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A B S T R A C T   

Gastrointestinal (GI) cancers are among the most lethal malignancies. The treatment of advanced-stage GI cancer 
involves standard chemotherapeutic drugs, such as docetaxel, as well as targeted therapeutics and immuno
modulatory agents, all of which are only moderately effective. We here show that Π electron-stabilized polymeric 
micelles based on PEG-b-p(HPMAm-Bz) can be loaded highly efficiently with docetaxel (loading capacity up to 
23 wt%) and potentiate chemotherapy responses in multiple advanced-stage GI cancer mouse models. Complete 
cures and full tumor regression were achieved upon intravenously administering micellar docetaxel in subcu
taneous gastric cancer cell line-derived xenografts (CDX), as well as in CDX models with intraperitoneal and lung 
metastases. Nanoformulated docetaxel also outperformed conventional docetaxel in a patient-derived xenograft 
(PDX) model, doubling the extent of tumor growth inhibition. Furthermore, micellar docetaxel modulated the 
tumor immune microenvironment in CDX and PDX tumors, increasing the ratio between M1-and M2-like 
macrophages, and toxicologically, it was found to be very well-tolerated. These findings demonstrate that Π 
electron-stabilized polymeric micelles loaded with docetaxel hold significant potential for the treatment of 
advanced-stage GI cancers.   

1. Introduction 

Gastrointestinal (GI) cancers are among the most frequent malig
nancies, causing more than a million deaths in 2018 [1]. There are no 
good treatment options for advanced-stage GI cancers, and the efficacy 
of standard chemotherapy, molecularly targeted therapy and 

immunotherapy is relatively low. Efficacious drug treatment of GI can
cers is furthermore complicated by the fact that only a relatively small 
portion of patients qualify for molecularly targeted therapeutics and/or 
immunotherapy [2,3] As a result of this, advanced-stage GI cancer 
therapy is typically based on the use of standard chemotherapeutic drug, 
most prominently docetaxel (DTX) [4,5]. It is known, however, that 
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taxane-based chemotherapeutic treatments are only rarely curative [6], 
and that their use almost always entails the development of severe side 
effects [7]. 

Nanomedicine formulations can improve the efficacy and reduce the 
toxicity of chemotherapeutic drugs [8–10]. Nanomedicine-based drug 
targeting to tumors traditionally relies on two main mechanisms, i.e. 
passive targeting via the so-called enhanced permeability and retention 
(EPR) effect [11,12] and active targeting via the use of ligands recog
nizing receptors overexpressed at the pathological site [13,14]. Both 
strategies have shown significant potential in preclinical studies [8,15, 
16]. At the clinical level, however, most cancer nanomedicines have 
thus far failed to achieve significantly improved response rates and 
survival times in large cohorts of patients [17]. This notion has recently 
sparked an intense debate on the value of nanomedicine-based tumor 
targeting [17–21]. This controversy has contributed to the realization 

that we have to move on from a “nanoformulation-first” approach to
wards a more comprehensive disease-driven approach, considering be
sides rational nanomedicine design also key translational issues such as 
patient stratification and combination therapies [8,19,20,22–25]. 

A crucial element to promote nanomedicine translation is the use of 
advanced and more predictive mouse models for in vivo efficacy eval
uation. More relevant models include metastatic, genetically engineered 
and patient-derived models, which have all demonstrated benefits in 
cancer drug development as compared to conventional subcutaneous 
tumors [26,27]. For example, the value of patient-derived xenografts 
(PDX) has recently been demonstrated in a large study in which 62 drug 
treatments were tested in ~1000 PDX models, showing that 
patient-derived models predicted clinical responses more accurately 
than conventional tumor models. Furthermore, they are also valuable 
for identifying biomarkers to stratify responders from non-responders 

Fig. 1. Preparation docetaxel-loaded Π electron-stabilized polymeric micelles (DTX-PM). A: DTX was formulated in mPEG-b-p(HPMAm-Bz)-based PM via 
nanoprecipitation. B: The aromatic groups of the polymer and DTX allow for high and stable drug loading, via Π-Π stacking interactions. C: Encapsulation efficiency 
(EE) and loading capacity (LC) of DTX in PM. D: Size and polydispersity index of DTX-PM. E: TEM images of DTX-PM with 1 mg/mL of DTX. F: Release kinetics of 
DTX-PM under sink conditions via a dialysis membrane against a medium containing 4.5% bovine serum albumin with free DTX as the control. G and H: In vitro 
cytotoxicity of free DTX and DTX-PM in SGC7901 human gastric cancer and HCT116 human colon carcinoma cells, as assessed by the CCK8 assay. The IC50 
concentrations of the free drug and of DTX-PM in each cell line were used in following in vitro studies. I and J: Apoptosis induction upon treatment with DTX-PM, free 
DTX at the IC50 of each cell line and empty PM, as assessed by flow cytometry. K and L: Flow cytometry-based cell cycle analysis, showing prominent G2/M cell cycle 
arrest upon treatment with both DTX-PM and free DTX. M and N: Assessments of the anti-migration and anti-invasion properties of DTX-PM in SGC7901 cells using 
the transwell assay. *, ** and *** indicate P < 0.05, 0.01, and 0.001, respectively (versus PBS and empty PM). 
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[28]. 
We here employed multiple advanced mouse models to explore 

docetaxel (DTX) -based nanotherapy for the treatment of advanced- 
stage GI cancer. To this end, we formulated DTX in Π electron- 
stabilized polymeric micelles (DTX-PM), which are highly stable and 
which can be efficiently loaded with drugs containing aromatic groups 
via Π-Π stacking interactions in the micellar core [29]. The potential of 
DTX-PM was demonstrated in a variety of advanced-stage GI cancer 
models. 

