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Abstract

A combination of silver nanoparticles (AgNPs) and an antibiotic can synergistically inhibit 

bacterial growth, especially against the drug-resistant bacteria Salmonella typhimurium. However, 

the mechanism for the synergistic activity is not known. This study chooses four classes of 

antibiotics, β-lactam (ampicillin and penicillin), quinolone (enoxacin), aminoglycoside 

(kanamycin and neomycin), and polykeptide (tetracycline) to explore their synergistic mechanism 

when combined with AgNPs against the multidrug-resistant bacterium Salmonella typhimurium 
DT 104. Enoxacin, kanamycin, neomycin, and tetracycline show synergistic growth inhibition 

against the Salmonella bacteria when combined with AgNPs, while ampicillin and penicillin do 

not. UV–vis and Raman spectroscopy studies reveal that all these four synergistic antibiotics can 

form complexes with AgNPs, while ampicillin and penicillin do not. The presence of tetracycline 

enhances the binding of Ag to Salmonella by 21% and Ag+ release by 26% in comparison to that 

without tetracycline, while the presence of penicillin does not enhance the binding of Ag or Ag+ 

release. This means that AgNPs first form a complex with tetracycline. The tetracycline–AgNPs 

complex interacts more strongly with the Salmonella cells and causes more Ag+ release, thus 

creating a temporal high concentration of Ag+ near the bacteria cell wall that leads to growth 

inhibition of the bacteria. These findings agree with the recent findings that Ag+ release from 

AgNPs is the agent causing toxicity.
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INTRODUCTION

Antibacterial resistance has become a global issue. According to the 2014 Antimicrobial 

Resistance Global Report, some bacteria have begun to develop resistance even to the third 

generation of antibiotics.1 Since the 1980s, no new antibacterial drugs have been developed, 

making the situation even more urgent.

Bulk silver has a long history of being used as an antimicrobial.2,3 In the past decade, 

combining silver nanoparticles (AgNPs) with antibiotics has been considered a potential 

method to overcome bacterial drug resistance.4 AgNPs used for this purpose have been 

synthesized using different methods and modified with many different antibacterial agents to 

achieve high antimicrobial activity.5–12 AgNPs are also effective against multidrug-resistant 

bacteria.13,14 Recently, some publications presented evidence for the synergistic 

antibacterial activity of AgNPs combined with conventional antibiotics, especially against 

multidrug-resistant bacteria including Staphylococcus aureus and Escherichia coli.15–17 The 

activity of selected antibiotics was enhanced to different degrees in the presence of AgNPs, 

regardless of the synthetic method.18 Most researchers studying antibacterial activity used 

the disk diffusion method to determine MIC/IC50/IC80 values or zones of inhibition. Hwang 

et al.16 found that combination of AgNPs with ampicillin, chloramphenicol, and kanamycin 

against various pathogenic bacteria inhibits the formation of biofilm that is associated with 

the resistance to antimicrobial agents and chronic bacterial infections. Other mechanistic 

studies19–21 pointed out that AgNPs generate hydroxyl radicals to enhance the bactericidal 

effect. Li et al.22 hypothesized that AgNPs and amoxicillin either kill the bacteria with a 

different mechanism individually or they form a complex in that amoxicillin molecules 

surround the AgNPs core. While AgNPs’ ability as a drug carrier may play a role for the 

synergistic effect, the release of Ag+ is also considered to enhance the antibacterial activity. 

Chelation of Ag+ is believed to prohibit DNA unwinding,23 leading to bacterial cell damage, 

but a satisfactory synergistic mechanism is lacking.

In this study, we examined the synergistic antibacterial mechanism of four different classes 

of conventional antibiotics in combination with AgNPs, 1) β-lactam (ampicillin and 

penicillin), 2) quinolone (enoxacin), 3) aminoglycoside (kanamycin A and neomycin), and 

4) polykeptide (tetracycline), against the multidrug-resistant bacterium Salmonella 
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typhimurium DT 104 (abbreviated as Salmonella).24 We hypothesize that the synergistic 

antibacterial activity correlates with the complex formation between AgNPs and the 

antibiotic. Since Ag+ is a known antibacterial,25,26 the release of Ag+ from AgNPs into 

solution was also examined under various experimental conditions.

