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Abstract The adsorption of recombinant human-like collagen by metal chelate media was
investigated in a batch reactor and in a fixed-bed column. The adsorption equilibrium and
kinetics had been studied by batch adsorption experiments. Equilibrium parameters and
protein diffusivities were estimated by matching the models with the experimental data.
Using the parameters of equilibrium and kinetics, various models, such as axial diffusion
model, linear driving force model, and constant pattern model, were used to simulate the
breakthrough curves on the columns. As a result, the most suitable isotherm was the
Langmuir–Freundlich model, and the ionic strength had no effect on the adsorption
capacity of chelate media. In addition, the pore diffusion model fitted very well to the
kinetic data. The pore diffusivities decreased with increasing the initial protein
concentration, however had little change with the ionic strength. The results also indicated
that the models predict breakthrough curves reasonably well to the experimental data,
especially at low initial protein concentration (0.3 mg ml−1) and low flow rate (34 cm h−1).
By the results, we optimized the experimental conditions of a chromatographic process
using immobilized metal affinity chromatography to purify recombinant human-like
collagen.
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Nomenclature
a Specific surface area of particle (m2/m)
C Protein concentration in bulk fluid phase (mg/ml)
C0 Initial protein concentration in bulk fluid phase (mg/ml)
C* Equilibrium concentration in bulk fluid phase (mg/ml)
Cp Protein concentration in pore (mg/ml)
De Effective diffusivity (m2/s)
D0 Molecular diffusivity in free solution (m2/s)
Dp Pore diffusivity (m2/s)
Dz Axial dispersion coefficient (m2/s)
F Volumetric ratio of solid phase to liquid phase
Kb Association constant in Langmuir isotherm
k Constant in Freundlich isotherm
Kf Total transfer coefficient (m/s)
kf Liquid film mass transfer coefficient on the particle surface (m/s)
L Column length (m)
Mr Molecular weight (kDa)
n Constant in Freundlich isotherm
q Adsorbed protein density (mg/ml)
q*0 q in equilibrium with C0 (mg/ml)
qm Adsorption capacity in Langmuir isotherm (mg/ml)
q Adsorbent particle average concentration (mg/ml)
R Mean particle radius (m)
rg Radius of gyration of proteins (m)
T Temperature (K)
t Time (min)
u Interstitial velocity (cm/h)
Vb Bed volume (ml)
VL Volume of solution (ml)
VS Volume of wet gel (ml)
Vv Bed void volume (ml)
ɛc Column void fraction
ɛp Effective intraparticle porosity for protein
ρ Liquid phase density (kg/m2)
μL Viscosity of feed solution (Pa·s)

Introduction

Collagen accounts for up to 75% of the weight of the dermis and is responsible for the
resilience and elasticity of the skin [1]. Collagen is widely used as medicine, food, and
chemicals. More than 50,000 tons of collagen are used in medical applications annually.
Collagen is normally extracted from animal tissues, but the process is expensive and
laborious and may be contaminated with viruses, and prions existed in animal tissues. Many
scientists have reported to produce virus-free collagen using tobacco, silkworms, and
recombinant yeast; however, the collagen productivity in these preparations was too low to
bring to industrialization [2].

Recombinant human-like collagen was expressed in Escherichia coli BL21 using a
modified human collagen complementary DNA fragment with a 6× histidine epitope
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attached to the C terminus of protein [3]. Besides the close molecular weight (90 kDa),
human-like collagen also contains a tri-helix structure similar to the type I collagen.
However, unlike one α1- and two α2-chains in type I collagen structure, human-like
collagen comprises three identical modified α-chains. The immunogenicity of recombinant
human-like collagen is low compared with collagen isolated from animal tissues by
conventional extraction methods [3–5] and has the added advantage of being free of viruses
and prions.

Immobilized metal-chelate affinity chromatography has proven to be a powerful tool in
the purification of histidine-tagged recombinant proteins [6–7]. A number of amino acid
residues contribute to binding of proteins to chelated metal ions, but histidine residues are
known to form particularly strong complexes with Cu2+, Zn2+, Ni2+, and Co2+ [8].
Therefore, histidine-tagged affinity chromatography is most frequently used for the
purification of recombinant proteins. Immobilized metal affinity chromatography (IMAC)
is mostly used as an effective method for the capture of histidine-tagged proteins from
complex protein mixtures [9–10].