2. Results 

2.1. Preparation and characterization of docetaxel-containing polymeric 
micelles 

Π electron-stabilized polymeric micelles based on methoxy poly 
(ethylene glycol)-b-(N-(2-benzoyloxypropyl)methacrylamide) (mPEG- 
b-p(HPMAm-Bz)) were used for DTX loading and targeting (Fig. S1, 
molecular weight by gel permeation chromatography (GPC) was 22 kDa 
and the polydispersity index was 1.7, molecular weight by proton nu
clear magnetic resonance was 21 kDa, corresponding to 65 repeating 
units, methods reported in Ref. [29]). These micelles can efficiently and 
stably encapsulate anticancer agents in their hydrophobic cores via Π-Π 
stacking and hydrophobic interactions between the aromatic groups of 
the polymer chains and those of drug molecules [29,30] (Fig. 1A and B). 
DTX was loaded in the Π electron-stabilized micelles using the nano
precipitation method (Fig. 1A and B). The resulting DTX-PM showed 
very high encapsulation efficiency and loading capacity (maximum EE 
= 85% and maximum LC = 23 wt%, respectively; Fig. 1C). The average 
diameter of the PM was 70–110 nm, depending on the feed ratio of DTX 
(Fig. 1D). The zeta potential of the DTX-PM was 0 ± 1 mV (Fig. S2). The 
size distribution was narrow for all formulations, as evidenced by DLS 
analysis (PDI = 0.1; Fig. 1D). TEM images of the micelles showed rela
tively homogenous size distribution and spherical morphology of the 
micelle particles (Fig. 1E). DTX release from the micelles was assessed 
under sink conditions using dialysis bags [31], which showed sustained 
slow release behavior of micelles (~50% in 24 h and ~60% in 96 h) 
while 90% of Taxotere-formulated free drug leaked out via the dialysis 
bag within 2 h. In addition, both empty and DTX-PM were stable for at 
least 96 h at pH 7.4 and 37 ◦C (Fig. S3). These findings demonstrate that 
DTX-loaded Π electron-stabilized polymeric micelles have suitable 
pharmaceutical and physicochemical properties for in vivo drug 
delivery. 

2.2. Performance of DTX-PM in GI cancer cell lines 

The in vitro cytotoxicity of DTX-PM was studied in SGC7901 human 
gastric cancer cells and HCT116 human colorectal carcinoma cells. The 
results Fig. 1G and H indicate that DTX-PM was equally efficient as free 
DTX in inhibiting GI cancer cell growth in vitro. The IC50 values of DTX- 
PM in SGC7901 and HCT116 cells were 8 and 42 μM, respectively, as 
compared to 6 and 40 μM for free DTX, respectively. We next assessed 
apoptosis induction and cell cycle arrest in response to DTX-PM, free 
DTX and empty PM (Fig. S4). The percentages of cells undergoing 
apoptosis were similar for DTX-PM and free DTX, with values of 25 and 
20% in SGC7901 cells, and 24 and 22% in HCT116 cells, respectively 
(Fig. 1I and J). Taxane drugs, such as DTX, exert their pharmacological 
effect via stabilizing microtubuli, preventing cells from dividing and 
thus arresting them in G2/M. Cell cycle analysis showed that both DTX- 
PM and free DTX prominently induced mitosis inhibition and G2/M 
arrest, with values of 37 and 41% in SGC7901 cells, and 71 and 56% in 
HCT116 cells, respectively (Fig. 1K and L, and Fig. S4). Importantly, 
apoptosis induction and cell cycle arrest were negligible for empty PM, 
confirming their cytocompatibility [29]. GI cancers often metastasize, 
resulting in disease recurrence and morbidity [32,33]. To study metas
tasis inhibition in vitro, we performed transwell assays with SGC7901, 

investigating the ability of DTX-PM and free DTX to block cell migration 
and invasion through Matrigel-coated membranes (Fig. S5) [34]. As 
shown in Fig. 1M–N, both free DTX and DTX-PM efficiently suppressed 
migration and invasion, by 70 and 90% for free DTX, and by 75 and 85% 
for DTX-PM, respectively. These cell culture experiments demonstrate 
that free DTX and DTX-PM have a similar mechanism of action (G2/M 
arrest, apoptosis induction) and are equally effective in vitro in terms of 
inhibiting cell growth, migration and invasion. 

