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Abstract

The present work describes the inhibition studies of free as well as immobilized urease by different heavy metals. Porous
silicon (PS) films prepared by electrochemical etching were used for urease immobilization by physical adsorption. The
enzyme was subjected to varying concentrations of Cr%*, Cr**, Cu®*, Fe?*, Cd** and Ni** and analyzed for the variation
in the activity. To study the effect of other heavy metals on the interaction of urease and Cr®*, free as well as immobilized
urease was subjected to the combination of each metal ion with Cr®". Results proved the sensitivity of free as well as immo-
bilized urease towards heavy metals by observed reduction in activity. Immobilized urease showed less degree of inhibition
compared to free urease when tested for inhibition by individual metal ions and in combination with Cr%*. IC values were
found higher for inhibition by the combination of metal ions with Cr®". Interaction of heavy metal ions with functional groups
in active site of urease and limitations of mass transfer are the two factors responsible for the variation in activity of urease.
Relation between the variation of urease activity and amount of heavy metals can be applied in biosensor development for

determining the concentration of Cr®" present in the water samples.
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Introduction

Enzymes are known for their high catalytic activity and
specificity towards the substrate and are in use for vari-
ous industrial and day to day activities (Choi et al. 2015).
Enzymes catalyze the reaction by decreasing activation
energy and increase reaction rate (Benkovic et al. 2003).
Enzyme activity is a function of active site structure where
the substrate interacts with the enzyme. Interaction of sub-
strate with enzyme involves formation and breaking of
bonds resulting in energy release. The energy released low-
ers the activation energy and carries out reactions on the
substrate. Optimum environmental conditions determine the
extent of enzyme activity and immobilization may offer the
advantages of enzymes applications in adverse conditions
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(Ali Khan and Alzohairy 2010). Immobilization provides
enzyme stability against structural deformation and various
unfavorable environmental conditions (Hartmann and Jung
2010; Zheng et al. 2015b). In addition, ease of separation
and higher reusability by the means of immobilization offers
economic benefits over free enzymes (Zheng et al. 2015a,
2017).

Porous silicon (PS) is one of the widely used support
material used for enzyme immobilization in biosensors
(Daneshjou et al. 2017; Fernandez et al. 2008; Khaldi et al.
2017; Li et al. 2009; Smith et al. 2008; Vemulachedu et al.
2009; Yun et al. 2012). PS offers a higher surface-to-volume
ratio, photoluminescence at room temperature and economi-
cal alternative over the other support materials (Dhanekar
and Jain 2013; Thust et al. 1996).

The activity of enzymes varies with the presence of
organic compounds, heavy metals and substrate analogues.
Heavy metals such as cadmium (Cd), chromium (Cr), copper
(Cu), ferrous (Fe), mercury (Hg), nickel (Ni), and silver (Ag)
affect activity of various enzymes as reported by numerous
studies (Attar et al. 2014; Do and Lin 2016; Fopase et al.
2019; Moyo et al. 2014; Yue et al. 2017). Cr, a well-known
abundant element on earth, its different oxidative forms Cr3*
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and Cr%" have shown influence on the activity of various
enzymes. Studies have reported some adverse effects of Cr
on humans and environment due to its cellular permeability
after exceeding certain concentration (Biswas et al. 2017).
Different enzymes reported for variation in activity in the
presence of Cr are: catalase (Chen et al. 2018), glucose oxi-
dase (Syshchyk et al. 2015), hydrogen peroxidase (Zhou
et al. 2012), tyrosinase (Dominguez-Renedo et al. 2004)
and urease (Fopase et al. 2019; Nepomuscene et al. 2007).

