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from tissue to tissue, but is generally 
composed of proteins such as collagen, 
laminin, elastin, and fibronectin; gly-
cosoaminoglycans (GAGs) such as hep-
arin, chondroitin sulfate, and keratan 
sulfate; and polysaccharides such as 
hyaluronic acid (HA). All of these ECM 
components can directly interact with 
cells through specific cellular receptors 
or bind growth factors that are released 
upon ECM remodeling. For instance, the 
Arg–Gly–Asp (RGD) peptide motif found 
within fibronectin, collagen, and other 
ECM molecules, has long been known to 
mediate cell adhesion through integrin 
signaling.[1] Moreover, the composition 

of the ECM affects microscopic and bulk tissue mechanics 
and topography.[2]

These cues themselves are dynamic, with matrix composi-
tion, mechanics, and architecture changing during develop-
ment, aging, and disease processes.[3] Where and when these 
cues are turned on is critical in both normal homeostatic tissue 
maintenance and disease progression. During development, 
biochemical gradients are especially critical, and it has been 
shown that developing cells exhibit a concentration-dependent 
response to morphogen gradients of bone morphogenetic 
protein (BMP), sonic hedgehog (Shh), transforming growth 
factor-β (TGF-β), and fibroblast growth factors.[4] As another 
example, epicardial stiffness increases approximately threefold 
during development, while myocardium postinfarction forms 
a fibrotic scar that is three to four times stiffer than the sur-
rounding tissue.[5] Tumor tissue also displays a gradient of 
matrix elasticity.[6] Additionally, growth factor gradients and 
surface roughness differences are known to guide fibroblast 
migration during wound healing.[7]

Since the large number of uncontrollable variables makes it 
challenging to probe the effects of dynamic and heterogeneous 
cues found in vivo, researchers have turned to synthetic plat-
forms with customizable properties to elucidate their individual 
contributions. Hydrogels, water-swollen polymer-based networks 
that can be made from either natural or synthetic precursors, 
offer an ideal model matrix.[8,9] The wide range of materials and 
chemistries employed affords tight control over many biochem-
ical and biophysical properties, such as ligand presentation, 
matrix mechanics, and surface topography.[10] Several comple-
mentary techniques have also been introduced to further modify 
hydrogel properties in space and time. This review will highlight 
recent strategies for making patterned hydrogel surfaces and 
opportunities in using them to probe and direct cell fate.

Due to their mechanical and structural similarity to native tissues, hydrogel 
biomaterials have gained tremendous popularity for applications in 3D tissue 
culture, therapeutic screening, disease modeling, and regenerative medi-
cine. Recent advances in pre- and post-synthetic processing have afforded 
anisotropic manipulation of the biochemical, mechanical, and topographical 
properties of biocompatible gels, increasingly in a dynamic and heteroge-
neous fashion that mimics natural processes in vivo. Herein, the current 
state of hydrogel surface patterning to investigate cellular interactions with 
the surrounding matrix is reviewed, both in techniques utilized and biological 
findings explored, and the perspective on proposed future directions for the 
field is offered.
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1. Hydrogel Biomaterials as Extracellular Matrix 
Mimetics

The extracellular matrix (ECM) is the noncellular component 
present in all tissues with important structural and biological 
roles. It acts as physical scaffolding for cells, offers adhe-
sion sites, and initiates crucial biochemical and biophysical 
cues required for tissue differentiation, morphogenesis, 
and homeostasis (Figure  1). The ECM composition varies 
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2. Materials and Methods to Pattern Hydrogel 
Substrates

2.1. Hydrogel Materials and Fabrication

Hydrogel networks can be fabricated from a variety of mono-
mers, both natural and synthetic in origin. Common naturally 
derived materials include collagen and its hydrolyzed form, 
gelatin; alginate; HA; fibrin; and decellularized ECM. Common 
synthetic hydrogel precursors include polyacrylamide (PA), 
poly(ethylene glycol) (PEG) and its functionalized derivatives, 
as well as more complex copolymers such as pluronics, which 
consist of two hydrophilic poly(ethylene oxide) blocks flanking 
a hydrophobic poly(propylene) structure. The mechanism of 
hydrogel network assembly is different across systems; for 
instance, collagen undergoes a sol–gel transition at 37 °C, algi-
nate forms a gel when monovalent cations are replaced with 
divalent cations (e.g., Ca2+), and fibrin requires the addition of 
thrombin to catalyze the polymerization reaction. Others such 
as HA, gelatin, and PEG can be modified with groups such 
as acrylates, methacrylates, and styrenes, which crosslink into 
stable gels via free radical polymerization. PA gels are also 
formed by a vinyl addition reaction initiated by a free radical-
generating system. Additionally, click reactions—highly specific 
and controllable bioorthogonal chemistries characterized by a 
high thermodynamic driving force—including thiol-ene, azide-
alkyne cycloaddition, and oxime ligation are increasingly uti-
lized for hydrogel formation.

2.2. Common Techniques for Gel Patterning

Many techniques exist to modify the chemical, mechanical, 
and topographical properties of hydrogel surfaces so as to 

recreate native ECM characteristics in vitro. Chemical surface 
patterning is used for the introduction of biologically relevant 
cues in a spatiotemporally controlled manner on or within 
hydrogels. Biophysical patterning has also become an impor-
tant area of research, encompassing topographical structures 
on hydrogels that mimic those present in the ECM (e.g., pores, 
fibers, ridges), as well as changes in local stiffness and vis-
coelasticity.[2,11] User-controlled size, shape, and periodicity of 
hydrogel structures has been primarily achieved through photo-
lithography, soft lithography, microfluidic patterning, controlled 
mixing, inkjet printing, and electron-beam (e-beam) lithog-
raphy (Figure 2). In this section, we compare and contrast some 
of these common techniques for hydrogel patterning.

2.2.1. Photolithography

Mask-based photolithography, first popularized in the semi-
conductor industry, is a patterning process in which an optical 
mask is used to selectively constrain light exposure onto a 
photosensitive layer, confining photochemical reactions to illu-
minated regions. Patterning resolution is defined by the wave-
length of light utilized, scattering of the underlying material, 
and the fidelity of the utilized photomask. Though compara-
tively expensive photomasks (e.g., chrome printed on glass) are 
required for sub-micrometer patterning control, lower resolu-
tion masks (e.g., black ink printed on transparency film) can 
be generated rapidly at low cost. Mask-based photolithography 
is a diffraction-limited process—one that ultimately affords pat-
terning control only in the x–y dimensions.

To address this challenge, light-based patterning can be 
achieved by laser-scanning lithography (LSL). LSL is a mask-
less approach that can be used to create patterned features with 
high resolution. In LSL, a focused laser beam is raster- or seri-
ally scanned over a surface with varying intensities to create 
patterns in the photoresist. Though laser-scanning hardware 
is comparatively expensive to that utilized in mask-based photo
lithography, computer-controlled scanning enables complex 
patterns to be generated on the fly at no cost beyond the instru-
ment. LSL for the fabrication and patterning of hydrogels can 
be performed by either single-photon (SP-LSL) or multiphoton 
lithography (MP-LSL). Both allow for sub-micrometer-level 
control over feature size in x–y; MP-LSL additionally permits 
single-micrometer resolution in the z dimension.

In addition to providing micrometer-scale patterning resolu-
tion over where hydrogel modification occurs, photolithographic 
material alteration can also be specified in time, enabling for 
dynamic modulation of gel surfaces in the presence of live cells. 
Furthermore, light-based techniques can proceed in a contact-
less manner using cytocompatible chemistries, which can be 
readily performed about and within living samples without fear 
of contamination or cellular damage.[12]

2.2.2. Electron-Beam Lithography

E-beam patterning is another maskless technique that can be 
used for patterning hydrogel surfaces with exceptionally high 
resolution on the nanoscale level.[13] In its most conventional 

Figure 1.  The ECM influences cellular function through spatiotempo-
rally presented biochemical, topographical, and mechanical cues. Sev-
eral recurring and core processing techniques have been used to pattern 
these signals within hydrogel biomaterials.
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form, a polymer film is coated on a Si substrate and subse-
quently exposed to a focused e-beam. The directed electrons 
crosslink (positive resist) or degrade (negative resist) the 
polymer. Limitations of e-beam lithography include its high 
equipment cost and slower speed. Though e-beam patterning 
affords structures with much higher resolution than those that 
are photolithographically generated, the requirement to per-
form e-beam modification under vacuum precludes its usage in 
the presence of living cells.

2.2.3. Soft Lithography

Soft lithography, first introduced by the Whitesides group, 
has emerged as a more cost-effective competitor to photo- and 
e-beam lithography while offering similar resolution. It encom-
passes a range of microfabrication techniques utilizing elasto-
meric substrates to transfer patterns by molding or stamping 
biochemicals.[14] Rather than fabricating the pattern anew each 
time, this technique enables rapid prototyping by replicating 
a master mold. In the first step, a master mold is created by 
photolithographical etching of a thin film of photoresist atop 
a silicon wafer.[15,16] Typically, an elastomer is then cast as a 
negative replica of the Si master; polydimethylsiloxane (PDMS) 
is most commonly employed, though other polymers can  
be used to make a replica mold. PDMS is generally favored due 
to its beneficial properties: it is deformable enough to achieve 
conformal contact on surfaces with micrometer and nanom-
eter resolutions; its elastic nature allows for easy release; it is 

optically transparent, enabling curing of prepolymers being 
molded; and finally, it is durable, enabling multiple molding 
events with no noticeable degradation.[15] The main disad-
vantages of soft lithography are the potential for distortion of 
patterns of the mold or stamp due to deformation of the elas-
tomer, limitations in patternable geometries, and a somewhat 
limited range of materials that can be patterned.

While multiple soft lithographical techniques exist, only 
a few are commonly used for hydrogel patterning. Here, soft 
lithography will encompass micromolding, microcontact 
printing (μCP), and micromolding in capillaries. Micromolding 
duplicates information (e.g., ridges, grooves, microposts, pits) 
from the original Si mold by generating a negative of the 
PDMS mold. This procedure allows for one-step reproduction 
of complex topographical features, whereas photolithography 
cannot mass produce such structures.[15] Microcontact printing,  
a subdivision of soft lithography typically utilized in biochem-
ical patterning, enables modification of surfaces by direct 
transfer of an “ink” with a stamp in contact with the polymeric 
solution.[14] Stamps with patterned features are placed in direct 
contact with the hydrogel, and immobilized biomolecules on 
the stamp are transferred by physical adsorption only in areas 
where the stamp is in close contact with the surface.[17] Lastly, 
capillary force lithography (CFL), popularized by the Suh group, 
has seen a rise in usage for topographical patterning. A pat-
terned PDMS mold is placed on a polymer surface, which is 
heated past the glass-transition temperature; capillary action 
forces the polymer melt into the void space of the mold, thereby 
generating a negative replica of the mold.[18]

Figure 2.  Several common techniques are used for biochemical (B), topographical (T), and mechanical (M) surface patterning of hydrogels over a wide 
range of length scales. Each offers different advantages with respect to resolution, cost, speed, and cytocompatibility.
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2.2.4. Inkjet Printing

In its most conventional form, inkjet printing of biomolecules 
on hydrogel surfaces is accomplished by dispensing small vol-
umes of a bioink onto a hydrogel surface. Biomolecules can 
be dropped on demand or continuously.[19] Inkjet printing has 
a spatial resolution of 50–300  µm and the amount of trans-
ferred material can be controlled by the printed spot size and 
the solute concentration in the ink.[20] Advantages of inkjet 
printing are its high printing speed and relatively low cost. 
However, the viscosity of the bioink is a limiting factor, and the 
excessive stress can damage cell functionality and viability.[21] 
Furthermore, the patterned resolution and feature size of 
inkjet printing lags considerably beyond alternative techniques 
including microcontact printing.[22,23]

3. Biochemical Patterning of Hydrogel Substrates

The native ECM is a highly dynamic and heterogeneous micro-
environment that regulates the presentation of biochemical 
signals, including small molecules, peptides, and proteins. The 
spatial orientation and the timed presentation of these cues 
affect how they are translated into signals that guide cell fate. 

Therefore, to recapitulate the ECM’s dynamic nature, efforts 
have focused on developing in vitro culture platforms that 
enable spatial and temporal control over biochemical presenta-
tion on and within hydrogels. This section describes techniques 
available to pattern bioactive molecules on hydrogel surfaces 
and their use to control and study cell adhesion, spreading, 
movement, and differentiation.

