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Abstract

Herein, the spectroscopic methods were applied for investigating the interaction between human serum albumin (HSA) and
midazolam in simulated physiological environments. The fluorescence quenching of HSA by midazolam followed the static
mode. The association constant at 293 K was obtained as 1.73 x 10* M~! with probably one binding site between midazolam
and HSA. The results of thermodynamic parameters revealed that the hydrogen bonding was the dominating force in the
interaction. The results of UV—Vis spectra, synchronous fluorescence, and circular dichroism results showed that binding
with midazolam subtly changed the HSA’s conformation along with the secondary structure. The results of Forster reso-
nance energy transfer showed a possible 3.48 nm energy transfer distance with Trp-214 to midazolam. This study aimed to
provide valuable information for further research on pharmacological mechanisms and the toxicological and distribution of

midazolam in vivo.
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Introduction

Taking about 50% to 60% percent of the plasma protein
amount, HSA (Fig. 1a) is the main component of soluble
protein in the human circulatory system [1, 2]. The criti-
cal function of this kind of protein is that it could act as
a transporter for amine-terminated dendrimers, fatty acids,
drugs, and other compounds [3]. The first process in the
complicated mechanism of its biological action was the
binding and molecular recognition of drugs by the target
proteins. It is expected that the details about the biological
processes’ energetic and structural properties could provide
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a fundamental understanding of the toxicological action with
a rational basis.

Midazolam (Fig. 1b) is a type of drugs called benzodiaz-
epines, and it is a short-acting hypnotic-sedative drug used
for an anxiolytic anticonvulsant, muscle relaxant, amnesic
properties, hypnotic and sedative [4]. This drug is outstand-
ing among this class of drugs due to its rapid action and
short duration of action. Midazolam can be used by intra-
muscular, rectal, intravenous routes, oral and intranasal. At
represent, midazolam has been widely used in diversified
biomedical applications; for example, midazolam could be
used as pre-anesthetic medication and adjunct to local anes-
thesia in endoscopic procedures, cardiac surgery, and den-
tistry. However, when administrated into veins, midazolam
could bind with serum albumin in blood before it targets the
receptor [5]. Thus, studying the interaction of midazolam
and HSA would make an essential contribution to related
toxicological and pharmacological research. Although Khan
and Tang have investigated the interaction of midazolam and
human serum albumin, the binding induced conformational
changes were not fully addressed, and discrepancy in syn-
chronous spectroscopy led to different conclusions [6, 7].

This study aimed to use fluorescence and UV-Vis spec-
troscopy to investigate the association between midazolam
and HSA. Besides, CD spectroscopy was also used to
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Fig. 1 a Structure of HSA with
Trp-214 residue indicated. b
Molecular structure of the mida-
zolam molecule

understand the role of serum albumin act as a carrier for
midazolam under the physiological conditions. We obtained
the thermodynamic parameters and quenching constants
at different temperatures. This study provided the binding
mechanism between midazolam with HSA.

Materials and methods
Materials

Both phosphate buffer powder and fatty-acid-free HSA were
procured from Sigma, USA, whereas midazolam (purity
more than 99%) was procured from the Tokyo Chemical
Industry (Tokyo, Japan). Deionized water was used through-
out our study. The preparation of the stock solution was to
dissolve 1x 107> M HSA in a 0.2 M phosphate buffer solu-
tion. Other chemicals employed in this study were bought
from Sinopharm (Beijing, China).

Methods

The Hitachi 7500 fluorophotometer was used for the meas-
urements of fluorescence with a temperature accuracy of
0.1 K. The measuring range of the emission spectrum was
set from 280 to 420 nm, and the intrinsic fluorescence was
measured by exciting HSA at 278 nm. By setting the wave-
length difference at 15 nm and 60 nm, synchronous fluores-
cence was conducted, and the spectra were recorded within
a range of 250-330 nm. A special fluorescent cuvette with
four translucent quartz sides and 1 cm path length was used.

