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Abstract

Well-controlled assembly of proteins on supramolecular templates of block copolymers can be
extremely useful for high-throughput biodetection. We report the adsorption and assembly
characteristics of a model antibody protein to various polystyrene-block-poly(4-vinylpyridine)
templates whose distinctive nanoscale structures are obtained through time-regulated exposure to
chloroform vapor. Strong adsorption preference of the protein to the polystyrene segment in the
diblock copolymer templates leads to an easily predictable, controllable, rich set of nanoscale
protein morphologies through self-assembly. We also demonstrate that the chemical identities of
various subareas within individual nanostructures can be readily elucidated by investigating the
corresponding protein adsorption behavior to each chemically distinct area of the template. In our
approach, a rich set of intricate nanoscale morphologies of protein arrays that cannot be easily
attained through other means can be generated straightforwardly via self-assembly of proteins on
chemically treated diblock copolymer surfaces, without the use of clean room-based fabrication
tools. Our approach provides much-needed flexibility and versatility for the use of block
copolymer-based protein arrays in biodetection. The ease of fabrication in producing well-defined
and self-assembled templates can contribute to a high degree of versatility and simplicity in
acquiring intricate nanoscale geometry and spatial distribution of proteins in arrays. These
advantages can be extremely beneficial both for fundamental research and biomedical detection,
especially in the areas of solid-state based, high-throughput protein sensing.
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Introduction

Proteins assembled on supramolecular templates of block copolymers can be extremely
useful to the area of proteomics and protein sensors due to the highly dense packing density
and self-passivation capability demonstrated by various biomolecules on these substrates
[14, 15, 18-22, 30]. Both the formation of the underlying nanoscale polymeric guides as
well as the biomolecular arrangements on the substrates is driven by self-assembly. In the
former case, the immiscibility and degree of polymerization determine the phase separation
behavior of polymeric guides, whereas chemical and physical interaction parameters
between polymers and proteins govern the specific protein arrangements on the polymer of
preferred composition in the latter case. This bottom-up assembly process, in turn, yields
well-organized protein arrays whose individual features are periodically arranged
nanostructures. Since block copolymers produce characteristic domains with a repeat
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spacing on the order of tens of nanometers after their phase separation process [2, 6, 7, 10,
26, 31, 36], the spatial resolution of the individually addressable units in the resulting
protein arrays is also on the order of nanometers. Creating nanoscale features through
conventional lithography techniques can be costly and time-consuming as they require either
specially engineered photomasks for a parallel fabrication process or the use of electron
beam writing for a serial process. Even with such techniques, fabrication of intricate surface
patterns below tens of nanometers cannot be easily and rapidly accomplished. These
difficulties are circumvented in the case of spontaneous nanoscale organization through the
self-assembly of block copolymers demonstrated in our previous studies [14, 15, 18-21, 30].

In addition to the capability of rapidly producing periodic nanoscale features through self-
organization on a large scale, protein arrays created via diblock copolymer nanodomains can
be effectively tuned by controlling the phase separation behavior of the underlying diblock
copolymers. A variety of important parameters such as desired length scale in periodicity,
spatial arrangement in repeated nanostructures, and geometric shape in individually
addressable features can be modified. As an additional degree of freedom, a given diblock
copolymer template initially produced by controlling the aforementioned variables can be
further modified with a post-phase separation process. Recently, it has been shown that
chemical treatment methods can be applied directly to the diblock copolymer and other
polymers by exposing the surfaces to various chemical environments for modifying surface
morphology [3, 11-13, 17, 24, 25, 29, 33, 34, 39, 40, 42]. Solvent annealing approaches
effectively adjust the interfacial energies of diblock constituents through chemical
selectivity towards one of the two polymeric components and, thus resulting in changes of
the original size and shape of polymeric nanostructures. Nanostructures of useful block
copolymers such as polystyrene-block-polymethylmethacrylate (PS-b-PMMA) and
polystyrene-block-polyvinylpyridine (PS-b-PVP) are often investigated by various solvent
annealing methods [3, 11-13, 17, 24, 25, 29, 33, 34, 39, 40, 42].

