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Abstract

It is becoming increasingly clear that intracellular signaling can be subject to strict spatial control. 

As the covalent attachment of a signaling ligand to a nanoparticle (NP) impacts ligand-receptor 

binding, uptake, and trafficking, nanoconjugation provides new opportunities for manipulating 

intracellular signaling in a controlled fashion. To establish the effect of nanoconjugation on 

epidermal growth factor (EGF) mediated signaling, we investigate here the intracellular fate of 

nanoconjugated EGF (NP-EGF) and its bound receptor (EGFR) by quantitative correlated 

darkfield/fluorescence microscopy and density-based endosomal fractionation. We demonstrate 

that nanoconjugation prolongs the dwell time of phosphorylated receptors in the early endosomes 

and that the retention of activated EGFR in the early endosomes is accompanied by an EGF 

mediated apoptosis at effective concentrations that do not induce apoptosis in the case of free EGF. 

Overall, these findings indicate nanoconjugation as a rational strategy for modifying signaling that 

acts by modulating the temporo-spatial distribution of the activated EGF-EGFR ligand-receptor 

complex.
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Introduction

The selective recognition between cell surface receptors and their ligands is frequently 

exploited for targeting purposes in nanoparticle (NP) mediated diagnostic and therapeutic 

applications. Although the ligand is often considered as a mere targeting functionality, the 

covalent attachment of a ligand to a NP also provides leverage for modifying the cellular 

response triggered by specific ligand-receptor interactions and for manipulating the ligand 

function itself.1–7 The current understanding of the impact of nanoconjugation on ligand-

receptor interactions and subsequent cellular processes (uptake, trafficking, de-activation) 

remains, however, rudimentary. We investigate here the effect of nanoconjugation on 

epidermal growth factor (EGF) mediated signaling. The EGF receptor (EGFR) belongs to 

the receptor tyrosine kinase (RTK) family of single transmembrane domain receptors and 

has been investigated in great detail as model system for RTK signaling and transmembrane 

signaling in general.8–11 According to the textbook model12, 13 of EGFR signaling 

activation, the binding of EGF to the extracellular domain induces conformational changes 

that result in the dimerization of the receptor. The dimerization facilitates a cross-

phosphorylation of the tyrosine kinase domains and initiates downstream signaling events.

In cells with physiological receptor expression levels, EGF binding to EGFR also triggers 

endocytosis through a clathrin-dependent pathway, whereas in EGFR overexpressing cells 

clathrin-independent pathways have been observed especially in the presence of high EGF 

concentrations.14 Importantly, the activated EGFR remains dimerized with the 

phosphorylated tyrosine kinase domain exposed in the cytoplasm after internalization into 

early endosomes.15–17 In this fashion, the receptor continues to signal during intracellular 

trafficking until it is dephosphorylated by a protein tyrosine phosphatase15, 18, the ligand is 

removed from the endosome,19 or the phosphorylated EGFR (pEGFR) containing endosome 

is encapsulated in a multivesicular body.20 The accompanying removal of the 

phosphorylated receptor tail from the cytoplasm renders the phosphorylated EGFR 

inaccessible and results in signal termination. In the conventional model, EGFR signaling 

occurs primarily at the plasma membrane and endocytosis is a key step in signal 

attenuation14, 16, 21. It is, however, becoming increasingly clear that endocytosis and the 

subsequent trafficking can also play a more active role in the control of EGFR signaling.15 

Although long controversial,22, 23 there is now mounting evidence that endosomes represent 

signaling platforms for transmembrane receptors and that the signal from receptors in 

endosomes can differ from those localized at the plasma membrane17, 24–26.

The picture that has emerged recently is that the outcome of the endosomal EGFR signaling 

sensitively depends on the temporo-spatial distribution of the pEGFR containing endosomes 

as well as the number of pEGFR (and potentially other EGF binding receptors) embedded in 

the endosomal membrane. While the former influences and regulates the interplay of the 

receptor with intracellular effector molecules27, the latter modulates signaling through 

cooperative interactions between co-localized receptors28, 29. Due to these spatial aspects of 

the signaling regulation, the disruption of the trafficking of EGF-pEGFR can lead to 

dramatic changes in the outcome.30 For instance, saturation of the cellular trafficking 

machinery in EGFR overexpressing epidermoid carcinoma (A431) or basal-like breast 
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cancer (MDA-MB-468) cells after exposure to high concentrations of EGF was found to 

trigger apoptosis due to an accumulation of EGF-pEGFR in early endosomes.24, 31

We observed recently that conjugation of EGF to 40 nm Au NPs results in EGF mediated 

apoptosis at effective ligand concentrations that are much lower than what is required for the 

free EGF to trigger apoptosis.1 However, the mechanism underlying this intriguing 

observation remains unclear. It is intuitive to assume that the covalent attachment of a ligand 

to a NP affects its endocytosis and subsequent trafficking. We, consequently, hypothesized 

that the temporo-spatial regulation of endosomal EGFR signaling makes the signaling 

outcome susceptible to intervention via nanoconjugation. In this manuscript we test this 

hypothesis by characterizing the impact of EGF nanoconjugation on endosomal EGF-

pEGFR trafficking. We demonstrate that EGF conjugation to 80 nm diameter Au NPs results 

in a prolonged dwell time of pEGFR in the early endosomes and that the accumulation of 

NP tethered phosphorylated receptors in early endosomes goes hand-in-hand with an EGF 

mediated apoptosis at much lower concentrations than the unconjugated, free peptide.

Materials and methods

Materials

HS–CH2CH2–(CH2CH2O)77–N3 (PEG1) (NANOCS); HS–(CH2)11– (CH2CH2O)6–OCH2–

COOH (PEG2) (ProChimia); propargyl dPEG– NHS ester (Quanta Biodesign); recombinant 

human epidermal growth factor (Life Technologies); 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (Life Technologies); L-ascorbic acid (Aldrich); copper(II) 

sulfate pentahydrate (Aldrich); amantadine (Sigma); monodansyl cadaverine (Sigma); 

Nystatin (Sigma); genistein (Calbiochem); cochicine (Sigma); nitric acid (EMD) and 

hydrochloric acid (Fisher) for ICP-MS were used as received. D-Tube dialyzers (3.5 K 

MWCO) from EMD and Float-A-Lyzer G2 Dialysis Device from spectrum Lab were used 

for protein and NP-EGF purification. The EGF human ELISA kit and EGFR [pY1068] 

ELISA kits from Life Technologies were used for EGF surface density and EGFR 

phosphorylation determination. The EnzChek® caspase-3 Assay from Life Technologies was 

used in apoptosis assays. EEA1 and Rab7a human ELISA kits from Biomatik were used in 

endosomal sorting experiments. The BCA kit from Sigma was used to measure the total 

protein concentration as a reference of cell number. Cell Light® Early Endosome-GFP and 

Late Endosome-GFP were used to transfect cells with fluorescence.

