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Abstract

Gold nanoparticles (AuNPs) have been of recent interest due to their unique optical properties and 

their biocompatibility. Biomolecules spontaneously adsorb to their surface, a trait that could 

potentially be exploited for drug targeting. Currently, it is unclear whether protein–AuNP 

interactions at the nanoparticle surface are dependent on nanoparticle size. In this work, we 

investigate whether varying surface curvature can induce protein unfolding and multilayer binding 

in citrate-coated AuNPs of various sizes. A recently developed NMR-based approach was utilized 

to determine the adsorption capacity, and protein NMR spectra were compared to determine 

whether nanoparticle size influences protein interactions at the surface. In addition, transmission 

electron microscopy (TEM) and dynamic light scattering (DLS) were employed to corroborate the 

NMR studies. Over a broad range of AuNP sizes (14–86 nm), we show that adsorption capacity 

can be predicted by assuming that proteins are compact and globular on the nanoparticle surface. 

Additionally, roughly one layer of proteins is adsorbed regardless of AuNP size. Our results hold 

for two proteins of significantly different sizes, GB3 (6 kDa) and bovine carbonic anhydrase 

(BCA, 29 kDa). However, the unstable drkN SH3 domain (ΔḠ0 ≈ 0, 7 kDa) does not appear to 

follow the same trend seen for stable, globular proteins. This observation suggests that unstable 

proteins can deform significantly when bound to AuNP surfaces. Taken together, the results of this 

work can be used to improve our knowledge of the mechanism of protein–AuNP interactions to 

optimize their use in the biomedical field.
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Introduction

Gold nanoparticles (AuNPs) have unique properties, which make them ideal for many fields 

of research such as chemistry, physics, and the health sciences.1–4 For instance, their small 

size and electronic properties result in unique spectroscopic qualities, causing them to be 

interesting research targets.5 Many methods have been developed for synthesizing gold 

colloids, enabling the study of these properties throughout the past 60 years.6–9 Throughout 

this time, much has been learned about gold nanoparticles, but many aspects of their 

applicability remain poorly understood. One notable success is the thermal targeting of 

AuNPs to tumors in cancer patients,10,11 but the therapeutic value of AuNP-based drugs is 

limited by our inadequate understanding of protein–nanoparticle interactions. Only when 

such an understanding is obtained will we be able to develop AuNP-based therapeutics with 

high-specificity and minimal cytotoxic effects.

Proteins are known to spontaneously adsorb to the surface of AuNPs.12–14 This can be both 

an advantage and a disadvantage. On one hand, this phenomenon can be exploited to adsorb 

a protein of interest to the nanoparticle, potentially introducing a therapeutic effect and 

functionalizing the nanoparticle. In addition, if nanoparticles come in contact with any 

biological fluids, they will become coated with the natural proteins found in the fluid (a 

biocorona), therefore making them effectively invisible to the organism and its immune 

system.15–17 However, this behavior can also produce unexpected results, severely 

complicating the design of protein-functionalized nanoconjugates. Not only can the 

biocorona mask the function of functionalized nanoparticles, the biocorona itself can change 

over time, making it impossible to predict the character of the nanoparticles after they have 

been exposed to a particular host.18,19 It is therefore important to determine the mechanism 

of interaction for protein–AuNP adsorption to optimize and characterize the activity of any 

drug molecules or enzymes adsorbed to the surface of the AuNPs and to prevent their 

activity from being blocked by the adsorption of a possible second layer, or soft corona, of 

native proteins of the organism.20

AuNPs exhibit low toxicity and can be taken up into cells.20,21 The optimal shape and size 

for AuNP uptake into cells has been determined to be spherical AuNPs with a diameter of 

50 nm.22 However, AuNPs with a diameter of 15 nm or smaller are frequently used in 

studies due to their higher degree of monodispersity. Therefore, it is important to study a 

variety of AuNP sizes to understand which sizes are best suited for a particular application. 
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There is a discrepancy as to whether varying the curvature, and therefore the size, of the 

AuNPs alters the mechanism of interaction between the proteins and the AuNPs. Using a 

variety of different analytical methods, several groups have suggested that AuNP surface 

curvature alters the structure and binding capacity of adsorbed proteins on the surface of the 

nanoparticles.23–25 However, others have suggested that the interactions between proteins 

and AuNPs are unchanged as the curvature is altered. For example, Boulous et al. found that 

for bovine serum albumin binding to AuNPs, the binding constant is roughly the same 

regardless of the nanoparticle shape and size.26 Together, these results suggest a complex 

relationship between protein structure, thermodynamic stability, and nanoparticle adsorption. 

To our knowledge, systematic investigations of how protein stability relates to structure on 

the nanoparticle surface have yet to be performed.

