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The ability to control the placement of individual protein molecules
on surfaces could enable advances in a wide range of areas, from
the development of nanoscale biomolecular devices to funda-
mental studies in cell biology. Such control, however, remains a
challenge in nanobiotechnology due to the limitations of current
lithographic techniques. Herein we report an approach that com-
bines scanning probe block copolymer lithography with site-selec-
tive immobilization strategies to create arrays of proteins down to
the single-molecule level with arbitrary pattern control. Scanning
probe block copolymer lithography was used to synthesize indivi-
dual sub-10-nm single crystal gold nanoparticles that can act as
scaffolds for the adsorption of functionalized alkylthiol mono-
layers, which facilitate the immobilization of specific proteins. The
number of protein molecules that adsorb onto the nanoparticles is
dependent upon particle size; when the particle size approaches
the dimensions of a protein molecule, each particle can support
a single protein. This was demonstrated with both gold nanopar-
ticle and quantum dot labeling coupled with transmission electron
microscopy imaging experiments. The immobilized proteins remain
bioactive, as evidenced by enzymatic assays and antigen-antibody
binding experiments. Importantly, this approach to generate sin-
gle-biomolecule arrays is, in principle, applicable to many paralle-
lized cantilever and cantilever-free scanning probe molecular
printing methods.
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Protein immobilization on solid substrates with nanoscale con-
trol has been utilized in a variety of applications, including

chip-based bioassays (1), proteomics (2, 3), drug discovery (3),
and cellular biology studies (4). In cellular biology research, the
ability to fabricate protein nanostructures on surfaces has en-
abled the study of many basic cellular functions including growth,
signaling, and differentiation (4–7). For combinatorial molecular
biology, the miniaturization of protein nanoarrays allows for
smaller and higher density chips and the need for smaller sample
volumes; in certain cases, this can translate into diagnostic sys-
tems with higher sensitivity and the ability to track disease and
biological processes more efficiently (2, 3). The ability to site-spe-
cifically isolate single biomolecules can also facilitate molecular
level studies of such structures (8, 9). Therefore, being able to
nanofabricate biomolecular features at a resolution of 10 nm or
less is of significant interest because this length scale approaches
the dimensions of single protein molecules and offers an oppor-
tunity to address many previously unexplored biological phe-
nomena.

The use of dip-pen nanolithography (DPN) (4, 10) for the gen-
eration of arrays of biomolecules either by a direct deposition
of proteins (11–13) or indirect methods (14, 15), through DPN
writing of patterns followed by capture of proteins onto the pat-
terns, has been widely demonstrated. However, while these meth-
ods are powerful and applicable to biomolecular patterning, their
resolution is essentially limited to that of conventional DPN,
which is significantly larger than most soluble protein molecules
that are generally smaller than 10 nm in diameter. There are also

some examples of using traditional methods such as electron
beam lithography to prepare small collections of particles that
can support individual protein attachment; the ability to control
the placement of biomolecules with this degree of resolution and
precision over large areas remains a challenge for current nano-
lithographic processes (16–18). Indeed, the conventional meth-
ods are expensive, inherently low throughput, and difficult to
implement on the sub-10-nm scale.

Herein, we demonstrate the use of scanning probe block
copolymer lithography (SPBCL) (19) as a technique to control
the number of protein molecules immobilized at specific loca-
tions on a surface down to the single-molecule level. The relevant
surface chemistries employed in conjunction with SPBCL are
validated for the purposes of bioconjugation, and the effect of the
size of the SPBCL-generated gold nanoparticles (AuNPs) on the
number of attached proteins is described. The biological activity
of proteins immobilized on deposited AuNPs is also shown. In
combination, these “soft” methods enable the high throughput
generation of functional protein arrays over large areas, down
to a single biomolecule level, with arbitrary pattern control under
essentially ambient conditions.