NP-EGF Preparation and Characterization

Citrate stabilized 80nm Au NPs were synthesized through the Turkevich method. PEG1 (10 

mM, 5 µL) and PEG2 (10 mM, 5 µL) were added to 4 mL of 80 nm Au NP colloid to yield a 

concentration of 25 µM for each PEG and then incubated for around 17 h at room 

temperature before they were washed three times by centrifugation and resuspension in DI 

water (2400 rpm, 10 min). The final NP-PEG pellets were resuspended in 770 µL of 0.5X 

PBS. 2 µL Propargyl-PEG-NHS ester solution in DMSO (100 mg/mL) were added to 100 

µL of a 1 mg/mL solution of EGF in 1X PBS, pH 7.4, and incubated at 4 °C for 6 h. This 

mixture was then dialyzed against 0.5X PBS for 48 h. The obtained propargyl-PEG-EGF (20 

µL) was then added to a NP-PEG (770 µL) suspension containing ascorbic acid (500 µM) 
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and CuSO4 (100 µM) as catalyst and incubated at 4 °C overnight. The resulting NP-EGF 

particles were dialyzed against 0.1X PBS for 48 h and then washed further through 

centrifugation and resuspension (twice, 2200 rpm, 10 min). DLS, UV-Vis data were 

measured in 1X PBS at room temperature using a 100-fold dilution of the original NP-EGF 

pellets. For NP-EGF stability measurements, NP-EGF was resuspended in DMEM with 2 

mM L-glutamine to a concentration of 8 pM and incubated at 37 °C for defined time 

durations. To quantify the EGF surface density, NP-bound EGF-PEG1 was first detached by 

incubating with PEG2 in great excess for 48h at 37 °C. NPs were subsequently sonicated for 

10min and spun down through centrifugation (2400 rpm, 10 min) and the EGF concentration 

in the supernatant was quantified with an EGF ELISA kit according to the manufacturer’s 

protocol. Au NP concentrations were determined by UV-Vis.

Cell Binding, Uptake, and ICP-MS Quantification

MDA-MB-468 cells were cultured in 6 well dishes. Cells with a confluency of approx. 70% 

were then incubated with 1 mL NP-EGF (8 pM), NP-PEG (8 pM), or membrane wrapped 

NPs (MW-NP; 32 nM) in DMEM, 2 mM L-glutamine buffer at 37 °C for 25 min or 4 h. 

After that, cells were washed 3 times with ice cold HBSS buffer to remove excess NPs 

before they were harvested with 0.25% trypsin. Cells were pelleted at 300 g for 5 min and 

further washed with ice cold 1X PBS for 3 times. Then 200 µL 1X PBS was added to each 

pellet and cell numbers were determined with a hemacytometer. 1 mL aqua regia was added 

to the pellets and dried overnight at 50 °C. The samples were then re-dissolved in 2 mL 2% 

HCl solution. After an additional 250–1000 fold dilution with 2% HCl, the Au content in the 

samples was quantified with a VG Plasma Quad ExCell ICP-MS.

Phosphorylation Assay

MDA-MB-468 cells were cultured in 6 well dishes. When the confluency reached approx. 

70%, cells were starved in serum free DMEM for 16–20 h and then incubated with 1 mL 

NP-EGF (8 pM) or EGF (1 nM) for 20 min before they were collected and lysed in lysis 

buffer (10 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20mM 

Na4P2O7, 2 mM Na3VO4, 1% Triton 100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate, 1 

mM PMFS, 1:20 protease inhibitor cocktail). Cells lysates were then used in the pEGFR 

ELISA kit as described in the manufacturer’s protocol. Phosphorylation data were plotted as 

ratio relative to the EGF (1 nM) control.

Cell MTT Assay

MDA-MB-468 cells were plated in a 96 well dish at a density of 10,000 cells/well and 

cultured for 48h. Old growth medium was replaced with 100 µL NP-EGF (8 pM), NP-PEG 

(8 pM), EGF (1 nM), or EGF (33 nM) in each well and further incubated for 4 h in DMEM 

with 2 mM L-glutamine at 37°C. Then the buffer was removed and the cells were washed 3 

times with prewarmed HBSS buffer and further incubated in complete growth medium for 

another 20 h. Old growth medium was then removed and 100 µL of phenol red free fresh 

medium and 10 µL of a MTT solution (12 mM) was added and incubated at 37 °C for 4 h. 

Then all but 25 µL of the medium was removed and 50 µL of DMSO was added. The 

samples were incubated at 37 °C for 10 min. The absorbance at 540 nm was measured using 
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a microplate reader. Data were plotted as ratio relative to the control group, in which cells 

were incubated in complete growth medium.

Cell Apoptosis Measurements

MDA-MB-468 cells were cultured in 6 well dishes at a density of 1×105 cells/mL with 1.6 

mL growth medium per well for 48 h. The growth medium was then replaced with 1 mL of 

fresh medium with or without AG1478 (250 nM) and further incubated for 15 min before 

the cells were treated with 1 mL of NP-EGF (8 pM), NP-PEG (8 pM), EGF (33 nM), or 

supernatant from last wash of NP-EGF and further incubated for 4 h in DMEM, 2 mM L-

glutamine buffer at 37 °C with or without presence of AG1478 (250 nM). Then, the buffer 

was removed and the cells were washed 3 times with prewarmed DMEM and further 

incubated in complete growth medium for another 20 h. Cells were harvested with 0.25% 

trypsin and collected by centrifugation at 300 g for 5 min. The pellets were washed twice 

with 1X PBS. 60 µL lysis buffer were added to each pellet and the EnzChek® caspase-3 

assay was applied to determine apoptosis activity according to the manufacturer’s protocol 

in a 96-well plate. Sample sizes were quantified by the total protein concentration through 

BCA protein assays.

Pharmacological Inhibition of NP Uptake

MDA-MB-468 cells were preincubated with different pharmacological inhibitors at 37 °C in 

complete DMEM: monodansyl cadeverine (200 µM) for 20 min; amantadine (5 mM) for 30 

min; genistein (200 µM) for 60 min; nystatin (50 µg/mL) for 15 min. The cells were then 

incubated with NP-EGF (8 pM) in the presence of the respective inhibitors for 20 min and 

washed with HBSS buffer 3 times. 1 mL of the I2/KI aqueous solution (0.34 mM I2, 2.04 

mM KI) was added to the culture flask and incubated at room temperature for 2 min and 

then washed 3 times with HBSS buffer.

