
Breaking of the Phosphodiester Bond: A Key Factor That Induces
Hemolysis
Tiantian Wang†,‡ and Xiue Jiang*,†

†State Key Laboratory of Electroanalytical Chemistry, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,
Changchun 130022, China
‡Graduate University of Chinese Academy of Sciences, Beijing 100049, China

*S Supporting Information

ABSTRACT: In-depth understanding the toxicity of nano-
materials in red blood cells (RBCs) is of great interest, because
of the importance of RBCs in transporting oxygen in blood
circulation. Although the toxic effects of nanoparticles in RBCs
have been revealed, the conclusions from the literature are
conflicting, and in particular, the toxic mechanism is still at the
infant stage. Herein, we investigated the size-dependent
toxicity of well-known CdTe semiconductor quantum dots
(QDs) and revealed the exact toxic mechanism at the
molecular level by confocal microscopy and Fourier transform
infrared (FT-IR) spectroscopy techniques. We found that
smaller mercaptosuccinic acid-capped CdTe QDs (MSA-QDs)
with the green-emitting color could cause hemagglutination whereas the middle-size yellow-emitting MSA-QDs induced the
formation of stomatocytes and echinocytes and the bigger size red-emitting MSA-QDs induced heavy hemolysis and the
formation of lots of ghost cells. The FT-IR data proved that all the MSA-QDs were likely to bond to the RBCs membranes and
caused the structural changes of lipid and protein in RBCs. But only the red-emitting MSA-QDs caused the breakage of the
phosphodiester bond, which might cause the heavy hemolysis. To some extent, this is the first example that reveals the hemolysis
mechanism at the molecular level.
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1. INTRODUCTION

With the application of nanomaterials in drug delivery systems,
RBCs are often exposed to nanomaterials,1−3 which always
causes the hemolysis of RBCs. Therefore, the toxicity of
nanomaterials in RBCs has been widely investigated. The
factors that influence the hemolytic activity involve the particle
size,4−6 geometry,2 concentration,5 composition,1 surface
modifications,5 and the surrounding environment.6 Since the
particle size is one of the key factors that decides if the particles
can be recognized and cleared away by mononuclear phagocytic
system, the study of size-dependent hemolysis is extremely
important for the application of nanoparticles in nanomedicine.
Some researchers reported that smaller nanoparticles with a
larger surface area were more hemolytic than larger ones.4−6

However, Zhao et al. found that larger nanoparticles exhibited
greater hemolytic activity than smaller ones.3 In order to study
the hemolysis mechanism of nanoparticles, some researchers
observed the nanoparticles-induced morphological changes of
RBCs.1,3 They found that hemolysis was induced by the
damage to cell membranes, such as pores1 and echinocytes
formation.3 Nevertheless, these conflicting results stress the
need for in-depth research on the mechanism that controls the
hemolysis.

The factors that control the shape of RBCs include the
content of ATP7−9 and the structure of phospholipid bilayer
and spectrin in membranes.10,11 For in-depth understanding of
the hemolysis mechanism, a study of nanoparticle-induced
structural changes of RBCs is necessary, in addition to the
observation of morphological transformation. Unfortunately,
this has been given little attention, although many researchers
have studied the hemolytic activity of many types of
nanomaterials.2,4−6,12−14 FT-IR spectroscopy has been proven
to be a powerful analytical method in studying the molecular
conformational order of biological membranes.15−18 Because of
the great ability of FT-IR spectroscopy in detecting the global
biochemical information on the intact cells, it has been
successfully used in distinguishing differences among cell
populations.19−23 However, FT-IR spectroscopy has been
used less in studying the nanomaterial-induced hemolytic
phenomenon until now, except that we have employed surface-
enhanced FT-IR spectroscopy to study the interaction of QDs

