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dSe/ZnS quantum dot micelles for
long-term cell imaging without alteration to the
native structure of the blood plasma protein human
serum albumin†

Shanmugavel Chinnathambi,a Norhidayah Abub and Nobutaka Hanagata*ac

Quantum dots (QDs)—especially those containing cadmium—are toxic to human cells, and therefore cannot

be used directly for diagnosis and treatment of human disease. To circumvent this limitation, the surface of

QDs must be modified to increase their water solubility and biocompatibility. To this end, we encapsulated

CdSe/ZnS QDs coupled with iron oxide nanoparticles in phospholipid micelles ranging in size from 117 to

265 nm. The QD micelles showed no cytotoxicity in A549 and HeLa cells even at higher concentrations

(25 mg ml�1). The ability of micelles to transport human serum albumin (HSA) protein was investigated by

optical spectroscopy, and the thermodynamic parameters of the protein complexed with micelles were

calculated with the van't Hoff equation at various temperatures (25–45 �C). We found that binding between

micelles and HSA was stabilized by hydrogen bonds as well as electrostatic and hydrophobic forces. Fourier

transform infrared spectroscopy and circular dichroism revealed changes in the secondary structure of HSA

due to increment of alpha helical content, although the tertiary structure was largely preserved. The

absolute quantum yield of water-soluble micelles was around 4% at an excitation wavelength 590 nm,

while that of cadmium selenide (CdSe)/zinc sulfide (ZnS) QDs in chloroform was 20%. The fluorescence

signal in HeLa and A549 cells remained high after 72 h of incubation with the micelles, as determined by

confocal microscopy; moreover, the fluorescence signal was detected in both mother and daughter cells.

These results demonstrate that CdSe/ZnS micelles are biocompatible since they do not induce cytotoxicity

during long-term imaging nor affect the native structure of conjugated proteins.
1. Introduction

Fluorescence imaging of biological molecules using probes
enables the visualization of cellular morphology and
processes.1 Semiconductor quantum dots (QDs) are a type of
probe that have potential therapeutic and biomechanical
applications.2–9 QDs have higher signal intensity than uores-
cent proteins and dyes, are photostable, and exhibit tunable
emission from visible to infrared wavelengths and extensive
absorption coefficients over a broad spectral range. Cadmium-
based QDs have demonstrated toxicity in both in vitro and
in vivo studies.6,7,10,11 This problem can be overcome by modi-
fying the particle surface with water-soluble materials. For
instance, phospholipid-modied QD micelles are widely used
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in biological applications owing to their low cytotoxicity and
high solubility in water.12–14

Human blood plasma contains several proteins that are
involved in various physiological functions. Serum albumin
(SA), the most abundant (60%) protein in blood plasma,
maintains blood osmotic pressure and pH, transports endoge-
nous and exogenousmolecules (including drugs), and is used as
a biomarker for disease diagnosis and treatment. HSA has an
ellipsoid shape on highly oriented pyrolytic graphite surfaces,
with an average length, width, and height of 12.6, 6.5, and
1.9 nm, respectively, under physiological conditions (pH 7.4).15

Recent studies have investigated the interaction between func-
tionalized nanomaterials and plasma protein such as SA,
brinogen, and globulin.16–20

In order to establish a safe and efficient system for live cell
imaging, in the present study we prepared QDs coated with
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl
(polyethyleneglycol)-2000] [DSPE–PEG(2000)–biotin]-terminated
phospholipids (Fig. S1†). Biotin is a useful substrate for target-
ing cancer cells including HeLa and A549 cells, which overexpress
biotin receptors such as avidin and streptavidin.21–23 We also
encapsulated oleic acid-terminated iron oxide nanoparticles
This journal is © The Royal Society of Chemistry 2017
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(Fe3O4 NPs) within micelles for the purposes of magnetic sepa-
ration and magnetic hyperthermia.24–27 Whenmicelles containing
Fe3O4 and cadmium selenide (CdSe)/zinc sulde (ZnS) QDs are
taken up by cancer cells, application of an external magnetic eld
can destroy the cells; moreover, micelle accumulation inside live
specimens can be tracked by uorescence microscopy and QDs
can subsequently be removed along with the tumor. Here we
investigated the interaction between magnetic CdSe/ZnS QD
micelles and HSA as well as the behavior of QD micelles conju-
gated with HSA in HeLa and A549 cells, including cellular uptake
and cytotoxicity.

