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ABSTRACT 

 

Nanopore-based protein detection represents an exciting opportunity to develop 

ultrasensitive diagnostic devices that are both portable and affordable. Aptamer-encoded 

nanopores detect target molecules by binding to them to facilitate a corresponding blockage 

of ionic flow through the pore. Molecular dynamics simulations are an effective method of 

quantitatively and qualitatively studying key design features and mechanisms of current 

blockage. This work uses coarse-grained Langevin dynamics simulations to explore 

various aptamer-encoded nanopore systems to facilitate the design of diagnostic devices to 

detect the bioterror agent, ricin. The optimal signal-to-noise ratio occurred when ricin could 

occupy and interact in a stable manner within a pore cylinder that was similar in size, as 

predicted by the steric exclusion model of current blockage. Interestingly, under certain 

conditions, ricin also elicited ionic current selectivity. The results presented in this thesis 

have practical implications for device design, and the methodology is well-positioned to 

efficiently study related systems.  
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Chapter 1. Introduction  

1.1 Ricin: A Bioterror Concern 

1.1.1 Ricin: Structure, Function & Toxicity 

The goal of this thesis is to contribute to our understanding of ricin detection via 

nanopore devices by developing and utilizing computationally efficient molecular 

dynamics simulations. Ricin is a highly accessible and lethal bioterror agent. It is a protein 

that can be readily extracted from  Ricinus communis beans, which are grown industrially 

to produce castor oil [1]. Due to ricinôs availability, stability, ease of dispersion, and 

inherent potential for nefarious usage it has been categorized as a Category B bioterror 

agent and has been ranked as the number one bioterror threat [2], [3]. Ricin is a 

heterodimeric glycoprotein, meaning carbohydrates are covalently attached to it, and is 

itself composed of two unique subunits, termed the ñA chainò and ñB chainò, and these are 

linked by a strong, covalent, disulfide (cysteine-cysteine) bond. Each subunit plays a 

distinct biological role. The B chain binds carbohydrates enabling ricin to attach to the cell 

membrane and enter the cell via endocytosis. Once in the cytoplasm, the A and B chains 

can be reductively cleaved by the Golgi apparatus. This process renders the ñA chainò 

enzymatically active, and quickly causes cell death by irreversibly inactivating ribosomes 

(ribosomes play a critical cellular role in the tightly controlled process of protein synthesis). 

Depending on the dosage and route of exposure, just 500 ɛg of ricin (or 2 castor beans) can 

be lethal to an adult [1]. As of 2021, no effective antidote or vaccine for ricin poisoning 

has been approved for humans [4]. At present, new vaccines are in animal trials [5], [6] 

and have had notable success in non-human primates, who were saved from lethal doses 

of ricin by a vaccine, which provided passive immunity [7].  
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1.1.2 Current Methods of Detecting Ricin 

 

Due to ricinôs severe toxicity, many methods have been developed to detect it in 

various contexts (i.e., within biological tissues, environmental contamination, etc.) [1]. 

Standard approaches include immunoassays, mass spectrometry, and Nuclear Magnetic 

Resonance (NMR) based methods (see [1] and references therein). However, these 

methods are either impractical (e.g., mass spectrometry and NMR), as they utili ze complex, 

bulky machinery and require highly trained personnel, or are liable to false positive and 

negative results (e.g., immunoassays). For example, complex food samples containing 

lactose can interfere with the antibody capture of ricin giving faulty results [8], [9]. On the 

other hand, systems that rely on castor bean DNA (deoxyribonucleic acid) amplification 

can give false positives, because the assumption that the DNA correlates with the presence 

of ricin can be incorrect [10]. Therefore, in the event of a catastrophe, these methods 

present an inherent difficulty  in mounting an effective real-time response in the field. 

Consequently, there has been a recent push to develop next-generation, portable diagnostic 

devices which offer greater accuracy, convenience, accessibility and affordability [11]ï

[13].  
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1.2 Nanopores 

1.2.1 Biological vs. Synthetic Nanopores 

 

Portable nanopore-based diagnostic devices are quickly emerging as a versatile tool 

for detecting and characterizing biomolecules such as DNA and protein. Nanopores are 

nano-scale pores that span a freestanding membrane. Nanopores are categorized as either 

biological (made of membrane-bound proteins), or synthetic (solid-state nanopores) (SSN) 

which are commonly fabricated from Silica nitride (SiNx) or molybdenum disulfide (MoS2) 

[14], [15] (Figure 1.1). Nanopore-based devices were pioneered in 1996 when alpha-

hemolysin (a biological nanopore) was first used to detect RNA (Ribonucleic acid) and 

DNA [16]. This innovation eventually led to commercial nanopore-based DNA sequencing 

technology which still use a biologically based nanopore system [17], [18]. Current 

nanopore research is exploring the development of SSNs. SSNs are increasingly preferred 

over biological nanopores as a result of their superior chemical and physical resilience, 

control over pore size/geometry and surface chemistry/modification, as well as ease of 

integration into array platforms for nanopore biotechnology [19]. A recent review found 

that the signal-to-noise ratio (SNR) of current blockage in SiNx SSNs is superior to 

biological nanopores, primarily as a function of their ability to operate under a higher 

applied voltage without structural compromise [14]. The range of materials and highly 

tunable properties of nanopores mean that they are remarkably flexible for detecting 

specific biomolecules at the single-molecule level and characterizing their biophysical 

properties (i.e., primary sequence, secondary structure, charge, etc.).  
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1.2.2 Nanopore Biosensing: Concept & Experimental Set-Up 

 

The concept of the detection method is simple. The target molecules traverse or 

bind in the nanopore, and transiently block the flow of ions which move across the pore in 

response to an applied voltage (similar to a Coulter counter, which uses changes in 

resistance to counts and size objects going through an aperture). The specific pattern of 

blockage is then processed and mapped to the molecule. Nanopores have been used to 

detect and characterize important biomolecules including polypeptides, nucleotides and a 

variety of small, pharmaceutically relevant molecules [20]ï[23]. A typical experimental 

set-up takes place within a Faraday cage (to avoid external electrical noise), where a 

nanopore (or nanopore array) is set in an insulating membrane immersed in an electrolytic 

Figure 1.1: Illustration of biological and solid-state nanopores. A-B: Illustrations of the 

biological nanopores [101]; used with permission from AAAS. C: Top view of a solid-state 

nanopore array [102]; used with permission from AIP Publishing. D: Cross-sectional image of 

a 40 nm solid-state nanopore (obtained via a focused ion beam) [103]; used with permission 

from Nanotechnology, conveyed through Copyright Clearance Center, Inc. 
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solution. A voltage is applied across the cis and trans reservoirs via electrodes (i.e., 

Ag/AgCl). The corresponding current is detected by a transimpedance amplifier that 

converts it into a voltage, then a low pass filter is applied to reduce the noise before passing 

the signal to an analog to digital converter which is interpreted by a data acquisition card 

for a computer [24]. A typical experimental nanopore set-up is shown in Figure 1.2. For 

further details on nanopore fabrication/setup, see Waugh et al. (2020) (protocol is 

compatible with many different membrane materials) [25]. Nanopore devices can be 

modified in a number of ways to optimize the detection of a given analyte. For example, 

the pore geometry can be tuned to optimize DNA sequencing, or an aptamer can be affixed 

to the pore to increase its affinity for a specific protein (aptamers are short single-stranded 

nucleic acid molecules that are designed to have selective affinity for a target molecule - 

see the next section for more detail). Although nanopore systems are becoming easier and 

more reliable to manufacture, the design of effective nanopore devices can be greatly 

assisted through molecular dynamics (MD) simulations. 

 

 

 

 

 

 

Figure 1.2: Experimental nanopore-sensing set-up. A:  Simplified schematic illustrating how the 

signal from an experimental nanopore system is transduced to a computer Adapted with permission 

from [25] © Royal Society of Chemistry. B: Nanopore fabrication and sensing unit, along with a data 

acquisition card and current amplifier Adapted with permission from [67] © Nature Protocols. 

Fluidic Cell 

and Clamp 
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1.2.3 Ricin Detection Via Nanopores 

 

To date, just one experimental study has developed an integrated nanopore-aptamer 

system capable of selective, sensitive, and quantitative detection of ricin [26]. The aptamer-

encoded nanopore overcame the problem of selectivity associated with nanopore systems 

that attempt to detect single molecules via translocation-associated blockages. The problem 

arises as any particle smaller than the pore can generate a non-specific translocation 

blockage and confound analysis. In contrast, aptamers enable current blockages associated 

with a bound state. By binding molecules within the nanopore, the óboundô detection mode 

offers several advantages over the translocation detection mode. First, it enables discrete, 

stepwise current blocks corresponding to the sequential binding of individual ricin 

molecules; this feature enhances the sensitivity and signal-to-noise ratio (Figure 1.3). 

Second, it offers a signal distinct from non-specific translocation blockages which occur 

on a much shorter timescale (i.e.~10-4 s ï 0.1 s translocation blockage [27]ï[29] vs. ~6×103 

s for a bound blockage [26]). Finally, it enables the use of a larger pore size, which 

increases the capture rate compared to single-site detection and opens the possibility of 

multi-target detection via a universal pore. Indeed, a non-functionalized nanopore 56 nm 

in diameter yielded no blockage in the presence of ricin, as did the same system when 

functionalized with a non-anti-ricin aptamer [26]. This result suggests both are necessary 

to detect ricin and it eliminates the possibility of non-specific adsorption at that pore size. 
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Figure 1.3: Illustration of an experimental aptamer-encoded nanopore system to detect 

ricin . (a) Schematic illustrating the functionalized 56 nm diameter nanopore bound to ricin A-

chain. (b) Sample current (nA) vs. time (min.) recording; inset axes represent scale. Current 

trace corresponds to a 100 nM solution of ricin in 1M NaCl at -100 mV [26]; reprinted with 

permission of Analyst, permission conveyed through Copyright Clearance Center, Inc. 
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1.2.4 Aptamer Encoded Nanopores 

 

As previously mentioned, aptamers are short single-stranded nucleic acid 

molecules that are designed to have selective affinity for a target molecule. As recognition 

elements, aptamers are advantageous over antibodies (a protein-based analog) which have 

traditionally been used for label-free detection of molecules. Unlike antibodies, aptamers 

function reliably under non-physiological conditions and are easily amenable to 

immobilization on a variety of surfaces [30], [31]. Aptamer-target interactions are also 

much easier to tune via rational design or molecular evolution, and are cheaper to produce 

[30]. Furthermore, aptamers have several important advantages over antibodies in the 

context of nanopore-based detection. Firstly, aptamers are much smaller than their target 

molecule, which enables much clearer detection signals within a nanopore [26]. In this 

way, aptamers create the possibility of multi-molecule binding, which means that the size 

of the pore does not necessarily need to match the size of the target analyte. Finally, while 

the aptamer used by Ding et al. 2009 [26] was specific to ricinôs A chain, Lamont et al. 