Kinetics model plays important roles in technology transferring from laboratory scale to
industrial scale. Appropriate models can help analyze and explain experimental data,
identify process mechanisms, predict answers to operational conditions changing, and
optimize processes [11]. In recent years, many mathematical models have been tested to
represent the biosorption of different proteins in fixed-bed columns. The dynamics of
adsorption in a fixed-bed column can be described by means of a model based on the
differential mass balances of the components for the liquid and solid phases and the mass
transfer from liquid to sorbent [12].

The aim of the present work was to model recombinant human-like collagen in an IMAC
fixed-bed column. By the study on adsorb equilibrium and dynamics, the breakthrough
curves and parameters of models were determined. According to the kinetics results, we
optimized operational conditions on IMAC column for purification of recombinant human-
like collagen.

Materials and Methods

Materials

Affinity chromatography media, Matrex Cellufine Chelate, was obtained from Millipore.
All other reagents were of analytical grade.

Recombinant Human-Like Collagen A plasmid containing a kanamycin resistance gene
that allowed temperature induction was constructed in our lab [3]. Batch and fed-batch
cultivations were carried out in an in situ autoclaved fermentor to achieve high-level
expression of the target protein [5]. The cells were harvested with centrifuge at 6,000×g for
30 min. Cell biomass (20 g) was suspended in 5 mM Tris buffer, pH 8.0 (120 ml)
containing 1 mM EDTA and homogenized by sonication on ice. Cell debris was removed
by centrifugation at 10,000×g 4°C for 30 min. The supernatant was gradient-precipitated by
ammonium sulfate. The sediments from 15% to 65% (saturation degree of ammonium
sulfate) were collected and dissolved in 20 mmol l−1 Tris buffer, pH 8.0. The affinity media,
to which iminodiacetic acid (IDA) had been immobilized, was bounded with Cu2+. Then,
the protein was purified by IDA-Cu2+ resin using IMAC [13].
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Determination of Effective Intraparticle Porosity (ɛp)

The effective intraparticle porosity of the chelate media for recombinant human-like collagen
was determined using a batch diffusion technique [14]. Protein was buffered in 0.01 M
phosphate buffer, pH 4.0, with 1.0 M sodium chloride. About 1–2 g chelate media (wet mass)
pre-equilibrated in the buffer was added to flasks each containing 10 ml (VL) of the buffered
protein solution of a definite concentration. The flasks were incubated for 10 h in the shaking
incubator at 160 rpm, 20°C to allow partitioning equilibrium to be reached. It was confirmed
that the proteins was not adsorbed to the media under this condition [13]. Then, the liquid
phase protein concentrations were determined with the UV–vis spectrophotometer at 280 nm,
and the effective intraparticle porosity of the chelate media is calculated by:

"p ¼ VL

VS

C0 � C

C

� �
ð1Þ

where VS is volume of the wet gel used.
Triplicate experiments were carried out at initial recombinant human-like collagen

concentrations (C0) of 0.5, 1.0, and 2.0 mg/ml, respectively, and the effective intraparticle
porosity values thus obtained were averaged and the standard deviations determined.

Determination of Column Void Fraction (ɛc)

The column void fraction, ɛc, was determined by the measure of the void volume (volume
of distilled water required to fill the bed) [15]. The column was filled with chelate media,
and distilled water was added to fill completely the bed. The water was then trained from
the bottom of the column using a minimum period of 24 h. Afterwards, a peristaltic pump
fed the column from a reservoir that contained a defined volume of distilled water. The
necessary volume of water to fill the bed was determined initially by the difference between
the volume contained in the reservoir and the volume remaining after filling the bed. The
column void fraction was calculated using the following equation:

"c ¼ Vv

Vb
ð2Þ

where Vv is the bed void volume and Vb the bed volume.

Sorption Equilibrium Experiments

Batch equilibrium sorption experiments [16] were carried out in 50-ml Erlenmeyer flasks,
containing 10 ml of the buffered protein solutions (initial concentration range from 0.1 to
1 mg/ml), into which 0.05 g of dry chelate media was added. The suspensions were agitated
on a rotary shaker at 160 rpm. After 12 h, the sorption equilibrium was reached; the solution
was separated by vacuum filtration and analyzed by a spectrophotometer at 280 nm.

