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Abstract

Recent in vivo studies have established ultrasmall (< 3 nm) gold nanoparticles coated with 

glutathione (AuGSH) as a promising platform for applications in nanomedicine. However, 

systematic in vitro investigations to gain a more fundamental understanding of the particles’ 

biointeractions are still lacking. Herein we examined the behavior of ultrasmall AuGSH in vitro, 

focusing on their ability to resist aggregation and adsorption from serum proteins. Despite having 

net negative charge, AuGSH particles were colloidally stable in biological media and able to resist 

binding from serum proteins, in agreement with the favorable bioresponses reported for AuGSH in 

vivo. However, our results revealed disparate behaviors depending on nanoparticle size: particles 

between 2 and 3 nm in core diameter were found to readily aggregate in biological media, whereas 

those strictly under 2 nm were exceptionally stable. Molecular dynamics simulations provided 

microscopic insight into interparticle interactions leading to aggregation and their sensitivity to the 

solution composition and particle size. These results have important implications, in that 

seemingly small variations in size can impact the biointeractions of ultrasmall AuGSH, and 

potentially of other ultrasmall nanoparticles as well.

Graphical Abstract

Small size differences can affect the colloidal stability of ultrasmall AuNPs, underscoring the 

importance of particle uniformity in nanomedicine.
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1. INTRODUCTION

Gold nanoparticles (AuNPs) constitute a versatile platform supporting a wide array of 

therapeutic applications in nanomedicine1–2. AuNPs are typically synthesized with core 

diameters ranging from 1 to 100 nm. Within this range, a subclass of “ultrasmall” 

nanoparticles can be approximately defined as those being less than 3 nm in diameter3–4. 

Recently, several studies have argued that AuNPs in this ultrasmall size regime can present 

distinct advantages for use in vivo4–17. In particular, ultrasmall AuNPs coated with the 

natural tripeptide glutathione (GSH) have emerged as an important nanoparticle system, 

since they have been found to display favorable physiological properties such as renal 

clearance and tumor accumulation, thus holding promise for use in vivo6, 14–15.

Clearly, the continued development of ultrasmall GSH–coated AuNPs (AuGSH) for 

potential applications in vivo should greatly benefit from a more fundamental understanding 

of the particles’ biointeractions. For example, the favorable bioresponses observed for 

AuGSH in vivo may be somewhat surprising considering the nanoparticles are negatively 

charged. Indeed, compared to zwitterionic or PEGylated nanoparticles, charged AuNPs are 

much more prone to nonspecific binding with serum proteins and aggregation in high ionic 

strength biological fluid18–23.

Herein we probe the biointeractions of ultrasmall AuGSH in vitro, focusing on their ability 

to resist aggregation and binding from serum proteins. First, we prepare 2-nm diameter 

AuGSH nanoparticles by producing molecularly defined Au144(p-mercaptobenzoic acid)60 

particles (AuMBA) followed by ligand exchange with GSH. We then investigate ultrasmall 

AuGSH alongside AuMBA, pointing out these particles have shown contrasting behavior in 

vivo, since the latter are not renal clearable and accumulate in the liver and spleen24. In 

parallel, we also synthesize differently sized ultrasmall AuGSH nanoparticles (1.4 and 2.5 

nm in core diameter) to underscore the effect of small size variations on their 

biointeractions. Finally, we perform computer simulations to gain atomic–level insight into 

the effect of size and solution composition on interparticle interactions.
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2. MATERIALS AND METHODS

Gold (III) chloride trihydrate (HAuCl4·3H2O; ≥ 99.9%), sodium borohydride (NaBH4; ≥ 

98%), ammonium acetate (≥ 98%), glutathione (GSH; ≥ 98%), DMEM cell culture media 

(#D2906 and #D9785; media formulation can be found at: http://www.sigmaaldrich.com/

life-science/cell-culture/learning-center/media-formulations.html), fetal bovine serum (FBS; 

#F6178), and FBS dialyzed by ultrafiltration against 0.15 M NaCl (dFBS; #F0392) were 

purchased from Sigma-Aldrich. Para-mercaptobenzoic acid (pMBA, > 95%) was purchased 

from TCI America.

Nanoparticle synthesis

AuMBA-2.0 was synthesized by first mixing HAuCl4·3H2O with pMBA in a water–

methanol mixture followed by reduction of the resulting Au(I)–pMBA compound with 

NaBH4. This produces highly uniform AuNPs with the defined molecular composition of 

