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ABSTRACT: To produce a sensitive and specific biosensor for Staphylococcus
aureus, bacteriophages have been interfaced with a water-dispersible and environ-
mentally stable metal—organic framework (MOF), NH,-MIL-S3(Fe). The
conjugation of the MOF with bacteriophages has been achieved through the use
of glutaraldehyde as cross-linker. Highly sensitive detection of S. aureus in both
synthetic and real samples was realized by the proposed MOF—bacteriophage
biosensor based on the photoluminescence quenching phenomena: limit of
detection (31 CFU/mL) and range of detection (40 to 4 X 10° CFU/mL). This
is the first report exploiting the use of an MOF—bacteriophage complex for the
biosensing of S. aureus. The results of our study highlight that the proposed
biosensor is more sensitive than most of the previous methods while exhibiting some
advanced features like specificity, regenerability, extended range of linear detection,
and stability for long-term storage (even at room temperature).
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1. INTRODUCTION

Bacterial contamination in foods (like raw meat, milk, seeds,
vegetables, and water) is a cause of many health related
problems.' ™ Bacteria can transfer through cross-contamination
during food preparation, ultimately reaching the food supply
chain. In most nations, pathogenic contamination of food is
regulated below a particular safety limit to secure the general
public health. The authorities throughout the world are
toughening the standards of food safety. For instance,
Staphylococcus aureus does not produce entertoxins until
about >10* CFU/g. Nonetheless, the numbers of this pathogen
and other coagulase-positive staphylococci should be main-
tained at a much reduced level, possibly <100 CFU/g or even
lower.”® Food products for infants and medical patients are
suggested to conform to even stricter standards.

With regard to the quantitative/qualitative analysis of
bacteria, culture-based methods are the most commonly used
ones. This technique nonetheless involves time-consuming
steps such as sample pre-enrichment, selective enrichment, and
bacterial colony isolation on selective agar plates. At times,
these laborious practices may also undesirably lead to false
results in the absence of typical colonies. Bacterial detection is
also performed with other methods (e.g.,, immunological assays
(ELISA, agglutination test, etc.) and nucleic acid amplification
(polymerase chain reaction (PCR), colony-PCR, RT-PCR,
etc.)).7_11

Biosensors for the detection of bacteria allow a rapid and
convenient option. Several optical and electrochemical bio- and
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nanobiosensors have been proposed in the literature. In

particular, the optical biosensors are considered more advanta-
geous in terms of user-friendliness, high sensitivity, and
applicability toward a variety of sample types (solid, liquid, or
gas). The sensitive optical biosensors for bacteria may be
classified on the basis of the involved nanomaterials, including
dye-doped silica nanoparticles, quantum dots, carbon dots, and
fluorescent polymers."*~>" For these optical biosensors, a list of
recognition molecules (e.g., antibodies, nucleic acids, enzymes,
and whole cells) are in most cases employed to detect the
target analyte(s) of interest.””™>’

Over the past decade, metal—organic frameworks (MOFs)
have emerged as important multifunctional materials. They
have been explored for various technological applications
including gas storage, gas separation, catalysis, optoelectronics,
immobilization, and s<ensing.30_38 The basic structure of the
MOFs consists of metal ions linked to organic ligands through
coordinate bonds. A judicious selection (e.g., between the types
of metal and the linker) allows to tailor their optical, electronic,
and magnetic properties along with high porosity and surface
area.

The luminescent MOFs have been proposed for several
biological applications including molecular sensing, drug
delivery, and imaging.””~** Despite many known advantages
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Figure 1. Schematic of NH,-MIL53(Fe)—bacteriophage biosensor for PL-quenching-based detection of S. aureus.

