
O R I G I N A L  R E S E A R C H

EGFR Targeting of Liposomal Doxorubicin 
Improves Recognition and Suppression of 
Non-Small Cell Lung Cancer
Ernest Moles 1–4, David W Chang1–3, Friederike M Mansfeld1–3, Alastair Duly1,2, 
Kathleen Kimpton1, Amy Logan 1–4, Christopher B Howard5, Kristofer J Thurecht 5,6, 
Maria Kavallaris 1–4

1Children’s Cancer Institute, Lowy Cancer Research Centre, UNSW, Sydney, NSW, 2052, Australia; 2UNSW Australian Centre for Nanomedicine, 
Faculty of Engineering, UNSW, Sydney, NSW, 2052, Australia; 3School of Clinical Medicine, Faculty of Medicine & Health, UNSW, Sydney, NSW, 2052, 
Australia; 4UNSW RNA Institute, Faculty of Science, UNSW, Sydney, NSW, 2052, Australia; 5Australian Institute for Bioengineering and 
Nanotechnology (AIBN), The University of Queensland, St Lucia, QLD, 4072, Australia; 6Centre for Advanced Imaging, ARC Training Centre for 
Innovation in Biomedical Imaging Technologies, University of Queensland, St Lucia, QLD, 4072, Australia

Correspondence: Ernest Moles; Maria Kavallaris, Children’s Cancer Institute, Lowy Cancer Research Centre, UNSW, Sydney, NSW, 2052, Australia, 
Email emoles@ccia.org.au; m.kavallaris@ccia.unsw.edu.au 

Introduction: Despite improvements in chemotherapy and molecularly targeted therapies, the life expectancy of patients with 
advanced non-small cell lung cancer (NSCLC) remains less than 1 year. There is thus a major global need to advance new treatment 
strategies that are more effective for NSCLC. Drug delivery using liposomal particles has shown success at improving the 
biodistribution and bioavailability of chemotherapy. Nevertheless, liposomal drugs lack selectivity for the cancer cells and have 
a limited ability to penetrate the tumor site, which severely limits their therapeutic potential. Epidermal growth factor receptor (EGFR) 
is overexpressed in NSCLC tumors in about 80% of patients, thus representing a promising NSCLC-specific target for redirecting 
liposome-embedded chemotherapy to the tumor site.
Methods: Herein, we investigated the targeting of PEGylated liposomal doxorubicin (Caelyx), a powerful off-the-shelf antitumoral 
liposomal drug, to EGFR as a therapeutic strategy to improve the specific delivery and intratumoral accumulation of chemotherapy in 
NSCLC. EGFR-targeting of Caelyx was enabled through its complexing with a polyethylene glycol (PEG)/EGFR bispecific antibody 
fragment. Tumor targeting and therapeutic potency of our treatment approach were investigated in vitro using a panel of NSCLC cell 
lines and 3D tumoroid models, and in vivo in a cell line-derived tumor xenograft model.
Results: Combining Caelyx with our bispecific antibody generated uniform EGFR-targeted particles with improved binding and 
cytotoxic efficacy toward NSCLC cells. Effects were exclusive to cancer cells expressing EGFR, and increments in efficacy positively 
correlated with EGFR density on the cancer cell surface. The approach demonstrated increased penetration within 3D spheroids and 
was effective at targeting and suppressing the growth of NSCLC tumors in vivo while reducing drug delivery to the heart.
Conclusion: EGFR targeting represents a successful approach to enhance the selectivity and therapeutic potency of liposomal 
chemotherapy toward NSCLC.
Keywords: targeted drug delivery, bispecific antibodies, PEGylated liposomal doxorubicin, EGFR targeting, non-small cell lung 
cancer

Introduction
Lung cancer is the leading cause of death from cancer worldwide. NSCLC is the most common form accounting for 
>80% of all cases. Over half of NSCLC patients have developed metastases at the time of diagnosis (stage IV cancer) and 
5-year survival remains <26%. Systemic combination chemotherapy is the first-line treatment for NSCLC.1 However, 
this has shown limited effectiveness with most intense regimens having reached the limit of tolerability. Newer antic-
ancer agents including tyrosine kinase inhibitors have led to high response rates and prolonged progression-free survival 
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of advanced NSCLC patients in early phase clinical trials.2,3 Clinical studies in larger cohorts of patents are nevertheless 
needed to better delineate their potency and safety. There is thus an urgent need to develop new treatment strategies that 
are less toxic and more effective to improve outcomes for these patients.

Systemic drug delivery using liposomal particles is an effective approach to optimize the biodistribution and 
pharmacokinetic profile of chemotherapy drugs for improved and less-toxic treatment of solid tumors.4,5 Liposomal 
particles display an optimal size of 100 to 150 nm for limited renal filtration and greater extravasation and infiltration into 
the tumor microenvironment.4 Coating of liposomal particles with methoxy polyethylene glycol (PEG) further minimizes 
their recognition by the reticuloendothelial system for extended plasma half-life and improved passive accumulation into 
solid tumors.6 Caelyx® or Doxil®, a PEGylated liposomal formulation of doxorubicin, became the first nanodrug to gain 
FDA approval in 1995 and has been the most investigated liposomal drug to treat solid tumors.7,8 Caelyx is currently 
indicated for treatment of Kaposi’s sarcoma, breast and ovarian cancer, and has shown clinical potency against lung 
cancer.9–12 Despite improved drug pharmacokinetics, Caelyx lacks selectivity for the cancer cells and largely accumu-
lates within healthy tissues, inducing side effects whilst limiting the delivery of lethal drug payloads to the tumor for 
improved therapeutic action. Adverse events include hematological toxicity (neutropenia) with increased risk of infec-
tions, neuropathy, stomatitis, and cutaneous lesions.10,11

