineered 

nanoparticles (ENPs) into our air, water, medicine, cosmetics, clothing, and food. 

However, the health and environmental effects of these increasingly common ENPs 

are still not well understood. In particular, potential neurological effects are one of the 

most poorly understood areas of nanoparticle toxicology (nanotoxicology), in that 

low-to-moderate neurotoxicity can be subtle and difficult to measure. Culturing 

primary neuron explants on planar microelectrode arrays (MEAs) has emerged as one 

of the most promising in vitro techniques with which to study neuro-nanotoxicology, 

as MEAs enable the fluorescent tracking of nanoparticles together with neuronal 

electrical activity recording at the submillisecond time scale, enabling the resolution of 

individual action potentials. Here we examine the dose-dependent neurotoxicity of 

dextran-coated iron oxide nanoparticles (dIONPs), a common type of functionalized 

ENP used in biomedical applications, on cultured primary neurons harvested from 

postnatal day 0-1 mouse brains. A range of dIONP concentrations (5-40 µg/ml) were 

added to neuron cultures, and cells were plated either onto well plates for live cell, 

fluorescent reactive oxidative species (ROS) and viability observations, or onto planar 

microelectrode arrays (MEAs) for electrophysiological measurements. Below 10 

                                                 
6
 Chapter is adapted from Badman et al. (2019). “Dextran-Coated Iron Oxide Nanoparticle-Induced 

Nanotoxicity in Neuron Cultures”. Nature Scientific Reports. Under review. 
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µg/ml, there were no dose-dependent cellular ROS increases or effects in MEA 

bursting behavior at sub-lethal dosages. However, above 20 µg/ml, cell death was 

obvious and wide spread. Our findings demonstrate a significant dIONP toxicity in 

cultured neurons at concentrations previously reported to be safe for stem cells and 

other non-neuronal cell types. 

  

Introduction 

Industrialization and the recent surge in nanotechnology commercialization has 

greatly increased human exposure to engineered nanoparticles (ENPs)[1-3], which are 

defined as man-made particles <100 nm in all dimensions. This recent and sudden 

ubiquity of ENPs is a drastic shift in the human environment, and concerns have been 

mounting that regulatory agencies have not been adequately vetting the health impacts 

of products and industrial processes utilizing ENPs before they are introduced to the 

public[4,5]. 

Unlike larger particles, nanoparticles can rapidly enter the body through 

inhalation, ingestion, or dermal absorption, and then quickly travel to cells and to 

subcellular structures in organs throughout the body[6]. A notable exception is the 

mammalian central nervous system (CNS), which experiences considerable protection 

against invasion by most nano- or microparticles[7], primarily due to the blood-brain-

barrier (BBB). However, significant CNS exposure to ENPs can occur both 

advertently, through designing functionalized ENPs that can penetrate the CNS for 

biomedical applications[7], and inadvertently through concentrated pollution where 
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ENPs enter the bloodstream, potentially damaging the BBB, reaching the CNS, or 

overwhelming the CNS’s olfactory bulb port of entry during inhalation[8,9].  

Functionalized iron oxide nanoparticles (IONPs) are ENPs that may soon be 

commonly employed for applications in the CNS[10-17]. Although functionalized 

IONPs, especially dextran coated IONPs (dIONPs) or IONPs coated with similar 

carbohydrate coatings, have been reported to have very low toxicity in the liver in a 

handful of clinical trials[16], toxicity results from these studies may not be broadly 

applicable to other cell types because liver cells have among the highest iron 

tolerances in the mammalian body[18]. There are several limited in vitro and in vivo 

results demonstrating that there may be detrimental long-term effects of dIONPs in 

organs beyond the liver[12,13,19,20], and iron accumulation is increasingly implicated 

in neurodegenerative diseases[12,21] Additionally, because IONPs have almost 

molecular size, they have a high surface-to-volume ratio. Thus their reactivity is much 

higher than larger particles and their interactions with subcellular structures can 

change dramatically with just slight alterations in ENP shape or surface 

properties[22,23]. While progress has been made in optimizing biocompatible IONP 

coating for applications that do not require cell internalization such as drug 

delivery[24,25] or vascular imaging[26], challenges remain in synthesizing safe 

coatings on IONPs for applications that require neuronal cell uptake for long-term 

labeling[13]. 

Since many proposed biomedical applications using dIONPs involve 

mammalian CNS neurons[13,14], it is important to establish toxicity thresholds, 

kinetics, and toxicity mechanisms of dIONPs using in vitro neuron culture[23]. In 
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nanotoxicology in particular, the majority of studies utilize accessible in vitro systems 

due to the current lack of federal regulatory standards for implementing in vivo 

studies[5,23]. In vitro toxicology is most physiologically relevant when primary cells 

are used instead of immortalized cell lines[27]. To assess the safety of exposing the 

mammalian CNS to dIONPs, we explored their effects on mature, primary mammalian 

(murine) neuron health, in terms of both cell viability and electrophysiological activity 

measured with planar microelectrode arrays (MEAs)[28]. Murine cultures become 

electrically mature quickly (within 2-3 weeks) as compared to human primary neuron 

cultures which take many months[29].  

