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Introduction

Zn(u)-based metal-organic frameworks with
tailored architectures: optimizing fluorescence
performance for cell imaging and cancer therapy

Jinglu Wang,+? Yutong Chen,1° Danian Tian,*? Siyi Li,° Peipei Cen {2 *2
and Xiangyu Liu

Metal—-organic frameworks (MOFs) show great potential in bioimaging and cancer therapy owing to their
tunable structures and unique photophysical properties. Here, based on the modulation of reactant loads
and autoclave loading level, two Zn(i)-containing MOFs with the formula Cy,Hi1gN4OgZn (1) and
CooH18N4OgZn (2) are synthesized with 2,5-dihydroxyterephthalic acid (DHTA) and 1,4-bis((1H-imidazol-
1-yl)methyl)benzene (bix) ligands. Structurally, 1 forms a 3D supramolecular network constructed by -7
stacking between 2D layers, while 2 is indicative of an interpenetrated 3D framework, where the Zn(i)
center exhibits a more ideal tetrahedral coordination geometry. In ultrapure water, both compounds
exhibit intense green fluorescence, originating from ligand-centered charge-transfer transitions, with
compound 2 demonstrating superior photochemical properties (En; = 530 nm and En, = 522 nm).
Compound 2 possesses a markedly higher fluorescence quantum yield (@ = 13.78%) compared to
compound 1 (¢ = 6.02%), and the average lifetimes for 1 and 2 are 0.83 and 0.98 us, respectively.
Moreover, both MOFs maintain robust fluorescence stability against diverse biological cations and
anions, with 2 showing relatively high emission intensity across all ionic conditions. Biologically, 1
exhibits potent cytotoxicity against Hela cells via co-activating apoptosis, ferroptosis, endoplasmic
reticulum stress, and autophagy, while 2 is highly biocompatible with Hela cells and exhibits cell-type-
adaptive subcellular localization, enabling the clear imaging of the Hela, SH-SY5Y, and A549 cells.
Notably, both compounds show concentration-dependent dual functionality in the SH-SY5Y cells: low
concentrations enable fluorescence imaging, while high concentrations inhibit cell proliferation. The
structure—function relationship is also explored.

the mixed-ligand strategy (combining carboxylate and imid-
azole ligands) facilitates the formation of high-dimensional

Metal-organic frameworks (MOFs) have emerged as versatile
materials in bioimaging and cancer therapy due to their tunable
structures, high biocompatibility, and unique photophysical
properties." Among them, Zn(u)-based MOFs are particularly
attractive for fluorescent bioapplications, as the d'° electronic
configuration of Zn(u) ions minimizes non-radiative electron
relaxation, enabling efficient ligand-centered fluorescence
emission.” Additionally, Zn typically forms four- to six-
coordinate complexes with high coordination flexibility, allow-
ing simultaneous binding to carboxylate and imidazole groups
for the construction of multidimensional networks. Notably,
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MOF structures, which significantly enhance their stability in
aqueous and organic solvent environments, an essential
prerequisite for applications in humid or complex biological
systems. Despite these advantages, the rational design of Zn(u)-
MOFs with tailored frameworks and coordination geometries
holds great promise for optimizing their luminescent perfor-
mance and biological functionalities, yet subtle structural
modifications induced by synthesis conditions often lead to
significant differences in properties, which remain to be
systematically explored.

Fluorescent probes for cancer cell imaging require not only
intense and stable emission but also resistance to interference
from complex biological environments (e.g., diverse ions) and
appropriate biocompatibility.** Additionally, theranostic MOFs,
which integrate diagnostic imaging and therapeutic effects,
have garnered increasing attention, as they can achieve real-
time monitoring of treatment responses while delivering ther-
apeutic efficacy. However, balancing luminescent brightness,
environmental stability, biocompatibility, and cell-type
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adaptability in a single MOF system remains a key challenge.
Moreover, the structure-property relationships underlying the
photophysical and biological behaviors of Zn(in)-MOFs, such as
how coordination geometry and framework architecture influ-
ence fluorescence quantum yield, subcellular localization, and
cytotoxicity, are not fully elucidated, limiting the rational design
of functional MOF-based bioprobes.>”

To address these challenges, Zn(u) is selected as the metal
center to coordinate to 2,5-dihydroxyterephthalic acid (DHTA)
and 1,4-bis[(1H-imidazol-1-yl)methyl]benzene (bix) mixed
ligands. DHTA possesses both carboxyl and hydroxyl functional
groups: the oxygen atoms from the carboxyl groups exhibit
diverse coordination modes, which facilitate the formation of
stable coordination bonds between transition metal ions and
organic linkers. Moreover, the strong binding ability of the
carboxyl groups (derived from carboxylate ligands) can effec-
tively inhibit the coordination of metal centers with water
molecules, thereby preventing the luminescence quenching of
MOFs. Additionally, oxygen-containing functional groups
generally enhance the hydrophilicity of MOFs, which is
conducive to achieving low toxicity and good biocompati-
bility.®® In contrast, imidazole-based ligands (e.g., bix) can
significantly improve the thermal and chemical stability of
MOFs through their strong coordination ability, rigid conju-
gated frameworks, and tunable spatial/electronic effects.
Specifically, the two nitrogen atoms on the imidazole ring
possess lone electron pairs, serving as strong electron-donating
sites to form stable coordination bonds with metal ions; the
planar structure of the imidazole ring also promotes intermo-
lecular -7 stacking interactions. Furthermore, the conjugated
structure of the imidazole ring constructs a stable, rigid
framework, which reduces intramolecular vibrations and rota-
tions, decreases the probability of non-radiative transitions,
and ultimately enhances the efficiency and intensity of fluo-
rescence emission.'®"