Understanding protein adsorption behavior on various polymeric surfaces is crucial, as
evidenced by the rising demands for highly miniaturized, small-volume detection platforms
for examining proteins both in laboratory and clinical diagnosis settings [8, 9, 27, 28]. Such
solid-phase assays involving proteins on polymeric array or plate surfaces have the
advantage of requiring only a very small amount (a few pL or smaller) of assay reagents in
most detection settings [14, 15]. Solid-phase approaches also enable a large number of
biosamples to be assayed rapidly and simultaneously. The nanostructures resulting from
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4V/P) are particularly useful as protein
arrays. This is because the control of size, shape, and spacing of individually addressable
units in phase-separated PS-b-P4VP can be achieved with two dimensional degrees of
freedom as compared to those of PS-b-PMMA nanotemplates which provide only one
dimensional degree of spatial periodicity. Increased versatility in template sizes (pattern
repeat spacing) and shapes (pattern geometry) that are bottom-up assembled on the
nanoscale can allow for the use of protein arrays in basic biology research and biomedical
detection. These advancements may also have the potential to embark on a truly nanoscale
fabrication of protein arrays which facilitate non diffraction-limited optical detection.

Motivated by the aforementioned importance, we report for the first time the adsorption
behavior of a model protein on a newly identified set of the chemically modified PS-b-P4VP
micellar nanotemplates. Detailed evolution processes and mechanisms of the solvent-
induced, nanoscale morphologies of PS-b-P4VP will be discussed elsewhere. In this paper,
we focus on elucidating the unique protein adsorption behavior of anti-bovine
immunoglobulin G antibody (anti-1gG) on various PS-b-P4VP nanostructures. Our study can
provide insight into the evolution and modification process of the underlying polymeric
chains under solvent annealing retrospectively. This can be achieved with spatial resolution
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down to the nanometer range while providing information on the nanoscale subarea-specific
chemical composition simultaneously. We demonstrate that the specific arrangement of the
polymeric chains and their chemical identities can be easily ascertained for each
nanostructure in the new set of PS-b-P4VP templates by analyzing preferential interactions
between proteins and their favored polymeric block. Resolving the exact spatial distribution
of particular polymeric chains in various substructures within each individual micelle cannot
be readily attained using other methods. This difficulty is due to the lack of straightforward
experimental techniques that can simultaneously assess the complex individual
nanostructures with topological and chemical resolution on the required sub-nanometer and
nanometer level. In addition, the level of morphological sophistication and the nanometer
size regime observed in the new set of solvent-induced PS-b-P4VP nanostructures cannot be
created in a straight forward manner by using conventional fabrication techniques. The
bottom-up method used in our approach to yield highly structured and efficiently assembled
proteins eliminates the need for employing time-consuming and costly steps for producing
sophisticated nanotemplates via techniques such as electron beam writing and sub-
wavelength photolithography [4, 6, 7, 16, 17]. In addition to providing valuable information
on nanoscale spatial maps and the corresponding chemical compositions of the intricate
polymeric structures, our efforts can be highly beneficial for realizing the rich potential of
high-density, diblock copolymer-assisted, protein array-based detection platforms in the
areas of nanofabrication and nanobiotechnology.

