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ABSTRACT 

In traumatic brain injury (TBI), secondary injury involving neurological damage and 

edema negatively impacts recovery outcomes. Previous studies have shown that an osmotic 

transport device (OTD) significantly decreases severe TBI edema in rodent models. Because the 

OTD requires a craniectomy for direct contact to the brain, it is expected that the simultaneous 

delivery of the neuroprotective drug, neuregulin-1 (NRG-1), may further improve neurological 

outcomes. However, the release rate of NRG-1 must be controlled. In addition, because 

hydrogel-drug interactions can be highly complex and impact overall delivery, the release of 

NRG-1 from hydrogel must be analyzed. Previous research has shown that hydroxyethyl 

cellulose (HEC) may have the appropriate properties for this purpose. Here we test the release of 

the active EGF-like domain of NRG-1 from a hydrogel made up of 1.5%, 2.0%, and 2.5% HEC 

and artificial cerebrospinal fluid. Concentrations of the EGF domain are measured via an 

enzyme-linked immunosorbent assay. The results show concentration dependent Fickian 

diffusion behavior, with 2.0% HEC being the most promising of the hydrogels tested. 

Ultimately, the controlled delivery of NRG-1 integrated with an OTD will greatly improve 

recovery outcomes for victims of severe TBI.   
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INTRODUCTION 

 Annually, about 200,000 people suffer from traumatic brain injury (TBI) [1]. The initial 

trauma of the injury, known as primary injury, causes mechanical damage, such as broken bones, 

torn muscle, or damaged blood vessels. Additionally, studies show that the biological processes 

that come after the initial trauma, such as hemorrhage, swelling, and ischemia, cause further 

neurological damage. This is known as secondary injury, and it is the main contributor to the 

increased mortality rates in severe TBI [2]. Secondary injury is activated by the primary injury 

such that the physiological response causes the release of enzymes and hypoxia, which damages 

uninjured cells surrounding the primary injury and increasing the affected area [3]. This can lead 

to edema, necrosis, neurological damage, increased intracranial pressure (ICP), ischemia, 

oxidative stress, metabolic dysfunction, inflammation, and much more [2]. Increased ICP is of 

particular interest because it is a result of the brain being compressed against the skull. The ICP 

can increase so much that it results in the collapse of the brain stem, drastically increasing 

fatality of severe TBI [2,3]. Even without brain stem collapse, secondary injury can lead to long-

term issues if left untreated, such as seizures, demyelination, and decreased neurogenesis [3]. 

Therefore, it is imperative to treat secondary injury in a timely manner to avoid the negative 

effects of chronic injury. Fortunately, secondary injury is reversible, meaning the long-term 

effects can be minimized given it is treated adequately. Secondary injury also has a relatively 

slow progression, allowing medical personnel enough time to treat the victim [3]. 

Current treatments for secondary injury involve decompressive craniectomy, hypertonic 

saline, and mild hypothermia. Decompressive craniectomy involves removing part of the skull to 

allow the brain tissue to expand outside of the head so that it is not compressed against the skull, 

which may reduce ICP. However, this may also result in herniated tissue, leading to cell damage 



6 

 

and complications [4]. Hypertonic saline also works to reduce ICP by drawing water away from 

the cellular environment via osmotic pressure, but the results for this therapy are mixed as some 

cases report complications associated with using this therapy. The most common complication 

seen has been the development of central pontine myelinolysis, which is the rapid shrinking of 

the brain and results in demyelination [4]. Mild hypothermia has been shown to be anti-

inflammatory and neuroprotective, but the results are inconsistent as well [4]. These 

shortcomings show that consistent and efficient treatment for secondary injury in severe TBI is 

needed. Thus, there needs to be a therapy that consistently and efficiently treats secondary injury 

and improves recovery outcomes for victims of severe TBI. 

 One advancement in treating secondary injury is the development of an osmotic transport 

device (OTD), which decreases edema in rodent TBI models [5]. The device has a high 

concentration of bovine serum albumin (BSA) solution within it, which is separated from the 

water by a semipermeable membrane. BSA is a large protein that cannot pass through the pores 

of the membrane, however water can since it is a small molecule. This creates an external 

osmotic pressure gradient, which drives fluid from the site of injury and into the device. The 

OTD has been shown to decrease water content in edema and improve neurological functions for 

severe TBI in rat models [5]. Because the OTD requires a craniectomy for direct contact to the 

brain, it is expected that the simultaneous local delivery of a neuroprotective drug may further 

improve neurological outcomes. This revision to the OTD will treat edema and neurological 

damage simultaneously, increasing recovery outcomes for severe TBI victims. This is the focus 

of my work. 