A strategy to improve recognition and delivery of chemotherapy drugs to the tumor site is to conjugate liposomal 
drugs with cancer cell-selective targeting ligands.13 Antibodies raised against aberrantly expressed surface receptors on 
the cancer cells, such as human epidermal growth factor receptor-2 (HER-2), epidermal growth factor receptor (EGFR), 
or EphrinA2 Receptor (EphA2), have been used effectively to target liposomal drugs to the tumor site with concomitant 
improvements in cancer remission and reduced toxicity. This strategy has shown success in the management of diverse 
cancers, safely suppressing the growth of tumors including breast, pancreas, colon, ovaries, esophagus, and glioblastoma 
in animal models.14–18 The therapeutic benefits of this approach have potential to be extended to treat NSCLC, for which 
targeted liposomal drugs have been poorly developed or have shown modest therapeutic efficacy.19–21

The development, testing and clinical translation of targeted nanodrugs is, however, hindered by technical hurdles in 
their de novo synthesis that result in a high batch-to-batch variability, extensive quality control testing, and poor 
reproducibility of their biological performance. Current methods for ligand-particle conjugation are difficult to reproduce, 
irreversibly alter nanoparticle and ligand structure or function, or rely on a precisely controlled environment to 
succeed.22,23 To circumvent these limitations, we have developed a targeting strategy featuring the non-covalent, one- 
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step complexing of preformed PEGylated nanodrugs with dual-single chain variable fragment (scFv) bispecific anti-
bodies binding PEG on the nanodrug and a receptor on the surface of the cancer cells.24–26 Importantly, this strategy 
further represents a significant opportunity to repurpose and enhance the selectivity towards solid tumors of clinically 
approved, yet toxic, off-the-shelf PEGylated nanodrugs, such as Caelyx.

Herein, we demonstrate how by complexing Caelyx with an EGFR/PEG scFv BsAb (named αEGFR) we can improve 
its specificity and therapeutic potency against EGFR+ NSCLC tumors. EGFR is widely overexpressed in patients with 
NSCLC27 and thus constitutes an ideal target to successfully deliver nanodrugs to the tumor site. Caelyx complexing with 
EGFR/PEG BsAb ameliorated recognition of EGFR+ NSCLC cells with concomitant improvements in biodistribution, 
on-site tumor accumulation, and improved suppression of tumor growth in a xenograft model of NSCLC.

Materials and Methods
Cell Culture
NSCLC cells H460 and H1299 were cultured in RPMI-1640 (Thermo Fisher Scientific, 11,835,030) supplemented with 
10% heat-inactivated fetal bovine serum (FBS; Gibco, A4766801) at 37 °C in 5% CO2. NSCLC cells A549, Calu-6, and 
breast cancer cells MCF-7 cells were cultured in Dulbecco’s modified eagle medium (DMEM, Thermo Fisher Scientific, 
11,995,065) supplemented with 10% FBS at 37 °C in 5% CO2. All cells used in this study were sub-cultured using 
trypsin/EDTA when they reached 70 to 80% confluence and were all routinely screened and free of mycoplasma. Cell 
lines Calu-6, A549, H1299 and MCF-7 cells were obtained from ATCC (Invitro Technologies, Australia), and H460 were 
purchased from PerkinElmer (Australia). Detailed information about the cell lines can be found in Table S1. Human 
ethics was not required for established and commercially available human cell lines.

Synthesis of αEGFR and αCD19 BsAbs
BsAbs were synthesized as previously described.24,25 Briefly, the BsAbs generated comprised an EGFR-targeting or 
B cell-targeting scFv linked to a PEG-binding scFv by a glycine serine (G4S) peptide chain. ScFv sequences are 
indicated in Table S2. A 6 x Histidine motif at the N-terminus of the BsAb and a C-MYC epitope tag at the C-terminus 
were included to facilitate purification and detection of the BsAb following expression. The BsAb genes were cloned into 
pcDNA 3.1 (+) mammalian expression plasmid (Invitrogen) and transfected into CHO cells for transient production of 
BsAbs. Following culture, BsAbs were purified from CHO cells supernatant using a 5 mL Histrap excel column (GE 
Healthcare), and trapped BsAbs were eluted with a solution containing 20×10−3 M sodium phosphate, 500×10−3 M NaCl, 
and 500×10−3 M imidazole, pH 7.4. Eluted BsAb fractions were buffer exchanged into Phosphate Buffered Saline (PBS) 
containing 300 mM NaCl using a HiPrep 26/10 column (GE Healthcare), filter-sterilized through a 0.22 μm membrane 
and stored at −80 °C. After defrosting of aliquots, salinity of BsAb samples was adjusted to 290 mOsmg/Kg (isotonic 
salinity) by dilution in 10 mM phosphate buffer prior to their addition to Caelyx or cancer cell cultures.

Caelyx Complexing with BsAbs
Caelyx was provided by a healthcare supplier (Clifford Hallam Healthcare, 1,948,303) as 2 mg/mL PEGylated 
doxorubicin concentrate solution, 2.3×1014 Caelyx particles/mL, in histidine-sucrose buffer for injection and mixed 
with BsAbs at specified densities. Unless otherwise specified, BsAb-Caelyx mixtures were incubated for 2 hours at room 
temperature under orbital mixing and stored overnight at 4 °C prior to their addition to cell cultures or injection to 
animals. Size and PDI measurements of BsAb-Caelyx complexes were done after 1:30 v/v dilution in PBS by Dynamic 
and Electrophoretic Light Scattering (DLS) using a Malvern Zetasizer Ultra.

Cell Surface Expression Analysis of EGFR
Following trypsinization, 100,000 cells were dispersed in ice-cold PBS containing 1% (w/v) bovine serum albumin 
(PBS-BSA) solution. Cells were mixed in 100 µL of 1 µg/mL anti-EGFR mAb 111.6 (Thermo Fisher Scientific, MA5- 
13,269) or an IsoAb (Thermo Fisher Scientific, 10400C) and incubated for 1 hour on ice. Cells were then washed in ice- 
cold 1% BSA-PBS, incubated with a secondary AF 647-labelled IgG (1:1000 vol/vol) (Thermo Fisher Scientific, 

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S450534                                                                                                                                                                                                                       

DovePress                                                                                                                       
3625

Dovepress                                                                                                                                                           Moles et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=450534.docx
https://www.dovepress.com/get_supplementary_file.php?f=450534.docx
https://www.dovepress.com
https://www.dovepress.com


A21235) for 30 minutes on ice, and suspended in PBS-BSA. AF 647 fluorescence in cells was analyzed using a BD 
LSRFortessa flow cytometer (BD Biosciences).

