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Abstract 

Metal-organic frameworks (MOF) are envisaged highly useful for the development of biosensors. 

Herein, for the first time, we report the optical detection of Escherichia coli (E. coli) using a water-

dispersible Terbium MOF (Tb-BTC, BTC = 1,3,5-benzenetricarboxylic acid). The successful 

synthesis of Tb-BTC is verified using spectroscopic and morphological techniques like UV-Vis, 

fluorescence and FTIR spectroscopy, X-Ray diffraction analysis and electron microscopy. Tb-BTC 

has been bio-interfaced with anti-E. coli antibodies and then investigated as a biosensor for E. coli. 

The biosensor displays detection ability in an analyte concentration range of 1.3×10
2
 to 1.3×10

8
 

cfu/mL with a detection limit of 3 cfu/mL, having a response time of 5 min and a total analysis time of 

about 20-25 min. The results are also found to be reproducible and specific in the presence of some 

other interfering bacterial species. As demonstrated, the present sensor provides highly sensitive and 

specific detection of E. coli in different samples, including water and fruit juice. To the best of our 

knowledge, this is the first report to showcase the potential of the MOF based fluorescent biosensor 

for the detection of E. coli.  

Keywords: Tb-BTC MOF, Waterborne pathogen, Escherichia coli, Biosensor, Fluorescence, Real 

sample.  
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1. Introduction 

The lack of safe drinking water is a global burden and it affects more than half the population of the 

developing world. According to the World Health Organization (WHO), approximately 1 billion 

people lack access to safe drinking water and this problem is estimated to cause more than 2.2 million 

deaths per year.
1
 The disease outbreaks from the polluted water are caused by a variety of 

microorganisms, such as bacteria, virus, and parasites containing protozoa and helminths. Alarmingly, 

two-third of these outbreaks are caused by bacteria.
2
 Not only the developing nations, but the 

developed ones are also widely affected by the waterborne pathogens. Some of the bacterial strains are 

harmless while some even considered beneficial. Several others, being pathogenic in nature, can 

tremendously impact the socio-economic balance.
3
 Escherichia coli (E. coli) is one of the 

microorganisms known to cause harm to the public health. It is a Gram-negative, commensal 

microorganism usually found in the gut of warm blooded animals, including human .
4
 Some strains of 

E. coli are known to cause severe foodborne diseases, urinary tract infection, cholecystitis, bacteremia, 

and traveler's diarrhea.
5
 

Various methods are available for the qualitative and quantitative detection of bacteria. The usually 

employed methods such as plate counting, Polymerase Chain Reaction based, chemiluminescent in 

situ hybridization, and enzyme-linked immunosorbent assay provide reliable quantification of bacteria 

in different samples (e.g., water, food, etc.) but they suffer from some disadvantages like long analysis 

time, use of expensive chemicals, and requirement of trained personnel and sophisticated instruments. 

6-9
 Biosensors are recognized as more convenient and low-cost options for the detection of bacterial 

pathogens. For the detection of E. coli also, various biosensors have been developed based on the use 

of different nanomaterials.
10-13

 The use of nanomaterials in biosensors is well known to provide 

enhanced sensitivity and specificity in comparison to other traditional materials.
14-15

  A large number 
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of biosensors developed for E. coli are based on electrochemistry.
16-19

 The optical biosensors for E. 

coli have been relatively less explored. For instance, molybdenum disulphide (MoS2) nanosheets 

based detection has been reported with a limit of detection (LOD) of 94 cfu/mL.
20

 The carboxy-

functionalized aptameric ink, patterned on nitrocellulose substrate, has been reported with a LOD of 

25 cfu/mL.
21

 A fluorescent approach of Cu
2+

 triggered oxidation of o-phenlyenediamine has been 

suggested for the detection of E. coli (10
2
 to 10

6
 cfu/mL) with a LOD of 100 cfu/mL.

