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Abstract

The fusion of biology and nanotechnology holds amazing promise for revolutionizing medicine and personal
technology. In order to take advantage of the great feats of engineering coming out of these fields, there
needs to be theories and computational tools capable of describing the interface between the pristine and
ordered world of precision electronics and the hot, wet, and stochastic world of biology. The success of these
technologies will depend on our abilities to design and optimize interactions of biomolecules and solid-state
materials down to the atomic scale. In my research at the University of Illinois, I have used molecular
dynamics (MD) as a tool to describe the atomic-scale interactions driving the function of biomolecules and
their interface with solid-state devices, and I have sought to use it as a starting point to create new methods
for modeling, designing, and optimizing these interactions. In my dissertation, I show the methodologies that
T use in my work and the range of possibilities that they present for researchers in the field, and I present my
research on the modeling of the interface between biological and synthetic materials in (1) immunosurfaces
used for detection of live bacteria; (2) protein transport through a nanochannel; (3) deriving the Langmuir
constant for adsorption for small, organic molecules on synthetic surfaces; (4) creating a multiscale model
for transport in micro- and nanofluidic devices; (5) synthetic analogs of biological ion channels. It is my
hope that the research that I have performed in my doctoral studies here at the University of Illinois at
Urbana-Champaign will be a template for future research and interdisciplinary science. The work I have
done here has shown the possibilities of the MD method for studying the physical interface of biological
and synthetic components, and I have developed new techniques that can be used by researchers in field to

further the science and engineering of bionanotechnology and nanobiotechnology.
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Where are we going, Walt Whitman? The doors close in
an hour. Which way does your beard point tonight?

— Allen Ginsberg, A Supermarket in California
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Chapter 1

Introduction

Hybrid structures that combine biological and inorganic materials are ubiquitous in the biosphere, from
the carbonated hydroxyapatite that makes up the inorganic structure of bones, to the calcium carbonate
created by coral polyps and coralline algae that forms the structure of coral reefs. The ability to design
materials that are biocompatible, or able to be incorporated into organisms without provoking an immune
response, has significant applications in medicine and therapeutics, for example in designing prosthetics and
implanted medical devices like pacemakers. However, designing synthetic materials to interact favorably
with biological components is made difficult by the fact that many biological processes, including immune
response, are dictated by interactions between biomolecules and their environment on the nanometer scale.
Therefore, our ability to fabricate materials with nanometer precision will determine our ability to create
devices that can interface with the biological world.

The technology driving the miniaturization of materials manufacturing has advanced to the point where
it is now possible to manufacture synthetic device structures on the nanometer scale. Researchers can create
surfaces patterned with 25 nm diamond grains [1, 2], nanopores smaller than the width of duplex DNA [3],
macroscopic-length channels with cross-sections smaller than ten nanometers [4], and hollow metal-oxide
macromolecular spheres measuring 4 nm across [5]. Although manufacturing structures with feature sizes of
several nanometers is now possible, how these structures will interact with biomolecules is difficult to predict.
The warm and wet environments necessary for biology and the function of biomolecules are incompatible
with the imaging methods usually applied to the nanoscale, such as electron microscopy. Computational
models provide a way to visualize and quantify the nanoscale details of interaction between biomolecules and
synthetic materials. With accurate computational models, it will be possible to optimize next-generation
devices that incorporate biological and synthetic nanostructured components and manufacture them on a
commercial scale.

With the goal of interfacing biology and technology in mind, a whole new genre of science has emerged.
One section of this hybrid science, a blend of physics, chemistry, biology, materials science and engineering,

seeks to take advantage of the nanoscale revolution by building new sensing tools to learn more about



biology [6, 7, 8] — the field of nanobiotechnology — creating new devices ranging from synthetic surfaces
patterned with biomolecules, to nanopores in semiconductor material capable of detecting single molecules,
to whole biochemistry wet labs shrunk down to fit on a single chip. Another side seeks to take advantage
of biology’s atomic-scale precision tools and make new devices by incorporating biomolecules into synthetic
devices [9] — the field of bionanotechnology. Whatever you call these fields, they promise to provide us
with new, exciting technologies by elucidating and developing control over the nanoscale world. In order to
take advantage of the great feats of engineering coming out of these fields, there needs to be theories and
computational tools capable of describing the interface between the pristine and ordered world of precision
electronics and the hot, wet, and stochastic world of biology. The success of these technologies will depend
on our abilities to design and optimize interactions of biomolecules and solid-state materials down to the
atomic scale.