Received: June 17, 2014
Accepted: July 15, 2014
Published: July 15, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 129 DOI: 10.1021/am503865g
ACS Appl. Mater. Interfaces 2015, 7, 129−136

www.acsami.org
http://dx.doi.org/10.1021/am503865g


with model membranes prepared on solid supports,24 whereas
model membranes cannot truly reflect the real cells.
In addition, semiconductor QDs have been widely used in

biomedical applications as probes for in vitro25 and in vivo
imaging26 including vascular imaging.27 The small size enables
them to overcome, or even avoid, various biological barriers
and invade living organisms. Therefore, there are increasing
concerns with regard to the nanotoxicity of semiconductor
QDs. Although the toxicity of QDs has been studied in many
works,28−31 their size-dependent hemolytic effect on RBCs has
not been reported as far as we know. Here, we selected MSA-
QDs as model QDs to study the size-dependent toxicity of
QDs in RBCs via hemolysis testing, since the aqueous synthesis
of the QDs with small ligand as stabilizer makes it easy to get
various diameters. The observation of confocal microscopy
revealed that the particles of different sizes would cause
different changes in the shape of RBCs, and the corresponding
structural changes of RBCs membranes were analyzed by FT-
IR spectroscopic approach. On the basis of these correlating
results, we could reveal that the breaking of the phosphodiester
bond might be the key factor that induced hemolysis.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Mercaptosuccinic Acid-Capped CdTe

Quantum Dots (QDs) and Physicochemical Properties.
The mercaptosuccinic acid-capped CdTe QDs were prepared
as the reported procedures.32,33 Briefly, 4 mL of 0.04 mol L−1

cadmium chloride (CdCl2) aqueous solution was diluted to 50
mL in a one-necked flask, and then 100 mg of trisodium citrate
dihydrate, 4 mL of 0.01 mol L−1 Na2TeO3 (Aldrich) aqueous
solution, 50 mg of mercaptosuccinic acid (MSA, Aldrich), and
50 mg of sodium borohydride (NaBH4) were added together
into the one-necked flask under stirring. After the solution
gradually changed to a yellow color, the flask was attached to a
condenser and refluxed at 100 °C in open air. The green-,
yellow-, and red-emitting MSA-QDs were obtained after
refluxing for ∼1.5, 5, and 12 h, respectively. The as-prepared
MSA-QDs solution was mixed with absolute alcohol at a
volume ratio of 1:3 and separated by centrifugation at 10 000
rpm for 20 min. The precipitation was evaporated in a vacuum
case overnight, and dispersed in phosphate buffered saline
(PBS, pH 7.4) as a stock solution and kept at 4 °C. The as-
prepared MSA-QDs were characterized by a Cary 500 Scan
ultraviolet−visible (UV-vis) spectrophotometer (Varian, USA)
and a Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon,
Inc., France), respectively. The hydrodynamic sizes were
characterized by fluorescence correlation spectroscopy using a
home-built setup.34 The zeta potential (ζ) was determined
using a Zetasizer (ZEN3600, Malvern Co., U.K.).
2.2. Hemolysis Assay. RBCs were obtained from multiple

healthy adult volunteers in the Hospital of Integrated
Traditional and Western Medicine in Jilin province. Whole
blood was centrifuged at 4000 rpm for 3 min to remove plasma,
buffy coat, and the top layer of cells. The remaining cells were
washed five times with sterile PBS. After that, 200 μL of packed
RBCs were diluted to 3 mL with PBS. Then, 200 μL of the
RBCs taken from the 3 mL stock solution were mixed with 800
μL of the green-, yellow-, and red-emitting MSA-QDs in PBS at
a final concentration of 500 μg mL−1, respectively. The negative
and positive control samples were prepared by mixing 200 μL
of RBCs suspension with PBS and water respectively, instead of
MSA-QDs solution. The mixtures were incubated in a
humidified incubator at 37 °C, 5% CO2 for 3 h, and then

centrifuged at 1000 rpm for 5 min. The supernatant was used
for UV-vis measurements. The percentage of the hemolytic
RBCs was calculated using the following formula:

=
− −

−
×−

+ −

A A A
A A

percent hemolysis (%) 100s n

where As is the sample absorbance and An is the nanoparticle
absorbance; A+ and A− are the positive control and negative
control absorbances, respectively.