The equilibrium concentration of protein in the solid phase (q*) was calculated from the
initial concentration (C0) and the equilibrium concentration (C*), in each flask, using the
following equation:

q* ¼
VL C0 � C*

� �
Vs

: ð3Þ

All equilibrium sorption experiments were carried out in duplicate.
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Adsorption Kinetics Experiments

Adsorption kinetics was performed in the phosphate buffer using the stirring batch
adsorption method. Dry chelate media (0.05 g) were added into ten 50-ml Erlenmeyer
flasks, each containing 10 ml of the buffered protein solutions of the same initial
concentration, and agitated on a rotary shaker at 160 rpm. The flasks were taken out
successively from the shaker for supernatant measurement; about 5 ml of the liquid in the
flask was pumped out of the flask through a 2-μm stainless filter to determine the protein
concentration by a spectrophotometer at 280 nm. By this procedure, the time course of the
liquid phase concentration decrease was determined.

Continuous-Flow Sorption Column System

Continuous-flow sorption experiments were conducted in a glass column with the
controlled temperature. The column’s height and diameter were 30 and 1.5 cm, respectively.
A peristaltic pump was used to feed protein solution to the column at a stable flow rate.
Liquid samples of the concentration of recombinant human-like collagen were collected at
predefined time intervals. When the system reaches equilibrium, the protein concentration
in the fluid phase was constant along the column and equal to the feed concentration (C=
C0). The temperature of stream feeding solution and of the column was controlled at 20°C
through a thermostatic bath.

Mathematical Model

Sorption Equilibrium Isotherms

There are many experimental biosorption equilibrium isotherms. The main widely accepted
models for single solute systems are the Langmuir, Freundlich, and Langmuir–Freundlich
isotherms, described by Eqs. 4, 5, and 6, respectively:

q ¼ qmKbC

1þ KbC
ð4Þ

where qm and Kb are the Langmuir constants.

q ¼ kCn ð5Þ
where k and n are the Freundlich constants.

q ¼ qmKbCn

1þ KbCn
: ð6Þ

In this experiment, the three isotherms were compared, and the most suitable one was
determined.

Pore Diffusion Model

In this experiment, the adsorption kinetics of recombinant human-like collagen is analyzed
by pore diffusion model. The model is constructed on the basis of the following
assumptions [16]: The adsorbent particles are spherical, with uniform size and density, and
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the functional groups of the adsorption are evenly distributed throughout the interior surface
of the particle. The void fraction of the adsorption for a protein is constant during the
adsorption process. Adsorption equilibrium can be represented by the suitable isotherm.

This model assumes that the driving force for intraparticle mass transfer is protein
concentration gradient in the pore phase, and the protein adsorbed to the available binding
sites in the pore walls remains fixed and there is no surface diffusion. The governing
continuity equation for the intraparticle mass transfer by pore diffusion is described as
follows:

"p
@Cp

@t
þ @q

@t
¼ "pDp

r2
@

@r
r2

@Cp

@r

� �
ð7Þ

where Dp is the pore diffusivity in the pore diffusion model.

De ¼ "pDp ð8Þ
where De is the effective pore diffusivity.

In the batch adsorption system described above, the mass transfer of protein from the
liquid phase to the solid phase is expressed by:

dC

dt
¼ � 3F"pDp

R
C � Cp

��
r¼R

� �
ð9Þ

where F is the volumetric ratio of solid phase to liquid phase.

F ¼ 1� "c
"c

ð10Þ

where ɛc is void fraction.
The initial and boundary conditions for Eqs. 7 and 9 are as follows:

IC :t ¼ 0; q ¼ 0;Cp ¼ 0;C ¼ C0 ð11aÞ

BC1 : r ¼ R;Cp ¼ C ð11bÞ

BC2 : r ¼ 0;
@Cp

@r
¼ 0 ð11cÞ

Equation 11b holds when the external liquid-film mass transfer resistance is negligible.

