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ABSTRACT. Neisseria gonorrhoeae is among the most multidrug-resistant bacteria in 

circulation today and new treatments are urgently needed. In this work, we demonstrate the 

ability of 5-mercapto-2-nitrobenzoic acid-coated silver nanoclusters (MNBA-AgNCs) to kill 

strains of Neisseria gonorrhoeae. Using an in vitro bactericidal assay, MNBA-AgNCs showed 

significantly higher anti-gonococcal bioactivity than the antibiotics ceftriaxone and 

azithromycin, and silver nitrate. These nanoclusters were effective against both planktonic 

bacteria and a gonococcal infection of human cell cultures in vitro. Treatment of human cells 

in vitro with MNBA-AgNCs did not induce significant release of lactate dehydrogenase, 

suggesting minimal cytotoxicity to eukaryotic cells. Our results suggest that MNBA-AgNCs 

hold great potential for topical treatment of localized gonorrhoeae. 

 

INTRODUCTION 

  Neisseria gonorrhoeae causes the sexually transmitted infection (STI) gonorrhoea, with ~ 87 

million cases reported annually worldwide.1 In men, gonococcal infection is manifested as a 

purulent urethritis, with discharge and painful micturition, and in women, infection of the 

endocervix and ectocervix leads to a purulent cervicitis. Infection can often be asymptomatic 

and in women, it can worryingly ascend into the upper reproductive tract to cause pelvic 

inflammatory disease (PID), which is a range of inflammatory conditions that include 

endometritis in the uterus and salpingitis in the Fallopian tubes. Untreated infection can lead to 

serious sequelae in women that include pelvic pain, abscess formation (tubal, ovarian), ectopic 

pregnancy and infertility.2–4 

  Although antibiotics have been successful for treating gonococcal infections,  N. gonorrhoeae 

has developed multi-drug resistance5 with recent cases of treatment failure confirmed 

worldwide. The World Health Organization (WHO) has classified N. gonorrhoeae as a high 

priority pathogen for research prompting the discovery and development of new antibiotics as 
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well as the repurposing of old antibiotics and new non-antibiotic treatments.6 

  Recently, the use of various types of nanoparticles (NPs) has been suggested as a strategy 

and/or complementary tool to fight Gram-negative and Gram-positive bacterial infections for 

multiple reasons.7,8 Nanoparticles’ size, ligand coating and the chemical composition of their 

core can be easily modified to generate NPs with tunable properties (e.g. optical, magnetic, 

redox, and thermal etc.). Furthermore, they demonstrate high reactivity at their local 

microenvironment and designed functionalities (e.g. target specificity, and drug delivery). The 

antibacterial efficacy of NPs can also be tuned, as it is strongly dependent on the 

aforementioned attributes.9–11 NPs can kill bacteria by a combination of different mechanisms 

of action, which depend on the composition of the NP core, their morphology and ligand 

coating that could minimize or slow down the potential development of resistance.12 These 

different mechanisms include: 1) direct interaction and disruption of the bacterial walls, 2) 

generation of oxidative stress induced by the formation of reactive oxygen species (ROS) and 

3) interaction of metal ions with intracellular molecules (DNA, enzymes or other proteins).13 

For example, gold NPs synthesized in the presence of 4, 6-diamino-2-pyrimidinethiol have 

been reported to induce bacterial death by depleting intracellular ATP and inhibiting the 

binding of ribosomal RNA.14 Rotello and coworkers have demonstrated that hydrophobic and 

positively charged gold NPs (2 and 6 nm) coated with ligands of varying chain lengths with 

non-aromatic and aromatic characteristics kill multi-drug resistant-bacteria by interacting with 

the bacterial wall.15,16 Furthermore, these type of nanoparticles in combination with antibiotics 

block bacterial efflux pumps thus provoking a synergistic effect that permits treatment with 

lower doses of drugs.17 On the other hand, gelatin stabilized copper NPs (56 nm) have been 

shown to induce bacterial death by altering membrane potential18 and they have also been used 

for lipid peroxidation and protein oxidation.19   

  The bactericidal effect of silver and its compounds has attracted strong research interest.20,21 



 
 

4 
 

Silver nanoparticles (AgNPs) of different sizes and ligand coatings have been shown to have 

antibacterial properties deriving from various mechanisms of action.22 Li et al. suggested that 

in Gram-negative bacteria, AgNPs with a 5 nm size firstly enter the outer bacterial membrane, 

which results in the leaking of the cellular material. This is followed by entry into the inner 

membrane that leads to inhibition of the respiratory chain and simultaneous Ag+ ion release 

from the AgNPs, which bind to certain proteins and collapse the membrane.23 This hypothesis 

is widely accepted by the scientific community and there are several studies that have discussed 

how the uptake pathway affects the mechanism of action of various types of AgNPs.24–27 As 

with other metal NPs, it was shown that the antibacterial activity of silver nanoparticles 

strongly depends on both the NP size and ligand coating.26 

  The strong dependence of antibacterial activity on NP size has been studied and it has been 

demonstrated that decreasing the size of NPs can enhance their killing efficacy.28–31 Silver 

nanoclusters (AgNCs) are usually named nanoparticles with a size below 2 nm and can be 

functionalized with a number of different stabilizing agents.32–35 Recently, several methods 

have been reported to synthesize robust water soluble silver nanoclusters, which enables their 

broader applicability.35, 36 For example, Xie et al. used glutathione-stabilized AgNCs to kill 

Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus and Bacilus subtilis.37 

These AgNCs showed antibacterial activity similar to that observed with the antibiotic 

ampicillin and displayed low toxicity for mammalian cells. Setyawati et al. suggested that 

increasing the stability of AgNCs in lysosomes by choosing an appropriate ligand could reduce 

the toxicity to human cells.38 Recently, it was shown that polyethylenimine-functionalized 

AgNCs have a broad-spectrum activity against multi-drug-resistant bacteria, whilst also 

showing low toxicity towards mammalian cells.39 Their high antibacterial activity was 

attributed to their small size, surface chemistry and cationic nature. Zheng et al. showed that 

the combinatorial use of AgNCs with antibiotics had a synergistic effect and induced severe 
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DNA damage,40 whilst Javani et al. reported the effective growth inhibition of Gram-positive 

and Gram-negative bacteria when incubating with DNA coated AgNCs.41  

  In this work we take advantage of the small size of silver nanoclusters to tackle N. 

gonorrhoeae, a multi-antibiotic resistant pathogen in need of new treatments. By coating 

AgNCs with 5-mercapto-2-nitrobenzoic acid (MNBA), a ligand that has not previously been 

tested in conjunction with AgNCs as an antibacterial agent, we show that an enhanced 

antibacterial activity is observed against N. gonorrhoeae. In comparison to the currently 

recommended antibiotics, ceftriaxone and azithromycin, MNBA-AgNCs were able to kill both 

planktonic bacteria and bacteria attached to human cells whilst showing no toxicity towards 

mammalian cells.  

 

RESULTS AND DISCUSSION 

Synthesis and characterization of MNBA-AgNCs 

  We chose 5-mercapto-2-nitrobenzoic acid as the stabilizing ligand for AgNCs to yield 

MNBA-AgNCs (Figure 1A). The MNBA ligand was chosen as it facilitates the synthesis of 

atomically monodisperse nanocrystals. Furthermore, this ligand binds strongly to silver 

through the sulfur atom due to the presence of both the -NO2 and -COOH electron withdrawing 

groups on the aromatic ring and provides the AgNCs with high stability in aqueous media.36 

Prior to the synthesis of the nanoparticles, 5,5’-dithiobis(2-nitrobenzoic acid) was stirred in a 

basic solution in order to cleave the disulfide bond and yield 5-mercapto-2-nitrobenzoic acid. 

Then, silver nitrate (AgNO3) was added, and an Ag-S complex was formed after stirring. The 

mixture was then reduced with NaBH4, followed by washing to produce MNBA-AgNCs 

(Scheme S1). This experimental protocol has been shown to produce MNBA-AgNCs in a large 

scale.36 The synthesized MNBA-AgNCs were characterized using different techniques. Figure 

1B shows a representative UV-Vis spectrum of the MNBA-AgNCs in Dulbecco B Phosphate-
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Buffered Saline (PBSB). The spectrum showed four different optical bands at ∼400, ∼480, 

∼550, and ∼650 nm, representative of the small size of the MNBA-AgNCs (Ag44(MNBA)30) 

as previously reported.36,42,43,44 The multiple peaks observed are due to the strong splitting in 

the lower unoccupied molecular orbitals (LUMOs) of the sp band and they are characteristic 

for AgNCs stabilized by thiolated ligands. Due to the presence of the 5-mercapto-2-

nitrobenzoic acid ligand on their surface, MNBA-AgNCs were negatively charged with a zeta 

potential of -13.0 ± 1.0 mV in PBSB.  

 

 

Figure 1. A) A schematic illustration of MNBA-AgNCs: Silver atoms (small brown spheres) comprise a 

nanocluster which is surrounded by 5-mercapto-2-nitrobenzoic acid ligands bound to the cluster via a thiol group.  

B) Representative UV-Vis spectrum of AgNCs stabilized by MNBA showing multiple optical transitions.  

 

MNBA-AgNCs kill N. gonorrhoeae  

  The ability of MNBA-AgNCs to kill gonococci was assessed using an in vitro bactericidal 

assay in comparison to ceftriaxone, a well-known antibiotic used for treating gonococcal 

infections (see Figure S1 A for antibiotic structure). We also compared the MNBA-AgNCs 

and ceftriaxone against AgNO3, since the use of Ag salts for treating gonorrhoea has a history 

dating back to Phillippe Ricord in 1838 and Carl Credé in 1881, who recommended the 
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application of AgNO3 to the eyes of patients infected with gonorrhea.45,46 However, the use of 

AgNO3 is associated with chemical conjunctivitis, toxicity and treatment failures.47 Although 

the use of AgNO3 is generally no longer recommended, there are occasional reports of its use 

for treating neonatal conjunctivitis.48 Figure 2 shows the percentage of N. gonorrhoeae (strain 

P9-17) killed by MNBA-AgNCs, AgNO3 and ceftriaxone, at increasing concentrations and 

different incubation times.  MNBA-AgNCs, AgNO3 and ceftriaxone treatments showed dose- 

and time-dependent bactericidal effects. A dose of 0.019 µM and 0.467 µM of MNBA-AgNCs 

was needed to kill 50 % and 100 % of the bacteria by 1 h, respectively.  Lower doses of 0.001 