Cell Targeting Assays
Cancer cells were plated in 48-well flat-bottom tissue culture plates and grown for 24 hours. Unless otherwise specified, 
NSCLC cells were seeded at 8750 cells/well. Breast cancer MCF-7 were plated at 12,000 cells/well. BsAb-Caelyx 
samples or Caelyx alone were then added to the cells at indicated concentrations and incubated for 3 hours at 37 °C. 
Following incubation, cells were washed with PBS, collected using trypsin, and finally dispersed in 200 µL ice-cold PBS. 
The percentage of cells testing positive for Caelyx fluorescence (% targeted cells) was measured at excitation/emission 
wavelengths of 488 nm/670 LP (long pass) using a FACS Canto II flow cytometer (BD Biosciences), or 488 nm/685–735 
nm using a BD LSRFortessa flow cytometer (BD Biosciences).

Competitive Cell Targeting Assays
H1299 cells were plated into 12-well flat-bottom tissue culture plates (65,000 cells/well) and grown for 24 hours. 2 µM 
Caelyx was mixed with αEGFR for 30 minutes to form αEGFR-Caelyx and then added to the cells in combination with 
a competing anti-EGFR mAb (Panitumumab, BioVision) or an isotype mAb control (anti-CD20 mAb clone 2H7; 14– 
0209-82, Thermo Fisher Scientific) at specified Ab-to-BsAb molar ratios and incubated for one hour at 37 °C. Following 
incubation, cells were washed with PBS, collected using trypsin, and suspended in 250 µL ice-cold PBS. Caelyx 
fluorescence in cancer cells was measured using a BD LSRFortessa flow cytometer (BD Biosciences; excitation/emission 
wavelengths of 488 nm/685–735 nm).

Cell Viability Assays
Cancer cells were plated in 48-well flat-bottom tissue culture plates and grown for 24 hours. Unless otherwise specified, 
cells were seeded at 8,750 cells/well. MCF-7 were plated at 12,000 cells/mL. BsAb-Caelyx samples or Caelyx alone 
were added to the cells at indicated concentrations and incubated for 3 hours at 37 °C. Following incubation, cells were 
washed with fresh medium and cultured for 48 hours at 37 °C. Cells were then collected using trypsin, mixed with cell 
counting beads (Beckman Coulter, 6,602,796), and viability of these cells was measured using Annexin V and Sytox 
markers of apoptosis and cell death, as described previously.24 Annexin V− Sytox−, Annexin V− Sytox+, Annexin V+ 

Sytox− and Annexin V+ Sytox+ are indicative of viable, necrotic, apoptotic, and dead cells, respectively. Stained cells 
were then suspended ice-cold PBS and analyzed using a BD LSRFortessa or a FACS Canto II flow cytometer (BD 
Biosciences). Cell count (cells/mL) in treated samples was determined relating the absolute number of counted cells to 
the total number of counted beads.

Confocal Microscopy
H460 and Calu-6 cells were seeded into 24-well glass bottom plates (10,000 cells/well; P24-1.5H-N 24, Cellvis) 
pretreated with 0.1 mg/mL of collagen I (A10483-01, ThermoFisher Scientific) for 40 minutes. Following 48 hours 
culture, cells were exposed to 20 µM αEGFR-Caelyx or Caelyx alone for 3 hours, and stained with cell culture medium 
containing 1:1000 v/v of CellMask Deep Red (C10046, ThermoFisher Scientific, USA) and 1:2000 v/v Hoechst 33,342 
stain for 15 minutes at 37 °C. Cells were washed with fresh medium and imaged on a Zeiss LSM 880 confocal 
microscope (Carl Zeiss, Germany). Images were analyzed using ImageJ and Zeiss ZEN (Carl Zeiss, Germany).

Measuring Caelyx Penetration into 3D Tumor Spheroids by Confocal Microscopy
H460 cells were plated into Costar® ultra-low cluster round bottom 96 well plates (40 cells/well; Corning, USA) and 
grown for 4 days to form spheroids. These were then exposed to 20 µM αEGFR-Caelyx or Caelyx alone for 24 hours. 
Vehicle control spheroids were exposed to PBS for 24 hours. Following incubation, spheroids were washed with medium 
5 times, transferred to 24-well glass bottom plates, and the equatorial plane of the spheroids (approximately 125 µm deep 
below the spheroid surface) was imaged using a Zeiss LSM 880 confocal microscope (Carl Zeiss, Germany). To measure 
αEGFR-Caelyx and Caelyx internalization, we drew 20 radii (0 to 100 µm below the spheroid edge; 0.83 µm/pixel) 
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distributed across the imaged section, and measured absolute fluorescence intensity in them using Image J software. 
Internalization of particles in each spheroid was then plotted comparing median fluorescence intensity plus IQR of the 20 
radii versus distance.