22
  

In the last decade, metal-organic frameworks (MOFs) have come up on the scene as highly useful 

luminescent sensors (both chemo- and bio-) for a number of analytes, including cations, anions, 

emerging pollutants, gases, biomolecules, etc.
23-29

 In comparison to other fluorescent nanomaterials 

(such as quantum dots, metal nanoparticles, etc.), MOFs are characterized with larger surface area, 

photo stability, enhanced fluorescence yield, tunable and accessible pores, and readily available 

functional groups.
30

 Therefore, MOFs based optical biosensors have been suggested as incredibly 

useful options.
31-32

 

Terbium based MOFs (Tb-MOFs) have been explored in chemo-/bio- sensors because of their 

favorable material properties.
33-34

 Tb-MOFs are easier to synthesize and disperse nicely in solvents, 

including water. In particular, the aqueous stability of Tb-MOFs is useful in context to their 

biosensing applications.
35-37

 Because of spin- and/or parity-forbidden f-f transitions, emission from Tb 

ions is generally weak. Nevertheless, Tb-MOFs offer excellent photoluminescence characteristics as 

the π-conjugated organic linkers (e.g., H3BTC) allows electron  transfer between Tb ions and ligand 

ions thereby enhancing the emission (antenna effect).
33

  Due to the above features of Tb-MOFs, they 

can deliver enhanced detection sensitivities when used to develop biosensing systems. Tb-MOFs have 

been reported for the luminescent sensing of dipicolinc acid (DPA), Fe
3+

 ions, etc.
38-39

 A water-stable 

Tb-MOF (Tb(ppda)(ox)0.5(H2O)2) has been reported for the optical detection of Al
3+

 and Co3
2- 
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showing detection limits of 5.66 μM and 0.38 μM, respectively.
35

 A Tb-MOF, conjugated with 

aptamer modified gold nanoparticles, has been utilized for the determination of adenosine triphosphate 

(ATP) over a concentration range of 0.5-10 μM (LOD = 0.32 μM).
40

  

Despite their favorable properties as a luminescent sensory material, Tb-MOFs have not been 

explored for the biosensing of pathogens. In this study, for the first time, we report the use of an 

antibody conjugated Tb-MOF (Tb-BTC, where BTC = benzene-1,3,5 tricarboxylic acid) biosensor for 

the fluorescent detection of E. coli. Tb-BTC was synthesized by a facile method and subsequently bio-

interfaced with anti-E. coli antibodies. It has been possible to detect E. coli from 1.3×10
2
 to 1.3×10

8
 

cfu with 3 cfu/mL limit of detection (LOD). The test is rapid (total analysis time of 25-30 minutes) 

and the biosensor shows specific detection capability as well.  

 

2.  Experimental  

2.1. Chemicals 

All the chemicals were high purity products and used without further purification unless specified 

otherwise. Terbium nitrate (Tb(NO3)3·6H2O, 99.99%) and benzene-1,3,5-tricarboxylic acid (trimesic 

acid, H3BTC) were purchased from Sigma-Aldrich (India). Anti-E. coli antibodies (Polyclonal; E. coli 

157:H7) were procured from Abcam (India). Nutrient agar was purchased from Himedia, India. The 

bacterial culture (Escherichia coli (MTCC 1302), Salmonella typhimurium (MTCC 98), 

Staphlyococcus aureus (MTCC 96)) were procured from the Microbial Type Culture Collection and 

Gene bank (MTCC) of CSIR-Institute of Microbial Technology (IMTECH), Chandigarh, India. 

Phosphate buffered saline (PBS) was purchased from Sigma-Aldrich (pH = 7.4). Ultrapure water (18.2 

MΩ) was used throughout the experiments. 
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2.2. Material characterization 

The spectroscopic studies were performed using FT-IR (Spectrum Two, Perkin Elmer, USA) and UV-

Visible-NIR (Cary 7000, Agilent, USA) spectrophotometers. The structural analysis was investigated 

using X-ray diffraction (D8 Advance, Bruker, Germany) technique. The fluorescence measurements 

were carried out using a multimode plate reader (SpectraMax i3X, Molecular Devices, USA). The 

surface morphology and elemental composition were investigated using a scanning electron 

microscope (SEM, JEOL JSM-6610LV Japan) and a transmission electron microscope (HRTEM, 

JEM 2100 Plus, JEOL, Japan). 

