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The anti-Epidermal Growth Factor Receptor (EGFR) antibody Cetuximab (CTX) has 

demonstrated limited anti-cancer efficacy in cells overexpressing EGFR due to activating 

mutations in RAS in solid tumours, such as pancreatic cancer. The utilisation of antibodies as 

targeting components of antibody-drug conjugates, such as trastuzumab emtansine (Kadcyla), 

demonstrates that antibodies may be repurposed to direct therapeutic agents to antibody-

resistant cancers. Here we investigated the use of CTX as a targeting agent for camptothecin 

(CPT)-loaded polymeric nanoparticles (NPs) directed against KRAS mutant CTX-resistant 

cancer cells. CPT was encapsulated within poly(lactic-co-glycolic acid) (PLGA) NPs using 

the solvent evaporation method. CTX conjugation improved NP binding and delivery of CPT 

to CTX-resistant cancer cell lines. CTX successfully targeted CPT-loaded NPs to mutant 

KRAS PANC-1 tumours in vivo and reduced tumour growth. This study highlights that CTX 

can be repurposed as a targeting agent against CTX-resistant cancers and that antibody 

repositioning may be applicable to other antibodies restricted by resistance.
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Background

The Epidermal Growth Factor Receptor (EGFR) is a cell surface receptor normally expressed 

in many different cell types, including fibroblast, epithelial and mesenchymal cells. EGF, the 

natural ligand for EGFR, binds to the receptor, resulting in the activation of survival and cell 

proliferation pathways, one of which is the RAS-RAF-MEK-ERK pathway. EGFR 

overexpression is linked to progression of many different cancer types, such as colorectal, 

lung and pancreatic cancers1. Additionally, both receptor and downstream signalling proteins 

are susceptible to mutations that lead to dysregulation of EGFR signalling pathways and 

result in aggressive cancer types that have a poor prognosis2. 

The anti-proliferative monoclonal antibody Cetuximab (CTX) is used clinically to inhibit 

EGFR signalling by blocking binding of EGFR ligands to the receptor3,4. CTX can be used 

for the treatment of numerous EGFR-positive tumours, including colorectal and lung cancers.  

CTX response in these cancer types can be predicted based upon expression or mutational 

status of biomarker proteins downstream of EGFR, such as BRAF5 and proteins within the 

RAS family such as Kirsten rat sarcoma (KRAS)6.  In patients inflicted with tumours 

expressing wild-type KRAS, CTX can exert an anti-cancer effect alone or in combination 

with chemotherapies7.  However, tumours that express mutated KRAS, which account for up 

to 45 % of colorectal cancers8, 25 % of non-small cell lung cancers9 and 95 % of pancreatic 

ductal adenocarcinomas (PDAC)10, are resistant to CTX therapy11,12. 

An emerging strategy is to repurpose antibodies as selective targeting agents for delivery of 

chemotherapeutic agents to antigen-expressing cancers that exhibit antibody resistance. For 

example, T-DM1 (Kadcyla), a Herceptin-conjugated maytansinoid, is an FDA-approved 

antibody-drug conjugate (ADC) for Her2-positive refractory metastatic breast cancer.  In 

clinical trials, T-DM1 has also demonstrated efficacy in patients with tumours that have 

acquired resistance to Herceptin13,14,15
, demonstrating the potential for antibody targeting of 

drug payloads. However, ADCs possess several drawbacks, including toxicity to non-cancer 

tissues, and bystander toxicity resulting from systemic or extracellular release of the 

exceptionally toxic drugs employed. Antibody-conjugated nanoparticles (NPs) may provide 

an exciting alternative that circumvents certain ADC limitations. For example, NPs can 

encapsulate and protect the drug from metabolic degradation and immune clearance by 

encapsulation. They also have a higher cargo capacity than ADCs which increases the 

amount of drug delivered to the tumour, and achieve much higher drug-to-antibody ratios 
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(DARs), thus  allowing drugs with lower potency to be administered which reduces toxicities 

to non-cancerous cells16,17.

Here, we demonstrate that CTX can be repurposed as the targeting component of an 

antibody-nanoparticle conjugate in order to enhance the delivery of camptothecin (CPT)-

loaded NPs to CTX-resistant pancreatic cancer cells which express mutated K-Ras. In 

addition, the efficacy of this nanoformulation is demonstrated in mutant K-Ras colorectal and 

lung cancer cell lines. This comprehensive study involving different CTX-resistant cancer 

types highlights a generalizable approach that can be employed across different cancers 

which exhibit antibody resistance. 
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Methods

Preparation and characterisation of NPs. NPs were synthesised using the single emulsion 

solvent evaporation method described previously18 using  15 mg PLGA 502H (Sigma 

Aldrich) and 5 mg PEG-PLGA-NHS (Akina Polyscitech AI064; MW ~ 17000:3000 Da) in a 

75 %: 25 % ratio. For cytotoxicity studies, 100 µg of CPT was added to 1 mL 

dichloromethane (DCM), whereas 666 µg CPT was added for drug release studies or in vivo 

studies. For NP binding assays, CPT was replaced by 100 µg of rhodamine 6G.  

