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ABSTRACT

A novel procedure for nanostructuring on carbon surfaces by depositing buffer droplets containing a unique protein (MspA porin from
Mycobacterium smegmatis) and a PMMA prepolymer, followed by thermal curing and high vacuum treatment, was developed. The formation
of protein/PMMA nanostructures on carbon surfaces depended on the amount of protein/prepolymer deposited and the temperature during
and after the deposition process. The nanostructures were analyzed quantitativly using computer-supported high-resolution transmission
electron micrography (TEM).

Introduction. In the current literature, a wide range of
methods for the nanostructuring of (mostly metal) surfaces
is reported. The most advanced technologies are commonly
described as electrochemical nanostructuring (by tip-induced
metal deposition or oxidation)1-3 and atomic force micro-
scope (AFM) lithography.4-6 Electrochemical methods are
based on the technology of the scanning tunneling micro-
scope (STM).7-9 Finally, we must not neglect the lithography
procedures with the highest application potential so far,
namely photolithograhy,10 electron-beam lithography,11 and
soft lithography.12 However, until now the most significant
disadvantage of electrochemical nanostructuring and AFM
lithography is that nanostructuring has to be performed atom
by atom or fragment by fragment, respectively. Conse-
quently, the defined nanostructuring of surfaces has been time
consuming and expensive. Therefore, the generation of well-
defined nanostructures by protein or macromolecule deposi-
tion on two-dimensional surfaces would represent a consid-
erable advantage compared to the technologies previously
mentioned. In recent years, great progress has been made in
the quantitative determination of the driving forces respon-
sible for the formation of supramolecular structures in the
electronic ground states13-15 such as charge-interactions,16

hydrogen bonding,17 and hydrophobic forces.18 This kind of
analysis is not yet possible for the deposition of polymer-
and protein-monolayers on surfaces. However, many well-
ordered structures of proteins at surfaces have been obtained
by using a variety of deposition techniques.19-21 Nanostruc-
tured layers on surfaces possess many interesting electro-
chemical and photoelectrochemical properties22 and have
been used successfully for the design of electrochemical
biosensors.23,24 In addition, the formation and properties of
self-assembled nanostructures made from proteins can be
tailored to specific needs by site-directed mutagenesis.
However, most proteins lose their structural integrity in a
nonnative environment and therefore cannot be used in
technical processes. The MspA porin fromM. smegmatisis
an extremely stable protein, which retains its channel
structure even after boiling in 3% SDS or extraction with
organic solvents.25 Such a stable channel protein is an ideal
template for synthesis of nanocompounds. We, therefore,
have developed methods to obtain ordered nanostructures
with MspA.

In this study, we show that the MspA porin forms distinct
nanostructures on carbon surfaces when co-deposited together
with PMMA prepolymers in the form of protein/buffer
microdroplets. We consider our work as one of the first
examples of a simple shape selective deposition procedure
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of nanostructured surface elements, which can serve for many
applications in the field of life sciences as well as for the
stabilization of metal nanoparticles.

Materials and Methods. (1) General Information. The
analysis of the two-dimensional nanostructures could be
performed using AFM,26 STM,27 and TEM (transmission
electron micrography).28-30 Whereas AFM and especially
STM permit an extremely well-resolved spatial resolution,
TEM is the method of choice for the analysis of extended
nanostructured surfaces.

The TEM images were recorded using a transmission
electron micrograph EM 912/Zeiss equipped with an Omega
filter system. In addition, an STI video camera was em-
ployed. The scanning of the samples, prior to the measure-
ments, was performed using a low electron dose of approxi-
mately 6.5( 0.5× 104 electrons s-1 nm-2. Electron-induced
polymerization was achieved using electron doses of 1.25
( 0.55× 105 electrons s-1 nm-2. After the polymerization
processes were completed, the nanopatterned surfaces ap-
peared to be stable when analyzed using the latter electron
dose.

