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A B S T R A C T   

In resource-limited settings, fast and simple point-of-need tests should facilitate healthcare providers the iden
tification of pathogens avoiding empirical suboptimal treatments with broad-spectrum antibiotics. A rapid op
tical whole cell bacterial biosensor has been here developed using sialic acid functionalized gold nanoparticles 
allowing the selective screening of Gram-positive Staphylococcus aureus ATCC 25923 and Methicillin Resistant 
Staphylococcus aureus (MRSA) USA300 and Gram-negative bacteria (Pseudomonas aeruginosa ATCC 15442) by 
selecting the appropriate dispersing media. Those bacteria were selected due to their common presence in wound 
bed tissue of chronic infected topical wounds. The discrimination of bacterial pathogens has been attempted in 
different media including water, two independent buffers, bacterial broth, human serum and human urine. The 
identification of Gram + bacterial pathogens was also assessed under simultaneous co-culture of S. Aureus and 
Pseudomonas aeruginosa. High bacterial loads were required to provide with a statistically significant optical 
pathogen identification in human serum whereas it was not possible to detect the presence of bacteria at clin
ically relevant levels in urine.   

1. Introduction 

In the diagnosis and treatment of infectious diseases different bac
terial identification tests are carried out in clinical microbiology labo
ratories using culture-based techniques (e.g., disk diffusion method, 
agar dilution testing, broth microdilution, Gram-staining, chromogenic 
screening plates, etc.) and automated techniques such as Matrix-Assisted 
Laser Desorption Ionization-Time of Flight Mass Spectrometry (MADI- 
TOF MS), polymerase chain reaction (PCR), enzyme linked immuno
sorbent assay (ELISA), DNA microarrays, DNA chips, loop-mediated 
isothermal amplification (LAMP), etc. [1,2]. Due to the 
time-consuming character of culture-based techniques or due to the high 
cost and requirement for a specialized training in the automated and 
genotypic methods, many of those techniques are therefore not 
amenable for point-of-care testing. Hence, it is of paramount importance 
the development of multiplexed (i.e., able to analyze multiple pathogens 
at once) point-of-care diagnostics to provide the healthcare practitioner 
with the identification of disease-causing pathogens to select the most 

appropriate antibiotic treatment. Those point-of-care (PoC) devices 
facilitate the access to physicians to rapid tests to discriminate between 
Gram+ and Gram- pathogens avoiding starting an empirical treatment 
with a suboptimal broad-spectrum antibiotic. 

The most common point-of-care biosensors for the screening of 
bacterial infections and in some cases to also provide antimicrobial 
susceptibility tests are immunochromatographic lateral flow biosensors, 
molecular diagnostic systems, microfluidic platforms and 
nanotechnology-based approaches. Nano-based approaches include 
fluorescent, magnetic, metallic nanoparticles (NPs) or nanostructured 
surfaces (generally based on plasmonics) functionalized with selective 
recognition moieties (i.e., antibodies, aptamers, bacterial toxins, pep
tides, antibiotics, etc.). For instance, Gao et al. [3] described the sensible 
(10 CFU (colony forming units) per mL) detection in less than 2 h of 
bacteria in human blood by using magnetic NPs combined with a con
jugated complex based on vancomycin and fluorescein. In that work 
vancomycin was used to generate multiple ligand-receptor interactions 
with the bacterial wall and the magnetic NPs were used to concentrate 
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the bacteria present in whole blood. Fluorescence resonance energy 
transfer (FRET) has been used to conjugate aptamer-functionalized gold 
NPs (used as acceptors) with upconversion nanoparticles (UCNPs) (used 
as donors) conjugated with the corresponding complementary DNA [4]. 
In the absence of bacteria, the UCNPs emission is quenched by the gold 
NPs absorption, whereas when bacteria are present the aptamers pref
erentially bind to bacteria and the fluorescence is restored reaching a 
detection limit as low as 3 CFU/mL. Luminescent UCNPs conjugated to 
magnetic NPs and to different selective aptamer sequences have also 
been used for the concentration and multiplexed detection of specific 
bacteria in complex samples reaching detection limits as low as 25, 10, 
and 15 CFU/mL for S. aureus, Vibrio parahaemolyticus, and Salmonella 
Typhimurium, respectively [5]. Immunochromatographic strips having 
antibody functionalized gold NPs have been used for the detection of 
whole-cell antigens against Pseudomonas aeruginosa and S. aureus 
simultaneously reaching detection limits within the 500–5000 CFU/mL 
range using a portable color intensity identifier [6]. A naked eye optical 
bacteria detection based on an isothermal RNA amplification reaction 
has also been carried out by functionalizing gold NPs with thiolated 
DNA probe conjugates using a sandwich hybridization reaction on 
nitrocellulose strips and the optical signal read in a scan software 
pre-installed in Android-based smart phones [7]. Using the device, a 
detection limit of 20 CFU/mL for Listeria monocytogenes from real milk 
and cheese samples was reached. A rapid visual detection of spirochaete 
bacteria (Leptospira) has been carried out by using multiplexed LAMP 
label-based lateral flow dipsticks using gold NPs coupled with 
anti-fluorescein antibodies [8]. Ligand-free gold NPs have been used to 
aggregate with different bacteria depending on their surface 
morphology providing distinctive optical readouts with a conventional 
spectrophotometer using the classical linear discriminant analysis [9]. 
In this case, positively charged gold nanostars were able to identify 
selectively ocular pathogens depending on their varied morphology, 
surface area and charge. 

