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ABSTRACT  

 

 Nanomaterials applied to medicine have been showing great potential and offer 

innovative strategies to the diagnosis, prevention, and treatment of several 

pathologies. Cancer is one of the areas explored by nanomedicine, especially by the 

use of nano-sized carrier systems to the delivery of therapeutics. However, targetability 

and efficacy still requires improvement to enhance treatments. This chapter describes 

the development of cancer cell membrane-coated poly lactic-co-glycolic acid (PLGA) 

nanocarriers (NCs) containing paclitaxel (PTX), a chemotherapeutic drug. We take 

advantage of the homotypic adhesion between cancer cells to improve treatment 

effectiveness. Membranes of breast cancer cells (MCF-7) were extracted by hypotonic 

treatment and coating process was performed by ultrasonication. Cellular uptake in 

MCF-7, lung cancer cells (A549), and non-tumorigenic breast cells (MCF-10A) was 

studied by flow cytometry and confocal microscopy revealing that (MCF-7)-membrane-

coated PLGA NCs interaction is increased in all cell types but more significant in MCF-

7. We evaluated the influence of the PLGA NCs containing paclitaxel (PLGA-PTX NCs) 

with and without membrane coating on cell viability and observed a considerable 

reduction of MCF-7 cells viability when interacting with the (MCF-7)-membrane-coated 

PLGA-PTX NCS (mPLGA NCs). 

 

Keywords: nanoparticles, drug delivery, cancer cell membrane coating, cancer. 
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4.1 INTRODUCTION 
 

 Poly lactic-co-glycolic acid (PLGA) nanocarriers (NCs) are well known delivery 

systems due to their biocompatibility, biodegradability, and versatility. Even though 

these nanocarriers show enhanced delivery efficacy compared to free compounds, 

their outcome still needs to be improved. Many methodologies target enhanced 

specificity by using the permeability and retention effect (EPR) and adhesion between 

nanomaterials in which the cell membrane has been explored as a property to control 

nanoparticle uptake.(1,2) Particle functionalization with targeting ligands is a widely 

applied strategy which improves adhesion, in particular, overexpressed genes are 

targeted to achieve enhanced specificity.(3,4) Adhesion also plays an important role in 

tumor progression and metastasis. Those variations in adhesion, commonly regulated 

by variations in gene expression, allow for the detachment of malignant cells and 

attachment to a new site, generating secondary tumors.(5,6)  

Cell membrane-coated NCs are an emerging platform addressing the 

development of specific targeted treatments. The cellular membrane material can be 

obtained from a range of sources such as, immune cells,(7) stem cells,(8,9) red blood 

cells(10–12), and cancer cells(13–15). Each source will bring an advantage associated 

with their membrane properties and composition. Membrane extracts can be derived 

from a series of processes including hypotonic or hypotonic lysis, a treatment 

commonly followed by mechanical disruption and ultracentrifugation, freezing-thawing 

also combined with centrifugation. The methodology usually will depend on the cellular 

type. After extraction and isolation, the nanoparticles can be coated with cell 

membrane by different methodologies, in particular, ultrasonication, and membrane 

nanoparticles coextrusion.(16,17)  

Cancer-cell-biomimetic nanocarriers benefit from the homotypic cell adhesion 

between cancer cells to improve nanoparticle adhesion at the cancer site and 

consequently, NCs internalization is favored.(13) Hu and colleagues were among the first 

to show that polymeric nanoparticles coated with red blood cells have a longer blood 

circulation time than those coated with PEG.(18) Additionally, Fang et al. showed that 

the coating of PLGA nanoparticles with cell membranes derived from B16–F10 

melanoma cells allows to deliver tumor associated antigens or homotypically target 

cancerous cells.(13)  
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Here we focus on breast cancer, still one of the most diagnosed cancer among 

women.(19) We propose the use of PLGA nanocarriers containing a chemotherapy 

drug paclitaxel, with MCF-7 cancer cell membranes, a cell line derived from an invasive 

breast ductal carcinoma. The interaction of dye-loaded PLGA, and membrane-coated 

dye-loaded PLGA NCs (mPLGA NCs) with cancerous and non-cancerous epithelial 

cells lines was studied using flow cytometry and confocal laser scanning microscopy 

(CLSM). Our study revealed higher levels of interaction of mPLGA NCs for all cell types 

showing not only homotypic adhesion with the source cancer cell but also with non-

cancerous breast cells and lung cancer cells. To assess the mPLGA NCs potential as 

a treatment for cancer, cell viability was tested for those same cells with systems 

containing paclitaxel. We anticipate that the mPLGA-PTX NCs improve NCs specificity 

and efficacy against the breast cancer cell, but not against lung cancer and non-

tumorigenic breast cell lines.  

