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a b s t r a c t

Collagenases are proteolytic enzymes capable of degrading both native and denatured collagen, reported
to be applied in industrial, medical and biotechnological sectors. Liquid-liquid extraction using aqueous
two-phase system (ATPS) is one of the most promising bioseparation techniques, which can substitute
difficult solid-liquid separation processes, offering many advantages over conventional methods
including low-processing time, low-cost material and low-energy consumption. The collagenase pro-
duced by Penicillium sp. UCP 1286 showed a stronger affinity for the bottom salt-rich phase, where the
highest levels of collagenolytic activity were observed at the center point runs, using 15.0% (w/w) PEG
3350 g/mol and 12.5% (w/w) phosphate salt at pH 7.0 and concentration. The enzyme was characterized
by thermal stability, pH tolerance and effect of inhibitors, showing optimal collagenolytic activity at 37 �C
and pH 9.0 and proved to be a serine protease. ATPS showed high efficiency in the collagenase purifi-
cation, confirmed by a single band in SDS/PAGE, and can in fact be applied as a quick and inexpensive
alternative method.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Collagen is a protein composed of three peptide chains associ-
ated in a triple helical structure, found in connective tissues of
animals and corresponding to about 30% of the entire protein
content in the human body [1,2]. Collagenases are proteolytic en-
zymes capable of degrading both the native and denatured collagen
[3e5] and they are related to physiological and pathological pro-
cesses, with many applications in industry, medicine and biotech-
nology, as collagen hydrolysis, wound repair and production of
bioactive peptides [5e9].
orto).
Among several methods described in the literature for separa-
tion and purification of proteases, ultrafiltration, precipitation and
chromatography are the most common used [10]. However, for
industrial scale, such procedures are not considered profitable due
their high cost and long processing time [11]. Thus, the search for
alternative protease purification methods has become increasingly
common [12]. Liquid-liquid extraction using aqueous two-phase
systems (ATPS) is one of the most promising bioseparation tech-
niques which can, although being simple and inexpensive, be used
in place of difficult solid-liquid separation processes, in the initial or
subsequent purification steps [13].

Aqueous two-phase system has potential industrial applications
because its: environment-friendly; low cost, processing time and
power consumption; capacity of continuous operation and ease of
scaling-up. Composed by a mixture of two polymers or a polymer
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Table 1
Factor levels of the 24-full factorial design used to investigate collagenase partition
and purification by ATPS.

Factor Level

Low (�1) Center (0) High (þ1)

PEG molar mass (MPEG) 1500 3350 8000
PEG concentration (CPEG) 12.5 15.0 17.5
Phosphate concentration (CPHOS) 10.0 12.5 15.0
pH 6.0 7.0 8.0
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and a salt (constituting two aqueous phases), ATPS has been used in
bioprocesses which aim to recover and purify many biological
products including proteins, genetic material, bionanoparticles,
cells and organelles [12,14e16].

ATPS has been used to partition and recover several molecules
as: human antibodies [17], catalase [18], clavulanic acid [19,20],
polygalacturonases [21], citrinin [22], pepsin [23], bromelain
[24,25], tannase [26], xylanase [27], lipase [28e30], elastase [31],
alkaline protease [12], laccase [32], fibrinolytic proteases [33,34]
and others. ATPS formed by PEG and phosphate has been
described in collagenase extraction due PEG's favorable physical
properties, particularly as regards viscosity and differences in
density between the phases [7,13].

The present work aims to extract, purify and characterize a
collagenase produced by Penicillium sp. UCP 1286, isolated from
Caatinga's soil (Pernambuco e Brazil), and determine the best
conditions for purification by ATPS. For this purpose, a 24 full
factorial design was applied to determine the optimal levels of PEG
molar mass, pH, phosphate salt and PEG concentrations.

2. Materials and methods

2.1. Microorganism

Penicillium sp. strain (UCP 1286) isolated from the soil of Serra
Talhada, PE, Brazil (Caatinga biome) was obtained from UCP -
Catholic University of Pernambuco Collection (UNICAP).

