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Abstract 

Composites of carbon nanostructures (CNSs) and biocompatible polymers are promising materials 

for a series of advanced technological applications, ranging from biomedicine and bioelectronics to 

smart packaging and soft robotics. In this work, we present three types of organic-functionalized 

CNSs, namely p-methoxyphenyl functionalized multi-walled carbon nanotubes, carbon nanohorns 

and reduced graphene oxide, used as nanofillers for the preparation of homogeneous and well-

dispersed composites of poly(L-lactic acid), a biocompatible and biodegradable FDA-approved 

polymer. A thorough characterization of the composites is given in terms of calorimetric response, 

electrical and mechanical properties. Significant differences are observed among the different types 

of CNS nanofillers, underlying the key role played by the nanoscale shape and distribution of the 

components in driving the macroscopic behavior of the composite material. Surface properties are 

probed through advanced atomic force microscopy techniques, on both flat substrates (films) and 

confined systems (nanofibers). All these composites proved to be biocompatible and to support as 

scaffolds the proliferation of human neuronal precursor cell line SH-SY5Y, opening the route to a 

future comparative analysis on their ability to boost neuronal differentiation.  

Keywords 

Nano composites, Carbon nanostructures, Biocompatibility, Electrical properties, Mechanical 

properties, Thermal properties, Electro-spinning  

1. Introduction 

Carbon nanostructures (CNSs), including carbon nanotubes (CNTs) and graphene-based materials 

(GBMs), are largely employed fillers for polymer phases, being able to confer novel properties to 
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these last ones, such as improved electrical/thermal conductivities and mechanical reinforcement [1-

5].  

Among polymeric materials, biocompatible and biodegradable polymers [6] are of great interest for 

the scientific and industrial community due to their intrinsic sustainability, being derived from 

renewable sources and being suitable for recycling and/or biodegradation.  

Composites of CNSs and biocompatible polymers can combine the properties of the two 

constituents and act as functional materials for a number of technological applications,[7, 8] which 

include medical devices and implants [9-12], tissue engineering [13-24], drug delivery [25, 26], bio-

, green and wearable electronics [27-29], biosensing [29-34], soft robotics [35, 36] and smart 

packaging [37-39]. 

When attempting to combine biocompatible polymers with CNSs with the aim of fabricating a good 

quality composite, one has to face major obstacles related to the often profound physical 

incompatibility between the two materials. In fact, while the polymer is more hydrophilic, pristine 

CNSs are hydrophobic and in addition have a pronounced tendency to aggregate, because of the 

strong van der Waals interactions between π-electron clouds. High-power ultrasonication and/or 

shear mixing can sometimes help in blending the two components [40], however these processes are 

not always effective, and harsher conditions can induce deterioration of the CNSs [41-43]. As 

alternative approaches, current chemical strategies aim to increase the affinity between the two 

phases by either adding surfactants [44] or chemically functionalizing the external surface of CNSs 

with suitable organic groups [8, 45-47]. This latter option, particularly suitable for high added-value 

applications, has the advantage of being tunable with respect to the type and amount of organic 

moieties inserted onto the CNSs, making it possible to direct the properties of the final material 

[48]. In this case, the primary goal is an improved compatibility and homogeneous dispersion in an 

environment having a given polarity, either a solvent or a polymer matrix. We have recently 

demonstrated the effectiveness of this strategy, by functionalizing multi-walled CNTs (MWCNTs) 

with p-methoxyphenyl groups through a diazotization process, involving the in situ generation of 

aryl radical reactive species starting from the corresponding aniline derivative [49]. By tuning 

reactant amounts and reaction times, solubility of the functionalized species can be directed towards 

different solvent polarities.  

In addition, we have shown that p-methoxyphenyl functionalized MWCNTs (MWCNT-PhOMe) 

can be efficiently dispersed in poly(l-lactic acid) (PLLA), - a FDA-approved biocompatible and 

biodegradable polymer - and the resulting composites (MWCNT-PhOMe@PLLA) can be processed 

in the form of free-standing homogeneous films [13] and electrospun nanofibers [14] able to 
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promote neuronal growth and differentiation starting from either SH-SY5Y human neuroblastoma 

cells [13, 14] or human circulating multipotent stem cells from peripheral blood [15]. 

Different dimensionalities of CNSs such as CNTs, reduced graphene oxide (RGO) and carbon 

nanohorns (CNHs) give rise to different properties and may induce different behaviors on 

composite materials when used as fillers [50-52]. A comparison of the physical properties of the 

resulting composites could help tailoring novel materials for specific applications and, when 

considering cell growth scaffolds, hints could be gained about physical properties’ influence on 

cellular processes. We report in the present work novel types of functionalized-CNS@PLLA 

composites based on different CNSs, namely p-methoxyphenyl decorated RGO [53] (RGO-PhOMe) 

and p-methoxyphenyl decorated CNHs (CNH-PhOMe), synthesized analogously to MWCNT-

PhOMe. We also consider more MWCNT-PhOMe@PLLA composites, by testing the effect of 

increasing CNT contents in PLLA. A detailed overview of the macroscopic properties of these 

composite materials is provided, involving electrical, mechanical and thermal characterizations as a 

function of the type and concentration of nanofillers. Surface properties are probed through 

advanced atomic force microscopy (AFM) techniques on both flat and nanoscale confined systems 

(single composite nanofibers). Finally, proofs of their biocompatibility with neuronal precursors are 

given, opening the route to future experiments testing their ability to favor neuronal differentiation. 

