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Abstract

The quest for the development of high-accuracy, point-of-care, and cost-effective testing platforms for
SARS-CoV-2 infections is ongoing as current diagnostics rely on either assays based on costly yet accurate
nucleic acid amplification tests (NAAT) or less selective and less sensitive but rapid and cost-effective
antigen tests. As a potential solution, this work presents a fluorescence-based detection platform using a
metal-organic framework (MOF) in an effective assay, demonstrating the potential of MOFs to recognize
specific targets of the SARS-CoV-2 genome with high accuracy and rapid process turnaround time. As a
highlight of this work, positive detection of SARS-CoV-2 is indicated by a visible color change of the MOF
probe with ultra-high detection selectivities down to single-base mismatch nucleotide sequences, thereby
providing an alternative avenue for the development of innovative detection methods for diverse viral

genomes.
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Introduction

The novel SARS-CoV-2 coronavirus is the causative agent of COVID-19, a respiratory disease that exhibits
a wide range of clinical outcomes from mild disease to severe pneumonia and acute respiratory distress
syndrome which can result in death. SARS-CoV-2 can spread efficiently from person-to-person; its world-

wide outbreak was classified as a pandemic by the World Health Organization (WHO) in March 2020.'
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While vaccination is the most effective defense against serious illness related to the infection, testing for
active infections, and isolating those individuals who test positive have been determined by the WHO as
one of the most effective means to contain the further spread of COVID-19.* Expediting such measures is
strongly tied to the availability of reliable and cost-effective diagnostics to test thousands of symptomatic
and asymptomatic patients daily.’

FDA-approved diagnostics for active infections are currently limited to (i) nucleic acid
amplification tests (NAAT) which amplify and detect RNA fragments of the SARS-CoV-2 genome®, and
(ii) antigen-based methods which detect characteristic proteins of the SARS-CoV-2 virus’®. Among NAAT

methods, reverse transcription-polymerase chain reaction (RT-PCR)%!°

and reverse transcription loop-
mediated isothermal amplification (RT-LAMP)'! are the most prominent diagnostics employed today. Both
methods feature high detection sensitivities, but they are plagued by requiring expensive instrumentation.
In addition, RT-PCR comprises a lengthy amplification process (several hours) including the need to
transport samples to specialized laboratories, while RT-LAMP is point-of-care appropriate and features
rapid amplification (minutes).'>!* In contrast, antigen diagnostic kits are highly cost-effective since they
require no instrumentation for implementation and also feature point-of-care implementation and exhibit
rapid detection. However, they are less sensitive and less accurate in comparison to NAAT methods.!413
This dilemma motivates quests for the development of testing methods marrying cost-effectiveness with
reliability including increased sensitivity, specificity, test simplicity, and decreased turnaround time. In
addition, the ideal method should be scalable to avoid backlogs as commonly found for NAAT-based
diagnostics during COVID-19 surges. Herein, we address this quest by employing a metal-organic
framework (MOF) as a novel detection platform for SARS-CoV-2 which allows both point-of-care testing
as well as molecular-genetic level accuracy.

Over the past two decades, MOFs have emerged as a new class of nanoporous materials composed
of metal ions or clusters interconnected by polytopic organic linkers that form multi-dimensional crystalline
networks. Their resulting topologies, pore environments, and functionalities are controllable by both the
choice of metal and organic building blocks.!® Key features—Ilarge accessible voids and high internal
surface areas—render MOFs as ideal candidates for adsorption-based applications,'” while the potential to
functionalize their pore environments and tune their topologies and pore sizes offers applications such as
detection platforms for numerous molecular species.'® In this context, perhaps the most important yet least
explored analytes to date are biomolecules (e.g., proteins, nucleic acids and antibodies).!” While
fluorescence sensing is a well-established strategy to detect RNA in other settings?®, MOFs represent a new
technological platform not yet exploited clinically. A few MOF studies have investigated the detection of
24,25

RNA targets from viral genomes of Ebola virus,?!*> Human Immunodeficiency virus 1,** Sudan virus,

Dengue virus,?® and Zika virus,?® but studies on SARS-CoV-2 have not yet been conducted given the



infancy of the infancy of studies related to RNA detection in the MOF field. Noteworthy though, the
potential use of MOFs as COVID-19 assay has been widely discussed within the current literature over the

2732 including a few recent reports on the detection of specific COVID-19

past couple of years,
biomarkers,**’ but to the best of our knowledge, we are first to report on the experimental implementation

of genetic SARS-CoV-2 detection.

