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Abstract

Antibody-conjugated nanomaterials have attracted much attention because of their applications in 

nanomedicine and nanotheranostics, and amplification of detection signals. For many of these 

applications, the nano-conjugates must bind with a cell membrane receptor (antigen) specifically 

before entering the cells and reaching the final target, which is thus important but not well 

understood. Here we present a plasmonic imaging study of the binding kinetics of antibody-

conjugated gold nanoparticles with antigen-expressing cells, and compare the results with that of 

the nanoparticle-free antibody. We find that the nano-conjugates can significantly affect the 

binding kinetics compared with free antibody molecules, depending on the density of the antibody 

conjugated on the nanoparticles, and expressing level of the antigen on the cell membrane. The 

results are analyzed in terms of a transition from mono-valent binding model to a bi-valent binding 

model when the conjugation density and expressing level increase. These findings help optimize 
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the design of functional nanomaterials for drug delivery and correct interpretation of data obtained 

with nanoparticle signal amplification.
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1. Introduction

Nanomaterials have been used as smart carriers for drug and gene delivery,[1, 2] versatile 

probes for diagnostic imaging,[3] and potential agents for thermotherapy.[4, 5] For most of 

these applications, the nanomaterials are functionalized with antibodies to form nano-

conjugates so that they can recognize the target cells and cross the cell membranes in order 

to reach a target location in the cells.[6–8] The recognition is based on the specific binding of 

the surface-bound antibody with a molecular receptor expressed by the cells, e.g., membrane 

proteins, on the cell membrane surface. The specific antibody-receptor binding also 

facilitates the subsequent uptake of nano-conjugates via antibody induced receptor 

endocytosis.[9] Understanding the binding of nano-conjugates with cell membrane is thus 

critical for many of the proposed biomedical applications with nanomaterials.[10, 11]

Despite the importance, determining how the nano-conjugates interact with membrane 

receptors has been challenging because of several reasons.[9] First, the binding often 

involves multiple mechanisms, including specific binding,[9, 12] and less specific 

electrostatic[13] and hydrophobic interactions.[14] Second, most techniques cannot easily 

separate the initial binding and subsequent endocytosis processes. Finally, the antibodies 

bound on the nanomaterial surfaces may interact with the membrane receptors differently 

from the corresponding antibodies in free solutions. Presently, the interaction of the 

nanomaterials with cell membranes is described using terms including uptake efficiency and 

trans-membrane time.[15, 16] A more detailed kinetic model with measurable binding 

constants would help to quantify the interaction on the molecular scale.[17, 18] Various 

techniques have been developed to study the interaction of nano-conjugates with cell 

membranes. For example, optical imaging and tracking techniques have been used to 

monitor the process of nano-conjugates entering the cells.[19]

In the present work, we quantify the binding kinetics of antibody-functionalized gold 

nanoparticle (AuNP) with native antigen-expressing cells, and determine the effect of the 

nanoparticle on the binding kinetics with a plasmonic imaging method. [20] The method 

allows us to monitor the binding of nano-conjugates onto single intact cells in real time, 

from which the binding kinetics is studied quantitatively. We choose monoclonal antibody 

Herceptin-conjugated gold nanoparticles and human epidermal growth factor receptor 2 

(Her2)-expressing cells as a model system. Her2 is a receptor tyrosine kinase overexpressed 

in various ovarian and breast cancers, and Herceptin is one of the most successful 

monoclonal antibody drugs on the market for treating Her2 positive cancers.[21, 22] The 

Herceptin-conjugated nanomaterials have shown to exhibit unique advantages in treating 

cancers.[23–25]
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2. Results and Discussions

2.1. Measuring the binding kinetics of Herceptin@AuNP conjugates with SKBR3 cells

Figure. 1a is the schematic illustration of the plasmonic imaging system for measuring the 

binding kinetics of nano-conjugates and single adherent cells. Her2-expressing cells were 

cultured on the sensor chip overnight before the chip was placed on the prism for 

measurement. Note that the adherent cells were fixed by 4% paraformaldehyde prior to 

experiment to minimize the intrinsic micromotions of the cells and avoid the possible uptake 

of nano-conjugates that could affect data interpretation. An incident light was directed 

through a prism onto the gold-coated coverslip to excite the surface plasmons. A CCD 

camera was used to capture the reflected light to form a plasmonic image, which maps the 

distribution of local mass density. Herceptin molecules were immobilized on the AuNP 

surface with the help of protein A, as shown in Figure. 1b, which bound to Her2-expressing 

cell membrane via a specific Herceptin-Her2 interaction. The binding of nano-conjugates 

increased the local mass density of cells, which was measured by the plasmonic imaging. 

