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Abstract
Phenol, a pollutant frequently found in chemical industries effluents, is highly toxic even 
in low concentrations. This study reports a green, simple, and rapid method for qualitative 
phenol biosensing using horseradish peroxidase (HRP) hybrid nanoflowers made with cop-
per (Cu2+-hNF) or calcium (Ca2+-hNF) ions. The enzyme was immobilized through pro-
tein-inorganic self-assembly into hybrid structures and subsequently supported onto a pol-
yvinylidene fluoride (PVDF) membrane. SEM, EDS, FTIR, and XRD techniques sustained 
the effective enzyme encapsulation into hybrid structures. The protein concentration in the 
structures was 0.25 mg.mL−1 for both ions. The best temperature and pH were 60 °C and 
7.4, respectively, for both hybrids and the free enzyme, suggesting that the immobilization 
did not affect the optimal conditions of the free HRP. Thermal stability from 25 to 70 °C 
and pH stability from 4.0 to 9.0 of the hybrids were also determined. Finally, using copper 
and calcium hybrids, both biosensors produced onto a PVDF membrane could detect phe-
nol in concentrations ranging from 0.72 to 24.00 µmol.mL−1 in 1 min. In contrast, control 
biosensors produced with free enzyme have not presented a visible color change in the 
same conditions. The findings suggest a promising application of the developed biosensors 
in functional phenol detection.

Keywords  Organic–inorganic hybrids · Hybrid nanoflowers · Enzyme immobilization

Introduction

Peroxidases (EC 1.11.1.x) encompass a vast group of valuable biocatalysts involved in the 
numerous oxidative reactions which use hydrogen peroxide as electron acceptors. They 
perform an essential function in many biologic reactions in almost all living organisms. 
Consequently, it is not difficult to find peroxidases with distinct origins being employed in 
the most diverse scenarios, such as food engineering [1–3], pharmaceutical applications [4, 
5], and wastewater treatment [6–10]. Among those, horseradish peroxidase (HRP) repre-
sents the principal source of commercial peroxidases [11].
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Despite all sources of peroxidases and the relative facility to obtain them, enzyme 
immobilization is needed to ensure superior stability, facilitated recovery, and consequent 
re-usability [12]. However, traditional immobilization techniques tend to cause a decrease 
in enzyme activity, which might represent additional costs to the process. Against this 
background, organic–inorganic hybrid nanoflowers are a recent and facile immobilization 
approach that enables improved stability and higher activities in immobilized enzymes 
compared to their free form [13]. Since the first report of their synthesis, organic–inorganic 
hybrids have been broadly employed in diverse applications, like bioremediation [13–17] 
and synthetic chemicals production [18–20]. Nevertheless, the main application of hybrid 
nanoflowers has been in biosensors development [21–26].

Enzymatic biosensors have been widely used to detect phenol due to their high toxicity 
and recurrent incidence in effluents of many chemical industries, such as paper and cel-
lulose, petroleum refining, pharmaceutical, and metal coating [27, 28]. Different enzymes 
are employed for this purpose, like tyrosinase [29–34], laccase [35–39], and peroxidase 
[40–46]. However, those biosensors often exploit interwoven elaborated techniques, which 
might portray a barrier to in situ phenol analysis as an environmental pollutant.

Hence, the present study aimed to develop a simple, rapid, and low-cost qualitative 
biosensor for phenol employing copper-HRP and calcium-HRP hybrid nanoflowers. The 
biosensors produced were tested for different phenol concentrations to determine their 
detection limit. The influence of protein concentration and the metal ion in nanoflowers 
synthesis was examined. Furthermore, the prepared hybrids were characterized by scan-
ning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Fourier 
transform infrared spectroscopy (FTIR), and powdered X-ray diffraction (XRD). Addition-
ally, kinetic parameters for both hybrids were also established.

Methodology

Chemicals and Materials

Horseradish peroxidase (HRP) was obtained from Toyobo (Brazil). 4-aminoantypirine, 
H2O2 (35%), Na2HPO4, NaH2PO4, NaCl, CaCl2, and CuSO4 of analytical grade were 
employed in the assays. PVDF Hydrophilic Membrane (GVS, USA) with a pore diameter 
of 0.22 µm was used to produce the biosensors. Distilled water was used in all experiments.

