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ABSTRACT: The ability to precisely control the localization
of enzymes on a surface is critical for several applications
including biosensing, bionanoreactors, and single molecule
studies. Despite recent advances, fabrication of enzyme
patterns with resolution at the single enzyme level is limited
by the lack of lithography methods that combine high
resolution, compatibility with soft, polymeric structures, ease
of fabrication, and high throughput. Here, a method to
generate enzyme nanopatterns (using thermolysin as a model
system) on a polymer surface is demonstrated using
thermochemical scanning probe lithography (tc-SPL). Elec-
trostatic immobilization of negatively charged sulfonated

Enzyme Patterns
" on Polymer Films

enzymes occurs selectively at positively charged amine nanopatterns produced by thermal deprotection of amines along the
side-chain of a methacrylate-based copolymer film via tc-SPL. This process occurs simultaneously with local thermal quasi-3D
topographical patterning of the same polymer, offering lateral sub-10 nm resolution, and vertical 1 nm resolution, as well as high
throughput (5.2 X 10* um?/h). The obtained single-enzyme resolution patterns are characterized by atomic force microscopy
(AFM) and fluorescence microscopy. The enzyme density, the surface passivation, and the quasi-3D arbitrary geometry of these
patterned pockets are directly controlled during the tc-SPL process in a single step without the need of markers or masks. Other
unique features of this patterning approach include the combined single-enzyme resolution over mm? areas and the possibility

of fabricating enzymes nanogradients.

KEYWORDS: Scanning Probe Lithography, Enzyme Nanopatterning, Biointerface, Bionanotechnology,

Nanofabrication, Thermochemical Nanolithography

1. INTRODUCTION

Enzymes can efficiently promote biochemical reactions with
great specificity in aqueous environments, and have broad
applications as biocatalysts in the food industry and in
biomedicine. The ability to immobilize and pattern enzymes
on a solid surface with a predefined spatial configuration is
relevant for many bionanotechnological and biological
applications, such as biosensing, bionanoreactors, enzyme-
assisted lithography, and cell biology studies.'™® As the size of
the bionanotechnological devices continues to scale down, the
capability of fabricating enzyme patterns at the nanometer
scale is crucial. Highly defined enzyme patterns at this length
scale can significantly benefit the fabrication of biosensors with
densely packed arrays for highly sensitive and high-throughput
detection.””'” Due to the catalytic properties of enzymes,
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enzyme nanopatterns can also be implemented to grow
inorganic materials as device building blocks or to locally
degrade macromolecular films, generating templates for the
subsequent patterning of miniature electrical circuits.””""
Furthermore, quasi-3D patterning on soft polymer surfaces
with single enzyme resolution (<10 nm) allows a more precise
engineering of the enzymes’ microenvironment, which can
potentially mimic more closely the biological context and
thereby enhance enzyme function and stability.

In recent decades, a variety of patterning techniques have
been developed and used for fabricating enzyme patterns.

Received: July 6, 2019
Accepted: October 14, 2019
Published: October 14, 2019

DOI: 10.1021/acsami.9b11844
ACS Appl. Mater. Interfaces 2019, 11, 41780—41790


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b11844
http://dx.doi.org/10.1021/acsami.9b11844

ACS Applied Materials & Interfaces

Research Article

a Pristine polymer

20 80
o
s N
o) NYO
b Exposed Amines 0.0 c Passivated Polymer

S LA
S~—

T=T,

Z
" b

l >>T,

Dip in Enzyme solution

HoN

Enzyme Patterns
on Polymer Films

7 ocket Depth Contro!
(L

P oad)

Figure 1. (a—c) Changes in chemical structure of the pristine polymer (a) upon heating with a tc-SPL hot tip at patterning temperatures of T = T
(~150 °C) to expose amine groups (b), and at T > T, to thermally hydrolyze the ester, forming carboxylic acid groups (c). (d) Schematic
representation of the negatively charged sulfonated Alexa 488 conjugated thermolysin enzyme and its immobilization on positively charged amine
patterns obtained in (b) with independent control of patterned topography and enzyme density by means of controlling temperature and load
(pressure applied by tip on polymer). The black area surrounding the patterned pockets is the passivated region by high temperature patterning at

T> T,

. . . e 2,9,12,13
Among these techniques, microcontacting printing, ’

optical lithography,'*™'® and inkjet printing'’ can provide
enzyme patterns of micrometer size. Although enzyme patterns
with sub-100 nm resolution have been generated using
different methods, such as electron beam lithography
(EBL),"*™*' nanoimprint lithography (NIL),”* dip pen
nanolithography (DPN),""**** scanning probe lithography
(SPL) methods,”~*® and various self-assembly processes,”’>*
it is still an open challenge to achieve enzyme patterning using
a simple and effective method which combines sub-10 nm
resolution and high throughput. To date, only a few reports
have demonstrated enzyme patterning with 10 nm resolu-
tion.””*” For example, DPN has been able to generate an array
of 10 nm Au nanoparticles with avidin—horseradish peroxidase
attached.”®> However, the fabrication process involves multiple
steps, i.e., patterning of block copolymer—metal ion complexes
by DPN, reduction of the metal ions, removal of the polymer
by plasma, annealing, and finally enzyme immobilization.
Bottom-up self-assembly based patterning methods are well-
known to generate sub-10 nm features.””*>** Sub-10 nm
enzyme features were reported by immobilizing enzymes onto
self-assembled 10 nm Pt islands de)posited through dip-coating
and electrochemical deposition.”” However, this approach
requires multiple steps and lacks specific control over the
pattern configuration, biomolecule density, and topography,
which limits its versatility for the fabrication of customized
enzyme patterns. The ability to independently control surface
chemistry and surface topography without affecting the other is
of crucial importance in fabricating biosensors and bioreactors
with well-controlled enzyme concentration and precisely
defined geometry of the enzyme pockets and the surroundings.