For the analysis of the TEM images, the IMAGE-software,
generously provided by the National Institutes of Health
(NIH), was used.31 Commercially available PAMAM star-
burst dendrimers (Michigan Molecular Institute) possessing
distinct diameters and masses were deposited on identical
carbon surfaces and used for the calibration of the IMAGE
software.

(2) Purification of the MspA Porin. Mycobacterium
smegmatiswas grown using published procedures.32

(3) Photopolymerization of Methyl Methacrylate and
Formation of PMMA Prepolymers. Photopolymerization
of MMA (Aldrich) was performed in an annular Pyrex-
photoreactor (length, 13 cm; diameter, 5 cm; irradiated layer,
0.5 cm) equipped with a mercury medium-pressure arc
(Heraeus TQ 150) and a water cooling system (T ) 18.2
°C). Irgacure (1.0× 10-3 M (Aldrich)) was used as the
photoinitiator. The PMMA/MMA prepolymer employed in
our experiments contained a macromolecular fraction (11.5
( 0.25%) of PMMA (Mn ) 37.400; Pd ) 5.2).

(4) Surface Patterning/TEM Sample Preparation.The
standard sample was prepared by dispersing 0.50 mL of a
1.0 µg/mL of MspA and 1.25µg/mL of PMMA/MMA
prepolymer containing PS01 buffer solution using a soni-
cation system (PTS 250W, Siemens). In general, when
sonication is used, there is always the danger of bond
disruption, followed by the decay of the materials to be
disposed. We have demonstrated using the well-known
PAMAM starburst dendrimer (SBD G 4.5, see below) that
sonication under exactly the same conditions as during
deposition, but for 500 s instead of typically 125 s, does not
lead to any decomposition! Therefore we consider our
deposition method safe. (See Figure S2 in the Supporting
Information).

The microdroplets were deposited on a special TEM
surface (available from Plano/Marburg, total surface area:
1.0 cm2) consisting of a copper net (distance of the copper
wires: 85µm), which is laminated with polyvinylformal-

dehyde (PVF; thickness: 20-40 nm). The PVF was sput-
tered using elemental carbon. This particular surface was
exposed to the protein/buffer microdroplets for 125 s, unless
otherwise noted (distance from the buffer-surface: 5.0 cm).
After the initial deposition, the protein buffer film was
allowed to equilibrate for 30 min at defined temperatures.
Finally, most of the water was removed in high vacuum over
24 h.

(5) Computer-Assisted Analysis of the P(MMA/DPB)
Morphology and Calibration Procedure. The analysis of
all available TEM images (10-20 per experiment) was
performed by the computer program IMAGE. Surface plots
of the (nano)structures investigated are presented together
with the original TEM images. A quantitative analysis of
the nanoscopic structures, generated by deposition of protein
and prepolymer containing buffer droplets at the carbon
surface, was achieved by depositing SBD G 4.5 (diameter:
8.79× 10-9 m, molecular weight: 19661 g mol-1, surface
area: 2.433× 10-26 m2)33 on the TEM surface using exactly
the same buffer composition and deposition procedure except
that MspA and PMMA/MMA were substituted by SBD G
4.5. The concentration of SBD G. 4.5 in PS01 buffer was
2.25 µg/mL.

Next, 0.50 mL of the SBD G 4.5 solution was dispersed
by sonication during 15 to 300 s. The integrated density
function (IDF) of the software IMAGE permits the calibra-
tion of the thickness of the deposited layer. Areas of 100
nm × 100 nm were integrated and the corresponding IDF
values summarized in Figure 1. An IDF value of 255
corresponds to a formed monolayer of SBD G 4.5 at the
carbon surface (see also the Supporting Information). A
monolayer of SBD G 4.5 at the carbon surface, which was
formed after 250 s of deposition, corresponds to a deposited
mass of 1.35× 10-8 g/cm2. As it becomes clear from Figure
1, a linear deposition of SBD G 4.5 occurs up to a sonication
time of 250 s.

