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ABSTRACT: The analysis of nanoscopic species, such as p _

and colloidal assemblies, at the single-molecule level has | " SepESsR ke e
vital in many areas of fundartal and applied researcEaEE! i =
Approaches to increase the detection time scales for
molecules in solution without immobilizing them onto a subd
surface and applying exterretls are much sought-after. He
we present an easy-to-implement and versatilaiidicsbasediy
approach that enables increased observational-time scale
of nanoscopic material building blocks such as single biolgs . ,

N . . P Conventional Nano-trap assisted
molecules and nanoscale colloids in solution. We use two- o o f:l igos 450 o MEre-channel assisted B singie particle
based hybrid lithography in conjunction with soft lithograpHes el o
fabricate nanaidic devices with nanotrapping geometries down
to 100 nm in height. We provide a rigorous description and characterization of the fabrication route that enables the writing
nanoscopic 3D structures directly in photoresist and allows for the integration of nanotrapping and nanochannel geometries w
microchannel devices. Using confagalescence burst detection, we validated the functionality of partieenean in our
nanotrap geometries through measurement of particle residence times. All species under study, including nanascale colloi
synuclein oligomers, and double-stranded DNA, showed a 3- to 5-fold increase in average residence time in the detection volu
nanotraps, due to the additional local stericneament, in comparison to free spacestn in a nearby microchannel. Our
approach thus opens up the possibility for single-molecule studies at prolonged observational-time scales to analyze and
functionalized nanoparticles and protein assemblies in solution without the need for surface immobilization.

KEYWORDS:nanoparticle trapping, naidics, 2-photon lithography, protein oligomers, DNA, molecular trapping,
confocaluorescence detection, soft lithography

INTRODUCTION ever, has numerous drawbacks, not least because surface
The spatial comement of biomolecules or colloidal nano- INtéractions can change the molé&cuwenguration and
particles in solution for biophysical studies at the singldunction. . _ o _
molecule level has become instrumental in many areas ofAn alternative to surface immobilization is the trapping of
fundamental and applied research including nanobiotechnphrticles in solution without immobilizing them onto a
ogy! biophysic$, and clinical diagnostitdt allows for  substrate surface. Various approaches using extsal
increased observational-time scale analysis of nanoscapich as electri¢,hydrodynamit; and optical elds:>*’ for
species such as nucleic acids, protein assemibtieipidal  nanoparticle trapping in solution have emerged. Optical
particle$ with single-molecule sensiti¥itynproved nano- trapping, for example, has been proven to &etive in

scopic single-molecule detection schemes are key for h@asuring repulsive or attractive forces between particles such

development of new material building blocks on the nanoscalg, oo|i6ids and proteins, but the high laser powers required
which play an essential role in bottom-up assembly processes

of meta materials,amyloid brils® and DNA origami :
technology as well as in nanoparticle synthesis and theixéceived: November 2, 2021
surface functionalizatithCurrently, molecular carement ~ Accepted: November 24, 2021
is most typically achieved through surface immobilization of

