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1 Abstract

The development of an artificial cell is desired to contribute to the understanding of biological intracel-
lular environments. The goal of this work is to contribute to the artificial cells project by both determining
the feasibility of an easily reproducible drift-reducing chamber and evaluating the replication of intracellular
crowdedness using aqueous solutions including two polymer chain lengths of polyethylene glycol. The first
part of this study focused on the creation of a drift-reducing chamber using agarose hydrogels. Despite the
optimization of the chamber, in relation to agarose hydrogel specifications and construction methods, it was
found to be unsuitable due to its inability to maintain a seal when fluid was flowed through the system.
The second section of this work studied the motion of inert tracer particles in aqueous solutions with vary-
ing concentrations (16.7 mg/mL, 25 mg/mL, and a mixture of 40% concentration and 20 mg/mL) of two
polyethylene glycol polymer chain lengths (2000 & 8000 or 200 & 20000). The related findings suggest both
the diffusion coefficient A and the diffusive exponent « to depend on a medium’s crowdedness and variation
of particle sizes. Anomalous subdiffusion was observed in samples with a concentration of 25 mg/mL or
above. This finding experimentally supports the theoretical work of Sunol and Zia [I] and aligns with the
use of PEG for artificial replication of the crowdedness of biological cytoplasm. The tracer particle findings
of this study have exciting implications for the artificial cells project and general work towards the creation

of an artificial cell.
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3 Introduction

3.1 Background

A biological cell’s cytoplasm is a complex domain consisting of crowded organelles, organic molecules,
salts, and water. Cytoplasm’s spatial organization plays a massive role in biological systems— impacting
cytokinesis, the movement of proteins, and many other integral processes [2]. Yet, while the complicated non-
Newtonian properties of cytoplasm are documented, the underlying physical-chemical properties of cytoplasm

are not well understood [3]. This knowledge gap calls for the development of artificial model systems of cells.

3.1.1 Intracellular Movement

Movement within intracellular environments can be generally categorized as one of two types: passive
diffusion and active transport. Passive diffusion, also known as Brownian motion, is the random movement of
particles in a fluid as a result of continuous bombardment from surrounding molecules. The theory of Brow-
nian motion originates from the works of Einstein, Langevin, Smoluchowski, Fokker, and Plank [4] and will
be discussed further in the Theory section of this paper. Active transport describes the energetically-driven
movement of other molecules in the cytoplasm, including by the motion of motor proteins. These motors
not only directly transport their cargo, but they can bolster the transport of unattached particles within the
cytoplasm [5]. Studying the various types of intracellular movement works to further the understanding of

cellular environments and biological processes.

Numerous studies have been conducted to observe the passive diffusion of particles in both artificially
made and biological environments. In 1988, van Megen and Underwood experimentally studied the passive
diffusion of tracer particles in colloidal suspensions [6]. At the same time, Kehr et al. (1989) investigated
the interdiffusion of two species of particles, of different transition rates, in lattice-gas models [7]. Later
on, Leptos et al. studied passive tracers, this time in a biological environment of suspensions of eukaryotic
swimmers. Their work focused on the collective behavior generated by bacterial systems with high swimmer
concentrations and the subsequent enhancement of tracer particle transport and fluid mixing [8]. Each of

these studies worked to advance knowledge of passive diffusion.

The study of active transport is similarly extensive and encapsulates a vast variety of methods. Howse



et al. (2007) studied the motion of artificial micro-scale swimmers that use a chemical reaction catalyzed
on their surfaces to achieve autonomous propulsion [9]. This experimental work helped solidify the ability
to take advantage of chemical reactions to create effective autonomous propulsion of spherical colloids that
mimic active transport within the cytoplasm. Previous work on this project has involved the study of active
Pt-coated Janus particles which similarly make use of a chemical reaction by catalyzing the breakdown of
hydrogen peroxide on their platinum-coated hemisphere to propel them forward and create concentration-
field gradients [5]. The catalytic nature of these Janus particles allows them to use a surrounding medium,

aqueous hydrogen peroxide, as a fuel reservoir while maintaining the integrity of the colloid:

2H504 =7 2H,0 + Os. (1)

These artificial chemical swimmers were studied alongside passive fluorescently dyed sulfate latex tracer
particles (Fluoromax, 1.1 pm diameter) confined to emulsion droplets. The motion of both particles in fuel

was tracked to better understand the coupling of active and passive particle motion [5].

More recently, thesis student Ryan Smolarsky focused his work on better replicating the crowdedness of
biological cytoplasm by introducing various concentrations and polymer chain lengths of polyethylene glycol
(PEG), Fig. [1] to sealed sample slides with RO water and tracer particles. Smolarsky observed the tracer
particle diffusion in solutions with PEG lengths of 200, 2000, 8000, and 20000, each at approximately 3.3,
6.7, 10, 13.3, and 16.7 mg/mL concentration. Two primary variables were examined in this study: diffusion
coefficient and diffusive exponent, both of which will be further explored in section 4. Data from these slides
showed a decrease in diffusion coefficient with an increased PEG concentration or polymer chain length.
Additionally, all measured diffusive exponents were shown to remain constant at o = 1, which is consistent
with basic passive diffusion [10]. While the diffusive exponent of o = 1 is easily distinguishable from active
transport, o = 2, it is not fully representative of the anomalous motion that exists within biological cytoplasm

as a result of their crowdedness.

Published March 2023, theoretical work by Sunol and Zia showed that subdiffusion, the category of
anomalous diffusion where @ < 1, might be demonstrated within artificial cytoplasm by the use of more
than one polymer length of PEG [I]. In their simulation, Sunol and Zia used extremely high concentrations

of PEG at 20%, 30%, and 40% volume fractions. These concentrations are interesting in the context of
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Figure 1: Polyethylene glycol (PEG) is an organic polymer of varying chain lengths and offers the potential
for replicating biological cytoplasm’s crowdedness in artificial environments.

Smolarsky’s work given that the maximum water solubility for PEG is 50 mg/mL [II], which corresponds
to a volume fraction of 2% within Smolarsky’s aqueous solution. Consequently, the highest experimentally
achievable volume fraction for PEG above 200 in length is only 10% of the lowest theoretical volume fraction

studied.

3.1.2 Drift-Reducing Chambers

In order to better understand the mixing that occurs within the cytoplasm we are interested in the study
of small-scale motion, including passive particle diffusion and active particle motion. Consequently, ensemble
drift, referring to the collective slow movement towards something, is a considerable source of error. At such

small scales, the separation of ensemble drift from particle diffusion or active motion can be difficult.

With the use of Janus particles in the fabrication of artificial cytoplasm, their chemical reaction creates a
drift. The decomposition reaction of hydrogen peroxide, as seen in Eq. |1} produces water and oxygen. Given
a high enough concentration of Janus particles, the volume of oxygen produced makes likely the creation of
oxygen bubbles [5]. These bubbles create a rapid expansion in the medium, particularly when they move

and merge, which introduces a large sample drift and consequent source of error.

In order to rectify this experimental challenge, Palacci designed a gel microsystem that allowed for the
constant renewal of hydrogen peroxide fuel and the simultaneous removal of oxygen by diffusion through an
agarose hydrogel [2]. Palacci’s microfluidic device, Fig. sandwiches the agarose gel between plexiglass,
ensuring a proper seal of the system. Particles are introduced into central chambers in the gel prior to the

sealing and a syringe pump is used to introduce hydrogen peroxide into the system.

