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MATERIALS AND METHODS. 

Chemical reagents and solutions. 

All chemicals including tannic acid, polyethyleneimine (PEI), PrCl3, GdCl3, and agarose were 

purchased from Sigma-Aldrich and used without any further purification. YbCl3 was purchased 

from Alfa Aesar chemicals. Brain heart infusion (BHI), Luria broth (LB), and Soy broth were 

purchased from Hardy Diagnostics. E. coli, S. mutans, and B. subtilis were procured from 

ATCC and the viruses were obtained from BEI Resources, NIAID, NIH. NR-52350 contains a 

preparation of heat-inactivated severe acute respiratory syndrome-related coronavirus 2 

(SARS-CoV-2), isolate USA-WA1/2020 (BEI Resources NR-52286) diluted into Homo 

sapiens lung carcinoma cells (A549; ATCC ® CCL-185™), whereas NR-49452 is a preparation 

of influenza A virus, A/Mexico/UTMB/1/2009 (H1N1)pdm09. 

Nanoparticles Characterization. 

To visualize the CNPs morphology, TEM micrographs were obtained using a JEOL 2100 Cryo 

TEM instrument (Tokyo, Japan) equipped with a Gatan UltraScan 2k × 2k charge-coupled 

device (CCD) camera. Prior to the imaging, the samples were probe sonicated, and then 5 μL 

sample was drop-cast onto a holey carbon-coated copper grid. The anhydrous diameter was 

determined from 30 random measurements of the NPs using ImageJ software (NIH, Bethesda, 

MD, USA). The number-averaged hydrodynamic size and electrophoretic potential of the CNPs 

dispersed in water were recorded using a Malvern Zetasizer Nano series (Malvern Instruments 

Ltd., United Kingdom) at 25 °C based on Smoluchowski equation. The absorbance spectra of 

LnCNPs were recorded on a GENESYS 10 UV−Vis spectrometer (Thermo Scientific, MA). 

Fluorescence spectra were recorded using an Infinite 200 PRO multimode microplate reader 

(Tecan, NC, US). 

FT-IR Measurement. 

MirrIR IR-reflective glass slides (Kevley Technologies, Chesterland, Ohio, USA) were used 

for sample deposition. An aqueous suspension of the LnCNPs was dried onto the glass slides 

and then the measurement was taken place using Nicolet Nexus 670 FTI-IR (Fredrick Seitz 

Material Research Laboratories, Urbana, Illinois, USA). The measurement was collected at 1 

cm−1 spectral resolution with 200 scans per pixel for 100 × 100 µm images with a 25 × 25 µm 

pixel size. Separate spectra were corrected for atmospheric contributions. 

Preparation of Bacteria Solution for Selectivity Study. 

A single colony of bacteria on a solid agar plate was transferred to 10 mL corresponding broth 

medium and grown at 37 °C for 6-8 h (culture medium: LB for E. coli, BHI for S. mutans, and 

TSB for B. subtilis. Microorganisms were harvested by centrifuging at 4400 rpm for 5 min. The 

obtained microorganisms were resuspended with PBS. Then the bacterial samples were diluted 

to obtain various cell densities. 

Docking Studies. 

The chemical structures were first energy minimized using a general ab initio quantum 

chemistry package, General Atomic and Molecular Electronic Structure System 

(GAMESS) program. We used B3LYP functional while performing the density 

functional theoretical (DFT) calculations with 3-21G(d) as the basis set. Pople N31 was 

used for the polar groups. These energy minimized structures were then undertaken for 

docking studies using AutoDock 4.0 software. 
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Figure S1. The autofluorescence of the bare agarose gel, and the bacteria cells (B. subitilis, S. 

mutans, and E. coli) relative to the LnCNPs sensor response. 
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Figure S2. The fluorescence signature of each bacterium was recorded by the three LnCNPs-

based sensor platforms. (a) Relative fluorescence intensity of the three LnCNPs was recorded 

for the three bacterial samples. (b) Heat map of the sensor array fluorescence response. 

