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ABSTRACT: The dynamics of the extracellular matrix (ECM) Viscoelastic (VE) Elastic (E)

influences stem cell differentiation and morphogenesis into
complex lymphatic networks. While dynamic hydrogels with stress 365 nm UV
relaxation properties have been developed, many require detailed —)

chemical processing to tune viscoelasticity, offering a limited
opportunity for in situ and spatiotemporal control. Here, a

hyaluronic acid (HA) hydrogel is reported with viscoelasticity

that is controlled and spatially tunable using UV light to direct the 5,
extent of supramolecular and covalent cross-linking interactions. A
This is achieved using UV-mediated photodimerization of a
supramolecular ternary complex of pendant trans-Brooker’s
Merocyanine (BM) guests and a cucurbit[8]uril (CB[8]) macro-

cycle. The UV-mediated conversion of this supramolecular complex to its covalent photodimerized form is catalyzed by CB[8],
offering a user-directed route to spatially control hydrogel dynamics in combination with orthogonal photopatterning by UV
irradiation through photomasks. This material thus achieves spatial heterogeneity of substrate dynamics, recreating features of native
ECM without the need for additional chemical reagents. Moreover, these dynamic hydrogels afford spatial control of substrate
mechanics to direct human lymphatic endothelial cells (LECs) to form lymphatic cord-like structures (CLS). Specifically, cells
cultured on viscoelastic supramolecular hydrogels have enhanced formation of CLS, arising from increased expression of key
lymphatic markers, such as LYVE-1, Podoplanin, and Prox1, compared to static elastic hydrogels prepared from fully covalent cross-
linking. Viscoelastic hydrogels promote lymphatic CLS formation through the expression of Nrp2, VEGFR2, and VEGFR3 to
enhance the VEGF-C stimulation. Overall, viscoelastic supramolecular hydrogels offer a facile route to spatially control lymphatic
CLS formation, providing a tool for future studies of basic lymphatic biology and tissue engineering applications.

- Lymphatic Cord-like
Structure Formation
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1. INTRODUCTION control of processes such as cell spreading, proliferation,
migration, and differentiation.

Dynamic viscoelastic hydrogels have been developed to
recreate the mechanical dynamics of native ECM. Hydrogel
viscoelasticity is achieved by dynamic modes of cross-linking,
including dynamic-covalent bonds and noncovalent inter-
actions.”” Host—guest supramolecular interactions enable a
route to dynamically cross-link hydrogels, realizing materials
with a dynamic bond exchange that is then manifest in tunable
stress relaxation times on the bulk scale;'’"* these properties
can be further tuned by combining host—guest interactions
with covalent cross-linking.'”~"* Tonic gelation of alginate

Tissues and organs are complex and hierarchically organized
systems with numerous biochemical and biophysical cues that
are responsive to exogenous or endogenous signals arising
from healthy and pathological processes. Stem cell differ-
entiation and tissue morphogenesis arise from dynamic
biophysical cues, offering inspiration for the design of materials
for tissue engineering applications.' ™ In native tissues, the
biophysical features of the extracellular matrix (ECM) play
important roles in maintaining homeostasis. The ECM of a
wide variety of biological tissues like skin, muscle, heart, and
brain exhibit nonlinear elastic behavior.”> The viscoelastic
properties of these tissues enable adaptation to mechanical
deformation and underlying processes, such as matrix Received:  August 24, 2023
remodeling. In disease development, the change in matrix Revised:  November 23, 2023
viscoelasticity offers a supplementary indicator for use in Accepted:  November 27, 2023
diagnosis and evaluation.”” Harnessing viscoelasticity in the Published: December 8, 2023
construction of biomaterials thus presents a route to mimic the

mechanical dynamics of native ECM to enable the biophysical
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Figure 1. Light-controlled viscoelastic hydrogels based on supramolecular BM,CCB[8] interaction and thiol-Nor covalent cross-linking. (A)
Chemical structures of norbornene-modified hyaluronic acid (HA-Nor), trans-Brooker’s merocyanine (BM)-modified HA (HA-BM), Nor and BM-
modified HA (HA-Nor/BM), and the cucurbit[8]uril macrocycle (CB[8]). (B) Adding CB[8] to HA-Nor/BM polymer solutions promotes
supramolecular cross-linking via the formation of a host—guest BM,CCB[8] ternary complex. Upon irradiation with 254 nm UV light in the
presence of dithiothreitol (DTT) and photoinitiator Irgacure 2959 (12959), thiol-Nor covalent cross-linking is introduced to form a viscoelastic
hydrogel comprised of both supramolecular and covalent cross-links. Further irradiation with 365 nm UV light induces photodimerization of BM
guests within the CB[8] portal to convert the remaining supramolecular cross-links to covalent cross-links. Therefore, the conversion of a
viscoelastic hydrogel to an elastic hydrogel can be precisely controlled by UV light.

using calcium offers another route to prepare hydrogels with
slow stress relaxation, with the density of covalently grafted
poly(ethylene glycol) (PEG) chains on alginate offering a
route to precisely tune viscoelasticity.'> Boronate esters formed
from phenylboronic acids and diols are one type of dynamic-
covalent interaction;'®'® mixing multiple boronate esters with
distinct kinetics affords hierarchical mechanical tuning of
hydrogels."”

Although an increase in stiffness can lead to increases in cell
spreading and proliferation, stress relaxation also promotes the
spreading and proliferation of cells’”*" as well as the
differentiation of human multipotent mesenchymal stromal
cells (hMSCs) toward smooth muscle cells.”* Faster stress
relaxation promotes volume expansion of MSCs™ and thus
leads to enhanced osteogenesis™* in hydrogels with an initial
elastic modulus of ~20 kPa. Additionally, in alginate hydrogels
with identical initial elastic modulus, fast stress relaxation and
high adhesion density promote viability, proliferation, and
lumen formation of human induced pluripotent stem cells
(hiPSCs).>® Furthermore, viscoelasticity shows interesting
effects on vascular morphogenesis. It was reported that
dynamic hydrogels enabled rapid vascular morphogenesis in
a stiffness-independent manner through the activation of focal
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adhesion kmase (FAK) and matrix remodeling by metal-
loproteinases.”® These studies therefore point to the impact of
tuning the viscoelasticity of synthetic ECM mimics through the
type and density of cross-linking, with the possibility to direct
the phenotype and fate of cultured cells. At the same time,
most of the reported viscoelastic hydrogels explored for this
purpose are static, and as such, the tuning of viscoelasticity can
only be achieved through a priori chemical design and/or fine
adjustment of the cross-linking ratio. Accordingly, protocols to
realize bulk hydrogels with in situ and spatiotemporal control
of viscoelasticity remain limited.