Not only the selective discrimination of pathogenic bacteria can be 
carried out using nano-based approaches, but also different NPs have 
aided in the assessment of antimicrobial susceptibility. In this regard, 
dextran-coated gold NPs have been conjugated to concanavalin A, which 
is carbohydrate-binding protein that aggregate bacteria, and depending 
on the bacterial metabolic state a shift in the surface plasmon band of the 
NPs was observed [10]. This concept was exploited in the 
high-throughput determination of antimicrobial susceptibility using 
those NPs to discriminate between inhibitory or non-inhibitory cohorts 
of Escherichia coli against ampicillin using a conventional microplate 
reader. The aggregation of Poly-L-lysine (PLL) functionalized gold NPs 
has also been used to evaluate the Leuconostoc mesenteroides NRRL B640 
reduction in the bacterial cell numbers after nisin treatment [11]. In that 
work bacterial cell numbers as low as 10 CFU/mL could be quantified by 
measuring the extent of NPs aggregation and the unbound fraction of 
PLL. Also LSPR-based biosensors containing gold nanoparticles have 
been used to perform susceptibility sensing as an alternative to con
ventional Kirby-Bauer disk diffusion tests [12]. Aptamer-functionalized 
magnetic nanoparticles have also been used for bacteria capture com
bined with resistivity based detection to test bacteria directly for their 
susceptibility to antibiotics [13]. Surface-enhanced Raman scattering 
(SERS) biosensors based on nanoparticles surface functionalized with 
antibodies, aptamers, reporters, etc. have been widely used for anti
biotic susceptibility testing [14]. 

S. aureus is a ubiquitous opportunistic pathogenic anaerobic Gram+

bacterium present in both community-acquired and nosocomial in
fections (e.g., implant-associated infections, endocarditis, osteomyelitis, 
septic arthritis and sepsis). MRSA is classified in the WHO list as a 
pathogen of the high priority group against which novel or repurposed 
antibiotics are urgently required. To limit the spread of MRSA and to 
provide with a fast and adequate antibiotic response to high risk patients 
with bacteremia, a rapid detection of the pathogen present and, ideally, 
the antibiotic susceptibility profile of its resistant phenotype are 

urgently needed. 
Herein, we have functionalized gold NPs with N-acetylneuraminic 

acid, the predominant sialic acid (SA) found in human cells present as a 
terminal sugar on several glycoproteins, glycolipids and proteoglycans, 
to take advantage of the biogenic incorporation of SA by bacteria which 
use it as stealth monosaccharide to prevent immune recognition and as 
nutrient for cell wall synthesis [15]. Olson et al. [16] demonstrated 
using a genomic analysis that five different strains of S. aureus and three 
other species of staphylococci use N-acetylneuraminic acid as a carbon, 
nitrogen and energy source. To avoid immune recognition, Staphylo
coccal superantigen-like proteins, which depend on SA for their syn
thesis, bind to Toll-like receptors, which are responsible for the 
recognition of pathogens activating the production of proinflammatory 
cytokines and chemokines recruiting phagocytic macrophages [17]. 
Moreover, depending on the agglomeration state on the surface of the 
different bacteria, the surface plasmon resonance of gold NPs varied, 
being able to sense the presence of Gram+ and Gram- bacteria and to 
distinguish between a MRSA strain and a wild-type S. aureus. Poly 
(allylamine hydrochloride) (PAH) functionalized gold NPs were also 
included in the study as negative control to demonstrate the selective 
binding when using SA. PAH is a water soluble linear cationic poly
electrolyte with primary amine groups (free base types) which strongly 
electrostatically binds to negatively charged compounds. 

The ability of this optical sensor to discriminate between an anti
biotic resistant strain (MRSA) and wild type S. aureus was evaluated in 
water, two independent buffers, bacterial broth, human serum and 
human urine. The ability to discriminate in co-culture conditions of both 
Gram+ and Gram- bacteria was also assessed. 

2. Materials and methods 

2.1. Reagents 

N-acetylneuraminic acid, sodium hydroxide, chloroauric acid 
(HAuCl4), poly (allylamine hydrochloride) (PAH, MW 15,000 Da), so
dium borohydride (NaBH4), glutaraldehyde solution (50% wt. % in 
H2O), phosphotungstic acid hydrate, osmium tetroxide solution (4% in 
H2O) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tryptic 
Soy Agar (TSA) and Tryptic Soy Broth (TSB) were obtained from Conda- 
Pronadisa (Madrid, Spain). HEPES buffer solution (1 M) and Dulbecco’s 
Phosphate buffered saline (DPBS; 1× and 10×) were purchased from 
Biowest (Cedex, France). 