2.3. Synthesis of Tb-BTC MOF and its bio-conjugation with anti- E. coli antibodies 

Tb-BTC was synthesized according to a previously published protocol.
41

 Briefly, 46 mg of 

Tb(NO3)3·6H2O (0.1 mM) was taken and dissolved in 5 mL of deionized water. Simultaneously, 22 mg of 

benzene-1,3,5-tricarboxylic acid (H3BTC, 0.1 mM) was dissolved in 5 mL of ethanol. The prepared 

Tb(NO3)3·6H2O was then added to H3BTC solution and allowed to react under vigorous stirring at room 

temperature (RT, 25±2ºC). A white precipitate was formed immediately. The stirring was continued for 60 

min and the whole precipitate obtained was collected by centrifugation. The product (Tb-BTC) was washed 

several times with water and ethanol and then dried at RT.  

For bio-conjugation, 1 mg/mL Tb-BTC dispersion (PBS) was left in contact with a mixed solution of 0.05 

M [(1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide] (EDC) and 0.01 M [N-hydroxysuccinimide] 

(NHS). Next, the anti-E. coli antibodies (0.1 mg/mL) were added to above mixture and the contents 

incubated at 4ºC for overnight. The antibody bio-conjugated Tb-BTC (Ab/Tb-BTC) as precipitate after 

centrifugation and then washed with PBS buffer to remove any unbound antibodies. It was stored under 

refrigerated conditions. 
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The summarized approach of MOF preparation, bioconjugation, and fluorescence based analysis of E. coli 

is depicted in the table of content.  

 

2.4. Detection of E. coli 

The bacterial cultures used in the study were cultured by incubating (shaking) them overnight in 

Nutrient-Broth medium (37ºC). The optical density at 600 nm (O.D.600) was measured to estimate the 

bacterial concentration. The culture was then centrifuged at 6000 rpm for 10 min. The pellet was 

collected and suspended in PBS buffer. Various concentrations of E. coli were prepared by diluting 

the stock solution in sterile PBS (1.3×10
3
 to 1.3×10

9
 cfu/mL). The bacterial concentration in the stock 

concentration was determined with the standard colony counting method. For the biosensing 

experiments, 100 µL of the prepared E. coli solution was added to 120 µL of Ab/Tb-BTC solution and 

then left to incubate for 10 min at RT. After the incubation, the mixture was centrifuged (5000 rpm) 

for 10 min to separate the E. coli attached Ab/Tb-BTC pellet. The pellet was re-suspended in 1 mL of 

PBS and the photoluminescence intensity was measured at an excitation wavelength of 292 nm. The 

response time of the sensor as well as some other quality assessment parameters, were determined 

against a fixed concentration of E. coli (1.3×10
2 

cfu/mL).  

The specificity of the developed sensor system for E. coli (1.3×10
2 

cfu/mL) was assessed by analyzing 

non-specific S. typhimurium and S. aureus (1.3×10
8
 cfu/mL). For the reproducibility study, 5 different 

batches of photoluminescence Ab/Tb-BTC dispersions were used to analyze 1.3×10
2 

cfu/mL E. coli. 

