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Introduction: Metformin is an ideal candidate to treat the liver tumor with insulin resis-
tance because of its good performance in the treatment of type 2 diabetes and the advantage
in cancer therapy. We aim to develop a delivery system with higher efficiency than free drug.
Methods: Metformin-bovine serum albumin (met-BSA) nanoparticles (NPs) were prepared
using the anti-solvent precipitation method with a stabilizer of BSA for particle growth. The
therapeutic effect of the drug was tested by the insulin-resistant HepG2 cells and C57BL/6J
mice at a glucose starvation condition. The interaction mechanism of the drug and the protein
during the formation of the NPs was tested using a series of spectroscopy.

Results: Metformin and BSA formed nonporous and spherical particles of about 200 nm with
proper lognormal distribution and thermostability. The cellular uptake, as well as the anti-liver
cancer activities of met-BSA, was enhanced dramatically compared with the free drug. The
thermodynamic studies suggested that the weak binding of metformin to BSA was governed by
hydrogen bonds and van der Waals forces. Moreover, the results of synchronous, circular
dichroism (CD) and three-dimensional fluorescence demonstrated that the BSA skeleton and
chromophore microenvironments were changed in the presence of metformin.

Conclusion: Therefore, met-BSA has been proved as a simple yet effective therapeutic
agent for cancer with insulin resistance, promising for future clinic translations in cancer
treatment.
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Introduction

Over the last 50 years, people in developing countries like China have experienced
a dramatic change in the quality of life. Diet is the most typical example, which is
evidenced by high-calorie food; however, this is also related to an increasing
tendency of hepatoma, as well as type 2 diabetes. In the previous study, epidemio-
logical research generally supported the assumption that factors connected with
insulin resistance or diabetes are related to an increased risk of hepatoma.' In turn,
hepatoma is related to coffee consumptions and physical activities, which are
known for its capacity to lowing the type 2 diabetes risks. The mechanism of
these processes can be explained by the resistance of insulin, and the resulting
chronic hyperinsulinemia combined with increasing bio-available insulin-like
growth factor 1 (IGF1) stimulated tumor growth.” Metformin is widely used for
the treatment of type 2 diabetes, especially for overweight people. This traditional
medication is used to decrease hepatic glucose production.’ In recent years,
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metformin has been explored for the advantage in cancer
therapy. CD8+ tumor-infiltrating lymphocytes was found
to be a target of metformin. Metformin may exhibit
a direct inhibitory effect on cancer cells by targeting
mammalian target of rapamycin signaling and anabolic
processes.” In more recent research, Elgendy et al sug-
gested that the method of intermittent fasting could reduce
tumor glucose levels, sensitize tumors to metformin, and
significantly reduce tumor growth.® Thus, metformin is an
ideal candidate to treat the liver tumor with insulin
resistance.

Finding a suitable carrier that delivers the drugs and targets
the tumor blood vessels’ leaky vasculature passively is
a practical way to make the chemotherapeutics effectively.’
Serum albumin is a typical model protein, and because it can
bind with various ligands, it is also called a multifunctional
carrier protein of plasma.®'" Due to these characteristics,
bovine serum albumin (BSA) is usually made into nanoparti-
cles (NPs), which are biodegraded and tractable to be prepared
in specific sizes. BSA NPs that were modified with lactoferrin
and hyaluronic acid were studied for targeted delivery to
cancer cells.'"'> BSA NPs with different surface charges
were tested, and among all the shells, positively-charged
BSA nanocarriers showed higher cellular uptake."> These
findings have encouraged many groups to work on the surface
modification of BSA NPs for specific target delivery.
Successful albumin nanoformulations in the clinical market
are Abraxane (albumin-paclitaxel NPs)'* and Aldoxorubicin
(albumin-doxorubicin NPs).'*'> Although particle size is also
an important parameter of the drug carrier, investigations on
BSA nanoparticles have been focused mainly on surface
modification.

Zu et al developed a response surface methodology to
produce a vinblastine sulfate carrier system using BSA.
After optimization, a BSANP with an average diameter of
156.6 nm and drug entrapment and loading efficiencies of
84.83% and 42.37%, respectively, was obtained.

