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In addition to the intrinsic toxicity associated with the chemical 

composition of nanoparticles (NP) and their ligands, 

biofunctionalized NP can perturb specific cellular processes 

through NP-cell interactions and induce programmed cell death 

(apoptosis). In the case of the epidermal growth factor (EGF), 

nanoconjugation has been shown to enhance the apoptotic 

efficacy of the ligand, but critical aspects of the underlying 

mechanism and its dependence on the NP morphology remain 

unclear. In this manuscript we characterize the apoptotic efficacy 

of nanoconjugated EGF as function of NP size (with sphere 

diameters in the range 20-80 nm), aspect ratio (A.R., in the range 

of 4.5 to 8.6), and EGF surface loading in EGFR overexpressing 

MDA-MB-468 cells. We demonstrate a significant size- and 

morphology-dependence in this relatively narrow parameter 

space with spherical NP with a diameter of approx. 80 nm being 

much more efficient in inducing apoptosis than smaller spherical 

NP or rod-shaped NP with comparable EGF loading. The 

nanoconjugated EGF is found to trigger an EGFR-dependent 

increase in cytoplasmic reactive oxygen species (ROS) levels but 

no indications of increased mitochondrial ROS levels or 

mitochondrial membrane damage are detected at early time 

points of the apoptosis induction. The increase in cytoplasmic ROS 

is accompanied by a perturbation of the intracellular glutathione 

homeostasis, which represents an important check-point for NP-

EGF mediated apoptosis. Abrogation of the oxidative stress 

through inhibition of EGFR signaling through the EGFR inhibitor 

AG1478 or addition of antioxidants N-acetyl cysteine (NAC) or 

tempol, but not trolox, successfully suppressed the apoptotic 

effect of nanoconjugated EGF. A model to account for the 

observed morphology dependence of EGF nanoconjugation 

enhanced apoptosis and the underlying NP-cell interactions is 

discussed.  

KEYWORDS  

Reactive Oxygen Species, Mitochondria, Nanoparticle Uptake, 

Glutathione, Nanotoxicity, Redox Homeostasis 

Introduction 

The epidermal growth factor (EGF) receptor (EGFR) is a 

transmembrane receptor and a model receptor tyrosine kinase 

(RTK). EGFR is rapidly endocytosed after activation through 

ligand binding and subsequent dimerization.
1
 EGFR signaling is 

key for healthy cell growth and differentiation, but EGFR 

overexpression or dysregulation is associated with 

uncontrolled cell growth and cancer.
2-3

 The medical relevance 

of EGFR is, however, not limited to cancer. The receptor is also 

important for regulating neural plasticity
4-5

 and intestinal 

barrier function,
6
 and represents a therapeutic target in 

Altzheimer’s disease
7
. Intriguingly, EGFR signaling can, under 

specific conditions, also block proliferation and initiate a 

programmed cell death (apoptosis) pathway.
8-10

 There is now 

mounting evidence that this apparent contradiction results 

from a perturbation of the spatial regulation of EGFR signaling. 

Although EGFR is activated through ligand binding at the cell 

surface, activated EGFR signaling continues after uptake until 

the EGFR containing endosome containing the phosphorylated 

EGFR tail exposed in the cytoplasm is enclosed in a 

multivesicular body, or the EGF-EGFR complex is degraded. In 

the case of free EGF it was hypothesized that the signaling 

outcome can vary with the cellular location of signaling.
11

 

Indeed, accumulation of activated EGFR in the limiting 

membrane of early endosomes was shown to trigger 

apoptosis.
12-15
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EGF-EGFR recognition is utilized to target cancer cells for 

diagnostic and therapeutic purposes with NP.
16-19

 The rational 

development of optimized targeting strategies requires a 

detailed understanding of NP-cell interactions during and after 

uptake.
20-24

 A particularly important question for a ligand-

receptor pair, such as EGF-EGFR, whose signaling is potentially 

spatially regulated, is whether nanoconjugation of the ligand 

and its consequences on uptake and intracellular trafficking 

impacts the signaling outcome and whether this effect by itself 

has therapeutic potential. Indeed, recent studies have found 

that conjugation of EGF to gold NP results in apoptosis, as 

evidenced by increased caspase-3 levels, nucleus 

condensation, and annexin V / propidium ion staining patterns, 

at much lower concentration than observed for the free 

ligand.
25

 The gain in apoptotic efficacy due to nanoconjugation 

of EGF was confirmed in both EGFR overexpressors (A431, 

MDA-MB-468) as well as in cells with physiological EGFR 

expression levels (HeLa).
25-26

 The mechanism by which 

nanoconjugation of EGF “switches” the signaling outcome 

from proliferation to apoptosis and how the effect depends on 

the physico-chemical properties of the NP core remain, 

however, unclear. As an important first step towards an 

improved understanding of the underlying NP-cell interactions 

that modulate EGF signaling, we characterize in this work the 

dependence of NP-EGF induced apoptosis on the intrinsic NP 

parameters size, shape, and EGF surface loading and elucidate 

the role of NP-EGF induced oxidative stress in inducing 

apoptosis. 

Experimental 

NP Functionalization with EGF. 100 µL of 10 mM PEG1 (HS–(CH2)11–

(C2H4O)6–COOH) and 10 µL of  10 mM PEG2 (HS–CH2CH2–(C2H4O)77–

N3) solutions were added to 20 mL of gold nanosphere colloid and 

incubated overnight at room temperature. The particles were then 

washed twice by centrifugation and resuspension in Millipore 

water.  Subsequently, 2 μL of a 100 mg mL
−1

 propargyl-N-

hydroxysuccinimidyl ester (C10H11NO5) solution in DMSO were 

added to 100 μL of a 1 mg mL
−1

 solution of EGF in 1× PBS, pH 7.4, 

and incubated on ice for 6 h. This mixture was then dialyzed against 

0.5× PBS for 72 h. 5 μL of the obtained propargyl-PEG-EGF 

(concentration 10 nM) were then incubated overnight at 4 °C with 1 

mL of the PEGylated gold nanospheres in the presence of 500 μM 

ascorbic acid and 100 μM CuSO4 (catalyst for the cycloaddition 

reaction). The resulting EGF-functionalized particles (NP-EGF) were 

washed by centrifugation (2×) and resuspended in 1 mL of DMEM.  