The robustness of the sensor system for the analysis of real samples was evaluated by spiking fruit 

samples with some known concentrations of E. coli.  
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3. Results and discussion 

3.1. Spectrophotometric characterizations  

The FT-IR spectrum of Tb-BTC is depicted in Fig. 1(a). The peaks present in the frequency range of 

1590-1490 cm
-1

 are due to the asymmetric vibrations of carboxylate groups. The symmetric vibrations 

of carboxylate group (BTC) can be detected by a peak at 1380 cm
-1

.
42

 A characteristic band around 

1700 cm
−1

 could be attributed to the asymmetric stretching vibrations of carboxylate groups. The 

characteristic peaks of the linker molecule at 1730 -1690 cm
-1

 and 1280 cm
-1

 are not present in the spectrum 

of Tb-BTC indicating the absence of leftover precursors and thereby indicating a successful formation of 

Tb-BTC.
43

 After the antibodies attachment, FT-IR spectrum displays a small peak at 1635 cm
-1

 depicting 

amide II vibrations band of protein backbone.
44

  

The UV-Vis absorption spectrum of Tb-BTC material is shown in Fig. 1(b). A broad band between 

220-300 nm is a typical characteristic signal of Tb-BTC.
45

 The peak is attributed to the charge transfer 

between the oxygen (O
2-

) and terbium ions (Tb
3+

) and π–π* electron transitions of the linker molecule 

(i.e. BTC).
46
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Fig. 1(a): FT-IR spectra of Tb-BTC and Ab/Tb-BTC; (b) UV-vis spectra of Tb-BTC; (c) Excitation 

and photoluminescence (excitation wavelength = 292 nm) spectra of Tb-BTC (inset showing 

photograph of Tb-BTC dispersion under UV light irradiation); (d) XRD spectra of Tb-BTC and 

Ab/Tb-BTC 

The photoluminescence (PL) emission studies were also carried out [Fig. 1(c)]. The PL spectrum of 

Tb-BTC upon excitation with a wavelength energy of 292 nm exhibits a characteristics emission peak of 

Tb
3+

 ions at 488 nm ascribing to the 
5
D4 → 

7
F6 transitions. Also, sharp peaks at 546 (most intense band), 

581, and 620 nm can be attributed to 
5
D4 → 

7
F5, 

5
D4 → 

7
F4, and 

5
D4 → 

7
F3 transitions, respectively.

41, 47
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3.2. Structural and morphological studies 

The structural features of Tb-BTC and Ab/Tb-BTC sample were analyzed by XRD studies [Fig. 1(d)]. 

Both the samples display sharp diffraction peaks indicative of high degree of crystallinity. The 

identical XRD patterns confirm the fact that the addition of the antibodies does not alter the structural 

integrity of Tb-BTC. The 2θ peaks at 8, 9
 
and 18º are characteristic of Tb-BTC MOF. The crystal 

structure of Tb-BTC consists of Tb
3+

 ions, trimesate ions, and one coordinated water molecule. Tb
3+

 

ions are linked to each other through three O-C-O groups from linker molecule (H3BTC).
48-49

 As all 

the Tb-BTC related diffraction peaks are also present in Ab/Tb-BTC sample, it is a sufficient evidence 

about the structural integrity of the bioconjugated Tb-BTC.
50

 The morphology of the synthesized 

MOF was characterized by TEM and element mapping analysis (Fig. 2). The results indicating a rod-

shape like morphology of Tb-BTC are in accordance with the previously reported literature.
49 The 

EDX data [Fig. 2(b)] confirm the presence of Tb ions in the material, thus verifying the successful 

synthesis of Tb-BTC. The elemental mapping pattern also shows the presence of C, O, and some N 

[Fig. 2(c-f)].  
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Fig. 2. (a) TEM image of Tb-BTC; (b) EDX spectra of Tb-BTC; (c-f) corresponding elemental 

mapping patterns [(c) C (d) O (e) Tb (f) N] 

3.3. Photoluminescent detection of E. coli 

The synthesized Tb-BTC was used for the detection of E. coli. The photoluminescence (PL) intensity 

of Tb-BTC decreases after its conjugation with antibodies [Fig. 3(a)]. This decrease in the PL intensity 

can be attributed to the competitive absorption of excitation energy between Tb-BTC and the attached 

antibodies. As a result, there is a lesser net energy available to Tb-BTC during the photoexcitation 

step. Nonetheless, Ab/Tb-BTC dispersion still shows remarkable photoluminescence intensity because 

of excellent emission characteristics of Tb-BTC MOF [Fig. 3(a)].
51-52

 

