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a b s t r a c t 

In the last few years, nanotechnology has revolutionized the potential treatment of different diseases. 

However, the use of nanoparticles for drug delivery might be limited by their immune clearance, poor 

biocompatibility and systemic immunotoxicity. Hypotheses for overcoming rejection from the body and 

increasing their biocompatibility include coating nanoparticles with cell membranes. Additionally, source 

cell-specific targeting has been reported when coating nanoparticles with tumor cells membranes. Here 

we show that coating mesoporous silica nanoparticles with membranes derived from preosteoblastic cells 

could be employed to develop potential treatments of certain bone diseases. These nanoparticles were se- 

lected because of their well-established drug delivery features. On the other hand MC3T3-E1 cells were 

selected because of their systemic migration capabilities towards bone defects. The coating process was 

here optimized ensuring their drug loading and delivery features. More importantly, our results demon- 

strated how camouflaged nanocarriers presented cellular selectivity and migration capability towards the 

preosteoblastic source cells, which might constitute the inspiration for future bone disease treatments. 

Statement of significance 

This work presents a new nanoparticle formulation for drug delivery able to selectively target certain 

cells. This approach is based on Mesoporous Silica Nanoparticles coated with cell membranes to over- 

come the potential rejection from the body and increase their biocompatibility prolonging their circula- 

tion time. We have employed membranes derived from preosteoblastic cells for the potential treatment of 

certain bone diseases. Those cells have shown systemic migration capabilities towards bone defects. The 

coating process was optimized and their appropriate drug loading and releasing abilities were confirmed. 

The important novelty of this work is that the camouflaged nanocarriers presented cellular selectivity 

and migration capability towards the preosteoblastic source cells, which might constitute the inspiration 

for future bone disease treatments. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1

g

a

S

p

[

e

i

t

[

h

1

(

. Introduction 

Over the last two decades, a wide range of organic and inor- 

anic nanoparticles (NPs) have been extensively explored as di- 

gnostic and therapeutic tools for various biomedical applications 
∗ Corresponding author at: Department of Chemistry in Pharmaceutical Sciences, 

chool of Pharmacy, Institute Hospital 12 de Octubre (imas12), Universidad Com- 

lutense de Madrid, UCM, Madrid 28040, Spain. 

E-mail address: vallet@ucm.es (M. Vallet-Regí) . 

g

t

l

s

v

ttps://doi.org/10.1016/j.actbio.2022.11.059 

742-7061/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia In

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
1] . Among them, NPs-based drug delivery systems present sev- 

ral benefits in terms of efficacy and safety. For instance, NPs can 

mprove the stability and solubility of the encapsulated therapeu- 

ic agents and limit their rapid clearance and non-specific uptake 

 2 , 3 ]. The design of nanocarriers with desired circulation and tar- 

eting capabilities require the development of finely tailored func- 

ionalization strategies, able to address the high complexity of bio- 

ogical systems. In this sense, emerging approaches involve coating 

ynthetic NPs with biologically-derived materials, like extracellular 

esicles derived from mammalian cells [4] and bacteria [5] or nat- 
c. This is an open access article under the CC BY-NC-ND license 
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ral cell membranes [6] , leading to the formulation of bioinspired 

Ps. 

Cell membranes are naturally designed for optimal interac- 

ion with the physiological environment and show several valu- 

ble properties for drug delivery applications, like high biocom- 

atibility [7] and inherent homo- or heterotypic adhesion proper- 

ies, depending on the cell source [8] . These unique features are 

nely regulated by the specific lipid composition [9] , antigenic pro- 

le [10] and other constituents of the cell membranes, which are 

bject of continuous study. The increasing understanding of spe- 

ific membrane factors has led to a variety of functionalization 

trategies of the surface of nanoparticles that attempt to artificially 

imic the cell surface. Examples of this approach include coating 

Ps with synthetic [ 11 , 12 ] or natural biomolecules [13] . However,

hese approaches require demanding compositional studies and 

omplex multi-functionalization processes. Coating NPs with natu- 

al cell membranes, on the other hand, would allow to transfer all 

heir bioactive functions in a one-step solution [8] . Thanks to this 

imple top-down approach, cell membrane-coated NPs could com- 

ine the flexibility and scalability of synthetic nanocarriers with 

he intrinsic biointerfacing capabilities of biologically-derived ma- 

erials. 

Cell membrane-coating nanotechnology was originally applied 

o promote the in vivo systemic circulation of NPs by coating 

oly(lactic-co-glycolic acid) (PLGA) NPs with red blood cell (RBC) 

embranes [14] . Erythrocytes are naturally endowed with long 

n vivo survival [15] and this feature was efficiently translocated 

o the PLGA NPs. In fact, when injected into mice, the RBC 

embrane-coated NPs exhibited a longer circulation half-life with 

espect to their PEG-coated counterparts, indicating the potential 

f using this biological material [14] . Since then, RBC membranes 

 16 , 17 ] and membranes derived from other cell sources, like leuko- 

ytes [18] , macrophages [19] , platelets [20–22] , mesenchymal stem 

ells [23–25] and cancerous cells [ 8 , 26 ], were used to coat different

ypes of particles. In all cases, these hybrid formulations showed 

ow immune recognition together with immune-modulatory ca- 

abilities, which made them promising candidates for the devel- 

pment of effective drug delivery systems [ 6 , 27 , 28 ]. Additionally,

he ability of cancerous cell and immune cell membrane coat- 

ngs to target the source cells or inflammation sites, respectively, 

as been extensively reported [ 29 , 30 ]. The specific uptake and the

bility to cross a pulmonary cell monolayer of acetalated dextran 

Ps coated with pulmonary epithelial cell membranes was also re- 

ently demonstrated [31] . The study reported the superior speci- 

city and transport of membrane-coated NPs with respect to lipid- 

nd polymer-coated NPs, indicating the presence of specific cell 

ype molecules as the main driving force behind this enhancement 

31] . 

To date, cell membrane-coated NPs have been intensively in- 

estigated for their application in the treatment of various dis- 

ases, such as cancer [ 32 , 33 ], infections [ 34 , 35 ] and neurodegen-

rative diseases [36] , and the high versatility of this nanotechnol- 

gy leaves open the possibility of further applications. The oppor- 

une selection of the cell source would allow the specific delivery 

f membrane-coated NPs to different physiological or pathological 

ites, thus expanding the range of action of this technology. Among 

thers, bone diseases, such as osteoporosis, bone cancer or bone 

nfection, are becoming a major issue because of the progressive 

geing in modern societies [37] . Some current treatments present 

any inconveniences that could lead to even worst consequences, 

uch as the side effects from some anti-osteoporotic treatments 

ue to the high doses needed to confront their poor bioavailabil- 

ty; the lack of tumor selectivity of conventional anticancer drugs; 

r the massive and inappropriate use of antibiotics that leads to 

he increment of drug-resistant bacteria. A potential solution could 

e the encapsulation and selective delivery of certain therapeutic 
396
gents to the specific bone diseased tissues. In this sense, nanopar- 

icles could be the ideal transportation vector because of their ver- 

atility and specificity [38] . 