EXPERIMENTAL SECTION

Materials

Multidrug-resistant Salmonella (ATCC 700408) was obtained from the American Type 

Culture Collection (Manassas, VA). Silver nitrate, sodium borohydride, sodium citrate, 

NaOH, tetracycline hydrochloride (TET), neomycin sulfate (NEO), kanamycin sulfate 

(KAN), tryptic soy broth (TSB), and tryptic soy agar (TSA) were purchased from Sigma-

Aldrich (St. Louis, MO). Penicillin G sodium salt (PEN) and nitric acid (trace metal grade, 

67%–70%) were from Fisher Scientific (Houston, TX). Ampicillin sodium salt (AMP) was 

from Research Products International Corp (Prospect, IL), and enoxacin hydrochloride 

(ENO) was from MP Biomedicals LLC (Solon, OH). The structures of the antibiotics are 

shown in Figure SI 1.

AgNPs Synthesis and Interaction with Antibiotics

Spherical AgNPs of 29.8 ± 6.4 nm in diameter were prepared according to the citrate 

reduction method as described in our previous reports.27–29 Sodium citrate was used as both 

the reducing agent and the stabilizer for AgNPs. The synthesized AgNPs were purified by 

three centrifugations at 5000 rpm for 1 h each to remove residual Ag+ and then resuspended 

in nanopure water. The thus-prepared AgNPs remain stable without aggregation for 3 

months, but they are freshly prepared and used for experiments since Ag+ release from 

AgNPs occurs during long-term storage.30 The size of the purified AgNPs was determined 

to be 29.8 ± 6.4 nm by TEM (JEOL 2100). To determine the concentration of the AgNPs, an 

AgNPs solution was added with nitric acid to oxidize Ag atoms to Ag+ for determination of 

total concentration of Ag by ICP-MS (Varian 820-MS).

The interaction of AgNPs with the antibiotics was investigated by addition of each antibiotic 

separately to an AgNPs solution (50 μM). The antibiotic/AgNPs ratio varied from 0.1 to 100 

or with the concentration of the antibiotic of 5, 50, 500, and 5000 μM. The spectra were 

recorded by UV–vis and Raman spectroscopy after mixing for 2 h. Raman spectra were 

recorded using 670 nm as excitation wavelength via a miniaturized QE65000 Scientific-

grade Spectrometer (Ocean Optics) equipped with TE cooled 2048 pixel CCD as detector 

and interfaced to a computer via a USB port. The spectral response range was 220–3600 

cm−1. The UV–vis absorption spectra were recorded by a UV-2600 spectrophotometer 

(Shimadzu, Japan) with 0.9 mL semimicro cuvette.

Bacterial Culture and Treatment with Antibiotics and in Combination with AgNPs

Growth of Salmonella was carried out as described in our previous report.24 Briefly, 50 μL 

of the bacterium was removed from a frozen (‒80 °C) sample and added to 12 mL of TSB, 

followed by incubation in a C25 class incubator with continuous agitation at 220 rpm for 10 

h at 37 °C. Inoculums of about 1 × 108 colony forming units per mL (CFU/mL) were 
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achieved.31 The bacterial solution was further diluted to different concentrations for 

treatments.

Different concentrations of an antibiotic of 0.5, 2, 8, and 16 μM, in the presence or absence 

of 50 μM AgNPs (in Ag atoms), were tested to evaluate the possible synergistic effect. The 

Salmonella (1 × 105 CFU/mL) in PBS was treated with a desired concentration of AgNPs, 

AgNO3, an individual antibiotic, or the combination of the antibiotic with AgNPs for 2 h. 

Then, 100 μL of the treated bacterial solution was taken to be plated, followed by incubation 

for 24 h and colony counting as described before.24 As a control, tetracycline was chosen as 

a representative to confirm whether Ag+ has a synergistic antibacterial effect when 

combined with antibiotics. Combinations of 5 μM Ag+ with 0, 0.5, 2, 8, and 16 μM of 

tetracycline were tested for inhibition of the 1 × 105 CFU/mL bacteria cells. This indicated 

that all groups inhibited 42.7%–46.8% of bacteria growth with no significant differences 

(Figure SI 2), demonstrating there is no synergistic effect between Ag+ and tetracycline.

