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Abstract—Isoelectric focusing (IEF) of type-I collagen mol-
ecules is a technology with proven efficacy to produce dense
and aligned collagen-based biomaterials. The forces and
mechanisms during IEF of collagen molecules in carrier
ampholyte-free environments remain unknown. This study
presents theoretical framework describing the congregation
of collagen molecules along the isoelectric point (pI). A single
molecule was modeled as a rod-like particle, distributed
homogeneously between parallel electrodes. Upon applica-
tion of electrical current, molecules migrated to the pI. The
results showed that self-aggregation of collagen molecules
along the pI occurred due to formation of a non-linear pH
gradient that rendered the anodic side acidic, and the
cathodic side basic. This pH profile and the amphoteric
nature of collagen resulted in positively charged molecules at
the anode and negatively charged molecules at the cathode.
Therefore, repulsive electrostatic forces aided self-aggrega-
tion of molecules along the pI. The model could effectively
validate the pI of collagen, the pI location, and predict that
the instantaneous velocity acting on a molecule at the anode
was higher than those velocities at the cathode. This
fundamental information represents the baseline theory upon
which we can expand our knowledge to the production of
biomaterials to engineer soft tissues.

Keywords—Mathematical model, Experimental validation,

Non-linear pH profile, Viscosity gradient, Electrostatic force,

Drag force, Biomaterials, Soft tissue engineering.

INTRODUCTION

Recently, research groups have focus their attention
to transform collagen solutions to condensed solid

state biomaterials based on the principles of isoelectric
focusing (IEF).1,9,14,21,23,39 While IEF is routinely used
for protein identification and separation, its utilization
for fabricating materials is novel and significant. The
significance of electrochemical fabrication is in its
potential to generate collagenous biomaterials whose
fabric is as dense, as aligned and as strong as collagen-
rich tissues such as tendons and ligaments.9,21,39 Spe-
cifically, ELAC threads have shown mechanical
properties converging to those of native tendon,9 have
shown to incorporate decorin-mimic molecules within
its structure,21 and have exhibited a periodic staggered
conformation in the form of d-banding pattern.39

Electrochemically aligned collagen threads have good
in vivo biocompatibility.22 Additionally, ELAC threads
have shown tenogenic differentiation of human mes-
enchymal stem cells only by direct contact, without the
need of growth factor supplementation.20 The highly
aligned fabric orientation makes this material ideal for
contact guiding of cells and other groups have recently
picked up this fabrication method to fabricate scaf-
folds for directional neurite guidance.1 The method
involves the application of electric current to desalted
aqueous collagen solutions which in turn induces a pH
gradient. Amphoteric collagen molecules assume
varying charges with changing pH, resulting in the
electromigration of molecules to the isoelectric point
(pI). Unlike a typical IEF experiment where a stable
pH gradient is created by electrophoretic mobility of
carrier ampholytes to fixed zones,31 the pH gradient is
created by the electrolysis of an aqueous environment
in collagen solutions. Therefore, it becomes difficult to
predict the pH gradient profile. In the presence of an
electric field, the charged molecules acquire electro-
phoretic mobility as dictated by the protein charge,
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the direction of the electric field, and the drag force
imposed by the solution. However, the driving forces
behind the focusing phenomena are not fully
understood. That is, the order of magnitude of elec-
trostatic forces driving collagen molecules and the
viscous drag forces countering the migration are
unknown.

Computer simulations of IEF of proteins have
demonstrated significant importance as a research
tool.7,26,35 The complexity when dealing with macro-
molecules arises with the lack of mathematical expres-
sions to describe their ionization. The large number of
ionisable groups in type-I collagen generates a consid-
erable number of local net charges at a given pH that
needs to be accounted for systematically. Additionally,
most of the simulation work has dealt with low-
molecular-mass species. However, several studies have
simulated the IEF of proteins. Mosher et al.28 predicted
the electrophoretic mobility of albumin which was
validated by others using transport computer algo-
rithms.34 Modeling of two proteins with ten charged
states under an electric field of 30,000 V/m within a pH
range of 6–9 was done by Shim et al.33 IEF of three
peptides: leucine enkephalin, angiotensin II, and a
peptide from the human proteome digestion were
modeled in an IPG gel with pH gradient.24 The peptide
charge slope at the isoelectric point was determined to
be an important parameter in focusing dynamics to
determine the optimal separation-well width for best
focusing.

Despite the promise of ELAC for repair of multiple
tissues, little is known about the mechanisms by which
the congregation of molecules take place under the
effect of electrochemical forces. The pH, charge of
molecules, electrostatic forces and viscous forces act in
unison; however, their relative roles are unclear.
Understanding the effects of process variables on the
electrochemical alignment process would allow
improving the fabrication method. For instance, col-
lagen mobility, thus, the speed of IEF will be a func-
tion of the electrode separation and the applied
voltage. However, these are not simple linear rela-
tionships and models predicting these relations would
help reduce experimental work.