SPBCL relies on scanning probe-based methods such as
meniscus-based dip-pen nanolithography (DPN) (20, 21) or poly-
mer pen lithography (PPL) (22) to pattern attoliter volumes of
block copolymers complexed with metal ions in a parallelized
manner over large areas. The block copolymer acts as a synthetic
“nanoreactor” that confines the atoms involved in the synthesis of
nanoparticles on a substrate. Once the block copolymer–metal
ion ink has been patterned, plasma treatment and subsequent
thermal annealing are used to reduce the metal ions and remove
the polymer, ultimately yielding a single nanoparticle per pat-
terned feature. The feature size, and consequently nanoparticle
dimensions, can be controlled by adjusting the dwell time of the
scanning probe. In the case of PPL, the contact force applied to
the polymer pens also offers control over feature and nanopar-
ticle size. Because SPBCL is able to generate nanoparticles less
than 10 nm in diameter, it allows one to prepare particles, which
in principle can isolate individual proteins.

Results and Discussion
In a typical SPBCL experiment, chloroauric acid (HAuCl4) is
added to an aqueous solution of poly(ethylene oxide)-b-poly
(2-vinylpyridine) (PEO-b-P2VP). After stirring for 24 h, the me-
tal ion-coordinated block copolymer mixture was coated onto
scanning probes, which were then used for lithography. The block
copolymer features are directly deposited on a Si substrate or a
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Si3N4 TEM membrane (Fig. 1A), and subsequent removal of the
organic polymer and reduction of the metal ions result in the
formation of single nanoparticles within the original patterned
locations (Fig. 1B). Importantly in SPBCL, the AuNP that forms
is tailorable and can be much smaller than the original polymer
feature size and even the tip radius (4, 10). In this report, arrays of
AuNPs with diameters between 4 and 40 nm were studied (exam-
ples between 10 and 40 nm are shown in Fig. 1 C and D). Custom
patterns of single nanoparticles can also be made in arbitrary for-
mats. For example, arrays of approximately 10-nm particles in the
form of the letters “NU” were made from approximately 100-nm-
diameter polymer features (Fig. 1 E and F).

To determine if proteins can be immobilized on the SPBCL-
generated AuNPs, we studied it in the context of streptavidin
binding to biotin. The biotin-streptavidin interaction is known
to be very strong (Kd ≈ 10−15 M) and represents an example of
site-specific binding (23). To this end, SPBCL was used to write
a square array of approximately 10-nm AuNPs with a 2-μm pitch.
The bulk silicon wafer surface bearing the patterned AuNPs
was then modified with a polyethylene glycol (PEG)-functiona-
lized silane in order to prevent nonspecific adsorption of the pro-
tein onto unpatterned areas. SAMs of biotin-alkylthiols were
subsequently formed on the AuNPs by immersing the nanopar-
ticle arrays in a biotin-alkylthiol solution (Fig. 2A). These biotin-
bearing AuNP arrays were then used to immobilize CdSe/ZnS
core-shell quantum dots (QDs) that were modified with strepta-
vidin. Here, the QDs acted as an easily observable label that
can confirm the binding of streptavidin to the biotin-AuNPs.
Transmission electron microscopy (TEM) images of the substrate
acquired postimmobilization demonstrated the binding of QD-
labeled streptavidin on every patterned gold nanoparticle func-
tionalized with biotin (Fig. 2B). In these TEM images, the white
dots represent the AuNPs from the SPBCL pattern, while the
associated gray rods are the CdSe/ZnS QDs. Energy-dispersive
X-ray spectroscopy (EDX) elemental mapping of Au and Cd also
confirmed the identity of the QDs immobilized onto patterned
AuNPs (Fig. S1). No QDs were found on the PEG-passivated sur-
face, confirming that streptavidin was exclusively attached to the
Au pattern and there was no significant nonspecific adsorption.