In this work, we propose the use of membranes derived from 

he MC3T3-E1 preosteoblastic cell line for the development of 

iomimetic coated NPs targeted towards bone diseases. Indeed, 

one infection, bone cancer and osteoporosis are pressing patho- 

ogical conditions and their treatment with NPs-based technologies 

s widely investigated [ 39 , 40 ]. To our knowledge, no nanocarriers 

ormulated with a cell membrane-coating strategy have been pro- 

osed for the targeting of such diseases and this approach could be 

xploited for the development of future therapeutic options. Os- 

eoblast precursors are known to be involved in embryonic bone 

ormation and bone repair [41] . While differentiated osteoblasts 

equire an extracellular matrix of certain rigidity to migrate, os- 

eoblast precursor cells migrate towards bone tissue through the 

lood vessels [42] . By coating the NPs with cell membranes from 

steoblast precursors we aimed to exploit and transfer these valu- 

ble innate capabilities to our nanosystem. Specifically, murine 

C3T3-E1 osteoprogenitor cells are one of the most commonly 

sed models for the in vitro evaluation of therapeutic agents for 

he treatment of osteoporotic disease [43] . Moreover, when ad- 

inistered in vivo , MC3T3-E1 cells have shown systemic migration 

apability toward bone defects and enhancement of bone healing 

44] , which make them an interesting source for membrane har- 

esting and development of bioinspired coating. 

Mesoporous silica nanoparticles (MSNs) were selected as the 

ynthetic core, thanks to their well-established drug delivery prop- 

rties [45–47] . MSNs are highly biocompatible and biodegradable 

48] and possess a high loading capacity due to their large pore 

olume and surface area and adjustable pore distribution [49] . 

SNs were functionalized with two types of aminosilanes to op- 

imize the coating procedure, and both nanocarriers were tested 

n combination with different amounts of preosteoblast cell mem- 

ranes. Their effect in cargo release was evaluated as a key param- 

ter for optimization. The biocompatibility and the biointerfacing 

apabilities of the optimized membrane-coated MSNs were evalu- 

ted in vitro on different cell lines. As a proof of concept of the 

fficacy of this biomimetic coating approach, the effect of the cell 

embrane coating on the selectivity and migration capability to- 

ard preosteoblastic source cells was carefully assessed. 

. Experimental section 

.1. Materials 

Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosil- 

cate (TEOS), [3-(2-Aminoethylamino)propyl]trimethoxysilane 

DAMO), rhodamine B isothiocyanate, fluorescein isothiocyanate 

FITC), calcein, sodium dodecyl sulfate (SDS) and ethylenedi- 

minetetraacetic acid (EDTA) were purchased from Sigma-Aldrich. 

-Aminopropyltriethoxysilane (APTES) was purchased from ABCR 

mbH & Co. KG. Phosphate-buffered saline (PBS) solution was 

ought from GIBCO. UltraCruz® Protease Inhibitor Cocktail Tablet 

DTA-free was purchased from Santa Cruz Biotechnology. Dimethyl 

ulfoxide (DMSO) was acquired from PanReac. The deionized 

ater was purified using a Milli-Q Advantage A-10 purification 

ystem (Millipore Corporation) to a final resistivity of 18.2 M �

m. All other chemicals (toluene, ammonium nitrate, acetone, 

bsolute ethanol, phosphotungstic acid, sodium hydroxide, etc.) 

ere obtained from Sigma-Aldrich and used as received. 

Reagents for in vitro assays were as follows: sucrose, triton 

-100, bovine serum albumin (BSA), paraformaldehyde, Thiazolyl 

lue Tetrazolium Bromide, Trypan Blue (TB), propidium iodide 

PI), phalloidin-Atto 565, fluoroshieldTM with DAPI and Dulbecco’s 

odified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) from 
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igma-Aldrich; Alpha modified Eagle’s medium ( α-MEM), Dul- 

ecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS) 

nd L-glutamine from Gibco; penicillin/streptomycin (13-0050) 

rom ZellShield. 

.2. Synthesis and surface functionalization of mesoporous silica 

anoparticles 

Mesoporous silica nanoparticles were synthesized according to 

 modification of the Stöber method [50] using CTAB as struc- 

ure directing agent and TEOS as silica precursor. Briefly, 1 g of 

TAB was dissolved in 480 mL of deionized water and 3.5 mL 

f NaOH 2 M in a round-bottom flask. The mixture was kept at 

0 °C for 30 min under moderate magnetic stirring and then 5 mL 

f TEOS were added dropwise using an automated syringe pump 

t a flow rate of 0.33 mL/min. The synthesis mixture was main- 

ained at 80 °C under continuous magnetic stirring for 2 h and 

hen washed once with water and twice with ethanol and cen- 

rifuged at 17,0 0 0 g for 15 min. The final product was dried at

0 °C overnight. 

Rhodamine B-labeled or fluorescein-labeled MSNs were pro- 

uced following the same procedure but adding the dye solution 

o the TEOS at the beginning of the reaction. To allow the dye in-

orporation in the silica structure, Rhodamine-B isothiocyanate or 

ITC (1 mg) were previously reacted with 2.2 μL of APTES in 100 μL 

f ethanol for 2 h and then mixed with TEOS right before the in-

ection. 

The MSNs surface was functionalized with amino groups using 

AMO or APTES. Two portions of 0.5 g of MSNs were dried under 

acuum at room temperature for 5 h, purged with N 2 and then re- 

ispersed in dry toluene by magnetic stirring. Then, a solution of 

ry toluene containing 60 μL of DAMO or APTES ( i.e., ca. 10% wt 

ith respect to the MSNs) was added dropwise. The DAMO func- 

ionalization was carried out overnight at 110 °C under inert at- 

osphere. Then, the nanoparticles were centrifuged at 17,0 0 0 g for 

5 min and washed with toluene, acetone and twice with ethanol. 

or APTES functionalization, the mixture was kept overnight at 

0 °C under continuous stirring and inert atmosphere and then the 

anoparticles were recovered and washed with toluene, ethanol, 

ater and twice with ethanol. 

Finally, the CTAB was removed by ionic exchange using a solu- 

ion of ammonium nitrate (NH 4 NO 3 , 0.32 M in 95% ethanol). The 

unctionalized MSNs were redispersed in the extracting solution 

350 mL per 1.4 g of MSNs) and the mixture was refluxed at 80 °C
vernight under continuous magnetic strirring. Then the nanopar- 

icles were recovered by centrifugation and washed once with wa- 

er and twice with ethanol and centrifuged at 17,0 0 0 g for 15 min.

he same extracting procedure was repeated for 2 h and the final 

roduct was washed and dried at 70 °C overnight. 

.3. Physico-chemical characterization of MSNs 

Nitrogen adsorption measurements were performed to deter- 

ine the surface area and pore size value, using a Micromeritics 

SAP 2010 sorptometer. Brunauer-Emmett-Teller (BET) method was 

pplied to the linear part of the isotherm to calculate the MSNs 

urface area [51] while Barrett–Joyner–Halenda (BJH) method was 

pplied to the desorption branch to determine the pore size distri- 

ution [52] . Mesopore diameter was estimated from the maximum 

f the pore size adsorption distribution curve. 

The mesostructured order of the pores was also confirmed by 

-ray diffraction (XRD) using a Philips X-Pert MPD diffractometer 

quipped with Cu K α radiation. 

The surface composition of MSNs was analyzed by Fourier 

ransformed Infrared (FT-IR) spectroscopy by a Nicolet Nexus spec- 

rometer (Thermo Fisher Scientific). 
397 
The MSNs size, shape and morphology were analyzed through 

ransmission electron microscopy (TEM) with a JEOL JEM 1400 

lectron microscope operated at 200 kV and equipped with a 

harge-coupled device (CCD) camera (KeenView Camera). The sam- 

les were dispersed in HPLC grade water, deposited on holey 

arbon-coated copper grids and stained with a 1% phosphotungstic 

cid solution in water. 

