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Two novel adenine-containing metal-organic frameworks (MOFs) with the same components but
different pore environments and topologies, named ZnTDCA-1 and ZnTDCA-2, were designed and syn-
thesized. The host—guest composites were successfully fabricated by encapsulating a laser dye, 4-(p-di-
methylaminostyryl)-1-methylpyridinium (DSM), into the MOFs, and their luminescence behaviours were
found to be dependent on their different pore shapes, supported by spectral measurements, pore metrics
analysis, and periodic density functional theory calculations. Notably, the quantum vyield of
DSM@ZnTDCA-1 can reach 39.3%, with no obvious decrease when increasing the content of DSM, indi-
cating a favourable pore matching effect between the pocket-like pores of the ZnTDCA-1 host and DSM,
which facilitates DSM to be fixed within the frameworks and uniformly dispersed. In contrast, although
ZnTDCA-2 has a larger size to adsorb more dye, DSM diffuses along one-dimensional square channels
after entering the host framework, resulting in the accumulation of DSM in large and regular channels,
leading to fluorescence quenching. The work reveals the influence of pore shape, in particular the
pocket-like confinement space, on the luminescence of the DSM@MOF system. Moreover, our prelimi-
nary cell culture and cytotoxicity experiments indicate that the DSM@MOF system is biocompatible and
can serve as a platform for biological microlasers and various bio-applications.

Received 9th August 2023,
Accepted 28th September 2023

DOI: 10.1039/d3qi01569f

rsc.li/frontiers-inorganic

the introduction of biomolecular ligands into MOFs has led to
the discovery and development of biological metal-organic

Introduction

Metal-organic frameworks (MOFs) are a highly versatile family
of organic-inorganic hybrid porous materials'™ that have gar-
nered significant attention in diverse fields such as lumine-
scence sensing,®® information anticounterfeiting,”® hydro-
carbon separation,”'® and energy storage.'™? In recent years,
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frameworks (BioMOFs)."*™"” These BioMOFs not only inherit
the advantages of traditional MOFs but also exhibit unique
superiority, enabling them to find applications in biomimetic
catalysis,"®'® DNA mimicking,*>*" intracellular imaging,**
clinical diagnosis and treatment. One fascinating aspect of
these MOFs is their ability to stabilize and/or confine func-
tional species, such as nanoparticles and fluorescent dye mole-
cules, within their porous structures and give rise to excep-
tional luminescence  properties through  host-guest
interactions.>® >’ For example, confinement of a pyridinium
hemicyanine dye into bio-MOF-1 results in a synergistic two-
photon-pumped lasing functionality;*® immobilization of acri-
flavine into the nano-channels of a BioMOF can enable it to
act as a host-guest chemopalette and fluorescence ratio
thermometer.®>” However, not all guests are stable and dis-
persed in the MOF matrix. It is expected that the confinement
effect of MOFs with a cavity diameter slightly larger than the
guest molecule is significant for achieving such a purpose.
4-(p-Dimethylaminostyryl)-1-methylpyridinium (DSM) is a
cationic pyridinium hemicyanine dye with a linear D-n-A con-
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jugate structure and large first-order hyperpolarizability.”®
These kinds of organic dyes are highly sensitive to the micro-
environment and can serve as potential microlasers to detect
tiny changes for application in protein conformation detection
and monitoring biological processes. Especially, microlasers
with good biocompatibility have attracted more and more
attention in the fields of photonics, medicine, sensing, bio-
logical imaging and so on due to their high resolution and
high sensitivity.”* > However, DSM usually exhibits weak
luminescence in the solid state due to the aggregation-induced
quenching effect,® and its fluorescence efficiency can be sig-
nificantly improved by incorporating it into a DNA duplex or
dispersing into a porous polymer.>*® Our previous studies
have shown dipole-dipole interaction between Watson-Crick
sites of BioMOFs and dye molecules, similar to the interaction
of a stain with DNA. Thus, MOFs with prominent open sites
are suitable for encapsulating guest molecules.?®*®*” Taking
into account the above factors, in this work, we present the
design and synthesis of a novel adenine-containing MOF with
pocket-like pores®” and Watson-Crick sites, namely ZnTDCA-1
(H,TDC = 2,5-thiophenedicarboxylic acid, A = adenine). By
analogy to the stain-DNA complex, we envisage that the
DSM@BioMOF system would be capable of solving the
quenching problem of DSM through pore confinement
(Scheme 1). It should be noted that the pore size and shape
are crucial in this context. To demonstrate the unique pore
matching effect of ZnTDCA-1, another MOF with identical
components, referred to as ZnTDCA-2, was successfully
obtained by manipulating the reaction conditions. We explore
their adsorptive luminescence behaviours and show that the
distinct fluorescence properties exhibited by DSM@ZnTDCA-1
and DSM@ZnTDCA-2 are attributed to their unique aperture
and channel environments. This research underscores the
potential of MOFs as effective platforms for guest encapsula-
tion and sheds light on the significant influence of pore
metrics on solving the quenching problem of laser dyes.
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Scheme 1 Conceptual analogy between a stain—-DNA complex and the
DSM@BioMOF system. (a) Illustration of the interaction between acridine
orange stain and DNA showing green fluorescence. (b) Schematic repre-
sentation of DSM showing red fluorescence within the confined space
of the pocket-like pore in ZnTDCA-1.
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Results and discussion

