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Abstract

Collagen solutions are phase-transformed to mechanically robust shell structures with curviplanar 

topographies using electrochemically induced pH gradients. The process enables rapid layer-by-

layer deposition of collagen-rich mixtures over the entire field simultaneously to obtain 

compositionally diverse multilayered structures. In-plane tensile strength and modulus of the 

electrocompacted collagen sheet samples were 5200 -fold and 2300 -fold greater than that of 

uncompacted collagen samples. Out of plane compression tests showed 27 -fold and fold increase 

in compressive stress and 46 -fold increase in compressive modulus compared to uncompacted 

collagen sheets. Cells proliferated 4.9 times faster, and cellular area spread was 2.7 times greater 

on compacted collagen sheets. Electrocompaction also resulted in 2.9 times greater focal adhesion 

area than on regular collagen hydrogel. The reported improvements in the cell-matrix interactions 

with electrocompaction would serve to expedite the population of electrocompacted collagen 

scaffolds by cells. The capacity of the method to fabricate nonlinear curved topographies with 

compositional heterogeneous layers is demonstrated by sequential deposition of 

collagenhydroxyapatite layer over a collagen layer. The complex curved topography of the nasal 

structure is replicated by the electrochemical compaction method. The presented electrochemical 

compaction process is an enabling modality which holds significant promise for reconstruction of 

a wide spectrum of topographically complex systems such as joint surfaces, craniofacial defects, 

ears, nose or urogenital forms.
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1. Introduction

Collagen molecule is the ubiquitous brick that endows many tissues with form and structural 

soundness. Furthermore, collagen molecules constitute a niche that is conducive to cell 

adhesion, motility, proliferation and biodegradation. That is why collagen is situated at the 

center of biomaterial and tissue engineering applications. While the natural collagen-rich 

tissues have impressive capacity to bear mechanical loads, the mechanical properties of 

reconstituted collagen have the consistency of a gel; thus, it is generally limited to non-load 

bearing applications. A major discord between collagen in the native tissue matrix and 

reconstituted collagen gels is the degree of compaction of the collagen molecules. The 

former can be as dense as 250–400 mg of collagen per mL [1, 2] of tissue volume whereas 

gels are in the range of 1–10 mg/mL. While other factors such as non-collagenous proteins 

and proteoglycans contribute to superior strength of the native collagenous tissue, modalities 

to increase the packing density of collagen would be an important step in improving this 

important biomaterial’s robustness.

In recognition of the need for more robust collagen products, researchers have devised 

methods to condense collagen such as plastic compression [3] or prolonged drying [4]. In 

recent years, it has been demonstrated that solubilized collagen molecules can be compacted 

isoelectrically by using pH gradients induced by electrolysis of water molecules (Figure 1a) 

[5,6]. Collagen is an ampholytic molecule which has −0.8 coulombs of charge at pH = 3 

(anode region) and of +0.8 coulombs at pH = 11 (cathode region). The differential charge 

results in the repulsion of molecules away from both electrodes. Such repulsion results in the 

electrochemical compaction of molecules. The molecules have a net charge of zero at the 

isolecetric point of (pI) = 8.2; thereby, molecules are condensed at the isoelectric point [5]. 

Absence of net charge at the pI enables the close packing of molecules (Figure 1a & b). The 

studies thus far have been executed in 1-D by employing wire electrodes to fabricate 

collagen threads [5–8]. In principle, the same process can generate collagen in the sheet 

form by using planar electrodes in 2D. More importantly, complex 3D nonlinear surface 

topographies can be obtained if the electrodes are machined accordingly.

Biofabrication methods that can perform rapid deposition of collagen-rich solutions into 

dense and curved topographies while elevating the mechanical properties for shape retention 

at the baseline would be highly significant for dental, craniofacial, urogenital and 

orthopaedic applications. The current study introduces the electrochemical compaction 

method for fabrication of collagen based scaffolds with different dimensions and 

topographies. Effects of electrocompaction process on the mechanical properties of collagen 

products and response of resident cells with respect to the standard uncompacted collagen 

gel are investigated. The capacity of electrocompaction as a materials processing modality is 

demonstrated by fabrication of multilayered hemispherical construct to emulate a striated 
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structure of the curved joint surface; and fabrication of a geometrically complex nasal 

shaped scaffold.

