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Solvent-FreeProcess forPreparingMetal-Organic Framework
CompositesBasedonCarbon-BasedQuantumDotsandTheir
DerivativesasDrugDeliverySystems forAndrographolide
Wenndy Pantoja-Romero,[a, b] Alexis Lavín-Flores,[a, b] Gerardo Morell,[b, c]

Magaly Martínez-Ferrer,[d, e] Brad R. Weiner,[a, b] and Joaquín Coronas*[f, g]

Andrographolide (ADG) was conjugated with MIL-53(Al), ZIF-8,
carbon-based quantum dots (CBQDs) and doped carbon-based
quantum dots (D-CBQDs) using high-pressure (0.3 GPa) con-
tact. This solvent-free approach is environmentally friendly,
energy-efficient, and time-saving, resulting in ADG-MOFs-
CBQDs/D-CBQDs with physical properties comparable to those
produced by traditional liquid phase encapsulation. The result-
ing nanocomposites were characterized using SEM, XRD, TGA,
FT-IR, and 1H NMR. The results indicate that ADG was partly
encapsulated within the metal-organic framework (MOF) pores,

while another portion was bound externally to CBQD/D-CBQDs,
as evidenced by distinct drug signals in each analysis. This
green synthesis approach simplifies the conjugation process.
It significantly enhances the drug solubility, as indicated by
changes in hydrophobicity observed via 1H NMR, surpassing
the improvements achieved by ADG encapsulation within MOFs
alone. Additionally, in preliminary tests, the materials exhib-
ited significant cytotoxicity against PC3 cells compared to ADG
(25.05 ± 0.06 μg/mL) after 48 hours of exposure.

1. Introduction

The solvent-free process represents a significant environmental
challenge because it offers the potential for producing sub-
stances of interest while minimizing the generation of waste.[1,2]

Besides being a sustainable process, it offers the benefits of
short reaction times and the ability to operate at room tem-
perature with low-solubility precursors, which would otherwise
require large volumes of solvents.[3] These solvent-free processes
are achieved through grinding, milling, shearing, scratching, pol-
ishing, or rapid friction.[4] This study investigates the use of
high pressure to conjugate drugs and metal-organic frameworks
(MOFs). High pressure promotes the diffusion of drugs into
the MOF material eliminating the need for solvents.[5,6] This
solvent-free high pressure may prove superior to that based

on traditional encapsulations,[7] which rely on large amounts of
solvents.

Solvent-free approaches present numerous benefits com-
pared to conventional solvent-based methods, chiefly due to
their lower environmental footprint and greater operational
efficiency. These techniques decrease the energy usage and
streamline experimental workflows.[8] Furthermore, they often
result in faster reaction rates, better selectivity and lower over-
all costs. By eliminating solvents, these methods significantly
cut down on hazardous waste, supporting a cleaner and more
sustainable approach to chemical processes.[9]

The drug, andrographolide (ADG), a diterpene-lactone com-
pound extracted from Andrographis paniculata, is widely used
to prevent and treat cancer.[10] However, ADG has a poor water
solubility and low bioavailability, although its pharmacological
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effects are extensive, they are weak, necessitating stringent
preparation requirements.[11] Consequently, developing nanosys-
tems to enhance ADG stability, solubility, and permeability is of
critical importance.

MOFs are a class of solid crystalline porous materials com-
posed of metal ions or metallic clusters that serve as nodes
and polydentate organic ligands that link these nodes.[12] The 3D
structure of MOFs is formed through strong coordination bonds
between the metal ions and organic ligands, creating cavities
and inner surfaces occupied by counterions, guest molecules
and/or solvate molecules.[13] Additional interactions, such as
hydrogen bonds, metal–metal bonds, and π–π interactions, can
also occur and enhance the stability of MOFs.[14,15] MOFs offer
a highly adaptable platform for drug delivery, thanks to their
exceptional loading capacity, enhanced stability, bioavailability,
controlled release mechanisms, non-toxicity, and responsive-
ness to specific external stimuli.[16,17] These features make them
well-suited for personalized medicine and improving patient
outcomes. In addition, their large pore volumes allow MOFs to
either encapsulate therapeutic agents within their frameworks
or adsorb them on the surface. For targeted drug delivery, the
surface of MOF crystals can be functionalized to serve specific
purposes, such as preventing aggregation in the bloodstream
or enabling selective recognition of target sites like cancer
cells.[18]