It has been revealed that metformin has a high affinity to
serum albumin.'®!” Jose,'® and Sharma'® have tried to conduct
in vitro studies to document the cellular effects of the drug-
BSA NPs as well as the binding insight of metformin and BSA;
however, the curative effect is not desirable, and the drug
formation mechanisms are far from being elucidated. Also,
these studies did not perform systematic safety evaluations,
which may restrict their clinic applications. Therefore,
a metformin nanosystem with improved safety and ease of

production would be of great value.

In the present work, metformin-BSA (met-BSA) com-
plexes were prepared using an antisolvent precipitation method
to improve dissolution, and their therapeutic efficacy was
tested using a human insulin-resistant liver cancer cell line as
well as Hy; liver tumor-bearing mice with insulin resistance.
Multi-spectroscopic approaches, including circular dichroism
(CD), three-dimensional (3D) fluorescence spectroscopy,
steady-state/synchronous fluorescence, were used for investi-
gating the interactions of metformin with BSA in vitro under
the simulative physiological conditions (the ionic strength is
0.1, pH=7.4). It was expected that this study would provide
new insight into the drug-NP pharmaceutics on the procedures
of drug delivery, which makes an impact on the physicochem-
ical properties and dramatically improves the therapeutic effect

in vivo.

Materials and Methods

Materials

Metformin was purchased in Alfa Aesar (Thermofisher Ltd.,
MA, USA). BSA, phosphate buffer salts, and methanol were
all purchased from Sigma (Merck Chemicals Ltd., Darmstadt,
Germany). All reagents used in this study were above analy-
tical reagent grade, and no further purification was made before
use. Samples were treated with 0.1 M phosphate buffer solu-
tion for dissolving (pH 7.4). Ultrapure water was used through-
out the tests. All the drug stock solutions were prepared in
methanol, and 5% methanol was used to maintain an anti-
solvent environment in the drug-BSA systems for spectro-
scopic characterization.

NP Preparation

Metformin (200 mg) was dissolved in methanol (10 mL) and
then injected into deionized water (200 mL) rapidly. After the
addition of BSA (4 mg/mL), the mixed solution was pre-
cooled to 5 °C with mechanical stirring at 600 rpm, and the
final molar ratio of drug:protein was 25:1. After anti-solvent
precipitation, the complexes of met-BSA were obtained by
filtering a mixed solution through a 0.45-uym membrane.
Besides, the residual solvent was removed by using
a vacuum oven overnight. The as-prepared solution was fil-
tered with membranes with pore sizes of 0.12 and 0.3 pm to
obtain uniform NPs of about 200 nm.

Morphology of the as-Prepared NPs

The images of the transmission electron microscope
(TEM) were used to acquire the shape and size of the met-
BSA. The 300 meshes carbon-coated copper grid was cast
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with several drops of met-BSA and vacuum-dried without
further staining. JEOL JEM 1011, with an accelerating
voltage of 100 kV was used to obtain the TEM images
of all the samples. Size statistics were performed using
a Nano Measurer V1.3 software package.

Size Measurement
For the measurement of the hydrodynamic radii (Ry,) of the
protein complexes, dynamic light scattering (DLS) was
conducted applying Laser Spectroscatter 201 (RiNA).
The measuring experiments were conducted with a 689
nm incident beam at a fixed angle of 900. Measurements
of each sample were made for 10 times with a 20 seconds
acquisition time. The values of R;, were calculated accord-
ing to the results of the autocorrelation analysis of scat-
tered light intensity, which is based on the translation
diffusion coefficient by the following Stokes-Einstein
formula:

b KeT

3and

where 7 is the temperature, D represents the diffusion
coefficient, Kg represents Boltzmann constant, # repre-
sents the water viscosity, and d represents the diameter.

The Thermostability Measurement

The VP-DSC microcalorimeter (Micro Cal, Northampton,
MA) was used to conduct the differential scanning calori-
metry (DSC). Before the experiments, a mild vacuum was
used for degassing the protein and buffering solutions.
Samples were prepared in 20 mM sodium phosphate buf-
fer at a pH of 7.4. The DSC measurements of BSA (18
mM, metformin was 270 mM) were performed in the
range of 305 to 375 K at a scanning rate of 50 K h™".