the biomolecule or nanoparticle of interest on a substrate

surface (e.g., for confocal or total internakatéon

uorescence (TIRF) microscop¥)*® This approach, how-
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induced ows around the trapped particles, leading toa silicon master wafer. This allowed for the fabrication and
undesirable and confoundingeas: Furthermore, such prototyping of nanaidic polydimethylsiloxane (PDNSS)
techniques ser from low throughput and require a refractivesilica devices in a facile and scalable manner and the writing of
index mismatch between the particle and its surroundingarious nanotrapping geometry designs with varying heights in
media® which is often not the case when monitoring one writing process. We analyzed the master wafer and PDMS
biological specimens. Other techniques, such as thernmalprints using correlative scanning electron microscopy
trapping:®?* have also been shown to besative at (SEM) and atomic force microscopy (AFM) characterization
con ning nanopatrticles in small volumes, but similar to opticaéchniques and validated the functionality of particlaezon
trapping, thermal particle trapping has sigmi drawbacks mentin nanotrap geometries through measurement of particle
due to the sample undergoing motion because of convectigasidence times in nanotraps as compared to microchannels
This puts limitations on the estimation of particle propertieand nanochannels using single-molecidsescence burst
such as molecular size and particle reaction kinetics aalysis. We found that all species analyzed, including
physiologically relevant conditions. nanoscale colloids, proteoligomers, and short DNA
Recently, geometry-induced electrostatic trapping ardbiplexes, showed a 3- to 5-fold increase in average residence
colloidal trapping based ohet spatial modulation of time in the detection volume of nanotraps in comparison to
con gurational entropy was demonstratétThis approach  free space dision in a nearby nano- or microchannel. We
enables trapping without applying extemd$ and has been further demonstrate otharorescence microscopy techniques
proven to be invaluable in observing particles in an all aguedgsnfocal imaging and TIRF microscopy) as alternative
environment? Mojarad and Krishngrhdemonstrated trap- readout techniques to be used in combination withuigiwo
ping of colloids and gold nanoparticles in nadig silica traps. Taken together, our developments presented herein
devices, which allowed measurement of their particle size @nstitute a cost-ective and easy-to-implement approach for
charge in silica-based nanowells. Ruggerf®é{ airther the fabrication of naneidic trap devices and open up a broad
pushed the limits of nanotrapping-based electrometry to tf@yenue of possibilities to study single molecules in solution for
single-molecule level. Whilecient in their use, to date, the extended periods of time without permanent surface
fabrication of such trapping devices and their subsequemmobilization and without applying exterakils.
integration with micraiidic device platforms is challenging
and demands specialized clean room equipment such as RESULTS AND DISCUSSION
electron beam lithography (EBLand reactive ion etching  Integration of Nanotrapping and Nanochannel Geo-
(RIE).*® Even though such approaches generate nanoslits @etries between Microchannels with 2-Photon Lithog-
nanochannels smaller than 100°hthe complexity of the  raphy. Conventional fabrication of trapping devices relies on
fabrication process, writing times, and the costs to produceséphisticated clean room equipfitard does not allow high
single device render these techniques highlgiémé and  throughput andexibility in the writing of structures of varying
impractical. Additionally, most of these techniques havgeometry and height. To overcome these challenges and make
relatively low throughput, and their integration with microthe fabrication process more facile, we propose here a
channels, which is required for the chip-to-world interface, céabrication route of nangdic devices via hybrid 2PL that
be challenging. enables the writing of nanoscopic 3D structures directly in
An alternative approach for fabricating nanotraps/nanghotoresist’ By combining large area UV mask lithography
channels and integrating the nanostructures within a micr@ith local high precision two-photon laser writing, we
uidic chip platform involves the combination of conventionalemonstrate the integration of nanotraps written adjacent to
UV lithography followed by two-photon lithography nanochannels in a pre-existing migdic device design (see
(2PL)*** where a focused femtosecond pulsed laser iigure ). Since 2PL is a dosage-dependent process and the
scanned across the photoresist, resulting in the writing sinallest feature size obtained in the photoresist depends on
device features below 200 nm in lateral size. 2PL or direct laser
writing (DLW) is a powerful emerging technology and ha: . 4, Nanofluidicare
gained much attention in recent years for the fabrication of AN (2eL/otw)
dimensional (3D) micro- and nanostructures and function: /
devices below the daction limit® The fabrication of ™™™
arbitrary 3D structures is possible in a photoresist fror wico.comegery | R
computer-generated 3D models and thus constitutes a fast ¢ (VV-ithography) > S
straightforward fabrication proced@r@reviously, micro-
uidic?® nanouidic?® and optouidic’’ devices were
fabricated using femtosecond laser 3D micromachining a

Nano-trap Micro-channel (right)

were shown to allow for the integration of functionalities )
unachievable with conventional UV lithography in device
designs.

Here, we demonstrate the facile fabrication of uidito Figure 1.Design and fabrication of namidic device with trapping
trapping devices using a 2PL system for increased obsefyqctionalities. Schematic of the device design consisting of

tional-time scale single-molecule studies of biomacromolecyfi&r Uidic reservoirs, inlets/outlets, nandic channels, and
d colloids in solution. To this end, we developed ana.n.otrapplng arrays. 2-photon lithography (2PL) (or direct laser
an : ! _U/rltlng, DLW) is used to combine miarmlics with nanaidic

approach based on hybrid 2PL- and UV lithography ifnctionalities. Large area mask-based UV lithography patterns of
conjunction with soft lithograpfiyto generate nanoscale micro uidic areas, whereas 2PL incorporates nanochannels and
channels and adjacent namabs trap structures with nanotraps in between two microchannels. The inset illustrates the
dimensions down to 100 nm in height in a single step fromlacement of the nanotraps next to the nadic channel.

B https://doi.org/10.1021/acsanm.1c03691
ACS Appl. Nano MatexXXX, XXX, XXX


https://pubs.acs.org/doi/10.1021/acsanm.1c03691?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03691?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03691?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03691?fig=fig1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c03691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials Www.acsanm.org

=
)
L)
L)
L)
()
L)
L)
L)
L)
—

F L2
e ®
3 o
L ) L )
o )
o D)
o -
) o
o )
P, P

Lo}
~
o
o
P
o
e
>
P
P

o -~
° L
© { )
L) -
° °
0 )
) C)
e )
e o

-
o
=
~
)
®
©
L
-

° o °
0 ) )
o ° L
° 5 )
o ° °
) ° o
° ° °
0 ® 5
° ° o

o
&,
o
o
o
>
.
~
‘n

Figure 2.Prototypes of nanochannel and nanotrap geometries fabricated in photoresist using 2-photon lithography. Shown are SEM microgr:
of nanochannel/nanotrap molds as obtained by 2-photon lithography in SU-8 photoresist using varying laser peetysTdralWwiitng

speeds for the nanotraps and nanochannels were 1000 ants 1Gpectively. $E) Nanochannel/nanotrap molds obtained with as¥to

in the range of 1.88.85 m; the laser power for writing nanochannels and nanotraps was 90 and 100 mW, respectively. (F) Optimizec
nanochannel/nanotrap mold written with a ¥ebof 1.25 m; the laser power for writing nanochannels and nanotraps was 100 and 110 mW,
respectively.

