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A B S T R A C T   

Extracellular vesicles (EVs) and cell membrane nanoghosts are excellent coatings for nanomaterials, providing 
enhanced delivery in the target sites and evasion of the immune system. These cell-derived coatings allow the 
exploration of the delivery properties of the nanoparticles without stimulation of the immune system. Despite the 
advances reported on the use of EVs and cell-membrane coatings for nanomedicine applications, there are no 
standards to compare the benefits and main differences between these technologies. Here we investigated 
macrophage-derived EVs and cell membranes-coated gold nanorods and compared both systems in terms of 
target delivery in cancer and stromal cells. Our results reveal a higher tendency of EV-coated nanorods to interact 
with macrophages yet both EV and cell membrane-coated nanorods were internalized in the metastatic breast 
cancer cells. The main differences between these nanoparticles are related to the presence or absence of CD47 in 
the coating material, not usually addressed in EVs characterization. Our findings highlight important delivery 
differences exhibited by EVs- or cell membranes- coated nanorods which understanding may be important to the 
design and development of theragnostic nanomaterials using these coatings for target delivery.   

1. Introduction 

For almost a century, cancer was considered a monocellular disease 
[1,2]. However, recent studies have revisited the ‘seed and soil’ hy-
pothesis which suggested that metastasis is favored when in a friendly 
organ microenvironment [2,3]. The concept of tumor microenviron-
ment (TME), for example, including the interaction of cancer cells with 
the extracellular matrix (ECM), blood vessels, associated macrophages 
and fibroblasts, as well as the aspects concerning the circulating tumor 
cells, has been the focus of intense medical research aiming at eluci-
dating tumor progression [4,5]. The complexity of the TME, in partic-
ular, may hinder conventional treatments using free chemotherapeutics, 
due to the low concentration of the active effectively delivered to the 
tumor site, which also results in severe side effects [6]. To overcome the 
latter effects, tumor vasculature has been explored as a means to accu-
mulate nanoscale carriers and macromolecules in the target sites [7], a 
sized-related process known as enhanced permeability and retention effect 
(EPR) [8,9]. Despite the EPR effect, only 0.7% of the administered dose 

of nanomedicines reaches the solid tumor [10,11]. 
When a nanomaterial is administered into the body, it encounters 

several obstacles imposed by our immune system [12,13], and therefore 
an efficient camouflage of the nanomaterials is important for a suc-
cessful translation in vivo [14]. This is the case of tetraspanin CD47 
which has a role in regulating phagocytosis from macrophages [15]. 
This protein is a ligand for the signal regulatory protein α (SIRPα) and 
has an inhibitory role in phagocytosis [16]. CD47 acts as a “self-marker” 
on some cells [17,18] being overexpressed in cancer cells [19–21]. Upon 
the interaction of CD47 and SIRPα, phagocytosis by macrophages is 
inhibited [17]. Evaluation of the CD47 expression and thus under-
standing the ‘eat me/don’t eat me’ strategy is a paramount step for the 
smart delivery of chemotherapeutics using nanocarriers [22]. 

Biomimicking nanocarriers based upon cell membranes vesicles has 
been reported as efficient platforms for active delivery [23]. The cell- 
membrane coating technology was first reported in 2011 [24], and 
after 10 years, there is still room for improvement [25–27]. The main 
advantages of this technology comes from the fact that functionalized 
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nanoparticles inherit important features from the source cells, including 
prolonged circulation time [24,28] and the ability to target tumor sites 
by homotypic binding [26,29–31]. 

Coatings based on extracellular vesicles (EVs) are also an important 
strategy to enhance circulation time [32,33], targeting [20,34,35] and 
modulation of tumor microenvironment [36,37]. EVs are known to 
interplay communication between cells depending on their donor cells 
and origin [33]. These membrane-bound carriers are classified by their 
size, as small (50–200 nm), medium (200–1000 nm), and large extra-
cellular vesicles (1–10 µm) [38]. Small EVs originate from two forms by 
endosomal (exosomes) or plasma membranes (microvesicles) release 
(Fig. 1A) [39]. Although small EVs exhibit innate characteristics of long- 
distance communication, the current isolation methods and their yields 
are limited and pose several challenges for drug delivery and biomimetic 
coatings applications [40]. Thus, a validation regarding their function-
ality and a comparison with classical biomimetic nanoparticles could 
generate valuable information for their rapid translation into the clinics 

[33,41,42]. 
In this paper we compared the delivery properties of EVs- and 

membrane-coated nanorods, focusing on their ability to interact with 
cancer and stromal cells. Gold nanorods were chosen due to their use in 
photothermal therapy as theragnostic nanomaterials [23]. Our results 
shows the importance of CD47 molecules as the “do not eat me” signal in 
the cell membrane-derived nanoparticles. Additionally, cell membranes- 
coated NRs were able to interact the tumor cell lines more efficiently 
than the EVs-based gold nanorods, highlighting the importance of 
membrane composition during the development of nanomaterials for 
drug delivery. 

2. Methodology 

All reagents were used as purchased and the chemical solutions were 
prepared using ultrapure water (18.2 MΩ.cm at 25 ℃). Glassware and 
magnetic bars were cleaned before each experiment using a fresh aqua 

Fig. 1. Characterization of extracellular 
vesicles and membrane extract from 
RAW264.7 macrophages. (A) Schematic of 
the biogenesis of EVs. Size distribution of (B) 
extracellular vesicles and (C) cell membrane 
extract from RAW264.7 by NTA and DLS 
(insert). (D) EVs and (E) cell membrane 
extract microscopic analysis of their vesicu-
lar property after isolation by Cryo-TEM. 
Scale bar: 50 nm. (F) Western blot analysis 
using anti-CD47, anti-Flotilin 1(FLOT1), and 
anti-Annexin 2 (ANXA2). G) Lipid composi-
tion analysis as revealed by Iatroscan.   
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regia solution (HCl and HNO3 in 1:3 ratio). The reagents used in cell 
cultures were previously autoclaved and the procedures performed in a 
laminar flow chamber using sterile materials. 