Moreover, this dual control over chemistry and topography can
significantly help the design of experiments to understand
interfacial cell/extracellular matrix interactions, as well as the
interaction of biomolecules with supporting surfaces.’> ™’
However, none of these techniques has the capability to
independently control enzyme density and enzyme pocket
geometry at the nanometer scale.

Here, we report on a method for nanopatterning enzyme
pockets in a polymer film by controlling both enzyme density
and pocket geometry with high throughput and sub-10 nm
resolution. By using a commercial thermal-SPL system,*’ we
demonstrate the direct patterning of amine groups, simulta-
neously with quasi-3D topography patterning of a thin polymer
film. This process is followed by efficient single-step electro-
static enzyme immobilization by taking advantage of the
attractive interaction between the negatively charged sulfonate
moieties on functionalized enzymes and the positively charged
amine patterns on the polymer surface in the aqueous
environment. Using this approach, we obtain unprecedented
sub-10 nm enzyme patterns with a top-down patterning
method, together with independent control of surface
chemistry and quasi-3D topography, and high throughput
(5.2 X 10* ym?/h). Furthermore, we demonstrate a single step
tc-SPL direct passivation strategy, which involves local thermal
formation of carboxylic acid groups and does not require
additional chemical functionalization to reduce nonspecific
enzymes binding on the polymer surface. A model based on
the reaction kinetics of amine deprotection and carboxylic acid
formation is developed to describe the net density of
immobilized sulfonated dyes and enzymes as a function of
patterning temperature. The tc-SPL system employed here also
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Figure 2. FTIR spectra of the pristine polymer film at room temperature (magenta), heated above the amine deprotection temperature (T ~ 185
°C, red spectra labeled as activated), and heated at the passivation temperature (T ~ 240 °C, green spectra labeled as passivated). The inset shows
the confocal fluorescence image of selectively immobilized Alexa—thermolysin on an amine activated square pattern (marked with a red border,
patterning temperature ~ 187 °C), within a passivated square pattern (marked with a green border, patterning temperature ~ 252 °C). The
fluorescence intensity of the passivated region is around 8 times lower than the enzyme pattern. Here, the image contrast was tuned for clarity.

offers simultaneous in situ imaging of the topography before,
during, and after patterning, enabling closed-loop lithogra-
4

phy.

2. RESULTS AND DISCUSSION

Micro- and nanoscale amine patterns are fabricated on the
surface of a methacrylate-based copolymer film containing
thermallz labile tetrahydropyran (THP) carbamate protecting
groups.”*~** The THP groups are selectively removed from
the surface using a hot thermal-SPL nanotip, exposing primary
amines. This concept, which was previously demonstrated by
Riedo et al. using a custom-modified AFM equipped with
thermal tips,*”~** is implemented here using a commercial
thermal SPL system which allows for high throughput and
mm? areas patterns (NanoFrazor'”*>*® from SwissLitho; see
Experimental Section). The reaction scheme is depicted in
Figure la,b, where amine formation occurs through carbamate
hydrolysis, when the surface of the methacrylate-based
copolymer film is locally heated by tc-SPL at a temperature
close to the amine deprotection temperature T, & 150 °C, as
previously reported in the literature (see the Experimental
Section for temperature calibration).**™** However, as will be
discussed later, here we also find that further heating at higher
temperatures (>200 °C) and ambient humidity (RH ~ 40%)
results in significant hydrolysis of esters along the polymer
chain, forming carboxylic acid groups (Figure 1c), which
become negatively charged during enzyme incubation (pH ~
7) and washing (pH ~ 7.4). These carboxylic acid groups can
passivate the region patterned at higher temperature (ie.,
repulse the enzymes). Unlike covalent immobilization through
multistep biochemical-conjugation, as demonstrated previously
in the literature for protein and DNA patterns,””~** here we
use a different strategy based on electrostatic interaction that
allows for both chemical and topographical patterning, as well
as passivation, directly, solely by tc-SPL. Specifically, enzyme
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binding on the surface is driven by the electrostatic interaction
in aqueous environment (pH ~ 7 and 7.4 for washing)
between the negatively charged sulfonated Alexa-488 labeled
enzymes and the positively charged exposed amines on the
patterns.”’ In the passivated regions, the negatively charged
carboxylate groups repel the negatively charged sulfonated
Alexa-488 labeled enzymes by opposite interaction. Here,
sulfonate functionalization of the enzymes is needed to
immobilize them on the amine patterns, and we choose
Alexa-based sulfonation so that it serves the dual purpose of
immobilization and visualization. More details on the electro-
static immobilization are reported in the Supporting
Information (SI). Bioconjugation and characterization of
Alexa-488 labeled thermolysin is provided in the SI. The
term, Alexa-thermolysin, will be used to refer to the labeled
enzymes in this report. After amine patterning by tc-SPL,
Alexa—thermolysin can be immobilized onto the patterns by
incubating the polymer films with Alexa—thermolysin solution
(pH ~ 7) (Figure 1d). This one-step immobilization method
avoids post-fabrication intermediate linker chemistry on the
patterns and provides great simplicity, as well as effectiveness
to immobilize the enzymes through noncovalent interactions.