(e.g, hierarchical structures and excellent optical properties
under different environmental conditions), relatively little has
been explored about the use of MOFs as fluorescent tags in
bacterial assays. Indirect detection of bacteria has been
proposed by analyzing their spores (e.g, dipicolinic acid
(DPA)) using lanthanide-based MOFs such as
Eu,(FMA),(OX)(H,0),-4H,0 and Tb(BTC)(H,0).*** A
specific interaction between lanthanide ion and DPA, followed
by related changes in the photoluminescence (PL) intensity in
the probe, could allow a selective detection of DPA. In case of
Eu,(FMA),(0X)(H,0),-4H,0, the method involved a sensi-
tive (about 0.5 ppm), selective, and instant “turn-on” sensing of
bacterial endospores.”” Tb-MOF (Tb(BTC)(H,0)s) is a
water-dispersible compound with the potential for highly
sensitive detection of DPA (limit of detection of 0.04 nM);"’
note that the presence of DPA caused the replacement of a Tb-
BTC coordination mode with a Tb-DPA complex mode. This
replacement influenced the energy transfer efficiency of the
constituent metal ion (Tb*") so that a fluorescent quenching
effect was endowed which was dependent on analyte
concentration. In comparison to indirect approaches described
above, a direct method was also recently proposed for the
detection of Staphylococcus arlettae (S. arlettac) based on a
fluorescent MOF, IRMOF-3.”° However, such application was
restricted by a relatively low aqueous stability of IRMOEF-3 in
context to sensor shelf life.

To design the biosensors for bacteria, the nanomaterials need
to be conjugated with biomolecules (e.g, antibody, nucleic
acids, and bacteriophages). The combinations of nanomaterials
with antibodies and nucleic acids have been reported very
frequently in the recent years.”"™*’ Bacteriophages are the
natural enemies of bacteria to represent an important class of
biorecognition elements.””*” They are known to remain highly
stable at a wide range of pH and temperature while allowin
one to differentiate the live bacterium from the dead ones.’
The wild-type bacteriophages have hence been employed for
the detection of bacteria.’' > In most of these examples, the

phage amplification assays that involve long incubation periods
for the growth of bacteria were used preferably. In some of the
studies, the bacteriophages have also been reported for direct
electrochemical detection of bacteria.”* ** In those examples,
the tail proteins of the bacteriophages specifically interacted
with the receptors present on bacterial cell surface. Recently, a
bacteriophage conjugated IRMOF-3 has been reported for
fluorescence-based detection of a nonpathogenic model
bacterium S. arlettae with enhanced sensitivity.”

In the present work, we have developed an MOF—
bacteriophage conjugate based biosensor for the detection of
Staphylococcus aureus (S. aureus). A schematic of the working
principle for the proposed biosensor is shown in Figure 1. The
previously reported IRMOEF-3/bacteriophage, when used as a
bacterial probe, was seen to pose usability concerns because of
a low aqueous stability.”® To avoid such problems, we have
explored in the present work, the use of a nontoxic,
biocompatible, and water stable fluorescent MOF (i.e., NH,-
MIL-53(Fe)). The favorable properties of this MOF have been
examined previously for a number of purposes including drug
delivery, biomedical imaging, and sensing.35’59’

The bacterium under study (ie., S. aureus) is generally found
on the skin and nostrils of about 25% of the healthy humans
and animals.”’ However, certain toxins produced by S. aureus
can lead to serious skin infections such as bacterimia and
osteomyelitis.’> S. aureus contamination in food has been linked
with around 241 000 annual cases of food-borne illnesses in the
United States alone.” As per the regulations of Food
Development Authority (FDA), the tolerable limit of S. aureus
in raw milk or other dairy products is recommended to be less
than 10* CFU/g.é’63 In some recent studies, concerns have
been raised about exponential increase in the antibiotic
resistance toward S. aureus strains, mainly methicillin-resistant
S. aureus (MRSA).%*

In view of the above facts, the development of rapid and
sensitive detection methods for S. aureus has attained a
paramount significance to ensure the regular monitoring and
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Figure 2. Characterization of NH,-MIL-53 MOF before and after conjugation with bacteriophage: (A) UV—vis absorbance spectra; (B) PL spectra;

(C) FTIR spectra; and (D) XRD pattern.

