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Abstract

In this study, flower shape hybrid protein-inorganic hybrid nanostructures were synthesized using a
common protein (bovine serum albumin, BSA) and metal ion (Cu?*) at different protein concentrations
(0.01, 0.02, 0.05, and 0.1mg mL™*) and pHs (PBS pH:6-9) at +4 °C for investigation of thermal properties
the first time in detail. These synthesized protein-inorganic hybrid nanostructures (BSA-Cuz(PO.),. 3H,0
hNFs) were defined using SEM, EDX, elemental mapping XRD, FTIR, etc. Morphologies of BSA-
Cuz(P04)2.3H,0 hNFs were characterized by SEM. Element analysis of BSA-Cu3z(PO4).2.3H,0 hNFs was
achieved by EDX. Peak positions of BSA-Cus(PQOa,)2. 3H.O hNFs were investigated using XRD. And, the
FTIR technique was used to substantiate the creation of hNFs. Also, the thermal behavior such as glass
transition and crystallization of BSA-Cu3(PO4)2.3H20 hNFs were investigated in detail using thermal

gravimetric analysis (TGA).
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1. Introduction

Protein-inorganic hybrid nanostructures obtained from
biomolecules and metal ions are a material that focuses
on biological and chemical applications. Furthermore,
bioinorganic hybrid nanostructures can show not only a
combination of properties of different components but
also synergistic properties resulting from the interplay
between biological molecules and inorganic substances
[1-4]. Because of the unified structural properties and
functional practices of biomolecules and nanomaterials,
particular attention is paid to the production of
bioinorganic hybrids owing to their high composition
elasticity and good biocompatibility [5-9].

Nanoflower can be distinguished among nanomaterials
by their properties. These nanostructures have attracted
the attention of scientists because of the properties of
the nano-layers, which let a higher surface-to-volume
rate comparatively traditional spherical nanoparticle
[10].

Recently there has been a noticeable increase in the
synthesis of hybrid nanostructures. In 2012, Zare et al.
firstly synthesized the protein-inorganic  hybrid
nanostructures and reported the formation method of
flower-like protein-inorganic hybrid nanostructures
using Cu (Il) ion as inorganic component and some
proteins and enzymes (lactalbumin, laccase, carbonic
anhydrase, lipase, and BSA) as an organic component
[11]. Flower-shaped hybrid nanostructures are created
as a result of a hierarchical unit of nano-sized leaf-
shaped structures and growth mechanisms. These nano-
sized leaf-shaped structures come together to connect
and form structures with flower-like shapes. For this
reason, the synthesized structures were named "flower-
shaped nanostructures™ (Nanoflowers).

In recent years, many studies have been carried out
using some small or macromolecules (biomolecules)
such as proteins, enzymes, DNA, etc. for of synthesis
organic-inorganic hybrid nanomaterials [12-16] Bovine
serum albumin (BSA) was used as a protein in some of
these studies for different purposes. Yilmaz et al.,
synthesized BSA-Cu (I1) hybrid nanoflowers (BSA-
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hNF), and these synthesized structures were used as
adsorbents for the detection of cadmium and lead ions
in various samples such as hair, food [17]. Zhang et al.,
synthesized BSA/Zn3(PO.), hybrid materials. Then,
these synthesized structures were used for the
adsorption of Cu?* [18]. Zhang et al., Mn3(PO4).@BSA
hybrid nanoflower synthesized used as a new support
material [19].

Although there are many studies on protein-inorganic
hybrid nanoflowers, there are very few studies on the
thermal behavior of these hybrid nanoflowers [20, 21].
Song et al. reported a new and easy method for the
synthesis of flower-like cobalt phosphate nanocrystals
(Cos(PO4)2 nanoflowers). Subsequently, they formed an
excellent nano biocatalyst system through biomimetic
mineralization of cobalt phosphate with Co-type nitrile
hydratase  (NHase). The encapsulated NHase
(NHase@Cos(POs4)2) showed high catalytic efficiencies
and stability. They examined the thermal properties of
the synthesized nanocrystals. According to the TGA
curve, when the temperature rose above 100 °C, there
was a sudden tilt due to the water loss of the crystal.
However, the NHase@Co3(PO4)2 curve fell again in the
200-350 °C range due to the degradation of the proteins,
confirming the successful incorporation of NHase.
Munyemana et al. synthesized protein-inorganic hybrid
materials with hierarchical nanostructures. They used
manganese as the inorganic component and collagen as
protein. The as-prepared CL-Mny(PO,), nanoflowers
exhibited good catalytic activity towards water
oxidation. At the same time, Thermogravimetric
analysis (TGA) was performed under a nitrogen
atmosphere, employing a heating rate of 10 °C min™*
from 25 °C to 500 °C.

