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ABSTRACT: High branch functionality (f) materials have garnersed Brush PEG hydrogel Copperfree Brush PEG
significant attention as building blocks for hydrogels as their ability to form “Click”

abundant network connections yields mechanically robust gels that can chemistry ({\A%A )
potentially tolerate the negative effects of topological defects. Herein, we 7; "ﬁ(
report the synthesis of hydrogels using brush polymers and investigate the - R\ PEG3KDR W o
influence of both f and polymer topology on the mechanical properties of < \@RFE LN\ > R
resulting hydrogels. Our study suggests that both the high f and the extended e _
conformation of polymer brushes that are attributed to the nanoscale shape R=-Ng
of the brush polymers enable them to exhibit elevated gel stiffness and can a{/\___\' o
effectively minimize the effects of topological defects, induce gelation at much  Chain-end functionalization \& &8}~y

lower cross-link concentrations, and display restrained swelling compared

with gels made with more flexible polymers. In addition, because the brush polymers adopt discrete nanoparticle-like morphologies
in solution, tailoring the location of the cross-linking groups at different points along the brush surface allows for different topological
connectivities (e.g, side-to-side and end-to-end) to be generated, further controlling the resulting mechanical properties of the cross-
linked networks. Brush polymers are therefore promising building blocks for hydrogels with highly tunable mechanical and physical
properties and for the investigation of structure—property relationships affected by the gel network topology.

B INTRODUCTION inevitable, which negatively impacts the mechanical properties
of resulting hydrogels. Significant information could therefore
be gained from a nanoscale polymer-based building block that
could express a large, controlled number of binding groups to
systematically study the effects of f on gel synthesis and
mechanical properties.

Progress over the past few decades in the development of
robust polymer synthesis methods has provided a convenient
building block, the brush polymer, to build hydrogels that
could potentially offer insight into these research questions
pertaining to connectivity within the network. Brush polymers
consist of a primary polymer backbone with multiple pendent
secondary side chains, where individual side chains on the
brush polymers are spatially constrained and have fewer

Polymer hydrogels are a class of soft, highly hydrated three-
dimensional networks composed of cross-linked hydrophilic
polymers."”> The development of different topological
structures and various cross-linking methods offers great
opportunities for fabricating gels for a broad range of
applications.” ™ Despite these successes, the influence of
branch functionality (f, the average number of connections
between each junction) is still being explored, partially due to
the difficulties in synthesizing polymer building blocks with
accurate and large values of f.

Creating a polymer network with high f is of particular
interest since a greater number of connections between

individual polymers can result in more mechanically robust degrees of conformational freedom than linear polymers

hydrogels that are less 1nh1b1ted by topological defects like because of steric hindrance imposed by the dense pack-
dangling chains or loops.™® Prior efforts to synthesize gels that 1517

have large f have used multivalent components like hairy iﬁ(ge'l to B:Sl:ilsspobzl?cer d:feetc‘f:rf: Saerlef-];i};e;efc;ieacir;::sh liss
polymer nanoparticles or well-defined polymer structures like yl P ¢ hc_y tangl ] tg icall d,' -
metal—organic cages and dendrimers. Hairy polymer nano- f;;::géfzolnAzzcit;lgauen tahneg reur;l;gei (;afr esi dZPcllclzirzls Calrr:néle
particles like amphiphilic micelles and polymer-grafted nano- r't I ntrolled 2’ rin lymerization by tuning th
particles can easily make gel structures with high f (>100).”" acetraiely Contotec CHTNg polymerization By Himing the
However, the f value cannot be tuned to a large degree of
accuracy due to the nonspecific nature of connections formed
between the constituent particles. Metal—organic cages
(MOCs) and dendrimers are chemically and structurally
well-defined and can yield polymer networks with precise
£ but loop defects introduced by the asymmetrical
combination of MOCs/dendrimers and bivalent polymers are
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degree of polymerization (DP). In other words, the degree of
valency or f for each brush polymer can be specified as a
function of the brush polymer synthesis, thereby providing a
good model to study the influence of f on the hydrogel
behavior. A preliminary study has now demonstrated that
cross-linking the arms of water-soluble brush polymers can
indeed induce interesting properties in the resulting gels.”"**
For example, these hydrogels exhibited rapid gelation (100-
fold increase in gelation rate compared with 4-arm star
polymers of an identical arm length) and nearly entirely
nonswelling behavior at body temperature (~37 °C). Because
these properties make brush polymer gels potentially beneficial
in different biomedical applications, it is important to further
investigate the relationship between the brush polymer design
and the properties of resulting hydrogels to understand how
the brush topology affects the gel behavior in a more
systematic manner. Here, we report the ring-opening meta-
thesis polymerization (ROMP) of brush polymers consisting of
poly(ethylene glycol) (PEG) brushes and their subsequent
gelation using “click” chemistry between azide and dibenzo-
cyclooctyne (DBCO) groups (Scheme 1) as a means to

