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Abstract

Diabetes is among the top ten deadly diseases in the world. It occurs either when the pancreas does not produce
enough insulin (INS) or when the body cannot effectively use the insulin it produces. Phloretin (PHL) has a
biological effect that can treat diabetes. A spectroscopic study was carried out to explore the interaction between
phloretin and insulin. UV/Vis spectroscopy, fluorescence spectroscopy, and circular dichroism spectropolarimeter
were used in the study. UV/Vis spectra showed that the interaction between PHL and INS produced strong
absorption at a wavelength of 282 nm. The fluorescence analysis results showed that the excitation and emission
occurred at 280-nm and 305-nm wavelengths, respectively. Temperature changes did not affect INS emissions.
However, the interaction of PHL–INS caused a redshift at 305 to 317 nm. Temperature affected the binding
constant (Ka) and the binding site (n). Ka decreased with increasing temperature and increased the binding site.
The thermodynamic parameters such as enthalpy (ΔH0) and entropy (ΔS0) each had a value of − 16,514 kJ/mol and
22.65 J/mol·K. PHL and INS interaction formed hydrogen bonds and hydrophobic interaction. The free energy (ΔG0)
recorded was negative. PHL and INS interactions took place spontaneously. The quenching effect was dynamic and
static. KD values were greater than KS. The higher the temperature, the less was KD and KS. The appearance of two
negative signals on circular dichroism (CD) spectropolarimeter implies that phloretin could induce regional
configuration changes in insulin. The addition of PHL has revealed that the proportion of α-helix in the insulin
stabilizes its structure. Phloretin’s stabilization and enhancement of the α-helix structural configuration in insulin
indicate that phloretin can improve insulin resistance.
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Introduction
Diabetes is among the top ten deadly diseases in the
world. It occurs when the pancreas does not produce
enough insulin or when the body cannot effectively use
the insulin it produces. According to an estimate, nearly
500 million people live with diabetes worldwide, and the
number is projected to increase every year. Insulin that
enters the blood can reach glucose transport, increase
glycogen synthesis, and inhibit sugar regeneration in the
liver and skeletal muscles (Brown and Walker 2016).
The biological effect of the hormone begins with the
binding of insulin to its target cell membrane receptors.

Once bound to tyrosine kinase receptor (RTK), the con-
figuration insulin changes, causing autophosphorylation.
Also, it can catalyze the phosphorylation of specific tyro-
sine residues while interacting with other proteins
(Rodelo et al. 2017). Insulin is composed of unstable
monomers and tends to form aggregations in solution
(Chiti and Dobson 2006; Dunn 2005; Grasso et al. 2016).
Also, insulin forms dimer crystals when it loses divalent
metal ions. These crystals can be divided into cubic crys-
tals at neutral pH and orthorhombic at acidic pH (Whit-
tingham et al. 2002; Yao et al. 1998).
Spectroscopic methods have been used to study the

interaction of human serum albumin with various types
of ligands (Al-Mehizia et al. 2019; Alanazi et al. 2019;
Alsaif et al. 2020b; Kandagal et al. 2006; Meti et al. 2015;
Wani et al. 2021a; Zargar et al. 2020). The interaction of
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protein molecules in Thymus DNA with abiraterone was
also studied using spectroscopic methods (Alsaif et al.
2020a; Wani et al. 2020a). Insulin has interacted with
vitamin E (Soleymani et al. 2016). There are three types
of chromophore groups in proteins, which have different
electron absorption band characteristics. The first
chromophore is a peptide bond that connects one amino
acid to another. The absorption is weak and can be de-
tected at a wavelength of 220 nm. The second type of
chromophore constitutes aromatic amino acids such as
phenylalanine, tyrosine, tryptophan, and histidine. The
chromophore peaks are located at 230 nm and 300 nm
wavelengths. The third chromophore comes from the
presence of metal ions and π (phi) electrons. The strong
absorption in the visible region is due to the influence of
the prosthetic group. Proteins usually have absorption at
wavelengths of 275 nm and 280 nm. It is due to trypto-
phan, tyrosine, and aromatic amino acids at these wave-
lengths and possibly due to cysteine, which is composed
of disulfide bonds. Changes in structure occur due to
changes in the environment of amino acids. Observa-
tions were made on the conditions before and after com-
plex bond formation (Nienhaus and Nienhaus 2005;
Zhang et al. 2008). The wavelength and intensity of ab-
sorption depend on the chemical properties and physical
condition of the molecule.
Analysis using absorption spectroscopy has been car-

ried out by dissolving organic and inorganic molecules
in a transparent solvent medium. Ultraviolet/visible light
spectroscopy has been used to study the ligand binding
of proteins and their effects on their structures. Ultravio-
let/visible light spectroscopy is a powerful tool in meas-
uring protein–ligand interactions (Le Han et al. 2009).
The absorbance was proportional to the solution’s con-
centration and was used as a quantitative measurement
(Alsanea et al. 2017).
Competitive reactions can occur between proteins

with proteins and proteins with ligands. The interaction
of the protein with protein causes polymerization and is
characterized by increasing n (binding site) and K (bind-
ing constant) values. Polymerization occurs when the al-
bumin concentration is increased (Fernandez et al.
1993). High flavonoid concentration as a ligand causes
competition between them and even moves from the
protein site (Wani et al. 2021b). Interaction occurs be-
tween proteins as donors and ligands as acceptors. Do-
nors can produce fluorescent light. The fluorescence
emission spectra overlap with the absorbance spectra of
acceptor molecules so that the binding sites of Try with
small molecules can be predicted through fluorescence
observations. The Try can be the center of the binding
regions or close to the binding regions if it experiences a
quenching effect. This quenching effect can be a refer-
ence for studying the configuration of protein molecules

