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ABSTRACT: Cryosurgery represents a transformative approach in the
treatment of resistant tumors, utilizing extreme cold to selectively ablate
malignant tissue. However, the clinical success of this technique is
constrained by the limited ability of current imaging techniques to Glioblastoma

[ ) gl Lo ) N

differentiate effectively between cancerous and healthy tissues with high é@,\ Bars , SR
spatial resolution. To overcome this challenge, we present a nanoscale Ch . 7 g Amred 00 SN
Covalent Organic Framework, nTG-DFP-COF, specifically designed to % OF for Cryo-l \ 5

hance fluor nce-guided cryo-imaging. This framework exhibits a " V= & §: & A = B & B
enhance fluorescence-gu Iy ging : 5 e L
unique temperature-dependent luminescence, that results in enhanced Y ¢ Y B )
fluorescence emission under cryogenic conditions, enabling precise tissue @%J
differentiation during surgical procedures. Engineered for biocompatibility T 2
and water dispersibility, nTG-DFP-COF demonstrates minimal cytotox- @R

icity and exceptional specificity toward cancer cells. Comprehensive in

vitro, in vivo, and ex vivo evaluations confirm its structural stability and functional efficacy under cryogenic conditions. This
innovation not only enhances the precision and safety of cryosurgical procedures but also advances the integration of diagnostic and
therapeutic functionalities into a unified platform. By substantially improving tumor targeting accuracy, the use of nTG-DFP-COF
will reduce the need for repeat surgeries, facilitate faster recovery, and minimize healthcare costs, thus setting a new standard in
oncologic imaging and intervention.

B INTRODUCTION surgical interventions.” This method leverages fluorescent dyes
to provide direct, real-time insights at the molecular level,

Cryosurgery is a pivotal advancement in the minimally invasive Py ] ° -
which is very helpful in accurately differentiating cancerous

treatment of cancers resistant to conventional therapies. It uses

extreme cold, typically between —20 and —40 °C, to effectively from healthy tissue during diagnosis and therapy. Despite its
eradicate malignant tissue." This technique offers numerous potential, the application of fluorescence imaging in real-time
benefits, including reduced pain, minimal bleeding, and lower guided cryosurgery remains largely unexplored. This is mainly
morbidity rates, and is particularL}l beneficial for tumors that do due to the challenges of tumor-specific visualization under
not respond to radiotherapy.”™ The less invasive nature of freezing conditions and the necessary sensitivity to intracellular
cryosurgery enhances patient comfort and promotes faster ice formation, which is crucial for effectively destroying cancer
recovery and fewer surgical complications. However, the cells. Traditional organic luminescent materials often suffer
efficacy and safety of cryosurgery depend critically on accurate from reduced stability and sensor sensitivity at low temper-
real-time visualization of the target tissue.”* Accurate imaging atures, which can affect performance and reliability due to

is essential to minimize damage to surrounding healthy tissue
and ensure comprehensive removal of cancer cells to optimize
the therapeutic outcomes of cryosurgery. Current imaging
techniques such as ultrasound, computed tomography (CT),
and magnetic resonance imaging (MRI) are essential for
modern cryosurgery, but due to their limited resolution at the
molecular level, they are often unable to determine the extent
of frozen tissue reliably.'

Noninvasive optical fluorescence imaging has emerged as a
promising approach to improve tumor visualization during

issues such as aggregation-induced quenching and low
photostability. In response to these challenges, He et al. have
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Figure 1. Structure and Characterization of nTG-DFP-COF. (a) Diagram illustrating the liquid exfoliation processing (LEP) used to convert bulk
TG-DFP-COF to nanoscale nTG-DFP-COF. The process involves a 2 h treatment in water, transitioning from a bulky to a finely exfoliated
structure. Digital images of TG-DFP-COF solution before (left) and after (right) liquid exfoliation (2 mg/mL). (b) High-resolution transmission
electron microscopy (HRTEM) images comparing the morphology of bulk TG-DFP-COF (left) with the exfoliated nTG-DFP-COF (right). The
right panel includes a size distribution histogram, showing the uniformity and scale of the nanosheets. (c) Atomic force microscopy (AFM) images
displaying the topographical contrast between the bulk material (left) and the nanostructured nTG-DFP-COF (right), with a distinct reduction in
height and smoother surface profile.
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Figure 2. Characterization of nTG-DFP-COF. (a) Experimental (yellow) and calculated (black) PXRD patterns of nTG-DFP-COF, showing the
primary diffraction peaks at 26 = 5.56° (100) and a wide-angle reflection at 26 = 26.89° (020) indicating the long-range order and 7—7 stacking of
the 2D layers. The inset shows a top view of the space-filling model of the simulated structure observed in the monoclinic space group P3. (b)
High-resolution transmission electron microscopy (HRTEM) of nTG-DFP-COF with nanosheets of about 240 nm in size. (c) Lattice fringes
HRTEM image and (d) their reconstruction: The images show continuous and consistent lattice fringes with a d-spacing of 0.35 nm and are in
close agreement with the wide-angle PXRD data. (e) Selected area electron diffraction (SAED) shows the crystalline nature of nTG-DFP-COF
with distinct electron diffraction spots corresponding to the dgy; plane with a d-spacing of 0.34 nm. (f) Stability analysis of nTG-DFP-COF in
various solutions over time. Hydrodynamic diameter distributions of nTG-DFP-COF nanosheets suspended in different solvents: ethanol, water,
phosphate-buffered saline (PBS), fetal bovine serum (FBS), and Dulbecco’s modified eagle medium (DMEM). Measurements were performed at
two intervals, 24 h (left panel) and 1 week (right panel).
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developed a novel strategy that utilizes the aggregation-
induced emission (AIE) of fluorogens.” This innovative
approach significantly enhances real-time monitoring capa-
bilities in cryosurgery by activating fluorescent probes in cold
environments to improve surgical precision and effectively
differentiate between malignant and benign tissue. This
development underscores the urgent need for advanced
imaging technologies that can adapt to the unique require-
ments of cryogenic conditions, redefining the effectiveness and
safety of cryosurgical cancer treatment.

Recent advances in materials science have highlighted the
potential of Covalent Organic Frameworks (COFs)’ in
biomedical fields.'"~'® These frameworks are characterized
by their highly tunable structure and porosity, which can be
precisely tailored to meet specific clinical requirements.'’~"°
The inherent crystallinity of COFs provides consistent and
predictable behavior, essential for diverse medical applications.
Moreover, their adjustable pore sizes enable the encapsulation
of various therapeutic agents, ranging from small-molecule
drugs to larger biologicals, ensuring controlled release that can
be fine-tuned by modifying the framework. These properties,
combined with exceptional chemical stability and biocompat-
ibility, make COFs ideal candidates for targeted drug delivery,
diagI;ostic applications, and scaffolds for tissue engineer-
ing.