One of the strengths of electronics manufacturing is the great control engineers have over surface patt-
ernization. Creating patterned surfaces is a standard process in the electronics industry, where commercial
methods for lithography used in microchip fabrication have been extended down to 22 nm [10]. While that
scale is too large to create regular single-molecule-sized device features, the bio-nano world has been pushing
the limits with hybrid technologies. In a method known as DNA origami, double-stranded DNA can be
folded into 3D structures and layered on surfaces to create 6-nm resolution patterned surfaces with a chosen
DNA sequence [11]. These “nanobreadboards” [11] can provide accurate templates for defining regular small
distances between binding sites for small molecules to make precise measurements [12]. Solid surfaces like
glass or polymer can be pattered with single-stranded DNA open to solution allowing complementary DNA
to hybridize to create a device known as a DNA microarray [13, 14]. These structures are the basis of many
high-throughput biological assays such as ChIP-on-chip [15], which combines DNA microarrays (“chips”)
with chromatin immunoprecipitation (ChIP) to investigate protein-DNA interactions. With biological and
solid-state methods combined, it is likely we will see the ability to pattern surfaces on the single-nanometer
level soon, opening up the development of a whole new set of technologies.

In a move analogous to the reduction in size of the fundamental components of electronics, researchers
are pushing to shrink the components of wet labs down to the micro- and nanoscale, so that a laboratory
for producing chemical or biological products, filtering solutions, or performing measurements with high
sensitivity could fit on a microchip. This would not only save lab space and money spent on chemical
reagents, but it would also allow for parallel, high-throughput assays and the ability to perform new types
of detection not possible on the macro scale. The advance of micro- and nanofluidic technologies has

already enabled the creation of new devices for applications like high throughput biological assays [6, 7, §],



protein crystallography [16] and the direct, quantitative study of interfacial phenomena like adsorption [17].
However, as the device components become smaller, for example in fluid channels of a sub-10-nanometer
cross-section [4], the effects of interactions of the solutes with the device surface are magnified and can lead
to degradation of the device [18]. Having methods to model the device-solution interface will not only allow
for designs to prevent device breakdown, but allow designers to take advantage of these properties and open
up a whole new range of applications.

The ability to create such small features in semiconductor materials has led to the development of
synthetic nanopore technologies [19]. Synthetic nanopores are small holes, with diameters measured in
nanometers, created in solid-state [20] or polymers [21] that can mimic protein nanopores in both size and
sensitivity. These devices can take advantage of the small constriction to limit passage to one molecule at a
time, and perform fine measurements on the passenger molecules, such as discriminating between bases in a
DNA molecule for high-throughput DNA sequencing [22]. Control over the charge and chemistry of the pore
can allow for current rectification similar to a ion channel protein [23]. These technologies have made such
an impact that IBM has bought in and is developing nanopore technology called a “DNA transistor” [24].
To create successful devices, the high sensitivity to detect single molecules needs to aided by models that
can decipher differences in electronic signals originating from the nanoscale properties of the passenger
molecules [25].

Nanoscale engineering has progressed to the point where it is possible to design devices to mimic the
behavior of biological machinery like proteins. However, biological molecules can already be constructed
with atomic-scale accuracy and operate with atomic-scale precision. By designing new devices made from a
combination of synthetic materials and biological components, researchers can get the best of both worlds:
the durability, fine control over electromagnetic properties, and large-scale manufacturing base that syn-
thetic components offer and the high specificity, atomic-scale accuracy in production, and access to all of
evolution’s inventions offered by biomolecules. To take advantage of the high specificity of biomolecules,
researchers have created a new type of chip, called an immunosurface, to detect distinct molecules by lay-
ering antibody proteins on synthetic surfaces [2, 26]. The atomic-scale accuracy in protein production has
led some researchers to use protein nanopores for single-molecule detection, as the pore interiors can be
systematically designed on the level of groups of atoms [27]. These protein pores can then be embedded
in synthetic lipid bilayers [27] or solid state membranes [28]. The combination of biological and synthetic
components into new devices opens many possibilities, of which these applications are just two. It will be
fascinating to watch the development of this art over the coming years. However, hybrid devices remain

difficult to design because the interactions of the biomolecules and synthetic surfaces are often very strong,



leading to the adsorption of biomolecules and the breakdown of the device [2, 29].