2.1. Characterization of Film Passivation. A well-
known challenge in biomolecular immobilization on patterned
surfaces is their nonspecific binding, which compromises their
binding selectivity. Most studies related to biomolecular
patterning reduce the nonspecific binding by means of
chemical functionalization of the unpatterned surface with
antifouling residues, most commonly poly ethylene-glycol
derivatives.'”*»*¥**" Such passivation requires additional
fabrication steps making the patterning process complex. In
the following discussion, we demonstrate that tc-SPL
patterning of the methacrylate-based copolymer at high
temperatures in ambient humidity gives rise to a successful
passivation because of the formation of carboxylic acid groups
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Figure 3. (a) Confocal fluorescence image and (b) corresponding emission intensity profile of rectangular patterns with different density of
sulfonated Alexa 488 dye but similar topography, obtained by varying the patterning temperatures and load per unit area, i.e., tip pressure. (c)
Corresponding AFM topography image and (d) cross-sectional height profile along the line drawn in (c) (z-scale = 19 nm) is shown. (e) Confocal
fluorescence image and (f) corresponding emission intensity profile of rectangular patterns with similar density of sulfonated Alexa 488 dye
(measured by fluorescence intensity) but different topography, obtained by varying the load during patterning at a constant temperature (T = 209
°C). (g) AFM topography image and (h) cross-sectional height profile along the line in (g) (z-scale = 17 nm). Scale bars for all images are S ym.
(i) Fluorescence intensity of the patterns as a function of patterning temperature. The dashed line is the fitting using eq S. (j) Pocket depth as a
function of patterning load at different temperatures (from bottom to top, 179 °C, 195 °C, 209 °C, 223 °C). Data are fitted using a global model as

eq 9.

(pK, around 4), which become negatively charged during
enzyme incubation (pH ~ 7) and washing (pH ~ 7.4). In the
inset of Figure 2, we present the fluorescent image of a 4.5 X
4.5 ym?* Alexa-thermolysin-immobilized pattern surrounded by
a passivated 20 X 20 ym” squared area. The amine pattern is
fabricated by tc-SPL with T ~ 187 °C, whereas the passivated
area is produced by tc-SPL at T ~ 252 °C. While the
unpatterned, pristine polymer shows a certain nonspecific
binding (see the area marked in magenta), the passivated
region (marked in green) clearly shows that the nonspecific
binding is greatly reduced by this passivation method. In order
to understand the mechanism behind this passivation at high
temperature (T > T,), pristine methacrylate-based copolymer
films are heated at different temperatures and characterized by
FTIR to assess changes in the chemical structure of the
polymer surface. All measurements are performed at room
temperature after heating. As shown in Figure 2 (magenta
spectrum refers to room temperature sample; red for polymer
film heated around 185 °C; green for polymer film heated
around 240 °C), we observe that, as the temperature increases
above the amine deprotection temperature, primary amines are
formed. This is indicated by an elevated intensity around 1669
cm™ (NH, bending; see magenta and red spectra in Figure 2)
and by two shoulders at 3545 and 3366 cm™' (NH, stretching,
red spectra in Figure 2) as a broad band. The appearance of
the broad band at around 3500 cm™" in the red and green plots
is due to OH stretching, possibly resulting from the formation
of carboxyl groups, which form through the thermally assisted
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ester hydrolysis along some side-chains in the polymer when
heated in ambient humidity. This band falls in the same region
of the amine stretching peaks and masks the NH, stretching
peaks. Although a small amount of carboxyl groups form at
temperatures close to Ty, the pattern is mainly rich in amine
groups which electrostatically bind the negatively charged
Alexa—thermolysin enzymes in aqueous solution (pH ~ 7)
(Figure 2, square enzyme pattern and red spectra). However,
when the temperature is further increased to T > T, and RH
~ 45% (corresponding to a local temperature during
patterning of more than 200 °C), more carboxylic acid groups
seem to form along the polymer side-chains, as indicated by
the enhancement in the OH band intensity around 3540 cm™
(Figure 2b, green plot). Also, a clear shoulder appears next to
the C=0 stretching peak at higher wavenumbers (1752 cm™,
Figure 2, green plot). This can be ascribed to a certain amount
of anhydride formed from the dehydration of carboxyl groups
at these elevated temperatures, supporting the hypothesis that
more carboxylic acid groups form. Two extra peaks also appear
at 1385 and 1333 cm ™" after heating around 240 °C, which can
be attributed to C—O—H and OH in-plane bending of
carboxylic acid groups. Since no nitrogen-related peak is
overlapping in this region, these two peaks can be better
evidence to distinguish between carboxylic acid groups and
amines. We also remark that the formation of carboxylic acid
groups during the thermal patterning process could be even
more favorable than in the global heating procedure used here
for the FTIR spectra, because water locally condenses at the
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tip—surface meniscus’ " and because of the large local

pressure between tip and polymer.’”*" In aqueous solutions
during enzyme immobilization (pH ~ 7) and washing (pH ~
7.4), these carboxylic acid groups are readily deprotonated
forming negatively charged carboxylates, which repel the
negatively charged Alexa—thermolysin enzymes due to electro-
static repulsion, giving rise to an antifouling passivated polymer
region (inset of Figure 2, darker square).

