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Building block and rapid synthesis 
of catecholamines-inorganic 
nanoflowers with their peroxidase-
mimicking and antimicrobial 
activities
cagla celik1, nilay ildiz2 & ismail ocsoy1*

Protein incorporated flower-shaped hybrid nanostructures have received highly considerable attention 
due to their greatly enhanced catalytic activities and stabilities. Up to date, proteins, enzymes (mostly 
considered as proteins), and amino acids (as the building blocks of peptides and proteins) have been 
used as organic components of the hybrid nanoflowers. Herein, we present a rational strategy to rapidly 
form catecholamines (dopamine, epinephrine and norepinephrine)-copper ion (cu2+) incorporated 
nanoflowers (cNFs) mostly in 3 hours and show their peroxidase-mimic catalytic, dye degradation and 
antimicrobial activities through Fenton-like reaction mechanism. We systematically studied effects 
of experimental parameters including catecholamine concentrations, reaction time and reaction pH 
values, on formation of the cNFs. We also explained that norepinephrine nanoflower (neNF) with its 
porous structure, high surface area, polar surface property behaves as an efficient Fenton agent by 
exhibiting highly much catalytic activities compared to dopamine nanoflower (dNF) and epinephrine 
nanoflower (epNF). We claim that the NFs formed using nonprotein molecules can be used in designing 
new generation nanobiocatalytics, antimicrobial agents, nanobiosensors and pharmaceutical products.

Many conventional methods, chemical modification and immobilization, have been developed with both aim of 
solving instability problem of free enzymes in aqueous solution and increasing their catalytic activities1–9. Despite 
great performance spent on these methods, only high stability so far was accomplished with modified enzymes. 
Unfortunately, modified enzymes have not provided any increase in activities compared to free enzymes and 
even loss of activity was observed in some reported works8–10. It is worthy to mention that while limited mobility 
of enzymes in immobilized form may increase their stabilities, it adversely affects catalytic activities of enzymes 
owing to their unfavourable conformation and serious mass transfer limitations occurred between enzymes and 
substrates10–12.

To address these disadvantages of modified or immobilized enzymes, fabrication of hybrid organic–inor-
ganic nanoflowers (NFs) with greatly enhanced catalytic activities and stabilities were discovered by Zare and 
co-workers13,14. In this elegant in situ immobilization approach, available amine groups of enzymes prefer-
entially react with Cu2+ in phosphate buffered saline (PBS) for hierarchical and self-assembled formation of 
enzymes-copper phosphate (Cu3(PO4)2) hybrid NFs in 72 hours (hrs). However, almost all reported studies 
on NFs rely on use of proteins and enzymes as organic components. In subsequent studies, various single and 
multi-enzymes have been utilized to design novel nano-biocatalytic systems or nano-biosensors used for appli-
cations in biomedicine, biocatalysis and bioanalytical sciences. For instance, researchers used different of types 
commercially available or isolated single enzymes for production of NFs by following and modifying reported 
method for showing their greatly enhanced enzymatic activities towards model substrates or targets (hydrogen 
peroxide, dopamine, m-cresol, phenol, etc)14–24. Additionally, Mao et al., and Avidad et al., successfully com-
bined glucose oxidase (GOx) and horseradish peroxidase (HRP) enzymes in one single NF system for developing 
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colorimetric sensor and 3D microfluidic paper-based device, respectively19,25. Using dual enzymes in NF provided 
cascade enzymatic reactions. Furthermore, whole plant extracts were used as organic components by Ildiz et al  
and Baldemir et al to form novel organic-inorganic NFs with an intrinsic peroxidase-like activities. However, the 
corresponding molecules in whole extracts acted as organic components for NF formation were not identified 
yet26,27. Herein, we present, for the first time, synthesis of novel organic–inorganic nanoflowers (NFs) almost 
in 3 hrs using catecholamines (dopamine, epinephrine and norepinephrine) as organic components and Cu2+ 
ions as inorganic components. We also elucidate effects of experimental parameters on formation of cNFs with 
explanations of their catalytic, dye degradation and antimicrobial activities depending upon Fenton-like reaction 
mechanism.

Materials
All catecholamines (dopamine, epinephrine and norepinephrine), 2,2′-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid)-diammonium salt (ABTS), thiazolyl blue tetrazolium bromide, hydrogen peroxide (H2O2), Copper 
(II) sulfate pentahydrate, (CuSO4·5H2O), salt precursors for PBS (NaCl, KCl, Na2HPO4, KH2PO4, CaCl2.2H2O, 
MgCl2.6H2O) were purchased from Sigma-Aldrich. For all experiments, ultrapure water with 18.2 MΩ (Millipore 
Co., USA) was consumed. E. coli ATCC 35218 (Gram negative) and S. aureus ATCC 25923 (Gram positive) 
used as bacterial strains, and C. albicans ATCC 10231 used as fungi were obtained from Erciyes University 
Pharmaceutical Microbiology Laboratory collection.