Alternatively, as a control formulation, blank NPs contained neither drug nor fluorophore. 50 

µg/mL of CTX per mg polymer was added to the NP formulation in MES buffer. NPs were 

stirred at 80 rpm at room temperature for 2 hours to allow protein conjugation, and unbound 

antibody was removed by centrifugation at 15000 rcf for 15 minutes, followed by 

resuspension in PBS. CTX conjugation to NPs was quantified using the bicinchoninic acid 

(BCA) protein assay (Thermo Scientific, UK), using CTX as a protein standard in solution 

containing blank-NPs to account for polymer interference. CPT encapsulation was assessed 

in the NP pellet by measurement of CPT fluorescence at 330Ex/460Em. A CPT standard curve 

was used which contained blank-NPs to account for polymer interference. NP physical 

characteristics were analyzed in deionised water by dynamic light scattering using the 

NanoBrook Omni Particle Sizer and Zeta Potential Analyser, and by Scanning Electron 

Micrography using a FEI quanta FEG environmental scanning electron microscope.

In vitro CPT release was assessed in Slide-A-Lyzer dialysis cassettes having a 7 kDa pore 

size (Thermo Scientific, UK). 15 mg CPT-loaded polymer in 1 mL PBS were dialyzed 

against 29 mL of PBS/ 2 % Tween-80 (v/v) while shaking (180 rpm) at 37 °C. At the 

indicated time points, 1 mL of release medium was collected and analysed for CPT content, 

and concentrations were determined by comparison to a CPT standard by measuring 

fluorescence at 330Ex/460Em. 

SDS-PAGE gel electrophoresis. 1 mg non-conjugated or CTX-conjugated NPs were boiled 

in 10x Laemmli buffer for 5 minutes before electrophoretic separation on a reducing pre-cast 

Novex WedgeWell 4-20 % Tris-glycine gel (Invitrogen, UK). 

Cell culture. HCT116 (donated by the Volgelstein laboratory), A549 (ATCC), HKH-2 

(donated by the Sasazuki laboratory where the cell line was generated19), HCC827 (ATCC) 

and PANC-1 (ATCC) cell lines were cultured in high glucose Dulbecco's Modified Eagle 
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Medium (DMEM) containing 10 % fetal calf serum (FCS) (Life Technologies, UK), and 

BxPC-3 cells (ATCC) were cultured in RPMI 1640 containing 10 % FCS. 

Cell surface EGFR expression. To measure EGFR cell surface expression, cells were 

stained with either 1 μg FITC-conjugated anti-EGFR antibody (Santa Cruz sc: 120) or 1 μg 

FITC-conjugated IgG2a Isotype control (Santa Cruz sc: 2856) for 45 minutes at 4 °C in PBS/ 

5 % FCS. Cells were washed twice in 5 mL of PBS / 5% FCS and then once in 5 mL of PBS. 

Samples were resuspended in 300 µl of PBS and analysed by FACS using either BD LSRII 

or BD Accuri C6 Plus flow cytometers (BD, UK).

Measurement of NP binding to the cell surface. Cells were seeded at 4 x 104 cells per well 

in a black 96-well plate or 2 x 105 cells per well in a 6-well plate. Prior to NP treatment, cells 

were incubated in serum-free media, chilled to 4 ˚C, and treated with 25 μg/mL fluorescent 

rhodamine-6G -loaded NPs for different time periods. Cells were then washed three times 

with ice-cold PBS. For measuring total fluorescence, cells were lysed in 50 µl of 0.2 M 

NaOH / 0.05 % Triton X-100, and fluorescence was measured at 525Ex/555Em using a plate 

reader. Fluorescence was also measured by FACS using a BD Accuri C6 plus instrument.

Assessing cell viability. For free drug treatments, viability was measured by MTT assay. For 

NP treatments, viability was measured using the Cell Titre-Glo assay (Promega) or by 

staining with 0.4 % crystal violet and measuring absorbance at 590 nm. Viability was 

calculated as a percentage cell growth relative to the untreated control.

Assessing colony formation by clonogenic assay. Cells were seeded at 2.5 x 105 cells per 

well in 6-well plates. After 1 hour of treatment, the cells were re-seeded at 250 cells per well 

in triplicate in 6-well plates and were incubated for 11-13 days (cell line-dependent) to allow 

colonies to form. The cells were then stained with 1 mL of 0.4 % crystal violet for 10 

minutes. Colonies of 50 cells or more were counted to assess changes in colony formation.

Cell cycle progression. Cells were seeded at a density of 2.5 X 105 cells per well in 6-well 

plates. After the treatment period, live cells were detached using 1 mL of PBS/ 0.1 % EDTA, 

combined with detached or dead cells harvested by centrifugation from the supernatant 

media, and fixed using 1 mL of PBS/ 1 % FCS and 4 mL of ice-cold ethanol for 24 hours. 

RNase A (Qiagen) digestion was carried out, and then cells were stained with PI and 

analyzed by FACS using a BD LSR II instrument. 
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Assessing apoptotic cell death. Caspase activation was measured using the Caspase-glo 3/7 

assay (Promega). Caspase-3/-7 activity was calculated as a fold change relative to untreated 

controls. Apoptotic cell death after 72 hours was measured by Annexin V and PI staining 

followed by FACS analysis (BD Accuri C6). 

PANC-1 xenograft study. All in vivo experiments were carried out in accordance with the 

UK Home Office and approved by Queen’s University Belfast Ethical Review Committee. 

5×106 PANC-1 cells were implanted subcutaneously onto both flanks of 9 week old female 

severe combined immunodeficiency (SCID) mice (Envigo, UK) using matrigel (Corning, 

UK) at a 1:1 ratio of cells to matrigel. When the xenografts reached an average volume of 

100 mm3, treatment was initiated with intravenous (iv) injections of 2 mg (100 mg/kg) of NPs 

or controls per mouse (corresponding to 1.9mg/kg CPT and 3.57 mg/kg CTX per mouse).  