2. Materials and methods

Purified monomeric atelo-collagen was obtained from Advanced BioMatrix (acid 

solubilized, type I, 6 mg/mL, San Diego, CA). Type-II collagen (Elastin Products Company, 

MO) was obtained in powdered form and dissolved in 0.1 N acetic acid solution at a 

concentration of 3 mg/ml. Molecular collagen solutions were dialyzed against ultrapure 

water. Chondroitin sulfate (CS; Sigma, MO) was dissolved in ultrapure water at 10 mg/mL 

concentration and mixed with dialyzed type II collagen at a ratio that mimic the composition 

of the native cartilage (1:4 CS:type-II collagen, by weight). A mixture of hydroxyapatite 

microparticles (HA, Sigma-Aldrich) and collagen solution was prepared at 60% w/w ratio.

Synthesis of Electrochemically Compacted Collagen Products

The electrocompaction method involves loading dialyzed monomeric collagen solution (type 

I, type II or their mixtures with CS or HA) between linear, planar or curviplanar electrodes 

and applying an electrical current (5 A/cm2) to form densely packed collagen products 

(Figure 2b–d). Electrodes were separated by silicon rubber spacers (thickness of 2 mm) 

within which the collagen solution was loaded. Besides containment of the collagen 

solution, the rubber spacer prevented short circuit. The compaction results in the molecular 

solution to phase transform as a disc-shaped sheet at a position near the cathode under the 

effect of physicochemical mechanisms explained previously [8] and as summarized in 

Figure 1a. The electrocompaction process was executed at the room temperature.

The uncompacted collagen gel was prepared by using the same collagen stock. The gelation 

was induced by mixing the collagen solution and 10x PBS at a volume ratio of 8 to 1, 

respectively, and then adjusting the pH to 7.4 by adding 0.1 N NaOH. The solution was 

loaded into a cylindrical mold and allowed to gel at 37 °C for 2 hours.

Crosslinking with genipin solution—Gels and sheets made from type I or type II 

collagen were crosslinked with 0.625 wt. % genipin in 90 vol. % ethanol solution for 72 

hours at 37 °C. Following crosslinking, samples were rinsed with ultrapure water and cut as 

discs using 5 mm diameter skin biopsy punch to be used in compression tests or as 

rectangular strips for tensile tests.

Shrinkage measurement—Disc-shaped samples of compacted collagen sheets and 

collagen gel were cut using a biopsy punch with diameter of 10 mm. Samples were 

incubated at 37 °C for 2 hrs to dry. Diameters of dried samples were measured to calculate 

the radial shrinkage of samples. Three samples per group were used in measurement and 

average and standard deviations were reported.

Degree of Compaction—The thicknesses of samples were used to assess the degree of 

compaction. Five mm diameter biopsy punches were used to cut samples from each 

electrocompacted sheet. Thickness of cross-linked samples was measured after cutting them 

in to final size using a custom-setup which measures the thickness of the samples based on 
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electrical conductivity without compressing them. Since the areas of disc-samples were the 

same (as defined by the biopsy punch), the ratios of thicknesses reflect the degree of 

volumetric compaction.

Compressive Mechanical Properties—The crosslinked uncompacted and compacted 

collagen discs (type I, type II, type II added with chondroitin sulfate and type I added with 

HA) were subjected to constant strain-rate out-of-plane compression (Figure 3b) (1%/s) 

using a Rheometrics Solid Analyzer (RSAII, Rheometrics Inc., Piscataway, NJ, USA) to 

measure compressive stress and modulus. The maximum stress at 30% strain was reported 

as the compressive failure stress. Apparent Young’s modulus was determined by calculating 

the slope of stress-strain curve in the vicinity of 10% to 20% strain range by linear 

regression. All samples were soaked in PBS for 1 hr before the tests. 10 samples from each 

group were tested and averages and standard deviations are reported. Rabbit and chicken 

cartilage samples were cut from the tibial plateaus of animals using a 5 mm biopsy punch. 

Cartilage samples were also soaked in PBS about 1 hr before compression tests and tested as 

described for collagen samples.

Tensile Mechanical Properties—In-plane tensile tests (Figure 3b) were performed on 

the strips cut out from electrocompacted type-I collagen sheets using a Rheometrics Solid 

Analyzer (RSAII, Rheometrics Inc., Piscataway, NJ, USA) at a gauge length of 10 mm and a 

strain rate of 1%/sec. Ultimate tensile strength and apparent Young’s modulus were 

calculated as described for compression test.

