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ABSTRACT: Peptides are important biomarkers for a range of diseases, however distinguishing different amino-acid sequences
using artificial receptors remains a major challenge in biomedical sensing. Here we present a new approach to creating highly selective
recognition surfaces using phage display biopanning against metal-organic nanosheets (MONs) and demonstrate their use as the next-
generation of biomolecular recognition surfaces. Three MONs (ZIF-7, ZIF-7-NH2 and Hf-BTB-NH:) were chosen as initial targets
to demonstrate how simple synthetic modifications can enhance selectivity towards specific amino acid sequences. Each MON system
was added to a solution containing every possible combination of 7-residue peptides attached to bacteriophage hosts and the highest
affinity binding peptides for each system was identified via successive biopanning rounds. In each case only a single peptide sequence
was isolated (YNYRNLL — ZIF-7, NNWWAPA — ZIF-7-NHz and FTVRDLS — Hf-BTB-NH?). This indicates that these MONs are
highly selective, which is attributed to their 2D nanosheet structure. Zeta potential and contact angle measurements were conducted
on each MON and combined with calculated properties for the peptide sequences and binding studies to provide insights into the
relative importance of electrostatic, hydrophobic and co-ordination bonding interactions. A quartz crystal microbalance (QCM) was
used to model phage binding and the Hf-BTB-NH2 MON coated QCM produced a 5-fold higher signal for FTVRDLS functionalised
phage compared to phage with generic peptide sequences. Further studies focusing on Hf-BTB-NH: confirmed that the VRDL
sequence was highly conserved, and on-target binding exhibited equilibrium dissociation constants that are comparable to natural
recognition materials. Surface plasmon resonance (SPR) studies indicated a 4600-fold higher equilibrium dissociation constant (Ko)
for FTVRDLS compared to those obtained for off-target sequences, comparable to those of antibodies (Kp = 4 x1071%). We anticipate
that the highly tunable nature of MONSs will enhance our understanding of binding interactions and enable molecular recognition of
biomedically important peptides.

INTRODUCTION
Complex surface structures are responsible for the

systematic tuning of surface chemistry without changing the
overall topology, while their crystalline nature affords a

remarkable degree of biomolecular selectivity found in nature.
Macromolecules bind to these bio-interfaces through multiple
weak interactions, with electrostatic and hydrophobic
interactions critical in determining selectivity.! Two-
dimensional materials represent promising artificial mimics due
to their high specific surface areas and accessible functional
groups.® A wide range of nanomaterials including transition
metal dichalcogenides, MXenes and graphene have displayed
an ability to bind biological macromolecules such as proteins
and DNA.*5 However, the simple inorganic structure of these
surfaces leads to stochastic functionalization with different
binding groups, therefore limiting their selectivity.

Metal-organic framework nanosheets (MONSs) are a class
of two-dimensional materials that combine organic ligands with
metal nodes.”® The modular structure of MONs enables

periodic array of recognition sites that promotes multidentate
binding.® Presentation of these functional groups on the surface
of the nanosheets, rather than within the pores of a three-
dimensional metal-organic framework (MOF), removes any
size limitations.'® Early generations of MON-based biosensors
have typically involved fluorescence quenching of dye-labeled
single-stranded DNA, functionalization with bioreceptors and
nanozyme behavior.®'71% In these examples, much of the
sensitivity and selectivity is conferred by other components,
such as aptamers and antibodies, enzymes, nanoparticles or
other two-dimensional materials.®

To the best of our knowledge, there are currently no
studies investigating the interaction of specific sequences of
amino acids with MONSs, although several studies have
investigated their interactions with their three-dimensional
analogs, MOFs. Indeed, several MOFs are promising catalysts
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Figure 1: Schematic illustration of phage display against MONs (inset AFM image shows ZIF-7-NHz), which includes phage
incubation with MON to encourage binding, washing and elution steps, and phage amplification using E. coli.

for the formation and cleavage of peptides, as well as the
selective hydrolysis of proteins.t’-2° Parac-Vogt and co-workers
investigated the adsorption of a diverse range of dipeptides onto
various Zr-based MOFs. Extensive screening revealed that
affinity depended on hydrophobic, aromatic and cation—x
interactions arising from the hydrophobic/aromatic nature of
the linkers and cluster connectivity.?! However, the diversity of
both MOFs and peptide sequences and the complexity of their
interactions means that identifying  strong-binding
combinations for use as highly selective biomolecular
recognition surfaces remains a formidable challenge.

Phage display biopanning provides an alternative
approach to exploring peptide-substrate interactions.?>?® A
library of bacteriophages presenting various combinations of
peptides are incubated with a given target under competitive
binding conditions to identify the most strongly binding
sequences (Figure 1). This approach has been used to
interrogate antigen-antibody interactions through epitope
mapping as well as to identify suitable peptides for bioinspired
mineralization.?*2% In particular, Fan and co-workers used
phage display to identify strongly binding peptides to a series
of water-stable MOFs, which they used to control nucleation,
modify their surface properties and tune the release of cargo.?’

