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1.0 Executive Summary

The purpose of this study was to determine the design requirements of an injectable fibrin hydrogel
as a viable tool in delivering sufficient oxygen (O2) and vascular endothelial growth factor (VEGF)
to hypoxic tissue to prevent scar tissue formation and simultaneously regenerate cardiac tissue.
This study modeled changes in hydrogel size, solute concentration, and tissue damage to maximize
delivery of oxygen and VEGF through an infarcted tissue region of 1.50 cm by 3.50 cm. Using
COMSOL software, a 2D model of the injected hydrogel was generated to show oxygen and
VEGF concentration as a function of time and space while the hydrogel deswelled following
pseudo-first order kinetics.

To determine the minimum effective amount of VEGF and oxygen needed in the hydrogel to
regenerate wounded cardiac tissue, different solute concentrations were tested. The hydrogel
loading conditions that gave the highest average concentration over 24 hours were selected. Using

this method, the hydrogel was loaded with ml/m3 O2 and 0.8 ml/m3 VEGF, and the8 × 105

therapeutic concentrations were reached at 22 hours for O2 ( ml O2/m3 blood) and 242 × 10−5

hours for VEGF (0.00137 ml VEGF/m3). Plots of concentration vs. position were made at 4 points
in time to visualize the effective diffusion distance of the hydrogel’s contents and time required for
delivery. VEGF diffusion had a radially symmetric distribution, while O2 had an asymmetric
diffusion pattern due to oxygen provided by the bloodstream at the inner surface of the ventricle.
From the asymmetric diffusion distribution, the location of optimal injection in the myocardial
wall was concluded to be ⅓ of the distance from the heart surface to the ventricle. A sensitivity
analysis was also done for all the parameters, and the final concentration of oxygen and VEGF in
the damaged tissue was found to be most sensitive to hydrogel radius, which impacted the design
recommendations. Determination of the proper concentration of dissolved substituents, hydrogel
size, and diffusion time will assist surgeons, bioengineers, and material scientists in designing a
viable injectable hydrogel.

Key Words: Hydrogel, Cardiac Tissue, Infarction, VEGF, Drug Delivery, Oxygen Release

2.0 Introduction

2.1 Background

Heart disease is the leading cause of death in the United States, and coronary artery disease is the
most common form of heart disease [1]. In the United States, approximately 800,000 people have a
heart attack every year [1]. A heart attack, also known as a myocardial infarction, occurs when
portions of the heart do not receive enough blood. Blood transports oxygen to the tissues to
maintain cellular functions. Without oxygen, tissues can only survive a number of days, so most
treatments today aim to restore blood flow to the heart. After a heart attack, remaining live
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cardiomyocytes regenerate healthy tissue, but dead heart cells form scar tissue instead. Scar tissue
takes approximately 3 weeks to form and is more rigid than normal tissue, which reduces the
heart’s pumping strength and efficiency [2]. Thus, people who form more cardiac scar tissue after a
heart attack are at a higher risk of experiencing severe heart issues, such as arrhythmia, coronary
artery disease, and in severe cases, heart failure [3].

2.2 Literature Review

A possible strategy to prevent scar tissue formation is to introduce regenerative materials as soon
as possible. In a study by Gholipourmalekabadi et al., several types of hydrogels and their
structures were investigated for their viability in restoring cardiac tissue [4]. The study introduced
the idea of an oxygen-delivering hydrogel to heal and regenerate the dying, hypoxic tissue.
Oxygen is released via a PVP/H2O2/catalase complex, which forms a core shell microsphere and is
encapsulated in the fibrin hydrogel. Oxygen is released from this complex at a constant rate [4].
Vascular endothelial growth factors (VEGF), which promotes the formation of new blood vessels,
can also be delivered from a hydrogel to damaged myocardial tissue. VEGF is a natural
glycoprotein that improves cell survivability and proliferation by stimulating glucose uptake and
increasing vascular permeability [5]. After myocardial infarction, VEGF in the wounded tissue is
quickly depleted [6]. Zhu et al has shown that VEGF-releasing hydrogels improve cardiac function
in rats who have suffered a myocardial infarction [7]. Although research has primarily been limited
to animal studies, this study used properties of the human heart ventricle.

Prabhat et al. explored the effect of supplemental oxygen on damaged cardiac tissue [8]. By
treating several samples of tissue with varying concentrations of oxygen, they discovered that
delivering a 95% oxygen (5% CO2) mixture was most effective at rejuvenation. Peak oxygen
concentrations were observed around 12-30 minutes after delivery. Although the study determined
the amount of supplemental oxygen needed to regenerate a tissue sample, the amount of tissue
healed was not measured. To improve this study’s medical relevance, the simulation in this paper
quantifies the amount of healed tissue using oxygen delivery profiles and measurement of peak
oxygen concentrations. Obtaining this information will improve the development and design of
oxygen-releasing hydrogels.

Another area that has not been well-researched is to what extent a hydrogel’s deswelling rate
affects drug release rate. A hydrogel initially swells upon injection, then deswells and degrades
over time due to solvent composition, pH, temperature, or solute concentration. In this paper, the
deswelling is represented as a moving boundary condition in the simulation. In Zhu et al., the
swelling ratios for different polymer structures were outlined, including fibrin [6]. The study
explained how contents of a filled hydrogel, such as oxygen and VEGF, are “locked” inside the
hydrogel prior to delivery. Fibrin, a natural polymer, has been used extensively in cardiac tissue
applications for its elastic properties, an extremely important attribute in an environment that is
constantly contracting and expanding. Due to its elasticity and wide availability of research on its
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diffusive properties, fibrin was chosen as the hydrogel material for this study. By investigating the
viability of an oxygen and VEGF-releasing fibrin hydrogel, this study adds to current research on
injectable polymeric hydrogels for the delivery of therapeutic agents.