The hydrodynamic size distribution and ζ -potential of MSNs in 

ater were measured with a Zetasizer Nano ZS (Malvern Instru- 

ents) equipped with a 633 nm laser. 

The percentage of organic matter in the samples was quanti- 

ed through thermogravimetry and differential thermal analysis 

TGA/DTA) with a PerkinElmer Pyris Diamond TG/DTA analyzer. The 

nalyses were carried out under air flow with a heating rate of 

 °C/min from room temperature to 600 °C and a complementary 

xygen flow. 

.4. Cell membrane harvesting 

MC3T3-E1 cells (subclone 4, CRL-2593, ATCC) were cultured in 

-MEM supplemented with 10% FBS, 2 mM L-glutamine and 1% 

enicillin-streptomycin at 37 °C under atmosphere conditions of 

% CO 2 and 95% humidity. Then, to harvest the membranes, cells 

ere detached with 2 mM EDTA in PBS, washed with PBS three 

imes and centrifuged at 800 g for 5 min. Cells were then resus- 

ended in a hypotonic lysis buffer with the following composition: 

0 mM tris(hydroxymethyl)aminomethane (Tris)-HCl, 10 mM KCl, 

 mM MgCl 2 and 1 EDTA-free protease inhibitor cocktail tablet in 

0 mL of H 2 O. Cells were mechanically disrupted using a dounce 

omogenizer for 20 passes and the resulting solution was cen- 

rifuged at 3200 g for 5 min. The supernatant was recovered while 

he pellet was resuspended in the hypotonic lysis buffer, homoge- 

ized and centrifuged a second time. The two supernatants were 

eunited and centrifuged at 20,0 0 0 g for 30 min using a XL-90 Ul-

racentrifuge equipped with 70Ti fixed-angle Rotor (Beckman Coul- 

er). The pellet was then discarded and the supernatant was ultra- 

entrifuged again at 80,0 0 0 g for 1.5 h to finally isolate the cell

embranes. The membrane-containing pellet was resuspended in 

0 mM Tris-HCl, 1 mM EDTA in PBS buffer and stored at 4 °C. 

.5. MSNs coating with cell membranes 

The MSNs functionalized with DAMO (MSNs-NH-NH 2 ) or APTES 

MSNs-NH 2 ) were coated with MC3T3-E1 cell membranes by co- 

ncubating the two components under vigorous orbital shaking 

200 rpm) at 37 °C for 1.5 h. In detail, 10 mg of MSNs were redis-

ersed in 2 mL of deionized water and mixed with 2 mL of PBS 

ontaining the harvested cell membranes. To optimize the coat- 

ng procedure, a range of different amounts of cell membranes 

measured in millions of source cells) were explored, namely 1, 

, 7, 14 and 21 million of MC3T3-E1 cells. After the incubation, 

he membrane-coated MSNs were recovered by centrifugation at 

3,0 0 0 g for 15 min and redispersed in a 1:1 PBS:H 2 O solution by

onicating at room temperature for 30 min. The temperature of the 

ltrasonic bath was constantly monitored, avoiding any significant 

ncrease to prevent sample damage. A second centrifugation step 

as performed and the final product was stored at 4 °C. 

.6. Calcein loading and release assay 

Calcein was used as cargo model to evaluate the loading ef- 

ciency and the release from membrane-coated MSNs because 

f its inability to cross cellular membranes. Before the cell- 

embrane coating procedure, MSNs functionalized with DAMO 

MSNs-NH-NH ) or APTES (MSNs-NH ) were loaded by incubating 
2 2 



C. Jiménez-Jiménez, A. Moreno-Borrallo, B. Dumontel et al. Acta Biomaterialia 157 (2023) 395–407 

t

c

r

1

l

w

d

p

o

o

s  

t

w

4

l

p

s

t

l

t

t

a

2

2

a

H

w

c

h

c

t

2

c

i

c

o  

7

t

i

c

t

p  

t

w

t

n

c

c

i

c

v

c

a

o

P

s  

w

f

l  

f

l

2

3

i

t

o

T

C

m

l

d

t

(

5  

A

D

c

a

a

2

(

f

M

t

w

3

S

u

e

2

a

7

t

P

A

t

a

u

s

a

t

2

i

a

F

m

e

w

M

m

(

i

w

w

w

m

i

he nanoparticles with calcein at a 10:1 ratio (mg MSNs:mg cal- 

ein) in water. The solution was kept under vigorous stirring at 

oom temperature overnight and then centrifuged at 8,700 g for 

5 min and thoroughly washed with PBS and water to remove un- 

oaded calcein. The loaded MSNs (MSNs@CAL) were then coated 

ith different ratios of MC3T3-E1 cell membranes as previously 

escribed. 

The release assay was performed in 24-transwell plates, by 

lacing 1 mg of membrane-coated MSNs@CAL dispersed in 100 μL 

f PBS (pH = 7.4) in the transwell permeable support and 600 μL 

f PBS in the well below. The plate was placed in an orbital 

haker at 37 °C and 100 rpm. At each time point, the solution in

he wells was collected and analyzed by measuring fluorescence 

ith a Biotek Synergy 4 microplate reader (excitation/emission: 

70/509 nm) to quantify the released calcein and the collected so- 

ution was replaced with fresh PBS. After 72 h, the PBS was re- 

laced by the same volume of a sodium dodecyl sulphate (SDS) 

olution (0.5% in PBS), which is a detergent known for disrupting 

he cell membrane-coating, consequently triggering the calcein re- 

ease. The assay was carried out for 7 additional days, collecting 

he medium every 3 h and replacing it with 0.5% SDS in PBS. All 

he samples were analyzed in triplicate and samples without the 

ddition of 0.5% SDS were also analyzed as negative control. 

.7. In vitro cell assays 

.7.1. Cell culture 

A murine pre-osteoblastic cell line (MC3T3-E1) was cultured 

s mentioned above. HeLa cells were maintained in DMEM and 

GUE-GB-39 cells were cultured in DMEM/F12. Both culture media 

ere supplemented with 10% FBS, 2 mM L-glutamine and 1% peni- 

illin/streptomycin at 37 °C under atmosphere conditions of 95% 

umidity and 5% CO 2 . To perform the in vitro cellular assays, the 

ells were seeded and cultured for 24 h before being exposed to 

he different nanosystems. 

.7.2. Cell internalization and confocal microscopy assay 

For the internalization test, MC3T3-E1, HeLa and HGUE-GB-39 

ells were seeded and cultured in 6-well plates (1 × 10 6 cell/well) 

n the presence of the different concentrations of coated and un- 

oated fluorescein-labeled MSNs (1, 2.5, 5, 10, 25, 50 or 75 μg/mL 

f MSNs or MSNs@7M MC3T3-E1) for 3 h at 37 °C and 5% CO 2 . The

 M coated MSNs were selected based on the results observed in 

he optimization of the membrane-coating procedure, as described 

n detail in the results section. For the control experiments, the 

ells were incubated without nanoparticles. Then, the cells were 

rypsinized and centrifuged at 966 g for 5 min at 15 °C. The cell 

ellet was then resuspended in 250 μL of PBS and 50 μL of TB in

he absence of light and kept on ice until measurement. TB (0.4%) 

as used to quench the fluorescence of non-internalized MSNs 

hat might be attached to the outer cell membrane, since TB can- 

ot enter the membranes of live cells. The analysis of membrane- 

oated and uncoated fluorescein nanoparticles internalized by live 

ells was performed on a FACSCalibur flow cytometer (Becton Dick- 

nson). The percentage of cells that had internalized the nanoparti- 

les was quantified as the number of fluorescein-positive cells di- 

ided by the number of live cells. Untreated cells were used as 

ontrols. Data are mean ± SD of three independent experiments. 