Scheme 1. Structure of a Brush Polymer Hydrogel”
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“Brush polymers are crosslinked via copper-free click chemistry
between azide chain ends (green spheres) and DBCO chain ends (red
spheres).

elucidate such structure—property relationships and better
enable topology as a design handle for controlling the gel
characteristics. These brush polymer hydrogel building blocks
allow for investigation into the synthesis and structure—
property relationships of gels with high f polymer components
as well as understanding of how the nanoscale topology of
these brush polymers affects the resulting behavior of gels once
formed.

B RESULTS AND DISCUSSION

To study the influence of f and polymer topology on the
resulting hydrogel properties, a library of random brush
polymer copolymers was prepared via ROMP of two different
macromonomers (3 kDa norbornene PEG terminated with
either a methyl group or a Boc-protected amine, D < 1.05),
consisting of six different polynorbornene backbone DPs (DP
=25, 50, 75, 100, 150, and 200), and different proportions of
Boc-protected side chains (between 5% and full modification
of the chain ends). When these modified chains were
converted to either azide- or DBCO-terminated chains, the
resulting brush polymers possessed values of f ~ 3—100. It is to
be noted that only azide-terminated brush polymers were
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synthesized with fully modified chain ends; DBCO mod-
ification above ~15% resulted in undesirable brush polymer
aggregation due to the hydrophobic nature of the DBCO
moiety. Macromonomer conversion was nearly quantitative
(over 98%), and typical D values for these polymers ranged
between 1.2 and 1.7 as measured using either a DMF GPC
coupled with an refractive index (RI) detector or a DMF GPC
coupled with multiangle light scattering (DMF GPC-MALS)
(Figure 1b and Table S1). Any unreacted macromonomers
were removed during postsynthetic modification to avoid
interference with the property analyses of the resulting gels
(Figure S3, aqueous GPC-MALS curves of the final high-DP
brush polymer product). One set of complementary 4-arm
PEG polymers (synthesized via ROMP, DP and f = 4, 3 kDa
per arm) was also synthesized as a control to allow for
comparison of more common gel architectures synthesized
from star polymers with lower f, allowing a better evaluation of
the effects of the brush polymer topology on material
properties.

Individual brush polymers were found to form discrete
nanostructures under aqueous conditions with R, (cumulant fit
results) ranging from ~11 to ~3S nm as characterized by DLS
(Figure 1c). This size range is consistent with the diameter
observed in TEM images (Figure 1d). Additionally, brush
polymers possessed similar R, before and after chain-end
modification, suggesting that limiting the extent of hydro-
phobic DBCO modifications to <15% of the total number of
chains prevented undesirable aggregation (Figure S4). The
radii of gyration (R,) were measured by aqueous GPC-MALS,
and the R,/R ratios for different polymers (Table S2) indicate
that the polymer brushes adopted pseudospherical architec-
tures under aqueous conditions.”>”>> The observed pseudos-
pherical (globular) structures are hypothesized to arise from
the collapse of the hydrophobic polynorbornene backbone in
the aqueous phase. Similar brush polymer systems with
insoluble backbones have been reported to adopt more
compact conformations (as measured both experimentally
and with molecular simulations) similar to the pseudospher-
ical, globular architectures observed here 22627 Though high-
DP brush polymers are forced to adopt a globular morphology
due to the hydrophobic polynorbornene backbone, the PEG
side chains on the brush polymer showed highly extended
conformations as predicted based on the power law relation-