We hypothesized that biopanning could be used to identify
strongly binding peptide sequences and hence design highly
selective MON based biomolecular recognition surfaces for
biomedical applications. Three different two-dimensional
MON systems (ZIF-7, ZIF-7-NH2 and Hf-BTB-NH2) were
selected to explore the effect of subtly different components on
biomolecular recognition performance. Phage display was
utilized to determine which peptides would exhibit strong
binding to the surface of each MON out of a library of 1 x 10
possible combinations of 7 amino acids. In each case, a
consensus binding peptide sequence with strong affinity to its
nanosheet system was identified, highlighting the intrinsic bio-
selectivity of these ultrathin MONs. A study of MON-
functionalized quartz-crystal microbalance (QCM) sensor
exhibited a 5-fold increase in signal for the selective peptide
functionalized phage compared to generic peptide sequences
for the Hf-BTB-NH: system. Subsequently, we investigated the
peptide sensitivity of Hf-BTB-NH. MONs using SPR analysis.
This technique indicated a remarkably high equilibrium

dissociation constant (Kp) of 4.15 x 101 (+ 0.32 x 10%%) was
observed for on-target interactions which is comparable to
naturally occurring biomolecular recognition components such
as antibodies.?® Overall, our results demonstrate that specific
peptide sequences can exhibit strong selective binding to MONs
opening up a new route to the design of next-generation
biomolecular recognition surfaces.

RESULTS AND DISCUSSION

Synthesis and characterization of layered MOFs and
their exfoliation to form MONSs. Three layered MOFs, chosen
for their aqueous stability and differences in their chemical
structure, were synthesized and exfoliated to form nanosheets.

The first system, ZIF-7 (Figure 2d), has previously been
reported by a number of groups and used for gas separation,
solid-phase extraction, and membrane filtration.?>-** Here we
adapted a method developed by Liu et al. and Peng et al. for its
synthesis.®2% Benzimidazole and zinc nitrate hexahydrate were
reacted under ambient conditions in DMF to produce a 3D ZIF-
7-1 phase material prior to refluxing in water to induce a
hydrothermal phase transition that resulted in the bulk layered
phase, ZIF-7-111 (Figure S1). X-ray powder diffraction (XRPD)
pattern of the resulting white microcrystalline powder matched
that of the predicted ZIF-7-111 pattern (Figure 2i) while scanning
electron microscopy (SEM) studies also confirmed the
formation of the layered material (Figure 2a).

Liquid exfoliation was achieved through ultrasonication of
layered ZIF-7-111 for 2 h in a 1:1 methanol/n-propanol mixture.
Ultrathin nanosheets of 0.6 nm mean height and approximately
630 nm length were obtained, as indicated by atomic force
microscopy (AFM) images (Figure 2e and Figure S18).
Dynamic light scattering (DLS) reported a spherical equivalent
diameter of 1063 nm (Figure S21).

The second MON system, ZIF-7-NH2 was inspired by the
work of Lopez-Cabrelles et al., who produced an isoreticular
series of iron-based ZIFs incorporating a range of functional
groups.®* However, initial attempts to prepare 100% ZIF-7-NH-
via the route reported for ZIF-7 resulted in only partial
conversion to ZIF-7-NHa-111 during reflux of ZIF-7-NH.-1 in
water, resulting in mixed phase material (Figure S7). A mixed
ligand system was therefore produced by adding 50 mol% of 5-
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Figure 2: a) Scanning electron microscopy (SEM) image of as-synthesized ZIF-7 layered MOF, b) SEM image of ZIF-7-NH: layered
MOF, c) SEM image of Hf-BTB-NH, d) Schematic of ZIF-7, e) Atomic force microscopy (AFM) image of ZIF-7 nanosheets, f)
AFM image of ZIF-7-NH: nanosheets, g) AFM image of Hf-BTB-NH: nanosheets h) Schematic of Hf-BTB-NH., i) expected X-ray
powder diffraction (XRPD) pattern of ZIF-7-111 (CCDC - 675375) compared to synthesized ZIF-7-111 and synthesized ZIF-7-NH, j)

XRPD pattern of synthesized Hf-BTB-NH2 compared to NUS-8-Hf.

amino-benzimidazole alongside benzimidazole in the initial
step (see section 3.3 in the Supporting Information). The XRPD
pattern for the final material matched that reported for ZIF-7-
11, confirming successful formation of this novel layered
material (Figure 2i). Introducing the amine group produced a
small shift in the [002] peak, which is attributed to an increase
in the inter-layer distance owing to incorporation of this bulky
group (Figure S8). The presence of both ligands within the
MOF was confirmed by IR spectroscopy as well as mass
spectrometry analysis of the MOF after acid digestion. *H NMR
spectroscopy of the digested material indicated the presence of
20% bim-NHe.: this is consistent with a Zn2(bim)s.2(bim-NHz)o.s
composition, as calculated from elemental microanalysis
(Figure S5).

ZIF-7-NH2 nanosheets were accessed in the same way as
for ZIF-7. AFM studies indicated mean heights and lengths of
1.6 nm and 400 nm respectively for ZIF-7-NH: (Figure 2f and
Figure S19). ZIF-7-NHz nanosheets had a relatively broad
lateral size distribution reaching lengths of 2 um but the mean
height only ranged from 1 to 5nm. DLS studies indicated a
slight increase in the apparent z-average diameter for ZIF-7-
NH: with a narrower particle size distribution compared to ZIF-
7 (Figure S20).