For the confocal microscopy assay, the cells were treated with 

 single representative concentration of fluorescein-labeled MSNs 

r MSNs@7M MC3T3-E1 for 3 h. The cells were then washed with 

BS 1X and fixed with 4% paraformaldehyde in PBS (w/v) with 1% 

ucrose at 37 °C for 20 min. After this time, the cells were again

ashed with PBS 1X and permeabilized with Triton X-100 at 4 °C 

or 5 min. Cell membranes and nuclei were then stained with phal- 

oidin (10 μL in 1 mL PBS 1X) and DAPI (3 μM in PBS 1X) at 37 °C
398 
or 20 min and 5 min, respectively. Finally, the images were col- 

ected with an FV1200 laser scanning microscope (Olympus). 

.7.3. Cell proliferation assay 

For the cell cytotoxicity assay, MC3T3-E1, HeLa and HGUE-GB- 

9 cells were seeded on 96-well plates 24 h prior to the exper- 

ment (10,0 0 0 cells/well). After this time, the cells were exposed 

o different concentrations of nanoparticles (1, 2.5, 5, 10, 25, 50 

r 75 μg/mL of MSNs or MSNs@7M MC3T3-E1) for 3 h at 37 °C. 

he cells were then washed with PBS several times and measured. 

ell viability was measured using Thiazolyl Blue Tetrazolium Bro- 

ide according to the manufacturer’s instructions. In this method, 

ive cells reduce XTT tetrazolium by an active mitochondrial dehy- 

rogenase enzyme, which produces insoluble blue formazan crys- 

als that can be quantified colorimetrically. Therefore, 20 μl of 3- 

4,5-dimethyl-thiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT, 

 mg/mL) were added to each well and incubated for 4 h at 37 °C.

fter this time, the MTT solution was removed and 100 μL of 

MSO were added to dissolve the crystals. Subsequently, a mi- 

roplate reader (Sinergy 4, BioTek, USA) was used to measure the 

bsorbance at 570 nm. Untreated cells were used as controls. Data 

re mean ± SD of three independent experiments. 

.7.4. Intracellular reactive oxygen-species (ROS) production 

MC3T3-E1 cells were seeded in 6-well plates 

1 × 10 6 cell/well) and exposed to the nanosystems at dif- 

erent concentrations (5, 10, 25 μg/mL of MSNs or MSNs@7M 

C3T3-E1) for 3 h at 37 °C. After this time, in order to determine 

he production of ROS, the cells were harvested and incubated 

ith 100 mM 2’,7’-dichlorofluorescein diacetate (DCFH/DA) at 

7 °C for 30 min. DCF fluorescence was measured using a FAC- 

Calibur flow cytometer (Becton Dickinson). Untreated cells were 

sed as controls. Data are mean ± SD of three independent 

xperiments. 

.7.5. Cell cycle analysis 

After exposure of MSNs in MC3T3-E1 cells in the same way 

s the ROS, the cells were trypsinized and collected in PBS. Then, 

00 μL of ice-cold 100% ethanol were added dropwise while vor- 

exing. The samples were left overnight at 4 °C. Then, 700 μL of 

BS were added to all samples and centrifuged at 1,315 g for 5 min. 

fter this time, the cells were washed again with PBS and a mix- 

ure containing 50 μg/mL PI and 100 μg/mL RNase in PBS was 

dded to the pellets. After this step, the samples were incubated 

nder orbital shaking for 3 h at room temperature and in the ab- 

ence of light. Finally, PI fluorescence analysis was performed in 

 flow cytometer (FACSCalibur). Data represent the mean ± SD of 

hree independent cultures. 

.7.6. Cell migration assay 

To study the migration ability of coated and uncoated MSNs 

n different cell lines, inserts with 3 μm pore size polycarbon- 

te membranes (Costar) were used in 12-well plates. 1 mg of 

ITC-labelled MSNs or MSNs@7M MC3T3-E1 in 500 μl of culture 

edium was added to the inserts. Similarly, 20,0 0 0 cells/mL of 

ach cell line was added to the well below. The migration medium 

as used as a negative control. After 24 h, the non-migrating 

SNs were removed from the top and bottom of the polycarbonate 

embrane and quantified on a Biotek Synergy 4 microplate reader 

excitation/emission: 490/520 nm). To quantify the MSNs retained 

nside the membrane, the polycarbonate membrane was dissolved 

ith DMSO and the retained MSNs were evaluated in the same 

ay as in the two previous cases. Nuclei of cells adhering to the 

ell were stained with DAPI. A fluorescence microscope with a 20x 

agnification objective was used to observe the migrating MSNs 

nternalized by the cells (three individual fields per well). 
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Fig. 1. Left: TEM micrographs of MSNs as-produced (MSNs@CTAB), after modifying them with APTES (MSNs-NH 2 ) or DAMO (MSNs-NH-NH 2 ), and after loading them with cal- 

cein (MSNs-NH 2 @CAL and MSNs-NH-NH 2 @CAL); Centre: cell membranes harvested from pre-osteoblastic MC3T3-E1 cells (MC3T3-E1 MB); Right: MSNs coated with MC3T3- 

E1 cell membranes (MSNs-NH 2 @CAL–MC3T3-E1 and MSNs-NH-NH 2 @CAL–MC3T3-E1) at different concentrations, namely 1, 4, 7, 14 and 21 million (M) of source cells per 10 

mg of MSNs. All samples were stained with a 1% phosphotungstic acid (PTA) solution in water. 
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.8. Statistical analysis 

In vitro data are expressed as mean ± SD. Unpaired two-tailed 

tudent’s t-test were used to determine the statistical significance. 

 < 0.05 was considered significant. Statistical analyses for cel- 

ular results were performed using the program Graphpad Prism 

Graphpad software). Confocal images were evaluated using the 

iji software (Image J). 

. Results and discussion 

.1. Synthesis of MSNs and chemical functionalization with 

minosilanes 

MSNs with spherical shape and size of about 20 0–30 0 nm 

ere synthesized through a modification of the Stöber method 

50] . The outer surface was then functionalized with amino 

roups by post-synthesis grafting of aminosilanes functional- 

zing agents. In particular, two aminosilanes were used, i.e. 

3-aminopropyl)triethoxysilane (APTES) and N-(2-aminoethyl)-3- 

minopropyltrimethoxysilane (DAMO), with one and two amino 

roups, respectively. The purpose of this functionalization step was 

o obtain MSNs with a positive surface charge to favor their inter- 

ction with negatively charged cell membranes. 

The TEM micrographs ( Fig. 1 ) confirmed the expected spherical 

hape, structure and size of MSNs, which were maintained after 

he chemical functionalization with APTES (MSNs-NH 2 ) and DAMO 

MSNs-NH-NH 2 ). The hydrodynamic size, measured by DLS tech- 

ique, further confirmed the homogeneity of the samples, which 

resented narrow monomodal distributions centered at a diameter 

f around 260 nm ( Table 1 ). 

