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Abstract 

Herein, we report a detailed experimental study supported by DFT calculations to understand 

the mechanism behind the synthesis of cefradine (CFD- an antibiotic) labeled gold 

nanoparticles (Au NPs) by employing CFD as both mild reducing and capping agent. The 

analysis of the effect of growth conditions reveals that higher concentration of HAuCl4 

results into the formation of increasing fraction of anisotropic structures, higher temperature 

leads to the formation of quasi-spherical particles in comparison to anisotropic ones, and 

larger pH leads to the formation of much smaller particles. The cyclic voltammetry (CV) 

results show that when the pH of the reaction medium increases from 4 to 6, the reduction 

potential of CFD increases which leads to the synthesis of nanoparticles (in pH 4 reaction) to 

quantum clusters (in pH 6 reaction). The MALDI-TOF mass spectrometric results of 

supernatant of pH 6 reaction indicate the formation of [Au8(CFD)2S6]
 QCs which show the 

fluorescence at ca. 432 nm with a Stokes shift of ca. 95 nm. The blue luminescence from Au8 

QCs was applied for sensing of Hg2+ ions on the basis of an aggregation-induced 

fluorescence quenching mechanism and offers good selectivity and a high sensitivity with a 

limit of detection ca. 2 nM which is lower than the detection requirement of 10 nM by the 

U.S. EPA and 30 nM by WHO for drinking water. We have also applied the sensing probe to 

detect the Hg2+ ions in the bacterial samples. Further, we have investigated the antibacterial 

property of as-synthesized Au NPs using MIC, growth curve and cell survival assay. The 

results show that Au NPs could reduce the cell survival very efficiently rather than the cell 

growth in comparison to the antibiotic itself. The scanning electron microscopic study shows 

the degradation and blabbing of bacterial cell wall upon exposure with Au NPs which was 

further supported by fluorescence microscopic results. These Au NPs did not show the 

reactive oxygen species generation. We believe that the bacterial cytotoxicity is due to the 

direct contact of the Au NPs with bacterial cells.  
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Introduction 

It is fascinating as well as challenging to explore the effect of reaction conditions (monomer 

concentration, temperature and pH of the reaction) on the nucleation and growth mechanism 

behind the formation of nanocrystallites in the solution phase; starting from monomers 

(atoms/molecules/ions). The role of reduction potential of reducing agents and relative 

binding affinities of capping agents to different lattice facets, in the formation and 

stabilization of larger (tens of nm or larger) and sub-nm metal clusters (which are otherwise 

not stable), is also interesting. These fundamental studies are non-trivial even for much 

simpler model system such as the formation gold nanoparticles (Au NPs) by the reduction of 

Au3+ ions.1–3 It is already well researched that among the metal NPs, Au NPs are more 

fascinating because of their low toxicity,4–7 size and shape dependent optical properties at the 

nanoscale5,8–14 which make them interesting for applications in many fields such as 

biosensor,9,15–17 drug delivery,18–21 and catalysis.22 Interestingly, these properties become 

even more fascinating when the size decreases to an extent, when it becomes comparable to 

the Fermi wavelength of an electron (ca. 0.5 nm for Au).23,24 The particles in this small size 

regime called quantum clusters (QCs) which are made up of few atoms to few tens of atoms 

and exhibit size-dependent fluorescence.25–28 The fluorescence of these Au QCs generally 

follows a simple relation EFermi/n
1/3, known as Jellium model.29 The electronic properties of 

Au NPs as well as Au QCs heavily depend on the surface modification with suitable 

functional molecules, which provide additional tunability and functionality.11,30–33  

In a typical noble metal NP synthesis, the use of strong reducing agents (e.g. NaBH4, 

citric acid etc.) result into the formation of highly monodispersed particles. While using the 

strong reducing agents, the monomer concentration instantaneously drops below the 

saturation limit and that stops further nucleation events, therefore, it is difficult to 

experimentally probe and follow the growth events (in situ) using the conventional photon 
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correlation techniques based on scattering as the nucleation and growth of Au NPs using 

stronger reducing agents usually ends in a fraction of second. In contrast, the antibiotic 

mediated synthesis method gives an edge over the conventional methods as recently reported 

by our group.8,10 Due to the fact that beta lactam antibiotic molecules are weaker reducing 

agents, (1) we get polydispersed particles, as fresh nuclei keep forming while the existing 

particles grow further (2) we observe the formation of stable quantum clusters by tuning the 

reaction parameters, and (3) due to the slow kinetics, it is easy to do follow the reaction 

pathways to some extent by doing a time dependent study of the particle evolution using light 

scattering, absorption spectroscopy or electron microscopy techiques.8–10,34 Recently, our 

group used an in situ, real-time, static/dynamic light scattering and absorption spectroscopy 

measurements in combination with electron microscopy imaging, to track the time evolution 

of seeds and noticed the simultaneous growth of two different populations of Au NPs (quite 

different in sizes). We have noticed that the smaller particles (diameter < 2 nm) could grow 

and coexist simultaneously with larger particles (diameter > 40 nm) and the larger particles 

were the results of aggregation of smaller clusters to form isotropic/anisotropic 

nanocrystallites.10 We also reported the effect of concentration of monomers and the reaction 

temperature on the nucleation and growth mechanism.8 In another study, our group has also 

shown the synthesis of antibiotic (cefadroxil, CFX) labeled blue emissive Au QCs and their 

application in the sensing of Sn4+ ions.9  

In the present study, we have used cefradine, as a model system, to study the 

nucleation and growth of antibiotic labeled Au NPs and blue luminescent Au8 quantum 

clusters for Hg2+ ion sensing, cellular imaging and antibacterial applications. Cefradine is a β-

lactam antibiotic, effective against a wide range of Gram-positive and a limited range of 

Gram-negative bacteria.35 This is relatively resistant to β-lactamases36 and has a tendency to 

interact with metal ions. In comparison to cefadroxil (CFX), cefradine (CFD) does not have –
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OH group at the 4th position of phenyl ring. The use of antibiotic molecules as reducing and 

surface capping agent for the synthesis of Au NPs and blue luminescent Au QCs may add 

few key advantages. The luminescent nature of the Au QCs may be useful for imaging and 

sensing applications.9,37 The capping of antibiotic onto the nanoparticles may synergistically 

enhance the antibacterial properties of these particles.34,38–41 Therefore, first, the interaction of 

the luminescent Au QCs with various heavy and toxic metal ions is investigated for sensing 

applications. It is found that Au QCs can be used to sense as low as ca. 2 nM concentration of 

mercury ions in pH 7 buffer with high selectivity over various metal ions based on a 

mechanism involving particle aggregation-induced fluorescence quenching, possibly due to 

screening of charges of Au QCs after binding selectively with cations. Mercury is one of the 

serious environment pollutant and most hazardous heavy metal ion which ultimately 

accumulates in the human body via food chain and possesses the serious health issues related 

to immune, nervous and digestive systems and affects the lungs, kidneys, skin and eyes.42 It 

also affects the development of the child in utero and early in life. The maximum permitted 

level of mercury in drinking water by WHO and the U.S. Environmental Protection Agency 

(EPA) has set at 30 and 10 nM, respectively.43 In view of these facts, it is very essential to 

detect the presence of Hg2+ ions in environment at very low concentrations especially at 

nano-molar range. We have also demonstrated the use of the Hg2+ ion-sensing probe for 

detection of the Hg2+ ions in the bacterial cells.  