Results and Discussion

Detection strategy design. Our detection strategy follows a sophisticated process as represented in Figure
1. In brief, a fluorophore-labeled (FL) single-stranded DNA oligonucleotide, complementary to a unique
RNA sequence of the SARS-CoV-2 genome (denoted here as “probe ssDNA” or “P-DNA”) is adsorbed
into a porous MOF matrix with the resulting P-DNA@MOF system serving as the sensing platform for
SARS-CoV-2 RNA. Within this platform, strong non-covalent intermolecular P-DNA—MOF interactions
result into fluorescence quenching (signal off) of the FL tag. The prevalent quenching mechanism likely
processes via photoinduced electron-transfer (PET) since fluorescence resonance energy transfer (FRET)
can be excluded as mechanism as evidenced from lack of visible light absorption of the pristine MOF .*®
Figure S1 shows the respective diffuse reflectance data of the MOF. For RNA detection, stable RNA—P-
DNA hybrid duplexes are formed upon adding viral RNA targets that are complementary to the P-DNA
sequence of the P-DNA@MOF platform. This duplex formation significantly decreases the P-DNA-MOF
affinity due to the absence of unpaired nucleotides resulting from strong RNA—P-DNA interactions. As a
direct result, fluorescence regeneration of the FL tag (signal on) is observed, since the now more stable
hybrid duplex has less affinity to the MOF and desorbs from the MOF pores. This change of fluorescent
emission can be directly assessed by fluorescence spectroscopy. This methodology is inspired from

previous work on MOF-based luminescence switch sensors and has been modified as detailed below'’.
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Figure 1. Schematic representation (not to scale) illustrating the fluorescence quenching-regeneration
mechanism of viral RNA detection using a MOF-based sensing platform. Shown is the (A) empty MOF
which adorbs P-DNAs to form (B) a P-DNA@MOF system resulting in fluorescence quenching of the P-
DNA. (C) Upon target RNA binding, P-DNA-RNA hybrid duplexes are formed and ejected from the MOF

pores resulting in fluorescence regeneration.

Probe selection, fabrication, and characterization. Based on our extensive prior experience in MOF

39-42 we identified five essential criteria to select candidate

incorporation of large molecular guest species
MOFs for the preparation of P-DNA@MOF platforms: (i) pore diameter should be >2.0-2.5 nm to
accommodate adsorption of P-DNA and to enable RNA-P-DNA duplex formation within the MOF pore.
This is a crucial requirement given that P-DNA and RNA-P-DNA duplexes possess kinetic diameters of
approx. 2.0 nm as displayed in Figure 2A; (ii) pore geometry should feature 1D channels to accommodate
1D helical oligonucleotides; (iii) pore functionalities should enable defined noncovalent P-DNA-MOF
interactions to induce PET processes for quenching of the fluorophore; (iv) MOF should be stable in water
to sustain porosity and functionality under in vifro conditions using aqueous buffer media; and (v) MOF
synthesis should have potential for scalability through simple and cost-effective synthetic routes.

Noteworthy, from the assessment of foundational work?’%

, we found that any MOF previously
explored for RNA detection does not meet the pore size criteria. Table S1 provides a comprehensive
overview of respective pore diameters showing that those MOFs are either non-porous or exhibit pores
<<2.0 nm. Therefore, informed from this structural analysis and contrary with the reported interpretations,
one can exclude true P-DNA adsorption within the MOF pores and any pore-driven PET fluorescence

quenching mechanisms in current literature. Instead, undefined MOF particle surface phenomena might