In vivo Studies
Animal studies were approved by the University of New South Wales Animal Ethics Committee (approval 21/98B) prior 
to commencement. SCID-beige mice (CB17.Cg-PrkdcscidLystbg-J/Crl) were bred in a colony at the Australian 
BioResources (ABR) facility and housed in groups of up to 6 mice with ad libitum food and water in rooms with 12- 
hour light/dark cycles. Animals were monitored for potential issues including appetite loss, diarrhea, dehydration, 
infection, hunching, abdominal guarding, inactivity, hypothermia, isolation from cage mates, non-responsiveness from 
environmental cues and weight loss. For in vivo biodistribution and efficacy studies, 0.5 million H460 cells in 
50 µL PBS were mixed 1:1 v/v with growth factor-reduced MatrigelTM (BD Biosciences) and subcutaneously injected 
into the flank of 6- to 8-week old SCID-beige mice. Tumor size and animal weight were measured twice per week using 
calipers and scales. Tumor size was calculated as ½(length x width2). Treatment of xenograft mice with Caelyx samples 
(αEGFR-Caelyx, αCD19-Caelyx or Caelyx alone) or vehicle (PBS) began when tumor size exceeded 150 mm3 

(approximately 10 days after inoculation of H460 cells). To measure biodistribution of Caelyx samples, the liver, heart 
and tumor were isolated at specified timepoints and processed for subsequent doxorubicin quantification (the drug 
component of Caelyx). Doxorubicin extraction was performed using acidified ethanol solution as reported previously,24 

and quantified using a liquid chromatography system equipped with a BioSEC-5 column coupled to a fluorescence 
detector (Agilent 1290 UPLC; excitation/emission wavelengths of 480 nm/570 nm). Samples and standards (100 uL) 
were injected using a mobile phase of acetonitrile:water 30:70, pH2.8, with a flow rate of 1 mL per minute. Calibration 
equations were obtained plotting peak area versus nominal concentration of doxorubicin standards dispersed in organ 
extracts from PBS-injected mice. For therapeutic efficacy studies, tumor-bearing mice were intravenously injected with 
Caelyx samples or vector (PBS) weekly for four weeks, and tumor size and animal weight were followed over time. Once 
tumors size reached ≥ 1000 mm3 or 21 days after treatment initiation, mice were humanly killed by carbon dioxide 
asphyxiation followed by cervical dislocation.

Statistical Analysis
We used Mann–Whitney U-test to calculate statistical significance when comparing two groups with not-normally 
distributed data. Ratio paired t-test was used to study statistical significance between two related groups. For multiple 
group comparisons, statistical significance was determined using ANOVA followed by Dunnett’s multiple comparisons 
when data were normally distributed, or Kruskal–Wallis test followed by Dunn’s multiple comparisons test if data were 
not-normally distributed. Normality was tested using the Shapiro–Wilk test. Pearson’s correlation test was used to 
measure the statistical relationship between receptor expression and EC50 or IC50 fold change or to compare the 
relationship between changes in EC50 with IC50 values. A correlation coefficient of r > 0.5 was considered as positive 
correlation. A probability value of P < 0.05 was considered statistically significant. Prism version 8.4.2. software 
(GraphPad) was used for statistical analysis and graph production. FlowJo version 10.8.1 was used for flow cytometry 
analysis. Schematic figures were created using BioRender.com and CorelDRAW.

Results
αEGFR BsAb Redirects Caelyx to Target NSCLC Cells
Delivery of liposomal drugs to solid tumors remains a challenge. To improve the delivery and therapeutic selectivity of 
Caelyx toward NSCLC, we incorporated an EGFR/PEG-binding BsAb construct, αEGFR, as an active targeting agent. 
αEGFR was developed by fusing a methoxy PEG-targeting scFv with a scFv sequence targeting EGFR extracellular 
domain III (EGFRECDIII), a highly conserved domain in NSCLC cells where mutations are infrequent,28 derived from 
FDA-approved monoclonal antibody (mAb) panitumumab®. ScFv sequences (~50 kDa) are shown in Table S2 and bind 
EGFR and PEG with high affinity, KD = 1–10 × 10–9 M.25
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We first studied whether complexing Caelyx with αEGFR can provide robust targeting of NSCLC cells. αEGFR and 
Caelyx were mixed for 1 hour and resulting complexes (defined as αEGFR-Caelyx hereafter, Figure 1A) were added to 
EGFR+ NSCLC cell cultures (Calu-6 and H460). Flow cytometry revealed a αEGFR dose-dependent association of 
Caelyx with NSCLC cells, with increasing BsAb densities leading to greater binding of Caelyx to the cancer cells. A cell- 
binding plateau with >90% Caelyx+ cells was obtained at 32 nM αEGFR combined with 4 µM Caelyx (~64 BsAb 
molecules per Caelyx particle) (Figure 1B) and was selected for further experiments. In addition, αEGFR-Caelyx 
complexes formed at 64 BsAb:Caelyx (mol:mol) ratio were similar in size to Caelyx alone (<20% increase in particle 
size) and monodisperse (~0.1 polydispersity units) (Figure 1C–1E).

Encouraged by these results, we proceeded to examine whether αEGFR-Caelyx binding to NSCLC cells is reliant on 
the specific recognition of cell-surface expressed EGFRECDIII. To do so, we exposed NSCLC cells to αEGFR-Caelyx in 
combination with EGFRECDIII-competing mAb, panitumumab, or a non-binder Ab isotype (IsoAb). Addition of panitu-
mumab, but not the IsoAb control, induced a progressive decline in αEGFR-Caelyx binding to cancer cells and this was 
completely ablated at the highest density tested of 10:1 (mol:mol) panitumumab:αEGFR ratio, indicating that αEGFR 
interaction with cell-surface expressed EGFRECDIII is responsible for mediating the delivery of Caelyx to NSCLC cells 
(Figure1F and 1G). Live-cell confocal microscopy revealed that cell-bound αEGFR-Caelyx particles were effectively 
taken up by NSCLC cells, with all cells displaying a predominant intracellular drug fluorescent pattern, whilst minimal 
uptake was identified in the absence of αEGFR (Figure 1H). Overall, these results demonstrate that EGFR cell surface 
targeting using αEGFR effectively mediates the delivery of off-the-shelf PEGylated liposomal drugs to NSCLC cells.