in the solution. Changes in the microenvironment
around fluorescent clusters may be relevant evidence for
binding proteins to small molecules (Ding et al. 2009).
Fluorescence microscopy can provide information about
the excitation spectrum, emission, fluorescence intensity,
quantum yield, fluorescence lifetime, etc.. This value can
reflect the behavior of the molecule at various angles.
Many researchers have observed molecular configura-
tions and analyzed these parameters (Iannuzzi et al.
2017a; Lakowicz and Weber 1973; Seedher and Bhatia
2006; Wang et al. 2001). Circular dichroism (CD) spec-
tropolarimeter is a rapid spectroscopic technique in
determining protein molecules’ secondary structure and
fold characteristics. This technique is widely used to
study protein stability and whether configuration
changes can form folds or mutations. Several researchers
have used a CD spectropolarimeter (Gilg et al. 1996;
Kachooei et al. 2014; Matsuo et al. 2005). The secondary
structure of different proteins produces a CD spectropo-
larimeter spectrum with different characteristics. The
combination of fluorescent and CD data shows that
there is induction of polypeptide bonds, changes in pro-
tein conformation, and exposure in hydrophobic regions
(Le Han et al. 2009).
Substitution of water molecules by ligands inside and

outside the enzyme molecule can cause stability prob-
lems and reduce the strength of important covalent
bonds so that the enzyme becomes inactive. Enzyme
function will be lost if its orientation and proximity to
the substrate molecule are lost. This can be detected
through the reduced amino acid binding site (Hashemi-
Shahraki et al. 2020). Molecular docking can predict
ligand-binding sites on proteins to the atomic level.
Non-covalent interactions between proteins and drugs
are divided into four types: hydrogen bond interactions,
van der Walls interactions, hydrophobic interactions,
and electrostatic interactions (Shi et al. 2013). The dis-
tance of 2.264 nm causes Van der Waals interactions
and hydrogen bond interactions on Trp (donor) and
prednisolone (acceptor) (Shi et al. 2013). Van der Waals
interactions and hydrogen bonding also occur in pepsin,
and naphthol yellow decease the affinity of pepsin to the
substrate (Hashemi-Shahraki et al. 2020).
Flavonoids are natural compounds used for the treat-

ment of chronic diseases such as obesity and diabetes.
Phloretin is a type of flavonoid found in the skins of ap-
ples and pears. Phloretin has biological activities such as
antioxidant, antitumor, anti-inflammatory, liver damage
repair, and insulin resistance (Shen et al. 2017). The
present study aims (i) to explore the interaction between
insulin and phloretin by spectroscopy, (ii) to observe the
change of insulin absorbance by UV/visible spectrometer
after adding phloretin, (iii) to study the interaction be-
tween insulin and small molecules affecting the
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fluorescence quenching, and (iv) to observe the changes
in the secondary structure of insulin by the circular di-
chroism spectroscopy and explore whether the addition
of phloretin can stabilize the secondary structure of in-
sulin. The study’s outcome has potential application in
medical research and the treatment of diabetic patients.

Materials and methods
The materials used in this study included insulin (99%)
CAS 30003-72-6, L-tyrosine (98%) CAS 60-18-4, and
phloretin (99%) CAS 60-82-2 (purchased from Sigma Al-
drich), hydrochloric acid (pH = 2.0) CAS 7722-84-1,
methanol 99.5% (Merck), and distilled water. The instru-
ments utilized were ultrasonic vibration machine, UV/vis-
ible spectrometer (PerkinElmer Lambda 265), fluorescence
spectrometer (Jasco FP-750 with Xenon as a fluorescent
light source), constant temperature water tank (FIRSTEK
Model-B403H), fluorescent holder (Jasco STR-312), circu-
lar dichroism (CD) spectropolarimeter (Jasco J-815 with a
150-W Xenon lamp as a light source), and a 1-mL quartz
cuvette for sample measurement.

Spectroscopy UV/Vis analysis
Samples of PHL and INS were diluted using HCl (pH =
2.0) and methanol as a solvent. Stock solutions of INS,
PHL, and Tyr were made with the following concentra-
tions: 2.9 mg INS with 5 mL HCl, 1.37 mg PHL with 5
mL MeOH, and 0.18 mg Tyr 10 mL HCl. The PHL con-
centration was maintained constantly at 5.0 × 10−5M,
while the INS concentration was gradually increased from
2.5 × 10−6 to 5.0 × 10−5 M. The INS and PHL mixed solu-
tions were made by mixing solutions in various mole ra-
tios of 1:0.05, 1:0.1, 1:0.5, and 1:1 (PHL: INS). The mixture
was put into an ultrasonic vibrator for 30 min and trans-
ferred to a 1-mL quartz cuvette to record UV/Vis spec-
trometer measurements. Homogenization was carried out
so that the solutions get mixed. In this study, ultrasonic vi-
brations were used because their energy is lower than the
peptide bonds’ breaking energy, composed of strong cova-
lent bonds (Gong et al. 2019). The binding free energy of
insulin was − 8.97 ± 1.41 kcal/mol or 9.60692 × 1016 kHz.
The frequency of ultrasonic vibrations was 18 − 40 kHz.

Fluorescence spectroscopy analysis
The INS and PHL mixed solutions were prepared with
different molar ratios of INS: PHL (1:0; 1:0.25; 1:0.5; 1:
0.75; 1:1; 1:1.25; 1:1.5; 1:1.75; 1:2; 1:2.25) and put in the
ultrasonic vibrator for 30 min to make it homogeneous.
The INS concentration was fixed at 5.0 × 10−5 M and
PHL concentration was increased from 1.25 × 10−5 to
1.25 × 10−4 M. The samples were analyzed using a fluor-
escence spectrometer that was set at emission condition
mode, excitation, and emission bandwidth at 5 nm,
medium sensitivity mode, data pitch of 1 nm, scanning

speed at 250 nm /min, excitation wavelength increased
to 280 nm, and scanning range from 190 to 500 nm.

