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G
old nanoparticles (AuNPs) are of
particular interest for widespread
use in biology and medicine owing

to their ease of synthesis, flexible surface
modification and bioconjugation, chemical
inertness, low innate cytotoxicity, and tunable
optical and electronic properties (such as ab-
sorption, fluorescence, and conductivity).1�4

One of the most promising biomedical appli-
cations of AuNPs is exploited as intracellular
delivery vectors for either drugs or genes.
Several attempts have been made to use
AuNPs for gene delivery and transfection
purposes.5�11 For example, Klibanov and
Thomas have demonstrated that polyethyle-
nimine (PEI, 2 kDa)-conjugated AuNPs deliver
plasmidDNA to COS-7 cellsmore efficiently as
compared to PEI alone.5 Mirkin et al. devel-
opedgoldnanoparticle�oligonucleotidenano-
conjugates as intracellular gene regulation
agents for the control of protein expression in
cells.6 Amine-functionalized AuNPs developed
by Rotello's grouphavebeendemonstrated to
efficiently deliver DNA plasmids to mamma-
lian cells.7�9 Particularly the introduction of
lysine-containing ligands enhances the gene
transfection efficiency considerably, approxi-
mately 28-fold higher than poly lysine for
in vitro transfections.10 In theabove-mentioned
cases colloidal AuNPs have been synthesized
by the classical citrate or borohydride (NaBH4)
reduction of chloroaurate followed by ligand
exchange with suitable organic molecules or
biomolecules; alternatively, they are also pre-
pared by reducing chloroaurate in the pre-
sence of capping agents as desired. In both
cases, however, the production of AuNPs has
to use harsh reducing reagents such as NaBH4.
In addition, the ligand exchange strategy used
in order to introduce biologically functiona-
lized molecules more or less suffers from
particleaggregationand incompleteexchange
of ligands, which is unacceptable for bio-
medical applications. It thus remains a great

challenge todirectly synthesizemetallic nano-
particles including AuNPs using only bio-
molecules in a simple and straightforward
manner. Thesebiomolecule-conjugatedAuNPs
will no doubt be more advantageous for
biomedical applications including drug and
gene delivery.
Herein, we report that one-pot-synthesized

polypeptide-conjugated AuNPs (Figure 1A)
are ideal for gene delivery and efficient trans-
fection activity. In our strategy, positively
charged polypeptides (e.g., poly-L-lysine, PLL)
wereused to servenot only as cappingagents
but also as reductantswithout the need for an
external reducing agent. Functions and prop-
erties of the polypeptide are determined by

* Address correspondence to
xuehai.yan@mpikg.mpg.de;
jbli@iccas.ac.cn.

Received for review August 2, 2011
and accepted November 28, 2011.

Published online
10.1021/nn202939s

ABSTRACT

We present a general strategy to create polypeptide�gold nanoconjugates by a one-pot

synthesis approach, where polypeptides act not only as capping agents but also as reductants

for the formation of gold nanoparticles without the need of an additional reducing agent. The

present approach is environmentally benign, facile, and flexible for the design of functional

polypeptide�gold nanoconjugates. As a demonstration of as-synthesized nanoconjugates for

biomedical applications, the resulting positively charged polypeptide-conjugated gold

nanoparticles are applied for gene delivery. A gradual and prolonged intracellular uptake

and transfection is achieved, and transfection activity is maintained for almost two weeks with

no obvious cytotoxicity. The biologically based method presented in this work will provide a

new alternative in creating a variety of multifunctional polypeptide�metallic nanoconjugates

in a simple and straightforward manner, which will be more advantageous for their

applications in biomedicine.

KEYWORDS: peptide . gold nanoparticle . one-pot synthesis . gene transfection
. nanoconjugate . delivery vector
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the type and sequence of its constituent amino
acids.12�15 In this regard, the present strategy of
fabricating AuNPs using PLL can be readily expanded
to other polypeptides containing amino acids with
reduction capability,16�18 indicating a general suitability
for synthesis of AuNPs coated with various functional
polypeptides. To verify the versatility (or feasibility)
of polypeptide-conjugated AuNPs for biomedical ap-
plications, we studied the gene delivery and transfec-
tion activity in vitro using PLL-conjugated AuNPs. We
find that positively charged polypeptide-conjugated
AuNPs effectively bind and condense DNA via electro-
static interactions, serving as efficient DNA delivery
systems. Cell transfection studies show that polypeptide�
AuNP nanoconjugates apparently enhance the trans-
fection activity at a relatively low dosage (e.g.,
2.5 μg 3mL�1) without compromising cell viability. The
polypeptide�gold nanoconjugates synthesized by a
one-step strategy provide a new means to engineer
and develop delivery vectors for both drugs and genes.