The wedding of biology and nanotechnology holds amazing promise for new and revolutionary technolo-
gies. While the goals of the individual research programs may be completely different, covering anything
from shrinking the cost of drug manufacturing, to creating in-situ bacteria detectors, to efficiently sequenc-
ing DNA, to creating new types of synthetic biocompatible materials, the problems the researchers face are
similar. First and foremost, it is often not possible to image the devices on the scale of their functional com-
ponents. The environment necessary for biology and the function of biomolecules is incompatible with the
imaging methods, such as electron microscopy, usually applied to the nanoscale. Furthermore, many of the
devices being made are “one-shot” devices; the atomic-scale properties vary from device to device, leading
to differences in behavior. In order to overcome these setbacks and create devices that can be manufactured
in bulk, theoretical tools need to be created that will enable the optimization and design of these types of
devices.

While the physics surrounding the construction and operations of these devices is well understood [30,
31, 32], there is no one theoretical model that will be able to describe all parts of the device efficiently.
The different time- and length-scales and physical phenomena inherent in a single device call for specialized
techniques to model different parts of these devices [33]. For example, continuum models work well for
modeling the pressure-driven or electroosmotic fluid flow through micro- and nanofluidic devices [31, 32, 34],
but these models break down in the regions of fluid near surfaces [32] or macromolecules [35], where the
atomic-scale characteristics of the solvent, solutes, and surfaces, which can be on the order of nanometers [29,
36], become important. When the interactions within these regions becomes significantly affect device
function or behavior, such as the adsorption of solutes [37] that could lead to clogging of the device [18],
the use of discrete methods like classical molecular dynamics (MD) becomes necessary. In my published
work [38, 39, 29, 37, 40, 41, 42], T have used MD as a tool to describe the atomic-scale interactions driving
the function of biomolecules and their interface with solid-state devices and sought to use it as a starting
point to create new methods for modeling, designing, and optimizing these interactions.

Classical molecular dynamics, often referred to as simply molecular dynamics or MD, is a computational
technique used to simulate systems of point-mass particles in situations where all the forces are known but
there are too many coupled degrees of freedom to write down an analytical solution. Starting with an initial

set of coordinates for all the particles of the system, time is advanced using Newton’s equation,

F =ma, (1.1)



where the force F is the derivative of some potential function, U. The choice of the potential function U
is determined by the type of simulation being performed. For simulations of biomolecules, the potential

function U will typically have the form
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where the first term is a two-body interaction representing chemical bonds, the second term a three-body
term representing the angle between bonds, the third term a four-body term representing the twist between a
pair of bonded atoms, the fourth term a two-body interaction representing van der Waals forces and the fifth
term a two-body interaction representing the explicit Coulomb interaction. The set of constants is known as
the “force field” and is determined through ab initio quantum mechanics calculations and experiment [43].
On top of the potential function U, MD simulations can be performed with additional stochastic forces used
to regulate the temperature and pressure of the systems. Typical MD simulations containing biomolecules or
biomolecules and solid-state components usually contain anywhere from 50 k to 5 M atoms and are therefore
solved with optimized parallel programs, like NAMD [43], on a supercomputer.

While MD is a brute force technique, it offers the advantage that it can explicitly calculate inter-particle
interactions with all-atom precision, and it has been used extensively to simulate biological molecules [43,
44, 45, 46, 47]. Recent advancements in biomolecular-compatible inorganic forcefields [48, 49, 50, 51, 52, 53]
have made it possible to computationally model the interactions of biomolecules with inorganic substrates
with all-atom detail [48, 54, 51, 55, 56, 53]. Indeed, the use of MD in simulations of hybrid biological and
synthetic systems is a growing field [41], and can provide much needed insight into the interfacial region
between the worlds of biology and technology.