 

4.2 MATERIALS AND METHODS 
 
4.2.1 Preparation of PTX-loaded and dye-loaded PLGA nanocarriers 
 

PLGA nanocarriers were prepared by the nanoprecipitation method with solvent 

evaporation as described in literature by Fessi et al with some modifications.(20) 

Briefly, 160 µL of 5 mg mL-1 PTX (0.8 mg) in acetonitrile were added to 2 mL of a 10 

mg mL-1 PLGA (Resomer 503H 50:50 MW 24000-38000, acid terminated, # 719870, 

Sigma-Aldrich) solution prepared in acetone and it was kept under magnetic stirring at 

room temperature. 6 mL of a 10 mg mL-1 Pluronic®-F127 (#P2443, Sigma-Aldrich) 

were added at once to the organic phase still under magnetic stirring (700 rpm). 

Following up to 5 minutes of magnetic stirring, acetone was evaporated under reduced 

pressure. NCs were centrifuged prior to use and resuspended in the appropriated 

solvent according to use.  

 Nile red (NLR, #N3013, Sigma-Aldrich), fluorescein (#F2456, Sigma-Aldrich) or 

curcumin-loaded NCs were similarly prepared but instead PTX, 500 µg of nile red or 1 

mg of fluorescein dissolved in acetone were added to the organic phase containing the 

polymer. As for curcumin-loaded NCs, 2 mg of curcumin dissolved in DMSO were 

mixed with the organic phase. After evaporation under reduced pressure, the NLR and 

curcumin-loaded NCs were centrifuged (10000 g, 20 min, 15 °C), resuspended in 
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ddH2O and placed in dialysis for 2 days, also in ddH2O, using a dialysis membrane (14 

kDa cutoff, #D9277, Sigma-Aldrich). After dialysis, the dispersion was collected, 

centrifuged and resuspended in 1 x PBS. These particles were employed to obtain the 

confocal images and flow cytometry experiments. Blank nanocarriers (PLGA NCs) 

were prepared by the same procedure as described above except by the addition of 

the drug or dye to the organic phase.  

 

4.2.2 Cell lines and cell culture 
 

 Breast cancer (MCF-7) and adenocarcinomic human alveolar basal epithelial 

(A549) cells were culture in Dulbecco's Modified Eagle Medium (DMEM, Vitrocell or 

Gibco #21885025) with 10 %(v/v) FBS. MCF-10A cells, a non-tumorigenic epithelial 

cell line, were cultivated in MEBMTM Mammary Epithelial Cell Growth Basal Medium 

(MEBM, Lonza, #CC3151) supplemented with 100 ng mL-1 cholera toxin (#C8052, 

Sigma-Aldrich) and MEGMTM Mammary Epithelial Cell Growth Medium 

SingleQuotsTM Kit (Lonza, #CC4136) at 37 °C in a humidified atmosphere with 5% 

CO2. For confocal samples MCF-10A cells were cultivated in DMEM/F12 (#11330-032, 

Thermo Fisher) supplemented with 5 %(v/v) horse serum (HS, #16050122, Thermo 

Fisher), 20 ng mL-1 epidermal growth factor (EGF, Peprotech), 0.5 mg mL-1 

hydrocortisone (#H0888, Sigma-Aldrich), 100 ng mL-1 cholera toxin (#C8052, Sigma-

Aldrich), 10 µg mL-1 insulin (#I1882, Sigma-Aldrich) and 1 %(v/v) penicillin/ 

streptomycin.  

 

4.2.3 Cell membrane isolation 
 

 Cell membranes were isolated from MCF-7 breast cancer cell line cultivated in 

DMEM low glucose medium supplemented with 10% (v/v) FBS and 1% (v/v) Penicillin-

streptomycin. At confluence, the cells were detached from the flask by trypsinization 

and 0.5-1x107 cells were collected and washed twice with PBS (300 g, 5 min). Then, 

the pellet was resuspended in hypotonic buffer (10 mM Trisbase, 10 mM NaCl, 1.5 mM 

MgCl2, pH 6.8) and incubated for 5 min at 4 °C followed by centrifugation at 300 g for 

5 min. Supernatant was discarded and lysis buffer (0.255 M sucrose, 20 mM HEPES, 

1 mM ethylenediaminetetraacetic acid disodium salt (EDTA), pH 7.4) was added to the 

cells. To separate cell debris from membrane, the extract was centrifuged at 10000 g 
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for 20 min at 4 °C. Pellet was discarded and supernatant was spun down at 100000 g 

for 130 min at 4 °C using an ultracentrifuge Optima MAX-XP (Beckman Coulter, USA) 

or a in TLA100.3 rotor at 4 ºC. Cell membrane was suspended in 1x PBS containing 

1:100 protease inhibitor cocktail (Sigma-Aldrich #8340) or SIGMAFASTTM protease 

inhibitor cocktail tablets according to product specifications (Sigma-Aldrich #S8830). 

For short-term storage, membrane extract was kept at 4 °C and for long-term storage 

at -80 °C. 

 

4.2.4 PLGA-PTX and PLGA-dye NCs coating with MCF-7 cells membrane extract 
 

 Nanocarriers coating was performed by sonication. First, PLGA NCs were 

centrifuged (10000 g, 20 min, 15 °C), resuspended in 1x PBS followed by 15 min 

sonication. Cell membrane extract was also sonicated for 15 minutes. Thereafter, cell 

membranes and PLGA NCs were mixed to dilute the NCs 10 times from the stock and 

sonicated for more 15 min (See Table 4.1). Size distribution and zeta potential (z-

potential) of all NCs and membrane extract were evaluated using a Malvern Zetasizer 

Nano ZS instrument. To estimate the number of particles per mL as well as particle 

size distribution, Nanoparticle Tracking Analysis (NTA) was performed using a 

Nanosight NS300, Malvern.  