2. Experimental methods
2.1 Reagents

CdSe/ZnS core shell-type QDs stabilized with octadecylamine
ligands were purchased from Sigma-Aldrich (St. Louis, MO,
USA; prod. no. 790206-10MG). Fe3O4 NPs in chloroform with
oleic acid coating was from Nanotech Ocean (San Diego, CA,
USA; prod. no. 92126 050412; 25 mg ml�1, 5 nm). DSPE–PEG
(2000)–biotin was from Avanti Polar Lipids (Alabaster, AL, USA;
prod. no. 880129). Human serum albumin (Product Number
017-10504) was purchased from Wako chemicals (Osaka,
Japan). Chloroform and high-performance liquid chromatog-
raphy (HPLC)-grade water were from Sigma-Aldrich. All chem-
icals were used without further purication. HeLa (RCB0007)
and A549 (RCB0098) cell lines were obtained from Riken Bio-
Resource Center (Tsukuba, Japan).

2.2 Preparation of phospholipid encapsulated CdSe/ZnS
complexed with Fe3O4 NPs

DSPE–PEG (2000)–biotin (10 mg) was dispersed in 1 ml of
chloroform; 1.2 mg CdSe/ZnS core shell QDs and 1 mg of
a dispersion containing Fe3O4 NPs were then added to the
phospholipid solution. The mixture was stirred for about 1 h
and the chloroform was evaporated in a water bath with a rotary
evaporator at 40 �C. The phospholipid lm deposited on the
reaction vessel was dissolved in 5 ml HPLC water and sonicated
for 15 min in a water bath. Resultant micelles were ltered
through a 0.2 mm membrane lter (Thermo Fisher Scientic,
Waltham, MA, USA). To remove excess lipids from the micelle
dispersion, the sample was centrifuged at 15 000 rpm for
10 min, and the pellet was resuspended in HPLC water and re-
ltered through a 0.2 mmmembrane lter. Magneto uorescent
micelles in 5 ml HPLC water were stored at 4 �C.

2.3 Magnetic separation

Prepared micelles were separated from free phospholipids
using a neodymium-based magnet (NdFeB, 50 � 50 � 25 mm)
at a magnetic ex density of 0.6 tesla.

2.4 Characterization

High-resolution images were obtained by transmission electron
microscopy (TEM) on a G2 F30 S-Twin microscope (FEI Tecnai,
Tokyo, Japan) with an acceleration voltage 300 kV. Samples were
prepared by drop casting the dispersion onto a carbon-coated
This journal is © The Royal Society of Chemistry 2017
TEM grid. Ultraviolet-visible light (UV-vis) absorption spectra
were acquired on a UV-vis spectrophotometer (U-2900; Hitachi,
Tokyo, Japan). Photoluminescence spectra were recorded with
a spectrouorometer (Model F-7000; Hitachi) at an excitation
wavelength of 500 nm and emission wavelength of 550–750 nm.
Excitation and emission slit widths were 5 nm. Samples were
loaded in a quartz cuvette for measurements. During photo-
stability measurements, the water/chloroform solution of micelle-
encapsulated magnetic CdSe/ZnS and CdSe/ZnS QDs (1 mg ml�1)
was illuminated with a UV lamp for 1 h at a wavelength of 365 nm.
Vibrating sample magnetometer (VSM) measurements of free
Fe3O4 NPs and micelles were carried out using a Lake Shore VSM
(Lake Shore Cryotonics, Westerville, OH, USA; model no. 7410) at
room temperature. Micelle size was determined by dynamic light
scattering (DLS) (Otsuka Electronics, Osaka, Japan;model no. DLS
8000) based on the Brownian motion of NPs excited with a He–Ne
(632.8 nm) laser. Absolute quantum yields were measured using
a C9920-03G system equipped with a 150 W xenon lamp (Hama-
matsu Photonics, Hamamatsu, Japan). Measurements were ob-
tained for dilute solutions in 1 cm2 quartz cuvettes.

2.5 Time-resolved measurements

Fluorescence lifetime measurements were made using a Fluoro
Cube UltraFast-3000U time-correlated single photon counting
system (Horiba, Hamamatsu, Japan) with a fast-response, red-
sensitive photomultiplier tube (Hamamatsu Photonics). The
excitation source was a light-emitting diode laser with a wave-
length of 570 nm (pulse width� 0.1 ns) and decaymeasurements
were made at 630 nm. The uorescence emission was detected at
a 90� angle relative to the path of the light source. The electrical
signal was amplied by a TB-02 pulse amplier (Horiba) con-
nected to a constant fraction discriminator (Phillips, Amsterdam,
The Netherlands). The rst detected photon was used as a start
signal by a time-to-amplitude converter (TAC), and the excitation
pulse triggered the stop signal. The multichannel analyzer
recorded repetitive start–stop signals from the TAC and gener-
ated a histogram of photons as a function of time-calibrated
channels. The instrument response function was obtained
using Rayleigh scatter of Ludox-40 (40 wt% suspension in water;
Sigma-Aldrich) in a quartz cuvette at 570 nm. Decay analysis
soware (DAS6V6.0; Horiba) was used to extract lifetime
components. The goodness of t was judged by c2 values and by
visual observation of the tted line and residuals. Fluorescence
decay was analyzed with two and three lifetimes and c2 values
were compared to determine the best t. The time calibration of
the system was 6.976663 � 10�12 s per channel. Decays were
tted to the following two-exponent function:

