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Purpose: In the present study, we investigated the effects of 17β-estradiol (E2) on mem-

brane roughness and gold nanoparticle (AuNP) uptake in MCF-7 breast cancer cells.

Methods: Estrogen receptor (ER)-positive breast cancer cells (MCF-7) were exposed to

bare 20 nm AuNPs in the presence and absence of 1×10−9 M E2 for different time intervals

for up to 24 hrs. The effects of AuNP incorporation and E2 incubation on the MCF-7 cell

surface roughness were measured using atomic force microscopy (AFM). Endocytic vesicle

formation was studied using confocal laser scanning microscopy (CLSM). Finally, the results

were confirmed by hyperspectral optical microscopy.

Results: High-resolution AFM images of the surfaces of MCF-7 membranes (up to

250 nm2) were obtained. The incubation of cells for 12 hrs with AuNP and E2 increased

the cell membrane roughness by 95% and 30% compared with the groups treated with

vehicle (ethanol) or AuNPs only, respectively. This effect was blocked by an ER antagonist

(7α,17β-[9-[(4,4,5,5,5-Pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-triene-3,17-diol

[ICI] 182,780). Higher amounts of AuNPs were localized inside MCF-7 cells around the

nucleus, even after 6 hrs of E2 incubation, compared with vehicle-treated cells.

Endolysosome formation was induced by E2, which may be associated with an increase

in AuNP-uptake.

Conclusions: E2 enhances AuNP incorporation in MCF-7 cells by modulating of plasma

membrane roughness and inducing lysosomal endocytosis. These findings provide new

insights into combined nanotherapies and hormone therapies for breast cancer.

Keywords: nanotherapy, hormone therapy, estrogen-induced vesicle formation, AuNP

cellular uptake, membrane roughness, endocytosis

Introduction
Breast cancer is a major public health problem that causes a large and increasing

number of deaths among Mexican women.1 Although there are many treatment

options for breast cancer, such as surgery, radiation, chemotherapy, and biological

therapy, including hormone therapy, these options are not completely effective

because of their lack of high selectivity. Therefore, the use of nanotechnology for

cancer therapies has received considerable attention in recent years.2,3 Cancer nano-

technology is an interdisciplinary area of research of science, engineering, and

medicine that has resulted in the development of extensive applications against breast

cancer at different levels, such as early diagnosis, prediction, prevention, and perso-

nalized therapy4-6 using different types of nanostructures, including gold nanoparti-

cles (AuNPs).7–9 Nanotherapeutic strategies for the treatment of breast cancer, which

increase the sensitivity and efficacy of tumor targeting, are gaining traction because
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of advances in understanding of their molecular

characteristics.10–12 Thus, breast cancer has become the

type of cancer with the greatest presence of nanotechnolo-

gical therapeutic agents in clinical settings.13–15

Two fundamental processes are involved in differen-

tiating malignant and nonmalignant cells: passive targeting

and active targeting. The first process takes advantage of

the enhanced permeability and retention (EPR) effect

observed in tumors16 to increase the concentration of

AuNPs. Active targeting17 involves the selective molecu-

lar recognition of antigens that are expressed on the sur-

faces of cancer cells to localize AuNPs to malignant cells

or the exploitation of the membrane properties associated

with malignancy. The development of AuNPs that actively

target specific cells depends on a better understanding of

the many factors affecting the characteristics of bare

AuNPs, the behavior of tumor cells and the responses of

tumor cells to external stimuli.2,18

AuNPs, either bare19 or functionalized,7 have received

a great deal of attention in nanotherapeutic cancer treat-

ment due to their unique optical properties,20 chemical

stability, easy synthesis and functionalization, all of

which make 20-nm AuNPs attractive candidates for use

as targeting ligands, imaging labels, and therapeutic drugs.

Furthermore, other functionalities of AuNPs allow for

targeted molecular imaging and localized surface plasmon

resonance (LSPR), revolutionizing breast cancer diagnosis

and treatment.10,21,22 It is worth noting that the size of

AuNPs is important, since large AuNPs have been

reported to be immobilized on the cell membrane of two

types of malignant cells, namely, non-small cell lung

(CL1-0) and cervical (HeLa) cancer cells,23 while small

AuNPs (<15 nm) can be cytotoxic.24

Several physicochemical characteristics of AuNPs

have been reported to modify the interaction kinetics

between cells and proteins;25 however, the effects of

AuNPs attached to the cell surface remain unelucidated.