2. Experimental  

2.1 Materials  

All reagents and solvents were purchased from Sigma-Aldrich and used as received if not otherwise 

specified. MWCNTs were produced by SouthWest NanoTechnologies with the CVD method and 

have the following dimensions: outer diameter 10 nm ± 1 nm, internal diameter 4.5 nm ± 0.5 nm, 

lengths 3-6 µm. CNHs were purchased from Carbonium s.r.l. (Padua, Italy) and present a dahlia-

type shape with a diameter of 60-120 nm. RGO powder was purchased from ACS Material, LLC 

(product No.: GnP1L-0.5g). The RGO production method, as reported by the supplier, consists in 

completely reducing graphene oxide obtained via the Hummer's method through thermal exfoliation 

reduction and further hydrogen reduction. Reduced graphene oxide flakes have lateral dimensions 

between 1 and 2 µm, are constituted of few layers overlapping irregularly and have many 

corrugations (see refs. [53-56]). 

2.2 Synthesis of p-methoxyphenyl functionalized CNSs 

Functionalization of MWCNTs, CNHs and RGO was carried out following the previously reported 

diazotization procedure (Scheme S1), with slight modifications [14, 53]. For each CNS, the 

stoichiometry of the reaction has been optimized in order to obtain the maximum gain in 

chloroform solubility. For the sake of clarity, details are given here.   



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

A dispersion of as purchased CNSs (75 mg, 6.25 mmol of C) in 1-cyclohexyl-2-pyrrolidone (CHP) 

(35 mL), pre-sonicated for 10 min (power level: 2.0, pulse on: 3 s, pulse off: 3 s) was transferred to 

a two-necked round-bottomed flask. A solution of 4-methoxyaniline (385 mg, 3.13 mmol for the 

functionalization of MWCNTs and RGO; 770 mg, 6.25 mmol for the functionalization of CNHs) in 

15 mL of CHP was added and the mixture was heated to 80 °C under a nitrogen atmosphere. Then, 

isopentylnitrite (0.42 mL, 3.12 mmol for the functionalization of MWCNTs and RGO; 0.84 mL 

6.25 mmol for the functionalization of CNHs) was added carefully. After 15 min of continuous 

stirring, the reaction mixture was diluted with cold methanol (500 mL) and filtered on a PTFE 

membrane (Fluoropore 0.2 um). The filtrate was washed with methanol (4 x 200 mL) and dried 

under an IR lamp for 30 min. For each CNS the functionalization procedure was repeated 3 times in 

order to obtain the amount of p-methoxyphenyl functionalized CNSs required for the preparation of 

the composite materials. 

 

Scheme S1. Covalent functionalization of MWCNTs (top), CNHs (center) and RGO (bottom) with p-methoxyphenyl 

substituents via diazotization reactions. 

2.3 Preparation of functionalized-CNS@PLLA films 

p-methoxyphenyl-CNS@PLLA blend solutions in CHCl3 were prepared by adding a dispersion of 

MWCNT-PhOMe or CNH-PhOMe or RGO-PhOMe in chloroform obtained through sonication 

(power level: 2.0, pulse on: 3 s, pulse off: 3 s, 5 min) to a chloroform solution of PLLA (6 wt%) 

under continuous stirring. The amount of p-methoxyphenyl-CNS within the various blends was 

varied among 0.1, 0.25, 0.5, 1 and 5 wt% with respect to the polymer content. Films of the various 

composite materials were obtained through solvent evaporation into a petri dish at 50 °C and each 
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of them had a diameter of 6 cm (see Fig. S4 in the Supplementary Information – S.I. - for pictures). 

For mechanical characterization, samples were cut into 5 identical specimens each with sizes of 40 

mm x 10 mm x 0.3 mm. These are not standardized specimens, intended for internal comparison 

only, and the tensile data are not therefore comparable with literature data. 

2.4 Characterization of functionalized-CNS@PLLA films 

Absorbance values at 1000 nm were measured with a Varian Cary 5000 spectrophotometer. DSC 

measurements were carried out with a DSC Q20 (TA Instruments) under nitrogen by heating the 

samples at 1 °C min-1 over a temperature range from 40 to 200 °C. A complete heating-cooling-

reheating cycle was carried out to eliminate thermal history of the samples, and thermograms from 

the second heating stage (reheating) are reported. The thickness of each sample was measured in 

different points using a Mitutoyo Digimatic micrometer with a precision of 10-4 cm. Tensile 

mechanical properties of rectangular-shaped specimens were measured using an Instron model 3300 

mechanical tester at room temperature. The strain rate was 10 mm min-1. At least five 

measurements were performed for each sample. The surface resistance of the films was measured 

with two different instruments depending on resistance. For films with resistance lower than 106 Ω 

a digital multimeter, Keithley 2000 provided with 4 probes positioned at a distance of 1 cm with 

respect to each other was used. Each film sample was measured at different points and average 

values are given. For films with resistance higher than 106 Ω a Keithley electrometers for Ultra-

High Resistance 6517B, implemented with a resistivity text fixture (Model 8009) for measuring 

surface resistivity was used. Measurements were performed alternating the polarity between 100 V 

and -100 V and acquiring each point for 60 s. Average values over 10 repetitions are reported.  

2.5 Preparation of functionalized-CNS@PLLA electrospun nanofibers 

Solutions of p-methoxyphenyl-CNSs / PLLA blends (5 wt%) to be used for electrospinning were 

prepared following the same procedure described for the preparation of the films but using a 

CHCl3:DMF 9:1 (v/v) mixture as solvent. The small DMF portion in the solvent was introduced in 

order to increase the boiling point, i.e. to optimize conditions for electrospinning. Electrospinning 

was performed on a home-made apparatus with an applied voltage of 18 kV, tip to collector 

distance of 20 cm and by maintaining a solution flow rate of 0.03 mL min-1 on the syringe pump 

injector. Transmission electron microscopy (TEM) images were recorded on samples spun directly 

onto TEM copper grids for 60 seconds with a Tecnai G2 microscope (FEI) operating at 100 kV. 

