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A carbon nanotube integrated 
microfluidic device for blood plasma 
extraction
Yin-Ting Yeh1,2, Zhong Lin1, Si-Yang Zheng2 & Mauricio Terrones1,3,4,5,6

Blood is a complex fluid consisting of cells and plasma. Plasma contains key biomarkers essential for 
disease diagnosis and therapeutic monitoring. Thus, by separating plasma from the blood, it is possible 
to analyze these biomarkers. Conventional methods for plasma extraction involve bulky equipment, 
and miniaturization constitutes a key step to develop portable devices for plasma extraction. Here, we 
integrated nanomaterial synthesis with microfabrication, and built a microfluidic device. In particular, 
we designed a double-spiral channel able to perform cross-flow filtration. This channel was constructed 
by growing aligned carbon nanotubes (CNTs) with average inter-tubular distances of ~80 nm, which 
resulted in porosity values of ~93%. During blood extraction, these aligned CNTs allow smaller 
molecules (e.g., proteins) to pass through the channel wall, while larger molecules (e.g., cells) get 
blocked. Our results show that our device effectively separates plasma from blood, by trapping blood 
cells. We successfully recovered albumin -the most abundant protein inside plasma- with an efficiency 
of ~80%. This work constitutes the first report on integrating biocompatible nitrogen-doped CNT 
(CNxCNT) arrays to extract plasma from human blood, thus widening the bio-applications of CNTs.

Carbon nanotubes (CNTs) consist of nanometer-scaled tubules of sp2 hybridized carbon atoms. They possess 
unique thermal, optical, electrical, and mechanical properties. CNTs have also been utilized in various applica-
tions1–4, including sensors5–7, field-effect transistors8–10, batteries11–14, capacitors/actuators15,16, hydrogen storage 
components17–19, field emission devices20–24, and composite fillers25,26.

Due to recent advances in the CNT synthesis and functionalization, their applications have expanded rapidly 
in the biological fields27,28. For example, the biocompatibility of CNTs can be improved by substitutional doping 
with nitrogen atoms29–31. CNT-based biosensors have also been demonstrated to have an enhanced electrochem-
ical reactivity as a result of their high surface area (102~103 m2g−1)32,33. By integrating the growth of aligned CNTs 
with microfabrication, a 3-dimensional (3D) filter can be built to capture various types of biomolecules and bio-
markers. e.g., tumor cells, bacteria, viruses, nuclei acids, and proteins34–36. Through selective growing of aligned 
CNTs along different micro-patterns, novel filtration devices can be designed for the separation of heterogeneous 
mixtures, including blood.

Blood is a complex fluid consisting of cells and plasma. This plasma is a bodily fluid containing different 
types of molecules and ions, e.g., clotting factors, proteins, electrolytes, hormones, enzymes, antibodies, vitamins, 
sugars, lipids, and minerals. In clinical diagnostics, plasma is vital because it can provide relevant information 
regarding a patient’s health. It is also noteworthy that blood cells cause background noises during the detection. 
To achieve effective detection, plasma separation is a critical step. In this context, centrifugation is the conven-
tional route to separate plasma from blood. Although the efficiency is extremely high (>90%), bulky equipment 
is involved. As an alternative, the development of microfluidic devices provides a miniaturized technology able 
to separate plasma from blood37.
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In this paper, we integrated CNT synthesis with microfabrication techniques to construct a CNT-based micro-
fluidic device. This microdevice effectively separates plasma from blood by performing cross-flow filtration. Our 
work now expands applications of CNTs in point-of-care blood analysis.

Design and Manufacturing of the Plasma Extraction Device
We designed a double spiral microdevice to continuously separate plasma from blood by using cross flow fil-
tration as illustrated in Fig. 1. This microdevice was constructed by integrating porous aligned nitrogen doped 
multi-walled CNT (CNxCNT) channel and a polydimethylsiloxane (PDMS) top cover. Inside this microdevice, 
we constructed a porous microfluidic channel by aligning CNxCNTs to form a membrane. The microdevice has 
one inlet and two outlets (i and ii). Blood samples were then loaded from the inlet port. Human whole blood was 
obtained from consented donors at the General Clinical Research Center of Penn State, following to an institutional 
review board–approved protocol. The samples were drawn into 10-mL Ethylenediaminetetraacetic acid (EDTA) 
K2-tubes (Vacutainer; Becton Dickinson). The blood flowing through the device was then collected by the outlet 
(i). Note that outlet (ii) was connected to a vacuum source to extract and collect the plasma. When blood was 
transported within the double spiral channel, plasma diffuses through CNxCNTs and it is collected at the outlet (ii).

