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ABSTRACT: Biophysical cues, such as nanotopographies
extracellular matrix (ECM), are key cell regulators for direct ¢
reprogramming. Therefore, high-throughput methods capable
systematically screening a widange of biophysical cue- SZiix
regulated cell reprogramming are increasingly needed for tiSSEEss
engineering and regenerative medicine. Here, we report HHEs e ,
development of a dynamic laser interference lithography (D .
to generate large-scale combinatorial biophysical cue (CB
arrays with diverse micro/nanostructures at higher complexities
than most current arrays. Using CBC arrays, a high'thm“gh%mbinatorial
cell mapping method is further demonstrated for the systemqqgnoarrays
investigation of biophysical cue-mediated direct cell reprogram-

ming. This CBC array-based high-throughput cell screening
approach facilitates the rapid identiation of unconventional hierarchical nanopatterns that induce the direct reprogramm
of human broblasts into neurons through epigenetic modulation mechanisms. In this way, we successfully demonstra
for generating highly complex CBC arrays and establish CBC array-based cell screening as a valuable stra
systematically investigating the role of biophysical cues in cell reprogramming.

KEYWORDS:dynamic interference lithography, combinatorial nanoarrays, hierarchical nanostructures, cell reprogran

potential for cell-based tissue engineering anestablished, which is primarily attributed to the intrinsic:

egenerative medicine, realizing its full therapeutinigh heterogeneity and complexity of biophysical signe
potential requires more precise control of cell fate and pathways? *° For instance, a wide range of 0D, 1D, 2D, al
systematic understanding of the corresponding cellulaferarchical micro/nano topographies and geometries |
responses to the surrounding microenvironménBirect  peen discovered in natural (e.g., colldgens) and synthetic
cell reprogramming is typically regulated by dynamige g., polymer nanbers) ECMs Figure S)L*"*8'° Even
intel’actions betWeen mu|’[|p|e microenVironmental Signa |ght Variations within these ECM structures can ca
and alterations in the epigenetic landScafmvever, the  sjgnicantly dierent outcomes during cell reprogramiing
function of the cell microenvironments on epigenetiqyowever, assays for systematically studying the sophisti
regulation of gene pathways to control cell fate Ogg|ylar responses to many biophysical cues, especially

reprogramming is quite complicated, making Bulli to  ,qqaciated with complex ECM structures, still require fur
predict, track, and enging€or example, there are three typesdevelopmer?f) 22 Thus. there is a clear need for a mot
of signals in cell microenvironments: soluble cuesedell ' '

interactions, and insoluble/biophysical cues. Among therns,

insoluble/biophysical cues, such as geometry, topography, arng¢ved: November 21, 2021
elasticity of the extracellular matrix (ECM), have beerccepted: March 15, 2022
identi ed as critical regulators for determining cell behaviors,

including adhesion, @rentiation, migration, and reprogram-

ming® ** Nevertheless, the predictive, trackable, and quanti-

tative investigation of the functions of biophysical cues on

AI’though direct cell reprogramming holds greatspecic cell reprogramming processes has not been !
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Figure 1. Predictive biophysical cue mapping and assessment approach for direct cell reprogramming using combinatorial nanoarrays. (a)
Biophysical cue-induced cell reprogramming on hierarchical nanopatterns (al) through epigenetic modulation (a2) and its applications for
direct neuronal reprogramming of somatic cells (a3). The hierarchical nanopattern was édelpyi biophysical cue screening. (b) The
generation of large-scale CBC array using a DIL approach and its application for systematic biophysical cue mapping applications. The
middle panel is a representative collection of 9 AFM images (sizes 05040 m) out of many micro/nano structures (up to millions)

from one CBC array. (c) Applications of the CBC array-based cell screening for investigating nanopattern-mediated epigeregionsdi

(c1) and identifying unconventional cues (e.g., hierarchical nanopatterns) for cell reprogramming (e.g., ¢érensidition of broblasts

into neurons, c2). Scale bars: 4 and 5@ for the AFM (image on the left) anduorescent images (on the right), respectively.

