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a  b  s  t  r  a  c  t

In  this  study,  a supermacroporous  polyacrylamide  cryogel  was  produced  by  cryo-polymerization  and
activated  with  Tris(hydroxymethyl)aminomethane  (Tris-cryogel)  to be  applied  as  an  affinity  ligand  for  a
one  step  purification  of lysozyme  (LYZ),  directly  from  chicken  egg  white  (EW).  The  Tris-cryogel  presented
interconnected  pores  with  size  varying  in  the range  of 20–80  �m and  swelling  capacity  of  19.6  ±  0.9  g/g.
The  axial  dispersion  of  the  Tris-cryogel  was  analyzed  at different  flow  velocities  and  mobile  phase  viscosi-
ties.  It  was  verified  that  higher  viscosity  resulted  in  a higher  degree  of dispersion,  causing  the HETP  values
to  increase  from  0.04  cm to  0.8 cm.  Adsorption  isotherms  were  measured  at 15 ◦C  and  35 ◦C at pH  7.5.  A
Langmuir  model  was  fitted  to the  equilibrium  data,  with  a maximum  adsorptive  capacity  of  285  mg/g  at
15 ◦C  and  363  mg/g  at 35 ◦C. Thermodynamic  analysis  based  on  the  Van’t  Hoff  relationship  showed  that
the  process  was  spontaneous  and  enthalpically  driven.  Lysozyme  was  purified  directly  from  egg  white
in  a one  step  purification  process  at different  pH values  (7.5,  8.5  and  9.5).  Independent  of  the  pH,  the

specificity  of  Tris-cryogel  for lysozyme  adsorption  was  confirmed.  At  pH  7.5,  yield  and  purification  fold
were  higher  (30%  and  45).  In addition,  the  effect  of  the  dilution  rate  on egg  white  and  flow  velocity  were
also  analyzed  and  it was  shown  that flow  velocity  did  not  affected  purification  and  column  efficiency,  and
that diluting  the  egg  white  increased  yield  to  70%  with  a purification  fold  of  23.  Results  show  Tris-cryogel
is  a promising  matrix  for  use  in high  throughput  purification  of  lysozyme  from  egg white.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lysozyme (LYZ) is an antimicrobial enzyme widely distributed
n nature that presents catalytic activity in the hydrolysis of some
omponents of the bacterial cell wall. Because of its antimicrobial
roperties, this enzyme has been commonly used in pharmaceuti-
al and food industries [1,2].

Commercial lysozyme is extracted from chicken egg white and
epresents about 3.4% of egg white proteins [1]. It is a small pro-
ein, composed of a single polypeptide chain of 129 amino acids. It
ontains four cysteine pairs that form disulfide bridges. Its molar
ass is 14.3 kDa and the isoelectric point is close to 11 [1,3–5].

The potential for technological lysozyme applications has

timulated interest in the development of new materials and
ethodologies for its isolation. Several techniques have been

∗ Corresponding author.
E-mail address: lminim@ufv.br (L.A. Minim).

ttp://dx.doi.org/10.1016/j.jchromb.2016.12.032
570-0232/© 2016 Elsevier B.V. All rights reserved.
reported for lysozyme purification, including chromatographic
process such as ion exchange chromatography [6], hydrophobic
interaction [7] and affinity chromatography [8–11].

Affinity liquid chromatography is an effective method for
biomolecule purification, because of the specific retention of the
target compound, generating high purity products. Certain spe-
cific binding materials are very expensive however, making this
technique impractical. Thus, it is necessary to develop new affinity
supports that are simple, effective and inexpensive. Quan et al. [12]
and Kang et al. [13] studied the interaction between lysozyme and
the compound tris hydroxymethyl aminomethane. They demon-
strated the existence of a weak, but specific interaction, with
lysozyme being selectively captured by Tris immobilized support
and then eluted under mild conditions, allowing its recovery. The
interaction is due to hydrogen bounds formed between the amino

acids Aps52, Glu35 and Ala107 of lysozyme and the hydroxyl triad
(OH) present in Tris structure [12].