Binding of AgNPs to Salmonella in the Presence or Absence of an Antibiotic

AgNPs (1 μM) in suspension were mixed with 0, 1, and 10 μM of each antibiotic for at least 

30 min. Then, a Salmonella solution was added and shaken in an incubator shaker at 37 °C 

for 2 h. The final Salmonella concentration was 1 × 107 CFU/mL unless otherwise stated. To 

separate free AgNPs from those tightly interacted with or internalized in the Salmonella 
cells, the solutions were centrifuged at 2000 rpm for 15 min.32 It is confirmed that 94 ± 5% 

of the bacteria were brought to pellet under this centrifugation condition while 99 ± 4% of 

AgNPs (in case of 1 μM, examined by ICP-MS) remained in the supernatant (Table SI 1). 

The pellets were collected and went through nitric acid treatment. The resultant solution was 

diluted until the estimated Ag+ concentration ranged from 20 to 100 ppb. The diluted 

solution was centrifuged at 5000 rpm for 30 min to remove the bacterial residue before ICP-

MS analysis. All the Ag binding experiments were repeated at least seven times until 

consistent results were achieved. The average binding percent of Ag was obtained.

Release of Ag+ from AgNPs in the Presence or Absence of Antibiotic and/or Salmonella

The release of Ag+ from AgNPs into solution was examined by ICP-MS to further 

investigate the role that Ag+ plays for the synergistic effect. In the absence of Salmonella, 10 

μM of each of the six antibiotics were mixed with 1 or 50 μM of AgNPs and allowed to 

interact for 2 h. In the presence of Salmonella (1 × 107 CFU/mL), 1 or 10 μM tetracycline 

was mixed with 1 or 50 μM AgNPs, respectively, while AgNPs alone were used as a control. 

After interaction for 2 h, the mixtures were centrifuged at 12,000 rpm for 2 h so that the 

nanoparticles were removed as pellets while Ag+ remained in the supernatant. The 

supernatant solution was then analyzed by ICP-MS to determine the concentration of Ag+.

Statistical Analysis

To confirm statistical significance between tetracycline, penicillin, or the negative control 

without any added antibiotic, one-way ANOVA in SPSS software was used. A p < 0.05 is 

used for significant responses.
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RESULTS AND DISCUSSION

Synergistic Antibacterial Activity of the Selected Six Antibiotics in Combination with 
AgNPs

The chosen Salmonella is known to resist antibiotics, such as penicillin and 

tetracycline.33–35 As shown in Figure 1, all six antibiotics do not effectively inhibit the 

growth of Salmonella when used alone in the chosen concentration range, confirming the 

resistance of the Salmonella to these antibiotics. Controls show that AgNPs alone inhibits 

10% of the Salmonella growth. When combined with a β-lactam antibiotic, penicillin or 

ampicillin, the growth inhibition at the highest concentration (16 μM) of any of these two 

antibiotics is less than 20% when compared with the control. Therefore, there is no 

synergistic effect of ampicillin or penicillin when combined with AgNPs against Salmonella.

However, Salmonella growth is greatly inhibited by the combination of AgNPs with 

tetracycline, enoxacin, neomycin, or kanamycin. Even at the lowest tested concentration of 

0.5 μM of any antibiotics (except neomycin) in combination with AgNPs, the inhibition is 

much greater than AgNPs alone or the antibiotic alone. At higher neomycin concentrations 

(1.0 to 10 μM), the combination of AgNPs with neomycin also inhibits much more than 

AgNPs alone or neomycin alone. The strongest inhibition is observed with tetracycline–

AgNPs. The inhibition is nearly 100% at the antibiotic concentration of 8 or 16 μM. 

Therefore, all these four antibiotics have synergistic effects when combined with AgNPs 

against Salmonella in a concentration-dependent manner. The IC50 values were determined 

to be 0.15 and 0.72 μM for tetracycline and neomycin, respectively, when combined with 

AgNPs.

Interaction between AgNPs and Antibiotics

UV–vis absorption spectra of AgNPs alone, each antibiotic alone, and AgNPs–antibiotic 

combinations are shown in Figure 2. AgNPs have a characteristic extinction at around 392 

nm. Kanamycin, ampicillin, and neomycin have no absorption in the range of 300–700 nm. 

Enoxacin and penicillin have no absorption above 380 nm, which is distinguishable from the 

peak of AgNPs at 392 nm. Tetracycline has an absorption extending to 500 nm and 

interferes with the absorption peak of AgNPs at high concentrations.

