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Summary
Biomimetic mineralisation of metal -organic frameworks (MOFs) is a promising synthetic strategy for MOF and hybrid bio-MOF composites with significant potential in a variety of applications. While interactions of MOFs with several biological materials have been well-studied, interactions with peptides remain unexplored. Here we use phage display to identify strongly-binding peptides for isoreticular MOFs (UiO-66 and UiO-66-NH2). Zeta potential and CD spectroscopy measurements combined with MD simulations permit characterization and explanation of the structure and dynamics of the MOF binding peptides, and differences in conformation and binding coefficients, allowing the MOF-peptide recognition mechanisms to be determined. The peptides have been successfully used to control MOF crystallinity and morphology for UiO-X MOFs, from a synthesis where amorphous products form in their absence. The findings presented have significant implications for understanding MOF-peptide interactions, which will be critical for the design and control over MOF structures and for bio-centered applications in the future.
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Introduction
Peptides and their assemblies play a crucial role in natural biomineralisation processes, where their myriad functionality and recognition capability can guide the deposition of inorganic phases under strict biological control, permitting formation of hybrid materials with complex hierarchical structures perfectly adapted for specialist biological roles1,2. As such, peptides have desirable properties for biomimetic synthesis approaches, and have been widely exploited to direct or mediate the assembly of inorganic materials and nanoparticles3. This is facilitated by combinatorial biology protocols such as phage-display (Ph.D.)4 that are used to identify sequence-specific peptides which preferentially bind to the surfaces of inorganic materials from highly diverse libraries containing 109 - 1011 random sequences dependent on sequence length5. Millions of genetically engineered phages bearing different surface peptides are exposed to a target material (known as biopanning) to select the best binding sequence via an evolutionary approach6. Ph.D. has been used to successfully identify high-affinity peptides for oxides7, noble metal nanoparticles8, zeolites9 and semiconductors10 and subsequently employed to control crystal nucleation and growth11, functionalise surfaces12 and for device formation13. 
	Metal-organic frameworks (MOFs) are crystalline microporous materials of high surface area assembled and sustained by coordination interactions between metal ions/oxoclusters and organic linkers14,15, and have demonstrable applications in molecular separation16, catalysis17, sensing18 and drug delivery19. MOF composition is infinitely tuneable, and a number of frameworks have previously been prepared from small biological building blocks20, including amino-acids, dipeptides and nucleobases which often confer their inherent chirality and flexibility to the resulting materials leading to novel framework behaviours. 
	The combination of MOFs with biological species is emerging as an important area toward functional bio-hybrid composites21,22. To date, this chemistry is dominated by the zeolitic-imidazolate frameworks (ZIFs) due to their ease of synthesis under biocompatible reaction conditions, and typically a biomimetic mineralisation approach23, sometimes in the presence of capping agents24 (referred to as the coprecipitation method), is taken to deposit a microporous MOF shell around the biomolecule or bio-entity, affording a high degree of protection from proteolytic agents, extremes of temperature and organic solvents while maintaining size-selective molecular communication with the external environment. These MOF-biocomposites are expected to find application in biocatalysis25 and therapeutics26, and have the potential to eliminate the cold-chain required for storage and distribution of vaccine-based therapies and virus-like particles27. Further, MOFs can selectivity deposit on protein patterned surfaces28, and the presence of proteins (and other biomolecules) during framework assembly can modify crystal morphology and influence topology selection29,30. In general, functional groups on the surfaces of biomolecules can provide a site for MOF nucleation, and ideally a negative surface charge is required to concentrate metal ions near the bio-surface to enhance framework formation kinetics. This has recently been demonstrated through the use of polyanionic peptide modulators31, surface-charge engineering of the electrostatic potential of biomolecules to regulate MOF deposition and control protein spatial location within the resulting biocomposite crystals32 and the chemical functionalisation of carbohydrates to induce rapid MOF assembly33.
	Collectively this indicates that interactions between MOF particle surfaces and/or their framework building blocks with proteins are highly favourable, and they have previously been exploited for protein enrichment through selective separation34 and templating rod-like MOF bionanocomposites by direct growth onto the coat proteins of tobacco mosaic virus35. At present however, very little is known about which sequences (or sequence conformations) of amino acids are likely to interact most strongly with MOFs and how this might be affected by the framework chemical or physical characteristics. This could be addressed by Ph.D. toward MOF targets36 and has the potential to provide a greater understanding of the MOF-peptide interface, access to high-fidelity peptide/protein-based recognition pathways for the preparation of MOF biocomposites and films and enhanced sequence-specific biomimetic synthesis routes to existing and new framework materials.
MOFs are particularly well suited to combinatorial Ph.D. methods given their modular nature, tuneable functionality and structure via the well-established principles of isoreticular chemistry37. This was demonstrated by Keitz and co-workers36 who employed a 12-mer Ph.D. library to identify sequence-specific binding peptides for three prototypical water-stable MOFs, including ZIF-8 [Zn(MeIm)2 (MeIm = 2-methylimidazole)], Fe-BTC (BTC = 1,3,5-benzenetricarboxylate) and MIL-53(Al)-FA (FA = fumaric acid). Peptide binding was found to be highly sequence dependent and strongest toward the phage display target materials, indicating an ability of the peptides to discriminate between the materials studied. Peptide surface-functionalisation of ZIF-8 was found to further enhance framework stability under physiological conditions and permitted kinetic control of the pH-induced release of dye molecules by slowing framework decomposition. More recently, Foster and co-workers have carried out Ph.D. on metal-organic nanosheets (MONs) as potential biomolecular recognition substrates and reported up to a 4600-fold increase in binding between the on- and off-target 7-mer peptides for a Hf-based nanosheet when determined using surface plasmon resonance38.