Figure 3.PDMS imprints of nanochannel and nanotrap device prototypes. Shown are SEM micrographs for the nanochannels and nanot
imprinted in PDMS. The molds, from which the PDMS imprints were fabricated, were written in SU-8 photoresist with 2PL by varying the las
power and Y-cet (igure 2 The writing speeds for the nanotraps and nanochannels were 1000 amds,168spectively. GE)
Nanochannels and nanotraps imprinted in PDMS witbeY io the range of 188.85 m; the laser power for the nanochannels and nanotraps

was 90 and 100 mW, respectively. (F) Optimized nanochannel/nanotraps imprinted in PDMS settoh1Y26 m; the laser power for the
nanochannels and nanotraps was 100 and 110 mW, respectively. (G) SEM image of a trapping device with nanotraps on top of the nanochani
the PDMS (top view). (H) SEM image of the narrow opening of a nanotrap imprinted in PDMS. Correlative AFM imaging showed a height «
approximately 100 nm of the pocké&igyre S1L

the laser intensity and exposure time, nse set out to We began by exploring and prototyping nada
optimize the fabrication procedure to achieve fully mergegeometries in negative SU-8 photoresigjuile 2 and
nanotrap and nanochannel geometries. produced imprints into PDMS following standard UV- and
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Figure 4.Nano uidic device with trapping functionalities for single-molecule experiments. Shown are SEM micrographs ouRIRMS nano
device imprints fabricated via hybrid UV mask lithography and 2PL. (A) Full view of the migidihaewoice, consisting of micridic

reservoirs, inlets/outlets, namdic channels, and nanotrapping arrays. The design corresponds to the schemati€ighmvi (B)

Magni cation depicting the arrays of #long nanochannels with integrated nanotraps in between the e microchannels in PDMS.

(C) The higher magncation of nanaiidic channels and nanotraps shows consistent imprinting of nanotrapping arrays in PDMS. (D) Zoom-in of
the SEM micrograph showing the geometry of the nanotraps.

soft-lithography protocolBigure 3. Characterization techni- ments (see below). For this chip design, we required round
ques such as SEM and AFM were used to analyze thanotrapping cavities of a few hundred nanometers in radius,
prototype nanostructures. Variations in the the laser powerhich are well-merged with straight nanochannels that have
laser writing speed, and the distance in between the nanotragmensions in the submicron regime. Such geometrical features
and nanochannel (Ys®t) during the 2PL writing process could be obtained by using 110 mW laser power for writing of
resulted in dierent congurations of nanotrap molds as shownthe traps, 100 mW for the nanochannels, and aeY-a

in Figure ASE. Straight nanochannels were written xéc between them of 1.2%n (Figure F). Thereby, we fabricated
laser intensity of 90 mW and a writing speed of o€ nanotraps of 350 nm in radius adjacent to nanochannels of 650
Dots for nanotrap molds were written adjacently with 1006m in width. The chosen fabrication parameters show

m/s scanning speed and by modulating the laser at 100 m\@eometrical consistency between individual traps and are still
Nanotraps were added everyn3 along the nanochannels. mechanically stable enough to have the same structures in the
The height of the nanotraps was smaller than the nanochannetal bonded device. The mechanical stability of the nanotrap
due to the lower net exposure of the photoresist. Notably, thstructures in SU-8 was further enhanced by increasing the
3D piezo-exure stage used for scanning the laser beam is a keegss-linking density of monomers with a second UV exposure
component and allows one to vary the S&tobetween  after writing nanostructures with ZPL.
nanotraps and nanochannels with a resolution down to 10 nmintegration of Nanochannel and Nanotrap Geo-
by leveraging the closed-loop control mode of a piezo stageetries in a Micro uidic Device Platform. After having
Accordingly, the Y-eet was varied from 1.25 to 0.85in optimized the procedures for generating nanotrap and
steps of 100 nm. As showrFigure B, at a Y-oset of 1.15  nanochannel geometries via our 2PL approach, we set out to