maintenance of the quality and hygiene of the different food
products. In this paper, for the first time, we report a biosensor
for S. aureus that is constituted of a water-dispersible
fluorescent MOF (MIL-53-NH,(Fe)) and a target-specific
bacteriophage. Being structurally compatible with respect to
their particle sizes (both the sensory material and biorecogni-
tion probe in micron sized particles), the integration of MOF
and bacteriophages has allowed the construction of a highly
sensitive and specific fluorescent sensing platform. This sensor
system was stable for more than 100 days when stored under
normal room temperature conditions, thereby showing the
excellent usability for practical applications.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Characterization Tools. Main reagents used
in the study include FeCl;-6H,O (Ferric Chloride, Sigma), NH,-BDC
(2-aminobenzene-1,4-dicarboxylic acid; Sigma), gluteraldehyde
(Sigma), Soya Casein Digest agar (SCD; Himedia), SCD broth
(Himedia), and phosphate-buffered saline (PBS) buffer (Himedia).
For the characterization of the samples, we employed a list of
instrumentation including UV—vis spectrophotometer (UV—vis—NIR,
Varian Cary 5000: scan rate (600 nm min~') and wavelength scanning
range (200—450 nm)), Fourier-transform infrared spectroscope
(FTIR, Nicolet, iS10; scan rate (2.5 cm/sec) and wavelength scanning
range (500—4000 cm™')), photoluminescence spectrophotometer
(PL, Varian Cary; excitation wavelength (300 nm) and scan rate
(600 nm/min)), field-emission scanning electron microscope
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(FESEM, Hitachi S4800; applied voltage (5—7 kV)), transmission
electron microscopy (TEM, TECNAI G*F-20), and X-ray diffrac-
tometer (XRD, Bruker, D8 Advance; 20 range (0—55°), scan speed
(4° min™'), and step size (0.02)).

2.2. Synthesis of NH,-MIL-53(Fe). The iron-based amine-
functionalized NH,-MIL-53 was prepared by solvothermal method.®®
Briefly, an equimolar mixture of FeCl;-6H,0 (S mmol) and NH,-BDC
(5 mmol) was prepared in deionized (DI) water. It was transferred to
a sealed Teflon bottle and treated to autoclave heating at 150 °C for 3
days. The formed product (NH,-MIL-53) was collected by filtration
and washed twice with water and ethanol. Finally, the product was
dried at 70 °C.

2.3. Conjugation of NH,-MIL-53 with Target-Specific
Bacteriophages. The bacteriophages specific to S. aureus were
isolated and purified by following the procedure reported previously.®”
As the bacteriophages can proliferate where bacteria prevails, soil/
waste samples were collected at some local bakery shops in
Chandigarh, India. These samples were quickly brought into the
laboratory and mixed with sterile water for centrifugation at 5000 rpm
for 10 min. The supernatant containing bacteriophages was filtered
through a 0.2 um syringe filter for the separation from the remaining
bacteria. The filtrate was then used for the isolation of bacteriophage
by the double agar overlay procedure as described below. Briefly, 0.5
mL of sample filtrate was mixed with 0.3 mL of host bacterium grown
overnight (i.e, S. aureus). A molten SCD top agar (0.6%) was then
added to the above mixture. The resulting solution was immediately
poured evenly onto the surface of sterile SCD agar plates. Clear
plaques were formed on agar plates after incubation at 37 °C for 24 h.
The individual plaques were picked from plates and then dissolved in
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Figure 3. Structural images of the target MOF and their bacteriophage-loaded forms: (A) TEM image of NH,-MIL-53 MOF, inset showing bright-
field imaging of the sample; (B) TEM image of bacteriophage-loaded NH,-MIL-53 MOF, inset showing bright-field imaging of the sample; (C)
TEM of the edges of NH,-MIL-53 MOF; (D) TEM of the edges of bacteriophage-loaded NH,-MIL-53 MOF; (E) FE-SEM image of NH,-MIL-53

MOF; and (F) FE-SEM image of bacteriophage-loaded NH,-MIL-53 MOF.

PBS buffer. This solution was centrifuged at 6000 rpm for 10 min to
allow the settling of bacterial and agar residues. The supernatant,
containing isolated bacteriophages, was filtered through a sterilized
filter membrane (0.22 um). Furthermore, the titer of purified
bacteriophages was amplified to 10 PFU/mL using an enrichment
method.”® Next, the enriched bacteriophage solution was mixed with
NaCl and polyethylene glycol (PEG), followed by overnight
incubation at 4 °C. The final concentrations of NaCl and PEG in
solution were 10% (w/v) and 1 M, respectively. This step resulted in
the precipitation of bacteriophages, which were then collected by
centrifugation at 15000 rpm (4 °C, 10 min). The precipitates were
resuspended in 2—3 mL PBS and then treated with an equal volume of
chloroform to remove PEG and bacterial cell debris.”” A final
bacteriophage titer of 10° PFU/mL was maintained by appropriate
dilution with PBS buffer.