AFM images were recorded on samples spun onto Graphene Supermarket silicon prime wafers 

(oxide thickness: 285 nm) for 60 seconds (see AFM details later in the text). 

2.6 Sample preparation for AFM 
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For the film samples, small specimens (∼5 × 5 mm) were cut and mounted each on a different 

optical microscope glass slide (1” × 3”) by means of double-sided sticky tape. In case of 

topographic-only measurements a standard tape was used, while for the CAFM measurements a 

conductive carbon tape (normally used for scanning electron microscopy as a drain layer for the 

injected electron beam current) was employed. The goal was to obtain a measurement of local 

transversal (i.e. out of plane) conductivity, perpendicularly to the film and through that, like the 

case of macroscopic measurements of film conductance. For the fiber samples, few fibers were 

directly deposited by electrospinning on an insulating substrate of oxidized silicon wafer. The fibers 

were sparse enough to allow us to address and image them independently. The fibers crossed the 

whole silicon substrate diameter and touched the substrate edges on both opposite sides. There, a 

contact was provided all around the substrate edges by means of silver paste. The goal was to obtain 

a measurement of local longitudinal (i.e. in plane) conductivity, axial to the fibers, and provide a 

value of single fiber conductivity. Because the fibers were contacted on both opposite side ends, 

and in order to minimize the possible voltage drop along the fiber, the measurements were always 

carried out on fiber regions close to one edge of the silicon substrate, in the range of 100-300 µm 

distance from that. In both cases of CAFM samples (films on carbon pad or fibers with silver paint) 

the contact was taken away to the AFM head by means of adhesive copper tape stuck to the glass 

slide, and, later on, at a magnetic contact pad, to the head through a thin compliant wire.  

2.7 AFM measurements 

All the AFM images were 256 × 256 pixels and were acquired on an MFP-3D instrument (Asylum 

Research, US) in ambient air. For the conductive AFM (CAFM) measurements, a probe of type 

AC240TM-R3 (Olympus, Japan) was employed, with cantilever resonance frequency of 66.62 kHz 

and spring constant of 1.81 N/m. The tip had a Ti/Pt coating of ∼20 nm thickness, and thus an 

effective apex diameter of ∼60 nm. Further technical details about the CAFM measurements are 

reported in the S.I., for the sake of space. For SKPM a probe of type PPP-EFM (Nanosensors, 

Switzerland) was used, with resonance frequency of 95.90 kHz. The tip has a Ti/PtIr5 coating of 

∼25 nm thickness, and thus an effective apex diameter of ∼70 nm. The AFM was operated in lift 

(Nap) mode, with Tapping tracking of the topography during the first pass, and at an elevation of 

100 nm during the second pass. During the latter pass, a feedback was applied on the tip voltage, a 

sum of AC and DC components, such that the electrical force between tip and sample (set at virtual 

ground) was canceled out. In some cases, to provide better understanding of the electrical surface 

properties, the analysis was switched from SKPM to qualitative EFM mode. While this is also 

based on two-pass technique, during the second pass the cantilever is dithered mechanically and the 

open-loop changes in oscillation phase are observed. On average, lower local phase lags of the 
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oscillating cantilever should correspond to net repulsive forces, while higher local phase lags should 

correspond to attractive forces. For the roughness measurements, Tapping mode AFM was carried 

out with a probe of type SSS-NCHR (Nanosensors, Switzerland), with cantilever resonance 

frequency of ∼312.53 kHz. The most important amplitude parameter of surface roughness, namely 

2-D root mean square (RMS) Sq has been extracted from the height distributions in the images, and 

averaged over all the images (N≥5).   

2.8 Biological methods for the assessment of biocompatibility of the functionalized-

CNS@PLLA scaffolds 

Exponential growing human neuroblastoma SH-SY5Y cells[57] were cultured with Dulbecco's 

Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) GlutaMAX™ supplement 

(Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Euroclone) and 

25µg/ml of gentamicin (growth medium), in a humidified atmosphere of 5% of CO2 in air at 37 °C. 

Cells were subcultured - 900000 into 25 cm² flasks (Sarstedt) - every 2 days (i.e. at 90% confluence 

approximately). In control, scaffold-free samples, cells were seeded in a 24-well plate (15000 

cells/well) coated with a gelatin (porcine skin 0.005% in H2O milliQ)/poly-L-lysine (Invitrogen, 

1mg/ml) solution. Poly-L-lysine is widely used as a good substrate for neural cell adhesion and 

growth. PLLA and CNS@PLLA films were cut into round slices with 13 mm diameter for well 

positioning into 24-well plates. After sterilization by UV irradiation, the films were incubated for 

24h in growth medium and then cells (15000/well) were seeded onto their surfaces. Cell death and 

proliferation were assessed at day 0 (24 h after cell seeding) and day 2 (72 h after cell seeding) as 

reported in the S.I..  

3. Results and discussion 

3.1 Preparation of functionalized-CNS@PLLA composites  

The three types of CNSs considered in this work, namely MWCNTs, RGO and CNHs, were first 

subjected to the functionalization process to obtain the corresponding p-methoxyphenyl derivatives. 