Preparation of Copper‑HRP and Calcium–HRP Nanoflowers

The copper-HRP hybrid nanoflowers (Cu2+-hNF) were synthesized following previously 
reported methods [13, 42, 47–50] with some modifications. In a typical experiment, 67 µL 
of CuSO4 (120 mM) were added to 10 mL of phosphate-buffered saline (PBS) (100 mM, 
pH 7.4) with 0.1% NaCl (w/w) containing HRP in different concentrations from 0.1 to 
1.0 mg.mL−1. This mixture was stirred with a vortex for 30 s and then incubated at 4 °C for 
72 h. The precipitated with the hybrids was collected through centrifugation at 4000 rpm 
for 15 min. Calcium-HRP hybrid nanoflowers (Ca2+-hNF) were synthesized with the same 
procedure, using the best enzyme concentration from Cu2+-hNF experiments and 67 µL of 
CaCl2 (120 mM) as the donor of calcium ions.
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Characterization of Copper‑HRP and Calcium–HRP Hybrid Nanoflowers

The morphology of Cu2+-hNF and Ca2+-hNF was analyzed by scanning electron micros-
copy (SEM, JEOL JSM-6390LV). The electron microscope was equipped with energy-dis-
persive X-ray spectroscopy (EDS) to determine the elemental composition of the structures 
as well. Samples were prepared by dripping 10 µL of the hNFs suspension onto polyvi-
nylidene fluoride (PVDF) membranes with 0.22 µm of pore size, which were dried in a 
desiccator at room temperature for 24 h. Functional groups present in the hybrids and the 
free enzyme were identified and characterized by Fourier transform infrared spectroscopy 
(FTIR, AGILENT TECHNOLOGIES – Cary 660) from 400 to 4000  cm−1. Powdered 
X-ray diffraction (XRD, Enraf – Nonius, model Cade – 4) technique within the 2θ range 
from 5 to 60° was used to identify the crystal structure of HRP hybrid nanoflowers.

Enzyme Activity Assays

The peroxidase activity was determined using a method previously proposed by Trinder 
(1969) with modifications. This approach employs 4-aminoantipyrine (4-AAP) as a hydro-
gen donor and is measured spectrophotometrically by the hydrogen peroxide degradation 
and consequent formation of quinoneimine, a pinkish antipyrine dye [51, 52]. This reaction 
is represented in Fig. 1:

For the assay at 25  °C, 1.5  mL of 0.0017  M hydrogen peroxide (in PBS 0.2  M, pH 
7.4) was mixed with 1.4 mL of a solution containing 0.0025 M 4-AAP and 0.17 M phe-
nol. The reaction was started by adding 0.1  mL of free HRP 0.25  mg.mL−1, Cu2+-hNF 
1.0 mg.mL−1, or Ca2+-hNF 0.5 mg.mL−1 suspension to the reaction medium. The absorb-
ance was measured after 1 min in 510 nm by spectrophotometry (Hitachi, model U–2900). 
In this work, one HRP activity unit (U) was defined as the amount of enzyme that produces 
1 mmol of quinoneimine per minute under experimental conditions. Enzymatic activity of 
free enzyme and hNFs was calculated with the Eq. 1 [52]:

where A is the enzymatic activity of HRP (U.L−1), ΔAbs510 is the absorbance variance at 
510 nm, ε is the molar absorption coefficient of quinoneimine dye (6.58 L.mmol−1.cm−1), 
b is the light path length (1 cm), and t is the reaction time (1 min).

Encapsulation Yield

The encapsulation yield (Y) determines the percentage of the initial free enzyme reduced 
to the immobilized form. The enzymatic activities of the free HRP and the hybrid 

(1)A =
ΔAbs

510

� × b × t

Fig. 1   Scheme of the peroxidase-catalyzed reaction of H2O2, phenol, and 4-AAP
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nanoflowers were carried out as described previously in the “Enzyme Activity Assays” 
section. Subsequently, the immobilization yield was calculated using Eq. 2:

where A
i
 is the initial activity in the HRP solution and A

s
 is the activity of the supernatant 

obtained by centrifugation of the reaction medium after the hybrid nanoflowers synthesis.

pH and Temperature Effect on the Enzyme Activities of the Free HRP and hNFs 
Preparations

Different buffers, such as McIlvaine buffer 0.1 M for pH 3.0, 4.0, and 5.0; phosphate buffer 
0.1 M for pH 6.0, 7.0, and 7.4; Tris–HCl buffer 0.1 M for pH 8.0 and 9.0; Sorensen’s gly-
cine buffer for pH 10.0, 11.0, and 12.0; and NaOH 0.1 M for pH 13.0, were used to pro-
duce 0.0017 M hydrogen peroxide solution to evaluate pH influence on the enzyme activ-
ity. The activity assays were carried out using the phenol and 4-AAP methods previously 
described.

The reagents and enzymatic preparations were incubated for 5  min in a thermostatic 
bath (SolidSteel, Model SSDc – 10 L) at several temperatures (from 25 to 70 °C) before the 
reaction started. As stated above, the whole reaction was carried out within a pH 7.4 buffer 
at the intended temperature. Both pH and temperature-dependent activities were expressed 
as relative activities (%), where the higher value for each sample was set as 100%. Error 
bars represent the standard deviation of three independent experiments.