2.2. Gold nanoparticles synthesis 

Gold nanoparticles (Au NPs) conjugated with N-acetylneuraminic 
acid (sialic acid, SA) were synthesized following a previously reported 
protocol [18]. In brief, 250 μL of an aqueous solution of 0.02 M HAuCl4 
were added to 10 mL of a 1.25 mM SA aqueous solution. The mixture 
was then stirred at 1,000 rpm and heated to 80 ◦C. Immediately after, 35 
μL of 1 M NaOH were added and the reaction was continued for 15 min. 
The color of the solution changed from yellow to dark red, indicating the 
formation of Au NPs. Afterwards, the solution was cooled in an ice bath 
and the Au NPs were washed twice by centrifugation at 10,000 rpm 
using a Heraeus Megafuge 16 R centrifuge for 20 min. Then, the su
pernatant was removed, and the pellet was resuspended in DI water and 
maintained at 4 ◦C for further use. 

Au NPs conjugated with PAH were synthesized as follows: 10 mL of a 
0.25% (w/v) PAH solution was prepared in DI water and mixed with 
200 μL of 0.1 M HAuCl4, maintaining with mechanical stirring for 10 
min. Next, 400 μL of 0.02 M NaBH4 freshly-dissolved aqueous solution 
was added and then stirred for 45 min. The obtained red dispersion was 
cooled to room temperature and then washed twice by centrifugation at 
12,000 rpm for 20 min. Then, the supernatant was removed, and the 
pellet resuspended in DI water and maintained at 4 ◦C for further use. 
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2.3. Nanoparticles characterization 

Au NPs formation was monitored by UV–vis extinction spectroscopy. 
The analysis of the localized surface plasmon resonance from 400 to 700 
nm was performed using a V-670 UV-VIS-NIR Jasco spectrophotometer. 
Zeta potential values for the colloidal suspensions of the Au NPs at 
neutral pH were obtained by using a Brookhaven 90plus particle size 
analyzer. The presence of the organic components (SA or PAH) on the 
surface of the Au NPs was evaluated by Fourier-transform infrared 
spectroscopy (FT-IR) using a VERTEX 70v FT-IR Spectrometer using an 
ATR Golden Gate accessory. Drops of functionalized NPs suspension 
were deposited on coverslips and dried at room temperature for IR 
measurements. Average size and morphology of the synthesized AuNPs 
were studied by TEM imaging. For the TEM sample preparation, 10 μL of 
the Au NPs were deposited on a carbon-coated copper grid (300 mesh, 
Electron Microscopy Sciences) and permitted to dry at room tempera
ture. Ten microliters of a 3% (w/v) phosphotungstic acid hydrate in 
aqueous solution, negative staining agent, were added to the specimen 
to facilitate the observation of SA functionalization. TEM images were 
recorded on a FEI Tecnai T20 electron microscope operating at 200 kV. 
These images were then analyzed using ImageJ software to determine 
the morphology and size distribution of the Au NPs with a minimum of 
200 nanoparticles measured. High-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) images were acquired 
using a high angle annular dark field detector in a FEI XFEG TITAN 
electron microscope operated at 300 kV equipped with a CETCOR Cs- 
probe corrector. Elemental analysis was carried out with an energy 
dispersive X-ray spectroscopy EDS (EDAX) detector which allows per
forming EDS experiments in the scanning mode. TGA analysis was used 
to quantify the amount of SA present on the surface of the AuNPs by 
monitoring the weight change that occurred after heating in air the SA 
functionalized AuNPs at a constant rate (10 ◦C/min) up to 600 ◦C using a 
Mettler Toledo TGA/SDTA 851 equipment. 

2.4. Bacterial growth 

Staphylococcus aureus ATCC 25923 (Ielab, Alicante, Spain) and the 
clinical strain Methicillin Resistant Staphylococcus aureus (MRSA) 
USA300 (kindly donated by Cristina Prat-Aymerich PhD, MD, at IGTP, 
Badalona, Spain) were selected as Gram-positive models. Pseudomonas 
aeruginosa ATCC 27853, also gifted by Dr Cristina Prat-Aymerich, was 
evaluated as a Gram-negative model. Bacteria liquid cultures were 
grown in TSB media overnight at 37 ◦C under stirring at 150 rpm, from 
inoculants to stationary growth phase (109 CFU/mL). Cells were har
vested by centrifugation for 10 min at 4,000 rpm, washed in PBS (1×) 
and then resuspended in HEPES buffer (0.1 M) to reach a final cell 
density of 108 CFU/mL before further assays. 

For the establishment of the co-culture of both bacteria, single col
onies from Staphylococcus aureus ATCC 25923 and Pseudomonas aerugi
nosa ATCC 27853 were cultured in 4 mL of TSB for 24 h at 37 ◦C under 
stirring at 150 rpm to stationary growth phase (109 CFU/mL). Cultures 
were washed twice in PBS (1×), resuspended in HEPES buffer (0.1 M), 
diluted to reach 107 CFU/mL and mixed in a 1:1 proportion prior to 
further assays. 

SA-AuNPs dispersion mass density after synthesis was determined by 
drying out 500 μL of the resulting suspension and weighting the dried 
residue in a MYA 5/2Y Radwag microbalance with 3 independent 
samples. To quantify the amount of SA present on the surface of the 
AuNPs, SA-AuNPs dispersion was lyophilized and thermogravimetric 
analysis was carried out by monitoring the weight loss after heating the 
sample in air at a constant rate (10 ◦C/min) up to 1000 ◦C using a 
Mettler Toledo TGA/SDTA 851 thermogravimetric analyzer. 

