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Abstract: Gold nanoparticles (AuNPs) have been proposed for use in the treatment of different 

types of cancer, including breast cancer. At present, neither the mechanisms of AuNP interaction 

with the plasma membrane surface and their delivery and intracellular distribution in cancer cells 

nor their effect on the plasma membrane so as to allow cell incorporation of larger amounts of 

AuNPs is known. The objective of this work was to study the interaction of bare 20 nm diameter 

AuNPs with the plasma membrane of human MCF-7 breast cancer cells, as well as their uptake, 

intracellular distribution, and induction of changes on the cell surface roughness. The dynamics 

of intracellular incorporation and the distribution of AuNPs were observed by confocal laser 

scanning microscopy. Changes in roughness were monitored in synchronized MCF-7 cells by 

atomic force microscopy high-resolution imaging at 6 hour intervals for 24 hours during a single 

cell cycle. The results show that bare AuNPs are capable of emitting fluorescence at 626 nm, 

without the need for a fluorescent biomarker, which allows monitoring their uptake and intracel-

lular distribution until they reach the nucleus. These results are correlated with changes in cell 

roughness, which significantly increases at 12 hours of incubation with AuNPs, when compared 

with control cells. The obtained data provide bases to understand molecular processes of the 

use of AuNPs in the treatment of different diseases, mainly breast cancer.

Keywords: gold nanoparticles uptake, MCF-7 cells, membrane roughness, atomic force 

microscopy, confocal laser scanning microscopy

Introduction
The application of nanotechnology in medicine has grown rapidly in recent years. 

The use of several types of nanoparticles (NPs) against cancer has awakened great 

interest in the development of methodologies that improve in vivo images for early 

diagnosis, punctual drug delivery to specific sites of target cells, drug carriers, pho-

tothermal agents, contrast agents, and radiosensitizers.1–3 The research for new thera-

peutic and early diagnosis alternatives involves the use of gold NPs (AuNPs) in the 

effective therapy of this disease.4 AuNPs have placed themselves at the forefront of 

breast cancer research in recent years due to their significant physical properties, such 

as shape, size, easy surface modification, and excellent biocompatibility suitable for 

clinical environments, and, especially, due to their unique optical properties provided 

by surface plasmon resonance that mainly depends on the size and shape of NPs.5,6 

AuNPs produce maximum light scattering that can be achieved by exciting them 

at 543 nm wavelength and illuminating them so intensely that they become visible 

for high-resolution optical microscopy detection systems.7,8 This peculiar photody-

namic behavior of AuNPs is very much influenced by their geometry, making them 
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an excellent biomarker for early diagnosis.9 The success 

of AuNPs in the treatment and diagnosis of breast cancer 

depends on their appropriate interaction with cancer cells, 

for which reason their intercellular uptake and distribution 

must be better understood in order to efficiently exert their 

cytotoxic effect.

