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Here, CuO nanoparticles were synthesized using Sambucus nigra (elderberry) fruit extract. Further, the binding of
proteinase K, as a model enzyme with green synthesized nanoparticles was investigated. The results demon-
strated that the structural changes in enzyme were induced by the binding of nanoparticles. These changes
were accompanied by the decrease in the Michaelis-Menten constant at 298 K. This means that the enzyme af-
finity for the substratewas increased. Thermodynamic parameters of protein stability and protein-ligand binding
were estimated from the spectroscopic measurements at 298–333 K. Depending on the temperature, CuO nano-
particles showed a dual effect on the thermodynamic stability and binding affinity of enzyme. Nanoparticles in-
crease the stability of the native state of enzyme at room temperature. On the other hand, nanoparticles stabilize
the unfolded state of enzyme at 310–333 K. An overall favorable Gibbs energy changewas observed for the bind-
ing process at 298–333 K. The enzyme-nanoparticle binding is enthalpically driven at room temperature. It was
concluded that hydrogen bonding plays a key role in the interaction of enzymewith nanoparticles at 298–310 K.
At higher temperatures, the protein-ligand binding is entropically driven. This means that hydrophobic associa-
tion plays a major role in the proteinase K-CuO binding at 310–333 K.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Enzyme inhibitors are present in all living systems. They directly re-
late to most problem's in medical and pharmaceutical areas [1–3], food
and environmental industry, as well as regulation of nearly all chemical
reactions in biological processes [4,5]. Recently, some inorganic nano-
particles have been explored to reduce enzyme activity with different
structures and sizes, resulting in inhibiting activity effects [6–8]. Corre-
spondingly, proteins are known to adsorb onto nanoparticles, forming a
corona at the interface in which the tertiary and secondary structures of
proteins might be changed, thereby causing functional impacts [9,10]
Furthermore, such interactions between nanoparticles and proteinmol-
ecules can be helpful in reducing the cytotoxicity of nanoparticles via an
effective surface coating by the absorbed protein molecules [11–14].

Metal oxide nanoparticles, especially transitionmetal oxides, are im-
portant because of their superior electronic, electrochemical, catalytic,
sporting, biotechnological, and medicinal properties [15–18]. Among
transition metal oxides, attention have been paid to copper oxide be-
cause of their various potential applications viz. biocidal activity, mag-
netic phase transition, catalysis and antibacterial activity [19–21].
Thus, the development of procedures for the synthesis of CuO nanopar-
ticles is a result of considerable primary interest.

Different physical and chemicalmethods have been used in the liter-
ature for the synthesis of different nanoparticles such as CuOnanoparti-
cles. In these methods, toxic and expensive chemicals and energy
intensive routes are used, thereby limiting their use in biology, industry
and clinical applications [17,22,23]. Therefore, developing biocompati-
ble novel ways that can help to overcome the limitation related to
using toxic and expensive chemicals is necessary in nanomaterials syn-
thesis [24]. The interest in this field has been shifted toward the biosyn-
thesis or green synthesis of nanoparticles, focusing on the utilization of
biocompatible reducing agents such as different bacteria, fungi and
plant's extract, for the synthesis of nanoparticles which enhance the
biocompatibility and large scale production [25–28]. Recently, the syn-
thesis of CuO nanoparticles utilizing green tea, coffee, brown alga and
aloe, as well as the use of yeast, fungi and bacteria, has been reported
to be successful [17,29–32], but there are no reports on the synthesis
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of CuO nanoparticles using the Sambucus nigra (elderberry or black
elder). Therefore, in the present work, CuO nanoparticles were readily
synthesized using the fruit extract of Sambucus nigra as a chelating
and/or capping agents. Sambucus nigra is a flowering plant grown in a
variety of conditions and used as a medicinal plant [33].

In this study, the interactions between CuO nanoparticles and a ser-
ine protease, with important biological, biomedical and industrial appli-
cations, proteinase K [5,34,35], were evaluated. Proteinase K (molecular
weight (MW)=28.9 kDa) is a globular protein consisting of 279 amino
acid residues and two disulfide bridges. It is a well-known serine prote-
ase with one chain. Proteinase K belongs to the class of subtilisin-like
serine protease with the typical triad of Asp39-His69-Ser224. This protein
is folded into α and β rich regions without any clear domains [35–37].
Proteinase K is stable and active in a wide spectrum of pH. The impor-
tance of proteinase K relies on its extensive use in research laboratories
for providing high purity of DNA in isolation of nucleic acid, and in such
industrial areas as laundry powders, food processing, etc. [35,37,38].

Despite the intensive use of proteinase K in industry, biology and
biomedicine, the effects of nanoparticles on structure, stability and ac-
tivity of proteinase K have not been studied. Therefore, proteinase K
was chosen as a model enzyme for studying protein-nanoparticles
interaction.

The main objectives of the current study were to examine the effect
of CuO nanoparticles on activity, stability and structure of proteinase K
as a model enzyme by using different spectroscopic techniques, and to
determine the nature of interactions. To continue, in the present
study, we have determine the binding constants, number of bindings
sites per protein molecule, thermodynamic parameters, andmain bind-
ing force at different temperature for the interaction of CuO nanoparti-
cles with proteinase K. The effect of CuO nanoparticles on the stability,
conformation and activity of proteinase K didn't perform yet.

Another objective of the studywas the green synthesis of CuO nano-
particles using Sambucus nigra fruit extract. In this study, for the first
time Sambucus nigra fruit extract use for synthesis of nanoparticles.
The biosynthesized CuO nanoparticles were characterized by X-ray dif-
fraction (XRD), Fourier transform inferred spectroscopy (FTIR) field
emission scanning electron microscopy (FESEM), energy dispersive X-
ray spectroscopy (EDX), and UV–visible absorbance spectra.