2.5. Bactericidal evaluation assays 

Minimum bactericidal concentration (MBC) and minimum 

inhibitory concentration (MIC) of de Au NPs were determined for 
S. aureus by the broth dilution method. Bacteria suspensions were pre
pared at a concentration of 105 CFU/mL in fresh TSB media containing 
serial concentrations of AuNPs (5, 10, 25, 50 and 100 μg/mL). After 24 h 
of incubation at 37 ◦C under shaking (150 rpm), cultures were diluted in 
PBS 1× in a 96-well microplate and then spot-plated into TSA plates. 
Grown bacterial colonies in plates were counted after 24 h of incubation 
at 37 ◦C. All measurements were made in triplicate and averaged. 
Samples not treated with AuNPs were used as positive control. 

2.6. Bacterial detection assays 

Human serum and urine samples and data from donors included in 
this study were provided by the Biobank of the Aragon Health System 
(BSSA, IACS) (PT17/0015/0039), integrated in the Spanish National 
Biobanks Network and they were processed following standard oper
ating procedures with the appropriate approval from the Ethics and 
Scientific Committees of our University. The pH of urine samples was 
adjusted to three different values (4.5, 7.5 and 9) by adding acetic acid 
or sodium hydroxide in order to provide with different physiological 
backgrounds. 

The assay for bacterial detection was performed in 96-well micro
plates. 20 μL of AuNPs suspensions were diluted in 160 μL of different 
media (water, DPBS, HEPES, TSB, human serum and human urine) to 
reach a final concentration of 50 μg/mL. This concentration was selected 
to provide with a strong optical signal with the naked eye after bacterial 
recognition. Then, 20 μL of the selected bacteria in HEPES buffer were 
added to the diluted Au NPs solutions to obtain a final concentration in 
the 105–107 CFU/mL range. Samples of diluted Au NPs (50 μg/mL) in 
the different media without adding bacteria were also tested as control. 
During the assay, the microplates were maintained at 37 ◦C with stirring 
at 150 rpm in order to facilitate the interaction of the bacteria with the 
Au NPs. All measurements were made twice for each concentration, 
averaged and repeated three times. UV–vis extinction spectroscopy 
analysis from 400 to 700 nm was performed using a in a microplate 
reader (Multimode Synergy HT Microplate Reader; Biotek, USA) at 
different time points (1, 2, 4, 8 and 24 h) to observe changes in the 
optical plasmon resonance spectra of the Au NPs. 

Supramolecular interactions between bacteria and Au NPs were 
studied by scanning electron microscopy (SEM) and TEM. Various 
S. aureus suspensions (107 CFU/mL) were prepared in TSB media with 
Au NPs (50 μg/mL) and incubated during 1 h at 37 ◦C. Next, the bacteria 
treated with the AuNPs were washed 3 times at 3,000 rpm in PBS 0.1 M 
(10×) and finally resuspended and fixed with a 2.5% glutaraldehyde 
solution, in which samples were incubated for 2 h at room temperature. 
For the SEM sample preparation, bacteria were again washed as in the 
previous steps to get rid of the fixing agent and filtered onto a 0.2-μm 
polycarbonate filter. The filters were dehydrated through a graded 
ethanol series, dried at room temperature, deposited on a microscope 
slide and coated with carbon in a Leica EM ACE200 sputter coater as 
previously reported in our group [19]. SEM and electron backscatter 
diffraction (EBSD) images were obtained in a FEI Inspect F50 electron 
microscope. 

For TEM sample preparation, same suspensions were centrifuged to 
obtain pellets composed of bacteria and the conjugated AuNPs. Pellets 
were stained for 1 h at room temperature using osmium tetroxide (1% v/ 
v in water), dehydrated through a graded ethanol series, and embedded 
in epoxy resin. Ultrathin sections were cut with a diamond knife using a 
Leica EM UC7 ultramicrotome. TEM images were recorded on a FEI 
Tecnai T20 electron microscope operating at 200 kV. 

2.7. Statistical analysis 

Data statistical analysis was carried out using a 2-way ANOVA test 
followed up by a Dunnett’s multiple comparison test with GraphPad 
Prism 7 software. Error bars represent mean plus standard deviation (*p 
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< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

