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Abstract: 

Effective cancer therapies often demand delivery of combinations of drugs to inhibit multidrug 

resistance through synergism, and the development of multifunctional nanovehicles with 

enhanced drug loading and delivery efficiency for combination therapy is currently a major 

challenge in nanotechnology. However, such combinations are more challenging to administer 

than single drugs and can require multi-pronged approaches to delivery. In addition to being 

stable and biodegradable, vehicles for such therapies must be compatible with both hydrophobic 

and hydrophilic drugs, and release drugs at sustained therapeutic levels. Here, we report 

synthesis of porous silicon nanoparticles conjugated with gold nanorods (composite 

nanoparticles, cNPs), and encapsulate them within a hybrid polymersome using double emulsion 

templates on a microfluidic chip to create a versatile nanovehicle. This nanovehicle has a high 

loading capacity for both hydrophobic and hydrophilic drugs, which accumulates in tumor after 

intravenous injection to improve drug delivery efficiency in mice. Importantly, a triple-drug 

combination suppresses breast tumors by 94 % and 87 % at total dosages of 5 mg/kg and 2.5 

mg/kg, respectively, through synergy. Moreover, the cNPs retain their photothermal properties, 

which can be used to significantly inhibit multidrug resistance upon near-infrared laser 

irradiation. Overall, this work shows that our novel nanovehicle has great potential as drug co-

delivery nanoplatform for effective combination therapy that is adaptable to other cancer types 

and to molecular targets associated with disease progression.  

 

Significance Statement 

 

The use of increasingly sophisticated drugs to treat diseases like cancer often requires 

increasingly sophisticated delivery technologies, where multiple drugs often must be delivered 



simultaneously and in precise amounts; moreover, many drugs are hydrophobic and cannot be 

easily delivered. We report a simple and robust process to fabricate nanometer-sized 

polymersomes that can simultaneously deliver multiple therapeutics, both hydrophobic and 

hydrophilic, and have significantly improved drug loading efficiencies over existing methods. 

We use these polymersomes to deliver a new combination of hydrophobic anticancer drugs in a 

mouse model and see remarkable effectiveness against breast tumors. This work enables the use 

of previously undeliverable compounds in cancer therapy and forms a foundation for further 

development in a broad range of biomedical applications. 

    Recent advances in cancer therapy development often demand the simultaneous delivery of 

multiple drugs that work in a synergistic manner 
1-4

. These drugs can vary in their chemical 

properties, further adding complexity to their encapsulation and delivery. Delivery systems can 

suffer from low loading efficiencies, particularly when combinations of both hydrophobic and 

hydrophilic drugs are required. Hydrophobic anticancer drugs face additional significant barriers 

to their use as they have low bioavailability and are rapidly eliminated from the body. In vivo, 

delivery of drug combinations 
5-6 

requires specific, biodegradable vehicles to protect the 

therapeutics from the physiological environment and to guide and control their release.
7-14

 

Additionally, stimuli-responsive treatments are increasingly widely used to complement drug-

based therapy 
15-19

. For example, photothermal therapy promotes cell death using heat that is 

locally activated by near-infrared radiation (NIR)
20

. However, it is challenging to integrate high 

drug loading efficiency, the ability to co-load multiple therapeutics, and stimuli-responsiveness 

into a single carrier system. Carriers that move toward realizing these multi-pronged approaches 

to cancer therapy will push the frontiers of drug delivery and enable the development of new, 

more effective treatments.  



In this work, we synthesize porous silicon nanoparticles conjugated with gold nanorods 

(composite nanoparticles, cNPs) to achieve high drug loading capacity and photothermal 

responsiveness. Subsequently, a robust microfluidic technique is used to create hybrid 

polymersomes using water-in-oil-in-water (w/o/w) emulsion templates for encapsulation of cNPs. 