Therefore, the safety of dIONPs in the mammalian brain is not well 

understood, especially for cell-labeling and cell uptake applications[13]. Whereas 

uncoated IONPs have been studied on MEAs (albeit interpretation of toxicological 

implications limited by large IONP size variation)[30], there has, to date, been no 

investigation of the effects of biomedically-coated iron oxide ENPs on the survival 

and electrical activity of fully differentiated primary neurons. In this work, we chose 

Molday ION™ Rhodamine B (MIRB) nanoparticles[31], a commercially available 

dual magnetic/fluorescence dIONP. MIRB nanoparticles have an 8 nm iron oxide 

(magnetite) core, a size range optimal for magnetic resonance imaging (MRI) 

applications[32] and cellular uptake (generally, particles <100 nm are more readily 

taken up by cells)[33]. The dextran coating via positive charge  (+31 mV zeta 

potential[32]) amine functionalization of the core is standard in biocompatible ENP 

cell-uptake applications[13,14,32,34,35], as increasing the positive surface charge is 

known to greatly enhance cell uptake efficiency[36] (though at the risk of also 
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increasing charge-related cytotoxicity[37]). In contrast, dextran coating of dIONPs 

without amine groups leads to near neutral or moderately negative surface charge 

depending on the preparation method and particle solvent[26,38,39] and thus lower 

toxicity risks[37,40], but has a low cell uptake efficiency (e.g. more suited for vascular 

imaging)[26].  Finally, the commercial availability of MIRB nanoparticles also 

enables direct comparison to other MIRB studies. This is advantageous since 

researchers have raised concerns that use of non-standardized ENPs, such as in-house 

prepared particles, hinders the comparison of nanotoxicology studies from different 

research laboratories[5,23,41]. Here, we provide evidence that dIONPs are toxic to 

neurons at doses reported to be safe for other cell types in vitro, indicating that caution 

should be used when employing ENPs in the brain. 

   

Results 

MIRB Intracellular Distribution & Uptake Kinetics 

To guide the interpretation of toxicity results in primary neuron cultures (Fig. 

1), we first verified that fluorescent MIRB nanoparticles interacted with neurons by 

observing MIRB cellular uptake and co-localization with neurons. All MIRB dosages 

presented observable fluorescent signals that were strongly spatially correlated with 

cultured neurons (Fig. 1a, Supplementary Fig. 1). Presumably due to electrostatic 

interactions between the positively charged MIRB nanoparticles and the slightly 

negatively charged neuronal cell membranes[42], particle association with the neurons 

was extremely rapid, with the fluorescent signal plateauing in less than two minutes 

(Fig. 2). After 24 hr, fluorescent signal was strong in cytoplasmic regions[4,35], but 
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absent from nuclear regions (Fig. 1a, Supplementary Fig. 1). This observation strongly 

implies successful MIRB particle uptake and neuronal internalization.   

The small microglial cells in culture were also observed to take up MIRB 

particles, as assessed by bright field microscopy overlaid with MIRB fluorescent data, 

but we did not further study microglial response to MIRB nanoparticles. Previous 

work, however, has shown microglial activation and inflammation response to MIRB 

nanoparticle uptake after particle leakage from nearby MIRB-tagged grafted neural 

stem cells, or their derivatives, in the murine brain[13]. 

In summary, we conclude that (1) initial MIRB nanoparticles’ association with 

neural cells occurs rapidly (< 2 min), likely at the cell membrane, and (2) subsequent 

neuronal internalization of MIRB nanoparticles significantly plateaus after 24 hr.  

 

ROS Imaging and Neuron Viability 

Reactive oxidative species (ROS) studies were chosen as neurons are 

particularly sensitive to the subcellular damage that can result from the oxidative 

stress and inflammation known to be triggered by excess ROS within a cell. IONPs 

have the potential to generate significant ROS response if the particle coating is being 

digested by the cell, exposing bare iron oxide[43,44]. 

All cultured neurons controls without MIRB addition showed a similar and 

clearly observable native ROS signal, and all MIRB-exposed wells had mean ROS 

fluorescence levels within ~20% of the controls’ mean ROS signal (Fig. 3a, b). An 

observable baseline ROS signal in controls is expected, given that neurons are among 

the most metabolically active cells in the body and thus naturally produce large 
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amounts of ROS as metabolic byproducts[45]. In contrast, the smaller glial cells in the 

cultures did not produce a readily observable baseline ROS signal. The ROS-

dependent fluorescent signal in individual neurons did not change significantly as a 

function of MIRB dosage (Fig. 3b). 

Fewer ROS neurons per field of view were observed as the MIRB dosage 

increased, which we interpreted as neuronal death, i.e., the absence of ROS signal 

resulted from the lack of metabolic activity. Specifically, whereas 0 µg/ml (control) 

and 5 µg/ml dosages showed comparable numbers of metabolically active neurons per 

field of view after both 2, 24, and 48 hr incubation times, higher dosages presented 

clear reductions in the numbers of surviving neurons, particularly in the samples 

incubated with MIRB nanoparticles for 24 hr or 48 hr (Fig. 3a,c; Supplementary Fig. 

2). It is possible that this is caused by the rapid sheathing of neuron cell membranes by 

the MIRB nanoparticles prior to internalization, leading to a disruption of neuronal 

nutrient intake or other critical cell membrane functions[42], with the lethal dosage 

depending to some degree on exposure time (Fig. 3, Supplementary Fig. 2).  

The lack of ROS increase subsequent to MIRB incubation (Fig. 3a, b) is 

consistent with previous work examining comparably sized iron oxide core particles, 

which showed negligible increase in ROS generation after exposure to 5-30 nm core 

dIONPs, but significant increase in ROS generation with bare IONPs that leach iron 

more readily[44]. The negligible effects of MIRB nanoparticles on ROS generation 

seen in this work suggest that the particle coatings remained intact during and after 

cell uptake, thereby preventing iron leaching and subsequent ROS formation from the 

Fenton and/or Haber–Weiss reactions[34].  
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Electrophysiology 

We next studied whether increasing MIRB dosage affects electrical 

communication between neurons. Specifically, we examined the electrical activities of 

neuron cultures plated on MEAs by systematically characterizing commonly studied 

MEA parameters: the number of active electrodes, spike rate, burst rate, burst 

duration, and the number of spikes per burst[30,46,47].  