Here, we apply a recently developed NMR-based approach27 for quantifying protein 

adsorbed to AuNPs to determine how the mode of protein–AuNP interactions may change as 

the size of the protein or nanoparticle changes. The nanoparticles themselves are not 

detected by traditional solution NMR because of their slow rotational correlation time.28 As 

the protein is in slow exchange with the AuNP surface (on the time scale of minutes or 

longer),29 only the free protein is detected, which permits the rapid and accurate 

quantification of the bound protein in situ. We apply this method to four different diameters 

of spherical AuNPs: 14, 30, 43, and 86 nm, and three different proteins: GB3, a small 

immunoglobulin binding domain from Staphylococcus aureus; bovine carbonic anhydrase 

(BCA), an enzyme responsible for converting carbon dioxide to carbonic acid and 

bicarbonate; and the Drosophila drkN SH3 domain, a small, unstable (ΔḠ0 ≈ 0) domain 

involved in protein–protein interactions. Transmission electron microscopy (TEM) and 

dynamic light scattering (DLS) are also used to investigate the protein behavior on AuNP 

surfaces. We find that both GB3 and BCA form a single layer of compact protein on all 

AuNPs tested, consistent with a globular conformation on the surface. However, drkN SH3 

deviates from this behavior, suggesting that protein deformation can occur on AuNP 

surfaces if the folding stability is sufficiently low.

Materials and Methods

Protein Preparation

Wild-type (WT) GB3 was prepared recombinantly as described previously.27 BCA was 

purchased from Sigma-Aldrich and used without further purification. The expression 

plasmid for drkN SH3 was generously provided by Dr. Nikolai Srkynnikov (Purdue 

University), and 15N-labeled protein was expressed and purified as described.30 Protein 

purity was established using SDS-PAGE electrophoresis, and the concentration of all 

proteins was determined using the UV absorbance at 280 nm.31 As DNA can interfere with 

protein–AuNP binding experiments, we also examined the ratio of UV absorbance at 280 

nm to the absorbance at 260 nm. All proteins had a 280/260 nm absorbance ratio greater 

than one, suggesting no DNA contamination in any of the samples.
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AuNP Preparation and Characterization

Gold(III) chloride trihydrate and sodium citrate dihydrate were used as received from 

Sigma-Aldrich. Approximately spherical AuNPs of different sizes (14, 43, and 86 nm) were 

synthesized using the protocol laid out by the Frens method.32 5 mg (0.01% by mass) of 

HAuCl4 was added to 50 mL of ultrapure 18.2 MΩ Milli-Q water. This solution was brought 

to a boil, and then varying amounts of 1% by mass of sodium citrate were added 

immediately after boiling began. This mixture was kept boiling for 20 min, and then allowed 

to cool to room temperature. Centrifugation at 7500g for 45 min was performed to 

concentrate the AuNPs, and then sonication was performed using a Branson bath sonicator. 

The 30 nm AuNPs used in this study were obtained commercially (nanoComposix, San 

Diego, CA).

All of the nanoparticle sizes were confirmed using a JEOL 2100 transmission electron 

microscope, operated at 200 kV (Figure S1).33,34 TEM samples were prepared on copper 

grids coated with a Formvar carbon-based film to provide support for the nanoparticles. A 

single droplet containing the concentrated AuNPs was placed on the copper grid and left on 

a clean surface at room temperature to dry overnight. ImageJ software was used to generate 

average size distributions of all synthesized AuNPs. Distances are reported as the average of 

at least 20 independent measurements, and the uncertainties are calculated using the sample 

standard deviation of observed distances.

The extinction coefficients of AuNPs were calculated using the method described by Liu et 

al.35 Briefly, the number of gold atoms per nanoparticle is calculated assuming a spherical 

AuNP. The total number of gold atoms then is calculated using simple stoichiometric 

relations. These two numbers were used to calculate the theoretical concentration of the 

prepared nanoparticles. Finally, the absorbance of the prepared sample was taken, and the 

Beer–Lambert law was used to estimate the extinction coefficient for each sample. This 

approach yielded values for the UV–visible extinction coefficient that were comparable to 

those found by Liu et al.,35 and absorbance maxima were in agreement with previously 

reported values.33,34 As GB3, BCA, and drkN SH3 were added to solutions containing 

AuNPs of varying sizes, the absorbance peaks exhibited a red shift, similar to what was 

observed previously for GB3 alone on 15 nM AuNPs (Figure S2).27 A complete listing of 

the nanoparticles and extinction coefficients used in this study is provided (Table S1).