2.2. Culture medium

Malt Extract Agar was used as maintenance medium composed
by:malt extract (0.5%), peptone (0.1%), glucose (2%) and agar 1.5 (%).
The preparation of culture medium followed the methods of Lima
et al. [35], with modifications, composed by: gelatin (0.5% w/v),
MgSO4$7H2O (0.025 w/v), K2HPO4 (1.5 w/v), FeSO4$7H2O (0.015 w/
v), CaCl2 (0.025 w/v) and mineral solution (1% v/v).

2.3. Azocoll assay for collagenolytic enzyme activity determination

Azo dye-impregnated collagen (Azocoll; Sigma Chemical Co., St
Louis, MO) assay was carried out according to a modified version of
the method developed by Ref. [36]. The absorbance of supernatant
was measured at 520 nm by a UV-Vis spectrophotometer (model
B582; Micronal, S~ao Paulo, Brazil). One unit of enzyme activity (U)
was defined as the amount of enzyme, per milliliter, necessary to
increase the absorbance by 0.1, because of the formation of azo dye-
linked soluble peptides.

2.4. Protein measurement

Protein concentration was determined by the method of Brad-
ford [37] modified by the use of “Coomassie Blue Bright G-250” to
bind proteins. The calibration curve was obtained from stock so-
lutions of bovine serum albumin (BSA).

2.5. Aqueous two-phase system preparation

A phosphate buffer solution (PBS, 40% w/w) was prepared ac-
cording to Lima et al. [7], at room temperature (25 ± 1 �C). Sub-
sequently, PEG solutions with different molar masses, specifically
1500, 3350 and 8000 g/mol, were dissolved (60% w/w) in PBS and
transferred to 15-mL graduated tubes. Aliquots of the fermented
broth corresponding to 20% (w/w) of the total mass of systemwere
later added, along with enough water to give a 10 g system. After
1 min of vortex shaking, the two phases were separated by settling
for 120 min. The volume of each phase was then measured, and the
protein concentration and collagenase activity were determined. To
avoid interference of PEG and phosphate salt, all the samples were
compared with protein-free standard solutions, with the same
phase composition.

2.6. Experimental design

A 24 full factorial designwas utilized to evaluate the influence of
four independent variables, namely PEG molar mass (x1), PEG
concentration (x2), pH (x3), and phosphate salt concentration (x4)
on the parameters of partition coefficient, activity yield and puri-
fication factor of the collagenolytic enzyme. The experimental
design included 16 runs and 4 repetitions at the central point,
which were necessary to calculate the pure error (Table 1). A linear
regression model was employed to predict the response, according
to eq. (1):

R ¼ b0þ
X

bixiþ
X

bjxjþ
X

bijxix (1)

where b0 is the interception coefficient, bi and bj are the linear
coefficients, bij are the interaction coefficients and xi and xj are the
independent variables. The goodness of fit of the model was eval-
uated by the coefficient of determination (R2) and the analysis of
variance (ANOVA); the first-order model equation was determined
by Fischer's test. The experimental and predicted values were
compared and the developed model validated with Statistica 8.0
software (StatSoft Inc., Tulsa, OK, USA).

2.7. Determination of the partition coefficient, activity yield and
purification factor

The collagenase partition coefficient was determined as the
ratio of the collagenase activity in the top phase (AT) to that in the
bottom phase (AB):

K ¼ AT

AB

The activity yield was defined as the ratio of AB to the initial
activity in the fermentation broth (AF) and expressed as a
percentage:

Y ¼
�
AB

AF

�
� 100

The purification factor was calculated as the ratio of the specific
activity in the bottom phase (AB/CB) to the initial specific activity in
the fermentation broth before partition (AF/CF):

PF ¼
AB
CB

AF
CF

where CB and CF are the protein concentrations, expressed in mg/
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mL, in the bottom phase and the fermentation broth, respectively.

2.8. Characterization of the extracted collagenase

2.8.1. Effects of pH and temperature on the collagenolytic enzyme
activity and stability

To evaluate the effects of pH on the collagenolytic enzyme ac-
tivity, the pHs of the reaction mixtures containing 0.5% (w/v) azo-
coll were varied over the range of 3.0e11.0. The buffers used were
0.05 M citrate (pH 3.0 to 6.0), 0.05 M Tris-HCl (pH 7.0 to 9.0), and
0.05 M carbonate-bicarbonate (pH 10.0 to 11.0). For the stability
tests, the filtrate culture was incubated (from 1 to 24 h) at 4 �C
(temperature at which the enzyme thermoinactivation is expected
to be low) in the above-described buffers at different pH values.

