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Here, we report a covalently functionalized graphene oxide 

with Tris-(nitrilo Tris-acetic acid) (TGO), which can 

reconstitute kinesin medieated intracellular cargo transport, 

delivers multiple proteins and therapeutic antimitotic 10 

dodecapeptide peptide into the cancer cell. 

 Chemically functionalized nano-/micro-graphene oxide and its 
composites have huge implications on the development of 
biomedical and biotechnological devices because of their 
excellent thermal, mechanical, electrical and chemical 15 

properties.1 GO can be covalently functionalized with 
biocompatible polymers such as polyethylene glycol (PEG) 
through reactive functionalities such as epoxy and hydroxyl 
group on the basal plane and carboxylic groups along the sheet 
edge for its stability in physiological environment.2 PEGylated 20 

GO can be further modified through covalent chemical reaction 
using various small molecules such as Tris-(nitrilo Tris-acetic 
acid) (Tris-NTA), NTA, biotin, drugs etc. and through 
noncovalent surface coating with proteins, nucleic acids etc.3 
Various research groups have recently demonstrated that GO 25 

composites have wide range of tissue engineering applications 
such as growth and differentiation of human mesenchymal and 
neuronal stem cells,4 detection of electrical changes in cell 
membrane,5 targeted drug or gene carriers,6a cancer photothermal 
therapy,6b specific cell labelling6a and in vivo tumor positron 30 

emission tomography (PET) imaging.6c  Recently, we and other 
groups have demonstrated by in vitro and in vivo experiments that 
functionalized graphene oxides are nontoxic to cells4, 7b and 
mice.8  We have shown previously that Tris-NTA and biotin 
functionalized GO can deliver both oligo-histidine and biotin 35 

tagged proteins simultaneously into the cell.7b In this report, we 
demonstrate that Tris-NTA functionalized Graphene Oxide 
(TGO) is capable of doing multiple tasks such as walking along 
the microtubule with a cargo protein, carries multiple 
cytoskeleton proteins and therapeutic microtubule targeted 40 

peptide into the cell. 
 Synthesis of TGO (Scheme S1)7 and its’ characterization by 
UV/Vis and FT-IR spectroscopic method (Fig. S2) were 
described in supplementary section. Surface morphology was 
studied by Atomic Force Microscopy (AFM), Transmission 45 

Electron Microscopy (TEM) and High Resolution Transmission 
Electron Microscopy (HR-TEM). AFM, TEM and HR-TEM 

images reveal the significant changes in surface height, 
morphology and pattern after functionalization (Fig. S3-S6). 
Detailed is in supplementary section. We have also characterized 50 

the average size of TGO nanoparticle by Dynamic Light 
Scattering (DLS) measurements, which indicated that the average 
particle size of the TGO is 213 nm with PDI-0.384 (Fig. S7). 
 Spatial organization of the cytoskeleton and intracellular 
transport of various cargoes such as cellular organelles and small 55 

vesicles are maintained by cytoskeletal molecular motor 
proteins.9 They are mechanochemical enzymes, which can walk  
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Fig. 1 (a) Time lapse images indicating the positions of Kinesin1-TGO-

EGFP nanoparticles conjugate on surface immobilized microtubules with 

time. (b) Cartoon diagram of the Kinesin1-TGO-EGFP conjugate. (c) 

Cartoon representation of transport of Kinesin1-TGO-EGFP nanoparticle 70 

conjugates on microtubule. (d) Z-projection 2D image shows the steps of 

Kinesin1-TGO-EGFP walk along the microtubules. (e) 3D footage of the 

transport of Kinesin1-TGO-EGFP nanoparticles onto the microtubule 

lattice. (f) Histogram shows the speed of the Kinesin1-TGO-EGFP 

nanoparticles. Scale bar corresponds to 10µm. 75 

on the microtubules. There are two classes of microtubule motor 
proteins. One is kinesin and another one is dynein. Kinesin1 is 
the most extensive studied molecular motor protein, which moves 
processively towards the plus-end of microtubule using adenosine 
triphosphate (ATP) as energy source. Purified Kinesin1 is either 80 

used for in vitro microtubule gliding assay or for the transport of 
beads, CNT and vesicles along the immobilized microtubules 
onto the surface.10 However, transport of graphene oxide has not 
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yet been reported. Here, we have shown the long range transport 
of Kinesin1-TGO-EGFP along the various microtubules in a 
well-controlled manner. EGFP-His10 and Kinesin612-His10 were 
loaded onto the Ni+2-TGO at physiological condition following 
the method, described in the supplementary section. Next, flow 5 

