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Abstract

Nerve guidance channels (NGCs) promote axonal regeneration after transection injury of the peripheral nerve or spinal cord, yet this

regeneration is limited. To enhance regeneration further, we hypothesize that localized delivery of therapeutic molecules combined with the NGC

is required. In an attempt to achieve such an NGC, we designed and synthesized a novel NGC in which protein-encapsulated microspheres were

stably incorporated into the tube wall. Specifically, poly(lactide-co-glycolide) (PLGA 50/50) microspheres were physically entrapped in the

annulus between two concentric tubes, consisting of a chitosan inner tube and a chitin outer tube. Taking advantage of the extensive shrinking that

the outer chitin tube undergoes with drying, >15 mg of microspheres were loaded within the tube walls. Using BSA-encapsulated microspheres as

the model drug delivery system, BSA was released from microsphere loaded tubes (MLTs) for 84 days, and from freely suspended PLGA

microspheres for 70 days. An initial burst release was observed for both MLTs and free microspheres, followed by a degradation-controlled release

profile that resulted in a higher release rate from MLTs initially, which was then attenuated likely due to the buffering effect of chitin and chitosan

tubes. Epidermal growth factor (EGF), co-encapsulated with BSA in PLGA 50/50 microspheres in MLTs, was released for 56 days with a similar

profile to that of BSA. Released EGF was found to be bioactive for at least 14 days as assessed by a neurosphere forming bioassay.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Tubular structures have been used as nerve guidance

channels (NGCs) to bridge the gap created by transection

nerve injury [1,2]. NGCs have been implanted alone or in

combination with cells which have been shown to enhance

axonal regeneration [3]. Recent results from our laboratory

have shown that synthetic hydrogel NGCs can promote

regeneration of axons across the gap resulting from a transected

spinal cord model [4]; however entubulation alone has failed to

provide sufficient benefits to consistently promote functional

recovery after spinal cord injury (SCI).
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Recent developments have helped to identify a number of

biomolecules capable of promoting nerve regeneration both in

vitro and in vivo, and these approaches have been thoroughly

reviewed [5,6]. Various neurotrophic factors such as NGF,

BDNF and NT-3 have been shown to improve regeneration

after SCI [7,8]. Neurotrophic factors have been postulated to

both enhance neuronal survival and rescue axotomized neurons

after nerve injury. Our group has shown that neurotrophic

factors can also play a role in axon guidance [9].

Current methods for delivering therapeutic agents such as

these are inadequate for local delivery. For example, oral, and

intravenous administration of drugs have limitations of dose

control [10], premature drug degradation, and non-specific

action [11] that could lead to undesirable side-effects and/or

systemic toxicity. One approach to achieve delivery to the site

of injury has been to combine biomolecules with NGCs. In

initial attempts, the inner lumen of the NGC was filled with

either a soluble form of the therapeutic agent [12–14] or a cell
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adhesive matrix embedded with the therapeutic molecule, both

of which showed greater regeneration than empty channels

[15–18]. These systems provided a means to locally deliver the

therapeutic molecule; however, they lacked sustained and

controlled release rates that can be provided by a drug delivery

system (DDS) [19]. Incorporating a DDS into the NGC

achieves controlled temporal and spatial release. In one study,

the DDS comprised a polymeric rod that was filled with a drug

and embedded into one side of the wall of the NGC, thereby

providing controlled release localized to the injury site [20];

however the device design did not enable even distribution of

the therapeutic agent within the NGC.

In this study we report a novel approach to creating a

DDS filled NGC where protein-encapsulated microspheres

are entrapped in the annulus between two concentric tubes.