Compared to conventional fluorescent organic solids,
fluorescent COFs possess rigid chemical structures that
inherently minimize the intramolecular rotation, vibration,
and motion typically observed in standard organic molecules
and polymers.”’ This stabilization effectively restricts bond
motion and blocks nonradiative pathways, which enhances
fluorescence by conserving excited-state energy and reducing
energy decay.” We have pioneered the field of bioimaging
using COFs through the development of fluorescent covalent
organic nanosheets capable of selective intracellular local-
ization in the cellular nucleus, providing a unique approach for
cancer diagnosis and therapy without the need for external
targeting agents.'” Consequently, through careful design and
synthesis, fluorescent COFs can outperform conventional
dissolved organic dyes and compete with conventional organic
solid-based luminescent materials, providing a robust platform
for biomedical imaging.”’

Previously, we synthesized a responsive COF with
guanidinium and diformylpyridine linkers (TG-DFP-COF)
that exhibits high emission sensitivity to changes in temper-
ature and humidity.”* At low temperatures, the reduced
molecular motion within the TG-DFP networks stabilizes the
hydrogen bonds, which increases the emission intensity by
reducing the nonradiative relaxation pathways. Conversely,
these hydrogen bonds are weakened at high temperatures,
leading to a significant decrease in emission intensity and a
substantial bathochromic shift. Developing materials that
perform well over a wide temperature range, especially under
extreme conditions, is challenging as organic luminescent
materials often exhibit reduced stability or low sensor
sensitivity at low temperatures, which can affect performance
and reliability.

The field of image-guided cryosurgery is currently facing
major challenges, including the lack of fluorescent probes
capable of specifically and sensitively distinguishing tumor
tissue from normal tissue in a frozen state—an essential factor
in achieving precise surgical margins. Moreover, most existing
probes do not work effectively when intracellular ice forms, a
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crucial process to induce cancer cell death during cryoablation
(Table S1 for the limited literature). Additionally, there is an
urgent need to develop nontoxic, nanoscale materials that can
circulate in the bloodstream and target tumors without causing
adverse effects. The integration of nanoscale COFs with
temperature-dependent fluorescence properties could revolu-
tionize image-guided cryosurgery and improve both the safety
and efficacy of the procedure.

We introduce nTG-DFP-COF, a nanoscale Covalent
Organic Framework (COF), as a robust and biocompatible
fluorescent probe designed specifically for real-time cryo-
imaging. Its ability to maintain enhanced fluorescence at low
temperatures, combined with superior biocompatibility and
high specificity for cancer tissue, makes it an ideal tool for the
precise detection of tumors while sparing neighbouring healthy
tissue. Additionally, nTG-DFP-COF retains its fluorescent
properties in the presence of intracellular ice, enabling effective
real-time monitoring during cryo-imaging. Our comprehensive
in vitro, in vivo, and ex vivo studies confirm the structural
integrity and functional efficacy of the COF, underpinning its
potential for clinical use. This development underscores the
versatility and transformative potential of COFs in medical
imaging, particularly in addressing the unique challenges of
oncologic surgery.

B RESULTS AND DISCUSSION

Exfoliation of TG-DFP-COF for Real-Time Cryo-
Imaging Applications. Bulk TG-DFP-COF was synthesized
according to previously established method, primarily by the
condensation of triaminoguanidinium chloride (TGH.C], 8.46
mg, 0.06 mmol) with 2,6-diformylpyridine (DFP, 12.15 mg,
0.09 mmol) in H,0/1,4-dioxane (2 mL, Figure S1).** In the
FT-IR spectrum of TG-DFP-COF, the lack of a C=O
stretching vibration band at 1723 cm™' and a new band at
1629 cm™' indicate the formation of a C=N bond. The
absence of the N—H stretching vibration at 3185 cm™’, usually
linked to the amino group in TGH, further confirms an imine
bond formation (Figure S2). For biomedical applications,
converting the TG-DFP-COF in bulk form into a nanoscale
form while ensuring water solubility and stability was crucial.'”
To this end, a liquid exfoliation process (LEP) by ultra-
sonication for 2 h was used to convert TG-DFP-COF in bulk
form into nanosheets (nTG-DFP-COF, Figure 1la). This
process resulted in 2D nanosheets with an average size of
approximately 240 nm + 50, as verified by TEM (Figures 1b
and S3). AFM analysis showed that after liquid exfoliation, the
thickness of the sheets was reduced from micrometers to 40
nm, creating uniformly thin and shaped nanosheets (Figures 1c
and S4). The resulting nTG-DFP-COF was dispersible in
water, making it suitable for biological applications. The
translucent solution shows a pronounced Tyndall effect
(Figure SS), confirming the presence of highly monodispersed
ultrathin nanosheets suspended in water.' >

Powder X-ray diffraction (PXRD) measurements were
recorded to confirm the crystallinity of nTG-DFP-COF
(Figure 2a). The PXRD pattern shows the most intense
diffraction peaks at 26 = 5.56° (100), indicating the long-range
order in the framework. In the wide-angle region, the reflection
at 20 = 26.89° associated with the (020) plane suggests the
adjacent 7—n stacking of the 2D layers. Following the
principles of reticular chemistry, crystal structure models
were constructed based on the geometry of the building
blocks; the COF structure was observed in the monoclinic
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Figure 3. Temperature-dependent optical and fluorescence properties of n"TG-DFP-COF. (a) Two-dimensional heatmap of variable temperature
solid-state DR-UV—visible spectra of nTG-DFP-COF: this heatmap shows the variation in absorption of nTG-DFP-COF over a spectrum of
wavelengths (350 to 600 nm) and temperatures (from —30 to 30 °C). (b) Variable temperature solid-state fluorescence spectra of n'TG-DFP-COF
over a wide temperature range from —3$ to 35 °C, showing the thermally modulated fluorescence intensity of the material (A¢y/er, = 400/540 nm).
Fluorescent phantom imaging at different concentrations and temperatures: (c) IVIS-based images showing the fluorescence of nTG-DFP-COF at
different concentrations, compared at physiological temperature (37 °C) and in the frozen state (—40 °C), to illustrate the changes in fluorescence
intensity (Aey/em = 465/540 nm). (d) Quantitative analysis of fluorescence intensity: Plots of fluorescence image intensities versus concentrations of
nTG-DFP-COF used to calculate the weight radiant efficiencies, highlighting the relationship between concentration and fluorescence efficiency

under different thermal conditions.

space group P3, following a honeycomb (hcb) layered
arrangement. The completed Pawley refinement supports the
obtained unit cell with lattice parameters of a = 19.419 A, b =
6.809 A, and ¢ = 19.493 A (beta = 122.47°).

