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Background: Trastuzumab plus docetaxel is a mainstay to treat HER2-positive breast cancers. 

However, developing nanoparticles could help to improve the efficacy/toxicity balance of this 

doublet by improving drug trafficking and delivery to tumors. This project aimed to develop 

an immunoliposome in breast cancer, combining docetaxel encapsulated in a stealth liposome 

engrafted with trastuzumab, and comparing its performances on human breast cancer cell lines 

with standard combination of docetaxel plus trastuzumab.

Methods: Several strategies to engraft trastuzumab to pegylated liposomes were tested. 

Immunoliposomes made of natural (antibody nanoconjugate-1 [ANC-1]) and synthetic lipids 

(ANC-2) were synthesized using standard thin film method and compared in size, morphology, 

docetaxel encapsulation, trastuzumab engraftment rates and stability. Antiproliferative activity 

was tested on human breast cancer models ranging from almost negative (MDA-MB-231), 

positive (MDA-MB-453) to overexpressing (SKBR3) HER2. Finally, cell uptake of ANC-1 

was studied by electronic microscopy.

Results: ANC-1 showed a greater docetaxel encapsulation rate (73%±6% vs 53%±4%) 

and longer stability (up to 1 week) as compared with ANC-2. Both ANC presented particle 

size #150 nm and showed similar or higher in vitro antiproliferative activities than standard 

treatment, ANC-1 performing better than ANC-2. The IC
50s

 for docetaxel combined to free 

trastuzumab were 8.7±4, 2±0.7 and 6±2 nM with MDA-MB-231, MDA-MB-453 and SKBR3, 

respectively. The IC
50s

 for ANC-1 were 2.5±1, 1.8±0.6 and 3.4±0.8 nM and for ANC-2 were 

1.8±0.3 nM, 2.8±0.8 nM and 6.8±1.8 nM with MDA-MB-231, MDA-MB-453 and SKBR3, 

respectively. Cellular uptake appeared to depend on HER2 expression, the higher the expres-

sion, the higher the uptake.

Conclusion: In vitro results suggest that higher antiproliferative efficacy and efficient drug 

delivery can be achieved in breast cancer models using nanoparticles.

Keywords: immunoliposomes, biopharmaceutical development, breast cancer, docetaxel, 

trastuzumab, HER2

Introduction
Taxanes are a mainstay in the treatment of several solid tumors including breast cancer.1 

By interfering with spindle dynamics, they stabilize microtubules and cause cell cycle 

arrest at the metaphase/anaphase, resulting in cell apoptosis. In vitro, docetaxel is 

generally twofold to fourfold more potent than paclitaxel.2 This greater tumor activity 

was confirmed at bedside in metastatic breast cancer.3 However, docetaxel patients 

display more severe hematological and non-hematological toxicities (eg, neutropenia, 

thrombocytopenia, stomatitis, asthenia) than paclitaxel patients.3 In addition, common 
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drug-related toxicities are hypersensitivity reactions related 

to the solubilizing agents necessary to allow taxanes to be 

given as infusions.4,5 In this respect, incorporating taxanes 

into nanoparticles could help limiting treatment-induced 

toxicities, by skipping the use of solubilizing agents and 

sparing healthy tissues while better targeting tumor cells.6 

Consequently, many liposomes and stealth liposomes have 

been developed, and have shown both in vitro and in vivo 

less toxicity with equivalent or higher efficacy against 

tumors.7,8 Similar better outcomes were evidenced when 

tested in clinical trials, either alone or in combination.9–11 

However, unlike doxorubicin forms, no liposomal docetaxel 

has been approved yet in breast cancer. Therefore, although 

the first or second generation of liposomes displayed 

improved pharmacokinetics (ie, decreased clearance and 

higher tumor accumulation),12–14 further development of 

nanoparticles is still an ongoing story with taxanes. Thus, 

more sophisticated forms have been developed such as 

co-loaded liposomes (eg, docetaxel + palmitoyl ascorbate,15 

paclitaxel + rapamycin,16 docetaxel + BCL-2 SiRNA17), 

triggered liposomes (eg, pH sensitive18 or thermosensitive19) 

