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inducing apoptosis [2, 3]. In comparison to other epothi-
lones, epothilones B (EpoB) shows particularly stronger 
anticancer activity, which has attracted a lot of research 
interest ever since discovery [4–6]. Up to now, a semi-
synthetic analog of EpoB, named Ixabepilone (BMS-
247550), has been approved by the FDA for the treatment 
of metastatic or locally advanced breast cancer that does 
not respond to anthracyclines, taxane derivatives and 
capecitabine [7, 8]. However, other derivatives such as 
Novartis’ methylthio Epo B (ABJ879) and Bristol-Myers 
Squibb’s aminomethyl Epo B (BMS-310705) have failed 
in clinical trial stage, which probably due to the poor 
bio-availability and severe side effects [9, 10]. Therefore, 
appropriate improvements are still necessary for the clin-
ical application of Epo B in future.

Introduction
Epothilones are a class of 16-membered macrolides 
derived from the myxobacterium Sorangium cellu-
losum [1]. These natural epothilones compounds exhibit 
potent activity against various types of cancer cells in 
sub-nanomolar range by stabilizing microtubules and 
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Abstract
Epothilone B (Epo B), a promising antitumor compound effective against various types of cancer cells in vitro. 
However, its poor selectivity for tumor cells and inadequate therapeutic windows significantly limit its potential 
clinical application. Affibody is a class of non-immunoglobulin affinity proteins with precise targeting capability 
to overexpressed molecular receptors on cancer cells, has been intensively investigated due to its exceptional 
affinity properties. In this study, we present a targeted nanoagent self-assembled from the precursor of an affibody 
conjugated with Epo B via a linker containing the thioketal (tk) group that is sensitive to reactive oxygen species 
(ROS). The core-shell structure of the ZHER2:342-Epo B Affibody-Drug Conjugate Nanoagent (Z-E ADCN), with the 
cytotoxin Epo B encapsulated within the ZHER2:342 affibody corona, leads to significantly reduced side effects on 
normal organs. Moreover, the abundant presence of ZHER2:342 on the surface effectively enhances the targeting 
capacity and tumor accumulation of the drug. Z-E ADCN can be internalized by cancer cells via HER2 receptor-
mediated endocytosis followed by Epo B release in response to high levels of ROS, resulting in excellent anticancer 
efficacy in HER2-positive tumor models.
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In recent decades, a variety of nanovehicles (e.g., poly-
mers [11–13], liposomes [14, 15], and vesicles [16, 17]) 
have been investigated as delivery carriers to enhance 
the bioavailability and reduce the systemic toxicity of 
anticancer drugs. However, many of these carriers still 
encounter challenges such as lack of targeting ability, 
complex synthesis processes, and potential immunoge-
nicity during organism metabolism. To address these 
limitations, numerous targeting biological materials (e.g., 
peptides [18, 19], carbohydrates [20–22], and antibodies 
[23, 24]) have been further developed for combination 
with anticancer molecules to form tumor-targeted con-
jugates for cancer therapy. In terms of Epo B, our group 
has engineered an αvβ3 integrin targeted nanoagent 
self-assembled from the RGD peptide-EpoB conjugate, 
and more recently, Lou and co-workers have developed 
multiple rhamnose-binding lectin (RBL) targeted nano-
micelles that self-assemble from the Rhamnose-EpoB 
conjugate [25, 26]. All of these studies have demonstrated 
enhanced therapeutic windows and significant reduc-
tions in the adverse effects of Epo B. However, therapeu-
tic efficacy of these conjugates remains suboptimal, most 
likely due to the limited affinity of the carrier material for 
their targets.

Affibody, a small (6–7 kDa) affinity protein composed 
of 58 amino acids arranged in a three-helix bundle, has 
gained significant attention for its exceptional bind-
ing affinity to several target proteins [27–29]. Benefiting 
from its unique structure, affibody molecules exhibits 
numerous potential benefits, including rapid tissue pen-
etration owing to their diminutive size, picomolar affini-
ties along with high selectivity, and facile production 
through microbial fermentation [30, 31]. Take these 
advantages, we have successfully developed a series of 
affibody-MMAE conjugates in our previous research. 
The resulting conjugates can self-assemble into affibody-
drug conjugate nanoagents that have been demonstrated 
with enhanced biosafety and extraordinary antitumor 
activity, leading to relative tumor proliferation inhibition 
ratios over 99% in relevant tumor models [32, 33]. There-
fore, employing affibody as a carrier of Epo B might be a 
meaningful attempt.