2.2. Independent Control of Topography and
Enzyme Density in the Pockets. Since both surface
chemistry and topography are relevant for interfacing bio-
logical components, it is desirable to control them
independently.”>*” 7% Such a control can be achieved by tc-
SPL, as illustrated in Figure 3, and explained in the next
paragraph. The control over sulfonated enzymes (Alexa—
thermolysin) density inside pockets that have comparable size
and depth is demonstrated in Figure 3a—d. The sulfonated
enzyme density is indirectly probed by the fluorescence
intensity of the immobilized Alexa 488 dye. Figure 3a shows
confocal fluorescence images (Apy = S15—600 nm) of three
sets of rectangular pockets which are tc-SPL patterned at three
different tip temperatures as indicated in the figure. We
observe that the fluorescence intensity decreases with
increasing tip temperature indicating a decrease in the Alexa
488 density (Figure 3a,b). This decreased density with
increasing temperature (from 194 to 205 °C) is in apparent
disagreement with the concept that the amine density increases
with temperature.*”*>*> Amine formation by carbamate
deprotection is a thermally activated reaction; thus, the
amine density in the pattern is expected to increase with the
patterning temperature.”” However, as discussed earlier,
temperatures similar to or higher than the amine deprotection
temperature can also trigger ester hydrolysis along the side-
chains to form carboxylic acid groups (Figure 1lc), which in
turn can be deprotonated in the enzyme solution (pH ~ 7)
and water solution (pH ~ 7.4) used for washing. Therefore,
the increasing density of patterned negative charges results in a
decreased density of immobilized negatively charged sulfo-
nated Alexa 488 molecules in the pockets.

Increasing the tip temperature increases the indentation in
the polymer and therefore the depth of the formed pocket.
Thus, in order to maintain the same patterning depth with
variable amine density, we decrease the overall patterning load,
i.e,, the pressure applied by the tc-SPL tip on the polymer
surface during patterning, by reducing the capacitive force
voltage (see the Experimental Section). As a result, the
patterned rectangular pockets have the same depth (about 4
nm; see cross-sectional profile in Figure 3d). For the details on
calibrating the patterning load, see SI. In summary, we can
tune the temperature to vary the Alexa-thermolysin enzyme
density in the patterned area, and simultaneously, we can also
tune the load to maintain the same geometrical depth of the
pocket. Accordingly, the corresponding AFM image (Figure
3c) of the same pockets, shown in Figure 3a before Alexa 488
incubation, shows that, for all the temperatures, the patterned
rectangular pockets have the same depth of around 4 nm
(Figure 3d).

To further investigate the temperature dependence of the
density of the sulfonated molecules (Alexa 488 and Alexa—
thermolysin enzymes) on the pattern, we collect the
fluorescence intensity of multiple pockets patterned with
increasing temperature (Figure 3i). Since the emitted
fluorescence intensity per unit area, I, is proportional to the

density of the immobilized sulfonate-containing Alexa 488 on
the pattern, this intensity I is used to quantify the density of
the immobilized sulfonated molecules. We define I, =

Nenz
yme
—=where Nepyme

is the density of the specifically and
enzyme

electrostatically immobilized sulfonated enzymes (as opposed
to the nonspecific binding at the nonpatterned surface), and
Ngmyme is the maximum density of immobilized sulfonated
enzymes, which will be discussed in more detail later. In Figure

. — by . .
3i, we plot I, = ﬁ, where I, is the maximal measured
m g

fluorescence intensity per unit area, and I, is the background
intensity per unit area. Figure 3i shows that the density of the
sulfonated molecules which are immobilized on the patterned
areas starts to increase at 151.8 °C, followed by a peak at
around 196.8 °C; this behavior is due to amine deprotection
(carbamate hydrolysis), and is in agreement with a previously
reported work where dye molecules were bioconjugated to
surface amine groups using a biotin—streptavidin functional-
ization.** However, when the temperature is further increased,
the density of the electrostatically immobilized sulfonated
molecules on the patterns decreases, reaching a point where
this density is even lower than that of the nonspecific
adsorption on the background (seen as a negative intensity
here). As discussed earlier, this decrease in the number of
immobilized sulfonated molecules is due to the formation of
more carboxyl groups as the temperature is further increased.
To better elucidate the reaction mechanisms behind these
processes, we model the reactions using the Arrhenius law. In
the growing part of the curve (low temperatures, T < 200 °C),
the density of the immobilized sulfonated molecules increases
with temperature due to the amine deprotection. Therefore,
the density depends on the contact temperature of the heated
tip, the time of exposure, and the activation energy of amine
deprotection. Since this is a unimolecular reaction, we model it
using first-order chemical kinetics equations:

ANy 0 [—E ]
—AME = (N gmine — Namine) With k = A e :
dt ( Amine Amme) Xp RT

(1

where Ny, is the amine density in the patterned areas,
which, for low temperatures, can be considered to be
proportional to the density of sulfonated molecules specifically
and electrostatically immobilized at the amine groups, while
Numine is the maximum achievable amine density, ¢ is the time,
k is the rate constant, A is the Arrhenius constant, R is the gas
constant, 8.3145 J/mol'K, T is the temperature at tip—polymer
contact, and E, is the activation energy of the reaction. Solving
for Nyime We obtain

—E
NAmine = Ngmine[l - exp[_Atd exp(—a)))

RT (2)
where £, is the tip—polymer dwelling time, calculated to be 1.4
X 107* s for a patterning speed of 0.2 mm/s, and N3
corresponds to the maximum density of the deprotected amine
groups.