NR Pegylation and Functionalization with EGF. 2.5 μL of 10 mM 

solutions of PEG1 and PEG2 were added to 1 mL of Au NR colloid 

(concentration = 100 pM) in the presence of 3% v/v of Tween 20 

and subsequently incubated under soft stirring overnight at room 

temperature. The PEGylated Au NR were washed twice by 

centrifugation (7,500 - 15,000 rpm, 15 min - 40 min depending on 

the NP dimensions) and resuspended in Millipore water. 2 μL of a 

100 mg mL
−1

 propargyl-PEG-NHS ester solution in DMSO were 

added to 100 μL of a 1 mg mL
−1

 solution of EGF in 1× PBS, pH 7.4, 

and incubated in an ice bath for 6 h. This mixture was then dialyzed 

against 0.5× PBS for 72 h with a 3.5 kDa molecular weight 

membrane. 10 μL of the obtained propargyl-PEG-EGF were 

incubated overnight at 4 °C with 1 mL of the PEGylated Au NR 

colloid containing 500 μM ascorbic acid and 100 μM CuSO4 as 

catalyzer for the cycloaddition reaction). The resulting EGF-

 

Figure 1: a) Schematic drawing of the NP-EGF used in this work. PEG1 = HS–(CH2)11–(C2H4O)6–COOH; PEG2 = HS–

CH2CH2–(C2H4O)77–N3. The inset shows SEM images of the different NP cores used. The average NP size (± 

standard deviation) of the NP is (clockwise): 21.5 ± 0.9 nm; 40.4 ± 1.0 nm; 78.9 ± 1.3 nm. b)-d) Hydrodynamic 

diameter (intensity statistics) as determined by DLS of citrate capped b) NP21.5, c) NP40.4, and d) NP78.9. e) UV-Vis 

for NP40.4 before and after functionalization with EGF. f) Number of EGF bound per NP for (left to right): NP78.9-

EGF, NP40.4-EGF, NP21.5-EGF. Inset shows ELISA calibration standard obtained with free EGF. g) Zeta-Potentials of 

NP21.5 before (NP21.5-PEG) and after (NP21.5-EGF) functionalization with EGF. 
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functionalized rods (NR-EGF) were washed 2× by centrifugation 

(7,500 - 15,000 rpm, 15 min - 40 min depending on the NR size). 

After that, NR-EGF were resuspended in 1 mL DMEM. 

Caspase-3 Activity and Quantification of Apoptosis Enhancement. 

MDA-MB-468 cells were plated in 6-well dishes. After ≈ 80 % cell 

confluency was reached the growth medium was replaced by fresh 

medium containing NP or free EGF ligand controls. The cells were 

incubated with the NP preparations for 4 h and then washed three 

times with Hank’s buffer. After that the cells were further incubated 

in growth media for 20h. Finally, the particles are trypsinized with 

0.5 mL of a 0.25% trypsin-EDTA solution. The trypsinization was 

quenched after 5 min by adding 0.5 mL of complete medium in 

each well. The cells were collected by centrifugation (300g, 5 min) 

and washed once with 1× PBS. Subsequently, the cells were 

resuspended in 1× PBS (800 μL). The EnzChek® Caspase-3 assay was 

applied to determine apoptosis activity according to the 

manufacturer’s protocol in a 96-well plate. Fluorescence was 

quantified with a Perkin Elmer 1420 Victor-3 multilabel counter 

using excitation and emission wavelengths of λexc = 485 nm and λem 

= 535 nm, respectively. The apoptosis enhancement was calculated 

from the measured Caspase-3 levels as the change in apoptosis 

relative to the no treatment control. All Caspase-3 activities were 

normalized by the total protein concentration determined by a BCA 

assay to account for differences in sample size. 

ROS Quantification. Flow cytometry was used to quantify ROS 

generation. Cytoplasmic ROS generation was quantified using the 

CellROX deep red flow cytometry assay kit (Invitrogen, C10422). 1 

mM N-acetylcysteine (NAC) was used as antioxidant to suppress 

ROS generation and 200 µM Tert-butyl hydroperoxide (TBHP) was 

used as positive control to induce ROS. Mitochondrial superoxide 

levels were quantified with MitoSOX Red Mitochondrial Superoxide 

Indicator (Invitrogen, M36008). This compound is a hydroethidine 

derivate that selectively localizes to the mitochondria. 

GSH Quantification. Cellular GSH levels were measured with the 

GSH/GSSG ratio detection assay kit (Fluorimetric-Green) following 

the manufacturer’s protocol (Abcam, ab138881). GSH levels were 

evaluated after incubation for 4h with NP78.9-EGF. 

Mitochondrial Membrane Potential Assay. Cells were cultured in 6-

well dishes. 20 µM tetraethylbenzimidazolylcarbocyanine (JC1) was 

added to control and sample wells and incubated for 10 min at 

37
o
C. Wells were washed with Hank’s buffer (HBSS) twice before 

NP78.9-EGF were added and incubated for 4 h. 4 µl of carbonyl 

cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) was included 

as positive control. Cells were detached, washed with PBS and then 

analyzed through flow cytometry with an emission wavelength of 

590 nm.  

ICP-MS Quantification of Cellular NP Uptake. MDA-MB-468 cells 

were plated in 6-well dishes. After 24 h, the old growth medium 

was replaced with a fresh medium containing nanoconjugated EGF, 

with NP-EGF concentrations varying depending on the NP core size 

between 8 – 128 pM,  or PEGylated NP at a concentration of 100 

pM for 4 h and then washed three times with Hank’s buffer. After 

that the cells were further incubated in growth media for 20h 

before they were trypsinized with 1 mL of 0.25% trypsin-EDTA 

solution and subsequent quenching of the enzyme by the addition 

of 1 mL of complete medium in each well. Cells were collected by 

centrifugation (200g, 5 min) and subsequently washed twice with 

1× PBS. The cell densities of the samples were determined through 

a hemacytometer (no less than 200 cells). Aqua regia (1 mL) was 

added to the cells in a total volume of 10 μL to dissolve the Au NP. 