FðtÞ ¼
X2

i¼1

ai expð�t=siÞ (1)

where F (t) is the normalized photoluminescent decay; ai
normalized amplitudes of decay component si. The average
lifetime was calculated from the below equation.

hsi ¼
X2

i¼1

aisi (2)
RSC Adv., 2017, 7, 2392–2402 | 2393
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Fig. 1 TEM Characterization. (A, B) CdSe/ZnS QDs with different
magnification. (C, D) Magnetic CdSe/ZnS QDs micelles. Inset (A, C)
indicates fluorescence under UV light excitation.
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2.6 Excitation and emission matrix (EEM)

The EEM was characterized under the following conditions:
emission spectra were obtained between 200–600 nm, and the
initial excitation wavelength was set to 200 nm in increments of
10 nm. The number of scanning curves was 20 and other
scanning parameters were identical to those used for uores-
cence emission spectral measurements. For EEM measure-
ments, spectral band passes were maintained at 5 nm for both
excitation and emission. Samples were analyzed in 1 ml quartz
cuvettes with a 1 cm excitation path length.

2.7 Stocks shi spectroscopy

Synchronous uorescence spectra were obtained by simulta-
neously scanning the excitation and emission monochromators
at two different constant wavelength intervals – e.g., 15 and
60 nm between excitation and emission monochromators.

2.8 Fluorescence resonance energy transfer (FRET)
measurement

The FRET distance and efficiency of energy transfer was calcu-
lated from the micelle absorption spectrum and HSA uores-
cence spectrum at a concentration ratio of micelles and protein
of 1 : 1 at pH 7.4.

2.9 Circular dichroism (CD) measurement

CD spectra of HSA alone and in a micelle complex were obtained
with a spectropolarimeter (model J-725; Jasco, Tokyo, Japan)
using a 1 mm path length quartz cuvette with a scan speed
100 nm min�1. Ellipticity is expressed in millidegrees. Various
micelle concentrations were added as small aliquots of stock
solution to protein solutions. Each spectrum represents an
average of three scans. Measurements were obtained at 24 �C.

2.10 Fourier transform infrared (FTIR) spectroscopy

Attenuated total reection FTIR spectra measurements of HSA
alone and in a micelle complex were obtained with an FTIR
spectrometer (IRTracer-100; Shimadzu, Kyoto, Japan). Spectra
of sample and buffer solutions were obtained under the same
conditions (pH 7.4).

2.11 Cell cultures

A549 and HeLa cells were cultured in a 75 cm2
ask for

microscopy and the cytotoxicity assay. A549 cells were grown in
high-glucose Dulbecco-modied Eagle's medium supple-
mented with 10% fetal bovine serum, 50 U ml�1 penicillin, and
50 mg ml�1 streptomycin at 37 �C in humidied air containing
5% CO2. HeLa cells were cultured under the same conditions
but in minimal essential medium.

2.12 Fluorescence microscopy

HeLa and A549 cells (8000 cells per cm2) were cultured in a 35
mm dish for 24 h for micelle uptake and uorescence imaging,
for which 20 mg ml�1 of micelle were used. Control experiments
were performed under identical conditions but without adding
2394 | RSC Adv., 2017, 7, 2392–2402
micelles to the cultures. Cells were washed three times with
phosphate-buffered saline and xed with 3.7% para-
formaldehyde for 10 min. Differential interference contrast and
uorescence images were obtained with an SP5 confocal laser
scanning microscope (Leica Microsystems, Wetzlar, Germany).
2.13 Cytotoxicity assay

An in vitro cytotoxic assay for QDs was carried out using Cell
Counting Kit-8 (Dojindo Laboratories, Osaka, Japan). Cells were
seeded in a 96-well plate at a density of 5000 per well. QDs were
added aer 24 h, and the plate was incubated for an additional
24 h followed by incubation with 10 ml cholecystokinin octa-
peptide for 2 h. Absorbance at 450 nm was measured on
a microplate reader (MTP-880Lab; Corona, Hitachinaka, Japan).
Cytotoxicity is represented as a percentage of untreated control
cells.
3. Results and discussion
3.1 Characterization of micelles containing QDs and
magnetic NPs

