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1. Executive Summary

Cell encapsulation is an efficient and cost-effective treatment for a variety of endocrine and hormonal
disorders. The use of cells to deliver therapeutics is an especially desirable means drug delivery may be
achieved, and serves to eliminate issues associated with other methods of drug delivery. The application
of these methods to Type 1 Diabetes is a promising area of research, and may potentially be a functional
cure. As the use of cell encapsulation devices vary, the need for parameter analysis and optimization for a
diabetes-focused encapsulation devices becomes apparent. More importantly, the potential complications
faced by effective cell encapsulation devices must be considered in design.

The study attempted to observe the selectivity of transfer of chemical species pertinent to a pancreatic
islet cell encapsulation device. The complications associated with the availability of such chemical
species were also modeled with respect to variation in the parameters of the device. The Type 1 Diabetes
model was designed with a cylindrical geometry, and three primary layers consisting of an islet cell
containment core, a nanofiber(nylon) mesh layer, and an outer hydrogel layer. The impacts of glucose and
oxygen availability on insulin secretion were of specific concern to the study. The hydrogel must be
appropriately permeable to the flow of glucose, insulin, and oxygen. These concerns were addressed and
studied through the use of COMSOL Multiphysics®), a commercial analysis software. A two-dimensional
axisymmetric model was implemented in order to observe the diffusivity-driven mass transfer of chemical
species, and their associated reactions. The computational modeling approach was chosen in order to
study the effect and impact of parameter variation on the efficacy of such a device, and to computationally
optimize these parameters. A steady-state study was conducted on the model with concentrations of blood
glucose and oxygen as boundary conditions, as well as an insulin concentration of zero at the outermost
boundary assuming total insulin removal.

Encapsulated islets under low oxygen conditions showed a loss of viable tissue, and the development of a
necrotic core. Using a critical oxygen concentration of 0.001 mM in conjunction with implementing
parameter variation against standard model conditions, the critical radiuses before cell death were
calculated for several models. For the multiaxial transfer device, the critical radius before the presence of
any cell death or necrosis was determined to be 0.00172 m after identifying the key modulator of cell life
and insulin production to be oxygen. The same process was repeated with a model in which mass flux was
zero at both ends of the device, resulting in a significantly lower critical radius of 0.00122m. Additionally,
the computations revealed that insulin concentrations were not strongly modulated by glucose availability.
The production of insulin is more heavily influenced, within the steady state conditions after a meal, by
local oxygen concentrations. Iterations of the model were repeated with various hydrogels, nanofiber
widths, and islet loads in order to identify gelatin as the most efficient hydrogel for insulin flux, and
dispersed islets as being necessary for optimal insulin secretion. Validation of the model and results were
conducted through comparison to experimental information, as well as through model C which validated
the physical approximation of islets being homogeneously distributed within the core.

As the efficacy of cell-based diabetes treatments is more seriously considered, the need becomes apparent
for the development of computational model such as those implemented in this study, which reveal the
impacts of parameters and designs chosen on device efficiencies. Such a model may be implemented in



future research of alternate encapsulation methods for Type 1 Diabetes, as well as other disorders as they
pertain to the endocrine and hormonal systems. Approaches to address these directional shifts may
involve the consideration of additional parameters and domains.

Keywords: Cell Encapsulation, Diabetes, Insulin, Islet Cell, Drug Delivery

2. Introduction
2.1 Background and Literature Review

The endocrine system maintains and regulates different bodily functions through the production of
hormones. Endocrine disorders involve the secretion of either too much or too little of specific hormones.
The general treatment for disorders involving a lack of specific hormones is to replace these deficient
signaling molecules. Many common endocrine disorders are due to a lack of regulation or destruction of
tissues within the body [1]. Type 1 Diabetes is an example of such a disorder. Type 1 Diabetes involves a
lack of Insulin (a hormone released from the pancreas) that is brought about by the destruction of
pancreas cells due to the immune response [2]. Such a condition is known as an autoimmune disease, and
has been diagnosed in around 1% of the population living in the United States [3]. Type 1 Diabetes leads
to high blood glucose levels, and can cause frequent urination, weight loss, and excessive thirst. Further,
the long-term implications of this condition involve sensational problems due to nerve damage, cardiac
problems, and vision loss. Type 1 is generally diagnosed at younger ages, but can also be “late-onset” and
appear at any age. Those afflicted must adopt a lifestyle that involves consistent blood glucose level
monitoring and administering of insulin.

Hyperglycemia in diabetics involves an increase in blood glucose beyond normal levels due to a high
intake of glucose and carbohydrates combined with a lack of efficient insulin intake. Hyperglycemia is
treated by administering insulin, which helps glucose move from the blood into the cells, thus lowering
blood glucose levels. Upon entering the cells, glucose is either converted to energy which is used
immediately or stored as fat or glycogen until it is needed [1]. Conversely, hypoglycemia involves
abnormally low glucose levels in the blood, and can be brought about when a diabetic administers too
much insulin or performs physical activity without consuming an appropriate amount of carbohydrates.
Hypoglycemia can cause hunger, weakness, shakiness, as well as can very quickly lead to seizures and
comatosis [4].

Currently, the readily available and standard treatments for this condition are extremely tedious and only
partially effective [1]. The two main aspects of the protocol for caretaking involve blood glucose testing,
and administering insulin injections. Most diabetics frequently check the status of their blood sugars using
fingerstick glucose testing or Continuous Glucose Monitors, which remain attached to the body. Insulin
injections can be performed manually, and are generally administered through the use of a vial/syringe,
multi-use “pen,” or attached pump. The amount of insulin administered varies depending on how high the
blood glucose levels are when tested and the amount of carbohydrates that are to be consumed [1].

Many different devices and treatment methods are currently available for use that exist within the
aforementioned treatment areas, as well as other less accessible methods such as transplants. Most



recently, Freestyle’s Libre system has been made available as the most modern method of continuous
glucose monitoring. However, issues exist even with this new technology, as reports show this system as
less accurate than other monitors that require repeated calibration. For example, when testing during
periods of low blood glucose, the Libre’s readings were lower than actual. Conversely, the readings were
higher than actual when testing during hyperglycemia. Additionally, this device and the majority of
available detection devices depend on subcutaneous sensing, which has large limitations such as a
physiological lag time, local fluctuation sensitivities, and slow/variable rates [5]. Beyond these
shortcomings, the use of such devices fail to relieve those afflicted with the condition from having to
constantly monitor carbohydrate intakes, physical activity, and the actual use of the devices. Stem cells
have been proposed as a potential answer to these shortcomings. While the research that has been
conducted on the applications of stem cells for diabetic treatments is promising, many shortcomings have
been witnessed in this area as well. Immune responses to implanted stem cells render the cells useless, as
they may be attacked by the immune system of the body, or may be surrounded by fibroblasts through
fibrosis, which completely separates the functions of the cells from the body. In order to avoid these
responses, tested methods involve the need for immunosuppressant drugs to prevent rejection, which is an
equally unattractive downside [6].

Cell encapsulation seeks to provide an answer to this problem and the other inefficiencies that exist in
diabetes therapy. This method works through encapsulating insulin-producing islet cells with a hydrogel
and nano-fiber matrix that allows for efficient insulin release and blood glucose sensing, while also
allowing the transport of necessary nutrients to the cells inside. The matrix will serve to protect the stem
cells from the harmful immune responses that have rendered most other implant-based diabetes therapy
methods inefficient. This model will address the lack of a holistic and long-term treatment method for
Type 1 Diabetes, and will incorporate several key treatment aspects (such as both efficient insulin release
and glucose sensing) that in the past have only been addressed separately by different mechanisms.
Through an analysis on mass transfer across the hydrogel and nanofiber matrix, this study will give
insight into parameter optimization for cell encapsulation devices for the purposes of developing an
efficient diabetes treatment method.