 There are several drugs that can treat neurological damage for severe TBI, one of which 

is called neuregulin-1 (NRG-1). It is a neuroprotective growth factor that consists of a 
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transmembrane domain, epidermal growth factor (EGF)-like domain, immunoglobulin-like 

domain or cysteine-rich domain, and a cytoplasmic tail [6]. NRG-1 binds to the ErbB3 and 

ErbB4 receptors on neurons, which then affects their corresponding pathways. Experimental 

studies show that in severe TBI, NRG-1 increases neuronal survival, maintains the blood-brain 

barrier integrity, and increases functional recovery [7-10]. Additionally, introducing exogenous 

NRG-1 to the site of injury promotes endogenous NRG-1 expression, which reduces the dose of 

NRG-1 required to affect the site of injury and lowers the cost of treatment [11]. Because of 

these characteristics, NRG-1 is a promising drug that could further improve recovery outcomes 

of severe TBI. 

 With this background information in mind, my research investigates an OTD design that 

simultaneously treats edema and neurological damage, thus further improving recovery 

outcomes for severe TBI victims. To do this, I integrate a drug delivery system into the OTD 

such that NRG-1 can be delivered to the site of injury during edema removal. Specifically, I am 

using the active EGF-like domain of NRG-1 due to its role in activating the ErbB3 and ErbB4 

pathways and its high diffusivity (i.e., small molecular weight). The drug delivery system I use is 

hydrogel, a network of cross-linked hydrophilic polymers that make a porous material, which 

allows for drug delivery [12]. 

One characteristic of hydrogels that make them appealing for biomedical application is 

that they allow for the controlled release of drugs, temporal and/or spatial. This is an important 

consideration in any drug delivery system since an insufficient dosage may not adequately affect 

the patient while excessive dosage may lead to adverse effects and/or increase cost of the 

treatment [13]. Additionally, most hydrogels are biocompatible, meaning they can safely be in 

contact with the brain [14]. Another major benefit of using hydrogel is that hydrogel is already 
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utilized in the OTD design for continuous brain contact [5]. Changing the type of hydrogel 

should not hamper the function of the OTD and will not require major modifications to the 

manufacturing process. 

 There are many properties that affect the release of solutes from a hydrogel matrix, such 

as the properties of the polymer itself. Surface properties, such as hydrophilicity, chemical 

reactivity, surface viscosity, and topography, govern the hydrogel’s interactions with tissues and 

other biological components. Bulk properties, such as molecular weight, solubility, pore size, 

and mechanical stability, determine the hydrogel’s release mechanism [15-17]. There are many 

documented release mechanisms, but for brevity, the release mechanism I am interested in is 

known as interior diffusion or diffusion controlled. This mechanism is applicable to non-

degradable hydrogels in which drug release is purely governed by diffusion [18]. A common 

property used to control the release rate for this mechanism, and the one I am investigating in 

this research, is the percent concentration of the polymer since it is easily manipulated. 

Typically, the greater the polymer concentration, the slower the release of drugs from the 

hydrogel. This is due to a higher crosslink density, which decreases the number and size of the 

pores. This restricts the movements of solutes, therefore decreasing their release rate [18]. 

Specifically, I am researching monolithic or matrix devices, in which the solute is evenly 

distributed within the hydrogel matrix [16]. This simplifies the model of drug release to 1-D 

Fickian diffusion. 

