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Hydrogen-bonded organic framework-stabilized
charge transfer cocrystals for NIR-II photothermal
cancer therapy†
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Charge-transfer (CT) cocrystals consisting of an electron donor and acceptor have gained attention for

designing photothermal (PT) conversion materials with potential for biomedical and therapeutic use.

However, the applicability of CT cocrystals is limited by their low stability and aqueous dispersity in

biological settings. In this study, we present the self-assembly of CT cocrystals within hydrogen-bonded

organic frameworks (HOFs), which not only allows for the dispersion and stabilization of cocrystals in

aqueous solution but also promotes the CT interaction within the confined space of HOFs for photothermal

conversion. We demonstrate that the CT interaction-driven self-assembly of tetrathiafulvalene (TTF) and

tetracyanoquinodimethane (TCNQ) with PFC-1 HOFs results in the formation of cocrystal-encapsulated

TQC@PFC-1 while retaining the crystalline structure of the cocrystal and PFC-1. TQC@PFC-1, in particular,

exhibits significant absorption in the second near-infrared region (NIR-II) and excellent photothermal

conversion efficiency, as high as 32%. Cellular delivery studies show that TQC@PFC-1 can be internalized in

different types of cancer cells, leading to an effective NIR-II photothermal therapy effect both in cultured

cells and in vivo. We anticipate that the strategy of self-assembly and stabilization of CT cocrystals in

nanoscale HOFs opens the path for tuning their photophysical properties and interfacing cocrystals with

biological settings for photothermal therapeutic applications.

Introduction

Organic charge-transfer (CT) cocrystals are a class of crystalline
materials that self-assemble from an electron-rich donor and
an electron-deficient acceptor via CT interactions.1,2 The charge
transfer occurring in CT cocrystals leads to intermolecular elec-
tron delocalization, which confers distinct magnetic and optical
properties to cocrystals for use in molecular electronics,3–7 non-
linear optics,8–11 and ferroelectricity.12,13 Moreover, nonradiative
decay of photoexcited states in CT cocrystals can generate a
photothermal (PT) effect1,14,15 for use in PT imaging16 and
solar-thermal conversions.17,18 In addition, the CT interaction
in cocrystals can be tailored by selecting a suitable donor and
acceptor, allowing for the tuning of their absorption to the

near-infrared (NIR) region.14,15 This feature is highly desired for
biomedical use due to the low photo toxicity and excellent tissue
penetration ability of NIR light.19,20 However, the potential of CT
cocrystals for biomedical and therapeutic use is greatly hindered
by their low aqueous dispersity and stability in biological settings,
which mainly arise from the intrinsic hydrophobic nature and
supramolecular interactions of cocrystals.21 Recently, efforts have
been made to overcome these limitations, such as growing
co-crystals on the surface of bioactive glass scaffolds22 or encap-
sulating cocrystals into metal–organic frameworks (MOFs)23 to
interface cocrystals with biological settings. Despite these efforts,
aqueous-dispersible CT cocrystals with tunable NIR absorption,
especially in the second NIR region (NIR-II, 1000–1700 nm) for PT
conversion, are still deficient, limiting the full realization of their
biomedical potential.

Compared to MOFs24,25 and covalent organic frameworks26,27

which are connected by coordination or covalent bonding,
hydrogen-bonded organic frameworks (HOFs) are porous nanoma-
terials that are held together by intermolecular hydrogen bonding of
strategically pre-designed molecular subcomponents.28–30 The por-
ous structure of HOFs has been harnessed to integrate functional
moieties for diverse applications,31–34 such as heterogeneous
catalysis,35 ion conduction36 and gas separation.37 Furthermore,
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compared to MOFs, the dynamic and metal-free nature of
hydrogen bonding endows HOFs with mild synthesis in aqu-
eous solution and high biocompatibility. These properties have
facilitated the biomedical use of HOFs for drug delivery38 and
antimicrobial therapy.39,40 For example, the incorporation of
protein41–45 into nanoscale HOFs has enabled intracellular
protein delivery for molecular catalysis in living cells.46 Encap-
sulating neural stem cells into HOFs provides a promising
approach for developing new treatments for neurodegenerative
disease.47,48 We envision that using HOFs as a host to encapsu-
late CT cocrystals will not only disperse and stabilize cocrystals
in an aqueous solution but also allow the control of CT
interaction within the constrained space of HOFs for achieving
tunable photophysical properties, thus maximizing their bio-
medical applications.