MOFs can be separated into two main families: carboxylate
and imidazolate-type MOFS. It is worth highlighting carboxylate-
type MOFs like MIL-53(Al), which features a flexible framework,
with its internal pore size and volume capable of changing by
up to 33% in response to guest molecule adsorption or temper-
ature fluctuations.[19] Moreover, among the imidazolates, zeolitic
imidazolate framework-8 (ZIF-8) is noted for its exceptional ther-
mal and chemical stability, as well as its microporous structure,
making it suitable for large-scale industrial applications.[20]

Drug delivery systems (DDs) are technological platforms
designed to formulate and store drug molecules in appropri-
ate forms, like tablets or solutions, for administration. Many of
the DDS in use currently involve simple mixing of the drug
molecule with edible binders or compatible solvents, depend-
ing on the intended route of delivery.[21] However, these DDS
often face several challenges, including inconsistent dosing, low
bioavailability, uncontrolled drug release, reduced efficacy, and
potential toxicity.[20,22] To overcome these limitations, advanced
DDS should be capable of protecting drugs from harsh envi-
ronments, enhancing their absorption into the bloodstream and
enabling controlled release at specific target sites. In this regard,
solvent-free encapsulation methods offer significant advantages,
such as improved drug stability against degradation and poten-
tial for targeted delivery, avoiding the use of harmful solvents.[23]

Additionally, this approach can enhance drug solubility, increase
bioavailability, and support controlled release mechanisms.[24]

In our laboratory, we previously investigated the incorpo-
ration of ADG into MOF pores using a solvent-free method.[25]

However, the MOFs employed were hydrophobic, which did
not significantly improve the drug’s hydrophilicity. Despite this,
their large surface area allowed for the encapsulation of a
considerable quantity of the drug.

In this context, carbon-based quantum dots (CBQDs) and
their doped counterparts (D-CBQDs) could be utilized to cre-
ate nanocomposites with ADG. CBQDs are innovative 0D carbon
nanomaterials characterized by their small size and relatively
strong fluorescence properties. Additionally, CBQDs exhibit good
water solubility, chemical stability, resistance to photobleaching,
and ease of surface functionalization and they can be pre-
pared on a large scale.[26,27] In a previous study, some of the
current authors conjugated CBQDs and D-CBQDs with ADG,
resulting in noticeable changes in the optical and structural
properties of these nanomaterials upon interaction with the
drug. The findings indicated that conjugating the drug with
these nanoparticles significantly improved the affinity of the
former for the aqueous phase, reducing the log P (partition
coefficient in octanol/water,[28] which is a parameter used for
measuring the lipophilicity of a pharmaceutical compound) from
2.632 to 0.1117.[29] Consequently, combining MOFs with CBQDs is
expected to enhance the hydrophilicity of the composites when
combined with ADG.

The presence of ADG in the MOF-CBQD/D-CBQD nanocom-
posites was studied by scanning electron microscope (SEM),
X-ray diffraction (XRD), thermogravimetric analysis (TGA), and
Fourier transform infrared (FT-IR) spectroscopy, while their
hydrophobicity/hydrophilicity character was monitored with
nuclear magnetic resonance (NMR). Finally, to preliminary inves-
tigate the cytotoxicity of the materials, a test was performed
using human prostate cancer line cells (PC3).

2. Results and Discussion

2.1. Encapsulation of ADG Into Metal-Organic Framework
Composites Based on Carbon-Based Quantum Dots and Their
Derivatives

XRD is a qualitative method used to monitor the effective
loading and/or conjugation of drugs. When guest molecules
come into contact with the MOF, their intensity changes due
to adsorption within the MOF structure.[5,6] XRD was employed
to investigate the incorporation of ADG into nanocomposites.
Figure 1 and Figure S1 show the comparison of the XRD patterns
of the MOFs studied herein (MIL-53(Al) and ZIF-8), ADG, CBQD,
D-CBQDs, and nanocomposites at room temperature (Table 1).

Structural transitions in flexible MOFs often lead to notable
changes in lattice parameters and cell volume, as seen in the
benchmark material MIL-53(Al).[30] However, its crystalline struc-
ture remains largely unaffected under high pressure (0.32 GPa),
as demonstrated by Monteagudo et al.,[5] who examined how
pressure influences the crystallinity of several MOFs including
this one. They calculated the full width at half maximum (FWHM)
of the main diffraction peak at 12.5° (corresponding to the (110)
plane) before and after pressure exposure. Their results indicated
that MIL-53(Al) largely retained its crystallinity despite minor
variations in peak intensity, likely due to its inherent flexibil-
ity. Additionally, the high-pressure treatment reduced its BET
specific surface area from 1140 to 1016 m2/g, suggesting only
a limited impact on its microporosity. Conversely, ZIF-8 can
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Figure 1. XRD patterns of the different samples (from bottom to top, MOF,
ADG, CBQDs, D-CBQD, and nanocomposites after high-pressure
encapsulation at room temperature) corresponding to MIL-53(Al): (a) CBQD,
(b) NBQD, and (c) SBQD. Conditions for the encapsulation: room
temperature, 0.3 GPa and 1:1:1 MOF/ADG/QD weight ratio.