The interaction of the metal ions and nanoparticles with biological entities is another 

very interesting issue for researchers. In an earlier investigation, while probing the effect of 

Co2+ ions on marine bacterium, our group observed that the bacterial cells exhibit co-

operative, self-organized and structured colonies under the stress of Co2+ ions which triggers 

a redox process mediated by the biomolecules that results in to the formation of Co3O4 NPs 

and the microbial cells also undergo tremendous change in their nanomechanical behavior 
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such as cellular adhesion, elasticity, and plasticity as probed by in situ AFM investigation.44 

In contrast to the interaction of cells with ions, the study of interaction of stable nanoparticles 

with certain microbes also comes with novel results.45–47 Recently, our group reported the 

novel process of biomilling where the large particles such as ZnO nanorods can be milled to 

much smaller quasi-spherical nanoparticles upon interaction with yeast S. cerevisae.47 In 

present manuscript, the Au NPs are capped with antibiotic molecules so it becomes very 

interesting to study the fate of the antimicrobial activity of the antibiotic molecules in the 

proximity to the Au NPs surfaces. According to a recent report, there are very much 

conflicting results in the literature about the antibacterial activity of Au NPs.48 Au NPs are 

generally considered as not bactericidal or weakly bactericidal. In view of these facts, we 

have performed detailed investigations for the antibacterial properties of CFD labeled Au 

NPs against E. coli, a Gram-negative rod shaped model bacterium to contribute towards the 

understanding about the antibacterial activity of antibiotic capped Au NPs.      

 

Materials and Method  

Materials  

 All the chemicals were of analytical grade and used as-received without any further 

purification, unless otherwise described. The reagents HAuCl4.3H2O (≥ 49.0% Au basis), 

dibasic sodium phosphate (> 99%), monobasic sodium phosphate (> 99%), CH3COOK (> 

99%), sodium acetate (≥ 99 %), acetic acid (> 99.7%), Ni(NO3)2.6H2O and fluorescein 

diacetate (FDA) were purchased from Sigma Aldrich. Cefradine was purchased from Fluka 

and (NH4)2Ce(NO3) (99.9%), Mg(NO3)2·6H2O, Al(NO3)3·9H2O, Zn(NO3)2.6H2O (96 – 

103%), LiNO3, propidium iodide (PI) and 2′,7′-dichlorofluorescein (DCF) were purchased 

from Loba chemie. The reagents Pb(NO3)2, Hg(NO3)2.H2O, NaNO3, Cu(NO3)2.3H2O, KNO3, 

Ba(NO3)2 (> 99%), and MgCl2 were purchased from Merck; and Cr(NO3)3.9H2O (98–101%), 
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Cd(NO3)2.4H2O, Cr(NO3)3.9H2O, Fe(NO3)2.9H2O, KCl, and NaCl were purchased from 

Thomas baker. AgNO3 was purchased from RFCL limited. CaCl2 was purchased from BDH 

chemicals. Luria Bertani (LB) and agar powder were purchased from Himedia. All glassware 

were washed with aquaregia (HCl: HNO3 = 3:1) carefully and rinsed with double distilled 

water before using them for synthesis. 

Synthesis of CFD labeled Au NPs 

The CFD labeled Au NPs were synthesized by the addition of CFD molecules in 

aqueous medium (final concentration of CFD molecules in the mixture was 5×10-4 M) in 

HAuCl4 solution (final concentration in mixture was varied from 10-4 M to 10-3 M) followed 

by continuous stirring for 2 h at 27 oC. We have also studied the effect of varying the reaction 

temperature (10 oC to 50 oC) and pH (4 to 8) on Au NPs size and morphology in the presence 

of both CFD and HAuCl4 at a final concentration of 5×10-4 M. In the synthesis of CFD 

labeled Au NPs, CFD itself provides the sequestration site for Au3+ ions and acts as both mild 

reducing and capping/stabilizing agent, without further use of any other reducing agents or 

templates. 

Isolation of Au QCs      

During the course of the reaction performed at pH 6, the simultaneous production of 

Au NPs and Au QCs in the reduction of HAuCl4 with CFD occurred and the color of the 

solution changed from an original light-yellow to a final dark-brown. Probably, the Au QCs 

have been generated by the modulated reduction of HAuCl4 by CFD at pH 6. Relatively 

larger particles were removed at the end of reaction through centrifugation at 15000 rpm for 

15 min, providing a light-brown supernatant containing the Au QCs. 

Effect of pH and ionic strength on the fluorescence of Au QCs 

 We have investigated the effect of pH on the fluorescence of Au QCs by varying the 

pH of the medium from pH 4, pH 7, and pH 10 using buffer solutions. The effect of ionic 
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strength of various salts like NaCl, KCl, MgCl2, and CaCl2 on the fluorescence of Au QCs 

was also investigated by addition of these salts in a concentration range from 0.01 M to 0.2 

M. An aliquot of Au QCs suspension was added to pH 7 buffer containing various 

concentrations of NaCl/KCl/MgCl2/CaCl2 salts. The mixture was shaken vigorously and left 

for 5 min. The fluorescence emission spectra were then recorded at the excitation of 337 nm.   

Fluorescence based detection of Hg
2+ 

ions using fluorescent Au QCs  

Herein, we have developed the fluorescence quenching based sensor for Hg2+ ions. 

We have investigated the effect of adding various metal ions (100 µM, all metal ions were 

taken as nitrate salts and the reaction pH were maintained at pH 7 using phosphate buffer) on 

the fluorescence of CFD labeled Au QCs. An aliquot of Au QCs suspension (10 µL) was 

added to 1 mL pH 7 buffer containing various concentrations of Hg2+ ions. The solution was 

mixed thoroughly and left to react at room temperature for 5 min. The fluorescence emission 

spectra were then recorded at the excitation of 337 nm. 

Fluorescence microscopic imaging based detection of Hg
2+
 ions in bacterial cells using 

Au QCs as Hg
2+
 ion sensing probe 

 The E. coli cell suspension with O.D.600 (optical density measured at 600 nm) ca. 0.1 

was treated with Au QCs at the final concentration of 20 µg/mL for 2 h. The Au QCs were 

first dialyzed with benzoylated dialysis tube with MWCO ca. 2 kDa to ensure the removal 

ionic impurities and unbound antibiotic molecules. We have also performed the MIC test of 

dialyzed Au QCs to ensure the concentration of Au QCs used should not be itself toxic to the 

bacterial cells. After 2 h incubation, the cells were pelleted-out by centrifugation at 10,000 g 

for 10 min at 4 oC, washed twice with PBS buffer and re-suspended in PBS buffer. An aliquot 

from of the bacterial cells were taken from the above cells suspended in PBS buffer and 

incubated for 5 min with Hg2+ ions, followed by washing with PBS buffer. Finally, the cells 
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with and without Hg2+ treatments were drop-casted onto the two separate glass slides and 

covered with coverslip by nail polish for fluorescence microscopic examination. 

Antibacterial study of Au NPs 

The Au NPs synthesized at pH values of 4, 5 and 6 were dialyzed against double-

distilled water for 24 h and named as pH 4 Au NPs, pH 5 Au NPs, and pH 6 Au NPs, 

respectively. The water was replaced and changed at least two times during the dialysis 

process, before using the dialyzed Au NPs for bacterial cytotoxicity determination to ensure 

the removal of ionic impurities and unbound antibiotic. For this purpose, E. coli culture 

(NCIM 2064) was sourced from National Collection of Industrial Microorganisms (NCIM), 

CSIR-National Chemical Laboratory, Pune, India and was stored as agar slant at 4 oC (not 

exceeding 2 weeks). For every experiment, a loop-full of bacterial culture was taken and 

inoculated in fresh LB medium and grown at standard culture condition of 37 oC at 180 rpm 

shaking speed.  

Minimum inhibitory concentration (MIC) determination 

The MIC value corresponds to the concentration of compound at which the bacterial 

growth is inhibited by as much as 90% compared with the control. We determined the MIC 

value using microbroth dilution method. For this purpose, overnight grown culture of E. coli 

cells was added into fresh LB medium to give a concentration of O.D.600 ca. 0.1. This culture 

was equally distributed in 9 different culture tubes. Eight culture tubes were added with 

various amounts of Au NPs (pH4/ pH5/ pH6, on the basis of antibiotic concentration used for 

reaction and assumed that all the antibiotic molecules consumed at the time of Au NPs 

synthesis)/ CFD in such a way that final concentration will be 64, 32, 16, 8, 4, 2, 1, 0.5 

µg/mL. The culture tubes without NPs and without inoculum were used as positive and 

negative control, respectively. The cultures were then grown at 37 oC, 180 rpm for 18 h and 

the optical density at 600 nm was measured. The experiment was done in triplicates. 
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Reduction in cell growth 

For this purpose, overnight grown culture of E. coli cells were used as seed culture. 