Materials and Methods

Asymmetric PS-b-P4VP diblock copolymer with an average molecular weight of 68,500 Da
is obtained from Polymer Source Inc. (Montreal, Canada). Silicon substrates, obtained from
Silicon Inc. (Boise, ldaho), are cleaned with ethanol, acetone, and toluene and spun dry
before coating ultrathin PS-b-P4VP films. The diblock contains 70% of PS by weight with a
polydispersity of 1.14. Upon dissolution of 0.5% (w/v) PS-b-P4VP in toluene, micelles
consisting of a P4VP core and a PS corona readily forms in toluene, a preferential solvent
for PS. The amphiphilic PS-b-P4VP diblock copolymer with the specified volume
composition is known to form micelles when dissolved in toluene [1, 5, 32, 41]. This
micellar solution is then spun on silicon substrates at a speed of 3500~4000 rpm for 1min, in
order to produce an ultrathin film of PS-b-P4VP with a thickness of 21 nm. The film
thickness is determined by carrying out ellipsometry measurements. Upon spin-casting,
hexagonal arrays of PS-b-P4VP micelles spontaneously form on the silicon substrate with an
average repeat spacing of 50 nm. Subsequent chemical treatment of the original PS-b-P4VP
micellar nanostructures is carried out under the vapor of chloroform, CHCl3, prepared in a
small sealed chamber. Solvent-annealed samples are then imaged at various time intervals
and the morphologies of the polymeric templates at each temporal stage are recorded by
atomic force microscopy (AFM). AFM measurements are carried out using Digital
Instruments Multimode Nanoscope Illa in tapping mode at a scan speed of 1 Hz or lower.
Silicon tips with a resonant frequency of 71.5 kHz and a spring constant of 5 N/m are used
in our ambient AFM measurements. Homopolymers of PS and P4VP are purchased from
Polymer Source, Inc. and dissolved in toluene and a 1:1 (v/v) mixture of acetone and
ethanol, respectively, to make a 0.5% (w/v) solution. The homopolymer solution is spun-
casted on silicon substrates using the same spin coating condition described above for the
diblock copolymer. Dichlorotriazinylaminofluorescein-conjugated, anti-bovine
immunoglobulin G antibody (anti-1gG) is received from Rockland Immunochemicals
(Gilbertsville, PA) and the lyophilized powder of the proteins is reconstituted in a PBS
buffer (10 mM mixture of Na,HPO,4 and NaH,POy,, 140 mM NaCl, 3 mM KCI, pH 7.4) to
varying concentrations ranging from 0.1 pg/ml to 1 pg/ml. A total of 8 .l of desired protein
solution is then deposited onto various chemically treated, ultrathin PS-b-PVP micelle films
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for 2 min at room temperature. The sample surface is then thoroughly rinsed with PBS
buffer followed by blow-drying under a gentle stream of compressed air.

Results and Discussion

The vapor treatment of the micellar PS-b-P4VP template leads to time-dependent topology
which can serve effectively as self-assembling guides for other inorganic or biological
nanomaterials. Various, time-specific, surface features can be generated at large-scale via
self-assembly using this method [38]. Figure 1 displays the diverse polymeric morphologies
of PS-b-P4VP obtained by the aforementioned method that was used specifically in this
protein adsorption study. The unique topological characteristics of the polymeric templates
can be precisely controlled by varying solvent annealing time, where the series of PS-b-
P4VP templates shown in Figure 1 is referred hereto as a) original spheres, b) holes, ¢)
reformed spheres, d) embedded spheres, €) enlarged spheres and f) cylinder precursors,
respectively.

Anti-1gG is chosen as a model protein system for assembly on PS-b-P4VP because it is
widely used in a variety of protein detection settings to monitor antigen-antibody complex
formation, enzymatic activity, and affinity-based purification. In addition, the size of the
individual protein is smaller than the size of the nanostructures found in PS-b-P4VP thin
films and the spherical shape of the protein matches closely with the ones of the polymer
nanotemplates.

Periodic arrays of self-assembled proteins are readily formed on various PS-b-P4VP
templates that are pretreated with the selective vapor of CHCI3. The highly discriminating
nature of proteins against the P4VP polymeric block drives the extremely selective spatial
organization of the proteins to PS-rich areas only. Hydrophobic interaction plays an
important role as the driving force of the selective adsorption of the anti-IgG proteins to the
PS phase. In a buffer environment, the interaction of anti-IgG proteins to water is
unfavorable similar to that of another globular protein, bovine serum albumin [35]. The
enthalpy is small and negative, and there is a large contribution from the negative entropy.
When a hydrophobic solid surface is present, the entropic effect becomes largely positive as
the protein surface near the solid substrate can exclude water molecules which, in turn,
yields negative Gibbs free energy. The presence of a hydrophilic surface such as P4VP leads
to an opposite effect.

In this process of protein adsorption, surface regions consisting of the P4VP block are left
completely free of adsorbed proteins, serving as naturally generated areas of a passivated
surface. The exclusive adsorption of proteins on the chemically competing nanoscale
templates can eliminate the need for ‘surface passivation’ often required for producing
protein arrays. The strong tendency of many proteins to adsorb randomly on various
surfaces can hinder sensitivity and specificity of protein arrays and, therefore, treatments
such as passivating certain surface areas of protein arrays chemically or biologically have
been conventionally used in order to avoid this problem. In our approach, the chemically
heterogeneous nature of the block copolymer nanotemplates serves as a ‘built-in’ self-
passivating arrays where the facilitation and prevention of protein adsorption can be
controlled precisely on the nanoscale by varying the size and shape of the polymeric
nanotemplates.