Cytotoxicity and Cellular Uptake

According to the method of Zang,”® HepG2 cells (bought
from Vital River Lab Animal Technology Co., Ltd., Beijing)
were incubated with 107" M insulin for 24 h to build the
insulin-resistant cell model HepG2/IR. The cytotoxic effects
of the drugs in different formulations were evaluated in
HepG2/IR and L02 cells (bought from Vital River Lab
Animal Technology Co., Ltd., Beijing). Briefly, the cells at
a density of 2 x 10’ per well in 200 pL of low glucose
culture medium were seeded into 96 well plates. Following
this, the increasing concentrations of metformin from 0 pM
to 50 uM or met-BSA dissolved in DMSO were imposed on
cells for varying times and were processed for the MTT

assay. Each of the treatment conditions was conducted
with vehicle controls. The DMSO concentration in the cul-
ture medium was under 0.15%. The percentage (%) of living
cells was estimated by the different decrease of absorbance
at 570 nm between treated groups and control groups. Cells
were freeze-thawed three times to lyse and release the drug.
The cell lysate was analyzed to obtain the concentration of
drugs by an Agilent 1220 high-performance liquid chroma-
tography (HPLC). The results were presented as mean +
standard deviation (n = 5).

Animal Models and Experimental Design
Eight-week-old H,, tumor-bearing C57BL/6J male mice
with insulin resistance were purchased from the School of
Medicine, Tsinghua University, China. Insulin tolerance
and glucose uptake rate assays were used to validate the
animal model. In each experiment, mice were allocated to
the following 3 groups randomly (n=6): vehicle group (ster-
ile ultrapure water, 20mL/kg), metformin group (0.1 g/kg),
and met-BSA group (0.1 g/kg equivalent weight of drug). In
all the groups, mice were firstly fasted for 24 h, after which
a period of 15 h of feeding was conducted, and metformin
was administered, followed by a subsequent 9 h fasting
before the feeding cycle. The intake of food and body
weight of each mouse was recorded at 18:00 of Days 3, 5,
and 7. On Day 7, cervical dislocation was used to kill the
mice under the premise of anesthesia. The tumors were
collected and weighed. The inhibition rate of the tumor
was measured by the formula below:

Model group Experimental group

Tumor ; _ .
inhibition —_tumor weight (g) tumor weight (g) 00
rate(%) Model group tumor weight(g)

All animal procedures were conducted under Shandong
affiliated
Research Guidelines for the Care and Use of Laboratory
Animals (No. 7904223), and all the animals were ran-
domly assigned to cohorts when used.

Cancer Hospital to Shandong University

Mechanisms of BSA and Metformin

Interaction

An FP-6200 spectrofluorometer (JASCO UK Ltd., Great
Dunmow, Essex, UK) with excitation of chromophore resi-
dues at 280 nm was used and all the samples were measured
with 5 nm excitation and 5 nm emission slits. The emission
spectrum was recorded between 290 and 420 nm with a 120
nm/min scanning speed. The absorption of the complex within
the studied concentration range was not high enough for the
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correction of inner filter effects. Synchronous and 3D fluores-
cence spectra were recorded under similar settings.

With the addition of a various amount of metformin,
the CD studies of BSA were conducted by using a JASCO-
J815 spectropolarimeter. The spectra were recorded in
a 1 cm path-length cuvette with nitrogen protection. The
scan speed was 100 nm/min, and auto-response time was
applied for all measurements. An average of 2 scans was
conducted on each spectrum.

Statistical Analysis

Data were expressed as the mean =+ standard deviation and
were compared using the Student’s t-tests, with P values
<0.05 considered statistically significant.

Results and Discussion
Characterization of the Met-BSA NP
Drug

Fluorescence resonance light scattering spectra and TEM were
applied for the analysis of the formation of nearly globular

A 1um

aggregates after precipitation with BSA (Figure S1, supple-
mentary data; and Figure 1A—C). According to TEM images,
the shape of BSA NPs was approximately spherical with a size
of 197 + 24 nm. The results of the average diameter of the
particles obtained by TEM and DLS were consistent with each
other. The time-dependent fluctuations in the scattering light
intensity were conducted by DLS. The diffusion coefficient
was determined by intensity fluctuations, which reflected the
size through the application of the Stokes-Einstein equation. It
is recorded that R}, of BSA was 5.87 nm in the native state and
232 nm in the form of met-BSA, demonstrating an increment
in size after complexation.