Here, we synthesize two Zn(u)-based MOFs (1 and 2) with
different structures modulated by reactant loads and autoclave
filling degrees. The crystal structures, thermal stability, lumi-
nescent performance, and ionic interference resistance of both
compounds are systematically characterized. The biological
functionalities of both compounds, including cytotoxicity,
subcellular localization, and imaging capability, are evaluated
in three cancer cell lines (HeLa, SH-SY5Y, and A549). Further-
more, we explore the structure-property relationships to reveal
how the more ideal tetrahedral coordination geometry and
interpenetrated 3D framework of compound 2 contribute to the
superior fluorescence properties and versatile biological
performance. This work provides valuable insights for the
rational design of MOF-based materials with tailored func-
tionalities for bioimaging and theranostic applications.

Materials and methods
Reagents and instruments

All reagents and solvents were of analytical grade and used as
received from commercial suppliers. HeLa, SH-SY5Y, and A549
cells were procured from Shanghai Zhong Qiao Xin Zhou
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Biotechnology Co., Ltd (China). Fourier-transform infrared (FT-
IR) spectra (4000-400 cm™ ') were recorded on a Shimadzu
spectrometer using the KBr pellet method. Elemental analyses
(C, H, N) were performed on a PerkinElmer 2400 CHN analyzer.
Powder X-ray diffraction (PXRD) patterns were collected on
a Rigaku RU-200 diffractometer (Cu Ko radiation, A = 1.5406 A)
operating at 60 kV and 300 mA, with a scanning rate of 5° min "
and a step size of 0.02° in 26. Thermogravimetric analysis (TGA)
was conducted on a NETZSCH STA 449F3 instrument under
a nitrogen atmosphere, heating samples from 30 °C to 700 °C at
arate of 10 °C min~ ", with an empty Al,Oj; crucible as reference.
Steady-state fluorescence spectra were acquired at room
temperature using an Edinburgh F-7000 spectrofluorometer.
Cellular imaging and fluorescence colocalization studies were
carried out on a Zeiss LSM 900 laser scanning confocal
microscope.

Synthesis of [Zn(DHTA),(bix),] (1)

A mixture of Zn(NO3),-6H,O (0.0298 g, 0.1 mmol), H,DHTA
(0.0396 g, 0.2 mmol), and bix (0.0476 g, 0.2 mmol) was dissolved
in a solvent mixture of anhydrous ethanol (2 mL) and deionized
water (8 mL). The solution was transferred to a 15 mL Teflon-
lined stainless-steel autoclave and heated at 140 °C for 72 h,
followed by slow cooling to room temperature. Yellow block
crystals of 1 were collected by filtration, washed with ethanol,
and dried in air. Yield: 58% (based on Zn). Anal. caled for
C,,H,gN,O6Zn: C, 52.87; H, 3.63; N, 11.21. Found: C, 52.85; H,
3.60; N, 11.23. Selected IR data (KBr, cm™): 3132 (m), 1609 (s),
1522 (m), 1489 (m), 1420 (m), 1381 (m), 1242 (s), 1094 (s), 1032
(m), 953 (s), 866 (m), 816 (m), 787 (m), 737 (m), 656 (s), 590 (m),
and 419 (m).

Synthesis of [Zn(DHTA),(bix),] (2)

Compound 2 was synthesized following the same procedure as
for 1, but with scaled-up quantities: Zn(NO;),-6H,O (0.1192 g,
0.4 mmol), H,DHTA (0.1584 g, 0.8 mmol), bix (0.1904 g, 0.8
mmol), anhydrous ethanol (8 mL), and deionized water (32 mL)
were placed in a 50 mL autoclave. After the same thermal
treatment, yellow prismatic crystals of 2 were obtained. Yield:
75% (based on Zn). Anal. caled for C,,H;3N,O¢Zn: C, 52.87; H,
3.63; N, 11.21. Found: C, 52.86; H, 3.64; N, 11.20. Selected IR
data (KBr, cm™"): 3136 (m), 1609 (s), 1522 (m), 1489 (m), 1420
(m), 1381 (m), 1242 (s), 1094 (s), 1032 (m), 953 (s), 866 (m), 816
(m), 787 (m), 737 (m), 656 (s), 590 (m), and 419 (m).