3.1. Photolithography

Photolithography is the most common and versatile tool for 
controlling the spatial and temporal presentation of biochem-
ical cues in hydrogels (Figure 3). Mask-based and laser-scanning 
lithographic strategies can be employed to immobilize and/or 
remove biomolecules (e.g., small molecules, peptides, proteins) 
from biomaterial surfaces.[24–29] In “additive patterning,” light is 
used to drive photochemical reactions to functionalize hydrogel 
surfaces directly. In contrast, “subtractive patterning” occurs 
when light is used to remove biomolecules from gel surfaces, 
most commonly through a photoscission reaction. Finally, 
“reversible patterning” utilizes sequential light exposures, 
potentially with different wavelengths, to first immobilize and 
subsequently release species from gel surfaces.

Figure 3.  Photolithographic patterning of biochemical cues. a) Left: 3D RGDS patterning by MP-LSL. Right: Fibroblasts undergoing 3D migration within 
RGDS-patterned regions inside enzyme-sensitive PEG hydrogels. Scale bar = 100 µm. Reproduced with permission.[77] Copyright 2008, Elsevier Ltd.  
b) Left: Schematic for MP-LSL patterning based on photo-uncaging and an orthogonal enzymatic coupling that enables immobilization of avidin-linked 
biotinylated growth factors. Right: Patterns of NGF in HA gels guide axonal growth from sensory neurons in 3D. Reproduced with permission.[91]  
Copyright 2020, Wiley-VCH. c) Design and principle of photoactivatable surface patterning using oNB photocleavage to control cell adhesion. Repro-
duced with permission.[58] Copyright 2018, American Chemical Society. d) Mask-based and MP-LSL photolithographic techniques used to reversibly 
immobilize proteins within PEG hydrogels. Scale bar = 100 µm. Reproduced with permission.[54] Copyright 2019, Nature Publishing Group.
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3.1.1. Mask-Based Photolithography

Additive Patterning: Spatially controlled immobilization of 
biochemical cues utilizing mask-based lithography was first 
demonstrated by the West group in 2006, where acrylate–
PEG–Arg–Gly–Asp (RGD) peptides were selectively photopo-
lymerized into user-defined regions within a PEG–diacrylate 
(PEGDA) hydrogel.[30] This technique was later used to show 
concentration- and width-dependent angiogenesis of endothe-
lial cells seeded on adhesion peptide Arg–Gly–Asp–Ser (RGDS)-
patterned PEGDA hydrogels.[31] While these studies introduced 
an exciting new area with tremendous potential, using PEGDA 
for postgelation patterning is not without drawbacks: 1) it is 
difficult to accurately control the free groups available after 
initial crosslinking and polymerization for further function-
alization, 2) there is an interdependence between the number 
of groups available for functionalization and the mechanical 
properties of the hydrogel, and 3) the chain-growth nature of 
polymerization hinders molecular control over peptide den-
sity within the gel. To overcome these limitations, patterning 
approaches exploiting molecular photocages have been incor-
porated to control biochemical cue activity. In one example, Lee 
et al. engineered a 3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl ester 
(DMNPB) protecting group on an RGD peptide, rendering it 
inactive.[32] Upon light exposure, the photocage was removed 
and the peptide activated. The photocaged RGD was acrylated 
and subsequently incorporated into PEGDA hydrogels. Spatial 
activation of the caged bioligand was achieved by exposing the 
hydrogel to ultraviolet (UV) light through a mask. This strategy 
was used to noninvasively activate RGD peptide regions in vivo, 
and demonstrate increased cell adhesion, inflammation, fibrous 
encapsulation, and vascularization in uncaged regions.[32]

Click-type reactions provide an alternative method for 
postgelation patterning of hydrogels. Unlike radical photo
polymerization, step-growth click polymerization reactions 
create homogenous networks, forming a uniform material for 
photopatterning.[33] Click reactions, including thiol-ene reac-
tions, strain-promoted azide-alkyne cycloadditions (SPAAC), 
Diels–Alder ligation, and oxime/hydrazone formation have 
provided a range of strategies to surface pattern hydrogels.[34] 
In 2008, the Anseth group introduced a thiol-ene-based pho-
topatterning approach exploiting mask-based photolithography; 
they independently patterned cysteine-based peptides into PEG-
based networks formed through copper-catalyzed azide-alkyne 
cycloaddition (CuAAC) without affecting the physical prop-
erties of the gel.[35] The Bowman group demonstrated spatial 
and temporal control of the CuAAC reaction through a photo-
chemical reduction of Cu(II) to Cu(I).[36] To avoid the need for a 
copper-based click reaction, DeForest et al. introduced an alter-
native thiol-ene click reaction patterning strategy with improved 
cytocompatibility using gels formed through a SPAAC.[37,38]

3D patterning of hydrogels has also been realized by inte-
grating Diels–Alder click chemistry and thiol-ene reactions 
to biochemically pattern hydrogels.[39] Thiol-norbornene 
click reactions have been particularly popular for patterning 
hydrogels.[40–43] Fairbanks et  al. first reported the use of a 
photoinitiated thiol-norbornene click reaction to pattern PEG 
hydrogels with peptides.[40] Building upon this, to incorporate 
both mechanical and biochemical gradients, a sliding mask 

was used to pattern thiol-norbornene hydrogels. These dual-
gradient hydrogels were used to study elongation of human 
fibroblasts; it was found that keeping matrix stiffness or RGD 
density constant, while increasing the other, promoted human 
fibroblast spreading.[44] This technique has been expanded 
beyond PEG gels to sequentially pattern norbornene-functional-
ized HA (NorHA) hydrogels.[42,43,45] In one example, the extent 
of crosslinking of NorHA with dithiols was limited to allow for 
remaining pendent norbornene groups to react with thiol bio-
molecules.[42] Masks were used to create specific patterns and 
allowed for secondary patterning of nonfunctionalized areas.[42] 
Wade et  al. coupled biochemical photopatterning of NorHA 
with topographical patterns created through electrospinning 
to investigate the effects of fibrous orientation and temporal 
biochemical modification on cell spreading.[46] Tetrazine–nor-
bornene chemistry is another click reaction used to pattern 
hydrogels.[47,48] Alge et al. implemented a tetrazine–norbornene 
inverse-electron-demand Diels–Alder reaction to form PEG 
hydrogels, where pendent thiols could be photolithographically 
patterned with different norbornene-functionalized fluorescent 
bovine serum albumin (BSA) proteins.[47] Additional patterning 
chemistries used in conjunction with photomask lithography 
include aryl azide and allyloxycarbonyl reactions.[49–51]

Uncaging strategies have also been utilized to specify biomol-
ecule binding to hydrogel surfaces. In one such strategy, Batt 
and co-workers exploited a photocleavable 2-nitrobenzyl group 
to liberate reactive carboxylic groups in patterns on a film, upon 
which proteins were subsequently conjugated through a reac-
tion with their primary amine. The proteins’ carboxylic acid 
moieties were then protected and the patterning was repeated 
through a photomask to sequentially immobilize additional 
proteins.[52] Alternatively, the DeForest group has developed 
and exploited a bioorthogonal photomediated oxime ligation 
strategy to immobilize proteins within cell-laden gels.[53–55] 
Here, a gel-bound alkoxyamine is photoliberated for subse-
quent reaction with aldehyde-modified proteins (Figure 3d).[54]

Selective hydrogel patterning of cells and proteins has also 
been achieved by adjusting the hydrophilicity of surfaces 
through photocleavage reactions.[56] Photoreleasable polymers 
utilizing ortho-nitrobenzyl (oNB) chemistry have also been used 
to control protein adhesion on hydrogel surfaces, by including 
an oNB group on nonfouling PEG brushes tethered to a poly-
acrylamide (PA) gel (Figure 3c).[57,58] Upon light exposure, PEG 
was removed in spatially defined regions, changing the exposed 
gel from noncell adhesive to cell adhesive. The precise geom-
etry of the cell adhesive area was created through a photomask 
and secondary irradiation of the surrounding regions allowed 
cell migration to occur to the newly exposed cell-adhesive  
regions.

Subtractive Patterning: Light-triggered biochemical cue 
removal has also been demonstrated, whereby proteins, pep-
tides, and DNA functionalized with a photocleavable group are 
photochemically released from hydrogels.[59–62] These strategies 
have been utilized to spatially control cell attachment, cytoskel-
etal organization, and ECM production. In one pioneering 
example, Kloxin et  al. tethered RGD peptide to a PEG-based 
hydrogel through a photodegradable oNB ester-based linker; 
chondrogenic differentiation of human mesenchymal stem 
cells (hMSCs) was dictated through photochemical regulation 
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of RGD presentation.[63] In order to further regulate protein 
release from hydrogels, Gawade et  al. incorporated customiz-
able, stimuli-labile linkers that allowed for user-defined control 
over hydrogel patterning; Boolean YES/OR/AND logic was used 
to release proteins by modifying the C-terminus with either 
single or multiple light, enzyme, or reductive sensitive moie-
ties.[64] In one reported example, a protein functionalized with 
a photocleavable oNB and a reductive-sensitive linker placed in 
series was exposed to masked UV light to selectively pattern 
lines of protein and subsequently exposed to a reductant to 
fully release any remaining protein.

To circumvent the use of oNB-based linkers, Shadish et  al. 
genetically fused a photocleavable protein (PhoCl) with a pro-
tein of interest to create protein-patterned gels using mask-
based subtractive lithography.[65] Immobilized gradients of 
bioactive proteins (including growth factors) were obtained 
by adjusting the velocity by which an opaque photomask 
was translated over the gel. Alternatively, mask-based lithog-
raphy can be used to initially spatially pattern biomolecules 
of interest, and a different release system can be employed to 
remove ligands on patterned areas. Zhang et al. capitalized on 
this concept by using thiol-ene click chemistry to selectively 
pattern DNA aptamers that captured complimentary proteins 
and were released by adding cDNA.[66,67] Sequential protein 
patterning was achieved by using a photomask to first pattern 
in an aptamer and the process was repeated with a separate 
aptamer. Independent protein release was controlled by adding 
the corresponding cDNA.[67]

Reversible Patterning: Although additive and subtractive pat-
terning of hydrogels has been successfully utilized for cell 
culture platforms, the dynamic presentation of signaling bio-
molecules found in the ECM has sparked interest in the devel-
opment of photoreversible patterning of hydrogels. DeForest 
and Anseth demonstrated photoreversible patterning of hydro-
gels by incorporating two bioorthogonal chemical reactions: 
a thiol-ene reaction for the incorporation of the biological 
molecule and a photolabile oNB group, to attach and subse-
quently remove cues in a PEG hydrogel network.[68] To estab-
lish dynamic control over cell function, NIH 3T3 cells were 
seeded on lines of photopatterned bioligands, where the ini-
tial attachment was confined; after secondary light exposure 
and removal of the adhesive ligand, cell detachment from the 
surface was observed.[68] In another photoreversible hydrogel 
system, DeForest and Tirrell introduced a photodeprotection-
oxime ligation sequence for protein introduction and oNB 
photoscission for subsequent protein removal.[53] They demon-
strated that osteogenic differentiation of hMSCs was confined 
in reversibly protein patterned 150 µm wide lines. Shadish et al. 
used a similar photorelease/oxime ligation sequence to immo-
bilize site-specifically modified proteins while preserving their 
full bioactivity, creating Escher-inspired protein tessellations 
through masked photolithography.[54]

While the aforementioned techniques demonstrate improved 
mimicry of ECM presentation, the patterning and release of 
the molecule is not perfectly reversible as required functional 
groups are consumed during each patterning step. To over-
come this limitation, the Anseth group introduced a reversible 
addition-fragmentation chain-transfer (RAFT) scheme using 
an allyl sulfide agent to pattern thiol-containing peptides and 

proteins into hydrogel networks. This technique was used 
to demonstrate that reversible exchange reactions could be 
conducted in the presence of hMSCs.[69] In a follow-up work, 
Grim et  al. incorporated a pendant allyl sulfide moiety onto a 
hydrogel backbone to allow for fully reversible and repeatable 
tethering of proteins through a photomediated thiol-ene click 
reaction.[70] This strategy was used to photoreversibly pattern 
TGF-β1 to induce localized cellular response in patterned areas, 
and upon release, return cells to an inactivated phenotype.[70] 
Surface hydrophilicity has also been reversibly altered for pat-
terning. Wang et al. demonstrated photoreversible patterning of 
cells by using a photoresponsive hydrogel patterned with spiro-
pyran units that responded to alternate visible–UV light irradia-
tion, enabling a reversible hydrophobicity–hydrophilicity transi-
tion that stimulated the attachment and detachment of cells.[71] 
The use of light-sensing proteins (LSPs) has also been reported 
for light-activated reversible patterning of PEG hydrogels.[72,73] 
LOVTRAP, a two component LSP system, was recently used to 
spatiotemporally control noncovalent binding of recombinant 
proteins.[73]

