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RESUMO 

 

Fenol, um poluente ambiental frequentemente encontrado em efluentes de indústrias químicas, 
é altamente tóxico mesmo em baixas concentrações. O presente estudo relata um método 
simples, rápido e de baixo impacto ambiental para biodetecção visual qualitativa de fenol 
usando nanoflores híbridas orgânico-inorgânicas de enzima horseradish peroxidase (HRP) com 
íons de cobre (Cu2+-hNF) e de cálcio (Ca2+-hNF). A enzima foi imobilizada pela técnica de 
automontagem da proteína em híbridos orgânico-inorgânicos, que na sequência foram 
suportados na superfície de uma membrana de fluoreto de polivinilideno (PVDF). A eficiência 
da imobilização da enzima em estruturas híbridas foi comprovada pelas técnicas de microscopia 
eletrônica de varredura (MEV), espectroscopia de energia dispersiva de raios-X (EDX), 
espectroscopia de infravermelho com transformada de Fourier (FTIR) e difração de raios-X 
(XRD). A melhor concentração de proteína na síntese dos híbridos foi determinada como 0,25 
mg.mL-1 para ambos os íons metálicos. A melhor temperatura e o melhor pH de uso encontrados 
foram 60 °C e 7,4, respectivamente, tanto para os híbridos quanto para a enzima livre, sugerindo 
que a imobilização não afetou as condições ótimas da HRP livre. A estabilidade térmica de 25 
°C a 70 ºC e a estabilidade em pH de 4,0 a 9,0 dos híbridos também foram determinadas. 
Finalmente, ambos os biossensores produzidos em membrana de PVDF, usando híbridos de 
cobre e cálcio, foram capazes de detectar fenol em concentrações variando de 0,72 µmol.mL-1 

a 24,00 µmol.mL-1 em 1 min de reação, enquanto biossensores de controle produzidos com 
quantidade equivalente de enzima livre não apresentaram mudança de cor perceptível nas 
mesmas condições. Os resultados sugerem uma aplicação promissora dos biossensores 
desenvolvidos na detecção de fenol.  
Palavras-chave: Biossensores. Híbridos orgânico-inorgânicos. Imobilização enzimática. 
Horseradish peroxidase.  
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Introdução 
Primeiramente descrita por Ge, Lei e Zare (2012), a síntese de híbridos orgânico-inorgânicos 
como forma de imobilização enzimática sem suporte têm recebido crescente interesse de 
pesquisa na área de biocatálise (GE; LEI; ZARE, 2012; BILAL et al., 2019). Um dos motivos 
está relacionado à simplicidade de síntese dessas estruturas, também conhecidas como 
nanoflowers por conta de seu formato característico, que necessita apenas da presença de 
enzima, íons fosfato e íons metálicos, em condições brandas, como temperatura ambiente e 
pressão atmosférica (BATULE et al., 2019). Outra razão se refere à melhoria das propriedades 
dos biocatalisadores frente aos métodos tradicionais de imobilização, como alta área superficial, 
aumento da estabilidade e excelente atividade catalítica (PARK et al., 2017; YE et al., 2016).  
À vista disso, a aplicação de nanoflowers híbridas é observada em diferentes áreas como 
biossíntese e biodegradação de compostos e na produção de biossensores (WANG et al., 2020; 
LUO et al., 2020; CHEON et al., 2019). Fenol tem sido frequentemente utilizado como alvo de 
biossensores enzimáticos, devido a sua alta toxicidade e incidência recorrente em efluentes de 
diversas indústrias químicas, como papel e celulose, refinaria de petróleo, farmacêutica, e de 
revestimento metálico (GAY et al., 2020; JUN et al., 2019). Diferentes enzimas podem ser 
usadas para este propósito, como tirosinases, lacases e peroxidases (WEN et al., 2020; 
OTHMAN et al., 2020; RAHEMI et al., 2019). Contudo, muitas vezes a produção de tais 
biossensores envolve uma ou mais técnicas complexas. Sob essa perspectiva, este trabalho 
pretendeu desenvolver um biossensor rápido, prático e eficiente para fenol utilizando estruturas 
híbridas orgânico-inorgânicas de enzima horseradish peroxidase (HRP) e íons de cobre e 
cálcio.  
 
Objetivos 
O objetivo geral deste trabalho foi desenvolver um biossensor colorimétrico para detecção de 
fenol usando estruturas híbridas orgânico-inorgânicas do tipo nanoflower de enzima HRP e íons 
de cobre e cálcio. Os objetivos específicos compreenderam a síntese e caracterização química, 
estrutural e catalítica dos híbridos, bem como a avaliação da eficiência de detecção de fenol do 
biossensor produzido. 
 
Metodologia 
Inicialmente, a melhor concentração de enzima na síntese dos híbridos foi avaliada da seguinte 
forma: 67 µL de uma solução de CuSO4 120 mM foram adicionados a 10 mL de soluções de 
HRP (Toyobo, Brasil) em diferentes concentrações (0,1; 0,25; 0,5; 1,0 mg.mL-1) em tampão 
fosfato 100 mM, pH 7,4 e 0,1% de NaCl. A mistura foi agitada por 30 s em vórtex e em seguida 
incubada por 72 h a 4 °C. Híbridos de cálcio e HRP foram feitos com a melhor condição 
encontrada nos híbridos de cobre, usando 67 µL de CaCl2 120 mM. As nanoflowers produzidas 
foram coletadas por centrifugação a 4000 rpm por 15 min. As estruturas híbridas foram 
caracterizadas por microscopia eletrônica de varredura (MEV), espectroscopia de raios-X por 
dispersão de energia (EDS), espectroscopia de infravermelho com transformada de Fourier 



(FTIR) e difração de raios-X (XRD). Os testes de atividade e determinação de velocidade inicial 
de reação foram realizados com base na formação de quinoneimina, um composto cromóforo 
que pode ser quantificado por espectrofotometria. Para esta finalidade, 1.5 mL de H2O2 0.0017 
M em tampão fosfato 0.2 M e pH 7.4 foram misturados com 1.4 mL de uma solução contendo 
0.17 M de fenol e 0.0025 M de 4-aminoantipirina (4-AAP). A reação foi iniciada com a adição 
de 0.1 mL de uma suspensão de nanoflowers ou enzima HRP e medida em espectrofotômetro 
a 510 nm em 1 min e 25 ºC. A eficiência de imobilização foi determinada para concentrações 
iniciais de enzima de 0,1; 0,25 e 0,5 mg.mL-1, para ambos os íons de cobre e de cálcio, com 
base na atividade do sobrenadante após formação dos híbridos e centrifugação do meio, 
comparando-se com a atividade enzimática inicial anterior à adição dos íons metálicos. As 
melhores condições de uso da enzima livre e suas formas imobilizadas foram determinadas 
aplicando-se o método anteriormente descrito, variando-se o pH do meio de 3,0 a 13,0 e a 
temperatura de reação de 25 °C a 70 °C. A estabilidade enzimática foi avaliada de forma 
análoga, em pH de 4,0 a 9,0 e nas temperaturas 50 °C, 60 °C e 70 °C. Em seguida, foram 
determinados os parâmetros cinéticos KM e Vmax do modelo de Michaelis-Menten para reações 
enzimáticas simples, utilizando fenol como substrato. Da mesma forma, foi avaliado o número 
de renovação, ou kcat, com base na velocidade inicial específica de reação. A determinação dos 
parâmetros cinéticos específicos teve como finalidade a comparação quantitativa da eficiência 
da enzima livre e de suas formas imobilizadas. Finalmente, foram produzidos os biossensores 
da seguinte maneira: 10 µL da suspensão de nanoflowers foram depositados na superfície de 
uma membrana de fluoreto de polivinilideno de 1 cm2, com diâmetro de poro de 0.22 µm, que 
foram deixados para secar por 12 horas a temperatura ambiente. Os biossensores foram então 
testados utilizando-se 50 µL de uma solução contendo H2O2 0,88 µmol.mL-1, 4-AAP                   
1,1 µmol.mL-1 e fenol com concentrações entre 0,72 µmol.mL-1 e 24,00 µmol.mL-1 em tampão 
fosfato 0,2 M e pH 7,4. A presença de fenol em solução seria evidenciada pela mudança de 
coloração do biossensor em 1 min de reação. 
 