Herein, we report the self-assembly of CT cocrystals within
nanoscale HOFs, which can induce PT conversion in the NIR-II
region for photothermal cancer therapy. Our approach involves
the hydrogen bonding-driven self-assembly of 1,3,6,8-tetrakis-
(benzoic acid)pyrene (H4TBAPy), a precursor for PFC-1 HOFs
which shows high stability against acid conditions and various
solvents,33 with different electron donor–acceptor pairs to form
CT cocrystal-encapsulated HOFs (Scheme 1). By selecting electron
donors and acceptors with appropriate HOMO–LUMO (highest
occupied/lowest unoccupied molecular orbital) bandgaps, we can
tune the absorption of the cocrystal-encapsulated HOFs to the
NIR-II region. Especially, we demonstrate that the in situ self-
assembly of tetrathiafulvalene (TTF) as the electron donor and
tetracyanoquinodimethane (TCNQ) as the electron acceptor,
along with H4TBAPy, forms the cocrystal-encapsulated HOF,

TQC@PFC-1. Cryo-transmission electron microscopy (Cryo-TEM)
characterization of TQC@PFC-1 shows that the cocrystals and
HOFs maintain their crystalline structure and skeleton, respec-
tively. The CT interaction between TTF and TCNQ results in a
broad absorption of TQC@PFC-1 in the NIR-II region for an
excellent PT conversion with efficiency as high as 32%, which is
one of the most efficient cocrystal-based PT conversions, particu-
larly in the NIR-II region.16–18,22,23 Furthermore, our cellular
delivery study shows that TQC@PFC-1 can efficiently enter cells,
demonstrating a PTT effect to ablate tumor cell growth under the
irradiation of NIR-II light in both cultured cells and a tumor-
bearing mouse xenograft. Our study highlights the potential of
self-assembly and stabilization of CT cocrystals in nanoscale
HOFs to tune their photophysical properties and interface
cocrystals with biological settings for therapeutic applications.

Results and discussion
Synthesis and characterization of cocrystal@HOFs

As shown in Scheme 1, we employed a co-assembly strategy to
prepare and encapsulate CT cocrystals into PFC-1 HOFs. To
prepare TQC-encapsulate PFC-1 HOFs, TTF and TCNQ in an
equal molar ratio (Fig. S1, ESI†) were first dissolved in DMF,
followed by addition of the PFC-1 precursor, H4TBAPy, and
transfer of the mixture to an aqueous solution. To prepare
HOFs that encapsulate various CT cocrystals, TTF was com-
bined with 1,2,4,5-tetracyanobenzene (TCNB) to create TBC,
while dibenzotetrathiafulvalene (DBTTF) was mixed with TCNB
to form DTC. To demonstrate the advantage of HOF encapsula-
tion for stabilizing and dispersing CT cocrystals in aqueous
solutions, we prepared co-crystals without HOF encapsulation by
directly mixing the subcomponents in acetonitrile or tetrahydro-
furan (THF).16,17 Morphology characterization of the cocrystals
using scanning electron microscopy (SEM) (Fig. S2 and S3, ESI†)
reveals that all CT cocrystals formed large particles with sizes
greater than 5 mm. In contrast, cocrystal-encapsulated PFC-1
exhibits a nanorod morphology similar to that of PFC-1, with
decreased nanoparticle size down to B300–400 nm in diameter
(Fig. 1a and Fig. S3, ESI†). Furthermore, the powder X-ray
diffraction (PXRD) pattern of all three cocrystals before and
after PFC-1 encapsulation (Fig. 1b and Fig. S4, ESI†) showed
similar characteristic peaks, indicating the retention of the
cocrystal structure within HOFs. In addition, the preservation
of characteristic PXRD patterns attributed to HOFs in the three
cocrystals@PFC-1 confirmed the integrity of PFC-1 during the
co-assembly.

The solid-state absorption spectra of all cocrystals@PFC-1
show a broad peak over 800 nm, which is significantly redshifted
compared to that of H4TBAPy or the donor/acceptor subcompo-
nents (Fig. 1c and Fig. S5, ESI†). This finding indicates a highly
efficient charge-transfer interaction between the donors and
acceptors after HOF encapsulation. Moreover, we found that
selecting electron donor–acceptor pairs with an appropriate
HOMO–LUMO bandgap allows the assembly of cocrystals that
exhibits varied and controllable absorption (Fig. S5, ESI†). In this

Scheme 1 (a) Schematic illustration of in situ assembly of an organic CT
co-crystal, TQC within hydrogen-bonded organic frameworks (HOFs),
PFC-1; and (b) photothermal study of TQC@PFC-1 for cancer therapy.
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study, we focused on cocrystals DTC, TBC, and TQC, which have
small HOMO–LUMO energy bandgaps (1.43, 1.3, and 0.44 eV
respectively) predicted by density functional theory (DFT)
calculations15 (Fig. S1, ESI†). Therefore, the small HOMO–LUMO
bandgaps of cocrystals bestow them with a preferred non-
radiative electron decay and redshifted light absorption range,1,15

which agrees well with the measured absorption spectra of
cocrystals-encapsulated PFC-1(Fig. 1c). Notably, TQC@PFC-1 dis-
plays strong absorption in the UV to NIR range (300–1400 nm), even
reaching the NIR-II region.