Previous studies have shown that cellular uptake of NPs 

is a two-stage process. First, NPs adhere onto the plasma 

membrane surface and are subsequently internalized by the 

cell through energy-dependent mechanisms. Then, they are 

incorporated into the cells and transported toward different 

subcellular compartments, normally ending in lysosomal 

accumulation.10 The AuNP uptake has also been shown 

to modulate cell membranes of different, both malignant 

and normal, cell types as well as subsequent downward 

intracellular events.11 Some mechanisms of action that cause 

this effect may be associated with ionic interaction between 

AuNPs and the membrane surface, a phenomenon related to 

the negative membrane potential of some cells interacting 

with AuNPs, which have different positive charge densities, 

as well as with the focal dissolution of the cell membrane that 

forms pits and causes perturbation of its internal structure 

and hence modulates its surface roughness.12–14

Atomic force microscopy (AFM) represents a powerful 

tool for the study of AuNP interaction with surface mem-

branes of cancer cells.15,16 Previous studies have shown that 

AFM can perform the analysis of cell membrane surfaces, 

allowing for dynamic evaluation of AuNP interaction and 

incorporation into live cells, which is not possible by scan-

ning electron microscopy (SEM) or transmission electron 

microscopy (TEM).17 The AFM images can be represented 

three-dimensionally (3D), and this technique is helpful in 

the measurement of height variations due to the interaction 

of NPs with the cell surface. The interaction of polymer 

NPs with plasma membrane of the cells has been shown to 

generate changes in mechanical properties of cell membrane 

(roughness), forming pores and allowing for greater perme-

ability of NPs on the membrane.18–21 It is known that intracel-

lular distribution of AuNPs relates the toxicity of these NPs 

to the damage they induce at the subcellular and molecular 

level, because their intracellular effects cause modulation 

of several molecular processes involved in cell survival or 

death.22,23 In this work, we have studied the effect of uncoated 

(bare), spherical AuNPs of 20 nm diameter on cell viability 

in MCF-7 breast cancer cells and the modifications they exert 

on the plasma membrane through interaction with its surface 

and the cellular uptake. In addition, intracellular incorpora-

tion and distribution of NPs were monitored using confocal 

laser scanning microscopy (CLSM).

Materials and methods
Chemicals and reagents
Human MCF-7 breast cancer cells were purchased from the 

American Type Culture Collection (ATCC; Manassas, VA, 

USA). Culture medium, Dulbecco’s Modified Eagle’s Medium 

(DMEM), was purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). Antibodies were purchased from Santa 

Cruz Biotechnology Inc. (Dallas, TX, USA) or Cell Signaling 

Technology (Beverley, MA, USA). Trypan blue exclusion 

reagent was purchased from Thermo Fisher Scientific. 

Dimethyl sulfoxide was purchased from Merck Millipore 

(Darmstadt, Germany). The antifungal antibiotic was pur-

chased from Thermo Fisher Scientific. Fetal bovine serum 

(FBS) was purchased from Thermo Fisher Scientific. All 

chemicals were research grade.

Spherical colloidal AuNPs, 20  nm in diameter, were 

acquired from BBI Solutions (Cardiff, UK) for use in 

research. According to previous literature, these 20  nm 

AuNPs, often used in studies similar to ours, have already 

been well characterized by different techniques, such as SEM, 

and TEM in different culture media.24–30

Cell culture
MCF-7 human breast cancer cells were obtained from the 

American Type Culture Collection (ATCC), maintained 

at 37°C, 5% CO
2
 as monolayer cultures (50% confluence) 

in DMEM (high glucose and phenol red free; Thermo 

Fisher Scientific), and supplemented with 10% (v/v) FBS, 

gentamicin (50  µg/mL), and 100  U penicillin/100  µg/mL 

streptomycin (Thermo Fisher Scientific). In order to synchro-

nize cell cultures and prior to AuNP treatment, MCF-7 cells 

were cultured in phenol red-free DMEM containing 2.5% 

FBS that was previously treated with charcoal–dextran. Con-

trol cells were treated with vehicle (Vh) (Milli-Q Ultrapure 

Water; Merck Millipore, Darmstadt, Germany).

Cell viability assay
Viability assay by trypan blue exclusion was used to deter-

mine the percentage viability of MCF-7 cells incubated with 

AuNPs. Cells were seeded in 24-well plates (10,000 cells/well) 

for 24 hours. Subsequently, they were incubated with AuNPs 

at different concentrations (20  µg/mL, 50  µg/mL, and 

80 µg/mL) to finally measure the percentage of cell viability at 

different incubation times (24 hours, 48 hours, and 72 hours). 

AuNPs incubated with cells were centrifuged for 5 minutes 

at 1,000  rpm, and the supernatant was discarded. A cell 

suspension was made at a suitable dilution (1×105 cells/mL) 

in phosphate-buffered saline (PBS), and 90 µL of this cell 

suspension was taken and mixed with 10 µL of 4% trypan 
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blue. The solution was mixed thoroughly and allowed to stand 

for 3 minutes at room temperature. Subsequently, 20 µL of 

the mixture was transferred to a hemocytometer (Neubauer 

chamber), and viable cells were counted as clear cells and 

dead cells as blue ones. The number of live cells per milliliter 

was calculated using the following formula:

	

 
Viable

cell (%)

Total number of  viable cells

per milliliter = oof  the aliquot
Total number of  cells per

milliliter of  the aaliquot

×100

�

(1)

Cell morphology was analyzed using an inverted micro-

scope Axioveert 40 CFL (Carl Zeiss Meditec AG, Jena, 

Germany), equipped with a Cannon PowerShot A640 camera, 

using the 10× lens.