. 07 (E
;l;l;zgggMeen R, and backbone DP, R, ~ DP (Figure

Brush polymers were predicted to increase the stiffness of
hydrogels via two different aspects of their unique structures:
(1) high f (G' « (f~2)/f)) as predicted by the phantom
network theory for a tree-like network® and (2) rigid structure
of brush polymers induced by the crowed side chains along the
backbone. To first elucidate the influence of high f on gels
containing brush polymers, we synthesized gels using
exclusively 4-arm azide PEG and 4-arm DBCO PEG and
then synthesized a series of gels (S wt %) that substituted
increasing amounts of 4-arm azide PEG with fully modified
DP,;_,,iqe (ie., brush polymer with a backbone DP of 25 and
100% azide-terminated chains) (Figure 2a). It is to be noted
that although 4-arm PEG and DP,s polymer are not exactly
equivalent in size, the difference in R, between them is small
(3.4 nm vs 6.2 nm, based on the approximation of R,) when
compared with the large R, of other high-DP brush polymers
(up to 15.9 and 25.0 nm for DP;o, and DP,, respectively,
Table S3). The effects of increasing both f and the rigidity of
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Figure 1. (a) Synthesis and postsynthetic modification of brush polymers with DBCO/azide groups. (b) N,N-dimethylformamide gel permeation
chromatography (DMF GPC) chromatograms of brush polymers consisting of random copolymers of 15% Boc-PEG macromonomers and 85%
methyl ether-terminated PEG macromonomers. GPC traces were collected using an RI detector. (c) Size distributions of selected polymers (15%
DBCO end-functionalized side chains and 85% methyl ether-terminated side chains) with different DPs. Dynamic light scattering (DLS)
experiments were carried out at a scattering angle of 90° at room temperature. (d) Schematic illustrations of brush polymer NPs with azide
terminals. Transmission electron microscopy (TEM) images of individual brush polymers in a dilute solution (1 wt %, 15% chain-end modification,

negatively stained with 1% uranyl acetate water solution).
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Figure 2. (a) Substituting azide-modified 4-arm PEG with an azide-
terminated brush polymer in a conventional star polymer hydrogel.
(b) Storage modulus change as a function of DP,;_,,;4. content in the
star polymer hydrogel (S wt %). (c) Storage moduli of hydrogels
cross-linked by azide-terminated brush polymers with different DPs
and 4-arm PEGppo at various polymer concentrations. (d) Fourier
transform infrared (FTIR) characterization of lyophilized hydrogels
with different combinations (10 wt % gels).

the polymer components simultaneously were explored by
synthesizing S, 10, and 15 wt % gels by mixing 4-arm DBCO
with larger brush polymers (DP = 25, 50, 75, and 100), each
with 100% azide-modified chain ends.

Hydrogels were prepared by thoroughly mixing aqueous
solutions of the polymers and incubating the mixtures at room
temperature overnight. Each sample was then analyzed using a
rheometer to measure storage and loss moduli (G’ and G”, w =

100 to 0.1 rad/s, € = 5%, and 25 °C); values of G’ at 10 rad/s
were used to evaluate the stiffness of the resulting hydrogels.
The concentrations of both azide and DBCO reactive groups,
C, and polymer content, wt %, were kept constant throughout
all these syntheses; this was possible because the 4-arm
polymers and brush polymers were synthesized using the same
macromonomers, and all chains were fully modified with azide
groups (Figures S2, S5, S7). Changes in G’ values for the initial
set of hydrogels that replaced varying amounts of the 4-arm
azide with azide-modified DP,s (Figure 2b) indicate that the
stiffness of the gels was proportional to the amount of
DP,;_iq0 ranging from ~67 Pa for the 100% 4-arm azide gels
up to ~927 Pa for gels made with 100% DP,_,,iq.. The low
modulus for the 4-arm gels is consistent with other similar
hydrogel designs that typically use much larger amounts of 4-
arm polymers to ensure the formation of a robust gel
structure.”’ While the gels formed from a mixed star polymer
and brush polymers are not the lowest wt % gels that have
been reported, the brush architecture clearly does exhibit some
advantages in enabling the formation of stiff gels at low wt %
when compared with star polymers that use the same arm
length.

