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Abstract Peripheral neuropathy arising from phys-

ical trauma is estimated to afflict 20 million people in

the United States alone. In one common surgical

intervention, neural conduits are placed over the nerve

stumps to bridge the gap and create a microenviron-

ment conducive to regeneration. It has been proposed

that a biocompatible material such as cellulose

nanofiber may serve as a viable conduit material,

providing a non-inflammatory and mechanically

stable system. Preliminary studies have shown that

cellulose nanofiber conduits successfully aid neural

regeneration and further, that the dimensions of the

conduit relative to the nerve gap have an impact on

efficacy in murine models. It has been hypothesized

that the reliance of regeneration upon the physical

dimensions of the conduit may be related to modified

modes of diffusion and/or distances of key cellular

nutrients and waste metabolites to/from the injury site.

The present work investigates the concentration

profile of glucose within the conduit via finite element

analysis as a function of the physical dimensions of the

conduit. It was determined that the magnitude of

glucose diffusion was greater through the conduit

walls than through the luminal space between the

nerve and the inner wall of the conduit, and that as

such radial diffusion is dominant over axial diffusion.

Keywords Cellulose nanofiber � Neural conduits �
Glucose diffusion � Finite element analysis

Introduction

Peripheral nerve injuries are a common affliction,

fortunately however, for neural gaps of approximately

1 mm or less, the body has the innate ability to self-

repair (Gaudin et al. 2016). When the injury is too

extensive for the native repair processes to be effec-

tive, several methods of surgical intervention may be

employed. If the neural gap is minor, the nerve stumps

may be sutured directly to each other, however care

must be taken to avoid the creation of neural tension

which can compromise vascular supply, leading to

diminished regeneration (Dahlin and Wiberg 2017). If

the nerve gap is too large for direct suturing, the repair

method of choice is typically a neural autograft, often

employing the patient’s sural nerve (Gaudet et al.

2011; Moor et al. 2010). Alternatively, an allograft

from another individual may be employed, however an

immunosuppressant regimen is typically required in

order to prevent a foreign body response and resultant

tissue rejection (Kehoe et al. 2012). If a neural graft is
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not a viable methodology for a given individual/injury,

a neural conduit may be placed over the proximal and

distal nerve stumps to create a microenvironment that

promotes regeneration. Once the nerve has success-

fully regenerated, the conduit is typically removed via

a second surgery. Commercially available neural

conduits are composed of a variety of materials, each

with characteristic physical and biological response

properties (Kehoe et al. 2012). Conduit design is

guided by material selection aimed at minimizing the

potential for immune/inflammatory responses while

ensuring that the conduit maintains structural integrity

for the period of time required for regeneration (Kokai

et al. 2009). Most conduits approved for use in the

United States have degradation times in vivo ranging

from several months to years, or are non-biodegrad-

able (Gaudin et al. 2016)—control of the rate of

degradation is therefore an important design factor as

it governs the duration of maintenance of a microen-

vironment suitable for regeneration, the extent of

mechanical support, and potentially dictates the need,

or not, for a second surgery to remove the conduit

(Kehoe et al. 2012).

In addition to the material dependent design

constraints outlined above, other important consider-

ations for neural conduit design relate to ease of

surgical implantation, and minimization of tissue

trauma (Grinsell and Keating 2014; Barton et al.

2014). For example, conduits comprised of rigid

materials require the use of a larger bore needle during

implantation to suture the conduits in place, resulting

in more extensive tissue damage (Kehoe et al. 2012;

Haug 2009). Further, suturing rigid materials has been

observed on occasion to result in fragmentation of the

conduit and resultant irritation of the regenerating

nerve (Haug 2009; Meek and Jansen 2009). The

authors and collaborators have recently performed

preliminary in vivo experiments employing a sciatic

nerve murine model to test the efficacy of peripheral

nerve conduits comprised of cellulose nanofiber

(CNF). CNF is considered an excellent candidate

material for peripheral nerve conduits as other studies

have shown that it is bio-inert (Lohrasbi et al. 2020),

has excellent mechanical properties(Takagi and

Asano 2008), degrades over time in vivo (Xue et al.