[image: F:\Phage_paper_UiO-66-X\Nov_2020\New_phage_scheme.jpg]Scheme 1. Illustration of the phage display method to select strongly binding peptides for UiO-66 type MOFs.
In this contribution we further exploit the power of the Ph.D. screening method and demonstrate a finer level of selectivity is possible by identifying sequence-specific peptides for two isoreticular 3-dimensional Zr-based MOFs (Scheme 1) of the UiO-6639 family bearing different functional groups. Peptide conformation and binding toward the MOF targets has been investigated by synchrotron radiation circular dichroism (SRCD) spectroscopy, isothermal calorimetry (ITC) and zeta-potential (ZP) measurements, and molecular dynamics (MD) simulations were employed to rationalise the peptide-binding toward the MOF surfaces. For the first time, we subsequently demonstrate the ability of peptides that have been identified by Ph.D. for MOFs to influence framework crystallinity, crystal morphology and particle size of the Zr-based frameworks in a sequence-specific manner via an aqueous biomimetic synthesis approach.
Results and discussion
We selected the UiO-66 family of Zr-based frameworks of general formula [Zr6O4(OH)4(BDC)6] (where BDC = 1,4-benzenedicarboxylate) as our targets for Ph.D. due to their high aqueous stability over a wide range of pH40. The UiO-66 frameworks consist of a 12-connected secondary-building unit (SBU) cluster linearly linked via the organic components, resulting in a network of face-centred cubic topology (fcu) containing tetrahedral and octahedral cavities.41 Standard samples of UiO-66 and the amino-functionalised analogue UiO-66-NH2 (formed from 2-amino-BDC) were prepared by previously reported procedures (see SI) and subsequent immersion of the solids in the buffers and eluants typically employed during Ph.D. revealed the frameworks to be stable under typical biopanning conditions. (Figure S2) Both frameworks are collectively referred to as UiO-66-X throughout this work
Phage display studies and sequence analysis
	The MOF targets were each screened against the commercial non-lytic M13 bacteriophage Ph.D.-7 library (New England Biolabs), where each filamentous virus expresses five copies of a unique 7-mer peptide sequence fused to the pIII capsid coat protein at one of its ends42. Overall, the M13 combinatorial library contains up to 109 unique 7-mer sequences, allowing us to readily investigate the importance of framework functionality on peptide-binding sequence. Following MOF exposure to the phage library, the solids were removed by microfiltration and washed to remove any weakly or non-bound phages. The most strongly MOF-bound phages were removed using a glycine-HCl elution buffer (pH 2.2), then amplified in an E. coli host prior to use in the next round of the biopanning process. To mitigate against any potential framework surface damage resulting from the elution process, a fresh MOF sample from the same synthesis batch was used for each biopanning round. After at least 3 rounds of biopanning and amplification (scheme 1) the remaining and hence strongest-binding phages were subject to titering and DNA-sequencing to identify the composition of the 7-mer peptide sequences responsible for binding, which are presented in Table 1.
Ph.D. binding to UiO-66-NH2 reached consensus within three rounds of exposure, identifying TVNFKLY as a single preferential binding sequence for this framework, whereas a small number of binding sequences were found for unfunctionalised UiO-66 following the same number of biopanning rounds (Table 1). This is a clear demonstration that the Ph.D. method can be used to determine peptide-binding sequences for isoreticular UiO-66-X MOFs and indicates that framework functionality such as the amine group in UiO-66-NH2 could have an important role to play in peptide-MOF binding, thus steering the Ph.D. screen toward a single consensus sequence. For unfunctionalised MOFs however, binding would be expected to be much less specific and largely dependent on a range of hydrophobic and aromatic-type interactions as recently reported for dipeptides adsorbing onto prototypical Zr-based MOFs43, and hence a greater number of sequences all with relatively low frequency is observed. 
[image: ]
Table 1. Ph.D. results for the MOFs UiO-66 and UiO-66-NH2 summarising the 7-mer peptide sequences displayed following 3 rounds of biopanning. Sequences taken forward for subsequent binding studies are highlighted in blue. Full details of sequences identified in other rounds are provided in the SI. 
	When analysing the wider Ph.D. results, it was observed that sequences WSLSELH, GQSEKHL, TVNFKLY and ETALIAA displayed against both frameworks, especially during earlier rounds of biopanning. (Table S1) Analysis of 9 of the observed binding and common sequences across the various rounds of Ph.D. reveals a dominance of residues bearing polar and aliphatic side chains, whereas acidic and aromatic residues barely feature. (Table S2) The most common amino-acids in the Ph.D. peptides were serine (S) and leucine (L) followed by aliphatic valine (V) and a number of other amino-acids, including polar threonine (T), basic histidine (H) and lysine (K), and hydrophobic alanine (A). The general absence of acidic residues in peptide sequences observed by Ph.D. suggests that carboxylate groups may be far less important for MOF recognition, despite their preferred use in biomimetic mineralisation strategies for biocomposite formation32. The prevalence of the observed residues is consistent with the hybrid composition of the frameworks, where polar and charged residues have potential to interact with the SBU clusters44 and/or pendant functional amino groups and residues with more hydrophobic side-chains with the organic linkers through hydrophobic and, where applicable, π-π interactions43. 