DSC makes it possible to investigate thermal transitions
in solution, and this technology was applied in the research of
energetics of protein-drug complex stability and the effect of
metformin on the thermal stability of BSA. BSA unfolded
cooperatively, exhibiting a single endothermic peak with
a melting temperature of 325.6 K (Figure 1D). When binding
to metformin, the thermal stability of the protein was remark-
ably enhanced, and the melting temperature (7,) of BSA also

1um
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Figure | (A—C), Transmission electron microscopy (TEM) images of bovine serum albumin (BSA), metformin-BSA (met-BSA) and enlarged met-BSA, respectively. (D) is the
differential scanning calorimetry (DSC) result. ¢(BSA) = | X107 M; c(metformin)= 2.5%10° M.
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enhanced to 344.0 K. Therefore, BSA was stabilized (7, by
18.4 K under a saturating condition, the result revealed that
binding to metformin played an important role in stabilizing
the protein structure against thermal unfolding.*'

Cytotoxicity Profiles and Cellular Uptake
MTT assay was applied for the determination of in vitro
anticancer activity of metformin and met-BSA.>* Insulin
resistant liver cancer cells were processed with metformin
or met-BSA, and cell viability was estimated. IC50 values
were given in Table 1, representing the concentration that
was required to inhibit growth by 50%. The IC50 for
metformin at 48 h was 5.88 + 0.96 uM, and that for met-
BSA was 0.82 + 0.04 uM. Besides, the cytotoxicity of met-
BSA to normal human liver cells L02 was further
assessed. The IC50 value of met-BSA in the L02 (normal
liver cell line) was 7.22+1.76 puM, and this value was
about 9 times higher than that in the HepG2/IR cancer
cell lines (IC50 = 0.82 £+ 0.04 uM). More evidence for the
induction of cell cycle arrest by met-BSA was provided by
cell proliferation experiments. As shown in Figure 2A,
met-BSA obviously inhibited the proliferation of HepG2/
IR cells at concentrations as low as 0.2 uM.

HepG2/IR cancer cells were treated with 4 pM of
metformin or met-BSA for 5 h to obtain the extent of
cellular uptake. The whole-cell concentration of metfor-
min was then measured by HPLC. As expected, the
results (Figure 2B, Table 1) indicated that the encapsu-
lation of metformin in BSA NPs remarkably enhanced
the uptake of cells. The met-BSA taken up by the
HepG2/IR cells was 10 times more effective than met-
formin. Notably, from metformin to met-BSA, the cel-
lular uptake increased for 10.3-fold accompanied by
a 7.3-fold increase (data not shown) in cytotoxicity,
indicated that the increment in cytotoxicity might be

attributed to the increment in uptake.

Table | The Measured IC50 Values for Metformin and Met-BSA®
and the Cellular Uptake of the Two Drugs

Compound | IC5¢ (M) Uptake (pmol/10°
Cells)
HepG2/IR | LO02 HepG2/IR
Metformin 5.88 £ 0.96 | 16.8+2.53 | 23.58%14.61
Met-BSA 092 £ 0.04 | 7.22+1.76 | 242.84+24.00

Note: *Metformin-bovine serum albumin.
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Figure 2 Cytotoxicity profiles of the drugs: (A), metformin-bovine serum albumin
(met-BSA) can inhibit proliferation in HepG2/insulin resistance (HepG2/IR) cells at
0.2 uM; (B), HepG2/IR cellular uptake of metformin and met-BSA. ***Stands for
p<0.005.