2017), and is flexible (Niu et al. 2018). The CNF

conduit in vivo studies demonstrated that indeed

peripheral nerve regeneration was promoted, that the

conduits were mechanically stable (no deformation

was observed in vivo due to compressive forces), and

that tissue damage during implantation was minimal

due to the conduit’s inherent flexibility. In addition,

the studies provided evidence that the physical

dimensions of the conduit relative to the nerve and

the extent of the nerve gap had a significant effect on

the rate and extent of regeneration. The findings

suggest that the dimensions of the conduit may affect

the microenvironment within it, likely via modifica-

tion of diffusion paths and distances of pro and anti-

regenerative species.

The microenvironment within a peripheral nerve

conduit results from localized up regulation and

release of pro-regenerative growth factors (Kokai

et al. 2009; Taras et al. 2005), as well as control of the

concentration of molecules critical for homeostasis

including oxygen and glucose. In a recent study the

authors performed a finite element analysis of the

concentration gradients of oxygen within a peripheral

nerve conduit as a function of the physical dimensions

of the conduit and the gap between the nerve and the

inner wall of the conduit. Clear trends in oxygen

concentration and distribution were observed as a

function of conduit length, the ratio of the nerve to the

conduit diameter, and the permeability of the wall of

the conduit to oxygen. While the study was highly

informative, oxygen is only one molecule required for

tissue maintenance and regeneration, perhaps equally

important is the concentration and distribution of

glucose, the primary energy source for neural function

(Sibson et al. 1998; Mergenthaler 2014). Indeed it has

been estimated that at homeostasis, 60–70% of the

energy derived from glucose is used for maintenance

of the membrane potential required for neural signal

propagation (Berg et al. 2002). Under conditions of

nerve regeneration, however, glucose consumption is

expected to be far greater (Lim et al. 2015) and may

potentially be rate limiting. It is important to ensure

that glucose levels are maintained above * 4 mol/

m3, below that is considered hypoglycemic and is

associated with deleterious effects on tissues (Stecker

and Stevenson 2014). As such, knowledge of the

concentration and distribution of glucose within a

peripheral nerve conduit during regeneration is critical

to the design of effective and efficient neural conduits.

The present work employs COMSOL Multiphysics�,

a finite element analysis software package, to model

the diffusive behavior of glucose within a peripheral

nerve conduit system as a function of conduit length,
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the nerve to conduit diameter ratio, and the perme-

ability of the conduit wall to glucose.

Materials and methods

COMSOL Multiphysics� was employed to model

glucose concentration gradients and distributions in

the peripheral nerve/conduit system in a manner

comparable to that employed previously by the

authors for analysis of oxygen concentration gradients

and distributions. Specifically, 19 mm long cylindrical

nerve stumps of 3 mm diameter were employed with a

nerve gap of 3 mm created between the proximal

(right hand) stump, and the distal (left hand) stump. A

1 mm long region at the terminus of the proximal

stump was delineated to represent the regenerating

neural tissue; glucose consumption in this region was

specified to be twice that of baseline neural consump-

tion, consistent with literature (Lim et al. 2015a, b;

Lim et al. 2015). A conduit with a wall thickness of

0.1 mmwas centered over the nerve gap. The length of

the conduit was varied between 12 and 16 mm in

1 mm increments. Similarly, the diameter of the

conduit was varied from 3.00 mm to 4.28 mm result-

ing in nerve to conduit diameter ratios ranging from

1.00:1.00 to 0.70:1.00, respectively, in increments of

0.05. Note that at a nerve to conduit diameter of

1.00:1.00 the nerve and conduit have the same

diameter and no space exists between them. At

progressively lower values of the nerve to conduit

diameter ratio an increasingly large volume exists

between the nerve and the inner conduit wall. The

volume was modeled to be filled with interstitial fluid,

as was the gap between the neural stumps. Figure 1

presents in schematic form the peripheral nerve/con-

duit system for conduits of 0.70:1.00 and 1.00:1.00

nerve to conduit diameter ratio. The parameters

employed for the peripheral nerve/conduit model

were derived from physical conduits made for implan-

tation, and measured values for murine sciatic nerve

anatomy, determined in previous in vivo animal

studies performed by the authors and collaborators,

Table 1. Glucose concentration was monitored in

terms of distribution throughout the nerve/conduit

system represented by a colorimetric scale, see

Fig. 2a. In addition, glucose concentration was mon-

itored as a function of time at three locations with the

conduit.