2. Materials and methods

2.1. Materials

Proteinase K from Tritirachium album (catalogue no. P8044) was ob-
tained freeze-dried from Sigma and used without further purification.
Tris-HCl buffer, CaCl2, methanol and ρ-nitrophenyl acetate (a synthetic
substrate used as a probe for the activity of proteinase K) were also
bought from SigmaAldrich Co. All proteinase K solutionswere prepared
at a 50 mM Tris-HCl buffer (containing 10 mM CaCl2) with the pH of 8
and stored at a temperature b4 °C. The ρ-nitrophenyl acetate solution
was made in methanol and deionized water on the same day. Copper
(II) nitrate trihydrate (as the precursor of nanoparticle synthesis) was
obtained from Merck Company, Germany. S. nigra fruits (as a chelating
or/ and capping agent in the biosynthesis of CuO nanoparticles) were
collected in late autumn.

2.2. Biosynthesis and characterization of CuO nanoparticles

The collected fruits of S. nigra (from Isfahan, Iran) were washed and
cleaned with distilled water several times. Then, 30 g of fruits was
crushed with mortar and pestle dispended in 300 ml of sterile distilled
water heated around 2 h at 70–80 °C. The extract juice was filtered
using Watman's filter paper. The filtrate was collected in a dried and
clean flask and maintained at 4 °C.

In a typical synthesis of CuO nanoparticles, 20 ml of the fruit extract
of S. nigrawas added drop by drop to 20ml of the freshly prepared0.1M
aqueous of Cu(NO3)2. 3H2O solution (as a precursor) with the constant
stirring around 90 °C. The solution started to evaporate and within a
particular time, the color was changed from brown to green. At the
end of evaporation, the green viscous gel was obtained. The gel was
dried in hot air oven (at 90 °C) for 4–5 h. The green powderwas calcined
in crucible at 500 °C for 2 h. After calcination, the prepared black powder
waswashed 3 times with distilledwater (in order to remove any impu-
rity) and then collected after drying at room temperature and character-
ized with different techniques.

The crystallographic information was obtained using the powder X-
ray diffraction (XRD) analysis on a Philips X-pert diffractometer
employing Cu-Kα radiation (λ=1.5408 A°); also, the size of the crystal-
lites was estimated from Debye-Scherrer formula [39]. Themorphology
was observed using field emission scanning electron microscope
(FESEM) (Tescan mira3-Czech). The particle size distribution was ob-
tained using image analysis by measuring N100 nanoparticles in
FESEM images. The elemental analysis was conducted using energy dis-
persive X-ray analysis (EDX) on FESEM Tescan mira3-Czech equipped
with an EDX spectroscopy. The UV–visible absorbance spectra were ob-
tained using the Pharmacia 4000 UV–visible spectrophotometer at
room temperature in air within the range of around 200–400 nm. Fou-
rier transform infrared (FTIR) spectra were recorded using JASCo 680
plus spectrophotometer to investigate the functional group of the as-
prepared precipitate before, and after calcination at 500 °C for 2 h.

The biosynthesized CuO nanoparticles were suspended in deionized
water by ultrasonic wave 3 times for 10 min to prevent the nanoparti-
cles aggregation and use them in different spectroscopic investigations
to examine their interactions with proteinase K.

2.3. Absorption assays

A Pharmacia 4000 UV–visible spectrophotometer (Japan) equipped
with a thermostatic cell holder was applied to record the ultraviolet–
visible absorbance spectra, over the wave length of 200–300 nm.

All experiments were carried out in quartz cells containing
0.1 mg/ml proteinase K and different concentrations of CuO nanoparti-
cles. The spectrophotometer was baselined with the Tris-HCl buffer as
the relevant blank and then enzyme spectra were obtained upon the ti-
tration of nanoparticles. The resulting absorbance was changed in the
absence and presence of CuOnanoparticles and plotted versus nanopar-
ticles concentration.

2.4. Thermal stability assays

The thermal stability of free enzyme and enzyme-nanoparticle com-
plexes was investigated at different temperatures using a Pharmacia
4000 UV–visible spectrophotometer equipped with a temperature con-
trol unit. The absorbance changes were recorded at 280 nm in the tem-
perature range of 293 to 373 K and the heating rate 1 K/min. All thermal
stability assayswere carried out in quartz cells including 0.1mg/ml pro-
teinase K and different concentrations of CuO nanoparticles. The ab-
sorption data were plotted as a function of temperature.

2.5. Enzymatic activity assays

The catalytic activity of proteinase K was determined by UV–visible
spectrophotometer at the pH 8.0 and the temperature of 35 °C. The con-
centration of proteinase K was kept constant at 25 μg/ml while 6 differ-
ent concentrations of ρ-nitrophenyl acetate (as a substrate) within the
range of 0.2–1.25mMwere applied. Before themeasurement of the cat-
alytic activity, proteinase K was incubated with varying concentrations
of CuO nanoparticles in the 50 mM Tris-HCl buffer solution (pH = 8)
for 15 min at 35 °C. The enzyme activity of proteinase K was monitored
at 405 nm and the assays were repeated at least 3 times. TheMichaelis-
Menten parameters, Km and Vmax, for proteinase K with CuO
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nanoparticles were evaluated using the initial reaction rate (v0) during
the initial 10 s of reaction.

2.6. Circular dichroism (CD) measurements

Induced conformational changes of proteinase K by CuO nanoparti-
cles were investigated in the far UV region using an AVIV 215 Spectro-
polarimeter on a quartz cell of 0.1 cm. Enzyme concentration was
0.15 mg/ml for all experiments with an average of at least three scans.
The final spectra were obtained by subtracting the buffer contribution
from enzyme spectra and then the CD results were expressed in terms
ofmolar ellipticity [θ] (deg cm2mol−1). According to statisticalmethods
implemented in the CDNN CD software, the secondary structure
changes of proteinase K were determined in the absence and presence
of different concentrations of CuO nanoparticles. In all experiments,
the suspension enzyme and nanoparticles were allowed to equilibrate
for 15 min at room temperature.

