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ABSTRACT: The ability to precisely control the localization
of enzymes on a surface is critical for several applicationsv
including biosensing, bionanoreactors, and single molecule "
studies. Despite recent advances, fabrication of enzyme, Z°3'

patterns with resolution at the single enzyme level is limited ~& oCe,  Enzyme Patterns
by the lack of lithography methods that combine high e 01 Polymer Films
resolution, compatibility with soft, polymeric structures, easgs
of fabrication, and high throughput. Here, a methods,}
generate enzyme nanopatterns (using thermolysin as a mé;d‘\e)\ »
system) on a polymer surface is demonstrated usingw,%,:
thermochemical scanning probe lithography (tc-SPL). Elec- ’
trostatic immobilization of negatively charged sulfonated
enzymes occurs selectively at positively charged amine nanopatterns produced by thermal deprotection of amines along th
side-chain of a methacrylate-based copolirmera tc-SPL. This process occurs simultaneously with local thermal quasi-3D
topographical patterning of the same polymening lateral sub-10 nm resolution, and vertical 1 nm resolution, as well as high
throughput (5. 10* m#h). The obtained single-enzyme resolution patterns are characterized by atomic force microscopy
(AFM) and uorescence 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. Othe
unique features of this patterning approach include the combined single-enzyme resoluttareasantihe possibility

of fabricating enzymes nanogradients.

KEYWORDS:Scanning Probe Lithography, Enzyme Nanopatterning, Biointerface, Bionanotechnology,
Nanofabrication, Thermochemical Nanolithography

O

1. INTRODUCTION enzyme nanopatterns can also be implemented to grow

hinorganic materials as device building blocks or to locally

great spectity in aqueous environments, and have broad€drade macromoleculams, generating templates for the
applications as biocatalysts in the food industry and igHPSeduent patterning of miniature electrical cirttiits.

biomedicine. The ability to immobilize and pattern enzymesurthermore, quasi-3D patterning on soft polymer surfaces
on a solid surface with a pretad spatial coguration is Wlth. smg!e enzyme resolutloq (<10 nlm) allows a more precise
relevant for many bionanotechnological and biologic@ngineering of the enzymedcroenvironment, which can
applications, such as biosensing, bionanoreactors, enzyRfgentially mimic more closely the biological context and
assisted lithography, and cell biology stfdiés. the size of ~thereby enhance enzyme function and stability.

the bionanotechnological devices continues to scale down, thé? recent decades, a variety of patterning technigues have
capability of fabricating enzyme patterns at the nanomet@gen developed and used for fabricating enzyme patterns.
scale is crucial. Highly ded enzyme patterns at this length
scale can sigantly bene the fabrication of biosensors with Received: July 6, 2019
densely packed arrays for highly sensitive and high-throughputepted: October 14, 2019
detectiort:>*° Due to the catalytic properties of enzymes,Published: October 14, 2019
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Figure 1.(aSc) Changes in chemical structure of the pristine polymer (a) upon heating with a tc-SPL hot tip at patterning tefpeTatures of

( 150°C) to expose amine groups (b), and’ at 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 an
patterns obtained in (b) with independent control of patterned topography and enzyme density by means of controlling temperature and loa
(pressure applied by tip on polymer). The black area surrounding the patterned pockets is the passivated region by high temperature patterning
T T,

Among these techniques, microcontacting prntiAg’ Moreover, this dual control over chemistry and topography can
optical lithography>*® and inkjet printing can provide  signicantly help the design of experiments to understand
enzyme patterns of micrometer size. Although enzyme pattemierfacial cell/extracellular matrix interactions, as well as the
with sub-100 nm resolution have been generated usirgteraction of biomolecules with supporting surf&éés.

di erent. methods, such as electron beam lithographowever, none of these techniques has the capability to
(EBL),***?* nanoimprint lithography (NILZ. dip pen  independently control enzyme density and enzyme pocket
nanolithography (DPN);?*** scanning probe lithography geometry at the nanometer scale.

(SPL) method$;°%® and various self-assembly proceSses, Here, we report on a method for nanopatterning enzyme
it is still an open challenge to achieve enzyme patterning usijpackets in a polymelm by controlling both enzyme density