The thermal properties of BSA@inorganic hybrid
nanostructures (BSA-Cus(PQO4)2.3H20 hNFs) have not
been studied. In our study, for the first time, the thermal
behavior of BSA-Cus(PO4)2.3H20 hybrid nanoflowers
was investigated using TGA. At the same time, these
synthesized hybrid nanoflowers were characterized by
SEM, EDX, FTIR, elemental mapping, and XRD
analysis.

2. Materials and Methods
2.1. Materials

All chemical reagents were analytically pure. Bovine
serum albumin (lyophilized powder) and Copper (II)
sulfate  pentahydrate  (CuSQO,-5H,0), potassium
phosphate dibasic (KH2POa), calcium chloride dihydrate
(CaCl-2H20), magnesium chloride (MgCl,.6H,0),
sodium chloride (NaCl), potassium chloride (KCI),
sodium phosphate (Nap;HPO.) were obtained from
Sigma—Aldrich. In all experiments, pure water was
used.

2.1.1. Preparation of flower shape protein-inorganic
hybrid nanoflowers (BSA@Cus(PQO4)2.3H20 hNFs)

BSA@Cus3(P0O4)2.3H,0 hNFs were fabricated using
available methods [22-26]. Initial, CuSO4.5H,0 stock
solution (120 mM) was prepared made ready using pure
water. Later, certain volume of this solution was added
to 8 mL of 10 mM PBS solution (pH:6-9) including at
different concentrations BSA (0.01- 0.1 mg/mL). These
mixtures were strongly vortexed 30 s and then were
incubated for 3 days at 4 °C. Following incubation, each
reaction tube was centrifuged throughout for 20 min at
6,500 rpm. Finally, the collected hNFs were dried at
room temperature.

Fig 1. A synthesis scheme of BSA@Cu3(PO4),.3H,0
hNFs.

2.1.2. Characterization of BSA@Cus(PO4)2.3H20
hNFs

The morphologies of the BSA@Cus(PO4),.3H,0 hybrid
nanoflowers were achieved using Scanning electron
microscopy (SEM) (ZEISS EVO LS10). The powder
diffraction spectra of the synthesized nanoflowers were
determined with X-ray diffraction analysis (XRD)
BRUKER AXS D8). For determining weight and
atomic percentage of elements such as Cu, N, P, O, Cl
in BSA@Cus(PO4)2.3H,0 hNFs were used

Fig 2. scheme of

Characterization
BSA@CU3(PO4)23H20 hNFs.

Energy-dispersive X-ray (EDX) (ZEISS EVO LS10).
Bond vibration of hNFs was investigated using the
Fourier Transform Infrared Spectroscopy (FTIR)
(Perkin Elmer Spectrum 400) spectrum. The thermal
properties of BSA@Cu3(PO4)2.3H,0 hNFs were
investigated utilizing TGA (Perkin Elmer Diamond).
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2.1.3. Determination of thermal properties of
BSA@Cus(P0O4)2.3H20 hNFs hybrid Nanoflowers

The thermal properties of BSA@Cu3(PO4)2.3H20 hNFs
were investigated utilizing TGA (Perkin Elmer
Diamond). The scanning temperature for each sample
was adjusted from 50 °C to 1200 °C (rate of 15 °C
min™2).