The aims of the current study were: (a) to estimate
the changes in the charge distribution of type-I colla-
gen molecules at various pH values, (b) to define the
pH profile during IEF and clarify its role during
molecular migration and aggregation along the iso-
electric point (pI), (c) to calculate the variation in the
electrostatic force acting on a collagen molecule using
charge calculations, and (d) to predict the effects of
voltage amplitude on the migration time of collagen
molecules.

MATERIALS AND METHODS

Electrochemical Cell Layout for IEF of Type-I
Collagen Molecules

The electrochemical alignment process involved
insertion of linear electrodes in a collagen solution
(Figs. 1, 2) which resulted in the establishment of a pH
gradient between electrodes due to electrolysis of water
molecules (see Cheng et al.9 for further details). The
collagen solution was dialyzed free of salts prior to the
treatment. The dialyzed collagen solution was intro-
duced manually into the electrochemical cell using a
syringe with a 16-gage needle. The separation between
electrodes was 1 mm. The IEF alignment of type-I
collagen molecules was performed at room tempera-
ture. IEF alignment started immediately after the col-
lagen solution was deposited between the electrodes by
the action of the electric field, and collagen migration
and assembly occurred concomitantly with water
electrolysis. Due to the local pH, the collagen mole-
cules assumed similar charges with the electrodes they
were close to; therefore, molecules were repelled from
both electrodes to a location between the electrodes.
Between the electrodes, the molecules encountered the
isoelectric location (pI) where molecules possessed zero
net charge. Loss of net charge arrested molecular
mobility and molecules were focused between the two
electrodes (Fig. 2). Nutragen� (Type-I bovine collagen
solution from Advanced Biomatrix, San Diego, CA),

FIGURE 1. Schema of the electric field effects of two parallel
line charges over a particle with charge q (see Appendix for
further details).
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a pepsin-digested form of collagen having the telopep-
tide regions cleaved, was used in all the experiments.

Net Charge of the Type-I Collagen Molecules
as a Function of pH

The net electrostatic force acting over a molecule is
a function of the net charge of the molecule, which is in

turn a function of the pH of its environment. The net
charge of the molecule is the sum of the charges of
amino acid side chains. Amino acid sequences for
alpha11 (a11), and alpha21 (a21) chains making up the
collagen molecule were obtained from the Uniprot
database.37,38 Using a custom-written code (Matlab,
The MathWorks Inc., Natick, MA) the amino acid
sequences in letters were converted to integer values to
obtain a matrix of three columns, with each column
corresponding to one of the three collagen alpha chains
[a11, a21, a11] (Fig. 3). The chains were staggered to
align glycine residues with the appropriate residues in
neighboring chains. The charge in each amino acid was
calculated using the ionization constants (pKa)
(Table 1) at a given pH value to obtain the charge
distribution along the molecule’s length. The net elec-
trical charge of the molecule (q) was calculated by

FIGURE 2. Compensated polarized optical image of a colla-
gen solution placed between two electrodes to achieve IEF.
Collagen was congregated and assembled along a fixed band
(double arrow). The blue color indicates that molecules are
oriented parallel to the slow axis of the polarizer which is set
parallel to the electrodes. dpI represents the distance between
the anode to the isoelectric line (pI). Scale bar 5 250 lm.

FIGURE 3. General approach to estimate the charge distribution along a type-I collagen molecule at pH 3.5. Alpha1 chain is 1053
residues long, and alpha2 chain is 1020 residues long.

TABLE 1. List of ionization constants (pKa) of amino acids
present in pepsin-treated type-I collagen molecules with

ionisable side chain.

Amino acid type pKa

Aspartic acid 3.9

Glutamic acid 4.3

Histidine 6.0

Cysteine 8.3

Tyrosine 10.07

Lysine 10.53

Arginine 12.48
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adding individual amino acid charges along the length
of the molecule.

Forces Acting on the Type-I Collagen Molecule

The electrostatic force (FE) is dependent on the
electric field E and charge q of the particle in the field.
The voltage DV between the electrodes needs to be
greater than 1.7 VDC to enable electrolysis of water
molecules and the generation of a pH gradient. The
electrode separation R was 1 mm, resulting in an elec-
tric field of >1700 V/m.9 The migration of molecules,
in bulk, was monitored using compensated polarized
imaging. In this method, the electrochemical cell was
placed on the microscope stage (Olympus BX 51) and
illuminated in transmission mode. The incoming light
was polarized, passed through the sample, a gypsum
wave plate and an analyzer before being captured in a
CCD camera. The net effect of the compensated optics
was such that the molecules aligned along the fast axis
of the wave plate assumed a blue color, enabling the
visualization of molecules in bulk.