Our AFM results demonstrate that the same type of diblock, PS-b-P4VP, can be successfully
modified and utilized to create an assortment of highly intricate, nanoscale protein patterns
which are otherwise difficult to produce. Figures 2 and 3 display 0.1 pg/ml of anti-1gG
molecules deposited on the series of chemically treated PS-b-P4VP micellar templates.
Proteins tend to decorate the outer edges of the micelles while leaving the centers of the
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spheres devoid of proteins. Our previous studies on similar diblock copolymer templates
confirm that proteins such as immunoglobulin G and serum albumins show extremely high
affinity for PS domains [18-21, 30].

If a micelle in the film consists of a P4VP core and a PS corona as expected in solution
where PS is uniformly encapsulating the inner P4VP core, the adsorption tendency of the
proteins should show no inclination for a particular sub-region within a micelle and proteins
should evenly distribute themselves on the entire surface of the micelle. However, our AFM
results from anti-1gG adsorption repeatedly confirm that at both low (less than monolayer
coverage) and high (saturation coverage) concentrations, proteins evade the center surface
areas of the micelles during adsorption, see Figures 2 and 3. This observation, in conjunction
with the known adsorption tendency of the protein, demonstrates that the center of the
sphere is P4VP rich at the air/polymer interface. This phenomenon suggests that PS-b-P4VP
micelles tend to adjust their isotropic spherical configuration when prepared on a solid
substrate. Due to the presence of the underlying silicon surface, each micelle is likely to be
flattened in the vertical direction and take the form of a collapsed micelle. Unlike its
concentric core/corona micellar counterpart of PS-b-P4VP found in solution, our data
indicate that the center region of the collapsed micelle prepared on a substrate is devoid of
PS blocks in its corona structure near the surface and that the PS chains are likely to have
moved down toward the substrate. As a result of this rearrangement of PS chains, some
P4VP fragments close to the surface of the micelle, which would have otherwise been buried
in the inner core, are now exposed to the air/polymer interface.

Another interesting behavior of protein adsorption occurs at low protein coverage resulting
from 0.1 pg/ml deposition. In these instances, proteins occupy less than a monolayer of the
available PS-b-P4VP surface sites. Anti-lgG assembly favors fully saturating a subset of
micelles with proteins rather than partially filling in all available micelles with a few
proteins per micelle, see Figure 2(a). Each saturated micellar template hosts four to five
individual protein molecules around its center. When a group of saturated micelles is nearby,
a network of loops is observed where each loop consists of four to five beads of protein
molecules. The maximum number of proteins that can decorate each micelle is determined
by the size of the protein and the micellar template. No proteins are found at the center areas
of the loops nor at the shared areas between neighboring loops. The relatively high presence
of P4VP chains at the air/polymer interface is attributed to the lack of adsorbed proteins at
the center of the loops, whereas steric hindrance from proteins forming the loops is
responsible for limiting protein adsorption in the neighboring areas.

Because the sizes of the polymeric templates and proteins are well-defined, it is possible to
predict and control the maximum number of proteins that can be gathered on each template.
The size of the micellar templates can be controlled in order to fine-tune the adsorption
density of proteins per given surface area of the substrate. A micellar template of
approximately 50 nm in diameter will host three globular proteins with a diameter of ~15
nm on average if the proteins tend to occupy the top of the micellar template. The same
polymeric template will be able to accommodate approximately six protein molecules of the
same size around the perimeter of the micelle if protein adsorption favors the outer
periphery of the template.

Quantitative analysis and comparison of detection signal from multiple locations on the
templates are often necessary in protein array measurements. However, the task of obtaining
well-controlled density of proteins on arrays is difficult to achieve using conventional
protein printing methods. They require either additional fabrication steps for array
production or user-calibration processes for the normalization of background signal between
all spots in the arrays prior to the intended protein measurements. The unique ability of the
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protein arrays prepared by our method in controlling the exact protein density on surfaces
can overcome the drawbacks of conventional arrays and, therefore, is extremely beneficial
for quantitatively comparable protein detection.