Endosomal Sorting Experiment

MDA-MB-468 cells were cultured in 25 cm2 culture flasks in DMEM, 10% FBS and 2 mM 

L-glutamine at 37 °C in 5% CO2. Cells with a confluency of 80% were incubated with 1.8 

mL NP-EGF (8 pM) in DMEM, 2 mM L-glutamine buffer at 4 °C for 2 h. Then, cells were 

washed 3 times with ice cold HBSS buffer and returned to 37 °C in complete DMEM for 

specified incubation times. The cells were subsequently washed twice with ice cold HBSS 

buffer and homogenization buffer (0.25 M sucrose, 10 mM triethanolamine, 10 mM acetic 

acid, 1 mM EDTA, 2 mM Na3VO4, 1 mM PMFS, 1:20 protease inhibitor cocktail, pH 7.8) 

before the cells were harvested in 1 mL homogenization buffer with a scraper. 40 strokes 

through a 23 gauge syringe were applied to the cell suspension. After homogenization, the 

Au NP containing fractions were pelleted at 800 g for 10 min and then washed with ice cold 

1X PBS. For ELISA measurements of EEA1 and Rab7, 250 µL ice cold 1X PBS (pH 7.2) 

was added to each pellet and the cell suspension was further sonicated for 10 s on ice. The 

solution was centrifuged at 6000 rpm and the supernatant was collected for the ELISA 

performed according to the manufacture’s protocol. The concentrations of these two markers 

were subsequently normalized with the concentration of phosphatidylcholine as a reference 

of endosome quantity. For ELISA measurement of pEGFR, an I2/KI etching step was added 

before the homogenization of the cells as described above. After collecting the Au NP 
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containing pellets, 100 µL lysis buffer was added to each pellet and further incubated on ice 

for 30 min. The solution was centrifuged at 6000 rpm. The supernatant was collected for 

ELISA measurements and the pellets were collected for ICP-MS measurements to quantify 

the Au concentration.

Optical Colocalization Experiments

MDA-MB-468 cells were cultured in a glass bottom culture dish in DMEM, 10% FBS and 2 

mM L-glutamine at 37 °C in a water vapor saturated, 5% CO2 containing atmosphere for 2 

days before they were transfected with Rab5a-GFP or Rab7a-GFP constructs at a confluency 

of 50% for 20 h. The cells were then incubated with 1 mL NP-EGF (8 pM) containing 

DMEM, 2 mM L-glutamine buffer at 37 °C for 20 min. Subsequently, the buffer was 

removed and the cells were transferred into fresh complete growth medium and incubated 

for specified time durations at 37 °C before they were fixed with 4% PFA for 15 min at room 

temperature. All optical studies were performed with an Olympus IX71 inverted microscope 

with a high numerical aperture (NA) water/oil condenser (NA = 1.2–1.4) and 10× air (NA = 

0.25) or 60× oil (NA = 0.65) objective. The samples were illuminated with a 100 W tungsten 

lamp (for dark field) and 100 W mercury lamp (for fluorescence) in conjunction with 

appropriate filter sets for various dyes. In the case of EGF-Alexa647, EGF-Biotin (20 

µg/mL, 12 µL) was mixed with Streptavidin-Alexa647 (1 mg/mL, 2 µL) and incubated at 

4 °C overnight to obtain EGF fluorescence conjugates (EGF-Alexa647). Rab5a or Rab7a 

transfected MDA-MB-468 cells were prepared as described above. 1 mL of 1 nM EGF-

Alexa647 was then added to cells in DMEM with 2 mM L-glutamine at 37 °C for 20 min. 

Subsequently, the cells were washed 3 times with prewarmed 1% BSA containing HBSS 

buffer, transferred into fresh complete growth medium and maintained in the incubator at 

37 °C for different time durations. Then, the cells were washed 3 times with 1% BSA 

containing HBSS buffer and fixed with 4% PFA for 15 min at room temperature. An 

Olympus FV1000 scanning confocal microscope with simscan accessory and 488, 633nm 

excitation lines was used to record fluorescence images. For the colocalization of NP-EGF 

scattering signals with fluorescence markers, NP-EGF and marker signals were identified 

based on scattering intensity and size. Subsequently, a new image was generated containing 

only the identified NPs and fluorescence emitters. Darkfield and fluorescence intensities 

were rescaled to generate a noticeable color change upon colocalization. In the case of EGF-

Alexa647 fluorescence images were background corrected and then combined with the 

fluorescence marker image. Colocalization percentages were evaluated as fraction of NP-

EGF (or EGF-Alexa647) emitters that colocalize with the early/late endosome markers.

Dynamic Colocalization and Data Analysis

Rab5a transfected MDA-MB-468 cells were prepared as described above. 1 mL of NP-EGF 

(8 pM) was then added and the cells were incubated in DMEM, 2 mM L-glutamine buffer at 

37 °C for 20 min. After that, the cells were washed 3 times with pre-warmed DMEM and 

further incubated in fresh complete DMEM for 4 h at 37 °C in a water vapor saturated 

atmosphere containing 5% CO2. An Olympus IX71 inverted microscope with a water/oil 

condenser (NA = 1.2–1.4) and 60× oil (NA = 0.65) objective with a 1.6× magnification 

changer was used. The experiments were conducted in a cage incubator at 37 °C. The 

samples were illuminated with a 100 W tungsten lamp (for dark field) and 100 W mercury 
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lamp (for fluorescence) in conjunction with an appropriate filter set for GFP. Only cells with 

at least moderate expression of Rab5a-GFP and intracellular uptake of NP-EGF were 

included in the analysis. In a first step, NPs that did not show optical colocalization with 

GFP tagged endosomes were identified by inspection of the movie and excluded from the 

subsequent analysis. For those NPs that exhibited colocalization in any single frame, 

trajectories of NP-EGF and corresponding Rab5a marked endosomes were analyzed by 

calculating the Pearson product-moment correlation coefficient of the two trajectories. Only 

trajectories with a Pearson coefficient > 0.5 during the entire movie were considered 

colocalized.32

RESULTS AND DISCUSSION

One general challenge for the analysis of intracellular signaling is the need for 

distinguishing signals that originate at the plasma membrane from those that are associated 

with intracellular endosomes. To accomplish this goal, we apply here a two-pronged 

approach that utilizes 80 nm Au NPs both as a “load” to facilitate a density-based separation 

of NP-EGF containing endosomes as well as a bright optical probe to map the temporo-

spatial distribution of the nanoconjugated EGF and to characterize its interaction with the 

cellular trafficking machinery. Au NPs are uniquely suited for this study as they can be 

synthesized with a narrow size distribution over a broad size range.33–35 The surface 

properties of Au NPs can be well controlled through established Au-thiol chemistry,36 and 

the particles have been found to be compatible with diverse biomedical applications.37–45 

Furthermore, Au NPs provide large optical scattering cross-sections40, 45–47 that make them 

useful probes in darkfield microscopy. In this manuscript we combine darkfield microscopy 

of metal NPs with conventional fluorescence microscopy to simultaneously track and 

characterize NP containing endosomes in living cells as function of space and time.48 In an 

independent set of experiments we take advantage of the increase in endosomal density after 

Au NP uptake to quantify the relative contributions from nanoconjugated EGF in early and 

late endosomes as a function of time in an entire cell population.