The innovation depends on the selective, drying-induced

shrinkage of the outer tube after microsphere-loading, thereby

securing the microspheres within the wall of the NGC. This

results in the stable entrapment of large numbers of microspheres

evenly distributed in the NGC wall and enabling localized,

controlled release in a spatial and temporal fashion. The concept

was demonstrated with a chitin outer tube, chosen because of its

ability to undergo extensive shrinking upon drying, a cell adhe-

sive chitosan inner tube [21] and a clinically accepted PLGA 50/

50 microsphere system [22]. The release and bioactivity of two

model proteins, bovine serum albumin (BSA) and recombinant

human epidermal growth factor (rhEGF) were studied in order

to determine the ability of these DDS loaded NGCs to

release bioactive protein in a sustained manner.

2. Materials and methods

All reagents used were purchased from Sigma Aldrich

(Oakville, ON, CA), unless otherwise stated. Glass moulds

with inner diameter of 5 mm and 1.5–1.8�100 mm capillary

tubes were obtained from Kimble Kontes (Vineland, NJ, USA).

Stainless steel metal moulds with outer diameter of 2, 1.6 and

1.4 mm were obtained from McMaster-Carr (Dayton, NJ,

USA). Biomedical grade PLGA 50/50 (inherent viscosity of

1.13dL/g in HFIP) was purchased from Absorbable Polymers

International (Pelham, AL, USA). Poly(vinyl alcohol) (PVA)

with a molecular weight of 6000 D hydrolyzed to 80% was

purchased from PolySciences Inc (Warrington, PA, USA).

Recombinant human epidermal growth factor (rhEGF) and

rhEGF ELISA development kits were purchased from Pepro-

Tech Inc. (Rocky Hill, NJ, USA) and Sigma Aldrich (Oakville,

ON, CA). The MicroBCA Protein Assay Kit was purchased

from Pierce (Rockford, IL, USA). Deionized water was

obtained from Milli-RO 10 Plus and Milli-Q UF Plus (Bedford,

MA, USA) water purification units at 18 MV resistance.

2.1. Preparation of microspheres

PLGA 50/50 microspheres were prepared by a standard

double emulsion / solvent evaporation technique [23,24].

Briefly, 1 g of PLGA 50/50 was dissolved in 5mL of

dichloromethane to which 0.5 mL of an aqueous protein solution
containing 60 mg BSA alone or in combination with 0.1 mg

rhEGF. The mixture was homogenized for 1.5 min using a

Brinkman Polytron homogenizer at 6000 rpm. The homoge-

nized mixture was then added to 25 mL of a previously

homogenized 1wt.% PVA aqueous solution and homogenized

for another 1 min. Finally the entire volume was added to 1000

mL of a 0.1 wt.% solution of PVA and stirred for 3 h (Caframo

Stirrer Type RZR, speed setting 3.0). After complete solvent

evaporation, the microspheres were washed by centrifugation in

distilled water three times. After the final centrifugation, the wet

microspheres were freeze dried and stored dry under aseptic

conditions prior to use.

2.2. Characterization of microspheres

Microspheres were characterized for protein encapsulation

efficiency, morphology and size distribution (n =3 batches).

Encapsulation efficiency was calculated by extracting the

encapsulated protein from a known mass of microspheres in a

2 mL maximum recovery eppendorf tube. One mL of water and

1 mL of dichloromethane (DCM) was added into the eppendorf

tube sequentially to minimize protein-DCM contact and protein

denaturation. The mixture was vortexed and centrifuged at

15,000 rpm for 5 min, and the aqueous phase removed and

pooled after repeated protein extraction of the organic phase.

The pooled volume was analyzed by the BCA protein assay for

BSA and rhEGF ELISA for rhEGF. Encapsulation efficiency

(EE) was determined according to Eq. (1):

EE ¼
½C protein

�
� DF� V pooled

mspheres � mtheoretical

� 100%: ð1Þ

Where mtheoretical is 60 mg / 1g PLGA or 0.1 mg / 1g PLGA for

BSA or rhEGF, respectively; mspheres is the mass of PLGA

microspheres used for extraction; Cprotein is the concentration

of protein measured in mg/ml; DF is the post-extraction

dilution factor and Vpooled is the total pooled eluant volume.