Expanding on this concept, here we prepared a nanoag-
ent self-assembled from affibody-Epo B conjugate for tar-
geted cancer therapy (Scheme 1). First, a HER2 (human 
epidermal growth factor receptor 2) targeted affibody 
molecule ZHER2:342-Cys was designed and then produced 
using the E. coli expression system. Subsequently, the 
ZHER2:342-Cys was conjugated with Epo B through a linker 
containing maleimide group and reactive oxygen spe-
cies (ROS)-responsive thioketal (tk) group. Finally, the 
obtained conjugate was self-assembled into ZHER2:342-
Epo B Affibody Drug Conjugate Nanoagent (Z-E ADCN) 
in water ascribing to its inherent amphiphilic structure 

(Scheme 1A). The core shell structure of Z-E ADCN with 
Epo B encapsulated inside the ZHER2:342 corona signifi-
cantly reduces drug exposure in the bloodstream, result-
ing in reduced side effects to normal organs. Meanwhile, 
benefiting from the large amount of ZHER2:342 on the sur-
face, Z-E ADCN can effectively target to the tumor site 
and then be internalized by cancer cells through HER2-
specific receptor mediated endocytosis (Scheme 1B). 
Owing to the extracellular oxidative matrix and high 
levels of intracellular ROS [34–36], free Epo B can be 
effectively released in tumor tissues by the degradation of 
tk group, thereby inducing effective apoptosis of cancer 
cells.

Materials and methods
Materials
Epothilones B (Epo B) was supplied by Zhejiang Hisun 
Pharmaceutical Co., Ltd. Escherichia coli DH5α and BL21 
Star (DE3) were acquired from Invitrogen (Life Technol-
ogies Corp., Carlsbad, CA). Enterokinase was obtained 
from Yeasen Biotech Co., Ltd. (Shanghai, China). The cell 
counting kit-8 (CCK-8) assay and Annexin V-FITC/PI 
apoptosis detection kit were also purchased from Invitro-
gen. Tris(2-carboxyethyl) phosphine (TCEP) was bought 
from Adamas, while all other reagents were sourced 
domestically. Standard protocols were followed for all 
molecular biology procedures.

Preparation of ZHER2:342-Cys
The plasmid encoding the recombinant ZHER2:342 affi-
body was successfully introduced into competent E. 
coli BL21 Star (DE3) cells. The cells were extended 
cultured and then induced with 1 mM isopropyl-β-
D-thiogalactopyranoside (IPTG) at a temperature of 
16oC overnight. After that, the cell were collected and 
crushed using ultrasonic. The ZHER2:342 affibody was 
finally obtained via the purification of Ni-nitrilotriacetyl 
agarose column, followed by dialysis against water and 
lyophilization for storage. Following this, a solution of 
ZHER2:342-Cys-EK-His and enterokinase in reaction buf-
fer was stirred at 25oC overnight. The resulting reac-
tion solution was dialyzed against water to eliminate the 
His-tag residue. Finally, the ZHER2:342-Cys was collected 
and lyophilized for storage. All of the obtained affibody 
were confirmed using Matrix-Assisted Laser Desorp-
tion/Ionization Time of Flight Mass Spectrometry 
(MALDI-TOF-MS).

Synthesis of epo B-tk-MAL
The Epo B-tk-MAL compound was synthesized accord-
ing to our previous methodology [26]. Firstly, the mixture 
of 3,3′-(Propane-2,2-diylbis(sulfanediyl)) Dipropionic 
Acid (252.05 mg, 1 mmol), EDCI (287.55 mg, 1.5 mmol), 
DMAP (12.2  mg, 0.1 mmol) and anhydrous TEA (0.28 
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mL, 2 mmol) in anhydrous CH2Cl2 was stirred at room 
temperature for 1 h. Then Epo B (507.27 mg, 1 mmol) was 
added and the mixture was stirred for 24 h. The solution 
was then washed with deionized water and the organic 
phase was collected and purified by column chromatog-
raphy to obtain Epo B-tk-COOH as a white powder.

After that, Epo B-tk-COOH (74.13  mg, 0.1 mmol), 
HATU (57.04  mg, 0.15 mmol) and DIPEA (21 µL, 0.15 
mmol) were dissolved in anhydrous CH2Cl2 and stirred 
at room temperature for 0.5  h. Then N-(2-aminoethyl) 
maleimide trifluoroacetate salt (38.12  mg, 0.15 mmol), 
and DIPEA (21 µL, 0.15 mmol) were added to the solu-
tion and stirred for 6  h. The solution was then filtered 

and washed with deionized water before the organic 
phase was collected and purified by column chromatog-
raphy to obtain Epo B-tk-MAL as a white powder.