µM and 0.005 µM silver nanoclusters were also effective after an incubation time of 3h. In 

comparison, when treated with AgNO3, higher doses of 0.467 µM and 2.34 µM were needed 

to kill 50 % and 100 % of the bacteria by 1 h, whereas for a longer incubation time (3 h) the 

same effect was achieved with doses of 0.009 µM and 0.093 µM. The bactericidal effect of 

MNBA-AgNCs was significantly greater than that observed with ceftriaxone (P<0.05), which 

needed a minimum of 2.34 µM to kill 50 % of the bacteria following a 1h treatment and 0.467 

µM for a 3h treatment. Notably, the highest concentration of ceftriaxone tested (11.7 µM) was 

unable to kill 100 % of the bacteria even after a 3h incubation period.   
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Figure 2. Killing of N. gonorrhoeae strain P9-17 with increasing concentrations of MNBA-AgNCs, ceftriaxone 

and AgNO3 at different incubation times. The columns represent the mean % killing and the error bars the 

standard error of the means for at least n=3 independent experiments. Statistical significances between values and 

control (no treatment, 0% killing) were determined by one-way ANOVA and Tukey’s Post-hoc test: 

****p<0.0001, ***p<0.005, **p<0.05, ns= no significant differences.  

 

    Then we examined what was the minimum time of exposure to MNBA-AgNCs required to 

kill gonococci. In Figure 3A, P9-17 bacteria were exposed to 0.467 – 11.7 µM of MNBA-

AgNCs in a bactericidal assay for 1, 5, 15, 30 and 60 min. Compared to the no treatment 

(control experiment), treatment with 11.7 µM MNBA-AgNCs killed 100 % of P9-17 within 15 

min, whereas 30 min were required with a concentration of 2.34 µM and 1 h with 0.467 µM of 

MNBA-AgNCs. Our standard bactericidal assay contained ~103 Colony Forming Units 

(CFU)/well (Figures 2 and 3A), however, the number of organisms in mucosal surface 

infections may be considerably higher.49,50 In order to assess the total number of gonococci that 

MNBA-AgNCs could kill within 1 h, we incubated increasing concentrations of bacteria with 
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0.467 µM of MNBA-AgNCs and compared the bactericidal effect against untreated cultures 

after 1 h. Figure 3B shows that MNBA-AgNCs killed 100 % of gonococci at concentrations  

105 CFU/mL and ~90 % of bacteria of 106 CFU/mL. The bactericidal activity of the MNBA-

AgNCs was also tested against strain P9-17 following storage of MNBA - AgNCs at 4 °C in 

PBSB over an extended period in order to examine the long-term effectiveness of the 

nanoclusters. Figure S5 shows that there was no reduction in bactericidal activity of the 

MNBA-AgNCs on storage for up to 180 days when tested at doses of 0.467 - 11.7 µM, 

demonstrating that the preparation has a significant shelf-life when stored at 4ºC.  

 

 

Figure 3. A) Minimum time required to kill N. gonorrhoeae strain P9-17 with 0.467 – 11.7 µM MNBA-AgNCs. 

The symbols represent the mean CFU/mL and the error bars the standard error of the means for n=3 independent 

experiments. Color guide: black – 0 µM, red – 0.467 µM, blue – 2.34 µM, pink – 11.7 µM   B) Killing effect of 

MNBA-AgNCs (0.467 µM) on increasing concentrations of N. gonorrhoeae strain P9-17 at 1h. Color guide: black 

– MNBA-AgNCs, red – no MNBA-AgNCs. The columns represent the mean CFU/mL and the error bars the 

standard error of the means deviations for n=3 independent experiments. Statistical significances were calculated 

by Student’s t-test: *p < 0.05, ns= no significant differences.  

 

  At present, resistance to antibiotics previously used to treat gonorrhea is high worldwide. This 

is the case, for example, for sulfonamides, penicillin and its derivatives, tetracyclines, 
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fluoroquinolones and some macrolides and cephalosporins.51 Ceftriaxone and azithromycin are 

the only treatments currently recommended by the Centers for Disease Control and Prevention 

(CDC) for treatment of uncomplicated gonorrhea in the US.52 In 2017, only 0.2 % of US 

gonococcal isolates had elevated ceftriaxone minimum inhibitory concentrations (MICs), 

whereas during 2014–2017, there was an increase from 2.5 % to 4.4 % in the number of isolates 

with elevated azithromycin MICs (https://www.cdc.gov/std/stats17/gonorrhea.htm). In our 

current study, we tested the ability of our MNBA-AgNCs to kill N. gonorrhoeae isolates 

available in the CDC Antimicrobial Resistance Panel that are reported to show the most 

resistance to ceftriaxone and azithromycin (Figure S1). Table 1 shows the concentrations of 

MNBA-AgNCs that could kill 50 % and 100 % of these isolates after 1 h and 3 h of treatment. 