undergo a phase transition, which is also accompanied by a
change in the appearance of the crystal at pressures exceed-
ing 0.8 GPa (much higher than that applied here), forming a
previously unidentified phase through a cooperative rearrange-
ment of its framework, reverting upon returning to ambient

Table 1. Nanocomposites based on MOFs and CBQD/D-CBQDs coupling
with ADG.

MOF CBQD/D-CBQD Nanocomposite

MIL-53(Al) CBQD ADCBMIL

MIL-53(Al) N-CBQD[a] ADNCBMIL

MIL-53(Al) S-CBQD[b] ADSCBMIL

ZIF-8 CBQD ADCBZIF8

ZIF-8 N-CBQD[a] ADNCBZIF8

ZIF-8 S-CBQD[b] ADSCBZIF8

[a] Carbon-based quantum dots doped with nitrogen.
[b] Carbon-based quantum dots doped with sulfur.

pressure.[31] Based on these observations, these two types of
MOFs were selected to encapsulate the drug ADG.

Figure 1a shows that ADCBMIL presents XRD intensities cor-
responding to the characteristic graphite planes (002) and (100)
at 15° and 29°, respectively, along with a noticeable increase in
the ADG peak at 15° related to the plane (012). Also, Figure 1b
shows that ADNCBMIL exhibits one characteristic graphite plane
(002) at 15° and a noticeable increase in the ADG peak at 12° (100).
However, ADSCBMIL, despite showing a noticeable increase in
the ADG peak at 12° (100), like ADNCBMIL, displays all character-
istic graphite planes (002), (100) and (101) (Figure 1c). As stated
before, encapsulation in MOFs leads to a decrease in the signals
of the encapsulated drug,[5,6,32] so that if this is encapsulated in
the porous volume of the host (i.e., the MOF), not impregnat-
ing its external surface (as when conjugating with the QDs), the
guest XRD signals should not appear in the corresponding pat-
tern. It is important to note that ADG is not only adsorbed on
the MOF porosity but also conjugated with CBQDs and D-CBQDs.
This implies that some amount of the drug is encapsulated
within the pores of the MOFs, evidenced by the decrease in the
main ADG peak at 10° (002) when comparing the XRD patterns
of all nanocomposites. Additionally, some amount of the drug
appears to be impregnated outside of the pores of the MOFs,
likely conjugating with CBQDs and D-CBQDs, as demonstrated
in a previous study.[29] Moreover, new planes in the XRD pat-
terns of all nanocomposites can be attributed to polar functional
groups of ADG interacting with the external functional groups
of QDs through electrostatic, H-bonding, and/or π−π stacking
interactions.[33]

In ADCBZIF8, signs of CBQD or ADG are barely noticeable.
This suggests that neither the drug nor the CBQD is fully conju-
gated, with only the MOF undergoing any transformation (Figure
S1a). However, ADNCBZIF8 displays characteristic graphite planes
(002), (100) and (101) (Figure S1b), while ADSCBZIF8 shows
two characteristic graphite planes (002) and (100) (Figure S1c).
ADNCBZIF8 and ADSCBZIF8 exhibit a significant reduction in the
ADG peak at 12° (100). The reduction of the intensities corre-
sponding to ZIF-8 in its nanocomposites can be attributed to the
drug adsorption in the MOF pores and some interaction with the
D-CBQDs. It is worth noting that the pressure itself appears to
affect the crystal pattern of ADG, enhancing the ADG peak inten-
sity at around 12.0° as compared to the other intensities. This
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may be due to crystal modifications resulting from high-pressure
exposure, a phenomenon seen in some drugs that can lead to
new crystal habits, metastable polymorphic forms, or a reduc-
tion in the degree of crystallinity.[34,35] Despite these changes,
the encapsulated drug retains its characteristic peaks, with the
2-theta values remaining unaffected by pressure.

Thermal stabilization of ADG after conjugation, related to its
adsorption on the MOF porosity and coupling with CBQD and
D-CBQDs, was observed through TGA (Figures S2 and S3). MIL-
53(Al) shows a low-temperature loss of adsorbed water within
the pores, while the higher temperature step corresponds to the
decomposition of the terephthalate ligand from the MOF frame-
work. ADG exhibited an initial 2.1% weight loss between 120 °C
and 147 °C due to the evaporation of bound water.