Glucose concentration was monitored on the cen-

tral axis at location 1 in the distal stump equidistant

from the end of the conduit and the end of the nerve

within the conduit where baseline glucose consump-

tion occurs, at location 2 in the middle of the nerve gap

(filled with interstitial fluid) where no glucose con-

sumption occurs, and at location 3 in the proximal

nerve at the boundary of the baseline and the

regenerating region where twice baseline glucose

consumption occurs, see Fig. 2b.

The COMSOL Multiphysics� model, equipped

with the Transport of Diluted Species physics pack-

age, generated time-dependent glucose concentration

profiles within the nerve/conduit system. Several

parameters required definition prior to commencing

the modeling; the initial glucose concentration in the

interstitial fluid and neural tissue, the diffusion

coefficient of glucose in the conduit wall, the intersti-

tial fluid, and the neural tissue, and the baseline (and

by extrapolation the regenerating) neural glucose

consumption rate required definition.

Blood glucose levels of healthy individuals are

known to be in the range of 4.2 to 8.3 mmol/L (Stecker

and Stevenson 2014), with most individuals having a

blood glucose level of greater than 5 mmol/L (Tirosh

et al. 2006). In addition, it has been shown that

interstitial fluid glucose concentration is comparable

to that of blood plasma, with no measurable lag time

(Thennadil et al. 2001). As such a nominal value of

6 mmol/L was selected as the initial interstitial fluid

glucose concentration. The neural tissue was assumed

to have equilibrated with the large glucose reservoir of

the body’s interstitial fluid and was therefore assigned

an initial concentration of 6 mmol/L. The CNF

conduit was modeled with an initial glucose concen-

tration within the wall of 0 mmol/L.

The permeability of the neural tissue was approx-

imated via a value for the glucose diffusion coefficient

reported by Khalil et al. for epithelial tissue and dura

mater as 2.64 9 10–10 m2/s (Khalil et al. 2006). It is

noted however that the ends of the proximal and distal

nerves not within the conduit were modeled as

impermeable to glucose since in vivo they would

extend significant distances within the body and would

not be subject to glucose flux axially from an open end.

The diffusion coefficient of interstitial fluid was

approximated via a value reported by Suhaimi et al.

for glucose diffusivity in cell culture medium as

5.67 9 10–10 m2/s (Suhaimi et al. 2015a, b). The
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diffusion coefficient of glucose in the cellulose

nanofiber conduit wall was determined experimentally

in the present work. Specifically, a series of tanks were

designed and constructed that were equipartitioned via

a cellulose nanofiber film comparable to those

employed to create the conduits (* 50 lm in

thickness (dry)). The cellulose nanofiber film was

created by casting CNF slurry (at 2 wt% CNF,

produced by the University of Maine Process Devel-

opment Center) on a stainless-steel plate. The films

were allowed to air dry for a 24-h period before being

removed from the plate and cut to the appropriate size.

Fig. 1 aAn x–y view of a conduit with a 0.70:1.00 nerve to conduit diameter ratio. bAn x–y view of a conduit with a 1.00:1.00 nerve to

conduit diameter ratio

Table 1 Physical

parameters of the COMSOL

Multiphysics�
nerve/conduit model

Component Parameter Value Units

Conduit Length 12,13,14,15,16 mm

Diameter 3.00, 3.16, 3.34, 3.52, 3.76, 4.00, 4.28 mm

Thickness 0.1 mm

Neural tissue Diameter 3 mm

Distal length 19 mm

Proximal length 18 mm

Proximal tip length 1 mm

Interstitial fluid Neural gap length 3 mm

Conduit to nerve radial gap Conduit diameter-nerve diameter mm

Fig. 2 a Glucose distribution within the nerve/conduit system represented via a colorimetric scale. b A wire-frame view of the

nerve/conduit system with the three locations employed for temporal glucose concentration analysis delineated
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One chamber per tank was filled with a phosphate

buffered saline (PBS) solution of known glucose

concentration (referred to as the donor chamber), the

other chamber was filled with a PBS solution of zero

glucose concentration (referred to as the receiver

chamber). Due to the concentration gradient, glucose

diffused across the CNF film from the donor to the

receiver chamber; glucose concentrations in the

receiver container were monitored as a function of

time to enable calculation of a diffusion coefficient.

