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Abstract

Diverse biological processes in the body rely on the ability of cells to exert contractile forces on
their extracellular matrix (ECM). In three-dimensional (3D) cell culture, however, this intrinsic
cellular property can cause unregulated contraction of ECM hydrogel scaffolds, leading to a loss
of surface anchorage and the resultant structural failure of in vitro tissue constructs. Despite
advances in the 3D culture technology, this issue remains a significant challenge in the
development and long-term maintenance of physiological 3D in vitro models. Here, we present a
simple yet highly effective and accessible solution to this problem. We leveraged a single-step
surface functionalization technique based on polydopamine to drastically increase the strength of
adhesion between hydrogel scaffolds and cell culture substrates. Our method is compatible with
different types of ECM and polymeric surfaces and also permits prolonged shelf storage of
functionalized culture substrates. The proof-of-principle of this technique was demonstrated by the
stable long-term (1 month) 3D culture of human lung fibroblasts. Furthermore, we showed the
robustness and advanced application of the method by constructing a dynamic cell stretching
system and performing over 100 000 cycles of mechanical loading on 3D multicellular constructs
for visualization and quantitative analysis of stretch-induced tissue alignment. Finally, we
demonstrated the potential of our technique for the development of microphysiological in vitro
models by establishing microfluidic 3D co-culture of vascular endothelial cells and fibroblasts to
engineer self-assembled, perfusable 3D microvascular beds.
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INTRODUCTION

Growing cells in extracellular matrix (ECM) hydrogels is a common technique to model the
native three-dimensional (3D) microenvironment of cells in the body. Substantial evidence
has shown that this culture configuration promotes structural and functional differentiation
of cells and allows them to express their physiological phenotype in a more efficient manner.
1-3 Based on these findings, considerable efforts have been made over the last two decades to
develop novel in vitro techniques and materials that enable growth, differentiation, and
maintenance of cells in physiological 3D environments.** Significant progress in this area
has led to a wave of 3D culture models designed to address the inherent limitations of
traditional two-dimensional (2D) culture, ranging from simple cell-laden hydrogel
constructs to bioprinted 3D tissues and microengineered organ-on-a-chip systems.5:’

As an essential component of these 3D culture systems, ECM-derived hydrogels provide
structural support for cell adhesion and produce insoluble microenvironmental cues that can
instruct cultured cells to exhibit their 3D phenotype.8: Despite their desirable properties and
important biological function, however, ECM hydrogels also pose unique challenges to in
vitro culture. As cells embedded in a hydrogel scaffold attach and spread, they develop
intracellular tension due to the contraction of the actomyosin cytoskeleton, which is
transmitted through focal adhesions to exert mechanical forces on the surrounding ECM.
10.11 Although these cell-generated traction forces play an essential role in a variety of
fundamental biological processes in vivo,12 the sustained process of force generation during
prolonged culture can cause progressive contraction of highly deformable ECM scaffolds,
leading to hydrogel detachment from culture vessels and the resultant shrinkage and collapse
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of 3D tissue constructs in an uncontrolled manner. This type of structural failure has been a
major problem in the long-term culture of adherent cells in ECM hydrogels, which is often
required for the development of physiologically relevant 3D in vitro models.

In this paper, we present a simple surface engineering technique to address this problem and
demonstrate its application to the construction of advanced 3D culture models. Our method
is based on the modification of surface chemistry using poly(dopamine) (PDA), a mussel-
inspired multifunctional material produced by oxidative polymerization or selfassembly of
catecholamines in aqueous alkaline solutions.13-15 PDA can be deposited spontaneously via
a single-step dip coating process to form a thin, biocompatible conformal film on numerous
types of organic and inorganic surfaces.13-15 Researchers have demonstrated the use of PDA
surface coating to achieve strong interfacial adhesion for a wide array of biomedical
applications including cell patterning,16:17 immobilization of proteins and nanoparticles,18:19
biomineralization,2021 and vascular tissue engineering.2223 Inspired by these studies, we
investigated whether PDA could be used as a simple approach for the surface
functionalization of 3D culture systems to strengthen the anchorage of ECM hydrogel
scaffolds during the long-term culture.