The hybrid polymersomes are composed of a combination of poly (ethylene glycol)-b-poly 

(lactic acid) diblock copolymers and phospholipids to achieve high biocompatibility and low 

permeability. A final extrusion step is used to generate stable nanometer-sized hybrid 

polymersomes. We show that the nano-polymersomes act as nanovehicles that have high loading 

capacity for both hydrophobic and hydrophilic drugs and have photothermal responsiveness. A 

combination of three hydrophobic drugs that was previously only deliverable orally is loaded 

into the nanovehicles, delivered intravascularly and shown to very effectively suppress breast 

cancer tumors at low dosages in a mouse model (Scheme 1). Moreover, the constructed 

nanovehicle is versatile; by also loading magnetic nanoparticles, DNA, or antibodies, they can be 

adapted for more specialized applications along with NIR photothermal combination therapy.   

 To create these cNPs, we first use seed-mediated growth to fabricate gold nanorods (AuNRs) 

21-22
 about 50 nm in length (Figure 1a) with a surface plasmon resonance peak around 975 nm 

(Figure S1). In parallel, we use electrochemical etching methods to fabricate porous silicon 

nanoparticles (PSi NPs) with a carboxyl surface group 
23

. The PSi NPs are 150 nm in diameter, 

as measured by dynamic light scattering (DLS). The PSi NPs are then conjugated with AuNRs to 

create cNPs through a two-step chemical reaction. The carboxyl surface groups of the PSi NPs 

are activated by N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) for half 

an hour under magnetic stirring at 25 
o
C and reacted with the amine group of cysteamine 

(HNCHCH₂SH) for 24 hours at 25 
o
C. Then, the HS group of PSi-CONCHCH2-HS is easily 



connected with the AuNRs to produce the final cNPs structure. A scanning electron microscopy 

(SEM) image of the synthesized cNPs is shown in Figure 1b. The plasmon resonance peak 

around 930 nm shows the photothermal property of cNPs (Figure S1). An X-ray photoelectron 

spectroscopy (XPS) spectrum confirms the successful reaction of the cNPs (Figure S2). The 

folate conjugated gold nanorods (Figure 1c) are synthesized via the reaction between the 

carboxyl group of folic acid and amine group of cysteamine using the same above procedure 

with a surface plasmon resonance peak around 750 and 975 nm (Figure 1d). 

After production, the cNPs are loaded with drugs through a simple adsorption process. First, 

the cNPs are dispersed in pure ethanol by sonication. Afterwards, hydrophobic anticancer drugs 

are added to the cNPs suspension under magnetic stirring for 6 hours during which they adsorb 

to the nanoparticles. The drug-loaded cNPs are separated from the ethanol solution by 

centrifugation at 15000 rpm. Importantly, cNPs carrying either hydrophilic or hydrophobic drugs 

can still be well dispersed in water, so they can be easily encapsulated into the hybrid 

polymersome water core, which greatly improves the drug loading capacity of the nanovehicle.  

We encapsulate cNPs into the core-shell hybrid polymersome using a water-in-oil-in-water 

(w/o/w) emulsion template with three separate phases 
23-26

 that is made using microfluidic 

techniques combining co-flow and flow focusing geometries,
23-26

 as shown in Figure 2a and 

Video S1. The inner water phase contains 400 μg/mL cNPs in a 4 wt-% polyvinyl alcohol (PVA) 

aqueous solution and the outer water phase is a 10 wt-% PVA aqueous solution with an 

osmolarity of 100 mOsm/L. The middle oil phase contains 10 mg/mL of an amphiphilic diblock 

copolymer, mPEG(5000)-b-PLA(10000), and 2 mg/mL of a phospholipid, 1,2-Dioleoyl-sn-

glycero-3-phosphocholine (DOPC), dissolved in a mixture of chloroform and hexane. In the 

microfluidic device, the hydrodynamically focused inner and middle phase fluid streams break 



up at the orifice of the collection tube to form a monodisperse w/o/w emulsion, as shown in 

Figure 2b. The collected w/o/w emulsion droplets are uniform in size and structure (Figure 2c), 

making them ideal templates for the formation of drug delivery vehicles (Figures 2d-e). By 

changing the flow rates of each fluid phase and the diameters of each capillary in the device, the 

overall size of the double emulsion droplets can be adjusted between 50 µm to 150 µm
24

. 