Concerning the surface charge, unmodified MSNs (MSNs@CTAB) 

resented a negative surface charge ascribable to the presence of 

ilanol groups, while both MSNs-NH 2 and MSNs-NH-NH 2 showed 

 positive charge, suggesting the success of functionalization pro- 

esses ( Table 1 ). Specifically, MSNs functionalized with DAMO ex- 

ibit a higher Z-Potential value than those functionalized with 

PTES, due to the large number of amino groups on the former 

anoparticles. The presence of the amino groups was further con- 

rmed by FTIR spectroscopy, accounting the appearance of -NH 2 

nd -NH- vibration bands together with bands corresponding to - 

H 2 - and -CH 3 groups, which are also present in the aminosilanes. 

TIR analysis also confirmed the successful removal of CTAB, the 

urfactant used as template to obtain the ordered mesopore struc- 

ure. This is evidenced by the reduction of the vibration bands in- 
399 
ensity from the -CH x alkyl groups (see Supporting Information Fig. 

1A,B). 

The mesoporous structure of the two functionalized samples 

fter the CTAB removal was analyzed through N 2 adsorption and 

-ray diffraction. The results were in good agreement with those 

eported in literature for MSNs [53–55] and confirmed the meso- 

orosity of the obtained materials as well as the expected hexago- 

al symmetry as presented in detail in Fig. S2. 

.2. MSNs coating with pre-osteoblastic MC3T3-E1 cell membranes 

Cell membranes (MC3T3-E1 MB) were harvested from pre- 

steoblastic MC3T3-E1 cells through a lysis and ultracentrifuga- 

ion protocol resulting in a mixture of disordered or spherically 

rganized fragments, as shown in Fig. 1 . As expected, MC3T3-E1 

B presented a negative Z-potential value ( Table 1 ), typical of cell 

embranes and related to their composition of phospholipids, pro- 

eins, and polysaccharide conjugates [ 56 , 57 ]. 

Amino-functionalized MSNs were loaded with a calcein fluores- 

ent probe before coating them with cell membranes. As shown 

y TEM and DLS measurements ( Fig. 1 and Table 1 ), both MSNs- 

H 2 @CAL and MSNs-NH-NH 2 @CAL presented analogous results to 

heir corresponding unloaded counterparts, showing that the pro- 

ess of loading did not affect the size, structure and surface charge 

f MSNs. The presence of calcein was confirmed by thermogravi- 

etric analyses that detected an increase in the percentage of 

rganic matter in both MSNs-NH 2 @CAL and MSNs-NH-NH 2 @CAL 

amples with respect to the unloaded functionalized nanoparti- 

les ( Table 1 ). Also, FTIR spectroscopy confirmed the calcein load- 

ng, accounting to the appearance of a vibration band at ca. 

800 cm 

−1 corresponding to calcein C 

= O groups (MSNs@CAL in 

ig. S1C,D). 

Different amounts of MC3T3-E1 cell membranes, quantified in 

illions of source cells, were then combined with APTES or DAMO 

unctionalized MSNs in order to explore the optimal conditions for 

SNs coating. The obtained samples were fully characterized ev- 

dencing the interactions between preosteoblastic cell membranes 

nd amino-functionalized MSNs. TEM analysis, showed in Fig. 1 , 

evealed the presence of organic material coating the surface of 

SNs functionalized with both APTES (MSNs-NH 2 @CAL–MC3T3- 

1) and DAMO (MSNs-NH-NH 2 @CAL–MC3T3-E1). The staining with 

hosphotungstic acid allowed the visualization of a dense and ho- 

ogenous coating in all samples, clearly indicated by the differ- 

nce in contrast of coated MSNs which appear darker than the un- 

oated ones. In fact, while the mesoporous structure is clearly visi- 
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Table 1 

Mean hydrodynamic sizes, Z-Potential values and relative percentages of organic matter of: cell membranes harvested from pre-osteoblastic MC3T3-E1 cells (MC3T3-E1 

MB); MSNs after the synthesis (MSNs@CTAB), functionalization with APTES (MSNs-NH 2 ) or DAMO (MSNs-NH-NH 2 ) and loading with calcein (MSNs-NH 2 @CAL and MSNs- 

NH-NH 2 @CAL); MSNs coated with MC3T3-E1 cell membranes (MSNs-NH 2 @CAL–MC3T3-E1 and MSNs-NH-NH 2 @CAL–MC3T3-E1) at different concentrations, namely 1, 4, 7, 

14 and 21 million (M) of source cell per 10 mg of MSNs. Hydrodynamic size distributions and Z-potentials were measured in water. The percentages of organic matter are 

expressed as percentage increase with respect to the MSNs-NH 2 or MSNs-NH-NH 2 functionalized nanoparticles, indicated as 0 values. 

MSNs-NH 2 

MC3T3-E1 

MB 

MSNs 

@CTAB 

MSNs 

-NH 2 

MSNs 

@CAL 

MSNs@CAL-MC3T3-E1 

1 M 4 M 7 M 14 M 21 M 

DLS [nm] 122 268 265 296 231 234 261 295 215 

Z-Potential [mV] −13.6 −12.9 + 7.21 + 7.21 −2.46 −5.27 −13.7 −19.5 −16.5 

Org. matter [%] - - 0 8.1 38.0 48.1 21.3 18.1 22.5 

MSNs-NH-NH 2 

MC3T3-E1 

MB 

MSNs 

@CTAB 

MSNs 

-NH-NH 2 

MSNs 

@CAL 

MSNs@CAL-MC3T3-E1 

1 M 4 M 7 M 14 M 21 M 

DLS [nm] 122 268 269 251 279 268 259 296 231 

Z-Potential [mV] −13.6 −12.9 + 15.6 + 15.6 + 6.71 + 5.47 + 3.68 + 1.81 + 9.06 

Org. matter [%] - - 0 25.7 51.7 49.9 33.9 39.1 45.2 
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le in MSNs-NH 2 and MSNs-NH-NH 2 , this is masked after the addi- 

ion of cell membranes, suggesting the presence of a coating layer 

hielding the silica core [58] . In MSNs-NH 2 @CAL–21M MC3T3-E1 

nd MSNs-NH-NH 2 @CAL–21M MC3T3-E1 samples, small fragments 

f stained organic material not completely adhered to the MSNs 

urface were also observed. As previously reported, this could be 

ttributed to the possibility of an excess of cell membrane which, 

bove a certain amount, tend to self-aggregate decreasing the effi- 

ient interaction with the NPs surface [59] . 

The presence of the cell membrane coating was further con- 

rmed by thermogravimetric analyses. The results are shown in 

able 1 as relative percentage increase of organic matter com- 

ared to the unloaded, uncoated amino-functionalized MSNs. The 

esults highlight both the capacity of MSNs as nanocarrier, dis- 

laying the amount of loaded calcein and the success of coat- 

ng with cell membranes. The percentage increase of organic mat- 

er due only to cell membrane coating can be extrapolated from 

hese values, when comparing to MSNs@CAL samples. The accu- 

acy of the extrapolated values was confirmed by the analysis of 

he sample without calcein (data not shown). Interestingly, for 

oth types of amino functionalization, the highest value of or- 

anic matter were detected for MSNs coated with 1 and 4 mil- 

ion cells and it decreased for higher membrane amounts. In gen- 

ral MSN-NH-NH 2 @CAL–MC3T3-E1 samples presented higher per- 

entages increase with respect to the MSNs-NH 2 @CAL–MC3T3-E1 

ounterparts. However, it should be considered that the technique 

uantifies all the organic content of the sample and the percent- 

ge increase thus includes the contribution of both cell mem- 

rane coating and loaded calcein. Considering the uncoated loaded 

anoparticles, DAMO functionalized MSNs (MSNs-NH-NH 2 @CAL) 

howed a far higher percentage increase than those functional- 

zed with APTES (MSNs-NH 2 @CAL). In view of these values, MSNs- 

H 2 @CAL–MC3T3-E1 samples actually presented a larger percent- 

ge increase ascribable to cell membrane coating than those func- 

ionalized with DAMO. 