We constructed this microdevice by integrating techniques of chemical vapor deposition (CVD) synthesis 
and microfabrication38. The process steps are shown in Fig. 2. We patterned iron thin films using the photore-
sist lift-off process. First, we spin-coated photoresists, LOR-5A, and SPR3012 in sequence at 4,000 RPM (Fig. 2a). 
Subsequently, we exposed the photoresist by an exposer (MA-6, SUSS contact aligner) to define a double spiral pat-
tern (Fig. 2b). Next, we deposited iron catalyst thin films of 5 nm in thickness using an e-beam evaporator (Fig. 2c) 
and soaked it inside a solvent (Remover-PG, MicroChem) overnight (Fig. 2d). We then diced patterned substrates 
into a 1 cm × 1 cm device using a dicing saw. To grow CNxCNTs on individual devices, we used CVD with ben-
zylamine as a precursor (Fig. 2e). The precursor was generated by an ultrasonic nebulizer and transported by argon/
hydrogen gas into two furnaces in series at 825 °C with a flow rate of 2.5 L/min. On this patterned substrate, we grew 
CNxCNTs of 60 µm in height. Then, we built a microfluidic device by bonding a top cover made of PDMS (Fig. 2f). 
The mass of an assembled device was only 1.5 gram, which is three orders of magnitude lighter than a conventional 
centrifuge used for plasma extraction. This PDMS top cover was fabricated by micro-molding with fluidics accesses 
and a chamber of 50 µm in height. We defined the chamber dimensions by employing an SU-8 mold and by punc-
turing three fluidic access ports: one inlet and two outlets. The chamber height was slightly lower than the CNxCNT 
channel wall to achieve better sealing between PDMS and the top of the A-CNxCNTs. To enhance bonding, surfaces 
of both PDMS top cover and A-CNxCNT channel walls were treated with an oxygen plasma. Before processing the 
blood samples, we flushed microdevices by 0.5% Tween-20 and phosphate-buffered saline (PBS) sequentially.

Results
Characterization of a double spiral microdevice. We apply a homogeneous membrane (3D filter) of 
aligned CNxCNTs. This membrane has to be biocompatible, porous, and to exhibit controllable inter-tubular 
distances. We used scanning electron microscopy (SEM) and Raman spectroscopy to characterize the structural 
properties of our CNxCNTs.

As explained above, the miniaturized microdevices consist of aligned CNxCNTs. Figure 3a shows one patterned 
microdevice after growing CNxCNTs for 30 minutes. Figure 3b confirms that CNxCNTs only grow on the pre-patterned 
iron thin film and form a microfluidic channel wall. This double spiral channel has a wall thickness of 100 µm and a 
channel width of 100 µm (Fig. 3c). Figure 3d depicts aligned CNxCNTs of uniform height (~60 µm). Figure 3e demon-
strates that the height variation is below 5 µm. This particular array exhibits a ~80 nm inter-tubular distance (Fig. 3f,g). 
Controlling the inter-tubular distance is critical for allowing plasma and other smaller moieties such as proteins to pass 
through while blocking larger particles (>1 µm), including platelets and cells that are contained in blood.

