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Background: The advent of 3D printing technology allowed the realization of custom devices

that can be used not only in the everyday life but also in the nanotechnology and biomedical

fields. In nanotechnology, the use of bi-dimensional nanostructures based on carbon nanotubes,

generally referred as buckypapers, have received considerable attention for their versatility and

potential application in many biomedical fields. Unfortunately, buckypapers are extremely

hydrophobic and cannot be used in aqueous media to culture cells.

Methods: A polymeric device able to accommodate buckypapers and facilitate cell growth

was fabricated by using 3D printing technology. We imparted hydrophilicity to buckypapers

by coating them with polyamidoamine (PAMAM) dendrimers.

Results: We found that by using novel techniques such as polymer coating the buckypaper

hydrophilicity increased, whereas the use of 3D printing technology allowed us to obtain custom

devices that have been used to culture cells on buckypapers for many days. We characterized in

details the morphology of these structures and studied for the first time the kinetic of cell

proliferation. We found that these scaffolds, if properly functionalized, are suitable materials to

grow cells for long time and potentially employable in the biomedical field.

Conclusion: Although these materials are cytotoxic under certain circumstances, we have

found a suitable coating and specific experimental conditions that encourage using buckypapers

as novel scaffolds for cell growth and for potential applications in tissue repair and regeneration.

Keywords: 3D printing, buckypaper, PAMAM dendrimer, cell proliferation, tissue

regeneration, transfection

Introduction
In the last decades, single- and multi-walled carbon nanotubes (SWCNTs and

MWCNTs, respectively) have been extensively studied for their numerous electrical

and physical properties and have been applied in many biomedical applications (i.e.,

drug delivery and diagnostic devices).1–4 Carbon nanofibers, carboxylated CNTs, and

other functionalized CNTs have been demonstrated to increase the growth, spreading,

and adhesion of human osteoblasts (CRL-11372), mouse fibroblasts (L929), and

hippocampal neurons, suggesting that CNTs could be an ideal starting material for

the generation of scaffolds/matrices.5–7 However, the concept of using bidimensional

assemblies of CNTs, generally referred as “buckypaper” (BP), as suitable cell culture

substrates for tissue engineering has been only marginally considered.8 In fact, the most
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commonly used materials for the production of 3D scaffolds

are biodegradable synthetic polymers such as poly-(L-lactic

acid), poly-(glycolic acid), poly-caprolactone, or biopoly-

mers such as collagen and fibroin.9

Many researchers focused their efforts on studying the

interactions between CNTs and living mammalian cells,

but in tissue engineering, these interactions are crucial to

apply artificial 3D scaffolds in practice.10 Engineered scaf-

folds provide a synthetic extracellular matrix (ECM) able

not only to support the adhesion, proliferation, and migra-

tion of cells but also to guide tissue regeneration by the

host or other transplanted cells. The microstructure of 3D

scaffolds and the surface properties of CNTs are also key

factors to determine cell adhesion, proliferation, and

migration.7,11

Aimed at using CNTs BP as innovative substrate for

biomedical applications, we had to solve the problem of

the intrinsic hydrophobicity of BP that prevented any use

of aqueous solutions, such as culture media. Nowadays,

3D technology allows to prototype custom 3D objects by

progressive deposition of fused material12,13 allowing

researchers to produce their own custom-made research

tools (i.e., micropipettes, micromanipulators, syringe

pumps, webcam-based microscopes, smartphone holder,

and time-lapse cells incubators).14–17 Therefore, by fol-

lowing an established procedure,1,2 we coated BP with a

polyamidoamine polymer (PAMAM) and transformed its

surface from hydrophobic to hydrophilic, whereas by

exploiting the 3D printing technology, we designed and

created a custom device able to let grow cells on BP

surface for many days and to study its physicochemical

properties for possible biomedical applications. Finally, to

add further functionality to this scaffold, we assessed the

ability of coated-BP to deliver a microRNA mimic and

investigated the long-term delivery of these RNA mole-

cules to the cell layer.