The entire association and dissociation process could be monitored for each single cell, 

allowing for the extraction of binding kinetics constants at the single cell level.

A typical plasmonic image of SKBR3 cells adherent on the gold chip is presented in Figure. 

2a, which reveals the individual adherent cells as bright spots. SKBR3 is one of the most 

widely used breast cancer cell lines that are known to express Her2 endogenously in the cell 

membranes. The overexpression of Her2 in the cell line was further verified by 

immunofluorescence staining (Supporting Information Figure. S1). At the beginning of each 

measurement, buffer solution flowed over the cells for 300 seconds until a stable baseline in 

the plasmonic image intensity was reached. Then solution containing Herceptin@AuNP was 

introduced for another 600 seconds to allow the association of nano-conjugates onto the cell 

membrane. In order to study the dissociation rate constant, the buffer solution was 

subsequently injected again, flowing over the SKBR3 cells, for 900 seconds. The plasmonic 

image was continuously recorded throughout the procedure, from which the sensorgrams of 

the individual cells were obtained. Figure. 2b plots an averaged sensorgram over 36 different 

cells (black curve), showing well-defined association and dissociation processes.

We further validated that the surface binding of nano-conjugates was indeed from the 

specific interaction between Herceptin (on the AuNP surface) and Her2 (on the cell 

membrane). Figure. 2c is a map of mass distribution of the nano-conjugates bound on the 

individual cells, obtained by subtracting the baseline image before the association (t=0 s) 

from the one at the end of association (t=600 s). It shows that the nano-conjugates bound on 

the cells only with little binding onto the surrounding gold surface. As the further controls, 

we also studied the interactions of Herceptin@AuNPs with Her2-negative cells, and of 

protein A@AuNP with Her2-positive cells, but observed little binding in both cases 

(Supporting Information Figure S2). We thus attribute the observed binding of nano-

conjugates to the specific Herceptin-Her2 interaction.

In order to evaluate the influence of AuNP on the Herceptin-Her2 binding kinetics, we 

measured the binding kinetics of free Herceptin molecules with the same batch of SKBR3 

cells as shown in Figure. 2b (blue curve). Two features were noticed when comparing the 
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sensorgrams of free (blue curve) and surface-bound Herceptin molecules (black curve). 

First, the presence of AuNPs amplified the signal by ~two times. This observation is 

consistent with previous studies and can be understood because AuNPs in general produce a 

large optical change than the proteins.[26, 27] The second feature was that they followed two 

different binding kinetics models. While free Herceptin molecules exhibited typical kinetics 

features of a monovalent model with a dissociation constant (KD) of 2.7 nM (red curve), the 

nano-conjugates were found to follow a bi-valent model [28, 29] as shown in Figure. 2d 

(Supporting Information Figure S3). According to this model, Herceptin@AuNP-cell 

interaction first occurred between one antibody (Herceptin) and one Her2 receptor on the 

cell membrane. Then an additional molecular binding occurred between another antibody 

molecule on the same nano-conjugate and an adjacent Her2 receptor to achieve a bivalent 

attachment.[30] This process is illustrated in Figure. 2e, and a detailed description is 

provided in Supporting Information.

The bi-valent model is supported by the inter-receptor distance in SKBR3 cells. From the 

equilibrium response of free Herceptin molecules (54 RU, blue curve), the surface density of 

Her2 was estimated to be 447 molecules per um2, corresponding to an average inter-

molecular distance of 47 nm (Supporting Information Table S1). This distance is much 

larger than the size of a Herceptin molecule, which explains the observed mono-valent 

binding for free Herceptin molecules. However, the Herceptin@AuNP conjugate consisted 

of a 25-nm gold nanoparticle core, a layer of protein A and another layer of Herceptin 

(Figure. 1b), and its size is comparable to the average inter-molecular distance of Her2, 

making it possible for two or more Herceptin molecules in the same nano-conjugate to bind 

to two Her2 receptors on the cell membrane (Supporting Information Figure S4). The 

formation of one-nanoconjugate-multiple-Her2 therefore resulted in the multi-valency 

feature as observed in the sensorgrams (Figure. 2d). To confirm this hypothesis, we 

measured the binding signal of nano-conjugates with 6 nm AuNP and observed mono-valent 

binding (Supporting Information Figure S5). Such result further demonstrated that the 

plasmonic imaging technique was reliable for determining the binding kinetics of nano-

conjugates with intact cells. Note that even though the experimental results fitted with the 

bi-valent model very well, multi-valent binding might also exist because of the 

inhomogeneous distribution of Her2 receptors in the cell membrane.