Methods
UV-Vis Spectroscopy (Shimadzu 1800) was used for determination of peroxidase like activities of the cNFs. For 
imaging morphologies of cNFs, Scanning Electron Microscopy (SEM, ZEISS EVO LS10) was operated. Simply, 
powder of the cNFs was deposited on SEM stubs, then each stub was coated with gold (Au) using sputter coating 
device prior to SEM operation. The Energy Dispersive X-Ray Analysis and Mapping (EDX) equipped to SEM 
were used for presence of copper metal and other elements (carbon, oxygen, nitrogen and phosphorus) in the 
cNFs. The bonds stretching and bending in the cNFs were characterized by both of Fourier Transform Infrared 
(FTIR) and RAMAN Spectroscopies. The crystal structure of the cNFs with peak positions of Cu3(PO4)2 primary 
crystal was analyzed X-Ray Diffraction (XRD, Bruker AXS D8 Advance Model). Brunauer-Emmett-Teller (BET) 
was used for analysis of surface area of the cNFs.

Synthesis of catecholamines nanoflowers. For synthesis of the cNFs, reported methods were modified 
and followed13,14. Firstly, different concentrations of catecholamines (dopamine, epinephrine and norepineph-
rine) as organic parts and 120 mM of stock Cu2+ solution as an inorganic part were freshly prepared in ultrapure 
water prior to mixing them in PBS solution for formation of the cNFs, respectively. Each catecholamine solution 
was added into 10 mM PBS (pH 7.4) and followed by addition of Cu2+ solution. Before incubation of the resulting 
mixture under undisturbed condition, each mixture was vigorously shaken or vortexed to increase the interaction 
between catecholamines and Cu2+ ions, which is considered as a necessary step for homogeneous nucleation and 
uniform cNFs formation. It is noted that final concentrations of catecholamines and Cu2+ ions were adjusted to 
0.02 mg/mL and 0.8 mM, respectively. The cNFs formation, especially for dNF, was observed in 3 hrs at 25 °C.

Although formation of cNFs was examined based on concentrations of dopamine, epinephrine and norepi-
nephrine molecules, morphologies of the dNFs were investigated as a function of reaction time, pH values of PBS 
solutions, type of metal ions and post addition of dopamine molecules on pre-formed Cu3(PO4)2 primary crystals 
owing to rapid and ideal formation of the dNFs.

Catalytic activities of catecholamines nanoflowers against model substrate and dye. The cat-
alytic activities of each catecholamine nanoflower (cNF) (10 μg/ml) were tested based on oxidation of ABTS 
(1 mM) and thiazolyl blue tetrazolium bromide (0.5 mM) used as a model substrate and dye, respectively in the 
presence of 22.5 mM H2O2. All catalytic reactions were completed in 10 mM PBS solutions (pH 4.0). The changes 
in absorbance values based of production of ABTS•+ and formazan type derivative were recorded at 417 nm and 
570 nm, respectively using a UV-Vis spectrophotometer.

Antimicrobial activities of catecholamines nanoflowers. The neNF was selected for all antimicrobial 
experiment due to much catalytic activity among other cNFs. The antimicrobial activities of neNF towards E. coli 
ATCC 35218 (Gram negative) and S. aureus ATCC 25923 (Gram positive) used as model bacterial strains, and C. 
albicans ATCC 10231 used as a model fungi were performed based upon Clinical Laboratory Standards Institute 
(CLSI) guidelines via broth microdilution method28–31.

In typical antimicrobial measurement procedure, the bacterial cells were prepared by culturing them in 
Mueller Hinton broth and incubated at 37 °C for 14 hrs to fix the bacteria cultures to 0.5 McFarland. Based on 
broth microdilution method, bacterial and fungi cell solutions, CuSO4, norepinephrine and neNFs were sepa-
rately mixed in 96-well microtiter plates and each mixture was incubated at 37 °C for 18–24 hrs for bacteria and 
48–72 hrs for fungi to examine microbial growth. All experiments were carried out in triplicate.