Mice received five iv treatments throughout the study and were euthanized when tumour 

volumes reached 1200 mm3. 

H&E staining. The tumours from the xenograft study were excised and fixed in 10 % 

formalin prior to paraffin-embedding. Tumour sections (6 μm) were stained with Harris H&E 

(Fisher Scientific). Images were taken using an Olympus BH2 microscope equipped with 

DP25 camera and × 10 objective lens.

Data analyses.  Data was plotted and statistical analyses were carried out using Prism 8 

software (GraphPad software Inc., La Jolla, CA, USA). The one way or two way analysis of 

variance (ANOVA) with Tukey's post hoc test was used to analyse statistical significance 

between several groups respectively. Significant differences are denoted with *P<0.05; 

**P<0.01; ***P<0.001. FACS data analysed using FlowJo 10 software (FlowJo LLC, USA).
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Results

Synthesis and characterization of antibody-targeted PEGylated PLGA NPs. We 

formulated CPT-loaded PLGA NPs and functionalized them with CTX by reacting amine 

moieties within the antibody with surface-exposed NHS groups on the PEG corona of the 

NPs (Fig 1A). CPT, a topoisomerase I inhibitor, was selected as the model drug in this study 

because it is readily entrapped within polymeric nanoparticulates20 and topoisomerase 

inhibitors are clinically relevant  for pancreatic21 and other cancers. The physical 

characteristics of the nanospheres formulated by this approach were analysed (Table 1); the 

monodisperse particles were approximately 200 nm, consistent with particle formulations that 

we have previously developed to facilitate passive tumour targeting20,22. CPT was entrapped 

because of its inherent hydrophobicity, and CTX was successfully conjugated to the NP 

corona (Table 1). Covalent attachment of CTX to the NPs was confirmed by gel 

electrophoresis comparing conjugation to PEG-PLGA-NHS NP over non-NHS functionalised 

control NPs. After incubation with CTX, the isolated NPs were subjected to denaturing SDS-

PAGE.  When CTX was incubated with the NHS functionalised NPs, the co-purified 

antibody chains observed on the gel appeared in a smear-like pattern, consistent with 

conjugation with the PEG-PLGA-NHS polymer, retarding its migration on the gel.  This 

effect was not observed with in the absence of NHS, indicating no covalent attachment (Fig 

S1). NP size was also confirmed by SEM analysis (Fig 1B).  The particles were analysed for 

stability over 72 hours in DMEM supplemented with 10 % FCS, and showed no significant 

changes in size, polydispersity or surface corona charge (zeta charge) (Figure 1C).  

Evaluation of EGFR-positive cell lines for sensitivity to CTX.  Having successfully 

developed EGFR-targeted nanoparticles loaded with CPT, we next selected a panel of cell 

line models in which to validate this nanoformulation.  A range of tumour cell lines having 

differential KRAS mutational status (Table S1) were examined for their expression of EGFR. 

We selected three mutant KRAS cell lines (PANC-1 cells [pancreas]23, HCT116 cells24  

[colon] and A549 cells [lung]25) and three wild-type KRAS cell lines from the same tumour 
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sites (BxPC-3 cells [pancreas]26, HKH-2 cells [colon]27 and HCC827 cells [lung]28), and 

analysed surface expression of EGFR by FACS. All cell lines tested were positive for EGFR 

(Figure 2A), indicating the potential to target these cell lines with the CTX-conjugated 

nanoformulation.

It is well-established that mutations within the EGFR signalling pathway can affect the 

sensitivity of tumour cells to treatment with antibody-based EGFR inhibitors2. Therefore, we 

analysed the viability of the cell lines over 72 hours in response to increasing concentrations 

of CTX. For wild-type KRAS HKH-2 and HCC827 cells, a concentration-dependent 

reduction in viability was observed following treatment with CTX. In contrast, CTX did not 

affect the growth of mutant KRAS cell lines PANC-1, HCT116 and A549 at the 

concentrations examined (Figure 2B). These KRAS-dependent effects were also observed in 

a time course study employing a fixed concentration of CTX (Fig S2). Taken together, these 

findings indicate that KRAS contributes to CTX resistance. Clear demonstration of the role of 

KRAS is revealed in the comparison of HCT116 and HKH-2, which are isogenically paired 

cell lines; the former possessing the mutant KRAS allele and the latter has this allele deleted 

from its genome19. Interestingly, BxPC-3, which also expresses wild-type KRAS, exhibited a 

CTX-resistant phenotype. Because of their inherent resistance to CTX and high expression of 

the target protein EGFR, PANC-1, HCT116, A549 and BxPC-3 (despite expressing wild-type 

KRAS) cells were selected for subsequent studies with the EGFR-targeted nanoparticles.

CTX nanoconjugation enhances NP targeting to the cell surface through EGFR 

interaction. Before assessing NP binding by CTX, it was important to confirm that 

conjugation to NPs did not affect the bioactivity of the antibody. The anti-proliferative 

activity of CTX-NPs was compared to that of free CTX on KRAS wild-type cell lines HKH-2 

and HCC827. The cells were exposed to an equal concentration of CTX either conjugated to 

NPs or as free antibody and an equivalent concentration of blank-NPs. After 72 hours, it was 

observed that CTX-NPs reduced viability to approximately the same extent as free CTX, 

highlighting that the bioactivity of the antibody remained intact (Fig 3A). Next, the ability of 

the antibody-nanoparticle conjugate to bind to CTX-resistant cell lines was examined using 

fluorescent nanoparticles containing rhodamine 6G to quantify nanoparticle binding to cells. 