Materials And Methods
Materials
Commercial MWCNT BP was purchased from Buckeye

Composites (Kettering, USA), poly-amidoamine dendrimer

generation 5 (PAMAM G=5, cat.no. 536709), RIPA buffer

(cat.no R0278) and FAM-Pre-mir-503 oligonucleotide (batch

no. HA08019806) were purchased from Sigma-Aldrich and

used as received. PierceTM BCA protein assay kit (cat.no.

23227) and Halt™ phosphatase inhibitor cocktail (cat.no

78420) were purchased from ThermoFisher Scientific.

Polyethylene terephthalate glycol-modified (PETG) filaments

were purchased from Galaxy Stampanti 3D (Mantova, Italy).

Ethical Approval For Use Of Human Cell Lines And

Tissues

The Ethical committee of Bambino Gesù Children’s

Hospital approved the study and the use of human cells

for this project. Written informed consent was provided by

donors. Patient’s data were also anonymized and treated

with confidentiality.

Cell Cultures
Human embryonic kidney 293 (HEK-293T) (ATCC® CRL-

1573) and human osteosarcoma (Saos-2) cells (ATCC® HTB-

85) were maintained in DMEM high glucose medium

(Euroclone), supplemented with 10% fetal bovine serum

(FBS; Euroclone), 50 U/mL penicillin (Euroclone), and 50

µg/mL streptomycin (Euroclone) at 37°C in 5% CO2. To

obtain osteoclasts, peripheral blood mononuclear cells

(PBMCs) were isolated from citrate blood samples of healthy

donors by density-gradient centrifugation in Ficoll

(Histopaque 1077 Human Lymphocyte, Sigma Aldrich). The

pellet was rinsed with PBS and re-suspended in DMEM

essential medium (Euroclone) containing 100 U/mL penicil-

lin, 100 mg/mL streptomycin (Euroclone), 2 mML-glutamine

(Euroclone), and 10% heat-inactivated fetal bovine serum

(FBS, Gibco). Cells were seeded at a density of 2×106 cells/

mL on a T75 flask and cultured in 5% CO2 atmosphere. After

overnight incubation, the cultures were supplemented with

recombinant human M-CSF (25 ng/mL; Peprotech). After

reaching 80% confluence, cells were treated with recombinant

human RANK-L (30 ng/mL; Peprotech) and M-CSF for 14

days. Medium and factors were replaced every 3–4 days.

BP Coating With PAMAM
Small round pieces of BP with a diameter of approxi-

mately 1 cm (~3 mg each) were cut from a commercial

sheet of carbon BP. For PAMAM coating, BP was covered

with distilled water (0.3 mL) containing PAMAM at a final

concentration of 10 mg/mL. BP was gently mixed for 30

mins at room temperature then placed for 3 days at +4°C.

At the end of incubation, both the PAMAM-coated buck-

ypaper (PAM-BP) and the pristine BP were washed in PBS

and used for all of the downstream experiments.

Atomic-Force Microscopy (AFM)
AFM measurements were performed with a Dimension

Icon (Bruker AXS) instrument. AFM images were
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acquired in air at room temperature and under ambient

conditions, by employing Tapping Mode. We used

RTESP-300 (Brucker) probes characterized by a sharp

silicon tip (nominal radius of curvature 10 nm), mounted

on a silicon nitride rectangular cantilever with nominal

resonant frequency of 300 kHz and nominal spring con-

stant of 40 N/m. Samples were stuck on the AFM sample

support by using double-sided tape 1 hr before the mea-

surement to allow sample stabilization and avoid mechan-

ical noise. Images were analyzed using Nanoscope

Analysis 1.5 software (Bruker). Height Sensor and Phase

Channels were presented as raw data, except for flattening

applied to height sensor channel.

