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I.  INTRODUCTION 
 The long-term objective of this research is to develop a device for treating spinal cord 
injury.  The specific aims of the proposed study are to test new types of collagen tubes and 
porous collagen scaffolds.  Moreover we will be investigating the effects of incorporating genes 
from nerve growth factors into the collagen scaffolds and seeding the scaffolds with marrow-
derived mesenchymal stem cells.  The standardized defect site is a 5-mm gap in the rat thoracic 
spinal cord.  Our principal method of evaluation is histomorphometry. 
 Our supposition is that an appropriate synthetic substrate (i.e., the collagen scaffold) will 
mimic or perhaps improve upon the documented ability of peripheral nerve grafts to promote the 
regrowth of injured spinal axons, and that the seeded stem cells will differentiate under the 
influence of the endogenous regulators to a support cell phenotype.  Collagen-based materials are 
the bio-inspired biomaterials being used for the fabrication of the tube, covering film and porous 
scaffold. 
 The Technical Objectives (TOs) of this project were to investigate the effects of the 
following critical design variables on regeneration of the spinal cord in a rat model. 

1) Degradation rate of a collagen tube. 
2) Use of a collagen covering material to wrap around the ends of the stumps at the ends of 

a segmental defect in the spinal cord rather than insertion of the stumps into a tube. 
3) Use of a chondroitin sulfate containing porous collagen scaffold within the tube or wrap. 
4) Degradation rate of the porous collagen-GAG scaffold. 
5) Pore diameter of the porous collagen-GAG scaffold. 
6) Gene supplementation of the porous collagen-GAG scaffold. 
7) Seeding of the porous collagen-GAG scaffold with undifferentiated marrow-derived 

mesenchymal stem cells (MSCs). 
8) Seeding of the porous collagen-GAG scaffold with differentiated marrow-derived 

mesenchymal stem cells. 
9) Seeding of the porous collagen-GAG scaffold with marrow-derived mesenchymal stem 

cells with have undergone gene transfer ex vivo. 
 
II.  BODY 
 The work accomplished related to the TOs addressed the following: 

A) the fabrication of the devices (related to TOs 1, 3, 4-6); 
B) the growth, differentiation and gene transfection of stem cells in vitro (related to TOs 7-

9); and 
C) the evaluation of select devices in a rat model (related to TOs 2, 3 and 5). 

 
A.  Collagen Device Fabrication 
 The following collagen-based devices were fabricated in the course of : 

 collagen tubes 
 porous cylindrical collagen scaffolds with axially oriented pores 1 
 porous collagen scaffolds containing hyaluronic acid 2,3 
 injectable collagen gels 

 
 In order to achieve TO 1, it was necessary to fabricate collagen tubes.  The method for 
doing so was described in the 1st Annual Report.  When the animal experiment related to TO 2 
was initiated, it became clear that the stumps of the spinal cord were being damaged during the 
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procedure of inserting them into a collagen tube.  Therefore, a method was employed in the tube 
was split longitudinally so that it could be applied as a cuff over the defect and the bordering 
spinal cord stumps.  TOs 3, 4, and 5 required the fabrication of cylinders of porous collagen 
scaffolds, with axially oriented pores.  This achievement is described in a reprint in the Appendix 
1.  These 3 TOs also required to incorporation of a glycosaminoglycan (GAG) into the collagen 
scaffolds.  While we had previously employed chondroitin sulfate for this purpose concerns 
became clear regarding the potential neural inhibitory effects of this GAG.  Therefore, we 
incorporated hyaluronic acid, instead of chondroitin sulfate, into the porous collagen scaffold as 
described in 2 papers in the Appendix 2,3.  The results of the animal implantations revealed that 
the implantation of pre-formed collagen devices may not be able to adequately fill the segmental 
defect, and that the segmental defect itself may be too severe a model in which to evaluate the 
efficacy of the collagen devices.  At the same time it became clear that it would be possible to 
develop an injectable form of the collagen scaffold, which would have the potential to more 
completely fill the segmental defect and would enable the treatment of the much more common 
spinal cord defect resulting from contusion.  The achievements in developing the injectable form 
of collagen scaffold, accomplished since the last Annual Report, are described below. 
 Experiments were conducted with a commercially available soluble type I collagen (Col) 
from rat tail (BD Biosciences, San Jose, CA) and soluble porcine dermal type I Col prepared as a 
medical grade product (obtained from Geistlich Pharma, Wolhusen, Switzerland).  The 
advantage of the Geistlich soluble collagen is that it has been approved in some European 
countries (as a carrier for an antimicrobial agent, Taurolin).  While it is not yet approved by FDA 
for any application, the fact that it has been used for human implantation should facilitate its 
approval for human trials should the animal work be successful.  .  A critical feature of the Col 
gel that we are employing is its ability to undergo cross-linking in vivo once it has conformed to 
the cavity into which it has been injected, thus resulting in a stronger, stiffer, and longer-lasting 
gel; the novel cross-linking agent is genipin (Gen).  Gen is a naturally occurring iridoid 
compound which reacts with primary amines in Col to produce intrahelical, interhelical, and 
intermicrofibrilliar cross-links 4.  Gen is 3000-fold less cytotoxic than glutaraldehyde 5.  Gen has 
thus been proposed as a replacement for glutaraldehyde for the fixation of tissues for human 
implantation 6,7.  Of note are recent studies which suggest that cells may be able to survive in the 
presence of Gen cross-linking of Col.  Gen also has been reported to have anti-inflammatory, 
neurogenic, and neuroprotective properties, which make it ideal for our use 8-11.  Also of value is 
that Gen cross-linked Col becomes blue and fluoresces at 630 nm 12.  This fluorescence is 
correlated to its mechanical properties, allowing for in situ measurements of its stiffness, extent 
of cross-linking, and degradation 12.  This fluorescence provides a convenient tool for following 
the cross-linking and degradation of Gen cross-linked Col gels. 
 The goals of our preliminary studies were to acquire experience in the preparation of the 
Col gels without and with Gen cross-linking and to compare the rat and porcine products to serve 
as a foundation for the use of the medical grade porcine Col in our future work.  In brief, the 
respective rat and porcine Col solutions containing various amounts of Gen were added to a 96-
well plate and incubated at 37C.  The fluorescence of the gels was measured using 590 nm 
excitation and 630 nm emission filters.  The fluorescence of the Gen-containing gels was 
normalized by subtracting the baseline auto-fluorescence of Col without Gen. 
 The addition of Gen to solutions of soluble Col resulted in solid, non-flowing gels by 30 
min. as compared to 1-2 hours in non-cross-linked gels.  When cross-linked with Gen, collagen 
gels appeared blue/purple in color.  This color deepened with cross-linking time.  The 
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absorbance of the gels at 595 nm showed that the degree of color change was almost linearly 
proportional to the concentration of Gen contained within the gels (Fig. 1).  In the early gelation 
regime, approximately 6 hours for all gels, the gels experienced an exponential increase in 
fluorescence (Fig. 2).  The amount of Gen contained within the gels was proportional to both the 
rate and amount of total cross-linking as defined by the measured fluorescence.  In the 
intermediate regime, 6-24 hours, the gels underwent a more linear increase in fluorescence (Fig. 
3).  The amount of Gen still correlated to an increased rate and total amount of cross-linking but 
to a lesser extent than at earlier times.  For lower concentrations of Gen, this linear regime was 
extended significantly in time and continued past 80 hours for the lowest concentration of Gen 
tested.  Therefore, the timeframe of this regime was inversely proportional to the amount of Gen 
contained within the solution.  In the late stage (saturation) regime, the increase in fluorescence 
reached a plateau value (Fig. 4).  As expected, this regime occurred much earlier in gels 
containing a higher level of Gen (~24 hours for 1mM, longer for lower Gen).  The final value of 
fluorescence in the plateau was inversely proportional to the amount of Gen contained within the 
solution.  This suggested a different cross-linking process dependent on Gen concentration. 
 Direct comparison of the rat tail and porcine soluble Col gels demonstrated that the rat 
tail Col cross-linked faster, and displayed higher fluorescence than porcine collagen gels (Fig. 5), 
likely due to the presence of telopeptide regions between the collagen triple helixes.  These 
amine rich regions help to form self-assembled collagen fibrils and provide linking spots for Gen.  
The porcine collagen had fewer primary amine residues due to the removal of the atelopepitde 
regions.  The difference in the gelation and cross-linking behavior of the rat and porcine Col gels, 
however, was not so great as to override the advantage of the medical grade quality of the 
porcine material, and for this reason it will be used in the proposed work. 
 Of importance is that we demonstrated in vitro that Col solutions were capable of 
undergoing gelation if injected directly to a liquid medium.  Additionally, Gen diffusion into the 
medium was slow enough so that a significant amount of Gen was retained within the gel to 
provide significant cross-linking.  In one experiment (Fig. 6), Col gels were divided into 3 
groups: 1) direct plating into a 96-well plate with no phosphate buffered saline (PBS); 2) direct 
injection into PBS with the gel allowed to solidify and remain in the PBS; and 3) direct injection 
into PBS and then removal and replacement of PBS after 1hr.  At the designated time point the 
media of the 3 gels were removed and the fluorescence was measured.  After removal, the 
fluorescence intensity continued to be monitored for all gels until the completion of the 
experiment.  When injected directly into PBS, Gen leached out of the gel into the surrounding 
medium.  If the medium was left to incubate the gel, the intensity continued to rise to 
approximately the same level as Col not injected into PBS, but over a longer time course.  
However, if the PBS was removed and replaced at 1 hr, the fluorescence intensity essentially 
came to a halt at whatever level was reached within the one hour.  The importance of this 
experiment is that when injected into tissue, enough Gen will remain within the gelling solution 
to provide substantial cross-linking in vivo. 
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Fig. 1. 2 mg/ml porcine Col.  Absorbance at 
595 nm, 70 hrs post-gelation. 

Fig. 5.  2 mg/ml rat tail and porcine Col.  
Comparison of cross-linking kinetics for 
porcine and rat-tail Col gels with Gen conc. 
of 0.5 and 1 mM. 

Fig. 6.  Aqueous gelation of Col solutions 
containing Gen (GP).  n=8. 
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Fig. 2.  2 mg/ml porcine Col.  “Early” regime 
of Gen cross-linking.  n=8.  Gen conc. in mM. 

Fig. 3.  2 mg/ml porcine Col. Linear 
(“intermediate”) regime of Gen cross-linking.  n=8.  
Gen conc. in mM. 

Fig. 4.  2 mg/ml porcine Col.  “Late” (saturation) 
regime of Gen cross-linking. .n=8. 
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B.  Stem Cell Growth and Differentiation 
 TOs 6-9 dealt with the growth, differentiation and gene transfection of stem cells in vitro, 
in preparation for their ultimate implantation in spinal cord defects.  The prior Annual Reports 
described our progress in the: a) implementation of methods for the isolation and growth of 
marrow-derived MSCs, and differentiation in vitro; b) non-viral transfection of undifferentiated 
MSCs in monolayer and collagen scaffolds, with plasmid DNA encoding a neurotrophic factor; 
and investigation of nanoparticles 13-15 (see Appendix), as carriers of genes for neurotrophic 
factors, to be incorporated into collagen scaffolds for implantation into spinal cord defects. 
 Since the last Annual report we have 
also performed studies to incorporate neural 
stem cells into our injectable collagen 
scaffolds.  NSCs (from Fred Gage 16) were 
seeded into Col gels prepared from soluble 
rat tail tendon Col (BD Biosciences), which 
was neutralized and diluted to 0.5mg/ml.  
NSCs (from P17 – 20) were added to the 
pre-gel solutions to a final cell density of 8 
million cells per ml.  The solution was 
incubated at 37oC to promote thermal 
gelation of the Col.  After 2 hours, DMEM 
(supplemented with 20ng/ml FGF2) was 
added, and the cell-seeded construct was 
cultured overnight to allow sufficient time 
for cytotoxic effects to be revealed, using a 
live-dead cell assay.  The results (Fig. 7) 
demonstrated that more than 95% of the 
cells were viable. 
We are currently engaged in experiments to differentiate the NSCs into neural cells in the Col gel, 
and to determine if the cells can survive in Col gels undergoing Gen cross-linking. 
 
C.  Implantation of Devices in a Rat Model 
 Table 1 shows the animal studies that were completed.  The various aspects of the animal 
model, including the rationale for the strain or rat which was employed, were described in the 
Annual Reports.  A commercially available absorbable collagen membrane (BioGide, Geistlich 
Biomaterials, Wolhusen, Switzerland) was used for covering membrane and wrap.  Rats in 
Groups 1 through 11 were sacrificed 6 weeks after injury.  Rats in Groups 12 through 15 were 
sacrificed 2 weeks after injury.  In groups 12 through 15, the spinal canal surrounding the defect 
area was decalcified and sectioned without removal of the spinal cord. 
 
 

Fig. 7  Greater than 95% cell viability was found in a 
live (green)-dead (red) cell assay of NSCs seeded in a 
Col gel. 
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Table 1. Summary of the Animal Studies 
(5-mm thoracic spinal cord gap injury in all groups) 

 
Group # IMPLANT n* 

1 Control: Injury w/o implant (Sprague-Dawley rats) 8 
2 Dorsal barrier (covering membrane) alone (Sprague-Dawley) 7 
3 Wrap w/o covering membrane (Sprague-Dawley) 4 
4 Tube split on top w/o covering membrane (Lewis rats) 7 
5 Tube split on bottom AND covering membrane (Lewis) 

 
8 

6 Control: Injury w/o implant (Lewis) 
 

3 

7 Tube split on top AND covering membrane (Lewis) 
 

8 

8 2% collagen cylindrical scaffold freeze dried at -40°C and DHT crosslinked 
24 hrs at 105 °C (3 mm diameter; 5 mm long; pre-wet with PBS) + partial 
wrap (over top only) + covering membrane  
 

8 

9 Control: Injury + covering membrane 7 
10 2% collagen cylindrical scaffold freeze dried at -40°C and DHT crosslinked 

24 hrs at 105 °C (3 mm diameter; 5 mm long; pre-wet with PBS) seeded 
with 1 million adult neural stem cells (from Fred Gage) + partial wrap (over 
top only) + covering membrane 

8 

11 2% collagen cylindrical scaffold freeze dried at -40°C and DHT crosslinked 
24 hrs at 105 °C (3 mm diameter; 5 mm long; pre-wet with PBS) + 2.5 μg 
Plasmid DNA GDNF using GenePorter2 (modified protocol) + partial wrap 
(over top only) + covering membrane 

8 

12 1% collagen cylindrical scaffold, freeze dried at -40°C and DHT 
crosslinked 24 hrs at 105°C + partial wrap (over top only) + covering 
membrane 

6 

13 1% collagen cylindrical scaffold, freeze dried at -40°C and DHT 
crosslinked 24 hrs at 105°C + laminin (~50μg) + partial wrap (over top 
only) + covering membrane 
 

6 

14 1% collagen cylindrical scaffold, freeze dried at -40°C and DHT 
crosslinked 24 hrs at 105°C AND carbodiimide crosslinked + laminin 
(~50μg) + partial wrap (over top only) + covering membrane 
 

6 

15 Control: Injury + covering membrane  6 
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 The following summarizes the most recent findings (Groups 12-15) that have not been 
previously reported in the Annual Reports.  The prior findings employing the 5 mm gap spinal 
cord model indicated that a principal factor in the healing response was the collapse of the 
surrounding soft tissue into the defect and the degree to which the collagen scaffold implants 
remained apposed to the stumps of the cut spinal cord.  This prompted the recent work to 
evaluate the gap injury model at an earlier time point; 2 weeks post injury, as compared to a 6 
week time point in our prior studies for histological evaluation.  Also, it was desired to determine 
the degree to which select configurations of a covering membrane, wrap, and scaffold could 
prevent the collapse of overlying tissue into a gap defect, which can impede axonal elongation.  
The experimental groups were as follows: Group 12 animals were implanted with a 5-mm long, 
cylindrical scaffold that was dehydrothermally cross-linked.  The scaffold filled the gap between 
the transected spinal cord stumps (Fig. 8-left).  A collagen membrane was partially wrapped 
around the nerve stumps and the implanted scaffold to simulate the dura mater (Fig. 8-center) 
and another collagen membrane was laid over the entire defect area to serve as a dorsal barrier to 
overlying tissue (Fig. 8-right).  Group 13 was the same as Group 12 except that the collagen 
scaffold also contained a small amount of laminin.  Group 14 was the same as Group 13 except 
that the collagen scaffold underwent additional cross-linking using carbodiimide.  Group 15 was 
the control group in which the gap injury was created and only the collagen membrane overlying 
the defect area was implanted (n = 6 for all groups). 
 

   
Fig. 8.  Collagen scaffold implanted into a 5-mm gap defect in the rat spinal cord (left).  A 
collagen membrane is partially wrapped around the scaffold and spinal cord stumps (center).  An 
additional collagen membrane is placed over the defect area (right). 
 
 The presence of a collagen scaffold within the defect did not affect the lesion length at 2 
weeks post injury compared to non-implanted control animals (Fig. 9).  There was collapse of 
overlying tissue into the defect in all groups.  However, the group with an implanted scaffold that 
was cross-linked using carbodiimide maintained almost twice the spinal canal height compared 
to control (Fig. 10).  Examples of tissue collapse into the defect are shown in Fig. 11A and 11B, 
whereas Fig. 11C shows an example where there is little collapse of tissue into the defect.   
 In all groups there was intense GFAP staining of the spinal cords stumps on both sides of 
the defect (Fig. 12).  However, there was no GFAP staining within the defect neither in animals 
with implanted collagen scaffolds or in controls (Fig. 13).  Thus, there was an absence of 
astrocyte migration into the defect at 2 weeks post injury.   
 In summary, the animal studies employing a 5 mm gap in the thoracic spinal cord of the 
rat demonstrated that collagen membranes and tubes re not sufficient to prevent the collapse of 
surrounding soft tissues into the gap.  A carbodiimide cross-linked porous cylindrical scaffold 
prevented, to some extent, this collapse.  However, use of the scaffold carries with it the 
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Fig. 9.  Lesion length. 
 

 
Fig. 10.  Height of the spinal canal at the location of the defect. 
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Fig. 11.  H&E staining 
of a 5-mm gap defect in 
a rat spinal cord with 
collagen implants after 2 
weeks.  A: Animal 
receiving overlying 
collagen membrane only 
(arrowhead).  There is 
collapse of the 
membrane and overlying 
muscle (M) tissue into 
the defect.  A thin cord 
of fibrous tissue is seen 
connecting the rostral 
and caudal spinal cord 
stumps (SC).  B: Animal 
receiving collagen 
scaffold (*) + membrane 
wrap (arrow) + 
overlying membrane 
(arrowhead).  The 
membrane and overlying 
muscle (M) tissue is 
seen collapsed into the 
defect and compressing 
the scaffold (*).  C:  
Animal receiving 
collagen scaffold (*) + 
membrane wrap (arrow) 
+ overlying membrane 
(arrowhead).  Here the 
overlying tissue is not 
collapsed into the defect 
and the scaffold (*) 
maintains its original 
shape.  SC, spinal cord. 
V, vertebrae.  M, 
muscle.  Scale 1-mm.    
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Fig. 13.  There is intense GFAP staining of the rostral and caudal spinal cord stumps, however, 
there is no GFAP staining within the defect.  Scale 1 mm. 
 
challenge of maintaining contact of the spinal cord stump with the scaffold.  When such contact 
cannot be maintained, fibrous tissue can become interposed between the stump and the scaffold, 
and inhibit neural cell infiltration of the scaffold.  These findings question the value of the gap 
model for screening devices for spinal cord regeneration, particularly as most clinical spinal cord 
injuries do not result in a segmental defect. 

Fig. 12.  The interface 
between the spinal cord 
stump and the defect in a 
representative animal.  
Astrocytes within the spinal 
cord stump are stained red 
using an anti-GFAP 
antibody.  Scale 100 μm. 
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III.  KEY RESEARCH ACCOMPLISHMENTS 
 Development of methods to fabricate collagen tubes and porous cylindrical collagen 

scaffolds with axially oriented pores. 
 Demonstration of the problem of preventing collapse of surrounding soft tissue into gaps 

in the spinal cord. 
 Development of porous collagen-hyaluronic acid scaffolds. 
 Development of magnetized calcium nanoparticles for the non-viral transfection of stem 

cells with plasmid DNA encoding neurotrophic factors. 
 
IV.  REPORTABLE OUTCOMES 

1. Methods to fabricate porous cylindrical collagen scaffolds with axially oriented pores. 
2. Response to select collagen devices in a 5-mm gap in the rat spinal cord. 
3. Method for the production of porous collagen-hyaluronic acid scaffolds. 
4. Development of magnetized calcium nanoparticles for the non-viral transfection of stem 

cells with plasmid DNA encoding neurotrophic factors. 
5. Utilization of gelatin and chitosan nanoparticles for the non-viral transfection of cells with 

the gene for a growth factor. 
6. Development of collagen gels capable of being cross-linked in vivo. 

 
V.  CONCLUSIONS 
 Collagen devices can serve in several therapeutic capacities in the treatment of spinal 
cord injury.  Novel nanoparticles can facilitate the non-viral transfection of MSCs with the genes 
for neurotrophic factors for their ultimate treatment of spinal cord injury.  Injectable collagen 
gels capable of being cross-linked in vivo hold the promise for the treatment of a wide array of 
spinal cord injuries. 
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Abstract
Hyaluronic acid (HA), a principal matrix molecule in many tissues, is present in high amounts
in articular cartilage. HA contributes in unique ways to the physical behavior of the tissue, and
has been shown to have beneficial effects on chondrocyte activity. The goal of this study was
to incorporate graduated amounts of HA into type I collagen scaffolds for the control of
chondrocyte-mediated contraction and chondrogenesis in vitro. The results demonstrated that
the amount of contraction of HA/collagen scaffolds by adult canine articular chondrocytes
increased with the HA content of the scaffolds. The greatest amount of chondrogenesis after
two weeks was found in the scaffolds which had undergone the most contraction. HA can play
a useful role in adjusting the mechanical behavior of tissue engineering scaffolds and
chondrogenesis in chondrocyte-seeded scaffolds.

1. Introduction

As one of the tissue engineering triads, along with cells and
growth factors, the biomaterial scaffold plays an important
role in tissue regeneration. Motivation for the choice of the
components of the scaffold can include whether they and the
constructed scaffold promote the seeded cells to (1) expand
in number and differentiate, (2) efficiently express genes
for, and synthesize, extracellular matrix (ECM) molecules
and (3) facilitate the assembly of the ECM and cells into a
tissue. The components of the scaffold, when released during
degradation, may directly affect cell behavior. Moreover, the
physical/mechanical properties of scaffold may also affect
histogenesis.

One approach to identify promising scaffold components
is to consider the role of certain biomolecules in the ECM
of the targeted tissue. Hyaluronic acid (HA), also known as
hyaluronan, is a ubiquitous and flexible biomacromolecule in

the ECM of multiple tissues [1]. HA can form a polyion
complex with the collagen to fix and assemble collagen
molecules released by cells. This process is necessary for cells
to construct ECM niches in their early stage of expansion and
differentiation, in order to allow soluble as well as insoluble
molecules subsequently released by the cell to be retained in
the ECM, thus facilitating histogenesis. There are other roles,
including mechanical as well as metabolic and biochemical,
that HA also play, especially in tissues, such as cornea,
cartilage, and skin, in which the HA content is relatively high.

HA and HA-containing scaffolds have often been reported
to have positive effects in stimulating chondrocyte biosynthesis
of ECM [2, 3]. HA has frequently been incorporated into
scaffolds with other biomaterials such as collagen [4–6],
chitosan [7, 8] and gelatin [9] for cartilage tissue engineering.

Physical features of the scaffold, including pore
characteristics and mechanical properties, can affect vital
aspects of histogenesis. Prior work has demonstrated
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contraction of chondrocyte-seeded collagen scaffolds related
to the cell expression of a contractile actin isoform, α-smooth
muscle actin [10]. Subsequent studies demonstrated that this
contraction of the construct accelerated chondrogenesis [11],
likely in part by collapsing the pores of the construct such
that newly synthesized matrix molecules would be captured
in the ECM. In the prior investigation, the stiffness, and thus
the resistance, of the scaffold to cell-mediated contraction was
regulated by the cross-link density of the collagen scaffold.
Incorporation of various amounts of HA into collagen scaffolds
may provide an alternate approach to regulate the resistance
of the construct to contraction. At the same time, HA,
when released from the scaffold during degradation, could
provide a positive effect on the chondrocyte behavior and on
the formation of the types of polyionic complexes that can
contribute to the formation of the ECM.

The objective of the current study was to combine various
amounts of HA with type I collagen to produce scaffolds
for the initial investigation in vitro. The chondrocyte-
mediated contraction of the constructs was evaluated, and
the degree of chondrogenesis in the constructs was examined.
Scaffolds comprising chitosan/agarose and agarose/HA were
also prepared for comparison.

2. Experimental details

2.1. Preparation of HA containing scaffolds

Insoluble type I collagen (bovine tendon microfibrillar
collagen; Integra LifeSciences, Plainsboro, NJ), which was
swelled in 0.05 M acetic acid solution at a concentration
of 6 mg ml−1 (as described in [12]), was mixed with HA
sodium (Streptococcus zooepidermicus; Sigma Chemical Co.,
St Louis, MO), which was directly dissolved in water at a
concentration of 10 mg ml−1. The mixture was blended
at a high speed at 4 ◦C for 1 h. The pH value of the
mixture was adjusted with 2 M HCl in order to prevent the
formation of polyion complexes. The collagen slurry alone,
or homogenously mixed with the HA solution in a selected
weight ratio, was degassed by vacuum or centrifuged. The
slurry was poured into six-well polystrene tissue culture plates
and freeze–dried to form a 3D porous HA/collagen scaffold
(using a published protocol [13]). The HA solution alone
and the collagen slurry alone were directly poured into the
polystyrene wells and freeze–dried to produce pure HA and
pure collagen scaffolds.

As comparisons, 35% chitosan/agarose and 80%
agarose/HA scaffolds were prepared by mixing a hot agarose
solution with a chitosan (400 cp) solution in 0.05 M acetic
acid and with the HA solution, respectively, in selected ratios.
These chitosan/agarose and agarose/HA solutions were also
freeze–dried at 0 ◦C.

Eight mm diameter samples were cut from sheets of
the scaffolds, approximately 2 mm thick, by a punch,
and then cross-linked with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)–N-hydroxysuccinide (NHS) using a
7 day protocol previously described [14] or dehydrated by
heat treatment under vacuum at 95 ◦C for 24 h (dehydrothermal
treatment). Samples were sterilized by epoxyethane gas.
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Figure 1. Graph showing the weight loss of scaffolds with time in
PBS as a percentage of the original weight of the scaffold (n = 3).
The data are plotted with the mean ± standard error of the mean.
The error bars fall within the symbols, and thus cannot be seen.

2.2. Morphological evaluation of the scaffolds by light
microscopy

Scaffolds were examined by light microscopy during the
process of swelling in order to gain additional insights into the
behavior of the various HA–collagen formulations and judge
the relative strength of the scaffold in the culture medium.
Samples of the scaffolds swelled in water for 24 h were placed
onto glass slides, and images were captured on an Olympus
light microscope at various time intervals.

2.3. Analysis of HA in scaffolds

The HA concentration of solutions was analyzed by a
carbazole method [15] that was a modification of the Bitteer
and Muir method for the quantification of hexuronic acids
[16, 17]. Stock solutions of sodium tetraborahydrate in
sulfuric acid and carbazole in ethanol were prepared. Samples
containing HA were added to the sodium tetraborahydrate and
the closed tubes were shaken and then heated. Carbazole was
subsequently added and the tubes heated. The absorption
of the samples was measured at 530 nm (DU-530 UV–
vis spectrophotometer; Beckman Coulter, Fullerton, CA). A
standard curve was used to obtain the concentrations of the
HA samples.

2.4. Degradation of scaffold in phosphate buffered saline

The HA-containing scaffolds (n = 3) were put into a phosphate
buffered saline (PBS) solution for degradation. After a certain
time interval, the remaining scaffold was taken out, washed,
dried and weighed. Loss of the weight of the scaffolds in PBS
could be calculated with degradation time.

2.5. Chondrocyte-seeded scaffolds

Chondrocytes were isolated by enzymatic digestion of articular
cartilage from the knee (stifle) joint of an adult dog. The
cartilage samples were treated with pronase (20 U mL−1,
Sigma) for 1 h, followed by type II collagenase (200 U mL−1,
Worthington Biochemical, Lakewood, NJ) overnight. The
cells were expanded in number in monolayer culture through
three subcultures (i.e. passage three cells). The medium used
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Figure 2. Images of the various scaffolds after swelling in water for 24 h. (a)–(e): 10%, 35%, 50%, 65% and 80% HA/collagen scaffolds
cross-linked by EDC.

for the monolayer expansion of the cells was adapted from a
prior study [18]: basal medium (DMEM, 0.1 mM nonessential
amino acids, 100 mM N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic (HEPES) buffer, 100 U mL−1 penicillin,
100 mg mL−1 streptomycin and 0.29 mg mL−1 l-glutamine, all
from Gibco Life Technologies, Carlsbad, CA) supplemented
with 10% FBS, 1 ng mL−1 transforming growth factor-b1
(TGFβ1; R&D Systems, Minneapolis, MN), 5 ng mL−1

fibroblast growth factor-2 (FGF-2; R&D Systems) and
10 ng mL−1 platelet derived growth factor-ββ (PDGF-ββ;
R&D Systems). After expansion the cells were trypsinized
and resuspended in chondrogenic medium: basal medium
supplemented with 1% insulin transferrin-selenium (ITS)+1
Premix (Sigma), 10 ng mL−1 TGF-β1, 10−7 M dexamethasone
(Sigma), 0.1 mM ascorbic acid 2-phosphate and
1.25 mg mL−1 bovine serum albumin. HA/collagen scaffolds
(n = 3) prepared with 10%, 35%, 50%, 80% and 100%

(w/w) HA and cross-linked for 7 days were seeded with the
chondrocytes using a pipette method. One million cells were
pipetted onto one side of the sample and then the sample was
flipped and 1 million cells were pipetted onto the opposite
side. The cell-seeded matrices were put into agarose-coated
12-well plates and grown in the chondrogenic medium for
two weeks. The medium was changed every other day.

2.6. Contraction of scaffolds during culture

The average diameter of seeded-cell scaffolds was measured
with a millimeter rule every other day in culture (n = 3).
The decrease of diameter of scaffolds was used for evaluating
chondrocyte-mediated contraction of the scaffolds. The cell-
seeded scaffolds often displayed an opaque, whitish, core
surrounded by a transparent periphery without cells, or with a
few cells. Separate measurements were made of the diameter
of the core and the total diameter of the construct.
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2.7. Histology

After two weeks in culture, the chondrocyte-seeded scaffolds
were fixed in 10% formalin, dehydrated using conventional
techniques and embedded into paraffin and microtomed.
Sections, approximately 7 µm thick, were stained with
Safranin-O for proteoglycan and immunohistochemical
analysis for type II collagen as described previously [11].