TEM analysis of free-standing hydrophobic CdSe/ZnS QDs
(stabilized with octadecylamine ligands) before surface modi-
cation revealed a relatively monodispersed size distribution
with an average particle size of 10 nm (Fig. 1A and B). The
presence of lattice fringes indicated that the particles were
crystalline. We also conrmed the localization of CdSe/ZnS and
Fe3O4 NPs inside micelles (Fig. 1C and D), which ranged in size
from 50 to 70 nm when the two NPs were coencapsulated. The
hydrodynamic diameter distribution as measured by DLS
revealed a mean micelle diameter of 117.87 � 2.55 nm. The
This journal is © The Royal Society of Chemistry 2017
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ratio of CdSe/ZnS and Fe3O4 NPs varied among micelles (Table
1). The presence of CdSe/ZnS and Fe3O4 NPs in the micelle core
was veried by energy-dispersive X-ray analysis (Fig. S2†). When
an external magnetic eld was applied to the micelle-containing
vessel, the micelle moved to the point where the eld gradient
was strongest (Fig. S3†); when the magnetic eld was removed,
the micelle was readily dispersed in water. The micelle showed
high luminescence under a magnetic eld when excited by UV
light.

Fig. 2A shows the absorption spectra of micelle-encapsulated
CdSe/ZnS QDs/Fe3O4 NPs, CdSe/ZnS QDs in chloroform, and
Fe3O4 NPs in chloroform. NPs alone had lower absorption than
micelles (>500 nm) due to the presence of both NPs inside the
micelle core. The uorescence emission spectra of micelles and
CdSe/ZnS QDs were obtained at 630 nm (Fig. 2B); those of
micelles and CdSe/ZnS QDs in chloroform were similar. The
average lifetime variations of QDs and micelle are shown in
Fig. 2C and Table 2. Fe3O4 NPs quenched QD uorescence
through energy transfer, reecting the results from the lifetime
prole in the excited state.

Photobleaching is an important parameter in biological
imaging experiments. We examined the optical properties of
QDs and micelles under irradiation with UV light (Fig. 2D and
E). As irradiation time increased, luminescence of the materials
decreased due to photobleaching (Fig. 2F). Aer 60 min of
irradiation, the 4% absolute quantum yield of micelles exhibi-
ted a stability of 50%, whereas the 20% absolute quantum yield
of CdSe/ZnS QD intensity was zero. These results suggest that
the prepared micelles are suitable for biological imaging under
strong laser illumination or long-term light exposure.

Magnetic characterization was carried out using a VSM. Both
QDs and Fe3O4 NPs were superparamagnetic at 305 K. Fe3O4

NPs alone showed higher magnetization thanmicelles (Fig. 2G),
which had a small amount of these NPs in their core. None-
theless, upon standardization, the magnetization prole of the
two materials were nearly indistinguishable.
3.2 Cytotoxicity of micelle-QDs

Micelles showed no cytotoxicity in the concentration range of 0–
25 mg ml�1 in HeLa and A549 cell lines exposed for up to 24 h.
This may be attributable to the structure of the ZnS shell and
phospholipid coating; a previous study reported that a ZnS shell
and PEG coating inhibit the release of Cd2+ from QDs, which is
one known mechanism of QD toxicity. We tested micelles of
four different sizes ranging from 117.87 � 2.55 to 264.66 �
4.94 nm. In the case of HeLa cells, there was no obvious toxicity
Table 1 DLS values for different sizes of micelle

Micelle (CdSe/ZnS) :
(Fe3O4)/phospholipid D1 D2 D3 Davg

M1 (1 : 1)/10 mg 118.5 115.1 120.1 117.87 � 2.55
M2 (1 : 2)/10 mg 136.9 135.5 130.8 134.40 � 3.19
M3 (1 : 3)/10 mg 144.9 143.2 138.8 142.30 � 3.15
M4 (1 : 2)/05 mg 259.4 269.2 265.4 264.66 � 4.94

This journal is © The Royal Society of Chemistry 2017
even at higher concentrations, although some effects were
observed in A549 cells (Fig. 3A and B).

