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Highlights 

 Active ampicillin-Ag nanoparticles can be made by a microwave synthesis approach

 Antibacterial properties of ampicillin-Ag nanoparticles can be tuned by synthesis method

 Ampicillin-Ag nanoparticles have increased antimicrobial activity against MDR bacteria

compared to ampicillin or Ag nanoparticles alone

 Ampicillin antibacterial activity can be rejuvenated on conjugation with Ag NPs

 A one-pot synthesis approach yields ampicillin-Ag NPs potent against MDR bacteria

Abstract 

Deaths directly attributable to drug-resistant infections reached 1.27 million in 2019 and continue 

to rise. This escalating resistance to antibiotics has driven a resurgence in the exploration of ancient 

antimicrobials to develop efficacious alternatives. The modern field of nanomaterials is a 

promising area of research with silver nanoparticles performing well as antimicrobial agents due 

to their large surface area and multiple bacterial targets. In the current study antibiotic conjugated 

silver nanoparticles (3 - 35 nm) were synthesized using β-lactam antibiotic, ampicillin. The method 

of heating during synthesis either microwave (4 mins.) or convection (4 hrs.) influenced the 

physical characteristics of the ampicillin coated silver nanoparticles, however both approaches 

produced nanomaterials with antimicrobial activity against a variety of multi-drug resistant (MDR) 

clinical isolates in physiologically relevant media (when present at <0.2-2.28 mg L-1 in defined 

media). Critically, the microwave method is five times faster than the traditional water bath 

method, allowing rapid synthesis of ampicillin-conjugated nanoparticles, which supports scale up 

processes for industry. We suggest that the combination of antibiotic and silver in these 

nanoparticles produces a synergistic effect that circumvents resistance mechanisms and has the 

potential to provide a new line of combinatorial agents able to treat multi-drug resistant infections. 
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1. Introduction 

 
 

Silver has been used for its antibacterial activity throughout history [1]; aqueous silver nitrate 

(AgNO3) was used as long ago as the 1800’s to prevent the transmission of Neisseria gonorrhoeae 

from infected mothers to children during childbirth [2]. However, the golden age of antibiotic 

discovery and development slowed the use of silver as an antimicrobial in favor of highly effective 

antibiotics that demonstrate selective toxicity. Use of antibiotics such as ampicillin increased 

dramatically from the early 1940’s, and over time this gave rise to the evolution of antibiotic 

resistance [3]. In the modern world, many bacterial pathogens are multi-drug resistant, with some 

exhibiting pan-drug resistance, meaning they are not susceptible to any clinically available drug. 

However, the antibiotic development pipeline is fragile and failing, with a recent report concluding 

that “the breadth and novelty of the clinical antibiotic pipeline is insufficient to meet the growing 

threat of antibiotic resistant pathogens” [4]. The issue of antibiotic development is further 

compounded by the financial risks involved; large pharmaceutical companies are hesitant to invest 

in antibiotic development due to the lack of financial incentives for development of drugs of this 

type. Even with a suite of push-pull incentives being developed by governments globally to 

encourage growth in this sector, the risks are currently too great to drive investment [5]. 

Furthermore, the cost of new antibiotics entering the market makes then a non-viable option for 

lower- middle-income countries that experience some of the highest incidences of antibiotic 

resistance [6]. 

The increasing threat of antibiotic resistance and fragile antibiotic pipeline has driven 

researchers to search for new lower risk cost effective methods of treating infections including 

revisiting known antimicrobial metals such as silver [7]. Due to their superior efficacy compared 

to bulk materials, the antibacterial properties of silver nanoparticles (AgNPs) are currently being 

explored for various biomedical applications [8] and it has been suggested that conjugating 

antibiotics to nanoparticles may circumvent some antibiotic resistance mechanisms, improving the 

efficacy of cheap antibiotics that are little or no longer used. This opens the door to reintroducing 

older antibiotics already approved for human use as a viable treatment for where resistance has 

evolved amongst bacterial populations but at a fraction of the cost of developing antibiotics. One 

such antibiotic-nanosilver combination is ampicillin conjugated to AgNPs. Ampicillin, a member 

of the aminopenicillin family, incorporates an amino group, which aids the penetration of the 

drug through the outer membrane of Gram-negative bacteria allowing this β-lactam antibiotic to 
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kill Gram-negative bacterial cells where earlier iterations could not. The β-lactam ring of 

penicillins is associated with bactericidal activity, inhibiting the synthesis of the peptidoglycan 

layer of the bacterial cell wall by binding to penicillin binding proteins [9,10]. Resistance to 

ampicillin has arisen via numerous mechanisms, including the expression of β-lactamases, over 

production of penicillin-binding proteins, modification of outer membrane targets, membrane 

permeability changes, and higher antibiotic efflux expression [11,12]. This range of resistance 

mechanisms has made conventional antibiotics less effective, making the introduction of 

alternatives such as conjugated metal-based nanomaterials (including Ag-antibiotic nanoparticles) 

a necessity. Antibiotic conjugated metal-based nanomaterials offer a broadened spectrum of 

antibacterial activity, and synergistic toxicity against bacteria that enables them to circumvent 

antimicrobial resistance mechanisms [13,14]. 