EGF Nanoconjugation and Characterization of NP-EGF

A scheme of the NP design used in this work is given in Fig. 1. To achieve a presentation of 

EGF with a high degree of conformational flexibility and surface accessibility, we 

functionalized 80 nm diameter Au NPs with HS-EG77-N3 (PEG1) and HS-(CH2)11-EG6-

COOH (PEG2) in a nominal ratio of 1:1. The azido group in PEG1 was used to tether 

alkyne-modified EGF to the NPs through the CuI catalyzed 1,3-dipolar cycloaddition.49 The 

shorter PEG2 was introduced to stabilize the NPs and to increase the accessibility of the 

azido group on the surface. Dynamic light scattering (DLS) confirmed a successful 

functionalization of the NPs: the hydrodynamic diameter increased from 103.4 ± 0.6 nm for 

the pegylated NPs (NP-PEG) to 112.3 ± 1.6 nm after EGF conjugation (NP-EGF). The 

ligand density on the NPs was determined as 124 ± 8 EGF/NP. The zeta potential of NP-

EGF was −47.4 ± 5.6 mV. We tested the stability of NP-EGF under the relevant 

experimental conditions in DMEM at 37 °C by monitoring the average hydrodynamic 

diameter using DLS. For NP-EGF concentrations of 8 pM and below we did not observe any 

significant agglomeration within at least 4 h (Fig. S1). As higher NP-EGF concentrations 
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were less stable against agglomeration, we used 8 pM NP-EGF with incubation times ⩽ 4 h 

in all subsequent cell experiments.

Specificity of NP-EGF Uptake and EGFR Activation

We validated the bioavailability of nanoconjugated EGF under the chosen experimental 

conditions by quantifying the EGF-specific cellular uptake of NP-EGF and measuring the 

resulting global EGFR activation. We chose the adenocarcinoma cell line MDA-MB-468 for 

our studies as it is an already established model for studying free EGF induced apoptosis,31 

facilitating an uncomplicated comparison of our data with the free EGF benchmark. We 

measured the Au concentration in MDA-MB-468 cells after incubation with NP-EGF (8pM) 

or NP-PEG (8pM) in DMEM for 25 min at 37 °C with inductively coupled plasma mass 

spectroscopy (ICP-MS). The strategy described in ref.50 was then applied to convert the 

measured number of Au atoms into a number of 80 nm Au NPs per cell (Fig. 2a). While the 

Au NP content for NP-PEG was negligible with 5 ± 1 NP/cell, for NP-EGF the average Au 

NP concentration was 709 ± 56 NP/cell. The control group without NP incubation showed 

no detectable signal in ICP-MS. The highly selective uptake of NP-EGF confirms that EGF 

remains bioavailable after nanoconjugation and that the NP-cell interactions are mediated by 

EGF.

Consistent with EGFR activation by nanoconjugated EGF, we detected robust EGFR 

phosphorylation levels after 25 min of incubation with NP-EGF (8 pM, effective EGF 

concentration = 8 pM × 124 EGF/NP ≈ 1 nM) (Fig. 2b). In fact, the phosphorylation for NP-

EGF exceeded that of the same concentration of free EGF by approximately 60%. NP-PEG 

or the supernatant of the last wash of NP-EGF cleaning by centrifugation and resuspension 

showed only background phosphorylation levels, confirming that the increase in 

phosphorylation is EGF dependent and a result of nanoconjugation.

Apoptotic Efficacy of NP-EGF

To verify that NP-EGF with 80 nm Au NP core induces apoptosis under the chosen 

experimental conditions, we incubated MDA-MB-468 cells (70% confluency) with NP-EGF 

(8pM) for 4 h at 37 °C in DMEM. After that, the NP-EGF solution was removed and fresh 

complete growth medium was added. The cells were further incubated for 20 h before MTT 

and caspase-351–54 assays were performed to quantify cell viability and apoptosis, 

respectively. Only NP-EGF treatment resulted in a measurable reduction of the cell viability 

(Fig. S2); free EGF or NP-PEG controls induced no significant change. The measured 

relative caspase-3 activities for the different experimental conditions are summarized in Fig. 

2c. Importantly, while even high doses of free EGF (33 nM) do not induce apoptosis in 

MDA-MB-468 cells under our experimental conditions, NP-EGF (8pM) corresponding to an 

effective EGF concentration of 1 nM is sufficient to induce a significant increase (50%) 

relative to the no treatment control. As additional controls we included NP-PEG (8 pM) and 

the supernatant of the last wash of NP-EGF to determine the contribution of bare NPs (no 

EGF) and of residual free EGF (and copper catalyst), respectively, to the NP-EGF induced 

apoptosis. Both conditions do not yield any increase in caspase-3 activity. The NP uptake for 

the NP-PEG is, however, much lower than for NP-EGF (Fig. 2d). We, therefore, also 

measured the caspase-3 levels obtained with high concentrations of lipid membrane wrapped 
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NPs55, 56 (MW-NP; initial membrane composition: 2% phosphatidylserine (PS), 58% 

dipalmitoylphosphatidylcholine (DPPC), 40% cholesterol). The membrane wrapped NPs 

remain stable even when incubated with cells in DMEM in the tens of nM concentration 

range. At these high concentrations, non-specific adsorptive pinocytosis57 results in elevated 

intracellular NP concentrations (Fig. 2d, Fig. S3). Importantly, even for Au MW-NP treated 

cells, whose intracellular Au concentration exceeds that of NP-EGF treated cells by 150%, 

no significant increase in apoptosis is detected (Fig. 2c).

To obtain further unambiguous experimental proof that the apoptosis detected upon NP-EGF 

exposure is related to EGFR signaling, we measured the caspase-3 activity of cells treated 

with the EGFR-specific tyrosine kinase inhibitor tyrphostin AG1478. The inhibition of 

receptor phosphorylation in cells treated with NP-EGF (8 pM) under otherwise identical 

conditions decreases the caspase-3 activity to background levels, confirming that EGFR 

activation is a requirement for NP-EGF induced apoptosis. Together, the apoptosis 

measurements performed for NP-EGF and the appropriate controls corroborate our 

hypothesis that nanoconjugation enhances EGF mediated apoptosis and that the underlying 

mechanism involves EGFR activation.