2.2 Problem Statement

The objective of this research was to study the applications of cell encapsulation methods to treat Type 1
Diabetes as a model condition. This involved addressing the need for more comprehensive and efficient
management methods through analysis of cell encapsulation as a potential solution.

In order to develop an appropriate model for such a device, the selectivity of transfer across the hydrogel
and nanofiber walls of these devices must be investigated. The Type 1 Diabetes device must accurately
monitor glucose levels, and in turn release an appropriate amount of insulin. The research conducted
analyzes the effects of variation in parameter design for such devices, while focusing on the relationship
between oxygen/glucose availability and insulin production. Further, COMSOL Multiphysics® was
implemented in order to optimize parameters for modeling a device via analysis of the sensitivity of
insulin production to such design parameters.



2.3 Design Objectives

This study will contribute to the body of knowledge concerned with the application of cell encapsulation
to Type 1 Diabetes management in the following ways:
1. Understand the modularity of insulin production by glucose and oxygen availabilities.
2. Determine the impact of incorporating multiaxial chemical species transfer capabilities on insulin
production and oxygen availability.
3. Optimize the device parameters such as nanofiber thickness, hydrogel makeup (diffusivity), and
islet cell loading in order to maximize insulin flux.
4. Further understand the loading of islet clusters into the device to ensure necessary aeration and
maximum production of insulin for all of the cells.

Shown below in Figure 1 is a simplified schematic of the interactions between oxygen, glucose, and
insulin across a cross-sectional view of a model cell encapsulation device. The design objectives address
the efficiencies of these reactions as they pertain to the device.

-,

Islet Cell Cluster

@ Insulin
O Oxygen
O Glucose

Figure 2.3.1: Simplified schematic of device cross section. Reveals process dynamics with focus on
chemical species reactions of insulin, glucose, and oxygen. Glucose and oxygen undergo removal
reactions, while insulin undergoes production reaction.



3. Schematic
3.1 Model In Vivo

The proposed means of integration for in vivo applications is to implant the device within a patient’s
peritoneal cavity [8]. The peritoneum is a site typically chosen for the implementation of such treatments.

N
Islet Cell > Visceral
Containment Peritoneum
Nanofiber Layer
Hydrogel — > _
Coating Peritoneal
)

Cross Section of
Device

Figure 3.1.1: Simplified schematic of device in Vivo. Proposed design involves implantation into
peritoneal cavity where device able to sense blood glucose levels and release insulin to be circulated
throughout the blood and eventually to tissues.

The in vivo schematic was broken down into three separate models for computational analysis.
Additionally this was performed in order to observe the diffusivity-driven mass transfer of chemical
species, and their associated reactions. Two models, labeled No-Top Diffusion and Top Diffusion, with
two-dimensional axisymmetric diffusion through both the sides of the device were implemented, the latter
incorporating transport of species through the ends of the device. Many encapsulation devices feature tips
which are plugged or folded, prohibiting chemical species from traveling [10]. The intention behind the
implementation of these separate models was to consider the impact of incorporating ends through which
chemical species may travel on oxygen availability within the device. Additionally, a two-dimensional
model was developed in which islet cells were incorporated within the device as cell clusters, more
closely representing the actual physiological design (Cluster Model) [10]. These models were separately
implemented in COMSOL Multiphysics®). The geometry and boundary conditions of the Top-Diffusion,



No-Top Diffusion, and Cluster models are shown below in figures 3, 4, and 5, respectively. Further,
throughout this paper, the Top Diffusion, No-Top Diffusion, and Cluster models are referred to as Models
A, B, and C respectively.

Table 1: Schematic-Model Chart

Schematic Model
No-Top Diffusion A
Top Diffusion B
Cluster Model C

3.2 No-Top Diffusion Schematic - A

In order to allow for the analysis of cell encapsulation devices featuring plugged ends through which the
flux of chemical species is zero, a separate model without the hydrogel and nanofiber covered ends was
developed. As seen below in Figure 3, the diffusion-driven travel of the species is limited to the radial
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Figure 3.2.1: Model A. The 2D axisymmetric computational model used to study the No-Top Diffusion
incorporates only the radial travel of chemical species. The lines with dashes reveal the axial and radial
lines of symmetry. Notice the schematic is identical to that of the Top-Diffusion model (B), save flux
through the device ends. Please refer to Table 4 in the appendix to find values for parameters and
variables used here [7,11-15].

Similarly to the Top Diffusion model, the No-Top Diffusion model accounts for travel in the radial
direction of oxygen, insulin, and glucose. However, the 2D axisymmetric computational model
representing the No-Top Diffusion device does not account for chemical species travel in the z direction
as the flux of all species at the ends is considered to be zero mol - m™s™. The decision to include a model
without movement through the ends of the device had to do with the need to account for the impacts of
this difference on chemical species availability. Further, the associated effects of the availability or lack of
chemical species within the reactions occurring in the containment solution must be noted.

3.3 Top Diffusion Schematic - B

The schematic of the computational model featuring diffusion through both the sides of the device, and
the two ends of the device is shown below in Figure 3.3.1. The geometry, boundary conditions, domains,
and dimensions of this model are shown.
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Figure 3.3.1: Model B. The 2D axisymmetric computational model used to study the Top-Diffusion
Model incorporates both travel in the z direction, and the radial travel of chemical species. The lines with
dashes reveal the axial and radial lines of symmetry. Please refer to Table 4 in the appendix to find values
for parameters and variables used here [7,11-15].

The innermost domain of the 2D axisymmetric model represents the uniform containment of the islet
cells. These cells have been incorporated here as a fraction of the overall solution within this containment
area consisting of gel to suspend them. In the steady-state study implemented, the oxygen and glucose are
incorporated as concentration values at the outermost boundaries, and travel via diffusive forces to the
islet cell containment core where insulin production occurs. There is zero flux at the left boundary (z-axis)
and the radial axis, reflecting the symmetric nature of the model.

3.4 Cluster Schematic - C
A third computation model was developed and implemented. As seen below in Figure 3.4.1, the 3D

Cluster Model features islet cells incorporated into clusters suspended in a gel, rather than as a fraction of
total containment volume.
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Figure 3.4.1: Model C. The 3D computational model used to study the Cluster Model incorporates islet
cells as clusters. Notice the schematic is similar to that of the No-Top-Diffusion model (schematic A),
save representation of the islet cells as a volume percentage of the containment and rather as clusters. The
lines with dashes reveal the axial and radial lines of symmetry. Please refer to Table 4 in the appendix to
find values for parameters and variables used here.

The Cluster Model incorporates the islet cell component of the device into cell clusters suspended in a gel
solution. Rather than considering such cells as a percentage of total volume within the cell containment (a
feature implemented in other models for computational simplicity), the Cluster Model more closely
represents the reality of islet cell loading in cell encapsulation devices. The cluster sizes were exaggerated
in this model by a factor of 8 in order to compare the impacts of incorporating the minimum islet cell
sizing (a percentage of a uniform solution), and a much larger cell parameter sizing (in the form of
clusters) on the use of oxygen and the secretion of insulin within the device.