RESULTS AND DISCUSSION

PLL with different molecular weight was used to
investigate the ability to reduce chloroauric acid
(HAuCl4) and stabilize the AuNPs formed. When an
aliquot of aqueous HAuCl4 solution was added to the
phosphate buffered saline (PBS) solution of PLL with low
molecular weight (LPL, 500�2000), a reddish-colored

solution was formed within 12 h at room temperature.
However, the solution color gradually turned to blue and
subsequently black and eventually resulted in the ag-
glomeration and precipitation of nanoparticles upon
standing within 2 days. Transmission electron micro-
scopy (TEM) images confirm thepresenceof nanoparticle
aggregates (Figure S1). This observation indicates that
LPL is potent in reducing HAuCl4, but fails to stabilize the
nanoparticles formed. To obtain water-stabilized and
well-dispersed gold nanoparticles, we thus selected PLL
with higher molecular weight to reduce HAuCl4. This is
based on the fact that more charges of PLL are available
for higher molecular weight, benefiting the stabilization
of AuNPs. In this case, however, we find that elevated
temperatures are essential for triggering the reaction due
to the stronger binding interaction between PLL and
HAuCl4. The reddish-colored solution containing AuNPs
(inset in Figure 1B) obtained as amixed solution compris-
ing HAuCl4 (1 mM) and PLL (1 mg 3mL�1) with medium
(MPL, 15�30 kDa) or high (HPL, 30�70 kDa) molecular
weight was incubated for 3 h in a 65 �C water bath. The
reddish color is ascribed to the surface plasmon reso-
nance (SPR) of AuNPs. The UV�vis spectrum (Figure 1B)
of MPL-conjugated AuNPs (MPL-Au) exhibits a SPR band
at 530 nm, further confirming the formation of AuNPs by
PLL. The TEM images (Figure 1C,D) show well-dispersed
AuNPs having an average diameter of 15 nm. The AFM
image in Figure 1E also indicates well-dispersed spherical
AuNPs. The size of MPL-conjugated AuNPs determined
by dynamic light scattering (DLS) shows a relatively
narrow distribution of 15 ( 7 nm (Figure 1F), in agree-
ment with the TEM analysis. Zeta potential measure-
ments reveal thatMPL-conjugatedAuNPs have apositive
surface charge (∼18 mV), suggesting the successful
capping of PLL onto the surface of AuNPs.
To gain further insight into AuNP formation by poly-

peptides, we collected the time-dependent UV�vis
spectra of mixed solutions of HAuCl4 (1 mM) and MPL
(1 mg 3mL�1) at a constant temperature of 65 �C
(Figure 2). Visually, the yellow color of the mixed solu-
tion faded gradually and changed to colorless in a few
minutes and eventually to cardinal redwhen the sample
was kept at 65 �C for 3 h. The corresponding UV�vis

Figure 2. UV�vis spectra obtained as a function of time
(time interval = 20 min) after adding HAuCl4 solution to an
aqueousMPL solution at 65 �C. The inset shows a plot of the
absorption at the maximum vs the time.

Figure 1. (A) Scheme of polypeptide-conjugated gold nano-
particles synthesized using the one-step strategy. (B) UV�vis
absorption spectrum of MPL-conjugated AuNPs and photo-
graph of an aqueous solution containing AuNPs (inset). (C,D)
TEM micrographs of AuNPs at low (left) and higher (right)
magnification. (E) AFM height image of AuNPs. (F) DLS size-
distribution diagrams of AuNPs.
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spectra reflect the timedevelopment of a SPR bandwith
a maximum initially at 537 nm and finally at 530 nm. In
comparisonwith theSPRpeak (530nm) ofAuNPs formed
ultimately, the slight blue-shift in the process of particle
growth may be due to the dynamic decomposition and
recombination of AuNPs during the reaction so as to
reach equilibrium.19 A plot of the respective SPR peak
versus time is given to further dissect the growth kinetics
of AuNPs. Apparently, the rate of particle formation is
relatively slow at the beginning and increases almost
linearly with time until reaching equilibrium (inset in
Figure 2). This result indicates that once gold nuclei are
formed, albeit slowly, they lead to fast growth of the
corresponding nanoparticles. The reduction of gold ions
by PLL is likely based on the mechanism of metal ion
inducedoxidationof amine tonitrite.19 Theaminogroups
at the side chains of PLL are assumed to be responsible
for the electron donation, analogous to the case of
amine-containing molecules in reducing gold salts.21,22