2.3 Problem Statement

The major limitation in current research is the transformation from qualitative to quantitative
results. Previous studies concluded that fibrin was a good material for oxygen diffusion, but the
exact diffusion distances and times are unknown since these values are difficult to measure in live
animal studies [7]. Therefore, this study models the ventricle in a controlled setting using
COMSOL. The results from the model will be used to determine the optimal concentrations of
oxygen and VEGF needed in the hydrogel to treat a sample of infarcted tissue, the distance each
species will travel through the tissue, and the duration of treatment. These results will provide
quantitative characteristics of the treatment, i.e. the number of injections needed to treat an
infarcted region and the distance between injection sites.

2.4 Design Objectives

This study aimed to characterize oxygen and VEGF mass transfer in ventricle tissue beyond what
previous experiments examined. Some major limitations in current studies are the lack of data for
diffusive distances and treatment duration. This study focused primarily on modeling a situation in
which those factors could be quantified. Specifically, there were three key objectives that this
experiment targeted:

1. Determine time since injection of the hydrogel to deliver an effective amount of VEGF and
oxygen to the entire wounded region.

2. Determine the initial concentration of oxygen and VEGF needed in the hydrogel to deliver
a sufficient amount of oxygen and VEGF to the entire wounded region.

3. Determine the distance that therapeutic levels of oxygen and VEGF will reach within the
myocardial tissue.

Accurately quantifying these three characteristics of oxygen and VEGF delivery will increase the
current level of understanding of drug delivery. In doing so, this experiment will build upon the
aforementioned limitations and allow for future research on drug therapies for acute myocardial
infarction.

3.0 Methods

3.1 Schematic

A hydrogel loaded with two therapeutic agents was injected into the damaged myocardial tissue
surrounding the ventricle, where it gelated into a sphere. The VEGF and oxygen uniformly
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diffused out of the spherical hydrogel, allowing for the simplification to a 2D, axisymmetric
geometry (outlined by the green box in Figure 1c). Half of the hydrogel was modeled and
represented as a semi-circle. Mass transfer of the VEGF and oxygen occurred only in the r
direction. A convection boundary was included at the top boundary to represent the bloodstream
supplying a bulk flow of oxygen to the cardiac tissue. Over time, the VEGF and oxygen diffused
throughout the entire wounded area and into the surrounding healthy tissue. At the far end of the
healthy tissue, there was zero diffusive flux of oxygen and VEGF since the tissue fully absorbed
both species by this point. The following diagram depicts the geometry of this study, beginning
with a cross section of the ventricle (Figure 1a). Figure 1b shows the injection site and is roughly
the same orientation as Figure 1c, which is the simplified schematic of the computation. Note that
this study only measured oxygen and VEGF concentrations inside the green box region, since the
axisymmetric condition assumed the other half was identical. Finally, Figures 1d and 1e show the
shrinking of the hydrogel over time as deswelling occurs.
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Fig. 1. Geometry of Hydrogel Model. a) Depiction of a heart with damaged myocardial tissue after a heart
attack. b) Cross-sectional area of interest within the heart with the hydrogel being injected into the damaged
tissue. © 2007 Terese Winslow LLC c) Schematic with boundary conditions and simplified geometry of
process: hydrogel modeled as a sphere and surrounding tissue modeled as a rectangular slab. d and e)
Hydrogel shrinking over time.

This schematic shows the injection process and changing geometry of the hydrogel within the
myocardial wall. Figures 1a and 1b give cross-sections of the wounded heart after myocardial
infarction.  Figure 1c shows the initial state of the system that was modeled, which was set at a
time after absorption of water into the porous, hydrophilic hydrogel matrix has allowed the
hydrogel to fully swell. Time 0 was the time at which the hydrogel began to deswell, or shrink, as
the concentration gradient of oxygen and VEGF drove the substances out. In Figures 1d and 1e,
the hydrogel shrinks according to pseudo first-order kinetics.

3.2 Governing Equations

Consistent with the problem formulation, there was no bulk fluid flow or heat diffusion through
the domain. The only physical process occurring was mass diffusion. Equation (1) shows the mass
diffusion of substance (A) through a solid (B) in cylindrical coordinates.

𝐷
𝐴𝐵

[ 1
𝑟

∂
∂𝑟 (𝑟

∂𝑐
𝐴

∂𝑟 ) + 1

𝑟2

∂2𝑐
𝐴

∂θ2 +
∂2𝑐

𝐴

∂𝑧2 )] + 𝑟
𝐴
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∂𝑐

𝐴

∂𝑡

(1)
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In equation (1), represents the diffusivity of substance (A) through a solid (B) and r represents𝐷
𝐴𝐵

the radius in a cylindrical coordinate system. The two directions in which diffusion occurred were𝑟

and z. The reaction term was represented by , and was the change in concentration over time.𝑟
𝐴

∂𝑐
𝐴

∂𝑡

Equation (1) was used to model the mass diffusion of oxygen and VEGF through the hydrogel and
myocardial tissue. Mass diffusion only occurred in the radial direction. Since the problem was
modeled in 2D, only diffusion in the and directions of the governing equations were𝑟 𝑧
considered, while the term was eliminated.θ

𝐷
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(2)

was defined as the diffusion constant for oxygen through the hydrogel and represented𝐷
𝑂

2
−𝐻

𝑐
𝑂

2

the concentration of oxygen.  There was no chemical reaction of oxygen in the hydrogel, so the
reaction term was eliminated for oxygen diffusion. Diffusion was not at steady state, so the

transient term ( ) was retained in equation (2), which describes diffusion of oxygen (O2)
∂𝑐

𝑂
2

∂𝑡

through the hydrogel (H).
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Equation (3) describes diffusion of VEGF through the hydrogel; the diffusion constant was defined
as , and was the concentration of VEGF. Similarly, there was no degradation reaction of𝐷

𝑉−𝐻
𝑐

𝑉

VEGF occurring in this region.

