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Abstract Combined techniques like fluorescence, circular
dichroism (CD), and Fourier transform infrared (FT-IR) were
applied to study the interaction between ifosfamide-loaded
superparamagnetic iron oxide nanoparticles (ISION) and hu-
man serum albumin (HSA) at physiological pH. The fluores-
cence results showed the existance of a static quenching mode
for HSA-ISION interaction. The binding constant at 298 K was
in the order of 10° M, showing high affinity occurred be-
tween ISION and HSA. The thermodynamic parameters ob-
tained at three different temperatures (288, 298, and 308 K)
indicated that the dominant binding forces are the electrostatic
forces, for the values of the enthalpy change (AH°) and entropy
change (AS°) were found to be —1.31x 10* J-mol ' and 55.4 J-
mol "K', respectively. Fluorescence resonance energy trans-
fer (FRET) analysis revealed that the average binding distance
(r) between Trp of HSA and ISION was 5.25 nm. The results of
CD and FT-IR spectra demonstrated that the secondary struc-
ture of HSA was altered in the presence of ISION.

Keywords Ifosfamide - Iron oxide nanoparticles - Human
serum albumin - Spectroscopy - Physiology

Introduction
Ifosfamide is a nitrogen mustard alkylating agent used in the

treatment of a variety of cancers, including testicular cancer,
breast cancer, nlymphoma, soft tissue sarcoma, bone cancer,
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and lung cancer [1-3]. Because of its nonspecific interaction
with normal tissues, ifosfamide leads to significant normal
tissue toxicity and limits dosages of it is far below the tumor
sites required to destroy most malignant lesions [4].

In order to solve the problem, drug targeting and combined
treatments are being investigated, for instance, molecular cou-
pling of the anticancer drug to specific molecules like low-
density lipoproteins, a drug-loaded poly(lactic-co-glycolic ac-
id)-Au half-shell nanoparticles for tumor-specific delivery
applied in heat treatment, and an aqueous suspension
of magnetic nanoparticles retained in tumor by applica-
tion of an external magnetic field [5]. Among all the
types of targeted drug deliverers, nano-Fe;O,4 has shown
great prospect due to its biocompatibility and unique
magnetic properties [6]. Moreover, methods of
ifosfamide load to iron oxide nanoparticle and its cyto-
toxicity has been reported.

HSA is the most abundant protein in plasma, and is able to
bind and transport various endogenous and exogenous sub-
stances such as fatty acids, drugs, dyes and metal ions. The
biodistribution, free concentration and the metabolism of va-
rieties of drugs can be significantly influenced by drug-protein
interactions in the circulation system [7, 8]. As a result, it is
imperatively important to study the interaction of different
drugs with the protein. HSA is composed of three structurally
homologous domains (I-IIT) with each two sub-domains in
each. It has one Trp residue which possess intrinsic fluores-
cence: Trp-214, which is located in the hydrophobic binding
cavity of sub-domain IIA [9]. The binding sites of HSA for
different ligands may be in the three domains, and the most
important regions of drug binding sites are usually located in
hydrophobic pockets of sub-domains ITIA and IIIA which are
called Sudlow’s sites I and II, respectively. As a result, HSA is
often chosen as a model protein in the related pharmacody-
namic research by virtue of its physiological and pharmaco-
logical importance [10-12].
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Spectroscopy, like fluorescence, FT-IR, UV-vis and
CD, are powerful tools to study the binding of ligands
to proteins due to their sensitivity, availability and non-
destructive measurement. However, so far the binding
profile of ISION with HSA has never been investigated.
The aim of this study was to analyze the fluorescence
quenching mechanism, binding properties and conforma-
tional changes of HSA induced by binding of ISION.

Material and Methods
Material

FeSO,4-7H,0, FeCl;-6H,0, acetone, 25 % aqueous ammonia,
and 35 % hydrochloric acid were bought from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China). HSA and
dodecanebenzenesulfonic acid sodium salt are all analytical
reagent grade and were obtained from Aladdin (Shanghai,
China). Ultrapure water of 18 M Q cm ' was used throughout
the experiments.

