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Abstract

Background: Intrinsically fluorescent glucose derived carbon nanospheres (CSP) efficiently enter mammalian cells

and also cross the blood brain barrier (BBB). However, the mechanistic details of CSP entry inside mammalian cells

and its specificity are not known.

Results: In this report, the biochemical and cellular mechanism of CSP entry into the living cell have been

investigated. By employing confocal imaging we show that CSP entry into the mammalian cells is an ATP-

dependent clathrin mediated endocytosis process. Zeta potential studies suggest that it has a strong preference for

cells which possess high levels of glucose transporters such as the glial cells, thereby enabling it to target individual

organs/tissues such as the brain with increased specificity.

Conclusion: The endocytosis of Glucose derived CSP into mammalian cells is an ATP dependent process mediated

by clathrin coated pits. CSPs utilize the surface functional groups to target cells containing glucose transporters on

its membrane thereby implicating a potential application for specific targeting of the brain or cancer cells.

Background

Nanomaterials are being currently explored for various

biomedical applications. In particular, carbon based

nanomaterials such as single walled and multi-walled

carbon nanotubes are increasingly being used as drug

delivery vehicles. For imaging and efficient drug delivery,

these nanomaterials are often tagged with some fluores-

cent agents and antibodies [1-3]. We had earlier

reported amorphous carbon nanospheres [4] derived

from glucose which are intrinsically fluorescent, non-

toxic and have the ability to deliver the drug molecules

inside the nucleus. Detailed in vivo studies showed that

they were effectively removed from the animal system

within a month and hence could be considered as poten-

tial carrier vehicle for therapeutic applications. However,

to exploit the complete therapeutic potential of any car-

rier, the mechanism of its entry, preference of cell types

and retention in the system needs to be thoroughly

investigated.

In this study, we report the mechanism behind the cel-

lular entry of CSPs and therefore it’s utility as a cell type

specific targeting delivery agent. We have elucidated that

CSP entry is predominantly a clathrin mediated and

ATP dependent endocytic process. The rich functional

surface groups and the charge on CSP gives them a

unique ability to preferentially target cells with more

glucose transporters such as the glial cells thus strength-

ening the possibility of CSP to be used as a potential

drug delivery system targeted to the brain.

Results and discussions

Carbon nanospheres ranging from 100–500 nm in size

were synthesized [4] and tested for their ability to

traverse the mammalian cell membrane. The CSP exhi-

bits a time dependent entry with respect to different cel-

lular regions. Within 3 hrs of incubation at 37°C, CSP

could enter mammalian cells [4]. The large size and

charged surface of CSP rules out the probability of entry

into mammalian cells through diffusion. The most com-

mon method of particle uptake by cells is either a pas-

sive diffusion mechanism or an active process involving

the energy obtained after hydrolysis of ATP. Since, the

passive diffusion allows only liquids, gases or very small
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particles; the uptake of the large size CSPs is not pos-

sible. This led us to speculate that the uptake of CSP

into cells is through endocytosis which is an active

process. This was investigated by using the human cer-

vical cancer cell line, HeLa. To determine, whether the

CSP uptake is by receptor mediated endocytosis process,

CSPs were incubated with the cells at different tem-

peratures [5,6] : 4°C, 25°C and 37°C for 12 hours. The

quantification of CSP present in the cells reveals that

at 4°C (upon 12 hrs incubation) only 8-9% is localized

inside the cell, whereas upon increasing temperature of

incubation, the percentage entry increased substan-

tially. At 37°C, it was found to be around 35-40% con-

sidering total number of cells to be 100% (Figure 1A

and B). As low temperature blocks receptor mediated

endocytosis [6], efficient CSP internalization observed at

higher temperature could be predominantly mediated by

endocytosis. As it is known that in mammalian cells the

ATP synthesis and utilization is maximum near 37°C [7]