3. Results and discussion

3.1. Degradation of scaffolds

Quantitative analyses showed that the HA contents in the
scaffolds were close to the prepared value (data not shown).
The degradation rate in PBS increased with increasing HA
content (n = 3; figure 1). By 7 days the scaffolds appeared to
lose most of the HA, as demonstrated by the final weight loss
values that approximated the initial percentage of the HA in the
scaffolds. That the collagen itself underwent some degradative
loss (figure 1) explains differences between the final weight
loss values and the initial amount of HA in the respective
scaffolds. The majority of the weight loss of the scaffold
with the highest HA content (65% HA/collagen) occurred
rapidly, within 24 h (figure 1). After 24 h the weight loss
curve generally paralleled the weight loss of the pure collagen
scaffold. The 20% HA/collagen scaffold also paralleled the
collagen loss rate after the first 24 h loss of HA. The weight
losses from the scaffolds containing 35 and 50% HA occurred
more gradually over the 7 day period, with about 50% of the
weight lost in the first 24 h (figure 1). Two-factor analysis
of variance (ANOVA) demonstrated significant effects of HA
content ( p < 0.0001, power = 1) and time in culture ( p <

0.0001, power = 1) on the weight loss. Fisher’s protected least-
square differences post-hoc testing demonstrated significant
differences in comparisons between each pair of groups.

The loss of HA would likely result in the softening and
loss of stiffness of the HA-containing scaffolds. In contrast,
the collagen samples lost little of their weight in PBS over the
time course of the experiment, and this likely maintained more
of their mechanical properties.

Light microscopy examination of the scaffolds after
swelling in water for 24 h revealed differences in the
morphological features (figure 2). The higher the HA content
of the scaffolds the less distinct were the struts of the
scaffold, such that they only provided a blurred image by
light microscopy. The 50% HA/collagen scaffolds which
were not cross-linked or only dehydrothermally treated did
not yield clear images of a fibrous network likely owing to
their softening in the water. In comparison, 10%, 35%, 50%,
65% and 80% HA/collagen scaffolds cross-linked by EDC
displayed distinct struts comprising the sponge-like materials,
even after 24 h in water (figures 2(a)–(e)).

In the present study, a few ‘soft’ scaffolds were prepared
to investigate how the compliant scaffold might affect the
behavior of chondrocytes grown in the scaffolds. Agarose
was chosen to trap seeded cells and ECM in the scaffold.
Light microscopy of chitosan/agarose scaffold without cross-
linking and cross-linked agarose/HA after swelling in water
for 24 h did not reveal distinct fibrous networks.
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Figure 3. Contraction of HA/collagen scaffolds cross-linked by
EDC with culture time (total, total diameter including white center
and transparent edge; core, measurement of core diameter only).
(a) 50% HA/collagen; (b) 65% HA/collagen; (c) 80% HA/
collagen.

3.2. Contraction of scaffolds

Control scaffolds without seeded cells showed a slight increase
in diameter as a result of swelling in the culture medium.
Chondrocyte-seeded scaffolds with lower HA contents (10%
and 35% HA/collagen scaffolds) displayed little reduction in
size with time in culture (data not shown). Contraction of the
chondrocyte-seeded scaffolds with higher HA contents (50%,
65% and 80% HA/collagen samples) was evident by 7 days
in culture, with an increase in the amount of contraction found
with increasing HA content (figures 3(a)–(c)). The 10 day
mean total diameters of the 50, 65 and 80% HA/collagen
scaffolds were 6.7, 3.9 and 3.4 mm, respectively. In each of
these three groups, after 6 and 8 days, there were noticeable
core regions of the scaffolds which could be measured
separately from the total diameter of the scaffolds (figure 3).
However, by 10 days, transparent peripheral regions of the
65 and 80% HA/collagen scaffolds, which earlier appeared
to have a few cells and could be distinguished from the
core, were no longer observed. Distinctly appearing core and
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Figure 4. Histological micrographs of Safranin-O stained sections of chondrocyte-seeded HA–collagen scaffolds (P3 cells, 2 weeks):
(a)–(c) 50%, 80%, 100% HA/collagen cross-linked by EDC respectively, (d) 35% chitosan/agarose, (e) 80% agarose/HA.

periphery zones remained in the 50% HA/collagen scaffolds
to the completion of the experiment in 14 days. Three-factor
ANOVA revealed significant effects of HA content, time in
culture and measurement of the core region of the scaffold or
total diameter on the diameter of the scaffold (all factors with
p < 0.0001, power = 1).

This finding indicated that the greater the collagen cross-
link density of the scaffolds resulting from reduced HA
content, the greater the resistance of the scaffold to contraction
by the chondrocytes. The contraction of scaffolds could also
be affected by the decrease in the stiffness of the scaffolds as
the struts of the material degrade. Examination of the edge
of chondrocyte-seeded scaffolds indicated that the periphery
(transparent edge) of 50% HA/collagen scaffolds, which did
not contain cells (or had few cells), did not contract although
most of HA in it is lost; in comparison, the peripheral regions
of the 65% and 80% HA/collagen scaffolds did eventually
collapse.

These results demonstrate that adjusting the HA content
of collagen scaffolds provides control over the change in
the stiffness of the scaffold with time in culture and on its
resistance to cell-mediated contraction. At the same time,
addition of HA to the collagen scaffold could allow the
beneficial effects of HA on cells to be realized as the HA
is released.

3.3. Histology of the cell-seeded scaffolds

It was found that the cells in the stiff, cross-linked scaffolds
which did not contract (namely, 10% and 35% HA/collagen
scaffolds) exhausted nutrients in culture medium, judged by
the change of the color of the culture medium. This suggested
that the open pores, confirmed by histology, facilitated the
diffusion of nutrients to the cells.

There was no evident positive Safranin-O staining
for proteoglycan in scaffolds containing up to 80% HA
(figures 4(a) and (b)). There was, however, some difficulty

S139



S Tang and M Spector

in obtaining complete histological sections from some of
these scaffolds because they fragmented during microtomy
(figures 4(a) and (b)). Therefore, extracellular matrix
containing proteoglycan may have been lost during the
histological procedure. The pure HA scaffolds that contracted
greatly (to about 1 mm in diameter) demonstrated the presence
of proteoglycan reflected in positive Safranin-O staining
(figure 4(c)). In addition, cells with chondrocytic morphology
could be found in lacunae, thus demonstrating chondrogenesis.

This finding supports the previous work [11] that
demonstrated that the degree of chondrogenesis increases with
decreasing cross-link density and increasing contraction of the
scaffold. This may be due to the resulting increase in cell
density and decrease in pore volume that favor the retention
of newly synthesized matrix molecules. The current finding
also supports prior observations that the greater the amount
of chondrogenesis the less the amount of residual scaffold
material found in the samples. The present study raises the
question of the favorable influence of increasing HA content
in the scaffolds on the process of cartilage formation.

In comparison, there is little newly synthesized GAG and
type II collagen in the chitosan/agarose scaffold without cross-
linking (figure 4(d)) although the culture condition was the
same with the HA-containing one. So too was there little
chondrogenesis found in cross-linked agarose/HA scaffold
(figure 4(e)). This suggested that two factors, high HA content
and soft structure, were important for chondrocytes expressing
GAG and type II collagen.

In the chitosan/agarose scaffold, although the agarose
gel had the potential to capture the newly synthesized GAG,
there was less ECM compared to the HA scaffolds perhaps
because of the absence of HA as a stimulator agent. In
the agarose/HA scaffold, although HA might have been
available to promote chondrocyte biosynthesis of ECM, cross-
linking coupled with the low HA content retarded chondrocyte-
mediated contraction of the scaffold.

Chondrocytes in the scaffolds can readily be exposed
to fragments of degraded HA from the scaffold, which may
promote chondrogenesis. In future work it will be useful to
determine how to control the HA degradation process, and to
determine the HA fragments which have the greatest effects
on chondrocytes.

While contraction of the chondrocyte-seeded scaffold can
favor chondrogenesis in vitro, this approach may be difficult to
harness to make implantable cartilaginous constructs of certain
size. Additional work will be required to consider how best to
produce tissue-engineered cartilaginous constructs using this
approach.

4. Conclusions

The components and structures of scaffold have critical effects
on seeded chondrocytes expressing and assembling ECM
molecules. Addition of HA to type I collagen scaffolds can
promote chondrogenesis through its effect in reducing the
mechanical resistance of the scaffold to chondrocyte-mediated

contraction and perhaps to direct effects on the metabolism of
the cells.
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Abstract: The aim of this work was the implementation of a
simple technique for the production of cylindrical collagen-
based scaffolds with axially oriented pore channels. Matrices
with this particular porous structure have the potential to
improve the regeneration of peripheral nerves and spinal
cord by physically supporting and guiding the growth of
neural structures across the site of injury. The regenerative
potential may be further enhanced when the collagen scaffold
is used as a delivery vehicle for exogenous cells and growth
factors. The scaffold manufacturing technique described here
is based on unidirectional freezing of a collagen suspension
and subsequent freeze-drying, which produces nearly axially

oriented pores. The mean pore size is dependent on both the
concentration of collagen in suspension and the temperature
of freezing. Environmental scanning electron microscopy and
light microscopy were used to assess qualitatively and quan-
titatively the pore size and the pore orientation. In particular
the definition of an orientation index (OI) was employed as a
means to quantify the orientation of the pore channels inside
the scaffolds. � 2007 Wiley Periodicals, Inc. J Biomed Mater
Res 85A: 757–767, 2008

Key words: collagen; scaffold; porosity; microstructure; tis-
sue engineering

INTRODUCTION

The pore characteristics of degradable scaffolds
that generally govern their performance as regenera-
tive templates include the void fraction (percent po-
rosity), pore diameter distribution, and pore inter-
connectivity. Furthermore, in applications in the pe-
ripheral nervous system, in which a scaffold bridges
gaps in tissues, the orientation of the pores of the
scaffold has also been shown to play a critical role in
its performance. An analysis of data from several in-
dependent investigations of peripheral nerve regen-
eration, as well as studies in the central nervous sys-
tem, showed that axially oriented structures of dif-
ferent types exhibited strong regenerative activity.1–5

The need for such scaffolds in peripheral nerve and
spinal cord tissue engineering strategies prompted
the current study to investigate a process for intro-
ducing axially aligned pores into a collagen scaffold.
Such a matrix not only supports axonal elongation,
but is also potentially an effective means for the
local delivery of exogenous cells and growth factors
to the site of injury.4,6–8

The use of collagen–glycosaminoglycan (CG) mat-
rices with longitudinally oriented pores has been
reported in several studies on the regeneration of pe-
ripheral nerves,1–3,9–11 spinal cord,12 and tendon.13

The porous structure was obtained by freezing a CG
suspension via slow was into a cooling bath and
subsequent freeze-drying, as described in early stud-
ies with CG matrices.14 The velocity of immersion
and the temperature of the freezing bath were found
to significantly affect the pore size and the pore ori-
entation of the resulting matrices. Only particular
combinations of immersing velocity and freezing
temperature were found to yield axially oriented
pores for cylindrical scaffolds with a diameter rang-
ing from 1.5 to 3.8 mm.1,12,13,15,16

The objective of the present study was to imple-
ment a relatively simple technique, based on uniaxial
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freezing and subsequent freeze-drying, for the pro-
duction of collagen-based scaffolds with axially ori-
ented pores to be used as nerve guidance matrices.
The fabrication technique proposed in this study
employed a different method for creating a longitudi-
nal temperature gradient than the procedure
described above for CG scaffolds. The technique has
been reported to be successful for the production
investigated in the current study of agarose-based
scaffolds with linearly oriented pores and, more
recently, for the development of anisotropic hydroxy-
apatite/collagen composites for bone regenera-
tion.5,17,18 Here we investigate if a similar approach
can yield the desired axial orientation in glycosamino-
glycan-free collagen matrices. Considering the possi-
ble application of the scaffolds as nerve guidance
matrices for the regeneration of the spinal cord, only
collagen has been used as the starting material
instead of a CG copolymer, due to findings indicating
that chondroitin-6-sulfate is an inhibitor of regenera-
tion in the central nervous system.19 In previous
work, scaffolds having a diameter of 3 mm and a
length of 5 mm have been produced and character-
ized, corresponding to the mean diameter of the adult
rat spinal cord and the typical length of the defect
(5 mm complete transection) produced in the rat spi-
nal cord in numerous studies.12

Particular attention was directed to the synthesis
of scaffolds with different pore diameters, achieved
by varying both the concentration of the collagen in
suspension and the temperature of freezing. Prior
studies demonstrated that the optimal diameter of
oriented pores for peripheral nerve regeneration was
around 20 lm10 for a CG scaffold with *99% poros-
ity. This finding directed the present work to deter-
mine conditions that would result in collagen scaf-
folds of comparable pore size. Mean pore diameters
of 120–125 lm were reported in a study of agarose
scaffolds.17

In our study, the porous structure of the scaffolds
was characterized in detail by means of light micros-
copy and environmental scanning electron micros-
copy (ESEM). We also describe a method for quanti-
tative evaluation of pore orientation.

MATERIALS AND METHODS

Preparation of collagen scaffolds

The collagen used for the fabrication of the scaffolds
was derived from porcine tissue using a proprietary pro-
cess (Geistlich Biomaterials, Wolhusen, Switzerland). The
material is principally type I collagen, with a small amount
of type III collagen. This collagen has been used to pro-
duce a membrane (Bio-Gide, Geistlich Biomaterials), which
has been shown to be safe and effective in various applica-
tions in numerous human studies.20–23 It has been

approved by the U.S. Food and Drug Administration for
selected clinical applications; the membrane is also com-
mercially available in many European countries. The colla-
gen scaffolds were produced according to the following
procedure. The type I/III collagen dry powder (Geistlich
Biomaterials) was suspended in dilute hydrochloric acid
(pH ¼ 3.2) by mixing at 15,000 rpm in an overhead
blender (IKA Works, Wilmington, NC). Hydrochloric acid
was used instead of acetic acid to prevent formation of the
residual odor, which can persist with the latter acid. The
collagen suspension, containing either 0.5 or 2% w/v colla-
gen, was refrigerated during the mixing process (48C) to
avoid the denaturation of the collagen fibers. The slurry
was then degassed via centrifugation and injected into 10
cylindrical holes, 3 mm in diameter, machined into a poly-
ethylene plate, 15 mm thick. Prior to the injection of the
collagen suspension into the polyethylene mold, copper
caps were fitted into the bottom openings of the holes in
the mold. Subsequently, the copper-fitted end of the mold
was rapidly cooled at two different freezing temperatures,
yielding four experimental groups (Table I). Groups I and
II were frozen by directly placing the mold onto the shelf
of a freeze-dryer (VirTis, Gardiner, NY) and precooled to
�408C for 1 h; for groups III and IV, the freezing of the
suspension was achieved by placing the mold onto a cop-
per plate, previously cooled with liquid nitrogen (LN2) for
10 min. The copper plate onto which the mold was placed
was precooled by pouring LN2 on it until a film of LN2

formed on its surface, indicating that the temperature of
the plate was very close to that of LN2 (�1968C). During
the 10 min necessary for the freezing of the entire length
of the scaffolds (15 mm), LN2 was continuously supplied
to avoid temperature changes of the plate. After freezing
had occurred, the molds were immediately transferred to a
freeze dryer for subsequent lyophilization. The ice phase
was thus sublimated under vacuum (<100 mTorr) for 17 h
at a temperature of 08C. After equilibrating at room tem-
perature, the porous scaffolds were removed from the
molds and crosslinked by a dehydrothermal process
(DHT) at 1058C and 30 mmHg for 24 h. This treatment
leads to the formation of covalent linkages among the
polypeptide chains of the collagen fibers without denatur-
ing the collagen into gelatin.24,25

TABLE I
Experimental Groups

Collagen
Concentration (% w/v)

Freezing
Temperature

Group I 2 �408Ca

Group II 0.5 �408C
Group III 2 LN2

a

Group IV 0.5 LN2

Four experimental groups of matrices were obtained by
changing the collagen concentration and the freezing tem-
perature.

aThe collagen suspension in groups I and II were frozen
by directly placing the copper-fitted end of the plastic
mold onto the shelf of the freeze-dryer, precooled at
�408C; for Group III and IV, the freezing was achieved by
placing the mold onto a copper plate, previously cooled
with liquid nitrogen (LN2).
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In view of the intended implantation of the matrices
into a 5-mm long defect in the adult rat spinal cord,12 the
crosslinked scaffolds were cut into 5-mm long cylinders
using a razor blade. One 5-mm long sample was obtained
from each mold. The cylindrical scaffolds received two
transverse cuts at distances of 3 and 8 mm from the bot-
tom, respectively. Both ends of the scaffolds resulting from
the cuts were discarded.

Environmental scanning electron microscopy

Qualitative examination of the pore structure was carried
out by means of ESEM. ESEM (XL30, FEI, Hillsboro, OR)
was performed on noncoated samples (i.e., without a con-
ductive coating, which may have obscured fine features).
ESEM micrographs of transverse and longitudinal sections
were taken at selected locations throughout the length of
the scaffolds. A preliminary ESEM analysis was performed
on the entire length of the scaffolds (15 mm) by observing
the longitudinal section at distances of 2, 5, 7, 10, and
12 mm from the bottom (e.g., Fig. 2 for group III). Cross-
sectional micrographs were then taken at distances of 3, 5.5,
and 8 mm from the bottom, corresponding respectively to
the lower end, middle section, and upper end of the 5-mm
long matrices chosen for further characterization. The mor-
phology of the external surface of the scaffolds, considered
an important parameter in view of future plans to seed the
scaffolds in vitro with cells, was also visualized by ESEM.

Quantitative light microscopy evaluation
of pore characteristics

Transverse sections through the middle of the 5-mm
long scaffolds were analyzed by means of optical micros-
copy to determine the mean pore diameter and the aspect
ratio of the pores. Longitudinal sections through the upper
2.5 mm length of the scaffolds were used for the evalua-
tion of the mean pore orientation. A total of six samples
for each experimental group, obtained from at least two

different batches of synthesis, were processed and ana-
lyzed as described below.

Specimens allocated for light microscopy were embed-
ded in glycol methacrylate (JB-4, Polysciences, Warrington,
PA), according to manufacturer’s instructions. To avoid
any shrinkage of the porous structure during the infiltra-
tion of the liquid resin, the samples were previously incu-
bated into 100% alcohol overnight and then equilibrated
into a 50% alcohol-50% JB-4 solution before starting the
embedding procedure. The embedded specimens were
then sectioned at 5 lm thickness with a microtome and
mounted onto standard glass microscope slides. Before
being cover-slipped, the sections were stained with aniline
blue to enhance the contrast between the background and
the collagen fibers under the optical microscope.

Images of the sections were taken at low (43 objective
lens) and high magnification (203) using an Olympus
BX51 light microscope (Olympus Optical, Tokyo, Japan).
The low magnification micrographs were captured to pro-
vide a wider view of the porous structure, thus allowing
an estimation of the homogeneity and distribution of the
pores throughout the entire section. For both the trans-
verse and longitudinal sections, two different areas were
then analyzed from high magnification pictures: (1) the
peripheral area was defined as the outer 400 lm of the
scaffold diameter; and (2) the central area was defined as
the area covering the central 1.2 mm of the scaffold diame-
ter. The mean pore diameter and pore orientation of
the scaffold are here defined as the pore diameter and
the pore orientation calculated from the analysis of the
central zone. Figure 1 shows the number and the location
of the high magnification pictures captured for the analy-
sis of the transverse and longitudinal sections, respec-
tively.

A total of at least 100 pores for each region were consid-
ered for the evaluation of the various pore parameters. The
linear intercept method, often employed for the evaluation
of the mean pore diameter of porous materials,26,27 was
applied here to determine the mean diameter, pore aspect
ratio, and the orientation of pores using Scion Image Analy-
sis 4.0.3 software (Scion Corporation, Frederick, MD).

Figure 1. Number and location of the high magnification (320) pictures taken to determine the mean pore size [cross-
sectional view a)] and the mean pore orientation [longitudinal view (b)] in the central and peripheral areas (red and blue
colours respectively). The images on the background are the light micrographs (34) obtained for a sample of group I.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Pore diameter

A linear intercept macro written for the Scion Image
software involved the construction of an ellipse that best
fits the mean cross-section of a pore, for each image ana-
lyzed. Briefly, the program consisted in scanning each
image with an array of equidistant parallel test lines and
determining the number of intersections between the lines
and a pore wall. This procedure was repeated by rotating
the array of parallel lines at 58 increments, and the angles
and corresponding distances thus measured were finally
used to plot a best-fit ellipse representing the average pore
cross-section for each analyzed region. The major and
minor axes of the ellipse, a and b, were calculated to define
the mean pore diameter (D) and aspect ratio (AR) as:

D ¼ 1:5 3 2 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

2

r
ð1Þ

AR ¼ maxða; bÞ
minða; bÞ ð2Þ

In the calculation of the pore diameter [Eq. (1)], a correc-
tion factor of 1.5 was employed to account for the effect of
pores that might not have been sectioned through their
maximum diameter.26,27

Pore orientation

When analyzing the micrographs of longitudinal sec-
tions of the scaffolds, the angle of orientation of the best-fit
ellipse, obtained from the linear intercept analysis, was cal-
culated and assumed to be representative of the mean
pore orientation in each image. The orientation of the
pores was expressed in terms of an orientation index (OI)
defined as follows:

OI ¼ 2 cos2 b� 1 ð3Þ
where b is the average angle formed between the pore
channel axis and the scaffold longitudinal axis.15

From the above definition, OI is equal to �1 in the limit
of radial orientation (b ¼ 908) and equal to 1 in the limit
of axial orientation (b ¼ 08).

Pore volume fraction and specific surface area

The pore volume fraction of the scaffold, Vf, was calcu-
lated according to the following:

Vf ¼ 1� Vc

Vt
¼ 1�m

q
ð4Þ

where Vc, volume occupied by the collagen; Vt, total vol-
ume of the scaffold; q, density of anhydrous collagen,
assumed to be 1.3 g/mL27; and m, mass of collagen per
unit volume, i.e. the concentration of collagen used in sus-
pension.

The specific surface area, or surface area per unit vol-
ume (SAV), is an important parameter as it may reflect the
cell ligand density and thus one feature of the ‘‘biological

activity’’ of a scaffold, in terms of cell attachment capabil-
ity.27 An approximation of the SAV was carried out
employing a simplified model of the porous structure. In
this model, the collagen scaffold was assumed to be
formed by pore channels or pipes, with a diameter equal
to the mean pore diameter of the scaffold and a length
equal to that of the scaffold.9 The number of pores con-
tained in each transverse section was then calculated by
dividing the cross-sectional area of the scaffold by the
cross-sectional area of a pore. Considering both the inner
and outer surfaces of each pore channel, the SAV can be
calculated as follows:

SAV ¼ 4RporeN

R2
scaffold

¼ 4

Rpore
ð5Þ

where Rpore, mean pore radius; N, number of pores in
cross-section; and Rscaffold, radius of the scaffold, equal to
1.5 mm.

This estimation, although rough, is a useful method to
begin to appreciate the surface area of the scaffold avail-
able for cell attachment.9

Statistical analyses

All data are expressed as means 6 the standard devia-
tion (SD). Two-factor analysis of variance (ANOVA) was
applied to determine the effects of collagen concentration
and freezing temperature on the pore size and orientation.
A probability value of 95% (p < 0.05) was used as the cri-
terion for significance.

RESULTS

Pore diameter

The mean pore diameter in cross-sections through
the cylindrical scaffolds ranged from about 20 to
60 lm and varied with the collagen concentration in
suspension and the temperature at which the suspen-
sion was frozen (Table II). There was an inverse rela-
tionship between pore diameter and collagen concen-
tration, and smaller pore diameters were produced
in samples frozen with LN2 (Table II). Two-factor
ANOVA demonstrated that both of these independ-
ent variables significantly affected the mean pore di-
ameter of the central area of the scaffold cross-section
(p < 0.0001; power ¼ 1). Preliminary ESEM micro-
graphs demonstrated a variation of pore characteris-
tics along the full length (15 mm) of the original scaf-
folds (e.g., Fig. 2 for group III). However, the pore di-
ameter and orientation did not appear to change
noticeably in the lower half of the scaffolds, along the
5-mm length chosen to be representative for the mat-
rices studied here [Fig. 2(b,c)]. Cross-sections corre-
sponding to the middle cross-sections of the 5-mm
matrices were assumed representative of the mean
pore size of the scaffold and analyzed.
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Larger values of pore diameter were observed in the
peripheral zone of the scaffold when compared with
the central zone for groups I and III (Table II). The
results for groups II and IV (Table II) were not consid-
ered reliable because the compliance of the samples, in
spite of the crosslinking treatment, allowed their col-

lapse during the processing (scaffold embedding and
cutting), thus compromising the pore structure. More-
over, when comparing peripheral and central zones, it
is worth noting that the peripheral zone displayed
larger coefficients of variation, indicating a wider distri-
bution of pore diameters (Table II).

The aspect ratio of the pores, related to the pore
morphology, was not significantly affected by either
the collagen concentration or the freezing tempera-
ture (Table II), and was close to 1 for all the experi-
mental groups, suggesting that the uniaxial freezing
of the collagen slurry described here resulted in the
formation of nearly circular pores. This morphologi-
cal result was also confirmed by qualitative analysis
of ESEM cross-sectional micrographs.

Pore orientation

Light micrographs of longitudinal sections through
the upper half of the 5-mm long scaffolds were ana-
lyzed to determine the mean pore orientation (Table
III), as described previously for the calculation of OI
and the angle of orientation. The mean pore orienta-
tions of the four experimental groups were not stat-
istically different, indicating that the concentration of
collagen in suspension and the freezing temperature

Figure 2. ESEM micrographs of a longitudinal section taken at 5 different locations along the length of the scaffold
(group III). The micrographs were taken at distances of 2, 5, 7, 10, 12 mm from the bottom of the scaffold [images from
(a)–(e), respectively]. The magnification is 3350 and the scale bar is 100 lm. In the pictures the orientation of the pore
channels is parallel to the axis of the cylindrical matrix.

TABLE II
Pore Diameter and Aspect Ratio in Cross-Sections

of the Cylindrical Scaffolds

Central Area Peripheral Area

Pore
Size (lm)

Aspect
Ratio

Pore
Size (lm)

Aspect
Ratio

Group I
(2%, �408C) 40 6 1 1.15 6 0.08 52 6 15 1.11 6 0.11

Group II
(0.5%, �408C) 62 6 8 1.11 6 0.04 55 6 16 1.10 6 0.10

Group III
(2%, LN2) 23 6 2 1.06 6 0.08 32 6 6 1.11 6 0.09

Group IV
(0.5%, LN2) 33 6 5 1.11 6 0.09 30 6 5 1.11 6 0.09

Pore size and pore aspect ratio, measured in the periph-
eral (outer 400 lm) and central (inner 1.2 mm of the scaf-
fold diameter) areas of the scaffolds.
Results are expressed as means 6 the standard deviation

of the mean (n ¼ 6).
Both collagen concentration and freezing temperature

affect significantly the mean pore size (p < 0.0001).
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did not significantly affect the direction of growth of
ice crystals during the freezing of the collagen slurry
(two-factor ANOVA for collagen concentration and
temperature, p ¼ 0.40 and p ¼ 0.54 respectively). The
OI in the central area ranged from about 0.8 to 0.9,
indicating a predominantly axial pore orientation
resulting from an axial freezing process. Large coeffi-
cients of variation for OI in groups II and III, and a
non-normal distribution of the data for OI in group
III were observed (Table III).

As found for the central pore orientation, the col-
lagen concentration and the freezing temperature
did not affect significantly the orientation of the pore
channels in the peripheral area (p ¼ 0.08 and 0.37,
respectively). For each experimental group, the mean
values of OI were lower than those yielded in the
central area (Table III), suggesting that the peripheral
pores might be slightly more radially oriented, if
compared with the pores found in the central zone.
Figure 3 demonstrates the low magnification (43)

TABLE III
Pore Orientation

Central Area Peripheral Area

OI Angle
(degree)

OI Angle
(degree)

Group I (2%, �408C) 0.92 6 0.07 10.2 6 4.8 0.80 6 0.09 16.3 6 4.6
Group II (0.5%, �408C) 0.89 6 0.11 11.4 6 6.4 0.80 6 0.19 13.8 6 8.6
Group III (2%, LN2) 0.77 6 0.37 15.2 6 13.3 0.55 6 0.37 26.4 6 13.5
Group IV (0.5%, LN2) 0.94 6 0.05 8.9 6 3.8 0.89 6 0.11 9.6 6 6.7

Pore orientation expressed in terms of OI (mean 6 the standard deviation of the mean; n ¼ 6).
b is the angle formed between the axis of the pore channels and the longitudinal axis of the cylindrical scaffold.
The orientation in the central area is nearly axial for all the experimental groups; the peripheral area is slightly more

radially oriented compared with the central one.

Figure 3. Longitudinal views (34) of samples of the four experimental groups: (a) group I; (b) group II; (c) group III; (d)
group IV. The micrographs report the upper half of the 5-mm-long matrices. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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micrographs representing the typical longitudinal
pore structure obtained for each experimental group.

Pore volume fraction and SAV

The pore volume fraction calculated according to
Eq. (4) was a function only of the collagen concentra-
tion, and it was 98.4% for groups I and III (2% w/v
collagen) and 99.5% for groups II and IV (0.5% w/v
collagen), as reported in Table IV.

The values of the SAV were calculated according
to Eq. (5), and are also listed in Table IV for each
different mean pore size obtained for the four exper-
imental groups. As mentioned above, the mean pore
size of the matrices resulted from an analysis of the
central area of the scaffold (inner 1.2 mm). The
group III scaffolds, with the smallest pore diameter
correspondingly (20 lm), had the highest SAV.

ESEM analysis

A qualitative ESEM analysis on transverse and
longitudinal sections has been performed to detect
the morphology of the pore structure and its homo-
geneity throughout the scaffold. A preliminary study

was focused on the analysis of the pore characteris-
tics along the full length (15 mm) of the cylindrical
matrices. Longitudinal pore channels could be
observed throughout the samples, and increasing
pore diameters were detected going from the bottom
to the top of the scaffolds (Fig. 2). However, the
pore size and the pore orientation appeared to be
more uniform in the lower half of the scaffold
length, when compared with the upper one [Fig.
2(b,c) vs. Fig. 2(d,e)]. Therefore, the original scaffolds
were cut at distances of 3 and 8 mm from the bot-
tom, respectively, to obtain the 5-mm long matrices
characterized here. Cross-sectional micrographs rep-
resenting the two ends of the 5-mm matrices con-
firmed the uniformity of pore size along the selected
length (e.g., Fig. 4 for group I).