2.3. Cell line- and patient-derived mouse models for advanced-stage GI 
cancer 

We established multiple mouse models to study the in vivo perfor
mance of DTX-PM in advanced-stage GI cancer. These include cell-line 
derived xenografts (CDX) as well as patient-derived xenografts (PDX) 
derived from an advanced-stage colorectal cancer patient. CDX were 
established by inoculating SGC7901 human gastric cancer cells subcu
taneously (s.c.), and by injecting them intraperitoneally (i.p.) and 
intravenously (i.v.). Correspondingly, mice developed subcutaneous 
tumors, peritoneal and lung metastases (Fig. 2A). These locations 
represent clinically relevant sites for metastatic spread in case of 
advanced-stage GI cancer [35–38]. The PDX model was established by 
subcutaneously implanting tumor tissue obtained from a colorectal 
cancer patient in mice (referred to as generation 0; G0), and by subse
quently transplanting parts of this tumor into the next generation of 
mice (G1) (Fig. 2B). Histopathological and immunofluorescence ana
lyses showed that G0 and G1 PDX tumors had a similar phenotype as the 
original patient tumor with regard to vascularization, fibroblast and 
tumor-associated macrophage (TAM) content (Figs. 2C and S6). Inter
estingly, however, the collagen content was significantly higher in the 
original patient tumor than in the G0 and G1 PDX tumors (Figs. 2C and 
S6). We also compared the microenvironmental make-up of PDX tumors 
to that of CDX tumors. The microvessel density (MVD) and the collagen 
content were both found to be more than a two-fold higher in the CDX 
model (Fig. 2D–F). The CDX model furthermore presented with a higher 
TAM density and with a higher ratio of M1-like TAM vs. M2-like TAM 
(Fig. 2D–G). These notions exemplify the differential microenviron
mental make-up of different tumor models, and they underline the 
importance of studying nanomedicine efficacy in multiple models when 
aiming to properly capture their therapeutic potential. 

2.4. Antitumor efficacy of DTX-PM in the subcutaneous CDX model 

Initially, the subcutaneous CDX model, based on inoculated 
SGC7901 cells, was used to evaluate DTX-PM-based nanotherapy. In this 
model, 15 mg/kg DTX induced significant body weight loss. Therefore, 
two lower doses (10 and 5 mg/kg) were chosen, administered via a 
similar dosing schedule as previously reported [29]. Treatments were 
applied when the tumors reached a volume of ~50 mm3. The formula
tions were injected intravenously every 3 days, for a total of 5 injections. 
Mice treated with PBS showed rapid tumor growth, reaching ~800 mm3 

within two weeks (Fig. 3A). Tumor growth was slightly inhibited by free 
DTX administered at 5 and 10 mg/kg. The efficacy of DTX-PM was 
significantly higher at both doses as compared to free DTX (Fig. 3A). 
DTX-PM at 10 mg/kg exhibited the best efficacy and near complete 
tumor regression was achieved, while free DTX at the same dose was 
clearly less effective (Fig. 3B). The therapeutic efficacy of the formula
tions was confirmed via ex vivo tumor size and weight analysis (Fig. 3C 
and D). Thus, DTX-PM at 10 mg/kg appeared to be a highly potent 
regimen for treating this CDX model of GI cancer. The efficacy of the 
DTX-PM formulation was verified via histochemical analysis of tumors 
harvested on day 16 after the first injection (Fig. S7). The proliferation 
index was analyzed by Ki67 staining and apoptosis induction was 
assessed via quantifying by the expression of cleaved caspase 3. As 
shown in Fig. 3E, the proliferation index was significantly reduced upon 
treatment with 10 mg/kg DTX-PM. Furthermore, 10 mg/kg of DTX-PM 
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was more effective than 10 mg/kg of free DTX in inducing apoptosis 
(Fig. 3F). Overall, the high potency of DTX-PM likely resulted from the 
significantly prolonged blood circulation (t1/2 = 13.6 h, Fig. S8), which 
is of crucial importance for tumor targeting by nanoparticles via the EPR 
effect [22,25]. 

Apart from the antitumor effect of DTX-PM, its ability to modulate 
the tumor immune microenvironment (TIME) [39] was investigated. 
Taxanes, including DTX, have been shown to change the polarization of 
macrophages towards an M1-like phenotype [40,41]. Cancer models 
established in athymic nude mice have a largely preserved innate im
mune system, which includes TAM [42]. TAM phenotype was analyzed 
by immunofluorescence staining to identify M1-like and M2-like mac
rophages (Figs. 3G and S9). As compared to controls, the ratio between 
M1-like and M2-like TAM roughly doubled upon the use of 5 mg/kg of 
free DTX and DTX-PM, and it increased by almost a 3-fold upon the use 
of 10 mg/kg DTX-PM (Fig. 3H). The findings indicate that DTX nano
formulations more potently modulate the TIME than DTX in free from. 