Axial Diffusion and Linear Driving Force Model

The prediction of breakthrough curve is the basic of design and operation in fixed-bed
adsorption. Axial diffusion model can be applied to predict the breakthrough curve in
continuous-flow sorption column. The model is constructed on the basis of the following
assumptions [17]: Both the mobile and stationary phases are distributed throughout the
column in the same manner. An infinitesimally small control volume anywhere in the
column will typify the functioning of the entire column. The flow through a packed column
is a steady plug flow; with this assumption, the mobile-phase velocity is taken to be a
constant that does not depend on time or radial position. Properties such as solute diffusion
coefficients are also constants throughout the column.
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The basic equation of the model is described as [18]:

@C

@t
¼ Dz

@2C

@z2
� u

@C

@z
� 1� "c

"c

@q

@t
ð12Þ

where u is interstitial velocity and Dz is axial dispersion coefficient.
The axial dispersion coefficient is calculated with Chung correlations [19]:

Dz ¼ "cuL

0:2þ 0:11Re0:48
ð13Þ

where Re ¼ 2Rur=mL.
The initial and boundary conditions for Eq. 12 are as follows:

IC :C ¼ 0; t ¼ 0 ð14aÞ

BC1 :C ¼ C0 þ Dz

u

@C

@z

����
z¼0

; t > 0; z ¼ 0 ð14bÞ

BC2 :
@c

@t
¼ 0; t > 0; z ¼ L: ð14cÞ

When both considered external liquid-film mass transfer resistance and intraparticle mass
transfer, the linear driving force equation is expressed by [18]:

@ q

@t
¼ Kf a

�
C � C*

�
: ð15Þ

Kf can correspond with other parameters obtained from the other different approximate
models. In this model, Kf is the total transfer coefficient, a is the specific area of the
particles, and C* is the fluid concentration in equilibrium with the solid-phase
concentration.

The parameter for Eq. 15 is calculated as follows [20]:

kfa ¼ R2

15De
þ R

3kf

� ��1

ð16Þ

kf ¼ 1:15u "cReð Þ�1=2Sc�2=3 ð17Þ

where Re ¼ 2Rur mL:= , Sc ¼ mL rD0=
The correlation of D0 is as follows [21]:

D0 ¼ 6:85� 10�12 T

mL M1=3
r rg

� �1=2
: ð18Þ

Constant Pattern Model

The constant pattern model assumes that the concentration profiles in the stationary and
mobile phases move through the column as a constant pattern or wave [17].
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In affinity chromatography, adsorption columns can be operated in binding-elution
cycles. To model what occurs inside the column and at the column exit, the constant pattern
model separates the binding cycle to five steps. In step I, shortly after starting the binding
cycle, q reaches its maximum value q*0 in the zone near the column entrance. Thus, the
entrance of the column contains a stationary phase that is saturated with protein; it can no
longer remove protein from the mobile phase. The mobile phase near the column entrance
is at its maximum concentration C0 as well. During this part of the binding cycle, the
concentration of protein exiting the column is essentially zero. In step II, the profiles of q
and C develop into consistent patterns that move down the column with time. During step
II, the column exit concentration is still essentially zero. The most important development
in the binding cycle comes in step III, when the leading edge of the q and C profile reach
the column exit. At this point, a breakthrough of protein occurs—the column exit
concentration of protein starts to climb. In step IV, the change in the column exit
concentration with time can be recorded. Finally, in step V, the column is fully saturated.
Thus, the column exit concentration equals the feed concentration.

Constant patterns in both q and C suggest that directly behind the wave [17]:

q

C
¼ q

C

� �
equilibrium

¼ q*0
C0

ð19Þ

where q*0 ¼ qmKbCn
0

1þKbCn
0
:

The assumption of constant patterns leads to a simple equation relating the stationary-
and mobile-phase concentrations.

