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ABSTRACT

Here we reported a novel electrochemical encapsulation method to encapsulate various nanomaterials and bimolecules
into collagen. The electrochemical encapsulation process involves assembling of collagen along with Nano/bio materi-
als using an isoelectric focusing mechanism. We have showed that a wide range of Nanomaterials such as carbon nano-
tubes, polymeric nanoparticles, magnetic calcium phosphate nanoparticles and biomolecules can be encapsulated into
collagen. These novel collagen-based composite materials possess improved electric, mechanical, antimicrobial, mag-
netic, bioactive properties. Thus, this novel electrochemical encapsulation process offers a means to fabricate novel bio-
materials for various biomedical applications such as tendon/ligament, nerve, skin tissue engineering, tendon/liga- ment

to bone grafts, and sutures, etc.
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1. Introduction

Collagen (Col) is a major structural protein and extracel-
lular matrix of human body and it can be found in abun-
dance in connective tissues such as tendon/ligament,
bone, skin, cornea, nerve sheaths, blood vessels and
stroma of interstine [1]. As a biomaterial, collagen can be
extracted as a soluble protein from animal sources (e.g.,
fetal bovine calf) or produced by recombinant approach.
The soluble collagen can then be polymerized into in-
soluble fibrillar protein as 3D scaffolds or 2D sheets, or
1D fibers. Due to lack of natural crosslinking, packing
density, and natural hierarchical organization, the me-
chanical properties of assembled collagen material are
normally weak, limiting their application in dense con-
nective tissue engineering [2]. Collagen is also not elec-
trically conductive, non-magnetic, and non-antimicrobial.
Thus, to improve the multifunctional properties of colla-
gen biomaterial, an encapsulation process is needed to
load other Nanomaterials or biomolecules inside.

When dialyzed collagen was put in electrochemical
cell with a DC voltage applied between two electrodes,
the electrolysis of water created a pH gradient between
two electrodes. The charged collagen molecules will
move towards isoelectric point, where they assemble and
form a densely-packed aligned structure. This assembly
phenomenon is based mainly on isoelectric focusing and
discussed in our previous publications [3,4].

To further improve the mechanical properties and
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functionalities, we expanded the electrochemical process
which allows for encapsulation of a wide range of
Nanomaterials along with collagen [5-7]. Due to entan-
glement of Nanomaterials with collagen, the nanoparti-
cles (NPs) or carbon naontubes (CNTs) will be trapped
inside the collagen and assembled together. The encap-
sulation process is schematically shown in Figure 1. The
resultant collagen composite takes the shape of electrode.
For example, if wire electrodes are used, collagen-based
fiber will be formed. If plate electrodes are used, colla-
gen-based sheet will be formed.

The encapsulation of these Nanomaterials inside col-
lagen provides a new class of collagen-based biomate-
rials with good electric, magnetic, antimicrobial, biome-
chanical properties. In this paper, we first described the
method to electrochemically encapsulate Nanomaterials
into collagen. We then reported the characterization of
these materials (e.g., electrical and mechanical proper-
ties). Finally, we demonstrated two potential tissue engi-
neering examples where these materials allow for cell
attachment and proliferation.