Since the binding of AuNPs to cancer cell membranes can

influence the behavior of cells and the efficacy of thera-

peutic agents, several research groups have investigated

the delivery mechanisms and of AuNPs to enhance the

delivery effectiveness.26–28 In addition to the size and

charge of AuNPs, the surface roughness, molecular struc-

ture of cationic surfactants and cell medium proteins that

interact with AuNPs have been shown to play significant

roles in the biophysical interactions with cancer cells and

the mechanisms by which AuNPs are internalized by

endocytosis.29,30 Tan and Onur (2018) showed that

AuNPs are more effective in restricting the proliferation

and mobility of human cervical cancer cells (HeLa) com-

pared with nontumorigenic cells (mouse fibroblasts,

L929), suggesting that cancer cells are more vulnerable

to AuNP treatment.25

Recently, AuNPs were shown to be able to modify the

membrane roughness of cells, which is measured with

ultra-high-resolution imaging by atomic force microscopy

(AFM), by modifying their structure and enhancing AuNP

uptake.31 We previously demonstrated that the incorpora-

tion of 20-nm bare AuNPs modifies the roughness values

(RMS[Rq]) of the plasma membrane of MCF-7 cells when

incubated for longer than 6 hrs (12, 18 and 24 hrs). These

modifications consisted of increasing the roughness of the

membrane when AuNPs came into contact with the cell

surface and subsequently became incorporated into cells.

Similarly, the bare AuNPs used in that study emitted

a fluorescent signal at 626 nm), thus allowing the distribu-

tion of these nanoparticles in the cellular interior to be

monitored using confocal laser scanning microscopy

(CLSM). These results helped to determine the association

between changes in the plasma membrane roughness of

MCF-7 cells with the incorporation and intracellular dis-

tribution of AuNPs as well as the formation of membrane

pores linked to endocytosis uptake mechanisms as ana-

lyzed by AFM.18

A hallmark of breast cancer is its hormone dependency,

especially to estrogens, which can induce different

changes in breast epithelial cells. Most breast cancer

cases are invasive ductal carcinomas that are associated

with the expression of the estrogen receptor (ER), which

could be a good indicator of the success of hormone

therapy.32,33 However, the overexpression of this receptor

or excessive exposure to estrogens are major determinants

of risk for breast cancer.34–36

In ER-positive breast cancer, the ER receptor is respon-

sible for the proliferative and growth effects of 17β-
estradiol (E2), the primary estrogenic hormone, through

a combination of genomic and nongenomic actions that

have been described at different cell levels, including the

plasma membrane.37,38 The effects of estrogens on vesicle

formation via the ER were previously observed in different

systems39,40,41,42 related to lysosomal function in human

breast cancer and hepatocarcinoma cell lines,43–46 suggest-

ing the involvement of a type of receptor-mediated endo-

cytosis. The mechanism of action of this phenomenon is

unclear. However, it was suggested that E2, through the

membrane ER (mER), can regulate the structure of
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caveolin and other proteins in the 50–100 nanometer flask-

like invaginations of the plasma membrane called

caveolae,47,48 which are tightly associated with lipid rafts

and play important roles in the regulation of cancer.49,50

Estrogens have also been shown to have a role in the

movement of membrane vesicles to the nucleus to facilitate

the internalization of mER, an event that only takes place in

the presence of its ligand.51 This mechanism can be used by

different types of cells to uptake and internalize 20–45 nm

AuNPs52,53 by receptor-mediated endocytosis. In contrast,

because E2 interacts with the membrane surface, it has been

shown to significantly modulate membrane fluidity in differ-

ent cell models, as measured by fluorescence polarization

using the fluorescent dye DPH (1,6-diphenyl-hexa-1,3,5--

triene).54,55 However, the effects of incubating cells with E2

together with AuNPs have remained largely uninvestigated.