Resultados e Discussão  
O efeito da concentração enzimática na formação dos híbridos de cobre foi avaliado por análises 
de MEV. A melhor concentração inicial encontrada foi de 0,25 mg.mL-1, com base na melhor 
formação estrutural dos híbridos, considerando-se bom tamanho e boa uniformidade. Esta foi, 
portanto, a concentração escolhida para síntese das estruturas híbridas de cálcio e enzima HRP. 
Contudo, os híbridos de cálcio feitos nas mesmas condições não apresentaram uma forma 
definida, mostrando que além da concentração de enzima, o tipo de íon utilizado está 
diretamente relacionado com a estrutura dos híbridos produzidos. Os testes de eficiência de 
imobilização indicaram que a melhor concentração enzimática na síntese das nanoflowers foi 
de 0,25 mg.mL-1 para ambos os íons, levando a uma eficiência de 92,3% para os híbridos de 
cobre, e 92,0% para os híbridos de cálcio. As análises de EDS indicaram uma correta formação 
química das nanoflowers, apresentando os picos referentes aos elementos característicos e 
esperados C, O e P em ambas as estruturas, além de Cu e Ca nos respectivos híbridos. A análise 
de FTIR foi utilizada para identificar as estruturas químicas dos híbridos. Picos referentes a 
estrutura da enzima HRP e aos fosfatos associados à formação dos híbridos foram verificados 
em ambas as amostras. Com a análise de XRD, foi possível identificar que os híbridos de HRP 
e cobre eram formados por cristais de Cu3(PO4)2∙3H2O (JCPDS No. 00-022-0548), enquanto o 



espectro dos híbridos de cálcio apresentou consistência de picos com Ca3(PO4)2∙2H2O (JCPDS 
No. 18-0303) e CaHPO4 (JCPDS No. 9-80). Analisando-se a atividade enzimática em diferentes 
valores de pH, constatou-se que o melhor pH reacional para ambos os híbridos, assim como 
para a enzima, livre foi de 7,4. Utilizando o melhor valor de pH, foram determinadas as 
atividades em função da temperatura de reação. A melhor temperatura foi, analogamente, 
definida como 60 °C para todas as formas do biocatalisador. Ambos os resultados estão de 
acordo com o que foi reportado previamente na literatura, onde a formação de híbridos 
orgânico-inorgânicos não levou a uma alteração nas melhores condições de uso da enzima 
(RONG et al., 2017; MEMON et al., 2019; SUN et al., 2014; WANG et al., 2020). Também 
foi observado que os híbridos de cálcio apresentaram maior atividade relativa em todas as 
temperaturas, quando comparados à enzima livre e aos híbridos de cobre. Referente à 
estabilidade, em valores de pH entre 6,0 e 9,0, tanto a enzima livre quanto os híbridos de cobre 
e de cálcio apresentaram perfis semelhantes de atividade relativa em função do tempo em até 8 
horas. Entretanto, em meios ácidos de pH 4,0 e 5,0, foi notável uma maior desativação dos 
híbridos de cálcio em comparação com as outras formas do biocatalisador, sugerindo que a 
estabilidade dos híbridos esteja diretamente relacionada tanto com sua porção orgânica quanto 
sua porção inorgânica. A análise de estabilidade térmica mostrou excelente estabilidade dos 
híbridos e da enzima livre a 50 °C, sem que houvesse uma perda de atividade considerável 
durante as 8 horas de teste. A 60 °C, as atividades residuais observadas em 8 horas foram de 
79,61%; 76,61%; e 74,97% referentes às atividades iniciais da enzima livre, dos híbridos de 
cobre e dos híbridos de cálcio, respectivamente. A 70 °C, foi notado o efeito favorável da 
imobilização enzimática em híbridos de cálcio. Enquanto a enzima livre perdeu toda a atividade 
em 6 horas, e os híbridos de cobrem apresentavam apenas 5,59% de atividade residual, os 
híbridos de cálcio mantiveram 27,02% da atividade inicial no mesmo tempo. O resultado sugere 
uma maior estabilidade térmica nos híbridos de enzima e cálcio, em conformidade ao que foi 
previamente descrito na bibliografia (DUAN; LI; ZHANG, 2018; CHEN et al., 2018). Apesar 
de a reação estudada ter um mecanismo complexo, nas condições testadas a taxa observada de 
reação é função da concentração de fenol, indicando que essa é a etapa lenta do mecanismo e 
determinante da velocidade. A constante de Michaelis, KM, está associada à afinidade entre o 
sítio ativo da enzima e o substrato, sendo que menores valores da constante representam maior 
afinidade. Neste sentido, observou-se que a imobilização da enzima em nanoflowers levou a 
uma diminuição do KM, de 6,82 µmol.mL-1 na enzima livre para 4,05 µmol.mL-1 nos híbridos 
de cobre e 2,84 µmol.mL-1 nos híbridos de cálcio, indicando maior afinidade sítio ativo–
substrato nas estruturas híbridas, sobretudo nas de cálcio. A velocidade máxima específica de 
reação, contudo, não sofreu alteração considerável para as estruturas de cálcio e diminuiu para 
as estruturas de cobre. A pesquisa anterior de Zhong et al. (2021) corrobora o resultado, já que 
os híbridos orgânico-inorgânicos produzidos pelos autores apresentam ambos KM e Vmax 
menores que os da enzima livre, evidenciando que uma maior afinidade sítio ativo-substrato 
não necessariamente leva a uma maior velocidade de reação. O parâmetro kcat permaneceu 
semelhante ao da enzima livre nos híbridos de cálcio e diminuiu consideravelmente para os 
híbridos de cobre. Os híbridos de cálcio destacaram-se ao apresentar um valor de kcat/KM, que 
representa a eficiência catalítica, cerca de 2,23 vezes maior que da enzima livre. Este resultado 
sugere que a imobilização da enzima HRP em híbridos orgânico-inorgânicos feitos a partir de 
íons de cálcio possa levar a uma maior eficiência enzimática. Similarmente, Zhang et al. (2020) 



relataram uma eficiência catalítica maior para híbridos de cálcio e menor para híbridos de cobre, 
quando comparados à enzima livre. Finalmente, os biossensores produzidos foram testados com 
amostras contendo fenol em concentrações de 0,72 µmol.mL-1 a 24,00 µmol.mL-1. Os 
biossensores com híbridos de cobre e de cálcio apresentaram coloração semelhante em 1 min 
de reação em todos os pontos testados, comprovando sua eficiência na rápida detecção de fenol. 
Em concentrações de fenol abaixo de 0,72 µmol.mL-1, nenhum foi capaz de apresentar mudança 
de coloração que identificasse a presença do composto em 1 min. Os biossensores produzidos 
com quantidade equivalente de enzima livre não apresentaram resposta colorimétrica à solução 
fenólica testada. Acredita-se que isso tenha ocorrido devido ao espalhamento da enzima não 
imobilizada pelos poros da membrana. Uma síntese típica de nanoflowers utilizando o método 
descrito utiliza apenas 2,5 mg de enzima HRP e é capaz de gerar até 200 unidades de detecção 
para fenol, evidenciando uma abordagem prática e simples para produção de biossensores 
colorimétricos qualitativos para fenol em concentrações a partir de 0,72 µmol.mL-1. 
 
Conclusões  
A produção de biossensores colorimétricos em membrana utilizando híbridos orgânico-
inorgânicos de enzima HRP e íons de cobre e cálcio para detecção de fenol foi bem-sucedida. 
Ambos os biossensores, desenvolvidos com nanoflowers de diferentes íons metálicos, foram 
capazes de detectar fenol em concentrações de 0,72 µmol.mL-1 a 24,00 µmol.mL-1 em apenas 1 
min de reação. Biossensores controle, produzidos com quantidade equivalente de enzima livre, 
não apresentaram mudança de cor nas mesmas condições. A correta formação dos híbridos foi 
verificada através das técnicas EDS, FTIR e XRD, apesar da divergência estrutural observada 
em MEV nos híbridos de cálcio em comparação com os híbridos de cobre. Os híbridos 
mostraram excelente estabilidade em função de pH e temperatura, especialmente os de cálcio, 
que foram capazes de manter a atividade por maior tempo em 70 °C. Além disso, os parâmetros 
cinéticos indicaram uma maior eficiência catalítica nos híbridos de cálcio do que na enzima 
livre. Os resultados obtidos sugerem uma próspera aplicação de híbridos orgânico-inorgânicos 
na produção de biossensores colorimétricos para detecção de fenol.  
 
Palavras-chave: Híbridos orgânico-inorgânicos. Nanoflores híbridas. Imobilização 
enzimática. Horseradish peroxidase. Detecção de fenol. 
 

  



ABSTRACT 

 

Phenol, an environmental pollutant frequently found in chemical industries effluents, is highly 
toxic even in low concentrations. This study reports a green, simple, and rapid method for visual 
qualitative phenol biosensing using horseradish peroxidase (HRP) hybrid nanoflowers made 
with copper (Cu2+-hNF) and calcium (Ca2+-hNF) ions. The enzyme was immobilized through 
protein-inorganic self-assembly into hybrid structures, subsequently supported onto a 
polyvinylidene fluoride (PVDF) membrane. The effective enzyme encapsulation into hybrid 
structures was sustained by scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDS), Fourier transform infrared spectroscopy (FTIR), and powdered X-ray 
diffraction (XRD) techniques. The best protein concentration in hybrid synthesis was 
established as 0.25 mg.mL-1 for both metal ions. The best temperature and pH of use were found 
to be 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 °C to 70 ºC 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 phenol in concentrations ranging from 0.72 µmol.mL-1 to 24.00 µmol.mL-1 within 1 min, 
whereas control biosensors produced with an equivalent amount of 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. 
Horseradish peroxidase.  
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1 INTRODUCTION 

 

 Peroxidases (EC 1.11.1.x) encompass a vast group of valuable biocatalysts 

involved in the numerous oxidative reactions which use peroxide as an electron acceptor. 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, EC 1.11.1.7) 

represents the principal source of commercial peroxidases [11].  

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 one of the most recent and facile 

immobilization approaches, that enables improved stability and higher activities in immobilized 

enzymes compared to their free forms [13]. Since the first report of their synthesis, organic-

inorganic hybrids have been broadly employed in diverse applications, like bioremediation [14–

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 cellulose, 

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 main idea of this research was to develop a simple, rapid, and low-cost 

biosensor for visual phenol detection by employing HRP-inorganic hybrid nanoflowers. 