Apparatus and Methods

Iron oxide nanoparticles were synthesized using protocols
described previously. Briefly, 1.39 g of FeSO4-7H,0 and
2.70 g of FeCly-6H,0 were added to a 250 mL beaker with
stirring at 600 rpm. The pH of mixture was firstly 1.5 (stay for
30 min) and then was adjusted fast to 9.5 by adding ammonia.
After 30 min 9.5 mL of oleic acid was added at 70 °C within
25 min with stirring. Then ifosfamide was loaded according to
the methods described by Liang [13]. Transmission electron
microscope (TEM) images were captured on a JEOL 2100F
microscope (JEOL, Tokyo, Japan). Size distribution of the as-
prepared nanoparticles was measured by Mastersizer 2000
laser particle size analyzer (Malvern, England). Then, the
drug-loaded nanoparticle was chosen to interact with HSA,
as shown in Fig. 1

For fluorescence measurement, an F-7000 spectrophotom-
eter (Hitachi, Japan) is used for the fluorescence measurement
with emission and excitation slits of 5 nm and a scan speed of
1200 nm min-1. Each spectrum was the average of three runs
with scanning voltage of lamp set to 650 V. Inner filter effects

O-

Fig. 1 Schematic representation
of drug loading process and the
interaction of HSA and ISION
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(IFE) are considered for the related calculations using the
following equation [14]:

Fideal()\ex; )\em) = Fobs()\ex, )\em)CFp ()\ex)CFs()\em)

Aem+Aex) [ 2
:FObS(Aexa >\em) 10( B )/

where CF,, and CF, are the correction factors for the
absorption of emission and excitation radiation, respec-
tively. They all depend on the total absorbance of the
sample at A, and A, where the system absorbs with
values of Aem and Aex, respectively. Fobs is the ob-
served fluorescence.

The fluorescence quenching mechanism is usually divided
into static or dynamic as described by the well known Stern-
Volmer formula [15]:

Fo/F=1+K;70[0] =1+ Ksr[Q] (1)

where F, and F are the fluorescence intensities in the
absence and presence of quencher, respectively. [(] is the
concentration of the quencher. K is the biomolecular
quenching rate constant and 7y is the average lifetime of the
biomolecule without quencher, which is 10 s. Kgqy is the
Stern-Volmer quenching constant.

If the quenching is a static one, the number of substantive
binding number » and the binding constant K, is usually
calculated using [16]:

Fo-F
F

lg = 1gKa + nlg[0] (2)

The free-energy change (AG°), enthalpy change (AH®)
and the entropy change (AS°) for the interaction between
ISION and HSA were determined based on the van’t Hoff
equation [17]:

o(5)- 2 (44
Ky R T T,

and
AG° = AH-TAS° = —RTInK* 4)

According to the Forster's theory of nonradiative
energy transfer, the efficiency of energy transfer, E,
is calculated using the following formula [18]:
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where F' and F, are the fluorescence intensity of
protein in the absence and presence of equimolar con-
centration of acceptor (ligand), r is the distance from
the the ligand to Trp of HSA, and Ry is the Forster critical
distance when 50 % of the excitation energy is transferred and
determined by:

RS =8.8 x 10 5K*N 9 J (6)

where &” is the factor describing the relative orientation of
the transition dipoles of the donor and acceptor, N is the
refractive index of medium, @ is the quantum yield of donor
in the absence of acceptor and overlap integral J is the extent
of overlap between the fluorescence emission spectrum of the
donor and the absorption spectrum of the acceptor. J is de-
scribed by:

L > F(N)e(M)XT AN
D> F(N)AX

where F()\) is the fluorescence intensity of the fluorescent
donor (HSA here) at the studied wavelengths; () is the
molar absorption coefficient of the acceptor (the drug) at the
studied wavelengths.

