
Biosensors and Bioelectronics 201 (2022) 113969

Available online 7 January 2022
0956-5663/© 2022 Elsevier B.V. All rights reserved.

Nanoglycocluster based diagnostic platform for colorimetric detection of 
bacteria; A comparative study analysing the effect of AuNPs size, linker 
length, and glycan diversity 

Nitesh Priyadarshi a,b,1, Mayur D. Ambule c,d,1, Shimayali Kaushal a,b, Asheesh Kumar c, 
Poonam Sagar a,b, Ajay Kumar Srivastava c,d,**, Nitin Kumar Singhal a,* 

a National Agri-Food Biotechnology Institute (NABI), Sector-81, S.A.S. Nagar, Mohali, Punjab, India 
b Department of Biotechnology, Panjab University, Sector 25, Chandigarh, 160014, India 
c Medicinal & Process Chemistry Division, CSIR-Central Drug Research Institute, Lucknow, 226031, India 
d Academy of Scientific and Innovative Research, Ghaziabad, 201002, India   

A R T I C L E  I N F O   

Keywords: 
Nanoglycocluster 
Bacteria detection 
Gold nanoparticles 

A B S T R A C T   

Nanoglycoclusters, an upcoming class of functional nanomaterial are known to drive various processes like 
detection, imaging, targeting proteins, cells, and bacteria. Nanoglycoclusters are a type of nanomaterial func
tionalized with various glycans. The array of glycan in multiple copies enhances binding affinity with proteins. 
Selective and sensitive bacteria/lectin interactions using nanomaterials are an emerging area of research. The 
measurement of different ligand receptor interactions require sophisticated analytical tools that limit the 
application in biosensor domain. Recently, colorimetric biosensors gained importance in the field of the 
biosensor for the detection of bacteria/lectins. Herein we have demonstrated that different size of gold nano
particles (AuNPs) along with various polyethylene glycol (PEG) linkers, functionalized with synthesized 
monopod and tripod of mannose and galactose that have different bacteria/lectins specificity. The newly syn
thesized nanoglycoclusters were able to discriminate between different lectins and bacteria. The aggregation of 
specific nanoglycocluster upon interaction with specific bacteria/lectins revealed that mannose monopod (MM) 
and mannose tripod (MT) are specific to Escherichia coli and concanavalin A (ConA) lectin, while galactose 
monopod (GM) and galactose tripod (GT) are specific to Pseudomonas aeruginosa and Peanut agglutinin (PNA) 
lectin. Further, the binding events depict the affinity of tripod glycans is more with respect to its corresponding 
monopod glycans. Our findings explored the potential of colorimetric sensing depending upon the size of AuNPs, 
linker length, specificity, along with glycans density to develop user friendly diagnostic system for the detection 
of bacteria.   

1. Introduction 

In recent years, gold nanoparticles (AuNPs) based colorimetric bio
sensors have gained significant interest due to their sensitivity and 
applicability (Zhou et al., 2019; Zhu et al., 2021). AuNPs surface can be 
easily fabricated with different ligands that allows AuNPs to be used as 
colloidal sensor (Marín et al., 2014). AuNPs are red due to the surface 
plasmon absorption (SPR) around 520 nm and are used for different 
bioassays (Chen et al., 2017; Zulfiqar et al., 2020). AuNPs aggregation in 
colloidal solution shifts absorption peak due to the electric dipole-dipole 