ESEM pictures of the external longitudinal surface
of the matrices were taken to estimate the surface
morphology, a feature that is expected to be particu-
larly important in processes in which the matrices
are seeded in vitro with exogenous cells. For all
groups analyzed, the external surface seems to
reflect the axial pore orientation observed in longitu-
dinal sections (e.g., Fig. 5 for groups I and IV). It is
worth noting also that the pore walls change from
lamellar to fibrillar as the collagen concentration is
decreased.

DISCUSSION

This work focused on the fabrication of cylindrical
collagen scaffolds with axially oriented pores to be
used as nerve guidance scaffolds in the context of an
entubulation strategy. The use of a porous, oriented
scaffold may facilitate nerve regeneration in the cen-
tral nervous system as it has already been shown to
do in the peripheral nervous system. In addition, the
oriented scaffold may also be used as a delivery ve-
hicle for exogenous cells, growth factors, and genes

TABLE IV
Pore Volume Fraction and Surface Area

Pore Volume
Fraction (%)

Specific Surface
Area (mm2/mm3)

Group I (2%, �408C) 98.4 200
Group II (0.5%, �408C) 99.5 133
Group III (2%, LN2) 98.4 400
Group IV (0.5%, LN2) 99.5 250

Values of pore volume fraction and specific surface area,
calculated according to Eqs. (4) and (5), respectively.
The value of specific surface area is referred to the mean

pore diameter measured for the central area of the four ex-
perimental groups.

Figure 4. ESEM micrographs of the two cross-sections representing the two ends of a 5-mm-long scaffold (group I): (a)
lower end, resulting by cutting the original matrix at a distance of 3 mm from the bottom; (b) upper end, resulting by cut-
ting the original matrix at a length of 8 mm from the bottom. The magnification is 3350 and the scale bar is 100 lm.
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in cases where the regenerative response induced by
the scaffold alone is insufficient, as observed in
numerous studies targeting the regeneration of the
spinal cord. Therefore, not only pore orientation, but
also pore size, pore volume fraction, and resulting
surface area available for cell attachment need to be
controlled by the scaffold manufacturing method.

Several fabrication techniques for the production of
scaffolds with longitudinally oriented pores have been
reported to date, including fiber templating,28 porogen
leaching,29 injection molding and solvent evaporation,4

microfilament alignment,30 and wire-heating.31 Most
of these manufacturing methods are based on the use
of additional chemicals and/or polymeric fibers or
metal wires, which are incorporated into the scaffold
architecture and then removed, for example through
solvents or thermal separation processes, to obtain the
desired pore structure. Control of the pore diameter
and pore volume fraction is achieved by varying the
porogen concentration or the diameter and number of
fibers used. Despite the success achieved in producing
oriented scaffolds, the complexity of the fabrication
process itself and the use of chemicals that might com-
promise the scaffold biocompatibility prompt the need
for novel manufacturing technologies.

In this study, we produced collagen-based matri-
ces with axially oriented pores by implementing a
simple technique that is based on the control of ice
crystal growth that takes place during the freezing
of a collagen suspension. A longitudinal and uniax-
ial gradient of temperature is established throughout
the collagen slurry so that ice crystals can grow lon-
gitudinally. A subsequent freeze drying process, by
which ice is sublimated, leads to the formation of
linearly oriented pore channels in a collagen sponge-
like scaffold, without requiring the use of additional
chemicals. The control of the pore diameter and pore
volume fraction is easily performed by varying
selected parameters affecting ice formation during
freezing, such as the freezing temperature and the
collagen concentration used in suspension.

A similar approach has been reported in the litera-
ture for the formation of axially oriented pores into
agarose-based scaffolds.5,17 A fixed agarose concen-
tration (3% w/v) and a particular freezing apparatus
(a block of dry ice immersed in a pool of LN2) were
used to obtain linearly oriented pore channels with a
mean pore diameter of about 120 lm. In the present
study axial pores of different diameters, ranging
from 20 to 60 lm, were obtained by varying both the
temperature of freezing and the collagen concentra-
tion in the suspension. The much larger pore diame-
ter achieved for the agarose-based scaffolds, com-
pared with the collagen scaffolds described here,
may be because of the difference in thermal conduc-
tivities of materials that were employed during the
freezing process. In the work by Stokols and Tuszyn-
ski, a glass17 or plastic5 mold containing the agarose
solution was directly placed onto a block of dry ice,
without the use of a metal base as heat conductor.
Here copper caps were fitted into the cylindrical
holes of the plastic mold before injecting the collagen
slurry to enhance the heat transfer process between
the mold and the cooling plate (either a copper plate
pre-cooled with LN2 or the freeze-dryer shelf at
�408C) during the subsequent freezing process. The
actual freezing temperature of the agarose solution
might be higher than those obtained in this work,
yielding larger pores.

In this study, both the freezing temperature and
the collagen concentration were found to signifi-
cantly affect the mean pore size of the collagen scaf-
folds. Since the porous structure obtained by the
freeze-drying process is a negative replica of the ice
crystal structure formed during the freezing phase,
the single effects of collagen concentration and freez-
ing temperature on the pore size can be explained in
terms of ice crystal physics. As expected, a higher
collagen concentration was found to yield smaller
pores. Results obtained previously with CG scaffolds
that were prepared via freeze-drying suggested that
the higher viscosity of the collagen slurry resulting

Figure 5. ESEM micrographs of the external longitudinal surface of the scaffolds: (a) group I; (b) group IV. The magnifi-
cation is 3350 and the scale bar is 100 lm.
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from the increase of the collagen concentration might
limit the rate of diffusion of water molecules, that is
the rate of ice crystal growth, during the freezing
process.15 However, when studying the formation
and growth of dendritic ice crystals in a steady-state
freezing of a collagen suspension, Schoof et al.32,33

observed a significant increase of the ice dendrite
width when increasing the concentration of solute
(e.g., acetic acid) in the collagen slurry, although
they could not find a clear correlation between the
pore channel width and the collagen concentration.34

Further studies should therefore be addressed to
clarify the effects of the collagen concentration on
the pore size of the resulting freeze-dried scaffold.

With regard to the effect of different freezing tem-
peratures on the ice crystal size, as expected lower
temperatures of freezing yielded faster rates of ice
crystal nucleation and lower rates of diffusion, and
thus significantly smaller pores.26 Indeed, the freez-
ing rate is directly related to the magnitude of the
temperature gradient across the ice front and the
value of the ice front velocity.34 In particular, since
the collagen suspension is frozen starting at the bot-
tom of the mold, a longitudinal gradient of tempera-
ture is established along the length of the cylindrical
scaffold (15 mm). The upper layers of the slurry are
expected to freeze at higher temperatures (i.e. larger
pores) compared with the bottom layers, thus result-
ing in a gradient of pore sizes along the length of
the scaffold.18 ESEM micrographs confirmed the
expected variation of pore sizes throughout the
entire length of 15 mm, but did not show a signifi-
cant change in pore diameter along the 5 mm length
chosen for the scaffolds studied here (Figs. 2 and 4).
Our findings confirmed and extended those by
Yunoki et al.,18 who recently reported the fabrication
of hydroxyapatite/collagen composites with longitu-
dinally oriented pores, with a mean pore size
increasing along the thickness of the scaffolds.

As regards the longitudinal orientation of the
pores, higher freezing temperatures were expected
near the wall of the cylindrical mold into which the
collagen suspension was injected, since the plastic
mold was a thermal insulator. This peripheral tem-
perature gradient leads to larger pore diameters in
the peripheral area (Table II), and is also expected to
be related to a heat transfer process at the wall of
the mold. Such a process might explain the lower
values of OI found at the periphery of the scaffolds
when compared with the central region (Table III).
However, the radial component of the heat flux is
low compared with the axial component, and so that
the overall freezing process becomes predominantly
uniaxial.

Of interest is that this freeze-drying method might
be adjusted to produce pores of various orientations
in the same cylindrical specimen. Pores in the central

region of the cylinder could be oriented axially
whereas peripheral pores oriented radially. This may
provide the opportunity to selectively seed periph-
eral pores with certain cell types, which could sup-
port regeneration of peripheral tissues, such as the
epineurium, while allowing the central region to
remain oriented to accommodate elongation of nerve
fibers.

Of note was that a simple method could be
employed to produce oriented pores in a collagen
scaffold, with different pore sizes. The experimental
evidence of an optimal range of pore diameter in
several tissue engineering applications suggests that,
while pores smaller than or close to the cell size
physically prevent or limit cell infiltration, a mean
pore diameter larger than a maximum value may
not be sufficient to yield the minimum SAV required
for an efficient cell binding.27 The specific surface
area or surface area per unit volume (SAV) for a
given scaffold is a function of the bulk material (i.e.,
its chemical composition) and its architecture, in
terms of pore size, pore interconnectivity, and pore
volume fraction. Prior studies demonstrated that the
optimal diameter of oriented pores for in vivo pe-
ripheral nerve regeneration was *20 lm for a CG
sponge-like scaffold with a porosity of *99%,10 and
this finding directed the present study to encompass
this pore diameter in the design specifications. Pores
with diameters as small as 20 lm (group III scaf-
folds) could be effectively produced by controlling
the collagen concentration and the temperature of
the baseplate.

A linear relationship between SAV and the number
of cells attached to the scaffold 24 h post-seeding has
been documented in the literature for CG scaffolds
with an equiaxed, that is, nonoriented, porosity, and
a pore volume fraction of 99.5%.27 In that study, the
porous scaffold was modeled as an open-cell foam
with a tetrakaidecahedral cell unit, and SAV was
found to be inversely proportional to the pore diame-
ter and directly proportional to the relative density or
solid volume fraction of the scaffold. In the simplified
approach adopted in the present study, the scaffold
porosity was instead assumed to be closed, with
membrane-like faces between adjacent pore channels.
Thus the present model overestimates the actual sur-
face area available for cell attachment by neglecting
the actual interconnectivity between longitudinal
pores [e.g., Fig. 5(b)] and the effect of the solid vol-
ume fraction. However, since an increase in collagen
concentration changes the pore wall structure from
fibrillar to lamellar [Fig. 5(a,b)], the closed-pore model
here proposed is likely to estimate the surface area of
high-density, oriented scaffolds more accurately than
that of an open-cell foam. It is worth noting also that
the observed dependence of the pore diameter on the
collagen concentration suggests that, in both models,
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increasing values of SAV are expected for higher col-
lagen concentrations.

The group III scaffolds with the smallest pore di-
ameter (20 lm) had the highest value of SAV,
according to Eq. (5). However, the pore size might
be too small to allow satisfactory infiltration of these
scaffolds with mesenchymal or neural stem cells.
Matrices in group I, II, and IV that have pore sizes
of about 40, 62, and 33 lm, respectively, are more
likely to be amenable to act as hosts for cells. Prelim-
inary seeding experiments with adult rat mesenchy-
mal and neural stem cells are currently being per-
formed on group I scaffolds. Indeed, although matri-
ces of group IV present a higher value of SAV than
those of group I, their low solid volume fraction
(0.5%) gives them poor mechanical properties com-
pared with group I (1.6%), making their handling
during cell seeding more delicate. However, future
studies should be directed to investigate the effect of
different collagen concentrations and cross-linking
treatments on the stiffness of the oriented scaffolds,
and to find out if and how scaffold stiffness can
affect stem cell behavior in vitro.

CONCLUSIONS

A simple method to produce collagen matrices
with nearly axially oriented pores has been pre-
sented. Longitudinally oriented pore channels have
been successfully obtained by axial freezing of a col-
lagen suspension and subsequent freeze-drying.
Scaffolds with a diameter of 3 mm and a length of
5 mm have been produced and characterized in
view of their potential application as nerve guidance
matrices for the regeneration of the spinal cord in a
rat model. The longitudinal pore orientation, quanti-
fied by means of an OI, is expected to support and
guide the regeneration of axons across the site of
injury. Moreover, different pore diameters, which
may be suitable to support axonal elongation in vivo
or the seeding of exogenous cells in vitro, have been
obtained by changing the concentration of collagen
in suspension and the temperature at which the sus-
pension is frozen. The seeding of the linearly ori-
ented matrices with mesenchymal and neural stem
cells, which have the potential to enhance the regen-
erative process after spinal cord injury, is currently
investigated.

The authors would like to thank Chen Ma, Paola Castel-
lazzi and Rahmat Cholas for technical assistance.
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Abstract: The objective of the present study was to inves-
tigate the use of gelatin and cationized-gelatin nanopar-
ticles for the nonviral delivery of the plasmid DNA encod-
ing for insulin-like growth factor (IGF)-1 to adult canine
articular chondrocytes in vitro; plasmid for enhanced green
fluorescence protein (EGFP) was used as a marker gene.
The spherical cationized gelatin nanoparticles were on
average 172 nm in diameter, compared with the often
ellipsoid-shaped unmodified (noncationized) gelatin par-
ticles that generally appeared to be 10 lm to greater than
20 lm in length. The zeta potential of the positively
charged cationized gelatin nanoparticles containing the
plasmid was around 20 mV compared with about 2 mV for
the unmodified gelatin particles. There was no noticeable
fluorescence from the cells treated with the nanoparticles
prepared with the original (noncationized) gelatin par-

ticles containing the pEGFP. In contrast, numerous cells in
the group transfected with the cationized gelatin-pEGFP
nanoparticles were found to fluoresce demonstrating the
transfection of the cells. There was five-fold elevation in
the amount of IGF-1 produced by the cells treated with the
cationized gelatin nanoparticles containing the IGF-1 plas-
mid compared with the unmodified (noncationized) gela-
tin particles. There was a clear effect of varying the weight
ratio of plasmid IGF-1 in the cationized gelatin nanopar-
ticles on the IGF-1 in the medium of cells exposed to the
nanoparticles for 5 h. A peak in the amount of released IGF-1
was detected at a gelatin:IGF-1 weight ratio of 250:1. � 2007
Wiley Periodicals, Inc. J BiomedMater Res 84A: 73–83, 2008

Key words: gelatin; nanoparticles; IGF-1; chondrocytes

INTRODUCTION

It has become increasingly clear that a number of
tissue engineering applications would benefit from
the administration of selected growth factors in con-
junction with a biomaterial scaffold.1–4 The delivery
of recombinant growth factors in vivo, however, ei-
ther by bolus injection or by delivery from a bioma-
terial may have a limited effect because of the short
half-life of the protein. One approach being investi-
gated for prolonged overexpression of growth fac-
tors by cells in vivo is the incorporation of gene vec-

tors into 3D scaffolds.5–7 In an effort to implement
the safest methodology for wedding gene therapy
and tissue engineering, several studies have focused
on the incorporation of nonviral vectors directly into
the scaffold.8,9 An alternative approach is to encap-
sulate plasmid DNA containing the gene encoding
for the selected growth factor into nanoparticles,
which can be injected or implanted along with or
bound to a scaffold prior to its implantation. The
benefit in using nanoparticles as gene delivery
vehicles is the capability to easily direct and control
gene expression kinetics by altering various process-
ing parameters used to make the nanoparticles. A
wide array of materials is undergoing investigation
as nanoparticle delivery vehicles for plasmid DNA.
Because our own work has employed collagen-based
scaffolds,10,11 we were prompted to investigate gela-
tin nanoparticles for this application. Gelatin, the
water-soluble molecular chain resulting from the
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heat dissolution and partial hydrolysis of collagen,
has been investigated for the production of nanopar-
ticles for drug delivery for almost three decades.12,13

While gelatin nanoparticles were initially intro-
duced as carriers for small molecular weight
drugs14,15 they were later investigated as carriers for
peptides.16 More recently gelatin nanoparticles have
been studied as delivery vehicles for DNA.17–21

Issues related to the use of gelatin nanoparticles for
these applications include: size distribution,19

charge,22 stability, and reproducibility. Methods for
producing gelatin nanoparticles23 include: solvent
evaporation techniques24; water-in-oil emulsion25,26;
complex coacervation17; and an emulsifier-free emul-
sion method.16 While all of these methods can be
employed to incorporate small molecules into gelatin
nanoparticles, a few are particularly useful for incor-
porating large molecules such as plasmid DNA. The
advantage of complex coacervation, which is the
separation caused by interaction of two oppositely
charged colloids, is that it is simple and quick, and
leads to the condensation of plasmid DNA.17

Gelatin is ideal for nanoparticle formation due to
its versatility to be chemically modified and cross-
linked to meet specific controlled release needs. In
one case thiolated gelatin nanoparticles were devel-
oped to release the incorporated molecules in a
highly reducing environment.27 In other studies,
DNA-containing poly(ethylene glycol)-modified
(PEGylated) gelatin nanoparticles were synthesized.28

for applications including the systemic administra-
tion of nonviral gene therapy vectors for solid
tumors.29,30 Still other applications benefited from the
modification of the surface of gelatin nanoparticles
by covalent attachment of biotin-binding proteins,
enabling the binding of biotinylated drug targeting
ligands by avidin–biotin-complex formation.31–33

Antibody modified gelatin nanoparticles have also
been used as drug carrier systems to target nanopar-
ticles to specific cell types.34 Of particular interest is
the modification of the charge (increased positivity)
of gelatin by cationization.19 Cationized gelatin nano-
particles have been used for a myriad of applica-
tions18,35–39 that benefit from the increased positive
charge on the gelatin nanoparticles. As delivery
vehicles for plasmid DNA, positively charged gelatin
nanoparticles could be capable of condensing DNA
and favoring interactions with the negatively charged
cell membrane to facilitate endocytosis.

The objective of the present study was to investi-
gate the use of gelatin nanoparticles for nonviral
delivery of plasmid DNA containing the gene encod-
ing for insulin-like growth factor (IGF)-1 into adult
articular chondrocytes in vitro, and to determine the
behavior of transfected chondrocytes within collagen
(type II)-glycosaminoglycan (CG) scaffolds10,11 with
regard to IGF-1 release over time and effects on bio-

synthesis. The ultimate goal would be to use such
nanoparticles along with or incorporated into colla-
gen scaffolds to result in a prolonged and localized
release of IGF-1. IGF-1 was implemented in the study
on the basis of prior in vitro and in vivo studies that
have demonstrated its favorable effects on chondro-
genesis. Supplementation of culture medium with
IGF-1 alone has been shown to increase cell prolifera-
tion, proteoglycan synthesis, type-II collagen synthe-
sis, and chondrogenesis, both in monolayer and in
three-dimensional cultures.40–45 In addition, the com-
bination of IGF-1 and osteogenic protein (OP)-1 pro-
moted increased survival of and matrix synthesis by
normal and osteoarthritic human articular chondro-
cytes.46 In vivo fibrin polymers laden with IGF-1
resulted in improved histologic appearance and
increased proportion of type II collagen in full-thick-
ness cartilage defects in young mature horses.47

Moreover, ex vivo gene transfer of a human IGF-1
cDNA into chondrocytes was found to enhance chon-
drogenesis both in vitro and in vivo, in work directed
toward cartilage tissue engineering.48,49

Our supposition is that the nanoparticles contain-
ing the plasmid would be taken up by cells seeded
into the scaffold prior to implantation, or by endoge-
nous cells migrating into the scaffold in vivo. Once
inside the cells, the nanoparticles would release the
plasmid, which would gain entry into the nucleus
and enable the overexpression of IGF-1. The IGF-1
released by the cells would then act to promote
chondrogenesis, as described in the prior paragraph.
Even though the transfection efficiency may be low,
we hypothesize that enough cells will be transfected
to produce therapeutic levels of IGF-1 locally.

MATERIALS AND METHODS

Preparation of cationized gelatin

Gelatin (porcine skin; G2625, Sigma-Aldrich, St. Louis,
MO) was chemically modified by grafting amino groups to
carboxyl groups as previously reported36–38 using a carbo-
diimide chemical treatment. Briefly, 2.5 g gelatin was dis-
solved in 0.1M phosphate-buffered solution (pH 5.0), to
which was added 7.9 mL ethylenediamine (Sigma-Aldrich)
and 1.34 g 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride, EDAC (Sigma-Aldrich). The pH was imme-
diately adjusted to 5.0 with 5–6 N hydrochloric acid. The
mixture was stirred at room temperature for 16–18 h, dia-
lyzed for 48 h in distilled water, and then freeze-dried to
obtain the cationized gelatin.

Preparation of plasmid DNA

The plasmids encoding for IGF-1 (pIGF-1) and enhanced
green fluorescent protein (pEGFP) were amplified in Esche-
richia coli host strain DH5a, and purified by column chro-

74 XU, CAPITO, AND SPECTOR

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a



matography with the QIAfilter plasmid Mega kit (QIAGEN,
Valencia, CA) according to the manufacturer’s protocol.
The plasmid for EGFP was used as a reporter gene to visu-
alize the transfection of chondrocytes by fluorescence mi-
croscopy. The antibiotics used to select pIGF-1 and pEGFP
transformed cells were ampicilin and kanamycin, respec-
tively. The size of the pEGFP was 4.7 kb and the pIGF-1
was between 6 and 7 kb in size. The yield, purity, and in-
tegrity of the prepared plasmids were evaluated with an
ultraviolet spectrophotometer and by gel electrophoresis.

Incorporation of plasmid IGF-1 into cationized
gelatin nanoparticles

Cationized gelatin-plasmid IGF-1 nanoparticles (CGPIN)
were prepared by complex coacervation. The cationized
gelatin stock solution (80 mg/mL) was made by dissolving
0.24 g cationized gelatin in 3 mL distilled water. The solu-
tion was then filtered for sterilization. Working solutions
with different cationized gelatin concentrations were
diluted with sterilized water. The pIGF-1 and pEGFP
working solutions (200 lg/mL) were prepared with sterile
filtered 50 mM sodium sulfate (Fisher Scientific, Hampton,
NH). Aliquots (100–150 lL) of the cationized gelatin and
pIGF-1 or pEGFP solutions were heated separately at 558C
for 30–45 min. Equal volumes of the solutions were
quickly mixed and vortexed for 60 s. Nanoparticles, which
were prepared with either the pIGF-1 or the pEGFP, were
used without further purification. The nanoparticles con-
taining pEGFP were prepared with cationized gelatin
using a gelatin:plasmid weight ratio of 250:1, whereas a
variety of ratios were investigated when making nanopar-
ticles encapsulating pIGF-1. As a control group, nanopar-
ticles were also synthesized using the original (noncation-
ized) gelatin material.

Environmental scanning electron microscopy

Environmental scanning electron microscopy (ESEM,
XL30, FEI/Philips, Hillsboro, OR) was used to investigate
the size and shape of the nanoparticles. Samples were pre-
pared by placing 1 lL of the nanoparticle suspension onto
glass slides and air drying. The air-dried samples were
then observed directly under ESEM, without the need to
coat the samples with a conducting layer as required for
conventional SEM.

Determination of nanoparticle size distribution

The particle size distribution was determined by a
dynamic light scattering technique, performed at 258C
using a Brookhaven 200SM goniometer, a BI-9000AT digi-
tal auto-correlator, and Spectra-Physics Argon laser operat-
ing at 514 nm (Brookhaven Instruments Corporation,
Holtsville, NY). The measured scattering intensities were
analyzed by software provided by Brookhaven. The detec-
tion limits for dynamic light scattering generally range
from 2–3 nm to 2–3 lm.

Zeta potential

The zeta potential of the nanoparticles, with different
weight ratios of gelatin to plasmid, was measured with a
Brookhaven Zeta Plus apparatus (Brookhaven Instruments
Corporation, Holtsville, NY). The electrophoretic mobility
was determined at 258C, and the zeta potential was calcu-
lated. This measurement reflected the degree of cationiza-
tion, and may be of use in future work relating the behav-
ior of the nanoparticles (e.g., ability to be endocytosed by
cells) to their charge.

Gene transfer to adult articular chondrocytes in
monolayer using gelatin nanoparticles incorporat-
ing pEGFP and pIGF-1

Chondrocytes were isolated from the trochleae of both
knees (stifle joints) from one adult mongrel dog (approxi-
mate age 2–4 years) using a sequential digestion of pronase
(20 U/mL, 1 h) and collagenase (200 U/mL, overnight).
The cells were expanded in number in monolayer culture
with medium containing Dulbecco’s modified Eagle’s me-
dium (DMEM, high glucose 4.5% without L-glutamine), 0.1
mM nonessential amino acids, 10 mM N-2-Hydroxyethylpi-
perazine-N0-2-ethanesulfonic (HEPES) buffer, 100 U/mL
penicillin, 100 lg/mL streptomycin glutamate, 10% FBS
(Invitrogen Corporation, Carlsbad, CA), and a mixture of
the following growth factors (R&D Systems, Minneapolis,
MN): TGF-b1 (1 ng/mL), FGF-2 (5 ng/mL), and PDGF-bb
(10 ng/mL). At confluence, cells were trypsinized and ei-
ther plated onto glass bottom microwell dishes (MatTek
Corporation, Ashland, MA) for transfection with nanopar-
ticles incorporating pEGFP or into 24-well tissue culture
plates for transfection with nanoparticles incorporating
pIGF-1. Passage 0 cells were seeded in both types of dishes
at a density of 5 3 104 cells per well (density of 30,000
cells/cm2) and were allowed to expand overnight to about
80–90% confluence (about 100,000 cells) before transfection.

For transfection with gelatin nanoparticles incorporating
either plasmid, the medium was removed and replaced
with a 250 lL suspension of nanoparticles diluted in a se-
rum-free medium. The serum-free medium consisted of
DMEM (high glucose 4.5% without L-glutamine), 0.1 mM
nonessential amino acids, 10 mM HEPES buffer, 100 U/
mL penicillin, 100 lg/mL streptomycin glutamate, ITSþ1

(1003, by Sigma Chemical, St. Louis, MO), 0.1mM ascorbic
acid 2-phosphate, 1.25 mg/mL bovine serum albumin,
10 ng/mL of TGF-b1, and 100 nM dexamethasone. Five
hours later, the nanoparticle solution was removed and
replaced with fresh serum-free medium (500 lL/well) that
did not contain nanoparticles. On the basis of an average
nanoparticle diameter and a gelatin density of about 1 g/
mL, we estimated that the number of nanoparticles added
to the monolayer chondrocytes was on the order of 1012.
Assuming that the cultures to which the nanoparticles
were added contained *100,000 cells, the number of nano-
particles per cell was estimated to be 107.

Monolayers that were treated with cationized gelatin
nanoparticles incorporating pEGFP at a weight ratio of
250:1 and a plasmid amount of 10 lg per well were exam-
ined by transmitted fluorescence microscopy 48 h after
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transfection in order to visualize successful gene transfer
to cells using these nanoparticles.

IGF-1 expression as a function of plasmid loading
in the nanoparticles

For IGF-1-transfected monolayers, the effects of cation-
ized gelatin:IGF-1 ratio and plasmid amount added to
each well were investigated. Five different cationized
gelatin:IGF-1 ratios were investigated (by weight): 150:1,
200:1, 250:1, 300:1, and 400:1. For these groups, a constant
plasmid load of 10 lg per well was used. In experiments
in which plasmid amount was the main variable, the five
different plasmid amounts used were 2, 5, 8, 10, and 12 lg
of plasmid per well, at a constant cationized gelatin to
pIGF-1 weight ratio of 250:1. Control conditions consisted
of pIGF-1 only (10 lg) or no treatment (just added serum-
free medium). Nanoparticles synthesized using unmodi-
fied (original) gelatin at a gelatin:IGF-1 ratio of 250:1 were
also included as an experimental condition to determine
the effect of cationization on nanoparticle characteristics
and transfectibility. The serum-free medium from IGF-1-
transfected cultures was collected at 144 h after transfec-
tion and assessed for the presence of IGF-1 protein (n ¼ 4)
with a human IGF-1 sandwich ELISA kit (R&D Systems,
Minneapolis, MN).

Behavior of monolayer-transfected chondrocytes
seeded within collagen-GAG scaffolds

An in vitro experiment was performed to determine if
the chondrocytes transfected by the nanoparticles contain-
ing the IGF-1 plasmid would demonstrate elevated pro-
duction of a cartilage-specific matrix molecule (GAG)
when grown in a collagen-GAG scaffold, which: (1) might
serve as an analog of extracellular matrix for in vitro evalu-
ation of cell behavior in a three-dimensional (3D) culture
system; and (2) could be used as a tissue engineering scaf-
fold for the future delivery of the nanoparticle-transfected
cells or the nanoparticles themselves in vivo.

The scaffolds were fabricated by freeze-drying a por-
cine-derived type II collagen-GAG slurry (Geistlich Bioma-
terials, Wolhusen, Switzerland) to form sheets *2 mm in
thickness. Morphometric analysis of the pore structure per-
formed as previously reported50 indicated a pore diameter
of 190 6 25 lm and porosity of 88% 6 1%. The porous
sheets were sterilized and cross-linked by dehydrothermal
treatment51,52 under a vacuum (50 mTorr) and temperature
of 1058C for 24 h. Nine-millimeter diameter disks (*2 mm
thick) were punched out using a dermal punch (Moore
Medical, New Britain, CA) and additionally cross-linked
by a 10 min carbodiimide treatment containing an aqueous
solution of 14 mM 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride and 5.5 mM N-hydroxysuccini-
mide (EDAC; Sigma Chemical Co., St. Louis, MO). Excess
EDAC was removed by rinsing in PBS.

Using CGPIN synthesized with a gelatin:plasmid weight
ratio of 250:1, chondrocyte monolayers were transfected
and the cells subsequently seeded in CG scaffolds *24 h
after transfection to assess the duration of IGF-1 overex-

pression in 3D culture and the effects on biosynthesis.
Four million transfected cells were seeded onto each scaf-
fold by pipetting a 20 lL suspension containing half of the
total amount of cells on each side of the scaffold with a 10
min incubation period in between. By this static seeding
method *80% of the seeded chondrocytes have been found
to attach to the scaffolds. Cell-seeded scaffolds were cul-
tured in the serum-free medium described above. Medium
was collected and changed every 2–3 days over a 14-day
culture period. The amount of IGF-1 in the medium (n ¼ 6)
was detected by a sandwich ELISA kit for the human IGF-1
protein (R&D Systems). Cultures were terminated after
2 weeks and scaffolds were lyophilized and enzymatically
digested using proteinase K (Roche Diagnostics, Indianapo-
lis, IN) for DNA and GAG biochemical analyses.

DNA analysis

The DNA content of cell-seeded scaffolds was measured
using the Picogreen Dye assay kit (Molecular Probes,
Eugene, OR) (n ¼ 4–6). The Picogreen dye was used with
the reagents and standard provided according to the man-
ufacturer instructions.

GAG analysis

The sulfated GAG content of cell-seeded scaffolds was
determined by the dimethylmethylene blue (DMMB) dye
assay46 (n ¼ 4–6). An aliquot of the proteinase K digest
was mixed with the DMMB dye and the absorbance at 525
nm was measured with a spectrophotometer. The results
were obtained by extrapolating from a standard curve
using shark chondroitin-6-sulfate. Newly accumulated
GAG was determined by subtracting the unseeded values
from the sample values.