In vivo Evaluation of the Antitumor
Activity
A method of tumor-bearing mice as an animal model was
used to assess the in vivo antitumor activity of the drug,
and the protocol was shown in Figure 3A. Figure 3B and
C show the weights and inhibition rates of the tumor,
respectively. The average tumor weight of vehicle control
was about 1.20+£0.09 g when the tumors were excised and
weighed on Day 7. On the contrary, the treatment of
metformin and met-BSA effectively suppressed the growth
of tumors (***p<0.005) with tumor inhibition rates of
50.0% and 77.7%, respectively, compared with the vehicle
control. Besides, the met-BSA treatment also showed
a significantly higher effect than metformin (p<0.005).
Side effects of the treatments were assessed by body
weight and food intake of mice (Tables S1 and S2). Hair
loss, cachexia, loss of body weight, and reduction of
food-intake were found in mice after inoculated the asce-
tic tumor cells, and the result indicated the consequences
of the H,, liver tumor growth. Along with the decrease of
the tumor weights, the bodyweight of both metformin and
met-BSA treated mice decreased substantially. Similarly,
decreases of food-intake were observed in all the groups
at Days 3, 5, and 7. Notably, the food intake of mice in
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Figure 3 (A) Schematic representation of the experimental design displaying the feeding protocols and timing of drug administration in different experimental groups.
Effects of metformin and metformin-bovine serum albumin (met-BSA) on tumor (B) weight and (C) inhibition rate. Data were presented as mean * standard deviation (n=6).

***Stands for p<0.005.

metformin and met-BSA groups was significantly
reduced from the first day of exposure (Day 3). These
data suggested that both metformin and met-BSA caused
some side effects. Diarrhea and nausea were common
side effects. However, the body weight recovered on
Day 7, from which we deduced met-BSA inhibited
tumor growth and avoided the side effects induced by
the free drug to some extent. Although the body eight
decreased markedly, however in chemotherapy, prolong-
ing the survival of patients is crucial, and this may be
achieved by long-term administration of the NPs if its
severe side effects are suppressed. On day 30 of exposure,
2 out of 6 mice were dead while no death occurred on met
and met-BSA groups. This result, as well as the body-
weight recovery, demonstrated the advantages of the met-
BSA drug.

The elimination half-life of the drug is 4-8.7 hours.
This is quite short compared with other anti-hepatoma
drugs like sorafenib and lenvatinib, which has elimination

half-lives of 25-48 and 28 hours, respectively.”>**

However, once encapsulated in protein NPs, the elimina-
tion half-life and bioavailability may be significantly
enhanced, as revealed by the cellular experiments. To
make clear of the structure of the drug-BSA NP, we
carried out the following tests.

Fluorescence Spectroscopy of the
Drug-BSA System

The fluorescence method is an efficient way to study the
interaction of small molecules with proteins. By using this
method, intermolecular distances, binding constants, bind-
ing sites, binding mode, and binding mechanisms could be
obtained. BSA showed a strong fluorescence emission peak
at 337 nm, while metformin was almost non-fluorescent
(Figure S2). 5% of methanol used in the drug-protein sys-
tem did not cause alteration on the protein spectrum
(Figure S2). As shown in Figure 4A, the fluorescence
intensities of BSA decreased clearly with increasing met-
formin concentrations, suggesting that metformin interacted
with BSA and interfered with the fluorophores.?
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Figure 4 Fluorescence intensity of bovine serum albumin (BSA) with the addition
of different concentrations of metformin at 298 K (A) with arbitrary unit (a.u.); and
Stern-Volmer (B) and Hill (C) plots for BSA interacting with metformin at 278 K,
298 K, and 318 K. Conditions: pH 7.4; c(BSA) = | x 10°¢M; c(metformin, a-g): 0, I,
2,5,7, 10,and 12x107® M. Inset of A shows the molecular structure of metformin.
lg = logio.

The quenching mechanisms are generally categorized
into dynamic mechanisms or static mechanisms. Protein
combines with quencher forms a ground-state complex,
called

which is static quenching. Correspondingly,

dynamic quenching explains a process that the protein
and the quencher come into contact under the excited
state.”® In quest of the quenching mechanism of BSA by
metformin, the Stern—Volmer formula has been used for
analysis (Figure 4B):*’