Both oxygen and VEGF diffused across the hydrogel and tissue interface. Within the tissue region,
the diffusivity constant for oxygen was defined as , and the transient term was included. This𝐷

𝑂
2
−𝑇

is shown in Equation (4) for diffusion of oxygen (O2) through the damaged myocardial tissue (T).
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2
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(4)

Since oxygen was being consumed by the cells in the surrounding tissue, the reaction term was
also included in the term. The reaction was only present for the first 30 minutes since,𝑟

𝑂
2

afterwards, the blood vessels were able to reintroduce oxygen to the heart.

Equation (5) represents the diffusion of VEGF (V) through the damaged myocardial tissue (T) and
is shown below.
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The diffusivity constant for the diffusion of VEGF through the myocardial tissue was . The𝐷
𝑉−𝑇

VEGF was being integrated into the surrounding myocardial tissue as it diffused through the
domain; however, the VEGF will degrade over time and has a half life of approximately 30
minutes. The consumption rate was therefore included in the rv term, which only applied in the
tissue region at times less than 30 mins.

Equation (6) represents diffusion of oxygen (O2) through the healthy myocardial tissue (T).
Equation (7) represents the diffusion of VEGF (V) through the healthy myocardial tissue (T).
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The diffusivity constant for the diffusion of VEGF and oxygen through the healthy myocardial
tissue was assumed to be the same as for the damaged tissue (Equation 6 and 7). There should be
no net consumption of oxygen in healthy tissue, so there was no reaction rate in this region. VEGF
was only present in very minute amounts in healthy tissue, and therefore it can be assumed that
there was little degradation. This allowed for the approximation of the reaction rate to be zero.

3.3 Boundary Conditions

In order to solve the governing equations, the following boundary conditions were defined:
There was zero flux of oxygen and VEGF across the vertical line of symmetry at r equals 0 (as
defined by the green box in Figure 1c) due to axisymmetry in both the hydrogel and the tissue. The
axisymmetric boundary conditions were represented by Equations (8), (9), (10), and (11).

Oxygen (O2): − 𝐷
𝑂

2
−𝐻

𝑑𝑐
𝑂

2

𝑑𝑡 |
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(8)

− 𝐷
𝑂

2
−𝑇

𝑑𝑐
𝑂

2

𝑑𝑡 |
𝑟= 0; 0 < 𝑧< 0.00462 𝑚 𝑎𝑛𝑑  0.0104 𝑚 < 𝑧 < 0.015 𝑚 

= 0
(9)
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VEGF (V): − 𝐷
𝑉−𝐻

𝑑𝑐
𝑉

𝑑𝑡 |
𝑟 = 0; 0.0046 𝑚 <  𝑧 < 0.0104 𝑚

= 0 (10)

− 𝐷
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𝑉
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= 0 (11)

There was convection at the interface between the myocardial tissue and the blood within the
ventricle of the heart due to blood flow (top edge of the domain). The velocity of the blood relative
to the tissue was measured to be around 15 inches per second, or 381 mm per second [9]. Due to
the high velocity of the blood flow in the heart, it was assumed that the convection coefficient h is
extremely large. Thus, the boundary condition at the top edge of the domain was constant
concentration. Using these assumptions, Equation (12) was simplified to Equation (13), and the
concentration of oxygen in the tissue at the top edge is equal to the concentration of oxygen in the
blood. Similarly, Equation (14) was simplified to Equation (15), as there is no VEGF present in the
blood flow.
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(13)

VEGF (V): − 𝐷
𝑉−𝑇
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𝑉
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𝑧 = 0.015𝑚, 𝑟
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−  𝑐
𝑉
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𝑚
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𝑉−𝑡𝑖𝑠𝑠𝑢𝑒

|
𝑧 = 0.015 𝑚

=𝑐
𝑉−𝑏𝑙𝑜𝑜𝑑

(15)

The outside edge of the heart tissue bordered the pericardium. Therefore, there was zero flux in
both diffusive species at the interface between the myocardial tissue and the pericardium (bottom
edge of the domain). Equation (16) represents the zero flux of oxygen at the interface between the
myocardial tissue and the pericardium. Equation (17) represents the zero flux of VEGF.

𝑂𝑥𝑦𝑔𝑒𝑛 (𝑂2):  − 𝐷
𝑂

𝑑𝑐
𝑂

2

𝑑𝑡 |
𝑧 = 0, 𝑟

= 0
(16)
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VEGF (V): − 𝐷
𝑉

𝑑𝑐
𝑉

𝑑𝑡 |
𝑧 = 0, 𝑟

= 0 (17)

There was zero flux in all diffusive species in the healthy tissue at a distance far away from the
hydrogel (right edge of the domain) as seen in Equation (18) for diffusion of oxygen at a far
distance and Equation (19) for diffusion of VEGF.

Oxygen (O2): − 𝐷
𝑂

2
−𝑇

𝑑𝑐
𝑂

2

𝑑𝑡 |
𝑟 = 0.02 𝑚, 𝑧 

= 0
(18)

VEGF (V): − 𝐷
𝑉−𝑇

𝑑𝑐
𝑉

𝑑𝑡 |
𝑟 = 0.02 𝑚, 𝑧

= 0 (19)

Finally, the hydrogel deswelled over time as oxygen and VEGF were released. Variations in pH,
ionic strength, and solvent concentration may have caused the reduction in hydrogel volume. To
represent this volume change, the radius of the hydrogel changed with time based on Equation
(20). The deswelling rate can be approximated by the exponential decay function, Equation (21). Ri

was the radius of the hydrogel at time t equals 0 and k was a rate constant. (See Appendix 7.C for
the derivation of the normal mesh velocity, v.)