Figure 1. Illustration of microdevice assembly and labels showing sample access ports. Blood is loaded at the 
inlet and flowed through to the outlet (i). Extracted plasma is collected at the outlet (ii).
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Controlling the height and inter-tube distances of CNxCNTs is very important for the design of our 
micro-fluidic device. In this context, we grew CNxCNTs for 10, 20, 30, and 40 minutes and measured the diam-
eter, density, and inter-tubular distance (ITD) from cross-sectional SEM images (Fig. 4a). In Fig. 4b, the height 
of the aligned CNxCNTs increases with synthesis time. The height of CNxCNTs reaches 61.1 ± 10.1 µm after 
40 minutes of synthesis. For nanotube diameter measurements, the images were taken under 6 × 104 magnifica-
tion. A total number of 200 CNTs were measured for each synthesis. For the density measurements, we counted 
the number of CNTs per unit length. Both the diameter and density of aligned CNxCNTs were independent of 
each synthesis experiment. The aligned CNxCNTs possess an average diameter of 26.5 ± 1.2 nm and a density of 
1.7 × 109 ± 7.4 × 108 counts/cm (Fig. 4c). Similarly, we measured ITD of CNxCNTs to be 80.0 ± 7.3 nm (Fig. 4d). 
The ITD was measured from bottom sections of the CNxCNT arrays, where tubes were better aligned in the ver-
tical direction compared to the upper sections3,39. Next, we employed a geometrical model to describe the dimen-
sions of the CNT arrays35. This model assumes that the orientation of the aligned CNxCNT structure follows a 
cylindrical model with uniform density and diameter. For the model of cylindrical pillars, the bulk porosity of the 
cylindrical array is described below where ∅ is the porosity, P is the inter-tubular distance, and D is the diameter 
of the cylindrical pillar40:

∅ = −
π

×
+

1
4

D
(P D) (1)

2

2

As shown in Fig. 4d, the porosity was calculated using density and diameter measurements extracted from Fig. 4c. 
The result showed that the porosity of aligned CNxCNTs reached average values as high as 93.8 ± 0.3%. In com-
parison with other types of porous membranes, this high porosity of the CNxCNTs can significantly increase the 
extraction efficiency (see below).

Raman spectroscopy is a well-established tool to characterize CNTs in a non-destructive manner41. Raman 
spectroscopy measures the degree of crystallinity of CNTs, chirality in the case of single-walled nanotubes, 
defects, etc.42,43. In our study, we used Raman microscopy (using a Renishaw, InVia Raman microscopy) to char-
acterize our synthesized CNxCNTs. Raman spectra were recorded using a 514 nm laser excitation for 30 seconds 
under 50X magnification. The laser power used for the measurements was 10 µW. The Raman spectrum showed 
the D-band centered at 1352 cm−1, G-band at 1578 cm−1, and D′-band at 2659 cm−1, respectively (Fig. 5a). The 
intensity ratio of D-band to G-band is ca. 0.7, a value significantly higher than that obtained for un-doped CNTs. 
Since the D-band is a second order feature originated by structural defects in CNTs, the high ID/IG ratio suggests 
structural disorder, such as the presence of nitrogen dopants and vacancies within the tubes lattice (Fig. 5b)44. 
Furthermore, the characteristic bamboo-like morphology of CNTs shown in the inset of Fig. 5a provides a clear 
signature for nitrogen doping29,45–47. As indicated above, the successful incorporation of nitrogen dopants in 
the lattice is vital for enhancing the bio-compatibility of CNTs, but the exact mechanism of such enhancement 
requires further investigation29,31,48.

Figure 2. Schematics showing microdevice fabrication steps. (a) Spinning photoresist on a silicon substrate. (b) 
Exposing the photoresist layer to define double spiral pattern. (c) Iron catalyst thin film deposition. (d) Lift-off 
patterning of the iron catalyst layer. (e) Aligned CNxCNT synthesis. (f) Assembly of microfluidic device, and (g) 
Operation principle of the microfluidic device.
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Plasma extraction and albumin measurement. To characterize the plasma extraction performance, 
we measured the albumin concentration from different extractions (BCP Albumin Assay Kit #MAK 125, 
Sigma-Aldrich). Albumin is the most abundant protein inside plasma and serves as a biomarker of different 
diseases49–52. During extractions, we monitored blood flow in real-time under a bright-field optical micro-
scope to track red blood cells. Blood samples were drawn from a healthy donor into 10-mL EDTA coated tubes 
(Vacutainer; Becton Dickinson). Samples in EDTA tubes were processed within 24 hours. Before processing 
blood samples, we wet a microdevice by flushing a surfactant (0.5% Tween-20, #P9416 Sigma-Aldrich) until 
all the air inside a microdevice was replaced. Subsequently, we introduced PBS with a rate of 100 µL/min for 
five minutes to wash off the residual surfactant inside the microdevices. After flushing, we turned on a vacuum 
source connected to the outlet and started removing the residual PBS inside the microdevice. We transported 
blood samples into a microdevice at a rate of 100 µL/min. As demonstrated in Fig. 6a, we observed that red blood 
cells were transported and confined inside a double spiral channel. Simultaneously, plasma diffused through 
A-CNxCNT channels; yet blood cells were still confined inside the double spiral channel without leaking or clog-
ging. Time-lapse images shown in Fig. 6a reveal the initial stage of blood plasma is displacing the air inside the 
spiral channel at a speed of ~24 µm/sec (Fig. 6b). The filtrate plasma was then collected at outlet-ii. We measured 
albumin concentration using BCG Albumin Assay Kit (Sigma-Aldrich MAK124). The albumin concentrations of 
the original sample and outlet were 52.0 ± 2.1 mg/mL and 42.1 ± 4.1 mg/mL, respectively. Therefore, this device 
recovers 80.1 ± 5.4% of the albumin within the extracted plasma. The successful extraction of plasma is attributed 
to unique high porosity (>90%).