Effect of the pH and Temperature on the Stability of the Free HRP and hNFs 
Preparations

To assess the pH influence on the stability of free and immobilized preparations, all hNFs 
produced in a typical synthesis, as well as the equivalent amount of HRP, were suspended 
in 2.0 mL of various buffer solutions: citrate buffer 0.1 M for pH 4.0 and 5.0; phosphate 
buffer for pH 6.0 and 7.4; and Tris–HCl buffer 0.1 M for pH 8.0 and 9.0. The activities 
were measured using 0.1 mL of the enzyme or hNFs preparations in the intended pH, fol-
lowing the identical procedure described in the “Enzyme Activity Assays” section at differ-
ent times, from 0 to 8 h.

The thermal stability of the free enzyme and hNFs was appraised in the following way: 
first, all hNFs synthesized in a typical experiment were suspended in 2.0 mL of PBS 0.1 M, 
pH 7.4. A solution of an equivalent amount of the free enzyme was made the same way. 
Then, these preparations were placed in a thermostatic bath at settled temperatures of 50, 
60, and 70 °C. Finally, 0.1 mL was taken from each sample at different times (0, 2, 4, 6, 
and 8 h), and activity was measured at room temperature, following the phenol method pre-
viously described. The stability was estimated by the relative activity (%) in the function of 
the time, considering the initial activity as 100%.

Determination of the Kinetic Parameters KM, Vmax, and kcat

Initial specific reaction rates (V0) were obtained by measuring the absorbance variation 
at 25 °C, 510 nm, and 1 min of reaction time. The reaction medium was prepared mixing 

(2)Y(%) = 100 ×

(

A
i
− A

s

A
i

)
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0.1  mL of enzyme sample (HRP 0.25  mg.mL−1, Cu2+-hNF 1.0  mg.mL−1, or Ca2+-hNF 
0.5 mg.mL−1), 1.5 mL of 0.0017 M hydrogen peroxide in PBS 0.2 M and pH 7.4, 0.7 mL 
of 0.005 M 4-AAP, and 0.7 mL of phenol in different concentrations, from 3 to 400 mM. 
V0 values were calculated with Eq. 3:

where V0 is the initial specific reaction rate (µmol.min−1.mg−1), ΔAbs510 is the absorb-
ance variance at 510 nm, ε is the molar absorption coefficient of quinoneimine dye (6.58 
L.mmol−1.cm−1), b is the light path length (1 cm), t is the reaction time (1 min), and CE 
is the enzyme concentration in the assay (mg.mL−1). Results are presented as average 
result ± standard deviation, estimated from the Lineweaver–Burk graph, plotted in Sigma-
plot 14.0, using GNU Octave 6.2.0 software.

Kinetic parameters KM (µmol.mL−1) and Vmax (µmol.min−1.mg−1) of the Michae-
lis–Menten model for simple enzymatic reactions (Eq. 4) were then determined for the free 
enzyme and both hybrids, using phenol as the substrate.

where V0 is the initial specific reaction rate (µmol.min−1.mg−1), Vmax is the maximum spe-
cific reaction rate (µmol.min−1.mg−1), KM is the Michaelis constant (µmol.mL−1), and [S] 
is the substrate concentration (µmol.mL−1).

Subsequently, the turnover number, or kcat, was also determined. Values were obtained 
by using Eq. 5:

where kcat is the turnover number (min−1), Vmax is the maximum specific reaction rate 
(µmol.min−1.mg−1), and MHRP is the molar weight of the HRP enzyme (44.0 mg.µmol−1).

Membrane‑Based Phenol Detection Using HRP–Copper, and HRP–Calcium Hybrid 
Nanoflowers

A qualitative membrane-based biosensor was developed employing a craft-cutting tech-
nique to provide a cost-efficient phenol detector. First, 1 cm2 square was cut from a PVDF 
membrane, with 0.22 µm of pore size, and 10 µL of Cu2+-hNF or Ca2+-hNF 1.0 mg.mL−1 
suspensions were dripped onto the squares and left to dry in a desiccator at room tem-
perature for 12 h. For comparison purposes, control biosensors were made with 10 µL of 
an equivalent amount of the free enzyme. Subsequently, the efficacy of the biosensors for 
phenol detection was investigated with 50 µL of a sample solution. This solution contained 
H2O2 0.88 µmol.mL−1, 4-AAP 1.1 µmol.mL−1, and phenol in different concentrations from 
0.72 to 24.00 µmol.mL−1 in PBS 0.2 M with pH 7.4, which was dripped onto the biosen-
sors. As a result, a pink color appears on the hNFs membranes to prove the presence of 
phenol.

