
  

 

Abstract— Contemporary bridging techniques for repairing 

nerve gaps caused by trauma require autologous nerve grafts, 

which are difficult to harvest and handle and result in significant 

donor site deficit. Several nerve conduits with axon 

growth-enhancing potential have been proposed, developed and 

tested over the past fifteen years. In this work, prototypes of a 

nerve conduit designed to bridge large nerve gaps (≥10mm) 

end-to-end were incorporated with concentric drug reservoirs 

for constant and controlled drug delivery to enhance axon 

growth. These devices were designed, fabricated and tested in 

vitro in amber glass vials with bovine serum albumin in order to 

determine the drug release kinetics for future application. Our 

devices have shown the capability to deliver the drug of interest 

over a 6-day period.  

I. INTRODUCTION 

Almost 3% of trauma patients suffer from peripheral nerve 
injuries causing lifelong disturbances [1] in function and 
adverse socioeconomic consequences [2] due to the fact that 
these injuries are difficult to treat and have poor outcomes 
with contemporary treatments [3]. Peripheral nerve injuries 
caused by accidents or battlefield incidents with nerve gaps 
greater than 1-2cm require special bridging techniques [4]. 
Autologous nerve grafts are typically used to bridge the nerve 
gap; however, this requires additional surgery and can result 
in donor site deficits in function or sensation. Despite 
successful tension-free re-approximation of severed nerve 
ends, outcomes are dismal primarily due to poor healing, scar 
formation and the slow rate of nerve regeneration.  

Several options have emerged to improve outcomes in 

peripheral nerve repair.  These include artificial nerve grafts, 

cadaver grafts and nerve conduits.  Nerve conduits made with 

either synthetic or natural materials have been used to guide 

axons and bridge the nerve gaps ranging from 5 to 80mm [5]. 

For example, biodegradable polymer conduits embedded with 

Schwann cells showed a better result for nerve regeneration 

compared to autografts over a 6-week period in vivo [6]. 

Additionally, biodegradable polymer nerve conduits with 

nerve growth factor (NGF) were tested for three months in 

vivo, showing significant NGF release in a 10-mm nerve gap 
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in a rat sciatic nerve model [7]. In brief, vascular endothelial 

growth factor (VEGF) [8], [9], NGF [10] and glial cell 

line-derived neurotrophic factor (GDNF) [11] can all 

stimulate nerve growth and enhance axon propagation.  

II. DESIGN AND FABRICATION OF THE NERVE CONDUIT 

A. Design and materials 

Prototypes of the nerve conduit were designed, fabricated, 
and tested to explore the possibility of drug delivery using 
concentric conduits with a semi-permeable membrane. 
Polydimethylsiloxane (PDMS) was chosen to form the main 
structural layer of the drug reservoir, i.e., the outer concentric 
tube, due to its biocompatibility [12–15] and its ability to form 
nano-scaled structures. Ten to one PDMS to its curing agent 
(Sylgard 184 silicone elastomer base and curing agent, Dow 
Corning, Midland, MI) was used to acquire a relatively 
flexible PDMS structure. Pellets of thermoplastic 
polycarbonate-urethane (PCU), purchased from DSM 
Biomedical, referred to as Bionate II, were heat extruded into 
tubes with outer and inner diameters of 1.5 and 1.3mm, 
respectively. Bionate II tubes show good biocompatibility [16] 
and can be suitable for in vivo drug delivery. Biocompatible 
polyethersulfone membranes (PES0032005, SterliTech, Kent, 
WA) with 0.03µm pore size were attached to a window 
created in Bionate II tube in order to control drug diffusion.  
Figs. 1a and 1b show cross-sectional illustrations of the nerve 
conduit from the front and side views, respectively. These 
conduits would be interposed between the cut ends of a nerve.  
Once the drug diffuses from the reservoir via the filter, it will 
contact the axon growth cone and enhance axon number, 
diameter and density within the conduit and across the gap.  