The crystalline nature of nTG-DFP-COF was further
evidenced by lattice-resolution TEM images, which showed
consistent and continuous lattice fringes throughout the COF
structure (Figure 2b,c). With lattice spacings of 0.35 nm, these
fringes corresponded well to the dg,, plane interlayer distances
and the 7—rn stacking, closely aligning with the experimental
wide-angle PXRD data at 0.34 nm (Figure 2d). Furthermore,
the selected area electron diffraction (SAED, Figure 2e)
demonstrates the well-crystallized feature of nTG-DFP-COF
and has distinct electron diffraction spots that fit well with the
dyyo plane with a d-spacing of 0.34 nm.

Given that our material is designed for use at extremely low
temperatures, we evaluated possible structural changes in nTG-
DFP-COF under freezing conditions using TEM, AFM, and
Variable Temperature (VT)-PXRD. TEM and AFM analyses
showed no changes in the morphology or dimensions of nTG-
DFP-COF nanosheets after freezing to —40 °C, confirming the
robust structural stability (Figure S6). Additionally, VT-PXRD
experiments conducted before, during, and after freezing
showed consistent peak positions and intensities at different
temperatures, indicating that the crystal lattice remains intact
without any changes in lattice parameters (Figure S7). Overall,
these results confirm the structural integrity and stability of
nTG-DFP-COF and emphasize its suitability for cryogenic
applications.

8192

The aqueous solutions of the exfoliated nTG-DFP-COF
nanosheets show stability and dispersibility, with no signs of
precipitation over time. At a neutral pH of 7.4 in water, the
hydrodynamic diameter of these nanosheets was measured to
be 295 nm with a low polydispersity index (PDI) of 0.1
compared to the bulk material, indicating a reduced and
uniform particle size distribution (Figure S8). Larger particle
sizes are generally observed in DLS than in TEM (240 nm)
due to hydration layers and the potential for aggregation in
solution, reflecting the interaction of the nanosheets with the
solvent environment.”>>” The improved stability compared to
the bulk material can be attributed to the significant decrease
in the {-potential of n'TG-DFP-COF, which shifted from —4.8
+ 1.8 mV in the bulk material to —15.6 + 0.3 mV for the
exfoliated nanosheets. The stronger negative charge on the
nanosheets promotes better interparticle repulsion and thus
contributes to their stability. We then measured the hydro-
dynamic diameter of the nanosheets in different solvents,
including ethanol, PBS, FBS, and DMEM, after 24 h and 1
week, as shown in Figure 2f. Initially, the stability in the
different solvents varied, with DMEM showing the highest
stability and ethanol having the lowest stability. The size
generally increases slightly over 1 week, except in DMEM,
where it decreases slightly, indicating strong colloidal stability.
These results show that the nanosheets aggregate only
minimally and are very stable, especially in physiological
environments, emphasizing their suitability for biomedical
applications.

https://doi.org/10.1021/jacs.4c13848
J. Am. Chem. Soc. 2025, 147, 8188—8204


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13848/suppl_file/ja4c13848_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13848/suppl_file/ja4c13848_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13848/suppl_file/ja4c13848_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13848?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13848?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13848?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13848?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

LN ¢
a) b) —_—
C=N 0
' e
o i ~—
— 0°C c=C Z -8 T
—_—— T =
o @s ., w
y Z 12
W [
I T T T T T T T IO I ! T . T L T J 16
180 160 140 120 100 180 160 140 120 100
<8 ™C (ppm) <6 "°C (ppm)
c)
001}1 NS7/
3590 =i =0 Terﬁll;)eratulrz/ e{of 0
T T L T 1 T T T ———T 77— T T
3800 3600 3400 3200 3000 2800 1700 1600 1500 1400 1300 1200
Wavenumber (cm™) Wavenumber (cm™)
d) Room Temperature -40°C

208 206 204 202 200 288 286 284 282 280 208 206 204 202 200 288 286 284 282 280
Binding energy (eV) Binding energy (eV)

410 408 406 404 402 400 398 396 394 302 410 408 406 404 402 400 398 396 394 392
Binding energy (eV) Binding energy (eV)

Figure 4. Analysis of nTG-DFP-COF Across Variable Temperatures. (a) *C CP/MAS solid-state NMR Spectra: overlay of the one-dimensional
13C CP/MAS solid-state NMR spectra of nTG-DFP-COF at 20 °C (red lines) and at 0 °C (blue lines), showing the stability of the chemical shifts
upon temperature reduction. (b) "H—'"*C HETCOR solid-state NMR spectra: overlay of two-dimensional "H—'*C HETCOR solid-state NMR
spectra of n"TG-DFP-COF at 20 °C (red contours) and 0 °C (blue contours). Notable upfield changes in proton chemical shifts are indicated by a
green arrow, suggesting stronger hydrogen bonding at lower temperatures. (c) Temperature-dependent IR spectra across a temperature range from
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Figure 4. continued

—40 to 35 °C: evolution of the IR spectra of nTG-DFP-COF with temperature changes. Spectra were recorded for nTG-DFP-COF (1 wt % in
KBr) before and after activation under vacuum at 40 °C for 12 h to remove residual adsorbed water. The spectra subtracted from the baseline

recorded at 40 °C highlight changes due to temperature variations. Inset shows the evolution of band areas centered at 3330 cm™

!, assigned to N—

H hydrogen bonding bands. (d) XPS Analysis at room temperature and —40 °C: XPS C 1s (top) and N 1s (bottom) spectra of nTG-DFP-COF
comparing room temperature and —40 °C, illustrating the changes in the electronic environment and bonding properties under extreme

temperature conditions.

Temperature-Dependent Optical and Fluorescence
Properties of nTG-DFP-COF for Enhanced Cryo-Imaging
Applications. To utilize n'TG-DFP-COF for cryo-imaging, we
studied the electronic properties of the exfoliated nanosheets
by UV—visible and steady-state fluorescence spectroscopy as a
function of temperature.

We measured the absorbance wavelength change on nTG-
DFP-COF suspended in acetonitrile in a temperature range
from —30 to 30 °C. The data presented in Figure 3a indicate
that absorbance increases as the temperature decreases,
reaching a peak intensity at 420 nm when the temperature is
at =30 °C. These data provide important insights into the
thermal stability and responsive behavior of nTG-DFP-COF
under various thermal conditions, underscoring its potential for
temperature-sensitive applications. We also measured the solid-
state luminescence of nTG-DFP-COF over a broad temper-
ature range from —35 to 35 °C. At —35 °C, nTG-DFP-COF
exhibits strong green fluorescence (4., = 545 nm, Figures 3b,
S9 and S10) when excited at 400 nm, highlighting its robust
photophysical properties. The inherent fluorescence of nTG-
DFP-COF is enhanced at lower temperatures, likely due to the
stabilization of hydrogen bonds within the COF networks,
which reduces the nonradiative relaxation pathways and
increases the emission intensity. As the temperature increases,
the disruption of the weak hydrogen bonds leads to a
significant reduction in emission intensity, decreasing by a
factor of 5.°**® The results demonstrate that the photo-
luminescence behavior is strongly temperature-dependent,
suggesting that higher temperatures may increase structural
flexibility, thereby promoting nonradiative relaxation processes.