 Diffusion is defined as the overall movement of molecules due to the random collisions 

between molecules [18]. A commonly used model to describe diffusion, and the one used in this 

capstone, is known as Fickian diffusion. Fickian diffusion is governed only by the concentration 

gradient of the solute and the diffusion coefficient of the solute in a specific solvent. Given that 
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the release of NRG-1 is transient in one dimension, the specific equation of interest is Fick’s 

second law, 

        
𝜕𝐶

𝜕𝑡
= 𝐷𝑖𝑗

𝜕2𝐶

𝜕𝑥2            (1) 

where t is time, C is concentration, x is the position, and Dij is the diffusion coefficient. This 

equation states that the concentration of the diffusing species is a function of both time and 

space. This differential equation can be solved for concentration, C. Fick’s second law assumes 

that no convection, mass transfer via fluidic movement, is present and the diffusion coefficient, 

Dij, is independent of concentration [18]. The diffusion coefficient is of specific interest because 

it is a major parameter that controls the rate of diffusion. For porous media (e.g., hydrogels), the 

diffusion coefficient is known as the effective diffusion coefficient, Deff, since the media is not 

completely fluid [18]. For NRG-1 in hydrogel, the effective diffusion coefficient is unknown, 

however it can be experimentally determined using the appropriate mathematical model. 

 

Figure 1 – The desired transport directions of NRG-1 (green arrow) into the brain and water removal (light blue  

arrow) from the brain during OTD operation. The goal of this work is to determine the transport characteristics of  

the NRG-1 in our selected hydrogel, hydroxyethyl cellulose. 

 While the assumption that convection is not present is true for some situations, it is not 

true in the case of an operating OTD. Fluid is drawn up from the body into the device while 

NRG-1 is simultaneously delivered to the brain, as shown in the figure above. This introduces a 
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convective component in the hydrogel and alters the release rate of NRG-1. This then changes 

Equation 1 into 

 
𝜕𝐶

𝜕𝑡
+ 𝑣

𝜕𝐶

𝜕𝑥
= 𝐷𝑖𝑗

𝜕2𝐶

𝜕𝑥2            (2) 

This assumes that the fluid velocity, v, is also one dimensional and no reaction takes place [18]. 

This model, however, is complicated to solve analytically. Therefore, a different model known as 

the Peclet number is used to estimate the rate of water removal required to allow for sufficient 

NRG-1 delivery to the site of injury. The Peclet number (Pe) is a ratio of convective and 

diffusive forces that act on NRG-1 [18]. 

𝑃𝑒 =
𝑣𝐿

𝐷𝑒𝑓𝑓
                                      (3) 

In Equation 3, v is the fluid velocity, L is the characteristic length, and Deff is the effective 

diffusion coefficient. The Peclet number is useful when determining whether convection or 

diffusion dominates species movement. If the Peclet number is much greater than one, then 

convection dominates and if it is much less than one, then diffusion dominates. For my 

application, the Peclet number should be much less than one, which indicates that diffusion 

dominates NRG-1 movement. This would result in NRG-1 being delivered into the brain rather 

than being transported into the device via convection due to water removal, which would render 

the drug ineffective. To determine Pe, the effective diffusion coefficient of NRG-1 in hydrogel 

must be known. However, hydrogel interactions with proteins can be complex, so the effective 

diffusion coefficient must be determined empirically. My research aims to determine the 

effective diffusion coefficient of NRG-1 in varying concentrations of HEC.  
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MATERIALS AND METHODS 

I. Concentration Model for Transient Diffusion with an Infinite Sink 

A mathematical model is required to determine the effective diffusion coefficient of 

NRG-1 in HEC. As stated in the Introduction, I will use Fick’s second law (Equation 1), which 

can be solved for concentration using the following boundary conditions in cylindrical 

coordinates: 

𝑡 ≤ 0, 0 ≤ 𝑧 ≤ ℎ, 𝐶 = 𝐶0 

𝑡 > 0, 𝑧 = 0,
𝜕𝐶

𝜕𝑧
= 0 

𝑡 ≥ 0, 𝑧 = ℎ, 𝐶 = 0 

where t is time, z is vertical position in the hydrogel, h is the height of the hydrogel, and 𝐶0 is the 

initial hydrogel concentration. The initial condition (𝑡 ≤ 0) states the initial concentration within 

the hydrogel. The first boundary condition at 𝑧 = 0 states NRG-1 does not permeate through the 

bottom of the hydrogel. The second boundary condition at 𝑧 = ℎ as is an infinite sink 

approximation and assumes that, at the hydrogel surface, the concentration of NRG-1 is 

approximately zero. This introduces a concentration gradient which causes NRG-1 to diffuse 

towards the hydrogel surface. Expressing Fick’s second law and the boundary conditions in 

dimensionless parameters allows one to scale the model to any system with the same 

assumptions and compare the model to other systems that may or may not have the same 

conditions or initial values quantitatively. We can do this using dimensionless parameters. For 

this study, the dimensionless parameters can be defined as such: 