	The two Ph.D. binding sequences we selected for further study and analysis are TVNFKLY (UiO-66-NH2 binder) and KIAVIST, which of all the peptide sequences demonstrating binding toward UiO-66, displayed a slightly higher frequency at round three than the others (Table 1). These two peptides have isoelectric points (pI) of 9.4 and 9.8, respectively, which are higher than the other sequences examined, carry a net charge of +1 at neutral pH and both sequences contain a relatively high proportion of hydrophobic uncharged residues (Table S2, Figure S1). KIAVIST is the more hydrophobic of the two (despite TVNFKLY containing two aromatic residues), which is consistent with KIAVIST being observed by Ph.D. for unfunctionalised UiO-66 but not UiO-66-NH2 which is (partially) surface decorated with polar amine groups. Interestingly, TVNFKLY is a conserved sequence that has previously been observed to bind to the fcu spinel structure of Fe3O4 magnetite45, whereas KIAVIST has not previously been observed by the phage display technique.
Peptide-MOF binding affinities 
The binding affinities of TVNFKLY and KIAVIST with both UiO-66 and UiO-66-NH2 were investigated using a combined approach of molecular dynamics, isothermal titration calorimetry (ITC) and zeta potential measurements (ZP). Both the ITC and ZP experiments were conducted in a largely aqueous media in line with our biomimetic mineralisation studies. 
To elucidate which residues and binding interactions are likely to be the most important between the Ph.D. peptides and the UiO-66 MOFs, as well as investigating the wider chemistry of the MOF-peptide interface, we have employed molecular dynamics (MD) simulations. For each MOF, the two surface facets (111) and (100) are used to investigate the binding mechanism of KIAVIST and TVNFKLY based on our own parameterized force field (SI). The (100) framework surfaces of the fcu topology are rich in the Zr6 SBU clusters, and the (111) surfaces are those typically found in the octahedral crystal morphology of UiO-66-type MOFs and are more open in nature. (Figure S3) The contrast between the (100) and (111) surfaces thus provide an opportunity to investigate any specific interactions, respectively, between the Ph.D. peptides and the SBUs and whether these peptides can penetrate into the framework porosity.
[bookmark: _Hlk203943182]In aqueous solution the MOF suspensions were at a pH of 5.0 (unadjusted), and both UiO-66 and UiO-66-NH2 revealed positive ZPs of + 21 and + 13 mV, respectively (figure 1), which is consistent with the range of ZPs observed for UiO-66 frameworks under similar conditions46,47, indicating this is likely dominated by the charge on the metal cations and/or amine group. Our MD simulations also predict a positive ZP for both MOFs (in a 150 mM aqueous salt solution consistent with the conditions employed for the phage display screening) when starting from a pristine (100) or (111) surface. This arises from partial hydrolysis of the Zr-O bonds in the SBUs resulting in the dissolution of some Zr(IV) into the aqueous environment, which predominantly forms Zr(OH)4 hydroxide at pH values near 748. (Figure 1a) This is the first time that loss of Zr(IV) ions from the surface of UiO-66-type MOFs has been demonstrated computationally, and is consistent with experimental reference data for the expected Zr species in solution48-51 and in good agreement with a recent experimental study on the stability of this framework in common buffer solutions and their saline variants52.
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Figure 1. (a) In MD simulations the surfaces of UiO-66 & UiO-66-NH2 react with water and the change in surface chemistry towards Zr(OH)4 and similar species results in the dissolution of some surface Zr(IV) and OH- species into solution, at a level of 15% and 40% of Zr(IV) and OH− loss, respectively48. The dissolution of more OH− than Zr (IV) creates a positive zeta potential at 0 mole ratio of peptide binding which is confirmed experimentally. (b) Computational results show more dissociation of OH- ions than Zr(IV) ions on both MOF (111) surfaces upon peptide adsorption (TVNFKLY for UiO-66-NH2 and KIAVIST for UiO-66). The net positive surface charge increases, consistent with an increase in ZP towards larger positive values shown experimentally in (c). A dependence on (hkl) crystal surfaces is noted as MOF (100) surfaces show smaller effects, keeping the surface charge about the same (UiO-66-NH2) and only slightly more positive upon peptide adsorption.  In this process, also multinuclear Zr oxohydroxo species may form on the MOF surfaces.48,53 (c) Experimental ZP data for UiO-66-NH2 and (d) experimental ZP data for UiO-66 with increasing molar ratio of added Ph.D. peptides. As peptides are introduced into the system there is a general increase in zeta potential. Green zones in c and d designate molar ratios which are closest to those represented by the simulation results.

[bookmark: _Hlk203943301]The ZP measurements for UiO-66-NH2 in the presence of the two peptides show a Langmuir-type profile for molar ratios of added peptide > 1, increasing to + 23 mV (TVNFKLY) and + 18 mV (KIAVIST). (Figure 1c) We fitted the ZP curves according to the procedure outlined in the SI, and the obtained binding constants were KD = 1.2 ± 0.3 µM and 3.2 ± 0.8 µM for TVNFKLY and KIAVIST, respectively. This demonstrates that KIAVIST binds to UiO-66-NH2 to a lesser extent than the consensus sequence TVNFKLY, consistent with the Ph.D. results. The ZP curves for peptide addition to UiO-66 on the other hand do not follow a Langmuir-type profile (Figure 1d) and after an initial rise at low levels of peptide (where TVNFKLY > KIAVIST) the ZP tends to decrease as more peptide is added. Consequently, no reliable dissociation constants could be obtained from these profiles and instead our discussion of peptide binding toward UiO-66 focuses on the ITC data presented below. We note however, that the UiO-66 ZP profiles are clearly distinct from one another, and from those observed for the same two peptides with UiO-66-NH2 and likely reflect differing binding mechanisms between the two sequences. Simulation results also predict an increase in ZP for both MOFs during peptide adsorption events. Interestingly these data appear to indicate that peptide adsorption is accompanied by further minor adjustments in the rate of loss of Zr(IV) and hydroxides from the framework particularly at lower peptide:MOF molar ratios (Figure 1b). This clearly highlights the complex nature of the surface chemistry at the MOF-solution bio-interface which could potentially be mediated by the biomolecules themselves. Further, the partial dissociation is of a local nature and may also involve multinuclear Zr-oxohydroxy ions such as Zr4(OH)88+ and Zr6O4(OH)412+ if the pH value decreases below 748,53, though this does not affect the buffered pH value in the overall sample.