By visual inspection, healthy spiking and bursting activity was initially 

observed during pretreatment (0 hr) on all MEAs prior to MIRB addition (Fig. 4). 

Among the active electrodes, some electrodes showed bursting while others showed 

monotonic spiking as expected from normal neuronal variation[47,48]. The MEA 

spiking and bursting electrophysiology parameter values reported in Figure 5 and 6 are 

consistent with previously reported electrophysiological results for DIV 19-21 murine 

neuron cultures[49,50]. In all dosage groups, the number of electrophysiologically 

active electrodes somewhat drops after MIRB or control medium application (Fig. 5a). 

The drop suggests that the physical disturbance arising from medium removal (four 

washes) may be responsible; mechanical fluid stress can reduce spiking in neuron sub-

populations without causing significant cell death[51].  

For spike rate analysis, we found MEA neuron cultures incubated with 0 µg/ml 

(controls, N = 4, one control MEA per dose), 5 µg/ml (N = 3), and 10 µg/ml (N = 3) 

MIRB nanoparticles for 2 hr performed similarly over the 48 hr time course of 

observations (Fig. 5). In contrast, neuron cultures incubated with 20 µg/ml (N = 3) and 

40 µg/ml (N = 2) showed clear toxicity, with a 95% decrease in active electrodes and a 
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30-fold drop in spike rate for the 20 µg/ml dose and a total cessation of spiking in the 

40 µg/ml dose (Fig. 5). Because in the 40 µg/ml sample, all activity stopped at the 4 hr 

time point onwards, we omitted this dose from further electrophysiology analysis. All 

active electrodes were averaged to calculate the mean spike rate of a given dose at 

each time point in the remaining samples. 

We then performed more in-depth analysis on the subset of electrodes 

exhibiting bursting behavior. Burst analysis was not performed on MEA data at the 20 

µg/ml or 40 µg/ml MIRB dosages, as those samples had zero bursting electrodes at the 

4 hr point. A small fraction of obvious outlier bursting electrodes with excessively 

large numbers of spikes per burst at a given time point and dose (> 51 spikes per burst, 

i.e., > 1 SD from the mean value), likely from a larger clump of neurons, were cut 

from the burst analysis after inspection of the data[52,53]. We verified by visual 

inspection that the MaxInterval method’s previously optimized standard burst 

identification parameters[54] correctly identified bursts in our traces, with an example 

labeled bursting trace given in Supplementary Fig. 3.  

 All bursting electrodes were averaged to calculate the burst parameters of a 

given dose at each time point (Fig. 6a). Upon incubation with MIRB nanoparticles, 

using the Dunnett test, we found no statistically significant differences (p < 0.01) 

between the control and the 5 or 10 µg/ml dosage groups in either the mean burst 

duration (Fig. 6b) or the mean number of spikes in a burst (Fig. 6c). For the mean 

burst rate (Fig. 6d) there was no statistical difference between different doses and the 

controls, with the exception of a single anomaly in the 5 µg/ml dose that had a jump in 
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burst rate at the 24 hr time point. This anomaly could be spurious given that this 

behavior did not occur at other time points, or could be related to the burst rate 

parameter being highly sensitive to variations in local connectivity (which can change 

daily[49]) and in density of a neuron culture[49].  Specifically, for the mean burst 

duration the p-values relative to the control (p5, p10), for 5 and 10 µg/ml respectively, 

are (0.004, 0.094), (0.994, 0.872), (0.540, 0.757), and (0.013, 0.997) for 0, 4, 24 and 

48 hr respectively. With the same notation, the p-values for the mean spikes per burst 

are (0.932, 0.022), (0.528, 0.982), (0.889, 0.955), and (0.994, 0.976). The p-values for 

the mean burst rate are (0.412, 0.175), (0.093, 0.987), (0.0003, 0.967), and (0.082, 

0.770). 

 

 Therefore, spike analysis of the MEA data showed that 20 and 40 µg/ml MIRB 

nanoparticle dosages (incubated for 2 hr) significantly alter electrophysiological 

behavior of neuron cultures, while dosages of 10 µg/ml and lower do not cause 

statistically significant differences in either spiking or bursting behavior as compared 

to control cultures. 

 

Discussion 

In this work, we have established clear toxicity thresholds for MIRB 

nanoparticles in murine neuron culture for both short (2 hr) and longer (24 hr) particle 

exposures, using both ROS and electrophysiological measures of neuronal viability. 

The lack of a dose-dependent increase in ROS (suggesting that the particle coating 

integrity is maintained) is qualitatively consistent with previous in vitro 
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nanotoxicology studies in fibroblasts[19] suggesting that there is a threshold 

concentration of internalized dIONPs that leads to cell death, rather than cell death 

arising from excess ROS generation[44]. Previous nanotoxicology studies of IONPs 

with various surface modifications and sizes for biomedical applications have reported 

various degrees of toxicity for both neurons[13,40,55] and somatic cells[56-58]. 

However, to our knowledge this is the first nanotoxicology study of functionalized 

IONPs to utilize primary neuron culture within an MEA system.  

 By not inhibiting glial cells, which are part of the mammalian brain’s defense 

against iron toxicity[59], we intended that the present study be directly relevant for in 

vivo comparison. Although changes in general mouse behavior were not observed with 

comparably sized dIONPs injected intraperitoneally into mice at a dose of 100 mg[60], 

neuronal toxicity at the cellular level might still exist. Indeed, in another in vivo study 

in which embryonic and larval zebra-fish were exposed to comparably sized and 

coated dIONPs in their aquatic environment, apoptotic cellular pathways were found 

to be activated, and corresponding behavioral changes were observed at dIONP 

dosages as low as 1 μg/ml[20].  