The MNBA-AgNCs showed high levels of bactericidal activity, with doses ranging from 0.019 

– 1.87 µM and 0.002 – 0.093 µM capable of killing 50-100 % of these gonococcal isolates 

within 1 h and 3 h of treatment, respectively. Thus, our bactericidal assay data show that 

MNBA-AgNCs can rapidly kill gonococcal isolates with reported resistance to azithromycin 

and to ceftriaxone. This is an important observation, since resistance to ceftriaxone and reports 

of antibiotic-treatment failures are now being reported regularly in many countries.53 In order 

to confirm if the MNBA-AgNCs were significantly better than antibiotic treatments, future 

research studies could compare their bioactivity alongside ceftriaxone, azithromycin and the 

dual antibiotic therapy, as well as other antibiotics, e.g. doxycycline, spectinomycin or 

ertapenem that have been used to treat antibiotic-treatment failures.54 These comparisons 

should be done using the internationally recommended Clinical and Laboratory Standards 

Institute (CLSI) accepted agar dilution assay for N. gonorrhoeae.55 Notably, the significant 

benefit of using the MNBA-AgNCs is to avoid the problem of gonococci developing antibiotic 

resistance, which hampers effective treatment. 

https://www.cdc.gov/std/stats17/gonorrhea.htm
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Table 1. Concentrations of MNBA-AgNCs that kill 50% and 100% of N. gonorrhoeae isolates  1 

Neisseria gonorrhoeae 

strain (AR Bank No) 

MNBA-AgNCs,  

1h (µM) 

MNBA-AgNCs,  

3h (µM) 

Ceftriaxone, 

24 h (µM)b 

Azithromycin, 

24 h (µM)b 

50%a 100%a 50%a 100%a MIC MIC 

       

       

166 0.467 0.935 0.009 0.093 0.209 1.34 

167 0.093 0.468 0.019 0.093 0.013 10.7 

173 0.093 0.468 0.009 0.093 0.209 0.668 

174 0.093 0.468 0.005 0.009 0.209 1.34 

175 0.019 0.468 0.002 0.019 0.013 21.4 

179 0.093 0.468 0.009 0.093 0.013 10.7 

181 0.093 0.468 0.005 0.093 0.050 341 

190 0.468 0.468 0.093 0.093 0.209 1.34 

194 0.093 1.870 0.009 0.093 0.835 0.668 

202 0.093 0.468 0.002 0.093 0.013 21.4 

       

 2 

a Concentrations (µM) of MNBA-AgNCs that kill 50% and 100% of gonococcal strains in the in vitro bactericidal assay. Determinations are mean 3 

values from n=3 independent experiments. b The reported MIC data are included for isolates with the highest levels of resistance to ceftriaxone and 4 

azithromycin present in the Centers for Disease Control and Prevention (CDC) and Food and Drug Administration (FDA) Antibiotic Resistance 5 

(AR) Isolate Bank (https://www.cdc.gov/ARIsolateBank/Panel/PanelDetail?ID=11). 6 
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  The activity of the MNBA-AgNCs prepared in our study can also be compared with the 

activity of other antimicrobial silver nanomaterials published in literature. However, certain 

factors have to be considered. For example, the bacterial cultivation methods56 and the selection 

of the specific strains used for different studies,57,58 probably influences bacterial susceptibility 

to the nanomaterials. From a synthetic point of view, different synthetic procedures will yield 

nanomaterials with different stability and surface features, which could in turn influence their 

interaction with bacteria. Additionally, using specific buffers or surfactants to enhance the 

solubility of the nanomaterials could play a role in their interplay with the microorganism. 

Some studies and patents have focused on the use of AgNP composites to achieve successful 

bacterial death.59–61 However, to the best of our knowledge, there is only one study that 

discusses the use of AgNPs to kill gonococci, where a range of nanomaterials were tested.62 In 

that study, large AgNPs were reported as effective with a MIC50 of 12.5 µg/mL at 24 h against 

N. gonorrhoeae strain ATCC 49226 and between 25-50 µg/mL against five other clinical 

isolates. However, the particles had a broad size distribution and showed colloidal aggregation. 

Our data show that MNBA-AgNCs are colloidally robust and significantly more bactericidal 

including at shorter treatment times as we observed that the dose of MNBA-AgNCs that killed 

50% of N. gonorrhoeae strain P9-17 was 0.019 µM (0.2 µg/mL) after 1 h of treatment and 

0.001 µM (0.0125 µg/mL) after 3 h (Figure 2).  

  It is probable that MNBA-AgNCs function via multiple pathways, including by damaging the 

bacterial cell wall. We examined this hypothesis using a LIVE/DEAD™ BacLight™ Bacterial 

Viability kit, in which live bacteria take up the dye SYTO® 9 and stain green, whereas dead 

bacteria take up propidium iodide through their damaged membranes and stain red. Figure 4 

shows that few gonococci (~25%) died after treatment with a non-bactericidal dose of MNBA-

AgNCs (0.004 µM), whereas treatment with bactericidal doses (0.467 – 58.4 µM) led to 

increased killing (~75 – 90 % of bacteria). Thus, rapid bacterial cell death occurring within 1h 



 
 

13 
 

of exposure to MNBA-AgNCs probably suggests that there is membrane damage occurring, 

since other intracellular events that could cause cell death, e.g. oxidative stress and the 

interactions with intracellular molecules, , may take longer time. Comprehensive studies of the 

possible mechanisms of action of these MNBA-AgNCs constitute downstream requirements 

for further product development.  