the uptake of CSP by the HeLa cells could be ATP hy-

drolysis derived energy dependent. The requirement of

ATP for the uptake of CSP was investigated by using a

medium containing sodium azide or 2-deoxy-D-glucose

(2DDG) which leads to depletion of the intracellular pool

of ATP [8-11]. The depletion of ATP level was confirmed

by quantifying the total intracellular ATP pool using a

luciferase based assay system kit (Figure 1E) [12,13]. Pre-

treatment with sodium azide or 2DDG blocked the entry

of CSP into the cells (Figure 1C and D) suggesting the in-

volvement of ATP in the uptake of CSP. Since the low

temperature inhibits formation of the active form of cla-

thrin pits [14]; the clathrin mediated endocytosis could

be operative for CSP uptake.

Endocytosis is the phenomenon by which cells

internalize membrane proteins, lipids, extracellular

ligands and soluble molecules. One of the earliest stud-

ied endocytotic pathways is the clathrin mediated

process [15]. In addition, a variety of other clathrin-

independent pathways have also been characterized in-

cluding phagocytosis, macropinocytosis, caveolae- and

raft-mediated uptake [16] and a poorly characterized

form of constitutive clathrin-independent endocytosis.

We performed a simple receptor blocking experiment by

treating the cells with sucrose that created a hypertonic

environment in the medium which prevents the forma-

tion of clathrin coated pits and thus further blocks re-

ceptor mediated endocytosis [17-19]. In agreement with

the temperature dependent entry of the CSP into the

cells, it was observed that hypertonic media [19] almost

completely excluded the entry of CSP into mammalian

cells incubated at 37°C (Figure 2 A and B). Clathrin

mediated endocytosis pathways require dynamin which

is required for the formation of coated vesicles [20] . To

establish further the involvement of clathrin in the

endocytosis of CSP, we treated the cells with a dynamin

inhibitor, dynasore [21]. Pretreatment of dynasore for

30mins prevented CSP internalization into the HeLa

cells (Figure 2 C and D). Furthermore, the colocaliza-

tion of CSP and clathrin was also performed by fluor-

escence microscopy using anti-clathrin antibody to

visualize the clathrin mediated endocytosis of CSP.

Predominant localization of clathrin was observed in the

regions enriched with CSP near the plasma membrane

(Figure 2E). Collectively these results, suggests that CSP

uptake by mammalian cells is an ATP dependent

process that is primarily through clathrin mediated

endocytic pathway.

We have previously observed that the CSPs by virtue

of their surface functional groups [4] are capable of

crossing the blood brain barrier (BBB), to elucidate the

mechanistic details that facilitate the CSP entry across

the BBB; we decided to test the CSP uptake on cell types

present in the BBB as well as other tissue origins. For

this purpose, we selected a mouse embryonic fibroblast

NIH3T3 cell line, and cancerous cell lines of different

tissue origins such as adenocarcinoma cell line of the

neuronal origin SHSY-5Y, glioblastoma cell line

U373MG and human cervical HeLa.

As depicted in the figure, SHSY-5Y cells showed CSP

uptake of 23%, NIH3T3 and HeLa cells showed CSP up-

take ability of 32% and 39% respectively whereas

U373MG cells showed 52% CSP uptake after 12 hrs

time-point (Figure 3A). Even though there was no dras-

tic difference in the cellular uptake of CSP between the

two time points (12 and 24 h), uptake by U373 cell line

was higher in comparison with NIH3T3 and SHSY-5Y

cells, whereas uptake by HeLa cells was moderate

(Figure 3B). There are several aspects that could con-

tribute to these differences in the cell type specific up-

take of CSP a possible reason could be density of

glucose transporters on the cell surface. Immunoblot-

ting analysis on U373 cells revealed that these cells ex-

press very high levels of glucose transporters GLUT1

and GLUT4 (Figure 3C). HeLa cells which also exhibit

a moderate uptake of CSPs also expressed GLUT4

apart from GLUT1 which is present in all the tested

cell types. GLUT1 is one of the most abundant glu-

cose transporters present in the blood brain barrier

and glial cells which facilitates transport of glucose

molecules across the cell membrane [22]. The hydroxyl

group of glucose molecule possesses high affinity to-

wards GLUT1. Glucose molecules are involved in

hydrogen bonding with the transmembrane alpha heli-

ces of GLUT1 [23]. As CSP contains free hydroxyl

groups on its surface, it might interact with glucose

transporters and facilitates the uptake of CSP.