2.2. Binding kinetics of Herceptin@AuNP with JIMT1

In order to further examine the bi-valent kinetics model, we studied another cell line JIMT1, 

which was reported to express five times less amount of Her2 than SKBR3.[31] Figure. 3a 

displays the plasmonic images of several adherent JIMT1 cells. We first obtained the 

sensorgram of free Herceptin with JIMT1 cells as shown in Figure. 3c (blue curve). The 

lower expression level of Her2 in JIMT1 was confirmed by the observation of a smaller 

amount of Herceptin binding (16 RU). We estimated the surface density of Her2 to be ~132 

molecules per um2 with an intermolecular distance of 87 nm (Supporting Information Table 

S1).

We subsequently studied the binding kinetics of nano-conjugates with Her2 receptors on 

JIMT1 cells (black curve) and generated the binding map of nano-conjugates shown in Fig 
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3b. Similar to that on SKBR3, the presence of AuNP enhanced the binding signal by ~5 

times as displayed in Figure. 3d. However, the intensity dropped rapidly to ~20 RU in 10 

minutes during the dissociation stage, implying a weak nano-conjugate-Her2 binding in 

JIMT1 cells. We also used the bivalent model to fit the sensorgram as shown in Figure. 3e, 

and found that the monovalent attachment dominated the binding process of nano-

conjugates on the cell membrane of JIMT1. This result is consistent with the hypothesis that 

the small intermolecular distance between Her2 receptors was responsible for the bi-valent 

binding of nano-conjugates. As the receptor density decreased, the average inter-molecular 

distance increased, which reduced the probability of bi-valent binding as illustrated in 

Figure. 3f. Thus, the monovalent attachment became dominant for Herceptin@AuNP-cell 

interaction with JIMT1 cells.

The binding kinetic constants of Herceptin@AuNP conjugates with SKBR3 and JIMT1, as 

well as free Herceptin to SKBR3, were also listed in Table 1 for comparison. It is obvious 

that nano-conjugates exhibited faster association rate constant (ka1) than free Herceptin 

molecules. However, the dissociation rate constants (kd1) were also much faster for nano-

conjugates, resulting in weaker binding affinity than that of free Herceptin molecules. This 

is probably because the negative charge of nano-conjugate inhibited its accessibility with the 

cell membrane, which is also negatively charged under physiological conditions. Moreover, 

nano-conjugates showed much slower dissociation rate constant (kd2) of SKBR3 cells than 

that of JIMT1 cells, which was due to a higher probability of bi-valent binding of nano-

conjugates with Her2-overexpressing SKBR3 cells.

2.3. Effect of Herceptin density in Herceptin@AuNP conjugates on the binding kinetics

The number of antibodies on a single nanoparticle may also affect the interaction of the 

nano-conjugates with the cells, and subsequently affect the performance of the nano-

conjugates on diagnostics, drug delivery and therapy. To study this effect, we prepared 

nano-conjugates with different Herceptin to AuNP molar ratios, and studied its influence on 

the binding kinetics of nano-conjugates with cell membranes on SKBR3 cells. As shown in 

Figure. 4a the maximum binding amount of nano-conjugates increased with the density of 

Herceptin conjugated on AuNPs, where the conjugation density was estimated from the 

molar ratio between Herceptin molecules and gold nanoparticles and all the nano-conjugates 

were adjusted to be the same concentration of 5.5 pM in the experiments for fair 

comparisons. A close analysis of the binding kinetics showed that the monovalent binding 

model fitted the data well when the Herceptin density was relatively low (Figure. 4b). When 

the molar ratio of Herceptin to AuNP increased from 25 to 150, the sensorgram followed a 

typical bi-valent model as shown in Figure. 4c (Supporting Information Figure S6). We 

believe that the increase of Herceptin conjugation density enhanced the binding possibility 

of multiple Herceptin molecules in one nano-conjugate with Her2, i.e., multi-valent binding. 

These results indicate that the binding kinetics of nano-conjugates indeed depends on the 

conjugation density of antibody, which must be considered when designing nano-conjugates 

for efficient drug or gene delivery with nano-conjugates.

Finally, we point out that when Her2 expressing levels were low, the binding signals of free 

Herceptin molecules with the cells could not be easily detected, and the presence of AuNPs 
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significantly enhanced the plasmonic signal, which is a useful method to amplify weak 

binding signals. However, one must optimize the density of Herceptin molecules on the 

AuNPs and carefully analyze the kinetic data in order to avoid the effect of AuNPs on the 

binding kinetics.