Mechanism of NP-EGF Uptake

Endocytosis is an integral part of signaling regulation. Cells with physiological levels of 

receptor expression in environments with physiological EGF concentrations (< 1–2 ng/mL) 

internalize EGFR via a fast clathrin-mediated endocytosis process.21, 58–61 Alternative, 

clathrin-independent uptake mechanisms have been observed at higher EGF concentrations 

and these alternative uptake routes can lead to different temporo-spatial NP-EGF 

distributions.62–65 In the case of caveolae mediated endocytosis, the uptake kinetics is 

known to be much slower than for the clathrin-mediated process.21, 31, 66–68 Caveloae 

mediated endocytosis can also play an important role for the internalization of different NPs 

and virus particles.69–71 Given the putative relevance of the temporo-spatial distribution of 

the activated receptor for modulating endosomal signaling, a correct interpretation of the 

observed apoptosis requires the identification of the internalization mechanism. To that end, 

we determined the relative contributions from clathrin- and caveolae-mediated NP-EGF-

pEGFR endocytosis with well-known pharmacological inhibitors that block specific 

endocytosis pathways (Fig. 3a). Amantadine and monodansyl cadaverine were used to block 

clathrin-mediated endocytosis, and nystatin and genistein were applied to inhibit caveolae 

(lipid raft)- mediated endocytosis. We ensured that only uptaken Au NPs were considered in 

our comparison of the different inhibitors by removing all surface bound NPs with an 

aqueous solution of I2/KI (0.34 mM I2, 2.04 mM KI) at room temperature for 2 min prior to 

any analysis72. The darkfield images in Fig. 3a show that only amantadine and monodansyl 

cadaverine achieve an obvious reduction of NP uptake but not nystatin and genistein (for 

positive controls see Fig. S4&S5). For two selected inhibitors (amantadine and nystatin) we 

validated the results for the optical darkfield imaging studies by quantifying the uptaken Au 

concentration by ICP-MS (Fig. 3b). Amantadine but not nystatin blocks the NP uptake, 

confirming that under the chosen experimental conditions a fast clathrin-mediated 

endocytosis of NP-EGF dominates. We do not rule out the possibility that additional non-
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clathrin-mediated uptake mechanisms exist, but they play a negligible role under our 

experimental conditions and are not further investigated.

Isolation and Characterization of NP Containing Endosomes

We elucidated the impact of EGF nanoconjugation on the spatial EGFR signaling and its 

role in apoptosis by characterizing the distribution of NP-EGF on early and late endosomes 

as a function of time using the endosome isolation technique outlined in Fig. 4a. The 

outlined approach utilizes the, due to the high density of Au (19.3 g/cm3), higher weight of 

NP-EGF containing endosomes to separate them from NP-free endosomes by centrifugation 

at low g-forces.73 A successful isolation of NP containing endosomes makes them amenable 

to characterization through standard immunoassays. NP-EGF (8pM) was incubated with 

MDA-MB-468 cells at 4°C for 2h in DMEM before the colloidal solution was removed and 

endocytosis was induced by increasing the temperature to 37°C in fresh growth medium. 

The cells were then further incubated for another 5–95 min. Subsequently, the cells were 

homogenized and the NP containing endosomes were isolated from the cell lysate by 

centrifugation at 800 g for 10 min and resuspension in 1X PBS buffer. The early endosome 

antigen 1 (EEA1) and the Ras-related protein Rab7a are frequently used biomarkers for the 

early and late endosome.74–76 We measured the EEA1 and Rab7a levels of the isolated 

endosomes as a function of time by ELISA. All EEA1 and Rab7a intensities were 

normalized by the measured phosphatidylcholine (PC) concentration. PC is a major 

membrane component77 and served as an internal standard for the relative amount of 

isolated endosomes. After an initial delay related to thermal equilibration of the cells 

following their transfer from 4°C to 37°C (Fig. S6), the EEA1 level associated with NP 

containing endosomes increases due to NP-EGF endocytosis at 37°C and subsequent 

collection in early endosomes at physiological temperatures. Fig. 4b plots the relative 

ELISA signal intensities calculated as (I(t) − Imin) /(Imax−Imin) as function of time after the 

number of NPs in EEA1 positive endosomes has peaked (t = 20 min). I(t) is the normalized 

ELISA intensity at time t, and Imax and Imin are the minimum and maximum intensities, 

respectively. Although the measured EEA1 and Rab7a levels from at least six independent 

experiments show a broad spread, the averages follow clear trends. Consistent with a 

maturation of NP containing early endosomes into late endosomes, the decrease in EEA1 

concentration is accompanied by an increase in Rab7a signal. Importantly, the initial drop in 

EEA1 by approximately 60% between t = 20 min and t = 35 min, is followed by a much 

more gradual decrease for t > 35 min. Interestingly, even at t = 80 min, the measured 

absolute EEA1 levels remain significantly higher than the background obtained from Au 

NPs mixed with cell lysate (Fig. S7).

Although the exact time for the detection of free EGF in the early endosomes depends on 

ligand concentration and receptor expression levels, a typical timescale lies between t = 5–

20 min after exposure.19 The timescale for localization of free EGF in the late endosome is 

between t = 20–60 min.19 Our data in Fig. 4b indicate that the time scale of early to late 

endosome maturation in the case of NP-EGF lies at the upper end of this time-range. Only 

30 min after the number of NPs in EEA1 positive early endosomes has peaked at t = 20 min, 

a significant increase in the Rab7a levels is detected. After that, the Rab7a level continues to 

increase but does not converge until approximately t = 95 min. This together with the 
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detection of NP-EGF in the early endosome even after t = 80 min (Fig. S7) indicates that the 

dwell time in the early endosomes is significantly longer for NP-EGF than for free EGF. 

One caveat in our analysis so far is that, although it provides information about the 

distribution of the Au NPs between early and late endosomes as a function of time, it is 

unclear if the NP-EGF remains bound to EGFR over the observed timescale and whether the 

latter remains phosphorylated. Since it is the pEGFR and not the Au NPs per se that is 

responsible for the hypothesized endosomal apoptotic signaling, we evaluated the pEGFR 

levels associated with NP-EGF at t = 5, 20 and 80 min. We again used the density-based 

endosome fractionation approach outlined in Fig. 4a to isolate NP containing endosomes. To 

eliminate any potential background from plasma-membrane localized pEGFR, we removed 

in this case all Au NPs on the plasma membrane by etching with an aqueous solution of 

I2/KI (0.34 mM I2, 2.04 mM KI) at room temperature72 prior to homogenization of the cells. 

In this way, we ensured that only intracellular NP-EGF is collected by centrifugation, 

facilitating a selective quantification of endosomal pEGFR. To that end, the collected NP 

containing endosomes were sonicated for 10 s to disrupt the endosomes. The NPs released 

from the endosomes were collected by centrifugation and the concentration of pEGFR in the 

supernatant was quantified by ELISA while the Au concentration in the pellet was 

determined by ICP-MS. Fig. 4c summarizes the pEGFR levels (normalized by the uptaken 

NP concentration). The phosphorylation levels for t = 20 min and t = 80 min are given 

relative to the t = 5 min phosphorylation level. Initially (t = 5 min) the pEGFR concentration 

is highest in the early endosomes (= 100%) with the phosphorylated C-termini available for 

signaling in the cytosol. With increasing time the measured phosphorylation gradually 

decreases due to the maturation of NP-EGF-pEGFR containing endosomes into mature late 

endosomes (Fig. 4b) or other deactivation processes. After 20 min of incubation the pEGFR 

level decreases to 47%, and after t = 80 min the pEGFR level in the NP containing 

endosome fraction is still 33%.