Single-crystal X-ray diffraction analysis reveals that ZnTDCA-1
crystallizes in the monoclinic space group C2/c (Table S27). Its
asymmetric unit consists of 4 crystallographically independent
Zn(u), two half TDC, three adenine (Ade), half HCOO™ and one
H,0. Zn1 had a tetrahedral geometry formed by two carboxy-
late O atoms from two TDC>~ and two N7 atoms from two Ade.
Zn3 and Zn4 were bridged by three Ade ligands at N3 and N9
to form a paddle-wheel Zn,(Ade); secondary building unit
(SBU), both of which further complete the tetrahedral coordi-
nation geometry by individually bonding to an O atom from
TDC?>". Zn2 is six-coordinated with N1 and N7 atoms from two
individual Ade, two carboxylate O atoms from a TDC>”, one
HCOO™, and one coordinated H,O. One-third of Ade ligands
adopt a py-N1:N3:N7:N9 coordination mode, while two-thirds
of them adopt a p3-N3:N7:N9 coordination mode, leaving the
Watson-Crick faces exposed (Fig. 1a). ZnTDCA-1 exhibits a 1D
channel with a diameter of ca. 5.0 x 9.0 A% and 4.5 x 8.5 A®
along the ¢ axis. The detailed inside view is integrated with the
coloured Connolly surface*®*™*° (Watson-Crick faces in blue) to
highlight the pocket-like pore. Interestingly, the Watson-Crick
faces between two Ade on the wall of the channel form a
typical double hydrogen bond, and the other H atom of the
exocyclic -NH, forms a hydrogen bond with the uncoordinated
carboxylate O, thus increasing the stability of the framework
(Fig. 1c and S5a, bf). PLATON calculations revealed that the
guest accessible volume of ZnTDCA-1 is about 35.0%, filled
with (C,H;),NH," ions, H,0, and DEF molecules, as inferred
from elemental analysis (EA) and thermogravimetric analysis
(TGA). Topological analysis of the network reveals a (4,4,6)-c
net with the point symbol of {4-5-6>-8}{4>-5%6*}{4°-5%6%7-8}
and transitivity 3 8 (meaning with 3 kinds of nodes and 8
kinds of links, Fig. 1e and S37), which is a new 3-periodic net
checked using Systre and ToposPro.*' ™