2.1. Synthesis of the gold nanorods 

The synthesis of gold nanorods was based on seed-mediated growth 
in the presence of the surfactant cetyltrimethylammonium bromide 
(CTAB, Sigma Aldrich) [43]. The gold seeds suspension was prepared by 
mixing 9.75 mL of 0.1 mol L− 1 CTAB with 250 µL of 0.01 mol L− 1 

HAuCl4 (Sigma Aldrich) and left under stirring for one minute. Then, 
600 µL of cold 0.01 mol L− 1 NaBH4 (Sigma Aldrich) was added to the 
solution and left under stirring for 10 min. This suspension was main-
tained at 25 ◦C for 1.5 h before use. 

Following, 2 mL of 0.01 mol L− 1 HAuCl4 were mixed with 36 mL of 
0.1 mol L− 1 CTAB. To this mixture, 120 µL of 0.01 mol L− 1 AgNO3 
(Sigma Aldrich), 800 µL of 1 mol L− 1 HCl (Synth), and 320 µL of 0.1 mol 
L− 1 ascorbic acid (Sigma Aldrich) were added sequentially. Finally, 4 mL 
of the previously prepared gold seeds were added. The system was 
maintained at room temperature for at least 24 h and then centrifuged (5 
times) at 1500×g for 5 min to remove CTAB excess. 

Removal of CTAB (which is highly cytotoxic [44]) and the further 
functionalization of the NRs with citrate were carried out as follows: 20 
mL of CTAB_AuNR were centrifuged three times (16,000×g, 85 min). 
Next, the AuNR pellet was redispersed in 0.15 wt% poly(sodium 4-sty-
rene sulfonate (Na-PSS, molecular weight of 70,000) to a final volume 
of 20 mL and left to stand for at least 2 h before the next step. This 
sample was submitted to two centrifugation steps (16,000×g, 85 min) 
and redispersed in 0.15 wt% of Na-PSS to a final volume of 10 mL. The 
latter step is needed to ensure efficient removal of CTAB. Finally, the 
samples were centrifuged and redispersed in 20 mL of sodium citrate 
(Sigma Aldrich) at 5 mmol L− 1, keeping at rest for at least 12 h. The 
dispersion was subjected to the second cycle of centrifugation, with a 
final volume of 5 mL dispersed in sodium citrate 5 mmol L− 1. For 
functionalization studies, the NRs were submitted to a third cycle of 
centrifugation and resuspended in phosphate buffered saline (PBS) 1×. 

The AuNR_PEG nanomaterials employed in the cell viability studies 
were produced as following: After removing the excess of CTAB, PEG-SH 
(Sigma Aldrich) was added to the gold nanorods dispersion to a final 
concentration of 200 μmol L− 1 and sonicated for 30 min. The nano-
particles were gently shaken overnight at room temperature and then 
centrifuged to remove the excess of free polymer. 

2.2. Cell culture 

Macrophage Abelson murine leukemia virus-transformed 
(RAW264.7, American Type Culture Collection, ATCC), healthy fibro-
blasts (L929, ATCC), rat hepatoma (HTC, BCRJ), and healthy mouse 
liver (FC3H, BCRJ) cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM, Vitrocell, Brazil) supplemented with 10% (v/v) of fetal 
bovine serum (FBS, Vitrocell, Brazil), and 1% (v/v) L-Glutamine at 37 ◦C 
in a humidified atmosphere with 5% CO2. Metastatic breast cancer cells 
(4T1) were acquired from the Rio de Janeiro Bank Cell (BCRJ) and 
cultured in Roswell Park Memorial Institute Medium (RPMI, Vitrocell, 
Brazil) supplemented with 10% (v/v) of fetal bovine serum (FBS, 
Vitrocell, Brazil) at 37 ◦C in a humidified atmosphere with 5% CO2. 

2.3. Extracellular vesicles isolation 

RAW264.7 cells were cultured in 175 cm2 flasks (Greiner). After 70% 
of confluence, the culture media was replaced by DMEM supplemented 
with 1% (v/v) L-Glutamine and 10% (v/v) FBS depleted of exosomes 
(Thermo Fisher Scientific). Cell culture medium was collected at 24 or 
48 h, depending on the confluency, and centrifuged at 800×g for 4 min 
at room temperature to remove detached cells. To avoid contamination 
by larger vesicles, such as apoptotic bodies, the supernatant was 

submitted to filtration with a membrane with a pore size of 0.22 µm 
[45]. Filtered supernatant was ultracentrifuged at 100,000×g for 2 h at 
4 ◦C. The pellet was washed with (PBS) followed by a second ultracen-
trifugation step at 100,000×g for 2 h at 4 ◦C using an Optima MAX-XP 
ultracentrifuge (Beckman Coulter, TLA 110 rotor). The pellet was 
collected and resuspended in PBS containing SIGMAFASTTM protease 
inhibitor cocktail tablets prepared according to manufacturer specifi-
cations. For long-term storage, the EVs were stored at − 80 ◦C and used 
within 1 month after isolation. EVs were characterized in size distribu-
tion and concentration by dynamic light scattering (DLS, Zetasizer Nano 
ZS, Malvern), Cryo-TEM, and nanoparticle tracking analysis (NTA, 
Nanosight NS300, Malvern). We have submitted all relevant data of our 
experiments to the EV-TRACK knowledgebase (EV-TRACK ID: 
EV210114) [46]. 