chamber was prepared with biotinylated glass and biotinylated 
Alexa568 labeled taxol stabilized microtubules were immobilized 
followed by equilibration of flow chamber with motility buffer 
containing ATP. Finally, EGFP-His10 and kinesin612-His10 

loaded Ni+2-TGO in motility buffer was loaded to the flow 10 

chamber and time lapse images were recorded in the TIRF 
microscope at 488 and 561 nm channel simultaneously (ESI). 
Time lapse images from transport movie reveals that Kinesin1-
TGO-EGFP is excellently walking along the microtubules as 
soon as they land onto the microtubules lattice (Fig. 1a, MovieS1) 15 

as we observed that the green colored nanoparticles are walking 
along the red colored microtubules. Fig. 1a represents the time 
lapse images from a movie and cyan arrows indicate the position 
of the Kinesin1-TGO-EGFP nanoparticles onto the microtubule 
lattice changes with progress of time. Fig. 1b and Fig. 1c 20 

represent the cartoon diagram of Kinesin1-TGO-EGFP 
nanoparticle conjugate and transport of the conjugate on 
microtubule respectively. We have observed 2D and 3D footage 
of Kinesin1-TGO-EGFP nanoparticles transport onto the 
microtubule lattice (Fig. 1d and Fig. 1e). We have also calculated 25 

the average transport velocity of the Kinesin1-TGO-EGFP 
nanoparticles from multiple movies and found that the average 
transport velocity is 68.83 ± 14.14 µm/min (Fig. 1f), which 
indicates that the transportation of TGO is most likely guided by 
single kinesin as well as multiple kinesin. This result clearly 30 

indicates that TGO is capable of capture two proteins and among 
them one is functional proteins, which has huge potential in 
biotechnological applications. 
 Next, we have tried to load five proteins through primary and 
secondary interactions with Ni-TGO surface in physiological 35 

condition. Among five proteins we have chosen four proteins 
from cytoskeleton proteins as we found kinesin is active and 
transport TGO. The schematic view of proteins binding with 
TGO is shown in Fig. 2a. In brief, cytoskeleton proteins were 
loaded onto the TGO following the method described in 40 

supplementary section and characterized by DLS (Fig. S8) and 
TEM (Fig. S9) followed by imaging under fluorescence 
microscope. Fluorescence microscopic images reveal that the co-
existence of green color nanoparticles in 488 nm channel (Fig. 
2b) and red color nanoparticles in 561 nm (Fig. 2c) and 638 nm 45 

channel (Fig. 2d). Fig. S10 represents the DIC image of multiple 
proteins loaded TGO. Green fluorescence comes from 
microtubule end binding protein Mal3-EGFP. Mal3-EGFP is 
attached to TGO through VHH-His6 antibody, which selectively 
captures GFP protein.11 Red fluorescence at 561 nm comes from 50 

mCherry labeled microtubule minus-end directed microtubule 
cross linking motor (Xenopus kinesin-14 XCTK2 with hexa His 
tag) mCherry-XCTK2-His6,

12a which is directly attached with 
TGO. Another red fluorescence at 638 nm comes from Cy5-
labeled tubulin, which is bound with immobilized microtubule 55 

polymerase XMAP215-His7 (a Xenopus laevis chTOG family 
member)12b onto TGO. Therefore, above result clearly indicates 
that TGO has the capability of binding with multiple cytoskeleton 

proteins simultaneously through primary and secondary 
interactions. We have performed control experiment with 60 

PEGylated GO following same procedure to check whether this 
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Fig. 2 (a) Cartoon diagram of multiple cytoskeleton proteins loaded TGO. 80 

Fluorescence microscopic images in (b) 488 nm, (c) 561 nm and (d) 638 

nm channel clearly indicate the loading of microtubule end binding 

protein Mal3-EGFP through VHH-His6 antibody, mCherry-XCTK2-His6 

and Cy5-labeled tubulin through microtubule polymerase XMAP215-His7 

respectively on TGO. Scale bar corresponds to 10 µm. Cellular uptake of 85 

multiple cytoskeleton proteins loaded TGO in A549 cell line. Images at 

(e) 488 nm, (f) 561 nm and (g) 638 nm channel indicate uptake of 

multiple cytoskeleton proteins loaded TGO by A549 cells. Scale bar 

corresponds to 100 µm.  

