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Bio-Adhesive Nanoporous Module: Toward Autonomous Gating
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Abstract: Here we report a bio-adhesive porous organic module
(®“*COF) composed of hexagonally packed 1D nanopores based on
a covalent organic framework. The nanopores are densely appended
with guanidinium ion (Gu®) pendants capable of salt-bridging with
oxyanionic species. Because oxyanionic species are ubiquitously
present in biopolymers, ®“*COF strongly adheres to biopolymers via
a multivalent salt-bridging interaction. By taking advantage of its
strong bio-adhesive nature, we succeeded in creating a gate that
possibly opens the nanopores via a selective interaction with a
reporter chemical and releases guest molecules. We chose
calmodulin (CaM) as a gating component that can stably entrap a
loaded guest, sulforhodamine B (SRB), within the nanopores
(°®™MCOF>SRB). CaM is known to change its conformation via
selective binding with Ca2*. We confirmed that, upon mixing with Ca?*,
CaMCOF>SRB released SRB from its nanopores, whereas the use of
weakly binding Mg?* resulted in much slower release of SRB.

Introduction

Stimuli-responsive guest release is one of the important
functions of porous materials.” So far, a wide variety of inorganic
and organic porous materials with a photo-responsive gating
mechanism have been developed by attaching azobenzene
derivatives to the pore exits.>®> This mechanism is promising, if
the light exposure is not physically interfered, and the pores are
relatively small. Apart from such a manual gating mechanism,
autonomous gating that would ideally enable opening and closing
motions of the gate in response to the concentration change of a
reporter chemical has also attracted great attention.>” One of
possible strategies toward autonomous gating would be to utilize
a protein as the gating component that possibly changes its
conformation through selective binding with a reporter chemical.
This strategy is also advantageous, because a large-dimension
protein, if any appropriate is available for this purpose, would be
applicable to porous materials with large pores. However, despite
its great potential, autonomous gating via chemically induced
conformational changes of proteins has rarely been explored.

Here we report ®“®COF (Figure 1) that is a bio-adhesive porous
organic module enabling the adhesion-based attachment of
calmodulin (CaM) as a gate (Figure 2). Its porous scaffold
employed the basic architecture of an imine-based covalent
organic framework (COF).2° As shown in Figure 1, the nanopores
of ®“COF are densely functionalized with a large number of
guanidinium ion (Gu*) pendants'® that can be salt-bridged with the
oxyanionic surface groups of biopolymers.' Oxyanions exist
ubiquitously in proteins and nucleic acids as well as on metal
oxide surfaces. Therefore, we thought that ©“*COF could adhere
to CaM via a multivalent salt-bridging interaction.'"'> Why did we
choose CaM? This protein is known to change its conformation
via selective binding with Ca®* (Ks = 0.1-1.0 uM)."® We
ambitioned that CaM in “®COF>oguest, when it binds to Ca?",
may undergo a Ca?*-induced conformational change that allows
the guest molecules to be released from the nanopores.
Meanwhile, Ca®* is an important biological reporter for bone
diseases such as multiple myeloma,’”® where the local
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Figure 1. Molecular structures of porous organic modules 29 COF and
CGleCOF bearing azide (N3) and guanidinium ion (Gu*) pendants, respectively.
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Figure 2. Schematic illustration of Ca?*-responsive guest release from
CaMCOFoguest, whose guest-loaded nanopores are blocked by calmodulin
(CaM) as a gate. First, guest molecules are loaded into the nanopores of
GlleCOF. CGlueCOFoguest, thus obtained, was allowed to adhere to CaM through
a multivalent salt-bridging interaction (®®¥COF>guest). Upon binding with Ca?*,
the CaM gate in ©®COF>guest changes its conformation for guest release.