Here, we designed hydrogels with spatially controlled and
tunable viscoelasticity, leveraging a combination of supra-
molecular and covalent cross-linking on a hyaluronic acid
(HA) backbone (Figure 1). To afford supramolecular cross-
linking, HA was modified with pendant trans-Brooker’s
Merocyanine (BM) groups that form homoternary complexes
with free cucurbit[8]uril (CB[8]) macrocycles; this supra-
molecular homoternary complex can be further converted to a
covalent cross-linking interaction by the formation of a [2 + 2]
photodimer upon exposure with UV light.””** Since HA cross-
linked with only BM,CCB[8] supramolecular ternary com-
plexes had rapid stress relaxation and dissipated in water, we

https://doi.org/10.1021/acsami.3c12514
ACS Appl. Mater. Interfaces 2023, 15, 58181-58195


https://pubs.acs.org/doi/10.1021/acsami.3c12514?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12514?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12514?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12514?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c12514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

www.acsami.org

ACS Applied Materials & Interfaces

Research Article

Table 1. Synthesis of HA-BM and HA-Nor/BM by Copper-Catalyzed Cycloadditions of BM-Azide to Alkyne-Functionalized

Hyaluronic Acid”
0 HO

A

o1 OH NH OH
o BM-Azide
o) OHO Ollo OHO o) 0 HO 0
HO o HO o) CuSOy, MES buffer (pH 5.5),
OH AcHN OH AcHN Na-ascorbate ACHN AcHN
m n-m n-m
HA-alkyne or HA-Nor/alkyne HA-BM or HA Nor/BM
entry DS of alkyne (%) DS of Nor (%)° alkyne conv. (%) DS of BM (%) product
1 18 0 1007 18 HA-BM
2 18 8 100 18 HA-Nor/BM
3 18 20 ND*
4 22 18 ND
S 30 0 ND
6 30 15 ND
7 10 30 100 10
8 12 38 ND

“Reactions were performed at room temperature under nitrogen. The degree of substitution (DS) of alkyne, based on the carboxyl group of the
HA backbone. “The degree of substitution (DS) of norbornene, based on the carboxyl group of the HA backbone. Alkyne conversion was
determined by the disappearance of the alkyne signal (2.66 ppm) on 'H NMR. “Not detected due to precipitation or product dispersed in
deionized (DI) H,O as hydrogel aggregates. FThe degree of substitution (DS) of BM is equal to the degree of substitution of alkyne as alkyne

conversion is 100%.

also modified HA with norbornene (Nor) to enable covalent
cross-linking by difunctional thiol molecules through the thiol-
Nor reaction induced by 254 nm UV light. This thiol-Nor
chemistry has been previously applied for orthogonal and
gradient photopatterning of hydrogels,””*" and the strained
Nor groups have high reaction efficiency and selectivity for
thiol groups under free radical conditions. The combination of
covalent thiol-Nor bonding and supramolecular BM,CCB[8]
ternary cross-links thus afforded the formation of a viscoelastic
hydrogel. The BM,CCB[8] complex could then be irradiated
with 365 nm UV light to convert this motif into a covalent
cross-link, resulting in the transition from a viscoelastic
hydrogel to a completely covalent cross-linked elastic hydrogel.
Furthermore, spatiotemporal control of viscoelasticity and
orthogonal photopatterning were achieved by UV irradiation
using photomasks without the need for additional chemical
reagents to alter cross-linking. This provided a facile and
minimally disruptive way to tune viscoelasticity at the
microscale without the addition of chemical reagents that
may impact biological outcomes. We demonstrated that these
dynamic hydrogels could provide spatial control over human
lymphatic endothelial cells (LECs) to form lymphatic cord-like
structures (CLS), with the viscoelastic hydrogels supporting
CLS formation by promoting the expression of key lymphatic
markers.

2. RESULTS AND DISCUSSION

2.1. Synthesis of HA-Nor, HA-BM, and HA-Nor/BM. In
this study, an HA backbone was modified with pendant Nor
and BM groups to introduce covalent and supramolecular
cross-linking interactions, respectively. HA is a critical
component of the ECM and has been demonstrated to be
biocompatible and nonimmunogenic when used as a
biomaterial; it is also amenable to facile chemical modification
via its carboxyl groups as well as primary and secondary

hydroxyl groups.’** Specifically, the carboxyl and primary
hydroxyl groups are more reactive than the secondary hydroxyl
groups, enabling routes for modification by ester, amide, and
ether linkages. Compared with ester bonds, amide bonds are
more stable with limited hydrolysis. Therefore, the Nor and
BM groups were grafted onto HA using amide linkages. The
Nor and BM groups enable orthogonal cross-linking
interactions by the addition of dithiol through thiol-Nor
bonds and CB[8] for BM,CCB[8] ternary complex formation.
Nor and BM modification of HA could be performed on either
the same (HA-Nor/BM) or separate (HA-Nor and HA-BM)
polymer chains. Modifying Nor and BM groups on separate
HA polymer chains (HA-Nor and HA-BM) introduces the
ability to form a double-network hydrogel while modifying Nor
and BM groups on the same HA polymer chain (HA-Nor/
BM) can afford a dual-cross-linked hydrogel (Figure S1). Both
dual-cross-linked and double-network hydrogels were inves-
tigated in this work, offering options for materials design in
future applications.

HA modification was achieved using 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMTMM)?’?’ o
as this agent is aqueous soluble and has higher reaction
efficiency than most conventional coupling reagents. HA-Nor
was synthesized via a one-step reaction with S-norbornene-2-
methylamine, and the 'H NMR spectrum showed the degree
of substitution (DS) to be 23% (Scheme S2A). HA-BM was
synthesized by first modifying HA with propargylamine and
then appending an azide-modified BM group (Scheme S1)
through copper-catalyzed azide—alkyne cycloaddition
(CuAAC) (Scheme S2B). The complete reaction of HA-
alkyne with BM azide was confirmed by the disappearance of
the alkyne signal in the "H NMR spectrum (2.66 ppm) and no
fluorescence or absorbance from exposure to a thiol-containing
rhodamine derivative under conditions favoring a thiol-alkyne
Michael-type addition (Figure S$4B,C). HA-BM with DS of
18% was readily synthesized (Table 1, entry 1); when the DS
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Figure 2. Photodimerization of HA-BM by addition of CB[8]. (A) Schematic of photodimerization of the supramolecular BM,CCB[8] complex
using 365 nm UV light. Absorbance spectra of HA-BM dimerization over time (B) with or (C) without the addition of CB[8], (D) maximum
absorbance was fit to a first-order rate equation with fit parameters shown in the inset. (E) Frequency sweep rheology at 2% strain for hydrogel of
HA-BM with CB[8] at 20 mg mL™" before (blue) and after (red) UV irradiation. (F) Stress relaxation modulus with 10% strain for hydrogel of
HA-BM with CB[8] at 20 mg mL™" before (blue) and after (red) UV irradiation. Photopatterning of HA-BM/CB[8] hydrogel with a photomask of
(G) 200 pm and (H) 100 pm stripes. The patterns were imaged by 4’,6-diamidino-2-phenylindole (DAPI) (blue) filters of a microscope to show
the conversion of (i) the BM,CCB[8] host—guest interaction to (ii) the covalent photodimerized BM using 365 nm UV light. Scale bars: 500 ym.
Fluorescence intensity profiles of blue colors were quantified along the dashed white line for (I) 200 ym and (J) 100 ym stripe patterns.

was increased to 30%, precipitates were formed during CuAAC
(Table 1, entry 5). For HA-Nor/BM synthesis, HA was
modified with Nor and alkyne groups through one-pot
amidation with BM guests subsequently grafted using
CuAAC (Scheme S2C). HA-Nor/BM was synthesized with a
low DS value of 8% for Nor and 18% for BM (Table 1, entry
2), but increasing the DS value of Nor (Table 1, entries 3 and
4) resulted in precipitation during CuAAC. Lyophilized
products were dispersed in water in the form of small
hydrogels (Figure S2). In addition, HA-Nor/BM with 30%
Nor and 10% BM DS was obtained (Table 1, entry 7), but the
higher DS value resulted in precipitation (Table 1, entry 8).
We expect that precipitates form at high DS values due to the
hydrophobic interaction of Nor and BM, along with the
concomitant loss of key solubilizing carboxylate groups on HA
upon modification with these pendants.

In summary, we synthesized HA-Nor with a 23% DS value,
HA-BM with an 18% DS value, HA-Nor/BM with a low DS
value of 8% for Nor and 18% for BM, and HA-Nor/BM with a
high DS value of 30% for Nor and 10% for BM. Modulation of
the DS value of Nor and BM alters the ratio of covalent and
supramolecular cross-linking and thus leads to control over
hydrogel dynamics and stiffness. Either the low or high DS
HA-Nor/BM can be used according to the needs of further
applications. However, to prepare hydrogel with fast dynamics,
HA-Nor/BM with a low DS of 8% for Nor and 18% for BM

was used for phototunable viscoelastic hydrogel preparation
and cell culture.