Dynamic Light Scattering (DLS)

A Wyatt DynaPro NanoStar DLS instrument was used to measure solution distributions of 

nanoparticle size. AuNPs (at a final concentration of 1 nM), or AuNPs containing 20 μM 

protein, were filtered using a 0.1 μm Anotop syringe filter. After equilibration for 1 h at 

room temperature, the solution was diluted 5-fold before transfer to a disposable 

microcuvette for measurement. The nanoparticle hydration radii were measured using the 

regularization fit functionality of the DYNAMICS software. For each measurement (with or 

without protein), the average value of three independently prepared samples is reported, and 

the uncertainty is calculated as the standard error of the mean of these measurements.
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NMR Measurements of Binding Capacity

Binding capacity measurements were performed at 25 °C as described previously.27 All 

NMR experiments were performed on a Bruker Avance III 600 MHz NMR with a 

cryogenically cooled (CP-QCI) probe. Briefly, 20 μM protein was premixed with a stock 

solution of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), sodium phosphate at pH 6.6, 

and D2O. The final concentrations of DSS, sodium phosphate, and D2O were 55 μM, 40 

mM, and 6% (v/v), respectively. To ensure consistency in the results, the same stock solution 

was added to all protein samples in equivalent volumes. Like trimethylsilylpropanoic acid 

(TMSP), DSS does not appear to interact with AuNPs and is less sensitive to small changes 

in pH. The AuNPs were added last, and to ensure that all concentrations were consistent, the 

same volume of either AuNPs or Milli-Q water was added to a final sample volume for 

NMR (550 μL). Thus, even small systematic errors in protein or AuNP stock solutions could 

be well controlled throughout our experiments. The sample was left undisturbed to 

equilibrate at room temperature for a minimum of 1 h before NMR experiments were 

performed to allow sufficient time for protein adsorption.36 Next, 1D 1H NMR spectra were 

recorded and processed as described previously, using manual integration of proton peaks to 

quantify the solution protein concentration relative to the DSS peak. The AuNP-bound 

protein ([Pbound]) is calculated as the difference between the total protein concentration 

(typically 20 μM) and the solution concentration. The apparent binding capacity (N), defined 

as the maximum number of proteins bound per nanoparticle, is calculated as the slope 

relating [Pbound] and the total nanoparticle concentration ([AuNP]):

(1)

Equation 1 holds when the association constant is tight (≤1 μM).27 In this work, at least 

three points were used to establish N for all measurements, and all experiments were 

performed in triplicate. Error bars are reported as the standard deviation of three independent 

experiments. Two-dimensional TROSY-HSQC spectra were recorded to confirm that no line 

broadening or chemical shift perturbations occurred when proteins were mixed with 

AuNPs.37

Geometric Predictions of Binding Capacity

The predicted binding capacity is calculated from geometric considerations using the 

following equation:

(2)

Here, RAuNP is the nanoparticle radius as determined by TEM measurements, and RG is the 

geometric radius of gyration calculated using the folded protein structure. This equation 

represents the surface area of the nanoparticle divided by the surface area occluded by an 

approximately spherical adsorbed protein.27,38,39 The following PDB structures were used in 
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this study to calculate RG: GB3 (2OED, RG = 10.8 Å),40 BCA (1V9E, RG = 17.1 Å),41 and 

drkN SH3 (2A36, RG = 10.6 Å).42

Circular Dichroism-Based Protein Stability Measurements

The stability of WT GB3 was measured using an Olis DSM 20 circular dichroism (CD) 

spectropolarimeter. GB3 at a concentration of 50 μM in 20 mM sodium phosphate pH 7.0 

and 50 mM NaCl was placed in a 0.2 cm cell. The CD signal at 220 nm was monitored as a 

function of guanidinium chloride (GdmCl). The final concentration of the GdmCl stock 

solution was measured using refractometry,43 and the stability of GB3 in H2O at 25 °C was 

determined using the linear extrapolation method.44

Results and Discussion

NMR-Based Measurements of Binding Capacity on 43 nM AuNPs

In this study, we sought to determine the behavior of two proteins, GB3 and BCA, during 

adsorption on to AuNPs of increasing size. Our previous work determined that, for a data set 

of six proteins, adsorption was consistent with a single layer of globular protein on the 

surface of a 15 nm AuNP, and that the number of proteins adsorbed could be accurately 

predicted by a simple surface area based approach.27 Here, when mixed with 43 nm AuNPs, 

we observe similar behavior for both GB3 and BCA (Figure 1A,B). When these proteins 

were mixed with varying concentrations of 43 nm AuNPs, the amide proton peaks in the 1D 

NMR spectrum decrease in intensity as the concentration of AuNPs increases. No line 

broadening or chemical shift perturbations are observed, suggesting that exchange between 

the bound and unbound protein is slower than the duration of the NMR acquisition time (2 

s). These results are consistent with hydrogen–deuterium exchange (HDX) measurements, 

which indicate that the exchange rate is on the time scale of minutes or longer.29 Once 

adsorbed, proteins diffuse slowly with the AuNPs and do not contribute to the solution NMR 

spectrum. Thus, the behavior observed for GB3 and BCA results from both the slow 

exchange with the surface and the slow AuNP rotational diffusion time.