2.4. Cell membrane extraction 

RAW264.7 cells in 70% confluence (175 cm2 flasks) were detached 
from the flask using a cell scraper and subsequently centrifuged at 
800×g for 5 min at room temperature. The pellet was centrifuged 
(800×g, 5 min) and washed at least two times with PBS. The pellet was 
then resuspended with hypotonic buffer (10 mM Tris base, 1.5 mM 
MgCl2, 10 mM NaCl, pH 6.8, all Sigma Aldrich), and after 5 min, sedi-
mentation was performed by centrifugation at 800×g, for 5 min, at 4 ◦C. 
The pellet was resuspended in lysis buffer (0.25 M sucrose, 10 mM 
HEPES, 100 mM succinic acid, 1 mM EDTA, 2 mM CaCl2, 2 mM MgCl2, 
pH 7.4, all Sigma Aldrich), and the final solution was homogenized 70 
times (1400 rev/min) in a VIRTUS PII glass homogenizer. The homog-
enate was centrifuged at 10,000×g, for 20 min, at 4 ◦C to remove cell 
debris. Finally, the supernatant was ultracentrifuged at 100,000×g, for 
2 h, at 4 ◦C, using an Optima MAX-XP ultracentrifuge (Beckman Coulter, 
TLA 110 rotor). The ultracentrifuged pellet containing the membranes 
was resuspended in 1x PBS with a protease inhibitor cocktail (SIGMA-
FASTTM). For long-term storage, the cell membrane extracts were stored 
at − 80 ◦C and used within 1 month [45]. Cell membrane extract was also 
characterized in size distribution and concentration by DLS, Cryo-TEM, 
and NTA. 

2.5. Functionalization of nanoparticles with the cell membrane and EVs 

After extraction, cell-derived membranes, isolated EVs, and gold 
nanorods were sonicated separately in an ultrasonic bath for 15 min at 
4 ◦C and 37 Hz with 80% power (Elmasonic P). For nanoparticles 
functionalization, cell membranes or EVs (100 µL, 1 × 1011 particles 
mL− 1) were added to 1000 μL of citrate-AuNRs (optical density at 700 
nm = 0.4) and sonicated with the same parameters as described above. 
The nanoparticles were then extruded 15 times through a 200 nm pore 
polycarbonate membrane (Avanti Lipids) using an Avanti mini- 
Extruder. 

To study the effects of different AuNRs functionalization strategies 
on cellular uptake, gold nanorods coated with extracellular vesicles or 
with cell membranes (eAuNR and mAuNR, respectively) were labeled 
with 3,3-Dioctadecyloxacarbocyanine perchlorate (DiO, Sigma Aldrich). 
Briefly, after the extrusion, the coated nanoparticles were incubated for 
1 h at 37 ◦C with DiO at 5 µg mL− 1. The samples were dialyzed overnight 
(12 kDa membrane, Sigma Aldrich) to remove excess of the unbound 
fluorescent probe. Zeta potential and size distribution measurements of 
all nanoparticles were performed using a Zetasizer Nano ZS, Malvern. 
The concentration of the vesicles and the nanoparticles were evaluated 
using NTA Nanosight NS300. 

2.6. Transmission electron microscopy 

For transmission electronic microscopy (TEM), 3 µL or 10 µL of the 
samples were deposited on copper grids for 60 s and dried with paper 
filter. Samples were stained with 3 µL of 2% uranyl acetate for 30 s and 
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again dried with paper filter. For Cryo-TEM analyses, the samples were 
prepared by depositing 3 µL of the sample on a copper grid, dried for 3 s 
with paper filter with further immersion in liquid ethane. The procedure 
was performed using Vitrobot Mark. The images were obtained using a 
JEOL 1400 and a JEM-2100 Transmission Electron Microscopes. The 
loading rate was estimated by dividing the total number of encapsulated 
nanorods by the total number of vesicles. 

2.7. Fourier-transform infrared spectroscopy (FTIR) 

FTIR samples were prepared by drop-casting 10 µL of the samples 
diluted in PBS 1x onto clean silicon substrates and dried under a reduced 
atmosphere. The spectra were collected using an Infrared spectrometer 
Nicolet 6700/GRAMS Suite, with 128 scans per sample with 4 cm− 1 

resolution from 4000 to 400 cm− 1. 

2.8. Lipid composition estimation 

The lipid composition of the vesicles was assessed by planar chro-
matography with flame ionization (Iatroscan MK-VI, Iatron, Japan). 
Lipids standards HC/WE (aliphatic hydrocarbons/ester), KET (ketones), 
TAG (triglycerides), FFA (free fatty acids), ALC (aliphatic alcohol-free), 
ST (sterol), AMPL (mobile polar lipids in ketone), and PL (phospho-
lipids) were obtained from Sigma-Aldrich and all other chemicals and 
solvents were of analytical grade. RAW264.7 cell membranes and 
extracellular vesicles were resuspended in chloroform (Synth) after ul-
tracentrifugation. The lipids samples were resolved in subsequent 
elution stages with an increase of solvent’s polarity. 

2.9. Cell viability 

Cell viability was investigated by MTT assay after 24 h of incubation 
with the NRs samples. All the cells were seeded at a density of 2 × 103 

cells per well in 96-well plates and grown for 24 h. Prior incubation, 
media was removed and 100 µL of the nanoparticles at concentrations of 
1 × 108, 5 × 108, 1 × 109, and 5 × 109 particles mL− 1 were incubated in 
DMEM 10% FBS (RAW264.7, L929, FC3H, HTC cells) or RPMI 10% FBS 
(4T1 cells). After 24 or 48 h, the nanoparticles were removed, the cells 
were washed with 1x PBS and 100 µL of 0.5 mg mL− 1 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) were 
added with additional incubation for 3 h. Further, formazan crystals 
were dissolved in 100 µL of dimethyl sulfoxide (DMSO, Synth) per well 
and left under orbital agitation for at least 15 min. Absorbance mea-
surements were performed at 570 and 630 nm using a microplate reader 
SpectraMax M3 (Molecular Devices). Cell viability was calculated 
compared to controls without treatment as described in Eq. (1). 

cell viability(%) =

(
A570sample − A630sample

)

A570control − A630control
× 100 (1)  

where A570sample is the absorbance at 570 nm and A630sample at 630 nm of 
treated samples, while A570control and A630control represent the absorbance 
of non-treated samples or controls. Data analysis was performed using 
Origin 2020. 