m, the SU-8 of the nanotrap geometry merged with théabricate the combined naniglic device for single-molecule
nanochannel through monomer cross-linking. The samexperiments, as showrFigure 1 The device was produced
geometries were also analyzed in the PDMS imprints &y rst generating the micron-scale structures of the chip,
shown in SEM micrographsFoflure 2SE. Notably, when  which consisted of two micuidic channels and reservoirs,
only the Y-oset between the nanochannel and nanotraps waample inlets/outlets, and gters. This was done by
varied, dierent geometries and designs of the nanotraps imansferring these chip features from a high-resolution
PDMS could be generated, for example, triangular nanotrapgrasisparency acetate photomask onto a SU-8 photoresist,
shown irFigure B. This highlights not only the importance of spin-coated on a silicon wafer, via conventional contact UV
precise laser positioning to control the mergence of nantithography?” In the second step, the miariic channel
channels with nanotraps but also the possibility to create tragservoirs, separated by @3 were connected with straight
with varying geometries. The process of 2PL for writing almasanochannels and adjacent nanotraps using the optimized 2PL
arbitrary 3D structures thus allows sigmit exibility here to  writing parameters, as detailed above~{gures B and3F).
choose and modulate the desired geometry anduid@o  Subsequently, PDMS imprints and glass-bonded chips were
chip design and introduce multiple geometry layers within groduced from these structures using standard soft lithography
single spin-coating process. Indeed, we were able to add othed replica molding procedurEgyure A shows a SEM
conformations of traps to a nanochannel, for example, wheanécrograph of thenal PDMS imprint with an overview of the
the traps were positioned on top of the nanochamglse conventional micron-scale chip functionalities. Further magni-
3G) or nanotraps with bottleneck openiriggi(re Bl) on cation Figure BSD) shows the successful integration of
the side. The latter structures exhibited a nanotrap height p&no uidic functionalities in between the micidic
100 nm, as commed by correlative SEM/AFM measurementsreservoirs. Two micraidic compartments of 25n depth
on the master wafefFigure S)L were joined by 2PL with six naumiglic areasHigure 8,

The prototyping geometries obtained thus far were used iodicated with arrowsyigure € shows in greater detail one
determine appropriate and optimized writing parameters twanotrapping array consisting of 18 nanochannels with
create the nanaidic trapping devices required for nano- adjacently added nanotraps evemy.3Notably, the channels
particle and biomolecule trapping in single-molecule expeshow a wider funnel-like shape at the miadiz interface due
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Figure 5.Single-moleculaiorescence detection in miaidic reservoirs and nanochannel regions and under nanotregneor. (A) The

confocal detection volume was placed into the miio part of the device at the mid height of the channel (i.em &Bove the glass

coverslip). The dusion of multiple particles at the same time through the confocal spot results inunvétioience bursts as shown in the
uorescence burst time trace. (B) The confamakscence burst detection volume was placed in the nanochannel region. Fluorescence date

recorded in the nanochannel shows more rare eveatseasfcent bursts, which implies that the probability of multiple particles crossing the

detection volume is lowered by the nanochanneieroent. (C) The detection volume was placed into the center of a nanotrap geometry. The
uorescence time trace data shows acsgtly increased residence time of single particles up to tens to hundreds of milliseconds under nanotray

con nement.

to the sequential double exposure of the photoresist by Udached equilibrium and the nanoparticles startesing

lithography and 2PL. The central part of the array, howevahrough the nanochannelsiorescence burst detection was

shows the intended trap geometry from the prototypi@onducted within the nanotraps. Samples were excited with a

procedure above with suitable traps for theneament of  continuous 488 nm diode laser, and thedrescence was

the nanoparticles imprinted in PDMS. The nanochannels weggllected using avalanche photodiodes, which allowed readout

650 nm wide and connected to the nanotraps, which hadgt the uorescent nanoparticle signal with high temporal

radius of 350 nm. The nanochannels and nanotraps were 72@q|ution.

and 650 nm in height, respectively, according to correlativeyye rst performed measurements on 40 morescent

pro lometer measurementsgure Sp _ _ particles and compared budetection under nanotrap
Single-Molecule Fluorescence Detection of Colloids con nement to residence times in the migidic reservoirs

and Biomolecules in Nanotraps. Single-molecule studies f the device and the nanochannel bridges. To this end, the
for biological measurements in miniaturized devices have begfe,a| detection volume was placed in the respective region
proven to be very useful due to their precise sample handli

; ) . of' the device, as illustrated Figure ASC. Within the
Sl ylume, manipuaon, and ioh MOUONELL CoPAicro i part of the deviceFigure ), muliple
: o N . . uorescence burst signals overlap during the measurement
nanocolloids in solution is still a challenging task but an X . . . ;
important step toward micidic total-analysis systems anq show various intensity levels du_e to multiple particles
( TAS)*2 Our chip design provides an opportunity for being able to cross through the detection volume at the same

prolonged detection of single particles in solution withoutime- The time regime of transition events is in the millisecond

permanent surface immobilization. We intend to incread@n9€: In the second measurement, the laser spot was placed
particle residence times in the detection volume due to tH8Side ananochannel, as shovigare B, and confocal time
additional local steric carement in the nanotraps. traces were recorded. The numbemuofescence bursts was