An antibacterial mechanism for norvancomycin conjugated AgNPs has been proposed, where 

nanoparticles destabilize the outer membrane of bacterial species such as Escherichia coli, 

improving intracellular accessibility for antibiotics [15]. We propose that a similar mechanism will 

occur with ampicillin-conjugated AgNPs, where disruption of the outer membrane by Ag+ ions 

will bypass some resistance mechanisms of Gram-negative bacteria and allow ampicillin access to 

the bacterial target; the penicillin-binding proteins. 

This contribution investigates whether using the alternative technique of microwave heating 

during synthesis allows for equivalent antimicrobial activity of conjugated AgNPs against 

clinically isolated multidrug resistant Gram-negative bacterial species in comparison to those 

produced via conventional convection heating methods. Microwave heating methods allow for a 

time reduction in synthesis, thus making antibiotic capped AgNPs potentially more applicable for 

mass production in the pharmaceutical industry. 

 
2. Materials and methods 

 
 

2.1 Materials 

 
 

Silver nitrate (204390), 14 kDa cellulose dialysis tubing (D9527), and ampicillin sodium salt 

(A0166) were purchased from Sigma Aldrich (UK) and used as received. Sodium borohydride 

(1343222) was purchased from Fisher Scientific UK Ltd. 
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2.2 Bacterial strains and culture conditions 

 
 

Clinical isolates used in this study were obtained from the Nottingham University Hospitals 

Trust Pathogen Bank and are listed in Table S1. Strains were grown aerobically in Mueller-Hinton 

agar or broth (Merck, UK), defined minimal medium containing glucose [16], or human plasma- 

like medium [17,18] at 37°C. Bacterial overnight cultures were prepared by inoculating the 

appropriate volume of liquid medium with several colonies taken from a fresh agar plate. Cultures 

were incubated with 150 rpm shaking for approximately 18 h. 

 
2.3 Genotypic identification and characterisation of clinically isolated bacterial pathogens 

 
 

Genomic DNA was extracted from cell pellets using GenElute™ Bacterial Genomic DNA Kit 

(Merck) as per manufacturer’s instructions. DNA quality was check using a NanoDrop 

microvolume spectrophotometer (ThermoFisher Scientific) and quantified using a Qubit 4 

fluorometer (Invitrogen). Whole genome sequencing was performed on the Illumina 

HiSeq/NovaSeq platform by MicrobesNG (Birmingham, UK) for three strains (17Y001080, 

17Y001081 and 18Y001266). Strains 21Y000039 and 21Y000040 were sequenced in-house; 

sequencing libraries were prepared using the Illumina DNA Prep Kit and sequenced on the 

Illumina MiSeq using a 2x150 cycles v2 chemistry reagent kit. Adapter sequences were trimmed 

from reads using Trimmomatic v0.39 (BOLGER14, [19]). Sickle v1.33 used a sliding window 

approach to trim reads to an average Phred quality score of Q20 (JOSHI11, [20]). Trimmed reads 

were assembled using SPAdes v3.15.5 (PRJIBELSKI20, [21]). Antimicrobial resistance markers 

were identified using Resistance Gene Identifier v6.0.0 tool of the Comprehensive Antibiotic 

Resistance Database  v3.2.5 [22]. Genes were omitted that were identified as global regulators or 

two component systems where presence does not denote antibiotic resistance. Only resistance genes 

that showed a perfect or strict match with coverage for a given gene and that achieved ≥90% identity 

and percentage length of reference sequence in the database were included in this study. 

  



7  

2.4 Synthesis of sodium borohydride and ampicillin coated silver nanoparticles 
 

Sodium borohydride reduced silver nanoparticles (NaBH4-AgNPs) were synthesized from an 

aqueous solution of sodium borohydride (NaBH4, 30 mL, 0.002 M), which was magnetically stirred 

on ice  for 20 min. AgNO3 (0.001 M, 2 mL) was added drop wise with constant stirring to the NaBH4 

solution at a rate of one drop per s [23]. Stirring ceased after AgNO3 addition. The AgNP solution 

formed was dialyzed against ddH2O (pH 5.5, <10 µS) using a 14 kDa membrane dialysis tubing 

for 24 h to remove excess residual reactants. Samples were freeze-dried at 223 K using a BT4KZL 

dryer (VirTis). Synthesis and drying were performed in the dark (samples wrapped with aluminum  

foil) to prevent photo-degradation of the sample. 