play a major role for the PET process, and thus, leaving the full potential of MOFs unexploited. This
conclusion is supported by a recent study of Xiang Zhou ef al.** in which they show that the limited pore
size (1.5 nm) of Ni-MOF-74 does not facilitate P-DNA adsorption while the isoreticular series Ni-MOF-
74-11-V with pore sizes ranging 2.2-4.2 nm show significant uptake. Evidenced by X-ray diffraction
analysis, the entire nucleic acid chain was found completely confined inside the pores providing excellent
protection. Inspired by this work but given the synthetic complexity of this Ni-MOF-74 series, we selected
instead for the herein reported proof-of-concept study the mesoporous MOF MIP-206-R (R = Me) as the
ideal candidate platform for P-DNA inclusion.** While this MOF exists in different isostructural variants
(e.g., R=H, F, Br, OH, NH,, SO3H, OMe) we selected the methyl variant with the expectation that the
non-polar and minimal-bulky nature of the methyl group is able to provide moderately strong non-specific
interactions between the MOF and P-DNA. This MOF can be readily synthesized from a one-pot reaction
in a solvothermal synthesis autoclave at 180 °C using the commercially available ligand 5-
methylisophthalic acid (Me-IPA), zirconium(I'V) chloride and formic acid as solvent. The crystal structure
of MIP-206-Me consists of two types of Zr oxo-cluster secondary building units, namely 8-connected Zrs
and 12-connected Zr;» oxo-clusters, which are bridged by Me-IPA ligands into a 3D porous architecture
with accessible 1D meso-channels running along the ¢ axis (Figure 2B). These channel pores are 2.6 nm
in diameter and are decorated with aromatic functionalities, both of which constitutes an ideal environment
for P-DNA immobilization and fluorophore quenching via PET. Also, evident from characterizations via
powder X-ray diffraction (PXRD, Figure 2C) and scanning electron microscopy (SEM, Figure S2), this
MOF shows excellent crystallinity with uniform particle sizes of aggregates around 100 nm and significant
stability in water. The small particle size is expected to minimize diffusion limitation for P-DNA adsorption.

The P-DNA selection process was guided from CDC-approved sequences for current RT-PCR
testing,*® and it is expected that oligonucleotides with high guanine/cytosine (G/C) content (>50%) will aid
the formation of stable analyte RNA-P-DNA hybrids. As a result, the ssDNA 5'-
GGTCCACCAAACGTAATGCGGGGT-3" was selected as a unique and complementary sequence of the
SARS-CoV-2 genome featuring a length of 24 nucleotides and a high G/C content of 58%. This ssDNA
was labelled with the fluorophore fluorescein amidite (FAM) at the 5° end, a motif that gives green
fluorescence at a wavelength of 518 nm. The resulting FAM—ssDNA strand is herein referred to as P-DNA.
When the P-DNA is adsorbed by the MOF, electrons can be transferred from FAM to the MOF via PET to
result into fluorescence quenching. Given the hydrophobic environment within the MOF pores we can
assume intermolecular m-n-stacking interactions between the aromatic motifs of FAM and Me-IPA as
dominating mechanism for PET.

The fabrication of the P-DNA@MOF platform was systematically explored as function of the P-

DNA loading capacity with the overall goal to maximize P-DNA adsorption. These experiments were



performed by placing pristine MOF samples in nuclease free (NF) aqueous solutions of increasing
concentration of P-DNA (125, 250, 375, 500, and 750 nM). After centrifugation, the respective supernatants
were characterized by fluorescence spectroscopy for P-DNA content as a means for accurate quantification
of P-DNA uptake within the MOF samples. As a result, a P-DNA saturation concentration of around 4
nmol/mg was determined by averaging the five samples (Figure S3 and Tables S2-3). Further
characterization of the P-DNA@MOF probes via SEM shows a similar morphology and particle size as
comparted to the pristine MOF indicating no decomposition of the probe upon P-DNA loading (Figure
S4).
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Figure 2. Demonstrating the viability of selected biosensor components. (A) Kinetic diameters of P-DNA and P-DNA-analyte ssDNA duplex; (B)
synthesis scheme and packing diagram of MIP-206-Me along the crystallographic c-axis.; and (C) PXRD patterns of MIP-206-Me