4. Methods
4.1 Governing Equations - Models A, B

The physics models implemented primarily involve mass transfer of three separate chemical
species—oxygen, glucose, and insulin—as well as reactions occurring amongst and between these
species. The steady-state model accounts for the travel of oxygen and glucose through the device from the
outermost walls via the implementation of concentration boundary conditions and necessary diffusion
terms in each of the three primary domains. Since there are three different layers within the model—a
nanofiber matrix layer, hydrogel layer, and an inner islet cell containment layer—a single governing
equation has been implemented across the three domains, with the reaction term for each chemical species
in these regions changing as specified below. The values for parameters and variables used here may be
found in Table 4 in the appendix. The addition of chemical species movement in the z direction for the
Model B implemented required a separate governing equation (Equation 2) to be used to account for this
new direction of mass transfer not present in the No-Top Diffusion model (Equation 1).

The percentage of islet cells within the uniform containment solution are accounted for mathematically
within the equations through multiplying the Michaelis Menten reactions by the islet load (z) which has
been inputted as a percentage. The non-zero reaction terms within the islet containment core are each
executed in the computational analysis with the addition of a smooth heavy side function to the Michaelis
Menten Kinetics used. The heavy side function returns a value of zero for the cases in which oxygen
concentration drops below critical oxygen value that indicates cell death has occured and reactions no
longer take place [14].

A - No-Top Diffision: DL2(FH] + 1, =0 (1)
. . ac; 9%c,
B - Top-Diffusion: Dl &5 +(GH] + ;=0 2)
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Table 2: Diffusivity Value Chart - A,B
Diffusivity Islet Core Nanofiber Layer Hydrogel (alginate)
D, D pem D, D, Alg
Dg D geu Dgy D, Alg
Do DOZECM DOZN D02A1g

4.2 Governing Equations - Model C

The physics model implemented in Model C includes hydrogel and nanofiber layers represented
equivalently in Model A, yet a different islet cell implementation which involves an additional domain
absent from the models mentioned earlier. As the islet cells are no longer represented by a percentage
concentration in a uniform gel solution, but rather as clusters suspended within a gel, the cells and the gel
are separated in the model to create two different domains within the islet containment core. In the
previous model, the islet cell amount in the containment was accounted for by multiplying Michaelis
Menten reactions by an islet load. Here, the Michaelis Menten reactions are no longer abated by islet load
percentages as before, and are instead restricted to occurring within each of the clusters. Additionally, this
fourth domain belonging to the matrigel is accompanied by the need for another equation as is discussed
below (Equation 3). Because the addition of individual clusters removes an axisymmetric assumption, a
3D model became necessary.

C - Clusters: Dj[li(r%) + ¢

r or

2 2
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o) t(GE) 1 +7;=0 3)
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Table 3: Diffusivity Value Chart - C
Diffusivity Islet Core, Matrigel Nanofiber Layer Hydrogel (alginate)
Digcn D, D; e
DG ECM DG N DG Alg
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4.3 Boundary Conditions
Table 1: Summary of Boundary Conditions Implemented in Models A and B
Schematic Insulin Glucose Oxygen
dc; dc dc
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dc; dc dc
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4.4 Assumptions

The following assumptions have been made in order to develop the computational models, as well as their
accompanying governing equations and boundary conditions. These assumptions were created based on
information gathered from literature, as well as through consultation with laboratories pursuing applicable

research.

No additional adsorption occurs within the nanofiber mesh or the hydrogel, as these regions are
already saturated with chemical species.

Insulin activity at the outermost boundary can be accounted for through implementing a
concentration boundary condition of zero mol m?, reflecting total removal and consumption of
the insulin by the surroundings.

No hydrophobic effects impact the travel of chemical species across the device.

Assume peritoneum is well mixed [7]

Insulin is secreted from cells in form of monomers alone, while dimers and hexamers are not
secreted. Chemical equilibrium is driven toward monomers as a result of Le Chatelier's principle.
The nylon mesh layer is completely impregnated by the hydrogel.

Fibrosis, the process through which the immune system creates an impenetrable fibroblast barrier
around foreign objects, is negligible [8]. Therefore, the diffusion of chemical species is not
affected by cellular activity around the device (other than insulin consumption).

The hydrodynamic radius of insulin may be used as an accurate value for the purposes of these
models [16]. This can then be used in conjunction with an appropriate obstruction model in order
to determine the diffusivity of insulin in the nylon layer, the calculations of which may be found
in the appendix [17].

Islet load does not affect confinement diffusivity significantly.

5. Results and Discussion

In developing plots and figures to display the results obtained from the study, a standard device model
was chosen and maintained throughout all the figures save when mentioned otherwise, or in the cases
where parameter changes were performed. This standard model was the model B, and featured an islet
load of .005, nanofiber (nylon) layer of 100 microns, and alginate as the hydrogel component. The models
with which each of the figures are concerned are listed in parentheses following the figure number.

14



5.1 Glucose Modulation

Prior research suggests glucose to be the essential modulator of insulin production for cell encapsulation
devices [17]. To further determine the effects of glucose on the steady state secretion of insulin following
a meal, insulin concentration was modelled at two blood glucose concentrations both of which reflected
after a meal. Figure 5.1.1 below illustrates that insulin secretion varies minutely with the glucose
concentration immediately outside of the device, which you can particularly note by only the slight
change in insulin concentration.
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Figure 5.1.1 (B): Modulation of insulin concentration by glucose during steady-state following a meal.
Low blood glucose corresponds to a value of 5.56 mol'm™ and high blood glucose values correspond to 11
mol-m™ [10].

Within regular conditions, glucose is an important modulator of insulin secretion and is the basis for why
this device can be used for long term treatment of diabetes. However, the model follows steady state
conditions following a meal in order to optimize the device to account for when maximal insulin is being
produced and secreted. Therefore, glucose acting as a modulator was assumed to be insignificant for the
rest of this report. This lack of change in insulin levels throughout the device is accompanied by an
equivalent lack of change in glucose concentration across the device, as shown below in Figure 5.1.2.
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Figure 5.1.2 (B): Glucose concentration throughout device changing radially. This figure shows
relatively constant glucose concentration throughout the device and little insulin production modularity, as
this model reflects the device immediately after the user has consumed food.

The process reflected here shows that for steady state concentration, the glucose levels are relatively
constant throughout the device and do not play as large a role as other reagents in the secretion of insulin.
For additional figures of chemical species in these devices, please refer the contour plots in Appendix E.

5.2 Oxygen Availability

After determining that glucose was not the primary modulator, oxygen availability to the islets was
considered next. Oxygen is the other important modulator of insulin secretion and plays an important role
in keeping the islet cells alive. At low concentrations of oxygen, islets furthest from the outermost radius
of the device will begin to die (necrosis occurs). Therefore, the device geometry was altered and the
maximal radii of the core was set to a width such that islets within the center of the device still receive the
minimum concentration of oxygen necessary to stay alive. In other words, the effective concentration of
oxygen was the actual subtracted by the critical oxygen required (Equation 9 in appendix). Figures 5.2.1
and 5.2.2 show different maximal widths given changes of hydrogel composition or nanofiber matrix
layer.
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Figure 5.2.1 (B): COMSOL generated surface plots of critical radii. Reveals cell death when Islet
Containment Radius goes over maximum.The death of islet cells is due to a lack of oxygen to sustain life.
This was calculated by subtracting critical oxygen concentration from the oxygen concentration at a
particular location along the r/z-axes.