 Our measured in vitro thresholds for lethal toxicity in primary neurons were 

lower than reported for other cell types exposed to identical (commercial MIRBs) or 

similar (e.g. in-house prepared) ~10 nm iron core, amine functionalized dIONPs 

optimized for high efficiency cell uptake applications[13,32,39,61] (Fig. 7). 

Furthermore, the toxicity threshold for primary neurons and other cell types exposed 

to amine-containing dIONPs is substantially lower than comparably sized dIONPs 

both with carboxymethyl functionalization[38,39,62] (some of which also have strong 
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cell uptake properties[38,39]) or with native dextran hydroxyl functionalization (for 

lower cell uptake applications) [26,40,44,60] (Fig. 7).  Last, for in vivo safety literature 

comparison, it has been observed that coated IONPs with negative surface charges 

tend to accumulate within the liver and spleen within a few days, while positively 

charged coated IONPs aggregate most in the lungs[63]. The lungs are a less desirable 

location as the liver is one of the primary sites for iron metabolism but the lungs are 

not[18].  

Our results demonstrate that positively charged dIONPs may be detrimental to 

primary neurons at significantly lower concentrations than those that have been 

previously reported for other cell types. Within the context of recent literature results, 

the positive surface charge from amine groups seems to be the most likely toxicity 

culprit (Fig. 7), especially since dextran alone has long been established as a safe 

particle coating that is used in clinical applications[14,64]. Future CNS-related 

fluorescent-dIONP studies should consider synthesizing more negatively charged 

dIONPs for potentially safer but still efficient cell uptake[37], such as through adding 

carboxymethyl-groups at a high enough density to get zeta potentials in the range of 

30-50 mV[38,62]. In fact, the commercial dIONP Feraheme (approximately -20 

mV[39] surface charge, used for IV treatment of iron deficiency and anemia) is coated 

with carboxymethyl-modified dextran, and is the only metal-based engineered 

nanoparticle approved by both the US Food and Drug Administration and European 

Medicines Agency[64].  

In addition to encouraging caution in using MIRB nanoparticles, and dIONPs 

in general, for CNS cellular uptake applications such as monitoring neuronal stem cell 
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grafts[13], cancer therapy[11] and drug delivery[65], our neurotoxicity results could 

contribute to predicting the effects of environmental dIONP exposure (e.g. 

occupational spill exposures, or dIONPs released to the environment), if these 

potential dIONP applications see more widespread use.  

 

 

Methods 

Substrate Preparation 

Primary cultured neuron experiments were performed on two substrates: 

standard well plates and planar MEA culture chambers. Cell viability and ROS assays 

were performed in 24-well plates, whereas electrophysiology experiments used single-

well MEAs with wells of comparable volume (~1 ml) to those in a 24-well plate. As is 

standard in neuron culture[66], both substrates were coated with 0.1% 

polyethylenimine (PEI) (Sigma P3143) in borate buffer (Thermo Scientific 28341) 

followed by 10 μg/ml laminin (Sigma L2020) in cell medium, as laminin is a common 

supplement for better neuronal adhesion to MEAs[66], and PEI is known to more 

effectively promote neuronal maturation than other adhesion layer chemicals (e.g. 

poly-D-lysine)[67]. 

Primary Neuron Culture 

Brain tissue from the CNS of postnatal mice (Jackson Laboratory, C57BL/6, 

wild type) was harvested on postnatal day 0 or 1 following the standard BrainBits 

primary CNS neuron culture digestion protocol (http://www.brainbitsllc.com/primary-

neuron-plating-protocol/), except with the papain digestion step lengthened from 10 
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minutes to 30 minutes for postnatal tissue. Neural cells from digested brain tissue were 

densely plated at 500,000 cells per well to better mimic dense in vivo brain conditions. 

NbActiv4 was used as both the plating and feeding medium, as this serum-free 

medium is reported to be optimal for the electrical maturation of primary neurons 

while suppressing astrocyte growth[50]. Neuron cultures were incubated at 37
o
C and 

5% CO2 at all times other than during medium exchanges and MEA recordings. 

Neuron cultures had a medium exchange on the first day in vitro (DIV1), and then a 

medium exchange every 3-4 days. Microglial growth was not inhibited, as is preferred 

in electrophysiology studies[68].  

  

MIRB Addition to Cultures 

MIRB nanoparticles were readily internalized by cultured neurons (Fig. 1a, 

Supplementary Fig. 1) in our experiments. The critical physical properties of the 

MIRB nanoparticle include a zeta potential of +31 mV in 1 mM KCl solution (very 

low aggregation), an effective diameter of 35 nm (optimal for cell uptake), and an iron 

core size of 8 nm with magnetic properties useful in MRI. These values have been 

verified in previous studies[13,32,35,69]. For MIRB manufacturer-provided 

measurements of these properties, see “Application Note 3” for Biopal product CL-

50Q01-6A-50 (http://biopal.com/pdf-downloads/application-notes/application-note-

3.pdf).  

