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Pincer-Type Pt(II)-NHC Antibody-Drug Conjugate for
HER-2-Targeted Chemoimmunotherapy

Tao Huang, Wan-Qiong Huang, Gui-Feng Huang, Xiao-Long Wei, Yong-Liang Huang,
Tao Liu, Yungen Liu,* Wen-Xiu Ni,* and Chi-Ming Che*

Platinum-based chemotherapy drugs play an indispensable role in clinical
cancer treatment, but exhibit considerable side effects due to their non-specific
mechanism of killing cancer cells and normal cells. In this regard, the use
of antibodies conjugated to anti-cancer platinum complexes will enable better
differentiation of cancer cells from normal cells. Here, six pincer-platinum(II)
NHC (N-heterocyclic carbene) complexes are reported, one of which
has an amino group on the N-alkyl group of the NHC ligand. This platinum(II)
complex is used as the payload for platinum(II)-based antibody-drug conjugate
(ADC) targeting human epidermal growth factor receptor 2 (HER-2). Notably,
this ADC can specifically bind to the HER-2 antigen, distinguish target cells
from non-target cells, and exhibit good anti-tumor activity in vitro and in vivo.
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1. Introduction

After the Food and Drug Administra-
tion (FDA) approved cisplatin for anti-
cancer treatment in 1978, platinum-based
chemotherapy drugs began to play an in-
dispensable role in clinical chemotherapy
regimens.[1] Known as cisplatin, it primarily
damages DNA (deoxyribonucleic acid) lead-
ing to apoptotic cell death, and is associ-
ated with side effects such as nephrotoxic-
ity, ototoxicity, neurotoxicity, and bone mar-
row suppression.[2] In recent years, some
new pincer platinum(II) complexes have
shown micromolar level cytotoxicity to a
variety of cancer cells, such as the ones

with N-heterocyclic carbene ligand, which mainly bind to non-
DNA biomolecules.[3] Necroptosis is a regulated form of necro-
sis that is independent of caspases but highly dependent on
biomolecules, including receptor-interacting protein kinase 1
(RIPK-1) and 3 (RIPK-3). Mixed lineage kinase domain-like
(MLKL) was originally thought to be a non-apoptotic form of cell
death that can circumvent chemotherapeutic drug-induced apop-
tosis resistance.[4] There are few reports on necroptosis induced
by chemotherapy drugs, especially metal-based chemotherapy
drugs.[5] Studies have shown that necroptosis is associated with
the generation of immunogenic activities, including intracellular
ROS (reactive oxygen species) levels and ER (endoplasmic retic-
ulum) stress-mediated immunogenic cell death (ICD).[4b,6] In re-
cent years, platinum complexes have been found to act as ICD in-
ducers and stimulate effective anti-cancer immune responses.[7]

These ICD inducers have shown great potential in the field of
anticancer therapy.[8] Among them, oxaliplatin is a representa-
tive metal compound with type I ICD inducer effect.[9] Impor-
tantly, an increasing number of platinum complexes have been
reported to possess ICD-inducing properties.[7b,d,10] Most ICD in-
ducers trigger endoplasmic reticulum stress and the production
of reactive oxygen species (ROS). Although some anti-cancer plat-
inum complexes with different mechanisms of action besides tar-
geting DNA have been developed, there are still problems of in-
discriminate killing of cells (normal cells and cancer cells) and
side effects.[11] Therefore, it is crucial to develop new anti-cancer
platinum compounds that are more effective and have higher tar-
get selectivity.[12] Since 2000, the first ADC (antibody-drug conju-
gate) Mylotarg (gemtuzumab ozogamicin) has been approved by
the FDA for the treatment of acute myeloid leukemia.[13] Anti-
bodies, linkers, and cytotoxic molecules together form antibody-
drug conjugates with targeting capabilities.[14] Due to the
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specificity of antibodies, some cytotoxic molecules with high tox-
icity and narrow therapeutic window are used in ADCs, such as
MMAE (Monomethyl auristatin E) and MMAF (Monomethyl au-
ristatin F) derivatives.[15] Nonetheless, in the past 20 years, there
have been only sporadic reports on the application of anti-cancer
platinum complexes in ADCs.[16] In addition, due to the low ad-
mission velocity and content level of ADC entering cancer cells,
it is difficult to achieve therapeutic effect using cisplatin-based
chemotherapy drugs as the payload of ADC in some cases.[17] The
use of platinum-based complex antibodies can improve the accu-
mulation of complexes in tumor and reduce their side effects.[18]