3. Results and Discussion
3.1. Preparation and
BSA@Cus(P0Os)2.3H20 hNFs

characterization of

BSA@Cus3(PO4)..3H,0 hNFs were prepared by mixing
Cu?* ions and BSA at +4 °C for 3 days in PBS solution
(Figure 1). The nucleation and growth phase, which are
important in BSA@Cus(PQO4)2.H20 hNFs formation, are
briefly discussed. In nucleation phage, Cu?* ions react
with phosphate groups to form copper phosphate
nanocrystals. Then, the amine groups in the protein
molecules (BSA) are connected to the Cu?* ions through
the coordination reaction to start nucleation. In the
growth phase, anisotropic growth occurs and hNFs are
formed completely.

The morphologies and elemental mapping of hNFs were
defined using SEM. Chemical and crystal structures of
hNFs were defined using FTIR, EDX, and XRD
techniques. To sight the formation of nanoflowers, SEM
images of the hNFs were taken.

BSA@Cus3(P0O4)2.3H,0 HNFs were synthesized at
different pH (pH: 6-10) and concentrations (0.01, 0.02,
0.05 and 0.1, mg mL™?) at +4°C. And the differences in
the morphology of the synthesized the hNFs were
examined by SEM images (Figure 3-7).

Fig 3. SEM images of BSA@Cus3(PQO4)2.3H,0 hNFs
prepared at different protein concentrations (pH:6) a)
0.01 mg/mL b) 0.02 mg/mL c¢) 0.05 mg/mL d) 0.1
mg/mL.

Fig 4. SEM images of BSA@Cu3(PO4)2.3H,0 hNFs
prepared at different protein concentrations (pH:7.4) a)
0.01 mg/mL b) 0.02 mg/mL c) 0.05 mg/mL d) 0.1
mg/mL.

Fig 5. SEM images of BSA@Cus(PO4)2.3H,0 hNFs
prepared at different protein concentrations (pH:8) a)
0.01 mg/mL b) 0.02 mg/mL c) 0.05 mg/mL d) 0.1
mg/mL.

Fig 6. SEM images of BSA@Cus3(P04)2.3H,0 hNFs
prepared at different protein concentrations (pH:9) a)
0.01 mg/mL b) 0.02 mg/mL c) 0.05 mg/mL d) 0.1
mg/mL
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The formations of the BSA@Cu3(PO4)2.3H.0 hNFs
were explored using different concentrations of BSA
(0.1-0.01 mg mL™") and pHs (pH:6-10). When BSA
concentration decreases from 0.1 to 0.01 mg mL™! were
observed significant distinctions in the morphology of
BSA@Cus3(P0O4)2.3H,0 hNFs (Fig.3-7). However, as
the concentration increased, it showed that all leaves
were stiffly intertwined and there were no pores, yet
cracks occurred over the surfaces of the
BSA@Cus3(P0O4)2.3H,0 hNF for both concentrations.
On the surface of the BSA@Cu3(PO4)2.3H,0 hNFs
synthesized in 0.1 mg mL™' BSA concentration, pores
were comparatively formed. BSA@Cus(PO4)2.3H.0
hNFs synthesized in 0.02 mg mL™! and 0.0lmg mL™!
BSA concentrations have quite uniform and spherical

pores.

Fig 7. SEM images of BSA@Cu3(P0O4)2.3H.0 hNFs
prepared at different protein concentrations (pH:10) a)
0.01 mg/mL b) 0.02 mg/mL c) 0.05 mg/mL d) 0.1
mg/mL.

The effect of pH values (pH 6-9) on the morphology of
the BSA@Cus3(PO4)2.3H20 hNFs was investigated. The
isoelectric point of BSA used in the study is ~4.5-5, and
the protein net charge above or below of this value
varies positive and negative. The formation of hybrid
nanostructures below pH 5 and above pH 10 did not
occur. Since pH is above 10, BSA is loaded with a very
negative charge, and pH is under 5, with a very positive
charge, protein molecules that are highly positive or
highly negative repel each other and as a result of this
repulsion, the formation of nanostructures is prevented.
EDX analysis of BSA@Cu3(PO4),.3H,0 hNFs
synthesized at pH 7.4 at different BSA concentrations is
shown in figure 8.