Cell morphology and proliferation—Compacted and uncompacted type-I collagen 

sheets were sterilized with 70% ethanol solution overnight, washed with 1x PBS and placed 

in ultralow attachment 24-well culture plate (Corning). To investigate the effect of 

electrochemical compaction on cell morphology and proliferation, passage-5 human 

mesenchymal stem cells (MSCs, Lonza) were seeded at a density of 5000 cells/cm2 and 

cultured for 7 days in a culture media composed of α-MEM with 10% FBS and 1% 

penicillin/streptomycin. At Day 1 and Day 7, cells were fixed with 3% formalin solution 

(0.1% triton-x100) and the F-actin filaments were stained with Alexafluor Phalloidin. A 

multiphoton confocal microscope (Leica TCS SP2) was used to take images of the samples 

for assessing the cell morphology. Cell counts on compacted and uncompacted collagen 

sheets were performed on DAPI stained images using ImageJ (U. S. National Institute of 

Health, Bethesda, MD) to quantify cell proliferation on compacted and uncompacted 

collagen sheets. Data were analyzed using Student t-test. Statistical significance was set at 

p<0.05.

Focal adhesion imaging—Cardiomyocytes (Passage 19) (200,000 in 1 mL of medium) 

were transduced to produce talin-GFP fusion proteins by mixing with 60 μL of CellLight® 
Reagents BacMam 2.0 (Life Technologies) and shaken gently for 2 hr at 37 °C. We have 

used cardiomyocytes instead of MSCs because the latter were not susceptible to 

transduction. Transduced cardiomyocytes were cultured in glass bottom petri-dish (9.5 cm2) 

overnight. Transduction efficiency was checked by observing the cells under the fluorescent 

microscope with excitation/emission wavelength of 488/510. After optimizing the efficiency 
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of transduction process, cells were trypsinized and cultured on collagen gel or 

electrocompacted sheets overnight. Focal adhesions were observed by a fluorescent 

microscope (Olympus EX83). ImageJ software was used to measure the spreading areas of 

the cells on electrocompacted and gel samples from bright field microscopy images. After 

background correction on fluorescent microscopy images, the areas and fluorescent intensity 

of focal adhesions were quantified for individual cells (6 cells/group) on electrocompacted 

and gel samples.

Layer by layer deposition of curviplanar geometries—A 12.5 mm diameter 

hemispherical indent was milled in a carbon electrode as the cathode for making a 

hemispherical bilayered osteochondral scaffold (Figure 6f–i). The indent was filled with 

pure collagen solution. An aluminum sphere of 10 mm diameter served as the anode and it 

was positioned concentrically within the hemispherical indent. Electric current (5 A/cm2) 

was applied to compact the collagen layer on the hemisphere. A mixture of hydroxyapatite 

microparticles (Sigma-Aldrich) and collagen solution with 60% w/w hydroxyapatite was 

applied on the top of the electrocompacted collagen layer and electric current was applied to 

electrocompacted the second layer that is emulating the underlying subchondral bone.

For making the nasal template, cathode and anode were made by casting the molten bismuth 

alloy to the nose region of a plastic face mask (Figures 6j and 6k). The concave anode was 

filled with collagen and the cathode was fixed on the top of the anode with a separation of 2 

mm and electrical current was applied to compact the collagen molecules in the shape of the 

nose on cathode surface. The process was repeated three times to make a robust scaffold 

which retained the shape of nose.

Secondary Electron Microscopy (SEM)—A compacted collagen sheet made of 

telocollagen (non D-banded) was fractured under tensile load to expose the thickness of the 

sample for SEM imaging.. D-banded collagen extracted from lamb tendon was used to 

demonstrate that electrochemical processing does not harm the collagen microstructure. 

Samples were dried on a glass slide surface dropwise at 37 °C. Samples were fixed on the 

SEM stub and coated with palladium in a sputter coating device (Denton Desk IV Coater 

DCH 240). Thickness of the coating was 5 nm. Samples were analyzed with a SEM 

microscope (FEI Helios 650) with a voltage of 1 kV and beam current of 0.2 nA to 

investigate the effect of electrocompaction process on microstructure of collagen.

Assessment of denaturation by circular dichroism—3 mg of gelatin dissolved in 1 

mL of 0.1 N HCl solution. 1 mL of dialyzed collagen with concentration of 6 mg/mL was 

diluted with 1 mL of 0.2 N HCl to get final concentration of 3 mg/mL for solution. 1 mL of 

dialyzed collagen solution with concentration of 6 mL was electrocompacted to a sheet and 

then dissolved in 2 mL of 0.1 N HCl solution to have the final concentration of 3 mg/mL. 