Chicken egg white is a type of raw material used in biosep-
aration, which is somewhat viscous and must be diluted before

dx.doi.org/10.1016/j.jchromb.2016.12.032
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jchromb.2016.12.032&domain=pdf
mailto:lminim@ufv.br
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pplication [14]. Viscosity is an important property that could cause
roblems in pumping operations and thus increase the pressure
rop through the column. Traditional chromatographic supports,
hile very efficient, create some resistance to mobile phase flow

4] and may  lead to some operational problems such as clogging.
Polymeric gels produced in freezing conditions, known as

ryogels, have become a very useful technique in the field of
ioseparation [15]. They were introduced as a new generation of
hromatographic matrices because of their highly porous struc-
ure and low flow resistance. These properties play an important
ole in the performance and speed of the separation processes and
llow direct processing of crude extracts without prior clarification
nd dilution. Cryogels are also characterized by high accessibility
o binding sites and negligible internal mass transfer limitations.
herefore, it contributes to optimize time process and consump-
ion of water and other materials. In addition, chromatographic
rocesses could be developed under high flow rates and therefore

n short periods [16].
This work reports chicken egg white lysozyme purification

y affinity chromatography with poly (acrylamide) cryogel with
ris hydroxymethyl aminomethane as an affinity ligand (Tris-
ryogel). The Tris-cryogel was characterized by scanning electron
icroscopy (SEM), swelling tests, hydraulic permeability and

orosity. Axial dispersion was studied in terms of mobile phase
iscosity and flow velocity with the use of nonreactive tracer
ulse experiments. Lysozyme adsorption isotherms and the col-
mn purification performance were also studied.

. Materials and methods

.1. Materials

Acrylamide (AAm, 99%), N,N’-methylene-bis-acrylamide
MAAm, 99%), ammonium persulfate (APS), N,NN’,N’-tetramethyl-
thylene-diamine (TEMED), allyl glycidyl eter (AGE, 99%), tris
ydroxymethyl aminomethane and sodium borohydrate were
urchased from Sigma-Aldrich (St. Louis, USA). Others chemical
eagents (all of analytical grade) and protein standards were also
btained from Sigma Aldrich. Ultrapure water was  used in all
xperiments (Milli-Q System, Millipore Inc., USA). Fresh chicken
ggs were obtained from a local store.

.2. Methods

.2.1. Cryogel preparation
The cryogel was prepared by dissolving monomers of AAm

4.7% m/v), MAAm (1.3% m/v) and 1 mL  of AGE in deionized water to
 final volume of 25 mL.  The mixture was degassed for 5 min  in an
ltrasound bath. The polymerization reaction started with 23.8 �L
f TEMED and 100 �L of APS (27.5% m/v) in an ice bath. The mix-
ure was immediately poured into 3 mL  plastic syringes and into
n HR 10/15 glass column (GE Healthcare, Uppsala, Sweden). The
olumn and syringes were sealed and immersed in an ethanol bath
Model 0214M2, Quimis, Brazil) at −12 ◦C for 24 h. Afterward, the
olumn was thawed at room temperature and washed with 200 mL
f deionized water.

Tris was immobilized by covalent bonds between epoxy groups
n the cryogel surface and amino groups present in the Tris
olecule. The cryogel was  initially immersed in 50 mL  of sodium

hosphate buffer (2.5 mmol/L; pH 9.0) containing 18.8 g of Tris, at
0 ◦C for 48 h. The cryogel was then immersed in 50 mL of sodium

arbonate buffer (0.2 mol/L; pH 9.2) containing 5.78 g of sodium
orohydrate at 0 ◦C for 1 h. Afterward, the activated Tris-cryogel
as immersed in ultrapure water for 24 h to remove residuals of

ctivation agents.
 1044–1045 (2017) 17–23

2.2.2. Characteristics of tris-cryogel matrices
2.2.2.1. Swelling capacity. The swelling capacity of the Tris-cryogel
was determined according to Savina et al. [17], by immersing dried
cryogels of a certain weight (md) in 50 mL  of water for 24 h. Excess
water was removed from the matrices and the wet weight was
measured (mw). The swelling capacity was determined using Eq.
(1).