Circular dichroism spectropolarimeter analysis
In the circular dichroism (CD) spectropolarimeter ex-
periment, the INS-PHL mixed solutions were prepared
at the molar ratios of 1:0, 1:2, 1:4, 1:6, 1:8, 1:10, and 1:12
(INS: PHL). The mixed solutions were homogenized
using an ultrasonic vibrator for 30 min before the CD
spectrometer analysis. The INS concentration was pre-
pared at 5.0 × 10−1M, and the PHL concentration was
made at the range of 1.0 × 10−5 to 6.0 × 10−5 M. The
mixed solutions in the respected ratio were inserted into
a 1-mm quartz cuvette case and measured in a CD spec-
tropolarimeter. The CD spectropolarimeter was set in a
bandwidth of 1 nm, standard sensitivity mode, data pitch
of 0.5 nm, scanning speed at 50 nm/min, continuous
scan mode, immediate start mode, and scanning range
190 to 260 nm.

Results and discussion
Spectroscopy UV/Vis studies of the interaction between
INS and PHL
Electrons in the INS residue serve absorption, excitation,
emission, and fluorescence. Fluoresce molecules have
absorption at 200–700 nm (Day and Underwood 1991).
The electrons transition occurring from π,π * (Suhartati
2017). The transition π,π * of the carbonyl group ab-
sorption in the protein was found at 210 nm (Hashemi-
Shahraki et al. 2020). Proteins have a chromophore in
the form of peptide bonds that appears at 220 nm (Nien-
haus and Nienhaus 2005). INS has an optimum absorp-
tion at 275 nm (Fig. 1a,b). In a previous study,
wavelengths of 250–300 nm have been used to deter-
mine insulin absorption in different solvents, and insulin
could be detected at a wavelength of 275 nm (Liefeng
et al. 2008). Wavelengths 220–340 nm have been used,
measuring the absorption of insulin interactions with its
aptamer (Verdian-Doghaei and Housaindokht 2015).
While wavelength at 260–400 nm is used by Correia
et al. (2012). INS has two peaks at 275 nm and 282 nm
(Fig. 1a,b). The presence of the two peaks in INS is
probably due to the absorption of an amine group hav-
ing a lone electron pair (275 nm) and an aromatic ring
group (282 nm). Lone pair electrons own by NH bonds
was a componen of protamine. Protamine is composed
of arginine, which is rich in NH bonds. Protamine is a
protein that can protect insulin from being degraded by
enzymes. The uptake of proteins such as protamine was
detected at a wavelength of 275 nm (Nienhaus and
Nienhaus 2005). The aromatic ring is owned by tyrosine,
tryptophan, and phenylalanine also have a signals. It was
seen at a wavelength of 280 nm (Hashemi-Shahraki et al.
2020; Kierdaszuk et al. 1995). Amino acid aromatic
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chromophore has an absorption range of 230–300 nm
(Nienhaus and Nienhaus 2005).
When binding occurs, the electrons in the INS residue

release energy (fluorescence). At the same time, the elec-
trons in the ligand absorb energy, and the spectra over-
lap. PHL is a flavonoid compound composed of benzene
rings. Prosthetic groups with phi electrons such as
chlorophyll, carotenoid, flavin, heme, and retinal are sen-
sitive to the polypeptide environment and can even
change the protein structure. The benzene group ab-
sorption of PHL overlaps with the aromatic ring absorp-
tion of INS. The INS–PHL mixture has an overlapping
peak at a wavelength of 283 nm, indicating that INS has
shifted the PHL peak from 285 to 283 nm (hyperchro-
mic effect). The INS and PHL’s interaction absorbs a
large amount of energy at a lower wavelength than PHL.
It has been reported that molecular overlap can occur
against small molecules with nitrogenous base groups in
the DNA chain (Farajzadeh-Dehkordi et al. 2020). The
fluorescence emission spectra overlap with the absorb-
ance spectra of the acceptor molecule. Possibility of en-
ergy transfer when the donor–acceptor distance is less
than 8 nm or 80 Å (Hu and Liu 2015).

Ligands have higher transition energy than protein
which is read as a higher molar absorption coefficient (ε)
value of PHL, each PHL and INS have the ε value 7092
and 1389·M-1·cm-1 (Table 1). An interaction between
INS and PHL can be proposed based on spectrum and
the ε value. The largest ε value was obtained at the mole
ratio of 1:0.05 (PHL: INS), which was 159,040·M-1·cm-1.
The lowest ε value was found in the ratio 1:1 is
9396·M-1·cm-1. The higher the mole ratio of INS, the
higher the absorbance, but the weaker the ability to cap-
ture light or the smaller the molar absorption coefficient.
In this study, the maximum absorbance of PHL was 285
nm (Fig. 1a). Similarly, the optimum PHL absorption
was detected at a wavelength of 285 nm (Chen et al.
2020). The optimum absorption peak followed the PHL
trend than INS, an indication that the increase in ab-
sorbance of the INS–PHL mixture is dominantly influ-
enced by PHL even though the PHL mole ratio is
constant. Albumin binding with ligands was conditioned
with low ligand concentration but a high ligand–albu-
min ratio. Ligand molecules can associate with low affin-
ity (Tang et al. 2006). Figure 1b showed that INS–PHL
absorption increased with increasing PHL concentration.

Fig. 1 Absorption Spectrum of PHL after variation of INS (a), INS after variation of PHL (b)
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The higher the PHL ratio, the larger the wavelength shift
of the shape of peak and maximum absorbency of INS.
Protein absorbance measurements have been carried

out at room temperature conditions and normal pH to
mimic protein’s normal condition (Nienhaus and Nien-
haus 2005). In two separate studies, it was found that in-
sulin does not dissolve at normal pH but dissolves in the
pH range 2–3 using HCl as a solvent (Gooch 2004;
Sigma-Aldrich Co. 2014). The intrinsic fluorescence in
insulin fibrils was recorded at pH 1.8 and pH 7, which
was different from normal protein. This study used HCl
pH 2 as a solvent. The morphological review of insulin
using TEM showed that insulin fluorescence was not en-
tirely related to the morphological features of amyloid fi-
brils (Iannuzzi et al. 2017b).