This seed culture was added into fresh LB medium to give a concentration of O.D.600 ca. 0.1. 

This culture was equally distributed in five different culture tubes. Then, the CFD labeled Au 

NPs (synthesized at pH 4, pH 5, pH 6), and CFD were added into four different culture tubes 

at the final concentration of 64 µg/mL. The culture without nanoparticles was used as 

positive control. The cultures were then grown at 37 oC, 180 rpm for 18 h. The culture was 

withdrawn from each culture tube at every 2 h and O.D.600 was measured. The experiment 

was done in triplicates. 

Cell survival assay  

 The cell survival assay was performed using colony count method. For this, the E. 

coli cell suspension (in PBS) with O.D.600 ca. 0.1 was incubated with Au NPs (synthesized at 

pH 4, 5 and 6) and CFD at the final concentration of 64 µg/mL for 24 h at 180 rpm and 37 oC 

temperature. The cells suspended in PBS buffer were used as control. 100 µl aliquots were 

taken out from each sample at 0 h and 24 h; and diluted to 10-3 dilution, plated on the petri 

plate and incubated at 37 oC for 18 h to visualize the colonies. The digital images of the 

plates were captured. The experiment was performed in triplicates.   

Sample preparation for SEM imaging 

The E. coli cell suspension with O.D.600 ca. 0.1 was treated with Au NPs (synthesized 

at pH 4, 5 and 6) and CFD at the final concentration 64 µg/mL for 4 h. Following that, the 

cells were pelleted-out by centrifugation at 10,000 g for 10 min at 4 oC, washed twice with 

PBS buffer and resuspended in 2% gluteraldehyde solution and incubated for 20 min. Then, 

these cells were again washed twice with PBS buffer (pH=7.4, 0.01M) by centrifugation at 

10,000 g for 10 min at 4 °C and were drop-casted on to the Si wafer and coated with gold for 

SEM imaging. 
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Sample preparation for fluorescence microscopy  

 The E. coli cell suspension with O.D.600 ca. 0.1 was treated with Au NPs (synthesized 

at pH 4, 5 and 6) and CFD at the final concentration 64 µg/mL for 24 h. The E. coli cell 

suspension in PBS buffer was treated as control. After 24 h incubation, the cells were 

pelleted-out by centrifugation at 10,000 g for 10 min at 4 oC, washed twice with PBS buffer 

and resuspended in PBS buffer. The propidium iodide (PI) dye was added at the final 

concentration of ca. 10 µM, incubated for 20 min in dark and washed with PBS buffer. 

Finally, the cells were drop-casted onto the glass slide and covered with coverslip by nail 

polish.    

ROS determination 

The E. coli suspension with O.D.600 ca. 0.1 was treated Au NPs (concentration 64 

µg/mL) for 6 h. After incubation period of 6 h, the cells were pelletized by centrifugation at 

10,000 g for 10 min at 4 °C, washed twice with PBS buffer and re-suspended in PBS buffer. 

DCF dye was added to above bacterial suspension at a final concentration of 5 µM and 

incubated for 1 h, at mild shaking. DCF dye is a non-fluorescent dye and gets converted to 

fluorescent dye in the presence of ROS; it determines the presence of intracellular ROS. The 

presence of fluorescent DCF dye was measured at an emission wavelength of 525 nm upon 

exciting the sample at an excitation wavelength 488 nm. The ROS concentration is 

considered directly proportional to the fluorescence intensity of the DCF dye. The experiment 

was performed in triplicates. 

Characterization techniques 

Absorbance spectra were recorded using a Jasco UV-vis-NIR dual beam spectrometer 

(Model V570) operated at a resolution of 2 nm. Excitation and emission spectra were 

recorded using a Cary Eclipse photoluminescence spectrophotometer from Varian equipped 

with Xenon flash lamp. Time-resolved fluorescence measurements were performed on a time 
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correlated single photon counting (TCSPC) spectrometer (Horiba Jobin Yvon IBH, UK). The 

detailed description of the instrument can be found elsewhere.49 TEM images of CFD labeled 

Au NPs were recorded using Tecnai G-2 T20 transmission electron microscope (TEM) 

working at accelerating voltage of 200 kV. HR-TEM measurements on the CFD labeled Au 

QCs were performed using a Tecnai F30 HR-TEM from FEI Inc., equipped with field 

emission source operating at 300 kV with S-TWIN objective lens and Cs value of 1.2 mm. 

The point resolution of the microscope was 0.24 nm. The sample was drop-casted on a 

carbon coated copper grid and air-dried for imaging. The cyclic voltammetry measurements 

were performed using CH Instruments Potentiostats. The CFD solution concentration was 

kept constant to 1mM and the lithium perchlorate (100 mM) was used as an electrolyte. The 

counter, working and reference electrodes were Pt foil, Pt wire and Ag/AgCl electrodes. 

Powder XRD patterns were recorded using a PANalytical X'Pert PRO instrument and the 

iron-filtered Cu-Kα radiation (λ = 1.54 Å) in the 2θ range of 10–80° with a step size of 

0.02°on drop-coated samples on glass substrate. FTIR spectra were obtained using a Perkin-

Elmer Spectrum One instrument. The spectrometer operated in the % transmission mode at a 

resolution of 2 cm-1. Raman spectroscopy measurements were recorded at room temperature 

on an HR 800 Raman spectrophotometer (Jobin Yvon, Horiba, France) using monochromatic 

radiation emitted by a He-Ne laser (633 nm), operating at 20 mW. The experiment was 

repeated several times to verify the consistency of the recorded spectra. The samples for the 

Raman studies were prepared simply by drop-casting the liquid onto the glass slide. X-ray 

photoelectron spectroscopy (XPS) analysis was done on a VG Micro Tech ESCA 3000 

instrument at a pressure of < 1x10-9 Torr with the overall resolution of 1 eV. The spectra were 

recorded with unmonochromatic Mg Kα radiation at pass energy of 50 eV and an electron 

take off angle of 60o. The sample was drop casted on a clean Si wafer, and air-dried for 

analysis. Mass spectra were collected by using MALDI TOF/TOF Instrument (AB SCIEX 
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TOF/TOFTM 5800 System). As-synthesized Au QCs suspension was mixed with DHB (in 

methanol) in 1:1 ratio by volume. Then, 0.5 µL of this solution was deposited on a MALDI 

target plate and air-dried. The plate was inserted into the instrument and irradiated by a Nd: 

YAG laser. Scanning electron microscopic study has been performed using FEI Quanta 200 

environmental SEM to evaluate the morphological changes in the bacterial cells in presence 

and absence of Au NPs. A PALS Zeta Potential Analyzer Ver 3.54 (Brookhaven Instrument 

Corps.) was used to determine the electrophoretic mobilities. Mobilities were converted to 

zeta potential (ζ) using the Smolochowski model. The fluorescence microscopic images were 

taken by Carl Zeiss inverted fluorescence microscope model Axio Observer.Z1.  

DFT computational method  

 All the theoretical calculations were performed using Gaussian 09 programming 

package.50 The geometrical optimization of CFD and its various possible conjugations with 

Au3+ ions were calculated in gas phase as well as bulk solvation using Density Functional 

Theory (DFT) with B3LYP hybrid functional, which is found to be very useful in predicting 

molecular properties.51–54 In the present study, Lanl2dz basis set55 was employed for the 

heavy Au atom as recent reports indicated its good performance56–58 and 6-311++g(d, p) basis 

set for C, H, N, O and S atoms containing molecules in all the calculations. Since 

experimentally all the synthesis were performed in aqueous environment, so having the 

condition quite close to the experiment, polarizable continuum model (PCM)59 was also taken 

into account for the bulk solvent effects in all the calculation.  

