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Introduction

Directed self-assembly of nanostructures into 
microstructures through intermolecular interactions 
is an important phenomenon in many biological 
systems. Assembly of virus coat proteins into capsids 
[1], of microtubulin into microtubules [2], and of 
collagen [3] and fi brinogen into their respective fi brils 
are just a few examples where self-assembly plays 
a critical role in biological processes. Programmed 
self-assembly using biomolecular interactions as a 
route to synthesis of novel nanostructured materials 

ABSTRACT
Nanoscale quantum dot-antibody conjugates have been shown to self-assemble to form micron-scale 
aggregates in the presence of specifi c proteomic antigen. The self-assembly process exhibits sigmoidal kinetics, 
suggesting that nucleation limits aggregation. Self-assembly kinetics in this study is characterized by flow 
cytometric analysis of the aggregation reaction over time. A range of physiologically relevant concentrations of 
the protein angiopoietin-2, a candidate cancer biomarker, are incubated with quantum dots conjugated with a 
polyclonal mixture of anti-angiopoietin-2 antibodies. Antigen concentration modulates the slopes and infl ection 
times of the sigmoidal kinetics curves. An understanding of self-assembly kinetics in this system may lead to 
improvements in sensitivity and specifi city of this novel proteomic biomarker detection technique and improve 
the screening, diagnostics, and therapy response monitoring for cancers and other diseases. This approach to 
studying the kinetics of nanoparticle self-assembly may also provide a valuable tool for understanding the 
fundamental characteristics of nanoscale particle aggregation.
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has also been an area of active investigation in the 
recent past [4, 5]. Techniques aimed at molecular 
diagnostics have also been demonstrated using 
nanoparticle self-assembly mediated by molecular 
interactions, including polynucleotide interactions [6] 
and antibody-antigen interactions [7].

In a recent publication [8], we demonstrated 
a novel technique for sub-picomolar quantitative 
detection of proteomic antigens using single step 
fluid phase incubation. In this technique, quantum 
dots (QDs) conjugated with polyclonal antibodies 
(Ab) through the streptavidin-biotin interaction [9] 
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are incubated with specifi c antigens in a physiological 
buffer. The molecular recognition between the 
antibodies and antigens causes aggregation of 
the nanoscale conjugates and proteins, resulting 
in the formation of microscale structures. These 
larger structures can be easily distinguished from 
the individual components based on differences in 
light scattering properties and by other analytical 
techniques. By sequentially characterizing very 
small volumes of the reaction mixture, such as 
via flow cytometry, the microscale aggregates 
can be quantified. At equilibrium, the antigen 
concentration and the fraction of events that are 
classified as aggregates are correlated through 
a log-linear relationship. Using multiple QD 
populations with distinct fluorescence emissions, 
multiplexed detection of two antigens is also 
feasible (unpublished data) and can, presumably, 
be  extended through the  use  of  a l ternately 
biofunctionalized QD with additional fluorescence 
emission characteristics. 

In this short communication, we describe 
the kinetics of QD Ab aggregation mediated by 
angiopoietin-2. The kinetics of self-assembly of 
bio-macromolecules has been studied for many 
systems, including virus capsid assembly [1, 10], 
microtubule formation [2, 11, 12], fibril assembly 
[3], and other protein aggregation phenomena [13
16]. Theoretical [17 22] and computational [23 25] 
studies on these systems illuminate the mechanisms 
that drive the self-assembly processes. Previous 
work has also examined factors that influence 
the kinetics, such as the concentration of various 
moieties, agitation, and presence of agents that 
promote or inhibit intermolecular interaction. These 
factors may be utilized for promotion or inhibition 
of aggregation [1, 14, 26, 27]. Understanding the 
kinetics of the present system may improve the 
specifi city and sensitivity of the proposed diagnostic 
method. Similar studies yielded improvements 
to the conventional surface-based enzyme linked 
immunosorbent assay (ELISA), and informed the 
development of the kinetic ELISA method [28]. While 
the current study explores the kinetics of highly 
specifi c molecular interaction mediated self-assembly, 
nanoscale material aggregation is important in a 

wide variety of applications. Controlled aggregation 
and/or prevention of non-specific aggregation are 
important considerations for various technologies 
that use nanomaterials, regardless of the presence 
or absence of molecular recognition. The techniques 
developed in this study may provide a novel method 
of quantitatively characterizing important aspects of 
nanoscale phenomena.