            𝜂 =
𝑧

ℎ
           𝜃 =

𝐶

𝐶0
          𝜏 =

𝐷𝑖𝑗𝑡

ℎ2  
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where η is dimensionless height, θ is dimensionless concentration, and τ is the characteristic 

time. Plugging these dimensionless parameters into Equation 1 results in 

        
𝜕𝜃

𝜕𝜏
= 𝐷𝑒𝑓𝑓

𝜕2𝜃

𝜕𝜂2 .            (4) 

The dimensionless parameters can also be input into the boundary conditions as shown below. 

𝜏 ≤ 0, 0 ≤ 𝜂 ≤ 1, 𝜃 = 1 

𝜏 ≥ 0, 𝜂 = 0,
𝜕𝜃

𝜕𝜂
= 0 

𝜏 ≥ 0, 𝜂 = 1, 𝜃 = 0 

These boundary conditions can be used to solve for dimensionless concentration in Equation 4 to 

obtain 

         𝜃 = ∑
4 𝑐𝑜𝑠(𝜋𝑛)𝑐𝑜𝑠 ((𝑛+

1

2
)𝜋𝜂)

2𝑛𝜋+𝜋
𝑒

−((𝑛+
1

2
)𝜋)

2

𝜏∞
𝑛=0 .           (5) 

For the purposes of this experiment, it is more useful to measure the accumulated mass, 𝑀𝑡, 

released from the hydrogel rather than the concentration. Thus, the accumulated mass model 

with dimensions is shown below, where A is the area of the hydrogel surface. 

      𝑀𝑡 = −𝐴𝐷𝑒𝑓𝑓𝐶0 ∑
4𝜋ℎ𝑐𝑜𝑠(𝜋𝑛)𝑠𝑖𝑛 ((𝑛+

1

2
)𝜋

𝑧

ℎ
)

(2𝑛𝜋+𝜋)(𝑛+
1

2
)𝜋2𝐷𝑒𝑓𝑓

(𝑒
−((𝑛+

1

2
)𝜋)

2𝐷𝑒𝑓𝑓𝑡

ℎ2 − 1)∞
𝑛=0          (6) 

This model is used to determine the effective diffusion coefficient of NRG-1 in hydrogel, Deff 

which is determined at z = h. 

 It should be noted that Equation 6 is equivalent to the model derived for a semi-infinite 

medium: 
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                                                         𝑀𝑡 = 2𝐴√
𝐷𝑒𝑓𝑓𝑡

𝜋
(𝐶0 − 𝐶1)                                                    (7) 

where 𝑀𝑡 is the amount of drug released and 𝐶1 is the initial medium NRG-1 concentration. This 

is due to NRG-1 diffusion being limited by the hydrogel in both models, resulting in identical 

effective diffusion coefficients. 

II. Determining Hydrogel Geometry 

Another important property that determines the release rate of drugs is the shape of the 

hydrogel [17]. Previous research that investigated NRG-1 diffusion in hydrogel utilized a cone-

shaped tube to house the hydrogel [19]. However, an assumption of Equation 6 is that the cross-

sectional area of the hydrogel is constant, which is not the case for a cone. It is difficult to 

determine analytically if other common tube shapes (e.g., conical, hemispherical) would yield 

the same result. Therefore, a simulation software that uses numerical methods, COMSOL 

Multiphysics [20], was compared to the results of the infinite sink transient diffusion model 

above, which was graphed in MATLAB. To make accurate comparisons, the volume of the 

hydrogel remained the same (0.5 mL) across all models and the heights and areas were corrected 

for each shape. The geometry of the models is shown in the figure below. The parameters, kept 

constant for all three geometries, were 1 × 10-7 cm2/s for the effective diffusion coefficient (Deff), 

20 ng for the initial mass (M0), and 40 ng/mL for the initial concentration (C0). The physics 

module used was the transient transport of diluted species module and mesh independence was 

achieved. For the COMSOL model, the flux was evaluated every thirty minutes for a total time 

of three hours to mimic the experimental procedure in the next section. The fractional 

accumulated mass was compared between Equation 6 and the COMSOL models for each 
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geometry to determine if hydrogel geometry affects the effective diffusion coefficient of NRG-1 

in HEC. 