Compared with ZnTDCA-1, ZnTDCA-2 has higher symmetry
and larger pore diameter. ZnTDCA-2 crystallizes in the tetra-
gonal space group I4/mmm (Table S21) and contains one crys-
tallographically independent Zn(u), 0.75 TDC>", 0.5 Ade and
0.25 OH™. As shown in Fig. 1b, the Ade ligand is disordered
seriously and folded on itself. It coordinates with the central
Zn(u) atom through a p,-N1:N3:N7:N9 coordination mode. All
Zn centres have a tetrahedral coordination geometry. Two Zn1
were bridged by a hydroxyl O atom and two Ade at N3 and N9
to form a Zn,O(Ade), SBU, both of which are extended via
linking the monodentate carboxyl groups of TDC>". Zn2 is co-
ordinated by monodentate carboxyl O atoms of two TDC>",
and N1 and N7 atoms from two individual Ade. Unlike
ZnTDCA-1, all the Watson-Crick sites in the Zn,O(Ade), SBU
of ZnTDCA-2 are occupied by metal atoms. This SBU further
extended by coordinating with Zn2, forming large 1D channels
with two square cavities of different sizes, 21 x 21 A% and 10 x
10 A% along the ¢ axis. An internal view of the Connolly
surface in the channel emphasizes its square aperture (Fig. 1d
and S5c¢t). The vacancies are filled with (CH3),NH, ", DMF and
H,0, as inferred from EA and TGA. The total solvent accessible
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Fig. 1 Coordination environments (a), perspective view of the 3D
framework along the c axis and an inside view integrated with the
Connolly surface (probe radius: 1.0 A, the same as below) shown in the
orange oval box (c), and topological representation (e) of ZnTDCA-1.
Coordination environments (b), perspective view of the 3D framework
along the c axis and an inside view integrated with the Connolly surface
shown in the orange circular box (d), and topological representation (f)
of ZnTDCA-2. Colour codes: Zn, green; C, gray; N, blue; O, red; S,
yellow; H atoms are omitted for clarity.

volume calculated using PLATON is about 60.4% of the unit
cell volume. From the topological point of view, the total
framework can be simplified as a (3,4,4)-c net with the point
symbol of {4-6*7},{6-7°},{7*-8-11} and transitivity 3 4 (Fig. 1f
and S47), which is also a new net. Note that this is a minimal
transitivity net (the simplest possible for this case), while the
net for ZnTDCA-1 (transitivity 3 8) falls out of the minimal
transitivity principle.*'***> Being aware of quite a few situ-
ations like this, we call attention to the design and synthesis
of MOFs with non-minimal transitivity nets.

ZnTDCA-1 exhibits excellent thermal stability and solvent
resistance. The TGA curve and the unchanged pattern of vari-
able temperature powder X-ray diffraction (PXRD) confirmed
that the framework remained intact after the as-synthesized
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sample was heated above 330 °C in air or immersed in organic
solvents or H,O (pH = 3-11) for a week (Fig. S10, S12a and
S14at). ZnTDCA-2 shows weaker stability than ZnTDCA-1.
Variable temperature PXRD of ZnFDCA-2 started to change
when heated to 50 °C (Fig. S12bt), and TGA showed that
ZnFDCA-2 frameworks began to collapse around 275 °C
(Fig. S14bt). However, ZnTDCA-2 is stable in common organic
solvents except for H,O (Fig. S11f). One of the most note-
worthy features of BioMOFs is their biocompatibility.
Therefore, in vitro toxicity experiments of ZnTDCA-1 and
ZnTDCA-2 were conducted using normal human fetal lung
fibroblast 1 (HFL1) and human esophageal cancer cells
(KYSE150) using CCK8 assays.*® The results showed that after
48 h of exposure to ZnTDCA-1 and ZnTDCA-2, the cell viability
of HFL1 and KYSE150 remained above 96%, even when the
BioMOF concentration was increased to 150 pg mL ™"
(Fig. S23t), demonstrating the good biological compatibility of
ZnTDCA-1 and ZnTDCA-2, which meets a prerequisite for
potential biological applications.