Upon addition of ampicillin or penicillin, the extinction at 392 nm of AgNPs slightly 

decreases in the entire concentration range from 5 to 5000 μM but does not lead to any 

significant aggregation of AgNPs. Adding 5 μM enoxacin to an AgNPs solution causes a 

decrease in AgNPs’ extinction at 392 nm, while another broad band at 615 nm appears, 

which is attributed to the aggregated AgNPs.36 When the enoxacin concentration increases 

to 50 μM and higher, the AgNPs’ extinction at 392 nm falls sharply and red-shifts and 

finally forms a very broad band around 700 nm. This demonstrates that enoxacin forms a 

complex with AgNPs leading to aggregation of AgNPs. Similar phenomena are observed 

when neomycin or kanamycin is added to AgNPs solutions. Although introduction of 5 μM 

of either antibiotic has no effect on the extinction of AgNPs, an increase in the antibiotic 

concentration to 50 μM abruptly causes aggregation of AgNPs. Judging from the speedy 
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color change of AgNPs solutions upon addition of the two antibiotics, addition of neomycin 

leads to quicker aggregation than kanamycin.

For tetracycline, no significant change of the AgNPs extinction is observed for 

concentrations below 50 μM. Addition of 500 μM tetracycline causes a broad band at 625 

nm due to aggregation of AgNPs. Simultaneously, the characteristic peak of AgNPs at 392 

nm greatly decreases, although the tetracycline absorption below 500 nm offsets the 

extinction level at this wavelength range. The broadband dominates the spectrum when 

tetracycline concentration further increases. The spectrum of 50 μM AgNPs mixed with 500 

μM tetracycline signifies the beginning of aggregation of AgNPs. This means that all these 

four antibiotics form complexes with AgNPs that cause aggregation of the AgNPs.

Raman spectroscopy was used to further verify the interaction between AgNPs and 

individual antibiotic molecules. As shown in Figure 3, there is no significant Raman activity 

from AgNPs or from any of the individual antibiotics, except for tetracycline, which exhibits 

weak Raman signals. No Raman enhancement is observed when AgNPs are combined with 

ampicillin and penicillin at any test concentrations. This implies that the antibiotics do not 

interact with AgNPs strongly to replace the stabilizer molecules (e.g., citrate) on the surface 

of AgNPs. However, no surface resonance enhancement was observed in the case of 

neomycin even when its concentration is 5000 μM. The reason may be that neomycin has a 

very weak Raman scattering, especially when excited with a 760 nm laser light source. 

Therefore, the enhancement is not detectable under current experimental conditions.

In the presence of AgNPs, multiple Raman bands of enoxacin are observed around 1400 

cm−1 that can be assigned to stretching of the pyridine ring.37 The Raman signals for 

kanamycin at 270, 620, and 890 cm−1 are attributed to skeletal deformation of the 

tetrahydropyran rings, O–Ag stretching, and skeletal stretching of tetrahydropyran rings, 

respectively.37–39 For tetracycline, the band near 1600 cm−1 is the typical C═O stretching 

vibration. The signals between 1230 and 1360 cm−1 are located in the region of C–C and C–

N stretching vibrations.40 The signals at 500 to 870 cm−1 regions are characteristic for 

cyclohexene ring vibration and breathing.37 The band at 1000 cm−1 is assigned to a phenyl 

ring breathing vibration. The intense band at 2010 cm−1 could be from the 

pseudoantisymmetric C═O stretching when oxygen interacts with the Ag atoms of 

AgNPs.39

The spectral information from Raman and UV–vis spectroscopy clearly demonstrate that 

enoxacin, kanamycin, neomycin, and tetracycline interact with AgNPs strongly, replacing 

the surface citrate molecules and forming antibiotic-AgNPs complex(es). Enoxacin, 

kanamycin, and neomycin readily cause aggregation of AgNPs. Aggregation occurs at 

higher concentrations for tetracycline, while no such effects were observed for ampicillin 

and penicillin. It should be noted that enoxacin, kanamycin, neomycin, and tetracycline are 

also the ones which have synergistic antibacterial activity when combined with AgNPs. 

These results clearly point out that the synergistic effect of AgNPs–antibiotic combination 

against Salmonella is mediated by complexes that are produced from the interaction between 

AgNPs and the antibiotics, instead of individual or additive action of AgNPs or antibiotic. In 

other words, the bacterial cells are killed more effectively by “AgNPs-antibiotic complexes”. 
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However, the nature of the interaction between the AgNPs and the antibiotics needs further 

investigation.