The diffusion coefficient was calculated via a method

adapted from that of Suhaimi et al. (2015a, b),

represented by Eq. 1

oCd

ot
¼ �DeA � Cd � Cr

l � Vd
! 1

A � Cd�Cr

l�V
� oCr

ot
¼ De ð1Þ

where Cd and Cr are the initial glucose concentrations

of the donor and receiver chambers, respectively, in

mol/m3. l is the thickness of the CNF film in meters, A

corresponds to the area of the CNF film in m2, V

represents the volume of the donor/receiver chambers

(which were equivalent) in m3, oCr is the difference in

glucose concentration measured in the receiver cham-

ber in mol/m3 for a given time interval of ot in seconds.

Finally, De is the effective diffusion coefficient of

CNF to glucose in m2/s. It is noted that all parameters

in Eq. 1 are known from the experimental design, or

may be measured, to yield a diffusion coefficient.

The bi-chambered tanks, see Fig. 3, were con-

structed from 3.175 mm thick polycarbonate with

internal dimensions of 50 mm H 9 50 mm W 9 80

mm L, an acrylic plastic cement adhesive (SciGrip 16)

was employed to glue and seal all joints. A central

divider was implemented to separate the tanks into two

equal sized chambers. The divider was constructed of

two 50 mm 9 50mm pieces of polycarbonate from

which approximately a 40 mm 9 42.5 mm rectangle

of polycarbonate had been removed from the center. A

50 mm 9 50 mm film of CNF was placed between

the two polycarbonate divider components and sand-

wiched in place employing SciGrip 16 adhesive. The

divider was subsequently glued in place, again

employing SciGrip 16 adhesive. After all the joints

had cured (24 h), the chambers of a given device were

filled with PBS solutions containing, or not, a defined

concentration of glucose and subsequently sealed from

the atmosphere employing Parafilm�.

Glucose concentration was measured in the receiv-

ing chamber employing a glucose hexokinase assay kit

(Sigma Aldrich GAHK20). The assay kit operates via

a two-step enzymatic reaction. Initially, glucose and

ATP are enzymatically phosphorylated to glucose-6-

phosphate and ADP by hexokinase. Subsequently,

glucose-6-phosphate dehydrogenase converts glu-

cose-6-phosphate and NAD into 6-phosphocluconate

and NADH. Each reaction is equimolar and conse-

quently the concentration of NADH (which may be

measured spectroscopically at 340 nm) is directly

Fig. 3 Bi-chambered diffusion tank for the determination of the CNF diffusion coefficient of glucose
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proportional to the amount of glucose present in the

original sample.

A calibration curve for NADH absorbance at

340 nm vs glucose concentration was developed

employing the assay kit and standard solutions

prepared with known glucose concentrations in

1 9 PBS. Glucose concentrations spanned the bio-

logically relevant range of 0–6 mmol/L in increments

of 1 mmol/L. The measured NADH absorbance at

0 mmol/L was invariant from the reference and hence

was determined a single time. The remaining 6

standards were tested in triplicate. A linear calibration

resulted from the measured absorbances with an

r-squared value of 0.9997. Four bi-chambered diffu-

sion tanks were created, resulting in a total of 12

absorbance values (and hence glucose concentrations)

spanning a measured time range of 3 h to 96 h.

All parameters in Eq. 1 were either defined by the

experimental design, or readily measured, with the

exception of CNF film thickness. The dry thickness of

the film was readily determined using a digital caliper

as 50 ± 2 lm. However, the relevant film thickness is

that in the hydrated state. As such wet film thickness

was measured via a digital caliper as approximately 70

lm, indicating significant swelling, an observation

confirmed via determination of the mass of water

uptake. A film thickness of 70 lm was consequently

used when employing Eq. 1. Employing the data

gathered from the bi-chambered diffusion experiments

the glucose diffusion coefficient in CNF films was

determined to be 1.7 ± 0.9 9 10–11 m2/s, a value

employed in subsequent COMSOL modeling.

A value for the rate of consumption of glucose by

peripheral neural tissue was required. A literature

value was unavailable, as such a range was determined

via known values for consumption of glucose by brain

tissue, and via application of a known relationship

between neural oxygen consumption (which is well

established) and the rate of glucose consumption.

