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ABSTRACT 
 
Antibody or peptide conjugated nanoparticles are a new 

technology useful for targeting and imaging biological 
systems.  However, characterization of these functionalized 
nanoparticles has not yet been accomplished.  This is 
essential for the evaluation of the efficacy of the 
nanoparticles.  In this study, we characterize antibody 
functionalized quantum dot nanocrystals from experimental 
data.  We found that the number of functionalized 
antibodies bound to quantum dots varied significantly for 
different conjugation methods (direct antibody conjugation 
to the surface of quantum dots versus biotinylated antibody 
conjugated to streptavidin coated quantum dots) and are 
much lower than previously reported estimates[1].  These 
results explain difficulties labeling neurons and glial cells 
using direct antibody bound nanocrystals[2] and highlight 
the importance of characterizing nanoparticles before 
evaluating and interpreting biological data. 
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1 INTRODUCTION 
 
Functionalized nanoparticles have been used in a wide 

variety of applications including fluorescent labeling, 
particle tracking, and drug delivery [3-5].  However, 
characterization of the ligands bound to the surface of these 
nanoparticles has only resulted in qualitative information.  
Other groups have used TEM, AFM, UV spectroscopy and 
gel electrophoresis [6-8] but no quantitative information has 
been extracted from these experiments.   In this study, we 
characterized antibody bound quantum dots and derived 
quantitative values for the amount of functional antibody 
bound to the nanoparticles. 

 
2 METHODS AND MATERIALS 

 
Using a sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), we separated the functional 
component of the antibody from the quantum dot.  We then 
blotted the antibody fragments onto a membrane to 
determine the identity and the quantity of the antibodies.   

 

Specifically, we used 605nm quantum dots from 
Invitrogen’s 605 antibody conjugation kit (catalog # 2200-
1) and conjugated them to anti-GFAP and anti-CD90 IgG 
(BD PharMingen).  Biotin-streptavidin quantum dot 
complexes were synthesized using modifications of 
published protocols [9].  Briefly, biotinylated IgG was 
incubated with streptavidin coated 605 quantum dots for 30 
minutes while gently vortexing the system.  Two reactions 
were performed 1:1 and 2:1 molar rations of biotinylated 
IgG to streptavidin quantum dots.  

 
NuPAGE gels, 4-12% Bis-Tris (Invitrogen Catalogue # 

NP0321BOX), and 1M DTT in 1.0 mm X 10 mm wells 
were used for reduction of quantum dot conjugates.  
Briefly, 4X NuPAGE LDS sample buffer (Invitrogen 
Catalogue # NP0007), 1X NuPAGE sample buffer, DTT (in 
reduced samples only), and each sample were combined in 
a centrifuge tube according to standard Western protocols.  
They were heated to 89°C for 15 minutes, centrifuged 
briefly, mixed gently, and loaded into the gels.  Gels were 
run for 1.5 hours at 60 mA and 200 V in running buffer 
(760 mL of DI water and 40 mL NuPage MOPS SDS 
running buffer).  Quantum dots were visualized in gels 
using a standard UV gel transilluminator.   

 
Sponges, filter paper, and nitrocellulose membranes 

were soaked in transfer buffer (for one gel: 120 mL 100% 
methanol, 1020 mL DI water, and 60 mL NuPage transfer 
buffer concentrate (20X); for two gels: 240 mL 100% 
methanol, 900 mL DI water, and 60mL NuPage transfer 
buffer concentrate).  After removing gels from their casings 
they were placed on soaked filter papers which were placed 
on top of two soaked sponges.  Nitrocellulose membranes 
were cut, placed on the gels and covered with another piece 
of soaked filter paper.  Two more sponges were placed on 
top of the second piece of filter paper and the entire 
sandwich was enclosed in the transfer apparatus.  Transfer 
buffer was poured into the casings and run for 2 hours at 30 
V.  

 
Membranes were blocked with 1.25 g of evaporated 

milk in 25 µl TBS (1 packet of Trizma Set Crystals (Sigma) 
in 2 L DI water, 17.6 g NaCl (200 mM), and 2 mL Tween-
20) for 1 hour at room temperature.  Secondary anti-mouse 
HRP conjugate was added and incubated for1 hour at room 
temperature.  Membranes were rinsed 3 X with TBS for 5 
minutes each.  SuperSignal West Pico Chemiluminescent 
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Substrate (Pierce Product #34080) was added for detection 
of HRP and incubated for 1 minute with the membranes.  
Visualization took place 10 minutes later with films pressed 
against the membrane blots for 1 sec, 30 sec, or 1 min 
development points.  The films were processed in a 
standard film developer. 