 

Results and discussion 

Study of growth kinetics of CFD labeled NPs 
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In order to visualize the effect of variation in the HAuCl4/CFD concentration, 

temperature and pH on the morphology of the particles, we performed a detailed UV-vis-NIR 

spectroscopic and TEM study as follows: 

Effect of HAuCl4/CFD concentration on the morphology of the Au NPs 

As indicated earlier, CFD labeled Au NPs have been synthesized by the addition of 

CFD aqueous solution (final concentration in the mixture was 5×10-4 M) in HAuCl4 aqueous 

solution (final concentration in the mixture was varied from 10-4 M to 10-3 M) and incubated 

for 2 h at 25 oC followed by UV-vis-NIR spectroscopic analysis (figure 1a). When HAuCl4 

concentration in the mixture was 10-4 M, a single peak was observed in the visible region ca. 

550 nm that corresponds to the transverse component of surface plasmon resonance (TSPR). 

The TSPR peak indicates the formation of isotropic NPs in the suspension. The broadness of 

the TSPR peak and long tail part extending into NIR region also indicate the presence of 

polydispersed particles. When the final concentration of HAuCl4 was increased to 3 × 10-4 M, 

the NIR absorption get enhanced along with a relative increase in the TSPR peak and an 

appearance of shoulder at ca. 720 nm due to longitudinal component of surface plasmon 

resonance (LSPR). This feature indicates the presence of anisotropic Au NPs (along with 

isotropic NPs) with an increasing fraction.8 Interestingly, when the final concentration of 

HAuCl4 in the mixture was further increased to 8 × 10-4 M and 10-3 M, the LSPR peak (and 

overall absorption in the NIR region) became more prominent with continuous shift towards 

higher wavelength at ca. 870 nm and 1100 nm, respectively, (figure 1a) which is 

symptomatic of an increment in the edge length of anisotropic nanoparticles.60  

 The influence of HAuCl4/CFD concentration on the morphology of as-synthesized 

CFD labeled Au NPs has also been studied by TEM and the results were consistent with UV-

vis spectroscopic results. The TEM images in the figures 1b, c, and d correspond to the 

formation of CFD labeled Au NPs when the final concentration of HAuCl4 in the mixture 
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was 10-4 M, 5×10-4 M, and 10-3 M, respectively (for CFD concentration 5×10-4 M). For the 

HAuCl4 concentration of 10-4 M, a clear observation of bimodal distribution of isotropic 

(quasi-spherical) NPs with an average size ca. 13 nm was noticed. When the HAuCl4 

concentration was increased to 5×10-4 M, a small population of triangular shaped Au NPs 

(edge length ca. 40 nm), with a large population of quasi-spherical NPs formed. Upon 

increase in the concentration to 10-3 M, a larger population of triangular shaped particles 

(edge length ca. 150 nm) was synthesized. As we discussed earlier, the polydispersity of the 

Au NPs is due to the fact that antibiotic molecules are weak reducing agents in comparison to 

citric acid and NaBH4 etc, which leads to relatively slow growth kinetics that, in turn, allows 

the low energy surface facets to expose and bind with chloride ions. For each Au3+ ion, there 

would be four times increment in the Cl- ions in the solution. Retardation of growth along the 

<111> direction due to preferential chemisorption of Cl− ions on the (111) lattice planes 

could be the conceivable reason behind the formation of anisotropic nanostructures.61 Further, 

to study the effect of variation of temperature and pH, on the synthesis of Au NPs by CFD, 

equimolar (5×10-4 M) concentration of both CFD and HAuCl4 in final solution was used as a 

default concentration. The results are discussed in the sections below. 

Effect of reaction temperature on the morphology of the Au NPs  

The effect of temperature on the synthesis of CFD labeled Au NPs was also studied 

by mixing the pre-thermalized (at the specific temperature mentioned here) solutions of CFD 

and HAuCl4 (final concentration of both in the mixture was 5 × 10-4 M) at a temperature 

range from 10 oC to 50 oC and corresponding UV-vis-NIR spectra have been shown in figure 

2a. When the reaction temperature was 10 oC, in addition to the TSPR peak, we found a 

broad absorption even beyond 1200 nm, which indicated the growth of relatively large 

anisotropic nanostructures. However, for the growth at higher temperatures (ca. 20 oC and 30 

oC), the NIR absorption got reduced and the relative peak intensity of TSPR got enhanced. 
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The TSPR peak also showed blue-shift, indicating the reduction in the particle size.60 

Interestingly, when the reaction was carried out at further higher temperatures (40 oC and 50 

oC), the LSPR peak disappeared suggesting the formation of isotropic Au NPs only (figure 

2a).  

Figures 2 b and c compare the TEM images of CFD labeled Au NPs synthesized at 50 

oC and 10 oC, respectively. At 50 oC, the growth of nearly isotropic NPs was observed with 

an average size ca. 15 nm (figure 2b). At 10 oC, a sharp change in the particle morphology 

can be easily noticed with a larger fraction of triangular shaped NPs (edge length ca. 120 

nm). These results were consistent with UV-vis-NIR absorption spectroscopy. The synthesis 

of gold nanotriangles is a relatively slow process and can occur at low temperature where the 

rate of reduction of metal ions become low and possibly facilitates the oriented growth of 

nuclei and thus promotes the formation of anisotropic NPs.62–64 Increase in the temperature of 

the reaction results in an increase in the rate of reduction of gold ions which leads to an 

enhanced nucleation rate and the consumption of most of the chloroaurate ions in the 

formation of nuclei, results in the stalled secondary reduction process on the surface of the 

preformed nuclei.60 As a result, a much higher population of spherical NPs in comparison 

with triangular ones was obtained which shows that a simple variation in the reaction 

temperature enables the synthesis and tailoring of the size of the triangular NPs.  

 

Effect of reaction pH on the morphology of the Au NPs 

 The pH effect on the synthesis of Au NPs has also been investigated by mixing the 

CFD and HAuCl4 solutions at final concentration of 5 × 10-4 M from pH range 4 to 8. The 

drastic changes have been observed, when the reaction was performed at different pH 

environments. A comparison of the UV-vis-NIR spectra indicated that, as the pH of reaction 

was increased from 4 to 5, the TSPR peak is blue-shifted from ca. 566 nm to ca. 532 nm and 
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the color of the suspension changes from purple to intense red, indicating a decrease in the 

average size of quasi-spherical Au NPs. Interestingly, at pH 6, the color of suspension 

completely changed to brown and SPR peak almost disappeared with just a broad absorption 

peak visible at ca. 360 nm, indicating the dominant synthesis of gold particles with size 

below 2 nm25 (in addition to some big particles). At pH 7 and 8, the solution became colorless 

and showed the maximum absorption at ca. 357 nm and ca. 351 nm, respectively. This might 

be the sign of the presence of gold - antibiotic complexes in the solution (figure 3a).65,66  

To validate the absorption spectroscopy results, TEM analysis of the CFD labeled Au 

NPs synthesized at pH 4, 5 and 6 was performed and presented in figures 3c, d and e. TEM 

images corresponding to pH 7 and 8 have not been shown (as we were unable to find Au NPs 

in these samples). Figure 3c shows the presence of both isotropic and anisotropic population 

of Au NPs with an average size ca. 20 nm. At pH 5, a larger fraction of the NPs seems to be 

isotropic in nature with an average size ca. 12 nm. In agreement with the results of UV-vis-

NIR absorption, at pH 6, an average particle size was decreased to ca. 1 nm, along with 

relatively smaller population of bigger NPs with an average size ca. 6 nm. We have also 

measured the hydrodynamic diameter of the as synthesized particles at different pH to further 

have an idea about particle distribution in the suspension and the results were well correlated 

with the UV-vis and TEM results. The analysis of pH 4 suspension (Figure S1) shows that a 

large population of particles from 19 - 50 nm with a small population of particles or their 

aggregates with a size around 200 nm was present. Some aggregates were very large even a 

size around 5 micron. Whereas at pH 5, a large population of ca. 9 - 13 nm particles with a 

small population of big nanoparticles and/or their small aggregates (ca. 50 nm) were observed 