1. Experimental

Streptavidin-coated QDs with 705 nm fluorescence 
emission (QD705, #Q10161MP) were purchased from 
Invitrogen (Carlsbad, CA) and used as received. 
Biotin conjugated anti-angiopoietin-2 polyclonal 
antibody (aA2, #BAF623), and recombinant human 
angiopoietin-2 (ang2, #623-AN) were purchased 
from R&D Systems (Minneapolis, MN), reconstituted 
in Tris-buffered saline (TBS) containing 0.1% 
bovine serum albumin (BSA) and stored at 20 °C. 
Appropriate dilutions of all antibodies and antigens 
were prepared in phosphate buffered saline (PBS) 
with 0.1% BSA immediately prior to use. Deionized 
water with resistance of 18 MΩ/cm was used for 
preparing buffers. All buffers were filtered through 
0.2 μm filters. All other reagents were ACS reagent 
grade. Flow cytometric measurements were carried 
out with an unmodified Becton Dickinson (BD) 
FACSCalibur, and the associated software.

Quantum dot-streptavidin conjugates (QD) and 
biotinylated anti-angiopoietin-2 polyclonal antibody 
(aA2) were mixed in PBS-BSA at QD:antibody 
molar ratio of 1:3 and 1 nmol/L QD concentration. 
The conjugate was incubated for 30 min at room 
temperature and then used as synthesized. The 
stoichiometry in this protocol has been previously 
optimized to obviate the need to separate unreacted 
antibodies from the QD Ab conjugates [8]. The QD-
aA2 conjugate solution and the ang2 or control 
solution at the appropriate dilutions and volumes 
were added to PBS-BSA for a final volume of 500 
μL. BSA, similar to ang2 in terms of molecular 
weight, was used as a negative control for ang2. 
The reaction mixtures were incubated at room 
temperature and analyzed by fl ow cytometry at  5 

min intervals from t=5 min to t=90 min, as well as 
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immediately after sample preparation, nominally 
t=1 min. Thus, each experiment consisted of 
nineteen different samples, one for each time point. 
The infl uence of ang2 concentration on aggregation 
kinetics was characterized by carrying out the 
aggregation reaction with 1 pmol/L, 10 pmol/L, 
and 100 pmol/L ang2. Control measurements were 
made at the same time points on samples identical 
except for the presence of ang2. To compensate for 
the effect of the variability in the QD-aA2 dilution 
on the fraction of agglomerates observed, only the 
datasets with base QD-aA2 count within 2000 ± 
200 were utilized for analysis. Three such datasets 
for each antigen concentration constituted the 
analyzed data set.

The size, fluorescence, and number of the 
aggregates  in  the  incubated  samples  were 
characterized by flow cytometry. The basic flow 
cytometric protocol followed was similar to the one 
used in our previous publication [8]. Briefly, signal 
amplification parameters for the flow cytometer 
parameters for forward light scatter (FSC) and side 
light scatter (SSC) detectors and fl uorescence detector 
with 650 nm long pass filters (FL3) were optimized 
for characterizing small particles. The FSC and SSC 
detector performance was calibrated by using 0.2, 
0.5, 1.0, 2.0, and 2.8 μm latex calibration particles. 
In Fig. 1, the regions indicated by R1, R2, R3, R4, 
and R7 correspond to the 0.2, 0.5, 1.0, 2.0, and 2.8 
μm latex calibration particles, respectively. The data 
were acquired at low flow rate (12 μL/min ± 3 μL/
min) for one minute. The FL3 channel was used as 
the event trigger consistent with the fluorescence 
emission characteristics of the 705 nm QDs used in 
this study. The fraction of aggregates was defined 
as the event fraction appearing in the upper right 
quadrant (UR) of the FSC vs SSC plot. FSC greater 
than 10 a.u. corresponds to a nominal size greater 
than approximately 0.5 μm, and results in the 
observed differentiation of the individual QD-Ab 
conjugates from the large aggregates inherent in the 
agglomeration process and the measurement protocol 
[8]. This fraction was calculated automatically by the 
CellQuest Pro software. Analysis of the datasets was 
carried out using the SigmaPlot 9.01 and SigmaStat 3.1 
software. 