Fo/F =1+ K;70[0] = 1 + Ksy[Q]

where F|, refers to the fluorescence intensities at the max-
imum wavelength of BSA alone and F denotes the fluor-
escence intensities at the maximum wavelength with the
addition of metformin; the biomolecular quenching rate
constant (M ' s™") is represented by Ky; 1o represents the
fluorescence lifetime of biomolecule without quencher,
which is 6.4 x 107 s for BSA,*® and [Q] refers to the
quencher concentration. The values of Stern—Volmer
quenching constant Kgy decreased with the increase of
temperature, which revealed the formation of a complex
(static quenching) (Table 2). The maximum dynamic
quenching constant for biomolecule-quencher systems is
about 2.0 x 10'° M™!' s7', while the K, values obtained
here were within the range of 10'’-10'* M '7'¥
Therefore, we believe that the drug—protein binding was
associated with the static mechanism. Thereby, the Hill
equation®® was used for calculating the number of binding
sites (n) as well as the binding constant (K, ) of metformin
on BSA (Figure 4C):

Fo—F

F

Ig =lgK, +nlg[Q]

The values of K, which were obtained at the three
temperatures, were displayed in Table 2. The binding
constant values showed a decreased trend with the increase
which suggested that
a destabilization of the BSA—metformin complex under

of temperature, there was
higher temperature. The values of K, decreased from
4.41 x 10° to 2.12 x 10* M ! while the temperature was
raised from 278 to 318 K. It can be speculated that the
binding constant should be at a 10* M !

temperature (310 K), which is a moderate binding event.

scale at body

[T 1)

Additionally, the results of the calculation for “n” values
were close to 1, revealing that there was one major binding

site for the drug towards BSA.

The Determination of the Acting Force
Between Metformin and BSA

Van der Waals forces, hydrophobic interactions, hydrogen
bonds, and electrostatic forces were the dominant forces
between the drug and protein. The thermodynamic
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Table 2 Stern—Volmer Quenching Constants, Binding Parameters, and Thermodynamic Parameters of the BSA*-Metformin System at

Different Temperatures

T(K) | Stern-Volmer Quenching Constants Binding Parameters Thermodynamic Parameters
S earsonsyr n earsonsyr Mol mo! mol
KeM's™") [ Ksy(M™") | P ’ Ka (M7 P ’ AG (Jmol™") | ASJ mol™' K') | AH (J mol™")
278 | 2.68x10" 1.72x10° 0.9960 441x10° | 1.08 | 0.9979 -3.01x10*
298 1.97x10" 1.26%10° 0.9985 7.82x10* | 0.956 | 0.9992 -2.79%10* —-94.03 -5.61x10*
318 1.32x10'? 8.45x10* | 0.9978 2.12x10* | 0.882 | 0.9971 -2.63x10*

Note: *Bovine serum albumin.

parameters, including entropy change (AS), free energy
change (AG), and enthalpy change (AH) of the reaction,
are necessary for determining the acting force. According
to the results of fluorescence analysis, it indicated that the
temperature governed the binding constant, and the ther-
modynamic process was associated with the formation of
the complex. Hence, to investigate the acting forces of
metformin-BSA, the thermodynamic parameters were cal-
culated by the van’t Hoff and Gibbs equations:'

n K\ AH° (1 1
Ky)] R\ D

AG®° = AH° — TAS° = —RT InK®

where K refers to association constant at the corresponding
temperature, T represents the absolute temperature, and
R is the gas constant. InK and 1/T were obtained from
the intercept and slope in the linear plot, respectively,
which further generated AS and AH (Figure 5 and Table
2). The Gibbs equation was applied to measure the free
energy change (AG). From Table 2, the negative values of
AH, AS, and AG revealed a spontaneous process of bind-
ing, and hydrogen binding along with the van der Waals

14

InK=6750/T-11.31
131 2

121

InK
)

11+

10 1 [+

9
0.00300

0.00350
1T

0.00325 0.00375

Figure 5 van’t Hoff plot for bovine serum albumin (BSA)-metformin system. In = log,

forces dominated the binding reaction of metformin—-BSA

. : . 2
according to the Ross’s and Subramanian’s views.**"