Palacci’s choice to use agarose hydrogel is particularly encouraging due to its unique, well-studied



Figure 2: Photograph of the microfluidic device developed by Palacci et al. (2010) [2]. (1) is the metal
framework, (2) is the plexiglass manifold that supports the agarose gel, and (3) is the plexiglass cover of the
system which ensures proper sealing. Reprinted from [2].

structure. Often used in biology and chemistry to separate particles through gel electrophoresis, agarose
hydrogel pores are large enough to enable the free diffusion of small molecules such as molecular oxygen,
hydrogen peroxide, and water through the gel, yet small enough to contain the tracer and Janus particles

within the gel.

Using his microfluidic device, Palacci demonstrated Brownian motion of particles within the agarose
gel well. This signals that the device provided an environment free of convection from both internal and
external causes. Despite this and the assurance of stable chemical conditions needed for the study of active

colloids, Palacci’s proposed device is difficult to replicate.

In his recent work, Smolarsky made initial strides toward the creation of a drift-reducing chamber that
is easier to reproduce than Palacci’s [10]. An agarose hydrogel, containing a central well, was sandwiched
between a glass microscope slide and a perfusion chamber (Electron Microscopy Sciences) to seal the system
from the exterior environment in an easier, and thus repeatable, fashion than Palacci. Commonly used in
cellular biology, perfusion chambers are press-to-seal covers that form a water-tight seal when pressed to
coverslips or microscope slides — similar to rubber gaskets. They have dual access ports that are designed for
the quick addition or removal of reagents, Fig[3] Using this construction, Smolarsky identified the gel well

boundary and took an initial measurement of the appropriate gel agarose height for seal formation. Despite



Figure 3: Image of a reusable CoverWell™ perfusion chamber made of medical grade silicone bonded to clear,
UV-transparent plastic. Reprinted from [12]

the promising observed containment of particles within the agarose well, during the chamber assembly, there

was air sealed within the space above the well interior due to a dimple in the agarose hydrogel, Fig. [

While the air pocket issue might be resolved by introducing more water into the system, which would
theoretically push the water to diffuse through the hydrogel by the creation of an osmotic pressure gradient [2],
this is not a given. The sole presence of an air pocket isn’t itself problematic, but its potential to introduce
evaporation into the system, which may create drift and thus impact particle stagnancy, is particularly

concerning.

3.2 Goals

The overarching goal of this research is to further the existing study of passive diffusion and fueled
particle motion in order to construct an artificial cytoplasm that mimics the functions and structures of a
living biological cell. This exploration promotes a deeper understanding of biological processes and ultimately

has extensive applications in a variety of fields.

More explicitly, this work will focus first on continuing the drift-reduction chamber construction started
by Smolarsky. Given the potential for drift caused by the preexisting air pocket, the initial goal is to
reconfigure the chamber to eliminate its presence. This process involves adjusting the agarose gel and

sample preparation and construction to avoid entrapping air within the chamber.

Once the system is rid of trapped air, it must be demonstrated that it can be used to study particle
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Figure 4: Side view of the contact seal created by Smolarsky with 2.05 mm tall agarose hydrogel. The
agarose dimple shown was filled with air rather than sample solution contents when sealed. Reprinted from

[10].



11

diffusion and active particle motion. In order to show this, the goal is to document tracer particle stagnancy
within the agarose gel well. In his microfluidic device, Palacci was able to characterize the dynamics of
individual swimmers and show that they maintained a persistent random walk, or Brownian motion [2]. The

identification of Brownian motion suggests the sample is as stagnant as possible with minimum drift.

Alongside stagnancy, to be useful when studying Janus particles, the drift-reducing chamber must be
shown to allow for the continual replenishing of fuel, H,O5, enabling a more convenient data-taking process
that is not limited by the exhaustion time of the fuel. This ability will be studied by flowing fluorescently

dyed water into the chamber.

These individual steps will help determine the feasibility of a perfusion-chamber-based drift-reduction
chamber that may be used to more accurately study the diffusion of tracer particles and movement of
fueled particles, ultimately furthering the study of artificial cytoplasm and promoting the understanding of

biological cell environments.

In addition to the assessment of this drift-reduction chamber, this research will focus on polyethylene
glycol as an artificial replication of a biological cell’s crowdedness. While Smolarsky’s findings did not demon-
strate PEG’s ability to replicate anomalous diffusion, Sunol and Zia’s recent paper theoretically shows the
potential of combining different polymer chain lengths. This work will follow their simulation, as is exper-
imentally possible, to try to achieve anomalous diffusion, thus demonstrating PEG’s ability to accurately

replicate the crowdedness of biological cytoplasm.

Incorrect
citation
~Viva
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4 Theory

The theory of diffusion underlies the analytical work of observing and quantifying particle motion
conducted in an artificial cytoplasm. On a large-scale, diffusion describes the tendency for particles to
spread from areas of high concentration to areas of low concentration [I3]. Individual particle movement,

however, may also be described as diffusing.

4.1 Deriving Mean Squared Displacement: The Einstein Relation

One of the simplest meaningful statistical properties related to the study of particle dynamics is the mean
squared displacement [6]. To derive this value, we begin by imagining a region where particle concentration,
n, increases uniformly in one direction. The flux, f, of particles across a surface in such a region may be

described by Fick’s second law [13]

Jy=—-D— (2)

where t is the time, the constant of proportionality D is the diffusion coefficient, and x is a coordinate.

Published in his 1905 paper [14], Einstein found the solution to the above partial differential equation to be

n(x,t) = e~ 1Dt (3)

where N describes the number of particles diffusing in the medium. Einstein’s solution mirrors the form of

a general Gaussian curve function f(u)

flu) = Ce 32 (4)
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where C is a constant, u is a variable input, and most importantly o2 is the variance of the function. Drawing

comparison between Eq. [3] and Eq.

20% = 4Dt (5)

o2 = 2Dt (6)

determines the variance of Einstein’s solution with respect to displacement, Eq. [f] The physical interpreta-
tion of this variance is the simplest meaningful statistical property related to particle motion: mean squared
displacement (MSD). More directly, this variance represents the square of the average displacement that a
particle has traversed from its starting point in one dimension. The resulting Einstein relation for MSD in

one dimension is [14]

(z?) = 0? = 2Dt (7)

The additive nature of MSD allows for the easy computation of values in two and three dimensions.
In two dimensions, say z and y, the MSD are (z2) = (y?) = 2Dt. The overall MSD for two-dimensional

movement is therefore

(z%) + (y?) = 2(2Dt) = 4Dt (8)

and for three-dimensional movement in the x, y, and z directions [Smolarsky]

(r?) = (&%) + () + (%) = 3(2Dt) = 6Dt (9)
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To make matters slightly more complicated, MSD must be specified as either relating to an individual
particle, iMSD, or the ensemble of particles, eMSD. While iMSD allows for the very specific characterization
of a single particle’s motion, eMSD provides greater insight into the behavior of a collective group of particles
and cytoplasm as a whole system. In this study, eMSD is used to characterize particle movement in artificial

cytoplasm.

4.2 Diffusion Coefficient: The Stokes-Einstein Relation

The MSD equation leaves just one variable to be unpacked, the diffusion coefficient D, which is deter-

mined with the Stokes-Einstein relation. This relation begins with Fick’s first law

Jy=—-D— (10)

which describes the flux of particles in one dimension across the surface of the previously proposed region,

and Stokes’ Law

F = 6manv (11)

which describes the drag force exerted on spherical objects of small Reynolds numbers in viscous fluids.
FEinstein built upon Fick’s first law using Stokes’ Law to derive the following relation for the diffusion

coefficient D [14]

RT

_ 12
67N aan (12)

Understandably named the Stokes-Einstein relation [15], Eq. defines R as the gas constant, T as tem-

perature, N4 as the well-known Avogadro’s number, « as the radius of the particles, and 1 as the medium’s
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Figure 5: Log-log plot of Zheng et al.’s experimentally determined two-dimensional MSD values for Janus
particles in water and various concentrations of HoOs over a scaled time 7 = D,.t. Reprinted from [16].

viscosity.