binding is through Tris-NTA functionalization or nonspecific. 90 

Absence of significant fluorescence signals at 488, 561 and 638 
nm channel indicates that the binding was occurred only through 
Tris-NTA functionalization (Fig. S11). Further, we have studied 
whether TGO is capable of delivering multiple proteins into the 
cell or not. Initially, we have checked the cytotoxicity of the TGO 95 

nanoparticles by the MTT assay in human lung cancer cell line 
(A549) and human breast cancer cell line (MCF-7) and found 
non-cytotoxic nature of TGO particles (Fig. S12). Subsequently, 
the cellular uptake of multiple cytoskeleton proteins loaded TGO 
nanoparticles was studied in A549 and MCF-7 cell line. Multiple 100 

cytoskeleton proteins were loaded to the TGO following similar 
method as described in the supplementary section and cellular 
uptake has been achieved with this multiple cytoskeleton proteins 
loaded TGO. From the fluorescence images, it was found that 
green signals in 488 nm channel (Fig. 2e and Fig. S13c) and red 105 

signals in 561 (Fig. 2f and Fig. S13b) and 638 nm channels (Fig. 
2g and Fig. S13d) inside both A549 and MCF-7 cells, which 
confirms the uptake of all five proteins (VHH-His6, mCherry-
XCTK2-His6, XMAP215-His7, Mal3-EGFP and Cy5-tubulin) 
loaded TGO. 110 

 Finally, we have studied the therapeutic application of TGO. 
For that purpose we have decided to use microtubule targeted 
peptide (FRRKAFLHWYMTG) which is known to inhibit 
tubulin polymerization and cell proliferation at approximately 
180 µM concentration.13 This biotinylated dodecapeptide was 115 

synthesized (Fig. S14) and attached with TGO (dodecapeptide-
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TGO) through streptavidin biotin interaction, as we have attached 
Streptavidin-His6 with Ni+2-TGO prior to peptide attachment. 
Now, we have checked the anti-cancer efficacy of the dodecapep- 
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Fig. 3 (a) Survival of MCF-7 cell line was assessed by MTT assay after 15 

treatment with TGO, biotinylated dodecapeptide, Dodecapeptide-TGO for 

24 hours. Microtubules network of MCF-7 cell lines after treatment with 

(b) biotinylated dodecapeptide, (c) TGO and (d) Dodecapeptide-TGO 

conjugate. Scale bar corresponds to 30 µm.  

-tide-TGO conjugate by MTT assay in MCF-7 cell line. 20 

Interestingly, it was found that the dodecapeptide-TGO is killing 
~40% cancer cell at 50 µg/mL concentration while the TGO and 
bio-dodecapeptide peptide is non-cytotoxic in nature at similar 
concentration (Fig. 3a). This result clearly indicates that TGO 
acts as an excellent delivery vehicle for therapeutic molecules as 25 

the cancer cell killing efficacy of the dodecapeptide increases in 
presence of TGO. Since dodecapeptide-TGO conjugate is killing 
~40% MCF-7 cells and the peptide is known to target tubulin 
polymerization, therefore, we became interested to study 
microtubule organization inside MCF-7 cells after dodecapeptide-30 

TGO conjugate treatment. For that purpose the cells were treated 
with biotinylated dodecapeptide, TGO and dodecapeptide-TGO 
conjugate separately for 24 hours and microtubule network was 
visualized by sequential treatment of primary and secondary 
antibody (ESI) and observed under inverted fluorescence 35 

microscope (Model Nikon Eclipse Ti-U). From the microscopic 
images, it was observed that there was no effect of TGO (Fig. 3c 
and Fig. S16) and biotinylated dodecapeptide at 50 µg/mL 
concentration (Fig. 3b and Fig. S17) on microtubules network of 
MCF-7 cell lines as there was no difference of microtubules 40 

network between untreated (Fig. S15) and treated cells. But, we 
have observed that dodecapeptide-TGO conjugate disrupts the 
microtubule network of the MCF-7 cell line and as a result 
shrinking of cells occurred (Fig. 3d and Fig S18). 
 In conclusion, we have shown that non-cytotoxic TGO is 45 

capable to perform multiple tasks such as, walking along the 
microtubules, bind with multiple proteins simultaneously, deliver 
those proteins and microtubule targeted therapeutic molecules 
into the cell. To the best of our knowledge, this work is the first 
example for future development of graphene based hybrid nano-50 

machine and currently, we are working on that direction. 
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