(3)V
0
=

ΔAbs
510

� × b × t × C
E

(4)V
0
=

V
max

[S]

K
M
+ [S]

(5)k
cat

= V
max

M
HRP
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Results and Discussion

Synthesis and Characterization of Cu2+‑hNF and Ca2+‑hNF

As a recent and promising enzyme immobilization technique, organic–inorganic hybrid 
nanoflowers are micro-sized structures that present nanoscale patterns and exhibit flower-
like shapes [50]. The growth mechanism of these nanoflowers has been widely described 
[13, 42, 53–55]. Briefly, three steps summarize the mechanism: nucleation, growth, and 
compilation [47, 56]. First, amide groups present in the enzyme backbone complex with 
metal ions, while the same ions react with (PO4)3− from PBS to form primary crystals 
of Cu3(PO4)2∙3H2O or CaHPO4 and Ca3(PO4)2∙2H2O embedded with HRP. These com-
plexes act as nucleation points for hybrid nanoflowers assembly; therefore, they depend on 
the enzyme in the synthesis medium. It has been shown that lower enzyme concentrations 
lead to fewer nucleation points and, consequently, hybrids with a greater diameter [57, 
58]. The growth stage, which occurs anisotropically, is marked by the continuous addition 
of enzyme molecules to those primary crystals, creating the first hybrid petals. Then, the 
compilation stage is observed, where the enzyme induces the metal-phosphate crystalliza-
tion into a basis for new petals and simultaneously attaches petals in flower-like structures 
[47].

The effect of the initial concentration of HRP in the morphology of Cu2+-hNF was 
investigated by SEM analysis (Fig. 2). With 0.10 mgHRP.mL−1, hybrid structures (Fig. 2A) 
showed loose petals, although they had adequate size and formation. Higher concentrations 

Fig. 2   SEM images of Cu2+-hNF produced with different initial HRP concentration of (A) 0.10 mg.mL−1, 
(B) 0.25 mg.mL−1, (C) 0.50 mg.mL−1, and (D) 1.00 mg.mL−1, at 4 °C for 72 h
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of 0.25, 0.50, and 1.00 mgHRP.mL−1 had led to tightened petals and consequent greater 
ratio surface area per volume (Fig. 2B, C and D). It is noticeable that Cu2+-hNF was pro-
duced with 0.25 mgHRP.mL−1 exhibited greater spherical shape consistency and distinct 
petal-like structures.

Ca2+-hNF was synthesized using the initial HRP concentration of 0.25 mgHRP.mL−1 and 
the same ion concentration of 80 mM, according to good structure formation seen in SEM 
results of Cu2+-hNF. SEM images of these new hybrids are shown in Fig. 3. The SEM for 
free HRP is shown in Fig. 4, and it is possible to see that any structures were presented.

Nevertheless, the flower-like structure was not well determined in this case. The differ-
ence between the calcium and copper hybrid produced under the same conditions might be 
explained by the formation of contrasting metal-phosphates structures, mainly amorphous 
for calcium and crystalline for copper [59]. Ke et al. (2016) have shown in their study with 
lipase-calcium hybrids that the flower-like structure only appeared with the specific PBS 
concentration of 20 mM. At lower concentrations, there was no complete formation of the 
petals. In comparison, an excess of calcium phosphate was added to these petals at higher 
concentrations, and nanoflowers were not seen in either case [60]. ZHANG et al. (2020) 
have proved that the calcium ion concentration also influences the hybrid’s morphologies. 

Fig. 3   SEM images of Ca2+-hNF produced with an initial concentration of HRP of 0.25 mg.mL−1, at 4 °C 
for 72 h

Fig. 4   SEM images from the 
free HRP
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Their work about lipase-inorganic nanoflowers reported that flower-like structures were 
only observed when calcium ion concentrations higher than 200 mM were used. Below this 
point, irregular nanoparticles were formed [19]. Furthermore, Yu and co-workers (2018) 
have also reported that calcium-organic hybrids did not present the same evident shape that 
copper nanoflowers usually do with neither of the six enzymes tested, even though each 
had a distinct appearance [59].