Furthermore, when the inner flow rate is high enough to match that of the middle phase, the 

resultant droplets have ultrathin shells, less than 10 % oil phase by volume (Figure 2b). 

Ultrathin shell droplets are significantly more stable because lubrication forces greatly slow the 

migration of the inner drop to the outer wall and prevent coalescence of the inner drop with the 

continuous fluid. A dewetting process, where the double emulsions transition from complete 

wetting to partial wetting at the middle oil phase, forms the hybrid bilayer shells. In our system, 

chloroform, whose solubility is around 8 g/L in water, evaporates at a much faster rate than 

hexane, whose solubility is around 13 mg/L. The solvent mixture becomes increasingly hexane-

rich and eventually turns into a poor solvent for the diblock copolymer and phospholipid 

molecules, which leads to attraction between the two compounds and precipitation. Here, the thin 

shell also minimizes the amount of residual solvent within the vehicle membrane, and thus 

overcomes the limited biocompatibility of vesicles fabricated by typical microfluidic approaches. 

The relationship between chloroform volume fraction and adhesion strength implies that 

reducing the chloroform volume fraction should promote the formation of polymersomes. 

However, we only observe polymersome formation and dewetting when the volume fraction of 

the chloroform is between 36 % and 42 %. We measure the contact angles at the three-phase 

contact line and find that volume fractions outside this range have small contact angles, which 

lead to wetting at the interfaces and thus double emulsion droplets cannot be generated (Figure 



3a). This result is consistent with previous reports of the formation of mPEG(5000)-b-PLA 

(5000) polymersomes upon dewetting.
25-26

 The vehicles reported here are formed using a 

chloroform-to-hexane volume ratio of 38:62. 

     Although the introduction of phospholipids in polymersomes enhances biocompatibility, it 

also decreases the membrane strength and stability. Thus, the ratio of copolymer to phospholipid 

is a crucial parameter. To find a composition that balances these effects, we begin with 

copolymer and add phospholipid to the system in weight ratios of 10:0, 10:1; 10:2 and 10:3. 

Viability studies on M28 cells incubated with polymersomes for 24 h at 37 C verify that 

biocompatibility is improved at ratios of at least 10:2, as shown in Figure 3b. Since further 

increases in the ratio only minimally changes biocompatibility, we select 10:2 as the optimum 

ratio of copolymer to phospholipid for the hybrid polymersomes. 

The final step of fabrication involves extrusion of the hybrid polymersomes through a 0.2 µm 

membrane filter to fabricate nanometer-sized hybrid polymersomes, as confirmed by CryoTEM 

imaging (Figure 3c). The hydrodynamic diameter of empty nanovehicles is 156 ± 32 nm with a 

polydispersity index (PDI) of 0.16 when measured by dynamic light scattering (DLS) at 25 C. 

Using the same extrusion method and a 0.4 µm membrane filter, nanovehicles containing cNPs 

loaded with three drugs have a hydrodynamic diameter of 286 ± 79 nm (Figure 3d). 

We evaluate the cytocompatibility of the nanovehicles using HeLa Nulight red cells and M28 

cells. After incubation with cNPs but no drugs for 24 h at 37 C, the viability of both HeLa and 

M28 cells is above 90%, as shown in Figures S3 and S4. By comparison, cells incubated without 

any nanovehicles exhibited viabilities of at least 92%. This result indicates that the nanovehicle 

itself is cytocompatible and any effect on viability is due to the cargo. 