2. Materials and Methods

2.1. Fabrication of Collagen Fibers Encapsulating
PLGA-m-PEG NPs, Carbon Nanotubes,
Magnetic Calcium Phosphate NPs

The collagen (8.2 mg/mL, soluble collagen extracted
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from fetal bovine hide) used in our experiments was
purchased from Collagen Solutions LLC (San Jose, CA).
The collagen was dialyzed at 5°C for 48 hr to remove the
acid (MwCutoff of dialysis tubing, 3500 Da, Spectrum
Laboratories, CA). The electrochemical encapsulation
process to form Col-NP fiber was shown in Figures 2(A)
and (B). Poly(lactic-co-glycolic acid-poly(ethylene gly-
col) with 5% PEG at 5000 Dalton (PLGA-m-PEG, Boe-
hringer Ingelheim, Germany) NPs)were fabricated using
a standard water-oil-water double emulsion technique as
described previously [6]. Washed NPs were collected by
centrifugation at 20,000 rpm for 30 min and re-sus-
pended for use. Three different kinds of PLGA NPs were
made. The first is empty PLGA NPs (control). The sec-
ond is Rhodamine 6G fluorescent dye-loaded NPs. The
third is recombinant human platelet-derived growth fac-
tor (PDGF, R&D Systems, MN)-loaded NPs. Rhoda-
mine dye-loaded NPs were mixed with dialyzed collagen
to form a uniform mixture, as shown by the red color due
to the dye-loading inside NPs (Figure 2(A)). After a
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Figure 1. Schematic electrochemical encapsulation of Nano-
materials or biomolecules inside collagen to form materials
with novel mechanical, electric, magnetic, and antimicrobial
properties.
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Figure 2. Electrochemical encapsulation of Nanomaterials
inside collagen to form fibers. (A), (B) Collagen and dye-
loaded NPs before and after electrochemical process; (C)
Col-PLGA NP fiber; (D) Col-CNT fiber; (E) Magnetic Col-
MCaP fiber; (F) A fiber with the middle made from pure
collagen and both ends made from Col-MCaP.
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2.5 voltage was applied between two electrodes for 5 min,
a Col-PLGA NP fiber was formed close to the cathode
side (Figures 2(B) and (C)). Similarly, washed and dis-
persed single wall carbon nanotubes (CNTs, Outer di-
ameter: ~1.5 nm, Length: 1 - 5 um, Nanolab Inc., Wal-
tham, MA) were mixed with dialyzed collagen, and sub-
jected to the same electrochemical encapsulation process
to form Col-CNT fiber (Figure 2(D)). Magnetic calcium
phosphate (MCaP) NPs were prepared using our previ-
ously described procedure [8] and used to prepare Col-
MCaP fiber (Figure 2(E)). Moreover, by putting pure
dialyzed collagen in the middle and Col-MCaP mixture
in both ends of the electrochemical chamber, we formed
a fiber with three different compositions, i.e., the middle
was composed of collagen, and either end was composed
of collagen-MCaP (Figure 2F).

2.2. Fabrication of Collagen Sheets
Encapsulating, PLGA-m-PEG NPs,
Chitosan/Silver, MCaP NPs, CNTs

The experimental set up to form collagen-based sheet
was shown in Figure 3(A). The electrodes used are
stainless steel (anode) and Pt (cathode) sheets. Each Col-
Nano/bio material mixture was filled inside the chamber
and similar voltage was applied to form different sheets
(Figures 3(B)-(F)). In the end, each sheet was deposited
on the platy cathode due to high basic pH on the cathode
side.

For preparation of Col-Chitosan-Ag sheet, a two-step
special procedure was used as described previously [9].
First, Chitosan was added to acidic collagen (3 mg/

A B
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Figure 3. Electrochemical encapsulation of Nanomaterials
inside collagen to form multifunctional sheets. (A) Electro-
chemical chamber set up; (B) Pure Col sheet, (C) Col-PLGA
NP sheet; (D) Antimicrobial Col-chitosan-nanosilver sheet;
(E) Magnetic Col-MCaP sheet; (F) Col-CNT sheet.
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mL, Devro Medical Inc.) solution at 2% concentration
and form a circular sheet using the electrochemical proc-
ess. Then Chitosan-collagen sheets were placed inside
1% glutaraldehyde for mild crosslinking and introduction
of aldehyde pending groups. Then they were placed in
silver nitrate solution for silver deposition to form Col-
Chitosan-Ag sheets.

2.3. Electric Conductivity Measurement and
Mechanical Testing of CNT-Collagen Fiber

Electrical conductivity of the dried collagen-CNT fibers
were studied by the electrical impedance spectroscopy
(EIS) and direct DC methods at room temperature. The
assembled instrumentation involves two spring contacted
gold spheres attached to two separate micro-manipula-
tors mounted on an optical breadboard with a wafer
holding stage and connected to either a BAS Zhaner IM6
impedance analyzer or multimeter.

