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A B S T R A C T   

The size of metal nanoparticles (NPs) is crucial in their biomedical applications. Although abundant studies on 
the size effects of metal NPs in the range of 2–100 nm have been conducted, the exploration of the ultrasmall 
metal nanoclusters (NCs) of ~1 nm in size with unique features is quite limited. We synthesize three different 
sized gold (Au) NCs of different Au atom numbers and two bigger sized Au NPs protected by the same ligand to 
study the size influence on antimicrobial efficacy. The ultrasmall Au NCs can easily traverse the cell wall pores to 
be internalized inside bacteria, inducing reactive oxygen species generation to oxidize bacterial membrane and 
disturb bacterial metabolism. This explains why the Au NCs are antimicrobial while the Au NPs are non-anti-
microbial, suggesting the key role of size in antimicrobial ability. Moreover, in contrast to the widely known size- 
dependent antimicrobial properties, the Au NCs of different atom numbers demonstrate molecule-like instead of 
size-dependent antimicrobial behavior with comparable effectiveness, indicating the unique molecule-like fea-
ture of ultrasmall Au NCs. Overcoming the bacterial defenses at the wall with ultrasmall Au NCs changes what 
was previously believed to harmless to the bacteria instead to a highly potent agent against the bacteria.   

1. Introduction 

Physicochemical properties of nanomaterials can greatly influence 
their biological behaviors and biomedical applications [1–5]. Chief 
among them is the size of nanomaterials, which will determine the 
intracellular uptake, transport and accumulation, their resultant effi-
cacies as anti-cancer and anti-bacterial agents, and ultimately their in 
vivo bio-distribution and clearance [6–8]. Also, stability of nanoma-
terials is an important factor, the aggregation or degradation will in-
fluence their individual size and surface area, leading to huge influence 
towards biomedical applications [9–11]. While, size influences on 
properties of nanoparticles (NPs)’ in the range of 2–100 nm is an ac-
ceptable phenomenon, mechanistic studies are unable to be done on 
large sized NPs as differences in atom numbers per particle do not in-
duce a significant change in their properties. However, when we de-
crease the sizes of metal particles to less than 300 metal atoms (~1 nm 
in size), every single atom change makes a discernible change. Ultra-
small metal NPs, called metal nanoclusters (NCs), are discrete entities 
with defined atom numbers to an extent that they are better defined as 
“molecule-like” than “particle-like”. The metal NCs possess well- 

defined molecular formulae and structures, quantized charging, highest 
occupied molecular orbital-lowest unoccupied molecular orbital 
(HOMO-LUMO) transitions, molecular magnetism, molecular chirality, 
and strong luminescence, which are not presented in bigger sized metal 
NPs system [12–24]. Moreover, their unique properties lead to parti-
cular biomedical applications in bioimaging, biosensing, biocatalysis, 
cancer therapy, drug delivery, etc. [25–32] The metal NCs are im-
portant tools for impactful biomedical mechanistic understanding on 
the physics and chemistry interactions and contributions to their phy-
sicochemical properties at the atomically precise level. 

Recently, we found that ultrasmall gold (Au) NCs are antimicrobial, 
while their larger counterparts Au NPs of 6 nm protected by the same 
ligand are non-antimicrobial [33]. There are also other reports on the 
antimicrobial ability of Au NCs [34–36]. Similarly, it is reported that Au 
NCs showed efficient catalytic activity for selective oxidation, while 
slightly larger Au NPs were completely inactive [37]. Another example 
is that Au NCs showed strong toxicity towards various human cancer 
cells, but Au NPs were non-toxic [38]. These studies highlight the 
fundamental differences of Au NCs from Au NPs in their biological 
behaviors and biomedical applications, indicating the necessity of 
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thorough investigation on the ultrasmall Au NCs rather than simply 
extrapolating the knowledge derived from the Au NPs studies. 

In contrast to the bigger sized metal NPs, the atom number inside 
each metal NC would greatly influence corresponding properties and 
applications, in which two NCs with only a few atoms difference could 
induce huge effect or even contrasting biological behaviors. For ex-
ample, Au15 NCs showed the competitive Langmuir-Hinshelwood cat-
alytic mechanism with a strong substrate binding and weak product 
binding ability. In contrast, larger Au18 and Au25 NCs (only 3 and 10 Au 
atoms difference) demonstrated similar catalytic performance as Au 
NPs, which were attributed to the non-competitive Langmuir- 
Hinshelwood mechanism with a weak substrate binding and strong 
product binding ability [39]. In another study, smaller Au NCs (i.e., 
Au10-11, Au15, and Au18) showed significantly reduced renal clearance 
efficiency (4–9 times) compared to the slightly larger Au25 NCs, which 
could be attributed to the more readily trapped of smaller Au NCs by 
the glomerular glycocalyx [29]. Such sensitive physique makes Au NCs 
as a great platform to understand the size effect towards various 
properties and applications at atomically precise level. 