A third MON system was also evaluated. A wide range of
nanosheets formed from tricarboxylate linkers connected to Zre
or Hfs clusters have been reported for use in catalytic,?>=" and
photo- or radio-dynamic therapy applications.®* Here Hf-
BTB-NH:, was prepared by modifying the synthetic protocol

reported by Ling et al. to introduce Hfs metal clusters.*?
Accordingly, hafnium chloride and BTB-NH: linker were
dissolved in DMF then water and formic acid were added as
modulating agents. This mixture was heated for 48 h at 120 °C
and the resulting pale viscous colloidal suspension became a
homogeneous suspension after washing. Figure 2j shows the
XRPD pattern obtained for the Hf-BTB-NH2 system compared
to Hf-BTB (NUS-8) which contains the same key features. The
only difference is the introduction of the amine group on the
central benzene ring of the BTB linker, see Figure 2h. Further
comparison to studies by Ling et al. can be found in Figure S13,
which shows a good match to a simulated pattern for Hfs-BTB
MON.* The bulk material was then ultrasonicated in water
(37 KHz, 12 h) to access nanosheets. The AFM image in Figure
2g shows an example of Hf-BTB-NH: nanosheets (average
height = 2.7 nm, mean length = 504 nm) with DLS reporting an
apparent z-average diameter of 493 nm (Figure S20-S21).

Before phage display was attempted, stability tests were
conducted to confirm structural integrity of the MONSs under
incubation conditions. Each system was exposed to phosphate
buffer saline (PBS) for 1 h and 24 h and any structural integrity
was determined via XRPD. After incubation for 1 h, the XRPD
pattern remained unchanged for each system. After 24 h, only
small changes were observed for the ZIFs and no change for Hf-
BTB-NH: (Figure S23-S25). Moreover, AFM studies revealed
no significant change in particle size after incubation (Figure
$26).
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Selection of Peptide-Functionalized Bacteriophage
with High-Affinity MON Binding. Biopanning studies

Discussion of peptide binding trends. To gain further
insight regarding the selection of each preferred peptide

Table 1: Summary of the dominant binding peptides identified by phage display for each MON system.

MON ) o
Zeta MON Peptide Binding
MON Potential Contact Sequence
System I mV Angle /° (N’-C’amidated)
ZIF-7 -30.1 149 YNYRNLL
ZIF-7-NH: +2.3 141 NNWWAPA
Hf-BTB-NH:> -36.9 25 FTVRDLS
Metal
Nodes/Clusters
*_ |
b

Organic linkers

Metal-Organic Nanosheet  On-Target Peptide

) o . Predicted
Peptide Binding Peptide overall
Sequence Isoelectric charge in
(N’-C’amidated) Point / pH phage display
Tyr, Asn, Tyr,
Arg, Asn, Leu, Leu 10.15 +2
Asn, Asn, Trp,
Trp, Ala, Pro, Ala 14.00 *1
Phe, Thr, Val, Arg, 10.59 11

Asp, Leu, Ser

Specific
R-Group

Hydrophobic Electrostatic

Figure 3: Simplified schematic to show the variety of components used to synthesize three different MON systems where different
on-target binding peptides were identified using phage display and examples of the likely hydrophobic, electrostatic and specific R-

group affinity interactions.

against the three different MON systems were undertaken using
genetically modified M13 bacteriophage hosts with a mean
length of 880 nm and a mean height of 6.6 nm incorporating a
pentavalent display of identical peptides (Figure 1).*** The
library of phage- displaying peptides was added to the MONs
and incubated for 1 h. Subsequently, a washing step removed
any unbound phage, leaving only phage bound to the MON:S.

The pH of the system was adjusted to enable bound phage
elution, which were then amplified through the infection of E.
coli. This protocol constituted one panning round. This process
was repeated twice by adding the amplified phage from the
previous panning round to create increasingly competitive
binding conditions and hence identify peptides with the highest
affinities. After the third panning round, twelve phage clones
were isolated in each case and their DNA was sequenced to
determine those peptide sequences that bound with the highest
affinity to each MON system.

The identified peptide sequences are shown in Table 1.
Only one dominant peptide sequence was isolated for each
MON system after three panning rounds, suggesting high
selectivity towards that specific peptide. In contrast, Fan et. al.
reported 2-3 high affinity binding peptides after the final
panning round when using phage display against MOFs.?” One
possible explanation for this difference is that the ultrathin
nature of the 2D-MONs means there is essentially just one type
of surface available for binding, whereas 3D-MOFs offer
multiple faceted surfaces.

sequence, the surface properties of the MONs were compared
with those of the consensus peptide. Based on related studies,?
we hypothesized that three different factors could be important
for binding: 1) electrostatic interactions, 2) hydrophobic
interactions, 3) specific R-group interactions (Figure 3).
Experimental and calculated data to test the relative importance
of each type of interaction are presented in Table 1.