Microsphere morphology was analyzed by the Hitachi S-

570 and S-2500 scanning electron microscope (SEM) at 20 kV

acceleration voltage. Samples were prepared on double-sided

tape and were coated with gold for 45 s.

Microspheres were analyzed for average size and size

distribution using a Malvern Mastersizer 2000 laser diffraction

particle sizer. Up to 60 mg of microspheres were dispersed in

100 mL of double distilled water and introduced into the

particle sizer. Average sizes of each batch are reported averages

of three 15 s readings using a refractive index of 1.33 for water

and 1.59 (a polymer estimate) for PLGA microspheres. Size

averages were compared for homogeneity.

2.3. Preparation of tubes

Chitin tubes of varying degrees of acetylation were prepared

utilizing reversible acetylation chemistry previously described

[21].

Chitosan tubes were synthesized by acetylation of chitin

tubes. 3.2 mL of 70% ethanol was added to 3.12 g of chitosan

(2 /3 working solution), and the mixture was briefly vortexed.
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After allowing the mixture to cool at 4 -C for 20 min, 110 AL
of acetic anhydride was added, the mixture was vortexed for 8 s

and sonicated for 30 s. The solution was then rapidly

withdrawn into a 10 mL syringe and injected through the

septum into the glass mould: a 32 cm long glass tube (IDS=5

mm) was covered with an 8 mm OD rubber septum on one end

and a 7 mm OD rubber septum on the other end. A 2 mm metal

mould was inserted through the 8 mm OD rubber septum into

the glass mould until contact with the 7 mm OD septum was

made. The solution was allowed to gel overnight at room

temperature after which the tube was removed, washed and left

overnight in distilled water.

The washed chitin tubes were removed from the 2 mm metal

mould and cut to <10 cm in length. The tubes were then

affixed to 10 cm capillary tubes and placed in a solution of 40

wt.% NaOH at 110 -C for 6 h, the solution was changed two

times at 2 h intervals. After the final hydrolysis step the

chitosan tubes were removed from the capillary tubes and

washed with water until completely neutralized. The washed

tubes were placed on a 1.4 mm OD metal rod and air-dried for

1.5–2 h after which they were rewetted, removed from the

metal moulds and stored in water at room temperature.

2.4. Preparation and characterization of microsphere loaded

tubes (MLTs)

Wet chitin tubes (L=7 mm) and air dried chitosan tubes

(L=5 mm) (on 1.4 mm metal moulds) were prepared as

previously described. Dried chitosan tubes were weighed with

the metal cores inside and mass was recorded as mdry. Wet

chitin tubes were blotted dry to remove the surface water and

mass was recorded as mwet. Soon after weighing, the chitin

tubes were filled with microspheres of PLGA 50/50 using a

cone-tip spatula and a chitosan tube on a metal core was

inserted into the center. The microsphere loaded tubes (MLT)

were washed with water to remove surface microspheres and

mass measurements recorded as mtot. After weighing, the

MLT’s were allowed to air dry for 24 h. Following drying they

were removed from the metal core and stored in desicators at

�20 -C for 3–4 days prior to initiating release studies.

The mass of microspheres incorporated was calculated as:

mmicrosphere ¼ mtot � mwet � mdry:

In the case of the rhEGF release study,MLTswere prepared as

above, yet only those tubes containing 15T0.5 Ag microspheres

were used for ELISA analysis. Coated tubes were prepared by

submerging the MLTs into stock solutions of 1, 10 and 15 wt.%

PDLLA-CL in acetone for 3 s while on the metal core.

MLTs were analyzed using a Hitachi S-2500 and S-450

SEMs at an acceleration voltage of 20 kV, and using optical

microscopy with a Leica MZ6 optical microscope to visually

verify the physical entrapment of microspheres.

Average layer thickness and concentricity was measured by

analyzing 5 MLTs at 4 random points on the circumference.