RESULTS AND DISCUSSION

To test the feasibility of this approach, we first conducted a preliminary study to examine the
effect of PDA on surface adhesion of acellular ECM hydrogels. Our investigation was
carried out using poly(dimethylsiloxane) (PDMS) as a model substrate, which is widely used
to engineer advanced 3D cell culture platforms due to its biocompatibility, high gas
permeability, ease of fabrication, and optical transparency.242> First, we prepared a flat slab
of PDMS and incubated it in a 2.0 mg/mL (w/v in 10 mM Tris-HCI buffer, pH 8.5) of
dopamine hydrochloride solution at room temperature for 2 h to form a thin layer of PDA on
the surface (Figure 1A). This single-step coating process changed surface wettability of
PDMS and rendered the substrate hydrophilic, as verified by approximately 50% reduction
in static water contact angle (Figure 1B). Following PDA coating, an array of collagen
hydrogel droplets was created on the PDMS surface and incubated in an aqueous buffer
solution, while being constantly agitated by a rotating shaker at 100 rpm for 12 h at room
temperature (Figure 1C). Under this dynamic condition, the hydrogel array on the PDA-
treated substrate remained intact without showing any indications of gel detachment (Figure
1D). In contrast, the vast majority of collagen droplets on untreated PDMS began to lose
their anchorage to the substrate and detach within 2 h (Figure 1D,E), demonstrating the
significant enhancement of hydrogel adhesion due to the surface functionalization by PDA.
This method produced similar beneficial effects when the same tests were performed at

37 °C, which represents typical temperature conditions for mammalian cell culture, and
when we used matrigel to form hydrogel droplets (Figure 1F).

Based on the promising results of our preliminary study, we then constructed a simple 3D
culture model to directly assess the effectiveness of using PDA to prevent cellular
contractility-induced detachment of ECM hydrogels. For this study, we used primary human
lung fibroblasts as a model cell population representing highly contractile cells that reside in
a 3D environment in vivo. To establish the 3D culture, the cells were embedded and grown
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in hydrogel scaffolds made out of type I collagen in circular PDMS wells functionalized
with PDA (Figure 1G). During cell culture in this system, the fibroblast-containing collagen
hydrogel constructs remained firmly attached to the well surface and retained their shape in
both horizontal and vertical directions (Figures 1H and S1). The structural stability of the
hydrogel was maintained over 30 days despite significant amounts of serum (2%) present in
the culture medium (Figure 1H). When the PDMS wells were not pretreated with PDA,
however, the failure of hydrogel adhesion occurred within the first 4 days of culture and
became more evident with time, eventually leading to complete detachment and the
spontaneous collapse of the entire tissue constructs within 10 days (Figure 1H). Importantly,
PDA was found to be equally effective for preventing hydrogel detachment in conventional
polystyrene well plates (Figure 11). This adhesive property of PDA was also superior to that
of other materials that have been used for similar purposes in cell culture (Figure S2).26
Moreover, our study revealed that PDA-coated substrates can be stored in ambient air
conditions for as long as 4 weeks without a significant loss of their adhesive properties
(Figure S3).

Although further investigation is necessary, the significantly enhanced hydrogel adhesion
demonstrated in these experiments may be attributed to covalent bonding of amine and thiol
groups in the collagen hydrogel with PDA through Michael addition and Schiff base
formation.27-28 PDA can also engage in noncovalent interactions with the ECM hydrogel
through hydrogen bonding, cation—7, -7, and electrostatic interactions,2?:30 which can
further increase the strength of interfacial adhesion. The hydrophilicity of PDA-treated
PDMS may be another contributing factor, as increased surface wettability can facilitate the
interaction of highly hydrated ECM scaffolds with the surface of the culture chamber.

Since the geometry of the culture well is a major determinant of boundary constraints that
dictate the spatial distribution of cell-generated contractile forces within the hydrogel
scaffold, we also examined the performance of PDA under different stress conditions created
by changing the shape of the culture chamber. Unlike the original circular wells, the new
chambers were designed to have sharp corners to generate local regions of stress
concentration (Figure 2A). Interestingly, this geometrically induced nonuniform mechanical
environment had negligible effects on the adhesive function of PDA. Regardless of the
chamber shape, the hydrogel constructs cultured in the PDA-coated wells showed no
measurable structural changes during the course of 10-day culture tested in this study
(Figure 2B). The same culture in the nontreated system, by contrast, resulted in the failure of
hydrogel adhesion that initially occurred at the sharp corners of the chambers and
propagated along the edges (Figure 2C).