2.2. Supramolecular Interaction between HA-BM and
CBI[8]. The supramolecular cross-linking of HA by BM,CCB-
[8] ternary complexes was first investigated in deionized water
(DI H,0) at various molar ratios of CB[8] to BM. The
theoretical CB[8]:BM stoichiometric ratio for the ternary
complex is 0.5. Absorbance spectra of 0.5 mg mL~' HA-BM
(192 uM BM) exhibited a red-shift with an increasing molar
ratio of CB[8]:BM (Figure S3A), with A, shifting from 374
nm (without CB[8]) to 396 nm (excess CB[8]). The red-
shifting of A, may be attributed to the breakdown of BM
stacking in the CB[8] cavity by excess CB[8] to form the 1:1
CB[8]:BM complex. The absorbance decreased as the
CB[8]:BM ratio was increased from 0 to 0.48, and
subsequently increased as the CB[8]:BM ratio continued to
increase to 1.21. The decrease in absorbance suggests the
complete formation of the homoternary complex around the
expected ratio of CB[8]:BM of 0.5, where the BM motifs are
maximally coupled within the CB[8] cavity. The subsequent
increase in absorbance once CB[8] is in excess (CB[8]:BM >
0.5) arises from an increased prevalence of 1:1 CB[8]:BM
complex formation. While this has been previously reported to
be a cooperative ternary complex (Keq]1 =295x 10°M™, Keg2
= 2.88 X 10° M™') in the soluble form,* the polymer-bound
guest may introduce considerations related to polymer entropy
that reduce complex cooperativity and favor more 1:1 complex

https://doi.org/10.1021/acsami.3c12514
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formation between CB[8] and BM, especially in cases of excess
CBI[8]. The ratio of absorbance at 396 to 374 nm was constant
when the CB[8] molar ratio was lower than 0.40 and then
gradually increased until reaching a plateau at CB[8]:BM ratios
beyond 0.8 (Figure S3B), further supporting some conversion
of the homoternary complex to a binary complex under
conditions of excess CB[8].

2.3. HA-BM and CB[8] Supramolecular Hydrogel. After
verifying the optimal CB[8]:BM molar ratio needed to form
the homoternary complex, CB[8]-catalyzed photodimerization
of encapsulated BM guests was next investigated under dilute
subgelation conditions using 365 nm UV irradiation (Figure
2A). At a CB[8]:BM molar ratio of 0.5 and a polymer
concentration of 0.5 mg mL™' HA-BM (192 yuM BM),
absorbance spectra collected over time supported a pro-
gression in photodimerization upon increased exposure to UV
irradiation (Figure 2B). HA-BM photodimerization still
occurred in the absence of CB[8] (Figure 2C). A comparison
of the kinetics of this process (Figure 2D) indicated a catalytic
role for CB[8] (t,), of 15.6 s and rate constant K of 4.4 X 107>
s™') compared to the case when CB[8] was absent (¢, of
192.5 s and K of 3.6 X 107 s7'). The dimerization seen for
HA-BM in the absence of CB[8] was unexpected, as a similar
result was not obtained when BM was appended from 4-arm
PEG macromers,”” though a pluronic-based system that was
more prone to aggregation did show some extent of BM
dimerization in the absence of CB[8].”® Compared to the
presentation of BM on flexible PEG macromers, the
modification of BM onto a structured polymer like HA
would be expected to shorten its distance and facilitate
increased self-aggregation via 7—r stacking and hydrophobic
interactions of the BM groups, likely leading to some UV-
induced dimerization even without the addition of CB[8]. A
different guest appended onto HA that also participated in a
CB[8]-catalyzed photodimerization reaction was previously
shown to aggregate and promote gelation even without the
addition of the CB[8] macrocycle. ° Guest aggregation also
likely underlies the precipitation previously mentioned for HA
modified with a BM at a DS of 30%.

Next, the change in fluorescence of HA-BM over time was
investigated. BM is inherently fluorescent (Figure S6) and has
been used previously for bioimaging.””** After 365 nm UV
irradiation, the fluorescence decreased due to CB[8]-mediated
photodimerization of the BM groups (Figure S7). However,
the irradiation of HA-BM and CB[8] using 254 nm UV light,
to be used in future aspects of this work for thiol-Nor cross-
linking, yielded a limited decrease in absorbance (Figure SS),
supporting the stability of the supramolecular BM,CCB[8]
ternary complex under these conditions. Indeed, as 254 nm
irradiation was shown to reverse photodimer formation,”’
these data further support the limited impact of 254 nm UV
light on supramolecular cross-linking.

Supramolecular hydrogels were then prepared by mixing
HA-BM with CB[8] at a CB[8]:BM molar ratio of 0.5 and a
polymer concentration of 20 mg mL™' HA-BM (7.68 mM
BM). Subsequently, 365 nm UV light was applied to convert
the supramolecular cross-links into covalent cross-links, as
confirmed by oscillatory rheology (Figure 2E). Before UV, the
supramolecular hydrogel exhibited frequency-dependent
changes in the storage modulus (G’), a behavior typical of
supramolecular host—guest hydrogel networks. In addition, a
crossover between G’ and the loss modulus (G”) was observed
at a frequency of ~0.40 rad s™', corresponding to a relaxation

time of cross-link exchange in the network of ~16 s. These
values for dynamic bond exchange are much slower than those
previously observed for a hydrogel prepared from CB[8] cross-
linking of BM groups presented on a PEG macromer,”’
suggesting that increased structure and polymer entanglements
of the HA backbone acts to slow the apparent cross-link
exchange. After UV irradiation, G’ was frequency-independent,
as is a typical feature of covalent gels. Both hydrogels with and
without UV had the same values for G’ at a higher frequency,
and these remained constant over time (Figure S8A),
supporting a consistent network topology before and after
the conversion of supramolecular cross-links to their covalent
form. UV irradiation did, however, decrease G” considerably,
supporting the existence of a more elastic network. The
dynamic network was further confirmed by static mechanical
testing through stress relaxation and creep tests. The
supramolecular hydrogel showed very fast energy dissipation
upon applying 10% strain, while the dimerized hydrogel did
not show stress relaxation over time (Figure 2F). Similarly, the
hydrogel before UV showed a higher increase in creep
compliance over time than the dimerized hydrogel (Figure
S8C). In addition, step-strain rheology of the supramolecular
hydrogel showed deformation under high strain (200%) and
recovery to normal mechanical properties instantly upon a
reduction in strain (Figure S8D), supporting shear-thinning
and self-healing characteristics for the supramolecular network.

Next, spatial control of the hydrogel dynamics was
investigated by 365 nm UV irradiation using a photomask.
HA-BM possesses fluorescence with an excitation wavelength
of 374 nm and an emission wavelength of 518 nm (Figure S6),
which allows imaging using a DAPI filter (blue color) of a
microscope. Given that BM fluorescence decreases upon UV
irradiation and BM photodimerization, fluorescence micros-
copy therefore enables direct observation of cross-link state
with spatial precision without the need for any supplemental
dyes. After UV irradiation through a photomask with 200 pm
stripes, the blue stripes were observed (Figure 2G); this blue
region is the dynamic supramolecular hydrogel that was
masked from UV exposure, while the dark region is the
covalent hydrogel region that was cross-linked by UV
irradiation and BM photodimerization. Quantification of the
fluorescence intensity confirmed the spatial dependence of the
blue signal in regions matching the dimensions of the
photomask (Figure 2I). A similar result was obtained using a
photomask with ~100 pm stripes, with the resulting hydrogel
pattern having stripes of a correspondingly reduced width
(Figure 2H,2]). Therefore, the fluorescence of BM groups of
the hydrogel enables direct observation of hydrogel cross-
linking and, by extension, hydrogel dynamics, which can be
controlled at the microscale using UV irradiation with
photomasks.

