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Materials. Sodium hyaluronate (NaHA) was purchased from Freda® Biotechnology
Co., Ltd. (80 kDa). Dowex 50W, tetrabutylammonium hydroxide (TBAOH), di-tert-
butyl dicarbonate (Boc Anhydride), sodium chloride (NaCl), 1-adamantaneacetic acid
(ADA), cholic acid (CA), sodium hydroxide (NaOH), B-cyclodextrin (3-CD) and
acryloyl chloride were obtained from J&K Scientific. 4-Dimethylaminopyridine
(DMAP) was purchased from Aladdin. Dimethyl sulfoxide (DMSQ), hydrochloric acid
(HCI), and deuterium oxide (D20) were acquired from Fisher Scientific. a-minimum
essential medium (a-MEM), Dulbecco's phosphate-buffered saline (DPBS), penicillin,
streptomycin, L-glutamine, fetal bovine serum (FBS), and calcein AM were obtained
from Gibco. Methacrylic anhydride (94%), TRIzol, propidium iodide, tri-Boc-
hydrazinoacetic acid and the other chemicals were purchased from Sigma-Aldrich
unless otherwise specified. The DAB Substrate Kit for peroxidase and VECTASTAIN
ABC kit were purchased from Vector Lab. The human mesenchymal stem cells
(hMSCs) were purchased from Lonza.

Synthesis of acrylated B-cyclodextrin (Ac-p-CD). Ac-B-CD was synthesized
according to a previously reported method . Briefly, 10 g of -CD was added to 150
mL of DMF with 7 mL of TEA added into the solution. The mixture was stirred and
cooled to 0°C before 5 mL of acryloyl chloride was added into the solution. After
stirring for 6 h, the mixture was filtered to remove the trimethylamine hydrochloride,
and the clear solution obtained was concentrated to approximately 20 mL by vacuum
rotary evaporation. Next, the solution was dripped into 600 mL of acetone to precipitate
the modified cyclodextrin. The precipitate was washed several times with acetone and
vacuum dried for 3 days. The substitution degree (DS) of the CD (1.2) was confirmed
by *H NMR (Bruker Advance 400 MHz spectrometer).

Synthesis of adamantane modified hyaluronic acid (HA-ADA). HA-ADA was
synthesized according to a previously reported method with minor modifications 2 3.
Sodium hyaluronic acid (HA-Na, 2.0 g) was treated with Dowex resin (6.0 g) for ion
exchange in the water phase and then neutralized by tetrabutylammonium hydroxide
(TBAOH) to produce the HA-TBA aqueous solution (pH = 7.0), which was soluble in
DMSO after lyophilization. HA-TBA (1.0 g, 1.4 mmol disaccharide repeat units, 1
equiv), 1l-adamantaneacetic acid (0.82 g, 4.2 mmol, 3 equiv), and 4-
dimethylaminopyridine (DMAP, 0.13 g, 1.05 mmol, 0.75 equiv) were dissolved in 100
mL of anhydrous DMSO at room temperature, and di-tert-butyl dicarbonate (BOC-0)
was added slowly under nitrogen protection at room temperature. The mixture was
heated to 45°C and maintained for 24 h. After cooling to room temperature, the reaction



mixture was directly dialysed against DMSO, NaCl (aq), and then DI water to remove
all unreacted small organic compounds. The solution was then frozen and lyophilized
to yield the product as a white solid. The degree of modification was quantified by *H
NMR from the integration ratio between the ethyl multiplet of adamantane (6 = 1.50-
1.85, 12H) and the HA backbone (6 = 3.20-4.20, 10H) (Supplementary Fig. 1a).

Synthesis of cholic acid modified hyaluronic acid (HA-CA). HA-TBA (1.0 g, 1.4
mmol disaccharide repeat units, 1 equiv), cholic acid (1.72 g, 4.2 mmol, 3 equiv), and
4-dimethylaminopyridine (DMAP, 0.13 g, 1.05 mmol, 0.75 equiv) were dissolved in
100 mL of anhydrous DMSO at room temperature, and di-tert-butyl dicarbonate
(BOC20) was added slowly under nitrogen protection at room temperature. The
mixture was heated to 45°C and maintained for 24 h. After cooling to room temperature,
the reaction mixture was directly dialysed against DMSO, NaCl (aq), and then DI water
to remove all unreacted small organic compounds. The solution was then frozen and
lyophilized to yield the product as a white solid. The degree of modification was
determined by *H NMR from the integration ratio between the methyl group of cholic
acid (6 =0.59, 3H) and the HA backbone (6 = 3.20-4.20, 10H) (Supplementary Fig. 1b).

Synthesis of methacrylated HA-ADA and methacrylated HA-CA. Synthesis of
methacrylated HA-ADA and methacrylated HA-CA are similar according to a previous
report 4. In short, an excess of methacrylic anhydride was added to a 1% (w/v) HA-
ADA or HA-CA solution. Next, the mixture was stirred for approximately 4 h while
the pH was kept between 8.0 ~ 8.5 with 2M NaOH adjustment. The product was
purified via dialysis against DI water and then freeze dried. The methacrylation degree
of the HA-ADA or HA-CA was calculated using *H NMR (Supplementary Fig. 1c and
d).

Synthesis of HA-ADA-cRGD and HA-CA-cRGD. Through Michael Addition
reaction, the bioactive thiol-terminated RGD peptides were covalently coupled on the
methacrylated HA-ADA or methacrylated HA-CA chain. Next, the remaining
methacrylates were blocked by adding B-mercaptoethanol to avoid chemical
crosslinking through methacrylates, which would affect the structure of the hydrogel.
!H NMR spectra revealed the HA-ADA-cRGD chemical structures (Supplementary Fig.
le).