2.3. Cellular Images. After the supernatant was removed
for UV-vis measurements, the sediment RBCs were washed
three times with PBS and resuspended in 2 mL of PBS. Then,
800 μL of the suspension was introduced into a 35-mm tissue
culture dish (NEST Biotech Co., Ltd., China). After 20 min of
culture at room temperature, the cells were washed with PBS
and imaged by confocal laser scanning fluorescence microscope
(CLSM, Leica TCS SP2, Leica Microsystems, Mannheim,
Germany) with 100× objective in the bright field.

2.4. FT-IR Spectroscopy. Alternatively, after removing the
supernatant and washing three times, 10 μL of the sediment
RBCs were spread uniformly on the surface of an attenuated
total reflectance (ATR) accessory with a silicon crystal. Cells
were then dried at room temperature under airflow for 20 min.
All ATR−FT-IR absorption spectra were recorded with a
spectrometer (IFS 66v/s, Bruker, Ettlingen, Germany)
equipped with a liquid-nitrogen-cooled MCT detector. For
each spectrum, 256 scans were collected with a spectrum
resolution of 4 cm−1. The spectrum was corrected by
subtraction of absorption band of vaporized water in the
atmosphere. In order to enhance spectral resolution, some
spectra were decomposed by Gaussian curve-fitting analysis
using the OPUS 5.0 software. The positions of the component
bands determined by the second-derivative peaks were set as
the initial input parameters, and the program iterated to achieve
the best Gaussian-shaped curves. The relative amounts of
different compositions were calculated from the integrated
areas of the component bands.
The experimental setup for surface-enhanced FT-IR spec-

troscopy and procedures for preparing Au film as enhanced
substrate have been described elsewhere.35−37 After Au film
preparation, the Au film was immersed in 1 mM 1-
dodecanethiol (DT, Sigma−Aldrich) dissolved in ethanol for
1 h, and the signal was recorded with pure ethanol as reference.
After the substrate was sequentially washed with ethanol and
double-distilled water three times, 200 μL of double-distilled
water was added for the reference measurement. A sample
spectrum was measured after 750 μL of vesicle solution was
added for 3 h. After the substrate was washed sufficiently with
water, a reference spectrum was recorded upon the addition of
300 μL of water. Then, a sample spectrum was recorded after
100 μg mL−1 of MSA-QDs aqueous solution was incubated
with model lipid for 3 h. As contrast experiment, we also
measured the spectra of MSA-QDs after 100 μg mL−1 of MSA-
QDs aqueous solution was added to Au film for 3 h with water
as reference.

2.5. Preparation of Lipid Vesicles. The supported lipid
bilayer membranes were prepared as the method described
previously.24 Egg phosphatidylcholine (egg PC), sphingomyelin
(SM), dioleoylphosphoethanolamine (DOPE), dioleoylhospha-
tidylserine (DOPS), and cholesterol (Sigma−Aldrich, St. Louis,
MO) were mixed in ratios of 1:1:1:1:2 (by weight). The
mixtures were suspended in chloroform, and the solvent was
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removed in a N2 stream to initiate the formation of a thin lipid
layer, followed by the treatment in a vacuum chamber for 30
min for removing the solvent thoroughly. Double-distilled
water was added to yield a final concentration of 1.5 mg mL−1.
Sonication (Kunsan Instrument, Jiangsu, China) at 40 °C for 1
h yielded a clear solution. The vesicles were always used within
24 h after preparation.