2.4. Spatial Control of Viscoelasticity within Hydro-
gels. To prepare viscoelastic hydrogels, the supramolecular
BM,CCB[8] interaction and thiol-Nor cross-linking were
introduced sequentially. It has been reported that thiol-
containing compounds can conjugate to the double bond of
the polymethine bridge of cyanine dyes.””~*' However, it was
unclear if thiol-containing compounds could react with the BM
guest during the thiol-Nor addition under free radical
conditions. To confirm the structural integrity of BM groups
under conditions of the thiol-Nor reaction, dilute HA-BM in
complex with CB[8] and either dithiothreitol (DTT) or a
thiol-containing rhodamine dye was exposed to these same free
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Figure 3. UV light-controlled viscoelasticity of hydrogels, HA-Nor/BM with CB[8] and HA-Nor and HA-BM with CB[8], prepared by
BM,CCB[8] interaction and thiol-Nor covalent cross-linking. (A) Scheme of photopatterning hydrogels with thiol-containing rhodamine B (Rh-
SH) molecules using a photomask. (B) Frequency sweep (2% strain), (C) stress relaxation (10% strain), and (D) creep (100 Pa stress) rheology
for the hydrogel of HA-Nor/BM with CB[8] before UV (blue), after 254 nm UV (red) irradiation in the presence of DTT/12959, and 365 nm UV
(olive) irradiation. (E) Photopatterning of hydrogel of HA-Nor/BM with CB[8] using a photomask with 200 ym stripes. The patterns were imaged
by DAPI (blue), fluorescein isothiocyanate (FITC) (green), and Texas Red (red) microscope filters, with fluorescence intensities quantified along
the dashed white line (F). (G) Frequency sweep (2% strain), (H) stress relaxation (10% strain), and (I) creep (100 Pa stress) rheology of hydrogel
prepared from HA-Nor and HA-BM with CB[8] before UV (blue), after 254 nm UV (red) irradiation in the presence of DTT/I2959, and 365 nm
UV (olive) irradiation. (J) Photopatterning of hydrogel prepared from HA-Nor and HA-BM with CB[8] using a photomask with 200 ym stripes.
The patterns were imaged by DAPI (blue), FITC (green), and Texas Red (red) microscope filters, with fluorescence intensities quantified along
the dashed white line (K). (i) viscoelastic hydrogel region; (ii) elastic hydrogel region. Scale bars: S00 ym.

radical conditions activated by 254 nm UV light. The NMR
spectra of the HA-BM and CB[8] complex after reacting with
DTT showed identical signals to the original complex (Figure
S4A), and no rhodamine signal was found after the reaction
(Figure S4B,C). The results indicate that HA-BM in the
presence of CB[8] cannot react with thiol-containing
molecules under free radical conditions, and the HA-BM and
CB[8] complex remains unaltered under these conditions and
is available for subsequent dimerization using higher wave-
length UV light.
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The native ECM is heterogeneous and undergoes dynamic
changes in mechanical properties throughout different cellular
processes. Dynamic hydrogels with controlled and tunable
viscoelasticity offer one route to mimic the dynamic features of
the ECM."”~* UV light provides a straightforward and
minimally disruptive way to tune viscoelasticity,”” though the
use of this approach typically requires additional chemical
reagents to facilitate secondary reactions. With the hydrogel
having both BM,CCB[8] interactions and thiol-Nor cross-
linking, viscoelasticity could be tuned using locally applied UV
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Figure 4. Orthogonal photopatterning hydrogels of HA-Nor/BM with CB[8] and HA-Nor and HA-BM with CB[8]. (A) Schematic of orthogonal
photopatterning of hydrogels with thiol-containing rhodamine B (RhB-SH) and thiol-containing fluorescein (FL-SH) molecules. Orthogonal
photopatterning a hydrogel of HA-Nor/BM with CB[8] using photomasks of (B) 200 ym or (C) 100 um stripes. The patterns were imaged by
FITC (green) and Texas Red (red) microscope filters, with fluorescence intensities quantified along the dashed white line. Orthogonal
photopatterning hydrogels of HA-Nor and HA-BM with CB[8] using photomasks of (D) 200 ym or (E) 100 um stripes. The patterns were imaged
by FITC (green) and Texas Red (red) microscope filters, with fluorescence intensities quantified along the dashed white line. Scale bars: 500 ym.

light to promote BM dimerization and conversion of
supramolecular to covalent cross-linking without the need for
additional chemical reagents.

The supramolecular hydrogel without covalent cross-linking
was obtained after mixing HA-Nor/BM with CB[8] at 20 mg
mL™" (7.53 mM BM). Upon 254 nm UV (10 mW cm™? for 20
min) irradiation, thiol-Nor cross-linking was introduced to
generate a dual-cross-linked viscoelastic hydrogel with both
supramolecular BM,CCB[8] cross-links and covalent thiol-
Nor cross-links. Subsequent 365 nm UV (10 mW cm™ for 1
h) irradiation could then activate BM photodimerization to
form an elastic hydrogel with only covalent cross-links. The
change in mechanical properties was confirmed by oscillatory
rheology; a decrease in the loss modulus (G”) after UV
irradiation with both 254 nm UV as well as 365 nm light
marked this transition of the cross-links (Figure S9A). The

58187

dual-cross-linked hydrogel with supramolecular BM,CCB[8]
cross-links showed a frequency-dependent modulus consistent
with its viscoelastic character, whereas the elastic hydrogel
resulting following BM photodimerization was frequency-
independent (Figure 3B). Notably, the viscoelastic hydrogel
exhibited stress relaxation behavior that was slower than that of
the hydrogel formed from only supramolecular interactions;
the elastic hydrogel did not show stress relaxation (Figure 3C).
Furthermore, the viscoelastic hydrogel showed a significantly
higher creep than the elastic hydrogel (Figure 3D). Structural
deformation and recovery using step-strain rheology supported
the viscoelastic hydrogels to have dynamic and self-healing
properties (Figure SOC,D). Therefore, UV irradiation offered a
facile means to control the bulk mechanical properties of these
dual-cross-linked hydrogels due to the supramolecular-to-
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Figure 5. Impact of Substrate Viscoelasticity on Cellular Response. (A) Representative images of lymphatic endothelial cells (LECs) on elastic (E)
and viscoelastic (VE) hydrogels after culture for 6 h with 100 ng mL™' VEGF-C, 50 ng mL™"' bFGF, and 1.5 uM SIP. Scale bars: 200 um. (B)

Quantification of lymphatic tube formation. Increased branches, nodes, and closed networks were observed for culture on VE hydrogels. Data

represents the mean + standard deviation (SD) of 6 biological replicates performed. (C) Representative images of LECs on hydrogels
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Figure 5. continued

photopatterned with 400 um stripes after incubation for 12 h with 100 ng mL™' VEGF-C, 50 ng mL™~" bFGF, and 1.5 yM S1P. Stripes labeled with
fluorescein (FL) showed the region of the E hydrogel. The lower panel is an enlarged view of the region within the yellow square. Cell alignment
was evident on VE stripes corresponding to the direction of the stripe, along with connected branches. Scale bars: 200 ym. (D) LEC gene
expression for MMP-1, MMP-2, MMP-14, LYVE-1, Podoplanin, KDR (VEGFR2), Flt4 (VEGFR3), Neuropilin-2 (Nrp2), Prox1, and CDHS (VE-Cad)
after culture on E and VE hydrogels for 12 h with 100 ng mL™" VEGF-C, 50 ng mL™' bFGF, and 1.5 M S1P. Values shown are means + SD from
3 independent experiments performed with real-time qRT-PCR with triplicate readings. A two-tailed unpaired t-test was performed on the data.

iy < 0.01; #Fp < 0.001; #FF¥Fp < 0,0001.

covalent nature of the BM ,CCB[8] homoternary cross-
linking.