The mixture was then dried overnight at 65 °C and re-dissolved in 

HCl solution (1 mL, 2%). After an additional 4-fold dilution through 

 
Figure 2: a) Caspase-3 activity (relative to the no treatment 

control) measured after 4h of exposure to (from left to right) 

NP21.5-EGF, NP40.4-EGF, NP78.9-EGF, NP98.1-EGF,1 nM free EGF, 40 

nM free EGF, and the supernatant of the last wash of NP98.1-

EGF. The effective EGF concentration for the different NP-EGF 

concentrations was 1.0 nM (see text). The plotted data were 

collected in at least six independent experiments. Error bars 

show standard errors of the mean. Only NP78.9-EGF show a 

significant increase at a significance level of   ****p < 0.0001. b) 

Caspase-3 activity (relative to the no treatment control) for 

pegylated NPs (no EGF) as function of NP core size. NS = not 

significant. c) ELISA absorbance signal of phosphorylated EGFR 

after 15, 30, and 45 min of incubation with (from left to right): 

no treatment control, 1 nM free EGF, 40 nM free EGF, NP21.5-

EGF, NP40.4-EGF, NP78.9-EGF, NR-EGF (AR = 8.6). d) Apoptosis 

enhancement as function of NP78.9-EGF concentration in the 

absence and presence of the RTK inhibitor AG1478 (250 nM). 

The effective EGF concentrations are 0.15 nM, 0.30 nM, 0.60 

nM, 1.20 nM. *p < 0.05, **p < 0.01. e) STAT3 phosphorylation 

for no treatment control, 1 nM free EGF, and NP78.9-EGF and 

NP40.4-EGF with an effective EGF concentration of 1 nM (*p < 

0.05 relative to the cell control). f) Apoptosis enhancement as 

function of number of EGF peptides bound to NP78.9-EGF. Data 

in (b) and (f) were collected in three independent experiments; 

data in (c) - (e) were collected from two independent 

experiments. Error bars show standard deviations. 
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Millipore water, the samples were inserted into a VG Plasma Quad 

ExCell ICP-MS. For etching control experiments an additional step 

was performed before trypsinization. 1 mL of the I2/KI aqueous 

solution (0.34 mM I2, 2.04 mM KI in PBS) was added to the culture 

well and incubated at room temperature for 2 min and then 

washed 3 times with pre-warmed Hank’s buffer. 

Quantification of EGFR Phosphorylation. NP-EGF were incubated 

with MDA-MB-468 cells in DMEM for defined time durations. The 

cells were washed in Hank’s buffer to remove the particles and then 

detached and lysed. The lysate was diluted 10× before 

phosphorylation levels were measured using a phosphorylated 

human EGFR (pY1068) Elisa kit following the manufacturer’s 

directions.  

For additional Methods and Materials, please refer to the ESI. 

 

 

Results 

Apoptosis Enhancement through Spherical NP-EGF and the 

Effect of NP Size. 

The design of the NP-EGF used in this study is schematically 

depicted in Figure 1a. The NP surface is passivated with a self-

assembled monolayer of (HS–(CH2)11–(C2H4O)6–COOH, PEG1) 

interspersed with (HS–CH2CH2–(C2H4O)77–N3, PEG2) for the 

covalent attachment of alkyne functionalized EGF through the 

Cu
I
 catalyzed 1,3-dipolar cycloaddition reaction.

27-28
 We 

included three spherical NP sizes in the commonly as   

nanoparticle defined size range between 1-100 nm: 21.5 ± 0.9 

nm (NP21.5), 40.4 ± 1.0 nm (NP40.4), 78.9 ± 1.3 nm (NP78.9). In 

initial test experiments we also tested 98.1 ± 0.8 (NP98.1) 

particles, but these larger NP lacked sufficient stability when 

incubated with cells and resulted in unacceptable levels of 

agglomeration (Figure S1).  

SEM images of the NP cores and size distributions as 

determined by dynamic light scattering (DLS, intensity 

statistics) for NP and NP-EGF are summarized in Figure 1a-d. 

Figure 1e contains UV-Vis spectra for NP40.4 before and after 

functionalization with EGF. A small systematic red-shift of 

about 5 nm indicates a change in the local refractive index due 

to a successful loading of the NP with EGF.
29-30

 The number of 

EGF ligands per NP was determined by ELISA (Figure 1f). We 

found that on average 14, 30, 150 EGF were bound to the 

different NP diameters (in order of increasing diameter), 

corresponding to an average EGF surface density of 

(8.17±2.64)×10
3
 μm

-2
. The zeta-potential increase obtained 

after cross-linking (Figure 1g) further confirms a successful 

functionalization of the NP cores with EGF. 

Previous studies have shown that EGF nanoconjugation 

triggers apoptosis in different cancer cell lines (A431, MDA-

MB-468, HeLa).
25-26

 In this study, we focus on the EGFR-

overexpressing MDA-MB-468 breast cancer cell line, which is 

an established model system for investigating the apoptotic 

efficacy of free EGF.
14

 We chose a relatively short incubation 

time of NP-EGF with cells of 4 h in our studies to provide a 

stringent test of the efficacy of NP-EGF with different NP core 

diameters and shapes and to minimize detrimental effects of 

long colloidal NP incubation times (agglomeration, NP 

settlement, non-specific binding, etc.). The NP were incubated 

in serum-free DMEM to minimize corona
21, 31-33

 formation 

around the NP. After 4 h, the NP-EGF containing DMEM was 

removed and exchanged with fresh culture medium. The NP 

were then incubated for another 20h before apoptosis was 

quantified by measuring the activity of the activated death 

protease caspase-3,
34-35

 which plays a central role in the 

execution of both extrinsic and intrinsic apoptosis.
36

 The 

apoptosis enhancement in % was calculated from the 

measured caspase-3 levels ([Casp]) of NP-EGF treated cells and 

no treatment control as 100*([Casp(treated)]-

[Casp(control)])/[Casp(control)].  

