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Abstract

We demonstrate that ligand hydrophobicity can be used to increase affinity and selectivity of 

binding between monolayer-protected cationic gold nanoparticles and β– lactoglobulin protein 

isoforms containing two amino acid mutations.

Selective recognition of proteins is an important aspect in the design of diagnostics1 and 

separations systems.2 However, the discrimination between proteins with similar structures 

(e.g. <1% change in amino acid content) presents a difficult challenge that is most 

commonly addressed using either relatively slow separations techniques2 or through use of 

antigen-antibody recognition, resulting in stability issues and significantly increasing the 

overall cost.3 Therefore, development of synthetic materials to rapidly discriminate between 

proteins with similar structures is important in the design of sensors and media for 

separations.

Protein–nanoparticle (NP) assemblies provide effective platforms that have successfully 

been employed in numerous bio-applications including sensing,4 controlling enzymatic 

behavior,5 protein delivery,6 and producing biocompatible materials.7 Monolayer-

functionalized NPs provide a tunable surface for binding with target biomacromolecules, 

enabling differential NP–protein interactions.8 Selective NP–protein interactions have been 

utilized as a robust platform for differentiating proteins with different molecular weights, pI 

values, and sizes.4

The nature of the non-covalent interactions employed for host-guest interactions is an 

important factor in designing nanoparticles for selective protein binding. In recent studies, 

we have demonstrated protein isoform differentiation through purely electrostatic 

interactions in solution9 and on densely-packed immobilized nanoparticle surfaces.10 In this 

†Electronic Supplementary Information (ESI) available: Experimental details, ITC, and DLS analyses. See DOI: 10.1039/b000000x/

© The Royal Society of Chemistry [year]

Correspondence to: Xuhong Guo.
*rotello@chem.umass.edu; Fax: 413-545-2058; Tel: 413-545-4490. 

HHS Public Access
Author manuscript
Nanoscale. Author manuscript; available in PMC 2015 June 21.

Published in final edited form as:
Nanoscale. 2014 June 21; 6(12): 6492–6495. doi:10.1039/c4nr01085j.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



communication, we employ the interplay of hydrophobicity and electrostatics to increase 

both the affinity and selectivity between isoforms of protein recognition using nanoparticle 

receptors. These studies indicate that charge and hydrophobicity can work synergistically to 

provide particles with enhanced recognition capabilities.

We used monolayer protected cationic gold NPs (core diameter ~2 nm) for differentially 

binding the proteins. The chemical structures of the monolayer ligands used are shown in 

Fig. 1a, covering a range of different hydrophobicities of the ligand headgroups. These NPs 

feature a tetra(ethylene glycol) spacer to isolate the effect of the headgroups, as well as to 

minimize denaturation of the bound protein.11 Additionally, the charge (zeta potential ~20 

mV) and the size (diameter ~10 nm) of the particles are controlled to set the surface 

hydrophobicity as the only variable parameter. We selected β-lactoglobulin (BLG) as a 

model protein that has two isoforms: BLG variant A (BLGA) and BLG variant B (BLGB). 

They differ only in two amino acids: Val 118 (BLGA) → Ala 118 (BLGB) and Asp 64 

(BLGA) → Gly 64 (BLGB) (Fig. 1b). Their physiochemical properties such as size, 

geometry (dumbbell shape), and pI (~5.2) are similar,12 making the discrimination of these 

proteins challenging. BLG isoforms are known to exhibit multimeric states within certain 

pH ranges.13 To avoid complex binding phenomena, we carried out the experiments at pH 

5.5, where both the isoforms show dimeric structures.14

Initially, we studied the effect of NP structures on NP–BLG complexation using dynamic 

light scattering (DLS). Table 1 lists the sizes of the complexes between the different NPs 

and BLGA/BLGB. The sizes of both the BLGA and BLGB proteins were quite similar (~5 

nm) and consistent with reported values.15 Likewise, all the NPs have similar hydrodynamic 

sizes when tested independently. As the NPs bind with BLGA/BLGB, an increase in size is 

observed for all the cases evidencing the formation of NP-protein conjugates/aggregates. 

Although some differences in the size of the conjugates can be observed, the polydispersity 

of the complexes made assessment of affinity impossible. As such, a more detailed 

thermodynamically analysis is required to assess correctly these phenomena.