Conclusions
We successfully constructed a microfluidic device with a porous channel wall consisting of aligned CNxCNTs. 
This porous channel exhibits a high porosity (>90%) with a nanometer scale inter-tubular distance (~80 nm). 
This channel separates micron-scale blood cells, such as leukocytes (diameter: 12~17 µm) and erythrocytes 
(diameter: 3~5 µm) from nano-scale biomarkers, such as albumin (diameter: ~5 nm). These aligned tubes allowed 
an effective separation of micron-sized particles within whole blood, with a recovery rate of ~80%, averaged from 

Figure 3. Optical and scanning electron microscopy (SEM) images of grown CNxCNT before assembling the 
microfluidic device with PDMS. (a) Top-view optical image of the CNxCNT grown on channel wall following 
a double spiral pattern. (b) SEM image of the CNxCNT porous channel walls. (c) Zoom-in SEM image of an 
individual CNT porous channel wall. (d) Top surface of a CNxCNT channel wall. (f) Cross-sectional view of 
CNxCNT arrays, and (g) Zoom-in SEM image showing individual CNxCNTs.
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at least 20 devices. Also, this miniaturized device is disposable and three orders of magnitude lighter in weight 
than conventional centrifuges. This novel portable microdevice now allows point-of-care diagnostics by extract-
ing plasma containing proteins of key biomarkers.

Materials and Methods
Fabrication of iron catalyst thin film and CNT growth. Detailed information is described in our previ-
ous report34. In short, the iron catalyst thin film was deposited by e-beam evaporation and further patterned by a 
lift-off process. The CNxCNT was synthesized by AACVD using Benzylamine as a precursor. The deposition was 
performed at 825 °C for 30 minutes, under argon and 15% hydrogen flow of 2.5 L/min.

Raman characterization of CNxCNT. A Raman microscopy (Renishaw, InVia) with a 514 nm laser was 
employed. Spectra were acquired under a 50× objective lens for 30 seconds.

Figure 4. Characterization of A- CNxCNTs for different synthesis times. (a) Illustration of aligned CNxCNTs 
with labels showing the physical dimensions of diameter (D) and inter-tubular distance (ITD). (b) Height. (c) 
Diameter and Line density, and (d) Inter-tubular distance and porosity.

Figure 5. Raman characterization of CNxCNTs. (a) Raman spectra of aligned CNxCNTs. Inset is a transmission 
electron microscopy (TEM) image of an individual CNxCNT, and (b) Intensity ratio of the D- to G-band under 
different synthesis times.
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Device assembly and experimental setup. As described in our previous study34, the PDMS mold was 
manufactured by using a commercialized kit (Sylgard 184, Dow Corning). Before bonding, RF oxygen plasma 
(M4L, PVA TePla Inc) was applied to activate both the PDMS and CNxCNT surfaces. After bonding, the microde-
vices were baked at 85 °C for four hours.

References
 1. De Volder, M. F. L., Tawfick, S. H., Baughman, R. H. & Hart, A. J. Carbon Nanotubes: Present and Future Commercial Applications. 