When characterizing the impact of NP size on NP-EGF induced 

apoptosis, one needs to account for the differences in surface 

area, and thus total EGF concentration, for the investigated NP 

diameters. In our experiments we adjusted the NP 

concentration to keep the effective EGF concentration 

constant at approximately 1.0 nM. We chose this 

concentration as it lies significantly below the threshold 

required for apoptosis induction by free EGF ligand.  Unless 

otherwise noted, we used the following NP concentrations: 

128.0 pM (NP21.5), 32.0 pM (NP40.4), and 8.0 pM (NP78.9). The 

stability of the NP-EGF under the chosen experimental 

 

Figure 3: a) Darkfield image of MDA-MB-468 cells after 

incubation with NP78.9-EGF (left) and NP78.9-PEG (right) under 

otherwise identical conditions. Scale bar is 10  b) Average 

number of particles uptake into MDA-MB-468 cells determined 

by ICP-MS for NP-PEG and NP-EGF with core diameters (left to 

right) of 21.5 nm, 40.4 nm, 78.9 nm. For the NP diameter of 

78.9 nm we also included the data obtained after mild KI/I2 

etching that preferentially removes surface bound NPs 

(“etched”). The effective EGF concentration for all conditions 

was 1 nM, except for NP40.4-EGF*, which contained an effective 

EGF concentration of 1.2 μM. *p < 0.05; **p < 0.01. c) Average 

number of EGF molecules delivered per cell for (left to right): 

NP21.5-EGF, NP40.4-EGF, NP78.9-EGF, NP40.4-EGF*. d) Apoptosis 

enhancement obtained for NP40.4-EGF*. Data in (b) – (d) were 

collected from at least two independent experiments. 
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conditions was assayed by UV-Vis and dynamic light scattering 

(Figures S2 and S3). Only NP21.5-EGF, showed some minor self-

association, presumably due to the higher particle 

concentration in this case. However, as the contribution from 

agglomerates was low even in the case of NP21.5-EGF, all NP 

preparations were used as prepared. 
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In Figure 2a we summarize the measured apoptosis 

enhancement (relative to the no treatment control) for 

spherical NP-EGF with the investigated core diameters and for 

the following controls: 1 nM and 40 nM free EGF and the 

supernatant of the last wash for NP78.9-EGF. We also 

performed apoptosis measurements for pegylated NP (NP21.5-

PEG, NP40.4-PEG, NP78.9-PEG) that did not contain any EGF 

(Figure 2b). None of the different NP-PEG samples, the free 

EGF samples, or the last wash show any significant apoptosis 

enhancement. This is different for nanoconjugated EGF. NP78.9-

EGF achieves a significant (p < 0.0001) increase in the average 

apoptosis enhancement (up to approx. 40%), whereas 

conjugates with smaller NP core (NP21.5-EGF and NP40.4-EGF) 

failed to induce apoptosis (no significant change) if the NP 

exposure was limited to 4h. When comparing the apoptosis 

levels measured for one effective EGF concentration with 

different NP sizes, the peptide concentration bound to a NP is 

not necessarily equivalent to that of the free peptide, as all of 

the peptides bound to one NP effectively interact with one (or 

a few) receptors to which the NP is bound. We emphasize, 

however, that this effect further increases the “effective” EGF 

concentration of the smaller NP when compared with NP78.9-

EGF, making the apoptosis enhancement for NP78.9 even more 

significant. In fact, even greatly increased concentrations of 

smaller NP-EGF with diameters < 78.9 nm did not achieve 

comparable apoptosis levels as observed for 8.0 pM NP78.9-EGF 

(vide infra).  

 

Figure 4: a) Gold NR were functionalized with PEG1 and PEG2 in the presence of 3% v/v of Tween 20 to stabilize 

the NPs and to introduce binding sites for EGF (see text). b) Human EGF was modified with a terminal propargyl 

residue. c) The modified EGF was tethered to the binding sites of the PEGylated NR through the Cu(I) catalyzed 

1,3-dipolar cycloaddition reaction. d) – g) UV-Vis spectra and SEM images of the nanorods used in this work with 

AR = 2.5, 3.6, 5.4, 8.6. h) Apoptosis enhancement measured for NR-EGF as function of AR under the same 

experimental conditions as for NP-EGF (1 nM effective EGF concentration, 4h incubation with rods). i) Average 

number of NR-EGF (AR = 8.6) per cell after (left) and before (right) KI/I2 etching. j) Relative uptake of (left to right): 

NP78.9-EGF, NP78.9-EGF + amantadine, NP78.9-EGF + nystatin into MDA-MB-468 determined by ICP-MS. k) Cellular 

uptake of (left to right): NR-EGF (AR=8.6), NR-EGF + amantadine, NR-EGF + nystatin. Data in (h)-(k) were collected 

from at least two independent experiments. Error bars show standard deviations. **p < 0.01; *p < 0.05; NS = not 

significant. 
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We measured the average EGFR activation as global 

phosphorylation for NP21.5-EGF, NP40.4-EGF, NP78.9-EGF, EGF-

conjugated nanorods (NR-EGF) with an aspect ratio of AR = 

8.6, as well as for 1 nM and 40 nM free EGF, and the no 

treatment control 15, 30, and 45 min after addition of EGF or 

its nanoconjugate. The measured phosphorylation levels 

(Figure 2c) confirm that all EGF nanoconjugates retain the 

ability to activate EGFR. For NP78.9-EGF, we also evaluated 

EGFR phosphorylation in the presence and absence of EGFR-

selective RTK inhibitor (AG1478). In the presence of the 

inhibitor we observed, as expected, a suppression of 

phosphorylation (Figure S4).  