The major weight loss of 80.4% occurred between 253 °C
and 438 °C, attributed to the decomposition of ADG (since its
boiling point is at ca. 557 °C) and disruption and degradation
of chemical bonds in the remains at above 438 °C, leaving an
undetectable residue.[36,37] Figure S2a shows that in the first stage
(0–150 °C), CBQD experienced a 16.4% weight decrease, likely due
to the evaporation of adsorbed water and small molecules con-
nected via weak hydrogen bonds in the samples. In the second
stage (150–250 °C), a 13.0% weight loss likely corresponds to the
degradation of carboxyl groups (─COOH). The final decompo-
sition step occurred at 350–700 °C, likely due to the depletion
of residual carbons under high temperatures.[38] ADCBMIL dis-
plays, in the first stage (around 200 °C), the loss of the solvent
contained in the samples. The second stage (300–400 °C) can be
attributed to the initial losses of ADG and CBQD. The third stage
(400–500 °C) is due to the loss of oxygen and hydroxyl groups
from ADG and CBQD. Finally, above 500 °C, residues of CBQD
and MIL-53(Al) are present, likely in the form of Al2O3. Figure
S2b shows that in the first stage (0–150 °C), NCBQD involved the
removal of hydroxyl, carboxyl and amide groups.[39] In the sec-
ond stage (150–250 °C), there was a 14.0% weight loss. During the
third stage (250–350 °C), a 16.0% weight loss occurred, possibly
due to the gradual decomposition of other organic functional
groups (─OH) and the elimination of phenyl groups.[40]

The final decomposition step, which occurred at 350–700 °C,
likely resulted from the depletion of residual carbons under high
temperatures and the elimination of pyridine and pyrrolidine
groups in NCBQD, resulting in a total weight loss of ca. 8.0%.
ADNCBMIL, in the first stage (0–150 °C), shows the loss of the sol-
vent contained in the samples. The second stage (150–250 °C) can
be attributed to initial losses of ADG. The third stage (250–400 °C)
involves the loss of ADG and NCBQD. The fourth stage (400–
550 °C) is due to the loss of oxygen and hydroxyl groups from
ADG, NCBQD, and MIL-53(Al). Figure S2c shows that in SCBQD,
a weight loss of 6.3% was observed at 0–100 °C, likely due to
the evaporation of adsorbed water. At 120–400 °C, a significant
weight loss of 90.0% occurred, indicating the elimination of sul-
fur, thus confirming the sulfur content in SCBQD.[41] ADSCMIL
displays, in the first stage (0–100 °C), the loss of the solvent con-
tained in the samples. The second stage (100–250 °C) can be
attributed to initial losses of SCBQD, indicating the evaporation
of sulfur. The third stage (250–550 °C) can be attributed to losses
corresponding to the remaining amount of ADG. The last stage

(above 550 °C) is due to the loss of oxygen and hydroxyls in
SCBQD and MIL-53(Al) and final decomposition of the remains.

ZIF-8 has a small weight loss in the temperature range
of 100–400 °C, indicating that ZIF-8 was stable up to 400 °C.
The major weight loss of ZIF-8 takes place in the range of
450–600 °C and can be ascribed to the decomposition of the 2-
methylimidazolate ligand (Figure S3a,b, and c). In the TGA curves
for ADCBZIF, the first stage of weight loss is due to the evap-
oration of adsorbed water and small molecules connected via
weak hydrogen bonds in the samples. ZIF-8 is hydrophobic, thus,
the water interaction is due to the presence of the QDs in the
nanocomposites. The second stage (180–400 °C) is due to the
losses of ADG and CBQD, as well as the loss of oxygen and
hydroxyl groups. In the last stage (450–550 °C), residues of CBQD
and ZIF-8 are present (Figure S3a). ADNCBZIF, in the first stage
(0–150 °C), shows the loss of the solvent contained in the sam-
ples. The second stage (150–400 °C) can be attributed to initial
losses of ADG and NCBQD. The third stage (400–550 °C) is due to
the loss of oxygen and hydroxyl groups from ADG and NCBQD
and final decomposition of the remains (Figure S3b). ADSCZIF
displays, in the first stage (0–100 °C), the loss of the solvent con-
tained in the samples. The second stage (100–250 °C) can be
attributed to initial losses of SCBQD, indicating the evaporation
of sulfur. The third stage (250–550 °C) can be attributed to initial
losses of ADG. The last stage (above 550 °C) can be described as
well as done above (Figure S3c).