2011 [32], developed a highly selective and sensitive DNA aptamer named SSRA1. Unlike 

many antibodies, which are confounded by complex food matrixes, this aptamer binds to 

ricin's B chain and can reliably concentrate the intact A-B complex [8], [9], [32]. For these 

reasons, we chose to use molecular dynamics to simulate and visualize the current blockage 

associated with ricin bound to a nanopore via an aptamer.  
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1.3 Molecular Dynamics Simulations 

 

 A fundamental challenge in biophysical research is attaining an atomic-level 

description and a mechanistic understanding of experimental results. Computer simulations 

offer a complementary approach. This paragraph provides a brief overview of the diversity 

of molecular dynamics (MD) simulations that exist and lists some of the specific MD 

approaches that were taken in this paper. These approaches will be explained in greater 

detail in the following sections. The goal of MD simulations is to identify causal factors 

underlying experimental observations by simulating and visualizing their effects on the 

dynamics of the system across time. MD has been used effectively in this manner to make 

advances in many fields, including physics, biology, and engineering. In essence, MD is 

used to predict and visualize how a system will evolve. A number of MD algorithms exist 

which range from highly detailed quantum-mechanical models (which are limited in 

timescale and length-scale) to coarse-grained methods (which are limited in detail but can 

reach larger timescales and length scales). Thus, the algorithm selected for a given 

investigation depends on relevant system-specific properties and questions. In other words, 

the selected simulation method is a compromise between computational feasibility and the 

level of detail it affords. We implement a coarse-grained MD simulation utilizing Langevin 

dynamics (LD) and the Weeks-Chandler-Andersen (WCA) potential [33]. Several earlier 

studies have used similarly Coarse-Grained/Atomistic Brownian Dynamics-based methods 

to study ion permeation through biological nanopores, and analogous nanopore systems to 

detect protein and DNA [34]ï[36].  
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1.3.1 Modeling Ricin: Coarse-Grained Simulations 

 

Coarse graining is a simulation approach that sacrifices fine detail for greater 

timescales and/or larger systems. In the present study, we remove ricinôs hydrogen atoms 

and treat the remaining, non-hydrogen atoms (ñheavy atomsò) as a rigid body similar to 

Noskov et al.ôs treatment of the protein Ŭ-hemolysin. [36]. This means the detailed bonded 

interaction dynamics between atoms are sacrificed and the non-hydrogen atoms are rigidly 

restrained to the center of mass (Figure 1.4). Although this model eliminates degrees of 

freedom (i.e., independent rotation and translation of bonded atoms), it largely retains the 

atomistic profile of ricin and permits a larger integration step between time steps based on 

its diffusion coefficient (Appendices A and B). As a result, we can reach timescales and 

observe dynamics appropriate to inform protein detection via the nanopore system 

(Appendix C). In nature, the structure of ricin is quite heterogeneous and can vary 

depending on glycosylation levels, deamidation, isoform (amino acid composition), post-

translational modifications, and environmental pH [37]ï[41]. Therefore, in this work, we 

used a simplified, non-modified or glycosylated model of ricin based on a crystal structure 

of ricin (PDB code: 2AAI) [42]. 

To retain the correct net charge of ricin while removing hydrogen atoms (which 

carry partial charges), the charge profile of each constituent amino acid residue had to be 

simplified. The atoms of neutral residues were set to zero, while the partial charges 

belonging to the atoms of charged amino acid atoms were redistributed as an integer value 

to the most acidic atom for negatively charged residues, or the atom adjacent to the most 

basic hydrogen for positively charged residues. For example, the acidic oxygen in 

glutamate was given a charge of -1e, while the charge of glutamateôs other atoms was set 
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to 0e (neutral). To generate this simplified charge profile, the software package 

GROMACS [43] and the forcefield CHARMM36 [44] were used in conjunction with a 

custom Python script. Ricinôs net charge was -2e, corresponding to an environmental pH 

of 7.3. Consequently, ricin was subject to an electrophoretic force from the electric field 

(Figure 1.4). That said, an experimental ricin-nanopore study found that even in conditions 

where ricin was neutralized, it could still translocate due to an electroosmotic force [26]. 

An interesting extension of the present investigation would be to model ricin under various 

pH values to better understand how unique charge profiles may affect current blockage 

dynamics. Limitations due to the simplification of ricinôs physicochemical properties are 

discussed in the following chapters. 

 

 

Figure 1.4: Coarse-Grained rigid -body model of ricin  based on (PDB: 2AAI ) [42]. (a) 

Illustrates of ricinôs charge profile; neutral, positive, and negatively charged atoms shown 

in teal, red, and blue respectively (based on a pH of 7.3), (b) represents the surface of ricin, 

(c) represents VDW radius of the atoms (ὶ ρȢχ B). Visualizations were prepared 

using VMD [104]. 
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1.3.2 Langevin Dynamics  

 

Langevin Dynamics (LD) is a mathematical approach to modelling the dynamics 

of molecular systems. LD is an equation of motion that eliminates the need to explicitly 

represent solvent particles by implicitly modeling their principal effects: drag and thermal 

fluctuation. This greatly reduces the computational expense associated with simulating the 

solvent, which in the present project would amount to ~106 water molecules. The Langevin 

equation is a second-order stochastic differential equation and has been described as the 

Ὂᴆ άὥᴆ of stochastic physics [43]. It is composed of two key terms: Ὂᴆ  and Ὂᴆ , 

that are added to the external (conservative) forces resulting from the equations of motion 

and non-bonded potentials where Ὂᴆ ᴆɳὟ. Thus, Ὂᴆ Ὂᴆ Ὂᴆ . The 

Langevin equation can be expressed in a simplified form as equation 1, or more formally 

as equation 2:  

 άὥᴆ Ὂᴆ Ὂᴆ  
(1) 

 

 ὥᴆὸ ɾὺᴆὸ  
ςὯὝɾ

άɝÔ
‚ᴆὸ (2) 

  
 

Ὂᴆ  includes the friction coefficient, ɔ, which models the drag force on a particle for a 

given solvent viscosity and therefore acts to dissipate particlesô kinetic energy. Ὂᴆ  is 

a stochastic (or random) fluctuation term that captures the net force from solvent-particle 

collisions in a thermal bath for a given thermal energy kT. The stochastic term ‚ᴆὸ is 

applied independently for each dimension (i.e., x, y, z), and across time, and has a time 

average of zero (Equation 2) and standard deviation of one. In Equation 2, particle 
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acceleration, velocity and mass are given by ὥᴆ, ὺᴆ , and m respectively; the integration step 

is given as ɝÔ. Together, this pair of forces composing the Langevin equation model 

particlesô loss and gain of energy due to a particular solvent at a given temperature due to 

molecular collisions. The fluctuation-dissipation theorem states that the drag force 

simultaneously dissipates a particleôs kinetic energy, and transforms it into heat [44]. 

According to the equipartition theorem, this energy is then equally redistributed to the 

molecular environment as translational, rotational, and vibrational energy. Consequently, 

the velocity (translational kinetic energy) of the colliding particles experiences a 

corresponding fluctuation. This phenomenon is illustrated by the Einstein Relation 

(Equation 3), which shows that a particleôs diffusion Ὀ is proportional to its thermal energy 

and inversely proportional to the friction coefficient: 

 

 

 

1.3.3 Diffusive and Ballistic Motion 

 

Diffusive motion is characterized by the ñrandom walkò trajectory of sub-

micrometer particles within a medium [45]. Two common ways of modelling this motion 

are Brownian Dynamics (BD) and Langevin Dynamics (LD). The key difference between 

these methods is that LD models particlesô inertia and has acceleration, while BD has no 

inertia, and therefore no average acceleration (at any timescale) ï a valid simplification in 

the so-called ñoverdamped regimeò when the drag force is much larger than the inertial 

force. Therefore, BD purely models diffusive motion while LD models both diffusive and 

ballistic, albeit LD motion is only ballistic (deterministic) at very short timescales (t< ɔ-1). 

At this timescale, inertia has a more prominent effect relative to random thermal kicks from 

                                        Ὀ  ύὬὩὶὩ ‒ ‎ά 
(3) 
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other particles. In LD, the state of a particleôs motion can be determined quantitatively by 

calculating how its velocity is correlated with itself over time or how its position deviates 

from a reference point across time. The first approach uses the velocity autocorrelation 

function (ACF), given by Equation 4: 

 ὅὸ ộὺᴆπϽὺᴆὸỚ 
(4) 

where ὅὸ is the velocity autocorrelation at time t, and ộỚ denotes the ensemble average 

of the product of velocities at different intervals of time, over the total time simulated. At 

short timescales ὅὸḙρ when normalized by ộὺᴆπϽὺᴆπỚ. This indicates acceleration 

and a velocity that is significantly correlated to itself. Conversely, as time increases it 

becomes uncorrelated (randomized) such that ộὺᴆπϽὺᴆὸỚ diminishes towards zero 

indicating no average acceleration (i.e., a random walk), which is the hallmark of diffusive 

motion. The second approach to distinguishing diffusive from ballistic motion is to assess 

the particlesô mean square displacement (MSD): 

 ὓὛὈ ộȿὼὸ ὼȿỚ. 
(5) 

The MSD characteristic of particles undergoing diffusive motion scales linearly with time 

according to Equation 6: 

 ὓὛὈ ςὲὈὸ 
(6) 

where n corresponds to the number of spatial dimensions considered and D is the diffusion 

coefficient (units: distance squared over time). However, in the ballistic time regime, MSD 

is proportional to ὸ. This proportionality can be derived using the equipartition theorem 

in one dimension and setting the translational kinetic energy equal to ὯὝ: 
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 ρ

ς
άộὺᴆỚ

ρ

ς
ὯὝ (7) 

 

  Next, the mean velocity is isolated: 

 
ộὺᴆỚ

ὯὝ

ά
 (8) 

 

Finally, Equation 5 is used to rearrange the units of velocity and solve for MSD: 

 ộЎὼỚ ὸ. 
(9) 

 

An illustration comparing the ballistic and diffusive regime is seen in Figure 1.5. 

Figure 1.5: Log-log plot of mean square displacement (MSD) vs. time for a particle 

undergoing Langevin dynamics. The MSD in the ballistic regime scales according to 

ὸ (pink line) and in the diffusive regime it scales according ςὲὈὸ (black line). The 

MSD along the x, y, and z dimensions are shown in red, green, and dark blue respectively. 
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1.3.4 Peclet Tuning  

 

Peclet tuning is a method of adjusting the drift-diffusion balance in coarse-grained 

simulations to match values derived experimentally. Drift is a ódirected motionô that arises 

from an external force while diffusion is a óchaotic motionô that arises from thermal noise. 

A charged particleôs average drift velocity ὺᴆ in an electric field Ὁᴆ is defined by its mobility 

coefficient ‘ according to the equation:  

 
‘
ὺᴆ

Ὁᴆ
 (10) 

 

Equation 10 shows that a particleôs electrophoretic mobility is a measure of the ease at 

which an electric field can affect its average velocity. In the present work, both the ions 

and ricin are charged and therefore subject to an electrophoretic force. Without Peclet 

tuning, simulations tend to overestimate diffusion and this significantly affects the 

probability of a translocation process where there is a transition from a diffusion to drift 

dominated regime (i.e. ions crossing a pore in response to an electric field) [46]. The Peclet 

number, Pe, is a dimensionless number reflecting the ratio of drift and diffusion of a 

particular species (i.e., dsDNA, ions, etc.). The Peclet number is defined as: 

 
ὖὩ  ‘

ɝ6

Ὀ
 (11) 

where ‘ is mobility, ɝὠ is the applied voltage and Ὀ is the diffusion coefficient. Once ὖὩ 

is determined using experimental values, it is set equal the simulation ὖὩ to tune the 

corresponding drift-diffusion balance simulated according to equation 12: 

 Ў6  ‎ Ὀ ὖὩ  
(12) 
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where Ў6  is the corresponding simulation voltage for ɝὠ , ‎ is the drag coefficient 

and Ὀ  is the simulation diffusion coefficient. In this way, the simulated particlesô 

relative motion is tuned to more accurately reflect the behavior seen experimentally. In this 

work, the Peclet number was specifically tuned to match experimental values for the ions 

in order to achieve realistic current traces for a given voltage and ion concentration 

(Appendix D). The Peclet number corresponding to the ions was in close agreement with 

the Peclet number based on estimated experimental values for ricin (Appendix A). Thus, 

unlike all-atom MD simulations, the physical value of the simulation timestep was limited 

by the diffusion of the ions rather than the vibration of hydrogen atoms (Appendix C). This 

enables highly efficient simulations which can reach the µs timescale required to study ion 

permeation. 