In the development of ADCs, small organic molecules with high
cytotoxicity (e.g., DM1, Dxd, and clinically used chemotherapeu-
tic compounds) with low nano-molar or even pico-molar toxi-
city are often used as payloads. These clinically used cytotoxic
payloads (mainly organic compounds) often have non-specific
molecular targets such as DNA and tubulin. In fact, current
chemotherapies are often unable to kill cancer stem cells and
eliminate metastatic cancer cells at doses used clinically. On the
other hand, they exhibit adverse and sometimes severe side ef-
fects due to their high toxicity and non-specific mechanism of
action. There is ample evidence that current ADCs suffer from
off-target toxicities caused by the cytotoxicity of the payload. The
more toxic and less specific the payload is, the more significant
the toxic side effects it will produce. We take a novel approach
ADC development using payloads targeting key oncogenic pro-
teins for which effective inhibitors are still lacking in the clinic.
Although these payloads may be less cytotoxic than the highly cy-
totoxic chemotherapies used clinically. their more specific anti-
cancer mechanisms of action may help reduce toxicity caused
by off-target side effects. In this effort, we are interested in de-
veloping ADCs using cytotoxic metal complexes with specific
anti-cancer mechanisms of action as payloads. Over the past few
years, we have extensively developed and investigated pincer d8
metal complexes as potent anti-cancer drug candidates. These
pincer d8 metal complexes, exemplified by the Pt-NHC complex
described in this study, are stable under cellular conditions and
can form stable ADCs. Although the toxicity of the Pt(II)-NHC
complex is only at the micro-molar level, it can effectively target to
multiple oncogenic proteins,[3f,19] trigger tumor cell necroptosis,
and synergistically induce immunogenic cell death (ICD). Our
previous study[3g] showed that the pincer Pt-NHC complex exhib-
ited potent anti-tumor effects and safety in vivo. By synergistically
combining the specific targeting effect of anti-bodies on specific
types of cancer cells and the oncogenic protein targeting effect of
Pt-NHC complexes, we hope to develop more effective and safer
ADCs for cancer treatment. Herein, novel highly efficient antitu-
mor platinum(II) complexes with [CˆNˆN] and N-heterocyclic car-
bene ligands were synthesized and conjugated to trastuzumab.
The resulting platinum(II)-based antibody-drug conjugate target-
ing HER-2 is designed to provide an efficient platform for tumor-
specific delivery.

2. Results and Discussion

2.1. Synthesis and Characterization of Platinum(II) Complexes

The PF6
− salt structures of pincer Pt(II) complexes (Pt-1 to Pt-

6) are shown in Figure 1. These complexes were synthesized by

Figure 1. Chemical structures of platinum(II) complexes.

Table 1. The IC50 value of CˆNˆN tridentate NHC platinum(II) complexes
and cisplatin on cells (μm, 72h).