2.7. Fluorescence measurements

Fluorescence spectroscopywas used tomonitor the changes the ter-
tiary structure in proteinase K that had been induced by CuO nanopar-
ticle. All experiments were carried out using a Shimadzu RF-5301
Fluorescence Spectrophotometer equipped with a temperature adjust-
able cell holder. The proteinase K concentration was 0.1 mg/ml in the
50 mM Tris-HCl buffer at the pH 8.0. The slits were 3 nm and 5 nm for
excitation and emission, respectively. The fluorescence quenching of
proteinase K at the increasing concentration of CuO nanoparticle was
recorded in the wave length of 290–450 nm after exciting the protein
solution at 278 nm.

To evaluate the effect of temperature on proteinase K-CuO nanopar-
ticles interaction, fluorescence was recorded at three different temper-
atures of 295, 303 and 310 K. At each temperature, the samples were
thermally equilibrated for 4 min before measurement; after this time,
no time dependence of fluorescence spectra was detected. The changes
in the fluorescence intensity were recorded in order to monitor the
Fig. 1. The XRD pattern of CuO nanoparticles synthesized from th
unfolding transitions in the proteinase K structure. To obtain the bind-
ing parameters, data were analyzed by the Stern-Volmer equation.

3. Results and discussion

3.1. Characterization of CuO nanoparticles

The crystal structure and phase purity of the obtained powder were
characterized by X-ray powder diffraction (XRD) in the range of 30–80°.
As shown in Fig. 1, all diffraction peaks could be indexed in the CuO
monoclinic phase. The obtained parameters were a = 4.65 A°, b =
3.41 A°, and c = 5.10 A°, with the volume cell of 79.94 A°3. These values
were agreement with the respective “JCPDS” (Joint Committee on pow-
der diffraction standards) card No. 001-1117. The observed peaks
corresponded to the (002), (111), (202), (020), (202), (113), (311),
(113), (311), and (400) planes, which appeared at 2θ = 35.7°, 38.8°,
48.9°, 53.6°, 58.5°, 61.6°, 66.42°, 68.24°, 72.4°, and 75.3°, respectively.
No obvious peaks of impurities such as other copper oxide phase
(Cu2O, Cu4O3, etc.) were observed in this pattern, indicating that the
final obtained powder was of high purity. The mean crystalline size of
the as-synthesized CuO (D) was calculated to be about 37.5 nm using
Debye-Scherrer formula [39] (Eq. (1)):

D ¼ kλ
βcosθ

ð1Þ

where K is a constant depending on the shape of the particles (0.9) and
λ, β and θ are the X-ray wavelength, the full width at half maximum
(FWHM) of the diffraction peaks and the Bragg diffraction angle,
respectively.

FTIR spectra showed the presence of characteristic bands for numer-
ous functional groups in the uncalcined powder and the as-obtained
powder after calcination (Fig. 2a and b). The spectra of the uncalcined
powder showed IR peaks for –OH stretching of water or –OH of
Chrysanthemin (Cyanidin 3-glucoside, C3G, Fig. 3a); also, Quercetin
(Fig. 3b) molecules of S. nigra extract were observed at around
3300–3500 cm−1. A dip spectrum at 2340 cm−1 could be due to the
e powder elderberry fruit extract calcined at 500 °C for 2 h.



Fig. 2. FT-IR spectrums of the synthesized precipitate using the elderberry fruit extract. a: before, and b: after calcination at 500 °C for 2 h.
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presence of atmospheric CO2 [40]. Also, a weak spectrum at 2299 cm−1

corresponded to –CH2 group of organic compounds. The absorption at
1621 cm−1 was attributed to C_C ring stretching in C3G or asymmetric
stretching vibration of –COOH (from Valerenic acid (Fig. 3c) or acetic
acid of S. nigra extract); further, the peak at 1408 cm−1 showed the
bending vibration of –OH in C3Gmolecules or the symmetric stretching
vibration of –COOH. The bending vibrations of C\\H group of –CH2 and
C\\O stretching vibration were observed at 1360 and 1315 cm−1. The
bending vibrations of the primary and secondary alcoholic C-OH were
reflected at 1136 cm−1 and 1041 cm−1. A weak band at 1078 cm−1

corresponded to C\\O stretching frequency [22,31,41,42]. The FTIR
spectrum of the obtained powder before calcination confirmed that
the presence of anthocyanins (C3G molecules, etc.), flavonoids (such
as quercitin, isoquercitin, etc.) and different carboxylic acids (such as
acetic acid, valerenic acid, etc.) were present in S. nigra extract, as sup-
ported by some previous reports on the phytochemical constituents of
S. nigra [33,43,44].

Finally, after heating for 2 h at 500 °C, the strong absorption peaks
around 430–530 cm−1 could be attributed to Cu (II)\\O stretching vi-
bration, as shown in Fig. 2b. FTIR spectra of black powder after calcina-
tion exhibited the absence or decrease of intense stretching and
vibrational peaks for several organic compounds of S. nigra. It showed
very weak vibrational bands around 3430, 1630, 1380, 1131 and
1030 cm−1 that corresponded to –OH stretching of water, phenols or
carboxylic acids, C_C ring stretching in phenols or asymmetric
stretching of –COOH, bending vibration of –OH in phenols or symmetric
stretching vibration of –COOH, and vibration of primary and secondary
alcoholic C\\OH, respectively [22,31,41,42]. These results supported
that bioactive functional groups were observed on the as-obtained
nanoparticles in a small amount [45]. These functional groups could
promote the stabilization of CuO nanoparticles from agglomeration, as
supported by previous reports [22,45].