The functionalization reaction was carried out in cyclohexyl pyrrolidone (CHP) in the presence of 

p-methoxyaniline and isoamyl nitrite (see Scheme S1 and experimental details in section 2), as 

reported for both MWCNTs [14, 49], RGO [53] and CNHs (for the first time here). This direct 

arylation reaction (Tour-type reaction [58]) is a convenient procedure to obtain functionalized-

CNSs with improved solubility profiles and diminished tendency to self-aggregation. In relatively 

short times (15 min in the present case) and in a single step, it is possible to obtain covalently 

decorated CNSs for the desired purpose. The choice to employ the same reaction and the same type 

of functional groups for all three selected CNSs is based on the need for comparing properties of the 
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nanomaterials per se and of the final PLLA composites containing them. Reactants amounts were 

screened in order to determine the best condition for achieving the highest dispersion of the 

functionalized CNSs in chloroform (the solvent of choice for PLLA). Particularly, the maximum 

dispersion of MWCNTs and RGO in chloroform was obtained when the reaction was carried out 

with 0.5 equivalents of p-methoxyaniline and isoamyl nitrite as compared to the moles of carbon 

contained in the CNSs, whereas for CNHs this happened when using one equivalent of reactants. 

The need for different amounts of reactants to gain the best solubility appears reasonable when 

considering the huge differences in nanomorphology existing among the three CNSs, which leads to 

different reactivity and tendency to aggregate. The resulting functionalized CNSs, namely 

MWCNT-PhOMe, RGO-PhOMe and CNH-PhOMe were characterized in terms of 

functionalization degree (FD), already used in previous works [49, 53, 54], which was determined 

with a good precision through thermogravimetric analysis (TGA; the corresponding thermograms 

are reported in Fig. S1, S2 and S3 in the S.I., together with an explanation of how FDs were 

calculated). Particularly FD values of 1/118, 1/47 and 1/44 were found for MWCNT-PhOMe, RGO-

PhOMe and CNH-PhOMe, respectively, indicating that one p-methoxyphenyl substituent is present 

every 118, 47 and 44 carbon atoms of the CNS (the highest number obtained for MWCNT-PhOMe 

is consistent when considering that only carbons of the outer walls are reactive). The obtained CNS 

derivatives were effectively dispersed in chloroform and then mixed with PLLA in different weight 

percentages (wt%) with respect to the polymer, following the procedure described in the 

Experimental Section. In this way films of MWCNT-PhOMe@PLLA, RGO-PhOMe@PLLA and 

CNH-PhOMe@PLLA were prepared containing 0, 0.1, 0.25, 0.5, 1 and 5 wt% of functionalized 

CNSs in PLLA. The resulting films were all free-standing and characterized by a glossy texture (see 

Fig. S4 in the S.I.). Resulting thicknesses were uniform among the films and all included in the 

range between 300 and 350 µm (see Table S1 for the exact values). The good dispersion of the 

functionalized CNSs within the polymer matrix was evident after backlight inspection of the films 

with the lower concentrations of CNSs (0.1 wt%, see Fig. 1a), in which the presence of macroscopic 

aggregates was not evident, while at higher concentrations transparency was lost and backlight 

inspection was not feasible. Furthermore, it is worthy to state here that attempts to prepare 

composite films with pristine-CNSs and PLLA at 0.25 wt% (a relatively low nanofiller 

concentration) following the same procedures, resulted in the formation of highly un-homogeneous 

materials, presenting internal fractures and CNS aggregates visible to the naked eye. For the case of 

MWCNT-PhOMe@PLLA films an almost linear trend in the optical absorption at 1000 nm (a 

wavelength where only CNSs absorb) can be observed for the first three wt% examined, as reported 

in Fig. 1b, while at higher wt% saturation of the signal was achieved, not allowing to extend the 
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extrapolation. For the other two functionalized-CNS@PLLA films only two points were measured 

due to saturated absorption at lower wt% as compared to MWCNT-PhOMe@PLLA films (see Fig. 

1b). For the RGO-PhOMe@PLLA films the trend in absorbance was likely not linear, as inferred 

by guessing an absorbance of the 0.5 wt% film higher than four and therefore already out of a linear 

trend and a residual absorbance at 0 wt% CNS content (this last one resulting, at a lower extent, also 

for the other two types of functionalized-CNS@PLLA composites). Attempts to characterize the 

composites through FT-IR analysis failed due to the absence of any significant IR absorption 

feature in the functionalized-CNSs and to their low percentage in PLLA (only IR signals of the 

polymer were detected, with no shifts or intensity changes when going from the pure material to its 

composites).  

The 5 wt% functionalized-CNS@PLLA composites were also produced in the form of nanofibers 

through the electrospinning technique (see the Experimental Section for details about the 

preparation), in order to investigate how such morphology would affect the electrical properties of 

our composite materials.  

3.2 Thermal, mechanical and electrical characterization of the functionalized-CNS@PLLA 

composites 

 

 

Fig. 1. a) Backlight photos of sample films (∼6 cm diameter) of 0.1 wt% functionalized-CNS@PLLA films and of a 

pure PLLA (lighter color spots in the films are due to thinner areas and air bubbles which were discarded for all the 

following physical tests. They were present only in the 0.1 wt% samples, as shown by pictures of the other composites 
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reported in the S.I.). b) Absorbance at 1000 nm of nanocomposite films as a function of filler wt% (high filler 

concentrations giving signal saturation are omitted). 

A further proof for the homogeneity of the dispersion of functionalized CNSs within the PLLA 

phase was obtained by considering the crystallization temperature (Tc) extrapolated from 

calorimetric data resulting after differential scanning calorimetry (DSC) analysis (see Fig.s S5, S6 

and S7 for the DSC traces of the three types of functionalized-CNS@PLLA composites at all the 

studied concentrations, and Tables S2, S3 and S4 for a complete resume of calorimetric data). 