Both GB3 and BCA show a linear decrease in intensity as 43 nm AuNPs are added (Figure 

1A,B), which corresponds to an increase in the concentration of bound protein (Figure 1C). 

These data are obtained by manually integrating the NMR spectra to determine how much 

protein remains in solution after adding AuNPs. The linear behavior of these plots implies 

that the binding of the protein is saturated; that is, increasing the concentration of protein 

binding sites results in a proportional increase in the amount of protein bound.27 This 

behavior is expected when the apparent single-site dissociation constant (Kd) is stronger than 

1 μM. Under these conditions, the apparent binding capacity, or the maximum number of 

proteins bound on a single AuNP, can be estimated as the slope of the curves shown. For 

GB3 on 43 nm AuNPs, an adsorption capacity of 1200 ± 500 proteins per AuNP is 

observed; for BCA, this number decreases to 440 ± 130 proteins per AuNP.

To confirm that the proteins were in slow exchange, and that all residues were experiencing 

similar behavior, we recorded two-dimensional TROSY-HSQC spectra for 15N-labeled GB3 

(Figure 2A). As expected, no chemical shift perturbations were observed in the presence of 
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AuNPs, and no line broadening was observed under the conditions measured. The relative 

decrease in intensity for each residue was observed to be roughly uniform throughout the 

protein with an average for all residues of 0.888 ± 0.010 (Figure 2B, red line). This is very 

close to the value of 0.90 that is expected from 1-D experiments for an AuNP concentration 

of 1.2 nM. Using the spectral noise to estimate the uncertainty in the intensity, we find that 

all but four peaks are within two standard deviations of the observed average (Figure 2B). 

This suggests that all residues are behaving in a statistically identical way. Thus, for GB3 

(and presumably for BCA, which exhibits similar behavior in its 1D NMR spectrum), no 

residue-specific interactions are observed between the protein and 43 nm AuNPs. While this 

could be interpreted to mean that all orientations are equally likely on the AuNP surface, 

more likely it results from the fact that, once adsorbed, the protein becomes invisible to 

NMR, and no further information can be obtained using conventional spectral 

acquisition.45,46

Measuring Protein Adsorption to AuNPs of Varying Size

Both GB3 and BCA appear to exhibit similar behavior on 43 nm AuNPs as was observed 

previously with 15 nm AuNPs. To test whether the results were generalizable, we performed 

NMR adsorption measurements for both proteins with a range of nanoparticle sizes and 

curvatures, from 14 to 86 nm. All combinations of AuNP sizes exhibited the same slow 

exchange behavior with no apparent chemical shift perturbations as the AuNP concentration 

was increased (Figures S3 and S4). In addition, we also tested the behavior of a small, 

unstable SH3 domain from Drosophila melanogaster, drkN SH3, on 14 nm AuNPs. This 

SH3 domain was shown previously to be moderately unstable with .30 The 

folding of drkN SH3 is slow on the NMR time scale (kex = 1.4 s−1), but nevertheless appears 

to be largely two-state.47 The drkN SH3 domain also exhibits the same behavior seen for 

GB3: both unfolded and folded protein peaks decrease uniformly in the presence of AuNPs, 

with no preference for either the folded or the unfolded state peaks (Figure S5). It is possible 

to use both the folded and the unfolded peaks of drkN SH3 independently to calculate the 

concentration of bound protein, and these concentrations are statistically identical. For 

example, at a final concentration of 30 nM 14 nm AuNPs, and 20 μM total drkN SH3, the 

concentration of bound protein is calculated to be 7.1 ± 0.5 μM using the folded state peaks 

(spectrum shown in Figure S5A). Using the unfolded state peaks, the concentration is 

calculated to be 7.8 ± 0.5 μM. This is in good agreement with the value expected from 

1D 1H spectra, 7 μM (Figure S5B). The correspondence between the two sets of resonances 

is expected because of the exchange between the folded and unfolded states. Even if one 

state were to bind to AuNPs preferentially, the unbound protein would rapidly re-equilibrate 

to show no difference in signal between the folded and unfolded states. Thus, while the 

behavior of the drkN SH3 domain is consistent with GB3 and BCA, one cannot easily 

determine whether the native or unfolded state binds preferentially to the AuNP surface from 

these measurements. A summary of all combinations of proteins and AuNPs measured in 

this work is shown in Table 1.

