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ABSTRACT 
 

Two different cysteine-terminated peptides, peptide A and 
peptide B, were successfully used to form nanoconjugates 
with gold nanoparticles (20 nm). We investigated the 
interactions of serum proteins with gold-peptide 
nanoconjugates and the cellular uptake of the 
nanoconjugates in the presence and absence of serum 
proteins. Electrophoresis gel data indicated the association 
of serum proteins with the nanoconjugates. In the presence 
and absence of serum in cell culture medium, both 
fluorophore-labeled peptide A and peptide B gold 
nanoconjugates were internalized by cells. However, free 
peptides show differential cell uptake: free peptide A being 
readily taken up, whereas free peptide B is at best only 
minimally taken up by cells. Following cell internalization, 
at least some nanoconjugates were dissociated, as free 
peptides were detected using fluorescence microscopy. 
These data suggest that Au NPs act as general nano-carriers. 
Serum proteins adsorbed to the nanoconjugates complicate 
the cellular mechanisms regulating their internalization. 
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1 BACKGROUND 
 

Gold nanoparticles (Au NPs) have been investigated for 
centuries because of their unique characteristics, potential 
and realized applications in catalysis, biology and 
nanotechnology [1]. In the past decade, scientists have 
successfully developed two kinds of functionalized Au NPs: 
homofunctionalized Au NPs that conjugate one form of 
biomolecule such as peptides [2,3], oligonucleotides (ONs) 
[4, 5, 6], or antibodies [7], and heterofunctionalized Au NPs 
that combine two or more biomolecules including ONs and 
antibodies [8], protein-stabilized peptides and ONs [9], 
peptides and ONs [10], alkylchains and plasmid DNA [11], 
polyethylene glycol (PEG) and peptides [12], PEG and 
small interfering RNA (siRNA) [13, 14], or oligoethylene 
glycol (OEG) and siRNA [15]. All these efforts showed 
that Au NPs could be used as non-toxic carriers for drug 
delivery and gene therapy, which is very promising in the 
field of bionanotechnology and biomedicine. 
        The carboxy-terminal sequence Lys-Asp-Glu-Leu 
(KDEL) or His-Asp-Glu-Leu (HDEL in yeast) was first 
detected in resident soluble proteins of the endoplasmic 

reticulum (ER) as a retention signal [16], but later it was 
found that the KDEL sequence is also a retrieval signal [17]. 
It has been shown that the KDEL receptor ERD2 exists 
mainly in Golgi-like structures, particularly in the cis-Golgi 
network in several immunofluorescence [18, 19, 20, 21] 
and immunoelectronmicroscopy studies [20, 22]. The 
KDEL signal is recognized by the ERD2, which targets its 
ligands to the retrograde COPI-mediated transport pathway, 
and cycles between the Golgi complex and the ER [19, 23, 
24]. Extra-cellular KDEL peptides can be internalized, 
reaching Golgi-like structures within 30 min and finally 
localize at the ER between 30-90 min [25]. It is well known 
that the ER and the Golgi complex are both essential 
structures for protein synthesis and modifications. 
        Many previous studies have shown that biologically 
active molecules such as peptides and ONs that are attached 
to Au NPs can be internalized by cells [3, 10]. However, 
these authors failed to include conjugates that incorporated 
peptides sequences that are not involved in cellular uptake 
mechanisms (i.e. a negative control peptide). Thus they had 
no way to control for the effects of serum proteins adsorbed 
to the conjugates. In the present study, two different 
cysteine-terminated peptides were used to form 
nanoconjugates with Au NPs (20 nm). Free peptide A, 
which contains the KDEL motif, can enter cells through 
receptor-mediated endocytosis, while free peptide B is a 
negative control with no known cell binding activity. We 
investigated the interactions of serum proteins (fetal bovine 
serum (FBS) or rat serum) with gold-peptide 
nanoconjugates and the cellular uptake of the 
nanoconjugates under two incubation conditions, the 
presence and absence of FBS. Our data clearly demonstrate 
that the role of Au NPs as general nano-carriers and the 
effect of serum proteins on the cellular uptake of 
nanoconjugates. This study provides a basis for delivery of 
drugs such as antisense ONs or small interfering RNA 
(siRNA) to regulate gene expression through the retrograde 
transport pathway via which KDEL-motif bearing proteins 
are transported within cells. 

 
2 METHODS 

 
Preparation of Gold-Peptide Nanoconjugates 
20 nm citrate-capped Au NPs were purchased from SPI 
Supplies. Peptide A was synthesized by sigma Genosys and 
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peptide B was synthesized by New England Peptide. 
Different amount of peptides were mixed with 1 ml Au NPs 
at the ratio of 215 to 1720 mol peptides per mol Au NPs. 
The mixture was gently agitated for 1 h at RT and then 
centrifuged at 18,100 g for 30 min. The supernatant was 
carefully removed and the conjugate pellet was resuspended 
in 0.5 mM sodium citrate buffer (pH=7.4). The conjugates 
were centrifuged again as described above and finally 
stored in the citrate buffer. 