Furthermore, this work investigates the differences between copper and calcium hybrids by 

applying various structural, chemical, and catalytic characterization techniques.  
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1.1 OBJECTIVES 

 

1.1.1 General objective  

 

The general objective of this work was to develop a colorimetric membrane-based 

biosensor for phenol detection using copper/calcium–horseradish peroxidase hybrid 

nanoflowers.  

 

1.1.2 Specific objectives 

 

 To synthesize hybrid nanoflowers of copper and calcium ions and horseradish 

peroxidase enzyme. 

 To examine the influence of protein concentration and metal ion type in nanoflowers 

synthesis. 

 To verify the proper formation of hybrid nanoflowers through scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Fourier transform 

infrared spectroscopy (FTIR), and powdered X-ray diffraction (XRD). 

 To determine the best operating conditions of temperature and pH of copper and calcium 

hybrids and the free enzyme. 

 To assess pH and thermal stability of copper and calcium hybrids and the free enzyme.  

 To estimate the kinetic parameters of copper and calcium hybrids and the free enzyme. 

 To produce a biosensor by supporting the hybrid nanoflowers onto a polyvinylidene 

fluoride (PVDF) membrane. 

 To evaluate the efficiency of the developed biosensors in phenol detecting.  
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2 LITERATURE REVIEW  

 

Enzymes have their great potential recognized and established in various industrial 

sectors, such as food, drug, and fuel production for many years [47–49]. Due to these 

biocatalysts' versatility and advantages over chemical catalysts, such as milder operating 

conditions, their research and application are constantly growing [50]. The use of enzymes 

tends to minimize industrial production costs by reducing energy consumption and by-products 

formation due to the high specificity of the biocatalyst and reducing the amount of waste 

generated in the process [51]. Nevertheless, there are some limitations to using enzymes on a 

large scale, such as the biocatalyst’s high cost and its low stability under extreme reaction 

conditions [52]. 

As an alternative to solve these problems, different immobilization techniques are 

applied to improve the enzyme stability, specificity, selectivity, ease of recovery, and reuse 

[53,54]. However, most standard immobilization techniques lead to significant losses of 

biocatalyst activity compared to its free form, lower reaction rates, and additional process costs 

related to immobilization [47].  

Due to some obstacles faced by the application of immobilized enzymes at and industrial 

level, new enzyme immobilization techniques were emerging. To improve the surface area and 

stability of biocatalysts, researchers developed flower-shaped nanostructures. In this process, 

layers of organic-inorganic hybrid structures are formed, such as the flower petals, they are thus 

called nanoflowers [55–57]. Although inorganic nanoflowers have their applications in 

catalysis and analytical sciences researched since the beginning of the century, organic-

inorganic structures have gained a greater interest in recent years in biocatalysis with growing 

research efforts [13,58]. These structures are formed by an inorganic part composed of a metal 

phosphate and an organic part composed of DNA molecules or proteins, such as enzymes [23]. 

Among the advantages of these nanomaterials compared to the traditional immobilization 

methods are high surface area, simplicity of synthesis, higher stability, and excellent catalytic 

activity [59,60]. These features enable and encourage the application of hybrid nanoflowers in 

various areas, such as biomedicine, biocatalysis, and the development of biosensors [59–63].  

Different enzymes and approaches are used to produce biosensors. Among those, 

phenolic compounds are recurrently employed as targets due to their toxicity and habitual 

incidence in chemical industries effluents [27,28].  
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Given the above, the current chapter presents a literature review of organic-inorganic 

hybrid nanoflowers, their applications in several areas of enzymatic catalysis, and phenol as an 

environmental pollutant.  

 
2.1 SYNTHESIS, CHARACTERIZATION, AND CLASSIFICATION OF HYBRID 

NANOFLOWERS 

 
The first studies that refer to nanometric flower-type structures synthesized them by 

heatin silicon compounds at high temperatures [64,65]. Many types of materials were studied 

later, such as copper ions [66], gold [67,68], zinc [69], platinum [70], among others. 

The first synthesis of organic-inorganic hybrid nanoflowers (hNF), as described by Ge, 

Lei, and Zare [13], happened by accident when 20 µl of 120 mM CuSO4 solution was added to 

3 mL of phosphate-buffered saline (PBS) solution containing 0.1 mg.mL-1 bovine serum 

albumin (BSA) at pH 7.4 and 25 ° C. The mixture was stirred for about 30 s and then incubated 

at rest for three days. After this period, a bluish precipitate with porous and flower-like 

structures was observed. With this study, Ge, Lei, and Zare [13] proposed a mechanism of 

formation of nanoflower structures, outlined in Fig. 1. Based on the use of BSA and copper 

ions, the suggested mechanism consists of three steps: (1) nucleation and formation of primary 

crystals, (2) growth of crystals, and (3) formation of nanoflowers. In the Fig. 1, yellow spheres 

represent protein molecules. Initially, Cu2+ ions react with phosphate ions to form the first 

crystals. In the same stage, there is the formation of Cu2+ complexes with the enzyme. The 

following stages refer to the growth of these crystals and nanoflowers’ subsequent formation 

[13].  

 

Figure 1 - Hybrid nanoflowers forming mechanism 

 
Source: Ge; Lei; Zare, 2012. 

 

 

A similar mechanism is described by Kim et al. [71], who consider that the growth of 

hybrid nanoflowers can be divided into four stages: (1) initial nucleation and formation of an 
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enzyme/metal nanocomplex, (2) nanofiber self-assembly, (3) nano-hyperbranches formation 

and (4) final production of hybrid nanoflowers.  

The search for structures with different characteristics for certain applications, such as 

optical, conductive, and mechanical features, guided the development of the area, especially 

concerning biosensors [70,72,73]. The hunt for materials and methods that can be used to 

immobilize enzymes united these areas, causing several studies to emerge with the use of 

nanoflowers in enzymatic processes. 

To prove the generality of the described method, Ge, Lei and Zare, in their first study, 

replaced BSA by α-lactalbumin, laccase, carbonic anhydrase, and lipase, different enzymes, in 

different concentrations. The formation of hybrids was based on the coordination between Cu2+ 

ions and proteins, more specifically on the formation of complexes between the amino groups 

of the primary structure of enzymes with copper [74]. Similar structures to the initial 

nanoflowers were observed with different proteins used [13].   

The simple formation of organic-inorganic hybrid nanoflowers depends on the 

incubation time, enzyme concentration, pH, and temperature. Several authors demonstrate the 

best formation of these structures, when more rounded and with more closed pores, allowing 

higher area/volume ratio, at temperatures of 4 °C, with a pH close to 7, and 72 h of incubation 

[13,55,71,75,76].  

Considering the formation mechanisms described above, the number of nucleation 

points between metal ions and proteins decreases with enzyme concentration. Consequently, 

larger nanoflowers tend to be observed [13,77].  

To decrease the synthesis time of the nanoflowers, some changes in the experimental 

conditions were suggested. The main one comprises the use of a sonicator bath, which can 

reduce the time formation of structures from 72 h to just a few minutes [78,79]. 

After the synthesis assays, it is necessary to characterize the structures and to confirm 

their proper formation. For this purpose, the reaction medium is centrifuged, allowing the 

separation of a precipitate where the generated nanoflowers are found. 

Scanning electron microscopy (SEM) enables the morphological analysis of the 

nanoflower surface and the determination of its size. For the analysis of isolated nanoflowers 

and the crystalline structure of their petals, transmission electron microscopy (TEM) can be 

used. Previous reports show average structure sizes, depending on the type and concentration 

of the enzyme used, varying between 3 and 20 µm [13,42,80].  

 Determining the composition and  the chemical interaction of the formed hybrids is also 

essential for the knowledge of the immobilized biocatalyst. Therefore, analyzes such as X-ray 
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excited photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Fourier transform infrared 

spectroscopy (FTIR), differential scanning calorimetry (DSC), and energy-dispersive X-ray 

spectroscopy (EDS) can be applied [71,75,81].  

Nanoflowers can be formed with different proteins or DNA, in addition to different 

metal ions. According to this, there is an attempt to classify these structures. Lee et al. [80] 

proposed classifying nanoflowers into five primary types: copper-protein, calcium-protein, 

manganese-protein, copper-DNA, and capsular nanoflowers.  

Bilal et al. proposed a similar classification [82], taking into account the progress in 

research in the area. The authors classified the hybrids according to the metal ion used in the 

synthesis, the main types as being copper, calcium, manganese, zinc, cobalt, and iron 

nanoflowers. 

Biocatalysts formed with flower-like structure proved to be efficient, stable and became 

excellent alternatives to “classic” immobilization processes that usually require solid supports. 

The efficiency and robustness of the “new” biocatalysts made them applicable in different 

industrial sectors, which will be discussed over the next topic of this work. 

Classic immobilization processes typically include adsorption, covalent attachment, 

encapsulation, as well as another sophisticated combination of methods [83]. However, these 

methods may have some disadvantages, such as difficulties in the immobilitazion process, 

restriction in the enzyme’s flexibility, impediments between enzyme and substrat, and blocks 

in the active site [55]. Therefore, the advent of nanoflowers might circumvent some of these 

disadvantages.  