Importantly, the ability to stably maintain cell-laden hydrogel constructs made it possible to
probe the morphology and structural organization of embedded cells within their 3D
microenvironment during long-term culture. As illustrated by immunofluorescence staining
of the actin cytoskeleton (Figure 2D), the fibroblasts cultured in collagen hydrogel for 10
days assumed an elongated morphology and extended dendritic processes into their
surrounding matrix. Collectively, these cells were organized into a 3D cellular network in a
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randomly oriented manner, which is indicative of the isotropic mechanical
microenvironment produced by the spatially uniform adhesion of the circular hydrogel
scaffold to the substrate. Culture of other types of contractile cells, such as hepatic stellate
(hHSC) and muscle cells (C2C12), gave rise to similar cell morphologies and multicellular
organizations (Figure 2E). A loss of boundary constraints due to hydrogel detachment in
nontreated wells, however, led to drastic changes in tissue microarchitecture. Regardless of
the type, the cells in the collapsed hydrogel constructs lost their 3D morphology and formed
highly dense, planar structures in which the morphological characteristics of individual cells
were similar to those seen in 2D culture (Figure 2F). Taken together, these results
demonstrate that PDA provides a simple yet versatile approach to establish, maintain, and
analyze the long-term 3D culture of contractile cells in ECM hydrogel scaffolds.

In the next phase of our study, we explored the feasibility of leveraging our surface
engineering technique to build an advanced in vitro platform capable of supporting 3D cell
culture in physiologically relevant dynamic mechanical environments. Specifically, we
designed a computer-controlled motorized mechanical actuator integrated with an array of
PDMS cell culture chambers to subject fibroblasts-laden hydrogel constructs to cyclic
stretch to simulate breathing-induced deformation of the lung parenchyma (Figure 3A). As a
preliminary study, we first tested the ability of PDA coating to maintain surface tethering of
acellular collagen and fibrin hydrogels during prolonged operation of the stretching system.
In both cases, PDA-coated wells showed significantly increased interfacial adhesion
compared to the untreated group, effectively preventing hydrogel detachment during 86 400
cycles of uniaxial stretch at 10% strain and physiological breathing rates (0.33 Hz) over 3
days (Figure 3B).

These functionalized chambers were then used to culture primary human lung fibroblasts in
collagen hydrogels and to stretch them with 10% cyclic strain at 0.33 Hz. In response to
sustained force application in this system, the vast majority of cells was observed to reorient
themselves in the direction of applied strain (Figure 3C,D). After incessant stretching for 5
consecutive days, 88% of the cells displayed directional elongation and alignment (Figure
3E, middle). Our result is in contrast with the perpendicular reorientation of fibroblasts
cultured and cyclically stretched on 2D substrates.31:32 The parallel alignment observed in
our system, however, has recently been identified as a unique mechanosensitive behavior of
fibroblasts in 3D matrices.33:34 In comparison to the static culture, the applied strain also
significantly increased the number of fibroblasts, presumably due to the promotive effect of
mechanical stretch on cell proliferation previously reported in fibroblast cultures (Figure 3E,
bottom).35:36 Under the same stretching conditions, many of the constructs in the non-
functionalized replicates detached from the wells within 24 h. The cells in these free-floating
hydrogels still exhibited directional elongation, but the unconstrained contraction of the
detached scaffolds led to a loss of global tissue alignment, generating multicellular
aggregates with highly disorganized microarchitecture (Figure 3C, bottom row).

Studying the behavior of cells in mechanically dynamic organs in vitro often requires
complex, customized systems to affix and stabilize cell-laden 3D hydrogel scaffolds
undergoing structural deformation, which greatly increases the burden of cell culture
experiments. By relying upon PDA coating to create anchored hydrogels in an array format,
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our system offers a simple and accessible means to enable these types of studies with
significantly increased throughout. As demonstrated by the stability of our 3D fibroblast
constructs subjected to a continuous 144 000 strain cycles during the 5-day experiment,
hydrogel adhesion mediated by PDA is strong, durable and provides compelling advantages
not only for establishing the long-term 3D culture but also for modeling the dynamic
characteristics of the native 3D tissue environment.

Finally, we set out to demonstrate the use of PDA for constructing microengineered in vitro
models of specialized 3D human tissues. Organs-on-chips and microphysiological systems
have garnered considerable attention in recent years due to their potential to serve as more
predictive and physiologically relevant alternatives to traditional cell culture and animal
models.3” By making it possible to control cells and their microenvironment with
unprecedented spatiotemporal precision, these microengineered systems provide a powerful
platform to mimic and interrogate the complexity of human physiological systems in vitro.
6.38 Early studies in this area have demonstrated the instrumental role of conventional 2D
cell culture techniques in creating organ-on-chip models of various tissue types.39-41 With
the increasing interest in developing more advanced and realistic in vitro models, however,
there is a significant need for reliable and accessible approaches to establishing and
maintaining 3D cell culture in microfabricated devices.#243 Efforts to meet this emerging
need have been complicated by the susceptibility of hydrogel scaffolds to contractive
deformation and the resultant loss of surface adhesion during the long-term culture, which
tends to be more detrimental in microdevices due to the small size of engineered tissue
constructs.