The ability to tune the viscoelasticity at the microscale was
investigated by photopatterning using UV light with a
photomask. The thiol-Nor chemistry incorporated into the
hydrogels enabled visualization of photopatterning using the
thiol-containing fluorescein (FL-SH) fluorophore (Figure
S10). The innate blue fluorescence of BM groups in the
hydrogel coupled with a red-emissive thiol-containing rhod-
amine B (RhB-SH) enabled a complementary way to visualize
these patterns (Figure 3A). As 365 nm UV activates both BM
photodimerization and the thiol-Nor reaction, it was expected
that regions exposed to UV would have red fluorescence only,
while regions without UV exposure would have blue
fluorescence. The viscoelastic hydrogel prepared from HA-
Nor/BM with CB[8] (254 nm UV 10 mW cm™ for 5 min)
was photopatterned through a photomask of 200 ym stripes
with 365 nm UV (10 mW cm™ for 2 min) in the presence of
RhB-SH. After washing away free RhB-SH, the hydrogel had
disparate regions of blue fluorescence and red fluorescence
(Figure 3E,F). Based on the material design here, the red
stripes mark the elastic network with photodimerized BM
cross-links, while the blue stripes denote the viscoelastic region
with intact dynamic supramolecular cross-linking. Photo-
patterning using a photomask with 100 pm stripes achieved
comparable results of the expected reduction in pattern
dimensions (Figure S11).

Next, control of viscoelasticity was expanded to the double-
network hydrogel prepared from the HA-Nor and HA-BM
polymers combined with dithiol and CB[8]. The hydrogels
prepared with only supramolecular cross-linking (no UV) and
activated thiol-Nor covalent cross-linking (254 nm UV) had
frequency-dependent behavior (Figure 3G) and cyclic shear-
induced flow and recovery (Figure S12C,D). The viscoelastic
character was further confirmed by stress relaxation (Figure
3H) and creep compliance (Figure 3I). The hydrogel prepared
with all covalent cross-linking (365 nm UV) had a frequency-
independent character, no stress relaxation, and limited creep
behavior. The hydrogels showed relatively weaker mechanical
strength, which could be attributed to the lower DS value of
Nor and BM on HA. Using modified HA polymers with higher
DS of Nor and BM and preparing hydrogels at higher
concentrations may facilitate improving the mechanical
strength. Spatial control of viscoelasticity using photopattern-
ing enabled alternating blue and red fluorescence marking
viscoelastic and elastic stripes, respectively (Figures 3],K and
S13). The stress relaxation behavior and spatial control by UV
light in the double-network hydrogel were similar to that in the
dual-cross-linked hydrogel. The results indicate precise spatial
control of viscoelasticity by UV light without additional
chemical reagents for secondary cross-linking. Moreover, in
addition to tuning viscoelasticity by photopatterning, the

inclusion of Nor groups allows the patterning of biochemical
cues through the inclusion of thiol-containing biomolecules.

2.5. Orthogonal Photopatterning of Viscoelastic
Hydrogels. After demonstrating spatial control of viscoelas-
ticity using UV without the need for added chemical reagents
for secondary cross-linking, the capability to incorporate
microenvironmental features for cell culture was investigated
through orthogonal photopatterning of dyes used as model
biomolecules. The dual-cross-linked viscoelastic hydrogel
prepared from HA-Nor/BM and CB[8] was first incubated
with RhB-SH and photopatterned using 365 nm UV light with
a photomask. After removing free RhB-SH, the hydrogel was
then incubated with FL-SH and further photopatterned with a
photomask placed at 90° angle relative to the initial photomask
(Figure 4A). A mask with a 200 um stripe pattern yielded a
cross-hatched pattern of stripes of these sample dimensions at
a 90° angle (Figure 4B). The green/red stripes depict the
elastic hydrogel modified with both dyes, while the dark stripes
were viscoelastic hydrogels without either modification. The
100 um mask generated hydrogels with narrower cross-hatched
stripes, also matching the dimensions of the mask (Figure 4C).
Orthogonal photopatterning was likewise applied to double-
network hydrogels prepared from HA-Nor and HA-BM with
CB[8]. Cross-hatched stripes of ~200 pm (Figure 4D) and
~100 pm (Figure 4E) width were also demonstrated by both
imaging and fluorescence intensity quantification. The
viscoelastic hydrogel thus offered a flexible approach to pattern
multiple biomolecules and thereby achieve simultaneous
spatial control over both molecular functionalization and
viscoelasticity through the sequential application of different
photomask patterns. Therefore, both biochemical cues and
viscoelasticity can be combined with the hydrogel to study the
cell B)ehavior, such as screening microenvironmental parame-
ters.”

2.6. Viscoelastic Hydrogels Promote the Formation
of Lymphatic Cord-like Structures. Mechanical cues are
important in regulating the function of endothelial cells during
vascular and lymphatic development.**™*’ Dynamic mechan-
ical properties, such as the shear stress induced by fluid flow,
have inspired the design of dynamic hydrogels for engineering
vascular and lymphatic tissues.’’>’ ECM with softer
mechanics has been shown to enhance lymphatic vessel
formation by inducing a globin transcription factor binding
protein 2 (GATA2) dependent transcriptional program.”* We
previously showed a covalently cross-linked HA hydrogel with
matrix stiffness priming lymphatic CLS formation directed by
vascular endothelial growth factor-C (VEGFE-C).** However,
little is known about the mechanosensing cues of ECM
viscoelasticity on the LEC behavior. Here, the response of
LECs to viscoelasticity was studied with the viscoelastic
supramolecular hydrogels prepared from 7 mg mL™' HA-Nor/
BM (2.63 mM BM). The BM and Nor modifications on HA
hydrogels did not induce cell death in the course of culturing
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LECs on hydrogels for 3 days (Figure S14). As there are no
cell anchoring sites on the modified HA hydrogels, RGD
peptides were supplemented during hydrogel preparation,
enabling LECs to attach and spread; LECs had a rounded
morphology on hydrogels without RGD modification (Figure
S15).

To promote lymphatic CLS formation, LECs were cultured
on RGD-modified hydrogels in media supplemented with
VEGF-C, basic fibroblast growth factor (bFGF), and
sphingosine 1-phosphate (S1P).*”*>°° After incubation for 6
h, more closed networks with a higher extent of branching
were observed on viscoelastic hydrogels than on elastic
hydrogels (Figure SA). Lymphatic tube formation was
quantified by the kinetic analysis of vasculogenesis (KAV)
Fiji plug-in. Quantification revealed that the dynamic
viscoelastic network induced more branches and greater total
branch length than the static elastic hydrogels (Figure SB).
Similarly, the viscoelastic hydrogel exhibited a greater number
of nodes and closed networks. Furthermore, viscoelastic
hydrogels showed relatively increased focal adhesion kinase
(FAK) expression and F-actin density and alignment (Figure
S16), which imply enhanced cell spreading and migration
through enhancing focal adhesion assembly and increasing F-
actin stress fiber in response to viscoelasticity. Overall, these
results showed that viscoelastic hydrogels provide the
mechanical dynamics needed to support lymphatic CLS
formation.

To spatially control LECs during CLS formation, photo-
patterned hydrogels were next explored. Given the size of
lymphatic CLS formed on hydrogels,*® a photomask with 400
um stripes was utilized for photopatterning prior to LEC
culture (Figure SC). After 12 h of incubation, LECs were
observed to align along the viscoelastic stripe; LECs on the
elastic stripes showed scattered morphology (Figure SC, top
row). On the viscoelastic stripes, semicircle-like branched
structures were observed, supporting a tendency to form
branched and closed networks (Figure SC, bottom row). It
should be noted that the coordination of a relatively large area
of cells is required to form closed networks, and, as such, while
branched structures were observed, no closed networks were
identified on the viscoelastic stripes. Overall, these observa-
tions suggest that photopatterning of viscoelastic regions
enables spatial control of lymphatic CLS formation.