Overall, our analysis of the isolated NP containing endosomes reveals appreciable levels of 

NP-EGF and pEGFR in the early endosomes for at least 80 min, consistent with the 

prolonged existence of NP-EGF-pEGFR complexes capable of signaling in the cytoplasm.

Comparison of NP-EGF Trafficking with Free EGF

The unambiguous validation of the hypothesis that EGF nanoconjugation prolongs the 

pEGFR dwell time in early endosomes requires a direct comparison of the NP-EGF 

trafficking dynamics with that of free EGF at comparable effective concentrations. As the 

density-based isolation technique is not applicable to the isolation of EGF-pEGFR 

containing endosomes, we chose a conventional optical colocalization strategy to compare 

the trafficking dynamics of EGF-pEGFR and NP-EGF-pEGFR. We transfected MDA-

MB-468 cells with Rab5a GFP or Rab7a GFP-constructs to label early and late endosomes 

respectively.75, 76, 78, 79 80 nm Au NPs have large scattering signals and can be easily 

localized in conventional darkfield microscopy.55 The NP signal in the darkfield microscope 

can then be correlated with the fluorescence signals of the Rab5a or Rab7a labels to 

determine the NP-EGF colocalization with early or late endosomes. For free EGF we 

applied an analogous colocalization strategy based on two-color confocal fluorescence 

microscopy.
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We labeled biotinylated EGF with Alexa647-functionalized streptavidin in a 1:1 ratio (for a 

validation of the activity of the Alexa647 labeled EGF see Fig. S8). MDA-MB-468 cells 

transfected with Rab5a and Rab7a GFP-constructs were incubated in DMEM solutions 

containing NP-EGF (8pM, 1 nM effective EGF concentration) or fluorescent EGF (1nM) for 

20 min at 37°C and then chased in fresh DMEM for 0–280 min prior to optical analysis. 

Representative colocalization images at t = 300 min (20 min incubation + 280 min chase) for 

NP-EGF and at t= 30 min (20 min incubation + 10 min chase) for free EGF are provided in 

Fig. 5a. The measured Rab5a and Rab7a colocalization probabilities for NP-EGF and free 

EGF throughout the entire observation time (incubation + chase) are plotted in Fig. 5b & c.

For both NP-EGF and free EGF the colocalization probability between EGF and Rab5a 

positive early endosomes decrease continuously as a function of time. Simple exponential 

decay fits yield characteristic time constants of τEGF = 55 min vs. τNP-EGF = 79 min (Fig. 

5b). The observed differences in the slope confirm that the dwell time in Rab5a positive 

endosomes is longer for NP-EGF than for free EGF. The absolute colocalization percentage 

of NP-EGF with endosomal markers is lower than for EGF-Alexa647 (Fig. 5b), which we 

attribute to differences in the applied imaging methods. Some cellular scatterers can generate 

similar scattering patterns as the metal NPs in darkfield, resulting in some localization error 

for NP-EGF. Furthermore, while confocal fluorescence microscopy (EGF-Alexa647) is 

compatible with high NA objectives, in widefield darkfield microscopy (NP-EGF) the NA 

has to be limited to approximately 0.7 to minimize background scattering. As the depth of 

field increases with decreasing NA,80 the darkfield images represent deeper cell sections 

than the fluorescence images and can contain surface bound objects, such as extracellular 

NP-EGFs. Together, these two effects can account for the overall lower absolute 

colocalization probability for NP-EGF with Rab5a positive endosomes. We applied dynamic 

colocalization methods to overcome some of the limitations of conventional colocalization 

microscopy (vide infra).

For both NP-EGF and free EGF, the decrease in Rab5a colocalizing NPs is accompanied by 

an increase of Rab7a positive endosomes (Fig. 5c), consistent with a maturation from early 

to late endosome. While free EGF reaches a maximum colocalization (~60%) with Rab7a at 

t = 35 min, it is not before t = 55 min that NP-EGF plateaus. The delayed transfer from early 

to late endosome in case of NP-EGF is in line with an overall longer dwell time of the 

nanoconjugated EGF in the early endosomes.

Independent validation of long NP-EGF dwell times in early endosomes through dynamic 
colocalization microscopy

The very gradual decrease of optical colocalization between NP-EGF and Rab5a shown in 

Fig. 5b suggests that even after chase times of several hours a measurable fraction of NP-

EGF still remains in the early endosomes. Static colocalization studies (i.e. colocalization in 

single images) always contain an error from coincidental colocalization. In the case of 

darkfield microscopy, which is typically performed at lower NAs, and feature-rich samples 

the error from coincidental colocalization can be significant. We, therefore, independently 

verified the very long dwell time of at least a sub-set of NP-EGF in early endosomes by 

performing dynamic colocalization32 studies. The idea underlying this approach is to 
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minimize coincidental colocalization and, thus, to improve the reliability of the detection of 

interactions between moving objects by correlating entire trajectories of tracked objects. The 

correlation of entire trajectories greatly improves the ability to reliably detect colocalization 

using widefield optical microscopies with limited spatial resolution.

Conventional dynamic colocalization is performed by tracking objects fluorescently labeled 

with two different dyes on two separate color channels, but the approach can be adjusted for 

correlating the fluorescence signal of GFP-tagged early endosomes with the elastic 

scattering signals of NP-EGF (spectral characteristics are provided in Fig. 6a) using the 

experimental set-up shown in Fig. 6b. Whitelight from a Tungsten lamp passes a bandpass 

filter (wavelength: 600 nm) and is then injected into the imaging plane at oblique angles 

using a high numerical aperture (NA = 1.2–1.4) darkfield condenser from one side of the 

sample. From the opposite side a monochromatic excitation source of 480nm is focused on 

the imaging plane through a 60× objective (NA = 0.65). The objective collects both the light 

scattered from NPs in the focal plane as well as the emitted light from fluorescent probes. 

The collected light is chromatically split using the 580 nm dichroic allowing the collection 

of fluorescence and NP scattering images on two separate electron multiplying charge 

coupled devices (EMCCD) simultaneously.