To understand the decrease in the density of the
immobilized sulfonated molecules with temperature, we
consider two separate ester hydrolysis reactions (with different
activation energies) that lead to the formation of carboxylic
acid groups, which produce local repulsive negative charges
during enzyme incubation and are responsible for the observed
decrease in fluorescence intensity. As suggested by Figures 1

DOI: 10.1021/acsami.9b11844
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and 2, there are two possible ester hydrolysis producing
carboxyl groups at high temperature on both the carbamate
and cinnamate units of the copolymer. Thus, two different
Arrhenius models are applied to both reactions. We assume
that the amount of water participating in this reaction in the
water meniscus at the tip—sample interface is abundant with
respect to the ester so that the reaction follows first-order
kinetics.”® The first ester hydrolysis takes place on the
cinnamate units close to the polymer backbone. The reaction
model can be described as

1 0 —Ey
Ncoou = 025Ny | 1 — exp| —Bt; exp EYa )

where N¢ooy is the density of carboxyl groups formed on the
cinnamate units, E, and B are the activation energy and the
Arrhenius constant for this reaction, respectively, and 0.25-
Niumine is assumed to be the maximum carboxyl group density
due to a 1:4 number ratio of cinnamate to carbamate in the
polymer. Furthermore

2 0 _Ec
Ncoon = Namine| 1 — exp| —Ct; exp RT @

where Ngooy is the density of carboxyl groups formed on the
carbamate units, C is the Arrhenius constant, and E_ is the
corresponding activation energy. Here, since the carboxyl
forms on the same units (carbamate) where amine forms first,
it is assumed to have the same maximum product density (they
have same number ratio, 1:1), i.,, Napine By combining the
influence of all three reactions (see eqs 2—4) on the density of
immobilized sulfonate enzymes (Alexa-thermolysin) in the
patterned areas, we obtain a model that can fit the entire
fluorescence—temperature curve, in both the growing and
decaying regimes

1 2
I = Nenzymes _ NAmine - ﬂVCOOH - (1 +f)NCOOH
e NO Ngmine

enzyme

©)
where to model the attraction by positively charged amines
and the repulsion by negatively charged carboxylates, we
introduced a fitting parameter, f, employed to represent the
ratio between the attraction and the repulsion exerted on the
sulfonated molecules. It should be noted that when the
carboxyl groups form on the carbamate units where the amines
form at lower temperature, not only will the carboxyl groups
repel a fraction of f sulfonated molecules, but the same amount
of amines is also depleted; therefore, the third term in the
model is multiplied by —(1 + f). We reiterate that since amine
groups are positively charged upon protonated in water, they
attract negatively charged sulfonated molecules, whereas
negatively charged carboxylate groups repel the sulfonated
molecules; therefore, in eq S) they have opposite contribution
to the net density of immobilized sulfonated molecules on the
patterns. The model in eq S fits the measured fluorescence
curve remarkably well, and yields the following results: E, &~
135 kJ/mol and A = 1.6 X 10" s7!, which are similar to the
values obtained in previous work,*? E, =~ 244 kJ/mol, B ~ 2.5
x 10% s7, E. ~ 262 kJ/mol, C = 2 X 10> s7!, and f ~ 0.2.
This reaction kinetics model indicates that as the temperature
increases, the amine deprotection occurs first, followed by ester
hydrolysis on the cinnamate units at higher T, forming a
certain amount of carboxyl groups, which account for the

coexistence of the signature peaks of amine and carboxyl
groups in the FTIR spectrum. As the temperature is further
increased, more ester hydrolysis also occurs on the carbamate
units, kicking away completely the amines and further reducing
the density of the immobilized sulfonated molecules. When the
temperature is even higher (~230 °C), the carboxyl formed on
the pattern will dominate, repel the enzymes, and passivate the
surface compared to the unpatterned background region.

To investigate the ability to maintain a constant density of
immobilized enzymes while varying the pocket pattern
geometry, ie., shape, size, and depth, we use a constant tip
temperature (~209 °C) but different normal loads applied by
the tip to the polymer surface (0.9—16.2 nN) (Figure 3e—h).
Indeed, the fluorescence intensity (Figure 3f) and cross-
sectional height profiles of these rectangular pockets (Figure
3h) show similar fluorescence intensity but different depths;
more precisely, the depth increases with increasing load. In
order to precisely control the pocket depth, we investigate the
relationship between patterning load, temperature, and the
resulting pocket depth. By varying the patterning load and
temperature, pockets with a variety of depths are fabricated.
The resulting depth values as a function of patterning load at
different constant temperature are plotted in Figure 3j. From
Figure 3j, it is clearly shown that for a fixed temperature the
pocket depth first increases rapidly with load, and then
increases slowly. On the other hand, for a fixed load the pocket
depth increases significantly with temperature, which is mainly
due to the softening of the polymer with the increasing
temperature. To model such dependence of the pocket depth
on the patterning load and temperature, we refer to the
classical contact mechanics Hertz model.”** According to the
classical Hertz elastic contact model, the indentation depth of a
sphere in a semi-infinite flat substrate is a function of the load,
following the equation