Concentricity (CC) was determined as follows:

CC ¼
�
1� r w

xUw

�
� 100%
where rw is the standard deviation in layer thickness and xw is

the average layer thickness. Tube coatings were analyzed by

comparing uncoated chitosan tubes with 1 wt.%, 10 wt.% and

15 wt.% coated tubes in longitudinal sections. Optical

microscopy used to observe microspheres under the transparent

outer chitin layer of longitudinal sections and cross-sections of

wet-cut MLTs.

2.5. BSA release from microspheres and MLTs

PLGA 50/50 microspheres, with 61.7% encapsulation

efficiency and 3.24% protein loading, were used to study

BSA release from microspheres and MLTs. For release from

microspheres, 15 mg of microspheres were weighed into 6

maximum recovery Eppendorf tubes and suspended in 1.75 mL

PBS with 0.01 wt.% sodium azide. The eppendorf tubes were

sealed and placed on its side on a shaker plate in a 37 -C
incubator for the duration of the study. At regular intervals of 1,

3, 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70 d, the Eppendorf

tubes were removed, vortexed for 10 s and centrifuged at 15,000

rpm for 5 min 3�150 AL of the supernatant was removed as

samples for the micro BCA protein assay, the remaining 550 AL
was removed and discarded. 1 mL of new PBS with 0.01 wt.%

sodium azide was introduced into each Eppendorf tube, which

was vortexed and returned to the incubator.

For release from MLTs, five MLTs were placed into a 2 mL

maximum recovery eppendorf tube with 1 mL PBS and 0.01

wt.% sodium azide. The Eppendorf tubes were placed on a

shaker-plate inside an incubator. At regular intervals of 1, 3, 7,

14, 21, 28, 35, 42, 49, 56, 63, 70, 77 and 84 days, 450 AL of

PBS was removed, replaced by 450 AL of new PBS with 0.01

wt.% sodium azide and vortexed. The removed eluant was

analyzed using the micro BCA protein assay. Assay protocol

and microplate procedure were followed, readings were taken

using the VERSAmax, Molecular Devices (Sunnyvale, CA,

USA) ELISA plate reader at 562 nm.

2.6. Release of rhEGF from MLTs

Dried 5 mm chitosan tubes on metal cores were autoclaved

for 2 h at 121 -C. Wet chitin tubes, propeller apparatus and

glassware were disinfected by washing thoroughly in 70%

ethanol and dried in an oven for 4 h.

Controlled loading MLTs with rhEGF were prepared as

previously described and placed in maximum recovery

Eppendorf tubes with 1 mL of sterile PBS supplemented with

5 wt.% penicillin/streptomycin (pen/strep) and placed in a 37

-C incubator for the duration of the study. At regular intervals

of 1, 7, 14, 28 and 56 days the Eppendorf tubes were removed

and vortexed, 1000 AL of eluant was removed and replaced by

1000 AL of new sterile PBS. The removed eluant was stored in

two separate volumes of 250 and 750 AL for ELISA and

bioactivity assays, respectively, at �80 -C until analysed.

(n =3 for this study).

The concentration of rhEGF in the release buffer was

determined using the PeproTech rhEGF ELISA kit according to

the protocol provided. Specifically, block buffer and dilutant



Fig. 1. Light micrographs of MLTs: (A) longitudinal view shows microspheres

visualized through the transparent chitin tube and (B) shows a higher

magnification of (A); (C) cross-sectional view shows the three layered structure

of the tube – the outermost chitin tube, middle microsphere (white) and the

innermost chitosan tube – and (D) is a higher magnification of (C). (scalebar is

100 Am).
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solutions were spiked with 0.01 wt.% sodium azide and Costar

High Binding ELISA plates were used. Readings were taken

using the VERSAmax, Molecular Devices (Sunnyvale, CA,

USA) ELISA plate reader at 562 nm.