Results and Discussion
In nanoflower (NF) synthesis, nitrogen atoms of the amine groups in catecholamines reacted with Cu2+ ions in 
PBS solution to form catecholamine-(Cu3(PO4)2) primary crystals as seeds in nucleation step. These primary 
crystals provide multi-nucleation sites for anisotropic growth in process nanoflower formation. In the growth 
step, continuous feeding of primary crystal with catecholamines led to occurrence of large petals containing 
catecholamine-(Cu3(PO4)2), then catecholamines in petals functioned as adhesive molecules to bind the petals 
each other. In the last step, combination of the petals was completed with saturation of anisotropic growth for the 
formation of the whole and single nanoflowers.
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There common catecholamines (dopamine, epinephrine and norepinephrine) were used as organic parts to 
form catecholamines-(Cu3(PO4)2) (cNFs). The formation of dopamine nanoflower (dNF) using (0.02 mg/mL) 
dopamine and Cu2+ (0.8 mM) were studied based on different reaction times (1 hr, 3 hrs, 6 hrs, 12 hrs, 24 hrs, 
48 hrs, 72 hrs and 96 hrs) as shown in Fig. 1. Although typical protein/enzyme-inorganic nanoflower formed 
in 72 hrs, almost all dNF was rapidly formed in 3 hrs. In 1st hrs of incubation, only formation of spherical seeds 
was observed (Fig. 1A). Figure 1B shows an elegant example of the building block formation of dNFs from 
dopamine-Cu3(PO4)2 primary crystals through the bottom-up approach. It also demonstrates that binding 
of petals together and growth process were almost completed in 3 hrs. In general, NFs using various organic 
components (proteins, enzymes, amino acids, plant extracts and standard plant molecules) and Cu2+ ions as 
inorganic components were self-assembly formed in 72 hrs by giving blue-colored precipitates (considered as 
indication of organic molecule-Cu3(PO4)2 formation). In contrast to that, two main potential mechanisms, 
dopamine-Cu3(PO4)2 formation and oxidation process between dopamine molecules (as like polydopamine 
formation process), may simultaneously contribute formation of dNFs. We claim that obtaining black-colored 
precipitate of the dNFs was attributed by dopamine-Cu3(PO4)2 formation and oxidation of dopamine or partially 
formation of polydopamine. With 6th hrs of incubation, dNF formation was completely carried out as seen in 
Fig. 1C. In addition to that no remarkable difference in size and shape of dNFs formed in 12th hrs, 24th hrs, 48th hrs,  
72nd hrs and 96th hrs of incubations as presented with SEM in Fig. 1D–H, respectively. Figure 1I presents that 
while large and separate crystals were observed, but no NFs were obtained without the dopamine molecule, which 
proves the adhesive role of dopamine molecules in binding of the petals together for eventual dNF formation.

We claim that the dNFs with uniform and ideal flower shaped were produced at pH 7.4 of 10 mM PBS solu-
tion. The formation of dNFs were evaluated at various pH values of PBS solutions (pH 5, 6, 9 and 10). The dopa-
mine, as a positively charged molecule, was not involved in NF formation owing to strong positive repulsion 
between dopamine molecules and Cu2+ ions at pH < 5 (data not shown here). Although dopamine molecules are 
still highly positively charged at pH 5, shape of the dNF was apparently splayed owing to loosely binding of the 
petal (Fig. 2A), More uniform morphology was obtained when dNF was synthesized at pH 6 (Fig. 2B). The charge 
of dopamine molecule is expected to be close to neutral at pH 9, then dNF was obtained with distorted morphol-
ogy (Fig. 2C). No dNFs were formed at pH 10 (Fig. 2D) and above (data not shown here) due to the occurrence of 
negative repulsion between dopamine molecules and PO4

3− ions.

Figure 1. SEM images of dNFs using (0.02 mg/mL) dopamine and Cu2+ (0.8 mM) formed in different reaction 
times. (A) 1 hr, (B) 3 hrs, (C) 6 hrs, (D) 12 hrs, (E) 24 hrs, (F) 48 hrs, (G) 72 hrs and (H) 96 hrs. (I) SEM image 
of Cu3(PO4)2 primary crystals formed in 72 hrs without dopamine.
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The optimal dopamine molecule concentration was determined in formation of ideal dNFs. While uniform 
dNF was produced in 72 hrs using 0.01 mg/mL (Fig. 3A), the increase in concentration of dopamine molecule 
delayed or prevented formation of dNFs. For instance, when 0.1 mg/mL dopamine was used, initial dNFs were 
seen in 24 hrs and 48 hrs as shown in Fig. 3B,C, respectively. Even after 72 hrs incubation, dNFs were produced 
with low yield (Fig. 3D). 0.5 mg/mL dopamine was incubated with Cu2+ ions in PBS solution for 24 hrs and 72 hrs, 
but no dNFs were formed as presented in Fig. 3E,F, respectively. Additionally, we examined how metal ions influ-
ence the formation of dNFs. It was expected to create dopamine and Ni2+, Zn2+, Fe2+, Fe3+ incorporated hybrid 
primary crystals for dNF formation, but those metals ions did not give suitable coordination reaction with amine 
group of dopamine, then no dopamine-Ni2+, -Zn2+, -Fe2+, -Fe3+ petals were formed. However, dNFs formations 
were succeeded as SEM images demonstrated in Fig. 4A–D, respectively.