1.3.5 Pair-Potentials (Non-bonded & Bonded Interactions) 

 

The interactions defined between non-bonded particles play a critical role in 

governing the dynamics within a simulation. In the present work, non-bonded interactions 

are defined by intermolecular pair potential functions that model Van der Waals and 

electrostatic interactions. The force imparted by these interactions is simply the negative 

gradient of their corresponding potential function (Ὂᴆ ᴆɳὟ). Non-bonded interactions 

typically represent a computational bottleneck in simulations by virtue of the sheer number 

of pair interactions and the nature of their long-range effects. Therefore, the algorithms we 

use to model non-bonded interactions represent a trade-off between accuracy and 

efficiency (while still capturing their key effects on the system of interest). The following 

subsections explain how these two types of non-bonded interactions were implemented in 

the simulations.  
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1.3.5.1 Leonard-Jones and Weeks-Chandler-Anderson Potential  

 

Non-overlapping systems of particles arise by modeling excluded volume; this 

occurs in nature due to Van der Waals (VDW) interactions. The Leonard-Jones (LJ) 12-6 

potential is one of the most widely used potentials in MD simulations that model Van der 

Waals interactions [47]. Note, ñ12-6ò simply refers to the exponents of the two terms that 

comprise the repulsive and attractive components of the potential function: 

 

 Ὗ τ‐
„

ὶ

„

ὶ
 (13) 

 

where ὶ is the distance between the center of two particles, „ is the diameter of the particle 

(and where Ὗ π) and ‐ is the ñdispersion energyò, which corresponds to the attractive 

strength of dipole-dipole interactions [48]. Dipole interactions are forces of attraction or 

repulsion between molecules that arise as they seek to align transient or permanent partial 

charges. Figure 1.6 illustrates that the LJ potential models an infinite repulsive force as 

ὶO π (due to the Pauli exclusion principle, which states that electrons cannot occupy the 

same position) and a maximum attractive force of ‐ when ὶ ςȾ„, which then 

approaches an asymptote of 0 as ὶO Њ. However, this form of the LJ equation presents a 

practical problem for simulations because it has a theoretically infinite domain. This makes 

numerical calculations infeasible. One solution is to truncate the potential at a cut off 

distance ὶ . Unfortunately, this approach makes the potential function discontinuous and 

consequently, the particles would feel no force beyond ὶ  and a large force at ὶ . This 

is unphysical behavior for nanoscale systems and therefore problematic. This problem is 

avoided by shifting the potential up by ‐ so that it goes smoothly to zero (Figure 1.6). The 

combined effect is that the potential function is now continuous, purely repulsive, and 
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models the particles as ñsoft spheresò by choosing ὶ  to be slightly larger than „. The 

result of the shifted and truncated LJ potential is known as the Weeks-Chandler-Anderson 

(WCA) potential [33]: 

 

Ὗ
τ‐

„

ὶ

„

ὶ
‐ ὭὪ ὶ ὶ

π                                          ὭὪ ὶ  ὶ

 (14) 

where ὶ is the distance between the core of two particles, „ is the diameter of the particle 

and ‐ is the dispersion energy and ὶ ςȾ„.  While the standard LJ potential is more 

complete, the use of the WCA potential is justified in certain coarse-grained models where 

the long-range dispersive forces are of second-order importance to the experimental 

question. In the present work, short-range repulsive interactions (i.e., excluded volume) are 

the primary factor influencing current blockage so use of the WCA potential was justified. 

Figure 1.6: Comparison of Leonard Jones (LJ) and Weeks-Chandler-Anderson 

(WCA) potential. Ὗ represents potential energy, and ὶ is the distance between the core 

of two particles, where „ and ‐ are each set to 1 (and ὶ is in units of „). The LJ potential 

is shown in blue and the WCA potential is orange. The burgundy dashed line represents 

the cut-off distance for the WCA potential. The black dashed line indicates Ὗ π; when 

Ὗ π the force is attractive and when Ὗ π the corresponding force is repulsive. 
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1.3.5.2 Reaction Field Electrostatics 

 

Electrostatic interactions occur between charged particles and are governed by 

Coulombôs law. Because the electrostatic force decreases as the square of the distance 

between the charges there arise computationally expensive long-range interactions that 

have an increasingly minute effect. Therefore, it is common practice in MD simulations to 

implement an electrostatic cut-off distance ὶ; this distance is typically in the range of 12-

14 Å [49]. However, the naive truncation and omission of electrostatic forces beyond ὶ 

erroneously models the polarization of particles and mediumsô dielectric properties. This 

is because the truncation causes an unphysical charge cloud to form along the surface of a 

sphere surrounding an oppositely charged central particle. The result is an artificial 

depolarizing electric field that opposes the polarization of the central charged particle. A 

reaction field must be incorporated into electrostatic calculations to correct this unphysical 

depolarization, and produce results that are qualitatively consistent with experimentally 

predicted polarization and dielectric properties [50]. Onsager first introduced the concept 

of a reaction field, as the non-orienting part of a local electric field that is itself dependent 

on the instantaneous orientation of a given dipole [51], [52]. Our simulations implement 

reaction-field electrostatics according to Equation 15 [53]: 

 
ὠ ὶ ήή ‐

ρ

ὶ

‭ ρὶ

ς‭ ρὶ
 (15) 

 

where ή and ή are the charges of the particle pair, ‐ is the permittivity of free space, ὶ is 

the distance between particles and ὶ is the cut off distance (14 Å), and ‐  is the uniform 

dielectric constant of the solvent beyond ὶ  (e.g., ‐  is ~81 for pure water).  
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1.3.6 FENE Bonds: Aptamer Model 

 

Ricin has been detected experimentally via nanopore systems using ricin-binding 

aptamers (RBA) which increase a nanoporesô affinity for ricin thereby assisting in its 

detection [32], [53], [54]. Aptamers are short oligonucleotides (DNA or RNA-based 

polymers) that are specially designed to selectively bind target molecules such as proteins. 

In this thesis, the aptamer is modeled as a short polymer bound to ricin and anchored inside 

of the nanopore (Figure 1.7). The bonds between aptamer particles and ricin are modeled 

using a Finitely Extensible Nonlinear Elastic (FENE) potential. The FENE potential 

modifies the Hookean spring (Ὗ ‖ὼ) by defining a maximum separation 

distance between two bonded particles ὶ  and is expressed as Equation 16: 

 
Ὗ

ρ

ς
‖ὶ ÌÎρ

ὶ

ὶ
 (16) 

 

where ‖ is a constant defining the magnitude órestorative forceô and ὶ is the distance 

between the center of two bonded particles. In order to prevent unphysical bond-crossing 

events (when a particle forces its way between two bonded particles) the values of ‖ and 

ὶ  were set as σπ ‐Ⱦ„ and ρȢυ „ respectively, according to a polymer model developed 

by Kremer and Grest [55]. The combined energy associated with the WCA potential and 

FENE potential is shown in Figure 1.8. This plot shows that ὟᴼЊ both as two particles 

begin to significantly overlap (due to excluded volume as previously discussed), and as 

ὶO ὶ  (because the bonds are only finitely extensible). Furthermore, Figure 1.8 shows 

that when ὶḙπȢωφ „, a stable equilibrium is reached Ὂᴆ π, thus representing 

the mean bond length. 
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Figure 1.7: Illustration of the Aptamer Model. (a) Illustrates the top view of ricin bound 

to the nanopore via the aptamer (The A chain is shown in blue and the B chain in yellow). 

(b) Illustrates the FENE bonds between the aptamer particles and ricin. The black line is ὶ 

corresponding to Ὗ . Images were prepared using VMD [104]. 

 Figure 1.8: Illustration of combined WCA and FENE potential. The dashed black and 

burgundy lines correspond to the equilibrium and maximum bond length. The values of ə 

and ὶ  were set as 30 Ů/ů2 and 1.5 ů according to the model developed by Kremer and 

Grest [55]. 
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1.3.7 Velocity Verlet Numerical Integration  

 

Due to the complexity of the coupled differential equations governing the particlesô 

motion, they must be integrated numerically. This means the trajectory is approximated as 

a series of discrete positions with a timestep ɝὸ. Numerical integrators face the challenge 

of being both accurate (i.e., preserve conservation laws) and computationally efficient (i.e., 

allowing the largest possible time step for a given level of accuracy). We chose a commonly 

used integrator called the velocity Verlet algorithm which fulfills these criteria. The 

integration scheme requires the initialization of each particleôs position and velocity and 

proceeds by iterating through the following algorithm which simultaneously updates each 

particleôs position and velocity at each time step [56], [57]: 

1. Calculate óhalf-stepô velocity as ὺ ὸ Ўὸ ὺὸ ὥὸЎὸ 

2. Update position as ὼὸ Ўὸ ὼὸ ὺὸ ЎὸЎὸ 

3. Calculate acceleration ὥὸ Ўὸ Ὂ Ⱦά  based on positions: 

ὼὸ Ўὸ) 

4. Calculate new velocity ὺὸ Ўὸ ὺ ὸ Ўὸ ὥὸ ЎὸЎὸ 

5. Update timestep ὸ  ὸ Ўὸ 

The velocity Verlet algorithm is a symplectic integrator, meaning it is conservative of 

important quantities such as energy and momentum and is time reversible [58] 

Consequently, the global error of the simulation over a long time is very small, leading to 

stable and accurate simulations.  
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Chapter 2: Simulation Methods, Setup, and Observables 

 

2.1 Simulation Package (HOOMD-blue) 

 

This section describes the simulations used to relate ricinôs dynamics to the current 

blockage across a nanopore under various conditions. The simulations were implemented 

using the software package HOOMD-Blue [59]. HOOMD-Blue was a desirable package 

because it supports all the required physics and is optimized to execute simulations on a 

graphics processing unit (GPU) which reduces the simulationsô computation time 

(compared to CPU-based computation). It also supports neighbor lists, which accelerate 

the search for pairs of atoms within a cut-off radius to calculate the non-bonded interactions 

and increase the efficiency of the simulations. Furthermore, as a Python package, 

HOOMD-Blue makes it ñeasyò to create custom initialization routines, control simulation 

parameters, and analyze simulations.  

2.2 Simulation Parameters and Features 

Each simulation was repeated three times with unique seed states for statistics and 

was set in a (300 „)3 cubic cell with periodic boundary conditions along each dimension. 

A single nanopore was centered at the coordinate (0,0,0) and was constructed using a WCA 

wall potential (Figure 2.1). KCl was selected as the solute because it has been used in 

experimental nanopore-based protein detection studies, and similarly, the concentration of 

200 mM was used as it too is within the typical range of such studies [60], [61]. It is 

important to note, that both ionic strength and identity can have a critical and sometimes 

unexpected impact on protein translocation behaviour [61], [62]. However, the coarse-

grained nature of the simulation may have prevented the capture of the nuanced 
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physicochemical dynamics related to ionic identity. Ions were initialized in a random, non-

overlapping (energetically favorable) configuration and equilibrated to achieve a steady-

state ionic current. Ricin was modeled as a rigid body containing its non-hydrogen atoms 

and tethered to the nanopore via a series of óaptamerô beads using FENE bonds (Chapter 

1). The radius of the constituent protein and aptamer particles was 1.7 ů, based on Van der 

Waals radius of Carbon, [63] while the radii of the ions were based off the hydrodynamic 

radius of K+ and Cl- and were 1.295 ů and 1.245 ů respectively [64]. The He and Niemeyer 

correlation [65] was used to estimate ricinôs experimental diffusion coefficient as 7.18 × 

10-11 m2·s-1 (Appendix A), and the simulation diffusion values were tuned to match 

experimental values via the friction coefficient ‎ (Appendix B).  

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Snapshot of nanopore system. Each simulation utilized a cubic 300 „ box with 

periodic boundaries along each dimension at Ñ150 ů (blue outline). The nanopore is depicted in 

gray and is centered at (0,0,0). Ricinôs A and B chains are colored in blue and yellow respectively, 

K
+
 ions are purple, Cl

-
 ions are green, and aptamer beads are red. 
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Once the system was initialized, a Peclet-tuned space-dependent electric field was 

applied across the nanopore (Figure 2.2). This electric field was implemented according to 

the methodology described by Farahpour et al. (2013) [66], but with a uniform electric 

field implemented across the thickness of the pore. This electric field was implemented to 

better model the access resistance associated with typical insulating solid-state nanopores 

[68]. Each system then underwent an initial phase of equilibration (where the electric field 

was set to zero), prior to the production run, where the trajectory data was output and saved 

for analysis (see Appendix F for output frequency validation).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Space-dependent electric field. Ion translocation velocity vs. z-coordinate (0, 0, 

z), where ὯὝ π to eliminate thermal noise. The dashed black lines represent the top and 

bottom of the nanopore (Ñ 30 ů) ï within this region the electric field is uniform (not space-

dependent). Voltages represent the experimental values that the electric field was Peclet tuned 

for 200 mV (blue), 400 mV (green), and 600 mV (red); see Appendix D for more details. 
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The WCA potential was used to model Van der Waals interactions between 

particles and electrostatics was modeled using the reaction field method. The specific 

coefficients implemented for these features are summarized in Table 2.1. An approximate 

conversion of simulation time and length to their corresponding SI units is available in 

Appendix C.  