If the radii of the device exceeds the maximal width, as shown in Figure 5.2.1 islets will begin to succumb
to hypoxia and die, as shown by the white portions of this figure. Thus, critical radii is a key parameter
that a research team would have to test for to determine the optimal parameters such that all islet cells are
able to live all throughout the device. Applying this method to next find the optimal nylon nanofiber
matrix thickness to also promote optimal oxygen transport into the device to keep the cells alive, as you
will note in the next Figure 5.2.3.

1.78

1.77

Maximum Islet Containment Radius

0 50 100 150 200 250 300
Nanofiber Mesh Width (microns)

Figure 5.2.3 (B): Maximum Islet Containment Radius in relation to Nanofiber Matrix. Analyzed via
oxygen availability across the radii of the nanofiber mesh. Analyzed via cell death within the device due
to restraints in oxygen availability.
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This data illustrates that the thinner than nylon nanofiber matrix width is, the higher the oxygen transport
is across the membrane. This aids in determining an optimal thickness of Nylon that both enables the
device to be sturdy as well as enhances/lengthens life of islet cells. Determining the critical radii and the
effects of going beyond the maximum width of the islet cell containment solution was analyzed further in
different types of islet cell solutions.

0.1 Fibrin
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— Alginate
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0.0 1.6513,0

L1.7278, 0
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Concentration of Sufficient Oxygen (mol ' m?)

0 0.5 1 1.5 2 2.5 3

-0.01
Radius of Islet Containment (mm)

Figure 5.2.3 (B): Critical Islet Containment Solution Radius for different types of hydrogels. Fibrin,
Gelatin, and Alginate were analyzed due to their biocompatibility and desirable diffusivities for oxygen,
insulin, and glucose transport.

Figure 5.2.3 illustrates how gelatin would be considered the most optimal option, as gelatin has the largest
critical radius, allowing for the device to support more islet cells in providing more oxygen.

Since oxygen is the primary modulator of this cellular encapsulation device, using varying oxygen levels
to determine which thickness of nylon is most beneficial as well as type of hydrogel to recommend using
is essential. Of the three types of hydrogel implemented, gelatin has the highest solubility constant for
oxygen, and therefore the maximal width of the device is 2.26 millimeters as compared to the maximal
width of 1.74 millimeters and 1.62 millimeters for alginate and fibrin, respectively [11, 15, 20]. Even
though gelatin has smaller diffusion coefficients for the chemical species of importance for this device, it
still secretes a larger amount of insulin as compared to devices composed of alginate or fibrin, as shown
in Figure 5.4.10 [18, 21-22]
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5.3 Multiaxial Diffusion

In developing these devices, there is variation with regards to whether or not diffusion through the ends of
cell encapsulation devices is accounted for or incorporated. Often, the ends of these devices are plugged
or sealed off with thermo-sealers in order to prevent leakage of the device’s islet cell containment [10].
Shown below in Figure 5.3.1 is a comparison of the overall insulin flux of model B, in which diffusion
through both the radial and z-axis directions is allowed, to that of model A which only allows radial
chemical species transfer.

=

Insulin Flux x 10-'% (mol'm2-sec’!)

Top No Top

Figure 5.3.1 (B, A): Insulin Flux in Top Diffusion and No-Top Diffusion. The derived insulin fluxes
through the Top and No-Top Diffusion models (B,A) are shown here, as the insulin flux for B here
represents the sum of the flux out in the radial direction and the flux out in the z-axis direction.

The calculated flux of insulin out of the hydrogel layer of the devices differ significantly between models
A and B. The total insulin flux for the model with transfer in more than one direction was
2.43-10"*(mol-m™s™), while the other model which featured transfer only in the radial direction was
determined to have a flux value of 1.49-10"*(mol-m™s™). This comparison reflects the larger insulin flux
that is associated with allowing movement of chemical species to be multidirectional. In addition to
considering the impact of incorporating this multidirectional transfer on insulin flux, the radius of Islet
Confinement was chosen as another parameter of significance to study for variation between the two
models as shown in Figure 5.3.2 below.
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Figure 5.3.2 (B, A): Critical Containment Radius in Top Diffusion and No-Top Diffusion. In subtracting
the critical oxygen concentration (ccr) from total oxygen concentration, these critical radii of the Islet
Containment aspect of the two different models were calculated.

The incorporation of multiaxial transfer allowed for B to have a larger critical radius, and thus contain
higher concentration of oxygen in the interior. At a value of 1.75 mm, the radius of B was evaluated to be
larger than the critical radius of A, evaluated to be 1.26 mm. Both models were implemented in the
COMSOL study using the critical radius value of model A (1.75 mm) in order to visualize and compare
levels of cell death between the devices, as indicated by the white region shown in the surface plots below
in Figure 5.3.3.

A 0.05

3.5

2.5

Radius = Radius =
1.75 mm 1.75 mm wix10™

Figure 5.3.3 (B): COMSOL generated surface plot of A and B modeled necrosis. Both modeled with a

islet confinement radius of 1.75 mm. Necrosis is revealed by the white regions of the plots, as the critical

oxygen value is reached.
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These studies served to quantify the disparities between A and B with regards to insulin flux and critical
radius values and associated amounts of necrosis. In incorporating multiaxial chemical species transfer,
both the insulin production and the availability of oxygen were strongly impacted. As seen in Figures
5.3.1 and 5.3,2, models A and B were used to show that oxygen availability and insulin production
increase with the implementation of multiaxial transfer, as is revealed by the critical confinement radii
and the insulin fluxes. These studies on the impact of multiaxial transfer were considered in identifying B
(Top-Diftusion) as an optimal model on which later studies and problems pertaining to insulin flux were
conducted. However, as the length of these devices increase, the difference between the insulin fluxes for
the two models is expected to decrease.

5.4 Insulin Flux

As the studies on oxygen availability revealed its high modulatory impacts on insulin production, specific
parameters of the device were assessed in the process of optimization to further understand additional
effects of these parameters on insulin production. Three of the highly customizable aspects of the device
were chosen and studied with regards to their impact on the insulin flux specifically using the B model as
a standard base model across the studies.

In order to maintain the structure of the cellular encapsulation devices, it is necessary to integrate the
backbone structures that prevent the devices from collapsing and other deformities. As the nanofiber
(nylon) mesh layer surrounds and confines the islet cell containment core, the impacts of variation in the
mesh were studied as seen below in Figures 5.4.1 and 5.4.2 to observe insulin flux brought about by the
use of large mesh layers across two different cut lines.

— ——Nvlon 10 Microns

——Nylon 100 Microns Nylon 100 Microns
- on - -
; . ~ 092 Nylon 250 Microns
Nylon 250 Microns "o f\ -
5

Nyion 10 Microns

Height Along Cut Line (m

0.01 0.015 0.02 0.025
Height Along Cut Line (m)

Figure 5.4.1 (B): Insulin flux along upper cut Figure 5.4.2 (B): Insulin flux along height cut
line at various nylon layer thicknesses. Three line at various nylon layer thicknesses. Three
thicknesses were implemented and the insulin thicknesses were implemented and the insulin
flux along cut line was calculated. flux along cut line was calculated.
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In the implementation of three different nylon layer thicknesses of 10, 100, and 250 microns, insulin flux
was analyzed at the two cut lines and only varied a little with regards to the nylon thicknesses. A more
comprehensive understanding of these results may be attained through the study of Figure 5.4.3 below,
which reveals the impact of increasing the width of the nylon mesh layer on the flux of the insulin out of
the device.
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Figure 5.4.3 (B): Insulin flux as a function of nylon width. The width of the nylon mesh layer is increased
from 10 to 250 microns, and the insulin flux is plotted for a device with variety of thicknesses.