Sheldon and van Pelt (2013) described that the immobilization yield could be precisely 
established by measuring the residual activity in the enzyme solution after the immobiliza-
tion process and comparing this to the initial activity [12]. Different initial enzyme con-
centrations were tested in hNFs synthesis. The average results of encapsulation yield and 
respective experimental standard deviations of three independent experiments are shown in 
Table 1. These results suggest an optimal initial enzyme concentration of 0.25 mg.mL−1 for 
both metal ions, leading to a higher encapsulation yield. The higher encapsulation yields 
were 92.3% and 92.0% for Cu2+-hNF and Ca2+-hNF, respectively. With an enzyme con-
centration of 0.10 mg.mL−1, this encapsulation yield decreased to 85.7% in Cu2+-hNF and 
83.5% in Ca2+-hNF. Likewise, this value was also reduced with an initial HRP of 0.50 mg.
mL−1 to 89.2% in Cu2+-hNF and 89.4% in Ca2+-hNF. According to this outcome and those 
published in prior works [22, 48, 61–63], it is possible to deduce an optimal protein con-
centration that leads to the highest encapsulation yield value. Based on morphologies fea-
tures observed in Cu2+-hNF and on protein embedding efficiency for both hybrids, the ini-
tial protein concentration of 0.25 mg.mL−1 was fixed for all subsequent characterization 
and application.

The EDS technique revealed the elemental composition of hybrid nanoflowers. The EDS 
spectrum results in atom percentage are found in Table 2. Characteristic peaks of classi-
cal elements such as C, O, and P commonly reported were observed in both hybrids [19, 
48, 64, 65]. Copper was verified in an atom amount of 16.30% in Cu2+-hNF, and the atom 

Table 1   Encapsulation yield of 
HRP based on residual enzyme 
activity in the supernatant

Metal Initial enzyme concentration (mg.
mL−1)

Encapsula-
tion yield 
(%)

0.10 85.7 ± 0.7
Cu2+ 0.25 92.3 ± 0.2

0.50 89.2 ± 1.1
0.10 83.5 ± 0.6

Ca2+ 0.25 92.0 ± 0.7
0.50 89.4 ± 0.3

Table 2   Elemental composition 
of hybrid nanoflowers

Element Cu2+-hNF (atom %) Ca2+-hNF 
(atom %)

C-K 25.19 8.16
O-K 29.80 47.29
P-K 18.17 11.21
Cl-K 4.65 0.31
Cu-K 16.30 –
Ca-K – 27.97
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concentration of calcium in Ca2+-hNF was 27.97%, proving the formation of organic–inor-
ganic structures. Chlorine was also recognized in EDS analysis for both hybrids but more 
expressively in copper ones. These ions, obtained by NaCl in solution, perform an essential 
role in hNFs formation [53, 55, 66]. It was first described by Sun et al. (2014) when the 
authors noted that no nanoflowers were formed without chloride ions [53]. The statement 
was supported by Somtkurk et al. (2016), who had produced a blue precipitate with no typi-
cal nanoflower-like shape when there was no Cl− in reaction bulk, and by Ariza-Avidad and 
co-workers (2016), who have also found chlorine atoms in hNFs by EDS analysis [55, 66].

FTIR analysis was carried out to identify chemical structures and prove organic–inor-
ganic hybrid nanoflowers’ formation. The spectroscopy results are shown in Fig. 5. Char-
acteristic bending vibrations of O═P─O were observed in ~ 560  cm−1, and ~ 630  cm−1 
in both hybrids might be attributed to metal-phosphate groups in the structures [55, 67]. 
The stretching bands 1400–1630 were attributed to NH2 groups from peptide bonds [68]. 
Considerable peak weakening in 1020–1220  cm−1 and 1350–1470  cm−1 bands suggests 
changes in the secondary structure of the enzyme in the hybrid’s formation [60]. The peaks 
at 2800–3000 cm−1 are typical for CH2 and CH3 groups, while OH and NH groups stretch-
ing bands are found at ~ 3450 cm−1 [55, 66]. Another significant absorption band, noticed 
in ~ 1090 cm−1, might refer to the asymmetric vibration of Si–O [69].

This result is consistent with silica structures, observed in SEM analysis and character-
ized by EDS in all samples tested. SEM images of those structures are presented in Fig. 6. 
Although the stabilizers used in the commercial enzyme are not specified, we believed that 
silica compounds were present in the free enzyme sample for this purpose. Additionally, 
even in the presence of silica compounds, the hybrid synthesis was not affected.

XRD technique was employed to characterize the crystal phases of both hybrids, as 
presented in Fig.  7. XRD analysis has shown that copper hybrids (Fig.  7A) have peak 
consistency with Cu3(PO4)2∙3H2O crystals pattern (JCPDS No. 00–022-0548). This 
result is coherent with the previously reported synthesis of copper-enzyme hybrids [58, 
70–72]. Likewise, XRD of calcium hybrids (Fig. 7B) has exhibited correspondence with 
Ca3(PO4)2∙2H2O (JCPDS No. 18–0303) and CaHPO4 (JCPDS No. 9–80), both already 
communicated in earlier research of calcium-enzyme structures [19, 54].