First, Mergenthaler reported a value of 5.6 mg of

glucose consumed per 100 mg of human brain tissue

per minute (Mergenthaler 2014). Employing average

values for brain volume (Allen et al. 2002) and weight

(Harrison et al. 2003), coupled with the molecular

mass of glucose, resulted in a glucose consumption

rate of 5.828 9 10–3 mol/(m3•s). It is known that the

brain consumes glucose at a greater rate than periph-

eral neural tissue (Jensen et al. 2014), although the

precise proportionality is unknown, as such this value

should be considered a high (likely maximum) value.

Second, Mergenthaler (2014), and separately Lim,

Rone, et al. (2015), have reported that there is a direct

relationship between the rate of oxygen consumption

by neural tissue and the rate of glucose consumption

by the same tissue. Indeed, the rate of glucose

consumption is 5.5–5.8 times lower than that of

oxygen consumption. Oxygen consumption in a

regenerating nerve has been found by Lim, Rone,

et al. (2015a, 2015b), to be approximately twice that of

a healthy nerve. Given the known linear relationship

between neural oxygen and glucose consumption rates

(Mergenthaler 2014; Lim, Rone, et al. 2015a, b), it

follows that the glucose consumption rate in a

regenerating nerve should be double the baseline

value. Applying this scaling factor to known oxygen

consumption rates of peripheral neural tissue at

baseline metabolic conditions and under active repair

conditions (as reported by Lim, Rone, et al. 2015a, b;

Lim, Shi, et al. 2015a, b; Han and Bartels 1996) results

in estimated values for glucose consumption rates of

1.673 and 3.345 9 10–4 mol/(m3•s) respectively. It is
noted that these values are approximately an order of

magnitude lower than those obtained employing the

known glucose consumption rate of brain tissue

(which are certainly an over estimation for peripheral

neural tissue) and are adopted here for the non-

regenerating regions of the nerve stumps, and the

regenerating tip of the proximal nerve, respectively.

The parameters discussed above are summarized in

Table 2. The COMSOLMultiphysics�model was run

employing an ‘Extra Fine’ mesh size over a time span

of 5000 min in 10-min increments.

Results and discussion

An investigation into the effect of variation of the

nerve to conduit diameter ratio on the glucose

concentration profile and distribution was performed

for a 16 mm conduit over a range of 0.70:1.00 to

1.00:1.00 in increments of 0.05, see Fig. 4. It is

evident that at all three locations within the conduit the

glucose concentration progressively decreases as the

nerve to conduit diameter ratio increases, that is, as the

nerve and conduit diameters tend toward the same

value. It is also noted that glucose concentrations

plateaued in the range of * 5–5.75 mol/m3, i.e.

above the approximate upper limit of hypoglycemia
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of 4 mol/m3 (Stecker and Stevenson 2014). The

sensitivity of glucose concentration to nerve to conduit

diameter ratio at the three locations may be understood

in terms of length of the diffusion path axially within

the conduit, the length of the radial diffusion pathway

from the inner conduit wall to the nerve, and on the

relative glucose consumption rates at the given

locations. Notably, at location 1 the axial diffusion

path for glucose is the shortest of the three locations

and hence axial diffusion is a significant contributor to

the instantaneous glucose concentration. The effect of

nerve to conduit ratio is greatest at location 1 (greatest

range of plateau concentration values), a fact that may

be attributed to the decrease in volume of interstitial

fluid between the inner conduit wall and the nerve as

the conduit diameter approaches that of the nerve. The

diffusion coefficient of glucose in interstitial fluid is

approximately twice that of neural tissue, and more

than an order of magnitude greater than in the CNF

conduit wall, as such the effect of reduction of ISF

volume is significant in regimes that have a depen-

dence on axial diffusion. It is expected that radial

diffusion of glucose does contribute to the instanta-

neous concentration at location 1, although changes in

nerve to conduit diameter are not expected to result in

large changes in glucose concentrations resulting from

radial diffusion since the change in diffusion distance

from the inner conduit wall to the nerve is minor when

compared to typical axial diffusion paths. It is noted

that the plateau glucose concentrations at location 1

are intermediate between those of locations 2 and 3, a

fact attributed to baseline neural glucose consumption,

versus no consumption at location 2 and twice baseline

consumption at location 3. At location 2 the axial

diffusion distance for glucose is the greatest of the

three locations, as such it is expected that axial

diffusion will play a minor role in the instantaneous

glucose concentration, and that radial diffusion will

dominate. The glucose concentration at location 2

Table 2 Initial glucose

concentration, diffusion

coefficient and consumption

rate values for the conduit,

neural tissue and interstitial

fluid

Component Parameter Value Units

Conduit Initial concentration 0 mol/m3

Diffusion coefficient 1.7 9 10–10 m2/s

Consumption 0 mol/(m3 s)