reliable method to investigate biophysical cues thoroughly afio). Using this CBC array and combining it with high content
identify optimal biomaterial conditions for various biomedicalell screening, we demonstrated the mapping of biophysical
applications; having the ability to comprehensively map cetiue-directed cell behaviors for facilitating the prediction of
ECM interactions at dérent scales and complexities will alsooptimal nanotopographies out of numerous sophisticated
help us better understand the functions of biophysical signaliBEM structures, including various combinations of micro/
pathways on cell reprogramming. nano hierarchical topographies, for direct cell reprogramming
To this end, we developed a dynamic interferencéFigure b).
lithography (DIL)-based method to generate combinatorial Additionally, given the considerable potential of neuronal
biophysical cue (CBC) arrays for predicting biophysical cueeprogramming, we focused on identifying optimal biophysical
mediated cell reprogrammingiglire &). Specically, our cues to induce transdrentiation of somatic cells (i.e.,
CBC array platform contains a wide range of microscale anldroblasts) into neurons in a proof-of-concept demonstra-
nanoscale topographies spanning from subhundred nanortien?3?* For this purpose, an unconventional hierarchical
ters to tens of microns. Additionally, this large number afianopattern that rapidly converts humaroblasts into
topographies can be reatiihdexedbased on their locations neurons wagst identied by CBC array-based cell screening;
on the substrate for convenient tracking of EEM then, a method was further established to generate hierarchical
interactions. Unlike conventional ECM screening platformaanopatterns to validate this observation. Moreover, we sought
our CBC array can be generated in a high-throughput manngr understand the underlying biophysical signaling by
(e.g., forming thousands of ECM topographies in a feworrelating chromatin opening, epigenetics, and the cell
minutes) by developing a mask-free DIL technigigeré reprogramming outcome on the CBC arfagufe t). By

B https://doi.org/10.1021/acsnano.1c10344
ACS NanaXXXX, XXX, XXXXX


https://pubs.acs.org/doi/10.1021/acsnano.1c10344?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10344?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10344?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10344?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c10344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Figure 2. Combinatorial biophysical cue array generated by DIL. (a, b) Schematic diagrams showing the working principle (al) and resulting
combinatorial biophysical cue nanoarrays (a2) of DIL. (b) A representative collection of optical, SEM, HIM images (shown in b1) and AFM
images (shown in b2) on derent regions of the 1D line-shaped CBC arrays generated from a single laser exposure process. Graph on the
bottom left is calculated from the AFM images. Thaxis indicates the distance from the boundary with largest line diameters to the
nanostructure measured with the line widths oril diameters y-axis). Inset SEM images indicate the general size range on the CBC array.

(c) AFM images on representative regions of the more complex CBC arrays generated from double laser exposure processes. These image
collectively show the diverse biophysical cues including varying dimensions, shapes, angles, and compositions of the patterns. Scale bars ar
identical across derent images within image sets of b2 and cl1. (d) Chemical structures efedi photo-cross-linkable polymers/
monomers [phenolic resin, polethylene glycol diacrylate (PEG-DA), and polydimethylsiloxane (PDMS, formed by molding on top of
patterned phenolic resin)] for the generation of CBC arrays with varying compositions.

developing DIL and generating the CBC array-based cellulewsmogeneous photoresist nanostructures xgthsizes and

mapping platform, we aim to provide a promising alternatiwhapes are typically formed using conventionalFlguré

for current methods to systematically investigate biophysics).

cue-based direct cell reprogramming and advance materialWe hypothesized that a nonperiodic combinatorial nano-

mediated tissue engineering. array with multistructural features could be fabricated by
transforming one of the two beams into anite series of
beams with various angles, leading to constant changes of

Combinatorial Biophysical Cue Array Generated by and a dynamlc progression of the interference patterns in a

Dynamic Interference Lithography. First, we developed a DIL setup F_lgure_a). F.'rSt' We_comr_ne_d our hypothesis

