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A B S T R A C T   

The treatment of epithelial ovarian cancer (EOC) has made slow progress due to absence of effective adjuvant 
chemotherapy that is capable of preventing tumor relapse and metastasis. Molecular targeted drugs such as PARP 
and PLK1 inhibitors appear to be promising new treatments for EOC. The low EOC cell uptake, poor selectivity 
and pronounced toxicity, however, greatly compromise their clinical efficacy. Herein, we report that HER-2- 
mediated nano-delivery of clinical PLK1-targeted drug, volasertib (Vol), while causing little toxicity potently 
suppresses orthotopic EOC and metastasis. Anti-HER-2 antibody, trastuzumab (Tra), was conjugated onto Vol- 
loaded polymersomes via click chemistry yielding Tra-PVol with a size of 33 nm and optimally about 5 Tra 
per polymersome. Tra-PVol exhibited clearly stronger uptake and anti-tumor activity (IC50 = 59 nM) in HER-2 
overexpressing SKOV-3 cells than free Vol and non-targeted PVol controls. Both biodistribution and therapeutic 
studies in orthotopic SKOV-3-Luc tumor-bearing mice displayed that Tra-PVol induced significantly better tumor 
deposition and retardation than PVol and that intraperitoneal administration outperformed intravenous 
administration. More interestingly, Tra-PVol was shown to effectively suppress the intraperitoneal metastasis and 
to markedly prolong the survival time of SKOV-3-Luc tumor-bearing mice. This HER-2 directed molecular 
therapy emerges as a potential treatment strategy toward EOC.   

1. Introduction 

With a low 5-year survival rate of 46%, epithelial ovarian cancer 
(EOC) patients eventually succumb to recurrence and metastasis 
(Lheureux, 2019; Torre, 2018). This high mortality of EOC is partly 
because the adjuvant chemotherapy with e.g. platinum and taxane after 
debulking surgery will mostly become ineffective (Torre, 2018; Vasan, 
2019). Molecular targeted drugs such as PARP and PLK1 inhibitors 
appear to be promising new treatments for EOC (Affatato, 2020; Gogi-
neni, 2021; Gutteridge, 2016; Liu, 2017; Moore, 2018; Ray-Coquard, 
2019). The PARP inhibitor, olaparib, becomes a first-line mainte-
nance, either as mono- or combo-therapy for EOC with BRCA1/2 mu-
tation which accounts for 15%-20% EOC patients (George, 2017; Lord 
and Ashworth, 2017; Moore, 2018; Pujade-Lauraine, 2017; Ray- 
Coquard, 2019). PLK1 is an oncoprotein and master regulator of 
mitosis that is overexpressed in a wide spectrum of tumor types 

(Combes, 2017; Liu, 2017). The clinical analyses indicated that 26% 
EOC are PLK1 positive (Chan, 2018; Liu, 2017). The inhibition of PLK1 
has shown to effectively retard the progression of both hematological 
and solid tumors in patients (Gjertsen and Schoffski, 2015; Pujade- 
Lauraine, 2016a; Pujade-Lauraine, 2013; Rudolph, 2009; Van den Bos-
sche, 2016). Among the PLK1 inhibitors, volasertib (Vol) is the most 
advanced and has been approved breakthrough therapy designation for 
acute myeloid leukemia (Döhner, 2014). The phase II clinical trials for 
OC patients, however, turned out not superior to chemotherapy (Pujade- 
Lauraine, 2016b). The clinical efficacy of Vol is most likely downplayed 
by its low tumor selectivity, inefficient tumor cell uptake and dose- 
limiting toxicity. The inherent/acquired drug-resistance is another key 
challenge for moleculary targeted drugs (Holohan, 2013). 