S = mw − md

md
(1)

2.2.2.2. Scanning electron microscopy. Scanning electron
microscopy (SEM) was done to evaluate the macroporous struc-
tures and pore size of the Tris-cryogel. A small sample cut from
the center of the dried cryogel was  coated with gold/palladium
(40/60). The gel structure was  examined using a scanning electron
microscope (LEO 1430 VP, Zeiss, Jena, Germany) operated at 15 kV.

2.2.2.3. Porosity and axial dispersion. Residence time distribution
(RTD) was measured on a preparative chromatographic system
Äkta Pure 25 M (GE Healthcare Bio-Sciences AB, Uppsala, Sweden)
using an HR 10/15 glass column (GE Healthcare, Uppsala, Sweden)
at various fluid velocities (0.6–10.2 cm/min) at 25 ◦C, using acetone
pulse (100 �L, 1% v/v) as a tracer. The mobile phase was com-
posed of a water solution of poly (ethylene glycol) (0, 2.5, 5.0 and
7.5% w/w) with corresponding viscosity of 1.0 mPa  s, 1.48 mPa  s,
2.065 mPa  s and 3.048 mPa  s. A UV detector monitored the corre-
sponding peak (280 nm)  at the column exit. All analyses were done
in duplicate.

The mean residence time (tR) and variance (�2
t ) were obtained

from the RTD curves by the momentum method. E� functions were
determined according to Eq. (2):

E� = tR.
Abs (t)∫

0
∞

Abs (t) dt
(2)

Porosity (εT ) was  determined by linear regression of Eq. (3) [18]:

tR = εT .
L

U
(3)

where L (cm) is the column length and U (cm/min) is the superficial
fluid velocity.

The axial dispersion coefficients at different flow velocities were
determined by non-linear regression of Eq. (4) [19] using the vari-
ance and the mean residence time of the corresponding RTD curve
under closed-vessel boundary conditions.

�2
t

t2
R

= 2
(

Dax

uL

)
− 2

(
Dax

uL

)2 [
1 − exp

(
− uL

Dax

)]
(4)

where Dax is the axial dispersion coefficient and u is the interstitial
fluid velocity through the column (u = U/εT ). Height equivalent to
theoretical plate (HETP) was  calculated according to Eq. (5) [20]:

HETP = L
�2

t

t2
R

(5)

2.2.2.4. Hydraulic permeability. The pressure drop of the column
was estimated using degassed deionized water as mobile phase at
different flow rates (0.6–12.7 cm/min). Hydraulic permeability was
determined by linear regression of the Darcy-Weisbach equation in
the laminar region (Eq. (6)).

�P �
w

L
= − w

Kw
.U (6)

where �Pw is the pressure drop through the column, �w is water
viscosity and Kw is hydraulic permeability.
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.2.3. Adsorption isotherms and thermodynamic analysis
Adsorption isotherms of lysozyme on Tris-cryogel were inves-

igated batchwise at pH 7.5. A mass of 0.020 g of dried cryogels
as previously incubated with 0.5 mL  of sodium phosphate buffer

0.02 mol/L, pH 7.5) for 30 min. Then, 1 mL  of the same buffer con-
aining lysozyme (concentration ranging from 0.5 to 40 mg/mL)
as added to the tubes and incubated overnight at constant tem-
erature (15 ◦C and 35 ◦C). The lysozyme concentration in the
upernatant and initial concentration were determined via spec-
rophotometry according to the method of Bradford [21] at 595 nm.
he experiments were conducted in triplicate. The amount of
dsorbed lysozyme was determined by mass balance (Eq. (7)).

 = V (CO − C)
M

(7)

here q (mg/g) is the lysozyme concentration in the solid phase, C
mg/mL) is the lysozyme concentration in the liquid phase after
eaching equilibrium, Co (mg/mL) is the initial concentration of
ysozyme, V (mL) is the liquid phase volume and M (mg) is the
dsorbent weight.

The Langmuir isotherm (Eq. (8)), which has been widely used to
escribe the protein adsorption, was adjusted to the equilibrium
ata obtained in this work. Model parameters were estimated by a
on-linear regression.