Exposing spherical PS-b-P4VP micelles in the original template to chloroform vapor for up
to 3 h leads to a hole geometry due to the favored interaction between the P4VP block and
chloroform, Figure 1(b). Figure 2(b) displays 0.1 pg/ml anti-1gG deposited on the hole
template, where both bare holes as well as those decorated with proteins are observed at this
low deposition concentration. It is evident that anti-1gG proteins deposited onto this hole
template completely avoid the depressed regions in the polymer film where the dominant
polymeric phase is the surface-exposed P4VP. This arrangement of the proteins onto the
hole template is, in part, similar to the process observed on the original template. At the
same time, the assembled proteins on holes exhibit an additional grouping geometry that is
not seen on the original template. Strings of proteins are found to be placed into distinctive
lines emanating from the protein loops around the holes. This assembly behavior results in a
unique windmill-like pattern of proteins at this surface coverage as seen in Figure 2(b). The
formation of these distinctive lines may indicate that there is a dominant morphological
pathway for PS chains to fold away from the center of the original sphere during the
chemically-induced rearrangement process of the polymeric chains into holes. Similar to the
observation in the original templates, not all available hole templates are occupied by
proteins at this concentration. Proteins also show the same tendency to complete assembling
around a subset of hole templates, instead of incompletely distributing among all available
hole templates with only a few protein molecules per hole. This behavior is seen clearly in
Figure 3 which displays AFM panels acquired from a larger scan area. The original micelles
in Figure 3(a) exhibit a repeat spacing and height profile of 50 nm and 2.43 nm,
respectively. The width and height of a single anti-IgG protein adsorbed on top of the sphere
are measured as 14.8 nm and 0.59 nm, respectively. The protein presents no net charge
under the specified deposition condition. The Y-shaped 1gG antibody is known to exhibit
widths along the short and long axes and a height of 14.5 nm, 8.5 nm, 4.0 nm, respectively
[23, 37]. The height of the observed IgG antibody is much smaller than expected due to the
tapping of the Si tip onto the surface of the soft protein sample during AFM imaging. This
observation is similar to previously reported AFM measurements [18-21]. However, a
strikingly different outcome is revealed when carrying out a line analysis of the same protein
on the hole template. Anti-IgG proteins in Figure 3(b) adsorbed on the hole nanostructures,
showing an average repeat spacing of 49 nm and depth of 2.5 nm, are measured to have a
greatly reduced width and an increased height of 9.2 nm and 1.9 nm, respectively. This
observation indicates that the anti-1gG proteins near more hydrophilic chains of P4VP sit
tighter on the adhesion area of the surface while pushing the protein domains upward away
from the polymer.

Further exposure of the hole template to the chloroform vapor for up to 9 h yields reformed
spheres, Figure 1(c). These structures are similar to the original templates but exhibit much
shallower height variations within micelles. Anti-IgG proteins prefer to gather on the tops of
spheres, Figure 2(c). However, no pronounced tendency to resist protein adsorption in the
middle of the sphere is seen on the reformed spheres. This observation indicates that PS
chains in the reformed spheres sweep back fully toward the center of the sphere when
transitioning from holes to the reformed spheres. This process ends up burying the
unfavored P4VP chains deep into the film. On average, each reformed sphere accommodates
three protein molecules on its surface.

The adsorption behavior of proteins on embedded spheres obtained by vapor annealing of
the template for up to 16 h shows two dominant adsorption pathways in the 0.1 pg/ml
concentration regime, Figure 2(d). One adsorption route is for the protein molecules to
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engage in the center lobes of the embedded spheres. The other path is for the proteins to
encircle around the outer edges of the embedded spheres. The surface-assembled proteins
serve as a faithful indicator of the chemical phase difference of the underlying polymeric
blocks of PS and P4VP. The protein molecules adsorb onto the embedded sphere at its
center whose dominant surface phase is PS. At the same time, the nested sphere in the center
is encircled by a circular band of depressed area where no proteins are found. The lack of
protein adsorption in this area suggests that P4VP chains are either exposed to or lie very
close to the air/polymer interface. In addition, the proteins tend to gather outside the
depressed band regions, indicating that the surface areas outside of the circular bands are
predominantly PS. Anti-IgG proteins do not show strong preference to take one of the two
available adsorption paths at this concentration as each case is represented by approximately
half of the templates. Assembled proteins on the enlarged spheres created by annealing the
polymeric template for up to 25 h closely mimic the adsorption behavior observed on the
reformed spheres. Proteins prefer to adsorb on top of the enlarged spheres at a deposition
concentration of 0.1 pg/ml, Figure 2(e).