concentrations of Ca?* at diseased sites are usually higher than 4
mM. 4

Results and Discussion

For obtaining ®“*COF (Figure 1), we first synthesized azide-
appended #%%COF (Figure 1) by a method analogous to that
reported previously,' and subjected to a Cu(l)-catalyzed azide—
alkyne “click” reaction'® with propargyl guanidine (PG) at [PG]/[-
N3] = 1.2 in THF/water (v/v = 3/1) for 4 h (Figure 3a). In X-ray
photoelectron spectroscopy (XPS), the reaction mixture (®“*COF;
Figure 3b, red) showed a broad peak in a range from 396 eV to
403 eV, which is most likely composed of peaks due to triazole
(TAZ; 399.5 and 400.7 eV),"” Gu* (398.9 eV)," and C=N (397.9
eV)."® A peak due to -N3 (central nitrogen; 403.4 eV),?° which was
clearly observed for precursor #2COF (Figure 3b, blue), did not
appear after the azide—alkyne “click” reaction. In Fourier-
transform infrared (FT-IR) spectroscopy, the reaction mixture
(®“*COF; Figure 3c, red) showed N-H stretching vibrations at
3163 and 3371 cm™" due to Gu* and a C=N stretching vibration at
1672 cm™" due to TAZ,?' at the expense of the -Ns stretching
vibration at 2107 cm™", which was clearly observed for precursor
AZdeCOF (Figure 3c, blue).?! Solid-state '3C NMR spectroscopy
of the reaction mixture (®“*COF; Figure 3d, red) showed the
appearance of new signals due to TAZ-CH>-Gu* at 37.1 ppm
(signal I; Figures S4 and S6 for model compounds)?? and Gu* at
159.1 ppm (signal a; Figures S4 and S6),> which were not
observed for precursor ##%COF (Figure 3d, blue). The integral
ratio of signal / versus signal TEG' allowed for estimating the
conversion of AZ%COF into ®“*COF as 82%. As confirmed by
XPS (Figure S7)? and inductively coupled plasma atomic
emission spectroscopy (ICP-AES; Table S1), the amount of
residual Cu in ®“*COF was negligibly small (0.0011 wt%) when
washed with THF and an aqueous EDTA solution (0.01 M).
Furthermore, powder X-ray diffraction (PXRD) patterns of
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Figure 3. (a) Synthesis of ®“COF by a Cu(l)-catalyzed azide-alkyne “click”
reaction between A%9COF and propargyl guanidine (PG). (b) X-ray
photoelectron spectroscopy (XPS) of A49COF (blue) and its “click” reaction
mixture (®“COF, red). (c) Fourier-transform infrared (FT-IR) spectra of
AZdeCOF (blue) and its “click” reaction mixture (G“*COF, red). (d) Solid-state
3C NMR spectra of A29COF (blue) and its “click” reaction mixture (¢“¢COF,
red). (e) Powder X-ray diffraction (PXRD) patterns of A2%COF (blue) and its
“click” reaction mixture (®“*COF, red). The inset shows magnified profiles at
20°-30° in 26. (f) Absorption spectra of an aqueous solution of
sulforhodamine B (SRB, 50 uM) before (pink) and after mixing with A24COF
(100 ug mL™", blue) and ®“¢COF (100 ug mL™", red).

AZdeCOF and its “click” reaction mixture (®“*COF) both showed
diffraction peaks characteristic of a 2D hexagonal geometry® at 26
= 2.90°, 4.86°, 5.76°, and 24.6° (Figure 3e), which could be
indexed as (100), (110), (200), and (001), respectively, based on
their simulated patterns (Figure S8).> By Pawley refinement, we
calculated the unit cell parameters of ®“*COF as a = b = 34.91 A
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Figure 4. (a, b) Confocal laser scanning microscopy (CLSM; Aex = 550 nm,
Aobs = 560-620 nm) images of a HEPES (20 mM, pH 7.2) buffer solution of
SRB (1 uM) before (a) and (b) after 3-h incubation with ®*¢*COF>none (100 ug
mL~"). Scale bars =20 ym. (c, d) CLSM images of a HEPES (20 mM, pH 7.2)
buffer suspension of ©®MCOF>SRB ([¢“*COF] = 5 ug mL™", [SRB] = 1.6 yM)
before (c) and (d) after 48-h incubation with Ca?* ([CaCl> = 8 mM]). Scale bars
=20 uym. (e, f) Flow cytometry (FCM) histograms (Aex = 488 nm) of a HEPES
(20 mM, pH 7.2) buffer suspension of (e) ®“¢COF before (blue) and after 3-h
incubation with SRB (1 uM, blue — red), and (f) ©®MCOF>SRB before and after
48-h incubation with Ca?* ([CaClz = 8 mM], blue — red).