The FLS920 spectrophotometer (Edinburg, England)
was used to measure the fluorescence lifetimes of HSA
in the presence of different concentrations of midazolam
(Aey =278 nm, A, =340 nm).
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The measurement of CD spectra was conducted by a
Jasco-815 (Jasco, Tokyo, Japan). In the presence of different
concentrations of midazolam, the protein CD spectra were
obtained by a 1 cm path length cuvette and the wavelength
was set from 190 to 240 nm. The CD spectra were calculated
according to the CDpro software package.

The Shimadzu UV2550 spectrophotometer (Shimadzu,
Tokyo, Japan) was used for analyzing the absorbance spectra
of HSA in a phosphate buffer solution with different concen-
trations of the drug. A 2 nm slit width and a scanning speed
of 50 nm/min had been set. The HSA concentration for each
run was fixed at 1 x 107® M, and the concentrations of drugs
were 0 and 8 X 107> M.

Results and discussion

HSA-midazolam interaction mechanism
by fluorescence spectroscopy

Fluorescence quenching is a reduction in the quantum yield
of fluorescence from a chromophore, which is caused by
all kinds of molecular interactions, e.g., energy transfer,
collisional quenching, and formation of a steady complex.
According to the diverse mechanisms, fluorescence quench-
ing is classifiable into two types, that is, static quenching
and dynamic quenching [8, 9]. Static quenching is the result
of the ground-state complex formation, while the dynamic
quenching is the result of diffusion. Generally, static and
dynamic quenching can be distinguished by their differ-
ent temperature dependence [10, 11]. It is well-known that
larger diffusion coefficients are the result of higher tempera-
tures; thus, it is expected that dynamic quenching constants
would be enhanced with the increase of temperature. On the
other side, with the increasing temperature, the complexes’
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Fig.2 a Changes in the fluorescence spectra of HSA through
their titration with midazolam at 298 K. The concentration HSA is
1x107° M, and midazolam concentrations are 0, 1, 3, 5, 8, 10 and
13% 1075 M from 1 to 7. Stern—Volmer (b) and Hill (c) plots at differ-
ent temperatures

stability would decrease, and thus, the static quenching con-
stants would be lower [12—-14].

In the presence of midazolam with diverse concentrations
at 293 K, the emission spectra of HSA was obtained and
shown in Fig. 2a. Strong fluorescence emission of HSA with
peaks at 340 nm was shown when it was excited at 278 nm.
The HSA fluorescence intensity was regularly reduced when
a fixed concentration of HSA was treated with various mida-
zolam amount. Furthermore, when the midazolam solution
was added, a slight red shift (345 nm to 348 nm) of the emis-
sion peak maxima was found, which revealed that when the
midazolam was added, the protein chromophore was located
in a more hydrophobic condition [15, 16]. Figure 2b shows
the Stern—Volmer plots at 308 K, 293 K, and 278 K. It is
demonstrated that the plot exhibited significant linear rela-
tionship within the investigated concentrations range in this
study, and the parameters at each temperature was obtained
by the Stern—Volmer formula [17-20]:

Fo/F =1+ Kqry[Q] = 1+ K¢ [O]

where F, represents the fluorescence intensity without the
addition of midazolam, while F represents the fluorescence
intensity with the addition of midazolam. [Q] represents
the quencher concentration. Kgy is the quenching constant
of the Stern—Volmer equation. K, represents the quench-
ing rate constant of the biological macromolecule and could
be calculated by the equation: K = Kgy/7, where 7, rep-
resents the mean lifetime of the native biomolecules, the
fluorescence of which is 107 s according to the literature.
The values of K and Ky at different temperatures were
calculated and displayed in Table 1. During the process of
dynamic interaction, the maximum quenching constant is
2.0x 10" L mol~! s7!. The results revealed that K, value
and Ky value displayed a decreasing trend with the increas-
ing temperatures. Additionally, K, value was higher than
2.0%x 10 L mol™" s7!, and this result indicated that the for-
mation of the midazolam—HSA complex was the result of
static interaction rather than dynamic collision.