The next chloroform annealing stage to 29 h yields cylinder precursor templates, whose
individual nanostructures can be viewed as two concentric rings of alternating PS (brighter
rings in the AFM topography) and P4VP (darker depressed areas between the two rings in
the AFM topography), Figure 1(f). At the same protein concentration of 0.1 pg/ml, proteins
gather on top of the two concentric rings as shown in Figure 2(f). A striking adsorption
behavior of the proteins is monitored on these cylinder precursors; the proteins tend to
assemble in much higher density than what is observed from prior templates. This tendency
is confirmed with repeated measurements although the exact reason for the increase in
protein density on cylinder precursors is not yet clear. From our earlier study that was
carried out on a series of polystyrene and polymethylmethacrylate homopolymers, blends,
and diblock copolymers, it was demonstrated that the chemical heterogeneity of template
surfaces plays a very important role in protein adsorption, especially with regards to
achieving high protein density [20]. Similar effects may be seen in our current study where
the density of adsorbed proteins is highest in the polymeric nanotemplates whose degree of
chemical heterogeneity on surfaces is the largest: i.e. when using identical protein deposition
conditions, protein density is the highest in the cylinder precursor templates amongst the
various vapor-annealed PS-b-PVP templates. When comparing the most plausible polymeric
chain compositions between the six templates used in our protein experiment, the
heterogeneity in chemical composition of a given surface area is expected to be the highest
in cylinder precursors. This may explain why the unusually high protein density is achieved
on cylinder precursor templates.

At a higher protein concentration of 0.5 pg/ml, the proteins engage all available template
nanostructures and reach close to a monolayer-forming surface coverage of the proteins. We
define monolayer coverage as the surface coverage where all available and preferred surface
adsorption sites of PS are taken by proteins. Protein molecules adsorbed on the original
micelles before any vapor annealing favor the PS domains on the spheres while avoiding the
center surfaces of the micellar spheres at this concentration. This observation is identical to
the protein adsorption behavior monitored at the lower concentration of 0.1 pg/ml. The
resulting network of adsorbed proteins is formed by the complex link between protein bands
on all available original micelles, where each band consists of four to five individual protein
molecules, see Figure 4(a). Protein assembly on the hole template after deposition of the 0.5
pg/ml solution also leads to the involvement of all existing nanotemplates. Every available
PS area encircling the holes is engaged with proteins. The wind-mill patterns of the
assembled proteins originating from each hole are monitored as in the previous case of the
lower concentration and, at this higher concentration, they are intricately interlaced with
each other, Figure 4(b). On reformed spheres, proteins deposited at a concentration of 0.5
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pag/ml fill all available areas on the tops of the spheres and, on some places of the
nanotemplates, begin to spread out into the regions between the reformed spheres. This
result is displayed in the AFM panel of Figure 4(c) as merged patches of various sizes and
shapes, derived from the amalgamation of protein domains from neighboring templates of
reformed spheres. No strong resistance against protein adsorption is seen in the center region
of the reformed sphere, a phenomenon similar to that of the assembly on reformed spheres at
the lower concentration. Proteins deposited on the embedded spheres from the 0.5 pg/ml
solution primarily adsorb on the outside perimeter of the nanostructure. Five to six protein
molecules circle around each embedded sphere, Figure 4(d). Unlike the assembly behavior
of the lower concentration of deposited protein, no embedded spheres show proteins
positioned on the nested sphere (center lobe) of the template and proteins preferentially
adsorb to PS domains located outside the embedded spheres at this increased concentration.
Proteins on enlarged spheres closely resemble the adsorption behavior of protein on the
reformed spheres at the same concentration. At a deposition concentration of 0.5 pg/ml,
proteins occupy all available sites on the tops of the enlarged spheres and they additionally
start to fill up surface regions between enlarged spheres, see Figure 4(e). Assembled proteins
on cylinder precursors at the same solution concentration, Figure 4(f), pack all areas
encircling the nanostructures as well as neighboring areas between nanostructures. This
supramolecular assembly behavior leads to the formation of two concentric protein bands
that are connected together into large-scale protein networks, as shown in the zoomed-in
AFM topography panel. The distinctively assembled protein structures described in this
paper are observed consistently on the template substrate whose typical size was kept as 0.5
x 0.5 cm? in our experiments.