a simple and ective method which combines sub-10 nmand pocket geometry with high throughput and sub-10 nm
resolution and high throughput. To date, only a few reportesolution. By using a commercial thermal-SPL §ystem,
have demonstrated enzyme patterning with 10 nm resoldemonstrate the direct patterning of amine groups, simulta-
tion*?° For example, DPN has been able to generate an arragously with quasi-3D topography patterning of a thin polymer
of 10 nm Au nanoparticles with a\idiarseradish peroxidase Im. This process is followed bycint single-step electro-
attached?® However, the fabrication process involves multiplstatic enzyme immobilization by taking advantage of the
steps, i.e., patterning of block copolgmetal ion complexes  attractive interaction between the negatively charged sulfonate
by DPN, reduction of the metal ions, removal of the polymemoieties on functionalized enzymes and the positively charged
by plasma, annealing, anghlly enzyme immobilization. amine patterns on the polymer surface in the aqueous
Bottom-up self-assembly based patterning methods are wetivironment. Using this approach, we obtain unprecedented
known to generate sub-10 nm feafirés’ Sub-10 nm  sub-10 nm enzyme patterns with a top-down patterning
enzyme features were reported by immobilizing enzymes omi@thod, together with independent control of surface
self-assembled 10 nm Pt islands deposited through dip-coatatgmistry and quasi-3D topography, and high throughput
and electrochemical deposifiorHowever, this approach (5.2x 10" m?h). Furthermore, we demonstrate a single step
requires multiple steps and lacks spesmintrol over the  tc-SPL direct passivation strategy, which involves local thermal
pattern conguration, biomolecule density, and topographyformation of carboxylic acid groups and does not require
which limits its versatility for the fabrication of customizeddditional chemical functionalization to reduce nornspeci
enzyme patterns. The ability to independently control surfaemzymes binding on the polymer surface. A model based on
chemistry and surface topography with@aatiag the otheris  the reaction kinetics of amine deprotection and carboxylic acid
of crucial importance in fabricating biosensors and bioreactdssmation is developed to describe the net density of
with well-controlled enzyme concentration and preciseiynmobilized sulfonated dyes and enzymes as a function of
de ned geometry of the enzyme pockets and the surroundingstterning temperature. The tc-SPL system employed here also
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Figure 2.FTIR spectra of the pristine polymien at room temperature (magenta), heated above the amine deprotection tenfpera@fe (
°C, red spectra labeled as activated), and heated at the passivation teffipe2®#0f€( green spectra labeled as passivated). The inset shows
the confocaluorescence image of selectively immobilize&#estaolysin 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 temgétat@e The
uorescence intensity of the passivated region is around 8 times lower than the enzyme pattern. Here, the image contrast was tuned for clai

0 ers simultaneous situimaging of the topography before, binding on the surface is driven by the electrostatic interaction
during, and after patterning, enabling closed-loop lithograz aqueous environment (pH 7 and 7.4 for washing)

phy?* between the negatively charged sulfonated Alexa-488 labeled
enzymes and the positively charged exposed amines on the
2. RESULTS AND DISCUSSION pattern$’ In the passivated regions, the negatively charged

arboxylate groups repel the negatively charged sulfonated

surface of a methacrylate-based copolymecontainin fexa-488 labeled enzymes by opposite interaction. Here,
y P 9  sulfonate functionalization of the enzymes is needed to

therma}1|2I¥4Lab|le tetrahydropyran (THP) carbamate protecting. o them on the amine patterns, and we choose
groups: The THP groups are selectively removed fromi?

Micro- and nanoscale amine patterns are fabricated on t

the surface using a hot thermal-SPL nanotip, exposing prim Xa"?‘?‘sed sulfonafcion SO t_hat it serves the dual purpose of
amines. This concept, which was previousl;} demonstrated’ obilization and visualization. More details on the electro-

Riedo et al. using a custom-medi AFM equipped with static immobilization are reported in tBapporting
thermal tip§2§’44 is implemented here using a CommercialInformatlon (SI) Bioconjugation and characterization of

thermal SPL system which allows for high throughput arfd€*xa-488 labeled thermolysin is provided inSth&@he

mn? areas patterns (NanoFrd26#°® from SwissLitho; see term, Alexa-thermolysin, will be used to refer to the labeled
i enzymes in this report. After amine patterning by tc-SPL,

Experimental SectjoriThe reaction scheme is depicted in - X . o

Figure &,b, where amine formation occurs through carbamafti€x&thermolysin can be immobilized onto the patterns by
hydrolysis, when the sugfaof the methacrylate-based Incubating the polymemms with Alexathermolysin solution
copolymer Im is locally heated by tc-SPL at a temperaturdPH  7) (Figure &). This one-step immobilization method
close to the amine deprotection temperdiyre 150°C, as ~ avoids post-fabrication intermediate linker chemistry on the
previously reported in the literature (see Hkperimental ~ Patterns and provides great simplicity, as weleetb/eness
Sectiorfor temperature calibratioliy** However, as will be 0 immobilize the enzymes through noncovalent interactions.
discussed later, here we atmbthat further heating at higher ~ 2.1. Characterization of Film Passivation. A well-
temperatures (>20@) and ambient humidity (RH 40%) known challenge in biomolecular immobilization on patterned
results in signtant hydrolysis of esters along the polymersurfaces is their nonspedinding, which compromises their
chain, forming carboxylic acid groupgure &), which binding selectivity. Most studies related to biomolecular
become negatively charged during enzyme incubation (pH patterning reduce the nonspecbinding by means of

7) and washing (pH 7.4). These carboxylic acid groups canchemical functionalization of the unpatterned surface with
passivate the region patterned at higher temperature (i.entifouling ZrezSi4dU4%S, most commonly poly ethylene-glycol
repulse the enzymes). Unlike covalent immobilization througterivative§>*>?%449 such passivation requires additional
multistep biochemical-conjugation, as demonstrated previouiprication steps making the patterning process complex. In
in the literature for protein and DNA pattéfis! here we  the following discussion, we demonstrate that tc-SPL
use a dierent strategy based on electrostatic interaction thatatterning of the methacrylate-based copolymer at high
allows for both chemical and topographical patterning, as wielmperatures in ambient humidity gives rise to a successful
as passivation, directly, solely by tc-SPL. &blgcienzyme  passivation because of the formation of carboxylic acid groups
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Figure 3.(a) Confocal uorescence image and (b) corresponding emission intendéyopm@ctangular patterns withedéent density of

sulfonated Alexa 488 dye but similar topography, obtained by varying the patterning temperatures and load per unit area, i.e., tip pressure.