interaction and the plasmon coupling of nanoparticles (Chen et al., 
2016; Uz et al., 2016). Mirkin and co-workers have modified the AuNPs 
with oligonucleotides to detect the complementary DNA sequences 
(Georgiou et al., 2020). AuNPs have been extensively used to detect a 
wide range of biomolecules including carbohydrates, DNA, and proteins 
(Gupta et al., 2020, 2021; Kaushal et al., 2021). Lectins are 
carbohydrate-binding proteins that have high specificity for glycans. 
Glyco-AuNPs based colorimetric sensors have been used for the detec
tion of lectins like concanavalin A (ConA) (Kaushal et al., 2019), Ricinus 
communis agglutinin (RCA), Cholera toxin, and virus hemagglutinin and 
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bacteria. Previous studies have shown the effect of size of AuNPs 
(Poonthiyil et al., 2015), length of linker (Schofield et al., 2008), and 
density of glycans (Toraskar et al., 2017) on the detection of different 
analytes. Carbohydrates are used extensively to study 
carbohydrate-carbohydrate (C–C) and carbohydrate-protein (C–P) in
teractions. Carbohydrates are known to offer sites for several hydrogen 
bonding and by exploiting this feature many research groups have 
synthesized various dendrimers of carbohydrates. The valency of gly
cans in a multivalent system is known to enhance the interaction with 
receptor (Timmer et al., 2016). Multivalent glycans result in enhanced 
binding with higher specificity and kinetic stability as compared to its 
corresponding monovalent glycan. Several studies have proved the role 
of multivalency in binding events especially in the case of carbohydrate 
and protein interactions (Marín et al., 2013; Online et al., 2016). By 
exploiting carbohydrate-protein interaction, multiple studies showed 
significant binding events with carbohydrate and protein. Nanotech
nology has emerged as a novel technology for the detection of bacteria. 
AuNPs have been extensively used for detection purposes due to their 
good localized surface plasmon response (LSPR) (Khiavi et al., 2020; H. 
Wang et al., 2019; Y. Wang et al., 2019). However the current bacterial 
detection techniques rely on the use of expensive sophisticated in
struments which require skilled manpower (Mathelié-Guinlet et al., 
2019; Rubab et al., 2018). Further current detection techniques are time 
consuming like PCR based methods, culture based methods, and costly 
with low temperature storage condition for antibodies and aptamers. To 
make an efficient, cost-effective, and sensitive biosensor, we have syn
thesized multivalent glycan that have high affinity towards respective 
bacterial lectins. The current study critically compares the affinity of 
AuNPs for bacteria/lectin detection based on different sizes of AuNPs, 
length of Poly (ethylene glycol) 2-mercaptoethanol ether acetic acid 
(PEG) and diversity of glycans. Here, AuNPs were synthesized by the 
Turkevich method introduced in 1951(Dong et al., 2020), and two 
different sizes (20 nm and 40 nm) were synthesized by varying the ration 
of gold to citrate (Egorova et al., 2020). A very small size of AuNPs is not 
sensitive (Poonthiyil et al., 2015) or very long particle size is also not 
sensitive (Zeng et al., 2012), so we have choosen 20 and 40 nm AuNPs. 
Two different AuNPs were stabilized by functionalization with PEG with 
two different chain lengths i.e., PEG1000 and PEG5000. 

Synthesis of amine-terminated mannose monopod (MM) and galac
tose monopod (GM) was done by modification of the anomeric position 
of the mannose and galactose respectively. Mannose tripod (MT) and 
galactose tripod (GT) were synthesized by using click chemistry between 
corresponding synthesized sugar azides and alkyne. Further, the syn
thesized glycans were functionalized onto the surface of PEGylated 
AuNPs (nanoglycocluster) to design novel biosensors for specific bac
terial detection (Fig. 1). The different nanoglycocluster were found to be 
stable at different sodium chloride (NaCl) concentration (0.01M and 
0.1M NaCl), temperature condition (4 ◦C, 25 ◦C, and 37 ◦C), and at 
different pH condition (pH 3 to pH 10). The resultant nanoglycoclusters 
showed significant binding with respective bacteria and lectins. The 
tripod glycan showed higher affinity towards target bacteria/lectins as 
compared to the corresponding monovalent ligands. MT showed a sig
nificant increase in binding with ConA and E. coli with respect to its 
corresponding MM, which is visible through UV–visible spectropho
tometry, colorimetric change, transmission electron microscopy (TEM), 
field emission scanning electron microscope (FE-SEM), and confocal 
laser scanning microscopy (CLSM). Whereas, MM and MT did not show 
any binding with nonspecific lectins. Similarly, GM and GT have shown 
binding with PNA due to their specificity with PNA and not with ConA. 
Further to test binding event with bacterial cell two MTCC cultures of 
Escherichia coli and Pseudomonas aeruginosa were allowed to interact 
with synthesized MM, MT, GM, and GT nanoglycoclusters. E. coli which 
contains ConA type of lectins showed significant enhancement in 
binding pattern with MT as compared to MM. As Pseudomonas aeruginosa 
contains PNA type of lectin, it showed an affinity for GM and GT. The 
affinity of these glycans has also been tested with a real sample and other 
standard cultures obtained from MTCC. Finally a user friendly diag
nostic system has been developed for specific detection of bacteria. 