N 23
indent 4\/iE* (6)

where z;,4.,¢ is the indentation depth, L is the tip load, R is the
radius of the tip, and E* is the effective Young’s modulus of the
tip—polymer system.””>* However, the Hertz contact elastic
model is valid only for a purely elastic indentation of a sphere
into a semi-infinite flat substrate. In our experiments, although
the tip is a rigid silicon sphere, the substrate is a soft
viscoelastic polymer. Therefore, the indentation is no longer a
pure elastic process but a heat-assisted elasto-plastic
process,”*® which leads to a deviation from the Hertz theory.
A more general model to describe the tip—polymer system
presented here, involving elasto-plastic indentations, is given

by the following relationship

)

dx|——

E(T) (7)
where d is the pocket depth and E(T) is the temperature-
dependent Young’s modulus of the polymer, which is much
smaller than that of the silicon tip. The exponent n depends on
the mechanical behavior of the individual material undergoing
the plastic deformation.””*® We also notice that this model
may be valid only when the depth is much smaller than the
polymer film thickness. If the film is too thin or the pattern
depth approaches the film thickness, the heated tip is in a
position very close to the Si substrate leading to significant
heat dissipation. Assuming that we are in a regime where the
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Figure 4. Series of AFM images collected (a—d) before and (e—h) after thermolysin immobilization on a polymer film (z-scale is 16 nm (a), 11 nm
(b), 4 nm (c), 12 nm (d), 9 nm (e), 9 nm (f), S nm (g), 12 nm (h)). (i,jk) Confocal fluorescence images corresponding to patterns in (e,fg),
respectively. (I) Cross-sectional profiles from (d) (blue line) and h (green line).
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Figure 5. (a,b) AFM topography of part of a rectangular area of size 1 X 5 ym* made up of closely packed 9-nm-wide lines of amine pattern before
(a) and after (b) Alexa—thermolysin immobilization (z-scale is 10 nm). (c) Corresponding fluorescence image of the rectangular area, containing
electrostatically bound Alexa—thermolysin. (d) Cross-sectional profile corresponding to the light blue line in (a) and the violet line in (b), showing
fwhm = 9 nm. (e) Thermal in situ topography imaging of as-patterned amine single lines. (g) AFM topography of as-patterned amine dots. (£h)
Corresponding cross-sectional profiles of the patterns in (e) and (g) showing sub-10 nm patterning resolution. (i) Thermal in situ topography
imaging of patterned “NY” from logo pattern of NYU Tandon as shown in inset of (j). (j) AFM topography image of the zoomed-in area in (i),
showing high resolution single-line patterning of 10 nm fwhm. Inset is the fluorescence image of the Alexa—thermolysin enzyme pattern of NYU
Tandon logo. Permission to use logo was granted by the New York University Trademark Licensing.

temperature is below the glass transition temperature of the where Tgy is the room temperature, E(Tgr) is the Young’s
modulus at room temperature, and s is a parameter related to

| , the t ture-d dent pol Y ¢ d-
Polymet, The temperatute-dependent polymer Toufigs mo the temperature sensitivity of the material. The detailed study

ulus in this regime can be approximated as follows:”’ of the temperature dependence of the Young’s modulus of this
polymer is beyond the scope of this work. By substituting eq 8

log E(T) = log E(Tyy) — s:(T — Tiy) (8) into eq 7, we obtain
41786 DOI: 10.1021/acsami.9b11844

ACS Appl. Mater. Interfaces 2019, 11, 41780—41790


http://dx.doi.org/10.1021/acsami.9b11844

ACS Applied Materials & Interfaces

Research Article

d {%] and therefore
E(TRT)'e

L n
d o (e—s-(T—ZO)) (9)

By using this relationship, we fit the data in Figure 3j (dotted
line) obtaining a good agreement with the fitting parameters

n= i and s = 0.11 °C™L. This model and related data points

demonstrate the ability of tc-SPL to control with 1 nm
precision the depth of the enzyme pockets.

2.3. Enzyme Immobilization on the Micro- and
Nanopatterned Pockets. Figure 4a—h shows Alexa—
thermolysin enzymes immobilized on a series of square-shaped
pockets of exposed amines with areas ranging from 5 X S ym?®
to 0.1 X 0.1 um?% This is demonstrated with fluorescence
microscopy images and AFM topography images obtained
before (Figure 4a—d) and after (Figure 4e—h) incubation of
the amine-patterned polymer surface with Alexa—thermolysin
enzyme solutions. The corresponding confocal fluorescent
images of the pockets filled with enzymes are shown in Figure
4i—k. The fluorescent image of the 0.1 X 0.1 um® enzyme
pockets could not be obtained with good visibility due to the
limited resolution of the confocal fluorescence microscope. To
confirm the presence of enzymes in these smaller pockets, we
use AFM to image the pockets before (Figure 4d) and after
(Figure 4h) enzyme immobilization. In Figure 41 we show the
corresponding cross-sectional height profiles (blue line in
Figure 4d, green line in Figure 4h). Comparison of the pockets’
topography before and after Alexa—thermolysin incubation
clearly demonstrates that the pockets produced by tc-SPL are
filled by enzymes. The topographic height difference of about 8
nm is comparable with the expected diameter of a single
Alexa—thermolysin enzyme molecule (around 6 nm, see Figure
S2). Comparison done at multiple positions on different
samples as shown in Figure 4 results in height differences of
about 5—8 nm after enzyme incubation, confirming that a
monolayer of enzyme is immobilized on the surface of the
patterns.