An interesting strategy called “post modification or post incubation” was tested for formation of dNFs. In 
typical NF synthesis, organic and inorganic components are simultaneously mixed into PBS solution for in situ 
synthesis of organic-inorganic hybrid NF. In contrast to that, dopamine molecules were added into pre-formed 
Cu3(PO4)2 primary crystals for synthesis of the dNFs. Basically, Cu2+ solution was added to PBS solutions 
(10 mM, pH 7.4) (final Cu2+ concentration was adjusted 0.8 mM) and Cu3(PO4)2 primary crystals with different 
morphologies were formed after 24 hrs, 48 hrs and 72 hrs incubation. 0.02 mg/mL dopamine was injected to each 
pre-formed Cu3(PO4)2 primary crystals solution, and then each resulting mixture was incubated 24 hrs for pro-
duction of the dNFs. Unfortunately, the dNFs with ideal flower shaped morphologies were not obtained as shown 
in Fig. 5A–C compared to in situ NF synthesis method.

In terms of stability of the dNFs, effects of ethylenediaminetetraacetic acid (EDTA) (used as a strong and versatile 
chelating agent forming complexes with transition-metal or heavy metal ions) and formaldehyde (acted as a crosslinking 
agent for biomolecules by reacting amine groups) were separately investigated on morphology of the dNFs. Figure 6A 
shows that Cu2+ ions were removed from the dNFs when treated with EDTA and flower shaped structure was collapsed. 
The formaldehyde and dopamine molecules were simultaneously added in PBS solution containing Cu2+ ions and incu-
bated to show how formaldehyde influence formation of the dNF in situ synthesis (Fig. 6B) and pre-synthesized dNF 
solution was treated with formaldehyde (Fig. 6C). In both cases, SEM images presented that flower shaped structures 
were partially distorted and no full shape loss or no collapse were observed in Fig. 6B,C, respectively.

In addition to the dNFs, epinephrine and norepinephrine as dopamine derivatives with different concentrations 
were utilized as organic parts for synthesis of the NFs. While 0.02 mg/mL epinephrine gave flower shaped epineph-
rine nanoflower (epNF) (Fig. 7A), no epNFs formations were succeeded with use of 0.1 mg/mL and 0.5 mg/mL 
epinephrine molecules as shown in Fig. 7B,C, respectively. The norepinephrine nanoflowers (neNFs) were successful 
produced using 0.02 mg/mL and 0.1 mg/mL norepinephrine as seen in SEM images of Fig. 7D,E. The morphology 
of neNF formed using 0.1 mg/mL norepinephrine was partially distorted due to repulsion of positively charged nor-
epinephrine molecules. However, increasing norepinephrine concentration to 0.5 mg/mL resulted in formation of 
large petals, but no flower shaped structure could be obtained owing to lack of binding the petals together (Fig. 7F).

Figure 2. SEM images of dNFs formed in pH of (A) 5, (B) 6, (C) 9 and (D) 10.

https://doi.org/10.1038/s41598-020-59699-5


5Scientific RepoRtS |         (2020) 10:2903  | https://doi.org/10.1038/s41598-020-59699-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

Figure 3. SEM images of dNFs using different concentrations of dopamine. (A) 0.01 mg/mL dopamine 
with 72 hrs incubation time, (B–D) 0.1 mg/mL dopamine with 24 hrs, 48 hrs and 72 hrs incubation times, 
respectively, (E,F) 0.5 mg/mL dopamine with 24 hrs and 72 hrs respectively.

Figure 4. SEM images of dNFs using (A) Ni2+, (B) Zn2+, (C) Fe2+ and (D) Fe3+.
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Figure 5. SEM images of dNFs by addition of dopamine on Cu3(PO4)2 primary crystals formed in different 
incubation time. (A) Cu3(PO4)2 formed in 1 day, (B) Cu3(PO4)2 formed in 2 days and (C) Cu3(PO4)2 formed in 
3 days.

Figure 6. (A) Addition of EDTA on dNF, (B) formaldehyde treated dopamine molecule for dNF and (C) 
addition of formaldehyde on dNF.
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The dNFs as model NFs were further characterized with EDX analysis, mapping, FTIR, XRD, Raman and BET 
methods. The EDX mapping of the dNF (Fig. 8A) revealed presence of five different element including C, N, O, 
P and Cu in a merged image (Fig. 8B) and three main elements like Cu, P and O were demonstrated in separate 
images (Fig. 8C–E). The presence of the Cu metal as acted as a corner stone in the dNF formation was analysed 
with EDX spectrum (Fig. 8F). In terms of analysis of the dNF structure, Fig. 9A–C revealed bonds stretching 
and bending in FTIR spectra for free dopamine molecule, Cu3(PO4)2 primary crystal, and the dNF. The crystal 
structure of dNF with XRD analysis was also presented in Fig. 9D. Free dopamine molecules exhibited various 
characteristic stretching and bending vibrations in Fig. 9A. For instance, the bending and stretching bond for 
amine group can be attributed to 1614 cm−1 and 1599 cm−1, respectively. The diol groups of catecholamines gave 
stretching vibration at 3328 cm−1. C–C and C–H bonds of the aromatic ring resulted in stretching vibrations 
appeared at 1590 cm−1 and 3025 cm−1, respectively. The vibration peaks of PO4