Au144(pMBA)60. A thorough step–by–step description for the synthesis of Au144(pMBA)60 

has been set forth by Ackerson, and the reader is referred to Ackerson’s publications for 

details25. AuGSH-2.0 was produced by ligand exchange of AuMBA-2.0 with GSH in PBS 

as previously described by us26. Typically, 6 μmol of GSH was added to 10 nmol 

AuMBA-2.0 in a reaction scale of 1 mL, leading to a 10:1 feed ratio of GSH relative to 

pMBA ligands. The reaction was left to proceed for 2–3 h at room temperature. To purify 

the resulting AuGSH-2.0 nanoparticles, they were induced to aggregate by adding 1 mL 

ethanol and 200 μL of ammonium acetate (2.0 M). The particles were then precipitated by 

centrifugation, the supernatant decanted and the pellet washed with water. This 

precipitation–wash cycle was repeated 3 times. Using H1-NMR, we have shown in our 

previous work that the ligand exchange reaction with GSH leads to complete exchange of 

the original pMBA ligands26. AuGSH-1.4 was prepared by reduction of Au(III) with NaBH4 

in the presence of GSH. Specifically, 19.7 mg of HAuCl4·3H2O were first added to a 1:1 

water:methanol mixture (50 mL) supplemented with 1 mL NaOH (6 M), followed by 

addition of a 3x molar excess of GSH (46.1 mg). This resultant stock solution was left 

stirring overnight. In day 2, 0.12 mL of NaBH4 (0.1 M) were added to 2 mL of the stock, 

amounting to a 6x molar excess of reducing agent relative to Au. Because NaBH4 was 

supplied as large chunks, it was first ground to a fine powder before dissolving in water (this 

speeds up dissolution time in water and increases reproducibility25). In day 3, the resulting 

AuGSH-1.4 nanoparticles were precipitated and washed as described above for AuGSH-2.0. 

The final pellet was dried in air and resuspended in 100μL PBS. The synthesis of 

AuGSH-2.5 was identical except that a 1:4 water:methanol ratio and a 12x molar excess of 

NaBH4 were used.

STEM imaging

High–angle annular dark–field (HAADF) STEM images of AuNPs were recorded in a 300 

kV Tecnai TF30 transmission electron microscope (FEI Company) equipped with a 

Schottky field emission gun and a model–3000 HAADF detector (Fischione Instruments). 

AuNPs were deposited onto ultrathin carbon support films of 5 nm in thickness. In HAADF 

STEM imaging of ultrasmall AuNPs, the intensity at each pixel is proportional to the 

projected mass of Au at that pixel (after background subtraction). We used this 
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proportionality between image intensity and mass to first confirm the number of Au atoms 

in AuMBA-2.0. For this, we drew small boxes around 600 individual AuMBA-2.0 particles, 

integrated their image intensities, and subtracted the background signal due to the carbon 

support film. The average of the net intensities was compared to that obtained from the 

“standard” ~ 67–Au atom nanoparticle Nanogold®27, yielding ~ 144 atoms for AuMBA-2.0 

as expected from the formula Au144(pMBA)60
28. The numbers of core Au atoms for the 

GSH–coated AuNPs were measured in the same way. Next, assuming a core diameter of 2.0 

nm for AuMBA-2.029, and also assuming a constant core density, the diameters of the 

GSH–coated particles were estimated according to the equation

(1)

where N is number of core Au atoms.

Analytical ultracentrifugation

Sedimentation velocity experiments were carried out in an Optima XL-I analytical 

ultracentrifuge equipped with GUI version 5.7 and firmware version 5.06 (Beckman 

Coulter, Indianapolis) using standard protocols30. 400 μL of sample and equal amount of 

reference buffer were inserted in an Epon charcoal–filled double–sector centerpiece, cell 

assemblies mounted in an 8-hole An-50 Ti rotor, and temperature equilibrated to 20 °C 

while resting in the evacuated rotor chamber for 2–3 h. Samples for characterization of 

AuNP uniformity were prepared in PBS (2 μM in 400 μL). To characterize AuNP 

interactions in biological media, either FBS or dFBS was added to AuNP solutions to a final 

concentration of 10% by volume, and the samples were pre–incubated for 3 h at room 

temperature prior to measurements. After acceleration to 25,000 or 30,000 rpm, absorbance 

scans at 520 nm were acquired in ~ 6 min intervals for 4–5 h. Data were analyzed in the 

software SEDFIT with a c(s) sedimentation coefficient distribution31. Regularization was 

tailored to the comparison of distributions by taking the c(s) of the control as a Bayesian 

prior32. The negligible contribution of FBS components to the sedimentation coefficient 

distributions of AuNPs in serum (in the range of 7–50 S) was confirmed by recording data 

for 10% dFBS/FBS–PBS under identical experimental conditions as described above (Fig. 

S1). Sedimentation coefficients are reported under experimental conditions, but to allow 

direct comparison they were corrected for relative viscosity of FBS relative to PBS as 

measured through sedimentation of a BSA standard. Figures were created using the freeware 

GUSSI (C. Brautigam, UTSouthwestern Medical Center). Fig. S2 shows characteristic raw 

sedimentation velocity profiles and the resulting sedimentation coefficient distributions for 

ultrasmall AuNPs (shown for AuGSH-1.4).