 

2.2 HYBRID NANOFLOWER APPLICATIONS IN BIOCATALYSIS  

 

 As a simple and elegant form of biocatalyst synthesis, the nanoflowers cab exhibit high 

stability and activity, improving mass transfers. Therefore, practical applications of organic-

inorganic nanoflowers in diverse scenarios have received particular attention from researchers 

from all over the globe in the past few years. Table 1 summarizes their applications in three 

main categories: biosynthesis of chemicals, bioremediation and biodegradation of compounds, 

and biosensors production, individually examined in the following sections of this work. 
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Table 1 - Hybrid nanoflower applications in biocatalysis 
(to be continued) 

APPLICATION METAL ION ENZYME REACTION REFERENCE 

Biosynthesis 

calcium 
lipase 

synthesis of clindamycin palmitate [18] 
synthesis of fructose ester  [19] 

copper 

synthesis  of biodiesel  [77] 
lipase + GOx epoxidation of alkenes [84] 
cytochrome P450* oxidation of sulfides [20] 
L-arabinitol   
4-dehydrogenase  
+ NADH oxidase 

L-xylulose production [85] 

Bioremediation 
and 
Biodegradation  

copper, cobalt, cadmium chloroperoxidase 

dye removal 

[15] 

copper 

peroxidase [86] 
egg white* [87] 
laccase + lysine [14] 

laccase 
[16] [17] [88] 

degradation of BPA [89] 
trypsin degradation of proteins  [90]  
papain 

hydrolysis of proteins 
[91] 

calcium alkalase [92] 
copper, manganese, zinc, 
cobalt, calcium 

lactase hydrolysis of lactose  [93] 

Biosensors 
manganese  

GOx 
glucose detection  

[21] 

copper 
[22] [23] 

GOx + HRP [94] [95] 
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Table 1 - Hybrid nanoflower applications in biocatalysis 
(conclusion) 

APPLICATION METAL ION ENZYME REACTION REFERENCE 

Biosensors  
copper 

HRP phenol and hydrogen peroxide detection [42] 
catalase hydrogen peroxide detection [24] 

laccase 
phenol detection [35] 
epinephrine detection  [78] 

lactoperoxidase epinephrine and dopamine detection [25] 
AChE + choline oxidase organophosphorus pesticides detection [96] 
CON A + hemin 

pathogens detection  
[97] 

GOx + HRP [98] 
calcium CON A + GOx  [26] 
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2.2.1 Biosynthesis of chemicals 

 

Due to their excellent catalytic features, enzymes are used in a wide range of reactions. 

Among these, enzymatic synthesis reactions of esters gain prominence thanks to these 

compounds’ versatility, whose applicability can be observed in the production from cosmetics 

to biofuels [99–101].  

Using lipase ZC12 as the core of hybrid nanoflowers with calcium ions, Zhang et al. 

[19] demonstrated structures with a 206% increase in catalytic activity compared to the free 

enzyme. Also, an increase in selectivity at low temperatures was observed, and after 7 cycles 

of use, the immobilized lipase did not lose its activity. The authors finally tested the 

nanoflowers for the conversion of lauric acid into fructose ester, finding a conversion of 57% 

at 72 h and 40 °C, about 2 times greater than with lipase in its free form under the same 

conditions, proving the potential application of the hybrid structures [19].  

Wang et al. [18]  produced calcium phosphate and lipase hybrids aiming to synthesize 

clindamycin palmitate. Both ions Ca2+ and (PO4)3- were obtained from animal bone waste. The 

authors have shown the efficiency of the hybrids produced even in high temperatures. In fact, 

at 80 °C, the reaction yield using the immobilized lipase was 52.6%, while no product was 

detected using the free enzyme. 

Lipases can also be used for the synthesis of fatty acid esters, employed mainly in the 

biodiesel composition. Jiang et al. [77] used porcine pancreas lipase (PPL) with copper 

phosphate to form nanoflowers. The hybrids showed increased stability at high temperatures, 

leading to an increase in the reactions’ efficiency. 

Increasing the storage time is also a desirable feature when carrying out an enzymatic 

immobilization. This characteristic was observed by Jiang et al. [77], when lipase nanoflowers 

maintained 93.6% of their activity after 7 days of incubation at room temperature, while the 

free enzyme lost all its activity after about 48 h. Finally, the authors tested the hybrids formed 

for converting sunflower oil into biodiesel. The nanoflowers demonstrated higher resistance to 

the presence of methanol and low conversion loss after 5 cycles of the catalyst, from 96.5% to 

72.5% [77]. 

The formation of organic-inorganic hybrid nanoflowers as an enzymatic immobilization 

technique allows more than one enzyme to be immobilized simultaneously in the same 

structure. The multifunctional biocatalysts can act in reactions that occur in multiple stages, 

either by eliminating one of them or assisting in eliminating undesirable by-products [102,103].  

Zhang et al. [84] synthesized nanoflowers containing glucose oxidase (GOx) and lipase in the 
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presence of copper ions. The authors tested the use of the combined enzymes in the free form, 

immobilized separately and immobilized in the same structure for the epoxidation of styrene, 

with 51%, 65%, and 89% conversions, respectively. The results suggested a decrease in 

diffusion resistance and the concentration of hydrogen peroxide in the reaction medium, also 

reducing enzyme inactivation. After ten cycles, the co-immobilized enzymes' activity in the 

epoxidation reaction remained at 82%, proving the efficiency of reusing the biocatalyst [84]. 

Another application of hybrid structures was evaluated by He et al. [20] on the selective 

oxidation of sulfides. The authors produced nanoflowers from cytochrome P450, an extremely 

versatile biocatalyst for different reactions, and copper phosphate. This organic-inorganic 

hybrid was used in the oxidation of thioanisole into methyl phenyl sulfoxide. After five catalytic 

runs of 1 h at 35 °C, no significant decrease was observed in conversion and selectivity, which 

were higher than 93% and 99%, respectively. 

 

2.2.2 Bioremediation and biodegradation of compounds 

 

The degradation of compounds represents another widespread use of enzymes, as well 

as their immobilized forms. Enzymes are potent allies in the decomposition of complex 

molecules, such as drugs and dyes, in addition to enabling the hydrolysis of proteins since they 

can operate in mild operating conditions [104,105]. 

Different enzymes can decolorize synthetic and natural dyes, given the wide variety of 

compounds used as dyes and the versatility of biocatalysts. For example, copper and laccase 

hybrid nanoflowers can remove up to 90% color in solution [16,17,88]. Rong et al. [16] 

observed a removal rate of 3.6 times higher with nanoflowers than that of the free enzyme for 

Congo Red dye. Patel et al. [17] also synthesized laccase hybrids, but the nanoflowers were 

cross-linked with glutaraldehyde. This considerable change in the structure, illustrated in Fig. 

2, further increased the enzymes’ catalytic activity, the storage stability, and the reusability of 

the hybrids. Hence, more favorable features in the biocatalyst and more significant removal of 

the dyes tested Bromophenol Blue, Coomassie Blue, and Xylene Cyanol were noticed.  
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Figure 2 - Laccase hybrid nanoflowers crosslinked with glutaraldehyde 

 
Source: Patel et al., 2018. 

 
Luo et al. [88]  proposed a supported growth of laccase-copper structures on 3D 

hierarchically porous nanofibrous poly (vinyl alcohol-co-ethylene) (PVA-co-PE) membrane to 

improve mechanical features of the hybrid nanoflowers. The scheme of PVA-co-PE 

nanofibrous membrane synthesis using poly (methyl methacrylate) (PMMA), adsorption of 

copper ions, and subsequent formation of supported nanoflowers is presented in Fig. 3. The 

authors showed the hybrids' use for different degradation dyes, such as reactive blue 2, acid 

blue 25, acid yellow 76, and indigo carmine, with a degradation efficiency of 83.59%, 86.35%, 

90.2%, and 99.5%, respectively. 
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Figure 3 - Hybrid nanoflowers growth onto porous nanofibrous membrane

 
Source: Luo et al., 2020. 

 

Using Turkish black radish peroxidase-Cu2+ hybrids, Altinkaynak et al. [86] studied the 

Victoria Blue dye removal from water. The nanoflowers synthesized could be reused up to ten 

times efficiently, with dye removal decreasing from 90% in the first use to 77% in the tenth. 

Egg white and copper ions hybrid nanoflowers developed by Altinkaynak et al. [87] 

were applied to remove direct dyes. Although they do not contain an isolated enzyme in their 

structure as an organic portion, only the proteins present in egg white, the hybrid structures 

could act as phenol oxidases and peroxidases. Promising results of up to 80% of color removal 

from water were observed, proving the possible applicability of this technique using egg white 

for biocatalytic properties. 

 Wang et al. [15] synthesized hybrid nanoflowers capable of degrading the methyl violet 

dye using chloroperoxidase with copper, cobalt, and cadmium phosphates. All formed hybrids, 

each with a metallic phosphate, were able to remove more than 98% of the dye in the solution, 

proving the high catalytic activity of the structures. 

Moreover, Maurya, Nadar et Rathod [14] have shown that not only a free enzyme can 

be used as the organic portion of hybrid nanoflowers. The authors have proved that a previous 

mixing of laccase and lysine, a positively charged amino acid, resulted in a higher activity of 

the free enzyme. Then, this blend of organic components was used with copper ions and sodium 

phosphate to synthesize efficient hybrid nanoflowers, capable of degrading 89% of a reactive 

blue 4 dye solution after 1 h. 