In general, by the method of fluorescence lifetime meas-
urement, static and dynamic quenching could be distin-
guished effectively. The time-resolved fluorescence of HSA
was taken with an excitation wavelength of 278 nm. Our

Table 1 Stern—Volmer quenching constants, binding parameters, and thermodynamic parameters of HSA-midazolam system at different tem-

peratures
T (K) Stern—Volmer quenching constants Binding parameters Thermodynamic parameters
K,M's™)  KgyM™)  Pearson’sr K, (M) Pearson’st  AG (J-mol™))  AS AH (J-mol™")
@-mol~ K™
278 2.58x 10" 2.58x10*  0.9994 4.05%10*  1.04  0.9998 -245x%10* 37.6
293 2.07x 10" 2.07x10*  0.9981 1.73%x10* 099  0.9964 -2.38x10* 37.4 -1.72x10*
308 1.59% 102 1.59%x10*  0.9999 8.51x10° 095  0.9961 -2.32x10* 24.0
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results fit the sum of a single exponential decay well with
a X2 value close to 1. As it was shown in Fig. 3, the decay
profiles of HSA (from t=5.26 ns, x*=1.012 to t=5.30 ns,
x*=1.023) in the presence and absence of midazolam
makes no difference. Dynamic quenching is supposed to
result in a variable lifetime. With the increasing amounts of
quencher (midazolam), the lifetime showed an invariance,
which could be ascribed to static quenching other than a
dynamic one. Both the theoretical results and experimental
results in this study simultaneously suggested the formation
of a ground-state complex.

The binding constant of to HSA and value of midazolam
molecules bound per protein () can be obtained by using the
Hill equation to measure the static quenching [21]:

F()_
F

g L~ 1K, 4 nlel0)

Accordingly, the plot of log [(F; — F)/F] vs. log [Q]
was displayed in Fig. 2c. The related parameters were cal-
culated and represented in Table 1. The n value for the
HSA-midazolam complex was 1 according to the slope,
which suggested that one protein molecule was bound by
one midazolam molecule at 297 K. The binding constants
K, acquired at 297 K was 4.49 x 10* M~!. Compared with
other complexes, which are strong ligand—protein, the results
of the association constants of the HSA-midazolam system
suggested low binding affinity [11, 22, 23].

The acting forces between HSA and drugs were expressed
by the thermodynamic parameters relying on temperatures.
There are some dominated interaction forces between bio-
molecules and drugs, such as van der Waals or H-bonding
interactions, hydrophobic interactions, and electrostatic
interactions. The interaction forces of HSA with midazolam
were illustrated by the thermodynamic parameters, such as
entropy changes (AS®), enthalpy changes (AH®), and free
energy changes (AG®°) of the interactions. If there is no sig-
nificant change of enthalpy (AH®) occurred in the range of

Counts
Counts

temperature, the value of AS°® and AH® can be measured by
van’t Hoff equation [1]:

m(&\_ame /1 1
K, R \T, T,

where R represents the gas constant, and K represents the
binding constants at different temperatures. The value of
enthalpy change (AH°) was determined by the slope of the
plot (Fig. 4). And the free energy change (AG®°) was calcu-
lated by the equations below:

AG® = AH° —TAS° = —-RTInK°

The AH®, AG®, and AS° values were shown in Table 1.
The negative value of free energy (AG®) suggested the
spontaneous binding process. The positive value of AS®
and negative value of AH° demonstrated that this process
is enthalpy-driven as a result of TAS® < AH°. The enthalpy
value was — 1.72x 10*J mol~!, which corresponds to the
formation of a hydrogen bond in HSA-midazolam complex.
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Fig.4 van’t Hoff plot of the HSA-midazolam system
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Fig. 3 Time-resolved fluorescence decay profile of HSA-midazolam. The concentration HSA is 1x 107 M, and midazolam concentration is 0

(a), 5 (b), and 10 (¢)x 10 M
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Synchronous fluorescence spectroscopy study