Preparation of ZHER2:342-Epo B ADCN
Briefly, 10  mg of ZHER2:342-Cys was dissolved in 5 mL 
of deionized water with the addition of 0.1 µM TCEP, 
and 1.22  mg of Epo B-tk-MAL was dissolved in 150 µL 
of DMSO. The drug-containing DMSO was then added 
to the ZHER2:342-Cys solution under magnetic stirring 
for 10  h, the resulting mixture underwent purifica-
tion through dialysis against deionized water to remove 

Scheme 1 Illustration of ZHER2:342-Epo B Affibody Drug Conjugate Nanoparticles (Z-E ADCN) for targeted drug delivery. (A) Depiction of the chemical 
structure and self-assembly process of ZHER2:342-Epo B to form Z-E ADCN. (B) Visualization of the active tumor-targeting delivery mechanism of Z-E ADCN, 
including (a) HER2 receptor mediated transcytosis, (b) Disassembly within cells due to intracellular high levels of ROS, (c) Intracellular entry and induction 
of apoptosis by Epothilone B, (d) Extracellular degradation leading to release of Epothilone B due to oxidative extracellular matrix, (e) Diffusion into sur-
rounding cells and induction of apoptosis by the released Epothilone B
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uncombined raw material. Finally, a stable bluish 
ZHER2:342-Epo B ADCN solution was obtained.

Preparation of Cy5.5 labeled conjugates
5 µM of Sulfo-Cyanine5.5 NHS ester and 1 µM of 
ZHER2:342-Cys were mixed in PBS at room temperature 
and stirring for 4  h. The unreacted Sulfo-Cyanine5.5 
NHS ester was then removed using a PD MiniTrap 
G-25 column to obtain the solution of Cy5.5-labeled 
ZHER2:342-Cys. The amount of Cy5.5 in ZHER2:342-Cys was 
determined using spectrophotometer. Subsequently, 
Cy5.5-labeled Z-E ADCN was synthesized using the 
same method as described above.

Biospecific affinity analysis
The interactions between the extracellular domain (ECD) 
of HER2 and affibody molecules were assessed using bio-
sensor analysis on a Biacore 8 K system. HER2-ECD was 
immobilized on a CM5 chip at an approximate level of 
1000 resonance units (RU). The affinity constants were 
determined by injecting a range of diluted concentrations 
as needed.

Cell culture
SKOV-3 cells (a human ovarian cancer cell line) were cul-
tured with McCoy’s 5 A medium, MCF-7 cells (a human 
breast adenocarcinoma cell line) and L929 cells (a mouse 
fibroblast cell line) were cultured with complete DMEM 
medium, both medium containing 10% FBS and 1% anti-
biotic. All these cells were purchased from the cell bank 
of Chinese Academy of Sciences.

In vitro ROS Responsiveness of Z-E ADCN
5 × 105 SKOV-3 cells were seeded in each well and then 
Z-E ADCN was added at a concentration of 10 µM for 
12  h at 37  °C. Subsequently, the medium was aspirated 
and 1 mL of methanol and cold PBS mixture (v/v, 1:1) 
was added to each well, the cells were collected and dis-
rupted via sonication. The resulting supernatant was 
obtained through centrifugation and then lyophilized. 
The resultant sample was redissolved in acetonitrile and 
subjected to analysis by LC-MS.

Cellular uptake
For the flow cytometry (FCM) analysis, SKOV-3 cells 
were seeded at a density of 5 × 105 cells per well and cul-
tured overnight. Subsequently, the diluted Cy5.5-labeled 
Z-E ADCN solution (10 µM) was added to different 
wells, followed by incubation for specific time intervals at 
37 °C. The collected cells were then analyzed using FCM. 
For the binding specificity analysis, cells were initially 
exposed to ZHER2:342 (10 µM) for 1 h before being treated 
with Cy5.5-labeled Z-E ADCN (10 µM) for another 4 h, 
after which they were collected and analyzed using FCM.

In the confocal laser scanning microscopy (CLSM) 
study, SKOV-3 cells were seeded at a density of 2 × 105 
cells per well and allowed to grow overnight. Subse-
quently, Cy5.5-labeled Z-E ADCN was added at a con-
centration of 10 µM, and the cells were incubated for 
specific time intervals at 37  °C. Following this, the cell 
nuclei were stained with Hoechst 33,342 before observa-
tion using confocal microscope.