The isolated bacteriophages (specific to S. aureus) were covalently
conjugated to the MOF surface using gluteraldehyde as a cross-linker.
Briefly, 2 mg/mL MOF (NH,-MIL-53) dispersion was prepared in 10
mL of PBS buffer (pH 7.4) and then mixed with 2 mL of the
glutaraldehyde solution (25% in water). This mixture was incubated
for 30 min at room temperature (RT, 25 + 2 °C). The above
glutaraldehyde-treated MOF (MOF-g) was subsequently separated
from the solution by centrifugation.

For the preparation of MOF—bacteriophage complex, 15 mg of
MOF-g was mixed with varying volumes (0.5—3 mL) of the stock
bacteriophage solution. As the contents were left to react overnight, it
caused the amine groups present on head of bacteriophage to bind
with the MOF-g. The synthesized fluorescent molecular probe
(MOF—bacteriophage) was separated from the reaction mixture by
centrifugation. It was subsequently washed with PBS buffer and then
stored at RT.

2.4. Test of MOF—Bacteriophage Complex’s Activity toward
S. aureus. The presence of active bacteriophages in the MOF—
bacteriophage complex was determined by diffusion method. For this,
the cultures of S. aureus grown overnight were spread over a solidified
sterile SCD agar plate. A 100 uL sample of the NH,-MIL-53 or
MOF—bacteriophage was introduced in two different sections of the
bacteria inoculated plate. The plate was then incubated overnight at 37
°C.

2.5. Detection of S. aureus. The MOF—bacteriophage complex
has been employed for detection of S. aureus by measuring the changes

in its photoluminescence (PL) intensity with respect to varying
bacterial concentrations. A 400 uL sample of the MOF—bacteriophage
solution (1 mg/mL) was incubated with 600 yL of 40—4 X 10® CFU/
mL of S. aureus solution (in PBS) for 20 min (otherwise reported) at
RT. After the reaction, the bacteria/MOF—bacteriophage complex was
separated from the solution mixture by centrifugation at 5000 rpm.
This step removed any unbound bacteria in the supernatant. The
collected bacteria/bacteriophage-MOF sample was resuspended in 1
mL of PBS buffer. Control samples were run to compensate the
dilution effects wherever required. The different bacteria/MOF—
bacteriophage samples were then studied for their PL response at
Aexcitation Of 300 nm. The specificity of the bacteriophage-MOF sensor
toward S. aureus was evaluated against nonspecific S. arlettae and
Escherichia coli bacteria. The developed method was also used for
analysis of S. aureus in spiked samples of cream pastry. The same steps
were adopted as those in the protocol described by Kotzekidou and
co-workers.”® Briefly, 20 g of a pastry sample was transferred
aseptically into a sterile plastic bag. A solvent mixture of 0.1% w/v
peptone, 0.085% w/v NaCl, and 0.1% v/v Tween 80 was then used to
homogenize the sample. Further dilutions were made in sterile
peptone water (0.1%). The experimental results obtained with the
MOF—Dbacteriophage sensor were validated against those obtained by
the standard colony counting method on similar samples.

3. RESULTS AND DISCUSSION

3.1. Absorption and Emission Characterization. In
UV—vis absorption spectra (Figure 2A), the synthesized NH,-
MIL-53 has shown absorption peaks at 220, 250, and 340 nm
due to —OH group sharing of FeOg4 octahedral clusters
interconnected by the ligand (NH,-BDC) molecules. The
bacteriophage conjugation to the MOF was characterized by a
protein-specific absorption peak at 279 nm which helped in
confirming the desired formation of the MOF—bacteriophage
Sensor.

The PL spectra of the MOF and MOF—bacteriophage
samples at an Aqation Of 300 nm are shown in Figure 2B. The
MOF showed a characteristic emission peak at 430 nm. The
photoluminescence of NH,-MIL-53 is mainly attributed to
amine substitution which acts as auxochromic as well as
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Figure 4. Calibration of MOF—bacteriophage complex system: (A) PL spectra of MOF—bacteriophage complex against different concentrations of
S. aureus (40—4 X 10° CFU/mL) and (B) corresponding calibration curve.

bathochromic group to enhance charge transfer in the aromatic
rings of synthesized MOF structure.”' The unchanged PL
signature of the MOF—bacteriophage sample indicated that this
complex could be applied for the targeted application (e.g,
fluorescent sensing of S. aureus). It was found that slight
reduction took place in the emission intensity of the MOF—
bacteriophage sample after the attachment of the protein. This
can be related with the fact that in the case of MOF-—
bacteriophage complex both the involved moieties would
compete for the absorption of the excitation energy light.