The electric force (FE) acting on a particle due to a
continuously distributed line charge can be found by
superimposing the point charge fields of infinitesimal
charge elements (see the Appendix for the derivation).

FE
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Here e is the permittivity of the collagen medium
provided in the literature27,36 at 5 times the electric
constant (e0). The force depends on the charge in the
electrodes (Q), the separation (x) between the elec-
trodes and the collagen molecule, the separation
between electrodes (R), the length of the electrodes (L),
and the parameters a and b which represent locations
along the electrodes.

The instantaneous velocity (vi, lm/s) of the collagen
molecule was calculated as17:

vi ¼
FE

c
� 1� e �t=sð Þ
� �

ð2aÞ

where FE (pN) is the electrostatic force acting on the
collagen molecule, and s is the time constant at which
the velocity of the particle approaches the instanta-
neous velocity, and is the ratio between the mass of the
collagen molecule (300 kDa) and the drag coefficient
(c). Molecules of small mass have very low time con-
stants (~m/c) in the range of femtoseconds in this

particular case. Therefore, the molecule reaches the
terminal velocity instantaneously when the electro-
static force is applied and the instantaneous velocity at
any given location becomes:

vi ¼
FE

c
ð2bÞ

It then becomes possible to calculate the time it takes
for the molecule to traverse a certain distance by inte-
grating the velocity over distance. Overall, this
approach utilizes a physically correct velocity profile
that diminishes to zero and that is calculable from
electrostatic force. It also enables the prediction of the
time it takes for the molecule to cover a certain distance.

The drag coefficient (c, nN s/m) for a linear mole-
cule in a viscous medium is calculated as:

c ¼ 2pg0l

ln l
2 �R

� �

� 0:20
ð3Þ

Here, g0 is the dynamic viscosity (Pa s) of the col-
lagen solution, l the length of a collagen molecule
(300 nm), and �R the radius of a collagen molecule
(1.5 nm). The form of equation of the drag coefficient
(Eq. 3) describes the motion of the particle parallel to
the plane surface of the electrochemical cell. This form
of drag coefficient accounts for the proximity of mol-
ecules to a plane surface.17

Besides the electrostatic force, the drag (Fd) force
acts on the molecule. The drag force (Fd) depends on
the geometry of the molecule, the drag coefficient (c),
and the instantaneous velocity (vi) of the collagen
molecule in the medium.17

Fd ¼ � c � við Þ ð4Þ

Finally, the collagen molecule experiments a total
net force, that is equivalent to the summation of the
electrostatic and drag forces (FE + Fd).

Determination of pH Gradient

A pH indicator dye (Universal indicator pH 3–11,
Riedel-de-Haën, Seelze, Germany) was added to the
dialyzed collagen solution between the electrodes and
images were obtained at the steady state. The pH was
determined from colorimetric image analysis of the dye
as a function of the inter-electrode distance. These pH
values were used to calculate the charge induction in
type-I collagen molecules.

Assessment of Viscosity as a Function of pH

The viscosity of collagenous medium is dependent
on pH11,13; therefore, the drag force is a function of
distance between the electrodes. The pH of dialyzed
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collagen solutions (Nutragen�, 6 mg/mL, Advanced
Biomatrix, San Diego, CA) were adjusted to various
values in the range of 3 and 11 using 0.1 N HCl or
0.1 N NaOH solutions. Calculations of g0 were done
using a method adopted from Bailey et al.3 with slight
modifications. Apparent viscosities of dialyzed colla-
gen solutions at different pH values were measured
using a rheometer (AR2000, TA Instruments, New
Castle, DE) with cone-plate geometry (40 mm, 2� cone
angle). Viscosities were measured at shear rates of 1 to
100 Hz at 25 �C. Apparent viscosity can be extrapo-
lated to zero shear rate and reported as g0½ �D�0 where
D ~ 0 Hz represents the zero shear rate.2 The
approximation to zero shear rates was done using the
AR2000 rheometer at D � 1 s21. Dynamic viscosity
was analytically derived using the Kelvin–Voigt vis-
coelastic model.8

Statistical Analysis

The results of the dynamic viscosity study (n = 3
measurements per pH value) were analyzed with one
way ANOVA for repeated measures with Tukey
post hoc comparisons. Statistical significance threshold
was set at 0.05 for all tests (p< 0.05, Minitab 16, State
College, PA).