SEM has been used to analyze the shape and structure of
nanocomposites. The morphology studies of ADCBMIL, ADNCB-
MIL, and ADSCBMIL revealed that they were homogeneous and
irregular in shape (Figure 2a,c, and e). EDS analysis confirmed
the presence of carbon, oxygen, and aluminum (from MOF) in
all nanocomposites, while the presence of sulfur was specifically
detected in ADSCBMIL (Figure 2b,d, and f). Notably, the doped
nanocomposites exhibited a more dispersed shape, likely due
to the larger size of nitrogen and sulfur atoms compared to
carbon.[29] ADCBZIF and ADSCBZIF (Figure S4a and c) displayed
a more homogeneous and regular shape compared to ADSCBZIF
(Figure S4e). EDS analysis confirmed the presence of carbon, oxy-
gen, and zinc (from MOF) in all nanocomposites, while nitrogen
and sulfur atoms were specifically identified in ADNCBZIF and
ADSCBZIF, respectively (Figure S4b,d, and f).

Both MOFs and CBQDs/D-CBQD exhibit high crystallinity, as
demonstrated by XRD characterization, making them suitable for
the encapsulation/conjugation of ADG at high pressure. Changes
in crystal sizes can be attributed to pressure and different
compositions of the nanocomposites.

FTIR measurements were conducted to identify the struc-
tural changes in the materials obtained from the conjugation of
ADG, MOFs, and CBQDs/D-CBQD. Figure 3 compares ADG, MIL-
53(Al), and ADG-CBQD/D-CBQD subject to high pressure at room
temperature. ADCBMIL displays peaks at 3500, 3300, 1608, and
1512 cm−1, corresponding to the C─H, O─H, asymmetric COO
group, symmetric stretching of the ─COO group, O─H for pri-
mary and secondary alcoholic functions, associated with CBQD.
Peaks at 1220 cm−1 are attributed to the presence of the C─O─C
of the lactone ring of ADG (Figure 3a). ADNCBMIL shows peaks
at 1458 and 1220 cm−1, also due to the C─O─C in the lactone
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Figure 2. SEM images and EDS analyses of (a,b) ADCBMIL, (c,d) ADNCBMIL, and (e,f ) ADSCBMIL. Conditions for the encapsulation: room temperature,
0.3 GPa and 1:1:1 MOF/ADG/QD weight ratio.

ring of ADG (Figure 3b). ADSCBMIL exhibits few signals indica-
tive of both SCBQD and ADG. However, it is notable that peaks
at 1043 and 875 cm−1 correspond to the C─O─C groups in the
lactone ring, which is present in the molecular structure of ADG
(Figure 3c). These samples exhibit shifts in the C═O band of the
conjugated samples compared to bare ADG (1727 cm−1), con-
firming that the chemical bonds in the ADG molecules remain
unchanged, whether encapsulated in the MOF microporosity or
coupled with CBQD/DCBQD. This observation is consistent with
the formation of a hydrogen bond between the carboxylic group
of MIL-53(Al) and the hydroxyl group of ADG.

NMR is a well-established technique for investigating var-
ious types of porous materials. NMR has been successfully
employed to characterize the structure of these materials and
study host-guest interactions in MOFs.[42–44] In this study, 1H
NMR was utilized to explore the interactions between ADG,
CBQD/D-CBQDs, and MOFs.

The observed signals in the 1H NMR, when comparing
CBQDs/D-CBQDs, MIL-53(Al), and ADG with those of the
nanocomposites, confirmed the conjugation of these mate-
rials. For ADCBMIL, signals were observed at 7.81 and 6.53 ppm,
corresponding to the aromatic protons of MIL-53(Al) and
CBQD, respectively. Signals at 3.28–3.04 ppm were attributed
to protons present in ADG. Additionally, shifts were noted
around 2.44–2.62 ppm when compared with CBQD (Figure 4).
Similarly, ADNCBMIL (Figure S5) showed signals at 7.81 and
6.53 ppm corresponding to the aromatic protons of MIL-53(Al)
and NCBQD, respectively. Shifts around 2.44–2.62 ppm were
again observed when compared with NCBQD (Figure S6). For
ADSCBMIL (Figure S7), a signal at 7.81 ppm was observed, corre-
sponding to the aromatics protons of MIL-53(Al), while the signal
at 6.53 ppm corresponds to the vinylic protons of ADG. Shifts
were noted around 2.44–2.62 ppm when compared with SCBQD
(Figure S8).
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Figure 3. FT-IR of the different samples from bottom to top, ADG,
MIL-53(Al), and ADG-CBQD/D-CBQD: (a) CBQD, (b) NBQDs, and (c) SBQDs.
Conditions for the encapsulation: room temperature, 0.3 GPa, and 1:1:1
MOF/QD/ADG weight ratio.