Different dilutions of all three samples were prepared to find out the appropriate 

concentration for analysis. Samples with concentration of 60 μg/mL provided acceptable 

results. A circular dichroism spectrometer (AVIV circular dichroism spectrometer with a 

450-watt Suprasil Xenon arc lamp controlled by a high stability, constant current, DC power 

supply) was used for analysis. The cuvette volume for holding the sample was 400 μL. For 

each sample the analysis repeated 5 times and the average is reported.
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Statistical Analysis—The results for cell proliferation (n = 5/group), focal adhesion 

imaging (n=6/group) and mechanical test (n = 10/group) were analyzed using student’s t-test 

to assess the effects of electrocompaction on properties of collagen products. Statistical signi 

cance was set at p < 0.05.

3. Results

As it is visualized schematically (Figure 2 b–d), method is capable of producing product in 

1, 2, and 3 dimensions. The thickness of the sheets can be controlled in the range of tens of 

microns up to few millimeters. The utilization of dilute collagen solutions generates thinner 

sheets whereas recursive electrocompaction (i.e. fill-compact-fill-compact sequences) results 

in thicker sheets (Figure 2d). The duration of electrocompaction for each layer is about 60 

seconds. Collagen solutions can be mixed with secondary molecules/particles (Figure 2a) 

which are also convectively encapsulated in the electrocompacted sheet. Furthermore, the 

composition of each layer can be varied separately during layer-by-layer assembly process. 

This facet would be critical to constructing gradient interfaces or sequential delivery of 

therapeutic agents.

Electrocompacted collagen was 17 ± 3 times denser than collagen gels (Figure 3a). The 

dense structure prevented shrinkage of the compacted collagen sheet in comparison to 

collagen gel. Compacted collagen sheet showed 9 ± 4 percent radial shrinkage whereas 

collagen gel shrunk by 19 ± 7 percent. This denser structure affects the mechanical 

properties of the electrocompacted sheet significantly. The compressive strength and 

stiffness of electrocompacted sheets were 27 ± 7 -fold and 46 ± 7 -fold higher compared to 

the uncompacted collagen sheets, respectively (Figure 3c and 3d). Results of tensile test 

demonstrated greater than three orders of magnitude (5200 -fold) increase in the strength of 

electrocompacted collagen sheets (6.2 ± 1.6 MPa) compared to uncompacted collagen sheets 

(<10 kPa) (Figure 3c–e). The stiffness anisotropy calculated by taking the ratio of the in-

plane stiffness (54 MPa) with the out of plane stiffness (0.1 MPa) indicated a 540 -fold 

difference demonstrating that the electrocompacted collagen sheets are highly anisotropic.

Cell morphology, proliferation and adhesion changed dramatically on electrochemically 

compacted sheets. The cells seeded on the uncompacted collagen sheets were round and 

poorly adherent at Day 1 with low levels of focal adhesions (Figure 4a and Figure 5a). On 

the other hand, the cells on the compact sheet were readily spread (Figure 5b) (2.7 –fold 

greater cell spreading area) to assume elongated morphology at Day 1 (Figure 4c). Cells on 

electrocompacted sheets had greater number and bigger focal adhesions (2.9 –fold) and the 

strength of focal adhesions established by cells were higher (2 –fold) (Figure 5c). Only by 

Day 7, the elongated morphology appeared on uncompacted sheets (Figure 4b). At Day 7, 

cells were sparsely distributed on uncompacted sheets (Figure 4b) whereas a confluent cell 

layer was observed on the electrocompacted sheet (Figure 4d). Cell counts confirmed these 

observations, showing that cell proliferation was significantly higher (4.9 –fold) on 

compacted sheets compared to uncompacted sheets (Figure 4e).

The electrocompaction method is not limited to type-I collagen alone. It can also be used to 

compact other ampholytic molecules that have a rod-like structure (type-II collagen, elastin, 

Younesi et al. Page 6

Biofabrication. Author manuscript; available in PMC 2016 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



etc.). Highly dense and mechanically robust pure type-II collagen sheets can be synthesized 

by the electrocompaction method (Figure 2c and Figure 6e). Furthermore, the ELCOM 

method allows for the incorporation of additional proteoglycans or glycosaminoglycans 

(such as chondroitin sulfate as demonstrated in Figure 6e) within the collagen sheet by 

simply mixing the component with the collagen solution at the desired concentration prior to 

electrochemical compaction [
9]. Here, we show that the ELCOM method can be employed to 

form cartilage analog sheets that mimic the composition of the native cartilage (type-II 

collagen + 20% chondroitin sulfate) using planar graphite electrodes (Figure 6d). 