and ¢ = 4.25 A. The transmission electron microscopy (TEM) of
CGlleCOF showed a power spectrum characteristic of hexagonally
packed 1D pores (Figure S9).2 Atomic force microscopy (AFM)
showed that the ®“*COF particles were 20—80 nm thick (Figure
S11).2 Of interest, its Brunauer-Emmett-Teller (BET) surface
area (46 m? g~'; Figure S12)* was much smaller than that of its
precursor A%9%COF (366 m? g~'; Figure S12).22 Considering the
highly hygroscopic nature of Gu*, the ®“*COF nanopores are
likely filled with water. In fact, thermogravimetric analysis (TGA)
of GYeCOF clearly showed a weight loss at 25-100 °C (Figure
$13),% from which the number of water molecules per COF unit
cell was estimated as ~9. This value agreed well with the result
of elemental analysis (Table S1).?2

By means of confocal laser scanning microscopy (CLSM; Aex =
552 nm), we confirmed that ®“*COF>none was able to trap
sulforhodamine B (SRB; sodium salt), a negatively charged
fluorescent dye with an estimated size of 1.6 nm x 1.2 nm.?
Although a HEPES buffer (20 mM, pH 7.2) solution of SRB
showed a bright fluorescence (Figure 4a), it gradually became
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dark upon addition of ®“*COF>none (Figure 4b). At the same
time, the ®“*COF particles became fluorescent. Accordingly, in
flow cytometry (FCM; Aex = 488 nm), ®“*COF>SRB, as expected,
emitted more intense fluorescence (Figure 4e, red) than ®“*COF
(Figure 4e, blue). Note that the ®“*COF particles, suspended in
an aqueous medium, gradually aggregate and eventually
precipitate. By virtue of this precipitation behavior, we
quantitatively evaluated the guest loading capacity of ®“*COF
using SRB as the guest. Thus, a suspension of ®“*COF (100 ug
mL~") was added to an aqueous solution of SRB (50 uM; Figure
3f, pink) at 25 °C, and the resulting suspension, after being stirred
for 3 h, was allowed to stand for 1 h, whereupon a precipitate
formed. Its supernatant portion obviously showed a smaller SRB
absorption at 550-570 nm than that before the addition of ®“*COF
(Figure 3f, red). Based on this spectral change, the loading
capacity of ®“*COF for SRB was evaluated as 18 wt% (0.87 SRB
molecules per COF unit cell; 0.17 SRB molecules per Gu*
pendant),?? which is comparable to those reported for other COFs
(9.7-32.5 Wt%).8 We created an energy-minimized computational
model of ®“*COF having 1.8 nm-diameter nanopores (Figure
S36),22 which are large enough to accommodate one molecule of
SRB in consistency with the loading capacity of ®“*COF for SRB.