 To test the drug-delivery capability of the nanovehicles, we select a combination of three 

hydrophobic anticancer drugs: docetaxel (D), rapamycin (R) and afatinib (A). Docetaxel is one 

of the most effective chemodrugs for breast cancer treatment and a standard second-line therapy 

for lung cancer. Rapamycin has immunosuppressant function and, at appropriate doses, it has 

been shown to promote tumor suppression in clinical trials 
27-31

. Afatinib is a molecular-targeting 

drug that inhibits both HER2 and EGFR, and has been used against both breast cancer and lung 

cancer 
32-33

.  We expect such a drug combination to be very effective at suppressing HER2 

positive breast tumors and EGFR positive lung tumor but the drug hydrophobicity has presented 

a significant challenge to their delivery, and this combination has not previously been used.  

The encapsulation efficiency of cNPs in nanovehicles is above 95% when generated using 

microfluidic double emulsion templates. Additionally, the loading content of the different drugs 

is determined from the drug and vehicle weights. We find that when the encapsulated cNPs are 

loaded with docetaxel, rapamycin, afatinib or any combination of these hydrophobic drugs, the 

maximum total drug loading degree is about 20% by weight, regardless of the number of drugs. 

The dissolution rate of free DOX in phosphate buffer solution (PBS, pH 7.4) is very fast; in 

contrast, no initial burst release is observed for any of the encapsulated compounds and within 24 

h, about 6090% of the therapeutics are released in the buffer, as shown by the in vitro dynamic 

release profiles of the therapeutics in Figure 4a. This controlled release is ideal in cancer therapy 

to reduce the adverse side effects of the drugs.
21-22, 32-33

 In our nanovehicles, sustained release of 

therapeutics is achieved due to protection by the cNPs within the hybrid polymersome core.   

In the nanovehicle core, 50 nm long AuNRs are conjugated with the PSi NPs to provide 

photothermal functionality. The AuNRs and cNPs have a peak plasmonic resonance at 975 nm 

and 930 nm, making them particularly well-suited for biomedical applications since surrounding 



tissues absorb very little in this range. In addition, near-infrared (NIR) laser irradiation of the 

AuNRs can trigger the release of hydrophilic chemodrugs such as doxorubicin hydrochloride 

(DOX). The release of DOX and rapamycin from the nanovehicle in vitro is much faster under 

NIR laser irradiation at 808 nm (Figure 4b): over 90% of DOX and 15 % rapamycin are released 

within 30 min compared with 20% and 5%, respectively, without the laser, suggesting that the 

nanovehicles have potential to enhance delivery by photothermal therapy under NIR laser 

irradiation.  

Combination cancer therapy is effective due to synergistic effects that inhibit multidrug 

resistance (MDR). We calculate the combination index (CI), which indicates the type and 

amount of interaction between two or more drugs with respect to experimental parameters (IC50), 

for the drugs in this study.
21-22,34-35

 The corresponding isobologram of the docetaxel+afatinib 

combination on MCF-7 cell death after 24 h incubation at 37 C indicates that the drug 

combination has a synergistic effect on MCF-7 breast cancer cells (Figure S5). Similar results 

are also shown for docetaxel+rapamycin and rapamycin+afatinib (Figure S6). We further 

investigate the effect on MDR by measuring and comparing the in vitro cell viability when 

Afatinib-resistant SKBR-3/AR cells are exposed to one-, two-, and three-drug combinations 

delivered by the nanovehicles. The drug combinations enhance cell death compared with the 

single drugs, indicating that they work synergistically, as shown in Figure 4c. As expected, the 

combination of docetaxel, rapamycin and afatinib exhibits very strong cytotoxicity towards 

SKBR-3/AR cells, thus confirming that MDR has been inhibited in the cells. Additionally, 

photothermal therapy significantly enhances the drug combinations’ effectiveness against 

SKBR-3/AR cells, requiring only 30 minutes of two drugs (docetaxel+afatinib) to achieve nearly 

80% cell death (Figure 4d). 