Dimethylmethylene blue (DMMB) staining confirmed the presence of chondroitin sulfate 

within the type-II collagen sheet (Figure 6e).

A unique aspect of the ELCOM method is the capacity to fabricate geometrically complex 

structures by using contoured electrodes (Figure 2d). As a proof of concept, a mechanically 

robust bilayered scaffold with curved topography was fabricated by employing carbon block 

electrodes containing a hemispherical indent as the cathode and an aluminum ball as the 

anode (Figure 6f and 6g). The bilayered scaffold was comprised of a collagen layer and the 

mineral layer. The collagen layer of the scaffold was formed by filling the hemispherical 

indent with the collagen solution, positioning the aluminum ball concentrically over the 

hemispherical indent and applying the electric current. The resulting electrocompacted 

structure was in the form of a hemispherical shell deposited on the cathode. For the mineral 

layer, the indent was successively filled with a mixture of collagen solution suspended with 

hydroxyapatite particles (60 wt% HA) and electric current was applied again. The resulting 

product was removed and crosslinked in genipin solution for two hours to obtain the final 

hemispherical bilayered shell. Results (Figure 6h and 6i) demonstrate the ability of the 

ELCOM method to generate: a) multiphasic (cartilage-like layer deposited over bone-like 

layer), b) non-planar geometries. When molten metal was molded as electrodes that match 

the shape of the nasal structure (Figure 6j and 6k) it was possible to replicate the structure as 

a shell that maintained its form (Figure 6l and 6m). This nasal construct clearly demonstrates 

the potential of the method to fabricate anatomically conforming constructs

4. Discussion

Electrochemical compaction (ECOM) method is unique in providing robust collagen 

constructs in 1D, 2D, and 3 dimensions. The deposition occurs rapidly and simultaneously 

over the entire electrode surface in a minute-long time frame. Since the cell based 

approaches for fabricating the collagen construct are generally time consuming, having a 

fast method of making collagen construct with acceptable baseline mechanics is highly 

significant. The thickness of the sheets can be controlled in the range of tens of microns up 

to few millimeters by adjusting the amount of collagen loaded between electrodes. The 

utilization of recursive electrocompaction (i.e. fill-compact-fill-compact sequences) results 

in thicker sheets (Figure 2d). Collagen solutions can be mixed with secondary molecules/

particles (Figure 2a) which are also convectively encapsulated in the electrocompacted sheet. 

Furthermore, the composition of each layer can be varied separately during layer-by-layer 

assembly process. This facet would be critical to constructing gradient interfaces or 

sequential delivery of therapeutic agents. There are other layer by layer fabrication 

techniques such as stereolithography [10], selective laser sintering [11], and different 3D 

Younesi et al. Page 7

Biofabrication. Author manuscript; available in PMC 2016 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



printing techniques [12–14]. These methods work with many materials but not with collagen 

at the level of mechanical robustness we report with ECOM. For instance, Hashimdeen et al. 

[12] fabricated an ear-like construct with a custom designed printer using polycaprolactone. 

ECOM process provides a close control of the 3D topography as shown by the nose-like 

scaffold because the collagen is deposited on the electrode and resulting scaffold follows the 

shape of the electrode closely (Figure. 5). An advantage of ECOM is rapidity. The entire 

scaffold is compacted over the full field within one minute. 3D Printing modalities employ 

point by point deposition and fabrication may take hours depending on the size and 

resolution employed.

In ECOM method, composition of compacted sheet can be changed layer by layer to make a 

sudden or gradual change in construct composition. As we showed, a bone-like composition 

of collagen with 60% hydroxyapatite mineral particle was fabricated on top of other layer of 

pure collagen in fabrication of a hemispherical construct (Figure 5c). Also, a compacted 

sheet of layer with 20% chondroitin sulfate with collagen type II was fabricated to mimic the 

native cartilage composition (Figure 5b). These two examples clarify the versatility of 

composition which can be processed via electrochemical compaction process to a robust 

product.

