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Abstract 

COMPUTATIONAL MODELING OF DRUG RELEASE 

FROM NERVE GUIDE CONDUITS  

OF DIFFERENT DESIGNS 

 

Lokesh Shamkant Patil, MS 

 

The University of Texas at Arlington, 2014 

 

Supervising Professor: Cheng-Jen Chuong  

 Currently there are limited effective strategies and surgical methods for 

repairing gap peripheral nerve injuries. Autografts are commonly used but with major 

limitation in the availability of donor graft material and the painful sensations at donor site.  

These limitations call for the development of new, effective methods for repairing 

peripheral nerve injuries.  The use of nerve guide conduits to facilitate nerve growth and 

repair have shown promising potential with minimum side-effects but still with limited 

success in a full functional recovery.  The likely clinical outcome could benefit significantly 

with the use of engineering methodologies in the design, fabrication, surgical delivery of 

the devices that maximize resulting effective nerve growth. In this study, we modeled the 

release of NGF growth factors in different designs of drug release conduits using finite 

element computational methods. Results show that the spatiotemporal concentration in 

models is significantly affected by design alterations. We also observe increase in axon 

linearity by changing coiling configuration and decreasing the NGC microchannel size. 

These models provide quantitative insights with time-varying NGF distribution in the 

microenvironment of the nerve guide conduits 
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Chapter 1  

Introduction 

1.1 Statistics and treatment 

 

 Around 360,000 people in United States suffer from upper extremity paralytic 

syndromes yearly
1
.  This results in over 8.5 million restricted activity days and almost 5 

million bed/disability days each year
1,2

. Moreover, peripheral nerve injuries can result in 

long-term partial or full impairment of limb function. To present day, peripheral nerve 

injuries present a strong challenge to surgeons and there is no “specific” 

method/technique or protocol for the needed repair. Various methods have been used 

depending on the nature and extent of the injury. Direct sutures for injury gaps < 5 mm 

can be performed.  For gaps > 5 mm, often autologous grafts or less commonly, synthetic 

conduits are used. The functional recovery in case of conduits is most often sub-optimal
3
. 

Bridging injury gap with donor graft is often associated with many disadvantages. The 

method requires extra incisions for the removal of healthy sensory nerve
4
. Often 

autologous transplants are also associated with neuroma formation at the donor site
4
. 

Furthermore, long length nerve defects limit the availability of donor graft material
5
. As a 

result, extensive research has been undertaken in the last decade to understand nerve 

regeneration and the development of nerve conduit engineering. 

 

1.2 How Nerve Conduits Work 

 
Following a transection or gap injury, the functional recovery without any surgical 

aid is negligible because of death of cell bodies arising from retrograde effects, axon‟s 

inability to find distal stump and ingrowing connective tissue
6
. 
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In surgical procedures employing a nerve guidance conduit (NGC), the severed 

ends are introduced inside its lumen, and then fixed in place using sutures
6
. This use of 

conduit channel enclosure provides multiple benefits for nerve growth: it prevents any 

growth of surrounding tissues into the region and it allows for directional guidance for the 

neurites sprouting from proximal end. Furthermore, the enclosure preserves any trophic 

or growth factors that are released from the distal end.  The outcome of using NGC can 

be evaluated by certain parameters.  Among them, the most important ones are
6
: 

 cross-sectional area of the regenerated nerve cable 

 number of myelinated and unmyelinated axons 

 percentages of cellular materials like epineurium, blood vessels, etc. 

 electrophysiological and functional evaluation.  

Figure 1-1 shows the procedure of surgical placement of tube for nerve repair
6
. 

While the use of an enclosed lumen is the general idea of NGC, a number of design 

variations can be been adopted to increase the efficiency of device performance. Usually 

neurotrophic factors are incorporated into the designs which support the survival, 

differentiation and growth of neurons
2
. The mechanism which governs the release of 

these growth factors can be different too. Growth factor can be simply embedded in the 

scaffold inside the channel lumen, or can be packaged into PLGA microsphere or drug 

eluting fibers. Currently, most NGCs are limited to adequately promote nerve 

regeneration if gap>1 cm for large diameter nerve and gap> 3cm for small diameter 

nerve
7
. Thus, there is a clear need for innovation in the design of NGCs for optimizing 

and maximizing the axon promoting potential. The use of engineering methodology offers 

this new promise.   
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Figure 1-1 Illustration of tube repair procedure for treating peripheral injuries. An 

enclosed tube is used to connect the gap between the nerve ends. 

 
1.3 Different designs modeled in this study 

 

In this study, we compared the efficacy of drug release from six different designs 

used to promote the growth of severed nerve ends using channel lumen design (Figure 

1-2). We then focus on the coiled drug delivery design (Case 3, 6) and examine the effect 

of parameters such as pitch and size of microchannel on the performance of device. For 
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defining the “performance” of device, we developed a protocol for quantifying the 

straightness of axon.  

All designs used in the study use collagen scaffolding inside the main channel 

lumen.  Collagen is usually preferred because of its microstructure which allows 

molecular diffusion and controlled resorption
8
.  For Case 1 and 4, there is no release 

mechanism since the growth factors are uniformly embedded in the collagen scaffold.  

Case 2 and 4 used PLGA microspheres (diameter of 5 um) which allowed for controlled 

release of GFs. Case 3 and 6 also allow controlled release from ELUTE™ coil fiber. 

Because of differential coiling in Case 3 and 6, an axial chemotactic gradient is created.  

Former studies have demonstrated that axons can be guided directionally by a 

chemotactic gradient
9
. Case 4, 5, and 6 are variants of the first three cases with the 

introduction of multichannel design. It has been shown previously that multichannel 

conduits are more effective than single channel conduits and can possibly be used as an 

alternative to autografts
10

.  

Since modeling hundreds of microspheres would be computationally expensive, it was 

approximated that only 63 PLGA microspheres in Case 2 and 35 in Case 5 are present. 

The particles were placed in group of 9 in 7 different x-y planes for Case 2 throughout the 

length of channel. The particles were grouped in group of 5 in 7 x-y planes for Case 5. 

The placement pattern is depicted in Figure 1-3.  
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Figure 1-2 Designs of six different nerve guide conduit designs: First three are single 

channel designs while last three are multichannel variants. Pink color represents collagen 

while dark blue represents agarose. Light blue represents outer tube enveloping devic 
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Figure 1-3 Placement of PLGA microspheres in Case 2 and Case 5. For Case 2 the 

micropsheres are placed in the main channel whereas for Case 5 they are placed in the 

microchannel. 

 
1.4 Modeling Strategy 

Spatio-temporal distribution of drug molecules concentration in a nerve guide 

conduit following their release can be described by diffusion equation, also known as 

Fick‟s second law
17

 written as equation 1.  

   

  
   (   )                        (1) 

where c represents the concentration, t  the time, D the diffusivity of drug 

molecules, and R accounts for the rate of release of species c from either drug-loaded 

microsphere or from the drug eluting stent fibers.  We shall apply it to examine the spatio-

temporal variations in drug concentration in the NGCs for Case 1-6.   

The release term R for PLGA microsphere and drug eluting coil is calculated 

based on the release data obtained experimentally (section 2.3).Case 1 and 4 can be 

treated as a simple 1D problem where analytical solutions exist.  For other cases, with 

complicated geometries of the NGC devices, including microspheres and fibers of varying 
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pitches, a full 3D model is needed and the governing diffusion equations have to be 

solved by numerical methods, e.g. finite element method. In this project, we develop 

computational models to compare the drug concentration for all six different cases. 

Computational models were developed and solved using COMSOL Multi-Physics 4.2 

(COMSOL, Inc.).  

The general protocol followed is summarized in Figure 1-4. After finding the time 

course of released GF inside NGC lumen, we further processed these data to interpret 

the extensional growth of axon in the microenvironment. This post-processing analysis 

was done using Microsoft Excel (Microsoft).  

Since we have different cases that have different geometrical parameters, we 

define these variables in the software so they can be calculated automatically. The 

different variables defined in COMSOL are shown in Table 1.1. 