Atomic force microscopy
AFM images and surface analysis of plasma membrane on 

MCF-7 cells were acquired in tapping mode AFM, NanoScope 

IIIa (Veeco Inc., Plainview, NY, USA), using standard clean 

probes of silicon nitride with an average resonance frequency 

of 256 kHz and 365 kHz and a spring constant of 20–80 pN/

nm. Image acquisition is constantly manually adjusted in order 

to maintain optimum signal and appropriate resolution. The 

amplitude values of the cantilever remained at ~1,500 mV 

and at 1.3 V set point. The scan rate was maintained between 

0.3 Hz and 0.9 Hz, and all obtained in air. Cell culture was 

grown on a single crystal film with Au (111) surface. It is a 

rectangular glass substrate (area of 1 cm2) 2 mm thick, with 

200 nm chrome film, overlying the glass and 2,000 nm upper 

layer of Au (111) film. To properly position the plate for AFM 

analysis, regular morphology cells (elongated) were selected 

by optical microscopy coupled with AFM (Nikon Corporation, 

Tokyo, Japan). The analysis was first performed on a large 

area (100 µm2) with a single cell, later heading the cantilever 

to the cell surface, where images of 50 µm2, 20 µm2, 10 µm2, 

5 µm2, 2.5 µm2, and 1 µm2 were obtained sequentially. The 

same procedure was repeated on at least three different areas 

of the same cell and in three different cells, with three differ-

ent AFM acquisition modes: height, phase, and amplitude. 

Acquisition time for each image varied from 20 minutes to 

40 minutes. The image analysis was performed using the 

AFM-NanoScope III software (Veeco Inc.). Scanning area for 

all surface roughness analyses was 5 µm2 and 1 µm2.

The gold plates were placed in a 24-well plate and an 

aliquot of 20 µL of cellular suspension (10,000 cells) was 

added by direct dripping on the gold surface and led to a 

final volume of 400 µL with DMEM +5% FBS. The plates 

were incubated at 37°C for 24 hours to achieve not .70% 

confluence and the medium with low (2.5%) concentration of 

FBS, in order to synchronize cells (decrease sequential syn-

chronization). After reaching the optimal time for synchro-

nization, the corresponding treatment consisted of incubating 

the cells with a mixture of DMEM +5% FBS/AuNP (µg/mL) 

at different times (0 hours, 6 hours, 12 hours, 16 hours, and 

24 hours). Lastly, the cells were fixed in ethanol dehydration 

train 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 96% 

for 2 minutes at each concentration.

Cellular uptake and internal distribution 
of AuNP
Cells were cultured in eight-well chamber slides (Lab-Tek II 

Chamber Slides; Thermo Fisher Scientific Inc, Waltham, 

MA, USA) for 24 hours and subsequently incubated with 

AuNPs 80 µg/mL for 2 hours, 6 hours, 12 hours, 16 hours, 

and 24 hours. Control cells, Vh, were incubated with Milli-Q 

Ultrapure Water. Cells were washed with a PBS solution. The 

treated MCF-7 cells were fixed with 4% paraformaldehyde 

in PBS. Subsequently, all cells were incubated with 1 μg/

mL 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich 

Co., St Louis, MO, USA) to contrast the nuclei and were 

mounted with mounting medium for fluorescence (Dako 

Denmark A/S, Glostrup, Denmark). Images were obtained 

using a multiphoton confocal microscope (LSM-780 NLO; 

Carl Zeiss Meditec AG). Fifteen slides of 16.16 µm each 

were used for the acquisition of Z-stacks.

Statistical analysis
Data were presented as mean ± SD of at least three inde-

pendent experiments carried out in triplicate. The GraphPad 

Prism Software (GraphPad Software, Inc., La Jolla, CA, 

USA) was used for the analysis of variance. Comparisons 

between groups were carried out using the Tukey–Kramer 

multiple comparison tests. Differences were considered 

statistically significant when P-values were ,0.05.