Both ZnTDCA-1 and ZnTDCA-2 emitted weak blue-violet
photoluminescence in the solid state under UV light
irradiation (excited at 365 nm). Fig. 2 shows the emission and
excitation spectra of ZnTDCA-1 and ZnTDCA-2. At ambient
temperature, their maximum emission wavelengths are located
at about 423 nm (dex = 380 nm) and 435 nm (1 = 375 nm),
respectively. Interestingly, at 78 K, both ZnTDCA-1 and
ZnTDCA-2 show obvious dual-emission behaviour (lex =
320 nm) with a strong emission peak located near 530-540 nm
and a weak peak emission peak located at about 414 nm. To
confirm the origin of the emission, we obtained the emission
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Fig. 2 The solid excitation and emission spectra of ZnTDCA-1 (a) and
ZnTDCA-2 (c) at ambient temperature (solid lines) and 78 K (dashed
lines). The corresponding CIE chromaticity diagrams showing the
luminescence colours of ZnNTDCA-1 (b) and ZnTDCA-2 (d) at ambient
temperature and 78 K.
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spectra of free Ade and H,TDC under similar conditions
(Fig. S17 and S1871). At ambient temperature, the maximum
emission wavelengths of free adenine and H,TDC are approxi-
mately 410 nm (with a shoulder at about 462 nm) and 450 nm
(broad peak), respectively. At 78 K, the emission peaks of Ade
and H,TDC are at about 430 nm and 543 nm, respectively,
which correspond to the dual-emission of ZnTDCA-1 and
ZnTDCA-2. Meanwhile, the UV-Vis absorption spectra of
ZnTDCA-1, ZnTDCA-2, Ade and H,TDC were recorded
(Fig. S16t). The absorption spectra featured intense broad
bands centred at 250-300 nm and 250-310 nm for ZnTDCA-1
and ZnTDCA-2, respectively, which coincide with the ultra-
violet absorption peaks reported for free Ade (250-290 nm)
and H,TDC (250-315 nm). Therefore, we reasonably believe
that the emission of ZnTDCA-1 and ZnTDCA-2 can be assigned
to the metal-mediated intraligand n-n* transition of Ade and/
or H,TDC ligands that surround the Zn(u). This means that
ZnTDCA-1 and ZnTDCA-2 retained the temperature-sensitive
nature of the thiophene ligand and some properties of the
adenine ligand.>®

DSM dye was successfully synthesized according to the
method reported in the literature®® with a slight modification
(Scheme S1 and Fig. S97), and then it was incorporated into
the two BioMOFs to form DSM@BioMOF. Upon immersing
the as-prepared crystals of ZnTDCA-1 (or ZnTDCA-2) into a
DMF solution with varying concentrations of DSM, the color of
the crystal changed quickly from the original colourless
ZnTDCA-1 (or ZnTDCA-2) to red DSM@ZnTDCA-1 (or
DSM@ZnTDCA-2), while the color of the solvent faded. Such a
phenomenon was easily discerned visually and authenticated
using UV-Vis absorption spectroscopy. Moreover, as the
adsorbed dye content increased, the color of the dye@MOF
composite evolved from a bright red to a darker shade
(Fig. S1f). The PXRD pattern of DSM@ZnTDCA-1 (or
DSM®@ZnTDCA-2) obtained by ion exchange is basically con-
sistent with the diffraction pattern of ZnTDCA-1 (or
ZnTDCA-2), indicating that the crystalline integrity of host
frameworks remained unchanged (Fig. S13t). To ascertain the
infiltration of the dye in the channels of BioMOFs, we con-
ducted an N, adsorption experiment, selecting ZnTDCA-1 as
the sample of focus. As shown in Fig. S15a,t the N, adsorption
capacity of ZnTDCA-1 is about 126 cm® g™ ! at 77 K, while that
of DSM@ZnTDCA-1 is only 59 cm® g*. On the other hand, the
pore size of ZnTDCA-1 decreased from 6.79 to 5.90 A
(Fig. S15ct). By combining the infrared spectrum containing
structural information of DSM dye (1581 cm™" for c—n, dc—c
and 1163 ecm™ for 6¢_n, dc_c, Fig. S71), fluorescence spec-
troscopy (PL), UV-Vis spectrophotometry (UV-Vis), and the
color of a series of DSM@MOF composites (Tables S1, S4 and
Fig. S1, S27), we conclude that DSM has been successfully
encapsulated into both frameworks. Utilizing both PL and
UV-Vis methods, the content of dye within the composites was
determined, and the values were almost the same. The
maximum adsorption capacity was approximately 780 mg g~*
for ZnTDCA-1 and 3150 mg g~ ' for ZnTDCA-2. Dye desorption
experiments were performed according to the methods
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reported in the literature.?® The result showed that the DSM in
ZnTDCA-2 desorbed faster than that in ZnTDCA-1, with 85% of
the DSM released within 18 h, whereas only 36% of the DSM
in ZnTDCA-1 released simultaneously, suggesting the inter-
action between the open Watson-Crick sites in the ZnTDCA-1
framework and DSM (Fig. S22at). To assess the stability of the
DSM@BioMOF system in biologically relevant media, we
immersed it in phosphate buffered saline (PBS) solutions and
found that the washed DSM®@ZnTDCA-1 showed little dye
leaching, whereas DSM@ZnTDCA-2 showed a distinct color
change. This indicates that DSM@ZnTDCA-1 has good biosol-
vent stability and has not undergone chemical transformation,
as evidenced by UV-Vis spectra and PXRD (Fig. S22b and
S137). TGA showed that DSM adsorption did not reduce their
thermal stability (Fig. S147).