Some assumptions need to be introduced for the development of the models. For 

example, the surface and bulk erosion were ignored for modeling the behavior of 

biodegradable materials such as collagen substrate and drug eluting fiber coils.  In 

actuality, the erosion and degradation of the substrate are likely to affect the diffusivity of 

drug molecules in it
11

. For simplicity and to avoid unnecessary excessive computational 

load, we assume the diffusivity to be isotropic and constant. The degradation of drug 

eluting fiber could also affect the drug release mechanism, since the average molecular 

weight of polymer decreases
12

. In this work, we by-passed these concerns since we used 

diffusivity constants derived from fitting actual experimental degradation data. 
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Table 1-1: Geometrical variables that are defined in COMSOL 

Parameter Value Description 

r_tube 0.875 mm Radius of main device 

r_microchannel 125 um Radius of microchannel 

r_sphere 2.5 um Radius of PLGA 
microsphere 

r_coil 50 um Radius of drug eluting coil 

L 10 mm Length of channel or 
microchannel 

v_tube π(r_tube)
2
L Volume of device 

v_microchannel π(r_microchannel)
2
L Volume of microchannel 

t1 4 Number of coil turns in 
first coil zone 

t2 27 Number of coil turns in 
second zone 

t3 47 Number of coil turns in 
third zone 

p1 0.72 mm Pitch of coil in first zone 

p2 0.132 mm Pitch of coil in second 
zone 

p3 0.07 mm Pitch of coil in third zone 

l_coil_single 2π(r_tube)(t1+t2+t3) Total Length of coil in 
single channel 

l_coil_multi 2π(r_microchannel)(t1+t2+t3) Total length of coil in 
multichannel device 

v_coil_single π(r_tube)(l_coil_single) Volume of coil in single 
channel device 

v_coil_multi π(r_microchannel)(l_coil_multi) Volume of coil in 
multichannel device 
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Figure 1-4 Modeling and solving protocol followed for every model 

 

1.5 Thesis Goals And Outline 

  

The primary goal of this work is to examine the diffusion release of drug 

molecules in NGC device of different designs using computational modeling approach. 

Computational modeling allows us to predict how the drug concentrations vary inside the 

channels and how they could affect and guide axonal growth. Furthermore, modeling 

Draw geometry according to 
specifications 

Specify parameters, intial and 
boundary conditions 

Mesh the different individual 
geometries in a model 

Solve the model for 30 days 

Postprocess the concentration data 
for visualization and calculation 
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predictions could help us to better interpret experimental results, and to refine, optimize 

channel designs for improved functional recovery and therapeutic outcomes.  

Spatio-temporal variation in drug concentration is one part of the project. The 

study is further extended to develop a protocol that could be used for various models to 

estimate how straight axons would grow. It is a technique that has allowed quantifying 

axon straightness. Particle tracing itself is an outcome of processing the spatiotemporal 

concentration. The idea is based on the fact that axons are attracted and grow towards 

positive chemotactic gradients provided by neurotrophins such as NGF and repelled by 

negative regulators
32

 (Figure 1-5). Co-ordinate data obtained from particle trajectories is 

then in turn used to quantify the axon straightness. The quantification method described 

in this project could very well be applied to experimental data too. For example, if 3D 

CAD model is reconstructed from confocal image stack, co-ordinates of axon could be 

extracted and axon straightness evaluated. 

Additionally, a preliminary method for drug uptake from axon growth cones using 

receptor-ligand kinetics has been included.  Understanding the kinetics of growth factor 

binding allows estimation for the consumption rate of the drug, which can then be 

incorporated into the diffusion models through the consumption term Qc.  An axonal 

growth model is also described, the physics of which can be included future diffusion 

models.  Major steps of this project are summarized in Figure 1-6. 
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Figure 1-5 The effect of positive and negative stimulus on the directional growth of axon 

growth cones. Green molecules are attractants while red molecules represent repellants. 

(From Ref [32]) 

 

 

Figure 1-6 Major steps for this project. 

Model six different 
cases of NGC to 

compare  

spatiotemporal 
concentration 

variation 

free drug 
available in 

different designs  

Develop protocol to 
quantify axon 

straightness, using 

particle tracing in 
COMSOL 

using particle 
tracing data to 
formulate RD 

parameter 

Focusing on case 6, 
use developed 

protocol to observe 

effect of uniform 
and differential 

coiling 

effect of coil's 
major radius and 

channel radius 
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Chapter 2  

Physics of device 

2.1 Designing of device 

  

Drug release to NGC could be accomplished in three different ways: (1) by 

incorporating the growth factor in conduit filler (hydrogel)
13

, (2) by controlled drug release 

system such as PLGA microsphere or drug eluting fiber, (3) by immobilizing factors into 

the scaffold
14

. The key point is to maintain a controlled release. Specifically, in Case 3 

and 6, axial gradients that continue guiding nerve growth to distal end. 

All six cases use a common collagen substrate with same growth factor released 

to the growing neuron in different ways. Computational simulations allow an in-depth 

evaluation of different factors that could affect axonal growth. Further, such simulations 

might reveal any flaws in design that could then be addressed for improvement. 

Computer simulation can be a powerful tool particularly when multiple growth factors are 

used in the device. For example, the effect of semaphorin3A known to repel axons
15

, can 

be simultaneously along with NGF to properly direct the axons towards the distal end. 

 

2.1.1 Modeling Details 

To simulate the diffusion of drug at either ends of the device, buffers zones were 

attached with same growth factor diffusivity as collagen. These added buffers allow for 

natural diffusion at either ends of NGC resembling that in biological system. Furthermore, 

if the rate of consumption of drug by axons is known, proximal buffer can mimic the effect 

of growing nerve end (assuming suitable physics are defined). Filler in every 

microchannel (Case 4, 5, 6) is collagen-based and surrounding media is agarose (Figure 

2-1).  
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For multichannel designs (Case 4, 5, 6), only one channel was modeled with the 

assumption that event in each of the seven channels is alike and that any diffusion of 

growth factors to and from neighbouring channels can be neglected because of lack of 

inter-channel radial concentration gradients. Parameters for all six cases including the 

method of drug release and amounts used are summarized in Table 2.1; whereas the 

diffusivities of NGF in collagen and agarose are given in Table 2.2. 

 

Table 2-1 Description of six different cases 

Case Channel 
diameter 

Microsphere Eluting stent Axial 
length 
(mm) 

Amount of 
drug, Mt (ng) 
= 100 [ng/ml] 

xVchannel 

Drug release 
by 

# diameter Fiber 
diameter 

# of 
turns 

1 1.75 mm     10 2.4 Homogenously 
distributed 

2 1.75 mm 63 5 µm   10 2.4  
(0.0381 per 

microsphere) 

PLGA 
microspheres 

3 1.75 mm   50 µm 4/27/47 10 2.4 Drug eluting 
coils 

4 250 µm     10 0.049 Homogenously 
distributed 

5 250 µm 35 5 µm   10 0.049  
(1.4E-3 per 

microsphere) 

PLGA 
microspheres 

6 250 µm   50 µm 4/27/47 10 0.049 Drug eluting 
coils 

 

 

Table 2-2 Diffusivity of collagen and agarose 

Parameter Value Description Source 

D collagen 7.6x10
-12

 m
2
/s Diffusivity of drug molecules in  collagen Ref 

37 

D agarose 2.3x10
-14

 m
2
/s Diffusivity of drug molecules in  agarose Ref 

37 
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Method for calculating of diffusivities can be found in appendix A. All model 

geometry was built using the COMSOL module itself. Figure 2-1 shows six modeled 

geometries. 

All the models are based on a 100 ng/ml reference value. This means that the 

amount of drug used in every channel is the amount that would be required to create a 

100ng/ml concentration in that channel. In Case 1 and 4, this amount is simply 

embedded into the collagen substrate. For Case 2 and 5, the amount is distributed 

equally among each of microspheres. For Case 3 and 6, the amount is distributed 

uniformly in the coils.   

 

 
 

Figure 2-1 Geometries of six models made in COMSOL Multiphysics. For Case 1,2,3 the 

channel as well as buffers are made of collagen, whereas in Case 4,5,6 the 

microchannels are filled with collagen and surrounded by agarose. 
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Mt is calculated by multiplying 100 ng/ml concentration with the volume of channel being 

modeled (vchannel). The z axis is the tube‟s axis in every case, whether it‟s a single 

channel device or multichannel one. Z=0 was chosen to be the center of the cross-

section of NGC device at its proximal end.  

 

2.1.2 Meshing 

The next step in modeling is meshing, which has to be done carefully and 

individually for every model. Most often, when dealing with controlled drug release 

materials, there is an initial burst into the surrounding media
16

. Because of this sudden 

burst, the meshing has to be fine enough to accommodate the high concentration 

variation around the release source.  At the same time, due to computation limitations 

there is only a certain limit to which mesh can be refined.  