Ampicillin coated silver nanoparticles (Amp-AgNPs) were synthesized from aqueous solutions 

of ampicillin (0.01 M) and AgNO3 (0.01 M) that were prepared for use in the ‘one-pot’ synthesis 

approach. The solutions were mixed in a 1:1 molar ratio of ampicillin: silver nitrate, diluted with 

ddH2O to a final concentration of 10-3 M and the final solutions heated either by water bath (B) at 

40°C for 4 h for Amp-AgNPs-B [10], or microwave (M) irradiation (domestic Cookworks MS- 

1922H 2.45 GHz) at 100 W for 4 min for Amp-AgNPs-M. Amp-AgNPs were then dialyzed for a 

minimum of 1 h using 14 KDa dialysis tubing and multiple changes of water, then freeze-dried as 

described above for the NaBH4-AgNPs. 

 
2.5 Characterization of silver nanoparticles 

 
 

The UV-Vis absorption spectra of NaBH4-AgNPs and Amp-AgNPs solutions were measured 

using a Cary 50 Bio UV-Vis spectrophotometer (Agilent Technologies). The zeta potential of the 

AgNPs was measured using a Zetasizer Nano-S Zen 600 (Malvern Instruments Ltd.) and DTS1070 

folded capillary cells (Malvern Instruments Ltd.). Both size and zeta potential measurements were 

taken at 25°C after 120 s equilibrations with water as the dispersant (η 0.8872 cP, n 1.33 and εr 

78.5) and silver (n 0.135 and absorption 3.99) as the material. Nanoparticle size and morphology 

were assessed using digital micrographs obtained with a JEOL JEM-2100Plus transmission 

electron microscope (TEM) fitted with a LaB6 filament, operating at an accelerating voltage of 200 

kV. Samples were prepared by depositing a drop of suspended AgNPs that were initially dispersed 

using bovine serum albumin [24] onto 200 mesh carbon-coated grids (Quantifoil Micro Tools 

GmbH); micrographs were taken with a Orius SC200 CCD camera (Gatan Inc.) and 
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analyzed in ImageJ Win64 Software. To determine the size distribution and spatial characteristics, 

100 grains (from TEM) for each were used except for the sample prepared in the water bath where 

500 (number of each of three different size categories (300 small, 100 medium, 100 large) grains 

were measured. Antibiotic loading was determined using thermogravimetric analysis (TGA) with 

a TGA/DSC 3+ (Mettler-Toledo International Inc.) with samples heated in air at 10°C min-1 over 

30 - 900°C. Fourier transform infrared (FTIR) spectra were measured using a NICOLET iS50 FT- 

IR, with a DTGS detector and a KBr beamsplitter. The conditions used for spectral collection were: 

source IR, optical velocity 0.47, Aperture 87, max. range 4000 and min range 600 wavenumbers, 

64 scans. X-ray diffraction (Rigaku Ultima IV X-Ray Diffractometer) revealed the domain and 

crystallite properties of the AgNPs. Samples were run at 40 kV and 50 mA (λ=1.540593 angstroms) 

between 5 – 80 two theta. Scans were obtained in step mode; step size was 0.02 degrees and scan 

speed 5.0 deg min-1. 

 
2.6 Determination of minimal inhibitory concentrations 

 
 

Minimal inhibitory concentrations (MIC) of NaBH4-AgNPs, Amp-AgNPs, and ampicillin 

sodium were determined via the standard broth-dilution method in 96-well microtiter plates. The 

MICs were evaluated using 2-fold dilutions of the compounds against starter cultures diluted to an 

OD600 = 0.1 (equivalent to a 0.5 McFarland standard). Microtiter plates were incubated for 18 h at 

37°C after which the presence or absence of growth in each well was recorded to determine the 

MIC for each antimicrobial agent. 

 
2.7 Time-kill assays 

 
 

Overnight E. coli cultures were diluted to a final concentration of 2.5% in 1 mL defined minimal 

medium containing glucose  in sterile 24-well plates and incubated at 37 °C with shaking at 150 rpm. 

Once cultures reached an early exponential growth phase (OD600 ∼ 0.4), Amp-AgNPs- M were 

added at the appropriate final concentrations, and growth was monitored at regular intervals for 5 

h. Viability was measured for samples harvested at 0.5, 1, 3, 5 and 24 h post- exposure after serial 

dilution in phosphate-buffered saline; 5 μL aliquots were plated on Trypticase soy agar and 

incubated overnight at 37 °C. 



9  

 

2.8 Statistical analyses 

 
 

GraphPad Prism v7.05 software was used for statistical analysis tests, including one-way 

ANOVA, two-way ANOVA with Tukey’s multiple comparison tests, and Welch’s t-test. 