 A medium exchange was always performed on DIV18, the day before MIRB 

addition. For neuron viability, ROS, and electrophysiology experiments alike, MIRB 

http://biopal.com/pdf-downloads/application-notes/application-note-3.pdf
http://biopal.com/pdf-downloads/application-notes/application-note-3.pdf
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nanoparticles (2 mg/ml original stock solution) were added, through a 20 μl droplet, to 

obtain the target concentration dose in each well (5, 10, 20, or 40 µg/ml) and for each 

incubation time (2, 24 or 48 hr).  DIV19 was chosen to ensure a sufficiently 

electrically mature culture[49]. A 20 μl drop of pure NbActiv4 medium was added to 

the control wells instead (one control MEA per dose test).  

 The shorter MIRB incubation times used herein (~2 hr) are expected to better 

mimic the in vivo exposure time of particles. 2 hr of dIONP exposure was chosen in 

previous in vitro nanotoxicology tests of fibroblasts[19], and the manufacturer reports 

that MIRB nanoparticles have a blood half-life of several hours 

(http://biopal.com/mirb.htm). However, longer incubation time data (24 and 48 hr) 

was explored in well plates to provide time-dependent toxicity insight. 

  MIRB nanoparticles were imaged by a Texas-Red filter set on a Nikon TiE 

microscope after incubation for the target incubation time. Hoechst 33342 live cell 

nuclear staining was used to verify that the MIRB nanoparticles were co-localized 

with cells (Thermo Fisher R37605). The kinetics of MIRB association with neural 

cells was studied by incubating MIRB nanoparticles (at 5 and 20 µg/ml) in wells for 2 

min, 15 min, 30 min, 45 min, or 60 min followed by fluorescent imaging under low 

magnification (10x). For this specific assay, each region of interest (ROI) was drawn 

around a small dense cluster of neurons to measure the mean fluorescent MIRB signal 

per ROI, and then the mean fluorescence of an adjacent region lacking any neurons 

was subtracted from the signal ROI to obtain the final fluorescence value.  

  

ROS Assays & Cell Viability 

http://biopal.com/mirb.htm


112 

 

To measure ROS levels in neurons exposed to different MIRB doses (5, 10, 20, 

and 50 µg/ml), a live cell Fluorometric Intracellular ROS Kit (Sigma MAK143) was 

used, following standard kit instructions. This kit is especially sensitive to superoxide 

and hydroxyl radicals and utilizes a proprietary fluorescent reporter[70]. Subsequent to 

MIRB incubation (2 or 24 hr) but prior to imaging, ROS kit reagents were incubated 

with the neuron cultures for 1 hr at 37
o
C and 5% CO2. The MIRB nanoparticles were 

not washed out prior to the addition of the ROS reagents in order to rule out the 

possibility that cell culture changes resulted from mechanical disruption of the neurons 

during a buffer exchange. Fluorescent ROS imaging was performed on a Nikon TiE 

microscope using a FITC filter set.  

To assess the intensity of ROS-induced fluorescence in individual neurons, 

which is indicative of their metabolic activity levels, we used ImageJ to draw tight 

regions of interest around neuron somas and measure fluorescence. The average ROS 

level was determined for sets of 644, 464, 525, and 267 neurons at 0, 5, 10, or 20 

µg/ml MIRB doses, respectively, at 2 hr incubation times, and 403, 460, 81, and 24 

neurons at 0, 5, 10, or 20 µg/ml doses, respectively, at 24 hr incubation times. The 

accuracy of the threshold and cell identification was verified by inspection for each 

FOV. The average ROS level was determined for quasi-random subsets of 

representative neurons after background subtraction.  

To count the number of metabolically active (i.e. live) neurons per field of 

view (FOV, ~3500 μm
2
), ImageJ was used to count the number of fluorescent neuron 

somas per FOV over ~20 different regions.  Quasi-random representative FOVs of 

neuron culture were chosen for doses with low or no toxicity, whereas for highly toxic 
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doses (10 and 20 μg/ml at 24 hr; 20 and 50 μg/ml at 48 hr incubations), FOVs with the 

greatest densities of neurons in the entire well were chosen, thereby providing a 

conservative estimate of the MIRB toxicity. All well plate experiments were 

performed in duplicate. 

 

Electrophysiology Experiments 

Electrophysiological recordings were made using single-well, 60-channel 

planar MEAs with 30 µm diameter titanium nitride electrode contacts in a 200 µm 

pitch, 8x8 array less corners (MEA2100-System, Multichannel Systems) (Fig. 1b, c).    

On DIV19, MIRB nanoparticles were added to MEA cultures for 2 hr and then 

washed out with fresh medium (four 50% washes), after which the cultures were 

returned to the incubator for stabilization until the time measurements were made. 

Cultures were removed from the incubator for MEA recordings at 4 (DIV19), 24 

(DIV20), and 48 (DIV21) hr post MIRB application.  

 MEA recordings were made by covering the wells with sealed lids (ALA 

Scientific ALAMEA-MEM5; Fig. 1b), which enable up to 30 minutes of stable CO2 

levels in the culture medium when the MEA culture chambers are on the recording 

headstage outside an incubator[71]. MEA cultures (Fig. 1c) were maintained at 37 
o
C 

with a headstage hot plate during recording sessions. After at least 5 minutes of 

stabilization on the headstage[72], recordings were performed for 5 minutes at a 10 

kHz sampling rate[54,73]. MEA data were Nyquist low-pass filtered and high-pass 

filtered at 300 Hz for observation of fast action potentials[74]. Recordings, spike 
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counting, and burst analyses were performed with the freely available Multichannel 

Systems Experimenter and Analyzer software packages 

(https://www.multichannelsystems.com).  