 

Figure 4. Assessment of gonococcal viability in the presence of MNBA-AgNCs using the LIVE/DEAD™ 

BacLight™ Bacterial Viability kit. The columns represent the mean percentages of dead bacteria in a suspension 

treated with MNBA-AgNCs normalized to control bacteria that were not treated with MNBA-AgNCs. Statistical 

significances between values and control (no treatment, 0 µM) were determined by one-way ANOVA: 

****p<0.0001, **p=0.005 

 

Bactericidal activity of MNBA-AgNCs during infection of human cells in vitro 

  The observation of MNBA-AgNCs bactericidal activity in vitro would not necessarily 

indicate that the nanoclusters would be bactericidal during gonococcal infection that involves 

attachment to human host cells. Initially, we determined whether MNBA-AgNCs were 

cytotoxic to human cells by treating Chang conjunctival epithelial cells, HEC-1B endometrial 

adenocarcinoma and JEG-3 placenta choriocarcinoma cells in culture with increasing 

concentrations of MNBA-AgNCs (0.468 – 58.4 µM). Cell viability was then assessed at 1 h, 3 

h and 24 h post incubation by measuring the release of lactate dehydrogenase (LDH).63 No 
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significant release of LDH was observed, even after treatment of the three cell cultures for 24 

h (Figure S2), suggesting that the cells remained viable with intact membranes.38  

  Assessing membrane integrity by measuring the release of intracellular enzymes is one useful 

preliminary method to examine cell viability. Indeed, for drug discovery studies, cell-based 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and LDH assays are 

useful for initial cytotoxicity screening. However, a more comprehensive analysis of 

cytotoxicity is required for downstream product development. Further preliminary experiments 

did show that treatment with 11.7 µM MNBA-AgNCs, which was the highest concentration 

tested in Figure 2 that killed 100% of gonococci within 3h, had no effect on the morphology 

of Chang epithelial cells (Figure S3). However, longer time exposure studies are probably 

warranted. Other in vitro tests for cytotoxicity could include a standard haemolysis test, cell 

proliferation assays, detecting apoptosis with annexin V and DNA fragmentation, and 

determining caspase-3 and caspase-8 activity.64 Importantly, these cellular responses would 

need to be assessed in non-MNBA-AgNC-treated epithelial cells.65  

  However, future studies of MNBA-AgNC bioactivity and cytotoxicity would require in vivo 

testing with mouse models, which is outside the scope of the current manuscript. These are the 

adult and neonatal murine models of gonococcal conjunctivitis66 and the mouse gonorrhoea 

model of intravaginal gonococcal infection.67 These models would be important for testing 

whether topically applied MNBA-AgNCs clear gonococci from both the conjunctiva and the 

lower reproductive tract of gonococcal-infected mice, and for studying mammalian host 

toxicity and drug metabolism and pharmacokinetics (DMPK). 

  Since the MNBA-AgNCs did not appear to be cytotoxic to human cells in vitro, we were able 

to test their ability to kill gonococci during active infection of human Chang conjunctival cells. 

These cells were chosen for our experiments as they have been widely used as an in vitro model 

for studying gonococcal interactions with human cells.68–71 In these experiments, we infected 
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Chang cell monolayers with 106 CFU of P9-17 for 3 h to allow association of bacteria to the 

cells and, after washing to remove non-adherent bacteria, the cultures were treated with various 

concentrations of MNBA-AgNCs. Figure 5A shows that after 3 h of infection, ~20 % of 

bacteria associated with the cells and when left untreated, CFU numbers increased with time. 

Bacterial survival was then examined after 1 h, 3 h and 24 h of treatment with MNBA-AgNCs. 

During infection, treatment with 58.4 µM MNBA-AgNCs for 1 h killed ~80 % of P9-17 

bacteria, which increased to >99 % after 3 h of treatment, when compared to untreated cultures 

(P<0.05). Treatment with 11.7 µM MNBA-AgNCs for 1 h was also effective, killing >80 % of 

bacteria, with the bacterial numbers contained up to 24 h later (P<0.05). By contrast, 

concentrations of 0.467 – 2.34 µM MNBA-AgNCs were non-bactericidal.  

  The infections described in Figure 5A were for a short-term infection of human cells. 

However, studies have shown that longer-term infection of human cells with gonococci result 

in the formation of multi-aggregate biofilm-like colonies of bacteria on cell surfaces in vitro.72 

The accumulation of such biofilm-like growth has been reported to reduce the efficacy of 

antimicrobials against different bacteria.73 Thus, we infected Chang cells with ~106 CFU of 

P9-17/monolayer for 24 h to encourage higher levels of bacterial association. Figure 5B shows 

that after a prolonged infection, 1.17 x 106 ± 0.3 x 106 CFU of P9-17 were associated per 

monolayer and treatment with varying concentrations of MNBA-AgNCs (0.467 – 11.7 µM) 

was non-bactericidal (P>0.05). By contrast, treatment was effective only with the highest 

concentration of 58.4 µM, with only 935 ± 313 CFU of P9-17 recovered per monolayer, a 

reduction in bacterial count of 99.9%, compared to the non-treated monolayers (P<0.05). In 

addition, treatment with 58.4 µM for 24h was the only dose and condition that killed gonococci 

(>99%) in cell cultures that had been infected for 48h (P<0.05).  
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Figure 5. A) Effect of MNBA-AgNCs during short-term infection of human Chang conjunctival cells with 

Neisseria gonorrhoeae P9-17. Color guide: Black – 0 µM, Brown – 0.467 µM, Blue – 2.34 µM, Pink – 11.7 µM, 

Green – 58.4 µM B) Effect of 24h treatment with various doses of MNBA-AgNCs on 24h infected Chang cell 

monolayers. Statistical significances between values and control (no treatment with MNBA-AgNCs) were 

determined by one-way ANOVA and Student’s t-test: ****p<0.0001, **p=0.01, * p <0.05 ns= no significant 

differences. 