Taken together, these results imply that PLL with appro-
priate molecular weight can act as both reducing and
capping agent for synthesizing AuNPs. The spontaneous
formation of AuNPs is attributed to the direct redox
reaction between amino groups of PLL and gold salt ions
(AuCl4

�1). The stabilization of the resulting AuNPs is
guaranteed by a combination of steric and electrostatic
interactions of charged polypeptides.
To verify the general suitability of the present strat-

egy, the copolypeptide, poly(Phe, Lys) (PPL), was em-
ployed for the synthesis of AuNPs. As 5 μL of HAuCl4
(0.1 M) was added to a PBS solution of PPL with a final
concentration of 1mg 3mL�1 and incubated for 3 h at a
constant temperature of 65 �C, likewise, it is observed
that the solution color gradually turned red over time,
indicating the occurrence of AuNPs. This is further
evidenced by the TEM observation, revealing AuNPs
with an average size of 10 nm (Figure S2).
PLL-conjugated AuNPs (MPL-Au or HPL-Au) having a

positive charge show a potential to condense nega-
tively charged DNA. To validate the binding between
both, a standard ethidium bromide (EtBr)-DNA fluores-
cence quenching exclusion assay was carried out.23,24

EtBr is an intercalating agent commonly used as a
fluorescent tag. Upon attachment to DNA, the fluores-
cence intensifies almost 20-fold more than intercalat-
ing DNA with respect to the free state in solution. EtBr
can be extruded as DNA binds with delivery vectors
and quenches in solution. This is applicable to deter-
mine whether PLL-conjugated AuNPs bind DNA. The
EtBr displacement assay shows the fluorescence in-
tensity as a function of charge ratios of MPL to DNA
(Figure3). The decay of the EtBr-fluorescence intensity
with the increase of the MPL-Au proportion indicates
complexation between DNA and positively charged
MPL-Au nanoparticles.
On the basis of the above fluorescence quenching

exclusion assay, the charge ratio of 4:1 of PLL to DNA

was selected to prepare PLL-Au-DNA complexes,
which are formed via electrostatic attraction between
the phosphate groups of DNA and amino groups of the
PLL components (Figure 4). DLS shows that the ternary
complexes (MPL-Au-DNA or HPL-Au-DNA) have a
narrow size distribution with an average diameter of
1.2 and 1.5 μm, respectively (Figure S3A,B). The zeta
potential is around 12 mV for MPL-Au-DNA and 16 mV
for HPL-Au-DNA complexes, respectively. Compared to
the individual PLL-conjugated AuNPs, the increase of
size and the corresponding decrease of zeta potential
indicate the condensation between PLL-conjugated
AuNPs and DNA. In addition, it is clear that the increase
of the PLL molecular weight leads to an increase of the
zeta potential, which more likely facilitates the intra-
cellular uptake and thus enhances the transfection
efficiency.
The stability of PLL�gold nanoconjugates was also

assessed in the presence of biological media. As the
complexes of nanoconjugates (MPL-Au or HPL-Au) and
DNA were added to both Dulbecco's modified Eagle's
medium (DMEM) and bovine serum albumin (BSA), we
found that they are stable over 2 weeks (Figure S4).
In the case of DMEM only a slight change in size was
initially observed, whereas the particle size increase
when BSA was added accounts for an increase of
100 nm due to protein adsorption on the ternary
complexes via electrostatic attraction. As a control
experiment, we also inspected the size change of
MPL-DNA or HPL-DNA complexes under the same
conditions (Figure S4). A similar phenomenon was
observed indicating the stability of the complexes in
biological media. Namely, the components of the
biological media do not break the complexes formed
between nanoconjugates or individual PLL and DNA.
The results indicate that the polypeptides are strongly
bound to AuNPs to form the conjugates, and no
displacement occurs in the biological medium. Such
stability is favorable for their application in gene or
drug delivery.
Transfection experiments using the reporter gene,

green fluorescent protein plasmidDNA (gfpDNA), were
performed with NIH-3T3 fibroblast cells. Cells treated
with MPL-Au-DNA (Figure 5) or HPL-Au-DNA particles