Results and discussion
Effect of AuNPs on cell viability and 
MCF-7 cell morphology
In order to determine sublethal conditions of AuNPs used in 

incorporation studies, MCF-7 cells were incubated with dif-

ferent concentrations (20 µg/mL, 50 µg/mL, or 80 µg/mL) of 

AuNPs for different times (24 hours, 48 hours, or 72 hours) 

before determining the cell viability. The obtained results 

show that AuNPs do not induce loss of viability when incu-

bated for 24 hours. The significant effects (P,0.05 vs Vh) on 
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MCF-7 cell viability were observed at 48 hours of incubation 

only with the highest AuNP concentration, ie, at 80 μg/mL, 

and at 72 hours of incubation with the three concentrations 

studied (Figure 1A).

These results were contrasted with cell morphology 

studies carried out using optical microscopy, which also 

show more obvious structural changes in cells incubated 

with 80 μg/mL AuNPs than during 48 hours and 72 hours, 

as compared to the cells incubated with Vh (Milli-Q Water). 

When the cells were incubated with 20 μg/mL and 50 μg/mL 

concentrations of AuNPs, the effects on cell morphology 

were seen after 48  hours of incubation (Figure 1B). The 

observed changes include reduction of cell size, formation 

of spheroidal structures instead of their normal elongated 

shape, and subsequent detachment of the substrate, which 

is characteristic of cell death.

Our results agree with those reported previously, which 

show that the administration of 13  nm diameter AuNPs 

at concentration .100  μg/mL during incubation superior 

to 24 hours causes irreparable damage to both the plasma 

membrane architecture of human dermal fibroblasts31 and the 

mitochondria and nuclei of chronic myelogenous leukemia 

cells (K562).32 These results were reproduced on prostate,33 

lung,34 and nasopharyngeal35 cancer cells, which suggest that 

cell death could be mediated by processes associated with 

apoptosis or necrosis.

Furthermore, these results allowed us to establish the most 

appropriate conditions for studying 20 nm spheroidal AuNP 

incorporation processes at the plasma membrane level, such 

as 80 μg/mL of the AuNP concentration and incubation time 

of up to 24 hours.

Detection of AuNPs in MCF-7 cells by AFM
In order to determine the AuNP location on the plasma mem-

brane of MCF-7 cells and on the substrate, tapping mode-

height scans were performed using the AFM-Nanoscope III 

software. The MCF-7 cells were incubated with 80 μg/mL 

of 20 nm diameter AuNPs at 12 hours of exposure; they were 

fixed by dehydration process with different concentrations 

of ethanol to perform the topographic analysis (Figure 2). 

The AFM revealed features whose sizes ranged between 

80 nm and 400 nm in diameter, which suggests the presence 

of AuNP aggregates (cluster) on the cell surface (Figure 2A 

and B) rather than individual 20 nm NPs. Indeed, the AuNP 

Figure 1 Sublethal effects of AuNPs on MCF-7 cell viability.
Notes: (A) Human breast cancer cells (MCF-7) were incubated with different concentrations of AuNPs (20 µg/mL, 50 µg/mL, and 80 µg/mL) during 24 hours, 48 hours, or 
72 hours, and cell viability was measured by the trypan blue exclusion assay. Exposure to AuNPs exhibited a dose- and time-dependent effect when compared with control Vh 
cells. All error bars represent standard deviation from at least n=5 measurements; asterisks indicate statistical significance (P,0.05). (B) Sublethal effects of AuNP (80 µg/mL) 
were obtained at 24 hours of incubation, as observed by cell morphology (40× magnification).
Abbreviations: AuNPs, gold nanoparticles; Vh, vehicle.
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aggregates located on the surface of MCF-7 cells have the 

same dimensions as AuNP agglomerates observed on the 

surface of the gold-coated plate used for the growth of these 

cells (Figure 2C).