Numerical data from AgNP characterization utilized Origin Pro-2023 and AgNP TEM grain 

measurement used ImageJ - 64-bit. 

 
3. Results and discussion 

 
 

3.1 Clinically isolated bacterial pathogens demonstrate the urgent need for new antimicrobial 

development 

 
To understand the antibacterial activity of Amp-AgNPs it is important to test the antimicrobials 

against a range of clinically isolated pathogens. We therefore obtained five clinical isolates from 

the Nottingham University Hospitals Trust Pathogen Bank, with representatives isolated from 

wound infections and ventilator associated pneumonia cases. Strains were sequenced using 

Illumina technologies to confirm identity and provide draft genome sequences that could be 

interrogated for the presence of antimicrobial resistance genes (sequencing data available in 

summary Table S1). Analysis of the draft genome sequences predicted significant but varied 

antimicrobial resistance in all strains except Serratia marcescens (Fig. 1). Four out of five isolates 

were classified as multidrug resistant, with resistances to three or more antibiotic classes. The 

genotypic antibiotic resistance predictions were supported by phenotypic testing at the Nottingham 

University Hospitals (NUH) Pathogen Bank with E. coli 17Y001081 and Klebsiella pneumoniae 

18Y001266 being most problematic, demonstrating resistance to six and 11 different antibiotic 

classes respectively (data not shown). The limited treatment options for these strains and the 

likelihood of additional resistances emerging over time demonstrates the significant threat to 

current antibiotic therapies and the need for new antimicrobials or antimicrobial combinations to 

enter development. 
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Fig. 1. Antimicrobial resistance genes predicted in the five clinical isolates using Resistance 

Gene Identifier v6.0.0 tool of the Comprehensive Antibiotic Resistance Database  v3.2.5 [22]. 

White – no gene predicted, light blue – gene predicted with 90-99.99% identity, and dark blue – 

gene predicted with 100% identity. NUH 17Y001080: E. coli, NUH 17Y001081: K. pneumoniae, 

NUH 18Y001266: Pseudomonas aeruginosa, NUH 21Y000039: E. coli, and NUH 21Y000040: S. 

marcescens. 
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3.2 Synthesis of ampicillin-conjugated silver nanoparticles using a microwave method 

significantly decreases production time 

 
The synthesis of antibiotic conjugated gold nanoparticles using a ‘one-pot’ approach has been 

demonstrated by Rai et al.; the same method was used to synthesize AgNPs in this study [10]. Rai 

et al. demonstrated the importance of temperature in the one-pot synthesis, where an increase in 

temperature was proportional to a decrease in reaction time together with a decrease in the amount 

of drug loaded on the nanoparticles. Heating at 40°C for 4 h yielded the least aggregated and most 

uniformly sized nanoparticles [10]. The one-pot method is also applicable to AgNPs and allows 

for AgNPs with a consistent particle size and drug load to be synthesized. 

For pharmaceutical application, synthesis time is critical. Decreasing synthesis time reduces cost 

to companies. Therefore, we sought to determine whether the synthesis of Amp-AgNPs could be 

reduced using a microwave method and to understand how this altered the physical properties of 

the nanoparticles compared to the traditional water bath method. We synthesized and characterized 

the properties of Amp-AgNPs produced by both methods and compared them to sodium 

borohydride reduced silver nanoparticles as a control. The resultant NaBH4-AgNPs, Amp-AgNPs- 

Bath (B) and Amp-AgNPs-Microwave (M) had characteristic yellowish, deep yellow and faintly 

brown colour in aqueous solution respectively (Fig. 2A, inset). The surface plasmon resonance 

peak (λmax) shifted from around 394 nm for the NaBH4-AgNPs sample to ca. 340 and 345 nm for 

Amp-AgNPs-B and Amp-AgNPs-M respectively. TGA analysis determined there was 34.5% 

silver for Amp-AgNPs-B and 36.0% silver in the Amp-AgNPs-M. The corresponding percentage 

of ampicillin was estimated as 60.7% for Amp-AgNPs-B and 58.6% for Amp-AgNPs-M (Fig 2B). 

Synthesis by the water bath method takes approximately five hours, largely due to the duration of 

synthesis (4 h at 40°C), whereas synthesis via the microwave method takes just over one hour, due 

to the short synthesis time of 4 minutes. This represents a significant time saving for production 

of the ampicillin-nanoparticle conjugates. 
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Fig. 2. (A) Visual observation of colour in the prepared nanoparticle solutions and UV-Vis 

absorption spectra showing the surface plasmon resonance peaks of (i) NaBH4-AgNPs (black solid 

line), (ii) Amp-AgNPs-B (blue dotted line), and (iii) Amp-AgNPs-M (red dotted line). (B) 

Thermogravimetric analysis showing the percentage digestion of (i) Amp-AgNPs-M, (ii) Amp- 

AgNPs-B, and (iii) ampicillin sodium salt. 