 = qmax · C

Kd + C
(8)

here q max (mg/g) is the adsorption capacity and Kd (mg/mL) the
issociation constant.

The apparent change in the Gibbs free energy of adsorption
�G0) for each temperature was determined from the thermody-
amic equilibrium constant,Kd, according to Eq. (9):

G0 = −RT ln Kd (9)

here T (K) is the absolute temperature and R (8.314 J/(mol K)) is
he universal gas constant. The value of Kdis determined as:

d =
(

dq

dC

)
C→0

(10)

Apparent enthalpy and entropy (�H0 and �S0) changes were
stimated according to the Van’t Hoff relationship, given by:

n Kd = −�H0

RT
+ �S0

R
(11)

The mean values of �H0 and �S0 were estimated by linear
egression using Eq. (11).

.2.4. One-step purification of lysozyme from chicken egg white
Chicken egg white (EW) was prepared daily from fresh eggs

nd separated by filtration in a 1 mm aperture sieve. Egg whites
ere gently stirred and then centrifuged at 12,000g for 15 min.

he supernatant was recovered and filtered on a 1.2 �m cellulose
cetate membrane.

.2.4.1. Effect of pH. the capture of lysozyme by the Tris-cryogel
as investigated as a function of pH. An HR 10/15 glass column (Ge
ealthcare, USA) containing the Tris-cryogel was  equilibrated with

 column volume (CV) of phosphate buffer solution (0.02 mol/L).
gg whites were diluted with equal volume of phosphate buffer
0.02 mol/L) at different pH values (7.5, 8.5 and 9.5) and pumped
hrough the column at a flow rate of 2.0 mL/min. The adsorption

xperiments were done with frontal analysis. After the break-
hrough formation, the column was washed with the same buffer
nd the elution of the adsorbed protein was performed applying

 CV of sodium phosphate buffer (0.02 mol/L) containing 1.0 mol/L
 1044–1045 (2017) 17–23 19

of sodium chloride. The adsorption and elution profiles were moni-
tored at 280 nm.  Protein fractions were collected during the elution
step and stored for subsequent analysis. The assays were devel-
oped in a chromatographic system Äkta Pure 25 M (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden) at room temperature.

2.2.4.2. Effect of flow rate and dilution factor. The experiments were
also studied as a function of dilution rate (1:0, 1:2 and 1:4) of egg
white with phosphate buffer (final concentration of 0.02 mol/L) and
mobile phase flow rate (2.0, 4.0 and 8.0 mL/min), with pH adjusted
according to the results of the previous section. The experiment was
arranged in a completely randomized design, using the dilution rate
at each flow rate as the source of variation, with two repetitions.
Linear regression analysis was performed and model accuracy
(Eq. (12)) was  evaluated using analysis of variance (ANOVA) with
Fisher’s statistical test (F-test), lack of fit and coefficient of deter-
mination (R2). Student t-test was performed for each coefficient of
the equation. All statistical analyses were performed using SAS v.9
software.

Y = b0 + b1X1 + b2X2 + b3X1 ∗ X2 + b4X2
1 + b5X2

2 (12)

where Y stands for purification fold or yield, X1 is the dilution rate,
X2 is the flow rate and bi is the regression coefficient.

2.2.5. Quantification of lysozyme and total protein
Lysozyme content was  determined by a Shimadzu liquid

chromatography (Model LC-10AD, Tokyo, Japan) with a diode
array detector (Shimadzu, Japan). A reverse phase column (C18
apHeraTM, 250 mm × 4.6 mm,  Supelco Analytical) was used for
chromatographic separation. The mobile phase consisted of ace-
tonitrile and trifluoroacetic acid (0.1% v/v) at a flow rate of
0.5 mL/min [22]. A sample volume of 50 �L, previously filtered
through a 0.22 �m nylon membrane (Millipore, Bedford, USA) was
injected into the system and monitored by UV detection at 220 nm.
Lysozyme was  identified according to a previously calibration curve
using the lysozyme standard.

Whole protein in the collected fractions was  determined by the
Bradford method [21] using bovine serum albumin as standard.