For the set of gels prepared with 4-arm PEGppco and azide-
modified brush polymers with increasing backbone DP, the
rheological data indicate that the stiffness of hydrogels also
increases with increasing backbone DP of the brush polymers
(400~900 Pa vs 67 Pa at S wt %, 2500~4000 Pa vs 227 Pa at
10 wt %, and 4000~9000 Pa vs 690 Pa at 15 wt %, frequency
sweep results; see Figure S10). These observed dramatic
increases in gel stiffness for increasing DP of the brush polymer
component cannot be attributed to the high f of the brush
polymers alone as assumed by the phantom network model. It
is important to note that side chains on brush polymers are
more sterically crowded along the backbone compared with
star polymers, forcing them to adopt more extended
conformations as well as a rigid brush structure and thus
contribute to the stiffness of the gels.3'2 However, the increases
in G’ value were not monotonic with increasing polymer DP.
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Figure 3. (a) Gels cross-linked by partially modified brush polymers. (b) TEM image of cross-linked brush polymer clusters (1 wt %) stained with
1% uranyl acetate. (c) C, for 4-arm PEG gels and gels cross-linked by partially modified brush polymers. (d) Diagrams of a pseudo solution—gel
transition observed in brush polymer network systems as a function of polymer wt % (horizontal). This transition was also examined as a function
of backbone DP and the relative fraction of polymer side chains that possess azide/DBCO groups (vertical).

The increase of G’ value from DP,; to DP,; was not as
significant as the change from 4-arm PEG to DP,;, and the G’
value of the gel made with DP,y, actually decreased compared
with those of any of the other brush polymer gels at all
polymer concentrations tested. These data indicate that the
benefits of high f have a functional limit in these brush polymer
gels, and that an additional factor beyond increasing chain
stiffness and average f imparts a detrimental effect on gel
stiffness. We hypothesize that this factor may arise from
structural defects resulting from the severe steric hindrance of
high-DP brush polymers, which limits the functional chain
ends of polymers from forming connections between the brush
polymer and 4-arm PEG. To test this hypothesis, click reaction
cross-linking yields were determined by measuring the azide
peak (~2100 cm™") by FTIR spectroscopy (Figure 2d). The
FTIR data indeed indicate the presence of more non-cross-
linked azide residues in the brush polymer hydrogels, especially
in the case of larger brush polymer (DPjgg e + 4-arm).
Nevertheless, the G’ values of brush PEG and 4-arm PEG
composite gels were still much higher than that of the 4-arm
PEG, further indicating that the unique morphology of brush
polymers can increase the stiffness of the resulting hydrogels.
Thus, using brush polymers as cross-linkers to connect more
flexible star polymers results in much stiffer gels compared with
traditional star polymer gels alone, with the caveat that
structural defects caused by severe steric congestion of large
brush polymers and the fast gelation kinetics may induce steric
occlusion preventing access to all functional groups (Figure
S11) and also tend to increase the number of defects, putting a
limit on how much these brush polymers can improve gel
stiffness. Given the uncertain influence of the collapsed
hydrophobic brush polymer backbone, and possible non-
Gaussian chain conformations, evaluating G’ values using
established hydrogel models is difficult. An optimized brush
polymer design will be investigated in future studies.

To study the structural defect withstanding capability of
brush polymer hydrogels, we cross-linked brush polymers with
different proportions of side chains without azide/DBCO
chain ends (85, 90, and 95%), that is, designed defects, and
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then used a rheometer to verify gel formation; successful gels
were noted as samples in which tan § = G"/G’ < 1 (at w = 10
rad/s, € = 5%, and 25 °C). An additional effect of reducing the
amount of modified chain ends is that the reduced
concentration of reactive groups, C, inherently slows the
gelation kinetics and allows for a more homogeneous network
to be achieved, thereby mitigating the number of unreacted
end groups remaining after cross-linking. Indeed, high cross-
linking yields were confirmed by the complete disappearance
of the azide peak by FTIR in tested gels (Figure S12).
Interestingly, when DBCO- and azide-terminated brush
polymers were mixed at low concentrations (1 wt %), brush
polymers were still able to covalently cross-link with one
another to form small clusters, as evidenced by both an
increased Dy, in DLS and the appearance of clusters in TEM
images (Figure 3b and Figures S13 and S14). The distinct
fringe between individual brush polymers in aggregated
polymer clusters cast from dilute solvent mixtures (cross-
linked brushes) is indicative of little to no interpenetration
between brush polymer nanoparticles. In a similar study
consistent with this observation, it has previously been
demonstrated that large PEG clusters can be used to prepare
gels with an extremely low polymer content.’