In order to support these observations we further car-

ried out the cell surface charge measurements, which
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would be affected during the cellular uptake of CSPs.

The cellular uptake of nanoparticles generally involves

the binding of nanoparticles on the cell surface followed

by internalization using a specific endocytosis pathway

[24-26]. During this process, the cell zeta potential (a

measure of its surface charge) would be changed. Cell

membrane, in general, imparts a negative charge to the

cell surface giving rise to a negative zeta potential for

the cell. Binding of nanoparticles on the cell surface will

change the zeta potential of the cell by, a) influencing

the adsorption characteristics of the ions present around

its surface and b) shifting the surface of hydrodynamic

shear. When attached to the cell surface, negatively

charged nanoparticles will make the cell zeta potential

more negative, while positively charged nanoparticles

will make the cell zeta potential less negative or positive.

The internalization of nanoparticles by endocytosis leads

to the cell zeta potential less negative. In order to study

Figure 1 The CSP uptake is an energy dependent process. A. CSPs were incubated with HeLa cells at different temperatures (4°C, 25°C, 37°C)

for 12 hours and were then fixed with 4% paraformaldehyde. The cells were then stained with Hoechst and were imaged using confocal

microscope. B. Quantification for percentage of CSP uptake. C. ATP dependence of CSP entry was monitored by incubating CSP with HeLa cells

pretreated with 2-deoxy-D-glucose and sodium azide. The panels are representative images of the cells in the presence or absence of ATP. D.

Quantification for percentage of CSP uptake. E. Quantification of the total pool of intracellular ATP by using an ATP quantification kit (Invitrogen).
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the interaction of the CSPs with different cell types, we

carried out zeta potential measurements of the cell sur-

face, after incubating them for different durations with

CSPs. The zeta potential of CSPs in HEPES buffer (pH

7.4) is −8.0 ± 0.6 mV (Figure 4), which is less negative

compared to the value obtained in pure water

(−24 mV). The zeta potential value for U373 glial cells

in HEPES buffer was found to be −11.1 ± 0.4 mV. Upon

incubation of these cells with CSP for 30 minutes, the

zeta potential became more negative, -23.1 ± 0.7 mV

Figure 2 The CSP uptake is mediated by clathrin dependent endocytosis. A. HeLa cells were incubated with CSP in a hypertonic medium

containing 0.45 M sucrose for 12 hrs and were then fixed with 4% paraformaldehyde. The cells were then stained with Hoechst and were imaged

using confocal microscope. B. Quantification for percentage of CSP uptake. C. HeLa cells pretreated with or without 100 μM dynasore (an

inhibitor of dynamin) for 30 mins and were then incubated with CSP for 12 hrs. D. Quantification for percentage of CSP uptake with or without

dynasore treatment. E. Co localization of CSP with clathrin in HeLa cells, Panel I is the enlarged image of E, panel II-IV are independent replicates of E.
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(Figure 4) which suggest that negatively charged CSPs