The EDX analysis (Fig. 8) of BSA@Cus3(PO4),.3H,0
hNFs were performed to determine elemental
composition of the hybrid structures. The synthesized
HNFs include 2 major components: protein (Bovine
serum albumin) and metal phosphate (Cuz(PO.)2.3H20)
nanocrystals. The peak of N and Cu, O and P in the
EDX spectrum of the BSA@Cu3(PO4)2.3H,O hNFs
come from BSA and Cus(PO4)2.3H.O nanocrystals,
respectively.
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Fig 8. EDX analysis of the BSA@Cu3(PO4)..3H,0
hNFs synthesized at different BSA concentration a)
0.01 mg/mL, b) 0.02 mg/mL, c) 0.05 mg/mL, d) 0.1
mg/mL.

Table 1. wt % of elements in BSA@Cu3(PO4)2.3H20
hNFs synthesized at different concentrations.

wt % of elements at different concentrations

Element | i gl mgmL | mginl
N 9%5.23 95.96 9%5.88 %6.88

Cu %25.25 %25.20 %43.14 %37.64
(0] %35.50 %21.49 %24.38 %27.68
P %10.93 %8.69 %16.46 %13.89


mailto:BSA@Cu3(PO4)2.3H2O
mailto:BSA@Cu3(PO4)2.3H2O
mailto:BSA@Cu3(PO4)2.3H2O
mailto:BSA@Cu3(PO4)2.3H2O
mailto:BSA@Cu3(PO4)2.3H2O

Celal Bayar University Journal of Science
Volume 17, Issue 1, 2021, p 1-9
Doi: 10.18466/chayarfbe.811643

N. Ozdemir

Zeta potential measurements of BSA@Cus3(PQO4)2.3H20
hNFs were taken. At pH 6, BSA@Cus3(PO.)2.3H,0
showed a negative load with hNF —19.6 mV zeta
potential. The zeta potentials of hNFs at pHs 7.4, 8, and

9 were —27.5 mV, -303 mV, and —-35.6 mV,
respectively.
The chemical structure and formation of the

BSA@Cus3(PO4)2.3H,0 hNFs were appraised by using
FTIR (PerkinElmer Spectrum 400). The FTIR spectrum
revealed the characteristic peaks of
BSA@CU3(PO4)2.3H20 hNFs (Flg 9)

The FTIR spectrum revealed BSA@Cus(PQO4)2.3H20
hNFs characteristic peaks (Figure 9). The bending
vibrations of O = P = O groups were observed between
~535 cm™! and ~557 cm™. P = O and P-O stretching
bands appeared at ~926 cm™' and ~979 cm™'. The
typical BSA's vibration bands at ~1520-1640 cm™!
belong to the NH, groups and the stretching bands at
3048-3300 cm? are connected to the CH, and CHj;
groups.
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Fig 9. FTIR spectra of BSA and BSA@Cus(PO4)2.3H2,0
hNFs.
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Fig 10. X-ray diffraction patterns of BSA@
CU3(PO4)2.3H20 hNFs [black Iine, CU3(PO4)2.3H20,
JCPDS card (00-022-0548)].

Also, BSA@Cu3(P0O4)2.3H2,0 hNFs were characterized
using XRD analysis (Fig. 10). The crystal structure of
hNFs were brighten with the diffraction peaks of
Cu3(PO4)2.3H20 in the BSA@Cu;3(PO4)2.3H20 hNFs,
which were compatible with them of JCPDS card (00-
022-0548).

It is seen from Fig. 11, Cu, N, O, and P elements are
homogeneously distributed inside the
BSA@CU3(PO4)2.3H20 hNFs

CK
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cIK
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e

Fig 11. Elemental mapping of BSA@Cu3(PO4),.3H,0
hNFs a) mix, b) O, c) P, d) Cu
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3.2. Thermal Studies of BSA@Cu3z(PO4)2.3H20 hNFs i —pH=6 ——pH=74 ——pH=8 ——pH=9
Thermal analysis studies were performed to confirm the 9]
optimum conditions of the fabricated hybrid %]
nanoflowers at different concentrations of BSA and pH. o
=\° 90
——pH=6 ——pH=74 ——pH=8 ——pH=9 En 38
|z:: § 86
g o]
; 82: - Temperature (OC) A
hat Fig 13. TGA results of the synthesized
76 BSA@Cus3(PO4)2.3H,0 hNFs with different pH at 0.02
o mg/mL BSA concentration.
50 100 150 200 250 ’.l\-‘!:nl':::'an:t:le (0-4(5?) 500 550 600 650 700 Table_gTGA data Of the Synthesized
. . BSA@Cus3(PO4)2.3H20 hNFs (0.02 mg/mL)
Fig 12. TGA results of the synthesized

BSA@Cus3(POa4)2.3H,0 hNFs with different pH at 0.01
mg/mL BSA concentration.