Thermogravimetric Analysis
TGA curves were recorded using a TGA7 equipment

(PerkinElmer Inc., Waltham, MA, USA). The samples inves-

tigated were heated in platinum crucibles in the temperature

range 20–850°C, in pure nitrogen or air atmosphere (gaseous

mixture of nitrogen and oxygen with 80% and 20%, v/v,

respectively) under a flow rate of 100 mL/min. The scanning

rate for the best resolution was found to be 10°C/min. To

ensure an accurate measurement of sample temperature, the

calibration was performed using the Curie-point transition of

standard metals, according to manufacturer’s recommenda-

tions. Each sample was analyzed in triplicate.

Raman Characterization
Raman spectra were acquired with a DXR Thermo Fisher

Scientific Raman Microscope, by exciting the samples at

532 nm with 8 mW laser power and a 100× objective. The

measured spectral range was 150–3400 cm−1 and each

spectrum resulted from 0.8 s acquisition time and 120

accumulations over an area of about 800 nm (laser spot).

3D Printing Of A Custom Device For Cell

Culture
BP is highly hydrophobic (see Figure S1), and small

pieces of BP in aqueous solutions (i.e., cell cultures) tend

to float. In order to prevent this phenomenon and maintain

BP stuck to the bottom of the culture container, a custom

multi-chamber device was 3D-printed by using a 3DRAG

printer (Futura Group srl ©, Italy) using a PETG filament.

An extrusion temperature of 220°C and a bed temperature

of 60°C have been set to print the 3D device. PETG is

more resistant than poly-lactide (PLA, poly-lactic acid)

filaments and combines the benefits of Acrylonitrile

Butadiene Styrene (ABS) filaments (robustness and tem-

perature resistance) to that of PLA (ease of printing and

recyclability). Moreover, PETG 3D-printed objects can be

easily sterilized in an autoclave. The device was designed

using the Thinkercad app (www.tinkercad.com, © 2016

Autodesk, Inc.), a browser-based 3D design and modeling

tool, with the concept to enclose the BP within the struc-

ture and separately confine cells into cylindrical chambers.

Cell Culture On BP
Many BP pieces were mounted in the 3D-printed multi-

chamber device after enclosing the tiny sheets between

two silicon rings. HEK-293T cells and Saos-2 cells were

plated at a density of 6×104/cm2, whereas osteoclasts at a

density of 8×104/cm2. In each chamber of the 3D-printed

device, 3 mL of growth medium were added. At the end of

the culture, the 3D-printed device was disassembled and

the BP washed once with PBS before processing.

Scanning Electron Microscopy And Energy

Dispersive X-Ray Characterization
Scanning electron microscopy was employed to visualize the

amount and the morphology of cells grown on BPs. Both

field emission scanning electron microscopy (FESEM) and

energy dispersive X-ray (EDX) analysis were performed on

BP and PAM-BP using the Zeiss Auriga electron microscope

equipped with a Bruker Quantax detector (Energy resolution

123 eV for Mn Kα line). Cells were grown on BP and PAM-

BP for several days (i.e., 1, 3, and 7 days for HEK-293T and

Saos-2 and 3 days for osteoclasts) and finally fixed with 2.5%

glutaraldehyde in 0.15M cacodylate buffer (pH 7.2) for 2 hrs

at room temperature. After a final dehydration step in graded

alcohol, the BPs were examined after coating them with 30

nm of Chromium using a Quorum 150T sputter. We operated

a low acceleration voltage and current in order to avoid

damaging cells.

BCA Protein Assay
To assess cell proliferation on carbon BPs, we employed the

Pierce BCA protein assay. To evaluate the reliability of the

test, HEK-293T and Saos-2 cells were cultured on BP and

PAM-BP for 1, 3, and 7 days. Then, the mediumwas removed

and cells rinsed with PBS at room temperature. Proteins were

extracted by adding 50 µL of ice-cold RIPA buffer with 1x

Halt phosphatase inhibitor cocktail to each BP and incubated

on ice for 5 mins. The lysate was centrifuged at 15,000 × g for

15 mins at 4°C. The protein concentration was measured by
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BCA protein assay kit. Control samples consisting of the same

number of cells seeded on BP were lysed and the protein

concentration was immediately measured.