𝑑𝑟
𝑑𝑡 · 𝑛 = 𝑣 (20)

𝑣 =
−𝑅

𝑖
·𝑘

3 · 𝑒
−𝑘𝑡

3 (21)

3.4 Initial Conditions

The governing equations included the transient term and initial conditions since the process being
modeled was not at steady-state. The initial concentrations of oxygen and VEGF in the hydrogel
were equal to and , respectively, as defined in Equation (22) and (23).𝑐

𝑂
2
𝑖

𝑐
𝑉𝑖

𝑐
𝑂

2

(𝑡 = 0)|
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

 =  𝑐
𝑂

2
𝑖

(22)

𝑐
𝑉

(𝑡 = 0)|
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

 =  𝑐
𝑉𝑖

(23)

The initial concentrations of oxygen in healthy and damaged tissues were equal to and , 𝑐
𝑂

2
𝐻𝑇𝑖

 𝑐
𝑂

2
𝐷𝑇𝑖

respectively, as defined in Equations (24) and (25). The initial concentration of VEGF in the entire
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myocardial tissue domain was equal to 0, as defined in Equation (26). (The myocardial tissue
consists of the region between 0 < r < 0.02 m and excludes the hydrogel region defined above.)

𝑐
𝑂

2

(𝑡 = 0)|
𝑑𝑎𝑚𝑎𝑔𝑒𝑑 𝑚𝑦𝑜𝑐𝑎𝑟𝑑𝑖𝑎𝑙 𝑡𝑖𝑠𝑠𝑢𝑒

 =  𝑐
𝑂

2
𝐻𝑇𝑖

(24)

𝑐
𝑂

2

(𝑡 = 0)|
ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑚𝑦𝑜𝑐𝑎𝑟𝑑𝑖𝑎𝑙 𝑡𝑖𝑠𝑠𝑢𝑒

 =  𝑐
𝑂

2
𝐷𝑇𝑖

(25)

𝑐
𝑉

(𝑡 = 0)|
𝑚𝑦𝑜𝑐𝑎𝑟𝑑𝑖𝑎𝑙 𝑡𝑖𝑠𝑠𝑢𝑒

 =  0 (26)

These governing equations, boundary conditions, and initial conditions were implemented to create
the model to realistically represent the process of mass diffusion within the tissue of the heart.

4.0 Results and Discussion

4.1 Mesh Convergence

A mesh convergence analysis was performed for both diffusive species, O2 and VEGF. A specific
cut point was chosen within the domain where the concentration of species was sensitive to time.
This point was chosen as (0.001, 0.004), as shown in the mesh of the 2D diagram below (Fig 2).
The point was chosen because it is in a region heavily influenced by the diffusion from the
hydrogel and the convective boundary condition.
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Fig. 2. Geometry in COMSOL with Mesh. The mesh contains 12735 domain elements. The cut point
chosen for the mesh convergence analysis is shown by the red dot in the diagram.

The computation was run several times, each with a different mesh size ranging from extremely
coarse (47 domain elements) to extremely fine (35061 domain elements), and the concentration of
O2 and VEGF at t=30 mins was extracted from the cut point. Figure 3 shows the convergence of
the concentration values as the number of domain elements was increased.
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Fig. 3. Mesh convergence analysis of O2 and VEGF. The concentrations illustrate that the plateau occurs
near 12735 domain elements. An image of the geometry with the cutpoint was also included.

For both species, convergence occurred at 12735 domain elements, which marks the start of the
plateau region in Figure 3. Selecting 12735 domain elements as the mesh size optimized the
accuracy of the results obtained and minimized unnecessary computation time.

4.2 Time Step Convergence

A time step convergence analysis was performed for both diffusive species, O2 and VEGF at the
cut point (0.001, 0.004) for concentration at 12 hours. The computation was run several times,
each at a different time step. The time step converged at 2 hours, as seen in Figure 4.
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Fig. 4. Time step convergence. The analysis occurred at a cut point (0.001, 0.004) at 12 hours for O2 and
VEGF concentration.  The plateau for oxygen begins around a time step of 2 hours, while the plateau for
VEGF starts at 3 hours.  An image of the geometry with the cutpoint was also included.

After 2 hours, both oxygen and VEGF concentrations in the damaged tissue were independent of a
decreasing time step. For convenience and greater accuracy, this simulation used a time step of 1
hour.

4.3 Model Description

The previously defined conditions were used to model a hydrogel with controlled release of
oxygen and VEGF. As seen in Figure 5, the hydrogel shrinks in volume over the course of 24
hours from a radius of 0.0028 m (at time zero) to a radius of 0.0022 m.
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Fig. 5. Hydrogel Shrinking. The COMSOL model shows the hydrogel shrinking over the course of 24
hours. The initial radius is 0.0028 m, and the final radius at 24 hours is 0.0022 m.

The hydrogel halved in volume within 24 hours. Volume reduction increased the diffusion rate due
to O2 and VEGF becoming more concentrated in the hydrogel as it shrunk, thereby increasing the
concentration gradient (see Fig 6 and 7). The VEGF diffused symmetrically out of the hydrogel as
seen in Figure 6. This was in agreement with expectations, since the boundary conditions were all
symmetric. The VEGF also reached all areas of the damaged tissue by 24 hours.
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Fig 6. Progression of VEGF diffusion at times 0, 9, 18, and 24 hours. VEGF diffuses symmetrically from
the hydrogel to the entire damaged tissue region in 24 hours as the hydrogel gradually deswells.