Results and Discussion.This research endeavor consists
of the development of a straightforward experimental
procedure that permits lateral (nano)structuring at suitable

Figure 1. Plot of the IDF values (calculated by using IMAGE) vs
the sonication time of the SBD G 4.5 solution (c ) 2.25 µg/mL)
in PS01 buffer concentration. A linear dependency was observed
(R ) 0.9912) up to the formation of a SBD G 4.5 monolayer (IDF
) 255) at the carbon surface. These six experiments were all made
independently of each other.
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surfaces. We used the MspA protein because of its superior
stability32 compared with other classes of proteins isolated
from bacteria. MspA porin was selectively extracted from
whole cells ofM. smegmatisand purified by anion exchange
and gel filtration chromatography as described recently.32

The SDS-polyacrylamide gel shows that MspA was purified
to apparent homogeneity (Figure S1, lane 2). Lipid bilayer
experiments demonstrated that this MspA preparation had
high channel-forming activity (data not shown). In a separate
study, the MspA protein demonstrated its ability to form a
wide range of nanostructures, including a nanochannel
containing phase at a carbon surface.34 However, the nano-
structured MspA phases redissolved easily in various aqueous
buffers. This effect clearly hampers any future application.
Therefore, we attempted to stabilize formed nanochannels
using P(MMA). It could be expected that the phases formed
using MspA and P(MMA) differ to various extents from the
phases where MspA was used alone. Because only very little
is known to this date about the prospect of self-structuring
protein/polymer phases, the results are of great interest with
respect to the generation of distinct shapes in the submicro
and nanoscale.

In Figure 2, the effect of the presence of MspA during
the buffer deposition from the gas phase onto a carbon
surface becomes clear. Without the presence of MspA, only
disordered structures of P(MMA) (pre)polymers can be
found, whereas distinct and reproducible (nano)structures are
formed if MspA is present. This finding provides the first
evidence for the importance of MspA for the generation of
ordered structures at surfaces.

To reach the goal of generating defined (nano)structures
at a carbon surface, the general deposition procedure of the
MspA/P(MMA) buffer (PS01) was varied to explore its
possibilities. Note that this procedure using buffer sonication
and the following deposition of microdroplets at the carbon
surface differs from a conventional adsorption procedure,
because no equilibrium exists between MspA/P(MMA) and
the surfaces. Therefore, the exposition time of the surface
toward the PS01 buffer is the decisive factor for the amount
of MspA/P(MMA) deposited. A second very important
experimental factor is the deposition temperature. The
systematic variation of the sonication times (50, 75, 100,
125, 150, 175, and 200 s) and the temperature during
deposition (20°C, 25 °C, 30 °C, 35 °C, 40 °C) led to the
discovery of two distinct deposition conditions,with remark-
able and reproducible patterns.

(1) Formation of Microletters. When a depositon time
of 125 ( 5 s and a deposition temperature of 30( 2 °C is
chosen, the formation of “microletters” is observed. Typical
“letters” are shown in Figure 3. This particular occurrence
(thickness> 100 nm) is typical for a deposited pattern that
was only investigated by TEM for a short time (less than 60
s).

(2) Formation of Dendrites and Stars. In Figure 4,
dendrites and “stars” generated by deposition of MspA for
175 ( 5 s at 40( 5 °C at the chosen carbon surface are
shown. The comparison of the occurrence of this micropat-
tern at very low TEM exposition times (t < 60s) and after
300 s of electron beam treatment reveals polymerization of
MMA included in the formed micropattern. The average
thickness of the formed dendrites and stars was approxi-
mately 110 to 120 nm in the beginning of the TEM
characterization, whereas the thickness decreased to 25 to
30 nm after 300 s of continuous electron beam exposure. In
addition to the observed polymerization process, evaporation
of water and MMA molecules into the high vacuum can be
detected. Consequently, the diameter of the TEM beam of
approximately 3000 nm can be seen in Figure 4 (300 s).
However, this behavior is typical for all micropatterns
investigated in this study. In all cases, the geometries initially
formed during MspA deposition are retained during the
electron beam treatment. This finding makes this simple
deposition process of particular interest for the lateral
nanostructuring of surfaces.