αEGFR-Caelyx Demonstrates Improved Targeting to NSCLC in vitro
We next investigated the dose-dependent targeting efficacy of αEGFR-Caelyx versus Caelyx alone toward NSCLC cell 
monolayers (Figure 2A), and further determined the ability of αEGFR-Caelyx to recognize NSCLC cell lines with 
heterogeneous cell surface expression of EGFR, including cells expressing high (A549), intermediate (H1299), and low/ 
intermediate (H460, Calu-6) densities of EGFR; MCF-7 breast cancer cells were used as low/negative EGFR expression 
control (Figure 2B and C). The cancer cell lines we used (Table S1) are derived from pleural effusions and metastatic 
sites of adults with NSCLC and represent the major types of this disease, including lung adenocarcinoma (Calu-6 and 
A549) and large cell carcinoma (H460 and H1299), a form of NSCLC that expands rapidly and is poorly responsive to 
chemotherapy.29 Dose–response curves and fold changes in the 50% cell targeting concentration (EC50) of Caelyx 
relative to αEGFR-Caelyx are indicated in Figure 2D and E. αEGFR-Caelyx demonstrated improved targeting efficacy 
toward all EGFR+ NSCLC cells, with 8.9- to 214.6-fold lower EC50 values compared to treatment with Caelyx alone 
(Figure 2E), and increments in EC50 fold-change showed a moderate positive correlation (r = 0.62) when compared 
against EGFR cell surface expression (Figure 2F). Calu-6 were the only cells to differ this tendency, which although 
expressing low/intermediate levels of EGFR, increments in targeting reached more than 200-fold. In contrast, EGFR− 

MCF-7 cells had no preferential binding of αEGFR-Caelyx or untargeted Caelyx (<2 EC50 fold change) (Figure 2D and 
E). Further, no differences in NSCLC cell targeting were obtained when complexing Caelyx with a BsAb binding PEG 
and CD19 (αCD19), a receptor with exclusive expression in B-lymphocyte lineage cells and therefore absent in NSCLC 
cells (Figure S1). Together, these results indicate that αEGFR-mediated improvements in NSCLC targeting ability of 
Caelyx are exclusive to EGFR expression in the cancer cells, and higher densities of EGFR in these cells may be 
predictive of increased binding by αEGFR-Caelyx.

In vitro Treatment of NSCLC Cells with αEGFR-Caelyx is More Efficacious Than 
Caelyx Alone
We subsequently investigated whether the improved targeting ability of αEGFR-Caelyx toward NSCLC cell cultures 
correlates with potent cytotoxic action against these cells (Figure 3A). A 3-hour treatment of NSCLC cells with αEGFR- 
Caelyx caused more pronounced decrements in cell proliferation and increased percentage of apoptotic, dead, and 
necrotic cells, than treatment with Caelyx alone, resulting in marked reductions in the overall number of viable cancer 
cells (Figure 3B). Dose–response curves showing total counts of viable cancer cells post-treatment, half-maximal 
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Figure 1 Bidirectional binding of αEGFR mediates the delivery of Caelyx to NSCLC cells in vitro. (A) Schematic illustration showing αEGFR BsAb construct, and Caelyx complexing 
step with αEGFR to form αEGFR-Caelyx. (B) Percentage of H460 or Calu-6 cells targeted by αEGFR-Caelyx complexes (Caelyx+ cells) formed with increasing densities of αEGFR. (C–E) 
Dynamic and Electrophoretic Light Scattering (DLS) measurement of Caelyx and αEGFR-Caelyx (prepared at 64:1 BsAb-to-Caelyx molar ratio), including Z-average size (C), 
polydispersity (D), and size distribution (E). (F) Percentage of H1299 cells targeted by αEGFR-Caelyx (Caelyx+ cells) mixed with anti-EGFR mAb panitumumab or IsoAb at increasing 
Ab-to-BsAb densities. (G) Representative flow cytometry plot (Caelyx fluorescence versus side scatter area or SCC indicating cell complexity) showing Caelyx+ H1299 cells after 
exposure to Caelyx alone, αEGFR-Caelyx, or αEGFR-Caelyx mixed with IsoAb or panibumumab (5:1 Ab-to-BsAb molar ratio). Histograms are shown for respective Caelyx and SSC 
channels. (H) Live cell confocal microscopy imaging of cancer cells after a 3-hour exposure to Caelyx alone or αEGFR-Caelyx. Nuclei and plasma membrane of cells were visualized using 
Hoechst 33,342 (blue), and CellMask Plasma Membrane Stain (green), respectively. Scale bars, 20 µm. In (B, F, and G), Caelyx+ cells were determined by flow cytometry analysis of 
Caelyx fluorescence in treated compared to untreated cells. Data in (B–F) are presented as means ± SDs of three (B–F) and five (C–E) independent experiments.
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Figure 2 In vitro NSCLC cell targeting analysis of αEGFR-Caelyx. (A) Illustration showing cell targeting analysis of αEGFR-Caelyx and Caelyx alone. Percentage of cells 
targeted by αEGFR-Caelyx or Caelyx alone were determined by flow cytometry analysis, comparing Caelyx fluorescence in treated cells to cells receiving vector 
(autofluorescence). (B and C) Flow cytometry measurement of EGFR cell surface expression in cancer cells using a tandem of anti-human EGFR mAb or IsoAb plus 
a secondary Alexa Fluor (AF) 647-labelled IgG, including histograms (b) and AF 647 median fluorescence intensity (MFI) (C). (D) Dose–response curves showing percentage 
of targeted cancer cells (Caelyx+ cells) at increasing concentrations of αEGFR-Caelyx or untargeted Caelyx in a representative experiment. EC50 indicates drug 
concentration leading to 50% targeted cells. Data are means ± SDs of three experimental replicates. (E) Plots comparing EC50 of Caelyx alone versus αEGFR-Caelyx 
from three independent experiments. EC50 fold changes (Caelyx alone/αEGFR-Caelyx) were determined for individual experiments and plotted as means ± SDs. P values 
were computed using ratio paired t-test. (F) Correlation plot comparing EC50 fold change (Caelyx alone/αEGFR-Caelyx) against EGFR cell surface expression (AF 647 MFI). 
Pearson’s correlation coefficient, r. Error lines indicate 95% confidence bands of the best-fit line. Cutoff value (green) of twofold is defined to establish relevant changes in 
EC50. EGFR expression. In (C and F), data are presented as means (F) or means ± SDs (C) of three independent experiments.
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Figure 3 Investigating cytotoxicity of αEGFR-Caelyx against NSCLC cells in vitro. (A) Illustration depicting cytotoxicity analysis αEGFR-Caelyx and Caelyx alone. Viable cells were 
defined by flow cytometry analysis as those double-negative for Annexin V-allophycocyanin (APC) and Sytox green markers of early apoptosis and cell death, respectively, and counted 
using flow cytometry counting beads. Flow cytometry plots indicate cell counts (cells/mL) in a representative experiment. (B) Percentage of viable, apoptotic, dead, and necrotic cells 
(clustered stacked chart; left), and total cell count (relative to vehicle; right) of 5 µM (Calu-6), 10 µM (H460) or 20 µM (A549 and H1299) Caelyx-treated cells compared to vehicle (PBS)- 
treated cells. *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA followed by Dunnett’s multiple comparisons test) comparing percentage of viable cells or total cell count after 
treatment with αEGFR-Caelyx versus Caelyx alone. (C) Dose–response curves show viable cell counts (relative to vehicle) after treatment with increasing concentrations of EGFR- 
Caelyx or Caelyx alone (left) in the first of three repeated experiments; second and third replicates are shown in Figure S3. Data are means ± SDs of three experimental replicates. (D) 
Plots comparing IC50 of Caelyx alone versus αEGFR-Caelyx from three independent experiments. IC50 fold changes (Caelyx alone/αEGFR-Caelyx) were determined for individual 
experiments and plotted as means ± SDs. P values were computed using ratio paired t-test. (E) Correlation plot comparing IC50 fold change (Caelyx alone/αEGFR-Caelyx) against EGFR 
cell surface expression (AF 647 MFI). Pearson’s correlation coefficient, r. Error lines indicate 95% confidence bands of the best-fit line. Cutoff value (green) of twofold change is defined to 
establish relevant changes in EC50 and IC50. In (B and E), data are presented as means (E) or means ± SDs (B) of three independent experiments.
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inhibitory concentration (IC50), and fold changes comparing IC50 of Caelyx relative to αEGFR-Caelyx (IC50 fold change) 
are shown in Figure 3C and D and Figure S2. IC50 fold changes were 3.5 to 9.7 in EGFR+ NSCLC cells, whilst no 
significant changes in IC50 were found in MCF-7 (EGFR−) cells (Figure 3D and Figure S3). Of note, αEGFR-induced 
increments in cytotoxicity of Caelyx (IC50 fold change) correlated with both higher EGFR cell surface expression on the 
cancer cells (r = 0.92) and improvements in cancer cell targeting (EC50 fold change; r = 0.61) (Figure 3E). Last, αCD19- 
complexed Caelyx (αCD19-Caelyx) displayed similar cytotoxicity to Caelyx alone (Figure S4), and αEGFR delivered 
alone to NSCLC cells had no significant effects in cancer cell viability or proliferation (Figure S5). These results show 
that complexing Caelyx with αEGFR effectively improves its cytotoxic potency to treat NSCLC, and greater anticancer 
effects can be obtained against NSCLC cells expressing higher densities of EGFR.