and targeted liposomes. Many moieties (eg, small-molecule 

ligands, peptides20 and monoclonal antibodies) have been 

used over the last years to actively target cancer cells through 

different strategies, including targeting several receptors 

like folate receptors,21,22 integrin23 and transferrin.24,25 In the 

early 2010s, an immunoliposome of doxorubicin engrafted 

with anti-epidermal growth factor receptor cetuximab was 

developed and reached early Phase I clinical trials, although 

this combination had no clear application in breast cancer.26 

However, this seminal study demonstrated that it was pos-

sible to target an external receptor expressed on cancer cell 

surface using a monoclonal antibody engrafted on a nanopar-

ticle. Overexpressed in 20%–40% of breast cancers,27 human 

epidermal growth factor receptor-2 (HER2) is an attractive 

receptor likely to help targeting of nanoparticles loaded 

with cytotoxics. MM302, a stealth liposomal formulation 

of doxorubicin coated with an anti-HER2 antibody, showed 

appealing results when tested in early clinical studies,28 but 

unfortunately subsequent Phase II trial failed in confirm-

ing the promising Phase I results because of poor efficacy 

and futility.29 With MM302, targeting HER2 was achieved 

using a lab-synthesized anti-HER2 antibody. Of note, the 

approval of the anti-HER2 monoclonal antibody trastuzumab 

(Herceptin®), in the early 2000s has considerably improved 

the poor clinical outcome and survival of HER2+ breast 

cancer patients, when associated with docetaxel.29–31 Thus, 

developing directly a trastuzumab-coated liposomal taxane 

represents a promising and convenient strategy in breast 

cancer, rather than using home-made antibodies, as trastu-

zumab is a well-known and fully characterized antibody.32

In this study, we present the early development of such 

novel entity, combining stealth liposomal docetaxel with 

engrafted trastuzumab on its surface. Two formulations of 

liposomes with several engraftment techniques were tested: 

neutral formulation using phosphatidylcholine (antibody 

nanoconjugate-1 [ANC-1]) or positive formulation using 1,2-

dioleoyl-3-trimethylammonium-propane (DOTAP; ANC-2). 

Performances of the two resulting immunoliposomes were 

next compared in terms of physical characteristics, stability 

and antiproliferative efficacy in human breast cancer models 

varying in HER2 expression levels (Figure 1).

Materials and methods
Cell lines
Experiments were carried on three human breast cancer cell 

lines: SKBR3 (strong HER2 overexpression), MDA-MB-453 

(HER2 overexpression) and MDA-MB-231 (HER2 mild 

expression). Cells were purchased from the American Type 

Culture Cell. Cells were cultured in RPMI supplemented 

with 10% FBS, 1% penicillin and 0.16% kanamycin and 

grown in a humidified CO
2
 incubator at 37°C. Cells were 

regularly authenticated on cell viability, morphology and 

doubling time.

Drugs and chemicals
Egg yolk phosphatidylcholine (PC), phosphatidylglycerol 

(PG), cholesterol (Chol), 1,2-distearoyl-sn-glycero-3-phos-

phoethanolamine and paclitaxel were purchased from Sigma 

(St-Quentin-Fallavier, France). 1,2-Distearoyl-sn-glycero-

3-phosphoethanolamine-N-[maleimide(polyethylene 

glycol)-2000] (Mal-PEG) and DOTAP were purchased from 

COGER (Paris, France). Docetaxel was purchased from 

VWR (Fontenay-sous-Bois, France). DIR, a fluorophore 

tag, was purchased from Caliper (Villebon-sur-Yvette, 

France). 2-Iminothiolane (Traut’s reagent) and Draq5 were 

purchased from Fisher Scientific (Illkirch-Graffenstaden, 

France). QuantiBRITE phycoerythrin (PE) and PE Mouse 

Anti-Human HER-2/neu were purchased from BD Biosci-

ences (San Jose, CA, USA). Trastuzumab (Herceptin) was 

kindly given by Genentech (South San Francisco, CA, USA). 

All other reagents were of analytical grade.

Pegylated liposome preparation
Two compositions of liposomes were studied: Mal-PEG 

and docetaxel. Liposome-1 used PC, PG and Chol, whereas 
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Liposome-2 used DOTAP with PC or Chol. Both composi-

tions were synthesized using the classic thin-film method.33 

Briefly, lipids were dissolved in methanol. Lipidic solution 

was further mixed with DIR as fluorophore when required. 

Methanol was then removed by rotary evaporation (Laborota 

4003, Heidolph Instruments) at 38°C to avoid toxicity. After 

30 minutes, a thin lipid film was obtained. To remove the 

residual solvent, lipid film was dried under stream of nitrogen 

for 2 hours at room temperature. The film was then hydrated 

with a 5% vol/vol glucose solution, and MLV liposomes were 

obtained. Several strategies were performed to reduce and 

homogenize liposomes in size. Extrusion through 400, 200, 

100 and 80 nm polycarbonate pore membranes (Nuclepore, 

Whatman France) using a LipoFast LF-50 or alternatively 

Figure 1 Formulation and testing of two different nanoparticles.
Abbreviations: Lipo, liposome; PC, phosphatidylcholine; Chol, cholesterol; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; ANC, antibody nanoconjugate.
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20 kHz sonication on ice for 5 minutes at 4°C using a Branson 