Figure 3. EtBr displacement assay of PLL-conjugated
AuNPs binding DNA, showing the fluorescence intensity
as a function of PLL/DNA charge ratio.
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(Figure S5) over 2 days are found to be only slightly
transfected (Figure 5A). Significantly, most cells pre-
ferentially grew around the clusters of ternary com-
plexes, which were clearly observed after incubation
for 3 or 4 days. This probably originates from the
interaction between positively charged clusters and
the cellular plasma membrane that carries a negative
charge.10 As the cells proliferate, they are attracted to
the clusters and grow around and on top of them.
Furthermore, it is found that increased amounts of cells
fluoresce with increasing incubation time, indicating
increased levels of transfection activity. The transfec-
tion activity of ternary complexes is quantified in
comparison with naked DNA (DNA that is not
complexed) and individual MPL-DNA and HPL-DNA

complexes and commercial transfection reagent PEI-
DNA complexes (Figure 6A). The results show that
there is increased transfection activity when a low
concentration of complexes (2.5 or 5 μg 3mL�1) is
added to the cell culture compared to a higher dosage
(10 μg 3mL�1). In general, MPL-DNA, HPL-DNA, and PEI-
DNA complexes have increased transfection activity
within the first fewdays compared toMPL-Au-DNAand
HPL-Au-DNA complexes, which are found to have
prolonged transfection activity over 10 days. This is
most likely due to the increased number of clusters of
ternary complexes in cell culture medium preventing
cell growth within the first few days. Nevertheless, it
was found that within a week the cells are able to
spontaneously break apart the clusters and begin

Figure 4. Schematic illustration of positively charged polypeptide-conjugated AuNPs binding with DNA for intercellular
delivery.

Figure 5. Confocal images of transfected cells treated with
MPL-Au-DNA complexes for different times: (A) 2 days, (B)
3 days, (C) 4 days, (D) 6 days, and (E) 10 days. Left: confocal
fluorescence. Right: bright-field images. Scale bar is 50 μm.

Figure 6. Transfection activity (A) and cytotoxicity (B) stud-
ies of PLL-conjugated AuNPs for different incubation times
and particle dosages.
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proliferating and taking up the DNA and thus maintain
a longer tranfection activity. To gain further insight into
the prolonged transfection activity, we monitored the
cells transfected for 10 days (Figure 5E and Figure S5B).
It was found that the cells spread over the whole well
plate and a lot of green fluorescent proteins were
produced, indicating more cells were transfected. The
surprising prolonged transfection activity is ascribed to
the relatively larger clusters (or agglomerates) formed
between PLL-Au nanoconjugates and DNA with re-
spect to the PLL-DNA or PEI-DNA complexes. On the
one hand, the big clusters inhibit cell growth and
proliferation at the beginning. On the other hand, with
the cell proliferation, more and more small particles
are accessible due to disassembly of the big clusters
into smaller complexes through cellular enzymatic
degradation of the PLL. This process offers the
sustained release of PLL-Au-DNA complexes, thus
leading to gradual cellular internalization of DNA.
Both of these factors contribute to the prolonged
transfection via the use of polypeptide-conjugated
AuNPs. This observation implies that the polypeptide�
gold nanoconjugates are promising for gene trans-
fection, particularly in the aspect of prolonging
the transfection activity. As for the uptake mech-
anism of the complexes, it is assumed that endocy-
tosis is responsible for the intracellular uptake of
the complexes. There have been relationships found
between particle size and the endocytotic mech-
anism.25,26 It has been found that the pathway
can be shifted to lipid-raft-mediated (or caveolae-
mediated, a subtype of lipid-raft-mediated uptake)
internalization for micrometer-sized particles such
as the polystyrene beads (∼1 μm)25 and the poly-
electrolyte microcapsules (∼4 μm).27 As illustrated
above, the size distribution of the PLL-Au-DNA com-
plexes is approximately 1�2 μm; thus it can be
conjectured that these complexes are taken up
through an endocytotic mechanism.
Cytotoxicity of polypeptide-conjugated AuNPs as