An alternative strategy to image small features by confocal
fluorescence microscopy is to pattern by tc-SPL a 1 X § yum®
area with closely packed enzymes lines having a full width at
half-maximum (fwhm) of 9 nm and a length of 1 ym (Figure
Sa), followed by incubation with the Alexa—thermolysin
solution. The fluorescence imaging of such a pattern shows
enhanced fluorescence emission from this patterned area,
indicating that Alexa—thermolysin enzymes are indeed
immobilized in the pocket lines in the patterned area (Figure
Sc), as also confirmed by the AFM topographic images before
(Figure Sa) and after incubation (Figure Sb and cross-sectional
profiles in Figure 5d). To further demonstrate the versatility of
tc-SPL for high spatial resolution patterning in the sub-10 nm
range, we pattern isolated sub-10 nm lines (Figure Se) and
dots (Figure Sg). Both lines and the dots exhibit a fwhm of 8
nm in the corresponding cross-sectional profiles (Figure Sf and
h, respectively), very close to the size of a single enzyme (~6
nm), confirming the capacity to achieve sub-10 nm and single
enzyme patterning resolution by tc-SPL. Furthermore, our
method is capable of combining large-scale (0.13 X 0.1 mm?)
and high-throughput (5.2 X 10* um?*/h) patterning of enzymes
with 10 nm detailed features (see Figure 5ij). This indicates

the remarkable potential of this method for high-throughput
nanofabrication of miniature biochips.

3. CONCLUSION

In conclusion, we demonstrate sub-10 nm enzyme nano-
patterning on a polymer surface by using a commercial tc-SPL
system. Our patterning scheme allows enzyme immobilization
into amine pockets patterned by tc-SPL in a single step
(incubation in the enzyme solution) without any post-
patterning treatment. This is realized through the electrostatic
attraction between the negatively charged sulfonate-function-
alized enzymes and the positively charged amine groups in
aqueous conditions. By tuning the patterning temperature and
load applied by the tip to the polymer surface, we achieve
independent control of pockets’ quasi-3D geometry and
enzyme density, which are both of significant importance for
cell behavior and biomolecule recognition studies. We obtain 1
nm resolution in depth, and 8 nm resolution in lateral
direction, respectively, over areas of mm?* In addition, the
nonspecific binding on the pristine polymer surface can be
effectively reduced by taking advantage of the formation of
carboxyl groups through ester hydrolysis at high patterning
temperatures. These groups are negatively charged in aqueous
solution and thus repel the negatively charged Alexa—
thermolysin enzymes. This strategy is a facile and effective
way to passivate areas of these polymer films against
biomolecule adsorption without the need of any other surface
treatment. Finally, the method presented here of immobilizing
biomolecules and passivating surfaces through electrostatic
interaction can be generalized for the immobilization of a
variety of similarly sulfonate-functionalized biomolecules,
demonstrating great versatility and effectiveness. This tc-SPL-
based enzyme nanopatterning approach also has the potential
to be scaled up for industrial nanomanufacturing using
multiple tip arrays and taking advantage of its throughput
(up to 10° um?®/s for a single tip). Compared to other
nanofabrication techniques that can achieve sub-10 nm
enzyme/protein patterns, this method is additionally advanta-
geous in the following aspects: (1) simultaneous patterning
and in situ imaging (Figure Se,i and Figure S7) with closed-
loop lithography; (2) direct immobilization of enzymes on the
amine patterns without the need of multiple intermediate
steps; (3) wide possibility of generating quasi-3D arbitrary
patterns with 1 nm resolution in z-direction (Figure S7b); (4)
without the need of a prefabricated mold surface for each
design, as required by NIL; (S) scalability and potential
parallelization using multiple tips;*® (6) electrostatic inter-
action for immobilization as a modular chemical strategy which
can be easily adapted for a range of biomolecules. All the above
features demonstrate the great simplicity and effectiveness of
this approach, and will have significant impact on a variety of
fields such as bionanotechnology, reaction nanochemistry,
biochemistry, and cell biology.

4. EXPERIMENTAL SECTION

Polymer and Surface Preparation. The polymer used for film
preparation is a poly(methacrylate) copolymer: poly-
((tetrahydropyran-2-yl N-(2 methacryloxyethyl) carbamate)-b-(meth-
yl 4-(3-methacryloyloxypropoxy) cinnamate)). Full details on the
synthesis can be found in the literature.>’ The polymer contains
thermally labile tetrahydropyran carbamate groups along its side-
chain, which upon heating at the deprotection temperature (T, ~
150—200 °C), dissociate and expose the primary amines."”"**
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Polymer solutions at the concentration of 2.5 mg/mL were prepared
in chloroform. For obtaining the polymer films, the polymer solution
was spin-coated onto the Si substrate (1500 rpm, 60s) followed by a
quick baking (50 °C, 1 min). Under these conditions, the resulting
film thickness ranges from 20 to 30 nm.