In this study, carboxylic acids in S. nigra plant extract could create
stable Cu-carboxylic acid complexes as the previous studies had
shown that some carboxylic organic acids could form stable chelates
with several cations [45]. Furthermore, literatures review showed that
Fig. 3. Structure of Chrysanthemin (C3G), Quercetin and Va
at high temperatures, different anthocyanin glycosides (C3Gmolecules)
were hydrolyzed in the acidic medium. The C3Gmolecules were hydro-
lyzed to sugar and aglycon antocyanins compounds [46]. The sugar and
aglycon antocyanins were transformed successively under the continu-
ous heating of the solution of Cu\\S. nigra and finally converted to the
polymeric compound [46]. Sugars and aglycon antocyanins compounds
were prepared by the viscous gel which could immobilize the Cu-
carboxylic acid complexes and prevent the Cu2+ mobility, thereby pro-
moting the formation of uniform CuO nanoparticles after calcination.

The morphology of CuO nanoparticles was thoroughly studied by
FESEM micrographs; it was observed that CuO nanoparticles had a
quasi-sphericalmorphology according to Fig. 4a and b. The size distribu-
tion histogram showed that nanoparticles diameters were between 17
and 60 nm, but most of them were from 35 to 45 nm (Fig. 4c). The av-
erage size estimated was about 40 nm according to the Fig. 4c, which
was in a good agreement with the 37.5 nm value obtained from XRD
pattern using Scherre's formula.

The EDX spectrum revealed that only Cu and O elements were de-
tected in the obtained powder, as shown in Fig. 5. Furthermore, based
on the EDX analysis of the powder, the mole Cu/O ratio was close to
1:1 for CuO nanoparticles. The results of EDX analysis confirmed the ob-
tained powder was CuO in high purity, which was in agreement with
the XRD results.

The room-temperature UV–visible absorption spectrum of the dis-
persed CuO nanoparticles is shown in Fig. 6. According to this figure, a
typical excitation absorption band was observed around 270 nm that
could be matched with the expected value of copper oxide nanoparti-
cles [32]. This sharp surface plasmon resonance (SPR) band confirmed
the presence of CuO nanoparticles.

3.2. Absorption assays of proteinase K

The UV–visible absorption spectroscopy technique is a simple and
effective technique to investigate the structural changes of a protein
and study complex formation. Therefore, the effect of different concen-
trations of CuO nanoparticles on the absorption spectrum of proteinase
lerenic acid molecules (from left to right), respectively.



Fig. 4. FESEM (a and b) and particle size distribution histogram (c) of the CuO nanoparticles prepared at 500 °C for 2 h.
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Kwas investigated. TheUV–visible absorption spectra of proteinase K in
the absence and presence of CuO nanoparticles are shown in Fig. 7. Pro-
teinase K had twomain absorption peaks of ~215 nm and ~270 nm. The
former strong onewas ascribed to the π→ π* transition of the polypep-
tide backbone structure C_O, reflecting the framework conformation of
protein [47,48], while the latter weak one was related to the aromatic
amino acid residues, viz., Trp, Tyr and Phe [48,49]. As can be seen in
Fig. 7, with increasing CuO nanoparticle concentrations, the intensity
of the peaks at 215 nm and 270 nmwas increased. Proteins containing
tryptophan generally have absorption maxima between 280 nm and
282 nm. This short change in the absorption peak maxima at ~280 nm
Fig. 5. EDX spectrum of the CuO nanoparticles calcined at 500 °C for 2 h.
to ~270 nm can be because of the change in the environment of the
side chain phenolic and indole chromophores.

The change in absorption peaks suggested that the binding between
CuO nanoparticles and proteinase K led to change of the proteinase K
conformation. Also, the results proved the fact that the binding between
proteinase K and nanoparticles could decrease the hydrophobicity of
the microenvironment of the aromatic amino acids residues in the in-
ternal hydrophobic region because of the formation of the ground
state complex [50–52]. According to Sharma [53], dynamic quenching
could affect the excited states of molecules rather than the absorption
Fig. 6. UV- visible spectra of CuO nanoparticles synthesized from the powder elderberry
fruit extract calcined at 500 °C for 2 h.



Fig. 7.UV–vis absorption spectra of proteinase K in the absence and presence of CuO nanoparticles at the pH 8 and 298 K. The inset shows the increase in absorbance around 270 nmwith
increasing CuO nanoparticles (a: 0 μM, b: 12.5 μM, c: 62.5 μM and d: 87.5 μM of CuO nanoparticles).
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spectra of fluorescent substance. Therefore, the change of absorption
peaks with the addition of CuO nanoparticles showed that the
quenching was mainly a static one and CuO nanoparticles-proteinase
K complex might be formed.

3.3. Thermal stability of proteinase K

To investigate the thermal stability of proteinase K in the absence
and presence of CuO nanoparticles, thermal folding experiments were
used by UV–visible spectrophotometer. Thermal denaturation profiles
of proteinase K are presented in Fig. 8a. Each profile is a sigmoidal
curve, thus denaturation data were analyzed by assuming the two-
state mechanism between the native (folded) and denatured (un-
folded) states [54,55]. The designation of standard Gibbs free energy
of denaturation (ΔGU

o), as a standard of conformational stability of a
globular protein, is based on two-state theory as follows:

N Nativeð Þ ⇔
KU

U Unfoldedð Þ ð2AÞ

By assuming two-state mechanism for protein denaturation at
303–333 K, one can determine the process by monitoring changes in
the absorbance and hence calculate the denatured fraction of protein
(FU):

FU ¼ YN−Yobsð Þ
YN−YU

ð2BÞ

where Yobs is the observed variable parameter (absorbance), YN and YU
are the values of Y characteristics of a fully native and denatured confor-
mation, respectively.

After normalizing the absorbance of the folded and unfoldedmol-
ecules of proteinase K, transition temperature (Tm) of proteinase K
was obtained (Table 1). Tm is the temperature at which the fraction
of denatured protein is 0.5 [56]. Our results clearly demonstrate
that by increasing the concentration of CuO nanoparticles, the Tm
value of proteinase K was decreased from 319.8 K (for proteinase K
in the absence of CuO) to 311.9 K for 125 μM of CuO nanoparticles
(Table 1).