The collected fractions were also used to determine purity with
SDS-PAGE electrophoresis. Electrophoresis was performed for 2 h
at 100 V using a vertical gel electrophoresis system (BioRad, CA,
USA) and with a 15% polyacrylamide gel. Coomassie brilliant blue
R250 (0.27% (w/v) in acetic acid:water:methanol (1:2.4:4, v/v/v)
was used as the staining solution and the gels were destained using
acetic acid:methanol:water (1:4.3:9, v/v/v) solution.

2.2.6. Lysozyme activity
The activity (U) of the purified lysozyme samples was evalu-

ated by the Shugar method [23], using a commercial kit (LY0100,
Sigma Aldrich). A suspension of 0.1% m/v  Micrococcus lysodeikticus
was prepared using the kit solvent. Samples of solutions contain-
ing lysozyme (30 �L) were added to 800 �L of the suspension. The
analysis was  performed at room temperature. Lysozyme activity
was defined as the quantity that caused the absorbance of the sus-
pension to decrease by 0.001/min at 450 nm.

3. Results and discussion

3.1. Characterization of cryogel matrices

In this study, cryogels were synthesized by radical cryopoly-

merization of AAm as a functional monomer with MAAm in the
presence of AGE. Tris were covalently attached to the epoxy group
on the cryogels to obtain Tris-cryogel (11.7 cm column length).
Swelling capacity was determined as 19.6 ± 0.9 g/g and presented
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Fig. 3. HETP as a function of mobile phase superficial velocities and PEG concentra-
tions of 0% (�); 2.5% (©); 5.0% (�) and 7.5% (�).
Fig. 1. Scanning electronic microscopy of Tris-cryogel.

s a sponge and elastic characteristic. A porous structure was
bserved by scanning electron microscopy (Fig. 1), with uniform
nd interconnected pores ranging from 10 to 80 �m in size.

RTD curves were measured at different superficial velocities,
, from 0.6 to 10.2 cm/min. According to the momentum method,

he mean residence time and variance were determined for each
ow velocity. The bed porosity of 0.91 was determined by linear
egression of Eq. (3) using the results for the mobile phase with 0%
EG. Axial dispersion coefficients varied from 2.0 × 10−8 m2/s for
ower mobile phase viscosity and flow velocity to 7.0 × 10−6 m2/s
or higher viscosity and flow velocity.

Fig. 2 presents E� curves at different flow velocities for mobile
hases containing 0% (w/w) PEG (A) and 7.5% (w/w) PEG (B). The E�

urves of Fig. 2A are close to symmetrical, with dispersion number
alues ( Dax

uL ) around 10−2, indicating a small dispersion. On the other
and, when the PEG concentration was increased to 7.5% in the
obile phase, the E� curves appeared unsymmetrical (Fig. 2B). This

s a result of a great deviation of the plug flow model, with a high
egree of dispersion that could lead to lower adsorption column
erformance.

Fig. 3 presents the HETP as a function of fluid velocity for the dif-
erent PEG concentrations in the mobile phase. The values of HETP
hen the PEG concentration was 0% (the lowest PEG concentra-

ion) were the lowest. When the PEG concentration was increased
n the mobile phase, HETP increased as well and was  more depen-

ent on mobile phase velocity, which concurs with E� curve analysis
Fig. 2). As a result, column adsorption capacity is reduced. Thus,
e can expect higher purification process yield when using less

oncentrated feed solutions.

Fig. 2. Dimensionless E� curves at different flow velocities and two PE
Fig. 4. Experimental data of �P/L at different liquid superficial velocities
(�)  and adjusted equation to determine permeability (−). (�w = 1.003 Pa·s;
Kw = 5.9 × 10−13 m2).

Experimental data for flow resistance is presented in Fig. 4.
A linear relationship was observed between the pressure drop
and flow rate. Hydraulic permeability (Kw) was determined as
5.9 × 10−13 m2 by the Darcy-Weisbach equation. This value was
similar to those obtained for other supermacroporous monoliths
[15,24].
3.2. Adsorption isotherms and thermodynamic analysis

Fig. 5 shows the isotherms at temperatures of 15 ◦C and 35 ◦C for
lysozyme in Tris-cryogel and Table 1 presents the adjusted param-

G concentrations in the mobile phase (A: 0% w/w; B: 7.5% w/w).
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Fig. 5. Adsorption isotherms of lysozyme on Tris-cryogel. (�) 15 ◦ C; (©) 35 ◦ C.

