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A gold nanoparticle-based competitive colorimetric assay uses

the ensemble of Concanavalin (ConA) and mannopyranoside-

encapsulated gold nanoparticles (Man-GNPs) to identify the

binding partners for ConA and the binding constants are

determined based on the wavelength shifts.

Protein–protein interactions play key roles in structural and

functional organization of living cells. A variety of techniques have

been developed for the investigation of these interactions including

protein microarrays, two-hybrid analysis, immunoassays, mass

spectrometric analysis by affinity capture, fluorescence spectros-

copy, and calorimetry.1 However, development of facile and

sensitive identification of protein–protein interactions, especially in

high-throughput, is still one of the most challenging as well as

important tasks in proteomics research.2

Gold nanoparticles (GNPs) smaller than 60 nm have extremely

high extinction coefficients at y520 nm.3 Moreover, different

agglomeration states of GNPs can result in distinctive color

changes. These extraordinary optical features make GNPs an ideal

color reporting group for signaling molecular recognition events

and render the nanomolar concentration detection possible.4 While

elegant biosensor designs utilizing these concepts, such as DNA-

functionalized GNPs for colorimetric detection of DNA5 and

Pb(II)6 as well as carbohydrate-modified GNPs for selectively

sensing lectins,7 have been demonstrated, it is desirable to expand

this rather facile/sensitive detection methodology to new applica-

tions. In this communication we would like to describe an

adequate technique based on the cognate substrate-modified gold

nanoparticles, namely gold nanoparticle-based competitive colori-

metric assay, for sensitive and expedient detection of protein–

protein interactions in solution. Direct visualization without the

need for protein labeling or the aid of instruments is possible.

A detection scheme for protein–protein interactions is illustrated

in Fig. 1. A protein, denoted by X, binds the ligands protruding

from the GNP surface and promotes agglomeration of the

particles via multivalent ligand–protein interactions giving rise to a

blue colored solution (Fig. 1b). However, the addition of a

putative protein, denoted by Y, capable of interacting with protein

X, could influence the binding between X and GNPs. It is therefore

possible to undo the agglomeration of GNPs and cause the

dissipation of GNPs. As a result, the color of the solution can

change from blue to the original burgundy color (Fig. 1c).

Lectins are carbohydrate-binding proteins and most of them

are multivalent and capable of agglutinating cells. Interaction

of cellular proteoglycans, glycoproteins and glycolipids with

carbohydrate-binding proteins is involved in a number of

important biological processes.8 Accordingly, we have exploited

concanavalin (ConA) and mannose modified-GNP (Man-GNP)

to demonstrate proof-of-concept of the methodology.

Thyroglobulin, a glycoprotein known to bind ConA strongly,9

was selected to verify the mode of sensing. Six lectins along with

three other proteins10 were tested for their capability of interacting

with ConA.

The Man-GNP used in the present work comprised a thiol

appended mannose ligand attached to 32-nm-diameter gold

nanoparticles.11 The Man-GNPs in 0.01% aqueous sodium citrate

solution showed an absorption band with lmax at 528 nm and

displayed the largest red-shifts and the most pronounced change of

absorption intensity in the presence of ConA, whereas there was

no appreciable absorption change upon the addition of other

proteins (see ESI{), indicating Man-GNPs specific binding to

ConA. The spectral changes are attributed to a severe aggregation

of GNPs mediated by ConA.12

We next evaluated the possibility of using the preformed Man-

GNPs/ConA complex for a competitive colorimetric assay.

Among 10 proteins considered herein, four proteins i.e. thyroglo-

bulin, BS-I, SBA, and MAL are found to have very drastic effects

on the absorption spectrum of Man-GNPs/ConA compared to the

remaining proteins tested. For these proteins, the wavelength was

blue-shifted and the absorption intensity increased. The color

changed from blue to burgundy indicating these four proteins were

able to compete with Man-GNPs binding to ConA and disrupt
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Fig. 1 A schematic illustration for the colorimetric detection of protein–

protein interactions.
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agglomeration of the particles. In fact, the color change can be

easily detected by the naked eye within 2 min and the detection

limit can be as low as 5 nM. When the sequential addition order of

Man-GNPs was changed so that ConA first mixed with these four

proteins followed by the addition of Man-GNPs, the color of

Man-GNPs remained burgundy. The result indicates that the

presence of a binding partner prevents ConA from cross-linking

Man-GNPs (Fig. 2).

In accordance with our expectation, thyroglobulin disrupts the

agglomeration of the particles giving rise to a burgundy color. We

demonstrate that BS-I, SBA, and MAL are capable of interacting

with ConA for the first time. To provide further support for this

result, we examined the interactions by SDS-PAGE. The GNPs

can penetrate a gel under the correct conditions and the proteins

that entered the gel were separated as shown in Fig. 3. Two bands

are evidenced in lanes 3, 4, and 5, respectively, and the color of the

corresponding solutions is burgundy. In contrast, only one band

corresponding to ConA is observed in lanes 6, 7, and 8 and the

color of the solutions is blue. The results demonstrated that the

tested proteins-BS-I, SBA, and MAL interacted with ConA, which

is consistent with spectroscopic studies.