Science 339, 535–539, https://doi.org/10.1126/science.1222453 (2013).
 2. Jorio, A., Dresselhaus, G. & Dresselhaus, M. S. Carbon Nanotubes: Advanced Topics in the Synthesis, Structure, Properties and 

Applications. 1. Aufl. edn, (Springer-Verlag, 2008).
 3. Terrones, M. Science and Technology of the Twenty-First Century: Synthesis, Properties, and Applications of Carbon Nanotubes. 

Annu. Rev. Mater. Res. 33, 419–501, https://doi.org/10.1146/annurev.matsci.33.012802.100255 (2003).
 4. Baughman, R. H., Zakhidov, A. A. & de Heer, W. A. Carbon nanotubes - the route toward applications. Science 297, 787–792, https://

doi.org/10.1126/science.1060928 (2002).
 5. Kim, P. & Lieber, C. M. Nanotube Nanotweezers. Science 286, 2148–2150, https://doi.org/10.1126/science.286.5447.2148 (1999).
 6. Hafner, J. H., Cheung, C. L. & Lieber, C. M. Growth of nanotubes for probe microscopy tips. Nature 398, 761–762 (1999).
 7. Wong, S. S., Joselevich, E., Woolley, A. T., Cheung, C. L. & Lieber, C. M. Covalently functionalized nanotubes as nanometre- sized 

probes in chemistry and biology. Nature 394, 52–55 (1998).
 8. Bachtold, A., Hadley, P., Nakanishi, T. & Dekker, C. Logic Circuits with Carbon Nanotube Transistors. Science 294, 1317–1320, 

https://doi.org/10.1126/science.1065824 (2001).
 9. Tans, S. J., Verschueren, A. R. M. & Dekker, C. Room-temperature transistor based on a single carbon nanotube. Nature 393, 49–52 

(1998).
 10. Martel, R., Schmidt, T., Shea, H. R., Hertel, T. & Avouris, P. Single- and multi-wall carbon nanotube field-effect transistors. Appl. 

Phys. Lett. 73, 2447–2449, https://doi.org/10.1063/1.122477 (1998).
 11. Zhong, D. Y. et al. Lithium storage in polymerized carbon nitride nanobells. Appl. Phys. Lett. 79, 3500–3502, https://doi.

org/10.1063/1.1419034 (2001).
 12. Endo, M. et al. Vapor-grown carbon fibers (VGCFs). Carbon 39, 1287–1297, https://doi.org/10.1016/S0008-6223(00)00295-5 

(2001).
 13. Endo, M., Kim, C., Nishimura, K., Fujino, T. & Miyashita, K. Recent development of carbon materials for Li ion batteries. Carbon 38, 

183–197, https://doi.org/10.1016/S0008-6223(99)00141-4 (2000).
 14. Che, G., Lakshmi, B. B., Fisher, E. R. & Martin, C. R. Carbon nanotubule membranes for electrochemical energy storage and 

production. Nature 393, 346–349 (1998).
 15. Jurewicz, K., Delpeux, S., Bertagna, V., Béguin, F. & Frackowiak, E. Supercapacitors from nanotubes/polypyrrole composites. Chem. 

Phys. Lett. 347, 36–40, https://doi.org/10.1016/S0009-2614(01)01037-5 (2001).
 16. Baughman, R. H., Zakhidov, A. A. & De Heer, W. A. Carbon nanotubes–the route toward applications. science 297, 787–792 (2002).

Figure 6. Top views of the blood transported inside the microdevice and characterization of the extraction 
rate and efficiency of albumin. (a) Bright field images of whole blood introduced inside a microdevice (before 
extraction) and time-lapsed images of plasma extraction (at the beginning of extraction). The yellow dot lines 
indicate the boundary of A-CNxCNT walls. (b) Measurements of extraction efficiency over time. (n = 4), and 
(c) Albumin concentration measured from original blood and the extracted plasma samples using our devices. 
(n = 6).

http://dx.doi.org/10.1126/science.1222453
http://dx.doi.org/10.1146/annurev.matsci.33.012802.100255
http://dx.doi.org/10.1126/science.1060928
http://dx.doi.org/10.1126/science.1060928
http://dx.doi.org/10.1126/science.286.5447.2148
http://dx.doi.org/10.1126/science.1065824
http://dx.doi.org/10.1063/1.122477
http://dx.doi.org/10.1063/1.1419034
http://dx.doi.org/10.1063/1.1419034
http://dx.doi.org/10.1016/S0008-6223(00)00295-5
http://dx.doi.org/10.1016/S0008-6223(99)00141-4
http://dx.doi.org/10.1016/S0009-2614(01)01037-5


www.nature.com/scientificreports/

7Scientific RepoRTs |  (2018) 8:13623  | DOI:10.1038/s41598-018-31810-x

 17. Tanaka, H., El-Merraoui, M., Steele, W. A. & Kaneko, K. Methane adsorption on single-walled carbon nanotube: a density functional 
theory model. Chem. Phys. Lett. 352, 334–341, https://doi.org/10.1016/S0009-2614(01)01486-5 (2002).