Sonifier 250 sonic probe were tested.34,35

Pegylated immunoliposome preparation: 
antibody engraftment
Trastuzumab engraftment was performed from previously 

obtained Liposome-1 and Liposome-2, generating immu-

noliposomes made of PC (ie, ANC-1) or DOTAP ± PC or 

Chol (ie, ANC-2). In addition, two different engraftment 

strategies36 were tested. Strategy A targeting the amine func-

tion relied on increasing the pH of the liposome solution with 

the addition of NaOH. Two alternative modalities of NaOH 

addition were further tested: during the hydration step of the 

lipid film and after the extrusion step. Once extruding pH 

was .8.5 for liposome solution, trastuzumab was added in 

1:65 molar ratio (trastuzumab: Mal-PEG). The mixture was 

then kept under constant overnight shaking. Alternatively, 

strategy B targeting the thiol function36–38 required a prelimi-

nary step of trastuzumab thiolation. To this end, trastuzumab 

was first dissolved in a 0.1 M sodium phosphate-buffer saline 

(PBS), pH 8.0, containing 5 mM ethylenediaminetetraacetic 

acid and mixed under constant shaking, for 2 hours at room 

temperature with a Traut’s reagent solution at 1:10 molar 

ratio (Traut’s: trastuzumab). Thiolated trastuzumab was 

then directly mixed with the pegylated liposomes at 1:127 

molar ratio (trastuzumab: MAL-PEG). The mixture was kept 

under constant shaking at 4°C overnight. For both strategies, 

unbound trastuzumab and free docetaxel were removed 

from the liposomal solution using 6,000 g centrifugation on 

MWCO 300 KDa vivaspins (VWR).39,40

Size and polydispersity study
Size and polydispersity index (PDI) were measured by light 

scattering (LDS). Liposomes and immunoliposomes were 

diluted in a PBS solution and then analyzed by a Zeta sizer 

Nano S (Malvern Instruments, Malvern, UK). Liposomal 

preparations were considered unimodal for a PDI ,0.2.41,42

Docetaxel encapsulation rate 
and entrapment efficiency
Docetaxel concentrations were measured using a vali-

dated high pressure liquid chromatography-UV method43 

after liquid/liquid extraction and using a C18 column 

(25 cm×4.6 mm, 5 µm, Waters, Guyancourt, France). The 

mobile phase was composed of 53% of ammonium acetate 

buffer (35 nM, pH 5) and 47% of acetonitrile. Samples 

were eluted at a constant flow rate of 1.8 mL/min with UV 

detection (227 nm). Analysis was performed on an Agilent 

1100 liquid chromatography system. Data were acquired 

and analyzed using Chemstation software (Agilent, Les Ulis, 

France). Docetaxel and paclitaxel typical retention times 

were 11 and 13.5 minutes, respectively. Encapsulation rate 

for docetaxel was calculated using the following formula: 

	
Encapsulation rate

mg DOCE HPLC measured

mg DOCE initially 
=

uused
×100.

	�

Entrapment efficiency for docetaxel was calculated using 

the following formula:

	

Entrapment efficiency

mg DOCE HPLC measured

mg DOCE present
=

  before centrifugation
×100.

�

Trastuzumab engraftment rate
Sodium dodecyl sulfate (SDS) polyacrylamide gel electro-

phoresis was performed to show the presence and integrity 

of engrafted trastuzumab on liposome using polyacrylamide 

10% gels, with a constant voltage of 100 V. The running 

buffer was composed of Tris/glycine/SDS. The gel was 

stained with Coomassie blue and rinsed overnight prior 

analysis. Additionally, trastuzumab engraftment rate was 

indirectly measured by the Bradford assay,44 using thiolated 

trastuzumab as the reference standard.

Electronic microscopy analysis
Liposomes were diluted in PBS and dropped on a copper grid. 

After 15 minutes, they were stained for 5 minutes with 5% 

uranyl acetate or 2% osmium tetroxide before being dried out 

overnight at room temperature. The grid was then observed at 

80 kV using transmission electron microscopy (JEM-1410; 

JEOL Ltd., Tokyo, Japan) coupled with a Megaview III 

camera (Soft Imaging System, Münster, Germany).

Stability studies
Stability studies were performed on several storage condi-

tions (ie, 20% diluted ANC kept at −20°C, concentrated and 

20% diluted ANC kept at 4°C and 20% diluted ANC kept 

at 25°C), always protected from light. Liposome size, PDI, 

docetaxel leakage and persistence of the engrafted trastu-

zumab were evaluated weekly for a month, then bimonthly 

for up to 46 days.

Quantification of HER2 on cells
As previously described,45 QuantiBRITE PE (BD Biosci-

ences) was used to estimate the absolute number of HER2 

on cell membranes. About 100,000 cells of SKBR3, 
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MDA-MB-453 or MDA-MB-231 were incubated under 

saturated conditions with PE Mouse Anti-Human HER-2/

neu (BD Biosciences) for 30 minutes at 4°C before being 

rinsed with PBS. IgG2a-PE anti-mouse antibodies (Fisher 

Scientific) were used for isotopic control. Analysis was then 

immediately performed on Gallios Beckman Coulter. Assum-

ing our anti-HER-2 PE antibody has a 1:1 fluorochrome: 

antibody ratio, we determined PE median fluorescence inten-

sity (MFI) for all cell lines and reported it on a log-log graph 

with MFI vs PE molecules, after subtracting isotopic control 

MFI. Of note, to avoid PE signal saturation, adjustment of 

QuantiBRITE in low sensitivity conditions was performed 

on SKBR3 cells.

In vitro antiproliferative activity
SKBR3, MDA-MB-453 and MDA-MB-231 were seeded on a 

monolayer 96-well plate at a density of about 6,000 cells/well 

for 24 hours before the experiment begins. After overnight 

attachment, cells were exposed continuously for 72 hours to 

docetaxel (0.01–100 nM) and trastuzumab (0.02–200 pM). 