Since the synchronous fluorescence spectroscopic tech-
nique was discovered by Lloyd and Evett in the 1970s, this
technique has been applied for understanding the molecular
environment in the vicinity of the low-concentration fluo-
rophore molecules under physiological conditions. By set-
ting AX at 15 nm, the results of synchronous fluorescence
spectrum suggested the spectral property of Tyr residues,
while when AA is 60 nm, the result suggested the property of
Trp residues (Supplementary Data Fig. S1) [24]. The maxi-
mum emission wavelengths of Tyr residue and Trp residue
in the protein molecule are associated with the polarity of
the environment; the changes of protein conformation can
be reflected by the fluctuation of the maximum emission
wavelengths. Figure 5 displayed the effect of midazolam on
HSA. According to Fig. 5a, we found a slight red shift (from
279.5 to 281.5 nm) of maximum emission wavelength at
the study range of midazolam concentration when AA was
60 nm. However, as was shown in Fig. 5b, the maximum
emission wavelength remains unchanged at the study range
of midazolam concentration when A\ was 15 nm. Red shift
of the maximum emission wavelength suggested that the
HSA conformation has been changed and the hydrophobicity
around the Trp residues was decreased, whereas the polar-
ity was increased. However, during the binding process, no
changes in microenvironment were found around the Tyr
residues.

3D fluorescence spectra of the protein-drug
complex

The 3D fluorescence spectra could give all the informa-
tion on fluorescence characteristics, and the spectra of
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Fig.6 Three-dimensional fluorescence spectra of HSA—midazolam. The concentration HSA is 1 X 107% M, and midazolam concentration is 0 (a)

and 5 (b)x 107 M
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Table 2 Three-dimensional

Peaks HSA HSA-midazolam
fluorescence spectral
characteristics of the HSA and Peak position Stokes AA (nm) Fluores- Peak position Stokes AA (nm)  Fluores-
HSA-midazolam systems A/ (am/ cence inten- A /A, (nm/nm) cence
nm) sity intensity
B 278/337 59 7560 278/337 59 5934
C 225/337 112 8721 225/338 113 5635
451 ——HSA 254 a
| —— HSA:drug=1:10 | \
30+ —— HSA:drug=1:50 20
] HSA:drug=1:100 g 7
S 154 & 15 X
3 2 15 b
E ] 2
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Fig.7 a CD spectra of HSA (2x 1077 M) in the presence of midazolam. Concentrations of the midazolam are 0, 2, 10, and 20x 107 M. b UV-
Vis of HSA (1x 107° M) in the presence of midazolam. Concentrations of midazolam are 0, and 10X 107°M

midazolam—HSA complex and HSA were displayed in Fig. 6,
with the related parameters displayed in Table 2. The confor-
mation alteration and microenvironment of HSA were investi-
gated by comparing the alteration of HSA in the presence and
absence of midazolam. According to Fig. 6, peak A represents
the Rayleigh scattering peak (the excitation wavelengths are
equal to the emission wavelengths), and peak B represents the
spectral characteristic of fluorophores of HSA, whereas peak C
reveals the polypeptide backbone structural behavior of HSA.
It is observed that the peak A fluorescence intensity increased
when the adding of midazolam. The reason for this result could
be ascribed to the HSA-midazolam complex formation, which
increased the protein in volume and caused the scattering effect
enhanced. When midazolam was added in HSA, the decrease in
fluorescence intensities of peaks B and peaks C was observed,
meanwhile, a red-shifted peak C was also found (from 337 to
338 nm). The result suggested that the midazolam—HSA inter-
action could make the polypeptide backbone of HSA slightly
unfold, and midazolam was located around the Trp residue.

CD and UV-Vis spectroscopy to study
the conformation of HSA

The CD spectra of HSA with midazolam in buffer were dis-
played in Fig. 7a. The two negative bands of HSA at 222 nm

@ Springer

Table 3 Secondary structure alterations of HSA induced by mida-
zolam in accordance with Fig. 7a

Sample Structural elements

a-helix (£3%) p-sheet (+1%) p-turn (+=1%) Random

coil
(£3%)
1 55.7 10.8 7.2 26.7
2 54.2 11.2 74 27.2
3 51.9 12.5 8.5 27.1
4 48.9 13.5 7.5 30.1

and 208 nm were illustrated, which suggested the typical
a-helix structure of the protein [25]. When treated with
midazolam, the intensity of HSA bands regularly decreased,
suggesting that the binding with midazolam could affect the
protein’s secondary structure, especially the a-helix struc-
ture. The CDpro software package was used to calculate
the secondary structural contents, and the results were
displayed in Table 3. The decrement of a-helical content
(55.7-54.2-51.9-48.9%) along with the p-sheet content
increase (10.8-11.2-12.5-13.5%) suggested that midazolam
destroyed the raw HSA conformation. The binding of mida-
zolam to HSA destroyed the networks of hydrogen-bonding
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within the protein. For HSA, the skeleton of the polypeptide
was getting tender, and the conformation of biomolecule
would be altered easily.