 
3.3 Antimicrobial testing demonstrates significant activity of Amp-AgNPs against a panel of 

clinically isolated bacterial pathogens 

 
To understand how the differences in physical properties of the Amp-AgNPs synthesised by the 

two different methods effected antimicrobial activity, we tested the nanoparticle conjugates against 

a range of clinically isolated pathogens and to a non-pathogenic laboratory strain of E. coli 

(MG1655). Minimal inhibitory concentrations were determined for batches of AgNPs synthesised 

by each method alongside the equivalent concentrations of NaBH4-AgNPs and ampicillin sodium. 

Only the laboratory control strain (MG1655) and E. coli 21Y000039, isolated from a ventilator-

associated infection, were clinically sensitive to ampicillin, as determined by reference to the 

European Committee on Antimicrobial Susceptibility Testing breakpoints [25]. All other strains, 

isolated from either wound infections or cases of ventilator-associated pneumonia, showed 

extremely high levels of resistance to the antibiotic (Table 1). Many studies into the antimicrobial 

activity of nanometal-antibiotic conjugates have utilised rich laboratory media to demonstrate 

antimicrobial efficacy [26]. Use of such a rich laboratory media is helpful to provide a standard 

methodology that can be used to estimate the clinical outcome of treatment with an antibiotic on 

the market. However, when exploring new or altered drugs where no such clinical data exists the 

use of such rich laboratory media can be problematic for understanding the true antimicrobial 

potential of the drug in treatment of an infection due to potential complex interactions between the 
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compounds and components of the media [27]. This can lead to failure of promising drug 

development pipelines at costly (pre-)clinical trial stages. We therefore tested the antimicrobial 

efficacy of these antibiotic-AgNP conjugates in a defined minimal medium, representing areas of 

the body that contain few nutrients and in a human plasma-like medium that resembles the natural 

cellular environment found within the body, mimicking the metabolic profile of human plasma 

and interstitial fluid [17,18]. When compared with ampicillin sodium and NaBH4-AgNP controls, 

the Amp-AgNPs synthesised by both the microwave and water bath methods demonstrated 

significantly improved inhibitory effects across all strains tested, providing clear evidence for 

efficacy of the Amp-AgNPs across a broad range of clinically isolated multi-drug resistant 

pathogens and their potential antimicrobial efficacy in vivo (Table 1). In a plasma-like medium, 

the Amp-AgNPs also demonstrated an enhanced inhibitory effect at lower concentrations of 

antimicrobial compared with ampicillin and NaBH4-AgNP controls. In both media, the 

antimicrobial efficacy of the Amp-AgNPs produced by the water bath method was greater. The 

differences in efficacy of ampicillin, AgNPs, and Amp-AgNPs synthesized by either method are 

consistent with other published literature where bacterial phenotype and antimicrobial 

susceptibility are altered by growth in different media [28,29]. Both antibiotic efficacy and 

antimicrobial metal ion activity can be altered by media composition, including ion concentration 

and the presence of organic compounds. Components of the culture medium can influence the 

availability of antimicrobials, interactions with ions or nutrients, and the overall growth 

environment of bacteria. For example, certain nutrients or ions in the media can bind to 

antimicrobials, reducing their bioavailability, or interact with bacterial cells, altering susceptibility. 

However, whilst trends can be observed, results are bacterial strain and drug specific making them 

difficult to predict. This can the evidenced in the present data with lower concentrations of 

ampicillin required to inhibit growth of all strains in defined minimal medium compared with the 

more complex plasma-like medium except with S. marcescens where antimicrobial activity of 

ampicillin is higher in the complex medium (Table 1).  
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Table 1. Minimal inhibitory concentrations of NaBH4-AgNP, Amp-AgNPs-B, Amp-AgNPs-M 

and ampicillin sodium in different media. 
 

Bacterial strain Glucose defined minimal medium Plasma-like medium 
 

Amp NaBH4- 

AgNP 

Amp- 

AgNPs- 

M 

Amp- 

AgNPs- 

B 

Amp NaBH4- 

AgNP 

Amp- 

AgNPs- 

M 

Amp- 

AgNPs 

-B 

E. coli MG1655 2 31.25 0.49 <0.24 64 500 7.81 3.91 

E. coli17Y001080 4096 500 2.28 <0.24 4096+ 500+ 20.83 5.21 

K. pneumoniae17Y001081 4096+ 416.67 1.63 <0.24 4096+ 500+ 52.08 7.81 

P. aeruginosa18Y001266 1024 41.67 0.65 <0.24 4096+ 500+ 15.63 1.95 

E. coli21Y000039 0.5 31.25 0.49 <0.24 1,706.7 500+ 13.02 5.21 

S. marcescens21Y000040 4096 31.25 0.65 0.24 256 500+ 10.42 3.91 

MIC shown in mg L-1, Amp: ampicillin sodium, M: microwave synthesis, B: water bath 

synthesis. MG1655 is a non-pathogenic laboratory strain, isolates NUH 17Y001080, NUH 

17Y001081, and NUH 18Y001266 were isolated from wound infections and isolates NUH 

21Y000039, and NUH 21Y000040 were isolated from cases of ventilator-associated pneumonia. 

