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We investigated the structural changes occurring in proteins patterned via microcontact printing. This
was done by molecular sizing using atomic force microscopy to observe the structure of printed individual
metalloprotein molecules in the unlabeled and untreated states. We observed that the size of the printed
proteins were more than 2-fold smaller than the native shape, which indicates that some deformations
take place upon the contact-assisted adsorption on silanized silicon dioxide. This can be attributed to
simultaneously occurring effects, and particularly to the sandwiching between surfaces of very different
hydrophilic/hydrophobic properties during contact lithography.

Introduction

Within the past several years, the capability of produc-
ing patterns of biological molecules with micrometer-level
resolution has attracted increasing interest with respect
to their possible use in a wide number of applications.
These applications include microarray technologies for
genomics and proteomics, medical diagnostics, biological
assays and sensors,! molecular electronics,?® control of
cellular adhesion, growth and functionality,* and bacterial
detection.” To fabricate biomicropatterns, we can use
photografting, inkjet printing,® printing robots,” and soft
lithography.® However, soft lithography is particularly
suitable due to its experimental simplicity, low cost, and
extreme flexibility in terms of the employable substrates,
solvents, and deliverable molecules. Imprinting processes,’
microfluidic networks, ' and microcontact printing (uCP)
succeeded in achieving chemical contrast among different
biomolecular monolayers. In particular, uCP, which was
originally proposed to fabricate self-assembled monolayers
(SAMs) of alkanethiolates onto gold,!' was soon applied
to the synthesis of patterned proteins on surfaces.!?

Proteins are biological macromolecules comprising one
or more chains of amino acids, linked by peptide bonds
and folded into a specific three-dimensional configuration
(tertiary structure). A protein is biologically functional if
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it is able to fold into its native state rapidly and reliably.
Although much work has been carried out to achieve high-
throughput direct printing of biomolecules onto surfaces,
the evaluation of the possible structural changes induced
by uCP on proteins has not yet been addressed. In
particular, the drying process and interaction with the
different surfaces involved in the lithography process may
have anegative impact on the protein stability, sometimes
leading to reversible or irreversible aggregation and loss
of functionality.

Although many approaches allow one to investigate the
morphology of proteins on solid substrates,'3 the number
of techniques available to quantitatively measure struc-
tural changes of proteins at interfaces is limited. Methods
such as total internal reflectance fluorescence provide a
measure of the average properties of all the adsorbed
proteins but give no information about the individual
molecules. Other techniques such as X-ray photoelectron
spectroscopy require a vacuum environment as well as
sample preparation procedures that alter the physiological
conditions of the protein. However, scanning force mi-
croscopy allows one to investigate the protein adsorption
on a surface by imaging single biomacromolecules!*~ 16 with
precise molecular sizing.

In this paper, we report the investigation of the
conformational morphology of microcontact-printed pro-
teins by atomic force microscopy (AFM) molecular sizing.
We observed that the size of individual printed metallo-
protein molecules in the unlabeled and untreated state
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Figure 1. Molecular structure of the Az metalloprotein. Inset:
disulfide bridge of the molecule. The dark balls in the inset
stand for the sulfur atoms involved in the bond.

was more than 2-fold smaller than the native shape. This
indicates that some deformations take place upon the
contact-assisted adsorption on silanized SiO,. As a pro-
totype system, we used printed SAMs of the blue copper
protein Pseudomonas aeruginosa Azurin (Az) (Figure 1).
This is one of the best characterized redox metallopro-
teins,'” which mediates electron transfer in denitrifying
bacteria by transporting electrons from cytochrome css;
to nitrite reductase in the electron transport chain of
respiratory phosphorylation.’® Az is used to fabricate
biomolecular electronic devices,? and its adsorption onto
both gold and functionalized oxide surfaces has been
widely investigated.'®° The average protein size measured
by X-ray crystallography is about 3.5 x 3.5 x 4.4 nm3.20

Experiment

Az and the anti-Az serum (primary antibody) were supplied
by the Metalloprotein group, Gorlaeus Laboratory, in Leiden,
The Netherlands. The protein was diluted in 20 mM Hepes buffer,
pH 4.6, to final concentrations of 1078 and 1075 M. A surface
organic modifier (3-mercaptopropyltrimethoxysilane, 3-MPTS)
was used to chemically bind the protein. A uniform hydrophilic
monolayer with root-mean-square (rms) roughness of 0.3 nm?2!
was produced by substrate incubation in a 3-MPTS solution.
Si0O2 modification is required because unmodified SiOg acquires
some charges when exposed to ionic solutions, which can lead to
protein adsorption kinetics dominated by electrostatics. This
would prevent control over the specific molecule orientation,
which is possible only by chemical adsorption. On the other hand,
when modified SiOq is used, the Az molecules adsorb with high
binding specificity via the disulfide bond, resulting in a chemically
driven molecular orientation.!6