Single crystal X-ray diffraction measurements

A suitable single crystal was selected and mounted for X-ray
diffraction analysis. Diffraction data were collected at room
temperature on a Bruker SMART APEX-CCD diffractometer
equipped with graphite-monochromated Mo Ko radiation (A =
0.71073 A). Additional data sets were collected in the tempera-
ture range of 140-320 K using Cu Ko, radiation (A = 1.54178 A).
The structure was solved using intrinsic phasing methods with
SHELXT and refined by full-matrix least-squares on F* with
SHELXL.** All calculations were performed through the OLEX2
interface.” Non-hydrogen atoms were refined anisotropically,
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and hydrogen atoms were placed at calculated positions and
refined using a riding model. The crystal parameters and details
of the structure refinement are summarized in Table S1. The
Cambridge Crystallographic Data Centre (CCDC) deposition
numbers for compounds 1 and 2 are 2455666 and 2455667,
respectively.

Fluorescence stability against ionic interference

To evaluate the fluorescence stability, the sensing experiments
were conducted against a series of common cations and anions.
The tested cations included Ca**, Cd**, Co**, Cr**, cu®', Fe*",
Li*, Na*, Ni**, Pb*", and K* [as M(NO3),, C = 0.01 mol L™ "]. The
tested anions included Br~, Cr,0,>", CrO,>~, HPO,>~, NO;,
PO,*", 5,04°7, and SO,>~ [as potassium or sodium salts, C =
0.01 mol L™']. For the experiments, aqueous suspensions of
compounds 1 and 2 were first prepared by ultrasonically
dispersing finely ground powder (5 mg) in deionized water (5
mL) for 30 minutes. Subsequently, fluorescence titration was
performed by gradually adding incremental aliquots of the
prepared cationic or anionic aqueous solutions into the well-
dispersed suspensions of 1 or 2, and the corresponding fluo-
rescence spectra were recorded after each addition. During all
fluorescence assays, phosphate-buffered saline (PBS) was used
to maintain the pH at 7.0.

Cell culture and cell viability assay

The human cancer cell lines HeLa, SH-SY5Y, and A549 were
cultured in Dulbecco's Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Cells were maintained at 37 °C in
a humidified atmosphere containing 5% CO,. For the cytotox-
icity assay, cells were seeded in 96-well plates at a density of 5 x
10" cells per well and allowed to adhere for 24 hours. Subse-
quently, the cells were treated with fresh medium containing
different concentrations (0, 10, 20, 50, and 100 umol L") of
compounds 1 or 2 for 24 hours. Each concentration, including
the solvent control (0 pmol L"), was tested in five replicate
wells, and the entire experiment was performed in duplicate.
After the treatment period, the compound-containing medium
was removed. Cell viability was then assessed using the Cell
Counting Kit-8 (CCK-8) assay. Briefly, 10 pL of CCK-8 reagent
and 100 pL of fresh DMEM were added to each well, followed by
incubation at 37 °C for 1 hour.™ The absorbance of each well at
450 nm was measured using a Thermo Scientific microplate
reader. Cell viability was calculated as a percentage relative to
the untreated control group using the formula: Viability (%) =
[(OD treated — OD blank)/(OD control — OD blank)] x 100. Data
are presented as the mean =+ standard deviation (SD).*

Confocal microscopic imaging of incubated cells

On the day prior to imaging, cells were seeded onto coverslips
placed in a 24-well plate at a density of 1 x 10° cells per well. On
the day of treatment, the cells were incubated with compound 1
or 2 at a final concentration of 10 pmol L™" for 4 hours at 37 °C.
Subsequently, the cells were washed three times with
phosphate-buffered saline (PBS) to remove any unabsorbed
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complexes and then fixed with 4% paraformaldehyde at 37 °C
for 20 minutes. After removing the fixative, the cells were gently
rinsed three times with PBS. Next, the nuclei were stained by
incubating the cells with Hoechst 33258 dye (5 pg mL ™", 500 uL
per well) for 15 minutes in the dark. After staining, the dye
solution was discarded, and the cells were washed three more
times with PBS.* The coverslips were then carefully removed
using fine-tip tweezers, inverted, and mounted onto clean glass
slides using an antifade mounting medium to minimize fluo-
rescence quenching and bubble formation. Cell images were
acquired using a laser scanning confocal microscope. The
Hoechst 33258 channel and the corresponding channels for the
compounds were excited with a 405 nm laser to visualize
nuclear staining and compound localization, respectively.

Computational details

The ground-state geometries of the molecular building blocks
(asymmetric units) extracted from the single-crystal structures
of compounds 1 and 2, as well as the free ligands, were opti-
mized using density functional theory (DFT) at the B3LYP/6-
31G(d,p) level. All calculations were performed with the
Gaussian 09 program package. The highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energies were obtained from the optimized structures
to evaluate their energy gaps.