To further investigate the impact of viscoelasticity on
lymphatic tube formation, qRT-PCR was performed to
compare the gene expression of LEC characteristic markers
on both elastic and viscoelastic hydrogels (Figure SD). Since 6
h was determined to be the ideal endpoint for lymphatic CLS
formation, 12 h was selected as the endpoint for gene
expression analysis to ensure that the signaling cascade in
response to elastic and viscoelastic hydrogels can be fully
captured.***® After culturing human LECs for 12 h,
viscoelastic hydrogels showed increased expression of
lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1),
podoplanin, and prospero homeobox 1 (Proxl) compared to
LECs cultured on elastic hydrogels; all three genes are key
lymphatic markers. As a homologue to the CD44 §choprotein,
LYVE-1 is used by LECs to interact with HA.*>*” Podoplanin
is the only known endogenous ligand for C-type lectin-like
receptor-2 (CLEC-2), which is important for blood and
lymphatic separation during embryonic development.”*~%*
The transcription factor Proxl is the master regulator of
lymphatic phenotypes and vasculatures.”*®> Therefore, ele-

vated expression of key lymphatic markers LYVE-1, podoplanin,
and Proxl suggests that viscoelastic hydrogels preserve the
LEC phenotype, an important factor in enabling lymphatic
CLS formation. Similarly, the expression of vascular
endothelial growth factor receptor-2 (VEGFR2), VEGER3,
and Neuropilin-2 (Nrp2) increased on viscoelastic hydrogels.
Nrp2 functions to augment the signaling of VEGF-C to
VEGFR2 and VEGFR3, which promotes the survival and
migration of LECs.°>®” Thus, an enhanced ability of LECs to
respond to VEGF-C stimulation when cultured on viscoelastic
hydrogels likely drives enhanced lymphatic CLS formation.**®”
Furthermore, lymphatic CLS formation entails cell migration
to form cellular junctions. The results also showed an increased
expression of MMPs, including MMP-1, MMP-2, and MMP-14,
when LECs were cultured on viscoelastic hydrogels. Higher
MMP expression can promote the degradation and remodeling
of the extracellular matrix, thus directing lymphatic tube
formation.*>*” LECs cultured on viscoelastic hydrogels also
expressed higher expression of VE-Cad (CDHS), an
endothelial-specific adhesion molecule that mediates inter-
cellular conjunction and lymphatic maintenance.”*™"® Alto-
gether, these data suggest that viscoelastic hydrogels support
lymphatic phenotypes and promote lymphatic CLS formation.

3. CONCLUSIONS

In conclusion, HA-based hydrogels were designed with
spatially controlled and UV-directed tuning of viscoelasticity
by combining supramolecular and covalent cross-linking
interactions to mimic the dynamic and spatially heterogeneous
properties of the native ECM. The cucurbit[8]uril (CB[8])
macrocycle affords supramolecular cross-linking by the
formation of a ternary complex with pendant trans-Brooker’s
Merocyanine (BM) guests. CB[8] then catalyzes the photo-
dimerization of BM guests within its portal under UV
irradiation, enabling a user-directed means of controlling
hydrogel dynamics by using orthogonal photopatterning with
photomasks. This approach enables external and spatially
resolved control of network dynamics without the need for
additional chemical reagents to change cross-linking. The
mechanical strength of the hydrogels needs to be further
improved to accommodate specific biological applications. We
demonstrate that these dynamic hydrogels can provide
spatially controlled substrates for the culture of human LECs
to direct lymphatic CLS formation. The presentation of HA to
the surface of LECs has been shown to preserve the lymphatic
phenotypes.”' Modulating the viscoelastic properties of the HA
hydrogels can further promote lymphatic CLS formation by
enhanced expression of key lymphatic markers, such as LYVE-
1, podoplanin, and Proxl, along with expression of Nrp2,
VEGFR2, and VEGFR3 to enhance VEGEF-C stimulation.
Whereas previous studies have shown the importance of matrix
stiffness for lymphatic tube formation,*>** this report offers
evidence supporting a role for matrix viscoelasticity in
promoting lymphatic development and lymphatic CLS
formation. Promising results from this current work warrant
future studies to investigate the effects of viscoelastic hydrogels
on lymphatic formation in vivo. Collectively, insights gained
from this study can be used to design viscoelastic hydrogels for
future study of basic lymphatic biology, as well as toward
various approaches in tissue engineering applications.
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4. EXPERIMENTAL SECTION

4.1. Materials. Sodium hyaluronic acid (HA) with a molecular
weight of 73 kDa was purchased from Lifecore Biomedical.
Propargylamine (98%), dithiothreitol (DTT, 98%), 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (12959, 98%), N,N-dime-
thylformamide (DMF, 99.8%), copper(I) sulfate pentahydrate
(98%), (+)-sodium v-ascorbate (99%), 2-(N-morpholino)-
ethanesulfonic acid (MES, 99%), deuterium oxide (D,0O, 99.9%),
and triethanolamine (99%) were purchased from Sigma-Aldrich and
used without further purification. 5-Norbornene-2-methylamine
(mixture of isomers, 98%) and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride (DMTMM, 98%) were purchased
from TCI and used without further purification. Tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA, 95%) was purchased
from Click Chemistry Tools. Z-rhodamine-SH (RhB-SH, 95%) was
purchased from Kerafast. Fluorescein-containing peptide FL-DDDCG
(FL-SH, 95%) was purchased from Genscript. Other chemical
reagents were purchased from VWR. Cucurbit[8]uril (CB[8]) was
synthesized as previously reported. Deionized water (DI H,O) with a
resistivity of 18 MQ cm™ was used as a solvent for dialysis
experiments, and dialysis was performed using cellulose membranes
with a molecular weight cutoff of 7 kDa. Photomasks were purchased
from CAD/Art Services. An Omnicure S1500 UV light source filtered
to 320—390 nm was used for 365 nm UV irradiation. A Rayonet RPR-
200 photoreactor (Southern New England Ultraviolet) equipped with
a circumferential arrangement of 16 lamps (254 nm) was used for 254
nm UV irradiation. The absorbance and fluorescence spectra were
collected with a Spark Microplate Reader (Tecan).

4.2. Nuclear Magnetic Resonance (NMR) Spectra. '"H NMR
spectra were recorded on a Bruker AVANCE III HD 400 (400 MHz)
or 500 spectrometers (500 MHz). The chemical shifts of all NMR
spectra were reported in delta (5) units and expressed as parts per
million (ppm).

4.3. Synthesis of BM-Azide. 4-Picoline (4.86 mL, S0 mmol) and
1,6-dibromohexane (38.4 mL, 200 mmol) were mixed in a round-
bottom flask with 100 mL of acetonitrile. After refluxing at 90 °C
overnight, the mixture was cooled to room temperature. The solvent
was removed by rotovap, and then diethyl ether was added. The solid
was collected and then recrystallized in ethanol. Compound 1 was
obtained as a white solid. '"H NMR (400 MHz Bruker, 25 °C, CDCl,,
Figure S17): § (ppm) = 9.41-9.40 (d, 2H), 7.87—7.85 (d, 2H),
4.98—4.94 (t, 2H), 3.40—3.36 (t, 2H), 2.66 (s, 1H), 2.08—2.00 (m,
2H), 1.86—1.79 (m, 2H), 1.51—1.47 (m, 4H).

