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Large Language Model-Assisted Genotoxic Metal-Phenolic
Nanoplatform for Osteosarcoma Therapy

Qingxin Fan, Yunxiang He, Jialing Liu, Qinling Liu, Yue Wu, Yuxing Chen, Qingyu Dou,
Jing Shi, Qingquan Kong, Yunsheng Ou,* and Junling Guo*

Osteosarcoma, a leading primary bone malignancy in children and
adolescents, is associated with a poor prognosis and a low global fertility rate.
A large language model-assisted phenolic network (LLMPN) platform is
demonstrated that integrates the large language model (LLM) GPT-4 into the
design of multifunctional metal-phenolic network materials. Fine-tuned GPT-4
identified gossypol as a phenolic compound with superior efficacy against
osteosarcoma after evaluating across a library of 60 polyphenols based on the
correlation between experimental anti-osteosarcoma activity and multiplexed
chemical properties of polyphenols. Subsequently, gossypol is then
self-assembled into Cu2+-gossypol nanocomplexes with a hyaluronic acid
surface modification (CuGOS NPs). CuGOS NPs has demonstrated the ability
to induce genetic alterations and cell death in osteosarcoma cells, offering
significant therapeutic benefits for primary osteosarcoma tumors and
reducing metastasis without adverse effects on major organs or the genital
system. This work presents an LLM-driven approach for engineering
metal-organic nanoplatform and broadening applications by harnessing the
capabilities of LLMs, thereby improving the feasibility and efficiency of
research activities.
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1. Introduction

Osteosarcoma is one of the most common
primary bone malignancies, with almost
half of all new cases occurring in children
and young adults.[1] Almost all patients are
considered to have subclinical micrometas-
tases at the time of diagnosis, and the 3-year
survival rate for patients with osteosarcoma
who develop pulmonary metastases is only
30%.[2] Despite the never-ending research
targeting therapeutic strategies for osteosar-
coma, the overall prognosis for osteosar-
coma has remained largely unchanged
for over four decades.[2a] Therefore, the
research for new therapeutic approaches
for osteosarcoma is of great significance.

Natural polyphenols, ubiquitous in
plants and other organisms, are promising
versatile “green” building blocks for engi-
neering multifunctional materials, owing
to their diverse chemical and biological
attributes.[3] These compounds have drawn
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substantial attention for their therapeutic potential in anti-
inflammatory, antioxidant, and anti-tumor applications.[4]

Notably, polyphenols such as quercetin, epigallocatechin gallate
(EGCG), resveratrol, naringenin, tannic acid, and curcumin
have shown significant activity against osteosarcoma.[5] How-
ever, the anti-tumor efficacy of these polyphenols is relatively
modest, coupled with a narrow safety window, which limits
their translation into clinical applications. Moreover, the manual
experimental screening of a large library of natural polyphenols
is often laborious and time-consuming, hindered by the need to
assess the chemical and biological properties of polyphenols for
both material development and clinical outcomes. Consequently,
there is an urgent need to develop a cost-efficiency approach to
develop a more potent and specific anti-osteosarcoma polyphe-
nolic nanoplatform with enhanced therapeutic effectiveness.

With the rapid advancement of artificial intelligence (AI), its
potential applications in drug discovery and screening have ex-
panded tremendously.[6] While traditional AI has been instru-
mental in the evolution of drug screening, significant areas for
improvement remain, such as poor natural language processing
capabilities, limited contextual understanding, and great chal-
lenges in integrating multidisciplinary knowledge. These sys-
tems often require structured data inputs and face scalability is-
sues, rendering them less efficient in the dynamic and complex
field of therapy development. In contrast, advanced large lan-
guage models (LLMs) like GPT-4 (OpenAI) represent a substan-
tial leap forward. GPT-4′s proficiency in integrating information
across disciplines and offering intuitive interfaces makes infor-
mation more accessible. Moreover, its adaptability and capabil-
ity for precise customization for therapeutic screening tasks en-
hance both scalability and operational efficiency.[7] This positions
GPT-4 as an instrumental tool in overcoming the constraints of
traditional AI, revolutionizing nanotherapeutic discovery and de-
velopment processes.

Herein, we developed a large language model-assisted phe-
nolic network (LLMPN) nanoplatform utilizing GPT-4 for the
targeted screening of phenolic building blocks aimed at the in-
hibition of osteosarcoma progression. Specifically, GPT-4 offers
cost-efficiency and seamless integration into existing experimen-
tal processes to generate the correlation between experimental
anti-osteosarcoma activity and multiplexed molecular features of
polyphenols. Then, multiple correlations indicated that gossy-
pol might have excellent anti-osteosarcoma activity from a pool
of 60 polyphenol candidates. In vitro experiments further con-
firmed the efficient inhibition ability of gossypol against os-

J. Shi, Q. Kong
Section of Science and Education
Hospital of Chengdu Office of People’s Government of Tibetan
Autonomous Region (Hospital.C.T.)
Chengdu, Sichuan 610041, China
J. Guo
State Key Laboratory of Polymer Materials Engineering
Sichuan University
Chengdu, Sichuan 610065, China
J. Guo
Departments of Chemical, Biological Engineering
The University of British Columbia
Vancouver, BC V6T1Z4, Canada

teosarcoma cells (Figure 1A–C). However, we found that the ex-
tremely poor water solubility of gossypol raised our concerns
about its performance in clinical applications. Coordination be-
tween metal ions and polyphenols is a stable and straightfor-
ward strategy for nanomaterial self-assembly. Given considera-
tions of metal valence, biological safety, and efficient yet unique
mechanisms of cytotoxicity, we selected copper ions (Cu2+) as the
cation component in the metal-phenolic network (MPN), coor-
dinating with the phenolic hydroxyl groups in gossypol to form
assembled Cu2+-gossypol nanocomplexes (Pre-CuGOS NPs).[8]

Subsequently, the Pre-CuGOS NPs were surface-modified with
hyaluronic acid (HA), thereby enhancing the stability and target-
ing of the nanoplatform (referred to as CuGOS NPs).[9]

