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Chapter 1. Research Objectives

1.1 Significance of Research
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1.2 Specific Aims

1.2.1 Specific Aim 1: Numerical Characterization of the Influences of
Late Stage, Fully Formed Capsular Tissue on Implanted Glucose
Sensor Function
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1.2.2 Specific Aim 2: Characterization of the Early Stage Effects of
Implantation on Glucose Sensor Performance
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1.2.3 Specific Aim 3: Development of a Novel Biomimetic Construct of
the In Vivo 3D Cellular Setting around the Sensor for the Focused In
Vitro Investigation of Early Stage Effects of Implantation on Glucose
Sensor Performance
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1.3 Organization and Presentation of Dissertation
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Chapter 2: Background

2.1 Disease Burden of Diabetes and the Role of Implantable
Glucose Sensors in Improved Disease Management
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2.2 Tissue Response to Implanted Objects
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Figure 1: Idealized time course of tissue response to implantation




2.3 Effects of the Foreign Body Capsule on Implanted Sensor
Performance
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Table 1: Methods by which tissue response could alter sensor behavior

Proposed Effect Description Citation
Short Term (<1 week post-implantation)
/ $ FB* 24 256
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2.4 Medtronic MiniMed SofSensor Continuous Glucose
Monitoring

8
$ ) 6+ $
2 7) $ !
) 1 $
$ 3 +$ 27 $
$ 8 . 414
) $ )+ 8 8
8 $ $ $ 8
6 )4 +$  27) * $ 1 $
$ 8 * $ 8$ 6 1)27
$ $ )
LI 8
$ $ $
; x ; ) 8
$ $ 8 * W
$ F27* 206)

42



I 5 pm thick. Exclusion membrane for glucose diffusion.

I 1 ym thick. Reacts with glucose and oxygen to make hydrogen peroxide

Where working electrode is. Cross sectional area=0.49mm?

Glucose Polyurethane
g'lffust!on SOl as Facilitates conduction of signal
irection x

Platinum Black Promotes bonding of gold surface

Gold Base substrate. Good mechanical properties, chemical resistance

Schematic for the layout of all
electrodes. These are slipped
into the PU casing.
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Figure 2: (a) Schematic of layers of working electrode of the sensor. (b) Visual
description of sensor electrode.
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2.5 Inflammatory Cell Consumption of Glucose and Oxygen
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Chapter 3. Numerical Characterization of the Influences
of Late Stage, Fully Formed Capsular Tissue on
Implanted Glucose Sensor Function

3.1 Synopsis
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3.2 Introduction
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Figure 3: (a) Histological image of a foreign body capsule that has formed
around an implanted glucose sensor at 14 days post-implantation. H&E staining
demonstrates lack of vasculature (red) relative to cells (blue) within capsule. Image
borrowed from [18]. (b) Masson’s trichrome stain of a cross section of fibrous tissue 3
weeks post-implantation. Shows presence of extracellular matrix (blue) as well as
cells (red) within capsule tissue. Provides basis for modeling capsule as dense,
avascular network composed of inflammatory cells and extracellular matrix. Image
borrowed from [17].
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3.3 Computational Methods

3.3.1 Two Compartment Model
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Figure 4: Schematic representation of model for diffusion of glucose through
native tissue and the fibrous capsule.

3.3.2 Initial and Boundary Conditions
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3.3.3 Blood Glucose Concentration
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Table 2: Fitted parameters from raw data of Armour, et al. for blood glucose
expression in Eq. 12 [51].
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Table 3: List of all baseline model parameters. Values listed with * in the
citation column are model assumptions while those listed with ** are calculated

values with no previous citation.

Model Parameters

Parameter Values

FBC Native Tissue Citation
Diffusion Coefficient 4)BA843 @ 1)?7843 @ F5AG
(D) (cm2/sec)
Porosity (&) (unitless) 3)? 3)0 H
Vessel Density (S/V) 4?)5 F?36
(cm2/cm3)
Capsule Thickness (L) A? F42* 4B* HAG
(um)
Michaelis Constant 0)4;843; 0)2843 F2B* 5CG
Km) (uM)
Maximal rate of 5)BB843 44 -843 44 F2B* 5C6
cellular glucose
uptake (Vimax)
(umol/(cell-sec))
Vascular glucose 2843 ? F5BG
permeability (P)
(cm/sec)
Conversion constant 2)?A5843 45 HH
(A) (mol/(mM-sec))
Cell Volume (z¢e]1) 0)?843 4; C)?843 4; H
(L/cell)
Glucose Sensor 3)3A F?36
Radius (a) (cm)
Sensor Surface Area 3)337B F?36
(A) (cm2)
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3.3.5 Parametric Sensitivity Analysis
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Table 4: Range of different parameters to be used for sensititivity analysis.
Bolded values represent benchmark values from Table 3.
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3.3.7 Numerical Methods
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3.4 Results