Quantitative analysis of protein-particle interaction was obtained using isothermal titration 

calorimetry (ITC).16 Using this technique we were able to determine the stoichiometry and 

affinity of the particle-protein pairs as well as obtain thermodynamic parameters for the 

binding processes.

The ITC experiments were performed by titrating the NPs into solutions of each protein at 

25°C. Depending on the NP, different thermodynamic profiles were obtained (see ESI†). 

The complexation of BLGA/BLGB with NP1 is exothermic in nature, while NP2 – NP4 
binding is an endothermic process. The thermograms were fitted to a one-site binding model 

that assumes equivalent and non-cooperative NP-BLG binding (see ESI†). Binding 

stoichiometries (n) and thermodynamic parameters such as binding constants (Kb) and 

enthalpy changes (ΔH) were obtained from the isothermal curve fitting analysis. The Gibbs 

free energy changes (ΔG) and entropy changes (ΔS) were calculated by using the standard 

thermodynamic equations: ΔG = –RTlnKb and ΔG = ΔH – TΔS, where R denotes the 

universal gas constant and T denotes the absolute temperature. The thermodynamic 

quantities for each NP–protein complex are summarized in Table 2. It is observed that the 
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BLGA/NP complexes feature significantly higher stoichiometries than that of BLGB/NP 

(Table 2). Moreover, the ratio of protein to NP varied dramatically depending on the ligand 

structure of the NPs. Presumably, different stoichiometries arise from the differential 

binding affinity as a result of various favorable interactions (vide infra). Another important 

observation is the enthalpy and entropy changes of the complexation processes that depend 

on the monolayer structures on the NPs. While NP2 – NP4 bind with the protein variants in 

an entropy-driven process, NP1 features enthalpy driven binding with negative ΔH and ΔS 

values. These enthalpy or entropy driven processes can be explained by the overall 

complexation equation (3) that is a combination of two simultaneous processes described in 

equation (1) and (2).17

(1)

(2)

(3)

where, H2ON, H2OB, and H2ON-B are the water associated with the NP, BLG protein and 

the NP-BLG complexes respectively.

The first process of non-covalent interaction between the NP and BLG is an exothermic 

reaction. However, the second process of water reorganization of the well-defined solvent 

shell is endothermic in nature with both ΔH and ΔS positive. It is clear that the hydrophobic 

NPs (NP2 – NP4) release higher amounts of water of solvation from the binding interface, 

with concomitant positive entropy change (2nd process predominant). On the other hand, the 

increased hydrophilicity of the hydroxyl functional group in NP1 might involve stronger 

non-covalent interaction along with other favorable interactions, such as hydrogen bonding. 

As a result, a negative ΔH is observed (1st process predominant) that is somewhat offset by 

the unfavorable entropy change.

We investigated the quantitative relationship between the hydrophobicity of the ligand 

headgroups and the binding affinities of the NP–protein dyads. We determined the computed 

octanol–water partition coefficient (log Poct) of the NP headgroups and used these as a 

measure of surface hydrophobicity.18 The plot of binding constant (Kb) against log Poct 

displays an interesting behavior (Fig. 2). As the hydrophobicity of the NPs increases, the 

binding affinity first increases, and then gradually attenuates. This trend presumably arises 

from the cooperative effect of hydrophobic and electrostatic interactions. An optimum 

balance of the two interactions is the key to achieve the maximum binding affinity observed 

for NP2. In addition, the π–π interactions of the aromatic amino acids on the proteins with 

the phenyl ring of NP2 might play a role to enhance the affinity. However, differences in 

binding affinities between BLGA-NP and BLGB-NP vary significantly depending on the 

NPs. The extra carboxyl group of BLGA (Asp64) together with neighboring negative 

residues should have higher electrostatic interactions with the NPs possessing lower 

hydrophobicity, leading to greater differentiation between BLGA and BLGB.9,19 On the 

other hand, interactions between the quaternary ammonium cation of the NP and anionic 
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residues on BLG are likely to be sterically diminished by the long decyl hydrocarbon chain 

of NP4, with consequent loss of differentiation between BLGA and BLGB. The Gibbs free 

energy change against NP hydrophobicity for the NP-protein dyads also showed a similar 

trend as the binding affinity (Fig. 2 inset). Taken together, these studies demonstrate that a 

subtle difference in the monolayer structure on the NPs can alter NP–protein affinity 

significantly.