Freshly cleaved 1 cm? pieces of SiOs were washed with an
acetone and propanol cascade, and then incubated overnight in
acidic solution (H202:H2SO4 = 1:3) to remove organic contami-
nants. The substrates were sonicated three times for 5 min in
water at 25 °C, and then dried with a blast of N3 gas to remove
the bulk water, thus preventing undesirable polymerization of
the 3-MPTS. All the surfaces were used immediately after
cleaning. The covalent bonding of the silane groups was achieved
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Figure 2. Schematic diagram of performed uCP process
(features not to scale).

by incubation (15 min) of the substrates in the 3-MPTS solution.
This procedure was followed by a 1 min sonication in ethanol,
to remove unbound silane compounds, and drying with a N flux.
The substrates were then stored under vacuum prior to initiating
contact with the protein. Elastomeric replicas of hard masters
are produced by in situ polymerization of poly(dimethylsiloxane)
(PDMS; Sylgard 184, A:B 1:9, Dow Corning). The polymerization
was done at 140 °C for 15 min. For the experiments with
hydrophilic PDMS, we exposed the patterned side of the elastomer
to Og plasma treatment. A few drops of the protein solutions
(10781075 M) were cast on the patterned side of the replica and
gently dried with an Ny stream. The protein-coated elastomeric
element was placed onto the prepared substrates under its own
weight, immediately after the solvent evaporation. After peeling
off of the replicas, the patterned substrates were vigorously rinsed
several times to remove the unattached protein molecules.
Immunofluorescence micrographs of the printed patterns were
collected by a Leica fluorescence inverted microscope fitted with
a monochrome camera, AxioCam MR (Zeiss). The AFM experi-
ments were performed with a BioScope microscope (Digital
Instruments) equipped with a 90 um scanner and operating by
tapping mode in air. We used SigNy tips with a 10 nm nominal
curvature radius and a scanning rate of 1 Hz. The intrinsic
fluorescence of Az in solution and of incubated films was
determined by a Perkin-Elmer LS 50B spectrofluorimeter.

Results and Discussion

Figure 3b is a fluorescent photograph showing the
resulting uCP pattern of Az after the polyclonal antibody
incubation. It clearly indicates that the proteins were
deposited in a striped geometry, which is identical to the
master pattern (Figure 3a). Approximately 9 um sets of
uniform, wide parallel tracks were observed. They present
sharp edge interfaces, which indicates a nonsignificant
protein diffusion on the substrate after the removal of the
mold. Therefore, the resolution of the printed patterns
can be certainly reduced with respect to the result reported
here, depending on the starting master.

In fact, immunofluorescence microscopy gives informa-
tion about the fidelity of the transfer of the pattern, but
it does not allow a full investigation of the protein
orientation or of its retention of functionality, although
some quantitative fluorescence studies of printed anti-
bodies were recently reported.?? In particular, the use of
polyclonal primary antibodies, similarly to most of the to
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Figure 3. (a) Master pattern used for uCP experiments. (b)
Immunofluorescence micrograph of the obtained Az pattern.
The white bar indicates 100 um length. The printed stripes are
about 9 um wide, faithfully reproducing the master geometry.

date reported uCP experiments, allows one to recognize
a variety of epitopes on the antigen, thus being quite
tolerant of changes of the proteins in terms of conforma-
tion, orientation, or slight denaturation.

To investigate the conformation of proteins in the
patterned regions, tapping-mode AFM images were col-
lected in air on unlabeled samples. At large scan size
(Figure 4) they confirm the homogeneity and the well-
defined edges of the uCP pattern. At small scan size (inset
of Figure 4), it is possible to image single proteins and to
characterize their size distribution within the printed
monolayer. In the case of globular proteins, such as Az,
AFM provides poor information about the protein orien-
tation because the molecular axes are indistinguishable
from each other. However, it can discriminate whether
the proteins undergo deformations or breaks as a con-
sequence of the lithography process. In fact, the tip—
sample convolution effect resulting from the physical
dimension of the tip creates a low lateral resolution on
small globular proteins. On the contrary, height mea-
surements are almost unaffected by the convolution effect;
therefore, high resolution can be reached in this dimension.
Indeed, the height measured by AFM can be slightly
smaller than the actual molecular size, due to the finite
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Figure4. Topographyimage of the printed Azlayer. The inset
is a magnification of the bottom-left area.

distance between two consecutive scanning lines. The
maximum underestimate (Ah) of the molecule height is??