 

4.2.5 Transmission electron microscopy and cryogenic transmission electron 
microscopy 
 

For transmission electronic microscopy (TEM), 3 µL of each sample was 

deposited on copper grids for 60 s and dried with filter paper. Samples were stained 

with 3 µL of 2% uranyl acetate for 30 seconds and again blotted with filter paper. 

Cryogenic transmission electron microscopy (CryoTEM) samples were prepared by 

depositing 3 µL of the sample on a copper grid, the excess was blotted for 3 s with 

filter paper and the grid was dipped in liquid ethane. The procedure was performed by 

Vitrobot Mark, Thermo Fischer. The images were obtained in JEOL 1400, in 

LNNano/CNPEM facilities, and JEM-2100 Transmission Electron Microscopes. 
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4.2.6 Scanning electron microscopy (SEM) 
 

 Field-emission Scanning Electron Microscopy (FE-SEM) was employed to 

observe NCs size distribution and morphology. Samples were prepared by drop-

casting PLGA-PTX NCs diluted in ddH2O onto clean silicon substrates and dried under 

reduced atmosphere. Images were collected using a ZEISS SIGMA VP field emission 

scanning electron microscope (FE-SEM). 

 

4.2.7 Fourier-transform infrared spectroscopy (FTIR) 
 

 Fourier-transform infrared spectroscopy (FTIR) was used to analyze the 

differences in functional groups present in NC coated and non-coated with cell 

membrane extract. Samples were prepared by drop-casting copolymer PLGA, 

nonionic surfactant Pluronic®-F127, blank PLGA NCs, PLGA-PTX NCs and MCF-7 

membrane coated PLGA-PTX NCs diluted in PBS 1x and ddH2O onto clean silicon 

substrates and dried under reduced atmosphere. 128 scans were collected per sample 

with 4 cm-1 resolution from 4000 to 400 cm-1 using an Infrared spectrometer Nicolet 

6700/GRAMS Suite.  

 

4.2.8 High-performance liquid chromatography (HPLC) for paclitaxel 
quantification 
 

Encapsulation efficiency (EE) was determined by HPLC. Samples were 

analyzed in a Waters® e2695 HPLC system equipped with the 2489 UV-Visible 

detector using a Brownlee Analytical C8 (150 x 4.6 mm, 5 µm) and precolumn 

Brownlee Analytical C8 (10 x 4 mm, 5 µm) from PerkinElmer. The mobile phase was 

composed of acetonitrile and ddH2O (50:50, v/v) and flow rate was 1 mL min-1. 

Quantification was performed by UV detection at 227 nm at 30 °C. Method validation 

was performed according to the International Council for Harmonisation of Technical 

Requirements for Pharmaceuticals for Human Use (ICH) Q2(R1) guidelines by the 

European Medicines Agency (EMEA) analyzing linear range, quantification limit 

(LOQ), precision, accuracy, selectivity and robustness. 
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Linear range and limit of quantification  
 

 Calibration curves were acquired using 5 concentrations of the reference 

standard (#Y0000698, Sigma-Aldrich) obtained by plotting the integrated peak area vs 

paclitaxel concentration from 0.5 to 25 µg mL-1. The limit of quantification (LOQ) was 

determined by equation (Equation 4.1) 

 

𝐿𝑂𝑄 = 	
10𝜎
𝑎

 (4.1) 

 

where s is the standard deviation of linear coefficient and 𝑎 is the slope from 3 

analytical curves. 

 

Precision, accuracy and system suitability test 
 

 Precision and accuracy were evaluated for the same day (repeatability, intra-

day) and for 3 distinct days (inter-day). Precision is determined by the percent 

coefficient of variation (CV%) (Equation 4.2) 

 

𝐶𝑉% =	
𝑆𝐷
𝑀𝑒𝑎𝑛

	 (4.2) 

 

𝑆𝐷 is the standard deviation and 𝑀𝑒𝑎𝑛 is the average values of the calculated 

concentrations from standard curve. 

 Accuracy was calculated by the error’s percentage to the nominal concentration 

by Equation 4.3 

 

𝐸𝑅% =	
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑛𝑜𝑚𝑖𝑛𝑎𝑙	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
	𝑥	100 (4.3) 

 

 As for the system suitability, 10 injections were performed for a 10 µg mL-1 

samples under the previously describe conditions evaluating retention time and 

integrated-peak area. Additionally, the method robustness was tested by changing 

temperature, flow rate and mobile phase composition. 
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PLGA NCs and PLGA-PTX NCs sample preparation for paclitaxel quantification 
and HPLC method validation 
 