 

Figure 2 – The dimensions and boundary conditions for the cylindrical, conical, and hemispherical COMSOL 

models, respectively. The red lines signify a Neumann condition in which the flux is zero. The blue lines show a  

Dirichlet condition in which the concentration is 0 g/mL. 

III. Determining the Effective Diffusion Coefficients of NRG-1 in HEC 

Figure 3 below depicts the experimental setup in an orbital shaker. The hydrogel used for this 

experiment was hydroxyethyl cellulose (HEC) due to its biocompatibility, availability, solubility 

in artificial cerebrospinal fluid (aCSF), cost, and ease of preparation [21,22]. Additionally, HEC 

does not require heat to crosslink, unlike alginate which was used in the OTD in previous studies 

[5]. High temperatures can denature NRG-1, rendering it ineffective. The HEC hydrogel percent 

concentrations observed were 1.5%, 2.0%, and 2.5% by mass percent. The hydrogel was loaded 

with 1 µg/mL of carrier free EGF-like domain of NRG-1 (396-HB-050/CF, R&D Systems) 

during gelation with aCSF as the solvent for a final volume of 1 mL. Once gelation was 

complete, 0.5 mL of the NRG-1 loaded hydrogel was transferred to a cylindrical tube (see 
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Results I) and the hydrogel diameter and height was measured to utilize in Equation 6. Once the 

hydrogel dimensions were measured, 1 mL of aCSF was placed on top to introduce a 

concentration gradient while maintaining electrochemical equilibrium. Electrochemical 

equilibrium ensures that the release of NRG-1 from the hydrogel is solely due to NRG-1 

diffusion and not ion movement. Ion movement could increase the release of NRG-1 from the 

hydrogel, leading to an inaccurate effective diffusion coefficient. The tube was then placed in an 

orbital shaker at 50 rpm to minimize the effects of a boundary layer over the hydrogel [23,24]. I 

want to minimize the boundary layer because it may decrease the NRG-1 release rate from the 

hydrogel and lead to an inaccurate effective diffusion coefficient. For three hours, every thirty 

minutes, the aCSF was removed and replaced with fresh aCSF to satisfy the infinite sink 

boundary condition. The removed aCSF was used to determine the amount of NRG-1 released 

over time via an enzyme-linked immunosorbent assay (ELISA). 

 

Figure 3 - The experimental setup to determine the effective diffusion coefficient of NRG-1 in various HEC 

hydrogel percent concentrations. The hydrogel is placed in the orbital shaker at 50 rpm and the aCSF above it is  

replenished every thirty minutes for three hours. 

An ELISA works by using antibodies to detect the analyte, in my case the EGF-like domain 

of NRG-1. There is a capture antibody, which binds to the plate and captures the analyte when it 

is introduced. However, this by itself cannot determine the concentration of NRG-1. Therefore, a 
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detection antibody is used to help determine the concentration of the analyte through 

colorimetric means. Detection antibodies are normally conjugated with biotin so that a reporter 

enzyme, usually streptavidin horseradish peroxidase (HRP), can bind to the detection antibody. 

The enzyme converts a substrate to a product which has a readable color. After a certain amount 

of time, a stop solution is introduced to ensure the reaction does not saturate the solution with 

color. This process is depicted in Figure 4 below for a successful binding event. 

 
Figure 4 – A sandwich ELISA using a capture antibody, a biotin labeled detection antibody, streptavidin-HRP, and 

TMB substrate to acquire a reading. The antigen binds to the capture antibody, which allows the detection antibody 

to bind to the antigen. This then allows the streptavidin-HRP to bind to the biotin, which allows the enzyme to  

produce a signal by acting on the TMB substrate. Image from [25]. 