Although we have reported the unexpected antimicrobial ability of 
Au NCs which was absent for Au NPs, the underlying reason of the Au 
NPs’ non-existence antimicrobial activity as well as the influence of the 
Au NCs size (i.e. atom number per NC) towards their antimicrobial ef-
ficacy are yet unknown [33]. Therefore, in the current work, we have 
moved one step further to use three different sized ultrasmall Au NCs 
(Au25, Au102, and Au144) and two larger sized Au NPs (~3 and 5 nm) 
protected by the same ligand to study their bacterial killing behaviors. 
Comparison of Au NCs and Au NPs internalization by the bacteria 
showed crucial internalization “size cutoff” that determines their anti-
microbial ability. The ultrasmall Au NCs were effectively internalized 
by the bacteria to achieve high antimicrobial activity, while larger sized 
Au NPs were poorly internalized and failed to show any antimicrobial 
performance. Overcoming the bacterial defenses at the wall with ul-
trasmall Au NCs changes what was previously believed to harmless to 
the bacteria instead to a highly potent agent against the bacteria. 
Moreover, in contrast to the previous size-dependent studies, the three 
Au NCs showed molecule-like instead of size-dependent antimicrobial 
ability in comparable effectiveness, suggesting the Au NCs work as an 
active molecule to kill bacteria. Thereafter, the internalized Au NCs 
induce reactive oxygen species (ROS) generation to oxidize bacterial 
membrane and perturb bacterial metabolism, leading to eventual bac-
terial killing from the inside instead of the less effective dilutive out-
side-in strategies deployed by other much larger antimicrobial nano-
materials. While size matters is a “back-of-the-mind” parameter to 
many researchers working on antimicrobial agents, here we argued and 
showed that revisiting size and downsizing the nanomaterials can have 
a profound effect on delivering agents into target cells with high effi-
cacious outcomes in biomedical applications; thus shedding light on the 
rational design of new antimicrobial agents and other theranostic 
probes through atomically precise manipulation of size. 

2. Experimental section 

2.1. Materials 

Ultrapure water (18.2 MΩ) was used throughout the study. All 
glassware and magnetic stir bars were washed with aqua regia, rinsed 
with abundant ethanol and ultrapure water, and dried in an oven before 
use. All chemicals were commercially available and used as received: 
gold (III) chloride trihydrate (HAuCl4·3H2O), p-mercaptobenzoic acid 
(MBA), sodium borohydride (NaBH4), ammonium acetate (NH4OAc), 
agar, lysozyme, lysostaphin, 2′,7′-dichlorofluorescein diacetate (DCFH- 
DA), paraformaldehyde (PFA), and 2,5-dihydroxybenzoic acid (DHB) 
were purchased from Sigma-Aldrich; sodium hydroxide (NaOH) was 
from Merck; Luria−Bertani (LB) was from Becton Dickinson; Hoechst 
33342, SYTOX® Green nucleic acid stain and ProLong® Gold antifade 

reagent with DAPI were purchased from Life Technologies; lipid per-
oxidation (MDA) assay kit was purchased from Abcam. 

2.2. Instruments 

UV–vis absorption spectra of the samples were recorded by a 
Shimadzu UV-1800 photospectrometer. Transmission electron micro-
scopy (TEM) images were taken on a JEOL JEM 2010 microscope op-
erating at 200 kV. Zeta potential was measured on Malvern DLS 
(Dynamic light scattering). Inductively coupled plasma optical emission 
spectrometry (ICP-OES) was used to determine the concentration of Au 
atoms in solution, which was measured through iCAP 6000 Series, 
Thermo Scientific. The molecular weight of Au NCs was obtained by 
electrospray ionization (ESI) mass spectrometry on a Bruker microTOF- 
Q system, and matrix-assisted laser desorption ionization-time-of-flight 
(MALDI-TOF) mass spectrometer on a Bruker Daltonics Autoflex II 
TOF/TOF system. Optical density at 600 nm (OD600) of bacterial cells 
and fluorescence intensity of dyes were measured on microplate reader 
Biotek H4FM. The bacteria fluorescent images were taken with an 
epifluorescence microscope Leica DMI6000. 

2.3. Synthesis of Au25 NCs 

The synthesis of Au25 NCs was according to a reported method [40]. 
First, freshly prepared aqueous solutions of HAuCl4 (40 mM, 0.25 mL) 
and MBA (50 mM in 0.15 M NaOH, 0.4 mL) were mixed in water 
(9.5 mL) under mild stirring, and light-yellow Au(I)−MBA complexes 
were formed for 2 h. Next, the pH of the solution was brought to 11.6 
by using 1 M NaOH solution. Afterwards, CO was bubbled into the 
solution for 2 min. Then, the bottle was sealed airtight, and the product 
was collected after 72 h. Finally, a stirred ultrafiltration cell (Model 
8010, Millipore Corporation, USA) with a semipermeable membrane of 
3000 Da molecular weight cutoff (MWCO) was used to purify the 
sample, the purification time is ~1 h. 