Oxygen diffusion from the hydrogel was also measured, as seen in Fig 7. The oxygen diffusion
process was asymmetric because oxygen was not only supplied by the hydrogel, but also from a
convective boundary condition at the top of the damaged tissue. After approximately three hours,
the convective boundary became the major supplier of oxygen to the tissue. At 22 hours, the
oxygen from both these sources had reached the therapeutic level in the entire infarcted tissue
region.
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Fig 7.  Progression of Oxygen diffusion at times 0, 3, 9, and 24 hours. Oxygen diffuses into the hypoxic
region of the myocardium from the deswelling hydrogen and from the a natural convection of oxygen-filled
blood from the face of the heart facing the ventricular blood flow.

The model depicted the expected diffusion of oxygen and VEGF from a shrinking hydrogel into
the hypoxic region of the myocardium (Fig 6 and 7). Largely aided by the additional supply from
the convective boundary condition, oxygen diffused throughout the tissue at a much faster rate
than VEGF.

4.4 Model Validation

Validation of the model’s release of oxygen was performed by plotting the cumulative oxygen
release as a percentage of the initial concentration in the hydrogel as a function of time.
Experimental data for the comparison was obtained from Gupta et al [10]. In this study, the
researchers measured drug release from an ABC triblock polymer that incorporated mechanisms
for reactive oxygen species (ROS) triggered degradation [10]. The triblock polymer
(PPS-b-PDMA-b-PNIPAAM) formed physically-crosslinked hydrogels, and as the reactive oxygen
species degraded in an aqueous environment, oxygen was released from the hydrogel with the
drug. The experiment was conducted at 37℃ for 64 hours. The diffusivity constant of oxygen
through a related hydrogel was 3.7 x 10-14 m2/s at 15ºC by Yargi et al. [11], while the diffusivity
constant of oxygen through the surrounding tissue was found to be 1 x 10-10 m2/s by McMurtrey
[12]. These values were used in the model for validation. Figure 8 shows a comparison of this
experiment’s cumulative release of oxygen from the hydrogel in the model vs Gupta et al [10].
Both experiments begin at 0% released at time 0, and reach a plateau region at approximately 85%
after 65 hours.
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Fig 8. Cumulative O2 release from hydrogel. Both computational and experimental data released up to
~85% after 64 hours. The computational data showed a slower initial release rate than the experimental
data, though the experimental data plateaued after 20 hours.

However, as seen in Figure 8, the cumulative O2 release from the hydrogel was slightly different
from the experimental results. Not only did both datasets approach different cumulative release
percentages of O2 up until 25 hours, but there was also a significant difference in the rate of release
during the 10-40 hour period. The experimental curve used from Gupta et al. had a lower average
release rate between 0 and 20 hours [10]. The experimental release rate diverged from the
computation until 20 hours, which is when the release rate began to plateau. Errors in the
computational model could have arisen from the difference in size of the hydrogels used in each
case. The O2 release was dependent on the size of the hydrogel spheres, but the researchers did not
specify the size of the hydrogel particles used in the experiment. Lastly, the computation used a
diffusion coefficient measured at 40ºC, while the experiment was run at an ambient temperature of
37ºC.

Next, the experimental data for the VEGF release rate was obtained from Ouyang et al [13]. In this
paper, the researchers measured matrix-metalloproteinase (MMP) dependent VEGF release from a
PEG hydrogel. When measuring the release rate, the cumulative release percentage was held
constant at 40% between 0 to 72 hours, before allowing for the release of VEGF at 72 hours [13].
Only the cumulative release from 72 hours to 144 hours was considered in this model. The
cumulative release at 72 hours was set to 0%. The diffusivity value of VEGF in the PEG hydrogel,

80 /s, was obtained from Limasale et al and used for validation [14]. Figure 9 shows theµ𝑚2
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computed cumulative release of VEGF compared to the experimental release rate obtained from
Ouyang et al [13].

Fig 9. Cumulative VEGF Release vs Time. Both datasets converge around 72 hrs to a release of 60% and
have the most similar VEGF release percentages after 35 hours.

As seen in Figure 9, the computed cumulative release of VEGF overestimates the release percent
of VEGF for the first 30 hours compared to the experimental release. This is likely due to an error
in the computational assumptions. At time 0, the initial concentration of VEGF within the hydrogel
is less than the input parameter of initial concentration, leading to a 12% cumulative release at time
0. This may be due to an inaccurate estimation of the hydrogel size in the model since the hydrogel
size was not stated in the experimental study.

The final computed cumulative release percent for both oxygen and VEGF agreed with the final
release percent of the experiments. Despite a slight overestimation in both computations before 40
hours, the general trends of oxygen and VEGF diffusivity matched with the experimental results.

4.5 Effects of Varying Hydrogel Concentration

The goal of the hydrogel injection was to regenerate healthy tissue before significant scarring
occurred. Multiple trials testing different hydrogel concentrations were performed to determine the
optimal initial concentrations of O2 and VEGF needed in the hydrogel to reach therapeutic levels.
Various initial concentrations of O2 and VEGF were loaded into the hydrogel, and the computation
was run. For each test, the average concentration of O2 or VEGF across all the mesh points within
the damaged tissue domain was calculated. Figure 10 shows the plots of concentration as a
function of time for both oxygen and VEGF; the specific concentration that produced the highest
average was chosen.
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Fig 10. Varying Initial Concentrations of Diffusants within Hydrogel. a) Various initial hydrogel
concentrations of O2 and average concentrations of O2 they produced in the damaged tissue over 24 hours.
b) Various initial hydrogel concentrations of VEGF and the average concentrations of VEGF they produce
in the damaged tissue over 24 hours.