A volume of NCs dispersion was ultracentrifuged (100000 g, 120 min, 4 C) in a 

Beckman Coulter Optima L-90k, rotor SW32. Supernatant was carefully removed from 

the tube and the pellet was resuspended in the same volume of acetonitrile. 100 µL 

was transferred to a new tube and acetonitrile was evaporated under a dry nitrogen 

stream. The sample was resuspended in 1 mL of starting mobile phase (50:50 

acetonitrile:ddH2O) and filtered with 0.22 µm pore-size nylon filter. Three batches (n=3) 

were used to determine encapsulation efficiency in quadruplicate as follows 

 

𝐸𝐸 % =	
𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑃𝑇𝑋	𝑖𝑛	𝑁𝐶𝑠	

(𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑃𝑇𝑋	𝑖𝑛	𝑁𝐶𝑠 + 𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑓𝑟𝑒𝑒	𝑃𝑇𝑋)
	𝑥	100 (4.4) 

 

Selectivity and stability in matrix 
 

To assess method selectivity, samples of PLGA NCs, PLGA-PTX NCs and PTX 

were prepared as previously described and their chromatograms compared to 

investigate the effect of the presence of interferents, in this case the NCs composition 

besides PTX. Those samples were also used to analyze the stability of the method in 

the matrix by comparing the slope of standard curves obtained from samples 

containing only PTX and samples containing processed PLGA-PTX NCs.  

 
4.2.9 Cellular uptake studies by flow cytometry 
 

Non-coated PLGA NCs and MCF-7 cell-membrane coated PLGA NCs 

containing curcumin as probe were used to study the effect of the membrane coating 

in the NCs interaction with MCF-7, A549 and MCF-10A cells. In 24-well plates, 2x105 

cells were seeded and grown for 20-24 hours. Medium was removed and cells washed 

one time with 1X PBS followed by the incubation of 5x1010 NCs containing curcumin. 

Incubation times were 2, 4 and 24 h for MCF-7 cells, 2 h and 4 h for A549 cells and 4 

h for MCF-10A cells. After incubation, medium was removed, and cells were washed 

twice with 1X PBS and detached by trypsinization. Samples were collected and 

centrifuged (500 g, 5 min). Finally, cells were resuspended in Sheath Fluid (#342003 
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BD FACSFlowTM, BD Bioscience) supplemented with 0.5% (w/v) bovine serum 

albumin (BSA, Fluka #05411) and kept on ice prior to flow cytometry measurements. 

All measurements were performed in a BD FACSCalibur™ equipped with one laser 

(488 nm) and excitation measured using channel FL1 (530/30). Data analysis was 

performed using FlowJo V10 software (Tree Star, Inc.) and Origin 2020. 

 

4.2.10 Confocal laser scanning microscopy 
 

 MCF-7 and MCF-10A interaction with coated and non-coated NCs was 

observed using a confocal laser scanning microscopy (CLSM). Cells were incubated 

in eight-well LabTek® chamber slide (Nalgene Nunc International) at initial seeding of 

1x104 cells per chamber and grown for 20 hours at 37 °C, 5% CO2. Prior to incubation, 

cells were washed once with 1X PBS and 5x1010 NCs were incubated per well. 

LysoTracker™ Red DND-99 (Thermo Fisher #L7528) was incubated at 75 mol L-1 for 

one hour with the NCs as well as Hoechst for 30 min at 1 µg mL-1. PLGA-Fluorescein 

and mPLGA-Fluorescein NCs were incubated for 4 hours at 37 °C, 5% CO2 in a 

humidified incubator. After incubation, cells were washed twice with 1X PBS, fixed with 

3.7% paraformaldehyde (PFA) for 10 minutes and washed again with 1X PBS. Slides 

were mounted with PBS:glycerol (50:50) and a cover slip was carefully placed over the 

samples. Image acquisition was performed on a Leica TSC SP2 confocal microscope 

using a 63x/1.32 immersion oil objective. Z-stacks were obtained with 0.2 µm intervals 

for PLGA-Fluorescein and mPLGA-Fluorescein NCs treated samples and 0.4 µm 

intervals for PLGA-NLR and mPLGA-NLR NCs treated samples. Each acquired image 

is composed of 512 x 512 pixels from one single frame. Samples were excited using 

405 nm UV diode and excitation lasers at 488 nm (ArKr) and 543 nm (GreNe). Images 

were prepared using Fiji.(21) 

 

4.2.11 Cell viability 
 

To evaluate if the coated NCs would be a potential and more advantageous 

cancer treatment compared to the non-coated NCs, paclitaxel-encapsulated PLGA 

NCs were prepared and cell viability was investigated by MTT viability assay after 48 

h incubation. Breast and breast cancer cells from mammary gland (MCF-10A and 

MCF-7), as well as adenocarcinoma lung cancer cells (A549) were seeded at 2 x 103 
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cells per well in 96-well plates and grown for 24 hours. Prior to incubation, media was 

removed and 200 µL of mPLGA-PTX and PLGA-PTX NCs suspension in DMEM 

medium supplemented with 10% (v/v) FBS were added to each well. For MCF-10A 

cells, NCs were in MEBM medium without horse serum as recommended by the 

manufacturer. After 48 h, PLGA-PTX NCs containing media were removed, cells 

washed twice with 1xPBS and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) was incubate at 0.5 mg mL-1 for 4 h. Further, formazan crystals were 

dissolved in 100 µL of dimethyl sulfoxide (DMSO) per well and left under orbital 

agitation for at least 15 min. Measurements 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 Equation 4.5 