3.1.2. Laser-Scanning Photolithography

Additive Patterning: In one of the earliest examples of addi-
tive biochemical gel patterning, a confocal-based scanning 
lithography method was developed for 2D and 3D surface pat-
terning of PEGDA hydrogels.[74,75] Single-photon light was used 
to develop monolayered patterns of RGDS on PEGDA hydro-
gels for the spatially controlled attachment of human dermal 
fibroblasts (HDFBs).[74] SP-LSL has also been used for the pat-
terned introduction of RGD and growth factors such as vas-
cular endothelial growth factor (VEGF) to promote endothelial 
cell adhesion.[76] To develop more axially complex biochemical 
patterns, MP-LSL was used to generate patterned RGDS chan-
nels on collagenase-degradable PEG hydrogels to confine the 
migration of fibrosarcoma cells and guide the 3D migration 
of HDFBs (Figure 3a).[75,77] This technique was later expanded 
for micropatterning two fibronectin-derived peptides to dem-
onstrate the effectiveness of MP-LSL for multi-step patterning 
of multiple peptides within the same hydrogel network.[78] 
MP-LSL has also been used to organize complex tubule net-
works of human umbilical vein endothelial cells (HUVECs) 
and 10T1/2s on RGDS-patterned hydrogels.[79]

To increase control of biochemical addition reactions, a photo
labile protecting group can be added to temporarily mask func-
tional groups. Luo and Shoichet modified agarose hydrogels 
with S-2-nitrobenzylcysteine as a photocaged thiol; UV irra-
diation triggered photocage release, exposing a free thiol that 
could be modified with RGD motifs to direct 3D growth of 
neural cells.[80] Wosnick and Shoichet replaced the nitrobenzyl 
photocage with a bromohydroxycoumarin thiol derivative; 
when exposed to femtosecond-pulsed near-infrared (NIR) 
light, two-photon-induced uncaging yielded 3D patterns with 
increased 3D resolution with low potential phototoxicity.[81] In 
later studies, coumarin-caged thiols were used to pattern gra-
dients of human VEGF165 to guide endothelial cell growth, 
as well as for sequential protein immobilization based on 
the physical binding pairs, barnase–barstar and streptavidin 
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(SA)–biotin.[82,83] In further follow-up studies, this well-defined 
VEGF-gradient/GRGDS-immobilized agarose hydrogel was 
used to investigate interactions of endothelial cells and pri-
mary retinal stem and progenitor cells (RSPCs).[84] Owen et al. 
extended this photocaged patterning application to HA-based 
hydrogels and demonstrated independent control over biomol-
ecule distribution, architecture topography and mechanical 
properties.[85] Hydrogels were prepared by reacting furan-modi-
fied HA with bis-maleimide–PEG. The biochemical density and 
mechanical properties were independently tuned by controlling 
the degree of furan substitution on the HA backbone.[85] HA 
hydrogel backbone modified with nitrodibenzofuran (NDBF) 
caged thiols have been patterned by MP-LSL to form gradients 
of endothelial growth factor (EGF).[86] EGF gradients differen-
tially influenced breast cancer cell invasion and were used to 
demonstrate the importance of including cell–microenviron-
ment interactions in examining cellular drug response.[86] Con-
trolled laser light exposure has also been used to uncage the 
transglutaminase factor XIII enzyme and render it bioactive 
such that it could covalently tether a biomolecule of interest 
in highly localized, user-defined patterns.[87] Enzyme-mediated 
localized tethering of VEGF was used to direct mesenchymal 
stem cell outgrowth into a 3D patterned hydrogel.[87]

To avoid using UV light or pulsed NIR light, which could be 
damaging to cells and tissue at high doses, bromobimane has 
been used as a blue light-sensitive photocage for thiol groups 
on a PEG hydrogel.[88] Beyond using oNB, coumarin, and other 
small molecules as photocages, photoactivatable tris nitrilotri-
acetic acid (trisNTA) has been used as a photocage to selectively 
pattern biomolecular ligands.[89] Independent control of 
mechanical and biochemical properties using LSL has also been 
achieved with click reactions. DeForest and Anseth exploited 
wavelength-orthogonal photodegradation and photoaddition 
reactions to soften PEG hydrogels and incorporate adhesive 
ligands to guide cell migration.[90] Furthermore, a protocol for 
MP-LSL based on orthogonal enzymatic coupling and photoc-
ages allowed for the patterning of avidin-linked biotinylated 
growth factors (Figure 3b).[91] In the first step, a hydrogel con-
taining caged peptides was formed in the presence of cells and 
biotinylated biological cues. After gelation, two-photon-based 
uncaging was performed using MP-LSL and enzyme-mediated 
ligation was then used to anchor nerve growth factor (NGF) in 
exposed areas. Using this system, the authors demonstrated 
axonal guidance of chick dorsal root ganglia (DRG) into areas 
of transglutaminase crosslinked hyaluronan matrix patterned 
with NGF. They found that Matrigel, collagen, and fibrin sup-
ported outgrowth whether or not NGF was present, and thus 
selected HA as the optimal matrix, since HA inhibited growth 
without the presence of NGF.[91] Methacrylated HA (MeHA) 
hydrogels patterned with adhesive peptides by MP-LSL have 
also been used to guide neurons.[92] Although chemical pat-
terning alone was able to promote cell guidance, by combining 
chemical and mechanical cues, Seidlits et  al. demonstrated 
the use of MP-LSL to separately control stiffness and adhesive 
ligand density on MeHA hydrogels.[92] Using this approach, 
they were able to guide both DRGs and hippocampal neural 
progenitor cells (NPCs) along defined 3D paths.[92] In another 
HA-based system, stiffness and matrix ligand density were sys-
tematically manipulated with distinct wavelengths of light to 

study nonlinear regulation of oncogenic microRNA by matrix 
stiffness and fibronectin density in glioma cells.[93] Wavelength-
dependent patterning has also been employed to trigger stiff-
ening of dextran–MA hydrogels with visible light, while UV 
light was used to photocleave DMNPB groups to activate an 
adhesive peptide at irradiated volumes.[94]

Subtractive Patterning: Subtractive patterning based on LSL 
can also be used to control the biochemical composition of 
hydrogels in 4D (i.e., in time and 3D space). Kloxin et al. incor-
porated a photolabile RGDS motif into a PEG hydrogel, and 
then removed the peptide in 3D patterns by using SP-LSL. The 
photolabile tether platform was used to control the differentia-
tion of hMSCs into chondrocytes and used to demonstrate the 
importance of signal persistence on cell differentiation.[63] In 
addition to peptide release, digital maskless photolithography 
has been used to liberate oligonucleotides from DNA-func-
tionalized PEGDA hydrogels. Visible light was initially used 
to polymerize PEGDA hydrogels into a variety of shapes and 
multidomain structures that contained different DNA mole-
cules; UV light was then used to selectively cleave DNA oligo-
nucleotides containing a cleavable linker in their backbone.[95] 
In a more recent report, Shadish et  al. incorporated proteins 
into a hydrogel through a linker containing the photocleav-
able protein, PhoCl, with an azide attached at the N-terminus, 
to conjugate into PEG hydrogels through a SPAAC reaction; 
SP-LSL was then used to release the protein and pattern dif-
ferent proteins of interest.[65]

Reversible Patterning: MP-LSL has also been used to revers-
ibly control biochemical cue presentation. DeForest and 
Tirrell used MP-LSL for 3D control over protein immobili-
zation and demonstrated photoreversible immobilization of 
proteins.[53] They used a SPAAC reaction for network forma-
tion, a photodeprotection-oxime-ligation sequence for protein 
introduction, and an oNB photoscission reaction for protein 
removal; removal of protein patterns was controlled in 3D 
by varying the multiphoton laser-scanning conditions which 
allowed for complex dual-protein patterning.[53] In a similar set 
up, MP-LSL was used to create trifunctional protein patterns 
in 3D space. Initially, a fluorescent protein was immobilized 
into a SPAAC-based gel through photomediated oxime ligation. 
Proteins were then released through oNB cleavage. Areas of 
photorelease could be backfilled by a second and third fluores-
cent protein of interest (Figure 3d).[54] Additionally, allyl sulfide 
chemistry has been utilized to reversibly tether proteins into 
gels by MP-LSL.[70] Although both mask-based and LSL pat-
terning techniques have been employed to reversibly immobi-
lize biochemical cues, improvements in chemistries and better 
on demand modulation will aid in recreating dynamic cellular 
microenvironments.

3.2. Soft Lithography

Soft lithography has seen a rise in popularity since the White-
sides group first demonstrated agarose stamps could be used to 
pattern gradients of proteins onto hard surfaces such as silicon 
or glass.[96] Since these hard surfaces are not representative of 
the cellular microenvironment, research turned toward devel-
oping microcontact printing techniques compatible with softer 
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surfaces, such as hydrogels. Unfortunately, due to their soft 
and tacky nature, typical hydrogels cannot withstand the strong 
physical pressure needed to transfer patterns and are not ame-
nable to conventional μCP of biomolecules from PDMS. Thus, 
several methods have been developed to circumvent sticking 
and to improve patterning using PDMS stamps, including 
chemical modification of hydrogels, sequential delivery, and 
freeze drying.[17,97]

Burnham et  al. first reported a chemical modification 
method to functionalize hydrogels with biological molecules 
by μCP for cell culture studies.[97] A PDMS stamp containing 
PEO-iodoacetyl biotin was initially placed on a hydrogel coating 
containing free disulfides. The hydrogel was then incubated 
with SA, which could bind additional biotinylated molecules 
conjugated to proteins. To pattern in a second protein after the 
first pattern of SA had been applied, the hydrogel was either 
immersed in 1) PEO-iodoacetyl biotin to fill in unstamped 
areas containing unreacted thiol groups that could be incu-
bated to react with a second protein, or 2) a fresh PEO-iodacetyl 
biotin stamp was applied for repeated rounds of μCP.[97] This 
technique was then used to immobilize multiple proteins and 
peptides, including biotinylated fibronectin, laminin, and an 
adhesive peptide ligand (i.e., biotin-IKVAV), for the controlled 
growth of neural cells.[98] A separate work studied selective 
adhesion and neurite extension and formation of synapses of 
rat astroglial and primary hippocampal neurons on fibronectin 
and laminin patterned areas by μCP.[99] In another chemical 
modification technique, Grevesse et al. demonstrated that pat-
terning by μCP controlled ligand density on hydroxy-PA gels 
without affecting stiffness, which was regulated by varying 
the crosslinker concentrations. HUVEC spreading and mor-
phology was confined to areas of fibronectin-coated micropat-
terns.[100]  μCP has also been used to pattern biochemical 
ligands on PA hydrogels chemically treated with hydrazine to 
study MSC lineage specification.[101]

Rather than chemically altering the hydrogel surface, Lee 
et  al. modified PDMS stamps with polydopamine (PD) which 
has been shown to undergo self-polymerization on surfaces 
and easily bind proteins; they found that HDFBs adhered 
preferentially to PD-bound BSA patterns.[102] In another pro-
cedure coined nanocontact deprinting, Au nanoparticles (NPs) 
were transferred from a solid silicon surface to a PEG-based 
hydrogel.[103] A PDMS stamp was first functionalized with a 
self-assembled monolayer of amino-silane that was subse-
quently decorated with citrate-capped Au NPs via electrostatic 
interactions. The stamp was then brought into contact with the 
PEG hydrogel and, depending on the chemical functionality of 
the gel surface, the Au NPs were transferred. Stamping on non-
functionalized PEG hydrogel surfaces required a larger amount 
of force to transfer the Au NPs onto its surface, while on thiol-
functionalized PEG hydrogel surfaces, light contact was suffi-
cient for efficient transfer. This technique was used to demon-
strate preferential cell adhesion of murine fibroblast L929 cells 
on the patterned areas.[104] To overcome the constraints of chem-
ical modifications, such as the multiple required steps, a simple 
method involving freeze-drying a Matrigel hydrogel prior 
to printing was proposed. PDMS stamps were then used to 
transfer streptavidin, laminin, and fibronectin proteins through 
physical adsorption to the lyophilized hydrogel. Using this  

technique, the authors demonstrated that human embryonic 
stem cells (ESC) cultured on fibronectin-patterned hydrogels 
displayed beating foci earlier than those cultured on nonpat-
terned substrates.[17]