ECOM process does not harm collagen molecules unlike electrospinning [15]. We 

confirmed the absence of denaturation by assessing the secondary structure of collagen via 

circular dichroism [16, 17]. Circular dichroic spectra of (Figure 8a) collagen before and after 

electrocompaction process did not differ while there was a big difference between the gelatin 

spectrum and collagen spectra. As it can be seen (Figure 8a), the intensity of negative peak 

for gelatin spectrum was much smaller than that of collagen spectra before and after 

electrocompaction. Furthermore, the positive peak in gelatin’s CD spectrum was missing 

while this peak was prominent in collagen spectra before and after electrocompaction. 

Besides collagen molecules, electrocompaction can be performed on D-banded collagen 

fibers. Electron microscope images (Figure 8b & c) of D-banded collagen fibers before and 

after electrocompaction confirm the preservation of the D-banding pattern. Therefore, the 

electrochemical gradients are not harmful to the native organization of collagen molecules.

The ECOM can fabricate aligned collagen threads with a variety of controlled thickness 

ranging between 50 to 200 μm [8]. In our previous work, the aligned collagen thread was 

extensively characterized extensively with different analyzing techniques morphologically, 

structurally, and mechanically [6, 8, 18]. we showed the tensile strength (55 MPa) and 

Young’s modulus (450 MPa) of aligned collagen thread is comparable with the native tendon 

strength [8]. Furthermore feasibility of fabrication a woven collagen scaffold for use in 

tendon and ligament tissue engineering was illustrated [8]. Electrospinning and centrifugal 

spinning are other leading methods of making fibers products and fiber based mats. Products 

resulting from these processes can have thickness values ranging from 50 nm to 10 μm and 

comparatively the threads in this work are substantially thicker. Electrospinning is effective 

for synthetic polymers; however, electrospun collagen products are partially aligned at best 

with inferior mechanical strength compared to native tissue [19, 20]. Also, there is a high 

chance of denaturation and gelatinization of collagen during electrospinning process [15]. In 

contrast, electrochemical aligning of collagen does not harm the collagen microstructure. As 

Younesi et al. Page 8

Biofabrication. Author manuscript; available in PMC 2016 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



we mentioned before, the strength of the electrochemically aligned collagen threads are 

close to that of native tissues. In previous work, we have shown that the threads and resultant 

woven scaffolds can be used in tissue engineering of tendon and ligaments with highly 

aligned microstructure [8]. Centrifugal spinning has been applied to synthetic polymers such 

as polyacrylonitrile (PAN) [21], polycaprolactone (PCL), polymethylmethacrylate (PMMA) 

[22], polystyrene (PS) [23], polyvinylpyrrolidone (PVP), polylactic acid (PLA) [24], and 

polyethyleneoxide (PEO) [25]. To the best of our knowledge there are no reports on 

centrifugal spinning being applied to collagen; however, it is plausible that centrifugal 

spinning may work for aligning and compacting collagen.”

In a different approach Brown et al. [3] obtained condensed collagen sheets by plastic 

compression where the water content of the collagen gel is reduced by prolonged 

compression loading. Extrusion or electrospinning of collagen solutions [26, 27] are other 

methods of making collagen fibers with different thicknesses ranging from nano to micron 

size scales. Extrusion process can generate threads only whereas the electrospinning can 

denature collagen [15]. However, as shown in this study ECOM process preserves native 

collagen structure and it provides a range of scaffold forms from 1D to 3D.

It has also been demonstrated that mitosis occurs more readily on stiffer substrates [22, 23]. 

Therefore, the order of magnitude increase in substrate stiffness is the likely one of keys 

effector of increased proliferation on electrocompacted sheets. Factors other than stiffness 

may have played a role in the observed improvements in proliferation, adhesion and spread 

of cells. In addition to stiffness, the electrocompaction process is likely to change the 

topography and the packing density of collagen molecules. Collagen presents ligands for 

cellular integrins to bind. Process of cell attachment comprises [28] cell spreading, 

organization of actin cytoskeleton, and formation of focal adhesions. It was shown that [29–
32] increasing ligand density or decreasing ligand spacing on the material surface will 

promote a greater number and stronger focal adhesions.

