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Metal-organic frameworks (MOFs) are entities with a repertoire of
dynamic functions. With a simple touch of salts, smooth crystals
of MOFs can be turned into hairy ones, dramatically enhancing
chemisorption of large molecules, i.e., by 120 times. When this
process is followed by another round of etching, sequential binding
of different proteins is possible.

Metal-organic frameworks (MOFs) are a class of sophisticated
crystalline solids with well-defined coordination geometry and
porosity."™ Rich selections of building blocks, long-range
ordering in packing, and superior surface areas have promoted
MOFs’ applications in gas adsorption, storage, and separa-
tion.”™'® While most studies utilized inner pores by regulating
their interactions with small molecules, MOFs are rarely reported to
bind large molecules, for instance, polymers'*™® or proteins.'**®
Two major reasons are the limited pore sizes and chemical
instability of the frameworks. Though expanded pores have
been reported for hosting large molecules such as proteins,*®
most of the MOFs have pore size spanning from several
angstroms to a couple of nanometers.'” The size exclusion
prevents large molecules from entering the inner pores, and
hence they stick to the outer surfaces only."”® Chemical instability
makes MOFs vulnerable when in contact with liquid media such as
water and organic solvent, through ligand exchange processes.'®>
A combination of both factors therefore makes a controlled binding
of large molecules challenging.

We recently found that defects like cracks or edges in MOFs
are effective traps for retaining large molecules like proteins
(Fig. 1A). A simple mechanical crushing reveals more active
sites and greatly enhances protein adsorption onto particular
crystal planes (Fig. 1B-E; ESIT). To push this discovery further,
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Fig. 1 Confocal fluorescent microscopic images of protein (GFPs) adhesion on
(A) bulk and (B) crushed Cu-MOF crystals; AFM images of (C) the bulk and (D)
crushed MOF crystal; (E) section analysis of (D) along the line revealing the
surface terraces with a fringe spacing of 0.77 nm, matching crystal planes of
(200) (see ESIT for detailed analysis).

we report sequential binding of large molecules on this same
type of MOFs via salt etching, as illustrated in the Table-of-
Contents graphic.

Our MOFs, dubbed as Cu-MOFs, are assembled in an inter-
penetrating pseudo-cubic crystal structure, with pure Cu-O
bonded (200) layers and pillar-like units between the layers®
(Fig. S1 and Table S1, ESIf). The etching process was performed
to break the (200) layers and we investigated the effects using
an atomic force microscope (AFM). Prior to imaging, these
MOFs were treated with a series of salt solutions, e.g., 0.57,
5.7, 57 and 570 mM, respectively, for 10 minutes. The height
images of the four crystal surfaces (Fig. 2) revealed an enhanced
surface roughening as the salt concentration increased. When
the crystals were treated with the most diluted salt solution
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Fig. 2 AFM images of Cu-MOFs treated with NaCl solutions with concentrations
of (A) 0.57, (B) 5.7, (C) 57 and (D) 570 mM. All images are 2 um x 2 um in size. The
continuous and the sectional color scales are shown on the right side.

(0.57 mM), their smooth surfaces became densely bumpy ones,
with the surface roughness increased from 0.82 to 3.02 nm
(Fig. 1C and 2A, Table S2, ESIf). When the salt concentration
increased by 10 times, discrete rectangular-shaped pit holes
emerged (Fig. 2B). As the salt concentration further increased
by 100 times, many more pit holes appeared and some of them
grew into larger ones, indicating possible migration of crystal
grains (Fig. 2C). When the crystals were soaked in a 570 mM
salt solution, trenches appeared, further indicating possible
surface or subsurface reconstructions (Fig. 2D). The statistical
analysis of the peak to peak distances and void space volumes,
based on the height histograms, also suggests that our etching
process expedites with increasing salt concentration (Fig. S2
and Table S2, ESIY).

Hairy MOFs show up when we impregnate the Cu-MOF
crystals in a salt solution (57 mM) for an extended period of
time, e.g., from 30 min to 24 h. We found that the morphology
of the crystals continuously evolves as the etching proceeds
(Fig. 3). After a 30 min soaking, a large number of pit holes
appear, consistent with our earlier AFM observations in Fig. 2C.
Right after 24 h, these crystals were covered with populated
clusters of rods, with cross-section dimensions in the range of
200-300 nm and lengths of approximately 15 pm (Fig. 3A). A
careful view of the hair roots reveals a grain size of 50 nm
(Fig. 3B), suggesting reorganization of 4-5 of these into one
larger rectangular hair. Often, this volume change in internal
structure can twist the fibres into helical structures (Fig. 3C).
Overall, the shiny green crystals turned opaque and furry under
the lens of an optical microscope (Fig. 3D). When the rod
clusters, dubbed as hairy MOFs or H-MOFs, are placed in a
GFP solution, substantial fluorescence is detected, suggesting a
strong affinity of H-MOFs for protein molecules (Fig. 3E). In
contrast to pristine Cu-MOFs, given the rod size in Fig. 3B and a
density of 10 rods pum?, salt-etching yields 120 times more
contact area for molecule-binding.
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Fig. 3 The morphological evolution of H-MOFs and enhanced surface GFP
adhesion. SEM images of Cu-MOFs after soaking in a NaCl solution (57 mM)
for (A) 30 min, (B) 24 h. (C) Roots of the fibers in (B) reveal 50 nm sized grains.
(D) Optical microscopic image of the H-MOFs in (B). (E) Confocal fluorescent
microscopic images of GFP-coated hairy MOFs.