Here, we report that HER-2-mediated nano-delivery of Vol while 
greatly alleviating its toxicity potently suppresses orthotopic EOC and 
metastasis (Scheme 1). Previous studies showed that HER-2 is 
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overexpressed in 52.5% of EOC patients and higher HER-2 expression 
correlates with more aggressive tumor phenotypes and poorer clinical 
outcomes (Chung, 2019; Hogdall, 2003; Serrano-Olvera, 2006). HER-2 
targeted therapies (e.g. ado-trastuzumab emtansine) have demon-
strated significant clinical efficacy in HER-2 positive breast cancer (Oh 
and Bang, 2020). HER-2 directed delivery of conventional chemo drugs 
such as platinum, epirubicin, doxorubicin and siRNA was reported to 
improve EOC treatment (Ding, 2019; Domínguez-Ríos, 2019; Gu, 2021; 
Kotcherlakota, 2017; Satpathy, 2019). Vol is an amphipathic drug that 
poses significant delivery challenges. We recently found that chimaeric 
polymersomes offer a unique means to robust Vol loading and improve 
its anti-tumor efficacy (Fan, 2021; Wang, 2021). This study was set to (i) 
explore HER-2-targeted nano-delivery of Vol for the treatment of 
orthotopic EOC, and (ii) compare the effects of intraperitoneal (i.p.) and 
intravenous (i.v.) administration on the safety and efficacy of HER-2- 
targeted Vol nanodrugs. It remains controversial whether i.p. injection 
should be adopted in the adjuvant chemotherapy of EOC. Many recent 
studies on OC treatment confirmed the feasibility of i.p. administration 
of macromolecules/nanoparticles (Al Shoyaib, 2019; Luo, 2017; Ose-
ledchyk, 2017). Clinical trial studies using i.p. chemotherapy showed 
better survival benefits over i.v. administration (Al Shoyaib, 2019; 
Narod, 2016; Walker, 2019). HER-2-targeted nanodrug was constructed 
by conjugating anti-HER-2 antibody, trastuzumab (Tra), onto Vol- 
loaded polymersomes via click chemistry (Tra-PVol). Interestingly, our 
results showed that Tra-PVol not only effectively suppressed tumor 

progression but also prevented metastasis. Moreover, for both HER-2- 
targeted and non-targeted nanodrugs, i.p. administration was shown to 
be superior to i.v. administration. Therefore, HER-2-targeted nano-de-
livery of Vol via i.p. administration has emerged as a potential treatment 
strategy toward EOC. 

2. Materials and methods 

2.1. Fabrication of volasertib loaded azido-functionalized polymersomes 
(N3-PVol) and post-conjugation of trastuzumab 

N3-PVol was prepared according to our pervious study (Wang, 2021). 
Briefly, a DMSO solution (polymer concentration 40 mg/mL) of N3-PEG- 
P(TMC-DTC)-PAsp and PEG-P(TMC-DTC) (2/98 mol/mol) and Vol at a 
theoretical loading content of 10 wt% was injected into HEPES solution 
(pH 6.8, 5 mM) at 37 ◦C under stirring (300 rpm). The dispersion was 
incubated for 12 h at 37 ◦C and then dialyzed against HEPES (5 mM, pH 
7.4) to yield N3-PVol. The size and Vol loading contents were measured 
(supporting information). 

Tra-PVol was obtained by post modification of N3-PVol with DBCO 
modified trastuzumab (Tra-DBCO). In brief, Tra-DBCO was acquired by 
treating Tra with DBCO-OEG4-NHS (10 mg/mL) at a molar ratio of 1/5 
overnight at 25 ◦C and purification via centrifugal ultrafiltration (Mil-
lipore, MWCO 100 kDa). The MALDI-TOF measurement displayed ca. 
1.8 DBCO per Tra-DBCO molecule (Fig. S1). The concentration of Tra- 
DBCO was determined using HPLC (150 mM PB/ACN = 90/10; 214 
nm). Thus-obtained Tra-DBCO was added to N3-PVol (20 mg/mL) at Tra- 
DBCO/N3 molar ratios of 0.5/1, 1/1 and 2/1, and the reaction was 
carried out at 25 ◦C overnight. Tra-PVol was purified by repeated ul-
tracentrifugation (70 krpm, 50 min) to remove free Tra-DBCO using 
HEPES (5 mM, pH 7.4) as a medium. The collected free Tra-DBCO in the 
supernatant was quantified using HPLC, and the Tra surface density on 
each polymersome could be derived from the amount of reacted Tra- 
DBCO and number of polymersomes, which was determined from 
static laser scattering measurement (Yu, 2021). The size and Vol loading 
were measured. The colloidal stability of Tra-PVol against 50-fold 
dilution, in the presence 10% FBS (5A culture medium), and storage 
over 14 days was measured by dynamic light scattering (DLS). 