Isothermal Titration Calorimetry (ITC). Titrations were performed on MicroCal
iTC200 isothermal titration calorimeter (ITC) at room temperatures (25 °C). Solutions
of ac-p-CD in PBS were titrated into solutions of HA-ADA (or HA-CA) in PBS. The
syringe needle was equipped with a flattened, twisted paddle at the tip, which ensured
continuous mixing of the solutions in the cell rotating at 1000 rpm. Titrations were
carried out by consecutive 2 pL injections of an aqueous ac-CD solution from the
syringe into the sample cell containing an aqueous HA-ADA (or HA-CA) solution. A
total of 20 consecutive injections were performed. The delay between two consecutive
injections was 150 s. The concentration changes due to injections have been taken into
account when analyzing experimental data by the NanoAnalyze software.

Preparation of MeHA hydrogels. For the static MeHA hydrogel, MeHA were first
dissolved in PBS (pH = 7.4) and then mixed with the photoinitiator 12959 (final
concentration: 0.05 wt%). The precursor was loaded in moulds (13 mm in diameter).
After 11 min of UV irradiation (7 mW/cm?), disc-like MeHA hydrogels were obtained.



Swelling ratios of the hydrogels. Swelling ratios of the different dynamic hydrogels
were measured by immersing the hydrogels in DI water for 48 hours at room
temperature, and then the samples were frozen and lyophilized for 48 h. The swollen
ratio was calculated by the following formula:

Swelling ratio = (Wwet— Wary)/Wary X 100% 1)

where Wuwet and Wary represent the weights of the swollen hydrogels and dried hydrogels,
respectively.

Mechanical characterization. Rheological characterizations were performed using a
Kinexus Rheometer from Malvern. Samples were formed in situ by pipetting a 30 pL
monomer solution between the bottom Kinexus Rheometer plate and an 8 mm flat plate,
and the experiment was initiated after photopolymerization. Evolution experiments
were performed at 25°C. Frequency sweeps were performed at 1% strain.

The stress relaxation properties of the samples were measured from compression tests
of the gel discs (8 mm in diameter, 2 mm thick). The gel discs were compressed to 15%
strain with a deformation rate of 0.3 mm s,

Molecular dynamics (MD) modelling. Our simulation box of the HA-ADA hydrogels
contained six CD-ADA pairs, with the guest molecules evenly distributed over three
HA segments, each segment consisting of seven disaccharide units. The resulting
system matches the density (4% wi/v) and guest DS (30%) of HA-ADA used in
experiments. More details of this all-atom model with explicit water are provided at the
end of this section. With all CD-ADA pairs in the bound state and the hosts un-
oligomerized, we first launched four replicas of 250-ns simulations to determine the
distribution of host molecules within the hydrogel, in order to identify a representative
number n in the n-host complex oligomerized via acrylates. With the aggregated 1-ps
trajectories, DBSCAN clustering analysis based on the minimum pairwise distance
between the hosts show that clusters with n > 4 were rarely formed (probability < 2%),
reflecting the steric clash between adjacent host molecules. Here, we chose n = 3 in the
following MD simulations, while both the n = 2 and n = 3 cases were investigated in
the KMC calculations.

Three replicate simulations of ~700 ns to 1 ps were then performed for the HA-ADA
system, where the six host molecules formed two complexes, each containing n = 3
hosts oligomerized via acrylates. With the host and guest molecules initially in the
unbound state, these simulations were designed to examine their spontaneous binding
and to provide starting structures for the subsequent pulling simulations. During these
simulations, over 80% of the initially free CD and ADA molecules were found to
spontaneously bind to each other within hundreds of nanoseconds. This timescale is
consistent with the kon value of 102 M?s? of CD-ADA binding. Initiating from
snapshots obtained from these simulations, we then applied an external force ranging
from 10 to 102 pN on HA segments with either free (unbound) or bound host—guest
pairs. These short (5-ns) pulling simulations were designed to explore the relationship
between applied force and the dynamics of CD-ADA complexation. Through altogether
480 such simulations, we found that even tens of piconewton forces were sufficient to
induce directed movement of those HA segments with unbound host and guest
molecules (Supplementary Table 3). This result indicates that for HA segments with
unbound host-guest crosslinks, cells needed to only apply small (<« 100 pN) forces to



move them “out of the way”. In clear contrast, the same forces mentioned above
generally were not strong enough to break bound CD-ADA pairs in our simulations.
Out of sixty 5-ns runs during which a force of 102 pN was applied along a given HA
segment, host—guest unbinding was only observed in two simulations, while forces
ranging from 10 to 50 pN were unable to break any bound host—guest pair
(Supplementary Table 3). This result is in qualitative agreement with a
straightforward estimation using the Bell model > . Specifically, we consider
Koff=Koff,0eXp(F/Fo) (2

where Koff i the dissociation rate constant between a host—guest pair under an external
force F, while ko0 is the base kot measured under zero external force. Fo represents the
rupture force between the given host-guest pair. With Fo = 102 pN for CD-ADA 7, koft0
=10%s?, and F ranging from 10 to 102 pN, the resulting Ko ranges from 1.1x10% s to
2.7x10%s%, corresponding to a characteristic time of 0.9 ms to 0.4 ms for a single bound
CD-ADA pair to become free.