The apparent equilibrium constant KU for a reversible denaturation
process between native and denatured states is determined from the re-
lationship between the fraction of denatured molecules YU and native
molecules YN during the reversible transition. The reversibility of the
thermal denaturation of proteinase K under these conditions was
deduced from the recovery of the thermal denaturation profile upon
reheating which confirms the two-state nature of denaturation.

KU ¼ FU
1−FU

¼ Yobs−YUð Þ
YN−YU

ð3Þ

The standard Gibbs free energy change (ΔGU
o) for protein denatur-

ation is given by the following equation: [57,58].

ΔGo
U ¼ G °U−G °N ¼ −RT ln KU ¼ −RT ln

U½ �
N½ � ð4Þ

where R is the universal gas constant and T is the absolute temperature.
ΔGU

o is the most valuable parameter of protein thermodynamic sta-
bility. The temperature dependence of ΔGU

o (Fig. 8b) was calculated
using the integrated Gibbs–Helmholtz equation [58,59].

ΔGo
U ¼ ΔH0

U 1−
T
Tm

� �
−ΔC0

P;U Tm−Tþ Tln
T
Tm

� �� �
ð5Þ

whereΔHU
0 is the enthalpy of protein denaturation;ΔCP, U0 is the heat ca-

pacity of protein denaturation. TheΔCP, U0 (16.2 kJ/mol K) of the protein-
ase K denaturation was calculated from a set of 49 protein ΔCP, U0 values
correlating with the number of residues in the protein (58 J/mol-
residue K) [59].

The effect of CuO nanoparticles on the protein stability was charac-
terized using the change in the standard Gibbs energy of denaturation
in the presence of CuO (theGibbs energy of stabilization/destabilization,
Eq. (6)):

ΔΔGo
U ¼ ΔGo

U mixed solventð Þ−ΔGo
U waterð Þ ð6Þ

Dual action of CuO nanoparticles on the thermodynamic stability of
proteinase K was observed. Fig. 8b and c show the effect of different
concentrations of CuO nanoparticles on ΔGU

o of proteinase K and The
Gibbs energy of stabilization (ΔΔGo

U) as a function of temperature. As
shown in Fig. 8b and c, the ΔΔGU

o values are positive at all concentra-
tions of CuO at 298–310 K (550 J/mol for 12.5 μM, 1529 J/mol for 62.5
μM, 7666 J/mol for 87.5 μM, 7814 J/mol for 125 μM at 298 K). This
means that CuO nanoparticles increase the stability of the native
(folded) state of proteinase K at room temperature. On the other
hand, the ΔΔGU

o values are negative at 310–333 K. This fact indicates
that CuO nanoparticles destabilize the native form of proteinase K at
higher temperatures (−15,002 J/mol for 12.5 μM, −18,346 J/mol for



Fig. 8. a) The fraction of unfolded proteinase K in various concentrations of CuO nanoparticles (b) The effect of different concentrations of CuO nanoparticles on ΔGU
o of proteinase K at the

pH 8and c) The Gibbs energy of stabilization (ΔΔGo
U) as a function of temperature.
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Table 1
Tm changes of proteinase K at different concentrations of CuO
nanoparticles.

[CuO nanoparticles] (μM) Tm (K)

0.0 319.8
12.5 316.8
62.5 314.5
87.5 312.5
125.0 311.9

Table 2
Parameters of proteinase K activity at different concentrations of CuO nanoparticles.

[CuO nanoparticles] Km × 103 Vmax kcat × 103 kcat/Km

μM μM μM·min−1 min−1 min−1·μM−1

0 1.41 2.25 2.60 1.85
12.5 0.73 0.91 1.06 1.45
62.5 0.52 0.51 0.60 1.14
87.5 0.48 0.41 0.48 1.00
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62.5 μM, −29,306 J/mol for 87.5 μM, −30,883 J/mol for 125 μM at
333 K).

3.4. Enzymatic activity assay of proteinase K

To explore the functional effect of CuO nanoparticles on proteinase
K, a colorimetric activity assay [60,61] was used to systemically study
the kinetic activities of proteinase K after mixing with CuO nanoparti-
cles. Briefly, enzyme-nanoparticles mixtures were reacted with a gradi-
ent concentration of ρ-nitrophenyl acetate (as the substrate) in the Tris-
HCl buffer at pH 8. The reason for using ρ-nitrophenyl acetate was its
relatively poor ability to act as a chelating agent of transition metal
ions; consequently, we could see the effect of CuO nanoparticles on
the enzyme itself, rather than the substrate [38].

The average velocity of the reaction in the first 10 s was determined
by the generation of ρ-nitrophenol per seconds, as quantified via optical
absorption at 405 nm. Themolar absorption coefficient of ρ-nitrophenol
(18,800 M−1 cm−1) [62] was used to calculate the concentration of ρ-
nitrophenol. In all enzymatic activity assays, 25 μg/ml proteinase K
was incubated for 15minwith different concentrations of CuOnanopar-
ticles. The Lineweaver-Burk (1/V vs. 1/[S]) plot was used to determine
the kinetic parameters. The Lineweaver-Burk plot could be linear, with
a Y-intercept of 1/Vmax and a slope equal Km/Vmax [63,64]. Fig. 9
shows a set of straight lines intersected with each other below the neg-
ative X-axis, suggesting that both Km and Vmax were changed by the
mixed type inhibitor [63]. It could see that bindingwith CuO nanoparti-
cles was associated with a discernible reduction in the protease activity
of proteinase K, probably due to the alteration of the native structure of
proteinase K [65,66]. Table 2 reports the catalytic parameters of the pro-
teinase K and CuO-proteinase K complex. As illustrated in Fig. 9 and
Table 2, as the concentration of nanoparticles was increased, the value
of themaximum velocity of proteinase Kwas decreased and the affinity
of the proteinase K for ρ-nitrophenyl acetatewas increasedwith adding
Fig. 9. Lineweaver-Burk plot of proteinase K kinetics assays in the 50 mM Tris-HCl buffer at
concentrations of CuO nanoparticles.
the CuO nanoparticles (Km was decreased). According to the results in
Table 2, the catalytic constant (kcat) and catalytic efficiency (kcat/Km)
of enzyme were decreased with increasing the concentration of CuO
nanoparticles. Literature review showed that change in kcat could gener-
ally be clarified in terms of cosolute-induced changes of the catalytic
rate constant and the enzyme concentration [67]. The former could be
derived from theminor change in conformation, hydration and dynam-
ics in the enzyme active site (by change in hydrogen bonds), as well as
the change in the stabilization of the enzyme-product complex [67].