Synchronous fluorescence was performed on the same
equipment by adjusting the excitation and emission wave-
length intervals (A)) at 15 or 60 nm. The experimental
condition is the same with the fluorescence measurement.

CD spectra were acquired on a MOS-450 (Bio-Logic,
France) spectropolarimeter at 298 K within 190-240 nm.
The spectra were recorded with nitrogen protection by using
1 cm cell length with a scan rate of 200 nm min™'. Each
spectrum is accumulated from three runs.

The FT-IR spectra of HSA in presence and absence of
ISION at 298 K were obtained in the range of 1500-1700 cm
!. The protien concentration was made stable at 50 M whereas
that of ISION was 50 uM in presence of buffer solution.

(7)

Results and Discussion
ISION Characterization

The ISION nanoparticles were characterized by TEM and the
images were shown in Fig. 2A. It can be seen that the size of
the spherical particles is between 10 and 40 nm. The size
distribution of the ISION particles was also confirmed with
dynamic light scattering (DLS) technique. As was shown in
Fig. 2B, the results are in line with the TEM observations such
and over 90 % of the particles are in the range of 15-40 nm.

Fluorescence Quenching of HSA by ISION and Quenching
Mode Determination

Fluorescence quenching is the result of the quantum yield
decrease of fluorophore fluorescence induced by various
molecular interactions with a quencher, such as excited
state reactions, energy transfer, static and dynamic
quenching [19, 20]. Fluorescence spectroscopy is a pow-
erful tool to detect the interaction of a drug with a
biomacromolecule as it has high sensitivity and availability
in physiological environments. For biomacromolecules, the
fluorescence detection gives information of binding details
like the binding mode, binding constants, binding sites and
protein-ligand distances.

The fluorescence intensity of HSA is mainly from the Trp,
Tyr and Phe residues. In fact, the intrinsic fluorescence of HSA
is almost contributed by Trp alone (more than 95 %), because
Phe has very low quantum yield and the fluorescence of Tyr is
almost totally quenched if it is ionized or located near to an
amino group, which is confirmed and supported by Sulkowska
through experimental results [21]. As a result, alterations of
fluorescence intensity of the protein are attributed by Trp
residue when ligand bound to HSA. As was shown in Fig. 3,
the fluorescence intensity of HSA decreased with gradual
addition of ISION, demonstrating micronenvironmental alter-
ations of Trp residue.

To make clear of the possible quenching mechanisms, the
fluorescence quenching data at three different temperatures
(288, 298 and 308 K) were recorded and the Stern-Volmer
equation (Eq. (1)) was used for calculations.

Fig. 4 shows the Stern-Volmer equation of the system at
three different temperatures. Besides, the related thermody-
namic constants were listed in Table 1. The maximum scat-
tering collision quenching constant of various quencher is
known to be 2x10'® M s! for dynamic quenching. The K,
values got from the experimental data suggest that the mech-
anisms of all quenching here were the static one, for K, at all
temperatures is less than 2x10' M ™!, It should be noted
that Kgv increased followed by decreasing temperatures, in-
dicating the occurrence of static quenching mechanism [22].
Moreover, ISION shows the largest Kqy at 288 K and highest
sensitivity to the change of the temperature, and at 308 K,
ISION shows the lowest quenching efficiency towards HSA.