UV–visible spectroscopy

Absorbance spectra of AuNPs in PBS, in pure cell culture medium and in various serum–

containing solutions were acquired in an UV–1800 Shimadzu spectrophotometer. To 

properly analyze the changes in the UV–vis spectrum of AuNPs in the presence of FBS, the 

contributions of serum to absorbance were made negligible by using sufficiently high 

nanoparticle concentrations in solution (typically yielding 1 absorbance unit at 500 nm).
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Modeling of aqueous solutions and nanoparticles

Simulations were performed in pure PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

and 1.8 mM KH2PO4), 50% PBS, 2 mM CaCl2 in PBS, and aqueous CaCl2 at 2, 4 and 8 

mM. A pre–equilibrated cell of TIP3P water with a density of 1 g/cm3 was used for the 

aqueous phase. AuNP cores consisted of spherical crystals of gold atoms in an fcc lattice 

with parameters of crystalline gold. NPs of 1.4 nm and 2.5 nm in diameter yielded 55 and 

250 atoms, in agreement with Eq. 1. Anionic GSH molecules were designed by chemical 

analogy using the all–atom CHARMM force field33, with charges optimized by quantum 

chemical calculations at the DFT level using the B3LYP functional and the 6-31G* basis set. 

A total of 40 (AuNP-1.4) and 100 (AuNP-2.5) GSH molecules were attached to the NP 

surface one at a time through a series of short dynamics simulations using the SCP 

continuum solvent model33, starting with random configurations of the molecule being 

attached. For each simulation harmonic constraints with increasingly larger force constants 

were applied between the Au atoms and the deprotonated sulfur atoms. This protocol led to 

equilibrated coating layers of rather homogeneous surface densities, with relaxed GSH 

conformations and GSH–GSH interactions (Fig. S3).

Molecular dynamics simulations

Simulations were carried out with the all–atom (PARAM22) representation of the 

CHARMM force field (version c38), in the NPT ensemble at 25 °C and 1 atm in a 95 × 95 × 

190 Å cell, using orthorhombic PBC and PME. Bond lengths and angles were constrained 

(SHAKE algorithm), and a 2-fs time step used in a leapfrog integrator. Additional 

specifications as reported earlier34–35. Two kinds of NP pairs were considered: one with 

AuNP-1.4 and the other with AuNP-2.5. Each pair was introduced in water at an initial 

center–to–center separation r = r0 of 5 nm (AuNP-1.4) and 7 nm (AuNP-2.5) along the 

longest axis of the simulation cell. Fully dissociated ions and counterions (40 and 100 Na+) 

were then added randomly in the liquid phase, and water molecules overlapping NP atoms 

or ions removed. The system was equilibrated for 2 ns, and the NPs then brought together 

gradually by decreasing r in steps Δr of 0.5 Å; a short equilibration and a productive run of 

0.5 ns followed to calculate the mean inter-particle force <F>, as described previously35. 

This setup resulted in a total simulation length of 40–50 ns, depending on the NPs. 

Potentials of mean force V were then calculated as V(r) = V(r0) − ∫τ <F(r)> · dr, where τ is 

the reaction path, here a straight line connecting the NP centers. Details of the calculations, 

including error estimates, as reported35.

3. RESULTS

3.1. Nanoparticle characterization

We synthesized a set of three ultrasmall GSH–coated AuNPs: AuGSH-1.4, AuGSH-2.0 and 

AuGSH-2.5. In this nomenclature, the numbers refer to the average particle diameter in 

nanometers. AuGSH-2.0 was derived by ligand exchange of molecularly defined 

Au144(pMBA)60 (AuMBA-2.0) with GSH, whereas AuGSH-1.4 and AuGSH-2.5 were 

prepared by direct synthesis with GSH.
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The AuNPs were characterized by annular dark–field scanning transmission electron 

microscopy (STEM), analytical ultracentrifugation (AUC) and UV–vis spectroscopy (Figs. 1 

and 2). The STEM images were analyzed quantitatively yielding numbers of core Au atoms 

and particle diameters according to Eq. 1 (Table 1; Figs. 1, 2 and S4). Taken together, the 

STEM, AUC and UV-vis spectroscopy analyses allowed the following set of conclusions to 

be drawn. (i) The AuMBA-2.0 and AuGSH-2.0 nanoparticles had virtually identical size 

distributions, therefore only significantly differing in the nature of their passivating layers 

(Fig. 1). (ii) The smaller AuGSH-1.4 AuNPs were extremely uniform, as evident both from 

the narrow full width at half maximum (FWHM) of the STEM histogram (0.17 nm) and 

from the narrow width of their sedimentation coefficient distributions (Fig. 2). An additional 

STEM image of AuGSH-1.4 nanoparticles is included in Fig. S5 illustrating their high 

uniformity. We note that random noise in STEM mass measurements (due to shot noise of 

the electron gun and uncertainties introduced by background subtraction) contributes to the 

data spread in histograms of particle size; thus, the real FWHM for AuGSH-1.4 is expected 

to be slightly narrower than 0.17 nm. (iii) The AuGSH-2.5 AuNPs were non–uniform as 

mainly apparent from the broadness of their sedimentation coefficient distributions (Fig. 2). 

The majority of particles had a diameter around 2.5 nm as determined by STEM. Their 

maximum size extended up to approximately 3.0 nm, indicating that even the largest 

particles in the population could be classified as ultrasmall. We also detected a sub–

population of very small AuNPs in the sample of AuGSH-2.5. For simplicity, however, we 

did not include those in the current analysis since we were only interested in the larger 

particles (~ 1.8–3.0 nm) present in the preparation.