3. RESULTS AND DISCUSSION
3.1. Size-Dependent MSA-QDs Hemocompatibility. In

order to investigate the size-dependent hemolytic activity, we
synthesized green-, yellow-, and red-emitting MSA-QDs with
diameters of 2.3, 3.5, and 5.4 nm, respectively, and nearly the
identical zeta potential. The physicochemical properties of
these nanoparticles are compiled in Table 1. To evaluate the

effects of the particle size on the hemolytic behaviors of MSA-
QDs on human RBCs, we performed the hemolysis assay by
detecting the absorbance of the released hemoglobin from
hemolytic RBCs using UV-vis spectrometer. Since the
absorption of the three MSA-QDs was in the range of the
hemoglobin, the absorption spectrum of the corresponding
MSA-QDs at the same concentration to the samples were
determined and subtracted from the sample absorption
spectrum. The results are shown in Figure 1. The absorbance
of the released hemoglobin from the green-, yellow-, and red-
emitting MSA-QDs treating RBCs increased in turn, indicating
that the larger MSA-QDs exhibited higher hemolytic activity
than the smaller ones. The trend is similar to that of recently
reported mesoporous silica nanoparticles regarding size.3 Up to
63.36% hemolysis was determined for the red-emitting MSA-
QDs treating RBCs at 500 μg mL−1, while yellow-emitting
MSA-QDs only resulted in 7% hemolysis. The green-emitting
MSA-QDs even showed a good hemocompatibility, since only
0.14% hemolysis was determined at 500 μg mL−1.
For identifying the effects of the released Cd2+ ion and

ligand, we estimated their amounts in the samples after
incubating with RBCs for 3 h. The Cd2+ concentration was
determined by differential pulse anodic stripping voltammetry
(DPASV). The peak currents were linear with the Cd2+

concentrations (see Figure S1 in the Supporting Information).
After calculation, the concentrations of the released Cd2+ were
12.63, 6.26, and 13.56 μg mL−1 in green-, yellow-, and red-
emitting QDs treating RBCs samples, respectively. We
estimated the hemolytic activity of Cd2+ at different
concentrations, and found that Cd2+ would not induce obvious
hemolysis, even when the concentration was up to 100 μg
mL−1 (Figure S3A in the Supporting Information). Alter-
natively, we also detected the amounts of released MSA in
RBCs treated by MSA-QDs with different sizes using Ellman’s
test, which is a standard method for the determination of free
thiol (Figure S2 in the Supporting Information). The calculated
concentrations of MSA in all three samples were <0.5 mM. The
hemolytic activity of MSA with different concentrations were
also evaluated by using UV-vis spectroscopy (Figure S3B in the

Supporting Information), which indicates the good hemocom-
patibility of MSA at <2 mM. These results excluded the effects
of released Cd2+ and MSA on the hemolytic activity of MSA-
QDs with different sizes.

3.2. Observation of Morphological Changes of RBCs
by Confocal Microscopy. Figure 2 shows the confocal
images of RBCs that were treated with different MSA-QDs for
3 h. In comparison with the control RBCs (Figure 2A), the
hemagglutination was induced by exposure of RBCs to the
green-emitting MSA-QDs. Most of the RBCs aggregated

Table 1. Physicochemical Properties of MSA-QDs

quantum dot λabs (nm)
a λem (nm)b ζ-potential (mV) diameter (nm)

red 595 624 −18.58 ± 1.02 5.4 ± 0.2
yellow 544 568 −22.48 ± 0.78 3.5 ± 0.3
green 530 549 −22.72 ± 2.23 2.3 ± 0.2

aTypical absorption band. bEmission maximum. Figure 1. Hemolysis assay for size-dependent MSA-QDs, using water
as a positive control (+, blue line) and PBS as a negative control (−,
black line). 500 μg mL−1 of the green-emitting (G, green line), yellow-
emitting (Y, dark yellow line), and red-emitting (R, red line) MSA-
QDs were incubated with RBCs for 3 h and the mixtures were
centrifuged to detect the presence of hemoglobin in the supernatant
visually (A) and the absorption at 542 nm (B) with absorbance at 650
nm as reference.