Under the assumption of constant temperature and uniform particle radius, the Stokes-Einstein relation
demonstrates that the medium’s viscosity is the sole influence of a particle’s diffusion coefficient and therefore
said particle’s MSD. More specifically, a larger diffusion coefficient correlates to enhanced diffusion, which

may be expected in instances of fueled particle motion [5].

4.3 Anomalous Diffusion

A slight caveat to the above use of Fick’s laws must be explored — they are designed for isotropic
fluids in which properties are uniform throughout the medium [I5]. As previously discussed, intracellular

environments are complex, crowded mediums that therefore cannot be assumed to be isotropic.

A 2013 study by Zheng et al. (2013) [16] examined the motion of Janus particles in water and varying

concentrations of HoOs. The MSD of Janus particles in these various mediums is shown in Fig.

In such complex environments, a power law may be used to describe empirically useful data [I5]. Such

data includes values that fall within an easily observable time frame, as circled in Fig. Using Eq. [8] the
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corresponding power law is

(r*)y = 6Dt* (13)

where « is the diffusive exponent. The diffusive exponent holds useful information about the type of diffusion
observed. A value of & = 1 corresponds to normal diffusion and results in the Stokes-Einstein relation, while

a value of o # 1 represents anomalous diffusion [I5].

Anomalous diffusion, and the resulting deviation from the Stokes-Einstein equation, can be further
characterized based on « value. Commonly encountered in constant velocity x = wt scenarios, @ = 2
represents ballistic motion where (r?) o« t? [5]. Superdiffusion lies between normal diffusion and ballistic
motion, where 1 < a < 2 [I5]]. The final category of anomalous diffusion is subdiffusion which occurs when
a < 1 [15]. With the diffusive exponent, particle motion can be easily categorized and therefore better

understood.
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5 Methods

5.1 Agarose Gel Preparation

Gel preparation methods outlined by Palacci (2010) were followed to produce the agarose hydrogel
cylinders used in the drift-reduction chamber [2]. A 4.5-5% agarose solution was created by combining 1.24 g
of agarose hydrogel powder with 25 mL of RO water. This solution was vortexed for approximately 30 seconds
until it appeared as a cloudy suspension. The solution was then transferred into a beaker and microwaved
at 1.35 kW until boiling — approximately 30 seconds. After being stirred this process was repeated, being
careful not to burn the solution, until the agarose was homogeneously dissolved in the RO water. The beaker

was then covered with tinfoil to limit evaporation and settling during the next step.

The beaker was placed onto a hotplate with a magnetic stir bar (moving around 100-200 rpm) until
the solution reached 80 — 90° C. If a metal mold was used for the gel cylinders then it, too, was placed
on the hot plate to avoid rapid cooling of the hydrogel in the next step. Once the solution reached the
proper temperature it was poured into either an aluminum or Lexan mold with generally-cylindrical slots,
the specifications of which will be discussed later on in section 6.1.2, directly after removing it from heat.
The top of the mold was quickly scraped using a glass microscope slide to remove excess agarose and ensure
a smooth flat surface. The agarose was then cooled to room temperature in the mold, allowing the hydrogel
matrix to settle. The agarose hydrogels were then removed from the mold and stored in RO water while

refrigerated at 2 — 8°C until ready for use.

Excess agarose may be reused by pouring it into a container and storing it without RO water at the

same temperature to later be microwaved and heated according to the above procedure.

5.2 Observing and Quantifying Particle Movement

5.2.1 Bright-field and Fluorescence Microscopy

The observation and imaging of particles in this work was done using a Nikon Ti-E Inverted Microscope.
Both bright-field and fluorescence microscopy were used to visualize small-scale objects. A quad filter was

used during fluorescence microscopy to allow the observation of four different colors of fluorescent dye —
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although red fluorescently dyed particles were primarily used. AVI videos were taken at 17.3 frames per

second (fps) using a Thorlabs color camera.

While the two forms of microscopy used share many abilities, their technology and precision levels vary.
Bright-field microscopy is the simplest technique using light microscopes, making it quite favorable. Visible
light and magnifying lenses are used to view samples that appear as dark images on a bright background
[I7]. In this study, bright-field microscopy is primarily used to locate the boundaries of agarose hydrogel

wells.

Fluorescence microscopy is a newer technique within light microscopy that allows for the targeted
imaging of molecules that have been tagged with a fluorescent dye. This greater specification can occur
because the unique quantum properties of the fluorescent particles cause them to be excited by a specific color
light. This excitement results in the tagged particles giving off lower-energy light, with longer wavelengths
[I77]. Tt is this specific light wavelength, and thus color, that produces the magnified view seen by the viewer.
Necessary to this project, fluorescence microscopy is used to locate and observe tracer particles and their
movements. Unlike bright-field images that show particles as bright or dark, fluorescent images are simpler

and our algorithm is able to identify the centroid of these very bright spots.

5.2.2 Video Analysis

In order to quantify the motion of particles in the artificial cytoplasm, we used a computer software
program that could analyze recorded videos. The Python library TrackPy was used to study the motion of
the fluorescently dyed tracer particles. This program works by locating the center of the particles and linking
the coordinates of individual particles together into trajectories [I8]. In addition to this, the overall ensemble
drift of particles was calculated to separate the random movement, or Brownian motion, of particles from
the collective motion of the system. The rotational and translational drift was modeled using a singular
value decomposition (SVD) method and the resulting values were subtracted from the trajectories in order

to obtain the drift-subtracted movement of the particles [5].
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Perfusion Chamber ~ Agarose Hydrogel Hydrogel Well

Microscope Slide Chamber Entrance and Exit

Figure 6: Top view of the generic drift-reducing chamber constructed throughout this project. *Not to scale

6 Drift-Reducing Chamber

The general components of the drift-reducing chamber remained the same from Smolarsky’s work [10]:
an agarose hydrogel cylinder, with a well in the center, was sandwiched between a microscope slide and
a perfusion chamber. Pipetted into the well was 0.1 uL of fluorescently dyed sulfate latex tracer particles
(Fluoromax, 1.1 pm diameter). The remainder of the drift-reducing chamber was filled with RO water to
complete the device, Figs. [0 and []} While these basic aspects were unchanged, many additional variables
were tested to determine the most effective chamber construction, with the additional priority of eliminating

the previously mentioned entrapped air bubble. These many components are outlined within this section.

6.1 Microfluidic Device Sealing

Leaks are a frequent, concerning problem in the realm of microfluidic devices. The smallest leak can
prevent a device from functioning properly, and in certain instances cause concern for safety. Despite their
prevalence, leaks are often difficult to pinpoint and even harder to fix. In order to create a chamber that is
drift-reducing and can contain particles and the surrounding medium, it must be sealed properly and free

from leakage.
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Figure 7: Cross section of the generic drift-reducing chamber constructed throughout this project. *Not to

scale
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Figure 8: Top view of a theoretical agarose hydrogel mold. The radius, R, corresponds to the resulting
hydrogel cylinder’s radius.