It was also shown that cell proliferation has a positive relation with cell attachment and 

spreading area [33]. Based on these results, it can be concluded that increasing the density of 

bonding ligand will improve the cell attachment and spreading and consequently will 

improve the cell proliferation. Our results (Figure 3a) show ECOM process to increase the 

density of collagen solution 17 times. This increase in physical density is very likely to 

decrease the collagen fiber spacing. Therefore, ECOM process modifies the surface 

topography and increase the ligand density, improving the cell attachment and spreading on 

collagen sheet (Figure 6c). As it can be seen in electron microscope images even with a high 

degree of compaction collagen fibers are visible in surface of sheets with nano dimension 

porosity (Figure 7b) as well as the bulk of the compacted sheet (Figure 7c). It is likely that 

the electrocompaction positions collagen molecules in closer proximity which results in the 

presentation of cell adhesion sites in a denser form, promoting the cell attachment. It has 

also been demonstrated that mitosis occurs more readily on stiffer substrates [34, 35]. 

Therefore, the order of magnitude increase in substrate stiffness is the likely effector of 

increased proliferation on electrocompacted sheets.
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To the best of our knowledge, prior literature has not reported gelation of type-II collagen in 

pure form, a type of collagen that is specific to cartilage. Most type-II collagen scaffolds 

have been constituted in the presence of secondary polymeric phase [6, 32] or by freeze 

drying [36] in porous sponge forms. We demonstrated the ability of the ECOM method in 

fabrication of robust sheet of collagen type II in pure form.

Sculpting collagen-rich structures in 3D curved topographies which can retain their shape is 

more challenging than synthetic polymers. Synthetic polymers can endure a broad range of 

physical, thermal and chemical conditions to be molded, machined or cast in various 

morphologies. In contrast, collagen is a delicate protein which generally does not tolerate 

conditions which perturb significantly from the physiological state. Collagen is known to 

denature above 45 °C [37, 38]. Planar deposition of collagen solution in a rapid prototyping 

context has been possible only after the inclusion of a secondary polymer phase [14, 39, 40]. 

However, pure collagen stock has not been formed as curved topographies that can retain 

their shape to date. Another approach to shape collagen rich mixtures into complex shapes is 

by molding collagen in the gel form as was shown in tissue engineering of the ear [41]. 

However, the consistency of the gel does not allow shape retention at the baseline and 

requires long in vitro culturing periods to gain structural robustness. Therefore, the reported 

electrochemical compaction method for rapid fabrication of geometrically complex features 

in mechanically robust forms is highly significant. Cell studies proved the merit of 

electrocompacted collagen products over collagen gel from the proliferation rate and cell 

adhesion points of view.

Electrochemical compaction method is a rapid and straightforward method for fabrication of 

collagenous constructs with different dimensions and sizes. The electrocompaction process 

of collagen solution to a robust compacted collagen construct occurs in less than a minute, 

creating the potential for scaled up production. For instance, it is technically possible to use 

large electrodes (e.g. 1 × 1 m) to stamp collagen large sized sheets which can be cut to size 

or arrays of electrodes patterned for the final desired dimensions can be daisy chained for 

mass electrostamping of multiple sheets simultaneously. The method calls for electrodes and 

low voltage supply (~10 V); therefore, the investment for setting up a production line would 

not be costly. The size of product (e.g. diameter of threads or thickness of sheets) can be 

controlled by changing the amount of collagen and the degree to which they are compacted 

by modulating the current density. For the fabrication of threads, we have shown the 

diameter of the threads to be consistent within 5% in a prior publication [8]. In the future, 

computed tomography or magnetic resonance scanning can be used for machining electrode 

pairs to generate patient specific scaffolds. A limitation of electrochemical compaction 

method is the inability to add the cells at the time of fabrication. This is mainly because the 

electrochemical effect requires salt-free dialyzed collagen solution which limits cell viability 

due to osmotic pressure. Therefore, strategies using electrochemical compaction would need 

to introduce cells after scaffold fabrication. This can be accomplished layer by layer addition 

of cells in the case of sheets and cells can be seeded on threads. Electrochemical compaction 

is a cutting-edge technology with significant potential to be used for mass production of 

morphologically challenging systems in the musculoskeletal, craniofacial, dental and 

urogenital realms for clinical applications as well as research purposes.
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Figure 1. Principle of electrocompaction process
(a) schematic of electrochemical alignment of collagen molecules. Collagen molecules 

between the cathode and anode assume different charges, depending on the local pH. They 

become negatively charged in basic pH near cathode and positively charged near anode in 

acidic pH. Since collagen molecules have similar charges with electrodes, a repulsive force 

condenses molecules at isoelectric point where the net charge of collagen molecules is zero. 