2.4. Synthesis of Au102 NCs 

The synthesis of Au102 NCs was according to a reported method 
[41]. 0.209 g HAuCl4·3H2O was dissolved in 19 mL of water (0.028 M 
based on Au), and 0.292 g MBA was dissolved in 19 mL of 0.3 M NaOH 
solution (0.1 M based on MBA). First, 51.5 mL of water and 17.8 mL of 
the as-prepared HAuCl4 solution were added in a 1 L flask. Next, 
15.5 mL of the as-prepared MBA solution was immediately added, and 
the reaction solution turned from yellow to orange. Then, 75 mL of 
methanol was immediately added. The reaction was conducted under 
stirring at room temperature for 1 h, and the reaction solution turned 
from dark orange to light orange during this time. Afterwards, 20.8 mg 
NaBH4 was added into the solution under stirring, and the reduction 
reaction was processed under stirring at room temperature for 17 h. The 
reaction solution turned black during this step. When the reaction fin-
ished, methanol was added into the flask until a total volume reached 
800 mL, and NH4OAc solution (5 M, 40 mL) was added. The reaction 
solution was then divided into twenty 50 mL centrifuge tubes, and 
centrifuged at 4000 rpm at 4 °C for 10 min. The precipitate was dried by 
inverting the tubes on paper towel for more than 1 h. Afterwards, the 
dry precipitate was dissolved in 0.2 mL of water, and the solutions were 
combined into 4 tubes. Then, NH4OAc solution (2 M, 0.5 mL) was 
added into each tube, and methanol was added until the total volume 
reached 45 mL. The solution was mixed on the vortex, and then cen-
trifuged at 4000 rpm at 4 °C for 10 min. Finally, the precipitate was 
dried in dry box for more than 2 h, and dissolved in water to obtain 
pure Au102 NCs. 

2.5. Synthesis of Au144 NCs 

The synthesis of Au144 NCs was according to a reported method 
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[41]. The first day, 95.2 mM MBA in NaOH solution (0.3 M) was pre-
pared and shaked overnight. The second day, 28 mM HAuCl4 soluiton 
was prepared, and then the Au(I)-MBA complex was generated by 
mixing the HAuCl4 soluiton with the as-prepared MBA solution in the 
mixed solvent. In the final solution of mixed solvent (48 mL, 47% 
methanol and 53% water), MBA was 9 mM and HAuCl4 was 3 mM. The 
complex solution was shaked overnight, which was clear and faint 
yellow. The third day, freshly prepared NaBH4 solution (0.15 M, 
0.48 mL) was added into the complex solution, followed by an im-
mediate shaking for 2 h. Then, the reaction solution was centrifuged at 
4000 rpm for 5 min. The precipitate was dissolved in 10 mL of water, 
and then precipitated again by adding NH4OAc solution (2 M, 1 mL) 
and 20 mL of methanol, followed by centrifuging at 4000 rpm for 
5 min. The washing process was repeated again, and the precipitate was 
resuspended in water to obtain pure Au144 NCs. 

2.6. Synthesis of Au NPs 

In a typical synthesis, freshly prepared aqueous solutions of HAuCl4 

(40 mM, 0.25 mL) and MBA (50 mM in 0.15 M NaOH, 1 mL) were 
mixed in water (8.75 mL) under mild stirring to generate Au NPs-3nm; 
HAuCl4 (40 mM, 0.25 mL) and MBA (50 mM in 0.15 M NaOH, 
0.067 mL) were mixed in water (9.7 mL) under mild stirring for pro-
ducing of Au NPs-5nm. Next, the pH of the solution was brought to ~12 
by using 1 M NaOH solution. After 1 h, freshly prepared NaBH4 solution 
(112 mM in 0.2 M NaOH solution, 0.1 mL) was added into the reaction 
solution. The products were collected after 1 day, and ethanol was used 
to wash the Au NPs in solution after synthesis. 

3. Results and discussions 

In this study, we synthesized three different sized Au NCs and two 
different sized Au NPs with the same protecting ligand, p-mercapto-
benzoic acid (MBA). As size is the central hypothesis of this study, 
synthesizing the Au particles with same protecting ligand is necessary 
to eliminate other factors that could influence the Au NCs antimicrobial 
performance, such as the surface charge effect [42]. As expected, the 
five Au particles protected by the same ligand hold similar electro-
negativity, as evidenced from their similar zeta potentials in the range 
of −32 to −38 mV. This confirms that we have successfully eliminated 
the surface charge effect, leaving the particle size as the only variable 
across the five Au particles to be tested in the following comparative 
antimicrobial studies. 