Cytotoxicity evaluation
Different cells were seeded at a density of 5 × 103 cells per 
well and incubated overnight, respectively. After that, 
Epo B or Z-E ADCN were added at different concentra-
tions. Following another 48-hour incubation, CCK-8 
solution was added and the absorbance at 450  nm was 
measured by a BioTek Synergy H4 system.

Apoptosis analyses
The SKOV-3 cells were seeded at a density of 5 × 105 cells 
per well and incubated overnight. Then free Epo B and 
Z-E ADCN at a concentration of 30 nM were added and 
incubated for another 24 h, respectively. Finally, the cells 
were subjected to staining and then analyzed using FCM.

Construction of tumor models
The nude mice were subcutaneously injected with 200 
µL of cell suspension containing 3 × 106 SKOV-3 cells in 
the right flank region. The tumors were allowed to reach 
a size of around 100 mm3 before starting the antitumor 
experiments.

Pharmacokinetics
Sprague-Dawley rats (~ 200  g) were randomly assigned 
to receive either Cy5.5-labeled ZHER2:342 or Cy5.5-labeled 
Z-E ADCN (n = 4). Both compounds were administered 
intravenously via the tail vein. Blood samples were col-
lected at predetermined time interval through eye punc-
ture. The fluorescence intensity of serum was measured 
using a BioTek Synergy H4 system. The concentrations of 
both compounds were determined based on their stan-
dard curves.

Biodistribution analysis.
As to the in vivo optical imaging study, SKOV-3 tumor-

bearing mice were randomly assigned to three groups 
and treated with 200 µL of free Cy5.5, Cy5.5-labeled 
ZHER2:342 or Cy5.5-labeled Z-E ADCN, respectively. The 
fluorescence distribution was assessed at predetermined 
time interval through multimode imaging system.

For the ex vivo biodistribution study, 200 µL of different 
compounds were injected into tumor-bearing nude mice, 
respectively. Subsequently, tumors and major organs 
were harvested at 1, 4 and 8 h post-injection with careful 
handling. Following PBS rinsing, immediate imaging was 
conducted for all samples.
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Antitumor activity
The SKOV-3 tumor-bearing mice were randomly allo-
cated into four groups (n = 5) and treated with PBS, 
ZHER2:342 (139 mg kg− 1), Epo B (5 mg kg− 1), Z-E ADCN 
(78 mg kg− 1, an equivalent dose of Epo B at 5 mg kg− 1) 
and Z-E ADCN (156 mg kg− 1, an equivalent dose of Epo 
B at 10 mg kg− 1) once every 3 days for 24 days, respec-
tively. The body weight and tumor volume were mea-
sured with each injection. Tumor volume was calculated 
using the formula: V = 1/2 × length × width2. After a total 
of eight injections, the mice were sacrificed and their 
tumors and major organs were collected for further 
analysis.

Statistical analysis
The acquired data were presented as mean ± SD. Statis-
tical significance of each group was analyzed using Stu-
dent’s t-test calculated by prism software, with P < 0.05 
indicating statistical significance.

Results and discussion
Synthesis and characteristics of Z-E ADCN
The recombinant affibody molecule ZHER2:342-Cys-EK-
His(MGHHHHHHHHHHSSGHIDDDDKHMCVDNK-
FNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDD-
PSQSANLLAEAKKLNDAQAPK) as shown in Fig. S1 
was first expressed in Escherichia coli and purified using 
the Ni-nitrilotriacetyl agarose column. The molecu-
lar weight of ZHER2:342-Cys-EK-His was confirmed by 

MALDI-TOF-MS, showing two peaks at 9707.39 (mono-
mer) and 19415.42 Da (dimer), which closely matched the 
theoretical mass of 9707.63 and 19412.25 Da, respectively 
(Fig. S2). Subsequently, His-tag was removed through the 
enterokinase mediated cleavage to obtain ZHER2:342-Cys, 
as depicted in Fig.  1A, with a detected mass of 7076.92 
(monomer) and 14153.01 Da (dimer), in good agreement 
with the theoretical mass of 7077.83 and 14153.66 Da, 
confirming the successful preparation of ZHER2:342-Cys.