Confocal Microscopy
To study the ability of BPs to transfect cells, 50 nM of FAM-

pre-mir-503 was incubated with BP and PAM-BP at a BP/

oligonucleotide ratio of 20:1 (w/w) for 15 mins at room

temperature to allow complex formation.1,2 After 1, 3 and 7

days, HEK-293T and Saos-2 cells were washed once with

cold phosphate-buffered saline (PBS) and fixed by incuba-

tion with a paraformaldehyde 4% solution for 15 mins at

room temperature. Cells were stained with a phalloidin-

TRITC/PBS solution (1:100) for 1 hr, washed again and the

nuclei stained with the intercalating dye Hoechst 33258/PBS

solution (1:2500) for 3 mins. Fixed cells were mounted with

a glycerol/PBS solution (3:1) and kept covered to prevent

dye photobleaching. To observe the transfection by PAM-BP,

pristine BPs were functionalized with a PAMAM derivative

previously labeled with rhodamine B isothiocyanate (Rho-

PAM).18 After 3 days of incubation with Rho-PAM-BP,

osteoclasts were observed using the same protocol described

for HEK-293T cells, after incubation with phalloidin-FITC/

PBS solution (1:100) for 45 mins. Images were acquired with

an Olympus Fluoview FV1000 confocal microscope

(Olympus, Italy) equipped with FV10-ASW version 2.0 soft-

ware, Multi Ar (458–488 and 512 nm), 2X He/Ne (543 and

633 nm), and 405-nm diode laser, 60X magnification.

Statistical Analysis
Data were obtained from three independent experiments.

Data were expressed as means with standard error of

means and were analyzed by using Student’s t-test

employing SPSS (ver.20) software. A p-value< 0.05 was

considered statistically significant.

Results
PAMAM Dendrimer Binds BP Stably And

Imparts Roughness To The Surface
The morphology of both BP and PAM-BP was analyzed

by scanning electron microscopy. SEM images of BP and

PAM-BP showed multiple interlaced layers of CNTs of

various lengths. The depth of CNTs multilayer organiza-

tion is represented by the darkest parts of the imaged layer

(Figure 1A). PAMAM functionalization was visible as a

thin film covering CNTs. By SEM this coating appeared as

a “veil” that covered all of the surface resulting in a light

gray appearance of the layer (Figure 1B).

To confirm the interaction between the BP and the

PAMAM dendrimer, we performed an EDX analysis.

The EDX analysis of BP indicated the presence of a high

percentage of carbon (C=98.56%), small traces of oxygen

(O=0.59%), and impurities of iron (Fe=0.85%) likely due

to the catalyzed preparation of CNTs (Figure 1C).

After PAMAM functionalization, the EDX analysis of

PAM-BP showed the presence of nitrogen (N=7.38%) and

an increased amount of oxygen (O=4.62%), confirming the

interaction between the dendrimer and the BP surface

(Figure 1D).

To better characterize the interaction of PAMAM den-

drimers with the BP, samples were visualized also by

AFM. The possibility to have topographical images with

high magnification allowed us to explore in detail the

sample surface and confirm the coating of BP by

PAMAM as already observed by SEM microscopy. In

fact, the surface of pristine BP appeared smooth and well

defined both in height (Figure 2A) and phase image

(Figure 2B). In Figure 2C, the appearance of PAMAM-

coated BP was similar to that of BP, whereas the phase

channel was able to reveal a wrinkled surface due to the

presence of “bubble-like” polymer on the nanotube surface

(the small structures marked by arrows in Figure 2D) that

imparted a jagged appearance to the PAM-BP surface.

TGA analysis confirmed the presence of PAMAM

(9.34%±1.07%) absorbed onto the BP surface. Compared

to the absorption that we observed in our previous work,2

where we prepared PAMAM-coated CNTs, the percentage

of absorption was significantly lower. In fact, we found

that for PAM-CNTs the amount of polymer absorbed was

21.36%±3.57%, more than the double of what was found

for PAM-BP. This was likely due to the higher surface area

of monodimensional CNTs compared to that of bidimen-

sional BP. In fact, most of the inner CNTs are not exposed

to the PAMAM solution.