PDMS stamps may adhere to a hydrogel and cause substrate 
deformation.[105] Thus, as an alternative to PDMS stamps, Di 
Benedetto et  al. used Parylene C to pattern PEGDA hydro-
gels.[106] Parylene C is preferred for patterning PEGDA hydro-
gels for two reasons: 1) Parylene C mold preparation does not 
require as extensive or complicated microfabrication steps, 
and 2) Parylene C has lower oxygen permeability than PDMS. 
Sanzari et  al. used this general method to study the cell mor-
phology and physiology of collagen patterns on neonatal 
rat ventricular myocytes. They observed cell elongation and 
alignment within collagen-patterned areas.[107,108] In another 
example, 5 to 400  µm wide lines of fibronectin, laminin, and 
collagen I were patterned onto PA gels.[109] Normal fibroblasts 
cultured on patterned areas of the gel surface showed enhanced 
cell attachment and proliferation confined within the bounda-
ries of the pattern.[109]

3.3. Electron-Beam Lithography

E-beam lithography has been primarily used to immobilize 
biomolecules in hydrogels by increasing the hydrophobicity 
or functionality of a polymer. E-beam lithography for gener-
ating multicomponent protein patterns was first reported by 
the Maynard group. A PEG polymer was modified with four 
protein-reactive moieties: biotin, maleimide, aminooxy, or Ni2+-
NTA, which could then react with its corresponding substrate. 
When PEG is exposed to electron beams, it crosslinks as well 
as reacts with Si surfaces in a manner similar to radical-medi-
ated crosslinking. To demonstrate multiprotein patterning, 
they developed tricomponent biostructures by first crosslinking 
biotin PEG polymer spin coated on a Si wafer. Next, they cre-
ated two 1 µm wide maleimide–PEG and 1 µm wide aminooxy–
PEG patterns on the biotin–PEG pattern, and finally, they 
conjugated the corresponding fluorescent proteins.[110] Using a 
similar method, but employing click chemistry, α-ketoamide–
myoglobin followed by azide-modified ubiquitin were con-
jugated to a hydrogel surface to form dual multilayer click 
protein patterns.[111] Rather than using e-beam lithography for 
creating consecutive layers, the technique has also been used 
to encapsulate a protein immobilized hydrogel inside another 
hydrogel with features ranging from 5 to 40 µm. The enzyme 
glucose oxidase (GOx) was immobilized in the core shell and 
horseradish peroxidase was conjugated to the shell periphery, 
where bioactivity was demonstrated through enzyme cascade 
reactions.[112]

3.4. Inkjet Printing-Based Patterning

Inkjet bioprinting, developed by Thomas Boland, has proven 
to be an attractive technique to create complex patterns on 
hydrogels without the need to fabricate masks.[113,114] In early 
studies, thermal inkjet printing was demonstrated to be a fea-
sible method to pattern gradients of cells, including Chinese 
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hamster ovary (CHO) cells, embryonic motoneuron cells, pri-
mary neurons, and mesodermal stem cells onto collagen hydro-
gels while still maintaining their viability and differentiation 
potential.[115,116] To show that this technique could control neural 
stem cell (NSC) multipotency and differentiation, Ilkhanizad 
et  al. used an inkjet printer to print gradients of biologically 
active macromolecules on PA hydrogels; they were able to grade 
differentiation of NSCs cultured on areas printed with ciliary 
neurotrophic factor (CNTF), where cells displayed the highest 
levels of differentiation markers at the edge of the hydrogel with 
the highest concentration of CNTF.[20] Gurkan et  al. demon-
strated control over differentiation of MSCs into osteogenic and 
chondrogenic phenotypes by developing a biochemical gradient 
through bioprinting nanoliter droplets encapsulating human 
MSCs, bone morphogenetic protein 2 (BMP-2), and trans-
forming growth factor-β1 (TGF-β1), to create an anisotropic bio-
mimetic fibrocartilage microenvironment.[117] In a more recent 
example, inkjet printing was used to develop a high-throughput 
assay format for printing enzyme-immobilizing/stabilizing 
hydrogel microarrays to predict IC50 values of inhibitors.[118]

Other similar techniques to inkjet printing include extru-
sion-based bioprinting and electro-hydrodynamic jet (e-jet) 
printing. By using extrusion bioprinting, Fedorovich et al. spa-
tially patterned cells in a variety of hydrogels and showed that 
cell viability was influenced by the hydrogel employed during 
cell printing.[119] E-jet printing is another effective process for 
patterning hydrogels: ink is placed in a sealed reservoir with 
a conductive nozzle and upon applying a capillary force and a 
potential difference between the nozzle and hydrogel surface, 
an electric field is created that pulls fluid out.[120] The droplet 
size and jetting frequency depend on the back-pressure, the 
separation distance between nozzle and the hydrogel substrate, 
and the applied voltage.[120] Like inkjet bioprinting, patterning 
by e-jet printing can be controlled at the point of printing 
without the need of fabricating stamps or masks. Poellman 
et al. first applied e-jet printing onto a soft surface by printing 
fibronectin on a PA hydrogel and demonstrated cell attachment 
and spreading on patterned areas.[120]

3.5. Controlled Mixing and Microfluidic Patterning

Simple biomolecular gradients can also be generated using gra-
dient makers.[121,122] DeLong et al. generated a gradient of basic 
fibroblast growth factor (bFGF) by using a gradient maker to 
pour a precursor monomer solution and then photopolymer-
izing the solution to obtain a hydrogel with a concentration 
gradient. Cells aligned in the direction of increasing bFGF and 
vascular smooth muscle cells (VSMCs) migrated differentially 
toward the direction of increasing bFGF.[121]

Microfluidic techniques have also enabled precise control 
over the spatial distribution of biochemical signals on and 
within 3D scaffolds, particularly for fabricating graded biomo-
lecular patterns (Figure 4). Burdick et al. introduced a method 
to fabricate patterns of RGDS on PEGDA hydrogels by com-
bining microfluidics and photopolymerization; gradients of the 
photo-crosslinkable monomers were formed within microflu-
idic channels and subsequently gelled by exposure to UV light, 
resulting in increased endothelial cell adhesion in areas with 

higher concentrations of RGD.[123] Simple PDMS microfluidic 
gradient generators have also been used to fabricate linear con-
centration profiles of immobilized RGD peptide in a photopo-
lymerizable PEGDA hydrogel to study the effects on rat MSCs 
adhesion (Figure 4a). Actin staining showed that at high RGD 
concentrations, MSCs showed good spreading morphology, 
whereas at low RGD concentration regions, MSCs displayed 
a rounded shape.[124] To generate PEGDA hydrogels with both 
mechanical and biochemical gradients, Turturro and Papa-
vasiliou employed a free-radical photopolymerization technique 
to selectively deliver eosin Y photoinitiator that generated a 
wave-like local reaction zone that propagated through a mono-
meric solution; through a gradient of immobilized YRGDS, 
they directed fibroblast cell behavior.[125] Rather than using 
photopolymerization to generate gradients, hydrodynamic 
flow focusing has been used to capture in a step-wise manner 
tagged biomolecules via affinity binding onto functionalized 
PEG hydrogel surfaces (Figure 4b).[126] The microfluidic device 
allowed for the orthogonal and parallel patterning of four pro-
teins. By rotating the microfluidic device 90°, they were able to 
pattern a second row of parallel protein gradients. This system 
was used to study how leukemia inhibitory factor (LIF) influ-
enced ESC behavior.[126]

Rather than immobilizing biochemical signals, microflu-
idic devices can also be used to generate soluble, diffusion-
driven concentration gradients in 3D cell-embedded hydrogels 
(Figure  4c).[127] These 3D hydrogel-based microfluidic devices 
have been used to study hMSC chemotaxis and chemokinesis, 
fibroblast and osteoblast migration, and for anticancer drug 
screening.[128–131] Microfluidic devices have also been used to 
demonstrate independent control over chemical and mechan-
ical gradients (Figure 4d).[132] The microfluidic device was used 
to generate a gradient of hepatocyte growth factor and show 
that cell velocity was dependent on both mechanical and bio-
chemical cues.[132]

3.6. Additional Techniques

Although the techniques described above are the most common 
routes for biochemical patterning of hydrogel surfaces, addi-
tional methods have been reported. Kramperman et  al. intro-
duced an interesting strategy for spatially controlled hydrogel 
modification through diffusion-mediated competitive supra-
molecular complexation. Specifically, a dextran-based hydrogel 
with biotin (DexTAB) available for postfunctionalization was 
used for competitive supramolecular functionalization to create 
gradients by controlling the penetration depth of biotinylated 
moieties. Multistep modification of Dex-TAB in the presence 
of live reporter cells demonstrated that the supramolecular 
desthiobiotin/biotin displacement strategy could provide bioti-
nylated hydrogels with temporally controlled biochemical cues 
to instruct cell behavior.[133] In another diffusion-controlled tech-
nique, radially patterned hydrogel channels were fabricated via 
the sequential injection of crosslinkers containing bioorthog-
onal capping groups which enabled the spatial patterning of 
vascular cells, and demonstrated an initial step toward engi-
neering implantable arteries.[134] Dicker et al. spatially patterned 
biochemical cues in a core–shell fashion using an interfacial 
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tetrazine ligation by altering the composition of the crosslinking 
solution.[135] In another controlled reaction pattern formed by 
diffusion, the diffusion term of the system was tuned to gen-
erate a DNA pattern in an alginate gel containing immobilized 
PA. In an associative toehold activation type reaction, which can 
capture an input if both inputs exist, a DNA logic AND gate was 
anchored in the gel to detect the diffusion of molecules from 
distant source points to produce a Voronoi pattern in the gel. 
The proposed framework would be useful in designing a struc-
tured gel system responsive to molecular signals.[136]

To overcome the limited resolution of bioprinting (180 µm), 
a noncontact method for specifying cell alignment where cells 
align along the nodes or antinodes of the acoustic field—acou-
stophoresis—has been used to generate patterns.[137,138] This 
method was employed to direct the assembly of myoblasts in 
collagen hydrogels, stimulate the cells to undergo myogenesis, 
and thus, engineer bundles of aligned myotubes.[137] Ma et  al. 
also employed this technique to project a complex shape into a 
cell suspension flow, which caused cells to move and aggregate 
at the high acoustic pressure zones and form 2D patterns on a 
collagen solution. Subsequent gelation was employed to immo-
bilize the cell patterns in a 3D matrix.[138]

As an alternative to light dependent reactions, an enzyme-
mediated polymerization reaction, using GOx to generate 

hydrogen peroxide that can react with ferrous ions to produce 
hydroxyl radicals, was carried out on the surface of a hydrogel 
to spatially control the formation of 3D hydrogel layers and 
incorporation of rhodamine-B, fluorescein, and different sized 
nanoparticles.[139] Combining this enzyme-mediated patterning 
technique with other approaches such as photolithography 
could prove advantageous for tissue engineering applications.