Corresponding AFM topography image and (d) cross-sectional helglaigng the line drawn in (&-¢$cale = 19 nm) is shown. (e) Confocal
uorescence image and (f) corresponding emission intendayopnectangular patterns with similar density of sulfonated Alexa 488 dye

(measured byuorescence intensity) but@lient topography, obtained by varying the load during patterning at a constant tempegfifre (

°C). (g) AFM topography image and (h) cross-sectional heigl alang the line in (gk{scale = 17 nm). Scale bars for all images are 5

(i) Fluorescence intensity of the patterns as a function of patterning temperature. The dashedtiimg usithgzq 5 (j) Pocket depth as a

function of patterning load at eiient temperatures (from bottom to top, AZ9195°C, 209°C, 223°C). Data aretted using a global model as

eq 9

(pK, around 4), which become negatively charged duringster hydrolysis along some side-chains in the polymer when
enzyme incubation (pH 7) and washing (pH 7.4). In the heated in ambient humidity. This band falls in the same region
inset ofFigure 2we present thauorescent image of a 45  of the amine stretching peaks and masks thestitching
4.5 m? Alexa-thermolysin-immobilized pattern surrounded bpeaks. Although a small amount of carboxyl groups form at
a passivated 2020 m? squared area. The amine pattern istemperatures close Tg, the pattern is mainly rich in amine
fabricated by tc-SPL with 187°C, whereas the passivated groups which electrostatically bind the negatively charged
area is produced by tc-SPLTat 252 °C. While the  Alex&thermolysin enzymes in aqueous solution (pB
unpatterned, pristine polymer shows a certain nomspeci(Figure 2 square enzyme pattern and red spectra). However,
binding (see the area marked in magenta), the passivatetien the temperature is further increaséd toT, and RH
region (marked in green) clearly shows that the normspeci 45% (corresponding to a local temperature during
binding is greatly reduced by this passivation method. In ordeatterning of more than 200), more carboxylic acid groups
to understand the mechanism behind this passivation at highem to form along the polymer side-chains, as indicated by
temperatureT  T,), pristine methacrylate-based copolymerthe enhancement in the OH band intensity around 3540 cm
Ims are heated at drent temperatures and characterized by(Figure B, green plot). Also, a clear shoulder appears next to
FTIR to assess changes in the chemical structure of thiee C O stretching peak at higher wavenumbers (1732 cm
polymer surface. All measurements are performed at rodfigure 2green plot). This can be ascribed to a certain amount
temperature after heating. As showfrignire 2(magenta  of anhydride formed from the dehydration of carboxyl groups
spectrum refers to room temperature sample; red for polymat these elevated temperatures, supporting the hypothesis that
Im heated around 18%; green for polymerm heated more carboxylic acid groups form. Two extra peaks also appear
around 240C), we observe that, as the temperature increases 1385 and 1333 ¢hafter heating around 240, which can
above the amine deprotection temperature, primary amines aee attributed to 80OSH and OH in-plane bending of
formed. This is indicated by an elevated intensity around 16@88rboxylic acid groups. Since no nitrogen-related peak is
cnr! (NH, bending; see magenta and red spedtigtine overlapping in this region, these two peaks can be better
and by two shoulders at 3545 and 3366 (WH , stretching,  evidence to distinguish between carboxylic acid groups and
red spectra ifrigure 2 as a broad band. The appearance ofamines. We also remark that the formation of carboxylic acid
the broad band at around 350¢timthe red and green plots groups during the thermal patterning process could be even
is due to OH stretching, possibly resulting from the formatiomore favorable than in the global heating procedure used here
of carboxyl groups, which form through the thermally assistéat the FTIR spectra, because water locally condenses at the
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tipSsurface meniscds* and because of the large local density of the immobilized sulfonate-containing Alexa 488 on
pressure between tip and polyifigrin aqueous solutions the pattern, this intensityis used to quantify the density of
during enzyme immobilization (pH7) and washing (pH the immobilized sulfonated molecules. Weaedg, =

7.4), these carboxylic acid groups are readily deprotonat&gkym ; ; ari

forming negatively charged carboxylates, which repel tNézymzNhere Nenzyme IS the density of the spazilly and
negatively charged Alg#tsermolysin enzymes due to electro- electrostatically immobilized sulfonated enzymes (as opposed
static repulsion, giving rise to an antifouling passivated polynterthe nonspect binding at the nonpatterned surface), and

region (inset oFigure 2 darker square). Ngnzymeis the maximum density of immobilized sulfonated