Our observations agree with those reported by other 

authors regarding the cell lines of mouse calvarial osteo-

blasts (MC3T3 E1),36 pancreatic cancer (PK-1, PK-45, and 

Panc-1),37 and liver cancer (Hep-G2),38 located on the plasma 

membrane, obtained by TEM, SEM, and CLSM.

AuNP detection by fluorescent emission 
spectrum
With the aim of corroborating the presence of AuNP agglom-

erates observed by AFM scans, we have carried out studies 

using CLSM LSM-780 NLO (Carl Zeiss Meditec AG). The 

determination was performed on samples of MCF-7 cells that 

were incubated with 80 μg/mL of bare AuNPs for 6 hours. 

The spectral analysis was carried out subsequently in the 

range from 416 nm to 687 nm by CLSM. In order to elimi-

nate background autofluorescence generated by the cells, the 

emission spectrum was normalized to that emitted by control 

cells whose nuclei were stained with the nuclear dye DAPI. 

The whole process is shown in Figure 3A–D.

Figure 3A shows emission spectrum images of AuNPs in 

MCF-7 cells, at different wavelengths, with a fluorescence 

signal emitted at 626 nm wavelength, seen as bright white 

dots (Figure 3B).

The cells incubated with Vh emit low amount of fluores-

cence in the red spectrum (Figure 3C), without bright dots. 

Therefore, this low amount was established as basal value of 

the background fluorescence for all further measurements. 

The last inset of spectral analyses of both experiments 

Figure 2 Detection of AuNPs on MCF-7 cells by AFM.
Notes: The AFM image shows the surface of MCF-7 cell membrane on the gold substrate (A). The AFM analysis revealed features (white spots) in the sizes ranging between 
80 nm and 400 nm in diameter, which suggests the presence of AuNP aggregates (cluster) on the cell surface (A) and (B). AuNP aggregates located on the surface of MCF-7 
cells have the same dimensions as AuNP agglomerates observed on the surface of gold-coated plates used for the growth of these cells (C). The high-resolution AFM image 
revealed that the gold substrate consisted of differently shaped gold micrograins and of numerous NPs (white spots).
Abbreviations: AFM, atomic force microscopy; AuNPs, gold nanoparticles; NPs, nanoparticles.
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shows the sum of all analyzed channels and final image 

reconstruction, where fluorescence emission results from the 

use of DAPI as reference in CLSM (Figure 3A and C).

These results indicate that the greatest incorporation of 

AuNPs into MCF-7 cells takes place at 6 hours of incuba-

tion, and their distribution in the cytoplasm is more evident 

than in the nucleus. The AuNP aggregates are visualized as 

differently sized bright dots heterogeneously distributed in 

the cell (Figure 3B). The 626 nm wavelength signal was not 

detected in Vh-treated cells (Figure 3D).

Our results are consistent with previous reports showing 

that AuNPs of different sizes (10 nm, 15 nm, 20 nm, 30 nm, 

and 50 nm) and shapes (nanorods, nanocages, nanostars, nano-

sphericals, and nanoshells) are capable of emitting fluorescent 

signals due to their optical properties at wavelengths ranging 

between 458 nm and 683 nm, using CLSM9,39 and Raman 

spectroscopy.40–42 It is worth mentioning that most experi-

ments reported with CLSM require AuNP fictionalization 

with fluorescent dyes to be detected intracellularly,43,44 

whereas Raman spectroscopy generates low-quality images 

of the fluorescent signal for bare AuNPs in in vitro models.45 

The obtained CLSM results support AFM findings that 

AuNPs agglomerate on the plasma membrane of MCF-7 

breast cancer cells and confirm the process of intracellular 

incorporation of AuNPs. In order to prove the intracellular 

presence of AuNPs and their penetration up to the nuclei of 

MCF-7 cells, “Z-stack” analysis was performed at 6 hours 

of incubation using CLSM.

Figure 3 (Continued)
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Cellular uptake and intracellular 
distribution of AuNPs
To determine intracellular incorporation and distribution of 

AuNPs, fluorescence analysis was carried out using CLSM 

at 626 nm, where MCF-7 cells were incubated with either Vh 

(Figure 4A) or 80 μg/mL of AuNPs (Figure 4B) for 6 hours, 

12 hours, or 24 hours. In each case, cell nucleus was stained with 

DAPI and, therefore, appears blue in images in Figure 4A–D.