Results and Discussion

Adsorption Isotherms

The experimental results of the equilibrium study were presented in Fig. 1 and Table 1. It
was shown that the experimental data were best fitted with Langmuir–Freundlich isotherm

0.0 0.1 0.2 0.3 0.4
0

10

20

30

40

50

q
/(

m
g
/m

L
)

C/(mg/mL)

Fig. 1 Static adsorption isotherms
of recombinant human-like
collagen on the chelate media. The
solid line is calculated with the
Langmuir–Freundlich equation,
the dotted line is calculated with
the Freundlich equation, and the
dashed line is calculated with the
Langmuir equation
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(Eq. 6). The Freundlich isotherm is an empirical equation. The Langmuir isotherm is a
homogeneous model based on the theoretical principle that only a single adsorption layer
exists on an adsorbent. Langmuir–Freundlich isotherm, on the other hand, is a
heterogeneous model [22]. Recombinant human-like collagen is heterogeneous material
containing binding sites with a wide array of binding affinities and selectivities. So the
binding behavior of IDA-Cu2+ resin and recombinant human-like collagen can be
accurately modeled by the Langmuir–Freundlich isotherm. Therefore, in this experiment,
the Langmuir–Freundlich isotherm was used in the following kinetics model calculations.

In general, the equilibrium constants qm, Kb, and n are influenced by ionic strength. The
values of equilibrium constants differ in different sodium chloride concentrations of buffer.
The results were shown in Fig. 2, and the equilibrium constants in different ionic strengths
were shown in Table 2. The results indicated that the adsorption capacity of chelate media
to recombinant human-like collagen had little change when the ionic strength was
increased. It is largely because the chelate metal ion and recombinant human-like collagen
are linked with distribution bond which is influenced little by ionic strength.

Adsorption Kinetics

Experiments were performed to determine the uptake rate of recombinant human-like
collagen on chelate media. Equations 7 and 9, together with the boundary conditions, were

Table 1 Comparison of three kinds of isotherms.

C (mg/ml) 0.012 0.091 0.186 0.368

q (mg/mL) experimental 11.3 40.2 43.6 45.3
Langmuir model q (mg/ml) 15.02 38.2 43.54 46.67

Deviation (%) 32.92 4.98 1.38 3.02
Freundlich model q (mg/ml) 20.23 34.61 41.91 50.33

Deviation(%) 79.03 13.91 3.88 11.1
Langmuir–Freundlich model q (mg/ml) 11.78 40.23 43.64 44.88

Deviation (%) 4.25 0.07 0.09 0.93

0.0 0.1 0.2 0.3 0.4
0

10

20

30

40

50

q
(m

g
 m

L
-1

)

c(mg mL-1)

Fig. 2 Examples of experimental
and simulated sorption isotherms
in different ionic strength. Solid
lines are calculated from the
Langmuir–Freundlich equation.
The ionic strength are (circle) 0.1,
(triangle)0.5, (square) 0.8 mol l−1
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solved numerically by the orthogonal collocation method [23] to predict the change in
liquid-phase protein concentration versus time, and the simulation results were fitted to the
dynamic adsorption profile to determine the pore diffusivities of recombinant human-like
collagen to chelate media by the method of Zhang and Sun [14]. Figures 3 and 4 showed
that the pore diffusion model (PDM) predicted the dynamic adsorption profiles very well.

It was found that the pore diffusivities for human-like collagen decreased with increasing
the initial protein concentration, and the decreasing rate of pore diffusivities was faster at
lower initial concentration as shown in Fig. 3 and Table 3. One reason is the increase of
hindrance effect caused by the adsorption of protein. The pore size would become small
upon protein adsorption, and higher initial protein concentration would result in higher
protein adsorption density, leading to more significant decrease of the pore size near the
adsorbent surface. When the adsorption became saturated at high initial concentrations,
further increase of the initial concentration would not create additional decrease of the pore
diffusivity. The other reason is the increase in solution viscosity with increasing the
collagen concentration.

The uptake curves of recombinant human-like collagen to chelate media at different
ionic strengths were exhibited in Fig. 4. The best fitting values of the effective pore
diffusivity (De) values thus obtained for recombinant human-like collagen were given in
Table 2. From Table 2 and Fig. 2, it could be observed that the adsorption capacity did not
change with the increased ionic strength. In this case, we can conclude that there is no a
great effect of the ionic strength on pore diffusivity. This conclusion is consistent with the
results in Fig. 4. The shape of the kinetics curves presented little modification when the
ionic strength varied. It demonstrated that the ionic strength has little influence on binding
capacity of chelate media to recombinant human-like collagen. These studies reveal that it

Table 2 Parameters in different ionic strength and coefficients of determination of the PDM.