Interactions between the UiO-66-X MOFs and Ph.D. peptides all produced measurable heat effects, and the binding thermodynamics were investigated using isothermal titration calorimetry (ITC)54. (Figure 2 and S4) The ITC profiles for all the MOF-peptide combinations reveal a single exothermic process for the binding, as evidenced by a negative change in differential power (Dp) (Figure S4). Interaction strength between the MOFs and peptides was directly evaluated from the ITC data and the dissociation constant (KD) of each system calculated. The KD values for peptide TVNFKLY with UiO-66-NH2 and UiO-66 were 1.7 ± 0.1 µM and 2.3 ± 0.4 µM, respectively. These results indicate a marginally higher binding affinity of the peptide TVNFKLY towards UiO-66-NH2, which was the Ph.D. target for this sequence. For KIAVIST, the KD values for UiO-66-NH2 and UiO-66 were 2.0 ± 0.7 µM and 1.6 ± 0.2 µM, respectively, which are also in broad agreement with Ph.D. results.
[image: F:\Phage_paper_UiO-66-X\Nov_2020\Figure_2.jpg]Figure 2. ITC profiles for (a) UiO-66-NH2 and (b) UiO-66 in the presence of the two Ph.D. peptides, KIAVIST and TVNFKLY.
	Based on the KD values the changes in the free energy were calculated. Overall, the interaction between the peptides and MOFs is thermodynamically favourable, resulting in ΔG values of around – 10 kcal/mol (Table S3), which are comparable to other peptide interactions at the abiotic/biotic interface11,55,56, and there are clear distinguishable interaction profiles upon binding of the peptides to the MOFs. We note that the peptides in solution in the absence of the MOFs form aggregates in solution as confirmed by dynamic light scattering (DLS) (KIAVIST 579 ± 30 nm and TVNFKLY 181 ± 36 nm) hence the determined thermodynamic parameters derived from heat changes between the UiO-66-X MOFs and the Ph.D. peptides not only account for MOF-peptide interactions, but also include peptide-peptide interactions, peptide conformational rearrangements and aggregation-disaggregation events in these clearly complex systems; for example, protein unfolding within MOFs and during biocomposite formation has previously been reported57,58. Consequently, it is reasonable that the thermodynamic parameters between the MOFs and peptides investigated here are similar.
	The obtained KD values (~10-6 M) for the UiO-66-X frameworks with the identified Ph.D. peptides are comparable to previous studies, but expectedly show less discrimination between the frameworks than when different framework compositions36 or the homogeneous surfaces of 2D MONs are employed38. As noted, TVNFKLY and KIAVIST have similar properties and are found to be aggregated to some extent in solution, which will further increase their similarity for binding to UiO-66-X, consistent with the strong but generally non-selective binding of larger proteins such as bovine serum albumin (BSA) to MOFs36,59. 

Peptide-MOF binding mechanism
	To identify which residues and binding interactions are likely to be the most important between the Ph.D. peptides and UiO-66-X MOFs at the molecular level we used a molecular dynamics (MD) simulation approach. Each peptide was examined for its ability to bind to the SBU-rich (100) and open porous (111) surfaces of the two UiO-66-X frameworks (Figure S3) under the conditions employed for the phage display screening. 
	The contact distances and frequencies of each amino acid within KIAVIST and TVNFKLY with each MOF surface were used to identify which amino acids are critical to the on-target peptide binding, and to determine the overall binding mechanisms. TVNFKLY binding interactions on both the (111) and (100) facets of on-target UiO-66-NH2 (Figure 3a,b and Figure S5) and off-target UiO-66 (Figures S6c,d and Figure S7) show a large dependence on π-π stacking between the terminal Tyr residue and the MOF BDC ligands (Figure 3a,b, Figure S5), with additional interactions occurring through the C-terminal carboxylate group with exposed Zr(IV) sites and hydroxocomplexes on the (100) surface of UiO-66-NH2 (Figure 3, S5). While the general interactions between Tyr and the MOF BDC ligands are present on both frameworks, additional water mediated hydrogen bonding is observed between the UiO-66-NH2 (111) surface amino groups and the terminal Tyr, resulting in a more specific interaction between TVNFKLY and UiO-66-NH2 (Figure 3ab, S5) compared to UiO-66 where these interactions are absent. (Figure S6 and S7) The results are in good agreement with Ph.D data, which showed TVNFKLY present as a binder through the second round on UiO-66, and as the consensus binder to UiO-66-NH2, which may be due to the specific interactions of Tyr on the amino functionalized surface. This is further supported by the binding of the aromatic residues Phe and Tyr in TVNFKLY which differ between the two frameworks. (Figure S8) Although both Phe and Tyr bind similarly on UiO-66 spending similar amounts of time in proximity to each surface, only Tyr binds significantly to UiO-66-NH2 suggesting that the non-specific binding that is observed for UiO-66 is replaced by a more specific interaction on UiO-66-NH2.