2.2. Independent Control of Topography and enzymes, which will be discussed in more detail |ateuria
Enzyme Density in the Pockets. Since boph surface 3, we plotl,o = S g , wherd,.is the maximal measured
chemistry and topography are relevant for interfacing bio- ImaxS | bg

logical components, it is desirable to control them uorescence intensity per unit area,gnsl the background
independently**™=2° Such a control can be achieved by tc-intensity per unit areigure 8shows that the density of the
SPL, as illustrated fRigure 3 and explained in the next sulfonated molecules which are immobilized on the patterned
paragraph. The control over sulfonated enzymesSAlexaareas starts to increase at 18C.8followed by a peak at
thermolysin) density inside pockets that have comparable se@und 196.8C; this behavior is due to amine deprotection
and depth is demonstratedFAyure a5d. The sulfonated (carbamate hydrolysis), and is in agreement with a previously
enzyme density is indirectly probed by therescence reported work where dye molecules were bioconjugated to
intensity of the immobilized Alexa 488 @ygure @ shows  surface amine groups using a kdstieptavidin functional-
confocal uorescence imagesy = 5155600 nm) of three ization'” However, when the temperature is further increased,
sets of rectangular pockets which are tc-SPL patterned at thee density of the electrostatically immobilized sulfonated
di erent tip temperatures as indicated in there. We molecules on the patterns decreases, reaching a point where
observe that the uorescence intensity decreases withthis density is even lower than that of the nonspeci
increasing tip temperature indicating a decrease in the Aleg@sorption on the background (seen as a negative intensity
488 density Higure 3,b). This decreased density with here). As discussed earlier, this decrease in the number of
increasing temperature (from 194 to 20bis in apparent  immobilized sulfonated molecules is due to the formation of
disagreement with the concept that the amine density increagé@re carboxyl groups as the temperature is further increased.
with temperatur&**>?> Amine formation by carbamate TO better elucidate the reaction mechanisms behind these
deprotection is a thermally activated reaction; thus, therocesses, we model the reactions using the Arrhenius law. In
amine density in the pattern is expected to increase with tfee growing part of the curve (low temperatlire200°C),
patterning temperatu‘}%_However, as discussed ear“er,the density of the immobilized sulfonated molecules increases
temperatures similar to or higher than the amine deprotectioMith temperature due to the amine deprotection. Therefore,
temperature can also trigger ester hydrolysis along the siffée density depends on the contact temperature of the heated
chains to form carboxylic acid grougisife t), which in tip, the time of exposure, and the activation energy of amine
turn can be deprotonated in the enzyme solution (i deprotection. Since this is a un_imolecula}r reaction, we model it
and water solution (pH 7.4) used for washing. Therefore, Using rst-order chemical kinetics equations:

the increasing density of patterned negative charges results in _ 3 SE

decreased density of immobilized negatively charged sulfo-%'ne = K(NgmineS Namind With k= AeXpﬁ;; B

nated Alexa 488 molecules in the pockets.

Increasing the tip temperature increases the indentation where N iS the amine density in the patterned areas,
the polymer and therefore the depth of the formed pockeivhich, for low temperatures, can be considered to be
Thus, in order to maintain the same patterning depth witlproportional to the density of sulfonated moleculescplyci
variable amine density, we decrease the overall patterning leasl electrostatically immobilized at the amine groups, while
i.e., the pressure applied by the tc-SPL tip on the polym@R..is the maximum achievable amine denistthe time,
surface during patterning, by reducing the capacitive forkés the rate constam,is the Arrhenius constaRtis the gas
voltage (see th&xperimental SectlonAs a result, the constant, 8.3145 J/mi§) T is the temperature at$polymer
patterned rectangular pockets have the same depth (aboutdhtact, and, is the activation energy of the reaction. Solving
nm; see cross-sectional fEon Figure 8). For the details on  for Nppi,e We obtain
calibrating the patterning load, Séeln summary, we can .
tune the temperature to vary the Alexa-thermolysin enzyme Neoo = NO - MS exoMAt ex E ﬁl
density in the patterned area, and simultaneously, we can alsg#mine™ "% Amin t’ T @)
tune the load to maintain the same geometrical depth of the
pocket. Accordingly, the corresponding AFM infagaré wherety is the tigspolymer dwelling time, calculated to be 1.4
3c) of the same pockets, showfibjure & before Alexa 488 x 10°* s for a patterning speed of 0.2 mm/s, BRge
incubation, shows that, for all the temperatures, the patternedrresponds to the maximum density of the deprotected amine
rectangular pockets have the same depth of around 4 rgroups.