The obtained data show that after 6 hours of incubation 

with AuNPs, their intracellular distribution is heterogeneous 

and also that they are not incorporated in the same proportion 

by all cells. However, at 12 hours, AuNPs were incorporated 

into the cell nuclei to a greater extent. Due to overlapping of 

the fluorescence spectra emitted by AuNPs (red) and by DAPI 

(blue), the part of nuclei with incorporated AuNPs becomes 

pink. This effect was proved by “Z-stack” analysis presented 

in Video S1, which is assembled from 15 slides (16 µm of 

thickness for each cut) (see Video S1 and Figure S1).

Interestingly, results obtained at 24 hours of AuNPs incu-

bation show lower fluorescence emission (red and pink colors) 

when compared to those obtained at 12 hours (Figure 4D), 

which could be due to the cellular expulsion of AuNPs or cell 

Figure 3 Detection of AuNPs in MCF-7 cells by fluorescence emission.
Notes: (A) The emission spectrum analysis detects the presence of Aunis (white dots; 80 µg/mL during 6 hours of incubation) around and inside MCF-7 cells at 626 nm 
wavelength (outlined with yellow dashes). It is especially visible in (B) at higher magnification at higher magnification (40×) at the 626 nm wavelength. As compared to the analysis 
performed on cells incubated with Vh (C) and (D), the absence of AuNPs in the control sample (Vh) is obvious. The scan was performed using CLSM from 416 nm to 687 nm 
wavelength. The nuclei were stained with DAPI (maximum emission 461 nm). The last square in (A) and (C) (outlined with red dashes) is a raw confocal image of MCF-7 cells.
Abbreviations: AuNPs, gold nanoparticles; CLSM, confocal laser scanning microscopy; DAPI, 4′,6-diamidino-2-phenylindole; Vh, vehicle.
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damaging and redistribution of AuNP aggregates. It has 

been previously reported that after 24 hours, the interaction 

of AuNPs with the nucleus in MCF-746 and lung47 cells can 

generate destabilization of the nucleus wrapping, thus alter-

ing the function of this organelle and causing cell collapse 

and death.22,48

Effect of AuNPs on plasma membrane 
surface roughness of MCF-7 cells
The effect of AuNPs on membrane roughness of MCF-7 cells 

was determined using AFM and taking into consideration the 

measuring surface roughness (root mean square) (RMS
[Rq]

) 

value as a quantitative parameter. Few possible problems of 

this method include heterogeneous character/structure of the 

cell plasma membrane surface and dependence on the cell 

cycle phase in which the cells are in a particular moment of 

growth. We take both problems into consideration. First, on 

each cell, the AFM scanning was performed in three differ-

ent zones (Figure 5A and B): N region, above the nuclei of 

MCF-7 cells; E region, at the border between the cell mem-

brane and the gold substrate upon which the cell adheres; and 

I region, the intermediate (cytoplasmic) region between the 

N and E regions. In these particular regions, the analyses were 

performed in scan areas ranging from 20 µm2 to 0.5 µm2, in 

order to see RMS
[Rq]

 variation with the scan size.

Second, the membrane surface roughness analyses 

were performed with MCF-7 cells synchronized by serum 

deprivation, which provided more homogeneous results. 

It was achieved in each series with at least three different 

experiments.

The collected data indicate that RMS
[Rq]

 roughness 

values differ significantly (P,0.05) for each region, the 

highest being observed for the N region the lowest for the E 

region (Figure 5C). However, the N region occupies rather 

small area of the cell surface, which does not allow multiple 

measurements.

Therefore, we decided to analyze the surface roughness 

on synchronized MCF-7 cells in the absence and presence of 

AuNPs (20 nm, 80 µg/mL) by performing scans of 5 µm2 areas 

in three different places of the I region. Analysis was performed 

on at least nine individual cells in three to five independent 

experiments.