To evaluate the optical properties of nTG-DFP-COF as
fluorescent bioimaging probes in water, we used the IVIS
spectrum imaging system. Phantom imaging was performed
with nTG-DFP-COF samples diluted in water at different
concentrations, kept at 37 °C and in a frozen state (—40 °C,
verified with a thermal imaging camera, Figure S11). A 465 nm
bandpass excitation filter and a 540 nm emission filter were
used to selectively capture fluorescence images (Figure 3c).
The analysis revealed that the fluorescence intensities of the
nTG-DFP-COF samples increase with concentration. All
fluorescence intensities were normalized to photons/second/
centimeter’/steradian (p/s/cm?/sr), with background inten-
sities subtracted for accuracy. At 37 °C, the increase in
fluorescence intensity was moderate and linear with concen-
tration. In contrast, the increase was more pronounced in the
frozen state and followed a linear trend. Using the data shown
in Figure 3d, the average radiant efficiencies were quantified at
37 °C and —40 °C. The slopes of the radiant efliciency curves
were 1.9 X 10° and 6.0 X 10° p/s/crnz/sr per mg for the
samples at 37 °C and in the frozen state, respectively. This
significant increase in efficiency in the presence of ice crystals
suggests that ice formation does not affect the fluorescence
intensity of the probe at low temperatures but can even
enhance it. These results are consistent with our steady-state
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fluorescence studies (Figure 3ab), which confirm that the
structural integrity and fluorescence response of nTG-DFP-
COF are maintained or even improved under frozen
conditions.

To investigate the effect of temperature on the binding
affinity of water molecules to the nTG-DFP-COF, we
performed molecular dynamics (MD) simulations on a
segment of the framework at two distinct temperatures, —40
and 20 °C. These simulations used the xXTB-GFN2 method,
which combines semiempirical and tight binding quantum
mechanical approaches, along with an implicit water solvent
model.”” To further investigate the hydrogen bonding
interactions, we introduced 1S5 explicit water molecules into
our model, enabling a detailed analysis of the interactions
between the water molecules and the nTG-DFP-COF (Figure
S13a). The simulation system is confined to a sphere with a
radius of 10.5 A by a repulsive potential to prevent the escape
of water molecules. The MD simulations are carried out for
200 ps with a time step of 2 fs using an extended tight binding
(XTB) program,” and the trajectories are collected every 10
fs. The first 10 ps of the trajectory was discarded for
equilibration, and the final 190 ps trajectory was used for
analysis. We computed the radial distribution function (RDF)
between the oxygen atoms of water and the hydrogen atoms of
nTG-DFP-COF to illustrate different binding affinity at
different temperatures (Figure S13b). In the radial distribution
function (RDF), we find that the peak intensity is significantly
higher at —40 °C than at 20 °C, indicating that the binding
affinity between water molecules and nTG-DFP-COF
increases as the temperature decreases (Figure S13b).
Moreover, the peak position shifts by 0.07 A at 20 °C
compared to —40 °C, indicating stronger interactions between
water molecules and nTG-DFP-COF at the lower temperature
(Figure S13b). Integration of the RDFs reveals that at —40 °C,
there are, on average, 2.26 water molecules in the first solvation
shell (within a 3 A distance), whereas at 20 °C, there are only
1.45 water molecules. These results show that temperature
significantly affects the binding affinity of water molecules to
nTG-DFP-COF.

Mechanisms of Temperature-Dependent Fluores-
cence Enhancement in nTG-DFP-COF. The fluorescence
enhancement mechanism of nTG-DFP-COF at low temper-
atures was investigated using variable-temperature (VT)
techniques, including NMR, FTIR, and XPS.

Variable temperature solid-state NMR experiments were first
performed. Figure 4a presents the one-dimensional *C CP/
MAS solid-state NMR spectra of nTG-DFP-COF at 20 °C
(red lines) and 0 °C (blue lines). The spectra predominantly
show peaks of imine (145 to 155 ppm) and aromatic carbons
(115 to 145 ppm), with no significant shifts in carbon chemical
shifts observed upon cooling. This stability in carbon chemical
shifts can be attributed to the low sensitivity of '*C nuclei to
noncovalent interactions and the inherently broad *C signals
in solid-state NMR, which may obscure subtle changes.
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However, the increased *C CP/MAS signal at 0 °C indicates
reduced molecular motion and increased rigidity of the
framework compared to room temperature. The enhancement
of *C CP/MAS signal intensity at 0 °C reflects the increased
efficiency of cross-polarization (CP), as molecular rigidity
strengthens dipolar couplings between abundant nuclei (‘H)
and C nuclei. The reduction in dynamic disorder at lower
temperatures allows for more effective magnetization transfer,
leading to improved polarization transfer efliciency and
enhanced signal intensity. These observations confirm that
the nTG-DFP-COF framework becomes more rigid and
exhibits reduced molecular motion at lower temperatures.*"**

Because 'H chemical shifts are more sensitive to hydrogen
bonding, we monitored changes in proton chemical shifts by
two-dimensional 'H—'3C HETCOR (heteronuclear correla-
tion) solid-state NMR experiments at 20 and 0 °C (Figure 4b).
The spectra at both temperatures show correlation peaks
between aromatic, imine, and amine protons with imine and
aromatic carbons. Additionally, peaks corresponding to water
molecules (~4.6 ppm) interacting with imine carbon atoms
(~150 ppm) are observed, indicating the close proximity of
water molecules to the guanidine moiety of the imine carbon
atoms. At 0 °C, significant upfield chemical shifts (~2 ppm)
for protons were observed, suggesting that noncovalent
interactions become stronger and more ordered as the
temperature decreases.

The nTG-DFP-COF framework, consisting of planar,
electron-rich guanidine units with multiple nitrogen atoms,
exhibits exceptional hydrogen bonding capabilities.”> As the
temperature decreases, these noncovalent interactions become
stronger, leading to increased proton shielding and corre-
sponding upfield shifts in solid-state NMR.>' It has been
shown that at low temperatures, the cationic guanidinium
groups in arginine can self-assemble through hydrophobic
interactions, forming stacked pair configurations. This
assembly helps to offset the anticipated Coulomb repulsion.*
The resulting reduction in molecular vibrations and rotations
at lower temperatures leads to a more rigid structure that
enhances the shielding effects for protons involved in
noncovalent interactions such as 7—n stacking or hydrogen
bonding. As a result, nTG-DFP-COF shows enhanced
fluorescence at lower temperatures due to the reduced
nonradiative decay pathways. At higher temperatures, molec-
ular vibrations and rotations dissipate energy nonradiatively,
reducing fluorescence intensity. At lower temperatures,
suppression of these processes allows more energy to be
emitted as fluorescence. Additionally, enhanced noncovalent
interactions improve electronic conjugation within the COF
framework, further boosting fluorescence.