Based on Figure 10a, ml/m3 was chosen as the initial hydrogel concentration since it8 × 105

resulted in the smallest initial dip in oxygen concentration. Large initial dips, which represented
sub-therapeutic oxygen levels, should have been minimized. As shown in Figure 10b, an initial
value of 0.8 ml/m3 delivered the most VEGF to the damaged tissue.

4.6 Sensitivity Analysis

As seen in Figure 10, several parameters were varied based on the maximum and minimum
literature value found, and the corresponding final concentrations of oxygen and VEGF in the
damaged tissue were measured.
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Fig. 10. Percent change in oxygen/VEGF concentration after varying 5 parameters. Maximum and
minimum values for each parameter are found in Appendix 7.D, except for the hydrogel radius, which was
varied by + 10%. Note that the model used the minimum value of oxygen concentration in arterial blood.

Figure 10 illustrates that the diffusivity of VEGF in tissue was the most sensitive parameter
because it caused the most variability in average therapeutic agent concentration within the
damaged tissue at 24 hours. VEGF diffusivity may be the most sensitive since it had the widest
range of values in literature: from 10-8 m2/s to 10-11 m2/s. When the VEGF diffusivity was increased
by 8750% , the percent change in the concentration of VEGF in the damaged tissue at 24 hours

compared to the original model (diffusivity of m2/s) was about -62%. Decreasing the1. 3 × 10−10

diffusivity did not make a significant difference in VEGF concentration. Therefore, there would be
a large error in the computed concentration if the experimental diffusivity of VEGF in the tissue
was greater than the value used in this model.

The percentage change in oxygen and VEGF concentrations in damaged tissue after varying
hydrogel diffusivity parameters was shown in Figure 11. Changing diffusivity of oxygen in tissue
also resulted in a large variation in the amount of oxygen in the tissue at 24 hours. Both decreasing
and increasing diffusivity greatly impacted the final concentration. Oxygen concentration in
arterial blood and radius of the hydrogel were also varied based on the literature values. Increasing
both these parameters caused the final concentration to increase +18%.
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Fig 11. Percent change in oxygen/VEGF concentration after varying diffusivity in hydrogel. The percent
change of oxygen concentration in damaged tissue at 24 hours was calculated to be -0.16% and -0.19% for a
+5.2% and -4.94% change in oxygen diffusivity in hydrogel, respectively. The change in VEGF
concentration was -0.10% and -3.9% for a +21,900% and -97.9% change in VEGF diffusivity in hydrogel,
respectively.

As seen in Figure 11, varying the hydrogel diffusivities caused a minimal change of less than
-0.25% in the oxygen and VEGF concentrations in damaged tissue. Consequently, these
parameters were not sensitive within the model.

To determine the most sensitive parameter, the parameters were all varied by +10% and -10% as
seen in Figure 12, and the final average concentration in the damaged tissue was determined.
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Fig 12. Percent change in oxygen/VEGF concentration after varying parameters by +10%. The greatest
change, +30%, occurred when changing the radius of hydrogel. Diffusivity of VEGF in tissue was the least
sensitive parameter, with <1% changes in VEGF concentration.

It was determined that the parameter with the least sensitivity to testing was the diffusivity of
VEGF in tissue. As shown in Figure 12, the VEGF diffusivity range from -0.72% to 0.49% was
minimal compared to the other groups. In contrast, the concentration of oxygen and VEGF were
the most sensitive to fluctuations in hydrogel radius. Varying the radius by +10% increased oxygen
concentration by +17% and VEGF concentration by +30%. However, shrinking the radius -10%
decreased the VEGF concentration by less than 5%. Since the sensitivity analysis was based on the
final VEGF concentration (at 24 hours) in the damaged tissue rather than the average concentration
throughout the 24 hours, it provides a snapshot in time of how much oxygen and VEGF had been
released from the hydrogel. Therefore, the results are dependent upon time of peak concentration.
Increasing the radius by +10% considerably increased the release rate of VEGF, resulting in the
large 30% increase in VEGF concentration since the time of peak concentration greatly differed
from that of the original hydrogel. The smaller hydrogel had a VEGF release rate more similar to
that of the original hydrogel size, so the concentration at 24 hours did not appreciably change. This
sensitivity analysis shows that radius size should play a large role in design considerations as it can
influence drug release rates and peak concentration times.
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5.0 Conclusion

5.1 Summary of Results

Immediately following myocardial infarction, oxygen and VEGF levels in the damaged heart
tissue are depleted. If this condition is left untreated, cardiac tissue would permanently weaken. In
this study, delivery of oxygen and VEGF to damaged heart tissue via an injectable hydrogel was
modeled. This device was designed to deliver sufficient oxygen and VEGF to the entire wounded
region of the heart tissue – 3.50 cm in length by 1.50 cm in height. A target oxygen concentration

of ml O2/m3 tissue was required in the infarcted tissue region to return tissue oxygen7. 58 × 104

levels to normal. The model determined the time to deliver the minimum effective concentration of
oxygen throughout the wounded region to be 22 hours after injection of the hydrogel. Similarly,
the time for VEGF to diffuse and reach all cells of the wounded tissue with a concentration above
0.001 ml/m3 was evaluated to be 22 hours. After 24 hours, the concentration increased to 0.00137
ml/m3. In order to reach these desired levels across the entire wounded region, the hydrogel must

be manufactured to hold an initial concentration of ml/m3 O2 and 0.8 ml/m3 VEGF.8 × 105

5.2 Research Limitations

While computational modeling provides several benefits compared to in vivo testing, there are
also limitations. First, discretization of data from an analytical solution always retains some
amount of error, but this was mitigated with an increasing number of computations. Conducting
a mesh converge and time step convergence for modeling helped decrease the discretization
error, but did not completely eliminate it. The limitations specific to this study primarily come
from the simplifications made to the setting. A real heart ventricle is not perfectly rectangular,
and infarcted tissue will form in irregular shapes. There is no clear boundary between damaged
and healthy tissue like in this experiment. In cases where the geometry of damaged tissue is
extremely different from the model geometry, there will be significant differences between the
computational and experimental results. The boundary conditions, reaction rates and assumptions
related to the parameter values used in this experiment also have limitations. For example,
differences in diffusivities between healthy and damaged tissue were ignored. Likewise, a
constant blood flow was set as the convective boundary condition, whereas in reality, blood ebbs
and flows with the rhythmic pumping of the heart. These simplifications were made only after
confirming that they did not grossly change the nature of the computation, but they should be
acknowledged when using this study for future research.