Figure 4 Cellular uptake and intracellular spatial distribution of AuNPs.
Notes: The AuNP aggregates were detected inside the MCF-7 cells when these cells were incubated at 80 µg/mL concentrations for 6 hours, 12 hours, and 24 hours 
using CLSM at 626 nm wavelength (red), while the nucleus was stained with DAPI (blue). Panels (A) and (B) show 40× magnification, and panels (C) and (D) show 63× 
magnification. The maximum uptake of AuNPs in the nucleus (maximum red spots close to nuclei) was observed at 12 hours of incubation. When AuNPs entered into cell 
nuclei, they became pink (D), (12 hours). 
Abbreviations: AuNPs, gold nanoparticles; CLSM, confocal laser scanning microscopy; DAPI, 4′,6-diamino-2-phenylindole; NPs, nanoparticles; Vh, vehicle.
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Figure 5 Effect of AuNPs on surface roughness of MCF-7 plasma membrane.
Notes: Topographic analysis of plasma membrane roughness of MCF-7 cells, analyzed by AFM, in three different regions: E, N, and I. (A) Scale micrograph 50×50 μm 
(z=0–2,000 nm) of the complete cell. (B) Schema of the sampling points. (C) The surface roughness RMS[Rq] values for each region presented in (B). (D) Changes in plasma 
membrane roughness as a function of incubation time (0 hours, 6 hours, 12 hours, 16 hours, and 24 hours) with 80 µg/mL AuNP and Vh observed in the series of high-
resolution AFM images, where brighter regions correspond with higher cell areas. (E) Plot of changes in plasma membrane roughness of cells as a function of incubation time 
with AuNPs or Vh. All experiments were carried out in three different regions of a cell and in nine different cells per treatment. The height was calculated from RMS[Rq] values. 
Data are presented as mean and standard deviation of three independent experiments. *P#0.05 vs Vh. The z is 0–619.2 nm for all images.
Abbreviations: AFM, atomic force microscopy; AuNPs, gold nanoparticles; E, edge; I, intermediate; N, nucleus; RMS[Rq], measuring surface roughness [root mean square]; 
Vh, vehicle.
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Figure 5D shows the topographic analysis of AFM, in 

height (“tapping” or oscillating) mode, obtained at conditions 

described earlier. The high-resolution AFM images of each 

incubation time in the absence and presence of AuNPs are 

presented in 3D mode, where brighter regions correspond to 

higher cell areas. Note that detailed inspection of the obtained 

set of images for different time of exposure to AuNPs allows 

following qualitatively the tendency of the cell surface 

roughness to change. The RMS
[Rq]

 values derived from 

those images show that the roughness of MCF-7 cell plasma 

membranes increases proportionally over time of incubation 

up to 12 hours, after which it decreases without reaching the 

exact initially observed values (Figure 5E).

The effects of AuNPs on the plasma membrane rough-

ness can be easily associated with the MCF-7 cell cycle 

phases. At 6  hours of incubation, corresponding to G1 

phase, the RMS
[Rq]

 values increase by 20% with respect to 

the initial time, without presenting significant differences 

between the cells incubated with AuNPs or Vh. Between 

12 hours and 16 hours, where the S-to-G2 transition phase 

is expected, the maximum increase in RMS
[Rq]

 values is 

observed, being 60% greater with respect to the initial 

time when incubated with AuNPs and 30% greater with 

Vh (P,0.05). The effect of incubation with AuNPs on the 

membrane roughness is seen to decrease at 24 hours, with-

out significant differences between the Vh and experimental 

groups (P,0.05).

AuNPs induce pore formation in MCF-7 
cell membranes
AFM images also showed numerous plasma membrane 

depressions with depths close to 90  nm, which were 

observed only on the membranes of cells incubated with 

AuNPs (mostly at 12 hours and 16 hours), but not on Vh. 

Figure 6A and B shows images of the Vh cell and another 

one treated with AuNPs for 12 hours, respectively. The sur-

face of the treated cell is populated with several depressions, 

holes (dark color). The high-resolution image with scan area 

of 1 µm2, presented in 3D mode, reveals the circular shape 

and exact dimension (467.21 nm diameter) of the biggest 

depression (pore) observed at the cell surface (Figure 6C 

and cross-section analysis in Figure 6D).