[image: F:\Phage_paper_UiO-66-X\Nov_2020\Figure_3.jpg]
Figure 3. Simulation data summarising key on-target binding between Ph.D. peptides and MOFs. (a) Average distance between each residue of TVNFKLY and UiO-66-NH2 (111) and (100) surfaces across three independent 8 ns simulations. (b) TVNFKLY binds almost exclusively with Tyrosine, where it is particularly close on the UiO-66-NH2 surfaces. The terminal Tyr carboxyl group consistently has water mediated hydrogen bonding with the NH2 group on the (111) surface and is dominated by hydrophobic interactions on the (100). (c) Average distance between each residue of KIAVIST and UiO-66 (111) and (100) surfaces over 8 ns across three independent simulations (d) KIAVIST binding is wholly through hydrophobic interactions on both UiO-66 surfaces which is maximised by some penetration of the isoleucine residues into the surface. Off –target binding is summarized in Figure S6.
	Contrary to the semi-specific interactions of TVNFKLY with UiO-66-NH2, KIAVIST binding occurs mainly through non-specific hydrophobic interactions with both on-target UiO-66 (Figure 3c,d; S9) and off-target UiO-66-NH2 (Figure S6a,b; S10). KIAVIST interacts strongly with the UiO-66 surface (Figure 3c,d; S9) and only minimally interacts with UiO-66-NH2 (Figure S6, S10), supported by the average distance of KIAVIST amino-acid residues to the surfaces of the two frameworks. The non-specific binding mechanism of KIAVIST may explain why no consensus binders were found for UiO-66 as these general interactions should be observed for many of the identified peptide sequences (Table S2). The stronger interactions of KIAVIST to UiO-66 within the simulation is based on hydrophobic interactions to both the (100) and (111) surfaces and some penetration of isoleucine (I5) into the surface can be observed (Figure S9). For the (100) facet one of the isoleucine residues binds very strongly as it goes past the exterior layer of carbon rings to interact simultaneously with four BDC aromatic rings, while the open structure of the (111) surface also allows for multiple hydrophobic interactions and penetration of both isoleucine residues. Isoleucine is thus a key hydrophobic binder within KIAVIST, and appears to be key in maintaining peptide binding to the surface (Figure S9).
	Positively charged N-terminal ammonium groups in both peptides and Lys, which doubles as the N terminus in KIAVIST, did not play a prominent role on binding. The ammonium groups were typically oriented away from the MOF surface towards the electrolyte (Figure 3 and Figures S5 to S12 in the Supporting Information). The N-terminal ammonium group (T) in TVNFKLY was notably closer to the (111) surface of UiO-66 than to the (100) surface of UiO-66 (Figure S6c) and far from either surface of UiO-66-NH2 (Figure 3a). The polar residue Asn in TVNFKLY did not show highly specific interactions on these MOF surfaces and may have more of a role as structural scaffolding for the peptide conformation.
	We find that distinct surfaces on the same MOF lead to distinct binding trends (Figure 3, S6, S8); however, facet-specific differences appear to be less pronounced than on other materials surfaces such as metals60 and hydroxyapatite61. The dominant entropic contributions to binding observed in isothermal calorimetry for the peptide on all surfaces (Table S3) can be reasoned with release of multiple surface ions from the MOF as well as surface-bound water upon peptide binding as seen in MD simulations (Figure 3b, d, S5 to S7, S9 and S10).
Peptide conformational changes on MOF binding
Conformational changes of the Ph.D. peptides on binding to the MOFs were investigated using synchrotron radiation circular dichroism (SRCD) spectroscopy (Figure 4). The experimental results are supported by Ramachandran plots derived from simulations of the two peptides in solution and upon interaction with the two distinct facets of the MOFs. The Ramachandran plots specifically show conformational sampling of different structural types according to the backbone dihedrals of the peptides.
In solution TVNFKLY alone exhibits an uncommon CD spectrum (Figure 4a), with an intense minimum at 185 nm, and above 195 nm an oscillating pattern comprised of two shallow maxima (200 nm and 220 nm) and two shallow minima (205 nm and 235 nm). The associated Ramachandran plot shows that conformational space is largely in the left-handed polyproline PPII and the right and left-handed alpha-helical regions. The CD spectrum of KIAVIST however (Figure 4b) reveals spectral characteristics commonly associated with preferentially [image: F:\Phage_paper_UiO-66-X\Nov_2020\Figure_4.jpg]unordered conformations, which is further supported by the simulated Ramachandran plot.
Figure 4. Circular dichroism spectroscopy data of (a) TVNFKLY and (b) KIAVIST in solution vs. in the presence of the MOFs (where the dashed lines in the MOF samples indicate the peptide alone). The insets show simulated Ramachandran plots for both the (111) and (100) crystal faces.
Addition of MOF samples to the peptide solutions results in changes to the CD spectra in a manner which can be understood from the simulation data. Interestingly, the CD spectrum of TVNFKLY in the presence of UiO-66-NH2 remains largely unchanged. For the simulations of the peptide binding on the two facets however, we find clear differences. For the (111) facet the sampling of the phi/psi phase space remains largely unchanged, whereas for the (100) facet the left-handed alpha helical contributions vanish in the Ramachandran plot and are associated with the stronger occurrence of right-handed alpha helices. These data suggest that TVNFKLY may bind preferentially to the (111) facet. We identified changes in the CD spectrum of TVNFKLY in the presence of off-target UiO-66, where the intensity of the spectral oscillations was reduced. For the interaction of TVNFKLY with UiO-66 (111) and (100) the sampling of the conformational phase space by simulation remains largely unchanged, suggesting binding of the peptide to both facets of the unfunctionalised framework.