Different immobilization methods can be used concurrently to improve biocatalyst 

features, such as increased catalytic activity and ease of separation. Fu, Xiang, and Ge [89] 

produced magnetic nanoparticles from hybrid copper phosphate and laccase nanoflowers. The 

biocatalyst reached a degradation of 100% of bisphenol A in the first use and 95% in the fifth 

use, proving the efficient reusability of the immobilized enzyme. 
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2.2.2.1 Hydrolysis and digestion of proteins 

 

Lin et al. [90] developed hybrid nanoflowers of copper phosphate and trypsin, aiming 

to degrade two proteins: BSA and HRP. Compared with the free form, the immobilized enzyme 

showed similar sequence coverage and peptide combination results. However, the results that 

were obtained in 24 h with the free enzyme were achieved in just 1 min by the nanoflowers, 

indicating a significant improvement in protein digestion.  

Memon et al. [82] produced hybrid nanoflowers of alkalase and calcium ions to 

hydrolyze isolated soy protein, leading to better bioactive properties of these compounds. In 

addition to demonstrating 90% activity after seven cycles, the immobilized enzyme generated 

a soy protein hydrolyzate with better solubility than the free enzyme, high radical scavenging 

capacity, and functional calcium-binding capacity, the potential application of hybrids also in 

the food industry.  

 Feng et al. [81] have synthesized papain-copper phosphate-magnetic nanoflowers to 

hydrolyze the cow's milk allergenic proteins. The hybrids had shown an activity 1556% higher 

compared to free alkaline papain. Furthermore, since the structures were easily separated from 

the bulk reaction, they could hydrolyze allergic proteins without adding even more free protein 

to the milk. 

 

2.2.2.2 Hydrolysis of lactose  

 

Organic-inorganic hybrids have their features based on their composition. Talens-

Perales et al. [93] have synthesized hybrid nanoflowers to hydrolyze lactose with various metal 

ions – of Cu2+, Mn2+, Zn2+, Co2+, and Ca2+ – as the inorganic component and β-galactosidase 

from Thermotoga maritima, a thermophilic bacterium, as the organic part. Besides the already 

expected differences in the nanoflowers morphologies using different ions, the authors have 

shown that enzyme activities also depend on the metal used. While structures with Mn2+, Co2+, 

and Ca2+ showed similar activity to the same amount of free enzyme, Zn2+ and Cu2+ presented 

activity decreases of 2 and 10-fold, respectively. Although copper ions are commonly used in 

hNFs synthesis, they are known inhibitors of the lactase employed in the assays. By testing the 

nanoflowers’ activity, stability, and recycling, Talens-Perales et al. have proved that calcium-

containing structures showed better features than the hybrids with other tested metal ions in this 

case. 
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2.2.3 Biosensors production 

 

2.2.3.1 Phenol and hydrogen peroxide detection 

 

The use of nanoflowers in biosensors’ production to detect compounds has been studied 

since the first applications of this technique. In this sense, compounds of environmental interest 

such as hydrogen peroxide and phenol, highly toxic, are examples of research objects to be 

detected and quantified. Zhu et al. [35] reported to have developed a fast and easy method of 

detecting phenol using nanoflowers, represented in Fig. 4. The organic-inorganic hybrids, 

synthesized using copper ions and laccase, were immobilized in a syringe filter (pore diameter 

of 0.2 µm). When passed through the filter containing the laccase, phenol solutions in 

concentrations of 0.4 to 50 µg.mL-1, in the presence of 4-aminoantipyrine (4-AAP), formed a 

pink chromophore group. The formation of this chromophore allowed the quantification of 

phenol in the samples. Activity assays carried out by the authors demonstrate an activity of 

nanoflowers equivalent to about 200% of the free enzyme for the oxidation of phenol [35]. 

 

Figure 4 – Phenol biosensing with laccase nanoflowers  

 

Source: Zhu et al., 2013. 

 

Based on the oxidation of compounds and the presence of a chromophore group, it was 

observed the use of different enzymes as catalysts for the same reaction was employed by Zhu 

et al. [35]. For example, Lin et al. [42] synthesized hybrids of copper phosphate and HRP to 

detect phenol and hydrogen peroxide. The authors found an  increase of 506% in the activity of 

the nanoflowers compared to the free HRP enzyme in the solution [42]. Also, to detect hydrogen 
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peroxide, Zhang et al. [24] produced organic-inorganic hybrids from catalase and copper 

phosphate with the aid of a sonicator bath. The use of this technique allowed the structures to 

be wholly formed in 30 min. The synthesized nanoflowers showed, in addition to the increased 

activity, a significant gain in their stability. After 28 days, catalase lost 62% of its initial activity 

in its free form, while catalase nanoflowers continued with 90% of their initial activity [24]. 

 

2.2.3.2 Glucose detection 

 

Multifunctional biocatalysts, obtained by immobilizing multiple enzymes 

simultaneously, have broad applicability in “cascade” reaction systems, a complex system in 

which the product, or by-product, of a reaction acts as a substrate for the subsequent reaction 

[106]. This concept was explored by Sun et al. [94] when producing hybrid GOx and HRP 

nanoflowers with copper phosphate, aiming to develop a glucose biosensor. 

The synthesis of these nanostructures allowed the combination of a cascade reaction, 

schematized in Fig. 5,  catalyzed by two enzymes. The first reaction of glucose transformation 

by GOx has as a by-product hydrogen peroxide, which is catalyzed by HRP forming a 

chromophore group, allowing the detection and quantification of the initial glucose [94].  

 

Figure 5 – Glucose detection mechanism by Gox-HRP hybrid nanoflowers  

 
Source: Sun et al., 2014. 

 

 

Glucose + O2 H2O2 + TMB 

H2O + oxTMB 

GOx HRP Cu3(PO4)2∙3H2O 
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Ariza-Avidad, Salinas-Castillo, and Capitán-Vallvey [85] used nanoflowers with the 

same composition to produce a three-dimensional microfluidic device on paper, aiming at the 

colorimetric detection of glucose. The biosensor, which reached detection limits of 15.6 

µmol.L-1, demonstrated easy reuse and high stability of the micro-reactor for up to 75 days [95]. 

Similar detection ranges were obtained by hybrid nanoflowers of GOx and copper ions 

synthesized by Batule et al. [23]. According to the authors, the biocatalyst effectively detected 

glucose up to 3.5 µmol.L-1, demonstrating practical applicability since the concentration of this 

molecule in human blood is in the order of some mmol.L-1 [23].   

Not only different organic compounds can be used in the same nanoflowers to enhance 

their features. Cheon et al. [22] have obtained prosperous structures by incorporating GOx-

copper phosphate hybrid nanoflowers into Fe3O4 magnetic nanoparticles (MNPs). First, these 

MNPs, previously reported to have peroxidase-like activity [107], were amine-functionalized. 

Then, it was possible the electrostatic attraction of GOx and the amino groups in the MNPs. 

Finally, in the presence of phosphate and copper groups, the nanoflower’s formation and growth 

occurred. By using a cascade reaction, catalyzed first by the GOx and then by the MNPs 

peroxidase-like activity, the authors have successfully reused the glucose biosensor up to ten 

times, with 90% of the initial activity remaining. A scheme of the biosensor produced by the 

authors is shown in Fig. 6, representing the conversion of Amplex UltraRed (AUR) into a 

fluorescent product.  

 

Figure 6 – Glucose biosensing by the action of MNPs-Gox NFs 

 
Source : Cheon et al., 2019. 
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Li et al. [21] performed the in situ synthesis of nanoflowers directly on cellulose paper 

to optimize the manufacture of a glucose biosensor. Initially, manganese sulfate, the donor of 

the metallic ions of the hybrids, was added on paper, followed by a phosphate solution 

containing GOx. The biosensor showed high specificity for detecting glucose in complex 

samples, demonstrating high applicability for on-site analyses. 

 

2.2.3.3 Pathogens detection 

 

The early detection of pathogens present in food and water can mean more safety and a 

considerable decrease in spending on disease treatment [108]. Biosensors of various 

performances and forms have been developed to make their applications even simpler and more 

precise [109]. The use of hybrid nanoflowers proves to be a viable path with great potential 

within biosensors development. 

A biosensor based on hybrid nanostructures of concanavalin A, GOx, and calcium ions 

for E. coli O157: H7 detection was developed by Ye et al. [26]. The biosensor, illustrated in 

Fig. 7, was developed based on the affinity of concanavalin A and the lipopolysaccharides O-

antigen, present in the structure of the bacteria, and the GOx ability to convert glucose into 

gluconic acid. As gluconic acid increases the medium’s acidity under analysis, the bacteria 

could be quantified by analyzing the pH.  

 

Figure 7 – E. coli detection through pH changes by nanoflowers catalysis

 
Source : Ye et al., 2016. 
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Wang et al. [87] produced hybrid nanoflowers of hemin and concanavalin A with copper 

phosphate to detect the same bacteria, which showed a peroxidase-like activity. Using a 

colorimetric biosensor developed based on the performance of the described nanoflowers and 

in the presence of diammonium salt, adequate detection of the microorganisms was observed 

up to the estimated limit of 4.1 CFU.mL-1.  

It is also known that different bacteria can be responsible for infections in the urinary 

tract, and the treatment is more appropriate when the responsible microorganism is identified 

correctly [110]. Thus, Li et al. [98] developed an electrochemical biosensor capable of 

identifying and quantifying bacteria present in the urine through the action of hybrid 

nanoflowers of GOx, HRP, and copper ions. This sensor was based on recognizing specific T4 

phages combined with an electrical signal amplification resulting from reactions catalyzed by 

nanoflowers. The authors reported an excellent detection limit of 1 CFU.mL-1 using this 

technique. 