As mentioned earlier, sixty 5-ns simulations were performed for each value of the
applied force (10, 20, 50, and 102 pN) with a selected CD-ADA pair in the unbound
state, resulting in a total of 240 pulling simulations. Correspondingly, another set of
240 (sixty at each of the above forces) 5-ns pulling simulations were performed with
all CD-ADA pairs in the bound state. During all of the above simulations, a force with
a constant magnitude was applied along one end of a given HA segment. The direction
of the force was approximately tangential to the HA chain, e.g., along the vector
pointing from the C4 atom of the second 2-acetyl-2-deoxy-p-D-glucosamine to the C4
atom of the first B-D-glucuronic acid in the given HA chain (Fig. 3a and Supplementary
Fig. 9a). The central carbon atom of each 3-host complex was constrained with a force
constant of 1.0 kcal/mol/A? to avoid the overall translation of the system. The
correlation coefficient between the force vector and the displacement vector of the guest
molecule closest to the HA end being pulled was calculated as the dot product of the
two unit vectors and was averaged over a short window (1 ns) (Supplementary Table
3). To estimate the “speed” of chain movement, we calculated the diffusion coefficient
D of the above guest molecule through a linear regression model fit to its mean square
displacement (< r? >) according to < r? >= 2bDt, where b = 3 stands for the dimension.
Finally, the change in distance between the aforementioned guest molecule and its
initially nearest unpaired host was measured as the following: at the beginning of each
pulling simulation, we determined the distance between the six host molecules and the
single free guest molecule closest to the HA end being pulled; the distance between that
guest and its initially nearest unpaired host was determined again in the last 0.5 ns of
the simulation. The difference between these two measurements, averaged over all
replicate simulations, were then reported (Supplementary Fig. 9b). This distance
calculation was repeated for sixty 5-ns equilibrium simulations initiated from the same
structures as the pulling simulations, only without any applied force. These control
simulations produced the F = 0 data point in Supplementary Fig. 9b.

Apart from the HA-ADA system, MD simulations were also performed on the HA-CA
system, where cholic acid, instead of adamantane, served as the guest molecule. Before
launching the HA-CA simulations, however, we first determined the potential of mean
force (PMF), i.e., the free energy landscape of a single CA molecule binding to 3-CD.
This was achieved through 9.4-ps adaptive biasing force (ABF) & © calculations, with
the reaction coordinate chosen as the z-axis projection of the center-of-mass distance
vector between the steroid body of CA and B-CD (the ring of B-CD was held in the xy-



plane, see Supplementary Fig. 8). Since the host molecules were acrylated on the
narrow ends in our hydrogel, the guest entrance faces less steric hindrance through their
wide ends. This is confirmed by the aforementioned spontaneous binding simulations
of CD-ADA, where all guest molecules were found to enter from the wide end of -
CD. The same orientation was thus adopted for CA-CD to mimic the condition in our
hydrogel. As shown in Supplementary Fig. 8, our ABF calculations locate an overall
binding energy minimum when the CA molecule’s five-membered ring D and
hydrophobic tail is inside the host cavity, in agreement with its inserted portion revealed
by NMR ROESY spectra 1. The computed binding free energy at this location (-6
kcal/mol) is in good agreement with the binding free energy corresponding to Keq of
CD-CA measured in our hydrogel from ITC experiment (-6.6 kcal/mol, see
Supplementary Fig. 2 and Supplementary Table 5).

Upon confirming the binding mode of CD-CA, we constructed the HA-CA system by
replacing the guest molecules in the HA-ADA system with CA. Similar to HA-ADA
pulling simulations, an external force was applied on HA segments with either free
(unbound) or bound CD-CA pairs, in order to examine the relation between the applied
force and dynamics of the host-guest complexation. Specifically, 240 5-ns pulling
simulations were performed with forces of 10, 20, 50 and 102 pN applied on HA
segments with free CD-CA, following the same setup as the HA-ADA simulations.
However, only the largest force (102 pN) was applied in the corresponding simulations
with bound CD-CA — since the CD-CA pair has smaller kot than CD-ADA, unbinding
is not expected to occur at lower forces. Indeed, no unbinding event of the CD-CA
complexation is recorded even in the sixty 5-ns pulling simulations performed at F =
102 pN (Supplementary Table 3).

In all MD simulations, the CHARMM36 carbohydrate ' 12 and general 4 force fields
were employed to model the HA-ADA and HA-CA systems. Specifically, f-
cyclodextrin was created by linking seven a-D-glucose via the 14ab patch in
CHARMMS36, with its initial structure obtained from the protein data bank (PDB code
3gct). The HA chain was created by linking 3-D-glucuronic acid and 2-acetyl-2-deoxy-
B-D-glucosamine via the 13bb and 14bb patches alternatively. The acrylate,
adamantane and cholic acid parts were all parameterised via the CGenFF website 1416,
which produced small penalty values up to 10 to 12. A small number of remaining
missing parameters were obtained via analogy. All simulations were performed with
the 2.12 or 2.13 release of NAMD ', A time step of 2 fs was adopted in all simulations
with bonds involving hydrogen atoms constrained using RATTLE * and water
geometries maintained using SETTLE *°. The multiple-time-stepping algorithm was
used with short-range forces calculated every step and long-range electrostatics
calculated every two steps. The cutoff for short-range nonbonded interactions was set
to 12 A, with a switching distance of 10 A. Assuming periodic boundary conditions,
the Particle Mesh Ewald (PME) method ?° with a grid density of at least 1/A3 was
employed for computation of long-range electrostatic forces. Langevin dynamics with
a damping coefficient of 1 ps™ was used to keep the temperature constant at 300 K,
while a Nosé-Hoover-Langevin piston 2! was used to maintain the pressure at 1 atm.
During ABF calculations, the z coordinate of atom O4 in each unit of B-CD was
constrained with a spring constant of 1.0 kcal/mol/A2. The 28.6-A reaction coordinate
(from z = -11 A to z = 18.6 A) was divided into nine windows, with an overlap of at
least 1.0 A between adjacent windows. ABF calculations ranging from 600 ns to 1.8 us
were performed for each window, resulting in a total of 9.4 us sampling. Gradients were



collected with a full Samples number of 2000 and a bin width of 0.2 A. The resulting
PMF has an asymmetry of ~3 kcal/mol between its two ends (thin gray curve in
Supplementary Fig. 8), reflecting the error in the calculation. Assuming that more errors
occur in regions with larger gradients, we obtained a symmetrized PMF by distributing
the ~3 kcal/mol error according to the magnitude of the gradients along the reaction
coordinate (thick black curve in Supplementary Fig. 8). Considering this error in PMF,
we examined a two-orders-of-magnitude range of ko in our subsequent KMC
calculations (Supplementary Fig. 9h). Finally, we note that in order to avoid the
‘wandering ligand’ issue %2, the top and bottom carbon atoms (C3 and CD) of the CA
molecule were restrained in a cylinder in the three outermost windows at each end of
the PMF. Placed at the center of B-CD, this cylinder has a diameter of 8 A, which
restricts both the location and orientation of CA. The corresponding adjustment for the
loss in translational and rotational entropy sets the two ends of the PMF at ~1.7 kcal/mol,
with the standard state in bulk solution taken as reference (0 kcal/mol).