For NP78.9-EGF we evaluated the apoptosis enhancement for 

different concentrations in the absence and presence of the 

EGFR-selective RTK inhibitor AG1478 (Figure 2d). In the 

absence of the inhibitor we observed a systematic increase of 

apoptosis enhancement as function of increasing 

concentrations, while the RTK inhibitor suppressed apoptosis 

for all NP78.9-EGF concentrations. The significant difference 

between the experimental conditions +/- AG1478 confirms 

that the observed apoptosis is EGFR-dependent. 

The signal and transducer and activator of transcription 3 

(STAT3) has been indicated to play a major role in initiating 

apoptosis in response to free EGF.
37

 Indeed, we found 

significantly enhanced STAT3 phosphorylation levels for 

nanoconjugated EGF but not for free EGF (Figure 2e) after 4h 

of NP-EGF exposure, which is consistent with an overall higher 

apoptotic efficacy of NP-EGF when compared with free EGF. 

We did, however, not detect any significant difference in 

STAT3 activation between NP40.4-EGF and NP78.9-EGF although 

according to Figure 2a the larger NP core has a higher 

apoptotic efficacy. This finding implies that STAT3 activation 

alone is insufficient to account for the differences observed for 

nanoconjugated EGF with different core sizes, confirming a NP-

dependent modulation of the apoptotic efficacy of EGF.  

Effect of EGF Surface Density on Apoptosis Enhancement. 

Another effect that modifies the apoptotic efficacy of 

nanoconjugated EGF is multivalency. Multivalent presentation 

of a ligand on a NP leads to increased binding avidities and can 

potentially impact signaling outcomes. Indeed, we observed 

that the apoptosis enhancement increases with growing EGF 

density on the NP. This is exemplified for NP78.9-EGF with 

different EGF densities in Figure 2f. The measured apoptosis 

initially increases with the number of bound EGF/NP but then 

converges. For the two highest EGF densities, 140 EGF/NP 

(≈7.0×10
3
 μm

-2
) and 160 EGF/NP (≈8.0×10

3
 μm

-2
) no difference 

in apoptosis enhancement is detected. Unless otherwise 

noted, we used an average EGF surface density of 

(7.8±2.3)×10
3
 μm

-2
 with EGF surface densities > 6000 μm

-2
 for 

all NP sizes throughout this manuscript. These NP-EGF lie in 

the “high” EGF loading regime where the apoptosis 

enhancement is independent of the EGF surface 

concentration. To account for potential differences in the NP 

uptake due to different binding affinities related to variations 

in the number of available EGF per particle as well as intrinsic 

size differences in the uptake mechanism itself, we next 

quantified the uptake of NP-EGF as function of NP core size. 

Size versus Concentration Effect.  

We first validated that the EGF bound to the NP is available 

and that the NP-EGF uptake is EGF-specific. Figure 3a shows 

darkfield scattering images of MDA-MB-468 cells after 

incubation with NP78.9 –EGF (left) and NP78.9–PEG (right). Only 

the EGF-functionalized NP show a systematic binding, 

indicating that the observed binding is EGF-mediated. We 

quantified the uptake for EGF- and PEG-functionalized NP of all core 

sizes by ICP-MS (Figure 3b). For the 1 nM EGF preparations the 

number of NP per cell increases in the following order NP78.9-EGF > 

NP40.4-EGF > NP21.5 -EGF. For all investigated NP sizes the uptake of 

NP-EGF was higher than that of NP-PEG, confirming a receptor-

mediated uptake of the nanoconjugated EGF for all NP sizes.
26

 

Selective removal of surface bound NP with mild KI/I2 etching
38

 

under conditions that removed all solvent-accessible NP (Figure S5) 

revealed that even for the largest NP size at least 50% of the NP 

were protected from the etchant through internalization (labeled 

NP78.9-EGF-etched in Figure 3b).  

Figure 3c summarizes the average number of EGF peptides 

delivered per cell for all NP-EGF conjugates with a constant 

effective EGF concentration of 1 nM. The numbers were generated 

by multiplying the number of delivered NP by the number of bound 

EGF. Although the number of uptaken NP decrease with growing 

diameter, the number of delivered EGF molecules increases for the 

different NP cores in the order NP21.5 < NP40.4 < NP78.9 due to the 

large difference in bound ligands per particle.  

The stark differences in the number of EGF molecules delivered 

between different NP sizes raises the question whether the high 

apoptotic efficacy of NP78.9-EGF is related to the physical size of the 

NP78.9 core or whether the higher intracellular concentration of EGF 

is the dominating factor. To address this important question we 

measured the apoptosis enhancement for a smaller NP core at a 

greatly increased concentration.  We used 400 nM NP40.4-EGF 

(effective EGF concentration 1.2 μM) under otherwise identical 

conditions as before and obtained a significantly higher NP uptake 

(included as NP40.4-EGF* in Figure 3b). The average number of EGF 

delivered per cell under these conditions (6.1x10
4
 EGF/cell) was 

even higher than for NP78.9-EGF (Figure 3c). However, despite the 

strongly increased intracellular EGF concentration, NP40.4-EGF still 

failed to result in a measurable apoptosis enhancement (Figure 3d). 

This observation contradicts a simple EGF (or NP) concentration 

effect as cause for the strong apoptosis of NP78.9 and, instead, 

suggests an enhancement mechanism that is more sensitive to 

details of the nanoconjugation (size of the NP, ligand density, etc.) 

than to the number of delivered EGF. For instance, it is conceivable 

that the nanoconjugation has a crucial effect on the temporospatial 

regulation of EGFR signalling. Intriguingly, in cells exposed to free 

EGF, NP21.5-EGF, or NP78.9-EGF (effective EGF concentration 

was 1 nM in all cases) for 15 min and subsequently maintained 

in serum-free medium for another 60 min before 

immunolabelling the early endosome marker EEA1, optical 

microscopy revealed a higher early endosome concentration 

for NP78.9 than for NP21.5 or free EGF (Figure S6). Considering 

that NP21.5-EGF achieved  comparable or higher intracellular 

NP concentrations as NP78.9-EGF (Figure 3b), this observation 

suggests that the NP78.9 core triggers an accumulation of EGF in 

early endosomes, which is consistent with previous tracking 

studies that showed longer dwell times.
26

  