To investigate the binding ability of PAMAM toward BP

and analyze the physicochemical modifications induced by

the functionalization, PAM-BP samples were also character-

ized by Raman spectroscopy (Figure 3). All the typical bands

of the BP can be recognized in the spectra reported in

Figure 3A, collected on the sample before (black curve)

and after (red curve) PAMAM treatment. In fact, the spectral

features with higher intensities can be identified as the G

Band (at about 1574 cm−1) ascribed to the graphitic nature of

the material, the D band (at about 1343 cm−1) related to the

Paolini et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:149298

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


disorder of the structure and the G’ band (at about

2690 cm−1) generally assigned to a second-order

contribution.19 However, after PAMAM absorption, some

specific spectral changes were observed (magnifications in

Figure 3B–D). In Figure 3B, a relevant increase in the Raman

intensity appears at about 2900 cm−1. This has been actually

identified as the CH stretching region of the amine-termi-

nated PAMAM G0 dendrimer, both by Raman20 and IR21

spectroscopy, so that the effect can be associated to an added

contribution coming from the functionalization. Similarly, a

remarkable increase of the intensity in the central spectral

region is observable in Figure 3C, combined with a distinct

new peak at about 1180 cm−1, and new bands at about 489,

648 and 712 cm−1 also rise in the low wavenumber region,

that is reported in Figure 3D.We assign all of these additional

contributions (indicated by black arrows in the figures) to the

stable interaction between the PAMAM dendrimer and the

CNTs of the BP. This interpretation is confirmed by the red

shift of the graphitic G band after the functionalization (data

not shown), as the peak is broadened and displaced of about

Figure 1 Scanning electron microscopy of the pristine buckypaper (BP) surface (A) and of the PAMAM-coated (PAM-BP) surface (B). The lower conductivity of the sample

confirmed the effective coating with the PAMAM dendrimer. Scale bar: 1 µm. Energy-dispersive X-ray analysis of the pristine BP (C) and PAM-BP (D).

Figure 2 Height (left) and phase (right) channels by AFM measurements of the

pristine buckypaper (A, B) and of the PAMAM-coated one (C, D). Arrows in panel

D indicate the small bubble-like structures of the polymer coating the BP surface

(D). In all panels, scale bar is 200 nm.
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3 cm−1 as generally found when the surface of CNTs is

modified by molecular labeling.22,23

The PETG 3D-Printed Multi-Chamber

Device Is Biocompatible
The 3D-printed PETG device demonstrated a high robust-

ness during the assembling and disassembling of the var-

ious components (i.e., rings, BPs, screws, etc.) even after

repeated experiments. Moreover, PETG is a biocompatible

material that displayed no cytotoxicity after prolonged cell

culture. During cell culture, we noticed a slight reduction

of the level of the culture medium although the device was

kept covered by the custom 3D-printed cap (Figure 4) and

no leakage from the device was observed. We cannot

exclude that the higher hydrophilicity of PAM-BP allowed

the support to absorb small amount of culture medium. In

a typical set up, after 1, 3 and 7 days the 3D-printed multi-

chamber device was opened, the BPs were removed and

processed following different protocols.

To assess the kinetics of cell attachment and proliferation

on the BP surface (both BP and PAM-BP), HEK-293T and

Saos-2 cells were cultured for up to 7 days. To investigate

biodegradability, osteoclasts were cultured on the same sub-

strates for 3 days. By BCA assay, we evaluated the amount of

cells grown on these substrates. For HEK-293T and Saos-2

cells seeded on pristine BP, the protein concentration after 1, 3

and 7 dayswas lower than the control sample (consisting in the

same amount of cells seeded onto the BPs). This suggested

that BP was not the ideal substrate for cells to grow or that BP

was particularly cytotoxic at least in the initial phases

(Figure 5). This behavior was remarkably different for PAM-

BP (compared to pristine BP) as the number of cells grown on

the latter substrate was significantly higher after the third day.