 

2.2.3.4 Epinephrine detection 

 

Epinephrine or adrenaline, considered both a hormone and a neurotransmitter, can treat 

anaphylactic shock, bronchial asthma, and heart disease, and abnormal variations in body levels 

can be a symptom of diseases such as Parkinson's [111]. Colorimetric biosensors from 

nanoflowers show fast and straightforward alternatives for detecting this compound in solution. 

Batule et al. [78] produced hybrid nanoflowers of laccase and copper phosphate via 

sonication to detect adrenaline. A visual comparison of the use of the free enzyme and 

nanoflowers showed a much more accentuated color in the detection of adrenaline through 

immobilized structures, confirming the higher activity. 

Using lactoperoxidase as the enzyme, Altinkaynak et al. [25] proved the employment 

of the immobilized biocatalyst in the visual detection of both adrenaline and dopamine. The 

activity of nanoflowers increased up to 630% for dopamine detection and up to 570% in the 

detection of adrenaline compared to equivalent amounts of the free lactoperoxidase. 
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2.2.3.5 Organophosphorus pesticide detection 

 

Despite being controlled due to their harmful health effects, organophosphorus 

pesticides have frequent use in modern agriculture. For this reason, the detection of its residues 

might be an important tool for the environmental safety [112,113]. 

In view of this, Jin et al. [96] developed an electrochemical and colorimetric biosensor 

based on hybrid nanoflowers of acetylcholinesterase and choline oxidase with copper ions. 

Using cascade reactions catalyzed by the enzymes present in the nanostructures, the authors 

achieved excellent detection levels of 6 phentograms per milliliter or 6 × 10-15 g.mL-1. 

 

2.3 PERSPECTIVES  

 
 Even though hybrid nanoflowers tend to show several advantages compared to 

traditional immobilization techniques, their applications also might present some challenges. 

Among those are the difficulty of separation and consequent reuse, considering the small size 

of the hybrid structures; the commonly long incubation time of 3 days; the structures’ 

mechanical stability; and the low productivity of hybrids in each batch [17,85,89,91].  

Against this background, some actions are made to assure better features to the 

structures. For example, some changes in synthesis’ conditions, or the concomitant use of 

different techniques, such as crosslinking or the production of magnetic nanoparticles.  

Despite all those modifications, and considering their characteristics, the organic-

inorganic hybrid nanoflowers  have in biosensors production a great potential application. 

Enzymatic biosensors can be produced with an enormous variety of biocatalysts, and they 

usually do not need a great amount of enzyme to be produced. Furthermore, hybrid nanoflowers 

can be synthesized directly onto the biosensor, what could facilitate its reuse and could also 

reduce the production costs.  

 

2.4 PHENOL AS AN ENVIRONMENTAL POLLUTANT  

 

Phenol, a colorless-to-white solid with a melting point of about 40.9 ºC and a molecular 

formula of C6H5OH, is both a natural and a synthetic chemical. Phenolic compounds also 

represent a class of organic chemicals, all of them being derivatives of phenol. Common 

phenolic compounds and their respective applications are presented in Table 2.  
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Table 2 - Phenolic compounds: structures and applications 
(to be continued)  

Compound Structure Applications 

Phenol 

 

Chemical industry (e.g., 
resins, plastics, 
pesticides, dyes), coal 
processing,  metallurgic, 
etc.  

Catechol 

 

 

Photography, rubber, 
dyes, insecticides, 
cosmetics, etc. 

2-nitrophenol 

 

 
 

Polymers, drugs, 
photography, etc. 

4-methylphenol 

 

 
 
 

Insecticides, cosmetics, 
explosives, etc. 

4-aminophenol 

OH

NH2  

Oils, lubricants, 
photography, etc. 
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Table 2 - Phenolic compounds: structures and applications 
(conclusion)  

Compound Structure Applications 

Buthylohydroxy-
toluene 

 
 

Gasoline, lubricants, 
oils, waxes, rubber, 
plastics, etc. 

4-nonylphenol  

 

 
 

Emulsifiers, wetting 
agents, dispersing 
agents, etc. 

Bisphenol A 

 

Lubricants, epoxy-
resins, rubber, plastics, 
etc.  

Source: adapted from Michalowicz and Duda (2007)[114] 

 

To determine the environmental fate of organic pollutants, such as phenolic compounds, 

however, might be a challenge given the complexity of measuring their actual concentration all 

over the world. From this perspective, models for environmental fate have been extensively 

developed to predict the spread of chemicals through the environment [115]. The theoretical 

distribution of phenol in the environment estimated by Mackay’s model (level 1) is presented 

in Table 3. 

 

Table 3 - Theoretical phenol distribution in the environment 
Environment phase  Percentage 
Air 0.8 
Water 98.8 
Soil 0.2 
Sediment 0.2 

Source: adapted from European Union Risk Assessment Report: phenol [116] 

 

Accordingly, water bodies represent the main target of phenols in the environment. 

Aqueous phenol in nature might portray a persistent pollutant, with toxic effects, including 

cancerogenic, from chronic or acute exposure in humans and animals [117,118]. For this reason, 
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phenolic compounds are considered pollutants of priority concern by the European Union (UE) 

and by the United States Environmental Protection Agency (USEPA) [116,119].  

 Phenols in the environment have different sources. One is represented by the naturally 

occurring phenols found in several living beings, from fungus to plants and animals. Another 

natural origin of phenol is throughout plants and animals' decomposition [118]. However, many 

phenols in water bodies come from manufactured chemicals in industrial, agricultural, and 

domestic wastes. Phenol is generally used as an intermediate in chemical synthesis. Among 

those are synthesizing other chemicals (bisphenol A, salicylic acid, and alkyl phenols, for 

example), phenolic resins, paints, plastics, disinfectants, pesticides, cosmetics, and medical 

preparations [116,118]. Paper and cellulose, petroleum refining, pharmaceutical, and metal 

coating industries are also great consumers and producers of phenolic compounds [27,28]. The 

inappropriate discharge of effluents from those industries might lead to environmental 

contamination in water bodies. 

Phenol toxicity in humans is observed on multiple scales. Phenol's acute effects include 

skin, eyes, and mucous membranes, inhalation, and dermal contact. Irregular breathing, muscle 

weakness, tremors, convulsions, coma, and respiratory arrest at lethal doses are also possible 

[119]. Phenol's chronic effects might include anorexia, weight loss, diarrhea, vertigo, 

gastrointestinal irritation, muscle pain, dermal inflammation, necrosis, arrhythmias, and blood, 

liver, kidney, respiratory and cardiovascular effects [119].  

 Nevertheless, not only humans can be affected by phenol toxicity. The entire aquatic 

ecosystem might be affected by phenolic compounds in water, from accidental leakages, natural 

or anthropogenic sources [114,118].  

 Effective detection of phenol in water bodies is essential to a rapid action and to 

minimize possible environmental damage when it is in high concentrations. Against it, many 

strategies have been researched, with a special focus on biosensors with laccase, tyrosinase, and 

peroxidase enzymes, to detect phenol in solution [29–46].  
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3 MATERIAL AND METHODS  

 

3.1 CHEMICALS AND MATERIALS 

 

Horseradish peroxidase (HRP) was obtained from Toyobo (Brazil). 4-AAP, 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.  

 

3.2 PREPARATION OF COPPER-HRP AND CALCIUM-HRP HYBRID NANOFLOWERS 

 

The copper-HRP hybrid nanoflowers (Cu2+-hNF) were synthesized following 

previously reported methods [13,42,93,120–122] 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. 

 

3.3 CHARACTERIZATION OF COPPER-HRP AND CALCIUM-HRP HYBRID 

NANOFLOWERS 

 

The morphology of Cu2+-hNF and Ca2+-hNF was analyzed by scanning electron 

microscopy (SEM, JEOL JSM-6390LV). The electron microscope was equipped with energy-

dispersive 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 polyvinylidene 

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.  
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3.4 ENZYME ACTIVITY ASSAYS  

 

The peroxidase activity was determined using a method previously proposed by Trinder 

(1969) with modifications. This approach, which employs 4-AAP as hydrogen donor, is 

measured spectrophotometrically by the hydrogen peroxide degradation and consequent 

formation of quinoneimine, a pinkish antipyrine dye [123,124]. This reaction is represented in 

Fig. 8:  

 

Figure 8 - Scheme of the peroxidase-catalyzed reaction of H2O2, phenol, and 4-AAP 

 

 

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 phenol. 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 absorbance was measured after 

1 min in 510 nm by spectrophotometry (Hitachi, model U–2900). Different enzyme 

concentrations were used so the absorbance variance after 1 min was within the detection limit 

of the spectrophotometer in all cases. 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 were calculated with the Eq. 1 [124]: 

   

 
𝐴 =  

∆𝐴𝑏𝑠ହଵ

𝜀 × 𝑏 × 𝑡
 

Eq. 1 

 

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).    