3.4.1 Numerical Approximation of /In Vivo Experimental Sensor Data
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blood glucose data (K) was fit to a continuous curve, C
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s,model

s,experimental

bg,experimental

Time (min)

Figure 5: Simulated recreation of experimental glucose sensor traces. Raw

(-e-) and then input

bg ,experimental 7

into the model to give a simulated glucose sensor trace, C, ., (--). This output was

compared in shape to raw sensor data (m), which is fit by a solid line, C The

s,experimental *

simulated trace produced a lag time (Atest) and attenuation (ACest) and a shape similar
to data in Koschwanez, et al [17]. The lag time and attenuation from [17] are
represented in Figure 5 by Atexp and ACexp.

3.4.2 Sensor Lag Time and Attenuation of Glucose Concentration
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Figure 6: Effect of (a) capsule diffusion coefficient, (b) capsule porosity, (c)
vascular density in surrounding native tissue, (d) cellular uptake of glucose in the
capsule, and (e) the capsule thickness on sensor lag times (-e-) and attenuation (--e--)
Results have been normalized to baseline values in Table 3.
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3.4.3 Lag Time and Attenuation Sensitivity Analysis
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comparison across parameters.
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3.5 Discussion
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Figure 8: Scatter plot of sensor time lag v. glucose attenuation for all of the
conditions simulated with the transport model. The three variables that showed the
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greatest sensitivity — capsule thickness, vessel density and capsule porosity — are

represented by the red, green and blue circles, respectively. The benchmark value of

time lag and attenuation calculated using the variables in Table 3 is labeled in
magenta. This data point is common to all simulation trials. The open circles

clustered around the benchmark value are the results obtained for the less sensitive

variables of capsule diffusion coefficient and cellular glucose uptake.
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Chapter 4. Characterization of the Early Stage Effects of
Implantation on Glucose Sensor Performance

4.1 Synopsis
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4.2 Introduction
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4.3 Materials and Methods

4.3.1 Blood Sample Preparation
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4.3.4 Whole and Dilute Blood Studies
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Table 5: List of all baseline model parameters. Values listed with * in the
citation column are model assumptions while those listed with ** are calculated
values with no previous citation.

Model Parameters

Parameter Values

Biofouling Layer Bulk Blood Citation
Diffusion 4)BA843 ¢ ;)?843¢ F?BG
Coefficient (D)
(cm?/sec)
Porosity (¢) 3)C4 3)?? HH
(unitless)
Layer Thickness A? F?BG
(L) (um)
Michaelis Menten @)4;843: 5843; F2B* @BG
Constant (Km) (uM)
Maximal rate of 5)BB843 44P4);?A843 42 4);?A843 4 F2B* @BG
cellular glucose
uptake (Vmax)
(umol/(cell-sec))
Permeability of 7843 H
biofouling layer
(Playel‘) (Cm/SEC)
Conversion 2)?A5843 % F?B6
constant
(A) (mol/(mM-sec))
Cell Volume (zcen) C)?843 4 F?B6
(L/cell)
Glucose Sensor 3)3A F?B6
Radius (a) (cm)
Sensor Surface 3)337B F?B6
Area (A) (cm?)
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4.3.6.4 Glucose Uptake Parameters
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Table 6: Outline of five different computational scenarios for glucose transport
to an indwelling sensor. To represent these changes in cell type, the Michaelis-
Menten kinetic values of Vmax and Km were changed accordingly.
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Type
Scenario 1 $
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4.3.6.5 Modeling Biofouling Layer Glucose Depletion Zone Formation
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Figure 10: Sample behavior of Medtronic MiniMed sensors when incubated in

whole blood.
+$ 44 $
6 7 6! 7
! * $
6 7) *
)% $ />E ¢
$
)™ $ $ 40 25
$ $ $
$ ) $
$ $ *



$$

6 03)3?7)

$$



700

—— Whole Blood-Sensor sk

600 .| —— PPP-Sensor — i

— Dilute Blood-Sensor

- --©--- Whole Blood-One Touch | ey
% 5007/ ----- PPP-One Touch i
E --©--- Dilute Blood-One Touch
§ 400 % -
._% *%
‘E ------
g 300+ -
[
S
° 200+ -
8
> L |
3 100 : . i
________________ €
0 L _
< >l »>|
100 Pre-CaIibratioQ Constituent‘Treatment Ppst-CaIibration