To further understand the synergistic effects, we perform a human HER2 ELISA assay to 

detect and quantify full-length HER2 protein levels from the lysates of SKBR-3 cells treated by 

individual drugs and drug combinations for 6 hours. Afatinib significantly reduces HER2 protein 

expression, but again, the triple drug combination works even more effectively to decrease the 

expression of HER2 protein through synergy (Figure 4e). In addition, a full-length EGFR 

ELISA assay quantifying EGFR protein expression in non-small cell lung cancer (NSCLC) cells 

demonstrates that a two-drug combination of afatinib with either docetaxel or rapamycin can 

greatly reduce EGFR levels, which further confirms the synergy between the drugs, as shown in 

Figure S7.  

   Our in vitro results suggest that these drug combinations delivered by hybrid polymersome 

nanovehicles loaded with cNPs are promising for in vivo applications. Thus, we study in vivo 

tumor suppression by administering the same drug combinations in a HER2-positive breast 

cancer mouse model. We intravenously inject PBS, blank nanovehicles, nanovehicles containing 

single drugs, and nanovehicles containing drug combinations into tumor-bearing nude mice (six 

mice per group) once every 48 hours over 4 weeks for a total dosage of 5 mg / kg. Due to 

insolubility in water, it is not possible to inject free drug solution as a treatment at the necessary 

concentrations. At the end of the treatment, the tumors removed from the mice are imaged. The 

triple combination of A, D and R at total dosages of 5 mg/kg and 2.5 mg/kg suppress 94.6 % and 

87.5 % of the tumors, respectively. The triple combination at a half dose is still more effective 

than double combinations of A and either D or R at 5 mg/kg, indicating that the triple 

combination has the strongest synergistic effect (Figure S8). Quantification of EGFR and VEGF 

protein expression in the tumors after treatment shows that PBS and blank nanovehicles do not 

reduce the protein expression, but nanovehicles loaded with double and triple combinations 



significantly reduce the protein levels (Figure S9 and S10). These results confirm the 

effectiveness of the drug combinations when administered by the nanovehicle delivery system. 

To map the biodistribution of the drug-loaded nanovehicles within the mice, we conduct in 

vivo biofluorescence imaging of tumor-bearing mice with free Cy-7 siRNA and nanovehicle-Cy7 

siRNA at 2h, 8h, 24h and 48h. We find that the free-Cy7 siRNA mainly aggregates in the liver 

and does not accumulate in the tumor. By contrast, the nanovehicle-Cy 7 siRNA does 

accumulate in the tumor over time, as evidenced by increasing biofluorescence in the tumor 

(Figure 5b). These results suggest that the nanovehicle promotes the accumulation of drugs in 

the tumor, implying an improved drug delivery efficiency. 

Biocompatibility and tumor suppression are evaluated by performing terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) apoptosis studies in tumor 

tissues taken from the mice. After PBS and blank nanovehicle treatment, only a few apoptotic 

cells are detected, showing that the nanovehicles themselves are biocompatible. After treatment 

with drug combinations, the number of apoptotic cells increases up to about 100-fold (Figure 5c). 

Complementary to our ELISA results, here we find that the double and triple combinations also 

significantly promote apoptosis as a mechanism to suppress tumor growth.   

We further use immunocytochemistry to measure B-cell lymphoma 2 (Bcl-2) and Caspase 3 

protein expression as a measure of apoptosis in paraffin-embedded tissue taken from the treated 

mice. Bcl-2 is an important anti-apoptotic protein, and a significant decrease of its expression 

leads to marked increases in cancer cell death. Similarly, Caspase 3 is crucial mediator of 

apoptosis, and Caspase 3 expression increases with the number of apoptotic cells. The 

nanovehicle containing the three-drug combination significantly decreases Bcl-2 protein 



expression and increases Caspase 3 protein expression (Figure 6a and 6b), confirming that the 

triple combination inhibits tumor growth through inducing cancer cell apoptosis.  