In the present study, we investigated the effects of E2

incubation on membrane roughness and AuNP uptake in

MCF-7 breast cancer cells. Experiments were performed

in the absence or presence of an ER antagonist, the results

of which demonstrated that AuNP uptake is enhanced by

an estrogen-dependent mechanism, suggesting that the

uptake of AuNPs by cells occurs by both a passive phe-

nomenon, due to the increase of the membrane roughness,

and an endocytic pathway. In addition, we studied the

estrogen-induced vesicle formation associated with AuNP

uptake. Finally, we confirmed the intracellular AuNP dis-

tribution through hyperspectral optical microscopy.

Materials and methods
Reagents
The human breast cancer cell line MCF-7, which is positive

for the ERs α and β, was obtained from the American Type

Culture Collection (ATCC; Manassas, VA). Spherical AuNPs,

20 nm in diameter (SKU EM.GC20), were acquired from BBI

Solutions (Cardiff, UK) for use in research and were verified

by TEM.Dulbecco’sModified Eagle’sMedium (DMEM)was

purchased fromThermo Fisher Scientific Inc. (Waltham,MA).

Dimethyl sulfoxide was purchased from Merck Millipore

(Darmstadt, Germany). An antifungal antibiotic and fetal

bovine serum (FBS) were purchased from Thermo Fisher

Scientific. 17β-Estradiol was acquired from Sigma-Aldrich

Co. (Saint-Louis, MO). LysoTracker® (LT), a deep fluores-

cent dye for labeling and tracking acidic organelles, was

obtained from Molecular Probes (Life Technologies

Corporation, CA). All reagents we used in this study were of

the highest research grade purity available.

Cell culture
MCF-7 cells were maintained and propagated in DMEM sup-

plemented with 10% FBS and 1% penicillin/streptomycin.

Cells were cultured as adherent monolayers (cultured to

approximately 70% confluence) and maintained at 37 °C in

a humidified atmosphere containing 5% CO2. The cells were

synchronized to the G0 stage of the cell cycle through serum

deprivation techniques in DMEM supplemented with 2.5%

charcoal/dextran-treated FBS (FBS-C) and without phenol

red. After brief trypsinization, the cells were harvested,

counted and transferred to 24-well plates. Subsequently, the

cells were incubated for 24 hrs prior to the addition of AuNPs

(20-nm; 80 μg/mL inDMEM) in the presence of vehicle (0.1%

ethanol), E2 (1×10−9 M) or the ER antagonist 7α,17β-[9-
[(4,4,5,5,5-Pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-

triene-3,17-diol (ICI) 182,780 (ICI; 1×10−7 M) for 6, 12, 18 or

24 hrs, corresponding to G0/G1, S, G2 and mitosis stages,

respectively. AFMstudieswere performed in 1 cm2 gold plates

using the same conditions. In most assays, three independent

experiments were carried out, and all measurements were

performed in triplicate. The cells were grown on a single-

crystal film with an Au(111) surface.

Plasma membrane surface roughness

analysis by AFM
An AFM NanoScope III® (Veeco Inc., Plainview, NY) was

used in a tapping mode to obtain topographic images using

standard silicon probes (TESPA, Bruker Nano Inc., Camarillo,

CA). The spring constant of the AFM probe was 20–80 N/m;

the resonant frequency was between 382 and 405 kHz; and the

nominal tip radius was 8 nm for all AFM measurements.

MCF-7 cells were grown on a single-crystal film with an Au

(111) surface as a substrate. The use of these plates provided

excellent cell adherence uniformity, thus preventing defects or

variation in cell morphology that can alter AFM analyses.

MCF-7 cells were incubated in a medium containing

a mixture of 80 µg/mL AuNPs, 1×10−9 M E2 and/or

1×10−7M ICI at different times (6, 12, 18 and 24 hrs) to assess

the plasmamembrane roughness at each time point. At the end

of each treatment, the cells were fixed by sequential dehydra-

tionwith different concentrations of ethanol (20, 30, 40, 50, 60,

70, 80, 90 and 100%) for 2 min at each concentration, with the

samples subsequently analyzed by AFM in the tapping mode.