Col fibers and Col-CNT fibers were both tested to de-
termine their tensile mechanical properties. Both ends of
dried bundles were fixed between thin PVC tabs using
cyanoacrylate and the bundles were rehydrated in phos-
phate-buffered saline. Prior to testing, rehydrated speci-
men thickness was measured using a calibrated digital
microscope (VHX-100, Keyence Corp., Elmwood Park,
NJ). Specimens were also photographed using the digital
microscope in order to determine the initial distance be-
tween PVC tabs and to determine specimen width at the
approximate point of failure following testing. Speci-
mens were mounted in a screw-driven electromechanical
testing frame (Insight, MTS Systems Corp, Eden Prairie,
MN), and loaded monotonically under displacement con-
trol (10 mm/min.) to tensile failure. Crosshead displace-
ment was measured using the testing frame LVDT and
load was measured using a 5 lb. (22.24 N) load cell
(Transducer Techniques, Temecula, CA). After testing,
specimen width was determined from the calibrated
photographs at the approximate point of failure. In order
to account for any slack in the specimens prior to testing,
initial specimen length was determined as the sum of the
distance between PVC tabs and the displacement at the
point when tensile load was registered. Specimen strain
was determined by dividing displacement data by initial
specimen length and stress was determined by dividing
load data by the cross-sectional area calculated as the
product of specimen thickness and width at the point of
failure. Specimen modulus was determined as the steep-
est slope in the stress-strain data using a moving window
approach. Maximum tensile stress and strain at the point
of maximum tensile stress were also determined. Non-
parametric Wilcoxon rank-sum tests were used to evalu-
ate the statistical significance of differences between
modulus and peak stress for the Col and Col-CNT fiber
bundles.
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2.4. Antimicrobial Testing of Col-Chitosan-Ag
Sheet

The antimicrobial test was conducted to compare the
zone of inhibition (ZOI) of chitosan disks on two bacte-
rial strains, Staphylococcus aureus (gram positive) and
Pseudomonas aeruginosa (gram negative). Kirby Bauer
Disk Diffusion method was used to determine the ZOls
on large (15 cm) Mueller Hinton agar plates. The inocu-
lated plates were allowed to dry for 15 min. Col-Chito-
san-Ag disks were placed at the center of agar plates. The
plates were then inverted and incubated for 24 hours at
37°C. The clear area surrounding the disks represents the
antibiotic activity and is called ZOI. After 24 hours the
diameter of ZOIs were measured in millimeters. The tests
were conducted in duplicates.

2.5. Attachment and Proliferation of Neuron
Progenitor Cells (NPCs) on Col-CNT Fiber

Col and Col-CNT fibers were removed from 70% etha-
nol solution and washed in [N2] medium, a modified
version of neurobasal medium containing B27 and N2
supplements to remove any excess ethanol. Using a dis-
secting microscope, the fibers were then placed into a 35
mm culture dish which has been coated with a thin layer
of inert vacuum grease. This was necessary in order to
assure that the fibers do not move during testing period
and to prevent floating. Glass weights were placed on the
edges of the fibers as an additional preventative measure.
Fibers were then seeded with mouse neural progenitor
cells (NPCs). NPCs had been previously derived from
mouse cells using the stromal cell derived factor method
[10]. These cells were also genetically modified to ex-
press GFP using lentivirus pWPXL-GFP [11]. The deri-
vation of the cell line and the genetic modification were
performed in Dr. Hornsby’s lab (unpublished observa-
tions). Cells were grown for four days and photographed
via fluorescence microscopy on days 2, 3, and 4. The
presence of green fluorescent protein was required for
cell viewing. CNTs are black and when combined with
clear collagen, a black fiber was formed and phase con-
trast cannot be used to view the cells. Thus imaging of
the cells on the surface of the Col-CNT fibers cannot be
achieved unless the cells are fluorescent. This requires
the presence of GFP expressing cells and the use of a
fluorescence microscope for viewing.