Among many of the enzymes, Jack bean urease
(Canavalia ensiformis; EC 3.5.1.5) has shown sensitivity
towards both oxidative forms of Cr (Behbehani et al. 2012;
Zhang et al. 2011). Urease is well-studied enzyme and has
been in use for the development of various biosensors (Li
et al. 2018; Marchenko et al. 2018; Soni et al. 2018; Vaghela
et al. 2018; Vaidya and Annapure 2019). Various studies
have reported inhibition of urease in the presence of other
heavy metals such as cadmium, nickel, silver (Gumpu et al.
2015), cobalt (Jing et al. 2016), copper (Pan et al. 2016),
lead, mercury (Do and Lin 2016), mercury (Dominguez-
Renedo et al. 2009), and zinc (Wieczorek et al. 2015). The
sensitivity of urease towards the heavy metals makes the
enzyme best suitable for the development analytical system
for the contaminants. Direct and indirect sensing of analytes
by urease is applied due to sensitivity of urease towards the
inhibitor molecules. Reduced activity of urease by pres-
ence of Cr showed its sensitivity towards Cr that makes the
enzyme best suitable for the development of analytical sys-
tem for the Cr.

The present work illustrates the effects of different heavy
metals (Cr®*, Cr**, Cd**, Cu*, Ni** and Fe?*) on urease
activity in free as well as PS-immobilized form. The work
emphasizes the interaction of urease with Cr®* and also
reports the influence of other heavy metal ions on the above
stated interaction. The obtained relation between enzyme
activities with varying metal ion concentrations is useful
for establishing calibration plots for biosensing of respec-
tive metals ions.

Fig.1 Schematic diagram of
electrochemical anodization cell

Anodization Cell

Silicon wafer

=

Platinum
electrode (-ve)

Materials and methods
Materials

Commercial Jack bean urease (Sigma-Aldrich) solution was
prepared in phosphate buffer (pH 7). Laboratory grade urea
was purchased from Merck chemicals. Heavy metal solu-
tions were prepared using their respective salts: potassium
dichromate (K,Cr,0,) for Cr®*, chromium chloride (CrCly)
for Cr**, copper sulfate (CuSO,) for Cu**, ferrous sulfate
(Fe,S0,) for Fe?*, cadmium nitrate (Cd(NO;),) for Cd**,
and nickel chloride (NiCl,) for Ni**.

Phenate method was used to detect NH** ions. Phen-
ate reagent (100 mL) was prepared using 5 g phenol and
95% ethanol. Sodium nitroprusside (0.5%) and alkaline
reagent (trisodium citrate 10 g and sodium hydroxide 0.5 g
for 100 mL) were prepared using deionized water. Standard
graph for NH,* was prepared using (NH,),SO,.

Preparation of porous silicon

Electrochemical anodization method was used to pre-
pare PS film. A crystalline silicon wafer of resistivity
0.01-0.02 © cm and an electrolyte comprising 48% hydro-
fluoric acid and pure acetic acid (1:4) were used for anodiza-
tion. A constant current of 30 mA/cm? was supplied through
a programmable power supply unit for 10 min. Porous layer
formed on the wafer surface was lifted up and were kept in
a vacuum until use. Figure 1 shows the schematic diagram
of the electrochemical anodization cell.

Urease immobilization

Method of physical adsorption was applied for the immobi-
lization of urease. Approximately 1 cm? of PS film was used
for adsorption of urease. 20 ul of urease solution was poured
on the PS surface and allowed to dry at room temperature.

Power Supply
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After drying, urease-immobilized PS films were kept at
4 °C until use. Adsorption of urease over the PS films was
observed with the help of scanning electron microscopy
(SEM) analysis.

Urease assays

Activity assays were performed to compare the activities
of the free and PS-immobilized form of urease. For 10 ml
reaction volume, 20 ul free urease and 1 ml urea were added
and incubated for 15 min at 30 °C. Ammonium ions released
by the action of urease on urea were detected by the phenate
reagent method. Phenate reagent and sodium nitroprusside
(400 pl each) were added to the reaction mixture and mixed
well. One milliliter alkaline reagent was added to reaction
volume and kept in dark incubation for 30 min. The color
developed was analyzed spectrophotometrically at 630 nm.
For immobilized assays, urease-immobilized PS films were
directly dipped into the reaction mixture and removed after
for 10 min of incubation. The samples were analyzed spec-
trophotometric at 630 nm.