After 3 days of culture, only cells grown on PAM-BP showed

a slightly higher proliferation compared to control, although

Figure 3 Raman spectra collected on BP (black curve) and PAM-BP (red curve) (A-D). Magnification of the high wavenumber spectral region (1; B); magnification of the

central spectral region (2; C); and magnification of the low shift region (3; D).
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the differences were not statistically significant. After 7 days,

the cell growth on PAM-BP was significantly higher than that

on BP (Figure 5). For Saos-2 and HEK-293Tcells, the growth

after 7 days was similar, suggesting that cells need more time

to adapt and grow on the BP substrate. Moreover, the protein

concentration that we measured for osteoclast cultures was

slightly lower compared to that observed for HEK-293T and

Saos-2 (Supplementary Figure S2), suggesting that BP and

PAM-BP are not ideal substrates for osteoclast precursors to

proliferate and differentiate. In any case, these measurements

indicated that at least 7 days on PAM-BP were necessary for

cells to adapt to buckypaper and start proliferating at a density

similar to the initial condition (day 0). This behavior was not

observed for pristine BP, suggesting that PAMAMcoatingwas

beneficial for a faster proliferation of cells.

The 3D-Printed Multi-Chamber Device

Allows To Culture Cells On BP
In order to visualize the cell layer grown on BP at different

time points, we had to disassemble the device at regular

intervals, as its configuration coupled to the black surface of

BP did not allow us to observe cells during the culture by

classical microscopy methods (i.e., fluorescence or confocal).

Therefore, we analyzed BPs (BP and PAM-BP) by electron

microscopy techniques at the end of the culture.

After 3 days, SEM images showed the presence of cells

attached on the BP surface without significant differences

between BP and PAM-BP (Figure 6A, panels A1-A2).

Although we noticed that cells cultured on both substrates

were suffering (i.e., we noticed the presence of rounded

Figure 4 (A) 3D-printed multi-chamber device in its open and assembled configuration. (B) Procedure to obtain PAM-BP and assembling of the 3D-printed device.

Figure 5 BCA protein assay to monitor cell growth on buckypapers (BP and PAM-

BP). HEK-293T and Saos-2 cells have been cultured for up to 7 days and character-

ized at 1, 3, and 7 days after seeding. *P<0.05 and **P<0.005.
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cells) and dying (i.e., we observed some broken cells on

BP substrate), cells cultured on BP and PAM-BP were

equally abundant (Figure 6A, panels A1-A2). On the con-

trary, after incubation for 7 days, we observed a signifi-

cantly higher number of cells in PAM-BP compared to BP

alone (Figure 6A, panels A3-A4). The clusters of cells

grown on the smoother PAM-BP surface suggested that

PAM-BP is a more suitable environment for cell culture,

likely due to PAMAM coating.

With osteosarcoma Saos-2 cells, we observed a similar

behavior. In fact, cells cultured on BP for 7 days displayed

a squashed appearance (Figure 6B, panel B1), whereas

those cultured on PAM-BP were well defined and adherent

to the support (Figure 6B, panel B2).

Finally, in order to assess the usefulness of PAMAM-

coated BP for biomedical applications and preliminarily

evaluate their biodegradability, we studied the ability of

osteoclasts to adhere on BP and PAM-BP. Osteoclasts are

large, multinucleated, motile cells that are formed by the

fusion of hematopoietic cells of the monocyte/macrophage

lineage.24,25 We evaluated by SEM imaging their ability to

degrade the BP substrate. After culturing osteoclasts for 3

days, their morphology appeared completely squashed on the

BP surface (Figure 6B, panel C1) underlining once again the

incompatibility and cytotoxicity of the pristine BP toward

this cell line. Again, PAMAM coating allowed to obtain a

favorable substrate for cell culture, although cells showed a

rounded appearance (Figure 6B, panel C2). Unfortunately,

SEM images did not allow us to obtain a conclusive informa-

tion about the ability of osteoclasts to resorb the BP structure

as no signs of degradation were visible.