Different conditions were tested: free docetaxel, free tras-

tuzumab, free drugs (docetaxel plus free trastuzumab), 

Liposome-1 plus free trastuzumab, Liposome-2 plus free tras-

tuzumab, ANC-1 and ANC-2. Cell viability was determined 

using the MTT assay and spectrophotometric reading at 550 nm 

(PowerWave XS2; BioTek, Saint-Jean-de-Védas, France).

In vitro cellular uptake
SKBR3, MDA-MB-453 and MDA-MB-231 were seeded 

on Lab-Tek chamber slides (Nunc, Roskilde, Denmark) at 

a density of about 20,000 cells/well for 24 hours before the 

experiment begins. After overnight attachment, cells were 

exposed continuously for 6 hours to DIR-labeled ANC-1 

and labeled with Draq5. Next, cells were fixed with ice-

cold methanol and incubated for 5 minutes at −20°C before 

being rinsed with PBS. Cellular uptake was observed using 

confocal microscopy (TCS SP2 Leica) coupled to a digital 

camera.

Statistical analysis
In vitro experiment was performed at least in triplicate and 

data were represented as mean ± SD or ± standard error of 

the mean. Statistical analyses were performed on MedCalc 

17.2.1. Software (MedCalc, Acacialaan, Belgium).

Results
Size and polydispersity
ANC-1 and ANC-2 displayed 140±3.4 and 150±5 nm 

diameters, respectively. PDI was found to be much lower 

after extrusion as compared with sonication (ie, 0.11±0.02 

vs 0.39±0.001; p,0.001, Student’s t-test) and subsequent 

batches of liposomes were prepared by extrusion only 

(Table 1). With increasing number of extrusion cycles, both 

PDI and liposome size decreased (Table 1). Shifting from 4 

to 6 extrusion cycles on 100 nm pore membranes led to 17% 

decrease in size with a 1.44-fold reduction in PDI. Use of 

80 nm pore membrane led to a further 22% size reduction, 

without affecting PDI (Table 1). No significant difference 

in size was observed when adding upfront extrusions on 

400 nm pore membrane (Table 1). Trastuzumab engraft-

ment increased diameters of ANC-1 and ANC-2 by 9±4 and 

22±2 nm, respectively (Table 2).

Docetaxel encapsulation rate 
and entrapment efficiency
Results of docetaxel encapsulation rate for Liposome-1 and 

Liposome-2 are summarized in Tables 3 and 4, respectively. 

Sonicated liposomes showed higher encapsulation rates 

as compared with liposomes obtained after extrusion (ie, 

76%±11% vs 35%±19%; p=0.037, t-test). Adding PG to 

Liposome-1 composition increased docetaxel encapsula-

tion rate from 35%±19% to 63%±18% (Table 3), with an 

optimal molar ratio of 50:19:15:1 (PC:Chol:PG:Mal-PEG). 

In these conditions, the 1.9% docetaxel: lipid molar ratio 

achieved the highest encapsulation rate as compared with 

1.8% and 2.0% molar ratios (ie, 85%±2% vs 70%±19% vs 

63%±18%, respectively, p=0.244, ANOVA test, Table 3). 

Adding PC to Liposome-2 composition increased the encap-

sulation rate from 13%±2% to 72%±1%, a value higher than 

the one obtained with DOTAP/Chol liposomes (59%±8%, 

p=0.032, t-test, Table 4). Molar ratio of 50:19:15:1%–1.9% 

(PC:Chol:PG:Mal-PEG-docetaxel:lipid) for Liposome-1 

and molar ratio of 18:17:1%–5% (DOTAP:PC:Mal-PEG-

docetaxel:lipid) for Liposome-2 were selected to further 

Table 1 Summary of the different extrusion conditions tested 
on Liposome-1a

Size reduction 
technique

Extrusion conditions 
(amount of cycles and 
type of filters used)

Size 
(nm)

PDI

Extrusion 2×200 nm+4×100 nm 151±23 0.088±0.04
Extrusion 6×100 nm 141±4 0.09±0.03
Extrusion 4×100 nm 169±3 0.13±0.02
Extrusion 2×100 nm + 2×80 nm 133±2 0.12±0.01
Extrusion 2×400 nm + 2×100 nm + 

2×80 nm
135±3 0.1±0.01

Sonication – 141.4±9 0.39±0.01

Note: aValues are mean of three or more experiments.
Abbreviation: PDI, polydispersity index.
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engraft trastuzumab and to generate ANC-1 and ANC-2, 

respectively. Their formulation and characteristics are sum-

marized in Table 2. ANC-1 and ANC-2 exhibited docetaxel 

encapsulation rate of 73%±6% and 53%±4% respectively 

(p=0.003, t-test, Table 2). Docetaxel entrapment efficiency 

was found to be significantly higher than encapsulation rates 

(ie, .90% for ANC-1 and .75% for ANC-2, Table 2).