In static quenching mode, the binding constant K,
and the number binding sites n of the association be-
tween ISION and HSA can be calculated by plotting
Log(Fo/F-1) vs Log [ISION] (Fig. 5) and the results are
summarized in Table 2. From Table 2, it can be seen
that the value of n at experimental temperatures was all
about1, demonstrating the existence of a single binding
site for ISION in HSA molecule. The binding constants
KA at 298 K are in the order of 10°, showing strong
binding force between ISION and HSA.
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Fig. 2 a TEM images for as
prepared ISION. b Size
distribution of ISION in solution

Thermodynamic Parameters and the Nature of Binding Forces

Through calculating the fluorescence quenching data using van’t
Hoff equation, thermodynamic parameters were got and listed in
Table 3. The binding force of the system and be determined
through these thermodynamic parameters. Ross and
Subramanian [23] have made the thermodynamic law of judging
the primary binding forces: if AH® >0 and AS® > 0, a hydro-
phobic interaction plays the main role; if AH® <0 and AS® <0,
it suggest that hydrogen bond and van de Waals force are the
dominating force; if AH® < 0 and AS° > 0, this implies that
electrostatic interactions are the driving forces. Besides, AG® at
different temperatures were also obtained according to Van’t
Hoff equation. Negative value of AG® at all three temperatures
indicates the binding is spontaneous, and the spontaneous pro-
cess is driven by both enthalpy and entropy as evidenced by
negative AH” and positive AS°. The dominating force is obvi-
ously an electrostatic interaction from the calculated data. The
ifosfmide molecule carries many charges. The O atom in P=O

10000
Increasing ISION

- 8000 4 concentration
‘»
c
(4]
€ 6000 -
Q
[&]
C
) 4000 -
[72]
o
o
=) 2000 -
L

0

280 300 320 340 360 380 400 420 440 460
Wavelength (nm)

Fig. 3 Fluorescence spectra of the HSA-ISION system. [HSA]=1.2x
107 M, [ISION]=0, 3, 5, 8, 10, 12, and 14x107° M; pH 7.4, T=298 K.
Inset is the molecular structure of ifosfamide
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structure processes more electrons, showing negative charge
properties. The electrophilic effect of the phosphoryl group
may reduce the intensity of the electron cloud of N atom, causing
it to be positively-charged. Thus these charged atoms may inter-
act with opposite-charged amino acid residues through electro-
static forces. Besides, it could be speculated that unfolding of the
protein lead to different driven force during different binding
process. The influence to such denaturation effect caused by
loading drug differences could be explored in the future work.

Conformational Study by CD Spectroscopy

CD spectroscopy is a sensitive and effective technique to
monitor the protein structural changes, particularly secondary
structure. In quest of the possible effects of ISION binding on
the secondary structure of HSA, CD studies in the presence of
different ISION concentrations were carried out. The CD
spectra of HSA exhibit two negative bands in the ultraviolet
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Fig. 4 Stern-Volmer plots at three different temperatures after elimi-
nating IFE

F/F-1
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Table1 Stern-Volmer quenching constants of the HSA-ISION system at
different temperatures

Table 2 Binding parameters of the HSA-ISION system at different
temperatures

T (K) K, M s Ksy M) R SDP T (K) K,M™ n R SDP

288 1.21x10" 121x10° 0.9991 0.0282 288 1.90x10° 1.04 0.9992 0.0116
298 1.12x10" 1.12x10° 0.9989 0.0289 298 1.56x10° 1.03 0.9989 0.0137
308 0.99x 10" 0.99x10° 0.9995 0.0170 308 8.67x10* 0.99 0.9989 0.0132

#The correlation coefficient
® The standard deviation

region at 208 and 220 nm, which is specific for o-helical
structures of protein, which is assigned to n—7t* transfer for
the peptide bond of «-helix . Changes in intensity of the two
peaks in the presence of the drug may be used to examine
alterations in o-helical content of the protein. Fig. 6 shows the
CD spectra of HSA with various amouts of ISION. As can be
seen from Fig. 6, the binding of ISION to HSA caused
decreasing intensity at all wavelengths of far-UV CD without
apparent shifts for all the peaks, demonstrating that binding of
the drug brings slight decrement in the x-helix and increment
of B-turn structure of HSA, and this may be due to the
complexation of ISION and HSA. Therefore it is obvious that
ISION binding causes structural changes of HSA, with loss of
helical structure stability and conformational destruction
[24-26]. The secondary structural contents were calculated
utilzing the CDpro program and were shown in Table 4. The
results exhibit decrement of «-helical structure from 57.12 %
to 51.61 % and 46.79 % and increment of 3-turn structure
from 10.92 % to 11.88 % and 14.53 % at molar ration of HSA:
ISION of 1:0, 1:1 and 1:2, respectively (Table 4).