For the tracking studies MDA-MB-468 cells were incubated with NP-EGF (4pM) for 20 min 

and then chased for up to 250 min (total time approximately 4.5 h) at 37 °C. After a defined 

chase time we recorded movies with a frame rate of 2 s−1 simultaneously on the fluorescent 

channel (Rab5a marked endosomes) and the darkfield channel (NP-EGF). These movies 

allowed for a tracking of selected objects throughout the field of view on both the 

fluorescence and darkfield channel. For all NPs that showed a colocalization with Rab5a at 

any time throughout the movie we calculated Pearson product-moment correlation 

coefficients for the coordinates of the associated point-spread-functions on the two 

monitored channels throughout the entire duration of the movie (~60 s). In this way a 

quantification of the spatial correlation between NP and endosome trajectories was 

achieved.32 Fig. 6c contains an example of correlated Rab5a and NP-EGF trajectories 

recorded at t = 4.5 h. Snapshots (fluorescence and darkfield) at selected time points in a 

typical dynamic colocalization movie are shown in Fig. 6e. The images demonstrate a 

continuing colocalization over extended periods of time for selected particles, confirming 

that these NPs are localized in Rab5a–positive endosomes. The entire movie is provided as 

Movie S1 in the ESI.

We systematically quantified the colocalization of Rab5a and NP-EGF signal through 

dynamic colocalization analysis and found that the Rab5a colocalization with NPs dropped 

from 48% ± 2.5% at t = 30 min to 10% ± 1% at t = 4.5 h (Fig. 6d). This finding corroborates 

the conclusion from our static colocalization studies that even hours after NP-EGF addition 

a significant fraction of the particles are still contained in the early endosomes.

Discussion

In order to determine the impact of nanoconjugation on the intracellular spatial and temporal 

distribution of EGF-pEGFR containing endosomes we have investigated NP-EGF uptake 
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and trafficking using two orthogonal experimental approaches. The first took advantage of 

the increase in density associated with Au NP uptake to isolate NP-EGF-pEGFR containing 

endosomes. The second approach was based on correlated darkfield/fluorescence imaging to 

map the spatial distribution of NP-EGF-pEGFR containing endosomes as a function of time. 

These studies revealed that EGF conjugated to a 80 nm Au NP core enters the investigated 

MDA-MB-468 cells through a clathrin-dependent pathway and that the NP core achieves a 

retention of bound pEGFR in the early endosomes. The impact of nanoconjugation on EGF 

trafficking and EGF-pEGFR signaling is schematically summarized in Fig. 7. Even after a 

short (20 min) exposure to a relatively low concentration (8 pM) of NP-EGF (effective EGF 

concentration ≈ 1 nM) a non-negligible fraction of NP-EGF was found to remain in early 

endosomes for at least 5 hours. The observed slow trafficking of NP-EGF after 

internalization is consistent with previous findings that particle uptake and trafficking speed 

depend on the stiffness of the NP core, with stiffer particles traveling slower.81, 82 Vesicle 

fusion is essential in endosome maturation83–85 and, therefore, also plays an important role 

in EGFR degradation. As the ability to deform aids vesicle fusion82, the stiff metal core of 

NP-EGF can perturb and slow-down trafficking of NP-EGF containing vesicles. In a 

simplified model, one can expect the transmembrane receptors to degrade faster if the 

internalized vesicles can rapidly fuse. In the case of NP-EGF the long retention in the early 

endosomes provides a platform for the NP tethered EGF-pEGFR to initiate cytoplasmic 

signaling over extended periods of time. Since accumulation of pEGFR in early endosomes 

has been identified as origin of EGF induced apoptosis in the case of the free ligand,24 we 

attribute the enhanced EGF mediated apoptosis after nanoconjugation to the prolonged dwell 

time of the NP-EGF-pEGFR in the early endosomes. Consistent with this model, inhibition 

of EGFR phosphorylation by addition of receptor tyrosine kinase suspended the apoptotic 

effect of NP-EGF.

Nanoconjugation induced apoptosis is not unique to EGF but has also been observed for 

other ligands, such as for transferrin in Ramos B-cell lymphomas.2 Interestingly, NP-EGF 

requires significantly lower threshold concentrations to be effective in inducing apoptosis 

than nanoconjugated transferrin. Exposure to NP-EGF (8 pM), corresponding to an EGF 

concentration of 6 ng/mL (1 nM), for 4h is sufficient to induce a significant increase in 

caspase-3 activity, whereas transferrin conjugated NPs require 200 µg/mL (2.5 µM).2 

Transferrin functionalized NPs are internalized through a specialized pathway, which 

involves only a transient interaction with early endosomes, avoids the lysosome and, instead, 

results in an accumulation of the particles in acidified compartments that are EEA1 negative. 

The apoptosis observed for transferrin functionalized NPs was attributed to the multivalent 

presentation of the ligand.2 The intracellular fate of NP-EGF differs starkly form that of 

nanoconjugated transferrin as nanoconjugated EGF traffics through EEA1 positive early 

endosomes to the lysosomes. However, the multivalent ligand presentation will certainly also 

contribute to nanoconjugation enhanced apoptosis in the case of EGF. For instance, the 

resulting higher binding affinity will be instrumental in achieving an increased concentration 

of pEGFR in the early endosomes, where the apoptotic signaling is believed to originate.24 

Furthermore, a multivalent engagement of EGFR can impact the signalling outcome. Future 

studies will test and quantify the relative contributions from nanoconjugation mediated 
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spatial regulation of endosomal and cell-surface4 EGFR signaling, and test the impact of 

multivalency on enhancing EGF-mediated apoptosis.

Conclusions

We have shown that nanoconjugation prolongs the dwell time of phosphorylated receptors in 

early endosomes and that this deceleration of pEGFR trafficking is accompanied by an EGF 

mediated apoptosis at effective concentrations that do not induce apoptosis in the case of 

free EGF. Our findings are consistent with the hypothesis that spatial regulation of 

intracellular signaling through trafficking represents an important control 

mechanism,16, 28, 29, 86–88 and that nanoconjugation represents an alternative strategy for 

manipulating endosomal signaling. One conceivable application of this approach is the 

treatment of apoptosis evasion of cancer cells89 through NPs loaded with EGF that 

efficiently enrich at the tumor site due to the enhanced permeability and retention effect 

(EPR)90–92. Nanoconjugation of benign ligands, such as EGF, could pave the way to new 

anti-cancer strategies that reduce or entirely avoid harmful side effects associated with 

conventional aggressive chemotherapies.
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Figure 1. 
Schematics of NP-EGF preparation. 80 nm Au NPs are functionalized with PEG1 (=HS-

EG77-N3) and PEG2 (=HS-(CH2)11-EG6-COOH) to introduce binding sites and stabilize the 

NPs, respectively. Functionalized human EGF is then covalently linked to PEG1 through the 

CuI catalyzed 1,3-dipolar cycloaddition reaction.