Urease inhibition assays

Inhibition assays studied the effects of various metal ions
on the urease activity. 1 ml of varying concentrations of
different metal ions solution was added to the urease assay
mixtures and analyzed spectrophotometrically at 630 nm.

To emphasize the effect of Cr®", urease activity was ana-
lysed in the presence of Cr®" in combination with each of
the stated metal ions. Varying concentrations of metal ions
were added to the reaction mixture of urease with Cr®* and
analyzed spectrophotometrically. Cr®" concentration used
for coexisting ions studies was determined by observed ure-
ase inhibition pattern for Cr®" individually. All inhibition
assays were performed for free as well as for PS-immobi-
lized urease.

Results and discussion
Physical adsorption

Porous silicon film is a porous material with the pores
of a specific diameter range over the surface. Parameters
used for PS preparation resulted in the formation of pores
within the diameter range of 20-40 nm. Physical adsorp-
tion relies on the entrapment of enzyme molecules within
the pores present on the surface of the film (Biswas et al.
2017). Urease has a molecular diameter of approximately
16 nm (Erickson 2009) which allows the entrapment of
urease molecules within the pores obtained over the PS
surface. Figure 2 shows the SEM micrographs for urease
adsorbed on the PS surface. The porous structure of the PS
films appears covered with the layer of urease molecules.

Studies have reported similar results for enzyme immo-
bilized by physical adsorption methods (Chaudhari et al.
2005; Saleem et al. 2016). The change in the appearance
of PS surface observed by SEM confirms the presence of
enzyme molecules on PS film. Retention of enzyme mol-
ecules on PS surface is mainly due to van der Waal forces,
hydrogen bonds and ionic charges present (Jesionowski
et al. 2014; Saleem et al. 2016). Enzyme solution with
less ionic strength shows the interaction of charged amino
acids and OH groups of PS via electrostatic forces (Zhou
and Hartmann 2013). While for immobilizing condition
with the pH equals to the p/ of the enzyme molecules,
van der Waals forces play a crucial role in the retention
of enzyme molecules. Van der Waals forces resulted in
denser clusters of enzyme molecules over PS surface
(Sang et al. 2011). The activity of the adsorbed enzyme
depends on orientation of the active sites during immobi-
lization process.

Fig.2 a SEM micrograph of PS film. b Urease adsorbed over the PS films
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concentrations of heavy metal ions showed the inhibition
patterns of urease and influenced overall enzyme activity.

cr6+

Inhibition assays were performed for inhibitor concentra-
tions ranging from 0.0001 to 100 ppm. Cr®* concentration
up to 1 ppm showed no significant effect on the activity of
free urease (Fig. 3a). Above 1 ppm of Cr®*, activity of urease
linearly decreased with the increasing Cr®" concentration
and showed nearly 65% inhibition of free urease for 100 ppm
Cr®" concentrations (Fig. 3b). 40 ppm Cr®" was the observed
ICs value for free urease. ICy value is the inhibitor concen-
tration for which activity reduces to half of its actual value.
For immobilized urease, activity was affected by trace con-
centration of Cr®*. However, the ultimate decline in activity
for the highest tested concentration of Cr®* was found as
60%. Compared to free urease, immobilized urease showed
only 30% inhibition by 100 ppm of Cr®* (Fig. 3c).

Cré*and Cr3*

Free urease reported more sensitivity towards the Cr** com-
pared to Cr®" and showed a decrease in the activity by up
to 44% for the concentration of 0.0001 ppm. Figure 4a rep-
resents inhibition pattern of free urease for varying Cr**
concentrations. Free urease activity decreased with increas-
ing Cr’* concentrations and showed complete inhibition of
the enzyme above 1 ppm of Cr’*. 0.001 ppm of Cr’* was
the observed ICs, value of free urease. However, immobi-
lized urease showed less sensitivity for trace Cr’* concen-
trations with only 10% inhibition of activity. Inhibition was
increased with increasing Cr** concentrations and approxi-
mately 90% loss of activity was observed (Fig. 4b) for the
maximum inhibitor concentration. The observed ICs, value
of immobilized urease for Cr>* was 0.001 ppm.