 

  Data from Figure 3B showed that a concentration of 0.467 µM of MNBA-AgNCs killed >90% 

of ~106 CFU of gonococci in PBSB within 1 h. By contrast, in Figure 5 data showed that 

higher concentrations of MNBA-AgNCs were required to kill gonococci associated with 

human cells after both short and long-term infections. Whereas gonococcal numbers remain 

static in PBSB, they increase over time in the cell infection medium. It is therefore possible 

that higher MNBA-AgNCs concentrations are required simply because the bacterial numbers 

are increasing in the infection experiments and not in the bactericidal assays. To investigate 

this, we performed control experiments in which ~106 planktonic P9-17 bacteria were 

maintained in cell culture infection medium alone and treated with MNBA-AgNCs for 1 h and 

24 h. In these control experiments, concentrations of 11.7 - 58.4 µM MNBA-AgNCs were 

bactericidal after 1 h and 24 h (>98% reduction in CFU compared to control), whereas 

concentrations of 0.467 – 2.34 µM were not (Figure S4). In particular, the lack of bactericidal 

activity of 11.7 µM MNBA-AgNCs on biofilm-infected cell cultures in comparison to 
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bactericidal activity in cell infection medium alone suggests possibly that gonococci can resist 

the effect of MNBA-AgNCs when forming multi-aggregate, adherent colonies. An alternative 

hypothesis is that the eukaryotic cells also adsorb and/or absorb the MNBA-AgNCs, thereby 

reducing the concentration of available MNBA-AgNCs. Moreover, both possibilities may not 

be mutually exclusive and higher concentrations of MNBA-AgNCs may be needed to eliminate 

long-term adherent bacteria compared to bacteria in planktonic growth. 

 

CONCLUSIONS 

  MNBA-AgNCs were synthesized and their antibacterial activity was assessed against strains 

of Neisseria gonorrhoeae resistant to ceftriaxone and azithromycin. Using an in vitro 

bactericidal assay, MNBA-AgNCs showed higher efficacy than ceftriaxone and azithromycin, 

antibiotics that are recommended for treating gonococcal infections. In addition, preliminary 

studies of cytotoxicity using a LDH release assay showed that the bactericidal doses MNBA-

AgNCs were not significantly cytotoxic towards mammalian cells in vitro. MNBA-AgNCs 

were also effective in killing planktonic and multi-aggregates of bacteria during infection of 

human cells in vitro. This study demonstrates that MNBA-AgNCs could be exploited for 

treatment of gonococcal infections, possibly adjunctive to antibiotic treatment for intractable 

infections. It is probable that MNBA-AgNCs would be useful for topical treatment of exposed 

mucosae, e.g. in treating neonatal conjunctivitis and potentially for uncomplicated lower 

genital tract gonorrhoea. Systemic use is unclear and would require in vivo studies in animal 

models for safety and efficacy. In addition to treating gonococcal infections, MNBA-AgNCs 

could have other applications, e.g. for treating mucosal and skin infections caused by other 

multi-antibiotic resistant bacteria.  
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EXPERIMENTAL PROCEDURES 

General reagents. All purchased chemicals were used without further purification. Silver 

nitrate (AgNO3, 99.9 %) was purchased from Fisher Scientific (Loughborough, UK). Sodium 

hydroxide, methanol, sodium borohydride (99 %) and 5,5′-Dithiobis(2-nitrobenzoic acid) 

(DTNBA, 99 %) were purchased from Sigma-Aldrich (St. Louis, MO). All reactions were 

carried out using Milli-Q water unless stated otherwise.  

 

Bacteria. Neisseria gonorrhoeae strain P9-17, a 1B-26 serovar isolate (ND: P1.18-10,43: F1-

26: ST-1926), was isolated originally from a patient with gonococcal prostatitis.74  The panel 

of 50 N. gonorrhoeae isolates assembled by the Centers for Disease Control and Prevention 

(CDC) in collaboration with the Food and Drug Administration (FDA) was also obtained. 

These isolates represent a diversity of antimicrobial susceptibility to drugs that are used to treat 

infections and their genomes have been sequenced 

(https://www.cdc.gov/drugresistance/resistance-bank/currently-available.html). Gonococci 

were grown for ~16 h on supplemented GC-agar plates75,76  incubated at 37 °C in an atmosphere 

containing 5 % (v/v) CO2.  

 

Synthesis of silver nanoclusters. The synthesis of MNBA-AgNCs was done following a 

previously reported protocol with minor alterations (Scheme S1 in supplementary material).36 

DTNBA (9.9 mg, 25 mmol) was dissolved in 25 mL of an aqueous solution of NaOH (20 mL, 

1 M) in a 25 mL Erlenmeyer. The resulting solution was stirred for 45 min at room temperature 

until its color changed from orange to dark yellow. Then, a solution of AgNO3 in water (5 mL, 

10 mM) was added to the mixture and it was stirred for 45 min until it turned greenish. In the 

last step, a fresh solution of NaBH4 (2 mL, 13.2 mM) was quickly added while the mix was 

https://www.cdc.gov/drugresistance/resistance-bank/currently-available.html
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vigorously stirring which resulted in a crude dark brown color. The reaction mixture was 

vigorously stirred for 4h. After the reaction time, a dark burgundy color was appreciated. 