To further validate some aspects of the data, matrix-assisted

laser desorption ionization-time of flight-MS was employed to

analyze the components of biomolecules adsorbed on the Man-

GNPs.13 The mass traces (see ESI{) clearly provided evidence for

the formation of a ConA and BS-I complex. This result along with

the gel analysis allows us to confirm that the protein–protein

interactions can indeed be evaluated by direct color visualization of

the surface plasmon change.

The new technology that we have developed here provides not

only qualitative but also quantitative evaluation of protein–protein

interactions. Fig. 4a shows representative UV-vis spectra of ConA

(98 nM) with various concentrations of BS-I in the presence of a

constant concentration of Man-GNP. A clear color progression

from blue to purple to burgundy with increasing concentrations of

BS-I can be observed since disruption of the cross-linked particles

is induced by ConA/BS-I interaction influencing the interactions

between ConA and Man-GNP. The extent of particle dissipation,

in terms of wavelength changes at maximum absorption, is

proportional to the BS-I concentration added and leveled off once

the concentration of BS-I reaches 49 nM; half of the concentration

of ConA used in the study. It indicates the stoichiometry for the

binding of BS-I to ConA as 1 : 2 (Fig. 4b). Job’s plot also confirms

the stoichiometry and the Hill plot further shows that the binding

is cooperative with Hill’s coefficient close to 1.8 (see ESI{).14 Based

on the wavelength changes, the binding constant of ConA/BS-I is

calculated to be 1.5 6 1015 by a nonlinear regression curve fitting

program (see ESI{). The rather large binding constant is not

surprising if the large surface area of proteins possible for

interactions and the 1 : 2 stoichiometry for the binding of BS-I

to ConA are taken into account.

Fig. 2 Overlaid absorption spectra of Man-GNPs (0.29 nM) in the

presence of the premixed ConA and tested proteins. The spectra of

RNaseA, trypsin inhibitor, and BSA were similar to the one displayed by

ECL, and thus omitted for clarity.

Fig. 3 12% SDS-PAGE used to identify the existence of interactions

between ConA and various proteins. Lane 1: protein markers; Lane 2:

ConA alone; Lane 3: ConA + BS-I; Lane 4: ConA + SBA; Lane 5: ConA +
MAL; Lane 6: ConA + ECL; Lane 7: ConA + WGA; Lane 8: ConA +
BS-II. The inset shows the photoimages of the corresponding solutions for

each lane. Thyroglobulin was not used in SDS-PAGE due to its rather

large molecular weight (y670 kDa).

Fig. 4 (a) Surface plasmon bands of Man-GNPs (0.29 nM) after the

addition of different ratios of ConA and BS-I: Man-GNP alone (n); BS-I

10 mg mL21 ($); ConA 10 mg mL21 + BS-I 10 mg mL21 (1 : 1 wt/wt) (¤);

ConA 10 mg mL21 + BS-I 5 mg mL21 (2 : 1 wt/wt) (%); ConA 10 mg mL21

+ BS-I 2.5 mg mL21 (4 : 1 wt/wt) (&); and ConA 10 mg mL21 (*). (b)

Absorption wavelength changes (Dl) relative to 528 nm is plotted as a

function of BS-I concentrations (0, 9, 22, 31, 44, 66, 88, 132 nM).
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An independent determination of the binding constant between

ConA and BS-I was obtained from Biacore surface plasmon

resonance (SPR) biosensor.15 ConA was immobilized to a CM5

sensor chip through amine coupling and BS-I solution was injected

over the immobilized Con A. The resultant SPR sensorgrams are

shown in Fig. 5. As the concentration of BS-I increases, the

response is proportionally increased. The binding constant

assuming 1 : 1 stoichiometry determined from SPR data is 1.9 6
106, which is weaker than that determined by the Man-GNPs

methodology. The disparity in the binding magnitude can be

largely attributed to the intrinsic nature of these two methodol-

ogies. In the case of the SPR measurement, immobilizing one of

the interacting proteins on the chip blocks one side of the proteins.

As a result, only one side of the proteins is exposed for interacting

with the binding partners. In contrast, proteins of interest can

interact with each other in any direction in the case of the Man-

GNP system and the local density of ConA is probably higher

than it is on the CM5 sensor chip, rendering 1 : 2 binding possible.

It is reasonable that the cooperative binding strength of divalent

(1 : 2) binding is much greater than monovalent (1 : 1) binding.

The concentration of BS-I used in these studies also reflects the

binding strength. Only nanomolar quantities of BS-I were required

to influence the Man-GNP absorbance, whereas micromolar

amounts of BS-I were needed in the Biacore studies.

We have shown convincingly that protein–protein interactions

can be evaluated qualitatively as well as quantitatively by using

gold nanoparticle-based competitive colorimetric assays. The

methodology does not require any special protein modifications

and is very sensitive; only nanomolar concentrations of proteins

are required. Moreover, color changes are conspicuous and readily

perceived by the naked eye. There is also no need to use analytical

instruments or labeled lectins. By using this expedient methodol-

ogy, a broad range of proteins can be rapidly evaluated for their

abilities to interact with the protein of interest in real time. The

method is easily generalized for studying other protein–protein

interactions simply by capping GNPs with corresponding cognate

substrates, rendering high-throughput screening of protein–protein

interactions possible. It should also be straightforward to use this

methodology to screen molecular libraries containing potential

drugs to disrupt cell–cell adhesion mediated by lectins. Further

work in this direction and the application of this colorimetric assay

in proteomic analysis are underway.
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