RESULTS

Dependence of the Charge Distribution of a Type-I
Collagen Molecule With pH

The predicted charge distribution profile along the
type-I collagen molecule showed a strong dependency
on pH (Fig. 4). When the molecule was close to the
anode (acidic pH), the net charge resulting by the
summation of all zwitterions was mainly positive
(~0.8 9 10216 C; Fig. 4a). Amino acids with positive
and negative electrical charge at different locations are
called zwitterions. In the charge profile along a rod-like
collagen molecule, ionisable amino acids exhibited
different electrical charges depending on the pH of the
medium. When the molecule was at a region of slightly
basic pH, the predicted net charge along the molecule
was equally positive and negative (Fig. 4b). This meant
that the average net charge along the molecule
approached zero. When the molecule was close to the
cathode (very basic pH), the predicted absolute net
charge was mainly negative (~20.8 9 10216 C,
Fig. 4c). The predicted net charge along the type-I
collagen molecules as predicted by the model was
plotted against the pH (Fig. 5). The predicted pI value
where zero net charge was attained was close to
pH 8.2.

Isoelectric Focusing in a Nonlinear, Experimentally
Measured pH Gradient

The s-shaped pH profile was found to be non-linear
(Fig. 6a). Thus, the effect of pH on the electrostatic,
drag, and total forces, as well as on the velocity of a
type-I collagen molecule was calculated using this
experimentally observed non-linear pH gradient.

Isoelectric Focusing in a pH-Dependent
Viscous Medium

The dynamic viscosity of a type-I collagen solution
measured with a rheometer showed a close dependency
on the pH (Fig. 6b). We assume that the measured
dynamic viscosity values at different pH are represen-
tative of the trends in relative viscosities of the collagen
solution at different pH values between the electrodes.
Near the anode the environment was highly acidic,
which would result in a less viscous collagen solution
(0.63 Pa s). At a neutral pH the viscosity would be
significantly higher (0.84 Pa s) than that at the anode.
The dynamic viscosity at the basic reservoir near the
cathode would be significantly higher (0.76 Pa s) than
that at the anode, but not significantly different than
regions where the pH was neutral.

Electrostatic Force and Drag Coefficient Profiles

The predicted U-shaped absolute electrostatic force
profiles showed high electrostatic forces near the anode
and the cathode (Fig. 7a). The three curves show
electrostatic force profiles for three voltages at 5, 20,
and 40 VDC. As the supplied voltage increases, the
electrostatic force increases. However, the minimum of
all three profiles is at the isoelectric point (510 lm).
For a supplied voltage of 20 VDC, the electrostatic
force near the cathode (3.9 pN) was similar to that
near the anode (4.23 pN) since the collagen molecule
exhibited the same charge magnitude (0.8 9 10216 C)
near both electrodes (Fig. 5) but with opposite charges.
The predicted drag coefficient profile indicated a
monotonic increase of the viscosity in the region
between the electrodes (Fig. 7b). This monotonic
increase was at its maximum near the cathode, indicating
collagen gelation at basic pH. The anodic (acidic)
region was less viscous than the cathodic (basic)
counterpart. The drag force profile (not shown) that
counteracted the electrostatic force and prevented the
migration of type-I collagen molecules to the pI was
similar in magnitude to the electrostatic force. This
indicated that the net force acting on the collagen
molecule was very close to zero. Thus, the molecule
had no acceleration during molecular migration but a
finite velocity equal to the instantaneous velocity (vi).
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FIGURE 4. (a) Predicted absolute charge profile of the type-I collagen molecule at an acidic pH. The zwitterions along the collagen
molecule were positively charged, making the entire collagen molecule positive. (b) Predicted absolute charge profile of the type-I
collagen molecule at a pH similar to the isoelectric point of collagen. The zwitterions along the collagen molecule were positively
and negatively charged, making the net charge of the collagen molecule close to zero. (c) Predicted absolute charge profile of the
type-I collagen molecule at a basic pH. The zwitterions along the collagen molecule were negatively charged, making the entire
collagen molecule negative.
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Instantaneous Velocity Profile

The magnitude of the predicted migration velocity
of collagen molecules is dependent on the supplied
voltage (Fig. 7c). For a voltage supply of 20 VDC, the
instantaneous velocity near the anode (12 lm/s) was
greater than that near the cathode (8.7 lm/s) (Fig. 7c).
The electrostatic and drag forces, when combined with
the viscosity, affected the predicted velocity distribu-
tion between the electrodes indicating that the anodic
velocity was 38% larger in magnitude than the
cathodic counterpart. Finally, the predicted profiles in
Figs. 7a and 7c showed minimum forces and velocities
at an electrode separation distance of 510 lm. These

plots served as predictors of the isoelectric line (pI) of
type-I collagen molecules.

Isoelectric Focusing Time

The predicted time for a collagenmolecule to focus at
the pI showed a strong dependency on the supplied
voltage (Fig. 7d). Figure 7d showed the time it took for
a rod-like collagen particle initially at the anode (0 lm)
to travel to the pI (510–550 lm). At a voltage of 5 VDC,
the focusing time was 48 min. Increasing the voltage to
20VDC shortened the focusing time to 12 min, andwith
a voltage supply of 40 VDC, the focusing time was
6 min. Experimentally, the time it took for the collagen
molecules to precipitate and focus at the isoelectric point
(Fig. 2) when 20 volts were supplied to the electro-
chemical cell was between 12 and 15 min.