2.10. Reactive oxygen species (ROS) 

Reactive oxygen species (ROS) assay was carried out using 2′,7′- 
dichlorodihydrofluorescein diacetate (H2DCFDA) as a probe. In 96-well 
plates, 2 × 103 cells per well were seeded. After 24 h, eAuNR and 
mAuNR (100 µL) were incubated for 24 h at two concentrations (1 × 108 

and 5 × 108 particles mL− 1). Hydrogen peroxide (H2O2 – 100 µM, 
Merck) was used as positive control and incubated 1 h before to the end 
of 24 h incubation. Cells were rinsed with PBS and incubated with 50 μM 
of H2DCFDA in cell culture media for 1 h at 37 ◦C with 5% CO2. Fluo-
rescence was measured at wavelengths of 485 nm (excitation) and 530 

nm (emission) using a microplate reader SpectraMax M3 (Molecular 
Devices), after washing and adding fresh PBS to the cells. The fluores-
cence intensity values were normalized by the ROS fluorescence from 
the control. 

2.11. Cellular uptake studies 

2.11.1. AuNRs uptake analysis by High content Image Screening 
In 96-well plates, 5 × 103 cells per well (RAW264.7, 4T1, and L929) 

were seeded and grown for 24 h. The medium was removed, followed by 
the incubation of 100 µL per well of 1 × 108 particles mL− 1 eAuNR or 
mAuNR (containing DiO as the fluorescent probe) for 4 h. For inhibition 
studies, the agents: amiloride (100 µg mL− 1), nystatin (40 µg mL− 1), 
nocodazole (10 µg mL− 1), hydroxy-dynasore (100 µmol L− 1), and 
dansyl-cadaverine (100 µmol L− 1) (all from Sigma Aldrich) were incu-
bated for 30 min prior to the incubation with the nanoparticle and not 
removed during the nanoparticle’s incubation. After incubation, cells 
were washed twice with PBS, fixed with 3.7% paraformaldehyde (PFA) 
for 10 min, and washed 3x with PBS. A bovine serum albumin (BSA) 
suspension, 2% (w/v) in 100 µL was incubated for 15 min. Following, 
the cells were washed 3x with PBS and incubated with 4′,6-diamidino-2- 
phenylindole dihydrochloride (DAPI, 100 µL at 2 µg mL− 1) for 10 min. 
The samples were washed with PBS followed by one washing with 
distilled water. Images were acquired on ImageXpress XLS High Content 
Image System (Molecular Devices), with the 20× magnification lens 
(Plan fluor 20×/0.45), with cells immersed in 100 µL of PBS. A total of 
25 images were acquired for each condition. For automatic quantitation 
of NPs uptake, the Transfluor module was used to create a mask able to 
quantify the fluorescence intensity of labeled-NPs inside the cells. The 
integrated intensity was normalized by nuclei count, to remove possible 
interferences by different cell numbers within the wells. 

2.11.2. Inductively coupled plasma mass spectrometry (ICP-MS) 
Internalization of the nanoparticles in RAW264.7, 4T1, and L929 

cells were also evaluated with ICP-MS. In a 12-well plate, cells were 
seeded at 1 × 105 cells/well. After 24 h, 1 mL of 5 × 108 particles mL− 1 

in DMEM or RPMI 10% FBS were incubated for 4 h. After incubation, the 
medium containing the particles was removed, cells were washed twice 
with PBS and trypsinized or scraped. Cells were centrifuged at 800×g for 
5 min, resuspended in PBS and the cell viability was evaluated with a 
trypan blue exclusion test. Cells were again centrifuged (800×g, 5 min) 
and each pellet was dissolved with 500 µL of aqua regia and further 
diluted in 10 mL of ultrapure water. Finally, the samples were analyzed 
by LabExata using NexIon 2000 from Perkin Elmer. 

2.12. Confocal microscopy 

The internalization of eAuNR and mAuNR in RAW264.7 and 4T1 
cells was evaluated by confocal laser scanning microscopy (CLSM). The 
cells were incubated on glass slides, in a 24-well plate, at an initial 
seeding of 5 × 104 cells per well, and grown for 24 h. Further, 50 µL of 
the nanoparticles from a stock solution in 500 µL of medium were added 
over the plated cells for 4 h. LysoTracker™ Deep Red (Thermo Fisher) 
was incubated at 75 nmol L− 1 for one hour before the end of incubation 
of the nanoparticles. Cells were washed twice with 1X PBS and fixed 
with 3.7% paraformaldehyde (PFA) for 10 min. Prior to the incubation 
with 2%(w/v) of BSA, the cells were washed twice with PBS and incu-
bated for 15 min. DAPI was incubated at 2 µg mL− 1 for 10 min, and then 
the slides were washed with PBS followed by distilled water. Slides were 
mounted with Fluoroshield. Image acquisition was performed on a Zeiss 
(LSM780) confocal microscope with water immersion (60x objective) 
and analyzed using Image J. 

2.13. Western Blot 

Samples (10 μL, containing 6 × 108 particles) were mixed with 
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Laemmli sample buffer, boiled at 100 ◦C for 5 min, loaded onto 8% 
acrylamide gels, and run at 100 V for 1.5 h. Gels were transferred to 
nitrocellulose membranes for 2 h (0.45 μm, Biorad) and blocked with 5% 
(w/v) bovine serum albumin (BSA) in Tris-buffered saline with 0.05% 
(v/v) Tween 20 (TBS-T) for 1 h. For identification of proteins, mem-
branes were probed with primary antibodies anti-flotillin 1 (1:1000, BD, 
610821), anti-CD47 (1:1000, Thermo Fischer PA5-81591) and anti- 
annexin 2 (1:1000, Sigma Aldrich QC5535), anti-ALIX (1:1000, Abcam 
Ab186429) and incubated overnight at 4 ◦C. The membranes were then 
washed four times with TBS-T (5 min each), and secondary antibodies 
diluted in non-fat milk were added and detected by enhanced chem-
iluminescence (ECL, Thermo Scientific, 32,106 and 34095). For the cell 
lysate obtention, 2 × 106 cells were plated overnight. Following, the 
cells were washed twice with 1X PBS and 15 µL of lysis buffer was added 
and let rest for 2 h in ice. Finally, the lysate was centrifuged (10,000×g, 

4 ◦C) for 10 min and the supernatant was collected. A total of 10 µg of 
protein was loaded on gels. Images of the membranes were acquired on a 
molecular imager (ChemidocTM XRS; Biorad). 