(Figure 8). To understand the decrease in the density of the

To further investigate the temperature dependence of thmmobilized sulfonated molecules with temperature, we
density of the sulfonated molecules (Alexa 488 an& Alexaonsider two separate ester hydrolysis reactions (ergndi
thermolysin enzymes) on the pattern, we collect thectivation energies) that lead to the formation of carboxylic

uorescence intensity of multiple pockets patterned withcid groups, which produce local repulsive negative charges
increasing temperaturé-igure 3. Since the emitted during enzyme incubation and are responsible for the observed

uorescence intensity per unit ate& proportional to the decrease inuorescence intensity. As suggestedgoyes 1
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and 2, there are two possible ester hydrolysis producingoexistence of the signature peaks of amine and carboxyl
carboxyl groups at high temperature on both the carbamageoups in the FTIR spectrum. As the temperature is further
and cinnamate units of the copolymer. Thus, tweyedit increased, more ester hydrolysis also occurs on the carbamate
Arrhenius models are applied to both reactions. We assumngits, kicking away completely the amines and further reducing
that the amount of water participating in this reaction in thehe density of the immobilized sulfonated molecules. When the
water meniscus at theSgample interface is abundant with temperature is even highe280°C), the carboxyl formed on
respect to the ester so that the reaction follestsorder the pattern will dominate, repel the enzymes, and passivate the
kinetics” The rst ester hydrolysis takes place on thesurface compared to the unpatterned background region.
cinnamate units close to the polymer backbone. The reactionTo investigate the ability to maintain a constant density of
model can be described as immobilized enzymes while varying the pocket pattern
s geometry, i.e., shape, size, and depth, we use a constant tip
1 - 0 & b temperature (209°C) but di erent normal loads applied by
Neoon O'ZSNAm'”eM'S exﬁ Bl e% ij\i 3) the tip to the polymer surface 1%.2 nN) Figure &Sh).

) . Indeed, the uorescence intensityigure 8 and cross-
whereNgoon is the density of carboxyl groups formed on thesectional height pries of these rectangular pocktgute
cinnamate unit&, andB are the activation energy and the 3h) show similar uorescence intensity but etient depths;
Arrhenius constant for this reaction, respectively, and 0.28ore precisely, the depth increases with increasing load. In
Namineis @ssumed to be the maximum carboxyl group densigtder to precisely control the pocket depth, we investigate the
due to a 1:4 number ratio of cinnamate to carbamate in th‘élationship between patterning load, temperature, and the

polymer. Furthermore resulting pocket depth. By varying the patterning load and
= temperature, pockets with a variety of depths are fabricated.
NéOOH = Ngminené eXFﬁCE ex;&ﬁ ij\i T_he resulting depth values as a function of patterning load at

T (4) di erent constant temperature are plottefeignre § From

. . Figure B it is clearly shown that for ged temperature the
whereN2,oy is the density of carboxyl groups formed on th k h : ; :

i X . rst incr rapidly with | nd then
carbamate unit§ is the Arrhenius constant, didis the epoc et depth rst increases rapidly with load, and the

di tvati . ; th b >gl(gfreases slowly. On the other hand, feedload the pocket
]Ezorrespor][hlng activa 'lton engrgy.t en:], since ?Gtcar 0 pth increases sigrantly with temperature, which is mainly
forms on the same units (carbamate) where amine f8fms 6 15 the softening of the polymer with the increasing
itis assumed to have the same maximum product density (they, e rature. To model such dependence of the pocket depth
have same number ratio, 1:1), Ngviye By combining the ;"o patterning load and temperature, we refer to the
in uence of all three reactions (sge 54) on the density of  qgjcal contact mechanics Hertz middehccording to the

'mE]Ob'"éed sulfonate &n_zymes (ﬁlﬁxt?]-tfsiarinnglysw;_) in thglassical Hertz elastic contact model, the indentation depth of a
patierned areas, we oblain a model tha entire sphere in a semi-imite at substrate is a function of the load,
uorescen&temperature curve, in both the growing andfollowing the equation

decaying regimes

2/3
< el - > 3L
= Negzymes: Namine S fN coogS 1+ )Neoow Zingent= Re i ©)
Nenzyme NAmine

(5) wherezqeniiS the indentation depth,s the tip loadR is the

h | th . ively ch ._radius of the tip, ar# is the eective Yourigmodulus of the
where to model the attraction by positively charged amin Spolymer systeri”* However, the Hertz contact elastic

and Jhe Crlepul_sion by neg?ftively ICha(erEd carboxylatﬁs, Bdel is valid only for a purely elastic indentation of a sphere
Introduced a tting parametef, employed to represent the jg 5 semi-imite at substrate. In our experiments, although

ratio between the attraction and the repulsion exerted on thg, tip is a rigid silicon sphere, the substrate is a soft
sulfonated molecules. It should be noted that when thgqelastic polymer. Therefore, the indentation is no longer a

carboxyl groups form on the carbamate units where the ami e elastic process but a hestisted elasto-plastic
which leads to a deviation from the Hertz theory.

form at lower temperature, not only will the carboxyl groupg;,-eg&556
repel a fraction dsulfonated molecules, but the same amoun more'general model to describe thSpijtymer system

of amines is also depleted; therefore, the third term in thg.osented here, involving elasto-plastic indentations, is given
model is multiplied bg(1 + f). We reiterate that since amine by the following relationship

groups are positively charged upon protonated in water, the .
attract negatively charged sulfonated molecules, whereas L
negatively charged carboxylate groups repel the sulfonated %1 %
molecules; therefore,dq 5 they have opposite contribution

to the net density of immobilized sulfonated molecules on thehered is the pocket depth arifT) is the temperature-
patterns. The model g 5 ts the measureduorescence dependent Youtsgmodulus of the polymer, which is much
curve remarkably well, and yields the following ré&ults:  smaller than that of the silicon tip. The expamdapends on