In my work, I have pushed the use of MD as a tool to study the physical interface between solid-state
devices and biological molecules and sought to show that MD should be considered an invaluable tool for
device design and optimization in bionanotechnology and nanobiotechnology. I think of MD as a brute force
tool, but one that can also be used for precision. When I approach a new system, I can use straight MD
simulations to observe the dynamics and characteristics of the system. These simulations, while simple, can

produce enormous amounts of data from which I can extract statistics and gain quantitative knowledge of



the system. From here, I can perform additional simulations directed at specific characteristics of the system.
For example, I can run many simulations with varied parameters, calculating the change in system behavior
as a function of these variables, much like a computational experiment, or I can use MD with external forces
added in to calculate specific quantities like the potential of mean force (PMF, the free energy along a set of
coordinates). In this way, I can use MD as a springboard to create higher level theories. In my dissertation,
I present my published work that details my methodologies and the new techniques that I have developed,
showing by example how MD can be used as a successful tool to quantitatively characterize the interface of
biology and technology.

In Chapter 2, I present research done in collaboration with the research groups of Bashir, Hamers, Carlisle
and King in which I employ MD as an analytical tool to diagnose the nanoscale behavior of a prototype
immunosurface for detecting bacterial pathogens. Pathogens in food and water supplies can cause serious
illness and death. Outbreaks of food and water-borne bacteria are often caused by contamination of the
food or water supply by outside sources, and as such, should be preventable given real-time detection tools.
Immunosurfaces are a hybrid material that combines biological components from an organism’s immune
system, antibodies, with inorganic nanostructures, which would allow the real-time sensing and detection
of bacteria in food and water supplies. In this chapter, I present molecular dynamics studies performed to
quantitatively characterize the behavior of prototype immunosurfaces created with two different types of
functionalized substrates. These simulations show that the functionalized substrate has an impact on the
access of solution proteins to the surface and therefore to the ability of proteins to bind to the immunosurface.
The work presented here should allow for the optimization of device design, leading to longer and more
predictable device lifetime and enable the creation of real-time detection systems for bacterial pathogens.

In Chapter 3, I look explicitly at the interactions between a protein and the inorganic surface of a
nanochannel. Reducing the size of a nanofluidic channel not only creates new opportunities for high-precision
manipulation of biological macromolecules, but also makes the performance of the entire nanofluidic system
more susceptible to undesirable interactions between the transported biomolecules and the walls of the
channel. In this chapter, I report molecular dynamics simulations of a pressure-driven flow through a
silica nanochannel that characterized, with atomic resolution, adsorption of a model protein to its surface.
Although the simulated adsorption of the proteins was found to be nonspecific, it had a dramatic effect on the
rate of the protein transport. To determine the relative strength of the protein—silica interactions in different
adsorbed states, we simulated flow-induced desorption of the proteins from the silica surface. The analysis
of the protein conformations in the adsorbed states did not reveal any simple dependence of the adsorption

strength on the size and composition of the protein—silica contact, suggesting that the heterogeneity of the



silica surface may be a important factor in protein binding.

In Chapter 4, I focus on the details of the adsorption of biomolecules by studying the adsorption of
small organic molecules to inorganic surfaces. Adsorption of dissolved molecules onto solid surfaces can
be extremely sensitive to the atomic-scale properties of the solute and surface, causing difficulties for the
design of fluidic systems in industrial, medical, and technological applications. In this chapter, I show
that the Langmuir isotherm for adsorption of a small molecule to a realistic, heterogeneous surface can be
predicted from atomic structures of the molecule and surface through molecular dynamics simulations. I
highlight the method by studying the adsorption of dimethyl-methylphosphonate (DMMP) to amorphous
silica substrates and show that subtle differences in the atomic-scale surface properties can have drastic effects
on the Langmuir isotherm. The sensitivity of the method presented is sufficient to permit the optimization
of fluidic devices and to determine fundamental design rules for controlling adsorption at the nanoscale.