Scheme 1. Preparation and HER-2-targeted delivery of trastuzumab-functionalized polymersomal volasertib (Tra-PVol) in orthotopic SKOV3-Luc model. Tra-PVol is 
obtained by post-conjugation of N3-PVol with Tra-DBCO. Tra-PVol following intraperitoneal injection accumulates in the tumor through direct exposure to Tra-PVol 
in abdominal cavity. Tra-PVol following intravenous injection accumulates in the tumor through blood circulation. Tra-PVol enters SKOV-3 cells via HER-2 
medicated endocytosis, and efficiently releases Vol in the cytosolic reducing environment, leading to effective and specific inhibition of PLK1 protein. 

Table 1 
Characterizations of Tra-PVol.  

Entry Formulation DLC (wt 
%)a 

DLE 
(%)a 

Size 
(nm)b 

PDIb ζ (mV)c 

1 PVol  8.3 90 28  0.14  − 6.2 
2 N3-PVol  8.2 90 29  0.10  − 6.1 
3 Tra2.3-PVol  7.9 86 31  0.13  − 5.1 
4 Tra5.4-PVol  7.7 84 33  0.14  − 4.2 
5 Tra9.4-PVol  7.6 83 34  0.08  − 2.6  

a Determined by UV–vis. 
b Determined by DLS. 
c Determined by capillary electrophoresis using Zetasizer Nano-ZS. 
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2.2. Cellular uptake and cytotoxicity assays of Tra-PVol 

HER-2 positive SKOV-3 cells were used to investigate the cellular 
uptake using flow cytometry. FITC labeled Vol (Vol-FITC) was applied 
according to previous report (Kampmann, 2016; Wang, 2021). The cells 
were cultured in 6-well plate (3 × 105 cells/well) overnight. Tra-PVol 
with 2.3, 5.4 or 9.4 Tra per polymersome was added (Vol = 100 nM). 
PBS and PVol were as controls. After 4 h incubation, the cells were 
washed, detached by trypsin, dispersed in PBS and measured using for 
flow cytometry. 

For cytotoxicity assays, into cells cultured in a 96-well plate (3 × 103 

cells/well) overnight were added with 20 μL Tra-PVol with Vol con-
centrations ranging from 1 nM to 10 μM. PBS, PVol and free Vol were 
used as controls. After 72 h incubation, 10 μL 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/mL) in PBS 
were added. Then the medium was removed and the formazan crystals 
were dissolved in DMSO for microplate reader detection at 570 nm. Cell 
viability (%) was calculated relative to the PBS treated cells. 

2.3. In vivo imaging and pharmacokinetic studies 

All animal procedures were handled under protocols approved by 
Soochow University Laboratory Animal Center and the Animal Care and 

Use Committee of Soochow University. The pharmacokinetics of Tra- 
PVol following i.v. or i.p. administration was studied using Vol-FITC 
by monitoring FITC fluorescence in plasma. Briefly, Tra-PVol or PVol 
was i.v. or i.p. injected (Vol-FITC: 20 mg/kg), and at preset time points 
200 μL blood was collected in heparin-treated tubes. The plasma pre-
pared (20 μL) was then added into DMSO (150 μL) for microplate reader 
analysis at 494 nm. The amount of Vol-FITC was calculated according to 
the standard curve of Vol-FITC of known concentrations in DMSO. 

The nude mice bearing orthotopic SKOV-3 tumor was built by 
injecting 5 × 105 SKOV-3-Luc cells into the right ovaries. On day 30 
post-inoculation, at tumor luminescence of ca. 3 × 108p/sec/cm2/sr, 
Cy5-labled and Vol-FITC loaded polymersomes, PVol or Tra-PVol, were 
i.v. or i.p. injected (Cy5: 2.5 μg/kg; Vol-FITC:20 mg/kg). At preset time 
intervals, the mice were scanned using an IVIS Lumina II imaging system 
to monitor Cy5 fluorescence over 72 h. Then the mice were sacrificed, 
and organs and tumors were excised and imaged. The volasertib content 
in the cancerous ovaries was semi-quantified. 