AgNPs Binding to Salmonella in the Presence or Absence of Antibiotics

Among the six antibiotics examined, synergistic effects were observed for enoxacin, 

kanamycin, neomycin, and tetracycline that were also found to strongly bind to AgNPs. 

Enoxacin, kanamycin, and neomycin induced aggregation of AgNPs at low antibiotic/

AgNPs molar ratios. In the case of tetracycline, aggregation of AgNPs occurred only at high 

concentrations of tetracycline; therefore, tetracycline of low concentration (up to 10 μM) 

was chosen as a representative to quantitatively study the binding of AgNPs to Salmonella 
cells. Control titration of tetracycline into an AgNPs solution is carried out to confirm that 

tetracycline solutions of tested concentrations are safe for AgNPs aggregation (Figure SI 3). 

Because of the substantial aggregation, it was not feasible to separate AgNPs attached to 

bacteria cells from those unattached AgNPs aggregates. Also, aggregation will influence the 

Ag+ release kinetics due to the changes in the available surface areas of AgNPs.41 Penicillin 

did not cause any aggregation of AgNPs nor did it show any synergistic inhibition of the 

Salmonella growth and thus was chosen as a negative control.

To better understand the binging of Ag (either in form of AgNPs or Ag+), the ratio of AgNPs 

to Salmonella cells was estimated in different concentrations. The number of Ag atoms per 

AgNP was calculated by the equation,

where ρ is the density of Ag (10.49 g/cm3), M is the atomic mass of Ag (107.87 g/mol), and 

d is the average diameter of AgNPs (30 nm).42,43 This yields 8.28 × 105 Ag atoms per 

nanoparticle. Thus, the number of Ag nanoparticles per milliliter of solution (1 μM AgNPs 

in Ag atoms) is 1 × 10−6 mole Ag L−1 × 6.023 × 1023 Ag atoms mol−1 ÷ 8.28 × 105 Ag 

atoms AgNP−1 × 1 × 10−3 mL/L = 7.3 × 108 AgNP/mL. Thus, the ratio of AgNPs to 

Salmonella cells is about 73:1 in a medium with 1 μM AgNPs and 1 × 107 CFU/mL 

Salmonella cells.

AgNPs (1 μM) were tested for binding to Salmonella cells (1 × 107 CFU/mL) when 

combining with 0, 1, and 10 μM of tetracycline or penicillin. Percent Ag bindings is shown 

in Figure 4. The binding of Ag in the presence of 1 μM tetracycline is 42.2%, and it is 42.4% 

for the same concentration of penicillin. These values are not significantly different from 

that in the absence of the antibiotics (41.5%) (p > 0.05). In the presence of 10 μM of 

tetracycline, the percent binding significantly increases to 50.3% (p < 0.05) but that with 

penicillin decreases to 38.3%. This indicates that the presence of 10 μM of tetracycline 

facilitates the interaction between AgNPs and Salmonella cells resulting in more Ag to be 

attached to the cells, which refers to the total Ag attached to the cell surface and internalized 

as AgNPs or Ag+.
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Different concentrations of Salmonella were used to further confirm the effect of the 

concentrations of the bacterial cells on the Ag binding. As shown in Figure 5, the Ag 

binding increases as the concentration of the Salmonella increases from 0.25 to 4 × 107 

CFU/mL. However, the increase is not linear. It is also confirmed that the combination of 

tetracycline can enhance the binding of Ag, and the enhancement varies at different 

Salmonella concentrations. The presence of 1 μM of tetracycline can increase the binding by 

0.6%–7.6%, while the presence of 10 μM of tetracycline can lead to a 3.6%–13.8% increase 

when compared to AgNPs alone. The AgNP binding percentage also changes when the 

concentration of Salmonella cells varies, confirming that the change of binding amount is 

actually caused by the cells instead of by the centrifugation.

These results confirm that the 73:1 of AgNPs to Salmonella cells is an ideal ratio for 

quantitative study of Ag binding since a relatively small change of AgNPs may be detected. 

To illustrate, 41.5% of Ag binding by Salmonella cells (without added tetracycline) in the 

control group represents 30 AgNPs per cell, while 51.7% of Ag binding (with 10 μM 

tetracycline) counts 37 AgNPs per cell. The 7 AgNPs increase represents a 23% increase. 

However, this 7 AgNPs difference would not be detectable if the AgNPs/Salmonella cells 

ratio were 7300. This would be the case if we used AgNPs at 100 μM (about 7300 AgNPs/

cell).