The results related to enzymatic activity of proteinase K showed that
CuO nanoparticles reduced the enzyme activity of proteinase K. Review
of the literature show that the inhibition of proteinase K activity by Cu
ions was dependent on the concentration of ions concentrations and
that the phenomenon occurred on two separated time scales. Initially,
there was some rapid inhibition requiring mixing the components (for
6 min) and withdrawing the sample for assay (~15 s). This was then
followed by a slower phase (about 3 h) of inhibition that led to the per-
fect loss of proteolytic of proteinase K [38]. Furthermore, the study of
the effect of silica nanoparticles on the kinetics of one of the serine pro-
tease, Subtilisin Carlsberg, revealed that the inhibition of three sizes of
nanoparticles was correlated to structure changes of enzyme [61]. An-
other study also showed that small zinc oxide nanoparticles (with dif-
ferent shapes) possessed the ability to reversibly inhibit β-
galactosidase [8].

3.5. Circular dichroism (CD) measurements of proteinase K

Circular dichroism spectrometry was applied to investigate the con-
formational changes of proteinase K after mixingwith different concen-
trations of CuO nanoparticles. All experiments were collected under the
same experimental conditions and the range used in activity studies. For
each sample, three CD spectra were recorded and averaged. The far UV-
CD spectra used for monitoring the secondary structure in the absence
the pH 8 and 25 μg/ml enzyme concentration, in the absence and presence of different



Table 3
Changes in the secondary structures of proteinase K in the absence and presence of CuO
nanoparticles.

[CuO nanoparticles] (μM) % α-Helix % β-Sheet % β-Turn % Random coil

0 16.3 26.2 21.7 35.8
37.5 17.9 23 23.2 35.9
87.5 19.2 21.5 23.5 35.8
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and presence of different concentrations of CuO nanoparticles are
shown in Fig. 10 and the results of applying the CDNN software to calcu-
late secondary structure contents are summarized in Table 3.

The far-UV CD spectrum of proteinase K in Fig. 10 revealed two neg-
ative peaks that were centered around 208 and 223 nm, suggesting that
the enzyme content of bothα-helix andβ-sheet regions belonged to the
α/β class proteins, which was in agreement with the previous studies
[36,37,68]. Fig. 10 shows that the bands at 208 nm and 223 nm became
more negative, indicating a slight increase in the α-helicity content of
proteinase K upon the addition of CuO nanoparticles. Table 3 reveals
that by increasing CuO nanoparticles, the ratio of β-sheet was de-
creased, but α-helix and β-turn was increased and the ratio of random
coils remained invariable. Thus, the results showed that nanoparticles
could make the secondary structure change and induce the protein ac-
quiring a higher content; this was similar to the results obtained from
the structural study of lysozyme upon binding to ZnO nanoparticles
[69] and the results related to the effect of ZnOnanoparticles on the sec-
ondary structure of proteinase K [22]. These studies suggested that the
addition of nanoparticles changed slightly the natural secondary struc-
ture of enzymes. Another study on the effects of silica nanoparticles
on lysozyme showed that the reduction of lysozyme activity at silica
nanoparticles was related to the percentage of secondary structure al-
terations [6]. Literatures reviews have also revealed that it is widely ac-
cepted that surface adsorption on nanoparticles is accompanied by
structural modifications in protein molecules [70–73]. Briefly,
nanomaterials provide large surface areas for biomolecule adsorption
and can interact with biomolecules such as enzymes. Proteins are
known to adsorb onto nanoparticles in which the tertiary or secondary
structures of proteins can be altered, thus causing functional impacts
[6,9,10,74,75].

3.6. Fluorescence measurements of proteinase K

The fluorescence measurements of proteins can prepare consider-
able information about their structure, binding mechanism, binding
constant, nature of binding constant, and the interaction properties of
protein molecules in solutions [52,76,77]. Thus, changes in emission
spectra of tryptophan usually include specificities and structural
changes [76]. Proteinase K has two tryptophan residues (8 and 212)
contributing to the fluorescence emission [37,68]. The low tryptophan
content is a desirable characteristic of protein structure because it pro-
vides an easy description for fluorescence information and prevents
complications due to inter-tryptophan interactions [76]. Therefore,
tryptophanyl fluorescence spectroscopy was used to study the tertiary
structural change in proteinase K that had been induced by CuO nano-
particles. Fluorescence spectra of proteinase K were recorded in the
Fig. 10. Far-UV CD spectra of proteinase K in the absen
presence of various concentrations of CuO nanoparticles. Fig. 11a
shows that CuO nanoparticles caused the quenching of the intensity of
fluorescence of proteinase K at 295 K. Fluorescence quenching showed
that the decrease in the quantum yield of fluorescence from a
fluorophore was induced by a variety of molecular interactions with
quencher molecules. Therefore, the quenching of proteinase K fluores-
cence defined the formation of a complex between enzyme and nano-
particles [78].