Compound 1 (300 mg, 0.89 mmol) was dissolved in 20 mL of
acetonitrile. Sodium azide (578 mg, 8.9 mmol) was then slowly added
to the solution. The mixture was refluxed at 90 °C overnight. The
solvent was removed, and then the residue was redissolved in
dichloromethane. The liquid phase was collected. Compound 2 was
obtained as a white powder after solvent removal. 'H NMR (400
MHz Bruker, 25 °C, CDCl,, Figure S18): § (ppm) = 9.38—9.37 (d,
2H), 7.86—7.85 (d, 2H), 4.99—4.96 (t, 2H), 3.27—3.24 (t, 2H), 2.67
(s, 1H), 2.05—2.00 (m, 2H), 1.58—1.57 (m, 2H), 1.56—1.43 (m, 4H).

Compound 2 (267 mg, 0.896 mmol) and 4-hydroxybenzaldehyde
(131 mg, 1.08 mmol) were dissolved in 10 mL of isopropyl alcohol.
Eight drops of piperidine were added to the solution. The mixture was
stirred at 70 °C overnight. After cooling to room temperature, the
precipitate was collected. The BM-azide product was obtained as a
purple powder. '"H NMR (400 MHz Bruker, 25 °C, D,O, Figure
S19): 6 (ppm) = 8.48—8.47 (d, 2H), 7.91-7.89 (d, 2H), 7.72—7.68
(d, 1H), 7.59-7.57 (d, 2H), 7.11-7.06 (d, 1H), 6.86—6.84 (d, 2H),
4.42-438 (m, 2H), 3.29-3.26 (m, 2H), 1.99—1.91 (m, 2H), 1.59—
1.52 (m, 2H), 1.42—1.38 (m, 2H).

4.4. Synthesis of HA-Norbornene (HA-Nor). HA (200 mg) was
dissolved in MES buffer (20 mL, 0.1 M, pH S.5). To improve the
solubility of small molecules and enhance reaction efliciency, ethanol
(6.67 mL) was added to the solution. DMTMM (551.6 mg, 4 equiv
relative to the COOH groups on the HA) was added and stirred at
room temperature for 30 min. 5-Norbornene-2-methylamine (61.5
UL, 1 equiv) was mixed with MES buffer (pH 5.0) (v/v, 1/1) and

then added to the solution. The mixture was stirred at room
temperature for 4 h. Subsequently, the reaction mixture was dialyzed
against 1% NaCl solution for 2 days and DI H,O for 2 days. The
solution was lyophilized and stored at —20 °C. The degree of
substitution of Nor was calculated on the basis of disaccharide
repeating units by '"H NMR integration.

4.5. Synthesis of Alkynylated HA (HA-Alkyne). HA (300 mg)
was dissolved in MES buffer (30 mL, 0.1 M, pH S.5), followed by the
addition of ethanol (10 mL). DMTMM (206.9 mg, 1 equiv on the
basis of COOH groups on HA) was added, and the mixture was
stirred at room temperature for 30 min. Propargylamine (9.6 yL, 0.2
equiv for 18% HA-alkyne; 19.2 uL, 0.4 equiv for 30% HA-alkyne) was
mixed with MES buffer (pH 5.0) (v/v, 1/1) and then added to the
solution. The mixture was stirred at room temperature for 24 h.
Subsequently, the reaction mixture was dialyzed against 1% NaCl
solution for 2 days and DI H,O for 2 days. The solution was
lyophilized and stored at —20 °C. The degree of substitution of the
alkyne was calculated on the basis of disaccharide repeating units by
"H NMR integration.

4.6. Synthesis of HA-Nor/Alkyne. HA (300 mg) was dissolved
in MES buffer (30 mL, 0.1 M, pH S.5), followed by the addition of
ethanol (10 mL). DMTMM (413.7 mg, 2 equiv on the basis of the
COOH groups on the HA) was added and stirred at room
temperature for 30 min. The desired amounts of S-norbornene-2-
methylamine and propargylamine were mixed with MES buffer (pH
5.0, v/v, 1/1) and then added to the solution. HA-Nor/alkyne with
modification ratios of 8% Nor-18% alkyne, 20% Nor-18% alkyne, 18%
Nor-22% alkyne, 15% Nor-30% alkyne, 30% Nor-10% alkyne, and
38% Nor-12% alkyne were achieved by feed ratios of 0.2 equiv Nor-
0.2 equiv alkyne, 0.7 equiv Nor-0.2 equiv alkyne, 0.6 equiv Nor-0.25
equiv alkyne, 0.4 equiv Nor-0.4 equiv alkyne, 1.2 equiv Nor-0.12 equiv
alkyne, and 2 equiv Nor-0.2 equiv alkyne were added, respectively.
The mixture was stirred at room temperature for 21 h. Subsequently,
the reaction mixture was dialyzed against 1% NaCl solution for 2 days
and DI H,O for 2 days. The solution was lyophilized and stored at
—20 °C. The degree of substitution of Nor and alkyne was calculated
on the basis of disaccharide repeating units determined by '"H NMR
integration.

4.7. Synthesis of HA-BM or HA-Nor/BM. In a 50 mL round-
bottomed vessel, HA-alkyne or HA-Nor/alkyne (140 mg) was
dissolved in MES buffer (14 mL, pH 5.5), followed by the addition
of ethanol (4.67 mL). BM-azide in DMF (1.3 equiv, 50 mg mL™’,
based on alkyne) was added. THPTA (0.2 equiv, based on alkyne)
was mixed with a freshly prepared CuSO,-SH,O solution (0.4 equiv,
20 mg mL™!, based on alkyne) in MES buffer (pH 5.5) and added to
the reaction solution. The reaction mixture was placed under a flow of
nitrogen gas, and freshly prepared Na-ascorbate solution (1.2 equiv,
50 mg mL™’, based on alkyne) in MES buffer (pH 5.5) was added to
the mixture. The mixture was covered with aluminum foil and stirred
at room temperature for 24 h. Subsequently, the reaction mixture was
dialyzed against 1% NaCl solution for 2 days and DI H,O for 3 days.
The solution was lyophilized and stored at —20 °C. The products
were characterized by "H NMR spectroscopy.

4.8. Supramolecular Interaction between HA-BM and CB[8].
The stock solution of HA-BM was prepared by dissolving it in DI
H,O at a concentration of § mg mL™". A series volume of CB[8]
stock solutions at 8 mg mL™" in DI H,0O was added to obtain the
desired molar ratio of CB[8] to BM, and extra DI H,O was added to
reach a final concentration of 0.5 mg mL™' for HA-BM. After
incubating at room temperature for 30 min, the solutions were
transferred to a microplate, and absorbance scanning was performed
between 200 and 600 nm. The ratios of absorbance at 396 to 374 nm
were calculated and plotted vs the molar ratio of CB[8].

4.9. Photodimerization of HA-BM by UV Irradiation. HA-BM
was mixed with CB[8] (CB[8]:BM molar ratio 0.5) at a polymer
concentration of 0.5 mg mL™' in DI H,O to prepare homoternary
cross-linked polymer solutions. The HA-BM and CB[8] complexes
were irradiated with 365 nm UV (10 mW cm™2) or 254 nm UV for
various times. Fluorescence emission scanning (excitation wavelength
378 nm) and absorbance scanning from 200 to 600 nm were
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performed, and the absorbance at 378 nm was plotted against
exposure time. The data was fit to a standard first-order reaction rate
equation to obtain the rate constant and reaction halflife. For
comparison, the polymer solution of HA-BM at the same
concentration without CB[8] was also subjected to the same UV
irradiation protocol.