 
Colloidal Blue (Invitrogen Catalogue # LC6025) 

labeling was performed in some gels instead of the transfer 
step, to detect excess protein bound to the nanoparticles 
surface.  Briefly, gels were fixed for 10 minutes in fixing 
solution (40 ml DI water, 50 ml methanol, 10 ml acetic 
acid), incubated for 3 hours with Colloidal Blue dye, and 
rinsed for 7 hours with DI water.  Images were taken with a 
digital camera.  Note that smaller proteins (light chains 
especially) diffused out of the gels at longer incubation 
times. 

 
Membranes were scanned with an HP PSC 2175 

scanner and loaded into ImageQuant software (Amersham 
BioSciences), which calculated the size and density of each 
band, and plotted them against the known concentration of 
the controls.  The data in Fig. 5 were fit to linear log curves 
given by , where the parameters a and b 
were determined by ImageQuant.  For quantification, gels 
were run with standards of 5 controls and 4 samples along 
with 1 lane of MagicMark Protein standard (Invitrogen 
LC5602).  The 5 control lanes consisted of 1 µl, 0.75 µl, 0.5 
µl, 0.25ul µl, and 0.1 µl of antibody from stock (BD 
PharMingin, 0.5mg/ml) to form the standard curves and 2 
samples (4 µl and 2 µl) each of 1:1 and 2:1 IgG : quantum 
dot molar ratios for the biotin-streptavidin system.   

ln y ax b= −

 
3 RESULTS 

 
We show that the number of functional antibodies 

covalently bound to commercially available quantum dots 
using a reduced disulfide maleimide reaction was on 
average much less than one functional IgG molecule per 
quantum dot (0.076 ± 0.014) and therefore of limited utility 
for biological experiments.  In contrast, antibodies bound to 
quantum dots via a streptavidin-biotin system resulted in 
higher numbers of functional antibodies, with 0.60 ± 0.14 
IgG molecules per quantum dot for a 1:1 IgG : quantum dot 
molar ratio and 1.3 ± 0.35 IgG molecules per quantum dot 
for a 2:1 ratio.   

 
IgG bands were analyzed by comparing them to the 

molecular weight protein standards (Fig. 1a, lane 1).  The 
bands that transferred from gels to membranes 
corresponded to the molecular weights of the light chain 
(25kD), heavy chain (50kD), and partially cleaved heavy 
chain, made up of a heavy chain and a light chain (75kD; 
Fig. 1b).  For unconjugated antibody conditions (Fig. 1a, 
lanes 7-9) all reduced bands were present.  
 
 

 

 

Figure 1: Formatting dimensions for manuscripts. 
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Figure 1: (a) Quantum dots imaged with UV 
Transillumination (b) Schematic of breakdown of antibody 
upon addition of DTTreduction agent, explaining bands that 
appear in (a). 

 
 

NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061836 Vol. 2, 2007260 



We also confirmed the covalent conjugation of 
antibodies to quantum dots.  We ran IgG- quantum dot 
complexes though the SDS-PAGE with and without the 
reducing agent dithiothreitol (DTT).  DTT cleaves the 
disulfide bonds holding antibody fragments together.  The 
addition of DTT causes the antibody to dissociate into its 
different molecular domains, which are then separated by 
molecular weight in the gel.  We showed that the light 
chain of antibodies separated from the heavy chain and 
quantum dots for DTT reduced conditions (Fig. 1a, lanes 4-
6).  This separation occurred minimally in lanes without 
DTT (Fig. 1a, lanes 2-3).  If antibodies had been 
electrostatically attached, several bands would have also 
shown up in non-reduced lanes.  The presence of a weak 
band at the 25kD position in non-reduced lanes (Fig. 1a, 
lanes 2 and 3) was due to low concentrations of reducing 
agents in the gel and running buffers.  Further indirect 
evidence that antibodies were covalently bound is implied 
by the fact that quantum dots in non-reduced lanes did not 
travel through the gels but remained in the loading wells 
due to the large size of the unreduced antibodies conjugated 
to their surface.   

