
Nanoscale

COMMUNICATION

Pu
bl

is
he

d 
on

 1
6 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l T
si

ng
 H

ua
 U

ni
ve

rs
ity

 o
n 

2/
12

/2
01

9 
9:

10
:0

3 
A

M
. 

View Article Online
View Journal  | View Issue
aElectrical and Computer Engineering, Natio

Drive 3, 117576, Singapore. E-mail: elelc@n
bDepartment of Pharmacy, National Unive

117543, Singapore. E-mail: phapg@nus.edu
cInstitute of NanoEngineering and MicroSy

Engineering, National Tsing Hua Univer

Hsinchu, Taiwan, 30013, R. O. C. E-mail: fa
dDepartment of Microbiology, Immunolog

Singapore, 10 Kent Ridge Crescent, 119260,

† Electronic supplementary information
and BPSM and detailed fabrication pr
10.1039/c3nr02742b

Cite this: Nanoscale, 2013, 5, 8488

Received 27th May 2013
Accepted 12th July 2013

DOI: 10.1039/c3nr02742b

www.rsc.org/nanoscale

8488 | Nanoscale, 2013, 5, 8488–849
Development of stretchable membrane based
nanofilters using patterned arrays of vertically
grown carbon nanotubes†

Hao Wang,ab Zhuolin Xiang,a Chih-Fan Hu,c Aakanksha Pant,b Weileun Fang,c

Sylvie Alonso,d Giorgia Pastorin*b and Chengkuo Lee*a
A unique process which utilizes membrane based vertically grown

carbon nanotubes (CNTs) as nanofilters for a mass transport study is

presented here. By using ions, ss-DNA and haemagglutinin as testing

molecules of different dimensions, themass transport function of the

CNT membrane is investigated under pressure difference and/or

electric field.
Nanometer scale lters of high chemical selectivity and high
ux are strongly desired for chemical separation,1–6 drug
delivery7–10 and wastewater remediation.11 To investigate the
effects of target molecules versus pore size and force interac-
tions between target molecules and surface state of pores, many
approaches regarding the fabrication of nano-scale lters of
pore sizes ranging from 1 to 10 nm have been characterized,
which include functionalized polymer affinity membranes,12

block copolymers,13 mesoporous macromolecular architec-
tures13 and hollow carbon nanotubes (CNTs).1–3,5,6,13–24 Among
these, CNTs are a very promising material. Vertically aligned
CNT forests grown from macro- or micro-patterned catalyst
layers have been reported.25,26 When compared with other
nanofabrication technologies,27 the CNT growth techniques are
easier, cheaper and more suitable for mass fabrication. On the
other hand, investigation on mass transport through CNTs has
been an interesting topic as well.1,28–46 Most of these studies just
focus on the study of mass transport by applying an electric eld
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since their devices are too fragile to withstand any pressure.
Mass transport through CNTs by applying pressure remains an
unexplored topic. More importantly, none of these reported
devices yet use patterned CNT forests which is also highly
desired for further integration with other microuidics to make
a complicated device with advanced functions. To overcome
these two advantages and explore the application of CNT
nanolters, a unique process is proposed to fabricate
membrane based CNT nanolters using patterned CNT bundles
in this paper. This membrane based CNT nanolters can
withstand high pressure. This attractive feature has an impact
on the current nano-scale lters.

Our devices enable us to study the mass transport and lter
function at high pressure. This high pressure environment is
preferred in various practical applications for nanolters.
Characterization of ion transport by both pressure and electric
eld is carried out to ensure the functionality of the CNT
membranes. Two molecules, ss-DNA and haemagglutinin, of
different dimensions are used in permeability tests to show
that the CNT membranes fabricated could be deployed as
nanolters which enable selective drug delivery by size exclu-
sion. Finally, diffusion of bacteria is investigated to prove the
nanolter function which can successfully block bacteria and is
preferred for drug purication and separation.

Scheme 1 shows the experimental steps for the fabrication of
membrane based nanolters shown in Fig. 1 using patterned
CNT bundles. A substrate with arrays of vertically aligned CNT
patterns (Fig. 2(a)) is rst reinforced by CVD grown parylene
(Scheme 1, step 1) so that parylene molecules are inltrated into
the intertube space (Fig. 2(b)). The parylene layer together with
patterned CNT arrays is then peeled off from the substrate and
the catalyst layer on the backside is etched off by oxygen plasma
(Scheme 1, step 2). The backside catalyst layer is shown in
Fig. 2(c). The catalyst layer is etched away by oxygen plasma
(Fig. 2(d)). The released parylene layer is then attached to a
prebaked SU-8 substrate. The Su-8 substrate is baked and
cooled to achieve bonding with parylene (Scheme 1, step 3).
Vertical microuidic channels under CNT bundles shown in
This journal is ª The Royal Society of Chemistry 2013
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Scheme 1 Schematic representation of the experimental steps showing the
fabrication of membrane based nanofilters.