In order to determine the number of streptavidin molecules
per single AuNP in the pattern, an AuNP array that was produced
in a similar manner was then treated with a solution of strepta-
vidin that had been separately labeled with 1.4-nm AuNPs.
Importantly, the commercially supplied AuNP-streptavidin con-
jugates used in this case were purified such that the material
was predominantly a 1∶1 ratio of nanoparticles to streptavidin
(NANOGOLD® streptavidin, Nanoprobes) (24, 25). These con-

jugates thus enabled the quantification of the number of strepta-
vidin molecules immobilized onto the arrays by observation and
counting of the smaller streptavidin-bound AuNPs that were
bound to the SPBCL-generated AuNPs. Furthermore, the smal-
ler streptavidin-conjugated 1.4-nm AuNPs could be distinguished
from the larger approximately 10-nm AuNPs defined by SPBCL
(Fig. 3). On average, each of the approximately 10-nm AuNPs
was associated with three of the smaller AuNP labels, which in

Fig. 1. SPBCL patterning of AuNP arrays. (A) An AFM topographical image of a dot array of PEO-b-P2VP/AuCl4
− ink on a Si3N4 TEM membrane patterned by

SPBCL. (B) A TEM image of single AuNP arrays produced after polymer removal by plasma treatment. (C) Controlled formation of AuNPs (white dots) across a
range of sizes within the block copolymer matrix (gray background) after brief plasma exposure. (D) A graph of the size distribution of AuNPs synthesized as a
function of tip-substrate dwell time. (E) An arbitrary pattern made of individual PEO-b-P2VP/AuCl4

− dot features printed in the form of “NU.” (F) A magnified
SEM image of the AuNPs after polymer removal.

Fig. 2. Streptavidin immobilization on Au patterns. (A) Schematic diagram
of streptavidin-CdSe/ZnS QD conjugate immobilization onto SPBCL-defined
AuNPs functionalized with biotin-thiol conjugates. (B) A TEM image of a
square array pattern of Au nanoparticles with associated CdSe/ZnS QDs.
The magnified image of each particle (defined by the orange box at each
corner) shows that all of the AuNPs patterned by SPBCL are associated with
the gray rods of the QD labels.
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turn indicated the immobilization of three streptavidin molecules
per particle. Because the size of a streptavidin molecule is
approximately 4 nm, the accommodation of three protein mole-
cules onto a single 10-nm AuNP was reasonable. The relationship
between the size of the AuNPs patterned by SPBCL and the num-
ber of protein molecules attached to them was further investi-
gated by deliberately adjusting the dwell time of the inked tip to
produce arrays of AuNPs with different diameters (Fig. 4A). As
expected, the larger SPBCL-patterned AuNPs had more 1.4-nm
AuNPs and corresponding streptavidin molecules attached
(Fig. 4B). When the printed AuNP particle size was reduced to
approximately 4 nm, which correlated with the dimensions of the
streptavidin molecule, our analysis demonstrated that approxi-
mately 80% of the printed AuNPs had only one bound strepta-
vidin, leading to an array of single biomolecules.

To demonstrate that proteins immobilized in this way retained
their biological activity, SPBCL was used to generate a uniform

array of 10-nm AuNPs presenting biotin. These arrays were then
used to immobilize avidin-horseradish peroxidase (HRP) conju-
gates. The enzymatic activity of the HRP could then be detected
by the 3,3′,5,5′-tetramethylbenzidine (TMB) assay with hydrogen
peroxide, where the enzymatic reaction resulted in a blue color
that could be quantified by UV-Vis absorbance measurements of
the test solution at 652 nm (26). Thus, by immersing the printed
substrates bearing avidin-HRP in the assay solution, an increase
in absorbance was observed over time, which confirmed the ac-
tivity of the immobilized protein (Fig. 5). In contrast, in the con-
trol experiments using surface substrates that were not SPBCL-
patterned, or where avidin-HRP was not immobilized on the
AuNPs, or if the TMB reagent was omitted, no increase in absor-
bance above the baseline was observed.