The analysis was performed on single cells to obtain

100×100 µm (100 µm2) images by moving the cantilever to

the cell surface; images of 50, 20, 10, 5, 2.5, 1, 0.5 and

0.25 µm2 were obtained sequentially in three different areas
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of the cell and on three different cells, in triplicate, and the

mode height, phase and amplitude were recorded.18

Evaluation of the cellular uptake of

AuNPs
Cells were cultured in chambered 8-well culture slides (Lab-

Tek II Chamber Slides; Thermo Fisher Scientific Inc.) for

24 hrs and were subsequently incubated with a mixture of

80 µg/mL AuNPs, 1×10−9 M E2 and/or 1×10−7 M ICI for

12 hrs. Similar results were observed when cells were pre-

treated with E2 and/or ICI. Control cells were incubated with

ultrapure water (when compared with AuNPs alone) or etha-

nol (when compared with E2, ICI or both). The cells were

washed with a phosphate-buffered saline (PBS) solution and

were fixed with 4% paraformaldehyde. For cell permeabili-

zation, 0.01% Triton X-100 was added to each tube and the

cells were incubated for 30 min at 25 °C. Subsequently, the

nuclei were stained with 4ʹ,6-diamidino-2-phenylindole

(DAPI, Sigma-Aldrich Co.), and the cells were mounted

with fluorescence mounting medium (Dako Cytomation,

Glostrup, Denmark). Images were obtained using a Carl

Zeiss LSM 780 NLO multiphoton confocal laser scanning

microscope (Carl Zeiss Microscopy, Thornwood, NY).

AuNPs were visualized without the use of fluorogenic probes

to observe their distribution into the cell.

Er-mediated cellular internalization of

aunps
For LysoTracker staining, cells were cultured in chambered

8-well culture slides and treated with a mixture of 80 µg/mL

AuNP, 1×10−9 M E2 and/or 1×10
−7 M ICI for 12 hrs. After

treatment, the cells were incubated in PBS supplemented

with 75 nM LT. The cells were then washed with PBS and

fixed with 4% paraformaldehyde in PBS for 15 min at room

temperature, after which the nuclei were stained with DAPI.

Subsequently, the slides were mounted with fluorescence

mounting medium (Dako) and analyzed by CLSM.

Single-cell analysis using hyperspectral

imaging (HSI)
A CytoViva® darkfield-based microscope system®

(CytoViva, Inc., Auburn, AL) was used for hyperspectral

data imaging acquisition. The microscope system is com-

posed of a BC53 Olympus® microscope (Olympus

America Inc., Center Valley, PA), a diffraction grating

spectrophotometer (400–1,000 nm) integrated with

a CCD (charge-coupled device), and a Fiber-Lite®

DC950 Illuminator quartz halogen light source (Dolan-

Jenner Industries, Boxborough, MA). The image analysis

was performed using ENVI 4.8 software with a spectral

resolution of 2 nm. Image dimensions of 696×696 pixels

were obtained, with each pixel having a spatial area of 25

nm2 using an exposure time of 0.25 seconds to capture the

complete visible near-infrared spectrum.56 Dark field

microscopy coupled to a high resolution hyperspectral

imaging (HSI) was performed to extend the optical resolu-

tion limit to λ/5.57 All of the components were correlated

to obtain the highest possible resolution of scattering

intensity. The samples were illuminated using a hollow

cone of parallel rays, and the reflected light entered the

coverslip along the optical axis.58 Hyperspectral images

and spectra were produced as a data cube conforming to

spatial information (X-Y) and spectral information (Z).

The spectral library of endmembers involved multiple

steps, such as selecting the region of interest (ROI), scan-

ning the sample pixel-by-pixel and choosing the character-

istic spectra. These data were collected and saved using

the ENVI software and served as a guide to evaluate the

AuNP accumulation and distribution within the cells. The

same samples prepared for AFM characterization were

used for HSI and were mounted on the motorized steeper

Prior stage (H101A ProScan® stage, Prior Scientific Inc.