2.4. The antitumor effect of Tra-PVol in orthotopic SKOV-3 tumor model 

On day 10 post-inoculation, tumors reached an average biolumi-
nescence of 5 × 106p/sec/cm2/sr, and this day was noted as day 0 and 
the mice were randomly dispensed into 7 groups (n = 8). On day 0, 3, 6, 

Fig. 1. (A) The colloidal stability of Tra-PVol under dilution or in the presence of 10% FBS at 12 h incubation. (B) Flow cytometric analysis of SKOV-3 cells following 
4 h treatment with Tra-PVol. (C) MTT assays of SKOV-3 cells after 4 h treatment with Tra-PVol or PVol and additional 44 h culture in drug-free medium. (D) The 
cytotoxicity of empty polymersome Tra-P against SKOV-3 cells at 24 h incubation. 
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and 9, 200 μL of free Vol, PVol or Tra-PVol was i.v. injected, or 400 μL of 
free Vol, PVol and Tra-PVol was i.p. injected. PBS was negative control. 
Tumor progression was monitored through bioluminescence on day 0, 3, 
6, 9, 16, 23 and 30. The intraperitoneal metastasis was imaged on day 30 
using supine position. Body weight was measured every two days. The 
relative body weight and relative tumor bioluminescence were 
normalized to their initial values on day 0, respectively. On day 16, 3 
mice of each group were sacrificed and ovaries containing tumors were 
isolated, photographed and weighed. While for free Vol groups which 
died on day 14, their ovaries were collected and kept in − 80 ◦C freezer 
immediately after their death. The weight ratio of tumoral ovary to 
normal ovary (T/N) was calculated. To determine the PLK1 expression 
of orthotopic tumors, the tumoral ovaries were taken and prepared for 
western blot analysis (n = 3). The remaining five mice in each group 
were used to monitor the survival rates (n = 5). 

To make a clear observation of apoptosis inside ovarian tumor, nude 
mice bearing orthotopic ovarian tumors at bioluminescence intensity of 
3 × 108p/sec/cm2/sr were i.v. or i.p. injected with free Vol, PVol or Tra- 
PVol. Two days later, mice were sacrificed and tumors were isolated for 
TUNEL analysis. 

2.5. Toleration evaluation 

The healthy nude mice were i.v. or i.p. injected with PVol at 20, 40, or 
80 mg/kg (n = 3). The body weight was recorded every day and the liver 
function was evaluated five days after administration. 

2.6. Statistical analysis 

Data are presented as mean ± SD. One-way ANOVA with Tukey 
multiple comparison tests were used to analyze the significance in the 
differences among groups, and for survival rates Kaplan-Meier and log- 
rank comparison tests was used using GraphPad prism. *p < 0.05, **p <
0.01 and ***p < 0.001. 

3. Results and discussion 

3.1. Preparation of Tra-PVol 

Tra-PVol was obtained by conjugating Tra-DBCO onto N3-PVol 
which assembled from 2 mol.% N3-PEG-P(TMC-DTC), 98 mol.% PEG-P 

Fig. 2. Fluorescence imaging and pharmacokinetic studies. (A) In vivo Cy5 fluorescence imaging of the orthotopic SKOV-3 model mice at preset time-points after i.v. 
or i.p. injection of PVol or Tra-PVol, of which the polymersomes and volasertib were labeled with Cy5 and FITC, respectively. (B) Ex vivo FITC fluorescence imaging of 
major organs and ovary/tumors and (C) quantitative analysis of tumor FITC fluorescence at 72 h post-injection of PVol or Tra-PVol. (D) Pharmacokinetics of Tra-PVol 
loaded with Vol(FITC) via i.v. or i.p. injection. 
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(TMC-DTC)-PAsp with volasertib (drug/polymer = 10/90, w/w) 
(Scheme 1). The DBCO functionality of Tra-DBCO was calculated to be 
1.8 per Tra by the Mw difference between Tra and Tra-DBCO (DBCO Mw 
= 649.7 kg/mol) (Fig. S1). The free Vol and unconjugated Tra-DBCO 
were removed by dialysis and ultracentrifugation, respectively. The 
unconjugated Tra-DBCO was quantified using HPLC. The Tra surface 
density was calculated from the amount of conjugated Tra-DBCO and 
number of polymersomes, which could be derived from the average 
aggregation number (ca. 625) and the Mw (ca. 1.15 × 104 kg/mol) per 