While the interaction between hairy MOFs and GFPs pro-
vides hints of copper-protein binding, a challenge remains in
identifying the structure of H-MOFs. We first probed the porous
feature of H-MOFs by examining their gas sorption properties.
The N, sorption isotherms, compared to the ones for Cu-MOFs,"°
show negligible N, sorption, indicating the breaking of the
interpenetrating microporous framework of Cu-MOFs after salt
etching (Fig. S3, ESIT). The CO, sorption isotherm of H-MOFs
(Fig. S3D, ESIt), showing the sorption capacity about half of
that absorbed by Cu-MOFs (Fig. S3B, ESIt), also suggests the
cleaved framework structure of H-MOFs.

We further synthesized a series of crystalline materials
containing different combinations of Cu, fumarate (FMA*")
and 4,4'-Bpe (see details in ESIT). Comparison of XRD patterns
(Fig. S4, ESIf) shows that H-MOFs have a similar crystal
structure to CuCl,(4,4"-Bpe), and elemental analysis yields a
composition of C: 45.59%, H: 3.12%, N: 8.82%, and Cl: 22.54%.
It is worth noting that there are a few extra XRD peaks at 16.5°,
19.4°, 20.3° and 25.7°, suggesting the existence of CuFMA.**
Therefore, the hairy MOFs contain ingredients of both
CuCl,(4,4’-Bpe) (major) and CuFMA (minor). We hypothesize
that the salt etching has modified the (200) planes in Cu-MOFs.
Immediately after NaCl is introduced into the mother liquid of
Cu-MOFs, the burst of Na' ions can disrupt the dynamic equili-
brium of the MOF crystals and their mother liquid by depriving
them of the fumarate moieties which are chelated to the copper
centers in the (200) planes. As a consequence, the leaching of
fumarate, which is the main building block of (200) planes,
unavoidably triggers the transformation of layered structures into
fine fibers. Meanwhile, the Cu-N bonds adapt to these changes
and reorganize the newly introduced species, namely chloride
ions, to form the emerald-coloured CuCl,(4,4"-Bpe). Since the
entire etching process is performed at room temperature, some
CuFMA can precipitate out as a side-product.
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Fig. 4 Confocal fluorescent microscopic images of H-MOFs (A) after soaking in
RFP solution for 1 week and (B) after a second soaking in NaCl solution and
followed by soaking in GFPs solution.

Moreover, we evaluated the increased active copper sites by
comparing fluorescent response from CuCl,(4,4’-Bpe) and
CuFMA respectively. Although both materials exhibit rod-like
structures (Fig. S5A and S5D, ESIf), the confocal microscopic
image of CuCl,(4,4’-Bpe) in GFP solution reveals bright fluores-
cent signals all through the solids (Fig. S5B and S5C, ESIf),
while the CuFMA rods show hardly any fluorescent response
(Fig. S5E and S5F, ESIt). This comparison clearly indicates that
CuCl,(4,4"-Bpe) in H-MOFs is indeed the compound that is
active in binding GFPs, not CuFMA. We further extended the
salt etching protocol with common biological media. In parallel,
we compared the behaviors of Cu-MOF and hairy MOFs in
Dulbecco’s Modified Eagle Medium (DMEM) with added fetal
bovine serum (FBS) and GFPs. Unsurprisingly, site-selective
fluorescent signals are found in this alternative experiment,
while strong affinity of FBS on copper-rich hairy MOFs confirms
intense and uniform adhesion of GFPs (Fig. S6, ESIT).

Now, we apply this etching process to bind large molecules
in a stepwise manner (for a schematic representation see the
Table-of-Contents figure). Particularly, we used RFPs and GFPs
alternately after every individual etching process. After one day
of reaction with NaCl solution, rod-like features grew on hairy
MOFs and they showed a strong interaction with RFPs, as in
Fig. 4A. After the removal of unbound RFPs and another round
of salt etching, a new protein, i.e., GFP, was used to decorate the
solids. Correspondingly, the confocal fluorescent microscopic
image shows added but distinguishable green fluorescent signals
(Fig. 4B). Comparison of these signals with those of the fresh
CuCl,(4,4’-Bpe) rods, which contain rather fixed surface copper sites,
shows that the H-MOFs are able to expose new sites after binding. In
addition, the site-selective sequential binding results present a
different binding motif from the hydrophobic-hydrophobic inter-
action reported in the MOFs with large pore sizes.'®

In summary, we have chemically engineered Cu-MOFs
towards enriched Cu binding sites with a touch of salt. Analo-
gous to the expedited rusting of iron in seawater, saltwater can
also accelerate the “corrosion” of crystalline Cu-MOFs. The salt
solutions promoted the solvation and extraction of fumaric
species from the original framework and delivered highly dense
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rod-like structures. Engineered hairy MOFs have demonstrated
120 times more enhanced binding of GFPs, as well as the
capability of stepwise binding. Through this consecutive and
selective binding, H-MOFs can serve as a microreactor for
various biomolecular reactions. In addition, as metal-protein
binding is a major contributor to the rigidity of electron
transfer in many biochemical processes, we envision that our
work is beneficial to broad areas of biological research.®
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