Wu et al. Page 19

Nanoscale. Author manuscript; available in PMC 2017 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Characterization of NP-EGF induced uptake, phosphorylation and apoptosis. a. Cellular 

uptake of NP-PEG and NP-EGF as determined by ICP-MS. MDA-MB-468 cells were 

incubated with NPs (8 pM) for 25 min. CTRL = no treatment control. Data were collected 

from 3 independent experiments. b. Phosphorylation level induced by NP-EGF. Cells were 

treated with (left to right) DMEM (CTRL), NP-PEG (8 pM), NP-EGF (8 pM), and the 

supernatant from the last wash of NP-EGF for 25 min in the incubator before they were 

lysed and assayed for phorsphorylated EGFR by ELISA. All data are normalized by the 

phosphorylation measured for free ligand EGF (1 nM) and were collected from at least 3 

independent experiments. c. Change in caspase-3 activity (relative to CTRL) in %. MDA-

MB-468 cells were incubated (left to right) with EGF (33 nM) peptide, NP-PEG (8 pM), 

membrane wrapped Au NP (32 nM), NP-EGF (8pM), supernatant from the last wash of NP-

EGF through centrifugation in the presence (+) or absence (−) of AG1478 (250 nM) as 

indicated. The cells were incubated for 4 h and chased in fresh growth medium for 20 h. 

Data were collected from 6 independent experiments. d. Relative cellular uptake of NPs with 

4 h incubation time. Cells were incubated with NP-PEG (8 pM), MW-NP (32 nM), and NP-

EGF (8 pM) for 4h. Data were collected from 3 independent experiments. Error bars 

represent the standard error of the mean (SEM). Differences between multiple groups were 

determined by one-way ANOVA with Tukey post-hoc test (** p< 0.01).
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Figure 3. 
Pharmacological inhibition study of clathrin and caveolae dependent endocytosis pathways. 

a. Darkfield images of MDA-MB-468 cells pre-treated with different inhibitors of clathrin 

(amantadine, mondansyl cadaverine) or caveolae (genistein, nystatin) dependent endocytosis 

after incubation with 8 pM NP-EGF for 20 min (ctrl = no treatment). Surface bound NPs 

were removed by I2/KI etching prior to imaging. Scale bar: 10 µm. b. Relative cellular 

uptake of NP-EGF for two representative inhibitors: amantadine and nystatin after 

incubation with 8 pM NP-EGF for 20min and I2/KI etching. Data were collected from 3 

independent experiments. Error bars represent the SEM. Differences between multiple 

groups were determined by one-way ANOVA with Tukey post-hoc test (** p< 0.01).
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Figure 4. 
Endosomal sorting experiment. a. Schematics of sample preparation (top row) and NP 

distribution (bottom row). MDA-MB-468 cells were incubated with NP-EGF (8 pM) for 2 h 

at 4 °C and then chased in fresh growth medium at 37 °C for the specified time before the 

cells were harvested. To measure phosphorylation of endosomal EGFR, surface NP-EGF 

were etched away with I2/KI prior to cell harvesting. 40 strokes through a 23 gauge syringe 

were applied to the collected cell suspension to break the cellular membrane but retain the 

endosomal membrane intact. The Au NP containing endosomes were then collected by 

centrifugation and assayed with ELISA of different markers. b. Relative signal intensity (see 

text) for early endosome (EEA1, olive) and late endosome (Rab7a, orange) marker as 

function of time. At least 6 independent experiments were included in the plot. EEA1 values 

for t = 20 min differ significantly from those at t > 20 min (Paired student’s t test, p < 0.01) 

and Rab7a values for t ≥ 50 min differ significantly from those at t < 50 min (Paired 

student’s t test, p < 0.01). c. Endosomal EGFR phosphorylation levels induced per NP-EGF 

at t = 20 min and t = 80 min. Phosphorylation levels are relative to the t = 5 min chase time 
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phosphorylation and were collected from 3 independent experiments. Error bars represent 

the SEM.
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Figure 5. 
Optical mapping of NP-EGF and free EGF trafficking from early to late endosomes. a. Top: 

Fluorescence image of Rab5a early endosome marker (left), darkfield image of NP-EGF 

(second from left) and computed overlay after 20 min exposure to NP-EGF and 5 h further 

incubation in fresh growth medium (third and fourth from left). Green pixels mark the 

positions of fluorescence emitters, red of NP-EGF and the overlay is yellow. Bottom: 

Fluorescence image of Rab5a (green) and EGF-Alexa647 (red) and overlay (yellow) after 20 

min exposure to EGF and 30 min further incubation in fresh growth medium (see text). 

Magnified images for the areas in the read squares are included. Scale bar: 10 µm. b. Optical 

colocalization (in %) of NP-EGF (orange dot) or EGF-Alexa647 (olive square) with Rab5a 

positive endosomes as function of time. Data were collected from at least 3 independent 

experiments with a total of ~120 cells analyzed at each time point. Data were fitted with an 
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exponential decay function: y=A1*exp(−x/t1)+y0. For EGF-Alexa647: τ = 55min with r2= 

0.95; for NP-EGF : τ = 79 min with r2= 0.94. c. Optical colocalization of NP-EGF (orange 

dot) or EGF-Alexa647 (olive square) with Rab7a positive endosomes as function of time. 

Data were collected from at least 3 independent experiments (~90 cells analyzed). Error bars 

represent the SEM.
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Figure 6. 
Quantifying NP-EGF retention in early endosomes through dynamic colocalization. a. 

Excitation and emission spectra of GFP and UV-Vis spectrum of 80nm NP-EGF. b. Optical 

setup for correlated fluorescence/darkfield tracking. NP-EGFs are illuminated by a tungsten 

lamp with a 600 ± 10 nm bandpass filter. The GFP associated with Rab5a is excited at 480 

± 17 nm and the emission is collected at 510 ± 10 nm. The light collected from NPs and 

GFP is split by a dichroic (transmission/reflection transition at 580 nm) and detected with 

two separate EMCCDs. 1. 600 ± 10 nm bandpass filter. 2. Oil / Water condenser. 3. 495nm 

dichroic. 4. 580nm dichroic. 5. 600 ± 10 nm bandpass filter. 6. 480 ± 17 nm bandpass filter. 

7. 510 ± 10 nm bandpass filter. c. Representative fluorescence / darkfield trajectories (60s) 

of colocalized Rab5a–GFP (green) and NP-EGF (red). The trajectories were recorded for 

particle 4 in (e.). d. Colocalization percentage of NP-EGF with Rab5a determined by 

dynamic colocalization microscopy at two selected time points (30min and 4.5h). Data were 

collected from 3 independent experiments of each time point. e. Snapshots of a movie 

showing colocalization of Rab5a–GFP (green) and NP-EGF (red). Scale bar: 10 µm. Error 

bars represent the SEM.
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Figure 7. 
Intracellular trafficking of NP-EGF and free EGF. NP-EGF and EGF bind to EGFR on the 

plasma membrane, activate EGFR and then induce clathrin-mediated endocytosis that 

trafficks EGF and the bound receptor from the early endosomes (EE) to the multivesicular 

bodies (MVB) of the late endosome. EGF nanoconjugation induces a longer average dwell 

time (79 min) for NP-EGF-pEGFR in the early endosomes, prolonging endosomal EGFR 

signaling and inducing apoptosis.
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