In Chapter 5, I use our knowledge of the surface—solute interaction to parameterize a multiscale model of
solute transport through micro-and nanofluidic devices. Transport of solutes through micro- and nanofluidic
devices is challenging to model because the devices components typically measure in hundreds of nanometers
to microns, but the adsorption of solute on the device surfaces is sensitive to the atomic-scale properties of
the solute and surface. However, without an accurate model, it is difficult to optimize and design devices
to have solute-specific transport. In this chapter, I present a multiscale model for simulating the transport
of solutes through micro- and nanofluidic devices with atomic precision and show that it fully recreates the
results of all-atom molecular dynamics simulations. I highlight the method by simulating the filling and
draining of a 500-nm nanochannel and show that the atomic-scale properties of the device surfaces affects
solute transport through 100-nm nanochannels. The accuracy and efficiency of the model presented here
will allow for the design and optimization of micro- and nanofluidic devices for solute-specific transport.

In Chapter 6, I present research done in collaboration with the research groups of Weinstock, Sivaprasadarao,
and Miiller in which we use MD to develop a protocol for embedding a synthetic device in a biological en-
vironment. Porous polyoxometalate nanocapsules of Keplerate type are known to exhibit the functionality
of biological ion channels; however, their use as artificial ion channel is tempered by the high negative
charge of the capsules, which renders their spontaneous incorporation into a lipid bilayer membrane un-
likely. In this chapter I report coarse-grained molecular dynamics simulations that demonstrate a route for
embedding negatively charged nanocapsules into lipid bilayer membranes via self-assembly. A homogeneous
mixture of water, cationic detergent, and phospholipid was observed to spontaneously self-assemble around
the nanocapsule into a layered, liposome-like structure, in which the nanocapsule was enveloped by a layer

of cationic detergent followed by a layer of phospholipid. Fusion of such a layered liposome with a lipid



bilayer membrane was observed to embed the nanocapsule into the lipid bilayer. The resulting assembly was
found to remain stable even after the surface of the capsule was exposed to electrolyte. In the latter con-
formation, water was observed to flow into and out of the capsule as Na™ cations entered, suggesting that
a polyoxometalate nanocapsule can form a functional synthetic ion channel in a lipid bilayer membrane.
The use of a synthetic device to mimic biological ion channels would permit a step-by-step study of the
atomic-scale properties that allow the channels to perform their biological function, for example, selective
transport of specific ions. Furthermore, such devices would assist in the development of synthetic systems
for the purposes of biotechnology by exploiting the same mechanisms found in proteins.

The ability to interface solid-state technology with biological molecules presents an amazing opportunity
to create revolutions in medicine and personal technology. However, there needs to be a clear a way to
interface these two worlds in a way that allows the two to exist in their independent environoments while
also interacting regularly through well-understood channels. To accomplish this, we must have the ability
to design and optimize interactions of biomolecules and solid-state materials down to the atomic scale.
In my dissertation, I have tried to show by example the methodologies that I use in my work and the
range of possibilities that they present for researchers in the field. It is my hope that the research that
I have performed in my doctoral studies here at the University of Illinois at Urbana-Champaign will be
a template for future research and science. The work I have done here has both shown the possibilities
of the MD method for studying the physical interface of biological and synthetic components, and I have
developed new techniques that can be used by researchers in field to further the science and engineering of

bionanotechnology and nanobiotechnology.



Chapter 2

Immunosurfaces for Bacterial
Detection

Reproduced in part from: Radadia AD, Stavis CJ, Carr R, Zeng H, King WP, Carlisle JA, Aksimentiev A,
Hamers RJ, Bashir R (2011) Control of Nanoscale Environment to Improve Stability of Immobilized Proteins
on Diamond Surfaces. Adv. Funct. Mater. 21(6):1040-1050 [2] (Copyright © 2011 WILEY-VCH Verlag
GmbH & Co.); and Carr R, Comer J, Aksimentiev A (in press) Modeling the Interface between Biological
and Nanotechnological Systems. In Simulations in Nanobiotechnology. (Copyright © 2011 CRC Press,
LLC) [41].