To investigate the importance of electrostatic interactions,
aqueous electrophoresis studies of the nanosheets were
undertaken in the presence and absence of each peptide. Zeta
potentials of the three nanosheet systems were determined in
dilute PBS (1.37 mmol with respect to NaCl) at 20 °C to
replicate phage display conditions as closely as possible while
meeting instrumental requirements. ZIF-7 and Hf-BTB-NH:
nanosheets exhibited moderately negative zeta potentials of —
30.1 mV and -36.9 mV, respectively. Thus the surface
chemistry of the ZIF systems is dominated by the anionic
imidazole ligands, rather than the zinc cations. The negative
zeta potential for Hf-BTB-NH> most likely indicates the
presence of surface hydroxyl and phosphate groups, which
would confer overall anionic charge. The weakly positive zeta
potential observed for ZIF-7-NH: is attributed to the presence
of surface amine groups. Such a low zeta potential is often
associated with an unstable colloidal suspension. However, no
sedimentation was observed over the timescale of the
experiment and the zeta potential data proved to be
reproducible.
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Table 2: Summary of the binding peptides identified by phage display in panning round 1 and 3 against Hf-BTB-NH, with

similarities highlighted in yellow.

Peptide Binding Sequence Peptide Isoelectric Predicted overall

MON System Panning round (N’-C’amidated) Point / pH charge in phage display

3 FTVRDLS 10.59 +1

1 FTVRDLS 10.59 +1

1 FPVRDLS 10.59 +1
Hf-BTB-NH: 1 STVRDF'S 10.57 +1

1 SPVRDNW 10.57 +1

1 YPERDLC 6.19 -0.1

1 ISPHPGS 14.00 +1.1

Amino acid side-chain and N-terminus pKa values were
used to calculate the isoelectric point of the binding peptide and
to predict the overall charge under phage display (PD)
conditions (see section 5.3 in the Supporting Information). All
three peptides contain a free terminal amine, which should be
protonated under PD conditions and hence contribute a +1
charge. The ZIF-7-NHz sequence contained no ionizable R-
groups; both ZIF-7 and Hf-BTB-NH: contained arginine, which
confers an additional +1 charge. However, this results in charge

balance in the case of Hf-BTB-NH: owing to its ionizable
aspartic acid residue. The change in zeta potential (AZP) was
determined upon MON incubation with excess binding peptide
(Figure S30). A large AZP is observed for ZIF-7 (+56.2 mV)
and Hf-BTB-NH: (+40.0 mV) but a rather smaller difference is
observed for ZIF-7-NH: (+20.9 mV). Thus, electrostatic
interactions seem to be important for the binding of cationic
peptides to the anionic surfaces of ZIF-7 and Hf-BTB-NH:, but
this effect is less significant for peptide binding to ZIF-7-NH.
As the guanidinium moiety within arginine is most likely
charged under the experimental conditions, we infer that it
contributes to the overall electrostatic interactions. The
importance of arginine interactions with aromatic residues is
well-documented in the biomolecular recognition literature.*>4

The hydrophobicity of the MON surfaces was investigated
using contact angle measurements using DSA100 and
compared to the proportion of hydrophobic/hydrophilic
residues within the peptide sequences. Nanosheets were packed
onto a glass slide, water drops were added using a micro-syringe
and the contact angle was measured using a drop shape analyser
image system (Figure S22). Although there are some limitations
to this approach owing to surface roughness effects, clear
differences were observed between the two types of
nanosheets.*” Hf-BTB-NH: nanosheets were considerably more
hydrophilic (contact angle = 25 °) compared to the ZIF-7 and
ZIF-7-NH2 nanosheets (contact angles of 149 ° and 141 °,
respectively). This correlates with the known properties of these
MOF classes: the surface chemistry of Hf-BTB-NH: systems is
dominated by their Hfe(us-O)a(us-OH)s(HCOz)s clusters,*®
while the Zn?* ions of the ZIF systems are largely shielded by
the relatively hydrophobic imidazole rings.*°

This trend in hydrophobicity is mirrored by the consensus
binding peptides. The ZIF-7 binding sequence, YNYRNLL,
contains several hydrophobic tyrosine and leucine residues,
while the ZIF-7-NH. peptide sequence, NNWWAPA, contains
multiple hydrophobic tryptophan and alanine residues.
Benzimidazole derivatives are known enzyme inhibitors owing
to n- m interactions between aromatic residues.*®%! The presence

of aromatic Tyr and Trp residues suggest probable m-n
interactions with the electron-rich aromatic benzimidazole
ligands of ZIF-7. The two peptides for the ZIF MONs both
contain two polar asparagine residues, which may confer
stability in aqueous solution. In contrast, the Hf-BTB-NH:
sequence, FTVRDLS, contains a broader range of amino acids,
with only three hydrophobic residues (phenylalanine, valine
and leucine) alongside hydrophilic residues such as threonine
and serine, as well as anionic aspartic acid and cationic arginine
residues. This suggests that hydrophobic binding effects are
most likely dominant for the ZIF-7-NHz but are much less
important for the more polar Hf-BTB-NH2 nanosheets.

At first sight, the presence of the aspartic acid residue in
the consensus peptides for the Hf-BTB-NH: nanosheets appears
to be counter-intuitive given the overall anionic surface
character of this MON. However, Lan et al. demonstrated that
various amino acids can bind to the surface of closely-related
Hf1.-cluster nanosheets via ligand exchange. In principle, the
anionic carboxylate form of aspartic acid (which has a side-
chain pKa of 3.90) may similarly displace the capping formate
ligand (pKa 3.75) to bind to the Hf clusters.