Trastuzumab engraftment rate
The two engraftment strategies (ie, targeting the amine [strat-

egy A] and the thiol [strategy B] functions) were tested on 

Liposome-1 only. Electrophoresis gel was used to confirm 

trastuzumab engraftment, as shown in Figure S1. As previ-

ously described,32 engrafted trastuzumab showed a slightly 

larger molecular weight (S1-A5), compared to the native 

form (S1-A2 and A3). However, strategy A did not present 

this shift (S1-A7), suggesting that this method did not allow 

proper engraftment on the liposomes and therefore was not 

tested on Liposome-2. On Liposome-1, strategy B did present 

this shift (S1-B5 and B3) and was also validated on Lipo-

some-2 (S1-B5). Trastuzumab engraftment rate was indi-

rectly measured by Bradford assay and found to be 31%±6%, 

and 32%±2% for ANC-1 and ANC-2, respectively.

Electronic microscopy studies
ANC-1 (Figure S2) and ANC-2 (Figure S3) showed spheri-

cal shapes of homogeneous size. Upon transmission electron 

microscopy imaging, mean diameters were 129±10 nm and 

144±31 nm for ANC-1 and ANC-2, respectively. Several 

lipid bilayers were also observed on Liposome-1 examined 

before extrusion step (Figure S4).

Stability studies
When monitoring docetaxel encapsulation rate over time 

(Figure 2), no significant differences were found between 

the storage conditions (ie, −20°C, 4°C, 25°C). ANC-1 and 

ANC-2 showed docetaxel leakage, with a decrease in doc-

etaxel of 19%±20% and 48%±19% per week, respectively 

(p,0.001, t-test). Size was regularly evaluated as well, until 

docetaxel reached 0% (ie, 45 days for ANC-1, Figure S5, 

and 15 days for ANC-2, data not shown). No significant 

difference was observed in size between ANC-1 and 

ANC-2. When diluted or concentrated at 4°C or diluted at 

25°C, size was steady over time (Figure S5). Only ANC 

kept at −20°C led to an increase in diameter over time. 

Within a week, size increased from 140±3 to 220±25 nm 

for ANC-1 (p=0.004, t-test) and from 158±13 to 217±14 nm 

for ANC-2 (p=0.04, t-test) before being stabilized. Trastu-

zumab engraftment was persistent after 45 days for ANC-1 

(Figure S1-B7). Similar results were found with ANC-2 

(data not shown).

Quantification of HER2 on cells
Flow cytometry analysis allowed measuring the expression 

of HER2 on the surface of every cell lines, with marked 

differences (Figure 3). Of note, it was possible to detect and 

Table 2 Characteristics of ANC-1 and ANC-2a

Phospholipids 
composition

Molar 
ratio

Docetaxel:lipid 
molar ratio (%)

Size reduction 
technique

Encapsulation 
rate (%)

Encapsulation 
efficiency (%)

Size 
(nm)

PDI

PC:Chol:PG:Mal-PEG 50:19:15:1 1.9 Extrusion 73±6 .90% 140±3.4 0.1±0.01
DOTAP:PC:Mal-PEG 18:17:1 5.0 Extrusion 53±4 .75% 150±5 0.13±0.05

Note: aValues are mean of three or more experiments.
Abbreviations: ANC, antibody nanoconjugate; PDI, polydispersity index; PC, phosphatidylcholine; Chol, cholesterol; PG, phosphatidylglycerol; Mal-PEG, 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane.

Table 3 Characteristics of liposome-1a

Phospholipids 
composition

Molar 
ratio

Docetaxel:lipid 
molar ratio (%)

Encapsulation 
rate (%)

Size reduction 
technique

Size (nm)

PC:Chol:Mal-PEG 50:29:1 2.9 17±9 Extrusion 141.7±2.3
PC:Chol:Mal-PEG 50:19:1 3.2 35±19 Extrusion 175±31
PC:Chol:Mal-PEG 50:19:1 3.2 76±11 Sonication 141.4±9
PC:Chol:PG:Mal-PEG 50:19:15:1 1.8 70±19 Extrusion –
PC:Chol:PG:Mal-PEG 50:19:15:1 1.9 85±2 Extrusion 141±2.4
PC:Chol:PG:Mal-PEG 50:19:15:1 2.0 63±18 Extrusion 158.8

Note: aValues are mean of three or more experiments.
Abbreviations: PC, phosphatidylcholine; Chol, cholesterol; PG, phosphatidylglycerol; Mal-PEG, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene 
glycol)-2000]; PG, phosphatidylglycerol.
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to quantify HER2 in MDA-MB-231 cells, despite their status 

of HER2-negative canonical model. SKBR3, MDA-MB-453 

and MDA-MB-231 were found to express 1,117.103±17.103, 

215.103±37.103 and 5.103±0.3.103 HER2 receptors per cell, 

respectively (p,0.001, one-way ANOVA, Figure 2).