 

𝑐𝑒𝑙𝑙	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%) = 	
𝐴WX=Y7C8ZA 	−	𝐴[\=Y7C8ZA
𝐴WX=]^_`a^Z 	− 	𝐴[\=]^_`a^Z

	𝑥	100 (4.5) 

 

where 𝐴WX=Y7C8ZA is the absorbance at 570 nm and 𝐴[\=Y7C8ZA at 630 nm of treated 

samples, while 𝐴WX=]^_`a^Z and 𝐴[\=]^_`a^Z represent the absorbance of non-treated 

samples or controls. Data analysis was performed using Origin 2020. 

 
4.3 RESULTS  
 
4.3.1 PLGA-PTX NCs and mPLGA-PTX NCs characterization 
 

PLGA NCs and membrane-coated PLGA NCs size distribution was analyzed by 

dynamic light scattering (DLS) and Nanoparticle Tracking Analysis (NTA). NTA was 

also employed to estimate the number of particles per mL.  
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Figure 4.1 - Representative size distributions of A) PLGA-PTX NCs, B) MCF-7 membrane-coated PLGA-
PTX NCs and C) MCF-7 membrane extract. D) PLGA-PTX, mPLGA-PTX and MCF-7 membrane extract 
zeta potential in 0.1 x PBS (pH 7.4). PLGA-PTX and mPLGA-PTX zeta potential values are represented 
as mean ± SD of three batches, MCF-7 membrane is representative of one extraction. 
 

Table 4.1 - Z-average, PdI (polydispersity index) and z-potential of PLGA-PTX (n=3), mPLGA-PTX 
(n=3) and MCF-7 (n=1) membrane extract were measured in 0.1x PBS. NTA size values are the mean 
of 2 different batches for PLGA-PTX and mPLGA-PTX NCs as well as particles concentration. MCF-7 
membrane is representative of one extraction. 

 
Z-average 

(nm) 
PdI 

NTA Size 
(nm) 

Particles 
concentration 

(NCs mL-1) 

z-potential 
(mV) 

PLGA-PTX 195 0.125 170 8.3 x 1012 -5 ± 2 

MCF-7 

membrane 
181 0.228 212 1.5 x 1011 -13 ± 2 

mPLGA-PTX 293 0.235 216 8.1 x 1011 -24 ± 1 
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MCF-7 membrane extracts were obtained by hypotonic lysis followed by 

mechanical membrane disruption using a homogenizer (Dounce glass homogeneizer 

or Glass homogenizer VIRTUS PII), and ultracentrifugation. A change in z-potential is 

observed, as well as a shift in the hydrodynamic diameter, when the PLGA NCs are 

combined with MCF-7 membrane sonication (Figure 4.1, Table 4.1), which indicates 

that the NCs are coated with MCF-7 membranes. 

NCs morphology was observed by transmission electron microscopy, cryogenic 

transmission electron microscopy and scanning electron microscopy. 

 
Figure 4.2 – Characterization of PLGA NCs by electron microscopy techniques. A) Scanning electron 
microscopy (SEM) image of PLGA-PTX NCs imaged at 2 kV at high vacuum with Inlens detector where 
scale bar represents 500 nm. Negative staining transmission electron microscopy (TEM) of B) PLGA-
PTX NCs and C) mPLGA-PTX NCs where scale bars represent 100 nm. CryoTEM of D) PLGA-PTX 
NCs, B) MCF-7 extracted membranes and C) (MCF-7)-membrane-coated PLGA-PTX NCs measured 
in 0.1 x PBS (pH 7.4) where scale bars represent 100 nm.  
 

 Scanning electron microscopy images support the monodisperse nature of 

PLGA-PTX NCs as represented in Figure 4.2A. Negative-stain transmission electron 

microscopy images (Figure 4.2B and 4.2C) illustrate the NCs spherical nature, 

although it was not possible to observe the membrane coating, as negative staining 

effects can lead to misinterpreted assumptions. CryoTEM analysis (Figure 4.2D, 2E 

and 2F) did not enable the membrane visualization with the NCs since contrast 

between membranes and NCs was not distinguishable. Although, it was noticeable the 
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lack of overspread membranes in samples of mPLGA-PTX NCs (Figure 4.2F) when 

compared to MCF-7 membrane samples (Figure 4.2E) and PLGA-PTX (Figure 4.2D) 

NCs, which indicates the coating of the NCs with the membranes.  

 Additionally, Fourier Transform-Infrared Spectroscopy (FTIR) of copolymer 

PLGA, nonionic surfactant Pluronic®-F127, blank PLGA NCs, PLGA-PTX NCs and 

MCF-7 membrane coated PLGA-PTX NCs was performed. Figure 4.3 displays FTIR 

spectra and permits to discriminate the mPLGA-PTX spectrum distinctive bands.  

 
Figure 4.3 - FITR spectra of PLGA nanocarriers variations, PLGA and Pluronic®-F127 with 4 cm-1 
resolution over 128 scans from 4000 to 400 cm-1. 
 