 
Comparison of the antibiotic resistance genes present within the clinical pathogens (Fig. 1) and the 

phenotypic ampicillin resistance determined in Table 1 demonstrates the significant resistance to 

this β-lactam antibiotic. All highly ampicillin resistant strains have corresponding cephalosporin 

and/or carbapenem resistance genes present that can confer resistance to ampicillin. E. coli 

MG1655 is well known for its ampicillin sensitivity but interestingly, E. coli 21Y000039 shows 

clinical sensitivity to ampicillin despite genome analysis predicting the presence of EC-8, coding 

for a β-lactamase enzyme. However, with only a single gene predicted present that could confer 

resistance to ampicillin it could be that regulatory control of this gene is such that resistance does 

not occur despite its presence on the genome. The resistance to inhibition by silver nanoparticles 

in both complex and defined media can result from interactions between the nanoparticles and the 

media or from bacterial mechanisms, such as the expression of the adhesive flagellum protein 

flagellin that promotes nanoparticle aggregation, depression of the Cus system, loss of outer 

membrane porins, and expression of sil genes [30, 31]. Analysis of virulence factors, using the 

Virulence Factor Database, we identified the ibeB gene, responsible for cation efflux, in both 

pathogenic E. coli strains (Table S2). Flagellin production genes were also identified in P. 

aeruginosa, E. coli 21Y000039, and S. marcescens. In K. pneumoniae, the multidrug efflux pump 

genes acrAB were identified. In plasma-like medium, silver nanoparticle resistance suggests that 

components of the medium are interacting with the nanoparticles, preventing them from engaging 
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with bacterial cells. Notably, resistance in both media types is overcome when ampicillin is 

conjugated with the nanoparticles, showing significant antibacterial activity even against strains 

highly resistant to both ampicillin and silver nanoparticles individually. 

The antimicrobial activity of Amp-AgNPs presented in Table 1, demonstrates the potential of 

nanometal-antibiotic complexes in treatment of multi-drug resistant bacterial infections caused by 

a variety of species. That these antibiotic-nanoparticle conjugates can be synthesised using the fast 

one-pot synthesis microwave method and still retain high levels of antimicrobial activity, much 

greater than ampicillin sodium or NaBH4-AgNPs alone, provides a cost-effective route to scaled- 

up production, which is critical for pharmaceutical company buy in. The significant contrast in 

antimicrobial activity between nanoparticles in the absence of antibiotic and the ampicillin- 

conjugated nanoparticles, even in strains that are clinically resistant to ampicillin alone highlights 

the significant synergistic effect of administering these two antimicrobials together in a conjugated 

form. This opens the door to a resurgence in the use of antibiotics where resistance has emerged 

in combination with antimicrobials that appear to circumvent those resistance mechanisms. 

Repurposing older antibiotics is attractive as the safety of these molecules has been verified and 

their cost often lowered due to patent expiration, meaning that any pharmaceutical company 

investing in this technology would have lowered costs in the pathway to market. 

To understand whether the inhibition of pathogens was due to killing and to determine the speed 

of any such killing, a time-kill assay was performed on E. coli 21Y000039. Here, a killing effect 

was identified, with a significant bactericidal effect of >2-log reduction in viability after three 

hours for cultures exposed to 4x and 8x the minimum inhibitory concentration (Fig. 3). Further 

decrease in viability was observed over 24 h, showing that subpopulations are unable to recover 

from the antimicrobial. Cultures exposed to 8x the minimum inhibitory concentration of Amp- 

AgNPs-M (3.92 mg L-1) were completely killed by 24 h. By comparison, published data shows 

that E. coli exposed to silver nanoparticles alone are able to recover from concentrations as high 

as 80 mg L-1 [32], similarly strains of E. coli, P. aeruginosa and Streptococcus pyogenes all showed 

a similar pathogen recovery over 24 h when exposed to AgNPs alone [33]. This highlights the 

importance of nanoparticle conjugation to an antibiotic. 
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Fig. 3. Effect of Amp-AgNPs-M on the viability of E. coli 21Y000039 in glucose defined 

minimal medium. Cultures were grown to early exponential phase at 37°C and 150 rpm shaking 

in 250 mL with defined minimal medium containing glucose as the sole carbohydrate source. Upon 

reaching OD600 ~0.4 differing concentrations (0 – 3.92 mg L-1) in accordance multiples of the MIC 

(0 – 8x) were added to the cultures and viability monitored through removal and dilution of culture 

every 30 min for 1 h and then 2 hourly until 5 h, with a final viability at 24 h. N ≥ 3 ± SD. 