A 12-mm-long PDMS cylinder reservoir with a thinner 
15-mm-long Bionate II tube was the prototype used to 
demonstrate diffusion across the polyethersulfone filter. The 
drug reservoir volume ranged between 50 to 100µL among the 
various prototypes. Drug release was controlled by selection 
of polyethersulfone membranes with different pore size or the 
window size on the Bionate II tube. The pore size was fixed at 
0.03µm, while the window size slightly varied from one 
device to another due to the flexible nature of Bionate II tubes.  

B. Fabrication 

Ten to one PDMS was prepared using standard methods of 
PDMS soft lithography [17], [18]. The PDMS solution was 
then poured into 1.5mL Eppendorf vials and baked at 65°C for 

two hours to form cylinders. A 5mm biopunch was used to 
create a hollow structure – the drug reservoir – in the PDMS 
cylinders and the same tool with a 1.5mm biopunch was used 
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to form the outer PDMS plugs to seal and secure the Bionate II 
tube in the device, as shown in Fig. 1c.  

The Bionate II tubes prepared with a 1.4mm outer 
diameter and a 1.0mm inner diameter were used as the nerve 
conduit for in vitro drug release experiments. The tube was cut 
into 15mm sections and one holes with approximate 
1-by-2.5-square millimeter dimension was punched at the 
center to serve as windows for the drug to diffuse into the tube. 
A polyethersulfone filter membrane was prepared in squares 
to cover the window and designed for the control of drug 
release. Loctite 4011 adhesive (18680, Loctite, Westlake, OH) 
was applied along the edge of the window to attach the 
polyethersulfone filter membrane without blocking the pores 
on the membrane.  

The Bionate II tube with the filter membrane secured was 
then placed in the lumen of the PDMS cylinder. Small PDMS 
concentric plugs were prepared by punching a 3mm-thick 
PDMS layer with 5mm and 1.5mm biopunches. They were 
then plugged into the Bionate II tube at both ends in order to 
form a drug reservoir in the lumen of the PDMS cylinder. One 
end of the PDMS tube was sealed with this 3mm-thick PDMS 
plug and some uncured PDMS and baked for 1 hour at 65°C. 

The drug was then injected into the reservoir through the other 
end of the PDMS cylinder. In order to minimize bubbles, 
which lead to loss of diffusion area on the filter, the drug 
reservoir was filled completely. Therefore, the volume of drug 
ranged between 50 to 100µL. Next, the other side of the 
PDMS cylinder was sealed with another PDMS plug, while 
RTV 734 silicone sealant (2307774-1008, Dow Corning, 
Midland, MI) was applied instead of uncured PDMS, since it 
required no heating, which could have damage the drug. After 
the device was placed at room temperature for 15 minutes to 
cure the sealant, it was ready to use.  

III. TEST AND RESULTS 

A. Test setup 

The prototype test experiments utilized bovine serum 

albumin (BSA, A8022-500G, Sigma Life Science, St. Louis, 
MO) to demonstrate the diffusion across the device and the 
receiver chamber, which was a 7mL amber glass vial filled 
with 7mL of 1x Phosphate buffered saline (PBS). The initial 
concentration of the BSA solution (serving as a drug simulant) 
was 100mg/mL and was prepared by vortexing 100mg of BSA 
powder into 1mL PBS at room temperature for three minutes. 
Three unknown samples were tested along with three positive 
controls and two negative controls, as shown in Table 1. BSA 
standards (23209 and 23225, Thermo Scientific, Rockford, IL) 
were used to both prepare the positive standards between 
2mg/mL to 10µg/mL and analyze the concentration on three 
microplates.  

For negative control 1 and samples 1, 2 and 3, the 6-day 
diffusion test started with filling the Bionate II tube (nerve 
conduit) with the desired drug, as shown in Table 1, then the 
whole device was immersed into the 7mL of PBS in the 7mL 
glass amber vial. For all the positive controls, on the other 
hand, the desired volume of BSA was filled directly into the 
7mL of PBS inside the vial. For negative control 2, since no 
PDMS device was used, 80µL PBS was directly injected into 
the 7mL PBS in the vial. Multiple positive controls were used 
to not only serve as controls for different samples with 
different volumes of BSA, but also to provide readings in 
extremely small concentration value to better describe the 
situation when the diffusion rate was limited for some devices. 
Positive control 1, with 120µL BSA, could serve as the 
control for all three unknown samples, while positive control 
2, with 80µL BSA, could serve as the control for sample 2 and 
3.  