A transition from these discrete clusters to transparent solid
gels was achieved at higher concentrations (Figure S15). The
pseudo solution—gel phase transition data (Figure 3d) indicate
several interesting trends. Unsurprisingly, successful gelation is
positively correlated with a higher effective concentration of
reactive side chains, C,, in the initial solution (0.9~8.8 mM for
brush polymers and 20~40 mM for 4-arm PEG, estimated
through the percentage of reactive side chains, Figure 3c) since
samples with higher C, would be expected to yield a greater
density of covalent linkages. However, brush polymers were
able to form gels at considerably lower values of C, than the 4-
arm controls, while the 4-arm PEG control failed to gel at C, =
8.8 mM (2.3 wt %). This difference is attributed to the much
higher f of brush polymers compared to the 4-arm PEG
controls. According to the Flory—Stockmeyer Theory,”* p. =
2/f., where p. is the critical extent of the reaction beyond
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Figure 4. (a) Storage modulus G’ of the brush polymer and 4-arm PEG gels as a function of polymer wt %. Of note, the low elastic moduli of
hydrogels can be attributed to the low concentrations of cross-linking groups. Data from gels composed of fully chain end-modified polymers are
provided in Figure 2 and Figure S10. (b) Change of C/C* and 1/Dy, as a function of DP at C = 15 wt %. Lines are a guide for the eye.

which gelation is predicted and f,, is the average f Thus,
gelation of high f brush polymers should require considerably
lower p., which allow gelation at a lower extent of reaction.

We hypothesize another effect that enables the ability of
brush polymers to form gels at low values of C. It stems from
the fact that the brush architecture forces the PEG side chains
to adopt more extended conformations, giving the brush
polymers larger overall hydrodynamic radii (R,) such that
brush polymers possess significantly lower overlap concen-
trations (C*) than would be expected for linear or star
polymers. These low values of C* imply that the cross-linking
groups at the ends of the polymer brushes can efliciently find a
bonding partner and form a connection, resulting in
percolation at much lower C, and wt %.” C* is estimated
using the equation, C* ~ 3MW/47tNARg3, where My, is the
weight average molecular weight of the polymer, N, is
Avogadro’s number, and R; is the radius of gyration of the
brush polymer. As can be seen in this equation, R; has the
most significant influence on C*. Therefore, increasing the
of the polymers using the brush architecture reduces C* as
observed in the experiments (estimated values of C* for each
polymer are listed in Table S3). As a result of these two factors,
brush polymers can undergo gelation at much lower C, than 4-
arm PEGs.

Based on the high f and low estimated C* of brush polymers
obtained above, it would be tempting to conclude that
increasing DP or Ry, would yield more rigid gels. However, it
was found that brush polymers of intermediate DP or Ry
(DP,4,) most readily formed viscoelastic gels across a broad
range of both polymer wt % and reactive side group fractions
(Figure 3d). This phenomenon was also reflected in the
relationship between DP and network stiffness as the brush
polymer gel G’ first increased and then subsequently decreased
with increasing backbone DP (Figure 4a; for detailed
frequency sweep results, see Figure S17). Furthermore, when
comparing brush polymer gels with the same f (i.e., the same
number of cross-linking groups per polymer), DP;yo_; at S
wt % gelled while DP,jy_sq could only form gels at 15 wt %.
We attribute these surprising nonmonotonic changes in G’
with increasing DP to the opposing effects of C* and cross-
linking site density (P, proportional to 1/Dy).

As discussed above, increasing the backbone DP should
decrease C*, which should in turn promote gelation (Figure
4b, C/C*). However, at the same wt % polymer, the higher DP
of individual brush polymers also results in larger polymer
particles and an increase in the distance between intermo-
lecular cross-linking sites (the interfaces between covalently
connected brush polymers, where each interface may contain
several clickable cross-linking points). This increase in distance
between brush polymers’ cross-links would be expected to
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reduce G’ due to lower py, (Figure 4b, 1/Dy) based on the
rubber elasticity theory.”® For smaller brush polymers (25 <
DP < 100), the influence of C* and f dominates gelation and
more rigid networks form as DP is increased. For larger brush
polymers (DP > 100), however, p, has a more dominant
influence on the strength of the hydrogel, resulting in a
reduction of G'.