4. Mechanical Patterning of Hydrogel Substrates

Cells in multicellular tissues experience compressive, tensile, 
and shear forces, all of which play a critical role in the assembly, 
development, and maintenance of tissue.[140] In particular, 
research has focused on modulating the most accessible and 
easily tunable mechanical feature of materials: stiffness, other-
wise termed the elastic modulus. The elastic modulus is defined 
as the ratio of force exerted upon a material to the resulting 
deformation.[2] By specifying the method and direction stress 
and strain are applied and measured, a variety of elastic moduli 
can be defined; for instance, Young’s modulus (E) is calculated 
by subjecting a material to uniaxial stress (either compressive 
or tensile) and measuring the elastic (reversible) deformation 
(strain). The shear modulus (G) is similarly calculated, however, 

Figure 4.  Biochemical patterning of gel surfaces through microfluidic methodologies. a) Top: formation of PEG hydrogel containing graded RGD using 
microfluidic gradient generator. Bottom: Gradient distribution of cell spreading on PEG hydrogel. Reproduced with permission.[124] Copyright 2012, 
American Institute of Physics. b) Hydrogel patterning via protein capture by flow focusing. Top: Schematic of bioconjugation method and ESC spreading 
on a LIF protein gradient. Bottom: Scheme showing patterning of arrays of overlapping gradients and micrographs of fluorescent protein gradients 
generated. Scale bar = 900 µm. Reproduced with permission.[126] Copyright 2013, Royal Society of Chemistry. c) Microfluidic design of an orthogonal 
gradient generator. Reproduced with permission.[127] Copyright 2015, Wiley-VCH. d) Left: Generation of diffuse chemical gradient independent of sub-
strate stiffness gradient. Right: Device validation using hepatocyte growth factor scattering assay and time evolution of cell velocity. Reproduced with 
permission.[132] Copyright 2015, Royal Society of Chemistry.
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the stress and deformation are parallel and associated with an 
angular change.[2] Young’s moduli for tissues range from hun-
dreds of pascals of neural tissue to tens of gigapascals for bone.[3]

Numerous studies have implicated the role of stiffness of the 
ECM in altering cellular adhesion structures, motile behavior, 
and proliferation.[141–145] Furthermore, naïve MSCs specify lin-
eage and commit to phenotypes based on matrix elasticity; as 
an example, softer (0.1–1 kPa) substrates mimicking the brain 
are neurogenic, mid-range (8–17 kPa) substrates are myogenic, 
and stiffer (25–40 kPa) substrates are osteogenic.[146] Yet tissue 
is viscoelastic, meaning that part of the deformation to stress is 
nonreversible (plastic). As such, the shear or elastic modulus 
has two components: 1) a storage modulus (G′, E′) denoting the 
elastic contributions, and 2) the loss modulus (G′′, E′′) denoting 
the plastic contributions. Recently, tuning of viscoelasticity has 
been shown to influence cellular spreading, proliferation, and 
stem cell fate.[147–149]

Despite the vast body of scientific knowledge, the molecular 
basis of mechanotransduction remains relatively unclear. It is 
generally accepted that mechanical signals from the ECM are 
sensed through focal adhesion (FA) assemblies, or integrin 
clusters that form a link between intracellular actin bundles 
and the ECM, which are transduced via the actin cytoskeleton 
network. In passive sensing, cells exert traction forces on the 
ECM and following a cascade of FA assembly, Rho activation, 
and actomyosin contraction, cells gauge the resistance of the 
substrate.[150] Other transcription factors such as yes-associ-
ated protein (YAP) and transcriptional Co-activator with PDZ-
binding motif (TAZ) have been shown to localize to the nucleus 
in response to stiffening events and mediate the apoptosis, pro-
liferation, and differentiation of MSCs.[151] In active sensing of 
ECM mechanics other mechanisms such as mechanically gated 
ion channels and direct transmission of force to the nucleus 
have been implicated.[152,153]

Cells interact with various mechanical cues, ranging from the 
magnitude of ECM proteins, to bulk tissue.[2] To accurately cap-
ture the extent and heterogeneity of elastic moduli for studying 
mechanosensitive phenomena and recapitulating the in vivo 
cellular environment, biomaterials must be designed with spa-
tial distribution of mechanical cues. In a covalently crosslinked 
network, this is readily achieved by varying the crosslink den-
sity.[33] This section details various techniques to achieve spatial 
control over elastic modulus and, less commonly, viscoelasticity.

4.1. Controlled Mixing

One of the most facile yet powerful techniques to establish 
defined gradient patterns in hydrogels is through controlled 
mixing of solutions of varying crosslinker or monomer weight 
percentage. While the most basic implementation of controlled 
mixing is by coalescing two droplets of prepolymer in between 
glass coverslips, this offers limited user control over gradient 
patterning. Thus, more advanced approaches such as micro-
fluidic devices and gradient mixers have provided increased 
command over gradient development. This principle, due to its 
simplicity, is accessible to researchers outside of the biomate-
rials community intending to study biological mechanotrans-
duction phenomena.

4.1.1. Coalescing of Prepolymer Solutions

By the start of the 21st century, it had been shown that cells 
responded differently to stiffer substrates, but no studies had 
been able to demonstrate how cells reacted to spatially dis-
tributed elastic moduli.[141] Lo et  al. introduced the concept of 
“durotaxis;” in their seminal study, they created a gradient of 
Young’s moduli in PA gels by varying bis-acrylamide concen-
trations in two adjacent drops and observed fibroblast migra-
tion to stiffer surfaces. They hypothesized that as the leading 
edge of the cell crosses onto a stiffer substrate, this causes 
the lamellipodia to protrude, leading to directed migration.[154] 
Since this initial study, improved methods for generating more 
controlled stiffness gradients in PA have been proposed. For 
instance, a dumbbell-shaped mold in between glass slides of 
differing hydrophobicity enabled controlled mixing of the two 
prepolymer solutions to create stiffness gradients ranging from 
≈3 to ≈72  kPa mm−1.[155,156] Hadden et  al. proposed a simple 
stiffness gradient platform: an initial aliquot of a defined 
acrylamide monomer concentration was poured into a mold 
and covered with a glass coverslip so that the polymerization 
chamber assumed a right-angled ramp. A second solution of 
acrylamide monomer was poured in following the initial reac-
tion, and polymerized to form a layered pair of inversely ori-
ented ramps with a range of stiffnesses. By changing the ramp 
angle, they created shallower and steeper stiffness gradients. 
They explored different linear stiffness gradients and demon-
strated that 2.9 kPa mm−1 was not durotactic for human adipose 
derived stem cells (hASCs), enabling studies of more subtle, 
dose-dependent responses to mechanical cues (Figure 5a).[157]

Similar studies have been done in PEG-based hydrogels. Per-
istaltic pumps have been used to create more defined gradients 
in PEGDA and PEG–dimethacrylate (PEGDMA).[158,159] Chat-
terjee et  al. created a compressive modulus gradient ranging 
from 12 to 306  kPa and induced graded osteogenesis and 
mineralization in the absence of any other biochemical cues, 
underscoring the importance of mechanical cues in cellular 
differentiation (Figure 5b).[159]

4.1.2. Microfluidic Patterning

Microfluidic channels have emerged as a more advanced solu-
tion for generating gradients, as they provide precise control over 
stiffness at the micrometer length scale and easier manipulation 
of gradient intensity.[160–162] In PA, gradients of elastic modulus 
ranging from 3 to 40 and 5 to 80  kPa have been used to study 
VSMC spreading and motile response.[163,164] Vincent et al. sought 
to understand the response of MSCs to different tissue variations 
by utilizing three techniques (soft lithography, microfluidics, and 
photomasking) to achieve step (100  Pa µm−1), pathological gra-
dient (10–40 Pa µm−1), and physiological gradient (≈1  Pa µm−1) 
changes in elastic modulus. MSC durotactic speed correlated with 
gradient strength. Upon blocking of microtubule and cytoskel-
eton assembly, cells exhibited inhibited cell polarity and reduced 
spread area, implying that these two components are critical for 
transmitting forces to and probing the surrounding environment 
(Figure 5c).[162] PEGDA has also been demonstrated as an ame-
nable polymer system for microfluidic patterning.[160,165]
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Forming stiff gels with microfluidic patterning may be dif-
ficult, as the PDMS channel material is porous and allows 
molecular oxygen to diffuse through that can interfere with the 
polymerization reaction. However, this effect can be counter-
acted with different surface coatings.[162]

4.2. Photolithography

Photolithography has emerged as a potent tool for patterning 
elastic modulus and other mechanical cues in hydrogel sys-
tems. Photopolymerization chemistries, particularly acrylate 
and acrylamide polymerizations, have been utilized to generate 
gels with spatially defined crosslinking densities. Conversely, 
others have focused on developing photosoftening systems 
based on oNB groups and other photosensitive moieties, 
whereby light exposure directs crosslink scission.

4.2.1. Mask-Based Photolithography

Mask-based lithography has gained popularity as a simple, 
spatially defined technique for creating gradients or other geo-
metric patterns of elastic moduli. Masks can be used to control 

the degree of light exposure; by exposing certain regions of 
photopolymerizable substrates to more light, a more stiffer 
region with higher crosslinking density is generated. Inversely, 
with photolabile chemistries, exposed crosslinks can be 
degraded, leaving an area with a lower elastic modulus com-
pared to the unexposed area.

Photostiffened Patterning: As with controlled mixing, many 
of the initial advances in mask-based lithography were in PA. 
Early work by Wong et al. demonstrated that during photopoly-
merization, grayscale radial gradient patterns could be used to 
generate substrates with gradients in mechanical compliance to 
guide vascular smooth muscle cell migration.[166] Others have 
used similarly graded masks to discern how the steepness of 
the gradient affects MSC durotaxis.[5] Gradients have also been 
generated by moving a mask with variable speed over prepo
lymer solution.[44,167] More complex patterns, such as alternating 
lines of different elastic moduli, have been accomplished by 
employing a dual-step polymerization technique, whereby the 
initial hydrogel is soaked in a second acrylamide monomer 
solution, which can be selectively crosslinked in user-defined 
patterns. Such approaches have been used to spatially control 
co-cultures of myoblasts and motor neurons.[168]

As an alternative to PA, styrenated gelatin has also been 
patterned by a two-step process with a digitally projected 

Figure 5.  Examples of controlled mixing to pattern mechanical cues. a) Hadden et al. developed a method (top) to pattern more defined gradients 
using a ramp-based mold, enabling them to examine expression of proteins (bottom) such as Lamin A and YAP at small gradients that do not elicit 
durotaxis. Reproduced with permission.[157] Copyright 2017, National Academy of Sciences. b) Top left: PEGDMA gels with gradients of elastic moduli 
are made with a gradient mixer. Top right and bottom: The degree of expression of osteogenic markers such as alkaline phosphatase can be controlled 
by solely a mechanical gradient. Reproduced with permission.[159] Copyright 2010, Elsevier Ltd. c) Vincent et  al. demonstrated that blocking actin 
assembly with nocodazole disables cell movement, even in the presence of a gradient generated by a microfluidic device. Reproduced with permis-
sion.[162] Copyright 2013, Wiley-VCH.
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photomask. Gradients, step changes, and more complex pat-
terns helped elucidate the elastic gradient threshold for duro-
taxis of fibroblasts and MSCs, as well as propel movement 
along one axis.[169–172] Building upon this, Ebata et  al. exam-
ined the effect of unit width (ranging from 100 to 600  µm) 
of stiffer regions on cellular durotaxis and demonstrated that 
specific cell types accumulate preferentially in different width 
lines, potentially mimicking in vivo spontaneous aggrega-
tion of different cell types in regions of varied elastic moduli 
(Figure 6a).[173]

While PA and styrenated gelatin have been critical for 
answering fundamental questions about cellular movement 
and differentiation, they cannot be translated into 3D applica-
tions due to the cytotoxicity of the polymerization conditions. 
The concept of increased crosslinking in defined regions has 
been employed with more cytocompatible chemistries, such as 
free-radical polymerization of acrylates and methacrylates.[174] 
Nemir et  al. patterned PEGDA gels via a two-step process to 
achieve stripes and grids with less-crosslinked regions (elastic 
moduli ≈3.4 kPa) and more-crosslinked regions (elastic moduli 
≈20  kPa) to study macrophage migration.[158] Marklein and 
Burdick introduced the first use of sequential crosslinking of 
MeHA with sliding or geometrically patterned masks to create 
elastic moduli ranging from 6 to 25 kPa.[175] Subsequent studies 
in MeHA investigated hMSC spreading, hepatic stellate cell dif-
ferentiation, and chick aortic arch growth in response to pat-
terned step changes in elastic modulus.[176–178]