The characterizations of the as-synthesized Au NCs and Au NPs are 
presented in Fig. 1. The first indication of their size difference could be 
observed from the color of the solutions (insets of Fig. 1a, c, e, g, i), 
where the Au NCs were noted to be yellowish to brownish in color, 
while Au NPs were reddish in color. The different color of the solutions 
is caused by the intrinsic electronic distinction between Au NCs and Au 
NPs. The bigger sized plasmonic Au NPs exhibited the well-known 
surface plasmon resonance (SPR) peak at ~520 nm (Fig. 1g,i), which 
presented red color solutions [44,45]. In contrast, reducing the particle 
size to Au NCs (< 2 nm) region led to strong quantum size effect, re-
sulting in the disappearance of the SPR peaks (Fig. 1a,c,e). Thus, the Au 
NCs have discrete electronic states rather than continuous bands in 
metallic state, which can be clearly observed from their UV–vis ab-
sorption spectra [12]. As shown in Fig. 1a, Au25 NCs exhibited a main 
absorption peak at ~670 nm with two shoulder peaks at ~780 and 
~400 nm, which are in good accordance with the reported character-
istic absorption of Au25 NCs [46]. More importantly, the SPR peak at 
~520 nm could not be detected, suggesting the as-synthesized products 
are not the bigger sized Au NPs, or contaminated with any Au NPs. 
Similarly, a featureless UV–vis absorption spectrum was observed for 
the Au102 NCs (Fig. 1c), while the absorption bands at 510 and 700 nm 
were detected for the case of Au144 NCs (Fig. 1e). Both of the UV–vis 
absorption characteristics are in good agreement with the previous 

reported results, confirming the successful synthesis of these Au NCs 
[47,48]. 

In addition, we used electrospray ionization mass spectrometry 
(ESI-MS) and matrix-assisted laser desorption ionization-time-of-flight 
mass spectrometry (MALDI-TOF-MS) to confirm the molecular formula 
of the as-synthesized Au NCs. As shown in the top panel of Fig. S1, two 
sets of peaks at m/z 1279 and 1540 were observed in the broad spec-
trum, which are [Au25MBA18 - 5H]6- and [Au25MBA18 - 5H + Na]5-, 
respectively. As for the zoom-in spectrum, the peak at m/z 1540 cor-
responds to [Au25MBA18 - 5H + Na]5-, and the other peaks (2–14) are 
from the successive coordination of [+ Na–H] of peak 1. This verifies 
the high purity of the final product Au25MBA18. Moreover, as shown in  
Figs. S2 and S3, the single peak at m/z ~26820 and ~37540 represents 
Au102MBA44 and Au144MBA60, respectively. Moreover, the size of as- 
synthesized Au NCs and Au NPs was further characterized by trans-
mission electron microscopy (TEM). As shown in Fig. 1b, d, f, the three 
Au NCs were found to have size less than 2 nm. As for the particle size 
distribution of Au NPs (inset of Fig. 1h, j), they were 3.0  ±  1.0 nm and 
5.0  ±  2.0 nm, respectively. In addition, the Au NPs-3 nm and Au NPs-5 
nm were estimated (see the Notes in Supporting Information) to have 
~834 and ~3862 Au atoms, respectively. This agrees well with a pre-
vious report, which estimated the size of Au807 and Au4033 to be ~2.9 
and 4.9 nm, respectively [49]. 

To explore the influence of particle size towards antimicrobial 
ability, we applied the as-synthesized series of three different sized Au 
NCs (i.e., Au25, Au102, and Au144) and two different sized Au NPs (i.e., 
~3 and ~5 nm) to observe their antimicrobial behavior. We first ex-
posed the gram-positive bacteria Staphylococcus aureus (S. aureus) to the 
five Au particles of same Au atom concentration (0.1 mM on the basis of 
Au atoms in the treatment solution, which equals to ~2.4 × 1015 

particle·mL−1 of Au25 NCs, ~5.8 × 1014 particle·mL−1 of Au102 NCs, 
~4.14 × 1014 particle·mL−1 of Au144 NCs, ~7.2 × 1013 particle·mL−1 

of AuNPs-3 nm, and ~1.56 × 1013 particle·mL−1 of AuNPs-5 nm; see 
Supporting Information for the calculation details). Consistent with our 
previous report, Au25 NCs showed the highest antimicrobial efficacy 
(~96%), while two Au NPs failed to exhibit any killing effect to the 
bacteria (Fig. 2a and b) [33]. However, we found that the antimicrobial 
performance of Au NCs was inversely correlated to the atom number 
per NC, in which Au102 and Au144 NCs only achieved ~35% and ~30% 
bacterial killing efficacy, respectively. The low bacterial killing efficacy 
given the fast nature of microbial growth will be counterproductive as 
the majority of the bacterial population remains highly viable and 
virulent. Time-dependent antimicrobial treatment also showed the 
gradually decreasing bacterial killing efficacy of Au102 and Au144 NCs 
as compared to Au25 NCs (Fig. 2c). It is worth noting that within this 
treatment condition, Au102 and Au144 NCs were both introduced at 
significantly lower particle concentration as compared to the high 
performing antimicrobial Au25 NCs, suggesting that the antimicrobial 
effect of these Au NCs might be correlated with their particle con-
centration rather than the atom concentration. Thus, we need to in-
troduce fair amount of particle concentration to test their antimicrobial 
efficacy. 