3− in Cu3(PO4)2 primary crystals 
were observed at 1042 cm−1 and 557 cm−1 (Fig. 9B). FTIR spectrum of the dNFs shows in Fig. 9C that the bending 
amine bonds was assigned to 1621 cm−1 with left shift. The stretching vibration of diol groups of dopamine in the 
dNFs was appeared by shifting to 3348 cm−1. The corresponding peaks for vibrations PO4

3− were clearly seen at 
1041 cm−1 and 557 cm−1. The peaks in FTIR spectrum of the dNFs indicate the successful incorporation of dopa-
mine and Cu3(PO4)2 primary crystal in the dNFs. The crystal structure of the dNFs in Fig. 9D revealed diffraction 
peaks Cu3(PO4)2 primary crystal. Raman spectra of Cu3(PO4)2 primary crystal, free dopamine and dNF were 
used as complementary data to their FTIR spectra to prove the presence of dopamine and Cu3(PO4)2 in the dNF. 
For instance, the stretching peaks of aromatic rings in free dopamine were appeared at between distinct peak at 
around 1147 cm−1, weak peaks of 1410–1465 cm−1 and 1529 cm−1 (Fig. 10A). The characteristic stretching peaks 
of Cu-O bond in Cu3(PO4)2 were appeared with strong at around 294 cm−1, with weak peak 360 cm−1 and with 
very strong peak at 641 cm−1 (Fig. 10B). Additionally, the aromatic rings of dopamine in the dNF gave stretching 
peaks with weak and strong intensity at around 1425 cm−1 and 1597 cm−1, respectively (Fig. 10C). The peaks with 
different intensities at 284 cm−1, 362 cm−1 and 645 cm−1 were ascribed to characteristic stretching peaks of Cu-O 
bonds in the dNF (Fig. 10C). BET method relied on nitrogen adsorption-desorption measurement was utilized 
to determine the surface area of dNF, epNF and neNF shown in Fig. 10D–F, respectively. The narrow hysteresis 
loop of each NF was in the range of 0.8–1.0 P/P0, which can be considered as indication of as a type IV isotherm22. 
While single point surface areas at P/Po (6.3195 m²/g and 9.1179 m²/g) and BET surface areas (4.0867 m²/g and 
6.4919 m²/g) were measured for dNF (Fig. 10D) and epNF (Fig. 10E), even much higher single point surface area 
(24.5823 m²/g) and BET surface area (13.1667 m²/g) were obtained with neNF (Fig. 10F).

The intrinsic peroxidase-mimic activities of dNF, epNF and neNF were systematically tested towards ABTS 
for catalytic activities, thiazolyl blue tetrazolium bromide for dye degradation activities and microorganisms (E. 
coli ATCC 35218, S. aureus ATCC 25923 and C. albicans ATCC 10231) for antimicrobial activities as presented 
in Fig. 11A–C. Benefiting from function of NFs as a Fenton reagent allows us to use them against these substrate, 
organic dye and microorganisms. In principle, copper compounds exhibit peroxidase-like activities through 
Fenton reaction in the presence of hydrogen peroxide (H2O2) by catalysing the oxidation of proton-donor com-
pounds. However, the catalytic activity of copper ions or copper compounds is very low and dependent on some 

Figure 7. SEM images of epNFs using different concentrations of epinephrine. (A–C) 0.02 mg/mL, 0.1 mg/mL 
and 0.5 mg/mL. SEM images of neNFs using different concentrations of norepinephrine. (D–F) 0.02 mg/mL, 
0.1 mg/mL and 0.5 mg/mL. Inlet: Magnified SEM image of neNF formed using 0.1 mg/mL norepinephrine given 
in (E).
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Figure 8. (A–E) Elemental mapping of dNF. (F) EDX analysis of dNF for presence of Cu metal.

Figure 9. FTIR spectra of (A) free dopamine, (B) Cu3(PO4)2 primary crystal and (C) dNF. (D) XRD analysis of 
dNF.
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Figure 10. Raman spectra of (A) free dopamine, (B) Cu3(PO4)2 primary crystal and (C) dNF. BET isotherms of 
(D–F) dNF, epNF and neNF, respectively.

Figure 11. (A) Peroxidase like activity of cNFs, (B) dye degradation (thiazolyl blue, TB) activity of neNF and 
(C) The reaction for oxidation of ABTS into the radical cation ABTS•+. (D) Antimicrobial activities of CuSO4, 
norepinephrine and neNFs.
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experimental parameters such as temperature and pH and so like. To address these issues, our results showed 
that copper ions coordinated in the NFs exhibited quite much catalytic activities compare to free transition metal 
ions and copper crystals21,32. The potential mechanism for Fenton-like reaction of the NFs can be demonstrated 
in Eq. 1 (Eq. 1) with following step: (i) Cu2+ ions in NFs react with hydrogen peroxide to form Cu1+ ions, (ii) as 
a result of the reaction between of Cu1+ and H2O2, highly reactive hydroxyl radical is formed, (iii) and this free 
hydroxyl radical causes substrate oxidation.