Given the high desirability of TQC@PFC-1 for biomedical
applications due to its absorption in the NIR-II region, we
subsequently focused on the comprehensive study and char-
acterization of TQC@PFC-1. We began by validating the CT
interaction between TTF and TCNQ through FT-IR and Raman
spectroscopic analyses of TQC@PFC-1. The FT-IR spectrum of
TCNQ exhibited a redshift of the CRN stretching vibration from
B2219 cm�1 to B2188 cm�1 in TQC@PFC-1, indicative of the
increased electron density of the conjugated planar structure of
TCNQ as a result of the CT interaction (Fig. S6, ESI†). Similarly,
the Raman spectrum of TQC@PFC-1 (Fig. S7, ESI†) showed a
downfield shift of the –CQCH bending band attributed to TCNQ
from B1205 cm�1 to B1198 cm�1 in TQC@PFC-1, signifying the
electron delocalization from TTF to TCNQ. In addition, we
conducted the XPS measurements of TQC@PFC-1. The XPS
characterization revealed a clear increase in the binding energy
of the N 1s peak and decrease in the binding energy of the S 2p1
and S 2p3 peaks, compared to TCNQ and TTF, respectively. These
results provide strong evidence of the intermolecular charge–
transfer interaction between TCNQ and TTF within TQC@PFC-1
(Fig. S8, ESI†). Besides, thermogravimetric analysis (TGA) revealed
that TQC@PFC-1, unlike PFC-1, started to undergo thermal
decomposition at B200 1C, similar to TQC (Fig. S9, ESI†).
Additionally, the nitrogen gas uptake study showed that the
encapsulation of TQC into PFC-1 significantly reduced the inner
surface area of PFC-1 (Fig. 1d). This effect may be attributed to the

occupation of the inner pore of PFC-1 by TQC. Furthermore, the
EDX mapping of TQC@PFC-1 confirmed the homogeneous dis-
tribution of TQC within PFC-1 (Fig. S10, ESI†). The fluorescence
spectra revealed that PFC-1 and TQC@PFC-1 exhibited a similar
emission peak at approximately 370 nm when excited at 320 nm
(Fig. S11, ESI†). Additionally, the stability study demonstrated that
TQC@PFC-1 could remain well-dispersed in water for several
hours, whereas TQC would precipitate within minutes. Moreover,
both TQC and TQC@PFC-1 exhibited good stability when treated
with acetone, methanol, or hydrochloric acid (Fig. S12, ESI†).

The microstructure of TQC@PFC-1 was further character-
ized using cryo-transmission electron microscopy (cryo-TEM).
In the cryo-TEM images of TQC and PFC-1, lattice planes along
the h0 0�4i direction of TQC and h1 0�3i and h0 1 1i directions
of PFC-1 were observed, respectively, as shown in Fig. S13 (ESI†).
These lattice planes were also observed in the cryo-TEM image
of TQC@PFC-1 (Fig. 1e and f), indicating the preservation of the
crystalline structure of both PFC-1 and TQC in TQC@PFC-1.
Importantly, the lattice plane corresponding to TQC was
observed to be intercalated within the ordered 1D channel-like
pores (B2 nm) of PFC-1, providing evidence for the successful
encapsulation of TQC into HOFs. Therefore, cryo-TEM imaging
confirmed the localization of TQC in the ordered one-
dimensional channel-like pores of PFC-1, which supported the
preservation of the lattice structures of TQC and PFC-1 during
the co-assembly process. This observation was consistent with
the PXRD characterization of TQC@PFC-1 (Fig. 1b).

Photothermal effect of TQC@PFC-1

The photothermal conversion of TQC@PFC-1 in the NIR-II
region was studied. Dynamic light scattering (DLS) measure-
ments of the aqueous TQC@PFC-1 solution indicate good water
dispersity with a nanoparticle size of around 250 nm in diameter
(Table S1 and Fig. S14, ESI†). The increased zeta potential of
TQC@PFC-1 might be owing to the enhanced hydrophobicity of
PFC-1 when loaded with TQC. Meanwhile, the TQC@PFC-1
solution (1 mg mL�1) shows broad absorption in the range of
500–1100 nm (Fig. S15, ESI†), indicating that the dispersion of
TQC@PFC-1 in aqueous solution has minimal effect on the CT
interaction between TTF and TCNQ. TQC@PFC-1 shows a distinct
photothermal effect in the presence of light irradiation. As shown
in Fig. 2a, the temperature of the aqueous TQC@PFC-1 solution
(1 mg mL�1) increased up to 60-fold compared to that of PFC-1
(DT E36 1C vs. DT E 0.5 1C) when both solutions were irradiated
with NIR-II light (1080 nm, 5 min, 1.5 W cm�2). Additionally, the
photothermal conversion of TQC@PFC-1 depended on its concen-
tration and the laser power applied to the solution. Increasing the
concentration of TQC@PFC-1 or the laser power both led to an
increase in solution temperature (Fig. 2b and c). The PT conversion
efficiency of TQC@PFC-1 was calculated to be 32.0%, following
reported methods16,23 (Fig. S16, ESI†), representing one of the
most efficient cocrystal-based PT conversions, particularly in the
NIR-II region.16,22,23 Furthermore, the TQC@PFC-1 solution
showed a 1.4-fold higher temperature increment than that of
TQC or physical mixture of TQC and PFC-1 under the same
concentration and irradiation time (Fig. S17, ESI†), suggesting