3. Results 

Fig. 1a and b shows the morphology of the PAH-functionalized and 
SA-functionalized AuNPs used in this work. The insets in Fig. 1a and b 
depict the stained organic layer of PAH and SA, respectively present on 
the surface of the Au NPs. Particle size analysis of the resulting particles 
shows a Gaussian distribution with maxima at 12 and 20 nm for the 
PAH-AuNPs and SA-AuNPs, respectively (Fig. 1c). The Zeta potential 
values measured at neutral pH were 10.13 ± 1.56 mV for PAH-AuNPs 
and − 13.21 ± 1.87 mV for SA-AuNPs. Both colloidal suspensions 
showed a surface plasmon resonance (SPR) absorption maximum 
centered at 520 nm (Fig. 1d). According to the FTIR analysis (Fig. 1e) 
both one-pot synthesis methods produced Au NPs sharing the charac
teristic SA and PAH bands present in those functional molecules. The 
absorbance peaks were weaker and broader in Au functionalized spectra 
compare to the pure organic molecules due to the lower concentration of 
these compounds present in the samples as commonly reported [20]. For 
the PAH-AuNPs the characteristic band at 1603 cm− 1 related to the in 
plane N–H bending of the organic molecule can be observed as a 
shoulder on the band attributed to the O–H bending of the remaining 
adsorbed water [21]. In this range the asymmetric vibration of the N–H 
group and a peak assigned to the C–H bending (1387 cm− 1) could also be 
observed. Overlapped to the broad band due to the O–H stretching of 
adsorbed water, two weak signals at 2926 and 2865 cm− 1 confirm the 
presence of PAH on the surface of the NPs [22,23]. The IR spectrum of 
SA-AuNPs shows the characteristic adsorption stretching band of amide 
group and hydroxyl group in the region 3600-2900 cm− 1 and peaks at 
2917 and 2850 cm− 1 that would be related to the C–H stretching [24]. 
Broad bands are observed in the region assigned to the amide I and 
amide II stretching vibrations (1690–1590 and 1500-1580 cm− 1, 
respectively). On the other hand, peaks at 1754 and 1722 cm− 1 

associated to ester carbonyl stretching modes are extremely weak and 
shifted to lower wavenumbers suggesting hydrogen bonding in
teractions as reported in the literature [25]. A broad band can be also 
observed in the 100-1500 cm− 1 region due to SA C–O and C–OH 
stretching [26]. Thermogravimetric analysis of the SA-AuNPs (Supple
mentary material, Fig. S1a) revealed that after the degradation of the 
organic compound the remaining mass of gold represents 71.5 wt%, 
which implies a 28.5 wt% of SA. The analysis of the UV–vis spectrum for 
the SA and SA-AuNPs from 190 nm to 700 nm (Fig. S1 b,c) revealed that 
only a 7.8 wt% of the SA incorporated in the synthesis as precursor 
remained on the final SA-AuNPs dispersion, representing a 27.9 wt% of 
the final material in good agreement with the TGA results. 

The colorimetric analysis of the interaction between SA-AuNPs or 
PAH-AuNPs and the three bacteria analyzed (S. aureus, MRSA and 
P. aeruginosa) in different media is depicted in Fig. 2. The quantification 
of the UV–vis absorbance ratio at 600 and 520 nm is used to statistically 
analyze the agglomeration state of Au-NPs under the presence of bac
teria. At 600 nm the absorption of the culture media is despicable and 
the changes in the optical density can be attributed to the growth of a 
bacterial population. By subtracting from the signal of the Au-NPs with 
bacteria the signal of the medium with the bacteria without Au-NPs we 
could obtain the agglomeration state of the Au NPs. When using PAH- 
AuNPs (Fig. 2a) statistically significant results were obtained in the 
identification of the presence of 107 CFU/mL bacteria in water, PBS and 
HEPES but when using a complex media (i.e., TSB, a soybean-casein 
digest medium) the nanoparticles failed in detecting the presence or 
absence of bacteria. However, when using SA-AuNPs, the detection of 
pathogenic S. aureus and MRSA was possible and, more importantly, 
distinct signals for MRSA and for wild-type S. aureus were obtained in 
TSB (Fig. 2 b-e) being possible to identify the presence of Gram+ bac
teria even with the naked eye (Fig. 2 c). With the naked eye we were able 
to see that when adding the sialic acid coated nanoparticles to Gram- 
bacteria (P. Aeruginosa) the characteristic culture medium color (pink) 

Fig. 1. AuNPs characterization. a) and b) TEM images of PAH-AuNPs and SA-AuNPs, respectively. Insets, high magnification image to show the stained organic 
coating on the surface of AuNPs c) Size distribution of AuNPs. d) Absorption spectra of AuNPs. e) FT-IR of AuNPs, PAH and SA. 
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did not change but when adding them to Gram+ bacteria (either MRSA 
or wild type S. Aureus) the color turned into yellow. The absorbance 
spectra for pristine SA-AuNPs and for the SA-AuNPs under the presence 
of wild type S. aureus, MRSA and P. aeruginosa in TSB after background 
subtraction of the signal of the free bacteria in TSB is shown in Fig. 2d. 
The sharp SPR peak at 520 nm for the pristine NPs red-shifted to become 
a broad peak along the VIS spectrum which indicates nanoparticle 
agglomeration due to the reduction in the interparticle spacing and 
scattering increase. This effect can be attributed to the bacterial incor
poration of sialic acid as a nutrient for cell wall synthesis as we 
mentioned before due to the presence of specific transporters on the cell 
wall which would uptake those SA-functionalized gold nanoparticles 
promoting the reduction in the interparticle spacing and scattering in
crease. The identification was also carried out under co-culture condi
tions of Staphylococcus aureus and Pseudomonas aeruginosa (Fig. 2d and 
Fig. S1d) showing a clear absorbance peak characteristic of SA-AuNPs 
agglomeration even under the presence of Gram- bacteria. The statisti
cal analysis of the A600/A520 ratio with increased concentrations of 
bacteria present could be used (Fig. 2e) to identify the presence of 
bacteria even in serum and also to perform a susceptibility test due to the 
distinct signals observed for the MRSA and for the wild type S. aureus. 
Statistical significance in the detection was observed for bacterial loads 
≥ 106 CFU/mL. Therefore, we were able to discriminate signals above 
that threshold with 1-log sensitivity. Fig. 2f shows that while in TSB 
sialic-acid functionalized gold nanoparticles are able to discriminate 
Gram+ from Gram- bacteria and between MRSA and wild type S. aureus 
(107 CFU/mL), those bacterial loads were not detected in human urine 
at any of the pHs tested. This could be attributed to the presence of urea 
in the urine and its ability to break hydrogen bond interactions in host- 
guest chemistry [27]. As we mentioned before, S. aureus use different 
enzymes (e.g., N-Acetylneuraminate lyase) to degrade sialic acid as a 
source of carbon, nitrogen and energy. Hydrogen bonds have been 
identified as responsible for enzyme/substrate binding between MRSA 