 18. Trasobares, S. et al. Electron beam puncturing of carbon nanotube containers for release of stored N2 gas. Eur. Phys. J. B 22, 117–122, 
https://doi.org/10.1007/bf01322353 (2001).

 19. Gadd, G. E. et al. The World’s Smallest Gas Cylinders? Science 277, 933–936, https://doi.org/10.1126/science.277.5328.933 (1997).
 20. Sugie, H. et al. Carbon nanotubes as electron source in an x-ray tube. Appl. Phys. Lett. 78, 2578–2580, https://doi.

org/10.1063/1.1367278 (2001).
 21. Rosen, R. et al. Application of carbon nanotubes as electrodes in gas discharge tubes. Appl. Phys. Lett. 76, 1668–1670, https://doi.

org/10.1063/1.126130 (2000).
 22. Rinzler, A. G. et al. Unraveling Nanotubes: Field Emission from an Atomic Wire. Science 269, 1550–1553, https://doi.org/10.1126/

science.269.5230.1550 (1995).
 23. de Heer, W. A., Châtelain, A. & Ugarte, D. A Carbon Nanotube Field-Emission Electron Source. Science 270, 1179–1180, https://doi.

org/10.1126/science.270.5239.1179 (1995).
 24. Sohn, J. I. et al. Patterned selective growth of carbon nanotubes and large field emission from vertically well-aligned carbon 

nanotube field emitter arrays. Appl. Phys. Lett. 78, 901–903, https://doi.org/10.1063/1.1335846 (2001).
 25. Biercuk, M. J. et al. Carbon nanotube composites for thermal management. Appl. Phys. Lett. 80, 2767–2769, https://doi.

org/10.1063/1.1469696 (2002).
 26. Qian, D., Dickey, E. C., Andrews, R. & Rantell, T. Load transfer and deformation mechanisms in carbon nanotube-polystyrene 

composites. Appl. Phys. Lett. 76, 2868–2870, https://doi.org/10.1063/1.126500 (2000).
 27. Kumar, S., Rani, R., Dilbaghi, N., Tankeshwar, K. & Kim, K. H. Carbon nanotubes: a novel material for multifaceted applications in 

human healthcare. Chem. Soc. Rev. 46, 158–196, https://doi.org/10.1039/c6cs00517a (2017).
 28. Liu, Z., Tabakman, S., Welsher, K. & Dai, H. Carbon Nanotubes in Biology and Medicine: In vitro and in vivo Detection, Imaging and 

Drug Delivery. Nano Res. 2, 85–120, https://doi.org/10.1007/s12274-009-9009-8 (2009).
 29. Mihalchik, A. L. et al. Effects of nitrogen-doped multi-walled carbon nanotubes compared to pristine multi-walled carbon 

nanotubes on human small airway epithelial cells. Toxicology 333, 25–36, https://doi.org/10.1016/j.tox.2015.03.008 (2015).
 30. Elias, A. L. et al. Viability studies of pure carbon- and nitrogen-doped nanotubes with Entamoeba histolytica: From amoebicidal to 

biocompatible structures. Small 3, 1723–1729, https://doi.org/10.1002/smll.200700331 (2007).
 31. Carrero-Sánchez, J. C. et al. Biocompatibility and Toxicological Studies of Carbon Nanotubes Doped with Nitrogen. Nano Lett. 6, 