Fluorescent Resonant Energy Transfer

Fluorescence resonance energy transfer (FRET) is a useful
and sensitive method for measuring the distance between the

0.3+
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0.1+
0.0+
-0.1-
-0.2 1
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-0.4 1
-0.5

-0.6 T T T T T T T 1
-56 -55 -54 53 -52 -51 -50 -49 48

Log [ISION]

Fig. 5 Log(Fy/F-1) vs. Log [ISION] at three different temperatures after
eliminating IFE

Log (F /F-1)

#The correlation coefficient
® The standard deviation

donor and acceptor in vitro. Spectroscopic technique can be
applied to monitor the proximity and relative angular orienta-
tion of the fluorescence donor and acceptor [27]. Energy
transfer may occur through a direct electrodynamics interac-
tion between the excited fluorescence donors and accepters,
which will happen when the following conditions are satis-
fied: First of all, the donor can produce fluorescence light;
second, the donor's fluorescence emission spectrum and the
acceptor's UV-vis absorbance spectrum overlap; third, the
distance between the donor and the acceptor is less than 8 nm.

For this, equimolar concentrations of ISION and HSA were
employed, and from the above conditions and the formulas, J,
E, RO and r can be calculated. Supplementary Data Fig. S1
shows the overlap of the fluorescence spectrum of HSA with
the absorption spectrum of ISION. The value of J was found
to be 2.53x107"* em® M. Using the values of K* = 2/3, N =
1.336 and @ = 0.15, the values of R, » and E were found to be
4.63, 5.25 nm and 0.031, respectively. As demonstrated
above, the distance between donor and acceptor must be less
than 8 nm. This criterion is satisfied in this case and thus
quenching of Trp fluorescence in the presence of ISION is
attributed to energy transfer. Static quenching mechanism was
again confirmed based on higher value of 7 compared to the
value of RO. The short distance between the bound ISION and
Trp residue in the present study suggests that ISION as a
whole did interact with HSA.

Synchronous Fluorescence and Three-Dimensional
Fluorescence Spectroscopy

In quest of the possible effect of ISION binding on the tertiary
structure of HSA, synchronous fluorescence spectra were
obtained in the absence and presence of ISION, which are
displayed in Fig. 7. We got characteristic information for the

Table 3 Thermodynamic parameters of the HSA-ISION system

T (K) AG® (J-mol™) AS® (J-mol 'K ™" AH® (J-mol ™)
288 -291x10* 55.6

298 -2.96x10* 554 -131x10*
308 -2.91x10* 51.9
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..GC_-? 6000 closely to the Trp residue [28]. Considering the minor red
° shifts in the emission peaks, it can be safely concluded that the
Q4000+ Trp microenvironment undergoes a slight change in the pres-
o ence of ISION.
3 2000 Increasing use of three-dimensional fluorescence spectra as
S a fluorescence analysis technique in recent years has proved it
w 0- a proper tool for detecting conformational changes in HSA in
presence of ISION. Fig. 8shows the three-dimensional fluo-
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Wavelength (nm)

Fig. 6 Synchronous fluorescence spectra of the HSA-ISION system.
[HSA]=1.2x10"° M. Concentrations of ISION are in accordance with
the fluorescence quenching data; (a) AA=15 nm, (b) AA=60 nm.
pH=7.4, T=298 K