αEGFR-Caelyx Shows Enhanced Internalization into NSCLC Spheroids in vitro
Motivated by the notable in vitro NSCLC targeting and anticancer effects of αEGFR-Caelyx, we next sought to 
investigate whether this targeted therapeutic would further display an improved efficacy to accumulate and penetrate 
into a three-dimensional (3D) NSCLC tumoroid model. 3D tumor models such as spheroids closely resemble the 
structural architecture and hypoxic conditions of the tumor environment in vivo,30 and consequently represent an 
advanced in vitro cell culture model to study the ability of targeted nanomaterials to bind and internalize into tumors. 
For this study, we used H460 cell spheroids grew to a diameter of approximately 250 µm. Spheroids were incubated with 
αEGFR-Caelyx or Caelyx alone and drug internalization was determined by live cell confocal microscopy, measuring 
Caelyx fluorescence from the surface to the center of the spheroids equatorial plane (Figure 4A). We found that αEGFR- 
Caelyx was more efficacious than Caelyx alone at accumulating and penetrating into the spheroids inner regions, 
resulting in significant increments in drug fluorescence of 32% (P = 0.043) and 73% (P = 0.016) at distances 0 to 50 
µm (proliferative zone) and 50 to 100 µm (quiescent and necrotic zones) away from the spheroids surface, respectively 
(Figure 4B–D). In addition, we detected a fluorescence peak at the innermost region (90 to 100 µm below surface) of 
spheroids exposed to αEGFR-Caelyx, but not Caelyx alone (Figure 4C), indicating an improved ability of this targeted 
therapeutic to reach the necrotic zone of tumors to effectively suppress tumor growth.31

Investigating the NSCLC Tumor Accumulation of αEGFR-Caelyx in vivo
Based on the demonstrated potency of αEGFR-Caelyx to accumulate and penetrate into NSCLC spheroids ex vivo, we 
next investigated its efficacy in targeting NSCLC tumors in vivo. We further measured in parallel whether αEGFR- 
Caelyx shows reduced off-target uptake by organs that are highly sensitive to its cytotoxic side effects (heart) or 
primarily responsible for the clearance of Caelyx in vivo (liver). Immunodeficient mice harboring H460 NSCLC tumors 
received a single intravenous injection of αEGFR-Caelyx (1 mg/kg) or Caelyx alone (1 mg/kg), and drug quantities in 
tumor, liver, and heart were measured 4, 24, or 48 hours post administration (p.a.) (Figure 5A). We found a 5-fold greater 
accumulation of αEGFR-Caelyx compared with Caelyx alone in the tumor at 4 and 24 hours p.a. (Figure 5B). 
Intratumoral amounts of αEGFR-Caelyx minimally decreased 48 hours p.a. (3-fold change versus Caelyx alone, 
Figure 5B). Of note, these results correlated with 3.2-fold and 5.5-fold reduced amounts of αEGFR-Caelyx compared 
to untargeted Caelyx in the heart at 4 and 24 hours p.a. (Figure 5C), and minor (<3-fold) differences in uptake were found 
in the liver across the 48 hours p.a. (Figure 5D).