Figure 2. Confocal images of RBCs incubated with (A) PBS, (B) the
green-emitting, (C) yellow-emitting, and (D) red-emitting MSA-QDs
at a concentration of 500 μg mL−1 for 3 h. Scale bar = 10 μm.
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together without serious destructive effect (Figure 2B). Unlike
the green-emitting MSA-QDs, the yellow-emitting ones caused
stomatocytes and echinocytes (Figure 2C). In accordance with
the result of the hemolysis assay, many ghost cells were
observed after RBCs being incubated with the red-emitting
MSA-QDs. Except the ghost cells, some other aberrant cells
were also observed (Figure 2D). Several grooves appeared on
the surface of RBCs, as reported observation when exposing
RBCs to Ag NPs.1 The formation of these pits might be the
outset of membrane damage that would result in pores. As a
control experiment, we also estimated the effects of released
Cd2+ ion and MSA on the shape of RBCs, and found that both
of the released Cd2+ ion and MSA would not change RBCs
morphology (Figure S4 in the Supporting Information). Zhao
et al. have attributed the particle-induced hemolysis of RBCs to
the membrane deformation, leading to an echinocytic shape
transformation.3 The inability to maintain their normal shape
will ultimately lead to the destruction of these cells and result in
heavy hemolysis.3 However, according to our study, the shape
transformation is not the main reason that induces the severe
hemolysis since the yellow-emitting MSA-QDs only resulted in
7% hemolysis although they also induced an echinocytic shape
transformation. This suggests an underlying hemolysis
mechanism in addition to the formation of echinocytic shape.
3.3. Structural Changes of RBCs Membranes. For

revealing the underlying toxic mechanism of MSA-QDs in
RBCs regarding size, we measured the ATR−FT-IR spectra of
the corresponding RBCs in accordance with Figure 2. Figure
3A shows the FT-IR spectra of RBCs incubated with PBS
(black), green-emitting (green), yellow-emitting (dark yellow)
and red-emitting (red) MSA-QDs for 3 h in the CH stretching
region. The bands at 2852 and 2928 cm−1 are assigned to the
symmetric (νs) and asymmetric (νas) CH2 stretching mode of
the methylene chains in membrane lipids. The bands at 2871
and 2958 cm−1 come from the symmetric and asymmetric

stretching mode of the CH3 groups in membrane lipids and
proteins.24,35 Upon the reaction of MSA-QDs, the green- and
yellow-emitting MSA-QDs only induced slight blue-shift of the
νs(CH3) to 2873 cm−1, while the red-emitting MSA-QDs
induced the blue-shift of the νs(CH2) and νas(CH2) to 2857
and 2930 cm−1 in addition to the blue-shift of the νs(CH3).
This indicates that the red-emitting MSA-QDs have a profound
effect on the conformation of RBCs lipid. Figure 3B shows the
corresponding FT-IR spectra in the fingerprint region from
1800 cm−1 to 1000 cm−1. The spectra between 1480 cm−1 and
1700 cm−1 were divided by 3 in order to improve the resolution
from 1480 cm−1 to 1000 cm−1. In the spectra of control RBCs
(black), the band at 1734 and 1718 cm−1 are attributed to the ν
(CO) of phospholipids, cholesterol esters, and glycerides of
RBC membranes.22 After treating cells with the green- and
yellow-emitting MSA-QDs, these peaks were significantly
affected, while they were not affected after treating cells with
the red-emitting MSA-QDs. These results indicate that smaller
green- and yellow-emitting, but not red-emitting QDs had
strong interaction with carbonyl groups of the RBCs
membranes. The bands at 1367 and 1341 cm−1 are from the
wagging vibration of methylene fragments in the kink and end-
gauche conformations of RBC membrane.38 After the cells
being treated with the three MSA-QDs, only the red-emitting
QDs led to the disappearance of the peak at 1367 cm−1 and
intensive band at 1341 cm−1, suggesting a bigger disturbance in
the conformers of lipid. The bands in the region of 1145−1000
cm−1 are mainly assigned to the vibration of lipid,
polysaccharides, and glucose.22 The bands at 1127 and 1055
cm−1 have been assigned to C−O stretching vibration ν(C−O)
in glucose, lactic acid, and polysaccharides.22,39 It is obviously
seen that the interaction of the green- and yellow-emitting
MSA-QDs, especially the green-emitting MSA-QDs resulted in
apparent decrease of the two peaks in their intensity, suggesting
the strong interaction of smaller green- and yellow-emitting
MSA-QDs with glycocalyx. The band at 1090 cm−1 has been
assigned to symmetric vibration of PO2