Figure 4. 1H NMR spectra comparison of the different samples from
bottom to top, ADCBMIL, CBQD, ADG, and MIL-53(Al). Conditions for the
encapsulation: room temperature, 0.3 GPa, and 1:1:1 MOF/QD/ADG weight
ratio.

Conversely, ADCBZIF exhibits signals at 6.96 and 6.50 ppm,
corresponding to the allylic protons of ZIF-8 and CBQD, respec-
tively. Additionally, methylene protons of ZIF-8 at 2.42 ppm were
observed. Signals at 1.10, 3.37, and 4.0 ppm were observed corre-
sponding to ADG (Figure S9). Similarly, ADNCBZIF and ADSCBZIF
exhibit signals at 6.96 and 6.50 ppm, corresponding to the allylic
protons of ZIF-8, NCBQD/SCBQD, respectively. Shifts around
2.44–2.62 ppm were noted when compared with NCBQD and
SCBQD (Figures S10 and S11).

2.2. Partition Coefficient and General Solubility Equation
(GSE) Studies

The hydrophobic and hydrophilic properties, expressed in terms
of log P, were examined for all nanocomposites conjugated
with ADG. Given that ADG is insoluble in water, the synthe-
sized nanocomposites are expected to enhance its solubility for
effective delivery to cancerous cells. The log P values indicate
the compound nature: hydrophilicity (ranging from 0 to −2),
hydrophobicity (ranging from 0 to 2) and amphiphilic (0).[45]

Log P results obtained using 1H NMR with D2O at a neutral
pH as the aqueous phase showed that by conjugating ADG with
CBQDs/D-CBQDs and MOFs, the hydrophilicity improved notably
(Figure 5) compared to being encapsulated only in the pores of
the MOFs previously (i.e., with not QDs, see Table S1).

ADCBMIL showed the greatest improvement in solubiliz-
ing ADG, followed by ADSCBMIL, and finally ADNCBMIL. The
variations in performance between the doped and undoped
nanocomposites are attributed to differences in surface defects,
as previously demonstrated in the coupling of ADG with
CBQDs/DCBQDs.[29] It is important to note that the hydropho-
bicity of MOFs is characterized by their contact angles with
water (WCA).[46,47] MIL-53(Al), for instance, is slightly hydrophilic
due to a free ─OH group linked to aluminum and has a con-
tact angle of 86°,[48] which results in lower hydrophilicity of the
ADG when conjugated with this MOF compared to ZIF-8, which

Chem. Eur. J. 2025, 0, e202500655 (6 of 10) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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Figure 5. Histograms for log P tests by 1H NMR method for
MOFs/CBQD-DCBQDs/ADG nanocomposites.

Table 2. Results for GSE calculations of ADG/CBQD/D-CBQDs/MOFs
nanocomposites.

Material Log P Sw [μg/mL]

Ratio
[Sw MOFs-ADG-CBQDs/
Sw ADG]

ADG 1.106 22.5[39] N/A

ADCBMIL 0.381 4006 178

ADNCBMIL 0.535 2812 125

ADSCBMIL 0.451 3414 152

ADCBZIF 0.783 1590 71

ADNCBZIF 0.504 3023 134

ADSCBZIF 0.429 3593 160

has a contact angle of 142°.[49] Consequently, ADCBZIF showed
less improvement in solubilizing ADG than ADCBMIL. Similarly,
ADSCBZIF and ADNCBZIF follow the same solubility trend as
ADSCBMIL and ADNCBMIL (Figure 5). Despite this, the log P value
of ADG, originally 1.106 ± 0.018, improved in all nanocompos-
ites when conjugated. Furthermore, the hypothesis of enhancing
solubility by adding CBQDs/D-CBQDs to the MOFs previously
studied with ADG was successfully validated.