 

 

Figure S3. (a) 2D plot of the fluorescence output of PrCNPs vs. YbCNPs and (b) 2D plot of 

the fluorescence output of PrCNPs vs GdCNPs for the three bacteria. 
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Figure S4. The Standard curve of the change in YbCNPs fluorescence as a function of the 

SARS-CoV-2 concentration (Ct numbers) obtained from RT-PCR. The fitted data was further 

used to evaluate the sensor array sensitivity towards SARS-CoV-2 and calculate the LOD in 

copies/µL. 
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Figure S5. (a) Transmembrane Beta-Barrel Protein: Ferric citrate transporter FecA for 

Escherichia coli (PDB ID: 1PO3); (b) Transport Protein: triscatecholate siderophore binding 

protein FeuA for B. subtilis (PDB ID: 2WHY); (c) Cell Adhesion Protein: C-terminal domain 

of S. mutans surface protein SpaP (PDB ID: 3OPU); (d) Viral Protein: Hemagglutinin 

structure of an avian H1N1 influenza A virus (PDB ID: 3HTO); (e) Viral Protein: SARS-CoV 

spike glycoprotein (PDB ID: 5XLR); (f) Viral protein: SARS-CoV-2 spike glycoprotein 

(PDB ID: 6VXX). 

 

 

 

 
Figure S6. Energy minimized structures of the lanthanide-doped carbon nanoparticles: (a) 

PrCNPs; (b) GdCNPs and (c) YbCNPs. 

 

(a) (b) (c)

(d) (e) (f)

(a) (b) (c)
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Figure S7. Histogram representing the number of conformations with the binding energy for 

(a) 1PO3 (E. coli) : GdCNP; (b) 2WHY (B. subtilis) : GdCNP and (c) 3OPU (S. mutans) : 

PrCNP protein-ligand complexes. 

 

(a)

(b)

(c)
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Figure S8. Histogram representing the number of conformations with the binding energy for 

(a) 3HTO (H1N1 influenza A) : PrCNP; (b) 5XLR (SARS-CoV) : PrCNP and (c) 6VXX 

(SARS-CoV-2) : GdCNP protein-ligand complexes. 

(a)

(b)

(c)
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Figure S9. The LnCNPs sensor response towards the bovine serum albumin (BSA) and 

SARS-CoV-2 spike protein. The BSA shows a very low response when compared to an 

equivalent amount of the SARS-CoV-2 spike protein. 
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Figure S10. Fluorescence response of LnCNPs sensor array toward S. mutans in both 

artificial saliva and PBS. 

 

 

 

 

 
Figure S11. The fluorescence intensity scan of the 96-well plate LnCNPs sensor array, 

λEx=360nm and λEm=460nm. 
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Figure S12. The stability data of the LnCNPs sensor array. A relative change in the 

fluorescence signal of less than 25% was observed after a month of fabricating the sensor 

array. The sensor was stored at room temperature away from light. 

 

 

 

 

 

Table S1. LnCNPs sensor array response to E. coli samples with cell density ranging from 1-

107 cells. The sensor provides a distinct and detectable response up to single-cell resolution.  
GdNPs PrCNPs YbCNPs 

 Mean SD Mean SD Mean SD 

107 0.63 0.10 0.54 0.10 0.62 0.02 

106 0.58 0.02 0.46 0.01 0.63 0.01 

105 0.31 0.3 0.31 0.18 0.45 0.24 

104 0.17 0.06 0.04 0.01 0.024 0.01 

103 0.14 0.05 0.06 0.007 0.24 0.009 

102 0.09 0.07 0.10 0.04 0.07 0.01 

10 0.01 0.01 0.10 0.04 0.20 0.08 

1 0.19 0.01 0.09 0.12 0.15 0.07 
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Table S2. Comparative free energies of binding and clustering efficiencies of lanthanide-doped 

carbon nanoparticles and surface proteins of bacteria and viruses. 

 
 

 

Table S3. List of participating amino acids and functional groups from lanthanide-doped 

carbon nanoparticles in the respective protein-ligand complexes. 