Fig. 1 (a) 3D schematic drawing of the detailed layer structure of the devices. (b)
SEM picture taken from the back side of the SU-8 layer showing a hole under a
CNT bundle on the SU-8 layer. (c) 3D schematic drawing of the device. (d) SEM
picture of the CNT bundles with top end open; (e) 3D schematic drawing of the
CNT bundle with top end open. The scale bar for (b) and (d) is 10 mm.

Fig. 2 (a) An individual CNT bundle grows from the catalyst layer, the diameter
of the CNT bundle is 50 mm, and the height of the CNT bundle is 50 mm; (b) an
individual CNT bundle reinforced by parylene; the thickness of the parylene layer
is 10 mm; (c) the catalyst layer seals the bottom of the CNT bundle; (d) the catalyst
layer is etched by oxygen plasma; (e) TEM picture showing the inner diameter of
the CNTs as 10 nm; the scale bar for (a) to (d) is 10 mm.
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Fig. 1(b) are patterned by standard lithography (Scheme 1,
step 4). The bottom sides of the CNT bundles are open. The top
sides of the CNT bundles are opened by oxygen plasma etching
(Scheme 1, step 5). Fig. 1(d) shows the CNT bundles with top
open. Fig. 1(e) shows the 3D schematic drawing of the open CNT
bundle for a better understanding. The whole parylene layer is
etched off since there was no mask in the etching process. The
parylene sidewall remains due to the anisotropic property of
plasma etching. These parylene sidewalls provide bonding
which makes the CNT bundles x onto the SU-8 substrate. Two
PDMS layers are further bonded at the bottom of the device for
tubing and tests (Fig. 1(a) and (b)). The detailed steps are
depicted in Fig. S1 of the ESI.†

The bonding strength between parylene and SU-8 is very
strong. The detachment between parylene and substrate20 will
not occur here. Because we use CNT bundles of small patterns
instead of whole CNT forests of large area, the CNT forests will
not break by applying pressure. These two differences make our
device withstand high pressure.

The mass transport of ions and biomolecules of nanolter
samples of different dimensions is measured by applying an elec-
tric eld and pressure based on the test setup shown in Fig. 3(a).
This journal is ª The Royal Society of Chemistry 2013
A Ti electrode penetrated the PDMS layer and connected
the solution inside the PDMS chamber. Bias could be applied
via this electrode. A test solution of a very small volume was
pre-loaded in the device chamber and part of the tube. This
preloading is necessary to get rid of the air in the device
chamber and make the solution in contact with the surface of
CNT bundles. The tube connected the device with a syringe and
a pressure sensor. The syringe could be driven by a syringe
pump to give air pressure and the air pressure is calibrated
using the pressure sensor.

Based on our observation, the CNT nanolters are able to
sustain under a pressure level of 40 kPa, but for some samples,
leakage between the interface of PDMS and SU-8 was detected at
a pressure level higher than 25 kPa. Thus, the pressure level was
limited within 25 kPa in our experiments. The device was
loaded in the beaker. The liquid surface in the beaker should be
kept lower than the exposed part of the electrode inserted in
PDMS. This was to avoid the two electrodes being shorted by the
solution connection. Another Ti electrode was immersed into
the solution in the beaker.

The two electrodes were connected to a semiconductor
characterization system (KEITHLEY 4200) which could apply
bias and measure the current simultaneously. The resultant
solution was sampled from the solution inside the beaker.

For the study of driving ions by an electric eld, NaCl solu-
tion was loaded in both the beaker and the tube. The solution
volume in the beaker was 60 ml and in the tube it was about
0.2 ml. A bias of 5 V was applied between the two Ti electrodes
for 160 min. The electrode in the beaker was grounded and the
electrode in the tube was positively biased. No air pressure is
applied. No obvious electrolysis of water is observed. Two
concentrations of NaCl solution, 1 mol L�1 and 0.1 mol L�1,
were employed to study the relationship between the ion
concentration and the ionic current. The experiments were
Nanoscale, 2013, 5, 8488–8493 | 8489
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Fig. 3 (a) Test setup for applying an electric field and pressure; (b) schematic
drawing of the ion diffusion and ion depletion in the device chamber.

Fig. 4 (a) The ionic current through the CNT membranes as a function of time in
different NaCl concentrations; (b) the ionic current as a function of time under
square wave bias in different NaCl concentrations. The green line and pink line
indicate the difference between peak values of the ionic current. (c) The pH value
of the NaCl solution with different concentrations as a function of time; (d) the pH
value of the HCl solution under different driving pressures as a function of time.