Neural tissue Initial concentration 6 mol/m3

Diffusion coefficient 2.64 9 10–10 m2/s

Consumption Baseline 1.673 9 10–4 mol/(m3 s)

Regeneration 3.345 9 10–4 mol/(m3 s)

Initial concentration 6 mol/m3

Interstitial fluid Diffusion coefficient 5.7 9 10–10 m2/s

Consumption 0 mol/(m3 s)

Fig. 4 Glucose concentration profiles of a 16 mm length

conduit with variable nerve to conduit diameter ratio at

a location 1, b location 2, and c location 3
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plateaued to the same value irrespective of the nerve to

conduit diameter, an observation attesting to the

dominance of radial diffusion over axial diffusion.

As observed above, the instantaneous glucose con-

centrations at location 2 are the highest of the three

locations, a fact attributed to the lack of neural

consumption in the gap between the nerve stumps.

Location 3 resides at an axial distance from the end of

the conduit that is intermediate between that of

locations 1 and 2 and as such likely has instantaneous

glucose concentrations that are influenced by both

axial and radial diffusion. Indeed, a similar but less

strong dependence on nerve to conduit diameter ratio

is observed at location 3 versus that at location 1,

suggesting not quite as strong an axial diffusion

dependence, and a greater radial diffusion depen-

dence. It is noted that the glucose consumption rate is

twice that which occurs at location 1, a fact reflected in

the glucose concentrations at location 3 being the

lowest of the three locations.

To assess the impact of the potentially confounding

effect of changing conduit length on the trends

observed on glucose concentrations as a function of

nerve to conduit diameter ratio, a similar analysis to

that performed in Fig. 4 on the longest (16 mm)

conduit was performed on the shortest (12 mm)

conduit, see Fig. 5. It is evident from comparison of

Figs. 4 and 5 that the shorter conduit resulted in higher

glucose concentrations at location 1, but invariant

concentrations at locations 2 and 3. The findings

suggest that axial diffusion is a significant contributor

to the instantaneous glucose concentration at location

1. However, at locations 2 and 3 radial diffusion

dominates over axial diffusion as evidenced by the

negligible effect a significant reduction of the axial

Fig. 5 Glucose concentration profiles of a 12 mm length

conduit with variable nerve to conduit diameter ratio at

a location 1, b location 2, and c location 3

Fig. 6 Glucose concentration profiles of a conduit with a

0.70:1.00 nerve to conduit diameter ratio and variable conduit

length at a location 1, b location 2, and c location 3
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diffusion distance had on the instantaneous glucose

concentrations.

A comprehensive analysis of the effect of conduit

length on glucose concentration profiles and distribu-

tions was performed at a nerve to conduit diameter

ratio of 0.70:1.00 over the full conduit length range of

12–16 mm in 1 mm increments, see Fig. 6. Investi-

gation of Fig. 6 reveals that at all locations within the

conduit the glucose concentration plateaus to a

positive value, above 4 mol/m3, for all conduit

lengths. It is noted that the plateau concentrations

follow the same trend as observed in sensitivity to

nerve to conduit diameter ratio as a result of axial

diffusion path length, radial diffusion path length, and

rate of glucose consumption, namely highest at

location 2, intermediate at location 1 and lowest at

location 3. Further, at each location the glucose

concentration progressively decreases with

incremental increases in conduit length, a fact

attributed to the increasing axial diffusion path length

for glucose to reach each of the three locations within

the conduit.