NR-EGF Fail to Enhance Apoptosis.  
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In addition to the size, the shape is another physical NP 

property with potential relevance for determining the 

apoptotic efficacy of nanoconjugated EGF. To address the role 

of the AR in EGF-mediated apoptosis enhancement we 

synthesized NR with average lengths (AR given in parenthesis) 

of 45.8±5.5 nm (2.5), 60.9±7.3 nm (3.6), 71.6±9.6 nm (5.4), and 

88.9±11.0 nm (8.6) using the seed-mediated method described 

by Vigderman et al
39

. The anisotropic growth of NR was 

achieved with cetyltrimethylammonium bromide (CTAB) as 

surface ligand. As this ligand is cytotoxic, we exchanged it 

against benign PEG in a postsynthetic step before EGF was 

introduced through a Cu
I
 catalyzed 1,3-dipolar cycloaddition 

reaction (Figure 4a-c). SEM images and UV-Vis spectra of the 

NR used in this work are provided in Figure 4d-g. Peak 

extinction wavelengths and zeta-potentials before/after 

PEGylation as well as the volumes and surface areas of the NR 

used in this work are summarized in Table S1. 

The EGF loadings of the NR were in order of increasing AR: 23, 

58, 101, 160 EGF/NR. The average EGF density for all NR was 

(2.7±2.0)×10
4
 μm

-2
. Like before for the spherical NP, the NR 

were incubated with NR-EGF corresponding to an effective EGF 

concentration of 1 nM. All experimental conditions were 

identical to the spherical NP-EGF studies (4h incubation with 

NR, followed by 20h incubation in serum containing medium), 

but none of the investigated AR led to a measurable 

enhancement in apoptosis (Figure 4h). This is remarkable, 

considering i.) that the length of the two longest NR is 

comparable to the diameter of NP78.9 and ii.) that the number 

of bound EGF for the highest AR even slightly exceeds that of 

NP78.9-EGF. Differences in the uptake behavior between NR 

and NP have recently attracted a lot of interest. It was 

observed that high AR NRs are taken up much more slowly 

than spherical NP.
40-41

 We confirmed that the high AR NR-EGF 

used in this work were still uptaken by comparing the cellular 

gold content before and after removing solvent-accessible gold 

NR with KI/I2 etchant through ICP-MS (Figure 4i). The large 

fraction of protected NR observed in these experiments 

confirms their intracellular uptake. The NR uptake, especially 

for high AR NR does, however, not necessarily occur along the 

same pathway as that of spherical NP.
42-43

 This is relevant as 

shape-dependent differences in the uptake mechanisms can 

lead to different intracellular NP-EGF distributions.
44-46

 

To verify differences in the uptake of spherical NP78.9-EGF and 

high AR NR-EGF (AR = 8.6), we performed uptake inhibition 

assays for clathrin- and caveolae-mediated endocytosis (Figure 

4j,k). We measured the cellular gold content though ICP-MS 

 

Figure 5: a) Quantification of ROS levels through fluorescence flow cytometry using a CellRox assay. Fluorescence 

histogram for no treatment control, TBHP positive control, NP78.9-EGF + NAC (NAC), and NP78.9-EGF are included. 

b) Same data as in (a) but after additional culturing for 20h after removal of NP78.9-EGF. NP78.9-PEG was included 

as additional control. c) Quantification of mitochondrial ROS under the same conditions as in (a). d) JC1 

mitochondrial membrane potential assay. NP78.9-EGF does not result in a measurable reduction in fluorescence 

intensity relative to the no treatment control, indicating intact mitochondria membranes. FCCP = carbonyl 

cyanide 4-(trifluoromethoxy) phenylhydrazone is a positive control that reduces the mitochondria potential.  
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for cells treated with nystatin as inhibitor for caveolae-

mediated endocytosis or amantadine as inhibitor for clathrin-

mediated endocytosis. The inhibition studies reveal that NP78.9-

EGF uptake (Figure 4j) is reduced through adamantine but not 

by nystatin, as expected for clathrin-mediated uptake. In 

contrast, for NR-EGF adamantine does not affect uptake 

(Figure 4k). Instead, we observe a reduction in uptake after 

nystatin treatment, indicative of caveolae-mediated 

endocytosis. Positive controls for the inhibitors are provided in 

Figure S7. 

NP78.9-EGF Induced Oxidative Stress.  

Oxidative stress plays a central role in apoptosis, with 

relevance for both induction as well as execution. Although 

oxidative stress is often indicated in NP-induced apoptosis,
47-49

 

there are different mechanisms of ROS formation and the 

generated ROS can have different functions. Depending on the 

chemical composition of the NP and its ligands, NP and ligands 

may create ROS through redox-reactions. Inert NP can trigger 

cellular responses that result in ROS formation. For gold
50-51

 

and silver NP
52-53

, as well as for many metal-oxide NP
54-55

, ROS 

generation has been observed as consequence of 

mitochondrial damage that results in apoptosis.
56

 For 

biofunctionalized NP, as for the NP investigated in this work, 

the mechanism of ROS generation is furthermore expected to 

depend on the interplay between ligand, NP, and cellular 

receptor. Relevant in this context is that EGFR activation 

triggers ROS formation as signaling molecules, and H2O2, in 

particular, has been indicated in receptor transactivation.
57-60

 

As a first step towards a quantitative understanding of the 

relationship between EGF nanoconjugation and oxidative 

stress, we measured both cytoplasmic ROS and mitochondrial 

superoxide levels after addition of NP78.9-EGF. Figure 5a 

summarizes the cytoplasmic ROS levels after NP78.9-EGF 

incubation with MDA-MB-468 cells for 4h, and Figure 5b shows 

cytoplasmic ROS levels after maintaining the cells for an 

additional 20h after removal of NP78.9-EGF. Several controls 

were included: no treatment, treatment with tert-Butyl 

hydroperoxide (TBHP), and NP-EGF in the presence of NAC. 