The characteristic adsorption behavior of proteins on each polymeric nanotemplate
displayed in Figures 2 through 4 occurs throughout the sample where the assembly of the
proteins takes place instantaneously at large scale. The reproducibility of the unique protein
assembly behavior is confirmed by repeated measurements on at least four sets of CHCl -
annealed template series and the height/width data of the adsorbed proteins are obtained
from analyzing at least 50 unit structures per template. High magnification images are
provided in Figures 2 through 4 in order to show both the configurations of the proteins and
the underlying polymeric nanotemplates clearly. Fluorescence images were then taken with
a Zeiss A2M microscope in order to assess the functionality of adsorbed proteins on PS-b-
P4VP templates, Figures 5a and 5b. Due to the optical diffraction limit, fluorescence signal
from individual nanoscale templates cannot be resolved. However, the strong fluorescence
signal combined with the AFM data indicates that a large portion of the protein molecules
keep their bioactivity upon their surface adsorption onto the polymer film. More systematic
and quantitative measurements are currently underway in order to investigate the degree of
denaturation and biofunctionality of the proteins upon surface adsorption to all the
aforementioned PS-b-P4VP nanotemplates. When ultrathin homopolymer films of PS and
P4VP are used instead of the diblock copolymer, the strong adsorption preference of the
protein to PS is unambiguously determined by the significant differences in protein density
on the two homopolymer films. The phase AFM panels displayed in Figures 5¢ and 5d show
that DTAF-antilgG density is much higher on the PS homopolymer film than on the P4VP
homopolymer surface, even though identical biodeposition conditions are used to prepare
the two samples.

In summary, we have determined the adsorption and assembly characteristics of anti-IgG on
various PS-b-P4VP templates, whose unique and intricate nanoscale structures are produced
by time-dependent annealing of the polymeric surfaces under a selective solvent vapor.
Strong adsorption preference of the proteins to certain segment in the diblock copolymer
templates leads to an easily predictable, controllable, and rich set of nanoscale protein arrays
through self-assembly. In our approach, a rich set of intricate nanoscale morphologies of
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protein arrays is successfully produced via self-assembly of proteins on chemically treated
diblock copolymer surfaces, without the use of clean room-based fabrication tools. These
morphologies cannot be easily accessed by the well-known microphase separation of block
copolymers or any other lithographic means. Therefore, our new method can offer a high
degree of flexibility and versatility for the use of block copolymer-based protein arrays in
biodetection. We also demonstrate that polymer compositions of hard-to-probe, sub-domain
features within individual nanostructures can be readily elucidated by investigating the
corresponding protein adsorption behavior. Due to the lack of available techniques
simultaneously providing site-specific and high vertical and lateral resolution, correlating
sub-nanometer scale topological details within individual nanostructures to their surface
chemical compositions cannot be readily. In our approach, the specific arrangement of
polymeric chains and the chemical identities associated with each nanostructure can be
easily determined by utilizing the high discriminating power of the proteins during surface
adsorption. Immediate applications of these protein nanoarrays will most likely involve the
use of currently available microsample handling and conventional detection apparatuses. In
this case, a known number of protein molecules in a group of nanoscale micelles will serve
as an independently addressable, quantitative microscale unit in a given protein array.
However, ideal applications of our protein arrays should address each micelle as an
independent nanoscale assay unit that can be further utilized for protein detection
apparatuses with nanoscale detection resolution. Together with the ease of fabrication in
producing polymeric templates with well-defined nanoscale structures via self-assembly, the
diverse arrays of proteins created using our approach can promote a large degree of
versatility in creating high-density, high-payload, protein arrays. These advantages can be
extremely beneficial to both miniaturized and low cost fundamental biology research as well
as biomedical detection, especially in the areas of high-throughput protein sensing and
screening.
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Figure 1.