6.1.1 The Issue of Hydrogel Swelling

With numerous applications to science, hydrogel’s physical properties are well studied. In 2010, Roberts
et al. published a comparative study of the viscoelastic mechanical behavior of agarose and PEG hydrogels
in the context of cartilage tissue engineering [T19]. Currently, Abigail Plummer et al. (2023) are studying the

obstructed swelling and fracturing of hydrogels and their related agricultural function [20].

Despite the well-studied properties of hydrogels, during an initial attempt to construct a drift-reducing
chamber without a dimple — using a freshly settled, flat-bottomed agarose gel cylinder — a major and unex-
pected problem was discovered. While it was known that agarose hydrogel absorbs water, its unexpectedly
extensive expansion capabilities after settling caused it to swell above what was tolerated by the perfusion
chamber seal. This swelling, more specifically referring to the volumetric-growth process that occurs when
a porous material expands by spontaneous absorption of additional pore fluid [21], quickly created a large
leak in the microfluidic device during the collection of data when the perfusion chamber gasket peeled off

from the glass slide.

6.1.2 Characterizing Agarose Gel Swelling

In order to address this leak, the related swelling of agarose hydrogel needed to be characterized.
Quantifying this characteristic involved measuring the height of an agarose hydrogel cylinder in RO water
over a period of 24 hours. A flat-bottomed mold, Figs. [§ and [9] with depth d = 1.85 mm and radius R =

6.28 mm, was used to create an agarose cylinder according to the previously mentioned procedure.

Previous attempts to measure hydrogel height with a caliper depth rod proved difficult as the typical
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o

Figure 9: Cross-sectional view of a flat bottom agarose hydrogel mold. The radius, R, corresponds to the
resulting hydrogel cylinder’s radius, and depth, d, to its height.

- OLUTE AEH
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Figure 10: Image of the developed measuring technique using calipers which allows for the measurement of
soft agarose gel without distortion of the cylinder.

method of measurement placed too much pressure upon the hydrogel, causing it to crush under the weight of
the caliper and produce an inaccurate measurement. Based on this experience, the measurement technique
was adjusted and optimized according to Fig. An initial measurement of the agarose gel height was taken
directly after it was removed from the mold. The gel was then placed in a covered Petri dish with enough
RO water to be submerged. In increments of 5 minutes, over a 60-minute period, the gel was momentarily
removed from the Petri dish, measured, and replaced. Fig. is a graphical representation of the agarose

hydrogel height in mm over 60 minutes.

As seen in Fig. the agarose gel undergoes most of its swelling within the first 10 minutes submerged
in RO water, measuring 1.94 mm, 2.06 mm, and 2.14 mm at 0 min, 5 min, and 10 min respectively. After
10 minutes, the hydrogel reaches its maximum swollen height of around 2.14 mm + 0.04 mm. Error in the

height measurements is a result of the repeatability of measurements for the same hydrogel swelled cylinder.

This observation mirrors the results of Bertrand et al.’s 2016 study of the dynamics of swelling and
drying in a spherical gel [21I]. Their study’s theoretical data is summarized in Fig. |12 and experimental data

in Fig. While the time duration before the plateau varies, the general behavior of the curve remains
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Agarose Hydrogel Height Over Time in RO Water (2.0 mm flat mold)
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Figure 11: Experimentally determined values for an agarose hydrogel using a flat-bottomed mold with a
depth of 2 mm. Measured heights are plotted against the time in which the agarose cylinder sat in RO water
after being removed from its mold.
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Figure 12: Tlustrated representation of Bertrand et al.’s theoretically determined evolution of the mean
radius of hydrogel beads with a dry radius ag = 0.76 mm and a fully swollen radius of 6.4a4. Reprinted from

211.

similar. Given that swelling is dependent on object shape [21], it is likely that this time variation is a result

of the difference between Bertrand et al.’s spherical gel and our cylindrical shape.

6.1.3 Resulting Agarose Gel Specifications

Storage:

In order to keep the experimental design as constant as possible during testing, the swelling test suggests
that agarose hydrogels should be stored in RO water for at least 10 minutes prior to being used. This will
allow for the gels to swell to their average maximum before they enter the chamber. While it is possible to
allow this process to occur within the chamber, the contact between the microscope slide and the perfusion
chamber top minimizes the hydrogel’s exposure to water, slowing down the rate of swelling. Furthermore,
it was observed that non-swollen fresh agarose may absorb the water from inside the well when allowed to
swell within the chamber. This introduces problems as the center of the well dries up and the tracer particles

become immobile.
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Figure 13: Graphical representation of Bertrand et al.’s experimentally determined time evolution of the
radii of three hydrogel spheres after immersion in water. Experimental data are shown in colors with the
predictions of the model depicted in dashed gray. Orange, blue, and yellow are all shifted vertically by 0,
0.5, and 1, respectively, for clarity. The same applies to their respective gray lines. The inset of the figure
depicts a/aq — 1 plotted against ¢ on a logarithmic scale with each line scaled vertically by factors of 2/3, 1,
and 3/2, respectively. Reprinted from [21].
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Figure 14: Representation of the theoretical mechanisms of flat-bottomed agarose swelling within a drift-
reducing chamber. The swelling of the hydrogel places direct pressure on the perfusion chamber, causing it
to unseal from the microscope as highlighted by the red circles. *Not to scale

Dimple Presence:

To get rid of the trapped air discussed in section 3.1.2, flat-bottomed molds were made to create agarose
cylinders without dimpled ends. While these cylinders easily solved the problem of air entrapment, the
fluctuating swelling of the agarose gels within the perfusion chambers was not tolerated by these samples.
Figs. and [15| demonstrate the theoretical ”crunch zone” present in the dimpled agarose compared to the
flat agarose — allowing for the small fluctuations in the volume of the dimpled agarose without the disruption
of the gasket seal. Due to the ineffective gasket sealing that accompanied flat agarose, and this theoretical
understanding of the dimple’s crunch zone, it was determined that dimpled cylinders are preferable over flat
ones. The resulting challenge became sealing the chamber without entrapping air while still using a dimpled

hydrogel. The remedy to this complication will be explored below in section 6.2.

Height:

Within this study and Smolarsky’s [10], discussed agarose hydrogel heights refer to a mold’s label and

intended depth. The actual depth of these molds varies slightly, although the order of their real depths
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Figure 15: Representation of the theoretical mechanisms of a dimpled agarose hydrogel swelling within a
drift-reducing chamber. Red circles enclose what may be understood as the ”crunch zone” and allow for the
fluctuation of agarose height caused by swelling. *Not to scale

matches the order of their intended depths. For ease and to match the language of Smolarsky’s work,
agarose hydrogel heights will be discussed with relation to their labeled height, however the following table

outlines their realistic measurements.

Labeled /Intended Depth Edge Depth Dimple Depth
1.95 1.9 1.81
2.05 1.95 1.86
2.1 2.02 1.92

Table 1: Two depths are listed for each mold: the edge depth refers to the deepest point of the hydrogel
mold along its perimeter while the dimple depth refers to the depth of the mold from the top of the dimple.

Measurements were taken using a caliper depth rod.