Initially, the ELISA antibodies for the NRG-1-β1 domain (DY377, R&D Systems) were used 

to determine the concentrations of NRG-1 released over time. However, since those antibodies 

were manufactured to detect the entire NRG-1- β1 domain, they had low sensitivity to the EGF-

like domain of NRG-1. Because of this, different antibodies were used and optimized to detect 

the EGF-like domain of NRG-1 at low concentrations. Human NRG-1 EGF domain antibody 

(AF-396-SP, R&D Systems) was used as the capture antibody and human NRG-1- β1 

extracellular domain biotinylated antibody (BAF377, R&D Systems) was used as the detection 

antibody. Streptavidin-HRP was the enzyme used to allow color development, 
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tetramethylbenzidine (TMB) was the substrate, and sulfuric acid was the stop solution. The 

ELISA plate was blocked with 1% BSA for 1 hour and washed 4 four times for each reagent 

necessary. A nonlinear regression model using MATLAB [26] for Equation 6 was used to 

determine the effective diffusion coefficients for each hydrogel. 
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RESULTS & DISCUSSION 

I. Determined Hydrogel Geometry 

The results of implementing the corresponding surface radii and hydrogel heights into 

Equation 6 are shown in the release behavior graphed below. The fractional accumulated mass 

between the three geometries begins to diverge as time increases, indicating that the derived 

model cannot account for all three geometries. 

 

Figure 5 - The graphical representation of the derived infinite sink model for fractional accumulated mass over three 

hours for cylindrical (blue), conical (red), and hemispherical (yellow) hydrogel geometries. The release  

behavior begins to diverge as time increases. 

 To verify that the derived model and the COMSOL model were comparable, the 

fractional accumulated mass behavior for the cylindrical COMSOL model was graphed against 

the cylindrical derived model since Equation 6 assumes a geometry in which the cross-sectional 

area is constant (i.e., a cylinder). Similar behaviors indicate that the models were indeed 

comparable. 
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Figure 6 - The fractional accumulated mass of the cylindrical geometries of the derived model (orange) and the 

COMSOL (blue) model. They exhibit extremely similar behaviors. 

The release behaviors of the conical and hemispherical geometries are shown in Figure 7 

below. The difference between the infinite sink derived models and the COMSOL models 

indicates that Equation 6 cannot account for other hydrogel geometries. The conical geometry 

results in a difference of 3 × 10-8 cm2/s and the hemispherical geometry results in a difference of 

1.3 × 10-8 cm2/s for the assumed effective diffusion coefficient of 1 × 10-7 cm2/s. Therefore, a 

cylindrical tube must be used to calculate an accurate effective diffusion coefficient with 

Equation 6. 
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Figure 7 - The fractional accumulated mass of the conical (A) and hemispherical (B) geometries of the derived 

model (orange) and the COMSOL model (blue). There is a 3 × 10-8 cm2/s difference between the conical models and  

a 1.3 × 10-8 cm2/s difference between the hemispherical models for an assumed effective diffusion of 1 × 10-7 cm2/s. 

II. Effective Diffusion Coefficients of NRG-1 in HEC 

Using the optimized ELISA antibodies, the results from the experiment are shown below. In 

Figure 8, the standard curve with a logarithmic fit is shown. This standard curve is used to 

translate optical density (OD) measurements to concentration in ng/mL, specifically the equation 

for the curve of best fit. After utilizing the standard curve, the results of the release study are 

shown in Figure 9. The 2.5% HEC hydrogel has the slowest release rate as shown by the 

relatively low NRG-1 concentrations after three hours. The 1.5% hydrogel has the next fastest 

release rate, and the 2.0% hydrogel has the fastest release rate since it released the most NRG-1. 
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Figure 8 – The standard curve used to determine concentration from OD. The points are samples of known 

concentration plotted against their measured OD values. The dotted line is the curve of best fit, a logarithmic  

function, that was used to determine concentration in ng/mL from OD. The R2 value was 0.982. 

y = 0.3564ln(x) - 0.318

R² = 0.982
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Figure 9 - The accumulated mass of NRG-1 released over three hours. The points represent concentrations 

determined by the ELISA and the dashed line represents the nonlinear regression fit for equation 6. The 2.5% HEC 

hydrogel (gray) released the slowest, the 1.5% HEC hydrogel (blue) released faster, and the 2.0% HEC hydrogel  

(orange) released the fastest of all three hydrogels. 