Fig. 1 Characterization of TQC@PFC-1. (a) SEM image of TQC@PFC-1.
(b) PXRD spectra of TQC, PFC-1 and TQC@PFC-1. (c) Solid-state UV/Vis
absorption spectra of PFC-1, TQC@PFC-1, TBC@PFC-1 and DTC@PFC-1.
(d) N2 uptake isotherms of PFC-1 and TQC@PFC-1. (e) Structural profile of
TQC@PFC-1 characterized by cryo-TEM and the fast Fourier transform
(FFT) pattern of the selected area (inset). (f) The amplified cryo-TEM image
of the selected area highlighted in the white frame in (e).
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an enhancement of the CT interaction between TTF and TCNQ
within TQC@PFC-1, which may be attributed to the increased
electron density in the cocrystals induced by the electron-rich
framework of PFC-1. Moreover, TQC@PFC-1 exhibited high
photostability, as evidenced by the minimal decrease in the
photothermal effect of TQC@PFC-1 after multiple cycles of light
irradiation (Fig. 2d).

Photothermal therapy study of TQC@PFC-1

We next sought to study the potency of TQC@PFC-1 for photo-
thermal therapy (PTT) for ablating cancer cells. Firstly, we
evaluated the stability of TQC@PFC-1 in cell culture medium
and confirmed its stability through a minimal change in the
PXRD pattern of TQC@PFC-1 before and after 24 h of incuba-
tion with Dulbecco’s modified Eagle’s medium (DMEM) for
24 h (Fig. S18, ESI†). We then studied the cytotoxicity of
TQC@PFC-1 against cancerous HeLa cells (Fig. 3a). The results
showed low cytotoxicity at the indicated concentrations to
prohibit HeLa cell growth, indicating excellent biocompatibility
of TQC@PFC-1 for PTT. To determine the delivery efficiency, we
performed a detailed cellular uptake study by treating HeLa
cells with different concentrations of TQC@PFC-1, followed by
flow cytometry analysis. We found that TQC@PFC-1 (12 mg mL�1)
was delivered to over 95% of HeLa cells after 18 hours of
incubation, and the cellular fluorescence intensity increased up
to 50-fold compared to that of untreated cells, confirming
efficient delivery of TQC@PFC-1 to HeLa cells (Fig. 3b and
Fig. S19, 20, ESI†). Furthermore, we investigated the intracellular
trafficking of TQC@PFC-1 by pre-treating HeLa cells with
TQC@PFC-1 (0.1 mg mL�1), followed by endo/lysosome staining

using LysoTracker@Red (Fig. 3c). Confocal laser scanning micro-
scopy (CLSM) imaging indicated the internalization of
TQC@PFC-1 by HeLa cells and efficient endosome escape of
TQC@PFC-1 after entering cells, with a calculated colocalization
coefficient (Pearson’s correlation coefficient) of approximately
0.41. In addition, confocal laser scanning microscopy (CLSM)
images of cells incubated with TQC@PFC-1 at various time points
further confirmed efficient endosome escape after 3 hours of
incubation (Fig. S21, ESI†).

The effectiveness of TQC@PFC-1 for photothermal therapy
(PTT) was investigated using a Calcein AM/PI co-staining assay.
Treatment with either TQC@PFC-1 (0.2 mg mL�1) or laser
irradiation (1080 nm, 1.5 W cm�2) alone did not show any
significant cytotoxic effects on HeLa cells. However, the combi-
nation of TQC@PFC-1 and NIR-II laser irradiation led to signifi-
cant cell necrosis (Fig. 4a), demonstrating the synergistic effect of
TQC@PFC-1 treatment and NIR-II laser irradiation for PTT.
Viability assays of HeLa cells receiving different treatments
indicated that neither TQC@PFC-1 incubation (0.2 mg mL�1)
nor laser irradiation (1080 nm, 1.5 W cm�2) caused significant
cell death (Fig. 4b). However, the treatment of TQC@PFC-1
followed by NIR-II laser irradiation reduced cell viability to
approximately 36% of non-treated controls. Additionally, the
PTT and antitumor effect of TQC@PFC-1 depended on its
concentration added to the cells (Fig. 4c). The cell viability was
decreased to 30% when the concentration of TQC@PFC-1 was
increased from 0.05 to 0.25 mg mL�1. Furthermore, the cell death
pathway was explored using Annexin V-FITC/PI staining assay.