I (mol l−1) qm (mg ml−1) Kb (×10
5) Number Dp (×10

−11 m2 s−1) De (×10
−12 m2 s−1) R2

0.1 43.80 0.61 1.64 2.83 6.79 0.9712
0.5 45.24 1.32 1.75 2.86 6.86 0.9921
0.8 45.84 1.48 1.79 2.85 6.84 0.9727
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Fig. 3 Examples of experimental
and simulated uptake curves of
recombinant human-like collagen
in different initial concentrations.
Solid lines are calculated from the
pore diffusion model. The initial
concentrations of recombinant
human-like collagen are (filled
circle) 0.3, (diamond) 0.5,
(triangle) 1.0, (open circle) 1.4,
(square) 1.8 mg ml−1
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is not electrostatic interactions which play a main role in the retention of recombinant
human-like collagen on IDA-Cu2+ resins. The principle of the interactions lies in the metal
ions acting as Lewis acids and the histidine on the protein acting as Lewis bases. These
interactions are nonionic in nature and are therefore stable in high ionic strength [24].

Other parameters needed in the simulations were calculated using equations or
correlations described above, which were listed in Table 4.

Simulation of Breakthrough Curves

Using independently determined model parameters, the pore diffusion model, axial
diffusion model, linear driving force model, and constant pattern model were used to
simulate the breakthrough curves of recombinant human-like collagen on the columns.

By Eq. 19, it can be concluded that:

q ¼ q*0
C0

C ¼ qmKbC*n

1þ KbC*n
ð20Þ

C* ¼ C* n�1ð Þ
0 C

1þ KbCn
0 � KbCn�1

0 C

" #1=n

: ð21Þ
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C
/C
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t (min)

Fig. 4 Examples of experimental
and simulated uptake curves of
recombinant human-like collagen
in different ionic strength. Solid
lines are calculated from the pore
diffusion model. The ionic
strength are (circle) 0.1, (filled
square) 0.5, (open square)
0.8 mol l−1

Table 3 Parameters in different initial concentrations and coefficients of determination of the PDM.

C0 (mg ml−1) Dp (×10
−11 m2 s−1) De (×10

−12 m2 s−1) Kfa (min−1) R2

0.3 2.85 6.84 1.10 0.9956
0.5 2.31 5.54 0.95 0.9862
1.0 2.02 4.85 0.87 0.9938
1.4 1.97 4.73 0.85 0.9967
1.8 1.83 4.39 0.81 0.9876
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Equation 15 can be rearranged to be:

@q

@t
¼ Kfa C � C* n�1ð Þ

0 C

1þ KbCn
0 � KbCn�1

0 C

" #1=n
8<
:

9=
;: ð22Þ

Then, Eq. 12 can be described as:

@C

@t
¼ Dz

@2C

@z2
� u

@C

@z
� 1� "c

"c
Kfa C � C* n�1ð Þ

0 C

1þ KbCn
0 � KbCn�1

0 C

" #1=n
8<
:

9=
;: ð23Þ

With Eq. 23, the initial and boundary conditions in Eqs. 14a, 14b, 14c and the
independently determined model parameters listed in Table 4, we predicted and compared
the breakthrough curves with the experimental data. The simulation results under different
experimental conditions were plotted in Figs. 5 and 6. The model’s statistical analysis was
presented in Table 5. The results showed that the model predicted breakthrough curve very
well. However, all the simulated breakthrough curves contained a tailing, which the models
could not predict. This phenomenon may result from the extra-column effects as well as the
particle size distributions [25]. Displacement of impurities or protein dimmers may also
play a role when adsorption is close to equilibrium. Moreover, according to Yang and Etzel
[26], the spreading of non-spherical protein will cause the asymmetry of breakthrough
curves. Recombinant human-like collagen is a non-spherical molecule, so the spreading
may also contribute to the asymmetry of the breakthrough curves. In addition, it is worth

Table 4 Parameter values used in the models.