DISCUSSION

The IEF of type-I collagen molecules in a carrier
ampholyte-free environment has not been theoretically
modeled so far. The model presented in this study
describing carrier ampholyte-free, one-component IEF
was based upon the following assumptions5: (a) the
system was at steady state and the mass transport by
electromigration and diffusion were balanced. (b) The
concentration of type-I collagen molecules was pre-
served and kept constant at all times. In other words,
chemical reactions (proton associations and dissocia-
tions in amino acid side chains) were rapid relative to
the transport and electromigration processes. (c) The
movement of the collagen molecules to the pI in this
system was two-dimensional. (d) The effects of elec-
troosmosis and temperature gradients were omitted.

FIGURE 5. The predicted charge profile of the type-I colla-
gen molecule was pH dependent. The intersection of the
dashed and dotted lines shows the location of zero net charge
of the collagen molecule. It can be seen that the predicted
pI of type-I collagen molecules was 8.2. Additionally, the
charge of the molecule in the anodic side (acidic) is positive.
Conversely, the charge of the molecule in the cathodic side
(basic) is negative.

FIGURE 6. (a) Non-linear pH profile between the electrodes as demonstrated by the pH indicator dye. The profile displays a
maximum pH value of @11 near the cathode, and a minimum pH value of @3 near the anode. The solid markers were pH values
generated by an image analysis routine. The reaction at the anode was: 2H2O 2 4e2 fi 4H+ + O2(g), and at the cathode was:
4H2O + 4e2 fi 4OH2 + 2H2(g).

9 (b) Dynamic viscosity of type-I collagen solutions at different pH values. The brackets indicated
significant difference between the two groups, p < 0.05, n 5 3).
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The collagen type-I molecules used in experiments
were pepsin-treated30; thus, molecules modeled in this
study also lacked the N and C telopeptide regions. The
self-assembly process is slower in collagen with missing
telopeptides.4,12 Removal of the N-telopeptides is still
reported to result in d-periodic symmetric (DPS) fibrils,
in which collagen molecules assemble in an antiparallel
manner along the fibril length.19 Additionally, the loss
of C-telopeptides is demonstrated to form short
d-banded tactoids.19 Our studies have shown that col-
lagen threads lack d-banding after electrochemical
alignment; however,39 d-banding is inducible in these
threads when treated with PBS at neutral pH
and 37 �C. Others have also induced d-banding in

electrochemically aligned collagen threads by using
PEG in the fibril formation buffer to increase the den-
sity of the fibrils and promote collagen self-assembly.1

This model correctly validated the value of the iso-
electric point of type-I collagen. Experimentally, the
isoelectric point of collagen has been determined by
Zeta potential titrations as 8.26.44 The pI value pre-
dicted by the present model was pI = 8.2, within 1%
of the value observed experimentally. Additionally, the
model predicted the location of the isoelectric point
(dpI) to be 0.51 mm (Figs. 7a, 7c). The experimental
value of dpI as determined using Fig. 2 was 0.68 mm.
Thus, the model prediction of the isoelectric line is
within 30% of the experimental value.

FIGURE 7. (a) Predicted electrostatic profile between the electrodes as a function of supplied voltage. The profiles show a
maximum near the anode, reached a minimum (@0 pN) when the electrode separation was 510–550 lm, and then the electrostatic
force increased back near the cathode. The absolute value of charge is taken in these plots to show the symmetry of the profile.
The region of minimal electrostatic force was defined as the isoelectric point. (b) Predicted one-dimensional drag coefficient profile
between electrodes. Due to the pH gradient, the drag coefficient (i.e. dynamic viscosity) was at its minimum near the anodic side,
and reached maximum values at the isoelectric point and near the cathode. (c) Predicted instantaneous velocity profile between
the electrodes as a function of supplied voltage. The velocity that the collagen molecules experienced in the anodic side was larger
to that experienced by the molecules near the cathode. The intersection of the curves at zero velocity pinpointed the isoelectric
point indicating that in this region the collagen molecule is to be focused. (d) Predicted focusing time as a function of distance. The
time distribution indicates how long it took for a collagen molecule initially at the anode to reach the isoelectric point. High
voltages supplied to the electrochemical cell decreased the focusing time to a few minutes.
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The experimentally observed non-linear pH profile
was used in the model as a realistic depiction of IEF of
type-I collagen molecules. The electrostatic force at
equidistant points from the anode and the cathode was
higher at the anode due to lower viscosity of collage at
acidic pH. Specifically, the electrostatic force (Fig. 7a)
at 20 VDC indicated that at x = 100 lm from the
anode the force was 3.01 (±0.166) pN. The corre-
sponding force at x = 900 lm from the anode was 2.45
(±0.093) pN. Additionally, the total force at
x = 200 lm from the anode was 1.77 (±0.102) pN,
and the corresponding force at x = 800 lm from the
anode was 0.97 (±0.042) pN. Greater repulsion forces
at the anode than in the cathode agrees with the
experimental observation which indicated the migra-
tion to be faster on the anode side. Besides differential
viscosity which is lower at the anode, it appears that
the charge of the molecules near the anode gives forth
to greater repulsion. These predictions confirm that the
deceleration of molecular mobility near the cathode
was, in part, due to viscous effects.