 

3.5 ENCAPSULATION YIELD 
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The encapsulation yield (Y) is used to determine the percentage of the initial free 

enzyme reduced to the immobilized form. The enzymatic activities of the free HRP and the 

hybrid nanoflowers were carried as described previously in section 3.4. Subsequently, the 

immobilization yield was calculated using Eq. 2: 

 

 
𝑌 (%) = 100 × ൬

𝐴 − 𝐴௦

𝐴
൰ 

Eq. 2 

 

Where 𝐴 is the initial activity in the HRP solution and 𝐴௦ is the activity of the supernatant 

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

 

3.6 PH AND TEMPERATURE EFFECT ON THE ENZYME ACTIVITY OF THE FREE 

HRP AND HNF 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 

glycine buffer for pH 10.0, 11.0 and 12.0; and NaOH 0.1 M for pH 13.0 were used to produce 

0.0017 M hydrogen peroxide solution to evaluate pH influence on the enzyme activity. The 

activity assays were carried out using the phenol and 4-AAP method previously described.  

The reagents and enzymatic preparations were incubated for 5 minutes in a thermostatic 

bath (SolidSteel, Model SSDc – 10 L) in several temperatures (from 25 to 70 °C) before the 

reaction start. The whole reaction was carried as above stated, within pH 7.4 buffer, in 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.  

 

3.7 EFFECT OF THE PH AND TEMPERATURE ON STABILITY OF THE FREE HRP 

AND HNF 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; Tris-HCl buffer 0.1 M for pH 8.0 and 9.0. The activities were measured 
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using 0.1 mL of the enzyme or hNFs preparations in the intended pH, following the identical 

procedure described in section 3.4 at different 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 

ºC. 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 previously described. 

The stability was estimated by plotting the relative activity (%) as a function of the time the 

enzyme was exposed to each condition, considering the initial activity value for each sample as 

100%.  

 

3.8 DETERMINATION OF 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 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: 

 

 
𝑉 =  

∆𝐴𝑏𝑠ହଵ

𝜀 × 𝑏 × 𝑡 × 𝐶ா  
 

Eq. 3 

 

Where V0 is the initial specific reaction rate (µmol.min-1.mg-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), 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, which was estimated from the Lineweaver-Burk graph, plotted in Sigmaplot 14.0,  

using GNU Octave 6.2.0 software. 

Kinetic parameters KM (µmol.mL-1) and Vmax (µmol.min-1.mg-1) of Michaelis-Menten 

model for simple enzymatic reactions (Eq. 4) were then determined for the free enzyme and 

both hybrids, using phenol as the substrate.  
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𝑉 =  

𝑉௫[𝑆]

𝐾ெ + [𝑆]
 

Eq. 4 

 

Where V0 is the initial specific reaction rate (µmol.min-1.mg-1), Vmax is the maximum specific 

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: 

 

 𝑘௧ =  𝑉௫𝑀ுோ 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).  

 

3.9 MEMBRANE-BASED PHENOL DETECTION USING COPPER-HRP AND 

CALCIUM-HRP HYBRID NANOFLOWERS  

 

A qualitative membrane-based biosensor was developed by employing a craft-cutting 

technique 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 temperature 

for 12 h. For comparing 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, which 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, was dripped onto the biosensors. As a result, a pink color 

appears on the hNFs membranes to prove the presence of phenol.  
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4 RESULTS AND DISCUSSION  

 

4.1 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 tend to exhibit 

flower-like shapes [122]. The growth mechanism of these nanoflowers has been widely 

described [13,42,92,94,125]. Briefly, three steps can summarize the mechanism: nucleation, 

growth, and compilation [120,126]. 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 

complexes 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 greater diameter [77,127]. 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 crystallization into a basis for new 

petals and simultaneously attaches petals in flower-like structures [120]. 

 

4.1.1 Scanning electron microscopy  

 

The effect of the initial concentration of HRP in the morphology of Cu2+-hNF was 

investigated by SEM analysis (Fig. 9). With 0.10 mgHRP.mL-1, hybrid structures (Fig. 9A) 

showed loose petals, although they had adequate size and formation. Higher concentrations of 

0.25, 0.50, and 1.00 mgHRP.mL-1 had led to tightened petals and consequent grater ratio surface 

area per volume (Fig. 9B, 9C, and 9D). It is noticeable that Cu2+-hNF produced with 0.25 

mgHRP.mL-1 exhibited greater spherical shape consistency and distinct petal-like structures. 
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Figure 9 - 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 ºC for 72 h 

 

 

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. 10.  

 Nevertheless, the flower-like structure was not well determined in this case. The 

difference between calcium and copper hybrid produced at the same conditions might be 

explained by the formation of contrasting metal-phosphates structures, mainly amorphous for 

calcium and crystalline for copper [128]. 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 [76]. Zhang et al. (2020) have proved that the 

calcium ion concentration also influences the hybrid's morphologies. 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 
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were formed [19]. Furthermore, Yu and co-workers (2018) have also communicated 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 of them had a distinct appearance 

[128].  

 

Figure 10 - SEM images of Ca2+-hNF produced with an initial concentration of HRP of 0.25 
mg.mL-1, at 4 ºC for 72 h 

 

 

4.1.2 Encapsulation yield 

 

Sheldon and van Pelt (2013) described that the immobilization yield can be precisely 

established by measuring the residual activity in the enzyme solution after the immobilization 

process and comparing this value to the initial activity [12]. Different initial enzyme 

concentrations were tested in hNFs synthesis. The average results of encapsulation yield and 

respective experimental standard deviations of three independent experiments are shown in 

Table 4. These results suggest an optimal initial enzyme concentration of 0.25 mg.mL-1 for both 

metal ions used, which leads 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 

concentration 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 [22,78,79,81,121], it is possible to deduce that there is an optimal 

protein concentration that leads to the highest encapsulation yield value. Based on 

morphologies features observed in Cu2+-hNF and on protein embedding efficiency for both 
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hybrids, the initial protein concentration of 0.25 mg.mL-1 was fixed for all subsequent 

characterization and application. 

 

Table 4 - Encapsulation yield of HRP based on residual enzyme activity in the supernatant  
Metal  Initial enzyme 

concentration (mg.mL-1) 
Encapsulation 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 

 

4.1.3 Energy dispersive X-ray spectroscopy  

 

The EDS technique revealed the elemental composition of hybrid nanoflowers. The 

EDS spectrum results in atom percentage are found in Table 5. Characteristic peaks of classical 

elements as C, O, and P commonly reported were observed in both hybrids [19,121,129,130]. 

Copper was verified in an atom amount of 16.30 % in Cu2+-hNF, while the atom concentration 

of calcium in Ca2+-hNF was 27.97%, proving the formation of organic-inorganic 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 

[94,95,125]. This was first described by Sun et al. (2014) when the authors noted that no 

nanoflowers were formed without chloride ions [94]. The statement was supported by Somtkurk 

et al. (2016), who had produced a blue precipitate with no typical 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 [95,125].  
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Table 5 - 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 

 

4.1.4 Fourier transform infrared spectroscopy  

 

FTIR analysis was carried out to identify chemical structures and to prove the formation 

of organic-inorganic hybrid nanoflowers. The spectroscopy results are shown in Fig. 11. 

Characteristic 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 [125,131]. The 

stretching bands 1400-1630 were attributed to NH2 groups from peptide bonds [86]. 

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 [76]. The peaks perceived at 

2800-3000 cm-1 are typical for CH2 and CH3 groups, while OH and NH groups stretching bands 

are found at ~3450 cm-1 [95,125]. Another significant absorption band, noticed in ~1090 cm-1, 

might refer to the asymmetric vibration of Si─O [132].  

This result is consistent with silica structures, observed in SEM analysis and 

characterized by EDS, in all samples tested. SEM images of those structures are presented in 

Fig. 12. Although the stabilizers used in the commercial enzyme are not specified, we were led 

to believe that silica compounds were present in the free enzyme sample for this purpose. 

Additionally, even in the presence of silica compounds, the hybrids’ synthesis was not affected. 
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Figure 11 - FTIR of Ca2+-hNF, Cu2+-hNF, and free HRP 

 

 

 

Figure 12 - SEM images of silica structures 
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4.1.5 Powdered X-ray diffraction  

 

XRD technique was employed to characterize the crystal phases of both hybrids, as 

presented in Fig. 13. XRD analysis has shown that copper hybrids (Fig. 13A) have peaks 

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 [127,133–135]. 

Likewise, XRD of calcium hybrids (Fig. 13B) has exhibited correspondence with 

Ca3(PO4)2∙2H2O (JCPDS No. 18-0303) and CaHPO4 (JCPDS No. 9-80), both already 

communicated in earlier researches of calcium-enzyme structures [19,92]. 

It was also possible to visualize a major peak in both structures in 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.  

  

Figure 13 - XRD spectrum of (A) Cu2+-hNF and (B) Ca2+-hNF 

  

 

4.2  PH AND TEMPERATURE EFFECT ON THE ENZYME ACTIVITIES OF THE FREE 

HRP AND HNF PREPARATIONS 

 

Optimal conditions of use for free HRP and hNFs were determined by activity assays. 

First, experiments to obtain the best pH were carried out at different pH values at room 

temperature. The results are reported in Fig. 14 as relative activity. The highest activity for each 

biocatalyst used 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 behaviors were detected by Rong et al. (2017) and by Memon et al. (2019), 
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where copper-enzyme and calcium-enzyme hybrids, respectively, presented the same best pH 

value that the free studied enzymes [16,92]. 

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 profiles in higher pH values for copper-enzyme hybrids than the free enzyme, 

suggesting greater enzyme stability within the tested conditions  [75,121]. 