Fig. 11a shows that the emission maximum of proteinase K was
observed at 334 nm and the fluorescence intensity of enzyme was
decreased regularly with increasing CuO nanoparticles concentra-
tions without any changes in the maximum emission wavelength
of the enzyme. All fluorescence measurements were performed at
295, 303 and 310 K. Fig. 11b shows the changes in the fluorescence
maximum emission of proteinase K in the presence of different con-
centrations of CuO nanoparticles at different temperatures. The
quenching of the intrinsic fluorescence can help the binding mecha-
nisms of a ligand to a protein [78,79]. Fluorescence quenching was
proceeded via different mechanisms including static and dynamic
quenching. These two types of quenching can be recognized by
their different dependence on temperature. Static quenching rele-
vant to the formation of a ground state fluorophore-quencher com-
plex and the dynamic one relates to the formation of an excited
state fluorophore-quencher one [80]. For static quenching, higher
temperature results in the reduction of complex stability and
quenching ratio constant; conversely, in dynamic quenching, the
quenching constant values are increased with enhancing tempera-
ture because of the larger amounts of collision quenching [66]. In
order to confirm the quenching mechanism, data for the proteinase
K-CuO nanoparticles complex were analyzed according to the
Stern-Volmer equation (Eq. (7)) [81].

F0=F ¼ 1þ Ksv Q½ � ¼ 1þ kqτ0 Q½ � ð7Þ

where F0 and F are the fluorescence intensities of proteinase K in the
absence and presence of the CuO nanoparticles (quencher), respec-
tively. [Q] is the concentration of the CuO nanoparticles, KSV is the
ce and presence of CuO nanoparticles at the pH 8.



Fig. 11. a) Fluorescence emission of proteinase K in the presence and absence of different concentrations of CuO nanoparticles (a: 0, b: 12.5, c: 25, d: 37.5, e: 50, f: 62.5, g: 75, h: 87.5, i: 100,
j: 112.5 and k: 125 μM) at 295 K, and (b) Fluorescence maximum emission of proteinase K in the presence of different concentrations of CuO nanoparticles at different temperatures.
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Stern-Volmer quenching constant determined by the linear regres-
sion of a plot of F0/F versus [Q] (Fig. 12), kq is the biomolecular
quenching rate constant, and τ0 is the average life time of
fluorophore (Trp) in the absence of the quencher.

Fig. 12 displays the Stern-Volmer plot of the quenching of proteinase
K tryptophan residues fluorescence by CuO nanoparticles at different
temperatures. The Stern-Volmer plot is linear and increase in tempera-
ture does not change the linearity of the plot. It may display the occur-
rence of a single type of quenching [52]. Fig. 12 shows that, within the
concentration range used, the slopewas increasedwith raising the tem-
perature. The values of KSV calculated were 2.6 × 109, 3.1 × 109 and 3.6
× 109 at 295, 303 and 310 K, respectively (Table 4), showing that the
Stern-Volmer quenching constant was increased by raising the temper-
ature. The slight increase of KSV with temperature indicated some de-
gree of dynamic quenching [81]. As a rule, for dynamic quenching,
rate constants of various quencher can be 2.0 × 1010 M−1 s−1 [81],
while the data presented in Table 4 show that the estimated quenching
rate constants in the present casewere orders ofmagnitude higher than
themaximum values for the dynamic (scatter collision) quenching con-
stant, thereby substantiating the predominant role of static quenching
(complex formation) in the observed quenching process in the current
system [81]. The results were consistent with the conclusion drawn
from the absorption spectra, showing the change of absorption peaks
with the addition of nanoparticles, deducing that quenchingwasmainly
a static one.
Fig. 12. Stern-Volmer plot for the quenching of proteinas
Aquantitative assessment for theCuOnanoparticles-protein binding
interaction can be derived from the calculation of the binding constant
(K) and the number of binding sites (n) for the process of the
nanoparticle-protein complex formation from Eq. (5), which has been
extensively utilized in the literature [81].

log
F0−F

F

� �
¼ logKþ nlog Q½ � ð8Þ

Table 4 shows the calculated values of n and K. According to Eq. (8),
the binding number can be obtained from the slope of the static
quenching plot of log [(F0 − F)/F] versus log [Q] (Fig. 13). In this case,
an opposite correlation of the calculated binding constant with temper-
ature could be explained as the formation of a ground-state complex be-
tween proteinase K and CuO nanoparticles; subsequently, this fractional
dissociation with increasing temperature was manifested in the de-
crease of binding constant with increasing the temperature (Table 4).
Furthermore, it could be deduced from the values of n that there was
about one binding site on proteinase K for CuO nanoparticles.

3.7. Thermodynamic parameters and the nature of binding forces

In a general sense, the intermolecular acting forces contributing to
the interaction between nanoparticles and biomolecules include van
der Waals forces, hydrogen bonding, electrostatic and hydrophobic
e K by CuO nanoparticles at different temperatures.



Table 4
Stern–Volmer quenching constant, number of binding site, the binding constant of the
complex of proteinase K-CuO nanoparticles at pH 8.0.

T (K) Ksv (L mol−1) kq (L mol−1 s−1) n Kb (×103 M−1)

295 2.6 × 109 2.6 × 1017 1.01 10.97
303 3.1 × 109 3.1 × 1017 1.02 4.07
310 3.6 × 109 3.6 × 1017 0.89 3.02

Fig. 14. Temperature dependencies of the thermodynamic functions for the proteinase K-
CuO binding: ΔGb

o, ΔHb
o, and TΔSbo.
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interactions, etc. [76,78,81]. The use of the sign and magnitude of ther-
modynamic parameters for protein-nanoparticles binding reaction is a
simple way to characterize the acting forces between nanoparticles
and proteins [76].

As concluded from Table 4, the binding constant (Kb) depend signif-
icantly on the temperature. The lnKb vs. 1/T plot (the linear form of the
van't Hoff equation) displays a significant curvature. Thismeans that the
binding thermodynamic parameters depend strongly on the tempera-
ture. Therefore, the thermodynamic functions of the binding process
were estimated using Eq. (9):

ln Kb ¼ aþ b
1
T

� �
þ c lnT ð9Þ

which is a truncated form of the integrated van't Hoff equation [82,83].
The values of the standard binding Gibbs energy (ΔGb

o), the standard
binding enthalpy (ΔHb

o), the standard binding entropy (ΔSbo) are given
by Eq. (7).