Meshing for Case 1, 4 were done relatively easily since the size of all the 

involved geometries is big enough to allow easy meshing. All the other cases on other 

hand have volumetric drug releasing sources which are very small compared to total size 

of geometries. As a result, meshing had to be done repeatedly with different refinements 

for the COMSOL solver be able to solve it correctly. For coilconfiguration, the coil was 

broken down into three individual parts and meshed separately. Tetrahedral elements 

were used for all geometries in this project. Other type of elements such as brick, prism 

and pyramid (Figure 2-2) can also be used but they have to be used carefully and only if 

needed. The main motivation of using brick and prism elements is that they can help 

reduce the total number of mesh elements in the model (see Appendix B). Bricks and 

prism are also preferred choice if we know that the solution varies slowly in one or more 

of the directions. In our case, we have a very fast release from coil during initial times, 
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and therefore went very fine tetrahedral volume elements for coil as well for surrounding 

medium.  

 

Figure 2-2 Four different types of element commonly used in finite element models: 

tetrahedral, brick, prism and pyramid elements. 

 

Regardless of the type of elements used, it is usually wise to change mesh sizes 

and observe if solution changes. And same protocol was adopted for all models. Initially, 

to see the difference in element sizes, a variant of Case 1 was modeled with a large 

minimum element size. We assumed a situation where there are no buffers and that 

either ends of channel are maintained at 0 ng/ml concentration. Since this case can be 

solved analytically we can observe the effect of numerical solutions converging to exact 

solution as we refine the element mesh sizes. 

Although, the above mentioned validation method can only work with Case 1, 

since there is no analytical solution for other cases. Other models were solved for 

different element sizes and a minimum element size of 1 um for PLGA microspheres and 

8 um for coil were fixed. The final meshes for the geometries are shown in Figure 2-3.  

The coils were modeled as three separate entities. This was done because the 

coiling does not follow an equation for pitch; the change is discrete. There are three 

zones of coiling: low turns (4), medium turns (27) and high turns (47). Separate modeling 

of coils was apparently also beneficial for meshing. COMSOL Multiphysics often presents 

with difficulties when meshing helical geometries and they have to be broken up in parts. 
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Figure 2-3 Meshed geometries depicting the different size of mesh elements. The critical 

geometry parts are zoomed in separately because of the scale difference. 

 
The diffusion equation governing the release of drugs within the NGC can be 

written as equation 2.      

   

  
   (   )   +                              (2) 

where c is the concentration of the drug (ng/ml), „t‟ is time (seconds) 
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R represents the rate of release of drug per unit volume from the PLGA microspheres or 

drug eluting fiber (ng ml
-1
 s

-1
), and Qc represents the rate of consumption of the species. 

The Qc term will be explained in more detail in section 2.6 on the discussion of receptor-

ligand kinetics.  

Drug release in NGC for a variant of Case 1 was obtained from analytical 

solution. As an example for FEM calculation, it was solved using COMSOL as well and 

the numerical solution were compared to that from analytical solution. We assume the 

growth factor is uniformly distributed inside lumen and ignore material degradation. We 

also ignore the buffers for this sample calculation and assume no flux on all boundaries. 

Then model can be assumed to be a 1D model since concentration varies only in the 

axial direction. Equation 2 then can be solved analytically as follows. 

Assume the axial direction is the z axis. A plane x-z is considered for calculations 

Then the domain of interest would be a rectangle; over which the equation is solved. Next 

we simplify this rectangle to just a straight line since concentration will vary only along the 

axial direction (Figure 2-4(A)). We also assume there is no consumption rate Qc or 

production rate R. Equation 2 then can be simply written as equation 3. 

  

  
  

   

   
                             (3) 

where z varies from 0 to 10 mm. Using separation of variables, equation 3 can be solved 

for c with solution expressed as equations 4 and 5
40

. 

 (   )  ∑       (
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                        (4) 
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                    (5) 
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Figure 2-4 A) The rectangular cross-section of channel can be assumed as 1-D with 

either ends at 0 ng/ml. B) Plot showing the error in concentration that coarse meshing 

can have.  

 

Considering boundary condition at proximal and distal ends written as c (0, t) =0 

and c (L, t) =0, spatiotemporal concentration changes in NGC were calculated for 14 

days. Assuming initial concentration in channel Ci = 100 ng/ml, we compare the 

concentration variation obtained from coarse meshed computer model with analytical 

solution. The 3D meshed model had a total of 270 tetrahedral elements. Coarse meshing 

leads to an increased concentration with a peak error of 14.7% occurring at center of 

channel. 

 
2.2 Drug Release Kinetics 

Release kinetics can either be based on a mathematical model or on 

experimental data. Here, we formulate release rate equations based on data obtained 

from experimental drug release data. Power law equation is utilized to define the 

Time=14 days 
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fractional drug release from the microsphere and coil, and in general form is given by 

equation 6. K and n are constants that are obtained by experimental data. 

                           (6) 

where  K (0.37) and n (0.25) are constants which characterize the drug release
37

. The 

release profile is shown in Figure 2-5 where the values had been obtained by fitting the 

PLGA microsphere release data over a time period of 30 days.  

The drug release profile from the drug eluting coil is estimated from release data 

of first 250 hours obtained from the manufacturer (TissueGen Inc, Dallas, Tx). The 

fractional release profile for drug eluting coil is shown in Figure 2-6. Logarithm of values 

was taken and fitted in an equation of form y=mx+c. The calculations yield values of 

K=0.61 and n=0.088 for the release kinetics equation f=K*t
n 
.The data is extrapolated in 

our simulations till 30 days. 

 

 

Figure 2-5 Fractional drug release profile from a 5 um PLGA microsphere over 30 days. 
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It is clear from the coil drug release profile (Figure 2-6) that there is a very sharp 

initial burst. Around 60% of drug is released within an hour. This has a significant effect in 

the computer simulations simply because of the range of difference in timescales. The 

mesh around the drug eluting fiber in the computer model has to be extremely fine to 

accommodate this burst. 

Because of the nature of computer modeling, we are interested in the rate of 

drug release rather than fractional drug release. To calculate the rate of release, the 

equation for fractional drug release was differentiated with respect to time yielding, 

equation 7 and 8 for microsphere and coil. 

 

 

Figure 2-6 Drug release profile is obtained and recorded experimentally for first 250 

hours and then fitted mathematically where the R-value means correlation coefficient. 
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        -                                      (7)           

      

  
 (      )( -     )                                           (8) 

Fractional release rates are shown in Figure 2-7 Note that the release rates 

reach infinity as time approaches zero for both equation 7 and 8. Piecewise function was 

used for their incorporation to avoid mathematical singularity when solving of diffusion 

equation 3. 

 

 
 
Figure 2-7 Fractional release rate profiles for PLGA microsphere and drug eluting ELUTE 

coil. For time<1 hr, the fractional release rate is assumed constant to avoid division by 

zero value. 

 
For PLGA microsphere 

               ( )  {
            

       -          
                  (9) 
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For drug eluting coil 

        ( )  {
           

       -           
                    (10) 

 

Equation 9 and 10 are still fractional release rates which need to be converted to 

volumetric release sources with the multiplication of (Mt/Vsource); where Mt is the total 

amount of drug used in the channel and Vsource is the volume of release source. We 

calculate Mt based on different cases. Mt would be the amount of drug needed to create a 

100 ng/ml concentration in the NGC channel. Vsource represents the volume of source, 

which can either be PLGA microsphere or coil. Using this methodology we can assign a 

volumetric drug release source term, in individual cases. All the terms were calculated 

and adjusted prior to their use in the FEM model. 

 

2.3 Particle Tracing 

To be able to visualize the probable path, that an growing axon from nerve stump 

would take, we compute particle trajectories inside the lumen. The idea is to release 

particle(s) from the proximal end from where the axons grow. These particles are 

massless and are given the property to sense net chemotactic gradient vector in the 

space. Therefore, in the presence of an external concentration field which is obtained 

after solving a model, the particle will follow the vector path. The final gradient vector is 

the sum of individual vector gradients in x,y and z direction calculated at each data point 

(equation 11). Then, the direction of final vector (Grad c) is what the particle traverses 

(Figure 2-8). The magnitude of the vector can be assigned in the color coding legend in 

the software for interpretation.   

 



 24 

       
  

  
  

  

  
  

  

  
                       (11) 

 

Implementing such technique allows for a very clear picture and understanding 

concentration differences, as well as differences between different designs. The method 

is based on a very simple mathematical principle of vector sum, but produces extremely 

important results. Moreover, the trajectories of these particles themselves allow for the 

quantification for axon straightness. This method is covered in section 2.5. Therefore, this 

method serves two purposes: 

1) Allowing for visualization of probable axon paths. 