Analyte detection validation through fluorescence regeneration testing. For this proof-of-concept study
we choose to work with ssDNA analytes in lieu of RNA motifs given the superior stability and handleability
of  ssDNA  vs. RNA % Consequently, the ssDNA of  composition 3-
ACCCCGCATTACGTTTGGTGGACC-5" was selected as representative analyte sequence of the SARS-
CoV-2 genome. For simplicity, this analyte ssDNA is herein referred to as A-DNA. Introductory testing
was performed to determine the fluorescence regeneration capability of the P-DNA@MOF probe as
function of the P-DNA loading capacity and processing conditions, namely temperature and sonication.
Two different P-DNA@MOF probes with P-DNA loading capacities of 1.5 and 3 nmol/mg were prepared
as representative probes for low and high P-DNA loading scenarios, respectively. Figure S5 shows a
schematic representation of the probe fabrication methodology. An excess of A-DNA (2:1 ratio of A-DNA
to P-DNA) was used for the regeneration testing to maximize the probability of A-DNA-P-DNA duplex
formation and the resulting fluorescence signal. In addition, two different regeneration temperatures at
either low (35 °C) or high (50 °C) temperature under sonication were explored to investigate the
temperature dependency of the regeneration process. Figure S6 shows a schematic representation of the
regeneration testing methodology. As evident from Figure 3A, no fluorescence regeneration can be
observed for the low P-DNA loading scenarios while the 3 nmol/mg P-DNA@MOF probe at 50 °C exhibits
the most effective fluorescence regeneration. We thus decided to use fully saturated MOF probes under
sonication at 50 °C moving forward.

In the next step we investigated the fluorescence regeneration efficiency with variation of the liquid
phase. Per Figure 3B, 0.1 M Tris HCI buffer solution was found to be most effective resulting in an
impressive 100-fold boosting of the fluorescence signal as compared to pure NF water as solution media.
Stability testing revealed that the crystallinity of the MOF is not impacted under those regeneration
conditions as evident from respective PXRD patterns before and after buffer exposure (Figure S7). Based
on this finding we tested the limit of detection (LOD) in buffer solution using a P-DNA@MOF probe of 4
nmol/mg capacity. Figure 3C shows selected fluorescence regeneration signals as function of different A-
DNA to loaded P-DNA ratios (2:1, 1:1, 1:200 and 1:2000). Notably, below the 1:1 ratio, signal changes are
slight with varying A-DNA concentrations while above the 1:1 ratio an increased fluorescence signal is
detected, displaying a non-linear relationship of regeneration compared to A-DNA concentration. However,
given the perfectly flat control curve of pure buffer solution (no A-DNA added) combined with excellent
calibration data (Figure S8 and Table S4) we can conclude that the ratio at 1:2000 is the lowest
experimentally determined LOD under given instrumental conditions. This ratio equates to an A-DNA
concentration of 400 pM or 1.2 x 10" copies/mL. Noteworthy, based on cost optimization, these parameters
are obtained using only 0.1 mg of P-DNA@MOF probe in 2 mL of A-DNA solution. In addition to this

quantitative analysis using fluorescence spectroscopy, a qualitative visible colorimetric change can be also



observed in the assay between the white colored unloaded MOF (Figure 3E), the yellow P-DNA@MOF
probe (Figure 3F), and the probe after regeneration which shows the color diminishing towards the original
white color indicating that P-DNA has been expelled from the MOF particles (Figure 3G). To the best of
our knowledge, we found that this dual-signal readout capability is first of its kind among the pool of recent
MOF-based viral RNA/DNA detection work?!-%,

Lastly, the selectivity of this detection platform was investigated using one random ssDNA
sequence and four mutants where a defined nucleotide mismatch was placed at the 5’ end (M1), the 3° end
(M2), in the middle (M3), and three sequential mismatches in the middle of the oligomer (M4) with all
mutants having the same sequence length of 24 nucleotides. Table 1 lists an overview of these sequences
and their respective mismatches with Figure 3D showing resulting fluorescence data from regeneration
testing. Given that these selectivity experiments were performed under identical experimental conditions
as described above for LOD testing, the scale of fluorescence intensity can be compared with data shown
in Figure 3C. As a result, no meaningful fluorescence signal is observed from all mutants, however, M1
showed relatively a slightly higher signal than the other mutants, suggesting that a mutation at the mutant’s