GSE is a dependable approach for estimating the molar
aqueous solubility (Sw) of nonelectrolytes,[50] providing insight
into potential solubility trends. Table 2 presents GSE results
for estimating the water solubility of MOFs/CBQD-DCBQDs/ADG
nanocomposites. It can be noted that there was a significant
increase in the solubility of ADG conjugated in the nanocom-
posites compared to the ADG Sw using its log P from literature
for the GSE.[51] To calculate the LogP and GSE, Equations (S1)–
(S3) found in the supporting information were used. The ratio
(last column of Table 2) is the relative size of two quantities
expressed as the quotient of one divided by the other, that is, the
solubility of a given composite material (Sw) compared to that
of the drug (Sw = 22.5 μg/mL). These findings align with those
observed in log P measurements and can be explained by the

Figure 6. IC50 curves for MIL-53(Al) (blue line), ADG (red line) and
ADGMIL-53 (green line) using PC3 cell line at 48 h of treatment.

combination of ADG/MOFs with CBQDs/DCBQDs. The excellent
solubility of CBQDs/DCBQDs facilitates the formation of soluble
nanocomposites through π−π interactions. The inherent pres-
ence of polar residues on the CBQDs/DCBQDs surface provides
them with good solubility in water, which is particularly useful
for applications in nanobiology or nanomedicine,[52] especially
for hydrophobic drugs like ADG.

3. Cytotoxicity Assays

Preliminary cytotoxicity tests of the MOFs, the loaded MOFs and
AGD were performed at 48 h of treatment using cell line PC3
corresponding to human prostate cancer (Figures 6 and S12).
The cell line PC3, androgen-independent grade IV adenocarci-
noma, produces prostate-specific antigen (PSA) but does not
express an androgen receptor (AR).[53,54] Notably, ZIF-8 (Figure
S12) had a lower IC50 compared to MIL-53(Al) (Figure 6), which
can be attributed to its composition of zinc clusters connected
to the imidazolate linkers through coordination bonding, poten-
tially leading to accumulation in the body depending on the
metal concentration.[55] Cancer cells naturally have higher lev-
els of reactive oxygen species (ROS) than normal cells due to
their role in tumor development.[56] ROS are chemically reac-
tive molecules that contain oxygen and are produced in living
organisms. The influence of ZIF-8 concentrations on cell via-
bility may be attributed to the release of Zn2+ into the cell
media, which induces ROS generation and activation of apopto-
sis pathways.[57–59] The ROS generation plays an important role in
the proliferation and survival of cells, as has been reported.[60–62]

However, since the current study did not evaluate the release
of Zn ions into the cell media, the findings should be judged
with caution and further study needs to be done to examine the
toxicity mechanisms of ZIF-8.

Conversely, as hypothesized, the encapsulated MOFs demon-
strated significantly better performance in cytotoxicity compared
to MOFs alone or ADG (22.03 ± 0.09 μg/mL) itself. The IC50

values for each compound were 1.61 ± 0.006 μg/mL for ADGMIL-
53 (Figure 6) and 4.01 ± 0.02 μg/mL for ADGZIF-8 (Figure S12).
ADG encapsulated in the ADGMIL-53 exhibited a much steeper
response compared to its encapsulation in ZIF-8, indicating
greater drug sensitivity and response. The release profile of

Chem. Eur. J. 2025, 0, e202500655 (7 of 10) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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drugs encapsulated in nanocarriers is a critical aspect to con-
sider. The data suggest that the release dynamics of the drug
from ZIF-8 might have contributed to the slow reduction in cyto-
toxicity compared to ZIF-8 alone. In contrast, MIL-53(Al) showed a
high percentage of initial ADG released (about 80%) at 37 °C after
30 h, suggesting a strong ADG − MIL-53(Al) affinity as previously
reported in our laboratory.[25]

4. Conclusion

ADG/MOFs/CBQDS-DCBQDs were successfully synthesized using
a solvent-free method under high pressure. Characterization
through XRD patterns, TGA curves, UV–vis, FT-IR, SEM, and solid-
state 1H NMR spectra confirmed the effective conjugation of
all components. The results indicated that ADG was partially
encapsulated within the MOF pores, while another portion was
bound externally to CBQD/DCBQDs, as evidenced by distinct
drug signals in each analysis. MOFs and loaded MOFs exhibited
cytotoxic effects against cancer cells. Among them, ZIF-8 showed
a lower IC50 compared to MIL-53(Al), likely due to its structure of
zinc clusters coordinated with imidazolates, which facilitate the
release of Zn2+ ions into the cell medium promoting the gener-
ation of ROS. It is crucial to conduct cytotoxicity studies on the
nanocomposites comprising MOFs, CBQDs, and D-CBQDs com-
bined with ADG in PC3 type cells, followed by evaluations in
normal human prostate cells.

Finally, this green synthesis approach simplified the conju-
gation process and significantly enhanced the drug solubility,
as indicated by changes in hydrophobicity observed via 1H
NMR, surpassing ADG encapsulation within MOFs. The conju-
gated nanosystem opens up new avenues for more effective
therapeutic applications of ADG.