+ → + +

+ → + +

+ + ⋅ +

+ + ⋅ −

Cu H O Cu HOO H
Cu H O Cu HO OH (1)

2
2 2

2 2
2

The peroxidase mimic activities of the dNF (blue line), epNF (red line), and neNF (green line), were per-
formed towards ABTS. The rapid and effective oxidation of ABTS into the radical cation ABTS•+ was spectropho-
tometrically monitored via absorbance of the product (ABTS•+) at 417 nm. We demonstrated that one-electron 
the oxidative activities of the neNF were much higher than that of dNF (blue line), epNF (red line) due to high 
surface area (consistent with BET results) and much polar surface properties of neNF. We also used neNF for dye 
degradation and antimicrobial activities owing to their quite high peroxidase mimic activities compare to other 
cNFs. The neNF acted as a promising alternative to enzymes for effectively remove the thiazole blue tetrazolium 
bromide dye presence of H2O2. The Fig. 11B demonstrated that the dye was drastically and almost completely 
decomposed within 3 hrs incubation. No decomposition was observed when only thiazole blue  tetrazolium bro-
mide itself (blue line), thiazole blue tetrazolium bromide + neNFs (red line), and thiazole blue tetrazolium bro-
mide + H2O2 (green line). The results stated that function of neNF as a Fenton reagent plays a crucial role for 
dye decomposition by generating Cu1+ ions and highly reactive hydroxyl radicals in the presence of H2O2, which 
resulted in oxidation or quenching of the dye.

The antimicrobial activities of CuSO4, free norepinephrine and neNFs were investigated in Fig. 11D. The 
0.8 mM CuSO4 in the presence of H2O2 displayed low antimicrobial activities by ∼19%, ∼22% and ∼12% E. coli, 
S. aureus and C. albicans cell inactivations, respectively (blue bar in Fig. 11D). Similar to that, 1 mg/mL of free 
norepinephrine acted as a mild antimicrobial agent and resulted in ∼14%, ∼18% and ∼15% inactivation for E. 
coli, S. aureus and C. albicans, respectively (green bar in Fig. 11D). In the presence of H2O2, while 1 mg/mL neNF 
killed (formed using 0.02 mg/mL norepinephrine) ∼94%, ∼82% and ∼91% of E. coli, S. aureus and C. albicans 
cells (purple bar in Fig. 11D), the decrease in antibacterial activity was observed when using same amount of the 
neNF (formed using 0.1 mg/mL norepinephrine), which killed ∼43% of E. coli, ∼45% of S. aureus and ∼48% of C. 
albicans cells (orange bar in Fig. 11D). We interpret that CuSO4 exhibited quite low Fenton reaction compared to 
the neNFs. Interestingly, the neNF (formed using 0.1 mg/mL norepinephrine) showed less antimicrobial activity 
compared to the neNF (formed using 0.02 mg/mL norepinephrine) owing to rapid of aggregation of the neNFs 
formed from 0.1 mg/mL norepinephrine which may prevent effective reactive hydroxyl radical production and 
interaction between the neNF and microorganisms. We claim that, distorted morphology of the neNF may neg-
atively affect antimicrobial activities of the neNFs (formed from 0.1 mg/mL).

conclusions
We have systematically examined formation of catecholamines (dopamine, epinephrine and norepineph-
rine)-copper ion (Cu2+) incorporated flower shaped hybrid nanostructures as function of catecholamine con-
centrations, incubation time and pH values of PBS solutions. Among the catecholamines nanoflowers (cNFs), 
dopamine and norepinephrine nanoflowers (dNF and neNF) were almost formed in 3 hrs incubation owing 
to their structural similarities, but epinephrine nanoflower (epNF) was obtained in 24 hrs. We demonstrated 
that dNF as a model catecholamine was not form at pH 5 and below and at pH 10 and above due to positive 
and negative repulsions, respectively. In terms of catecholamine concentrations, while dNF and epNF were not 
formed at 0.1 mg/mL and above, neNF was successfully synthesized using only 0.1 mg/mL norepinephrine but 
not above. We experimentally proved that neNF acted as a much effective Fenton agent among other cNFs. The 
neNF exhibited much higher peroxidase-mimic catalytic, dye degradation and antimicrobial activities compared 
to dNF and epNF owing to its porous structure, high surface area and polar surface property. Finally, we propose 
that catecholamines nanoflowers (cNFs) with their intrinsic peroxidase like activities can be used where enzyme 
nanoflowers have been utilized.