 

  

  

Table 2.1: Summary of Shared Simulation Parameters 

Parameter Value 

Box size (300 „)3  

Timestep  Ўὸ πȢπρ 

Equilibration ρπ ÓÔÅÐÓ 

Run ς ρπ ÓÔÅÐÓ     (Trajectory output period = ρπ ÓÔÅÐÓ 

FENE bonds ‖ σπ ‐Ⱦʎ ὶ ρȢυ ʎ   

Voltages  200, 400 & 600 mV (Peclet numbers: 8.5, 17 & 25.5)  

Reaction Field 

electrostatics 

ὶ ρτ „ ‐ χψȢυ   

WCA potential ὶ ςʎȾ  ‭ ρ  

ʎ ςȢυω ʎ ςȢτω ʎ  Ǫ σȢτ 
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2.3 Simulated Ricin-Nanopore Systems 

The goal of the following simulations was to elucidate conditions that optimize the 

detection of ricin in various regimes of the nanopore. Three different detection regimes 

were explored as follows: (1) the cis regime, (2) the interior (or cylinder) regime (i.e., 

within the pore cylinder), and (3) the trans regime. Each regime was defined by the z 

coordinate of ricinôs center of mass (COM). The trans regime was subcategorized as 

ópartialô or ófullô, based on whether the entire ricin molecule could enter the trans regime, 

not just the COM. Various pore radii, applied voltages, lengths of aptamer and aptamer-

pore conjugation sites were evaluated, while salt concentration and pore height were held 

constant at 200 mM and 60 ů respectively. The specific parameters explored for each 

detection modality are summarized in Table 2.2 and are illustrated in Figure 2.3. Because 

ricin was modeled as a rigid body, ricin could not deform or conform to the nanopore 

irrespective of the force acting on it. As a rigid body, the maximum span of ricin was 

approximately 45 ů, 67 ů, and 81 ů across each of the three dimensions and the radius of 

gyration was 25 ů. Consequently, among the pore radii explored, translocation was only 

possible for rp Ó 35 ů (Figure 2.3).  

Figure 2.3: Snapshots of sample systems representing each detection modality. The 

detection modalities illustrated are as follows (a) cis regime (rp = 15 ů, 15-bead tether), (b) 

pore interior (rp = 45 ů, 3-bead tether), (c) partial trans regime (rp = 35 ů, 8-bead tether), 

and (d) full trans regime (rp = 55 ů, 15-bead tether). 

CIS 

Trans 
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Table 2.2: System-Specific Simulation Parameters  

Target Detection 

Modality of Protein  

Cis Regime* Interior 

Regime 

Partial  

Trans Regime 

Full Trans 

Regime 

Aptamer-pore 

conjugation site 

Cis side of the 

pore 

Pore 

Interior 

Cis side of the 

pore 

Cis side of the 

pore 

Aptamer length, ů 76.5 15.3 25.5, 41, 51.0 76.5 

Aptamer, n beads 15 3 5, 8, 10 15 

Nanopore radius, ů 5, 10, 15, 25 35, 45, 55 35, 45, 55 35, 45, 55 

Voltage, mV  200, 400, 600 

Peclet number 8.5, 17.0, 25.5 

Constant variables  [KCl] = 200 mM, Pore height (hp) = 60 ů, kT = 1 

* Note: All rp Ó 35 ů with an aptamer length greater than 3 beads did not yield significant 

current blockage while ricin was in the cis regime, and therefore these simulations are not 

included in the óCis Regimeô column. 
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2.4 Simulation Observables and Metrics 

2.4.1 Current Assessment: Open, Blocked, and Fractional Event Amplitude 

Before the current blockage due to ricin could be assessed, the steady-state open-

pore had to be determined. This baseline current Ὅ could then be compared to the 

ñblockedò current. A python script was used to obtain current traces by counting the 

number of ions to complete translocation across the pore for each frame of the output 

trajectory. More detail regarding the python scripts used to calculate the current is available 

in Appendices G and H. The mean open pore current can be estimated according to 

Equation 17 [67]:  

 
ὍϚ
ὠ

Ὑ
ὠ‖

τὬ

“Ὠ

ρ

Ὠ
 (17) 

where ὠ is the voltage, ‖ is bulk conductivity; d and Ὤ are the diameter and height (or 

thickness) of a cylindrically shaped nanopore [67]. The two resistance terms represent the 

resistance due to the volume of the pore , which constricts the space available for the 

current, and the access resistance ρȾς‖Ὠ, which results from the current paths converging 

from the bulk solution to the poreôs opening and becomes dominant with larger pore radii 

[68], [69]. Thus, the total resistance is as follows: Ὑ Ὑ ςὙ  (Figure 2.4).  

h 

 d 

 

Figure 2.4: Components of nanopore resistance (╡╣▫◄╪■╡▬▫►▄ ╡╪╬╬▄▼▼). 
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The difference between the baseline and open current ЎὍ is the blockade amplitude. Prior 

studies have shown that the instantaneous blockage amplitude (Ў) is approximately 

proportional to the instantaneous excluded volume of the analyte within the pore ɤ) [70]; 

this relation can be expressed as Equation 18 and illustrated in Figure 2.5: 

 
ɝὍ

‖ὠɤ

Ὄ
ρ Ὢ

Ὠ

Ὀὴ
ȟ
ὰ

Ὄ
  (18) 

 

where ὠ is the voltage, ‖ is bulk conductivity, Ὄ  is the effective thickness of the pore 

(accounting for the extension of the electric field lines beyond the physical thickness of the 

pore), Ὠ  and ὰ are the diameter and length of the target protein, Ὀὴ is the diameter of a 

cylindrical nanopore and ὪὨȾὈȟὰ ȾὌ  is a correction factor (primarily accounting 

for the particular geometry of the protein, but also a variety of other possible parameters) 

[70].  

Next, ЎὍ is used to calculate the fractional event amplitude ЎὍȾὍ, which is a 

measure of the overall current blockage signal. This value is then set as a ratio to the overall 

electrical noise In of the baseline current Ὅ to compose the overall signal-to-noise ratio 

(SNR) [67]; In was quantified as the SD of Ὅ (which, assuming a Gaussian noise, is 

Figure 2.5: Schematic diagram of factors contributing to æI , according to Equation 18. 

Adapted with permission from [70], © 2009 American Chemical Society. 
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equivalent to root mean square (RMS) of the electrical noise). Studies suggest that for 

practical purposes, the SNR must meet or exceed a value of ~2, to distinguish it from 

background electrical noise [60], [67]. Therefore, to reduce In and thereby improve the 

SNR, the ñopenò and ñblockedò current traces were pre-processed as a moving average 

over τ ρπ Ű.  

2.4.2 Protein Distance and Current Correlations 

The distance of ricinôs COM to the coordinate of the center of the pore (0,0,0), was 

recorded to determine how it corresponded to the current blockage, and to determine the 

corresponding detection regime (previously described). The sign of the COM distance was 

given as the sign of its z-coordinate, i.e., a positive COM distance corresponds to the cis 

regime, while a negative COM distance corresponds to the trans regime (Figure 2.6).  

Figure 2.6: Definition of ricinôs center of mass (COM) distance. The nanopore is 

depicted in gray and is centered at (0,0,0). Ricinôs COM is depicted as an enlarged light-

purple sphere. The green arrow represents the COM distance. The z-axis was defined as 

positive in the cis regime and negative in the trans regime. The A and B chains of ricin are 

blue and yellow, and the aptamer is coloured red. 
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Chapter 3: Results & Discussion 

The results for the four systems previously described in detail in Chapter 2, will 

now be discussed. Each unique plot of Ricinôs COM distance and corresponding current 

trace vs. time are available as Appendices. Only select plots are included within this chapter 

for succinctness in illustrating the general trends and features. 

3.1 Open Pore Current Assessment 

Before assessing currents associated with the ricin-mediated pore blockage, the 

open pore currents were analyzed to get a baseline current. It was also important to assess 

how faithfully the simulation model reproduced the theoretically expected current across 

the range of pore sizes and applied voltages assessed. Experimental studies have shown 

that the confining effect of nanopores can affect the flow of water molecules and ions; 

nanopore radius, wettability (i.e., whether it is hydrophobic or hydrophilic) and applied 

voltage have all been shown to affect this behavior by altering hydrogen bonding and ionic 

hydration shells [71]ï[73] and simulations did not model these effects. As seen in Figure 

3.1, the simulated currentôs behaviour was consistent with theory (Equation 17, Chapter 2) 

across various voltages for a given nanopore radius, but not for a given voltage across 

nanopore radii. A linear regression of the current vs. pore radius log-log plot (Figure 3.1c) 

shows that the relationship is between linear and quadratic, and that it increases with 

voltage. Interestingly, Sahu and Zwolak [74] cite earlier simulation studies that 

demonstrate a conflicting relationship between Ὑ  and the pore radius; some studies 

report it is proportionate to ρȾὶ [75] while others say it is proportionate to ρȾὶ [76]. 

Although the present method simplifies some dynamics influencing Ὑ , even all-atom 

simulations cannot accurately model it; this means that the simulation results may not be 
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directly quantitatively comparable to experiments [77]. The discrepancy (and dependency 

on voltage) in the present work is likely related to the simulation cell geometry and the 

periodic boundary conditions implemented as described by Sahu and Zwolak [74], [78]. A 

non-physical interplay of the simulation cell geometry and electric field can distort the 

ionic density and potential at the upper and lower ñzò periodic boundary potentially [Sahu] 

explaining why the exponent increases with voltage and the fact that voltage-normalized 

current data points do not line up with each other (Figure 3.1). This possibility is explored 

in Appendices I & J and it did appear to have a minor contribution the current behavior 

warranting further exploration. 
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Figure 3.1: Open pore current assessment. A: Current vs. Applied Voltage - each subplot 

indicates the corresponding pore radius (rp). Red line represents fit to Equation 17. B: Current 

normalized by voltage vs. pore radius. C: Log-log plots of current vs. pore radius. The error bars 

represent ± SD of the raw data (without moving average) and the KCl concentration was 200 mM. 
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3.2 Detecting Ricin in the Cis Regime of the Nanopore 

 This section characterizes the current blockage caused by ricin within the cis regime 

with respect to various nanopore radii and applied voltages. The simulations were first 

analyzed by plotting ricinôs COM distance and corresponding current vs. time, as seen in 

Figure 3.2 (other current traces are available in Appendix K). These plots revealed basic 

trends such as a strong global correlation between ricinôs position and current blockage, 

indicating relatively stable blocked states. These plots also revealed a preferential blockage 

of ionic current that was dependent on ricinôs location within the pore. For example, Figure 

3.2 shows that the localization of ricin at the cis mouth of the pore resulted in a greater 

blockage of K+ than Cl- (also see Figure 3.4d). This phenomenon was observed in the other 

detection regimes as well and will be revisited in more detail following a discussion of the 

remaining detection regimes. The next step of analysis was to further define the blocked 

Figure 3.2: Ricinôs COM distance, ů and current trace vs. time, Ű. The COM distance is shown as a blue 

solid line while the K+ and Cl- currents are shown as purple and green solid lines, along with their respective 

mean baseline values (dashed lines). Each subplot title indicates the unique replicate, as well as the global 

Pearson correlation for the COM distance vs. current. The pictorial illustrations are colour-coded according 

to the time and simulation that the snapshot was taken (see corresponding triangles along x-axes).  

System conditions: rp = 25 ů, voltage = 600 mV, 15 bead (76.5 ů) tether. 
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states by collating all three replicates and plotting the current trace as a function of ricinôs 

position (Figure 3.3a). For each system exhibiting notable current blockage, one or two 

distinct blockage clusters were subjectively observed (Figures 3.3 and 3.4a). These clusters 

were associated with COM distances around 60 ů or less (Figure 3.4a). Interestingly, this 

distance corresponds with the distance one might expect ricin to be if it was docked near 

the mouth of the pore, which indeed was the case (Figure 3.3b). For example, the pore 

mouth was 30 ů from the origin (0,0,0) and ricinôs radius of gyration is ~25 ů, so the sum 

of these distances is 55 ů, which is close to 60 ů. This result reiterates that the proteinôs 

distance from the pore is therefore an important design consideration - particularly for 

aptamer-encoded nanopores where the tether length is tunable [34]. Furthermore, the 

currents associated with the blocked states did not typically exhibit a high level of noise, 

and this aids signal detection. In contrast, the base clusters (which did not correlate to 

significant current blockage), were insensitive to ricinôs position and were generally 

associated with COM distances that were > 60 ů. That said, two notable exceptions to this 

trend were observed when rp = 15 ů at 200 mV and when rp = 10 ů at 600 mV. The former 

system demonstrated relatively high variability in current blockage, and the latter 

demonstrated limited current blockage even at COM distances Ò 60 ů (Figure 3.3a). Both 

cases shared a ñsidewaysò orientation and limited pore penetration. Thus, these examples 

illustrate the importance of orientation and pore occupation as important factors 

modulating current blockage which could plausibly be impacted by proteinsô fold-states 

[79], [80]. This is an encouraging result because it suggests that it may be possible to 

discriminate similarly sized proteins based on their fold-state and corresponding binding 

orientation or ability to occupy the pore. This would represent an exciting possibility of 
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diagnosing and monitoring disease states by identifying current traces associated with 

misfolded proteins (such as in prion disease [81] or amyloid-ɓ in Alzheimerôs [82]).  