Results and discussion
Structural description of compounds 1 and 2

The schematic for the construction of compounds 1 and 2 is
shown in Scheme 1. Single-crystal X-ray diffraction (SC-XRD)
was employed to determine the crystal structures of
compounds 1 (C,,H;3N,0¢Zn) and 2 (C,,H;3N,O06Zn) (Table S1).
Featuring Zn(u) as the central metal ion, compounds 1 and 2
crystallized in different crystal systems and space groups.
Compound 1 crystallized in the triclinic crystal system with the
P1 space group, whereas compound 2 belonged to the mono-
clinic crystal system with the C2/c space group. The asymmetric
units of both compounds 1 and 2 consisted of one crystallo-
graphically independent Zn(u) ion, two 2,5-deprotonated
H,DHTA®" ligands, and two bix ligands. Each Zn(u) center was
four-coordinate, with a coordination sphere composed of two
carboxylate O atoms from DHTA and two N atoms from bix
(N,O, donor set), resulting in a tetrahedral coordination

Zn(NO,),'6H,0 2 mL anhydrous ethanol [Zn(DHTA),(bix),]

3 8 mL deionized water Compound 1
"o coon
uooc: i :0.4 140 °C
DHTA 72h

+

ath e

< /\ | N \) 32 mL deionized water z

' NN | » [Zn(DHTA),(bix),]

bix 8 mL anhydrous ethanol  compound 2

Scheme 1 Schematic of the synthesis of compounds 1 and 2.
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geometry. The Continuous Shape Measure (CShM) values were
1.097 (1) and 0.398 (2), respectively. Compound 2 exhibited
a coordination structure much closer to the ideal tetrahedron
than compound 1. Bond lengths and bond angles for both
compounds are summarized in Tables S2 and S3. Compounds 1
and 2 exhibited average Zn-N bond lengths of 2.000 A and 1.995
A, as well as average Zn-O bond lengths of 1.957 A and 1.951 A,
respectively. The most notable structural difference between the
two compounds lies in their extended frameworks. The consti-
tutional units of compound 1 were further bridged by carbox-
ylate O atoms of DHTA ligands via a monodentate coordination
mode, forming a two-dimensional (2D) grid-like layered struc-
ture. Furthermore, - stacking interactions between adjacent
2D layers were assembled into a three-dimensional (3D)
supramolecular architecture (Fig. S1). For compound 2, the
coordination units propagated into 1D “Z”-shaped chains.
Then, bix ligands bridged the chains via monodentate N coor-
dination, yielding a 2D grid layer. Interpenetration between the
layers afforded a 3D supramolecular architecture (Fig. 1).
Notably, in compound 1, the imidazolyl rings of adjacent bix
ligands underwent offset face-to-face - stacking interactions,
with a centroid-to-centroid distance of 3.71 A (Fig. St1e)."”*® In
theory, such interactions not only enhance the stability of the
supramolecular layered structure but also potentially contribute
to the fluorescence performance discrepancy between
compounds 1 and 2.

View Article Online
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Subtle discrepancies in synthesis protocols accounted for the
structural distinctions observed between compounds 1 and 2.
For compound 1, relatively low reactant loads were used:
0.1 mmol Zn(NOj3),-6H,0 and 0.2 mmol each of DHTA and bix
ligands. The reaction was carried out in a 15 mL autoclave with
10 mL of solvent, corresponding to a filling degree of 66.7%. In
this low-volume system, the high heat transfer efficiency of the
solution enhanced the nucleation rate. Additionally, the con-
strained growth space facilitated the formation of dense two-
dimensional (2D) structures with strong -7 stacking interac-
tions."*” Conversely, compound 2 was synthesized with a four-
fold increase in reactant amounts: 0.4 mmol Zn(NOj3),-6H,0,
0.8 mmol DHTA, and 0.8 mmol bix. The reaction was conducted
in a 50 mL autoclave with 40 mL of solvent, resulting in an
elevated filling ratio of 80%. In this high-volume system,
diminished thermal convection and mass transfer efficiency
decelerated crystal growth kinetics. The slowed growth provided
layered structures, with ample time to optimize their arrange-
ment, eventually yielding an interpenetrated 3D framework.*">

FT-IR, PXRD, stability analysis

Fourier transform infrared (FTIR) spectra of DHTA, bix ligands,
and both compounds are displayed in Fig. S2. For the DHTA
ligand, the broad band in the range of 3300-2500 cm ™" and the
intense peak around 1700 cm ™" were assigned to the O-H and
C=O0 stretching vibrations of the carboxylic acid group,

Fig. 1
structure of 2. All hydrogen atoms for 2 are omitted for clarity.

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) Coordination environment and geometric configuration of Zn(i) in 2. (b) 1D chains of 2. (c) 2D layer of 2. (d) Supramolecular 3D
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respectively. After coordination, a significant narrowing of this
broad band was observed in compounds 1 and 2, indicative of
carboxyl group deprotonation. The characteristic symmetric
(COO™) and antisymmetric (COO™) stretching vibrations of the
carboxylate group were detected at 1340-1490 cm™ " and 1520~
1650 cm ™', respectively, confirming carboxylate oxygen coordi-
nation to Zn(n) ions. For the bix ligand, a broad peak near
3250 cm ™" was assigned to N-H stretching, and peaks in the
1500-1600 cm ' region resulted from C=N stretching vibra-
tions. The presence of C=N absorption peaks at 450-550 cm
in compounds 1 and 2 implied the participation of imidazole
nitrogen atoms in coordination with Zn(u).

Powder X-ray diffraction (PXRD) was employed to verify the
phase purity of as-synthesized compounds 1 and 2. Fig. S3
shows that the experimental PXRD patterns of compounds 1
and 2 closely match the simulated patterns from single-crystal
data, verifying the phase purity of the bulk materials. Small
variations in peak intensity resulted from the preferred orien-
tation of microcrystals.