We demonstrated that CuGOS NPs are preferentially internal-
ized by osteosarcoma cells due to the enhanced retention effect
and their interaction with HA-CD44. This cellular internalization
leads to the release of gossypol and Cu2+ ions within the acidic
lysosomal environment, effectively disrupting the genetic mech-
anisms of the osteosarcoma cells and leading to the genotoxic
cell death (Figure 1D). In an orthotopic osteosarcoma model,
CuGOS NPs showed remarkable therapeutic effects on primary
osteosarcoma tumors and inhibition of metastasis with no ad-
verse effects on main organs, including kidneys, lungs, genital
system, and liver. This study not only demonstrates the integra-
tion of LLM into the design of new metal–organic nanoplatform,
but also showcases the potential of AI for broadened biomedical
applications, thereby significantly enhancing the practicality and
efficiency of research initiatives.

2. Results and Discussion

2.1. Rational Prediction of Anti-Osteosarcoma Polyphenols

Nine structurally representative polyphenols were used to treat
K7M2 cells to test their anti-osteosarcoma activity by cell count-
ing kit-8 (CCK-8) assay (Figure 2A). GPT-4 was used as a founda-
tional AI model to correlate with the half maximal inhibitory con-
centration (IC50) (Figure 2B). IUPAC name is a nomenclature
that contains information about the basic molecular structure of
chemical molecules. The IC50 values and IUPAC names were in-
putted to allow GPT-4 to self-tune and analyze the chemical fea-
tures associated with the anti-osteosarcoma activity. The results
of GPT-4 concluded that the IC50 values of the polyphenols were
associated with the multiplexed properties of polyphenols, in-
cluding chemical structures of Gallate Groups, Binding Affinity,
Methoxy Groups, Solubility, Molecular Size and Shape, Phenyl
Rings, Electronic Properties, Reactivity, Hydroxy Groups, Stabil-
ity, and Chromen Structure Groups parameters. After adding the
multi-dimensional values of these parameters, GPT-4 was fur-
ther developed to perform linear correlation analysis between
these parameter values and the corresponding IC50 values. The
results showed that the IC50 values had strong negative corre-
lations with solubility (XLogP3-AA value, r = − 0.571), Hydroxy
Groups (Phenolic Hydroxyl Number, r = − 0.538), and Phenyl
Rings (Benzene Ring Number, r = − 0.504) (Figure 2C). The re-
sults of the correlation analysis between XLogP3-AA, Phenolic
Hydroxyl Number, and Benzene Ring Number suggest that we
can make a preliminary judgment on the polyphenol structure’s
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Figure 1. Schematic illustration of LLM-assisted screening of phenolic building blocks and engineering gossypol-based metal-phenolic nanoparticles
(CuGOS NPs) for treating osteosarcoma. A) Obtained absorbance data of various polyphenol treated K7M2 cells and collected International Union
of Pure and Applied Chemistry (IUPAC) name of various polyphenols. B) GPT-4 was used as an LLM model to find the correlation between anti-
osteosarcoma activity and chemical feature. C) Validated correlations and built functions, predicted potential excellent anti-osteosarcoma activity of
gossypol from polyphenol library using multiple functions. D) Construction of CuGOS NPs and validation of its anti-osteosarcoma effect and mechanism.
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Figure 2. Fine tuning of GPT-4 and assisted screening process for anti-osteosarcoma based on a molecular pool of polyphenols. A) The IC50 values
of various polyphenols to inhibit K7M2 cells were obtained by CCK-8 assay and GPT-4. B) The effect of various polyphenols on osteosarcoma cells was
tested by CCK-8 assay (n = 3). The calculation method of IC50: 1) Averaging three independent inhibition rates; 2) Fitting the averaged inhibition rates
for each concentration; 3) Calculating the IC50 value. C) GPT-4 was used to predict the possible relationship between the anti-osteosarcoma activity of
polyphenols (IC50 value) and the chemical structure (IUPAC name) and to construct correlation functions. D) The IC50 values of the polyphenols in the
library were calculated according to the correlation functions, and gossypol was filtered by the intersection of the results of multiple function calculations.
E) Validation of anti-osteosarcoma activity of gossypol using K7M2, MG63, and MC3T3-E1 cells. Data were presented as mean ± SD (n = 3).

anti-osteosarcoma activity by analyzing the number of Benzene
Ring Numbers in it (Figure S1A–C, Supporting Information).

Due to the absence of a dedicated polyphenol database, ob-
taining the structural parameters for polyphenols has proven to
be quite challenging. We were able to gather data on only 60
polyphenols from over 10000 reports. For the remaining com-
pounds, we conducted individual searches in PubChem and
manually extracted the necessary structural parameters. The
IC50 values of the polyphenols were further calculated using the

correlation function formulae based on the XLogP3-AA value,
the Phenolic Hydroxide Number, and the Benzene Ring Num-
ber. The polyphenols with the lowest IC50 values (10%) were se-
lected as pooling elements. Ultimately, all three functions pre-
dicted that gossypol might have excellent anti-osteosarcoma ac-
tivity (Figure 2D). Specifically, gossypol is a natural compound
found in the cotton plant with favorable antiviral, antipara-
sitic, antioxidant, and anticancer activities.[10] However, the per-
formance in anti-osteosarcoma activity has not been reported.
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Interestingly, we determined the antitumor activity of gossypol
using in vitro experiments, and the IC50 of gossypol was only 6.5
μm for MG63 cells and 7.7 μm for K7M2 cells. Notably, the IC50 of
gossypol for the osteoblast cell line MC3T3-E1 was 22.4 μm, sig-
nificantly higher than that of the osteosarcoma cells, suggested
that gossypol has a specific inhibition effect (Figure 2E).