The first parameter analyzed with regards to its impacts on the study of insulin flux was the width of the
nanofiber (nylon) layer of the device. In the model, the nylon layer is modeled as a sheet impregnated
with hydrogel. A decrease in pore size associated with this impregnation primarily affects larger
molecules such as insulin, as the hydrodynamic radius of insulin is three orders of magnitude larger than a
glucose molecule. As the hydrodynamic radius of a solute increases, the likelihood for it to diffuse
through a pore path from one end of the hydrogel to the other is reduced as is reflected by a decrease in
diffusion [17, eq (5)], as well as the Figures 5.4.1, 5.4.2, and 5.4.3. Minimizing the width of the nylon
layer would maximize the insulin secretion from this device at steady state. The Young’s modulus of
nylon is over four orders of magnitude larger than alginate [23-25]. To ensure the stability and fidelity of
these devices, a minimum amount of nylon must be used in order to maximize the secretion of insulin.

One of the major concerns of such a device is ensuring ease of implantation and removal, as these are
paramount concerns to ensure the wellbeing of the patients being treated. As islet load increases, the
maximal radius of the device decreases, thereby making the device overall smaller and easier to implant
and remove. Next, Model B was remade with varying islet loads. Islet load (z) is the percentage of the
core that is made up of cells. Please note in the first Figure, 5.4.4, below the trend of the graph.
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However, Model B had a lower insulin secretion from the device with higher islet loads. If the islet
loading is increased due to decreasing the size of the device, less insulin will be secreted as a device with
the same number of cells at a lower islet load. Effectively, islet load describes the density of the cells
within the core. Physiologically, as cells get closer to each other and aggregate into larger colonies, it
becomes easier to create hypoxic cores within which these colonies can no longer produce insulin [7]. To
analyze the effects of islet load on this device, insulin flux was next tested in Model B as seen below in
Figures 5.4.5 and 5.4.6.
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Figure 5.4.5 (B): Insulin flux along upper Figure 5.4.6 (B): Insulin flux along height cut

cut line radially with differing islet loads. line of device with differing islet loads. Islet
Islet loads of 0.005, 0.01, 0.015, 0.02, 0.025, loads of 0.005, 0.01, 0.015, 0.02, 0.025, 0.03,
0.03, 0.035, and 0.04 were analyzed across 0.035, and 0.04 were analyzed across these
these layers. layers.

Both of Figures 5.4.5 and 5.4.6 also illustrate that as islet load increases, total insulin flux decreases.
Furthermore, both of these models were combined to solve for total insulin flux in relation to islet load as
can be seen below in Figure 5.4.7.
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Figure 5.4.7 (B): Total effect of total insulin flux with differing islet loads. Mass transfer occurs radially
and across z-axis. Islet loads of 0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, and 0.04 were analyzed
across these layers.

This final graph seen in Figure 5.4.7 further emphasizes the adverse effect that increasing islet load has on
the production of insulin. While inserting a smaller device is more convenient for the patient, the
effectiveness of the device will decrease.

The third parameter studied with regards to its effects on the levels of insulin flux from the device was the
type of hydrogel implemented in order the create the hydrogel coating layer. The hydrogel component of
the model constitutes the majority of the confinement layer. Each change in hydrogel type was also
accompanied by the need for consideration of different oxygen solubilities for the hydrogels, as well as
the incorporation of different diffusivities [10-15,18-21,23]. Three types of hydrogel were implemented
below in Figures 5.4.8 and 5.4.9 in order to understand the insulin flux modulatory properties of the
outermost device layer. Alginate, gelatin, and fibrin are commonly used in similar applications and were
implemented here for this reason. The diffusivities, oxygen solubility coefficients, and other applicable
terms for the different gels may be found in Table 4 in the appendix.
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Figure 5.4.8 (B): Insulin flux along upper cut
line for different hydrogels. Three different types
of hydrogel are implemented, and the insulin
flux of the B model’s upper cut line with each of
these hydrogels is plotted.
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Figure 5.4.9 (B): Insulin flux along height cut
line for different hydrogels. Three different types
of hydrogel are implemented, and the insulin
flux of the B model’s height cut line with each
of these hydrogels is plotted.

For the upper cut line, fibrin was determined to provide the lowest insulin flux of all three hydrogel types
across all widths, indicating its inefficiency in acting as a hydrogel coating for these specific applications.
While alginate initially exceeded the gelatin with regards to insulin flux, the insulin flux provided by the
gelatin coated model surpassed the flux of alginate near the I mm mark along the cut line. Taking the sum
of the upper cut line and the height cut line, the total insulin flux for each gel is shown below in Figure

5.4.10.
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Figure 5.4.10 (B): Total insulin flux for B model using gelatin, fibrin, and alginate. Three different types
of hydrogel are implemented, and the total insulin flux of each hydrogel model is generated through
summing calculated fluxes at the upper cut line and height cut along the axis.

Two values of significance for this optimization study are the solubility of oxygen within each hydrogel,
as well as the diffusivity of chemical species within each. As the solubility of oxygen in the hydrogel
increases, a greater amount of the partial pressure of oxygen in the surroundings (peritoneal cavity) can
diffuse into the hydrogel. As the diffusivities increase for a chemical species, diffusion across the
hydrogel layer occurs more rapidly, and greater amounts of oxygen are able to propagate into the device
to support a larger number of cells and critical islet confinement radius [13] .

Of the three types of hydrogel implemented in the model, the use of gelatin in developing the hydrogel
coating of the Model B allowed for an insulin flux of 2.86-10"* (mol-m™s™). The use of alginate was less
conducive to high insulin flux for Model B, and a flux of 2.24-10"* (mol-m™s™") was determined. Fibrin
was consistently less conducive to optimal insulin flux, as revealed by a relatively lower flux of 1.68-10™*
(mol-m?s™).

5.5 Cluster Model

The three-dimensional cluster model (Model C) is a more accurate representation of this device in
physiological conditions. The difference between Model C and both Models A and B is that rather than
using a homogeneous partial fraction of a uniform solution to evenly disperse the beta cells in the islet
cell containment solution, the cells would be grouped as clusters (shown below in Figure 5.5.1 as part of a
COMSOL slice plot) randomly dispersed throughout the media.

Oxygen
Concentration
(mM)

A 0.05
%107

vix10*

Figure 5.5.1 (C): Diagram and COMSOL slice plot of islets in cluster. islet cells in a cluster at steady
state. The white/clear area represents the middle of the cluster where cell death has occurred.
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As cells aggregate into larger clusters, the islets located closer to the central radius easily die to due lack
of availability of oxygen as shown in Figure 5.5.1 [7]. The inner part of the figure represents cells that are
below the necessary oxygen concentration to survive. As this model is more complex than models A and
B, there was a need to make certain comparisons between the three. Because both model C and model A
featured fluxes of zero out of the device top and bottom, it made the most sense to compare these two
directly as seen below in Figure 5.5.2.

m Cluster

m NoTop

Insulin Secretion Total Insulin in Device Max Islet

Containment
Radius

Figure 5.5.2 (C, A): Bar graph comparison of Model C and Model A. Measurements are for insulin
secretion, total insulin in the device, and the max radius of the islet cell containment. The insulin secretion
((mol-m™s™)) is measured is displayed at a factor of 10", total insulin in the device (mol - m™) is

displayed at a factor of 10", and max width of islet cell containment solution is measured in millimeters.