DIL method to generate the CBC arraigire . Laser through c_)pt|cal ;lmulatlon by |dgnt|fy|ng a_convex-shaped

interference lithography (LIL), a mask-free patternin loyds mirror, WhICh creates a series of spatially transformed

technique, has been previously applied to fabricate periofSer Peams with varying angles to the normal of the exposed

nanostructures in a large area with high precisionlL is surface () (Figure SB Next, we validated the formation of

based on Thomas Yotsinterference phenomenon, where the CBC array by building up an interferometer from an

the interference between two laser beams can lead to tAk/minum-coated convex mirror thagets UV light (= 325

formation of periodic staing wave patterns at their Nm) following the optical simulation and cored that this

intersection& Periodic nanostructures then can be createdange of topography did not induce sagmit variations in cell

by exposing a photoresist layer to the standing wave, which gaigration or proliferation within 1 dayiqures S4S7). In

be described by = /(sin o+ sin ), where is the period nature, ECM (e.g., collagéirils) primarily exist in érous

of nanostructures,is the wavelength of laser, agdnd shape with diameters ranging from subhundred nanometers to

are the angles between the normal to the exposed surfacdests of micronsHjgure SIL*° ** While there have been prior

beams 1 and 2, respectively. In Lboyairror-based attempts to generate a collection of topographies, limited

interferometés standard setup, the interfereradd is static ~ success has been achieved to generate a diverse array of

(o, and are equal and kept constant). As a resultstructures preciséf?>*? *° In contrast, using DIL, a library
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Figure 3. Assessing biophysical cue-induced cell reprogramming using CBC array-based high-throughput screening. (a, b) Schematic
diagrams showing the processes of direct cell reprogramming (a) and CBC array-based high-throughput screening (b) for identifying
optimal biophysical cues for direct neuronal reprogramming. (c) Indexable CBC array-based biophysical cue mapping and assessment of
direct neuronal reprogramming from humabroblasts. A hierarchical nanopattern with major and minor axis dimensions around 5000 and

500 nm [denoted as index(5000, 500), colored in blue] was idedtifor promoting the most ecient neuronal reprogramming. (d)
Biophysical cue-based neuronal reprogramming map derived from the CBC array-based high-throughput results. (e) The scaled-up synthesis
of the identi ed hierarchical nanopattern [index(5000, 500), scheme on the left] by developing a hierarchical nanolithography technique,
which is conrmed by AFM (image on the right). (f) The scaled-up nanopattern induces the maséet direct neuronal reprogramming

based on immunostaining and gRT-PCR analysis. Scale bars in (fn5@, f) n = 3 biological replicateg,P < 0.05 by one-way ANOVA

with Tukey posthoc analysis.

of ber-shaped structures spanning a wide range of sizes oAs the CBC array can provide many (thousands efedt