Safety assessment is crucial when developing cancer nanomedicines. 
Mice treated with both doses of DTX-PM did not suffer from significant 
body weight loss (Fig. S10). Clinical chemistry analyses of blood samples 
showed that DTX-PM treatment did not alter the levels of alanine 
aminotransferase (ALT), aspartate aminotransferase (AST) and serum 
creatinine (SCr), demonstrating lack of liver toxicity [43]. (Fig. S11). 
Notably, one mouse treated with 5 mg/kg of free DTX presented with 
obviously increased levels of ALT and AST (Fig. S11). In addition to this, 
complete blood count analysis showed that there was no significance 
difference between the five groups with regard to the number of red 

blood cells (RBC), white blood cells (WBC) and platelets (PLT) 
(Fig. S11). Furthermore, H&E staining of all major organs was per
formed, showing that neither free DTX nor DTX-PM induced severe 
organ damage (Fig. S11). Collectively, these findings confirm the 
biocompatibility of DTX-PM. 

2.5. Efficacy of DTX-PM in CDX-based peritoneal and lung metastasis 
models 

The potential of DTX-PM as compared to free DTX was subsequently 
evaluated in two SGC7901-based CDX metastatic models of advanced- 
stage GI cancer, colonizing the peritoneal cavity and the lungs 
(Fig. 2). To this end, free and micellar DTX were intravenously admin
istered at 5 and 10 mg/kg, every 4 days for a maximum of five treat
ments. In the abdominal metastasis model, 18F-FDG-enhanced PET-CT 
imaging clearly showed a lower metastatic burden in the peritoneal 
cavity at day 16 after four treatments with DTX-PM as compared to free 
DTX and PBS control (Fig. 4A). In line with this, the average survival 
time of mice treated with PBS, free DTX administered at 5 and 10 mg/kg 
and DTX-PM administered at 5 mg/kg were 57, 59, 74 and 147 days, 
respectively. At the end of the study, at day 210, 5 out of 6 mice in the 
10 mg/kg DTX-PM were still alive, as compared to 1 out of 6 in the 5 mg/ 
kg DTX-PM group, and to 0 out of 6 for mice treated with PBS and with 
free DTX (Fig. 4B). In a second study with peritoneal SGC7901-based 
CDX metastases, mice were treated similarly but sacrificed at day 21 
after the first treatment. By means of abdominal anatomy examination, 
it was found that the number of intraperitoneal nodules in the DTX and 

Fig. 2. Cell line- and patient-derived mouse models for advanced-stage GI cancer. A: Cell line-derived xenografts (CDX) were generated using SGC7901 human 
gastric cancer cells, and included subcutaneous tumors, intraperitoneal metastasis and lung metastasis in mice. B: Patient-derived xenografts (PDX) were generated 
by implanting tumor tissue derived from an advanced-stage colorectal cancer patient in mice, growing a generation 0 tumor, and by then transplanting G0 tumor 
tissue to a larger number of mice with G1 tumors. C: Histopathological and immunofluorescence analysis of the PDX models, showing that - apart from collagen 
content - there were no obvious differences between the original patient tumor and the G0 and G1 PDX tumors. CD31: Blood vessels. Ki67: Proliferating cells. α-SMA: 
Fibroblasts. CD11b: Macrophages of both mouse and human origin. DAPI: Nuclei. D–I: Histopathological and immunofluorescence analysis of CDX and PDX tumors. 
CDX tumors presented with higher microvessel density (MVD), more collagen and more macrophages. CD86: M2-like macrophages. CD206: M2-like macrophages. *: 
P < 0.05, **: P < 0.01, and ***: P < 0.001. 

C. Liang et al.                                                                                                                                                                                                                                    



Biomaterials 266 (2021) 120432

5

DTX-PM groups was substantially lower than that in the PBS group 
(Fig. 4C and E-I). Furthermore, DTX-PM was found to be significantly 
more effective than DTX at 5 mg/kg (Fig. 4C). 

A third metastatic CDX model of advanced-stage GI cancer was 
established via the i.v. injection of SGC7901 cells, resulting in nodules in 
the lungs. Free and DTX-PM were again administered at a dose of 5 and 
10 mg/kg, every 4 days and for a maximum of five treatments. As shown 
in Figure 4D and 4J-N, the number of lung nodules was significantly 
reduced for both free DTX and DTX-PM as compared to the PBS-treated 
control group. Furthermore, DTX-PM was more effective than free DTX 
(Fig. 4D). In the 10 mg/kg DTX-PM group, the number of metastatic 
nodules was significantly lower than that in the 10 mg/kg free DTX 
group. In both metastasis models, we also assessed the safety of DTX-PM 
treatment. In line with the above observations, no significant body 

weight loss was observed, confirming the safety of the formulation 
(Fig. S10). 