To demonstrate this, we performed confocal-based singféastically reduced due to the single-molecule exclusion
molecule burst experiments that allowed us to observe, recdi@pabilities of the nanochannel, and just slightly increased
and compare the events of single particles entering and leavi§gection times in comparison to measurements in the
the nanotrapping geometRygure Sschematically illustrates micro uidic channel were observed. Finally, we placed the
the experimental setup. The déviogicrochannel reservoirs confocal spot at the center of a nanotrap. Nanoparticles in a
were lled with respective particle solutions at pico- tosingle nanotrap geometry were recorded as shéuguia
nanomolar concentrations. Once the sample in the devié€. The time trace shown exengdithe prolonged nature of
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Figure 6.Residence time of specimens under nanotrapetoant. (A) Schematic illustration of the relative sieeedce of the probed
specimens. (B) Comparison between residence times for 100 nm colloids, 40 nmsyoiladtisin oligomers, and 45 bp DNA in microchannel
reservoirs and nanotrapping geometries. The residence time in the nanotraps relative to the detection time in the microchannel reservo
increased by a factor of approximately 3- to 5-fold. The inset shows the existence of rare trapping events in the hundreds of millisecond ran
colloidal particles and up to tens of milliseconds for oligomers and DNA.

uorescence burst signals obtained within a nanotrap andnigtrology of biomolecules and colloids in solution over
common among all species under sthdyife SB extended periods of time.

Using the same nanodic geometry, we compared the
behavior of derently sized particles in the nanotraps. We  CONCLUSIONS

performed experiments, as described before, with a serie§0fis haper, we have demonstrated the use of hybrid 2PL for
nanocolloids and biomacromolecules, including 100 ngpg faprication of nanotraps written adjacent to nigfioand
colloids, 40 nm colloids, 9514 nm -synuclein oligomers, icrq yidic channels and their usage for the study of colloidal
and 45 bp Dal\ﬁ‘,(l&? nm length, estimated with 0.34 nm perpananarticles and biomacromolecules at the single-molecule
bp, rod-like}***in deionized water. Our results show that thejeye| we have established conditions for the successful
nanotraps increase the residence time of the particles withjaneration of a silicon master wafer with naneoent

the detection volume due to the additional local sterigeometries in a negative SU-8 photoresist by combining 2-
con nement.Figure 6shows a comparison of their mean photon direct laser writing with UV lithography. We imprinted
residence times inside the nanotraps in relation to thgang uidic devices from the silicon master wafer into PDMS
micro uidic channels. The time spent by the particle insidgy make functional nanochannels with adjacent nanotraps of
the laser spot depends on itsusional properties and 350 nm radius and 650 nm height, but also, much smaller
therefore on its size. In general, according to the SStokegeometries and structures below 100 nm in height are possible
Einstein relation, the dision coecient is dened asD = (Figure S)L Given the ease of fabrication, our approach can be
(keT)/(6  Ry), whereR, is the hydrodynamic radits, is readily adopted by laboratories with access to commercial or
the Boltzmann constarit,is the temperature, andis the  custom-built 2PL systems and allows for the fabrication and
viscosity. This trend can be observed forneshand  prototyping in a high-throughput and scalable manner as
nonconned particles. Strikingly, the comparison of theppposed to EBL and sequential clean room nanofabrication
nanotrap residence time to the migidic channel indicates techniques.

an up to 5-fold increase of observation time within the confocalTo demonstrate the applicability of the nanotrapping devices
detection volume. This is expected because the walls limit theveloped herein for the prolonged observation of single
possibility of the molecule escaping from théslaskt of molecules, we used single-partimdeescence burst detection
view, as mentioned above. The Debye length can be assurtgeheasure the residence time of polymer nanoparticles such as
to be less than 100 fifand should not be the major factor in 100 and 40 nm colloids and various biological relevant samples
the connement presented here, but itrdtely needs to be  like -synuclein oligomers andorescently labeled 45 bp
considered when using smaller naidic design dimensions. DNA in nanouidic connements. Although our nanotrap
The enhancement of the residence time, once the particle isgpometry is orders of magnitude larger in comparison to the
the nanotrap, thus enables the longer signal capture of a sirtgtogical specimen under study, we observed aasigni
particle. This opens up the possibility for single-molecuiacrease in residence times of the samples. All species analyzed
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in the same trapping geometry showed up to a 3- or 5-foktudy single molecules in solution without permanent surface

increase of observation time in aatition limited confocal immobilization using hybrid 2-photon lithography. With our

detection volume. Thisding is signcant, as it opens up the approach, we envisage the facilitation of nanoparticle trapping

possibility to study and armdy biomacromolecules or technology in biological and biomedical laboratories, paving

biomolecular assemblies in solution without permanent surfate way for the use of photon-intensive spectroscopic

immobilization for extended periods of time. It also allows gechniques for applications related to protein misfolding

longer observation of the same molecule for optical techniqugisease, cancer research, and bionanotechnology.