To confirm the stability of the HA-BM and CB[8] complex under
free radical reaction conditions and ensure no BM reactivity with
thiols, $ mg mL™" HA-BM with CB[8] in DI H,O was prepared and
reacted with DTT and 12959 under exposure to 254 nm UV
irradiation. Subsequently, the reaction mixture was dialyzed against
1% NaCl solution for 2 days and DI H,O for 3 d. The product was
characterized by 'H NMR spectroscopy. In addition, $ mg mL™' HA-
BM with CB[8] was reacted with RhB-SH and 12959 with 254 nm
UV irradiation. The reaction mixture was dialyzed against 1% NaCl
solution for 2 days and DI H,O for 3 days. The solution was
lyophilized, and the product was characterized by fluorescence
emission scanning (excitation wavelength 562 nm) and absorbance
scanning from 300 to 700 nm.

4.10. Rheological Characterization. The mechanical properties
of the hydrogels were studied by oscillatory rheology on a TA
Instruments Discovery HR-2 rheometer. All measurements were
performed at 25 °C by using an 8 mm parallel plate geometry, and the
gap between the upper plate and Peltier base was sealed with silicone
oil to minimize evaporation. Strain sweep measurements from 0.1 to
300% were conducted at 10 rad s~ frequency to determine the linear
viscoelastic region. Frequency sweep measurements from 0.1 to 200
rad s™! were then conducted at 2% strain, which was within the linear
viscoelastic region. Time sweep measurements over 5 min at 2% strain
and 10 rad s~ were conducted to determine storage modulus (G’)
and loss modulus (G”). The viscoelastic properties of hydrogels were
studied by stress relaxation over S min following the application of
10% strain and creep tests over 2 min at a constant 100 Pa stress
loading. Step-strain experiments were performed at 10 rad s™' by
alternating between 2% strain for 60 s and 200% strain for 30 s for
three cycles.

4.11. Hydrogel Preparation and Tuning of Viscoelasticity.
All hydrogels were prepared with DI H,O as the solvent at a polymer
concentration of 20 mg mL™". The molar ratio of CB[8] to the BM
groups was 0.5. For hydrogels from HA-Nor/BM with CB[8] and
HA-Nor and HA-BM with CB[8], DTT at a molar ratio of 0.5 to Nor
groups and 0.5 mg mL™" 12959 photoinitiator were added for thiol-
Nor cross-linking. The viscoelasticity of hydrogels was tuned by UV
irradiation with 254 nm UV (10 mW cm™2) for 20 min to introduce
thiol-Nor covalent cross-linking and 365 nm UV (10 mW cm™2) for 1
h to induce photodimerization of the BM,CCB[8] homoternary
complex.

4.12. Photopatterning Hydrogels. Thin hydrogels of ~1 mm
thickness were prepared in a 4 X 4 X 1 mm poly(dimethylsiloxane)
(PDMS) mold for photopatterning. For the hydrogel of HA-BM with
CB[8], photomasks of 200 or 100 ym stripes were placed atop and
irradiated using 365 nm UV (10 mW cm™2) for 2 min. The patterned
hydrogel was imaged with DAPI and using an inverted Echo Revolve
microscope. For the HA-Nor hydrogel, the hydrogel was swelled in an
FL-SH (0.1 mM) solution containing 0.5 mg mL™! 12959 at room
temperature for S min. Subsequently, the hydrogel was irradiated with
365 nm UV (10 mW cm™2) through 200 ym strips for 1 min. The
patterned hydrogel was washed with DI H,O several times prior to
imaging with the FITC filter of an Echo Revolve microscope. For
spatial control of viscoelasticity within hydrogels, hydrogels
containing DTT (0.35 equiv to Nor) and 0.5 mg mL™"' 12959 were
prepared using the BM,CCB([8] interaction in a 4 X 4 X 1 mm PDMS
mold before 254 nm UV (10 mW cm™) irradiation for 5 min. The
PDMS mold was removed, and the hydrogels were swelled in DI H,0O
for 15 min. An 8 X 8 X 1 mm PDMS mold was placed around the
hydrogels before incubating with the RhB-SH (0.42 uM) solution
containing 0.5 mg mL™' 12959 at room temperature for S min.
Subsequently, hydrogels were irradiated with 365 nm UV (10 mW
cm™?) through a photomask with 200 or 100 um stripes for 2 min.
The patterned hydrogels were washed with DI H,O several times

prior to imaging with DAPI and Texas Red filters on an Echo Revolve
microscope. For orthogonal photopatterning, hydrogels were
incubated with an FL-SH (0.1 mM) solution containing 0.5 mg
mL™! 12959 for 5 min after RhB-SH photopatterning. Subsequently,
hydrogels were irradiated with 365 nm UV (10 mW cm™) for 30 s
through photomasks of 200 or 100 ym stripes placed at a 90° angle
from the initial photomask. The patterned hydrogels were washed
with DI H,O several times prior to imaging with FITC and Texas Red
filters of an Echo Revolve microscope.

4.13. Human LEC Culture. Human LECs derived from the
dermis of two adult donors (PromoCell, Heidelberg, Germany) were
expanded and used for experiments between passages 5 and 9. Human
LECs were grown in endothelial growth medium MV2 (EGM MV2;
PromoCell) and incubated at 37 °C with 5% CO, Human LECs were
characterized for the positive expression of CD31, LYVE-1, Proxl,
and podoplanin throughout the experiments.**®" All cell lines were
routinely tested for mycoplasma contamination and were negative
throughout this study. Viable cells were visualized by staining the cell
membrane with 2 yM calcein AM dye for 20 min at room
temperature. Dead cells were determined by staining with 4 uM
ethidium homodimer-1 (Invitrogen, L3224) for 30 min at room
temperature.

4.14. Lymphangiogenesis Assay. Human LECs were seeded on
hydrogels with 7 mg mL™" HA-Nor/BM polymer (2.63 mM BM) and
cultured for 12 h in EGM MV2 media supplemented with 100 ng
mL™' VEGF-C, 50 ng mL™" bFGF, and 1.5 uM S1p.*’ Images were
acquired at 4X using an inverted light microscope (ECHO Revolve,
San Diego, CA). Images were analyzed using kinetic analysis of
vasculogenesis (KAV), a custom plug-in for FIJL>”*® To visualize
lymphatic tube formation, human LECs cultured on hydrogels were
fixed after 6 h, and samples were incubated with conjugated F-actin
primary antibody and counterstained with DAPI To visualize F-actin
distribution and focal adhesion kinase (FAK), phalloidin and FAK
antibodies were used.

4.15. LEC Gene Expression. To analyze the effect of hydrogel
dynamics on lymphatic phenotypes, LECs were seeded on elastic and
viscoelastic hydrogels and cultured for 12 h in EGM MV2 media,
supplemented with 100 ng mL™' VEGF-C, 50 ng mL™~" bFGF, and 1.5
UM S1P. The 12 h time point was selected to ensure that the signaling
cascade in response to VEGF-C and mechanical stimulation was
captured.***® Each biological replicate was created by pooling RNA
from three individual wells to collect a sufficient amount of RNA. At
least three biological replicates (n = 3) were collected per condition
and analyzed with real-time qRT-PCR with triplicate readings as
previously described.”” RNA was reverse transcribed using a high-
capacity cDNA reverse transcription kit (Thermo Fisher) according
to the manufacturer’s protocol. cDNA was then used with the
TagMan Universal PCR Master Mix and Gene Expression Assays for
LYVE-1, PROXI, Podoplanin, VEGER2, VEGFR3, NRP2, VE-CAD,
MMP-1, MMP-2, MMP-14, and GAPDH. Each sample was prepared
in triplicate, and the relative expression was normalized to GAPDH
and analyzed using the “*Ct method.

4.16. Statistical Analysis. Statistical analysis was performed with
GraphPad Prism 9.0 (GraphPad Software Inc., La Jolla, CA). All data
were expressed as the mean =+ standard deviation (SD). Statistical
comparisons were performed using Student’s t-test for paired data,
analysis of variance (ANOVA) for multiple comparisons, and Tukey
post hoc analysis for parametric data. Significance levels were set at
the following: **p < 0.01; ***p < 0.001; and ****p < 0.0001.
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