 
Confirmation of Gold-Peptide Nanoconjugates 
         
Gold-peptide conjugates were mixed with 4X sample 
treatment buffer without bromophenol blue at a ratio of 4:1 
(v/v). Samples (25 µl each well) were loaded into a 1% 
agarose gel and run at 100 V for 30-90 min. Images were 
taken using a DMC-FX500 digital camera (Panasonic) and 
a gel imager (Bio-Rad Fluorescence).   
 
Stability Tests on Gold-Peptide 
Nanoconjugates 
         
Conjugates were formed at a ratio of 1075 mol of peptide A 
or peptide B per mol of 20 nm Au NPs. The conjugates 
were incubated in the following solutions to simulate 
physiological conditions: Dulbecco's Modified Eagle 
Medium (DMEM), DMEM + fetal bovine serum (FBS), 
phosphate buffered saline (PBS) and PBS + rat serum and 
incubated in 5% CO2 at 37°C. The conjugates were 
incubated for 24 h, then recovered by centrifugation and 
resuspended in potassium phosphate buffer (pH 7.4). 
Finally the conjugates were run in 1% agarose gels. 
Original conjugates were kept in 5% CO2 at 37°C in the 
buffer that was used during conjugation steps. Bare Au NPs 
were treated in the same way as the conjugates and used as 
the negative control. All the samples were prepared in 
triplicate.. 
 
Cell Culture and Nanoconjugates Transfection 
         
Sol 8 cells (ATCC) were maintained in 5% CO2 at 37°C in 
DMEM supplemented with 10% FBS (Invitrogen) and 
penicillin/streptomycin (penicillin, 100 units/ml; 
streptomycin, 100 µg/ml). The cells were seeded at a 
density of 60,000 cells per well in 24-well plates. After 24 h, 
the cells were washed with 1 X PBS twice and DMEM with 
or without 10% FBS was added. Free peptide A and B were 
added to the cells at 1, 3, 5 or 10 µM concentrations. 
Conjugates were formed at a ratio of 1075 mol of peptide A 
or peptide B per mol of 20 nm Au NPs. The conjugates 
were added to the cells at a 0.725 nM concentration of Au 
NPs. The cells were treated with the nanoparticles under the 
following two conditions: in the absence of FBS and in the 
presence of FBS. After 3 h, cells were washed with 1 X 
PBS twice. 

Cell Imaging 
         
The cells were treated with Au NPs as described above. 
After transfection the cells were treated with 0.2 µg/ml 
Hoechst 33258, fixed with 4% formaldehyde and mounted 
on glass slides for imaging. All imaging  was performed 
using a fluorescence microscope (Nikon) equipped with 60 
X oil-immersion objective. Imaging for nanoparticle-treated 
cells was also performed using a confocal fluorescence 
microscope (Zeiss PASCAL) equipped with a 63 X oil-
immersion objective. 

 
3 RESULTS  

 
Electrophoretic Migration of Gold-Peptide 
Nanoconjugates 
        
 Electrophoresis gel data confirm that both peptide A and 
peptide B formed stable conjugates with Au NPs, and 
migrated as discrete pink bands when observed in visible 
wavelength light (Fig. 1). In contrast, free Au NPs do not 
migrate and form a precipitate in the electrophoresis 
application wells. The nanoconjugates displayed a shift on 
the gel because different amount of peptides bound to Au 
NPs. The mass of the nanoconjugates is greater when there 
are more bound peptides. In addition, the charge of the 
nanoconjugates may also be larger if more bound peptides. 
Thus, higher or lower bands depend on the interactions of 
mass and charge of the nanoconjugates.  
 
Serum Interactions on Gold-Peptide 
Nanoconjugates 
         
The stability of the nanoconjugates was tested in 
Dulbecco's Modified Eagle Medium (DMEM) plus 10% 
FBS, phosphate buffered saline (PBS) and PBS plus 10% 
rat serum. The nanoconjugates were not stable in DMEM 
alone (data not shown). Incubation of nanoconjugates with 
serum resulted in rapid (15 min) association of serum 
proteins with nanoconjugates as indicated by the slower 
migration of these conjugates compared to controls 
(absence of serum proteins) in electrophoresis (data not 
shown). Furthermore, incubation of nanoconjugates for up 
to 24 h resulted in similar changes in electrophoretic 
migration of the nanoconjugates (Fig. 2). 
 
Cellular Uptake of Gold-Peptide 
Nanoconjugates 
         
Although free peptide A is rapidly taken up in several cell 
lines and free peptide B is not (data not shown), 
interestingly, both nanoconjugates of gold-peptide A and 
gold-peptide B were internalized by the cells in the absence 
and presence of serum proteins (Fig. 3). However, 
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subcellular distribution of the gold-peptide nanoconjugates 
in the presence or absence of serum appeared to differ 
substantially. Following conjugate incubation in the 
absence of serum, it appears that a much greater 
concentration of conjugate was internalized.  The majority 
of the peptides derived from the internalized 
nanoconjugates also appear to be localized around the 
periphery of the nucleus.  Since the presence of gold in the 
conjugates causes quenching of the fluorophore label bound 
to the peptides, the fluorescent signal in the images is most 
likely emitted by free peptides that have become 
dissociated from the conjugates, once internalized by the 
cells (Fig. 3).  