To explore the influence of the host frameworks on the
guest molecule, we performed fluorescence emission spec-
troscopy of DSM in liquid (1.0 x 107° M) and solid states. As
shown in Fig. 3 and Fig. S19,1 both of them exhibit weak emis-
sion, with maximum emission peaks at 623 nm and 667 nm,
respectively. When the concentration of DSM is low (around
0.01 wt%), DSM@ZnTDCA-1 and DSM@ZnTDCA-2 exhibit
strong luminescence, displaying the characteristic emissions
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Fig. 3 (a) The solid emission spectra of DSM, 1 (i.e. ZnNTDCA-1) and a
series of DSM@ZnTDCA-1 with different dye loading amounts; (b) the
solid emission spectra of DSM, 2 (i.e. ZnTDCA-2) and a series of
DSM@ZnTDCA-2 with different dye loading amounts; (c) and (d) show
the normalized results of emission intensity for (a) and (b), respectively;
(e) and (f) the black shaded areas are the overlap of the absorbance
spectrum of DSM and emission spectra of 1 and 2, respectively. The
unified excitation wavelength is 340 nm.
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of both the guest (iey, = 600 nm) and host moieties (Aey, =
420 nm for ZnTDCA-1, Ay, = 440 nm for ZnTDCA-2) upon exci-
tation at 340 nm. The luminous colors of the DSM@ZnTDCA-1
and DSM@ZnTDCA-2 composites can be adjusted by varying
the content of the guest DSM in the host frameworks from
orange to red (Fig. S20%). Furthermore, the emission intensity
of DSM is significantly enhanced with increasing amounts of
encapsulated DSM in the DSM@ZnTDCA-1 composite system
(for DSM@ZnTDCA-2, the emission intensity increased at first
and then decreased because of aggregation quenching with
increasing content of DSM). Notably, the maximum emission
wavelength was redshifted (from 600 to 627 nm for
DSM®@ZnTDCA-1, and 596 to 667 nm for DSM@ZnTDCA-2),
which is similar to the luminescence behavior between
adenine-based ZnBDCA and acriflavine,*® suggesting the possi-
bility of host-guest electron/energy transfer (Fig. 3c and d). As
expected, there is spectral overlap between the absorption of
DSM and the emission of ZnTDCA-1 (or ZnTDCA-2), which is
necessary for resonance energy transfer (Fig. 3e and f). To
confirm the potential energy transfer between the host and the
guest, we measured the fluorescence lifetime of ZnTDCA-1,
ZnTDCA-2, DSM@ZnTDCA-1 and DSM®@ZnTDCA-2 and sub-
sequently estimated the energy transfer efficiency (®gy) for
each compound (Tables S3 and S47). As the DSM dye content
increased from 0.01 to 0.78 wt% (or from 0.01 to 3.15 wt%),
there was a corresponding increase in energy transfer from the
donor ZnTDCA-1 (or ZnTDCA-2) to the acceptor DSM. The ®gy
of DSM®@ZnTDCA-1 (or DSM@ZnTDCA-2) gradually increased
from 43.50% to 92.86% (or from 16.55% to 93.01%), indicating
a higher efficiency of energy transfer upon guest loading.