are attached to the cell surface. Allowing the incubation

time to 2 h, significantly brings the zeta potential of the

cells close to their original value (−11.0 ± 1.0 mV), indi-

cating the internalization of the CSPs. No notable vari-

ation in the zeta potential of these cells could be

observed by increasing the incubation time from 2 hr to

12 hr (Figure 4, red bars). Thus the internalization

process (of CSP) in U373cells completes within 2 hr of

incubation. In contrast to the U373 cells which contains

higher amounts of glucose receptor, a different trend

was observed for NIH3T3 and HeLa cells (zeta potential

in HEPES buffer), which contains lesser amounts of glu-

cose receptors in comparison to U373 cells. Even

though both the cell lines, HeLa and NIH3T3 took

12 hrs to completely internalize CSP, almost 50%

internalization was observed in the 2 hrs timepoint for

HeLa cells (Figure 4, blue bars) whereas CSP uptake was

much lesser in NIH3T3 cells at 2 hrs timepoint (Fig-

ure 4, cyan bars). This difference in the changes of the

cell zeta potential of different cell types for different

duration of incubation could be explained by presence

of the receptors on their cell membrane. Glial U373

cells are highly enriched with the glucose transporters

GLUT1 on their surface while HeLa has moderate and

NIH3T3 has the least levels. So, the affinity of CSP,

which could mimic the glucose functionality on its sur-

face, towards U373 cells will be very high as compared

to the other cell lines. The zeta potential of U373 cells

becomes highly negative by 30 minutes of incubation

Figure 3 CSP uptake across different cell types. A. SHSY-5Y (adenocarcinoma cell line of the neuronal origin), U373 (glioblastoma cell line),

NIH3T3 (mouse embryonic fibroblast) and HeLa (human cervical cancer) cells were incubated with 10 μg/ml of CSP. After either 12 hrs or 24 hrs,

cells were washed with PBS and were fixed with 4% paraformaldehyde and were stained with Hoechst and were imaged using confocal

microscope. CSP was visualized by exciting at 514 nm. Scale bar represents 10 μm. B. Quantification for percentage of CSP uptake by different cell

lines at two different time points. C. Western blots for presence of GLUT1 and GLUT4 in different cell lines. Tubulin was used as a loading control.
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with CSP, suggesting it to be a receptor mediated ad-

sorption, which results in preferred uptake of CSP by

this cell line.

Previously, it was reported that CSP could cross the

blood brain barrier and enter the mice brain [4]. It was

also observed in the liver and spleen, however, brain tis-

sue showed maximum localization of CSP [4]. Since the

mammalian brain is highly enriched with glia [27], and

various glucose transporter proteins are also known to

be localized on the brain capillary endothelial cell mem-

branes that forms the BBB [28,29], the present observa-

tions of CSP preference to the glial cells and its

preference towards glial cells also supports the previous

report of increased brain localization, to be primarily

mediated through the surface functionality of CSP. To

further verify this preferential cellular targeting on spe-

cific brain cell types, the availability of CSP in different

regions of the brain was investigated. CSP injected mice

were sacrificed after 3 days and their brain was isolated,

fixed with paraformaldehyde, sectioned and processed

for confocal imaging analysis. Confocal microscopy of

different brain parts (cerebral cortex and cerebellum)

were performed for the presence of CSP by excitation at

514 nm. CSPs were predominantly localized in the cere-

bral cortex region with very minimal presence in cere-

bellum (Figure 5). We have observed an increased

preference of CSP towards glial cells which could be

correlated with higher population of glial cell lineages in

the cerebral cortex of the brain than in the cerebellum

[27,30,31].

These observations suggest that the glucose derived

CSP by virtue of their surface charge possess unique abil-

ity to not just traverse the cell membrane but also exhibit

a preference towards the cells with more number of glu-

cose transporters on its surface. By virtue of its interaction

with glucose transporters, it crosses the blood brain bar-

rier and reaches the brain cells through the involvement

of ATP dependent clathrin mediated endocytosis. ATP

dependent clathrin mediated endocytosis plays fundamen-

tal role in neurotransmission and signal transduction [32].

Presence of higher levels of clathrin in brain in compari-

son to other tissue also partly answers the more specificity

of CSP towards the brain [32,33]. Clathrin vesicles are also

one of the major components of vesicle mediated endo-

cytosis pathway in the synapses of various regions of brain

involved in different phenomena [34-36]. Furthermore,

predominant distribution of GLUT1 on the BBB that trans-

fer glucose across the barrier is exploited by various neu-

roactive drugs to cross the BBB [37]. Thus GLUT1 in

association with other glucose transporters might be related

to the mechanism of CSP to cross the BBB. After reaching

the brain through the glial cells, CSP may get transferred

to other brain cells like neurons through association with

other glucose transporters (presumably GLUT3).