Actually, Tc values are significantly influenced by the presence of well-dispersed nanofillers, which 

can act as nucleating agents, allowing crystallization to happen at lower temperatures (PLLA 

crystallizes on heating; cold crystallization) [14]. This was particularly evident in MWCNT-

PhOMe@PLLA composites [59] for which an almost linear decrease of Tc was observed when 

increasing the quantity of nanofillers up to the 1 wt% limit (see Fig. 2b; Fig. 2a reports the detail of 

DSC traces in the region where polymer crystallization takes place).  

A decrease in Tc was also recorded for the RGO-PhOMe@PLLA composites as a function of CNS 

concentration (Fig. S7), but it did not follow an almost linear regime as for MWCNTs. For CNH-

PhOMe@PLLA composites an apparent opposite behavior was observed, since at lower CNH-

PhOMe concentrations (up to 1 wt%) an increase in Tc was detected, followed by a decrease at the 

highest concentration examined (5 wt%, Fig. S6. For this sample, as well as for the 5 wt% 

MWCNT-PhOMe@PLLA sample, DSC were performed on more than one portion, to rule out 

inhomogeneity issues, but no differences among replicates were evidenced). The percent 

crystallinity of PLLA [60] decreases slightly after inclusion of all the types of nanofillers, but does 

not show a precise trend with increasing concentrations (see Table S2, S3 and S4). This might be 

somehow related to the analogous decrease in melting enthalpies in the composites compared to the 

pure polymer (see Table S2, S3 and S4). On the other hand, melting temperatures remain almost 

unvaried from case to case (see again Table S2, S3 and S4). 
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Fig. 2. a) Zoom of DSC traces (second heating scans after a previous heating-cooling cycle) of MWCNT-

PhOMe@PLLA composites with five different filler concentrations and of pure PLLA in the zone where polymer 

crystallization takes place. b) Variation of Tc (taken at maximum of the curves in a) as a function of MWCNT-PhOMe 

in the composite. 

The mechanical behavior of the functionalized-CNS@PLLA composites was investigated to 

determine the effect of the three nanofiller types at their different relative concentrations. The 

tensile strength was measured for all the examined materials on samples of the same size and 

thickness, except for the 5 wt% RGO-PhOMe@PLLA composite, which was too brittle to undergo 

mechanical testing (too brittle even for handling, as it can be somehow inferred from its picture in 

Fig. S4). Representative entire tensile stress-strain curves for each type of composite at the different 

filler content in PLLA are reported in the S.I. (Fig.s S8, S9 and S10); here we present the variation 

in Young’s modulus (Fig. 3a) and the variation in the percentage of film deformation at the fracture 

point (Fig. 3b) as a function of the nanofiller concentration. 
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Fig. 3. a) Young’s modulus, b) strain at break and c) electrical resistance in a logarithmic scale for functionalized-

CNS@PLLA composites as a function of nanofiller concentration. 

The elastic modulus changes significantly when functionalized-CNSs are dispersed in PLLA (Fig. 

3a): the pure polymer has a modulus of 871 MPa, whereas the inclusion of small amounts of fillers 

(0.1 wt%) surprisingly drops it down to 745, 538 and 458 MPa for MWCNT-PhOMe, RGO-PhOMe 

and CNH-PhOMe, respectively. In general instead, loading polymers with stiffer fillers (normally in 

the pristine form and thus lacking functionalization) is expected to increase Young’s modulus.[61] 

In the present case, functionalized-CNSs in PLLA behave more as plasticizers rather than as 

reinforcing agents. This has been observed before for poly(lactic-acid) phases plasticized with palm 

oil and filled with small amounts (up to 1wt%) of graphene nanoplatelets [62]. Since in our case no 

plasticizers have been added to PLLA, the effect must be likely driven by the presence of the p-

methoxyphenyl substituents covalently bound to the CNSs, that allow their homogeneous 

dispersion within the polymeric phase. On the other hand, the formation of voids (defects) in the 

PLLA phase following nanofillers insertion, might be also the cause of lower stiffness in the 

composites compared to the pristine polymer. This aspect might be also connected with the 
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diminished crystallinity found in composites (see the previous discussion on DSC results). After the 

initial decrease at low CNS concentrations, Young’s modulus undergoes a slight increase only at 

higher concentrations of the fillers for the case of MWCNT-PhOMe (at 5wt%) and CNH-PhOMe 

(at 0.5 wt%), but remains still lower than that of bare PLLA. However, the trend in elongations at 

the fracture point for the three types of composites (Fig. 3b) is noteworthy: the increase in ductility 

with increasing filler content, up to 0.5 wt% for both MWCNT-PhOMe and RGO-PhOMe, and up 

to 1 wt% for CNH-PhOMe, brings to final lengths at break which are 3-4 times longer than for 

PLLA. Unfortunately, in the RGO and MWCNT based composites, this effect drops down for 

higher concentrations, eventually leading to materials which are more fragile than bare PLLA at 1 

wt% for RGO-PhOMe and 5 wt% for MWCNT-PhOMe. For the RGO-based composite at 5 wt% 

concentration it is not even possible to measure any tensile strength, because of the brittleness of the 

material, as already mentioned. Such a drop in ductility is instead not observed with CNH-PhOMe 

as a filler up to 5 wt%. While at lower concentrations CNS fillers are more homogeneously 

dispersed, it is reasonable to assume that at higher loadings they start to form larger aggregates, 

which affect the macroscopic ductility of the resulting composite. The overall mechanical response 

of the three types of composites must be significantly influenced by the type of contained nanofiller, 

as it was observed for the calorimetric behavior. Different behaviors among CNSs can be due, in 

particular, to their different size and shape, and can be driven by their different tendency to 

aggregate, though strongly mitigated by the covalent functionalization. 