In order to generalize this procedure to other types of proteins,
a more widely applicable method of protein immobilization
was required. In this respect, the use of metal affinity binding
is extensively used both for the purification and immobilization
of proteins that possess an innate metal binding sequence or a
peptide sequence that is capable of binding divalent metal ions
such as the polyhistidine “His-tag” (23, 27). In order to evaluate
this protein attachment method in the context of the SPBCL plat-
form, an alkylthiol with the nitrilotriacetic acid (NTA) group was
used to form the SAMs on the AuNPs (Fig. 6A). The AuNP pat-
terns with these NTA groups were then used for the site-selective
binding of native (unmodified) IgG by metal affinity because
these antibodies possess a histidine-rich sequence near the C
terminal of the FC region (28, 29). To determine if single-mole-
cule immobilization was possible, these approximately 10-nm
SPBCL-generated AuNP arrays were treated with IgG molecules
labeled with 1.4-nm AuNPs (at a 1∶1 ratio of IgG:AuNP). They
were subsequently rinsed with PBS buffer and imaged by TEM,
which showed a single 1.4-nm particle label per approximately
10 nm particle substrate (Fig. 6B). This observation is consistent
with the dimensions of the IgG molecules (15 × 9.5 × 6.5 nm)
(30). Finally, in order to demonstrate that the anti-goat IgG also
retained its biological activity after immobilization, these arrays
were treated with a solution of goat-derived Fab antibody frag-
ments that were conjugated with QD rods. In a representative
TEM image (Fig. 6B), each of 10-nm substrate particles has a
single 1.4-nm particle label and at least one QD rod label. EDX
analysis was used to further confirm the identity of the AuNPs
and QDs (Fig. S2).

In summary, we have shown that SPBCL can be used to
prepare gold nanostructures small enough to control the indivi-
dual placement of protein molecules on surfaces. Importantly,
this technique takes advantage of the ability of SPBCL to create
nanostructures smaller than the tip diameter, thereby bypassing
some of the limitations of the highest resolution molecular print-
ing techniques. In addition, the ability to adjust particle size based
upon polymer feature allows rapid prototyping structures tailored

Fig. 3. A TEM image of a square array pattern of approximately 10-nm
AuNPs with associated smaller 1.4-nm AuNPs. The magnified images defined
by the orange box at each corner show that each of the large AuNPs has three
smaller AuNP labels (indicated by the red arrows) on average, indicating the
immobilization of three streptavidin molecules at each site.

Fig. 4. Quantification of protein immobilization. (A) TEM images showing
the association of 1.4-nm AuNPs labels with the SPBCL-defined large AuNPs.
The number of the AuNP labels and, in turn the number of the immobilized
streptavidin molecules is dependent on the size of the SPBCL-defined AuNPs.
(B) Histogram of the number of the associated small AuNP labels as a function
of the size of the AuNPs patterned by SPBCL.

Fig. 5. Graph of UV-Vis absorbance at 652 nm over time for the TMB assay,
measured for the various surface substrates including the AuNP-immobilized
arrays of avidin-HRP.
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for different sized and numbers of proteins. The method is com-
patible with highly parallelized multiprobe nanolithography meth-
ods such as polymer pen lithography (PPL) and hard-tip soft-
spring lithography (HSL) (31), making it very attractive for high
throughput use. Unlike conventional block copolymer micelle na-
nolithography (32, 33), which is only capable of making repetitive
geometric arrays, SPBCL allows for the deposition of individual
block copolymer features at user-defined positions with nanoscale
resolution, enabling the generation of complex patterns. Such fea-
ture size and pattern geometry for larger structures have proven
important in understanding cell surface interactions (34, 35) and
the ability to now achieve such control down to the dimensions
of single biomolecules, including proteins (36), viruses (37), and
oligonucleotides (38) will enable new insights in this area.