Nanoscale Communication

Pu
bl

is
he

d 
on

 1
6 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l T
si

ng
 H

ua
 U

ni
ve

rs
ity

 o
n 

2/
12

/2
01

9 
9:

10
:0

3 
A

M
. 

View Article Online
carried out at room temperature (�26 �C). The solution in the
beaker was sampled for pH measurement at 10, 20, 40, 80 and
160 min. The change of ionic current was recorded as shown in
Fig. 4(a). The ionic current quickly dropped down as a function
of time. The peak values of the ionic current of NaCl concen-
tration 0.1 mol L�1 and 1 mol L�1 were 9.5 � 10�5 A and 2.4 �
10�5 A, respectively. The large peak value difference suggests
that the main transport mechanism under an electric eld is
through electrophoresis.23 The drop of the ionic current may be
due to two possible reasons. First, the change of pH value
altered the property of the CNTs' inner wall surface which
enhanced the interaction between ions and CNTs' inner wall
surface. This pH value change was caused by electrolysis of NaCl
solution. The reaction in the beaker is:

2NaCl + 2H2O + 2e� / 2NaOH + H2[ + 2Cl�;

so the solution will be alkaline and the pH value will rise. And
the reaction in the tube is:

2NaCl + 2H2O / 2Na+ + HCl + HOCl + 2e�;

so the solution will be acidic and the pH value will drop. The
change of the pH value is shown in Fig. 4(c). The NaCl solution
of higher concentration had a higher pH value which indicates a
faster reaction rate. And the difference of pH value inside the
beaker and tube increased with time. However, according to
Fig. 4(a), the ionic current tends to stabilize with time. So the
change of the pH value should not be the reason for the drop
of ionic current. It is also reported that the pH value of the
solution does not signicantly affect the ionic current and the
conductance of CNTs.20 The second possible reason is the
depletion of the ions in the PDMS chamber. The high peak
values of the ionic currents stand for fast ion transport. This fast
ion transport may cause depletion which cannot be compen-
sated by the ion diffusion from other regions. As shown in
Fig. 3(b), the geometry of the device chamber connecting the
CNT bundles is very limited. Maybe ions cannot efficiently
diffuse from other places into this region when ions at this
region quickly pass through the CNT bundles. Then the deple-
tion of ions in the PDMS chamber causes the drop of the ionic
current. We carried out an experiment to prove it. The 5 V bias
was applied in a square wave mode with a duty cycle of 1 min on
and 1 min off. This square wave mode bias was applied for
8490 | Nanoscale, 2013, 5, 8488–8493
several cycles and the recorded ionic current is shown in
Fig. 4(b). The ionic current dropped when the bias was on.
When the bias was not off, the solution in the device chamber
was replenished with ions by diffusion from other regions.
Thus, when the bias was on again, the peak value of the ionic
current recovered to a certain level. But since 1 min time
duration was insufficient for the recovery of ion concentration
in the device chamber to its initial value, the peak value of
the ionic current still had a slight drop. The green line
shows the drop of peak values from about 1.5 � 10�5 A to about
1.4 � 10�5 A for 1 mol L�1 NaCl concentration.

For the study of driving ions by pressure, 0.2 ml of 3.7% HCl
solution was preloaded in the tube. 60 ml of DI water was
loaded in the beaker. Air pressures of 10 kPa and 20 kPa were
applied for 80 min to study the relationship between pressure
and permeability with a zero bias voltage. The solution in the
beaker was sampled at 10, 20, 40 and 80 min. The pH value of
solution samples was measured using a pH meter (CORNING
Pinnacle, Model: 530) as shown in Fig. 4(d). The line of 20 kPa
pressure shows a greater pH value drop than that of 10 kPa. At
80 min, the pH values of solution aer applying 10 kPa and 20
kPa were 4.25 and 3.97, respectively. According to the denition
of pH value, pH ¼ �log[H+]; [H+] refers to the H+ concentration.

The ratio of H+ concentration is [H+]20 kPa/[H
+]10 kPa¼ 104.25/

103.97¼ 1.9. The ratio of H+ concentration was almost the same
as the ratio of pressure level. This result suggests a linear rela-
tionship between themass transport rate and the pressure level,
which is consistent with the reported result.20

In the study of large molecule translocation through CNT
membranes, ss-DNA and haemagglutinin were employed to
study the CNT bundles' lter function. The inner diameter of
the CNTs in this study is 10 nm (Fig. 2(e)). The ss-DNA, the
cross-sectional dimension of which is smaller than 10 nm, was
expected to pass through CNT membranes just by applying
pressure. And haemagglutinin, the shape of which is like a
cylinder and dimension is approximately 13.5 nm long that is
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (a) IR spectra of ss-DNA in the beaker after applying 25 kPa pressure and
after applying both 25 kPa pressure and 5 V bias; (b) IR spectra of haemagglutinin
in the beaker after applying 25 kPa pressure and after applying both 25 kPa
pressure and 5 V bias.
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larger than the inner diameter of the CNTs, was not expected to
pass through CNT membranes by applying pressure.