3.3 Effect of micelle-QDs on serum HSA

Albumin is synthesized in the liver. SA accounts for 55% of
blood plasma proteins and maintains osmotic pressure in
plasma to enable lipid and steroid hormone transport. There-
fore, in order to evaluate the possibility of drug delivery using
QD micelles, it is important to clarify the interaction between
micelles and HSA. UV-vis spectroscopy is used to study the
interaction between NPs and proteins. HSA has absorption peak
at 278 nm; we obtained the UV-vis absorption spectrum of HSA
in the presence and absence of QD micelles (Fig. 2H). HSA
absorption increased in the presence of micelles and showed
two bands. The rst (�200 nm) was due to p–p* transition of
the polypeptide backbone C]O of HSA, and the second had
a peak at 278 nm due to aromatic amino acid residues, espe-
cially tryptophan (Trp). The second band changed perceptibly
aer micelle addition, indicating a change in the microenvi-
ronment of the Trp residue. These observations suggest the
formation of a ground state complex between HSA andmicelles.

The degree of complex formation between HSA and micelles
was calculated with the following equation:

HSAþmiscelle5
k
HSA : miscelle (3)

where k is an association constant—that is,

k ¼ [HSA : micelle]/([HSA][micelle]) (4)

The binding constant of complex formation was determined
from the change in intensity of the absorption peak at 278 nm
according to the Benesi–Hildebrand relationship:28

1/(Aobs � A0) ¼ 1/(Ac � A0) + 1/Kapp [Ac � A0]1/[micelle] (5)

where A0 is the absorption of the HSA solution at 1 mΜ; A is the
HSA with increasing concentrations of micelle; and Ac is the
nal absorption of the conjugated HSA. The plot of 1/(Aobs � A0)
against 1/[micelle] was linear (Fig. 2I) and the value of the
binding constant K for the HSA–micelle complex was 1.19 � 104

M�1. Complex formation between HSA andmicelles was evident
from the UV-vis absorption data.

The binding affinity of the micelle–protein interaction was
determined by uorescence emission spectroscopy. The emis-
sion maximum of SA was attributable to aromatic amino acids
such as Trp, tyrosine (Tyr), and phenylalanine. Trp has a high
quantum yield compared to the other aromatic amino acids
present in the HSA; Trp214 is located in subdomain IIA, which
is the major binding site of HSA. Static or dynamic quenching
can occur via FRET, molecular rearrangement, and excited state
reactions. When small molecules interact with HSA, the
intrinsic uorescence intensity changes due to Trp residues.
Fluorescence emission spectra revealed that adding increasing
concentrations of micelle to HSA caused quenching of the
protein uorescence without peak shis (Fig. 4A), implying that
micelles and HSA formed complexes. The polarity of the uo-
rescence quantum yield surrounding Trp residues was altered
RSC Adv., 2017, 7, 2392–2402 | 2395
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Fig. 2 Optical and magnetic characteristics of micelle. (A) UV-vis absorption and fluorescence spectra (B) of micelles with encapsulated CdSe/
ZnS QDs and iron oxide (Fe3O4) NPs in HPLC water. (C) Time-resolved fluorescence decay profiles of CdSe/ZnS QDs and micelles. Comparison
of photostability (F) between CdSe/ZnS QDs (D) andmicelles with co-encapsulated CdSe/ZnS and Fe3O4 NPs (E). CdSe/ZnS concentrations were
similar in both samples (1 mg ml�1) under illumination by 365-nm light. (G) Normalized magnetic moment vs.magnetic field for Fe3O4 alone and
within a micelle. (H) UV-vis spectra of HSA in the absence and presence of different concentrations of micelle (inset shows absorption of
polypeptide backbone) and its corresponding Benesi–Hildebrand plot of HSA in the presence of micelle (I).

Table 2 Fluorescence lifetime profiles of CdSe/ZnS QDs and micelles

Samples a1 a2 a3 s1 (ns) s2 (ns) s3 (ns) s0 (ns) c2

CdSe/ZnS 07.39 92.61 — 3.82 19.81 — 19.57 0.96
CdSe/ZnS 09.37 00.76 89.88 5.21 00.86 20.62 20.22 0.95
M1 18.87 81.13 — 2.78 16.48 — 15.96 1.07
M1 22.55 04.41 73.04 4.61 00.89 18.79 17.75 0.99
M2 25.10 74.90 — 2.59 14.69 — 14.01 1.14
M2 28.38 06.01 65.61 4.18 00.84 17.04 15.75 1.04
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due to unfolding of the native protein conformation. The
decreased quantum yield of Trp214 was due to molecular
interaction with micelles.