Particularly, models A and C were compared directly since both had no oxygen flux entering from the
caps of the device, as illustrated in Figure 5.5.2. Even at similar widths, model C produced and secreted
less insulin since less cells were properly exposed to oxygen. Regardless, the two schematics produced
similar concentrations of insulin and secreted a similar amount of insulin (both within an order of
magnitude), as shown in Figure 5.5.2. Therefore, the conclusion could be made that the physical
approximation made throughout this report did alter the insulin fluxes reported, but the trends shown by
these data points are sufficient enough to simplify the model into a two dimensional axisymmetric model.

Upon completion of studies which accumulated results and data for all three of the models (A, B, C), the
next step involved plotting the results in order to generate a comparison across all three of the models that
were created in the computational modeling processes. Looking specifically at insulin flux as one of the
most significant components of the devices, Figure 5.5.3 below reveals the impact of incorporating each
of the three models on the insulin flux of an encapsulation device.
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Figure 5.5.3 (A, B, C): Total insulin flux for Models A, B, and C. The total insulin flux of each of the
models is generated through summing calculated fluxes at the upper cut line and height cut along the axis.

What may be understood by these results is that while variation in insulin flux between the Top-Diffusion
and No-Top Diffusion models are only slight, both of these models were found to generate much larger
values of Insulin Flux than the Cluster Model. The calculated flux of the Top-Diffusion was determined to
be the highest overall at 3.17-10""* (mol-m™s™"), and that of the No-Top Diffusion was slightly lower at
3.09-10"* (mol-m™s™). The value of insulin flux calculated for the cluster model in comparison came to be
significantly lower than the flux values of the other two models at 1.55-10"* (mol-m™s™). The clusters
here were modeled as an extreme form of cluster integration in which the cluster sizes were too large to
allow sufficient oxygen concentrations to be maintained within the cluster interiors to keep all of the cells
alive. The purpose of using this larger-than-actual cluster sizing was to emphasize the importance of
identifying an intermediate between total uniform islet cell incorporation (as was done in Models A and
B), and cluster integration with sizes too large for total cell survival.

5.6 Sensitivity Analysis

A sensitivity analysis was performed to ensure these models were built with regards to the model’s
capabilities over a range of parameters, uncertainties in input parameters are visualized, and optimization
may be carried out. By adjusting particular parameters by different percentages, one is able to determine
the degree of accuracy needed of that particular input; i.e. the more sensitive the insulin concentration is
to that parameter, the more accurate that parameter needs to be in the model.
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Figure 5.6.1 (B): Sensitivity analysis performed varying +/- 10 percent of parameters chosen to analyze
effect on the percent change of average insulin concentration. Islet load, thickness of hydrogel, diffusion
coefficient of oxygen in hydrogel, as well as diffusion coefficients of insulin in nanofiber mesh and
hydrogel were all tested.

The change in average insulin concentration after varying the amount of islet loading within the device is
in accordance with the trend that as the islet load increases the insulin secretion of the device decreases;
therefore, a larger change in concentration of insulin would occur within the device if islet load increases.
Varying the hydrogel layer thickness would cause more molecules of insulin to be present within that
portion of that hydrogel, thus altering the insulin concentration within the device. Altering the diffusion
coefficient of both oxygen and insulin showed the same inverse relationship to change in insulin
concentration throughout the device. As the diffusion coefficient decreases, it takes much longer for
insulin molecules to travel across the nanofibrous and hydrogel layers for a longer period of time,
effectively increasing the insulin concentration, as less insulin is able to leave the device [13].

This device was most sensitive to the change in diffusivity coefficients of insulin in both the nanofiber
mesh and hydrogel. The next most sensitive parameter was islet load, which one can revisit to ensure the
appropriate islet density is present for the desired amount of insulin production. There is a direct
relationship for the diffusion of oxygen within the hydrogel layer and insulin production because as more
oxygen enters the device, more cells are able to produce insulin. Furthermore, as the thickness of
impeding layers of hydrogel and nanofiber mesh are increased, less oxygen enters the device and results
in cell death due to hypoxia.
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5.7 Mesh Convergences

Mesh - A

The complete mesh implemented for A (No-Top Diffusion Model) may be seen below in Figure 5.7.1.
The mesh constructed consisted of 76878 elements with 8308 boundary elements and featured 148444
degrees of freedom.

Figure 5.7.1 (A): Mesh plot of No-Top Diffusion model with magnifications revealing mesh close-up and
domain boundaries.
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Mesh - B

The complete mesh implemented for B (Top Diffusion Model) may be seen below in Figure 5.7.2. The
mesh constructed consisted of 63362 domain elements and 2624 boundary elements, and featured 161544
degrees of freedom.

Figure 5.7.2 (B): Mesh plot of top diffusion model with magnifications revealing mesh close-up and
domain boundaries. The mesh implemented is much finer in the confinement areas.

Mesh - C

The complete mesh implemented for C (Cluster Model) may be seen below in Figure 5.7.3. The mesh
constructed consisted of 290297 domain elements, 38104 boundary elements, and 1983 edge elements.
The number of degrees solved for was 165270.
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Figure 5.7.3 (C): Mesh plot of cluster model with magnifications revealing mesh close-up and inner islet
cell clusters.
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Mesh Convergence Plot

In order to ensure that the three models created had minimal discretization error spatially, mesh
convergences were performed across each model as seen below in Figure 5.7.4.
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Figure 5.7.4 (A,B,C): Mesh convergence plot of inverse of maximum element size vs average insulin
concentration inside devices. Each of the models on which the mesh convergence had been performed
converged around similar values for the inverse of max element size.

In order to assure true convergence was reached with regards to the results of the models, a parametric
sweep was run with the maximum element size being refined further and further until the insulin
concentration at the points shown below for each schematic (Figure 5.7.5) no longer changed with
refining the maximum element size. The points were specifically chosen as they are representative of
points with large concentration gradients of insulin. Minimization of discretization error was maximized
at these points for mesh convergence in order. Despite the maximum x-axis value being set as 5-10* the
mesh convergence was carried out up to value of 15-10* to ensure proper convergence.
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A B C

Figure 5.7.5 (A,B,C): Mesh convergence points. Red colored points represent points in three models at
which mesh convergence performed on level of insulin concentration. Points chosen are representative of
area where large concentration gradients may be.

5.8 Validation

The process of validating the study and the results generated was performed over two steps. Initially, the
role of oxygen in modulation of insulin was validated through comparing the data obtained to
experimental data from [27] paper which involved a similar study performed experimentally in mice. Data
was taken from islets similarly encapsulated within an alginate-based hydrogel, insulin secretion was
sampled as a function of this partial pressure as the islets were exposed to varying partial pressures of
oxygen. The model generated in this study reveal correspondences and similarities to the experimental
data obtained, as can be seen below in Figure 5.8.1. The small divergence from the computational data
may be explained because [27] only encapsulated singular islets with alginate, as opposed to our model
which encapsulated a large number of islets within one containment core.
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Figure 5.8.1: Validation of insulin secretion. Fractions of insulin secretion were plotted in response to
partial pressure of oxygen. The experimental solutions [source] generated through creating a similar
device implemented in a mouse model are compared to the results obtained from the computational
models generated.