Outbreaks of food and water-borne pathogens like e-coli in the general population can lead to serious
illness and even death. Such outbreaks from food sources can lead to a recall of the contaminated food
supplies, which can be devastating for the businesses involved [57]. These outbreaks are often caused by
contamination of the food or water supply from outside sources like cattle feces [57, 58, 59], and would be
preventable if there were reliable and affordable methods for on-site, real-time testing [2]. In this chapter,
we discuss our collaborative effort with the research groups of of Bashir, Hamers, Carlisle and King to design
and validate next-generation, hybrid bio-nano devices called “immunosurfaces,” which could function as a
real-time early warning system for pathegen detection in food and water supplies.

The immunosurface is an example of a hybrid material that combines biological components from an
organism’s immune system, antibodies, with inorganic nanostructures to perform sensing and detection of
foreign substances. A schematic diagram of an immunosurface is shown in Figure 2.1 a. Antibodies are
covalently tethered to an inorganic substrate so that the antibodies remain exposed in solution to preserve
their activity and stay bound to a particular region of the substrate. This also prevents aggregation of the
antibodies, as occurs in solution. Proteins, such as antibodies, tend to bind to inorganic surfaces strongly
and nonspecifically [29]. To prevent adhesion of the antibodies to the substrates, the inorganic substrates
are functionalized, or covalently coated, with a layer of protective molecules known as the functionalization
layer. This functionalization layer also provides the binding site for the molecules that tether the antibodies
to the surface.

Antibodies are a powerful addition to a sensor, because they bind their targets strongly and specifically,
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Figure 2.1: Immunosurfaces for bacterial detection. a) Schematics showing an immunosurface that consists
of a solid-state substrate, such as glass or diamond (shown in grey as a gray slab), functionalized with
organic coating (blue lines) to which linker molecules (blue circles) anchor antibodies (orange Ys) against
pathogens like bacteria (green ovals). The individual components are not drawn to scale. b) A close up
view of an all-atom model of an immunosurface used for MD simulations. The inorganic substrate (ultra
nanocrystalline diamond) is shown as a grey molecular surface, the aminodecane functionalization layer is
shown as tealgray chains with nitrogen in bluedark gray and hydrogen in white, and an asparagine peptide
is shown as tubes with carbon in cyangray, nitrogen in bluedark gray, oxygen in redblack and hydrogen in
white. The water molecules that fill the system are not shown.

in a way that is currently not possible to achieve with a purely synthetic device. Antibodies, or immunoglob-
ulins, are proteins typically composed of two heavy chains and two light chains, which are cross-linked with
disulfide bonds to form a Y-shape. The tips of the Y are known as variable regions, because the amino acid
sequence varies greatly between antibodies in the same organism. This high variability gives an antibody its
high specificity for the ligand, or antigen, to which it binds. However, if an antibody binds to a inorganic
surface, it will rapidly lose activity as the protein becomes unstructured or oriented in a way that the antigen
can’t diffuse into the variable region.

In collaboration with the research groups of Bashir, Hamers, Carlisle and King, we are working to create
immunosurfaces capable of detecting different strains of bacteria with the goal of monitoring the purity
of water and food supplies [2]. In order to be successful, these immunosurfaces must be able to operate
under physiological conditions for extended periods of time. Glass or gold substrates are typically used
for anchoring proteins such as antibodies, but the polyethylene glycol and lipid bilayer coatings commonly
used to prevent protein adsorption to their surfaces break down within two days [60]. Ultrananocrystalline
diamond (UNCD) is a novel substrate composed of 2-5 nm diameter, phase-pure diamond grains on which
alkene functionalization layers show excellent stability [1]. To compare the performance of immunosurfaces
made with UNCD substrates to those made with a typical glass slide, immunosurfaces were created by
covalently attaching antibodies to either UNCD films functionalized with aminodecane or Corning GAPS II

amine-terminated glass (GAPSG) slides. A complete description of the experimental protocol used to create
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the immunosurfaces is available in the published manuscript [2].