In order to test the dependence of the glucose

concentration profiles on conduit length when the

luminal volume of interstitial fluid was minimized,

simulations were run for conduit lengths varying from

12 to 16 mm in 1 mm increments at a nerve to conduit

diameter ratio of 1.00:1.00, see Fig. 7. Comparison of

Figs. 6 and 7 reveals that increasing the nerve to

conduit diameter ratio from 0.70:1.00 to 1.00:1.00

decreases the glucose concentrations at all three

locations and for all conduit lengths, although the

decreases are comparatively minor, particularly at

locations 2 and 3. The glucose concentration at

Location 1 decreased by approximately 0.3 mol/m3

upon increasing the nerve to conduit diameter ratio. At

locations 2 and 3 minor decreases in glucose concen-

trations were observed upon increasing the nerve to

conduit diameter ratio, and the effect on glucose

concentration of modification of the length of the

conduit was suppressed. The observed differences

revealed that the glucose concentration profiles at

location 1 were most sensitive to changes in conduit

length and diameter due to its comparatively short

axial diffusion path and baseline consumption rate,

however the sensitivities at locations 2 and 3 were far

less pronounced, showing very minor, if any, shifts in

concentration. These data demonstrate the importance

of axial diffusion of glucose through the interstitial

fluid resident in the gap between the nerve and the

inner conduit wall, particularly at location 1. Specif-

ically, if the gap and hence the interstitial fluid, are

removed by employing a conduit with the same

diameter as the nerve, glucose concentrations are

decreased as the only modes of potentially active

diffusion are axially through the nerve itself, and

radially across the conduit wall. The findings suggest

that the minor decreases in glucose concentrations

seen by both increasing the length of the conduit and

increasing the nerve to conduit diameter ratio are due

to reduction of axial diffusion. It is noted that glucose

concentrations remain well above hypoglycemic con-

ditions with axial diffusion pathway reductions sug-

gesting that diffusivity of glucose radially through the

CNF conduit wall and/or axially along the neural

tissue itself is sufficient for maintaining healthy

glucose levels.

Fig. 7 Glucose concentration profiles of a conduit with a

1.00:1.00 nerve to conduit diameter ratio and variable conduit

length at a location 1, b location 2, and c location 3
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Clearly, limiting the axial diffusion of glucose

through the interstitial fluid resident in the luminal

space between the nerve and the inner conduit wall via

reduction of the conduit diameter has only a minor

effect on the glucose concentration and distribution

within the conduit. Radial diffusion across the CNF

conduit wall, and/or axially through the neural tissue

appear to be the dominant diffusion modalities. As

such an investigation of the effect of varying the

permeability of the conduit wall to glucose was

performed to determine if a reduction in radial

diffusion into the luminal space may lead to hypo-

glycemic levels. Conduit parameters for the investi-

gation were set at a nerve to conduit diameter ratio of

0.70:1.00 and a conduit length of 16 mm. The baseline

conduit diffusion coefficient employed in the work to

date has been 1.7 9 10–11 m2/s, a value based on the

experimental measurement of glucose diffusion

through a cellulose nanofiber film. It is of interest to

explore the effect of varying the conduit wall perme-

ability over a practical range. The highest obtainable

conduit wall permeability would arise from a wall

material with a glucose diffusion coefficient equiva-

lent to that of interstitial fluid, i.e. 5.7 9 10–10 m2/s,

this value was therefore selected as the upper bound-

ary of the glucose diffusion coefficient. Two addi-

tional diffusion coefficient values were selected based

on the application of one standard deviation above and

below the measured experimental value yielding

values of 2.6 9 10–11 and 8.0 9 10–12 m2/s, respec-

tively. Finally, a lower boundary value of 1 9 10–12

m2/s was selected given that it represents the lowest

value in the order of magnitude in which the exper-

imental value minus one standard deviation fell.