135 kJ/mol andh  1.6x 10" s>, which are similar to the the mechanical behavior of the individual material undergoing
values obtained in previous Woi, 244 kJ/molB 2.5  the plastic deformatién:® We also notice that this model

x 10° L E. 262 kJ/molC 2 x 16t <%, andf  0.2. may be valid only when the depth is much smaller than the
This reaction kinetics model indicates that as the temperatypselymer Im thickness. If thelm is too thin or the pattern
increases, the amine deprotection ocrstrdollowed by ester  depth approaches thém thickness, the heated tip is in a
hydrolysis on the cinnamate units at higheforming a position very close to the Si substrate leading tocaigni
certain amount of carboxyl groups, which account for thieeat dissipation. Assuming that we are in a regime where the
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Figure 4 Series of AFM images collecté&Hfebefore and @h) after thermolysin immobilization on a polyrirer(z-scale is 16 nm (a), 11 nm
(b), 4 nm (c), 12 nm (d), 9 nm (e), 9 nm (f), 5 nm (g), 12 nm (h)). (i,j,k) Confocairescence images corresponding to patterns in (e,f,g),
respectively. (I) Cross-sectional le®from (d) (blue line) and h (green line).

Figure 5(a,b) AFM topography of part of a rectangular area obskert? made up of closely packed 9-nm-wide lines of amine pattern before

(a) and after (b) Alexathermolysin immobilizatios-§cale is 10 nm). (c) Correspondingrescence image of the rectangular area, containing
electrostatically bound AlBzermolysin. (d) Cross-sectional peaorresponding to the light blue line in (a) and the violet line in (b), showing
fwhm = 9 nm. (e) Thermah situtopography imaging of as-patterned amine single lines. (g) AFM topography of as-patterned amine dots. (f,h)
Corresponding cross-sectional lpsoof the patterns in (e) and (g) showing sub-10 nm patterning resolution. (i) Theitaedpography

imaging of patternédlY” 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. Insetisréiseence image of the Afgkarmolysin 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 tidhereTg; is the room temperaturg(Try) is the Young
modulus at room temperature, afgla parameter related to

olymer, the temperature-dependent polymer "$omiogl- b . X
i P P poly the temperature sensitivity of the material. The detailed study

ulus in this regime can be approximated as follows: of the temperature dependence of the Youomagulus of this
. . polymer is beyond the scope of this work. By substéqgtihg
logE(T) = logE(Rr)S (TS |9 ®) into eq 7 we obtain
41786 DOI:10.1021/acsami.9b11844
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L ¥ the remarkable potential of this method for high-throughput
d Wi and therefore nanofabrication of miniature biochips.
R7) €
L "’ 3. CONCLUSION
d Més(TéZO)i 9) In conclusion, we demonstrate sub-10 nm enzyme nano-

patterning on a polymer surface by using a commercial tc-SPL

By using this relationship, wehe data irFigure p(dotted system. Our patterning scheme allows enzyme immobilization
line) obtaining a good agreement with tiieg parameters into amine pockets patterned by tc-SPL in a single step

1 _ o~E1 T . (incubation in the enzyme solution) without any post-
W2 ands=0.11°C*.. This model and related data points patterning treatment. This is realized through the electrostatic

demonstrate the ability of tc-SPL to control with 1 nmattraction between the negatively charged sulfonate-function-

precision the depth of the enzyme pockets. alized enzymes and the positively charged amine groups in
2.3. Enzyme Immobilization on the Micro- and aqueous conditions. By tuning the patterning temperature and
Nanopatterned Pockets. Figure 4Sh shows Aleta  |oad applied by the tip to the polymer surface, we achieve
thermolysin enzymes immobilized on a series of square-shapgfépendent control of pocketyuasi-3D geometry and
pockets of exposed amines with areas ranging frémrb? enzyme density, which are both of signt importance for

to 0.1x 0.1 m? This is demonstrated witluorescence  cell behavior and biomolecule recognition studies. We obtain 1
microscopy images and AFM topography images obtaingeh resolution in depth, and 8 nm resolution in lateral
before Figure 45d) and after fEigure €Sh) incubation of  direction, respectively, over areas of. iimaddition, the

the amine-patterned polymer surface with $te@nolysin nonspecic binding on the pristine polymer surface can be
enzyme solutions. The corresponding confamakscent e ectively reduced by taking advantage of the formation of
images of the pocketted with enzymes are showtrigure carboxyl groups through ester hydrolysis at high patterning
4iSk. The uorescent image of the x10.1 m* enzyme  temperatures. These groups are negatively charged in aqueous
pockets could not be obtained with good visibility due to theolution and thus repel the negatively chargedSAlexa
limited resolution of the confocabrescence microscope. To thermolysin enzymes. This strategy is a facile aotive

con rm the presence of enzymes in these smaller pockets, way to passivate areas of these polyimes against