For KIAVIST, upon interaction with UiO-66 and UiO-66-NH2 there are clear conformational changes. In both cases, a decrease in the CD signal intensity is observed, which was more strongly pronounced for UiO-66. The Ramachandran plots however show very little difference in secondary structure configurations between the two facets investigated, implying similar general binding to all surfaces studied. For both peptides we find a global preference for unordered conformations. Conformational ‘instability’ is a common feature of biomolecules involved in the recognition and binding to solid materials62-65 where unordered conformationally labile peptides can enhance their adaptability toward interfacial features at surfaces.
The spectral changes observed for TVNFKLY are in very good agreement with the simulated binding mechanisms. The binding to UiO-66-NH2 is preferentially mediated with the C-terminal Tyrosine residue through π-π stacking and water mediated hydrogen bonding to the MOF amino group, which appears to allow the peptide to largely preserve its conformational ensemble. KIAVIST shows similar conformational changes for both MOFs in agreement with the similar binding mechanisms we have identified, with the stronger changes observed for interaction with UiO-66. The conformational changes of the peptides observed on MOF binding can be further understood by exploring the density of water molecules at the MOF-peptide interface through MD simulation (Figure 5).







[image: ]
Figure 5. Calculated water density profiles of UiO-66-X (111) surfaces (Top): Side view of the UiO-66-NH2 (111) facet with color coded lines drawn where density cross sections were calculated; the largest distance is 4.5 Å away from the MOF surface and is defined by the location of the MOF carbon atoms with the largest z-height. Yellow arrows highlight high density water areas centered around the NH2 groups on this surface. Water density profiles of UiO-66 (111) (Bottom): Side view of the UiO-66 (111) facet with color coded lines drawn where density cross sections were calculated. Green arrows highlight lower density water areas corresponding to the same locations but in the absence of the amine groups. Representative binding conformations of TVNFKLY on both MOF (111) surfaces are shown, revealing the peptide binds flat on the UiO-66 surfaces driven by hydrophobic interactions, whereas tightly bound water molecules around the -NH2 groups create a barrier for the peptide to bind flat on the surface, resulting in more upright conformations for TVNFKLY on UiO-66-NH2 and less change in overall conformation compared to its solution-like behaviour. Water density profiles for all cross sections are shown in Figure S11, and those corresponding to the (100) surfaces in Figure S12.
The presence of amino groups on UiO-66-NH2 endows the functionalized MOF with a more hydrophilic surface which strongly interacts with surface bound water molecules. As TVNFKLY interacts with the UiO-66-NH2 surface through a specific water-mediated hydrogen bond through the terminal Tyr residue, the more hydrophilic nature of the MOF may be responsible for this binding mode and thereby the differing conformations TVNFKLY occupies when bound to the two MOF surfaces (Figure 5). Simulations identify π-π stacking as a principal mode of interaction of TVNFKLY with both MOF surfaces, however, simultaneous surface binding of the aromatic rings of Tyr and Phe is only observed on UiO-66 (Figure S8). Indeed, on UiO-66-NH2 the amount of π-π stacking between Tyr and the framework significantly outweighs Phe-MOF interactions, whereas on the UiO-66 surface, the Tyr-MOF and Phe-MOF π-π interaction frequency is indistinguishable. We attribute this clear difference in binding between the two MOFs on the variance in the water density distributions based on the presence of the amino functionality in UiO-66-NH2. (Figure 5, S11) The hydrophilic surface facilitates water mediated hydrogen bonding for Tyr, making its interaction with the MOF surface significantly more favorable than Phe. Simultaneously, the increased surface hydrophilicity reduces the strength of general hydrophobic interactions. TVNFKLY occupies different distributions of conformations when bound to UiO-66 however, which allows for more hydrophobic interactions, a closer surface approach, and thus more overall contact with the surface (Figure S5). This key difference changes the CD spectra from that of the solution-like behaviour of the peptide as it is now held close to the surface, whereas the functionalized UiO-66-NH2 surface enforces a more upright bound conformation of the peptide.  Increased water density around BDC ligands in UiO-66-NH2 also explains the reduced interactions of KIAVIST with UiO-66-NH2 compared to UiO-66 as the main mode of binding for KIAVIST is through hydrophobic residues (Figure S12).
Biomimetic mineralisation with phage display peptides
In this study we have exploited Ph.D. to identify 7-mer peptide sequences that bind to isoreticular frameworks and thus have an excellent opportunity to investigate whether biomimetic mineralisation of UiO-66-X could be conducted in a sequence-specific manner.
For our biomimetic synthesis we have employed the ambient aqueous synthesis route to UiO-66-NH2 reported by Szilágyi and co-workers66 in order to maintain the integrity of the added biomolecules. In this preparation an aqueous solution of ZrOCl2 pretreated with acetic acid is added to an aqueous solution of BDC-NH2 in the presence of NaOH. The resulting product was confirmed to be a highly crystalline phase of UiO-66-NH2 as determined by powder x-ray diffraction (PXRD) and thermogravimetric analysis (TGA) that are consistent with the expected fcu topology and framework composition, respectively. Addition of TVNFKLY, KIAVIST or a random peptide (AVRTQT) at a molar ratio of 0.1:1 wrt Zr(IV) to the synthesis yields crystalline UiO-66-NH2 with comparable PXRD patterns. (Figure S13) This indicates that the peptides do not disrupt the assembly of the MOF lattice under these conditions, and mass spectrometric (MS) analysis (Figure S14) of the synthesis supernatants reveals the peptides remain intact. The major difference in the synthesis outcome is the peptide dependent crystal morphology and homogeneity. Scanning electron microscopy (SEM) images (Figure S15) show that the no peptide (control) reaction yields small very poorly defined nanocrystal aggregates of UiO-66-NH2, and while a similar result is obtained with KIAVIST, the small crystals have a more defined shape. However, in the presence of TVNFKLY, the single preferential binder identified by Ph.D. for this framework, the resulting particles are much larger and approximately spherical in shape. In the case of AVRTQT, a mixture of small crystal aggregates and poorly defined spherical structures are observed. This clearly demonstrates that the Ph.D. peptides can exert a sequence-specific effect on the size and morphology of UiO-66-NH2 particles. 