The bulk electrical properties of the functionalized-CNS@PLLA films were measured, showing 

again a behavior deeply influenced by the type of CNS used as nanofiller. In Fig. 3c the electrical 

resistance is shown as a function of the concentration of CNSs in PLLA. A percolation threshold at 

very low filler content is observed for the composites based on MWCNTs, with a significant change 

in resistance when moving from 0.1 to 0.25 wt%, corresponding to the formation of conductive 

networks. Indeed, it is known that CNTs are more effective than other standard fillers, such as 

carbon black, in conferring conductive properties to insulating polymers [63]. The fact that this 

happens at a low concentration of MWCNT-PhOMe deserves special attention [64], confirming that 

the CNS dispersion is optimized and the occurrence of aggregates is negligible, which is possible 

thanks to the organic functionalization that drives the homogeneous distribution of nanotubes 

among PLLA chains. The recorded conductivity also evidences that our functionalization approach 

avoided excessive modification of the CNT structure, which could result in the partial loss of the 

electronic properties of pristine nanotubes [65]. For the RGO-PhOMe@PLLA composites a 

percolation threshold was found between 0.5 and 1 wt% nanofiller concentration. These fillers 

appeared to be less effective in inducing electrical conductivity in PLLA, with electrical resistance 
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being 2 order of magnitudes higher than that reached with CNTs at the maximum concentration (5 

wt%). On the other hand, with the CNH-PhOMe fillers no percolation threshold was observed at the 

considered CNS concentrations, demonstrating again that the differences in nanomorphology 

among the components largely determine the macroscopic behavior. Indeed CNH species, existing 

in their aggregated “dahlia-like” globular shape [47], have sizes of 100 nm (see TEM images of 

fibers containing them in Fig. S11b in the S.I.) and are therefore not likely to form conductive 

pathways within the polymer phase at such low concentrations.  

3.3 Atomic force microscopy characterization of the functionalized-CNS@PLLA composites 

In order to electrically characterize the composites at the single filler size resolution, the materials 

were also investigated by means of AFM techniques. Only composites with the highest filler 

concentration (5 wt%) were considered.  

The conductance was addressed by means of conductive AFM (CAFM) measurements. The film of 

bare PLLA did not show any measurable current, as expected, and the same occurred also for the 

CNH-PhOMe@PLLA composite film, even when probed at several different positions on its 

surface and with different contact forces (see details in the S.I.). This confirmed the data obtained 

through the macroscopic electrical characterization. The samples of MWCNT-PhOMe@PLLA and 

RGO-PhOMe@PLLA exhibited instead measurable currents. Representative current images for the 

MWCNT-PhOMe@PLLA and for the RGO-PhOMe@PLLA samples are presented in Fig. 4b and 

4d, respectively (Fig. 4a and 4c report the corresponding topography).  

When considering for example the MWCNT-PhOMe@PLLA composite film (Fig. 4b), one can see 

that the current image is partly correlated with the surface topography, as few high regions show no 

current (see filled arrows). However, these are real effects associated with the feature contents and 

not topographical artifacts. The different compositional contents in the aforementioned tall features 

is also apparent in other surrounding regions with similar low current level (black areas) yet without 

outstanding heights (see void arrows). Obviously, independently on their height, areas of the films 

exist which are locally devoid of the CNS fillers imparting conductance to the composite. 

Conversely, the conducting regions emerging in Fig. 4b show a finer structure (down to the single 

pixel size i.e. ∼40 nm) than in Fig. 4d. Indeed, in the former case they are likely associated with 

smaller sizes of the carbon-based fillers (single MWCNTs or bundles of few of them), whereas in 

Fig. 4d the bright regions include several adjacent pixels up to ∼2 µm linear size (see the arrowed 

zone) which are likely associated with sparse RGO flakes.  

Fig. 4 further shows that, under the same conditions of vertical force (∼18 nN) and bias (+1 V), the 

current levels observed on the MWCNT-PhOMe@PLLA film surface are higher than those for the 
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RGO-PhOMe@PLLA one (see the vertical scale bar of the color palettes). Additionally, the total 

conductive area is higher for the MWCNT-PhOMe@PLLA composite, (17±5 % versus 7±4 % of 

the RGO containing composite film). When considering the means of the current levels on the 

different images of the samples, and averaging them, from the applied sample voltage (+1 V) 

resistance values of 2.6 ± 1.2 MΩ and 530 ± 230 MΩ are obtained for the MWCNT-

PhOMe@PLLA and the RGO-PhOMe@PLLA sample, respectively, which can be considered 

representative of the whole films. These values are in a similar ratio (about 200×) to that of film 

resistances measured macroscopically (see Fig. 3c), yet are both shifted to approximately 4 orders 

of magnitude higher values. This likely depends on the very small contact area of the AFM tip, for 

the considered technique, at the limited vertical force used (see details in the S.I.). The agreement 

between electrical measurements made at the macro and nanoscale is a proof of the good 

homogeneity achieved in dispersing the functionalized-CNS within the polymer matrix. 