Conclusion

We elucidated the mechanism of CSP uptake by mam-

malian cells and found that it is predominantly clathrin

dependent ATP driven process. CSP prefers cells expres-

sing more number of glucose transporters thus providing

Figure 4 Zeta potential of different cell type after treatment with CSP. Zeta potential of different cell types viz. U373 cells, HeLa and NIH3T3

cells were measured in 40 mM HEPES buffer (pH 7.4) upon 30 minutes, 2 hours, and 12 hours of incubation with 10 μg/ml of CSP.
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increased specificity towards glial cells. CSP exploits its

specificity towards glial cells for crossing the BBB, as glial

cells containing GLUT1 are major components of the

endothelial cells of the BBB. Once it reaches the brain it

gets carried to various cell types including the neurons.

Presently, when nanomaterials are being tested for their

ability to deliver important drug molecules across different

cells, tissues, a nanomaterial such as CSP which can pre-

ferentially target the brain cells, implies an important spe-

cific targeting mechanism which can be extensively

exploited against several brain associated disease condi-

tions such as the neurodegenerative states. Furthermore,

the preference of CSP towards cell types with increased

glucose transporters implicates its utility for targeting dis-

ease states wherein these levels are perturbed.

Methods

Cell lines

HeLa, SHSY-5Y, NIH3T3 and U373MG cells were grown

in Dulbecco’s modified eagle’s medium with 10% FBS

and antibiotics at 37°C in presence of 5% CO2 in a hu-

midified chamber.

Fluorescence studies

Cells were grown on poly L-lysine coated coverslips and

were treated with 10 μg/ml of CSP. After 12 or 24 hrs of

treatment, cells were washed in PBS and were fixed

with 4% paraformaldehyde. Hoechst (Sigma) was used

to stain the nucleus and the fluorescence was visua-

lized using Carl Zeiss LSM 510 META laser scanning

confocal microscope. CSP fluorescence was visualized

at 560 nm by excitation at 514 nm.

ATP depletion

HeLa cells were pretreated with 10 mM sodium azide

and 30 mM 2-deoxy-D-glucose for two hours and were

then incubated with CSP for 12 hrs. Following

incubation cells were fixed with 4% paraformaldehyde.

Hoechst (Sigma) was used to stain the nucleus and the

fluorescence was visualized using Carl Zeiss LSM 510

META laser scanning confocal microscope.

Determination of intracellular ATP levels

Intracellular levels of ATP in HeLa cells after treat-

ments with 2DDG (Calbiochem) or sodium azide was

determined by using an ATP determination kit from

Molecular Probes, Invitrogen [12,13]. Briefly, cells were

boiled in TE for 5mins before analysis and Lumines-

cence was measured using Wallac 1409 Liquid scintilla-

tion counter.

Clathrin blockage

HeLa cells were pretreated with media containing

0.45 M sucrose or 100 μM dynasore for 30mins and

were then incubated with CSP for 12 hrs. Cells were

then fixed and processed for confocal imaging.

Mice brain immunofluorescence

BALB/c mice were injected intra-peritoneally with

10 mg per kg of body weight of CSP, 3 days post in-

jection, they were sacrificed and their brains were im-

mediately fixed in 4% paraformaldehyde. The brain

tissues were dehydrated, paraffin embedded, and sec-

tioned into 4 micron thick sections using a microtome

(Leica). The tissue sections were stained with Hoechst

and were visualized using Carl Zeiss LSM 510 META

laser scanning confocal microscope. CSP fluorescence

was visualized at 560 nm by excitation at 514 nm.