Since the steric bulk of the brushes forces the brush polymer
side chains into a more extended conformation compared to a
more tightly coiled linear polymer, brush polymer gels were
predicted to exhibit different swelling behaviors compared to
the star polymer gels. Additionally, owing to the much higher
number of cross-linkable polymer chains originating from each
brush polymer, it was hypothesized that the brush polymer
network could better withstand the mechanical strain of
osmotic pressure-induced swelling than traditional gels made
from more flexible components.””** To test these hypotheses,
hydrogels consisting of cross-linked brush polymers and 4-arm
PEG hydrogels were immersed in excess phosphate-buffered
saline (PBS). Four polymer gels were selected as points of
comparison: two all-brush polymer gels (DPp_;55 and
DP;s_s), @ mixed 4-arm DBCO, a brush polymer azide gel
(4-arm PEGpgco + DPyggazige), and the 4-arm PEG-only gel;
all gels were made at 10 wt %. These gels were selected for
comparison as they possessed similar initial mechanical
properties (DPyyy_;5 and 4-arm PEG at 10 wt %, Figure
S18), same C, (DP;qy_;s59 and DPs_5y,), or identical chemical
composition (4-arm PEG and 4-arm PEGpgco + DPjgo.aside)
despite their structural differences (Figure Sa).

a b W7 4-arm PEG BRZZDP o 6
—o—4-arm PEG B P44 459, *4-armMpgoo
120 § 3000
g\i 9001 smaller +DP100-15% o
> | Sislen g | g 200
= 600 —-DP, +4-arm é 2000
I R o (o]
£°300 3 100
£ g 1000
o
o] el
0 2 4 6 14 %)
Time (Day) 0 0

Figure S. (a) Swelling behavior of hydrogels cross-linked by different
polymer cross-linkers and (b) their mechanical properties before and
after the swelling study.

Comparisons between different polymers were made on the
basis of both their maximum amounts and rates of gel swelling.
Note that when immersed in PBS, the 4-arm gels ruptured,
forming smaller swollen parts at time points longer than 2 days
of immersion. As a result, comparisons for this gel are made
based on the rate of the initial swelling before gel rupture.
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Figure 6. (a) Schematic illustration and polymer design of “end-to-end” and “side-by-side” cross-linking of polymer brushes. (b) Block-dependent
DMF GPC characterization of “end-to-end” brush polymer with 15% chain-end modification (Boc group-terminated macromonomer). (c)
Oscillatory rheology results for the two types of connections, 15 wt %, @ = 10 rad/s, € = 5%, and 25 °C.

These swelling rates were notably faster for the 4-arm PEG
hydrogels than for any of the brush polymer hydrogels (Figure
Sa). After 48 h, the volume of the 4-arm gel expanded by
550%, whereas the volume of the DPy,_;s4, gel only increased
by 51% as determined by the wet mass change of swollen gels.
After 2 weeks, the expansion of the DP ;59 gel increased to
a plateau of 92%, which was still less than the maximum
observed expansion of the 4-arm PEG gel before its rupturing.
It may initially appear that these results contradict the Flory—
Rehner theory,” which predicts that the 4-arm PEG gels
would exhibit less swelling than the brush polymer gel due to
the assumed higher cross-linking density (higher C,, Figure 3c)
in the 4-arm PEG gel. However, bridges between cross-linking
sites in the polymer brush are composed of linked PEG chains,
which are in an extended state prior to gelation and swelling
due to the steric constraints discussed earlier. Therefore, the
addition of excess solvent should result in less expansion in
response to the osmotic pressure as the linking chains are
already partially extended and further extension becomes more
difficult as the contour length of the chain is approached. The
intermediate swelling behavior of the DP,;_, 5o gel (same C,
but looser side-chain packing compared to DPigy_;sy) that
expanded by 128% after 1 week provides further support for
this hypothesis. Remarkably, the asymmetrical combination of
DP,y-azide +4-arm PEGpgco exhibited exceptional stretch-
ability compared with a brush polymer gel in which the volume
of the hydrogel expanded nearly 400% but still maintained its
physical integrity. We hypothesize that this stretchability
originates from the unique architecture of the high f of the
brush polymer, where the multiple side chains on the brush
polymer ensure the minimum amount of cross-linking needed
to maintain the connectivity of the polymer network structure
even though the osmotic pressure during swelling may weaken
the integrity of the gel structure.