natural ECM brils (from sub-100 nm to tens of microns) was nanostructures for cell studies, the characterization of the
produced based on characterizations of the scanning electastire library and the correlation of individual nanostructures
microscope (SEM) and atomic force microscope (AFM)with cell behaviors becomes very challenging. We hypothesized
characterizations-igure B,c). In this way, we successfully that in our libraries, sized 6f varying nanostructures could
validated that DIL is a reliable method to create a CBC arrdye programmed arfthdexedthrough their positions, based
composed of 1D nanostructures spanning a wide range @i a calculation on the optical pathways, which indicates a
biologically relevant sizes that are ideal for biophysical conenlinear exponential decrease alongside the increased
mapping and screening. distance X) (Figure B). This is also veed based on a
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high tting coe cient in a simulated exponential funcon [  varying ECM structures would be bei@ to advance
1.5x exp( x/274) + 2.8; units: nm fovand m forx, R of biomaterial design in neuronal reprogranithifg.
0.99] for a series of data points described by s)ze$ ( To this end, werst generated a neuronal reprogramming
nanostructures and their locationdq ned as the distanceto map of humanbroblasts under varying types of biophysical
where the largest nanotopography feature starts), measuredcbgs using our CBC array-based mapping metinpae(
nanoscale (AFM) and microscale (optical microscope}b,c). To do so, humarbroblasts were seeded to the CBC
characterizations, respectivélgure b,c). As cells on the array followed by 3 wekksulture in media containing
library-based assays can also be ieldbtised on the location minimum essential soluble factors (ISX-9, valproic acid, and
(X), the properties (e.g., sizes) of individual ECM nanostrucHIR9902). Afterward, cells wered, and their expression
tures could be correlated with cell behaviors at thecspeciof early (TuJ1) and mature (MAP2) neuronal markers were
location. Therefore, each nanostructure can be tracked awidualized by immunaorescent staining. From the large-scale
indexed by exponential functions for the precise, detailed, afidcm x 1 cm) immunostaining image of cells on the CBC
systematic investigation of biophysical cues. array, we could identify areas where cells show the brightest
Furthermore, we sought to generate combinatorial librari@®@muno uorescence of neuronal markers and then index the
containing ECM arrays at higher complexities. In naturé&CM structure of identd area based on their location using
ECMs can exist at higher complexities in additioben the exponential functions generated in the DIL study. In this
shaped 1D nanostructurégor example, after CNS injuries case, cells in the location with estimated ECM structure 5000
(e.g., spinal cord injurylhrous ECM can entangle each other nm feature in th&-axis, and 500 nm feature in ytexis, or
and form grid-like patternsigure S)L Besides, thesérous expressed as index(5000, 500), showed the highest expression
structures often exist at various alignment angles, from paradiekarly neuronal marker (TuJ1). Please note that this ECM
to vertical to less ordered forms. Likewise, complex hierarchisalicture can be directly compared to thousands of other
ECMs can be created by the growth of nanoscale ECM anicroscale and nanoscale topographies with varying shapes
microscale bers. The ability to recreate these diverse andlines and grids) coexistent in a single CBC array, and thus our
complex ECM structures wid allow the systematic CBC array-based cell screening represents a highly compre-
investigation of celECM interactions*>* As such, we hensive and less biased screening process.
applied DIL to create libraries that include various complex Additionally, to validate ounding of index(5000, 500) as
ECM structures Higure 2). A single library that covers an e ective inducer of neuronal reprogramming, we developed
thousands of ECM structures, of bdtious and grid shapes, methods to scale up the synthesis of the index(5000, 500)
at the nanoscale, microscale, and multiscale (hierarchistducture in the form of a large-scale homogeneous array.
structure) can thus be created by two-step DIL with a singklthough several methods have been established for generating
rotation in between, as comed by optical microscope, AFM micro/nanohybrid topogrhjes, it remains an ongoing
and SEM Figures S8 and 59n addition, to mimic the challenge to fabricate large-scale (e.g., centimeter scale)