αEGFR-Caelyx Suppresses Growth of NSCLC Tumors in a Xenograft Model
Anticancer efficacy of αEGFR-Caelyx compared to untargeted Caelyx was finally assessed in a xenograft model of 
NSCLC. Immunodeficient mice harboring H460 tumors received a treatment course of four intravenous injections, once 
weekly, with either phosphate-buffered saline (vehicle), Caelyx alone (1 mg/kg), or αEGFR-Caelyx (1 mg/kg), and tumor 
size was monitored until 24 hours after completing treatment (21 days from treatment initiation) (Figure 6A). A separate 
set of H460 tumor-bearing mice were injected with αCD19-Caelyx as non-NSCLC targeting control to demonstrate 
specificity of therapy. Treatment with αEGFR-Caelyx significantly ablated the expansion of tumors (Figure 6B–D and 
Table S3). Tumors of mice receiving αEGFR-Caelyx were 2.77-fold smaller in size relative to vehicle at the completion 
of the study (P < 0.001, Figure 6D). In contrast, effects of Caelyx alone or αCD19-Caelyx on tumor growth were 
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Figure 4 Studying internalization of αEGFR-Caelyx into 3D spheroid models. (A) Illustration depicting the internalization analysis of αEGFR-Caelyx and Caelyx alone. We 
draw 20 radii (0 to 100 µm below spheroids surface) distributed across the spheroids equatorial plane and measured Caelyx fluorescence in them using live cell confocal 
microscopy. Plot shows grouped fluorescence intensity over distance of 20 radii in a representative spheroid; data are means +SDs. (B) Live confocal microscopy images of 
spheroids equatorial plane (scale bars, 125 µm); Caelyx fluorescence is shown in red. Images are representative of three independent experiments. An enlarged image (i) is 
also shown for spheroids exposed to αEGFR-Caelyx or Caelyx alone (scale bars, 50 µm). (C and D) Plots (C) and respective area under curves (AUCs) (D) show 
fluorescence intensity of Caelyx at different distances below the spheroids surface. Data represent means ± SDs of 6 spheroids per condition pooled from three 
independent experiments. P values comparing αEGFR-Caelyx versus Caelyx alone were computed using one-way ANOVA followed by Dunnett’s multiple comparisons test.
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negligible (<1.8-fold decrease in tumor size vs vehicle) and not significant (P > 0.59, Figure 6D). All treatments were 
well tolerated, with no signs of weight loss or other indicators of toxicity (Figure 6E).

Discussion
NSCLC is the most aggressive and treatment-resistant form of lung cancer.32 High-dose chemotherapy is the gold 
standard against NSCLC and, although highly effective, its cytotoxic effects affect both cancerous and normal cells, 
causing severe dose-limiting toxicity.32 Sterically stabilized liposomal formulations of chemotherapy drugs provide 
extended circulation times in the blood and improve the passive delivery of packaged drugs to neovascularized 
tumors.33 However, the inability of liposomal drugs to discern between cancerous and healthy cells is a major roadblock 
that markedly limits their efficacy. Herein, we investigated the use of an anti-PEG/anti-EGFR BsAb (αEGFR) to provide 
FDA-approved PEGylated liposomal doxorubicin (Caelyx) with cancer selectivity and mediate its active targeted 
delivery to NSCLC. A single mixing step of Caelyx with αEGFR formed targeted complexes (αEGFR-Caelyx) with 
selective recognition and enhanced anticancer potency toward NSCLC cells. αEGFR further improved the ability of 
Caelyx to target solid tumors and suppress their growth in a H460 NSCLC xenograft model.

EGFR is detectable in approximately 80% of patients with NSCLC and its overexpression is a predictor of poor 
prognosis.27,34 EGFR binding to its multiple ligands induces its activation and transduction of pro-survival signaling 

Figure 5 αEGFR-Caelyx accumulates in NSCLC tumors in vivo with minimal accumulation in the heart. (A) Timeline of biodistribution experiment. SCID-beige mice bearing 
subcutaneous H460 NSCLC tumors received an intravenous injection of αEGFR-Caelyx (1 mg/kg; n = 4 mice) or Caelyx alone (1 mg/kg; n = 4 mice) and drug amounts (nmol 
drug/g tissue) in tumor, liver, and heart were measured ex vivo at 4, 24 or 48 hours after injection. (B–D) Plots show drug amounts (median plus interquartile range (IQR); 4 
animals per condition) in tumor (B), heart (C), and liver (D). P values were computed using Mann–Whitney U-test; *P < 0.05.
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Figure 6 αEGFR-Caelyx significantly suppresses NSCLC progression in a tumor-xenograft model. (A) Timeline and treatment course of therapeutic experiments. SCID-beige 
mice engrafted with H460 cells were intravenously injected with vehicle (PBS; n = 8 mice), Caelyx alone (1 mg/kg; n = 8 mice), αCD19-Caelyx (1 mg/kg; n = 8 mice), or αEGFR- 
Caelyx (1 mg/kg; n = 7 mice). (B and C) Tumor size of treated mice over time; data are shown for individual (B) or grouped (C) mice. (D)Tumor size on day 21 (completion of the 
study). (E) Body weight of treated animals over time. Arrows in (A–C) and (E) indicate days of injection. Dash line in (B–D) indicates tumor size defined as event (1,000 mm3). In 
(B and D), (†) indicates individual mice that reached event on day 18. In (C and D), data are presented as medians plus IQR. P values comparing tumor size injection of Caelyx alone, 
αCD19-Caelyx, or αEGFR-Caelyx versus vehicle were computed using Kruskal–Wallis test followed by Dunn’s multiple comparisons test; ***P < 0.001.
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cascades that promote tumor growth, angiogenesis, and stimulate metastasis.27,34 These findings have thus prompted the 
advancement of treatment strategies for NSCLC in the form of monoclonal antibodies blocking the binding of ligands 
with EGFR, or small-molecule inhibitors targeting its intracellular tyrosine kinase domain (TKD).35 However, these 
therapeutics are unable to eliminate the cancer cells on their own and thus need to be delivered in combination with high- 
dose chemotherapy to succeed, causing severe adverse effects.36,37 TKD inhibitors are also highly prone to fail due to the 
numerous mutations affecting this domain.38 In this work, we envisaged a differential therapeutic role for EGFR in 
NSCLC. Rather than blocking or inhibiting its oncogenic activity, we proposed to use EGFR as an anchoring point at the 
NSCLC cell surface to mediate the targeting, receptor-driven internalization, and intracellular release of liposomal- 
encapsulated doxorubicin, a potent DNA-damaging and cytotoxic drug, specifically into the cancer cells and not the 
healthy ones. This approach ameliorated the delivery and anticancer potency of Caelyx against EGFR+ NSCLC cells. 
Such effects were exclusive to cancer cells expressing EGFR, thus sparing cells that lacked this receptor (eg MCF-7 
cells), and increments in efficacy were more pronounced in NSCLC cells expressing higher densities of EGFR (eg H460, 
H1299 and A549). In addition, the anticancer activity of our approach was linked to αEGFR-assisted delivery of Caelyx 
to the NSCLC cells rather than an inhibitory effect of αEGFR binding to EGFR on these cells. We and others provided 
proof-of-concept in previous works of targeting nanotherapeutics to EGFR as an efficacious approach to enhance their 
selectivity and delivery toward multiple cancers,25,35,39,40 yet this strategy has been poorly investigated in the manage-
ment of NSCLC.41–43