Thiol-ene photoclick reactions have also been employed 
for patterning mechanical cues in both natural and synthetic 
hydrogels. Petrou et  al. functionalized digested porcine lung 
ECM with thiol groups to crosslink with PEG-α-methacrylate 
and demonstrated that fibroblasts upregulated αSMA and 
Col1A1 expression on stiffer, fibrotic tissue-mimicking regions 
(E  = 14  kPa) as compared to on softer, healthy tissue regions 
(E  = 5  kPa).[179] Furthermore, norbornene groups have been 
added to HA and PEG, providing a reactive handle for photo-
chemical modulation.[180,181] Of note, Hui et al. gained the ability 
to pattern changes in material viscoelasticity by modifying a 
covalently crosslinkable NorHA network with cyclodextrin and 
adamantane supramolecular crosslinks. Using a photomask, 
they created hydrogels with stiff, elastic areas, surrounded by 
soft, viscoelastic regions to mimic the heterogeneous fibrotic 
environment.[180] Other patternable, photostiffening PEG sys-
tems, based on photocaging of alkoxyamines and photocyclodi-
merizing anthracene moieties, have also been demonstrated to 
be cytocompatible and able to activate fibroblasts.[182,183]

Photosoftened Patterning: Using similar concepts found in 
biochemical patterning, photomasks can be used to “subtract” 
elastic modulus in defined regions through selective exposure 
of photolabile crosslinks to light. Many systems are based on 
the photodegradable oNB functional group. In one of the first 
instances of spatially controlled softening, PA was activated 
with hydrazine hydrate to create polyacrylamide acryl hydrate, 
which could be crosslinked with 4-bromomethyl-3-nitrobenzoic 

Figure 6.  Photolithographic patterning of elastic modulus. a) Patterned styrenated gelatin with lines of different widths induces different cell move-
ment. Reproduced with permission.[173] Copyright 2020, Elsevier Ltd. b) The Cph1 system for reversible mechanical patterning with 740  nm light. 
Reproduced with permission.[195] Copyright 2019, Wiley-VCH. c) NIR photostiffening of PEGDA (left) with gold nanorods guides SMC spreading and 
localization (right). Reproduced with permission.[200] Copyright 2014, Wiley-VCH. d) Photodegradable PEGDA crosslinkers are used to generate gray-
scale patterns of elastic modulus. Reproduced with permission.[204] Copyright 2016, American Chemical Society.
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acid. The crosslinker’s photolysis rate at λ  = 365  nm was 
dependent upon the energy of illumination; softening the gel 
from 7.2 ± 0.8 to 5.5 ± 0.1 kPa in anterior regions of NIH 3T3 
cells elicited a dramatic shift or loss in cell polarity.[184] Kloxin 
et  al. followed suit with an influential series of reports on a 
novel, oNB incorporating, PEG–di(photodegradable acrylate) 
(PEGdiPDA) crosslinker that could react with PEGDA.[63,185–187] 
Specifically with mask-based lithography, Kloxin et  al. utilized 
this system to pattern gradients and geometric shapes, with 
previously described sliding masks and cut-out patterns, to 
screen the influence of substrate elasticity on hMSC spreading, 
as well as determine the threshold deactivation modulus of val-
vular interstitial cells (VIC).[186,187]

Subsequent studies elaborated on this chemistry for pat-
terning applications. Xue et  al. described a dual-tone system 
of swollen or eroded topographic patterns, superimposed on 
a pattern of elastic modulus, whereby varying the exposure 
time controlled the extent of crosslink degradation.[188] The 
oNB moiety has also been incorporated into N-hydroxysuc-
cinimide-terminated-photocleavable PEG and methacrylated-
photocleavable-gelatin.[189,190] PEGdiPDA has since been used 
to study the effect of organized and randomly arranged pat-
terns of elastic moduli on hMSC and VIC differentiation and 
activation.[191,192]

Protein-Based and Reversible Stiffening Systems: Recent 
interest in the area of protein engineering as well as innova-
tions in the optogenetic space have led to the development 
of novel hydrogels based on protein crosslinkers to modu-
late elastic modulus. Xiang et  al. created photosoftening or 
photostiffening PEG gels with PhoCl crosslinks, termed Pho-
Weak and Pho-Strong, respectively; by varying where cysteine 
residues were introduced with respect to the photocleav-
able sequence, illumination and cleavage could either cleave  
the protein or expose buried cysteines which could subse-
quently react with maleimides. However, these gels did not 
achieve particularly stiff elastic moduli even at the highest con-
centration of protein crosslinker tested (≈60 Pa for Pho-Weak 
and ≈400  Pa for Pho-Strong).[193] Potentially even more excit-
ingly, Liu et al. introduced a reversibly stiffening PEG system 
based on the LOV2-Jα fusion protein binding pair, which dis-
sociates at 470 nm light, but associates in the absence of light. 
Using this system, the authors could pattern elastic moduli 
ranging from 810 to 875  Pa for studying the effects of cyclic 
loading on fibroblast activation.[194] More recently, Hörner et al. 
demonstrated optogenetic control of MSC fate and T lym-
phocyte migration with a fast and reversibly switchable engi-
neered cyanobacterial phytochrome 1 (Cph1) crosslinker in a 
PEG matrix. The photosensory module of Cph1 with the point 
mutation Y263F is predominantly monomeric in far-red light  
(λ ≈ 740 nm) and undergoes a conformational change toward 
the dimeric form upon exposure to red light (λ ≈ 660 nm); as 
such, illumination with 660 nm light increased the crosslinking 
density of the hydrogel network, whereas illumination with 
740  nm light reduced the number of crosslinks and softened 
the material. This was fully recoverable with subsequent cycles 
of light. The authors were able to achieve stiffnesses ranging 
from 500 to 4000  Pa based on crosslinker concentration, and 
saw decreases of G’ by 44% upon illumination of λ = 740 nm 
light (Figure 6b).[195]

4.2.2. Laser-Scanning Photolithography

As with biochemical patterning, LSL provides higher resolu-
tion patterning of elastic modulus both in 2D and 3D. Focusing 
laser light to a specific area within a biomaterial allows photore-
actions to occur near or at the focal point.[33]

Photostiffened Patterning: Single- and multiphoton LSL 
for photoinduced crosslinking reactions to site-specifically 
increase elastic modulus has been demonstrated in a variety 
of systems. The West group pioneered the usage of MP-LSL 
to pattern increased compressive modulus in PEGDA.[174] More 
recently, PEGDA was patterned with sinusoidal, higher mole-
cular weight polymer strips to modify the material to display 
nonlinear behavior.[196] Others have showed photocaging of 
thiols in PEG systems with nitrobenzene or coumarin deriva-
tives, which can be uncaged with single and multiphoton irra-
diation.[197,198] Additionally, pluronic-fibrinogen hydrogels that 
physically crosslink at 37  °C and chemically crosslink with 
exposure to λ  = 355  nm light have been patterned with col-
umns of stiffer and softer regions (200 and 35 Pa, respectively) 
to examine fibroblast morphological response to different 
elastic moduli.[199]

Using NIR laser beams to pattern stiffness through gold 
nanorod activation has become a popular method for locally 
increasing stiffness. Hribar et  al. encapsulated gold nanorods 
within a PEGDA matrix, the former of which generated heat 
upon irradiation with a focused femtosecond NIR laser beam. 
This caused the network to thermally crosslink further, allowing 
the authors to pattern lines of different stiffnesses (17–370 kPa) 
(Figure  6c).[200] Stowers et  al. reported on a novel alginate 
system with temperature-sensitive liposomes encapsulating 
gold nanorods and calcium, which upon heating released Ca2+ 
from the vesicle and crosslinked the surrounding alginate.[201] 
Chandorkar et  al. recently demonstrated a similar system in 
poly(N-isopropylacrylamide) (pNIPAM) that exhibited mechan-
ical actuation with frequencies up to 10 Hz when pulsed with a 
NIR laser and enabled dynamic studies of fibroblast actuation, 
cell migration changes, and nuclear translocation of MRTFA 
and YAP.[202]

Photosoftened Patterning: Hydrogels of PEG–acrylate 
(PEGA) crosslinked with PEGdiPDA have enjoyed the 
most use with LSL for subtractively modulating elastic 
modulus.[63,185] Kloxin et  al. were instrumental in devel-
oping techniques with both single- and MP-LSL to pat-
tern geometric shapes into PEGdiPDA gels to study hMSC 
spreading.[187] Tibbitt et  al. characterized the multiphoton 
degradation kinetics of the system. By exploiting surface 
erosion at the cell–material interface, the authors could 
induce subcellular detachment of MSCs to better visualize 
and understand the effect of soft substrates on cytoskeleton 
rearrangement.[203] Norris et  al. followed with a study dem-
onstrating single-photon grayscale patterning of elasticity 
with micrometer-level resolution. MSCs congregated and 
aligned orthogonal to the gradient direction (Figure 7d).[204] 
Finally, coumarin-based photoactive PEG gels, which can 
be degraded at two-photon wavelengths between 720 and 
860  nm, have shown potential in patterning crosslink den-
sity; however, this system requires a Cu catalyst, and hence, 
is not cytocompatible.[205]
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4.3. Soft Lithography

While soft lithographical approaches to pattern biochemical or 
topographical cues are common, this technique has only seen 
a few instances in patterning biomechanical cues; yet, it lends 
itself easily to patterning step changes in elasticity. The Engler 
group patterned PA by polymerizing the first hydrogel in a 
micromold, and layering a second hydrogel on top.[162,206] This 
method achieved 100  µm wide lines of stiffer elastic moduli 
(1 kPa corresponding to neurogenic; 10 kPa to myogenic; 34 kPa 
to osteogenic); by tailoring the elasticities, the authors induced 
differentiation of various cell types, creating well-defined, stri-
ated co-cultures.[206] More complex patterns have also been 
shown: Zhang et al. polymerized an initial PA gel in a bubble-
wrap-like pattern and filled the empty space with a second 
hydrogel to study the effects of anisotropic stiffness gradients 
on invasive breast cancer cell migration. Cancer cells preferen-
tially migrated to stiffer regions and aligned perpendicularly to 
the gradient, while normal cells displayed randomly oriented 
movement in response to anisotropy.[207]

The Lensen group utilizes a similar method, termed “fill-
molding in capillaries” (FIMIC), which is commonly employed 
for topographical patterning; the initial prepolymer solution 
is patterned with a stamp, and the second prepolymer solu-
tion is then flowed into the ridges of the first hydrogel by cap-
illary force. Diez et  al. patterned alternating 20 µm wide stiff, 
2.5 MPa lines with 10 µm wide soft, 240 kPa lines and observed, 
as expected, that fibroblasts aggregated in stiffer regions.[208] 
Intriguingly, a later study which performed the same method of 
patterning, but with a PEG and PEG–propylene(glycol) blend, 
observed the counterintuitive migration of fibroblasts to softer 
regions when the stiffer gel filled in the softer mold, avoiding 

the convex, stiffer region.[209] This finding underscores the 
potential challenges when patterning elastic modulus using 
soft lithographical approaches: bi-layer gels may cause differ-
ential swelling between the two lines and cause unaccounted 
geometric changes in concavity and surface roughness. Addi-
tionally, as with other layering techniques, polymer depletion 
of the second hydrogel by the hydrogel mold may confound the 
prediction of layer stiffness.[162]

4.4. Additional Techniques

In addition to the methods described above, various techniques 
have been proposed to pattern elastic modulus. Similarly to the 
soft lithographical approaches discussed in Section 4.3, hydro-
gels have been polymerized on top of buried PDMS molds with 
various topographical features (e.g., balls, steps, ridges) to create 
gels of patterned thicknesses and stiffnesses.[210,211] Another 
study deployed a cunningly simple method of dehydrating and 
compressing ridged collagen to yield alternating, compacted 
lines of stiffer collagen.[212] Yang and Liang presented a method to  
create elastic moduli and viscoelasticity gradients in alginate 
gels by controlling the voltage and charge of the applied electric 
field.[213] E-beam lithography has also been used to pattern gel-
atin gels, by first inducing bond scission and radical formation 
and then, rearrangement and increased crosslinking in select 
areas.[214,215] Even more complex techniques including 3D stere-
olithography (SLA) have been used to create grayscale intensity 
patterns of PEGDMA with defined stiffnesses and geometries 
to study muscle cell migration.[216]

While much interest has been dedicated toward studying duro-
taxis and differentiation due to changes in elastic modulus, future 

Figure 7.  Soft lithographical patterning of topography. a) OxLAM and gelatin hydrogels can be mechanically imprinted on the micrometer scale, 
allowing for patterning of hASC growth. Reproduced with permission.[235] Copyright 2020, Wiley-VCH. b) Kim et al. patterned PEG on the nanoscale 
with CFL. Cardiomyocytes on patterned substrates grew in aligned monolayers as opposed to cells on nonpatterned substrates. Reproduced with 
permission.[244] Copyright 2010, National Academy of Sciences.
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work will need to incorporate other aspects of network mechanics 
(e.g., viscoelasticity) alongside biochemical and topographical cues 
to more accurately mimic the in vivo environment of the ECM.