Smolarsky concluded in his work that an agarose mold height of 2.05 mm was ideal given the equipment
used in his study [I0]. While the materials of this study remain the same, this gel height was tested again,
now pre-swollen, to insure its correctness. An agarose gel height taller than 2.05 mm was also tested which

was not previously done by Smolarsky.
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As anticipated by the results of Smolarsky’s data, the agarose gel height of 1.95 mm allowed for the
perfusion chamber to seal against the microscope slide, but unfortunately was not tall enough to contain the

tracer particles within the agarose well, Fig. Because agarose hydrogel floats in water, the stream of

(c)

Figure 16: Illustrated representation of the results of varying agarose hydrogel heights. (a) depicts a drift-
reducing chamber with an agarose hydrogel that is too short, 1.95 mm. The agarose floats within the chamber
and allows particles to escape beneath it. (b) shows a properly fitted agarose hydrogel, 2.05 mm, with all
four points of contact circled in green. (c) represents the instance in which the agarose hydrogel is too tall
for the perfusion chamber, 2.1 mm. In this case, the hydrogel places pressure on the perfusion chamber top,
causing the gasket to peel away from the microscope slide, allowing the contents to leak out.

tracer particles with the 1.95 mm can be seen escaping underneath the gel in Fig. [I7a] and was observed to
be seeping outwards from the well. The 2.05 mm height, on the other hand, created a sealed environment
and managed to contain the tracer particles within the agarose well, Fig. [I6b] The containment of these
particles is shown in Fig. at a slightly higher height than the 1.95 mm cylinder. This is because the
bottom-most layer of the 2.05 mm sample was only immobile particles that were trapped between the agarose
and microscope slide when the device was sealed. This difference further highlights the 1.95 mm hydrogel’s

inability to create simultaneous contact with both the microscope slide and perfusion chamber.

To provide an upper limit on acceptable agarose hydrogel height, another chamber was constructed
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Figure 17: Mixed bright-field and fluorescence microscope image of agarose hydrogel well boundaries using
10x magnification. The combination of both microscopy techniques allowed for the visualization of particles
in context with the gel boundary and was possible in these images as the particles were not actively being
recorded for analysis. Image (a) is that of a 1.95 mm agarose hydrogel. A stream of particles may be clearly
identified here. Image (b) is of a 2.05 mm agarose hydrogel. A clear line of contained fluorescent tracer
particles may be seen at the edge of the well.

using a cylinder of height 2.1 mm. While this height provided the same contact with the perfusion chamber
as 2.05 mm, it was too tall to fit securely within the perfusion chamber. Consequently, the agarose lifted
the sides of the perfusion chamber up from the microscope slide creating an unsealed and therefore unusable

environment pictured theoretically in Fig. and experimentally in Fig.

6.2 Apparatus Construction

In addition to the hydrogel specifics previously mentioned, many other variables were tested throughout
the construction of this drift-reducing chamber. These variables, their variations, and resulting conclusions

are outlined in the table below.
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Delamination

Figure 18: Photograph of the delamination between the microscope slide and the perfusion chamber gasket
caused by the 2.1 mm agarose hydrogel cylinder height.

Tested Variables

Variable Considered

Tested Variations

Takeaways

Flipped Construction

(1) Constructed with perfusion
chamber on the bottom, filled with
all components then sealed with
microscope slide (2) Started with
microscope slide and agarose, well
filled with particles, then sealed with
perfusion chamber and filled with

RO water through inlet

Option (1) is favorable

ends of the perfusion chamber (2)
Tape was placed on all edges of
the perfusion chamber (a) Regular

household tape (b) Kapton film tape

Epoxy (1) Devcon High Strength 5-minute | Option (2) is preferred
Epoxy (2) PC-Products PC-11 Un-
derwater 24 hr set Epoxy, two-part
marine grade
Well Size (1) Small hole of diameter 1.5 mm | Larger hole size (2) is best as it is
(2) Large hole of diameter 5.95 mm | easiest to pipette particles into
Tape (1) Tape was placed on the short | The best combination was (2) and

(b), yet no option fully sealed the

chamber when pressure was applied
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While the well size and use of tape may be easily interpreted, the flipped construction and epoxy are

less straightforward. The testing of these more complex variables are further outlined below.

Flipped Construction

Following Smolarsky’s procedure, initial drift-reducing chambers were constructed according to option
(2). Despite the careful placement of the microscope slide to seal the device, an air bubble was still frequently
trapped when using a dimpled cylinder. Flipping the device’s construction order to option (1), which initially
begun as an attempt to minimize construction time and reuse perfusion chambers with epoxied needle tips,

proved to be a solution to the long standing air entrapment.

To achieve this building process a plastic stand was constructed to hold perfusion chambers with their

needle tips pointing down. The subsequent construction steps are outlined in the graphics of Fig.

Epoxy

During the manipulation of the perfusion chamber for flipped construction it was noted that the epoxy
used by Smolarsky, Devcon high strength 5-minute epoxy, was quite brittle. Consequently, if the perfusion
chamber was not handled delicately enough, or even slightly jostled during its filling, the needle tips would
pop off of the chamber. Attempting to avoid this situation, it was found that 24-hour underwater epoxy,

while it took longer to set, resulted in a more malleable hold.

6.3 Perfusion Chamber Limitations

Despite the promising gasket seal and containment of particles within the center well of the 2.05 mm
hydrogel, major complications with the perfusion chamber were realized when fluorescent dye was flowed

through the system.

In order to obtain reliable data for a fueled system without enclosed air, the syringe and tube used to
introduce the dye must first be primed. The priming process, necessary in the construction of many micro
and macro fluidic devices, involves applying pressure to the syringe plunger until the efflux of the fluorescent
dye at the end of the tubing is visible. This process ensures the free flow of the solution once the pump is

started and minimizes air introduced to the environment. Unfortunately, the presence of the needle tips on
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Figure 19: Cartoon representation of the flipped construction for the drift-reduction chamber. Step (a)
requires the placement of a pre-set perfusion chamber and needles down on a plastic stand. The desired
agarose hydrogel is then placed within the perfusion chamber. Next, (b) depicts the addition of RO water—
this should completely fill the chamber. The introduction of the vortexed Fluoromax particles into the
hydrogel well is shown in step (c). Finally, (d) illustrates the sealing of the device with a microscope slide.

the perfusion chamber introduce a challenge in that they cannot be primed before the device is fully built.
As a result, all of the air from these needle tips must first be pushed through and out of the device before

data may be collected.

After the tubing was primed it was gently attached to the needle tips on the perfusion chamber with
careful attention to not disrupt the seal. Following this, an initial attempt to prime the needle tips was made
by manually pressing the syringe forward. The pressure placed on the system by the quick addition of the
dyed water proved to be too much for the fragile seal of the perfusion chamber, resulting in the immediate

breakdown of the device. To combat the delamination of the device it was sealed with the different types of
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Figure 20: Image showing fluorescently dyed water, pumped using a Harvard PHD 2000 syringe pump
at a speed of 30 pl/mn, leaking out of the separation formed between the perfusion chamber gasket and
microscope slide.

tape mentioned in section 6.1. While the Kapton film tape was most effective in holding the system together,

it was not strong enough to withstand the pressure from the manual priming.

A final effort was made to prime the microfluidic device and start a steady flow of fluorescently dyed
water using the Harvard PHD 2000 syringe pump at a speed of 30 ul/mn. While this speed did not introduce
nearly the same magnitude of pressure as the manual manipulation, it proved to still be too much for the
gasket seal to handle and the perfusion chamber separated from the microscope slide as seen in Fig. by

the leakage of the dyed water.