PAM-BP Allows Transfection And A

Prolonged Release Of microRNAs Into

Cells
Owing to the ability of PAM-BP to allow the growth of

human cells, we were aimed at assessing the ability of BP

to transfect cells for up to 7 days. To this purpose, the

PAM-BP support was incubated with a fluorescent oligo-

nucleotide (i.e., FAM-pre-mir-503), a microRNA mimic

that some of us have already employed in a previous

paper2 (Figure 7). Only the coating of BP with

PAMAM allowed the BP to bind the fluorescent oligonu-

cleotide, form a complex (PAM-BP-miRNA) and fluor-

esce under confocal microscopy (Figure 7A). In fact, BP

alone was not able to bind the oligonucleotide by itself

and this resulted in the absence of fluorescence and

transfection (data not shown).

Confocal microscopy emphasized that PAM-BP-

miRNA was fluorescent also in the absence of cells and

that many focal planes were present (Figure 7). In line

with proliferation assays, after 1 and 3 days of culture, the

seeded cells were only partially transfected (Figure 7B–C),

whereas after increasing the incubation time up to 7 days,

cells were all transfected (Figure 7C).

To better understand the mechanism of transfection by

PAM-BP, we prepared a fluorescently labeled dendrimer

(PAMAM labeling with the Rhodamine-B dye),18 in order

to examine the morphology of PAM-BP (Figure 8A). With

this labeling procedure, we were able to observe Rho-

PAM-BP and investigate whether the transfection that we

observed was due to polymer detachment or to BP (i.e.,

CNTs). In fact, it has been reported that CNTs can

Figure 6 Scanning electron microscopy of HEK-293T (A), Saos-2 and osteoclast cells (B) grown on buckypapers at different time points (3 and 7 days). Scale bars are 10 µm.
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transfect cells also by piercing effect.2,26 With Rhodamine-

B functionalization of PAMAM, we were able to observe

the presence of red spots inside osteoclasts after transfec-

tion, suggesting that PAMAM might detach from the BP

surface and enter into cells (Figure 8B). To confirm this

hypothesis (i.e., the kinetics of release of the polymer

absorbed to BP), we performed a TGA analysis on PAM-

BP kept in PBS for 1, 3 and 7 days to simulate the

culturing condition. We found that after one day of incu-

bation the percentage of polymer absorbed onto BP sig-

nificantly decreased from 9.37±1.07 to 3.91±0.98 and

remained stable for up to 7 days without significant mod-

ulations (Figure 8C). This means that polymer-coated BP

slowly releases PAMAM from the surface and that this

polymer can enter into cell, likely conveying also miRNAs

complexed to them. This behavior underlines the advan-

tage of using PAMAM polymer in BP functionalization, as

this polyamide has the double action of increasing cell

attachment on BP and allowing the internalization of oli-

gonucleotides into cells. This property is advantageous

when looking for materials able to release slowly a drug

in the surrounding environment.

The biodegradation of the substrates employed in biome-

dicine is a major issue, especially in regenerative medicine.

Being osteoclasts the only cell type in the human body able to

degrade (resorb) extracellular bone matrix, we performed a

Figure 7 Preparation procedure for BP coating with PAMAM dendrimer and complexation with a fluorescent miRNA (A). Confocal microscopy of HEK-293T transfected

for 1 day (B), 3 days (C) and 7 days (D) with PAM-BP functionalized with FAM-Pre-mir-503 mimic (400× magnification). The green lines (indicated by dashed white arrows)

indicate different focal planes, while the intense green spots (indicated by white arrows) represent the transfected cells.
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pilot experiment by employing these cells to assess the PAM-

BP biodegradation. Osteoclasts were grown on BPs and the

study of the F-actin morphology by phalloidin staining

allowed us to analyze the osteoclast membrane reorganiza-

tion (Figure 8B). The absence of sealing zones, specific

actin-rich adhesion structures by which the osteoclast

attaches tightly to the bone matrix,27 suggested that osteo-

clasts were unable to create a sealed compartment below

their space, where BP degradation might occur. One of the

possible explanations might be the intrinsic aspect of BP

surface: a wide-mesh network that prevented the formation

of a sealed area under the cells, preventing resorption.