5” end which binds to the non-tagged 3’ end of P-DNA had a much larger impact on the regeneration ability.
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Figure 3. Systematic fluorescence regeneration testing. (A) Fluorescence regeneration with variation of temperature and P-DNA concentration in 1
mg MOF with constant 2:1 ratio of A-DNA to P-DNA in NF water demonstrating that higher P-DNA loadings and higher temperature facilitate the
fluorescence regeneration process; (B) fluorescence regeneration with variation of the liquid phase demonstrating a boosting effect of Tris-HCl
buffer as compared to NF water; (C) LOD testing with variation of A-DNA concentration at 50 °C with constant concentration of P-DNA in 0.1 mg
MOF in Tris HCI buffer and control with no A-DNA added, diluted 1:10 before measuring; (D) selectivity testing with mutated A-DNA at 50 °C
with constant concentration of P-DNA in 0.1 mg MOF sample and constant concentration of A-DNAs in 0.1 M Tris HCI buffer, diluted 1:10 before
measuring; (E) photographs of the pristine MOF pellet, (F) P-DNA loaded MOF pellet, and (G) the MOF pellet after the regeneration process. All

fluorescence data points were recorded with an excitation wavelength of 485 nm.



Table 1. Overview of oligonucleotide sequences used in this study. Mismatches as compared to the A-DNA are highlighted in red.
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Computational mechanistic investigations. The mechanism of A-DNA-P-DNA duplex formation and
repulsion from the MOF pore was probed through classical computational methods in which the structures
of P-DNA@MOF (Figure 4A), P-DNA (Figure 4B), and A-DNA—P-DNA duplex@MOF (Figure 4C-D)
were modelled, the geometries optimized, and energies calculated. At first, these energy calculations
demonstrate that the adsorption of P-DNA into the MOF pores is energetically favored since the total energy
of the non-adsorbed P-DNA amounts a strongly positive value of 2648 kcal/mol while the P-DNA@MOF
binding energy amounts a stable negative value of -1300 kcal/mol. Secondly, the strongly positive binding
energy value of 2162 kcal/mol for the A-DNA-P-DNA duplex@MOF implies that the duplex formation
inside the MOF pore is not energetically favored. This finding suggests that the duplex is formed outside
of the pore potentially through a zipper-like mechanism. A schematic representation of this mechanism is
shown in Figure 4E wherein the A-DNA removes the P-DNA from the pores at the MOF surface through
duplex formation base pair by base pair, forming the duplex solely outside of the pores. This mechanism
would also support the lack of full reversion of color change upon regeneration (Figures 3E-G) due to the
limitation of surface-pore interactions, leaving P-DNA still adsorbed in the central pores of the MOF
particles. In addition, binding energies of FAM@MOF (-32 kcal/mol), P-DNA@MOF (-1300 kcal/mol),
and ssDNA@MOF (-1623 kcal/mol) where ssDNA@MOF is P-DNA@MOF without a FAM tag
modification suggesting that the 3’ (unlabeled end) of the ssDNA preferentially enters the MOF pore before
the FAM end. This finding supports the experimental results of the mutant testing showing that M1 having
a mismatch at its 5° end would still remove the P-DNA from the MOF pore as the duplex would mostly be

formed outside of the pore already.
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(E) P-DNA A-DNA

Figure 4. Simulated crystal structures of (A) P-DNA@MOF, (B) P-DNA, (C) A-DNA-P-DNA
duplex@MOF, and (D) A-DNA-P-DNA duplex where P-DNA is colored green and A-DNA is colored
pink; and (E) schematic representation of the proposed zipper-like mechanism of A-DNA (pink) removing
P-DNA (green) from the MOF pore by forming a A-DNA—P-DNA duplex through base pairing.