The unique adsorptive luminescence behavior of DSM cat-
ionic ions within the confined spaces of ZnTDCA-1 and
ZnTDCA-2 pores was further investigated using in situ fluo-
rescence microscopy. For ZnTDCA-1, bright-red emission
occurred gradually from external faces to the inside of the
crystal. Finally, the entire crystal displayed strong red emission
after 1 h, and no obvious luminescence quenching was
observed after soaking in the DSM solution for 32 h (Fig. 4e
and S21af). For ZnTDCA-2, it can be deduced from the
dynamic changes of the luminescence region that DSM
diffuses along the 1D channel direction in ZnTDCA-2. The
terminal region of the rod-like crystal first generates red emis-
sion, and then the red luminescence region quickly extends
along the longitudinal direction to the whole crystal within
1 h. with the further diffusion of dye molecules in the MOF
matrix, the red emission of DSM®@ZnTDCA-2 is gradually
quenched from both ends to the center (Fig. 4f and S21bf).
Remarkably, the quantum yield (QY) of DSM®@ZnTDCA-1
showed an increasing trend with the DSM content increasing,
while for DSM@ZnTDCA-2, the QY exhibited a maximum
value at a certain DSM concentration before decreasing, which
is consistent with the observed luminescence intensity
(Fig. 3a, b and Table S47). For ZnTDCA-1, the maximum QY of
39.3% is achieved at a high DSM content of 0.78 wt%, and no
obvious fluorescence quenching is observed with the increase
of DSM. For ZnTDCA-2, the maximum QY of DSM@ZnTDCA-2
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Fig. 4 (a and c) The side view of ZnTDCA-1 highlighting the shape of
pocket-like pores (the blue tube indicates that the radius is double the
minimum for a single guest molecule; red indicates where the pore
radius is relatively tight for a water molecule; green indicates where
there is room for a single water), along with pore-metrics analysis (curve
in navy blue). (b and d) The side view of ZnTDCA-2 highlighting the
shape of square channels, along with pore-metrics analysis (curve in
navy blue). The corresponding fluorescence microscopy image evol-
ution of DSM encapsulated into ZnTDCA-1 (e) and ZnTDCA-2 (f) (in
1.00 mg mL~* DSM/DMF solution).

reached 39.9% at a DSM concentration of 0.10 wt%, while it
decreased to 4.7% at a DSM concentration of 3.15 wt%.

Both ZnTDCA-1 and ZnTDCA-2 are anionic BioMOFs with
similar contributions from charge effects to ion exchange. To
determine the contribution of pore size and shape to the different
adsorptive luminescence behavior and to visualize the spatial
effect, pore-metrics analyses of ZnTDCA-1 and ZnTDCA-2 were per-
formed using the HOLE method.”>*”*® As shown in Fig. 4a and c,
the maximum and minimum diameters of ZnTDCA-1 channels
are approximately 5.6 A and 2.0 A, respectively, showing a helical
pocket-like channel. The dimension of this channel matches the
DSM molecular size (about 3.5 x 6.3 x 14.3 A®, according to the
energy optimized molecular model),’® indicating that the dye
molecules could not move freely during adsorption or desorption
due to the steric effect. The open Watson-Crick sites and uncoor-
dinated carboxyl O present in the framework effectively restrict the
rotary motion of DSM guests, and the single-molecule dispersion
of DSM in the host framework restrains n—r interactions and miti-
gates the aggregation-caused quenching effect of DSM.>>*° This is
consistent with our observation of the adsorption luminescence
behaviour and the variation trend of the quantum yield
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(Table S4%). In contrast, ZnTDCA-2 has a straight channel with a
diameter of about 10.5 to 13 A, in which DSM can freely shuttle
without hindrance (Fig. 4b and d). The luminescence intensity of
DSM@ZnTDCA-2 exhibited an initial increase and then a decrease
with increasing DSM content. This phenomenon is attributed to
the diffusion of DSM along one-dimensional channels upon enter-
ing the host framework, leading to fluorescence quenching due to
the continuous accumulation in large and regular channels as the
adsorption content increases.

To further understand the interaction between the MOF
host and the dye guest, as well as the corresponding electronic
structural changes after DSM embedding, periodic density
functional theory (DFT) calculations were performed. The opti-
mized structures indicate that the dye molecules of ZnTDCA-1
and ZnTDCA-2 are incorporated into a larger pocket-like cavity
and a square channel (Fig. S241). In DSM@ZnTDCA-1, DSM
exhibits a close interaction configuration with the ZnTDCA-1
framework due to size matching, whereas DSM can only inter-
act with the exposed thiophene groups in ZnTDCA-2. Analysis
of the differences in charge densities based on the optimized
interaction configurations revealed significant charge transfer
from DSM to the overall ZnTDCA-1 framework. On the other
hand, in DSM@ZnTDCA-2, the charge transfer is localized on
the DSM molecule and the adjacent thiophene group.
Therefore, the main reason for the fluorescence enhancement
in ZnTDCA-1 may be attributed to the effective charge transfer
and structural restriction originating from DSM to ZnTDCA-1.