1609–1616, https://doi.org/10.1021/nl060548p (2006).
 32. Wang, J. Carbon‐nanotube based electrochemical biosensors: A review. Electroanalysis 17, 7–14 (2005).
 33. Peigney, A., Laurent, C., Flahaut, E., Bacsa, R. R. & Rousset, A. Specific surface area of carbon nanotubes and bundles of carbon 

nanotubes. Carbon 39, 507–514, https://doi.org/10.1016/S0008-6223(00)00155-X (2001).
 34. Yeh, Y.-T. et al. Tunable and label-free virus enrichment for ultrasensitive virus detection using carbon nanotube arrays. Sci. Adv. 2, 

e1601026 (2016).
 35. Fachin, F., Chen, G. D., Toner, M. & Wardle, B. L. Integration of Bulk Nanoporous Elements in Microfluidic Devices With 

Application to Biomedical Diagnostics. J. Microelectromech. Syst. 20, 1428–1438, https://doi.org/10.1109/JMEMS.2011.2167669 
(2011).

 36. Chen, G. D., Fachin, F., Fernandez-Suarez, M., Wardle, B. L. & Toner, M. Nanoporous Elements in Microfluidics for Multiscale 
Manipulation of Bioparticles. Small 7, 1061–1067, https://doi.org/10.1002/smll.201002076 (2011).

 37. Kersaudy-Kerhoas, M. & Sollier, E. Micro-scale blood plasma separation: from acoustophoresis to egg-beaters. Lab Chip 13, 
3323–3346, https://doi.org/10.1039/c3lc50432h (2013).

 38. Terrones, M. et al. N-doping and coalescence of carbon nanotubes: synthesis and electronic properties. Appl. Phys. A-Mater. Sci. 
Process. 74, 355–361, https://doi.org/10.1007/s003390201278 (2002).

 39. Li, W. Z. et al. Large-Scale Synthesis of Aligned Carbon Nanotubes. Science 274, 1701–1703, https://doi.org/10.1126/
science.274.5293.1701 (1996).

 40. Vafai, K. & Vafai, K. Handbook of Porous Media. (CRC Press, 2000).
 41. Dresselhaus, M. S., Dresselhaus, G., Saito, R. & Jorio, A. Raman spectroscopy of carbon nanotubes. Phys. Rep. 409, 47–99 (2005).
 42. Jorio, A. et al. Structural (n, m) determination of isolated single-wall carbon nanotubes by resonant Raman scattering. Phys. Rev. 

Lett. 86, 1118–1121, https://doi.org/10.1103/PhysRevLett.86.1118 (2001).
 43. Dresselhaus, M. S., Jorio, A., Hofmann, M., Dresselhaus, G. & Saito, R. Perspectives on carbon nanotubes and graphene Raman 

spectroscopy. Nano Lett. 10, 751–758 (2010).
 44. Villalpando-Paez, F. et al. Synthesis and characterization of long strands of nitrogen-doped single-walled carbon nanotubes. Chem. 

Phys. Lett. 424, 345–352, https://doi.org/10.1016/j.cplett.2006.04.074 (2006).
 45. Terrones, M. et al. Efficient route to large arrays of CNx nanofibers by pyrolysis of ferrocene/melamine mixtures. Appl. Phys. Lett. 

75, 3932–3934, https://doi.org/10.1063/1.125498 (1999).
 46. Dehonor, M. et al. Nanotube brushes: polystyrene grafted covalently on CNx nanotubes by nitroxide-mediated radical 

polymerization. Chem. Comm., 5349–5351, https://doi.org/10.1039/B510471H (2005).
 47. Czerw, R. et al. Identification of electron donor states in N-doped carbon nanotubes. Nano Lett. 1, 457–460 (2001).
 48. Zamudio, A. et al. Efficient Anchoring of Silver Nanoparticles on N-Doped Carbon Nanotubes. Small 2, 346–350, https://doi.

org/10.1002/smll.200500348 (2006).
 49. Wasung, M. E., Chawla, L. S. & Madero, M. Biomarkers of renal function, which and when? Clinica chimica acta; international 

journal of clinical chemistry 438, 350–357, https://doi.org/10.1016/j.cca.2014.08.039 (2015).
 50. Prucha, M., Bellingan, G. & Zazula, R. Sepsis biomarkers. Clinica chimica acta; international journal of clinical chemistry 440, 

97–103, https://doi.org/10.1016/j.cca.2014.11.012 (2015).
 51. Lee, J. L., Oh, E. S., Lee, R. W. & Finucane, T. E. Serum Albumin and Prealbumin in Calorically Restricted, Nondiseased Individuals: 

A Systematic Review. The American journal of medicine 128, 1023.e1021–1022, https://doi.org/10.1016/j.amjmed.2015.03.032 
(2015).