Fluorescence spectroscopy studies of the interaction
between INS and PHL
INS excitation observations have been carried out at a
wavelength range of 200–500 nm, and the optimum was
at 276 nm (Correia et al. 2012). Excitation observations
were carried out in the range of 400–500 nm, and the
optimum was at a wavelength of 440 nm (Iannuzzi et al.
2017b). In the present study, the strongest INS fluores-
cence signal was detected at a wavelength of 280 nm

(Fig. 2) similar to Kierdaszuk’s results (Kierdaszuk et al.
1995). Furthermore, the fluorescence spectrum was re-
corded at 298K conditions with a scanning range of 290
to 340 nm at a constant INS concentration and PHL as
a quenching agent. INS fluorophore emissions were reg-
ulated in the range of 300–400 nm, with a maximum
emission at 340 nm (Iannuzzi et al. 2017b). The fluores-
cent intensity of insulin at a wavelength of about 303
nm decreased, widened, and produced a redshift (Soley-
mani et al. 2016). This phenomenon was found in the
interaction of vitamin E with human insulin. The in-
crease in vanillin concentration decreased the fluores-
cence intensity indicating that vanillin and INS had
interactions (Iannuzzi et al. 2017b). In the present study,
the same pattern was found (i.e., the addition of PHL
caused a redshift from 305 to 317 nm).
Three types of amino acids, namely tryptophan (Trp),

tyrosine (Tyr), and phenylalanine (Phe), have different
chromophores and can emit fluorescence in protein
molecules (Yang et al. 2015). Trp has the strongest
fluorescence intensity than Tyr, and Phe is the weakest.
INS is composed of 51 amino acids, including 4 Tyr resi-
dues (A14, A19, B16, B26) and 3 Phe. This composition
makes the two amino acid functional groups act as the
main fluorescent in the INS molecule. Phe quantum is

Table 1 The molar absorption coefficients (ε) of PHL and INS

Mole ratio
(PHL: INS)

Concentration (M) Absorbance Maximum absorption wavelength ε (M-1·cm-1)

1:0.05 2.5 × 10-6 0.3976 285 159,040

1:0.1 5.0 × 10-6 0.4166 285 83,320

1:0.5 2.5 × 10-5 0.4215 284 16,860

1:1 5.0 × 10-5 0.4698 283 9396

PHL 5.0 × 10-5 M 5.0 × 10-5 0.3600 285 7092

INS 5.0 × 10-5 M 5.0 × 10-5 − 0.0741 285 1389

Fig. 2 The fluorescence intensity of INS in different excitation wavelength
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relatively low and has no Trp residue, making the Tyr
residue responsible for INS’s fluorescence properties.
The binding of proteins with ligands can change amino
acids through fluorophore interactions or quencher ef-
fects. The most noticeable changes observed were a re-
duction in fluorescent intensity and a shift in the
spectrum (Soleymani et al. 2016). In the present study,
PHL was used as a quenching agent and interacted at
different ratios. Measurements were set with a wave-
length of 280 nm at three temperatures, namely 288 K,
298 K, and 308 K (Figs. 3, 4, 5). Figures 3, 4, and 5 show
that the maximum INS emission signal was observed at
a wavelength of 305 nm, indicating that temperature
changes did not affect the INS emission signal.
Internal fluorescence effects (IFE) has been corrected

by equations (Farajzadeh-Dehkordi et al. 2020; Hashemi-
Shahraki et al. 2020; Wani et al. 2020b).

Fcorr ¼ Fobs � e
AexþAem

2 ð1Þ
Fcorr and Fobs are the correction and observation of

fluorescence intensities, respectively. Aex and Aem are
the wavelengths of excitation and emission, respectively.
The Aex and Aem were 280 nm and 305 nm. The fluores-

cence intensity ratio ( F0
.
F
) at different temperatures

was also calculated. F0 and F are ascribed as the fluores-
cence intensity of INS before and after the addition of
quencher (PHL), respectively. The highest ratio of 8.24
was obtained at 288 K, followed by 7.78 at 298 K. When
the temperature increased to 308 K, it resulted in the
lowest ratio of 7.52. These results suggest that the fluor-

escence intensity ratio F0
.
F

decreases with the in-

creased temperature.
Figure 6 shows the plotting curve of the concentration

of PHL against the fluorescence intensity. It can be ob-
served that the quenching effect occurs at the three

temperatures. The addition of PHL causes changes in
the microenvironment surrounding the INS’s amino acid
residues, resulting in a decrease in INS’s fluorescence in-
tensity, which indicates an interaction between INS and
PHL. The mechanism of action from these interactions
can be further judged through the Stern-Volmer
equation.

The influence of PHL on the fluorescence intensity of Tyr
It has been proposed that the fluorescence properties of
INS mainly come from Tyr residues (A14, A19, B16,
B26). Therefore, the fluorescence properties of Tyr were
also studied in the absence and presence of PHL (Fig. 7).
The spectrum was recorded at an excitation wavelength
ranging from 280 to 400 nm and a temperature of 298
K, while the Tyr residues were measured at 305 nm. Fig-
ure 7 shows that the addition of different PHL concen-
trations can change the fluorescence intensity of Tyr
significantly. As the concentration of PHL increases, the
fluorescence intensity of Tyr weakens and produces a
redshift. This result is similar to the fluorescence
quenching experiment of INS by PHL. It confirms that
PHL can change Tyr residues’ surrounding environment
and decrease fluorescence intensity.