2.14. Statistical analysis 

Statistical analysis was performed using Prism 9, and the test per-
formed was one-way ANOVA with Tukey’s comparisons. The measures 
are represented by mean and standard error. 

3. Results 

3.1. EVs and cell membrane characterization 

The macrophage-derived EVs and the cell membrane extracts were 

Fig. 2. Characterization of the gold nanorods coated with the cell membrane (mAuNR) and extracellular vesicles (eAuNR) fabricated by extrusion through a 200 nm 
pore size membrane. (A) Schematic view of the functionalization that resulted in different protein and lipids patterns at the nanoparticles surface. (B) UV–Vis spectra, 
(C) Size distribution analysis (Z-average) in one-way ANOVA with Tukey’s comparisons with three independent syntheses, (D) zeta potential, and (E) FTIR spectra of 
eAuNR and mAuNR. TEM images with negative staining of (F) AuNR-citrate (G) eAuNR and (H) mAuNR. Scale bar: 100 nm and 20 nm (The measurements are 
represented by average and error bars represent the standard error of three independent syntheses, *p < 0.05; **p < 0.01; ***p < 0.001). 
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characterized by Western Blot, Cryo-TEM, NTA, and DLS (Fig. 1). Fig. 1A 
shows a schematic overview of EV biogenesis, distinguishing membrane 
and endosomal secreted vesicles. Fig. 1D shows the Cryo-TEM images of 
EVs isolated from RAW264.7 in which a lipid bilayer can be observed 
with diameter of 145 ± 40 nm, corroborating the NTA and DLS mea-
surements (Fig. 1B). Likewise, Fig. 1E displays bilayer vesicles obtained 
from RAW264.7 membrane extracts with a mean diameter of 233 ± 20 
nm, obtained by NTA, similar to the values obtained by DLS (Fig. 1C). 
The particle concentrations for isolated EVs and cell membrane extracts 
were (2.1 ± 1.2) × 1011 and (1.2 ± 1.1) × 1011 particles mL− 1, 
respectively, as measured by NTA. The protein content of EVs and 
membrane extracts were evaluated by Western Blot to identify the 
presence of CD47, flotillin 1, and annexin 2 (Fig. 1F). CD47 and Annexin 
2 were detected only in the cell membranes. Flotillin 1 was present in the 
EVs and the cell membrane of the macrophages. The cell membrane 
extract exhibited a higher amount of phospholipids in comparison to the 
extracellular vesicles, as analyzed by planar chromatography (Fig. 1G) 
[47]. 

3.2. eAuNR and mAuNR characterization 

The functionalization of the gold nanorods with the EVs or the 
cellular membranes was performed via extrusion using 200 nm pore size 
membranes, as depicted in Fig. 2A. Functionalized AuNRs showed 
changes in absorption, size and homogeneity characteristics, compared 
to their non-functionalized counterparts. The neat AuNRs displayed a 
typical electronic absorbance spectrum, with absorption bands at 520 
and 700 nm (near-infrared region) as shown in Fig. 2B. For the func-
tionalized NRs, a decrease in the absorption bands intensity was 
observed. Additionally, both eAuNR and mAuNR presented a redshift 
(compared to neat AuNRs), probably due to changes caused by the 
presence of the biological coatings in the dielectric constant in the sys-
tem [23]. For mAuNR, in particular, a significant decrease in the ab-
sorption intensity was observed, due to the close proximity between gold 
nanorods within the vesicles, leading to plasmon coupling effects [23]. 
DLS and NTA measurements showed an increase in size (Fig. 2C) and a 
decrease in the concentration (Figure S2, Supporting information) for 
the vesicles-functionalized AuNR when compared to the isolated vesi-
cles. The nanoparticles concentrations [48] were estimated by NTA as 
1.4 × 1011 ± 1.6 × 1010 and 3.4 × 1011 ± 5 × 1010 particles mL− 1 for 
eAuNR and mAuNR, respectively (Figure S2). Average sizes of 177.9 ±
19.3 nm for eAuNR (PdI 0.46 ± 0.14) and 149.5 ± 9 nm for mAuNR (PdI 
0.32 ± 0.07) are observed in Fig. 2C. The zeta potential values of the as- 
synthesized NRs were − 37.5 ± 3.8 mV (Fig. 2D), which shifted to − 16.4 
± 2.4 mV for eAuNR and to − 18 ± 1 mV for mAuNR, indicating the 
successful functionalization, since the latter values are close to those of 
the isolated membranes (− 27.3 ± 2 mV) and EVs (− 20.7 ± 2 mV). 

Fig. 2E shows the FTIR spectra from AuNR_CTAB, AuNR_citrate, 
EVs/AuNRs (eAuNR), and cell membrane/AuNRs (mAuNR) systems. 
The exchange of CTAB by sodium citrate in the AuNRs could be 
confirmed by the decrease in the two intense bands at 3000 and 2800 
cm− 1 that correspond to the symmetric and asymmetric stretching of the 
methylene group from CTAB. Additionally, the presence of two bands 
around 1500 cm− 1, assigned as the stretching of carboxylate groups, 
confirmed the presence of citrate (AuNR_citrate). After extrusion of 
AuNR with EVs and cell-derived membranes, two bands at 1500 and 
1350 cm− 1 could be observed in the spectra from eAuNR and mAuNR, 
which correspond to the deformation modes of CH2 and CH3 from the 
lipid molecules. A band at 3400 cm− 1, assigned to –OH from water, was 
more prominent in the mAuNR samples, indicating a higher level of the 
hydration of the membrane when compared to eAuNR [49]. 