Several parameters affected the sensitivity of the
model more than others. The separation between
electrodes (R) affected the strength of the electric field,
influencing the predicted electrostatic force and veloc-
ity profiles. Previous experiments have demonstrated
that the alignment of collagen diminishes as the elec-
trode separation increases.9 Additionally, parameters
like dynamic viscosity and voltage (Figs. 7a, 7c) sup-
plied to the electrochemical cell greatly influenced the
molecular velocity at the anode and cathode. For
example, assuming a collagen medium with twice the
viscosity distribution as shown in Fig. 6b, the time it
took to reach from x = 0 mm to x = 0.05 mm was
6.61 s on the anode side. On the more viscous cathodic
side, the time it took to travel from x = 1 mm to
x = 0.95 mm was 9.39 s for 20 VDC. If the dynamic
viscosity were reduced two fold, then the correspond-
ing times were predicted as 3.13 s from x = 0 mm to
x = 0.05 mm and 4.17 s from x = 1 mm to
x = 0.95 mm for 20 VDC.

The resistance to flow depends on the relative shear
or slippage of contiguous molecules within the mate-
rial. In protein solutions, the resistance of molecules to
slip past each other is determined by intramolecular
interactions such as physical molecular entanglement,
electrostatic forces (i.e. hydrogen bonding), hydro-
philic, and hydrophobic interactions.6 Our results
suggested that the intramolecular interactions between
type-I collagen molecules in the anode region were less
significant than those in the cathode. A highly pro-
tonated collagen molecule in the anodic region may
experience less intramolecular interactions with sur-
rounding molecules (low formation of aggregates),
thus decreasing the viscosity of the medium (as seen in

Fig. 6b). In a low viscosity medium, the effect of the
electrostatic force would increase the mobility, migra-
tion, and velocity of single collagen molecules that do
not form aggregates. This may be the reason for higher
molecular velocities in the anode region. Highly ener-
getic collagen molecules migrated faster from the
anode region, and self-aggregate along the pI, where the
charge of the collagen molecules was at its minimum.
Additionally, the self-aggregation phenomena along
the pI of neutrally charged collagen molecules may
explain why type-I collagen threads formed using this
modified isoelectric method lacked the typical
d-banding pattern of natural collagenous structures.39

Based on the neutral charge of collagen molecules
along the pI, it can be inferred that the molecules will
aggregate in a direction parallel the electrodes with no
preferential staggered order that would contribute to
the d-banding pattern. The lack of d-banding in freshly
aligned fibers teased from ELAC threads has been
experimentally observed by Cheng et al.9 However,
treatment of aligned collagen in phosphate buffered
saline at neutral pH and incubation at 37 �C result in
the induction of d-bands as we have shown earlier
using SAXS.9,39

In vitro, the self-assembly process of type-I collagen
molecules can be initiated from cold acid conditions
(4 �C, pH 3) to warm neutral conditions (34–37 �C, pH
7.4).41,42 This self-assembly process reveals a lag phase,
with no increase in turbidity, followed by a sigmoidal
growth with concomitant turbidity increase, and a final
plateau when precipitation of collagen occurs.16,29,43

The pH of the self-assembly process is an important
parameter to obtain d-banded collagenous structures;
that is, slightly acidic to slightly neutral pH values
(7.1–8) are essential to form mature d-banded collagen
type-I fibers.15,18,25,42 The non-linear pH profile pre-
sented here brackets the optimal pH value for fibril
formation; however, the temperature and presence of
salts are also essential for the formation of d-banded
structures. Since the electrochemical alignment process
is inhibited by the presence of salts, we induce
d-banding after the alignment by incubating aligned
threads to in PBS at 37 �C.39

The non-linear pH and viscosity gradients described
in this study elucidated the mechanisms of type-I col-
lagen self-aggregation along the isoelectric line. The
alignment and self-aggregation of type-I collagen is
oriented parallel to the electrodes in the electrochemi-
cal cell. The focusing mechanism can be as follows:
first, there was a steeper pH gradient (5.2 pH units)
over a 0.50–0.55 mm electrode separation from the
anode to the pI. The pH gradient in this region con-
centrated positively charged collagen molecules at the
anode side with greater repelling forces and faster
migration velocities. Second, the less steep pH gradient
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between the pI and the cathodic side (2.8 pH units)
over a 0.5–0.45 mm electrode separation resulted in a
concentration of negatively charged collagen mole-
cules. The negatively charged molecules experimented
lower repelling forces at the cathodic region, resulting
in molecules moving with slower migration velocities.
Finally, neutral and basic pH values between the pI
and the cathode favored the gelation of type-I colla-
gen,10,32,43 which in turn increased the dynamic vis-
cosity of the type-I collagen solution.