−, νs (PO2
−), coupled

with C−O stretching in sugar.22 Here, we preferred to assign
this peak mainly to the νs(PO2

−) since the peak position was
consistent with that observed at the model membranes (Figure
4A). The peak shifted to lower wavenumber after treating cells
with the three MSA-QDs, which might be caused by the
formation of hydrogen bonds between MSA-QDs and
phosphate groups of the lipid. It is worth noting that only
the interaction of the red-emitting MSA-QDs resulted in a new
peak at 1013 cm−1 and intensive band at 1150 cm−1 (Figure
3B). It has been reported that the coordination of the
phosphate O atom with titanium on the surface of titania
nanoparticles resulted in the similar peaks at ∼1150 and 1004
cm−1, and red-shift of the νs(PO2

−), assigned to the three P−O
stretching modes of phosphate-titanium complex.40,41 There-
fore, we deduced that the interaction of the red-emitting MSA-
QDs with RBCs membrane might also form the phosphate−
cadmium complex. Meanwhile, we also observed an intensive
peak at 1107 cm−1 after the red- and yellow-emitting (especially
the red-emitting) MSA-QDs interacting with RBCs, which has
been assigned to asymmetric stretching vibration of PO3

2−,
νas(PO3

2−).42 This suggests that part of the phosphate ester
bonds were broken to form terminal phosphoryl groups due to
the interaction of the red-emitting MSA-QDs. This might cause
the pore formation of lipid membrane of RBCs and subsequent
hemolysis. The strong effect of the red-emitting MSA-QDs on

Figure 3. FT-IR spectra of RBCs (A) at the CH stretching region and
(B) at the fingerprint region after incubating with PBS (black) as a
control, and 500 μg mL−1 MSA-QDs with emitting color of green
(green), yellow (dark yellow), and red (red) for 3 h.
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the lipid membrane should also induce a bigger disturbance in
the conformation of lipid as discussed above.
To further strengthen the evidence that the red-emitting

MSA-QDs-induced damage to the RBCs lipid and eliminate the
disturbance of other components in this region, we measured
the vibrations of MSA-QDs-treated model membranes formed
on solid support by surface-enhanced FT-IR spectroscopy.
Vesicles with the lipid contents as similar as that in RBCs
membranes were fused on a solid support by the hydrophobic
interaction between the vesicles and the hydrophobic surface of
a self-assembled monolayer of DT preadsorbed on a gold
film.24 The surface-enhanced FT-IR absorption spectrum
(SEIRAS) of the model membrane in the region of 1000−
2000 cm−1 is shown in Figure 4A (black), taking the DT-
modified Au surface immersed in aqueous solution as reference.
The typical band at 1733 cm−1 due to the CO stretching
vibration of the lipid indicates the formation of the model
membrane by vesicle fusion. The band at 1092 cm−1 is from νs
(PO2