Therefore, we treated the bacteria with the as-synthesized five Au 
particles of the same particle concentration rather than the same Au 
atom concentration (i.e., ~2.4 × 1015 particle·mL−1, the detailed 
treatment concentration of each group could be found in Supporting 
Information). In contrast to the reported size-dependent catalytic and 
renal clearance behaviors, all three Au NCs showed similar high anti-
microbial efficacy of > 96% (Fig. 3a and b), indicating that their an-
timicrobial ability was independent of their size (Au atom number per 
NC) [29,39]. Moreover, their time-dependent bacterial killing curves 
were of the same trend (Fig. 3c), further suggesting their comparable 
antimicrobial behaviors. However, we observed perceivable decrease in 
bacterial killing effect over time, which was presumably caused by in-
sufficient supply of Au NCs to eradicate all bacteria in the system. In-
creasing the concentration of Au NCs to 5-fold (i.e., ~1.2 × 1016 
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particle·mL−1) allowed the three Au NCs to maintain their high anti-
microbial efficacy (> 96% cell death) following a prolonged treatment 
of 24 h (Fig. S4). In addition, we measured IC50 values of the three Au 
NCs, which are all ~2.4 μM on the basis of Au NCs concentration that 
equals to ~1.4 × 1015 particle·mL−1 (Fig. 3d). Furthermore, our con-
trol groups showed negligible antimicrobial killing effect on bacterial 
cells treated with MBA ligands, Au(I)-MBA complexes and Au ions (Fig. 
S5), suggesting only intact Au NCs in their entities could exert anti-
microbial effect. Overall, these results strongly support our hypothesis 
that the Au NCs enact their antimicrobial properties in a molecule-like 
manner rather than in a size-dependent manner, and their killing effi-
cacy strongly correlates with the active molecular number of Au NCs in 
the treatment solution. 

Notably, neither of the Au NPs exhibited any bacterial killing ability 
(Fig. 3a and b). We measured the uptake of Au particles inside the 
bacteria and found that significantly lower amount of Au NPs were 

internalized by the bacterial cells (Fig. 3e). Estimation based on the Au 
atoms concentration showed higher uptake of Au NPs as compared to 
Au NCs (Fig. S6). However, converting this atom concentration through 
atom number/particle correlation provides us with the true amount of 
the internalized particle numbers (Fig. 3e). The uptake of Au NCs inside 
the bacteria was about ~1 × 1014 Au particle/mg DWC (dry weight of 
the cell pellet), while Au NPs-3 nm and Au NPs-5 nm were determined 
to be ~2.6 × 1013 and 3.6 × 1012 (~26% and 3.3% of Au NCs), re-
spectively. Such low internalization of Au NPs supports our hypothesis 
that the lack of antimicrobial properties of Au NPs possibly stem from 
their poor cellular uptake. 

In between, we used another comparator sample, Au~250MBAn NCs 
with diameter of ~2 nm, to test their antimicrobial ability [50]. The 
UV–vis spectrum and TEM image of the as-synthesized Au~250MBAn 

NCs were presented in Figs. S7a and S7b, which match well with the 
previous report [50], suggesting the successful synthesis of the final 

Fig. 1. Characterization of as-synthesized Au NCs and Au NPs. (a, c, e, g, i) UV–vis absorption spectra of MBA-protected Au25 NCs, Au102 NCs, Au144 NCs, Au NPs-3 
nm, and Au NPs-5 nm. The insets are corresponding digital photos of the NC or NP solutions, their crystal structures and zeta potentials (ζ) [43]. (b, d, f, h, j) 
Representative TEM images. The insets are the size distribution of the corresponding NCs or NPs. The scale bar is 20 nm. 
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product. As for the size distribution, the particles ranged from 1.5 to 
2.5 nm could be observed (inset of Fig. S7b). Notably, the as-synthe-
sized product Au~250 is not a monodispersed single species Au250 as 
other three Au NCs (i.e., Au25, Au102 and Au144), and the Au atom 
number per particle is also estimated from the TEM images [50]. As 
shown in Figs. S7c and S7d, the Au~250-treated group could only 
achieve ~72% bacterial killing efficacy, which is lower than the > 96% 
antimicrobial effect of Au25-treated group. Such decreased anti-
microbial behavior could be caused by their lower uptake inside bac-
teria (Fig. S7e), for some bigger sized particles (> 2 nm) would not be 
effectively internalized by the bacteria, resulting in lower antimicrobial 
ability as compared to the other three variants of Au NCs. This could 
further support our conclusion that the uptake ability of particles inside 
bacteria determines their antimicrobial ability.” 