Discussion
In this work, we demonstrated that the coupling of 3D print-

ing technology (i.e., fabrication of custom devices) to the

nanomedicine field (i.e., cell culture on nanostructured sub-

strates) is a strategy that allowed to obtain customized

Figure 8 Confocal microscopy of the buckypaper incubated with PAMAM dendrimer labeled with rhodamine B isothiocyanate (10% w/w). The red filaments confirm the

attachment of the polymer to the surface (A) (200× magnification). The osteoclasts membrane was stained with phalloidin-FITC and the multinucleated nuclei with Hoechst,

which allows distinguishing the osteoclasts from their precursors (B). The red spots (indicated by white arrows) confirm the presence of PAMAM within the cells that is

released progressively. Quantification of PAMAM absorbed onto BP surface (expressed as percentage in weight) (***= p-value<0.001; n.s= not significant) (C).
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models used to test in vitro the ability of cells to grow in so

far unimaginable substrates, such as CNTs BP. BPs are

highly hydrophobic and not suited to culture cells unless

properly functionalized. The advantage of using BP in the

biomedical field is linked to its properties (mainly high

resistance and robustness) that could facilitate its use, for

example, in tissue regeneration.

We recently demonstrated that the coating of CNTs

with poly-amidoamine dendrimers (PAMAM, G5) is a

useful strategy to impart hydrophilicity to surfaces,

increase adhesiveness and cell adhesion, and exploit addi-

tional functions such as transfection of microRNAs.2,18

Therefore, in order to expand the repertoire of substrates to

employ for cell proliferation and transfection, we assessed the

properties of commercial BP coated with PAMAM. To our

knowledge, this is the first report of a 2D-nanostructured

material (i.e., the BP) coated with a polymer able to facilitate

the proliferation of cells for long periods and, at the same time,

to deliver a cargo with modulatory activities (such as

miRNAs). Although we are aware that further experiments

are needed (i.e., in vivo experiments) to prove that these BP

could be employed in many biomedical fields, we devised the

first nanostructured substrate containing cell layers and able to

be manipulated easily (i.e., to be used for potentially implan-

table devices). In fact, we have previously demonstrated that

CNTs coated with PAMAM showed a reduced toxicity andwe

verified that also coated BP was not cytotoxic. The prolifera-

tion increase observed after 7 days indicated that cell growth on

these substrates is possible and achievable.

We noticed that depending on cell type, these supports

allow a different cell growth. HEK-293T and the osteo-

genic Saos-2 cells grow quite rapidly on these modified

substrates, whereas osteoclasts adhere and grow slower

than HEK-293T and Saos-2. This is an important point to

study further and to consider when deciding to prepare

devices for tissue regeneration applications.

Conclusion
One of the disadvantages of this version of the multi-chamber

device is the fact that it is not transparent to light. Therefore,

the observation of cells at different time points is practically

not possible, unless the apparatus is disassembled.

We suggest that to solve some of the “black boxes” that

we found during cell culture, one of the future strategy

would be to 3D print the device by using clear/transparent

PETG filaments or other transparent materials.

Moreover, we also demonstrated that PAM-BP is able to

release the absorbed polymer (PAMAM) and allow a

controlled transfection of miRNAs into cells. This encouraged

us to think that PAMAM-coated BP might be used also for

controlled delivery of drugs both in vitro and in vivo and

exploit innovative therapeutic strategies.

Finally, we think that in the near future we will assist to a

progressive adoption of 3D printing technology not only in

the biomedical field (where it is currently widely used) but

also in other nanotechnology fields.
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