Fig. 2 Photothermal study of aqueous TQC@PFC-1 solution. (a) Comparison
of the photothermal effect of PFC-1 and TQC@PFC-1 dispersed in aqueous
solution (1 mg mL�1) under 1080 nm laser irradiation (1.5 W cm�2).
(b) Photothermal conversion of TQC@PFC-1 with different concentrations
(0.25–1 mg mL�1) under 1080 nm laser irradiation (0.8 W cm�2).
(c) Photothermal conversion of TQC@PFC-1 aqueous solution (1 mg mL�1)
under 1080 nm laser irradiation with different exposure intensities (0.4–
1.5 W cm�2). (d) Photothermal stability study of TQC@PFC-1 in aqueous
solution (1 mg mL�1, 1080 nm, 0.8 W cm�2) during five cycles of heating–
cooling processes.

Fig. 3 (a) Cytotoxicity study of TQC@PFC-1 against HeLa cells. The cells
were treated with TQC@PFC-1 at indicated concentrations for 18 h,
followed by cell viability measurements using MTT assay. (b) Cellular uptake
study of TQC@PFC-1 by treating HeLa cells with different concentrations
of HOFs for 18 h, followed by flow cytometry analysis to quantify relative
fluorescence intensity of TQC@PFC-1-treated cells compared to that of
untreated cells. The fluorescent intensity was normalized to cells without
TQC@PFC-1 treatment. The data were presented as mean � SD (n = 3).
(c) CLSM images of HeLa cells incubated with 0.1 mg mL�1 TQC@PFC-1 for
18 h. The endosome/lysosome was stained by 100 nM LysoTracker@Red
before CSLM imaging. Scale bar: 20 mm.
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The results showed that cells treated with TQC@PFC-1 followed
by NIR-II laser irradiation exhibited significant cell necrosis (47%),
which could be attributed to the photothermal effect (Fig. S22,
ESI†). Importantly, we found that the PTT effect of TQC@PFC-1
was not specific to different types of cancer cells. The treatment of
either B16-F10 murine melanoma cells or 4T1 breast cancer cells
with different concentrations of TQC@PFC-1, followed by light
irradiation showed similar cell growth prohibition effects to those
observed with HeLa cells (Fig. S23 and S24, ESI†).

In vivo antitumor study of TQC@PFC-1

We evaluated the in vivo antitumor efficacy of TQC@PFC-1
through a tumor-bearing mouse xenograft. A HeLa tumor-
bearing mouse was injected with either phosphate buffer solution
(PBS) as a negative control or TQC@PFC-1, followed by NIR-II laser
irradiation. We evaluated the in vivo photothermal therapy (PTT)
effect and antitumor efficacy by comparing the tumor growth
suppression effect. As depicted in Fig. 5a, the monitoring of tumor
growth following different treatments indicates that neither laser

irradiation (1080 nm, 0.9 W cm�2, 6 min) nor TQC@PFC-1
(4.2 mg kg�1) alone exhibited an apparent tumor growth suppres-
sion effect compared to that of PBS injections. In contrast,
TQC@PFC-1 administration followed by laser irradiation sup-
pressed tumor growth by up to 90% (Fig. S25, ESI†). Histological
hematoxylin and eosin (H & E) staining of tumor tissues of mice
that received PBS or TQC@PFC-1 injections exhibited obvious
necrotic areas in TQC@PFC-1 treatment followed by laser irradia-
tion (Fig. 5c), confirming the effectiveness of TQC@PFC-1 for
in vivo photothermal cancer therapy. We monitored the weight
of mice in all four groups and observed minimal change, indicat-
ing a negligible negative effect of TQC@PFC-1 injections or laser
irradiation on mouse health (Fig. 5b). Additionally, H & E analysis
of the major organs (heart, liver, spleen, lungs, and kidneys) from
mice that received the above treatments at the end of the study
suggested minimal pathological tissue damage, indicating the
high biocompatibility of TQC@PFC-1 for antitumor study (Fig.
S26, ESI†). Lastly, liver function analysis (Fig. S27, ESI†) further
indicated the biocompatibility and minimal effect of TQC@PFC-1
on mouse health.