Thermogravimetric analysis (TGA) was conducted under
a nitrogen atmosphere over the temperature range of 30-800 °C
to assess the thermal stability of the compounds (Fig. S4).
Compounds 1 and 2 underwent analogous two-step decompo-
sition: a rapid, significant weight loss commencing at approxi-
mately 330 °C, followed by a slow, sustained weight loss. The
first decomposition step mainly resulted from the breakdown of
the organic ligands. The high thermal stability of both
compounds stemmed from the rigid, conjugated backbone of
the bix ligand and the strong coordination bonds formed
between electronegative carboxylate oxygen atoms and Zn(u)
ions. Significantly, beyond approximately 420 °C, compound 2
underwent a slower weight loss than compound 1, demon-
strating superior thermal stability. The improvement was
ascribed to the resilient 3D interpenetrated framework of 2,
which was constructed from interconnected layers. In contrast,
the 3D supramolecular structure of compound 1 was primarily
stabilized by relatively weak m—m stacking interactions between
its 2D layers, resulting in relatively fast decomposition at
elevated temperatures.* To investigate the aqueous stability of
compounds 1 and 2, the samples were soaked in aqueous
solutions with pH = 3-11. PXRD results showed that the posi-
tion and intensity of the characteristic diffraction peaks of the
treated samples exhibited no obvious changes and were highly
consistent with those of the as-synthesized samples and the
simulated patterns from single-crystal data (Fig. S5). This
indicated that the crystalline frameworks of the materials did
not collapse or undergo structural transformation within the
tested pH range, revealing excellent acid-base stability.

Luminescence properties

Under 365 nm ultraviolet (UV) irradiation, both compounds 1
and 2 emitted intense green fluorescence that was visible to the
naked eye (Fig. S7). The solid-state excitation and emission
spectra of the compounds were contrasted with those of free
DHTA and bix ligands (Fig. S6). The ligand-centered fluores-
cence of DHTA (A = 480 nm, A = 425 nm) and bix (A = 508 nm, 2

25896 | RSC Adv, 2026, 16, 25892-25901
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=440 nm) stemmed from intraligand 7w*-n or 7—7t* transitions.
Upon coordination to Zn(u), significant red shifts in fluores-
cence emission were detected. Compound 1 exhibited a broad
emission maximum at 530 nm (1 = 394 nm), corresponding to
red shifts of 50 nm relative to DHTA and 22 nm relative to bix.
Compound 2 displayed a further red-shifted emission
maximum at 540 nm (A = 402 nm), with respective red shifts of
60 nm (vs. DHTA) and 32 nm (vs. bix). Owing to the redox-inert
characteristic of d'° Zn(u) ions, the red shifts resulted from the
generation of intraligand or interligand charge-transfer (CT)
excited states. Ligand coordination induced the effective reor-
ganization of DHTA and bix electron clouds, leading to narrow
energy gaps in both compounds (Fig. S12), which fundamen-
tally tuned the emission colors. The photophysical parameters
further highlighted the superiority of compound 2. Photo-
physical data underscored the advantage of compound 2.
Compound 2 possessed a markedly higher fluorescence
quantum yield (¢ = 13.78%) compared to compound 1 (¢ =
6.02%).>* The fluorescence lifetime decay curves of compounds
1 and 2 were fitted with a bi-exponential function, and the
goodness-of-fit parameter (R?) was close to 1, indicating an
excellent fitting quality. It was obtained by the average lifetime
formula: ((Tavg) = (A17,* + A;15%)/(ArT1 + AsT,)) that the average
lifetime of 1 was 0.83 ps, and the average lifetime of 2 was 0.98
us (Fig. S8).

The fluorescence spectra of both compounds were also
measured in aqueous solution at 298 K (25 °C). Compound 1
maintained an emission maximum at approximately 530 nm,
whereas compound 2 showed an 18 nm blue shift in water
compared to the solid-state emission profile (Fig. S7). This
implies that the highly symmetric tetrahedral configuration in
the crystal of 2 may experience local structural distortion in
solution, potentially driven by coordination or hydrogen-
bonding interactions with water. Such solvent-induced struc-
tural distortion may modulate the energy of metal-ligand or
ligand-centered transitions, resulting in the observed spectral
shift.

To summarize, both Zn(u) complexes exhibit strong green
emission, which renders them applicable for fluorescence
imaging purposes. Compound 2 distinguished itself with
a relatively high fluorescence quantum yield and more red-
shifted emission, advantages structurally attributed to a more
ideal tetrahedral coordination geometry. Additionally, the
stable fluorescence of 2 in aqueous media reinforced its viability
as a potential candidate for cellular imaging.