All vials were placed on a vial holder that sat on an orbital 
shaker which smoothly mixed the medium in the vials. The 
purpose for filling the Bionate II tube with PBS before putting 
the device into the vial was to eliminate air bubbles which 
would impede the drug from diffusing out since the 
polyethersulfone filter membrane was designed to deliver 
drugs from a solution into another and bubbles in contact with 
the filter membrane on the receiver chamber side would lead 
to no diffusion. The same reason also applied to the receiver 
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chamber in which the PBS level was almost full in order to 
minimize bubbles in the receiver chamber, and therefore 
minimize the possibility of bubbles appearing in the Bionate II 
tube.  

Samples were collected after 0.5, 17, 46, 61, 91 and 112.5 
hours in triplicate in three 96-well microplates. Standards, on 
the other hand, were prepared in duplicate in each microplate 
and thus six copies of one standard were acquired. Before 
collecting samples from vials, a 30 second vortex step was 
performed in order to mix the solution well. The same volume 
of PBS was added into the receiver chamber every time after 
the sample collection in order to maintain the same volume of 
the receiver chamber. After collecting the last series of 
samples, 200µL of working reagent was then added in each 
well and we then followed the standard operation procedure 
provided by the assay maker for the BSA standard to perform 
plate reading at 562nm wavelength on a spectrophotometer 
[19].  

A follow up experiment was designed to determine the 
magnitude of the diffusion when incorporating a nerve conduit 
on the device. The similarity in molecular weight between 
56kDa BSA [20] and human 45kDa VEGF [21] suggested that 
they could be used interchangeably for proof of concept, and 
both were much smaller than the 0.03µm pores on the filter 
membrane. Therefore, BSA was chosen due to its bigger size 
and slower diffusion, making it a worst case scenario.  

B. Results 

Readings from the spectrophotometer plate reader were 
analyzed and calibrated using Microsoft Excel. Fig. 2a shows 
the BSA concentration in the receiver chamber over the six 
day period, and Fig. 2b shows the percentage of BSA released 
into the receiver chamber in the six day period. Since the 
volume of BSA in the three samples were within specific 
ranges, the maximum possible BSA volume was used as the 
denominator, that is, 80µL for sample 1, 100µL for sample 2 
and 80µL for sample 3.  

Though the BSA release percentage of positive control 1 
in Fig. 2b increased from 76 to 101% and that of positive 
control 2 increased from 82 to 106%, they were relatively flat 
compared to samples 1 and 2. The BSA release percentage of 
sample 2 increased 23.6% between the 0.5 and 17

th
 hour, 

while the release from sample 3 increased from 27.6%. All the 
samples fall between positive control 1 and negative controls 
1 and 2.  

IV. DISCUSSION 

In the BSA testing, after 61 hours of diffusion, the 
diffusion rates (the slope in Fig. 2b) of both sample 2 and 3 
slowed down because the BSA concentration in the receiver 
chamber was higher and thus the diffusion gradient became 
lower. The diffusion rates for the first 61 hours were 0.68 and 
0.85%/hr for sample 2 and sample 3, respectively. In 
comparison, the diffusion rates for the proceeding 51.5 hours 
were 0.19 and 0.13%/hr for sample 2 and sample 3, 
respectively. 

Negative values of the BSA release percentage were 
generated from the negative concentration based on the 
calibration curve in which the standards were prepared 
between 0 to 2000µg/mL. Since the calibration equation was a 
linear function that fits most of the curve to achieve minimum 
standard deviation, the equation could not interpret the 
concentration in the region of lower concentration precisely 
and therefore lower concentrations than were possible were 
acquired for the same plate reading. If only the reading values 
of small concentration standards were used to generate the 
concentration calibration equation, the reading values of both 

TABLE I.  SAMPLES CORRESPONDING TO DRUG AND 

RECEIVER CHAMBER 

 
 