DLS measurements evidenced no significant changes in the hy- 

rodynamic size distribution of coated MSNs, all fluctuating be- 

ween 215 nm and 296 nm ( Table 1 ). These results show that

he developed procedure allows the coating of individual MSNs 

ithout leading to aggregation and provides monodisperse MSNs 

n the nanometric range suitable for biological applications. More 

nterestingly, the surface charge of membrane-coated MSNs de- 

reased compared to the uncoated ones, suggesting the pres- 

nce of negatively charged membranes and, therefore, the success 

f the coating process. In particular, APTES functionalized MSNs 

howed increasingly negative Z-potential values when combined 

ith MC3T3-E1 cell membrane from 1 to 14 million, whereas 
400 
AMO functionalized MSNs showed decreasingly positive values 

 Table 1 ). Reasonably, these trends could be attributed to a higher 

uantity of cell membrane attached to the MSNs surface, form- 

ng an increasingly dense coating layer. Both types of MSNs coated 

ith membranes from 21 million of cells showed lower Z-potential 

alues than naked MSNs, but the reduction was lower compared to 

he samples coated with less membrane. Also, TGA results showed 

 decrease in the organic matter for samples coated with high 

embrane ratios and together these results indicate a threshold 

n the suitable amount of coating material. As already observed 

y TEM analyses, larger amounts of cell membranes could re- 

ult in an excess of material, which causes the self-assembly of 

embrane fragments and could hinder their interaction with the 

SNs surface. Moreover, it is interesting to note the difference 

etween the APTES functionalized MSNs, which shift their sur- 

ace charge to negative when coated with all the tested ratios 

f MC3T3-E1 cell membranes, and DAMO functionalized MSNs, 

hich decrease their surface charge after the coating but remain 

ositive. This behavior could be easily attributed to the initial 

urface charge of MSNs, since MSNs functionalized with DAMO 

ave a higher Z-Potential value than those functionalized with 

PTES. 

Finally, FT-IR spectra of all coated MSNs (Fig. S1C,D) were char- 

cterized by an increase of the vibration bands between 3200 and 

650 cm 

−1 , ascribable to the stretching vibration bands from –OH 

roups present in phospholipids and other surface molecules of 

ell membranes. 

Overall, all physicochemical characterization techniques indicate 

 strong interaction between preosteoblastic cell membranes and 

mino-functionalized MSNs, suggesting the validity of the devel- 

ped approach for the formation of an effective coating. The re- 

ease capability, investigated in the next section, was identified as 

ey parameter for establishing the optimal formulation of mem- 

rane coated MSNs, as it can indirectly provide information about 

he homogeneity and efficiency of the coating and allow to opti- 

ize the formulation in the perspective of its application as a drug 

elivery system. 

.3. Effect of cell membrane coating on cargo release 

Cargo release assay using calcein as drug model was performed 

onitoring the overtime release from both MSNs uncoated and 

oated with different ratios of MC3T3-E1 cell membranes. Calcein 

as chosen as cargo model molecule because of its inability to 

ross lipid bilayers. This property was exploited to validate the for- 

ation, stability and disruption of the MSNs coating. In principle, 

he cell membrane layer should efficiently shield the MSN surface 
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Fig. 2. Overtime cumulative calcein release expressed as μg calcein/mg MSNs of uncoated and cell membrane-coated MSNs. (A) APTES functionalized MSNs (MSNs@cal) and 

APTES functionalized MSNs coated with MC3T3-E1 cell membranes from 7 million of cells (MSNs@cal-7M MC3T3-E1). (B) DAMO functionalized MSNs (MSNs@cal) and DAMO 

functionalized MSNs coated with MC3T3-E1 cell membranes from 7 million of cells (MSNs@cal-7M MC3T3-E1). All the samples were maintained in PBS (pH = 7.4) for the 

first 72 h and in SDS solution (0.5% in PBS) thereafter. Results are represented as mean ± SD of three experiments. 
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nd block the pore entrances, providing a barrier against calcein 

iffusion and premature release. 

As represented in Fig. 2 , both uncoated APTES and DAMO func- 

ionalized MSNs presented a continuous release up to 48 h with 

he typical diffusion release profile from the mesoporous chan- 

els of MCM41-like NPs (red dots in Fig. 2 A and B, respectively) 

54] . Interestingly, the amount of calcein released form MSNs-NH 2 

as higher than that released from MSNs-NH-NH 2 . This may be 

ttributed to the higher positive charge of DAMO functionalized 

SNs which can interact more strongly with the negative calcein 

olecules, partially hindering their release. 

In contrast, all membrane coated MSNs presented a small ini- 

ial release, probably due to calcein molecules adsorbed on the 

embrane layer or leaked from areas of incomplete coating. How- 

ver, during the first few hours all coated-MSNs reached a plateau 

ith no detectable calcein release, which remained constant until 

he end of monitoring without the addition of SDS (see Fig. S3A–

 in the Supporting Information). This profile is consistent with 

he inability of calcein to diffuse through lipid bilayers and clearly 

emonstrates the success of the coating procedure, in which cell 

embranes provide an effective barrier against premature cargo 

elease. 

Conversely, coated MSNs immersed in PBS solution with SDS, 

n anionic surfactant capable of disrupting plasma membranes and 

ncreasing their permeability, displayed a rapid release profile with 

 burst in the first few hours after SDS addition and reaching a sec- 

nd plateau (blue square in Fig. 2 A,B). The coated membrane acted 

s a physical barrier to impede the premature release of the cargo 

olecules, rather than to potentially modify the release kinetics of 

he developed system. 

The release assay further confirms the success of the coating 

rocedure and allows an indirect quantification of the coating ef- 

ciency. The amount of calcein released after the SDS addition 

as directly correlated with the coating efficiency. Indeed, larger 

nd more homogenous amount of cell membranes shielding the 

SNs would ensure the retaining of higher amounts of cargo in 

he pores, leading to superior extent of release after the destruc- 

ion of the coating by SDS. The results of the release assay from 

PTES and DAMO functionalized MSNs coated with different ra- 

ios of MC3T3-E1 cell membranes are shown in Fig. S3A–J. For 

ll membrane amounts, coated MSNs-NH 2 were found to release 

igher quantities of calcein with respect to MSNs-NH-NH 2 . This is 

articularly interesting considering that thermogravimetric analysis 

howed lower loading amounts for MSNs-NH 2 @CAL and suggests a 
401 
referential interaction of cell membranes with APTES functional- 

zed MSNs. The results could be possibly explained by the higher 

ositive surface charge of DAMO functionalized MSNs which, con- 

rary to expectations, did not result in a better coating. In this re- 

ard, an interesting study from the literature reported that high 

-potential values can actually generate too strong electrostatic in- 

eractions hindering the proper arrangement of membranes bilayer 

or complete NPs coverage [60] . 