Figure 8 presents the instantaneous glucose concen-

trations plotted as a function of time at the three

locations within the conduit employing the five

selected conduit wall diffusion coefficients. It may

be seen from investigation of Fig. 8 that employing a

conduit wall diffusion coefficient equivalent to that of

interstitial fluid (5.7 9 10–10 m2/s) results in glucose

concentrations at all locations that are only slightly

lower than the baseline interstitial fluid concentration,

a fact arising from the absence of a barrier for radial

diffusion across the conduit wall and therefore dom-

inance of the radial diffusion mode over the axial

diffusion mode. It is noted however that at the

locations where glucose consumption occurs (1 and

3), the plateau concentrations are lower than at

location 2. Decreasing the diffusion coefficient of

the conduit wall progressively to the experimental

value plus one standard deviation, the experimental

value, and the experimental value minus one standard

deviation is observed to result in monotonic reductions

in the plateau values of the glucose concentrations at

all three locations within the conduit, with the relative

concentrations following the previously observed

trend of highest at location 2, intermediate at location

1, and lowest at location 3. Reducing the diffusion

coefficient to the lower boundary value of 1 9 10–12

m2/s resulted in a dramatic decrease in the instanta-

neous glucose concentrations and the lack of attain-

ment of a plateau concentration in the timescale

investigated at all 3 locations. Running the simulation

Fig. 8 Glucose concentration profiles of a conduit with a

0.70:1.00 nerve to conduit diameter ratio and conduit length of

16 mm with variable conduit permeability at a location 1,

b location 2, and c location 3
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for a longer period of time indicated that at location 1,

a plateau value of 3.8 mol/m3 was eventually reached

(at * 3000 min). It is noted that a concentration of

3.8 mol/m3 is below the threshold of hypoglycemia.

At locations 2 and 3, the application of the lower

boundary value of the diffusion coefficient resulted in

a glucose concentration profile that entered the

hypoglycemic regime in 800 and 700 min, respec-

tively. The data of Fig. 8, coupled with the experi-

mentally measured glucose diffusion coefficient for

cellulose nanofiber films, implies that under the

conditions of the present study radial diffusion through

the conduit wall is the dominant pathway for glucose

to enter the luminal space, and that axial diffusion,

while present, appears to have only marginal signif-

icance, primarily at location 1.

Conclusion

Peripheral nerves have an innate capacity to self-

repair, although the efficacy decreases with increasing

loss of neural tissue. Implantation of a neural conduit

over the nerve stumps is a common means of

promoting peripheral nerve repair. The conduit is

intended to provide a mechanical means of stabilizing

and protecting the regenerating nerve, while creating a

microenvironment conducive to repair via localization

of growth factors and molecules critical for home-

ostasis including oxygen and glucose. Despite the

widespread use of peripheral nerve conduits, compar-

atively little is known regarding how their physical

properties such as length relative to the neural gap,

diameter relative to the nerve, and permeability of the

conduit wall to the species of interest, affect neural

regeneration.

The current work employed COMSOL Multi-

physics� to perform finite element analysis of the

distribution and concentration profiles of glucose, the

primary energy source for neural activity, within a

cellulose nanofiber neural conduit. Parameters inves-

tigated included the nerve to conduit diameter ratio,

the length of the conduit relative to the nerve gap, and

the permeability of the conduit wall to glucose.

Analysis was performed at three specific locations

within the conduit: in the center of the distal nerve, in

the middle of the nerve gap, and at the interface of the

regenerating neural tissue and the baseline tissue of the

proximal peripheral nerve. It was found that as the

nerve to conduit diameter ratio increased, the glucose

concentration at all locations decreased, a finding

consistent with decreased axial diffusion. It was noted

however that the small changes in glucose concentra-

tion suggest that axial diffusion was not the dominant

diffusion mode. Investigation of the effect of variation

in conduit length revealed similar trends. As conduit

length increased, glucose concentrations progres-

sively decreased, although again the effects were

comparatively minor in the nerve gap and proximal

nerve, suggesting that radial diffusion is the dominant

regime at these locations. Lastly, the effect of

variation of the glucose diffusion coefficient of the

cellulose nanofiber conduit wall was investigated.

Progressively decreasing the glucose diffusion coef-

ficient of the CNF conduit wall consistently reduced

the instantaneous glucose concentrations at all loca-

tions. At a diffusion coefficient of 1 9 10–12 m2/s,

more than an order of magnitude below the experi-

mentally determined value, the glucose concentrations

at all locations were reduced below the hypoglycemic

threshold of 4 mol/m3, a finding attributed to inhibited

radial diffusion of glucose. It is concluded therefore,

that under the experimental conditions employed,

radial diffusion of glucose into the luminal space of the

conduit is the dominant diffusion modality at all

locations, with axial diffusion only contributing to a

minor extent in the distal nerve stump due to the

shorter axial distance from the end of the conduit to the

monitoring location.
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