Received: 4 November 2019; Accepted: 30 January 2020;
Published: xx xx xxxx

References
 1. Matsumoto, K., Davis, B. G. & Jones, J. B. Chemically modified “polar patch” mutants of subtilisin in peptide synthesis with 

remarkably broad substrate acceptance: Designing combinatorial biocatalysts. Chem. – Eur. J. 8, 4129–4137 (2002).
 2. Rana, S., Yeh, Y. C. & Rotello, V. M. Engineering the nanoparticle–protein interface: applications and possibilities. Curr. Opin. Chem. 

Biol. 14, 828–834 (2010).
 3. Wang, P. Multi-scale features in recent development of enzymic biocatalyst systems. Appl. Biochem. Biotechnol. 152, 343–352 (2009).
 4. Lee, J. et al. Simple synthesis of hierarchically ordered mesocellular mesoporous silica materials hosting crosslinked enzyme 

aggregates. Small. 1, 744–753 (2005).
 5. Reetz, M. T. Entrapment of biocatalysts in hydrophobic sol‐gel materials for use in organic chemistry. Adv. Mater. 9, 943–954 (1997).
 6. Luckarift, H. R., Spain, J. C., Naik, R. R. & Stone, M. O. Enzyme immobilization in a biomimetic silica support. Nat Biotechnol. 22, 

211–213 (2004).
 7. Patil, A. J., Muthusamy, E. & Mann, S. Synthesis and self‐assembly of organoclay‐wrapped biomolecules. Angew Chem Int Ed Engl. 

43, 4928–4933 (2004).
 8. Häring, D. & Schreier, P. Cross-linked enzyme crystals. Curr. Opin. Chem. Biol. 3, 35–38 (1999).
 9. Shimoboji, T. et al. Photoresponsive polymer–enzyme switches. Proc. Natl. Acad. Sci. 99, 16592–16596 (2002).

https://doi.org/10.1038/s41598-020-59699-5


1 1Scientific RepoRtS |         (2020) 10:2903  | https://doi.org/10.1038/s41598-020-59699-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

 10. Wu, C. W., Lee, J. G. & Lee, W. C. Protein and enzyme immobilization on non‐porous microspheres of polystyrene. Biotechnol. Appl. 
Biochem. 27, 225–230 (1998).

 11. Lee, C. C. et al. Surface reaction limited model for the evaluation of immobilized enzyme on planar surfaces. Anal. Chem. 8, 
2737–2744 (2009).

 12. Netto, C. G., Toma, H. E. & Andrade, L. H. Superparamagnetic nanoparticles as versatile carriers and supporting materials for 
enzymes. J. Mol. Catal. B Enzym. 85, 71–92 (2013).

 13. Ge, J., Lei, J. & Zare, R. N. Protein–inorganic hybrid nanoflowers. Nat Nanotechnol. 7, 428–432 (2012).
 14. Zhu, L. et al. Rapid detection of phenol using a membrane containing laccase nanoflowers. Chem Asian J. 8, 2358–2360 (2013).
 15. Wang, L. B. et al. A new nanobiocatalytic system based on allosteric effect with dramatically enhanced enzymatic performance. J. 

Am. Chem.Soc. 135, 1272–1275 (2013).
 16. Lin, Z. et al. Facile synthesis of enzyme-inorganic hybrid nanoflowers and its application as a colorimetric platform for visual 

detection of hydrogen peroxide and phenol. ACS Appl. Mater. Interfaces. 6, 10775–10782 (2014).
 17. Celik, C. et al. Formation of functional nanobiocatalysts with a novel and encouraging immobilization approach and their versatile 

bioanalytical applications. RSC Adv. 8, 25298–25303 (2018).
 18. Ocsoy, I., Dogru, E. & Usta, S. A new generation of flowerlike horseradish peroxides as a nanobiocatalyst for superior enzymatic 

activity. Enzyme Microb. Technol. 75, 25–29 (2015).
 19. Sun, J. et al. Multi-enzyme co-embedded organic–inorganic hybrid nanoflowers: synthesis and application as a colorimetric sensor. 

Nanoscale 6, 255–262 (2014).
 20. Somturk, B. et al. Synthesis of urease hybrid nanoflowers and their enhanced catalytic properties. Enzyme Microb. Technol. 86, 

134–142 (2016).
 21. Wu, Z. F. et al. Amino acids-incorporated nanoflowers with an intrinsic peroxidase-like activity. Sci. Rep. 6, 22412 (2016).
 22. Yilmaz, E., Ocsoy, I., Ozdemir, N. & Soylak, M. Bovine serum albumin-Cu (II) hybrid nanoflowers: An effective adsorbent for solid 

phase extraction and slurry sampling flame atomic absorption spectrometric analysis of cadmium and lead in water, hair, food and 
cigarette samples. Anal. Chim. Acta. 906, 110–117 (2016).

 23. Altinkaynak, C. et al. A hierarchical assembly of flower-like hybrid Turkish black radish peroxidase-Cu2+ nanobiocatalyst and its 
effective use in dye decolorization. Chemosphere 182, 122–128 (2017).