Overall, despite the successful removal of trapped air from the agarose dimple, the inability to flow
liquid through the drift-reducing chamber is a major setback. For the device to be useful in the study of the
fueled motion of Janus particles and their effect on tracer particle motion, it is imperative that hydrogen

peroxide fuel can be introduced to, and ideally flowed through, the sealed system.
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7 Experimental Design: Tracer Diffusion and PEG

While the construction of an easily reproducible drift-reducing chamber that permits the study of Janus
particles alongside tracer diffusion is still in the works, tracer particles themselves do not yield the same
molecular oxygen byproduct and can therefore be studied in an enclosed space. A simple sealed slide that
allows for the study of tracer particle motion within a variety of artificial environments and minimal drift is
outlined below. As previously stated, Smolarsky was only able to identify basic diffusion of tracer particles,
where o = 1, with solutions using one polymer chain length of PEG [10], while the theoretical work of Sunol
and Zia suggested anomalous diffusion to be possible using two different polymer chain lengths [I]. Sections
7, 8, and 9 explore the study of tracer particles in aqueous systems containing two separate polymer chain

lengths of PEG in an attempt to experimentally create a more realistically crowded cytoplasm.

Given time constraints, polymer chain length combinations of this study were limited to 2000 and
8000 as well as 200 and 20000. While these combinations do not encompass all those possible, they are

representative of both a drastic length difference and a small length difference between the two PEG lengths.

In addition to PEG length, the studied concentration in this work were carefully considered. Influenced
by the high volume fractions of Sunol and Zia’s study (20%, 30% and 40%) [1], this work focused only on the
highest few possible concentrations of PEG. Both sets of polymer lengths were examined at 16.7 mg/mL,
the highest concentration used by Smolarsky. They were also studied at a concentration of 25 mg/mL— the
maximum possible concentration within the slide’s aqueous solution given the previously discussed water
solubility of PEG lengths above 200. Finally, PEG polymer length 200 is unique in that it comes in a liquid
form which allows for its use at much higher concentrations. Consequently, the 200 and 20000 lengths could
also be studied when holding 20000 at its highest concentration and introducing pure liquid 200 PEG to the

solution.

7.1 Apparatus and Slide Construction

To create the sealed sample slides, a 9 mm diameter secure seal spacer (Electron Microscopy Sciences) is
placed on a microscope side and 4 pL of mineral oil is pipetted into its center. Tracer particles are vortexed
and 1 pl is added to an Eppendorf tube. Also added to the Eppendorf tube are 0.5 pL each of two PEG
chain lengths (2000 and 8000, or 200 and 20000) at varying concentrations (both 50 mg/mL or 200 PEG

Incorrect
citation.
~Viva
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Figure 21: Cross-sectional view of a sealed sample slide. *Not to scale

at full concentration and 20000 at 50 mg/mL). The contents of the full aqueous solution bring the effective
concentrations of PEG down by a factor of 2. To introduce another level of concentration, both sets of PEG
lengths are also tested using 50 mg/mL concentration, but an additional 1 pL of RO water is added to the

Eppendorf tube, reducing their effective concentration by a factor of 3 rather than 2.

The contents of the Eppendorf tube are vortexed for 30 seconds to ensure proper mixing and pipetted
into the center of the mineral oil droplet that already exists on the microscope slide. Occasionally small
bubbles are inadvertently introduced into the aqueous solution during the pipetting process. These bubbles
can be easily popped using the tip of a needle. Lastly, a coverslip is carefully placed on top of the slide and
solution to seal it off, Figs. 21] and

7.2 Methods

Following the construction of a sealed sample slide, tracer particle motion was recorded at 17.3 fps and
40x magnification using fluorescence microscopy according to section 5.2.1. For each slide, three separate
videos of approximately equal lengths were recorded at different locations within the aqueous solution to
account for sample variations over time and space. The recorded videos were then analyzed with TrackPy

software [18] as described in section 5.2.2.
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Figure 22: Top view of a sealed sample slide. *Not to scale

8 Results: Tracer Diffusion and PEG

To complete an analysis of particle diffusion, the TrackPy software locates the centroid of each individual
fluorescent particle and maps its trajectory, as seen in Fig. Measured particle trajectories are then
modified by subtracting drift, a measurement for which is seen in Fig. The resulting trajectories are
used to calculate both iMSD and eMSD. The graph for iMSD, Fig. while interesting, is less useful than
the resulting eMSD graphs. As previously mentioned, eMSD provides greater insight into the cytoplasm as

a whole system. Thus, eMSD, and related values, were the focus of studying tracer diffusion in this work.

A sealed sample slide was created for each possible combination of PEG concentrations and PEG polymer
chain lengths. For PEG lengths of 200 and 20000 each at 25 mg/mL, two additional slides were made. This

larger set of experimental data showed the findings explored in this section to be reproducible.

8.1 MSD and Log Plots

For each video recorded, TrackPy analyzed the motion of tracer particles and measured eMSD [um?]
values over time [s]. Figs. and are eMSD graphs for both sets of PEG lengths at the lowest

concentration studied, 16.7 mg/mL. eMSD graphs for the middle concentration of 25 mg/mL, based on the
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Figure 23: TrackPy [I§] particle trajectory for an aqueous solution with PEG of lengths 200 & 20000 at 16.7
mg/mL concentration after 6.0 seconds.
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Figure 24: TrackPy [I8] graph of ensemble translational drift of tracer particles over time for an aqueous
solution with PEG of lengths 200 & 20000 at 16.7 mg/mL concentration.
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Figure 25: TrackPy [18] graph of iMSD for control tracer particles over time. Data was collected from an
aqueous solution with PEG of lengths 200 & 20000 at 16.7 mg/mL concentration.

Drift-Subtracted eMSD Drift-Subtracted eMSD
o#l o#2 o#3 il o#2 o#3
S 2,
g g
o
0".
lag time At [s] lag time At [s]
(a) (b)

Figure 26: Experimentally determined eMSD values over lag time for the recorded videos of sealed sample
slides at concentration 16.7 mg/mL concentration and PEG lengths (a) 2000 & 8000 and (b) 200 & 20000.

maximum solubility of PEG, are shown in Figs. and The final eMSD plot over lag time at the
highest studied concentration is Fig. As mentioned prior, this high concentration is made possible by
the liquid state of PEG polymer length 200.
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Figure 27: Experimentally determined eMSD values over lag time for the recorded videos of sealed sample
slides at concentration 25 mg/mL concentration and PEG lengths (a) 2000 & 8000 and (b) 200 & 20000.
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Figure 28: Plotted eMSD values over lag time for the recorded videos of the sealed sample slide with PEG
length 200 at 40% volume concentration and 20000 at 20 mg/mL concentration.
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Drift-Subtracted eMSD
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Figure 29: Experimentally determined eMSD values over lag time for all recorded videos. This graph
encompasses the five concentration and PEG length combinations studied in this work: PEG 2000 & 8000
at 16.7 mg/mL, PEG 200 & 20000 at 16.7 mg/mL, PEG 2000 & 8000 at 25 mg/mL, PEG 200 & 20000 at
25 mg/mL, and PEG 200 at 40% volume concentration & PEG 20000 at 20 mg/mL.

In addition to the eMSD plots for each recorded video at a given concentration and PEG chain length
combination, all of the eMSD data collected is collectively summarized into one graph, Fig. Generally, as
the PEG concentration increased, the slope of the eMSD plot decreased. Additionally, for each concentration,
as the difference between the two included PEG polymer chain lengths increased, the slope of the eMSD plot

decreased.