2) Providing raw co-ordinate data of the trajectories which can be used for 

straightness quantification 

Implementation of this technique is done in simulation section for different 

scenarios. This method can be extended by including more physics. This can be done by 

assigning the particle an mass which would allow it to experience drag forces in the 

substrate. If a signal-transduction mathematical model can be formulated, then an 

approximate cytoskeletal pushing force can also be assigned to the particle.  
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Figure 2-8 Principle of particle tracing showing the sensing mechanism of particle. The 

vector of individual gradients in x,y and z direction is taken. 

 

Since axon straightness (linear growth) is one of the most important aspects of 

good NGC design, quantifying it is very essential. This way axonal diversion in NGC can 

be compared among different designs. The method can also be applied to experimental 

data if coordinate data can be obtained through 3D reconstruction of the confocal data. 

Three different ways were initially thought to accomplish this. The method that has been 

adopted is mentioned below. The other two methods can be seen in appendix C. 

2.3.1 Radial Dispersion 

The method which was used for quantification was “radial dispersion” 

measurement, RD. RD essentially represents the radial distance of any point on an axon 

from a relative axis passing through axon‟s starting point. To get an understanding of this 
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method imagine the following scenario. Let us assume we have the coordinate data 

(x,y,z) for an axon trajectory growing inside a channel. Then at any point Q(xi,yi,zi) on the 

axon, the distance from the central axis of lumen will be the radius of circle with Pi as the 

center. This value will be given by √(xi
2
+yi

2
). But it is preferred that we shift the central 

axis to one that passes through the starting point A (xA,yA,zA) of axon. Therefore, now the 

RD after shifting to the new axis is √((xi-xA)
2
+(yi-yA)

2
). Axis shifting is done so that RD can 

be compared to other models.  

RD gives the estimate of axonal radial dispersion. This parameter also allows 

getting a rough estimate of how correct the innervation is since incorrect innervation at 

distal target is often a problem associated with NGCs
24

. The diagrammatic representation 

of RD calculation is shown in Figure 2-9.  

If we have multiple points like (x1,y1,z1), (x2,y2,z2), (x3,y3,z3)…….. (xn,yn,zn), then 

the net RD will represent the average of individual RD‟s which can be written as equation 

12. 

        
(                   )

 
.              (12) 

This way we get an estimate of how much an axon is diverging from its own axis 

along with the average radial deflection. This method is adopted in the Results section 

using data from particle tracing. 
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Figure 2-9 Diagram showing the physical interpretation of RD in context of NGC. A) 

Vertical arrows represent individual RD‟s at each data point along the axon. B) Cross-

section view through a plane passing through Qi and perpendicular to z-axis. 

 

2.4 Receptor Ligand Kinetics 

We know that the growth cone consumes the growth factor (NGF) and this leads 

to the elongation of axon
33

. We try to formulate a preliminary analysis/model for ligand 
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consumption so that a rate of consumption term Qc can be estimated and used in Fick‟s 

law in the computer model. 

 In the simplest chemical process, a monovalent ligand L binds with a 

monovalent receptor R to form a receptor-ligand complex C. 

      

The forward and backward rate constants for such a reaction are kon and koff. 

 

When talking about axons and ligands binding with it, the site of binding normally 

is the axon tip/growth cone
25

. In our context, this is called specific binding, i.e. the binding 

of interest. But since in a natural tissue there are a variety of cells possibly expressing 

same receptors, there is possibly undesired receptor-ligand activity too. This is called 

non-specific binding. In the following calculation we ignore any non-specific activity. 

There are mainly three ways
26

 that NGF can induce signaling cascade. NGF can 

bind with: 

1) P75 low affinity nerve growth factor receptor, p75(NTR) 

2) trkA, a transmembrane tyrosine kinase receptor 

3) heterodimer of p75(NTR) with trkA, which also has a very strong affinity 

and specificity to NGF. 

Taking a deeper look at the drug delivery system, it can be seen that NGF will 

exit the main device (tube) in the following ways: 

 NGF gets internalized because of binding with a receptor on either an 

axon growth cone, or any other cell. 

 NGF simply diffuses through endoneurium and epineurium (Figure 2-10) 

P75(NTR) also binds with other related growth factors such as BDNF, NT-3, NT-

4
28

 . Although in the devices being modeled only NGF is used as the growth factor. 
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As we scale down into the structure of axon, we see that receptor-ligand binding 

gets very complicated. Figure 2-11 briefly explains the chemical kinetics in the stages 

that happen at an axon growth cone extension
27

. It is clear that there are multiple 

processes happening at the cellular level.  

It is realized that estimating a value for rate of ligand consumption is extremely 

challenging if all factors such as receptor up-regulation and down-regulation are to be 

accounted for, since all these parameters are interdependent (see appendix D), and 

values for many are not known. 

 

Figure 2-10 Cross-section of a typical peripheral nerve. It can be seen the total surface 

area is divided between axons, epineurium and endoneurium
38

. 

 
Therefore, we proceed with many assumptions mentioned as follows: 

1) Both ligand (NGF) and receptor are monovalent, i.e., there is only one 

binding site on those molecules. 

2) We do not differentiate between low affinity (P75) and high affinity (trkA) 

receptors. 
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3) Receptor upregulation and downregulation is ignored. 

4) NGF binding with p75-trkA heterodimer is also ignored. 

5) Only one growth cone is associated per axon 

6) We assume the single channel model for calculations. 

 

 

Figure 2-11 Schematic representation A) the chemical kinetics between different stages 

of binding, and B) NGF internalization process on axon growth cone. 

 
2.4.1 Scaled cell density 

At first we want to estimate if the ligand internalization is significant as compared 

to the overall concentration. For this, we calculate a term “scaled cell density” η (equation 

13) which simply means the ratio of total cell receptors to total ligand molecules in 

system. 

  
   

    
                      (13) 
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where n is the number of NGF receptor-bearing cells per unit volume. Rt is the 

total number of NGF receptors per cell. Nav is the Avagadro‟s number (6.023E23 mol
-1

). L 

is the concentration in M. Parameters used and reference sources are summarized in 

Table 2.3. 

 

Table 2-3 Different parameters associated with receptor-ligand kinetics 

Parameters Values Sources 

Number of NGF receptors per 

axon growth cone (Rt) 

10
4
 Ref 34 

Dissociation constant (Kd) 2x10
-10

 M Ref 35 

Endocytic rate (ke) 2.5x10-
3
 s

-1
 Ref 26 

 

We assume that there are 27000 axons
10

 in the proximal nerve stump for Case 3 

(number of axons in a rat sciatic nerve). And that all growth cones (tips of axon) are in a 

volume represented by a cylindrical disk of thickness „t‟ at a distance „a‟ from the proximal 

nerve (Figure 2-12).Therefore using these values n can be written as equation 14. 

       
    

                       (14) 

where r is the radius of the proximal nerve stump (0.875 mm). Therefore, using 0.875 mm 

for radius, n was calculated to be (1.53E7)/t. η can now be expressed as equation 15.  

 

  
          

  
                   (15) 
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We calculate η for three values of „t‟ and vary the concentration from 0.0073- 

0.713 nM (1-100 ng/ml). The variation is shown in Figure 2-13. η varies from 0.19 for high 

concentrations to 35.6 to low concentrations. Ligand consumption is usually assumed 

significant if η>0.1
34

. 

 

 

Figure 2-12 Schematic to show the active volume „V‟ where most of the receptor ligand 

binding happens. The shaded region represents the volume „V‟. 

 

Figure 2-13 Scaled cell fraction vs the concentration (nM). η varies from 0.19 for high 

concentrations to 35.6 to low concentrations. 
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2.4.2 Ligand consumption rate 

Now that we have established that the effect of ligand consumption is significant 

we proceed onto estimating that value. Our interest lies with the amount of ligand that 

gets internalized per unit time. This number will also be equal to the number of 

complexes that get internalized. 

Since L varies inside the device because the active volume „V‟ keeps on moving 

ahead (Figure 2-12), we formulate the rate of consumption in terms of L. At equilibrium 

the fractional occupancy ueq of receptors is given by
34 

equation 16. 

    
 [      ]

    [      ]
                    (16) 

The equation is a quadratic equation and yields equation 17 as the solution for 

ueq. 