To test the long-term stability of the immunosurfaces operating under physiological conditions, each
immunosurface was submerged in phosphate buffered saline and monitored over a period of two weeks. The
half-life of the antibody activity was found to be around 4 days for the immunosurfaces created with the
GAPSG substrate as compared to about 11 days for those with the UNCD substrate. While there was
about 25% loss of antibodies from the GAPSG substrate in the first week, and 13% loss from the UNCD
substrate in the second week, these losses alone are not enough to explain the magnitude of degradation in
immunosurface performance [2]. A complete description of the experimental protocol and results is available
in the published manuscript.

One explanation for this loss in performance is that the antibodies could be binding to the substrates,
somehow bypassing the functionalization layer meant to prevent binding. It is known that without a pro-
tective coating of aminopropylsilane on silica or aminodecane on diamond surfaces, the antibodies can bind
nonspecifically to both surfaces [61, 29], losing their conformation and specific affinity to antigens. However,
it is not known how the antibody proteins could interact with the substrates in the presence of the function-
alization layer and how the functionalization layer degrades in solution. While it is not possible to resolve
such dynamics in solution experimentally, the molecular dynamics (MD) method offers a route to model the
dynamics of such systems with all-atom precision.

To gain insight into the interactions of antibodies with the functionalized UNCD or GAPSG surfaces,
we first performed MD simulations of all-atom model functionalized diamond and SiOs substrates. Close-
ups of the simulation systems highlighting the substrates and functional layer are shown in Figure 2.2.
Aminodecane-terminated diamond surfaces (2.6 x 10** molecules/cm?, Figure 2.2a) and aminopropylsilane-
terminated SiOy (4.0 x 10** molecules/cm?, Figure 2.2b) were submerged in a 0.137 M NaCl saline solution
approximating the PBS buffer used in experiment (the concentrations of other solutes, like phosphate, were
too low to accurately represent in such a small volume, 5 x 5 x 10 nm?). Each system was then simulated
with the MD method in the NPT ensemble for at least 40 ns. A complete description of how we modeled
and simulated these systems is given in Appendix A.

By analyzing the steady-state of the MD simulations for the different model functionalized substrates,
we can determine the effect of the substrate and functionalization layer on water density near the surfaces.
As shown in Figure 2.2a, the aminodecane layer of the UNCD surface effectively blocks water access to
the diamond substrate, whereas small pockets of water were observed in the aminopropyl layer of the SiOq
surface (Figure 2.2b). To model the effect of variations in functionalization layer density, we have simulated

UNCD and SiO, substrates with a range of functional group densities. Figure 2.3 shows the average density
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Figure 2.2: Water pockets on the immunosurfaces revealed by molecular dynamics (MD). a H-terminated
UNCD coated with 2.6 x 1014 molecules/cm2 aminodecane. The top panel shows a contour plot of the water
density within 0.5 nm of the diamond surface, averaged over a representative 1 ns period of the 40 ns MD
trajectory. The center panel shows a cut-away view of the same surface; the location of the cut away surface
is indicated at the top panel as a dashed line, UNCD is shown as a grey molecular surface, aminodecane
as teal chains with nitrogen in blue and water as vdw spheres (oxygen in red and hydrogen in white). The
bottom panel shows the potential of mean force (PMF) for bringing different types of amino acids from bulk
solution to the surface. b, Water density (top), a cut away view (center) and the PMF profiles (bottom) for
the silica surface coated with a 4.0 x 1014 molecules/cm2 layer of aminopropylsilane. Silica is shown as a
gray molecular surface and other molecules are shown as in panel a. ¢, Water density (top), a cut away view
(center) and the PMF profiles (bottom) for partially degraded the silica surface (see text). The degradation
of the functionalization layer on silica creates pockets of water within the functionalization layer, which
facilitates binding of amino acids as revealed by the PMF plots.
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Figure 2.3: Simulated density of water near functionalized UNCD and silica substrates. a The average density
of water versus the distance from the UNCD substrate coated with aminodecane to different surface density.
Dashed lines indicate the distance at which the density of aminodecane becomes equal to the density of water.
b The average density of water versus the distance from the silica substrate coated with aminopropylsilan
to different surface density. Dashed lines indicate the distance at which the density of aminoprop