Fluorescence quenching can be of two types, static and
dynamic. The former occurs when molecules (HSA–micelles)
form a complex in the ground state, and the latter when
molecules come into contact during the transient existence of
the excited state. To conrm whether HSA–micelle complexes
exhibit static or dynamic quenching, we plotted F0/F vs. [Q];
2396 | RSC Adv., 2017, 7, 2392–2402
a linear relationship was observed (Fig. 4B), providing evidence
for static quenching.

The Kq was calculated using the Stern–Volmer equation,
which is expressed as follows:29–31

F

F0

¼ 1þ Ksv½Q� ¼ 1þ Kqs0½Q� (6)

where F and F0 are the uorescence intensities in the presence
and absence of micelles (quencher), [Q] is the quencher
concentration, Ksv is the Stern–Volmer quenching constant, Kq

is the bimolecular quenching rate constant, and s0 is the life-
time of the uorophore in the absence of quencher. The average
lifetime of HSA was s0 ¼ 5.89 ns; at 298 K, Kq ¼ 5.67 � 1012 l
mol�1 s�1, which was two orders of magnitude higher than that
of a purely dynamic quenching process. This suggests that the
uorescence quenching of HSA by micelles is due to static
ground state complex formation.

To clarify the dynamics of the HSA–micelle complex, we
measured the uorescence lifetime of HSA in the presence and
absence of micelles (Fig. 4). HSA alone showed a biexponential
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Toxicity of micelles encapsulating magnetic CdSe/ZnS QDs.
HeLa and A549 cells were incubated withmicelles for 24 h. Sizes of the
micelle used in this test: Micelle 1 (117.87� 2.55 nm), Micelle 2 (134.40
� 3.19 nm), Micelle 3 (142.30 � 3.15 nm) Micelle 4 (264.66� 4.94 nm).
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decay curve with an average lifetime of 5.89 ns and lifetime
components of 27.86% and 72.14%. The uorescence decay of
HSA was unaltered by increasing micelle concentrations
(Table 4), remaining biexponential in the presence of 42 mg
micelle with an average lifetime 5.80 ns and lifetime compo-
nents of 26.29% and 73.71%, respectively. Minute alterations
Fig. 4 HSA fluorescence quenching by micelle. Fluorescence steady (A
presence of different concentrations of micelle. (B) Steady state Stern–V
Volmer plots.

This journal is © The Royal Society of Chemistry 2017
occurred as a result of changes in the local conformation of
HSA. A time-resolved Stern–Volmer plot was generated with the
following equation:32

s0
s
¼ 1þ Ksv½Q� (7)

where the average lifetime, s ¼ P
aisi.

The plot was parallel to the x axis, indicating a static
quenching mechanism for the interaction between the micelle
and HSA (Fig. 4D). Trp214 was located in the hydrophobic cavity
of subdomain IIA, which is where the micelle was bound,
resulting in quenching.

We calculated binding parameters at different temperatures
using the van't Hoff equation to determine the driving force
between micelles and HSA (Fig. 5):33

ln K ¼ DS

R
� DH

RT
(8)

where K is the association constant, T is the absolute temper-
ature, and R is the gas constant (8.3145 J mol�1 K�1). From the
van't Hoff plot, we calculated enthalpy and entropy changes (DH
and DS, respectively) between ln K and 1/T. The free energy
change (DG) of the reaction at different temperatures was
calculated using DH and DS in the equation DG ¼ DH � TDS.
The binding parameters are listed in Table 3. The DG value was
more negative due to negative DH and positive DS values, thus
favoring micelle–HSA complex formation. Positive values of DH
and DS indicate hydrophobic interactions, whereas negative
values indicate van der Waal's forces and hydrogen bond
formation.34 A positive DS and negative DH suggest a specic
electrostatic interaction between specic ions in an aqueous
solution. The negative change in enthalpy (DH� ¼ �119.90 kJ
mol�1) and positive change in entropy (DS� ¼ 11.12 J mol�1 K�1)
values for HSA–micelle binding indicate an entropy-driven
) and excited state (C) quenching spectra of HSA in the absence and
olmer plot (D) overlap graph of steady state and excited state Stern–

RSC Adv., 2017, 7, 2392–2402 | 2397
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Fig. 5 Effect of temperature on the HSA–micelles association. (A)
Steady-state Stern–Volmer plots at different temperatures. (B) Effect
of temperature on the binding constant between HSA andmicelles. (C)
van't Hoff plot for the HSA–micelle complex.