Ah=R+r—+(R+7r?— Ax? (1)

where R indicates the radius of the globular protein, r
indicates the radius of the tip (nominally 10 nm), and Ax
stands for the maximum horizontal displacement between
the top of the protein and the nearest probe position. By
considering a 2 x 2 um? image with 512 x 512 sampling
points, one obtains a height discrepancy of about 1.6 A for
a 4-nm-diameter globular protein. This discrepancy is
about 4% of the molecule size.

The measured rms roughness of Az printed onto
silanized SiO; does not exceed 1 nm, thus being signifi-
cantly smaller than the value (3 nm) found for Az
monolayers obtained by protein adsorption from cast bulk
solution.?! In order to have deeper insight into this
evidence, and to understand how the protein tertiary
structure is affected by the lithography, we analyzed the
distribution of measured heights from a significant
number of samples. The sizes of individual proteins were
measured by subtracting the height of the local background
(i.e.,the unpatterned substrate) from the maximum height
of the molecules. The fit of the experimental data was
performed repeatedly by means of a combination of
Gaussian functions,?* where the centers of the Gaussians
were taken as the measured molecular dimensions. The
analysis, carried out on several independent AFM images,
yielded a distribution of measured heights resulting from
the sum of three different contributions (Figure 5). The
best-fit parameters of some Gaussian distributions of Az
population are reported in Table 1.

Parts a and b of Figure 5 show the results from two
different printed Az/3-MPTS/SiO; samples: The AFM
molecular sizing reveals that the main protein population
has aheight around 1.45 and 1.97 nm, respectively, which
is significantly smaller than the native size. This clearly
provides evidence that some deformations of the protein
occur as a consequence of the interaction of the biomolecule
with the substrate, or of the uCP process, or of both.
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Table 1. Shape Parameters of the Fitting Gaussian Functions Shown in Figure 5

substrate species height [nm] fwhm [nm] probability [%]
modified SiOy (Figure 5a) 1 0.80 4+ 0.08 0.62 4+ 0.06 14
2 1.45 +0.02 0.70 4+ 0.06 64
3 2.15+0.11 0.80 & 0.08 22
modified SiOy (Figure 5b) 1 1.30 £ 0.10 0.80 & 0.05 27
2 1.97 +£0.09 0.90 +0.14 44
3 2.94 +0.11 1.20 + 0.09 29
Au (Figure 5¢) 1 2.38 £0.16 1.52 +£0.05 23
2 4.05 +0.15 1.55 + 0.07 54
3 5.62 4+ 0.33 1.65 + 0.22 23
i —O— Az in buffer solution
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Figure5. Population of Az printed molecules vs protein height
measured by AFM, and corresponding fit (solid line) by the
sum of three Gaussian contributions (dotted lines), for two
different 3-MPTS/SiOz samples (a and b) and for a gold substrate
(¢). In(c), the additional peaks in the height distribution indicate
the existence of two different protein species (mainly deriving
from unfolded structures), possibly suggesting the formation
of aspecific aggregates (average size 5.6 nm) and flattened
proteins (average size 2.4 nm).

Proteins in solutions are subjected to intramolecular
forces stabilizing their helical conformations. Upon coming
into contact with a solid substrate, the interactions
(chemical or electrostatic) between the substrate surface
and the peptide side chains provide the primary driving
force for adsorption.2> The balance between these binding
interactions and the intramolecular stabilizing forces
determines the extent to which the protein loses its own
helicity upon adsorption, with a possible consequent
alteration of the tertiary structure.?* These conformational
changes range from slight shape modifications to complete
denaturation, occurring on time scales between a few
minutes and some hours.?%2” In particular, it has been
suggested that the adsorption onto hydrophobic surfaces
can result in heavy structural modifications due to the
protein tendency to expose inner hydrophobic groups.28
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Figure 6. Normalized intrinsic fluorescence of Az in buffer

solution (open circles) and in monolayers chemisorbed by
incubation (continuous line).