Performing adsorption capacity measurements on 14–43 nm AuNPs was straightforward, 

but measurement was more difficult for 86 nm nanoparticles. Measurement for larger-sized 

nanoparticles is complicated by two related factors. First, the synthesis of these larger 
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nanoparticles results in a comparatively low starting concentration. Second, the 86 nm 

AuNPs tend to aggregate during the concentration step, even at low centrifugal force. NMR-

based measurements rely on a quantifiable difference between the concentration of protein 

in the presence and absence of AuNPs; therefore, when the AuNP concentration is low, the 

number of proteins bound is also low, and measurements become more challenging. This is 

revealed in the large error bars observed during measurements of GB3 binding to 86 nm 

AuNPs (Figure S3). Similarly, when the 86 nm AuNPs were mixed with BCA, there was 

only a very small change in peak intensity (4%), even when the total concentration of 

protein was lowered to 7 μM. On the basis of geometric considerations, fewer proteins are 

expected to bind as the protein size increases relative to the AuNP diameter, making 

measurements of large proteins (>30 kDa) on large AuNPs (>80 nM) even more difficult. 

More signal averaging is needed to obtain a statistically significant difference between 

protein spectra with and without AuNPs, and a complete measurement of binding capacity 

becomes impractical using five separate samples. Thus, the value reported for BCA 

represents a two-point measurement, and the uncertainty is estimated using the intensity loss 

of both amide and aliphatic protons within the spectrum. The value reported for BCA 

represents a concentration difference of ∼0.5 μM. Because it is difficult to measure smaller 

concentration differences accurately using NMR, this measurement likely represents the 

limit of reliability for measurements of this kind.

The adsorption capacities from our experiments can be converted to a surface density by 

dividing the adsorption capacity by the total AuNP surface area (Table 1). The density for 

each protein is consistent for all sizes of AuNPs observed. For GB3, the average value is 

(6.91 ± 0.07) × 10−2 proteins per nm2, and for BCA, the average is (2.49 ± 0.03) × 10−2. 

This consistency in density supports a hypothesis that the mechanism of adsorption for these 

proteins is similar regardless of nanoparticle size.

Predicting Adsorption Capacity from Protein Structure

Previously, we demonstrated that adsorption capacity and surface density could be predicted 

for a data set of six proteins using simple geometric considerations.27 This prior work 

focused on only 15 nm AuNPs. Here, we find that the same relationship holds for a variety 

of AuNP sizes and curvatures (Figure 3, Table 1). We assume that GB3 and BCA are 

compact on the AUNP surface and that their radii of gyration (RG) do not change upon 

adsorption. Further, we assume that the adsorbed protein forms a single layer of tightly 

packed protein. These assumptions can predict the adsorption capacity for both GB3 and 

BCA without any adjustable parameters. This leads us to hypothesize that both of these 

proteins are globular and most likely folded when adsorbed to AuNPs, forming a monolayer 

on the surface for all sizes tested. The drkN SH3 domain, however, exhibits a striking 

difference: This protein binds much more abundantly than would be predicted by the 

geometry of the folded state, and the predicted binding is severely underestimated for both 

14 and 30 nm AuNPs (Table 1 and Figure 3, inset). The geometric model underestimates 

binding by more than 11 and 7 standard deviations, respectively, for 14 and 30 nm AuNPs. 

Given that no line broadening or chemical shift perturbations occur in the presence of 

AuNPs, we believe it is unlikely that additional layers of protein are forming on the surface. 

Instead, our observations are consistent with a uniform corona of bound, yet disordered, 

Woods et al. Page 8

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2017 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein. The drkN SH3 domain exhibits a higher than expected degree of binding, and 

therefore each protein occludes a much smaller surface area than would be expected for a 

folded SH3 domain. Because of this, it is unlikely that this layer contains native protein 

structure, and if regular structure is retained, it is almost certainly highly distorted.

While our results suggest that both GB3 and BCA are compact, it is possible that structural 

deformation occurs on the surface. Moreover, other groups have observed curvature-

dependent behavior on AuNP surfaces. For example, Goy-López et al. observed a substantial 

change in the adsorption of human serum albumin from 2.7 to 4.5 layers of protein per 

AuNP as the nanoparticle diameter was increased from 10 to 100 nm,49 and Lacerda et al. 

have measured different adsorption association constants depending on AuNP size.50 In 

addition, it is well-known that enzymatic activity can decrease on AuNP surfaces, 

suggesting that the globular structure is not retained.25 These discrepancies may reveal that 

the behavior of protein–AuNP adsorption is strongly protein dependent; indeed, this would 

be supported by the extraordinary binding of the drkN SH3 domain. It is also possible that 

the NMR data presented here are only revealing information about the layer of proteins 

closest to the surface (hard corona), whereas other techniques may be more sensitive to the 

transient formation of additional layers (soft corona). A fast exchanging, weakly bound 

protein layer would not necessarily be visible using our results, because the NMR spectra 

would be dominated by the unbound protein at high protein to nanoparticle ratios. However, 

we believe the NMR-based approach employed here also offers several advantages over 

other previously published investigations. For example, the measurements of Goy-López et 

al. were performed using isothermal titration calorimetry (ITC).49 It has since been 

demonstrated that AuNP adsorption is kinetically controlled,51 suggesting that the ITC 

experiments may not be measuring a true equilibrium process. Similarly, fluorescence 

measurements used to measure adsorption isotherms may be adversely affected by the inner 

filter effect, which could lead to inaccurate values for the binding stoichiometry.52 NMR is 

not subject to either of these limitations, and our experiments therefore provide a 

complementary view of protein interactions at the AuNP surface.