potential delivery vectors was evaluated using a stan-
dard WST-1 reagent. Proliferation was studied using a
lactate dehydrogenase (LDH) assay (Figure 6B). It was
found that cell proliferation is strongly dependent on
the density of the complexes added to the cell culture.
When concentrations above 5 μg 3mL�1 were added to
the cell culture, cells sense that there is less room to
proliferate, leading to decreased levels of cell growth
with increased toxicity levels. Additionally, cells appear
to grow better within the first few days with complexes
that do not contain AuNPs. This ismost likely due to the
increased size and clustering of the complexes con-
taining AuNPs compared to those without AuNPs.
Viability studies show that cellular toxicity is directly
related to the concentration of complexes in cell
culture as well as their size and degree of clustering.
It is found that with increased MPL-Au-DNA and

HPL-Au-DNA concentration from 2.5 μg 3 cm
�2 to

15.0 μg 3 cm
�2, the toxicity increases 2-fold. It also

appears that with increased concentration of the com-
plexes, aggregation also increases, leading to higher
toxicity levels. When looking at the complexes with
AuNPs, it is found that MPL-Au-DNA and HPL-Au-DNA
have increased toxicity levels over the first three days
compared to MPL-DNA, HPL-DNA, and PEI-DNA com-
plexes. This is likely due to the increased size and
clustering of the complexes with AuNPs in the first
few days. The assumption is also evidenced by DLS
results, which show larger MPL-Au-DNA and HPL-Au-
DNA complexes with respect to MPL-DNA and HPL-
DNA complexes (Figure S3). However, when the cells
begin to proliferate, they break apart the clusters, and
after day 3 the toxicity is decreased and is similar to the
toxicity levels of the complexes without AuNPs.
Normally, clustering or bigger agglomerates of

delivery vectors are unfavorable for gene delivery,

commonly causing severe cell toxicity. In our case,

however, the clusters do not lead to high levels of cell

toxicity, even though there are many clusters present.

This phenomenon is surprising, especially the decrease

of cytotoxicity and apparently enhanced transfection

activity over several days. This implies that the delivery

vectors we have developed are efficient for achieving

intracellular delivery, release, and transfection of genes

(Figure 4). The fact that the bigger condensed complex

particles may be much more resistant to enzymatic

degradation of DNA suggests further application

in vivo. Particularly, the transfection is effectively pro-

longed through sustained cellular uptake of poly-

peptide-AuNP-DNA complexes, rendering the poly-

peptide-conjugated AuNPs as promising candidates

for introducing DNA into cells.

CONCLUSION

In summary, we have developed a facile, one-step
strategy to synthesize water-stable gold nanoparticles
capped with positively charged polypeptides. This
approach can be readily extended to a broad variety
of naturally occurring polypeptides and artificially
synthesized copolypeptides containing amino acids
with reduction capability. On account of the flexible
incorporation of functions, relatively simple components,
and natural biocompatibility of polypeptides, the gold
nanoparticles formed by such a biologically based proto-
col will be versatile for biomedical applications. In this
regard, positively charged polypeptide-conjugated gold
nanoparticles have been demonstrated to be effective
gene delivery vectors. A gradual and prolonged intracel-
lular uptake and transfection is achieved, and transfection
activity is maintained for almost two weeks without
compromising the cell viability. Although these multiple
complex systems have not yet been optimized for max-
imum efficacy, the ability to flexibly control polypeptide
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components and motifs capped on the nanoparticle
surface will allow us to engineer distinctive cooperative
properties including, for example, specific recognition and

enhanced target binding. Such functional polypeptide�
gold nanoconjugates will provide a potential alternative
for delivery of drugs and genes.

METHODS
Materials. Poly-L-lysine hydrobromide (PLL, Mw 500�2000,

15�30 kDa, and 30�70 kDa), branched polyethylenimine (PEI,
Mw 25 kDa), and poly(Phe, Lys) 1:1 hydrobromide (PPL, Mw

20�50 kDa) were purchased from Sigma-Aldrich. Chlorauric
acid (HAuCl4) is a product of Alfa Aesar. High-expression green
fluorescent protein plasmid (gfpDNA, 6732bp) was purchased
from aldevron. All other chemicals were purchased from Sigma-
Aldrich.