2. Materials and methods 

2.1. Materials 

Poly (ethylene glycol) 2-mercaptoethyl ether acetic acid (PEG1000 
and PEG5000), anthrone reagent, Gold(III) chloride (HAuCl4), ConA, and 
PNA, were purchased from Thermo fisher Scientific. 4′,6-diamidino-2- 

Fig. 1. Schematic representation of functionalized AuNPs with monopod sugar and tripod sugar and their aggregation in presence of target bacteria.  
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phenylindole dihydrochloride (DAPI), 2-(N-Morpholino) ethane sul
fonic acid hydrate (MES buffer) carbon coated copper grid, Tris 
(hydroxymethyl)aminomethane (≥99.8%), Propargyl bromide solution 
(80 wt% in toluene), Calcium chloride (CaCl2), Potassium hydroxide 
(85%), Trifluoroacetic acid (99%), β-Alanine (99%), Trimethylsilyl tri
fluoromethane sulfonate (>99%), 2-(2-Aminoethoxy)ethanol (98%) 
Palladium on activated charcoal (10% Pd Basis Pd/C), β-D-Galactose 
pentaacetate (98%), α-D-Mannose pentaacetate (>99%), (+)-Sodium L- 
ascorbate (98%), Manganese chloride (MnCl2), Glutaraldehyde (2%), 
Tannic acid, Trisodium citrate dihydrate (Na3C6H5O7.2H2O), and 
HEPES (4- (2-hydroxyethyl)-1-piperazineethane sulfonic acid), were all 
purchased from Sigma-Aldrich. Sodium methoxide, Hydrogen chloride 
2M in Methanol, and Sodium azide was purchased from Spectrochem. 1- 
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3- 
oxid hexafluorophosphate (99%, HATU), Di-tert-butyl dicarbonate 
(99%), and Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (97% 
TBTA), were procured from TCI Ltd. Copper(II) sulfate pentahydrate 
(98%), HCl, NaOH, Sodium chloride (NaCl), EDC (1-ethyl-3-(3-dime
thylaminopropyl) carbodiimide hydrochloride) were purchased from 
Avra Chemicals. Boron trifluoride diethyl etherate (99.9%), N, N-Dii
sopropylethylamine (97%, DIPEA) were purchased from Alfa Aesar. 
Cotton swabs and meat were purchased from nearby local shop. 

2.2. Methods 

2.2.1. Synthesis of glycans 
Two different glycans were used as starting material namely α-D- 

Mannose pentaacetate and β-D-Galactose pentaacetate for the synthesis 
of amine-terminated monopod and tripod of the respective glycans. For 
the synthesis of sugar monopods anomeric position of the glycan was 
modified with 2-(2-azidoethoxy)ethan-1-ol to obtain ethereal linkage in 
monopod and for the synthesis of tripods click chemistry (Kaur et al., 
2019) was performed between respective glycan azides and alkyne (SI 
Scheme 1, 2, and 3) (Kaur, 2019; Kaur et al., 2020). 

2.2.2. Synthesis of different sizes of citrate stabilized AuNPs 
Turkevich method was followed for the synthesis of citrate-capped 

AuNPs. 1 mL of 25 mM gold chloride was mixed with 99 mL of Milli- 
Q water (MQ) and kept for boiling, after which 114 mM sodium cit
rate was added, and the reaction was kept on boiling for the next 10 min 
for synthesis of 20 nm AuNPs. For the synthesis of 40 nm, AuNPs 25 mM 
gold chloride was mixed to 99 mL of MQ and kept for boiling, after 
which 57 mM sodium citrate was added, and the reaction was kept on 
boiling for the next 10 min for synthesis of 40 nm AuNPs. The molar 
ratio of sodium citrate to gold chloride was the primary factor to achieve 
the desired particle size (Krpetić et al., 2012). AuNPs were further 
functionalized with two different PEG1000 and PEG5000 separately (SI 
Fig. 25). 

2.2.3. Carbohydrate functionalization to PEGylated AuNPs and their lectin 
assay 

All the four different glycans namely, MM, MT, GM, and GT were 
functionalized on PEGylated AuNPs by using EDC chemistry. The 
amount of bound glycan was estimated by anthrone test. For the func
tionalization of glycan, respective glycans were mixed with the pellet of 
AuNPs and then incubated for almost 3 h at room temperature (RT) with 
intermittent mixing. After incubation, the pellet was washed twice with 
MES buffer (10,000 rpm for 45 min) and the resultant pellet was used 
and diluted accordingly for lectin and other bacterial aggregation as
says. ConA has an affinity for mannose (Otten et al., 2016) and PNA has 
an affinity for galactose (Martínez-Hernández et al., 2019) and thus 
ConA and PNA were chosen to examine their affinity for different 
nanoglycoclusters. Lectins solution were prepared by dissolving in 10 
nM HEPES buffer containing 0.01 mM MnCl2, 0.1 mM CaCl2, and 0.05 M 
NaCl. Different synthesized glycans were mixed with various concen
trations of lectins in equal proportion (1:1) in a 96-well plate and further 

kept for incubation for next 30 min at RT. Post incubation the readings 
were recorded by UV–visible spectrophotometer. 