Combine inhibition effect of Cr’* and Cr" on free ure-
ase reported negligible effect by 0.0001 ppm Cr’**. Increas-
ing concentration of inhibitors combination resulted in
decreasing activity and ultimately complete inhibition of

Fig.4 Effect of Cr** and in (a)
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on the activity of a free urease & A
and b immobilized urease I - | g5
: A
e.
J'E —#&— Enzyme activity Cr3+ & Cro+H _E
'g - <& - Enzymeactivity Cr3+ 45 é
< 4— Inhibition C13+ & Cré+ =
=1 = =4 - Inhibition Cr3+ ag
3 =
=
F S
0 4 . . . 7 # 15
0.0001 0.001 0.01 0.1 1 10
Cr¥, ppm
—a— Enzyme activty Cr3+ & Cr6+ - -A - Enzyme activty Cr3+
10 Y v Y v 100
9— % inhibition Cr3+ & Cr6+ - =& - % inhibition Cr3+
s 9
g
S 8
=
g 7
z
e .
< s H
g Z
¢ ! z
= 3 =
2
1
0
0.0001 0.001 0.01 0.1 1 10
Cr’, ppm

Pigllase ¢l ay .
e e O) Springer



124 Page 6 of 12

3 Biotech (2019) 9:124

free urease. The observed IC, value of free urease was
approximately 0.01 ppm of a combination of Cr** and Cr%*.
Study confirmed that free urease has higher sensitivity for
Cr’** alone compared to that of in combination of Cr** and
Cr®". Immobilized urease showed a less degree of inhibi-
tion compared to free urease for initial concentrations of
inhibitor combination. The activity of immobilized urease
showed only 60% maximum inhibition with an ICs, value
increased to 0.1 ppm. Combination of Cr** and Cr%* affected
the activity of immobilized urease comparatively lesser to
Cr** alone.

Cr%*" and Cu?*

The presence of Cu’" affected the activity of free ure-
ase up to 60% for a tested range of inhibitor concentra-
tions (Fig. 5a). Lower Cu®** concentration showed nearly
20% inhibition of free urease activity and ICy, value was
observed as 0.01 ppm of Cu*. In combination with Cr®*,

Fig.5 Effect of Cu’* and in (a)
combination with 1 ppm of Cr®*

on the activity of a free urease 25 1 g

—24— Enzyme activty Cu2+ & Cré6+
% inhibition Cu2+ & Cro6+
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ity leading to complete inhibition by Cu** concentrations
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showed the ICy, value of free urease for a combination of
Cu?* with 1 ppm of Cr®". For immobilized urease, highest
Cu?* concentration tested resulted in 60% inhibition, which
was similar to the extent of inhibition of free urease. The
ICs, value of immobilized urease for Cu®* was 0.1 ppm.
Inhibition by a combination of varying Cu** concentra-
tions and 1 ppm of Cr®" showed different effects on free
and immobilized urease (Fig. 5b). 0.1 ppm Cu** and higher
concentrations in combination with Cr®* completely inhib-
ited the activity of free urease while for immobilized urease
only 47% inhibition was achieved for the tested range. The
observed ICs, values of free and immobilized urease were
in the range of 0.01-0.1 ppm of Cu** and 10 ppm of Cu** in
combination with 1 ppm of Cr®*, respectively. Results signi-
fied that free urease has higher sensitivity towards an inhibi-
tory combination of metal ions compared to Cu** alone.
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Cr®* and Ni**

Free urease showed high sensitivity for the presence of
Ni** by showing 40% inhibition by trace amount of Ni**
(Fig. 6a). The activity was decreased further with increasing
Ni?* concentration and reported complete inhibition of free
urease. The observed ICs, of urease for Ni** was approxi-
mately 0.0001 ppm. For immobilized urease, no such sensi-
tivity was observed and only 20% inhibition within the tested
range of Ni?" was found (Fig. 6b).