Membranes are mainly composed of lipids, proteins and carbohydrates and the 

presence of few characteristic bands of these components can be observed like amide 

I (1650 cm-1) band related to C=O stretching of peptide bonds, indicative for proteins. 

The presence of carbohydrates and phosphate could be evidenced in the spectral 

range from 1250 to 1000 cm-1, but lipid phosphate head groups were not taken into 

consideration because phosphate groups from PBS can lead to misreading of the 

spectrum.(22) 
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4.4.2 Encapsulation efficiency of paclitaxel in PLGA NCs  
 

 A HPLC method was developed and validated to estimate the encapsulation 

efficiency (EE%) of PLGA-PTX NCs. Briefly, the method consists of a mobile phase 

composed of acetonitrile and ddH2O (50:50, (v/v)), an analytical C8 column (150 x 4.6 

mm, 5 µm) and a precolumn analytical C8 (10 x 4 mm, 5 µm) as stationary phase. 

Detection wavelength was 227 nm and columns were kept at 30 °C. The retention time 

of paclitaxel was about 6.7 minutes and a symmetrical peak shape was observed 

(Figure 4.4). 

    
Figure 4.4 - Representative HPLC chromatograms of pure paclitaxel at 227 nm in the concentration 
range from 0.5 to 25 µg mL-1. Detection wavelength was 227 nm and retention time for paclitaxel was 
6.7 min with a symmetrical peak.  
 

 The assumption of homoscedasticity was not met for the data and a weighted 

least squares linear regression (Table 4.2) was employed to compensate for the effect 

of higher concentrations as reported by Almeida et al.(23)  
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Table 4.2 - Regression parameters for weighted regressions of the analytical curve (𝑦 = 𝑎𝑥 + 𝑏) where 
wi is the weight tested for the calibration with wi = 1 representing the unweighted regression and SER(%) 
respective sums of the relative errors (n=4). 

 wi 
Linear 

coefficient 
Slope R2 Σ ER (%) 

1 10540 102146 1 -103 

1/x 1008 103229 1 0 

1/x2 -214 103757 1 0 

1/y 1063 103155 1 0.7 

1/y2 286 103631 1 1.5 

 
Models 1 𝑥 and 1 𝑥b presented the lowest values of SER and 1 𝑥 was chosen 

to evaluate PTX concentrations in the linear range from 0.5 to 25 µg mL-1. Table 4.2 

displays the analytical parameters for the method. 

 
Table 4.2: Analytical parameters for the HPLC method using UV/ Vis detector at 227 nm and 30 °C.  

Parameter Paclitaxel 

Analytical curve y = 107035.91x - 1963.10  

Linear range (µg mL-1) 0.5 - 25 

LOQ (µg mL-1) 0.1  

Accuracy (ER%) £ 3.4 

Precision (CV%) 0.5-3.3 

 

No co-eluting peaks were detected at the retention time of PTX when NCs 

components were present in the sample (Appendix C Figure S1) exhibiting good 

stability on the matrix. System suitability tests revealed that retention time of PTX 

shows a CV% of 0.3% and for the peak integrated area, the coefficient was 0.1%. In 

addition, the method did not remain unaffected by changes in temperature, flow rate 

and mobile phase composition, implying lack of robustness. However, all those 

parameters are controlled by the analytical system and the method was suitable for 

paclitaxel quantification. 

Employing the validated method, three batches of paclitaxel-containing PLGA 

NCs were analyzed, regarding their encapsulation efficiency (EE). Samples were 

prepared as described in the Materials and method section and EE for the three 

batches was (98 ± 1) % (Mean ± SD) (See in Figure S1). 
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4.4.3 (MCF-7)-membrane-coated PLGA NCs preferential cellular uptake 
 

 Flow cytometry experiments were performed to evaluate the cellular uptake of 

cell (MCF-7)-membrane-coated and non-coated PLGA NCs. Curcumin was used as 

fluorescent probe. An increase in internalization is observed when the membrane-

coated NCs are incubated with cancer cells (Figure 4.5A and 4.5B) and non-cancer 

cells (Figure 4.5C).  

 

 
Figure 4.5 - Cellular uptake comparison between PLGA-Curcumin NCs and mPLGA-Curcumin NCs by 
A) MCF-7 breast cancer cells incubated for 2, 4 and 24 hours B) A549 lung cancer cells incubated for 2 
and 4 hours and C) MCF-10A non-tumorigenic breast cells incubated for 4 hours. Measurements are 
average ± SE of three independent experiments. Data was analyzed by analysis of variance (ANOVA) 
and Tukey’s test. Significances are indicated with * for p-value < 0.05, ** for p-value < 0.01 and *** for 
p-value < 0.001. 
 
However, mPLGA NCs show a superior effect for the MCF-7 breast cancer cells 

(Figure 4.6), the same cell line as the membrane covering the NCs. Increased 

interaction in the presence of membrane coating with MCF-7 relates to the capability 



 

 112 

of homologous binding between cancer cells, which reflects as a better targetability. 