2.2.4. Stability of different nanoglycocluster 
The stability of different nanoglycocluster were tested at varying 

temperature (4 ◦C, 25 ◦C, and 37 ◦C), salt concentration (0.01M and 
0.1M), and pH (3–10). For temperature study different nano
glycoclusters were stored at 4 ◦C, 25 ◦C, and 37 ◦C, and subsequently 
analysed by UV–visible spectroscopy for 0 day and at 10th day of in
cubation. For salt stability assay, nanoglycoclusters were diluted with 
different concentration of NaCl (0.01M and 0.1M) and the absorbance 
was measured from 350 to 800 nm using UV–visible spectroscopy for 0 h 
and after 24 h. For pH stability assay, nanoglycoclusters were diluted 
with different pH solution and UV–visible spectra were recorded at 0 h 
and after 24 h of incubation. 

2.2.5. Bacterial detection with nanoglycoclusters 
The bacterial interaction with synthesized nanoglycoclusters were 

analysed by TEM, FE-SEM, and CLSM. Two different microbial strains 
were selected i.e., P. aeruginosa (MTCC 1934) and E. coli (MTCC 443), 
purchased from microbial type culture collection and gene bank 
(MTCC). Both the cultures were stored at − 20 ◦C which was revived by 
the streaking culture method on nutrient agar plates and kept for incu
bation at 37 ◦C for 16 h. Single bacterial colonies were picked from the 
grown culture on LB-Agar plate and were re-inoculated in nutrient broth 
medium and further incubated for 16–18 h at 37 ◦C. After incubation, 
the bacterial cultures were harvested by centrifugation (10,000 rpm, 10 
min) and the pellet was washed twice with autoclaved phosphate buffer 
(PB) (1X, 0.01M) and, the cultures were serially diluted from 109 CFU/ 
mL (OD-1.0) to 101 CFU/mL. For bacterial interaction study, different 
CFU/mL of bacteria were incubated with different functionalized 
nanoglycocluster in an equal proportion (1:1) for 30 min at RT. For TEM 
analysis, 107 CFU/mL of two different bacteria, E. coli and P. aeruginosa 
were pre-incubated with different nanoglycoclusters of mannose and 
galactose at RT for 30 min. After incubation 2 μL of the sample was 
coated on a TEM grid and allowed to dry for 4–5 h at RT then the sample 
was analysed under TEM. To test different bacteria E. coli MTCC 443, 
E. coli MTCC 1610 (Li et al., 2020), Listeria monocytogenes (MTCC 657), 
and Listeria monocytogenes (MTCC 1143) (Ceruso et al., 2020) were 
tested with MT and GT. Bacterial binding was also checked by FE-SEM, 
107 CFU/mL of E. coli was incubated with different nanoglycocluster 
(MM, MT, GM, and GT) in 1:1 ratio and kept for incubation for 30 min at 
RT. After incubation, the cells were fixed by 2% glutaraldehyde solution 
for 2 h and then washed twice with PB (1X, 0.01M) and stained with 
tannic acid (1%) for 1 h. After incubation the sample was washed twice 
with PB buffer and then dehydrated serially with different concentration 
of ethanol (10%, 30%, 50%, 70%, 90% and 100%) with intermittent 
incubation of 5 min at each step. Further to check bacterial binding 
CLSM was used to investigate the binding of mannose and galactose 
probe with P. aeruginosa and E. coli respectively. Both bacteria of 107 

CFU/mL were incubated with MM, MT, GM, and GT for 30 min at RT. 
The bacteria adhered with glycans functionalized nanoparticles were 
mixed with an organic dye DAPI (1:1000 for 10 min). Bacteria were then 
centrifuged (10,000 rpm for 10 min) and the pellet was resuspended in 
PB buffer and washed twice and then cells were fixed with 4% (w/v) 
paraformaldehyde (Toraskar et al., 2017). The fixed cells were casted on 
glass slide and analysed under CLSM. 

2.2.6. Development of user friendly diagnostic system 
Bacterial dilution was prepared as per standard serial dilution 

method for obtaining different dilution of bacteria in the range of 
107–103 CFU/mL. A set of autoclaved cotton swab was dipped in the 
different dilutions of bacteria along with control (PB) to immobilize 
bacteria on cotton swabs. The immobilization of bacteria was confirmed 
by plating on LB agar plate. The bacteria immobilized cotton swab was 
dipped separately in eppendorf tubes consisting of different 
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nanoglycocluster (MT and GT) at RT for 30 min. The swabs were ana
lysed for any colour change with respect to control (Raji et al., 2021). 

2.2.7. Test on real samples 
For testing of the real sample, 2 g of meat was homogenized and 

filtered to remove tissues debris and the filtrate was collected and 
diluted in a 1:10 ratio. Different CFU/mL of E. coli (108 to 103) were 
spiked in diluted meat sample and incubated with MT in 1:1 ratio at RT 
for 30 min for observation of colorimetric change. After incubation, the 
data were recorded on UV–visible spectrophotometer. 