To demonstrate the potential of PDA as an effective solution to this problem, we created a
PDMS microfluidic device for co-culture of vascular endothelial cells and fibroblasts in
ECM hydrogels to engineer 3D networks of perfusable blood vessels (Figure 4A,B). The key
feature of this device was a pair of microfabricated protrusions on the channel ceiling that
permitted capillary pinning-based spatial confinement of hydrogel precursor solution in the
central region to form a 3D fibrin scaffold encapsulating primary human lung fibroblasts and
human umbilical vein endothelial cells (HUVECS) (Figure 4B,C). To provide fluidic access
for the delivery of culture media, the cell-laden hydrogel was flanked by two microchannels
lined with HUVECs (Figure 4C). Importantly, PDA coating was crucial to sustaining this
microengineered 3D culture model. During the course of 28-day culture, the hydrogel
scaffolds in the PDA-coated devices remained firmly anchored to the channel surfaces and
supported the growth and maintenance of the embedded cells. In particular, the endothelial
cells in these constructs underwent spreading and proliferation initially, but soon they began
to establish intercellular connections and assemble themselves into 3D network structures
(Figure 4C). This process continued for approximately 2 weeks, eventually leading to the
formation of 3D microvascular beds composed of interconnected endothelial tubes (Figure
4D). In the absence of PDA coating, similar patterns of endothelial selfassembly were
observed in the first 2-3 days. With further progression of culture, however, the hydrogels
rapidly lost their anchorage to the channel walls and showed significant contraction, during
which the endothelial networks were destroyed and collapsed into dense cellular aggregates
(Figure 4E).
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Another important observation was that the engineered vessels assembled and maintained in
the PDA-treated channels were perfusable, as visualized by the intravascular flow of
fluorescently labeled dextran through the entire vascular bed (Figure 4F). In contrast, gel
detachment presumably from the bottom channel surfaces in the uncoated devices created a
low-resistance underpass, causing dextran to simply flow beneath the detached gel during
perfusion (Figure 4G). These results reiterate the effectiveness of PDA as a chemical linker
and highlight its critical role in generating perfusable 3D vascular constructs, which could
potentially be combined with other types of cells to engineer in vivo-like vascularized
tissues with significantly improved fidelity. Although our study focused on the vasculature
as a model system, the same technique is readily applicable to mimicking other types of 3D
tissues, suggesting the added value of PDA as a powerful technique for in vitro reproduction
of complex 3D tissue architecture and native physiological function in microengineered cell
culture devices.

CONCLUSIONS

In summary, this paper presents a facile yet highly effective and broadly applicable approach
to enable the long-term (1 month or longer) 3D cell culture in ECM hydrogel scaffolds. By
leveraging the simplicity and versatility of PDA, our method allows for single-step, material-
independent, and low-cost surface functionalization of culture vessels to achieve
significantly enhanced strength and stability of hydrogel adhesion in both traditional and
advanced 3D in vitro models. The coating procedure requires only two reagents (Tris-HCI
buffer and dopamine hydrochloride) and can be completed within 2 h simply by immersing
culture substrates in a dopamine solution without the need for specialized equipment,
making our technique attractive for widespread and routine use in any laboratory setting.
PDA coating is also amenable to shelf storage prior to use and, thus, lends itself well to the
large-scale batch production and distribution of cell culture substrates and devices for the
purposes of research collaboration and commercialization. Moving beyond the proof-of-
concept demonstrations presented here, future efforts to realize the full potential of our
technique will require systematic investigation of key coating parameters to identify optimal
conditions that maximize the strength, long-term stability, and shelf-life of PDA coating.
Research attention should also be paid to the drawbacks of PDA-based coating techniques.
For example, recent studies have reported significant increases in the elastic moduli of PDA-
coated surfaces,** which may lead to unwanted alterations in the mechanical properties of
cell culture substrates. Nonspecific binding of biomolecules (e.g., serum proteins) on PDA-
treated substrates is another potential problem that needs to be examined and addressed in
future investigations.*®