Physical characterisation of CTX-conjugated rhodamine NPs (CTX-Rho-NPs) revealed 

characteristics similar to the drug-containing NPs of Table 1, with a monodisperse 
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formulation having diameters slightly larger than 200 nm, and a negative surface charge 

(Table S2). CTX conjugation to the NP surface was also comparable to that of CTX-CPT-

NPs.  NP binding experiments at three different time points revealed that cell lines treated 

with CTX-conjugated NPs (CTX-Rho-NPs) exhibited higher fluorescence than cells treated 

with non-targeted NPs (Rho-NPs), indicating increased NP binding (Fig 3B). Simultaneously, 

in order to investigate the antibody-dependence of nanoparticle binding, cells were treated 

with free CTX for 15 minutes prior to addition of CTX-Rho-NPs. Pre-treatment with free 

CTX reduced the binding of CTX-Rho-NPs to all cell lines tested, as evidenced by a 

significant decrease in fluorescence compared to that obtained in the absence of free 

antibody. The residual binding of CTX-Rho-NPs in the presence of competing free antibody 

was approximately the same as the binding observed for non-targeted Rho-NPs. The effects 

of pre-incubation with free CTX were corroborated by FACS analysis, in which both the 

fluorescence intensity and percentage of rhodamine-positive cells were reduced when 

incubation with CTX-Rho-NPs was preceded by incubation with the competing antibody (Fig 

3C). These data suggest that free CTX blocked EGFR, thereby preventing binding of the 

targeted NPs to the cell surface. This finding supports the role of CTX interaction with EGFR 

as the mechanism for increased cell binding of CTX-NPs. 

To further confirm the EGFR targeting specificity of the NPs, we performed a receptor 

accessibility assay where PANC-1 and BxPC-3 cells were pre-treated with CTX-NPs or 

control blank-NPs for 20 minutes at 4oC prior to staining with a FITC-labelled EGFR 

antibody. Both untreated cells and cells pre-treated with blank-NPs showed high EGFR 

staining, indicating that EGFR was accessible to the EGFR antibody. However, pre-treatment 

of cells with CTX-NP resulted in nearly complete reduction in EGFR accessibility to the 

EGFR antibody as evidenced by reduced staining (Fig S3), further demonstrating targeting 

specificity. Collectively, these findings confirm that cellular binding of the CTX-NPs in 

CTX-resistant cell lines is mediated through EGFR.

CPT activity is not compromised by nanoencapsulation. Having demonstrated that CTX 

can perform as a targeting ligand to enhance NP binding to EGFR-expressing cancer cells, 

the effect of nanoencapsulation upon CPT release and activity was investigated to ensure that 

encapsulation did not compromise its cytotoxic effect.  Firstly, the release of 

nanoencapsulated CPT was investigated over a period of 96 hours. A bi-phasic release profile 
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was observed, with an initial burst release of 60 % of the drug within 48 hours, followed by a 

slower release rate of the remaining 40 % by 96 hours (Fig 4A). To assess whether drug 

efficacy was retained upon nanoencapsulation, CPT effects upon HCT116 cell cycle 

progression were investigated following treatment with free CPT or CPT-NPs. Equal 

concentrations of CPT were added to cells either as free drug or encapsulated within NPs. 

Blank-NPs were added to cells at an identical polymer concentration as a control. Both free 

CPT and CPT-NPs induced cell cycle arrest in S phase and decreased the number of cells in 

G1 phase. A concomitant increase in the sub-G1 phase was also observed, indicative of cells 

undergoing CPT-induced apoptosis (Fig 4B). This data confirmed that CPT activity was not 

compromised by nanoencapsulation. Moreover, no cell cycle alteration was seen in response 

to blank-NPs, thus verifying the biocompatibility of PLGA. 

In further studies, PANC-1, BxPC-3, HCT116 and A549 cells were treated with increasing 

concentrations of free- or nanoencapsulated CPT and cell viability was assessed using the 

Cell Titer-Glo assay after 72 hours. All cell lines responded to CPT exposure albeit with 

different sensitivity profiles. PANC-1 cells were notably more resistant compared to the other 

cell lines. When compared to free CPT, cell viability was reduced to a greater extent by CPT-

NPs (Fig 4C). These findings demonstrate enhanced uptake of CPT when formulated within 

CTX-targeted nanoparticles and suggest that drug activity is not only preserved, but also 

enhanced following nanoencapsulation. 