that greatly benefrom higher photon counts such asteo

resonance energy transfer (FRET) measurements at the single-METHODS

molecule level. Wafer Preparation and Development. SU-8 photoresist (Type
Readout is not limited to single-particlerescence burst 3025, Micro Resist Technology) was spin coated (Laurell

detection. As a proof of concept, we also explored oth&echnologies, WS-650) at 3000 rpm onto a 3 in. silicon wafer
uorescence microscopy techniques (confocal imaging atiicroChemicals, Prime CZ-Si, thickness o380 m, polished,

TIRF microscopy) as alternative readout techniques to be usedyPe) to a height of 2Gn. The SU-8 coated wafer was soft baked

in combination with nanoidics Eigures S4 and S5 his and treated according to the protocol of the supplier of the

. . . . photoresist. Micraiidic patterns from a custom-desigiedmask
gives laboratories guidance on how to use n""m)tr""pp"ﬁaicrolithography) were then projected onto the wafer, and the

devices with their already availablerescence microscopy pnotoresist was exposed for 30 s to the UV-LED setup as described in
equipment according to their needs and research applicatiogfalla et i’ The wafer was postbaked at@%o that the interfaces

This highlights the versatility of the applications that can bigetween exposed and unexposed regions became visible due to their
envisaged with our namddic device in conjunction with change in refractive index, which assisted in alignment of the
di erent optical modalities. We anticipate that the costmicrostructures with the 2PL setup. After, the nanostructures were
e ective and easy approach for fabrication of undim written with 2PL an(_:i the wafer baked at®%or 8 min. The wafer
devices has the potential tal broad applicability in various Was developed using propylene glycol monomethyl ether acetate

S . . : . : RGMEA) (Sigma-Aldrich) andubsequently given a second
applications in the nanobiotechnologies, biophysics, até()j( osure to UV light for 30 s to make structures mechanically stable

clinical dlagnostlcs. Researche_rs |_nterested in topics suc}“b the wafer beforaal rinsing of the structures with PGMEA and
the synthe_S|s and funct|ona_1llzat|on of nan_oparncles fqgopropand (IPA) (Sigma-Aldricii)A postbake of 30 min at 86
nanomedicine and drug delivénymetaborganic frame-  on a hot plate was done at the end of the development process to
works}’ guesShost complexé§, carbon quantum dotS,  increase mechanical stability of the nanostructures.

bottom-up assembled meta materials (e.g., gold nanocubeg-Photon Lithography. A custom-built 2PL setup was used to
gold nanoparticleé)active colloid8 (e.g., Janus particles), or write the calibration patterns as well as tlaé nanouidic master

general spectroscopic analysis oShgduter interactions in ~ mold. Add_etE}ilebd_ de_scriptionb_(l)_f_ the uptr)ig?t zShoi?n (Ijithography
) _ ; tup and its fabrication capabilities can be found in Vanderpoorten et
solutiort” (e.g., Raman spectroscopy, second-harmonic geffs Brie y, the system uses a femtosecbadlaser (Menlo System

eration (SHG), nonlinear refractive indices, FRET) WOLIICE-Fiber 780 HP) modulated as thest di raction order of an
greatly bené from the approach presented here. acousto-optic modulator (AA Optoelectronics). The beam is widened
Slml|al’ nanQJIdIC dEVICGS were pl’eVIOUS|y establlshed b)hrough a beam expander (Thorlabs' BEOZ_OS_B) and |ed over a
Krishnan et al. for the geometry-induced electrostatic trappigg:10 R:T beamsplitter (BS028, Thorlabs) into a microscope
of nanocolloids’ where iSCAT provided a label-free readoutobjective vertically mounted above the samplectBe light is
method of gold nanoparticle and liposome residence timesdnllected with a tube lens (Thorlabs AC 254-100-A-ML, BBAR
the nanocomement. The silica-based devices were fabricatégating A OM 31 4700 nmf = 100.0 mm) onto a camereEye
using RIE etching, and the method involves several clean rolfth Industry camera, UsSB 3.0)_. An optical electromechanical shu_tter
fabrication steps; therefore, it is not easily prototyped b horlabs, SHB1) is mounted in front of the camera to protect it