 
4 DISCUSSION 

 
We successfully conjugated cysteine-terminated peptides 
with 20 nm Au NPs in a straightforward method, mixing 
the peptides with Au NPs solution. During the conjugation 
step, it is essential to add sufficient ratio of peptide-gold to 
form stable nanoconjugates. Thus we titrated peptides to 
find the optimal binding ratio of peptides to Au NPs. 
Finally it appeared that additional of 1075 mol peptides per 
mol Au NPs resulted in formation of stable nanoconjugates, 
possibly saturating the available binding sites. The gold-
peptide nanconjugates were able to migrate through an 
electrophoresis gel. The shift of bands on the gel suggested 
that the migration speed of the nanoconjugates is related to 
their mass and possibly also their surface charge. 

Some previous studies reported the use of peptides as 
cell target ligands to deliver Au NPs to specific organelles 
or locations inside cells [2, 3, 9, 11] since they assume the 
gold-peptide conjugates were not dissociated inside the 
cells. However, our study is the first to introduce a negative 
control peptide, peptide B, to form gold-peptide 
nanoconjugates. Although free peptide B is not internalized 
by cells, when used to form the nanoconjugates, this 
structure is internalized, suggesting that the Au NPs act as 
general nano-carriers for biomolecules. The fluorescence 
signal detected inside the cells indicated that the peptides 
were dissociated from Au NPs. However, the design and 
scope of the present studies do not provide evidence to 
indicate at which point(s) during conjugate internalization 
and trafficking, the dissociation of gold-peptide 
nanoconjugates occurs. 
        One other group of investigators has studied the 
mechanism of Au-protein/peptide conjugate cellular uptake 
[26, 27]. However, they did not investigate the interactions 
of serum proteins with their conjugates. Our data suggest 
that under normal cell culture conditions, serum proteins 
present in the medium readily bind to gold-peptide 
nanoconjugates. Thus, it appears that cellular uptake of the 
conjugates may be mediated via multiple mechanisms 
including: specific receptor-mediated uptake (via peptide 
ligands), adsorbed serum protein interactions with cell 

receptors and non–specific mechanisms. Interactions of 
nanoconjugates via these pathways may lead to different 
sub-cellular localization and distribution of the 
nanoconjugates. 
        In conclusion, this study has contributed to our 
understanding of the role of Au NP as a general nano-
carrier and the effect of serum proteins on cellular uptake of 
gold-peptide nanoconjugates. A time course study is needed 
to investigate at which point the peptides dissociated from 
Au NPs. Finally, the present study has triggered a series of 
studies to understand the intracellular mechanisms that 
regulate the uptake of gold-peptide nanoconjugates. 
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Figure 1. Migration of discrete gold-peptide nanoconjugate 
bands in 1% agarose gel electrophoresis. 
Gold-peptide nanoconjugates were formed by reacting 
increasing concentrations of peptides from (A) 215 to 1290 
mol of peptide A per mol Au NPs (Lanes 1 - 8) or (B) 215 
to 1720 mol of peptide B per mol Au NPs (Lanes 1-9). An 
equivalent mass of free Au NPs was electrophoresed, (A) 
lane 9 and (B) lane 10. Images were detected in visible 
wavelength light. Note that stable conjugates form discrete 
bands and migrate. Free Au NPs do not migrate in 
electrophoresis and form a black precipitate in the 
application wells.Images indicate that 1075 mol of both 
peptides A and B per mol Au NPs (Lane 6) is required to 
ensure full saturation of available binding sites of Au NPs. 
 
Figure 3. Fluorescence images of gold-peptide 
nanoconjugates incubated in the presence and absence of 
serum proteins. 
Sol 8 (mouse myogenic) cells were seeded in 24-well plates 
for 24 h. The gold-peptide nanoconjugates (at 0.725 nM 
concentration) were incubated with cells for 3 h. Cells were 
washed, fixed, stained with Hoechst 33258 and finally 
mounted. The peptides (red) and nucleus (blue) were 
detected using a Nikon fluorescence microscope under 60X 
magnification.  
(A) Au-peptide A nanoconjugates in the presence of serum;  
(B) Au-peptide A nanoconjugates in the absence of serum;  
(C) Au-peptide B nanoconjugates in the presence of serum;  
(D) Au-peptide B nanoconjugates in the absence of serum. 
 
 

 
 
 
 
 

Figure 2. Electrophoretic migration (1% agarose) of gold-
peptide nanoconjugates recovered from physiological 
environments. 
The nanoconjugates were incubated in DMEM+FBS 
(DMEM+S), PBS+Rat Serum (PBS+S) and PBS separately 
in in 5% CO2 at 37°C for 24 h. Images showed the 
association of serum proteins with the nanoconjugates as 
indicated by the slower migration of these nanoconjugates 
compared to controls (absence of serum proteins). Bare Au 
NPs without peptides were treated in the same way as 
nanoconjugates.  
(A) Au-peptide A nanoconjugates;   
(B) Au-peptide B nanoconjugates. 
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