Figure 6 The AuNPs induce pore formation in MCF-7 cell membranes.
Notes: (A) The smooth surface of the Vh control cell (12 hours) revealed by AFM. (B) The AuNPs (80 µg/mL; 12 hours) induce greater roughness on MCF-7 cell membranes 
in comparison with those treated with Vh. (C) Pore formation was observed on the membrane surfaces of cells incubated with AuNPs. (D) The dimensions of these pores 
were obtained by topographic analysis of 1×1 µm scan area (z=0–100 nm).
Abbreviations: AFM, atomic force microscopy; AuNPs, gold nanoparticles; Vh, vehicle.
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This suggests possible “nanopore” formation associated 

with various mechanisms of cell endocytosis, a phenomenon 

attributed to the interaction of AuNPs with the surface of 

plasma membranes. This phenomenon is consistent with 

previous reports demonstrating that NP interaction with cell 

surface causes structural plasma membrane modifications21,49 

and favors pore formation on plasma membranes for their 

subsequent uptake by endocytosis.50 Interestingly, it occurred 

after 12 hours of treatments when we observed that AuNPs 

incorporate into cell nuclei.

Conclusion
Our work proves that the exposure of 20  nm diameter 

spherical AuNPs to MCF-7 breast cancer cells generates 

changes in cell morphology at concentrations ,100 µg/mL 

(20 µg/mL, 50 µg/mL, and 80 µg/mL) without having a lethal 

effect according to the results obtained in viability analyses. 

These data were of huge importance because they allowed 

us to establish correct parameters for monitoring the inter-

action and incorporation of AuNPs in MCF-7 cells. It was 

determined that out of the three concentrations employed, 

the 80  µg/mL concentration was the most appropriate to 

perform the subsequent studies on AuNP uptake in incuba-

tion periods ,24 hours.

It was clearly demonstrated that AuNPs produce changes 

in plasma membrane of MCF-7 cells by increasing their 

roughness on entering into contact with membrane surface as 

shown by AFM analysis, and upon being incorporated intra-

cellularly; this phenomenon was demonstrated by fluorescent 

signal emitted by AuNPs used herein and was detected at 

626 nm wavelength by CLSM. Surprisingly, it was deter-

mined that with the passing of time, AuNPs distribute hetero-

geneously in the cell cytoplasm until they reach the periphery 

of the nucleus and finally get incorporated into it.

Finally, it was demonstrated that there is a narrow rela-

tionship between the increase in roughness and the pore 

formation on the plasma membrane of cancer cells associated 

with the interaction and uptake of AuNPs, suggesting that 

this phenomenon is related to the mechanisms of endocytosis 

of AuNP agglomerates; however, said phenomenon needs to 

be further investigated since such behavior of plasma mem-

brane of the cells can also be related to a possible process 

of exocytosis.

Additionally, and as importantly, it was demonstrated that 

using the methodology and technique developed here, such as 

AFM and CLSM, one could successfully trace the process of 

NP incorporation into the cell at the nanometric level. Since 

AFM and CLSM are not limited to determination of metal 

particles, as is the case with SEM and TEM, we believe that the 

methodology presented here has a great potential in studies of 

interactions and uptake of nonmetallic NPs into cell material 

and can contribute to a better understanding of the mechanism 

of action and the use of NPs in medicine, in general.
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Supplementary materials

Video S1. Video presenting intercellular incorporation of gold nanoparticles (AuNPs) (red color) and MCF-7 nuclei (blue color) after 6 hours of incubation. When AuNPs 
entered cell nuclei, they became a pink color. The video is assembled from 15 slides, with 16 μm of thickness for each cut.

Figure S1 Ortho image assembled from Z-stack (A) (scale bar: 20 µm), present the place of incorporation of gold nanoparticles (AuNPs) into cell nucleus (crosslink section), 
after 6 hours of incubation. A 3D view of the ortho image is presented at (B) (scale bar: 20 µm). More details about the incorporated AuNPs can be seen in (C) and (D) on 
reconstructed images (image sizes: 60×70 µm, and 6×7 µm, respectively).
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