Cell line MCF-7 MDA-MB-231 BT-474 SK-BR-3 SK-OV-3

Pt-1 5.8 ± 1.1 8.0 ± 1.7 6.0 ± 0.8 3.8 ± 0.2 9.7 ± 0.4

Pt-2 2.8 ± 0.3 22.9 ± 2.3 2.0 ± 0.4 1.6 ± 0.2 23.5 ± 2.2

Pt-3 1.2 ± 0.4 5.1 ± 0.8 0.66 ± 0.15 0.42 ± 0.04 4.9 ± 0.6

Pt-4 0.60 ± 0.02 2.9 ± 0.5 0.54 ± 0.18 0.30 ± 0.02 1.3 ± 0.2

Pt-5 1.5 ± 0.2 6.7 ± 0.9 1.0 ± 0.2 1.0 ± 0.1 3.7 ± 0.2

Pt-6 7.9 ± 0.7 16.0 ± 1.6 3.7 ± 0.4 5.8 ± 1.1 27.1 ± 4.1

cisplatin 1.9 ± 0.1 17.6 ± 1.9 20.6 ± 0.6 2.4 ± 0.1 3.6 ± 0.1

refluxing cyclometalated Pt(II) precursor ([Pt(CˆNˆN)Cl]) and im-
idazolium salt in acetonitrile under alkaline conditions, and ob-
tained as yellow or orange solids according to reported methods
(Schemes S1 and S2, Supporting Information).[3g] Detailed syn-
thetic procedures and characterization data for intermediates and
final compounds are included in the Supporting Information.
The X-ray crystal structures of Pt-2 to Pt-6 (Figure S1, Support-
ing Information) have been determined, showing that Pt atoms
adopt a twisted planar molecular geometry and are coordinated
by one C atom and two N atoms of [CˆNˆN] ligand and the C atom
of the imidazole carbene ligand. As shown in Tables S1 and S2
(Supporting Information), the Pt–C and Pt–N distances (1.956
(5)–2.125 (13) Å) are within the normal range. Photophysical data
for Pt-1 to Pt-6 were collected at room temperature and summa-
rized in Figure S2 and Table S3 (Supporting Information). These
platinum complexes are luminescent in degassed CH2Cl2 with
emission 𝜆max at 606–611 nm and 641–647 nm, emission lifetime
(𝝉) of 1.93–2.50 μs, and emission quantum yield (𝚽) of 0.039–
0.061. The stability of Pt-1 to Pt-6 was evaluated by ultraviolet-
visible spectroscopy (UV–vis) in various solutions at 25 °C. All
complexes remained stable during the 24-h assay in neat DMSO
or PBS solutions (with 1% DMSO, PBS = phosphate-buffered
saline, pH 7.4, Figures S3 and S4, Supporting Information).

2.2. Cytotoxicity, Necroptosis, and Immunogenic Cell Death

We tested the in vitro anti-cancer effect of [(CˆNˆN)PtII(NHC)]+

complex on 5 different cancer cell lines, MDA-MB-231, MCF-
7, BT474, SK-BR-3 and SK-OV-3, using Naphthol Blue Black
(NBB) method. As shown in Table 1, their cytotoxicity and IC50
(half maximal inhibitory concentration) values range from 0.30 to
27.1 μm. The anti-proliferative activity of the [(CˆNˆN)PtII(NHC)]+

complex appears to be related to the length of the carbene N-alkyl
carbon side chain. This is because the longer the alkyl carbon
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chain, the greater the lipid solubility and the easier it is to enter
cells.

As shown in Figure S2 (Supporting Information), Pt-1 displays
emission at wavelength 606 nm suitable for cell imaging. When
SK-OV-3 cells were incubated with Pt-1 for 6 h, red emission was
observed upon excitation at 405 nm (Figure 2a; Figure S5, Sup-
porting Information). Subsequent examination of subcellular co-
localization using mitochondria-specific Tracker Green showed
high concordance, with a Pearson Correlation Coefficient (PCC)
was 0.78. The results show that Pt-1 mainly accumulates in mi-
tochondria and may cause mitochondrial damage. Mitochondrial
membrane potential (ΔΨm), which is closely linked to mitochon-
drial function, was observed using JC-1 staining. As shown in
Figure S6 (Supporting Information), compared with the “control”
group, Pt-1-treated cells showed a significant increase in green
fluorescence and a decrease in red fluorescence, manifested by
a decrease in ΔΨm. Mitochondria produce cellular energy in the
form of adenosine triphosphate (ATP) to support various cellular
activities,[20] so we studied ATP production after Pt-1 treatment.
As shown in Figure 2b, in the presence of different concentra-
tions of Pt-1, intracellular ATP levels were significantly reduced,
showing that Pt-1 has a significant impact on cellular energy pro-
duction.

It is well known that reactive oxygen species (ROS) play a crit-
ical role in redox homeostasis. The main sites of cellular ROS
generation include mitochondria and endoplasmic reticulum.[21]