Buffer solutions (0.05 M Tris-HCl, pH 9) containing 0.5% (w/v)
azocoll were used to investigate the temperature effects on the
enzyme activity. To determine the optimal temperature, the reac-
tion mixtures were incubated at temperatures from 25 to 70 �C,
whilst for the thermostability tests the enzymes were pre-
incubated for 15e180 min at the same temperatures. The residual
activity was calculated as the ratio between the enzymatic activity
observed at the end of each reaction time and the initial activity,
expressed as percentage.

2.8.2. Substrate specificity
To test the substrate specificity, the proteolytic activities of the

extracellular collagenolytic enzyme produced by Penicillium sp.
UCP 1286 and a commercial collagenase were determined by using
insoluble collagen (type I and type V), gelatin and azocasein as
substrates. Azocasein was used to compare the enzyme specificity.

The enzyme activity using insoluble collagen as substrate was
performed according to Endo et al. [47]. The standard reaction
mixture, containing 25 mg of collagen (type I and V, from bovine
Achilles tendon) in 5 mL of 0.05 M Tris-HCl buffer (pH 7.0), was
incubated with 1 mL of enzyme samples at 37 �C. The amount of
free amino groups releasedwasmeasured by the ninhydrinmethod
of Ref. [38]. One activity unit (U) was defined as the number of mmol
of L-leucine released as a result of the action of 1 mL culture filtrate
containing collagenolytic enzyme, after 18 h at 37 �C.

Collagenolytic enzyme activity on gelatin was determined by
themethods of Ref. [39], slightly modified. The reactionwas carried
out at 37 �C for 18 h after the addition of 0.1 mL of the enzyme
solution to 1.0 mL of a solution containing 2 mg gelatin in 0.05 M
Tris-HCl buffer (pH 7.5). The reactionwas stopped by the addition of
0.1 mL of 10% (w/v) trichloroacetic acid. The medium was centri-
fuged at 10,000�g for 10 min. The supernatant (0.2 mL) was mixed
with 0.5 mL of ninhydrin solution, heated at 100 �C for 10 min,
cooled in icewater for 5min, and further diluted with 2.5mL of 50%
(v/v) 1-propanol. After centrifugation at 12,000�g for 10 min, the
absorbance of themixturewasmeasured at 570 nm. One unit (U) of
enzyme activity was expressed as mmol of L-leucine equivalents
released per min.

The enzyme activity on azocasein was determined according to
Leighton et al. [48], with 1% (w/v) azocasein in a 0.1 M Tris-HCl
buffer (pH 7.2). One unit (U) of protease activity was defined as
the amount of enzyme required to raise the optical density at
440 nm by one unit after 1 h.

2.8.3. Effect of inhibitors
The effects of protease inhibitors were tested following their

manufacturer's guide. The inhibitors tested were: phenyl-
methylsulfonyl fluoride (PMSF) for serine proteases, ethyl-
enediaminetetraacetic acid (EDTA) for metalloproteases, and
iodoacetic acid (IAA) for cysteine proteases, at the concentration of
10 mM. For the sensitivity determination, the enzyme solution was
pre-incubated for 30 min at 37 �C in the presence of the inhibitors.
The residual activity was determined as the percentage of the
proteolytic activity in the control sample (without any inhibitor).
The collagenolytic activity was performed using the azocoll
method.

2.8.4. Polyacrylamide gel electrophoresis (SDS-PAGE)
Samples were analyzed by SDS-PAGE in a 15% polyacrylamide

gel, according to Ref. [40]. The protein molecular markers were
phosphorylase b (97.0 kDa), bovine serum albumin (66.0 kDa),
ovalbumin (54.0 kDa), carbonic anhydrase (30.0 kDa), trypsin in-
hibitor (20.1 kDa) and a-lactalbumin (14.4 kDa). The gel was loaded
with 20 mL of the concentrated enzyme, and subjected to electro-
phoresis at a constant current of 100 V. Gel was stained with 0.25%
(w/v) Comassie Brilliant Blue R-250 in methanol-acetic acid-water
(45:10:45) and unstained in the same solution without dye.