We also observed from Table 2 that an enthalpy-entropy compensation process was 

operative similar to many host-guest systems.20 The physical significance of enthalpy-

entropy compensation was determined from the linear correlation using the relation TΔS = 

αΔH + TΔS0, where α is the slope and TΔS0 is the intercept. A linear relationship was 

obtained for these thermodynamic quantities with a correlation coefficient of 0.999 (Fig. 

S2). The near-unit slope (α = 1.00) suggests that significant conformational changes 

occurred at the interaction interface,21 similar to that found in other flexible systems such as 

protein–protein interactions,20 demonstrating the biomimetic nature of the protein-particle 

recognition process.

Conclusions

In summary, we have demonstrated that electrostatic and hydrophobic interactions can be 

employed to tune NP-protein affinity. Using BLGA/BLGB protein isoforms as a testbed, we 

observed that thermodynamic parameters for complexation between BLGA/BLGB and the 

NPs depend primarily on the relative hydrophobicities of the ligands present on the NPs. 

Notably, the maximum binding affinity was achieved through proper balance of 

electrostatics and hydrophobicity. These studies demonstrate the ability of functionalized 

NPs to achieve selective binding with subtly different proteins, a starting point in 

engineering particles with high selectivities required for applications such as biosensing.
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Fig. 1. 
(a) Chemical structures of the cationic gold NPs with different hydrophobicities (NP1 – 

NP4). (b) The secondary structure of BLGA and BLGB monomers displaying the two 

different amino acids at position 64 and 118. Color scheme for the secondary structure: 

purple - α-helix, yellow - β-sheet, blue - 310-helix, cyan - turn, and white - coil.
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Fig. 2. 
Plot of binding constant (Kb) vs. partition coefficient (log Poct) of the ligand headgroups on 

the NP monolayer. The inset shows plot of the Gibbs free energy change (ΔG) vs. log Poct. 

The lines are drawn to guide the eye.
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Table 1

Hydrodynamic diameter (% number) of the gold NPs, proteins, and their complexes in 5 mM sodium 

phosphate buffer (pH 5.5)

Unbound (nm)
Complex (nm)

BLGA BLGB

NP1 9.8 ± 2.1 37.4 ± 22.6 50.1 ± 34.2

NP2 6.9 ± 1.7 44.2 ± 20.3 43.6 ± 22.6

NP3 8.0 ± 2.4 25.7 ± 12.5 40.3 ± 18.1

NP4 7.5 ± 2.4 34.8 ± 20.6 33.3 ± 19.7

BLGA 4.8 ± 0.7 – –

BLGB 4.7 ± 0.7 – –
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Table 2

Thermodynamic parameters for the NP–protein complexation, and the octanol–water partition coefficients of 

the NPs

NP Calculated log Poct Protein
n 

* Kb × 105 (M−1) ΔH [kcal mol−1] ΔS [kcal (mol K)−1] −ΔG [kcal mol−1]

NP1 0.94 BLGA 7.7 ± 0.6 5.3 ± 0.1 −165.8 ± 0.8 −0.58 ± 0.002 7.8 ± 0.01

BLGB 5.6 ± 0.6 3.4 ± 0.1 −78.3 ± 0.5 −0.29 ± 0.001 7.53 ± 0.02

NP2 1.95 BLGA 16.7 ± 3.3 8.4 ± 0.7 270.7 ± 3.7 0.88 ± 0.01 8.07 ± 0.05

BLGB 8.3 ± 0.8 4.6 ± 0.8 253.1 ± 8.1 0.82 ± 0.03 7.70 ± 0.1

NP3 3.77 BLGA 9.1 ± 0.8 4.6 ± 0.4 10200 ± 60 34.2 ± 0.2 7.71 ± 0.05

BLGB 3.8 ± 0.5 2.0 ± 0.9 9900 ± 660 33.2 ± 2.2 7.15 ± 0.29

NP4 5.04 BLGA 5.3 ± 0.3 1.4 ± 0.7 13200 ± 440 44.3 ± 1.5 6.92 ± 0.32

BLGB 4.5 ± 0.2 1.1 ± 0.6 13000 ± 410 43.6 ± 1.4 6.76 ± 0.36

Note: The error values are the standard errors.

*
n denotes the stoichiometry of [protein] to [NP] based on monomeric state of the protein.
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