To evaluate the effect of Pt-1 on ROS generation, the intracel-
lular fluorescence level was determined by flow cytometry and
microscopy imaging using 2′,7′-Dichlorodihydrofluorescein di-
acetate (DCFH-DA) assay. As described in the literature, DCFH-
DA is widely used to detect intracellular ROS.[22] When the ac-
etate group is removed by intracellular esterases and then oxi-
dized by intracellular ROS, the non-fluorescent DCFH-DA is con-
verted into a charged form of the dye, 2′,7′-dichlorofluorescein
(DCF), which exhibits high fluorescence. In addition, DCF is
not easily released from cells, so it can accumulate inside cells
and detect ROS.[23] A significant increase in fluorescence in-
tensity was observed in SK-OV-3 cells treated with Pt-1 for 6 h
(Figure 2c). Analysis of ROS expression after 6-h of Pt-1 treat-
ment using fluorescence microscopy revealed a significant in-
crease in ROS levels (Figure S7, Supporting Information). Since
endoplasmic reticulum (ER) stress is a potential downstream ef-
fect of ROS production,[21] we measured glucose regulatory pro-
tein 78 (GRP78),[24] phosphorylated eukaryotic initiation factor 2a
(p-eIF2a),[7a] and C/EBP homologous protein (CHOP). Through
Western blot (WB) analysis, increased expression of GRP78, p-
eIF2a, and CHOP was observed in SK-OV-3 cells (Figure 2d), in-
dicating that ER stress occurred during Pt-1 treatment.

To elucidate the mechanism of Pt-1-induced cell death,
caspase-mediated apoptosis proteins were first detected by West-
ern blot analysis (Figure S8, Supporting Information). Treatment
with high concentrations of Pt-1 treatment resulted in a decrease
in caspase 8 and an increase in cleaved caspase 3, indicating the
presence of apoptotic signals. Impaired caspase 8 activity has
been previously reported to lead to necroptosis.[25] In addition,
the addition of caspase-mediated apoptosis (Z-VAD-FMK) and
necroptosis (necrostatin-1) inhibitors changed the ability of Pt-1
to kill SK-OV-3 cells, indicating that Pt-1 may also induce necrop-
tosis (Figure S9, Supporting Information). Necroptosis is a form

of regulated cell death characterized by the kinase activity of
receptor-interacting protein kinase-1 (RIPK1), RIPK3, and their
substrate mixed lineage kinase domain-like (MLKL).[26] There-
fore, the levels of RIPK1, RIPK3, and MLKL, and their phosphory-
lation expression, as hallmarks of necroptosis, were determined
by Western blot analysis. As shown in Figure 2e, after incubation
with Pt-1, the expressions of P-RIPK1, P-RIPK3, and P-MLKL
were upregulated in a dose-dependent manner, showing that Pt-1
effectively triggers necroptosis in SK-OV-3 cells.

Given that necroptosis is associated with activation of anti-
tumor immunity, coupled with findings of elevated intracellular
ROS levels and ER stress, we explored the potential of Pt-1 to
induce immunogenic cell death (ICD). ICD is characterized by
the release of damage-associated molecular patterns (DAMPs),
including relocalization of the ER-resident chaperone protein
calreticulin (CRT) to the plasma membrane, extracellular secre-
tion of ATP, and extracellular release of nucleocytoplasmic high
mobility group box 1 (HMGB1) protein from dying cells.[7a,b,27]

Therefore, these biochemical hallmarks were examined in Pt-
1-treated SK-OV-3 cells. Confocal microscopy was used to de-
tect changes in the fluorescence intensity of CRT and HMGB1
through immunostaining. An increase in green fluorescence was
observed in Pt-1-treated SK-OV-3 cells compared with control
groups, indicating the presence of enhanced CRT and higher ex-
pression level of HMGB1 at the plasma membrane (Figure 2g,h).
ATP levels in the supernatants of Pt-1-treated SK-OV-3 cells were
also evaluated using the Extracellular ATP Assay Kit, and as
shown in Figure 2f, Pt-1 efficiently induced ATP release. Com-
pared with the control group, the ATP level of the 20 μm Pt-1
group was 1.67-fold, reaching a level comparable to that of the ox-
aliplatin group. Taken together, these findings indicate that Pt-1
exhibits excellent mitochondrial accumulation ability to alter en-
ergy homeostasis and redox homeostasis by reducing intracellu-
lar ATP levels and increasing ROS production, respectively. Sus-
tained elevation of ROS can also trigger catastrophic endoplasmic
reticulum stress. Furthermore, additional analysis of cell death
revealed that Pt-1 effectively triggered necroptosis and synergis-
tically initiated ICD, thus enhancing its antitumor efficiency and
immune response (Figure 2i). However, despite their extraordi-
nary antitumor potential, their off-target side effects remain un-
resolved.