N-acetylneuraminate lyase and the 2 R-diastereoisomer of sialic acid 
[28]. Therefore, the binding ability of SA-functionalized Au nano
particles would be impaired under the presence of a hydrogen bonding 
inhibitor (i.e., urea), corroborating the initial hypothesis that strong 
supramolecular interactions are responsible for the binding between 
SA-AuNPs and bacteria. In the same way, a 107 CFU/mL bacterial load 
was used to evaluate the efficacy of the developed formulations in 
human serum. Using a conventional minimally invasive blood with
drawal, serum can be easily separated by clotting and centrifugation. 
Even in the complexity of the serum composed of proteins mono
saccharides, electrolytes, hormones, etc., we were able to statistically 
identify the presence of bacteria using the SA-AuNPs having a unique 
signal for both bacterial strains (Fig. 2f). 

The interaction of SA-AuNPs with bacteria is shown in Fig. 3a–d 
where SEM images in secondary and backscattered electrons demon
strate that the surface of bacteria is decorated with clusters of agglom
erated SA-AuNPs. The amount of gold nanoparticles decorating the 
surface of bacteria increased over time which induced agglomeration as 
corroborated with the wide absorption peak obtained during the bac
terial detection (Fig. 2d). Ultrathin stained sections of SA-AuNPs and 
bacteria were obtained by ultramicrotomy and were analyzed by 
transmission electron microscopy. TEM images (Fig. 4 a-c) depict indi
vidual nanoparticles located on the bacteria membrane. Comparing the 
interaction after 10 min and 1 h of contact, it was observed that this 
interaction is time-dependent showing larger nanoparticle-based ag
glomerates over time. Back scattered SEM images (Fig. 3 b,d) and 
HAADF-STEM images (Fig. 4 d,e) corroborated the presence of the 
AuNPs due to the high brightness of Au atoms (high electronic density). 
The crystalline structure of Au NPs was preserved during the incubation 
with S. aureus (inset Fig. 4e). On the other hand, EDS analysis of 
nanoparticles located on the bacteria membrane confirmed the presence 
of Au nanoparticles (Fig. 4f), revealing the characteristic energies of Au 
X-Ray transitions together with the ones coming from the Cu microscopy 

Fig. 2. Response of AuNPs to the presence of bacteria. a) and b) Abs 600/Abs 520 nm ratio for PAH-AuNPs and SA-AuNPs, respectively in the presence of different 
bacteria in various media. Error bars represent the standard deviation of the mean (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). TSB incubation data 
obtained from SA-AuNPs and statistical differences between S. aureus and the rest of bacteria are highlighted with a dashed line. c) and d) Change in colour and 
absorption spectra of the SA-AuNPs in presence of bacteria. In Figure c for each bacteria the first row shows the optical signal of the medium containing the 
nanoparticles and the second row depicts the color observed in the absence of nanoparticles. e) Abs 600/Abs 520 nm ratio of SA-AuNPs against different concen
trations of S. aureus and MRSA. f) Abs 600/Abs 520 nm ratio of SA-AuNPs in presence of bacteria using human urine as dispersive medium. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. SEM and EBDS images of S. aureus and after being incubated with SA-AuNPs in TSB for 10 min (a,b) and 1 h (c,d).  

Fig. 4. Electron microscopy analysis of S. aureus after being incubated with SA-AuNPs. (a,b,c) TEM, (d,e) HAADF-STEM images and (f) EDS analysis of the red dashed 
area marked in (e). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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grid used as support. Fig. 5 shows the supramolecular interactions based 
on electrostatic attraction between the negatively charged bacterial 
peptidoglycan layer and polysaccharide capsule and the positively 
charged PAH. The morphology of the bacteria was largely affected when 
using PAH-AuNPs compared to the preserved structure observed when 
using SA-AuNPs. 