CTX nanoconjugation increases CPT delivery to cells in vitro. The contribution of CTX to 

the targeting of CPT-NPs to the CTX-resistant cells was assessed by analysis of apoptosis 

induction using an annexin V/PI assay. Cells were treated with 100 ng/mL CPT (or 250 

ng/mL CPT for less-sensitive PANC-1 cells) either as a free drug treatment or within non-

conjugated or CTX-conjugated NPs along with relevant controls. The exposure of cells to 

NPs and controls was limited to one hour only in order to demonstrate superior delivery of 

CPT within a targeted formulation. Apoptosis was most pronounced following treatment with 

CTX-CPT-NPs, which mediated significant increases in cell death compared to the non-

targeted CPT-NPs and other controls in all cell lines examined (Fig 5A). Furthermore, 

clonogenic assays examining the long term effect of CTX-CPT-NPs compared to non-

targeted CPT-NPs revealed similar trends, with CTX-CPT-NPs reducing colony formation to 

a greater extent than did non-targeted NPs (Fig 5B). To confirm that CTX nanoconjugation 
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enhanced CPT-induced cytotoxicity, caspase-3/-7 activity levels were measured as a readout 

of apoptosis induction in the cell lines after 24 hours of treatment with CTX-conjugated CPT-

entrapped NPs (CTX-CPT-NPs) or the relevant controls. Cells treated with CTX-CPT-NPs 

showed the highest caspase-3/-7 levels, suggesting that they were undergoing apoptosis to a 

greater extent than all other groups that contained equal concentrations of the drug (Fig S4).

In order to confirm that the increased cytotoxicity of the targeted nanoformulation was the 

result of enhanced drug delivery via EGFR targeting by CTX nanoconjugation, the impact of 

free CTX addition during CPT exposure of cells was investigated. Combined treatment of 

mutant KRAS cell lines with both free CPT and free CTX showed no greater cytotoxic effect 

than CPT alone, confirming a lack of additive or synergistic effects between the two agents in 

their free form (Fig S5). In addition, the anti-proliferative effect of CTX-NPs was assessed in 

CTX-resistant cell lines to determine whether a receptor clustering effect, mediated by 

binding of the multivalent NPs to the EGFR, reduced proliferation. HCT116 cells were 

exposed to CTX-NPs having the same concentration of free CTX as on CTX-CPT-NPs, and 

no reduction in proliferation was observed (Fig S6A). To investigate whether any 

concentration of CTX on NPs could induce an anti-proliferative effect on both mutant KRAS 

cell lines, increasing concentrations of CTX-NPs was added to PANC-1 and BxPC-3 cells 

(Fig S6B). Similar to Fig S6A, no reduction in viability was seen. Taken together, these 

results suggest that the greater cytotoxic effect of CTX-CPT-NPs to these CTX-resistant cell 

lines is the result of binding of the CTX-CPT-NPs to EGFR, followed by preferential cellular 

uptake and intracellular release of CPT, rather than the result of combined cytotoxicity of 

CPT and CTX working together, or an anti-proliferative effect induced by receptor clustering 

that is mediated by CTX nanoconjugation. 

CTX nanoconjugation improves growth-inhibitory effects in PANC-1 xenograft model 

via increased CPT targeting to cells. To assess whether NP surface functionalisation with 

CTX would lead to enhanced tumour targeting in vivo, the anti-tumour efficacy of CTX-CPT-

NPs was investigated in a PANC-1 PDAC xenograft model. To achieve therapeutic drug 

doses for in vivo application whilst minimising the amount of polymer administered to each 

mouse, NP formulations having a higher CPT loading were prepared and characterised using 

the same optimised formulation method, with blank-NPs and isotype control antibody-

conjugated NPs (IgG1-NPs) as control formulations (Table 2). The resultant CPT-NPs and 
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CTX-CPT-NPs had similar diameters to those investigated in vitro, with negative surface 

charges. Surface conjugation of CTX was also comparable to that achieved with previous 

formulations, although the PDIs were somewhat larger. Mice received five iv doses of CTX-

CPT-NPs, CPT-NPs and control formulations at a polymer concentration of 100 mg/kg which 

corresponded to 1.9mg/kg CPT and 3.57 mg/kg CTX per mouse. Free CTX was not 

administered to mice as a control due to resistance being seen previously in the same 

xenograft model exposed to 10 mg/kg CTX29. Additionally, free CPT was also not 

administered because we previously reported that iv delivery of free CPT caused damage to 

the microvilli in the jejunum and this was effect was reduced by nanoencapsulation20. 

Tumour volume measurements revealed that the cytotoxic effect of nanoformulated CPT 

became apparent within a short duration following treatment initiation (Fig 7A). However, 

after the third treatment, CTX-CPT-NPs were shown to confer a distinct therapeutic 

advantage over the non-targeted formulation. At day 28, significant differences were 

observed between treatment arms, with an approximate 50 % difference in tumour volume 

between CTX-CPT-NPs and blank-NPs and IgG1-NPs and an approximate 30 % difference 

seen between CTX-CPT-NPs and CPT-NPs (Fig 6A). H&E staining confirmed the presence 

of dead tumour tissue in mice receiving CTX-CPT-NPs and CPT-NPs as evidenced by an 

absence of staining in tumour sections compared to tumour sections taken from mice 

receiving either blank-NPs or IgG1-NPs which were stained purple indicative of viable 

tumour cells (Fig 6B). This suggested that the reductions in tumour sizes seen in mice 

receiving CPT-containing formulations is due to the cytotoxic effect of the drug. Moreover, 

body weights remained consistent throughout the course of the experiment, highlighting the 

protective effect of nanoencapsulation to reduce adverse effects of CPT (Fig 6C). 