3. Result and discussion 

3.1. Characterization of synthesized glycans 

Glycans monopods were synthesized from previously published 
procedures and characterized by 1H, 13C NMR, and HRMS (Palmioli and 
Ferla, 2018). The synthesized glycans were characterized by 1H NMR 
and 13C NMR (Figs. S11-S14). Compound 1 (MM) showed a character
istic peak at δ 4.80 ppm for anomeric position H-1 as singlet (Fig. S11) 
and anomeric carbon peak came at δ 101.7 ppm (Fig. S12), while for 
compound 2 (GM) this peak came at δ 4.29 ppm for anomeric position 
H-1 as doublet (Fig. S13) and anomeric carbon peak came at δ 105.0 
ppm (Fig. S14). Synthesized MM and GM showed HRMS peak (M + H)+

at 268.1389 and 268.1383 respectively (Fig. S21 and Fig. S22). The 
tripod synthesized by using Click Chemistry (Henning et al., 2020) and 
the HRMS showed desired mass peak (M + H)+ at 1186.5322 for other 
tripods at 1186.5315 (Fig. S23 and Fig. S24). Glycan tripods offer 
multiple site of interaction with receptor with respect to its monopod 
glycans (Budhadev et al., 2020). 

3.2. Characterization of AuNPs and nanoglycocluster 

AuNPs were synthesized by Turkevich method with modification for 
the synthesis of two different sizes of AuNPs (20 nm and 40 nm) (Shi 
et al., 2017). Fig. 2A illustrates the successful synthesis of 20 nm AuNPs 
and 40 nm AuNPs, and characterized by UV, TEM, and FE-SEM. The PEG 
functionalization of two AuNPs was confirmed by stability of AuNPs in 
presence of 0.01M NaCl with respect to bare AuNPs (Fig. S25). The 
stability of different nanoglycoclusters were studied at different tem
perature (4 ◦C, 25 ◦C, and 37 ◦C), (Figs. S26 and S27), salt concentration 
(0.01 M and 0.1M NaCl) (Fig. S28), pH (3–10) (Figs. S29 and S30), and 
found to be stable. The functionalization of two different PEG linker 
(PEG1000 and PEG5000) and four different glycans (MM, MT, GM, and 
GT) onto two different AuNPs (20 nm and 40 nm) were characterized by 
UV–visible spectrophotometer and change in zeta potential (ζ) was 
recorded at each step of functionalization (Fig. 2B ii and iii). Bare 
AuNPs20 nm have a zeta potential of − 40.6 mV (Fig. 2A iv), which 
further decreased to − 52.48 mV on PEG1000 functionalization and 
similarly bare AuNPs40 nm have a zeta potential of − 44.7 mV which 
further decreased after PEG1000 functionalization (ζ − 55.3 mV) due to 
negative charge of COOH group on AuNPs. Similarly, the change in zeta 
potential was observed for AuNPs20 and AuNPs40 after PEG5000 func
tionalization (Table S1). After modification with different glycans (MM, 
MT, GM, and GT), zeta potential shifted towards less negative side due to 
the masking of COOH group as a result of amide coupling between 
COOH group of PEGylated AuNPs and NH2 group of synthesized glycan 
(Table S1). 

3.3. Quantification of synthesized glycans on AuNPs 

The glycans were functionalized onto PEGylated AuNPs by EDC 
chemistry since PEG-AuNPs have a free carboxyl group and synthesized 

Fig. 2. Characterization of 20 nm and 40 nm AuNPs and sugar immobilization onto AuNPs. A. (i) UV–visible absorbance spectra of 20 nm AuNPs and 40 nm AuNPs. 
TEM image of (ii) 20 nm AuNPs (iii) 40 nm AuNPs. (iv) Zeta potential of 20 nm and 40 nm AuNPs. FE-SEM images of (v) 20 nm AuNPs (vi) 40 nm AuNPs. B. (i) 
UV–visible absorbance spectra of AuNPs -PEG1000 and different glycan functionalization. Zeta potential of (ii) 20 nm AuNPs-PEG1000 and different glycan func
tionalization (iii) 40 nm AuNPs-PEG1000 and different glycan functionalization. 
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glycan has a free amino group, therefore amide coupling occurs between 
COOH group of AuNPs and NH2 group of glycan in the presence of EDC. 
The amount of immobilized glycan was estimated by anthrone test and 
was estimated separately for each group (Fig. S31 and Table S1). The 
shorter linker length PEG1000 have less immobilized sugar due to steric 
hindrance between the glycans w.r.t longer length PEG5000 which pro
vides degree of freedom for incorporation of more glycan on its surface. 