3.2, Structural and Morphological Characterizations
of the Sensory Material. The FTIR studies have been carried
out to investigate the formation of MOF and MOF—
bacteriophage complex (Figure 2C). In case of the sample of
NH,-MIL-53 MOF, the peaks around 3100—3500 cm™" signify
the presence of amine groups, while those around 1600—1330
cm™" reflect the symmetric and asymmetric vibrations of the
carboxyl groups.”>’* A peak around 1250—1270 cm™' can be
ascribed to the bidentate carbonate linker coordinated to the
metal center. In the sample of MOF—bacteriophage, the
appearance of an additional peak around 900 cm™' suggests the
ONH bending vibration of amines.”” Thus, the FTIR studies
confirmed a successful binding of the MOF with bacterioph-
ages. The XRD of the NH,-MIL-53 MOF (Figure 2D) matches
the literature data.® The framework of NH,-MIL-53 MOF is
composed of —OH edge sharing FeOg4 octahedra intercon-
nected by amino-BDC linkers to form one-dimensional pores
as found in its parent molecule MIL-53(Fe).”*”> The XRD
pattern of the bacteriophage conjugated MOF retained most of
the reference peaks. This investigation suggests that the MOF
retained its structural integrity and crystalline nature despite the
involvement of the aqueous processing steps undertaken to
attach the bacteriophages over its surface.

The TEM (Figures 3A—D and S1) and FE-SEM imaging
(Figure 3E,F) of the MOF and MOF—bacteriophage samples
have also confirmed the presence of bacteriophage particles on
the surface of the MOF. These images also verified the
structural integrity of the MOF before and after the
bioconjugation process. In TEM and SEM studies, it was
confirmed that the crystallinity of the MOF was maintained
even after its conjugation with the bacteriophages. The
magnified structural images (TEM) of a MOF—bacteriophage
sample, as presented in Figures 3A—D and S1, confirmed that
the clear edges of the pure MOF sample took on an irregular
shape after the attachment of the bioprobe. Figure S1 gives a
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fair indication about the oriented positioning (i.e,, heads and
tails lying perpendicular to the MOF surface) of the
bacteriophages over the MOF surface. The final MOF—
bacteriophage particles were almost homogeneous in their
assembly.

The stability of the PL spectra on MOF—Dbacteriophage
complex was examined across varying temperature conditions
(20—50 °C). The data shown in Figure S2 indicated that
MOF—Dbacteriophage complex could retain its PL properties
over the investigated temperature range. This observation can
be linked with the documented thermal stabilities of both MOF
and bacteriophages. The activity of the MOF—Dbacteriophage
complex was also confirmed by the spot test assay. A
comparison of both MOF and MOF—bacteriophage against
S. aureus is presented in Figure S3. The NH,-MIL-53 alone did
not exhibit any activity against the S. aureus bacteria although a
clear zone appeared when it was conjugated with the
bacteriophage particles. This result again clearly confirms the
successful bioconjugation of the MOF with preserved
bacteriophage activity.

3.3. Detection of S. aureus. To begin, the effect of the
MOF—bacteriophage composition on the PL quenching was
examined by controlling the proportion (w/v) of bacterioph-
ages in the complex with respect to the best PL quenching
results. To this end, 15 mg of MOF-g was mixed with varying
quantities (0.5—3 mL) of the stock bacteriophage solution.
After necessary preparatory steps (as mentioned in section 2.3),
a dispersed sample of the prepared MOF—bacteriophage (400
uL of 1 mg/mL) probe was incubated with 600 uL of a fixed
concentration (4 X 108 CFU/mL) of S. aureus for 20 min. The
results of PL quenching for these MOF—bacteriophage
solutions are plotted in Figure S4. The experiments revealed
that the maximum PL quenching was attained when MOFs
were mixed with bacteriophages in a weight/volume (w/v)
ratio of 15 mg/2 mL. Consequently, in all other experiments,
the fluorescent sensor was prepared by slightly adjusting that
w/v ratio to 15 mg MOF/3 mL of bacteriophage (10° PFU/
mL). Furthermore, the optimized response time for the MOF—
bacteriophage sensor was studied by mixing and incubating the
required volumes of the MOF—bacteriophage complex with a
fixed concentration of the target bacteria for different time
intervals. The results of this analysis are summarized in Figure
S5. As the maximum PL quenching was attained for an
incubation time of 15 min or more, all other sensing
experiments were carried out over 20 min.
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Table 1. Comparison of Performance Parameters between Nanomaterials-Based Biosensors for S. aureus