Collectively, these results indicate that CTX-conjugated nanoparticles can effectively target a 

CTX-resistant cancer cell line xenograft without compromising the health of the mice. 
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Discussion

KRAS mutations are prevalent in a wide range of cancers, and underlie mechanistically the 

significant challenges in treatment of patients whose tumours harbour these mutations, owing 

to their role in promotion of tumour growth and treatment resistance. In PDAC, one of the 

most lethal of the top-four causes of cancer deaths, KRAS mutations affect approximately 

95% of patents. Despite the high frequency of up-regulation of growth factor receptors in 

PDAC and other EGFR-overexpressing cancers, blockade of growth factor signalling by 

therapeutic antibodies has shown little efficacy in KRAS-mutated cancers12,30. Here, we have 

developed a polymeric chemotherapeutic drug-loaded NP formulation that incorporates the 

anti-EGFR antibody CTX to mediate targeting of EGFR-overexpressing cancer cells that 

exhibit intrinsic resistance to this antibody. We selected four different CTX-resistant cancer 

cell lines from three different cancer types (pancreatic, colon and lung cancer) to demonstrate 

that this concept of antibody repurposing is applicable to different cancers which exhibit 

resistance to this antibody.  The therapeutic effectiveness of this system was validated in vitro 

and in vivo in a KRAS mutant PDAC xenograft model, demonstrating the potential to 

repurpose CTX, an otherwise failed therapeutic agent for KRAS-mutated cancers. 

A range of cancer cell lines with recognised KRAS mutations were chosen, along with wild-

type KRAS cell lines, to permit comparisons of KRAS status with CTX resistance. We 

observed that the KRAS G13D (HCT116), G12S (A549) and G12D (PANC-1) mutations 

correlated with failure of CTX to reduce cell proliferation or viability. In contrast, their wild-

type KRAS counterparts were sensitive (HKH-2, HCC827) to treatment. This finding is 

consistent with research and clinical trials demonstrating that the activity of CTX is 

dependent on the mutational status of KRAS, and that CTX efficacy is confined to cancer 

cells expressing wild-type KRAS10-13.  The only exception to this relationship was the CTX 

resistance observed in wild-type KRAS BxPC-3 cells. This has been reported previously and 

it was thought that CTX cannot prevent EGF-induced RAS pathway activation because of 

alterations in EGFR dimerisation patterns in this cell line31.

Stable NPs were formulated onto which CTX was conjugated using carbodiimide chemistry. 

The NHS groups on the polymer, which was shown to covalently attach CTX to the NPs, was 

a necessary component for conjugation of the antibody as PLGA 502H alone lacks activated 

carboxylic acid groups to facilitate conjugation. Crucially we then showed that the covalent 

attachment of CTX to the surface of NPs did not affect the activity of the antibody as 
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evidenced by a reduction in cell growth in CTX-sensitive cell lines. Furthermore, we have 

demonstrated that upon conjugation of CTX to the surface of NPs NP binding was enhanced 

selectively and specifically via EGFR interaction. The data suggest that binding of the NPs is 

followed by EGFR-mediated endocytosis, leading to enhanced cytotoxicity of the 

nanoencapsulated CPT. Previous studies have shown that the conjugation of multiple 

antibody molecules to a single NP increases the cooperativity of binding to the target 

receptor, and greatly enhances their overall avidity of binding. It is probable that via such 

cooperative binding, a single targeted NP particle can promote receptor clustering and 

subsequent internalisation18,32. Previous research supports the concept that antibody 

nanoconjugation can enhance antibody function through receptor crosslinking. Qian et al 

suggested that the binding of CTX-gold nanoconjugates to EGFR-positive lung cancer cells 

improved the anti-proliferative effect of CTX33.  Here we investigated whether CTX 

nanoconjugation might facilitate EGFR crosslinking and thereby enhance the anti-

proliferative effect of CTX in the CTX-resistant cancer cell lines. However, as shown in Fig 

S6, no greater reduction in proliferation was mediated by NP-conjugated CTX, indicating that 

cooperative EGFR binding by CTX-conjugated NPs is sufficient to improve efficacy of NP 

targeting, but not by invoking an anti-proliferative function of CTX in CTX-resistant cells.

Despite severe toxicities and poor stability in an aqueous environment, CPT was selected as 

the model topoisomerase I drug in this study instead of FDA-approved CPT derivatives such 

as Irinotecan. CPT is less water soluble than irinotecan34,35, which favours a higher 

entrapment efficiency within polymeric NPs. Irinotecan has less potency in comparison to 

parental CPT and can still cause unwanted toxicities. It is also a prodrug which requires 

activation by conversion into an active compound called SN-3836,37. Additionally, CPT is 

valued as a better model drug and has been researched in advanced formulations such as the 

cyclodextrin-based nanoparticle-drug conjugate CRLX101 which is in Phase II clinical 

trials38. As previously shown, CPT is readily entrapped in NPs, reducing toxicities and 

damage to the jejunum and white blood cells whilst maintaining potency towards cancer 

cells20. In this study, CPT efficacy was improved upon nanoconjugation reducing cell 

viability in all CTX-resistant cell lines to a greater extent than free CPT. CTX 

nanoconjugation improved NP targeting and enhanced CPT-induced apoptosis in vitro. This 

effect was notably greater than for non-targeted CPT-NPs, and it is assumed that a higher 

intracellular concentration of CPT in the cytosol resulted from preferential uptake of CTX-

CPT-NPs. In vivo, the advantage of targeting required some time to be seen. Initially, CPT-
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NPs demonstrated strong anti-tumour effects. The delay in observing the superior effect of 