Low-temperature transmission FT-IR analysis was also
performed on nTG-DFP-COF in a temperature range of
—40 to 35 °C, with the sample diluted in KBr to prevent the
saturation of the structural bands (Figure 4c). The self-
supported pellet was first activated under vacuum at 40 °C for
12 h to remove residual adsorbed water. The results show that
at low temperatures, the mobility within the nTG-DFP-COF
structure decreases, leading to stronger hydrogen bonding
between the N—H groups and other electronegative atoms,
such as nitrogen, within the COF structure. This increased
hydrogen bonding leads to a contraction of the COF
framework, effectively densifying the vibrational modes and
decreasing the flexibility of the structure.”**° This densifica-
tion is reflected by an increase in the intensity of the structural
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vibrational bands in the range of 3100—2700 cm™" and 1700—
1100 cm™". Furthermore, stronger hydrogen bonding elongates
the N—H bond,”” which reduces its bond strength and
consequently lowers the vibrational energy. This change is
manifested by the presence of an isosbestic wavenumber at
3445 cm™}, demonstrating a shift of the N—H bond vibration
from 3590 to 3300 cm™ with a symmetrical evolution of both
vibrational bands with the temperature (Figure 4c). The
densification of the structure explains the enhancement of both
absorption/excitation and photoluminescence (PL) of nTG-
DFP COF with decreasing temperature. The enhanced PL
efficiency of nTG-DFP-COF at lower temperatures may be
due to the COF’s reduced structural flexibility, which limits
nonradiative relaxation pathways. This results from improved
7—7 interactions, reduced nonradiative decay, stabilized
excited states, and confined excitons, leading to increased PL
intensity as the temperature drops.

The X-ray photoelectron spectroscopy (XPS) analysis of C
Is and N 1s levels in nTG-DFP-COF provides critical insights
into its chemical structure and bonding environment, high-
lighting its significant temperature-dependent properties
(Figure 4d and Table S2). At room temperature, the C 1s
spectrum features distinct peaks at 283.95 eV (C=C), 284.90
eV (C—N), and 286.13 eV (N—C=N), constituting 19.0%,
24.0%, and 51.25% of the spectrum, respectively. These peaks
underscore a highly ordered aromatic backbone essential for
the COF’s structural integrity, ensuring robustness under
ambient conditions.”® Additionally, the carbon—nitrogen
bonds not only enhance the electronic properties but also
contribute to the COF’s fluorescence capabilities.”” The low
residual standard deviation of 0.9 across the material suggests a
consistent and uniform chemical environment.*’ At —40 °C,
the primary peak at 284.55 eV increases to 77.19%, indicating
the aromatic backbone’s stability in colder conditions. Minor
shifts and slight broadening of the secondary peak at 286.05
eV, accounting for 16.87% of the spectrum, suggest enhanced
hydrogen bonding and reduced thermal vibrations, thus
reinforcing the structure.*’ The increased residual standard
deviation to 1.3 at this temperature points to a more complex
electronic environment, likely a result of cryogenic stabiliza-
tion.*” In the N 1s spectrum, the room temperature profile
decomposes into three primary peaks at 397.99 eV (C=N
Pyridine), 399.64 eV (C—N*), and 401.4 eV (C—NH-N*),
contributing 13.6%, 68.11%, and 10.8%, respectively (Figure
4d and Table S3)."* These peaks play a vital role in the
electronic stability and fluorescence enhancement of the
COFE.** An additional weaker peak around 401.2 eV, likely
representing protonated or oxidized nitrogen species, indicates
environmental interactions.”> However, at —40 °C, the
spectrum simplifies significantly; the C=N Pyridine and C—
N* peaks merge into a broad peak at 398.45 eV, representing
96.94% of the spectrum, signifying enhanced nitrogen
stabilization under cryogenic conditions. The diminished
secondary peak at about 402.1 eV, contributing only 3.06%,
underscores stronger hydrogen bonding and reduced thermal
vibrations.”""*® The absence of the peak for protonated or
oxidized nitrogen at this temperature suggests stabilization of
these species within the cryogenic framework."”

This comprehensive analysis using solid-state NMR, VT-
FTIR, and XPS demonstrates the exceptional stability and
functional adaptability of nTG-DFP-COF across various
temperature ranges. The COF retains its structural integrity
even under cryogenic conditions, exhibiting significant
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Figure S. Intracellular uptake and fluorescence response of nTG-DFP-COF in cancerous and noncancerous cell lines. (a) Transmission electron
microscopy (TEM) images of HeLa, U251-MG, and HEK-293 cells after 24 h of incubation with nTG-DFP-COF (yellow arrows) at 10 yg/mL.
The images show preserved cellular integrity with minimal debris, highlighting the biocompatibility of nTG-DFP-COF. (b) Bright-field and
Fluorescence microscopy images of HeLa, U251-MG, and HEK-293 cells costained with nTG-DFP-COF and LysoTracker red, under 469 and 531
nm light, at temperatures of 37 and —10 °C. Scale bar: 200 ym (c) graph depicting the fluorescence intensity changes for HeLa, U251-MG, and
HEK-293 cells at 37 and —10 °C. At —10 °C, the increase in green fluorescence intensity of nTG-DFP-COF in HeLa and U251-MG is contrasted
with the decrease in red fluorescence of LysoTracker red, illustrating the different stability and response to temperature changes. Significance levels:
*p < 0.0, **p < 0.01, **¥p < 0.001, ****p < 0.0001, ns: not significant. (d) Schematic representation of the fluorescence activation mechanism of
nTG-DFP-COF at different temperatures and its cellular localization in green and red channels, showing the selective activation of nTG-DFP-COF
in cancer cells (HeLa, U251-MG), highlighting its potential for improved specificity of cryo-imaging.
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enhancements in hydrogen bonding and electronic stabiliza-
tion. The fluorescence enhancement observed in nTG-DFP-
COF at cryogenic temperatures arises from several interrelated
factors that influence its photophysical properties. At low
temperatures, the significant reduction in thermal energy
decreases molecular vibrations and motions within the COF
matrix. This reduction in molecular motion facilitates the
formation and stabilization of hydrogen bonds, leading to a
more rigid molecular structure. The increased rigidity
effectively minimizes the nonradiative relaxation pathways,
which are typically driven by molecular motions such as
rotations and vibrations. With these nonradiative pathways
becoming less active, the material predominantly favors
radiative decay processes, resulting in increased photon
emission rather than energy dissipation as heat. This shift
significantly enhances fluorescence intensity at lower temper-
atures. This direct link between increased molecular rigidity
and a shift toward predominantly radiative relaxation processes
underlines the unique photophysical characteristics of nTG-
DFP-COF in cryogenic conditions.