Isolation of neural stem cells was achieved by dissection of

forebrain germinal zones in adult mice (CD1 strain) (Charles

River) as previously described [25]. The cells were maintained

in serum-free media (SFM) and 1% pen/strep containing

epidermal growth factor (EGF, 20 ng/mL), basic fibroblast

growth factor (FGF, 20 ng/mL) and heparin (7.32 ng/mL) for

no longer than 4 weeks (P4) in culture. Under these baseline

conditions, clonally derived colonies of cells (or neurospheres)

develop in culture and were used as a measure of bioactivity of

elutants from days 1, 7, 14 and 21. Briefly, 5000 single

(dissociated) neurosphere-derived cells were plated in a

suspension of SFM+5% pen/strep for 9 days at 37 -C with

50 AL elutant from days 1, 7, 14 and 21. We examined the

numbers of neurospheres that formed relative to positive

control cultures using Peprotech rhEGF prepared with an

equivalent concentration to the eluants as determined by

ELISA at the respective time points (e.g., 56 ng/ml at day 1,

8.6 ng/ml at day 7, 7.1 ng/ml at day 14, 6.2 ng/ml at day 21).

These concentrations were added to the cell culture media,

resulting in the following rhEGF eluant concentrations being

tested for bioactivity (and fresh rhEGF added to positive

controls): 3.73, 0.57, 0.47 and 0.41 ng/ml of rhEGF at days 1,

7, 14 and 21, respectively. Neurosphere derived cells plated in

the absence of rhEGF served as negative controls.

2.7. Statistical analysis

Statistical analysis was performed using SigmaStat statis-

tical software. Student’s t-test was used to analyze statistical

significance of means from two groups. Single and multi-

factor repeated measurement ANOVA tests were used to

compare means of three or more factors at various levels.

Tukey’s post hoc test was used to determine specifically the

different groups following ANOVA analysis. All results were

considered statistically significant when p <0.05, unless

otherwise specified.

3. Results

The goal of this study was to develop a biodegradable

tubular construct for sustained release of bioactive molecules.

To achieve this goal, BSA and rhEGF encapsulated PLGA50/

50 microspheres were entrapped between two concentric tubes

consisting of an outer chitin tube and an inner chitosan tube.

This three-layered tubular structure took advantage of the

drying-induced shrinkage of chitin, such that the microspheres

were physically entrapped between the inner chitosan tube and

the outer chitin tube.

3.1. Morphology and structure of MLTs

To determine the structure and distribution of microspheres

in the MLT, tubes were analyzed longitudinally and in cross-
section. As shown qualitatively in the longitudinal light

micrograph of the MLT (Fig. 1A and B), microspheres (white)

were easily visualized through the transparent chitin and

chitosan tubes to be distributed along the entire length of the

tube, with no obvious voids. Two concentric wall structures of

chitin (outside) and chitosan (inside) can be seen in Fig. 1C and

D, with a densely packed layer of PLGA 50/50 microspheres

in-between, resulting in a 3-layered wall structure. The inner

chitosan tube diameter was kept constant at 1.4 mm and the

average chitosan wall thickness was 52.0T6.3 Am, with a

corresponding concentricity of 88.3T4.0%. The outer chitin

tube wall had an average thickness of 53.6T8.3 Am and a

concentricity of 91.1T4.3%. The wall thickness and concen-

tricity of chitin and chitosan tubes were not statistically

different ( p >0.2). The thickness and concentricity of the

microsphere layer were 91.5T14.6 Am and 90.1T6.4%,

respectively. The wall thickness and concentricity of the entire

MLT were 197.1T21.2 Am and 89.8T5.3%, respectively. The

chitin-microsphere-chitosan construct was held together by the

compression forces applied resulting in the drying-induced

shrinkage of the outer chitin tube. This construct maintained its

three-layer structure in both dry and wet states because the

shrinkage of chitin tubes was irreversible.