AFM panels of the unique PS-b-P4V/P nanostructures monitored during time-dependent
exposure to CHCI3 vapor; a) original spheres, b) holes, c) reformed spheres, d) embedded
spheres, e) enlarged spheres and f) cylinder precursors. AFM images clearly demonstrate the
periodic two-dimensional arrays consisting of the well-defined nanostructures at each time
period of annealing for a) 0 h, b) 3 h, ¢) 9 h, d) 16 h, €) 25 h, and f) 29 h. The scan sizes of
the images shown on the left and right column are 500 x 500 nm and 140 x 140 nm,
respectively. A dark circle is inserted in the zoomed-in AFM panels in order to highlight
each, independently addressable, PS-b-P4VP unit in its hexagonally packed configuration.
As a guide, illustrations showing possible polymeric chain distributions in each micelle are
inserted next to each AFM panel for each time-dependent PS-b-P4VP nanostructure. Red
and yellow chains in the cartoons represent PS and P4VP, respectively.
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Figure 2.

AFM images displaying the protein adsorption characteristics on each of the six polymeric
nanotemplates indicated in Figure 1. The scan sizes of the topography images shown on the
left and right column are 250 x 250 nm and 140 x 140 nm, respectively. The concentration
of protein solution deposited onto various PS-b-P4VP templates is 0.1 pg/ml. This
concentration is well below the saturation coverage, i.e. not all available PS areas on the
polymeric film surface are covered by anti-1gG at this concentration. As a guide to
understand the complex structures after protein adsorption, side-view illustrations of the
AFM data are added. The proteins adsorbed on various surface locations of each polymer
nanostructure are depicted in the illustrations as red (PS), yellow (P4VP), and blue (anti-
1gG) areas.
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Figure 3.

(a) Anti-1gG assembled on the PS-b-PVP nanotemplates of original spheres (left) and holes
(right), showing the protein adsorption behavior on the ultrathin film on a large scale. AFM
panels of 1 wm in diameter are obtained after depositing 0.1 pg/ml (top row) and 0.5 pg/ml
(bottom row) protein solutions. (b) Zoomed-in, 60 x 60 nm, AFM topography of anti-lgG
proteins decorating original micellar (top) and hole (bottom) templates. Height profiles
along the inserted white lines are displayed on the right to clearly show the morphology of
anti-lgG upon adsorption to each template.
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Figure4.

AFM images displaying protein adsorption characteristics on each of the six polymeric PS-
b- P4VP nanotemplates. The concentration of protein solution used is 0.5 pg/ml, which is
approximately at the saturation coverage. The scan sizes of AFM panels displayed in the left
and right columns are 500 x 500 nm and 140 x 140 nm, respectively.
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Figureb5.
150 x 150 pwm fluorescence panels obtained from self-assembled proteins on PS-b-P4VP

templates and 1.5 x 1.5 pm AFM phase panels collected from DTAF-antilgG molecules
treated identically on the two homopolymer surfaces of P4VP and PS. (a) Fluorescence
signal obtained from 0.5 pg/ml DTAF-antilgG molecules adsorbed on the cylinder precursor
PS-b-P4VP template. (b) Fluorescence signal from 1IgG/DTAF-antilgG proteins interacting
on the original PS-b-P4VP micellar template. A layer of 0.4 pg/ml 1gG molecules was
deposited onto the polymeric surface and a solution of 4 ug/ml DTAF-antilgG was
subsequently added to the sample, allowing protein-protein interaction. Before the
fluorescence measurement, the sample was rinsed with an ample amount of PBS to remove
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any unbound proteins after the reaction. When 0.5 pg/ml of DTAF-antilgG was identically
applied on the two homopolymer surfaces of (c) P4VP and (d) PS, the strong adsorption
preference of the protein to PS over P4VP was confirmed from the much higher surface
coverage of the proteins on PS homopolymer.
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