2.2. Fabrication and Characterization of CuGOS NPs

The water solubility of compounds plays a crucial role in the
clinical translation. It can enhance the bioactive properties and
the pharmacokinetic properties of compounds in vivo. In con-
trast, poor water solubility reduces the exposure of the com-
pound and affects its efficacy.[11] In our studies, the extremely
low water solubility of gossypol (XLogP3-AA value = 6.9) raises
concerns about its clinical translation and bioavailability. Nan-
otechnology or nanoformulation provides significant impetus for
efficient drug delivery of insoluble compounds.[12] Our group
and others previously reported the MPN material platform,
which are supramolecular materials consisting of metal ions and
polyphenols.[8] MPN materials have been widely used in vari-
ous fields due to their minimalist, rapid as well as versatility
advantages.[13] In view of the outstanding performance of Cu2+

ions in the field of tumor therapy, we designed a self-assembled
formation of MPN nanoparticles based on Cu2+ ions and gossy-
pol with surface modification of HA, referred to as CuGOS
NPs (Figure 3A). The nanosized gossypol-based MPN nanosys-
tem significantly reduced the particle size to ≈142 nm and in-
creased the homogeneity of particle size (Figure 3B). The modifi-
cation of HA can increase the zeta potential of the nanoparticles
(Figure 3C). Notably, the CuGOS NPs suspension did not show
significant aggregation and precipitation even after three days.
(Figure S2A, Supporting Information). In contrast, Pre-CuGOS
NPs (without HA) showed significant precipitation after one day
of standing at 4 °C (Figure S2B, Supporting Information). Dy-
namic light scattering detected that the size of Pre-CuGOS NPs
increased, while the size of CuGOS NPs did not change signif-
icantly (Figure S2C, Supporting Information). It was suggested
that the modification of HA significantly improved the stability
of CuGOS NPs as HA is often used as a surface modification
to enhance the stability of agent-delivery nano-carrier.[9,14] X-ray
diffractograms (XRD) of CuGOS NPs did not show crystalline
peaks, suggesting their amorphous substances (Figure 3D), the
selected area electron diffraction (SAED) pattern result was fur-
ther evidence the amorphous supmolecular structure as other
MPN materials (Figure 3I). Energy dispersive spectroscopy (EDS)
and X-ray photoelectron spectroscopy (XPS) were used to confirm
the elemental composition of the CuGOS NPs. The XPS of the
CuGOS NPs was calibrated with C1s at 284.8 eV, and the results
showed the characteristic peak binding energies of Cu at 935 eV,
O1s at 533 eV, and C1s at 285 eV (Figure 3E). To enhance the ac-
curacy of SEM-EDS, we obtained the cluster of CuGOS NPs with
relatively larger sizes as the research objects. The EDS results fur-
ther confirmed the elemental compositions of Cu, C, and H in the
CuGOS NPs (Figure S2D,E, Supporting Information). The mor-
phology of CuGOS NPs was observed using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
It could be observed that CuGOS NPs were irregularly spherical

(Figure 3F,G). The HA layer around the CuGOS NPs was also
observed on TEM images (Figure 3H). Using the UV absorption
method, we calculated the loading rates of gossypol was 76.72%
± 0.51%, Cu2+ ions was 18.38% ± 0.12%, and HA was 4.89% ±
0.63% in CuGOS NPs.

2.3. Comprehensive Evaluation of CuGOS NPs Against
Osteosarcoma

We investigated the hemolysis rate, uptake efficiency, and drug
release property of CuGOS NPs. The hemolysis rate is an essen-
tial indicator for assessing the biosafety of intravenous drugs,[15]

and thus we performed a hemolysis assay on CuGOS NPs. Since
the color of CuGOS NPs interferes with the detection of ab-
sorbance, the water suspension of CuGOS NPs was used as a
control. No significant hemolysis (< 5%) was observed when ery-
throcytes were co-incubated with 0–5 mg mL−1 of CuGOS NPs
for 4 h (Figure 4A). This result suggested that therapeutic doses
of CuGOS NPs did not have much effect on the hematologic sys-
tem after intravenous administration.

To better understand the uptake efficiency of CuGOS NPs by
osteosarcoma cells, we examined the intracellular fluorescence
intensity after co-culturing Cy5-CuGOS NPs with K7M2 cells. Ac-
cording to previous reports, significant uptake of HA-modified
nanoparticles could be observed within 8 h.[16] Here, we observed
substantial intracellular enrichment of Cy5-CuGOS NPs after
4 h of co-incubation with cells (Figure 4B). After 6 h, the in-
tracellular Cy5-CuGOS NPs decreased slightly and reached sta-
bility (Figure 4C). This may be related to exocytosis of tumor
cells.[17] Confocal fluorescence microscopy further confirmed
that the fluorescence was mainly derived from intracellular Cy5-
CuGOS NPs. We found that osteosarcoma cells ingested with
Cy5-CuGOS NPs were significantly swollen (Figure 4D). Consid-
ering that 4 h of uptake was not sufficient for the cleavage of
Cy5-CuGOS NPs and that the surface modification of HA hin-
dered the contact of the nano-active components with the signal-
ing molecules on the cell surface, it is likely that it is related to
the preference of osteosarcoma cells for Cy5-CuGOS NPs. The
drug release profile was determined in PBS solution at 37 °C. Af-
ter 72 h, the release rate of gossypol in PBS at pH = 5.5 was 87%
± 1.38%, which was significantly higher than its release rate at
pH = 6.8 (26.38 ± 1.48%) and 7.4 (14.22 ± 1.67%) (Figure 4E).
The fact that an acidic environment can significantly promote the
cleavage of CuGOS NPs provides the basis for releasing gossypol
with Cu2+ ions in tumor cells. The irradiation of violet (405 nm),
green (532 nm), and red (640 nm) lasers promoted the release
of drugs from CuGOS NPs, with green light showed the best
release-promoting effect (P < 0.001). Heating can also signifi-
cantly promote the release of drug from CuGOS NPs (Figure 4F).