Confirmation of Single-Layer Binding Using DLS and TEM

To supplement our NMR measurements, we employed two commonly used techniques to 

investigate the thickness of the BCA and GB3 layers on 30 nm AuNPs. By performing TEM 

on several of our protein conjugates, we observed the presence of several distinct halos 

surrounding the dark AuNP interior (Figure 4). Although we cannot confirm the specific 

identity of the species in the observed halo, no halos were observed in TEM samples 

prepared in the absence of proteins. Moreover, not every AuNP in protein samples contained 

a halo, but it is possible that the evaporation process used to prepare TEM samples disrupted 

the protein surface. Yang and Burkhard53 previously used TEM to visualize the protein 

coating on their self-assembled nanoparticles, suggesting that the halo we observe is indeed 

adsorbed protein. When present, the observed protein halo is approximately as thick as is 

expected for one layer of protein. For GB3, the observed thickness is 2.2 ± 0.2 nm, 

consistent with the predicted thickness of 2.2 nm for a single layer of compact protein 

(Figure 4A). The observed halo thickness for BCA is somewhat smaller than would be 

expected, 2.7 ± 0.2 nm as compared to the predicted value of 3.4 nm (Figure 4B). 
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Nevertheless, this observation is consistent with a single layer of protein on the AuNP 

surface, as opposed to two or more layers of adsorbed protein.

DLS was also used to investigate whether BCA and GB3 formed monolayers on 30 nm 

AuNP surfaces (Figure 5, Table 2). While DLS measures translational diffusion and 

therefore does not directly monitor size, it has nevertheless been useful for characterizing 

protein adsorption to AuNPs, and can measure size differences as small as 1–2%.54 Our 

results are consistent with the adsorption of one layer of BCA and GB3 to 30 nm AuNP 

surfaces. The larger apparent size of GB3-AuNPs as compared to BCA-AuNPs is 

counterintuitive considering that GB3 is the smaller protein, but the difference is within the 

uncertainty of the measurement. Stated differently, while the thickness of both protein layers 

is statistically significant as compared to the AuNPs themselves, the difference between the 

GB3 and BCA layers is smaller than 0.4 ± 0.5 nm and is therefore not statistically 

significant.

While these data alone cannot confirm that all proteins bind in a monolayer to all sizes of 

AuNPs, the TEM and DLS data for BCA and GB3 support the hypothesis that these two 

proteins form a single layer of globular protein in the cases examined. In conjunction with 

the NMR studies presented above and in our previous work,27 this behavior appears to be a 

general feature for many proteins as they adsorb to citrate-coated AuNPs.

Relationship between Folding Free Energy and Adsorption

The striking difference in the behavior of drkN SH3 as compared to BCA and GB3 suggests 

that the stability of proteins will influence their adsorption behavior on AuNPs. Essentially, 

protein adsorption and unfolding represent a linked equilibrium where binding influences 

folding and vice versa. Previous studies have suggested that as the nanoparticle size grows 

and curvature decreases, protein–protein interactions on the surface can destabilize native 

structure.49,55,56 This is likely true; however, several aspects of protein–AuNP interactions 

make traditional measurements of protein stability challenging. For one, HDX 

measurements suggest that protein off-rates after AuNP adsorption are at least on the order 

of minutes,29 and they may be even slower.51 This severely complicates the measurement of 

binding equilibria because equilibrium is reached on a very slow time scale. Moreover, both 

urea and GdmCl tend to cause aggregation in AuNPs, which makes traditional protein 

stability measurements impractical if not impossible. Thus, modulating protein stability 

through mutagenesis or other means may be a potentially useful approach to understand the 

relationship between protein stability and surface adsorption (Figure 6). In particular, we 

hypothesize that unstable proteins or intrinsically disordered proteins will not follow the 

same trend observed for stable, globular proteins. This hypothesis is supported by the 

behavior of drkN SH3.

In the work presented here, we find that GB3 and BCA behave as though they were compact 

and globular on the AuNP surface for all sizes measured. The stability of BCA is known to 

be 17 kcal mol−1,48 and we have determined the stability of GB3 to be 4.6 kcal mol−1 at 

25 °C (Figure S6). The drkN SH3 domain, on the other hand, does not appear to remain 

compact and globular on either 14 or 30 nm AuNPs, and its stability is 0.2 kcal mol−1.30 

This difference suggests that marginally stable proteins will not obey the same scaling law 
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seen for stable, globular proteins. Mechanistically, there are several possible explanations for 

this: (1) First, it is possible that the unfolded state is favored over the folded state (kinetically 

or thermodynamically) to adsorb to the AuNP surface. In this case, the behavior of drkN 

SH3 would result from unstructured proteins binding directly to the AuNPs. (2) On the other 

hand, it is possible that the folded state is favored to bind the surface. In this case, adsorbed 

proteins would initially be globular, after which they would deform and lead to aberrant 

binding. (3) Finally, it is possible that some mixture of these two extremes is occurring. As 

discussed above, our experiments cannot distinguish whether the folded or unfolded state 

binds preferentially, as the unbound protein rapidly re-equilibrates between the folded and 

unfolded states.