Further characterization of the frameworks using TGA (Figure S16) is consistent with the UiO-66-NH2 framework composition, with residual masses of 41% (TVNFKLY) and 39% (KIAVIST) (theoretical 42%) indicating that no significant amount of peptides are incorporated into the frameworks. This is further confirmed using a control sample of UiO-66-NH2 physically mixed with 10 mol% of TVNFKLY, which displays a much greater mass loss below 300 °C as evidenced by two clear peaks in the derivative thermogram (Figure S16) which are absent for those frameworks synthesized in the presence of the peptides. FTIR of the materials also reveals an absence of prominent stretches associated with the peptides, particularly those in the 1000-1200 cm-1 range arising from the amide III backbone C-N stretching and C-N-H bending vibrations are missing. (Figure S17) These stretches are however visible in the control sample of UiO-66-NH2/10 mol% of TVNFKLY (Figure S18). 
The Brunauer Emmet and Teller (BET) surface areas of the frameworks were determined from nitrogen adsorption measurements (Figure S19A, Table S4). The BET area of UiO-66-NH2 without any peptide arising from this synthesis is 325 m2/g and is lower than typically reported values (800 – 900 m2/g)40. No further attempt was made to optimize the surface area67 which was not the focus of this study, but significantly, the BET surface areas (323 m2/g for KIAVIST and 312 m2/g for TVNFKLY) and pore size distributions (Figure S19B) of the UiO-66-NH2 samples prepared under the same conditions in the presence of the peptides are nearly identical. Our synthetic efforts focussed on the effect of the peptide on the framework crystallinity and morphology rather than optimisation of surface area, which is strongly dependent on reaction solvent volume, reaction time, any exchange solvents employed, and the activation time and temperature of the sample.67 All of these variables have significant potential to disrupt the action of the peptide so we focussed only on the aqueous synthesis parameters reported by Szilágyi66 where we tried to minimise framework pre-assembly by not pre-forming the Zr6 cluster and this is the origin of the reduced surface area.
Although the incorporation of small amounts of peptides during synthesis or their surface adsorption cannot be ruled out, our combined characterization data from TGA, FTIR and BET, especially when compared to appropriate control samples containing known amounts of peptide, suggests the peptides are largely absent from the products.
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Figure 6. PXRD and SEM data of UiO-66-NH2 formed under aqueous synthesis conditions at room temperature without added NaOH in the presence and absence of the Ph.D. peptides. The boxes surrounding the SEM images correspond to the diffraction patterns of the same colour. The pattern shown in grey is the expected pattern from the crystal structure.
Even more convincing evidence for the role of the peptides in UiO-66-X biomineralisation was found from syntheses performed in the absence of sodium hydroxide where the synthesis of UiO-66-NH2 yields an amorphous product (Figure 6 and S20, S21). Addition of TVNFKLY and KIAVIST to the synthesis in the absence of base remarkably yields crystalline materials that both display PXRD patterns that are in excellent agreement with the fcu topology of UiO-66-NH2. (Figure 6) When the same random peptide AVRTQT is added no solid product is formed, further confirming that the Ph.D. peptides can influence framework formation by facilitating assembly of the desired crystalline phase under synthetic conditions where this does not typically occur.
SEM images of the products show better defined particles of UiO-66-NH2 are obtained in the presence of the Ph.D. peptides compared to the amorphous aggregates found in the no peptide case (Figure 6). The particle sizes appear to differ slightly between the Ph.D. peptide reactions, and there is a greater particle size distribution when TVNFKLY is used which may be indicative of differences in the growth mechanism (or degree of peptide induced modulation) between the two sequences. As reported for the base synthesis, TGA (Figure S20) and FTIR (Figure S21) of the products alongside appropriate control samples also suggest little to no inclusion of the peptides, and the former further confirms the UiO-66-NH2 composition and thermal stability. This is significant and indicates that the peptides can influence the crystallization of UiO-66-NH2 from a starting point where this would typically lead to an amorphous product, reminiscent of natural biomineralisation processes. More widely, biomimetic mineralisation of UiO-66 type MOFs in the presence of proteins under aqueous conditions is relatively uncommon, yielding either amorphous products68 or requiring the use of appropriately functionalized amino acid co-modulators to induce crystallinity69, and the results reported here clearly highlight the importance of sequence-specific peptides identified by Ph.D. as an alternative biomineralisation strategy for Zr-based MOFs. 
We note that the pH of the UiO-66-NH2 syntheses with and without base differ (2.4 and 1.6, respectively) and that this is likely a key factor in the assembly and crystallinity of UiO-66-NH2 in these reactions70. Interestingly for each subset of experiments (i.e. all those with NaOH or all those without) the pH varies by < 0.3 units from the no peptide reaction when the Ph.D. sequences are added. This strongly suggests that pH is not a major factor when the peptides are employed, supporting a real effect on framework assembly, crystallinity and particle size/morphology. Mass spectrometry (MS) analysis of the aqueous supernatants following all reactions with peptides indicated the presence and intact nature of the added sequences. (Figure S14 and S22) The observed sequence-specific changes in crystal morphology and crystallinity of UiO-66-NH2 can therefore be attributed to the influence of the added peptides. To confirm this, we added the 7 amino acids which comprise each of the Ph.D. peptides into the aqueous UiO-66-NH2 syntheses. When the 7 amino acids comprising TVNFKLY or KIAVIST were added separately but simultaneously to the UiO-66-NH2 synthesis in the absence of NaOH, only poorly crystalline products as evidenced by PXRD and SEM (Figure S23, S24) were obtained compared to those solids formed in the presence of the Ph.D peptides (Figure 6), highlighting a distinct and well-defined outcome when the intact peptides are used suggesting that peptide conformation may also have a role to play.