In addition, we treated gram-negative bacteria Escherichia coli (E. 
coli) with the three Au NCs and two Au NPs of the same particle con-
centration. Consistently, it was demonstrated that all three Au NCs 
exhibited comparable high antimicrobial ability, whereas the two Au 
NPs did not show obvious antimicrobial efficacy (Fig. S8a). Moreover, 
the uptake of Au NCs and Au NPs in the bacteria was also significantly 
different (Fig. S8b). The internalized Au NCs was about ~0.7 × 1014 

Au particle/mg DWC, while Au NPs-3 nm and Au NPs-5 nm were only 
~1.4 × 1013 and ~4.9 × 1012 (~20% and ~7% of Au NCs), respec-
tively. 

The contrasting internalization profile between the Au NPs and Au 
NCs clearly showed the fundamental role of nanomaterials' size in de-
termining their biomedical applications. One deterministic feature of 
the bacterial membrane that could regulate nanomaterials uptake is the 
membrane pores, where the nanomaterials could simply diffuse into the 
bacteria. Pores, like those formed by porin trimers, typically are 
1.2–2 nm in diameter [51], which could facilitate easy and rapid in-
ternalization of ultrasmall Au NCs (< 2 nm). Unlike mammalian and 
other eukaryotic cells, bacterial cells do not have the same active ve-
sicular endocytosis machinery to internalize nanomaterials. Thus, the 
nanomaterials could only enter the bacterial cells through ultrasmall 
pores on the cell wall based on simple diffusion. This provides oppor-
tunities for the ultrasmall Au NCs to get effectively internalized by the 
bacteria to achieve high antimicrobial activity. In contrast, larger sized 
Au NPs are highly restricted to enter through these pores, resulting in 
their less efficient uptake into the bacterial cells. The “size cutoff” in 
internalization could be the reason for the contrasting antimicrobial 
behaviors of Au NCs and Au NPs. This also indicates the key role of 
nanomaterials uptake during biomedical applications, that sometimes 
the nanomaterials didn't achieve expected efficacy might simply be 
caused by the insufficient internalization. 

Moreover, once the Au NCs have entered the bacteria, only the 
number of Au NCs being internalized would determine their anti-
microbial ability, and the Au atom number per NC would not influence 
any killing effect exerted by the NCs. As a result, the Au NCs show 
molecule-like instead of size-dependent antimicrobial ability, which 
represents the status that Au NCs have been internalized inside bac-
teria. Since similar number of three Au NCs have been internalized 
(Fig. 3e and S8b), they showed similar antimicrobial ability (Fig. 3a–d,  
S8a), but their different size/atom number did not affect their anti-
microbial ability. Another significant feature of Au NCs is their unique 
molecular structure, that each species hold specific morphology and 

molecular packing, which could not be found in spherical Au NPs [12]. 
The three Au NCs (i.e. Au25, Au102, and Au144) used in this study hold 
different structures as reported (shown in insets of Fig. 1) [13,52,53]; 
however, they still showed similar antimicrobial ability. This suggests 
that the molecular structure or morphology of Au NCs would not in-
fluence their antimicrobial efficacy, which is also different from bulky 
NPs, further indicating the unique property of nanomaterials at ultra-
small NCs range. Thus, we describe this phenomenon as “molecular- 
like” antimicrobial ability, wherein each Au NC act like a molecule, 
regardless their size/atom number/structure. 

We have reported that Au NCs could induce intracellular ROS 
generation to disrupt the normal bacterial metabolism, resulting in 
eventual cell death [33]. We further investigated the capability of Au 
NCs and Au NPs in inducing the intracellular ROS production. Con-
sistent with the antimicrobial behavior (Fig. 3), all three Au NCs in-
duced significant increase of the intracellular ROS production 
(~1.8–2.2-fold) in S. aureus after 2 h treatment, while two Au NPs 
exhibited appreciably lower ROS generation (~1.1–1.3-fold) as shown 
in Fig. 4a. Recently, we found that the Au NCs would become decom-
posed into smaller sized Au NCs, which would lose electrons to active 
oxygen. Thus, the oxygen would be activated by the electrons trans-
ferred from Au NCs, leading to the formation of superoxo and peroxo- 
like species, inducing ROS generation inside bacteria to achieve killing 
effect [54]. The different ROS producing behaviors between Au NCs 
and Au NPs could also be attributed to their different uptake ability, in 
which the ultrasmall Au NCs could be easily internalized to perturb the 
bacterial metabolic pathway and react with sub-cellular structures [33]. 
Moreover, no appreciable difference in ROS generation between the 
three Au NCs groups was observed. In particular, the Au25 NCs induced 
~1.8-fold ROS generation, while Au102 and Au144 NCs caused slightly 
higher ROS production of ~2.1-fold and ~2.2-fold, respectively. This is 
consistent with the antimicrobial efficacy (Fig. 3a and b) and uptake 
ability (Fig. 3e) of these three Au NCs, which are also at a comparable 
level, further reinforcing that the Au NCs possess molecule-like instead 
of size-dependent antimicrobial behavior. In good agreement with the 
observation in S. aureus system, increasing ROS production in E. coli 
treated with the three Au NCs were found to be ~1.8–2.0-fold (Fig. S9). 
The production of ROS intracellularly is very important for the anti-
microbial effect as extracellular ROS production is greatly dilutive by 
the extracellular environment. Even though other nanomaterials are 
known to be ROS productive [55–57,66], their application as anti-
microbial agents become greatly limited by their inability to enter the 
bacterial cells. 