Materials and Methods
SPBCL Fabrication of AuNP Arrays. AuNP arrays were fabricated on Si or Si3N4

substrates by SPBCL according to previously published procedures (19). In
brief, the diblock copolymer PEO-b-P2VP (Mn 2,800-b-1,500, Mw∕Mn 1.11;
Polymer Source Inc,) was dissolved in an aqueous solution (concentration
of 0.5% w∕w) followed by the addition of HAuCl4 (Sigma-Aldrich) where
the molar ratio of ½AuCl4�− to pyridine is 1∶3. After vigorous stirring for at
least 24 h, Si AFM tips or pen arrays (Nanoink) were dipped into the solution
and blown dry with nitrogen. In a typical DPN experiment, tips are brought in
contact with the substrate, which is a Si3N4 TEM grid (Ted Pella) for the ex-
periments described herein. Thus, the block copolymer features are directly

deposited onto Si3N4 TEM membranes (15 or 50 nm thick) and can be put in
a TEM for imaging. Importantly, there is no need to transfer nanoparticles.
The patterning process was performed in an NScriptor system (Nanoink) at
room temperature and at least 70% relative humidity. After patterning, the
samples were exposed to oxygen plasma for about 15 min at 60 W under a
pressure of 100 mTorr, followed by thermal annealing at 650 °C for 2 h to
remove the polymer and reduce the Au ions into AuNPs.

PEG Passivation. The surfaces patterned with AuNP as described above were
immersed in a 6-mM solution of 2-[methoxy(polyethyleneoxy)propyl]tri-
methoxysilane (MeO-PEG-SiðOMeÞ3,Mw 460–590; Gelest) and 1% v∕v triethy-
lamine in anhydrous toluene. The solution is kept at 80 °C on a hot plate for
at least 24 h. To remove any noncovalently attached siloxane, substrates were
rinsed extensively with ethyl acetate, methanol, and ethanol. After drying
under a stream of nitrogen, the PEG-silane passivated sample was immedi-
ately used for subsequent steps.

Streptavidin Immobilization. After PEG passivation, the substrates patterned
with AuNPs were immersed in a 1-mM ethanol solution of biotin-alkylthiol
(HS-C11-EG3-Biotin, Prochimia) for 4 h at room temperature and then rinsed
with ethanol and dried with nitrogen. A 50-nM streptavidin solution was
prepared by diluting commercially available streptavidin conjugates, which
were labeled with CdSe/ZnS core/shell (approximately 7 nm) quantum dots
(Qdot® 605 Streptavidin Conjugate, Invitrogen), or 1.4-nm AuNPs (NANO-
GOLD® streptavidin, Nanoprobes), with phosphate buffered saline (PBS).
Then, samples were immersed in the streptavidin solution for 2 h at room
temperature just after the biotin-alkylthiol SAM formation step, followed
by rinsing with PBS. Under all these conditions, gentle rinsing does not dis-
lodge the nanoparticles from the substrate.

Peroxidase Substrate (TMB) Assay. The biotin-thiol functionalized AuNP arrays
were incubated in a 30-nM avidin-horseradish peroxidase (Invitrogen) solu-
tion in PBS at room temperature for 2 h. The samples were then placed into
the wells of a 96-well microtiter plate and 100 μL of premixed 1% 3,3′,5,5′
Tetrmethylbenzidine (TMB, 0.4 g∕L) aqueous solution is added. Immediately
afterward 100 μL hydrogen peroxide (0.02%) in buffer (26) (Pierce Protein
Research Products) is added to each sample well. The UV-visible light absor-
bance of the solution in each well is monitored and quantified over 2,000 s at
652 nm by using Synergy H4 Hybrid Multiwell Plate Reader (BioTek, Winoos-
ki, VT).

Antibody Immobilization by Metal Coordination. Patterned AuNP substrates
after PEG passivation (not streptavidin functionalized) were immersed in a
1-mM solution of an alkylthiol terminated with nitrilotriacetic acid (NTA)
groups (HS-C11-EG3-NTA) in ethanol for 4 h, followed by rinsing with etha-
nol, and then immersed in a 40-mM aqueous solution of NiCl2 for 1 h. The
Ni2þ-charged NTA-thiol-AuNP substrates were then incubated in a PBS solu-
tion of antigoat IgG (80 μg∕mL) labeled with 1.4-nm AuNPs (Nanoprobes)
for 4 h. The AuNP arrays were subsequently incubated with a solution of
goat-derived Fab labeled with CdSe/ZnS quantum dots (Qdot® 655 goat Fab

antirabbit IgG conjugate, Invitrogen) and imaged by TEM.
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