Thresholds for spike identification were set to five standard deviations above 

noise (falling edge)[47], and electrodes at a given dose and time point had to exhibit 

mean spike rates of > 0.03 Hz to be included in the spike rate analyses[47,72].  We 

called electrodes that met these criteria “active electrodes”. Electrodes in the burst 

analyses were required to have a threshold burst rate of > 1 burst per minute[75] to be 

included; these we termed “bursting electrodes”. Spiking activity was scored for mean 

rate (spikes per second per electrode) and bursting properties, with individual bursts in 

each trace identified and characterized using previously optimized parameters for the 

MaxInterval method (included in the Multichannel Systems software) (Supplementary 

Fig. 3)[54]. All active electrodes and bursting electrodes at each dose and time point 

were pooled for their respective statistical analyses. Dramatic and obvious decreases 

in electrical activity occurred following addition of the lethal MIRB nanoparticles 

doses of 20 μg/ml and higher (Fig. 4; Fig. 5), while more detailed analysis was needed 

to investigate the electrical behavior at the sub-lethal doses (Fig. 6). 

For both the spike rate and burst analyses, significant differences between 

doses at a given time point were tested by analysis of variance (ANOVA) followed by 

Dunnett’s multiple comparison post hoc test with a significance threshold of α = 0.01 

and using 0 μg/ml as the common control[76].  
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In all MEA experiments we refer to the pretreatment time point (~1 hr before 

MIRB addition) as 0 hr. 

 

Statement of Ethical Treatment of Animals 

The authors declare that institutional (Cornell University), state (New York), 

and federal (United States) guidelines and regulations were followed in the humane 

and ethical treatment of the animals used in this work. Our protocol (#2017-0079) was 

approved by Cornell University’s Institutional Animal Care and Use Committee. 
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Figure 1: MIRB Uptake by Murine Neurons in an MEA Culture Chamber  

(a) Localization of MIRB nanoparticles in neurons. DIV19 neurons were incubated for 

2 hr with 10 µg/ml MIRB nanoparticles before the particles were washed out. Both 

bright field and fluorescence images were acquired at 24 hr subsequent to the start of 

this incubation (DIV20). The fluorescence image of MIRB nanoparticles is shown in 

red; the fluorescence image of Hoechst 33342 stain is shown in blue. Scale bar is 20 

µm. (b) A photograph of a microelectrode array (MEA) and specialized MEA lid used 

in this study. The MEA is placed inside a 100 mm culture dish for size reference. (c) A 
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bright field image of a typical neuron culture (DIV19) plated in a MEA chamber. 

Scale bar is 30 µm. 

 

Figure 2: MIRB Nanoparticle Localization to Neural Cells 

(a) Fluorescent images of clusters of neurons before exposure to MIRB nanoparticles (0 min, 

top insert) and after 2 min of MIRB exposure followed by the removal of free particles (2 min, 

bottom insert). Scale bar is 100 µm. (b) Kinetics of MIRB association with neurons measured 

by fluorescent images of MIRB nanoparticles. Neurons were incubated with MIRB 

nanoparticles at either 5 or 20 µg/ml for the specified duration before removal of free 

particles. Each error bar denotes the standard deviation of the mean values of all ROIs at a 

given time point and dose. 
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Figure 3: ROS Staining of Neurons for ROS and Viability Measurements 

(a) DIV19 neurons were incubated with MIRB nanoparticles for 2 hr (top row) or 24 

hr (bottom row) at dosages of 0 µg/ml (control), 5 µg/ml, 10 µg/ml or 20 µg/ml. Live 

neurons were fluorescently observed with a fluorometric intracellular ROS kit (green) 

particularly sensitive to superoxide and hydroxyl radicals. Scale bar is 100 µm. (b) 

Plot of the ROS fluorescence intensity per neuron normalized against that of the 

control. (c) Plot of the number of fluorescent neurons per field of view normalized 
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against that of the control. Each error bar denotes the standard deviation of the mean 

values of the replicate wells at a given time point and dose.  
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Figure 4: Example Electrophysiological Time Course for Two Active Electrodes 

at Different Doses 

Example raw spike traces from an active electrode versus time after exposure to (a) 5 

µg/ml MIRB nanoparticles and (b) 20 µg/ml MIRB nanoparticles. In both cases, 

MIRB nanoparticles were incubated for 2 hr before removal (removal being 2 hr 

before the 4 hr time point). 
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Figure 5: Dose-Dependent Active Electrode Count and Mean Spike Rate versus 

Time for MEA Neuron Cultures 

(a) Plot of total number of active electrodes versus time, normalized to the total 

number of active electrodes originally spiking at a given MIRB dose at 0 hr 

(pretreatment). For each dose, MIRB nanoparticles were incubated for 2 hr before 

removal. At the dose of 40 µg/ml, no active electrodes were detected at 4 hr or later 

and those MEA data were not further analyzed. We found that prior to incubation with 

0 (control), 5, 10, 20, or 40 µg/ml MIRB nanoparticles, there were 30, 41, 15, 19, and 
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17 active electrodes (> 0.03 Hz) per MEA on average (out of 60 possible electrodes), 

respectively. Error bars are Poisson counting errors. (b) Mean spike rates of active 

electrodes versus time. Error bars denote standard error of the mean. 
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Figure 6: Dose-Dependent Bursting Properties of MEA Neuron Cultures Over 

Time 

MEA electrode burst analyses were performed for non-lethal MIRB dosages of 0 

µg/ml, 5 µg/ml, and 10 µg/ml, at time points of 0 hr (pretreatment; ~1 hr prior to 

MIRB addition), and 4, 24, and 48 hr subsequent to MIRB addition. (a) Total number 

of bursting electrodes, normalized to the total number of bursting electrodes at 0 hr 

(pretreatment). For this burst analyses performed with 0 (control), 5, and 10 µg/ml 