di erent alignment angles in entangled ECM, libraries withomogeneous arrays of hierarchical structures in a program-
120 angles were synthesized as a proof-of-concept, using thable and high-throughput marnffelMVve established
two-step DIL with the same rotation angles. Besides, we chierarchical nanolithography by integrating a vertically aligned,
also rotate and expose the photoresist-coated substrameisroscale mask-based optical ement system into the
following an initial DIL step to generate a collection ofstandard LIL setupF{gure 8,e). By establishing this
hierarchical structures with anisotropic structural changes. daphisticated system, we hypothesized that microscale features
addition to structural complexities, natural ECM also spansod the hierarchical structures could be controlled by vertically
wide range of compositions that further lead teratit aligned microscale masks, whereas nanoscale features could be
mechanical properties. Therefore, we also created libraries vdéhned by the interference patterns just like a regular LIL
di erent compositionsFigures @ and S9. However, the  method Figure S10 Our hypothesis is comed by
current study will solely focus on the cell-ECM interactionsuccessfully generating our target index(5000, 500) structures
mediated by topographical cues alone, which plays wsing a line array photomask withnbline features vertically
fundamental role in regulating cell behaviors but have nptaced on top of the photoresist-coated substrate followed by
been well understood so far. In short, a versatile DIL-baséte Cd laser exposure in the presence of Llyod interferometer.
nanofabrication approach was demonstrated for creatifRgllowing etching and cleaning, an array of hierarchical
combinatorial ECM libraries spanning a wide range dtructures appears, as characterized by SEM an@igEM (
structural features with structural complexities atedt 3e). The entire process can be achieved within a few minutes,
levels. and the generated substrate can be as large as 1 cm.
Assessing Biophysical Cue-Induced Cell Reprogram-  Control nanoarrays could also be fabricated using a similar
ming Using CBC Array-Based High-Throughput Screen-  strategy, and we repeated direct cell reprogramming assay on
ing. We next investigated biophysical cue-mediated neurorthese homogeneous arrays of index(5000, 500) as well as
reprogramming of somatic cells on the CBC array generateddmntrol conditions Kigure SI)1 Expression of neuronal
DIL. There has been a surge of interest in the direct neuron@lRNAs at day 7 was further quasdifor each condition
reprogramming of somatic cells (elggblasts) for clinical using quantitative real-time polymerase chain reaction (QRT-
applicationsHigure 2)3"*® However, the low eiency of  PCR). From the gRT-PCR assay, weagour nding in the
converting somatic cells into mature neurons, which originat€8C array-based cell screening by identifying ECM (5000,
from the intrinsic epigenetic barriers, remains a critical hurd¥0) as the substrate condition that induces the most
for their applications in disease modeling and tissue enginegigni cant expression of TuJ1 mRNAs frobroblasts.
ing>%‘° Although several reported biophysical cues, includingoreover, we repeated the neuronal reprogramming experi-
substrate nanotopographies, have demonstraets en ments on index(5000, 500) and control substrates but
neuronal reprogramming, a more systematic screening abfaracterized cells using immuoeoescent staining on a
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Figure 4. Demonstrating rapid cellular reprogramming via cooperative epigenetic modulation. (a, b) Proposed mechanism on the enhanced
direct neuronal reprogramming on hierarchical nanopattern (a) as compared to control micro/nano patterns (b). The microline structures
facilitate the alignment of cytoskeletdaments, and nanosized features enhance the focal adhesion and tension in the &leyseid
synergistically induce chromatin opening and overcome the epigenetic barrier in cellular reprogramming. (c, d) Immunostaining (c) and the
quanti cation (d) on the cytoskeletal structure and chromatin opening status (H3K4me3)roblasts reveal a higher number of aligned
actin laments and a stronger epigenetic madition to the DNA packaging protein Histone H3 in the hierarchical biophysical cue array
compared to the control structures, which results in higher neuronal reprogrammiigreey .n = 3 biological replicate$P < 0.05 by one-
way ANOVA with Tukey posthoc analysis. (€) An immunostaining image illustrating the rapid ameheneuronal reprogramming of