3.2. Release of BSA from PLGA 50/50 microspheres

PLGA 50/50 microspheres prepared by the double

emulsion/solvent evaporation technique were used as the

model DDS in this study. The average encapsulation

efficiency was 61.70T2.1% as determined by DCM/water

extraction and the protein loading was 3.24%. The average

particle size was 74.12 Am in diameter with 90% of the

particles being between 23 and 180 Am, as determined by



Fig. 2. PLGA 50/50 microspheres used as a model microsphere system for

incorporation into the MLT: (A) shows dimpled morphology of one

microsphere and (B) provides some insight into the dispersity of the

microsphere sizes used.
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laser diffraction particle size analyzer. Fig. 2 shows the

representative morphology of a single microsphere and a

population of microspheres loaded with BSA. The PLGA 50/

50 microspheres were found to have a microporous morphol-

ogy and to be spherical.

Fig. 3 shows the cumulative BSA release from freely

suspended PLGA 50/50 microspheres and MLTs. From freely

suspended microspheres BSA was released continuously for

over 6 weeks, with no lag time from the PLGA 50/50

microspheres in PBS at 37 -C. The release profile was bi-

phasic as expected with a predominantly degradation con-

trolled mechanism. At day 1 a burst of 81.4 Ag or 14.7% of the

total BSA was released followed by a levelling off to day 14,

during which 48.2 Ag or 8.7% more BSA was released. A

second burst was observed from days 14 to 42, where the

majority of the BSA (291.8 Ag or 52.5%) was released in a

nearly linear fashion. A plateau in release was observed

between days 42 to 70 where only 7.7 Ag or 1.4% of BSA

was released. After 70 days, 4.3 Ag of protein was extracted

from the remaining solids, leaving approximately 20% of BSA

unaccounted for. Some BSA may have been lost due to
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Fig. 3. The cumulative % release profile of BSA from: (D) PLGA 50/50 freely susp

from MLTs differed from that from microspheres which had the typical degradation-c

points with (*) indicate significant differences by a student’s T-test ( p <0.05) (n =4
adsorption to glassware or may reflect inaccuracies in the

analytical detection assay.

The BSA release rates from MLTs were monotonic in

nature. After the initial burst at day 1 where 19.6T3.5% of

BSA was released, there was a progressively slower BSA

release rate, as reflected by the decreasing slope. Interestingly,

the BSA release profile from MLTs differed from that of freely

suspended microspheres. The MLTs released a significantly

larger amount of BSA than did microspheres alone throughout

the first 28 days of the study; however, by day 42 of the study,

the freely suspended PLGA 50/50 microspheres released

75.8T1.1% which was 8.3% more than the MLTs which had

released 67.5T5.3% BSA. Significantly larger cumulative

release values were observed for the day 42 and 49 groups

of the freely suspended microspheres than for the MLTs. The

total amount of BSA released from MLTs (82.5T2.1%,) was

greater than the total amount released by microspheres

(77.2T0.51%), notwithstanding that BSA was released for a

longer period of time from MLTs (84 d) than from micro-

spheres (70 d).

3.3. Release and bioactivity of rhEGF from MLTs

In order to assess the ability of the constructs to deliver

controlled doses of bioactive protein, PLGA 50/50 micro-

spheres encapsulated with rhEGF and BSA (1 :600 w/w) were

embedded into the MLTs and release profiles measured. Fig. 4

shows the cumulative percent and mass release of rhEGF from

MLTs. A total of 8.8T0.2% of rhEGF initially embedded into

the MLTwas released over the 56 day study, with just over half

of that released on day 1 (4.6T0.2%) and 5.8T0.4% or

71.4T4.5 ng rhEGF released by day 14.