Conclusions

In conclusion, we report the encapsulation and stabilization of
organic CT cocrystals in nanoscale HOFs for photothermal
conversion and cancer therapy. We demonstrate that by select-
ing an appropriate electron donor–acceptor pair for assembling
CT cocrystals, we can tune the absorption of cocrystal@HOFs to
the NIR-II region for photothermal therapy in both cultured
cells and in vivo. Due to the strong CT interaction between TTF
and TCNQ in HOFs, the rationally designed TQC@PFC-1 exhi-
bits a PT conversion efficiency as high as 32%, which repre-
sents one of the most efficient cocrystal-based PT conversions,
particularly in the NIR-II region. We believe that the strategy of
self-assembly and stabilization of CT cocrystals in nanoscale
HOFs paves the way for tuning their photophysical properties

Fig. 4 (a) Calcein AM (green) and propidium iodide (red) co-staining
imaging of HeLa cells after different treatments. Cells were incubated with
TQC@PFC-1 solution (0.25 mg mL�1) for 2 h before laser irradiation. The
treated cells were incubated for 18 h before co-staining using Calcein AM/
PI Living/Dead cell double staining kit. hv represents NIR laser irradiation
(1080 nm, 1.5 W cm�2, 5 min). Scale bar: 20 mm. (b) Viability of HeLa cells
treated with 0.2 mg mL�1 PFC-1 or 0.2 mg mL�1 TQC@PFC-1 for 2 h
followed by light irradiation (1080 nm, 1.5 W cm�2) for 5 min, the treated
cells were incubated for another 18 h before the measurement of viability
using an MTT assay. (c) Viability of HeLa cells incubated with TQC@PFC-1
at different concentrations with the same treatments as described above.
The data were presented as mean � SD (n = 3).

Fig. 5 (a) Tumor growth curves of HeLa tumor-bearing mice received
different treatments as indicated. (b) Body weight change of HeLa tumor-
bearing mice after different treatments. (c) H & E analysis of tumor tissues
collected from mice received different treatments as indicated. Scale bar
200 mm. The data were presented as mean� SD (n = 5). *** represents p o
0.001.
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and interfacing cocrystals with biological settings for therapeu-
tic promise.

Experimental section
General

1,3,6,8-Tetrakis(benzoic acid)pyrene (H4TBAPy) was purchased
from Yanshen Technology Co., Ltd (Jilin, China); tetrathiafulva-
lene (TTF) was purchased from Alfa Aesar (Heysham, England);
dibenzotetrathiafulvalene (DBTTF) was purchased from Inno-
chem (Beijing, China); 1,2,4,5-tetracyanobenzene (TCNB) was
purchased from Ark Pharm (Chicago, USA); LysoTracker Red
DND-99 for endosome staining was purchased from Beyotime
(Shanghai, China); tetracyanoquinodimethane (TCNQ) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Aladdin (Shanghai, China). A calcein-AM/PI Living/
Dead cell double staining kit was purchased from Solarbio (Beijing,
China).

General characterization

Ultraviolet-visible (UV-Vis) spectra were recorded on a Lambda
1050+ spectrophotometer (PerkinElmer, USA). Fourier transform
infrared (FT-IR) spectra were measured on the TENSOR-27 spectro-
meter (Bruker, Swiss). Nitrogen gas adsorption/desorption isother-
mal curves were recorded at 77 K up to 1 bar on ASAP 2020 surface
area/pore size analyzer (Micromeritics, USA). Thermogravimetric
analysis (TGA) was performed on TGA8000 (PerkinElmer, USA).
X-Ray photoelectron spectroscopy (XPS) measurements were per-
formed using an AXIS SUPRA+ X-ray photoelectron spectrometer
equipped with a Mg Ka radiation source. Scanning electron
microscopy (SEM) was performed on a Hitachi SU8020 electron
microscope (Hitachi, Japan) at an accelerating voltage of 150 kV.
Elemental analysis was carried out on a Thermo Flash Smart
organic elemental analyzer (Thermo Scientific, USA). Zeta potential
and dynamic light scattering (DLS) analysis were obtained on a
Zetasizer Nano ZS ZEN3600 (Malvern, UK). Powder X-ray diffrac-
tion spectroscopy (PXRD) was performed using an Empyrean X-ray
diffractometer (PANalytical, Holland). Cryo-transmission electron
microscopy (Cryo-TEM) was performed using a Themis300 trans-
mission electron microscope (Thermo Scientific, USA). To prevent
structural damage by the electron beam during cryo-EM character-
ization of HOFs, the electron dose rate was set at approximately
4.5 electrons per pixel, and the total dose rate was approximately
6 electrons per Å2 for each micrograph. The Raman experiments
were conducted on a HORIBA LabRAM HR Evolution laser micro-
scopic confocal Raman spectrometer (HORIBA, France). Confocal
laser scanning microscopy (CLSM) experiments were conducted on
an OLYMPUS FV1000-IX81 instrument (Olympus, Japan). The flow
cytometric experiments were carried out with a CytoFLEX flow
cytometry system (Beckman Coulter, USA).

Synthesis of PFC-1

PFC-1 was synthesized according to a reported method.38

Briefly, H4TBAPy (10 mg, 0.015 mmol) was first dissolved in
1.5 mL of DMF, the solution was then added with 10 mL water,

followed by another 2 h of stirring. The resulted precipitate was
purified by centrifugation at 15 000 rpm for 15 min, washed with
water and ethanol twice before characterization or further use.