Table 4 Fluorescence lifetime profiles of HSA alone and complexed
with micelles

Sample a1 a2 s1 (ns) s2 (ns) s0 (ns) c2

1 27.86 72.14 2.52 6.41 5.8972 1.01
2 28.61 71.39 2.53 6.42 5.8894 1.04
3 27.17 72.83 2.46 6.37 5.8776 1.03
4 28.26 71.74 2.58 6.39 5.8671 1.05
5 27.14 72.86 2.54 6.35 5.8559 1.08
6 23.99 76.01 2.34 6.27 5.8558 1.10
7 26.13 73.87 2.45 6.31 5.8438 1.08
8 24.65 75.35 2.36 6.24 5.8127 1.08
9 26.29 73.71 2.42 6.27 5.8041 1.13
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interaction in which enthalpy is unfavorable, resulting in the
stabilization of a specic electrostatic force. A negative DH value
could also represent hydrogen bonding. DS values are positive
Table 3 Fluorescence binding parameters for HSA–micelles

T (�C) Kq (�1012 l mol�1 s�1) Kb (�106 l mol�1) n

25 5.67 6.16 1.31
35 5.61 5.89 1.27
40 4.48 5.75 1.26
45 4.11 5.37 1.20

2398 | RSC Adv., 2017, 7, 2392–2402
whereas DH values are either close to zero or negative for
a number of processes involving hydrophobic interactions.
Binding of ligand to protein buries the water-accessible surface
area and thereby releases the solvent from the surface. A posi-
tive DS value reects the associated entropic changes in the
system and indicates that the interaction between the micelle
and HSA is hydrophobic. Thus, hydrophobic effects, electro-
static forces, and hydrogen bonding predominate the micelle–
HSA interaction. Possible micelle–HSA assemblies are illus-
trated in Fig. S4C.†

We used three dimensional uorescence spectroscopy to
further examine the conformational changes in HSA induced by
addition of micelles (Fig. 6). Peaks 1 and 2 represent uores-
cence from HSA, and peaks x and y correspond to Rayleigh and
second order-scattering peaks, respectively. Peak 1 arises from
the intrinsic uorescence of HSA due to Tyr and Trp (tertiary
structure) residues participating in the p / p* transition,
whereas peak 2 was attributable to uorescence characteristics
of the polypeptide backbone structure (secondary structure) of
HSA caused by p / p* transition. These peaks are associated
with HSA uorescence quenching upon binding with micelles.

Conformational changes in themicroenvironment around the
uorophores Tyr (Dl ¼ 15 nm) and Trp (Dl ¼ 60 nm) were
determined based on synchronous uorescence spectra obtained
for HSA at increasing concentrations of micelle (Fig. 7A and B). A
small red shi of 2 nm was detected within the maximum
emission for Tyr, while there was no shi for Trp, suggesting that
micelle–HSA binding had altered the microenvironment of Tyr
but not Trp residues—specically, a shi from a nonpolar,
hydrophobic environment to one that is more hydrophilic.
3.4 Secondary structure of HSA

We monitored the secondary structure of the HSA interaction
with QD-containing micelles by CD spectroscopy (Fig. 7C).
R2 DG� (kJ mol�1) DH� (kJ mol�1) DS� (J mol�1 K�1)

0.99 �35.719 �119.90 11.12
0.99 �36.918
0.99 �37.517
0.98 �38.117

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Contour map and three dimensional fluorescence spectra of interaction of HSA in the absence (A, B) and the presence (C, D) of micelles.
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Native HSA contains two negative peaks at 208 and 222 nm and
has an a-helical content of 67.45% � 0.73%.32,35 Aer serial
addition of micelles at concentrations of 2, 4, and 6 mM, the a-
helical content increased to 70.05% � 0.81%, 72.24% � 0.77%,
Fig. 7 Conformational change of human serum albumin induced bymice
presence of different concentrations of micelle (Dl ¼ 15 nm for tyrosine
HSA in the absence and presence of different concentrations of micel
concentrations of micelle (5 and 10 mg ml�1) with HSA.

This journal is © The Royal Society of Chemistry 2017
and 74.11% � 0.68%, respectively. However, the shape and
positions of the protein peaks were unaltered in the presence of
micelles. Thus, the increment in the a-helical content changed
the secondary structure of protein during interaction with
lle. (A, B) Synchronous fluorescence spectra of HSA in the absence and
residues Dl ¼ 60 nm for tryptophan residue). (C) Far-UV CD spectra of
le. (D) Attenuated total reflection FTIR spectra of HSA and increasing

RSC Adv., 2017, 7, 2392–2402 | 2399
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Fig. 8 Binding distance calculation by fluorescence resonance energy
transfer. Overlap of absorption coefficient spectra of micelles (A)
and the fluorescence emission spectrum of HSA (B).
([HSA] : [micelle] ¼1 : 1).