2.6. Enhanced Proliferation of Adipose-Derived
Stem Cells (ADSCs) from PDGF-Loaded
Col-PLGA NP Fibers

ADSCs derived from Lewis rats were provided frozen
from Dr. Robert Christy at the US Army Institute of Sur-
gical Research (USA ISR) using an approved protocol.
Cells were thawed and placed in a T-75 culture flasks
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with MesenPRO RS™ Medium and Growth Supplement,
HBSS, L-glutamine 200 mM and antimycotics (all Invi-
trogen). MesenPRO RS™ Medium is a reduced serum
(2%) medium specifically formulated to support the
growth of human mesenchymal stem cells (MSCs) in
culture. Using MesenPRO RS™ Medium, MSCs can be
expanded for multiple passages while maintaining their
multipotential phenotype (i.e., differentiation into osteo-
genic, chondrogenic, and adipogenic lineages). Cells
were incubated and passed twice into T-75 flasks with
media.

Two different types of Col-NP fibers were placed in-
side 6-well cell culture plates (N = 3 per well). In the
control group, the PLGA NPs have no PDGF loaded. In
the experimental group, NPs were loaded with PDGF.
Each plate was seeded with ~89,500 Passage 2 cells and
returned to the incubator. After 7 days of incubation,
both control fibers and experiment fibers were removed
and stained with 4 drops of NucBlue™ (Life Technolo-
gies) nucleus stain. Substrates were placed on a Nikon
Eclipse TE2000-S fluorescent microscope and imaged
with a 20x objective with NIS-Elements BR (v3.00)
software. A UV dicrotic mirror was used to observe cell
nuclei. Four observations were conducted per fiber (3
fibers per well). After live cell counts were complete,
cells were then fixed with glutaraldehyde, stained with
DAPI (D3511, Lot 983827, Invitrogen) and Palloidin
Alexa Flour 488 (A12379-3000U, Lot 808465, Invitro-
gen) and viewed with a FITC filter. Images were taken
on an Olympus IX81 inverted fluorescence microscope
with a halogen light source and an Olympus DP72 cam-
era.

3. Results

3.1. Fabrication of Collagen Fibers Encapsulating
PLGA-m-PEG NPs, Carbon Nanotubes,
Magnetic Calcium Phosphate NPs

Figures 2(A) and (B) demonstrated the electrochemical
encapsulation process to form Col-PLGA NP fiber. Due
to loading of rhodamine 6G dye inside PLGA-m-PEG
NPs, the NPs suspension appeared red. The Col-PLGA
NP mixture appeared uniform red between two wire elec-
trodes (Figure 2(A)). After applying 2.5 DC voltage be-
tween two electrodes for only 5 min., the Col-PLGA NP
mixture already turned into a fiber lying close to the
cathode side. The fiber appeared red color, while the rest
of electrochemical chamber appear only slightly red,
indicating that most of NPs were incorporated inside
collagen fiber. The Col-PLGA NP fiber was collected
and shown in Figure 2(C). Similarly, Col-CNT fiber
(Figure 2(D)) appeared black due to incorporation of
CNTs (up to 30% by wt% as measured by thermograve-
metric analysis, data not shown). Col-MCaP fiber ap-
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pears brown due to incorporation of yellow MCaP NPs.
The magnetic property of Col-MCaP fiber was evident
by the attraction of fiber by a permanent magnet (Figure
2(E)). To mimic the tendon/ligament to bone junctions, a
composite fiber (Figure 2(F)) was formed, where the
middle part was composed of collagen, while the end
(brown color) was composed of Col/MCaP.

To further verify the loading of NPs inside collagen,
two different Col-PLGA NP fibers were viewed by both
optical microscope and fluorescence microscope. One
fiber was formed by using rhodamine dye-loaded PLGA
NPs (red arrow, Figure 4(A)), another fiber was formed
using only empty PLGA NPs (white arrow, Figure 4(A)).
As shown in Figure 4(A), both fibers are visible on the
optical microscope. However, only the Col-PLGA NP
fiber which was loaded with dye was visible using a
fluorescence microscope (Figure 4(B), red arrow).

3.2. Fabrication of Collagen Sheets
Encapsulating, PLGA-m-PEG NPs,
Chitosan-Silver NPs, Magnetic CaP NPs
and CNTs

In a similar way, collagen sheets encapsulating various
Nanomaterials or biomolecules were shown in Figures
3(B)-(F). Compare to transparent pure collagen sheet
(Figure 3(B)), the Col-PLGA NP sheet appeared red due
to the loading of rhodamine dye inside PLGA NPs (Fig-
ure 3(C)). On the other hand, the Col-chitosan-Ag sheet
appeared brown due to deposition of nano silver (Figure
3(D)) [8]. A clear zone of inhibition against Pseudomonas
aeruginosa was shown on agar plate due to its antimicro-
bial activities. Similarly to the fibers, the Col-MCaP
sheet and Col-CNT sheet appeared brown and black
(Figures 3(E) and (F)), respectively.