The synthesized Ab/Tb-BTC molecular probe has been used for the detection of E. coli. Fig. 3(b) 

shows the analysis of different E. coli concentrations (1.3×10
2
 to 1.3×10

8
 cfu/mL, in the final test 
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aliquot). The PL intensity has been plotted against the E. coli concentrations. The emission signal was 

recorded at 545 nm because of the best PL intensity at this peak. It is observed that as E. coli 

concentrations increase, the PL intensities decrease [Fig. 3(b)]. This can be accounted to the 

successful antibody-antigen binding. E. coli forms a complex with Ab/Tb-BTC, which further 

attenuates the availability of net excitation energy to Tb-BTC fluorophore. Consequently, a bacterial 

concentration dependent reduction in the emission intensity is observed. Fig. 4 shows the SEM image 

of E. coli/Ab/Tb-BTC complex. As this sample was dried for SEM analysis, the morphology of the 

bacteria is disrupted. Nonetheless, the image gives clear indications about the rod-shape like Tb-BTC, 

tiny globular antibody particles, and ruptured bacteria.   

Fig. 3(c) shows a logarithmic linear relationship between the PL intensity and E. coli concentrations. 

The limit of detection (LOD) of the method is estimated by the formula; 3×Sb/m, where Sb is the 

standard deviation of blank measurements and m is the slope of the calibration plot.
53

 Using the above 

expression, the LOD is found to be 3 cfu/mL. It should be noted that the performance of the herein 

reported Ab/Tb-BTC biosensor for E. coli is better or comparable to most of the earlier reported 

optical biosensors (Table 1).  
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Fig. 3. (a) PL spectra of Tb-BTC and Ab/Tb-BTC; (b) PL spectra of Tb-BTC after the capture and 

detection of different concentrations of E. coli (comparison chart of PL intensities for Ab/Tb-BTC 

probe and after its complex formation with 1.3×10
2
 cfu/mL E. coli; (c) Calibration plot; (d) Effect of 

incubation time between Ab/Tb-BTC and E. coli (1.3×10
2
 cfu/mL) to generate a stable PL response 
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Fig. 4. SEM of E. coli bound Ab/Tb-BTC complex. Note that sample was dried for analysis causing 

rupture of bacteria. Small nanorods are indicative of Tb-BTC structure while small globules highlight 

the attached antibody particles. 

Table 1: Comparative data of the sensing performance of fluorescent biosensors for the 

detection of E. coli. 

 

S.No. Material Linear range 

(cfu/mL) 

LOD 

(cfu/mL) 

Ref. 

1. Porous SiO2 - 10
4
 

54
 

2. Gold nanoparticles- reduced graphene 

oxide 

1.0 × 10
3
 to 5.0 × 10

7
 5.0 × 10

2
 

55
 

3. T4 bacteriophage immobilized  on 

microfiber 

10 
3
 to 10 

7
 10

3
 

56
 

4. Oxidised porous SiO2 - 10
3
 

57
 

5. Silicon nanopore array 10
3
 to 10

7
 - 

58
 

6. Gold-polystyrene particles  10
1
 to 10

3
 25 

21
 

7. Molybdenum disulfide nanosheets  1000 to 8000 94 
20

 

8. Lateral flow immunoassay strips  10
4
 to 10

5
 10

4
 

59
 

9. Ab/Tb-MOF 1.3 ×10
2
 to 1.3×10

8
 3 Present 

Work 
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3.4. Analysis of merit 

The specificity of Ab/Tb-BTC biosensor toward E. coli (1.3×10
2
 cfu/mL) was studied in the presence 

of some other interfering organisms such as S. typhimurium and S. aureus (1.3×10
8
 cfu/mL) [Fig. 