 
To determine the number of functional IgG bound to 

quantum dots, we measured the density of the 25 kD light 
chain bands, and compared them to controls of known 
antibody concentrations.  Using image analysis software 
that measures the band density of electrophoresis gels 
(ImageQuant TL, GE Healthcare), we fitted curves to 
known concentrations of unconjugated IgG to obtain 
standard curves of IgG band densities.  Using these curves, 
we then determined the concentration of IgG bands 
associated with bound quantum dots for direct covalent and 
2:1 and 1:1 IgG : quantum dot molar ratio streptavidin-
biotin conjugation conditions.  Finally, we calculated the 
number of functional antibodies bound to the quantum dots 
i.e. having their light chain dissociated.  For covalently 
conjugated IgG we calculated that on average there is much 
less than one antibody molecule (0.076 ± 0.014) per 
quantum dot.  In other words, adding 10 µl of antibodies 
directly conjugated to quantum dots is equivalent to adding 
0.455 µl from a 0.5 mg/ml stock.  This suggests that 
covalently conjugated antibodies resulted have low 
amounts of functionally available antibodies and are of 
inadequate sensitivity for reliable specific labeling of target 
proteins.  In contrast, the number of antibodies bound to 
quantum dots via the strepavidin-biotin system, resulted in 
a more biologically reasonable 0.60 ± 0.14 IgG molecules 
per quantum dot for a 1:1 IgG : quantum dot molar ratio 
and, as would be expected, 1.3 ± 0.35 IgG molecules per 
quantum dot for a 2:1 ratio.  This is equivalent to a 
functional volume of 0.943 µl of antibody for a 2:1 molar 
ratio or 0.53 µl for 1:1 molar ratio starting from 4 µl of 
biotinylated antibody conjugated to streptavidin quantum 
dots from a 0.5 mg/ml stock concentration. 

 

Figure 2 shows how these different binding scenerios 
play out.  Since the amount of functional antibody is much 
higher for the biotin-strepatvidin system, accurate labeling 
is achieved (Fig 2a).  However, in the case of direct 
antibody bound quantum dots (Fig 2b and c), non-specific 
binding is much more common due to unbound quantum 
dot aggregation in the nucleus of cells. 
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Figure 2: (a) Muller cells labeled with biotin-streptavidin 
605nm quantum dots for GFAP (intermediate filament) (b) 
Same Muller cells labeled with directly bound GFAP 
antibody to 605 quantum dots, showing nuclear aggregation 
(c) Muller cells labeled with directly bound CD-90 (cell 
surface marker) showing nuclear aggregation and non-
specific labeling. 
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4 CONCLUSION 
 
Our results show significantly less than reported 

estimates of 3-4 antibodies per quantum dot for both the 
SMCC disulfide maleimide conjugation reaction and 
biotinylated antibody-streptavidin coated quantum dot 
complexes.  To the best of our knowledge no conjugation 
reaction can control the binding orientation of IgG 
molecules.  Consequently, due to Brownian motion the 
number of bound functional antibodies is almost certainly 
less than the number of total bound IgG.   This is not 
considered by TEM imaging approaches that measure the 
size of antibody-quantum dot complexes in order to 
estimate the number of bound antibodies.  An important 
question is: Why did covalent conjugations result in lower 
numbers of functional antibodies compared to streptavidin-
biotin conjugations?  One possible explanation is that since 
SMCC binds only to free sulfhydryl groups, antibodies 
must be cleaved by DTT prior to conjugation.  This would 
result in antibody fragments attaching to the surface of 
quantum dots, leaving few opportunities for light chain 
fragments to be properly oriented outwards and available 
for protein binding.  With biotin-streptavidin conjugations, 
the antibody is never cleaved, leaving the whole molecule 
bound to the quantum dot surface.   
 

It is plausible that other covalent conjugation 
chemistries result in higher yields of functional antibodies, 
comparable to those we report for streptavidin-biotin 
conjugates or even higher.  However, this cannot be taken 
for granted.  We propose that functionalized quantum dot 
labeling of biological preparations needs to be preceded by 
the experimental determination of the number of 
functionalized antibodies per quantum dot.  These 
considerations have a direct impact on the interpretation 
and relevance of biological results obtained using quantum 
dot labeling nanotechnologies. 
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