Conclusions

In this proof-of-concept study we are expanding the application range of MOFs by reporting on a novel P-
DNA@MOF biosensor which has the capability to detect genetic material of the SARS-CoV-2 genome.
We show that this detection process features dual-signal readout capability, namely, quantitative fluorescent
assessment with LOD of 400 pM coupled with qualitative visual colorimetric sensing. It is envisioned that
the sensitivity of this process can be further improved by increasing the mass of P-DNA@MOF per analyte
volume and/or the combination with PCR amplification methods.*’ In addition, through comprehensive
mutant testing we demonstrate ultra-high selectivity of the detection process down to a single-base
mismatch within the nucleotide sequences of the analyte. The cost for this detection platform is estimated
around 3 USD per MOF probe unit (0.1 mg) making it competitive for commercialization. Eventually, this
work is expected to inspire further research as the method has the potential to be expanded toward the
design of more sophisticated multi-probe detection platforms, for example, through the co-adsorption of P-
DNAs antisense to viral genomes of different SARS-CoV-2 variants and/or the common flu which each

possesses a unique fluorophore tag. In summary, we herein present a novel MOF-based diagnostic platform



featuring (i) remarkable detection performances including picomolar target sensitivities and single-base
mismatch selectivities; (ii) low-cost, simple instrumentation, and rapid detection characteristics; and (iii)
simple adaptability to new variants—all important milestones to move the field toward the development of

reliable molecular point-of-care tests.

Experimental Section

Materials. All chemicals were used as purchased without further purification unless specifically noted. 5-
methylisophthalic acid hydrate was obtained from Chem Impex, ZrCls from Strem Chemicals Inc., formic
acid from Sigma-Aldrich, molecular biology grade sterile water from Ricca, and custom ssDNA and FAM-

labelled-ssDNA solutions from ThermoFisher Scientific.

MOF synthesis. MIP-206-Me was synthesized as previously reported.** Briefly, 1.1 g (6.6 mmol) of 5-
methyl isophthalic acid was placed with 5 mL of formic acid in a 25 mL Teflon cup followed by sonication
at room temperature for 5 min. 2 g (8.6 mmol) of ZrCls was added to the mixture followed by sonication
for another 10 minutes. The Teflon cup was sealed in a steel autoclave and heated at 180 °C for 24 h. The

reaction product was filtered by vacuum filtration and washed with acetone before being air-dried.

P-DNA@MOF fabrication. 1 mg MOF samples were prepared by weighing 1 mg samples of as-
synthesized MIP-206-Me into 2 mL nuclease free (NF) Eppendorf tubes. The tubes were then filled to the
2 mL line with NF water, shaken, and centrifuged before carefully removing the water above the MOF
pellet using an NF needle and syringe. This process of washing the MOF was repeated twice more to ensure
that the pores were washed clean of any guests which could harm the P-DNA. A corresponding amount of
P-DNA in NF water was added to the tube and shaken before being centrifuged at 10 °C. The head solution
was removed with an NF needle and syringe leaving a yellow pellet. The tube was then refilled with NF
water and shaken before being centrifuged at 10 °C and the head solution removed again to remove any
non-adsorbed P-DNA from the tube.

Sub-1 mg samples were prepared by grinding the as-synthesized MIP-206-Me powder using a
mortar and pestle into a finer powder. 20 mg of the finely powdered MOF was placed in a 50 mL NF tube
to which 20 mL of 200 proof ethanol was added. The tube was sonicated in a bath and appropriate aliquots
of the dispersion (e.g., 0.1 mL for 0.1 mg test) were placed in 2 mL NF Eppendorf tubes. The tubes were
then filled with NF water to a total volume of 2 mL, shaken, and centrifuged before carefully removing the
supernatant above the MOF pellet using an NF needle and syringe. This process of washing the MOF was
repeated twice more to ensure that the pores were washed clean of ethanol and any guests which could harm

the P-DNA. An amount of NF water was added to the tube and the pellet redispersed by sonication before



adding the corresponding amount of P-DNA to achieve the desired P-DNA concentration before being
centrifuged at 10 °C. The head solution was removed with an NF needle and syringe leaving a small yellow
pellet. The tube was then refilled with NF water and shaken before being centrifuged at 10 °C and the

supernatant removed again to remove any non-adsorbed P-DNA from the tube.