(Figure S2). Figure S3 shows the presence of a large population of ca. 3 - 4 nm particles with 

a small population of big nanoparticles and/or their small aggregates (ca. 18 nm). Therefore, 

it can be concluded that the suspension synthesized at pH 4 was highly unstable (starts to 
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settle down within 1.5 h) compared to the particle suspension synthesized at pH 5 and pH 6 

(did not settle after storage for even 2 days at room temperature, figure S4). Therefore, pH of 

the reaction medium is an extremely crucial factor in the synthesis of Au NPs. It is 

anticipated that the reduction from Au3+ to Au0 for synthesis of nanoparticles, would depend 

on the reduction potential of CFD molecules which itself depends on the pH of the reaction 

medium. It is evident from the cyclic voltammetry study that upon increase in the pH from 4 

to 7, the reduction potential of CFD has increased from ca. 0.45 V, 0.53 V, 0.58 V to 0.63 V, 

respectively (figure 3b). Therefore, in summary, the ability of synthesis of Au NPs using 

CFD molecule depends on the pH of reaction mixture to the great extant and will decrease 

upon increase in the pH from 4 to 7. 

 The change in the crystalline structure of the synthesized CFD labeled Au NPs at 

different concentration of HAuCl4, temperature and pH of the reaction (where the final 

concentration of both the constituents (CFD and HAuCl4) was 5×10-4 M and reaction 

temperature was 27 oC), was studied through PXRD and presented in Figure S5a, b and c, 

respectively. The XRD pattern revealed the relative dominance of (111) plane when the Au 

NPs synthesized at higher HAuCl4 concentrations, decrease in the temperature and decrease 

in pH of the reaction indicating the increase in the synthesis of anisotropic nanostructures. 

Moreover, FTIR, Raman and XPS studies have been performed to analyze the functional 

group(s) responsible for binding of CFD to Au NPs surface. FTIR and Raman spectroscopic 

results (figures S6 and S7, respectively) indicate the possible involvement of –NH2 and 

>C=O groups in the binding of CFD to Au NPs surface. Whereas XPS results in figure S8 

indicate that amine and carbonyl group of (probably, β-lactam ring) CFD molecule 

simultaneously plays important role in binding to Au NPs surface. We also used DFT 

calculations to investigate the interactions between Au3+ ions and CFD molecule where the 
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special emphasis was put on the analysis of geometrical configurations, electronic structures 

and electron transfers between CFD and Au3+ ions complexes during the interaction. 

Calculation of optimized geometries of CFD and its conjugation with Au
3+
 ions using 

density functional theory 

 The initial geometries of Au3+ ions and CFD complexes were optimized by placing 

Au3+ ions near the possible active sites of CFD molecule. The active sites of CFD molecules 

are sulfur, carbonyl and amine groups and their corresponding numbering (from 1 to 5) was 

presented in figures 4 a to f. Due to the electron rich moieties in these groups, the tendency to 

form  the anchoring bonds with Au3+ ions in the complexes increases. Further, Au3+ can also 

play the role as a proton acceptor and form nonconventional hydrogen bonds with hydroxide 

(Au···H–O) as shown in figure 4b. These two factors could also be responsible for the 

stability of the complexes of CFD with Au3+ ions. The interaction between CFD and Au3+ 

ions is either monodentate or bidentate, where, in the latter case, it usually involves non-

conventional hydrogen bonding. 

 For this study, we started our calculations by first checking the binding of Au3+ ions 

with sulfur group of CFD (figure 4a i.e. CFD + 1Au_1). Our calculations yield Au-S 

anchoring bonds with bond length of 2.34 Å, which is very close to the sum of the covalent 

radii 2.36 Å of S (1.02 Å) and Au (1.34 Å).67 The result is in good agreement with a 

previously calculated value of 2.45 Å.68 Thus, one may expect a stronger covalent 

contribution to the sulfur bonding. The reduction in charge of Au3+ to Au-0.015 was also taking 

place upon formation of Au-S anchoring bonds as shown in Table S1 and figure 4 a. Further, 

we checked the possibility of binding of Au3+ ions with carbonyl group of CFD molecule. 

There are three possibilities of adding the Au3+ ions with carbonyl group of CFD molecule 

that is denoted by CFD + 1Au_2, CFD + 1Au_3 and CFD + 1Au_4 and displayed in figure 4 

b, c, and d, respectively. In the CFD + 1Au_2 and CFD + 1Au_3 complex, the Au-O bond 
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lengths were 2.15 and 2.17 Å and charge reduction down to Au+0.628 and Au+0.580, 

respectively. The input geometry of CFD+1Au_4 complex got completely changed to 

CFD+1Au_3 structure after optimization (see figure 4d to 4e). These results clearly suggest 

that among the three Au-O bond formations, the CFD+1Au_3, which belongs to β-lactam 

ring, shows the stronger interactions and reduction property.  

The interaction of the Au3+ ions with amine group of CFD (see figure 4f i.e. 

CFD+1Au_5) was also calculated which yields Au-N bond length of 2.02 Å which is very 

close to the sum of the covalent radii of nitrogen (0.75 Å) and Au (1.35 Å)68 indicating a 

stronger bond. The interaction of two CFD molecules with one Au3+ ion was also considered 

and the same trend (discussed above) of bond formation and reduction in Au3+ ions were 

obtained and shown in figures S10 a, b, and c, respectively. 

 Apart from studying interaction of one Au3+ ion with CFD, we also calculated the 

interaction of two and three Au3+ ions with CFD molecule, simultaneously, especially at 

sulfur and amine groups as shown in figures 5a to 5c. However, earlier DFT calculations 

have shown that the DFT results obtained by taking a single metal atom are sufficient to 

describe the experimental results.69–71 In the case of CFD + 2Au_1 and CFD + 3Au_1 

complex (figure 5a and b), the Au-S anchoring bonds are calculated to be 2.39 Å and 2.37 Å 

and the corresponding average Au-Au distances are found to be 3.06 Å and 3.30 Å, 

respectively. In the case of CFD + 3Au_5 complex (figure 5c), the bidentate interaction was 

taking place where the Au-N and Au-O anchoring bonds were calculated to be 2.07 and 2.08 

Å, respectively and the average Au-Au distance was found to be 3.51 Å. The average charge 

reduction of Au3+ ions in different complexes were also presented in Table S1, which clearly 

indicates the reduction of Au3+ to Au0 state. Thus, on the basis of strong Au-S, Au-N and Au-

O bond, calculated binding energies and reduction in charges of Au3+ ions, one may easily 
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conclude that the sulfur plays a dominant role in reduction / binding to Au NPs surfaces, 

however, the amine and carbonyl groups (β-lactam ring) also play role in stabilizing the NPs. 

 The electrostatic potential surface has been mapped and shown in figures 5d, and 5e for 

CFD and its complex with Au3+ ions i.e. CFD+ 1 Au_1, respectively (for detailed see 

supporting information). Such surfaces depict the size, shape, charge density, and site of 

chemical reactivity of the molecules. The different values of the electrostatic potential at the 

surface are represented by different colors; red represents regions of most negative 

electrostatic potential, blue represents regions of most positive electrostatic potential, and 

green represents regions of zero potential. Potential increases in the order red < orange < 

yellow < green < blue. In figures 5d, and 5e, the electrostatic potential at different points on 

the electron density isosurface is shown by coloring the isosurface with contours. In the case 

of CFD, the O atom of β-lactam ring shows most negative electrostatic potential (red color). 

However, in the case of CFD+1Au_1 complex the significant amount of charge was 

transferred as shown in figure 5e.  