Synthesis and Characterization of Polypeptide-Conjugated AuNPs. A
typical protocol was as follows: Gold nanoparticles were synthe-
sized by adding 10 μL of HAuCl4 (0.1 M) to a PBS solution of PLL
with a final concentration of 1 mg 3mL�1. Subsequently, the
mixture was incubated for 3 h within a 65 �C water bath. The
formation of gold nanoparticles was monitored by UV�vis
spectroscopy with a UV�vis spectrophotometer (Varian Cary
500 or 1000). Size distribution and zeta potential of AuNPs were
recorded using a Zetasizer (Malvern Instrument). TEM images of
AuNPs were obtained with a Zeiss EM 912 Omega transmission
electron microscope operated at 120 kV, where samples were
carefully placed onto the carbon-coated copper grids. AFM
images were obtained with a Nanoscope IIIa (Digital Instru-
ments, Veeco Metrology Group) in tapping mode under ambi-
ent conditions.

DNA Binding Affinities. DNA binding studies were accom-
plished by a standard ethidium bromide (EtBr)-DNA fluores-
cence quenching exclusion assay. A series of MPL-Au-DNA
complexes were obtained at different charge ratios of PLL to
DNA (from 0.25:1, 0.5:1, 1:1, to 8:1, as shown in Figure 3) by a
mixture of MPL-AuNPs and DNA. Briefly, a certain amount of
MPL-AuNPs (1 mg 3mL�1 based on the concentration of MPL)
was diluted by PBS solution. Afterward, a 0.2 mL PBS solution of
DNA (100 μg 3mL�1, stained with EtBr in advance) was added to
the above solution. The final volume of solution is 2mL, suitable
for the fluorescence measurement. The EtBr-DNA fluorescence
quenching exclusion assay was carried out using a Fluoromax-4
spectrofluorometer (Horiba Jobin Yvon) with a 1.0 cm quartz
cuvette. Each complex was incubated for 20 min at room
temperature prior to the measurement.

Stability of PLL�Gold Nanoconjugates. Stability of the PLL-Au-DNA
complexes was determined by placing the complexes in a
solution of 10 mM BSA and DMEM over several days. Time
points were taken with DLS to measure size and zeta potential
of the particles in order to better interpret their stability over
time.

Cell Viability and Transfection Studies. For all samples used for
gene transfection and cell viability, 20 μL of 1 mg 3mL�1 DNA
solution was added to 500 μL of PLL-Au nanoparticle solution
(0.2 mg 3mL�1), and the complexes were vortexed at medium
speed for 5 min and left to sit for 20 min before addition to the
cell culture. Then 10, 20, and 40 μL of this solution were added
to different well plates to investigate various particle densities
with regard to cell viability and transfection. The amount of
DNA used in naked DNA control and positive control experi-
ments was the same as above. NIH-3T3 cells were grown to
80% confluence, trypsinized, washed with PBS (pH 7.0�7.2),
and resuspended in Dulbecco's modified Eagle's medium.
Then, 10 000 cells were placed in a 12-well plate and incubated
in 5% CO2 at 37 �C for 1 h. All particles were added to the well
plate in DMEM before the cells were added to the well plates,
unless noted otherwise. Cell culture medium was replaced
every day by carefully washing the well plates with PBS and
transferring new DMEM medium into the well plates. Cells
were imaged daily by optical and fluorescence microscopy. The
images were acquired at 37 �C using excitation/emission filters of
435�485 nm. An assay with the cell proliferation reagent lactate
dehydrogenase was carried out in parallel with theWST-1 reagent

for cell viability studies. LDH was used to quantify cell attachment
and proliferation using a commercial CytoTox 96 nonradioactive
cytotoxicity assay kit (Promega). At different time points, the cells
were washed with PBS and lysed by three freeze�thaw cycles.
Then50μL of the stop solutionwas added to each sample, and the
absorbance was measured at 490 nm. A calibration curve (cell
number vs LDH content) was constructed using a known number
of cells. The results are expressed asmean number of cells per cm2

of the well plate ( SD (standard deviation) obtained from four
samples. TheWST-1 procedurewas carried out using 2mL of fresh
serum-free DMEM without phenol red. A 200 μL amount of the
WST-1 reagentwas added to each of thewell plates and incubated
for an additional 4 h at 37 �C under 5% CO2 in a humidified
incubator. Controls were used with the absence of cell attach-
ment to the well plates. The absorbance was measured in an
ELISA microplate reader (Bio-Rad) at 450/650 nm, and the
percent cytotoxicity was calculated by subtracting the back-
ground from the sample.
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