3.3. Electric Conductivity Measurement and
Mechanical Testing of CNT-Collagen Fiber

The electronic behavior of the Col-CNT composite fibers
was characterized using EIS and also with a standard
voltmeter. Figure 5 shows EIS Nyquist plot of a Col-
CNT fiber. Despite that collagen is an electrical insulator,

Figure 4. Confirmation of NP loading inside collagen fibers
using optical microscope and fluorescence microscope. (A)
Optical images of Col-PLGA NP fiber one fiber (red arrow)
was loaded with dye, while the other only has empty NPs
(control, white arrow); (B) Fluorescence image of fiber.
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Figure 5. EIS Nyquist plot of a Col-CNT fiber. Inset shows
photograph of electrical measurement. DC resistance meas-
ured with a probe distance of 9 mm was 135 Q.

the Col-CNT fibers were electrically conductive. DC
resistance measured with a probe distance of 1 cm was
135 Q. Based on their conductivity, Col-CNT fibers
could aid in cell growth and differentiation with electri-
cal stimulation and be used for nerve applications.
Typical stress strain curves for Col-CNT fiber and
collagen fiber are shown in Figure 6. The mechanical
properties (tensile strength) of the Col-CNT were evi-

dently superior to those of the counterpart pure Col fibers.

The Col-CNT fibers exhibited a 15-fold increases in
modulus and a 13-fold improvement in tensile strength as
compared to collagen control fibers (Figure 6).

3.4. Antimicrobial Testing of Col-Chitosan-Ag
Sheet

Due to encapsulation of chitosan which is enriched with
amine groups, silver NPs can be deposited onto Col-
Chitosan sheet to form Col-Chitosan-Ag. The resultant
sheet successfully inhibited two common strains of bac-
teria (Gram-positive and Gram negative, Figure 7). This
novel Col-Chitosan-Ag sheet can be used as antimicro-
bial haemostatic wound healing product.

3.5. Attachment and Proliferation of NPCs on
Col-CNT Fiber

Biocompatibility was tested by assessing the process of
attachment and growth of NPCs. Col-CNT fibers were
seeded with GFP-expressing NPCs. They were imaged
on days 2, 3, and 4. Figure 8 above show the fibers as
imaged on day on 4. The images indicated that the addi-
tion of CNTs did not affect the biocompatibility of the
fibers and the cell growth was unhindered. Additionally,

the cells seem to attach well onto the surface of the fibers.

There was no evidence of the cells detaching and even
though the fibers were subjected to some movement

Copyright © 2013 SciRes.
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Figure 6. Typical stress-strain curves of (A) a Col-CNT
fiber and (b) a neat Col fiber (N = 5).
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Figure 7. Col-Chitosan-Ag sheet has broad-spectrum an-
timicrobial activities. ZOI against (A) S. aureus (gram posi-
tive) and (B) Peudomonas aeruginosa (gram negative).

when being turned over for cell imaging, the cells main-
tained their growth and attachment. The Col-CNT fibers
displayed areas of alignment along the fiber. In these
areas, cells were lined parallel to the fiber with neurite
extensions reaching out towards one another. Overall the
Col-CNT fiber showed excellent cell growth and attach-
ment while displaying no toxicity while exhibiting areas
of aligned cell growth with neurite extensions (Figure 8).
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Figure 8. NPCs attached to the surface of Col-CNT fibers.
(A) Fluorescence microscope image of GFP-expressing
NPCs on Col-CNT fibers. Images were taken on day 4 of
cell testing; (B) SEM image of NPCs on Col-CNT after os-
mium tetroxide staining. Bar =20 pm.