Sample name Drug in the 

reservoir 

Medium in 

the receiver 

chamber 

Maximum 

possible 

concentration 

in the 

receiver 

chamber 

Positive control 

1 

120µL BSA 7mL PBS 1714.3µg/mL 

Positive control 

2 

80µL BSA 7mL PBS 1142.9µg/mL 

Positive control 

3 

2µL BSA 7mL PBS 28.6µg/mL 

Negative control 

1 

80µL PBS 7mL PBS 0 

Negative control 

2 

n/a (no reservoir) 7mL PBS 0 

Sample 1 50-80µL BSA 7mL PBS 1142.9µg/mL 

Sample 2 80-100µL BSA 7mL PBS 1428.6µg/mL 

Sample 3 75-80µL BSA 7mL PBS 1142.9µg/mL 

 

Fig. 2 Six-day BSA release into the receiver chamber. Three positive 

controls and two negative controls were given along with three unknown 

samples. (a) BSA concentration (µg/mL) measured in receiver 

chambers. (b) BSA release percentage compared to total amount of BSA 

supplied 
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(b) 
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negative controls 1 and 2 were below the reading for 0 
concentration standard, while that of samples 1, 2 and 3 were 
above the reading for 0 concentration standard.  

Last but not least, the BSA concentration increment of 
sample 1’s receiver chamber was about 27µg/mL during the 
112.5 hours of diffusion based on the readings from lower 
concentration standards. Its diffusion rate was relatively low 
compared with samples 2 and 3 probably because the filter 
was blocked. Either the Loctite 4011 adhesive from the 
fabrication process, or air bubbles in the drug reservoir 
blocked the filter; therefore, the drug could not diffuse out and 
release into the nerve conduit, diffusing into the receiver 
chamber. Though the filter was blocked in sample 1, it 
suggests that no or minor leakage was shown on this device 
since the drug would not leak into the receiver chamber.  

V. CONCLUSION AND FUTURE WORK 

This work suggests that the prototypes for demonstrating 
the possibility of drug delivery across the filter membrane and 
release into the nerve conduit using BSA were successful and 
could be used for drug delivery at a reasonable release rate. 
VEGF and NGF will be used to explore the capability of the 
device followed by in vivo drug delivery test on rats.  

ACKNOWLEDGEMENT 

The authors would like to thank Balamurali Ambati for 
generously providing consultants, equipments and facilities to 
accomplish this project. The authors would like to specially 
thank Srinivas Rao Chennamaneni, Michael Burr and Bonnie 
Archer for assisting this project on data analysis, diffusion test 
setup, equipment and chemical training. The authors are 
grateful to Nathan Gooch for providing Bionate II tubes for 
the device, Jill Shea and Patricia Larrabee for equipment 
assistance, and Subrata Das for assistance on the plate reader. 
The authors acknowledge their colleagues at both the State of 
Utah Center for Excellence in Biomedical Microfluidics and 
the Ocular Drug Delivery Lab.  

REFERENCES 

[1] J. Noble, C. A. Munro, V. S. S. V. Prasad, and R. Midha, “Analysis of 

upper and lower extremity peripheral nerve injuries in a population of 

Patients with multiple injuries,” The Journal of trauma, vol. 45, no. 1, 

pp. 116-122. 

[2] R. S. Taylor, “Epidemiology of refractory neuropathic pain.,” Pain 

practice : the official journal of World Institute of Pain, vol. 6, no. 1, 

pp. 22-6, Mar. 2006. 

[3] B. Nicholson and S. Verma, “Comorbidities in chronic neuropathic 

pain.,” Pain medicine (Malden, Mass.), vol. 5 Suppl 1, p. S9-S27, Mar. 

2004. 

[4] R. Deumens et al., “Repairing injured peripheral nerves: Bridging the 

gap.,” Progress in neurobiology, vol. 92, no. 3, pp. 245-76, Nov. 2010. 

[5] X. Jiang, S. H. Lim, H.-Q. Mao, and S. Y. Chew, “Current applications 

and future perspectives of artificial nerve conduits,” Experimental 

neurology, vol. 223, no. 1, pp. 86-101, May 2010. 