Zeta potential measurements

The mammalian cells were incubated in the presence of

CSP for different time points and were harvested by

trypsinization. The cell pellets were resuspended in

700 μl of 40 mM HEPES buffer (pH 7.4). The zeta

Figure 5 Predominant localization of CSP in the cerebral cortex region of the brain. A. CSP (10 mg per kg of body weight) was

intraperitoneally injected in mice and after 3 days, they were sacrificed and their brains were isolated and immediately fixed in 4%

paraformaldehyde. Sections of different brain regions were obtained and were processed for histochemical analysis. Hoechst was used to stain

the nucleus and the cells were imaged using a confocal microscope. CSP was visualized by exciting at 514 nm.
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potential values of the cells and cells incubated with CSP

for different time duration viz. 30 minutes, 2 hours, and

12 hours, were measured using Zetasizer Nano ZS (Mal-

vern Instruments). All the measurements were carried

out at 25°C using phase analysis light scattering mode.

The Zeta (ξ) potential was calculated from the electro-

phoretic mobility based on the Smoluchowski equation,

u = Eξ/η, where u is the measured electrophoretic mobil-

ity, ξ is zeta potential value; E is the dielectric constant η

is the viscosity of the electrolytic solution.

Animal ethical approval

All experiments using mice were followed according to

the internationally recognized guidelines. The experi-

ments were performed with the approval for ethical

clearance from Institutional Animal Ethics Committee

(IAEC), JNCASR, Bangalore, India (Reference number:

IAEC/2011/TKK/002).

Abbreviations

CSP: Carbon nanospheres; BBB: Blood brain barrier; ATP: Adenosine

triphosphate; 2DDG: 2-Deoxy-D-Glucose; GLUT: Glucose transporter;

HEPES: (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;

DMEM: Dulbecco’s modified eagle medium.

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

TKK was principal supervisor of this research in Jawaharlal Nehru Centre for

Advanced Scientific Research, Bangalore, India. RS, SC and DJ carried out the

experiments. DJ synthesized the CSP. RS, SC and TKK wrote the manuscript.

ME from Jawaharlal Nehru Centre for Advanced Scientific Research,

Bangalore, India contributed and supported in editing and completing this

manuscript and gave us valuable guidance to improve this work. PC

performed the zeta potential experiment and analyzed the results. BSS

performed the confocal microscopy imaging. All authors read and approved

the final manuscript.

Acknowledgements

This work was supported by funding from the Department of Biotechnology,

Government of India (Grant/DBT/CSH/GIA/1752), and JNCASR. TKK is a

recipient of Sir JC Bose national fellowship, Department of Science and

Technology, Govt. of India. We thank Parijat Senapati for providing

intellectual inputs and valuable discussions.

Author details
1Transcription and Disease Laboratory, Molecular Biology and Genetics Unit,

Jawaharlal Nehru Centre for Advanced Scientific Research, Jakkur P.O,

Bangalore 560 064, India. 2Chemistry and Physics of Materials Unit, Jawaharlal

Nehru Centre for Advanced Scientific Research, Jakkur P.O, Bangalore 560

064, India. 3Confocal Facility, Molecular Biology and Genetics Unit, Jawaharlal

Nehru Centre for Advanced Scientific Research, Jakkur, Bangalore 560 064,

India.

Received: 14 January 2012 Accepted: 20 June 2012

Published: 2 August 2012

References

1. Quan Q, Xie J, Gao H, Yang M, Zhang F, Liu G, Lin X, Wang A, Eden HS, Lee

S, et al: HSA Coated Iron Oxide Nanoparticles as Drug Delivery Vehicles

for Cancer Therapy. Mol Pharm 2011, 8:1669–1676.

2. Ali I: Nano drugs: novel agents for cancer chemo-therapy. Curr Cancer

Drug Targets 2011, 11:130.

3. Ali I, Rahis-Uddin, Salim K, Rather MA, Wani WA, Haque A: Advances in

nano drugs for cancer chemotherapy. Curr Cancer Drug Targets 2011,

11:135–146.

4. Selvi BR, Jagadeesan D, Suma BS, Nagashankar G, Arif M, Balasubramanyam

K, Eswaramoorthy M, Kundu TK: Intrinsically fluorescent carbon

nanospheres as a nuclear targeting vector: delivery of membrane-

impermeable molecule to modulate gene expression in vivo. Nano Lett

2008, 8:3182–3188.