The Epo B-tk-MAL compound was initially synthesized 
according to our previous methodology (Fig. S3) [26]. 
Subsequently, a dimethyl sulfoxide solution of Epo B-tk-
MAL was added dropwise to the ZHER2:342-Cys solution to 
form the ZHER2:342-Epo B conjugate via thiol-maleimide 
click chemistry (Fig. S4). MALDI-TOF-MS result of 
the purified solution in Fig. 1B revealed a single peak at 
7940.55, which is in line with the theoretical mass of the 
ZHER2:342-Epo B conjugate (7942.21). Due to its inher-
ent amphiphilic structure, the resulting conjugate can 
self-assemble into ZHER2:342-Epo B Affibody Drug Conju-
gate Nanoagent (Z-E ADCN). As shown in Fig.  1C, the 
dynamic light scattering (DLS) analysis of Z-E ADCN 
revealed the presence of aggregates with a narrow dis-
tribution and an average hydrodynamic diameter of 
approximately 75.01 nm. Transmission electron micros-
copy (TEM) images in Fig.  1D also distinctly exhibited 
spherical morphology with size about 72.5  nm, consis-
tent with the DLS results. Meanwhile, we also investi-
gated the morphologies of ZHER2:342-Cys and Epo B-MAL, 

Fig. 1 Characterizations of ZHER2:342-Cys and Z-E ADCN (A-B) MALDI-TOF-MS result of ZHER2:342-Cys and Z-E ADCN. (C) DLS result of Z-E ADCN. (D) TEM 
image of Z-E ADCN. Scale bars: 100 nm. (E) CD spectrum of ZHER2:342-Cys and Z-E ADCN. (F) The affinity analysis result about Z-E ADCN with extracellular 
domain (ECD) of HER2.
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respectively, and only found random irregular aggregates 
in the TEM images as shown in Fig. S5. Furthermore, the 
zeta potential measurement (Fig. S6) indicated a nega-
tive-charged surface of Z-E ADCN with a value of -3.9 
mV, which is attributed to the high density of affibody 
corona on the particles. Additionally, the average diam-
eter and size distribution of Z-E ADCN exhibited no sig-
nificant changes over a period of 3 weeks, demonstrating 

its high storage stability (Fig. S7). Importantly, the diam-
eter of Z-E ADCN in water with 5 or 10% FBS exhibited 
consistent stability, indicating its superior serum stability 
(Fig. S8). All these data demonstrate the successful prep-
aration of Z-E ADCN.

Fig. 2 In vitro cellular uptake behavior of Z-E ADCN (A) CLSM images depict the uptake of Z-E ADCN labeled with Cy5.5 by SKOV-3 cells at different time 
points, with cell nuclei stained using Hoechst 33,342. (B) CLSM images showing the co-incubation of SKOV-3 cells with ZHER2:342 (10 µM) for 1 h followed 
by incubation with Z-E ADCN labeled with Cy5.5 for an additional 4 h. Scale bars: 25 μm. (C) FCM analysis of the in vitro cellular uptake behaviors of 
Cy5.5-labeled Z-E ADCN at specified time intervals. (D) FCM assessment of SKOV-3 cells following incubation with or without ZHER2:342 (10 µM) for 1 h and 
subsequent incubation with Z-E ADCN labeled with Cy5.5 (10 µM) for another 4 h
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Affinity analysis
The outstanding affinity performance of affibody is 
closely associated with their α-helical conformation [37, 
38]. Thus, circular dichroism (CD) measurement was 
first performed to confirm whether the helical structure 
of ZHER2:342 in Z-E ADCN kept unchanged. As shown 
in Fig.  1E, distinct negative peaks at 208 and 222  nm 
were observed in both Z-E ADCN and ZHER2:342 groups, 
confirming that α-helical secondary structure is still 
dominating in ZHER2:342 of Z-E ADCN. Subsequently, 
biospecific affinity analysis between ZHER2:342 (or Z-E 
ADCN) and HER2-ECD was carried out. As expected, 
both ZHER2:342 and Z-E ADCN were found binding to 
HER2 with high affinity (Fig. 1F and Table S1). The asso-
ciation rate constant (ka) of Z-E ADCN was determined 
as 4.16 × 104 M− 1 s− 1, slightly elevated compared to that 
of ZHER2:342 as 6.11 × 103 M− 1 s− 1, which is likely ascribed 
to the abundance of ZHER2:342 molecules on the surface of 
Z-E ADCN. Moreover, the dissociation rate constant (kd) 
of Z-E ADCN was found to be 1.75 × 10− 3 s− 1, faster than 
that of ZHER2:342 at 1.67 × 10− 6 s− 1. These data resulted in 
a dissociation equilibrium constant (KD) for Z-E ADCN 
of 4.21 × 10− 8 M, which is marginally higher than that for 
ZHER2:342 at 2.74 × 10− 10 M. The ascension of dissociation 
rate constant may be caused by the relatively large size of 
Z-E ADCN, but for all that, the binding affinity remains 

within nanomolar range, exhibiting enough sensitivity for 
targeted therapy applications [39].