A combination of pressure and electric eld driven method
that could drive ss-DNA through CNTs is reported.23 In the
experiment with ss-DNA, 60 ml of DI water was loaded in
the beaker and a droplet of ss-DNA solution was preloaded in
the tube. A pressure of 25 kPa was applied for 7 hours. The
solution in the beaker was sampled aer the experiment. The
absorbance spectra were recorded by FTIR (Fourier transform
infrared spectroscopy Cary 660-FT-IR). DI water was used as a
background sample to show the absorbance in Fig. 5(a). The
green line shows that ss-DNA could pass through CNT
membranes just by applying pressure. The absorbance shown
in Fig. 5(a) suggests that more ss-DNA could pass through CNTs
by the additional electric eld.

In the case of haemagglutinin under pressure driven
conditions, no absorbance was observed in the spectra of
samples measured at an applied pressure of 10, 15 and 20 kPa
for 7 hours. Fig. 5(b) shows the measured spectrum under
25 kPa for the above samples for an additional 15 hours. Again
no absorbance was observed. Then a pressure level of 25 kPa
and a bias of 5 V were applied together. The measured spectrum
indicates a weak absorbance as shown in Fig. 5(b). It suggests
that haemagglutinin could pass through CNTs when the pres-
sure and electric eld were applied together. But the trans-
location rate was relatively low compared to that of ss-DNA. This
is because the dimension of haemagglutinin is much larger
than that of ss-DNA. The test result shows that permeability
decreases with the increase of dimension of the molecule.
Fig. 6 (a) Result of bacterium culturing of the solution sampled from the device
chamber, bacterial colonies were observed; (b) result of bacterium culturing of the
solution loaded in the beaker, no bacterial colony was found.

This journal is ª The Royal Society of Chemistry 2013
To conrm that CNT nanolters could block all micro-scale
substances, we further tried passing bacteria through CNT
nanolters. In this experiment, PBS and BPSM (Bordetella
pertussis, streptomycin resistant) are employed. The test setup is
shown in Fig. 3(a). 0.1 ml of mixed solution was loaded in the
device and PBS was loaded in the beaker. A combination of
pressure and electric eld driven method was used to drive the
PBS through the CNT nanolters. The pressure is 20 kPa and
the electric bias is 5 V. To detect the bacteria at very low
concentration, the solution should be sampled for cell culture
and enrichment. To ensure that the bacteria were viable at
ambient temperature during the experiment, the test was con-
ducted for 2 hours. The solution sampled in the beaker was
cultured on blood agar plates for 5 days to see whether bacteria
passed through the CNT nanolters. The solution with bacteria
loaded in the device chamber was also cultured as a control
group for comparison. Fig. 6(a) shows the result of bacterial
culturing of the solution sampled from the device chamber.
Aer 5 days of culturing, bacterial colonies were observed.
Fig. 6(b) shows the result of bacterial culturing of the solution
sampled in the beaker. No bacterial colony was found which
conrms a perfect bacterium blockage.

In conclusion, we propose a new fabrication process for
stretchable membrane based nanolters using patterned arrays
of vertically grown carbon nanotube bundles. The functionality
is proved by pumping ions through CNT membranes either by
applying pressure or electric eld. A linear relationship between
themass transport rate and the driving pressure is observed. The
ss-DNA could pass through the CNT membranes by applying
high pressure and an additional electric eld can further
enhance the permeability. However, haemagglutinin the
dimension of which is close to the inner diameter of the CNTs
cannot pass through the CNT membranes just by applying
pressure but an additional electric eld could make it pass
through. This proves that the permeability through CNT nano-
lters is highly dependent on themolecular weight and physical
dimension. Micro-scale bacteria would be totally blocked which
conrms the device's high quality and reliability. The test results
prove that the CNTmembranes could be deployed as nanolters
working at high pressure which is not reported yet. The CNT
nanolters of patterned CNT bundles on exible polymer
materials enable further integration with othermicrouidics for
chemical and pharmaceutical applications. These results also
indicate that the device could be used for size matching molec-
ular sieving. Just by using the same process on CNTs of different
inner diameters, the devices could be used for different kinds of
chemical separation. It is also possible to involve surface func-
tionalization to enhance the capability of chemical separation.

This work is supported by MOE: ARF-Tier 2 grant: Nano-
needle Devices for Transdermal Vaccine Delivery (WBS:
263000598112 and R-398000068112).
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