Further studies are needed to determine the precise relationship between protein structure, 

stability, and adsorption. Other factors, such as protein–protein interactions, pH, 

temperature, and salt concentration, will also contribute to the behavior of protein structure 

on the AuNP surface.57 In addition, it is possible that structural deformation occurs to 

varying degrees once proteins reach the surface. For example, it may be that, while GB3 

remains globular, its secondary structure is perturbed to the point where it is not strictly 

native once adsorbed. In this case, the energetics of adsorption to the AuNP surfaces would 

be poorly defined. Nevertheless, the dramatic difference observed between stable proteins 

and the unstable drkN SH3 domain suggests that a change in the nature of adsorption occurs 

as proteins become less stable.

Conclusions

In this work, we have investigated the nanoparticle size-dependence of the stoichiometry of 

protein–AuNP interactions. Because nanoparticle size directly affects surface curvature, this 

study addresses an open question whether decreased curvature can influence protein 

structure (and multilayer binding) at the nanoparticle surface.23–25 Several lines of evidence 

from this work suggest that AuNP size does not affect adsorbed protein structure, at least for 

GB3 and BCA. From our 1D NMR measurements, we were able to determine that there 

appears to be one layer of globular protein bound to the AuNPs at each size and for both 

proteins. While these measurements become substantially more challenging as protein and 

AuNP sizes increase, the data at each AuNP size strongly agree with our model that there is 

a three-step process for protein–AuNP adsorption that includes a hardening of the protein 

corona, but no unfolding or multilayer binding.27 These results are supported by direct 

visualization by TEM as well as by monitoring the marginal increase in AuNP radius using 

DLS. From our results, we hypothesize that most stable proteins remain globular on the 

AuNP surface, with only minor changes in their structure as they adsorb to the surface of the 

AuNPs. This phenomenon appears to be independent of both protein and AuNP size, and 

therefore can be assumed to be independent of curvature over the range we have studied.

At the same time, the aberrant behavior of the drkN SH3 domain provides useful insight into 

how protein stability may influence the typical behavior observed for stable proteins such as 

GB3 and BCA. The drkN SH3 domain is inherently unstable, and it represents the first case 

where we have observed a significant deviation from the adsorption that would be predicted 

for a well-packed monolayer of globular protein at the AuNP surface. Many more drkN SH3 
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molecules are adsorbed on the AuNP surface than would be predicted, suggesting that the 

unfolded state of this protein can accommodate a greater packing density than the folded 

state can. While other factors certainly affect the structure of adsorbed proteins, and while 

we cannot differentiate a truly native protein from a compact, surface-bound globule, the 

relatively low stability of GB3 (4.6 kcal mol−1) does not appear to affect its ability to bind as 

a compact globule, while the near-zero stability of drkN SH3 permits it to deform and bind 

to AuNPs at a much higher relative stoichiometry. Future work will be needed to identify 

precisely how protein stability influences adsorption. Given that protein deformation on 

nanoparticle surfaces can lead to adverse secondary affects, such as the formation of fibrils 

and aggregates,14,58 experiments such as these will be important for exploring the 

physiological consequences as protein–AuNP conjugates see increased use in clinical 

diagnostics and therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NMR-based adsorption measurements of GB3 and BCA. One-dimensional proton NMR 

spectra of GB3 (A) and BCA (B) as the concentration of 43 nm AuNPs is increased. The 

DSS peak used for concentration referencing is shown to the right. As protein adsorbs, the 

NMR signal decreases quantitatively. (C) The concentration of bound protein calculated 

from the data in (A) and (B). The bound concentration of GB3 (◇, dashed line) and BCA 

(●, solid line) increases linearly with AuNP concentration, and the slope of each line 

represents the adsorption capacity, as described in the text. Error bars here and elsewhere 

represent the standard error of the mean for three independently performed experiments.
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Figure 2. 
Residue-specific behavior of GB3 in the presence of 1.2 nM 43 nm AuNPs. (A) A 15N–1H 

TROSY HSQC spectrum showing selected residues of GB3 in the presence (blue) and 

absence (red) of AuNPs. No significant chemical shift changes or line broadening is 

observed. (B) The ratio of peak intensities in the presence versus absence of AuNPs for each 

residue in GB3. The red dashed line corresponds to the average of all residues, and nearly all 

residues fall close to this average, suggesting the absence of residue-specific effects.
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Figure 3. 
Comparison of observed versus predicted adsorption capacity for GB3 (○, dashed line) and 