ROS responsiveness of Z-E ADCN
The thioketal (tk) group has been shown to exhibit reac-
tivity towards the elevated levels of reactive oxygen 
species (ROS) present in cancer cells, as confirmed by 
previous studies. [26, 40]. In order to ascertain the poten-
tial release of Epo B from Z-E ADCN via tk degradation 
within cancer cells, we conducted an investigation of 
intracellular degradation. First, SKOV-3 cells (with high 
HER2 expression [41] and high level of ROS [42]) were 
treated with Z-E ADCN for 8 h, then the cellular extracts 
were collected and measured by LC-MS technique. Stan-
dard Epo B was used as the control. As shown in Fig. S9, 
the molecular weight and retention time for standard 
Epo B are 508.2751 Da and 5.92  min, respectively. As 
expected, free Epo B was found to be present in the cell 
extracts, corresponding to molecular weight and reten-
tion time of 508.2739 Da and 5.92 min, respectively, con-
firming that free Epo B can be released in cancer cells. 
All these LC-MS results verify that Z-E ADCN can be 
degraded to release Epo B after internalization of cancer 
cells.

Fig. 3 Relative cell viabilities of SKOV-3 (A), MCF-7 (B), and L929 (C) cells following a 48-hour incubation with free Epo B or Z-E ADCN. The data are pre-
sented as the average ± standard error (n = 6). (D) FCM analysis was performed to assess the apoptosis of SKOV-3 cells induced by various compounds. 
Lower left, living cells; lower right, early apoptotic cells; upper right, late apoptotic cells; upper left, necrotic cells
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In Vitro Analysis of Z-E ADCN
For the investigation of cellular uptake behavior, Z-E 
ADCN was conjugated with Cy5.5 dye to produce Cy5.5-
labeled Z-E ADCN. The morphological properties of the 
Cy5.5-labeled Z-E ADCN were found to be consistent 
with those of the original Z-E ADCN, as demonstrated 
in Fig. S10. Subsequently, SKOV-3 cells were exposed to 
Z-E ADCN labeled with Cy5.5 for a prearranged period 
and then analyzed using FCM and CLSM. As depicted in 
Fig. 2A and C, the fluorescence signal in cells significantly 
increased with prolonged incubation time. In addition, 
red fluorescence emitted by Cy5.5 was observed in both 
cytoplasm and nuclei after 4 h incubation, indicating the 
effective internalization of Z-E ADCN by SKOV-3 cells. 
To further explore the HER2-specific endocytosis of Z-E 
ADCN by SKOV-3 cells, the cells were first treated with 
ZHER2:342 for 1  h followed by culture with Cy5.5-labeled 
Z-E ADCN for an additional 4  h. Direct incubation of 
cells with Cy5.5-labeled Z-E ADCN was used as con-
trol. The CLSM images and FCM data are presented in 
Fig.  2B and D, respectively, where we can see that the 
internalization of Z-E ADCN is significantly suppressed 

following pre-incubation with free ZHER2:342, suggesting 
that the interaction between Z-E ADCN and SKOV-3 
cells is mediated by HER2-specific receptor binding.

Previous studies have demonstrated that the cytotox-
icity of affibody-drug constructs is contingent upon the 
level of HER2 expression [38, 43, 44]. Additionally, the 
incorporation of tk group in prodrug has been shown 
to induce selective cytotoxicity towards cancer cells 
compared to normal cells, probably attributed to the 
elevated levels of ROS in cancer cells [26]. Therefore, it 
was hypothesized that Z-E ADCN would demonstrate 
specific cytotoxicity against cells with different levels of 
HER2 expression and ROS. To prove that, in vitro cyto-
toxicity of Z-E ADCN and free Epo B were assessed on 
SKOV-3 cells, MCF-7 cells (low HER2 but high ROS 
expression), and L929 cells (low HER2 and ROS expres-
sion). As shown in Fig. 3A and C, the IC50 of free Epo B 
in SKOV-3 cells is 5.22 nM, which is not significantly dif-
ferent from that in MCF-7 cells (8.9 nM) and L929 cells 
(4.51 nM), indicating non-selectivity of Epo B towards 
these cell types. In contrast, Z-E ADCN showed a potent 
cytotoxic effect on SKOV-3 cells with an IC50 value of 