 52. Anguizola, J. et al. Review: Glycation of human serum albumin. Clinica chimica acta; international journal of clinical chemistry 425, 
64–76, https://doi.org/10.1016/j.cca.2013.07.013 (2013).

Acknowledgements
This project was supported by Thrasher Research Fund (TRF13731), and US Air Force Office of Scientific 
Research MURI grant 3A78-15-441 and FA9550-12-1-0471.

Author Contributions
Y.-T.Y. designed and conducted experiments, analyzed data, and wrote the manuscript. Z.L. analyzed data and 
wrote the manuscript. S.-Y.Z. conceived the project. M.T. conceived the project and wrote the manuscript.

http://dx.doi.org/10.1016/S0009-2614(01)01486-5
http://dx.doi.org/10.1007/bf01322353
http://dx.doi.org/10.1126/science.277.5328.933
http://dx.doi.org/10.1063/1.1367278
http://dx.doi.org/10.1063/1.1367278
http://dx.doi.org/10.1063/1.126130
http://dx.doi.org/10.1063/1.126130
http://dx.doi.org/10.1126/science.269.5230.1550
http://dx.doi.org/10.1126/science.269.5230.1550
http://dx.doi.org/10.1126/science.270.5239.1179
http://dx.doi.org/10.1126/science.270.5239.1179
http://dx.doi.org/10.1063/1.1335846
http://dx.doi.org/10.1063/1.1469696
http://dx.doi.org/10.1063/1.1469696
http://dx.doi.org/10.1063/1.126500
http://dx.doi.org/10.1039/c6cs00517a
http://dx.doi.org/10.1007/s12274-009-9009-8
http://dx.doi.org/10.1016/j.tox.2015.03.008
http://dx.doi.org/10.1002/smll.200700331
http://dx.doi.org/10.1021/nl060548p
http://dx.doi.org/10.1016/S0008-6223(00)00155-X
http://dx.doi.org/10.1109/JMEMS.2011.2167669
http://dx.doi.org/10.1002/smll.201002076
http://dx.doi.org/10.1039/c3lc50432h
http://dx.doi.org/10.1007/s003390201278
http://dx.doi.org/10.1126/science.274.5293.1701
http://dx.doi.org/10.1126/science.274.5293.1701
http://dx.doi.org/10.1103/PhysRevLett.86.1118
http://dx.doi.org/10.1016/j.cplett.2006.04.074
http://dx.doi.org/10.1063/1.125498
http://dx.doi.org/10.1039/B510471H
http://dx.doi.org/10.1002/smll.200500348
http://dx.doi.org/10.1002/smll.200500348
http://dx.doi.org/10.1016/j.cca.2014.08.039
http://dx.doi.org/10.1016/j.cca.2014.11.012
http://dx.doi.org/10.1016/j.amjmed.2015.03.032
http://dx.doi.org/10.1016/j.cca.2013.07.013


www.nature.com/scientificreports/

8Scientific RepoRTs |  (2018) 8:13623  | DOI:10.1038/s41598-018-31810-x

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	A carbon nanotube integrated microfluidic device for blood plasma extraction

	Design and Manufacturing of the Plasma Extraction Device

	Results

	Characterization of a double spiral microdevice. 
	Plasma extraction and albumin measurement. 

	Conclusions

	Materials and Methods

	Fabrication of iron catalyst thin film and CNT growth. 
	Raman characterization of CNxCNT. 
	Device assembly and experimental setup. 

	Acknowledgements

	Figure 1 Illustration of microdevice assembly and labels showing sample access ports.
	Figure 2 Schematics showing microdevice fabrication steps.
	Figure 3 Optical and scanning electron microscopy (SEM) images of grown CNxCNT before assembling the microfluidic device with PDMS.
	Figure 4 Characterization of A- CNxCNTs for different synthesis times.
	Figure 5 Raman characterization of CNxCNTs.
	Figure 6 Top views of the blood transported inside the microdevice and characterization of the extraction rate and efficiency of albumin.