To further explore these trends, strongly binding peptides
from the first panning round of Hf-BTB-NH2 were sequenced
(see Table 2). Interestingly, the sequence VRD was conserved
in four of the six most strongly binding cases, with RDL
conserved in three out of six cases. The conserved nature of this
sequence indicates that multiple amino acids are involved in
cooperative binding interactions, rather than individual amino
acids acting in isolation. Furthermore, the combination of an
anionic carboxylate group adjacent to a cationic arginine group
and a hydrophobic valine/leucine group appears to be important
for effective binding of the consensus peptide sequence.

For the sixth sequence, ISPHPGS, only the final serine is
conserved compared to the consensus peptide. In this case,
arginine is replaced by a cationic histidine residue in the central
fourth position, with the latter flanked by hydrophobic proline
residues but no residues with co-ordinating carboxylate R-
groups. The constrained proline rings means that this peptide is
likely to have a significantly different set of interactions with
the MON surface. Presumably, this produces a local minimum
on the energy binding landscape.

MON-coated QCM sensors for the detection of
bacteriophage- displaying peptides. Over the past decade,
various quartz crystal microbalance (QCM) based biosensors
have been developed that offer high sensitivity and short
detection times.5>" A typical QCM biosensor contains either a
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Figure 4: a) Change in frequency, Af, observed for a silica
QCM sensor with no coating (grey) and a ~100 nm Hf-BTB-
NH: coating after exposure to an aqueous solution of M13
phage in PBS at pH 7.4. Af was also determined for a ~100 nm
Hf-BTB-NHz-coated silica QCM sensor after exposure to a
FTVRDLS-functionalized phage in PBS at pH 7.4, b)
Schematic illustration of the difference between exposing this
Hf-BTB-NH:-coated QCM sensor to phage and FTVRDLS
phage, ¢) AFM image of the Hf-BTB-NH: coated silica QCM
used to determine the mean coating thickness of ~100 nm.

natural or synthetic biomolecular recognition components such
as antibodies or molecularly-imprinted polymers (MIPs) coated
on a QCM surface. Natural receptors suffer from instability
while technical issues associated with MIPs lead to sub-optimal
detection limits.> We hypothesized that 2D-MONSs might offer
an alternative biomolecular recognition platform because they
constitute a highly stable periodic array of active sites and can
be easily processed to form thin films. Examples of 3D-MOF
based QCM sensors for vapor/gas detection have been reported
but such coatings are relatively thick (~ 1 um).%¢%° A 2D-MON
based QCM sensor has been produced for ammonia detection
but as far as we are aware there have been no other studies
involving MON-based QCM sensors.®® QCM was used to
assess intrinsic structural changes within MON-based water
filtration membranes but not utilized as a sensor.5! Xie et al.
designed a covalent-organic framework nanosheet-based QCM

sensor to detect miRNA but in this case the nanosheet was
simply employed to enhance signal generation in a complex
probe DNA system.®2

One major advantage of a QCM sensor is its sensitivity:
detectable changes in adsorbed mass are of the order of one
nanogram per cm? The simplest model relating Af to m is the
Sauerbrey equation,® which is used to calculate the mass of the
adsorbate.

Silica-based QCM substrates were coated with MONS to
investigate their performance in sensing various viruses at a
constant flow rate of 0.018 ml min't. The Hf-BTB-NH: system
was selected as it was the most stable in PBS (Figure S25) and
minimal signal drift was observed. This QCM sensor had a Hf-
BTB-NH: coating of mean thickness of approximately 100 nm,
see Figure 4c. Phage-displaying FTVRDLS, the consensus
peptide for Hf-BTB-NH2, was compared with generic 7-mer
peptides as a control to assess the extent of non-specific
binding.

QCM data obtained using a sensor with no MON coating
(grey) and two sensors coated with Hf-BTB-NH2 MON (black
and blue) are shown in Figure 4. Uncoated and MON-coated
QCM sensors were exposed to control phage (grey and black).
The uncoated QCM sensor showed no Af and the MON-coated
sensor with generic phage exhibited only a small Af, which
corresponds to an adsorbed amount of just 0.38 mg:m™2. These
observations indicate a weak interaction between the MON
surface and the generic phage but no detectable interaction with
the uncoated silica sensor control. In contrast, the selective
phage (displaying FTVRDLS) exhibited a much greater Af
corresponding to an adsorbed amount of 1.87 mg-m?; a 5-fold
increase from the control phage. This confirms that phage
display identified a selective peptide and that MON-based
QCM sensors can be readily constructed.

Binding performance of peptides to synthesised Hf-
BTB-NH: nanosheets. QCM studies provided strong evidence
of highly selective binding to the phage. However,
investigations of individual peptides were unsuccessful owing
to the relatively high flow rates required for the set-up. To gain
a better understanding of the recognition capabilities of the
nanosheets for isolated peptides not attached to phage, zeta
potential and surface plasmon resonance (SPR) measurements
were undertaken to determine the dissociation constant (Kq) and
equilibrium dissociation constant (Kp) for the on-target and off-
target peptides to Hf-BTB-NH.