The analysis of the time constant (s) of a collagen
molecule to reach terminal velocity upon application
of electrostatic force indicated that the collagen mol-
ecule reached its local instantaneous velocity extremely
quickly (1–2 fs). In comparison, the duration for
molecules to migrate to the pI was in the order of
minutes (Fig. 7d). Therefore, the model assumed that
at any given point, molecules reached the terminal
velocity instantaneously. As the molecule traveled
further away from the electrodes, the electrostatic
repulsion reduced and the molecule decelerated to zero
velocity at the pI where net charge; thus, net repulsion,
was zero.

The migration and self-aggregation was explained by
IEF as an electrophysical phenomenon. Aggregates of
neutrally-charged type-I collagen molecules are com-
pressed from both sides to the pI, causing the rod-like
molecules to align perpendicular to the electric field.
Thus, by using computational modeling, we have con-
firmed for the first time that the self-aggregation
mechanism along the pI depended on the pH and vis-
cosity gradients. Also, we quantified the electrostatic
and drag forces acting on the collagen molecule of
ampholytic nature. The experimental validation of the
migration velocity predicted by the model can improve
in several aspects. The experimental measurement of
the duration it took for molecules to travel to the pIwas
conducted by visualizing the first emergence of collagen
molecules in the pI region using compensated polarized
imaging. A more rigorous and direct quantification of
the velocity of a single collagen molecule may be utili-
zation of fluorescently labeled molecules. Also, the
model utilizes pKa values of isolated amino acids and
does not account for the dependence of pKa on the
adjacent amino acids.40 However, it appears that the
utilized pKa values do not diverge substantially from
the actually pKa values because the collagen pI has been
correctly estimated and validated by the model (Fig. 5)
using the pKa values provided in Table 1. Finally, the
analysis has been done for a single, rod-like collagen
molecule without accounting for the intermolecular
forces. Further work will focus on the interaction of
groups of type-I collagen molecules during migration
and self-aggregation along the pI during IEF in an
ampholyte-free viscous medium.

CONCLUSIONS

The present study investigated the charge distribution
along a type-I collagen molecule during IEF; demon-
strated the role of the pH gradient in collagen migration
to the pI; and predicted the variation in the electrostatic
force, drag coefficient, and velocity profiles in the inter-
electrode space. The collagen molecule was computa-
tionally modeled as a rod initially randomly distributed
between the inter-electrode space that accumulated and
precipitatedat thepI. Thekeyfindingsof this studywere1:
the predicted chargeof the collagenmoleculewas positive
near the anode and negative near the cathode2; the pre-
dicted isoelectric line of collagen was computationally
estimated as pH 8.23; experimentally, a nonlinear pH
profile was observed4; the experimentally measured vis-
cosity of the collagen solution near the anode was sig-
nificantly less than the viscosity near the cathode5; the
focusing time predicted by the model was in general
agreement with the experimental observations.

In conclusion, the major forces andmechanisms for the
IEF of type-I collagen molecules in a carrier ampholyte-
free environment have been elucidated. This model has
explained the origin of the charge distribution of a type-I
collagenmoleculewhen itmigrates to the pI in a non-linear
pH gradient. Also, the model has confirmed that the
observed pH gradient was sufficient to induce electrostatic
forces, resulting in electrophoretic migration. Therefore,
the theoretical and experimental material presented here
explains clearly the fundamentals of IEF under uniform
electric fields, and represent the baseline framework to
expand this IEF process in the production of multicom-
ponent collagen-basedbiomaterials to engineer soft tissues.

APPENDIX

Derivation of the Electrostatic Force Expression

The electric field was derived to estimate the elec-
trostatic force acting on a charged particle that was at
a distance x from the anode. The electric field gener-
ated by a charged line source was estimated by
superimposing the point charge fields of infinitesimal
charge elements dQ (Fig. 1).