The time dependent Density Functional Theory (TD-DFT) excited state calculations 

of the lowest singlet-singlet and singlet-triplet excitations of CFD + 1Au_1 complexes 

performed in water using PCM method. The calculated values of corresponding most 

probable electronic transitions having larger vertical excitation and oscillator strength were 

presented in figure S12. The TD - DFT calculation of CFD + 1Au_1 complex in aqueous 

environment gives rise to the most prominent absorption bands at 511 nm with oscillator 

strength (f = 0.778) due to HOMO → LUMO + 1 transitions. In HOMO orbital of CFD + 

1Au_1 system, the electron densities are mainly concentrated on the β-lactam ring moiety; 

while in LUMO + 1 orbital’s the electron densities were shifted towards the Au (see figure 

S12). Our TD - DFT calculations clearly indicate the evidence of electron transfer from CFD 
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to the Au center and essentially indicate that Au3+ ions are reduced to ca. Au0 as a 

consequence of complexation. 

UV-vis spectroscopic and photoluminescence study of CFD labeled Au QCs 

As mentioned earlier, the gold particle suspension synthesized at pH 6, was 

centrifuged at 15,000 rpm for 10 min to assure the absence of big nanoparticles in the brown 

colored supernatant. UV-vis spectrum of supernatant shows a continuous absorption in the 

UV range starting from ca. 470 nm as shown in figure 6a2 (green curve), in addition, the 

complete absence of SPR absorption peak at ca. 520 nm, confirms the presence of Au QCs 

with the size < 2 nm. It is important to mention that the UV-vis spectrum of Au QCs was 

quite different than the UV-vis spectrum of CFD aqueous solution, with a broad absorption 

peak at ca. 350 nm in Au QCs spectrum (compare curves (a1) and (a2) in figure 6a) which 

may be due to the ligand to metal ion charge transfer in CFD-Au ion complexes.65,66  

Photoluminescence properties of Au QCs have also studied. Usually, the emission 

peak position of fluorescent Au QCs depends on the size of the Au QCs core. According to 

the spherical Jellium model, Au QCs with larger core size emit at longer wavelengths [e.g., 

UV (Au5), blue (Au8), green (Au13), and red (Au25) emission].72,73 Here, the Au QCs 

suspension exhibits the blue luminescence with an excitation and emission maxima at ca. 337 

nm and ca. 432 nm (figure 6a3, a4), respectively, with Stokes shift of ca. 95 nm and quantum 

efficiency ca. 0.9%. This blue emission wavelength is close to the reported values for Au8 

QCs blue emission at λem = 450 nm from PAMAM25 and BSA74 encapsulated Au8 QCs, λem = 

455 nm from lysozyme type VI stabilized Au8 QCs75 and λem = 465 nm from Au8 QCs76 

synthesized by etching of mercaptosuccinic acid capped Au NPs, which shows that the CFD 

labelled Au clusters were Au8 QCs. Although, the fluorescence of Au QCs was less intense, 

but, it is slightly red shifted by around 4 nm with respect to the fluorescence of CFD alone 

(figure S13), and more intense than the CFD-Au NPs and pH 6 reaction suspension which 
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support the synthesis of Au QCs. To differentiate the Au QCs component from CFD 

fluorescence, the fluorescence lifetime decay study has performed on both samples and 

presented in the next section. 

The effect of pH and salt concentration on the photoluminescence of Au QCs has also 

studies, and presented in figure S14 and S15, respectively. Upon increase in the pH from 4 to 

7, the fluorescence of Au QCs has not changed but upon further increases in the pH to 10 

leads to the enhancement of the fluorescence of Au QCs almost around two times. However, 

upon addition of various concentrations (10mM to 200 mM) of salts (NaCl, KCl, MgCl2, and 

CaCl2) did not affect the fluorescence of Au QCs meaningfully.     

Time resolved fluorescence study 

The time resolved fluorescence measurements of CFD aqueous solution and CFD 

labeled Au8 QCs have been performed and compared in figure 6b. The fluorescence decay 

time analysis for both CFD aqueous solution and CFD labeled Au8 QCs reveals a tri-

exponential decay profile. The lifetime components for CFD aqueous solution were 0.94 ns 

(26.4%), 3.44 ns (67%) and 0.12 ns (6.6%) while for CFD labeled Au8 QCs, the values were 

1.21 ns (6.7%), 4.82 ns (0.8%) and 0.097 ns (92.5%). The average decay time for CFD alone 

was 2.56 ns whereas this value has been decreased to 0.2 ns for CFD labeled Au8 QCs (Table 

1). From the above data, it is clear that the lifetime of Au8 QCs is markedly different from 

CFD aqueous solution alone. Generally, it has been observed that Au QCs exhibit a large 

component of a few tens of picoseconds and several small components of nanosecond77 

which were consistent with lifetime decay results for CFD labeled Au8 QCs.  

HR-TEM and MALDI-TOF mass spectroscopic study of CFD labeled Au QCs   

The HR-TEM results also support the formation of Au QCs (figures 6c and inset) with 

the size ca. 0.5 nm (the corresponding population distribution histogram is presented in figure 

S16). Figure S17 presents mass spectrum of CFD, which shows substantial difference in 
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comparison with Au QCs mass spectrum. The figure 6d shows the positive ion linear mode 

mass spectrum for as-synthesized Au QCs, using low laser power to suppress the 

fragmentation. Interestingly, the mass spectrum contains very limited peaks with only one 

major peak that can be easily distinguished from other peaks. The figure 6d shows one major 

peak in the mass spectrum at the position of 2466.6 Da (this value is very close to the 

reported value ca. 2256.4 Da for the mass of Au8 cluster)78 assigned to [Au8(CFD)2S6] 

clusters (following Yang et al. peak assignment for gold clusters stabilized with 

penicillamine,79 see Table S2 in supporting information). 

Application of CFD labeled Au8 QCs as fluorescence probe for the detection of Hg
2+ 

ions 

in solution 

The supernatant (isolated CFD labeled Au8 QCs) was directly used as a highly sensitive 

and selective fluorescent “turn-off” sensor for Hg2+ ions without further modification. For 

this purpose, at first, the effect of the addition of various bivalent, trivalent and tetravalent 

(Hg2+, Cd2+, Pb2+, Ce4+, Ni2+, Cr3+, Ag+, Li+, Mg2+, Al3+, K+, Ba2+, Zn2+, Cu2+, Na+ and Fe3+) 

metal ions (200 µM) on the fluorescence of CFD labeled Au8 QCs was studied. The figure 7 

a shows relative fluorescence (I0/I) of CFD labeled Au8 QCs in the presence of various metal 

ions. It can be seen from figure 7a that the fluorescence intensity of Au8 QCs shows a 

substantial decrease for Hg2+ ions only and was nearly unaffected by other metal ions. The 

fluorescence intensity of CFD labeled Au QCs decreased linearly (R2 = 0.93) over the Hg2+ 

ions concentration range of 10–100,000 nM and can be seen from dose response graph 

plotted in the inset of figure 7a. The fitted linear data could be expressed as  

                                     I0/I = 0.67 + 0.2 [Hg2+] (R2 = 0.93)                                                   (1) 

The limit of detection (LOD) for Hg2+ ions was ca. 2 nM; the slope was 0.2 nM-1. The 

fluorescence of CFD labeled Au QCs was effectively quenched by Hg2+ ions and showed 

approximately three-fold fluorescence quenching at 100 µM concentration of Hg2+ ions 
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(figure 7b). The fluorescence quenching in the presence of Hg2+ ions was attributed to the 

Au8 QCs aggregation, which might be induced by CFD and Hg2+ ion complexation. Figures 

7b inset shows the TEM images of Au8 QCs before and after the Hg2+ ions treatment, 

respectively. The TEM images confirm the aggregation of Au8 QCs. 

Application of Au8 QCs as a sensing probe to detect the Hg
2+
 ions in the bacterial cells 

 For this purpose, the overnight grown E. coli cells were washed, diluted in PBS buffer 

and incubated with Au8 QCs for 2 h at 37 oC over a constant shaking speed of 180 rpm. Then, 

the cells were washed and spotted on glass slide for fluorescence microscope examination. 