3.2. Biointeractions of AuMBA-2.0 and AuGSH-2.0 in biological media

Aggregation assessed by UV–vis spectroscopy—We used UV–vis spectroscopy to 

assess the colloidal stability of the AuNPs after 24h incubation in pure cell culture medium, 

FBS supplemented–medium, and FBS–supplemented PBS. Cell culture medium is a 

complex mixture of various salts and small molecules such as amino acids, vitamins and 

glucose, whereas FBS additionally contains close to 4000 different proteins spanning 10 

orders of magnitude in relative concentration36–38.

Both AuNPs aggregated rapidly in pure cell culture medium, a typical behavior for charged 

nanoparticles. Aggregation was reduced with increasing amounts of FBS in media, 

suggesting that FBS proteins bound the nanoparticles preventing them from aggregating 

(Fig. 3a).

Next, we evaluated the behavior of the AuNPs in FBS–supplemented PBS. The 

nanoparticles were found to aggregate with increasing amounts of FBS (Fig. 3b), which at 

first may seem to contradict the stabilizing effect of FBS on aggregation as seen in Fig. 3a. 

However, we note that FBS is a complex mixture comprising not only serum proteins but 

also various salts and other small molecular weight components. Thus, nanoparticle 

aggregation in FBS–PBS will depend on a competition between stabilizing and destabilizing 

forces contributed by proteins and small molecules/salts, respectively. To see this more 

clearly, we evaluated the AuNPs in dialyzed FBS (dFBS), which consisted of serum proteins 

of molecular weight higher than 10 kDa in 150 mM NaCl. The AuNPs were colloidally 
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stable in 50% dFBS–PBS (Fig. S6; see also AUC analysis, Fig. 5), therefore confirming that 

aggregation in FBS–PBS was mediated by molecular components < 10 kDa and/or ionic 

species other than Na+ (likely Ca2+ and Mg2+). As a further test, we incubated the AuNPs in 

cell culture medium lacking Ca2+ and Mg2+ species. The AuNPs remained stable in solution 

up to 24h as determined by UV–vis measurements, thus suggesting a role for the divalent 

cations in driving aggregation (data not shown). Indeed, incubation of the AuNPs in a 

solution of 2 mM CaCl2 led to rapid particle aggregation and sedimentation (not shown).

Overall, the above results showed that both AuNPs were not colloidally stable in biological 

fluid, which, on the one hand, was unsurprising considering their negative charge. On the 

other hand, the aggregation of AuGSH-2.0 contradicts the high rates of renal clearance that 

have been observed for GSH–coated particles in vivo. We return to this issue below.

Aggregation and serum protein binding assessed by analytical 
ultracentrifugation—AUC can be used to simultaneously characterize nanoparticle 

aggregation and nanoparticle–serum protein interactions in PBS supplemented with FBS. 

Due to the significantly lower density of protein relative to the AuNPs, binding will lead to a 

reduction of sedimentation velocity due to an increased hydrodynamic friction of the 

liganded particle. AuNP aggregation, in turn, will cause a large increase in sedimentation 

velocity with a concomitant reduction in area under the sedimentation coefficient 

distributions at the sedimentation coefficients of non–aggregated particles.

First, we employed AUC to investigate AuMBA-2.0 and AuGSH-2.0 in 10% FBS–

supplemented PBS. Serum proteins bound to AuMBA-2.0, partly shifting the distribution to 

smaller sedimentation coefficients relative to control (Fig. 4a). The occurrence of larger 

sedimentation coefficients in the range of 25–45 S, in turn, can be attributed to protein–

bound AuNP aggregates likely formed by only a few clustered particles. The data also 

indicates the absence of bulky aggregates in solution, which we can safely conclude on the 

basis that the areas under the two traces were almost identical. Increasing the pre–incubation 

time for AuMBA-2.0 in FBS from 3 to 24 h led only to a 30% reduction in area under the 

sedimentation coefficient distributions, i.e., only 30% of the nanoparticles formed 

sufficiently dense aggregates that sedimented beyond 45 S (not shown). In contrast to 

AuMBA-2.0, extensive aggregation of AuGSH-2.0 in the presence of FBS was observed, 

since only a very small percentage of nanoparticles were left to sediment in the range of 10–

45 S (Fig. 4b).

Next, we repeated the experiment using dialyzed FBS (at 10% dFBS–PBS) to minimize 

interference from the formation of aggregates (Fig. 5). The main peak for AuMBA-2.0 in 

dFBS, shifted to lower sedimentation coefficients relative to control, represents the 

formation of AuNP–protein complexes. AuGSH-2.0 in dFBS contained two distinctive 

peaks, with the leftmost peak corresponding to a protein–bound AuNP fraction and the 

rightmost peak to a population of pristine nanoparticles. For both AuMBA-2.0 and 

AuGSH-2.0, the absence of additional peaks at larger sedimentation coefficients suggests 

that oligomeric nanoparticle–protein structures were not formed.
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While the AUC data in Fig. 5 showed that serum proteins can associate both with 

AuMBA-2.0 and AuGSH-2.0, we presume that protein interactions with AuGSH-2.0 are 

“weak” and, thus, insufficient to prevent the formation of nanoparticle clusters that sediment 

in the ultracentrifuge too quickly to be observed (Fig. 4b). On the other hand, serum protein 

complexation with AuMBA-2.0 is apparently “stronger” leading to more effective colloidal 

stabilization (Fig. 4a). Sequestration of ions by serum proteins could also diminish the 

aggregating effect of ions on the AuNPs (see Section 3.4).