To better investigate the morphology and size of the AuNRs systems, 
the nanomaterials were evaluated by TEM, using negative staining 
(Fig. 2F-H). As shown in the TEM images of the functionalized NRs 
(Fig. 2G and 2H), an organic layer surrounding the rods was observed in 
both systems. For mAuNR samples, the TEM images revealed more 

AuNRs assembled within membrane vesicles when compared to eAuNR, 
that exhibited a more individually-coated pattern. The assembly of the 
gold nanorods functionalized with the cell membrane, as observed in 
Fig. 2H, confirms the plasmonic coupling observed in Fig. 2B, due to the 
decrease in intensity of the longitudinal peak. Photothermal conversion 
studies were also performed and revealed that the coating type do not 
affect the ability of the AuNRs systems to reach hyperthermia temper-
atures (Figure S3). 

3.3. Toxicity studies of eAuNR and mAuNR 

In vitro toxicity studies were performed to investigate the effect of 
different AuNRs functionalization on cell viability. Macrophage (RAW 
264.7), breast tumor (4T1), and fibroblasts (L929) cell viability were 
assessed by MTT assay after 24 h incubation with the AuNRs systems at a 
concentration of 1 × 109 particles mL− 1. mAuNR, eAuNR and citrate 
induced significant toxicity in the source cells when compared to the 
AuNR_PEG, used as control (Fig. 3A). For 4T1 cells, no toxicity was 
observed for all samples, and an increase in the mitochondrial activity 
was observed for incubation with AuNR_citrate (Fig. 3B). Similarly, all 
the nanomaterials showed no statistically significant reduction in L929 
cell viability (Fig. 3C). 

Concentration-dependent assays were performed to analyze the dif-
ferences between the eAuNR and mAuNR groups. For RAW264.7 cells, 
at the lowest concentration of 1 × 108 particles mL− 1, mAuNR caused 
higher toxicity when compared to eAuNR (Fig. 3D). At higher concen-
trations, both nanomaterials decreased cell viability in ca. 50%. The 
viability of the 4T1 and L929 cells was not affected by the presence of 
the AuNRs systems (Fig. 3E and 3F). Intracellular ROS generation was 
evaluated at two nanoparticles concentrations, as seen in Fig. 3G-I. For 
all cell lines, no significant differences between the nanoparticles were 
confirmed. 

Trypan blue exclusion test was also performed on RAW264.7 and 
L929 to evaluate membrane damage on the cells after the exposure to 
different gold nanorods coating (Figure S4). The results show that for 
both cells the membrane is intact, and no reduced viability was 
observed. Additionally, viability studies in hepatic cell lines showed no 
toxicity for all evaluated groups (Suppl. Figures S5 and S6). 

3.4. Cellular uptake assays 

To understand the effects of different AuNRs coatings (EVs and cell 
membranes) on the toxicity profiles of the cell lines, endocytosis 
mechanisms were assessed using pharmacological inhibitors for the 
main endocytic pathways of nanoparticles (Fig. 4). Cellular uptake was 
evaluated using fluorescence-based techniques. The nanoparticles were 
labeled with DiO, a fluorescent probe that internalizes in the lipid 
bilayer of the vesicles. As uptake inhibitors, we used nystatin, amiloride, 
hydroxy-dynasore, nocodazole and dansyl-cadaverine, that inhibits 
caveolae, macropinocytosis, dynamin, microtubules, and clathrin- 
dependent endocytosis, respectively. In the source cell, RAW264.7, 
eAuNR uptake (Fig. 4A) was inhibited by hydroxy-dynasore, whereas 
the mAuNR uptake (Fig. 4E) was inhibited by amiloride, hydroxy- 
dynasore, and nocodazole. For metastatic breast cancer cells, eAuNR 
uptake (Fig. 4B) was inhibited by amiloride and hydroxy-dynasore. 
mAuNR internalization in 4T1 (Fig. 4F) was not influenced by these 
inhibitors. In the L929 cells, eAuNR internalization was decreased by 
hydroxy-dynasore and mAuNR uptake was also decreased by the same 
inhibitor, and by dansyl-cadaverine. Protein content assay (Fig. 4D) 
showed the presence of ALIX in both cell lysates and vesicles. Differences 
in the CD47 expression in cells were observed, in which 4T1 exhibited 
the higher CD47 expression among the cell’s lysates. ICP-MS results 
(Fig. 4H) revealed the reduced cellular uptake of the EVs- or cell 
membrane-coated AuNRs by the RAW264.7 in comparison to the bare 
nanoparticles. As expected, internalization was higher in the macro-
phages. Upon normalizing the ICP-MS analysis with the gold content of 
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the nanoparticles (Figure S7) we observe a tendency for eAuNRs to 
deliver more gold to all cells than the mAuNRs, as well as an increased 
uptake in RAW264.7 and 4T1 cell lines. Additionally, cellular uptake 
differences were quantitatively evaluated by High Content Image 
Screening and flow cytometry (Figure S8). The preferential uptake of 
eAuNR in the RAW264.7 is shown, and for this technique, no difference 
in the uptake of eAuNR and mAuNR by the 4T1 and L929 was observed. 

Internalization studies were also carried out by confocal laser scan-
ning microscopy (Fig. 5 and Figures S9 and S10). The images show a 
preferential uptake of eAuNR rather than mAuNR in the source cell 
(RAW264.7), and the opposite was observed for the breast cancer cell 
line. In 4T1 we observe an increased uptake of mAuNR compared to 
eAuNR, and a tendency to colocalize with Lysotracker also shown in 
Fig. 5. 