    
 (       )  [(       )

      ]

    
               (17) 

where Kd is an average dissociation constant assumed between NGF and NGF 

receptors. Assuming endocytic rate of Kendo s
-1

, the rate of internalization of these 

occupied receptors is ueqKendo molecules s
-1

. This will also be equal to the number of 

ligand molecules consumed since they are bonded to receptors.  

The volumetric rate of ligand internalization in M s
-1

 can then be written as 

equation 18. 

   
        

       
                                (18) 

  We can specify this consumption term Qc in COMSOL for a cylindrical disk at 

the proximal end. Although, in the computer model this disk is stationary and does not 

move ahead with respect to time. 



 34 

NOTE: Generally, ligand consumption studies are done in culture experiments 

and „V‟ is the volume of liquid media in which the cells are uniformly present. The values 

of different parameters such as endocytic rate are also based on such studies. It is not 

known whether the behavior of axon growth cone in a 3D scaffold is same as in an 

almost 2D culture plate. It is possible that there might be significant difference since the 

mechanical properties of scaffold also play a role. Furthermore, more surface area of 

axon growth cone is exposed to growth factor in 3D than in 2D. 
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Chapter 3  

Simulation and Results 

 
3.1 Simulation Overview 

 Total of 6 different models were modeled as explained in chapter 1. But 

most of post processing emphasis is on models with coil configurations. All the 

simulations were carried out for 30 days. For comparison of the six models, the amount 

of drug used in each modeled channel was equivalent to the amount that would create a 

100ng/ml concentration in the active channel.  

A common protocol that is followed in the following sections is to measure axon 

straightness by using particle tracing that has been mentioned earlier. Figure 3-1 briefly 

explains the protocol for quantifying axon straightness. 

 

Figure 3-1 Illustration showing protocol to measure axon straightness. 

Solve model to  
get spatiotemporal 
concentration data 

Get co-ordinate 
data from the 
traced particle  

Process coordinate 
data to shift axis 

and calculate 
mean RD value 
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3.1.1 Assumptions and Boundary Conditions 

 Before moving to simulation and results it should be noted that there are 

certain assumptions that have been made for all models: 

 The collagen based scaffold and the drug eluting fiber do not degrade in 

the simulations; and diffusivity remains constant. 

 Consumption of drug via axons is not considered the 

simulations.Proximal nerve stump is assumed to be stationary. 

The boundary conditions for all six designs are shown in Figure 3-2. The two 

cylindrical buffers on either side act like surrounding tissue to which the drug can diffuse 

through from the device. 

No flux boundary condition is assigned to all outer boundaries of all models. The 

initial concentration in both buffers as well as channel is assigned as zero. The initial 

concentration for micropshere or coil is calculated according to the variables defined in 

COMSOL. For microsphere the initial concentration will be given as Mt/v_sphere where 

Mt is the amount of drug per microsphere. For coil, the initial concentration will be given 

as Mt/v_coil. In the latter case Mt represents the amount of drug in coil. 



 37 

 

Figure 3-2 Boundary conditions (BC‟s) that are applied to the six models. The BC‟s are 

same for all models: 0 flux on all outer surfaces, and the buffers at 0 initial 

concentrations. The initial concentration for microsphere and coil are calculated 

according to COMSOL defined variables 

 
3.2 Results of Six Designs 

The first step in understanding concentration variations in different designs is to 

compare the transient axial concentration changes in all designs. All the simulation 

studies were done for 30 days with similar boundary conditions. The results of the 
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simulation are shown in Figure 3-3. Scaled up version for Case 4 and 5 are shown in 

Figure 3-4. The different time points that were considered are 1, 2,3,4,5,10,20,30 days. 

In a nerve regenerative conduit, two things are desired:  

1. Sustained presence of growth factor inside the active lumen 

2. Continuous presence of a positive chemotactic gradient along the axial 

direction. 

Out of these six designs, it can be seen that while Case 1, provides a high 

amount of drug presence (average 80.59 ng/ml), the gradient is only present for the first 

half of the lumen, with a value of 24.32 ng/ml over 30 day period.  Furthermore, it was 

realized that the high final concentration value is likely because of small size of buffer.  

Case 2 provides a high value of concentration with an average value of 53.63 ng/ml over 

30 days. The average gradient is about 7.5 ng/ml over 30 days (only first half of lumen). 

The average concentration in lumen for Case 3 over 30 days is 44.71 ng/ml. The average 

gradient in this case is 45.33 ng/ml. Case 4 provides a very low gradient (2.2 ng/ml) even 

over just half length of lumen and an average drug concentration of 20.55 ng/ml. Case 5 

provides an average drug concentration of 6.93 ng/ml with average gradient of 7.89 

ng/ml. Case 6 maintains a low average concentration value but has a very high relative 

gradient (7.1 ng/ml). 
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Figure 3-3 Axial concentration variation in the active channel/microchannel for the six 

designs. The different time points considered are 1, 2, 3, 4, 5, 10, 20, 30 days. 

 
The average concentration values for time points 1, 2, 3, 4, 5, 10, 20, 30 days are 

summarized in Table 3.1. 
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Figure 3-4 Scaled up versions of plots for 5 and 6 in Figure 3-3 

 
A major difference between single channel and multichannel models is that there would 

be a significant loss through the circumference of the microchannel, and not just the axial 

ends. This is attributed to the high surface area that the microchannel circumference is 

exposed. 

 

Table 3-1 Average concentration values (ng/ml) for six different cases at 1,  2, 3, 4, 5, 10, 

20, 30 days 

 

 

The surface area for the end of microchannel and circumference can be 

calculated according to 2πr
2
 and 2πrL

; 
where r and L represent radius and length of 
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microchannel. The values comes out to be 49086
 
um

2 
and

 
7850000 um

2 
for the total

 
end 

area and circumferential area respectively, The circumferential area is about 160 times 

that at the ends. Therefore, it is anticipated that radial leak to surrounding agarose would 

be significant. 

3.3 The Coil Configuration 

We now focus our attention to coil configuration to observe how differential 

coiling affects the concentration distribution. The two modeled designs contained 78 coil 

turns and had only one difference: one design had uniform coiling configuration (U) and 

other had a differential coiling configuration (G) with 4, 27 and 47 distributed evenly over 

10 mm length. 

Figure 3-5 shows the difference in concentration variation. The color bar shows 

the range of concentration variation observed in the lumen (0-13 ng/ml). The U-

configuration model allows a bidirectional diffusion of drug through either sides of the 

lumen as well as equally through the circumferential surface area of microchannel. And 

the chemotactic gradient is only present for the first 2 mm of the microchannel. Whereas, 

in the G configuration, since the coil is densely packed near the distal end, concentration 

is higher in that region which allows for formation of an axial chemotactic gradient.  The 

gradient extends up to maximum of 78% deep into the channel length, something highly 

favorable for axon growth since it is desired axons try to reach up to the distal nerve 

stump. 
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Figure 3-5 Computer simulation data for uniform (U) and gradient (G) coil models 

obtained from COMSOL Multiphysics  for 1, 3, 6 and 9 days. The difference in 

concentration between U and G configuration can be observed in the microchannel. 

Concentration vs channel length plot showing positive gradient exists upto 78% channel 

length for G model. 

ng/ml 
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The axial concentration gradient varies from 1.33 ng ml
-1

 mm
-1

 at day 1 to 0.8 ng 

ml
-1

 mm
-1 

at day 9 for G model. The value is higher for U model at around 2 ng ml
-1

 mm
-1

 

but only extends up to first 2 mm against 7.8 mm in G model. 

 

 3.3.1. Axon Straightness Evaluation 

While the G model is able to create a one sided gradient as compared to U 

model, we also want to see how much would growing axons diverge from a linear path. 

For this, we utilize the Radial diversion technique discussed in section 2.5. Using Particle 

tracing in COMSOL post-processing we released a particle from (42 um, 42 um, 0), i.e. 

from the starting plane of proximal nerve stump. The particle was release from day 1 to 

day 5 with time-step of 1 day. This was done in the exactly same manner for both U and 

G models. The resulting particle trajectories through the microchannel are shown in 

Figure 3-6.  

 

 

Figure 3-6 Visualization after doing particle tracing for both U and G models respectively. 

The particle starts from (42 um, 42 um, 0) and was released till 5 days with every step 

being 1 day. The color field represents the concentration magnitude (ng/ml). The par 

 
The trajectories were assigned a thickness of 8 microns for easy visualization. 

These trajectories were then color coded according to local concentration magnitude. 

The co-ordinate data was then extracted from the software and analyzed in Microsoft 
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Excel. From the visualizations it can be seen the trajectories only extend up to 50% of the 

channel length for uniform configuration against around 78% for gradient configuration.  