We observe again that the aggregation and serum protein interactions demonstrated for 

AuGSH-2.0 in biological media were unexpected (Figs. 3–5), given the favorable 

physiological responses that have been reported for AuGSH particles in vivo.

3.3. Biointeractions of differently sized AuGSH in biological media

We prepared ultrasmall AuGSH of slightly different sizes (AuGSH-1.4 and AuGSH-2.5) 

through reduction with NaBH4 of a Au(III) chloride solution in the presence of GSH. Direct 

synthesis with GSH was pursued here (instead of ligand exchange from other ligand-

stabilized AuNPs) to ensure that the surfaces of the new nanoparticles were as identical as 

possible.

We found that the larger AuGSH-2.5 particles aggregated in pure cell culture medium, 

whereas the smaller AuGSH-1.4 remained colloidally stable up to 24h as evidenced by UV–

vis spectroscopy (Fig. 6a). That such dramatic difference should be observed for such 

closely sized particles was surprising. Thus, we also pursued AUC as another way to assess 

the presumed colloidal stability of AuGSH-1.4 in culture medium. The high resolution and 

sensitivity afforded by this technique would enable detection of the smallest nanoparticle 

agglomerates down to the size of a dimer. The areas under the solid and dashed traces in Fig. 

6b differed by only 6%, thus confirming that AuGSH-1.4 remained dispersed as single 

nanoparticles in cell culture medium (at 25% in PBS).

We next utilized AUC to investigate the behavior of the closely sized AuGSH-1.4 and 

AuGSH-2.5 in 10% FBS–PBS (Fig. 7). Approximately 70% of AuGSH-2.5 formed 

aggregates that sedimented beyond 50 S. Remarkably, AuGSH-1.4 was resistant against 

both aggregation and binding from serum proteins, as evidenced by the nearly identical 

sedimentation coefficient distributions in Fig. 7b (see Fig. S7 for further analysis). We 

finally characterized the AuNPs by AUC in dialyzed FBS (Fig. S8). As expected, 

AuGSH-2.5 was now colloidally stable due to the lack of divalent cations in dFBS. We also 

detected no obvious interactions of serum proteins to both AuGSH-1.4 and AuGSH-2.5. 

Here we thus observe a different behavior between AuGSH-2.0 and AuGSH-2.5 regarding 

protein binding, since serum proteins were found to interact with the former but not with the 

later in dFBS. It can be concluded that different synthetic routes used to prepare AuNPs can 

lead to differences in their biointeractions. Previous studies have indeed reported the 

influence of synthesis and purification methods on the biointeractions (mostly toxicity) of 

nanoparticles39–40.
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Most significantly, the above results have revealed an unexpected influence of small size 

differences on the colloidal stability of ultrasmall AuGSH in biological fluid. We next 

performed computer simulations to attempt to understand this behavior.

3.4. Computer simulations: Effects of particle size and solution composition on 
aggregation

We carried out molecular dynamics simulations to provide microscopic insight into AuGSH 

interparticle interactions. Fig. 8a shows the interparticle potentials of mean force in pure 

PBS for both nanoparticle (NP) pairs. The interactions are characterized by two minima, one 

corresponding to a close–contact (with a potential Vc at a center–to–center separation rc) and 

the other to a solvent–separated (Vs at rs) configuration (Fig. 9). The existence of two 

competing minima seems to be a general feature of NP pairs regardless of size, surface 

chemistry, or solution conditions41–42. Overall, AuGSH-2.5 tend to attract each other more 

strongly than AuGSH-1.4, but in both cases Vs < Vc, implying that tight clusters do not 

develop. This may explain the absence of aggregates in PBS suggested by AUC data and 

also the ease of clearance from the body, as highly hydrated solvent–separated clusters may 

be more labile and prone to decay by the action of hydrodynamic or mechanical forces. This 

behavior contrasts with that of other GSH–coated NPs in physiological NaCl solutions, for 

which previous simulations showed a deep well at rc, with Vc < Vs < 0, and aggregation is 

thus expected42. In general, the balance between Vc and Vs and their values with respect to 

the fully dissociated state are quite sensitive to the concentration and type of ions. Fig. 8b 

shows the potential for AuGSH-1.4 in CaCl2 at 2, 4 and 8 mM; similar for AuGSH-2.5 (not 

shown). The trend suggests that adding Ca2+ stabilizes the interactions, and aggregation 

occurs above a critical concentration. Conversely, calcium ions sequestered from the 

solution are expected to weaken the interactions; this could be the case if Ca2+ form ion 

clusters43 with other species or if they bind to proteins either directly or as part of the 

counterion atmosphere. Calcium ion clusters were not observed in our simulations, but they 

may occur in more complex fluids such as serum. On the other hand, sequestration of critical 

ions by serum proteins was demonstrated here for albumin in PBS at physiological pH (data 

not shown): Dynamics simulations revealed the existence of a complex hydration layer 

about 2–nm deep containing high concentrations of Na+ and Cl−, but also K+, H2PO4
− and 

HPO4
2, thus depleting the medium of critical components known to mediate the interparticle 

forces (see below). Therefore, the mere presence of ion–sequestering proteins could affect 

the interparticle forces even in the absence of direct NP–protein interactions. This could 

partially explain the effects of FBS–supplemented medium reported in Section 3.2 (Fig. 3a).