The height and diameter of the hydrogels were measured and, along with the results above, 

input into the nonlinear regression model for Equation 6 in MATLAB, giving the effective 

diffusion coefficients for each HEC concentration. The 1.5% HEC hydrogel had an effective 

diffusion coefficient of (1.708 ± 0.213) × 10-7 cm2/s, the 2.0% HEC hydrogel had an effective 

diffusion coefficient of (4.540 ± 0.360) × 10-7 cm2/s, and the 2.5% HEC hydrogel had an 

effective diffusion coefficient of (0.866 ± 0.108) × 10-7 cm2/s. The result for the 2.5% HEC 

makes sense given that it is the most densely cross-linked hydrogel and therefore, has the slowest 

NRG-1 release rate. The effective diffusion coefficients for the 1.5% and 2.0% HEC are more of 

a surprise since it was originally expected that the 1.5% HEC would have the fastest release rate 
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given it has the lowest cross-linked density. However, these results do not reflect this 

expectation. Given the complexity of hydrogel-drug interactions, more studies must be done to 

determine the reason why the 2.0% HEC released NRG-1 the fastest rather than the 1.5% HEC. 

However, these results can be compared to other known diffusion coefficients of other 

proteins to ensure the results are reasonable. The characteristic considered is the size of the 

protein given that molecular weight affects the diffusion coefficient [18]. Insulin with a 

molecular weight of 6 kDa and BSA with a molecular weight of 66 kDa are considered because 

they are below and above the size of NRG-1 (8 kDa), respectively. The diffusion coefficient of 

insulin is 15 × 10-7 cm2/s [27] while the diffusion coefficient of BSA is 6.1 × 10-7 cm2/s [18] in 

water. It must be noted that these diffusion coefficients are for these proteins in water, meaning 

they are higher than they would be in hydrogel. However, they are still the same order of 

magnitude as the effective diffusion coefficients for NRG-1 in HEC, implying the results are 

reasonable. 

Secondly, the diffusive flux must be considered in the context of an operating OTD. 

Remember that water is removed from the brain and into the device while NRG-1 is being 

delivered into the brain. This implies the Peclet number needs to be much less than one, meaning 

the effective diffusion coefficient must be much larger than the numerator to satisfy this 

condition. Of the three hydrogels observed, the 2.0% hydrogel has the largest effective diffusion 

coefficient. This implies an HEC concentration of 2.0% is the most promising hydrogel to 

integrate into the OTD. 
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III. Future Directions 

While these results are promising, it would be beneficial to verify these results with more 

trials to ensure the effective diffusion coefficients calculated are correct for each hydrogel. 

Additionally, the water removal rate that allows for sufficient NRG-1 diffusion into the brain can 

be estimated with the Peclet number, however more concrete results will have to be determined. 

BSA concentration should be investigated due to its effect on water removal rate for the OTD. 

Another direction that can be investigated from this project is the semipermeable membrane. 

Currently, the semipermeable membrane does not allow BSA to pass, however its pores are large 

enough that NRG-1 can pass through. This may decrease the efficacy of NRG-1 even if optimal 

convection conditions are satisfied. Therefore, decreasing the membrane pore size such that 

neither BSA nor NRG-1 can pass through, but water can, may be beneficial to increasing drug 

delivery. Lastly, researching other biocompatible hydrogels and their NRG-1 release rates may 

provide additional options for the type of hydrogel that will ultimately be integrated into the 

OTD to allow for simultaneous NRG-1 delivery and fluid removal.  
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CONCLUSION 

 The simulated results from COMSOL Multiphysics show that geometry is an important 

consideration when experimentally determining diffusion coefficients. It was determined that 

using cylindrical geometry allows for more accurate results for the mathematical model used. 

Compared to the cylindrical geometry, the conical geometry deviated 3 × 10-8 cm2/s and the 

hemispherical geometry resulted in a difference of 1.3 × 10-8 cm2/s for an assumed diffusion 

coefficient of 1 × 10-7 cm2/s. Considering these results, a cylindrical tube was used to determine 

the effective coefficients of NRG-1 in varying concentrations of HEC. The results show that the 

2.0% HEC hydrogel with a diffusion coefficient of (4.540 ± 0.360) × 10-7 cm2/s has the most 

potential to sufficiently deliver NRG-1 to the site of injury. Further experiments will be needed 

to verify the results above as well as characterize how water removal via the OTD affects NRG-1 

delivery. Additionally, other hydrogels and their NRG-1 effective diffusion coefficients can be 

studied and compared to these results. The pore size of the semipermeable membrane may also 

be altered for future studies.  
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