The eMSD plots in Figs. and are somewhat linear. Consequently, TrackPy is designed to
take advantage of this and create log-log plots of the logarithm of MSD versus the logarithm of time for the
videos analyzed [10]. Fig. is the logig-logyo plot for all measured eMSD. Taking the logarithm of both
sides of Eqn. [9]

log(r?) = log(6Dt*) (14)
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Figure 30: Logio-logio plot of the experimentally determined eMSD values over lag time for all recorded
videos. This graph encompasses the five concentration and PEG length combinations studied in this work:
PEG 2000 & 8000 at 16.7 mg/mL, PEG 200 & 20000 at 16.7 mg/mL, PEG 2000 & 8000 at 25 mg/mL, PEG
200 & 20000 at 25 mg/mL, and PEG 200 at 40% volume concentration & PEG 20000 at 20 mg/mL.



42

and recalling logarithm rules

log(MN) = log(M) + log(N) (15)
log(M") =k log(M) (16)

allows for the following reframing of Eqn. [9]in correspondence with the log-log plot:
log(r?) = a log(t) + log(6D) (17)

where «, the diffusive exponent, is the slope of the log-log plot, and log(6D) is the y-intercept. Using this
manipulation, the software calculates a diffusion coefficient A and diffusive exponent «. It must be noted
that the general diffusion coefficient produced by this software, A, does not consider the numerical factors
that are used to determine the true diffusion coefficient, D, in the Einstein, Eq. [3] and Stokes-Einstein, Eq.
relations [I0]. Given the two-dimensional nature of the video recordings, a more representative equation

for the log-log plots given by this software’s analysis is
log(r?) = a log(t) + log(A) (18)

where A = 4D.

8.2 Diffusion Coefficients and Diffusive Exponents

Measurements of diffusion coefficient, A, and diffusive exponent, «, in aqueous solutions with various

concentrations and polymer chain lengths of PEG are summarized in the tables below.

Sample Code  Sample Description Number of Contributing Slides
1 PEG 200 & 20000 @ 16.7 mg/mL 1 slide (3 videos)
2 PEG 2000 & 8000 @ 16.7 mg/mL 1 slide (3 videos)
3 PEG 200 & 20000 @ 25 mg/mL 3 slides (9 videos)
4 PEG 2000 & 8000 @ 25 mg/mL 1 slide (3 videos)
5 PEG 200 @ 40% volume & 20000 1 slide (3 videos)
@ 20 mg/mL

Table 2: Table of the sample slide coding system used to organize the measured « and A values in Tables 3
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and 4.

Sample Code  Average « Uncertainty in «
1 1.004 0.006

2 1.005 0.009

3 0.966 0.015

4 0.996 0.002

5 0.82 0.02

Table 3: Experimentally determined average diffusive exponents, «, for each of the five possible PEG con-
centration and polymer chain length combinations in the aqueous solution. Individual data points that make

up the average can be found in Appendix 2 - 6.

In aqueous solutions with mixed PEG chain lengths, the measured diffusive exponent of tracer particles,
«, notably decreased with increased PEG concentration. Furthermore, « similarly decreased with an increase
in the difference between the included PEG polymer chain lengths— i.e. the more drastically different the

PEG lengths are within an aqueous solution, the lower the diffusive exponent «.

Focusing more specifically on the measured values of «, both PEG combinations at 16.7 mg/mL, the
highest concentration studied by Smolarsky [10], produced a diffusive exponent value approximately equal to
1, @ = 1. This value is consistent with a system experiencing basic diffusion. However, once the concentration
was increased to 25 mg/mL, both PEG length combinations exhibited diffusive exponents below 1, o < 1.
Just below 1, the average diffusive exponent for tracer particles in an aqueous solution of PEG 2000 and
8000 at a concentration of 25 mg/mL was 0.996 £+ 0.002. Even lower than this, PEG lengths 200 and 20000
at the same 25 mg/mL concentration resulted in a diffusive exponent value of a = 0.966 & 0.015. Finally,
the lowest experimentally found value for tracer particle diffusive exponent, o = 0.82 £ 0.02, was found in
an aqueous solution of PEG length 200 at a 40% volume concentration and length 20000 at 20 mg/mL. All
of the measured diffusive exponents less than 1, o < 1, are suggestive of anomalous diffusion of the tracer

particles. More specifically these values correspond to tracer particles undergoing subdiffusion.



44

Sample Code  Average A Uncertainty in A
1 0.967 0.006

2 1.0651 0.0014

3 0.73 0.08

4 0.889 0.009

5 0.187 0.012

Table 4: Experimentally determined average diffusion coefficients, A, for each of the five possible PEG
concentrations and polymer chain length combinations in the aqueous solution. Individual data points that

make up the average can be found in Appendix 2 - 6.

Similarly to the observed diffusive exponent trends, the diffusion coefficient A of tracer particles in an
aqueous solution with mixed-length PEG decreased with an increase in PEG concentration. The diffusion
coefficient A also decreases with an increase in the length difference between the combined PEG molecules.
It is important to note that the aforementioned in section 8.1 discrepancy between the measured general
diffusion coefficient, A, and the theoretical diffusion coefficient, D, does not negate the usefulness of A in

describing tracer particle motion given its direct reliance on D.
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9 Discussion: Tracer Diffusion and PEG

9.1 Summary of Results

An analysis of the motion of fluorescently dyed tracer particles in aqueous solutions with two different
lengths of PEG (2000 & 8000 or 200 & 20000) at varying densities (16.7 mg/mL, 25 mg/mL, or PEG
200 at 40% volume and 20000 at 20 mg/mL) showed the slope of MSD over time to decrease with an
increase in PEG concentration and increased length difference between the two included PEG polymer chain
lengths. MSD values were plotted on a log-log graph against lag time and were used to calculate a diffusion
coefficient, A, and diffusive exponent, «, for each sample recording. The diffusion coefficient, A, was found to
decrease with both an increased PEG concentration and an increase in the length difference between the two
included PEG polymer chain lengths. Similarly, the diffusive exponent, «, decreased with both an increase
in PEG concentration and length difference between the two included PEG chain lengths. More explicitly,
basic diffusion where o = 1 was observed for both polymer chain length combinations, 2000 & 8000 and
200 & 20000, at 16.7 mg/mL. All other samples examined, at higher concentrations, exhibited anomalous

subdiffusion where av < 1. No samples showed superdiffusion where 1 < a < 2.

9.2 Interpretation of Results

The noted decrease in diffusion coefficient, A, with increased PEG concentration suggests that the
diffusion coefficient depends on the crowdedness of a diffusive medium-—i.e. an increasingly crowded medium,
one with a higher concentration of PEG, results in a lower diffusion coefficient. This finding is comparable
to that of Smolarsky’s work with aqueous solutions containing just one polymer chain length of PEG [I0].
In addition, the evident decrease in A with an increased difference between included PEG polymer chain
lengths implies that the diffusion coefficent relies on the variation of particle sizes within a studied aqueous

solution.

Differentiating from Smolarsky’s findings using one polymer chain length of PEG, this study suggests
that anomalous subdiffusion, a < 1, is observable at high enough concentrations when two differing polymer
chain lengths of PEG are mixed into the aqueous solution. The discernible decrease in the diffusive exponent
« with an increase in PEG concentration suggests that the diffusive exponent relies on the crowdedness of

the diffusive medium. This decrease may also be attributed to the corresponding increase in the difference



46

between included PEG polymer chain lengths. This suggests that the diffusive exponent additionally depends

on the variation of particle sizes within the solution.

The experimental identification of anomalous diffusion in an artificial cytoplasm is an important finding
in the work of properly replicating biological cytoplasm’s crowdedness. Despite being a fraction of the
concentration used in Sunol and Zia’s theoretical work [I], these experimental findings support the use of

PEG as an artificial replication for the crowdedness of biological cytoplasm.