Conclusions

In summary, two new nucleobase-containing MOFs, ZnTDCA-1
and ZnTDCA-2, with different pore environments and topological
nets were elaborately obtained by varying the synthesis con-
ditions. The dual-emission DSM@BioMOF composites have been
prepared successfully by encapsulating the fluorescent dye DSM
into BioMOFs, and their different adsorption luminescence beha-
viors have been investigated. Interestingly, despite the larger aper-
ture of ZnTDCA-2, the size matching and abundant open sites of
ZnTDCA-1 allow DSM to be uniformly dispersed into the pocket-
like pores, resulting in the DSM@ZnTDCA-1 system having a high
quantum yield (~39%) at 340 nm. This work demonstrates the
significant role of confined space, charge transfer, and energy
transfer in enhancing the luminescence properties of dyes in
MOFs, which, combined with the biocompatibility of BioMOFs,
can be used as potential microlasers to detect subtle changes in
biological systems. It also provides new ideas for the design and
development of potential platforms for efficient light-emitting
materials in various applications.

Experimental section
Synthesis of ZnTDCA-1

A mixture of Zn(NOj3),-6H,0 (0.09 mmol), 2,5-thiophenedicar-
boxylic acid (H,TDC, 0.05 mmol), and adenine (Ade,
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0.06 mmol) was dissolved in a mixed solvent of N,N-diethyl-
formamide (DEF) and ethanol (4.0 mL, 2:2, v/v) with the
addition of drops of HNO; (0.64 mol L™, 0.80 mL). The solu-
tion was then sealed in a Pyrex glass tube and heated in an
oven at 100 °C for 72 h and cooled to room temperature at a
rate of 5 °C h™'. Colourless prism crystals were filtered off and
dried. Yield: ca. 69% based on Ade. FTIR spectrum (KBr
pellets, cm™): 3347 (m, b), 3153 (m, b), 2926 (w), 2855 (W),
1664 (vs), 1613 (vs), 1576 (s), 1531 (m), 1478 (m), 1415 (s), 1358
(vs), 1301 (vs), 1226 (s), 1161 (s), 1109 (w), 1028 (w), 811 (W),
795 (m), 767 (m), 746 (m), 649 (w), 586 (w), 568 (W), 509 (w)
(Fig. S6 and S7af). Elemental analysis (CHNS),
(CgoHo2N34031S5Zng),, that is, {(C,Hs),NH,-[(Zng(H,0),(HCOO)
(Ade)s(TDC)s5)]-4H,0-3DEF},,, calculated (%): C, 35.47; H, 3.42;
N, 17.58; S, 5.92; found (%): C, 35.51; H, 3.25; N, 17.71; S, 6.14.
'"H NMR of digested ZnTDCA-1, calculated: Ade/TDC ratio,
1:0.83 (based on SXRD); found, 1 :0.82 (Fig. S87).

Synthesis of ZnTDCA-2

A mixture of Zn(NOj3),-6H,0 (0.09 mmol), H,TDC (0.06 mmol),
and Ade (0.04 mmol) was dissolved in a mixed solvent of N,N-di-
methylformamide (DMF) and ethanol (6 mL, 2.5: 3.5, v/v) with
the addition of drops of HNO; (0.64 mol L™, 0.55 mL). The solu-
tion was then sealed in a Pyrex glass tube and heated in an oven
at 120 °C for 72 h and cooled to room temperature at a rate of
5 °C h™". Colourless rod crystals were filtered off and dried.
Yield: ca. 65% based on Ade. FTIR spectrum (KBr pellets, cm™):
3344 (m, b), 3178 (m, b), 2921 (w), 2851 (w), 2796 (m), 1661 (vs),
1604 (vs), 1528 (s), 1470 (m), 1352 (vs), 1215 (m), 1156 (m), 1107
(w), 1023 (w), 808 (W), 769 (m), 568 (w) (Fig. S6 and S7bft).
Elemental analysis (CHNS), (C3sH54N130,355;:Zn,),, that is
{(CH3),NH,[Zn,(Ade),(TDC);(OH)]-8.5H,0-2DMF},,,  calculated
(%): C, 30.83; H, 3.88; N, 12.98; S, 6.86; found (%): C, 30.92; H,
3.73; N, 13.25; S, 7.00. "H NMR of digested ZnTDCA-2, calculated
Ade/TDC ratio, 1:1.50 (based on SXRD); found, 1:1.49
(Fig. S87).