Table-2.TGA data of the
BSA@Cus3(PO4),.3H20 hNFs (0.01 mg/mL)

synthesized

o o Mass
Hybrid Nanoflowers S DOT Gmax  Ton Tend loss/
p /°C @© C o
(o)
| 231 685 3609 6.30
BSA@CUs(PO:).3H: 360.
o rEe Il 528 : 6439 7.80
0.02mg/mL), pH=6
(0.02mg/mL). p mo - 843' 7000 068
| 109 736 1203 3.36
180 ézo. 2200 362
BSA@CUs(PO:)z.3H: 220.
o 0ozmgmLy, M 32 : 3668  10.41
H=7.4
P IV 498 366' 6117  7.46
v ooo- 311' 7000 053
| 194 812 2536 531
BSA@CUs(PO:)z.3H: 253.
o " 0omgmly, 304 : 3519 6.00
H=8
P 545 351' 7000 1139
| 125 865 2008 597
BSA@Cu3z(PO4)2.3H2 200.
o " oomgmyy, W 272 : 3563 695
H=9
P 485 256' 7000 332

o o Mass
Hybrid Nanoflowers =i DOT Gmax  Ton Tend loss/
p /°C C © o
()
| 133 78.6 2143 472
TR 214 3533 832
BSA@Cu3z(PO4)2.3H2 3 ) )
(0] hNFs 353.
(0.01mg/mL), pH=6 11 506 3 644.6 10.19
v - 244' 700.0 0.12
| 93 61.7 1226 3.79
] 167 222' 2049 346
BSA@Cus(PO4)2.3H; 04
(6] hNFs 11l 318 9 ' 362.4  6.67
(0.01mg/mL), 362
pH=7.4 v 524 4 ’ 636.9 11.05
\Y - 836' 700.0 112
| 102 63.2 1289 3.11
1] 173 328' 2214 353
BSA@Cus(POu)2.3H; 221.
O hNFs 0.01mg/mL), 11 316 4 3731 6.79
pH=8 v 516 i73' 6234 12.34
voo- ®23 7000 139
| 131 58.6 212.8 8.70
] 314 212. 389.3 7.60
BSA@Cus(PO4)z.3H; 8 : :
(0] hNFs 389.
(0.01mg/mL), pH=9 11 489 3 5732 6.22
v - >3 7000 145