In vitro antiproliferative activity
Results of cytotoxicity studies are summarized in Figure 4 

(MDA-MB-231), Figure 4 (MDA-MB-453) and Figure  5 

(SKBR3). As expected, both empty liposomes and single-agent 

trastuzumab46 showed no antiproliferative activity on our cell 

models (data not shown). The IC
50s

 for docetaxel combined 

to free trastuzumab were 8.7±4, 2±0.7 and 6±2 nM with 

MDA-MB-231, MDA-MB-453 and SKBR3, respectively. 

The IC
50s

 for ANC-1 were 2.5±1, 1.8±0.6 and 3.4±0.8 nM 

and for ANC-2 were 1.8±0.3, 2.8±0.8 and 6.8±1.8 nM 

with MDA-MB-231, MDA-MB-453 and SKBR3, respec-

tively. On MDA-MB-231 cells, reaching IC
50

 was achieved 

with 71% lower dose (p=0.029, t-test) as compared with  

free drugs for ANC-1 and 79% lower dose (p=0.043, t-test) for 

Table 4 Characteristics of Liposome-2a

Phospholipids 
composition

Molar 
ratio

Docetaxel:lipid 
molar ratio (%)

Encapsulation 
rate (%)

Size reduction 
technique

Size 
(nm)

DOTAP:Mal-PEG 47:1 10.0 13±2 Extrusion 173±5
DOTAP:Chol:Mal-PEG 34:13:1 2.0 59±8 Extrusion 134±7
DOTAP:Chol:Mal-PEG 34:13:1 4.3 58±3 Extrusion 154±5
DOTAP:Chol:Mal-PEG 49:43:1 5.0 36±9 Extrusion 150
DOTAP:PC:Mal-PEG 13:22:1 3.7 49±12 Extrusion 137±19
DOTAP:PC:Mal-PEG 18:17:1 5.0 72±1 Extrusion 133±2

Note: aValues are mean of three or more experiments.
Abbreviations: DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; Mal-PEG, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-
2000]; PG, phosphatidylglycerol; Chol, cholesterol; PC, phosphatidylcholine.

Figure 2 Monitoring of docetaxel encapsulation (%) over time for ANC-1 (A) and ANC-2 (B) following different storage conditions: diluted at −20°C (), concentrated at 
4°C ( ), diluted at 4°C ( ) and diluted at 25°C ( ).a

Note: aValues are mean ± SEM of three or more experiments.
Abbreviation: ANC, antibody nanoconjugate.
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ANC-2 (Figure 5). For MDA-MB-453 and SKBR3, IC
50

 were 

reached using 8% (p=0.799, t-test) and 44% (p=0.2, Mann–

Whitney test) lower dose, respectively, for ANC-1 (Figure 6). 

Conversely with ANC-2, 38% and 13% higher dose were 

required to reach the IC
50

 with MDA-MB-453 and SKBR3 as 

compared with free drugs (Figure 6). Engrafting trastuzumab 

to liposomes (ie, ANC vs liposome) did not improve efficacy 

on in vitro 2D models, regardless of the cell lines (Figure 7).

Figure 3 Quantification of HER2 using QuantiBRITE kit in standard conditions on MDA-MB-231 and MDA-MB-453 (A) and in lower intensity conditions on SKBR3 (B).

Figure 4 Cell viability (%) of MDA-MB-231 when exposed to free docetaxel ( ), free drugs ( ), Liposome-1 plus free trastuzumab ( ), ANC-1 ( ), Liposome-2 
plus free trastuzumab ( ) and ANC-2 (  ).a

Notes: aValues are mean ± SD of three or more experiments. (A) Comparison of MDA-MB-231 cell viability when treated with free docetaxel, free drugs, Liposome-1 
plus free trastuzumab or ANC-1. (B) Comparison of MDA-MB-231 cell viability when treated with free docetaxel, free drugs, Liposome-2 plus free trastuzumab or ANC-2. 
(C) Comparison of MDA-MB-231 cell viability when treated with Liposome-I plus free trastuzumab, ANC-1, Liposome-2 plus free trastuzumab or ANC-2.
Abbreviation: ANC, antibody nanoconjugate.
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In vitro cellular uptake
After 6 hours, cellular uptake of ANC-1 was observed in 

all cell models. ANC-1 was primarily localized around 

cell nucleus. Upon observation, ANC-1 seemed to better 

accumulate in SKBR3 than in MDA-MB-453, and in MDA-

MB-453 than in MDA-MB-231 (Figure 8A–C). Although not 

quantitative, a trend toward a relationship between HER2 

expression rate and ANC-1 cellular uptake was observed.