Statistical analyses

Data were analyzed by one or two-factor analysis of
variance (ANOVA), and the Fisher’s protected least
squares differences (PLSD) post-hoc test to determine the
significance in the difference between selected groups
using StatView (SAS Institute, Cary, NC). Data are pre-
sented as mean 6 standard error of the mean (SEM).

RESULTS

Morphology of the cationized gelatin-pIGF-1
nanoparticles

ESEM (Fig. 1) revealed different sizes and mor-
phologies of the pIGF-1-containing nanoparticles
prepared with cationized gelatin versus regular gela-
tin (using the same gelatin:plasmid weight ratio of
250:1). The cationized gelatin nanoparticles [Fig
1(a,b)] generally appeared to be of spherical shape.
The small size of the cationized gelatin nanoparticles
precluded definitive measurement of their diameter
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by ESEM. The particles generally appeared, how-
ever, to be less than 200 nm, which was consistent
with the measurements made by dynamic light scat-
tering (reported in the next section). In contrast, the
original gelatin formed micro-scale particles with
spherical and ellipsoid shapes [Fig 1(c,d)], with the
average diameter (and long axis) appearing to be
from 10 lm to greater than 20 lm. For both the cat-
ionized and noncationized gelatin:plasmid prepara-
tions, the nanoparticles and microparticles, respec-
tively, generally appeared to be of uniform size.

Particle size distribution

Dynamic light scattering revealed that the size of
the cationized gelatin nanoparticles ranged from 7 to
387 nm, with an average diameter of 172 nm. The
original gelatin particles displayed a wider size range

Figure 1. Environmental scanning electron microcopy images of cationized gelatin-pIGF-1 nanoparticles (a, b) and nonca-
tionized (original) gelatin-pIGF-1 microparticles (c, d), using a gelatin-plasmid weight ratio of 250:1.

Figure 2. Particle size distribution of cationized gelatin-
pIGF-1 nanoparticles (CGPIN) and original gelatin-pIGF-1
particles (GPIN). Cumulative percentage of nanoparticles,
C (d), plotted against particle size. Nanoparticles were
made with cationized gelatin and original gelatin at a
weight ratio of 250:1.
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extending to greater than 1.8 lm, larger than could
be evaluated by dynamic light scattering (Fig. 2).

Surface charge of gelatin nanoparticles

The zeta potential (Fig. 3) of the naked plasmid
IGF-1 solution was �48 6 2 mV (mean 6 standard
error for 5 runs of the same sample). When the plas-
mid was coupled with different amounts of the posi-
tively charged cationized gelatin (þ18 6 0.7 mV for
cationized gelatin alone), the zeta potential went from
a negative value to a positive value and increased by
*50–58 mV. Interestingly, with the increasing cation-
ized gelatin:plasmid weight ratio, the surface charge
of the nanoparticles did not show a significant change.

Cationized gelatin pIGF-1 nanoparticles displayed a
fourfold higher positive charge compared to particles
made with the unmodified gelatin (GPIN) using a
250:1 gelatin to plasmid weight ratio.

Fluorescence microscopy of the chondrocytes
transfected with the nanoparticles containing
pEGFP

There was no noticeable fluorescence from the
cells treated with the nanoparticles prepared with
the original (noncationized) gelatin particles contain-
ing the pEGFP [Fig. 4(a)]. In contrast numerous cells
in the group transfected with the cationized gelatin-
pEGFP nanoparticles were found to fluoresce indi-
cating successful transfection and gene expression
[Fig. 4(b)].

IGF-1 gene expression in transfected chondrocyte
monolayers

No detectable IGF-1 was found in control mono-
layer cultures of these adult canine chondrocytes.
The coefficients of variation for the IGF-1 levels
recorded from all but two of the nine experimental
groups, varying gelatin to plasmid weight ratios and
plasmid loading (n ¼ 4), were from 10–30%. In two
of the groups (10 lg loading with a gelatin:plasmid
ratio of 400:1 and 10 lg loading with 250:1) the coef-
ficients were around 60% owing to an outlier in each
that was about twice the mean value for the group.
It was decided to omit the elevated data point in
each of the two groups, reducing the sample size
from 4 to 3, but taking a more conservative approach

Figure 3. Zeta potential of naked IGF-1 plasmid (1st bar),
cationized gelatin (2nd bar), original gelatin complexed to
pIGF-1 at a 250:1 weight ratio (3rd bar), and cationized
gelatin complexed with different amounts of pIGF-1 to
yield the following gelatin:plasmid weight ratios: 150:1,
200:1, 250:1, 300:1, and 400:1.

Figure 4. Fluorescence microscopy of chondrocytes transfected with nanoparticles incorporating pEGFP 48 h after trans-
fection using original gelatin (a) or cationized gelatin (b). [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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to the analysis of the data (i.e. omitting the outliers
decreased the detected levels of protein).

There was a clear effect of varying the weight ratio
of gelatin to pIGF-1 on gene transfer and subsequent
IGF-1 release in the medium [Fig. 5(a)]. Optimal
IGF-1 expression was recorded for gelatin to plasmid
weight ratios of 200–300:1. There was a fivefold ele-
vation in the amount of IGF-1 produced from the

group treated with nanoparticles synthesized at a
weight ratio of 250:1 compared with the control
group that was treated with pIGF-1 alone [Fig. 5(a)].
One-factor ANOVA revealed a significant effect of
the weight ratio of cationized gelatin to pIGF-1 on
the amount of IGF-1 synthesized by the cells (p <
0.0002; power ¼ 1). Fisher’s PLSD post-hoc testing
demonstrated that all plasmid ratios had statistically
significant elevations of IGF-1 production over the
control condition treated with plasmid only (i.e. no
incorporation in nanoparticles, p < 0.04). Among the
gelatin:plasmid weight ratios, there was no statisti-
cally significant difference among the 200:1, 250:1,
and 300:1 groups, but there was a significant differ-
ence comparing these groups with the 150:1 group
(p < 0.03), and comparing the 250:1 and 300:1 groups
versus the 400:1 group (p < 0.02).

There was also a notable effect of varying the
amount of plasmid added to each well on IGF-1 pro-
duced by the transfected chondrocytes [Fig. 5(b)].
There was a gradual increase in IGF-1 expression
with increasing plasmid load. Linear regression anal-
ysis demonstrated a correlation between IGF-1
expression and plasmid load (R2 ¼ 0.65). One-factor
ANOVA showed a significant effect of plasmid
amount added per well on IGF-1 expression (p <
0.0001; power ¼ 1). Post-hoc testing revealed that
there was a statistically significant elevation in IGF-1
produced for all plasmid loads except the 2 lg load
when compared to the control group. The 12 lg load
showed a statistically significant elevation of IGF-1
expression above the plasmid load groups of 8 lg or
less (p < 0.02). The 10 lg load showed a significant
elevation above plasmid loads of 5 lg or less (p <
0.01). There was, however, no significant difference
between the 5 and 8 lg plasmid load groups or the
10 and 12 lg groups.

The difference between using unmodified (nonca-
tionized) gelatin and cationized gelatin nanoparticles
for the transfection of the chondrocytes was clearly
demonstrated [Fig. 5(c)]. There was a fivefold eleva-
tion in the amount of IGF-1 produced by transfected
cells when using the cationized gelatin nanoparticles
[Fig. 5(c)]. ANOVA showed a statistically significant
difference in the IGF-1 expression between the
groups (p < 0.003; power ¼ 0.99).

IGF-1 gene expression of transfected chondrocytes
seeded in CG scaffolds and effects on biosynthesis

Cultures of scaffolds seeded with chondrocytes
that were transfected in monolayer using gelatin/
pIGF-1 nanoparticles (CGPIN group) showed a clear
elevation of IGF-1 release above the Control (no
treatment, medium only) and Gelatin (gelatin alone,
no plasmid) groups for all media collections (Fig. 6).

Figure 5. IGF-1 protein released into the medium from
monolayer chondrocytes 144 h after treatment with gela-
tin-plasmid IGF-1 nanoparticles: varying the cationized
gelatin to pIGF-1 weight ratio using a 10 mg plasmid load
(a); varying plasmid load using a 250:1 weight ratio (b);
and comparing transfection using original gelatin particles
vs. cationized gelatin nanoparticles (c). n ¼ 3–4; mean 6
SEM.
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The CGPIN group showed a steady IGF-1 release of
about 2200 pg/mL every 3 days over the course of
the 12-day period. There was no noticeable amount
of IGF-1 released in the media for the Control or
Gelatin groups. Two-factor ANOVA verified a signif-
icant effect of transfection with gelatin/pIGF-1 nano-
particles on IGF-1 release from cell-seeded scaffolds
(p < 0.0001, power ¼ 1) but no significant effect of
time over the 12-day culture period.

There was a slight, significant elevation in DNA
content (Fig. 7) at the end of the culture period for
the Control group compared to the other groups
(p < 0.03, power ¼ 0.7). GAG and DNA analyses
showed the highest level of accumulated GAG per
DNA for the CGPIN group, with a 60% higher level
than the Control group and a 40% higher GAG/
DNA level than the Gelatin group. Constructs
seeded with cells treated in monolayer with gelatin
alone (Gelatin group) also showed a 38% higher
GAG/DNA content than the Control group.
ANOVA showed a significant effect of monolayer
treatment on the resulting accumulated GAG/DNA
content at the end of the 3D culture period (p <
0.001, power ¼ 1).

DISCUSSION

The results of the present study demonstrated the
benefits of altering the charge of gelatin through cat-
ionization, with respect to its use as a delivery vehi-
cle for plasmid IGF-1 for nonviral gene transfer to
chondrocytes. When complexed with the plasmid,
unmodified gelatin tended to form particles of sub-
stantially larger size and broader size range. Increas-

ing the positive charge of gelatin may have enabled
it to condense the pIGF-1 such that smaller (nanome-
ter-sized) particles could be produced, but this point
needs to be further investigated before a definitive
conclusion can be drawn.

The degree of cationization was reflected in the
zeta potential measurements. The isoelectric point
derived from zeta potential measurements of gelatin
nanoparticles alone has previously been reported as
5.7.19 In the present study, cationized gelatin alone
was found to have a potential of þ18 6 0.7 mV, and
cationized gelatin pIGF-1 nanoparticles displayed a
potential of about þ8 mV compared with þ2 mV for
the unmodified gelatin/IGF-1 plasmid complex for
the same ratio (250:1 gelatin to plasmid weight ra-
tio). In future work, it will be instructive to deter-
mine the degree of cationization based on the per-
centage of amino groups introduced into gelatin as
determined by the conventional trinitrobenzene sul-
fonate method.18

Of interest were the findings demonstrating the
difference in the functionality of the cationized and

Figure 6. IGF-1 released in medium from control cell-
seeded scaffolds and chondrocytes transfected in mono-
layer with CGPIN (gelatin:plasmid IGF-1 of 250:1) and
subsequently seeded in CG scaffolds. n ¼ 6; mean 6 SEM.
The results for the Control (no treatment, i.e., medium
only) and Gelatin (gelatin alone, no plasmid) groups are
superimposed on one another, and the error bars are con-
tained within the space of the symbol.

Figure 7. DNA contents (a) and accumulated GAG/DNA
(b) measured at the end of the 3D culture period in CG
scaffolds seeded with untreated chondrocyte monolayers
(Control), chondrocytes treated with gelatin alone (Gelatin
only), or chondrocytes transfected in monolayer with
CGPIN at a gelatin:plasmid IGF-1 of 250:1 (CGPIN). n ¼ 4;
mean 6 SEM.
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noncationized gelatin particles as transfection agents
for the plasmids encoding EGFP and IGF-1. Virtually
no fluorescence was detected in chondrocytes treated
with the marker gene, EGFP, incorporated in the
unmodified gelatin particles, while many cells were
transfected with the pEGFP using the cationized gel-
atin nanoparticles. This difference was also demon-
strated by the five-fold difference in expression of
IGF-1 between groups treated with the cationized
gelatin-pIGF-1 versus the noncationized-pIGF-1 par-
ticles indicating that there are important functional
differences imparted by charge modification, per-
haps owing to a difference in particle size or surface
charge. A higher positive surface charge may in-
crease interactions with the negatively charged cellu-
lar membrane and a smaller particle diameter may
increase probable entry into to cell, resulting in
enhanced gene expression. Additional studies will
be required to provide a deeper understanding of
the transfection mechanisms that are responsible for
the differences in the behavior of the cationized and
noncationized particles.

The present findings also revealed an optimal cat-
ionized gelatin:pIGF-1 weight ratio range for trans-
fecting adult articular chondrocytes, with maximum
IGF-1 expression recorded for weight ratios of 200–
300:1. The surface charge of the nanoparticles made
with the varying weight ratios, however, may not
have been a significant factor influencing gene trans-
fer to chondrocytes as the surface charge did not
seem to change significantly using different weight
ratios. It will be useful in future work to evaluate
other potential mechanisms related to the ability of
these nanoparticles to transfect cells, such as particle
size and morphology and the kinetics of plasmid
release from nanoparticles prepared with other gelat-
in:plasmid weight ratios.

The current investigation demonstrated a nearly
linear increase in IGF-1 production by cells with
increasing plasmid load applied to the cultures
when using cationized gelatin nanoparticles. Based
on an estimated cell number in each well of about
100,000 cells and using a cationized gelatin:IGF-1
weight ratio of 250:1, one would need about 50 pg of
incorporated plasmid within cationized gelatin nano-
particles per cell for meaningful gene expression.
The *1 ng of IGF-1 collected in the first 144 h after
transfection (using a 250:1 cationized gelatin:pIGF-1
and a 10 lg plasmid load) is well below the mini-
mum therapeutic levels generally found in vitro to
elicit a response from chondrocytes using the
recombinant IGF-1 as a medium supplement. How-
ever, this 1 ng level was achieved after only 5 h of
incubation of the cells with the nanoparticles. More-
over, in a contained defect in vivo, small levels of
overexpressed IGF-1 concentrated locally may still
be able to achieve therapeutic results.

The effect of localized and elevated levels of IGF-1
expression on biosynthesis was demonstrated by
comparing CG scaffolds seeded with untreated chon-
drocytes and chondrocytes transfected in monolayer
with CGPIN. These results showed that IGF-1 over-
expression above the control groups can be main-
tained when transfected chondrocytes are seeded
within CG scaffolds for up to about 2 weeks in 3D
culture. The CGPIN group showed very steady IGF-
1 release levels with no evidence of decreasing IGF-1
overexpression at the end of the 12-day culture pe-
riod. The elevated levels of IGF-1 for the CGPIN
group resulted in a 60% greater GAG/DNA content
than the Control group after 12 days in 3D culture.
The finding that cationized gelatin nanoparticles con-
taining IGF-1 plasmid can stimulate GAG produc-
tion in this in vitro assay is consistent with prior
findings as reviewed in the Introduction section, and
lays the groundwork for future in vivo studies to
determine if this approach can play a meaning role
in cartilage repair procedures by implanting the scaf-
folds, which contain the nanoparticles alone or the
IGF-1/nanoparticle-transfected cells.

Surprisingly, CG constructs containing chondro-
cytes treated with gelatin alone (without plasmid) in
monolayer also resulted in a significantly higher
GAG/DNA content (38% higher) verses the Control
group even though there was no elevation in IGF-1
expression for this group compared with the Con-
trol. This finding seems to indicate that gelatin alone
can affect chondrocytes in monolayer and may
induce elevations in biosynthesis when these cells
are subsequently grown in CG scaffolds.

Few studies have yet investigated the mechanisms
by which gelatin nanoparticles gain entry into cells.
One recent transmission electron microscopy study25

provided evidence of the endocytosis of gelatin
nanoparticles by fibroblasts. While the nanoparticles
in the cytoplasm of the cells appeared to disrupt the
F-actin and b-tubulin cytoskeleton, there was no evi-
dence of toxicity. Additional work is necessary to
more completely understand the mechanisms by
which gelatin nanoparticles are endocytosed, and the
contained plasmid released and incorporated into
the cell nucleus.

CONCLUSIONS

The results of the present work demonstrate that
gelatin nanoparticles can be synthesized to incorpo-
rate plasmid containing the IGF-1 gene, and can suc-
cessfully transfect expanded chondrocytes in mono-
layer culture. Chemical modification of gelatin by
cationization, varying the cationized gelatin to plas-
mid weight ratio, and varying the amount of plas-
mid added to the cells all significantly affect result-
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ing gene expression and growth factor release
kinetics. Furthermore, chondrocytes transfected with
pIGF using cationized gelatin nanoparticles are able
to maintain steady IGF-1 overexpression when sub-
sequently grown in CG scaffolds for up to 2 weeks
in 3D culture, and show enhanced biosynthesis.
These findings warrant additional study of the imple-
mentation of cationized gelatin nanoparticles incorpo-
rating growth factor plasmids in conjunction with
scaffolds to facilitate tissue engineering.
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Abstract: The objective of the present study was to pre-
pare chitosan nanoparticles incorporating a relatively large
plasmid encoding for osteogenic protein (OP)-1 and to
determine the ability of these nanoparticles to transfect
adult canine articular chondrocytes in vitro. The positive
charge of chitosan acted to condense the relatively large
negatively-charged OP-1 plasmid such that it could be
incorporated into nanoparticles. Incorporation of the plas-
mid into the chitosan nanoparticles did not affect the
structural integrity of the plasmid as demonstrated by gel
electrophoresis. The morphology and size of the nanopar-
ticles were found to vary with the chitosan:plasmid weight
ratio. Nanoparticles formulated with a chitosan:plasmid ra-
tio of 10:1 were of uniformly small size (less than 250 nm)
and spherical shape. These nanoparticles had a positive
charge of about 20 mV. FITC-labeled chitosan nanopar-
ticles were found in virtually all of the cells after 24 h of

incubation with the nanoparticles, and confocal micros-
copy revealed FITC-related fluorescence in the nucleus of
the chondrocytes. Although transfection of the chondro-
cytes was demonstrated by the fluorescence of cells treated
with chitosan nanoparticles containing the plasmid for the
enhanced green fluorescence protein, cells transfected with
nanoparticles incorporating the larger OP-1 plasmid did
not show OP-1 expression measured by ELISA for up to
2 weeks in culture. These results indicate that although a
large plasmid can be successfully incorporated within chi-
tosan nanoparticles, the size of the plasmid incorporated
within the nanoparticles may still significantly affect gene
transfer to cells. � 2007 Wiley Periodicals, Inc. J Biomed
Mater Res 84A: 1038–1048, 2008

Key words: gene transfer; chitosan; nanoparticles; osteo-
genic protein-1; chondrocytes

INTRODUCTION

It is now well established that growth factors may
play an important therapeutic role in the treatment
of cartilage defects.1,2 However, growth factors are
subject to clinical limitations that include a short
half-life in vivo requiring multi-dose administration
and expense for the large quantities that may be
required. These potential problems have stimulated
interest in the implementation of gene transfer meth-
ods3 to enable the local, sustained expression of the

growth factors. While high transfection efficiencies
can be readily achieved with viral vectors, the poten-
tial for untoward biological responses to the viral
vector4 has prompted investigation of non-viral
transfection approaches. In contrast, the non-viral
vectors may provide several advantages such as
non-infectivity, absence of immunogenicity, the pos-
sibility of multi-dose administration, and low cost.5

Non-viral vectors including cationic liposomes, cat-
ionic lipids, and synthetic and natural polymers6–8

have been employed as delivery vehicles for genes.
The advantage of cationic lipids, such as Lipofect-
amine,9 is that they have a high transfection effi-
ciency in vitro. However, their biocompatibility pro-
file in vivo has not yet been established.10 One of the
natural polymers employed as a non-viral vector is
chitosan.10–12 Chitosan is a naturally occurring poly-
saccharide consisting of two subunits, D-glucosamine
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and N-acetyl-D-glucosamine, linked together by gly-
cosidic bonds.10 Its desirable attributes as a non-viral
vector include11: a positive charge capable of con-
densing DNA with which it interacts and favoring
interactions with the negative charge of the cell
membrane; general biocompatibility; and ability to
form nanometer11,13–16 and micrometer10,17 sized
complexes with DNA. Moreover, chitosan-DNA
nanoparticles did not induce release of proinflamma-
tory cytokines from macrophages.18 A host of other
advantages of employing chitosan as a delivery vehi-
cle have been proposed,13 including: (1) conjugation
of other molecules to the chitosan to interact with
specific membrane receptors, including integrins,
that could elicit selected cell behavior including
receptor-mediated endocytosis; (2) incorporation of
agents to inhibit the intracellular degradation of the
plasmid; and (3) inclusion of other biologically active
substances. Of interest is that chitosan was found to
provide better transfection than a cationic liposome
under certain conditions; whereas ‘‘cationic liposome
(lipofectin)-associated gene expression was inhibited
by serum, chitosan showed resistance to serum.’’12

The objective of the present study was to prepare
chitosan nanoparticles incorporating a relatively
small plasmid containing the gene encoding for the
enhanced green fluorescent protein (EGFP) and/or a
relatively large plasmid containing the gene for
osteogenic protein (OP)-1 [also known as bone mor-
phogenetic protein (BMP)-7], and to evaluate the
ability to use these chitosan nanoparticles to trans-
fect adult articular chondrocytes. Most of the non-
viral strategies directed toward the transfection of
chondrocytes for cartilage repair have been lipid or
liposome-based methods.19–22 The reason for select-
ing OP-1 for this investigation is that several studies
have demonstrated the favorable effects of OP-1 on
chondrogenesis in vitro23–28 and on cartilage repair
in vivo.29–31 While there have been several reports of
OP-1 gene transfer to cells using viral vectors,32–36

there have been only two reports of nonviral tranfec-
tion of cells with OP-1 plasmid DNA,37,38 and no stud-
ies investigating the use of nanoparticles as delivery
vehicles for the gene. The relatively large size of the
OP-1 plasmid used in this study (*9–10 kb)38 com-
pared to the plasmid size for EGFP (*4.7 kb) pro-
vided the opportunity to determine whether plasmid
size has an effect on transfectibility using chitosan
nanoparticles.

The emphasis in the current study was the meth-
odology for preparing nanoparticles incorporating a
relatively large plasmid, and the effects of the condi-
tions under which the nanoparticles were produced
on their characteristics (viz., size and shape). One of
the specific aims of the study was to determine how
the chitosan: plasmid OP-1 (pOP-1) ratio affected the
size, morphology, and charge of the nanoparticles.

A second aim of the study was to assess the struc-
tural integrity of the OP-1 complexed with chitosan
using gel electrophoresis. The third aim of the study
was to demonstrate by fluorescence microscopy and
ELISA the functionality of the chitosan nanoparticles
encoding EGFP and pOP-1, respectively, using adult
articular chondrocytes. There has been only one
prior report of the uptake of nanoparticles by chon-
drocytes39 incorporating the relatively small plasmid
for EGFP (pEGFP). This study investigates the incor-
poration and characterization of a plasmid much
larger than pEGFP into chitosan nanoparticles and
evaluates the effectiveness of the nanoparticles in
transfecting chondrocytes in vitro.

MATERIALS AND METHODS

Preparation of chitosan nanoparticles containing
pOP-1 and a fluorescent label

Chitosan stock solution (0.2%, w/v) was made as fol-
lows. Ten milligrams of medium to high molecular weight
chitosan (Cat. No. 41,796-3, Sigma-Aldrich, St. Louis, MO)
was added to a tube containing 11.6 lL acetic acid in
4.0 mL water and then kept at 378C overnight. After the
chitosan was dissolved, 0.028 gm of sodium acetate (Fisher
Scientific, Fair Lawn, NJ) was added to the tube, the pH
was adjusted to 5.5, and the volume increased to 5 mL.
Chitosan working solutions with different concentrations
were made from the stock by dilution with 5 mM acetate
buffer (pH 5.5) and sterile filtered.

The pOP-1, (pW24, Cell & Molecular Technologies, Phil-
lipsburg, NJ) working solution (200 lg/mL) was prepared
with filtered 5 mM sodium sulfate (Fisher Scientific). The
size of the plasmid, estimated by Cell & Molecular Tech-
nologies based on three restriction enzyme preparations
was: 10,346 bp (HindIII restriction enzyme), 9406 bp
(PstI) and 7793 bp (EcoRI). A complex coacervation
method previously described40 was used to make chito-
san nanoparticles complexing the pOP-1. Complex coac-
ervation is the separation caused by the interaction of
two oppositely charged colloids. Briefly, 100–150 lL chi-
tosan and pOP-1 solutions were heated separately at
558C for 30–45 min. Equal volumes of both solutions
were quickly mixed together and vortexed for 30–45 s.
The nanoparticles were used without further purification.

Fluorescein-5-isothiocyanate (FITC) was added to the
nanoparticles along with the OP-1 plasmid using the
following procedure.18 Forty milligrams FITC (Sigma-
Aldrich) was dissolved in 5 mL dimethylsulfoxide, and
0.5 mL chitosan (0.1%) solution was added, and the mix-
ture was stirred for 1–2 h. The FITC-labeled chitosan was
then precipitated with 25 mL NaOH solution at pH 8. Af-
ter centrifugation of the precipitated product at 4800 rpm
for 15 min the supernatant solution was discarded. The
pellet was washed three times with 25 mL distilled water.
The resulting chitosan was resuspended in acetate buffer
and then used to prepare nanoparticles incorporating
pOP-1, as described above.
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The plasmid encoding for EGFP (Clontech, Mountain
View, CA), with a plasmid size of 4.7 kb, was used as a re-
porter gene to transfect chondrocytes. The plasmid was
amplified in Escherichia coli host strain DH5a, and puri-
fied using the QIAfilter plasmid Mega kit (Qiagen, Valen-
cia, CA). The EGFP and OP-1 plasmids were incorporated
into the same chitosan nanoparticle (chitosan:total plasmid
weight ratio of 10:1 and a pEGFP:pOP-1 weight ratio of
7:3) in order to track the transfection of the chondrocytes
by the chitosan nanoparticles via fluorescence. Realizing
that plasmid size may have an effect on gene transfer and
that GFP expression alone would not verify that the OP-1
plasmid was incorporated or expressed by the transfected
chondrocytes, chitosan nanoparticles incorporating OP-1
plasmid alone were similarly synthesized and used for
transfection in order to directly assess the overexpression
of the larger OP-1 plasmid by ELISA.

Electrophoresis of nanoparticles
and plasmid stability

Incorporation of the pOP-1 into chitosan nanoparticles
was studied using agarose gel electrophoresis. Two issues
were addressed through experimentation: the retention of
the plasmid in chitosan nanoparticles prepared with various
amounts of the plasmid, and the structure of the plasmid af-
ter being released by the chitosan. Integrity of the plasmid
released from the nanoparticles was determined using
restriction enzymes. For each gel, naked pOP-1 (0.8 lg in
80 lL 5 mM sodium sulfate solution) was used as the con-
trol. A 1 kb DNA Ladder (Cat. No. 10381-010, Invitrogen,
Carlsbad, C) was also run on each gel in parallel.

Increasing amounts of chitosan were mixed with a sin-
gle quantity of pOP-1 (10 lg), to yield the following
weight ratios of chitosan to pOP-1: 0.5:1; 1:1; 2:1; 5:1; 10:1;
20:1; and 40:1. The nanoparticles were loaded onto a 0.8%
agarose gel in tris-borate-ethylenediamine tetraacetic acid,
EDTA (TBE) buffer (31) with ethidium bromide. The gel
was run at 100 V for 60–80 min, and then photographed
with Foto/Analyst Visionary (Fotodyne, New Berlin, WI).

The structural integrity of pOP-1 released from the nano-
particles was also investigated by electrophoresis. To digest
the chitosan,40,41 80 lL of the nanoparticle suspensions of the
various chitosan:pOP-1 ratios equivalent to 0.8 lg pOP-1 was
added to 8 lL chitosanase (0.24 U/mL, Sigma-Aldrich) and
20 lL lysozyme (100 U/mL, Sigma-Aldrich) in 5 mM sodium
acetate buffer (pH 5.5). The mixture was incubated at 378C
for 4 h. The digest solutions were then run on the gel.

Samples of the stock pOP-1 solution and aliquots
(16 lL) of the digest solutions from each of the nanopar-
ticle-pOP-1 preparations were cut with Hind (III) restric-
tion endonuclease (New England BioLabs, Ipswich, MA)
and run on gels. Samples of the stock plasmid were also
cut with SalI, XhoI BamHI and EcoRI restriction enzymes,
and analyzed by gel electrophoresis as described above, in
order to estimate the size of the plasmid.

Environmental scanning electron microscopy

Environmental scanning electron microscopy (ESEM,
XL30, FEI/Philips, Hillsboro, OR) was used to investigate

the size and shape of the nanoparticles. Samples were pre-
pared by placing 1 lL of the nanoparticle suspension onto
a slide and air drying the preparation. The air-dried sam-
ples were then observed directly under ESEM, without the
need to apply a conductive coating. Nanoparticles with
chitosan:plasmid weight ratios of 5:1, 10:1, and 20:1 were
examined by ESEM.

Determination of nanoparticle size distribution

The particle size distribution was determined by the
dynamic light scattering technique performed at 258C with
a Brookhaven 200SM goniometer, a BI-9000AT digital
auto-correlator, and Spectra-Physics Argon laser operating
at 514 nm (Brookhaven Instruments Corporation, Holts-
ville, NY). The measured scattering intensities were ana-
lyzed by the software provided by Brookhaven Instru-
ments Corporation. Nanoparticles with chitosan: plasmid
weight ratios of 5:1, 10:1, and 20:1 were evaluated for their
particle size distribution.

Zeta potential

The zeta potential of the nanoparticles, reflecting their
charge, was measured with Brookhaven’s Zeta Plus appa-
ratus (Brookhaven Instruments Corporation). The electro-
phoretic mobility of nanoparticles, with chitosan:plasmid
weight ratios of 5:1, 10:1, and 20:1, in acetate buffer (pH
5.5) was determined at 258C. A pH 5.5 was used because
this was the pH at which the nanoparticles were made.
The zeta potential was calculated using the Hückel
approximation for small particles in low dielectric constant
medium.

Chondrocyte uptake of nanoparticles incorporating
FITC and plasmids for enhanced green
fluorescent protein and OP-1

Chondrocytes were obtained by enzymatic digestion of
the articular cartilage obtained from the knee joint of one
adult dog. The cells were expanded in number in mono-
layer culture using a modification of the medium previ-
ously reported,42 consisting of Dulbecco’s modified Eagle’s
medium, DMEM (4.5%, without L-glutamine and with
1 mM sodium pyruvate), 0.1 mM nonessential amino
acids, 10 mM N-2-hydroxyehtylpiperazine-N0-2-ethanesul-
fonic (HEPES) buffer, 100 U/mL penicillin, 100 lg/mL
streptomycin glutamate, 10% FBS (Invitrogen Corporation,
Carlsbad, CA), and a mixture of the following growth fac-
tors (R&D Systems, Minneapolis, MN): TGF-b1 (1 ng/mL),
FGF-2 (5 ng/mL) and PDGF-bb (10 ng/mL). Chondrocytes
subcultured once (passage 1) were used in this investiga-
tion.