Finally, the silver nanoclusters were precipitated by adding 20 mL of MeOH:H2O 1:1 and 

centrifuged at 9000 rpm for 10 min. The supernatant was discharged and the solid was washed 

with MeOH:H2O 1:1 through centrifugal filtration (cut off 10 kDa) at 9,000 rpm for 10 min. 

The washing step was repeated until the filtrate became colorless. The silver nanoclusters were 

dried at room temperature and stored in the dark until further use.   

 

Characterization of silver nanoclusters. The Z-potential measurements were performed 

using a Zetasizer Nano ZS instrument (Malvern Instruments, UK). The acquired data was 

processed using the software provided by Malvern (Zetasizer software v7.03). The UV−vis 

spectroscopy was carried out with a DeNovix DS-11 microvolume Spectrophotometer 

(Wilmington, USA). 

 

Bactericidal assay to calculate the concentrations of MNBA-AgNCs, ceftriaxone and 

AgNO3 that kill 50% and 100% of Neisseria gonorrhoeae. Concentrations of MNBA-

AgNCs, ceftriaxone and AgNO3 required to kill 50 % and 100 % of N. gonorrhoeae strain P9‐

17 were estimated by a 96-well microdilution method. From an overnight culture of N. 

gonorrhoeae P9-17 bacteria grown for ~16h, bacteria were removed and suspended in 1 mL of 

Dulbecco’s Phosphate Buffered Saline (PBSB), pH 7.4 to a concentration of ~1.25 ×104 

Colony Forming Units (CFU)/mL. MNBA-AgNCs, ceftriaxone and AgNO3 were diluted 

independently in PBSB at different concentrations (0.001, 0.005, 0.009, 0.019, 0.093, 0.467, 

2.34 and 11.7 µM). Then, 20 µl of increasing concentrations of MNBA-AgNCs, ceftriaxone or 

AgNO3 were added to 80 µl of bacteria solution (final concentration 103 CFU/mL) in triplicate 

wells of a 96-well plate. The plate was incubated at 37 ºC with 5 % (v/v) CO2 for 1h and 3h. 
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Additionally, a control experiment with 20 µl of PBSB (i.e. no treatment) and 80 µl of bacteria 

was prepared. After incubation, 15 µl aliquots of each MNBA-AgNCs, ceftriaxone or AgNO3-

bacteria culture were spread onto supplemented GC-agar plates in triplicate and incubated for 

18 h. The surviving CFU/mL were counted and the percentage of killing for every 

concentration of MNBA-AgNCs, ceftriaxone or AgNO3 was calculated by comparison with 

the control experiment [i.e. 100 - (CFU/mL with treatment  CFU/mL control) × 100]. The 

concentrations of MNBA-AgNCs, ceftriaxone and AgNO3 that killed 50 % and 100 % of the 

bacteria at given time points were determined from the titration curves. Bactericidal assays 

with MNBA-AgNCs were also done with 10 different strains of N. gonorrhoeae obtained from 

the CDC/FDA strain bank (AR-181, 194,166, 175, 174, 202, 167, 190, 179 and 173) that 

showed different reported Minimum Inhibitory Concentration (MIC) values for ceftriaxone and 

azithromycin. 

 

Determination of the minimum time required for MNBA-AgNCs to kill gonococci in vitro. 

In these experiments, 200 µL of MNBA-AgNC (0.467, 2.34 and 11.7 µM solutions in PBSB) 

were added to 800 µL of N. gonorrhoeae P9-17 (1.25 × 104 CFU/mL) and incubated for 1 h at 

37 ºC and 5 % (v/v) CO2. Control was 200 µl of PBSB with 800 µl of bacteria alone (0 µM 

MNBA-AgNC). Bacterial viability was sampled after 1, 5, 15, 30 and 60 min, by plating 15 

µL onto triplicate GC-agar plates. The surviving CFU/mL were counted and the percentage of 

killing for every concentration of MNBA-AgNCs at the different time points was calculated 

by comparison with the control experiment [i.e. 100 - (CFU/mL with treatment  CFU/mL 

control) × 100]. The experiment was done independently three times. 

 

Determination of number of bacteria killed by MNBA-AgNCs in vitro. In these 

experiments, 20 µL of a concentration of 0.467 µM MNBA-AgNCs (100% bactericidal value 
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at 1h) in PBSB were added to 80 µl of various concentrations of N. gonorrhoeae P9-17 (∼103, 

∼104, ∼105, ∼106, ∼107, and ∼108 CFU/mL) on a 96-well plate. Control wells contained 

bacteria alone and PBSB. The plate was incubated for 1h at 37 ºC and 5 % (v/v) CO2.  After 

the incubation time, 15 µL aliquots of each bacteria/MNBA-AgNCs culture were spread in 

triplicate on supplemented GC-agar plates and incubated for 18 h (serial dilutions of the 

samples in PBSB were done as required prior to plating). The surviving CFU/mL were counted 

and the percentage of killing for MNBA-AgNCs and the different concentrations of bacteria 

was calculated by comparison with the control experiment [i.e. 100 - (CFU/mL with treatment 

 CFU/mL control) × 100]. The experiment was done in triplicate.  