3.4. Lectin specificity for synthesized glycans 

ConA and PNA were selected to test the affinity of different synthe
sized nanoglycocluster and their interaction were recorded by UV–vi
sible spectrophotometry. Different concentration of lectins were 
incubated with nanoglycoclusters in a ratio of 1:1 at RT for 30 min. The 
colorimetric change was observed in mannose with ConA (Fig. S32) due 
to specific ligand receptor interaction. Similarly, colorimetric change 
was observed for galactose with PNA (Fig. S33) due to specific ligand 
receptor interaction. But no significant changes were observed in PNA 
with mannose (Fig. S34) and ConA with galactose (Fig. S35) due to non- 
specificity. The lectin-nanoglycocluster interaction was also confirmed 
by the increase in peak at 700 nm and sharp decrease at 520 nm (Won 
et al., 2017). Limit of detection (LOD) of lectins for different glycan 
ranged from nanomolar (nM) to picomolar (pM) range as depicted in 
previous studies (Chen et al., 2019). The LOD of the current study in the 
case of MM, MT, GM and GT is 10 nM ConA, 60pM ConA, 20 nM PNA 
and 80pM PNA respectively for AuNPs20- PEG1000 functionalized gly
cans (Table S1). The tripod glycan offers more site of binding with 
respective lectins as compared to its monopods, so tripods have lower 
LOD and higher sensitivity. 

The shorter linker length i.e., PEG1000, and smaller particle diameter 
(20 nm) proved to be more sensitive for detection of lectin as compared 
to larger particle diameter (40 nm) and longer linker length i.e., 
PEG5000. A smaller particle size have more degree of freedom to mobilise 
and result into faster aggregation and higher sensitivity with lower 
detection limits as compared to larger particle size (Zeng et al., 2012). A 
short chain enables formation of denser aggregates as the particles are 

brought closer leading to smaller interparticle distances and therefore 
resulting in more aggregation of AuNPs (Schofield et al., 2008). A short 
chain linker provides superior aggregation with lectins and bacteria 
displayed a lower LOD with respect to longer chain lengths. Previous 
studies have shown that aggregation of short chain mannose stabilized 
AuNPs induced by ConA (Hone et al., 2003). 

3.5. Specificity of synthesized glycan for bacteria 

The affinity of synthesized glycans was investigated for two different 
bacteria, E. coli and P. aeruginosa. Mannose has an affinity for E. coli due 
to presence of ConA lectin on the surface of E. coli. While galactose has 
an affinity for P. aeruginosa due to presence of PNA lectin on the surface 
of P. aeruginosa. The dissociation constant (Kd) of MM, MT, GM, and GT 
were 34.48 nM, 18.39 nM, 37.02 nM, and 16.15 nM respectively 
(Fig. S31 B) which was calculated by interaction studies with bacteria. 
The lower Kd value attribute to tripod glycan which shows higher 
binding affinity with respect to monopod glycan. To check the speci
ficity of synthesized glycan, different CFU/mL of bacteria were incu
bated with nanoglycoclusters in a ratio of 1:1 at RT for 30 min. 
Colorimetric change, as well as a shift in UV–visible spectra, was 
observed in mannose conjugated AuNPs with E. coli (Fig. 3) and galac
tose with P. aeruginosa (Fig. S36), However there was no change in 
P. aeruginosa with mannose (Fig. S37) and E. coli with galactose 
(Fig. S38) due to absence of specific receptor-ligand interaction. LOD of 
bacteria for different synthesized biosensors ranged from 2.8 × 107 

CFU/mL (for MM) to 1.4 × 104 CFU/mL (for MT). Previous studies have 
reported LOD of 1.5 × 107 CFU for monopod (Richards et al., 2014). The 
LOD for AuNPs20- PEG1000 MM, MT, GM and GT was 2.8 × 107 CFU/mL, 
1.42 × 104 CFU/mL, 2.8 × 107 CFU/mL, and 1.42 × 104 CFU/mL 
respectively. The tripod glycan offers more sites of binding with 
respective lectin present on specific bacteria compared to its corre
sponding monopods, so tripods displayed lower LOD with high sensi
tivity. The shorter linker length i.e., PEG1000, and smaller particle 
diameter (20 nm) proved to be more sensitive for detection of bacteria as 
compared to larger particle diameter (40 nm) and longer linker length i. 