. . - It - .. during high power laser writing. Through an additional 30:70 (R:T)
biological laboratories with limited access to nanofabricatif ., splitter (BS019, Thorlabs) in the camera detection arm, a white

facilities. An important step to make this technology MOrEep (Thorlabs, MCWHLS) allows nonpolymerizing inspection of
available to the research community was achieved by Gersp@ghsample in wideeld. A 3 in. wafer coated with prebaked SU-8 (25

et al>”> who molded electrostatic trapping devices in PDMSm thickness) was immobilized on a Pl Nanocube (P-611.3S,
and measured the residence time of highly charged gdbhysikalische Instrumente) mounted on two perpendicular stacked
nanoparticles of 60, 80, and 100 nm diameter in theotorized linear-precision stages (M-404.2PD, Physikalische Instru-
nanopockets. Their experiments showed thahament is mente, Ball screw, 80 mm wide, ActiveDrive). Immersion Oil
highly dependent on the size ratio between the particle and t rglgeflaboratoneﬁ, LbD.F' .COdﬁ 38?.""""5 added b‘?“to. the LSU'S
trap, which underlines the importanceexible fabrication 2Yer before manually bringing the oil immersion objective (Leica,

h that dant to th licati dinal 63x, PL APO, 1.40 NA) in close proximity to the wafer surface. The
schemes that can adapt to the application accordingly. oil used here showed no reaction with unpolymerized SU-8 photo

In contrast, the method demonstrated in the present pap@&sin and facilitated easy and scalable two-photon printing. Custom-
shows the advantage of a stationary chip design withopfitten software then automatically focuses on the wafer surface,
external machinery to study a variety of biological specimessrects for tilt, and coordinates the interplay of piezo, translational
from colloids to oligomers and DNA molecules innezh stages and laser power modulation to write the intended patterns. The
space without permanently immobilizing or perturbing thenlaser beam intensity of the writing beam was directly measured after
EBL and RIE as the golden standards for the fabrication the acousto-optic modulator using a power meter (Thorlabs, S310C,

silica trapping devices have higher lateral resolution than Zﬂgﬂg‘iﬁgp&"g(‘fésge?gg I;;’ef'&’vflgtr Sv’;golfggf é’;g\‘/\‘f tﬂeesg‘o@wﬁz;?% .

but ZP.L. allows a more _versatlle |nt_egra_t|0n OT. qomple reshold but high enough to be detected on the &ystemera.

nanouidic and nanotrapping geometries into miei@ The full travel range of the nanocube of 10& 100 m was used

device platforms in the submicron regime. _ to write a calibration array of lines and dots. Then, the motorized
Taken together, in this paper, we give a cestie and  stages were used to displace the piezo scanning areas and write a new

facile approach for the fabrication of naid@ devices to  pattern (e.g., 300m displacement, positional precision mllwith
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adapted parameters. The positioning repeatability of the piezo actystem). In order to remove the free dye, the mixture was
(Nanocube) was below 10 nm according to the manufacturer and ssibsequently subjected to size exclusion chromatography using a
key for automated focusing and reliable nanofabrication. For 2-phot8aperdex 200 16/600 (GE Healthcare) and eluted in PBS (pH 7.4) at
writing in the micrauidic master, we used a white light LEDr$o 20 °C. Protein fractions were pooled, and the Alexa488 labeled
place the laser focus in between the two microchannels and theynuclein concentration was estimated by dye absorbance, assuming
started the automated laser writing process. The system uses 1€ dye/protein stoichiometry (72 000 L/mol cm at 495 nm). Stable

autofocus function each time it adds another nigoarray. This  -synuclein oligomers were formed from Alexa488 labeled monomers

allows stepwise but precise addition of nddio features on the gs previously describ&dBrie y, monomeric -synuclein was

wafer scale. _ _ ) lyophilized in Milli-Q water and resuspended in PBS (pH 7.4) at a
Correlative Scanning Electron Microscopy and Atomic concentration of 12 mg/mL. Following incubatior? 37226524 h),

Force Microscopy Imaging. After the development process of . samples were ultracentrifuged (1 h, 28 0ptima TLX

the 2-photon written calibration assay, the wafer was manually racentrifuge, Beckman Coulter, TLA-120.2 Beckman rotor) to

into smaller dimensions to allow easier sample handling. Imprints ove large aggregates. Monomeric protein was removed by multiple
the master wafer were taken following conventional soft lithograp ¥ration steps through 100 kDa concentratitegs. The oligomer