Combining 50 μM AgNPs with 1 μM tetracycline kills 90% of the bacteria, while the same 

combination with 1 μM penicillin only kills 15% (Figure 1). The percent binding of Ag in 

these two cases is essentially the same at ~42%, indicating that the Ag binding may not be 

the only factor causing the growth inhibition of Salmonella cells. At a higher concentration 

of the antibiotics of 10 μM, the Ag binding percentages are 50% and 38% for tetracycline 

and penicillin, respectively (Figure 4), but bacterial growth inhibitions are 95% and 15%, 

respectively. Although it has been proposed that the antibacterial mechanism of AgNPs is 

due to the binding of AgNPs to the bacterial cell wall, thus impairing the membrane 

structure and enzyme activity,10,11,44 the results here show that bacterial binding of AgNPs 

is not the only reason that AgNPs cause bacterial growth inhibition.

Ag+ release

It has been reported that Ag+ is the culprit for the antibacterial activity of AgNPs,20,45 while 

intact AgNPs may or may not directly induce toxicity.25,26 It has also been reported that 

binding of AgNPs to the bacterial cells led to collapse of cell wall and bacterial death.10,11,44 

In this study, we examined Ag+ release from AgNPs in the presence of the antibiotics and 

the Salmonella in cell culture medium to determine the effect of Ag+ release on the 

inhibition of bacterial growth. Ultracentrifugation (12,000 rpm) for 1 h was used to separate 

intact AgNPs from the solution, leaving the Ag+ in the supernatant solution. AgNPs within a 

range of 23 to 37 nm were effectively settled by centrifugation at the bottom of the 

centrifuge tube. The extinction of AgNPs at 400 nm in the supernatant solution was not 

significant after centrifugations, indicating successful removal of the AgNPs from solution. 

The released Ag+ concentration and the corresponding percentage of the total AgNP are 

listed in Table 1 (see Tables SI 2 and 3 for detailed Ag+ release from 1 and 50 μM AgNPs 

solutions). The concentration of Ag+ release ranges from 97 to 154 nM (9.7% to 15.4%). 
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Ampicillin and penicillin have no significant effect on the release of Ag+, whereas the 

presence of enoxacin, kanamycin, neomycin, or tetracycline increases Ag+ release from 

9.7% to 13.4%–15.4%.

The amount of Ag+ released increases from 9.7% to 12.1% in the presence of Salmonella 
and further increases to 18.2% with 10 μM tetracycline. The percent of Ag+ release by the 

presence of Salmonella only is 12.1%, which is 25% more than that in the absence of 

Salmonella. The Ag+ release in the presence of both penicillin and Salmonella is essentially 

the same as that in the presence of Salmonella alone (12.1% versus 12.3%). However, Ag+ 

release in the presence of both tetracycline and Salmonella is 26% more than that in the 

presence of Salmonella alone (18.2% versus 14.5%) (p < 0.05). This demonstrates that the 

presence of tetracycline facilitates Ag+ release. Ag+ has a strong binding affinity to sulfur-

containing proteins and can be easily taken up by bacterial cells.44,46 Therefore, the Ag+ 

release in the presence of bacterial cells is higher due to cellular binding. The further 

increase in Ag+ release in the presence of tetracycline signifies that the tetracycline–AgNPs 

complex produces more Ag+ and may cause more growth inhibition of the bacterium. 

Assuming that 37 AgNPs are bound on each Salmonella cell when tetracycline is present 

versus 30 when tetracycline is not, the estimated “effective” Ag+ concentration would be 

100 mM in the vicinity of the Salmonella cell, 20,000 times of the Ag+ control concentration 

of 5 μM, which killed nearly 50% of the bacteria (see detailed calculation in Table SI 4 and 

discussions associated with the table).

Mechanism for Synergistic Antibacterial Activity of Combined AgNPs and Antibiotics

Enoxacin, kanamycin, neomycin, and tetracycline are found to exhibit a synergistic 

antibacterial effect against Salmonella when combined with AgNPs. These antibiotic 

molecules are also found to bind AgNPs in solution to form antibiotic–AgNPs complexes. 