Fig. 9 Cellular uptake of micelles. HeLa and A549 cells were incubated

2400 | RSC Adv., 2017, 7, 2392–2402
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higher concentrations of micelle or the formation of an HSA–
micelle complex via hydrogen bonding or hydrophobic
interactions.36

Changes in protein secondary structure during interaction
with other small molecules can also be analyzed by FTIR spec-
troscopy. Amide I and II frequencies of HSA are sensitive to such
changes; the amide I band occurs in the region 1600–1700 cm�1

mainly due to C]O stretch, while the amide II peak occurs in
the region of 1500–1550 cm�1 due to C–N stretch coupled with
N–H bending.37,38 The FTIR spectrum of HSA complexed with
a micelle revealed no shis in the amide I and II peaks,
although their respective intensities increased (Fig. 7D), indi-
cating that the secondary structure of HSA is slightly altered by
interaction with micelles, consistent with the CD results.
3.5 FRET

The binding distance between donor–acceptor pairs can be
calculated based on Förster non-radiative energy transfer. The
with micelles for 24 or 72 h.

This journal is © The Royal Society of Chemistry 2017
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distance between HSA and the micelle is approximated by the
distance between the Trp214 residue in the protein and the
micelle surface. The rate of energy transfer depends on
following factors: (i) the absorption spectrum of the acceptor
overlaps with that of the donor; (ii) donor and acceptor mole-
cules are separated by a distance of #2–8 nm; and (iii) the
relative orientation of donor and acceptor transition dipoles. A
signicant overlap was observed between the emission spec-
trum of HSA and the absorption spectra of micelles (Fig. 8).
According to the Förster theory of non-radiative energy transfer,
the energy transfer efficiency, E, can be calculated as,39,40

E ¼ 1� F

F0

¼ R0
6

R0
6 þ r6

(9)

where F and F0 are the uorescence intensity of HSA in the
presence and absence of the micelle, respectively; r is the actual
distance between donor and acceptor molecules; and R0 is the
critical distance when the efficiency is around 50% (ref. 41) –
that is,

R0 ¼ 9.79 (K2N�4fDJ)
1/6 (10)

here, K2 is the spatial orientation factor between the donor and
acceptor dipoles; K2 ¼ 2/3; N is the refractive index of the
medium (1.336); f is the quantum yield of the donor alone
(0.118);42 and J is the overlap integral of the emission spectrum
of the donor and absorbance spectrum of the acceptor.
According to the Förster theory, values of R0, J, and E were
calculated as 1.12 nm, 1.12 � 106 M�1 cm�1 nm4, and 0.011,
respectively. The value of r (¼ 2.37 nm) for the micelle was less
than the theoretical range (�2–8 nm), indicating that the
quenching of HSA by micelles is a non-radiative energy transfer
process. As such, there is a high probability of FRET between
protein and micelle.

3.6 Uptake of micelle-QDs by cancer cells

The uptake of QD micelles by cultured cancer cells was exam-
ined by confocal microscopy (Fig. 9). Within 24 h of exposure to
micelles dissolved in HPLC water, cells accumulated micelles in
the cell membrane and cytoplasm with high signal intensity.
Aer 72 h of continuous incubation with micelles, the micelle
uorescence intensity from the cells was good. To verify cellular
uptake of micelles, cells were harvested aer 72 h of incubation
with micelles using trypsin–EDTA solution and then reseeded.
Aer an additional 72 h, uorescence was observed in divided
cells (Fig. S5†), indicating that QD micelles are highly stable in
cancer cells and maintain both their micelle and uorescence
properties.

4. Conclusion

The present study described the properties and demonstrated
the application of magneto-uorescent CdSe/ZnS QD micelles
for in vitro imaging and blood plasma protein binding studies.
Even at a high concentration (25 mg ml�1), micelles of various
diameters were non-toxic to HeLa and A549 cells. We used
117.87 � 2.55 nm-sized micelles for in vitro imaging, since
This journal is © The Royal Society of Chemistry 2017
smaller particles are more readily taken up by cancer cells via
blood vessels near the tumor site. In order to assess the
potential for in vivo applications, we analyzed the interaction of
micelles with the blood plasma protein HSA using different
optical spectroscopic techniques. We found that the interaction
was stabilized via hydrogen bonding, electrostatic forces, and
hydrophobic interaction, with no obvious structural changes to
the protein. Our ndings indicate that CdSe/ZnS QD micelles
can be useful for long-term imaging of biological samples by
uorescence microscopic methods.
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