 

 

  

(a) 

(b) 

Figure 3.3: Cluster analysis of KCl current, ū vs. ricinôs COM distance, ů for the cis regime. A:  

Scatterplot of current vs. COM distance (each subplot consolidates data from three replicates). Clusters 

were subjectively identified visually based on an increased density of data points. Data shown in black 

were considered ñtransitional clustersò. B: representative illustrations of cluster events (note: images 

are not all equivalently scaled and/or cropped).  
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 Next, to determine which nanopore size and applied voltage facilitated the greatest 

signal, the open and blocked currents were plotted alongside each other (Figure 3.4c). Of 

the pore radii tested, rp < 15 ů and rp > 25 ů did not yield significant current blockage when 

ricin was in the cis regime (Figure 3.4b). In contrast, the 25 ů and 15 ů pores were large 

enough to allow ricin to dock within the pore mouth without bouncing away, and thus exert 

a larger and more stable effect on the pore resistance by increasing its volume fraction 

within the pore. Therefore, the maximal fractional event amplitude was then analyzed for 

these pore sizes. This analysis showed that the magnitude of current blockage and ЎὍȾὍ 

increased with voltage, and this result is in accord with experimental results [83] and is 

implied by Equation 18 in Chapter 2 (Figure 3.5). The 25 ů pore elicited the greatest ЎὍȾὍ 

for +#Ì at value of 0.41, followed by the 15 ů pore at 0.23, both at 600 mV (Figure 3.5). 

However, even though ЎὍȾὍ increased with voltage, the results preliminarily indicate that 

tuning the voltage can optimize detection signal consistency. For example, in Figure 3.3, 

there are two unique blockage states at 600 mV for both rp = 15 ů and rp = 25 ů vs. one 

blockage state at 400 mV. Furthermore, the greatest SNR (16.27) occurred when rp = 25 ů 

at 400 mV (Table 3.1) even though the greatest ЎὍȾὍ occurred at 600 mV (Figure 3.5). 

Thus, high voltages may arbitrarily pin the protein to the pore even if it is not in the most 

energetically favorable orientation. This can lead to greater variability in current traces 

independent of protein denaturing effects of high voltages (see section 3.6). Overall, this 

work shows that the cis detection modality is sensitive to analyte orientation, and is a 

plausible, and even a highly desirable method of detecting single molecules that are similar 

in size to the nanopore.  
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Figure 3.4: Maximum current blockage event vs. nanopore radius for the cis regime. A: Plots of the mean 

position and current of the clusters shown in figure 3.4a); y and x error bars represent the ± SD of the current 

and distance respectively. B: KCl current blockage vs. pore radius, based on clusters shown in subplot (a), as 

well as additional data for pores Ó 35 ů (processed in the same manner). C: Baseline KCl current and maximum 

blocked current (cluster 1) at 600 mV for rp Ò 25 ů. A quadratic regression (blue line) and theoretical relation for 

open-pore current (black line) are fit to the baseline current; a linear regression is fit to the maximum blocked 

current. D: Maximum fractional event amplitude (ЎὍȾὍ) vs. pore radius corresponding to blocked states shown in 

subplot (c). Error bars represent ± SD (n = 3). 

(b) 

(c) (d) Max. æI/Io [600mV] Io and Max. Current Blockage [600mV] 

(a) 
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As an extension of this work, it would be interesting to explore nanopore 

geometries that are complementary to target moleculesô surface geometry (similar to the 

lock-and-key model of enzyme-substrate interactions) as a means to label-free ï and 

perhaps ï even aptamer-free detection of specific analytes. 

Figure 3.5: Maximum current blockage event vs. voltages for the cis regime. Max 

blockage corresponds to cluster 1 blockades in Figure 3.4a. Left: current difference (◖) 

between open and blocked state; right: fractional event amplitude.  

 

Table 3.1: Signal-to-Noise Ratio for Maximal Cis Regime Current blockages 

 Applied Voltage, mV 

Radius, 

ů 
200 400 600 

15 7.07 11.98 13.31 

25 10.88 16.27 14.54 
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3.3 Detecting Ricin in the Internal Regime of the Nanopore 

 

 When ricin was restrained within the nanopore cylinder via a short aptamer, the 

associated current blockages were significant and stable (Figure 3.6 and Appendix L). Even 

though these current blockages were significant, the simulations revealed a conspicuous 

variation in the degree of blockage corresponding to distinct variations in ricinôs orientation 

and position. For example, replicate 3 in Figure 3.6 (right subplot) illustrates that ricin 

begins with its A-chain oriented downwards before flipping upwards with a subsequent 

decline in current blockage. This finding fits with earlier experiments and simulation 

results that linked the rotational dynamics of single proteins to temporal and orientational 

modulation of ionic current [79]. The authors even linked the corresponding current 

modulation to five unique parameters including shape, volume, charge, rotational diffusion 

coefficient, and dipole moment [79]. These results support the feasibility of probing these 

parameters at the single-molecule level suggesting exciting diagnostic possibilities. 

Figure 3.6: Ricinôs COM distance, ů and current trace vs. time, Ű. The COM distance is shown in blue 

while KCl current trace, and baseline current is shown as a solid and dashed orange lines. Each subplot title 

indicates the replicate, as well as the global Pearson correlation for the COM distance vs. current. The 

pictorial illustrations are color coded according to the time and simulation that the snapshot was taken (see 

corresponding triangles along x-axes). System conditions: rp = 45 ů, voltage = 600 mV. 
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 In general, ЎὍȾὍ increased as the voltage increased and as rp decreased (Figure 

3.7). In accordance with these trends, the greatest ЎὍȾὍ was 0.36 (SD = 0.04), which 

occurred when rp = 35 ů at 600 mV. These results fit  with the volume exclusion model of 

current blockage [67], [70], [84]. As previously mentioned, in small pores, access 

resistance accounts for a relatively small fraction of the total resistance across the 

nanopore, and so as ricin occupies a larger volume fraction of the cylinder, the conductivity 

through the pore decreases. Voltage likely increased ЎὍȾὍ by increasing the magnitude of 

resistance imparted by ricin, which is consistent with previous studies [70], [85], [86]. 

However, the ЎὍȾὍ noise increased as the voltage increased when rp = 45 ů (Table 3.2), 

and this was likely attributable to a corresponding increase in the tumbling of ricin (Figure 

3.6). For example, the SD corresponding to ЎὍȾὍ for the 45 ů and 55 ů pore was 88% and 

98% of ЎὍȾὍ at 600 mV (Figure 3.7). In contrast, the 35 ů pore restricted tumbling, and 

the SD was only 12% of ЎὍȾὍ at 600 mV, and also facilitate the greatest SNR (11.23) for 

this detection modality (Table 3.2). This result indicates that the tumbling of the analyte 

can be a significant source of noise, which can be mitigated by tuning voltage and nanopore 

geometry. Similarly, Li et al. (2013) found that the translocation of glucose oxidase through 

a nanopore yielded two unique blockage types and hypothesized that these were due to a 

horizontal and vertical orientation [87]. Thus, as previously mentioned the tumbling of 

proteins within a nanopore may yield distinct anisotropic resistance specific to the proteinsô 

orientation. In the present simulation, this effect was likely mediated by a reduction in the 

protein volume fraction within the pore (Figure 3.6 & 3.7). A greater range of nanopore 

sizes and shapes (truncated-cone, hourglass, square column, etc.) and more replicate 

simulations and/or longer simulation times would help probe this effect more robustly by 
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gathering a greater pool of events. Other ways to potentially reduce or enhance tumbling 

could include the usage of a modified magnetic antibody (or aptamer) nanoparticles [22] 

or tagging ricin with a polylysine peptide [88] to introduce a stronger dipole to ricin and 

facilitate a tumble resistant orientation in the presence of an electric field.  

 

Table 3.2: Signal-to-Noise Ratio for Interior  Regime Current blockages 

 Applied Voltage, mV 

Radius, 

ů 
200 400 600 

35 9.28 9.23 11.23 

45 5.74 4.89 4.06 

55 1.95 1.55 2.22 

 

Figure 3.7: Mean fractional event amplitude (Ў╘Ⱦ╘▫) vs. pore radius (internal regime). Error 

bars represent ± SD (n = 3). Data points are staggered for clarity (i.e., rp = 35 ů, 45 ů, or 55 ů 

only), only systems restraining ricin to the pore were included (i.e., those using the 3-bead tether). 
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3.4 Detecting Ricin in the Trans Regime of the Nanopore  

Detecting ricin tethered using longer tether lengths that facilitated partial and 

complete translocation events appeared to be less efficacious than either the cis or cylinder 

detection regimes. First, although the additional tether length permitted a wider variety of 

blockage events (i.e., within the cis, cylinder, and trans regime), the blockage events tended 

to be transient and inconsistent or insignificant (Figure 3.8). In addition to tether length, 

the variety of events may also have been influenced by the nanopore size. For example, 

when rp = 35 ů, the protein could not effectively reorient itself without fully backtracking 

out of the pore (Figure 3.8, left subplot). In contrast, when rp Ó 45 ů, ricin had no difficulty 

reorienting (if required) on route to its partial or complete translocation (depending on the 

length of tether). Tethers ranging from 5-10 beads (or 25.5-51 ů in length) facilitated partial 

Figure 3.8: Ricinôs COM distance, ů and current trace vs. time, Ű (partial translocation). The 

COM distance is shown in blue while the KCl current trace and baseline current are shown as a 

solid and dashed orange lines. Each subplot title indicates the replicate number as well as the global 

Pearson correlation for the COM distance vs. current. The pictorial illustrations are colour-coded 

according to the time and simulation that the snapshot was taken (see corresponding triangles along 

x-axes). System conditions: rp =35 ů, voltage = 600 mV, 10-bead tether. 
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translocation and generally yielded sustained but shallow current blockages (Figure 3.8 and 

Appendix M).  

On the other hand, the 15-bead (76.5 ů) tether, which facilitated complete 

translocation across the pore, allowed ricin to oscillate in and out of the trans side, 

generating transient, deep, and distinct blockage events (Figure 3.9 and Appendix N). To 

investigate the potential source of these fluctuations, ricin was simulated in three non-

physical electrolytic environments: only K+, only Cl-, and without any ions (Figure 3.10). 

Interestingly, these tests revealed that ricinôs oscillation appears to be bounded by its 

ñsteady-stateò position with only Cl- and without ions (Figure 3.10). This observation 

suggests that ricinôs oscillating behaviour is due to the buildup of an ion cloud opposing 

ricinôs -2e charge, which then dissipates followed allowing ricin to return to its 

ñequilibrium positionò determined by the length of the tether. It would be interesting to 

explore whether this effect is retained if  even longer tethers are used or whether it could be 

used to probe factors such as the proteinôs shape, volume, size, or charge. 

Finally, both partial and complete translocation events yielded relatively 

unremarkable ЎὍȾὍ values and poor signal-to-noise ratios compared to the cis and internal 

detection modalities. The fractional event amplitude for the trans regime typically only 

ranged from 5-10%, and any blockage that did occur was typically overwhelmed by the 

electrical noise, particularly at higher voltages (Figure 3.11 and Table 3.3). The best SNRs 

for the trans regime corresponded to rp = 35 ů and either the 8 or 10-bead tether (Table 

3.3). Therefore, the partial, and (especially) complete translocation events were relatively 

undesirable modes of detection compared to the detection regimes previously discussed. 

This result corroborates an earlier all-atom study which assessed the conductance of a 
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nanopore in response to a static protein placed in various locations whereby the change in 

current was negligible when the protein was around the pore entrance and maximal when 

the protein was centered in the pore [89], as expected according to the steric exclusion 

model of current blockage.  