use AFM to image the pockets befGigure 4d)and after ~ biomolecule adsorption without the need of any other surface
(Figure 4h)enzyme immobilization. Figure 4we show the  treatment. Finally, the method presented here of immobilizing
corresponding cross-sectional heightlgsro(blue line in  biomolecules and passivating surfaces through electrostatic
Figure 4¢green line iffigure 4h)Comparison of the pocKets interaction can be generalized for the immobilization of a
topography before and after Af¢karmolysin incubation Vvariety of similarly sulfonate-functionalized biomolecules,
clearly demonstrates that the pockets produced by tc-SPL &monstrating great versatility anectveness. This tc-SPL-
lled by enzymes. The topographic heigbtelice of about 8  based enzyme nanopatterning approach also has the potential
nm is comparable with the expected diameter of a singl@ be scaled up for industrial nanomanufacturing using
Alex&thermolysin enzyme molecule (around 6 nnrigees ~ Multiple tip arrays and taking advantage of its throughput
S2. Comparison done at multiple positions orerént ~ (Up to 10 unf/s for a single tip). Compared to other
samples as shownfifgure 4results in height dérences of ~ nanofabrication techniques that can achieve sub-10 nm
about 58 nm after enzyme incubation, caring that a ~ €nzZyme/protein patterns, this method is additionally advanta-

monolayer of enzyme is immobilized on the surface of tf#€0US in the following aspects: (1) simultaneous patterning
patterns. andin situimaging Figure ®&,i andFigure Sywith closed-

An alternative strategy to image small features by confol@@P lithography; (2) direct immobilization of enzymes on the
uorescence microscopy is to pattern by tc-SPLE i amine patterns W|tho_u_t_the need of _multlple _mtermeqllate

; idthSigps; (3) wide possibility of generating quasi-3D arbitrary
patterns with 1 nm resolutionzlirection Figure S7)) (4)
without the need of a prefabricated mold surface for each
Wgesign, as required by NIL; (5) scalability and potential
é)arallelization using multiple fips(6) electrostatic inter-
dction for immobilization as a modular chemical strategy which
can be easily adapted for a range of biomolecules. All the above

o features demonstrate the great simplicity aradiveeness of
50), as also conmed by the AFM topographic images bEfCJrethis approach, and will have sicgmt impact on a variety of

(Figure Saind after incubatiolFigure Stand cross-sectional elds such as bionanotechnology, reaction nanochemistry,

pro les inFigure ®). To further demonstrate the versatility of | : :
tc-SPL for high spatial resolution patterning in the sub-10 nrtHOChem'Stry’ and cell biology.

range, we pattern isolated sub-10 nm lirigsiré 5e)and

dots (Figure 5g)Both lines and the dots exhibit a fwhm of 8 4. EXPERIMENTAL SECTION
nm in the corresponding cross-sectionalgsr¢-igure $and Polymer and Surface Preparation.The polymer used fotm

h, respectively), very close to the size of a single enfyme (Préparation is a poly(methacrylate) copolymer: poly-
nm), con rming the capacity to achieve sub-10 nm and singfét€trahydropyran-2-i{-(2 methacryloxyethyl) carbamaigjreth-

. . 4-(3-methacryloyloxypropoxy) cinnamate)). Full details on the
enzyme patterning resolution by tc-SPL. Furthermore, o glnthesis can be found in the literatufBhe polymer contains

methqd is capable of combining Iarge-sca_IeX(GDJJSmn%) thermally labile tetrahydropyran carbamate groups along its side-
and high-throughput (5210*  m%h) patterning of enzymes chain, which upon heating at the deprotection temperajyre (
with 10 nm detailed features (§égure §j). This indicates 1505200 °C), dissociate and expose the primary afitiés.