A saturation binding experiment was conducted in which
zeta potential measurements were recorded for a stock MON
solution (1 mg/ml in 1.37 mmol PBS w.r.t. NaCl) incubated
with various peptide concentrations (Figure S32). The Kq for
FTVRDLS binding to Hf-BTB-NH:. was calculated to be
74 + 22 uM. Off-target binding studies of YNYRNLL and
NNWWAPA against Hf-BTB-NH: were also conducted, with
the Ka determined to be 285+ 23 uM and 1393 + 200 uM
respectively. This corresponds to an approximate 4-fold and 19-
fold increase in the dissociation constant relative to the on-
target binding of FTVRDLS. This is consistent with the phage
display identified 12-mer peptide binding studies against MOFs
reported by Fan et. al., who found all values lying within the
micromolar range.?” The smaller difference in Kg for
YNYRNLL most likely reflects similarities between these
arginine-bearing peptides, which leads to strong binding to the
anionic MON surfaces. Hence Hf-BTB-NH: shows a high
degree of selectivity for the consensus peptide identified
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Table 3: Calculated equilibrium dissociation constant (Kp) of imprinted materials. All experiments performed under

ambient conditions. n=3.

Target Peptide - FTVRDLS
Off-target Peptide - YNYRNLL
Off-target Peptide - NNWWAPA

through the biopanning studies, which makes it a promising
candidate for use as a sensitive peptide recognition surface.

SPR analysis was used to determine the overall
equilibrium dissociation constant (Kp) of Hf-BTB-NH:
nanosheets towards these peptides and the data is summarized
in Table 3. The dried nanosheets were suspended in 1 mL of the
running buffer (PBS pH 7.4 and 0.01 % Tween 20), with the
addition of sodium acetate for SPR analysis. A planar
polyethylene glycol/carboxyl coated Au chip was activated
using NHS and EDC, followed by the addition of the nanosheet
dispersion. Finally, a quenching solution of ethanolamine was
used to deactivate any unreacted carboxyl groups and wash
away any unbound nanosheets.

The SPR sensorgrams (Figure S31) show the interactions
of the target peptide FTVRDLS at five different concentrations
with the Hf-BTB-NH: nanosheets (Figure S31A). To study
cross-reactivity and non-specific binding to the nanosheets
were also investigated with non-target peptides YNYRNLL
(Figure S31B) and NNWWAPA (Figure S31C) were also
examined, Tween 20 surfactant (0.01%) was added to the
running buffer to minimize non-specific binding. Experiments
were repeated in triplicate and the SPR curves were fitted to a
1:1 interaction model.

The Kp value of the interaction between target peptide
FTVRDLS and the nanosheet has been calculated at 0.415 nM
(Table 3). This shows that Hf-BTB-NH2 nanosheets exhibit
extremely high affinity towards the target peptide FTVRDLS
and the strength of this specific interaction is comparable to
natural recognition components.®® The interaction of this
nanosheet with non-target peptides, produced Ko values of 271
nM and 1910 nM for YNYRNLL and NNWWAPA,
respectively. This suggests a high degree of selectivity and
specificity towards the target peptide, with an approximate 650-
fold and 4600-fold improvement in affinity compared with off-
target YNYRNLL and NNWWAPA, respectively. This is
further evidence that Hf-BTB-NH. nanosheets are excellent
candidates as biomolecular recognition components within
next-generation biosensors.

CONCLUSION

Achieving high selectivity for a specific peptide sequence
amongst the myriad of possibilities is a formidable challenge
with enormous potential for the development of next-generation
biosensors. Here we demonstrate that MONs confer selectivity
through multiple weak interactions with peptides. Three
ultrathin MON systems were prepared: ZIF-7 and ZIF-7-NH2
possess similar chemical structures while Hf-BTB-NH: differs
significantly. PD biopanning was exploited to screen a library
of 1 x 10® possible combinations of 7 amino acids and hence
identify the strongest binding peptide sequence for each of the

Kb (M)
4.15 x 1019 (+ 0.32 x 10°19)
2.71 x 107 (+ 0.48 x 10°7)
1.91 x 106 (+ 0.27 x 10°5)

three different MONs. In contrast to previous biopanning
studies on MOFs, only a single consensus peptide sequence was
identified in each case; this is attributed to the MONSs surface
comprising only a single facet.

Comparing zeta potential data and contact angle
measurements obtained for these MONs with calculated
properties for the peptide sequences indicates that a
combination of electrostatic, hydrophobic and coordination
bonding interactions are important for strong peptide-MON
binding. In particular, the VRDL sequence is highly conserved
for peptides that bind strongly to Hf-BTB-NH2. A QCM-MON
sensor functionalized with Hf-BTB-NH2 was constructed as a
model for binding and a 5-fold increase in selectivity was
demonstrated for phage displaying the consensus peptide
compared to phage displaying generic peptides. Furthermore,
SPR studies confirmed that the FTVRDLS consensus sequence
binds up to 4600 times more strongly to Hf-BTB-NH2 than to
the off-target peptide sequences with values comparable to
those achieved by antibodies (Ko = 4 x101°). Thus we anticipate
that the diverse and highly tunable surface chemistry of MONs
combined with the rapid sampling of binding peptides provided
by phage display will inform the design of exquisitely selective
next-generation biomolecular recognition surfaces with
extremely high affinity for biomedically relevant peptides.