On the other hand, soluble proteins adsorbed onto
hydrophilic substrates are more likely to retain their
native conformation.?> In addition, “compact” globules,
such as Az, are more likely to maintain their native
structure during adsorption than deformable flexible
proteins. The high rigidity of the adsorbed molecules
induced by the disulfide bond with the surface is expected
to further disfavor large conformational changes. This is
confirmed by a number of previous experiments of
adsorption on incubated surfaces, which were investigated
by atomic force microscopy and scanning tunneling
microscopy (STM).?8 These studies indicated that there
were no protein conformation changes.

In particular, the morphological, electronic, and spec-
troscopic investigation of Az monolayers, immobilized on
functionalized SiO¢ (by casting or incubation from buffer
solutions), confirm that the proteins retain their correct
conformational and functional states. AFM measurements
performed in ambient conditions (in air) on individual
adsorbed Az molecules show that the great majority of
the protein population is not affected by denaturation
processes directly induced by the interaction with the
substrate surface. We arrive at this conclusion because
the main histogram band is centered around ~4 nm.?®
After analyzing the intrinsic fluorescence spectrum of the
chemisorbed Az monolayer, we obtained further evidence
that the emission spectrum of the immobilized protein is
similar to that of the free protein in buffer (Figure 6). The
tryptophan residue (Trp48), responsible for the protein
fluorescence, is embedded in similar locations both in the
native protein and in the immobilized protein. This finding
indicates that the microenvironment surrounding the
residue is correctly retained after adsorption on the
substrate surface by incubation. Such an effect is likely

(28) Facci, P.; Alliata, D.; Cannistraro, S. Ultramicroscopy 2001, 89,
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related to the capability of the molecule to preserve its
hydration shell even under ambient conditions. This
mechanism is also confirmed by STM experiments carried
out in liquid and in air on gold-chemisorbed Az.?° Indeed,
the retention of the hydration shell protects the superficial
charge distribution during the dehydration process, thus
preserving the electron transfer function in nonphysi-
ologically adsorbed proteins. As a result, the air ambient
interacting does not deteriorate the structure and function
of Az, even though it often affects the active folding of
water-soluble proteins. Finally, well-retained intrinsic
fluorescence of proteins adsorbed by incubation (Figure
6) also allows one to exclude the possibility of significant
damages induced by the amount of salt and buffer that
might remain on the surface after washing. For these
reasons, we conclude that direct denaturation as a
consequence of interaction with the functionalized SiOs
surface (also with air exposure) is not possible in the case
of Az. Not withstanding this, we do observe a significant
deformation in the Az patterned by ©CP, which can be
due to the effect of the sandwich-like contact between the
coated elastomer and the target substrate, and also to the
complex electrostatic, steric, and hydrophilic/hydrophobic
protein—surface interactions.

A flattening effect of the pressure applied on the Az
molecules during the lithography process can be ruled
out. During the uCP, the protein-coated elastomeric
element (density of about 0.95 g/cm?) is placed on the
substrate under its own weight and very small applied
pressures (~1 g/mm?22%), The force on the proteins, by a
1-mm-thick replica with an overall area of 1 cm? and a
50% filling-density pattern, is therefore less than 107¢
nN. This force is many orders of magnitude smaller than
the load (1—10 nN) needed to mechanically compress the
Azmolecules, determined by recent conductive-probe AFM
experiments.3!

Therefore, the possible flattening mechanisms have to
be looked for among (i) the drying step on the elastomeric
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surface,3? which can alter the protein structure more
heavily than casting from solution,® and (ii) the sand-
wiching between surfaces of very different hydrophilic/
hydrophobic properties.?® Interestingly, the height dis-
tribution of Az molecules printed onto gold, Au(111), show
instead a main molecular species, accounting for ap-
proximately 54% of the protein population, centered
around 4 nm (Figure 5¢). This could suggest a detrimental
effect of the organic modifiers on the protein structure,
which is instead well-preserved on bare gold substrates.
Such a flattening effect could be irreversibly enhanced by
the uCPinterval, during which the protein can be strongly
attracted by the hydrophilic —SH groups. In particular,
sandwiching the protein between surfaces of very different
hydrophilic/hydrophobic properties during the litho-
graphic contact can strongly affect the protein conforma-
tion.

In conclusion, our findings show a reduction of the
metalloprotein native size as a consequence of the uCP.
This can be attributed to the energy constraints due to
the different surfaces involved in contact lithography.
These constraints are represented by strong interactions
between the hydrophilic surface amino acids and the SiOq
modified by the —SH terminations of the employed silane
layer. We believe that the scanning force microscopy
molecular sizing, here employed for printed protein films,
can enable an in-depth investigation of the structural
changes of biomolecules patterned by soft lithography.
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