polymersome from SLS measurement (Yu, 2021). The final Tra surface 
density increased from 2.3, 5.4 to 9.4 per polymersome with increasing 
Tra-DBCO/N3 molar ratios from 0.5/1, 1/1 to 2/1 (Table S1). The 
conjugation of Tra brought about little size change. Tra-PVol had a small 
size of 31–34 nm and low size distribution (PDI) of 0.08–0.14 (Table 1, 
Entries 3–5). Notably, Tra-PVol retained good loading of Vol (DLC =
7.6–7.9 wt%, DLE ≥ 83%) after Tra modification and workup proced-
ures, corroborating with the stable loading of Vol inside the polymer-
somes. The zeta potential of Tra-PVol was slightly negative. The non- 

Fig. 3. Therapeutic efficacy of orthotopic SKOV-3 tumor-bearing mice by i.v. or i.p. injection of Tra-PVol, PVol or free Vol (20 mg Vol/kg) on day 0, 3, 6 and 9. (A) 
Treatment schedule. (B) Bioluminescence in vivo imaging of mice. (C) Relative tumor bioluminescence intensity of individual mouse. Mice of free Vol groups all died 
after 4 injections (i.v. or i.p). 
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targeted PVol had similar properties to Tra-PVol (Table 1, Entry 1). 
Tra-PVol remained stable under extensive dilution (from 0.08 to 4 

mg Vol equiv./mL) or in the presence of 10% FBS in 5A culture medium 
(Fig. 1A). The in vitro drug release studies revealed a greatly accelerated 
release of Vol from PVol and Tra-PVol by 10 mM GSH (Fig. S2), 
demonstrating fast reduction-responsivity. FITC labeled volasertib (Vol 
(FITC)) was used for investigating cellular uptake using flow cytometry. 
The results displayed that Tra functionalization brought about raised 
cellular uptake and Tra5.4-PVol with 5.4 Tra per polymersome appeared 
to be the most optimal, which led to a 4.4-fold enhancement of cellular 
uptake compared with non-targeted PVol (Fig. 1B). MTT assays verified 
that Tra5.4-PVol had the best inhibition effect of SKOV-3 cells with an 
IC50 being 4- and 2.3-fold lower than free Vol and non-targeted PVol, 
respectively (Fig. 1C), while the blank polymersomes, Tra-P, showing 
non-toxicity (Fig. 1D). Unless otherwise specified, Tra-PVol in the 
following refers to the one with 5.4 Tra. 

3.2. In vivo imaging and pharmacokinetics 

The clinical treatment of OC by i.p. administration is controversial 
for its more serious adverse effects than i.v. administration (Alberts, 
2006), though a higher five-year survival rate was observed in OC 

patients who received i.p. chemotherapy (Provencher, 2018). Nano-
medicines might behave differently from traditional chemical agents. 
Here, we established orthotopic SKOV-3 model in nude mice by inocu-
lating 5 × 105 SKOV-3-Luc cells in right ovaries, and carried out a sys-
tematic study of i.p. and i.v. administration of Tra-PVol on the 
biodistribution, pharmacokinetics and anti-OC efficacy using Cy5- 
labeled polymersomes loaded with FITC-labeled volasertib. The imag-
ing studies were started at tumor luminescence of 3 × 108p/sec/cm2/sr 
on day 30 post-inoculation. The in vivo imaging showed that the 
administration of Tra-PVol i.p. led to fast and persistent tumor accu-
mulation over 72 h post injection, and tumor Cy5 fluorescence peaked at 
12 h (Fig. 2A). The administration Tra-PVol i.v. displayed also strong 
tumor Cy5 signal at 12–48 h, and for both i.p. and i.v. administration 
Tra-PVol group displayed much higher tumor fluorescence than PVol 
group. Remarkably, at 72 h the ex vivo images verified that Tra-PVol i.p. 
afforded the strongest FITC-labeled Vol accumulation in the tumors 
(Fig. 2B). It should further be noted that healthy organs had no or much 
less drug FITC fluorescence, supporting its high selectivity. The quan-
titative analysis of tumor FITC signal also confirmed that Tra-PVol via i. 
p. and i.v. injection both led to significantly higher tumor enrichment 
than non-targeted PVol, and i.p. was superior to i.v. administration 
(Fig. 2C). The higher drug tumor deposition of i.p. group was ascribed to 