Synthesis of organic cocrystals

The CT cocrystals were prepared following previous reports.16,17

In a typical procedure for the synthesis of TQC, a solution of
TTF (20 mg, 94.9 mmol) dissolved in tetrahydrofuran (THF) was
added dropwise to a solution of TCNQ (19.4 mg, 94.9 mmol) in
THF. The cocrystals TQC were obtained by slow evaporation of
THF. Similarly, TBC was prepared via the self-assembly of TTF
(20 mg, 94.9 mmol) with TCNB (16.9 mg, 94.9 mmol) in THF,
DTC was self-assembled from DBTTF (28.8 mg, 94.9 mmol) and
TCNB (16.9 mg, 94.9 mmol) in acetonitrile.

Synthesis of TQC@PFC-1, TBC@PFC-1 and DTC@PFC-1

To synthesize PFC-1-encapsulated cocrystals, for instance, TQC@
PFC-1, H4TBAPy (10 mg, 0.015 mmol), TTF (3.1 mg, 0.015 mmol)
and TCNQ (3.1 mg, 0.015 mmol) were dissolved in 1.5 mL of
DMF, to the mixture was added with 10 mL water. The resulting
mixture was stirred at room temperature for 3 h in the dark.
TQC@PFC-1 was isolated by centrifugation at 15 000 rpm for 15
min, then redispersed in water and sonicated for 10 minutes.
Afterwards, the sample was isolated again by centrifugation. The
resulting precipitate was washed twice with water and ethanol
before vacuum drying. Elemental analysis of TQC@PFC-1:
4.41% N, 66.7% C, 3.86% H, 10.95% S and 14.1% O. Hence,
by conversion, the molar ratio of H4TBAPy, TTF, and TCNQ in
the TQC@PFC-1 complex was calculated to be 1.2/1/1. Similarly,
TBC@PFC-1 was self-assembled using H4TBAPy (10 mg,
0.015 mmol), TTF (3.1 mg, 0.015 mmol), and TCNB (2.7 mg,
0.015 mmol). DTC@PFC-1 was self-assembled using H4TBAPy
(10 mg, 0.015 mmol), DBTTF (4.6 mg 0.015 mmol), and TCNB
(2.7 mg 0.015 mmol).

Photothermal effect characterization of TQC@PFC-1

To evaluate the photothermal effect of TQC@PFC-1, an aqu-
eous solution of TQC@PFC-1 at different concentrations was
irradiated with 1080 nm light at the indicated power for 5 min.
Next, the solution was cooled down to room temperature. The
temperature of the solution was recorded using FLIR thermal
camera at time intervals of 30 s.

Cell culture

All cells used in this study, including HeLa, 4T1, and B16F10
cells were purchased from the Natural Infrastructure of Cell
Line (Beijing, China), and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 1C in the
presence of 5% CO2.

Cellular uptake study of TQC@PFC-1

For the cellular uptake study of TQC@PFC-1, HeLa cells were
seeded at a density of 1.5 � 104 cells in a glass bottom cell
culture dish 24 h prior to experiment. At the day of study, the
cells were incubated with TQC@PFC-1 (0.1 mg mL�1) for 18 h at
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37 1C. Next, the cells were washed with 0.1% heparin solution
twice and incubated with LysoTracker Red DND-99 (100 nM) for
15 min at 37 1C. Then, the cells were washed twice with
Dulbecco’s phosphate-buffered saline (DPBS) and imaged
using CLSM. To further quantify the uptake efficiency, HeLa
cells were seeded at a density of 2.5 � 104 cells per well in 48
well plates 24 h prior to the experiment. Then, cells were
incubated with different concentrations of TQC@PFC-1 for
18 h. At the end of incubation, the cells were washed with
DPBS twice and harvested for flow cytometry analysis.

Photothermal therapy study of TQC@PFC-1

The biocompatibility and PTT effect of TQC@PFC-1 were evaluated
by treating HeLa cells with different concentrations of TQC@PFC-1
and light irradiation, followed by a standard MTT assay to quantify
the change of cell viability. Briefly, HeLa cells were seeded in a 96-
well plate 24 h before the delivery experiment. At the day of
experiment, the cells were treated with increased concentrations
of TQC@PFC-1, followed by 5 min of light irradiation (1080 nm,
1.5 W cm�2) 2 h post-delivery. Meanwhile, the treatments of
TQC@PFC-1 without light irradiation or light irradiation of cells
alone were similarly performed as negative controls. The cells were
washed with DPBS, incubated for another 18 h with fresh cell
medium, washed with DPBS twice before cell viability measure-
ments using an MTT assay. To demonstrate the general use of
TQC@PFC-1 for PTT, 4T1 cells or B16F10 cells were similarly
treated with TQC@PFC-1 as described above.