Twenty-four hours prior to addition of the nanoparticles
to the cultures, the cells were seeded onto glass-bottomed
dishes (14-mm diameter wells; MatTek Corporation, Ash-
land, MA) at a density of 5 3 104 cells per dish. The cells
were cultured in the medium described above. At 80–90%
confluence, the medium was removed and replaced with a
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250-lL suspension of fluorescence-labeled nanoparticles in
serum-free medium consisting of high glucose DMEM
(4.5%, without L-glutamine and with 1 mM sodium pyru-
vate), 0.1 mM nonessential amino acids, 10 mM HEPES
buffer, 100 U/mL penicillin, 100 lg/mL streptomycin glu-
tamate, ITSþ1 (1003, by Sigma Chemical, St. Louis, MO),
0.1 mM ascorbic acid 2-phosphate, 1.25 mg/mL bovine se-
rum albumin, 10 ng/mL of TGF-b1, and 100 nM dexa-
methasone. Four hours later, another 250 lL of serum-free
medium was added. After an additional 20-h incubation
period, the chondrocytes were rinsed with phosphate-buf-
fered saline (PBS) and 500 lL of serum-free medium
added. For control experiments, nanoparticles without
FITC and an FITC solution alone were used. Nanoparticle
uptake by the chondrocytes was examined by fluorescence
microscopy and confocal laser scanning microscopy.

Chondrocytes were also cultured with the nanoparticles
which contained the EGFP and OP-1 plasmids together in
the same nanoparticle or with nanoparticles incorporating
OP-1 plasmid alone using the same culture conditions as
described above. In control cultures, EGFP plasmid alone
(i.e., not incorporated into nanoparticles) or combined with
a lipid transfection reagent (GenePorter1; Gene Therapy
Systems, San Diego, CA) was added directly to the
cultures. Transfected cells were examined by transmitted
fluorescence microscopy.

For cultures transfected with OP-1 plasmid nanopar-
ticles, media were collected 1, 3, 5, and 7 days after trans-
fection and assessed for OP-1 protein using a DuoSet
human ELISA kit (R&D Systems, Minneapolis, MN). For a
positive control group, chondrocytes were transfected with
OP-1 plasmid using the GenePorter transfection reagent
according to the manufacturer’s instructions. For a nega-
tive control group, cultures were not treated with any
transfection reagent or plasmid.

RESULTS

Electrophoresis of the OP-1 plasmid released
from the nanoparticles

The naked OP-1 plasmid in the stock solution was
found to move slowly in the electrophoretic gel,
likely due to the coiled configuration [Fig. 1(a,b)].
After the digestion with restriction enzymes, the size
of plasmid in the stock solution was estimated by
summing the sizes of the prominent linear frag-
ments: 14,500 bp (XhoI); 13,800 bp (BamHI); 12,800
bp (EcoRI); 12,200 bp (SalI); and 11,500 bp [Hind
(III)]. The size of the plasmid released from the
digestion of the nanoparticles was estimated to be
about 11,500 bp using the Hind (III) enzyme.

The interaction between chitosan and pOP-1 was
evaluated by agarose gel electrophoresis (Fig. 1). At
the lowest weight ratio of chitosan to pOP-1 of 0.5:1,
[lane 2 of Fig. 1(a)] some of the pOP-1 was released
from the nanoparticles and migrated into the gel as
demonstrated by a faint band [asterisk in Fig. 1(a)]

Figure 1. (a) Retention of the OP-1 plasmid in the chitosan
nanoparticles as analyzed by agarose gel electrophoresis.
Lane 1 demonstrates the migration of the naked pOP-1.
Lanes 2–7 were loaded with nanoparticles made up of plas-
mid complexed with progressively increasing amounts of
chitosan with chitosan:pOP-1 ratios of 0.5:1, 1:1, 2:1, 5:1, 10:1,
and 20:1, respectively. Lane 8 shows the 1 Kb ladder. Only
in lane 2 with the lowest amount of chitosan complexed to
the plasmid, was any plasmid released as demonstrated by
its migration (asterisk). (b) Electrophoresis analysis of plas-
mid recovered from nanoparticles after digestion of the chi-
tosan by treatment with chitosanase and lysozyme. Lane 1 is
the stock pOP-1. Lane 2 was loaded with the stock pOP-1
treated with the chitosanase and lysozyme. The enzymatic
digest from nanoparticles with chitosan:pOP-1 ratios of
0.5:1, 1:1, 2:1, 5:1, 10:1, and 20:1, were loaded in lanes 3–8,
respectively. Lane 9 shows the 1 kb ladder. (c) Restriction
enzyme Hind (III) digestion of pOP-1 released from nano-
particles. Lanes 1 and 10 are the 1 Kb ladder. Lane 2: restric-
tion enzyme cleavage of stock pOP-1; lane 3: cleavage of
pOP-1 treated with the chitosanase and lysozyme; lanes 4–9:
pOP-1 from digested nanoparticles with chitosan:pOP-1
ratios of 0.5:1, 2:1, 5:1, 10:1, 20:1, and 40:1, respectively.
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corresponding to the location of the naked plasmid
control [lane 1 of Fig. 1(a)]. With an increasing chito-
san:plasmid ratio [lanes 3–7 of Fig. 1(a)], there was
no sign of migration of the pOP-1 plasmid, indicat-
ing that it remained within the nanoparticles. A 1:1
ratio of chitosan to pOP-1 [lane 3 of Fig. 1(a)]

appeared to be sufficient to retain most of the plas-
mid in the polymer nanoparticles.

The electrophoretic mobility of the plasmid
released by enzymatically digesting the nanoparticles
[lanes 3–8 of Fig. 1(b)] was comparable to the stock
plasmid [lane 1 of Fig. 1(b)] and the stock pOP-1
treated with the digestion enzymes [lane 2 of Fig.
1(b)]. This indicated that incorporation of the plas-
mid into the chitosan nanoparticles, and its release
by enzymatic digestion of the chitosan, did not alter
the structural integrity of the plasmid. There was no
noticeable difference in the location of the bands
from the released plasmid [lanes 3–8 of Fig. 1(b)]
when compared to the stock control plasmids [lanes
1 and 2 of Fig. 1(b)].

After Hind (III) restriction enzyme cleavage of the
plasmid recovered from enzymatic digestion of the
nanoparticles, the molecular profiles [lanes 4–9 of
Fig. 1(c)] were found to be similar to that of the orig-
inal pOP-1 [lane 2 of Fig. 1(c)].

Morphology of the chitosan-pOP-1 nanoparticles

ESEM revealed various morphologies of the nano-
particles prepared with chitosan:plasmid weight
ratios of 5:1, 10:1, and 20:1 [Fig. 2(a–c)]. The nano-
particles with the chitosan:plasmid ratio of 10:1 were
generally uniform in size and less than 500 nm in
diameter [Fig. 2(b)]; this small size and low atomic
number precluded higher magnification imaging of
the nanoparticles in the ESEM. Also of interest was
the fact that the small particles did not display a
tendency to aggregate [Fig. 2(b)]. In contrast, nano-
particles prepared with the lower chitosan:plasmid
weight ratio of 5:1 demonstrated varied morpholo-
gies with some spherical particles approximately
twice the diameter of the 10:1 particles and other
nanoparticles with a fibrous and branching structure,
about 500 nm in width and up to 10 lm long [Fig.
2(a)]. Nanoparticles prepared with the higher chito-
san:plasmid weight ratio of 20:1 also displayed a fi-
brous and branching structure but of a substantially
smaller size than the 5:1 particles, with the length of
the features being about 1 lm [Fig. 2(c)]. In the case
of the 20:1 particles the branching morphology may
have been the result of aggregation of elongated or
fibrous particles [Fig. 2(c)].

Particle size distribution

Dynamic light scattering revealed that the chito-
san-OP-1 nanoparticles were polydisperse in size,
with widely varying ranges of diameter based on the
chitosan:pOP-1 ratio (Fig. 3). The smallest average
particle diameter (Table I) and greatest percentage of

Figure 2. Environmental scanning electron microcopy
images of nanoparticles incorporating pOP-1, prepared
with different chitosan:pOP-1 ratios. (a) chitosan:pOP-1 ra-
tio of 5:1; (b) chitosan:pOP-1 ratio of 10:1; and (c) chitosan:
pOP-1 ratio of 20:1.
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nanoparticles of smallest diameter [Fig. 3(b)] were
recorded for the chitosan:pOP-1 nanoparticles with
the 10:1 ratio. This was consistent with the ESEM
findings (Fig. 2). Nanoparticles prepared with a chi-
tosan:pOP-1 ratio of 10:1 displayed an average di-
ameter of 240 nm with a range of 25–613 nm (Table
I). The preparation with the chitosan:pOP-1 ratio of
20:1, however, also appeared to comprise nanopar-
ticles of comparably small size (Table I), with an av-
erage of 325 nm and a range of 18–562 nm (Table I).
This would suggest that the larger branched par-
ticles seen in ESEM [Fig. 2(c)] were aggregate of
smaller sized particles. As suggested by ESEM, the
light scattering results demonstrated that the par-
ticles prepared with a chitosan:pOP-1 ratio of 5:1
were twice the diameter of the nanoparticles with a
ratio of 10:1 (Table I). Moreover, light scattering
showed that the range of diameters of the nanopar-
ticles with the 5:1 ratio (114–2553 nm), was substan-
tially higher than the range for the 10:1 nanopar-
ticles (Table I).

Charge of the nanoparticles

The zeta potential of original chitosan solution
(pH 5.5) was 45.5 6 1.1 mV. When the chitosan was
coupled with the negatively charged pOP-1, the sur-
face charge decreased to approximately one-half this
value (Table I). Interestingly, with the increasing chi-
tosan-plasmid weight ratio, the surface charge of the
nanoparticles did not change much (Table I); the
three nanoparticle preparations decreased to about
20 mV.

Chondrocyte uptake of nanoparticles

Based on an average nanoparticle diameter and a
chitosan density of about 0.3 gm/mL, we roughly
estimated that the number of nanoparticles added to
the chondrocyte monolayer was on the order of 1010.
Assuming that the cultures to which the nanopar-
ticles were added contained approximately 100,000
cells, the number of nanoparticles per cell was esti-
mated to be 100,000. The chondrocyte uptake of
nanoparticles containing both OP-1 plasmid and
FITC was observed by fluorescence microscopy
using FITC-labeled chitosan-plasmid nanoparticles
[Fig. 4(a)]; as to be expected, no fluorescence was
detected in the cultures in which the chitosan nano-
particles alone (without incorporation of FITC) were
administered to the cells. The fluorescence images of
the experimental cultures in which the FITC-labeled
nanoparticles were used [Fig. 4(a)], demonstrated
that the nanoparticles had been endocytosed by vir-
tually all of the chondrocytes after 24 h of incubation
of the cells with the nanoparticles. This was demon-
strated in the microscope by switching between the
visible light and ultraviolet sources, in order to view
all of the cells and then those fluorescing. In contrast
the fluorescence from the chondrocytes treated with
FITC solution alone appeared to come principally
from the surface of the cells [Fig. 4(b)].

Confocal laser scanning microscopy was used to
more clearly observe the intracellular distribution of
the chitosan nanoparticles incorporating FITC.

Figure 3. Analysis of particle size and size distribution
by dynamic light scattering technique. The histograms
show a measure of the relative number of particles (noted
as ‘‘Intensity’’ ordinate) with diameters in the graduated
diameter ranges (abscissa). Nanoparticles made at different
ratios: (a) chitosan:pOP-1 ratio of 5:1; (b) chitosan:pOP-1
ratio of 10:1; and (c) chitosan:pOP-1 ratio of 20:1. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

TABLE I
Light Scattering and Zeta Potential Results for
Nanoparticles with Chitosan:Plasmid Ratios

of 5:1, 10:1, and 20:1

5:1 10:1 20:1

Light scattering
Average diameter (nm) 546 240 325
Range (nm) 114–2553 25–613 18–562
Zeta potential (mv)a 22.9 6 2.3 21.4 6 1.7 24.4 6 1.0

aThe zeta potential of the original chitosan solution (pH
5.5) was 45.5 6 1.1 mv (mean 6 standard error of mean).
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Confocal microscopy was necessary to demonstrate
that the FITC-labeled nanoparticles were in the cell
and not merely adsorbed onto the cell membrane.
This could not be concluded from fluorescence mi-
croscopy. The confocal images showed that the FITC
was distributed throughout the cytoplasm, and was
also taken up into the nucleus of the chondrocytes
[Fig. 4(c)].

Control cultures to which the EGFP plasmid was
added as a solution (i.e., not incorporated into nano-
particles) did not display fluorescence. In contrast,
the results showed EGFP expression in chondrocytes
that were exposed to the nanoparticles which con-
tained the EGFP and OP-1 plasmids in the same
nanoparticle, indicating the capability of the chitosan
nanoparticles to deliver the genes to the cells. Fluo-
rescence microscopy revealed expression of EGFP in
chondrocytes after 84 h of transfection [Fig. 4(d)].
Although EGFP expression was achieved using the
chitosan nanoparticles as the gene delivery vehicle,
chondrocytes transfected with nanoparticles incorpo-
rating OP-1 plasmid alone did not show overexpres-
sion of OP-1 (by assaying for the protein in the
media by ELISA) up to 1 week of culture. The posi-

tive controls (cells transfected with the OP-1 plasmid
delivered by the GenePorter transfection reagent)
displayed OP-1 in the media at day 1 (13.4 6 3.3
ng/mL, n ¼ 3; mean 6 std. dev.) and on day 3 (6.1
6 1.4 ng/mL, n ¼ 4), but not in any of the other col-
lection time points (5 and 7 days of culture). Based
on the negative controls, there was no constitutive
expression of OP-1 by these cells in monolayer (i.e.,
no OP-1 released by chondrocytes not treated with
any transfection reagent or plasmid).

DISCUSSION

The OP-1 plasmid employed in the current study
was of relatively large size, estimated to be 12–14
kb. The plasmid has been employed in the commer-
cial production of recombinant human OP-1 by
Stryker Biotech (Hopkinton, MA). The reason for the
specific structure of the plasmid and the require-
ments for its large size were outside the scope of the
project. A recent study38 investigating co-transfection
of rat calvarial cells with the genes for OP-1 and

Figure 4. (a) Fluorescence microscopy of chondrocyte uptake of FITC-labeled pOP-1 containing nanoparticles 24 h post
incubation. (b) Fluorescence microscopy of chondrocyte uptake of FITC-solution alone 24 h post incubation. (c) Confocal
images of FITC-labeled nanoparticles showing intracellular distribution in chondrocytes after 24 h incubation. (d) Fluores-
cence microscopy of chondrocytes transfected by chitosan nanoparticles containing pEGFP and pOP-1 post 84 h cell cul-
ture. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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insulin-like growth factor (IGF)-1, used a modified
form of the pW24 OP-1 plasmid that we used in the
current work. In the prior experiment pW24 was
digested with the restriction enzyme, Xho1. The OP-
1 coding sequence was purified on agarose gels and
re-ligated with the cytomegalovirus (CMV) promoter
to produce a plasmid, that itself was rather large
at 9.1 kb. That genes for critically important
growth factors such as OP-1 may be of certain value
in plasmids of large size compels the investigation
of methodology for incorporating large plasmids
into nanoparticles, which themselves may offer
unique benefits for selected applications.

It was, therefore, of note in the current study that
a plasmid of such a large size could be incorporated
into nanoparticles. The advantage of chitosan for this
application is that the positive charge of chitosan
acted to condense the large negatively charged OP-1
plasmid such that it could be incorporated into
nanoparticles. The OP-1 plasmid may be one of the
largest plasmids that has ever been coupled with
chitosan nanoparticles.

In general, migration of plasmid DNA on a gel
can be retarded by the charge and/or molecular con-
figuration and/or formation of complexes. When the
stock plasmid was cleaved by restriction enzymes,
the linear fragments displayed a characteristic elec-
trophoretic profile. The avidity with which the pOP-
1 was incorporated into the chitosan nanoparticles
was demonstrated by the fact that free plasmid was
evident on the electrophoretic gel only for the nano-
particles formulated with the lowest chitosan-plas-
mid ratio of 0.5:1. In nanoparticles with higher con-
tents of chitosan, the polymer may have acted to
condense the negative plasmid to a greater extent
through electrostatic interactions thus resulting in
higher affinity incorporation. A chitosan:plasmid
weight ratio of at least 1:1 was necessary to complex
the plasmid completely. Owing to the large size of
the plasmid, this higher amount of chitosan may
have been required to condense the pOP-1 enough
to form nanoparticles.

Of importance is the finding that incorporation of
pOP-1 into nanoparticles with all of the chitosan-
plasmid ratios did not affect the structure of the
plasmid. The electrophoretic migration of pOP-1 (1)
in the digests from the enzymatic breakdown of the
nanoparticles, and (2) in the restriction enzyme
treated digests, matched the respective pOP-1 con-
trols. These findings indicate that controlled release
of pOP-1 from chitosan nanoparticles, that can be
regulated, in part, by the chitosan:plasmid ratio, can
be accomplished without affecting plasmid integrity,
although further studies were still necessary to
directly determine the functionality of the plasmid
by assessing OP-1 protein expression. It will be inter-
esting in future work to investigate the optimal

conditions for preparing nanoparticles for incorpora-
tion of plasmids of varying size.

In this study, varying the chitosan:plasmid ratios
had a noticeable effect on the morphology and size
of the pOP-1-containing nanoparticles. The chitosan:
plasmid mass ratio has been investigated by various
groups as a important factor in the formulation of
chitosan nanoparticles. Prior work has varied the
chitosan:plasmid value from 2:140,43 to 5:1,44 and
from 0.05:1 to 2.5:1 in experiments incorporating the
same plasmid.41 In the present work, nanoparticles
formulated with a chitosan:plasmid ratio of 10:1
were of uniformly small size (less than 250 nm) and
spherical shape. This diameter was larger than that
of earlier reports of 50–100 nm of chitosan nanopar-
ticles containing the marker gene luciferase.11 This
size difference may be due to the bigger size of the
OP-1 plasmid. However, we also found in the pres-
ent study, that the size and morphology, and appa-
rent state of aggregation, varied dramatically with
increased or decreased chitosan:plasmid ratio.

The small uniform spherical nanoparticles pre-
pared with a chitosan:plasmid ratio of 10:1 had a
positive charge, which may facilitate the binding of
the nanoparticles to the negatively charged cells. The
value of the positive charge was comparable to that
recorded (23–24 mV at pH 5.0) for plasmid (lucifer-
ase)-chitosan complexes, several micrometers in
diameter.10 In the present study the positive charge
of the nanoparticles did not change much even with
increasing chitosan-plasmid weight ratio. This result
was in accordance with the former published data,
which exhibited a zeta potential plateau in the pres-
ence of excess chitosan.45 Future work will be
required to determine how the size, morphology and
charge affect interactions with cells and performance
of the nanoparticles as delivery vehicles of plasmid.

One of the findings of interest was the ability of the
chitosan nanoparticles to gain entry into adult canine
articular chondrocytes. This was demonstrated using
chitosan nanoparticles incorporating FITC in addition
to the OP-1 plasmid, confirming a recent study incu-
bating rabbit chondrocytes with chitosan particles.39

The FITC-labeled chitosan nanoparticles, which also
contained the OP-1 plasmid, were found in virtually
all of the cells after 24 h of incubation with the nano-
particles. The fluorescence appearance of the chondro-
cytes containing the FITC-labeled chitosan nanopar-
ticles was similar to the fluorescence microscopy of
phagocytic macrophages engulfing chitosan-FITC
nanoparticles18 and tumor cell uptake of FITC-labeled
chitosan microspheres.10 Transmission electron mi-
croscopy studies demonstrated the mechanism of
uptake of chitosan-DNA nanoparticles by HeLa
human cervix epitheliod cells to be spontaneous endo-
cytosis11 with the nanoparticles being collected in
invaginations of the plasma membrane. Once inside
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the cytoplasm the nanoparticles were found in ‘‘small
vesicles and large endosomal compartments.’’11 Of
importance was the finding that other cell types (tu-
mor cells) did not similarly endocytose the same chi-
tosan-DNA nanoparticles11 indicating that not all cell
types are transfected by these nanoparticles. Other
prior work using chitosan-luciferase plasmid com-
plexes (microspheres) also considered the mechanism
of cell uptake to be endocytosis10 with the subsequent
endosomal release of the plasmid and nuclear trans-
port. Using one type of tumor cell, these processes
were found to be affected by the molecular mass of
chitosan, plasmid concentration, the stoichiometry of
the complex, and serum concentration and pH of the
transfection medium.10

Confocal microscopy of the chondrocytes containing
the FITC-labeled pOP-1-containing chitosan nanopar-
ticles also revealed FITC-related fluorescence in the
nucleus of the cells. A similar finding of FITC-related
fluorescence in the nucleus of cells has been reported
for FITC-labeled chitosan-plasmid complexes, of the
order of 5–8 lm in diameter, used to transfect tumor
cells.10 This indicated that the FITC released by the chi-
tosan nanoparticles (in the present study) or from the
chitosan microspheres10 in the cytoplasm had subse-
quently diffused into the nuclear compartment. How-
ever, in the present study there remains the possibility
that the nanoparticles had entered the nucleus. This
needs to be a topic for future research.

A notable finding of the present work was the
expression of EGFP by the chondrocytes treated
with nanoparticles incorporating the plasmids of
both EGFP and OP-1. Control cultures containing
the EGFP plasmid alone did not display fluores-
cence, indicating the likelihood that expression was
the result of EGFP plasmid delivered by the nano-
particles. While the transfection efficiency was low,
the very fact that some cells demonstrated the
expression of EGFP suggested that the chitosan
nanoparticles can gain entry into adult articular
chondrocytes and the incorporated EGFP plasmid
can gain entry into the nucleus and result in expres-
sion of the protein. EGFP was expressed very slowly,
however, with chondrocytes beginning to synthesize
the protein after 84 h. Based on the other results
showing that the nanoparticles gained entry into
most of the cells after 24 h, our supposition is that
the complex between chitosan and the plasmid was
so stable as to only allow a slow release of the plas-
mid in the cell. Based on this hypothesis, it would
be of interest in future studies to prepare nanopar-
ticles with a less positively charged polymer.

For chondrocytes transfected with nanoparticles
incorporating pOP-1 alone, overexpression of OP-1
was not detected in the media by our ELISA assays;
there may have been small amounts of OP-1
expressed that were below the detection limits of the

ELISA assay. The fact that OP-1 expression was
detected in cultures transfected with the GenePorter
transfection reagent indicates that the OP-1 plasmid
used was functional and able to transfect chondro-
cytes. One explanation for the findings may be that
the interaction between OP-1 plasmid and the chito-
san nanoparticles resulted in a slower release profile
of the plasmid compared to the GenePorter transfec-
tion reagent. Overexpression may, therefore, only
occur at later time points for nanoparticle-transfected
cells. This supposition is supported by the observation
that when the GenePorter reagent was used to trans-
fect chondrocytes with the EGFP plasmid, there was
earlier and stronger fluorescence compared to cells
transfected with the EGFP-chitosan nanoparticles.
That fluorescence was detected but no OP-1 was
found in the medium in cultures transfected with
nanoparticles incorporating the EGFP and OP-1 plas-
mids, may also indicate the importance of plasmid
size on gene transfer to chondrocytes using chitosan
nanoparticles. Future work needs to investigate
transfection using chitosan nanoparticles with varying
plasmid sizes.

CONCLUSIONS

In conclusion, chitosan nanoparticles incorporating
plasmid OP-1 can be prepared with a range of diam-
eters and morphologies by adjusting the chitosan:-
plasmid ratio. The OP-1 plasmid maintains its struc-
tural integrity after incorporation into the chitosan
nanoparticle. A chitosan:plasmid weight ratio of 10:1
yields non-aggregating spherical nanoparticles of
uniform size less than 250 nm. These particles can
gain entry into adult articular chondrocytes and can
result in expression of the plasmid carried by the
nanoparticles, although expression also seems to be
mediated by the size of incorporated plasmid.
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Abstract

Three-dimensional biodegradable porous scaffolds play vital roles in tissue engineering. In this study, a hyaluronic acid–collagen
(HA–Coll) sponge with an open porous structure and mechanical behavior comparable to brain tissue was developed. HA–Coll scaffolds
with different mixing ratios were prepared by a freeze–drying technique and crosslinked with water-soluble carbodiimide to improve
mechanical stability. The pore structure of the samples was evaluated by light and scanning electron microscopy, and the mechanical
behavior was analyzed by mechanical compression and tension testing. The degree of crosslinking was determined by the water absorp-
tion and trinitrobenzene sulfonic assay, and the HA content was determined by a carbazole assay. The results showed that HA–Coll
scaffolds containing an open porous structure with a homogeneous pore size distribution could be fabricated. Certain features of the
mechanical properties of HA–Coll scaffolds prepared with a Coll:HA mixing ratio of 1:2, and pure HA sponges, were comparable with
brain tissue. Neural stem cells (NSCs) were expanded in number in monolayer culture and then seeded onto the three-dimensional scaf-
folds in order to investigate the effects of the different types of scaffolds on neurogenic induction of the cells. This study contributes to the
understanding of the effects of HA content and crosslink treatment on pore characteristics, and mechanical behavior essential for the
design of HA–Coll scaffolds suitable for NSC growth and differentiation for brain tissue engineering.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Scaffold; Collagen; Hyaluronic acid; Mechanical properties; Neural stem cell

1. Introduction

One strategy in the formulation of tissue engineering
scaffolds is to fabricate analogs of extracellular matrix
using collagen (Coll), gelatin, and sulfated and non-sul-
fated glycosaminoglycans (GAGs) [1,2]. These biocompat-
ible and biodegradable materials are especially favored as
scaffolds for the delivery of cultured cells or for three-
dimensional (3-D) tissue reconstruction [3,4]. The cells,

stimulated by appropriate scaffolds, can remodel the scaf-
folds and replace them with newly synthesized extracellular
matrix [4,5]. It has been well established that the specific
interaction of cells with their surrounding extracellular
matrix is responsible for promoting and regulating these
regeneration processes not only to support tissue ingrowth
but also to attract and guide the activity of cells [6].

Coll and hyaluronic acid (HA) are widely used natural
polymers for the development of implantable matrices.
Type I collagen, a major structural protein of extracellular
matrix, supports the growth of a wide variety of tissues,
while its structure imparts favorable properties such as
mechanical strength [7]. HA (also referred to as hyaluro-
nan), a high molecular weight GAG polymer composed
of repeating units of D-glucuronic acid and n-acetyl-D-glu-
cosamine, is a ubiquitous biopolymer in the mammalian
body and one of the principal components of brain extra-
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cellular matrix [8,9]. The favorable attributes of HA have
led to the preparation of HA hydrogel biomaterials [10–
12], and the combination of HA and Coll as a tissue engi-
neering scaffold [13–15].

A variety of functions have been ascribed to HA, includ-
ing maintenance of the overall conformation of matrix sur-
rounding cells and the creation of cell-free spaces upon
hydration [16]. HA can also activate cell surface receptors
that influence intracellular signaling cascades affecting cell
behaviors such as growth, migration and differentiation
[17]. In the nervous system, HA functions in conjunction
with a number of HA-binding proteoglycans as well as with
collagen [8]. HA and these hyalectans have been implicated
in regulating glial cell and neuron migration, neurite out-
growth and axon pathfinding [18,19].

The objective of this study was to prepare crosslinked
HA-type I Coll and HA-type II Coll sponge-like scaffolds
using the following mixing ratios and to investigate their
physical, chemical, mechanical and morphological charac-
teristics: pure HA, Coll:HA = 2:1 (33% HA), Col-
l:HA = 1:1 (50% HA), Coll:HA = 1:2 (67% HA) and
pure Coll. The ultimate goal of this study is to develop a
suitable scaffold as a potential neural stem cell-seeded con-
struct for implantation into a defect in the brain resulting
from trauma (e.g. penetrating projectile) or tumor resec-
tion. Therefore an additional objective was to study the
neurogenic differentiation of neural stem cells (NSCs)
seeded into the scaffolds. The reason for the comparative
investigation of types I and II collagens for this application
is that differences in the properties of the Coll types may
affect their association with HA in the composite, thus
resulting in scaffolds with different characteristics.

2. Materials and methods

2.1. Materials

Medical-grade types I and II collagens from Geistlich
Pharma AG (Wolhusen, Switzerland), and non-sterile
sodium hyaluronate (mol. wt. 1.39 � 106 Da) from Gen-
zyme Corp. (Cambridge, MA) were used in the scaffold prep-
aration. The reason we use this molecular weight is that this
range is very close to that found in the ECM of brain tissue
[20]. We did not choose a low molecular weight due to the
associated poor mechanical properties and the difficulty in
forming an intact porous structure when culturing with cells
for a defined period of time. These low molecular weight
scaffolds would become dissociated and most of the HA
would be rapidly eluted into the medium. We will try a higher
molecular weight HA (>3 � 106 Da) in the future since it is
proposed that high molecular weight HA can inhibit astro-
cyte proliferation in vitro and promotes astrocyte quiescence
in vivo [21], which would be beneficial when implanting the
matrices into brain lesion site for nervous tissue regenera-
tion. JB-4 A monomer solution (Cat. # 0226A-800), JB-4
A catalyst (Benzoyl Peroxide, plasticized, Cat. # 02618-12)
and JB-4 B embedding solution (Cat. # 0226B-30) were

obtained from Polysciences (Warrington, PA). Aniline blue
(Cat. # A-967), glacial acetic acid (Cat. # A A507-500), NaCl
(S642, lot # 028434), and ethanol (lot # 100098) were
obtained from Fisher Scientific (Pittsburgh, PA). Cytoseal
60 for coverslipping was obtained from Electron Microscopy
Sciences (Hatfield, PA; Cat. # 18006). Hydrochloric acid
(HCl; 435570, batch # 00659BH), sodium tetraborohydrate
(59640, batch # 074K0211), sulfuric acid (320501, batch #
07666PH), growth factors for cell culture, and proteinase-
K (P6556, batch # 036K8604) were obtained from Sigma–
Aldrich (St. Louis, MO). 1-Ethyl-3-[3-dimethylaminopro-
pyl] carbodiimide hydrochloride (EDAC; E7750, batch #
03K0753), sodium bicarbonate (S5761, batch #
047K0072), carbazole (C5132, batch # 084K0125) and lysine
(L5501, batch # 106K2511) were obtained from Sigma. N-
Hydroxyl succinimide (NHS; 130672, batch # 0672042)
was obtained from Aldrich (St. Louis, MO). 2,4,6-Trinitro-
benzene sulfonic acid (TNBS) (28997, lot # JB121704) was
obtained from Thermo Scientific (Rockford, IL).