5. Silverstein SC, Steinman RM, Cohn ZA: Endocytosis. Annu Rev Biochem 1977,

46:669–722.

6. Chithrani BD, Chan WC: Elucidating the mechanism of cellular uptake and

removal of protein-coated gold nanoparticles of different sizes and

shapes. Nano Lett 2007, 7:1542–1550.

7. Negendank W, Shaller C: Temperature-dependence of ATP level, organic

phosphate production and Na, K-ATPase in human lymphocytes. Physiol

Chem Phys 1982, 14:513–518.

8. Herweijer MA, Berden JA, Kemp A, Slater EC: Inhibition of energy-

transducing reactions by 8-nitreno-ATP covalently bound to bovine

heart submitochondrial particles: direct interaction between ATPase and

redox enzymes. Biochim Biophys Acta 1985, 809:81–89.

9. Richard JP, Melikov K, Brooks H, Prevot P, Lebleu B, Chernomordik LV:

Cellular uptake of unconjugated TAT peptide involves clathrin-

dependent endocytosis and heparan sulfate receptors. J Biol Chem 2005,

280:15300–15306.

10. Mueller A, Lalor R, Cardaba CM, Matthews SE: Stable and sensitive probes

for lysosomes: cell-penetrating fluorescent calix[4]arenes accumulate in

acidic vesicles. Cytometry A 2011, 79:126–136.

11. Schwoebel ED, Ho TH, Moore MS: The mechanism of inhibition of Ran-

dependent nuclear transport by cellular ATP depletion. J Cell Biol 2002,

157:963–974.

12. Garewal HS, Ahmann FR, Schifman RB, Celniker A: ATP assay: ability to

distinguish cytostatic from cytocidal anticancer drug effects. J Natl

Cancer Inst 1986, 77:1039–1045.

13. Palicz A, Foubert TR, Jesaitis AJ, Marodi L, McPhail LC: Phosphatidic

acid and diacylglycerol directly activate NADPH oxidase by

interacting with enzyme components. J Biol Chem 2001,

276:3090–3097.

14. Goldenthal KL, Pastan I, Willingham MC: Initial steps in receptor-mediated

endocytosis. The influence of temperature on the shape and distribution

of plasma membrane clathrin-coated pits in cultured mammalian cells.

Exp Cell Res 1984, 152:558–564.

15. Wu X, Zhao X, Baylor L, Kaushal S, Eisenberg E, Greene LE: Clathrin

exchange during clathrin-mediated endocytosis. J Cell Biol 2001,

155:291–300.

16. Mayor S, Pagano RE: Pathways of clathrin-independent endocytosis. Nat

Rev Mol Cell Biol 2007, 8:603–612.

17. Mueller A, Kelly E, Strange PG: Pathways for internalization and recycling

of the chemokine receptor CCR5. Blood 2002, 99:785–791.

18. Lalor R, Baillie-Johnson H, Redshaw C, Matthews SE, Mueller A: Cellular

uptake of a fluorescent calix[4]arene derivative. J Am Chem Soc 2008,

130:2892–2893.

19. Heuser JE, Anderson RG: Hypertonic media inhibit receptor-mediated

endocytosis by blocking clathrin-coated pit formation. J Cell Biol 1989,

108:389–400.

20. Macia E, Ehrlich M, Massol R, Boucrot E, Brunner C, Kirchhausen T: Dynasore,

a cell-permeable inhibitor of dynamin. Dev Cell 2006, 10:839–850.

21. Thompson HM, McNiven MA: Discovery of a new ‘dynasore’. Nat Chem

Biol 2006, 2:355–356.

22. Duelli R, Kuschinsky W: Brain glucose transporters: relationship to local

energy demand. News Physiol Sci 2001, 16:71–76.

23. Li J, Chaudhary A, Chmura SJ, Pelizzari C, Rajh T, Wietholt C, Kurtoglu M,

Aydogan B: A novel functional CT contrast agent for molecular imaging

of cancer. Phys Med Biol 2010, 55:4389–4397.