In Fig. 4e also single I-V curves typical of points in which conduction occurred (i.e. within bright 

regions in Fig.s 4a and b) have been plotted. One can see that the composite film with CNT fillers 

exhibit an almost ‘metallic’ behavior (straight Ohmic I-V profile), while the RGO film shows a 

passive region close to zero bias (sigmoidal profile), more similar to a semiconductor. An analogous 

difference in current values (about two orders of magnitude) between the two different samples is 

observed as described above, in favor of the MWCNT-PhOMe@PLLA film. When only the same 

range of the I-V curves as used in the current images (±1 V) is considered, the following values of 

resistance are obtained, from a linear fit: 0.48 MΩ for the MWCNT-PhOMe@PLLA sample and 

26.7 MΩ for the RGO-PhOMe@PLLA sample. These values are higher than the means on the 

image areas (affected by the ‘dark’ regions of no current, so weighted with the coverage 

coefficients), yet are roughly in the same ratio of approximately 200× in favor of the CNT 

containing composite.  

Finally, we investigated with CAFM the conductive properties of the functionalized-CNS@PLLA 

composites in the form of nanofibers, obtained with the electrospinning technique, as reported[14] 

(for transmission electron microscopy images of the fibers see Fig. S11 in the S.I.). This 

morphology was selected in order to study the electrical properties of the composites in nanoscale-

confined model systems, along a single direction. It is worthy to mention that the electrical 

conductivity measurements carried out on films (see previous section) would hardly apply to 

fibrous phases, because of the very low density of the material preventing a proper contact with the 

electrodes. In Fig. 4f a CAFM image of a single MWCNT-PhOMe@PLLA nanofiber is shown. The 

current level has been rendered as the color, overlaid on the 3D profile of the height. For composite 

nanofibers, the CNT based sample was the only one which allowed current imaging, while in this 
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form also the RGO-based composite did not show any conductivity. This can be justified by 

considering that, for the same filler concentration, percolation along a narrow  

 
Fig. 4. a-d) Representative CAFM images of films of a,b) MWCNT-PhOMe@PLLA and c,d) RGO-PhOMe@PLLA; 

a,c) topography, b,d) current images (at +1 V). d) I-V characteristic curves obtained at conductive points on the two 

samples of composite films. Black curve: MWCNT-PhOMe@PLLA film; red curve: RGO-PhOMe@PLLA film. f) 3D 

rendering of a current image taken on a MWCNT-PhOMe@PLLA electrospun nanofiber, with the current overlaid as a 

color onto the topographic 3D profile. 
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conductor such as a nanofiber (200-600 nm diameter) is more difficult and is detected in the present 

case only for monodimensional conductive fillers as CNTs. Also the geometry of the CAFM 

contact was significantly different in this case, in-plane along the fiber axis and not through the 

fiber towards the substrate. Actually, in the case of fibers, the substrate used was insulating, which 

allows to obtain a typical value of fiber conductance. When the resistance is calculated, a value of 

∼7.1 GΩ is obtained, another factor 300× higher than what measured for the film of the same 

composite, and close to the lower detection limit level of the setup (mean current along fiber axis in 

Fig. 4f is 4.8 pA). In order to support the electrical characterization of the different composites, we 

carried out AFM electrostatic measurements (scanning Kelvin probe microscopy –SKPM- and/or 

electrostatic force microscopy –EFM-) on the functionalized-CNS@PLLA composite nano-

confined systems with fibrous morphology. These AFM techniques are based on potential contrast 

due to accumulation of electrical charges, instead of their flow within a current, as for CAFM. 

Therefore, insulating fiber portions, not allowing the charge to be drained away, are expected to 

exhibit stronger contrast. This was actually observed with fibers of bare PLLA (see Fig. S12a and 

b). The typical nature of the electrostatic contrast is apparent when noticing that the bright regions 

spread around the physical lateral extension of the fibers, which was not the case for the current in 

Fig. 4f. Similar results have been obtained also for the other samples of insulating (i.e. non-

conductive) fibers (namely those containing RGO and CNH fillers). For the fibrous sample 

containing MWCNTs instead, in few cases, we observed fibers that looked from less bright (i.e. 

with only some degree of conduction, Fig. S12c and d) on to completely dark (i.e. completely 

conductive, Fig. S12e and f). Unfortunately, it was not possible to acquire CAFM and SKPM/EFM 

images simultaneously on the same fiber portion, because the two classes of techniques require 

different probe-holders. An interesting representative SKPM image of the MWCNT-

PhOMe@PLLA fibers is shown in Fig. 5. In Fig. 5a a region is evident where several fibers cross 

each other. In the corresponding surface potential (SKPM) image of Fig. 5b three different levels 

appear, namely an intermediate level background (associated with the substrate); a higher level 

(bright regions) spreading around the fibers (the typical bleeding effect of electrostatic charging); 

and a negative contrast (black) region localized only on some positions along the fibers, which can 

be associated with the functionalized MWCNT fillers (see TEM images in Fig. S11a for 

comparison). Such three regions are more clearly represented in Fig. 5c, where the same maps of 

topography (height) and surface potential and as in a) and b) have been rendered again in 3D 

fashion, using a multicolor palette to segment the above-mentioned regions in different levels 

associated with red, green and blue colors, respectively. 
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Fig. 5. Large-area SKPM images of a sample of MWCNT-PhOMe@PLLA composite fibers, a) topography; b) surface 

potential; c) 3D topography of a) ‘colored’ with the surface potential in b).  

As a final step of surface characterization of the functionalized-CNS@PLLA composites, the 

roughness of the film samples has been assessed by standard AFM (in non-contact mode). In Fig. 

S14 in the S.I. the 2D roughness amplitude parameter Sq, is presented. The two composite materials 

based on CNH and RGO fillers result in films with higher surface roughness (Sq∼155 nm), whereas 

the composite based on MWCNTs is smoother, on the same level as the film of bare PLLA (Sq∼70 

nm). The differences between the two groups are statistically significant (p<0.05). Therefore, the 

well-dispersed MWCNT-PhOMe fillers provide a good uniformity in the overall electrical 

properties, resulting in a percolation network that endows the films with a good electrical 

conductivity and, in addition, turns out to determine the least amount of surface roughening, as 

compared to the bare polymer film.  