−). To study the effects of MAS-QDs on lipid membrane,
the SEIRAS of lipid membrane exposed to MSA-QDs regarding
size was recorded. A broad peak at 1656 cm−1 was observed
after the lipid membrane being exposed to the three MSA-QDs.
In comparison with the SEIRAS of the control MSA-QDs,
which shows a strong peak at 1582 cm−1 and two shoulder
peaks at 1656 and 1733 cm−1 assigned to asymmetric stretching
of COO− and symmetric stretching of CO,43 the broad peak
at 1656 cm−1 should be assigned to the νs(CO) of
protonated carboxylic acid coupled with OH bending vibration
of water. This suggests that the free COO− groups of the MSA-
QDs may participate in hydrogen bonding when QDs interact
with lipid membrane, irrespective of size. However, the spectra
changes at the region of 1000−1200 cm−1 are apparently

different. The spectra in this region should come from the weak
absorption of adsorbed MSA-QDs (control QDs) and the
enhanced phosphate vibration due to the formation of an inner-
sphere complex with nanoparticles. If they mainly came from
the adsorbed MSA-QDs, they should have spectra similar to
that of the adsorbed MSA-QDs in the region of 1400−1800
cm−1, irrespective of size. Therefore, the difference in the
spectra should mainly come from different vibrational changes
of the phosphate-ester bond due to the reaction of different
MSA-QDs. Exposure of the three MSA-QDs, especially the red-
emitting MSA-QDs, resulted in an apparent red-shift of the
maximum peak to 1084 cm−1, indicating their interactions with
phosphate group of the lipid. Besides, the interaction of the red-
emitting MSA-QDs also induced a new peak at 1007 cm−1,
because of the νs(P−O) of coordinated phosphate groups.41

Meanwhile, we also observed a peak at 1043 cm−1 after the
yellow- and red-emitting MSA-QDs interacting with model
membranes. Especially for the red-emitting MSA-QDs, we
observed a broad peak at ∼1043 cm−1 after their interaction,
which has been assigned to symmetric stretching vibration of
PO3

2−, νs(PO3
2−). These results indicate that the red-emitting

MSA-QDs induced most serious damage to the phosphate-ester
bond of lipid. Some of phosphate ester bonds were broken to
form terminal phosphoryl groups.
Figure 4B shows the SEIRAS at CH stretching region.

Interaction of the green- and yellow-emitting MSA-QDs
induced a strong absorption at the position of νs(CH2) and
νas(CH2) and a weak absorption at the position of νs(CH3) and
νas(CH3). In stark contrast, interaction of the red-emitting
MSA-QDs induced a strong νas(CH3) and νs(CH3) absorption
at higher wavenumber, in addition to the absorption at the
position of νs(CH2) and νas(CH2). Since the SEIRAS of control
MSA-QDs also shows strong absorption at the position of
νs(CH2) and νas(CH2), it is difficult to judge the spectroscopic
character in these two positions. However, the MSA-QDs-
induced νas(CH3) and νs(CH3) vibrations that were not
existent in the SEIRAS of control MSA-QDs should reflect
the interaction between QDs and CH3 groups of lipid. The free
COO− group on the surface of MSA-QDs may form a
hydrogen bond with the H atom of the CH3 groups of lipid.
Obviously, bigger red-emitting MSA-QDs have the strongest
ability to form hydrogen bonds with the H atoms of lipids.
The amide I band of protein often reflects quantitative and

qualitative relationships between the various secondary
structures in protein.21,44,45 The proteins of RBCs are mainly
composed of ∼90% hemoglobin and ∼10% spectrin, which is a
skeletal membrane protein.22 For analyzing the variety of the
secondary structure quantitatively, we decomposed the amide I
band by Gaussian curve-fitting, as shown in Figure 5A. The
main band centered at 1652 cm−1 has been assigned to the α-
helix, the bands at 1620−1637 cm−1 are attributed to β-sheet,
and the bands at 1673−1684 cm−1 are attributed to β-turn,
respectively.46 The proteins in the control RBCs have ∼70% α-
helix, ∼19% β-sheet, and ∼11% β-turn (Figure 5B). After
incubating RBCs with the green- and yellow-emitting MSA-
QDs for 3 h, the content of α-helix was sequentially decreased
with the increase of the β-sheet structure. However, incubating
with the red-emitting MSA-QDs resulted in slight increase of α-
helix and decrease of β-sheet, in comparison to the protein
secondary structure in yellow-emitting QDs treated RBCs.
However, overall, the contents of α-helix and β-sheet are still
different from the contents of protein secondary structure in
the control RBCs. The structural changes of the proteins in the