Nevertheless, adhesion seems to play a role also in the interaction between A549 and 

MCF-10A cell lines, since the interaction levels of membrane-coated NCs are superior 

to the ones observed for non-coated NCs, suggesting the involvement of common cell 

adhesion molecules, e.g. epithelial cell adhesion molecule (EpCAM).(24)  
 

 
 
 
Figure 4.6 - Effect of MCF-7 membrane coating of PLGA NCs in cellular uptake. A) Cellular uptake and 
B) percentage of cells positive for curcumin-loaded PLGA NCs coated with MCF-7 membrane (mPLGA) 
and non-coated (PLGA) after 4 h incubation with MCF-7, A549 and MCF-10A cells at 37 °C in 
atmosphere with 5% CO2. Measurements are average ± SE of three independent experiments. Data 
was analyzed by ANOVA and Tukey’s test. Significances are indicated with * for p-value < 0.05, ** for 
p-value < 0.01 and *** for p-value < 0.001. 
 

MCF-7 membrane coated and non-coated PLGA-Fluorescein and PLGA-NLR 

NCs were incubated with MCF-7 and MCF-10A cells at 5x1010 NCs per chamber for 

confocal microscopy analysis. Figure 4.7 shows the cellular uptake of PLGA-

Fluorescein and mPLGA-Fluorescein NCs by MCF-7 and MCF-10A after 4 h 

incubation. The images evidence that the presence of MCF-7 cells membrane coating 

affects the internalization of PLGA NCs by both cancerous and non-cancerous cell 

types, being more pronounced in MCF-7 cells, corroborating the results obtained by 

flow cytometry. 
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Figure 4.7 - Confocal laser scanning images of MCF-7 and MCF-10A cells treated with coated and non-
coated PLGA-Fluorescein NCs for 4 hours. Cell were imaged with a 63x oil-immersion objective and 
acquired in z-stacks at 0.2 µm intervals. Images were acquired with the same system and laser settings. 
 

Because PLGA-Fluorescein NCs did not provide a strong fluorescent signal, 

PLGA-NLR NCs were employed to observe the interaction with both cells lines and to 

verify if the NCs signal was truthful or a possible effect of microscopy settings. PLGA-

NLR NCs were incubated for 1 h and other staining procedures were kept the same 

as previously described. Representative acquired images are in Appendix C, Figure 

S2.  
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4.3.4 In vitro evaluation of (MCF-7)-membrane coated PLGA-PTX NCs against 
epithelial cell types  
 

Based on the previous results, it is important to evaluate the potential of coated 

NCs for clinical application. For this purpose, paclitaxel, a chemotherapy agent, was 

entrapped in PLGA NCs and cell viability was assessed for MCF-7 (Figure 4.8A) and 

A549 (Figure 4.8B) epithelial cancer cells, and MCF-10A (Figure 4.8C) non-

tumorigenic breast cells. NCs concentration was estimated using NTA and 

concentrations from 1 x 108 to 1x1010 NCs per mL were tested, with 200 µL per well, 

meaning paclitaxel concentration was in the range of few to hundreds of ng per mL. 

NCs were incubated for 48 h and cell viability tested using MTT assay. 

 
Figure 4.8 - Cellular viability of A) MCF-7, B) A549 and C) MCF-10A after 48 h incubation with different 
concentrations of mPLGA-PTX and PLGA-PTX NCs evaluated by MTT viability assay. Data was 
analyzed using using two-sample t-test and significances are indicated. Significances are indicated by 
** for p-value < 0.01. 
 

In Figure 8a, the anti-cancer improved ability of cell-membrane coated PLGA-

PTX NCs is evidenced by the significantly lower viability of MCF-7 cells treated with 
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MCF-7-membrane coated PLGA-PTX NCs, compared to non-coated PLGA-PTX NCs. 

Likewise, the viability of MCF-10A and A549 cells was investigated and no significant 

changes were observed between cells treated with membrane-coated or non-coated 

PLGA-PTX NCs. 

 

4.4 DISCUSSION 
 

This chapter focusses on the development of cancer cell membrane-coated 

PLGA NCs containing paclitaxel, a chemotherapeutic drug, to explore the homotypic 

adhesion between cancer cells to improve treatment effectiveness.  

 After the extraction of MCF-7 membranes by hypotonic lysis, PLGA NCs were 

coated by sonication and characterized according to their size, z-potential, and 

concentration. An increase in size and surface charge were observed, which are 

indications that NCs functionalization with membranes extract was successful (Figure 

4.1).(13,18) Microscopy analysis showed a distinctive vesicular characteristic in the 

membranes confirming the extraction without structural modification. For the coated 

NCs, transmission electron microscopy images revealed a lack of spare membrane in 

the images, evidencing the interaction and colocalization of the membrane on PLGA 

surface (Figure 4.2).(25) Additionally, FTIR analysis exhibited bands characteristic of 

lipids (Figure 4.3). Paclitaxel encapsulation efficiency in PLGA-PTX NCs was 98 ± 1% 

according to the described HPLC method. The encapsulation of the drug by 

nanoprecipitation obtained a high encapsulation yield, given the hydrophobic 

characteristic of the agent. 