Further insight into the NP–NP interactions can be obtained by decomposing the mean 

forces into the contributions by the individual species. Ions induce interparticle attraction 

regardless of their charge or type (Fig. S9a). Positive ions screen the direct interparticle 

repulsion, and their positions at the NP/NP interface bridge the NPs thus generating an 

attractive interparticle force. The increased surface area of larger NPs leads to an increase in 

interfacial cation concentration, which partially explains the observed size–dependent effect 

on aggregation (Section 3.3). Negative ions tend to be excluded from the interface into the 

bulk, thus generating an external electrostatic “pressure” that also contribute to the 

interparticle attraction. The exception is HPO4
2, which forms clusters with Na+ and are 
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brought towards the negatively charged NP surfaces. Water itself displays a complex 

behavior, inducing attraction or repulsion depending on the interparticle separation (Fig. 

S9b). Neither Vc nor Vs can be ascribed to a particular component of the solution, as 

suggested for Na+ and Cl− ions bridging SO3
− or NH3

+ surface groups in other NPs42, and 

observed in the interactions of small polar/charged molecules44; instead, both local minima 

are the result of a delicate competition of non–specific forces. A similar analysis for aqueous 

CaCl2 shows that Ca2+ tend to be statistically attracted towards the NP/NP interface, and 

bind directly to one or more CO2
− surface groups, thus inducing strong, localized 

interparticle forces despite the relatively small salt concentrations. Because of the strong 

interactions with glutathione, Ca2+ can be internalized into the coating layer (Fig. S10), with 

evidence of chelation; this was observed in AuGSH-2.5 but not in AuGSH-1.4. Other 

divalent ions (e.g., Mg2+) are expected to display similar behavior.

It must be noted, however, that the present simulations did not specifically address two 

important effects that operate in complex aqueous solutions and are known to favor non–

specific association of larger colloidal particles over smaller ones, namely, crowding and 

depletion. Both have traditionally been viewed as entropic in nature, originating in the 

restriction of volume available to the particles; an enthalpic component has more recently 

been discussed45. Recent studies have shown that crowding of smaller components of the 

solution can also have a significant effect and induce association46–47. These forces could 

then be important in determining the aggregation state of ultrasmall NP in serum and cell 

culture, especially if Vc and Vs differ by only a few kcal/mol, as shown here for PBS and 

aqueous CaCl2. Small components of the solution, including ions, could also induce 

aggregation through depletion forces. For a given medium these forces are stronger for 

larger NPs48, and in the current case by a factor of ~1.7 in favor of AuGSH-2.5 over 

AuGSH-1.4. An estimate of the relative importance of crowding and depletion forces in 

driving NP aggregation and its dependence on NP size requires a realistic, yet 

computationally tractable representation of the biological medium. This can be 

accomplished by multiscale Monte Carlo simulations49 and will be reported in a follow up 

study.

4. Discussion and conclusions

It is instructive to consider the above findings in light of recent in vivo studies on the 

excretion and biodistribution of pMBA– and GSH–coated ultrasmall AuNPs. For example, 

Ackerson and co–workers studied the excretion and organ distribution of Au102(pMBA)44, 

which had very similar composition and size to AuMBA-2.0 (Au144(pMBA)60). They found 

their AuNPs mostly localized to the liver and spleen, which suggests the particles bound 

serum proteins and were cleared from circulation by macrophages of the mononuclear 

phagocyte system24. In another study, Feldheim and co–workers investigated the excretion 

and biodistribution profile of ultrasmall GSH–coated AuNPs of average size 1.2 ± 0.9 nm6. 

They found that over 30% of the AuNPs were cleared through the renal system within 1h 

and over 60% within 8h, which suggests that the nanoparticles did not aggregate or bind 

serum proteins to any significant degree in vivo. Similar observations have been described 

by others, in particular by Zheng and co–workers7, 14.
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Despite the contrasting bioresponses reported for pMBA– and GSH–coated ultrasmall 

AuNPs in vivo, our investigations initially revealed little differences in their in vitro 

biointeractions both in terms of protein binding and particle aggregation. This apparent 

contradiction between in vitro and in vivo results could be reconciled based on two 

subsequent findings. First, while AuGSH particles prepared initially by ligand exchange 

were not fully stealth–like (AuGSH-2.0), those prepared by a direct synthesis protocol 

(AuGSH-2.5) were resistant against serum protein binding in agreement with published in 

vivo studies. Second, and most significantly, we found that small differences in size greatly 

affected the colloidal stability of AuGSH in vitro, with nanoparticles going from colloidally 

stable to entirely unstable when crossing a size threshold around 2 nm (AuGSH-1.4 vs. 