* Ton — thermal degradation onset temperature, Tmax — maximum weight loss

temperature, Tend — final thermal degradation temperature

* Ton — thermal degradation onset temperature, Tmax — maximum weight loss

temperature, Tend — final thermal degradation temperature

According to SEM analysis and literature information,
BSA@Cus3(PO4)2.3H,0 hNFs in the optimum conditions
were prepared as pH:7.4 and 0.02 mg/ml BSA
concentration. Of course, this result was obtained to
obtain the nanoflower structure in a smooth morphology
and we determined the thermal behavior of the same
materials in this study. The pH values were used as 6,
7.4, 8, and 9, as well as, the BSA concentrations were
also screened as 0.01, 0.02, 0.05, and 0.1 mg/ml. Also,
thermal decomposition steps and thermal degradation
onset temperature (Ton), and final thermal degradation
temperature (Teng) Of decomposition temperatures were
determined. The screening temperature range for
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materials degraded in 4 steps as generally was carried i ——pH=6 ——pH=74 ——pH=8 ——pH=9
out between 50 to 700 °C. The common result of all o
thermal curves is that the degradation steps of the %
. 94 -
materials produced at pH 7.4 are more pronounced and 2]
orderly and, the irregularities in thermal curves were :‘;:
observed with increasing BSA concentration & s
= 84
Eﬁ 82
i ——pH=6 ——pH=7.4 ——pH=8 —— pH=9 § j:j
100 + 76 4
o8 ] oy
96 70 4
68
94 + 66
X 924 64 T T T T T T T T T T T T |
f_ 50 100 150 200 250 300 350 400 450 500 550 600 650 700
& ™ Temperature (°C)
2 " Fig 15. TGA results of the synthesized
86 - . -
ol BSA@Cus3(PO4),.3H,0 hNFs with different pH at 0.1
&l mg/mL BSA concentration.
80 o
o Table-5.TGA data of the synthesized
50 100 150 200 250 300 350 400 450 500 550 600 650 700
Temperatare (°C) BSA@Cus3(PO4),.3H,0 hNFs (0.1 mg/mL) —
0 0
] ) Hybrid Nanoflowers Ste PO-EG"‘&X Z"” -CI;E"” loss/
Fig 14TGA results of the  synthesized P %
BSA@Cus3(PO4)2.3H.0 hNFs with different pH at 0.05 I 164 68.3 2506 11.45
mg/mL BSA concentration. BSA@CUs(PO:)23H: 11 313 E2;50. 3542 1752
O (0.1mg/mL), pH=6 35
m 425 5 7000 264
Table-4. TGA data of the synthesized | 176 748 2678 760
BSA@Cus3(POa4)2.3H20 hNFs (0.05 mg/mL) BSA@Cus(PO4).3H, 267,
0 (©1 mgmy), 320 8 4095 8.66
o »  Mass pH=7.4 409.
Hybrld Nanoflowers Ste DOTGmax Ton Tend loss/ 1] 524 5 700.0 9.29
p /°C o] c o
% I 97 643 1298 4.45
I 120 57.4 2021 3.84 120.
W o6l 202 ,occ agy | BSA@CU(PON.3H, ! 180 8 2205 366
BSA@Cu3(PO4)2.3H2 1 ) ) O (0.1 mg/mL), 220.
o (0.05mg/mL), 295 pH=8 m 327 s 366.9 10.08
pH=6 m 387 5 539.8  6.67 366
=39 IV 497 g 7000 890
IV 540 © 7000 145
8 I 135 76.7 2013 5.69
I 141 855 1979 3.54 BSA@Cus(POx)2.3Hz 201.
BSA@CUs(PO23H: — T o 197 76 1385 O, (01 mamL), 304 3 3595  8.56
o) (0.05mg/mL), 9 ' ) pH=9 359.
pH=7.4 237 473 5 700.0 6.84
m 482 6 7000 320
* Ton — thermal degradation onset temperature, Tmax — maximum weight loss
! 127 525 2046 523 temperature, Tend — final thermal degradation temperature
BSA@Cus(PO4)2.3H; 204. P ' ’ P
I 287 339.3  4.80
(@) (0.05mg/mL), 6 . .
pH=8 339. According to the obtained thermal analyses data, the
m- 517 3 7000 757 TGA degradation step took place generally in the IV - V
I 88 573 1241 243 step and the decomposition temperatures were obtained
BSA@Cus(PO4)2.3H, 124, in approximately the same regions for all nanomaterials.
I 283 3479 7.22
OH_g (0.05mg/mL), 1 Then, the TG curve of the selected
P I 546 347' 7000 8.59 BSA@Cu;3(POs),.3H,0 hNFs (0.02 mg/mL) material

* Ton — thermal degradation onset temperature, Tmax — maximum weight loss

temperature, Tend — final thermal degradation temperature

for the most ideal nanoflower production was realized
similar to the others. Also, the produced hNFs at pH 7.4
were noted to have more regular and gradual
degradation among themselves.
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4. Conclusion

Herein, flower shape hybrid protein-inorganic
nanostructures (BSA-Cu3(POs),. 3H,O hNFs) were
synthesized using BSA and Cu?' ions at different
protein concentrations and pHs at +4 °C. This
synthesized BSA-Cu3z(PO4),.3H.O hNFs were defined
using SEM, EDX, elemental mapping XRD, FTIR, etc.
Also, using thermal gravimetric analysis (TGA) was
investigated by the thermal behavior of nanoflowers.
Thermal analyses of the synthesized
BSA@Cus3(PO.),.3H,0 hNFs were examined as a
detailed parameter.
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