2.8.5. Zymogram
The proteolytic activity of the purified band was confirmed by

zymogram analysis. To prepare a zymogram, the enzyme was
mixed under non-reducing conditions with SDS-PAGE sample
buffer and electrophoresed in a 15% polyacrylamide gel with 0.1%
(w/v) gelatin incorporated as substrate. The gel was loaded with
20 mL of the enzyme sample, subjected to electrophoresis at a
constant current of 100 V at 4 �C and incubated for 1 h at room
temperature with 2.5% (v/v) Triton X-100 and for 18 h at 37 �C in
50mM Tris-HCl buffer, pH 9.0. The gel was stained and unstained as
described in the previous section.

3. Results and discussion

Table 2 shows the results of the 24 factorial design for extraction
of the collagenase from Penicillium sp. UCP 1286 by ATPS. The
observed responses were the collagenolytic activities of top (AT)
and bottom (AB) phases, the partition coefficient (K), the activity
yield (Y) and the purification factor (PF) of bottom phases. It should
be taken into account that the run 5 did not form a biphasic system,
probably because the concentrations of the components were
below or very near the critical point of the binodal curve, point in
which the systems are monophasic [41].

Collagenase obtained from ATPS showed high affinity for the
bottom phase, where the highest collagenolytic activity values
(797e812 U/mL) were observed at the center point runs, using
15.0% (w/w) PEG 3350 g/mol and 12.5% (w/w) phosphate salt at pH
7.0.

The partition coefficient parameter, which is used to evaluate
the separation of biomolecules in ATPS, was not statistically
analyzed because all calculated values were lower than 1 in all the
runs, with values between 0.01 and 0.02. That means an almost
complete migration of the collagenase enzyme to the salt-rich
phase.

These results indicate that large-sized polymers create a
repulsive effect on the collagenase partition, which leads then to a
decrease in the partition coefficient. For the extracted collagenase,
that decrease may be associated with the higher hydrophobicity of
the top phase in addition to the volume exclusion effect resulted
from high values of the PEG molar mass [20]. Babu et al. [42] sug-
gest there be a relation between the MPEG and the partition co-
efficient (K), since the increase in the molar mass tends to reduce
the available space (excluded volume) for biomolecules in the top
phase, which induces their migration to the bottom phase.

Lima et al. [7] performed a 24 factorial design for purification of
collagenase produced by Penicillium aurantiogriseum and found the
best enzyme activity in the top phase, using 17.5% (w/w) PEG
1500 g/mol, and 15.0% (w/w) phosphate salt at pH 6.0. That



Table 2
Factor level combinations and results of the 24 factorial design applied to investigate the extraction of collagenase from Penicillium sp. UCP 1286 by PEG/phosphate ATPS. No
biphasic system was observed in the run 5.

Run MPEG
a (g/mol) CPEGb (%w/w) pH CPHOSc (%.w/w) AT

d

(U/ml)
AB

e

(U/ml)
Kf Yg (%) PFh

1 1500 12.5 6 10 8.15 458.00 0.02 46.81 5.65
2 8000 12.5 6 10 0.86 545.00 0.01 55.71 12.26
3 1500 17.5 6 10 5.56 377.50 0.01 38.59 4.02
4 8000 17.5 6 10 2.65 405.00 0.01 41.40 12.23
5 1500 12.5 8 10 e e e e e

6 8000 12.5 8 10 1.37 411.00 0.01 42.01 10.03
7 1500 17.5 8 10 8.20 373.50 0.02 38.18 2.74
8 8000 17.5 8 10 0.90 332.00 0.01 33.94 7.29
9 1500 12.5 6 15 3.24 400.00 0.01 40.89 6.63
10 8000 12.5 6 15 3.45 332.50 0.01 33.99 12.02
11 1500 17.5 6 15 7.03 504.00 0.01 51.52 7.81
12 8000 17.5 6 15 3.62 305.50 0.01 31.23 10.78
13 1500 12.5 8 15 8.00 553.50 0.01 56.58 5.56
14 8000 12.5 8 15 2.80 348.50 0.01 35.62 9.69
15 1500 17.5 8 15 6.50 362.00 0.02 37.00 2.98
16 8000 17.5 8 15 5.06 264.50 0.02 27.04 4.73
17(C) 3350 15 7 12.5 1.15 797.00 0.01 81.47 25.23
18(C) 3350 15 7 12.5 1.06 797.00 0.01 81.47 24.55
19(C) 3350 15 7 12.5 1.02 799.50 0.01 81.72 25.31
20(C) 3350 15 7 12.5 1.11 812.00 0.01 83.00 27.61