 
3.3 Synthesis conditions alter the physical properties of the ampicillin-conjugated silver 

nanoparticles 

 
To better understand the difference in antimicrobial activity of Amp-AgNPs synthesized by 

water bath and microwave methods, the physical properties of ampicillin-conjugated silver 

nanoparticles were evaluated using a range of analytical tools to determine the size, charge, and 

interaction of the antibiotic with the nanoparticle surface. 

The hydrodynamic diameter of the synthesized nanoparticles ranged from 22.30 ± 7.31 nm 

(NaBH4-AgNPs) through to 31.57 ± 7.67 nm (Amp-Ag NPs-B) and 47.6 ± 6.4 nm (Amp-AgNPs- 

M) respectively (Fig. 4, Tables 2 & S3). The presence of ampicillin in the synthesis medium led 

to a change in charge on the nanoparticles, which is likely to impact interactions with the bacterial 

cell envelope. 



17  

TEM analysis showed that the AgNPs had a spherical morphology with diameter of 3.2 - 9.5 

nm, 3.2 – 22.4 nm and 4.0 – 15.2 nm for NaBH4-AgNPs, Amp-AgNPs-B and Amp-AgNPs-M 

component grains respectively (Fig. 4). Amp-AgNPs-M formed agglomerated nano balls (30.94 – 

53.57 nm in diameter), each ball comprised of 15-35 component grains of diameter 4-15 nm (Fig. 

4B). These grains were separated by a distance of 1.87 ± 0.4 nm, perhaps from coating of the 

antibiotic. The Amp-AgNPs-B sample contained particles of three distinct sizes with the smaller 

particles aggregating to show associated grains interspaced by a consistent distance of 1.46 ± 0.35 

nm (Fig. 4C). All AgNPs showed strong crystalline signals with distinct lattice planes, and 

comparable d-spacing (dhkl spacing) between successive planes of Ag atoms averaging 0.18 ± 0.05 

nm and 0.23 nm for the most intense peak dhkl (111), Fig. S1). Compared to Amp-AgNPs-M, which 

had a distribution of small grains between 4.0–15.2 nm, the Amp-AgNPs-B synthesized by the 

conventional water bath method were distributed across three distinct sizes: 6.36 ± 0.74 (small 

grains: ca. 90%), 12.03 ± 1.12 (medium grains: ca. 7%) and 20.71 ± 2.85 (large grains: ca. 3%). 

Energy dispersive X-ray analysis (EDX) confirmed the presence of silver in all samples (Fig. 4D). 
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Fig. 4. Representative transmission electron microscopy (TEM) images of the AgNPs showing the 

morphology of (A) NaBH4-AgNPs, (B) Amp-AgNPs-M, and (C) Amp-AgNPs-B. (D) is a representative 

energy dispersive X-ray analysis trace of elements present. 

 
FTIR analysis was used to identify the presence of antibiotic in samples and its likely binding 

mode to the nanoparticles (Fig. 5). For ampicillin, FTIR bands were recorded around 3280 cm-1 (-

OH), 1760 cm-1 (C=O of four membered ring lactams) and 1590 cm-1 (primary amine), while others 

(1515, 1396, and 1035 cm-1) are contributions from the ß-lactam ring vibrations [10,34]. These 

vibrations were recorded for both the Amp-AgNP samples suggesting the integrity of the antibiotic 

in the composites formed by either water bath or microwave heating is retained. A shift from 1590 

cm-1 in pure ampicillin to 1500 and 1459 cm-1 in the Amp-AgNPs-B and Amp-AgNPs- M 

respectively is suggested to be due to the involvement of the primary amine of ampicillin in the 

nanoparticle synthesis [26]. 
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Fig. 5: Representative FTIR Spectra for (A) NaBH4 (B) Ampicillin (C) NaBH4-AgNPs, (D) Amp- 

AgNPs-B, (E) Amp-AgNPs-M and (F) ampicillin sodium salt (C16H18N3NaO4S). 