The blue fluorescent bacterial cells were visualized under the fluorescence microscope 

showing the capability of Au8 QCs to image the bacterial cells (Figure 8a, b). Addition of 10 

µM mercury to the bacterial cells leads to a sharp decrease in the fluorescence of the cells 

which supports the application of the as-synthesized Au8 QCs for the sensing of Hg2+ ions in 

biological samples (figure 8c, d). 

Study of antibacterial activity of Au NPs  

Minimum inhibitory concentration (MIC) determination 

In order to investigate the antibacterial properties of Au NPs (synthesized at pH 4, pH 

5 and pH 6) and CFD, the MIC test via the micro-broth dilution method, was performed. The 

MIC value for CFD was found ca. 8 µg/mL whereas for Au NPs, it was > 64 µg/mL (figure 

S18). The possible reason behind these results may be the negative charge present on the 

CFD labeled Au NPs (ca. -30 mV), which hinders the Au NPs to efficiently interact with 

negatively charged bacterial cells, especially in LB growth medium.80  

Reduction in cell growth 

To further investigate the effect of Au NPs on the growth of bacterial cells, the 

bacterial cells were treated with 64 µg/mL of Au NPs and growth of bacterial cells was 

observed over a period of 18 h (figure 9a). The results show that the growth rate for control, 
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pH 4 NPs, pH 5 NPs and pH 6 NPs was ca. 0.037, 0.034, 0.034 and 0.036 h-1, respectively. It 

is indicated from the results that the highest growth rate was for control (without Au NPs) 

and the lowest and almost equal for pH 4 and 5 Au NPs (except antibiotic itself). Therefore, 

the Au NPs significantly affected the growth rate but it did not show satisfactory antibacterial 

activity in comparison to the CFD alone which is in consistent with the previous reports in 

the literature.34,41,81 The reason behind these results was discussed in the previous section. 

Reduction in cell survival 

 To assess the cell survival, the cells after overnight growth were washed, diluted in 

PBS buffer and incubated with Au NPs and antibiotics at a concentration ca. 64 µg/mL for a 

period of 24 h at 180 rpm, 37 oC. At 0 h and 24 h, the 100 µl aliquots were taken from each 

sample and plated on LB plates. The plates were incubated for 18 h to visualize the colony 

formation of cells and their digital photographs are shown in figure 9b. The colonies were 

counted and the histogram is shown in figure 9c. The results were surprising and did not 

match with the results from cell growth. It can be easily seen from the figure 9c that at 0 h, 

the colonies count were same for all the samples but after 24 h, the colony count was least for 

pH 4 sample which was followed by pH 6 and pH 5 NPs. On the other hand, the survival of 

bacterial cells was almost unaffected by antibiotic alone. It may be because the lactam 

antibiotics can only inhibit the cell growth by inhibiting the cell wall synthesis but cannot 

affect the cell survival. It was interesting to note that the Au NPs could reduce the cell 

survival but not the cell growth82 which may be because the Au NPs could interact with the 

bacterial cells in PBS buffer, but could not in the LB medium. 

 Monitoring the changes in bacterial cell membrane upon interaction with Au NPs  

In order to reveal the mechanism behind the damage to the bacterial cells by Au NPs 

(the result of cell survival), SEM study was carried out to examine the interaction between 

bacterial cells and Au NPs (figure 10). The bacterial cells were incubated with pH 4 Au NPs, 
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pH 5 Au NPs, pH 6 Au NPs and CFD for 4 h at a concentration ca. 64 µg/mL. The bacterial 

cells suspended in PBS buffer (without Au NPs incubation) were used as control and these 

cells did not show any damage in the SEM images. The similar type of killing pattern was 

found for all types of Au NPs and these results indicated that the irreversible damage 

(blabbing) to the cell walls probably occur by the direct contact of the Au NPs to the bacterial 

cells.83,84 However, it can be observed from the figure 10 that the severity of damage was less 

in the case of antibiotic in comparison to Au NPs. 

The fluorescence microscopic study has also been performed to monitor the changes 

in the cell membrane permeability using propidium iodide (PI) dye. The PI molecules can 

bind with DNA or RNA specifically to acquire enhanced fluorescence, but it cannot cross the 

membrane and is excluded from the viable cells. Intracellular staining of PI can identify dead 

cells.85 It can be noticed from figure S19 that the cells got aggregated when incubated with 

pH 4 Au NPs and pH 5 Au NPs, in particular (as seen in DIC images in figures S19 c and e 

respectively). When the cells were treated with pH 4 Au NPs and pH 5 Au NPs, the diffused 

red fluorescent boundaries appeared around the cells (as visualized in the figures S19 d and 

f). This feature may be due to the combined effect of the damaged cell walls of the bacterial 

cells, which allowed the leakage of nucleic acid out of the cells and the aggregation of the 

cells.86 These results are also consistent with the findings from SEM study. However, similar 

diffused red fluorescent boundaries in cells were not visible for the control cells (figure S19b) 

and CFD alone (figure S19j).  

Oxidative stress by ROS production 

Other than the cell wall damage mediated by the direct physical contact, a previous 

study on Au NPs cytotoxicity showed that the ‘oxidative stress by ROS production’ might 

also be one of the toxicity mechanisms.87 The oxidative stress is also often suggested as a key 

mechanism behind the antibacterial properties of several other inorganic nanomaterials, such 
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as Ag NPs88–91 and ZnO NPs.92,93 We determined cellular ROS by using a DCF probe 

(originally non fluorescent), which can be easily oxidized to produce the fluorescent DCF by 

cellular ROS.94 It can be observed from figure S20 that Au NPs did not induce an obvious 

increase of cellular ROS. 

 

Conclusion 

In summary, we have performed detailed experiments to understand the nucleation and 

growth of Au NPs and Au8 QCs using cefradine molecule as both reducing and capping 

agent. This study has highlighted the important role of kinetics in the nanocrystals 

architecture. The HAuCl4/CFD concentration, temperature and pH found to be very crucial 

factors in modulation of the Au NPs growth kinetics and hence, guiding the size and 

morphology of Au NPs. The growth of anisotropic Au NPs was shown to be significantly 

influenced by increase in the concentration, decrease in the temperature and decrease in the 

pH of the reaction. Experimental and theoretical studies show that oxygen, nitrogen and 

sulphur moieties are involved in the reduction and/or binding of CFD to Au NPs. The CV 

results show that the decrease in the reduction potential of CFD upon increase in the pH of 

the reaction from 4 to 6 leads to the growth of unstable Au NPs (ca. 20 nm) suspension to 

highly stable Au QCs (< 1 nm) suspension, respectively. MALDI-TOF result shows the 

synthesis of [Au8(CFD)2S6]
 QCs and their fluorescence was observed at ca. 432 nm with a 

Stokes shift of ca. 95 nm. Therefore, this study may be helpful in programmed and controlled 

nucleation and growth for synthesis anisotropic particles (unstable suspension) to quantum 

clusters (highly stable suspension). 