Influential to the application of these findings, the polymer structure of PEG is similar to many types
of lipids, and it is therefore likely that similar trends would occur with biomolecules in biological cytoplasm
[10). Moreover, in considering the impact of PEG chain lengths, it is notable that the monomer length of
PEG is 0.35 nm [22]. Comparatively, the sizes of many intracellular proteins are on the order of nanometers
[23]. The similarity in size range of PEG with many biomolecules suggest that the results of this experiment
regarding size differences in mixed PEG polymer lengths are applicable to the passive diffusion within

biological intracellular environments [10].

9.3 Sources of Error and Their Treatment

The greatest source of error within this study was the presence of ensemble drift. Discussed in section
3.1.2, ensemble drift refers to the collective slow movement towards something. While the slides used for

tracer particle observation were sealed from the external environment, they were not entirely free of drift.

To combat the error introduced by ensemble drift, a TrackPy script initially used by Horowitz et al.
(2019) [5] was used to subtract calculated rotational and translational drift from particle trajectories as
discussed in section 5.2.2. In addition to the TrackPy drift subtraction, the inclusion of mineral oil in the
sealed sample slides contributed slightly to the reduction of drift as the hydrophobic nature of oil helped to

minimize evaporation of the aqueous solution in the sample.

Additionally impactful to the study of tracer particle movement is the added noise in eMSD plots at
longer time intervals. Measured eMSD values represent the averages of all iMSD for each tracer particle in a
video. As particles move into and out of focus over time, as well as on and off the recorded section, particles
are dropped and the resulting eMSD average is based on fewer particles. This noise impacts both eMSD

values and the resulting measurements for the diffusion coefficient A and diffusive exponent «.
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For every sample slide, three videos of approximately 500 frames each were taken. Given this long time
interval, the impact of dropped particles may be more pronounced in this study than in Smolarsky’s which
analyzed videos of approximately 167 frames each [10]. To address this error, the standard deviation for «

and A measurements for a single sealed sample slide was used as their uncertainty.

9.4 Dimensions of the General Diffusion Coefficient

Given the limitations of the power law used to calculate the general diffusion coefficient A and the
diffusive exponent «, as in Eqn. the general diffusion coefficient does not have set dimensions. Rather,
its dimensions vary based on the value of the diffusive exponent «. In the specific case of basic diffusion
where o = 1, the dimensions of A may be identified as square meters per second [I0]. For this study, the
value of A remains dimensionless and it is instead noted that the value is determined given MSD is in units

micrometre squared and time in seconds.
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10 Future Research and Conclusion

10.1 Future Research

Given the discovered inability for the perfusion chamber to stick to the microscope slide within this
drift-reducing chamber, future students may instead try to replicate Palacci’s entire drift-reducing chamber
manifold [2]. If successful, the replication of this device would allow for the study of self-propulsive Janus

particles, particularly the effects of their coupling with inert tracer particles.

Applying the promising experimental findings of this study, a proper drift-reducing chamber may then
be combined with multiple polymer chain lengths of PEG to produce a more accurate artificial model for an
intracellular environment. Future studies may additionally examine higher concentrations of PEG to allow

for greater variations in modeled cytoplasm.

Such a flexible artificial model of the cytoplasm would allow for greater future study of biomolecular

motion and thus biological processes.

10.2 Conclusion

Tracer particle diffusion was measured in aqueous solutions containing various concentrations of two
different PEG polymer chain lengths. In these samples, both the diffusion coefficient, A, and the diffusive
exponent, o were found to decrease with both an increase in PEG concentration and an increase in the length
difference between the two included PEG chain lengths. These findings suggest that the diffusion coefficient
and diffusive exponent of tracer particles depend on both the medium’s crowdedness and the variation of

particle sizes within said medium.

Furthermore, the experimental findings of this work indicate that anomalous subdiffusion, a < 1, is
observable at high enough concentrations when two differing PEG polymer chain lengths are included in the
aqueous solution. This important finding experimentally supports the theoretical work of Sunol and Zia [I]

and aligns with the use of PEG for artificial replication of the crowdedness of biological cytoplasm.

In addition to the study of tracer particle diffusion, the feasibility of a perfusion-chamber based drift-

reducing chamber was examined. Despite the optimization of such a chamber, in relation to agarose hydrogel
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specifications and construction methods, it was found to be unsuitable due to its inability to maintain a seal
when fluid was introduced to the system. Regardless of the failure to construct this easily reproducable
drift-reduction chamber, the tracer particle findings of this study have extremely exciting implications for

the artificial cells project and general work towards the creation of an artificial cell.
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11 Appendix

Appendix 1. Experimentally determined height values of a flat-bottomed agarose hydrogel with height 2.0

mm over time in RO water. Hydrogel swelling was calculated by subtracting the previous height measurement

from the current one.

Time (min) Average Height (mm) Hydrogel Swelling (mm)
0 1.94

5 2.06 0.12
10 2.14 0.08
15 2.14 0

20 2.15 0.01
25 2.15 0

30 2.15 0

35 2.16 0.01
40 2.16 0

45 2.15 -0.01
60 2.15 0
120 2.15 0
180 2.18 0.03

Appendix 2. Experimentally determined diffusive exponent « and diffusion coeflicient A for tracer particles

in an aqueous solution with PEG lengths 2000 and 8000 at 25 mg/mL concentration.

Video Number ! A

1 0.993251065 0.890843689
2 0.9979482462 0.8973782553
3 0.9967480758 0.8788599191
Average Value 0.996 0.889
Uncertainty in Value 0.002 0.009
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Appendix 3. Experimentally determined diffusive exponent « and diffusion coeflicient A for tracer particles

in an aqueous solution with PEG lengths 200 and 20000 at 25 mg/mL concentration.

Slide Number Video Number ! A
1 1 0.9840619718 0.8265540812
1 2 0.9752003473 0.8130156377
1 3 0.9917471397 0.8281362666
2 1 0.9355865539 0.6728731943
2 2 0.9745285032 0.7003261139
2 3 0.9562213082 0.6349561693
3 1 0.990313616 0.710672297
3 2 0.9435834189 0.6914055242
3 3 0.9441654839 0.6655515749
Average Value 0.966 0.73
Uncertainty in Value 0.015 0.08

Appendix 4. Experimentally determined diffusive exponent o and diffusion coefficient A for tracer particles

in an aqueous solution with PEG lengths 2000 and 8000 at 16.7 mg/mL concentration.

Video Number

(67

A

1 1.001648152 1.063659216
2 0.998475229 1.065304071
3 1.015501761 1.066457721
Average Value 1.005 1.0651
Uncertainty in Value 0.009 0.0014

Appendix 5. Experimentally determined diffusive exponent « and diffusion coeflicient A for tracer particles

in an aqueous solution with PEG lengths 200 and 20000 at 16.7 mg/mL concentration.
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Video Number @ A

1 1.004550208 0.9621103064
2 0.9973505227 0.9644265109
3 1.009645521 0.9737807798
Average Value 1.004 0.967
Uncertainty in Value 0.006 0.006

Appendix 6. Experimentally determined diffusive exponent « and diffusion coefficient A for tracer particles

in an aqueous solution with PEG length 200 at 40% volume and length 20000 at 20 mg/mL concentration.

Video Number e A

1 0.8186988726 0.1914903027
2 0.8409767284 0.1741319063
3 0.7921199043 0.1964659673
Average Value 0.82 0.187
Uncertainty in Value 0.02 0.012
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