[6] T. Hadlock, C. Sundback, D. Hunter, M. Cheney, and J. P. Vacanti, “A 

polymer foam conduit seeded with Schwann cells promotes guided 

peripheral nerve regeneration,” Tissue engineering, vol. 6, no. 2, pp. 

119-27, Apr. 2000. 

[7] X. Xu et al., “Peripheral nerve regeneration with sustained release of 

poly(phosphoester) microencapsulated nerve growth factor within 

nerve guide conduits,” Biomaterials, vol. 24, no. 13, pp. 2405-2412, 

Jun. 2003. 

[8] H. Yan, F. Zhang, M. B. Chen, and W. C. Lineaweaver, “Chapter 10: 

Conduit luminal additives for peripheral nerve repair,” International 

review of neurobiology, vol. 87, pp. 199-225, Jan. 2009. 

[9] R. Meirer, R. Gurunluoglu, and M. Siemionow, “Neurogenic 

perspective on vascular endothelial growth factor: review of the 

literature,” Journal of reconstructive microsurgery, vol. 17, no. 8, pp. 

625-30, Nov. 2001. 

[10] M. D. Wood, D. Hunter, S. E. Mackinnon, and S. E. Sakiyama-Elbert, 

“Heparin-binding-affinity-based delivery systems releasing nerve 

growth factor enhance sciatic nerve regeneration,” Journal of 

biomaterials science. Polymer edition, vol. 21, no. 6, pp. 771-87, Jan. 

2010. 

[11] A. M. Moore et al., “Controlled delivery of glial cell line-derived 

neurotrophic factor enhances motor nerve regeneration,” The Journal 

of hand surgery, vol. 35, no. 12, pp. 2008-17, Dec. 2010. 

[12] A. L. Thangawng, R. S. Ruoff, M. a Swartz, and M. R. Glucksberg, “An 

ultra-thin PDMS membrane as a bio/micro-nano interface: fabrication 

and characterization,” Biomedical microdevices, vol. 9, no. 4, pp. 

587-95, Aug. 2007. 

[13] S. L. Peterson, A. McDonald, P. L. Gourley, and D. Y. Sasaki, 

“Poly(dimethylsiloxane) thin films as biocompatible coatings for 

microfluidic devices: cell culture and flow studies with glial cells,” 

Journal of biomedical materials research. Part A, vol. 72, no. 1, pp. 

10-8, Jan. 2005. 

[14] E. Ostuni, R. Kane, C. S. Chen, D. E. Ingber, and G. M. Whitesides, 

“Patterning Mammalian Cells Using Elastomeric Membranes,” 

Langmuir, vol. 16, no. 20, pp. 7811-7819, Oct. 2000. 

[15] J. L. Tan, J. Tien, D. M. Pirone, D. S. Gray, K. Bhadriraju, and C. S. 

Chen, “Cells lying on a bed of microneedles: an approach to isolate 

mechanical force,” Proceedings of the National Academy of Sciences 

of the United States of America, vol. 100, no. 4, pp. 1484-9, Mar. 2003. 

[16] DSM Biomedical, “Bionate ® II,” Berkeley. 

[17] Y. Xia and G. M. Whitesides, “Soft lithography,” Annual Review of 

Material Science, vol. 28, no. 12, pp. 153-84, 1998. 

[18] J. C. Mcdonald et al., “Fabrication of microfluidic systems in 

poly(dimethylsiloxane),” Electrophoresis, vol. 21, pp. 27-40, 2000. 

[19] Thermo Scientific, “Pierce ® BCA Protein Assay Kit for 23225 and 

23227,” Rockford. 

[20] L. L. DM Robertson, LM Foulds, “Isolation of inhibin from bovine 

follicular fluid,” Biochemical and Biophysical Research 

Communications, vol. 126, no. 1, pp. 220-226, 1985. 

[21] S. K. Kassim et al., “Vascular endothelial growth factor and 

interleukin-8 are associated with poor prognosis in epithelial ovarian 

cancer patients,” Clinical biochemistry, vol. 37, no. 5, pp. 363-9, May 

2004.  

 

750


	MAIN MENU
	Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