Further, within a short reaction time, this strategy allows the fabrication of Au8 QCs, 

having the capability to sense Hg2+ ions. On the basis of an aggregation-induced fluorescence 

quenching mechanism, these Au8 QCs offer high selectivity and sensitivity with a limit of 
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detection of ca. 2 nM for the determination of Hg2+ ions. This Hg2+ ion sensing capability of 

the Au8 QCs was also applied to directly detect the presence of 10 µM Hg2+ ions in the 

bacterial samples. We found that although antibiotic labeled Au NPs have negative surface 

charge, they show the decrease in E. coli cell growth rate. The least growth rate was found for 

pH 5 Au NPs. The antibiotic reduced Au NPs have also been shown to cause the significant 

reduction in the cell survival in comparison to antibiotic alone. The SEM results show that 

the antibacterial property of Au NPs is due to the degradation or blabbing of the cell walls of 

bacterial cells which was further confirmed by PI based fluorescence imaging of bacterial 

cells. The ROS assay shows that these Au NPs did not stimulate ROS production and hence, 

the possibility of ROS to be a mechanism behind loss of cell viability, was ruled out in our 

study. Our studies indicated that the most probable mechanism behind the damage in the 

bacterial cells is the direct contact to the bacterial cells by NPs.  
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Figure 1. (a) The UV-vis-NIR spectra for the CFD labeled Au NPs synthesized at various 

final concentrations of HAuCl4 (10
-4

 M to 10
-3

 M) while keeping the CFD final concentration 

same to 5×10
-4

 M. The absorbance values for various curves are shifted with respect to each 

other for the sake of clarity. Particles synthesized at larger concentration of HAuCl4 show 

increasing absorption at near-infrared due to increasing proportion of anisotropic 

nanostructures. TEM images of CFD labeled Au NPs synthesized at various final 

concentrations of HAuCl4 (b) 10
-4

 M, (c) 5×10
-4

 M, and (d) 10
-3

 M while keeping the CFD 

final concentration same to 5×10
-4

 M. The polydispersity of the nanoparticles is due to 

inherently slow reaction kinetics as the antibiotic molecules are considered weak reducing 

agents. The co-existence of smaller particles can also be noticed. The TEM images also show 

formation of increasing proportion of anisotropic structures (hexagons, triangles) in 

comparison to quasi-spherical structures for higher concentration of HAuCl4. 
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Figure 2. (a) UV-vis-NIR spectra of CFD labeled Au NPs synthesized at various 

temperatures (at final concentration of 5 × 10
-4

 M for both HAuCl4 and CFD). The 

absorbance values for various curves are shifted with respect to each other for the sake of 

clarity. These results conclude the formation of isotropic structures at higher temperature due 

to increased growth in contrast to anisotropic structures at lower temperatures. TEM images 

of CFD labeled Au NPs synthesized at (b) 50 OC, and (c) 10 OC of reaction temperature when 

the final concentration of both CFD and HAuCl4 was 5×10
-4 

M. These images clearly show 

the formation quasi-spherical particles at higher temperatures and a fraction of anisotropic 

particles at lower temperatures.  
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Figure 3. (a) UV-vis-NIR spectra of CFD labeled Au NPs synthesized at various pH values. 

Inset shows the color change at different pH values (at final concentration of 5 × 10
-4

 M for 

both HAuCl4 and CFD). The absorbance values for various curves are shifted with respect to 

each other for the sake of clarity. (b) Cyclic voltammetry curves of antibiotic (CFD) in different 

pH environments showing the shift in reduction potential according to the pH of the environment. 

TEM images of CFD labeled Au NPs synthesized at (c) pH 4, (d) pH 5 and (e) pH 6 when 

final concentration of both CFD and HAuCl4 was 5×10
-4 

M. The comparison shows synthesis 

of smaller nanoparticles at higher pH values.  
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Figure 4. Optimized interactions of CFD monomers with single Au
3+ 

ion in aqueous 

environment using PCM approach  (a) CFD + 1 Au_1, (b) CFD + 1 Au_2, (c) CFD + 1 Au_3, 

(d) input geometry of CFD + 1 Au_4, (e) output geometry of CFD + 1 Au_4 (f) CFD + 1 

Au_5. [Gray, white, red, blue and yellow colors indicate the carbon, hydrogen, oxygen, 

nitrogen, and sulfur atoms, respectively. However, Au
3+

 is mentioned in different figures 

separately].  
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Figure 5. Optimized interactions of CFD with two and three Au
3+

 ions in aqueous 

environment using PCM approach (a) CFD + 2 Au_1, (b) CFD + 3 Au_1, (c) CFD + 3 Au_5. 

Electron density from total SCF density (isoval=0.0004; {mapped with electrostatic potential 

from total SCF density}) (d) CFD, (e) CFD + 1 Au_1. [The colors of the atoms are discussed 

in figure 4]. 
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Figure 6. (a) Absorbance spectra of (a1) CFD aqueous solution and (a2) CFD labeled Au 

QCs; fluorescence (a3) excitation spectrum and (a4) emission spectrum of CFD labeled Au 

QCs. Inset shows blue emissive CFD labeled Au QCs suspension which confirms the 

formation of quantum clusters. (b) Fluorescence decay of the CFD aqueous solution and Au8 

QCs collected at ca. 432 nm (excited at 337 nm). (c) HR-TEM image of CFD labeled Au8 

QCs and its magnified view (inset). (d) Positive ion linear mode MALDI-TOF mass spectrum 

for CFD labeled Au8 QCs. The mass spectrum was baseline corrected by using the Data 

Explorer software. 
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Figure 7. (a) Relative fluorescence (I0/I) of CFD labeled Au8 QCs at an excitation 

wavelength ca. 337 nm in the presence of various metal ions (Hg
2+

, Cd
2+

, Pb
2+

, Ce
4+

, Ni
2+

, 

Cr
3+

, Ag
+
, Li

+
, Mg

2+
, Al

3+
, K

+
, Ba

2+
, Zn

2+
, Cu

2+
, Na

+
 and Fe

3+
). The concentration of all the 

metal ions was 100 µM; I0 and I correspond to the fluorescence intensity of Au8 QCs in the 

absence and presence of metal ions, respectively. Inset shows the sensitivity plot between 

relative fluorescence intensity (I0/I) value and the log value of Hg
2+

 ions concentration. (b) 

Fluorescence spectra of CFD labeled Au8 QCs at an excitation wavelength ca. 337 nm in the 

presence of increasing concentration of Hg
2+

 ions. The black arrow shows that fluorescence 

decreases upon increase in the concentration of Hg
2+

 ions (0, 10, 100, 1000, 10000, 100000 

nM. Inset shows the TEM images of CFD labeled Au8 QCs before and after treatment with 

Hg
2+

 ions. Red circles show the aggregation of Au8 QCs upon interaction with Hg
2+

 ions. 
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 Table 1. Time resolved fluorescence decay study of CFD aqueous solution and CFD labeled 

Au8 QCs. 

Sample 
   

τ
1 (ns) τ

2 (ns) τ
3 (ns)  (ns) 

 

CFD aqueous 

solution 

0.028 0.071 0.007 0.94 3.44 0.12 2.56 1.08 

CFD labeled 

Au8 QCs 

0.009 0.001 0.124 1.21 4.82 0.097 0.2 1.07 
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Figure 8. The DIC images (a, c) and the fluorescence microscopic images (b, d) of bacterial 

cells incubated with blue luminescent Au8 QCs for 2 h in absence of mercury ions (a, b) and 

in presence of 10 µM mercury ions (c, d).  
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Figure 9. (a) Growth curves of E. coli cells exposed to (a1) CFD antibiotic, (a2) pH 4 Au 

NPs, (a3) pH 5 Au NPs, (a4) pH 6 Au NPs, and (a5) without Au NPs at a concentration of 64 

µg/mL. All data are the mean ± standard deviation of triplicate determinations. (b) Cell 

survival assay performed using LB agar petri-dishes inoculated with E. coli, showing the 

almost same number of colonies at 0 h (in the first row) and decreased number of colonies 

after 24 h (in second row) upon incubation with different size and shape of Au NPs 

synthesized at different pH conditions (pH 4, pH 5, and pH 6). It should be noted that Au NPs 

were dialyzed for 24 h with two times water change to negate the contribution from different 

pH buffers and precursors. (c) Histogram showing the cell survival before and after 24 h of 

exposure of antibiotic (CFD) and Au NPs synthesized at pH 4, pH 5, and pH 6. 
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1 µm

(e)

 

Figure 10. SEM images of E. coli cells incubated with (a) saline solution, (b) pH 4 Au NPs, 

(c) pH 5 Au NPs, and (d) pH 6 Au NPs (e) antibiotic (CFD) at a concentration of 64 µg/mL 

for 4 h. White arrows indicate the degraded cell walls of bacterial cells.  
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