CTX nanoconjugation may be due to the initial overwhelming cytotoxicity of both CPT-

containing formulations within the tumour microenvironment masking the therapeutic benefit 

of EGFR targeting with CTX. However, with sequential CTX-CPT-NPs, CTX targeting of 

the NPs to the cells would gradually promote a greater intracellular concentration of CPT 

allowing the benefit of CTX conjugation of the NPs to be seen.  This highlights the ability of 

CTX to localise CPT-NPs to the tumour microenvironment. CTX targeting of the NPs to 

tumour cells would promote localization of CPT-NPs to the tumour microenvironment, 

leading to greater internalization and intracellular concentrations of CPT, resulting in a 

significant reduction in tumour growth compared to non-targeted CPT-NPs. Our data are 

consistent with previous studies that employed CTX as a targeting agent for 

chemotherapeutic drugs such as gemcitabine for pancreatic cancer39, docetaxel for gastric 

cancer40 and celecoxib for colorectal cancer41. In those studies, CTX enhanced drug delivery, 

leading to enhanced cytotoxic effects on cancer cells. A previous study used CTX-conjugated 

CPT-loaded NPs in lung and breast cancer cells and successfully demonstrated a targeting 

effect in vitro only42. In this study, we have demonstrated that a CTX-conjugated 

nanoformulation has superior efficacy in vivo using a pancreatic cancer xenograft model that 

exhibits CTX resistance. Crucially, by employing models resistant to CTX as an independent 

therapy, our data reveal the clear potential of using the antibody simply as a targeting agent.

Conclusion

The efficacy of CTX has been dependent on the mutational status of tumour KRAS. Only 

those patients having tumours that express wild-type KRAS can benefit from CTX, and those 

having a mutant KRAS phenotype, who are in the vast majority for some cancers, such as 

PDAC, are relegated other treatment modalities. Our results suggest that CTX can still be 

administered to patients, regardless of clinical KRAS mutational status, by incorporating it as 

part of a nanoconjugate system targeting mutant KRAS tumours. Furthermore, this concept of 

antibody repurposing may be applicable to other antibodies whose clinical application is 

impeded by tumour resistance, providing these antibodies with an alternative function as 

components of drug delivery systems.

Page 16 of 33Nanoscale



17

Declarations

Ethics approval and consent to participate: All in vivo experiments were carried out in 

accordance with the UK Home Office and approved by Queen’s University Belfast Ethical 

Review Committee.

Data availability: The data that support the findings of this study are available from the 

corresponding author upon reasonable request.

Conflicts of interest: The authors declare that there are no conflicts of interest.

Funding: This work was funded by the Medical Research Council (MRC grant 1598124). It 

was also partially funded through a US-Ireland R&D Partnership grant awarded by HSCNI 

(STL/5010/14, MRC grant MC_PC_15013) and by the NIH/NCI grants (R21CA168454). 

Author contributions: 

William McDaid – Investigation and running experiments; design of methodology; data 

collection and paper writing and editing

Michelle Greene – Investigation and running experiments; design of methodology; data 

collection and paper editing

Michael Johnston - Investigation and running experiments

Ellen Pollheimer - Investigation and running experiments

Peter Smyth - Investigation and running experiments

Kirsty McLaughlin - Investigation and running experiments

Sandra Van Schaeybroeck – Resources

Robert Straubinger – Paper Review; Conceptualization

Daniel Longley- Resources; Paper Review; Conceptualization

Page 17 of 33 Nanoscale



18

Christopher Scott – Supervision; Paper Review; Conceptualization; Funding acquisition

Acknowledgments: Not applicable.

Page 18 of 33Nanoscale



19

Abbreviations

ADC – antibody-drug conjugate

ANOVA – analysis of variance

CPT –camptothecin

CTX – Cetuximab

DAR – drug to antibody ratios

DCM – dichloromethane

EGF – epidermal growth factor

EGFR – Epidermal growth factor receptor

FCS – fetal calf serum

FDA – Food and Drug Administration

FITC - Fluorescein isothiocyanate

KRAS – Kirsten rat sarcoma

NaOH – sodium hydroxide

NHS - N-hydroxysuccinimide

MWM – molecular weight marker

NPs –nanoparticles

PDAC –Pancreatic ductal adenocarcinoma

PDI – polydispersity index

PI – propidium iodide

PLGA – poly (lactic-co-glycolic acid)

Rho - rhodamine 6G

SEM – scanning electron micrography

s.e.m. – standard error mean
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SCID – severe combined immunodeficiency 

T-DM1 - Trastuzumab emtansine
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Table 1 Characterisation of PLGA NPs with or without CPT loading, before and after 

CTX conjugation, for in vitro validation. Mean ± s.e.m. (n=3); measured in deionised water 

(dH2O). PDI = polydispersity index

NP 

formulation

Size (nm) PDI Zeta 

potential 

(mV)

CPT 

loading 

(µg/mg)

CTX 

conjugation 

(µg/mg)

Blank-NP 170.7 ± 

13.6

0.04 ± 0.03 -13.6 ± 2.25 NA NA

CPT-NP 202.6 ± 24 0.064 ± 

0.03

-11.89 ± 2.3 1.23 ± 0.09 NA

CTX-NP 192 ± 4.3 0.055 ± 

0.03

-11.0 ± 2.66 NA 30.2 ± 3.92

CTX-CPT-

NP

210 ± 21.9 0.083 ± 

0.02

-9.4 ± 1.98 1.19 ± 0.13 11.05 ± 4.4
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Table 2 Characterisation of PLGA NPs for in vivo validation. Mean ± s.e.m (n=3); 

measured in deionised water (dH2O).