Moreover, the ROS produced by Au NCs could also oxidize the 
bacterial membrane, exacerbating the bacterial membrane damage 
[58]. To verify the bacterial membrane damage caused by the gener-
ated ROS, we tested the lipid peroxidation of bacteria after treatment of 
Au NCs. Lipid peroxidation is the oxidative degradation of lipids to 
produce reactive aldehydes (e.g. malondialdehyde (MDA) and 4-hy-
droxynonenal (4- HNE)) as final products, which would react with 
thiobarbituric acid (TBA) to generate fluorescent MDA-TBA adducts for 
detection [59]. As shown in Fig. 4b, all Au NCs-treated groups resulted 
in significantly higher bacterial membrane lipid peroxidation as com-
pared to the Au NPs-treated groups, indicating the generated ROS could 
oxidize the bacterial membrane lipid efficiently. Thereafter, larger 
holes would gradually be appearing on the bacterial membrane, leading 

Fig. 2. Au NCs showed different antimicrobial ability under the same Au atom concentration, and Au NPs did not show antimicrobial ability. (a) Representative 
fluorescence images of the S. aureus after 2 h treatment of Au NCs and Au NPs at the same Au atom concentration (the final Au atom concentration in the treatment 
solution was 0.1 mM). The dead cells were stained by SYTOX green (pseudo color: red), while total cells were stained by Hoechst 33342 (blue). Scale bar is 25 μm. (b) 
Percentage of the dead S. aureus treated with Au NCs and Au NPs at the same Au atom concentration for 2 h. Data are means  ±  S.D., n = 3, Student's t-test; * 
significant against the water-treated group, p  <  0.05; α significant against the Au NPs-3 nm treated group, p  <  0.05; β significant against the Au NPs-5 nm treated 
group, p  <  0.05. (c) Time-dependent curve of percentage of dead S. aureus after being treated with Au NCs at the same Au atom concentration for 2, 6, 12 and 24 h. 
Data are means  ±  S.D., n = 3, Student's t-test; * significant against the water-treated group, p  <  0.05. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Au NCs showed similar high bacterial 
internalization and antimicrobial ability under 
the same particle concentration, while Au NPs 
showed lower uptake in the bacteria and did 
not show obvious bacterial killing efficiency. 
(a) Representative fluorescence images of the S. 
aureus after 2 h treatment of Au NCs and Au 
NPs at the same particle concentration (the 
final particle concentration in the treatment 
solution was ~2.4 × 1015 particle·mL−1). The 
dead cells were stained by SYTOX green 
(pseudo color: red), while total cells were 
stained by Hoechst 33342 (blue). Scale bar is 
25 μm. (b) Percentage of the dead S. aureus 
treated with Au NCs and Au NPs at the same 
particle concentration for 2 h. Data are 
means  ±  S.D., n = 3, Student's t-test; * sig-
nificant against the water-treated group, 
p  <  0.05; α significant against the Au NPs-3 
nm treated group, p  <  0.05; β significant 
against the Au NPs-5 nm treated group, 
p  <  0.05. (c) Time-dependent curve of per-
centage of dead S. aureus after being treated 
with Au NCs at the same particle concentration 
for 2, 6, 12 and 24 h. Data are means  ±  S.D., 
n = 3, Student's t-test; * significant against the 
water-treated group, p  <  0.05. (d) Half max-
imal inhibitory concentration (IC50) of Au NCs 
towards S. aureus. (e) Uptake of Au NCs and Au 
NPs in S. aureus after 2 h treatment at the same 
particle concentration. Data are means  ±  S.D., 
n = 3, Student's t-test; * significant against the 
Au25 NCs-treated group, p  <  0.05. (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the Web ver-
sion of this article.) 
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to extensive bacterial membrane damage. This could also facilitate 
further internalization and accumulation of the Au NCs inside bacteria, 
resulting in the enhanced bacteria killing efficacy. 