2.3. Platinum(II) Complex-Targeted Therapy with Trastuzumab

To improve the tumor selectivity of platinum(II) complex,
platinum(II)-based antibody conjugate was synthesized
(Figure 3a). First, a linker is prepared using valine-citrulline
dipeptide as the enzymatic cleavage site and p-aminobenzyl
group as the spacer linker. Second, Pt-1 is coupled with linker
so that the resulting complex can be connected to the antibody
through maleimide (Scheme S3, Supporting Information).
When the inter-chain disulfide bonds of trastuzumab are
broken, maleimide-bearing Linker-Pt1 is loaded to specific
sites, subsequently producing the platinum(II)-based antibody
conjugate Trastuzumab-Pt1. Detailed synthesis procedures for
intermediates are included in the Supporting Information.

Next, Trastuzumab-Pt1 was analysed by UV spectropho-
tometry, SDS-PAGE analysis, and Bicinchoninic Acid assay,
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Figure 2. Necroptosis and Immunogenic cell death in cells treated with Pt-1 complex. a) CLSM (confocal laser scanning microscope) images and
analysis of Pt-1(6h) with mitotrackers(0.5h) in SK-OV-3 cells. Pt-1 was excited at 405 nm using an emission range from 550 to 700 nm and mitotrackers
were excited at 488 nm using an emission range from 490 to 600 nm (scale bars: 10 μm). b) Fold change of cellular ATP level. c) Fold change of cellular
ROS level. d) Expression level of signature protein of endoplasmic reticulum (ER) stress in SK-OV-3 after different treatments via WB. e) Expression level
of signature protein of necroptosis pathway in SK-OV-3 after different treatments via WB. f) Fold change of extracellular ATP after Pt-1 48 h-treatment
by ATP assay kit. g) CLSM images of CRT exposure in SK-OV-3 cells (scale bars: 20 μm). h) CLSM images of HMGB-1 release in SK-OV-3 cells (scale
bars: 20 μm). i) Proposed anticancer mechanism of Pt-1 that induces both mitochondrial damage and endoplasmic reticulum stress, thereby triggering
necroptosis and immunogenic cell death.
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Figure 3. Preparation, characterization, and expected performance of Trastuzumab-Pt1. a) The procedure to obtain Trastuzumab-Pt1. b) The UV–vis
absorbance spectrum of Trastzuzumab-Pt1. c) SDS-PAGE analysis of Trastuzumab-Pt1 under reducing conditions. d) Human cathepsin B-mediated
cleavage assay of Linker-Pt1, detected by UPLC-MS. e) The affinity of trastuzumab and Trastuzumab-Pt1 for HER-2 protein by Indirect-ELISA. f) Flow
cytometry-based internalization assay of trastuzumab and Trastuzumab-Pt1 in SK-BR-3. g) Cell-based binding assay of trastuzumab and Trastuzumab-Pt1
in different cancer cell lines by flow cytometry. h) CLSM visualization of Trastuzumab-Pt1 internalization in SK-BR-3 cells (scale bar: 10 μm).
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respectively. In Figure 3b, the UV–vis spectrum of Trastuzumab-
Pt1 shows two major peaks at 280 and 350nm, indicating
the conjugation of the platinum complex with the antibody.
Besides, as shown in Figure 3c, SDS-PAGE (sodium dodecyl
sulfate - polyacrylamide gel electrophoresis) analysis showed
that the fluorescent bands (heavy chain and light chain of
Trastuzumab-Pt1 after reduction) occurred in lane 1, whereas no
detectable fluorescent labels appeared in lane 2 (without TCEP,
tris(2-carboxyethyl)phosphine hydrochloride) or lane 3 (only
wild-type antibody). After conjugation to Pt-1, the bands in lane
1′ were visually shifted up compared to the wild-type antibody
as the increase in molecular weight. These results confirm the
high selectivity of Linker-Pt1 for free cysteine residues, and the
successful conjugate of platinum complex and the antibody.
In addition, Trastuzumab-Pt1 was almost entirely composed
of a single monomeric species (>95% purity) as analyzed by
size exclusion chromatography (SEC) (Figure S10, Supporting
Information). The coupling efficiency was checked using ultra-
high performance liquid chromatography Q Exactive™ Hybrid
Quadrupole-Orbitrap™ Mass Spectrometry (Figures S11 and
S12, Supporting Information), with an average of 2.6 complexes
attached to the antibody (DAR, drug-to-antibody ratio = 2.6).