Many drug delivery systems are limited by the development of significant side effects. After 

intravenous injection of our drug-loaded nanovehicles, hematoxylin and eosin (HE) stains show 

that there is no significant toxicity or damage in the main organs of the mice, heart, liver, spleen, 

lung, and kidney (Figures S11-S15). These results suggest that the hybrid polymersome 

nanovehicles are effective in targeting, thus avoiding side effects. This drug combination 

delivered by these nanovehicles is very promising for in vivo cancer treatment. 

    Finally, as the range of therapeutic demands grows, the versatility of a drug delivery 

system becomes more important. Therefore, upon the successful delivery of the novel triple-drug 

combination, we further demonstrate that the hybrid polymersomes can load doxorubicin, anti-

HER2 antibody, magnetic nanoparticles
27

, and double-stranded DNA
22,36

. We test the synergistic 

effects and MDR inhibition with SKBR-3 and SKBR-3/AR cell lines. The results indicate that 

the vehicle is capable of loading a wide variety of therapeutic agents that endow the vehicle with 

responsive properties. For example, anti-HER2 antibodies target breast cancer even more 

specifically than the drugs while magnetic nanoparticles may also be useful in imaging 

applications. Moreover, the DNA and anti-HER2 antibodies have clear synergistic effects with 

the other drugs. These results are summarized in Figure S16 and S17.    

         In summary, we synthesize porous silicon nanoparticles conjugated with gold nanorods 

(cNPs) and then encapsulate the cNPs into hybrid polymersomes composed of a biocompatible 

amphiphilic diblock co-polymer and phospholipid shell, which is subsequently extruded to form 

nanovehicles. This multifunctional nanovehicle is an advanced drug delivery system with the 

potential to become a versatile “all-in-one” platform for therapeutics delivery. The system has 



high drug loading capabilities with excellent cytocompatibility and reduced cytotoxicity to non-

tumor cells. Multidrug delivery by the nanovehicle both in vitro and in vivo is demonstrated 

using a triple combination of hydrophobic drugs (docetaxel, rapamycin, afatinib). The novel drug 

combination very effectively inhibits multidrug resistance in HER2-positive breast cancer cells 

and EGFR-positive NSCLC cells through synergistic effects, especially under NIR laser 

irradiation. After being administered intravenously in mice, the double and triple drug 

combinations accumulate at the tumor due to the nanovehicles, resulting in low dosage 

requirements and significantly suppress cancer tumor growth and recurrence. The three-drug 

combination suppresses the tumor by 94 % and 87 % at total dosages of 5 mg /kg and 2.5 mg/kg, 

respectively. The triple-drug combination is much more effective on tumor suppression than 

two-drug combinations even at half dose. Importantly, this highly effective combination of 

hydrophobic drugs is only deliverable using a carrier such as these nanovehicles. The simplicity 

of microfluidic fabrication followed by extrusion makes the nanoplatform customizable for 

encapsulating and delivering various drugs and therapeutic agents as effective combination 

treatments for other cancer types, combined with photothermal therapy. Overall, this intravenous 

injectable cNPs functionalized nanosized hybrid polymersome is a multifunctional nanovehicle 

for drug co-delivery that holds great potential to enable new approaches to cancer therapy and 

other advanced biomedical applications. 

EXPERIMENTAL SECTION 

Glass capillary microfluidic devices are used to produce hybrid polymersome vehicles with a 

shell composed of mPEG(5000)-b-PLA(10000) and phospholipid containing the hydrophobic 

therapeutics Afatinib, Rapamycin and Docetaxel, and a core containing the hydrophilic 



therapeutics DOX, nano-magnetite, gold nanorods conjugated porous silicon nanoparticles (cNPs) 

co-loading hydrophobic therapeutics (Afatinib, Rapamycin, Docetaxel). The loading and release 

of payloads, the cell viability, the synergistic effects of drugs on cancer cell death and on 

inhibition of multidrug resistance are investigated in cancer model cell lines. In vivo animal 

studies and bioimaging studies are performed in breast cancer model mice by intravenous 

injection. 