Fig. 4. In vivo therapeutic efficacy of Tra-PVol, PVol and free Vol to orthotopic SKOV-3 tumor-bearing mice treated as Fig. 3 (n = 7). (A) The bioluminescence 
intensity and (B) body weight relative to the values on day 0. (C) Snapshots of ovaries excised on day 16. (D) Ratios of the weight of tumoral ovary to normal ovary 
(T/N ratio) (n = 3). (E) Western blot analyses and semi-quantification of PLK1 expression in tumorous ovaries following different treatments (n = 3). (G) Mice 
survival curves (n = 5). # indicates mice death. Statistical analysis: One-way Anova with Tukey multiple comparisons tests. *p < 0.05, **p < 0.01. 
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the directly increased exposure of polymersomes to orthotopic ovarian 
tumors in the peritoneal cavity. 

Moreover, the pharmacokinetic studies revealed that Tra-PVol 
loaded with Vol(FITC) via either i.p. or i.v. administration had long 
circulation time (Fig. 2D). Unlike Tra-PVol i.v. displaying a fast decrease 
of plasma Vol concentration after injection, Tra-PVol i.p. showed a first 
sharp increase of plasma Vol concentration to 41.5 µg/mL in 15 min and 
then a rapid decline to the similar level to i.v. administration. By fitting 
Tra-PVol i.v. data with two-compartment model and Tra-PVol i.p. data 
with three-compartment model, the elimination half-life (t1/2) was 
determined to be 9.8 and 11.8 h, and area under the curve (AUC) to be 
211.7 and 210.4 μg⋅h/mL, respectively. 

3.3. Antitumor activity of Tra-PVol 

The therapy of orthotopic SKOV-3 tumor model was initiated at the 
tumor bioluminescence of ca. 5 × 106p/sec/cm2/sr (this day was set as 
day 0). On day 0, 3, 6 and 9, Tra-PVol, PVol or free Vol was i.v. or i.p. 
administrated at 20 mg Vol equiv./kg (Fig. 3A). Fig. 3B and C showed 
that Tra-PVol i.v. or i.p. potently inhibited the progression of primary 
SKOV-3 tumors, and the tumor bioluminescence was faded during and 
one week after treatment. PVol could also effectively restrain SKOV-3 
tumor growth. For both Tra-PVol and PVol, i.p. administration out-
performed the i.v. administration. In comparison, the i.v. and i.p. 
administration of free Vol induced moderate suppression of tumor 
growth and death of mice in a couple of days after treatment due to 
strong systemic toxicities. Moreover, it is noted that Tra-PVol i.p. could 
also effectively inhibit intraperitoneal metastasis of SKOV-3 tumor 
(Fig. 3B). The excellent performance of Tra-PVol i.p. could be attributed 
to the high drug accumulation in the primary orthotopic and metastatic 

ovarian tumors in the peritoneal cavity, despite some possible attrition 
of i.p. administration. The metastasis and lack of effective anti- 
metastatic adjuvant chemotherapy are the major reasons for the high 
mortality of OC patients (Narod, 2016). 

The plot of primary relative tumor bioluminescence over time 
demonstrated clearly that Tra-PVol was significantly more potent than 
PVol and free Vol (Fig. 4A), confirming its high efficacy and tumor 
targetability. Interestingly, both i.v. and i.p. administration of PVol or 
Tra-PVol did not cause notable body weight loss (Fig. 4B), indicating 
good safety. In contrast, free Vol brought about marked body weight loss 
and eventually death of mice in 10–16 days. The pictures of normal and 
tumoral ovaries isolated on day 16 (free Vol group on day 14) showed 
that the mice treated with Tra-PVol had normal sized ovaries (Fig. 4C). 
For both Tra-PVol and PVol, i.p. administration performed significantly 
better than i.v. administration. The weight ratio of tumoral ovary to 
normal ovary (T/N ratio) of Tra-PVol groups were ca. 1, corroborating 
with the exceptional anti-OC efficacy of Tra-PVol (Fig. 4D). 