(b) Polarized microscopy visualizes the alignment of collagen molecules in isoelectric point 

of electrochemical cell. Uniform molecular orientation is manifested in blue at the 

isoelectric point.
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Figure 2. Overview of the electrochemical compaction process in 1D, 2D and 3D
Schema of collagen compaction in an electrochemical cell (a), the stock solutions for the 

process can be pure collagen (type-I or II monomeric solutions), or combinations of collagen 

solution with mineral particles, glycosaminoglycans or growth factors (b), Execution of the 

electrocompaction process in 1D to obtain threads (c), 2D to generate planar sheets (d), and 

in 3D to sculpt curviplanar geometries (e).
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Figure 3. Electrocompaction increased the mechanical properties of crosslinked collagen sheets 
by an order of magnitude in compression and three order of magnitude in tension
Collagen density increased substantially as a result of electrocompaction (a), a schematic 

representation of the material axes along which the tensile and compression tests were 

performed (b), typical stress strain curves (c), failure strength (d) and Young’s moduli values 

for uncompacted collagen gel and electrochemically compacted sheets of various 

compositions (e). Red curve and bars in b c, and d show the tensile properties on the left-

hand y- axis and compressive properties on the right-hand y-axis (f) Stress-strain curve 

resulting from compression test of compacted collagen II sheet is on par with the native 

cartilage. Significant differences between groups in bar graphs are highlighted by black 

lines.
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Figure 4. Electrocompaction of collagen improved cell proliferation and adhesion
On day 1, (a) cells on collagen gel sheets were round and they were delayed in forming focal 

adhesions. Only by day 7, (b) cells on collagen gels were able to spread to form a sparsely 

populated distribution whereas cells on electrocompacted sheets readily established focal 

adhesions at the same time point (c). On day 7, cells on electrochemical compacted sheets 

neared confluence (d). Cell numbers on days 1 and 7 on collagen gel and compacted 

collagen samples (e). (All scale bars: 200 μm).
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Figure 5. Focal adhesions of cells on compacted collagen sheet are more strongly present than 
uncompacted collagen gel
Focal adhesions are visualized by talin-green fluorescent protein fusion in situ. Focal 

adhesions of cells on random collagen gel (a) and compacted collagen sample (b). Cells are 

more polarized on electrocompacted sheet (a vs. b). Focal adhesions are more mature, 

stronger, and present in greater amounts on electrocompacted sheets than they are on 

collagen gel as reflected by greater amount of fluorescent intensity values (c). (All scale 

bars: 25μm).
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Figure 6. Biofabrication of a range of electrochemically compacted products
One dimensional electrocompaction of collagen results in aligned collagen thread (a). Three 

of these aligned collagen threads (b) can be twisted and woven to obtain 3-dimensional 

scaffolds for repair of load bearing tissues such as ligaments/tendons (c). Planar graphite 

electrodes for the production of collagen sheets (d), type-II collagen sheet fabricated by 

electrochemical processing (e) (left, collagen sheet incorporated with chondroitin sulfate 

(CS) where CS presence is confirmed by DMMB. Right: pure collagen sheet is transparent 

as evident by the print design beneath the sheet). (f–i) Construction of a bilayered 

hemispherical structure that is formed by sequential deposition of a pure collagen layer 

followed by a collagen-hydroxyapatite layer, emulating a curviplanar osteochondral 

scaffold. (j–m) A freely standing electrocompacted nasal form electrocompacted by using 

molded molten metal electrodes (g-female and h-male electrode). The deposition was 

performed on the male electrode where the nasal collagen-sheet was stained to render it 

visible (l and m).
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Figure 7. 
Electron microscopy images show the compaction of collagen fibers on surface and cross-

section of compacted collagen sheet; a low magnification image of compacted collagen 

sheet showing the surface and cross-sectional topographies of sheets (a). Higher 

magnification image shows high degree of collagen fibril compaction on surface of sheets 

with nano scale porosity (b). Cross-sectional image illustrates the fibrous structure continue 

to the depth of sheet with same degree of compaction (c).
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Figure 8. Result of protein conformational analyses of electrocompacted collagen indicate that 
electrocompaction process does not harm the collagen
(a) Results of circular dichroism illustrate the similarities between the spatial conformation 

of collagen before and after electrocompaction process while there is a big difference 

between the gelatin structures with collagen after electrocompaction. Electron microscope 

images confirm the results of two previous analyses visually. SEM images show the d-

banding pattern of collagen (b) fibers are preserved after electrocompaction (c). Results of 

all two analyses confirm that the collagen microstructure is preserved after 

electrocompaction.
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