Study for effects of Ni** and Cr®* combination on free
urease showed negligible sensitivity for the concentration up
to 0.1 ppm of Ni**. Further increase in Ni** concentration
resulted in a rapid decrease in activity followed by com-
plete inhibition of free urease. However, immobilized urease
showed moderate sensitivity towards the inhibitor combina-
tion with the observed ICs, value of 1 ppm. The highest
Ni** concentration used in combination of Cr®" showed 70%
inhibition of immobilized urease.

Fig.6 Effect of Ni>* and in
combination with 1 ppm of Cr%*
on the activity of a free urease
and b immobilized urease

—_
&
~

Enzyme Activity, mM/min

<©— Inhibition Ni2+ & Cré6+

Cr®* and Cd**

Free urease showed sensitivity towards Cd>* in the tested
range and the ICs, value was observed between 0.01 and
0.1 ppm of Cd** (Fig. 7a). Free urease activity was com-
pletely inhibited by 10 ppm and above concentrations of
Cd**. Comparatively, Cd*" showing only 20% inhibition
of activity showed a small extent of inhibition of immobi-
lized urease for the tested range (Fig. 7b).

For Cd** and Cr®" combination, free urease showed no
effect for Cd** concentrations less than 0.1 ppm. With fur-
ther increases in metal ion concentrations, rapid decrease
in activity of free urease was observed. ICs, value of free
urease for Cd>* and Cr®" combination was in the range of
1-10 ppm of Cd**. For immobilized urease, Cd** and com-
bination of Cd** with Cr®" showed a similar trend of inhibi-
tion until the concentration of 0.1 ppm of Cd>*. Activity was
further decreased for the combination of inhibitors. Inhibi-
tion studies showed around 60% inhibition of immobilized
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Fig.7 Effect of Cd>* and in (a)
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urease by inhibitors combination with the I1Cs, value of
1 ppm of Cd**.

Cr®* and Fe**

The presence of Fe’" reported strong inhibition of free
urease for concentration higher than 0.1 ppm (Fig. 8a).
The ICs, value of free urease for Fe** was observed as
0.01 ppm, approximately. Immobilized urease showed
around 60% inhibition for the tested range of Fe?*
(Fig. 8b). However, the extent of inhibition for immobi-
lized urease was less than that of free urease. The observed
ICs, value of immobilized urease for Fe** was 0.1 ppm,
approximately. Combined effect of Fe>* and Cr®" showed

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

only 20% inhibition of free urease and 30% inhibition of
immobilized urease for the tested range.

Table 1 illustrates the ICs, values of free and immobi-
lized urease for the above-mentioned heavy metal ions and
in combination with 1 ppm of Cr®". Based on ICs values,
the order of sensitivity for free urease was observed as
Ni?* > Cu** > Cr’* > Fe** > Cd** > Cr®". Sensitivity of ure-
ase towards heavy metals is previously reported by various
other researchers (Krajewska and Brindell 2016; Preininger
and Wolfbeis 1996; Volotovsky and Kim 1997). Reported
order of degree of inhibitions for soil urease by various
heavy metals is: Ag>Hg>Cu>Ni>Co>Cd>Fe>Zn>Pb
(Preininger and Wolfbeis 1996). Another study suggested the
inhibition order as Cu>* > As** > Cr’** > Cd** > Zn?* > Pb**
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Fig.8 Effect of Fe’* and in
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Table 1 ICs values of free

and immobilized urease for Metal ion ICs;, (ppm) for free urease 1C5, (ppm) for immobilized urease
individual different heavy metal In individual With 1 ppm of Cr®* In individual With 1 ppm of Cr®*
ions and in combination with
1 ppm Cr%* Cr* 40 NA <50% inhibition NA

crit 0.001 ~0.01 0.001 0.1

Cu?* 0.001 ~0.01 0.01 1

cd** 0.01-0.1 1-10 <50% inhibition 1

Ni2* 0.0001-0.001 1 <50% inhibition 1

Fe?* 20.01 <50% inhibition 1 <50% inhibition

in case of urease extracted from soybeans (Magomya et al.
2017).