To analyze the PLK1 expression in SKOV-3 tumors, we performed 
western blot analysis. The results demonstrated that for either i.v. or i.p. 
administration, PLK1 expression decreased in the order of PBS > free 
Vol > PVol > Tra-PVol. The best inhibition of PLK1 protein observed for 
Tra-PVol indicates its efficient transportation of Vol to tumors, con-
firming the significant advantages of HER-2-targeted delivery of Vol. 
The i.p. administration of PVol also considerably down-regulated PLK1 
expression than i.v. administration (Fig. 4E). Besides, the TUNEL ana-
lyses of the SKOV-3 tumor-bearing ovaries displayed that Tra-PVol i.v. 
and i.p. and PVol i.p. induced pronounced tumor cell apoptosis (Fig. S3). 
In accordance with PLK1 inhibition and tumor suppression, Tra-PVol i.p. 
group exhibited the best survival benefits, with medium survival time 
(MST) prolonged to 87 days, which was 2-fold of PBS group (Fig. 4F). 

Fig. 5. Toleration study of PVol in healthy nude mice. (A) The relative body weight of the mice after i.v. or i.p. administration of PVol at 20, 40 or 80 mg Vol equiv./ 
kg over time. (B) Biochemical and routine blood analysis of mice after different treatments. 
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Notably, PVol i.p. group revealed an MST of 73 days, which was superior 
to PVol i.v. group (52 days) and almost the same as Tra-PVol i.v. group 
(75 days), highlighting the advantages of i.p. administration of nano-
medicines for treating OC tumors. Recent clinical trials also confirmed 
survival benefit of i.p. chemotherapy over i.v. administration (Al 
Shoyaib, 2019; Narod, 2016; Walker, 2019). Notably, compared with i.p. 
administration of traditional chemotherapy (Armstrong, 2006), Tra- 
PVol via i.p. administration allows a prolonged retention in the perito-
neal cavity owing to the slow lymphatic reflux effect of nano- 
formulations (Zheng, 2017) and a high exposure of Tra-PVol to 
ovarian tumor, which combined with the specific uptake of Tra-PVol by 
HER-2 positive SKOV-3 tumor greatly reduces the systemic toxicity of 
chemotherapy. In addition, the small size of Tra-PVol (~30 nm) further 
facilitates a better tumor accumulation and penetration, as studied in 
many reports (Hickey, 2015; Sykes, 2014). 

Dose-limiting toxicity is one of the major issues for the clinical use of 
Vol (Schöffski, 2012). The toleration of PVol was studied in healthy nude 
mice. Our studies showed that PVol is able to effectively reduce the 
toxicity of Vol. To further investigate its tolerability, PVol was i.v. or i.p. 
administrated at escalating doses of 20, 40 and 80 mg Vol equiv./kg. 
Fig. 5A shows that for both i.v. and i.p. administration, PVol was toler-
able at 40 mg Vol equiv./kg with little change of body weight, while 
PVol at 80 mg Vol equiv./kg induced significant body weight loss and 
the death of mice in 2–5 days. The liver function and routine blood tests 
showed that i.p. administration of PVol at 20 or 40 mg Vol equiv./kg 
brought about little hepatotoxicity and no alternations of blood pa-
rameters (Fig. 5B). Of note, slight increase of ALT, AST and GLB was 
observed for i.v. administration of PVol at 40 mg Vol equiv./kg, indi-
cating potential liver dysfunction. These results indicate that from both 
therapeutic efficacy and survival benefits and safety points of view, i.p. 
administration of PVol is better than i.v. administration. 

4. Conclusion 

We have demonstrated that HER-2-mediated nano-delivery of vola-
sertib while greatly lessening its toxicity potently suppresses orthotopic 
primary epithelial ovarian cancer (EOC) as well as intraperitoneal 
metastasis, leading to significant survival benefits. The head-to-head 
comparison of i.p. and i.v. administration indicates that i.p. adminis-
tration of HER-2-targeted polymersomal volasertib (Tra-PVol) is supe-
rior to i.v. administration from both anti-EOC efficacy and safety points 
of view. It should be noted that trastuzumab-functionalized polymer-
somal volasertib is robust and easy to fabricate, and has a high speci-
ficity to HER-2 positive EOC cells and tumors. HER-2-targeted nano- 
delivery of volasertib via i.p. administration has emerged as a potential 
treatment strategy toward EOC. 
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