5. Experimental Section

Synthesis of MIL-53(Al): Following a previous report for the syn-
thesis of MIL-53(Al),[63] 5.2 g (13.9 mmol) of aluminum nitrate non-
ahydrate (Sigma Aldrich, 98%) and 1.12 g (6.7 mmol) of terephthalic
acid (Sigma Aldrich, 98%) were dissolved in 20 mL of distilled water
and placed in a Teflon-lined steel autoclave for 3 days at 220 °C. The
product was recovered by centrifugation at 10,000 rpm for 10 min,
washed once with ethanol by centrifugation under the same con-
ditions and dried overnight at 65 °C. The solid was activated by
calcination at 380 °C for 24 h.

Synthesis of ZIF-8: To obtain ZIF-8,[64] two different solutions were
prepared. First, 2.93 g (9.87 mmol) of zinc nitrate hexahydrate (Sigma
Aldrich, 98%) was dissolved in 200 mL of methanol in a spherical
flask. Secondly, 6.489 g of 2-methylimidazole (79.04 mmol) in 200 mL
of MeOH was prepared in parallel. The former solution was then
added to the latter and stirred at room temperature for 30 min.
The product was centrifuged at 8,000 rpm for 15 min and washed
twice with 50 mL of fresh MeOH. The final product was then dried
overnight at either room temperature or 70 °C.

Conjugation of ADG with MIL-53(Al), ZIF-8, CBQD, and D-CBQD:
The conjugation was carried out using a high-pressure technique.[65]

Equal weights (75 mg each) of CBQD or D-CBQD (NCBQD and
SCBQD), MOFs (ZIF-8 or MIL-53(Al)), and ADG (1:1:1 weight ratio)
were combined and thoroughly mixed by hand-shaking in a vial for
1 min. The resulting mixture was transferred to a metal cylinder of a
hydraulic press (YLJ 15T, MTI Corporation) and maintained at room
temperature. The press was used to compact the mixture under a
pressure of 0.3 GPa for 15 min using a metal piston.

Cytotoxicity studies in PC3 cancer cells: Human androgen-
independent prostate cancer cells PC3 were purchased from
American Type Culture Collection (ATCC), (Manassas, VA, USA),
CRL-1435. This product is intended for laboratory research use only.

Cell culture: PC3 cells were incubated at 37 °C in a humidified
atmosphere with 5% CO2 using media containing either 0.05%
Trypsin–0.53 mM EDTA solution diluted 1:1 with D-PBS, 0.1% Soy-
bean Trypsin Inhibitor, or 2% fetal bovine serum (FBS) in D-PBS. Cell
passaging was conducted weekly when cultures reached 80%–90%
confluency. The media was refreshed twice per week.

Cell seeding: PC3 cells were seeded into 96-well plates at a den-
sity of 7.0 × 104 cells/mL. The plates were incubated at 37 °C in a
humidified environment containing 5% CO2 for 24 h. Three replicate
96-well plates were prepared for each time point (48 h).

Cell treatments: To determine the IC5n values, two-fold serial dilu-
tions of MIL-53(Al), ZIF-8 (0–125 μg/mL), ADGMIL-53, ADGZIF-8 (0–
125 μg/mL), and ADG (0–500 μg/mL) were prepared. Treatments
were applied after 24 h of initial cell incubation. All treatments were
administered 24 h after cell seeding. For each well, 100 μL of the
prepared solution was added and cells were incubated with the
treatments for 48 h to determine the IC5n values. The control group
received only culture media (RPMI or F-12 supplemented with 1%
Pen-Strep). All experiments were conducted in triplicate.

MTS assay: Cell proliferation was assessed after 48 h of treat-
ment using the MTS assay. An MTS solution in RPMI was prepared
according to the number of 96-well plates to be processed. After
treatment, the media was removed from all wells and 100 μL of
the MTS solution was added to each well. Plates were incubated
for 4 h at 37 °C. Fluorescence was measured at an excitation wave-
length of 560 nm and an emission maximum (λmax) of 590 nm.
Cell viability was expressed as a percentage relative to the control
group (set at 100%) and compared across cells treated with material
solutions.

Statistical analyses were performed using the R open-source
environment. Dose–response relationships were evaluated with the
typical dose–response curve package, treating blank samples as
having a dose of 0 μg/mL. IC5n values were calculated from the
fitted curve parameters.

Supporting Information

Supporting information about experimental details (including
the legal disclaimers done by the seller of the cancer cells)
and additional XRD, TGA, SEM, NMR and IC50 results. The
authors have cited additional references within the Supporting
Information.[28,50,66]
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