The requirement for the peptides to be intact to influence framework crystallinity and particle morphology was further confirmed by a microwave-assisted synthesis of UiO-66-NH2 in DMF at 100 °C in the presence and absence of TVNFKLY. In all cases only poorly crystalline materials were obtained (Figure S25) and MS revealed the peptide was hydrolysed into smaller fragments under these conditions (Figure S26). Although the peptide fragments following microwave synthesis were not specifically identified, the observed partial increase in crystallinity by PXRD may indicate that certain combinations of residues within the Ph.D. sequences are more important than others to MOF biomimetic synthesis which will be the focus of our future studies.
The role of the peptides in the assembly of the frameworks remains unclear at this point. We know that significantly crystalline products can only be formed when two equivalents of base are added to the framework synthesis, and this is true irrespective of whether the metal source is comprised of pre-formed Zr6 SBU clusters or the cluster-forming units for in-situ formation during the reaction (Figure 6 and S27). This strongly implies the importance of ligand solubility or perhaps the presence of an adequate amount of Na+ ions for templating71. We have no direct evidence that addition of the hydrophobic peptides to the ligands themselves can enhance aqueous solubility e.g. through salt formation, but the peptide plays a striking role on framework assembly when base is absent from the synthesis, which could involve templating, providing a site or aggregated surface for nucleation or facilitating changes in local solvent density at the solid-liquid interface.
All the above experiments were also carried out for the biomimetic mineralisation of unfunctionalised UiO-66. Addition of KIAVIST or TVNFKLY led to the emergence of some broad Bragg peaks approximately coincident with the positions of the (111) and (200) reflections of the 12-connected UiO-66 framework (Figure S28) when the aqueous synthesis was conducted in the presence of base (only unreacted ligand could be recovered in the absence of NaOH). SEM images of the products (Figure S29) are consistent with the PXRD patterns, and particles formed in the presence of KIAVIST are more clearly defined and bear a resemblance to previously reported UiO-66 nanoparticles72. The observed influence of the Ph.D. peptides on UiO-66 crystallinity and particle morphology is significantly reduced when compared to the functionalized analogue UiO-66-NH2 (Figure 6) indicating the importance of specific vs. non-specific interactions to the overall success of the biomimetic mineralisation strategy. This is consistent with Ph.D. results and simulation data which demonstrate that interactions between the peptides and UiO-66 are dominated by hydrophobic interactions.
Conclusions: 
In this work we demonstrate that phage display can be employed as an effective tool to identify peptides which can bind to isoreticular 3-D MOFs, exemplified by the two Zr-based frameworks UiO-66 and UiO-66-NH2. This is a key advance in specificity beyond identifying peptides which bind to unique MOF structures of different composition, where functionalized frameworks can drive the screening to a unique consensus sequence due to specific interactions between the peptide and the MOF functional groups. Binding of peptides to unfunctionalised frameworks on the other hand appear largely governed by non-specific hydrophobic interactions. 
Molecular dynamics simulations combined with bulk experiments yielded quantitative and qualitative information about how the two studied peptides (TVNFKLY and KIAVIST) bind to their respective MOF materials (UiO-66-NH2 and UiO-66 respectively). The simulations facilitate the explanation of bulk zeta potential data and CD-spectra from the MOF surfaces and provides a novel insight into the peptide-MOF interactions, peptide dynamics and conformations, and is consistent with phage display. The data suggests that the association of water molecules with the UiO-66-NH2 amino groups is key to the specificity of peptide binding to the functionalized framework surface, which is clearly borne out in the differences in peptide conformational behaviour with the two MOFs observed by CD spectroscopy. More general binding of the Ph.D. peptides via hydrophobic interactions is found for UiO-66 where conformations of both peptides are more similar.
Finally, we show that the addition of the Ph.D. peptides to an aqueous MOF synthesis can influence both crystallinity and particle morphology under otherwise unfavourable reaction conditions. While this is an important demonstration of sequence-specific biomimetic mineralisation of Zr-based MOFs using small peptides that exhibit a clear degree of recognition toward the frameworks, the use of peptides as modulators in place of small acidic molecules is clearly not practical for routine MOF synthesis. The mechanism of action of the peptides during framework assembly is currently unclear, and a full study bringing together a range of bulk characterization techniques to monitor the crystallization process as recently reported for zeolitic-imidazolate frameworks (ZIFs)57,59,73 in the presence of biomolecules will be required to understand this process.
The use of Ph.D. to identify specific MOF binding peptide sequences as a function of framework composition, topology and crystal size will pave the way to increasing our understanding of how peptides interact with MOF surfaces and will necessarily be augmented by computational efforts. Knowledge of the MOF-peptide interface garnered from Ph.D. studies will be generally important for biomedical applications and has significant scope for the identification of new functional framework materials and enhanced MOF recognition and growth at bio interfaces for the preparation of functional composites and devices.
Methods:
All methods with respect to phage display, simulation and biomimetic mineralisation studies can be found in the supplementary information.
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