Figure 4. (A) SEIRAS of vesicles containing the lipids of RBCs
membrane adsorbed on the DT-modified gold surface (black), the
lipid/DT modified gold surface treated by green-emitting (green),
yellow-emitting (dark yellow), red-emitting (red) MSA-QDs, and
MSA-QDs adsorbed on the gold surface (blue). (B) SEIRAS at CH
stretching region of the lipid, MSA-QDs-adsorbed lipid, and control
MSA-QDs as stated in panel A.
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cells might be one of the reasons that caused the RBCs shape
changes. We also detected the ATP content in RBCs after being
treated with MSA-QDs for 3 h (Figure S5 in the Supporting
Information). Treating RBCs with the yellow-emitting MSA-
QDs resulted in the significant decrease of the ATP content,
which might be one of the reasons that caused the shape
transformation of RBCs, however the contribution of the red-
emitting MSA-QDs-induced decrease in the ATP content was
difficult to identify, since it might result from the hemolysis-
induced leakage, together with hemoglobin.
As shown in Scheme 1, during the interaction of MSA-QDs

with RBCs, the hydrogen bond between the free COO− groups
at the surface of MSA-QDs and the lipid membrane might be
formed, irrespective of size. When smaller green- and yellow-
emitting MSA-QDs (especially the green-emitting MSA-QDs)
approach the RBCs, most of them may have a strong
interaction with glycocalyx by forming hydrogen bonds, and
part of them may enter the gaps between the long biopolymer
chains and interact with outer membrane proteins. For bigger
red-emitting QDs, most of them may escape from the capture
of glycocalyx and interact with the lipid. They have the
strongest ability to form hydrogen bonds with lipids and cause
a bigger disturbance in the conformers of lipids. Besides, they
break the phosphate ester bond to form a terminal phosphoryl

group and a phosphate−cadmium complex, which might cause
the pore formation in lipid membrane of RBCs and subsequent
hemolysis. The difference in the interaction models for smaller
and bigger MSA-QDs might come from the difference in their
surface energy regarding size.

4. CONCLUSIONS
This study demonstrated that the nanoparticles of different
sizes would induce different red blood cell (RBC) toxicity. The
green-emitting QDs induced hemagglutination. The yellow-
emitting QDs induced slight hemolysis, although many
stomatocytes and echinocytes were formed. The red-emitting
QDs induced heavy hemolysis and the formation of many ghost
cells. The structural changes in the RBCs were detected by
Fourier transform infrared (FT-IR) spectroscopy to further
understand the hemolysis mechanism. The results indicated
that the MSA-QDs interacted with RBCs via hydrogen
bonding, irrespective of size. The green- and yellow-emitting
QDs had strong interactions with cellular glycocalyx, while the
red-emitting QDs broke the phosphate ester bond and caused
bigger changes of lipid conformation. The secondary structure
transformation of proteins in RBCs after incubation with MSA-
QDs might be related to shape changes in the RBCs. The
hemolysis most probably depends on the damage to the
phosphate ester bond of lipid. To some extent, our results
provide the molecular basis for the hemolysis mechanism for
the first time.
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Figure 5. (A) Curve-fitting spectra of the amide I band of proteins in
RBCs after being treated with PBS as a control and MSA-QDs with
emitting color of green (green), yellow (yellow), and red (red) for 3 h
fitted with Gaussian curves. (B) Fraction of the protein secondary
structure as determined by quantitative curve-fitting analysis. The
value was obtained from two or three experiments; error bars indicate
standard deviations from the mean.

Scheme 1. Schematic of Possible Interaction of MSA-QDs
with RBC Membrane
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