Synthesis of DSM@MOF composites

Crystals of ZnTDCA-1 (or ZnTDCA-2) were immersed in DSM/
DMF solution with varying concentrations from 1.0 x 10~° to
1.0 x 107> mol L™" at ambient temperature for 3 days to yield a
series of DSM@ZnTDCA-1 (or DSM@ZnTDCA-2) composites
with different DSM contents. They are, in turn, abbreviated as
1-DSM@1, 2-DSM@1, 3-DSM®@1 and 4-DSM@1 (or 1-DSM@2,
2-DSM@2, 3-DSM@2 and 4-DSM@2). The products were
washed thoroughly with DMF to remove residual DSM on the
surface of BloMOFs and dried at 60 °C for 1 h (Fig. S11).

DSM release experiments

10 mg of ZnTDCA-1 (or ZnTDCA-2) sample was immersed in
2 mL of 1.5 x 10~> mol L™ DSM/DMF solution for 1.5 h; the solu-
tion changed from red to colorless and showed zero absorbance
when tested with liquid UV-Vis absorption spectroscopy. After the
completion of the uptake process, the release experiments were
carried out. 2 mL of Zn(NO;),/DMF solution (0.1 mol L™") was
used to replace the above colorless solution; the soaked sample
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was kept at 50 °C to speed up the desorption process, and the
absorbance was measured every 6 h to monitor the desorption of
DSM. 2 mg of 0.78 wt% DSM®@ZnTDCA-1 or 3.15 wt%
DSM@ZnTDCA-2 were immersed in 2 mL of PBS solution for 2,
12, and 24 h. The absorption spectra were obtained to observe
the biological stability of DSM@ZnTDCA-1 and DSM@ZnTDCA-2;
15 pmol L™ DSM/PBS solution was used as the reference.

Cell culture and cytotoxicity experiments

The cytotoxicity of ZnTDCA-1 and ZnTDCA-2 was evaluated
using a CCK8 assay kit (Absin, China). In a 96-well plate,
human fetal lung fibroblast 1 (HFL1) cells were incubated in
Ham’s F-12K + 10% fetal bovine serum (FBS) + 1% penicillin/
streptomycin (P/S), and KYSE150 human esophageal cancer
(KYSE 150) cells were incubated in 48.5% RPMI-1640 + 48.5%
F-12 + 2% FBS + 1% P/S, in a humidified incubator (37 °C, 5%
CO,). After 48 h for the above HFL1 (or 24 h for KYSE 150),
ZnTDCA-1 (or ZnTDCA-2) at different concentrations (0, 30, 60,
90, 120 and 150 pg mL™") were added to each well and incu-
bated for another 48 h, respectively. Next, 10% CCK8 solution
was added to each test well and incubated for 1 h. The absor-
bance of each sample at 450 nm was measured using a micro-
plate reader. The cell viability was calculated as the ratio of
sample absorbance/control and expressed as a percentage. All
experiments were performed in parallel three times and
averaged.

Computational details

All calculations were performed with the Vienna Ab initio
Simulation Package (VASP)’® employing the generalized gradi-
ent approximation (GGA)*" using the PBE formulation.”* The
projected augmented wave (PAW) potentials®® were chosen to
describe the ionic cores and valence electrons were taken into
account using a plane wave basis set with a kinetic energy
cutoff of 400 eV. Partial occupancies of the Kohn Sham orbitals
were allowed using the Gaussian smearing method and a
width of 0.05 eV. The electronic energy was considered self-
consistent when the energy change was smaller than 2 x 107°
eV. The geometry optimization was considered convergent
when the force change was smaller than 0.02 eVA™". The ana-
lysis of charge density difference was accomplished by the sub-
traction of the charge density between DSM@MOF and iso-
lated DSM and MOF.
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