2.6. Antitumor efficacy of DTX-PM in a patient-derived GI cancer model 

The efficacy of DTX-PM was finally also evaluated using a patient- 
derived xenograft (PDX) model. PDX models have been shown to bet
ter mimic patient tumors than cancer cell line-derived models and they 
more realistically reflect the clinical response to drug treatments [28,44, 
45]. The treatments were given every 4 days for in total 5 times after the 
tumors were palpable. In the PDX model, PBS-treated control tumors 
reached an average volume of 800 mm3 within three weeks (Fig. 5A). 
Tumor growth was inhibited by five injections of free DTX (injected 
every four days at 10 mg/kg). DTX-PM significantly improved antitumor 

Fig. 3. Inhibition of SGC7901 cell line-derived subcutaneous xenografts by DTX-PM. A: Tumor growth curves of mice treated 5 times with PBS, DTX and DTX- 
PM at 5 and 10 mg/kg, showing that DTX-PM were more effective than free DTX. B–D: DTX-PM dosed at 10 mg/kg was able to completely eradicate tumors in almost 
all mice. E and F: Proliferation and apoptosis assessed by immunohistochemical staining Ki67 and cleaved caspase 3. G: The polarization of tumor-associated 
macrophages (TAM) was studied by immunofluorescence staining. H: Calculation of the ratio between M1-like macrophages (CD86 staining; red) and M2-like 
TAM (CD206 staining; green) showed that significantly more M1-like TAM were present upon treatment with DTX-PM. Values are mean ± SD. *: P < 0.05, **: 
P < 0.01, and ***: P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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efficacy as compared to free DTX (P < 0.05). The higher efficacy of 
DTX-PM compared to free DTX was confirmed by determining the 
weights of excised tumors (Fig. 5B). DTX-PM also significantly enhanced 
apoptosis induction and reduced proliferation as compared to free DTX, 
as assessed by cleaved caspase 3 and Ki67 staining (Fig. 5C–E). To 
exemplify the efficacy benefit of DTX-PM over free DTX, individual 
tumor growth curves are plotted in Fig. 5F and G. In the free DTX group, 
all mice presented with continuous tumor growth during treatment. In 
the DTX-PM group, the growth rate was slower than the DTX group and 
complete growth inhibition was achieved 2 out of 6 mice. 

Since DTX-PM effectively modulated the TIME via affecting TAM 
polarization in the CDX model, we also studied this in the PDX model. As 
shown in Fig. 5H and I, both DTX and DTX-PM increased the ratio of M1- 
like to M2-like TAM, but this effect as significantly stronger for DTX-PM. 
Moreover, also in this study setup, mice did not experience obvious body 
weight loss after repeated injections of DTX-PM (Fig. S10). 

3. Discussion 

We here demonstrate that Π electron-stabilized polymeric micelles 
can potentiate the efficacy of DTX in multiple advanced-stage GI cancer 
models. The results obtained indicate that this micellar taxane formu
lation holds potential for clinical translation. 

Traditionally, nanomedicines are only tested in conventional sub
cutaneous cell-line derived xenograft (CDX) models. It is known that 
such CDX models poorly predict the potential of drugs and drug delivery 
systems. The results presented here show that DTX entrapped in Π 
electron-stabilized polymeric micelles significantly improves the thera
peutic efficacy of DTX in subcutaneous CDX tumors, in two different 

CDX-based metastatic models and in a patient-derived xenograft (PDX) 
model of advanced-stage colorectal cancer. As compared to free DTX, 
the DTX-loaded Π electron-stabilized micelles induced multiple com
plete cures and they potently prolonged survival times, underlining the 
potential of DTX-PM for GI cancer therapy. 

In addition to the direct tumor cell killing effects of the nano
formulation, we observed that the Π electron-stabilized DTX micelles 
modulated the polarization of tumor-associated macrophages (TAM). 
The micelles did this to a much greater extent than free DTX, which is 
expected to be due to the fact that TAMs are highly proficient in taking 
up nanomedicine formulations [46,47]. This effect is important in the 
context of immunotherapy priming [48–51]. Nanomedicines with TAM 
modulating effects have been reported before, based e.g. on polymeric 
nanoparticles containing Toll-like receptor 7/8 agonists, as well as on 
inorganic iron oxide-based nanoparticles with intrinsic capabilities to 
affect TAM polarization [52–54]. DTX-PM differ from these nano
formulations in the sense that they contain a clinically well established 
and routinely used anti-GI cancer drug. 

The developed DTX nanoformulation relies on Π electron-stabilized 
polymeric micelles with physical interactions between the aromatic 
groups of the polymer and the drug payload. This ensures proper in vivo 
stability, and promotes efficient drug loading and retention. Several 
taxane-based nanomedicine formulations have been evaluated clini
cally, including Abraxane, Genexol, NK105, BIND-014 and CriPec [24, 
55]. Our Π electron-stabilized polymeric micelle platform extends these 
previous developments because it enables efficient tumor targeting and 
therapy upon using simple and straightforward preparation and 
formulation procedures, including avoidance of chemical modification 
of the drug payload. 