Next, validation was pursued with regards to significant physical approximations established in the
creation of a model with clusters. Model C was compared to Model A, and the two revealed results
comparable to each other, as shown previously in Figure 5.5.2. This trend allowed the model to
approximate a complex 3D problem as a simpler 1D problem in which the islets were modeled as
homogeneously distributed within the islet cell containment core. Note the parameter when compared
across schematics generates results that are within the same order of magnitude.

DulLong, Buchwald, An, and Su have closely studied the feasibility and functionality of cell encapsulation
devices for the treatment of Type 1 Diabetes [9-10,18,21-23]. Making use of their prior findings, this
study enabled a more thorough review of the device’s capabilities and modularity through the
development of computational modeling programs. Such models allow for different researchers to, for
example, test out different parameters within an accurate model in the body prior to surgically inserting
such a device such as the optimum thickness of gels for glucose/oxygen sensing and insulin production
[21]. These values have been examined through an analysis on oxygen, insulin, and glucose
concentrations across the domain. The main parameter focus in this study due to its role as somewhat of a
limiting molecule, was oxygen. The way this study modeled concentrational uptake of oxygen into the
cells to determine the amount of islets hat survive is validated by DuLong, Buchwald, and Dr. Ma’s Lab,
as oxygen is the main parameter in controlling insulin production [23,28]. Furthermore, by placing the
cells at their max size possible, we were able to determine the critical radius, i.e. the max radius the cells
can reach to ensure least amount of necrosis occurs [24,28].

6. Conclusion

In this study, we used computer simulations to simulate the transfer of oxygen, glucose and insulin across
the nanofiber matrix and hydrogel layer to analyze diffusion as well as production of insulin through the
outermost membrane of this device. In doing so, this process will allow us to observe the effects of
glucose and oxygen availability on insulin production. The process involves two major transfers: 1) Influx
of glucose and oxygen into the cells, and 2) release of insulin out of the matrix and into the body. By
analyzing these processes through the development of three models on COMSOL, we can alter and
optimize the parameters of the hydrogel as well as the material makeup to optimize the functionality of
this device for treating Type 1 Diabetes.

Cell encapsulation as a treatment for diabetes is a desirable substitute to common invasive and tedious
treatments for Type 1 Diabetes. This report studied the effects of particular parameters on insulin
production in three pseudo steady state models immediately after eating a meal. From these computational
results, this study revealed that the width of the nylon saturated nanofiber matrix should be minimized for
maximal insulin secretion, however, this layer can not be less than a certain threshold, as the nylon layer
is necessary for fidelity of the device within the harsh environments of the peritoneal cavity [10]. Further,
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islet loading must be decreased in order to maximize the insulin secretion. However, this would mean
creating a wider device that would make implantation and/or retrieval of this device from a patient’s
peritoneal cavity much more surgically invasive.

A hydrogel composed of gelatin would improve the amount of cells this device could support, and thus
increase insulin produced/secreted. This device should also have ends that are open to diffusion to occur
both radially and across the z-axis, as this increases insulin secretion with no harsh side effects for the
patient. While this device might be able to treat Type 1 Diabetes when implanted within a mouse, the
amount of insulin that this device supplies to the body is far from the amounts necessary for humans with
Type 1 Diabetes. Therefore, by optimizing parameters of this device as suggested throughout this report
can lead to a desired production of insulin so this treatment can be applicable in humans. At steady state,
glucose is relatively constant, thus during and shortly after a meal, insulin is not modulated by blood
sugar. However, to further enhance this study, research can look at cellular response to glucose spikes
following a meal and the production of insulin from the device into the patient(s) in relation to time.

7. Future Improvements

Design considerations as they pertain to the information revealed by this study involve the choice of
specific parameters to allow for increased cell survival, larger critical radii, and increased insulin flux.
This study recommends that in choosing hydrogels for encapsulation methods, when working with
biological mechanisms which require oxygen, gelatin may be a tremendously suitable choice because of
the relatively high solubility of oxygen coefficient it has. This high oxygen solubility allows for the
gelatin to hold onto oxygen molecules better than other hydrogels might, and therefore the cells
incorporated in these devices would have better access to oxygen. Another design consideration has to do
with the thicknesses of the nanofibers mesh layers incorporated into the devices. While added volume to
confinement layers may seem to obviously work against the purposes of these devices, variations in nylon
mesh layer thickness were showed to have little impact on the insulin secreting capabilities of these
devices. As multidirectional methods of transfer were also considered in comparison to single direction
transfer models, the impact of incorporating more surfaces through which chemical species transfers
could occur was very beneficial to the life of the device with regards to its access to oxygen and ability to
secrete insulin. As these aspects of the confinement were considered and studied, so were aspects of the
actual containment layer itself considered. In varying the amounts and forms by which islet cells are
incorporated into cellular encapsulation devices, the impact of the means by which the addition of these
cells are added may be noted. Larger clusters of islet cells seem to quickly reach necrosis and die due to a
lack of oxygen. More dispersed and larger devices may be a solution. In keeping the same parameters, a
future improvement to the study may involve incorporating an objective function to fully optimize the
model across the set of all parameters.

Several additional parameters with potential to greatly impact the efficiency and efficacy of the model
may be considered more closely in future projects and future improvements to the technology. One such
means by which the system may be improved is through accounting for cell growth within the device.
Cells within the core of cell-encapsulation devices require a particular amount of oxygen and other
nutrients to continue to grow. As the stem cells within the matrix begin to grow, the matrix which contains
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the islet cells may also expand, causing the thinning of walls, widening of pores, and tremendous potential
for structural damage. In order to better understand these mechanisms, a potential future approach may be
to look into the impacts of Young’s modulus and elasticity as they pertain to this cell growth and
expansion. Furthermore, this increases the likelihood that cells within the islet containment will be able
to escape from the device and potentially lead to the development of tumors elsewhere. Even greater is
the concern immune cells will travel inside, also shortening the life of the device/increasing harm to the
patient.

The potential for immune responses attacking the islet cells in the encapsulation device is an area of
future improvement that may also be duly considered. This is an issue that needs to be further analyzed.
Inflammatory factors are still able to freely diffuse into the hydrogel and damage the encapsulated cells
[18], and further, simply modeling this as a diffusion problem neglects to account for this factor in the
peritoneum. Need to combat the cellular reaction carried around the device such as the initiation of
fibrosis which occurs as a response of the immune system attaching foreign bodies. Fibroblasts begin to
cover and accumulate over the foreign objects introduced to the body, and over time and eventually
completely block off chemical species transfer which would be a large problem considering the ways in
which the device works. In order for these devices to work continuously, the issue of fibrosis must be
swiftly avoided [10].