 

Protein LnCNPs Average Free Energy of Binding (kcal/mol) Clustering

1PO3 (E. coli) Gd -7.38 37/100

1PO3 (E. coli) Pr -7.24 43/100

1PO3 (E. coli) Yb -6.02 38/100

2WHY (B. subtilis) Gd -7.85 35/100

2WHY (B. subtilis) Pr -6.95 37/100

2WHY (B. subtilis) Yb -7.90 36/100

3OPU (S. mutans) Gd -5.71 63/100

3OPU (S. mutans) Pr -7.41 57/100

3OPU (S. mutans) Yb -6.02 65/100

3HTO (H1N1 influenza A) Gd -7.33 50/100

3HTO (H1N1 influenza A) Pr -7.46 54/100

3HTO (H1N1 influenza A) Yb -7.28 52/100

5XLR (SARS-CoV) Gd -6.21 38/100

5XLR (SARS-CoV) Pr -7.69 38/100

5XLR (SARS-CoV) Yb -7.89 47/100

6VXX (SARS-CoV-2) Gd -6.18 82/100

6VXX (SARS-CoV-2) Pr -5.55 73/100

6VXX (SARS-CoV-2) Yb -5.93 68/100

Protein-ligand complex Participating functional groups 

from LnCNPs

Interacting amino acids

1PO3 (E. coli) : GdCNP 2 –OH and 2 –NH2 ASP-305 (-OH), ASN-381 (-OH), TYR-368 (-NH2),

GLU-307 (-NH2)

2WHY (B. subtilis) : GdCNP 2 –OH and 3 –NH2 GLN-215 (-OH), GLU-216 (-OH), GLU-216 (–

NH2), TYR-185 (–NH2), GLN-181 (–NH2)

3OPU (S. mutans) : PrCNP 6 –OH and 4 -NH2 ALA-1424 (-OH), THR-1422 (-OH), TYR-1421 (-

OH), GLN-1420 (-OH), GLN-1395 (-OH), GLY-

1394 (-OH), TYR-1396 (-NH2), GLN-1395 (-NH2),

GLY-1394 (-NH2), TYR-1392 (-NH2)

3HTO (H1N1) : PrCNP 3 –OH and 4 –NH2 THR-302 (-OH), SER-266 (-OH), ASP-265 (-OH),

PRO-300 (-NH2), SER-266 (-NH2), ASP-265 (-

NH2), GLU-107 (-NH2)

5XLR (SARS-CoV) : PrCNP 3 –OH and 4 -NH2 THR-559 (-OH), THR-559 (-OH), ASP-572 (-OH),

ILE-573 (-NH2), ASP-560 (-NH2), THR-559 (-NH2),

THR-533 (-NH2)

6VXX (SARS-CoV-2) : GdCNP 3 –OH and 4 -NH2 PRO-1069 (-OH), ARG-1107 (-OH), ILE-714 (-

OH), GLU-1072 (-NH2), GLU-1072 (-NH2), TYR-

1047 (-NH2), SER-711 (-NH2)



  

S13 

 

Table S4.  The performance characteristics of previously reported biosensors. 

Detection 

Approach 

Type of 

Nanoparticle 

Pathogen Model Detection 

Limit 

Fluid Reference 

Electrochemical Gold 

Nanoparticle 

S. typhi 98.9 

cfu/mL 

PBS 1 

Fluorescence Quantum Dot S. typhi 103 

cells/mL 

 2 

 

Fluorescence Quantum Dot E. coli O157:H7 106 

cells/mL 

PBS 3 

Fluorescence Quantum Dot C. parvum; G. 

lamblia 

not 

reported 

PBS 4 

Fluorescence Quantum Dot Lysteria 

monocytogenes 

not 

reported 

PBS 5 

Fluorescence Quantum Dot B. thuringiensis 103-104 cfu PBS 6 

Fluorescence Quantum Dot E. coli Not 

reported 

 7 

Colorimetric Gold 

Nanoparticles 

E. coli (XL1) 1 × 102 

bacteria/mL 

 8 

Colorimetric MNPs E. coli O157:H7; E. 

coli BL 21 

5 cfu/mL; 

20 cfu/mL 

 9 

Colorimetric Gold 

Nanoparticles 

E. coli O157:H7 1.8 cfu/mL  10 

Colorimetric MNPs and 

TiO2 

nanocrystals 

Salmonella >100 

cfu/mL 

 11 

Colorimetric MNPs E. coli; Sarcina 

lutea; Proteus 

vulgaris 

N. A  12 

Colorimetric Citrate-

capped Au 

NPs and Ag 

NPs with 

different sizes 

Bacteria: CRPA, 

Acetobacter aceti, 

Rhodopseudomonas, 

Bacillus natto, 

Staphylococcus, E. 