MATERIALS AND METHODS

Synthesis of ZIF-7 nanosheets. First, ZIF-7-1 nanoparticles
were prepared by adding DMF (250 mL, 3.25 mol) to
Zn(NO3)-6H20 (755 mg, 2.54 mmol) and benzimidazole
(1.92 9, 16.28mmol). This mixture was left at room
temperature for 72 h, stirring for the first hour only. The
precipitate was then collected by centrifugation (12,000 rpm for
1h). Particles were purified by thoroughly washing via
redispersion in methanol then centrifugation (12,000 rpm for
1 h). This wash-centrifugation cycle was repeated three times
before drying at 50 °C for 18 h in a vacuum oven. The particles
were further dried at 120 °C for 48 h in a vacuum oven.

ZIF-7-1 was redispersed in distilled water (0.5 wt%) and
refluxed at 100 °C for 24 h. The turbid mixture was washed with
distilled water once and methanol three times by redispersion
and centrifuging (12,000 rpm for 1 h). The white solid was then
dried at 50 °C overnight to obtain ZIF-7-11l. Finally, ZIF-7-111
(80 mg) was ultrasonicated in a 1:1 v/v methanol/n-propanol
mixture (120 mL) at 80 KHz for 2 h to access nanosheets. After
centrifugation at 500 rpm for 5 min, the resulting supernatant
containing the nanosheets was then centrifuged at 12,000 rpm
for1h.

Synthesis of ZIF-7-NHz nanosheets. First, ZIF-7-NH-I
nanoparticles were prepared by adding DMF (125 mL, 1.63
mol) to Zn(NOs)-6H.O (755mg, 2.54 mmol) and
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benzimidazole (962 mg, 8.14  mmol) and 5-
aminobenzimidazole (1.08 g, 8.11 mmol). This mixture was left
at 30 °C for 2 weeks, stirring for the first hour only. ZIF-7-NH:
nanoparticles were then collected by centrifugation
(12,000 rpm for 1 h). Particles were purified by thoroughly
washing via redispersion in methanol followed by
centrifugation (12,000 rpm for 1 h). This wash-centrifugation
cycle was repeated three times before drying at 50 °C for 18 h
in a vacuum oven. The particles were further dried at 120 °C for
48 h in a vacuum oven.

ZIF-7-NH-1 was redispersed in distilled water at a
concentration of 0.5 wt % and refluxed at 100 °C for 1 week.
The turbid mixture was washed with distilled water once and
methanol three times, and then dried at 50 °C overnight to
obtain ZIF-7-NH2-111. 80 mg ZIF-7-NHz-I1l was ultrasonicated
in 1:1 v/v methanol/n-propanol (120 mL) at 80 KHz for 2 h to
access nanosheets. After centrifugation at 500 rpm for 5 min,
the resulting supernatant containing the nanosheets was then
centrifuged at 12,000 rpm for 1 h.

Synthesis of Hf-BTB-NH: nanosheets. To prepare Hf-BTB-
NHz2 MONs, HfCls (34.59 mg, 0.108 mmol) and 2,4,6-tris(4-
carboxyphenyl)aniline (32.87 mg, 0.072 mmol) were added to
a 20 mL screw-cap glass vial. DMF (12.5 mL) was added and
the mixture was dissolved with the aid of ultrasonics to obtain
a clear solution. Formic acid (2.5 mL) and H20 (0.7 mL) were
added, then the vial was sealed and placed in a 120 °C oven for
48 h. The vial was taken out of the oven and cooled to room
temperature. The turbid solution was centrifuged to collect Hf-
BTB-NH: as a pale-yellow precipitate. The precipitate was
washed multiple times with DMF, followed by ethanol. To
prevent stacking of the MON layers, Hf-BTB-NH: was stored
in ethanol until needed for further studies.

Phage Display. MON binding peptides were isolated from a
random 7-mer peptide library (New England Biolabs, Inc.)
using the phage display protocol. The DNA sequences of the 7-
mer peptides from the combinatorial peptide library are fused
to the glll of the bacteriophage M13. The peptides are separated
from the plll major coat protein by a short spacer sequence
(GGGS). The peptide library has complexities on the order of
10" independent clones, which is sufficient to encode the 1.28
x 10° possible 7-mer peptide sequences. General phage methods
were conducted according to the manufacturer’s
recommendations.

MONSs were incubated with the phage library in 2x blocking
buffer (BB) phosphate buffered saline for 1 h on a rotating
blood wheel. The particles were washed three times with PBS
to remove unbound phage. After each wash, the frameworks
were isolated by centrifugation (relative centrifugal force
(RCF) 10 000 x g) for 10 min, and the supernatant was
discarded. Bound phage were eluted with 0.2 M glycine pH 2.2,
followed by trimethylamine. This resulted in MON digestion
for ZIF-7 and ZIF-7-NH: so it is assumed that all bound phage
were eluted. The eluted phage were amplified in E. coli
(ER2738) and purified by poly(ethylene glycol)-8000/sodium
chloride (PEG/NaCl) precipitation  with  subsequent
centrifugation steps. In subsequent biopanning rounds, at least
5 x 10% phage were applied to a fresh solution of MONs in
PBS. A total of three panning rounds were conducted to enrich
the peptide pool with the highest affinity binders. For each
MON system, 12 phage clones were analyzed by DNA
sequencing.