AuGSH-2.5). With the help of computer simulations, this intriguing result could be partially 

understood on the basis that positive ions tend to bridge the AuNPs and thus create attractive 

interparticle forces. The effective interparticle potential, however, is the result of a critical 

balance of attractive and repulsive non–specific forces elicited by both the ions and water. 

Due to the increased number of CO2
− groups and ions concentration at the NP/NP interface 

(Fig. 9), these forces tend to be stronger for larger NPs, especially in the presence of divalent 

ions, which tend to bind strongly to the GSH layer. At low concentrations of CaCl2 this 

attractive force results in aggregation of only AuGSH-2.5, and both AuGSH-1.4 and 

AuGSH-2.5 aggregate above certain concentration threshold. Depletion and crowding 

effects may also contribute to non–specific NP-NP association, especially between larger 

NPs, and their relative importance will be reported in a future study.

The synthesis of ultrasmall AuNPs as underlined in this work must be accompanied by the 

application of proper characterization tools. This is especially important considering that 

small size differences might impact the biointeractions of the AuNPs as we have shown. In 

this regard, we point out that conventional transmission electron microscopy (TEM) and 

dynamic light scattering (DLS), as commonly employed, are typically not sensitive enough 

to adequately characterize ultrasmall AuNPs. For example, AuNPs of 1.4 nm in core 

diameter contain only around 50–60 Au atoms. Such nanoparticles yield very weak contrast 

when imaged under bright-field TEM, thus making it difficult to accurately measure their 

size and uniformity. In fact, we believe the weak contrast afforded by TEM may lead casual 

users of the technique to inadvertently select those marginally larger and more easily visible 

AuNPs (e.g., ~ 2.0) that may occur in a polydisperse population, thus overestimating both 

the size of the synthesized particles and the uniformity of the preparation. Conversely, 

ultrasmall AuNPs can be visualized with high contrast under dark–field STEM28, 50. This 

technique has the additional advantage relative to TEM in that images can be readily 

quantified to yield numbers of core Au atoms, provided that a AuNP standard of known 

composition is available. DLS, in turn, does not afford the necessary resolution to probe the 

size uniformity of ultrasmall nanoparticles. In contrast, AUC is highly sensitive to subtle 

differences in AuNP size: for example, AuGSH particles of 1.4, 2.0, and 2.5 nm diameters 

have well separated sedimentation coefficients at approximately 10, 18 and 25 S. Additional 

examples in the use of AUC to characterize nanoparticles and their conjugates can be found 

in the literature51–54. Thus, both TEM and DLS should be used with caution to characterize 

ultrasmall AuNPs, while dark–field STEM and AUC constitute more suitable choices.
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In this work we have utilized AUC to evaluate the colloidal stability of ultrasmall AuNPs in 

biological media. Compared with UV–vis spectroscopy, AUC is much more sensitive for 

detecting aggregates. It can be estimated that AUC would detect the occurrence of 

“aggregation” even if only nanoparticle dimers were present at a concentration of at least 

10%. It is therefore noteworthy that negatively charged AuGSH nanoparticles < 2 nm were 

found to be stable in the presence of cell culture medium.

We also employed AUC to evaluate ultrasmall AuNP interactions with serum proteins. We 

first note that characterization of serum protein adsorption onto larger nanoparticles is often 

accomplished by first isolating nanoparticle–protein complexes from excess serum through 

repeated centrifugation and washing steps, followed by application of DLS and zeta 

potential to measure the changes in nanoparticle size and charge that take place upon protein 

adsorption55–58. However, the need for complete separation of nanoparticles from excess 

serum leads inevitably to detachment of weakly bound proteins, thus enabling detection of 

only “permanently” bound proteins (the so–called hard protein corona)59–61. But most 

importantly, application of this strategy to ultrasmall AuNPs is impractical because such 

particles are not heavy enough to be precipitated and isolated by centrifugation62. We point 

out that AUC is able to partly circumvent these limitations: the fact that AUC experiments 

are carried out in the presence of 10% FBS, combined with the sensitivity and resolution of 

the technique, enables detection of transient protein binding onto ultrasmall AuNPs. 

Notwithstanding these advantages, it is clear that drawing a complete picture on ultrasmall 

AuNP–serum protein interactions would necessarily entail a more global analysis through 

the combination of several methodologies. For example, we presently don’t know which 

serum proteins interact with AuMBA (and which might be associating weakly to some 

AuGSH) and the order of magnitude of these interactions. Work is ongoing to address these 

important questions.