2.2. Fabrication of porous 3-D scaffolds

Slurries were prepared containing 1 wt.% type I collagen
(Coll I), type II collagen (Coll II) or HA. In brief, Coll I
and Coll II were dissolved in hydrochloric acid at pH 3;
HA was dissolved in distilled water. Slurries were blended
at 15,000 rpm for 2 h (in the cold) to form uniform slurries
and break apart larger collagen fragments. After blending,
the slurries were centrifuged at 1000 relative centrifugal force
(RCF) for 3 min at 4 �C to remove trapped air bubbles.
Types I and II Coll and HA slurries were mixed together in
order to prepare for fabrication of composite scaffolds.
The experiments were divided into the groups with different
Coll:HA mixing ratios. For each slurry, approximately 20 ml
was poured into a 2.8 � 0.8 cm metal mold. The molds were
then placed into a freeze-dryer being ramped to�40 �C over
a 60 min period [22]. The slurry was held at �40 �C for
approximately 3 h in order to allow ice crystals to nucleate
and anneal. At this time a vacuum was created within the
chamber. When the vacuum pressure reached 700 mTorr,
the temperature was raised to 0 �C and the sample was left
18 h to allow the ice to sublimate.

A water-soluble carbodiimide was used to chemically
crosslink the fabricated porous scaffolds. Discs, 8 mm in
diameter, were punched from the 2-mm-thick scaffold
sheets using a dermal biopsy punch (Milex, Inc., York,
PA). The crosslinking reaction was carried out using
EDAC and NHS at a 5:2 molar ratio in 80% ethanol. These
reagents form amide bonds between carboxyl groups and
amino groups as well as ester bonds between hydroxyl
and carboxyl groups, resulting in Coll–Coll crosslinking,
and HA–Coll, or HA–HA crosslinking [23–25]. The cross-
linking was carried out on a rotator for 4 h at room tem-
perature to ensure infiltration of the crosslinking solution
into the scaffold discs. The crosslink protocol was based
on our prior work, which showed that the crosslink period
should be longer than 2 h [13], and other work, which
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showed that an 80% ethanol solution was substantially
more effective for EDAC crosslinking of HA than a 95%
solution [25], as we previously used [13].

After crosslinking, a disodium hydrogen phosphate
solution was used to block the residual EDAC, and the
scaffolds were rinsed in distilled water to hydrolyze urea
derivatives. The scaffolds were then lyophilized at �40 �C
and 300 mTorr overnight.

2.3. Pore size and porosity analysis of scaffolds

For analysis of pore size and porosity, six scaffolds from
each group were embedded in a plastic resin, JB-4. The scaf-
folds were first dehydrated though three 10-min soaks in
100% ethanol. The samples were then equilibrated at 4 �C
in a rotator for approximately 18 h in a solution of 50% eth-
anol and 50% catalyzed JB-4 solution. The catalyzed solu-
tion consisted of 0.625 g of JB-4 A catalyst (Benzoyl
Peroxide, plasticized) in 50 ml JB-4 A monomer solution.
Following equilibration, the scaffolds were soaked in 100%
catalyzed JB-4 solution at 4 �C in a rotator for 2 days. The
solution was changed every 24 h. After 2 days in 100% cata-
lyzed solution, the samples were ready for embedding.
Embedding solution was prepared at a ratio of 25:1 of JB-4
catalyzed solution:JB-4 solution B. Plastic block holders
were placed into each well and the molds were placed in
4 �C storage overnight to allow the samples to harden. The
blocks were then removed from the mold and allowed to
dry at room temperature overnight.

A 4- to 6-lm thick section was cut from each scaffold
using a microtome and stained with analine blue to analyze
the pore size and porosity of the scaffolds. The aniline blue
solution was prepared with 2.5 g of aniline blue, 2 ml of
glacial acetic acid and 100 ml of distilled water, then fil-
tered. Sections were cut and placed in a water bath with
a few drops of ammonium hydroxide. The sections were
then mounted on glass slides and allowed to dry overnight
before staining. To stain, the slides were dipped in aniline
blue solution for 2 min, then placed in 1% acetic acid solu-
tion for 1 min. They were then dipped in 95% alcohol 5–10
times, followed by 5–10 dips in 100% alcohol in order to
remove background staining. The slides were coverslipped
using cytoseal. Digital Scion Image software (PC version of
NIH image, Scion Corporation, Frederick, MD) was used
to analyze average pore size for each stained sample. The
average pore size was calculated by measuring the size of
30 pores from data obtained from 10 locations from a total
of thee samples. The percentage porosity was calculated
from six locations from a total of three samples.

2.4. Sponge morphology examination by scanning electron

microscopy

Using field-emission scanning electron microscopy
(JEOL-5910), crosslinked collagen, HA–Coll and HA
sponges were analyzed to examine the morphology and
porous structure of the scaffolds. Specimens were dehy-

drated though a graded series of ethanol solutions,
mounted on stubs, and sputter-coated with an ultrathin
layer of gold (BioRad, Hercules, CA). The average diame-
ter of the pores was analyzed in an arbitrary zone using a
computerized image analyzer.

2.5. Water absorption and apparent density

Six discs of each crosslinked dry sponge (8 mm in diam-
eter) group were weighed and immersed in phosphate-buf-
fered saline (PBS; pH 7.4) at room temperature for 2 h.
After removal from saline solution, the excess water was
wiped and the samples weighed (wet weight). The samples
were then freeze-dried overnight. The dried samples were
removed and their masses were recorded. The water uptake
ability was then calculated from the following equation:

Water absorption ¼ ½ðW w � W dÞ=W d�
where Wd is the weight of the dry sponge and Ww is the
weight of the wet sponge.

The apparent density of the scaffolds was calculated by
dividing the dry weight by the volume of the samples.
For comparative purposes, values for the weight of
hydrated brain divided by volume were recorded for six
cortical rat brain samples from three rats.

2.6. Crosslinking degree determination by trinitrobenzene

sulfonic acid assay

A previously reported assay was used to determine the
number of non-crosslinked e-amino groups in the cross-
linked HA–Coll scaffolds [26]. In brief, for each group, four
scaffolds were chosen at random and each was placed in a
solution containing 1 ml of 4% NaHCO3 and 1 ml of 0.5%
2,4,6-trinitrobenzene sulfonic acid. The solutions were
heated at 37 �C for 4 h. Thee milliliters of 6 N HCl was
added and the solutions were vortexed, then placed in a
65 �C water bath until the entire scaffold was broken down.
Five milliliters of distilled water was added to the solution
and absorbance was measured at 345 nm. Lysine was used
to create a standard curve. Results were obtained by con-
verting absorbance value to moles of e-amino groups per
gram of scaffold by the equation:

moles e-amino groups

g scaffold
¼ 2ðAbsorbanceÞð0:01LÞ
ð1:46�104 L=mole cmÞð1 cmÞð10 mgÞ

where 1.46 � 104 L/mole cm is the molecular absorptivity
of TNBS-labeled lysine, 1 cm is the cell path length and
10 mg is the sample weight. The degree of crosslinking
could be obtained from the difference between the absor-
bance values before and after crosslinking. The equation
is as follows:

Crosslinking degree ð%Þ

¼ 1� Absorbance of crosslinked sponge

Absorbance of non-crosslinked sponge

� �
� 100
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2.7. Hyaluronic acid quantification by carbazole assay

The protocol used was modified from Bitter and Muir
[27]. Sodium tetraborahydrate (191 mg) was dissolved in
20 ml of sulfuric acid to make a 0.955 wt.% solution. A car-
bazole solution of 0.125 wt.% was made by adding 0.0125 g
of carbazole to 9.9875 g of ethanol. Three milliliters of
sodium tetraborahydrate solution was placed in test tubes
and cooled to 4 �C. While in the chamber, 0.5 ml of the
HA solution was added to each test tube. The tubes were sha-
ken first gently, then vigorously. The tubes were then heated
in boiling water for 10 min and then cooled to room temper-
ature. Carbazole solution (0.1 ml) was then added to each
solution with shaking. The carbazole interacts with glucu-
ronic acid to form a complex that can be detected with a spec-
trophotometer. The tubes were heated again in boiling water
for 15 min and then cooled to room temperature. Aliquots of
150 ll of each solution were added to a 96-well plate and
absorption was measured at 530 nm on the WALLAC VIC-
TOR� microplate reader (PerkinElmer, Waltham, MA).
The standard curve was plotted and used to identify HA con-
centrations in each scaffold.

2.8. In vitro release of HA from the scaffolds

In order to compare the release profiles of the crosslinked
scaffolds with varying amounts of HA, the samples were
immersed in PBS for 28 days. Samples of the solution were
taken at 1, 3, 7, 14, 21 and 28 days. The cumulative release
of HA for each time point was calculated and normalized
by the total amount of HA incorporated within the HA–Coll
scaffolds. At the end of the 28 day period the samples that
could still be handled were recovered and weighed.

2.9. Mechanical property characterization

Unidirectional, unconfined compression (n = 6) and ten-
sion (n = 6) tests were performed on hydrated scaffold sam-
ples at a constant strain rate of 0.1% strain s�1. All
compression tests were performed perpendicular to the
plane of scaffold using 8-mm-diameter cylindrical samples
(2 mm thick). In brief, scaffolds were hydrated in PBS
before testing. Compression tests were performed using a
custom-fabricated mechanical testing device. A 0.25 N ten-
sion–compression load cell (Transducer Techniques, Teme-
cula, CA) was attached to the motor platform of a
nanoindenter (MicroMaterials LLC, Wrexham, UK).
Mechanical tests on hydrated scaffolds were performed at
the constant strain rate to a maximum strain of 75% using
a 20 N load cell sampling at a frequency of 2 Hz on a
Zwick/Poell Z2.5 static materials tester (Zwick GmbH &
Co., Ulm, Germany) with integrated testing software
(testXpert, Zwick). A flat-faced plunger, the diameter of
which was larger than the 8 mm diameter of the samples,
was employed for the compression testing. Values for the
compressive yield strength and modulus of elasticity were
recorded at a strain of 5%.

Pure collagen, pure HA, and one of the HA–Coll com-
posite scaffold groups (Coll:HA = 1:2) were allocated for
tension testing. Rectangular scaffold samples (width,
10 mm; length, 30 mm; thickness, 2 mm) were cut using a
razor blade. Tension tests were performed using the
Zwick/Roell (20 N load cell) sampling at 10 Hz, on samples
held vertically using custom clamps. The peak strength and
modulus of elasticity at 5% strain were determined.

For compression testing of brain tissue as a comparative
control, the cortical tissues of six hemispheres from three
rats were trimmed with a biopsy punch or razor blade in
the shape comparable to our scaffold specimens. In the
compression test (n = 6), the samples were of cylindrical
shape (8 mm in diameter and 2 mm in thickness), while in
tension test (n = 6) the specimens were of rectangular shape
(30 mm in length, 10 mm in width, 2 mm in thickness).

2.10. Isolation and culture of NSCs in 2-D and in 3-D

cultures

Seven young rats (<6 weeks old) were sacrificed with
CO2 and sterilized with 70% isopropyl alcohol solution.
The animals were decapitated using a large scissors and
the heads sterilized with betadine solution. The skull was
opened by a drill to expose the brain, which was removed
using a small curved spatula and washed with PBS. Two
coronal slices of brain tissue (2 mm thick) just behind the
olfactory bulb and the subventricular zone lining the lateral
ventricles were cut and isolated. Tissues were minced into
small pieces with a scalpel blade, centrifuged and resus-
pended in the papain at 37 �C for 40 min digestion. The
small pieces of brain tissue were centrifuged again to
remove supernatant. Three milliliters of ovomucoid solu-
tion was added and triturated by fire-polished Pasteur pip-
ettes to homogenize the cell suspension. Finally, cells were
resuspended in neurobasal medium with essential supple-
ments and cultured until desired cell densities were
achieved. The cells from the seven animals were cultured
separately in T-75 flasks until 80% confluence.

In order to investigate the effects of the scaffold type
on the support of the NSCs and their subsequent differ-
entiation, NSCs were inoculated on the different types of
scaffolds: pure Coll, HA–Coll (Coll:HA = 1:2) and pure
HA sponges. The Coll:HA = 1:2 scaffold was selected
for cell seeding on the basis of its mechanical behavior
which was substantially different from the collagen scaf-
fold. In brief, the neurospheres that formed in the T-75
dishes and the dissociated cells (5�105 cells cm�2) were
collected and seeded into the scaffolds in induction med-
ium for neuronal maturation: neurobasal medium, sup-
plemented with 2% B27, 1% penicillin/streptomycin/L-
glutamine, isobutylmethylxanothine (0.1 mM) heparin
(0.5 USP units ml�1), basic fibroblast growth factor
(20 ng ml�1) and epidermal growth factor (20 ng ml�1).
For further differentiation, retinoic acid (20 lM) and
brain-derived neurotrophic factor (50 ng ml�1) were
added after 2 days.
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For cell seeding onto the 3-D scaffolds, the dry matrix
specimens were rinsed with PBS and then incubated in cul-
ture medium for 2 h for pre-wetting, followed by air-drying
to favor cell attachment. A 100 ll suspension containing
2.5 � 105 passage 2–3 cells and neurospheres was pipetted
onto each 8-mm-diameter scaffold (n = 7) in agarose-
coated wells. After 30 min, medium was added to the cul-
tures to total 0.5 ml. The medium was changed every other
day, and cultures were terminated after 2 weeks.

2.11. Immunohistochemistry

The specimens were fixed in 4% paraformaldehyde, and
paraffin embedded. After deparaffinization, sections at 4–
6 lm thickness were used for immunohistochemistry anal-
ysis. In brief, specimens were rehydrated with cold PBS and
blocked for 30 min in blocking solution to reduce the non-
specific binding. Specimens were then incubated with pri-
mary antibodies overnight at 4 �C, washed, and
incubated in secondary antibodies for 1 h at room temper-
ature. 40,6-Diamidino-2-phenylindole (DAPI) was used for
nucleus staining. The following primary antibodies were
applied for the investigation of neuronal induction: mouse
monoclonal anti-Nestin (1:200 dilution; Chemicon); anti-
neuronal nuclei (NeuN; 1:200; Chemicon); rabbit monoclo-
nal anti-tubulin b III (Tuj-1; 1:100; Chemicon); and poly-
clonal anti-major microtubule associated protein (MAP2;
1:500; Chemicon). The following secondary antibodies
were applied for conjugation and visualization under fluo-
rescence microscopy: polyclonal donkey anti-mouse IgG-
TRITC antibody (Jackson ImmunoResearch Laboratories,
West grove, PA) and polyclonal donkey anti-rabbit IgG-
FITC antibody (Jackson ImmunoResearch Laboratories,
USA). Negative controls were incubated with mouse IgG
(Invitrogen) diluted to the same protein concentration
instead of the primary antibody.

2.12. Statistical analysis

Results are presented as mean ± standard error of the
mean unless otherwise noted. One-, two- and three-way
analyses of variance (ANOVA) were used to determine
the significance of the effect of select variables on the cer-
tain properties of the scaffolds. Post hoc testing was per-
formed using Fisher’s protected least squares differences
(PLSD) to test the significance of selected group compari-
sons. Paired t-tests were performed to compare individual
sets of data. A probability value of 95% (p < 0.05) was used
to determine significance.

3. Results

3.1. Morphological characterization: pore size and porosity

analysis

The interconnecting pore morphology was revealed by
scanning electron microscopy (SEM; Fig. 1). The walls of

the scaffold displayed a sheet-like appearance in SEM. In
some views at higher magnification, fiber-like features were
seen in the sheets (Fig. 1B). The pure type I (Fig. 1A) and
type II (Fig. 1B) Coll scaffolds were similar in appearance.
In comparison to the Coll scaffolds, the sheet-like walls of
the pure HA samples were perforated by holes (Fig. 1E).
On closer inspection, similar perforation of the sheet-like
walls was seen in the Coll samples to which HA was added
(Fig. 1B and D). Under the same 1 wt.% concentration of
the starting slurry, the structure of the pure HA scaffold
was seen to be more compact and denser, when viewed at
lower magnification (Fig. 1F) compared to the Coll
scaffolds.

Light microscopic examination of sections of the scaf-
folds (Fig. 2) reflected some of the features observed by
SEM. The honeycomb-like structure of the scaffolds was
clearly evident. Qualitatively, the type I (Fig. 2A) and type
II (Fig. 2E) Coll scaffolds had similar foam morphologies
and comparable pore diameters. Increasing the HA content
resulted in a noticeable increase in the pore diameter for
both the types I and II samples (comparing Fig. 2A–D with
Fig. 2E and F). The increase in the HA content of the types
I and II Coll samples also appeared to be accompanied by
an increase in the number of perforations in the walls of the
scaffold, as seen by SEM. The pure HA scaffold (Fig. 2I)
had a pore architecture comparable to the type I
(Fig. 2A) and type II (Fig. 2E) Coll scaffolds. However,
the walls of the HA samples were less uniform in thickness
than those of the Coll samples. The extracellular matrix of
the brain tissue samples displayed a smaller pore diameter
than the biomaterial scaffolds. None of the samples, includ-
ing the brain samples, demonstrated a noticeable orienta-
tion of the pores.

Quantitatively, the type II Coll scaffolds had a slightly
larger pore diameter (by about 10%) than the type I sam-
ples (Fig. 3A). The pore diameter increased with increasing
HA content (Fig. 3A). The samples prepared with a Col-
l:HA ratio of 1:2 (i.e. with 67% HA) had pore diameters
which were about 90% larger than those in the correspond-
ing pure Coll samples. The pore diameter of the HA scaf-
fold was comparable to the type II Coll specimen, and
the brain tissue displayed a pore diameter comparable with
the type I Coll scaffold (Fig. 3A).

The percentage porosity of the samples, which ranged
from 75% to 91%, increased (Table 1) and the apparent
densities decreased (Table 1) with increasing HA content.
The percentage porosity of the pure Coll and HA scaffolds,
and the brain tissue were comparable (Table 1).

Two-way ANOVA of the data from the HA–Coll sam-
ples demonstrated statistically significant effects of collagen
type (I vs. II; p = 0.01; power = 0.73) and the percentage of
HA (p < 0.0001; power = 1) on the pore diameter. Fisher’s
PLSD post hoc testing showed that all group comparisons
were statistically significant. Two-way ANOVA of the data
from the HA–Coll samples demonstrated a statistically sig-
nificant effect of the percentage of HA in the collagen scaf-
folds on the percent porosity (p < 0.0001; power = 1), but
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no effect of collagen type (p = 0.46; power = 0.1). Fisher’s
PLSD post hoc testing showed that all group comparisons
among samples with different HA contents were statisti-
cally significant.

3.2. Degree of crosslinking

Very few e-amino groups were detected in the pure HA
scaffolds before crosslinking (<0.1 mol g�1). The analysis
of the various groups of collagen scaffolds indicated a
decrease in the number of e-amino groups with increasing
HA content in the non-crosslinked samples, as would be
expected because the collagen was the source of the e-
amino groups. The dramatic reduction in the number of
e-amino groups after crosslinking (Fig. 3B) reflected the
degree of crosslinking. From this measurement, the degree
of crosslinking gradually decreased with the increasing
amount of HA, from nearly 90% down to around 50%
(Table 1). While the results for the types I and II Coll scaf-
folds appeared comparable, three-way ANOVA revealed

statistically significant effects of collagen type (p = 0.001;
power = 0.95), as well as of HA content (p < 0.0001;
power = 1) and crosslinking (p < 0.0001; power = 1), on
the number of e-amino groups. Fisher’s PLSD post hoc
testing demonstrated statistically significant differences in
all group comparisons.

3.3. Water absorption

The addition of HA to the collagen scaffolds increased
the water uptake capability, because of the hygroscopic
nature of HA (Table 1). All the sponges absorbed the water
within 30 s and were saturated within 5 min. The pure HA
scaffolds displayed a 60-fold increase in weight as a result
of water uptake, which was about 50% higher than the
HA–Coll samples (Table 1). While there did not appear
to be notable effects of collagen type on the water uptake,
two-way ANOVA demonstrated the significant effects of
collagen type (p = 0.004; power = 0.86) as well as HA con-
tent (p < 0.0001; power = 1) on water absorption. Fisher’s

Fig. 1. Scanning electron micrographs of the scaffolds: (A) type I Coll; (B) type I Coll:HA = 1:1; (C) type II Coll; (D) type II Coll:HA = 1:1; (E and F)
HA; (F) the appearance structure of the HA–collagen scaffold with lower magnification. Type I collagen, I; hyaluronan, HA; type II collagen, II; type I
collagen mixed with hyaluronan in the ratio of 1–1, I_HA = 1:1.
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PLSD post hoc testing revealed statistical significance for
all group comparisons.

There were strong inverse linear relationships between
the water absorption with the degree of crosslinking for

Fig. 2. Light micrographs of sections of the scaffolds with various collagen:HA mixing ratios: (A) type I Coll; (B) type I Coll:HA = 2:1; (C) type I
Coll:HA = 1:1; (D) type I Coll:HA = 1:2; (E) type II Coll; (F) type II Coll:HA = 2:1; (G) type II Coll:HA = 1:1; (H) type II Coll:HA = 1:2; (I) HA; (J)
brain tissue extracellular matrix. All images were taken at the same magnification (see A).
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the types I and II HA–Coll scaffolds: R2 = 0.95 and
R2 = 0.89, respectively by linear regression analysis. This
was reasonable because in the crosslinking process the
hydrophilic functional groups were consumed to react with
carbodiimide crosslinking agent.

3.4. In vitro HA release degradation test

The non-crosslinked HA-containing scaffolds were not
sufficiently stable to undergo the HA release testing; they
disintegrated in the aqueous solution. The HA release from
the scaffolds varied among crosslinked scaffolds prepared
with different HA:Coll ratios (Fig. 4). In general, three
regions of release were observed: an initial burst release
in the first few days, followed by a linear region of release
for a defined period of time, and finally a second region of
linear release for the rest of the time. From the results,
crosslinked pure HA scaffolds were not totally degraded
until the end of the test period (28 days), while the non-
crosslinked HA scaffolds immediately dissolved in PBS.
When crosslinked with collagen, most of the HA in the
composite HA–collagen scaffolds remained stable without
hydrolysis or elution into PBS over 28 days. The higher
the collagen content the slower the HA degradation rate,
when we compared three different Coll:HA:mixing ratios:
Coll:HA = 2:1, Coll:HA = 1:1, Coll:HA = 1:2. After
28 days in PBS, the pure collagen scaffolds and two groups
of Coll:HA = 2:1 and Coll:HA = 1:1 remained intact
despite the loss of HA. However, the structure of pure
HA and the other group of Coll:HA = 1:2 appeared to dis-
integrate (Fig. 4A and B).

The pure Coll scaffolds showed only minor mass loss in
the total period of 4 weeks in solution. In contrast, it was
not possible to reliably recover the HA–Coll scaffolds for
weight measurement at the end of the 28-day period.

3.5. Unconfined compression and tension test results

The compressive stress–strain curves for the hydrated
scaffolds (Fig. 5A and B) displayed the typical characteris-
tics of low-density, open-cell foams [7]. Distinct linear elas-
tic, collapse plateaus and densification regimes were
observed in all cases. The linear elastic-collapse plateau
transition was typically observed at approximately 5%
strain, while densification was not observed until very large
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Fig. 3. Graphs showing the effects of collagen type and HA content on:
(A) mean pore diameter (n = 6); and (B) number of e-amino groups before
(�) and after (+) crosslinking (n = 4). Mean ± standard error of the mean.

Table 1
Properties of the scaffolds (mean ± SEM).

Samplea %
porosity
(n = 6)

Mean apparent
density (g cm�3;
n = 6)

Degree of
crosslinking (%;
n = 4)

Water absorp.,
fold inc. (wt)
(n = 6)

Compression (n = 6) Tension (n = 6)

Yield strength,
5% strain (Pa)

Modulus, 5%
strain (kPa)

Peak
strength
(Pa)

Modulus, 5%
strain (kPa
�10�2)

(A) Type I Coll 75 ± 8 0.0335 88 ± 0.4 26.6 ± 0.4c 315 ± 16 6.31 ± 0.33 2.7 ± 0.1 90 ± 3
(B) I:HA = 2:1 84 ± 2 0.0311 81 ± 1.1 31.4 ± 0.8 246 ± 8 4.91 ± 0.17 NA NA
(C) I:HA = 1:1 88 ± 1 0.0276 71 ± 2 34.3 ± 0.3 176 ± 17 3.52 ± 0.35 NA NA
(D) I:HA = 1:2 91 ± 1 0.027 57 ± 0.6 36.7 ± 0.5 136 ± 29 2.72 ± 0.57 1.0 ± 0.1 13 ± 1
(E) Type II Coll 76 ± 1 0.0322 81 ± 0.4 26.4 ± 0.4 262 ± 41 5.24 ± 0.82 1.4 ± 0.1 81 ± 1
(F) II:HA = 2:1 84 ± 0.4 0.0262 71 ± 0.9 33.1 ± 0.7 136 ± 24 2.72 ± 0.48 NA NA
(G) II:HA = 1:1 90 ± 2 0.023 62 ± 3 36.3 ± 0.5 116 ± 17 2.32 ± 0.33 NA NA
(H) II:HA = 1:2 91 ± 1 0.0174 49 ± 0.8 38.2 ± 0.7 93 ± 25 1.86 ± 0.50 1.8 ± 0.1 12 ± 1
(I) HA 80 ± 1 0.0202 17 ± 4 62.6 ± 1 67 ± 10 1.33 ± 0.20 0.23 ± 0.02 8 ± 1
(J) Brain tissue 76 ± 1 0.0252b NA NA 53 ± 8 1.06 ± 0.17 0.30 ± 0 13 ± 0.4

a Letters refer to samples in Figs. 2 and 5.
b Value of hydrated cortical samples divided by volume.
c 26.6-fold increase in weight.
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strains >80%. The linear elastic region was mainly con-
trolled by strut bending. Strut buckling and pore collapse
occurred in the plateau region, followed by complete pore
collapse in the densification region. The pure types I and II
Coll scaffolds displayed similar compressive behavior
(Fig. 5A and B), with the type II scaffolds displaying about
15% lower strength and modulus (Table 1). Addition of
HA to the types I and II Coll scaffolds substantially
reduced compressive strength and modulus (Table 1). The
values for the HA–Coll scaffolds with Coll:HA = 1:2 were
less than 50% of the values for the respective collagen scaf-
folds. (Table 1). The stress–strain behavior of the brain tis-
sue was most like that of the pure HA scaffold. The
compressive modulus of brain tissue (1.24 kPa) fell between

the values for the pure crosslinked HA sponge and the Col-
l:HA = 1:2 group (Table 1; Fig. 5A and B).

Two-way ANOVA showed that there were significant
effects of collagen type (p = 0.0003; power = 0.98) and
HA content (p < 0.0001; power = 1) on the 5% off-set com-
pressive yield strength and modulus. There was no statisti-
cally significant difference in the compressive strength or
modulus of the brain tissue when compared to the pure
HA scaffold (p = 0.33) albeit with a low power (0.15).

Of note was a strong linear correlation between the com-
pressive modulus with the apparent density for the type I
HA–Coll scaffolds, R2 = 0.99, and a modest correlation
for the type II HA–Coll scaffolds, R2 = 0.76, by linear
regression analysis.
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The tensile stress–strain curves for the collagen and
HA–Coll scaffolds increased to a peak value and then
dropped to zero. The behavior for the brain tissue in ten-
sion differed from the scaffolds in that the stress decreased
gradually to zero after the peak value was reached

(Fig. 5C). Moreover, whereas the compression behavior
of the types I and II scaffolds was similar, the peak tensile
strength of the type I scaffold was about 2-fold higher than
for the type II scaffold (Table 1). While addition of HA
resulted in a substantial decrease in the peak tensile

Fig. 5. Stress–strain curves from the mechanical tests of selected scaffolds and brain tissue. (A) Compression tests of pure type I collagen, HA–Coll type I
composite, and pure HA scaffolds. (B) Compression tests of pure type II collagen, HA–Coll II composite and pure HA scaffold. (C) Tension test of pure
collagen, HA–collagen composite and pure HA scaffold. A, type I Coll; B, type I Coll:HA = 2:1; C, type I Coll:HA = 1:1; D, type I Coll:HA = 1:2; E, type
II Coll; F, type II Coll:HA = 2:1; G, type II Coll:HA = 1:1; H, type II Coll:HA = 1:2; I, HA.
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strength of the type I collagen scaffolds (by >2.5-fold), the
addition of HA to the type II samples slightly increased the
peak tensile strength (Table 1). The tensile modulus of elas-
ticity of the type II scaffold was about 10% less than the
modulus of the type I scaffold (Table 1). Addition of HA
to both the types I and type II scaffolds greatly decreased
(by 6- to 7-fold) the tensile modulus of the samples (Table
1).

Two-way ANOVA revealed statistically significant
effects of collagen type (p < 0.0001; power = 1) and HA
content (p = 0.0005; power = 0.98) on the peak tensile
strength of the samples, and on the tensile modulus at
5% strain (p = 0.015; power = 0.73 and p < 0.0001;
power = 1, respectively). One-way ANOVA of the type
II collagen scaffolds showed that the 29% increase in
the peak tensile strength with the addition of HA
(HA:Coll = 1:2) was statistically significant (p = 0.0009;
power = 0.99).

3.6. Culture of NSCs in a 2-D environment

The NSCs which were isolated from rat brain tissue and
grown on tissue culture dish surfaces assembled to form
distinct neurospheres. After 7 days in culture, cells could
be found attached to the culture surface, and neurite exten-
sions were observed. Within a few additional days the num-
ber of cells attached to the dish and the size of the
neurospheres increased. Neural networks including neurite
outgrowth and axon extension were also seen. Cone-like
morphologies and oval and spindle-shaped long processes
consistent with neuronal and glial phenotypes were
observed.

3.7. Differentiation and maturation of NSCs in 3-D scaffolds

The cell-seeded HA scaffolds displayed signs of fragmen-
tation at the end of the 2 week culture period. While cells
staining for neuronal cell markers could be seen distributed
though the Coll, HA–Coll, and HA scaffolds (Fig. 6), the
cell distribution was different among the groups. In HA–
Coll and HA scaffolds (Fig. 6D and 6G), cells appeared
to assemble into clusters displaying the typical features of
neurospheres. In contrast, cells in the collagen scaffolds
were dispersed sparsely and did not form neurospheres
(Fig. 6A). Nestin, a neurospecific intermediate filament
protein [28], was prominent in cells in the three different
groups of scaffolds. The intensity of expression and density
of MAP2, which is used for labeling of dentritic trees of
mature neurons, was much higher in the HA–Coll samples
than in the HA scaffolds (Fig. 6E and H). In comparison,
there was little expression of MAP2 by cells in the Coll
scaffolds (Fig. 6B).