Synchronous Fluorescence Spectra

Synchronous fluorescence spectroscopy was applied to
assess the conformational changes in BSA when it binds
with metformin. This approach primarily investigated the
microenvironment of the fluorophore moieties by measur-
ing the data of emission. The distinction between excita-
tion and emission wavelengths (AL) determined the
intensity and shape of synchronous fluorescence spectra,
where AL = 15 nm provided information of Tyr and A\ =
60 nm provided information of Trp.>*** The effect of
metformin on synchronous fluorescence of Tyr made sys-
tematic quenching reach a significant bathochromic shift at
the maximum emission of 3 nm (Figure 6B), but there was
almost no shift for Trp (Figure 6A). Thus, it appears that
the interaction of metformin resulted in greater exposure
of Tyr to the solvent. Meanwhile, there was almost little
shift occurred in the maximum emission wavelength of
AL = 60 nm, indicating that no transform occurred in the
microenvironment adjacent to the Trp residues. Hence,
binding with metformin resulted in the transformation of
the polarity around Tyr residues, while there was no

change around Trp residues.**>*

Conformational Studies by CD and 3D

Fluorescence Spectroscopy

CD spectroscopy was applied to monitor the content of the
secondary structure of the protein.*® Figure 7A shows the
CD spectra of BSA with the addition of metformin of
a 1:25 molar ratio, which was in line with the molar
ratio in drug preparation. The CD spectrum of native
BSA showed two characteristic negative peaks at 208 nm
and 222 nm. The occurrence of a negative absorption band
at 208 nm was because of the 1 — w* transition of
carbonyl groups in polypeptide chains, and the other
band at around 222 nm is associated with the n — =*

submit your manuscript

5210

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Lu et al

A

10000

AXL=60 nm, Trp

2 8000-
7] a
{ ot
[0]
€ 6000
(O]
o \
S 4000+ \ g
O
n
L 2000+
(@]
=) 3 9
(TR od °© s

250 260 270 280 290 300 310
Wavelength (nm)

B
2500
A=15 nm, Tyr
2 2000
= . ]
c /
2 /
€ 1500 a
(0] j’ ] \ l
: A
8 1000+ ”“‘! j N \\\\\ g
% ’:“‘ 3nm \\\\
B 5004 1 bathochromic \
= )/ shitt
0+ o

260 270 280 290 300 310 320
Wavelength (nm)

Figure 6 Synchronous fluorescence spectra of metformin with BSA with AL = 60 (A) or |5 (B) nm at 298 K. Protein concentrations and drug concentration are consistent

with the steady-state fluorescence study.

transition of the carbonyl group.*® After being encapsu-
lated with metformin, the CD spectrum of BSA showed
a gradual loss in intensities of the 222 nm and 208 nm
bands, indicating the loss of a-helical structure (from 57.2
to 50.2%, Figure 7B) with the accompanying increase of
random coil content (from 20.8 to 28.3%).

More detailed information on the protein configuration
change can be provided by 3D fluorescence. Figure 8
shows the 3D spectra of BSA (A) and met-BSA (B). Peak
I (Aex= 225.0 nm and A.,,= 335.0 nm) represented the

A
50 . BSA
404 met-BSA
304
§ 20
g 104
a 01
© 104
-20 T Tie.enssissasssssst
-30 h
190 200 210 220 230 240 250
Wavelength (nm)
B
B o-helix
Bl 5-anti
1 B-turn
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Pure BSA

met-BSA

Figure 7 (A) CD (circular dichroism) spectra of bovine serum albumin (BSA) in the
absence and presence of metformin. The concentrations of BSA and metformin
were 2x 1077 and 5%10°® M, respectively. (B) The secondary structural components
of pure BSA and metformin-BSA (met-BSA).

fluorescence properties of the BSA polypeptide backbone
structure on account of the m — w* transition of C=0, and
it could reflect the changes of the protein conformation.
Peak II (Aex= 280.0 nm and A= 336.0 nm) reflected the
microenvironment of Trp and Tyr residues, which was the
result of n — 7* transition. A significant decrease of
fluorescence intensity was found in Peak I (37.5%) and
Peak II (33.7%) in the presence of metformin in BSA
solution (Table 3). Accompanied by the fluorescence
quenching, the changes in fluorescence intensity of Peaks
I and II of BSA occurred, which suggested a complex of
metformin and BSA. Besides, the microenvironment and
conformation of both the skeleton and the fluorophores of
BSA were changed.