In Vitro Evaluation of nTG-DFP-COF as a Fluorescent
Probe in Cancer and Normal Cell Lines. In vitro studies
were performed on three different cell lines—HEK-293
(noncancerous), HeLa (cervical cancer), and U251-MG
(glioblastoma)—to evaluate nTG-DFP-COF as a biocompat-
ible fluorescent probe for cryo-imaging. HEK-293 cells were
used as a control to assess the probe’s response in normal cells,
while HeLa and U251-MG cell lines were used to evaluate the
efficacy and specificity of the probe in different cancer types.
These experiments validate the suitability of nTG-DFP-COF
for real-time cryo-imaging in both normal and cancerous cells.

The material showed minimal cytotoxicity in all cell lines at
concentrations up to 1 mg/mL after 48 h of incubation,
confirming its excellent biocompatibility and potential for
cellular labeling (Figure S14). Additionally, cytotoxicity
assessments were further confirmed through MTS and lactate
dehydrogenase (LDH) assays conducted after 24 h of exposure
to different concentrations of nTG-DFP-COF (Figure S15).
The MTS assay indicated normal mitochondrial function,
suggesting healthy cellular metabolism, while the LDH assay
showed minimal release of LDH, indicating that cell
membranes were largely intact. Long-term toxicity and cell
proliferation studies tracked the growth of HeLa, U251-MG,
and HEK-293 cells over a three-day period and analyzed daily
cell counts and population doubling times (PDTs), which
revealed no significant differences between treated and control
groups, confirming that nTG-DFP-COF does not negatively
affect cell proliferation (Figure S14 and Table S4). To evaluate
the biocompatibility and immunotoxicity of our material
designed for bloodstream penetration, we conducted a
hemolysis assay on human erythrocytes.”*™>° The hemolysis
rates (HR) were below 3%, indicating nonhemolytic properties
as per ASTM F 756-08 standards, which set a threshold of <5%
(Figure S16). These results confirm that nTG-DFP-COF is
biocompatible and does not induce immunotoxicity in human
blood erythrocytes, likely due to the negatively charged surface
of our nanoparticles that reduces hemolytic effects.”’ ™"
Altogether, these results underscore the probe’s suitability for
long-term cellular studies and its potential for safe biomedical
applications.

We investigated the intracellular uptake of nTG-DFP-COF
by HeLa, U251-MG, and HEK-293 cells using TEM after 24 h
of incubation at a concentration of 10 ug/mL (Figure Sa).
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TEM analyses showed that the structural integrity of all cell
lines was largely preserved with minimal evidence of cell
debris, indicating that nTG-DFP-COF is nontoxic and does
not affect cell function (see Figure S17 for comparison with
control cells). In HeLa and U251-MG cells, significant
amounts of nTG-DFP-COF were detected both inside the
cells and on their surface, indicating active uptake (Figures Sa
and S18). Initially, the nTG-DFP-COF nanosheets come into
contact with the cell membrane, followed by their engulfment.
This progresses into deeper invaginations of the cell
membrane, indicating early endosomal formation. Subse-
quently, the nanosheets are transported into large vacuoles,
primarily located near the perinuclear region and in the
cytoplasm. This sequence from plasma membrane engagement
to endosomal localization highlights the active internalization
process of nTG-DFP-COF in these cancer cell lines (Figures
Sa and S18). Conversely, HEK-293 cells showed lower uptake
of nTG-DFP-COF, suggesting it selectively interacts with
cancer cells rather than noncancerous cells.">>>~>" nTG-DFP-
COF nanosheets target cancer cells effectively by exploiting
their altered physiological pathways.”®*” These nanosheets use
their size and surface charge to enhance entry into cells
through endocytosis, a process more pronounced in cancer
cells because of their higher metabolic activity.*"~%° This leads
to more internalization in cancer cells than in normal cells,
potentially improving therapeutic outcomes. nTG-DFP-COF is
preferentially taken up by cancer cells over HEK-293 cells,
attributed to variations in cell surface charge, membrane
thickness, and turnover rates, underscoring their selective
targeting properties.

To distinguish passive from active internalization mecha-
nisms of nTG-DFP-COF in HeLa and U251-MG cells, we
analyzed the fluorescence signals under varying cell incubation
temperatures (4 °C versus 37 °C). This approach takes
advantage of the fact that nanomaterial entry into cells can
occur via energy-independent passive mechanisms, such as
direct translocation, or via energy-dependent active mecha-
nisms, such as endocytosis (Figures S19 and $20).°° In cells
incubated at 4 °C, fluorescence was significantly weaker,
indicating minimal passive uptake. In contrast, fluorescence
significantly increased at 37 °C (HeLa: 90.1%, U251-MG:
88.5%), indicating that active mechanisms, predominantly
endocytosis, are responsible for the uptake of nTG-DFP-COF.
Further, subcellular localization was assessed in HeLa and
U251-MG cells treated with nTG-DFP-COF for 4 h. Confocal
microscopy and costaining with far-red organelle-specific
markers revealed significant colocalization of nTG-DFP-COF
with cell membranes and lysosomes, suggesting active
internalization and intracellular transport (Figures S21 and
S$22). This localization supports the hypothesis that n'TG-DFP-
COF enters cells primarily by endocytosis. These results,
supported by TEM data, confirm the effective intracellular
transport and localization of nTG-DFP-COF by endocytosis
and highlight its potential for targeted bioimaging applications.