Kinetic Monte Carlo (KMC) calculation. Typical filopodium contains a bundle of 15
to 20 actin filaments packed hexagonally and crosslinked by proteins such as fascin,
with the distance between adjacent actin filaments estimated at 7-9 nm 2%, Here, we
considered an actin bundle with 15-20 filaments spaced 8 nm apart. Assuming that n
host molecules are oligomerized together via an acrylate chain, these n-host complexes
form a set of 3D grids that crosslink the guest-decorated HA chains. Through an
exhaustive search we estimated the number of such n-host complexes a single actin
filament might encounter. With n = 2, a single actin filament faces 1, 2, 3 and 4 such
complexes at a probability of 0.05, 0.54, 0.28 and 0.13, respectively. With n = 3, the
corresponding probability is 0.23, 0.66, 0.10, and 0.01, respectively. Individual KMC
calculations were performed for each of the four cases corresponding to a given n, and
the resulting numbers of ‘fast-enough’ gate-opening events (Fig. 3f) were combined
using the aforementioned probabilities as weights (Supplementary Fig. 9g). As
hydrogels studied experimentally are likely mixtures of n-host complexes, their
behaviours can be expected to lie within the range of the KMC results obtained here. It
should be noted that out of each n-host complex, only n-1 host-guest pairs need to
unbind in order to “free” the corresponding grid. Therefore, with four 2-host complexes,
4 host—guest pairs (1 from each 2-host complex) should unbind; while with four 3-host
complexes, 8 host—guest pairs (2 from each 3-host complex) should unbind. These up
to 8 host—guest pairs thus represent an undividable, minimum set, i.e., “a gate” that
must open for individual actin polymerization to occur. During such polymerization,
G-actin monomers are added onto the barbed end of Filamentous (F)-actin. Each newly
added G-actin extends the F-actin filament by approximately 2.7 nm 28 which is well
below the average spacing (~5 nm) between the n-host complexes in our hydrogels.
Therefore, a single actin polymerization event requires only one gate to open. Notably,
all actin filaments within the same filopodium need not to be perfectly synchronized in
their growth—as long as the gates open fast enough for each individual actin
polymerization event, protrusion of the entire filopodium may continue.

Next, we estimated the maximum force cells could exert on a single HA chain. Such
force is ultimately transmitted via integrin receptors, which bind to ligands in the
surrounding microenvironment. In our hydrogels, RGD peptides decorating the HA
chains serve as the ligands for integrin binding. Given a typical molecular weight of 80
kDa for a single HA chain and a DS value of 3% for the RGD peptides, we estimated
that there were on average six RGD on a single HA chain. The average spacing between



these peptides is over 30 nm, which should be more than sufficient to pack integrin
receptors, given that the latter has diameters of 10 nm 2° and that they have been shown
to pack less than 20 nm apart in platelets *°. Therefore, we estimated that there were up
to six integrin—-RGD bonds on a single HA chain. The force transmitted by individual
integrin receptors has been found to be 110 + 9 pN in rat embryonic fibroblasts 3,
although smaller values, ranging from 40 pN 2 to only 2-4 pN 3 have also been
reported. A recent study attempting to resolve this discrepancy has found that not all
integrin-ligand bonds bear the same load: while the vast majority are under small
tension of 1-7 pN, approximately 20% bear greater tension 34, In our case, it is likely
that cells “pull the hardest” only on those few HA chains immediately blocking its
spreading, whereas once host—guest crosslinks on a given HA segment are broken, a
much smaller force can be applied to displace that segment, as suggested by the results
of our MD simulations. In summary, we estimated that the forces exerted by cells on a
single HA chain ranged from tens of piconewtons up to about 660 pN. Due to load
sharing, the force felt by an individual host—guest pair is inevitably smaller than the
above values. Nonetheless, load sharing can only be achieved when an initially loose
HA segment becomes stretched (Supplementary Fig. 9a). As a result, it is likely that
only a small number of host—guest pairs share the load at a time, which then unbind to
shift it to the next batch of host—guest pairs. As we could not determine the exact
number of load-bearing host—guest pairs, we considered the entire range of forces
mentioned above, bearing in mind that the maximum of 660 pN is an overestimation.
As can be seen from the comparison of Fig. 3f and Supplementary Fig. 9e-h, while the
distribution of the gate-opening time has a strong dependence on the applied force, the
probability of achieving ‘fast-enough’ gate-opening events in our hydrogels shows a
much weaker dependence. This later result may have arisen from the relationship
between the actin polymerization timescale and kinetic constants of the two types of
host-guest complexation studied here — the CD-ADA pairs are nearly always ‘fast
enough’, whereas the CD-CA pairs, under the above range of forces, are generally not.
This renders the probability for gate-opening to occur within the estimated actin
polymerization timescale dominated by the presence of the former host-guest pairs.