0 10 20 30 40
Time (hours)

Figure 11: Comparison of mean glucose sensor readings in platelet poor
plasma (red), whole blood (blue) and dilute blood (black) as a function of time (n=3).
Sensor readings are corroborated by One Touch readings for each (-0-). * indicates
statistically significant differences in slopes of sensor signals between whole blood
and PPP incubations (p<0.05). ** indicates statistically significant differences in slopes
of sensor signals between dilute blood and PPP incubations (p<0.05). *** indicates
statistically significant differences in slopes of sensor signals between dilute blood
and whole blood incubations (p<0.05).

4.4.2 Numerical Modeling
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Figure 12: Simulated sensor reading as a function of time. The ordinate is
represented as the fraction of initial glucose in the system and the abscissa is time in
hours. The simulation compares five different scenarios against the range of maximal
and minimal experimental sensor declines in whole blood from Figure 3 (shaded grey

area bounded by dotted lines) to determine which group of cells contribute most to
glucose depletion in each case. Scenario 1 (blue line) is represented by the presence of

macrophages in the layer and erythrocytes in the bulk. Scenario 2 (green line) is

represented by the presence of only macrophages in the layer and no cells in the bulk.

Scenario 3 (red line) is represented by the presence of only erythrocytes in the bulk

with no macrophages in the layer. Scenario 4 (black line) is represented by the

presence of only erythrocytes in both the bulk and the layer. Scenario 5 (cyan line) is
represented by the presence of only erythrocytes in the layer and no cells in the bulk.
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Figure 13: Simulated effects of adherent cell aggregation and glucose
consumption on glucose concentration at the sensor surface as a function of distance.
Increases in cell presence were modeled as an increase in Vinax layer within the layer.

When macrophages are the sole cell type in the adherent layer (blue circle), there is a
depletion of glucose with respect to distance. This depletion increases as the number
of macrophages increases, which is denoted by an increase in Vmax,layer to 2

Vmax,macrophage (blue open circle). When the adherent layer is populated by only

erythrocytes (black circle), there is close to no radial depletion. This is similar to the
acellular case where Vmax,layer=0 (red open squares), indicating only a biofouling

layer. Data presented as fractional signal decline.
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Figure 14: Simulated effects of the acellular biofouling layer as a diffusive
barrier with respect to time. Data presented as a fractional signal decline.

4.5 Discussion
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Figure 15: (a,b) SEM images of a blood clot on a sensor surface (1000x,
5000x).(c) SEM images of leukocyte adhesion on the sensor surface (10000x). (d) SEM
image of protein adsorption layer on the sensor surface (20000x). Figure 15a shows the
difference between regions covered in protein and cells and the bare sensor surface
(outlined by dashed line). Note the infiltration of the active sensing region by cells
and proteins in (b) (sensing region outlined by a dashed line).
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Chapter 5. Development of a Novel Biomimetic
Construct of the In Vivo 3D Cellular Setting around the
Sensor for the Focused In Vitro Investigation of Early
Stage Effects of Implantation on Glucose Sensor
Performance

5.1 Synopsis
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5.3 Materials and Methods
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Figure 16: Outline of Fabrication of Cell-Embedded Fibrin Gels
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5.3.2 Cell Culture
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Figure 17: Outline of functional testing of the effect of fibrin gels on sensor

performance

5.3.4 Effects of Inflammatory Activation of Macrophages on Sensor
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5.3.5 Statistical Analysis of Experimental Data
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5.3.6 Validation of the In Vitro Fibrin Gel Results through
Computational Modeling
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Initial Condition:
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Figure 18: Schematic of computational model for the validation of fibrin gel
results
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Table 7: List of all baseline model parameters for computational model. Values
listed with ** are calculated values with no previous citation.

Model Parameters

Parameter Values

Area (A) (cm?)