4. Discussion 

The advantage of using macrophage-derived EVs and membranes for 
NPs coating lies in the biorecognition features and reduced 

immunostimulation provided by such camouflage, minimizing inter-
nalization by the source cells (macrophages), and increasing the chances 
of internalization by the target cancer cells [31,50]. We successfully 
obtained two classes of coated nanorods using EVs and cell membrane 
extracts of RAW264.7. We initially investigated the physico-chemical 
characteristics and differences in yield, structure, lipid content and 
protein markers of the EVs and cell membranes (Fig. 1). Nanotracking 
analysis showed that the isolation protocol provided a high yield of 
vesicles. Moreover, size distribution analysis showed that EVs are 
slightly smaller than the membrane vesicles, which was also confirmed 
by cryo-TEM analyses (Fig. 1C and 1D). The lipid content reveals that 
the EVs are mostly from endosomal origin [51,52], since they presented 
lower percentage of phospholipids in their composition, compared to 
the cell membranes (Fig. 1G). The EVs origin was also endorsed by the 
absence of the tetraspanin CD47 in WB, related to its endosomal 
biogenesis, in which there is an inversion of the lipid bilayer and 
alteration of the expressed proteins [53]. CD47 tetraspanin is a cell 
surface receptor present in the membrane of tumor cells that modulates 
immune response and inhibits phagocytosis by immune system cells 

Fig. 3. Toxicity studies of the nanoparticles using RAW264.7, 4T1, and L929 cell lines. Cell viability of (A) RAW 264.7 (green), (B) 4T1 (blue) and (C) L929 (black) 
after 24 h incubation with the nanomaterials functionalized with PEG, citrate, EVs, and the cell membrane at a concentration of 1 × 109 particles mL− 1. 
Concentration-dependent experiments of eAuNR and mAuNR (1 × 108 to 5 × 109 particles mL− 1) D) RAW264.7, (E) 4T1 and (F) L929. ROS studies at the lowest 
tested concentrations of eAuNr and mAuNR G) RAW264.7, (H) 4T1 I) L929 cell lines. (Statistical analysis was performed using one-way ANOVA with Tukey’s 
comparisons, MTT measurements are represented by average and error bars represent the standard error, ROS measurements are represented as the average 
normalized by the control and error bar by the standard error, * p < 0.05; **p < 0.01; ***p < 0.001). Three independent experiments were performed for each cell 
line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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[17,54]. Flotillin 1 has a crucial role in the production of EVs and is 
widely explored as an EVs marker [38], explaining the expression of this 
marker in the cell extracts and in the EVs [55]. The presence of residual 
cytoplasmic molecules, as Annexin 2 (Fig. 1F) in the cell membrane 
vesicles is expected, due to the protocol of isolation by hypotonic and 
lysis buffer [56]. These observations are important to understand the 
differential delivery and internalization abilities of these nanomaterials, 
since their biophysical properties can be altered upon interaction with 
the cells [57]. Fig. 2 shows the efficient functionalization of AuNRs with 
vesicles and membranes. In addition, extrusion was shown to be an 
important step for the effective coating of the nanorods (Figure S1, 
Supporting information). The mAuNR nanoparticles exhibited more 
aggregates than the eAuNR system, in which the loading rate was 2.5 
and 2.1 nanorods/vesicles respectively. 

Toxicity assays revealed the effects of the AuNRs against the 
RAW264.7 source cells (Fig. 3), due to the more effective internalization 
of the nanomaterials in this cell line (Fig. 4H). mAuNR, eAuNR, and 
AuNRs_citrate were highly toxic for RAW264.7, whereas AuNR_PEG 
showed no reduction in cell viability (Fig. 3A), which was attributed to 
the presence of PEG, that prevents identification and further uptake by 
cells of the immune system [58]. At the lowest concentration, mAuNR 
particles exhibited higher toxicity against the macrophages, in com-
parison to the eAuNR particles, which may be and indicative of distinct 
uptake pathways (Fig. 4) [59]. Incubation with AuNR_citrate did not 
induce toxicity to 4T1 cells, and an increase in the mitochondrial ac-
tivity of the cells was observed, probably because citrate is an important 
molecule in the biochemical pathways for cells energy production [60]. 
No significant differences were observed between the nanoparticles in 
L929. Trypan blue exclusion tests did not show membrane damage after 
24 h of exposure (Figure S4). 

Intracellular ROS detection experiments revealed that there was no 
oxidative stress in cells (RAW 264.7, 4T1, and L929) upon treatment 

with nanorods functionalized with PEG, citrate, EVs, or cell membrane. 
The internalization of gold nanorods did not necessarily raised ROS 
levels to the point of generating oxidative stress [61]. 

The endocytosis studies explored whether the differences in the 
nanorod’s bio-coatings could lead to different internalization pathways 
(Fig. 4). By using different uptake inhibitors, we found that eAuNR 
internalization is governed by dynamin-dependent endocytosis in all cell 
lines, since the internalization was significantly affected by the addition 
of hydroxi-dynasore in the three cell lines [62]. During EVs biogenesis in 
multivesicular bodies, these vesicles are fully enriched with several cell 
receptors, such as integrins, tetraspanins, among others. These mole-
cules are important to reach and internalize target cells after secretion to 
the extracellular medium. Dynamin-dependent endocytosis is mediated 
by several cell surface receptors, for example, heparan sulfate proteo-
glycan and galectin-5, explaining why EVs would be preferentially 
internalized through this pathway [62,63]. In 4T1 cells, in particular, 
macropinocytosis was also shown to be an important endocytosis 
pathway for eAuNR [64]. By inhibiting the clathrin-dependent endo-
cytosis, the uptake of the nanoparticles increased, showing a cross- 
regulation between the endocytic mechanisms [65]. Additionally, 
eAuNR interacted more with the source cell in comparison to the other 
cell lines. 

For mAuNR in RAW264.7 cells, the endocytosis was driven by 
macropinocytosis, dynamin, and microtubules pathways (Fig. 4E). 
Clathrin-dependent inhibition also increased for mAuNR, as a cross- 
regulation mechanism from the macrophage to compensate the de-
formations in the cell membrane by the inhibitor. Importantly, the 
metastatic breast cancer cells (4T1) internalized the mAuNR by another 
mechanism [66], since uptake did not decreased using the chosen in-
hibitors. The healthy cell line, L929, endocytosed the mAuNR via 
clathrin. 