5. Topographical Patterning of Hydrogel 
Substrates
In addition to biochemical and mechanical cues, the topog-
raphy—the arrangement of physical features—of the ECM 
has proven to be instrumental in tissue differentiation and 
organization. In tandem with other signaling pathways, the 
most plausible explanations for topographical sensing is related 
to focal adhesion and actin fibril changes through the RhoA/
ROCK pathway.[217] Early studies demonstrated that various cell 
types align and spread preferentially with grooved substrata in 
a phenomenon known as contact guidance.[218–221] Moreover, 
cell response varies depending on the geometric spacing and 
size of these cues; for instance, studies have shown that varying 
size of microbeads and spacing of fibronectin islands greatly 
affects endothelial cell proliferation.[222,223] The fate of cells can 
also be determined by the topographical features: for example, 
osteogenic differentiation of stem cells is increased in micro-
pits.[224] Additionally, physical cues direct cell–cell coupling and 
orchestrate complex processes, such as myotube formation, 
endothelialization, and neuron projection.[225–229]

5.1. Soft Lithography

Soft lithographical approaches to patterning topographical cues 
are among the most popular and simple ways to explore the 
biological effects of topography on cells. Moreover, due to its 
utility and ubiquity, soft lithography has seen an expansion to 
other biological fields in recent years.

5.1.1. Micromolding

In one of the first instances of micromolding of hydrogels, col-
lagen was molded with grooves of 1  µm or less to study the 
response of HDFB and human umbilical artery smooth muscle 
cells; cells aligned and proliferated in the grooves.[230] Figallo 
et al. expanded this to planar or tubular HA membranes which 
could then be laminated together to form 3D constructs.[231] 
Other early work patterned UV-curable, acrylate starPEG hydro-
gels with micro- and nanometer-scale pillars, posts, and ridges 
and demonstrated that fibroblasts adhere to some degree to 
non-biochemically functionalized surfaces with topographical 
patterns, depending on the spacing between the features.[232,233] 
Similar work in PA gels qualified the effect of gap width and 
shape on MSC spread area, elongation, and orientation, and 
found that the optimal gap width was 15 µm with surrounding 
heights of at least 5  µm to ensure that cells proliferated in 
between the features.[120] Another example in poly(2-hydroxy-
ethyl methacrylate)-based (pHEMA) hydrogels demonstrated 
that arrays of micropillars of aspect ratios as high as 6 in the 
micrometer range promote HeLa cell adhesion on an otherwise 
nonadhesive surface.[234]

More recently, Lavrador et al. introduced a covalently adapt-
able hydrogel based on Schiff base crosslinking between oxi-
dized laminarin, an algae-derived polysaccharide, and amine 
groups of gelatin. This combination of biopolymers was ame-
nable to patterning by mechanical imprinting post gelation 
with micro- and nanoscale resolution. For instance, they were 
able to pattern the microscale ridges of a coin and a nanoarray 
of ridges intercalated with sub-microgrooves to align hASC 
growth (Figure 7a).[235]

Micromolding has expanded to more applied research, 
for instance, designing colonic crypt arrays, in vitro models 
of skeletal and cardiac muscle, and engineering microvessel 
structures.[236–239]

5.1.2. Capillary Force Lithography

CFL was first introduced as a technique to pattern PEGDMA 
substrates for biological studies in 2004 by Suh et al.[240] Stem-
ming from this work, PEGDMA and other UV-crosslinkable 
PEG gels were patterned with ridges, dots, posts, and cone-
shaped nanostructures. Protein adsorption and cell adhesion 
were greater on modified, as opposed to planar, surfaces.[241–243] 
Kim et  al. developed a hydrogel array of nanoscale ridges and 
grooves as an in vitro model of the myocardium. Seeded car-
diomyocytes formed aligned monolayers mimicking the native 
in vivo structure, as opposed to myocytes on unpatterned sub-
strates, which were less aligned and had greater cell areas. 
Action potential propagation speed increased and was unidirec-
tional on patterned substrates, unlike the elliptical propagation 
pattern observed on a planar gel, indicating that the underlying 
topography influenced cell–cell coupling and higher structural 
organization (Figure 7b).[244]

Agarwal et al. adapted CFL for use with alginate by taking advan-
tage of calcium diffusion through a molded agar stamp to fabri-
cate 15 µm wide ridges and 3 µm wide grooves in alginate films. 
The topography of the substrate induced anisotropy in cardiac 
tissue, which was able to deform the alginate substrate and gen-
erate contractile stresses comparable to healthy myocardium.[245] 
Nemeth et  al. utilized CFL to nanopattern PEG–gelatin meth-
acrylate (GelMA)–HA hydrogels to study chondrogenesis of dental 
pulp stem cells, and observed that cells formed 3D spheroids in 
the valleys as well as upregulated chondrogenic markers.[246] Addi-
tionally, Comelles et  al. demonstrated control of topography and 
elastic modulus in PA gels, which promoted sustained growth of 
three cell lines—fibroblasts, myoblasts, and intestinal epithelial 
organoids—and myotube formation and differentiation.[247]

5.2. Photolithography

Photolithography has seen significant use for forming topo-
graphical patterns and more sophisticated scaffolds.

5.2.1. Mask-Based Photolithography

The early instances of masked photopatterning employed the 
PEGDA chemistry popularized by the West group to create 
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geometric patterns on surfaces.[30,248] Generally, a base hydrogel 
is polymerized, and the second polymer layer on top is pat-
terned with a mask to yield topographical reliefs in a bottom-
up approach.[30] Bryant and Ratner introduced photosensitive 
pHEMA with tunable polymerization kinetics based on light 
exposure: the covered areas experienced no inhibition of poly
merization, whereas in the exposed regions the polymerization 
and photodegradation of the crosslinker were in competition, 
yielding partially or non-crosslinked areas, depending on the 
intensity of the light transmitted.[249,250] However, both of these 
techniques do not yield high precision patterning, as features 
below 200 µm are difficult to achieve.[30,250]

As such, photodegradable chemistries have been explored 
for top-down approaches to patterning. Fairbanks et al. reported 
a novel mechanism for photochemically cleaving disulfide 
crosslinked hydrogels, which could also be mechanically 
imprinted due to the reversible nature of the bonds.[251] Pat-
terning schemes based on the photodegradable oNB chemistry 
have also been demonstrated, stemming from the work done 
by Kloxin et  al. which used photomasks to erode channels to 
control hMSC spreading.[90,187] Further studies incorporated 
the degradable acrylate chemistry such as the dual-tone system 
presented by Xue et  al. and the geometric patterning done by 
Kirschner et  al., which demonstrated that hMSCS elongated 
and spread in proportion to the aspect ratio of the patterned 
topographical features.[252,253] Nikkhah et  al. explored pat-
terning GelMA with a photomask to generate ridges of 50 µm 
wide with heights ranging from 50 to 150 µm and showed that 
HUVECs aligned along the major axis and formed endothelial 
cord structures.[254]

5.2.2. Laser-Scanning Lithography

Higher precision and 3D patterning of substrates with LSL as 
opposed to masked photolithography has spurred many devel-
opments in photosensitive chemistries. While some work 
has been performed using single-photon-based patterning 
to study hMSC spreading and orientation,[187,253] and neuron 
outgrowth,[255] most studies have employed multiphoton tech-
niques for both photoadditive and photoablative chemistries. 
For instance, Qin et al. modified gelatin hydrolysate with vinyl 
esters, enabling them to selectively crosslink 500  µm hexag-
onal rings that could be fused together for more complex scaf-
folds.[256] Collagen hydrogels with embedded gold nanorods 
have also been used for patterning channels to guide endothe-
lial cell migration, alignment, and tube formation.[257] In a 
similar manner, microstructures of concentric squares or lines 
with sub-micrometer resolution were selectively crosslinked 
on MeHA gels, and modified with a laminin-derived peptide 
(IKVAV) to direct Schwann and neuronal cell growth in 2D 
and 3D.[258] Hippler et  al. introduced secondary patterning of 
3D printed pNIPAM crosslinked with photosensitive N,N′-
methylenebisacrylamide; upon irradiation with a NIR laser, 
local heating and stiffening occurred, bending posts in the 
desired direction.[259]

On the other hand, photodegradable chemistries repre-
sent another approach to making topographical patterns. As 
with chemical and mechanical patterning, the oNB group has  

commonly been employed as a photolabile moiety. In their sem-
inal work, Kloxin et al. deployed photocleavable PEG–diPDA to 
degrade interconnected 3D channels in a gel, releasing fibro-
sarcoma cells into the channel and enabling migration.[63] Fol-
lowing this, Kloxin et  al. also installed this functional group 
in a di-azide enzymatically cleavable crosslinker for reaction 
with PEG–tetracyclooctyne. Using two-photon lithography, 
wells were photodegraded and seeded with AT2 cells; sub-
sequently, the wells were filled in with gel precursor, but the 
geometry and interconnectivity of the wells could be changed 
on demand.[260] A photodegradable step-growth network con-
taining the oNB linker and formed through SPAAC has been 
utilized to govern 3D endothelial cell outgrowth with PEG-
based hydrogels, a strategy recently extended to guide axonal 
growth.[90,261] Arakawa et  al. eroded 3D vascular beds by 
installing a photodegradable oNB group into a diazide peptide 
crosslinker.[262] To further increase sensitivity, coumarin groups 
have been coupled with oNB groups or directly attached to the 
PEG macromer.[205,263]

Others have turned to material photoablation for topograph-
ical patterning, whereby high-power lasers indiscriminately 
sever covalent linkages comprising the gel backbone. Branden-
berg and Lutolf patterned microvasculature networks in various 
natural hydrogels, which could then be perfused.[264] Arakawa 
et al. also employed a similar approach in collagen hydrogels to 
create a fully perfusable capillary model.[265] A recent composite 
approach incorporated graphene oxide into PA, rendering it 
sensitive to femtosecond laser ablation, for patterning lines 
between 20 and 80 µm wide. 50 µm wide lines were found to 
be the most successful at facilitating differentiation and align-
ment. Furthermore, the chemical reduction of the graphene 
oxide resulted in improved electrical conductance and efficient 
delivery of external electrical signals to the myoblasts.[227]

5.3. Electrospinning

Electrospinning provides a simple and versatile method for cre-
ating fibers, mimicking the fibrous nature of the ECM. A high 
voltage is applied to a polymer solution to induce a liquid jet, 
which is then continuously stretched due to the electrostatic 
repulsions between the surface charges and the evaporation 
of the solvent.[266] The arrangement, shape, and movement of 
the collector plate can determine the deposition and size of the 
fibers, permitting creation of highly aligned fibers to study cell 
response. To accomplish this type of patterning, rotating drums 
or other specially designed collectors are generally utilized.

In one of the first studies utilizing hydrogel polymeric pre-
cursors, Kakade et al. produced aligned PEG fibers on both the 
macroscopic and polymeric level by collecting on electrically 
counter-charged plates.[267] Liu et  al. electrospun micrometer-
thick PEG poly(dl-lactide) fibers on a lithographically patterned 
conductive collector to make ridges and valleys. NIH 3T3 cells 
preferentially migrated and invaded the ridges, and depos-
ited ECM in alignment with the fibers.[268] As a more high-
throughput approach to generating aligned fibers, Hou et  al. 
developed a dynamic crosslinking method to make size-control-
lable, isotropically swelling fibers from PEGDA in a large bath 
with an adjacent fiber collection roller to capture the fibers.[269]
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Multiple studies have compared the difference between 
random and aligned fibers on cell mechanotransduction. 
Nivison-Smith and Weiss compared the effect of isotropic and 
random fibers from recombinant human tropoelastin on the 
alignment of primary coronary artery SMCs and demonstrated 
that SMCs on aligned scaffolds form an elongated and direc-
tional monolayer.[270] PCL–gelatin fibers were used to com-
pare fibroblast alignment and gene expression on aligned and 
random mats: eight genes connected to focal adhesion forma-
tion and actin polymerization were upregulated.[271] Further-
more, Yao et  al. demonstrated that soft, hierarchically aligned 
fibrillar, as opposed to random fibrin hydrogels promoted 
neurogenic differentiation of MSCs and induced neurite out-
growths up to 2 mm long.[272]

There has also been work with incorporating and patterning 
electrospun micro or nanofibers into hydrogels. Aligned PLLA 
nanofibers were microcontact printed on agarose.[273] Addition-
ally, PCL fibers were embedded in PEGDA, and then patterned 
with a photomask to create ridges of aligned, perpendicular, 
and random fibers. Myoblast differentiation was affected by the 
direction of nanofibers, more so than the micropatterns of the 
gels.[274] Song et  al. designed an intricate method for making 
layered hydrogels: they created patterned topographical collec-
tors by soft lithography, and electrospun nylon fibers to create 
mats with posts. These mats were transferred to a Matrigel 
hydrogel, and seeded with human embryonic stem cells; these 
cells were allowed to adhere and filled in with alginate, creating 
a confluent interface of two hydrogel materials.[275] Electrospin-
ning has been a critical technique in exploring alignment in 
matrices similar to the native ECM and has begun to elucidate 
critical roles for fibers in the cell’s environment.