Tyr or Trp residues by setting the scanning interval AA at 15
or 60 nm, respectively, where the shifts in the maximum
wavelength reveals an polar microenvironmental changes
around these residues. A weak red shift (from 279 to 281 nm
for Trp) can be observed in Fig. 7 when AA=60 nm; mean-
while the fluorescence intensity of HSA decreased stepwisely
in the presence of different concentrations of ISION. Howev-
er, when AAwas set at15 nm both fluorescence intensity and
peak position did not change significantly. This phenomenon
implied that the binding of ISION to HSA was mainly located

Table 4 Secondary structural alterations of HSA in the presence of
different concentrations of ISION

Sample Content (%)

o-helix (£3)  f-sheet (+2) p-turn (£2) Random coil (£3)
a 57.12 10.92 7.85 24.33

51.61 11.88 7.29 30.10

46.79 14.53 4.01 3591

@ Springer

rescence spectrum of HSA (A), and ISION-HSA (B) respec-
tively. Peak a shows the Rayleigh scattering peak where
emission wavelength equals to excitation wavelength, where-
as the strong peak b exhibits the spectral characteristic of
fluorophore residues (Trp and Tyr) and peak c is associated
with the polypeptide backbone structure of HSA [29]. The 3D
fluorescence contour spectra of the protein show contour
maximums at about A, /A, =280/340 nm due to
m—7t* transition of aromatic amino acids in HSA. In Fig.8A,
the fluorescence peak of HSA can be seen at A /Ae,,=277/
337 nm and after addition of the drug, this peak moved to A,/
Aem=280/340 nm as shown in Fig.8B. The Stokes shift and
fluorescence quenching of the fluorescence characteristic
peaks elucidates that the complexation formed between
ISION and HSA induced some microenvironmental and con-
formational changes in the protein.

FT-IR Spectra

From FT-IR results we got additional evidence for ISION-HSA
interaction. Amide bands vibrations of the peptide moieties can
be evidenced by the differences in FTIR spectra of a protein. Of
all the amide modes of the peptide groups, the single most
widely used one in studies of protein secondary structures is the
amide I. The amides I and II peak take place in the region of
1600-1700 cm™ and 1500-1600 cm™, respectively. Compared
with amide II, amide I band is more sensitive to the protein
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Fig. 8 The three-dimensional projections and the corresponding excitation-emission matrix fluorescence diagrams of HSA before (a) and after (b)

ISION addition. [HSA]=1.0x107° M, [ISION]=6x 10"® M; pH 7.4, T=298

secondary structural alterations [30]. Therefore, the amide I

band is more meaningful for secondary structural studies.
From Fig. 9, the peak position of amide I was moved from

1646.3 t0 1651.0 cm™ and amide I1 from 1543.1 to 1543.8 cm”
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C
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(7]
QO
<
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(B) 15438
[0]
()
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®
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o
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Fig.9 The FT-IR spectra of HSA before (a) and after (b) interacting with
ISION. [HSA]=2.0x10"° M, [ISION]=2x10"° M; pH 7.4, T=298 K

K

"in the FT-IR spectrum of HSA upon binding to ISION. This
phenomenon demonstrates that the ISION interacted with
HSA and the secondary structure as well as the conformation
of HSA was changed thereby.

Conclusions

In this study, ISION was synthesized and the interaction
between HSA and ISION were investigated using spectrosco-
py like fluorescence, CD and FT-IR. Steady state spectroscopy
gave the information that ISION could substabtially quench
the intrinsic fluorescence of HSA through static quenching
mode. In this binding process, electrostatic interaction plays
an important role in stabilizing the HSA-ISION complex and
van’t Hoff calculation results proved it to be spontaneous. The
binding of ISION to HSA caused the conformational pertur-
bation of HSA, which was confirmed by synchronous, CD,
FT-IR and 3D fluorescence spectroscopy. Above all, the re-
search on the interaction between biophysically important
protein HSA and ISION may help understand the role that
ifosfamide-loaded nanoparticle contributes to their application
as a potential formulation in the pharmaceutical research and
development in the future.
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