(3) Electron Beam Induced Polymerization of MMA

Figure 2. Effect of the deposition of P(MMA)/buffer (c ) 2.25
g/mL) (a) in comparison to MspA/P(MMA)/buffer (c(MspA))
1.00 g/mL, (c(PMMA/MMA)) 1.25 g/mL)) (b) at carbon surfaces
(TEM image).

Figure 3. Microletters formed by deposition of MspA/P(MMA)/buffer at the carbon surfaces (TEM image, three different deposition
experiments).

Nano Lett., Vol. 1, No. 4, 2001 171
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in Microletters and Quantitative Analysis of the Micro-
pattern by Using IMAGE. In Figure 5, a typical microletter
is marked by a white square. The impact of the electron beam
of the TEM on this microletter will be discussed in detail
using both high-resolution TEM images and the program
package IMAGE, which permits the calculation of the MspA/
P(MMA) surface topologies using the TEM images as input.

Figure 6a presents a series of images of the microletter
marked in Figure 5, which was treated continuously by the
TEM electron beam. Whereas the letter appears to be
relatively homogeneous at the beginning of the electron beam
fixation process, a patchwork of black and gray spots is
present after 120 and 240 s. However, after 300 s the interior
of the microletter becomes homogeneously gray and a sharp
edge remains, which represent the exact geometric shape of
the letter immediately after its deposition on the carbon
surface. The analysis of the TEM images using the program
package IMAGE and using the calibration parameters
obtained by the deposition of SBD G 4.5 (see Experimental
section) reveals striking insights into this fixation process,
which are summarized in Figure 6b. In the beginning of the
electron beam exposure, the inner region of the microletter
structure is smooth and possesses a thickness of 100-120
nm. In the course of the progressing reaction, holes with a

diameter of 2-5 nm appear randomly distributed throughout
the entire interior of the microletters. On the bottom of these
holes exists an organic layer of a thickness of approximately
25 nm. In conclusion, the depth of the formed holes is
approximately 75-95 nm. These hole regions grow conse-
quently until most of the interior consists of an organic layer
of 20-25 nm thickness. The surface of this layer structure
is obviously rough.

A strong possibility exists that channel-like structures
possessing a diameter of approximately 1-2 nm are ran-
domly oriented within this layer. From our IMAGE analysis,
it appears that holes, cavities, and/or channels exist at
particular locations, where organic material is missing.
However, using TEM we could not elucidate whether
channels exist that are open to the surface of the microstruc-
ture. According to the IMAGE calibration procedure, the
mass deposited in the interior of the microletters is ap-
proximately 2.7× 10-9 g/cm2.

In contrast to the interior of the microletters, their border
regions form a wall-type structure, which is not affected by
the continuous electron beam exposure. The diameter of these
walls is approximately 65 nm at the bottom. The deposited
mass at the wall regions is considerably higher (2.1× 10-8

g/cm2) than in the interior. After 300 s, only minor changes
occurred in the fixed microletters at the carbon surface.

A detailed discussion of the electron beam induced
polymerization of MMA in “stars” and the quantitative
analysis of the formed micropattern is provided as Supporting
Information.

(4) Mechanistic Hypothesis.In Figure 7, an enlargement
of the final stages of both the microletter and the star phase
is shown. We already pointed out that remarkable changes
occur in the interior of the primarily deposited microstruc-
tures, whereas the wall-like structure at the boundary remains
almost unchanged during continuous electron beam exposure.

On the basis of the experimental evidence available to date,
we developed the following mechanistic hypothesis: The
wall regions, which form the boundaries of the microstruc-
ture, might be formed from MspA and PMMA, which form
hydrophobic aggregates. The chemical composition of these
aggregates differs depending on the deposition conditions,
such as MspA and PMMA concentrations and temperature.

