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ABSTRACT 
 

There are major shortcomings in the assembly of carbon 

nanomaterials into higher order structures. Two- and three-

dimensional structures are required for many desirable 

applications of these materials. Present methods for 2D 

assemblies include challenges with regards to scalability, 

suitability for a large variety of substrates, mechanical 

stability, and/or biocompatibility. Very few strategies exist 

for fabrication of three-dimensional structures. We 

developed an easily scalable spray coating fabrication 

process for in situ chemical crosslinking of carbon 

nanomaterials to develop more robust, flexible, and 

biocompatible coatings/films. Furthermore, the process has 

been adapted to provide a layer-on-layer deposition of 

nanomaterials into three-dimensional structures. This work 

enables the fabrication of more robust carbon nanotube and 

graphene coatings by a facile, scalable, and flexible 

method. It also elucidates a potential enabling technology 

for all-carbon nanomaterial 3D printing. 
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1 INTRODUCTION 
 

Carbon nanomaterials have been of high-interest in 

many fields of research and industry including energy 

capture, sensor development, mechanical reinforcement of 

materials, biomedical applications, etc [1]. These materials 

have unique electrical and optical properties, are ~200 

times more mechanically robust than steel, and possess 

other distinctive physicochemical properties which engages 

research in physics, chemistry, engineering, materials 

science and medicine [2]. Although carbon nanomaterials 

are often labeled as the future replacement for silicon in 

electronics and a new generation of robust materials, there 

are major shortcomings in the assembly of carbon 

nanomaterials into higher order structures. Two- and three-

dimensional structures are needed in almost the entire 

spectrum of applications for effectively scaling-up energy 

harvesting devices to scaffolding and regeneration in 

damaged bone tissue. Many strategies exist for fabricating 

films and coatings of carbon nanomaterials; however, these 

methods present challenges with regards to scalability, 

suitability for a large variety of substrates, mechanical 

stability, and/or biocompatibility. Even fewer strategies 

exist for fabrication of three-dimensional structures (> 1mm 

in all dimensions). We have developed a easily scalable 

spray coating fabrication process for in situ chemical 

crosslinking of carbon nanomaterials to  develop more 

robust, flexible, and biocompatible coatings/films. 

Furthermore, the process has been adapted to provide a 

layer-on-layer deposition of nanomaterials into three-

dimensional structures. 

 

 

2 METHODS 
 

Initially, we utilized an airbrush to form coatings of 

various carbon nanomaterials including multiwalled carbon 

nanotubes (MWCNT), graphene oxide nanoplatelets 

(GONP), graphene oxide nanoribbons (GONR) and 

graphene nanoonions (GNO). The nanomaterials were 

suspended in anhydrous ethyl acetate with benzoyl peroxide 

(BP) and sprayed onto heated glass (between 60-120°C) 

coverslips for cell studies. The free radical initiator (BP) 

reacts with the sp2 hybridized carbon [3] on the heated 

coverslips to form in situ chemical crosslinks. The coatings 

were characterized for their physical properties (electron 

and atomic force microscopy), chemical properties (Raman 

spectroscopy), electrical properties (4-point resistivity), 

mechanical properties (nanoindentation), and 

cytocompatibility. Cytocompatibility of human adipose 

derived stem cells (ADSCs) was assessed for the MWCNT 

coatings by cell toxicity and viability assays. Cell staining 

and immunofluorescence of Calcein AM live cell stain, 

Hoesct 33342 nuclear stain, Ki-67 proliferation marker 

antibodies, and actin antibodies was observed by confocal 

laser scanning microscopy.  

 

We further developed the coating technique by utilizing 

a XYZ gantry and an ultrasonic spray nozzle to automate 

and coat various substrates with carbon nanomaterials. We 

chose three model geometries (tubular, ribbon-like, and 

planar) of carbon nanomaterials to assess the effects of 

nanotopography in stem cell differentiation. The same 

nanomaterial-ethyl acetate-BP solutions of MWCNT of low 

(MWCNT-L) and high (MWCNT-H) diameter, single 

walled carbon nanotubes (SWCNT), GONP, and GONR 

were sprayed onto titanium discs or in a 2mm cylindrical 

wells for 3D assembly. Titanium was utilized as it is a 

model substrate for orthopedic implant coatings. The 

coatings were analyzed by AFM for surface roughness 

measurements and SEM for imaging structural features. 