2.4. In Vitro Anti-Osteosarcoma Ability of CuGOS NPs Based on
Genotoxicity

The cytotoxicity of CuGOS NPs on osteosarcoma cells was in-
vestigated by CCK-8 assay. CuGOS NPs intervened in osteosar-
coma cells for 24 h and showed an IC50 of 1.36 μm, signifi-
cantly lower than that of gossypol only (6.6 μm) and consider-
ably higher than that of Pre-CuGOS NPs (23.8 nm). CuGOS NPs
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Figure 3. Synthesis and characterizations of CuGOS NPs. A) Schematic illustration of CuGOS NPs preparation: gossypol and CuCl2 were wholly dis-
solved in ethanol solution at a molar ratio (1:1), adjusted the pH to 8.4, and vortexed rapidly. Pre-CuGOS NPs (without HA) were resuspended with
ddH2O, and CuGOS NPs were obtained after co-incubation of precipitation with HA in ddH2O. B) Size distribution of CuGOS NPs. Data were presented
as mean ± SD (n = 3). C) Zeta potential distribution of CuGOS NPs. Data were presented as mean ± SD (n = 3). D) XRD spectrum of CuGOS NPs.
E) XPS of CuGOS NPs. F) SEM images, G,H) TEM images, and I) SAED images of CuGOS NPs.
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Figure 4. Hemolysis rate, uptake efficiency, and drug release of CuGOS NPs. A) Hemolysis assay on erythrocytes with different doses of CuGOS NPs.
CuGOS NPs suspension was used as blank control, and lysed erythrocyte solution was used as positive control. Data were presented as mean ± SD (n =
3). B) Preparation of Cy5-CuGOS NPs and observation of uptake efficiency of K7M2 cells at different time points by flow cytometry. C) Flow cytometry
observed Cy5-CuGOS NPs uptake by K7M2 cells at different times. D) Cy5-CuGOS NPs uptake by K7M2 cells at 4 h by confocal microscopy. Untreated
K7M2 cells served as negative controls. E) Drug release curve of CuGOS NPs at pH 7.4, 6.8, and 5.5. Data were presented as mean ± SD (n = 3). F) Drug
release curve of CuGOS NPs under different light (100 mW) and temperature conditions. Data were presented as mean ± SD (n = 6, one-way ANOVA).

intervened in osteosarcoma cells for 72 h and reached an IC50
of 20.27 nm, which was similar to the IC50 of Pre-CuGOS NPs
(20.31 nm) (Figure 5A). In addition, we compared the toxicity of
Pre-CuGOS NPs with other nine polyphenols-Cu2+ nano com-
plexes (Figure S3A–I, Supporting Information) on osteosarcoma
cells and found that Pre-CuGOS NPs exhibited the most excellent
anti-osteosarcoma activity (Figure S3J, Supporting Information).

Based on referenced release curve (Figure 4E), CuGOS NPs
may have a higher killing effect on osteosarcoma cells with in-
creasing treatment time. The efficient uptake behavior is an es-
sential advantage of CuGOS NPs in killing osteosarcoma cells.
The CuGOS NPs were co-cultured with K7M2 cells for 4 h, and
then the culture was continued after refreshing the medium.
After 24 h, the IC50 value of CuGOS NPs was 4.07 μm, which
was lower than that of Pre-CuGOS NPs (21.38 μm) and gossypol
(185.1 μm) (Figure 5B). The results of apoptosis assays, scratch

assays, clone formation, and transwell assays collectively sup-
ported that the internalized CuGOS NPs significantly increased
apoptosis (Figure 5C; Figure S4, Supporting Information) and de-
creased migration (Figure 5D,E), clonal proliferation (Figure 5F),
and invasion (Figure 5G–I) of K7M2 cells. These results sug-
gested that CuGOS NPs could efficiently internalize by osteosar-
coma cells and significantly inhibit their proliferation and migra-
tion. In addition, in vitro experiments revealed that CuGOS NPs
significantly increased the sensitivity of osteosarcoma cells to
doxorubicin (DOX, CI = 0.62) (Figure 5J). However, it is notewor-
thy that CuGOS NPs have significant antagonistic effects with
cisplatin (CDDP, CI = 1.69), methotrexate (MTX, CI = 3.94), and
especially ifosfamide (IFO, CI = 12.14) (Figure 5K–M).

To investigate the inhibition mechanism against osteosar-
coma cells, transcriptome analysis was performed on K7M2
cells after the internalization of CuGOS NPs. Screening with
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Figure 5. In vitro validation of the anti-osteosarcoma activity of CuGOS NPs. A) The cell viability of K7M2 cells after incubation with CuGOS NPs. Data
were presented as mean ± SD (n = 3). B) The cell viability of K7M2 cells after incubation with internalized CuGOS NPs for 24 h. Data were presented as
mean ± SD (n = 3, two-way ANOVA). C) Flow cytometric analysis of PI/Annexin V stained K7M2 cells to detect apoptosis following internalized Cu2+

ions, gossypol, Pre-CuGOS NPs, and CuGOS NPs stimulation for 24 h. D) Wound healing assay were used to evaluate the migration abilities of K7M2
cells. E) Quantitative analysis of K7M2 cells migration ratio. Data were presented as mean ± SD (n = 3, two-way ANOVA). F) Clone formation assay of
K7M2 incubated with internalized gossypol, Pre-CuGOS NPs, and CuGOS NPs. G) Schematic illustration of the invasion experiments, fully internalized
CuGOS NPs were used to in this experiment. H) Transwell assay was used to evaluate the invasion abilities of K7M2 cells. I) Quantitative analysis of
K7M2 cells invasion ratio. Data were presented as mean ± SD (n = 3, two-way ANOVA). Effect of CuGOS NPs plus DOX J), CDDP K), MTX L), or IFO
M) combinatorial treatment on the growth of osteosarcoma cell lines K7M2. Results from one representative experiment of 3 independent experiments
are shown.
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a threshold of P < 0.05 and | log2(Fold Change) | > 1, 175
genes were found to be up-regulated and 187 genes were found
to be down-regulated (Figure S5, Supporting Information). We
flagged the 10 most significantly up-regulated and 10 most sig-
nificantly down-regulated genes for tagging and searching. How-
ever, no studies related to these genes in osteosarcoma were
found. For example, Sypnr,[18] Asb12,[19] and Ppp1r16b[20] is as-
sociated with the development of nerve. PDE6[21] and Frmd7[22]