5.4. 3D Printing

3D printing has revolutionized 3D tissue culture and has been 
instrumental in developing larger, multicellular constructs. 
Herein, we present a select few instances to design topo-
graphical arrays to study cellular response; we note, however, 
that many other review articles discuss this technology and its 
potential applications in greater depth.[276,277]

5.4.1. Light-Based 3D Printing

SLA utilizes light to sculpt objects from photocurable resins 
(e.g., hydrogel precursors). A laser is rastered over a liquid 
resin, polymerizing a volume unit (a “voxel”) of polymer, and 
is repeated layer by layer until completion.[276] While this type 
of additive manufacturing was developed in the 1980s, its use 
with hydrogel materials began to be explored in the early 2000s. 
Itoga et  al. micropatterned convex PEGDA domains on glass 
slides, and achieved cell adhesion in absence biochemical cues 
to the dome patterns.[278] Valentin et  al. described an exciting 
and novel method for SLA printing alginate: photoacid genera-
tors were selectively illuminated in the presence of insoluble 
cation salts, which would dissolve in the presence of H+ ions 
and crosslink alginate strands. They could pattern ridges of 
different heights, steps and microfluidic channels with tall 

reservoirs. The reservoirs could be degraded with a chelator to 
release cells and study collective cell migration. The authors 
observed that monolayers with an initially convex geometry 
were pulled forward faster than flat geometries due to supra-
molecular actomyosin cables (Figure 8a).[279]

Newer and faster methods, such as digital projection 
lithography (DLP), continuous liquid interface production 
(CLIP), and two-photon polymerization (2PP) are based on 
the same concept, but in contrast to standard SLA, use micro-
mirror devices or dynamic liquid crystal masks to project the 
desired image and as such, enable polymerization of an entire 
layer.[276] Various reports have demonstrated the utility of DLP 
in designing biocompatible PEGDA scaffolds with controlled 
geometries, pore size, and crosslinking densities, leading to 
swelling-induced patterns.[280–282] Naturally derived materials 
have also been employed for DLP. Gauvin et  al. printed con-
trolled, porous GelMA scaffolds in microscale hexagonal and 
log cabin patterns to allow for uniform cell distribution, and 
Soman et al. demonstrated intricate geometric patterns such as 
flowers, spirals and pyramids in GelMA that cells could deform 
and move.[283,284] Ma et  al. 3D bioprinted a hexagonal GelMA 
lattice seeded with hIPSCs and HUVECs or ADSCs in defined 
locations as a patient-specific hepatic model; cells preferentially 
aligned where they were seeded and upregulated production of 
key enzymes related to drug metabolism (Figure 8b).[285]

For more precise control over architecture, Yin et al. reported 
on an oxygen inhibition-assisted CLIP technique that enabled 
design of environments in PEGDMA with defined geome-
tries and stiffnesses.[216] As an example of the most advanced 
and highest resolution technique, Klein et  al. manufactured 
PEGDA/pentaerythritol tetracrylate copolymer micropillars 
with interconnecting beams, and tethered photoresist cubes 
with deposited ECM molecules to the beams using 2PP. 
The precise placement of the cubes bestowed control of sin-
gular fibroblast adhesion, shape, and orientation in 3D space, 
offering an exciting platform for future studies of spatial ligand 
and topographical cue presentation.[286]

5.4.2. Ink-Based 3D Printing

While light-based 3D printing provides the highest resolu-
tion, it is limited to photopolymerizable materials; on the other 
hand, ink-based 3D printing can be applied to a variety of soft 
materials. Direct-write printing is a method whereby a syringe 
with a nozzle is moved over a surface as it dispenses ink. 
Through careful control of ink composition, printing param-
eters, and rheological behavior, 3D constructs, such as high 
aspect ratio walls, continuous solids or spanning features can 
be constructed.[287] Barry et al. direct wrote a mixture of acryla-
mide and glycerol to make hydrogel scaffolds with 5 µm thick 
filaments with 20 µm spacing and noted that fibroblasts tended 
to grow down into the well, at the bottom of the ridges.[288] 
Others have proposed utilizing the pluronic family of polymers, 
due to their shear-thinning properties, temperature sensitivity, 
biocompatibility, and potential to be chemically modified with 
acrylate groups for permanent crosslinking.[289,290] For example, 
the Lewis group presented an elegant strategy printing a pat-
terned microvasculature system: fugitive pluronic filaments 
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were extruded into a photocurable reservoir of F127-diacrylate 
and after matrix polymerization, were washed out, yielding 
defined void structures (Figure 8c).[291] PEG-based systems have 
seen limited use, but some examples of copolymers exist in the 
literature. Dual stimuli-responsive diblock and triblock copoly-
mers based on poly(alkyl glycidyl ether), poly(isopropyl glycidyl 
ether), and PEG have been used to direct write microscale free-
standing pillars with aspect ratios of up to 23.[292]

5.5. Additional Techniques

Other techniques for patterning topographies such as e-beam 
lithography, nanoimprint lithography (NIL), and microfluidic 
approaches have been suggested.[293,294] Particularly interesting 
examples are discussed below. A hybrid poly(acrylic acid) (PAA) 
and bacteriorhodopsin (BR) gel was crosslinked with e-beam 
lithography; at low pH conditions, the carboxyl groups of PAA 
dissociated, leading to osmotic pressure buildup and signifi-
cant chain stretching. Exposing the gel to green light induced 
conformational change in BR, resulting in a flux of protons, 
protonation of PAA and a return to the original state.[295] Dos 
Reis et  al. also utilized e-beam lithography to etch networks 
of microwells and channels in acryloyl end-capped hydrogels 
to promote neurite extension.[296] NIL—a hard lithographical 

molding technique that generates resist relief patterns on the 
nanometer scale by physically compressing the imprint resist 
as it is curing—was used to pattern gratings and pillars in 
poly(vinyl alcohol) planar and tubular vascular grafts.[297] The 
topographical patterns encouraged endothelialization and 
patency in vivo after 20 days, leading the authors to propose that 
the hydrophobicity of the surface is impacted by the nanoscale 
topographies and may allow for cells to adhere without surface 
modifications.[298] Additionally, PA gels with embedded nickel 
microwires which were aligned with magnets to create wrin-
kled surfaces were used to study VSMC response to dynamic 
changes in topography.[299]

Surface wrinkling of hydrogels caused by differences in 
osmotic pressure has seen a surge in interest for patterning 
applications.[300,301] The Hayward group has demonstrated 
control over buckling patterns by changing gel thickness, 
crosslinking density, UV and air exposure, and layering mul-
tiple gels, enabling them to create hexagonal, lamellar, and 
conical patterns, among others.[302–304] Hughes et  al. demon-
strated that wrinkled PEGDA microposts could be produced by 
balancing competing polymerization and termination events 
due to oxygen inhibition. Using this platform, they showed that 
fibroblasts migrated out of wells and attached to wrinkled posts, 
assuming a 3D morphology and even coupled with other cells 
nearby.[225] In the future, with a better understanding of surface 

Figure 8.  3D Printing techniques for patterning topography. a) Alginate with cation photoacid generators (left) was stereolithographically 3D printed 
in multiple unique designs (right). Reproduced with permission.[279] Copyright 2017, Royal Society of Chemistry. b) Ma et al. printed a patient-specific 
hexagonal GelMA lattices using DLP to model the liver. Reproduced with permission.[285] Copyright 2016, National Academy of Sciences. c) The Lewis 
group’s method to omnidirectionally print vascular structures with fugitive pluronic ink. Reproduced with permission.[291] Copyright 2011, Wiley-VCH.
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wrinkling properties, the exploitation of this physical phenom-
enon may present a simpler way to generate smaller-scale pat-
terns for use in tissue engineering or cell culture applications.

6. Conclusion

The field of hydrogel patterning has seen significant advance-
ment in the past two decades, enabling researchers to probe 
cellular interactions in vitro and engineer elegant multicel-
lular structures, yet there is always room for innovation, 
both in materials and techniques. In particular, future work 
should focus on designing more cytocompatible chemistries, 
engineering true reversibility of cue presentation, boosting 
patterning resolution while not sacrificing precision, and mod-
ifying and expanding upon current techniques to extend pat-
terning to 3D and other materials. To achieve these goals, we 
must integrate advances from both chemical and technological 
perspectives.

Recent advances in material chemistry and protein 
engineering have shown compounds or proteins that are dual-
wavelength sensitive, such as those based on cis–trans azoben-
zene isomerization, guest–host interactions of azobenzene and 
β-cyclodextrin, photoreceptors such as Dronpa145N, and split-
protein systems.[305–310] Such control would allow studies of spa-
tial and temporal presentation of biochemical and mechanical 
cues previously inaccessible, without having to transfer cells to 
other substrates, and provide a route to more accurately model 
the ever-changing niche that cells encounter in vivo. Addition-
ally, combining orthogonal or multiplexed materials is another 
route to patterning multiple gel aspects, potentially enabling 
users to pattern biochemical, mechanical, and topographical 
cues in one system. Advances in supramolecular chemistry 
may further expand physiochemical control over hydrogel 
constructs.

Combining improvements in material development with 
technological advances may not only provide increased pat-
terning resolution but also an opportunity for scaling up fabri-
cation processes. However, it is challenging to select the right 
material and technique to ensure optimal resolution and bio-
compatibility. For example, although advances in photolithog-
raphy, specifically in using multiphoton lasers, have addressed 
cytotoxicity concerns while still providing excellent resolution, 
the slower processing speed of MP-LSL limits its application 
in scaling up for high-throughput studies and larger fabri-
cation volumes. Furthermore, with scan-based patterning, 
simultaneous targeting of multiple sites within a given area 
is not possible and is limited by the sequential laser scan-
ning process. Recently, emerging tools in the optics commu-
nity have been proposed to address these challenges. Parallel 
stimulation can be achieved by spatial light modulators (SLM), 
which allow for the controlled projection of light patterns 
either by manipulating the intensity (amplitude) or phase of 
the light. Digital mirror devices, amplitude SLM made up of 
thousands to millions of microscopic mirrors that are capable 
of being independently turned “on” or “off,” have been used 
to control spatiotemporal light patterns with resolution on the 
micrometer scale without the need for a mask.[311] Holographic 
illumination, a phase SLM where computer-generated phase 

holograms are used to make patterns, provides additional 
advantages, including high efficiency and its ability to produce 
3D light patterns.[312] Although SLM allows for dynamic pat-
tern changes, the resolution is limited by the mirror number, 
shape, and density.[313] Furthermore, the writing speed is lim-
ited by the laser power. Technological advances in high pulse 
power kHz repetition lasers have enabled massive paralleli-
zation of interface patterning. These high-power lasers can 
be combined with SLM or fixed diffractive optical elements 
(DOE) to fabricate repetitive periodic patterns. Parallelization 
can be achieved through DOE, which can be inserted into 
the beam path to create multiple beamlets.[313] Fabrication 
speed can also be increased through resonant-scanning-based 
lithography.[314]

Together, these techniques and advances in fabrication 
and material chemistry provide greater control over directing 
cell fate by allowing simultaneous and independent stimula-
tion of cells with biochemical, mechanical, and topographical 
cues. Overall, platforms that can spatially and temporally pre-
sent biochemical and biophysical cues will become integral in 
exploring novel regenerative medicine approaches and studying 
new pathways of disease in more realistic models.
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