The 3D structures were analyzed by μCT and SEM. 
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3 RESULTS AND DISCUSSIONS 
 

The airbrush technique yielded in continous, porous 

coatings of about 75μm thickness (Figure 1A) with ~730nm 

surface roughness. SEM, TEM, and Raman spectroscopy 

confirmed the presence of crosslinks between the 

MWCNTs, GONR, GONP, and GNOs. Raman 

spectroscopy revealed more defect structures in the 

MWCNT samples as the concentration of the BP increased 

from 1:1 to 1:4 (MWCNT to BP) however we observed a 

decrease in sheet resistivity in the same range. This may be 

attributed to the increasing interconnectivity due to the 

chemical crosslinks. The chemical crosslinking of 1:4 

crosslinked samples also significantly improved the median 

hardness values by 242% and elastic modulus by 146% 

compared to pristine MWCNT coatings. ADSCs grown on 

1:4 crosslinked MWCNT samples were shown to be viable 

and proliferating with Calcien-AM assay and Ki67 cell 

proliferation assay (Figure 1B), however there was an 

initial decrease in cell proliferation at Day 1 and Day 3 [4]. 

This may be attributed to the high surface roughness of the 

coatings. For biomedical, and many other applications, a 

more controlled approach is required to create uniform 

coatings and controllable layer and coating thickness.  

 

 
 

 

 

 

 

 

By utilizing an ultrasonic spray nozzle, we are able to 

achieve smaller and more uniform droplet sizes during the 

spray coating process which theoretically should lessen the 

high surface roughness of the crosslinked MWCNT films. 

We used the ultrasonic spray coating, with the same 

methods as the airbrush technique, to spray crosslinked 

SWCNT, MWCNT-L, MWCNT-H, GONP, and GONR 

films on titanium substrates and analyzed the films by SEM 

(Figure 2 A-E). The SEM images show the approximate 

size scale of the varying nanomaterials as well as dense 

packing / junctions between carbon nanoparticles. Atomic 

force microscopy (AFM) was used to measure surface 

topography. We found the surface roughness of MWCNT 

coatings by ultrasonic spray coating reduced to about 

120nm for crosslinked MWCNT films (Table 1). 

Furthermore, with the ability to control the number of spray 

passes on the surface, we were able to control the quantity 

of nanoparticle deposition and film thickness of 

nanomaterial on the surface. Further evaluation of the 

mechanical properties are being performed to understand 

how the various nanomaterials adhere to the substrate 

(nano-scratch indentation). This is particularly important to 

assess forces required to delaminate the film from the 

substrate as biomedical coatings experience many shear and 

stress forces requiring strong adherence to their substrate. 

 

To fabricate layer-on-layer deposited 3D structures, the 

1:4 MWCNT:BP samples were sprayed into an aluminum 

mold of 2mm depth. The 3D structures extracted from the 

aluminum molds were greater than 1mm in all dimensions. 

Crosslinked MWCNT 3D assemblies were assessed by 

SEM for surface structure and μCT for porosity. SEM 

showed a dense fibrous packing of MWCNT along the edge 

of the 3D structures. With μCT (Figure 3F), we found the 

porosity of the structures to be nearly 60%.  

 

 
 

 
 

 

 

 

 

Table 1. Mean surface roughness measurements for 

ultrasonic spray coated, chemically crosslinked graphene 

nanoplatelets (GONP), graphene oxide nanoribbons 

Figure 2 SEM images of ultrasonic spray coated (A) 

SWCNT, (B) MWCNT-L, (C)MWCNT-H, (D) GONP, and 

(E) GONR. (F) Micro-CT image of three dimensional 

crosslinked-MWCNTs 

Figure 1 (A) SEM image of chemically crosslinked 

multiwalled carbon nanotubes (1:4 MWCNT:BP). (B) 

Actin-Ki67 immunofluorescence image of human adipose 

derived stem cells (ADSCs) on 1:4 crosslinked MWCNT 

substrates. 
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(GONR), single walled carbon nanotubes (SWCNT), and 

multi walled carbon nanotubes (MWCNT). 

 

SWCNT MWCNT GONP GONR 

167.1 nm 120.5 nm 159.1 nm 169.5 nm 

 

 

4 CONCLUSIONS 
 

The impact of this work lends directly to the 

improvement of fabricating carbon nanomaterial coatings 

for biomedical applications however it may have 

applications in other fields of study. Current studies 

underway include investigating the potential for the 

osteogenic stem cell differentiation on the crosslinked 

carbon nanomaterial substrates for improving bone-implant 

interface and bioelectrical fuel cell development for 

powering implanted biomedical devices. This work enables 

the fabrication of more robust carbon nanotube and 

graphene coatings by a facile, scalable, and flexible 

method. It also elucidates a potential enabling technology 

for all-carbon nanomaterial 3D printing. Future work will 

study the effects of the three nano-geometries (tubular, 

planar, and ribbon-like) have on stem cell maintenance and 

differentiation with the 2D coatings and 3D scaffolds for 

bone tissue engineering scaffolds. 
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