In presence of S. aureus

650

600

order nanomaterial technique limit of detection detection range reference
1 Fe;O4 NPs MALDI-MS 7 X 10* CFU/mL 79
2 chitosan/CdS QDs fluorescence 900 CFU/mL 10°~107 CFU/mL 80
3 reduced graphene oxide electrochemical impedance spectroscopy 100 M 81
4 Co30,-graphene nanocomposite  differential pulse voltammetry 43 x 107° M 1.0 X 1072=1.0x 107* M 82
S AuNPs light scattering 10 CFU/mL 83
6 magnetic nanobeads/gold SAM colorimetry 40 CFU/mL 75—7.5 x 10° CFU/mL 84
7 SWCNTs potentiometry 800 CFU/mL 2.4 x 10°-2.0 X 10* CFU/mL 8S
8 NH,-MIL-53 photoluminescence 31 CFU/mL 40—4 X 10° CFU/mL This work
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Figure 5. (A) Specificity of the proposed biosensor between the target bacteria S. aureus and potential interferences. Tests were made in the presence
of target only and with others. The concentrations for bacteria in each sample was 4 X 10® CFU/mL. (B) Spectrophotometric characterization (PL
studies) of the MOF—bacteriophage complex over storage duration of 0—100 days at room temperature.

The application of the bacteriophage-MOF as a fluorescent
sensor for S. aureus (with respect to the varying concentrations
between 40—4 X 10° CFU/mL) is demonstrated in Figure 4.
The observed PL patterns (Figure 4A) and the corresponding
calibration curve (Figure 4B) show decreasing fluorescence
intensities in proportion to the bacterial concentrations tested.
A linear pattern is attained within the concentration range of
40—4 X 10° CFU/mL. The observations clearly highlight the
usefulness of the bacteriophage conjugated NH,-MIL-53 as a
highly sensitive sensory material for the optical detection of S.
aureus. The decrease in the PL intensity of the bacteriophage—
MOF complex upon its binding with the target bacteria can be
attributed to the bacteriophage—bacteria interaction which
causes a reduction in the effective excitation of the MOF due to
competitive absorption of the light between different
components involved in the system. The limit of detection
(LOD) of the proposed sensor system for S. aureus, when
assessed by the expression “3¢” (o = standard deviation of
measurements in the blank sample), was 31 CFU/mL. This
LOD for S. aureus by the proposed sensor system is superior or
comparable to those of many of the earlier fluorescent
detection systems (Table 1).

3.4. Specificity, Stability, and Regeneration of the
MOF—-Bacteriophage Sensor. The specificity of the
proposed biosensor was verified by testing it toward nonspecific
bacteria (e.g., S. arlettae and E. coli). Figure SA summarizes the
original PL intensity of the sensory solution (i.e, MOF—
bacteriophage) along with the observed changes in the PL
intensity of MOF—bacteriophage complex toward S. aureus, S.
arlettae, E. coli, mixture of S. arlettae + E. coli, and mixture of S.
aureus + E. coli + S. arlettae. Clearly, the bacteriophage under

study is highly specific toward the target S. aureus even in the
individual or mixed presence of the nonspecific bacteria.

The long-term stability of the MOF—bacteriophage complex
was investigated by intermittently recording its PL response
toward S. aureus over a period of storage time. Note that this
complex was stored at RT. Figure SB depicts an insignificant
change (i.e., lesser than 3%) in the PL response of the MOF—
bacteriophage biosensor even after 100 days of storage. This
observation has demonstrated the long-term stability of the
proposed MOF—bacteriophage biosensor even under room-
temperature storing conditions.

The crystalline integrity of the material was also tested by
FE-SEM investigations. As depicted in Figure S6, the complex’s
crystalline nature was not degraded over the extended span of
storage.