We only consider trajectory co-ordinates for first 5mm of both designs for fair 

comparison. Radial diversion was calculated for both models as explained in section 2.4. 

RD for U and G models was calculated to be 52.3 um and 30.3 um respectively. 

 
3.4 Effect Of Coil‟s Major Radius  

For the current NGC designs discussed above that have the differential coil 

configuration; the coils almost stick to the walls of the lumen (Figure 3-7). 

 

 

Figure 3-7 Cross-section view of a single channel gradient configuration device The grey 

ring represents coil and pink represent collagen respectively. 

 
 Because of this geometry, the drug delivery direction gets concentrated towards 

the center point, which can lead to a relatively large localized radial gradient. And this 

local radial gradient can cause the axons to diverge. We compare two designs and 

observe how the radial gradient problem can be minimized. Figure 3-8 shows two 

different designs: first one has coils sticking against the wall of lumen and second one 

has a smaller major radius.  
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In design A in Figure 3-8, all the drug molecules get released radially inwards, 

while the same amount of molecules get distributed radially inwards and outwards in 

design B. This way the gradient is broken into two individual smaller gradients. Computer 

simulation was done to observe this phenomenon up to 4 days with time stepping of 4 

hours. For design B the major radius of coil was reduced by 30%. Everything else was 

kept same. 

Figure 3-9 and Figure 3-10 show cross-sectional plots along a diameter through 

3 different cross-sections for design A and design B. The cross-sections are located at 1, 

5 and 8 mm from the axis start which is the end of proximal buffer. Oscillation is observed 

in which gradient changes from negative to positive in the three cross-sections for both 

configuration. As expected, there are two gradients in the latter design. An interesting 

observation can be seen from the plots: it takes just 1 day for the modified design for the 

concentration to become radially uniform as against 4 days in the first design. 

Because of the nature of radial fluctuations, different axons starting at different 

radial positions at the proximal nerve stump will see different positive/negative gradients 

in either of the designs. 

For example, in the first design, an axon that starts from center of axis from the 

proximal stump before 24 hours will start growing towards the coil because of higher 

concentration available near the coil. But if the same axon starts growing after 24 hours, 

it will keep on traveling straight axially since maximum concentration is available in that 

direction. 
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Figure 3-8 Difference in drug delivery direction in two different configurations: A) Drug 

molecules only travel radially inward, but in B) travel radially inwards as well as outwards. 

Therefore in B, the gradient is broken into two smaller gradients. 

 
On the other hand if an axon starts growing before 24 hours from the maximum 

radial position on the proximal stump, it will either keep traveling straight or attach to the 

coil. But if it starts growing from the same point after 24 hours, it will travel towards the 

center of channel since maximum concentration is available there.



 

 

4
7
 

 

Figure 3-9 Cross-section concentration plots for design A. The cross-sections are located at 1, 5 and 8 mm. 
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Figure 3-10 Cross-sectional plots for concentration vs length (radius) for design B. The three cross-sections are 1, 5 and 8mm 

from axis start (buffer-device interface).
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3.5 Effect of microchannel size 

It has been experimentally shown that using multiple channels
10

 of small radius 

are able to guide the axons much more efficiently to their distal target. Based on our 

understanding of radial dispersion, it seems that the most probable cause of superior 

performance of small size channels that radial axonal divergence is minimum. To confirm 

this, 4 different multichannel models were made using coil configuration. The channel 

radius for each model was 125, 187, 250, 310 micrometers. As done earlier, the models 

were compared to a baseline 100ng/ml value, and the release from coil for adjusted 

accordingly.  

 

 

Figure 3-11 Computer results of  trajectories of a particle released from one third the 

distance of channel radius. A, B, C and D have 125, 250, 187, 310 um radius 

respectively. 

 
Particle was traced in each of the 4 models starting from the start of 

microchannel. The radial co-ordinates were fixed at one-third of channel radius in each 

case. The visualization of particle tracing is summarized in Figure 3-11. 
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A common observation in all 4 models is that the particle is attracted towards the 

first turn of coil near the proximal end. Another common feature is that the depth to which 

positive gradient exists is approximately same in all 4 cases (74-79%). The variation of 

radial dispersion vs the channel radius is shown in Figure 3-12. The variation is almost 

linear with correlation coefficient of 0.986. The RD parameter according to the linear 

equation is 0.685r+54.29 where „r‟ is the radius of microchannel. 

 

 

Figure 3-12 Plot of radial dispersion (RD) parameter vs the microchannel radius,. The 

variation is almost linear with correlation coefficient of 0.986. 
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Chapter 4  

Discussion 

 

From our results, it is evident that temporal maps of drug distributions in the NGC 

can be very different depending on the method of delivery or by changing the geometry of 

the same design. Figure 4-1 summarizes the average concentration value as well the 

average positive gradient in different designs (averaged over 30 days).  

 

Figure 4-1 Average concentration and peak concentration gradient averaged over 30 

days for the six designs. 

It can be seen from Figure 4-1 that the magnitude of average concentration and 

average concentration gradient are strongly affected by the method of drug delivery and 

the channel sizes. It is clear that designs 3, 5 and 6 are able to maintain a strong 

concentration gradient relative to their respective average concentration value. This can 

have strong implications experimentally since it‟s the positive concentration gradient that 
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guides the axonal growth linearly and not the concentration value itself. A simple thought 

experiment elucidates this fact (Figure 4-2). Following this, we calculated the ratio of 

average concentration gradient and concentration over 30 days. The results are shown in 

Table 4-1. It can be seen that Case 6 has the highest (Δc/c) value as well as a high 

concentration gradient depth. This could be a possible explanation for why multichannel 

devices perform better
10  

 

 

Figure 4-2 Thought experiment to understand the effect of concentration and 

concentration gradient. The black dot represents start of axon and black line represents 

axon. (A) contains uniform concentration field at value c and (B) contains an axial 

concentration gradient. 

We also calculated the percentage of initial drug loading that exists in the 

channel. This is also the drug that is available for consumption by axons at given point. 

The drug available in the channel can simply be calculated using equation 18. 

                ∬      
 

 
                                       (18) 

 
where c is the local concentration at an infinitesimal small volume of thickness dz and 

cross-sectional area dA. Although, here we have multiplied the average calculated 

concentration in a channel with the volume of channel (A*L). The variation of percent 

available drug for 30 days is shown in Figure 4-3. 
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Table 4-1 (Δc/c) ratio and gradient depth for different cases. 

Case   

 
 

Gradient depth 

(approx) 

1 0.29 50% 

2 0.135 50% 

3 1.01 78% 

4 0.107 50% 

5 1.138 50% 

6 2.91 78% 

 

 

Figure 4-3 Variation of available drug in modeled channel for six different cases. 
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It can be seen from Figure 4-3 that the available amount of drug increases with  

respect to time for Case 2 and 3 whereas it decreases for Case 1, 4, 5 and 6. For Case 

4, 5 and 6, the low value can possibly be attributed to the leakage that occurs to the 

surrounding agarose from the channel. While in Case 4 where the microchannel is at 100 

ng/ml concentration initially, the loss is rapid with around 85% of drug lost within 5 days. 

On the other hand, for Case 5 and 6 the loss is most likely continuous because of 

controlled release. The only leakage that occurs in Case 1, 2 and 3 is via the ends of 

channel. It is also seen that for Case 1, 2 and 3 the final value stays relatively high even 

at 30 days. This could mean that the buffers are getting saturated and that their size 

needs to be increased. 

In context of advantage of differential coiling models, designs with non-coiling 

configuration produce a central high point for drug configuration, whereas differential 

coiling produces high concentration near dense coiling. Therefore, when the axons 

growing from proximal end would reach the central region in Case 1, 2, 4 and 5, they 

would encounter a negative concentration gradient for remaining 50% of length leading to 

slowing in growth. On the other hand, since concentration gradient extends up to ~78% 

of channel length in differential coiling configuration, axons would only encounter 22% of 

remaining length as negative gradient. This is evident from experiments which showed 

the average axonal length in G configuration to be 60% more than U model. The effect of 

uniform vs differential coiling is also very clear from axon straightness study. The RD 

parameter for the uniform model is 52.3 um while the value reduces to 30.3 um for 

differential coiling model. There is a 42% reduction in axonal radial dispersion. 