Importantly, for both investigated time points, NP78.9-EGF was 

found to induce a strong increase in cytoplasmic ROS 

concentration that was almost identical to that obtained with 

the positive control, TBHP. The ROS levels for NP78.9-EGF 

significantly exceeded those of free EGF at the same effective 

concentration (1 nM ligand). In Figure 5b we also included the 

ROS levels for NP78.9-PEG obtained under otherwise identical 

conditions. The ROS levels for the latter were even lower than 

those of free EGF. The increased ROS levels for NP78.9-EGF 

result from the synergistic interactions between NP core and 

conjugated EGF. 

We monitored the mitochondrial superoxide (O2
-
) 

concentration as the primary ROS generated in the 

mitochondria. Figure 5c shows the mitochondrial superoxide 

concentrations for cells incubated for 4h with NP78.9-EGF and 

maintained an additional 20h in the incubator after removal of 

NP78.9-EGF as well as for positive and negative controls. No 

significant increase in mitochondrial superoxide concentration 

was detected after NP78.9-EGF treatment. We also did not 

detect any decrease in mitochondrial membrane potential 

(Figure 5d). Overall, the data in Figure 5a-d show that NP78.9-

EGF result in a significant increase in cytoplasmic ROS, but that 

the effect on mitochondrial ROS and membrane integrity is 

negligible.  

NP78.9-EGF Impact on Intracellular Glutathione Homeostasis 

and Its Effect on Apoptosis. 

GSH is a major thiol-based redox buffer that in healthy cells is 

present in high concentrations in its reduced state and that is 

converted into its oxidized dimer state GSSG through reaction 

with ROS.
61-62

 Importantly, the cellular GSH content is 

indicated to play a direct role in the induction and regulation 

of apoptosis.
63-64

 Figure 6a shows the cellular GSH/GSSG 

concentration ratio for NP78.9-EGF, NP40.4-EGF, NP21.5-EGF, and 

for NP78.9-EGF in the presence of the EGFR-selective RTK 

inhibitor AG1478, the anti-oxidants NAC (N-actylcysteine), 

trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 

acid), or tempol (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-

oxyl). In agreement with the size-dependence of the EGF 

nanoconjugation induced apoptosis, we found that the drop in 

GSH/GSSG ratio was specific to the NP78.9 core; smaller NP 

cores did not induce a significant reduction in the GSH/GSSG 

ratio under the chosen experimental conditions. Importantly, 

the presence of the EGFR-specific RTK inhibitor AG1478, or of 

the anti-oxidants NAC, trolox or tempol mitigated the oxidative 

stress induced by NP78.9-EGF and prevented a significant drop 

of the GSH/GSSG ratio.  
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When we measured the apoptosis enhancement for NP78.9-EGF 

in the presence of the EGFR inhibitor or the three antioxidants 

(Figure 6b), we found that inhibition of EGFR phosphorylation 

through AG1478 and the reduction of oxidative stress through 

NAC or tempol very efficiently suppressed apoptosis. 

Surprisingly, the anti-oxidant trolox did not suppress the 

apoptotic efficacy of NP78.9-EGF, instead, an even higher 

apoptosis enhancement was detected for the combination of 

NP78.9-EGF and trolox. We verified in control experiments that 

trolox alone did not induce apoptosis under the chosen 

experimental conditions (Figure S8), confirming that the 

detected gain in apoptosis enhancement resulted from a 

synergistic effect between NP78.9-EGF and trolox. A potential 

explanation for the different effects of trolox and NAC or 

tempol could be related to the different chemical nature of the 

anti-oxidants. Different than the GSH precursor NAC that 

removes ROS by enhancing the glutathione response,
65

 or the 

stable radical tempol whose primary reaction product after 

reaction with ROS is an oxoammonium cation,
66-67

 trolox is 

converted into a reactive radical cation by reacting with ROS. 

The observed failure of trolox to inhibit apoptosis could, 

therefore, be caused by the radical nature of the reaction 

product. The trolox radical cation is a strong oxidant and its 

reactivity could result in cellular damage and other 

detrimental cell processes. The apoptotic effect may be further 

potentiated by the preferential localization of this vitamin D 

derivate to cellular membranes.  

Discussion 

The systematic analysis of NP-EGF induced apoptosis in Figure 

2 confirms that neither EGF ligand nor NP by itself results in 

apoptosis under the chosen experimental conditions. The 

observed apoptosis must, therefore, be a result of the 

conjugation of EGF to NP and the accompanying changes in 

the cellular response to ligand and core. EGF surface density, 

NP size, and shape all interact to influence the apoptotic 

efficacy of  nanoconjugated EGF. High EGF densities favor 

apoptosis, spherical NP are more effective than NR, and the 

largest NP investigated in this work with a diameter of 80 nm 

are particularly effective. NP-EGF with smaller core diameters 

can also induce apoptosis, but require longer co-incubation 

times than the 4 h applied in this work.
25

 All of the investigated 

EGF nanoconjugates activate EGFR. Even though the effective 

EGF concentration was constant in all cases, the measured 

phosphorylation differs between the nanoconjugates (Figure 

2c). NP78.9-EGF and NR-EGF (AR = 8.6) show higher 

phosphorylation levels than NP21.5-EGF and NP40.4-EGF. In fact, 

NP78.9-EGF and NR-EGF achieve similar phosphorylation levels 

as 40 nM free EGF, although the effective EGF concentration of 

the nanoconjugates is only 1 nM. But despite similar 

phosphorylation levels for free EGF (40 nM), NP78.9-EGF, and 

NR-EGF, only NP78.9-EGF effectively induced apoptosis (Figure 

2a). The observation that comparable EGFR phosphorylation 

levels yield different apoptosis enhancements, implies that the 

total EGFR activation alone is insufficient to account for the 

observed apoptosis differences under the chosen experimental 

conditions. Instead, differences in the activation process that 

are related to the structure and ligand presentation by EGF-

presenting NP seem to play a key role for the induction of 

apoptosis. For one, the increase in apoptosis with increasing 

EGF surface density in Figure 2f confirms that multivalent EGF 

presentation enhances the apoptotic signaling. But the shape 

of the NP also plays an important role.  For instance, NR-EGF 

(AR = 8.6) with comparable EGF surface loadings and total 

phosphorylation levels as NP78.9-EGF did not induce apoptosis 

(Figure 4h). We conclude that an accurate evaluation of 

apoptotic efficacy requires an explicit consideration of NP size, 

ligand density, and shape. 