Rockland, MA) with a minimum tap size of 40 nm in air at

room temperature without sample manipulation. The

resulting scattered light was collected with a 50X objective

in reflectance mode.56

Statistical analysis
The data are presented as the means and standard devia-

tion (SD) for at least three independent experiments

carried out in triplicate. GraphPad Prism 8 (GraphPad

Software, San Diego, CA) was used for analysis of

variance (ANOVA). Comparisons between groups were

performed using Tukey-Kramer multiple comparison

tests. Differences were considered significant at P<0.05.

Results and discussion
High-resolution AFM of MCF-7 cell

surface roughness
To compare the effects of AuNP and/or E2 on cell membrane

roughness, it was important to set the lower limit of achievable

resolution, as expressed by RMS[Rq] values, at 8 different scan

sizes (50, 20, 10, 5, 1, 0.6, 0.5 and 0.25 μm2) with decreasing

height (Z)measurements.We preliminarily analyzed untreated
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MCF-7 cells by repeatingAFM imaging in the same region for

a total of 512 data points, with this process repeated in three

different regions of at least three cells. In Figure 1A, an image

of a single MCF-7 cell was analyzed in a scan size of 50 µm2

in phase imaging mode. Scans were performed systematically

in different zones (Figure 1A to G; red arrowheads) at nano-

metric resolutions of up to 500 and 250 nm2 in height

(3-D imaging mode) (Figure 1H to I). The obtained RMS[Rq]
values for all scan sizes showed similar behaviors, and

a representative image for each size is reported.

We used the human breast tumor cell line MCF-7 in

our study because it is widely used to study breast cancer59

and the ER is highly expressed these cells. Plasma

membrane roughness has been used as a sensitive indicator

of the health state of cells in AFM-based studies.60

The membrane roughness of healthy61 and tumor cell

surfaces has been previously analyzed under different

drug treatments.62,63 However, the roughness values

obtained depend on measurement parameters, such as

the scanning area and step size, and can offer poor

reproducibility. To the best of our knowledge, no studies

have measured cell membrane roughness in a systematic

way that would allow for the characterization of differ-

ent-sized features of MCF-7 cell surface topology. We

analyzed different cell zones to identify homogeneous

characteristics and avoid false-positive results or possible
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Figure 1 High resolution atomic force microscopy images revealed details of the MCF-7 membrane surface. Images: Show the surface (top-view presentation) which

correspond to (A) 50×50µm, (B) 20×20 µm, (C) 10×10 µm, (D) 5×5 µm, (E) 1×1 µm, (F) 0.6×0.6 µm, (G) 0.5×0.5 µm. Three-dimensional images for (H) 0.5×0.5 µm and

(I) 0.25×0.25 µm were achieved. Red arrowheads show the zone where the next scan magnification was taking place. Z values: (A) =0–1532.57 nm; (B) =0–616.2 nm; (C)

=0–519.13 nm; (D) =0–366.5 nm; (E) =0–78 nm; (F) =0–50 nm and (G) =0–30 nm.
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AFM image artifacts related to feature height or image