Table 1
Adjusted isotherm parameters fitted by the Langmuir model.

T/(◦C) qmax/(mg/g) P K1 P R2

e
t
s
p
w
e
T

t
p
n
n

(EW) load, washing and elution, which corresponds to lysozyme
adsorbed onto the cryogel matrix. Results demonstrate the speci-
ficity of the Tris-cryogel.

Table 2
Values of �G0, �H0 e �S0 calculated.

Parameters (kJ/mol) 0 mol/L NaCl

15 ◦C 35 ◦C
15 284.68 <0.0001 0.59 0.0001 0.96
35  363.10 <0.0001 1.06 <0.0001 0.98

ters of the Langmuir model. The Langmuir model fits very well
o the experimental data throughout the concentration range. The
aturation capacity of the adsorbent increased with increasing tem-
erature. The maximum absorptive capacity obtained in this work
as comparable or even higher than the values obtained in the lit-

rature [8,10,25,26]. Zhang et al. [9] used supports activated with
ris and obtained the maximum adsorptive capacity of 108.6 mg/g.

To explain the forces involved in the adsorption process, a
hermodynamic analysis was conducted and the thermodynamic

roperties are shown in Table 2. The Gibbs free energy values were
egative, indicating that the adsorption process occurs sponta-
eously. Considering the greater absolute value of enthalpy, we

Fig. 7. Chromatographic profile of (A) feedstock solution and eluted fra
Fig. 6. Adsorption profile of the purification of lysozyme from EW,  with the three
main steps of feedstock loading, washing and elution.

can state that lysozyme adsorption in the adsorbent produced is
governed by enthalpy.

3.3. One step purification of lysozyme from chicken egg white

Fig. 6 illustrates the single peak obtained after feedstock
�G0 −14.80 −14.95
�H0 −12.63
T�S0 2.24

ctions collected at different pH values: (B) 7.5, (C) 8.5 and (D) 9.5.
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Table 3
One step purification of lysozyme from egg white: effect of pH.

Sample pH Total Protein (mg) Total Activity (U) Specific Activity (U/mg) Purification (-fold) Yield (%)

EW 7.5 323.20 445000 1377 1 100
Eluted 7.5 2.15 136036 62207 45 31
EW  8.5 298.0 548167 1839 1 100
Eluted 8.5 2.1 113350 53611.0 29 21
EW  9.5 266.0 624443 2438 1 100
Eluted 9.5 1.59 78417 50285 21 13

Table 4
One step purification of lysozyme from egg white: effect of dilution rate and flow rate.

Sample Flow rate (mL/min) Dilution rate Total Protein (mg) Total Activity (U) Specific Activity (U/mg) Purification (-fold) Yield (%)

EW 1:0 312.7 746,000 2386 1 100
Eluted 2 1:0 1.4 91,052 66,544 28 12
Eluted 4 1:0 1.4 92394 66,087 28 12
Eluted 8 1:0 1.5 97,010 63,842 27 13
EW  1:2 100.3 354,667 3454 1 100
Eluted 2 1:2 2.1 129140 60,302 17 36
Eluted 4 1:2 2.0 133,966 66,253 19 38
Eluted 8 1:2 1.4 140,340 75,197 24 40
EW  1:4 64.9 233,167 3591 1 100

165,600 83,669 23 71
169,145 78,695 22 73
167,218 80871 23 72
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Fig. 8. SDS-PAGE 15%: (1) Feed solution; (2) eluted samples obtained at pH 7.5 (3)
Eluted 2 1:4 2.0 

Eluted 4 1:4 2.2 

Eluted 8 1:4 2.1 

.3.1. Effect of pH
Fig. 7 shows the chromatograms of feed solution and eluted

eaks for the different pH values studied. Feed solution presented
n average lysozyme concentration of 1.87 mg/mL and average pro-
ein concentration of 11.4 mg/mL. Independent of the pH, the eluted
amples essentially showed the peak corresponding to lysozyme,
videncing the specific interaction of this protein with the adsor-
ent, confirming the results obtained by Quan et al. [12].