Determination of binding constant of INS–PHL interaction
INS’s quenching effect by PHL has been known as static
quenching and accompanied by dynamic quenching, in-
dicating interactions and the formation of complexes be-
tween INS and PHL. Static quenching takes into
account the formation of INS–PHL interaction. The
researchers (Lakowicz 1999; Zhang et al. 2008; Gentili et
al. 2008; Shi et al. 2013; Shi et al. 2015; Hashemi-Shah-
raki et al. 2020) explained that the binding constant (Ka)
value and the number of binding sites (n) between bio-
macromolecules and small molecules can be determined
by Eq. 1.

Fig. 3 The fluorescence intensity of INS and PHL in 288 K
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log
F0−F
F

� �
¼ logKa þ n log Q½ � ð2Þ

F0: Fluorescence intensity without adding quencher
F: Fluorescence intensity with a particular concentra-

tion of quenching agent
Ka: Binding constant of two molecules (M-1)
n: Binding site of two molecules
[Q]:The concentration of quenching agent (μM)
The Ka values of the INS–PHL interaction were

found to be 1.53 × 104, 1.16 × 104, and 9.80 ×
103 M−1 at 288, 298, and 308 K, respectively (Eq. 2).
The calculated Ka values indicate that INS and PHL
are mutually binding, and the binding effect is rela-
tively significant. Based on Table 2, the Ka values de-
creased with the increase of temperature. It means
that INS and PHL’s stability reduces at a higher
temperature, similar to the observation by Lakowicz
and Weber (1973). An increase in the temperature

can decrease the binding constant and binding sites.
This phenomenon occurred with NYS–pepsin binding.
The reactions involved in its binding were exothermic
(Hashemi-Shahraki et al. 2020). The binding sites n
were 1.2542, 1.295, and 1.3295 at the three measured
temperatures. A binding site value of approximately 1
means that the binding site or region is single, usually
located in a hydrophobic and low-affinity region (Le
Han et al. 2009). These values confirm that there are
binding regions between INS and PHL. The binding
constant value was 103 to 104 in the temperature
range of 298–310 K. This value was a binding con-
stant range of DNA pathways with small molecules.
Based on this, the gefitinib bonds in ct-DNA have
groove bonds (Shi et al. 2015). The same magnitude
was also found in INS and PHL, which ranged from
103 to 104. Also, it was observed that the n values
decrease as the temperature decreases, which also
proves that higher temperatures increased the INS–

Fig. 4 The fluorescence intensity of INS and PHL in 298 K

Fig. 5 The fluorescence intensity of INS and PHL in 308 K
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PHL interaction stability. Storing insulin at high tem-
peratures can reduce its biological activity (Werdinius
1962).

Thermodynamic parameters and interaction force of PHL
and INS
Fluorescence spectroscopy has been used to explore
macromolecules’ thermodynamics, including proteins
and nucleic acids (Eftink 2000). There are four main
interaction forces between macromolecules and small
organic molecules: hydrogen bonds, dispersion forces,
hydrophobic force, and electrostatic attraction. The
binding and interaction of the related proteins are usu-
ally caused by hydrophobic interaction and Van der
Waals force (Ross and Subramanian 1981). The thermo-
dynamic parameters of the reaction, such as enthalpy
(ΔH0) and entropy (ΔS0), were calculated to determine
the intermolecular force and the interaction between
molecules (Ross and Subramanian 1981; Zhang et al.
2010; Hu and Liu 2015; Gummadi 2003). Both of these

parameters can be calculated by the Van't Hoff equation
(Eq. 3).

lnKa ¼ −
ΔH0

RT
þ ΔS0

R
ð3Þ

Ka: Binding constant of two molecules (M-1)
T: Reaction temperature (K)
R: Ideal gas constant (8.314 J/mol·K)
ΔH0: Enthalpy change of chemical reaction (J/mol)
ΔS0: Entropy change of chemical reaction (J/mol·K)
The calculated binding constant Ka at three tempera-

tures (Table 2) was used to calculate the thermodynamic
parameters by plotting 1000/T against lnKa (Fig. 8). The
slope and intercept of the graph ascribed as the thermo-
dynamic parameters ΔH0 and ΔS0, respectively. Accord-
ing to Eq. 2, it can be determined that −(ΔH0)/R) is
attributed to the slope and (ΔS0)/R as the intercept. Free
energy (ΔG0) in the reaction process can be calculated
through Eq. 4 (Hashemi-Shahraki et al. 2020; Shi et al.
2013; Shi et al. 2015):

Fig. 6 The fluorescence intensity plotted of PHL at different temperatures

Fig. 7 The fluorescence intensity of Tyr by PHL in 298K
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ΔG0 ¼ ΔH0−TΔS0 ¼ −RT ln Kb ð4Þ

ΔG0: Effective experiment produced when a system
changes (kJ/mol)
T: Reaction temperature (K)
ΔH0: The enthalpy changes of the chemical reaction

(kJ/mol)
ΔS0: Entropy change of chemical reaction (kJ/mol·K)
The relationship and the forces forming between two

molecules can be explored when the thermodynamic pa-
rameters are obtained (Ross and Subramanian 1981;
Gummadi 2003). The thermodynamic parameters (ΔH0

and ΔS0) values can determine the type of interactions
between molecules, and it is mainly divided into three
types:
When ΔH0 > 0, ΔS0 > 0 is the hydrophobic force;
When ΔH0 < 0, ΔS0 < 0 is hydrogen bond and disper-

sion forces.
When ΔH0 ≅ 0, ΔS0 < 0 is electrostatic gravity.
Through the summary in Table 3, it can be observed

that both of the thermodynamic parameters ΔH0 were
negative, ΔS0 were obtained positive (− 16.514 kJ/mol
and 22.65 J/mol·K). Based on three types of molecular
interactions, INS and PHL intrigue can occur by hydro-
phobic force, hydrogen bond, and disperse forces at tem-
peratures of 288 K, 298 K, and 308 K. ΔH0 and ΔS0 can
affect protein denaturation (Soleymani et al. 2016).