5.3 Design Recommendations

The hydrogel was determined to provide an effective concentration of oxygen throughout the
entire wounded tissue by 22 hours.​ The VEGF took approximately 2 hours longer to reach the
entirety of the wounded tissue. Since both therapeutic agents were delivered before the time for
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sufficient scar tissue to form, 3 weeks, an oxygen- and VEGF-releasing hydrogel showed promise
as a viable technology in preventing scar tissue formation. The highest therapeutic results will
occur if injected immediately following a heart attack. The concentration of VEGF takes a slightly
longer time to diffuse, but was still successful in accelerating tissue regeneration, which takes a
much larger time of at least 3 weeks to fully replace infarcted cardiac myocytes. The selected

hydrogel radius of m and initial concentrations were optimized to fit a predetermined2. 59 × 10−3

size of damaged tissue. For in vivo scenarios, the size of the damaged or infected tissue will vary
from the model’s determined dimensions, so the actual hydrogel size for injection must be scaled
to the patient’s infarct size. As determined by the positive correlation between hydrogel radius and
release percentage in the sensitivity analysis, a larger infarcted tissue area requires a larger volume
hydrogel, and vice versa.
This experiment modeled the hydrogel’s location equidistant from the inner and outer walls of the
ventricle. However, the mass transfer profile of oxygen over the course of 24 hours showed a
significantly higher delivery to the inner region of the ventricle (Figure 7). This is a result of the
bloodstream delivering another source of oxygen from the inner wall via convection. While
oxygen reached a therapeutic level throughout the damaged tissue, it should be noted that the
benefit of the hydrogel will improve if injected closer to the surface of the ventricle wall, about ⅓
of the distance from the surface to the ventricle. The diffusion effect combined with the convective
boundary would deliver oxygen from both sides of the heart wall, reducing the overlap in diffusion
and decreasing the time for the damaged tissue to recover to the necessary oxygen level. To the
extent possible, if injecting multiple hydrogels instead of scaling the size, the user should try to
inject hydrogels with a radius of 2.88 cm approximately 3.5–4.0 cm apart near the outer layer of
the ventricle; this will maximize the volume covered and ideally minimize overlap.

While fibrin is a well-researched biomaterial, creating a hydrogel that reliably swells to a constant
radius may be challenging. To ensure that the hydrogels for each treatment have similar material
properties and swelling/deswelling kinetics, the manufacturing process would need to be precise
and robust. Because of the need for stringent quality control, the hydrogel may be expensive to
manufacture in bulk.

5.4. Future Research

Future research in this field can take steps to improve the delivery mechanism of the hydrogel. If
the surface of the ventricle requires the most oxygen, then it is possible that a flat hydrogel scaffold
over the ventricle may be able to deliver therapeutic agents more efficiently than a spherical form.
The time between heart attack and hydrogel injection is also highly variable.  Differences in
ambulance transport time, availability of ER hospital beds, and awareness that a heart attack has
occurred all contribute to the amount of tissue damage before injection. Further research needs to
be done on the average time until treatment is sought in order to better understand how much tissue
needs to be healed, and subsequently, if this hydrogel device is a viable option for treatment.
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Fortunately, this hydrogel is very sensitive to radius, so if a large volume needs to be treated,
increasing the hydrogel size by just a few millimeters will significantly increase diffusion distance.
Another step that can be taken for future studies is changing the contents delivered from the
hydrogel, such as by using stem cells in lieu of VEGF and analyzing its comparative effect on
tissue regeneration.
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7.0 Appendix

7.A Parameters

Parameter Value Units Source

Hydrogel Radius Initial radius - 0.0028 m
(Dependent on time)

m [17]

Damaged Tissue Size 0.025 x 0.015 m m [18]

Healthy Tissue Size 0.04 x 0.015 m m [18]

Diffusion Coefficient of oxygen through Hydrogel 1. 7 × 10−9𝑚2/𝑠 𝑚2/𝑠 [19]

Diffusion Coefficient of VEGF through Hydrogel 1 × 10−9𝑚2/𝑠 𝑚2/𝑠 [20]

Initial concentration of oxygen in hydrogel User input - 8× 105 ml/m3 Not Applicable

Initial concentration of VEGF in hydrogel User input - 0.8 ml/m3 Not Applicable

Diffusivity of oxygen through cardiac tissue 0.3x 10-9 m2/s [21]

Diffusivity of VEGF through cardiac tissue 1.13 x 10-10 m2/s [22]

Initial concentration of oxygen in damaged tissue 6.06 x 104 ml /m3𝑂
2

[23], [24]

Initial concentration of VEGF in damaged tissue 0 n/a [25]

Initial concentration of oxygen in healthy tissue 7.58 x 104 ml O2/m3 [24]

Initial concentration of VEGF in healthy tissue 0 ml /m3 [25]

Concentration of oxygen in blood 2 x 105 ml /m3𝑂
2

[24]

Concentration of VEGF in blood 0 n/a [25]

Consumption rate of oxygen by tissue 18 x 10-3 mol/(m3·s) [26]

Consumption rate of oxygen by unhealthy tissue 0.17 ml/g/beat → 1231.25
ml/m3/s

ml/m3/s [27]