 

 

 

Tether 

length, ů 
25.5 (5 beads) 41 (8 beads) 51 (10 beads) 76.5 (15 beads) 

Voltage, mV  200 400 600 200 400 600 200 400 600 200 400 600 

R
a
d
i
u
s
,
 
ů

 

35 na na na 3.98 3.22 na 3.69 3.00 3.22 1.58 0.13 0.00 

45 2.68 na na 1.52 1.40 1.07 1.12 1.00 0.54 0.24 0.08 0.21 

55 1.21 na na 0.75 0.47 na 0.52 0.33 na 0.33 0.09 0.07 

Figure 3.9: Ricinôs COM distance, ů and current trace vs. time, Ű (full translocation). The 

COM distance is shown in blue while the KCl current trace and baseline current are shown as a 

solid and dashed orange lines. Each subplot title indicates the replicate number as well as the 

global Pearson correlation for the COM distance vs. current. The pictorial illustrations are colour-

coded according to the time and simulation that the snapshot was taken (see corresponding 

triangles along x-axes). System conditions: rp =45 ů, voltage = 600 mV, 15-bead tether. 

 

Table 3.3: Signal-to-Noise Ratio for Trans Regime Current blockages 
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Figure 3.10: Effect of ionic flow on ricinôs dynamics. The upper subplots show ricinôs COM 

distance, ů vs. time, Ű. COM distance is plotted under four different electrolytic conditions: the 

standard 200 mM KCl (blue), K+ only (red), Cl- only (green), and a vacuum (black). Each subplot 

title indicates a unique simulation replicate. Illustrations of the non-standard conditions are shown 

below (the border outlines are consistent with legend). K+ and Cl- ions are shown in purple and 

green respectively. 

Figure 3.11: Mean fractional event amplitude (Ў╘Ⱦ╘▫) vs. pore radius within the trans regime. 

Error bars represent ± SD (n=3). Tethers 25.5, 41, 51, and 76.5 ů in length correspond to the 5, 8, 10 

and 15 bead tethers respectively. Data is only shown where ricinôs COM made it to the trans regime. 
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In addition to the current blockage, the translocation dynamics were also assessed, 

albeit in a highly tentative manner. The following data and discussion of ricinôs 

translocation probability and time are both provisional due to the limited number of 

replicates, simulation time, and simulation output frequency (which was not validated for 

precise translocation assessments). That said, several preliminary trends were observed, 

which could inform strategies for nanopore-based single-molecule detection.  

Translocation Probability 

To better understand how tether length and applied voltage might impact 

translocation rates, the number of translocation events from the simulations targeting 

partial and full translocation was assessed. In general, the results for the range of values 

simulated suggest that increasing voltage is negatively correlated to translocation 

probability while increasing tether length is positively correlated to translocation 

probability (Tables 3.4 and 3.5). Tether length has previously been shown to be a key 

tunable feature in nanopore detection [34], and as previously discussed within the context 

of the trans detection regime, shorter tethers were associated with a greater signal by 

modulating ricinôs volume fraction within the pore. However, longer tethers appear to aid 

in the translocation process by facilitating a more favorable capture and translocation 

orientation. In contrast, increasing the voltage reduced translocation rates suggesting that 

the electric field also increased the access resistance (from the outflow of counterions), 

which likely hampered ricinôs approach to the pore entrance where electrophoretic drift 

velocity would be dominant of diffusion mediate motion. As an additional caveat, it is 

important to note that ricin was already conjugated to the aptamer in these simulations, and 

it is highly likely that these parameters would impact the rate of conjugation in an 
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independent manner. An interesting avenue of future research could explore the effect of 

voltage and tether length on the binding association process of ricin to an aptamer as a 

function of binding proximity and binding affinity, Ka. This experiment would facilitate a 

more complete understanding of how these parameters impact both the capture rate and 

corresponding translocation time of ricin.  

Table 3.4: Summary of Translocation Events for Partial Translocation Systems*  

Tether 
length 

Pore 
ǊŀŘƛǳǎΣ ˋ 

200 
mV 

400 
mV 

600 
mV 

Total 

нрΦр ˋ  35 0 0 0 0% 

Total: 11% 
45 2 0 0 22% 

55 1 0 0 11% 

пм ˋ  35 2 1 0 33% 

Total: 51% 
45 3 2 1 67% 

55 3 2 0 56% 

рм ˋ  35 3 3 2 89% 

Total: 67% 
45 3 2 1 67% 

55 3 1 0 44% 

 Total 74% 41% 15%   

*  n = 3 for each unique system (i.e., translocation events could range from 0 to 3) 

 

Table 3.5: Summary of Translocation Events for Full Translocation Systems 

╣▄◄▐▄► ■▄▪▌◄▐ ╟▫►▄ ►╪▀░◊▼ȟⱭ  □╥  □╥  □╥ ╣▫◄╪■  

Ȣ Ɑ συ σ ς σ Ϸ 

╣▫◄╪■ȡ Ϸ 
τυ σ σ ρ Ϸ 

υυ σ ς ς Ϸ 

 ╣▫◄╪■  Ϸ Ϸ Ϸ   
*  n = 3 for each unique system (i.e., translocation events could range from 0 to 3) 
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Translocation Time 

To further characterize ricinôs translocation dynamics, its translocation time was 

measured as a function of both pore radius and applied voltage, based on the ñfull 

translocationò systems. As expected, translocation time decreased as the applied voltage 

increased; however, the relation appeared to be askew (Figure 3.12). It is likely that this is 

because the position-time resolution decreases with increasing voltage, which leads to 

artificially high translocation times. This is because the additional electrophoretic force 

causes ricin to move faster (i.e., move a greater distance per output frame), resulting in 

delayed ñstartò and ñendò times ï a higher output frequency would be needed to achieve 

greater accuracy, particularly at higher voltages. Pore size only appeared to be a significant 

factor at 200 mV (notably, where the data is also most accurate). At an applied voltage of 

200 mV, the 35 ů pore facilitated the fastest translocation time followed by the 55 ů and 

45 ů pore; the latter two yielded comparable translocation times (Figure 3.12). As 

previously mentioned, the smaller pore size likely reduced the tumbling of ricin within the 

pore and facilitated a more direct translocation path ï these tentative observations should 

be explored with greater rigor, as potential ways of tuning translocation rates to optimize 

detection efficiency and signal, and investigate other creative biophysical applications.  
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Figure 3.12: Mean translocation time of ricin vs. applied voltage. Error bars represent 

± SD, and n represents the number of contributing translocation events. 
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3.5 Asymmetric Current Blockage 

As previously mentioned, each of the detection modalities exhibited some degree 

of asymmetry with respect to the blockage of K+ and Cl- (see Figure 3.2 and Appendices). 

To better understand how the K+ and Cl- current was asymmetrically resisted, a simplified 

series of simulations were performed using a single spherical obstruction located at one of 

four positions: (1) the center of the pore, (2) the trans opening of the pore, (3) the cis 

opening, or (4) outside the cis opening of the pore (Figure 3.13). This simplified physical 

model omitting the complex electrostatic and geometric profile of ricin proved sufficient 

to reproduce a similar asymmetry based on the position of the obstruction along the pore 

axis. In this regard, the obstruction preferentially resisted ionic species by physically 

impeding their translocation path toward their corresponding outlet (Figures 3.13 and 

3.14). For example, when the obstruction was located near the cis mouth of the pore, the 

outflow of K+ was hampered resulting in a greater reduction of K+ current. Conversely, 

blocking the trans mouth of the pore had a complementary effect reducing the current of 

Cl-. The nature of the current blockage was further probed by analyzing the translocation 

time, and the z-component of ionic velocity at various regimes along the pore axis. Longer 

translocation times and reduced velocity were observed exclusively in the blocked species, 

which is consistent with the physical blockage hypothesis of current blockage (Figure 
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3.14). This theory was further supported by visualizing the trajectory of the long 

translocation events (Figure 3.14c). 

 

Figure 3.13: Mean fractional event amplitude (Ў╘Ⱦ╘▫) vs. obstruction location. Error bars 

represent ± SD (n = 3). Inset illustrations show the location of the obstruction (large red sphere). 

Simulation conditions: rp = 35 ů, hp = 60 ů, [KCl] = 200 mM, applied voltage = 600 mV.  
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Figure 3.14: Analysis of current blockage due to spherical obstruction. A:  Histogram of the 

approximate translocation time for K+ and Cl- (the frame output frequency was set to 1e2 steps, 

i.e., every Ű). B: Assessment of the mean z-component of the ionic velocity in various regimes 

along the pore axis. Error bars represent ± SD of the raw data. The left pair of subplots in Figures 

A and B show the values for the open pore, while the right pair shows the values of the blocked 

state. (c) Illustration of a sample trajectory corresponding to the longest translocation time for a 

K+ ion (left) and a Cl- ion (right). Each ionôs trajectory is colored according to its z-coordinate 

(red indicates +z, blue indicates -z). Simulation conditions: rp = 35 ů, hp = 60 ů, [KCl] = 200 

mM, applied voltage = 600 mV. 



55 

 

3.6 Limitations of Simulation Method 

Finally, it is important to point out several notable limitations of the coarse-grained 

system that could impact the accuracy of the results under certain conditions. Firstly, 

although increasing voltage consistently increased ЎὍ, it was also inconsequential to ricinôs 

rigid-body geometry which might have naturally experienced some degree of deformation, 

particularly when it was ñwedgedò in the cis mouth of the pore. This result is not 

necessarily physical across a large range of voltages. All-atom and experimental studies 

have found that while ЎὍ does tend to increase with voltage, when the voltage is high 

enough, even stable proteins will unfold [90]ï[92]. Consequently, the excluded volume 

within the nanopore is reduced as the protein unfolds and becomes linearized (elongated) 

causing a reduction in ЎὍ, making it non-specific to a single structure [90]. To partially 

account for this, multiple rigid-body conformations of ricin could be utilized based on the 

equilibrated structures from standard all-atom simulations under the same voltage. 

Secondly, because the nanopore was modeled using a purely repulsive potential, attractive 

protein-pore interactions such as adsorption are absent, and this could have resulted in non-

physical inflation of ЎὍ, particularly within the pore cylinder detection regime [89], [93]. 

Finally, the absence of formal hydrodynamics and position-dependent ion diffusivity 

(which is associated with the hydrogen-bonding to polar surfaces) could have affected the 

behavior of the ions within the pore and around the protein ï although the effect would 

likely be trivial. For example, a similar method using Brownian Dynamics and a rather 

crude position-dependent hydrodynamic model of ion diffusion demonstrated sufficient 

agreement with experimental results, including an asymmetric channel conductance 

(through Ŭ-Hemolysin Channel) [36]. Despite these limitations, the simulation method was 
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remarkably efficient and provided a relatively robust atomistic description of the blockage 

events. 

Chapter 4: Conclusion 

 

This thesis implemented coarse-grained LD simulations to efficiently explore 

various parameters for the single-molecule detection of ricin via a cylindrical, aptamer-

encoded nanopore system. The results were consistent with earlier models of current 

blockage where excluded volume and voltage are two key factors that contributed to ῳὍ. 

Furthermore, pore sizes most closely matching the cross-sectional size of ricin also 

mitigated against electrical noise, particularly at higher voltages. Interestingly, these 

conditions also facilitated a selective current blockage that was dependent on the axial 

position of ricin within the nanopore. In general, under the conditions tested, the greatest 

SNR occurred in the cis detection regime followed by the internal detection regime. 

Current traces arising from either partial or complete translocation were inferior with 

respect to both æI/Io and noise. Finally, the method of simulation developed here, despite 

its inherent limitations, is a highly efficient method of exploring similar nanopore-based 

systems on relevant timescales and is easily extendable to a variety of further experimental 

questions. A couple of these questions could include: 

¶ What effect do multiple proteins bound within a nanopore have on current blockage? 

¶ Can heterogeneous conformational or pathological states of protein folding be 

distinguished via current blockage and as a potential means to diagnose disease states? 
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Appendices 

A: Estimation of Ricinôs diffusion coefficient 

 Ricinôs experimental diffusion coefficient was not available, therefore, a 

correlation parameterized by molecular weight and size was used to estimate it. Several 

studies have found strong correlations to estimate diffusion coefficients for proteins based 

on of the Stokes-Einstein equation [65], [96]ï[98]. In 2003, He and Niemeyer [65] 

discovered a correlation linking a proteinôs diffusion coefficient at infinite dilution to its 

molecular weight and radius of gyration (Ὑ ) Equation 1: 

 
Ὀ

φȢψυρπ ϽὝ

–Ͻὓ Ⱦ ϽὙ
 

 

(1) 

Where Ὀ is the diffusion coefficient in Í ϽÓ ,  φȢψυρπ  is a constant (with 

appropriate units), Ὕ is the temperature in K, – is the solvent viscosity in 0ÁϽÓ, ὓ 

is mass in ËÇϽËÍÏÌ, and Ὑ is the radius of gyration (Equation 2) in Å.  