Differences in the uptake pathways can be explained by the different 

Fig. 4. Cellular uptake analyses for eAuNR and mAuNR. Endocytosis studies of eAuNR at 1 × 108 particles mL− 1 labeled with DiO after 4 h incubation with (A) 
RAW264.7 (green, n = 3), (B) 4T1 (blue, n = 3) and (C) L929 (black, n = 3) cells at 37 ◦C in 5% CO2 atmosphere. Internalization studies for mAuNR at 1*108 particles 
mL− 1 also labeled with DiO after 4 h incubation with (E) RAW264.7 (green, n = 3), (F) 4T1 (blue, n = 3) and G) L929 (black, n = 3) cells at 37 ◦C 5% CO2 at-
mosphere. The concentration used for amiloride, nystatin, nocodazole, hydroxy-dynasore, and cadaverine were 100 µg mL− 1, 40 µg mL− 1, 10 µg mL− 1, 100 µmol L− 1, 
100 µmol L− 1 respectively. (D) Protein content of EVs and membrane extract with cell lysates estimated via Western Blot to identify the presence of CD47 and ALIX. 
(H) Internalization analysis by determining the glod content via ICP-MS in RAW264.7, 4T1 and L929 incubating the nanoparticles at 5 × 108 particles mL− 1 for 4 h 
(Statistical analysis using one-way ANOVA with Tukey’s comparisons, measurements are represented by average and error bars represent the standard error, * p <
0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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protein content in the cells and in the nanoparticles (Fig. 4D). The 
increased uptake of the eAuNR by the source cells can be related to the 
lack of CD47 expression [22]. It is important to note the higher 
expression of CD47 in 4T1 in comparison to the other cell lines, as 
revealed by the Western Blot results, which are in agreement with the 
tetraspanin-driven pathway to internalize mAuNR, which is dependent 
on actin filaments (Fig. 4F) [66]. This homotypic adhesion is one of the 
mechanisms of metastatic tumor development and commonly presented 
in cell membrane-coated nanoparticles [21,29,67]. 

ICP-MS analysis (Fig. 4H) showed that the functionalization of gold 
nanorods with the vesicles decreased the uptake by the macrophages at 
the same nanoparticle concentration, however, no statistical differences 
were observed between eAuNR and mAuNR [68]. These results associ-
ated with the viability assays and at concentrations above 5 × 108 

particles mL− 1 show that the toxicity levels might be associated with the 
amount of gold delivered. ALIX expression in cells is known to prefer-
entially characterize the internalization of molecules via clathrin- 
independent endocytosis [69]. Additionally, this marker is used for 
characterization of small EVs because it is related to endosomal path-
ways [38]. In our inhibition assays, the clathrin-mediated endocytosis 
only accounted for a small portion of internalization in L929 for mAuNR, 
and ALIX expression is similar for all cell lysates. Interestingly, 
normalized ICP-MS results revealed that eAuNR delivered more gold 
nanorods than mAuNR (Figure S5). Confocal laser scanning microscopy 
confirmed the differences in cell uptake, revealing the higher uptake of 
eAuNR in the RAW264.7 when compared to mAuNR. The opposite 
occurred for the 4T1 cells. (Fig. 5). 

Many studies have shown that EVs play a role in the microenviron-
ment of tumours [34,50,70] being described as useful tools for drug 

delivery [34,71]. Cell membrane nanoparticles have also been exten-
sively reported to be an excellent delivery tool to actively target the 
tumor site [25–27]. However, to our knowledge, a comparison between 
these bio-coatings in terms of cell toxicity and internalization processes 
has not been reported. Our findings point out CD47 as a crucial marker 
for the main difference observed in the uptake mechanisms. The dif-
ferences regarding the two coatings studied here might be related to the 
CD47-SIRPα present in mAuNR, as a ‘do not eat me’ sign for macro-
phages and as ‘eat me’ for metastatic tumor cells (homotypic binding) 
(Fig. 6) [22]. Other important difference between the coatings is their 
lipid content (cell membranes contained more phospholipids than the 
EVs), which may contribute to the different uptake mechanisms. In 
general, the higher the amount of phospholipids, the higher the number 
of zwitterionic groups, leading to a lower uptake by macrophages [72]. 

In a paper by Kanada et al., the authors compared EVs from endo-
somal origin with microvesicles derived from plasma membrane. They 
showed that delivery was more efficient using the microvesicles [33]. 
The latter study, however, did not address the influence of CD47, nor of 
the lipid contents. In another study, Belhadj et al. evaluated the uptake 
of EVs obtained from different source cells. The authors concluded that 
the absence of CD47 in specific EVs was the main parameter responsible 
for their uptake by macrophages, similarly to what we observed here 
[23]. Together, our findings showed the importance to consider CD47 in 
the composition of extracellular vesicles characterization in nano-
materials design. Our results can be used for future investigations 
exploring nanomaterials developed for specific cell types or diseases. 

Fig. 5. Cellular uptake analysis by confocal laser scanning microscopy of RAW264.7 and 4T1 treated with eAuNR and mAuNR with DiO at the same initial fluo-
rescence intensity for 4 h. The images were taken with a 60× water immersion objective lens. Scale bar = 20 µm. 
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5. Conclusions 

AuNRs covered with macrophage derived EVs or cell membranes 
were synthesized, and their cell internalization features had been 
compared using cell lines related with different tumor microenviron-
ment. The main difference between these biomimetic coatings was 
related to CD47, which absence in the EVs was shown to be a key 
parameter for their internalization by the source cells, but not by the 
metastatic cell lines. The presence of CD47 in the cell membrane allowed 
a pronounced internalization in metastatic cancer cells. The delivery of 
the AuNRs to the metastatic breast cancer cells (4T1) was more efficient 
for cell membrane-coated nanorods (mAuNRs systems) in comparison to 
the EVs-coated gold nanorods. Thus, we recommend a detailed charac-
terization regarding the presence or absence of CD47 in the EVs- based 
nanomaterials for cancer therapy. The results presented here shine light 
towards the understanding of the role of EVs in cellular communication 
for their use as delivery tools, when compared to cell membrane-covered 
nanoparticles. 
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