Fluorescence stability against ionic interference

In the context of applying Zn(u)-based compounds for cancer
cell imaging, maintaining fluorescence stability in complex
ionic milieus is essential, given that various biological ions may
trigger fluorescence quenching. To assess this fluorescence
stability, we examined the fluorescence responses of both
compounds to a panel of common biological cations and
anions. Cations tested were Ca**, Cd**, Co*", Cr**, cu®*', Fe*",
Li*, Na¥, Ni**, Pb**, and K", supplied as nitrate derivatives
[M(NOs),], with a final concentration of 0.01 mol L™, Anions

© 2026 The Author(s). Published by the Royal Society of Chemistry
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examined were Br~, Cr,0,2~, CrO,>~, HPO,>, NO;~, PO,*",
S,04>7, and SO,>~, prepared as potassium or sodium salts, with
a concentration of 0.01 mol L™'. Fluorescence recognition
experiments showed that both compounds did not experience
notable fluorescence quenching when exposed to any of the
aforementioned ions (Fig. S9 and S10). Furthermore,
compound 2 consistently displayed higher fluorescence emis-
sion intensity than compound 1 across all tested ionic condi-
tions. Taken together, these findings illustrated that the
compounds possessed outstanding interference resistance and
stable fluorescence traits in the presence of diverse potential
ionic quenchers. Such robust fluorescence stability in ionic
environments lays a solid experimental groundwork for their
trustworthy use in subsequent cancer cell imaging, wherein
intracellular ion levels and species fluctuate considerably.”>*®

Cytotoxicity evaluation and cell death mechanism
investigation

Owing to the luminescent characteristics and good aqueous
stability of both compounds, the applicability of 1 and 2 as cell
imaging agents was assessed in three cancer cell lines: HeLa
(Henrietta Lacks cervical adenocarcinoma), SH-SY5Y (human
bone marrow neuroblastoma), and A549 (human lung carci-
noma). The cytotoxic effects of the compounds were first eval-
uated via the Cell Counting Kit-8 (CCK-8) assay following 24 h of
incubation. Cell viability was measured over a concentration
range of 10-150 umol L% the inhibitory effect on cell prolif-
eration was quantified, and the half-maximal inhibitory
concentration (ICso) was calculated for each compound. The
ICs, value, defined as the compound concentration required to
reduce cell viability by 50%, serves as a critical indicator of
cytotoxicity, with a low ICs, value indicating high cytotoxic
potency.?”*® One-way analysis of variance (ANOVA) was used for
statistical analysis, with pairwise comparisons between each
experimental group and the control group (Fig. 2). In vitro
cytotoxicity assays uncovered distinct activity profiles for the
two compounds. Against HeLa cells (Fig. 2a), compound 1 di-
splayed strong cytotoxicity, with viability dropping to 48.1% at
10 pmol L' and further decreasing to 25.1% at 150 umol L™,
corresponding to an ICs, of 19.71 =+ 3.65 umol L™'. Conversely,
compound 2 displayed negligible toxicity, with viability
remaining above 80% across the entire concentration range up
to 150 pmol L™" (IC5, > 150 pmol L"), underscoring the suit-
ability as a biocompatible imaging agent. Against SH-SY5Y cells,

cell viability (%)

cell viability (%)
2
3
cell viability (%)
3
o
“
+
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TV 1T T—7
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K'J l‘D 2'0 SID ‘60 150
concentration (uM)
Fig. 2 (a) Proliferation rate of Hela cells treated with different
concentrations of 1 and 2. (b) Proliferation rate of SH-SY5Y cells
treated with different concentrations of 1 and 2. (c) Proliferation rate of
A549 cells treated with different concentrations of 2. *P < 0.05.
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both compounds suppressed proliferation but with distinct
potencies, exhibiting IC5, values of 53.37 & 4.95 umol L™" for 1
and 42.40 + 7.05 pmol L™" for 2 (Fig. 2b). At 10 umol L™", cell
viability remained at 80% for compound 1 and 70% for
compound 2, indicating acceptable biocompatibility at this
concentration. Cell viability declined sharply between 50 and
100 umol L™, reaching 15.8% for compound 1 and 28.7% for
compound 2 at the maximum concentration of 150 umol L™".
Against A549 cells, compound 2 caused a rapid reduction in
viability to 56.6% at 10 pmol L™, with a subsequent gradual
decrease to 44.9% at 150 pmol L™* (Fig. 2c). Despite an ICso
value > 150 pmol L™, this significant viability reduction at low
concentrations suggested a distinct mode of action and implied
potential therapeutic utility against A549 cells. Significant
inhibitory effects (P < 0.05) were confirmed across various
concentrations for both compounds in HeLa/SH-SY5Y cells and
for compound 2 in A549 cells. Critically, acute cell death was
undetectable in most cells after a 24 h treatment period,
including at the maximum concentration of 150 pmol L™". Such
acceptable biocompatibility at low concentrations provided
a robust basis for the subsequent cell imaging studies.