 

The Ὑ s used to approximate a proteinôs size and shape and is given as Equation 2: 

 

Ὑ
В άί

В ά
 

 

(2) 

where ὲ is the number of mass elements comprising the macromolecule, each with 

mass ά ρȟςȣȟὲ, at fixed distances ί from the center of mass. 

 

He and Niemeyerôs correlation was used to estimate ricinôs diffusion coefficient as it is 

suitable for globular proteins (such as ricin) and has been shown to be more accurate than 

several alternative methods [65]. Using equations 1 and 2, and the parameters in Table 2, 

the diffusion coefficient of ricin was estimated to be 7.18 × 10-11 m2·s-1. 
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Table 2: Experimental values used to Estimate Ricinôs Diffusion Coefficient 

Parameter Experimental value 

╜   ËÇϽËÍÏÌ 65,000 [37] 

Ɫ    0ÁϽÓ * 0.891 [97], [98] 

╡╖ B À 25.36 

╣ 298.15 

* Estimated value for concentration ranging from 200-500mM KCl at 25 °C 

À Ὑ  was calculated according to the IUPAC definition (equation 5) for ricinôs 

non-hydrogen (heavy) atoms from its X-ray structure (PDB code: 2AAI) [42] 
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B: Simulation vs. Experimental Diffusion values 

 

This appendix shows how the diffusion in the óatomisticô coarse-grained simulation was 

tuned to match the experimental values and/or theoretical estimates of diffusion. To do 

this, the friction coefficient ‎ was tuned for each particle type, as it represents the 

dampening effects of the solvent and therefore along with the thermal energy ὯὝ gives 

diffusion Ὀ, Equation 1: 

 
Ὀ

ὯὝ

‎
 

(1) 

The friction coefficient for the ions and ricin were calculated in reduced terms according 

to equation 2 and 3 respectively (the aptamer beads were given the same ‎ as ricin) where 

Ὀ  represents the experimental diffusion coefficient for the ions (at a given 

concentration, see Table 1), and the estimated diffusion coefficient of ricin. The calculated 

‎ and diffusion values for each simulated particle type are shown in Table 2.  

 
‎

Ὀ  

Ὀ  
 

 

(2) 

 

 
‎

Ὀ  

Ὀ  
 

(3) 

 

Table 1: KCl Diffusion Coefficient at Various Concentrations 

Concentration [mM] Diffusion coefficient [m2/s × 10ī9] 

200 1.830 [99] 

330 1.844 [100] 

500 1.867 [99] 

 

Table 2: Simulation and Experimental Diffusion Values for ὯὝ ρ 

Particle Type Experimental Diff. 

ά Ⱦί 
Friction Coeff. 

 ‎ 
Simulation Diff.  

„Ⱦ† 
Ions (KCl) *See Table 2 1 1 

Ricin & Aptamer 7.18 × 10-11 *25.5-26.0 *0.038-0.039 

* Range provided, dependent on ion diffusion (Equation 3) and therefore [KCl] 
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C: Simulation Unit Conversion 

 

 This appendix describes the calculations used to relate how the simulation units 

correspond to órealô units of distance and time. The simulation length scale was in units óůô 

which corresponds to 1Å (10-1 nm). The simulation-time was in units ó†ô and integrated 

using a time step Ўὸ of 0.01; therefore, † ЎὸϽὔ  . Simulation-time was 

mapped to real-time through a conversion factor (seconds/tau) defined by the ratio of 

diffusion in simulation and experiment Equation 1: 

 
ÓȾ†

Ὀ

Ὀ
Ͻ
ά

„
 

(1) 

 

 Where Ὀ  has units „Ⱦ† and Ὀ  has units ÍȾÓ and „ ρπ  Í  

 The total ñreal-timeò simulated is calculated by multiplying this conversion factor by 

†  Equation 2: 

 ὸ †
ί

†
 (2) 

 

Total simulation-time - Sample Calculation: 

Ўὸ πȢπρȠ  ὔ   = 2 107 

†  Ўὸ  ὔ  
 

†  ς ρπ †  
 

Total real-time - Sample Calculation 

 

diffusion values for ricin: 

Ὀ χȢρψρπ  ÍȾÓ  

Ὀ πȢπσω „Ⱦ† 
 

ίὩὧȾ†ḙυȢυ ρπ ÓȾ† (Using equation 1) 

ὸ ḙρȢρ АÓ (Using equation 2) 
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D: Peclet Tuning  

 

This appendix shows how the simulations were tuned to match the drift-diffusion 

balance that would be expected experimentally. The Peclet number ὖὩ is a dimensionless 

number reflecting the ratio of drift and diffusion used to tune simulation for this purpose 

(Equation 1). [See Chapter 1, section 1.3.4 for a full description of Peclet tuning] 

 
ὖὩ  ‘

ɝ6

Ὀ
 

(1) 

Where ‘ is mobility, ɝ6 is an applied voltage, and Ὀ is diffusion. (The product ‘Ͻ
ɝ6 gives the drift velocity) 

 

The Peclet number was calculated using experimental values for the ions and then set equal 

to the simulation ὖὩ to derive the corresponding simulation voltage, Equation 2: 

 Ў6  ‎ Ὀ ὖὩ  (2) 

Note, equation 2 can be equivalently expressed as Ў6 ὖὩ  when ‎ and  Ὀ  are 

the inverse of each other. 
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Peclet tuning- Sample Calculation: (based on concentration-dependent diffusion 

coefficient, as well as mobility values for KCl(aq)) 

ɝ6 ςππ Í6 

‘ χȢωρρπ ÍȾ6ϽÓ   ‘ χȢφςρπ ÍȾ6ϽÓ [97] 

‘ χȢχφυ ρπ ÍȾ6ϽÓ (Average from ‘ & ‘ ) 

Ὀ ρȢψσρπ ÍȾÓ (For [KCl] = 200 mM, see Table 1) 

ὖὩ = 8.5 Ḉ Ў6 ψȢυ 

 

Peclet tuning- Sample Calculation: (based on ricinôs estimated diffusion coefficient, and 

mobility values) ï NOT USED (see rationale on next page) 

 

ɝ6 ςππ Í6 

‘
Ͻ

υȢυωρπȾ6ϽÓ  

Where: 

ή ςὩ (1e = 1.602ρχχ C) 

Ὀ χȢρψρπ  ÍȾÓ (see Appendix A) 

ὯὝ ρȢσψπφτω
ρπ *

+
ϽςωψȢρυ+ 

‘ υȢυωρπ ÍȾ6ϽÓ  

ὖὩ = 15.6 Ḉ Ў6 ρυȢφ 
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Table 1: Peclet Tuning for Various Salt Concentrations and Voltages 

 

 

 

 

 

 

 

 

The rationale for choosing to tune for KCl rather than ricin itself was two-pronged. First, 

for the purpose of assessing current blockage, the translocation dynamics of the ions are 

the priority as ricin is tethered to the pore, and we are primarily concerned about the 

resulting current trace, over the translocation rate of the protein. Secondly, the experimental 

charge, diffusion coefficient, and mobility values of KCl are established in the literature. 

In contrast, with respect to ricin, these values are ambiguous since ricin exhibits a highly 

heterogeneous charge profile (section 1.3.1), and the net charge is linked to mobility (via 

the Einstein relation). Thus, the ion-based Peclet tune was selected as it is better positioned 

to produce consistent and accurate current traces, given the ambiguity of ricinôs estimated 

charge, mobility, and diffusion values. 

 

 

 

 

 

[KCl], mM  Ўἤ▄●▬ȟ mV Ўἤ▼░□ 

200 200 8.5 

400 17.0 

600 25.5 

330 200 8.4 

400 16.8 

600 25.3 

500 200 8.3 

400 16.6 

600 25 
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E: Current Analysis  

The simulated current was recorded using the simulation unit, ū indicating the 

number of ions to cross the nanopore per unit time, Ű. To convert ū to a physical unit, the 

number of ions is multiplied by their physical charge and divided by the converted total 

simulation time (Appendix C). 

Example:  

Step 1. Calculate simulation current in ósimulation units 

άὩὥὲ ὧόὶὶὩὲὸ  Ὕέὸὥὰ ὸὶὥὲίὰέὧὥὸὭέὲ ὩὺὩὲὸίȾ†  (Equation 1) 

Where † ὲ έόὸὴόὸ ὴὩὶὭέὨὨὸ  

Units = ū (ions/Ű) 

Step 2. Convert simulation current to óphysical unitsô 

άὩὥὲ ὧόὶὶὩὲὸ  
  

Ⱦ
Å   (Equation 2) 

Example: 

1 ū ḙσπ Î! 

Where: sec/†ḙ υȢυ ρπ  & Å ḙρȢφπςρπ  # 
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F: Trajectory Output Frequency Validation  

 

To accurately analyze the instantaneous current, a suitable frame output frequency 

needed to be determined. Because the current analysis code detected ionsô transition from 

the cis to the trans side (or vice versa), the output frequency was limited by ionsô dwell 

time in these regimes. The output frequency needed to be high enough to record all the 

translocation events, but as low as possible to reduce the trajectory file size, for ease of 

storage, and to increase the analysis efficiency (i.e., lower computation time). When 

keeping the applied voltage constant at 600 mV, dwell time in the cis/trans regime decayed 

according to a power law as the nanopore radius increased (Figure 1.1). The minimum 

dwell time was 119 Ű, so an output frequency of 10 Ű was selected to ensure an accurate 

analysis of the instantaneous current analysis across all voltages (200-600 mV) and pore 

radii tested (5 to 55 ů).  
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Figure 1.1: Log-log plot of dwell time (Ű) vs. nanopore radius (ů). Dwell time was defined as the average 

time a Cl- ion dwelt in the cis or trans regime (between regions and AB and CD in the inset illustration 

respectively). Voltage and energy were constant at 600 mV at 0 kT ion, the pore radii were: 5, 10, 15, 25, 

35, 45 and 55 ů. Inset illustration of cis/trans regimes is not to scale.  
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G: Current Analysis Code (Method 1) 

  

This code calculates the instantaneous current of each type of ion, by counting the 

number of complete translocation events for each frame, and dividing it by the associated 

Ű (i.e., the έόὸὴόὸ ὴὩὶὭέὨὨὸ). The code also records the average time of all the 

translocation events. The code records the last frame before each ion enters the pore and 

the first frame as each ion exits the pore and checks that the image number is the same to 

eliminate any non-translocation (due to the periodic boundary conditions). Once a 

translocation event is recorded, the image number is reset to prevent double counting. This 

code also records the mean current by taking the cumulative sum of the translocation events 

and dividing by the total simulation time. The next page shows the analysis code used to 

calculate the instantaneous current (assumes trajectory data is already loaded). 
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 1 #calculate instantaneous current and passage time  

 2 def  calculate_instant_current ( p_traj , p_img , ptype , pHeight , outfreq ):  

 3     print ( f 'counting {ptype} ions...' )  

 4  

 5     z_pos    = p_traj [:, 0,:]  #makes array 2D (time, ion z coord)  

 6     z_image  = p_img [:, 0,:]  #makes array 2D (time, ion z coord)       

 7     reset    = 0.5  #image num is integer, thus  non - integer dentifies 'reset'  

 8  

 9     if  ptype =='K' :  

10     #K ions flow opposite of CL; flip z coord & img so flow is R 1 -- > R3  

11         reset =reset * - 1   

12         z_pos =z_pos * - 1  

13         z_image =z_image * - 1  

14  

15     tau_max = p_traj . shape [ 0]  

16     tau  = np. arange ( tau_max )  

17  

18     num_ions =z_pos . shape [ 1]      

19  

20     start_time   = np. zeros ( num_ions )  

21     finish_time  = np. zeros ( num_ions )      

22  

23     start_img   = np. zeros ( num_ions ) +reset   

24     finish_img  = np. zeros ( num_ions ) +reset   

25  

26     total_cross      = 0 

27     avg_cross_time   = []  