Energy Transfer from the Protein to the
Drug

Since the Forster non-irradiative energy transfer (FRET) is
another important factor of fluorescence quenching, which
should not be ignored. Consequently, we explored whether
the non-irradiative energy transfer occurred between met-
formin and BSA. The distance between the chromophore
of protein and the drug molecule was enabled to obtained
by energy transfer, which could be evidence confirming
the formation of the metformin—-BSA complex. Following
FRET, the energy transfer efficiency mainly depends on
the factors below: (1) sufficient overlap of the donor
(BSA) emission spectrum with the acceptor’s (metformin)
absorption spectrum, (2) the relative orientation of the
acceptor and the donor dipoles and (3) the distance of
the acceptor with the donor.*' In this section, we measured
the emission spectrum of BSA—metformin as well as the
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UV-vis spectrum of metformin. From Figure S3, a large
overlap was observed between the absorption spectrum of
metformin and the BSA-metformin fluorescence spec-
trum. The energy transfer efficiency (£) from BSA to
metformin could be calculated with an equation as
follows:*?

F RS
E=1-—=_"0_
Fy RO+I”6

where F and F|, refer to the fluorescence spectrum inten-
sities of BSA with and without the addition of metformin,
respectively. r represents the distance of the acceptor
(metformin) with the donor (BSA), and R, represents the
critical distance when the transfer efficiency equals 50%,

which was expressed and calculated using the following
formula:**

R§ = 8.8 x 107 ¥K2N ‘D

Table 3 Three-Dimensional Fluorescence Spectral Characteristics of BSA*-Metformin System

Peaks | BSA BSA-Metformin
Peak Position Aey/Aem Stokes AL Fluorescence Peak Position Ay /Aem Stokes AL Fluorescence
(nm/nm) (nm) Intensity (nm/nm) (nm) Intensity

| 225/335 110 9184 230/330 100 5741

] 280/335 55 7973 280/335 55 5285

Note: *Bovine serum albumin.
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where &% represents the spatial orientation factor of the
dipole, which is 2/3 in the protein-ligand interaction sys-
tem; @ refers to the fluorescence quantum yield of BSA,
which is 0.24; N represents the refractive index of the
protein-ligand solution, which is 1.36 here; and J equals
the integral of the overlap between the fluorescence emis-
sion spectrum of BSA and absorption spectrum of metfor-
min, which was expressed by the formula bellow:**

S S F(A)e(A)A*AA
 YF(A)AA

where F(4) equals the fluorescence intensity of the BSA at
the wavelength of 4, &(1) equals to the molar absorption
coefficient of the drug at the corresponding wavelength.
According to the equations above, these constants were
calculated as: J = 3.5 x 10°"® ecm® L/mol, E = 0.23, Ry =
4.9 nm, r = 5.7 nm. The value of » was found to be smaller
than 8 nm, manifesting that it is of a high probability that
the energy transfers from BSA to metformin.*> This phe-
nomenon meets the requirement of the occurrence of the
Forster non-irradiative resonance energy transfer.
Moreover, » was found to be greater than R, suggesting
that the intrinsic fluorescence of BSA quenched by met-

formin follows the mechanism of static quenching.

Conclusions

In summary, we proposed the successful development of
a novel BSA NP with complexation of metformin prepared
by anti-solvent precipitation. The compound displayed
excellently in vitro anticancer activity, which showed 6.4
times higher activity than pure metformin in insulin-
resistant liver cancer cell lines for a 48h study. Besides,
the in vivo study showed significant inhibition of met-BSA
on the liver tumor growth in mice. This study further
illuminated the interaction between BSA and the metfor-
min complex by applying TEM, DLS, DSC, fluorescence,
and CD spectroscopy under the physiological conditions.
The
a probable mechanism of the interaction was a static

result of fluorescence spectroscopy suggested
quenching process, and van der Waals forces along with
H-bonding played the leading role in moderating the met-
BSA complex. Moreover, the study of 3D fluorescence
and CD quantitative analysis indicated that the interaction
induced a conformational change to the secondary struc-
tures of BSA. This study aims to provide valuable
information for the development and application of drug-

protein complexes in biomedical sciences.
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