3.4 Biocompatibility of the functionalized-CNS@PLLA composites 
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The functionalized-CNS@PLLA films were tested for biocompatibility by employing them as 

scaffolds for the growth of SH-SY5Y cells. For both cell death and cell proliferation assays, only 

two percentages per each type of CNS filler were selected, namely a lower one (0.25 wt%) and a 

higher one (5 wt%). Together with control cells grown onto poly-L-lysine or onto FDA-certified 

PLLA polymer, which has an already established usage in regenerative medicine, CNTs at 0.25 

wt% also represent a ‘positive control’ for biocompatibility, as this concentration was well 

characterized and proved fully biocompatible (when dispersed in either PLLA films of electrospun 

PLLA) [13-15]. In this work, CNTs concentrations up to 5% and novel nanocomposites including 

RGO or CNHs are tested for the first time with SH-SY5Y cells, to check whether viability values 

are kept. According to previous studies, cell viability was evaluated at 24 and  72 hours combining 

evaluation of cell death to proliferation data, in order to properly consider factors underlying cell 

viability. Cells grown onto 0.25 or 5% functionalized-CNS@PLLA films showed viability values in 

the same range as control and PLLA samples (Fig. 6a) and no meaningful effect on cell 

proliferation (Fig. 6b), thus demonstrating biocompatibility is kept and the potential cytotoxicity of 

the three types of CNSs is prevented when employing them well functionalized and dispersed 

within a biocompatible polymer matrix.  

3.5 Discussion 

The functionalized-CNS@PLLA composites were thoroughly characterized in their thin film forms 

by assessing the variation in thermal, mechanical and electrical properties as a function of CNS 

loading over a range between 0.1 wt% and 5 wt%. The homogeneity of the CNS nanofillers 

dispersion within the polymer phase was stated, particularly for the MWCNT-based samples for 

which an almost linear trend was found in the decrease of the crystallization temperature of the 

polymer as a function of the increased filler concentration.  

The mechanical properties were found to be highly influenced by the presence of the p-

methoxyphenyl functional groups covalently bound to the CNS surfaces, which confer to the fillers 

an unusual character of plasticizing agents rather than of reinforcing ones. The ductility of the 

composites is extremely improved with respect to bare PLLA for concentrations of CNSs around 

0.5-1 wt%, even though for RGO-based samples the limits to obtain an improved plasticity are 

lower than for MWCNT and CNH-based samples, with the 5 wt% concentration already too high to 

furnish a durable material.  

Electrical percolation in the composites was found to take place only with MWCNT and RGO 

fillers, within the range of concentrations considered. Thresholds were differently located for the 

two cases, with the MWCNT-PhOMe@PLLA composites showing a sharp increase in conductivity 
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at a lower CNS concentration with respect to RGO-PhOMe@PLLA. The extent of conductivity 

after the  

 

Fig. 6. Percentage of viability a) or proliferation b) for SH-SY5Y cells grown onto control (poly-L-lysine coated) wells, 

pure PLLA film or functionalized-CNS@PLLA films. Data represents the mean ± SEM of four independent 

experiments performed in duplicate. An example c) of SH-SY5Y cells grown on MWCNT-PhOMe@PLLA film at 72 

hour. Cells are stained with Calcein-AM. Image magnification is 20X. No meaningful difference is observed in images 

with RGO-PhOMe@PLLA and CNH-PhOMe@PLLA. 

percolation threshold was also significantly higher for the former as compared to the latter. A strong 

influence of the filler dimensionality on the electrical behavior of the composite is evident: 

monodimensional CNSs like MWCNTs are able to arrange in conductive domains within polymer 

chains much more effectively than bidimensional CNSs like RGO. Finally, zero-dimensional 

species such as CNHs likely require high concentrations to give rise to conductive pathways within 

an insulating matrix. The superior ability of CNTs to form conductive networks over a long distance 

is further confirmed by the CAFM data obtained on both film surfaces and along single nanofibers. 

Particularly for these last ones, a measurable current could be detected only for CNT-based 

samples. Also considering the increasing interest on nanofibrous biomedical materials [66, 67], the 
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ability to originate long range and directional percolation pathways might be promising to provide 

next scaffold design with a selective guidance to neurites elongation. 

4. Conclusions 

In this work a thorough assessment of the physical properties of functionalized-CNS@PLLA 

composites is essayed, both at the macroscopic level and at the nanoscale, directly on surfaces, 

which are the part of the samples directly responsible for the interaction with living cells. The 

analysis is carried out with the awareness that a combination of stimuli coming from the substrate is 

responsible for the growth and differentiation of cells, including electrical, mechanical and 

topographic cues and thus will act as a guidance for future studies of neuritogenesis. These 

characterization efforts are addressed at increasing the understanding about physical properties 

driving cellular processes in vitro at first instance. These results also provide a basic set of 

information for the design and selection of optimized scaffolds to be tested in vivo, aiming at the 

future development of biomedical devices and implants for tissue engineering applications.  
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Highlights: 
 
Nanocomposites were obtained based on carbon nanostructures and poly-L-lactic acid 
 
Functionalized graphene, carbon nanotubes and nanohorns are compared as fillers 
 
Composite electrospun nanofibers have also been prepared 
 
Scanning probe techniques highlight electrical properties of nanofibers 
 
Proven biocompatibility fosters future neuronal tissue engineering investigations 
 