 

Effect of storage at 4ºC in PBSB on the bactericidal activity of MNBA-AgNCs. A 

preparation of MNBA-AgNCs was suspended in PBSB and stored at 4 ºC for several months. 

Determinations of bactericidal activity of concentrations of 0.467, 2.34 and 11.7 µM against N. 

gonorrhoeae P9-17 were done at intervals over time as described in the bactericidal assay 

method above.  

 

Cytotoxicity of MNBA-AgNCs for human cell culture lines. Human Chang conjunctival 

epithelial cells, HEC-1B endometrial adenocarcinoma and JEG-3 placenta choriocarcinoma 

cells were grown in DMEM medium containing 2 % (v/v) heat-inactivated fetal calf serum 

(dFCS) to confluence in sterile 96-well cell culture plates. The cytotoxicity of MNBA-AgNCs 

towards the different cell types was quantified by measuring the release of Lactate 

DeHydrogenase (LDH) enzyme using the CytoTox 96® Non-Radioactive Cytotoxicity Assay 

Kit (Promega, UK). The percentage cytotoxicity was calculated following the manufacturers’ 

instructions. For these experiments, cultured cells were plated in a 96-well plate at ∼105 

cells/well in 80 µl of DMEM containing 2 % (v/v) dFCS and incubated with 20 µL of 
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increasing concentrations of MNBA-AgNCs (0.0003, 0.0006, 0.001, 0.002, 0.005, 0.009, 0.018, 

0.093, 0.467, 2.34, 11.7 and 58.4 µM) at 37 ºC and 5 % (v/v) CO2 for 1 h, 3 h or 24 h. A control 

experiment with 20 µL of PBSB was additionally done. The experiment was done 

independently three times. 

 

Morphological analysis of human Chang conjunctival epithelial cells treated with MNBA-

AgNCs. Human Chang conjunctival epithelial cells were grown in DMEM medium 

supplemented with 10 % (v/v) heat-inactivated fetal calf serum (dFCS) to 100% confluence on 

sterile NUNC Lab Tek II 8 well chamber slides at 37 ºC with 5% (v/v) CO2. Cell monolayers 

were treated with 11.68 µM MNBA-AgNCs in supplemented DMEM for 2-3 h at 37 ºC with 

5 % (v/v) CO2. An untreated control (supplemented DMEM only) was also done. After 2 h 

incubation, cell supernatants were removed, and cells were immediately stained with 

LIVE/DEAD™ Viability kit reagents (ThermoFisher) in DMEM for 15 min at 37 ºC with 5% 

(v/v) CO2. The integrity of the cell monolayers, cellular morphology and cell viability were 

visualized by confocal laser scanning microscopy (Leica SP8). Three biological replicates of 

the experiment were done. 

 

Bacterial viability measured using the LIVE/DEAD™ BacLight™ Bacterial Viability kit. 

Neisseria gonorrhoeae P9-17 bacteria (~103 CFU) were treated with 0.004 – 58.4 µM MNBA-

AgNCs for 1 h in PBSB, using the standard bactericidal assay, with untreated bacteria as 

controls. After 1 h, the LIVE/DEAD™ BacLight™ Bacterial Viability kit reagents 

(ThermoFisher) were mixed and added to the suspensions for 15 min, following the 

manufacturer’s instructions. The numbers of live (green fluorescent) and dead (red fluorescent) 

bacteria were counted by fluorescent microscopy (Leitz). The experiment was done 

independently three times. 
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Effect of MNBA-AgNCs on short- and long-term gonococcal infection of Chang 

conjunctival cells. Human Chang conjunctival cells were grown as described in the 

cytotoxicity measurement experiments. Prior to infection, the cells were washed four times 

with sterile PBS and then infected in triplicate with ~106 CFU/monolayer in DMEM containing 

1 % (v/v) dFCS and without any antibiotic present. For a short-term infection, the bacteria were 

left in contact with the cells for 3h, whereas for the long-term infections, they were kept in 

contact for 24h and 48h. After infection at 3h, 24h and 48h, the cells were washed gently three 

times with PBSB to remove any unattached bacteria and then 80 µL of DMEM medium alone 

was added to each well. Next, 20 µL of 0.467, 2.34, 11.7 and 58.4 µM MNBA-AgNCs prepared 

in DMEM were added to triplicate wells. Control wells received 20 µL of DMEM alone. The 

plates were then incubated for 1 h, 3 h and 24 h at 37 ºC with 5 % (v/v) CO2. To determine the 

total number of associated bacteria per monolayer, at each time-point after treatment with the 

MNBA-AgNCs, the extracellular medium was removed and  50 µL of a lysis solution of 1 % 

(w/v) saponin in PBSB containing 1% (v/v) dFCS, sterilized by filtration (0.22 µm filter), was 

then added to each individual well. The plate was incubated for 15-20 min at 37 ºC with 5 % 

(v/v) CO2. Next, pools of the triplicate wells containing saponin were made (final volume 150 

µL) and sampled by viable counting on GC-agar plates as described in the bactericidal assay 

method above.  
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