Considering the different membranes ratios, both types of MSNs 

howed the same trend with higher amount of calcein released 

rom samples coated with 7 million of MC3T3-E1 source cells, 

losely followed by 14, 21, 4 and 1 million. As shown in Figs. 2 A

nd S3E, MSNs-NH 2 @CAL–7M MC3T3-E1 was the sample with best 

erformances, able to release up to 24.3 μg calcein/mg MSNs, and 

t was therefore selected as the optimal formulation for the follow- 

ng in vitro assays. 

.4. Biocompatibility of different cell lines treated with 

embrane-coated and non-coated MSNs 

The biocompatibility of these nanosystems can be assessed by 

tudying cell viability when cells are exposed to these nanoparti- 

les as this is related to the integrity of the cytoplasmic membrane. 

herefore, cell viability was studied in different cell lines such as 

C3T3-E1 from which the cell membrane was extracted for coat- 

ng and two other different cell lines such as HeLa and HGUE- 

B-39. These cells were seeded in 96-well plates and exposed 

o different concentrations (1, 2.5, 5, 10, 25, 50 and 75 μg/mL) 

f uncoated and membrane-coated MSNs for 3 h. Fig. 3 shows 

hat uncoated MSNs were not cytotoxic up to 50 ug/mL in any 

ell line. However, when the cells were exposed to a concentra- 

ion of 75 ug/mL, a decrease in cell viability of 25% was observed. 

n the other hand, membrane-coated MSNs were not cytotoxic in 

eLa and HGUE-GB-39 cells as there was only a slight decrease 

f viability in all the concentrations. Furthermore, these coated 

SNs showed that they were not toxic in MC3T3-E1 cells, since 

t a dose of 25 ug/mL there was 89% proliferation. In contrast, a 

ecrease in viability of these cells was observed from this dose 

nwards, possibly because there was an increased interaction of 

he coated MSNs with their cell line of origin and also because 

t higher concentrations of these MSNs, small aggregates were 

ormed that may be affecting viability. In addition, previous ar- 

icles have shown that these uncoated MSNs were not toxic at 

igh concentrations [40] . This difference in cytotoxicity between 
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Fig. 3. Cell viability in different cell lines with coated and uncoated MSNs. (A) MC3T3-E1, (B) HeLa and (C) HGUE-GB-39 cells were incubated with MSNs or MSNs@7M 

MC3T3-E1 at different concentrations (1, 2.5, 5, 10, 25, 50 and 75 μg/mL) for 3 h. After this time, viability was assessed in all samples. Cells cultured without nanoparticles 

were used as control ( −). Data are means ± SD of three independent experiments. Statistical significance: ∗P < 0.05, compared with the control; ∗∗P < 0.01, compared with 

the control; ∗∗∗P < 0.001, compared with the control. 

c

E

t

t

M

t

3

M

n

3

c

o

t

t

A

t

p

d

a

d

s

p

s

s  

c

c

o

t

u

t

m

c

d

M

v

c

M

t

n

o

o

a

p

p

m

d

t

d

M

i

o

c

d

l

3

M

m

o

c

u

T

a

t

m

h

c

t

t

h

t

e

c

c

s

t

i

c

c

c

t

i

c

t

ell lines when treated with membrane-coated MSNs from MC3T3- 

1 is because there is a higher internalization of these MSNs in 

he MC3T3-E1 cell line than in the other two cell lines. Addi- 

ionally, due to the phenotypic characteristics presented by the 

C3T3-E1 cell line (pre-osteoblasts), these cells are not differen- 

iated. However, the other two cell lines (HeLa and HGUE-GB- 

9) are tumor cells and are differentiated. This means that the 

C3T3-E1 cell line is more sensitive in response to the different 

anosystems [61] . 

.5. Effects of membrane-coated MSNs on oxidative stress and cell 

ycle in MC3T3-E1 pre-osteoblastic cells 

Based on the biocompatibility results, the response of pre- 

steoblastic cells (MC3T3-E1) exposed to a maximum concentra- 

ion of 25 μg/mL of membrane-coated MSNs was investigated 

hough intracellular production of reactive oxygen species (ROS). 

dditionally, the effect on cell cycle was evaluated by flow cy- 

ometry after exposure to these nanocarriers. First, a study of ROS 

roduction was performed because nanoparticles have a high ten- 

ency to produce large amounts of reactive oxygen species. As 

 consequence of their strong oxidation potential, excess ROS in- 

uced by MSNs can cause damage to biomolecules and organelle 

tructures, leading to lipid peroxidation, oxidative carbonylation of 

roteins, DNA/RNA breakage and even destruction of membrane 

tructure, which in turn leads to necrosis, apoptosis or mutagene- 

is [62] . Figs. 4 A and S4 show the percentage of the pre-osteoblast

ell population with intracellular ROS content. After exposure to 

oated and uncoated MSNs for 3h, no significant differences were 

bserved with respect to untreated cells. Thus, it was confirmed 

hat our nanomaterials did not affect the percentage of ROS pop- 

lation after exposure. Fig. 4 B shows the intracellular ROS con- 

ent (intensity, arbitrary units (A.U.)) of MC3T3-E1 cells after treat- 

ent with the different sam ples. In this case, a significant in- 

rease in ROS intensity was observed in cells treated with the 

ifferent MSNs, the highest being the 25 ug/mL concentration of 

SNs@7M MC3T3-E1. However, although there were elevated ROS 

alues, no decrease in cell viability was obtained for these con- 

entrations as seen above ( Fig. 3 ), so the coated and uncoated 

SNs appear to be non-cytotoxic. These ROS values do not need 

o be associated with a cytotoxic response of MSNs, as a large 

umber of cell lines retain a basal expression of ROS as a result 

f the mitochondrial electron transport chain, necessary to catab- 

lize amino acids, fatty acids and carbohydrates [63] . Addition- 

lly, these ROS values could be elevated during the proliferation 
402 
rocess due to the bioenergetic requirement needed for cell cycle 

rogression [64] . 

Secondly, a cell cycle study was performed to verify that 

embrane-coated and uncoated MSNs were not cytotoxic and 

id not affect the proper cellular functioning of these cells. For 

his purpose, the same concentrations were used as for ROS pro- 

uction evaluation. Fig. 4 C shows that direct contact between 

C3T3-E1 cells and coated or uncoated MSNs did not signif- 

cantly modify their cell cycle so that the correct functioning 

f these cells is maintained. In conclusion, the treatment of 

ells with these concentrations of uncoated and coated MSNs 

oes not generate a cytotoxic response in the MC3T3-E1 cell 

ine. 

.6. Enhanced cellular uptake of membrane-coated MSNs by 

C3T3-E1 cells 

The cellular uptake by different cell lines of uncoated and cell 

embrane-coated MSNs was quantitatively evaluated by means 

f flow cytometry and qualitatively analyzed by confocal mi- 

roscopy. Fig. 5 A–C depicts the total percentage of the cell pop- 

lation that internalized the MSNs, measured as FITC fluorescence. 