Fig. 5   FTIR of Ca2+-hNF, 
Cu2+-hNF and free HRP
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It was also possible to visualize a major peak in both structures at 2θ ≈ 22°, referring to 
SiO2 crystals (JCPDS No. 46–1045). This outcome confirms the presence of the structures 
seen in the preceding analysis carried out in this work.

pH and Temperature Effect on the Enzyme Activities of the free HRP and hNFs 
Preparations

Activity assays determined the optimal conditions of use for free HRP and hNFs. First, 
experiments to obtain the best pH were carried out at different pH values at room tem-
perature. The results are reported in Fig. 9 as relative activity. The highest activity for each 
biocatalyst was set as 100%, and other points were calculated as a fraction of this value. 
The optimal pH was 7.4, independently of the biocatalyst used. It shows that the hybrid 
formation of HRP with copper and calcium phosphates did not affect the enzyme’s best pH 
value. Similar behavior was detected by Rong et al. (2017) and by Memon et al. (2019), 
where copper-enzyme and calcium-enzyme hybrids, respectively, presented the same best 
pH value that the free studied enzymes [16, 54].

Fig. 6   SEM images of silica structures

Fig. 7   XRD spectrum of (A) Cu2+-hNF and (B) Ca2+-hNF
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However, it is possible to notice that Cu2+-hNF presents less activity loss with a pH 
increase from 9.0 to 12.0 than free HRP and Ca2+-hNF. Previous works have also reported 
similar behavior in higher pH values for copper-enzyme hybrids than the free enzyme, sug-
gesting greater enzyme stability within the tested conditions [48, 73].

Subsequently, using the best pH value, activity was tested at different temperatures from 
25 to 70 °C. The relative activity as a function of the highest activity for each biocatalyst 
is in Figs 8, and 9. As it happened with pH evaluation, the synthesis of Cu2+-hNFs and 
Ca2+-hNFs did not affect the optimal temperature, which was detected to be 60 °C for all 
cases, as expected according to literature data [18, 53].

Effect of pH and Temperature on the Stability of the Free HRP and hNFs 
Preparations

The effect of pH and temperature on the stability of the free enzyme and hybrid prepara-
tions was also investigated. All the results are expressed as relative activity, where the ini-
tial activity for each biocatalyst was set as 100%.

Fig. 8   Relative activity as a 
function of pH at 25 °C for 
Cu2+-hNF, Ca2+-hNF, and free 
HRP

Fig. 9   Relative activity as a 
function of temperature in pH 
7.4 for Cu2+-hNF, Ca2+-hNF, and 
free HRP
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According to the pH stability analysis, in pH of 6.0 to 8.0 (Fig. 10C, D, and E), free 
enzyme and hybrid preparations with copper and calcium showed similar deactivation pro-
files. Consequently, enzyme immobilization did not significantly affect the enzyme stabil-
ity in those pH values. On the other hand, in pH of 9.0 (Fig. 10F), both hybrids presented 
discrete superior stability to the free form. In fact, after 24 h, copper and calcium hybrids 
maintained 97.97% and 96.38% of their initial activities, while free HRP kept 92.82%. The 
smallest activity losses in 24  h of 5.51%, 6.49%, and 4.07% (free HRP, Cu2+-hNF, and 
Ca2+-hNF, respectively) were observed at the optimal pH of 7.4.

However, calcium hybrids exhibited more significant deactivation in acid mediums than 
copper and free enzymes (Figs. 10A and B). This outcome suggests that hybrids’ stabil-
ity is completely related to organic and inorganic constituents. In this sense, conjugated 
polyketone reductase-calcium phosphate hybrids with sodium alginate coating prepared by 

Fig. 10   Enzyme stability for Cu2+-hNF, Ca2+-hNF and free HRP in pH (A) 4.0, (B) 5.0, (C) 6.0, (D) 7.4, 
(E) 8.0, and (F) 9.0, at 25 °C
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Cheng et al. (2020) presented a notably smaller residual activity in acid mediums than free 
enzymes [74]. Consistently, Chen et al. (2018) have shown that, despite the higher activ-
ity of calcium-enzyme hybrids, the immobilized form of aldo–keto reductase (AKR) with 
calcium phosphate was more sensitive to acid pH changes than free enzyme [75]. In the 
same study, the authors have also noted that alcohol dehydrogenase (ADH) hybrids could 
keep the activity in the function of pH variance more easily, confirming the dependence of 
hybrid composition on their activity [75].