Fig. 4 The biodistribution of Z-E ADCN in mice following treatment. (A) In vivo visualization of mice treated with free Cy5.5, Cy5.5-labeled ZHER2:342, 
Cy5.5-labeled Z-E ADCN. The areas of tumor presence are outlined by red dashed lines. (B) Fluorescent images of various tissues obtained from mice after 
different treatments. Tissues included tumor (1), heart (2), liver (3), spleen (4), lung (5), and kidneys (6). (C) Quantitative analysis of tissue distribution of 
Cy5.5-labeled Z-E ADCN at 1 h, 4 h, and 8 h post injection. Data are presented as average ± standard error (n = 4)
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31.06 nM, while for MCF-7 cells the IC50 value increased 
to 183.77 nM and had no effect on L929 cells at the tested 
concentrations. These results definitely suggest that Z-E 
ADCN exhibits significantly specific toxicity against 
cancer cells with elevated levels of HER2 expression and 
ROS, which is most likely caused by the HER2 targeted 
property of ZHER2:342 affibody and the ROS-triggered 
release of Epo B.

Additionally, a cell apoptosis study was also carried 
out and examined through FCM. SKOV-3 cells were 
exposed to PBS, Epo B, and Z-E ADCN for a duration 
of 24  h, respectively. As shown in Fig.  3D, the percent-
age of apoptotic cells induced by Epo B and Z-E ADCN is 
53.5% and 45.7%, respectively, suggesting that Z-E ADCN 
exhibits a comparable capacity to Epo B in inducing cel-
lular apoptosis.

Pharmacokinetic and Biodistribution studies
Previous studies have demonstrated that the free affibody 
has a relatively short half-life because of its low molecular 
weight. [45, 46]. Therefore, the pharmacokinetics study of 
Z-E ADCN was conducted through intravenous injec-
tion of Cy5.5-labeled Z-E ADCN into SD rats, and the 
drug concentration was calculated according to the stan-
dard concentration-absorbance curve of Cy5.5-labeled 

ZHER2:342 (Fig. S11). As depicted in Fig. S12, the metabolic 
rate of Z-E ADCN is notably slower than that of ZHER2:342. 
The concentration of Z-E ADCN in the bloodstream 
remains relatively high at 5.6  µg mL− 1 after 12  h post-
injection, whereas the concentration of free ZHER2:342 is 
only 0.4  µg mL− 1 at the same time point. Compared to 
free ZHER2:342, the prolonged circulation of Z-E ADCN 
could potentially increase the accumulation of HER2-
specific drugs in tumor tissue. To demonstrate the HER2-
specific tumor-targeting capability of Z-E ADCN, in vivo 
fluorescence imaging was also conducted in nude mice 
with SKOV-3 tumors. As depicted in Fig.  4A, the fluo-
rescence signal of Cy5.5-labeled ZHER2:342 and free Cy5.5 
groups decreases rapidly from 1 to 12  h post-injection, 
which is probably due to their small molecular sizes. In 
contrast, the Cy5.5-labeled Z-E ADCN group exhib-
its a consistently strong fluorescence signal, particularly 
in tumor tissue. These findings suggest that Z-E ADCN 
has a prolonged blood retention time and can effectively 
accumulate at the tumor site.

To further study the biodistribution of Z-E ADCN, 
SKOV-3 tumor-bearing mice were sacrificed and their 
tumors and major organs were collected for ex vivo imag-
ing and quantitative analysis at 1, 4, and 8 h after injec-
tion. As depicted in Fig. 4B and C, the fluorescence signal 

Fig. 5 In vivo assessment of the therapeutic efficacy of Z-E ADCN as antitumor agents. (A) Tumor volumes in each treatment group following intravenous 
administration of PBS, ZHER2:342, Epo B, and Z-E ADCN (n = 5 per group). Statistical significance; *P < 0.05, **P < 0.01, and ***P < 0.001. (B) Changes in body 
weight of tumor-bearing mice post-treatment. (C) Survival curves of tumor-bearing mice with indicated treatments. (D) Photographic documentation of 
tumor-bearing mice at day 1, day 12 and day 24 post-treatment. (E) Representative images of the harvested tumors after a treatment period of 24 days
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of Z-E ADCN accumulates predominantly in tumor, liver, 
and kidney tissues, with relatively stable levels observed 
from 1 to 8  h post-injection. Notably, the fluorescence 
signal of Z-E ADCN within the tumor site is significantly 
stronger than that of ZHER2:342 and free Cy5.5 groups, 
indicating its exceptional active tumor targeting per-
formance. All these results collectively suggest that Z-E 
ADCN exhibits outstanding tumor targeting capabilities 
with promising potential for cancer therapy.