The interaction analysis between the membrane-coated NCs and non-coated 

NCs by flow cytometry revealed an increase in cell-nanocarrier interaction with MCF-

7, A549 and MCF-10A, indicating the occurrence of homotypic and heterotypic 

adhesion (Figures 4.5, 4.6 and 4.7) with higher interaction for the cell line which 

membrane was extracted (Figure 3.5). These results suggest the presence of common 

membrane antigens, e.g. EpCAM, expressed in normal epithelia, and often 

overexpressed in epithelial tumor.(24,26) The increase in the percentage of positive 

cells shows clearly the influence of the cell membrane coating on particle adhesion to 

the cancer cells. An increase of more than 26-fold for the source cells is observed, in 

contrast to about 13 and 6-fold for MCF-10A and A549, respectively, when (MCF-7) 

cell membrane-coated PLGA NCs are incubated with those cells compared to the non-
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coated PLGA NCs. The variations in uptake levels between non-coated NCs and 

membrane-coated NCs were of 1.8, 1.5 and 1.4-fold for MCF-7, MCF-10A and A549, 

respectively. The preferential cancer cell self-recognition is also substantiated by the 

confocal microscopy images in Figure 4.7. Reported cancer cell membrane-coated 

systems showed an increase in interaction with other cell types that not the source of 

the membrane extract. However, the increase is often reported as a minor variation 

which can be associated to the low similarities between the cellular types and many 

fail to evaluate the effect on normal cells from the same tissue as the cancer. Fang et 

al.(13) coated PLGA nanoparticles with B16–F10 mouse melanoma cells membrane 

and evaluate their interaction with MDA-MB-435, also a human melanoma cell line,(27) 

and HFF-1, a human foreskin fibroblast cell line. They describe the homotypical 

interaction between the NCs and the MDA-MB-435 melanoma cells, but not from the 

source melanoma cell line. This already indicates the homotypical interaction with 

different cancer cells. Although, normal cell interaction is assessed for skin fibroblast 

and only a minor variation is observed, as expected.  

It should be notice that the occurrence of increased interaction with normal cells 

does not invalidate the technology. Tissue invasion is one of the classical hallmarks of 

cancer development together with uncontrolled division, that combined with tumor 

heterogeneity humper tumor treatment and is a major issue to homogenous distribution 

of chemotherapeutics.(28,29) The technology efficacy was also tested in in vivo 

systems and presented interesting results. Rao and colleagues(30) used head and 

neck squamous cell carcinoma patient-derived tumor cells to coat gelatin nanoparticles 

loaded with cisplatin. They demonstrate not only almost complete tumor elimination by 

treatment with the membrane-coated gelatin particles loaded with cisplatin, but also a 

good response against tumor recurrence in postsurgery model.  

To substantiate the effectiveness of the MCF-7 cells membrane-coated PLGA 

NCs, cell viability studies with mPLGA-PTX and PLGA-PTX NCs (Figure 4.8) were 

performed. The results confirmed that the coating of NCs with cell membranes can be 

beneficial to the cancer treatment where at higher concentrations of mPLGA-PTX NCs 

the viability of MCF-7 cells was reduced in 25% when comparing to PLGA-PTX NCs. 

The cell viability of A549 and MCF10A cells exposed to the coated and non-coated 

NCs were not significantly different with lowest viability about 60% for MCF-10A at the 

highest tested concentration, while viability was between 20 and 25% for MCF-7 cells 

exposed to mPLGA-PTX NCs for 48h. 
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4.5 CONCLUSIONS 
 

Here we successfully functionalized PLGA NCs with MCF-7 cells membrane 

extracts which led to preferential interaction of MCF-7 cells with mPLGA NCs and 

improved treatment efficacy against the breast cancer cell line. The increased 

interactions between MCF-7 membrane-coated NCs compared to non-coated 

counterparts combined with their improved efficacy against MCF-7 breast cancer cells 

make them suitable and an attractive improvement from traditional cancer treatments. 

This work contributes to elucidating how coated-nanocarriers interact with different cell 

types and highlights the versatility of PLGA systems and easily transferable coating 

employing other cell types. However, further work is required to prove the efficacy in 

vivo and in personalized clinical applications, based on primary cells isolated from 

tumorigenic-tissue.  
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Appendix B – Supporting Information: Epithelial cancer-cell membrane coated 
PLGA nanocarriers enhanced uptake leads to more effective cancer treatment 
	

 The HPLC method presented good stability in matrix and no coeluted peaks 

were observe with the paclitaxel peak at retention time 6.7 minutes. 

	
Figure S1: HPLC chromatograms for evaluation of matrix influence for the determination of 
encapsulation efficiency of paclitaxel in PLGA NCs. 
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Representative images of PLGA-NLR and mPLGA-NLR NCs interaction with MCF-7 

and MCF-10A cells after 1 h incubation. 

	
Figure S2 -Confocal laser scanning images of MCF-7 and MCF-10A cells treated with coated and non-
coated PLGA-NLR NCs for 4 hours. Cell were imaged with a 63x oil-immersion objective and acquired 
in z-stacks at 0.4 µm intervals, 512 x 512 pixels. 
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