Previously, lab experiments were done to investigate the effect differential coiling. Briefly, 

a custom device with two wells was used (Figure 4-4(A)). A metal rod with coiling on it is 

introduced inside the main well of device. Agarose is poured over this well and once 
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Figure 4-4 (A) Setup for creating collagen filled microchannel. Removal of metal rod 

creates negative pressure for the collagen to fill the microchannel volume (B) Confocal 

images of DRG response to i) uniform coiling and ii) differential coiling. Axons can be 

seen growing more linearly in B (ii). [Image from Nesreen et al] 

 

it solidifies the rod is slowly removed creating a suction effect and pulling collagen from 

other well inside the microchannel. This way the rod gets removed while the coil remains 

in place. On observing the confocal images of slices in the microchannel at the end of 7 

days, axons can be seen growing more straight in G model as compared to U model. 

A 

B 

ii 

i 
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Using the confocal images, axonal diversion was showed to be reduced by 50% in U 

model as compared to G model
36

. The effect can be seen in Figure 4-4(B). The 

phenomenon of axons coiling around the first turn is also seen in almost all computer 

particle tracing results. This happens because at earlier times (<4 days), the radial 

gradient dominates and the net concentration vector directly guides the axons towards 

the first coil turn.  

The straightness of axon does not only depend on the coil configuration, but also 

on the channel radius. In Figure 3-12 it is clear that radial dispersion increases linearly as 

radius of channel increases. The variation follows the linear equation 0.685r+54.29 where 

„r‟ is the radius of microchannel. This has important implications since approximate 

estimates for specifications for radius of microchannel can be known before hand for 

experiments. 

In section 3.4, we also analyzed the effect that coil‟s major radius has on the 

radial concentration distribution. The motivation for doing this was to break down the high 

radial gradient to two smaller radial gradients. And the results demonstrate in the first 

zone with 4 coil turns, the radial concentration oscillates between positive and negative 

and settles by 4 days. Whereas in the modified design B, the concentration is almost 

uniform by end of first day. This suggests any axons that are sprouting from the proximal 

nerve, will grow relatively straight in the modified design as compared to the initial design 

A. This oscillation of concentration gradient is also seen in the second and third zones of 

coiling. In both the zones, the value settles to almost uniform by end of day 1 for modified 

design B as compared to 4 days for initial design A. Although the main region of concern 

is the first zone since axon would most likely take more than 4 days to reach the second 

and third zones. It is also possible that the modified design B will see less or no axons 
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coiling around the first turn since radial concentration gradient is less and becomes 

uniform within a day. 

Incorporating PLGA microspheres is a good way to achieve control release, but 

they fail to create a chemotactic gradient. It is also likely that the microspheres 

themselves hinder the growth of axons. There can be two reasons for this. One would 

simply be the size of microspheres which is relatively large (5 um diameter). Another 

cause for this can be since axons sense the local chemotactic gradient present at 

micrometer scale, microspheres present around an axon growth cone create local 

disturbances in the concentration and essentially “confuse” the axon. This can be 

understood from Case 2 in Figure 3-3. There are multiple local gradients formed within 

the channel. There are only 63 and 35 microspheres that are modeled with computer 

model, but in reality there might be hundreds of microspheres present. Therefore 

hundreds of local disturbances at micrometer scale can be expected. The illustration of 

this phenomenon is shown in Figure 4-5. The axon can deviate from its desired path if it 

senses a stronger chemotactic gradient in its surrounding from a nearby microsphere. 
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Figure 4-5 A growing axon senses chemotactic gradients at micrometer scale and can be 

deviated from the desired path because of stronger local gradients from nearby 

microspheres. 

 
4.1 Limitations  

The computer models do not account for temperature and pH changes since we 

want to keep the parameters to the minimum to keep the model simple for it to be solved. 

Although a model for drug consumption by the axons in the NGC microenvironment has 

been developed, it is not implemented in the computer models. Therefore it is anticipated 

that the concentration values obtained would be higher than real values. The magnitude 

of this difference is not known. Although, particle tracing coupled with radial dispersion 

parameter have been used as a technique to quantify axon straightness, it should be 

realized that experimentally, the values might be different. This is because the 

quantification method here only takes into account the chemotactic gradient and ignores 

any effects of structural and mechanical properties of substrate. Furthermore, particle 

tracing protocol does not take into account the magnitude of positive chemotactic 
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gradient. Any value for gradient above 0 is considered for tracing. In reality, there might 

be a threshold minimum value of positive chemotactic gradient which the axon growth 

cone can sense and follow. This is evident in Figure 3-6 in section 3.3. The gradient is 

negligible for U configuration model after 2mm but the particle still goes up to 50% 

channel length since it senses >0 concentration gradient value. 
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Chapter 5  

Future Work 

5.1 Newer computer models 

The models developed were used to simulate the spatiotemporal concentration 

variations in drug diffusion and to predict the trajectories for axonal growth. The axon 

trajectories are probable paths that a growing axon might take. The approach of particle 

tracing does not assume any mass for the particle and they do not experience any drag 

force. Future computer models could assign more realistic physical properties to these 

particles, so that the trajectories could correlate better with experimental observations 

taking these additional effects into considerations. 

Section 2.6 discusses in detail about receptor-ligand kinetics. Such mathematical 

models can be coupled with the existing physics of computer models to get even more 

accurate results. Understanding receptor-ligand kinetics allows for formulation of how fast 

the drug gets consumed by axons. This rate of consumption can be specified in the 

model. And based on the amount consumed, axon growth model can calculate the 

growth trajectory of particle. Based on the model developed in section 2.6 a preliminary 

design was made in COMSOL which would account for the rate of consumption. The 

cylindrical disk was assumed to be stationary and of thickness 1 mm as shown in Figure 

5-1. Although the model was meshed successfully, it did not solve. 

Along with rate of consumption, future models can also account for axonal 

growth. The proximal cylindrical disk modeled in Figure 5-1 can be assigned physics 

based on an axon growth model (see appendix E). Newer models can also incorporate 

the degradation rate of the main filler hydrogel. Mathematical modeling degradation is 

challenging in our context since there is no uniformity in it, i.e., degradation would 
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Figure 5-1 COMSOL geometry of model developed to account of rate of ligand 

consumption. 

 
not be strong enough from the sides of device since it is protected by the tubing. 

Although, significant amount of degradation would be present at the active region where 

axonal growth is happening. There would also be considerable degradation at distal end 

since the end is exposed to living tissue. Mathematical models usually account for 

surface or bulk erosion when the entire surface is exposed. Although if experimental data 

is available regarding spatial degradation rates for the specific device, the data could be 

incorporated in the design. This data would have to be applied very carefully since one 

end in the device grows while the other stays stationary. 

A key aspect of differential coiling design is the positive gradient depth to which it 

extends inside lumen. Current design allows for positive gradient to extend up to 78% of 

channel length. This can possibly be increased by making changes to coil geometry, 

specifically the pitch of coil. Current design uses three discrete segments of coils, and the 

pitch does not vary in a continuous manner. If the pitch is assigned in a form of equation, 

gradient penetration can possibly be increased. A model was designed and meshed to 

observe this phenomenon (Figure 5-2). A parametric curve was used to model the 

variable coil pitch. Unfortunately, meshing helical geometries is a challenging task and 

the model did not solve despite multiple meshing efforts 
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Figure 5-2 A design that was modeled to increase the positive gradient penetration. 

 
New computer models could also take advantage of 3D reconstructed data from 

experimental results. For example, if axons are reconstructed for time points of 1, 3, 6 

and 9 days, RD parameter could be calculated from their co-ordinates and correlated with 

the values from particle tracing. Furthermore, average growth rate of axons could also be 

calculated from the experimental data. An attempt of 3d reconstruction of data obtained 

at 7 days is shown in Figure 5-3. Note how data is very unclear from front view. This 

 

Figure 5-3 Side view and front view of 3d confocal data obtained at 7 days. 
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happens because the slice distance in the confocal data for this particular data set was 

15.4 um, which is very high. Most axons growing inside the lumen are about 3-6 um thick. 

Therefore an ideal slice distance for accurate reconstruction would be about 2-3 um. 