As a sensitive technique, UV—Vis spectroscopy was
widely applied in exploring the structural alteration of the
protein [26, 27]. The UV—Vis absorption spectra of HSA
influenced by drugs were shown in Fig. 7b. According to
Fig. 7b a strong absorption peak, and a shoulder peak were
observed at the wavelength of 210 nm and 278 nm, which
are assigned to the HSA backbone structure and the adsorp-
tion of the amino acid residues (Tyr, Trp, and Phe), respec-
tively [28, 29]. It was found that the spectra of HSA-drug
differed from HSA, especially in the range of 200 nm to
220 nm. Changes around 210 nm of the spectrum suggested
that characteristic polypeptide backbone structure of HSA
was destroyed upon interacting with midazolam. At the same
time, the change of absorbance at around 278 nm showed
different tendencies with that at 210 nm, suggested that
midazolam could cause variation of the microenvironment
of amino acid residues. All these results were in agreement
with the synchronous, steady/time-resolved, and 3D fluo-
rescence data.

Energy transfer from HSA to midazolam

Forster resonance energy transfer (FRET) is a powerful
technique for determining the spatial distance of the two
points in proteins (between an acceptor and a donor) [30].
Meanwhile, distances of FRET between the two points were
widely used to understand the protein—protein interactions,
protein folding pathways, monomer—dimer equilibrium, and
conformational changes upon ligand binding.

Based on Forster’s theory, the energy transfer efficiency
(E) from Trp214 residue in HSA to midazolam was associ-
ated with the distance (r) between the donor and the acceptor
by the following formula:

6
po1-E o K
F 0 Rg + 10

where R, represents the critical distance of acceptor and
donor when the transfer efficiency is 50%, and it can be
determined as follows:

RS =88x%x10"" k> N™* ©J

where N represents the medium refractive index; k* repre-
sents the spatial orientation factor of the dipole, which is
equal to 2/3; @ represents the fluorescence quantum yield of
the donor; and J represents the integral area of the fluores-
cence spectrum of the donor to the UV—Vis spectrum of the
acceptor (Fig. S2), which is determined by following [13]:

_ T F(e(DA*AL
T Y F(A)AL

where F(1) represents the donor’s fluorescence intensity at a
wavelength of A while (1) represents the molar absorption
coefficient of the acceptor at the corresponding wavelength.
For HSA-ligand bindings, it was reported that @=0.15 and
N=1.336 [30]. Thus based on the equations above, the cal-
culations were that r=3.97 nm, Ry=4.27 nm, E=0.117,
and J=4.84 x 107'° cm® M~! for midazolam—HSA binding.
Meanwhile, the distance between Trp214 residue and mida-
zolam was below 8 nm, which is in line with Forster energy
transfer.

Conclusions

In this study, the HSA-midazolam interaction has been
revealed by various spectroscopic assays. The results dem-
onstrated a moderate affinity of midazolam binding to HSA,
and a static quenching mechanism could be obtained in this
process. The quenching and binding constants were deter-
mined with the Stern—Volmer and Hill equations, respec-
tively. Meanwhile, the thermodynamic constants, including
the negative value of ASO, AGO, and AH® indicate that van
der Waals and H-bonding were the dominating force in the
interaction. The calculated distance (r) between Trp-214 of
HSA and midazolam was 3.71 nm, which is consistent with
the Forster non-radioactive resonance energy-transfer theory.
Furthermore, according to the results of UV-Vis, 3D fluo-
rescence, and CD, the conformation of HSA was changed
upon association with midazolam. The outcomes of this
work provide fundamental information for understanding the
mechanistic pathway of the midazolam pharmacokinetics.
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