In summary, the natural tripeptide glutathione has emerged as a promising ligand for 

passivating the surface of ultrasmall AuNPs intended for in vivo applications. However, we 

have found that colloidal stability in biological media can be critically conditioned on AuNP 

size, which highlights the need for the synthesis of AuNP populations of well–defined sizes 

and exceptional uniformity. In this regard, we have learned a straightforward synthetic route 

for the preparation of GSH–coated particles of suitable size (1.4 nm) and narrow size 

distribution, which might be of interest to other researchers studying ultrasmall 

nanoparticles in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of ultrasmall AuMBA-2.0 and AuGSH-2.0. (a) Structure of ligands. (b) 

STEM images of AuNPs. Scale bar, 5 nm. (c) Histograms of STEM measurements of 

nanoparticle diameter. (d) Analytical ultracentrifugation and (e) UV-vis spectroscopy 

analyses of AuNPs. Collectively, results show that AuMBA-2.0 and AuGSH-2.0 had nearly 

identical size distributions.
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Figure 2. 
Characterization of ultrasmall AuGSH-1.4 and AuGSH-2.5. (A) STEM images of AuNPs. 

Scale bar, 10 nm. (B) Histograms of STEM measurements of nanoparticle diameter. (C) 

Analytical ultracentrifugation analysis of AuNPs. The high uniformity of AuGSH-1.4 

nanoparticles is evident from the narrow width of their sedimentation coefficient 

distributions. AuGSH-2.5 particles were non-uniform as apparent from the broadness of 

their sedimentation coefficient distributions. It can be estimated that AuGSH-2.5 particles in 

the ~ 1.8–3.0 nm size range cover the observed S range from ~ 15 to 40 S. (D) UV-vis 

spectroscopy analysis of AuNPs. Lack of distinct surface plasmon resonance peak for 

AuGSH-1.4 is consistent with its smaller size.
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Figure 3. 
Aggregation of AuMBA-2.0 and AuGSH-2.0 in biological media assessed by UV-vis 

spectroscopy. (a) Aggregation in cell culture medium supplemented with FBS. PBS controls 

are shown for reference. (b) Aggregation in PBS supplemented with FBS. Aggregation is 

computed as the ratio between absorbances at 700 and 550 nm.
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Figure 4. 
Analytical ultracentrifugation analysis of AuMBA-2.0 and AuGSH-2.0 in PBS 

supplemented with FBS. (a) Serum protein associations with AuMBA-2.0 and some 

nanoparticle aggregation are observed (see text for details). (b) Extensive precipitation of 

AuGSH-2.0 is observed. Black, AuNPs in PBS; red, AuNPs in 10% FBS-PBS.

Sousa et al. Page 18

Nanoscale. Author manuscript; available in PMC 2016 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Analytical ultracentrifugation analysis of (a) AuMBA-2.0 and (b) AuGSH-2.0 in PBS 

supplemented with dialyzed FBS. Serum protein associations with both AuNPs are 

observed. Black, AuNPs in PBS; red, AuNPs in 10% dFBS-PBS.
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Figure 6. 
Aggregation of AuGSH-1.4 and AuGSH-2.5 in cell culture medium. (a) No changes are 

observed in the absorbance spectrum of AuGSH-1.4 in pure culture medium relative to PBS. 

Extensive aggregation is apparent for AuGSH-2.5 in culture medium. (b) AUC analysis of 

AuGSH-1.4 confirmed the stability of AuGSH-1.4 in culture medium. Black traces, particles 

in PBS; red, particles in medium.
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Figure 7. 
Analytical ultracentrifugation analysis of AuGSH-1.4 and AuGSH-2.5 in PBS supplemented 

with FBS. (a) Extensive aggregation is observed for AuGSH-2.5. (b) No signs of 

aggregation or serum protein interactions are observed for AuGSH-1.4. Black traces, AuNPs 

in PBS; red, AuNPs in 10% FBS-PBS.
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Figure 8. 
(a) Interparticle potentials of mean force (PMF) of NP pairs in pure PBS at 25 °C: 

AuGSH-1.4 (red) and AuGSH-2.5 (blue); error bars indicated only at the close-contact (c) 

and at the solvent-separated (s) minima. AuGSH-1.4: Vc ~ 8 kcal/mol at rc ~ 3.3 nm and Vs 

~ 11 kcal/mol at rs ~ 3.8 nm; AuGSH-2.5: Vc ~ 10 kcal/mol at rc ~ 4.3 nm and Vs ~ 19 

kcal/mol at rs ~ 5.5 nm. (b) PMF for AuGSH-1.4 NP pairs in aqueous CaCl2 at different salt 

concentrations, suggesting that aggregation occurs above a critical concentration; similarly 

for AuGSH-2.5 (not shown) but dependence of Vc with concentration is not monotonic.
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Figure 9. 
Snapshots obtained from the simulations showing the configuration of NP pairs at rc and rs. 

Ions at the NP/NP interfacial region shown as van der Waals spheres (gold atoms, light 

yellow; Na+, dark yellow; K+, gray; Cl−, green); all other atoms/ions and bonds indicated by 

dots and lines (C, green; N, blue; O, red; S, yellow).
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Table 1

Numbers of core Au atoms and core diameters (according to Eq. 1) determined from a quantitative analysis of 

STEM images of AuNPs.

number of core gold atoms core diameter (nm)

AuMBA-2.0 144 ± 23 2.0 ± 0.1

AuGSH-2.0 127 ± 17 1.9 ± 0.1

AuGSH-1.4 54 ± 8 1.4 ± 0.1

AuGSH-2.5 270 ± 59 2.5 ± 0.2
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