Peptide binding study — zeta potential. Hf-BTB-NH:
solution (1 mg/ml) in diluted PBS (1.37 mmol wrt. NaCl) was
incubated for 1 h with various concentrations of the three
identified binding peptides. Zeta potentials were determined
after 1 h of incubation to examine any change in this parameter
for the various peptides. The equation for Kq is provided in
section 4.1 of the Supporting Information.

Immobilisation of nanosheets onto the SPR Sensor
Surface. Planar polyethylene glycol/carboxyl coated Au chips,
purchased from Reichert Technologies (Buffalo, USA) were
installed onto a Reichert 2 SPR following the manufacturer’s
instructions. The sensor surface was then preconditioned by
running buffer PBST (PBS pH 7.4 and 0.01 % Tween 20) at 10
pL mint until a stable baseline was obtained. The flow rate of
10 pL was maintained throughout the immobilisation process.
In order to activate carboxyl groups on the surface of the sensor
chip, a freshly prepared aqueous solution (1 mL) of EDC (40
mg) and NHS (10 mg) was injected onto the sensor chip surface
for 6 minutes. To the activated surface, 300 pg of the Hf-BTB-
NH:2 nanosheets dissolved in 1 mL of the running buffer (PBST)
and 10 mM sodium acetate, was injected only to the left channel
of the surface for 1 minute. Finally, quenching solution (1 M
ethanolamine, pH 8.5) was injected for 8 minutes to deactivate
carboxyl groups and wash away the unbound Hf-BTB-NH:
nanosheets. A continuous flow of running buffer (PBST) at 10
puL min? was maintained after Hf-BTB-NH: nanosheet
immobilisation. SPR assays were carried out after a stable
baseline was achieved. The left channel was the working
channel, and the right channel was the reference.

Kinetic Analysis Using SPR. Kinetic analysis was
initiated by injection of the running buffer PBST (blank) onto
the Hf-BTB-NH2 immobilised sensor surface for 2 minutes,
followed by PBST for 5 minutes. The binding kinetics of an
individual Hf-BTB-NH2 nanosheet to the selected target was
determined from serial dilutions (five concentrations, 4-64 nM)
of the selected target under study. Each dilution was injected for
2 minutes (association) followed by PBST for 5 minutes
(dissociation). After dissociation, the target was removed from
the immobilized surface by injecting regeneration buffer (10
mM Glycine-HCI, pH 2) for 1 minutes followed by PBST for 1
minutes. The same procedures were repeated for the remaining
four dilutions of the target. After the analyses were completed,
signals from the left channel were subtracted from signals from
their respective reference channel (the right channel).

The SPR responses from five concentrations of the target
compound (4-64 nM) were fitted to a 1:1 bio-interaction (BI)
mdel (Langmuir fit model) utilizing TraceDrawer software.
Association rate constants (ka), dissociation rate constants (kd),
and maximum binding (Bmax) were fitted globally, whereas the
Bl signal was fitted locally. The equilibrium dissociation
constant (Kp) was calculated from the ratio kd/ka.

Preparation of MON-based QCM sensors. Quartz
crystal microbalance (QCM) sensors coated with a 50 nm silica
overlayer (QSX 303, ~5 MHz fundamental frequency) were
purchased from Q-Sense (Sweden). Each sensor was cleaned
according to the manufacturer’s instructions. This protocol
involved (i) UV/Os treatment for 15 min (Bioforce UV/Os
cleaner, ~9 mW cm, A = 254 nm), (ii) exposure to 2% w/w
sodium dodecylsulfate solution for 30 min, (iii) copious rinsing
with deionized water and drying under N2, (iv) a final UV/Os
treatment for 15 min.
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The sensor was prepared by adding 10 x 10 uL of MON
solution (1 mg/ml, ethanol) dropwise to the clean QCM
substrate while spin coating at 3,000 rpm for 10 min. The
thickness of the resulting MON coating was measured using
AFM to be approximately 100 nm.

QCM measurements were performed using an openQCM
NEXT instrument (Novatech Srl., Italy) equipped with a
temperature-controlled cell connected to a Masterflex Digital
Miniflex peristaltic pump (Cole-Parmer Instrument Company,
UK). All experiments were conducted in PBS buffer (pH 7.4)
and no measurements were undertaken until the sensor
frequency exhibited a drift of less than 0.1 Hz min™?; this
typically occurred within 1 h of filling the cell. Once a stable
signal was obtained, the phage solutions (1 x 102 PFU / mL) in
PBS were passed through the cell at a constant flow rate of
0.018 mL min~* (minimum flow volume = 0.20 mL).

The adsorbed amount can be calculated using various
models.®*% The simplest and most widely applied of these is
based on the Sauerbrey equation, which relates the change in
frequency, Af, directly to the change in adsorbed mass per unit
area, m,

A
m=C><—f
n

where C is a sensitivity constant (—0.177 (mg:m2) x Hz1),
Af is the change in the resonant frequency (Hz), and n is the
overtone number. The third harmonic (n = 3) was used to
calculate the adsorbed amount to avoid experimental artifacts
associated with the fundamental harmonic that may occur if the
sample is imperfectly mounted on the sensor.6-%8
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