Soleymani et al. reported the results of the differential
analysis calorimetric scanning (DSC) of human insulin.
Denaturation occurred at a temperature of 73.1 °C at
ΔG0 8.89 kcal/mol. A positive ΔS0 indicates a hydropho-
bic interaction between celecoxib and human albumin,
while a negative ΔH0 is ascribed to the interaction domi-
nated by hydrogen bonds (Seedher and Bhatia 2006).
Positive entropy is evidence of hydrophobic interactions;
electrostatic interactions are also indicated by positive
entropy and negative enthalpy (Tang et al. 2006). Hydro-
phobic interactions occur due to water molecules’ pres-
ence around the ligands and proteins (Ding et al. 2009).
A significant contribution to the ΔH0 and ΔS0 proteins
comes from electrons’ delocalization in their aromatic
rings (Ross and Subramanian 1980). The free energy be-
tween the two molecules at three different temperatures
(288 K, 298 K, and 308 K) was calculated and was −
23.04, − 23.26, and − 23.49 kJ/mol. It can be found that
ΔG0at three different temperatures were also negative,
indicating the interaction between INS and PHL oc-
curred in a spontaneous reaction (Ross and Subrama-
nian 1981).

Quenching effect of PHL on INS
The reduction in fluorescence intensity is called the
quenching effect. This effect can occur through dynamic
quenching mechanisms, static quenching, or both
methods. Dynamic quenching fluorescence occurs when
light collides with other molecules in a solution. High
temperatures increase collisions among molecules so
that the dynamic quenching constant increases with the
increase in temperature. A static quenching mechanism
occurs. When fluorescent and quenching agents form
complexes, the closer the molecules’ distance becomes,
causing the fluorescence intensity to decrease. Static
quenching occurs in the ground state, independent of

Fig. 8 Ka values of INS–PHL Interaction at three temperatures

Table 2 The binding constant Ka value and the number of
binding sites n between PHL and INS

T (K) Ka (M
-1) Number R2

288 1.53 × 104 1.2542 0.994

298 1.16 × 104 1.295 0.9977

308 9.80 × 103 1.3295 0.9973
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the effects of collision or diffusion. Complex stability
and quenching strength weaken with increased
temperature (Dangkoob et al. 2015; Lakowicz and
Weber 1973; Ma et al. 2019). The Stern-Volmer equa-
tion can be used to calculate static and dynamic quench-
ing parameters. KD is used in the dynamic quenching
mechanism (Eq. 5) and KS in static quenching (Eq. 6). If
the quenching mechanism is sweetened, and static coin-
cides, a modification (Eq. 7) of the Stern-Volmer equa-
tion (Eq. 8) is used to get the quenching constant. When
the quenching agent’s concentration increases, the fluor-
ophore is quenched both statically and dynamically
(Lakowicz and Weber 1973). Generally, the higher
temperature causes a faster diffusion, which leads to a
large amount of collision quenching. This condition can
dissociate a weaker binding among molecules and indir-
ectly cause a weak static quenching.

F0

F
¼ 1þ kqτ0 Q½ � ¼ 1þ KD Q½ � ð5Þ

F0

F
¼ 1þ Ks Q½ � ¼ 1þ kqτ0 Q½ � ð6Þ

Ks ¼ kqτ0 ð7Þ

F0

F
¼ 1þ KD Q½ �ð ÞeKs Q½ � ð8Þ

F0: Fluorescence intensity without adding quencher
F: Fluorescence intensity with a specific concentration

of quenching agent
KD: Stern-Volmer fluorescence dynamic quenching

constant (M-1)
Ks: Stern-Volmer fluorescence static quenching con-

stant (M-1)
kq: Stern-Volmer fluorescence quenching rate constant

(M-1·s-1)
τ0: The average lifetime of fluorescent molecules with-

out adding quencher (s)
[Q]: Concentration of quenching agent (μM)

The Stern-Volmer linear relationship can be obtained
by plotting the concentration of quencher [Q] versus the
ratio of the fluorescence intensity before and after

addition of quencher (F0
.
F
). The linear curve indicates

the occurrence of dynamic quenching (Kathiravan et al.
2009). In this study, the Stern-Volmer linear relationship
was determined from three temperatures of 288, 298,
and 308 K (Fig. 9). Figure 9 shows a nonlinear curve be-
tween the concentration of PHL [Q] and fluorescence

intensity ratio (F0
.
F
), indicating the quenching mecha-

nisms are both dynamic and static quenching. This re-
sult suggests that PHL’s quenching effect to INS refers
to the intermolecular collision and the static quenching
around the tyrosine residue with the fluorescent emitting
group. It is also observed that a higher temperature af-
fects the strength of the complexes’ binding and leads to
the weakening of the static quenching. Figure 9 also de-
picts the relatively linear relationship between the fluor-

escence intensity ratio ( F0
.
F

) and increased

temperature. Since the reaction between PHL and INS
involves both static and dynamic quenching, the Stern-
Volmer curve can be corrected with Eq. 7 and both the
dynamic (KD) and static (Ks) quenching constants can be
calculated.
Table 4 displays dynamic quenching constant KD of

INS–PHL complexes at three temperatures 1.18 × 106,
1.13 × 106, and 1.12 × 106 M-1. It can be noted that the
KD value decreases with the increase in temperature, sig-
nifying that PHL’s quenching effect to INS is related to
temperature. This result is the opposite of the static
quenching constant KS that increases as the temperature
increases. The quenching rate constant kq can be calcu-
lated by substituting the KD and τ0 value to Eq. 7. The τ0
is described as the average fluorescence of biomolecules
without a quenching agent. The τ0 value of INS has been
reported to be 1.4 × 10-9 s (Zhang et al. 2008).
The maximum dynamic quenching rate constant

caused by a dynamic quenching from macromolecules
and quenching agent was 2.0 × 1010 M-1·s-1 (Blatt et al.
1986; Gentili et al. 2008). In the present study, the
quenching rate constants at the three temperatures of
288 K, 298 K, and 308 K were found to be 1.17 × 1013,
1.16 × 1013, and 1.14 × 1013 M-1·s-1, respectively (Table
4). This result is greater than the maximum dynamic
quenching rate constant caused by dynamic quenching.
Thus, it can be proposed that the quenching effect of
PHL on INS is mainly a static quenching accompanied
by a dynamic quenching, and there is also an interaction
between the two molecules. The formation of a complex
shows the possibility of phloretin inducing the regional
configuration changes in insulin.