broblast after the addition of epigenetic modulator (BET-i) on a control substrate.

mature neuronal marker (MAP2) or subtype neuronal markeebout how the identtd ECM structure with a hierarchical
(dopaminergic: TH1; excitatory: vGlut2; inhibitory: GABA) nanotopography induces the mostient neuronal reprog-
and reproduced results in the gene analysis study, therghynming. Hierarchical structures are widely found in natural
providing more robust evidence to support oding in the ECMs and known to act cell dierentiation; however, the
CBC array-based cell screenifggures S11 and 3§12  systematic investigation of the@ats on stem cell fate control
Notably, MAP2 positive cells efientiated frombroblasts  and direct cell reprogramming has been less efpl6fed.
show clear neuron-like morphology, and they could be deriv&ilir ability to precisely generate such hierarchical nanopatterns
within several days without requiring any viral vectors allows us to investigate the biophysical signaling associated
complex growth factor cocktails, which is much preferred farth their eects on neuronal reprogramming. Previous
timely treatments of diseasés)(re 9. literature has shown that biophysical cue-facilitated direct cell
Demonstrating Rapid/Direct Cell Reprogramming via reprogramming can be achieved by altering the nuclear shape
Cooperative Epigenetic Modulation. We were curious and chromatin structures or modulating transcription factor-
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translocation across nuclear pores (e.g., the YAP/TABanofabrication method for synthesizing combinatorial nano-
pathway)’ As such, we hypothesized that our hierarchicarrays allows incorporatingetent light-sensitive materials
nanopatterns could enhance direct cell reprogrammin@.g., hydrogels) and topographies for versatile biological
primarily through therst mechanism, as inspired by previousscreening applications in the future. Indeed, the combinatorial
studies showing that microline-patterned substrates caanoarray can be applied to investigate the design and
accelerate the reprogramming bfoblasts into human understanding of various material properties (e.g., optical,
induced pluripotent stem cells (hiPSCs) through enhancemechanical, and magnetic) and functions. Next, a predictive
nuclear polarization and epigenetic modulatiaguie cell mapping platform to systematically investigatE €I
4a,b)>%>* More specially, our idented hierarchical nano- interactions was developed. Utilizing the CBC array, we further
pattern comprises a microscale line structure (around 5000 restablished a platform to explore a broad spectrum of complex
in diameter) on its major axis and a nanoscale grid structuneaterial structures that commonly exist in natural ECMs. Our
(500 nm) on top of the microlines on the minor axis.method to generate semiquantitative maps on the CBC array
Therefore, we further hypothesized that the microline-shapethy facilitate the systematic design of biomaterial micro/nano
major axis could align cytoskeletars (visualized by actin topographies for direct cell reprogramming. Lastly, our results
staining), polarize the nucleus, and open spetiomatin highlight the importance of considering complex ECM
regions for transcriptional regulation. In parallel, nanogrids @tructures in biomaterial design for cell culture and tissue
top of the microlines, which have sizes (around 500 nmgngineering. Specally, a hierarchical nanopattern screened
similar to integrin clusters, could facilitate focal adhesidoy our cell mapping platform enhanced the conversion of
formation and increase the tension in the aligned cytoskelet&roblasts into mature neurons. Mechanistically, multiscale
bers, leading to amplation of the alignment forces induced topographies in the hierarchical nanopattern had cooperative
by the microline®? Altogether, the multiscale hierarchical functions in regulating nuclear polarization and epigenetic
nanopatterns could synergize iects on chromatin opening modulation through cytoskeletal remodeling. Incorporating
and overcome the epigenetic barriers during the direthis multiscale structural design principle and combining it
neuronal reprogramming procesbagife 4). Our hypoth-  with advanced spatial omics approaches (e.g., spatial tran-
esis was directly supported by observing acsigity higher  scriptomics) would be important for future development of
(over two-fold) density of aligned actipers within the  biomaterials with higher structural complexities and provide an
broblasts cultured on the experimental condition [indeslternative strategy to improve theciency of current
(5000, 500)], as compared to the control substrates [line ECMiomaterials for cell reprogramming and tissue engineering.
structures: index(5000, 0); grid ECM structures: index(500Yloving forward, it would be crucial to understand the scale of
500); and PR-coated glass substratég]ijes ¢,d andS13. forces involved in the reprogrammindadblast on the CBC
In addition, the better-aligned cytoskeletobrablasts in our  array. Despite current methods for measuring the mechanical
experimental condition was also correlated to an increasfdces generated by cells, suchuagescent tension probe,
expression of H3K4me3, a representative epigenetic mad-M, and micropillar-based methods, it remains a challenge to
i cation indicating the opening of chromafigyre ¢,d)>> apply current methods for monitoring forces involved in
To further support this, we also added a soluble form dhousands of dérent celltopography interactions on a large
epigenetic modulator [bromodomain extra-terminal inhibitosubstrate. Also, more detailed characterization and screening of
(BET-i)] to broblasts cultured on control substrates (glass)subtype neurons under various array variables, including
and a signcantly enhanced conversion bfoblasts into  composition and stiess of the CBC arrayigures S13 and
neurons within 7 days following the addition of BET-kderi  14), would highlight the critical role of biophysical cues in
the importance of epigenetic modulation for cell reprogranmmegulating diverse neuronakdéntiation and reprogramming
ming (Figure €)>*>* While further genomic and tran- pathways.
scriptomic studies would be helpful to fully elucidate the
mechanism of enhanced conversion, our CBC array-basgd
mapping platfo_rm and stessmer}t appro_ache_s Sho.wegabrication of Combinatorial Nanoarray Using DIL with
excellent potential for predicting and investigating biophysicgirved interferometer. A glass slide with 0.5 mm thickness and an
cues at higher complexities in the direct cell reprogramminggctive patterning area ok 1L cn? was sequentially sonicated in 1%
Triton X-100 [4-(GH;7)CgH,OCH,CH,nOH), n 10, Sigma-
Aldrich], ethanol (95%), and deionized water 20 min, each for