he naked MSNs were internalized by all the cell lines in an equiv- 

lent manner, with an observed increase in internalization propor- 

ional to the increase in the MSNs concentration used. As per the 

embrane-coated MSNs, they were internalized by a significantly 

igher number of cells only in the case of the MC3T3-E1 cells, 

ompared to the naked MSNs. The maximum values of internaliza- 

ion were achieved when using concentrations equal to or higher 

han 10 ug/mL. Interestingly, the membrane-coated MSNs showed 

igher values of internalization in the MC3T3-E1 cell line than on 

he HeLa or HGUE-GB-39 cells. In these two cell lines, the pres- 

nce of the cell membrane on the surface of the MSNs reduced the 

ellular uptake by approximately 50%, compared to the MC3T3-E1 

ells. Surprisingly, the same reduction in internalization was ob- 

erved when compared to the naked MSNs. These results indicate 

hat the cell membrane-coating not only enhances the internal- 

zation of the MSNs by a specific cellular population (the source 

ells) but also disadvantages the uptake by other cell types. The 

ell membrane-coating masks the positive charge of the nanoparti- 

les, which is known to favor cellular internalization. Consequently, 

his biomimetic technology could potentially be used for increas- 

ng targeting efficacy of NPs while diminishing undesired unspe- 

ific interactions, which would increase the safety and efficiency of 

he nanosystem. 
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Fig. 4. Effects of MSNs or MSNs@7M MC3T3-E1 on ROS and cell cycle. MC3T3-E1 cells were incubated with coated and uncoated MSNs at different concentrations (5, 10, 

25 μg/mL) for 3 h and then analyzed. Measurement of ROS production expressed as (A) percentages of ROS positive cells and (B) mean fluorescence intensity obtained by 

flow cytometry. (C) Cell cycle analysis by flow cytometry. The phases of the cell cycle are composed of G0, G1, S, G2 and M. Quiescent cells are stationary in G0 phase. 

If the cell cycle is activated, the cell enters the G1 phase (cell growth) and prepares for DNA synthesis, which occurs in the S phase. In G2 phase the chromosomes have 

already been replicated, and the cell prepares for mitosis (M). Data are means ± SD of three independent experiments. Statistical significance: ∗∗∗P < 0.001, compared with 

the control. 
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The total amount of MSNs internalized by the cells was quanti- 

ed as the mean fluorescence intensity of the cells ( Fig. 5 D–F). In

he case of the MC3T3-E1 cells, the total number of internalized 

SNs increased very significantly when the MSNs were coated 

ith the cell membranes, complementing the previous results, and 

ndicating an enhanced cellular uptake effect. Additionally, an in- 

rease was observed with the concentration used up to 25 ug/mL, 

fter which it diminished in agreement with the observed reduced 

iability (see Fig. 3 A). In the case of the HeLa and HGUE-GB-39 

ultures, no difference was observed between the coated and un- 

oated MSNs, indicating no effect of the cell membrane-coating on 

he total uptake of MSNs when exposed to different cell lines other 

han the source cell one. 

Confocal imaging qualitatively confirmed the preferential in- 

ernalization of the nanoparticles into the preosteoblastic cells 

 Fig. 5 G). Both coated and uncoated MSNs were observed within 

he cytoplasm of the cells. The uncoated MSNs were observed 

ualitatively within similar amounts in all cell lines while the cell 

embrane-coated MSNs were observed in a considerably higher 

mount in the MC3T3-E1 cells. These observations indicated once 

ore the preference the nanosystems display for the membrane- 

oating source cell type, in agreement with the above showed re- 

ults and the literature. 
403 
.7. Preferential migration of MC3T3-E1 membrane-coated MSNs 

owards MC3T3-E1 cells 

The migration tendencies of the coated and uncoated MSNs to- 

ards the different cell lines were assessed with an in vitro mi- 

ration model ( Fig. 6 A). After 24 h of exposure, the percentage of 

SNs that had crossed the transwell membrane towards the tar- 

eted cells was quantified via fluorescence microscopy ( Fig. 6 B). A 

ignificant tendency of the coated MSNs to migrate towards the 

C3T3-E1 cells was observed, as indicated by the lowest percent- 

ge remaining above the transwell membrane ( Fig. 6 C). However, 

n line with the internalization results, the opposite was observed 

hen the MSNs were exposed to HeLa and HGUE-GB-39 cells. In- 

erestingly, the presence of the MC3T3-E1 cell membrane-coating 

eemed to hinder the migration of the MSNs towards other cell 

ines compared to the naked nanoparticles, to the point where no 

ignificant migration whatsoever was observed. A slight migration 

as observed with the naked MSNs compared to the control in 

ll cases. The negligible percentage of MSNs inside the transwell 

embranes and on the media of the wells ( Fig. 6 D,E) indicated 

hat the MSNs that had migrated towards the cells had been also 

nternalized by the same, in all cases. 
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Fig. 5. Cellular uptake of coated and uncoated MSNs in different cell types. Flow cytometry results expressed in percentages of positive events in (A) MC3T3-E1, (B) HeLa 

and (C) HGUE-GB-39 cells after 3 h of treatment with the different concentrations of FITC-labelled MSNs or MSNs@7M MC3T3-E1 (1, 2.5, 5, 10, 25, 50 and 75 μg/mL). 

Quantitative analysis of the mean fluorescence intensity of FITC in the different lines (D, E and F) was obtained by flow cytometry. Cells cultured without nanoparticles were 

used as control ( −). Data are means ± SD of three independent experiments. Statistical significance: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001, all compared with the control. 

(G) Representative images of internalization in different cell lines by confocal microscopy. Cells were treated with MSNs or MSNs@7M MC3T3-E1 (75 μg/mL) for 3h and 

cells cultured without nanoparticles were used as control. The fluorescence signals of DAPI (blue), FITC (green), and phalloidin (red) were examined under a confocal laser 

scanning microscope. The images shown are the merge of the 3 channels. Legend, from left to right: The first column shows the different untreated cell lines. The second 

column shows cells treated with MSNs and the third column shows cells treated with MSNs@7M MC3T3-E1. Bar 20 μm. 

404 
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Fig. 6. (A) Transwell cell migration assay. (B) Migration of MSNs or MSNs@7M MC3T3-E1 to the different cell lines with nuclei staining (DAPI) after 24 h exposure. Scale 

bars, 200 μm. Percentage of MSNs (C) above, (D) inside or (E) below the transwell membrane quantified using a Biotek Synergy 4 microplate reader (excitation/emission: 

490/520 nm). Data are means ± SD of three independent experiments. Statistical significance: ∗∗∗P < 0.001; ### P < 0.001, all compared to their respective control 
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Overall, the above results indicate a direct effect or interaction 

f the cell membrane-coating with the source cell type. This opens 

he possibility of employing this technology to directly target and 

nteract with specific cell types while avoiding unspecific interac- 

ions. 

. Conclusion 

We have developed and characterized a versatile nanocarrier 

latform able to combine the benefits from mesoporous silica 

anoparticles, such as robustness and high loading capacity, to- 

ether with the outstanding biological properties from cell mem- 

ranes, such as biocompatibility and migration capacity. The syn- 

hetic method for the presented nanoplatform was optimized and 

t could easily be applicable for coating MSNs with different cell 

embranes from a variety of sources. The pores of the nanocar- 

iers could be loaded with many different types of therapeutic 

gents without any type of premature release, which would only 

ake place after the controlled disruption of the coating membrane. 

The designed nanoparticles showed internalization selectivity 

owards the very same cells than those employed as source for 

he coating membrane of the nanocarriers, which could be of in- 

erest for future selective treatments. More interestingly, the de- 

igned nanocarriers showed selective migration properties towards 

hose cells employed as source for coating the nanoconstructs, 

hich could be of extreme importance for future selective treat- 

ents, such as potential cancer treatment. As a potential appli- 

ation, nanosystems coated with cell membranes obtained from a 

atient’s biopsy could be employed to target them towards a spe- 

ific tissue, tumor, or even metastatic niche, as cell membranes 

re known to be involved in cancer metastasis. Thus, the cell 

embrane-coating nanotechnology could be the answer to person- 

lized, patient-focused nanomedicine. 
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