Fig. 4. PM improve DTX efficacy in metastatic CDX models of GI cancer. A: 18F-FDG-based PET-CT imaging of peritoneal metastasis upon treatment with PBS, 
10 mg/kg DTX and 10 mg/kg DTX-PM at day 16. B: Survival of mice with peritoneal GI cancer metastasis upon five administrations of PBS, DTX and DTX-PM at 5 and 
10 mg/kg. C–N: Assessment of metastatic nodules in the peritoneal cavity (C) and in the lungs (D), based on macroscopic quantifications in the intestines of mice 
(E–I) and on microscopic analyses of the lungs of mice (J–N). Metastatic nodules are indicated by black arrows. Values represent mean ± SD. *: P < 0.05, **: P < 0.01, 
and ***: P < 0.001. 
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When aiming to translate cancer nanomedicines to the clinic, it is 
important to test their efficacy and safety in multiple relevant and 
realistic preclinical models [56–59]. In this context, we have to keep in 
mind that clinical responses will be heterogeneous, especially in the 
advanced-stage patients that are typically included in phase I and phase 
II clinical trials. In line with this notion, our findings show that the ef
ficacy of DTX loaded in Π electron-stabilized polymeric micelles is lower 
in patient-derived tumors than in cell-line derived models. Nano
formulated DTX remains to be significantly superior as compared to free 
DTX, but the number of complete cures is reduced, and the responses are 
more heterogeneous. Because of these differential responses, and 
particularly also because of differences related to the extent of the EPR 
effect in different patients and tumors, it will be crucial to come up with 
materials and methods for patient stratification in cancer nanomedicine 
clinical trials, in order to help preselect those individuals most likely to 
respond, and to exclude those unlikely to respond from clinical trials [8, 
25,59,60]. 

4. Conclusion 

Taking everything together, we here describe the development and 
testing of a novel docetaxel-containing nanomedicine formulation for 
the treatment of high-medical need GI cancers. The Π electron-stabilized 
micellar nanodrug induced prominent therapeutic effects, including 
complete cures, in multiple different GI cancer models in mice, and it 
outperformed free DTX in all four models evaluated. Apart from direct 
tumor cell killing, micellar DTX also modulated the polarization of 
macrophages in the tumor immune microenvironment, and it was found 
to be very well-tolerated. These findings exemplify the potential of Π 
electron-stabilized polymeric micelles for anticancer drug delivery, and 
they indicate that docetaxel-loaded Π electron-stabilized micelles may 
be valuable for improving the treatment of advanced-stage GI cancers. 

5. Materials and methods 

Materials. PEG-b-p(HPMAm-Bz) was synthesized and characterized 
using previously established protocols [29]. Docetaxel (DTX, purity 

Fig. 5. DTX-PM improve DTX efficacy in a PDX model of GI cancer. A: Tumor growth inhibition upon treatment with PBS, and with 10 mg/kg of free DTX and 
DTX-PM. B: Tumor weights at the end of the experiment, showing significantly more efficient tumor inhibition for DTX-PM than for free DTX. C–E: Immunofluo
rescence analysis of cellular proliferation (Ki67) and apoptosis induction (cleaved caspase 3), confirming that DTX-PM was more effective than free DTX. F and G: 
Individual PDX tumor growth curves in the mice treated with DTX and DTX-PM as compared to PBS controls, exemplifying the superior efficacy of DTX-PM. H and I: 
PDX tumors were analyzed by means of immunofluorescence microscopy, showing a substantially increased ratio of M1-like to M2-like TAM upon DTX- 
PM treatment. 
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>98%) was purchased from Haoxuan Biotech Co. Ltd. (Xi’an, China). 
DTX injection formulation was provided by Hengrui Medicine Co. Ltd. 
(Jiangsu, China). CCK8 kit and the Annexin V-FITC apoptosis detection 
kits were purchased from KeyGEN Biotech Co. Ltd. (Jiangsu, China). The 
cell cycle analysis kit was obtained from 4A Biotech Co. Ltd. (Beijing, 
China). Fetal bovine serum (FBS) and the cell culture medium 
RPMI-1640 were obtained from Yongjin Biotech Co. Ltd. (Guangzhou, 
China). Trypsin and phosphate buffer saline were obtained from 
Xiangbo Biotech Co. Ltd. (Guangzhou, China). 

Cell lines. SGC7901 was a kind gift from Dr. Lipu Xu at the Cancer 
Center, Sun Yat-Sen University, China. HCT116 was purchased from 
Zhong Qiao Xin Zhou Biotechnology Co. Ltd. (Shanghai, China). 

Animals. BALB/C nude mice were purchased from Guangdong 
Medical Laboratory Animal Center (Guangzhou, China). The animals 
were used in the present study under the guidelines of the Animal 
Experimental Ethics Committee of Guangdong Pharmaceutical Univer
sity, China (reference number: gdpulac2016027). For the pharmacoki
netics and biodistribution study, BALB/cAnNRj female mice were 
ordered from Janvier Labs, France, and the study was conducted upon 
the approval by local and institutional ethical committees. 

Patient specimens. Patient tumor tissues were obtained during 
operation with informed consent and the research was approved from 
the Third Affiliated Hospital Ethics Committee of Sun Yat-sen Univer
sity. The tissue samples were used according to relevant national and 
international guidelines. 

DTX-PM preparation. DTX-PM were prepared using a nano- 
precipitation method as previously reported [29]. Briefly, DTX and 
PEG-b-p(HPMAm-Bz) were dissolved in tetrahydrofuran (THF) after 
gentle mixing. The mixture in THF was added dropwise in ultrapure 
water under vigorous stirring, followed by evaporation of THF at room 
temperature for 48 h. The resulted formulation was filtrated through a 
0.22 μm nylon membrane. 