acquisition.64

We previously observed thatMCF-7 cell surface roughness

is more homogeneous in cytoplasmic regions, between the cell

edge and the nucleus zone, where cell roughness is higher and

heterogeneous.18 This observation was consistent with other

reports, where cell surface roughness values were observed to

be significantly higher over nuclear areas than over cytoplas-

mic regions in three different epithelial cell lines.65

Effects of estradiol and AuNP incubation

on cell surface roughness
The effects of 20-nm AuNPs on plasma membrane

roughness in the presence or absence of E2 were

assessed under the same experimental conditions at

a scan size of 5×5 μm, as previously described.18

Human breast cancer MCF-7 cells were synchronized

in the G0/G1-phase via serum deprivation for 48 hrs,66

after which the cells were exposed to 80 μg/mL of

AuNP or 1×10−9 M of E2 for 6, 12, 18 or 24 hrs. The

RMS[Rq] values were calculated for each image accord-

ing to previous studies,18 and the results of which are

shown in Figure 2. The results demonstrate that the

maximal response was obtained when cells were incu-

bated simultaneously with AuNP and E2 for 12 hrs, with

a 95% and 30% increase in the RMS[Rq] value compared

to the groups treated with vehicle (ethanol) or AuNPs

only, respectively. It has been established that the

plasma membrane interaction, cellular uptake of

AuNPs and in vitro cytotoxicity are dependent on the

physicochemical characteristics of AuNPs including

size, shape, chemical composition; as well as the nature

of the biological system, such as cell types, culture

conditions, and exposure times.67 We have previously

reported that the exposure of 20-nm diameter spherical

AuNPs (80 μg/mL) to MCF-7 breast cancer cells has no

lethal effects, according to the results obtained in viabi-

lity analyses. In a previous research we established the

correct parameters for monitoring the interaction and

incorporation of AuNPs in MCF-7 cells.18

To the best of our knowledge, this is the first report

describing the effects of 20-nm AuNPs in combination with

E2 (1×10
−9 M) on the cell surface roughness of any cell line.

Perner et al (2002) demonstrated that the surfaces of ER-

positive human breast cancer cells (T-47D) became increas-

ingly jagged at physiological E2 concentrations (5×10
−9 and

5×10−7 M), as detected by an increase in membrane height in

near-field light transmission images.68 MCF-7 cells have

been reported to exhibit a more disorganized filamentous

cytoskeleton structure, increased membrane roughness,

decreased viscoelastic properties (elasticity and viscosity)

and softer and more fluid membranes compared to benign

breast cells MCF-10A.60 An increase in membrane rough-

ness can also result from changes in the expression of cell

surface proteins that may induce smoothening of the cell

surface, including Cav-1 or clathrins, since the ER can induce

changes in those proteins and in vesicle formation.47,69 On

the other hand, it has been shown that progesterone, a steroid
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hormone like E2, induces nanoscale molecular modifications,

as measured by AFM, to the endometrial epithelial cells

surface. Changes in average cell height and surface convolu-

tion correlated with increased surface roughness measure-

ments in response to hormonal stimulation. The authors

attribute these phenomena to a change in region-specific

distribution of the cell surface protein MUC-1.70

To explain the behavior of the cell membrane roughness,

several studies have examined the effects of various agents

that modify membrane components. Wang et al (2009)

reported that incubating cancer cell lines with anti-cancer

drugs increased cell membrane roughness, as measured by

AFM, concluding that the degree of damage to the cancer

cell membranes had a positive correlation with exposure time

(up to 1 hr), suggesting that these changes could be due to

structural fluctuations on the surface components of the cell

membrane.62 In similar experiments, Lee et al (2016) demon-

strated that positively charged AuNPs increased neuroblas-

toma cell membrane roughness within 1 hr, which returned

to the original level after 2 hrs, whereas negatively charged

AuNPs did not cause significant changes in the membrane

roughness.31 Notably, in the present study we evaluated the

effects of AuNPs, E2 or a combination of both for 24 hrs,

observing that the effect of E2 is reversible since cell mem-

brane roughness declines after 18 hrs of incubation, as pre-

viously reported for the incubation with AuNPs.18 This
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Figure 3 Effects of the ER-antagonist (ICI) on the E2-induced increase of the MCF-7 cell membrane roughness, in the absence and presence of AuNP. (A) Graphic shows

significant differences in the roughness values at 12 hrs of incubation with different treatments compared with the control group (ethanol-treated cells). Results were

obtained sequentially in three different areas of the cell and on three different cells, in triplicate. Different letters (a-d) show statistical differences between groups in the

RMS[Rq] value; *P≤0.05 vs control. (B) Representative high-resolution AFM images show changes in the surface roughness of the MCF-7 cell membrane under different

treatments. The image size: 5×5 µm, with Z=0 a 250 nm. (0.25 µm).

Abbreviations: AFM, atomic force microscopy; AuNP, gold nanoparticle; E2, 17β-estradiol; ICI, 7α,17β-[9-[(4,4,5,5,5-Pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-triene-
3,17-diol; RMS[Rq], roughness values; Vh, vehicle.
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observation is in agreement with results from previous studies

in which endocytic vesicle formation was shown to contribute

to the degradation of mER, thus diminishing its effect.71

To show that the increase in E2-induced roughness was

specific due to its interaction with its receptor, cells were

incubated with the ER antagonist ICI in the presence or

absence of E2 or AuNP. RMS[Rq] values were measured

after 12 hrs of incubation with AuNP or E2. As shown in

Figure 3A, the results of the receptor blockade study show

that the ER antagonist fully diminished the effect of

AuNPs + E2 on membrane roughness, and no effect was

observed when cells were incubated with ICI or

AuNP + ICI. These results suggest that the cooperative

effect of E2 on increasing MCF-7-membrane roughness,

induced by AuNPs, is due to a mechanism related to E2.