Despite the small BET surface area possibly due to a
hygroscopic nature of its nanopores, ®“*COF showed such a
satisfactorily large loading capacity for SRB, suggesting that the
water molecules, initially solvating the Gu* pendants in the
nanopores, were replaced with salt-bridge-formable SRB carrying
two sulfonate (SO4%7) groups. In sharp contrast, ~29°COF with no
Gu* pendants barely trapped SRB (Figure 3f, blue; estimated
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Figure 5. (a, c) Histograms of the dynamic light scattering (DLS) data at 25 °C
in HEPES buffer solutions (20 mM, pH 7.2) of (a) guest-free ®“¢COF before
and after mixing with CaM (blue — red) followed by Ca?* ([CaCl2] = 8 mM,
green), and (c) SRB-loaded ®“¢COF before (®**COF>SRB) and after mixing
with CaM (blue — red) followed by Ca?* (green). (b, d) Zeta potential values at
25 °C in HEPES buffer solutions (20 mM, pH 7.2) of (b) guest-free ®“*COF
before and after mixing with CaM (blue — red) followed by Ca?* (green), and
(d) SRB-loaded ®¢COF before (®“*COF>SRB) and after mixing with CaM (blue
— red), followed by Ca?* (green).
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Figure 6. (a) Schematic illustration of the experimental setup for guest release
from G¢COF>SRB. Typically, a HEPES (20 mM, pH 7.2) buffer suspension
(100 L) of ®veCOF>SRB ([¢“¢COF] = 5 ug mL™", [SRB] = 1.6 uM) is transferred
to a dialysis tube with a semi-permeable membrane (cutoff: 1000 Da) and
incubated in HEPES buffer at 37 °C. SRB (molecular weight: 558.6 g mol~") is
released from G“*COF>SRB and passes through the membrane, whereas
CGleCOFoSRB (Dh = 270 nm) stays inside the dialysis tube. The released SRB
is quantified based on the fluorescence intensity of the solution outside the
dialysis tube. (b) Fluorescence spectral changes (Aex = 550 nm) outside the
dialysis tube containing the suspensions of ®“*COF>SRB and ®®MCOF>SRB
([CaM] = 1 mM). (c) SRB release profiles of ©®MCOF>SRB ([CaM] = 1 mM,
[6ueCOF] = 5 ug mL~") in the absence (red) and presence of Ca?* ([CaClz] = 8
mM,; green) and Mg?* ([MgClz] = 8 mM; orange). (d) Circular dichroism (CD)
spectra of a HEPES (20 mM, pH 7.2) buffer suspension of ““COF>SRB
([“eCOF] = 0.5 yg mL™", [SRB] = 0.1 uM, [CaM] = 50 yuM) before and after
mixing with Ca?* (red — green).

loading capacity ~2.4 wt%), although its BET surface area was 9
times larger than that of ®“*COF.

Next, we examined whether CaM indeed adheres to ®“*COF or
not. Dynamic light scattering (DLS) analysis in HEPES buffer (20
mM, pH 7.2) showed that, after mixing with CaM (1 mM; Dn = 4
nm; Figure S24), ®“COF (5 yg mL™"; Dn = 270 nm) and
CGleCOF>SRB ([“*COF] = 5 ug mL™", [SRB] = 1.6 uM) both
increased their hydrodynamic diameters (Figure 5a and 5c, blue
- red). Furthermore, the zeta potentials (¢) of both G“*COF (¢ =
+22 mV) and ©“*COF>SRB ({ = —-16 mV) were negatively
increased after mixing with CaM (Figure 5b and 5d, blue — red).
These results are reasonable, considering that CaM is a
negatively charged protein (¢ = —61 mV; Figure S27).22 Namely,
CaM adheres to the surface of both ®°*COF and ®“*COF>SRB.
After the adhesion, CaM blocks the nanopores and protect
included guests. For example, as confirmed by CLSM,
CaMCOF>none could not trap SRB, even though it was guest-free
(Figure S33).%2 Sodium dithionite (Na2S204) is known to
reductively degrade SRB and quench its fluorescence.?* So, we
investigated whether SRB in ®“*COF>SRB and ““MCOF>SRB
([CaM] = 1 mM) are protected against Na2S204. As shown in
Figure S23a, when a HEPES buffer suspension of ®“*COF>SRB
was titrated with Na2S204, the SRB fluorescence at 580 nm was
quenched significantly. In contrast, ©®“COF>SRB with a CaM
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gate ([CaM] = 1 mM), under identical conditions, dropped its
fluorescence intensity only in the initial stage of titration (Figure
S23b). Thus, we conclude that CaM properly serves as the gate
for the nanopores to physically protect included SRB against
reduction.