In addition, since ROS is the byproduct of intracellular redox me-
tabolism, the different ROS production between Au NCs and Au NPs 
treated groups could be caused by the different bacterial redox response 
towards them [60,61]. We chose four indicator genes (i.e., three oxi-
dation regulating genes dmpI, narJ and narK, and one reduction reg-
ulating gene sod), which could maintain the intracellular redox balance, 
to test their expression after treatment by Au NCs and Au NPs. dmpI 
gene encodes 4-oxalocrotonate tautomerase, which involves in the 
oxidative catabolism of toluene, o-xylene, 3-ethyltoluene, and 1,2,4- 
trimethylbenzene into corresponding intermediates in the citric acid 
cycle, producing ROS as byproduct [62]. narJ and narK genes are im-
portant participants in the respiratory nitrate reductase, transferring 
electrons from NADH or NADPH to nitrate, assisting the nitrate trans-
port coupled to nitrate reduction [63]. The reduction regulating sod 
gene encodes the intracellular ROS scavenger SOD enzyme, which 
could inhibit the oxidative metabolism reaction [64,65]. As shown in  
Fig. 4c–f, all three Au NCs induced significant up-regulation expression 
of pro-oxidative genes, and significant down-regulation expression of 
anti-oxidant gene, which are consistent with our previous reports 
[33,42]. The gene expression data suggest that the internalized Au NCs 
could cause metabolic imbalance through promotion of pro-oxidative 
enzymes and suppression of anti-oxidative enzymes, which could result 
in overall accumulation of intracellular ROS that lead to the bacterial 
death. In contrast, Au NPs treated groups did not show any appreciable 
change in the gene expressions, suggesting their poor uptake inside 
bacteria would lead to minimal disturbance towards the bacterial me-
tabolism process, resulting in weak antimicrobial ability. These size 

matters are not trivial as many may translate their understanding of 
eukaryotic cellular endocytosis to the bacterial system. There is no 
cellular endocytosis mechanism that particles can engage with in these 
microbes. If there is any observed killing, it is likely to be extracellular 
originated which would be gravely hampered by external dilution 
factors by the environment. However, if the same antimicrobial agent is 
able to enter the cells by merely accommodating to the intrinsic phy-
sical pores of the bacterial wall, it greatly increases the intracellular 
concentration to lethal levels. 

4. Conclusion 

In conclusion, we have built a library of three different sized ul-
trasmall Au NCs (Au25, Au102, and Au144) and two larger sized Au NPs 
(~3 and ~5 nm) protected by the same ligand to study their bacterial 
killing behaviors. The ultrasmall Au NCs (~1 nm) could be easily and 
effectively internalized by the bacteria to achieve antimicrobial effect. 
In contrast, larger sized Au NPs showcased ineffective internalization 
that resulted in the absence of bacterial killing effects, indicating the 
key role of size on antimicrobial ability. Once the Au NCs have been 
internalized, they would work in a unit to show molecule-like instead of 
size-dependent antimicrobial behavior, possessing the comparable 
bacterial killing efficacy with an IC50 value of ~2.4 μM on the basis of 
molecular concentration of Au NCs. After internalization, the Au NCs 
could generate ROS to oxidize bacterial membrane and disturb bacterial 
normal metabolism, leading to severe bacterial killing effect. Our 
finding on molecule-like antimicrobial ability of Au NCs is different 
from the previously reported size-dependent biomedical applications of 
nanomaterials, indicating the unique biological behaviors of ultrasmall 
metal NCs which deserves systematic investigation. Our work also 

Fig. 4. Au NCs induced intracellular ROS generation, oxidized bacterial membrane and promoted cellular oxidation process in S. aureus. (a) Relative intracellular 
ROS production level and (b) relative lipid peroxidation production level of S. aureus after 2 h treatment of Au NCs and Au NPs at the same particle concentration (the 
final particle concentration in the treatment solution was ~2.4 × 1015 particle·mL−1). The intracellular ROS level and the lipid peroxidation level of the water- 
treated group were set as 1. (c–f) Relative gene expression of S. aureus after 2 h treatment of Au NCs and Au NPs at the same particle concentration. The gene 
expression of the water-treated group was set as 1. Increased expression of the oxidation regulating gene (c) dmpI, (d) narJ, (e) nark, and decreased expression of the 
reduction regulation gene (f) sod were observed. Data are means  ±  S.D., n = 3, Student's t-test; * significant against the water-treated group, p  <  0.05; α significant 
against the Au NPs-3 nm treated group, p  <  0.05; β significant against the Au NPs-5 nm treated group, p  <  0.05. 
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suggests the key role of internalization on the efficacy of biomedical 
applications of nanomaterials, which would promote the rational de-
sign of high-performance theranostic probes according to size control in 
the future. 
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