8. Appendix A — Input Parameters

Table 4: Input Parameters

Parameter Symbol Value Source
Concentration Glucose Outermost Boundary Co K-C. [15]
(Hydrogel) (mM) & 8
Concentration Oxygen Outermost Boundary
Con Xyyginaie P [15]
(Hydrogel) (mM) deinaie o
Critical Oxygen Concentration (mM) C., 0.001 [7]
Diffusivity of Glucose in Alginate (m?s’) D ale 0.6-107 [9]
Diffusivity of Glucose in Containment (m’s’) | D J 5.5:10” 9]
Diffusivity of Glucose in2 I\_Ilanoﬁber Mesh D, 0.6+ 10° (18]
(Nylon) (m“s™)

Diffusivity of Insulin Alginate (m?s™) D, 4, 0.1-10° [9]
Diffusivity of Insulin in Containment (m?s’) | D 0.0955 - 107 [9]
Diffusivity of Insulin i2n _Nanoﬁbers (Nylon) D, 0.609 - 1010 [17]

(m”s’)
Diffusivity of Oxygen in Alginate (m*s™) DS 2.5-107 [9]
Diffusivity of Oxygen in Containment (m?s™) Doseent 2.45-10° [9]
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Parameter

Symbol Value Source
Diffusivity of Oxygen Witl;iriNanoﬁber mesh . 2 5-10° [17]
(Nylon) (m“s™)
Glucose Concentration Outside (mM) Ceo 11.11 [10]
Glucose Reaction (Degradation)
MM,..(C 9
(mol m”s™) e oo(Co) K
Half-Maximal Glucose Concentration
Modulating Glucose Consumption Ki 6 [9]
(mM)
Half-Maximal Oxygen Concentration
Modulating Insulin Consumption Ko 0.003 [9]
(mM)
Half-Maximal Oxygen Concentration
Modulating Oxygen Consumption Kos0n 1-10° 9]
(mM)
Height of Device (mm) h 20 [10]
Hill function coefficient n 3 9]
Hydrogel Thickness (mm) t, 0.15 [10]
Insulin Reaction (Production) (mol m™s™) I, MM,,,.(C) [9]
Islet Cell (ECM) Radius (mm) t 0.49-2.12 [mm]
Islet Load (Volume Fraction) z 0.005-0.04
Michaelis Menten Glucose and Glucose Vo
(mM ) MM Koo [9]
Michaelis Menten O, and Insulin (mM s°) MM, );;Z”"f* o [9]
021"&
.Vma,\
Michaelis Menten O, and O, (mM s) MM,0, );TOZZ [9]
2V2
Nanofiber Matrix Thickness (mm) t, 0.01-.25
Oxygen Reaction (Removal) (mol m~s™) T, MM,,,0,(C,) [9]
Oxygen Solubility in Alginate (mM Pa) X, lginate 9.3-10° [15]
Oxygen Solubility in Fibrin (mM Pa’) Cpiprin 9.75-10° [13]
Oxygen Solubility in Gelatin X gelatin 1.38-10° [11]
Partial Pressure of Oxygen in Alginate p 40 8]
(mmHg) °
Partition Coefficient folr Glucose in Water and K 0.95 [15]
Alginate &
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Parameter Symbol Value Source

Smoothing Constant for Heaviside Function ] 5-10° [15]

Temperature (K) T 310.15 [3]

V... Glucose (mM s) ax G 0.028 [18]

V... Insulin (mM s") Vi 3-10° [18]

V...« Oxygen (mM s7) i 02 0.034 [18]

9. Appendix B — Mathematical Methods

A - No-Top Diffusion Model Dj[}g}r(r%)] + r]. -0 (1)
B - Top-Diffusion Model D, i—aﬁ( ) + ( + rj = 2)
C - Clusters Model Dj[}ai( )+r2(392)+( ) I +r=0 3)

9.1 Insulin Diffusivity in Nanofiber Mesh

The following obstruction model was implemented in this study in order to determine the diffusivity of
insulin in nylon. This model specifically describes the distribution of openings between randomly
oriented 6,6 polyamide nylon fibers impregnated with hydrogel.

p = expl= 1G] O

iwater

Where D, is the diffusivity of insulin within the nylon layer, D,
layer, r is the radius of the solute that is being analyzed (insulin hydrodynamic radius) [22] , r, is the

is the diffusivity within the hydrogel

radius of the polymer (average radius of the nylon fibers) and r, is the radius of the pores within the nylon

layer.
Dm _ = 5610 Cm+200- 10 °m 10 :
o = exp[— 7( 05200100 ) ] (note that 107" is the diffusivity of insulin within water) (5)

D, =0.609 - 10"

9.2 Young Modulus Layer Consideration
Where a,, ’s are the volume fraction of each
individual layer and E_are the Young’s moduli

of each respective layer - An E = a,E| + a,E, (6)

9.3 Glucose Concentration at Hydrogel Layer
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Con=Cqo K¢ Q)
=095-11.11 (mM)
=10.49 (mM)

9.4 Oxygen Concentration at Hydrogel Layer

COh = OLalginate' PO (8)
93-10°° (mM -Pa’) -40 (mmHg) - 133.33 (Pa - mmHg™")

0496 (mM)

9.5 Sufficient Oxygen Concentration

CO = CO,effective
=Cp—Cer )

10. Appendix C — Experimental Setup

10.1 Electrospinning Mechanism

The following mechanism is a mockup visual of what the electrospinning aspect of the experimental setup
of developing the nanofiber (nylon) mesh layer might entail.
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High Voltage
Power Supply

Figure 10.1.1: Electrospinning mechanism schematic. Device would be used in order to develop

nanofiber layer surrounding islet cell containment, and surrounded by hydrogel layer of cell encapsulation

device.

11._Appendix D - CPU and Memory Usage

Table 3: CPU and Memory Usage of Files

Schematic Virtual Memory Real Memory CPU
A 2.82 GB 2.32GB 219s
B 2.59 GB 3.44 GB 176s
C 1.81 GB 1.97 GB 10s
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12. Appendix E - COMSOL Contours

x1074
8.95

8.49
8.03

7.57

7.11

|

6.65
4 6.2
15.74
1 5.28
1 4.82
4 4.36
4 3.9
4 3.44
2.98
2.52
2.07
1.61
1.15
0.69

0.23

Figure 12.1: Contour Lines of Insulin Concentrations. Since schematic B has variation of insulin both in
the r-axis as well as the z-axis, a graph of insulin concentration across a straight line through the device
will not show the true concentration profile present within the device. The contour plot present shows
different concentrations present within the device.

mm 10.55
s 10.54
= 10.54
= 10.53
= 10.52
e 10.51
10.51
10.5
10.49
10.48
10.48

10.47
4 10.46

= 10.45

10.45

10.44

10.43

10.43

10.42

10.41

Figure 12.2: Glucose Concentrations Shown Through Contour Lines. Due to the same issue as with
insulin concentrations, the concentration of profile will also vary in both the r and z directions, therefore a
graph does not have the capability of effectively showing the concentration profile. Note on this contour
that the concentration of glucose does not vary a lot throughout the device. This justifies our decision to
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not include modulation of insulin by glucose concentration but rather assume that the concentration is
nearly constant and not cause varying secretions of insulin due to its change in concentration.

0.05
0.05
0.04
0.04

0.04

4 0.04
4 0.03
4 0.03
4 0.03
4 0.03
4 0.02
4 0.02
4 0.02
0.02
0.01
0.01
0.01
0.01
o

o]

Figure 12.3: Oxygen Concentration Shown Through Contour Lines. Again, contour lines are the method
of choice for the team to model species within this device due to the multiaxial diffusion. Note in this
contour plot how close oxygen approaches to a critical concentration (See Table 4 in Appendix A). The
critical concentration of oxygen is the absolute minimum concentration necessary to sustain cell life. In
order to generate this kind of profile our team optimized the radius of the extracellular matrix so that the
furthest point from any boundary saturated with oxygen (shown at 0,0) will have enough oxygen. The
optimization data is shown below.
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