Discussion
Improving drug delivery is a promising strategy to optimize 

anticancer drug efficacy while limiting treatment-related 

toxicities.47 Nanoparticles can accumulate in tumor sur-

roundings via the enhanced permeation and retention (EPR) 

effect, helping cytotoxics to better trafficking to tumor tissues 

eventually.34 Here, we have developed novel and innovative 

immunoliposomes coupling docetaxel and trastuzumab to 

be used in breast cancer models. Simple and rapid thin-film 

method was used to synthesize stealth liposomes of docetaxel, 

making the production of the nanoparticles simple, cheap and 

reliable throughout time. Trastuzumab, used as a targeting 

agent towards HER2, was best engrafted via sulfhydryl groups 

on maleimide polyethylene glycol. Several formulations were 

tested and optimized, focusing on docetaxel encapsulation 

rate, size and polydispersity as endpoints. Required size has 

to be below 200 nm indeed to benefit from passive targeting 

through the EPR effect,33,34 the smaller the liposome, the 

higher specificity.48 Here, extrusion and sonication techniques 

were both tested to reduce liposome diameter. Extrusion gen-

erated a loss of volume, affecting docetaxel encapsulation rate 

when compared to sonication; however, extrusion was finally 

preferred because of better homogeneity in size. Two extru-

sion cycles on 400, 100, and 80 nm pore membranes were 

considered as the best compromise between adequate size, 

PDI and encapsulation rate. ANC-1 and ANC-2 displayed 

a size of 140±3.4 and 150±5 nm, respectively. Engrafting 

trastuzumab slightly reduced docetaxel encapsulation rates. 

This decrease could be explained by weakening of liposomes 

during stirring. Finally, ANC-1 presented a 20%±10% higher 

docetaxel encapsulation rate than ANC-2. The engraftment 

Figure 5 Cell viability (%) of MDA-MB-453 when exposed to free docetaxel ( ), free drugs ( ), Liposome-1 plus free trastuzumab ( ), ANC-1 ( ), Liposome-2 
plus free trastuzumab ( ) and ANC-2 ( ).a

Notes: aValues are mean ± SD of three or more experiments. (A) Comparison of MDA-MB-453 cell viability when treated with free docetaxel, free drugs, Liposome-1 plus 
free trastuzumab or ANC-1. (B) Comparison of MDA-MB-453 cell viability when treated with free docetaxel, free drugs, Liposome-2 plus free trastuzumab or ANC-2. (C) 
Comparison of MDA-MB-453 cell viability when treated with Liposome-I plus free trastuzumab,  ANC-1, Liposome-2 plus free trastuzumab or ANC-2.
Abbreviation: ANC, antibody nanoconjugate.

Figure 6 Cell viability (%) of SKBR3 when exposed to free docetaxel ( ), free drugs ( ), Liposome-1 plus free trastuzumab ( ), ANC-1 ( ), Liposome-2 with free 
trastuzumab ( ) and ANC-2 ( ).a

Notes: aValues are mean ± SD of three or more experiments. (A) Comparison of SKBR3 cell viability when treated with free docetaxel, free drugs, Liposome-1 plus free 
trastuzumab or ANC-1. (B) Comparison of SKBR3 cell viability when treated with free docetaxel, free drugs, Liposome-2 plus free trastuzumab or ANC-2. (C) Comparison 
of SKBR3 cell viability when treated with Liposome-I plus free trastuzumab,  ANC-1, Liposome-2 plus free trastuzumab or ANC-2.
Abbreviation: ANC, antibody nanoconjugate.
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Figure 7 Modulation of docetaxel IC50 of MDA-MB-231, MDA-MB-453 and SKBR3 when treated for 72 hours with free drugs (), Liposome-1 (), ANC-1 (), Liposome-2 
() and ANC-2 ().a

Note: aValues are mean ± SEM of three or more experiments.
Abbreviation: ANC, antibody nanoconjugate.

Figure 8 Confocal microscopy observations of ANC-1 uptake on SKBR3 (A), MDA-MB-453 (B) and MDA-MB-231 (C) cells, after 6 hour exposition.
Note: Magnification ×40.
Abbreviation: ANC, antibody nanoconjugate.

rate was similar for both compositions and in line with 

previous works.40 Stability studies showed that shelf condi-

tions could be indistinctively 4°C or 25°C, protected from 

light, for up to 1 week. ANC size remained steady with 

no signs of coalescence. However docetaxel concentra-

tion decreased rapidly (ie, 19% decrease after 1 week for 

ANC-1). ANC-2 was found to be even less stable, probably 

because of the absence of cholesterol49 resulting in higher 

docetaxel leakage. Consequently, extemporaneous prepara-

tion was required to perform in vitro studies. In the future, 

lyophilization could be an interesting strategy to fix the 

issue of storage and drug leakage,12 although preliminary 

studies suggest that it may lead to an increase in size (data 

not shown). Future plans include use of sugar derivatives as 

cryoprotector, as a means to stabilize the nanoparticle during 

the lyophilization phase.

Human MDA-MB-231, MDA-MB-453 and SKBR3 cell 

lines were chosen as cancer model because of marked varia-

tions in HER2 expression. Of note, although MDA-MB-231 

are usually presented as a canonical triple negative model, we 

were able to detect HER2 expression with this cell line, which 

is markedly lower as compared with MDA-MB-453 and 

SKBR3 cells. As expected, empty liposomes and trastuzumab 

alone did not show any antiproliferative effect. Combining 

docetaxel with trastuzumab led to a significant increase of 

sensitivity for MDA-MB-453 cells when compared to free 
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docetaxel only. MDA-MB-231 (HER2±) and MDA-MB-453 

(HER2+) were found to be the most resistant and the most 

sensitive to free drugs, respectively, an observation in line 

with differences in HER2 expression between these cells. 