coli, Bacillus 

  13 

Colorimetric 

and 

Luminescence 

Au NPs 

stabilized by 

GQDs 

Microorganisms: E. 

coli O157:H7, E. 

coli ATCC35218, P. 

aeruginosa 

CICC10204, P. 

aeruginosa 

CICC21954, B. 

subtilis CICC10071, 

B. subtilis 

CICC10275 

  14 
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Fluorescence RuBpy doped 

silica 

Mycobacterium spp. 105 

cells/mL 

Urine 15 

Fluorescence Gold nanorod Toxoplasma gondii 

Tachyzoites 

Not 

reported 

Cell 

culture 

Medium 

16 

Fluorescence Gold nanorod Pseudomonas 

aeruginosa 

Not 

reported 

0.85% 

sodium 

chloride 

17 

Fluorescence Gold/silicon 

nanorod 

S. typhi; RSV Not 

reported 

 18 

Fluorescence Magnetic 

bead/quantum 

dot 

E. coli 0157:H7 103 and 104 

cfu/mL 

brain 

heart 

infusion 

broth 

19-20 

Fluorescence Magnetic 

nanoparticle 

Mycobacterium spp. ∼250 

cells/mL 

 21 

Fluorescence Magnetic 

nanoparticle 

E. coli Not 

reported 

 22 

SERS Silver 

Nanoshell 

E. coli 3-5 cells 

(water) 

Water 23 

SERS Gold 

Nanoparticle 

Mycobacterium 

avium subspecies 

Paratuberculosis 

103 

cells/mL 

(milk) 

Milk 24 

SERS Gold 

Nanoparticle 

Feline Calcivirus 106 pfu/mL 

(urine) 

Urine 25 

SERS Gold 

Nanoparticle 

Cryptosporidium 

parvum 

Giardia lamblia 

Not 

reported 

 26 

SERS Gold 

Nanoparticle 

E. coli; MS2 

bacteriophage; 

PRD1 

bacteriophage 

106 

cells/mL 

NR 109 

pfu/mL 

 27 

SERS Silver 

Nanoparticle 

Rhodococcus 

rhodochrous 

E. coli 

Not 

reported 

 28 

SERS Silver 

Nanoparticle 

E. coli, B. subtilis 

S. aureus 

Not 

reported 

 29-30 

SPR Silver 

Nanoshell 

E. coli 3-5 cells Water 31 

Magnetic Magnetic 

nanoparticle 

Mycobacterium 

avium spp. 

Paratuberculosis 

15.5 cfus Milk 32 

Magnetic Magnetic 

nanoparticle 

E. coli O157:H7 104 cfu/mL TWEEN/

PBS 

33 



  

S15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Magnetic Magnetic 

nanoparticle 

E. coli Not 

reported 

 34 

Magnetic Magnetic 

nanoparticle 

S. aureus; S. 

epidermidis 

8 cfu/mL  35-39 

Magnetic Magnetic 

nanoparticle 

E. coli; E. faecalis; 

S. aureus; S. 

epidermidis 

10 cfu/mL 

(not 

reported); 

not 

reported 

MES 

buffer 

40 

Colorimetric Gold SARS 60 fmol  41 

Electrochemical Gold SARS 2.5 pM  42 

Fluorometric Gold H1N1 (Influenza) 13.9 pg/mL  43 

SERS Gold H1N1 (Influenza) 25nM  44 

Fluorometric Gold H1N1 (Influenza) 25nM  44 

Electrochemical Gold H1N1 (Influenza) 577 pM  45 

Colorimetric Gold H1N1 (Influenza) 1pg  46 

Colorimetric Gold H5N1 40 – 0.1 ng  47 

Electrochemical Gold H5N1 0.4 pM  48 

Fluorometric Gold H5N1 0.09 ng/mL  49 

Colorimetric Gold H5N1 10 ng/mL  50 

Electrical Gold HPV 30 pM  51 

Fluorometric Gold HPV 1 fM  52 

Colorimetric Gold HIV ~11 log10 

copies/mL 

 53 

Electrochemical Gold HIV 0.34 fM  54 
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