 
X-ray diffraction patterns (Fig. S3) showed the presence of silver with Miller indices corresponding 

to (111), (200), (220), and (311) of face-centered cubic structure of silver (Joint Committee on Powder 

Diffraction Standards, File No. 4-0783). Crystallite size was calculated using the Scherrer equation 𝐷 =

𝐾λ

𝛽𝐶𝑜𝑠𝜃
. λ denotes the wavelength (λ) of the incident X-Ray beam (1.540593 Angstrom), K is Scherrer’s 

constant commonly taken as 0.9 [35], β represents the full width at half maximum value of the peak, and 

Ꝋ is the Bragg angle [36,37]. The crystallite size for both Amp-AgNPs obtained from XRD peaks were 

comparable to the hydrodynamic and grain size from DLS, and TEM, (Tables 2 & S3). The average 

crystallite domain size (nm) of the Amp-AgNPs-M from Scherrer’s equation were smaller (9.46 ± 4.59) 

compared to Amp-AgNPs-B (12.88 ± 5.62), with lower diffraction peak intensity and broader full width 

at half maximum. Despite being smaller, the consistent agglomeration. 



20 

 

of Amp-AgNPs-M into spherical balls could be responsible for the recorded functional differences 

of the Amp-AgNPs. For example, in a review by Díez-Pascual, it was suggested that effective 

surface area of AgNPs could be reduced due to agglomeration, impacting their antibacterial 

properties [38]. The unassigned X-ray diffraction peaks between 29 - 32 (2θ degree region) marked 

with asterisks are consistent with observations from previous reports and have been linked to the 

crystallization of bioorganic phases on the surface of the AgNPs, this includes in plant based AgNPs 

[25], fungal based AgNPs [26] and Amp-AgNPs [22]. Compared to the TEM grain size, (Table 2), 

the synthesized AgNPs are suggested to be largely single domains as denoted by the comparable 

range of values between the XRD crystallite domain size and the TEM grain sizes. The 

supplementary information includes the detailed crystallite properties (Table S4), size and zeta 

potential of the Amp-AgNPs after 8 months (Table S5), as well as the morphological 

characteristics (TEM) and applications of ampicillin-functionalized silver nanoparticles (Amp-

AgNPs) from various studies (Table S6).  
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Table 2. The effect of synthesis approach on the hydrodynamic, crystal and grain sizes obtained 

by DLS, XRD and TEM. 

Sample Hydrodynamic 

size-DLS (nm) 

Particle size TEM 

(nm) 

Average 

Crystallite 

Domain size 

(nm) 

Surface Zeta 

potential 

(mV) 

NaBH4-AgNPs 

Amp-AgNPs- 

22.30 ± 7.31 

33.0 ± 11.96 

3.25 -9.57 

4.00 -15.23 (grains) 

4.59 ± 1.14 

9.46 ± 4.59 

-26.10 ± 3.02 

-22.80 ± 4.25 

M  30.94-53.57   

  (Agglomerates)   

Amp-AgNPs-B 31.57 ± 7.67 3.29 – 22.45 12.88 ± 5.62 -19.41 ± 6.13 

  Small grains: 6.36 ±   

  0.74 (ca. 90%)   

  Medium grains:   

  12.03 ± 1.12 (ca. 7%)   

  Big grains:   

20.71 ± 2.85 (ca. 3%). 

 

 

 

4. Conclusions 

Conjugation of ampicillin to AgNPs enhanced the antimicrobial activity achieved against a panel 

of multi-drug resistant bacterial pathogens isolated from wounds and patients with ventilator 

associated pneumonia when compared with NaBH4-AgNPs or ampicillin sodium alone. The 

synthesis method also influenced the efficacy. Significantly, the multi-drug resistant panel of 

bacterial pathogens chosen are all clinically resistant to ampicillin (Antimicrobial Susceptibility 

Testing breakpoint for clinical resistance is 8 µg mL-1 in Enterobacteriaceae), with some strains 

being capable of growth in the highest concentrations of ampicillin tested (>4,000 µg mL-1, Table  

2). However, when ampicillin was conjugated to AgNPs the strains were found to be significantly 

more sensitive to the antibiotic, more than the additive effects of ampicillin and NaBH4-AgNPs 

given the relatively high inhibitory concentrations for NaBH4-AgNPs alone. This suggests that the 

multiple targets of the Amp-AgNP conjugates create a synergistic effect of enhanced antibacterial 

action. 
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The simple one-pot synthesis method for Amp-AgNPs produced via the microwave method 

produced a material that exhibited higher drug loading but overall, was a marginally less potent 

antimicrobial agent (Table 1). However, the continued antimicrobial efficacy of Amp-AgNP 

conjugates synthesised by the microwave method demonstrates the potential of this synthesis 

method as an alternative to the conventional water bath method that may be better suited to the 

large-scale manufacturing processes required for commercial application particularly given the 

reduced synthesis time. It is proposed that further research yield faster and more convenient 

synthesis methods would benefit the development of drug delivery via vectors such as 

nanoparticles. Examination of other antibiotic conjugated nanoparticles for their antimicrobial 

activity against different drug resistant pathogens and identification of other compounds tolerant 

of the microwave synthesis approach could provide evidence for a new class of antimicrobial drugs 

capable of treating multi-drug resistant infections. 
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