BsAbs with bidirectional binding to PEG and EGFR constitute an advantageous technology for the facile functiona-
lization of PEGylated nanomaterials and even smaller therapeutics to provide them with selectivity against EGFR- 
expressing cancers. Further, due to the low frequency of NSCLC patients presenting mutations in EGFRECDIII, BsAbs 
targeting this domain such as αEGFR would represent an efficacious approach to universally target NSCLC. Given the 
vast range of FDA-approved materials currently grafted with PEG, BsAbs targeting PEG and cancer cell-surface 
receptors can be of benefit for repurposing and improving the therapeutic index of numerous treatment strategies used 
in the management of cancer such as mRNA vaccines, RNA-interference therapy, enzymes, or chemotherapy-loaded 
nanotherapeutics.24,44–46 In addition, due to BsAb affinity for PEG, the targeted therapeutics can be formed in a time- and 
cost-effective manner (eg one-step 2-hour mixing prior to injection) without altering nanoparticle structure of function. 
Last, compared to BsAb targeting systems harboring anti-PEG/anti-receptor Fab/scFv fragments (91 kDa),47 our scFv/ 
scFv BsAb format offers the advantages of smaller size (55 kDa) and lack of constant domains for reduced immuno-
genicity, easier production, and better tumor penetration whilst providing resistance to reducing conditions.

Caelyx (also referred to as Doxil) was the first liposomal drug to provide clinical benefits in the management of solid 
tumors and since then, has been the most investigated and clinically reviewed nanomedicine in the management of 
cancer. However, despite its therapeutic potential, Caelyx vastly accumulates in healthy organs, reducing its bioavail-
ability at the tumor site while causing numerous adverse events in humans that span stomatitis, high-grade cutaneous 
lesions, hematological toxicity, or cardiotoxicity, and which can lead to treatment discontinuation or even cause death in 
some patients.48 In this work, we proved that active tumor-targeting of Caelyx using our αEGFR is a successful approach 
to circumvent these limitations and improve its therapeutic efficacy. αEGFR-Caelyx demonstrated significantly better 
accumulation compared to Caelyx alone in H460 NSCLC tumors both in vitro using 3D spheroid cultures, and in vivo in 
tumor-bearing mice, showing five-fold increased intratumoral drug delivery in vivo at both 4 hours and 24 hours post 
administration, whilst leading to a three to five times lower amount of drug reaching the heart at equivalent timepoints. 
This correlated with an approximate three-fold suppression in H460 NSCLC tumor growth with no signs of toxicity in 
αEGFR-Caelyx treated animals compared to mice receiving vehicle, whereas no differences in cancer growth were 
obtained when treating animals with Caelyx alone or a non-NSCLC-specific BsAb-Caelyx conjugate (αCD19-Caelyx). 
Such reductions in tumor growth and differential biodistribution pattern may indicate an improved treatment potency 
along with a reduced risk for αEGFR-Caelyx to cause long-term cardiotoxic effects in humans.

Future studies with larger numbers of xenograft panels, including cell lines and patient-derived tumor isolates with 
heterogeneous EGFR expression, will illustrate the universality and clinical translatability of our treatment approach for 
the management of NSCLC. Investigation of immunocompetent mouse models is also required to elucidate any 
involvement of the immune system in boosting or reducing the anticancer effects and safety of our treatment approach.
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Conclusion
In conclusion, our work demonstrates the power of using an anti-PEG/anti-EGFR BsAb for repurposing and improving 
the therapeutic potency of a historically effective FDA-approved liposomal drug, Caelyx, in the management of NSCLC. 
BsAb-assisted improvements in targeting and cytotoxic potency of Caelyx were demonstrated in vitro against a panel of 
NSCLC cell lines and a 3D tumoroid model, and in vivo in an animal model of the disease. The therapeutic advantages of 
this approach could be of relevance for NSCLC therapy by ameliorating its side effects whilst boosting efficacy, and may 
further translate to other PEGylated nanomedicines for applications in the management and diagnosis of the numerous 
solid tumors overexpressing EGFR (tumors in breast, ovary, lung, bladder, kidneys, pancreas, neck, and gliomas), thus 
facilitating the advancement and translation to clinical use of new targeted therapeutics with shorter development 
timelines.
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