Thermal stability analysis indicated excellent stability for both hybrids and the free 
enzyme at 50  °C (Fig.  11A), where no considerable activity loss after 8  h. At 60  °C 
(Fig. 11B), the optimal temperature for the enzyme activity and the residual activity after 
8 h were 79.61%, 76.61%, and 74.97% for free HRP, copper, and calcium hybrids, respec-
tively. Finally, at 70 °C (Fig. 11C), the favorable effect of the enzyme immobilization in 
copper hybrids in the stability is notable. While the free enzyme lost all its activity in 6 h, 
copper hybrids showed only 5.59% of residual activity, and calcium preparations main-
tained 26.42% in 8  h. This result suggests the greater stability of HRP-calcium hybrids 
in higher temperatures. Analogously, Duan, Li, and Zhang (2018) have noted that metal-
enzyme hybrids had greater thermal stability than free enzymes. Still, also calcium-enzyme 
tended to show the smallest activity loss in all temperature ranges, from 30 to 80 °C [76]. 
Chen and co-workers (2018) also presented improved thermal stabilities in calcium phos-
phate-enzyme hybrids in 8 h in temperatures from 30 to 60 °C for both enzymes ADH and 
AKR. However, this stability upgrade was much more significant in AKR hybrids [75].

Fig. 11   Enzyme thermal stability for Cu2+-hNF, Ca2+-hNF, and free HRP in (A) 50 °C, (B) 60 °C, and (C) 
70 °C, in pH 7.4
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Michaelis–Menten Kinetic Parameters

A 10-step mechanism of the co-oxidation of phenols and 4-AAP, which includes quinon-
imine production, was proposed by Metelitza, Litvinchuk, and Savenkova (1991) [77]. 
However, even though the reaction has a complex mechanism, the initial reaction rate, as 
shown in Fig 12, is a function of phenol concentration. This result suggests that, in the 
tested conditions, phenol consumption is the slow step of the mechanism, and it deter-
mines, consequently, the reaction rate. Although HRP immobilization into Ca2+-hNF did 
not lead to a considerable change in the kinetic profile of phenol consumption, Cu2+-hNF 
seems to have had a substantial decrease in the maximum initial specific reaction rate.

A double reciprocal plot, which can be visualized in Fig. 13, was finally produced to 
determine the kinetic parameters KM, Vmax, and kcat (Table 3) and to quantify those differ-
ences after immobilization. Excellent model fitting to the experimental data, evidenced by 
parameter R2 equal to 0.994, 0.995, and 0.990 for free-HRP, copper, and calcium hybrids, 
respectively, indicates the validity of the method approximation.

Fig. 12   Initial specific reac-
tion rates as a function function 
of phenol concentration for 
Cu2+-hNF, Ca2+-hNF, and free 
HRP, in pH 7.4 at 25 °C

Fig. 13   Lineweaver–Burk plot 
for Cu2+-hNF, Ca2+-hNF, and 
free HRP
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The Michaelis constant KM value indicates the affinity of the enzyme active sites 
towards the substrate, in this case, phenol. Smaller values of KM represent greater affin-
ity. The KM was 6.82 µmol.mL−1 in free enzyme, 4.05 µmol.mL−1 in copper hybrids, and 
2.84 µmol.mL−1 in calcium hybrids. This outcome suggests that both hybrids, especially 
calcium ones, have more affinity to the substrate than free enzyme, favoring the reaction.

However, despite superior stability in binding enzyme–substrate after immobilization, 
Vmax was not increased for either hybrid compared to the free enzyme. In fact, the value did 
not present considerable change from 8.08 µmol.min−1.mg−1 in free enzyme to 7.50 µmol.
min−1.mg−1 in copper hybrids, although this value decreased to 3.20 µmol.min−1.mg−1 in 
Cu2+-hNF. Correspondingly, magnetic-activated lipase-inorganic hybrid nanoflowers pre-
pared by Zhong et al. (2021) have also presented smaller KM and Vmax values than the free 
enzyme, evidencing a deeper affinity between the enzyme and the substrate does not neces-
sarily induce a higher reaction rate [78].

The turnover number, or kcat, representing the frequency of substrate molecules con-
verted into products by one enzyme molecule, remained similar in calcium hybrids and 
decreased considerably in copper hybrids compared to the free enzyme. Nevertheless, kcat/
KM value was 2.23 times higher in calcium hybrids than in the free enzyme, indicating that 
immobilization of free HRP into these hybrids might lead to higher enzymatic efficiency. 
Zhang et al. (2020) reported similar kinetic results using lipase as an organic portion. The 
authors have shown that catalytic efficiency was greater for calcium hybrids and smaller 
for copper. At the same time, KM was lower for both calcium and copper hybrids than 
the free enzyme values [19]. A 2.2-fold higher catalytic efficiency than the free enzyme 
was equally described by Patel et al. (2018), employing copper-laccase nanoflowers cross-
linked with glutaraldehyde [17].