Based on the putative mechanism for free EGF induced 

apoptosis enhancement, which attributes apoptosis to an 

accumulation of activated EGFR in early endosomes,
12-13, 15, 68

 it 

is conceivable that it is not the global EGFR signaling but 

specifically the endosomal EGFR signaling that is the 

determining factor for NP-EGF induced apoptosis 

enhancement. Apoptosis could then be the result of EGF 

nanoconjugation induced changes in the temporospatial 

intracellular signaling patterns of bound EGFR. The fact that 

NP40.4-EGF failed to induce comparable apoptosis levels as 

NP78.9-EGF, even when the concentration of delivered EGF was 

much higher (Figure 3b-d) emphasizes a central role of the 

physical NP size in determining the apoptotic efficacy of 

nanoconjugated EGF. Shape and size of a stiff NP have direct 

implications for the trafficking of NP-EGF tethered EGFR as 

 

Figure 6: a) GSH/GSSG ratio for no treatment control, 

NP78.9-EGF, NP40.4-EGF NP21.5-EGF, NP78.9-EGF + 

AG1478, NP78.9-EGF + NAC, NP78.9-EGF + trolox, NP78.9-

EGF + tempol. b) Apoptosis enhancement for NP78.9-

EGF, NP78.9-EGF + Ag1478, NP78.9-EGF + trolox, NP78.9-

EGF + tempol. All presented data were recorded from 

three independent experiments. Error bars show 

standard deviations. Significance was evaluated 

relative to the no treatment control (a) or NP78.9-EGF 

(b).  **p < 0.01; *p < 0.05. 
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vesicle sorting and trafficking require a high degree of 

structural flexibility, or pleomorphism, of the participating 

vesicles in the dense matrix of the cytoplasm.
69

 Gold NP are 

hard, and under typical cellular conditions non-deformable 

objects. The structural flexibility of a vesicle of a given size (for 

instance formed through clathrin-mediated endocytosis) and, 

thus, its mobility in the cytoplasm are expected to decrease 

with increasing size of the contained gold NP cargo.
70

 Indeed, 

we observed higher early endosome concentrations for NP78.9-

EGF than for NP21.5-EGF (Figure S6), which could result from an 

overall slower intracellular trafficking of the larger NP core.
26

 

Confocal scans also indicated some differences in the spatial 

distribution of EEA1 for NP78.9-EGF, which motivate further 

detailed experimental investigation of the impact of NP size on 

the trafficking of nanoconjugated EGF. 

EGFR activation is known to trigger ROS generation,
57, 71

 and 

the increase in cytoplasmic ROS and reduction of the cellular 

GSH/GSSG ratio observed in this work is consistent with a 

persistent activation of cytoplasmic EGFR. The associated 

change in the cellular milieu represents a key check-point in 

EGF nanoconjugation induced apoptosis. Suppression of a drop 

in GSH/GSSG ratio by NAC or tempol, or inhibition of EGFR 

signaling through AG1478 successfully prevented NP-EGF 

induced apoptosis (Figure 6). Intriguingly, the nanoconjugated 

EGF did not trigger increased mitochondrial ROS levels, which 

corroborates the hypothesis that mitochondria-independent 

redox signaling in the cytoplasm is the origin of EGF 

nanoconjugation induced apoptosis.  

For ligand-receptor pairs whose signaling outcomes are 

spatially regulated, differences in the uptake mechanism can 

result in different signaling results. Importantly, for NR-EGF 

(AR = 8.6) we found indications of caveolae-mediated 

endocytosis, whereas NP78.9-EGF was primarily uptaken by 

clathrin-mediated endocytosis (Figure 4j,k). A switch in the 

uptake mechanism from clathrin- to caveolae-mediated 

endocytosis for nanorods with a length of around 80 nm is in 

good agreement with previous findings by Liu et al.
42

 A 

transition from clathrin- to caveolae-mediated uptake changes 

the temporospatial distribution of the nanoconjugated EGF 

(and the bound EGFR). In addition, caveolin-1, which is a 

component of caveolae, can downregulate EGFR signaling by 

dephosphorylating the receptor tyrosine kinase.
72-74

 We, 

consequently, attribute the observed differences in the 

apoptotic efficacy of high AR NR and larger NP to a reduction 

of oxidative stress due to shape-dependent differences in the 

uptake and intracellular signaling of EGFR. Additional studies 

into the cellular mechanisms underlying the shape-dependent 

differences in oxidative stress upon uptake of nanoconjugated 

EGF are warranted. 

Conclusion 

NP-cell interactions are complex and can result in unexpected 

and potentially harmful signaling outcomes for 

nanoconjugated ligands targeted at cell surface receptors. If 

these interactions are understood in detail, they provide, 

however, also new opportunities for manipulating and 

controlling cell signaling. In this work, we have demonstrated 

that nanoconjugation modulates the apoptotic efficacy of EGF 

and that the magnitude of the effect depends not only on the 

ligand density of the NP but, in particular, on the size and 

shape of the NP core. Under the chosen experimental 

conditions NP78.9-EGF was much more efficient in inducing 

apoptosis than smaller NP or high AR NR with comparable EGF 

loading. The apoptosis was shown to be related to NP78.9-EGF 

induced oxidative stress. Cytoplasmic ROS generation and 

perturbation of the glutathione homeostasis were key events 

for EGF nanoconjugation mediated apoptosis and their 

abrogation prevented apoptosis. The successful induction of 

apoptosis in cancer cells through nanoconjugated EGF is 

particularly important and has translational potential as 

apoptosis evasion is one of the hallmarks of cancer and 

established EGFR targeted therapeutics suffer from rapid 

development of resistances.
75
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