MIRB nanoparticles, 57%, 73% and 47% of the active electrodes were bursting 

electrodes (> 1 burst / min and < 51 spikes per burst) per MEA on average at 
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pretreatment, respectively. (b) Mean burst duration. (c) Mean number of spikes per 

burst was not systematically affected by MIRB dosages up to 10 µg/ml. (d) Mean 

burst rate. Error bars denote Poisson counting errors in (a) and the standard errors of 

the means in (b), (c), and (d).
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Figure 7: MIRB Nanoparticle Toxicity Threshold for Different Cell Types  

Shown is a comparison of threshold doses generating significant toxicity after ~10 

nm-sized dextran coated iron oxide nanoparticle (dIONP) exposure that were 

previously measured for mouse neural stem cells[13] (amine functionalization), 

human fibroblasts[61] (amine functionalization, no zeta potential provided but positive 

charge can be assumed), nonhuman primate mesenchymal stem cells[32], porcine 

kidney cells[39] (amine and carboxymethyl functionalization separately tested), 

human colon cancer cells[38] (carboxymethyl functionalization), human erythrocytes 
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and leukocytes[26] (dextran only), porcine aortic endothelial cells[44] (dextran only, 

no zeta potential provided), mouse splenocytes[60] (dextran only, no zeta potential 

provided), primary chick neurons[40] (dextran only) (note that this unexpected 

positive zeta potential measurement by Rivet al al[40] disagrees with other zeta 

potential measurements of the same fluidMAG-D dIONP used in their study, which 

instead found fluidMAG-D to have the weak negative zeta potential more typical for 

dextran only IONPs[77]), and human breast cancer cells[62] (carboxymethyl 

functionalization, no zeta potential provided but negative charge can be assumed), 

plotted with the threshold dose which we measured for our primary neuron cultures. 

Higher surface charges (greater in magnitude than approximately +/- 15 mV zeta 

potential) lead to increasingly higher efficiency cell uptake. Note that there are some 

minor differences in dIONP incubation times across the referenced studies. 
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Supplementary Figure 1: MIRB Nanoparticle Uptake by Neurons 

This shows another set of images, supplementary to those in the main text Figure 1a 

and with the same color scheme. DIV19 primary murine neurons plated on an MEA 

were incubated for 2 hr with 10 µg/ml MIRB nanoparticles before the particles were 

washed out leaving the neurons in fresh cell culture medium post MIRB-incubation. 

Both bright field and fluorescence images were acquired at 24 hr (DIV20) subsequent 

to the start of this incubation. The fluorescence image of MIRB particles is shown in 

red; the fluorescence image of Hoechst 33342 stain is shown in blue. Scale bars are 

10 µm.  
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Supplementary Figure 2: ROS Staining of Neurons as a Viability Test 

This figure is an extension to main text Figure 3, obtained from a second 

experiment with different doses (0, 5, 20, 50 µg/ml) and incubation times (24 

and 48 hr), but with otherwise identical methods as reported for Figure 3 (e.g. 

duplicate wells per dose). (a) DIV19 primary neurons were incubated with 

MIRB particles at one of four doses of MIRBs (0, 5, 20, or 50 µg/ml) for 24 or 

48 hours followed by ROS staining. Live neurons were fluorescently observed 

with a proprietary fluorometric intracellular ROS kit (green) particularly 

sensitive to superoxide and hydroxyl radicals. Scale bar shown is 100 µm. (b) 
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Plot of mean number of fluorescent neuron (somas) per field of view for the 

same image set as (a). Error bars are standard deviations. 

 

 
Supplementary Figure 3: Bursting Electrode Criteria 

This shows an example electrophysiological recording (10 µg/ml dose, 24 hr time 

point) with bursts identified (brown horizontal line above bursts) using the following 

burst criteria in the MaxInterval method as labeled on the trace: (I) maximum interval 

of 170 ms between the first spikes in a burst, (II) maximum interspike interval of 300 

ms allowed in a burst, (III) minimum interval of 200 ms between bursts, (IV) minimum 

burst duration of 10 ms, and (V) a minimum of 4 spikes per burst. 
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CHAPTER 6 

BROADER IMPACTS OF THE BIO-TECHNOLOGY DISCUSSED WITHIN THIS 

THESIS 

 

 

Broader Impacts of the nSWAT 

 The immediate broader impacts of the nanophotonic standing wave array trap 

(nSWAT) device, which was further developed  and  upgraded in this thesis as 

discussed in Chapter 2-4, has been previously demonstrated with several proof-of-

concept experiments in the original nSWAT paper published in 2014[1]. These 

experiments were completed prior to the work presented within this thesis. 

 In brief, a high-throughput array of DNA biomolecules can be trapped and 

studied in parallel as discussed in Figure 1a and previous work[1]. Optical mechanical 

stretching experiments can be performed to study DNA mechanical properties or 

DNA-protein interactions identical to those performed  in conventional optical 

tweezers[2], but now in the parallelized, high-throughput, on-chip nSWAT device. As 

an added feature, the DNA-protein array can be controllably moved between different 

chemical environments within the fluidic pool which are defined by laminar flow 

(Figure 1b). In principle, within such a system biophysical studies of DNA-protein 

arrays can be performed in the presence of different drug concentration environments 

in parallel for example. This capability may be useful for testing anti-cancer drugs for 

instance, such as by making arrays of DNA dumbbells bound to DNA proteins such as 

topoisomerases, which are drug targets in current chemotherapy regimens[3]. Future 

work may test such biological experimentation on the nSWAT. 
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Figure 1: Manipulation, transport, and change of chemical environment of biomolecules 

(Adapted from prior work[1]) 