Given the notably low ICs, value of 1 against HeLa cells, we
further explored the cytotoxic mechanism of 1 by analyzing
cellular ultrastructural morphology via transmission electron
microscopy (TEM). As presented in Fig. S11, treated HeLa cells
display characteristic signs of apoptosis (e.g., nuclear
shrinkage, irregularity, chromatin condensation, and apoptotic
bodies) and ferroptosis (e.g., mitochondrial shrinkage, reduced/
absent cristae, and enhanced membrane density). The concur-
rent indicators of endoplasmic reticulum (ER) stress (dilated
rough endoplasmic reticulum (RER) with ribosome degranula-
tion) and autophagy activation (abundant autophagic vacuoles)
are also detected.” Collectively, these ultrastructural alterations
demonstrate the co-activation of multiple cell death pathways,*
wherein ferroptosis-associated lipid peroxidation may exacer-
bate ER stress, thereby facilitating apoptotic cell death.’"**

Cellular imaging and localization studies

The aforementioned cytotoxicity results demonstrated that
compound 2 maintained high cell viability (>70%) across all
tested cell lines at concentrations < 10 pmol L™, establishing
a necessary biocompatibility window for the application as
a bioimaging probe. Thus, 10 uM (equivalent to 10 pmol L)
was selected as the representative working concentration for
subsequent cellular imaging experiments, with the goal of
evaluating the subcellular localization while avoiding signifi-
cant acute cytotoxicity. Following this, in vitro imaging experi-
ments were carried out on HeLa, SH-SY5Y, and A549 cells to
align with the earlier cytotoxicity evaluation system. After co-
incubation with compound 1 or 2 (10 uM) for 4 hours, cells
were stained with Hoechst 33258 (a nuclear marker) to deter-
mine the intracellular localization of the compounds. Confocal
laser scanning microscopy (CLSM) images were acquired under
405 nm laser excitation (Fig. 3 and 4).

As illustrated in Fig. 3, the fluorescence signal of compound
1 was uniformly distributed across the cytoplasm and nucleus
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HelLa

Panel-ll

SH-SY5Y

Hoechst Overlay

Fig.3 Confocal laser scanning microscopy images of two cancer cells
treated with 1 and Hoechst 33258 dye (5 ng mL™Y). Note: (left) nuclear
staining image; (middle) cell staining image after reacting with 1; and
(right) merged image; scale bar = 20 pm.

HelLa

SH-SY5Y

50 uM

A549

Hoechst Panel-ll Overlay

Fig. 4 Confocal laser scanning microscopy images of three cancer
cells treated with 2 and Hoechst 33258 dye (5 ng mL™Y). Note: (left)
nuclear staining image; (middle) cell staining image after reacting with
2; and (right) merged image; scale bar = 20 um.

in both HeLa and SH-SY5Y cell lines, which was consistent with
prior imaging experimental settings. The nuclear signal of
compound 1 fully overlapped with Hoechst 33258 (exhibiting
cyan in the merged image), confirming its robust nuclear tar-
geting capacity. This distribution pattern suggests that the
densely packed two-dimensional layered structure of
compound 1 may facilitate passive diffusion across the nuclear
membrane, while -7 stacking interactions likely enhance the
structural stability and alleviate aggregation-caused quenching
(ACQ).**** Compound 2 exhibited cell-type-dependent subcel-
lular localization (Fig. 4), differing from the consistent

25898 | RSC Adv, 2026, 16, 25892-25901
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cytoplasm-nucleus distribution of compound 1. In HeLa cells,
compound 2 showed a predominantly cytoplasmic fluorescence
distribution, with intense perinuclear signals and negligible
overlap with Hoechst 33258-stained nuclei (blue in the merged
image). In contrast, in both SH-SY5Y and A549 cells, the fluo-
rescence of compound 2 was uniformly distributed across the
cytoplasm and nucleus, exhibiting significant colocalization
with Hoechst 33258 in the nuclei (appearing bright cyan in the
merged images). Collectively, compound 2 exhibited the
capacity to image a broad spectrum of cell types, which was
attributed to its adaptive localization profile.

Combined with its superior intrinsic fluorescence intensity
and quantum yield confirmed previously, it delivered clearer,
more robust imaging signals relative to compound 1.%*3¢

Notably, in the SH-SY5Y cells, both compounds display
uniform signal distribution across cellular compartments,
which may correlate with the high membrane fluidity charac-
teristic of specific cancer cell lines. Integrating the cytotoxicity
and imaging (Fig. 2-4) data, both compounds exhibited a uni-
que “concentration-dependent dual functionality” in the SH-
SY5Y cells. At =10 pmol L™, both compounds retained high
cell viability and demonstrated robust fluorescence imaging
capability, while at =50 umol L', they exhibited marked
inhibition of cell proliferation.’” The results highlighted that,
especially in the SH-SY5Y cells, both compounds could be
developed into theranostic agents with concentration-tunable
diagnostic imaging and therapeutic functionalities, serving as
integrated diagnosis-therapy platforms.