Further detail experimental procedures are provided in Supporting Information. 
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Scheme 1. The fabrication of photothermal responsive nanosized hybrid polymersome as 

versatile therapeutics co-delivery nanovehicle for intravenous injection cancer treatment. 

 

 

 



 

 

Figure 1. The morphology of gold nanorods, porous silicon nanoparticles conjugated gold 

nanorods (cNPs) and folate conjugated gold nanorods.  

(a)SEM image of gold nanorods (AuNRs); the scale bar denotes 100 nm. (b)  SEM image of 

porous silicon nanoparticles conjugated gold nanorods (cNPs); the scale bar denotes 20 nm.   

(c)TEM image of folate conjugated gold nanorods. The scale bar denotes 50 nm. (d)The UV-vis 

spectrum of folate conjugated gold nanorods.     

 



 

Figure 2. Generation of cNPs functionalized hybrid polymersomes vehicle. 

 (a) Scheme of the generation of monodisperse double emulsion templates for encapsulation of 

cNPs, folate conjugated gold nanorods and folate conjugated porous silicon nanoparticles.  

(b) Optical microscope image showing the w/o/w emulsion droplets formation using 

microfluidics. The scale bars denote 100 μm. 

 (c) The collected hybrid polymersomes w/o/w double emulsion droplets. The scale bars in (b) 

and (c) denote 100 μm.  

(d) Confocal images of hybrid polymersomes encapsulating DOX (scale bar denotes 50 μm)  

(e) Confocal image of the hybrid polymersomes alone (the scale bar denotes 50 μm).  
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Figure 3. The hybrid polymersomes vehicle formation, biocompatibility and mophology study. 

(a) Plot of the contact angle (θC) of the solvent droplets of the polymersomes as a function of the 

fraction of the solvent chloroform. The volume fraction of chloroform in the solvent mixture was 

determined before the injection into the device.  

(b) The effect of ratio between copolymer and phospholipid for the formation of the 

polymersomes on the cell viability after 24 h incubation with M28 at 37 C. 

(c ) The CryoTEM image of the nanosized hybrid polymersomes nanovehicle after extrusion 

from 0.2 µm membrane. The scale bar denotes 100 nm.                                                               

(d) The hydrodynamic diameter of the cNPs functionalized hybrid nanovehicle after extrusion 

from 0.4 µm membrane measured by dynamic light scattering (DLS) at 298 K. Blue curve: one 



drug loaded nanovehicle; black curve: two drug loaded nanovehicle; red curve: three drugs 

loaded nanovehicle. 

 

 

 



 

Figure 4. In vitro release, photothermal effects and multidrug resistance inhibition study.  

(a) Therapeutics release from the hybrid polymersomes PBS suspension at 37 
o
C.  

(b) Photothermal effects induced by laser irradiation at 808 nm near-infrared laser wavelength of 

the cNPs on the release of DOX and Rapamycin at different time intervals.  

(c) The effect on Afatinib-resistant SKBR-3/AR HER2 positive breast cancer cells proliferation 

of Docetaxel (D), Afatinib (A), Rapamycin (R ), DNA structures, D+A, D+DNA, D+A+R, 

D+DNA+A loaded FHP (CD/CA = 1:1,  CD/CR = 1:1, CD/CA / CR= 1:1:1 with 400 µg/mL cNPs 

set up as control) after 24 h incubation at 37 
o
C.  

(d) Cell viability of Afatinib, Afatinib+Docetaxel loaded functionalized nanovehicle under NIR 

laser irradiation at 808 nm at different time intervals or without laser irradiation on SKBR-3/AR 

cells after 2 h incubation using live/dead assay. 