In order to address the possible effect of the Au NPs on the bacteria 
during colorimetric detection assays, bactericidal effects of SA-AuNPs 
and PAH-AuNPs were evaluated. MIC (defined as 2-log reduction in 
the visible growth of bacteria after overnight incubation at 37 ◦C) or 
MBC values for all bacteria were not reached even at the maximum dose 
of SA-AuNPs tested (100 μg/mL) (Fig. 6a). We also observed that the 
S. aureus growth depends on the culture media used and the stationary 
phase was reached at different cell counts (~109 CFU/mL in TSB and 
~106 CFU/mL in serum) (Fig. 6c and d). Fig. 6b shows MIC and MBC 
values for S. aureus wild type, which were reached at 5 and 25 μg/mL of 
PAH-AuNPs, respectively. Those results agree with the altered 
morphology observed in Fig. 5 and could explain the incapability to 
detect the presence of bacteria in the colorimetric assays by using PAH in 
this formulation. 

4. Discussion 

The need of developing simple PoC sensors based on naked eye 
detection for discriminating MRSA and wild type S. aureus would be 
interesting in resource-limited settings in order to select the most 
appropriated antibiotic treatment. Herein, we have used Au NPs as 
colorimetric sensor to discriminate between Gram+ and Gram- bacteria 
and between MRSA and wild type S. aureus in different media. In this 
regard, we have prepared two different Au NPs having a positively 

charged polyelectrolyte (i.e., PAH) or sialic acid on their surfaces in 
order to take advantage of the preferential uptake of sialic acid by 
S. aureus as energy and carbon source. As we mentioned before, both 
colloidal gold-based suspensions showed a SPR absorption maximum 
centered at 520 nm. This dipolar oscillation in resonance with the 
irradiating light at a specific frequency depends on the particle size and 
shape. In our case, the sizes observed by TEM (12 and 20 nm for the 
PAH-AuNPs and SA-AuNPs, respectively) match the expected absorption 
maximum observed at 520 nm as previously reported for Au NPs in that 
size range [29]. Isolated colloidal Au nanoparticles absorb the VIS 
irradiating light by collective excitations of conduction electrons 
generating SPR, by electronic transitions from occupied to empty bulk 
energy bands and by the scattering of conduction electrons [30]. The 
later absorption is minimized for colloidal non-aggregated systems but 
when agglomeration or irreversible aggregation take place, scattering 
prevails over the other two mechanisms and a red-shift occurs towards 
higher wavelengths disappearing the Au NPs SPR. Electric dipole-dipole 
interactions and plasmon coupling of the neighboring particles forming 
the aggregate are responsible for this shift [18]. 

Lee et al. [31] used this aggregation-based concept to identify the 
presence of influenza virus in culture media using SA-AuNPs considering 
that virions attach to target cells by binding activated hemagglutinin to 
sialic acid receptors. 

As it is shown in Fig. 3 AuNP agglomeration on the bacteria surface is 
a time dependent mechanism increasing over time. No NPs were found 
inside the bacteria which indicates that SA interacts with the bacteria 
cell wall probably following the endogenous incorporation of SA in 
different strains of S. aureus (including MRSA) using the chromosomal 
locus transporter (NanT gene) before starting to catabolize N-ace
tylneuraminic acid as carbon source [16]. It has been demonstrated that 

Fig. 5. SEM and EBDS images of S. aureus after being incubated with PAH-AuNPs in HEPES buffer. a) b) Unmatched S. aureus and PAH-AuNPs. c) d) Altered 
morphology S. aureus coated with PAH-AuNPs. 
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the staphylococcal murein sacculi are impermeable to proteins [32] 
therefore, it would be very unlikely that 20 nm in diameter Au NPs could 
cross the 20–40 nm thick peptidoglycan layer as we observed by electron 
microscopy images. 

The colorimetric analysis showed in Fig. 2 revealed a concentration 
dependence for the optical test here developed. In this medium we were 
able to distinguish between Gram+ and Gram- bacteria (Fig. 2 b,c) and 
also statistical significance was obtained between the wild type and the 
MRSA (Fig. 2e). However, a limit of detection in TSB was reached for 
bacterial loads higher than 105 CFU/mL which are much higher than the 
common bacterial counts reached during bacteremia (>50 CFU/mL) 
[33,34]. In symptomatic urinary tract infections bacterial loads higher 
than 105 CFU per mL of urine are commonly used to diagnosis bacteri
uria [35]. Therefore, both serum and urine were used as suspension 
media to evaluate the ability of the optical sensor here developed to 
detect bacteria. The different signals provided for the different bacterial 
strains could be used as an antibiotic susceptibility test in TSB after 
obtaining different signals for MRSA and S. Aureus wild type. This dif
ferences between strains could be attributed to the different envelope 
composition. Müller et al. [36] demonstrated that MRSA has a reduced 
peptidoglycan cross-linking compared to other S. aureus strains and this 
reduction induces a strong immune response and superior pathogenicity 
by making it resistant to intracellular degradation by immune cells. In 
addition, MRSA has also a different content in wall teichoic acids in its 
envelope than its wild type counterpart being those acids covalently 
linked to the peptidoglycans present on the bacterial cell wall [37]. 