BCA (■, solid lines). The lines represent a prediction that assumes a globular, densely 

packed monolayer of proteins on the surface and contains no adjustable parameters. The 

inset shows a similar prediction for the folded drkN SH3 domain (dotted lines) along with 

the observed adsorption capacity for drkN SH3 on 14 and 30 nm AuNPs.
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Figure 4. 
TEM images of protein coronas on AuNPs. Arrows indicate examples of halos surrounding 

AuNPs. (A) The thickness of the protein halo of GB3 adsorbed to 30 nm AuNPs is found to 

be 2.2 nm, consistent with the RG expected for a globular GB3 protein. (B) 15 nm AuNPs 

prepared with BCA. A somewhat thicker halo (2.7 nm) surrounds these nanoparticles, 

corresponding to the larger size of BCA as compared to GB3.
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Figure 5. 
Typical DLS regularization fits for 30 nm AuNPs alone (A), 30 nm AuNPs in the presence 

of GB3 (B), and 30 nm AuNPs in the presence of BCA. The average values for three 

independently prepared samples support a small, but statistically significant, increase in the 

hydration radius when proteins are added to AuNP solutions. This increase is consistent with 

a single monolayer of compact protein on the AuNP surface (Table 2).
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Figure 6. 
Hypothesized relationship between stability and AuNP adsorption. On the basis of the data 

presented here, stable proteins appear to remain globular when adsorbed, but the unstable 

drkN SH3 domain exhibits anomalous binding. Initially, as stability is lowered, protein 

adsorption may not be affected (top two panels). As folding stability continues to decrease, 

however, a protein may interact differently with the AuNP surface. This interaction may be 

modulated by direct binding of the unfolded state, or deformation of the folded state once 

bound. As a result, the apparent binding capacity can no longer be predicted by the native 

state structure.

Woods et al. Page 21

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2017 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Woods et al. Page 22

Ta
b

le
 1

A
ds

or
pt

io
n 

D
at

a 
fo

r 
P

ro
te

in
s 

U
se

d 
in

 T
hi

s 
St

ud
y

pr
ot

ei
n

R
G

 (
Å

)
A

uN
P

 s
iz

e 
(n

m
)

ob
se

rv
ed

 a
ds

or
pt

io
n 

ca
pa

ci
ty

su
rf

ac
e 

de
ns

it
y 

(n
m

−2
)

pr
ed

ic
te

d 
ad

so
rp

ti
on

 c
ap

ac
it

y

G
B

3
10

.8
4.

6
14

17
9 

±
 1

5
0.

07
3

16
8

30
72

0 
±

 2
0

0.
06

4
77

2

43
12

00
 ±

 5
00

0.
05

2
15

90

86
82

00
 ±

 1
50

0
0.

08
8

63
40

B
C

A
38

.6
17

a
14

54
 ±

 8
0.

02
2

67

30
31

0 
±

 1
1

0.
02

7
30

8

43
44

0 
±

 1
30

0.
01

9
63

2

86
29

00
 ±

 7
00

b
0.

03
1

25
30

dr
kN

 S
H

3
10

.6
0.

2c
14

25
2 

±
 7

0.
10

2
17

4

30
91

0 
±

 1
5

0.
08

0
80

1

a V
al

ue
 ta

ke
n 

fr
om

 G
itl

in
 e

t a
l.4

8

b A
s 

de
sc

ri
be

d 
in

 th
e 

te
xt

, t
hi

s 
va

lu
e 

is
 b

as
ed

 o
n 

a 
tw

o-
po

in
t m

ea
su

re
m

en
t b

ec
au

se
 o

f 
th

e 
lim

ite
d 

co
nc

en
tr

at
io

n 
of

 b
ou

nd
 B

C
A

. T
he

 u
nc

er
ta

in
ty

 is
 b

as
ed

 o
n 

th
e 

N
M

R
 s

pe
ct

ra
l n

oi
se

.

c V
al

ue
 ta

ke
n 

fr
om

 Z
ha

ng
 e

t a
l.3

0

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2017 December 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Woods et al. Page 23

Table 2
Dynamic Light Scattering of Protein–AuNP Conjugates

sample predicted single protein layer (nm) RH
a(nm) RH increase (nm) no. of protein layers

30 nm AuNPs 19.5 ± 0.3

BCA-AuNPs 3.4 22.1 ± 0.5 2.7 ± 0.6 0.8 ± 0.2

GB3-AuNPs 2.2 22.5 ± 0.2 3.1 ± 0.4 1.4 ± 0.2

a
Hydrodynamic radius, observed by DLS. Uncertainties are the standard error of the mean from three independently prepared samples.
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