In Vivo Antitumor Studies
Building on its outstanding targeting property, in vivo 
antitumor assessment of Z-E ADCN was further con-
ducted. The mice with SKOV-3 tumor were randomly 
allocated into five groups and administered with PBS, 
ZHER2:342, Epo B (5  mg kg− 1), Z-E ADCN (at 5  mg kg− 1 
or 10  mg kg− 1 Epo B-equivalent dose) every 3 days for 
24 days, respectively. As shown in Fig. 5A, treatment with 
Z-E ADCN at a 5 mg kg− 1 Epo B-equivalent dose effec-
tively inhibited tumor growth, and the growth tendency 
was almost totally suppressed when the dose increased 
to 10 mg kg− 1. Notably, due to severe side effects of Epo 
B, mice treated with free Epo B at 5  mg kg− 1 experi-
enced significant weight loss (Fig. 5B) and all animals in 
this cohort perished after four administrations (Fig. 5C), 
resulting in an absence of therapeutic data within this 
group (Fig. 5A). Whereas, even in the Z-E ADCN group 

(10  mg kg− 1 Epo B-equivalent dose), the body weights 
of mice only exhibited a slight decrease compared to 
that of the control group, indicating minimal side effects 
of Z-E ADCN (Fig.  5D), which was probably due to its 
controlled drug release property. Furthermore, follow-
ing completion of the treatment regimen, the mice were 
euthanized and tumors were collected and photographed 
(Fig.  5E). The tumor weight was documented to deter-
mine the tumor inhibitory rate (TIR) as shown in Fig. 
S13. In comparison to the PBS group, the TIR of ZHER2:342 
is negligible at 1.6%, significantly lower than that of Z-E 
ADCN (5 and 10  mg kg− 1 Epo B-equivalent dose) at 
77.9% and 89.3%, respectively, verifying its outstanding 
tumor inhibition ability. All above results indicate that 
Z-E ADCN exhibits superior biosecurity and outstanding 
antitumor performance.

Immunohistochemical Analysis
Histological and immunohistochemical analysis of the 
tumor were performed after the whole treatment. As 
depicted in Fig. S14, the hematoxylin and eosin (H&E) 
staining assay of major organs revealed no discernible 
differences between Z-E ADCN treated and the control 
groups, indicating minimal side effects of Z-E ADCN. 
Furthermore, Z-E ADCN effectively induced apoptosis in 
tumor tissues compared to the PBS or ZHER2:342 treated 
groups, as evidenced by extensive nuclear shrinkage and 

Fig. 6 Immunohistochemical analysis results of tumor from different treatment groups. (A-B) H&E staining, proliferating cell nuclear antigen (PCNA), 
Caspase-3 and Tunel staining of tumor tissues after indicated treatments. Scale bars: 100 μm
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fragmentation shown in Fig. 6A. Additionally, the immu-
nohistochemical analysis results in Fig. 6B demonstrated 
that Z-E ADCN not only inhibited cancer cell prolif-
eration, as indicated by significantly reduced expression 
of proliferating cell nuclear antigen (PCNA), but also 
induced more efficient apoptosis in tumor tissues, as evi-
denced by enhanced expression levels of caspase-3 and 
TUNEL. The above findings further demonstrate the 
minimal occurrence of adverse effects and the superior in 
vivo antitumor efficacy of our Z-E ADCN.

Conclusions
In summary, we have developed a targeted nano-deliv-
ery system for cancer therapy by combining affibody 
with anticancer drug. The data evidently demonstrate 
the successful construction of Z-E ADCN by molecular 
self-assembly from the ZHER2:342-Epo B conjugate. Z-E 
ADCN can specifically bind to HER2 and enter the cell 
via HER2-mediated endocytosis, after which Epo B can 
be released through the degradation of tk group due to 
elevated ROS levels in cancer cells. Furthermore, the 
nanoscale properties of Z-E ADCN can also lead to pro-
longed circulating times in the bloodstream, increased 
drug accumulation in tumors, and reduced adverse 
effects on normal organs. These factors collectively con-
tribute to the enhanced antitumor efficacy of Z-E ADCN 
in vitro and in vivo. All in all, our self-assembly approach 
offers a promising avenue for the application of Epo B in 
clinics. Looking ahead, we anticipate that our strategy 
can be further expanded to encompass a wide range of 
affibody molecules combined with various anticancer 
agents for the treatment of different cancers.
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