The electric field by dQ was defined as:

dE ¼ kdQ

r2
ðA1Þ

The horizontal component of the field at the loca-
tion of the charged particle q was given by:

dEðxÞ ¼ kkdy
r2

cos b ¼ kk
r2

x

r
dy ¼ kkx

y2 þ x2ð Þ3=2
dy ðA2Þ

where k was the charge per unit length (Q/L, C/m), L
the length of the electrodes (m), and k was the
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Coulomb’s constant (N m2/C2). The integral to obtain
the field expression was:

E xð Þ ¼ kkx
Z

b

�a

dy

y2 þ x2ð Þ3=2
¼ kk

x

y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y2 þ x2ð Þ
p

" #b

�a

ðA3Þ

The electric field effect due to the anode was:

EAN
x ¼ kk

x

b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ b2ð Þ
p þ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ a2ð Þ
p

" #

ðA4Þ

And the electric field expression due to the cathode
was:

ECA
x ¼

kk
R� xð Þ

b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R� xð Þ2þb2
� �

r þ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R� xð Þ2þa2
� �

r

2

6

6

4

3

7

7

5

ðA5Þ

Charge per unit length (k) and the Coulomb’s con-
stant (k) were:

k ¼ 1

4pe
ðA6aÞ

k ¼ Q

L
ðA6bÞ

where Q was the charge in the electrodes. e was the
permittivity of collagen27,36 which is equal to:

e ¼ 5e0; e0 ¼ 4:4270939085� 10�11 A s/Vmð Þ ðA7Þ

A particle of charge q positioned in this electric field
experienced an electrostatic force equal to:

F
!¼ Ex

�!
q ðA8Þ

The net electrostatic force FE
�!

acting on the charged
particle between two parallel wires of opposite charges
was:

FE
�! ¼ FAN

��!þ FCA
��! ¼ q EAN

x

��!
þ ECA

x

��!� �

ðA9Þ

where FAN
��!

and FCA
��!

indicated the forces applied by the
anode and cathode. The corresponding net force they
generate became:

FE
�!¼kkq

8

>

>

<

>

>

:

b

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2þb2ð Þ
p þ a

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2þa2ð Þ
p

" #

þ b

R�xð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R�xð Þ2þb2
� �

r þ a

R�xð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R�xð Þ2þa2
� �

r

2

6

6

4

3

7

7

5

9

>

>

=

>

>

;

ðA10Þ

And substituting Eqs. (A6a) and (A6b) in Eq. (A10)
we obtained:

FE
�!¼ Qq

4peL

8

>

>

<

>

>

:

b

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2þb2ð Þ
p þ a

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2þa2ð Þ
p

" #

þ b

R�xð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R�xð Þ2þb2
� �

r þ a

R�xð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R�xð Þ2þa2
� �

r

2

6

6

4

3

7

7

5

9

>

>

=

>

>

;

ðA11Þ

The field expression in the vertical direction E yð Þ has
been calculated to be close to zero. This was the case
due to the symmetry of the system.

Derivation of the Charge Q at the Wires

The charge Q has been calculated at the anode. It
was assumed that the cathode carried the same charge
but with different sign. In this case, the variables a, and
b in Eq. (A4) have been assumed to be +L/2. Thus, the
electric field equation at the anode was:

EAN
x ¼ k � k � L

x

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ L=2ð Þ2
h i

r

2

6

6

4

3

7

7

5

ðA12Þ

Multiplying both sides of the equation with dx gave:

EAN
x dx ¼ k � k � L

x

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ L=2ð Þ2
h i

r

2

6

6

4

3

7

7

5

dx ¼ �dV

Here dV was the differential voltage along the sep-
aration R between the wires. Integrating both sides
yielded:

�
Z

VCA

VAN

dV ¼ kkL
Z

XCA

XAN

1

x �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ L=2ð Þ2
h i

r

2

6

6

4

3

7

7

5

dx

� VCA�VANð Þ¼� kkLð Þ 2

L
ln

L=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2
CAþ L=2ð Þ2

� �

r

XCA

0

B

B

@

1

C

C

A

2

6

6

4

� 2

L
ln

L=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2
ANþ L=2ð Þ2

� �

r

XAN

0

B

B

@

1

C

C

A

3

7

7

5

DV ¼ 2kk ln

L=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2
CA
þ L=2ð Þ2ð Þ

p

XCA

L=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2
AN
þ L=2ð Þ2ð Þ

p

XAN

0

B

@

1

C

A

2

6

4

3

7

5
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DV ¼ 2kk ln

XAN L=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2
CA þ L=2ð Þ2

� �

r
� 	

XCA L=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2
AN þ L=2ð Þ2

� �

r
� 	

0

B

B

B

@
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C

A

2

6

6

6

4

3

7

7

7

5

We defined the term between brackets in the above
equation as the shape factor (a):

a ¼ ln

XAN L=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2
CA þ L=2ð Þ2

� �

r
� 	

XCA L=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2
AN þ L=2ð Þ2

� �

r
� 	

0

B

B

B

@

1

C

C

C

A

ðA13Þ

The voltage drop across the wires then became:

DV ¼ 2kka ðA14Þ

Substituting Eqs. (A6a) and (A6b) in Eq. (A14), we
obtained the expression of the charge in the wires as:

Q ¼ 2pDVLe
a

ðA15Þ
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