 

Figure 14 - Relative activity as a function of pH at 25 ºC for Cu2+-hNF, Ca2+-hNF, and free 
HRP 

 

 

Subsequently, using the best pH value, activity was tested in different temperatures from 

25 to 70 °C. The relative activity as a function of the highest activity for each biocatalyst is 

displayed in Fig. 15. As it happened with the pH evaluation, the synthesis of Cu2+-hNFs and 

Ca2+-hNFs did not affect the optimal temperature, detected to be 60 ºC for all cases. In parallel, 

hybrids prepared by Sun et al. (2014) and Wang et al. (2020) have maintained the optimal 

temperature of the free enzyme  [18,94].  

 It was noticeable, though, that activity in both hybrids was less sensitive to temperature 

change in the range 25 to 40 °C than the free enzyme, which might represent an increase in the 

enzyme thermal robustness. At 70 °C, the activity losses compared to the highest values were 
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16.90%, 32.03%, 44.63% in Ca2+-hNF, free-HRP, and Cu2+-hNF, respectively. This higher 

activity in calcium hybrids might bespeak an advantage of these structures against the free 

enzyme and copper hybrids.  

 

Figure 15 - Relative activity as a function of temperature in pH 7.4 for Cu2+-hNF, Ca2+-hNF, 
and free HRP 

 

 

4.3  EFFECT OF PH AND TEMPERATURE ON STABILITY OF THE FREE HRP AND 

HNF PREPARATIONS 

 

The effect of pH and temperature on the stability of the free enzyme and hybrid 

preparations was also investigated. All the results are expressed as relative activity, where the 

initial activity for each biocatalyst was set as 100%.  

The pH stability was established with different buffer solutions: citrate buffer 0.1 M for 

pH 4.0 and 5.0; phosphate buffer for pH 6.0 and 7.4; Tris-HCl buffer 0.1 M for pH 8.0 and 9.0. 

According to the pH stability analysis (Fig. 16), in pH of 6.0 to 8.0 (Fig. 16C, 16D, and 16E), 

the free enzyme and hybrid preparations with copper and calcium showed similar deactivation 

profiles. Consequently, enzyme immobilization did not considerably affect the enzyme stability 

in those pH values. On the other hand,  in pH of 9.0 (Fig. 16F), both hybrids presented discrete 

superior stability than the free form. In fact, after 24 h, copper and calcium hybrids maintained  
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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 in the optimal pH 7.4.  

However, calcium hybrids exhibited more significant deactivation in acid mediums than 

copper and free enzymes (Fig. 16A and 16B). This outcome suggests that hybrids' stability is 

completely related to their both organic and inorganic constituents. In this sense, conjugated 

polyketone reductase-calcium phosphate hybrids with sodium alginate coating prepared by 

Cheng et al. (2020) presented a notably smaller residual activity in acid mediums than free 

enzyme [136]. Consistently, Chen et al. (2018) have shown that, despite the higher activity 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 [137]. 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 [137]. 
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Figure 16 - 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 ºC 

 

 

Thermal stability analysis indicated excellent stability for both hybrids and the free 

enzyme at 50 °C (Fig. 17A), where no considerable activity loss was seen within 8 h. At 60 °C 

(Fig. 17B), the optimal temperature for the enzyme activity, the residual activities after 8 h 

account for 79.61%, 76.61%, and 74.97% of the initial values for free HRP, copper, and calcium 

hybrids, respectively. Finally, at 70ºC (Fig. 17C), the favorable effect of the enzyme 

immobilization in copper hybrids in the stability is notable. While the free enzyme lost all its 

activity within 6 h, and copper hybrids showed only 5.59% of residual activity, calcium 

preparations were able to maintain 27.02% of its initial activity in this time and 26.42% in 8 h. 
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This result suggests a 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 [138]. Chen and co-workers (2018) 

also presented improved thermal stabilities in calcium phosphate-enzyme hybrids within 8 h in 

temperatures ranging from 30 to 60 °C for both enzymes ADH and AKR. However, this 

stability upgrade was much more significant in AKR hybrids [137]. 

 

Figure 17 - 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 

 

 

4.4 KINETIC PARAMETERS  

 

A 10-step mechanism of the co-oxidation of phenols and 4-AAP, which includes 

quinonimine production, was proposed by Metelitza, Litvinchuk, and Savenkova (1991)[139]. 

However, even though the reaction has a complex mechanism, the initial reaction rate, as shown 

in Fig. 18, 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 determines, 

consequently, the reaction rate. Although HRP immobilization into Ca2+-hNF did not lead to a 
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considerable change in the kinetic profile of phenol consumption, Cu2+-hNF seems to have had 

a substantial decrease in the maximum specific reaction rate.  

 

Figure 18 – Initial specific reaction rates as a function of phenol concentration for Cu2+-hNF, 
Ca2+-hNF, and free HRP, pH 7.4 at 25 ºC.*  

 

*Points represent average results of three independent experiments and error bars represent the 
respective standard deviations. Curves represent the Michaelis-Menten model fitting to the data for 

each biocatalyst tested. 

 

A double reciprocal plot, which can be visualized in Fig. 19, was finally produced to 

determine the kinetic parameters KM, Vmax, and kcat (Table 6) and quantify those differences 

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. 
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Figure 19 - Lineweaver-Burk plot for Cu2+-hNF, Ca2+-hNF, and free HRP

 
 

 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 affinity. 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 calcium hybrids, although this value decreased to 3.20                 

µmol.min-1.mg-1  in Cu2+-hNF. Correspondingly, magnetic-activated lipase-inorganic hybrid 

nanoflowers prepared 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 necessarily induce a higher reaction rate [140]. 

The turnover number, or kcat, representing the frequency of substrate molecules 

converted 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 a higher enzymatic efficiency. 

Zhang et al. (2020) reported similar kinetic results by using a lipase as the organic portion. The 

authors have shown that catalytic efficiency was greater for calcium hybrids and smaller for 

copper hybrids. At the same time, KM was lower for both calcium and copper hybrids compared 
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to the values for the free enzyme [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]. 

 

Table 6 - Kinetic parameters of Cu2+-hNF, Ca2+-hNF, and free HRP 

 
 

4.5  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. 20A-J, respectively). Fig. 20 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 to each phenol concentration 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 can be seen in Fig. 20A, probably due to 

their higher catalytic efficiency, both calcium and copper biosensors showed similar 

performance for phenol detection within the concentration range tested. Control biosensors, 

produced with an equivalent amount of free enzyme (Fig. 20-1), did not present any 

considerable color switch in none of the phenol concentrations tested. It might have occurred 

due to enzyme spread through the membrane pores, attenuating visible changes.  

As expected, 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 possible 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 of the 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. However, 

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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those results were obtained in a higher reaction time of 5 minutes [35]. Another phenol 

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].  

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 detection. It 

might evidence a simple, low-cost, and efficient approach to assemble 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 to a fast in situ analysis to 

determine the presence of phenol in the environment. 
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Figure 20 - 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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5 CONCLUSIONS 

 

In summary, a simple, rapid, and low-cost, qualitative biosensor for visual detection of 

phenol using copper-HRP and calcium-HRP hybrid nanoflowers was successfully developed. 

Both biosensors, prepared with copper and calcium hybrids, could detect phenol in 

concentrations ranging from 0.72 µmol.mL-1 to 24.00 µmol.mL-1 in 1 min of reaction time.  

The highest encapsulation yield values, 92.3% and 92.0%, were obtained for copper and 

calcium hybrids, respectively, using the best enzyme concentration of 0.25 mg.mL-1 in the 

synthesis medium. With this enzyme concentration, copper nanoflowers presented a good 

morphology. Calcium hybrids, however, did not exhibit a flower-like form within the same 

conditions, evidencing that both enzyme concentration and metal ion type are essential to define 

the enzyme-inorganic structure. 

Despite the divergence 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. For all the biocatalyst forms tested, the best pH and temperature values were 7.4 and 

60 °C, respectively. 

Both hybrids have presented great stability in pH from 4.0 to 9.0, similar to the free 

enzyme. Further, all the biocatalysts tested demonstrated excellent thermal stability at 50 °C, 

and similar deactivation profiles at 60 °C. At 70° C, the favorable effect of enzyme 

immobilization into Ca2+-hNF was noted since these hybrids were able to maintain their activity 

for longer periods. 

In addition, kinetic parameters were determined. KM constant decreased from 6.82 

µmol.mL-1 in the free enzyme to 4.05 µmol.mL-1 and 2.84 µmol.mL-1, in Cu2+-hNF and         

Ca2+-hNF, respectively. Moreover, Ca2+-hNF presented a kcat/KM value 2.23 times higher than 

the free HRP, indicating that immobilizing the free enzyme into calcium hybrids might increase 

enzymatic efficiency. 

Furthermore, up to 200 units of biosensors can be produced using only 2.5 mg of HRP 

with the approach described in the present work. Considering all the facts disclosed above, we 

believe that the developed biosensors can be a helpful tool in practical and rapid in situ phenol 

detection.  

Although a small amount of enzyme was used to prepare each biosensor, the reusability 

of the formed biosensors was not tested in this study. It might be, then, an interesting approach 

for a future work. Another subject that might also be explored is the efficiency of this biosensor 

using real samples for phenol detection, considering their color and the presence of other 
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chemicals. Finally, the hybrid synthesis yield might also be examined to obtain a higher 

production of nanoflowers in each batch. 
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