Simulations such as ones discussed in this project can be used to evaluate the 

performance of other newer designs. For example, if multiple growth factors have to be 

used in a single device, the concentration profiles of individual species can be tracked 

accurately. Nutrient holes that are made on the circumference of the main device for 

providing nutrient support for the growing axons can also be modeled. If we know the 

specific nutrients, their diffusion into the device can also be tracked. Furthermore, if 

mathematical algorithms such as that of axon growth model are coupled with the diffusion 

model, we can get even more accurate picture of how the axons might behave.  
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Chapter 6  

Conclusion 

The results shown above in this project show how computer modeling can be 

used to understand the physical phenomena before experiments are conducted. The 

concentration profiles in different designs can be compared with each other to evaluate 

which one would be most optimal. It is difficult to measure the spatiotemporal 

concentration variations inside a device experimentally. There are only a limited number 

of data points that can be obtained experimentally. The work done in this project 

elucidates the methods and protocols through which axonal growth inside NGC can be 

quantified. Specifically, the protocol to quantify axonal straightness can be applied in 

many different models. We could further apply the method to predict how linearly axons 

grow as can be seen from experimental results. Overall, this work shows: 

1) different drug delivery mechanisms produce different spatiotemporal 

concentration as well as concentration gradients. 

2) axon straightness protocol can can be used to estimate axon linearity in 

different designs. 

3) axon linearity increases if coiling in microchannel is differential. 

4) radial concentration disturbances reduce if major radius of coil is 

reduced. 

5) axon linearity increases as size of microchannel decreases. 

6) drug consumption rate, average growth rate and local concentration 

gradient can be coupled together with the diffusion models so that 

particle tracing would yield even more realistic results. 
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Appendix A 

Diffusivity Calculation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 66 

Diffusion is a mass transport phenomenon which happens without any bulk movement. 

Diffusivity is one of the most important parameters when doing a diffusion study. For a molecule 

in a liquid, the diffusion coefficient can be obtained according to Stokes-Einstein equation
18

: 

 

   
   

     
                    Eq. (A1) 

 

 

The equation takes into account the hydrodynamic radius of the solute molecule 

assuming it has spherical shape. kB is Boltzmann‟s constant = 1.38x10
23

 J/deg.  The equation 

also relates to solution viscosity µ and temperature T (Kelvin). Rh, the hydrodynamic radius of 

the molecule can be calculated as
18

 equation A2. 
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                   Eq. (A2) 

 

 
where MW is the molecular weight (kg/mol) of the solute (NGF here).   is the density of the 

solute molecule sphere and NA is avogadro‟s number (mol
-1

). 

Diffusivities can be measured by different methods. One such method is to use the 

effective medium model along with carman-kozeny model to estimate permeability
11

. Diffusion 

coefficient D in the substrate is can also be calculated according to Renkin equation
18

. 
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Appendix B 

Meshing Example 
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Consider an example of a wheel rim
39

 under static load. , The major forces act on the 

radial arms (spokes) connecting the center region to the outside circumference of rim (Figure B-

1) 

 

Figure B-1 Different meshing strategies can be used for same geometry depending on the 

critical load bearing regions. A contains only tetrahedral elements while B contains a mixture of 

different element types
39

 

 

The rim on the left in Figure B-1 used tetrahedral elements completely while the rim on 

the right used a mixture of tetrahedral (green), bricks (blue), prism (pink) and pyramidal 

elements for transition. It can be seen that small tetrahedral elements are used in the critical 

regions where load transfer takes place, while the circumference is meshed with large brick 

elements since no major load transfer takes place there.  

The meshed geometry on has about 145000 tetrahedral elements while that on the right 

has 78000 mixed elements. Both geometries will solve correctly for same loading case, except 

the one the right takes about half the time. It should be noted that to mix mesh a geometry, 

significant user interaction is needed to for correct and accurate mesh. 



 

 69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix C 

Methods to Quantify Axon Straightness 
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C.1 Sinuosity 

First method is my calculating a term called “Sinuosity”, S. This term is mathematically 

equal to the ratio of shortest trajectory length to actual length of trajectory (equation C1). 

  
                  

                    
               Eq. (C1) 

In Figure C-1, actual path length is represented by the black line, while the shortest 

path by the red line. Sinuosity S can vary between 1(straight line) to infinity for a closed loop
19

.   

 

 

 

 

 

 

 

 

While this method is seems correct for quantifying axon straightness of an axon, it is 

decided not to proceed using this method. There is no bounded range between which „S‟ will 

come out to be. It is preferred that a parameter that would help us quantify straightness should 

also physically mean something. This will be evident in the third method. 

 

C.2 Fractal Dimension 

Second method that was looked into for straightness quantification was “fractal 

dimension”. Fractal dimension is a genius concept to measure complexity and is based on work 

by Benoit Mandelbrot‟s 1967 paper on self-similarity
22

. Fractal dimension is occasionally used to 

A 

B 

Figure C-1 Schematic of actual and shortest path for calculating 

Sinuosity. 
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characterize the windiness of rivers and coastlines. For the purposes of straightness of axon, a 

variant of this method is used here and is given by
21

: 

   
    (

 

 
)

    (
 

 
)
                       Eq. (C2) 

where D is the fractal dimension. L is the total length of axon has travelled, d is the 

estimate of largest distance actually covered, and a is the average length of a step. Because of 

the nature of the equation,  D will always vary between 1 and 2; 1 being completely straight and 

2 being completely random and almost representing a surface. It should be noted that the 

above mentioned variant of Fractal Dimension is valid for a 2D plane.  

When talking about 3 dimensions, such as our case, D varies between 2 and 3; 2 being 

almost plane (surface) and 3 being completely chaotic and filling up a volume
23

. This method 

while being a great concept was not used for now. Calculating „D‟ in 3D for an axon would 

require expertise in algorithm writing. 
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Appendix D 

Mathematical Equations Describing Variation in Number of Receptors, Ligands and Receptor-

Ligand Complexes 
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The following brief mathematical analysis
29

 formulates the rates of change of receptor, 

ligand and complexes per unit time. 

 

 

Figure D-1 Different variables involved in receptor-ligand chemical kinetics. S represent a ligand 

(L) supplying source. V is the active volume in which ligand consuming cells are present. 

 

Assuming S is a source which supplies the ligand L in the volume V at a constant rate 

f(t). R represents the free receptors on the cell surface (Axon growth cone) and C is the 

receptor-ligand complex.  The ligand is able to reversibly bind to the receptor R with a forward 

rate kon and reverse rate koff to yield the complexes. The rate of synthesis of free receptor is Qr. 

Kt and ker represent rate of internalization for free receptors and receptor-ligand complexes. In a 

nutshell, the input to this system is ligand from source S, and output is receptor ligand complex.  

Schematic representation of this model is shown in Figure D-1. 
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The various rates of change of species in the volume V are given according to equation 

D1,D2 and D3. 

 

 

  

  
  -           -                                        Eq. (D1) 

  

  
      -     -                                   Eq. (D2) 
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Appendix E 

 
 

Axon Growth Model
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It is known that neurotrophic gradients can be sensed by axon growth cones
30

, 

which in turn allow the axon fibres to navigate their way through the tissue inorder to 

reach the target organs. The key parameters for axon growth in terms of chemical 

sensing are concentration gradient and concentration itself. The mathematical model 

mentioned below allows formulating an equation for axon growth rate
31

. This equation 

then can be coupled with the already developed physics in the computer model. The 

different parameters for this models are mentioned in Table E.1. 

 

For simplicity, it is assumed that there is only one type of receptor that binds to 

receptor, with a dissociation constant of Kd. Furthermore, there would be an upper limit of 

concentration Cmax, above which axon growth would not be affected (because of receptor 

saturation).  

 

Assuming that the concentration in a channel is uniform, axons grow at a rate of 

Zb um/s (equation E1).  

  

  
                                   Eq. (E1) 

Now, let us assume there is a concentration gradient present inside the conduit 

(such as in the differential coil configuration). The concentration gradient is only assumed 

in the axial direction. In such a scenario, axonal growth would occur because of two 

things
32

: 1) simply because of the drug present in the system; second, because of the 

drug concentration gradient. Therefore, equation E1 can be modified and written as: 

 

  

  
     

  

  
                Eq. (E2) 
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Table E-1: Different parameters involved in axon growth model 

z Axial axon growth 

c NGF concentration in device 

  

  
 

NGF concentration gradient at length „x‟ um 

k Gradient steepness factor 

Zb Baseline axonal growth rate with constant 

NGF concentration throughout 

Cthreshold Threshold NGF concentration to trigger any 

axial growth 

ΔCt Threshold concentration gradient below 

which growth equals as that caused by 

Cthreshold 

 

Tlag 

Time lag between sensing chemotactic 

gradient and mechanical movement 

        

If the time duration starting from a particular time „t‟ is less than Tlag, then 
  

  
 is Zb. 

The term (dc/dx) can be estimated by the computer model based on localized 

axial gradient term, specifically “chds.gradz_c” as used in COMSOL Multiphysics. (The 

axial axis is the z-axis in COMSOL model). 
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