The neuron-specific nuclear protein, NeuN, was also
expressed prominently surrounding the nuclei in the cells
in HA–Coll and HA scaffolds (Fig. 6E and H). Tuj-1 was
found exclusively in the neuronal processes in all the
groups (Fig. 6C, F,I).

4. Discussion

The results of this study provide a basis for the prepara-
tion of HA–Coll scaffolds for neural tissue engineering.
While HA is the major extracellular matrix component of
adult central nervous system tissues, and collagen a lesser
component if even present, there are several potential ben-
efits of an HA–Coll scaffold for neural tissue engineering.
The principal benefits of incorporation of collagen in HA
scaffolds relate to: (i) the control that it offers over strength,
stiffness and degradation rate; and (ii) the fact that collagen
may provide ligands for the integrins of neuronal support
cells necessary during the regeneration process. Of poten-
tial relevance is that prior studies have found that embry-
onic spinal cord epithelium [29] and chick neural retina
tissue [30] synthesize type II collagen, indicating that colla-
gen in addition to HA may play an important role in the
formation of select nervous tissues. These findings also
underlie the rationale for the ultimate comparison of the
performance of types I and II collagens for neural
applications.

The findings of the current work demonstrate the effects
that the increasing content of HA have on the physical and
mechanical properties of the HA–Coll composite scaffolds
prepared using the same freeze-drying protocol. This work
serves as a guideline for how the processing (viz. freezing)
conditions may have to be changed to produce select
HA–Coll scaffolds with properties to meet certain design
specifications. Including brain tissue as a comparative con-
trol in this investigation provided the opportunity to begin
to determine how best to prepare an HA–Coll scaffold to
match selected physical and mechanical properties of the
brain. While the pure HA scaffold came closest to replicat-
ing the mechanical behavior of brain tissue, those scaffolds
may not ultimately prove to have sufficient handling prop-
erties for a tissue engineering approach to treating defects
in the brain.

While the effects of increasing HA content on the pore
diameter were clear and quantifiable, the effects of HA in
increasing the apparent perforations in the walls of the
pores, which confirmed the finding in our prior work
[13], was less clear. This effect may increase the intercon-
necting pore diameter distribution which was not measured
in this study. Additional work will be required to determine
the importance of this effect in the context of the use of the
scaffold for tissue engineering.

One of the effects of increasing the HA content on the
HA–Coll scaffolds was to interfere with crosslinking
(reduced from nearly 90% down to around 50%). This
may be explained by the fact that the hydroxyl groups on
HA may attach to the carboxyl groups either on HA or col-
lagen, resulting in aliphatic ester bond formation under low
water environment [31]. With the consumption of these
carboxyl groups, the amino groups on collagen may not
have enough binding sites with carboxyl to form covalent
linkage, thus resulting in the low degree of crosslinking
as determined by the TNBS assay.
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The EDAC crosslinking of HA is enabled by the inter-
molecular formation of ester bonds between the hydroxyl
and carboxyl groups [11] in this GAG molecule. EDAC
seems to mediate acid anhydride formation between two
carboxyl groups belonging to the same or different GAG
molecules. The resultant acid anhydride may readily react
with a hydroxyl group of GAGs to yield an ester bond,
which functions as a crosslink of HA molecules. Since
the acid anhydride formed is very unstable at room temper-
ature in aqueous environments, it will be hydrolyzed back
to the original carboxyl groups unless any nucleophilic
groups, such as hydroxyl, quickly encounter the acid anhy-
dride. This high degree of instability may explain why our
method by means of sponge immersion in EDAC was not
so effective for crosslinking pure HA. Future studies need
to investigate the crosslinking of HA molecules though
an amide bond which is more resistant to hydrolysis than
an ester bond. For example, L-lysine might be added to
the HA solution in order to facilitate EDAC crosslinking
[32].

The minor mass loss of the pure Coll scaffolds in the
4 week period may be explained by the fact that most of
the carboxyl and amino groups on the Coll scaffolds likely
reacted with the EDAC crosslinking agent during the
crosslink reaction process, resulting in covalent amide

bond formation which can strongly resist hydrolysis in
aqueous environment. There was a substantial stabilization
of HA in the scaffolds by the Coll, as shown in the release
experiments, and which was documented in our prior stud-
ies [13,33]. Whereas the pure HA scaffolds lost about 90%
of their HA content within the first 5 days, 40% of the HA
was still retained in the Coll:HA = 1:2 scaffolds after
4 weeks. There were no remarkable differences noted in
the retention of HA in the types I and II Coll scaffolds.
Because type II Coll is the principal collagen type in hya-
line cartilages which have high HA contents, one might
have expected a greater retention of HA in the type II Coll
scaffolds compared to the type I Coll samples. A limitation
in the HA release experiments was that the amount of HA
released into the PBS was divided by the amount of HA
originally incorporated into the scaffolds. However, there
is a possibility that some of this HA leached into the 80%
ethanol solution used for the EDAC crosslinking, before
the crosslinking reaction occurred.

The most notable difference between the types I and II
Coll scaffolds in this study was related to the mechanical
behavior. The type I Coll scaffolds were 20% higher in com-
pressive yield strength and 93% higher in peak tensile
strength. The mean value of the compressive modulus of
the type I Coll samples (6.3 kPa) fell within the range of

Fig. 6. Immunochemistry of NSCs grown in scaffolds in neurogenic medium, 2 weeks after seeding. The nucleus was stained blue with DAPI.
Neurospecific intermediate filament protein (Nestin) and neuron-specific nuclear protein (NeuN) are in red, and tubulin b III (Tuj-1) and major
microtubule associated protein (MAP2) are in green. (A–C) type I Coll scaffold; (D–F) HA-type I Coll scaffold with Coll:HA = 1:2; and (G–I) HA
scaffold. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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values previously reported for collagen–GAG scaffolds of
comparable pore characteristics crosslinked with EDAC
[7]. Addition of HA to the Coll scaffolds provided the
methodology to vary the compressive and tensile moduli
(and stiffness) over wide ranges.

A notable finding of the present study was high linear
correlation between compressive modulus and apparent
density for the Coll and HA–Coll scaffolds, as was found
in prior studies of porous collagen scaffolds [7], deviating
from the squared dependence predicted by open cell foam
theory [34]. In our study, the reason why the dependence
of modulus on density did not follow foam theory is likely
that the mechanical properties of the struts comprising the
scaffolds of varying density changed with the Coll:HA
ratio. Future studies of the relationships among the
mechanical and physical properties and composition for
HA–Coll materials will be of value to perform.

The mechanical testing of brain tissue in the present
study was carried out using the same methods that were
used for the scaffolds, in order to generate comparative
data. Several prior studies of the mechanical properties of
brain tissue have employed an array of test methods that
recognized the viscoelastic behavior of the tissue, its high
water content, and heterogeneity [35–38]. The compressive
modulus of our HA–Coll composite matrices was around
1–2 kPa, which paralleled that of brain tissue (0.1–1 kPa)
as reported in other studies [39].

Recent studies have demonstrated that substrate elastic-
ity can guide lineage specification and phenotype commit-
ment of mesenchymal stem cells [39], with substrates
having a modulus of about 1 kPa favoring neurogenic dif-
ferentiation. Other studies have shown that neuronal and
glial cells responses are also favored by growth on soft gels
[40]. These prior studies investigating the effects of the
mechanical environment on neurogenesis were conducted
on 2-D substrates. Our preliminary investigation of the
behavior of NSCs in Coll and HA–Coll scaffolds demon-
strated that the cells were capable of being induced to dif-
ferentiate into neuronal cells in the 3-D environment. The
most noticeable difference in the behavior of the cells in
the various scaffolds was their formation of neurosphere-
like structures in the more compliant HA and HA–Coll
matrices, whereas the cells appeared to stay dispersed in
the stiffer type II Coll scaffolds. Moreover, the neuronal
cells in the Coll were not labeled as prominently for
MAP2 indicating a less mature neuronal phenotype. These
findings, which suggest that the HA and HA–Coll scaffolds
were more preferable to NSCs, warrant additional study.

The observation that the stiffness of the 3-D scaffold
may affect the aggregation of cells is consistent with studies
of another cell type that demonstrated that compliant col-
lagen scaffolds enabled the cell-mediated contraction of
scaffolds and condensation of chondrocytes required for
chondrogenesis [4,41]. This condensation and chondrogen-
esis was not seen, or greatly delayed, in scaffolds of higher
stiffness.

5. Conclusions

Complexing HA with types I and II Coll enables the fab-
rication of scaffolds with a range of physical and mechan-
ical properties suitable for neural tissue engineering
applications, involving the treatment of defects in the
brain. The compressive modulus increases linearly with
the apparent density of the specimens. HA and HA–Coll
scaffolds, which parallel certain mechanical behaviors of
brain tissue, favor the differentiation of NSCs to neuronal
cells in vitro.
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Novel Magnetic Hydroxyapatite Nanoparticles
as Non-Viral Vectors for the Glial Cell Line-Derived
Neurotrophic Factor Gene
By Hsi-Chin Wu, Tzu-Wei Wang, Martha C. Bohn, Feng-Huei Lin,* andMyron Spector*
Nanoparticles (NPs) of synthetic hydroxyapatite (Hap) and natural bone

mineral (NBM) are rendered magnetic by treatment with iron ions using a

wet-chemical process. The magnetic NPs (mNPs), which are about 300 nm in

diameter, display superparamagnetic properties in a superconducting

quantum interference device, with a saturation magnetization of about

30 emu g�1. X-ray diffraction and transmission electron microscopy reveal

that the magnetic properties of the NPs are the result of the hetero-epitaxial

growth of magnetite on the Hap and NBM crystallites. The mNPs display a

high binding affinity for plasmid DNA in contrast to magnetite NPs which do

not bind the plasmid well. The mHap and mNBM NPs result in substantial

increases in the transfection of rat marrow-derived mesenchymal stem cells

with the gene for glial cell line-derived neurotrophic factor (GDNF), with

magnetofection compared to transfection in the absence of a magnet. The

amount of GDNF recovered in the medium approaches therapeutic levels

despite the small amount of plasmid delivered by the NPs.
1. Introduction

While the concept of nanoparticle (NP)drugdelivery is not new,[1,2]

technological advances have accelerated recent development of
NPs as delivery vehicles for a wide array of therapeutic agents. NPs
have undergone investigation formyriad applications—including
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treatment of tumors by delivery of anti-
cancer agents,[3–6] and treatment of focal
degenerative conditions and enhancement
of tissue repair/regeneration through deliv-
ery of select proteins and their encoding
genes[7–10] and regulating RNA.[9] Chal-
lenges in employing NPs for the delivery of
therapeutic agents include their targeting
of, and their retention at, a specific site.
Directing blood-borne NPs to sites in the
brain is further complicated by the blood–
brain barrier.[11–13] One recent develop-
ment which holds the promise of meeting
these challenges, so that the potential of NP
drug and gene delivery can be realized, is
the magnetic control of the particles.[13–15]

Superparamagnetic NPs (mNPs), which
can be attracted to and maintained at a
precise location by an externalmagnet, have
been of recent interest for numerous
applications. This approach has the poten-
tial for targeting anticancer drugs to a tumor,[16,17] and is of
particular interest for the treatment of brain tumors which are
difficult to access.[13,18] Other studies have investigated mNPs for
the site-specific delivery of genes and the enhancement of
transfection. The termmagnetofection was coined to describe the
actionof amagnetic forceongenevectors combinedwithmagnetic
particles.[15] These magnetic vectors have been exclusively based
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Table 1. Average particle size of the NPs as determined from DLS.

Particle Average particle size [nm]

mHap 290

mNBM 294

Hap 579

NBM 559

Magnetite 109

2

on iron oxide, for which there has been some concern related to
cytotoxicity.[19]

Prompted by the need to develop safe and effective magnetic
NPs, our prior preliminarywork[20] introducedwell-controlled,wet-
chemicalmethods forproducingmagnetic calciumphosphate, viz.,
hydroxyapatite (Hap), NPs for an array of biomedical applications.
Hap, Ca10(PO4)6(OH)2, which is stable at neutral pH, is the
principal form of calcium phosphate in the body—the mineral
constituent of hard tissues. Hap is commended as a biomaterial
based on its biocompatibility and biodegradability,[21] and has been
used as a delivery vehicle for proteins[22] and genes.[23,24]

The objective of the present study was to extend our
methodology[20] to produce magnetic synthetic Hap (mHap)
NPs andmagnetic natural bonemineral (mNBM)NPs as non-viral
vectors for the plasmid DNA (pDNA) encoding a potent
neurotrophic growth factor, glial cell line-derived neurotrophic
factor (GDNF). The comparisonofHapandNBMwasbased on the
fact that the crystallites of NBM are calcium-deficient carbonate
apatite,[25–27] which may display different binding affinities for
pDNA and possess other properties favorable for this application.
Specific aimswere to investigate the structure andproperties of the
mNPs and the temporal expression of GDNF by rat marrow
stromal cells (also referred to as mesenchymal stem cells, MSCs)
transfected in vitro by the mNPs under the action of a magnet.

GDNF is one of several neurotrophic factors which regulate
many critical aspects of the ontogeny of neurons, such as the
number of neurons in a given population, neurite branching and
synaptogenesis, adult synaptic plasticity, and maturation of
electrophysiological properties.[28] GDNF was first purified and
described in 1993 as a growth factor promoting the survival of the
embryonic dopaminergic neurons of the midbrain,[29,30] and later
it was shown that GDNF is a trophic factor for spinal
motoneurons[31] and central noradrenergic neurons.[32] GDNF
gene delivery has been reported to be able to reverse age-related
loss of dopamine neurons in themonkey brain and to prevent loss
of dopamine neurons in rat and monkey models of Parkinson’s
disease, as well as lost of motoneurons in a mouse model of
amyotrophic lateral sclerosis (ALS).[33–37] GDNF protein, when

infused directly into brains of Parkinson’s
disease patients, has led to controversial out-
comes related to disease progression.[38,39]

MSCs were selected for the in vitro study
because endogenous stem/progenitor cellsmay
be the targets for mNP non-viral vectors
administered systemically and attracted to the
brain by an external magnet. MSCs are also of
interest for applications in which such cells,
transfected ex vivo,might beused in cell therapy;
mHap and mNBNNPmagnetofection could be
used for safe and effective transfection in vitro.
Figure 1. a) Photographs of the (top left) mHap and (bottom left) mNBM particles, in aqueous

suspension, demonstrating their black color. Virtually all of the particles are attracted to the

magnet (right panels), with the aqueous solution now appearing clear, as the particles are up

against the side of the vial. b) The magnetization (M) loop from the SQUID analysis of mHap

(square) and mNBM (circular) NPs measured at 300K. The applied field is shown on the x-axis.
2. Results

2.1. Size of the Nanoparticles

The averaged particle size measurements of the
NPs determined from dynamic light scattering
(DLS) are indicated in Table 1. The iron-
� 2009 WILEY-VCH Verlag GmbH
containing NPs were of smaller diameter than that of non-iron-
containing groups, and the magnetite particles were substantially
smaller than the calcium phosphate NPs. The difference in the
recorded size of the NPs with andwithout ironmay have been due
to the greater dispersion (i.e., lower tendency to aggregate) of the
mNPs due to charge repulsion associated with their greater
number of negative surface charges as shown by zeta potential
measurements (presented below). The aggregation of the NPs
confounded scanning electronmicroscopy (SEM) identification of
the morphology and size of individual NPs.

2.2. Magnetic Properties of the Nanoparticles

The Hap and NBM NPs appeared as whitish powders. After
addition of the iron ions and treatment with NH4OH, the powder
became black (Fig. 1a). The mHap and mNBM NPs were rapidly
attracted by amagnet (Fig. 1a). Virtually all of the particles followed
the movement of the magnet and could be extracted from
suspensions using the magnet, leaving a clear solution (Fig. 1a).
No such behavior was displayed by the Hap and NBM.

Superconducting quantum interference device (SQUID)
analysis demonstrated the magnetization behavior versus applied
magnetic field for the mHap and mNBM NPs (Fig. 1b). The
saturationmagnetization levels of themHapandmNBMNPswere
comparable at 28.7 and 29.6 emu g�1 in 5000Oe ofmagnetic field,
respectively. The absence of a hysteresis loop with reversal of the
magnetic field indicated that there was no magnetic energy loss
and was consistent with superparamagnetic behavior.
& Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1–11
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2.3. Crystalline Structure of the Nanoparticles

X-ray diffraction (XRD) confirmed the hydroxyapatite structure of
the crystallites comprising theHap (Fig. 2a) andNBM(Fig. 2c)NPs.
The diffraction peaks from theNBMwere broader than those from
the Hap sample, indicating a smaller crystallite size in the NBM
NPs. The size of the apatite crystallites along the c crystallographic
axis (001 peak at 2u¼ 268 in Fig. 2a and c) was estimated from line
broadening to be 30nm for NBM and 53nm for Hap. These
dimensions did not change significantly after the addition of the
iron ions: 31nmformNBM(Fig. 2d) and 56nmformHap (Fig. 2b).
TheNBMpattern also displayed a greater percentage of noncrystal-
line material reflected in the higher background diffraction,
particularly at higher diffraction angles.However, the calculation of
the percent crystallinity from the XRDpatterns yielded comparable
values (�90%),withonly a slight increase to94%(mNBM)and95%
(mHap) after addition of the iron ions.

The locations and relative intensities of the hydroxyapatite
diffraction peaks in the XRD patterns of mHap (Fig. 2b) and
mNBM (Fig. 2d) were similar to those of the Hap and NBM
samples indicating that the apatite structure of the NPs was
Figure 2. The X-ray diffraction patterns of a) Hap, b) mHap, c) NBM, and

d) mNBM. The identity of the peaks was based on reference profiles in the

JCPDS for hydroxyapatite [card #09-0432; Ca5(PO4)(OH)] and magnetite

[card #19-0629; Fe3O4]. The arrows in the mHap and mNBM patterns

show the magnetite peaks.

Adv. Funct. Mater. 2009, 19, 1–11 � 2009 WILEY-VCH Verl
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maintained, with no noticeable alteration of the apatitic crystalline
structure as a result of the addition of the iron ions. The
hydroxyapatite peaks in theXRDpatterns frommHap (Fig. 2b) and
mNBM (Fig. 2d) samples, however, displayed decreased intensity
compared to the patterns of the respective nonmagnetized Hap
and NBM NPs. Of note in the XRD patterns from the mHap and
mNBM NPs, compared to the nonmagnetic samples, were the
pronounced additional peaks at the 2u values of 30.18 and 35.48.
These were identified as magnetite from the Joint Committee on
Powder Diffraction Standards (JCPDS) card #19-0629 (Fig. 2).

The lattice parameters for the mNBM samples increased
slightly as result of addition of the iron ions, while there was no
apparent difference between the lattice constants for the Hap and
mHap crystallites.

2.4. Chemical Content and Ultrastructure of the Nanoparticles

The calcium:phosphorus molar ratios determined from induc-
tively coupled plasma–optical emission spectroscopy (ICP-OES)
analysis of the Hap andNBMwere 1.77 and 1.78. There was no Fe
detected in the Hap and NBM. After the addition of iron for the
synthesis of themHap andmNBM, there was only a slight drop in
the calcium:phosphorus ratio for the mHap and mNBM to 1.77
and1.77, respectively, indicating thatmost of the ironhadnot been
substituted for calcium. The Ca:P:Fe ratios of the mHap and
mNBM NPs were comparable.

Transmission electron microscopy (TEM) revealed the clusters
of crystallites making up the Hap and NBMNPs which were from
about 200–400 nm indiameter (Fig. 3a–d). The crystallitesmaking
up the Hap NPs appeared in TEM in rod- and lath-like
morphologies, 50–100 nm long by about 25 nm wide (Fig. 3a).
In some views, the crystallites displayed small electron-lucent
holes, consistent in appearance with electron-beam damage. The
crystallites making up the NBM NPs (Fig. 3b) generally appeared
shorter (about 30 nm in length), and they were noticeably thinner
(about 10 nm inwidth) than theHap crystallites. In some cases the
NBM crystallites displayed an electron-dense needle-like appear-
ance (Fig. 3b) whichwas likely due to the lath-like crystallites being
viewed on edge. The ultrastructural findings for the NBM
crystallites were consistent with prior TEM and high-resolution
SEM studies of the crystallites from anorganic bovine bone.[40]

Of note was the additional presence of small irregularly shaped
discs, less than 10 nm in diameter, in the samples of the iron-
containingmHap andmNBMNPs (Fig. 3c,d). These featureswere
generally found superimposed on the Hap and NBM crystallites
and could be distinguished based on their electron-dense
silhouettes. Occasionally, there appeared to be clusters of these
small discs, but it was not possible to determine if these features
were the result of aggregation of the discs or their association with
an underlying Hap or NBM crystallite. The respective crystallite
sizes and morphologies of the Hap and NBM crystallites in the
mHap (Fig. 3c) and mNBM (Fig. 3d) samples appeared to be
comparable with the sizes and morphologies of the crystallites in
the sampleswhich did not contain iron (Fig. 3a,b). The presence of
the disc-like features, however, often obscured the morphology of
theHapandNBMcrystallites. In someviews, it appeared that there
were more of the disc-like features in the mNBM NPs than in the
Hap NPs, but this was not quantified.
ag GmbH & Co. KGaA, Weinheim 3
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The Fourier images from high-resolution TEM of the mHap
demonstrated planes with a spacing (0.346 nm) that corresponded
with the c-axis of Hap, in the direction of the long axis of the
crystallite (Fig. 3e). Other features in the high-resolution TEM
Figure 3. TEMimagesofa)Hap,b)NBM,c)mHap,andd)mNBMtakenatthe

samemagnification.Thearrowsshowthemagnetitecrystallites inthec)mHap

and d) NBM samples. e,f) High-resolution TEM images of a mHAP sample

showing interplanar spacings corresponding to e) Hap and f) magnetite.

g) Selected area electron diffraction pattern of mHap taken from a region

comparable tothat in(c).Thearrowspointoutthe002and211reflectionsfrom

Hap and the 311 and 400 reflections frommagnetite. The asterisk (�) and (x)
show spots from the c-axis (002) of Hap aligned with one of the orthogonal

directions of magnetite, consistent with hetero-epitaxial growth.

� 2009 WILEY-VCH Verlag GmbH
demonstrated Fourier images with an interplanar spacing
(0.482 nm) corresponding to magnetite (Fig. 3f).

Selected area electron diffraction (Fig. 3g) demonstrated the
presence of magnetite along with Hap in the mHap samples,
consistent with the XRD findings. It was possible to find spots in
the diffraction pattern fromone of the principal orthogonal axes of
magnetite aligned along the samedirection (i.e., diameter) as the c-
axis of Hap (note the � and x in Fig. 3g). This was consistent with a
coordinated alignment of the magnetite and Hap crystallites.

2.5. pDNA Binding to the Nanoparticles

TheHapNPs adsorbed virtually all of the pDNA from its solutions
at the highest NP:pDNA (by weight, wt.) ratio (Table 2). In
comparison, about 90% of the pDNAwas bound by the NBMNPs
at the highest NP:pDNA (by wt.) ratio. As might have been
expected, the percentage of pDNAboundby the samples increased
with the ratio of NP:pDNA. Two-factor analysis of variance
(ANOVA) revealed a significant effect of NP type (p¼ 0.0029;
power¼ 0.94) and NP:pDNA wt. ratio (p¼ 0.0003; power¼ 0.99)
on theamount of plasmidbound to thenonmagneticNPs.Because
the contribution of the iron to the weight of themNPs could not be
established, direct comparison of the binding results for the
nonmagnetic and magnetic samples could not be made in such
away as to account for differences in particle number and surface
area. However, we estimated that the highest NP:pDNA wt. ratio
for themNPswould be comparable with the highest NP:pDNAwt.
ratio for the nonmagnetic NPs. Based on this comparison, the
percentage of pDNA bound by the Hap and NBM NPs remained
about the same after addition of the iron ions to form themagnetic
NPs (Table 2). In contrast, the magnetite samples displayed poor
affinity for binding pDNA, compared to the Hap and NBM NPs
despite the fact that the small size of the magnetite crystallites
would have indicated that the number of magnetite particles and
their surface area would have been far greater than the mHap and
mNBM. Two-factor ANOVA for the mHap and mNBM plasmid
binding revealed no significant effect of particle type on plasmid
binding (p¼ 0.17) albeit with a low power (0.26), and a significant
effect of wt. ratio (p< 0.001; power¼ 0.99).

The pGFP-GDNF (where pGFP is plasmid humanized green
fluorescent protein) had specific sequence sites that were cut by
the Not I and Xho I restriction enzymes. After this enzymatic
digestion, the pGFP-GDNFwas degraded completely. The lanes in
Table 2. Percentage of GFP-GDNP pDNA binding to the nanoparticles.
Mean� (standard deviation) n¼ 3.

NP:pDNA (by wt.)

1600/1.5 800/1.5 400/1.5

Hap 97� 5 84� 13 69� 5

NBM 87� 11 63� 7 43� 18

Iron-Containing NP:pDNA (by wt.)

500/1.5 250/1.5 125/1.5

mHap 99� 1 46� 7 19� 4

mNBM 85� 6 61� 7 7� 6

Magnetite 8� 2 4� 2 0

& Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1–11
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Table 3. Zeta potential of the NPs.

Zeta Potential, mV (average of 5 readings, n¼ 1)

Hap mHap NBM mNBM Magnetite

NPs �10.6 �18.2 �7.0 �18.8 �54.4
pDNA-NPs �67.7 �53.5 �45.6 �54.3 �50.4
the electrophoretic gels containing the enzyme-treated magnetic
andnonmagneticHapandNBMNPs towhichDNAwasbounddid
not display the bands of the degradation products from the
enzyme-treatedplasmid, indicating that the enzymeswerenot able
to cleave the plasmid bound to the NPs.
2.6. Zeta Potential

Zeta potential measurements (Table 3) demon-
strated that the surface charges of the Hap and
NBM NPs were substantially less than that of
magnetite. Addition of iron ions to the NPs
resultedinmorestronglynegativechargesonthe
mNPs. Binding of pDNA to the NPs greatly
increasedthenegativecharge.AdditionofpDNA
to themagnetiteNPshadnonotable effect on its
negative charge. However, the poor binding
affinity of pDNA for magnetite complicates
interpretation of this result. The pDNA-NP
complexes appeared to display enough of a
surfacechargetopreventaggregationoftheNPs.
2.7. Transfection Efficiency

Examination of the cultures did not reveal
noticeable differences in the number of cells
among the various groups. Virtually all of the
cells undergoing magnetofection with mHap
and mNBM expressed GFP (Fig. 4). In
comparison, it was estimated that 60–70% of
the cells transfected without magnetofection
displayed the green fluorescence reflective of
GFP expression. Also of note was the presence
of particulate deposits in the cytoplasm of the
cells (Fig. 4), consistent in appearance with
the NPs. These particles were not seen in the
cultures without the NPs.
Figure 4. Images of the same fields of view for MSC cultures transfected by pGFP-GDNFmHap

(a, c, e, g) and pGFP-GDNF mNBM (b, d, f, h) 6 days post-magnetofection. a–b) Fluorescence

images of cultures showing GFP and c–d) cultures stained with Hoechst 33342 nuclear stain.

e–f) Merged images for the GFP and nuclear stains and g–h) bright-field images.
2.8. Transmission Electron Microscopy of

Endocytosis of the Nanoparticles

At the endof the transfectionperiod, TEMof the
MSCs treated with the mHap and mNBM and
the application of the magnet revealed their
endocytosis of the mNPs (Fig. 5a) and the
containment of the NPs in phagosomes
(Fig. 5b). No such electron-dense features con-
sistent in appearance with the NPswere seen in
the TEM images of control cultures. Phag-
Adv. Funct. Mater. 2009, 19, 1–11 � 2009 WILEY-VCH Verl
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osomes containing numerous NPs, occasionally located in close
proximity to the nucleus (Fig. 5c), could be seen at 24 (Fig. 5c,d) and
48h (Fig. 5e) post-transfection. In some cases the NPs did not
appear to be contained withinmembrane-bound structures within
the cell (Fig. 5d).

2.9. GDNF Expression and Effects of Magnetofection

No GDNF was detected in the medium from the nontransfected
MSC control cultures. All of the mNP groups demonstrated
overexpression and secretion of GDNF at each of the collection
periods (Fig. 6). Forall of thegroups, the rateof productionofGDNF
decreased after 7 days. For the cultures that were not exposed to
ag GmbH & Co. KGaA, Weinheim 5
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Figure 5. TEM images of MSC cultures treated with mHap NPs and the

application of a magnet: a–b) 4, c–d) 24, and e) 48 h after the beginning of

the 4-h transfection period.

Figure 6. The GDNF in the medium of cultures of MSCs transfected by

mHap and mNBM, with and without application of the magnet. Also

shown are the GP controls run at the same dose of pGDNF per well

(0.625mg pDNA/well; white bar) and a higher dose (2mg pDNA/well).

Mean� (standard error of mean); n¼ 5.

6 � 2009 WILEY-VCH Verlag GmbH
magnetofection, the mNBM NPs resulted in substantially higher
GDNF expression at the 3-day collection periods ending on days 4
and 7: twofold at 4 days and 37% at 7 days. Of note was that the 15-
minapplicationof themagnet significantly increased theexpression
of GDNF for both mHap and mNBM. For mHap, magnetofection
increased GDNF levels: 2.3 times at 4 days, 82% increase at 7 days,
and 65% increase at 10 days. For mNBM, the magnetofection had
the effect of increasing GDNF by 23% at 4 days, 33% at 7 days, and
22% at 10 days. There was no notable difference in the GDNF
expression under the influence of magnetofection for the mHap
versus themNBMNPs at any of the collection periods. The levels of
expression in the mNP groups undergoing magnetofection were
about 50% of the values measured in the cultures treated with
the lipid transfection reagent (Fig. 6). There was no noticeable
difference in the GDNF expression in the GenePORTER (GP)
groups with the two pGDNF levels (0.625 versus 2mg/well; Fig. 6).