 24. Altinkaynak, C. et al. Preparation of lactoperoxidase incorporated hybrid nanoflower and its excellent activity and stability. Int. J. 
Biol. Macromol. 84, 402–409 (2016).

 25. Ariza-Avidad, M., Salinas-Castillo, A. & Capitán-Vallvey, L. F. A 3D µPAD based on a multi-enzyme organic–inorganic hybrid 
nanoflower reactor. Biosens. Bioelectron. 77, 51–55 (2016).

 26. Baldemir, A. et al. Synthesis and characterization of green tea (Camellia sinensis (L.) Kuntze) extract and its major components-
based nanoflowers: a new strategy to enhance antimicrobial activity. RSC Adv. 7, 44303–44308 (2017).

 27. Ildiz, N. et al. Self assembled snowball-like hybrid nanostructures comprising Viburnum opulus L. extract and metal ions for 
antimicrobial and catalytic applications. Enzyme Microb. Technol. 102, 60–66 (2017).

 28. Clinical and Laboratory Standards Institute (CLSI), Performance Standards for Antimicrobial Susceptibility Testing. Twenty-Second 
Informational Supplement ed. CLSI Document M100-S22, Clinical and Laboratory Standards Institute, Wayne, https://clsi.org/
media/1469/m100s27_sample.pdf (2012).

 29. National Committee for Clinical Laboratory Standards, Approved Standard: M7-A5. Methods for Dilution Antimicrobial Susceptibility 
Tests for Bacteria That Grow Aerobically, 5th Ed., NCCLS, Wayne, PA, https://clsi.org/media/1928/m07ed11_sample.pdf (2000).

 30. Clinical and Laboratory Standards Institute (CLSI), Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeasts; 
Approved Standard-Third ed. CLSI Document M27-A3, Clinical and Laboratory Standards Institute, Wayne, https://clsi.org/
media/1461/m27a3_sample.pdf (2008).

 31. Some, S. et al. Effect of feed supplementation with biosynthesized silver nanoparticles using leaf extract of Morus indica L. V1 on 
Bombyx mori L. (Lepidoptera: Bombycidae). Sci. Rep. 9, 1–13 (2019).

 32. Yang, G., Lin, O., Hu, X., Wu, Y. & Zhang, Z. Improvement the Activity and Selectivity of Fenton System in the Oxidation of 
Alcohols. J. Catal. 2014, 1–6 (2014).

Acknowledgements
The authors are thankful to Erciyes University Nanotechnology Research Center and Erciyes University 
Technology Research and Implementation Center for assistance with characterization of nanoflowers. This work 
is supported by grants awarded by the Erciyes University Scientific Research Office (TCD-2019-8016).

Author contributions
The project was conveyed and designed by I.O. as a corresponding author. C.C. run all the experiments as a first 
author. N.I. guided in all the experiments as a co-author and all authors wrote the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to I.O.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-59699-5
https://clsi.org/media/1469/m100s27_sample.pdf
https://clsi.org/media/1469/m100s27_sample.pdf
https://clsi.org/media/1928/m07ed11_sample.pdf
https://clsi.org/media/1461/m27a3_sample.pdf
https://clsi.org/media/1461/m27a3_sample.pdf
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Building block and rapid synthesis of catecholamines-inorganic nanoflowers with their peroxidase-mimicking and antimicrobia ...
	Materials
	Methods
	Synthesis of catecholamines nanoflowers. 
	Catalytic activities of catecholamines nanoflowers against model substrate and dye. 
	Antimicrobial activities of catecholamines nanoflowers. 

	Results and Discussion
	Conclusions
	Acknowledgements
	Figure 1 SEM images of dNFs using (0.
	Figure 2 SEM images of dNFs formed in pH of (A) 5, (B) 6, (C) 9 and (D) 10.
	Figure 3 SEM images of dNFs using different concentrations of dopamine.
	Figure 4 SEM images of dNFs using (A) Ni2+, (B) Zn2+, (C) Fe2+ and (D) Fe3+.
	Figure 5 SEM images of dNFs by addition of dopamine on Cu3(PO4)2 primary crystals formed in different incubation time.
	Figure 6 (A) Addition of EDTA on dNF, (B) formaldehyde treated dopamine molecule for dNF and (C) addition of formaldehyde on dNF.
	Figure 7 SEM images of epNFs using different concentrations of epinephrine.
	Figure 8 (A–E) Elemental mapping of dNF.
	Figure 9 FTIR spectra of (A) free dopamine, (B) Cu3(PO4)2 primary crystal and (C) dNF.
	Figure 10 Raman spectra of (A) free dopamine, (B) Cu3(PO4)2 primary crystal and (C) dNF.
	Figure 11 (A) Peroxidase like activity of cNFs, (B) dye degradation (thiazolyl blue, TB) activity of neNF and (C) The reaction for oxidation of ABTS into the radical cation ABTS+.