(e)The Human HER2 (Total) ELISA study for measurement of HER2 protein at optical density 

450 nm on SKBR3 cells. Afatinib (A), Rapamycin (R), Docetaxel (D). The total drug 

concentration is 9 µg/mL; CD/CA =1:1; CD/CR =1:1; CR/CA =1:1; CA/CD/CR = 1:1:1; DNA is 10 

nM; vehicle with 400 µg/mL cNPs set up as control). All data represent mean ± S.D. (n = 3). 

 



 

 



 
Figure 5. The in vivo animal study through intravenous injection in mice. 

(a) The in vivo HER2 positive breast cancer tumor volume (six mice per group) after 4 weeks 

treatment by PBS, S1 (blank nanovehicle), S2(Docetaxel-NV), S3(Rapamycin-NV), S4(Afatinib-

NV), S5(A+D-NV); S6(A+R-NV), S7(A+D+R-NV), S8(A+D+R-NV), The total dosage of S2 to 

S7 is 5 mg /kg; the total dosage of S8 for intravenous injection is 2.5 mg/kg. The drug ratio for 

double and triple combinations is 1 to 1. Nanovehicle (NV): 400 µg/mL cNPs functionalized 

nanosized hybrid polymersomes set up as positive control. Appearance of the tumor mass peeled 

off from the tumor-bearing mice at the end of study. 

(b) The in vivo biofluorescence imaging of human breast cancer tumor in mice at 2h, 8h, 24h and 

48h of free Cy7 (F-Cy7 siRNA) and Cy7-nanovehicle (NP-Cy7 siRNA) through intravenous 

injection. 

(c) Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) apoptosis study of 

tumor tissue after treatment by PBS, S1 (blank nanovehicle), S2 (Docetaxel-nanovehicle), S3 

(Rapamycin-nanovehicle), S4(Afatinib-nanovehicle), S5(Docetaxel+Afatinib-nanovehicle), 

S6(Rapamycin+Afatinib-nanovehicle), S7(Docetaxel+Rapamycin+Afatinib-nanovehicle), 

S8(Docetaxel+ Rapamycin +Afatinib-nanovehicle). The total dosage from S2 to S7 is 5mg/kg, 



and the total dosage of S8 is 2.5 mg/kg. The drug ratio for double and triple combinations is 1 to 

1.  

 
 

 



Figure 6.   Bcl-2 protein expression and Caspase 3 protein in vivo study. 

(a)Bcl-2 protein expression study after different system treatment. PBS, S1 (blank nanovehicle), 

S2 (Docetaxel@nanovehicle), S3 (Rapamycin@nanovehicle), S4 (Afatinib-nanovehicle), S5 

(Docetaxel+Afatinib@nanovehicle), S6 (Rapamycin+ Afatinib@nanovehicle), S7 

(Docetaxel+Rapamycin+Afatinib@nanovehicle), S8 (Docetaxel+ Rapamycin 

+Afatinib@nanovehicle at total dosage of 2.5mg/kg). The total dosage from S2 to S7 is 5mg/kg. 

The drug ratio for double and triple combinations is 1 to 1.  

(b)Caspase 3 protein expression study. PBS, S1 (blank nanovehicle), S2 (Docetaxel@ 

nanovehicle), S3 (Rapamycin@nanovehicle), S4 (Afatinib-nanovehicle), S5 (Docetaxel+Afatinib 

@nanovehicle), S6 (Rapamycin+ Afatinib@nanovehicle), S7 (Docetaxel+Rapamycin+ 

Afatinib@nanovehicle), S8 (Docetaxel+ Rapamycin +Afatinib@nanovehicle at total dosage of 

2.5mg/kg). The total dosage from S2 to S7 is 5mg/kg. The drug ratio for double and triple 

combinations is 1 to 1.  

 

 

 