In summary, our work demonstrated a predictive mappi’.%eaning followed drying usingdds: Afterward, the substrate was

platform _to _|nvest|gate biophysical cues by d_eveloplng MDS), Sigma-Aldrich] via a vapor phase deposition method in a
nanofabrication approach that generates combinatorial bipseum chamber and then spin-coated (Laurell Technologies, USA)
physical cue arrays at various complexities. Through this, #2020 [or AZ1505 when making dot arrays, or polyethylene glycol
identi ed a hierarchical nanotopography for inducingget diacrylate (PEG-DA, molecular weights of 1000, 700, and 500 when
direct cell reprogramming via cytoskeletal remodeling amdaking array with stiesses of 25 kPa, 332 kPa, and 2 MPa)] a UV-
chromatin opening. Spezlly, we presented a way to cross-linkable photoresist (PR) after 1:0.8 dilution with an AZ EBR
fabricate combinatorial nanoarrays. Several recent studieent (Microchemicals, Germany). After soft baking &€ 120

have synthesized combinatorial micro/nanostructures for cBJf 60 s (PEG-DA does not require baking processes), the PR-coated
application$®**3*® Our approach allows many complex ¢ asss Wasl exposi?h}l?\ﬂugtsrfeKrgnsztr{ CO”p'gd V;"th a UJV Ias@d(l;ieth
structures spanning tens of nanometers to tens of microns nm laser, aser Systems, Japan) at the

be f di - d ind bl h velength of 325 nm and a power density of 0.8 MWt
e formed in a precise and indexable manner. The Nan@sneration of derentially structured combinatorial nanoarrays is

fabrication (DIL) was achieved by spatially transforming statizhieved by modulating the parameters of unsymmetrical (convex-
interference elds into a series of dynamically changingshaped) Lloyd mirror interferometer (focal length of 15 mm) guided
interference events. The interferometric nature of oulby our optical simulations. Line-shaped combinatorial nanoarrays are

nctionalized with (CH3$INHSI(CH); [hexamethyldisilazane
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formed via a single exposure, while the grid or dot-shapgubints were plotted in the bar graphs. Graphs plotting and statistical
combinatorial nanoarrays are formed through two exposure eventsalysis were performed using OriginLab or Excel.

The angles in the grid-shaped combinatorial nanoarrays can be

controlled by the rotation angle between two exposure events, whi

is 90 if not mentioned and 12@vhen the 120grid pattern is B‘%SOOATED CONTENT

desired. As controls, regular Lydirror (at shaped) was * Suypporting Information

integrated into the interferometer to create homogeneous PR patteTﬁe Supporting Information is available free of charge at
with single topographies. After the exposure, PR-coated substrah S .

were baked at 12@ for 1 min (positive PR of AZ1505 does not ps://pubs.acs.org/doi/10.1021/acsnano.1¢10344

require a postbaking step) and then etched by the developer solvent.
Typically, a hologram appears when the uncross-linked PR is removed
by the developer (the PEG-DA array does not require the developing

Methods for DIL, substrate fabrication, CBC array
characterization, cellular reprogramming, immunostain-
ing, cell imaging and mapping, data analysis, and gene

step).

g%aracterization of Combinatorial Nanoarrays.To character- analysis. Figures illustrating the high complexity of
ize combinatorial nanoarrays aéiint scales, we performed optical natural and synthetic ECM seen in the literature, data
(phase image collected by a T2500 inverbedescence micro- for showing the formation of homogeneous nanoarrays
scope), eld-emission scanning electron microscope (Zeiss 982, 20  with single structures generated by laser interference
kV), helium-ion microscopy (HIM, Carl Zeiss, Orion Plus) and AFM lithography, laser setup for DIL and calculations of the
(Park Systems, NX10 series) on the combinatorial nanoarrays. Inthe  pattern pitches, optical simulation for predicting the
AFM experiment, tapping mode was usedXafztipositioning is optical pathways in DIL, nondirected cell migration on

controlled by piezoelectric scanners. . the combinatorial nanoarray, fabrication of combinato-
Cell Culture. BJ or human dermalbroblast cell line was

purchased from ATCC and harvested from the foreskin of a newborn rial nanoarrays at h|gher complexmes_, modulat|(_)n of

male human. Passaged 4vere used throughout the experiments. composition, mechanical and biochemical properties of