Table 3 The thermodynamic parameters of INS and PHL
reaction

T (K) ΔH0 (kJ/mol) ΔS0 (J/mol·K) ΔG0 (kJ/mol)

288 − 16.514 22.65 − 23.04

298 − 23.26

308 − 23.49
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Circular dichroism (CD) spectropolarimeter to study the
protein secondary structure changes
The configuration of protein is considered significantly
important to its therapeutic effect, and it is also applied
to the secondary structure of insulin that can also ex-
plain its efficacy (Li et al. 2012). CD spectropolarimeter
is one of the best methods to explore the secondary
structure of proteins (Greenfield 2007). Many studies
have used this method to explore the secondary struc-
ture of insulin. In the present study, a CD spectropolar-
imeter was used to investigate the interaction between
PHL and INS. It can be observed that before the
addition of PHL, INS has two negative signals approxi-
mately at wavelengths of 210 and 220 nm (Fig. 10).
These two negative signal peaks can be read as the char-
acteristic peaks of α-helix in the protein’s secondary
structure.
In observing insulin interaction with the surfactant, α-

helix polarization was detected at 209 and 222 nm (Pir-
haghghi et al. 2015). The α-helix content increased after
the addition of surfactants, while the β-structure and
random coil content decreased. It shows that the surfac-
tants changed the second insulin level structure (Wang
et al. 2009). A negative signal trough appeared at a
wavelength of 209 nm, and the shoulder peak occurred
at about 225 nm. The ratio of α-helix was 20–21%, and

the ratio of β-sheet was 26–28%. This result confirms
the nano-coating made of alginate and chitosan (Li et al.
2012). The negative signal’s intensity was a slight de-
crease at 200 to 230 nm on the interaction between vita-
min D3 and human insulin. It suggests that the
structural compactness and stability of protein α-helix
were reduced. Simultaneously, the interaction of vitamin
E and human insulin leads to a significant increase in
this wave range’s negative signal intensity. It also reflects
the structural compactness and stability of protein α-
helix (Soleymani et al. 2016).
The signal intensity of INS increased in the presence

of PHL without any displacement. It indicates that INS
interacted with PHL to form a complex and changed the
INS’s secondary structure. This condition increased the
α-helix content and enhanced its structural stability
(Derewenda et al. 1989; Soleymani et al. 2016; Li et al.
2012). Interaction between protein and ligand can slow
down proteins’ aggregation to stabilize the protein struc-
ture (Gancar et al. 2020). This result has been used in N
SELCON 3 software designed by Sreerama and Woody
to confirm the protein’s secondary structure content.
Table 5 shows that when PHL concentration increases,

the proportion of α-helix content in INS also increases.
This result also proves that the addition of PHL can
change the secondary structure of INS and enhance its
structural stability. The induction of phloretin increased
Peroxisome Proliferator’s activity activated Receptor-γ
(PPAR-γ), which reduced and enhanced blood sugar. Insu-
lin sensitivity can indirectly improve insulin resistance and
reduce the possibility of suffering from metabolic diseases.
The author studied oral phloretin therapy on diabetic mice
to observe whether phloretin therapy would affect the
mice’s glucose balance (Shu et al. 2014). It was found that
food consumption increased significantly within 2 to 5

Fig. 9 The Stern-Volmer linear of PHL vs. INS under three different temperature conditions

Table 4 the fluorescence quenching constant (KD) and the
fluorescence quenching rate constant kqof PHL and INS
complex at three different temperatures

T (K) KD (M-1) kq(M
-1·s-1) KS (M

-1)

288 1.18 × 106 1.17 × 1013 1.64 × 104

298 1.13 × 106 1.16 × 1013 1.62 × 104

308 1.12 × 106 1.14 × 1013 1.60 × 104
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weeks and significantly reduced blood sugar levels, im-
proved glucose tolerance, and reduced serum cholesterol
by 20%. Alsanea et al. (2017) used phloretin injections to
treat rats fed on a high-fat diet. The author analyzed the
serum concentration and found that glucose concentration,
glucose tolerance, insulin resistance test, and fasting serum
insulin concentration are better than those of untreated
mice. This result also confirms that phloretin does improve
the glucose content and insulin resistance of mice fed a
high-fat diet.