N-acetylcysteine (NAC) derivatives avoid side reactions caused
by free maleimide and mimic antibody amino acid residues.[28]

Cathepsin B is a cysteine protease found in the lysosomes
of all mammalian cells.[29] Digestion of NAC-Linker-Pt1 with
cathepsin-B revealed enzymatic cleavage of the linker at the
amide position followed by immolation of para-aminobenzyl al-
cohol, thereby releasing the desired free payload (Figure 3d;
Figure S13, Supporting Information). After 6 h of incubation,
the NAC-Linker-Pt1 was completely cleaved and converted to Pt-
1. This means that Pt-1 should be successfully released within
tumor cells.

At the same time, the targeting of Trastuzumab-Pt1 was ana-
lyzed through Indirect-ELISA and flow cytometry, and the results
showed that the conjugate retained binding activity comparable
to trastuzumab. Trastuzumab-Pt1 showed dose-dependent bind-
ing activity to HER-2 antigen (Figure 3e), with an EC50 (50% ef-
fective concentration) value of 0.0503 nm, but its binding affinity
was lower compared with trastuzumab (EC50 = 0.0107 nm). Flow
cytometry was used to detect the HER-2 expression in different
human cancer cells, including SK-OV-3, SK-BR-3, BT-474, MDA-
MB-231, and NCI-H460.[30] As shown in Figure S14 (Supporting
Information), the mean fluorescence intensity (rMFI) ratios of
SK-OV-3, SK-BR-3, and BT-474 cells were in the range of 105.1
and 147.2, consistent with HER-2 high-expressing cells. How-
ever, MDA-MB-231 and NCI-H460 (rMFI = 1.02–1.14) belong to
the HER-2 low expression group. Compared with trastuzumab,
Trastuzumab-Pt1 showed similar binding activity to high HER-2
expressing cells and was able to distinguish cells with different
HER-2 expression levels (Figure 3f). In addition, the internaliza-
tion of Trastuzumab-Pt1 in target cells was comparable to that
of trastuzumab. Since internalization is receptor-mediated endo-
cytosis and energy-dependent, internalization of surface-bound
Trastuzumab-Pt1 or trastuzumab was allowed at 37 °C but not
at 4 °C. The extent of internalization of the receptor-antibody
complex was calculated as the percent loss of mean fluorescence
intensity (MFI) at 37 °C relative to the fluorescent intensity on
ice.[31] After 3 h of incubation at 37 °C, flow cytometry confirmed

that 48.0%, 42.1% and 25.3% Trastuzumab-Pt1 entered SK-BR-
3, BT-474 and SK-OV-3 cells, respectively (Figure 3g; Figure S15,
Supporting Information). Furthermore, immunofluorescence re-
sults provided additional evidence that Trastuzumab-Pt1 was
able to enter cells (Figure 3h; Figure S16, Supporting Informa-
tion). The results showed that although the attached drug/linker
slightly affects the binding ability of the antibody, the conjugate
still retained antigen recognition.

In vitro cytotoxicity of Trastuzumab-Pt1 was performed on BT-
474, SK-BR-3, SK-OV-3, NCI-H460, MDA-MB-231 cancer cells,
and normal breast cells MCF-10A (Figure 4a). For HER-2 high-
expressing cancer cell lines BT-474, SK-BR-3, and SK-OV-3,
cell viability was less than 50% after 96 h of treatment with 5
μm Trastuzumab-Pt1. However, the cell viability of the HER-2
low-expression cancer cell lines MDA-MB-231 and NCI-H460
was ≈95% at a concentration of 2.5 μm Trastuzumab-Pt1 and
≈90% at a concentration of 5 μm Trastuzumab-Pt1. At the 5 μm
Trastuzumab-Pt1 dose, the cell viability of MCF-10A was ≈80%.
This means that Trastuzumab-Pt1 can target and destroy cells in
high HER-2-expressing cell lines while being almost completely
non-cytotoxic against low HER-2-expressing cells and even nor-
mal human cells.