is associated with visual system development (Figure 6A). To
minimize missing information, we selected the 20 genes with
the smallest P-values to study and found that a decrease in
Khdrbs3 was of interest (Figure 6B). KHDRBS3 increases blood-
tumor barrier permeability, which enhances greater enrichment
of drugs in tumor tissues.[23] Knockdown of KHDRBS3 promotes
CD44v expression,[24] which can facilitate the internalization of
HA-modified nanoplatforms.[25] Overexpressing KHDRBS3 in-
creases tumor resistance by increasing glycolysis.[26] However,
the role of KHDRBS3 in osteosarcoma progression remains to
be further explored.

Gene ontology enrichment analysis showed that CuGOS NPs
induced genetic alterations were significantly enriched in sperm
motility and cilium movement, and this alteration was mainly
derived from gossypol.[27] In molecular function classification,
altered genes were significantly enriched in apoptosis and signal-
ing (Figure S6, Supporting Information). Combined with previ-
ous experiments (Figure 5C; Figure S4, Supporting Information)
and the reported studies, we hypothesized that this is a result of
the synergistic effect of gossypol[28] and Cu2+ ions.[29] Kyoto En-
cyclopedia of Genes and Genomes (KEGG) analysis allowed us
to note that many of the changed genes were significantly asso-
ciated with genetic information processing, such as translation,
transcription and folding, sorting, and degradation (Figure 6C).
Gene Set Enrichment Analysis (GSEA) showed that 9 of the 10
gene sets with the lowest enrichment scores were strongly as-
sociated with genetic behavior, in descending order of enrich-
ment score are ribosome, DNA replication, spliceosome, ribo-
some biogenesis, cell cycle, nucleocytoplasmic transport, mis-
match repair, homologous recombination, and nucleotide exci-
sion repair (Figure 6D). Downregulation of these gene sets sug-
gested that significant trauma to the genetic behavior of osteosar-
coma cells, demonstrating the robust genotoxicity of CuGOS
NPs. In addition, GSEA also revealed that apoptosis, necroptosis,
mitophagy, ferroptosis, and autophagy related genes were signifi-
cantly upregulated, suggesting that CuGOS NPs induce osteosar-
coma cell death in multiple ways (Figure 6E). Whereas, the Cu-
GOS NPs did not seem to affect the expression of osteosarcoma-
causing genes (Myc and Ras) (Figure S7A–D, Supporting
Information).

Genomic integrity is critical for the survival of an organ-
ism, and genotoxic therapy is an important approach for tumor
treatment.[30] Genotoxic drugs cause extensive DNA damage by
interfering with DNA replication and repair, ultimately leading
to cell death.[31] The mechanism of anti-osteosarcoma of CuGOS
NPs is like that of genotoxic drugs such as cyclophosphamide and
cisplatin in that it induces tumor cell death by initiating geno-
toxic stress.[32] Unlike these drugs, CuGOS NPs not only inhibit
the synthesis of genetic material, but also inhibit DNA damage
repair in tumor cells, which is essential to enhance the sensitivity
of tumor cells to genotoxic therapies.[33]

2.5. In Vivo Targeting and Biological Distribution

For genotoxic drugs, excellent targeting contributes to enhancing
anti-tumor efficacy and is crucial for biosafety.[34] Therefore, after
validating the anti-tumor effect and mechanism of CuGOS NPs
in vitro, the in vivo fate was studied in the K7M2-derived ortho-
topic osteosarcoma model. Cy5-conjugated HA was utilized for
the visualization of CuGOS NPs. In vivo, fluorescence imaging
was used to analyze the distribution of CuGOS NPs in tumor and
organs (Figure S8A, Supporting Information). The fluorescence
intensity at the tumor peaked 24 h after intravenous injection. As
the time gradually increased, the fluorescence intensity gradu-
ally shrank (Figure S8B, Supporting Information). Fluorescence
imaging of the isolated tumor showed that clear fluorescent sig-
nals were still present 72 h after injection. These results demon-
strated the tumor targeting and accumulation ability of CuGOS
NPs. In addition, in vivo fluorescence imaging results showed
that faint fluorescence was still present in the liver, testes, and
lungs at 72 h after injection (Figure S8C,D, Supporting Informa-
tion). Therefore, the effects of CuGOS NPs on these organs be-
came the focus of our safety studies.

Inductively coupled plasma mass spectrometry analysis found
that the Cu content was still abundantly enriched in tumor tis-
sues within 72 h of injection. The Cu content in these organs
decreased to different degrees, and only the liver (P = 0.0005)
and lung (P = 0.0042) showed higher Cu content than the control
group after 72 h of injection (Figure S9, Supporting Information).