3. Conclusion

We have studied the binding of Herceptin-conjugated gold nanoparticles with intact Her2-

expressing cells using a plasmonic imaging technique, and compared the results with that of 

free Herceptin the Her2-expressing cells. By analyzing the binding kinetics, we conclude 

that the nano-conjugates can generally amplify the plasmonic signals, but also significantly 

affect the binding kinetics. The effect depends on the conjugation density of Herceptin on 

AuNPs and the expressing level of Her2 on the cell membrane. If the density of Herceptin 

and/or the expressing level of Her2 are low, the binding kinetics follows a simple mono-

valent model. However, if the density of Herceptin and the expressing level of Her2 are 

high, the binding kinetics can only be described by a bi-valency model, involving two pairs 

of specific Herceptin-Her2 interactions. The present work demonstrates a method for direct 

study of the binding kinetics of nano-conjugates with cell membranes, and also provides 

new insights into the mechanisms underlying the recognition and uptake of nano-conjugates 

by cells. These results show that one must consider the effects of nanomaterials on the 

binding kinetics when designing nano-conjugates for efficient drug or gene delivery with 

nano-conjugates, or using nanoparticles to amplify detection signals.

4. Experimental Section

Materials

Herceptin was obtained in powder form Genetech Inc. (San Francisco, CA), and its stock 

solution was prepared by dissolving 42 mg powder in 1 mL deionized water, reaching an 

effective antibody concentration of 21 mg/mL by following the manufacturer’s instruction. 

AuNP coated with protein-A (AuNP-PrA, AuNP diameter = 25 nm, coefficient of variance: 

<12%) was purchased from Electron Microscope Sciences (Hatfield, PA). Paraformaldehyde 

of 4% (v/v) was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). 

Phosphate-buffered saline (1xPBS, pH = 7.4) purchased from Thermo Fisher (Waltham, 

MA) was used as the buffer solution. The buffer solution was adjusted with deionized water 

and sodium chloride to reach the same refractive index as the sample solution containing 

nano-conjugates for studying the binding of nano-conjugates. All other solvents and 

chemicals were analytical grade purchased from Sigma Aldrich unless stated otherwise.

Preparation of gold nanoparticle–Herceptin conjugates (Herceptin@AuNP)

According to the manufacturer’s instruction, approximately 150 Protein A (PrA) molecules 

are covalently coated on each AuNP. The conjugation of Herceptin was achieved by further 

incubating AuNP-PrA with Herceptin as their application protocol. The conjugation density, 

i.e., Herceptin to AuNP molar ratio, was adjusted by modifying the concentration of 

Herceptin during conjugation process. Briefly, 100 nM Herceptin was mixed with 0.55 nM 

AuNP-PrA in 500 μL deionized water and the mixture was left overnight in the dark in order 

to achieve the highest Herceptin to AuNP molar ratio of ~150. This solution was further 
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diluted with 1xPBS to reach the experimental concentration as indicated in the text. 

Herceptin@AuNPs with different conjugation densities were prepared in a similar way 

using different Herceptin concentrations. And nano-conjugates with highest molar ratio of 

Herceptin to AuNP were used in the present work unless stated otherwise. Such a 

conjugating protocol allowed PrAs to specifically recognize and oligomerically bind to the 

Fc domain of Herceptin molecules, so that Herceptin molecules could adapt optimal 

orientation for targeting Her2 receptors on the cell membrane.[32] Note that the link of PrA 

with AuNPs and PrA-Herceptin interactions were very stable and tight. There was no 

desorption or crosslinking of protein from the nanoparticle once the conjugation is 

formed. [33]

Cell culture

SKBR3 cell line were obtained from the American Type Culture Collection (ATCC, 

Rockville, MD) and cultured according to their specifications. JIMT1 cell line was 

purchased from Leibniz Institute DSMZ-German Collection of Microorganisms and Cell 

Cultures (Braunschweig, Germany). DMEM/F12 (Invitrogen, Carlsbad, CA) supplemented 

with 10% Fetal Bovine Serum (FBS, Invitrogen) and penicillin-streptomycin (BioWhittaker, 

Basel, Switzerland) were used as culture media. When the cells reached the confluent of 

approximately 80%, they were passaged with 0.05% trypsin and 0.02% EDTA in Hank’s 

balanced salt solution (HBSS, Sigma-Aldrich, St. Louis, MO).