ΔGo
b ¼ −RT lnKb ð10Þ

ΔHo
b ¼ R cT−bð Þ ð11Þ

ΔSob ¼ ΔHo
b−ΔGo

b

� �
=T ð12Þ

where R is the gas constant; the parameters of Eq. (11): a = −5249, b
= 247,721, c = 782.

The temperature dependencies of the binding thermodynamic func-
tions are summarized in Fig. 14. As shown in Fig. 14, the ΔGb

o values are
negative (favorable) at 298–333 K. ΔGb

o does not depend essentially on
the temperature. An overall negativeGibbs free energy change indicates
the spontaneity for the occurrence of the binding interaction [48,76,81].
However, ΔHb

o and ΔSbo depend strongly on the temperature. The ΔHb
o

values are negative (favorable) at room temperature. On the other
hand, the ΔSbo values are negative (unfavorable) at 298–303 K. The
Fig. 13. The plot of log [(F0− F)/F] versus log [Q] of proteinase K at different temperatures.
ΔHb
o values are positive (unfavorable) at 310–333 K. On the other

hand, the ΔSbo values are positive (favorable) at 303–333 K.
Ross and Subramanian [84] have illustrated the characterization of

different individual kinds of interaction with thermodynamic parame-
ters that may happen in the protein-ligand binding. To review, the
model of interaction can be summarized on the basis of the thermody-
namic data:

(a) ΔHb
o N 0 and ΔSbo N 0 correspond to hydrophobic interactions,

(b) ΔHb
o b 0 and ΔSbo b 0 refer to hydrogen bonds and van der Waals

forces, and
(c) ΔHb

o b 0 and ΔSbo N 0 relate to electrostatic interactions.

The calculated values of the binding thermodynamic parameters
presented in Fig. 14 demonstrate that the proteinase K-CuO nanoparti-
cles binding are enthalpically driven (ΔHb

o b 0 andΔSbo b 0) at room tem-
perature. According to Ross and Subramanian [84], hydrogen bonding
plays a key role in the interaction of proteinase K with CuO nanoparti-
cles at 298–310 K.

On the other hand, at higher temperatures (310−333 K), the
protein-ligand binding is entropically driven (ΔHb

o N 0 and ΔSbo N 0).
This means that, at 310–333 K, hydrophobic association (hydrophobic
interactions) plays a crucial role in the proteinase K-CuO binding. The
positive entropy change is frequently related to evidence showing hy-
drophobic interactions [85] becausewatermolecules that are organized
in an orderly way around the nanoparticles (ligand) and enzyme ac-
quire a more random configuration [86,87].

The obtained results clearly show that CuO stabilizes the native
(folded) state of proteinase K due to hydrogen bonding at room temper-
ature. However, at higher temperatures, CuO nanoparticles destabilize
the native state of proteinase K at 310–333 K. CuO nanoparticles stabi-
lize the unfolded state of proteinase K due to hydrophobic interactions.

4. Conclusions

Over many years, there has been considerable effort to reach a com-
prehensive understanding of enzyme inhibitors. Some inorganic nano-
particles have been show to inhibit enzyme activity. The interaction
between enzymes and nanoparticles as well as subsequent structural,
stability and activity alterations of enzymes can well account for en-
zyme inhibition mechanisms, extremely in the area of
nanobiotechnology. Consequently, in this study, the effect of
biosynthesized CuO nanoparticles on an important serine protease
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(proteinase K)was investigated. The current study reported, for thefirst
time, a biocompatible and convenient method for the synthesis of CuO
nanoparticles using the elderberry (Sambucus nigra) fruit extract. No
chemical reagent was required in this method, with the advantage of
being usable in biology, industry, clinical and pharmaceutical
applications.

Accordingly, the interaction mechanism at molecular level between
green synthesized CuO nanoparticles and one of the well-characterized
serine protease, proteinase K as a model enzymewas explored. To con-
clude, we explored the spectroscopic characterization of the interaction
of the proteinase K with CuO nanoparticles. The results showed that
with increasing the concentrations of CuO nanoparticles both the activ-
ity and thermostability of proteinase Kwere significantly decreased. The
absorption and fluorescence results indicated that the microenviron-
ments of the tryptophan residues were changed by increasing CuO
nanoparticles concentration. From the temperature dependence of the
proteinase K-CuO nanoparticles binding constant (binding strength) ac-
quired from the fluorescence spectra, the static mechanism of
quenching of intrinsic tryptophanyl fluorescence of proteinase K (with
increasing nanoparticles concentrations) was established.

Temperature dependencies of the thermodynamic parameters
(Gibbs energy, enthalpy, and entropy) of protein stability and protein-
ligand binding were estimated from the spectroscopic measurements
at 298–333 K. Depending on the temperature, CuO nanoparticles are
able to demonstrate dual action on the thermodynamic stability and
binding affinity of proteinase K. CuO nanoparticles increase the stability
of the native folded state of proteinase K at room temperature. On the
other hand, CuO nanoparticles stabilize the unfolded state of proteinase
K at 310–333 K. The Gibbs energy change for the binding process was
negative (favorable) at 298–333 K. The proteinase K-CuO binding is
‘driven by enthalpy’ at room temperature. This means that hydrogen
bonding play a major role in the interaction of proteinase K with CuO
nanoparticles at 298–310 K. At higher temperatures, the protein-
ligand binding is ‘driven by entropy’. It was concluded that hydrophobic
association plays a crucial role in the proteinase K-CuO binding at
310–333 K.

The other important results observed from circular dichroism re-
vealed that the interaction with CuO nanoparticles led to changing
the secondary structure of proteinase K. The mode of interaction
discussed in this article could be effective in evaluating the future ap-
plicability of CuO nanoparticles and proteinase K in biological and in-
dustrial applications. This work highlighted the interactions of
nanomaterials with biomacromolecules; however, future works
should address the effects of nanomaterials on other useful enzymes
in biology and industry.
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