The bioactivity of rhEGF released from MLTs was assessed

using an in vitro neurosphere-forming assay. As was deter-

mined by rhEGF ELISA, the concentrations of rhEGF eluted

were 56 ng/ml at day 1, 8.6 ng/ml at day 7, 7.1 ng/ml at day 14

and 6.2 ng/ml at day 21. Due to dilutions in cell culture media,
49 56 63 70 77 84 91

(days)

*

*

ended microspheres compared to (&) MLTs over 84 days. The release profile

ontrolled release profile. The release profile from MLTs was monotonic. Sample

–5).
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the following concentrations were tested: 3.73, 0.57, 0.47 and

0.41 ng/ml of rhEGF at days 1, 7, 14 and 21, respectively.

Positive controls had an equivalent concentration of rhEGF

added at the respective time-points and negative controls had

0 ng/ml rhEGF. As shown in Fig. 5, the positive controls

for days 1, 7 and 14 had 17T10, 22T13 and 38T10 neuro-

10 neurospheres formed, respectively, and the release buffers

for days 1, 7 and 14 had 28T16, 47T36, 43T12 neurospheres

formed, respectively, none of which were significantly dif-

ferent ( p >0.05), demonstrating release of bioactive rhEGF for

14 days. (As is evident by the large standard deviations, this is

not an exact assay and although the eluant EGF promotes

greater numbers of neurospheres, these differences are not

statistically different.) By day 21 however, the positive control

had 31T14 neurospheres formed which was significantly

different from the day 21 eluant samples which consistently
0
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Fig. 5. The bioactivity of (n) released rhEGF was compared to ( ) positive (fre

neurospheres formed after 7 days in culture of neural progenitor cells from the sub-v

(i.e., in negative controls). There was no statistical difference in the number of neuro

14; however, at day 21, no neurospheres were observed in eluant samples indicatin

( p <0.05), tie-bars indicate statistical difference (n =3).
showed no neurosphere formation even though both rhEGF

concentrations were equivalent as analyzed by the rhEGF-

ELISA. Neurospheres consistently failed to form in the

negative control medium (without rhEGF). Together these data

demonstrate that bioactive rhEGF was released for at least

14 days and less than 21 days.

4. Discussion

Chitosan and chitin were specifically chosen for the NGCs

described in this report. The inner chitosan tube provides a cell-

adhesive surface which is advantageous for stem cell interaction

and guided regeneration through the tube and the outer chitin

tube provides a non-cell-adhesive surface, which is important

for reduced cell and tissue interaction with the outer tube [21].

Chitin also shrinks upon drying allowing a large number of
0

Day 14 Day 21

0

sh rhEGF) and (g) negative (no rhEGF) controls by counting the number of

entricular zone of mice. No neurospheres formed when rhEGF was not present

spheres formed between positive controls and eluant rhEGF from days 1, 7 and

g that the released rhEGF was not bioactive. One-Way ANOVA, Tukey T-test
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microspheres to be entrapped in the annulus between the two

concentric tubes. Interestingly, chitin does not swell signifi-

cantly after re-wetting because the original chitin honeycomb

wall structure collapses upon drying [21], thereby stably

entrapping microspheres in both wet and dry states. The

microspheres are distributed evenly in the NGC wall, both in

cross-section and longitudinally, as evidenced by the concen-

tricity and wall thickness data. This new method for protein

delivery is advantageous over other methods, such as the DDS

rod incorporated into the tube lumen [20], which results in an

inhomogeneous release profile due to limitations inherent in the

design. According to the MLT release data, 524 Ag of BSAwas

incorporated into a 1 cm long MLT prepared by the shrinking

entrapment method using the double emulsion/solvent evapo-

ration PLGA 50/50 microsphere encapsulation technique. This

amount is limited by protein loading into microspheres, which

was 3.24%, w/w. Simply doubling the percent protein encap-

sulated would double the protein loading [23]. Alternatively,

using a newly developed spray/dry microsphere system, which

boasts protein loadings of¨90% [26], the shrinkage entrapment

method for MLTs could theoretically deliver 15 mg of protein/

cm of NGC in a temporal–spatial manner. Similarly, changing

the microsphere properties will impact release profile. For

example, polymer molecular weight, composition and micro-

sphere size and morphology will impact degradation rate and

release profile [24].