-, no biphasic system.
Pure error of the experiments ¼ 0.53.

a PEG molar mass.
b PEG concentration.
c Phosphate concentration.
d Collagenolytic activity of top phase.
e Collagenolytic activity of bottom phase.
f Partition coefficient.
g Activity yield of bottom phase.
h Purification factor of bottom phase.
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preferential migration for the top phase actually difficults the re-
covery of final product, since it is composed by PEG. Rosso et al. [13]
used ATPS for purification of collagenase produced by
P. aurantiogriseum and observed similar partition of the target
protein between the two phases, probably due a salting out effect
proportional to the volume exclusion effect, using 20% (w/w) PEG
molar mass 550 g/mol and 17.5% (w/w) potassium phosphate.

Table 3 shows the statistical analysis for the activity yield, where
all independent variables and their interactions (bold numbers)
were statistically significant at a confidence level of 95%, except for
the PEG molar mass (x1), which was maintained in the model only
Table 3
Estimated effects of the independent variables and their influence on the activity
yield (Y) of the collagenase.

Independent variable and interaction Estimated effect p value

Mean/intercept 46.91 <0.05
*x1 (MPEG) �1.08 0.06
x2 (CPEG) ¡1.59 <0.05
x3 (pH) ¡8.72 <0.05
x4 (CPHO) 2.15 <0.05
x1 x2 ¡6.84 <0.05
x1 x3 2.79 <0.05
x1 x4 ¡13.44 <0.05
x2 x3 2.08 <0.05
x2 x4 ¡3.48 <0.05
x3 x4 8.37 <0.05

PEG molar mass (x1).
PEG concentration (x2).
pH (x3).
phosphate salt concentration (x4).
*Independent variable effect not statistically significant at a confidence level of 95%.
to minimize the error determination. As shown in Table 2, 80% of
the activity yield values were found in the bottom phase of center
point runs. Lima et al. [7] reported lower yields, with the highest
value obtained on the run 15 (61.68%), using 17.5% (w/w) PEG 8000
(g/mol) and 15% (w/w) phosphate salt (pH 8.0), although that run
did not present the highest purification factor (2.65). Rosso et al.
[13] showed high efficiency values for a collagenase from
P. aurantiogriseum, with the highest yield found in the top phase
(376.8%) of the run 3, which used 20% (w/w) PEG 550 g/mol and
12.5% (w/w) phosphate. Following the authors, the highest yield
was not related to the highest purification factor, which was found
in the run number 7 (equivalent to 23.5) by using 20% (w/w) PEG
550 and 17.5% (w/w) phosphate salt.

The analysis of the PF response showed that only PEGMM and
pH (independent variables) were statistically significant at a con-
fidence level of 95%. Similar to the observed partition coefficient, an
increase in the PEGMM affected positively the purification factor of
the enzyme, i.e. the volume occupied by the polymer is propor-
tional to its concentration and chain length (or molar mass),
resulting in a reduced space for biomolecules in the top phase of
the system and consequently their partition to the bottom phase,
the so-called volume exclusion effect [13,24,41,43].

It was observed that, at low pH values, the enzyme migrated
preferentially to the bottom salt-rich phase. The pH of the system
influences the ionizable groups of a protein and alters the protein
surface charges. At high pH values, the protein is more negatively
charged, and thus the partition coefficient of proteins increases
proportionally to the pH increment [44] due to electrostatic in-
teractions between the proteins and PEG [45].

The concentration of proteins partitioned in the salt-rich phase,
considering the runs at the center point, were lower than the one in
the PEG-rich phase (0.007 and 0.166 mg/mL, respectively), and this
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Fig. 1. (A) Effects of pH on the activity of collagenase from Penicillium sp. UCP 1286 purified by ATPS, expressed as percentage of the maximum activity obtained in 0.05 M Tris-HCl
buffer (pH 9.0). (B) Effects of pH on the stability of the collagenase from Penicillium sp. UCP 1286 purified by ATPS, expressed as residual activity (compared to the initial activity).
Each value represents the mean of two experiments, and the error bars show the standard deviations.
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low protein content in the bottom phase (corresponding to the
collagenase enzyme) was reflected in the high purification factor
(PF) values, which were found to be well above 1, as shown in
Table 2.