Degradation rate of VEGF outside the cell 2.5 x 10−4 s−1

(τ1/2 ~ 40 min)
s-1 [28]

Hydrogel deswelling rate constant k = 8.0225368 x 10-6 s-1 s-1 [16]
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7.B CPU and Memory Use

7.C Hydrogel Deswelling

Once the hydrogel is injected into the damaged heart tissue, it will deswell over time, and the
radius will decrease. However, this does not occur at a constant rate. Hydrogel deswelling kinetics
can be very difficult to model, as this will depend on the molecular chain length of the hydrogel
monomers, polymer network density, temperature, pH, solvent, etc [15]. From research that has
been done on general hydrogel swelling and deswelling kinetics [16], an exponential decay
function would best capture the change in radius of the hydrogel over time. Since the material
properties of the hydrogel do not change with time, this function can be compared to the initial
volume of the hydrogel with the volume of the hydrogel at any given time.

𝑉
𝑓𝑖𝑛𝑎𝑙

= 𝑉
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

· 𝑒−𝑘𝑡

Using biomaterial design techniques, the hydrogel can be tuned to fit the experiment. The hydrogel
sphere was designed to shrink to half of the original size over the course of 24 hours. With this
knowledge, the deswelling rate constant was found.

𝑉
𝑓𝑖𝑛𝑎𝑙

= 1
2 · 𝑉

𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 ;  𝑡 =  24 ℎ𝑜𝑢𝑟𝑠 (86400 𝑠𝑒𝑐𝑜𝑛𝑑𝑠)
1
2 = 𝑒−𝑘 · 86400 [𝑠]

𝑘 =  8. 0225368 × 10−6 [𝑠−1]

Upon finding k, the equation can be modified to find the rate of change of the radius. Below, Ri

was a constant corresponding to the initial radius of the hydrogel sphere, and Rf was the radius of
the hydrogel sphere at time t.

𝑉
𝑓

= 𝑉
𝑖

· 𝑒−𝑘𝑡 ,  𝑤ℎ𝑒𝑟𝑒 𝑉 =  4
3 π𝑅3

4
3 π𝑅

𝑓
3 = 4

3 π𝑅
𝑖
3 · 𝑒−𝑘𝑡

𝑅
𝑓

3 = 𝑅
𝑖
3 · 𝑒−𝑘𝑡

𝑅
𝑓

= 𝑅
𝑖

· 𝑒−𝑘𝑡/3
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𝑑𝑅
𝑓

𝑑𝑡 = 𝑅
𝑖

· 𝑒−𝑘𝑡/3 · (− 𝑘/3)
𝑑𝑅

𝑓

𝑑𝑡 = 𝑣 =
−𝑅

𝑖
·𝑘

3 · 𝑒
−𝑘·𝑡

3

Now, substituting in the numerical values for Ri and k,  this equation can be plugged into v for the
Prescribed Normal Mesh Velocity in the Deformed Geometry physics. When the model was run,
the radius of the hydrogel boundary decreased quickly at early times, and the velocity slowed
down over time. Eventually, the volume of the hydrogel after 24 hours was about half of its initial
volume.

7.D Sensitivity Analysis Literature Values

Parameter Current Model
Value

Literature Maximum
Value

Literature Minimum
Value

Max Percent
Change (%)

Min Percent
Change  (%)

Diffusivity of Oxygen
in tissue

( )𝑚2/𝑠

0.3 x 10-9 [21] 1.5 × 10-9 [29] 6 x 10-11 [30] 400 -80

Diffusivity of Oxygen
in hydrogel

( )𝑚2/𝑠

1.7 x 10-9 [19] 1.784 x 10-9 [31] 1.616 x 10-9 [31] 5.20 -4.94

Diffusivity of VEGF
in tissue

( )𝑚2/𝑠

1.13 x 10-10 [22] 10-8 [32] 10-11 [32] 8749.56 -91.15

Diffusivity of VEGF

in hydrogel ( )𝑚2/𝑠

1 x 10-9 [20] 2.2 ± 0.3 × 10−7 [20]2.1 x 10-11 [20] 21900 -97.9

Initial Radius of
Hydrogel (m)

0.002879 [17] 0.0031669 0.0025911 10 -10

Amount of O2 in
convective boundary
layer (bloodstream)

(𝑚𝑙/𝑚3 𝑏𝑙𝑜𝑜𝑑)

2 x 105 [24] 3.1 x 105 [33] 2 x 105 [33] 55 0

7.E Concentration of Oxygen/VEGF based on Literature Values in 7.D

Amount of oxygen/VEGF in damaged tissue at 24 hours (ml/m3)

Parameter Varied Results Based on
Current Model
Value

Results Based on
Maximum Value

Results Based on
Minimum Value

Max % Change in
Results

Min % Change in
Results

Diffusivity of
oxygen in tissue

257234.4831 330974.5913 196878.2545 -30.65662521 28.66649423

Diffusivity of 257234.4831 256745.2337 256819.1262 -0.1617312957 -0.1901958855
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oxygen in hydrogel

Diffusivity of VEGF
in tissue

0.0105083742 0.01056659642 0.003955840363 -165.6420187 0.5540555024

Diffusivity of VEGF
in hydrogel

0.01050837093 0.01009740079 0.01049752708 -0.1032990615 -3.910883451

Initial Radius of
hydrogel (VEGF)

0.01050837093 0.01009740159 0.01372620929 30.62166703 -3.910875812

Initial Radius of
hydrogel (Oxygen)

301100.2295 218745.7398 257234.4831 17.05282509 -14.96251313

Amount of O2 in
convective boundary
layer (bloodstream)

257234.4831 257234.4831 299537.1942 14.12269058 0
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