Figure 4. Dendrites and stars formed by deposition of MspA/P(MMA)/buffer at the carbon surface (TEM image) after< 60 and 300 s
exposure to the electron beam.

Figure 5. A typical microletter formed by deposition of MspA/
P(MMA)/buffer at the carbon surface (TEM image). The impact
of electron beam treatment leading to MMA polymerization of the
letter within the white square will be summarized in Figure 6a.

172 Nano Lett., Vol. 1, No. 4, 2001
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Neither the deposition of MspA nor PMMA prepolymers
alone at the reported experimental conditions resulted in the
formation of the microstructures reported here. Since PMMA
is highly polydisperse (Pd ) 5.2), it cannot be responsible
for the patterning process. A control experiment supports
this hypothesis (see Figure 2 and Figure S3). Therefore, it
is very likely that both MspA and PMMA are the main
building components of the wall-type structures: hydropho-
bic aggregates of MspA and PMMA develop during the
deposition of the PS01 buffer microdroplets on the carbon
surface. The hydrophobicity of the carbon surface itself may
support the formation of these hydrophobic aggregates.
Within the formed microstructures, hydrophilic cavities
containing mostly MspA in aqueous buffer and a hydropho-
bic microphase consisting mostly of MMA and polymeri-
zation initiator coexist. H. M. McConnell and co-workers
succeeded in the mathematical modeling of complex two-
dimensional patterns in mixed surfactant bilayers, and also
in protein layers, by using a line tension-dipole repulsions
model.35 The observed equilibrium shape of a constant-area

monolayer was explained from the competition between the
line tension of the domain boundary and the dipole-dipole
repulsions between the molecular dipoles. Unfortunately, our
much more complex and three-dimensional nanostructures
cannot be explained as of yet by applying this model.
However, we envision the mechanisms that lead to the
formation of the distinct pattern during deposition to be very
similar to those developed by McConnell in the two-
dimensional phase.

Upon electron beam exposure and consequent heating of
the microstructures, water and some of the MMA monomer
evaporate in the high vacuum. The electron beam impact,
as well as the increased temperature caused by TEM, leads
to either anionic or radical MMA polymerization.36 The gel
effect is well known during MMA polymerization: at
enhanced temperature the reaction rate of PMMA formation
increases rapidly until a gel is formed from PMMA and the
nonreacted MMA.37 The formation of the gel results in a
drasticdecreaseof the polymer volume.

Both the occurrence of the gel effect and the evaporation
of H2O or MMA at the same time may explain the
appearance of holes during electron-beam impact. This
process continues until neither H2O nor MMA remains in
the interior of the microstructures. Upon further observation
it was evident that the wall regions do not exhibit the
shrinking effect during electron beam impact, therefore we
can conclude that only very little free H2O and/or MMA is
present in these regions after deposition.

Conclusion. Our experiments indicate a straightforward
and dependable procedure for the generation of lateral
nanostructures. The deposition of aerosol droplets generated
by sonication of a buffer solution containing the MspA
protein and a PMMA/MMA prepolymer onto a carbon

Figure 6. (a) TEM images of a typical microletter formed by deposition of MspA/P(MMA)/buffer at the carbon surface at various electron
beam exposure times. (b) Surface plots of a typical microletter formed by deposition of MspA/P(MMA)/buffer at the carbon surface,
calculated by IMAGE using the TEM images as input.

Figure 7. Enlarged surface plots of the final structures formed by
MspA/P(MMA) at a carbon surface.

Nano Lett., Vol. 1, No. 4, 2001 173
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surface led to the reproducible formation of different types
of structures. The presence of MspA can be regarded as the
key factor for these remarkable formation processes. De-
pendable and inexpensive methods for the nanostructuring
of two-dimensional surfaces will be the key to novel
advanced technologies of the next millennium such as RAM
chips of highest data storage capacity38 and nanodiodes39 for
the development of superfast computers, or nanosensor arrays
for the analysis of messenger substances in living cells.40,41
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