The regeneration of the MOF—bacteriophage complex was
also attempted by washing the used material (S min incubation
with PBS buffer, followed by centrifugation step). The recycled
material was then tested for the sensing of 4 X 10° CFU/mL S.
aureus as per the steps described in section 3.3. The PL
response of the MOF—bacteriophage during five such cycles is
presented in Figure S7. The sensory material yielded
satisfactory stable performance as there was only slight loss
(e.g., about 10%) of the initial PL after five regeneration cycles.
As demonstrated in this study, the regenerated bacteriophages
were able to retain almost 90% of their initial activity. Note that
other types of recognition moieties such as cell components
(nucleic acid and antibodies) when regenerated may suffer from
a significant loss of molecular activity; they became denatured
or lost functionality to a degree in the presence of regeneration
reagents like ethanolamine, glycine, phosphoric acid, and dilute
HCL’®”” 1t should be ascribable to the fact that the
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Table 2. Analysis of Different (Diluted) Samples of Spiked Pastry Cream: Tests between MOF—Bacteriophage and Standard

Colony Counting Method

MOF—bacteriophage method

standard colony counting method

sample no.  bacteria concentration (CFU/mL)

1 25 (+2) x 10 98—102
2 26 (+£2) x 10° 100—104
3 25 (£2) x 10° 98—102
4 26 (+2) x 10* 100—104
5 24 (+2) x 10* 96—100

% recovery relative standard deviation (in PL intensity)  bacteria concentration (CFU/mL)

% recovery

9.8 26 X 10° 100
10.1 26 X 10° 100
8.5 26 X 10° 100
9.2 26 x 10* 100
9.9 26 X 10* 100

regeneration steps taken for our MOF—bacteriophage are much
simpler than those practiced in other studies (e.g, the
nanoparticle—antibody-based biosensor).”®

3.5. Analysis of S. aureus in Spiked Cream Pastry
Sample and Its Validation by Standard Method. The
analysis of the spiked pastry cream samples (supernatant
solution and its serial dilutions) with the MOF—bacteriophage
biosensor is presented in Table 2. For the analysis, the observed
PL intensity during the test was correlated with the standard
calibration curve (Figure 4B). The analysis of the five serially
diluted samples yielded the bacteria concentrations of 24 (+2)
x 108,26 (£2) x 105 25 (£2) X 10°% 26 (£2) X 10% and 24
(£2) X 10* CFU/mL. The above pastry cream samples were
also analyzed with the standard colony counting method. The
photographs of one of such representative analysis are shown in
Figure S8. Comparison of the data, as shown in Table 2,
highlights good agreement between the two contrasting
approaches.

4. CONCLUSION

In this research, the performance of a convenient assembly of a
MOF—Dbacteriophage-based biosensor was investigated for the
sensitive and specific detection of S. aureus bacteria. Due to
their structural compatibility (both the sensory material and
recognition probe being micron sized particles), the proposed
MOF—bacteriophage sensor probe was demonstrated to be
successful in achieving the detection of the target bacteria in
terms of enhanced reproducibility, stability, sensitivity, and
specificity. The selected MOF (i.e, NH,-MIL-53(Fe)) is a
water-dispersible and stable structure. Its conjugation with the
specific bacteriophages has offered the successful development
of a new type of biosensor for S. aureus. The use of
bacteriophages as the biorecognition probe has been realized
to help in rendering a long-term stability as well as a
regenerability of the biosensor. The performance of this
sensing platform, when examined in terms of attained limit of
detection of the method and the range of the linear analysis, is
seen to be superior (or comparable) to those of many of the
earlier biosensors employed for the detection of S. aureus.

In this study, the feasibility of NH,-MIL-53(Fe) MOF—
bacteriophage biosensor was explored against S. aureus. This
sensing system is found to have high sensitivity, specificity, and
regenerability while maintaining the excellent aqueous phase
and temperature stability. In comparison to other nanomaterials
tested previously for biosensing of bacteria (e.g., quantum dots,
dye-doped nanoparticles, and carbon dots), the use of NH,-
MIL-53(Fe) offered a number of advantages. As a micrometer-
sized fluorescent marker, NH,-MIL-53(Fe) does not pose a
concern of nanotoxicity as do QDs. This MOF can be
patterned as a solid sensing substrate and is much easier to
synthesize. Moreover, it also has a better structural compati-
bility with bacteriophages to retain stable PL emission across

ranges of temperature. The assembly of hierarchical structures
like MOF should also offer a precise control on particle size
distribution (e.g,, in terms of homogeneity) and purification
from the precursors. As an iron based compound, NH,-MIL-
53(Fe) is nontoxic in nature, so it should be far safer to use as
biosensors than the generally used quantum dots which contain
harmful components like cadmium or lead.
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