protocols with a 10:1 PDMS (Sylgard 184)/curing agent ratio. Aﬁ% ncentration was estimated on the basis of the dye absorbance
PDMS curation, the area of interest was cut out using a surgﬁa} 000 L/mol cm at 495 nm)
scalpel. The PDMS- imprint was coated with 10 nm of platinu Sample and Device Preparation for Single-Molecule Experi-
(Quorum Technologies Q150T ES Turbo-Pumped Sputter Coater),ois “100 and 40 nm uorescent colloids (FluoSpheres) were
Carbon Coater) and 'mag'?d. using a commercial SEM (TESC.:A urchased from ThermoFisheBSynuclein oligomers were prepared
:\MRAsfFl%G-SENP'-The orlglnalll SU(-jS_featu:jes Wek:e coatedsvl\élm % described above. Double-stranded DNA was prepared from two
ayer o nm platinum as well and imaged on the same ) i ‘ X ) .
order to compare the imprinted features with the original molds. Th |r)gle stranded DNA ollgonu_cleotldes by thermal _anneallng.
ligonucleotides were synthesized and labeled by Biomers. The

nal nanouidic PDMS device imprint was imaged following the sam
procedures and on the same microscope. AFM was conducted on ijguences wereGCC TTATTT TCACTC TTT CCTTTC TTC

et ; ; CTCTCTTTTT TTC CCG-3 (top strand) and 5CGG GAA
calibration sample using a Park Systems NX10 AFM. According
previous ndings by Cabrera et®lthe PDMS surface roughness can AA AAG AGA GAA GAA GAA AGG AAA GAG TGA AAA TAA

be assumed to be below 5 nm, which should therefore retde GGC-3 (bottom strand); the top strand was labeled with Atto488 at
the steric trapping behavior sigaitly. the t_hymldlne at position 7, shown in bold type. _

Pro lometer Measurements of Nanotraps. The 2-photon Mlcrolr]ano UId.IC devices were molded from the fabrlcatgd SU-8
written nanouidic master wafer was cleaned using pressurized air afister via soft lithography using PDMS (Sylgard 184, with a 10:1
placed in a prdometer (KLA Corporation, Tencor P-6) for height Curing agent ratio). After baking, inlets were added using surgical
measurements of the nanochannels and nanotraps. Using #hénchers and plasma bonded to coverslip glasses (Menzel coverslips,
integrated microscope of the system, the scan direction was alig@éade H1.5). The surface of the coverslips and the PDMS were
along the center of a nanotrapping array located between the tRisma treated and, afterward, manually pressed on top of each other.
micro uidic reservoirs. The sample was scanned at a speed of 2[@vices were used directly after the plasma bonding step to use their

m/s with a height scan rate of 500 Hz and a force of 0.5 mg applig@maining surface hydrophilicity for eallieg of the devices. Before
using a 2.00m (diameter) tip. the experiments, the chips wdied by pipetting equal amounts of

Single-Molecule Confocal Measurements. Single-molecule  diluted sample solutions into the inlet areas and equilibrated for 20

uorescence measurements were performed on a custom-baiin.
single-molecule confocal microscope. Nédio PDMSsilica
devices were secured to a motorized microscope stage (Applied
Scientic Instrumentation, PZ-2000FT). The sample was excited ASSOCIATED CONTENT
using a 488 nm wavelength laser (Cobolt 06-MLD, 200 mW diod& Supporting Information

laser, Cobolt), which was directed to the back aperture &f a 601 Supporting Information is available free of charge at

magnication water-immersion objective (CFI Plan Apochromat WI ) .
60<, NA 1.2, Nikon) using a single-mode optibat (P3-488PM-  NLPSi//pubs.acs.org/doi/10.1021/acsanm.1cQ3691

FC-1, Thorlabs) and an achromatier collimator (60FC-L-A- Additional surface structure analysis and image data

M100S-26, Schiar/Kirchho GmbH). The laser intensity at the acquired by AFM on a 2p-fabricated nanotrap master

back aperture of the objective was adjusted to\WW50'he laser o .
beam exiting the opticaber was reected by a dichroic mirror wafer (SU-8 on silicon); piemeter data of the master

(Di03-R488/561, Semrock), directed to the objective, and focused ~ Wafer used for confocaliorescence burst detection
into the chip to a draction-limited confocal spot. The motorized experiments; comparativgure of uorescence burst
stage was used to position the confocal spot within the chip. The  traces of 100 nm colloids, oligomers, and 40 bp DNA;
emitted light from the sample was collected through the same  experimental description of confocal microscopy and

objective and dichroic mirror and then passed through & 30 TIRF imaging for 100 and 40 nm particle detection in
pinhole (Thorlabs) to remove any out-of-focus light. The emitted nanotraps; images, kymographs, and traces acquired
photons wereltered through a band-paster (FF01-520/35-25, using formerly mentioneduorescence microscopy

Semrock) and then focused onto an avalanche photodiode (APD;
SPCM-14, PerkinElmer Optoelectronics) connected to a Time-
Harp260 time-correlated single-photon counting unit (PicoQuant).
Photon time traces were recorded using the SymPhoTime 64 software
package (Picoquant) with a binning time of 1 ms. AUTHOR INFORMATION
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