2.6. In Vivo Antitumor Effects of CuGOS NPs Against Orthotopic
Osteosarcoma

The therapeutic efficacy of CuGOS NPs was explored in the
model of orthotopic osteosarcoma, in which CuGOS NPs were
administrated every three days and the details protocol was
shown in Figure 7A. After 14 days of intervention, the body
weight of CuGOS NPs-treated mice group bearing osteosarcoma
increased to 24.66 ± 0.49 g, which is significantly higher than
that of control mice (22.08 ± 0.54 g) (Figure S11A, Support-
ing Information). Meanwhile, the CuGOS NPs significantly re-
duced the tumor volume when compared with other treatment
or control groups (Figure 7B; Figure S11B, Supporting Informa-
tion). In addition, the final tumor volume (Figure 7C) and weight
(Figure 7D) were much lower in the CuGOS NPs-treated group,
indicating that tumor growth was significantly inhibited. The
degree of lesion shrinkage is an essential indicator for assess-
ing the effectiveness of a tumor treatment regimen.[35] Immuno-
histochemical results of osteosarcoma tissues from the CuGOS
NPs group showed a significant decrease in the expression of
genetically behavioral representative genes (Rps3, Mcm2, Cdk1,
Mlh1, Nbs1, Pold3) compared to the control group, which agrees
with the results obtained from the transcriptome sequencing
(Figure 7E; Figures S10–S12, Supporting Information). These in
vivo and in vitro results further target the mechanism of Cu-
GOS NPs’ damage to osteosarcoma at the behavioral DNA dam-
age. Besides, immunofluorescence showed more cytotoxic T-
lymphocyte infiltration at the margins of osteosarcoma tissues in
the CuGOS NPs group (Figure 7F), indicating that the immune
microenvironment of osteosarcoma tissues was improved.
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Figure 6. CuGOS NPs inhibit osteosarcoma cells through genotoxicity. A) Heatmap representation of differentially expressed genes, the 10 most signif-
icantly up-regulated genes, and the 10 most significantly down-regulated genes are labeled. B) Radar plot showing the 20 differentially expressed genes
with the smallest p-values. First circle: up-regulated genes (light red) and down-regulated genes (light blue), the size of the circle varies according to the
size of log2(Fold Change) value. Second circle: the data in the outer circle represents the average expression of the experimental group, and the data
in the inner circle stands for the average expression of the control group. Third circle: visualization of the average expression of the genes in the two
groups. C) KEGG pathway terms of differentially expressed genes between internalized CuGOS NPs treated and the control K7M2 cells. D) The 10 GSEA
enrichment pathways with the lowest enrichment scores. E) GSEA of gene expression events up-regulated by CuGOS NPs.
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Figure 7. In vivo therapeutic effects of CuGOS NPs for inhibition of osteosarcoma growth and metastasis. A) Schematic illustration of the in vivo
therapeutic schedule. B) Growth curves of orthotopic osteosarcoma with various treatments. Data were presented as mean ± SD (n = 3). C) Macroscopic
photographs of the excised tumors at 14 days (n = 3). D) Average weights of excised tumors at observation endpoints. Data were presented as mean
± SD (n = 3, one-way ANOVA). E) The protein level of Rps3, Mcm2, Cdk1, Mlh1, Nbs1, and Pold3 in K7M2 primary tumor tissue were detected
using immunohistochemistry staining. F) Representative images of protein expression of CD3 (red) and CD8 (green) in osteosarcoma tissue with
immunofluorescence staining. G) Images of whole metastasis-bearing lungs. H) Counting of pulmonary metastatic nodules. Data were presented as
mean ± SD (n = 3, one-way ANOVA). I) Representative histological sections of lungs with various treatments. J) Kaplan-Meier survival curve of tumor-
bearing mice in each group (n = 5, log-rank test). K) Macroscopic photographs of the excised tumors at 14 days after treated with doxorubicin or CuGOS
NPs (n = 3). L) Growth curves of orthotopic osteosarcoma treated with doxorubicin or CuGOS NPs (n = 3, two-way ANOVA). Average volume M) and
weight N) of isolated tumors at observation endpoints. Data were presented as mean ± SD (n = 3, one-way ANOVA).
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Distant metastases in almost all osteosarcoma patients often
precede the onset of symptoms and are a significant cause of
prognosis.[36] The lung is the most common site of distant metas-
tasis for osteosarcoma.[1] We dissected lungs to assess the effi-
cacy of CuGOS NPs in inhibiting lung osteosarcoma metastases.
Significant metastatic lesions could be observed in the lungs of
the control, Cu2+ ions-, and gossypol-treated groups, whereas few
significant metastatic lesions could be detected in the CuGOS
NPs-treated group (Figure 7G,H), and the lung weights were also
significantly lower in the comparisons (Figure S11C, Supporting
Information). Consistent with the direct observation, in histolog-
ical examination of lung tissues, metastatic lesions were widely
detected in the control, Cu2+ ions-, and gossypol-treated groups.
Still, fewer metastatic lesions were observed in the CuGOS NPs-
treated group, further supporting that CuGOS NPs could ef-
fectively inhibit distant osteosarcoma metastasis (Figure 7I). In
vivo results showed that there was no significant difference in
the anti-osteosarcoma effects of doxorubicin and CuGOS NPs
(Figure 7K–N). Compared to the worrisome toxicity of doxoru-
bicin, CuGOS NPs are more advantageous regarding safety.

2.7. In Vivo Biosafety and Biocompatibility of CuGOS NPs

The biosafety of the CuGOS NPs was further investigated in
vivo. After 14 days of treatment, the mortality of the Cu2+ ions-
treated group was high, reaching 70% (Figure 7J). We also no-
ticed a significant increase in kidney weight (Figure 8A) and
volume (Figure S13A, Supporting Information) in the gossypol-
and Pre-CuGOS NPs-treated groups. In addition, the kidneys
showed white ischemic areas (Figure 8B), accompanied by ele-
vated blood urea nitrogen (BUN) (Figure S13B, Supporting Infor-
mation) and creatinine (Cre) (Figure S13C, Supporting Informa-
tion). Histological analysis showed abnormal renal tissue struc-
ture in gossypol- and Pre-CuGOS NPs-treated groups, with many
tubular patterns, epithelial cells atrophy, neutrophil infiltration in
the mesenchyme, and unclear glomerular and capillary collater-
als. In contrast, the CuGOS NPs group did not show significant
abnormalities in kidney-related indices (Figure 8C). These results
suggested that the surface functionalization of HA can signifi-
cantly ameliorate the nephrotoxicity of CuGOS NPs, which might
be related to the enhancement of therapeutic performance.