Thermochemical SPL. Patterning of the polymer films was
performed using a commercial tc-SPL system (NanoFrazor, fLitho
AG, Switzerland) which utilizes a silicon thermal cantilever for
inducing a local amine deprotection reaction. The thermal cantilever
comprises a nanosize tip heated by a resistive heater for thermal
patterning, and a separate thermal reading sensor for topography
imaging. During thermal patterning, the tip is heated to a certain
temperature calibrated automatically by the Nanofrazor software by
fitting the knee point from the current—voltage curve to the
theoretical value for doped silicon.”” At given temperature and
cantilever height above the sample, the patterning load is controlled
by the capacitive force between the cantilever and substrate that
drives the cantilever to bend toward the sample. Notably, once the tip
heater is switched on, an extra cantilever bending occurs due to the
nonuniform temperature distribution, causing extra load to the
sample. To determine the load during the patterning process, we
calibrate the cantilever deflection resulting from both capacitive force
and temperature. By using the known cantilever spring constant and
the distance between the cantilever and the sample surface, the load
can be calibrated. The details on measuring the cantilever deflection
and load calibration are reported in the SI. During the patterning, the
thermal reading sensor probes the topography of the patterned
structure right after each patterning line when retracing back in
contact mode, which leads to the simultaneous patterning and
imaging capability of the NanoFrazor system as well as a closed
feedback loop correction.’’

In this work, the resistively heated tip locally heats the polymer
films over the amine deprotection temperature (T, ~ 150 °C).
Patterning is performed in contact mode with a tip dwell time of 140
us (speed: 0.2 mm/s) and pixel size of 30 nm. For high-throughput
patterning in Figure Sj, tip dwell time is SO us (speed: 1 mm/s) and
pixel size is 50 nm. The surface density of exposed amines is
controlled by varying the tip temperature while keeping a constant tip
dwell time and pixel size. The passivated areas with reduced
nonspecific binding are patterned with T,y ~ 230—260 °C. The
contact temperature at the tip—sample interface cannot be directly
measured due to a reduced heat transport from the heater to the
conical tip. To estimate the tip—sample contact temperature, a
heating efficiency between the heater and the sample surface was
derived with the value of 0.24. The tip—sample contact temperature
was then estimated based on the following equation T =
0.24(Theater — Trr) + Trry where Tgy is the room temperature and
Theater i the heater temperature}‘“’éz’s”’ In this work, the NanoFrazor
was operated in the pulsed heating mode by which the tip was heated
intermittently in order to extend its lifetime. The typical settings for
heat pulses and capacitive force pulses were 120 and 100 s,
respectively.

Synthesis of Alexa—Thermolysin Enzymes. Thermolysin (4
mg, from Bacillus Thermoproteolytics Rokko) was dissolved in 3 mL
water (pH is adjusted to 8) and Alexa-488 NHS solution in DMSO
(60 uL, 2 mM) was added. The solution was then left in a shaker for 2
h. After dialysis of the solution (one-day dialysis with regularly
changing of water every 3—4 h) to wash off any unreacted dye
(dialysis membrane with Molecular Weight cut off = 3500 Da), the
remaining solution was lyophilized to obtain Alexa-488 conjugated
Thermolysin (Alexa—thermolysin). The product formation was
confirmed by mass spectrometry (MALDI).

Dyes and Enzymes Immobilization. Alexa 488 dyes were
immobilized onto the tc-SPL patterns by incubating the polymer film
with Alexa 488 solution (100 nM, 100 uL) in water for 45 min. After
incubation, the surface was rinsed with deionized (DI) water and then
dried with N,. Alexa—thermolysin enzyme immobilization was
achieved by incubating the polymer film in Alexa 488—thermolysin
conjugate solution in water (30 uL, 1 mg/mL) for 1 h. After
incubation, the surface was rinsed with DI water and dried with N,.

Fluorescence Resonance Energy Transfer (FRET)-Peptide
Based Assay. The FRET substrate Glu (EDANS)-Gly-Thr-Leu-Gly-
Lys (DABCYL) was purchased from China Peptides and dissolved in
dimethyl sulfoxide (DMSO) to obtain a 10 mM stock solution.
Appropriate amount of this stock solution was injected into phosphate
buffer (100 mM, pH = 7.4) to obtain a final working concentration of
0.5 #M. Thermolysin, immobilized on the patterned polymer surface,
was inserted in a 10 mm quartz cuvette containing the FRET solution,
and fluorescence intensity was monitored at 520 nm upon excitation
at 340 nm.

Fluorescence Microscopy Imaging. Fluorescence imaging was
performed using laser scanning confocal microscopy (Zeiss LSM 880
Airyscan (Figures 3 to S) and Leica TCS SP8 STED 3X (Figure 2)),
with excitation laser wavelength Agy = 488 nm and emission detection
range Agy = 510—600 nm. The optical contrast in different fluorescent
images was tuned for better visibility by standard image processing
using Image]. The fluorescence intensity in Figure 3b and f is
calculated as Lgern/ Thackgroundr Where Igern and Ihicgrouna are absolute
intensity values of patterns and background, respectively.

AFM Characterization. All AFM experiments were performed on
a Bruker MultiMode 8 AFM using tapping mode. Flattening and z-
scale adjustment of AFM images were performed with Gwyddion
software.
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