Fig. 3. Bacterial aggregation assay of E. coli with 20 nm and 40 nm AuNPs conjugated with two different linkers PEG1000 and PEG5000 and their subsequent 
conjugation with mannose monopod and mannose tripod. A. E. coli aggregation assay of 20 nm AuNPs functionalized with (i) MM + PEG1000 (ii) MM + PEG5000 (iii) 
MT + PEG1000 (iv) MT + PEG5000. B. E. coli aggregation assay of 40 nm AuNPs functionalized with (i) MM + PEG1000 (ii) MM + PEG5000 (iii) MT + PEG1000 (iv) MT +
PEG5000. Abbreviations: MM (mannose monopod), MT (mannose tripod). 
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Fig. 4. TEM images of E. coli and P. aeruginosa with different MM and MT conjugated nanoparticles at 107 CFU/mL bacteria. A. TEM image of E. coli with (i) MM (ii) 
MT (iii) GM (iv) GT. B. TEM images of P. aeruginosa with (i) MM (ii) MT (iii) GM (iv) GT. Abbreviations: MM (mannose monopod), MT (mannose tripod), GM 
(galactose monopod), GT (galactose tripod). 

Fig. 5. FE-SEM Images of E. coli with different nanoglycocluster (i) Control E. coli (ii) E. coli + GM (iii) E. coli + GT (iv) E. coli + MM (v) E. coli + MM at 1 μm scale 
(vi) E. coli + MM at 500 nm scale (vii) E. coli + MT (viii) E. coli + MT at 1 μm scale (ix) E. coli + MT at 500 nm scale. Abbreviations: MM (mannose monopod), MT 
(mannose tripod), GM (galactose monopod), GT (galactose tripod). 
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e., PEG5000 (Schofield et al., 2008). So further studies were continued 
with AuNPs20- PEG1000. 

3.6. Bacterial aggregation studies 

To study the specific aggregation of glycan functionalized AuNPs, we 
used TEM, FE-SEM, and CLSM. TEM analysis (Fig. 4A i and ii) showed 
the affinity of mannose conjugated AuNPs for E. coli due to presence of 

ConA type lectin on E. coli surface (Yazgan et al., 2014) as the majority 
of mannose coated AuNPs found aggregated in close proximity of E. coli, 
whereas there is no specific aggregation of mannose conjugated AuNPs 
when incubated with P. aeruginosa (Fig. 4B i and ii) due to absence of 
specific receptor and vice-versa in the case of galactose conjugated 
AuNPs. In Fig. 4 and Fig. S39 we can observe the enhancement in the 
binding of AuNPs when MT is used with E. coli with respect to MM and 
the same in the case of GT along with P. aeruginosa (Fig. S40). Tripod 

Fig. 6. A and B CLSM images of E. coli and P. aeruginosa with different MM and MT conjugated nanoparticles at 107 CFU/mL bacteria. A (i) & (ii) CLSM image of 
E. coli with MM. (iii) & (iv) CLSM image of E. coli with MT. B (i) & (ii) CLSM image of P. aeruginosa with MM. (iii) & (iv) CLSM image of P. aeruginosa with MT. C and 
D An easy to use diagnostic system for E. coli and P. aeruginosa with mannose tripod and galactose tripod sensor. C image of (i) E. coli with mannose tripod (ii) 
P. aeruginosa with mannose tripod. D image of (i) E. coli with galactose tripod (ii) P. aeruginosa with galactose tripod. Abbreviations: MM (mannose monopod), MT 
(mannose tripod), GT (galactose tripod). 
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glycans offer more binding sites for respective ligands so, tripod shows 
higher binding pattern with respect to monopod glycans. While there 
was no aggregation in P. aeruginosa with mannose conjugated AuNPs 
(Fig. S41) and E. coli with galactose glycan (Fig. S42) due to presence of 
non-specific receptors on respective bacterial surface. The observed 
aggregation again reflects the specificity of mannose and galactose for 
E. coli and P. aeruginosa respectively. 

In FE-SEM images of E. coli with different nanoglycoclusters (MM, 
MT, GM, and GT) (Fig. 5), the mannose functionalized AuNPs were 
adhered on the surface of E. coli (Fig. 5 iv to 5 ix) due to presence of 
specific receptor (ConA). Whereas the galactose functionalized AuNPs 
did not adhere with E.coli due to non-specificity (Fig. 5 ii and 5 iii). 
Further the MT nanoglycocluster show enhanced binding with E.coli 
surface (Fig. 5 vii to 5 ix) corresponding to MM (Fig. 5 iv to 5 vi). In 
CLSM (Fig. 6A) enhanced aggregation of mannose functionalized AuNPs 
was observed in the case of E. coli with respect to galactose AuNPs 
(Fig. S43). Further MT showed more aggregation (Fig. 6A iii) with 
respect to MM and not with P. aeruginosa (Fig. 6B). It again proves the 
affinity of mannose for E. coli cells and in the same way, the GT resulted 
in more aggregation with P. aeruginosa with respect to GM and there was 
no significant aggregation with E. coli cells (Fig. S43), due to presence of 
specific receptor for mannose on E. coli surface and galactose on 
P. aeruginosa surface. 