As a final step before launching the KMC calculations, we estimated the kinetic
constants of CD-CA. While these constants have been reported for a variety of bile
acids 1 3, they all corresponded to the association and dissociation from the ‘thin’
carboxylate side of the molecules. As the carboxylate group is covalently attached to
the HA chains in our hydrogel, association and dissociation had to occur through the
bulkier steroid body of CA. According to our ABF calculations (Supplementary Fig. 8),
the free energy barrier (Ep) against such dissociation is estimated to be ~21 kcal/mol,
about 8 kcal/mol higher than the energy barrier against dissociation from the
carboxylate side, the latter of which was estimated to be ~13 kcal/mol 1. Assuming that
Koff is proportional to exp(-Ev/ksT), where kg is the Boltzmann’s constant and T is the
temperature, we estimate that kof for dissociation from the steroid body side of CA is
~1.3x107 s, which is about 10° times slower than that reported by Schonbeck for
dissociation from the carboxylate side 1. Given the error in our PMF, we also examined
Koft an order of magnitude larger or smaller than this estimated value, i.e., 1.3x10* s!
and 1.3x102 s, in our KMC calculations (Supplementary Fig. 9h). The corresponding
Kon values were obtained by multiplying kot with the equilibrium binding constant of
the CD-CA pair (Keq = 2.93x10* M) converted from their binding free energy found
in our ABF calculations. The rupture force between CD and CA was estimated to be



84.8 pN according to the value of Keq and the cylindrical integration approach given in
Aulettaetal ’.

Based on the parameters described above, we carried out a series of kinetic Monte Carlo
calculations to determine the gate-opening time, i.e., the time it takes for the required
number of host-guest pairs to be all in the unbound state. The effect of external force
on kot was again described using the Bell model > . All KMC calculations were
initiated with host-guest pairs either in the bound or unbound state according to the
probability determined by their equilibrium binding constants. In mixed hydrogels, a
given host—guest pair is assigned randomly to be either CD—ADA or CD—CA according
to their mixing ratio. With force-induced diffusion of unbound guests considered in the
next section, each host—guest pair was allowed to independently switch between bound
and unbound states. The time it takes for such switches is determined by kon and Kot
according to the standard KMC algorithm 3¢, More specifically, the “survival”
probability that a host—guest pair formed at t = 0 remains bound at time t is given by 3¢
po(t) = exp(-Kort) 3
Correspondingly, the probability distribution function for the time of “first escape”, i.e.,
when the host—guest pair first breaks up, is
Pb2u(t) = Kotr €Xp(-Kofrt) (4)
where the subscript b2u stands for the switch from the bound to unbound state. In a
KMC calculation, the above probability distribution function is sampled by drawing a
random number r on the interval (0,1) and then let t = -(1/korf)In(r). Similarly, the
probability distribution function for the time to switch from the unbound to bound state
is
Puzn(t) = kon[H]exp(-Kon[H]t) )
where [H] is the free host concentration. Here, since host molecules are much more
mobile than the guests (the latter are covalently bonded to HA chains while the former
are not) and given that cells could only exert forces on a small number of HA chains,
we assume that the overall equilibrium of host-guest binding within the hydrogel is
maintained, which allow us to determine the free host concentration based on Keq and
the total host/guest concentration. In the case of mixed HA-ADA and HA-CA hydrogel,
we assume that CD—ADA and CD-CA binding is each in equilibrium, and the resulting
free host concentration is obtained by solving a cubic equation involving the mixing
ratio and equilibrium binding constants of both types of host—guest pairs.

When a given guest is in the unbound state, its probability of being moved “out of the
way” by the applied external force is estimated using the force-dependent diffusion
coefficient obtained from our MD simulations. More specifically, we consider the 3D
distribution probability of a particle diffusing from the origin as ¥’
TZ

1 e 4Dt (6)
(4m)2(Dt)2
Integrating from r = 0 to r = R yields the “survival” probability that the particle remains
within a radius R at a given time t:

P(r,t) =

R R _R*
Poyrvival = erf(\/m) - \/me 4Dt ()
With R = 8 nm corresponding to the typical actin filament spacing and the force-
dependent diffusion coefficient D obtained from our MD simulations, Psurival is fit to
an exponential form to produce an “effective diffusion rate constant” kp. While it is
clearly an approximation, the fitted curve nonetheless agrees well with the original




Psurvival (Supplementary Fig. 9c¢). Based on such fitting performed on MD results (F =
10, 20, 50, 102 pN) of HA-ADA and HA-CA, a linear F vs. kp relationship
(Supplementary Fig. 9d) is observed and subsequently used to estimate kp at a given
applied force. For mixed hydrogels, a weighted average of kp values of HA-ADA and
HA-CA were used based on their given mixing ratio. kp is set to zero at F = 0 and no
negative kp is invoked. Thus, for an unbound guest, the next event (binding versus
force-directed diffusion) to occur is chosen based on the standard KMC algorithm, i.e.,
two random time drawn according to t1 = -(1/kon[H])In(r1) and t> = -(1/kp)In(r2), where
ri and r are two random numbers in the range (0, 1), is compared and the event with a
shorter time is chosen. It is worth pointing out that the values of kp are generally orders
of magnitude larger than kot of the host-guest crosslinks. This “separation of timescale”
allows the approximation of neglecting the “in-coming” flux of guests, since the latter
is largely determined by the rate at which unbound guests become available, i.e., Kofr.

Based on the above equations, 100,000 KMC runs are performed to determine the
distribution of the first time that the required number of host—guest pairs are all in the
unbound state, i.e., the time it takes for a gate-opening event to first occur. Specifically,
with M n-host complexes, the required number of host-guest pairs correspond to at least
n-1 out of the n host—guest pairs within each of the M complexes. If a gate-opening
event is not detected in a given KMC run, the sampling time of that run is extended to
at least ~0.1 s, e.g., ten times the typical timescale of actin polymerization. The
probability of achieving gate-opening events faster than ~0.01 s, i.e., faster than actin
polymerization, is then collected from the total of 100,000 KMC runs. These
calculations are performed individually for each of the four casesof M (M =1, 2, 3, or
4) corresponding to a given n (n = 2 or n = 3). The final probabilities of ‘fast-enough’
gate-opening are then obtained from their weighted averages as described earlier.