Figure 1    Aggregation kinetics characterized by flow cytometric 
analysis of ang2 mediated QD-aA2 aggregation at specifi c time points. 
Aggregates are quantified as a fraction of total events. (a), (b), and 
(c) show the raw fl ow cytometric data depicting increasing aggregate 
formation with time. These data were acquired for samples with 10 
pmol/L QD-aA2 and 10 pmol/L ang2 at 5, 30, and 45 min in (a), (b), and 
(c), respectively. Each dot represents one particle or ‘event’ detected. 
Forward light scatter height (FSC-H) and side light scatter height (SSC-H) 
intensities are positively correlated with the size and complexity of 
the particles. Optimization of the detection parameters enables the 
resolution of micron scale aggregates (red dots, upper right quadrant) 
from the individual QD-aA2 conjugates and small aggregates (black 
dots, bottom left quadrant). The ovals labeled R1, R2, R3, R4, and R7 
indicate 0.2, 0.5, 1.0, 2.0, and 2.8 µm calibration particles, respectively

（a）

（b）

（c）
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2. Results and discussion

The kinetics of ang2 mediated QD-aA2 aggregation 
exhibits a sigmoidal behavior, with three distinct 
phases. The initial rate of aggregate formation 
is  s low,  most  evident  f rom the  kinet ics  for 
aggregation triggered by the addition of 1 pmol/L 
ang2 (Fig. 2). The second phase is characterized 
by rapid, self-assembled aggregation. The final 
phase is the reduction of aggregation rate with an 
asymptotic approach to the equilibrium aggregate 
fraction. Similar sigmoidal kinetics is observed 
in many intermolecular interaction-based self-
assembly processes [27, 29] as well for nanoparticle 
synthesis [30] and polymer synthesis [29, 31]. 
Sigmoidal kinetics indicates a thermodynamically 
unfavorable intermediate in the reaction pathway. 

The key stages in the aggregation reaction are 
depicted schematically in Fig. 3, where the first 
panel represents the QD-Ab conjugates mixed with 
antigen molecules. Antibody-antigen recognition 
creates single QD-Ab:antigen complexes, which 
interact with each other, free QD-Ab conjugates 
and additional free antigen molecules. This is 
phase (i) of interactions which leads to the gradual 
formation of small complexes that act as nuclei 
for microscale aggregates. (Fig. 3, second panel). 
During the formation of multi-particle aggregates by 
molecular recognition, aggregation is favored by the 
decrease in free energy of the interacting particles, 
but the entropic cost associated with increased 
particle organization hinders nucleus formation 
[32]. Consequently, the probability of formation of 
micron scale aggregates as well as the aggregation 

rate are initially both low. Once the 
nuclei have reached the critical size, 
the presence of multiple binding 
sites on the nuclei results in rapid 
growth of the aggregate [33]. This 
corresponds to phase ( i i ) .  The 
transition from critical nucleus to 
large aggregates may occur rapidly. 
Flow cytometric characterization 
and dynamic light scattering data 
published previously [8],  show 
only two particle populations—
the  indiv idual ,  unaggregated 
QD-aA2:ang2 conjugates and the 
micron scale aggregates. While 
t h e  f r a c t i o n  o f  m i c r o n - s c a l e 
aggregates changes over t ime, 
an intermediate  populat ion is 
not apparent in these data. The 
lack of detectable concentrations 
of an intermediate is consistent 
with the data published in the 
literature for other aggregation 
systems cited previously. Finally, 
as the individual components are 
depleted (Fig. 3, third panel), the 
aggregation rate slows and the 
system reaches a stable steady 
state.

Figure 2    The QD-aA2:ang2 system exhibits a sigmoidal self-assembly kinetics. The 
parameters of aggregation kinetics in this system are affected by ang2 concentration, as 
detailed in Table 1. With increasing ang2 concentration, the aggregation rate increases, and 
time to infl ection point (t0) and time to reach steady state aggregate fraction both decrease. 
The difference between the slopes, including at t0 and at t=5 min for the three sigmoid 
curves suggest the possibility of antigen detection and quantification based on rate of 
increase in aggregate percent, rather than based on the equilibrium aggregate concentration 
as described previously [8]. This ability may also be beneficial for detection of molecular 
biomarkers in complex physiological media, where non-specifi c intermolecular interactions 
may have significant effect on the aggregate fraction, especially over long incubation 
periods. The aggregate fraction is the fraction of total events that are in the upper right 
quadrant of the SSC vs FSC dot plot (Fig. 1). Each data point in the graph represents the 
mean and standard deviation of data from three different experiments
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Aggregation kinetics observed in the QD-aA2:
ang2 system may be described by a three-parameter, 
sigmoidal curve of the form