As described in the introductory part, CaM is a highly potent
protein as a stimuli-responsive gating unit. At first, we
investigated how rapidly non-blocked ®“*COF>SRB releases
SRB. Thus, a HEPES (20 mM, pH 7.2) buffer suspension (100
uL) of ®*COF>SRB ([¢*COF] = 5 ug mL™", [SRB] = 1.6 uM) was
transferred to a dialysis tube with a semi-permeable membrane
(cutoff: 1000 Da) that allowed released SRB to pass through, and
then incubated at 37 °C (Figure 6a). As shown in Figure 6b, a
fluorescence band at 580 nm (Aex = 550 nm) due to leaked SRB
emerged in the HEPES buffer solution located outside the dialysis
tube. In 24 h, the amount of leaked SRB reached 42% of the
initially loaded SRB (Figure S18, blue).??> As expected, when
GleCOF>SRB was converted beforehand into ®®™COF>SRB
using CaM (1 mM), the amount of leaked SRB upon incubation
was negligibly small (Figures 6b and 6c¢, red). Then, what would
happen upon mixing with Ca®*? When Ca?* ([CaClz] = 8 mM) was
added to the HEPES buffer suspension of ®®MCOF>SRB, the
release of SRB started (Figures 6c, green, and S16a).%
Accordingly, the liquid phase of the ®®“COF>SRB suspension
became entirely fluorescent, as confirmed by CLSM (Figures 4c
and 4d). The release of SRB was also supported by FCM (Figure
4f), where ®®COF>SRB became much less fluorescent. Note
that, upon mixing with Ca®* (Dn = 360 nm; Figure 5a, green),
CaMCOF>SRB barely changed its hydrodynamic diameter Dn
(Figure 5b, red = green), its zeta-potential ¢ positively increased
from =36 mV to —22 mV (Figure 5d, red - green). We also
confirmed that ©®“COF>SRB ([¢“*COF] = 0.5 ug mL™", [CaM] =
50 uM), upon mixing with Ca®* ([CaClz] = 8 mM), changed its
circular dichroism (CD) spectrum (Figure 6d), which is analogous
to that observed for CaM alone (Figure S28).1%1%¢22 From the
release rates at different [Ca?*] (Figures S19 and S20),% the half
maximal effective concentration (ECso) of Ca?* for the SRB
release was estimated as 14 mM (Figure S21).?> Under identical
conditions, the ECso value of Ca?* for the conformational change
of CaM, as estimated from the CD spectral titration of
CaMCOF>SRB (Figure S29),% was 9.4 mM (Figure S30),% which
is in good agreement with the ECso value of Ca?* for the SRB
release. Therefore, the release of SRB is most likely caused by
the Ca®*-induced conformational change of CaM. As a control,
we investigated the release of SRB from a mixture of CaM and
AZideCOF as a non-adhesive version of ®“*COF and confirmed that
the nanopores rapidly released SRB even without Ca?* (Figure
$22),% indicating that the CaM does not serve as a gate for
AZdeCOF lacking adhesive Gu* pendants.

Different from Ca®*, Mg?* interacts with CaM only weakly.'*
Accordingly, when Mg?* (IMgCl2] = 8 mM), instead of Ca®*, was
mixed with ®®COF>SRB in a HEPES buffer suspension, the
release of SRB from the nanopores occurred much less efficiently
(Figure 6c, orange, and S16b).?> We also found that bovine
serum albumin (BSA; Dn = 6 nm, Figure S24),?2 analogous to CaM,
can block the SRB-loaded nanopores of ®“*COF>SRB (Figures
S15 and S18).22 However, as expected, mixing of B5ACOF>SRB
([®“eCOF] = 5 ug mL~", [BSA] = 1 mM, [SRB] = 1.6 uM) with Ca2*
([CaClz] = 8 mM) did not result in the release of SRB (Figure
S17).22 Of interest, ©®COF>SRB was revealed to enter live cells
(Figure S34)% without appreciable cytotoxicity (Figure S$35).%



Conclusions

As a proof-of-concept study on the development of nanoporous
modules with an autonomous gating mechanism, we have shown
that our newly developed bio-adhesive ®“*COF with hexagonally
packed Gu*-appended nanopores, has the large potential for this
direction. When a particular protein such as calmodulin (CaM) is
allowed to adhere to ®“*COF as the gating component, “®™COF
undergoes a large conformational change when bound with Ca?*,
a reporter chemical. We confirmed that ©®“COF successfully
releases a guest such as SRB from its nanopores in response to
Ca?*. As a future perspective, it is important to extend the range
of biopolymers as candidates for gating components to respond
to a wider variety of stimuli. Even more challenging is to apply
bio-adhesive ®“*COF to other biological motifs such as living cells,
which is one of the subjects worthy of further investigation.
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A bio-adhesive porous organic module (®“*COF) carrying guanidinium ion pendants allows noncovalent accommodation of calmodulin
(CaM) as a gating component onto the guest-loaded 1D nanopores (“®™COFoguest), which release guest molecules by a
conformational change of the CaM gate upon selective binding with Ca?*.