Notably, it is worth mentioning that Trastuzumab-Pt1 is highly
specific for high-HER-2-expressing cells in vitro. More impor-
tantly, we were able to create 3D tumor cell spheroid models
with high and low expression of HER-2. Because the lumines-
cent secondary antibody specifically binds to trastuzumab, signif-
icant green emission appears in Trastuzumab-Pt1-treated BT-474
tumor spheroids, whereas MDA-MB-231 tumor spheroids show
little green emission. This indicates that the conjugate can tar-
get 3D tumor spheroids with high HER-2 expression (Figure 4b).
To evaluate the ability of Trastuzumab-Pt1 to target HER-2 high-
expressing tumors in vivo, the conjugate was intravenously in-
jected into dual tumor-bearing mice. As shown in Figure 4c,
the platinum concentration in SK-OV-3 tumors was significantly
higher than in MDA-MB-231 tumors.

In addition, a single tumor-bearing mouse model was estab-
lished to examine the distribution and active tumor-targeting
ability of Trastuzumab-Pt1. After being injected intravenously,
platinum concentrations in the heart, liver, spleen, lung, kidney,
and tumor were assessed by ICP-MS (inductively coupled plasma
- mass spectrometry) at 12, 48, and 96h (Figure 4d). The study
found that the liver and spleen were the main sites of platinum
(12h), with concentrations of 351 and 437 ng g−1, respectively. No-
tably, tumor platinum concentration increased significantly from
96 to 635 ng g−1 at 48 h and remained at a high concentration of
766 ng g−1 at 96h.

In addition, platinum concentrations in major tissues such as
the heart, liver, spleen, and lung decreased, and the kidneys in-
creased slightly, accompanied by a decrease in blood platinum
levels (Figure S17, Supporting Information). Taken together, it
may be related to the clearance of Trastuzumab-Pt1 in the sys-
temic circulation, which means that Trastuzumab-Pt1 is able
to target tumors with high HER-2 expression in vitro and in
vivo.

We evaluated the ability of Trastuzumab-Pt1 to inhibit tumor
growth in vivo in mouse xenograft using SK-OV-3 ovarian
carcinoma cell-derived tumors. Treatment groups received four
doses of 10 or 15mg kg−1 intravenously on days 0, 7, 14, and 21.

Adv. Healthcare Mater. 2025, 14, 2403449 2403449 (6 of 10) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Targeting ability of Trastuzumab-Pt1 in vitro and in vivo. a) The cytotoxicity of Trastuzumab-Pt1 against different cell lines in vitro (Orange:
trastuzumab, Red: Trastuzumab-Pt1). b) The ability of Trastzumab-Pt1 to bind to HER-2 on the surface of 3D Tumor Spheroid (scale bar: 100 μm). c)
The Pt concentration in different tumors of double tumor-bearing mice. ** means p < 0.01. d) The distribution of Trastuzumab-Pt1 in vivo, as shown by
a line graph. *** means p < 0.001.

During the 28-day observation period, tumor volume and body
weight were measured every 2 days (Figure 5a). As shown
in Figure 5b, on the 28th day of treatment, the 15 mg kg−1

Trastuzumab-Pt1 group showed significant tumor inhibition,
with a tumor volume of 166.3 ± 55.3 mm3, which was only
1.7-fold higher than the original tumor volume (day 0). Mean-
while, the Trastuzumab-Pt1 10 mg kg−1 group showed a 2.6-fold
increase (277.2 ± 121.8 mm3). In comparison, the “Control”
and “Trastuzumab” groups experienced substantial increases
of 11.2-fold and 5.6-fold, reaching volumes of 1125.6 ± 173.5
mm3 and 562.0 ± 90.5 mm3, respectively. Additionally, tumors
from each group were collected and weighed at the end of
the study. The Trastuzumab-Pt1 group achieved 75.9% (10
mg kg−1) and 86.5% (15 mg kg−1) tumor inhibition, which were
higher the trastuzumab group (57.7%) and the control group

(Figure 5d,e). In addition, we conducted in vivo comparisons
between Trastuzumab-Pt1 and Pt-1. The results demonstrated
that Trastuzumab-Pt1 exhibited superior anti-tumor efficacy,
achieving a tumor inhibition rate of 65.3%. This was notably
higher than that of an equal amount of Pt-1 (19.4%) and even
surpassed the group treated with a ten-fold higher dosage of Pt-1
(50.0%) (Figure S18, Supporting Information).