half-maximum (fwhm) of 9 nm and a length oml(Figure
5a), followed by incubation with the Afétermolysin
solution. The uorescence imaging of such a pattern sho
enhanced uorescence emission from this patterned are
indicating that Alegahermolysin enzymes are indeed
immobilized in the pocket lines in the patterned &igaré
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Polymer solutions at the concentration of 2.5 mg/mL were prepared Fluorescence Resonance Energy Transfer (FRET)-Peptide
in chloroform. For obtaining the polymiens, the polymer solution ~ Based AssayThe FRET substrate Glu (EDANS)-Gly-Thr-Leu-Gly-
was spin-coated onto the Si substrate (1500 rpm, 60s) followed by-¥s (DABCYL) was purchased from China Peptides and dissolved in
quick baking (50C, 1 min). Under these conditions, the resulting dimethyl sulfoxide (DMSO) to obtain a 10 mM stock solution.
Im thickness ranges from 20 to 30 nm. Appropriate amount of this stock solution was injected into phosphate
Thermochemical SPL.Patterning of the polymeims was  bu er (100 mM, pH = 7.4) to obtain aal working concentration of
performed using a commercial tc-SPL system (NanoFrazor, fLitf5 M. Thermolysin, immobilized on the patterned polymer surface,
AG, Switzerland) which utilizes a silicon thermal cantilever fowvas inserted in a 10 mm quartz cuvette containing the FRET solution,
inducing a local amine deprotection reaction. The thermal cantilev@hd uorescence intensity was monitored at 520 nm upon excitation
comprises a nanosize tip heated by a resistive heater for therr@aB40 nm.
patterning, and a separate thermal reading sensor for topographyluorescence Microscopy Imaging.Fluorescence imaging was
imaging. During thermal patterning, the tip is heated to a certaiperformed using laser scanning confocal microscopy (Zeiss LSM 880
temperature calibrated automatically by the Nanofrazor software #ifyscan figures 3o 5) and Leica TCS SP8 STED 3Xdure ),
tting the knee point from the curémoltage curve to the  With excitation laser wavelengtf= 488 nm and emission detection
theoretical value for doped sili€mt given temperature and range gy =510600 nm. The optical contrast inetient uorescent
cantilever height above the sample, the patterning load is controllggages was tuned for better visibility by standard image processing
by the capacitive force between the cantilever and substrate thging ImageJ. Theuorescence intensity Figure ® and f is
drives the cantilever to bend toward the sample. Notably, once the figlculated dSagerd Ibackground Where pagernandlpackgroundile absolute
heater is switched on, an extra cantilever bending occurs due to tRiensity values of patterns and background, respectively.
nonuniform temperature distribution, causing extra load to the AFM Characterization.All AFM experiments were performed on
sample. To determine the load during the patterning process, W@eBruker MultiMode 8 AFM using tapping mode. Flattening-and
calibrate the cantilever detion resulting from both capacitive force scale adjustment of AFM images were performed with Gwyddion
and temperature. By using the known cantilever spring constant a¥Rftware.
the distance between the cantilever and the sample surface, the load
can be calibrated. The details on measuring the cantileatiode ASSOCIATED CONTENT
and load calibration are reported inSh®uring the patterning, the
thermal reading sensor probes the topography of the patterndd Supporting Information

structure right after each patterning line when retracing back he Supporting Information is available free of charge on the

contact mode, which leads to the simultaneous patterning andcs pyblications websieDOI: 10.1021/acsami.9b11844
imaging capability of the NanoFrazor system as well as a closed

feedback loop correctitn. Con rmation of electrostatic immobilization; Enzyme
In this work, the resistively heated tip locally heats the polymer size characterization; Characterization of SAlbge
Ims over the amine deprotection temperaflige ( 150 °C). molysin conjugates; Enzyme activity characterization;

Patterning is performed in contact mode with a tip dwell time of 140
s (speed: 0.2 mm/s) and pixel size of 30 nm. For high-throughput
patterning irFigure 5jtip dwell time is 50s (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 AUTHOR INFORMATION
nonspecic binding are pattqmed Withontact 2305260 °C. The Corresponding Authors
contact temperature at theSgmmple interface cannot be directly ileli ied d
measured due to a reduced heat transport from the heater to tag-ma! -elisa.rie o@nyu.edu
conical tip. To estimate the Sgample contact temperature, a ~ E-Mail:Rein.Uliin@asrc.cuny.edu
heating eciency between the heater and the sample surface wasRCID
derived with the value of 0.24. Th&sample contact temperature . .
was then estimated based on the following equBgiQr.: = Xiangyu LILD_OOO-Q001-7010-6554
0.24TheaterS Trr) + Trr whereT,gg is the room temperature and quardo Albisettio00-0002-8134-0482
TheateriS the heater temperat(it&*° In this work, the NanoFrazor Elizabeth Elacquano-0002-1239-9560
was operated in the pulsed heating mode by which the tip was heaphrcus Weckno0-0002-6486-4268
piermitety n order to extend fs fetme, The Dpice Seings ORein V. Ulljnooo0-0002-7136-1213
respegtively_ P P % Elisa Ried@o00-0002-2423-8801
Synthesis of AlexéSThermolysin Enzymes. Thermolysin (4 Author Contributions

mg, fromBacillus ThermoproteolfRiokko) was dissolved in 3 ML The manuscript was written through contributions of all
water (pH is adjusted to 8) and Alexa-488 NHS solution in DMSQ,

(60 L, 2 mM) was added. The solution was then left in a shaker for u(ath#];sr'] Agllrz_iutthors have given approval toiieversion of
h. After dialysis of the solution (one-day dialysis with regularl uscript.

changing of water ever§43h) to wash o any unreacted dye Notes

(dialy_si_s membr_ane with Mole_c_ular Weight cut 8500 Da), the The authors declare no competingncial interest.
remaining solution was lyophilized to obtain Alexa-488 conjugated

Thermolysin (Alegthermolysin). The product formation was

con rmed by mass spectrometry (MALDI). ACKNOWLEDGMENTS

_ Dyes and Enzymes Immobilization. Alexa 488 dyes were The guthors acknowledge support from the US Army Research
immobilized onto the tc-SPL patterns by incubating the polymer 719 O ce (proposal number 69180-CH), thed® of Basic

with Alexa 488 solution (100 nM, 1QQ in water for 45 min. After 0 Energy Sciences of the US Departm,ent of Energy, and the

incubation, the surface was rinsed with deionized (DI) water and th . . -
dried with N. Alex&thermolysin enzyme immobilization was /21 National Science Foundation (CHE-1506890, K.B.M.,

achieved by incubating the polynier in Alexa 48&thermolysin  E.E., 722 M.W.). This work was also supported partially by the
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