 

a, Sorting and manipulation of individual DNA molecules. Cartoons and corresponding video 

frames (See Video S2 in Reference [1]) explain the steps in the process. DNA dumbbells were 

formed using beads of 490 nm diameter and sorted by a combination of trapping and fluid 

flow forces. The sorted array of DNA dumbbells was extended by moving the traps of the 

lower nSWAT relative to those of the upper nSWAT. Scale bars are 2 μm. 

b. On-chip changes of chemical environment of biomolecules with simultaneous fluorescence 

monitoring. Cartoons and corresponding video frames (See Video S3 in Reference[1]) explain 

the steps in the process. Each video frame is composed of two panels with the upper panel 

showing a fluorescence image and the lower panel showing the corresponding bright field 
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image. Free Qdots and Qdots-labelled beads were introduced by the left laminar flow. The 

cartoons show only beads (brown) labeled with Qdots (green) via DNA linkers (purple). 

Beads were trapped by the upper nSWAT and subsequently transported to and held in the right 

laminar flow (observation buffer) which had a different chemical environment. During the 

experiment, the lower nSWAT was off. Scale bars are 4 μm. 

 

Broader Impacts of Iron Oxide Nanoparticles 

Functionalized iron oxide nanoparticles (IONPs) are poised to become engineered 

nanoparticles (ENPs) commonly employed for applications in the CNS. Functionalized IONPs 

are generally of great interest in a variety of established and proposed biomedical applications, 

including the CNS-related applications of cancer treatment, neural stem cell graft monitoring, 

microglial inhibition, and amyloid beta removal[4-7]. Historically, functionalized IONPs have 

been reported to have very low toxicity in vivo and have been utilized in a handful of clinical 

trials[8], primarily focused on treating iron-deficiency or imaging the liver. In particular, 

derivatized dextran-coated IONPs (dIONPs) have been especially touted for their numerous 

research and treatment attributes, including biocompatibility, low toxicity, strong cellular 

uptake properties for cell tracking and separation, long vascular retention times, potential to 

penetrate the CNS as a drug carrier, and magnetic MRI imaging abilities. These, and other 

properties, are potentially useful in a variety of biomedical techniques and FDA-approved 

procedures
 
[8-11].  

Whether or not IONPs generally are safe for biomedical and diagnostic applications 

involving the brain remains a controversial topic, since despite some success in mostly liver or 

iron deficiency-related clinical trials[8], IONPs inherently present a host of possible risks[12]. 

The safety debate is confounded by the fact that the effects of IONPs on somatic cells can vary 

widely depending on the size, source, and surface modifications of the IONPs under 
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consideration[13,14]. Uncoated IONPs in the sub-100 nm range (common in air pollution), 

have been shown to have significant detrimental effects on neuron health both in vivo[15] and 

in vitro[16,17], and abnormal iron accumulation in the brain is increasingly suspected as 

playing a factor in numerous neurodegenerative diseases[6]. Nanotoxicology studies of IONPs 

with various surface modifications and sizes for biomedical applications generally include 

some concerning toxicity results for neuronal cells[7,13,18] and somatic cells broadly[19-21]. 

Despite the controversy over IONPs generally and dIONPs specifically[7,17], dIONPs 

continue to be one of the highest profile IONP biomedical platforms in a variety of 

demonstrated and proposed applications[9]. 

One of the most significant proposed applications of dIONPs involving the CNS has 

been their use as magnetic resonance imaging (MRI) contrast agent for non-invasive 

diagnostic monitoring of regenerative stem cell grafts[11]. For example, neural stem cells 

(NSCs) grafts offer great promise to regenerate and restore neural tissue after strokes, spinal 

cord injury, or brain atrophy from neurodegenerative disease[22] and initial clinical trials 

show encouraging results[23]. Due to the obvious risks of invasively monitoring the progress 

of inserted NSC grafts during regenerative therapy (e.g. monitoring for immune rejection), it 

is critical for patient health to establish non-invasive diagnostics. Dual magnetic/fluorescent 

iron-based MRI contrast dye particles for high resolution MRI imaging, such as the 

commercial positively surface charged Molday ION Rhodamine B nanoparticle (MIRBs) we 

studied in Chapter 5, can be readily engineered for long-term stem cell uptake if given a strong 

surface charge (weeks-to-months of internalization)[7]. The fluorescent property is used to 

confirm stem cell uptake and storage before the NSC graft, and the magnetic property used to 

follow the stem cells and their derivatives with MRI after the NSCs are injected into the 

body[11,24].  
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MIRBs have previously only been directly tested on stem cells, including NSCs[7]. 

However, due to NSC cell death after injection (such as failure of a graft[25]) or leeching from 

NSC graft cells, and from the NSCs eventually differentiating into mature neurons, mature 

neurons will certainly be exposed to some level of the MIRB particle[7]. In the single NSC 

study performed with MIRBs, the particles were found to remain in the primary neurons 

differentiated from NSCs, and the MIRB-containing neurons showed dose-dependent 

morphological changes relative to native neurons[7]. Since the loading dose is 20-50 µg/ml of 

MIRBs for stem cells, cell division of post-labeled neural stem cells and local diffusion of any 

leeched MIRBs will most likely prevent neurons from being exposed to doses above the ~10 

µg/ml gross toxicity threshold doses observed in our study from Chapter 5. Thus our study 

discussed in Chapter 5 should not be used to claim that MIRB-monitoring of neural stem cell 

grafts is conclusively unsafe under existing MIRB protocols for neural stem cell graft 

tracking[7], but we believe that as discussed previously negatively surface charged particles 

may be a more promising route for safer long-term cell uptake of IONPs. 
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