DTX-PM characterization: The size and zeta potential of DTX-PM 
were measured by Zetasizer Nano ZS90 (Malvern, UK). Each sample 
was measured 3 times of 12 runs. The morphology of DTX-PM was 
observed assessed using a transmission electron microscope (HT7700, 
Hitachi, Japan) after the samples were diluted 10 times by distilled 
deionized water. To detect the loading content of DTX in DTX-PM, the 
micelle formulations were diluted 10 time with acetonitrile and vigor
ously mixed to dissolve the micelles. The concentration of DTX was 
detected by HPLC analysis (LC-20AT, Shimadzu, Japan). The standard 
curve was obtained using a series standard concentration of DTX from 
25 to 200 μg/mL. Encapsulation efficiency (EE) and loading capacity 
(LC) were calculated according to the following formulas: 

LC (%)=
Weight of DTX in nanoparticles

Weight of nanoparticles
× 100%  

EE (%)=
Weight of DTX in nanoparticles

Weight of DTX added
× 100% 

Cell culture. The SGC7901 and HCT116 cells were cultured using 
1640 medium (GIBCO), supplemented with 10% of fetal bovine serum 
(FBS, GIBCO). The cells were incubated at 37 ◦C in an incubator with 5% 
CO2. Cells were passed every 2 or 3 days when the flasks were 75% 
confluent. 

Cell viability assay. SGC7901 and HCT116 cells were seeded in 96- 
well plates with 3000 cells per well. After 24 h of incubation, the me
dium was refreshed and free DTX, DTX-PM (~6 wt% of LC) and the PM 
vehicle were added to the cells, followed by incubation at 37 ◦C with 5% 
CO2 for 72 h. After incubation, each well was added with 10 μL CCK8 
reagent, and then the plates were incubated at 37 ◦C for 4 h. The 
absorbance was measured at 450 nm by a microplate reader (ELX800, 
Biotek, USA). The cell viability was calculated with cells incubated in 
the medium as control. 

Apoptosis assay. SGC7901 and HCT116 cells were cultured in 6- 
well plates with 50,000 cells per well. After incubation for 24 h, free 

DTX and DTX-PM at IC50 in each cell line were added to the cells, and 
the PM vehicle with concentrations corresponding to those in the DTX- 
PM samples were tested. The cells were incubated with the samples for 
24 h and then harvested, stained with the apoptosis kit, and analyzed by 
flow cytometry (FACSCanto II, BD, USA). 

Cell cycle arrest assay. The cells were cultured and treated as 
described in the apoptosis assay. The cells were incubated with DTX-PM 
and DTX at IC50 for 24 h, and were harvested and fixed using 75% 
ethanol at 4 ◦C for 18 h. Subsequently, cells were incubated with 0.4 mL 
of PI in cell cycle staining buffer (contained 15 μL PI solution and 4 μL 
DNase-free RNase) at 37 ◦C for 30 min. The detection was performed by 
flow cytometry (FACSCanto II, BD, USA). The data were analyzed by the 
software LT (BD Biosciences). 

Cell migration assay. SGC7901 cells were cultured in 6-well plates. 
After incubation for 24 h, DTX, DTX-PM at IC50 and the corresponding 
concentration of PM vehicle were added the wells. The cells were 
incubated with the samples for 6 h, and then harvested and resuspended 
at a density of 106/mL in serum-free medium. 100 μL of cell suspensions 
were added to transwells and incubated for 48 h. Afterwards, the cells 
were fixed with 4% paraformaldehyde and stained with 1% crystal vi
olet (w/v, prepared in PBS). Cells remained on the upper chamber were 
wiped gently. The migrant cells on the bottom side of the transwells 
were counted in five representative images via microscope. 

Cell invasion assay. The experimental procedure was identical to 
that of the cell migration assay, apart from that the transwells were pre- 
coated with 60 μL of Matrigel before using. 

Hematoxylin and eosin (HE) staining. Tissues were fixed with 4% 
paraformaldehyde, dehydrated in ethanol, embedded in paraffin, and 
then cut into 3 μm slices. The tissue slices were dewaxed and rehydrated, 
and then stained with hematoxylin and eosin. The morphology of tissues 
was observed under an orthopedic microscope (BX51, Olympus, Japan). 

Sirius red staining. Sirius red staining was used for the observation 
of collagen. Tissue sections were dewaxed and rehydrated, and incu
bated with Sirius red. Images were obtained under an orthopedic 
microscope. 