In Eq. (1), a and t are the variables representing 
aggregate fraction and time, respectively. The 
constants for the sigmoids are amax, t0, and τ, where 
amax is the equilibrium value for a, t0 is the time 
point of inflection, and τ is a time constant. These 
parameters are modulated by the ang2 concentration 
in contact with the biofunctionalized QDs (Table 
1). The amax values obtained from the sigmoidal 
curves fitted to the 1 pmol/L, 10 pmol/L, and 100 
pmol/L ang2 datasets are statistically equivalent 
to the steady state aggregate fraction observed 
previously [8] for the respective ang2 concentrations. 
The value of t0, which describes the inflection point 
for the sigmoidal curve, decreases with increasing 
ang2 concentration. Nucleation-limited aggregation 
processes, such as the self-assembly described here, 
accelerate in response to increased concentration 
of the bridging agent. This behavior, consistently 
observed in other systems and predicted in many 
model representations is confirmed in the present 
work. Increased ang2 concentration results in more 
rapid attainment of micron sized aggregates from 
nanoscale QDs, consistent with an increased rate of 
interactions between the QD-aA2 conjugates and 
the free ang2 molecules in solution. Thus, increasing 
ang2 concentration causes earlier attainment of a 
signifi cant nucleation subpopulation and more rapid 
transition to the aggregate growth phase. The effect 
of increasing ang2 concentration on aggregation 
rate is also evident in the difference in slopes of the 

aggregation curves. Antigen concentration modulates 
the rate of aggregate formation at the early time 
points during the low aggregation rate phase as 
well as at the infl ection point (Table 1). The different 
slopes observed for different ang2 concentration 
indicate that an unknown concentration of the 
target antigen may be estimated from the rate of 
increase in aggregate count at incubation times far 
shorter than those required to achieve steady state. 
The optimal time point for discriminating among 
antigen concentrations may be determined through 
comparative analysis of aggregation profiles. The 
time constant τ also decreases with increasing 
antigen concentration and corresponds with the 
higher rate of aggregation during phase two 
following nucleations. The ang2 concentration is 
correlated with the sigmoid coefficients amax, t0, and 
t, and the slopes at t=0 min and t=t0, with log linear 
functions with correlation coefficients 0.96, 0.98, 
0.99, 0.95, and 0.99, respectively. These correlation 
coefficient values further support the feasibility of 
quantitatively detecting the biomarker concentration 
from one or more of the aggregation kinetics 
parameters. The control samples in the absence of 
ang2, do not exhibit time dependent aggregation 
behavior (Fig. 2), further suggesting the potential to 
use kinetic assessments to detect specifi c antigens in 
the presence of other proteins.

3. Conclusions

The quantifiable and reproducible self-assembly 
in the QD-aA2:ang2 system exhibits a sigmoidal 
kinetic behavior, comparable to that observed in 
other self-assembly process-based intermolecular 

a= amax
t t0
τ( )

1 e
(1)

Figure 3    The sigmoidal kinetics observed for QD-aA2:ang2 self-assembly suggests a nucleation limited process, which is schematically depicted 
here. (i) The entropic cost of particle aggregation may outweigh the reduction in free energy, resulting in slow nucleation; (ii) the presence of 
multiple binding sites on nuclei of critical size leads to rapid growth of aggregates; (iii) the depletion in available free ang2 causes the asymptotic 
approach to equilibrium aggregate fraction
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interaction. The kinetics of aggregation suggests that 
the rate of aggregation and the equilibrium extent of 
aggregation are sensitive to the antigen concentration. 
Further experimental and theoretical research will 
be used to characterize the kinetics of multiplexed 
antigen detection and QD-Ab aggregation in complex 
biological samples, but is not a part of this short 
communication. Due to its unique characteristics, 
this multifunctional nano-conjugate-based analyte 
detection technique may provide a novel, simple, and 
rapid mechanism for detecting molecular biomarkers 
in physiological samples. An understanding of 
the aggregation kinetics and mechanisms will be 
particularly important in developing practical 
implementations of this technology, especially for 
complex samples containing non-specific antigens 
with weak intermolecular interactions that may 
support weak QD-Ab aggregation. Nanoscale 
particle aggregation in solutions is a fundamental 
phenomenon that affects various technologies that 
include nanomaterials. The approach demonstrated 
here for characterizing nanoparticle aggregation 
kinetics may be applicable for improving our 
experimental and theoretical understanding of 
these nanoparticle interaction mechanisms. Such 
new fundamental knowledge will presumably be 
important in fields other than the directed self-
assembly and molecular diagnostics applications of 
the present work.
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