We propose a four-step pathway leading to the synergistic activity observed (Figure 6): (1) 

Antibiotic molecules, using tetracycline as an example, form complexes with AgNPs 

(tetracyclilne–AgNPs). (2) The tetracycline–AgNPs complexes bind to a bacterium. (3) The 

bacterium-attached tetracycline– AgNPs complexes release Ag+, more than AgNPs alone 

would release under the same conditions. Thus, it creates a temporary and local high Ag+ 

concentration near the surface of the bacterium. (4) Ag+ acts as the agent to cause bacterium 

toxicity by binding to the proteins and DNA molecules of the cell walls as well as those 

inside the cells, disabling the bacterial functions leading to bacterial death. Although AgNPs 

can do the same thing as shown in Pathway II, it is believed that when such an antibiotic is 

present, the primary pathway is through the antibiotic–AgNPs complex. Pathway III is not 

effective due to resistance to the antibiotics the bacterium developed.

Previous studies demonstrate that AgNPs have many different pathways of bactericidal 

activity, as discussed in several review papers.2,3,22,47 They include the role of surface 

coating agents,29,48,49 generation of reactive oxygen species,50 free radicals derived from the 

surface of AgNPs,2 and released Ag+51 and silver ion stress,52 as well as other fine 

interactions with bacterial cells53,54 that could further trigger downstream damages to the 

bacterial cell wall via linkages with the respiratory enzymes of bacterial cells10,11 or by 

depleting the levels of intracellular ATP.44 The exact mode of action for the bactericidal 
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effect by AgNPs remains debatable, whether AgNPs or the released Ag+ are the actual active 

agent.55 Most of the recent studies show that Ag+ is more likely the agent causing cell 

death.26,56,57 Our result here also demonstrates that Ag+, not AgNPs, ultimately causes cell 

death.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Growth inhibition of Salmonella typhimurium DT104 after exposure to an antibiotic at 0, 

0.5, 2, 8, 16 μM in combination with AgNPs (50 μM) for 2 h. Ag+ is the positive control for 

AgNO3 at 5 μM.

Deng et al. Page 14

Environ Sci Technol. Author manuscript; available in PMC 2017 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
UV–vis spectra of AgNPs (50 μM) in the absence and presence of ampicillin (AMP), 

penicillin (PEN), neomycin (NEO), kanamycin (KAN), enoxacin (ENO), and tetracycline 

(TET) at 5, 50, 500, and 5000 μM.
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Figure 3. 
Raman spectra of AgNPs (50 μM) in the presence of ampicillin (AMP), penicillin (PEN), 

neomycin (NEO), kanamycin (KAN), enoxacin (ENO), and tetracycline (TET) at 

concentrations of 5, 50, 500, and 5000 μM.
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Figure 4. 
Percent binding of Ag to Salmonella (1 × 107 CFU/mL) in the absence and presence of 

tetracycline (TET) and penicillin (PEN). Concentration of AgNPs is 1 μM (73 AgNPs/cell). 

Values are mean ± SD from seven experiments (n = 7). * Significance is confirmed by one-

way ANOVA, p < 0.05.
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Figure 5. 
Effect of Salmonella concentrations on the binding of Ag in the presence of tetracycline 

(TET). * Significance is confirmed by ANOVA (p < 0.05) compared to control group with 

AgNPs alone.
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Figure 6. 
Schematic drawing of the synergistic antibacterial pathway of AgNPs with tetracycline 

against multidrug-resistant Salmonella. A four-step procedure is proposed as the major 

pathway leading to cell death. Pathway II is a minor pathway, and Pathway III is not 

effective due to antibacterial resistance by Salmonella.
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Table 1

Concentration (nM) and Percentage (%) of Ag+ Release from AgNPs (1 μM, 73 AgNPs/cell) upon Interaction 

with Antibiotics (10 μM) and/or Salmonella (1 × 107 CFU/mL)

Ag+ (nM) Ag released (%)

AgNPs   97 ± 20   9.7 ± 2.0

AgNPs + AMP 103 ± 27 10.3 ± 2.7

AgNPs + PEN   97 ± 44   9.7 ± 4.4

AgNPs + Salmonella 121 ± 34 12.1 ± 3.4

AgNPs + PEN + Salmonella 123 ± 26 12.3 ± 2.6

AgNPs + ENO 134 ± 35 13.4 ± 3.5

AgNPs + KAN 135 ± 36 13.5 ± 3.6

AgNP + NEO 154 ± 28 15.4 ± 2.8

AgNP + TETa 145 ± 21 14.5 ± 2.1

AgNP + TET + Salmonellaa 182 ± 26 18.2 ± 2.6

a
Significance is confirmed by ANOVA, p < 0.05.
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