Plasmonic imaging setup

A prism-based plasmonic imaging configuration with 10X magnification was used for 

collecting the binding kinetics information. The detailed description of this setup can be 

found in our previous work.[22] Briefly, p-polarized light from a 670 nm light-emitting diode 

(LED, L7868-01, Hamamatsu, Japan) was directed onto the sensor chip through a SF-11 

prism. The reflected beam by the prism produced a plasmonic image, which was captured by 

a CCD camera (Pike F032B, Allied Vision Technologies, Newburyport, MA).

The sensor chips were BK-7 glass coverslips coated with 2~3 nm chromium followed with 

~47 nm gold. A Flexi-Perm silicon chamber (SARSTEDT, Germany) was placed on top of 

the gold chip to serve as a cell culture well. To promote strong adhesion of cells on the gold 

surface, the chips were pretreated with 75 μL of 10 μg/mL collagen solution. About 5000 

cells in 250 μL growth media were added into the chamber. The wells were kept in the 

incubator for 24 hours to allow the attachment and growth of cells. Prior to measuring 

kinetics, the adhered cells were rinsed by PBS buffer, and then fixed by 4% 

paraformaldehyde solution.

Flow system

A gravity-based multichannel drug perfusion system (SF-77B, Warner Instruments, CT) was 

used to control the local solution surrounding the target cells. The typical transition time 

between different solutions was about 1–2 seconds.
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Figure 1. Monitoring the binding kinetics of nano-conjugates with single intact cells
(a) Schematic illustration of the plasmonic imaging setup. A p-polarized beam is directed 

onto the gold-coated glass coverslip through the prism underneath to excite the surface 

plasmon. The reflected light is captured by a CCD camera to produce a plasmonic image of 

individual adherent cells. (b) The structure of a Herceptin@AuNP nano-conjugate.
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Figure 2. In situ binding kinetics of nano-conjugates with SKBR3 cells
(a) A typical plasmonic image of SKBR3 cells, where the bright spots represent individual 

cells. (b) Typical sensorgrams showing the association and dissociation of nano-conjugates 

with surface bound Herceptin (black dots) and free Herceptin (blue dots) with SKBR3 cells. 

The black and red curves are fitted curves with the bi-valent (for pink dots) and mono-valent 

binding models (for blue dots), respectively. (c) Mapping of nano-conjugate distribution on 

SKBR3 cells, showing negligible non-specific interactions of nano-conjugates in the gold 

regions surrounding the cells. (d) Individual sensorgrams of the nano-conjugates with 

multiple SKBR3 cells (grey), average sensorgram over the individual cells (pink), and the fit 

of the average sensorgram the bi-valent binding model (black). The cyan curve represents 

the initial binding of Herceptin to Her2 on the cell membrane via one pair of Herception-

Her2 interaction, and the magenta curve is the binding via a second pair of Herception-Her2 

interaction. (e) Schematic illustration of the bi-valent binding model.

Yin et al. Page 11

Small. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. In situ binding kinetics of nano-conjugates with JIMT1 cells
(a) A typical plasmonic image of several JIMT1 cells adherent on a gold chip. (b) Mass 

distribution of nano-conjugates on JIMT1 cells, showing negligible non-specific interactions 

of nano-conjugates in the surrounding gold regions. (c) Sensorgrams showing the 

association and dissociation of nano-conjugates (pink dots) and free Herceptin (blue dots) 

with JIMT1 cells, where the black curve is a fit with the bi-valent binding model. (d) 

Plasmonic signal amplification due to the presence of gold nanoparticles. (e) Individual 

sensorgrams of the nano-conjugates with multiple JIMT1 cells (grey), average sensorgram 

over the different cells (pink), where the fit of the average sensorgram the bi-valent binding 

model (black). The cyan curve represents the initial binding of Herceptin to Her2 on the cell 

membrane via one pair of Herception-Her2 interaction, and the magenta curve is the binding 

via a second pair of Herception-Her2 interaction. (f) Schematic illustration of the loss of bi-

valent binding due to increased inter-molecular distance of Her2 receptors.
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Figure 4. Influence of Herceptin conjugation density on the binding mechanisms of nano-
conjugates
(a) Sensorgrams with Herceptin to AuNP molar ratios at 150 (pink curve), 64 (blue curve) 

and 25 (magenta curve), respectively. (b) The sensorgram of nano-conjugates with the 

lowest Herceptin to AuNP molar ratio fits typical monovalent binding model (panel b inset). 

(c) The sensorgram of nano-conjugates with the highest Herceptin to AuNP molar ratio fits 

the bi-valent binding model (panel c inset). Cyan and magenta lines represent the initial 

mono-valent attachment and the formation of bi-valent binding, respectively.
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