Western blotting. Total protein was extracted using RIPA Lysis and Extraction Buffer
(Thermo Fisher Scientific) and Halt Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific) on ice for at least 30 min according to the manufacturer's protocol. Later, the
supernatant was collected after centrifugation at 12,000 g and 4°C, and the protein
concentration was measured using a Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). Next, all the samples were electrophoresed through a 10% Bis-Tris
polyacrylamide gel before being transferred to a 0.45-mm PVDF membrane (Millipore,
Billerica, Massachusetts, USA). After three washes with PBS supplemented with
Tween-20, the PVDF membranes were blocked with a 5% fat-free milk powder solution
for 2 h at room temperature and then incubated with various primary antibodies
overnight at 4°C with gentle rocking. Horseradish peroxidase-coupled secondary
antibody (anti-mouse secondary antibody, 1:800, Santa Cruz, Dallas, Texas, USA) was
then applied and incubated with membranes for 120 min at room temperature with
gentle rocking. Fluorescence signals were displayed with an enhanced
chemiluminescence (ECL) substrate (Millipore) under an imaging system (Bio-Rad,
Hercules, CA, USA). Densitometric analysis was conducted using open source ImageJ
software (NIH). The primary antibodies used include Runx 2 (1:600; Santa Cruz
Biotechnology, cat. # sc-101145), ALP (1:600; Santa Cruz Biotechnology, cat. # sc-
271431) and GAPDH (1:600; Santa Cruz Biotechnology, cat. # sc-32251).

Gene expression analysis. For gene expression analysis, the samples were harvested
and homogenized in TRIzol reagent, and RNA was extracted according to the
manufacturer's instructions. The RNA concentration was then determined using a ND-



1000 spectrophotometer (Nanodrop Technologies). One hundred ng of RNA from each
sample was reverse transcribed into cDNA using a RevertAid First Strand cDNA
Synthesis Kit (Thermo). Real-time PCR was performed on an Applied Biosystems 7300
Real-Time PCR system using Tagman primers and probes specific for GAPDH
(housekeeping gene), vinculin and the osteogenic marker genes (Runx 2, Col | and
Runx 2). The information of the primers is listed in the Supplementary Table 6. The
relative gene expression was calculated using the AACT method, where fold differences
were calculated using the expression of 2744¢T,



Supplementary Table 1. Hydrogel compositions used in the study.

Crosslinking density Storage modulus

[}

Group name HA conc. (%) (%) (kPa)
MeHA-cRGD 4 ~30 ~9

HA-ADA-cRGD 4 ~30 ~1
HA-CA-cRGD 4 ~30 ~1

Conc.: Concentration



Supplementary Table 2. Western blot analysis of vinculin and B1 integrin protein
expression in hMSCs after 5 days of osteogenic culture in hydrogels prepared with
different lifetime crosslinks.

Day 1 Day 3 Day 5
Relative intensity of Vinculin 0.94 1.30 1.30
(HA-ADA-cRGD)
Relative intensity of Vinculin 1.10 0.95 0.82
(HA-CA-cRGD)
Relative intensity of Integrin 0.82 0.95 1.35
B1 (HA-ADA-cRGD)
Relative intensity of Integrin 0.38 0.53 0.65

B1 (HA-CA-CRGD)




Supplementary Table 3. MD simulation results showing the effect of applied force on
a single host-guest pair. For a given value of applied force, sixty 5-ns simulations were
performed on the HA-ADA system with all CD-ADA pairs initially in the bound state.
Among these 240 simulations, unbinding events were only observed in two simulations
with F =102 pN. Sixty 5-ns simulations with F = 102 pN on the HA-CA system with
all CD-CA pairs initially in the bound state revealed no unbinding event. Simulations
with lower forces were not performed for the HA-CA system with bound CD-CA pairs.
For both HA-ADA and HA-CA, a separate set of 240 5-ns simulations (60 for each
applied force) were performed with a given host-guest pair initially in the free (unbound)
state. The correlation coefficient (value ranges from -1 to 1) between the direction of
the applied force and the movement of the free guest molecule closest to the HA end
being pulled was then determined. VValues in the parentheses indicate the standard error
of the mean from 60 simulations performed at a given force. The diffusion coefficient
(D) of such movement was determined from a linear regression model fit to the mean
square displacement of the corresponding guest molecule averaged over 60 simulations
performed at a given force. Values in the parentheses indicate the standard error in the
linear regression estimate of D.

Force (pN) System Unbinding Correlation D (nm?/ns)
event coefficient
10 HA-ADA 0/60 0.104 (0.023)  0.117 (0.001)
20 HA-ADA 0/60 0.291 (0.025)  0.165 (0.000)
50 HA-ADA 0/60 0.552 (0.033)  0.622 (0.006)
102 HA-ADA 2/60 0.702 (0.031)  1.844 (0.010)
10 HA-CA - 0.159 (0.030)  0.125 (0.000)
20 HA-CA - 0.260 (0.023)  0.135 (0.002)
50 HA-CA - 0.597 (0.027)  0.545 (0.003)
102 HA-CA 0/60 0.787 (0.016)  1.389 (0.008)




Supplementary Table 4. Western blot analysis of pFAK, Runx 2 (after 3 days) and
ALP (after 7 days) protein expression in hMSCs across various groups (HA-ADA-
cRGD, HA-ADA-pRGD and HA-ADA\) of osteogenic culture.

HA-ADA-cRGD HA-ADA-pRGD HA-ADA
Relative intensity 1.38 0.56 0.26
of pFAK
Relative intensity 1.00 0.91 0.58
of Runx 2
Relative intensity 1.21 1.08 0.96

of ALP




Supplementary Table 5. Thermodynamic binding parameters of HA-ADA and HA-
CA with B-CD obtained from ITC measurements.