3.7. Development of diagnostic tool for bacterial detection 

The cotton swabs immobilized with bacteria E. coli (MTCC 443) and 
P. aeruginosa were dipped in MT and GT nanoglycocluster. The E. coli 
immobilized swab showed disappearance of red colour of AuNPs with 
MT in the range of 107 to 104 CFU/mL due to aggregation of MT AuNPs. 
However, no colour change was observed in P. aeruginosa immobilized 
swab due to non-specificity. In similar way P. aeruginosa immobilized 
swab showed change of colour in presence of GT AuNPs in the range of 
107 to 104 CFU/mL due to aggregation of galactose functionalized 
AuNPs in the presence of PNA type of lectin present on the surface of 
P. aeruginosa and no colour change was observed in E. coli immobilized 
swab due to non-specificity (Fig. 6C and D). The visible colorimetric 
change was independently confirmed by four researchers for change in 
colour w.r.t control and nonspecific bacteria. 

3.8. Specificity of different food borne bacteria and real sample testing 

For studying the affinity of different bacteria, two glycans MT and 
GT, four food borne bacteria, Escherichia coli (MTCC 443), Escherichia 
coli (MTCC 1610), Listeria monocytogenes (MTCC 657), Listeria mono
cytogenes (MTCC 1143) were incubated in a ratio of 1:1 with function
alized AuNPs at RT. 50 μL of 104 CFU/mL of different bacteria were 
incubated with 50 μL of MT and GT AuNPs. The MT showed a spectral 
shift in UV–visible spectrophotometer and also colorimetric change with 
both the strains of E. coli and not with any L. monocytogenes (Fig. S44 A i) 
due to presence of specific receptor (Con A) on the surface on E. coli, 
while GT showed spectral as well as UV–visible change with both the 
strains of L. monocytogenes only and not with E. coli (Fig. S44 A ii) due to 
presence of specific receptor (PNA) (Ceruso et al., 2020) on the surface 
of L. monocytogenes. Which again proves the affinity of mannose for 
E. coli and affinity of galactose for L. monocytogenes. The bacterial 
binding with the respective glycans were also observed under TEM 
(Fig. S44B i and ii). In the case of a real sample, the spiked meat with 
E. coli at different dilutions (108 to 103 CFU/mL) was incubated with MT 
and spectral changes and colorimetric changes were observed up to 104 

CFU/mL (Fig. S44 A iii). The binding of MT functionalized AuNPs was 
also observed in TEM image (Fig. S44 B iii). 

3.9. Quantification of bacteria by nanoglycocluster 

For quantification studies we have chosen our two best 

nanoglycocluster (20 nm PEG1000 MT and 20 nm PEG1000 GT). To 
quantify the bacteria in contaminated sample, the colour signal pro
duced upon aggregation was converted into optical density (OD) by 
taking change in absorbance (ΔOD) at 520 nm with respect to control (0 
CFU/mL). The change in OD (Δ OD) in contaminated sample with 
respect to control were plotted against different log CFU of bacteria 
(Sung et al., 2013). The Δ OD increases linearly as the amount of bac
teria increases from 1.42 × 103 CFU/mL to 1.42 × 106 CFU/mL 
(Fig. S45). Both the standard curves were analysed via linear regression 
and the observed regression equation was Y = 0.1802*X-0.5317 for MT 
and Y = 0.112*X-0.3195 for GT (R2 = 0.98 for MT and R2 = 0.97 for GT), 
Where X is the cell number in log CFU. Bacteria in an unknown sample 
can be calculated by equation Y = 0.1802*X-0.5317 for MT and Y =
0.112*X-0.3195 for GT (Fig. S45). 

4. Conclusion 

In conclusion, we have synthesized four glycans and functionalized 
them onto two different-sized AuNPs with two distinct linkers. The 
lectin binding assay, bacterial aggregation assay, TEM characterization, 
FE-SEM characterization and CLSM analysis clearly showed the effect of 
nanoparticle size, linker length, and multivalency on the sensitivity to
wards lectins and bacteria. From the above study, we can conclude that 
the sensitivity of the nanoglycocluster increases with smaller nano
particle size, shorter linker length, and multivalency of glycans. Multi
valency plays a vital role in increasing the sensitivity of probes for 
carbohydrate-protein interaction. Overall, this study can be used to 
design a smart probe for in-situ rapid detection of bacteria. The user 
friendly diagnostic can be used to detect bacterial contamination in food 
samples and contaminated surfaces. 
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