Calcein-AM/PI assay and Annexin V-FITC/PI assay of the PTT
effect of TQC@PFC-1

Calcein-AM/PI Living/Dead staining and Annexin V-FITC/PI
staining were used to further characterize the PTT effect of
TQC@PFC-1. To this end, HeLa cells were seeded at a density of
1.5 � 104 cells in glass-bottom cell culture dish 24 h prior to the
study. At the day of experiment, the cells were treated with
TQC@PFC-1 (diluted to 0.25 mg mL�1 in cell culture media)
followed by 5 min of light irradiation (1080 nm, 1.5 W cm�2) 2 h
post delivery. Meanwhile, the treatments of TQC@PFC-1 with-
out light irradiation or light irradiation of cells alone were
similarly performed as negative controls. Subsequently, the
cells were incubated with refreshed cell culture medium for
18 h before Calcein AM/PI Living/Dead staining or Annexin
V-FITC/PI staining according to the manufacturer’s instruction
and CLSM imaging.

Photothermal therapy study of TQC@PFC-1 in vivo

The animal experiments were performed with the approval of
the Institutional Animal Care and Use Committee of the
National Center for Nanoscience and Technology, China. To
evaluate the PTT effect of TQC@PFC-1 in vivo, a HeLa-tumor
bearing mouse xenograft was generated by subcutaneously
injecting HeLa cells (4 � 106 cells) to the right back region
of four-week-old female BALB/c nude mice (purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd). The
tumor volume was calculated using a Vernier caliper using the

equation:A ¼ a� b2

2
,49 where A was the volume of tumor, a and

b are the length and width of the tumor respectively. When the
mouse tumor volume reached about 120 mm3, the mice were
subjected to four different treatments (n = 5 in each group):
(1) PBS (70 mL); (2) TQC@PFC-1 (1.3 mg mL�1, 70 mL,
B4.2 mg kg�1) alone; (3) PBS (70 mL) + hv; (4) TQC@PFC-1
(1.3 mg mL�1, 70 mL, B4.2 mg kg�1) + hv. The aforementioned
aqueous solution was intratumorally injected into the tumor on
the right side. The TQC@PFC-1 injected mice were irradiated
with 1080 nm light (0.9 W cm�2, 6 min) 2 h after injections.
Meanwhile, TQC@PFC-1 injection or light irradiation alone
was used as negative controls. Mouse body weight and tumor
volume were monitored every two day for 15 days in total. At the
end of study, all mouse major organs (heart, liver, spleen,
lungs, kidneys, and tumor) were examined by hematoxylin
and eosin (H & E) staining.
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R. Cao, Angew. Chem., Int. Ed., 2018, 57, 7691–7696.

39 B. T. Liu, X. H. Pan, D. Y. Nie, X. J. Hu, E. P. Liu and
T. F. Liu, Adv. Mater., 2020, 32, e2005912.

40 B. T. Liu, X. H. Pan, D. Y. Zhang, R. Wang, J. Y. Chen, H. R.
Fang and T. F. Liu, Angew. Chem., Int. Ed., 2021, 60,
25701–25707.

41 W. Liang, F. Carraro, M. B. Solomon, S. G. Bell,
H. Amenitsch, C. J. Sumby, N. G. White, P. Falcaro and
C. J. Doonan, J. Am. Chem. Soc., 2019, 141, 14298–14305.

42 G. Chen, S. Huang, Y. Shen, X. Kou, X. Ma, S. Huang,
Q. Tong, K. Ma, W. Chen, P. Wang, J. Shen, F. Zhu and
G. Ouyang, Chem, 2021, 7, 2722–2742.

43 G. Chen, L. Tong, S. Huang, S. Huang, F. Zhu and
G. Ouyang, Nat. Commun., 2022, 13, 4816.

44 Z. Tang, X. Li, L. Tong, H. Yang, J. Wu, X. Zhang, T. Song,
S. Huang, F. Zhu, G. Chen and G. Ouyang, Angew. Chem., Int.
Ed., 2021, 60, 23608–23613.

45 P. Wied, F. Carraro, J. M. Bolivar, C. J. Doonan, P. Falcaro and
B. Nidetzky, Angew. Chem., Int. Ed., 2022, 61, e202117345.

46 J. Tang, J. Liu, Q. Zheng, W. Li, J. Sheng, L. Mao and
M. Wang, Angew. Chem., Int. Ed., 2021, 60, 22315–22321.

47 D. Yu, H. Zhang, Z. Liu, C. Liu, X. Du, J. Ren and X. Qu,
Angew. Chem., Int. Ed., 2022, 61, e202201485.

48 H. Zhang, D. Yu, S. Liu, C. Liu, Z. Liu, J. Ren and X. Qu,
Angew. Chem., Int. Ed., 2022, 61, e202109068.

49 D. K. Roper, W. Ahn and M. Hoepfner, J. Phys. Chem. C,
2007, 111, 3636–3641.

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 1
2 

A
ug

us
t 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
/2

02
4 

11
:3

4:
02

 P
M

. 
View Article Online

https://doi.org/10.1039/d3tb01475d