Molecular docking analysis
Molecular docking is a computational method used to
describe the interaction of protein molecules with their
ligands. The interaction of proteins with ligands can only
occur if the protein’s binding site with these ligands is
suitable. The ligand molecule’s functional groups may be
in an adequate position from their partners’ amino acids.
Regions that have low energy can be predicted as bind-
ing sites. Binding site prediction can show the possible
structure configurations, or poses of protein subunits,

how these subunits can be docked (Guo et al. 2012). Fig-
ure 11a shows the binding site of the interaction of
phloretin and insulin in three-dimensional. The electro-
static quantization of insulin surfaces shows the inter-
action with PHL occurs in the contour range of +4.87
kT/e to − 4.87 kT/e, equivalent to 2.885 kcal/mol to −
2.885 kcal/mol. The aliphatic carbon interaction has an
energy level contour of 5 kcal/mol, and the hydrogen
bond interaction level contour is − 0.5 kcal/mol (Seeliger
and De Groot 2010). The affinity energy of INS–PHL is
− 6.2 kcal/mol. Based on this, the interactions that occur
are hydrogen bond interactions. This is supported by
Fig. 11b, which shows the hydrogen bond interaction be-
tween PHL and INS chain A, the binding residues on
Tyr14 (tyrosine) and Glu17 (glutamic acid). Hydropho-
bic interactions occur in Tyr14 and Leu13 (leucine). The
presence of water molecules in the environment affected
the INS–PHL interaction. The study results on thermal,
molecular dynamic simulation showed that curcumin
interaction with trypsin was unstable and flexible. It can
be seen from the hydrophobic interaction more than
hydrogen bonding. The Ligplot plot shows the binding

Fig. 10 The circular dichroic spectrum of INS with different concentrations of PHL, T = 298 K

Table 5 The ratio of secondary structure between INS and different concentrations of PHL

INS:PHL α-Helix (%) β-turn and others (%) Random coil Total (%)

1:0 22 38 40 100

1:2 34 36 30 100

1:4 37 36 28 101

1:6 39 38 27 100

1:8 41 32 28 101

1:10 41 28 31 100

1:12 41 35 25 101
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site of the α-Chy bound to L-Cys, its energy affinity −
4.32 kcal/mol so that the interaction takes place spon-
taneously (Rajabi et al. 2019).
Thus, the molecular docking illustration can

strengthen the previous data. In the study of PHL–INS
interactions, ΔH0 value showed a negative value, mean-
ing that the two molecules’ interaction was exothermic
(released energy). The bonds formed between INS–PHL
are hydrogen bonds. The amount of gibs energy is corre-
lated with the interaction events that occur. PHL inter-
action on INS has a negative ΔG0. It shows that INS
interaction as a protein and PHL molecules (as ligands)
occurs spontaneously, and the two molecules are close
together. When ΔG0 is negative, observations show that
the distance between curcumin and some trypsin resi-
dues is close (Rajabi et al. 2019). The close interaction
between the ligand and the protein, which occurs when
ΔG0 is negative. Molecule L-Met is bound to the enzyme
through hydrogen bonds, Van der Waals, and partially
electrostatic interactions (Asgharzadeh et al. 2019). The
CD spectropolarimeter results on the PHL–INS inter-
action showed that the intensity and stability of the α-
helix increased with increasing the PHL mole ratio. PHL
interacts with α-helix INS chain A compared with
sheets; the main role of α-helix was to improve conform-
ational order. The percent of β-turn, the random coil
that has been known to increase, and the binding site in
the fluorescent analysis was equal to 1; thermodynamic
parameters such as ΔH0, ΔS0, and ΔG0 have been calcu-
lated, and the type of interaction that occurred between
chymotrypsin after binding to curcumin was Van der
Waals (Farhadian et al. 2019). Based on thermodynamic
studies, bovine trypsin interaction with curcumin was
hydrogen bonds and Van der Waals (Rajabi et al. 2019).
The Van der Waals bond is an electrostatic interaction,
a strong Van der Waals bond between two molecules
can prevent desorption (Keil and Mayer 2013). One of
the insulin monomers interacts with other insulin mono-
mers in Van der Waals force. Many amino acids are

involved in the dimerization process (Correia et al.
2012). Perform molecular docking using AutoDock
MGL Tools, AutoDock Vina, Pymol visualization tool,
and LigPlot+ version V.2.2.4. Simulations were per-
formed on human insulin 3i40 obtained from the pro-
tein databank and phloretin molecules were drawn using
ACD ChemSketch 2019.1.2.

Conclusions
UV/Vis spectra showed that the interaction between
PHL and INS produced strong absorption at a wave-
length of 282 nm. The chromophore group of the aro-
matic amino acid ring has an absorption overlap with
the PHL chromophore group. PHL and INS interactions
occur at lower wavelengths with higher energies (blue
shift and hyperchromic). The fluorescence analysis re-
sults showed that the excitation and emission occurred
at a wavelength of 280 nm and 305 nm. Temperature
changes did not affect INS emissions. However, the in-
teractions of PHL and INS caused a 305–317-nm red-
shift. Temperature affected the binding constant (Ka)
and the binding site (n). Ka decreased with increasing
temperature and vice versa, but the binding site value in-
creased. An indication that the stability of PHL and INS
interactions is temperature dependent. The thermo-
dynamic parameters such as enthalpy (ΔH0) and entropy
(ΔS0) each have a value of − 16,514 kJ/mol and 22.65 J/
mol·K. PHL and INS interaction formed hydrogen bonds
and were hydrophobic. The free energy (ΔG0) values at
all temperatures (288 K, 298 K, and 308 K) were −
23.04, − 23.26, and − 23.49 kJ/mol, respectively. PHL
and INS interactions took place spontaneously. The
quenching effect was dynamic and static. KD values (1.18
× 106, 1.13 × 106, and 1.12 × 106 M-1) were greater than
those of KS (1.64 × 104, 1.62 × 104, and 1.60 × 104 M-1).
The higher the temperature, the less KD and KS. The ap-
pearance of two negative signals on circular dichroism
(CD) spectropolarimeter indicates the α-helix structure.
The addition of PHL has revealed the proportion of α-

Fig. 11 PHL and INS interaction by molecular docking. a the surface of INS. b LigPlot diagram
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helix in the insulin structure. PHL could stabilize the
structure of insulin, indicating that phloretin induced re-
gional configuration changes in insulin. Phloretin and in-
sulin interacted and formed a complex. Furthermore, the
stabilization of phloretin and enhancement of the α-
helix structural configuration in insulin could be related
to the phenomenon that phloretin can improve insulin
resistance.
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