The release profile of BSA from PLGA 50/50 microspheres

differed from that of MLTs. The release profile from PLGA 50/

50 reflects the bulk hydrolytic degradation profile that has been

reported [22] where the initial burst is due to the diffusion of

proteins at the microsphere surface and the second large release

is due to polymer degradation [24,27]. The release profile from

the MLTs differed from that of microspheres alone. The initial

burst release from MLTs was greater than that from micro-

spheres alone. Since MLTs were stored for 3–4 days before

testing, the initial burst is likely greater than that from

microspheres alone due to the diffusion of surface proteins

on the microspheres. Up to day 14, the release profile from

MLTs was greater than that from microspheres alone likely due

to the high packing density of microspheres within the tube

wall, causing some autocatalytic degradation process. Howev-

er, from days 14 to 42, the release rate from microspheres

increased relative to that from MLTs suggesting that either the

presence of less water in the densely packed microsphere layer

within the tube wall or the buffering effect of basic chitosan

amine groups on acidic PLGA degradation [28] reduced the

autocatalytic effect. This buffering effect of chitin/chitosan

tubes may explain the greater time associated with the release

profile from MLTs than microspheres alone. Interestingly, a

greater percentage of BSA was detected from MLTs

(82.5T2.1%) than from microspheres alone (77.2T0.5%) likely

because the chitosan/chitin tubes decreased the rate of PLGA

degradation or acidic build-up, thereby providing a less

denaturing environment and ultimately allowing more BSA

to be released and detected.

The release profile of rhEGF closely resembled that of BSA

but significantly less rhEGF was released. The release profile
of both rhEGF and BSA are similar likely because the

mechanism of release is dependent upon the encapsulation

methodology and not the protein encapsulated. The low 8.8%

of rhEGF released by day 56 relative to the higher 72.1% of

BSA released may be explained by the differences in assay

specificities. The BCA analytical technique, used to measure

BSA, is non-specific and unaffected by bioactivity whereas the

ELISA, used to measure rhEGF, is highly specific and requires

active binding of rhEGF epitopes [29]. Unlike the BCA

colorimetric assay, the rhEGF ELISA is sensitive to protein

denaturation and specific to rhEGF. Given the relatively low

amounts of EGF encapsulated (compared to BSA), any loss

would have had a significant impact on the overall amount of

rhEGF detected (and only a marginal effect on BSA). Thus the

difference in amount of BSA vs rhEGF detected is likely due to

lost bioactivity of rhEGF over time.

The bioactivity of released rhEGF was tested with SVZ-

derived adult stem cells which require rhEGF to form neuro-

spheres [30]. The released rhEGF was found to be bioactive for

14 days, relative to positive controls; however, by day 21, the

released rhEGF was unable to promote neurosphere formation,

indicating that rhEGF bioactivity had been lost between days

14 and 21. Interestingly, rhEGF was found to be bioactive for

14 days using a completely different drug delivery system [31],

suggesting an inherent limited bioactivity of rhEGF. The

amount of released rhEGF was sufficient to promote neuro-

sphere formation in vitro, suggesting that therapeutically

relevant concentrations of bioactive proteins can be released

and tested in vivo.

5. Conclusions

Shrink entrapment of microspheres is a promising ap-

proach for combination therapy of guidance channels and

local drug delivery system. While this method was designed

with a nerve regeneration application in mind, it may be

useful in other applications, such as vascular or urological

grafts that require a combined device–drug delivery ap-

proach. These newly formulated microsphere-loaded tubes are

promising for prolonged localized delivery to the site of

implantation where both temporal and spatial release control

are required. In ongoing studies we are investigating the

utility of these MLTs as stem cell delivery vehicles for spinal

cord injury repair.
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