We also observed that using SA-AuNPs the identification of the 
presence of the Gram- bacterium P. aeruginosa ATCC 15442 was only 
possible in water, PBS and HEPES, but failed in TSB, human serum and 
urine. Competitive adsorption of the different components present in 
TSB might be part responsible for this effect. P. aeruginosa also uptakes 
exogenous sialic acid in a time-dependent manner through a specific 
linkage improving its pathogenicity [38]. Nevertheless, the differences 
between the results obtained for S. aureus and P. aeruginosa could be 
attributed to the different nature of the outside of the outer membrane 

for Gram- bacteria, which is composed mainly of lipopolysaccharides 
surrounding an interior thin peptidoglycan cell wall, whereas Gram+

bacteria do not have an outer membrane but a thick peptidoglycan layer. 
The identification of S. aureus was independent on the presence of other 
bacteria which highlights the interest of the proposed system. In addi
tion, different transporters of sialic acid have been identified for Gram+

and Gram- bacteria, having the later a protein-mediated transport across 
the outer membrane to the interior of the cell in addition to the common 
transport through porins which could explain the differences observed 
[39]. 

Previous works also managed to detect the presence of bacteria in 
clinical samples by monitoring the state of aggregation of Au NPs. For 
example, Yang et al. [40] used D-alanine-D-alanine surface functional
ized gold nanoparticles. Relying on the bacterial uptake of the oligo
peptide and measuring the red-shifting of the Au NPs optical spectrum, 
they were capable of detect the presence of different Gram + bacteria, 
achieving a limit of detection of 3.2 × 102 CFU/mL for S. aureus. While 
their method was robust in detecting the presence of bacteria in clinical 
samples, it was not suitable to discriminate between Gram+ and Gram- 
bacteria. In contrast, Zhu et al. [41] developed a rapid method for the 
identification of bacterial lipopolysaccharides (LPS) using gold nano
particles functionalized with two different DNA aptamers. Au NPs 
functionalized with ethanolamine aptamer could bind to ethanolamine 
and recognize any type of LPS, causing the aggregation of the Au NPs 
with the bacteria and a color change from red to blue. In the same way, 
Au NPs functionalized with an aptamer against the LPS of E. coli O111: 
B4 specifically bond O111:B4 LPS and they were capable of discriminate 
between E. coli strains. With this two probes a typing method was 
developed, detecting LPS in concentrations between 2.5 and 20 μg mL− 1, 
with a detection limit of 1 μg mL− 1. 

This strategy is not restricted to the use of Au NPs. Shin et al. [42] 
developed a colorimetric assay based on the aggregation of blue-colored 
polymeric nanobeads using vancomycin as ligand. When the function
alized nanobeads were incubated with Gram+ bacteria, the binding 
between the two caused the apparition of blue precipitates that were 

Fig. 6. a) Bactericidal action of SA-AuNPs against different bacteria. b) Bactericidal action of PAH-AuNPs against S. aureus. c) d) S. aureus growth kinetics in TSB and 
human serum in presence or absence of SA-AuNPs. 
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visible with the naked eye, without any pre-processing steps. Using a 
porous filter system for collecting the precipitates, they achieved a limit 
of detection of 2.5 × 105 CFU μL− 1 for Gram + bacteria whit incubation 
times under 30 min. Increasing the incubation times permitted the 
detection of concentrations as low as 3.1 × 104 CFU μL− 1. 

In urine our sensor was unable to identify the presence of bacteria at 
the doses tested probably due to the disruption in the hydrogen bonding 
interaction between sialic acid and the bacteria due to the strong ability 
of urea to break hydrogen bond interactions in host-guest chemistry. The 
agglomeration and aggregation state of SA-AuNPs strongly depends on 
the dispersion media. We show that in TSB we have been able to develop 
a colorimetric sensor based on the preferential uptake of sialic acid by S. 
aureus. In serum we were still able to identify the presence of bacteria 
but the sensor failed in discriminating the two different strains studied. 

5. Conclusions 

The preferential uptake of sialic acid by pathogenic bacteria can be 
used to agglomerate gold nanoparticles on their surfaces whereas a 
conventional positively charged polyelectrolyte attached to the surface 
of the same nanoparticles was unable to discriminate bacteria. This 
optical sensor was developed by a simple colorimetric analysis of the 
SPR band in the visible region showing that under the presence of 
bacteria the sharp SPR absorbance peak at 520 nm for the pristine NPs 
red-shifted to become a broad peak along the VIS spectrum which in
dicates nanoparticle agglomeration due to the reduction in the inter
particle spacing and scattering increase. The optical sensor here 
developed can also be used to discriminate between wild type S. aureus 
and MRSA which is one of the leading pathogens of hospital-acquired 
infections. The sensor was able to identify the presence of Gram+ bac
teria even under co-culture conditions with other Gram- bacteria. The 
discrimination ability between Gram+ and Gram-bacteria can be 
attributed to the different nature of the outside of the outer membrane 
for Gram- bacteria which is composed mainly of lipopolysaccharides 
surrounding an interior thin peptidoglycan cell wall, whereas Gram+

bacteria do not have an outer membrane but a thick peptidoglycan layer, 
and also to the different transporters of sialic acid identified for both 
types of bacteria. While the sensor was able to perform identification 
under TSB medium and in serum samples, it failed to identify bacteriuria 
in urine, probably due to the disruption of the hydrogen bonding be
tween sialic acid and bacteria due to the presence of urea. 
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