The adverse side effects on main organs were also studied.
In addition to the tumor metastases, the lungs of the Cu2+

ions-treated group showed many neutrophils and crystals, ac-
companied by severe pulmonary edema (Figure 8D). This sug-
gested that direct intravenous injection of Cu2+ ions led to severe
pneumonia. Then, the size of testes, vas deferens, and seminal
glands in the Cu2+ ions group was also significantly smaller than
those in the other groups (Figure 8E). Histological analysis of
the testes showed structural abnormalities in the outer seminif-
erous tubules, with spermatogonia and spermatocytes reduced
(Figure 8F). Moreover, gossypol, as a male contraceptive, had no
significant effect on the reproductive system but has a great im-
pact on the liver.[27] In the gossypol-treated group, serum alanine
transaminase (ALT) was significantly higher than those in other
groups (Figure S13D, Supporting Information), and serum as-
partate aminotransferase (AST) also tended to be elevated (Figure
S13E, Supporting Information). Histological analysis showed ex-

tensive hepatocyte edema with sparse cytoplasm vacuolization
and neutrophilic infiltration. Finally, no obvious abnormality of
main organs was observed in CuGOS NPs-treated group, includ-
ing lung, testis, liver, heart, and spleen (Figure 8D–G; Figure S13,
Supporting Information).

In the evaluation of ecological footprint, the lethal concen-
tration half of CuGOS NPs for zebrafish (48 h) more than
100 mg L−1, which is low or non-toxic to the water column
(Figure 8H,I). The seed of pak choi mixed with CuGOS NPs
had a higher germination rate (Figure 8J) and insect resistance
(Figure 8K,L), and did not affect its growth (Figure 8M–O). There-
fore, in general, the effects of CuGOS NPs on the ecological foot-
print are relatively safe and can even exert beneficial effects under
certain conditions.

3. Conclusion

We established a promising LLMPN nanoplatform in the com-
bination of advanced multi-modal capabilities of LLM with the
flexible design capabilities of MPN materials. OpenAI GPT-4
was used to screen a comprehensive library of 60 phenolic can-
didates, identifying gossypol based on its correlation with anti-
osteosarcoma activity and multidimensional chemical proper-
ties. GPT-4, fine-tuned for this specific task, pinpointed gossypol
as a promising component exhibiting potent anti-osteosarcoma
potential. This result is largely based on the characteristics of
gossypol, specifically its high XLogP3-AA value, phenolic hy-
droxyl number, and number of benzene rings. Therefore, fo-
cusing on polyphenols with similar properties in future re-
search could be instrumental in the discovery of novel anti-
osteosarcoma drugs. The selective inhibition effect of gossypol
on osteosarcoma cells was initially validated through in vitro as-
says. Subsequently, its bioavailability was significantly enhanced
by forming CuGOS NPs, a self-assembled supramolecular MPN
nanoplatform comprising gossypol and Cu2+ ions. Notably, os-
teosarcoma cells demonstrated a high uptake of CuGOS NPs,
which were effective in disrupting genetic mechanisms and in-
hibiting tumor growth. However, the specific synergistic mecha-
nism of gossypol with Cu2+ ions need to be excavated by compar-
ing it with the mechanism exhibited by gossypol or copper treat-
ment alone. In vivo studies further confirmed that CuGOS NPs
markedly suppressed osteosarcoma tumor progression and lung
metastasis, without inducing significant toxicities in the liver and
kidneys. Overall, this research illustrates the power of an LLM-
driven strategy in the development of metal–organic supramolec-
ular systems, leveraging LLM capabilities to improve anti-tumor
efficacy and expand the scope of applications, ultimately enhanc-
ing the practicality and efficiency of scientific investigations.

4. Experimental Section
Materials: HA (MW 10 kDa) was purchased from Bidepharm (Shang-

hai, China). Gossypol and other polyphenols were purchased from Rhawn
(Shanghai, China). Dulbecco’s Modified Eagle’s Medium (DMEM) and
Pancreatin were purchased from Gibico (New York, USA). Cyanine-
5 labeled hyaluronic acid (MW = 10 kDa) was purchased from Yusi
Medical Technology Co., Ltd. (Chongqing, China). Fetal bovine serum
was ordered from ExCell Bio (Shanghai, China). Crystal violet ammo-
nium oxalate solution, Paraformaldehyde, and Annexin V-FITC apoptosis
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Figure 8. In vivo biocompatibility evaluation of CuGOS NPs. A) Average weights of kidneys at observation endpoints. Data were presented as mean
± SD (n = 3). B) Images of whole kidneys of each group. Representative histological sections of C) kidneys, D) lungs, F) genital system, and G) liver
with various treatments. E) Images of the whole genital system of each group. H) Counts of zebrafish (red dots) in both groups after 48 h of treatment.
Since the water in the CuGOS NPs group at 48 h was too turbid, we replaced 2/3 of the original water with fresh water before taking the photos to more
clearly observe the number of zebrafish in this group. I) Kaplan-Meier survival curve of zebrafish in each group (n = 15, log-rank test). J) Observations
on the germination rate of two groups two weeks after sowing. K) Number of insect holes (red arrows) on representative leaves four weeks after sowing.
L) Traces of insect holes of two groups. M) Phenotypic images of representative pak choi of two groups four weeks after sowing. N) Average fresh weights
of pak choi after treatment with CuGOS NPs for four weeks (n = 5, t-test). O) Average leaf lengths of pak choi after treatment with CuGOS NPs for four
weeks (n = 5, t-test).
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detection kit were purchased from Solarbio (Chengdu, China). CuBr2,
CuSO4, and CuCl2 were purchased from Adamas (Chengdu, China).
Isoflurane was purchased from RWD (Shenzhen, China). DAPI and DIO
were purchased from Biyuntian (Shanghai, China). Ribosomal protein S3
(Rps3), Minichromosome maintenance complex component 2 (Mcm2),
Cyclin dependent kinase 1 (Cdk1), MutL homolog 1 (Mlh1), Nibrin (Nbs1),
DNA polymerase delta 3 (Pold3), Small nuclear ribonucleoprotein U5 sub-
unit 200 (SNRNP200), and nucleoporin 62 (NUP62) primary antibodies
were purchased from Servicebio Biotechnology Co., Ltd. Other critical
chemicals, if not specified, were described in the corresponding section.
Balb/c mice (female, 5–6 weeks) were purchased from Dashuo Biotech
(Chengdu, China). All Animal experiments have been approved by the
Ethics Committee of the First Affiliated Hospital of Chongqing Medical
University (No. 2022-K380) and meet the requirements of animal ethics
and welfare.