Next, we demonstrate that nTG-DFP-COF has a specific
freezing-induced turn-on function in cancer cells. Fluorescence
micrographs (Figure Sb) show HeLa, U251-MG, and HEK-
293 cells incubated with nTG-DFP-COF (10 pg/mL, Aoy /em
469/525 nm) and LysoTracker Red (250 nM, Aey/em = S31/
593 nm), both at room temperature and in frozen condition
(=10 °C, using cold ethanol, Figure S12). LysoTracker Red
was chosen for comparison because, as a traditional organic
dye, it faces challenges under cryo-imaging conditions, such as
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Figure 6. In vivo toxicity and biocompatibility assessment of nTG-DFP-COF in CD-1 Mice. (a) Experimental overview: schematic representation
of administration of n'TG-DFP-COF by a single intraperitoneal (i.p.) injection in CD-1 mice, followed by detailed analysis of organ tissues after 7
days. (b) Body weight of CD-1 mice treated with either saline (control) or nTG-DFP-COF at a dose of 20 mg/kg, monitored for 7 days
postinjection. (c) Ex vivo Bioluminescence imaging: images of key organs (liver, heart, kidney, spleen) obtained using the IVIS spectrum imaging
system one-week after administration of nTG-DFP-COF at a dose of 20 mg/kg. (d) Histopathological analysis: microscopic examinations of major
organs (liver, heart, kidney, spleen) to assess cellular and structural integrity after administration of nTG-DFP-COF administration. These panels

confirm the overall biocompatibility and safety of nTG-DFP-COF.

dye aggregation and fluorescence quenching due to ice
formation. In addition, although LysoTracker Red passively
diffuses into cells and accumulates in the acidic organelles of all
cell types, it does not selectively target cancer cells.”” By
comparing the luminescence responses of LysoTracker and
nTG-DFP-COF at different temperatures and in different cell
types, we aim to evaluate the selective cancer-targeting and
turn-on properties of nTG-DFP-COF.

At room temperature, HeLa and U251-MG cells costained
with nTG-DFP-COF and LysoTracker red emit weak green
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fluorescence under 469 nm light and show strong red
fluorescence under 531 nm light (Figure Sb). After freezing,
the fluorescence intensity of nTG-DFP-COF in HeLa and
U251-MG cells increases significantly. In contrast, the
fluorescence intensity of LysoTracker red decreases consid-
erably due to ice formation in the cells (Figure 5b).® The
fluorescence intensity of nTG-DFP-COF increases by 3.8- and
3.7-fold in HeLa and U251-MG cells, respectively, while that
of LysoTracker red decreases by almost 3.0- and 3.7-fold in
HeLa and U251-MG cells, respectively (Figure Sc). This

https://doi.org/10.1021/jacs.4c13848
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Figure 7. Evaluation of nTG-DFP-COF as targeted cryo-imaging probe in U251-MG Glioblastoma Models. (a) Ex vivo fluorescence imaging:
U251-MG glioblastoma tumors imaged using the IVIS system at different temperatures. The sequence shows tumors at physiological temperature
(37 °C), in cryogenic conditions (—40 °C), and subsequently returned to 37 °C, with control tumors included for comparison. Dose administered:
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Figure 7. continued

20 mg/kg (200 uL). (b) Quantitative analysis of radiant efficiency: this graph depicts the total radiant efficiency of n'TG-DFP-COF in the U251-
MG tumors, illustrating significantly stronger emissions in the frozen state compared to physiological temperature. This enhancement underscores
the probe’s effectiveness under cryosurgical conditions. The marked decrease in fluorescence upon rewarming the tumors to 37 °C highlights the
temperature-responsive properties of nTG-DFP-COF, reinforcing its potential as a dynamic cryo-imaging tool. Significance levels indicated by
asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (c) In Vivo Targeting and Biodistribution of nTG-DFP-COF. Sequential
fluorescence images of mice bearing subcutaneous U251-MG glioblastoma tumors treated with nTG-DFP-COF, captured at 0, 24, and 48 h
postinjection using the IVIS Spectrum imaging system. These images illustrate the dynamic accumulation and subsequent clearance of nTG-DFP-
COF at the tumor site. (d) Post-mortem fluorescence imaging of U251-MG Glioblastoma tumors: sequential fluorescence images of a control
mouse treated with PBS and imaged at physiological temperature (37 °C) 24 h post-treatment; a mouse treated with nTG-DFP-COF (20 mg/kg,
200 uL) under the same conditions showing initial fluorescence distribution in the tumor; and the mouse after cryo-treatment at 4 °C and —20 °C.
These images highlight the temperature-dependent “turn-on” property of nTG-DFP-COF. All animals were sacrificed 24 h post-treatment, and
fluorescence imaging was conducted using an IVIS Spectrum system, demonstrating the probe’s enhanced imaging contrast and specificity under

targeted temperature conditions.

decrease in fluorescence of the conventional dye is mainly
attributed to aggregation-induced quenching and low photo-
stability.* These results clearly show that nTG-DFP-COF
has a turn-on feature that contrasts with the turn-off property
typical of conventional dyes (Figure 5d).*’° This turn-on
property of nTG-DFP-COF provides lower background
interference and a higher signal-to-noise ratio, which improves
real-time imaging capabilities.” "’

Another essential prerequisite for real-time imaging during
cryosurgery is distinguishing tumor tissue from the surround-
ing normal tissue.” Using the noncancerous HEK-293 cells, we
investigated the imaging cancer specificity of nTG-DFP-COF.
HEK-293 cells show weak green fluorescence at room
temperature when stained with nTG-DFP-COF and strong
red fluorescence when stained with LysoTracker Red.
LysoTracker Red passively diffuses into cells, both malignant
and nonmalignant.”” This dye does not selectively target
cancer cells. In contrast, due to their higher endocytosis rate,
HeLa and U251-MG cells show green fluorescence under the
same conditions (Figure 5b).>* This demonstrates that nTG-
DFP-COF selectively targets cancer cells. To further evaluate
the utility of nTG-DFP-COF for selective imaging of cancer
cells after freezing, we observed that green and red
fluorescences are particularly weak in frozen HEK-293 cells.
In contrast, frozen HeLa and U251-MG cells exhibit strong
green emission (Figure Sb-c). The selective behavior of nTG-
DFP-COF was confirmed with cancer cells at room temper-
ature and subfreezing temperatures (Figures Sb,c), highlighting
the excellent specificity of the probe for cancer cells. This clear
contrast between normal and cancer cells enables precise cryo-
imaging planning (Figure 5d).

In Vivo Evaluation of nTG-DFP-COF Biosafety. To
assess the biosafety of nTG-DFP-COF in vivo, we performed
comprehensive toxicity studies in CD-1 mouse model.”> Mice
received a single intraperitoneal injection of nTG-DFP-COF at
a dose of 20 mg/kg, while a saline-injected group served as a
control (Figure 6a). Over an observation period of 7 days,
there were no significant changes in body weight, behavior, or
survival rates in the treated mice, indicating no acute toxicity
(Figure 6b). The injection sites showed no signs of irritation,
and behavioral monitoring confirmed no distress in the treated
animals. Seven days after treatment, we sacrificed the animals
and harvested major organs for analysis. Ex vivo bio-
luminescence imaging and subsequent pathohistological
evaluations, including H&E staining of organs, showed no
significant differences or morphological changes compared to
controls (Figures 6c,d). These results indicate effective
clearance of nTG-DFP-COF and confirm the absence of

systemic toxicity, confirming the compound’s biocompatibility
and safety in an acute toxicity model.”*

Ex Vivo Evaluation of nTG-DFP-COF for Tumor Cryo-
Imaging. To assess the utility of nTG-DFP-COF for cryo-
imaging, we conducted an ex vivo study using an orthotopic
U251-MG glioblastoma model. Tumors in mice reached
approximately 75—100 mm?® before the mice were humanely
euthanized and the tumors excised for analysis. Each tumor
was injected with either nTG-DFP-COF ([nTG-DFP-COF] =
20 mg/kg, 200 uL) or PBS as a control. Following imaging at
37 °C, the tumors were flash-frozen in liquid nitrogen for 10
min to mimic cryosurgery and assess the response of nTG-
DFP-COF in a frozen state (—40 °C, verified with a thermal
camera, Figure S25), the necessary temperature to destroy
malignant cells in vivo.”