NP 

formulation

Size 

(nm)

PDI Zeta 

potential 

(mV)

CPT 

loading 

(µg/mg) 

CTX 

conjugation 

(µg/mg)

IgG 

conjugation 

(µg/mg)

Blank-NP 204.76 

±6.3

0.12 

±0.025

-25.8 ±3.78 NA NA NA

IgG1-NP 240.8 

±5.93

0.132 

±0.04

-26.01 ±0.07 NA NA 26.1 ±2.3

CPT-NP 208.4 

±4.96

0.135 

±0.02

-19.68 ±1.31 19.8 ±1.5 NA NA

CTX-CPT-

NP

214.91 

±4.96

0.157 

±0.02

-21.18 ±0.55 19.4 ±1 35.7 ±6.0 NA
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Figure 1. Synthesis and characterization of antibody-targeted PEGylated PLGA NPs. 

(A) Schematic overview of the development of CTX-CPT-NPs. (B) SEM image of PLGA-

NPs. (C) Stability analysis of PLGA-NPs incubated at 37 ˚C in DMEM over 72 hours; mean 

± s.e.m (n=2).
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Figure 2. Evaluation of EGFR-positive cell lines for sensitivity to CTX. (A) EGFR cell 

surface expression of cancer cell lines. Red histogram signifies antibody-stained isotype 

control cells; blue histogram signifies EGFR antibody-stained cells. Data are representative 

of three individual experiments. Data were analysed using FlowJo 10 software. (B) Left 

graph:  CTX concentration-response curves after 72 hours using the MTT assay. Right graph: 

cell viability after 72 hour exposure to 10 μg/mL CTX.  Black bars represent mutant KRAS 

cell lines and red bars represent wild-type KRAS cell lines. Mean ± s.e.m. Data are 

representative of three independent experiments.
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Figure 3. CTX nanoconjugation enhances NP targeting to the cell surface via EGFR 

interactions. (A) HKH-2 and HCC827 were treated with 10 µg/ml of CTX either conjugated 

to NPs or as free antibody and an equivalent concentration of blank-NPs. After 72 hours, 

viability was measured by crystal violet staining. Mean ± s.e.m. Data representative of three 

independent experiments. (B) CTX-resistant ells were pre-incubated in serum-free media to 

eliminate competition by serum EGF, and subsequently treated with 25 µg/mL Rho-NPs or 

CTX-Rho-NPs in the presence or absence of 250 μg/mL CTX at 4 ˚C.  NPs were washed off 

at the indicated time points and the fluorescence intensity of rhodamine 6G was measured 

using a plate reader.  Mean ± s.e.m (n=3); statistical significance was established using the 

two way ANOVA test with Tukey’s post hoc test. (C) Competition of free CTX with cellular 

binding of CTX-Rho-NPs. CTX-resistant cells were treated for 15 minutes with 25 µg/mL 

CTX-Rho-NPs in the presence or absence of 250 µg/mL free CTX at 4 ˚C, washed, and 

subjected to FACS analysis.  Inset in each graph shows percentage of rhodamine 6G-positive 

cells. Data are representative of three independent experiments. Data analysed using FlowJo 

10 software.
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Figure 4. CPT activity is retained upon nanoencapsulation. (A) Release profile of CPT 

from NPs into PBS/ 2 % Tween 80 using Slide-A-Lyzer dialysis cassettes at 37 ˚C. Mean ± 

s.e.m (n=2) (B) Cell cycle analysis of HCT116 cells after a 24 hour incubation with 40 

ng/mL CPT, either as a free drug or encapsulated within NPs; an equivalent concentration of 

blank-NP was used as a control. Data are representative of three independent experiments. 

Data analysed using FlowJo 10 software. (C) Viability of cell lines after treatment with 

increasing concentrations of CPT, either as a free drug or within NPs, with an equivalent 

concentration of blank-NPs as a control. After 72 hours, viability was measured by Celltiter 

Glo assay. Mean ± s.e.m. Data representative of three independent repeats.
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Figure 5. CTX nanoconjugation increases CPT delivery to cells in vitro. (A) Annexin 

V/PI staining of cells after 1 hour of treatment at 4 ˚C with 100 ng/mL CPT (or 250 ng/mL 

for PANC-1 cells) either as free drug or encapsulated in NPs, followed by a 72 hour 

incubation at 37 ˚C. Relevant controls included blank-NPs and a no-drug control. Mean ± 

s.e.m (n=3); statistical significance established using the one way ANOVA and Tukey’s post 

hoc test. (B) Representative images of colony formations 11-13 days after a 1 hour treatment 

4 ˚C with 100 ng/mL CPT (or 250 ng/mL for PANC-1 cells) in NPs or as a free drug (along 

with relevant controls), followed by re-plating at 250 cells per dish and incubation at  37 ˚C 

for an additional 11-13 days. Data representative of three independent experiments.
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Figure 6. CTX nanoconjugation improves growth-inhibitory effects in PANC-1 

xenograft model through increasing CPT targeting to cells. (A) Tumour volumes in SCID 

mice 28 days after five iv treatment with 100 mg/kg of either Blank-NPs, IgG1-NPs, CPT-

NPs or CTX-CPT-NPS. Mean ± s.e.m (n=6-9 tumours); statistical significance established 

using the one way ANOVA with Tukey’s post hoc test. (B) H&E staining of PANC-1 tumour 

sections (C) Body weight. Mean ± s.e.m. 
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