MOFs can enter cells through a range of mechanisms, with
endocytosis being the most commonly reported pathway. This
process is influenced by the key physicochemical properties of
the MOFs, such as particle size and functional groups. Positively
charged, nanoscale MOFs often show enhanced interaction
with the negatively charged cellular membrane, facilitating
internalization through endocytic or micropinocytic routes.
Once internalized, MOFs are typically trafficked to the cyto-
plasm or nucleus compartments, depending on the uptake
pathway.*® Therefore, the appropriate particle sizes of the 1 and
2 were calculated from the PXRD patterns using Debye-Scherrer
equation:** t = KA/( cos 6, where 7 is the crystal size of material
perpendicular to the lattice planes, K is a numerical factor
frequently referred to as the crystallite shape factor, A is the
wavelength of the X-ray, § is the width (full-width at half
maximum) of the X-ray diffraction peak in the radians, and 6 is
the Bragg angle. For the calculation, the strongest peak of each
compound was selected, and the full width at half maximum
(FWHM) of the peaks was determined from the PXRD data. The
FWHM values for 1 and 2 were 0.22 and 0.14, respectively,
corresponding to the peaks at 19.36° and 9.6°. The particle size
of 1 is 36 nm and that of 2 is 56 nm. For effective use in cell
imaging, the material must exhibit a nanoscale particle size and
good solubility in water. According to the Debye-Scherrer
formula, the size of both MOFs is <100 nm. However, 1 formed
a suspension in water, whereas 2 showed good solubility in
water, indicating that 2 is a more ideal compound for cellular
imaging.*’

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Discussion on structure-property relationships

The comprehensive dataset demonstrated that the superior
photophysical performance of compound 2 stemmed from its
more optimal tetrahedral coordination geometry. Electroni-
cally, this structural merit translated to a reduced HOMO-
LUMO gap (3.86 eV vs. 3.96 eV for compound 1; Fig. 5), which
was directly associated with its red-shifted emission (540 nm vs.
530 nm) and approximately two-fold higher fluorescence
quantum yield (13.78% vs. 6.02%).*** In luminescent mate-
rials, such as Zn-MOFs, the origin of fluorescence emission lies
in the transition of electrons from the LUMO (lowest unoccu-
pied molecular orbital) back to the HOMO (highest occupied
molecular orbital), accompanied by the release of photons.
According to the formula: E = hc/A, photon energy is inversely
proportional to wavelength. A small bandgap corresponds to
a small energy-level difference between the HOMO and LUMO;
thus, the energy released by electron transition is relatively low,

a

[ asev
- s@?rf —— LUMO
o L
f "f/?/:(»q,.
3.96 eV

5466V

Compound 1

; —— HOMO
_ -5.73 eV

%
A

Compound 2

Fig. 5 Energy-level diagram of compounds 1 (a) and 2 (b).
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resulting in a high emission wavelength (i.e., red shift). In this
study, the coordination of Zn(u) ions with ligands promoted the
effective rearrangement of the ligand electron clouds, rather
than the fluorescence enhancement being attributed solely to
the “reduction in bandgap”. It was the combined effect of
optimized coordination structure and reduced bandgap that led
to a simultaneous improvement in fluorescence intensity and
quantum yield.***¢

Notably, the intrinsic improvement conferred robust func-
tional advantages across diverse application scenarios. First, in
fluorescence sensing assays with a broad panel of cations and
anions, compound 2 consistently displayed higher emission
intensity than compound 1, indicating that the symmetric
structure of 2 not only enhanced intrinsic luminescence but
also imparted greater stability against potential quenching
interferents. Most importantly, these superior photophysical
properties directly underpinned the excellent performance of 2
in biological imaging applications, consistent with prior
confocal imaging results. The enhanced brightness and
stability of compound 2 emission offered a tangible, practical
benefit for confocal microscopy applications. Compound 2
effectively imaged all three tested cancer cell lines (HeLa, SH-
SY5Y, and A549) with distinct, stable signals, showcasing
expanded applicability.

Additionally, the cell-type-specific localization profiles (e.g.,
cytoplasmic in HeLa vs. nuclear colocalization in SH-SY5Y/
A549) of 2 and the confirmed concentration-dependent thera-
nostic window in the SH-SY5Y cells highlighted the functional
complexity for 2, derived from a flexible yet stable molecular
architecture. Thus, the optimized structure of 2 was the
cornerstone of the comprehensive superiority, encompassing
fundamental electronic properties, stability in complex milieus,
and effective, dependable performance as a versatile lumines-
cent material for sensing and bioimaging.**

Conclusions

In summary, two Zn(u)-based MOFs (compounds 1 and 2) were
synthesized via tailored hydrothermal methods, with structural
differences rooted in reactant loads and autoclave filling
degrees. Compound 1 formed a 3D supramolecular architecture
stabilized by - stacking between 2D layers, while compound
2 assembled into an interpenetrated 3D framework with a more
ideal tetrahedral Zn(u) coordination geometry. Both
compounds exhibited green fluorescence with ligand-centered
charge-transfer origins and maintained robust fluorescence
stability against diverse biological ions, with compound 2
showing superior emission intensity across all ionic conditions.
Biologically, compound 1 exhibited potent cytotoxicity against
the HeLa cells, whereas compound 2 was highly biocompatible
in the HeLa cells, making it an ideal imaging agent. In the SH-
SY5Y cells, both compounds showed concentration-dependent
dual functionality—low concentrations enabled imaging,
while high concentrations inhibited proliferation. Compound 2
further exhibited cell-type-adaptive subcellular localization,
enabling the clear imaging of the HeLa, SH-SY5Y, and A549
cells. This work not only highlights that subtle synthetic
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modifications tune framework architecture and coordination
geometry to optimize photophysical and biological perfor-
mances, but also provides valuable insights for the rational
design of MOF-based materials with tailored functionalities for
sensing, bioimaging, and cancer therapy.
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