Fluorescence imaging used the IVIS Spectrum to quantita-
tively analyze the emitted fluorescence of nTG-DFP-COF
before and after the freezing process. At 37 °C, both the
control tumors and the tumors treated with nTG-DFP-COF
showed weak emissions. However, tumors injected with nTG-
DFP-COF and subsequently frozen exhibited significantly
increased fluorescence (Figure 7a). The fluorescence intensity
decreased significantly when the tumor temperature was
brought back to the physiological level of 37 °C. We quantified
the total radiant efficiency of nTG-DFP-COF in tumors. We
observed a substantial increase in emission in the frozen state
compared to physiological temperature, underscoring the
enhanced radiance efficiency of nTG-DFP-COF under
cryosurgical conditions (Figure 7b). After rewarming to
physiological value, the fluorescence intensity decreased
significantly. This distinct variance in fluorescence between
physiological and frozen states suggests that nTG-DFP-COF
are promising probes for real-time cryo-imaging. This ex vivo
approach has preliminarily validated the eflicacy of nTG-DFP-
COF for cryo-imaging, demonstrating its capability to activate
fluorescence at cold temperatures—a key property for
visualizing cancer tissues under cryo-surgical conditions.

Post-Mortem Tumor Targeting and Cryo-Imaging in
Tumor-Bearing Mice. Athymic NU/J nude mice bearing
subcutaneous U251-MG glioblastoma tumors (75—100 mm?)
were used to evaluate the tumor-targeting efficacy of nTG-
DFP-COF. Mice received a single intraperitoneal injection of
nTG-DFP-COF at a dose of 20 mg/kg (200 uL volume).
Tumor-specific fluorescence was monitored at 0, 24, and 48 h
using the IVIS Spectrum imaging system. For comparison, a
control group received intraperitoneal injections of PBS
solution. Animals were euthanized at three time points—
immediately after injection and 24 and 48 h postinjection—to
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assess the biodistribution of a probe within the tumors using
post-mortem whole-mouse IVIS Spectrum imaging (Figure
7c). The results quantified the radiance efficiency of nTG-
DFP-COF at physiological temperature (37 °C). No
fluorescence emission was observed in the control tumors,
while the tumors treated with nTG-DFP-COF showed a
progressive increase in fluorescence signal that reached its
maximum after 24 h of injection. This peak indicates efficient
accumulation and retention of nTG-DFP-COF in the tumor,
demonstrating its potential for targeted tumor therapy. After
48 h, a decrease in fluorescence intensity was observed,
indicating that the probe was being cleared from the tumor
site.

Additionally, targeted cryo-imaging was conducted on living
mice with implanted subcutaneous U251-MG glioblastoma
tumors (Figure 7d). Mice received intraperitoneal injections of
nTG-DFP-COF at a dose of 20 mg/kg, 24 h before imaging to
ensure localization of nanoparticles in the tumor cells. Post-
mortem IVIS imaging at 37 °C showed significantly stronger
fluorescence in tumors treated with nTG-DFP-COF compared
to controls, demonstrating effective passive accumulation and
targeted delivery of the probe. When the temperature was
lowered to 4 and —20 °C, the fluorescence intensity in the
treated tumors increased by 10% and 20%, respectively. This
temperature-sensitive fluorescence enhancement significantly
improves the visibility of tumors, potentially facilitating more
precise and effective cryogenic treatment.

B CONCLUSION

In this study, we successfully developed a nanoscale Covalent
Organic Framework (nTG-DFP-COF) optimized for real-time
cryo-imaging. By liquid exfoliation, we have prepared water-
dispersible nanosheets of nTG-DFP-COF that are biocompat-
ible and can selectively accumulate in cancer cells without
inducing cytotoxic effects. These nanosheets exhibit turn-on
fluorescence at lower temperatures, which significantly
improves their ability to delineate cancer tissue precisely in
cryogenic conditions. The lower thermal energy at these
temperatures reduces molecular vibrations and promotes the
formation and stabilization of hydrogen bonds. This leads to a
more rigid molecular structure that reduces nonradiative
relaxation pathways like rotations and vibrations, thereby
enhancing the likelihood of radiative decay processes. The
increased molecular rigidity and the dominance of radiative
relaxation contribute to a significant increase in fluorescence
intensity, which greatly improves the visibility of tumors during
cryogenic procedures.

The robust structural integrity and functional efficacy of
nTG-DFP-COF, as well as its proven biosafety, provide a solid
foundation for its potential clinical applications. This
innovative material has been extensively tested for biocompat-
ibility and has shown minimal toxicity and adverse reactions in
biological settings, which supports its use in clinical settings.
This characteristic is critical to the further development of
nTG-DFP-COF as a safe tool that significantly improves the
accuracy and safety of surgical procedures by enabling targeted
visualization of cancerous tissue in real-time, thereby
minimizing the risk to adjacent healthy tissue.

Encouraged by these promising results, future studies will
involve live animal models in actual cryoablation procedures to
comprehensively validate the efficacy of nTG-DFP-COF in
enhancing surgical precision and safety. These studies will
bridge the gap from preliminary findings to practical clinical
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applications, confirming the utility of nTG-DFP-COF in real-
world oncology practice. Our selection of excitation and
emission wavelengths (400—450 nm for excitation and 520 nm
for emission) is tailored to surface tumor imaging, where lower
penetration depths are beneficial and sufficient for precise
imaging. This method improves resolution and contrast in
superficial tissues and provides clearer images of surface-level
structures. In future research, we plan to integrate NIR probes
into nTG-DFP-COF to improve penetration depth and enable
imaging of deeper tumors.

The breakthrough properties of n'TG-DFP-COF represent a
significant advance in surgical oncology, particularly in the
cryogenic treatment of resistant cancers. This advance not only
holds the potential to improve surgical outcomes but also
paves the way for integrating diagnostic and therapeutic
functions, including drug delivery, in a single platform. This
makes nTG-DFP-COF a transformative cryo-imaging tool that
could revolutionize oncologic surgery and improve the
effectiveness of cancer treatments.
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