System AH (kcal mol?) TAS (kcal molt)  Keq (M)

HA-ADA -4.5 2.6 1.68 x 10°

HA-CA -2.7 3.9 7.13 x 10*




Supplementary Table 6. Information of the primers used for real-time PCR. (Applied
Biosystem)

Gene Name Gene Expression Assay
GAPDH Hs02786624_g1
COL1 Hs00164004_m1
ALP Hs01029144 _m1
Runx 2 Hs00231692_m1

Vinculin Hs01009014_m1
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Supplementary Fig. 1 Characterization of synthesized macromers. *H NMR
spectrum of a HA-ADA, b HA-CA, ¢ methacrylated HA-ADA, d methacrylated HA-

CA and e HA-ADA-cRGD.
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Supplementary Fig. 2 a Raw data for the titration of HA-ADA with ac-B-CD at pH
7.4, showing that the calorimetric response as successive injections of ac-CD is added
to the sample cell. b Integrated heat profile of the calorimetric titration shown in panel
a. ¢ Raw data for the titration of HA-CA with ac-B-CD at pH 7.4, showing that the
calorimetric response as successive injections of ac--CD is added to the sample cell.
d Integrated heat profile of the calorimetric titration shown in panel c.



a N.S. b e HA-ADA G' (Pa) HA-CA G’ (Pa)

3 o HA-ADA G" (Pa) HA-CA G" (Pa)
o 1800+ _T_
() ol®
= 1600+ 102 8
) ©
3 <
= 1400+ i.'J— -
= 12001 o
(7]
)
i 1000- ' 10" . . . .
e v 10° 102 101 100 101
iY’o v-'o Frequency (Hz)
R\ s
C . Asoc206 (Pa) A50C50 G (Pa) e A20C80 G' (Pa) d
" " A20C80 G" (P
o A80C20 G" (Pa) A50C50 G" (Pa) © (Pa) T
207 fkk wxx
o -I-
= 40
c
]
S 20
8
<]
101 € oLl et

103 107 10 100 10"

Q Q
Frequency (Hz) Ov. 0’) ‘O o‘b o?‘

F&E S

Supplementary Fig. 3 Mechanical characterization of the various hydrogels. a
Elastic modulus of the HA-ADA and HA-CA hydrogels. b Shear storage (G') and shear
loss (G") moduli of hydrogels (HA-ADA and HA-CA) during frequency sweep
rheological analysis. ¢ Shear storage (G') and shear loss (G") moduli of hydrogels
(A80C20, A50C50 and A20C80) during frequency sweep rheological analysis. d Half-
stress relaxation times for the various hydrogels investigated (Data are presented as
mean values £ SD, n = 3 independent samples per group) *p < 0.05, **p < 0.01, ***p
< 0.001, N.S. indicates no statistical difference (two-tailed Student’s t-test). (A80C20,
A50C50, A20C80 were prepared by mixing HA-ADA and HA-CA at the weight ratio
of 80%:20%, 50%:50%, or 20%:80%, respectively)
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Supplementary Fig. ncapsulated hMSC bhaviur and viabli epresentative
live/dead staining images of hMSCs encapsulated in hydrogels with various RGD
coupling methods after culture for 1, 3, and 7 days. Scale bar =200 um.
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Supplementary Fig. 5 DNA content across various hydrogels. DNA isolated from
hMSC-laden hydrogels with varying crosslinking methods and RGD coupling methods
during 14 days of culture (Data are presented as mean values £ SD, n = 3 independent

hydrogels) ***p < 0.001 (two-tailed Student’s t-test).
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Supplementary Fig. 6 Encapsulated hMSC morphology. Representative optical
micrographic image of hMSCs encapsulated in hydrogels from different groups (HA-
ADA-cRGD and HA-CA-cRGD) on culture days 1 and 7, actin (red) and nuclei (blue).
Scale bar =100 pm.
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Supplementary Fig. 7 Hydrogel swelling with culture. a The normalized volume of
cell-laden hydrogels with varying crosslink methods and RGD coupling methods
measured after 1, 3, 7, 14 and 21 days of culture (Data are presented as mean values +
SD, n = 3 independent hydrogels) N.S. denotes no statistical differences (ANOVA). b
Images of hydrogels with varying crosslink methods and RGD coupling methods after
1, 7 and 14 days of culture; the size of the hydrogel constructs was similar across the
various groups.
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Supplementary Fig. 8 Potential of mean force (PMF) for CD-CA binding obtained
from ABF calculations. Structures of the CD-CA complexation at six representative
locations along the reaction coordinate (z) are highlighted. The thin gray curve
represents the un-symmetrized PMF, while the thick black curve indicates the
symmetrized result (see text for more details).
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Supplementary Fig. 9 MD and KMC modelling. a MD simulation snapshots showing
the unbinding process of a host-guest pair in HA-ADA under an external force of 102
pN applied tangentially along one end (red dot) of the HA segment. In altogether sixty
simulations performed at F = 102 pN, unbinding of CD-ADA was recorded in two
simulations. b The change in the distance between the free guest molecule (the one
closest to the HA end being pulled) with its initially nearest unpaired host molecule
increases with increasing magnitude of force applied, indicating a decreasing
probability of reunion of the unbound host/guest molecules with their original partners.
Error bars represent the standard error of the mean from 60 simulations performed at a
given applied force. ¢ Psunival as a function of time (black) according to Equation (7) at
F =10 pN in HA-ADA. The fitted exponential form is shown in red, from which an
effective rate constant kp is obtained. d kp obtained for F = 10, 20, 50 and 102 pN (dots)



and the linear fitting result (line) for HA-ADA (blue) and HA-CA (red), respectively. e
Distribution of the gate-opening time in HA-ADA under a force of 0 pN, 10 pN or 100
pN, assuming that an actin filament faces four 2-host complexes. f Average gate-
opening time with the thermodynamic constant Keq kept unchanged, and kon and Kost
scaled down by 1-3 orders of magnitude from those of HA-ADA (green), assuming that
an actin filament faces four 2-host complexes (solid) or four 3-host complexes (dashed),
respectively. The blue curves correspond to kon = 10” M1s™ and kot = 102 s, the red
curves correspond to kon = 10° M*s and kot = 10* s%, and the black curves correspond
to kon = 10° Ms? and ko = 1 s. The dotted lines indicate the timescale of actin
polymerization (~0.01 s). g Probability for a gate-opening event to occur within the
estimated timescale of actin polymerization (~0.01 s) at F = 100 pN, withn=2or n =
3 in acrylated host complexes. h The same probability shown in g with F =100 pN and
n = 2, where the Ko value of CA was varied from 1.3x102 s to 1.3x10% s,
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Supplementary Fig. 10 Representative images of hMSCs encapsulated within

hydrogels (3D cell encapsulation) with different RGD conjugation methods.