Synthesis of CuGOS NPs and Other Pre-CuX NPs: The CuGOS NPs
were synthesized using a self-assembly method based on the metal-
phenolic network. Gossypol and CuCl2-2H2O (molar ratio 2:2.5) were fully
dissolved in absolute ethanol. Then, the solution pH was quickly adjusted
to 8.4 with tris aqueous solution (10 mm, pH = 10.4) under vigorous stir-
ring at 45 °C. The mixture was stirred for eight hours and centrifuged
(13000 rpm, 10 min) to obtain the crude Pre-CuGOS NPs (without HA).
The crude Pre-CuGOS NPs were washed with 10% ethanol and centrifuged
to obtain high-purity Pre-CuGOS NPs. The Pre-CuGOS NPs were added to
the hyaluronic acid solution (0.1 mg mL−1, MW = 10 kDa) and stirred at
room temperature for 24 h. Precipitation was collected by centrifugation,
which was washed with ddH2O to obtain CuGOS NPs. The synthesized
Pre-CuGOS NPs and CuGOS NPs were freeze-dried and stored at 4 °C for
spare parts.

Referring to the synthesis method of Pre-CuGOS NPs, nine other
polyphenol complexes with Cu2+ ions (Pre-CuX NPs) were prepared. The
complexes of baicalein with Cu2+ ions were named Pre-CuBAI NPs, the
complexes of ellagic acid with Cu2+ ions were named Pre-CuELA NPs,
the complexes of epigallocatechin gallate with Cu2+ ions were named Pre-
CuEGCG NPs, the complexes of icariin complex with Cu2+ ions was named
Pre-CuICA NPs, the complexes of luteolin complex with Cu2+ ions was
named Pre-CuLUT NPs, the complexes of quercetin with Cu2+ ions was
named Pre-CuQUE NPs, the complexes of tannic acid with Cu2+ ions were
named Pre-CuTAN NPs, the complexes of gallic acid with Cu2+ ions were
named Pre-CuGAA NPs, and the complexes of carnosic acid with Cu2+

ions were named Pre-CuCAR NPs.
In Vivo Tumor-Targeting and Bio-Distribution of the CuGOS NPs: Os-

teosarcoma mouse models were induced by K7M224, and Cy5-CuGOS NPs
were administered to mice at a gossypol concentration of 20 mg kg−1.
Then, 1, 4, 8, 24, 48, and 72 h after intravenous injection, the images of
mice were obtained using a living imaging system (PerkinElmer, Hopkin-
ton, USA). 24 and 72 h after intravenous injection, mice were euthanized
to detect and quantify the fluorescence intensity of the tumor, heart, liver,
spleen, lung, kidney, and genital system.

In Vivo Anti-Osteosarcoma Therapy: For the orthotopic osteosarcoma
model, mice with tumors of ≈400 mm3 were randomly divided into five
groups with three mice in each group. PBS, Cu2+ ions, gossypol, Pre-
CuGOS NPs, and CuGOS NPs (containing 20 mg mL−1 gossypol or
1.6 mg mL−1 CuCl2·2H2O, 100 μL) were intravenously injected with the
formulations every 3 days. The body weight and tumor volumes were mon-
itored every 2 days. After various treatments for two weeks, mice were eu-
thanized and dissected to analyze tumor progression. Orthotopic tumor
and lung from each group were collected for photographing and weighing
to understand the effect of each treatment on the progression of osteosar-
coma. The histological analysis was used to detect intra-pulmonary tumor
foci. The lung tissue was fixed in 4% paraformaldehyde for 24 h, embed-
ded in paraffin, sectioned into 4 μm thickness, and stained with H&E. The
stained slides were digitally scanned using a slide scanner (VS200, Olym-
pus, Japan), and the resulting images were processed and exported using
Case Viewer (3DHistech, Hungary).

The effectiveness of CuGOS NPs and doxorubicin were compared in
the treatment of osteosarcoma in in situ osteosarcoma mouse model (av-
erage tumor volume ≈350 mm3). Free doxorubicin (5 mg kg−1, 100 μL)

or CuGOS NPs (containing 20 mg mL−1 gossypol, 100 μL) were intra-
venously injected with the formulations every three days. Tumor volumes
were monitored every two days. After treatment for two weeks, mice were
euthanized, and orthotopic tumor were collected for photographing and
weighing to understand the effect of each treatment on the progression of
osteosarcoma.

In Vivo Biosafety: To better observe the effects of various treatment op-
tions on patients with osteosarcoma, tumor-bearing rather than healthy
mice, were used as models. Mice were intravenously administered with
CuGOS NPs (containing 20 mg mL−1 gossypol), and body weights were
recorded every two days. At the endpoint (day 14), mice’s blood and vital
organs (heart, liver, spleen, lung, kidney, and genital system) were har-
vested. Blood biochemistry analysis, including ALT, AST, blood urea ni-
trogen (BUN), and creatinine (CRE), was tested by using an automatic
biochemical analyzer (Chemray, Guangdong, China). These major organs
were made into sections (4 μm) for histology analysis.

Statistical Analysis: All data were expressed as the mean ± SD and
were analyzed with Prism 9.0 (Graph Prism Software, USA). The statisti-
cal difference between groups was analyzed by double-tailed student t test
was employed to analyze the statistical difference between two groups.
Two-tailed one-way ANOVA was employed to compare the difference be-
tween the means of multiple independent groups. Two-way ANOVA test
followed by Sidak test for the comparison of multiple-group with two in-
dependent variables. Survival rate was analyzed by log-rank (Mantel-Cox)
test. P< 0.05 was accepted as significant.[9,37]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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