5(a)]. The PL of Ab/Tb-BTC is quenched only in the presence of E. coli while other bacteria do not 

cause any change in the original PL intensity. The reproducibility of the biosensor response was also 

studied. For this, five batches of Ab/Tb-BTC biosensor were used for the determination of a fixed 

bacterial concentration under identical conditions [Fig. 5(b)]. Almost similar results have been 

obtained in all the cases.  

 

Fig. 5: (a) Specificity of Ab/Tb-BTC toward 1.3×10
2
 cfu/mL E. coli in presence of other interfering 

bacteria (S. typhimurium and S. aureus = 1.3×10
8
 cfu/mL) (b) PL signal from different batches of 

Ab/Tb-BTC when used for the detection of 1.3×10
2 

cfu/mL E. coli.  

The response time of Ab/Tb-BTC biosensor (1 mg/mL) has been studied by incubating it with a fix 

concentration of E. coli (1.3×10
2 

cfu/mL) for different time intervals [Fig.3(d)]. A minimum of 5 min 

is required to achieve a stable degree of photoluminescence quenching. Nonetheless, it should be 

noted here that the average time for complete analysis (incubation of analyte solution with Ab/Tb-
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BTC solution, centrifugation separation, re-suspension, and fluorescence reading) of a sample takes 

about 20-25 min.  

To study the utility of Ab/Tb-BTC biosensor in practical applications, it has been used for the analysis 

of E. coli in a spiked apple juice sample. For preparation, the juice sample was first centrifuged at 

10000 rpm for 10 min. The supernatant was collected and then filtered with a syringe filter (0.45 μm). 

After the filtration, the prepared sample was spiked with known concentrations of E. coli (1.3×10
2
 to 

1.3×10
8 

cfu/mL). The analysis of the spiked juice samples with Ab/Tb-BTC probe was carried out by 

measuring the PL intensity as a function of the spiked bacterial concentration. The observed PL data 

was correlated with the standard calibration data. For validation purpose, the bacterial concentration 

was also determined with the standard colony counting method. As results in Table 2 indicate, the 

concentration of E. coli detected by Ab/Tb-BTC biosensor is in close agreement with the colony 

counting method. Hence, it can be concluded that Ab/Tb-BTC can be efficiently used for the selective 

analysis of E. coli in different samples. 

Table 2: Analysis of E. coli in spiked juice samples 

 

Added concentration of E. coli 

(cfu/mL) 

Results obtained with colony 

counting method (cfu/mL) 

Results obtained with 

Ab/Tb-BTC (cfu/mL) 

1.3×10
2
 1.2×10

2
 1.4×10

2
 

1.3×10
4
 1.3×10

4
 1.3×10

4
 

1.3×10
6
 1.2×10

6
 1.3×10

6
 

1.3×10
8
 1.2×10

8
 1.1×10

8
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Ab/Tb-BTC has offered convenient and sensitive detection capabilities for E. coli. As future scope of 

study, a solid-state form of Ab/Tb-BTC probe (e.g., paper or strip sensor) can be investigated for the 

purpose of more user-friendly applications. Its applicability in unprocessed real samples should also 

be a matter of future research.  

4. Conclusion 

The present work demonstrates a convenient and an effective antibody conjugated Tb-BTC sensor for 

rapid and sensitive optical detection of E. coli. For the first time, a water dispersible and stable Tb-

BTC MOF based photoluminescent immunosensing system is reported for the detection of E. coli. 

Based on PL measurement, the range of detection is 1.3×10
2
 to 1.3×10

8
 cfu/mL with a low LOD of 3 

cfu/mL. Ab/Tb-BTC biosensor has offered a label-free and specific analysis in aqueous and spiked 

samples. The system is reproducible and equally applicable in real samples. Because of favorable 

material features, this MOF based optical technique can also be translated in form of disposable strips 

or portable detection kits for the on-site detection of E. coli. 
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