Immunohistochemistry. Tissue sections were prepared as 
mentioned above and immunohistochemistry was performed according 
to the standard operating procedure. In brief, slices were deparaffinized 
in xylene, dehydrated in gradient ethanol, and treated with microwave 
for antigen retrieval. Then, the sections were pre-incubated in 3% 
hydrogen peroxide in methanol at room temperature for 10 min, 
blocked with 10% bovine serum albumin (BSA) and incubated with the 
primary antibodies (1:100 dilution for Ki67, cat.No. ab15580, Abcam; 
1:100 dilution for CD31, cat.No. EP3095, Abcam; 1:100 dilution for 
Caspase 3, cat.No. BF0711, Affinity) overnight at 4 ◦C. Afterwards, the 
tissue slices were incubated with an HRP-conjugated secondary anti
bodies, stained with DAB and counterstained with hematoxylin. Images 
were obtained under a microscope in a 400 × field and five represen
tative fields were quantified using the software IPP 6.0 and assessed by 
two individual investigators. To analyze the cell proliferation, the 
number of Ki67 positive/proliferating cells (nuclei stained brown) were 
divided by the total number of cells in a field to calculate the prolifer
ating index [61]. 

Immunofluorescence. Frozen sections were used for immunofluo
rescence analysis. Tumor tissue sections were defrosted for 10 min in 
deionized water and treated with microwave for antigen retrieval. Then, 
sections were incubated with 10% BSA for 1 h at room temperature and 
incubated with primary antibody (1:500 dilution for CD11b, cat.No. 
Ab204471, Abcam; 1:100 dilution for α-SMA, cat.No. 53-9760-80, 
Thermo Fisher; 1:100 dilution for Caspase 3; cat.No. BF0711; Affinity, 
1:100 dilution for CD86, cat.No.ab239057, Abcam; 1:100 dilution for 
CD206, cat.No. Ab8918, Abcam) at 4 ◦C overnight. Afterwards, the 
sections were incubated with fluorophore-labeled secondary antibody 
for 1 h, followed by DAPI staining. Fluorescence were observed under a 
laser scanning confocal microscope or fluorescence microscope at 400 ×
magnification. The relative expression of cleaved caspase 3 was 
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calculated by comparing the integrated optical density (IOD) value of 
the area stained brown of treated groups to that of the PBS control group 
using IPP software [62]. 

Subcutaneous models. The subcutaneous SGC7901 model was 
established and used as described above in female BALB/C nude mice. 
The mice were enrolled in the study when the tumor size reached 
~50–100 mm3. The mice were divided into 5 groups, which were 
treated with PBS, 5 mg/kg DTX or DTX-PM, and 10 mg/kg DTX or DTX- 
PM (PM with ~6.5 wt% of LC). The mice were treated every 3 days for in 
total 5 times. Tumor volume and body weight of mice were monitored. 
The blood, tumors and major organs of the mice were harvested after 
sacrificing for further analysis. For pharmacokinetics and bio
distribution analysis, 1 × 106 CT26 cancer cells were inoculated and the 
mice were used when the tumor size reached ~10 mm in diameter. The 
mice received DTX-PM or free DTX at a dose of 10 mg/kg. Blood and 
organs samples were collected at different time points and were pro
cessed according to previously established protocols [29]. The concen
trations of DTX were analyzed by HPLC (mobile phase: ACN/water =
4/6 with 0.1% trifluoroacetic acid, detection wavelength at 230 nm, 
flow rat at 0.8 mL/min, column: ACQUITY UPLC BEH C18 Column, 130 
Å, 1.7 μm, 2.1 mm × 50 mm). 

Peritoneal metastasis model. To evaluate the therapeutic efficacy 
of DTX-PM in the peritoneal metastasis model, female BALB/c nude 
mice were intraperitoneally inoculated with 5 × 106 SGC7901 cells per 
mice. The mice were randomly divided into 5 groups 10 days post 
inoculation, 6 mice per group, which were administered with PBS, 5 
mg/kg DTX or DTX-PM, and 10 mg/kg DTX or DTX-PM. The treatments 
were given every 4 days for a total of 5 times. Tumor nodes exceeding 
0.5 mm in diameter in the abdominal cavity were recorded. 

Lung metastasis model. BALB/c nude mice were injected with 
SGC7901 cells (5 × 106 cells per mice) via the tail vein. After 10 days of 
inoculation, a total of 30 mice were divided into 5 groups treated with 
PBS, 5 mg/kg DTX or DTX-PM, and 10 mg/kg DTX or DTX-PM. The 
treatments were given every 4 days and a total of 5 times. The lungs 
were prepared in histology slices and HE staining of the tissue slices was 
performed. The lung sections were imaged under fluorescence micro
scopy to record the number of intrapulmonary micrometastases. 

Patient-derived xenograft (PDX) model. Fresh tumor tissues were 
obtained from a colorectal cancer patient during operation. Tumor tis
sues of around 3 mm3 in diameter were subcutaneously transplanted in 
the right flanks of BALB/c mice (denoted as G0). When the tumor size in 
G0 mice reached ~500 mm3, the tumors were harvested and sliced into 
3 × 3 × 3 mm3 fragments and were subcutaneously inoculated into 
another BALB/c nude mice which were denoted as G1. 

Statistical analysis. Quantitative data were statistically described 
by means ± standard deviation. Differences between the groups were 
assessed by Student’s t-test (two groups) or one-way ANOVA (multiple 
groups). A p-value <0.05 was considered to represent statistical 
significance. 
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