The AFM images presented in Figure 3B show that the

ethanol-treated cell membrane was smooth and had no gran-

ular elevations (upper left panel), whereas cells incubated

with AuNP + E2 caused the formation of numerous pits

(darker zones) throughout the cell membrane that increased

its porosity (lower middle panel), suggesting the additive

effect of these two agents. As expected, the ER antagonist

(ICI) precluded the effect of E2 in the presence of AuNP.

Effect of E2 on the intracellular

incorporation of aunps
To demonstrate the effect of E2 on the incorporation of

AuNP into MCF-7 cells, cells were incubated for 12 hrs

(when the maximal effect was observed) with 80 μg/mL of

an AuNP suspension mixed with DMEM containing 2.5%

FBS in the presence or absence of 1×10−9 M E2. The

internalization and cell localization of AuNPs was

assessed by CLSM (Figure 4). The nuclei were stained

with DAPI (cyan/blue fluorescence), while AuNP agglom-

erates (red) were observed by a fluorescent signal emitted

by the bare AuNP due to their surface plasmon resonance

at 525 nm.72 To ensure that there was no autofluorescence

in cells, the emission spectrum was normalized with the

ethanol-treated cells (control). These results are reprodu-

cible with other techniques such as flow cytometry.73,74

Cells that were incubated with the AuNP/E2mixture con-

tained greater amounts and larger clusters of AuNPs near to

the nuclei compared to those that were only incubated with

the nanomaterial, as observed in the digitally zoomed images

(magnification), with similar results having been reported by

Kodiha et al75. These results suggest that a greater amount of

AuNP was incorporated due to the effect of E2 on the plasma

Control

E2 E2+AuNP

AuNP Magnification

Magnification

Figure 4 Representative CLSM images of intracellular AuNPs after 12 h of incubation in MCF-7 cells. AuNP uptake is enhanced by E2 and particles are taken closer to the

cell nucleus. The fluorescence signal of AuNP (red) was observed around the cell nuclei that were stained with DAPI (cyan). Digitally zoomed images (10× magnification) are

shown in right column to better illustrate the localization of AuNP. Scale bars are 20 μm.

Abbreviations: AuNP, gold nanoparticle; CLSM, confocal laser scanning microscopy; DAPI, 4ʹ,6-diamidino-2-phenylindole.
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membrane, which could be the result of the receptor-

mediated endocytosis.76,77

E2-induced vesicle formation enhances

AuNP incorporation
To show that AuNPs are internalized through the endoly-

sosomal route, LT was used to observe lysosome forma-

tion. E2 has been proposed to induce internalization via

dynamin-dependent, caveolae-mediated endocytosis,47,77

and this mechanism was shown to be used by AuNPs to

enter cell nuclei in as little as 6 hrs.78

As observed in Figure 5A, E2 induced endolysosome for-

mation comparedwith vehicle-treatedMCF-7 cells. This effect

was directly related to AuNP incorporation, since LT-stained

lysosomes (red) colocalized with AuNP clusters (cyan),

resulting in white-dotted structures around the nucleus

(Figure 5B). This effect was partially precluded by the addition

of the ER antagonist ICI, demonstrating the participation of E2,

which decreased E2-induced vesicle formation. It is worth

noting that vesicles were observed in the ICI-treated cells,

which occurred because not all lysosomes depend on estrogen

activity.79

Hyperspectral imaging
The HSI of biological samples offers significant advan-

tages by scattering and absorbing light from the minor

cellular components depending on their structure and

molecular composition.56,80 Figure 6A shows the hyper-

spectral images of a representative MCF-7 cell incubated

with E2 and AuNP.
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AuNP
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Figure 5 Image shown the effect of E2 on cellular AuNP uptake and vesicle formation; representative observations were acquired in CLSM. (A) From left to right it can be

seen MCF-7 cells in the bright field, DAPI-stained nuclei (blue), endosomal-lysosomal system stained with LT (red) and highlighted areas of colocalization (squares), where it

is shown that E2 increases lysosomes formation compared with Vh-treated cells. (B) E2 increases AuNP uptake (cyan) by the lysosomes pathway (red), effect that is

precluded in the presence of the ER antagonist (ICI). Scale bars are 60 μm.