In conclusion, we believe that our method will make significant contributions to expanding
the application of the 3D culture and developing new types of in vitro models with advanced
capabilities to emulate the dynamic and complex behavior of their in vivo counterparts for a
variety of biomedical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Surface modification of PDMS is achieved simply by incubating the surface with a

dopamine hydrochloride solution to form a thin surface coating. (B) PDA-functionalized
PDMS surface shows decreased water contact angle as compared to untreated PDMS. (C)
The effect of PDA coating was tested by shaking hydrogel droplets formed on PDA-treated
or untreated PDMS surfaces that were immersed in phosphate-buffered saline to prevent
dehydration. (D) The hydrogel droplets on the PDA-treated PDMS remain stable for 12 h of
constant agitation, whereas the droplets rapidly detach from the untreated PDMS surface.
The quantification of remaining (E) collagen and (F) matrigel droplets at different time
points shows significantly improved hydrogel adhesion due to PDA surface coating. (G, H)
Human lung fibroblasts (hLFs) cultured in type | collagen hydrogel remain attached to PDA-
treated PDMS for prolonged periods but begin to detach from untreated PDMS wells after 4
days. The hydrogel constructs were pseudo-colored in the presented images. The dotted
lines indicate the outlines of culture wells. Scale bars: 2 mm. (1) Similar beneficial effects of
PDA are observed in the 3D culture of hLFs in polystyrene wells. Scale bars: 2 mm. ***pP <
0.001. Data are expressed as mean + SEM (7= 6).
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Figure2.
(A) Effect of geometrical boundary constraints on hydrogel adhesion was assessed by

culturing hLFs in type I collagen hydrogel scaffolds in triangular, square, and hexagonal
PDMS wells. DO represents day O in culture. (B) The hLF-laden hydrogel constructs in
PDA-treated wells retain their surface anchorage, whereas (C) the same culture in untreated
counterparts leads to hydrogel detachment and shrinkage. The images show pseudo-colored
hydrogels after 10 days of culture (D10). The dotted lines depict the outlines of culture
wells. Scale bars: 2 mm. (D, E) Contractile cells grown in surface-bound collagen hydrogels
in PDA-treated circular wells extend cellular processes into their surrounding environment
and form randomly oriented cellular networks. hHSC represents human hepatic stellate cells.
Scale bars: top row: 2 mm, bottom row: 50 gm. (F) Detachment and unconstrained shrinkage
of ECM scaffolds in untreated wells result in the formation of highly dense tissue constructs
with directionally elongated microarchitecture. Scale bars; top row: 2 mm, bottom row: 50

Lm.
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Figure 3.
(A) Schematic of the motorized actuator used for cyclic stretching of cell-laden hydrogel

constructs generated in PDMS wells. (B) Adhesion of type I collagen and fibrin gels
continuously stretched at 0.33 Hz for 3 days, which is equivalent to a total of 86 400 stretch
cycles. Scale bars: 1.5 mm. Data are presented as mean £ SD (7= 3). (C) As demonstrated
by confocal micrographs (a set of four images on the left), hLFs in 2.0 mg/mL collagen
hydrogels firmly anchored to PDA-treated PDMS respond to cyclic stretching at 0.33 Hz for
5 days (144 000 cycles total) and align in the direction of stretching (top images). This
mechanically induced morphological change does not occur in the detached tissue constructs
(bottom images). The image set at right shows color-coded orientation maps from
directionality analysis where 0° indicates a horizontal axis parallel to the direction of stretch.
Scale bars: 50 pm. (D) The comparison of cell alignment in cyclically strained and statically
cultured devices with and without PDA coating. Data are shown as mean £ SD (n= 4). (E)
In the PDA-coated chambers, stretching induces significant increases in the fraction of
aligned cells (top, middle) and the density of cells (bottom). *£< 0.05; **£P< 0.01 ***P<
0.001; ****P < 0.0001.
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Figure4.
(A) Photograph of our microengineered device for generation and extended culture of

perfusable human blood vessels. (B) The microchannel cross-section along the dotted line in
(A) shows the protruding barriers designed to pin hydrogel infused into the central channel.
Scale bar: 500 xm. (C) Vascular endothelial cells and fibroblasts are co-cultured in a central
hydrogel scaffold created by capillary pinning between two endothelialized media channels
for over 14 days to form a 3D network of self-assembled and perfusable blood vessels lined
with living endothelial cells. (D, E) Confocal micrographs of vascular development during
14-day culture of red fluorescent protein-expressing HUVECs and human lung fibroblasts.
PDA treatment of the microchannels yields stable hydrogels with well-defined 3D
vasculature, whereas untreated devices suffer from hydrogel collapse and the resultant loss
of vascular architecture. White arrows indicate areas of gel detachment. Scale bars: 200 ym.
(F) In PDA-coated devices, the engineered vessels become perfusable as demonstrated by
the flow of 70 kDa FITC—dextran through their intraluminal compartments. (G) In contrast,
the injected fluorescent dye flows beneath and around cell-laden scaffolds in untreated
devices as a result of gel detachment. Scale bars: 200 gm.
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