Rodríguez-Dur�an et al. [26] reported that contaminated mole-
cules were preferentially partitioned in the PEG phase. A possible
explanation for this would be the fact that enzymes from different
sources have significant variations in their molecular weight. Low
molecular weight proteins, which contain hydrophobic residues on
their surface, are preferably partitioned in PEG phase due Van der
Waals forces. On the other hand, for high weight molecules, the
partition is driven by entropic effect and the protein is partitioned
into the salt-rich phase. Collagenases are intermediate molecular
weight in the range of 60e130 kDa. Probably, the pH and PEGMM
effects on the system, protein charges and molecular weight, all
together, have influenced the collagenase preferential partition
towards the salt-rich phase. Several studies have shown other en-
zymes with similar properties [23,46].

Fig. 1(A) shows the pH dependence of the collagenolytic activity.
The enzyme was found to be very active between pH 7.0 and 9.0. At
pH 6.0, only 25% of the activity remained, and this reduction in the
activity became more pronounced with increasing acid (pH 3.0 to
5.0) and basic (pH 10 and 11) conditions. Fig. 1(B) shows the
A B

0

20

40

60

80

100

120

25 °C 37 °C 45 °C 55 °C 65 °C 75 °C

Re
la

�v
e 

ac
�v

ity
 (%

)

Temperature

Fig. 2. (A) Effects of temperature on the activity of the collagenase from Penicillium sp. UCP
37 �C. (B) Effects of the temperature on the stability of the collagenase purified by ATPS, expr
mean of two experiments, and the error bars show the standard deviations.
stability at pH between 7.0 and 9.0, during 24 h of incubation at
4 �C. The enzymewas quite stable between pH 7.0 and 9.0, retaining
about 85e90% of its initial activity, even after 24 h.

Fig. 2(A) shows the optimum temperature for the collagenase
activity at 37 �C. Above 45 �C, the enzyme activity was gradually
decreased until its complete inhibition at 55, 65 and 75 �C. Fig. 2(B)
shows the effects of the temperature on the enzyme stability over
6 h. The enzyme stability, tested at two temperatures, was main-
tained by approximately 90% of its activity even after 6 h.

The substrate specificity of enzyme was tested using azocoll,
collagen (types I and V), gelatin and azocasein. The highest activity
was obtained with azocoll (700 U/mL), considered as 100%. The
relative activities for the other substrates tested were lower,
reaching about 20% by using gelatin and type I collagen, 52% using
type V collagen and 2% in the tests with azocasein.

The evaluation of the effect of inhibitors on the extracted
collagenase enzyme showed that after 30min of incubation at 37 �C
and in presence of 10 mM of PMSF (that inhibits serine proteases),
the enzyme activity was reduced to 0 (indicative of serine prote-
ase), whilst in the presence of 10 mM iodoacetic acid (that inhibits
cysteine proteases) a residual activity of 80.22% was maintained.
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enzyme activity.
The electrophoresis and zymogram of the purified collagenase

by ATPS are presented in Fig. 3A and B, respectively. The purified
enzyme presented a single band in the polyacrylamide gel elec-
trophoresis, corresponding to a molecular weight (MW) of
approximately 28 kDa, while crude extract showedmultiples bands
(Fig. 3A). Zymogram analysis (Fig. 3B) confirmed bands with col-
lagenolytic activity.

4. Conclusions

The extraction and partition of a collagenase produced by
Penicillium sp. UCP 1286 based in aqueous two-phase system
(ATPS) was effective. The yield and partition coefficient were
satisfactory when compared to previous reports regarding the
potential of ATPS to purify collagenases. The center point runs
presented the best values of yield and partition coefficient, while
the PEGMMand the pH affected differently the enzyme purification
factor (positively and negatively, respectively). The enzyme pre-
sented optimal collagenolytic activity at 37 �C and pH 9, was stable
in relation to pH and temperature and suggested to be a serine
protease (as shown by inhibition by PMSF). A single band in the
SDS/PAGE electrophoresis confirmed ATPS as a rapid and low cost
method for the collagenase purification.
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