P-DNA loading quantification. The MOF was processed as described above followed by adding P-DNA
in various concentrations (125, 250, 375, 500, 750, and 1000 nM) before being centrifuged at 10 °C. About
1.5 mL of the head solution was removed with a NF needle and syringe, the needle was then removed from
the syringe and replaced with a 0.1 pm syringe filter. The solution was pushed through the filter into a 1.4

mL capacity fluorimeter cell and an emission spectrum collected with an excitation wavelength of 485 nm.

Fluorescence regeneration testing. P-DNA@MOF sample in an Eppendorf tube which has been washed
as described above was filled with an amount of NF water and an amount of buffer solution then briefly
sonicated to redisperse the P-DNA@MOF pellet before adding the desired amount of A-DNA, giving a
final buffer concentration of wither 0 M or 0.1 M with varying A-DNA concentrations depending on the
sample. The tube was then placed through a thin piece of Styrofoam so that the bottom is sticking out and
sonicated in a sonication bath with controlled temperature for 30 minutes. After centrifugation at 10 °C,
about 1.5 mL of the head solution was removed with an NF needle and syringe, the needle was then removed
from the syringe and replaced with a 0.1 um syringe filter. The solution was pushed through the filter into
either a 1.4 mL capacity fluorimeter cell and an emission spectrum collected with an excitation wavelength
of 485 nm (for samples without buffer) or an unused NF Eppendorf tube before being further diluted in a
1:10 ratio with NF buffer solution before being pipetted into a 1.4 mL capacity fluorimeter cell and an

emission spectrum collected with an excitation wavelength of 485 nm.

Powder X-ray diffraction. PXRD data of as-synthesized MIP-206-Me was collected on a Bruker D2
Phaser diffractometer with a sealed Cu tube (A = 1.54178 A) where the powder was dispersed on a low-

background Si wafer disc for analysis.

Fluorescence spectrophotometry. Fluorescence measurements were recorded using a Varian Cary Eclipse

Fluorescence Spectrophotometer with a semi-micro quartz fluorimeter cuvette obtained from Starna cells.

Computational Methods. The pristine MOF structure was initially optimized by density functional theory
(DFT) using the Quickstep®® code of the CP2K 8.1 package with periodic boundary conditions.

Perdew—Burke—Ernzerhof (PBE)* exchange-correlation functional was used for the energy minimization,



employing GTH pseudopotentials, DZVP-MOLOPT-SR-GTH contracted Gaussian basis sets, and an
auxiliary plane wave basis set. The plane wave’s cutoff was set to 660 Ry and it was mapped on a 5-level
multigrid with a relative cutoff of 60 Ry. The pre-optimized MOF was then used as the host to encapsulate
the ssDNA. The geometry of the pristine ssDNA, P-DNA, and the A-DNA-P-DNA duplex were
constructed using 24 DNA equivalent sequences and the pre-optimized FAM-structure followed by energy
minimization scans were performed using the Forcite module of Material Studio 2020.1.0.5.° The
Universal force field was used for the optimization process with Smart algorithm and current charges.
Ewald summation method was used with an accuracy 0.0001 kcal/mol, and a long-range van der Waals
correction was also included in the energy minimization scans. The optimized ssDNA, P-DNA, and the A-
DNA-P-DNA duplex structures were then infiltrated into the pre-optimized MOF, and the resulted
composites were geometry optimized using Forcite module with same level of theory used in the ssDNA
optimization processes whereas the MOF geometry was constrained. The binding energy (BE) was
calculated using the equation BE = Ecompositc - (EMor + Epna) while this equation was modified in the
duplex@MOF calculation as follows BE = Epupiexamor - (Emor + BEpupiex), whereas the BEpypiex addresses

the interaction between the ssDNA helices.’!

Supporting Information

Overview of previous work in viral genetic material sensing using MOFs, solid-state UV-Visible spectrum
of pristine MOF, SEM images of pristine MOF and P-DNA@MOF, calibration curve data of P-DNA in
NF water and Tris HCI buffer, P-DNA saturation of MOF data, schematic representations of test fabrication

and testing procedure, PXRD of sample after treatment with Tris HCI buffer.
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