Three-factor ANOVA revealed the significance of the effects of
NP type (p< 0.0001; power¼ 1), magnetofection (p< 0.0001;
power¼ 1), and collection period (p< 0.0001; power¼ 1) on the
concentration of GDNF in the medium. Fisher’s protected least
squares differences (PLSD) post-hoc testing demonstrated that the
differences in GDNF levels between mHap and mNBM, and
between groups with and without magnetofection, were highly
significant. All of the collection period comparisons were highly
significant except for the comparison of the data fromdays 4 and 7,
whichwas not significant. One-factor ANOVAof theGDNFdata at
the 4-day and 7-day periods separately revealed that the GDNF
levels for the mNBM NPs with (p¼ 0.0002; power¼ 1) and
without (p< 0.0001; power¼ 1) magnetofection were statistically
significantly higher than the respective values for the mHap NPs.
For the3-day collectionendingonday7, only thedifferencebetween
themNBMandmHapNPswithoutmagnetofectionwas statistically
significant (p< 0.0001; power¼ 1). Two-factor ANOVA of the GP
data demonstrated that there was a significant effect of collection
period (p< 0.0001; power¼ 1), but no effect of pGDNF concentra-
tion (p¼ 0.57; power¼ 0.09) on GDNF expression.

The accumulated amount of GDNF for the cultures treated with
pGDNF-mNBM NPs without application of the magnetic field,
calculated by summing the amounts of GDNF from each of the
collection periods, reached about 1.9� 0.04 ng mL�1 (mean�
standard deviation). This value was 40% higher than that from the
cultures treated with the mHap NPs. Application of the magnetic
field increased the accumulatedGDNFconcentration in themHap
cultures from 1.4� 0.02 to 2.4� 0.07 ng mL�1, for an increase of
70% and in the mNBM cultures from 1.9� 0.04 to 2.4� 0.06ng
mL�1 (26% increase). Two-factor ANOVA revealed significant
effects of NP type (p< 0.0001; power¼ 1) and application of the
magnet (p< 0.0001; power¼ 1) on the accumulated GDNF.
Separate one-factor ANOVA for the data without application of
themagnet showed that the difference in GDNF for themHap and
mNBM groups was highly significant (p< 0.0001; power¼ 1).
There was no statistically significant difference in the GDNF levels
for themHapandmNBMcultures towhich themagnetwas applied
(p¼ 0.7).

2.10. Lactate Dehydrogenase Cytotoxicity Assay

The lactate dehydrogenase (LDH) assay negative control values
from runs on days 1 and 3 were comparable: 0.57� 0.02 and
& Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1–11
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Figure 7. Optical density readings for the LDH assay for cytotoxicity for

cultures with and without application of a magnet (mean� standard error

of mean; n¼ 5). The particle doses are in units of mg iron cm�2. The

negative control value that is shown is 0.55� 0.01 (n¼ 10); the positive

control value was 1.1� 0.02.
0.54� 0.01, respectively. The positive control values from runs on
days 1 and 3 were also comparable, and twice the negative control
values: 1.13� 0.03 and 1.10� 0.03. The optical density (OD)
readings for the experimental groups after days 1 and 3 were
generally comparable, and close to the negative control value
(Fig. 7). There were no notable effects of particle type and particle
dose on the LDH results, and no difference between groups with
and without the magnet. It appeared that there was slightly less
LDH released after 3 days compared to the 1-day findings.

Four-factor ANOVA, including all data except for the controls,
revealed no significant effects of the particle type (p¼ 0.55;
power¼ 0.09) and dose (p¼ 0.29; power¼ 0.38) on the LDH
release, but there were significant effects of time (p< 0.0001;
power¼ 1) and the application of the magnetic field (p< 0.0001;
power¼ 1), even though the differences among groupswere small.
In analyzing the data fromdays 1 and 3 separately, 3-factor ANOVA
demonstrated significant effects of particle type (p¼ 0.0003;
power¼ 0.98), dose (p¼ 0.045; power¼ 0.7), and application of
themagnet (p< 0.0001; power¼ 1) on the LDHrelease, again even
though the differences among groups were small. Three-factor
ANOVA of the 3-day data showed significant effects of particle type
(p< 0.0001; power¼ 0.99) and dose (p¼ 0.002; power¼ 0.95), but
no effect of the magnet (p¼ 0.44; power¼ 0.12) on the OD
measurements. Combining the results for all doseswith the results
for the groups with and without the magnet and including the
positive and negative controls, 2-factor ANOVA showed that there
were significant effects of particle type (p< 0.0001; power¼ 1) and
time (p< 0.0001; power¼ 1) on the LDH release. Fisher’s PLSD
revealed statistically significant differences between the particle
groups and the negative controls, even though the particle groups
were only slightly higher than the negative controls.

3. Discussion

The notable findings of this work were that NPs comprising
synthetic Hap and NBM crystallites could be modified to be made
superparamagnetic and that thesemNPsdisplayed enhancedgene
Adv. Funct. Mater. 2009, 19, 1–11 � 2009 WILEY-VCH Verl
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transfection when used as non-viral vectors under the action of a
magneticfield.Magnetofection resulted in anapproximate twofold
increase in gene expression through 7 days post-transfection for
the mHap NPs. The percentage increase in GDNF expression
resulting from the 15-min period under the influence of the
magnetic filed was not as high for the mNBMNPs, but significant
at the first three collection periods (from 20–30% higher than
nonmagnet controls). The enhanced transfection under the action
of the magnet may have been due to the effects of: 1) magnetic
localizationandretentionof theNPsat thecell surface;2) facilitated
endocytosis or other process of passage of theNPs through the cell
membrane; and/or 3) enhanced release of the plasmid intracellu-
larly. Considering the fact that themagnet was applied for only the
first 15-min period that the cells were exposed to the pGDNF-mNP
complexes, the first and perhaps second of the above possibilities
would seem the most likely explanations for the enhanced
transection. Also of note was that the LDHassay showed that there
was no cytotoxicity of the mNPs. Additional studies will be
required to address the mechanism by which magnetofection
enhances gene expression.

The transfectionenabledby thenonmagneticHapandNBMNPs
wasnotassessedinthisstudy.Thebindingassaysdemonstrated that
there was comparable adsorption of plasmid DNA on themagnetic
and nonmagnetic NPs suggesting that the transfection to be
expectedof thenonmagneticHapandNBMwouldbecomparable to
the mHap and mNBM, without magnetofection.

Prior publications have reviewed the benefits of NPs as delivery
vehicles for plasmid DNA,[8,9] and the potential benefits of
magnetofection[8,41] in: 1) facilitating theentry of theNPs into cells;
2) targeting NPs to selected sites in vivo; and 3) retaining NPs at
selected sites. The NPs most often used for magnetofection have
been iron oxides: magnetite and maghemite. Prior approaches
have been to modify these magnetic NPs to overcome their
undesirable properties and to impart specific functionality. This is
the first report of the functionality of magnetically modified
calcium phosphate NPs, which have certain inherently desirable
traits for magnetofection.

Magnetofection, an outgrowth of the magnetic targeting of
drugs,[42,43] has several potential benefits for gene delivery using
viral andnon-viral vectors,[15] including enhancement of the action
of vectors up to several hundred times and acceleration of the gene
transfection or transduction process. Magnetic-enhanced gene
transfection methods are somewhat disadvantaged when reliant
on the use of inorganic superparamagnetic NPs such as iron
oxides, especially with respect to safety concerns. Iron oxides
appear to be well tolerated in some biological assays,[44] but other
studies have demonstrated their toxic effect on cells,[19] including
their disruption of cytoskeleton organization.[45] Moreover, while
iron oxide particles (primarily magnetite and maghemite) have
been reported in human brain tissue,[46] it has been proposed[47]

that their presence may be associated with senile plaques and tau
filaments found in brain tissue affected by neurodegenerative
diseases.[48] In addition to the uncertainties regarding the safety
profile of iron oxides, as demonstrated in the present study iron
oxide particles have a poor binding affinity for DNA. This
compelled the development of mNPs to replace iron oxide or at
least reduce its amount in mNPs used for magnetofection. The
poor binding of DNA by the magnetite NPs in this study obviated
the inclusion of amagnetitemagnetofection control group. Future
ag GmbH & Co. KGaA, Weinheim 7
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work needs to more fully characterize the DNA binding by
magnetite using a range of particle sizes and investigate the
associated magnetofection.

While there are questions concerning the intrinsic biocompat-
ibility ofmagneticmetallicNPs, calciumphosphateNPsarewidely
commended as non-viral vectors based on their DNA binding
affinity, protection of pDNA from enzymatic degradation,
favorable safety profile, and biodegradability.[49,50] Of interest in
the current experiments was the difference in the GDNF
tranfection resulting from the synthetic mHap and natural
mNBM NP vectors in cultures without application of the magnet
during the transfection period. The mNBM yielded a 40% higher
GDNF level, even though there did not appear to be a notable
difference in: 1) the transfection efficiency (from the GFP
expression); 2) the amount of pDNA bound to each type of NP;
and 3) the protective effect of the NP in shielding the DNA from
enzymatic degradation.While the ICP-OES did not demonstrate a
difference in the Ca:P stoichiometry of the two calcium
phosphates, NBM has previously been shown to be a calcium-
deficient carbonate apatite.[25–27] This compositional difference
along with the difference in crystallite size and shape may have
resulted in a more favorable release of the pGDNF intracellularly
and facilitated transport into the nucleus. This difference in
transfection, between mNBM and mHap NPs, was overcome by
the application of the magnetic field.

This is an extension of the first preliminary report[20] of the
magnetization of calcium phosphate crystallites comprising NPs.
In the present work, preformed Hap and NBM NPs were treated
with a solution of iron chloride followed by NH4OH at 80 8C. The
calcium phosphates were rendered superparamagnetic as the
result of the formation of magnetite crystallites on the individual
Hap and NBM crystallites. The fact that virtually all of the mHap
and mNBM NPs were attracted to a magnet indicated that
magnetite formedonvirtually all of theNPs; themHapandmNBM
products were not simple mixtures of the calcium phosphate NPs
andmagnetite crystallites. The change in color fromwhite to black
of themHap andmNBMpowderwas consistent with the presence
of magnetite demonstrated by XRD. Also of note was the
comparison of the SQUID saturation magnetization values of
�30 emu g�1 for the mHap and mNBM NPs with the value of
�40 emu g�1 reported in a prior study for magnetite.[51] The
absence of hysteresis in the curve ofmagnetization versus external
magnetic field for mHap and mNBM demonstrated that the NPs
had no remanence and coercivity,[52] reflecting the fact that there
was no long-rangemagnetic dipole–dipole interactions among the
particles, and thus indicated superparamagnetic behavior.That the
magnetization of mHap and mNBM NPs did not saturate at
50KOe was also consistent with superparamagnetic behavior.

The initial goal of thecurrent studywas toattempt to replace iron
oxide for magnetofection with calcium phosphate NPs rendered
magnetic by the addition of iron ions. Instead of achieving this
goal, we produced calciumphosphateNPswith adherentmagnetite
crystallites. While falling short of our objective, the mHap and
mNBMNPsdoprovide improvedpDNAbindingand thebenefitsof
the properties of the Hap and NBM, and importantly reduce the
amount of iron oxide that would be introduced into the body.

TEM revealed crystallites consistent in size with magnetite
(�9 nm in diameter[51]) on the surfaces of the plate-like Hap and
NBM crystallites. Prior studies have demonstrated that apatite
� 2009 WILEY-VCH Verlag GmbH
plates result from the preferential growth in the a–c crystal-
lographic plane.[40,53] The cubic magnetite crystallites with their a
lattice parameter of 0.84 nm thus appeared to grow from the plane
of apatite with rectangular symmetry, with a and c lattice
dimensions of 0.94 and 0.69 nm, respectively. This may be a case
of hetero-epitaxy in which one crystalline phase, in this case
magnetite, grows from the surface of a crystal of different
composition,[54] i.e., apatite. For hetero-epitaxy to occur the
mismatch in the lattice parameters of the two crystals at the
interfacial plane should be 15% or less.[54] In the present case, the
mismatch in themagnetite and apatite lattice parameters are 12%
(Hap a axis versus magnetite a axis) and 18% (Hap c axis versus
magnetite c axis), close to the normally accepted criterion for
hetero-epitaxy. Of note is how close the 100 interplanar spacings
are for theHap andmagnetite: 0.82 versus 0.84 nm, respectively. It
was also interesting to find spots in the selected area electron
diffraction pattern of mHap that corresponded with the principal
orthogonal axis ofmagnetite aligned in the samedirection as the c-
axis of Hap, also consistent with hetero-epitaxy.

The two-week accumulated levels of GDNF of about 2 ng mL�1

in the magnetofection cultures with the mHap and mNBM NPs
containing as little as 0.6mg plasmid/well in 24-well plates
compared with values of approximately twice that value for the
same amount of plasmid incorporated into a commercially
available lipid transfection reagent. Of importance is that the level
of GDNF expression by rat MSCs following magnetofection was
high enough to result in GDNF concentrations which were found
to be close to therapeutic concentrations in previous in vitro
investigations: 1 ngmL�1 increased by nearly 100% the number of
trigeminal ganglion sensory neurons in culture at 5 days post-
plating;[55] and 10 ng mL�1 nearly doubled dopamine neuron
survival and reduced the rate of apoptosis from 6 to 3% in human
embryonic dopamine neurons cultures.[56] Future in vivo studies
will be necessary to determine if magnetofection using magne-
tized calcium phosphate NPs will be capable of inducing
expression of therapeutic GDNF doses locally.

While lipid transfection agents may result in higher expression
levels in vitro, there remain concerns regarding their safety
profile.[8,57] Moreover, an unfavorable ‘‘serum effect’’ on DNA-
lipid transfection, which has beenwell documented,[58,59] explains
the dramatic reduction in transfection in vivo, compared to in vitro
transfection of cells with lipolpex in serum-free medium.[58] In
comparison, calcium phosphate NP non-viral vectors have been
shown to have ‘‘appreciable serum tolerability’’[60] and to enhance
transfection when administered in vivo.[61] It will be helpful in
future studies to evaluate the in vitro transfection efficiencies of the
mHap and mNBM NPs in the presence of increasing amounts of
serumsupplementing themedium.Such resultswill be important
in providing an indication of the potential effectiveness of the non-
viral vectors in vivo.
4. Conclusions

Synthetic Hap and NBM crystallites can be rendered magnetic by
the hetero-epitaxial growth of magnetite, and these mHap and
mNBMNPs result in elevated transfection ofMSCs in vitro under
the action of a magnet. Superparamagnetic Hap and NBM NPs
have the potential to serve as non-viral vectors for the delivery of
& Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1–11
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genes to select sites in the brain. When the mNPs are injected
systemically, application of an external magnet may facilitate the
movement of particles across the blood–brain barrier.[13] For both
systemic administration of the mNPs and direct injection into the
brain, themNPsmay be retained at a selected site by amagnet, and
the action of the magnet may also facilitate transfection in vivo.
mHap and mNBM NPs can also serve as safe and effective non-
viral vectors for the transfection of cells ex vivo using
magnetofection, for subsequent cell therapy.
5. Experimental

Preparation of Synthetic Hydroxyapatite Nanoparticles, and Magnetic
Hydroxyapatite and Natural Bone Mineral Nanoparticles: Hap crystallites
were prepared by the precipitation method previously described [20]. In
brief, orthophosphoric acid solution was added into dispersed calcium
hydroxide suspension at a rate of 1.5mL min�1 and aged for 20 h. The
entire process was carried out at 80 8C in a hot water bath. The final Ca:P
ratio was 1.67 to match the stoichiometric ratio in Hap. The pH value was
adjusted to 8 by the addition of NH4OH during the precipitation process.
The term, ‘‘nanoparticles,’’ was adopted to describe the crystallite
aggregates, which were from tens to hundreds of nanometers in diameter.

Iron(II) chloride solution was added to the dispersed suspensions of the
Hap and NBM (anorganic bovine bone, Geistlich Biomaterials, Wolhusen,
Switzerland) NPs, at a rate of 1.5mL min�1. The pH value was again
adjusted to 8 by adding NH4OH at 80 8C, and the suspension aged for
another 10 h at 80 8C. Subsequently, the precipitates were washed with
deionized water three times. Finally, the aqueous suspensions were freeze-
dried to form a dispersible powder. As a control, magnetite was
precipitated from the iron chloride solution by adjusting the pH to 8
using NH4OH at 80 8C, and the suspension aged for another 10 h at 80 8C.

Composition, Structure, andMagnetic Properties of the Nano- particles: The
calcium, phosphorous, and iron content of the NPs (n¼ 3) was determined
by ICP-OES (ACTIVA, HORIBA Jobin Yvon Inc., Edison, NJ). The crystalline
structure of the NPs was analyzed using XRD (Rigaku RU300, Rigaku, Inc.,
The Woodlands, TX) in the range from 10 to 708 2u (using a Cu Ka source).
The identity of the peaks in the XRD patterns was determined by
comparison with the reference profiles in the JCPDS. The lattice constants
and size of the crystallites making up the NPs was calculated from the XRD
data using Jade software (Jade Software Corp., Atlanta, GA).

The morphology of the NPs was observed by SEM. Hap and NBM NPs
were deposited from solutions with various NP concentrations onto glass
slides and allowed to air dry. The slides were mounted on SEM stubs and
coated with gold palladium, and examined in a scanning electron
microscope (JEOL JSM-5910, JEOL Ltd., Tokyo, Japan). For ultrastructural
studies, NP samples were deposited on carbon-coated copper grids from
aqueous solution and air-dried. The grids were examined by TEM (JEOL
200CX, JEOL Ltd.). Selected area electron diffraction was also performed.
The lattice fringes (Fourier images) of mHap NPs were examined using a
high-resolution transmission electron microscope (JEOL 2011, JEOL Ltd.,
Tokyo, Japan).

The particle size of the NPs was determined from DLS measurements
using an argon laser light scattering system at the wavelength of 514 nm
(BI-200SM, Brookhaven Instruments Corporation, Holtsville, NY). DLS
utilizes time-dependent fluctuation in the scattering intensity of NPs
undergoing Brownian motion to determine the size distribution profile of
the NPs in water. In brief, NPs were suspended homogeneously in water in
a cuvette. The measurement was detected by a photodetector at 908
scattering angle. The averaged particle sizes were obtained by repeating the
measurements five times (n¼ 5).

The magnetic properties of the mNPs were analyzed by a SQUID
(Quantum Design MPMS-5S, Quantum Design, SanDiego, CA) in an
applied magnetic field of� 50 kOe (Oersted units of magnetic energy) at
300 K (room temperature). The SQUID is a magnetometer able to measure
small magnetic fields. The mass magnetization is defined as the magnetic
Adv. Funct. Mater. 2009, 19, 1–11 � 2009 WILEY-VCH Verl
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moment per total mass of sample (in electromagnetic units, emu, per
gram) measured as the samples are exposed to a changing magnetic field.

Preparation of Plasmid DNA–Nanoparticle Transfection Complexes: The
plasmid encoding rat GDNF (pGDNF) was obtained from Children’s
Memorial Hospital, Chicago, IL. This is an adeno-associated viral shuttle
plasmid containing a bicistronic expression cassette of rat GDNF and
humanized GFP genes joined by an internal ribosome entry site under the
control of a cytomegalovirus promoter and flanked by inverted terminal
repeats. The pDNAwas amplified in competent Escherichia coli (DH5 from
Invitrogen, Carlsbad, CA) and isolated from the bacteria using the Mega
QIAfilterTM Plasmid kit (Qiagen, Valenica, CA).

The pDNA was mixed into a dispersion of the nonmagnetic and
magnetic Hap and NBM NPs, and magnetite NPs, at 3 different weight
ratios (n¼ 3), and incubated for 15min in order to allow DNA to bind to
NPs to form pDNA-NP transfection complexes. The mNPs were removed
from the suspension by attraction to a neodymium iron boron magnet
(LifeSep MX, Dexter Magnetic Technologies Inc., Chelmsford, MA). The
suspensions of nonmagnetic Hap and NBM complexes incorporating the
pDNA were separated by centrifugation. The sediment was washed with
Tris–EDTA buffer twice. The supernatant of the dispersions was analyzed
by agarose gel (0.8%) electrophoresis, and the amount of DNA remaining
in the supernatant was quantified using TotolLab software (Nonlinear
Dynamics, Durham, NC). This DNA remaining in the solution was
subtracted from the initial amount for the calculation of the percentage of
pDNA bound to the NPs.

In order to determine if the complexation of the pDNA to the NPs had a
protective effect against the action of restriction enzymes, samples of the
pDNA complexes with the magnetic and nonmagnetic Hap and NBMNPs,
prepared as described above, were treated by restriction enzyme (Not I and
Xho I) digestion for 1 h. Samples of pDNA-magnetite were also treated. The
pDNA-NP complexes were suspended in NEBuffer 3 (New England
Biolabs, Ipswich, MA) containing bovine serum albumin (BSA; New
England Biolabs) and treated with restriction enzymes (Not I and Xho I;
New England Biolabs) for 1 h digestion at 37 8C. The enzyme-treated
complexes were loaded into the wells of the agarose gel electrophoresis
apparatus, along with a ladder and nontreated and restriction enzyme-
treated pGFP-GDNF plasmid.

Zeta-Potential: Measurements of the zeta potential of the NPs were
obtained using the ZetaPALS apparatus (Brookhaven Instruments
Corporation, Holtsville, NY) which utilizes phase analysis light scattering
to determine the electrophoretic mobility of charged, colloidal suspen-
sions. In brief, equal volumes of pDNA (25mg mL�1) and magnetic NPs
(1mg ironmL�1) were incubated together for 15min to form a transfection
complex (400:1wt. ratio). For the nonmagnetic NPs, 40mg mL�1 of pDNA
was added to a suspension of 1.6mg mL�1 of the NPs (400:1wt. ratio).

NPs in aqueous solution (1.5mL; with or without pDNA; n¼ 1) were
suspended in the cuvette for analysis. An average value for the zeta
potential was obtained from five automatically repeated measurements.
The zeta potential measurement can be affected by the stability of the
particles in suspension. Electrostatic repulsion of adjacent particles
reduces the tendency for aggregation. The more negative or positive the
zeta potential, the greater the electrical stabilization of NPs in the solution.

Cell Culture and Transfection: Rat MSCs were harvested from both the
femurs and tibiae of 6 young Lewis rats (<6 weeks old) as previously
described [62]. The cells from the 6 rats were cultured separately
throughout the experiment. A cell suspension was filtered through a
40-mm cell strainer, centrifuged at 1500 rpm for 10min, resuspended in
phosphate buffered saline (PBS), and then centrifuged a second time at
1500 rpm for 10min. Cells were resuspended in ‘‘expansion medium’’
containing low-glucose Dulbecco’s modified Eagle medium (lg-DMEM;
GIBCO, Cat#11885-084, Carlsbad, CA), 20% fetal bovine serum (FBS;
Hyclone Technologies, Logan, UT), and 1% penicillin/streptomycin.
Primary cells (passage 0; P0) were plated onto 75-cm2 flasks and incubated
at 37 8C and 5% carbon dioxide. Nonadherent cells were removed at the
medium change after 48 h. At approximately 90% confluence, cells were
detached, resuspended, and subcultured to P1 before being frozen at
�80 8C. Upon thawing, cells were plated in 150-cm2 flasks at 5000 cells/
cm2 and grown in the expansion medium. Rat MSCs similarly prepared in
ag GmbH & Co. KGaA, Weinheim 9
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our laboratory have been induced to differentiate into neuronal cells
expressing b-tubulin, nestin, and glial fibrillary acidic protein and into
chondrocytes, in neurogenic and chondrogenic media, respectively.

Transfection with Magnetic Nanoparticles: For transfection, equal
volumes of pDNA (25mg mL�1) and magnetic NPs (1mg iron mL�1)
were mixed together and allowed to set for 15min to form transfection
complexes. 3.2� 104MSCs of P 2–4 were cultured in 24-well (2 cm2)
culture plates and grown in 1mL of expansion medium. After 24 h of
culture, the medium in the wells was replaced with 250mL serum-free
medium containing the transfection complexes (0.625mg pDNA/well), for
the 4-h transfection period. Magnetofection was performed by applying a
magnetic field during the first 15-min stage of the 4-h transfection period. A
neodymium iron boron magnet (LifeSep 96F; force density 5.6 T2 m�1 and
field gradient 32.5 T m�1; Dexter Magnetic Technologies Inc.) was placed
under the culture dish. After the 4-h transfection period, 250mL of
expansionmediumwas added to each well, and the dishes incubated for an
additional 24 h. The supernatant was then replaced with fresh expansion
medium.

In other cultures, the transfection complex (0.625mg pDNA/well) was
incubated with MSCs (6.5� 104 cells/well) in 4 chamber slides (Nunc Lab-
Tek II Chamber Slide System, Thermo Fisher Scientific, Rochester, NY) for
the investigation of transfection efficiency under fluorescence microscopy.
Six days after transfection, the expression of GFP in the groups with the
mHap and mNBM complexes was visualized by fluorescence microscopy.
The percentage of cells expressing GFP, i.e., transfected, was obtained by
dividing the number of fluorescent cells by the total number of cells
revealed by nuclear staining with Hoechst 33342 dye (H1399, Invitrogen,
Carlsbad, CA). Bright field microscopy images of the same regions were
also taken to reveal the total number of cells in the field of view.

Selected mHap and mNBM cultures undergoing magnetofection, and
MSC control cultures with no NPs, were prepared for TEM. MSCs were
grown in 6-cm diameter (22 cm2) culture dishes (BD Falcon, Cat. # 353002,
Franklin, Lakes, NJ). The dishes were seeded with 5� 105 cells/dish, and
0.55mg mHap and mNBMNPs containing 10mg pDNA/dish, were added
to the dishes. Magnetofection was carried out under the same conditions
described above. The cultures were terminated: 1) immediately after the 4-h
transfection period, 2) 24 h after the start of the transfection period, and
3) 48 h after the start of the transfection period.

Transfection with a Lipid Transfection Reagent: A commercially available
lipid transfection reagent was employed as a control for comparison with
the mNPs: GenePORTER 2 transfection assay (Genlantis, Inc., San Diego,
CA) containing polyvalent, cationic lipids. The GenePORTER 2 lipid film
was hydrated by 1.5mL hydration buffer at room temperature, and vortexed
for 10 s. 1mg pDNA was diluted by 25mL of the ‘‘DNA diluent B’’ in the
GenePORTER 2 kit, and mixed well by pipetting for 5min at room
temperature. Then, the diluted DNA was added into the same volume of
GenePORTER 2 reagent (3.5mL) diluted with serum-free medium, and the
mixture was allowed to stand for 5min at room temperature. MSCs
(3.2� 104, P2–P4) cells were cultured in 24-well (2 cm2) culture plates and
grown in 1mL of expansion medium. After 24 h of culture, the medium in
the wells was replaced with 250mL serum-free medium containing the
transfection complexes at one of two doses (0.625 and 2mg pDNA/well;
n¼ 5). After the 4-h transfection period, 250mL of expansion medium was
added to each well, and the dishes incubated for 24 h. The supernatant was
then replaced with fresh expansion medium.

Evaluation of GDNF in the Culture Medium: Twenty-four hours post-
transfection, the culture medium was refreshed, and the medium collected
every 3 days thereafter at medium changes on (at days 4, 7, 10, and 13;
n¼ 5) for enzyme-linked immunosorbent assay (ELISA, Human GDNF
DuoSet, R&D Systems, Minneapolis, MN). In brief, the diluted capture
antibody was incubated in 96-well microplates overnight. The nonspecific
blocking was then reacted for 1.5 h, and the aliquot of medium added into
microplate wells for 2 h. The recombinant human GDNF was serially
diluted as a positive control in order to determine the appropriate detection
range. Medium from the group of cells without transfection was used as
the negative control. The biotinylated goat anti-human GDNF was
incubated 2 h for detection and then conjugated with streptavidin-HRP
for 20min. All reactions were performed at room temperature.
� 2009 WILEY-VCH Verlag GmbH
Tetramethylbenzidine (TEB) solution was used for staining. The reaction
was stopped by the addition of 2 N sulfuric acid. The results were measured
at the wavelength of 450 nm by spectrophotometer (PerkinElmer Wallac
1420 Victor 2; Perkin Elmer Life Sciences, Waltham, MA).

Transmission Electron Microscopy of Transfected Cells: The cells in culture
were fixed in 2.5% glutaraldehyde and 3% paraformaldehyde with 5%
sucrose in 0.1 M sodium cacodylate buffer (pH 7.4), and postfixed in 1%
osmium in veronal-acetate buffer. The tissue was stained in block overnight
with 0.5% uranyl acetate in veronal–acetate buffer (pH 6.0), and then
dehydrated and embedded in Spurrs resin. Blocks were sectioned with a
Leica ultracut UCT ultramicrotome with a Diatome knife. Sections were
stained with 2% uranyl acetate, and lead citrate.

Lactate Dehydrogenase Cytotoxicity Assay: A LDH assay was used to
evaluate cell damage (i.e., cytotoxicity) induced by the mNPs. LDH is a
stable cytosolic enzyme from mitochondria that is released from the cell
when it is lyzed. Each well of a 96-well culture plate was seeded with
104MSCs. The cells were cultured in expansion medium (200mL/well).
After 24 h of culture, the medium in the wells was replaced with serum-free
medium (100mL/well) containing mHap and mNBM NPs at the following
‘‘doses’’(n¼ 5) for the 4-h period incubation period, with or without an
applied magnetic field during the first 15min: 0.64, 1.6, 4, 5.6, and 8mg
iron/well (corresponding to 2, 5, 12.5, 17.5, and 25mg iron/cm2,
respectively). After 4 h, 100mL of expansion medium was added to each
well, and the cells incubated for an additional 24 h period. The supernatant
was then replaced with fresh expansion medium. The cultures were
terminated after 1 and 3 days (n¼ 5). LDH was measured by a commercial
assay kit (CytoTox 96 Non-Radioactive Cytotoxicity Assay, Promega,
Madison, WI).

In the assay, LDH released in the cultures wasmeasured with the 30-min
coupled enzymatic assay. LDH catalyzes the conversion of metabolized
lactate to pyruvate in the presence of nicotinamide adenine dinucleotide
(NAD). The nicotinamide adenine dinucleotide hydrate (NADH) which is
formed reduces the tetrazolium salt to a formazan product (red in color).
The intensity of the red color from the formazan product is proportional to
the number of lysed cells. In brief, 50mL of medium was transferred to a
new enzymatic assay plate with 50mL of LDH substrate solution. Then,
50mL of a ‘‘stop solution’’ was added to each well in the plate, and the OD
values read in a spectrophotometer (PerkinElmer Wallac 1420 Victor 2;
Perkin Elmer Life Sciences, Waltham, MA) at a wavelength of 490 nm. The
positive control (n¼ 5) was the maximum absorption value of cells
incubated with medium containing 1% Triton X-100 (T8787, Sigma–
Aldrich, St. Louis, MO); the negative control (n¼ 5) was the mean
spontaneous absorption of cells incubated with medium. The positive and
negative control assays were performed along with the experimental
groups both on days 1 and 3.

Statistical Analysis: All data are expressed as mean� standard error of
the mean unless otherwise indicated. The significance of the effect of
selected parameters on the outcome variables was analyzed by multifactor
analysis of variance (ANOVA). Group comparisons were made by Fisher’s
PLSD. Statistical significance was accepted at a level of p< 0.05.
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