Abbreviations: AuNP, gold nanoparticle; CLSM, confocal laser scanning microscopy; DAPI, 4',6-diamidino-2-phenylindole; E2, 17β-estradiol; ICI, 7α,17β-[9-[(4,4,5,5,5-
Pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-triene-3,17-diol; LT, LysoTracker; Vh, vehicle.
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Different spectral profiles related to the effects of E2

can be observed in Figure 6B, and these variations are

directly reflected in the spectral readout of the nucleus or

outer cell. The mean spectrum was analyzed for each

profile and compared to evaluate the impact of

AuNP+E2. The reference spectra of MCF7+AuNP

showed a primary peak at approximately 650 nm. After

the addition of E2 (MCF7+AuNP/E2), the scattering spec-

tra slightly shifted to 550 nm as a primary peak and

appeared as a second endmember at 500 nm. The nearby

intensities of the spectral peaks could be attributed to the

large amount of AuNPs near the nucleus. Second, in the

collection of the outer cell spectra, the MCF7+AuNP

reference spectra showed a peak at 600 nm. When E2

was incorporated (MCF7+AuNP+E2), the spectra shifted

to 650 nm, and the same shoulder at 500 nm is present.

The E2 influence was notably indicated by the presence

of a shoulder at 500 nm in both nuclear (N) and outer/

cytoplasmic (O) spectra. These results clearly confirmed

the presence of AuNP+E2 in cellular material and

allowed the tracking of the cell changes induced by

their incorporation.

The HSI results verify the presence of AuNPs in the

cell compartments, both in the nucleus and cytoplasmic

area, confirming the cellular AuNP uptake and distribution

observed by CLSM.
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Abbreviations: AuNP, gold nanoparticle; E2, 17β-estradiol.
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Conclusion
In summary, the AFM results confirmed that AuNP incor-

poration increased the roughness of the plasma membrane

of MCF-7 human breast cancer cells in vitro, and this

effect was enhanced by incubating cells with E2 at

a physiological concentration.

As shown in Figure 7, two different mechanisms are

proposed for E2-induced AuNP uptake: 1) since E2 increases

AuNP-induced membrane roughness, their incorporation are

observed at shorter times of incubation; and 2) E2 treatment

increases vesicle (endolysosome) formation in ER-positive

MCF-7 cells, allowing more AuNP clusters to become dis-

tributed in the cytoplasm and around the nucleus.

The obtained information is of great significance, since

it promotes corresponding studies for future clinical use of

a possible hormone therapy combined with nanotherapy.

This approach could increase the incorporation of these

nanomaterials into ER-positive breast cancer cells, have

alternative applications in photothermic therapy, and pro-

mote the use of AuNPs as fluorescent markers for early

cancer diagnosis. These findings may also have implica-

tions when AuNPs are used in combination with estrogen

or antiestrogen therapy formulations.

Abbreviations list
AFM, atomic force microscopy; AuNP, gold nanoparticles;

CLSM, confocal laser scanning microscopy; DAPI, 4ʹ,6-dia-

midino-2-phenylindole, nuclear fluorescent stain; DMEM,

Dulbecco’s modified Eagle medium; DPH, diphenylhexa-

triene; E2, estradiol; ER, estrogen receptor; E2, 17β-estradiol,
FBS, fetal bovine serum; HSI, hyperspectral image; ICI, ICI

182,780, ER antagonist; LSPR, localized surface plasmon

resonance; LT, LysoTracker; MCF-7 cell line: Michigan

Cancer Foundation-7; mER, membrane ER; RMS[Rq], root-

mean-square, roughness; Vh, vehicle.
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