3.6. Enhanced Proliferation of Adipose-Derived
Stem Cells from PDGF-Loaded Col-PLGA
NP Fibers

As shown in Figure 9, for both type of Col-NP fibers
(PDGF and control), ADSCs can proliferate well on it.
The cytoskeleton and nuclei of ADSCs were extended
along the fiber direction due to the alignment of collagen
fibers (Figures 9(A) and (B)). Live cell counting directly
on aligned collagen-NP fibers indicated that there is sig-
nificant increase in cell proliferation (at least 2 fold) on
aligned collagen-NP fibers that contain PDGF than con-
trol (Figure 9(C)).

4. Discussion

We have demonstrated here a novel electrochemical en-
capsulation process which takes advantage of controlled
co-assembly of collagen with a wide range of nanomate-
rials and biomolecules. For Nanomaterials, we have
demonstrated CNTs, PLGA NPs, MCaP NPs can be en-
capsulated inside the collagen. For biomolecules, we
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Figure 9. ADSC cell proliferation directly on two types of
Col-PLGA NP fibers. (A)-(B) Composite fluorescence image
of ADSCs on Col-PLGA NP fibers (control and PDGF); (C)
Cell proliferation directly measured on top of the Col-
PLGA NP fibers (control and PDGF).

PDGF

demonstrated that chitosan, and eventually silver can be
encapsulated inside the collagen.

The advantage of the electrochemical process is as
follows: 1) easiness of experimental set up; 2) the en-
capsulation process only involves water and low DC
voltage, unlike other process which involve toxic sol-
vents (e.g., Electrospinning); 3) most Nanomaterials can
be encapsulated. Despite possibility of digestion of
PLGA NPs at basic pH, we have demonstrated PLGA
NPs can be encapsulated inside collagen, due to quick-
ness of the encapsulation process. Finally, and most im-
portantly, through encapsulation of various Nanomateri-
als and biomolecules, multifunctional collagen-based
biomaterials (fibers and sheets) with improved electric,
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mechanical, antimicrobial, magnetic properties can be
formed.

A convincing example is the Col-CNT fiber. Due to
incorporation of a large amount of CNTs (up to 33%)
using this process, the dried fiber is electrically conduc-
tive. On the other hand, Col fiber itself is not. We also
showed the modulus, tensile strength of Col-CNT is su-
perior to those of pure Col fiber, without any crosslink-
ing. NPC can attach and grow well on these fibers. Thus,
these Col-CNT fibers have potential to be used as neuron
interface materials, tendon/ligament grafts, etc.

Another example is formation of magnetic Col-MCaP
fibers and sheets. We have previously showed that MCaP
NPs can be remotely heated up (e.g., 42°C) using alter-
nating magnetic field [8]. As an implantation materials,
the Col-MCaP fiber or sheets offers a new means to
change the cell and tissue behavior through local change
of temperature. For example, Col-MCaP sheets might be
used as a wound dressing while acts as a “magnetic
thermo blanket”. Similarly, pure Col sheet and antim-
icrobial Col-chitosan-Ag are a promising wound dressing
material [12]. On the other hand, the biphasic fiber with
two different compositions, i.e., the middle was com-
posed of collagen, and either end was composed of col-
lagen-MCaP, has great potential to be used as an engi-
neering orthopedic interfacing material (e.g., tendon/
ligament/bone junction) [13,14].

Finally, we demonstrated by loading drugs/growth
factors such as PDGF inside Col-PLGA NP fiber, the
proliferation of ADSCs was significantly enhanced (Fig-
ure9).

5. Conclusion

In summary, we have demonstrated a novel encapsula-
tion technique/method, i.e., electrochemical encapsula-
tion process. By changing electrode configuration and
electrochemical chamber set up, a wide range of Nano-
materials (e.g., CNTs, PLGA NPs, MCaP NPs) and bio-
molecules (Chitosan, silver) can be encapsulated and
formed into fibers or sheets. Through encapsulation of
these Nanomaterials and biomolecules inside collagen,
collagen-based biomaterials with improved electric, mag-
netic, mechanical, antimicrobial, and bioactive properties
can be formed. The electrochemical encapsulation proc-
ess provides us an effecitve means to fabricate novel
collagen-based composite nano/biomaterials for various
biomedical applications.
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