It’s worth noting that the Pt composition of the conjugate in
the 15 mg kg−1 Trastuzumab-Pt1 treatment group was only 0.051
and 0.034 mg kg−1 in the 10 mg kg−1 group (Table S4, Support-
ing Information). For this reason alone, the body weight of mice
increased steadily during the 28-day study period (Figure 5c). In
addition, no obvious damage or obvious inflammation-related le-
sions occurred in major organs including the lung, kidney, liver,
spleen, and heart (Figure 5f). In comparison, the number of cells

Adv. Healthcare Mater. 2025, 14, 2403449 2403449 (7 of 10) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 2025, 9, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202403449, W
iley O

nline L
ibrary on [21/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 5. Anti-tumor efficacy of Trastuzumab-Pt1 on SK-OV-3 xenograft tumor in nude mice. a) The scheme of a 28-day short-term SK-OV-3 xenograft
tumor model. b) The tumor growth curves in different groups in the short-term model. Compare with control group, * means p < 0.05; **p < 0.01; ***p
< 0.001. c) The body weights of mice during the treatment in the short-term model. d) The final tumor weights after various treatments in the short-term
model. e) The images of the tumor tissues in the short-term model. f) Hematoxylin and eosin (H&E) images of mice major tissues subject to different
treatments. g) The scheme of a 56-day long-term SK-OV-3 xenograft tumor model. h) The tumor growth curves in different groups in the long-term
model. i) The body weights of mice during the treatment in the long-term model. j) The survivorship curves of each group mice in the long-term model.
There were no unplanned deaths, and all mice were mercifully executed when they reached the experimental endpoint (tumor volume ≈ 1200 mm3 or
56 days). Note: The curve is not shown when there are fewer than three mice left in any group.

Adv. Healthcare Mater. 2025, 14, 2403449 2403449 (8 of 10) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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in tumors treated with Trastuzumab-Pt1 was significantly de-
creased.

To evaluate the therapeutic effect of Trastuzumab-Pt1 at the
same dose as trastuzumab and tumor development at the end
of administration, we established the SK-OV-3 xenograft model.
In this model, 12 days after tumor inoculation, when the tumor
volume was ≈50 mm3, mice were randomly divided into five
groups (n = 6), including “Control” group, “Trastuzumab 5 or
10 mg kg−1” groups and the “Trastuzumab-Pt1 5 or 10 mg kg−1”
groups (Figure 5g). During the 56-day long-term observation pe-
riod, tumor volumes and body weights were measured every 2
days, and mice were sacrificed once the tumor volume reached
the predetermined experimental endpoint. On day 40 of treat-
ment, the two tumors in the “Control” group reached 1200 mm3,
while the group that received the lower dose of Trastuzumab-
Pt1 (10 mg kg−1) continued to show significant therapeutic ef-
fects, maintaining a tumor volume of 176.5 ± 100.5 mm3. No
significant toxicity (i.e., body weight loss of >20% or mice death)
was induced in any group by the end of the study (Figure 5i).
More importantly, as shown in Figure 5j, compared with “Con-
trol” (P = 0.001) and “Trastuzumab 10 mg kg−1” (P = 0.0209),
Trastuzumab-Pt1 (10 mg kg−1) provides improved survival bene-
fit. None of their tumor volumes reached the experimental end-
point until day 56, even though two mice had tumor volumes
(2/6) below 300 mm3. This result highlights the advantage of con-
jugating metal complex Pt-1 to trastuzumab to have good anti-
tumor therapeutic effect in the treatment of ovarian tumors with
small metal doses.

3. Conclusion

We synthesized a variety of pincer platinum(II) complexes us-
ing [CˆNˆN] ligands and N-heterocyclic carbene ligands con-
taining hydroxyl or amino groups. These complexes can act on
mitochondria, cause mitochondrial damage, and exhibit strong
anti-tumor activity in vitro and in vivo. By conjugating the plat-
inum(II) complex with trastuzumab to create novel platinum(II)-
based antibody conjugate against HER-2, targeting selectivity and
anti-tumor efficacy can be improved. We anticipate that more
platinum(II)-based antibody conjugates will be developed and
will be able to more effectively assist cancer patients in clinical
settings.

4. Experimental Section
Details of the materials, experimental procedures, and data, including
compound synthesis and characterization, photophysical measurements,
X-ray crystallography, antibody-drug conjugation, in vitro anticancer, and
in vivo antitumor assays are described in the Supporting Information.
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