Membrane‑Based Phenol Biosensing

The membrane-based biosensors, produced onto PVDF hydrophilic membranes with a 
pore size of 0.22 µm, were tested with 50 µL of a sample, with pH 7.4, containing H2O2 
0.88 µmol.mL−1, 4-AAP 1.1 µmol.mL−1, and phenol concentrations of 24.00, 19.20, 14.40, 
9.60, 4.80, 2.40, 1.44, 0.96, and 0.72  µmol.mL−1 (Fig.  14A-J, respectively). Figure  14 
shows the biosensors produced with (1) free HRP, (2) Cu2+-hNF, and (3) Ca2+-hNF after 
1 min of reaction time at 25 °C. Three measurements were performed for each phenol con-
centration in all biosensors to confirm the results.

Both biosensors produced with HRP-copper and HRP-calcium hybrids effectively 
detected phenol ranging from 0.72 to 24.00  µmol.mL−1. Although color change seems 
greater in calcium hybrids at higher phenol concentrations, as in Fig. 14A, probably due 
to their higher catalytic efficiency, both calcium and copper biosensors showed similar per-
formance for phenol detection within the concentration range tested. Control biosensors, 

Table 3   Kinetic parameters of Cu2+-hNF, Ca2+-hNF and free HRP

Biocatalyst form KM (µmol.mL−1) Vmax (µmol.
min−1.mg−1)

kcat (s−1) kcat/KM (s−1.mM−1)

free-HRP 6.82 ± 0.87 8.08 ± 0.92 5.92 ± 0.67 0.87 ± 0.21
Cu2+-hNF 4.05 ± 0.36 3.20 ± 0.23 2.34 ± 0.17 0.58 ± 0.09
Ca2+-hNF 2.84 ± 0.26 7.50 ± 0.52 5.49 ± 0.38 1.93 ± 0.31
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produced with an equivalent amount of free enzyme (Fig. 14 (1)), did not present any con-
siderable color switch in none of the phenol concentrations tested. It might have occurred 
due to enzyme spread through the membrane pores, attenuating visible changes.

It was noticeable in metal-HRP hybrid biosensors that the pink color softened with the 
decreasing phenol concentration. The smallest concentration of phenol where it was pos-
sible to detect the visible color change under the experimental conditions was 0.72 µmol.
mL−1. Below this concentration, no color was seen in any biosensors within 1 min.

A colorimetric method for phenol sensing using copper-laccase nanoflowers developed 
by Zhu et al. (2013) detected phenol in a similar range from 0.4 to 50 µmol.mL−1. How-
ever, those results were obtained with a higher reaction time of 5 min [35]. Another phe-
nol biosensing using enzyme-inorganic hybrids was described by Lin et al. (2014). Even 
though the authors have achieved an excellent detection limit (LOD) of 1.0 µM, the method 
uses greater sample volume, hybrids amount, and reaction time [42].

Fig. 14   Images of the biosensors produced with (1) free-HRP, (2) Cu2+-hNF, and (3) Ca2+-hNF after 1 min 
reaction with different initial concentrations of phenol of (A) 24.00, (B) 19.20, (C) 14.40, (D) 9.60, (E) 
4.80, (F) 2.40, (G) 1.92, (H) 1.44, (I) 0.96, and (J) 0.72 µmol.mL.−1
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A typical synthesis of hybrid nanoflowers following the methodology described in the 
present work uses only 2.5 mg of HRP and can produce up to 200 units of phenol detec-
tion. It might evidence a simple, low-cost, and efficient approach to assembling qualitative 
enzymatic biosensors for a rapid phenol detection in concentrations up from 0.72 µmol.
mL−1. The simplicity of this approach might also represent greater viability for a fast 
in situ analysis to determine the presence of phenol in the environment.

Conclusion

A simple, rapid, and low-cost, qualitative biosensor for visual detection phenol using cop-
per-HRP and calcium-HRP hybrid nanoflowers were successfully developed. The biosen-
sors prepared with both hybrids could detect phenol in concentrations ranging from 0.72 
to 24.00 µmol.mL−1 within only 1 min of reaction time. Furthermore, despite the diver-
gence in hybrid morphologies depending on the ion used in their synthesis, Cu2+-hNF and 
Ca2+-hNF proper formation was confirmed by EDS, FTIR, and XRD analysis. Both hybrids 
have presented excellent pH and thermal stability, especially calcium ones, maintaining 
their activity for longer periods in elevated temperatures. In addition, kinetic parameter 
evaluation has shown a higher catalytic efficiency in Ca2+-hNF than in the free enzyme. 
Considering all these facts, we believe that the developed biosensor could be a helpful tool 
in practical and rapid in situ phenol detection.
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