Parameters ɛp ɛc L (cm) R (μm) D0 (m
2 s−1) kf (m

2 s−1)

Value 0.24 0.32 20 75 2.473×10−11 6.59×10−7

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0

C
/C

0

Effluent Volume(mL)

Fig. 5 Simulated and experimen-
tal recombinant human-like col-
lagen breakthrough curves in the
fixed-bed packed with the metal
chelate media at the superficial
velocities of (diamond) 34,
(square) 102 and (circle) 170 cm
h−1 at C0=0.3 mg ml−1. The solid
lines are predicted using models
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mentioning that the model calculations were carried out using all the unadjustable
parameters obtained by independent experiments or calculated from correlations. The
parameters calculated from correlations might not be accurate enough for the system, which
would lead to the deviations of the model predictions.

In Fig. 5, the breakthrough curves under different flow rates were simulated. It could be
observed that the breakthrough curve was simulated better when the flow rate was slower.
This conclusion was confirmed by the model’s statistical analysis presented in Table 5. The
main reason is that the contact time of stationary- and mobile-phase decreased with
increasing the flow rate. In order to carry out effective adsorption, sufficient contact time
must be made. When the flow rate was so fast, the protein could not spread to the internal
resin adsorption. Then, the adsorption equilibrium could not be achieved. The models and
experimental data would produce a certain deviation.

The simulated breakthrough curves for different feed concentrations were shown in
Fig. 6. The results demonstrated that the models tested fitted the experimental results for all
initial concentrations, but the breakthrough curve was sharper at lower initial concentration.
The reason is that the effective pore diffusivity decreased with the increased initial
concentration, as shown in Table 3.

0 50 100 150 200

0.0

0.2

0.4

0.6

0.8

1.0

c
/c

0

Effluent volume(mL)

Fig. 6 Simulated and
experimental recombinant
human-like collagen
breakthrough curves in
the fixed-bed packed
with the metal chelate
media at the superficial
flow rate of 34 cm/h.
C0=0.3 mg ml−1

(open circle);
C0=0.5 mg ml−1

(filled circle);
C0=1.0 mg ml−1

(square). The solid
lines are predicted
using models

Table 5 Coefficients of determination of the models for the simulation of the breakthrough curves.

C (mg ml−1) V (cm h−1) R2

0.3 170 0.8564
0.3 102 0.9201
0.3 34 0.9875
0.5 34 0.9645
1.0 34 0.9458
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Conclusions

In this article, mathematical models for flow through chromatography have been tested for
a column packed with chelate media to adsorb recombinant human-like collagen. The main
results obtained can be summarized as follows:

(a) The Langmuir, Freundlich, and Langmuir–Freundlich isotherms were compared. The
maximum deviation of Langmuir–Freundlich isotherm (4.25%) was around 87.1%
lower than Langmuir isotherm (32.92%) and 94.6% lower than Freundlich isotherm
(79.03%). So the most suitable one was the Langmuir–Freundlich isotherm.

(b) The adsorption capacity of chelate media to recombinant human-like collagen had
little change with increasing the ionic strength.

(c) The pore diffusion model predicted the adsorption kinetics very well. Coefficients of
determination of PDM in different conditions were all more than 0.97.

(d) The pore diffusivities for recombinant human-like collagen decreased with increasing
the initial protein concentration, but had little change with increasing the ionic
strength.

(e) The breakthrough curve was simulated better when the flow rate was slower. The
simulated breakthrough curves fitted the experimental results for all initial concen-
trations, but the breakthrough curve was sharper at lower initial concentration.

These results have important general implications for the design, optimization, and scale-
up of a chromatographic process using IMAC to purify recombinant human-like collagen. By
the kinetics results, we optimized the experimental conditions. A column with Cu2+-IDA
chelate media was equilibrated with phosphate buffer (pH 7.0, 500 mmol l−1 NaCl). The
column was loaded with the probe (initial protein concentration was 0.3 mg ml−1) at a flow
rate of 34 cm h−1 for 2.2 h and washed with ten volumes of equilibrate buffer. Bound
proteins were eluted with elution buffer (0.2 mol l−1 phosphate buffer, pH 7.5, 1 mol l−1

NaCl, 1 mol l−1 NH4Cl).
This work provided guidelines for designing industrial-scale separations of recombinant

human-like collagen using IMAC.
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