Encapsulating docetaxel in ANC-1 led to an increased effi-

cacy on MDA-MB-231, SKBR3 and MDA-MB-453. Encap-

sulating docetaxel in ANC-2 led to an improved efficacy on 

MDA-MB-231 only. Overall, both liposomal docetaxel and 

ANC showed improved efficacy in resistant tumor cells, 

suggesting a better ability to circumvent drug resistance 

using nanoparticles. No significant difference was observed 

between Liposome-1 plus free trastuzumab and Liposome-2 

plus free trastuzumab when compared to ANC-1 and ANC-2, 

suggesting that 2D antiproliferative experiments as we 

performed may not properly address the issue of immunoli-

posomes efficacy.7 Indeed, because monoclonal antibodies 

barely diffuse within tissues and tumors, the benefit from 

engrafting trastuzumab to a highly lipophilic nanoparticle 

can be hardly evidenced using models of monolayer cancer 

cells. Here, the expected benefit with immunoliposomes is 

based upon the hypothesis that when engrafted to a liposome, 

the antibody will more easily penetrate deep into the tumor 

mass, rather than being restricted to hitting targets of the 

external layer of cells. Spheroids or organoids should there-

fore be used in the future to better compare the performances 

of immunoliposomes with that of standard cytotoxics + 

monoclonal antibody combination. Because of its specific 

composition, ANC-1 exhibited better performances in terms 

of size, encapsulation rates, stability and in vitro activity as 

compared with ANC-2. Therefore, ANC-1 only was selected 

for further analysis of cellular uptake. Interestingly, cellular 

uptake was different depending on the cell line, an observa-

tion in line with measurement of HER2 expression between 

MDA-MB-231, MDA-MB-453 and SKBR3 breast cancer 

cells, the higher the expression, the higher the uptake. Dif-

ferences in cell uptake are not consistent with differences in 

efficacy observed during antiproliferative activity testing, but 

this discrepancy could be due to differences in timing between 

uptake studies (6H) and the endpoint of efficacy studies 

(72H). Overall, the early data we generated indicate that 

redesigning an approved combo (ie, trastuzumab + docetaxel 

administrated separately) as a single nanoparticle is feasible 

and exhibits promising antiproliferative efficacy in a variety 

of cancer models. Targeting HER2+ breast cancer with 

nanomedicine is certainly not new and several studies with 

polymeric micelles encapsulating HSP90 inhibitor, paclitaxel 

and trastuzumab have shown excellent efficacy, both in vitro 

and in tumor-bearing mice.48 Of note, HSP inhibition could 

further help HER2-targeting carriers to better trafficking 

inside cancer cells through extra-lysosomal targeting, thus 

enabling a better internalization of the nanoparticle-HER2 

complex.49 The extent of adding a HSP inhibitor to the design 

of our ANC will have to be evaluated to further optimize drug 

delivery to HER2+ cancer cells.

Conclusion
In this work, we demonstrated the feasibility of making 3rd 

generation liposomes in breast cancer, using a cheap and 

rapid process. Development showed that composition of the 

liposomes has a strong impact on subsequent characteristics 

and performance. Although preliminary and still showing 

several caveats (eg, stability limited to 1 week) that require to 

be addressed, in vitro results are promising and suggest that 

delivering cytotoxics plus biologics could be optimized when 

administered as immunoliposomes, rather than as free drugs.
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Supplementary materials

Figure S1 Representative SDS-PAGE gel, showing trastuzumab engraftment on liposome surface. Protein markers (A1), trastuzumab (A2), thiolated trastuzumab (A3), 
Liposome-1 (A4), ANC-1 engrafted with strategy B (A5), Liposome-1 engrafted with strategy B without maleimide function (A6), ANC-1 engrafted following strategy A (A7), 
Liposome-1 engrafted following strategy A without maleimide function (A8), protein markers (B1), trastuzumab (B2), ANC-1 engrafted following strategy B (B3), Liposome-1 
engrafted following strategy B without maleimide function (B4), ANC-2 engrafted with strategy B (B5), Liposome-2 engrafted with strategy B without maleimide function 
(B6), ANC-1 engrafted with strategy B after 45 days (B7).
Abbreviations: SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; ANC, antibody nanoconjugate.

Figure S2 TEM observations of ANC-1 treated with osmium tetroxide (A and B) and uranyl acetate (C).
Abbreviations: TEM, transmission electron microscopy; ANC-1, antibody nanoconjugate-1.

Figure S3 TEM observations of ANC-2 treated with osmium tetroxide.
Abbreviations: TEM, transmission electron microscopy; ANC-2, antibody nanoconjugate-2.
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Figure S4 TEM observations of liposome-1 before extrusion.
Abbreviation: TEM, transmission electron microscopy.

Figure S5 Monitoring size (nm) over time for ANC-1 following different storage conditions: diluted at −20°C ( ), concentrated at 4°C ( ), diluted at 4°C ( )  
and diluted at 25°C ( ).a

Note: aValues are mean ± SEM of three or more experiments.
Abbreviation: ANC-1, antibody nanoconjugate-1.
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