24. Zhang Y, Yang M, Portney NG, Cui D, Budak G, Ozbay E, Ozkan M, Ozkan CS:

Zeta potential: a surface electrical characteristic to probe the interaction

of nanoparticles with normal and cancer human breast epithelial cells.

Biomed Microdevices 2008, 10:321–328.

25. Wilhelm C, Gazeau F, Roger J, Pons J, Bacri J: Interaction of anionic

superparamagnetic nanoparticles with cells: Kinetic analyses of

membrane adsorption and subsequent internalization. Langmuir 2002,

18:8148–8155.

Selvi et al. Journal of Nanobiotechnology 2012, 10:35 Page 8 of 9

http://www.jnanobiotechnology.com/content/10/1/35



26. Zhang Y, Yang M, Park JH, Singelyn J, Ma H, Sailor MJ, Ruoslahti E, Ozkan M,

Ozkan C: A surface-charge study on cellular-uptake behavior of F3-

peptide-conjugated iron oxide nanoparticles. Small 2009, 5:1990–1996.

27. Allen NJ, Barres BA: Neuroscience: Glia - more than just brain glue. Nature

2009, 457:675–677.

28. Maher F, Vannucci SJ, Simpson IA: Glucose transporter proteins in brain.

FASEB J 1994, 8:1003–1011.

29. Farrell CL, Pardridge WM: Blood–brain barrier glucose transporter is

asymmetrically distributed on brain capillary endothelial lumenal and

ablumenal membranes: an electron microscopic immunogold study.

Proc Natl Acad Sci USA 1991, 88:5779–5783.

30. Herculano-Houzel S: The human brain in numbers: a linearly scaled-up

primate brain. Front Hum Neurosci 2009, 3:31.

31. Baxter P: Astrocytes: more than just glue. Dev Med Child Neurol 2012,

54:291.

32. McMahon HT, Boucrot E: Molecular mechanism and physiological

functions of clathrin-mediated endocytosis. Nat Rev Mol Cell Biol 2011,

12:517–533.

33. Goud B, Huet C, Louvard D: Assembled and unassembled pools of

clathrin: a quantitative study using an enzyme immunoassay. J Cell Biol

1985, 100:521–527.

34. Jockusch WJ, Praefcke GJ, McMahon HT, Lagnado L: Clathrin-dependent

and clathrin-independent retrieval of synaptic vesicles in retinal bipolar

cells. Neuron 2005, 46:869–878.

35. Granseth B, Odermatt B, Royle SJ, Lagnado L: Clathrin-mediated

endocytosis is the dominant mechanism of vesicle retrieval at

hippocampal synapses. Neuron 2006, 51:773–786.

36. Gad H, Löw P, Zotova E, Brodin L, Shupliakov O: Dissociation between

Ca2+−triggered synaptic vesicle exocytosis and clathrin-mediated

endocytosis at a central synapse. Neuron 1998, 21:607–616.

37. Guo X, Geng M, Du G: Glucose transporter 1, distribution in the brain and

in neural disorders: its relationship with transport of neuroactive drugs

through the blood–brain barrier. Biochem Genet 2005, 43:175–187.

doi:10.1186/1477-3155-10-35
Cite this article as: Selvi et al.: ATP driven clathrin dependent entry of
carbon nanospheres prefer cells with glucose receptors. Journal of
Nanobiotechnology 2012 10:35.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Selvi et al. Journal of Nanobiotechnology 2012, 10:35 Page 9 of 9

http://www.jnanobiotechnology.com/content/10/1/35


	Abstract
	Background
	Results
	Conclusion

	Background
	Results and discussions
	Conclusion
	Methods
	Cell lines
	Fluorescence studies
	ATP depletion
	Determination of intracellular ATP levels
	Clathrin blockage
	Mice brain immunofluorescence
	Zeta potential measurements

	Animal ethical approval
	Authors&rsquo; contributions
	Acknowledgements
	Author details
	References