28     times =[]  

29     instant_current  = np. zeros ( tau_max )  

30  

31     for  t  in  range ( tau_max ):      

32  

33         #check if ion is in relavent regions (True/False values)  

34         R3=( z_pos [ t ]  < - pHeight / 2)    

35         R1=( z_pos [ t ]  >  pHeight / 2)       

36  

37         start_img [ np. where ( R1)] =z_image [ t , np. where ( R1)]  

38         start_time [ np. where ( R1)] =t  

39  

40         finish_img [ np. where ( R3)] =z_image [ t , np. where ( R3)]      
41            finish_time [ np. where (( start_img ==finish_img ) &( start_img != reset ) &( finish_img != reset ))] =t  

42            cross_index =np. where (( start_img ==finish_img )  & ( start_img != reset ) &( finish_img != reset ))  

43  

44         num_ions_crossed =np. array ( cross_index ) . size  

45          

46         if  num_ions_crossed  >0:  

47             # print(f'crossing at frame {t}')   

48              

49             total_cross  += num_ions_crossed  

50             cross_time =finish_time [ cross_index ] - start_time [ cross_index ]  

51             times . append ( min ( cross_time ))              

52  

53             avg_cross_time . append ( cross_time . mean())      

54             instant_current [ t ]  = num_ions_crossed / ( outfreq * dt )   

55  

56             start_img [ cross_index ] =reset   

57             finish_img [ cross_index ] =reset       

58  

59     avg_cross_time  = np. array ( avg_cross_time ) . mean()  

60     times  = np. array ( times )  

61     current =total_cross / ( outfreq * tau_max * dt )  #runtime = outfreq*tau_max  

62     return  current ,  instant_current ,  times  
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H: Current Analysis Code (Method 2) 

The following python code was used to calculate the mean current through the 

nanopore and double-check the accuracy of the ñinstantaneous currentò (which is 

dependent on the trajectory output period). The code counts the total number of ion 

translocation events over the total runtime and calculates the mean current by dividing this 

number by total simulation time, see equation 1 (where dt=0.01). A translocation event is 

defined as the passage of an ion across the full length of the nanopore. 

άὩὥὲ ὧόὶὶὩὲὸ Ὕέὸὥὰ ὸὶὥὲίὰέὧὥὸὭέὲ ὩὺὩὲὸίȾ†  (Equation 1) 

Where † ὲ έόὸὴόὸ ὴὩὶὭέὨὨὸ  

The code yields accurate results independent of the trajectory output period. To do 

this, the code makes use of each ionôs óimageô number for the z dimension and relies on 

the fact that voltage bias causes the ions to travel unidirectionally across the pore due to 

the regionôs drift-diffusion balance. The image number indicates the number of times each 

particle crosses the periodic boundary; the image number increases or decreases by one 

each time a particle crosses the (+) or (ï) z boundary (i.e., DĄA vs. AĄD in Figure 1).  

 

 

  

 

 

 

Figure 1.1: Schematic of the relevant regions for current analysis. The positive z-axis 

is oriented upwards, such that arrows óAô and óDô represent the Ñ box length/2 (z=0 is the 

equator) and segment BC represents the nanopore height. 
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The algorithm used to calculate the total current for a given ion type is as follows: 

1) Prepare image numbers: 

a. Record the absolute value of each particleôs image number for each frame 

b. Negate image numbers from the first output frame to account for the 

translocation events during the equilibration period 

2) Calculate total translocation events 

a. Count the number of ófalse positiveô translocation events:  

-take the sum of ions within or downstream of the pore in the initial frame 

b. Count the number of ófalse negativeô translocation events 

- take the sum of ions downstream of the pore in the final frame 

c. Count total translocation events: 

- take the sum of each ionôs image number at the last frame of the 

simulation 

d. Calculate the óTrueô number of translocation events: 

-Subtract the ófalse positivesô from the ófalse negativesô and add the result 

to the total translocation events 

3) Calculate the total mean ionic current 

a. Divide the total number of true translocation events by †  

The next page shows the analysis code used to calculate the mean current (assumes data 

from the GSD file is loaded correctly). 
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 1 import  numpy as  np  

 2  

 3 def  calculate_total_current ( p_traj , p_img , ptype , pHeight , outfreq ):  

 4 # calculate mean current based on image (independent of outfreq)  

 5 # args = z coord, z image, particle type, pore height and outfreq  

 6  

 7     print ( f 'counting {ptype} ions...' )  

 8     z_pos  = p_traj [:, 0,:]  

 9     z_image  = abs ( p_img [:, 0,:])   

10  

11     # remove effect of equilibration on image     

12     z_image  - = z_image [ 0]     

13  

14     max_frame  = int ( p_traj . shape [ 0])  

15     max_ndx  = max_frame - 1 

16     total_tau =max_frame * outfreq * dt  

17     num_ions =p_traj . shape [ 2]  

18  

19     print ( f 'max frame is {max_frame} total_tau = {total_tau}' )  

20  

21     if  ptype =='CL' :  

22         false_positives  = ( z_pos [ 0]  < pHeight / 2)   

23         false_negatives  = ( z_pos [ max_ndx ]  < - pHeight / 2)   

24  

25         false_positives  = np. sum( false_positives )  

26         false_negatives  = np. sum( false_negatives )  

27         correction  = false_negatives - false_positives   

28  

29         total_cross    = np. sum( abs ( z_image [ max_ndx ]))  + correction   

30         total_current  = total_cross / total_tau  

31  

32     if  ptype =='K' :  

33         false_positives =( z_pos [ 0]  > - pHeight / 2)  

34         false_negatives =( z_pos [ max_ndx ]  > pHeight / 2)   

35  

36         false_positives  = np. sum( false_positives )  

37         false_negatives  = np. sum( false_negatives )  

38         correction  = false_negatives - false_positives   

39  

40         total_cross    = np. sum( abs ( z_image [ max_ndx ]))  + correction   

41         total_current  = total_cross / total_tau  

42  

43  

44     print ( f ' [False Positives  -  False Negatives] = {correction}' )  

45     print ( f ' total cross: {total_cross}' )  

46     print ( f ' total current: {total_current} \ n' )  

47  

48     return  total_cross ,  total_current  
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I: Effect of Cubic and óGoldenô Simulation Cell Geometry on Baseline Current 

To determine the effect of the simulation cell geometry on the baseline current, two 

aspect ratios were assessed: a cubic aspect ratio (300 ů)3, and a so-called óGoldenô aspect 

ratio - referring to a cuboid box with a width and length (L), where L = 300 ů, and the 

height  = 1.2·L+hp, where hp is the pore height (thickness) [74], [78]. An earlier study by 

Sahu and Zwolak (2018) found that the Golden aspect ratio mitigates against finite-size 

effects, which can distort how easily ionic current can converge from a bulk medium into 

a pore (i.e., access resistance) [78]. The upshot of this is that a simulation cell utilizing a 

cubic aspect ratio may experience a reduction in access resistance, which can become ónon-

physicallyô dependent on factors such as concentration and voltage [78]. The results shown 

in Figure 1.2, indicate that the cubic aspect ratio yields consistently higher baseline currents 

than the óGoldenô aspect ratio and that the difference between the two increases with both 

rp and voltage. This dependence suggests that the access resistance may indeed have been 

underestimated using the cubic aspect ratio. However, currents from both geometries 

conformed to the expected current dependance on voltage and rp (while [KCL] was held 

constant at 200 mM), albeit the óGolden aspect ratioô consistently had a slightly better fit 

based on the theoretical relation: 

ὍϚ
ὠ

Ὑ
ὠ‖

τὬ

“Ὠ

ρ

Ὠ
 (19) 

where ὠ is the voltage, ‖ is bulk conductivity; d and Ὤ are the diameter and height (or 

thickness) of a cylindrically shaped nanopore [67]. Although the óGoldenô aspect ratio 

yields more accurate currents, the simulations where ricin was most likely to impact access 

resistance occurred when rp Ò 25 ů; within this regime, the simulation geometries were 

largely within error of each other. Therefore, although the smaller cubic simulation cell 
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was selected because it was sufficiently accurate for our purposes and reduced 

computational time (fewer ions required for a given concentration), future investigations 

would do well to utilize the óGoldenô aspect ratio to better model access resistance, 

particularly if larger pore sizes are explored or to better tease apart the access and pore 

contributions to resistance. However, the latter investigation, according to Sahu and 

Zwolak, would also ñrequire knowing where to partition the voltage drop (in the presence 

of charge double layers and other nanoscale structures, [which is no] simple task)ò [74]. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.1: (a) illustrates a cubic (300 ů)3 simulation cell and (b) illustrates a Golden aspect ratio 

simulation cell, i.e., a cuboid box with a width and length (L) of 300 ů, and a height of 1.2·L+hp, where 

hp is the pore height (thickness). K+ is shown in purple, Cl- is green, and the pore is shown in gray (hp 

= 60 ů, rp = 25 ů). (c) Mean baseline current (n = 3) (ű) vs. nanopore radius (ů), for a cubic and Golden 

aspect ratio. Subplots from left to right correspond to 200, 400, and 600 mV, [KCl] was 200 mM. Error 

bars represent standard deviation, each dataset is fit to Equation 1.  

(c) 
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J: Effect of Cubic and óGoldenô Simulation Cell Geometry on Blocked Current 

Once the effect of the simulation cell geometry (i.e., the cubic vs. golden aspect 

ratio) on the baseline current was determined, we explored whether it could indirectly 

impact the dynamics associated with the blocked current state. To do this, a large (70 ů) 

and electrically neutral spherical obstruction was ófrozenô at the center of the pore and 

placed at four distinct locations: (1) the pore equator, (2) the trans opening, (3) the cis 

opening of the pore, and (4) outside the cis opening (vertically offset by 17.5 ů). The 

spherical obstruction was used rather than the rigid-body model of ricin to eliminate 

confounding factors such as charge profile and geometry of the protein, which would make 

consequent interpretation more complicated. The results show similar patterns of current 

blockage, but the cubic cell geometry yielded a greater overall ЎὍȾὍ when the cis or trans 

mouth was obstructed (Figure 1.1). Although the overall ЎὍȾὍ is still lower for the Golden 

aspect ratio than the cubic aspect ratio, the key trends were the same, and the level of noise, 

denoted by SD, is quite similar (Figure 1.1).  

Figure 1.1: Comparison of mean fractional event amplitude (ЎὍȾὍ for a cubic simulation aspect ratio 

(a), and a ñgolden aspect ratioò (b). Error bars represent ± SD (n = 3). 
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K: Cis Detection Regime: Current and Ricin COM vs. Time  

Plots of cis detection regime COM distance and current traces. The thickness of each pore 

was 60 ů. To reduce the noise, the current is plotted as the running average of the instantaneous 

current over 4E3 Ű. Each system used 200 mM KCl and took place in a (300 ů)3 cubic simulation 

cell, where ricin was tethered via a 15-bead aptamer affixed to the cis mouth of the pore. 

 

 

  

Figure 1.1: Ricin Center of Mass Distance (COM) and current (ů) vs. time (Ű). K+ is shown in purple 

and Cl- is shown in green; their respective baseline current is shown as a dashed line. Each subplot 

column represents a unique replicate (n), each row from top to bottom corresponds to an applied 

voltage of 200, 400, and 600 mV. Figures (a)-(d) correspond to nanopore radii of 5, 10, 15, 25 ů 

respectively.  
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L: Pore Cylinder (internal) Detection Regime: Current and Ricin COM vs. Time 

Plots of cis detection regime COM distance and current traces. The thickness of each pore 

was 60 ů. To reduce the noise, the current is plotted as the running average of the instantaneous 

current over 4E3 Ű. Each system used 200 mM KCl and took place in a (300 ů)3 cubic simulation 

cell, where ricin was tethered via a 3-bead aptamer conjugated centrally within the pore. 

 

Figure 1.1: Ricin Center of Mass Distance (COM) and current (ů) vs. time (Ű). For subplots: (a), (c), and (e) K+ 

is shown in purple, and Cl- is shown in green; their respective baseline current is shown as a dashed line. For 

subplots (b), (d), and (f) the total current is shown in orange. Each subplot column represents a unique replicate 

(n), each row from top to bottom corresponds to an applied voltage of 200, 400, and 600 mV. Nanopore radii 

assessed include: 35, 45, 55 ů.  