Enzyme inhibition by heavy metals is a well-studied
research area. Interaction of metal ions with the active

site results in the decreased activity of urease. Interaction
of heavy metal ions with —SH groups of Cys-592 in the
active site is analogous to the formation of metal sulfides
(Zaborska et al. 2001). Resulting insoluble metal sulfides
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are toxic to the enzyme thus, the inhibition (Shaw and
Raval 1961). Studies correlating toxicity and insolubility
of metals sulfides have confirmed the formation of metal
sulfides at active sites of urease (Preininger and Wolfbeis
1996; Shaw and Raval 1961; Toren and Burger 1968). Some
of the studies have reported few evidences for involvement
of some other functional groups of enzyme in addition to
—SH groups. Nitrogen- (from histidine) and oxygen- (from
aspartic and glutamic acid) are the other significant groups
which may involve the binding of metal ions (Follmer and
Carlini 2005; Krajewska 2008). The choice of binding site
for individual metal ion is based on the concept of hard and
soft acids-bases concept which includes the strength of elec-
tronegativity (Pearson 1968). Sulfhydryl groups present in
the active site are responsible for catalytic structure of urease
active site. Binding of metal ions to —SH groups results in
the change of catalytic structure of active site leading to
variation in enzyme activity. Most of the metal inhibition
reactions of urease are non-competitive and slow binding
processes (Liu et al. 1995; Oehlschliger et al. 1998; Zabor-
ska et al. 2001).

In overall, the sensitivity of immobilized urease was
observed comparatively lesser than free urease. Sensitivity
here is the function of variation in enzyme activity by least
amount of metal ion concentration. Decrement in activity
of urease is due to involvement of —SH groups in active site
with metal ions as discussed previously. There are two pos-
sible explanations for the reduced sensitivity of immobilized
urease: first, the active site of immobilized urease may not
readily available for the binding with metal ions because of
unfavorable orientations (with regarding inhibitors). Sec-
ond, mass transfer limitations might have restricted passage
of metal ions to active sites, which is reflected in reduced
enzyme activity. Based on the two possible reasons, reduced
sensitivity resulted in the higher ICy, values of metal ion
concentrations.

Conclusion

With the parameters used for anodization of crystal silicon
wafer, thin porous films with average pore size of 40 nm
were obtained. Urease molecules with molecular size of
approximately 16 nm were immobilized on the surface of
PS films. SEM analysis confirmed the physical adsorption
of urease molecules on PS surface based on the change of
surface morphology of PS films.

Inhibition assays with Cr%*, Cr**, Cu?*, Fe?*, Cd** and
Ni* for urease in free and immobilized form were carried
out and the results showed the higher sensitivity of free ure-
ase towards trace amount of Cr’* compared to Cr®*. Based
on the ICs, values, the order of inhibition of free urease by
tested metals was Ni*" > Cu?" > Cr’* > Fe?* > Cd** > Cr*.
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In the case of immobilized urease, Cr>* and Cu®** showed
higher inhibition capability compared to all other metal ions
tested.

Effect of other heavy metal ions on the interaction of Cr%*
with urease showed the increase in ICs, values for urease
in free as well as immobilized form. In addition, the sen-
sitivity was observed to decrease for all the metal ions. In
overall, urease has shown higher sensitivity towards Cr** in
free, immobilized and in combination with Cr®* followed
by Cu*™.

Variation in the activity of urease showed a relation with
metal ion concentration. The relation may apply for the devel-
opment of an analytical system to determine the respective
concentration metals. Effects of other different heavy metals
on the inhibition of urease by Cr%" may offer crucial help while
applying the concept for determination of dissolved Cr®* pre-
sent in the water samples.
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