Purification fold and yield parameters, after one step purifica-
ion of lysozyme in the Tris-cryogel under different pH values, are
hown in Table 3. Purification fold and yield were affected by the
H, with the highest values occurring at pH 7.5. This pH is farthest
rom the isoelectric point of lysozyme, so protein–protein inter-
ctions are reduced and the orientation of the adsorption site of
he protein is more suitable for interaction with Tris. Lysozyme
etained catalytic activity after the chromatographic step, validat-
ng the use of the present technique in the purification process.
he purified enzyme showed a single band after SDS-PAGE under
enaturing conditions (Fig. 8).

.3.2. Effect of flow and dilution rates
The experimental results of purification fold and yield are

resented in Table 4 and were subjected to ANOVA at 95% of sig-
ificance (Table 5). Only the dilution rate significantly affected the
urification fold and yield (p < 0.05).

As shown in Table 4, the adsorbed protein, and therefore the
otal activity in the eluted fraction, increased when EW was  more
iluted. According to Hatti-Kaul and Mattiasson [27], two factors
overn chromatographic processes: solute distribution between
tationary and mobile phases, which interferes with retention and
olubility, and axial dispersion, which influences column efficiency.
onsidering that lysozyme is only 3.4% of the total protein and is a
mall protein compared to the other EW proteins, it is plausible that
teric hindrance could occur because of the high protein concen-
ration, hindering lysozyme access to the Tris-cryogel adsorption

ites. Moreover, the HETP analysis showed that, the higher the PEG
oncentration and consequent higher mobile phase viscosity, the
igher the HETP value (Fig. 3). This could also negatively affect the
olumn yield since EW is a highly viscous solution.
8.5  (3) and (4) 9.5; (5) lysosome standard (1 mg/mL). (a) Ten �L injection; (b) Fifteen
�L  injection.

4. Conclusions

In this work, a new affinity cryogel activated with Tris hydrox-
ymethyl aminomethane was produced and used for one step
purification of lysozyme directly from the chicken egg white.
Tris-cryogel morphology presented a characteristic interconnected
porous structure with high permeability and low backpressure.
Axial dispersion was studied with varying viscosities and flow
velocities in the mobile phase. At low viscosity, axial dispersion
was very low, with the flow profile resembling a plug flow. HETP
was the lowest and not dependent of flow velocity. Increasing vis-
cosity however, a great deviation of the plug flow model with high
degree of dispersion was  observed. In this case, HETP increased and
was dependent on fluid velocity.

Equilibrium adsorption of lysozyme in the Tris-cryogel pre-
sented a dependence of temperature, showing that higher
temperatures favor the maximum adsorption capacity. Ther-
modynamic analysis indicated that adsorption processes were
spontaneous since the Gibbs free energy values were negative and
enthalpically driven. One step lysozyme purification from EW indi-

cated that the highest yield and purification fold was achieved at
pH 7.5 and the highest dilution rate. The hysteric hindrance phe-
nomenon and high HETP may  be responsible for the reduced yield
and purification fold. Finally, the Tris-cryogel successfully purified
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Table  5
ANOVA performed on yield results.

Source DF Yield (%) Purification (-fold)

SS F value SS F value

X1 1 85552.658 1115.30* 1265.483 19.86*

X2 1 63.934 0.83 98.890 1.55
X1*X1 1 20369.451 265.55* 317.401 4.98*

X2*X2 1 0.9524 0.12 0.9995 0.16
X1*X2 1 0.2502 0.03 79.263 1.24
Model 5 10599.80 276.37* 1771.032 5.56*

Error 12 920.495 764.729
Lack of fit 3 54.201 0.19 367.057 2.77
Pure error 9 866.294 397.672
Total 17 10691.86 2535.761
R2 0.99 0.70
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F: degrees of freedom, SS: sum of squares.
* (p < 0.05).

he lysozyme directly from CW in one step, with high yield (72%)
nd purification fold of 23. The Tris-cryogel produced can be used
n high throughput purification of this protein.
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