Gel Layer Media Citation
Diffusion @)B843¢© @)B843¢ FBBG
Coefficient (D)
(cm?/sec)
Porosity (¢) 3)CA? HH
(unitless)
Layer Thickness 3)5; HH
(L) (cm)
Michaelis Menten @4 ;843 F2B6
Constant (Km) (uM)
Maximal rate of 5)BB843 4 F2B6
cellular glucose
uptake (Vmax)
(umol/(cell-sec))
Conversion 2)?A5843 % F?B6
constant
(A) (mol/(mM-sec))
Cell Volume (zcen) 2)4843 42 FBCG
(L/cell)
Glucose Sensor 3)3A F?BG
Radius (a) (cm)
Sensor Surface 3)337B F?BG

BC




* $ )
3)CA? ) $
$ 6dN3)C47  / 5)
5.3.6.1 Governing Equations
s $1 $3 $ 6/s 7
* 1
$ ) : |
6 1)241.
3ng§r,t) B D,fel %[” 8Cg;£r’t)] =0, (1) 6247
Cs $ 1
] ! E s 8
6R  P6 T — s 6R  POT*ds
$ 6 T 3 s
69P 76 1)227)
13 $ 9% 4 9%
C 205)A $
F2B* A30) * | .
$ ) * )

C3



0y - Ve Coe) [1—] -
KM,gelggel + Cgel O\ z.
$ $1 $ 6/ 7
* 1 $
6 1)2;7) *
1 )
86",632 (rf) _ D,,:dm ag [ 60”,6(;: (r,r)] -
5.3.6.2 Initial and Boundary Conditions
+ * $
) %
$ 6/ 7
$ N3 ¢
$ 8 $ )
P 8 $
$ 6 7 1 $
1 e ) $ $
$ X
8
) 8 $
$

C4



5.3.6.3 Utilizing Computational Modeling for Nonlinear Curve Fitting of
Experimental Data
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Figure 19: Computational flowchart to determine which glucose uptake
parameters(Vmaxget and Kwmgel) best fit the experimental data when put into the model
in this section. The above figure is generalized for four inputs of Vmax and two of Km.

5.3.7 Fluorescent Imaging of Glucose Uptake
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5.4 Results

5.4.1 Assessing Cellular Viability and Distribution within the Gel
Construct
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Figure 20: (a) Live/Dead assay of a cell-embedded fibrin gel 24 hours after
fabrication (4x). (b) Live/Dead assay of a cell-embedded fibrin gel immediately
following a 24 hour experiment when surrounding a glucose sensor (10x). Live cells
are stained green, dead cells are stained red and all nuclei are stained blue.
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Figure 21: Live cell Calcein AM of distribution of cells on the surface of a cell-
embedded fibrin gel (4x).

5.4.2 Assessing Sensor Performance in the Presence of Cell-
Embedded Fibrin Gels
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Figure 22: The effect of the presence of cell-embedded fibrin gels on glucose
sensor performance. Data represented as mean normalized glucose sensor currents
(n=3) + standard deviation. * represents treatments that were not statistically
significantly different from one another (p<0.05).
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5.4.3 Assessing the Effect of Macrophage Stimulation on Sensor
Performance
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Figure 23: The effect of the presence of macrophage stimulation on glucose
sensor performance. Data represented as mean normalized glucose sensor currents
(n=3) * standard deviation. * represents treatments that were not statistically
significantly different from one another (p<0.05).
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5.4.4 Comparison of Sensor Responses for Fibrin Gel System and
Whole Blood System
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Figure 24: Comparison of sensor declines in whole blood to declines in the
presence of macrophage-embedded fibrin gels.
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5.4.5 Validation of Fibrin Gel Results through Computational
Modeling
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Figure 25: The computational best fit for cases where (a) a PMA-stimulated
macrophage gel, (b) an LPS-stimulated macrophage gel and (c) an unstimulated
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5.4.6 Fluorescent Imaging of Glucose Uptake
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Figure 26: Fluorescent images of 100 uM 2-NBDG uptake 30 minutes after
administration for (a) PMA-stimulated macrophages, (b) LPS-stimulated

macrophages, (c) unstimulated macrophages and (d) genistein-stimulated
macrophages.

43@



5.5 Discussion
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Chapter 6. Dissertation Overview and Future Directions
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6.2.2 Investigating Macrophage Plasticity as a Potential Therapeutic
for Improved Biocompatibility
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6.2.4 Improving Aspects of the Computational Modeling

6.2.5 Incorporating New Sensor Technology
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Appendix A. MATLAB Code

A.1 Computational Model of Glucose Transport through a Fully
Formed Capsule

A.1.1 Main Solver Routine, glucosecapsule_solve_c.m
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A.2. Computational Model of Transport through the Provisional
Matrix in a Whole Blood Solution, glucosecapsule_noflux.m
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A.3 Computational Model of Glucose Flux through Fibrin Gel,
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