Representative images of hMSCs encapsulated within hydrogels (3D cell encapsulation)
with different RGD conjugation methods (HA-ADA-cRGD, HA-ADA-pRGD and HA-

ADA-without RGD) after 1 and 3 days of culture. Scale bar = 200 um.
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Supplementary Fig. 11 hMSC adhesion in 3D hydrogels. a Representative
immunofluorescence staining for F-actin (red), nuclei (blue) and vinculin (green) in
hMSCs cultured in the hydrogels (HA-ADA-pRGD and HA-ADA) for 3 days. Scale
bar =20 um. b RT-PCR quantification of vinculin expression by hMSCs encapsulated
in the hydrogels. Data are presented as mean values = SD, n = 3 independent hydrogels;
***n < 0.001 (two-tailed Student’s t-test).
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Supplementary Fig. 12 hMSC pFAK visualization in 3D hydrogels. Representative
immunofluorescence staining for F-actin (red), nuclei (blue) and pFAK (green) in
hMSCs cultured in the hydrogels (HA-ADA-pRGD and HA-ADA) for 3 days. Scale
bar = 20 pm.
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Supplementary Fig. 13 hMSC pFAK expression in 3D hydrogels. Western blot
analysis of pFAK protein expression in hMSCs after 3 days of osteogenic culture in
hydrogels prepared with different RGD coupling methods. The samples derive from the
same experiment and that gels/blots were processed in parallel. (Data of Relative
intensity details are in the Supplementary Table 4)
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Supplementary Fig. 14 hMSC YAP staining in 3D hydrogels. Representative
immunofluorescence staining for F-actin (red), nuclei (blue) and YAP (green) in

hMSCs cultured in the hydrogels (HA-ADA-pRGD and HA-ADA) for 3 days. Scale
bar =20 um.
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Supplementary Fig. 15 hMSC gene expression in 3D hydrogels. RT-PCR
quantification of Col 1 and OCN expression by hMSCs encapsulated in the hydrogels
(HA-ADA-cRGD and HA-CA-cRGD). Values are normalized to expression levels
within HA-ADA. Data are presented as mean values = SD, n = 3 independent hydrogels;
*p < 0.05, **p < 0.01 (two-tailed Student’s t-test).



a Western Blot Day 7 b Western Blot Day 3

ALP - 43 kDa Runx 2 - 55 kDa

37 kDa
Q O & T
OQ'O QQ'O ,§ Q.Oo Q.Oo §?'
(iR AR \a P
N o ¥
¥ & ¥

Supplementary Fig. 16 hMSC osteogenic protein expression in 3D hydrogels.
Western blot analysis of a ALP (after 7 days) and b Runx 2 (after 3 days) protein
expression in hMSCs across various groups (HA-ADA-cRGD, HA-ADA-pRGD and
HA-ADA) of osteogenic culture. The samples derive from the same experiment and
that gels/blots were processed in parallel. (Data of Relative intensity details are in the
Supplementary Table 4)
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Supplementary Fig. 17 Nascent local ECM thickness around hMSCs in 3D
hydrogels. Quantification of the average thickness of ECM deposited by hMSCs
encapsulated in HA-ADA-cRGD and HA-CA-cRGD hydrogels after 18 hours of
osteogenic culture. Data are presented as mean values + SD, n = 7 cells per group from
2 independent experiments, **p < 0.01 (two-tailed Student’s t-test).
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Supplementary Fig. 18 hMSC spreading with fibronectin blocking. Representative
images of F-actin expressed by hMSCs encapsulated in HA-ADA-cRGD and HA-CA-
cRGD hydrogels after 18 hours of treatment with different concentrations of
monoclonal antibody against human fibronectin (HFN 7.1, 0, 5, 7.5, 10 pg-mL™). Scale
bars=200 um. Circularity of hMSCs encapsulated in HA-ADA-cRGD and HA-CA-
CcRGD hydrogels after 18 hours with treatment of various concentrations of HFN 7.1 (0,
2,5,5,7.5,10 pg-mL™). Data are presented as mean values + SD, n = 3 hydrogels; *p
< 0.05, **p < 0.01, N.S. denotes no statistical significance (two-tailed Student’s t-test
or ANOVA).
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Supplementary Fig. 19 hMSC viability during fibronectin blocking studies.
Viability of hMSCs encapsulated in HA-ADA-cRGD and HA-CA-cRGD hydrogels
with treatment of various concentrations of monoclonal antibody against human
fibronectin (HFN 7.1, 0, 2.5, 5, 7.5, 10 pg-mL?). Scale bar = 200 um. Quantification
of the viability of hMSCs encapsulated in HA-ADA-cRGD and HA-CA-cRGD
hydrogels with treatment of various concentrations of HFN 7.1 (0, 2.5, 5, 7.5,
10 ng-mL™). Data are presented as mean values + SD, n = 3 hydrogels per group; N.S.
denotes no statistical differences (ANOVA).
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Supplementary Fig. 20. Schematic illustration of the molecular mechanisms
underlying the ultra-fast spreading and mechanosensing of hMSCs in the HA-ADA-
cRGD hydrogel.
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