20% FBS with DMEM as the basal media was used to maintain and ~ COmbinatorial nanoarrays, fabrication of homogeneous

expand the cell line. We formulated the neuronal reprogramming  hierarchical nanostructures by developing hierarchical

media as follows: B27, N2, Glutamax, bFGF (100 ng/mL), ISX9 (20 lithography, and characterization of cytoskeletal remod-
M), Forskolin (100 M), Chir99021 (20 M), and dCAMP (100 eling of broblasts on derent ECM nanostructures

ng/mL) with basal media composed of neurobasal and DMEM/F12 (PDP

media at a 1:1 ratio, which is adapted from a small molecule-based

transdierentiation protocol of murinebroblasts but without

epigenetic modulatdrsPrior to the neuronal reprogramming, AUTHOR INEFORMATION

substrates containing combinatorial nanoarrays and other structures

were coated with Matrigel (Corning) 1:200 dilution. Corresponding Author

) Antibodies and_lmmunostaining (Table SJ. We conducted ) Ki-Bum Lee Department of Chemistry and Chemical
|mmun0(_:ytochem|stry to stud_y topography-regulated ce_II behaviors Biology, Rutgers University, the State University of New
after xation on the combinatorial nanoarraysuafescence images Jersey, Piscataway, New Jersey 08854, United States:

were obtained using a Nikon T2500 inverigatescence micro- . .
scope. The nucleus was stained with DAPI (1:500 dilution, Life orcid.org/0000-0002-8164-0p&mmail-kblee@

Technologies) for 30 min and then washed with PBS three times. utgers.edu
Cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min,
and nonspeai binding was blocked with 5% normal goat serum/\uthors

(NGS, Life Technologies) in DPBS for 1 h at room temperature. In Letao Yang Department of Chemistry and Chemical Biology,
the di erentiation and axonal growth assay, cells were stained with Rutgers University, the State University of New Jersey,
neuronal markers TuJl and MAP2 using the mouse monoclonal Piscataway, New Jersey 08854, United:Stet&sprg/
antibody against TuJ1 (1:200 dilution, Biolegend) and MAP2 (1:300  0000-0002-0572-9787

dilution, Cell Signaling). After incubating overnight @ 4 a  Brjan M. Conley Department of Chemistry and Chemical
solution of these antibodies in PBS containing 10% NGS, and washing Biology, Rutgers University, the State University of New

three times with PBS, the samples were incubated for 1 h at room . .
temperature in a solution of antimouse secondary antibody labeled Jersey, Piscataway, New Jersey 08854, United States

with Alexa Flour 568 (L:100, Life Technologies) in PBS containing Christopher Rathnam Department of Chemistry and
10% NGS and washed with DPBS three times thereafter. In the ~Chemical Biology, Rutgers University, the State University of
adhesion assay, cells were stained with TRITC-labeled Phalloidin New Jersey, Piscataway, New Jersey 08854, United States;

(1:100 dilution, ThermoFisher) and DAPI (1:500 dilution, Life orcid.org/0000-0003-3111-4687

Technologies) for 1 h, followed by DPBS washing. Hyeon-Yeol Cho Department of Chemistry and Chemical
Fabrication of Hierarchical Structures Using Photomask-LIL Biology, Rutgers University, the State University of New

Combined Hierarchical Lithography (Hierarchical Nanolithog- Jersey, Piscataway, New Jersey 08854, United States;

raphy, Table S3. Glass substrates were cleaned and coated with orcid.org/0000-0003-1897-1166

AZ2020 PR using identical procedures followed by soft baking at 120 .
°C for 60 s. After placing the PR-coated substrates onto the sample! N@napat PongkulapaDepartment of Chemistry and

holder vertical to the regularly shaped)) (Lloyds mirror, a chrome Chemical Biology, Rutgers University, the State University of
mask with designated line shapesxeakon top of the substrates via New Jersey, Piscataway, New Jersey 08854, United States;
vacuum forces. The direction of line masks was adjusted to be vertical ® orcid.org/0000-0003-0678-1736

to the interferometric events. Afterward, the PR underwent the LIL Brandon Conklin Department of Chemistry and Chemical
procedure via a 20 s exposure followed by postbaking and developing. Biology, Rutgers University, the State University of New

Statistical Analysis. Data are presented as mearstandard Jersey, Piscataway, New Jersey 08854, United States;
deviation of the mean unless indicated otherwise. One-way ANOVA orcid.org/0000-0002-6834-3275 '

with Tukey posthoc analysis was used for all the multigroup ) o }
comparisons. Sample number was labeled imuhe caption of ~Complete contact information is available at:
each gure. When the sample number was over 10, individual datdtps://pubs.acs.org/10.1021/acsnano.1¢c10344
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