After swelling for 48 h, DP yy_,s%, 4-arm PEG, and 4-arm
PEGppco + DPigoazae gels were taken out and their
mechanical properties were re-examined by rheological
measurements. While a dramatic loss in mechanical strength
was observed in the 4-arm gels after 48 h (due to reduction in
volumetric cross-linking density upon swelling and the
following gel breakup), the brush polymer gels possessed
mechanical properties much closer to their preswollen state
(Figure Sb). In particular, the G’ value of 4-arm PEG dropped
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from ~220 Pa to less than ~35 Pa, while the DPyy_,s4 brush
polymer hydrogel maintained its elasticity as the G’ value was
~130 Pa. Notably, the strength of the DPyy_,s0 gel after
swelling for 48 h was ~4 times greater than that of the 4-arm
PEG gel (G’ of 130 Pa vs 35 Pa) (Figure Sb) though the C,
value was much lower than that of the 4-arm PEG gel. When
the C, value was at the same level, gels cross-linked by 4-arm
PEGppco and DPiyg,,q. possessed significantly higher G’
values than 4-arm PEG gels due to high f and restrained
swelling. Furthermore, the brush polymer hydrogels main-
tained their structure in PBS for months (Figure S19). The
decreased swelling rate of the brush polymer gels along with
their increased ability to maintain stiffness and coherence
compared to the control gels attest to their potential for
applications requiring long-term stability in hydrated environ-
ments.

In addition to the properties discussed above, the
architecture of brush polymers allows for anisotropic attach-
ment of the reactive groups to different points along the brush
structure. This has previously been demonstrated to enable
different connection topologies between brush polymers;**~*!
these different connectivities would be expected to impact the
gel stiffness by altering the number and location of covalent
cross-links within the gel. To test this hypothesis, two versions
of triblock brush polymers with an overall DP of 200 in “side-
by-side” and “end-to-end” configurations (Figure 6a) were
prepared. “End-to-end” polymers consist of a central block of
PEG brushes without azide or DBCO functionalities (DP of
190 or 170) flanked on both ends by PEG brushes
functionalized with a reactive group (DP of S or 1S5 for each
block). “Side-by-side” brush polymers have the inverse design,
with the middle block (DP of 190 or 170) consisting of 5 or
15% reactive side chains flanked by nonmodified PEG brushes
(DP of S or 15). The successful installation of all three blocks
was confirmed by both GPC and 'H NMR (Figure 6b and
Figure S19). Interestingly, the rheology data demonstrated that
neither of the “end-to-end” brush polymers formed gels, while
solid gels were obtained through the “side-by-side” cross-
linking fashion (Figure 6c). This difference can be attributed to
the strong steric congestion of the side chains, which causes
the “end-to-end” brush polymers to behave as divalent
nanostructures, preventing the branching necessary to form a
three-dimensional network. Conversely, the “side-by-side”
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construction is not strongly affected because the cross-links are
distributed across the brush surface. While the “end-to-end”
topology failed to yield a hydrogel (frequency sweep result,
Figure S21), a marked increase in the viscosity of the polymer
solution was observed; future studies will investigate these
complex fluids to determine the extent of tunability in viscosity
as a function of anisotropic brush polymer cross-linking.
Recently, interest has been growing in accurately synthesizing
polymers with specific architectural designs, such as asym-
metrical miktoarm polymers*” or branched polymers.*’
Together with these design methods, the ability to sequentially
polymerize backbone residues bearing side chains of different
functionalities opens up the possibility of regioselectivity
modifying individual polymer chains. The presented findings
indicate a potential route to controlling the manner in which
these designer macromolecules are connected into larger
networks.

B CONCLUSIONS

In this study, we have elucidated how the brush polymer
topology can be used to tune the physical properties of
hydrogel materials. Our data show that high f brush polymers
can form hydrogels even at low polymer wt %, owing to the
large number of functional groups present across the brush
polymer. The nanoparticle-sized brush polymers therefore
allow for gelation at much lower cross-linking concentrations,
even with extremely high proportions of topological defects.
However, when the size of the brush polymer is above a certain
threshold, the long distance between the cross-linking sites in
the resulting gels counteracts the effect of reduced C¥,
diminishing the mechanical properties of the resulting gels. In
addition, the reduced swelling rate and better retention of
mechanical properties after swelling attributed to the dense
packing of the side chains all indicate that brush polymer gels
hold great potential for long-term use-related applications.
Importantly, because the interesting properties observed in
these polymer gels are derived from the brush architecture, the
use of polymer brushes as gel building blocks should also be
extendable to multiple polymer compositions, including
thermosets, thermoplastics, and elastomers. The inherent
properties of polymer brushes are therefore an interesting
tool for the exploration of structure—property relationships
and use in a variety of applications, such as multifunctional
cross-linkers for robust adhesives and 3D cell cultures with a
minimal osmotic pressure.

B EXPERIMENTAL METHODS

Detailed descriptions of the methods are provided in the Supporting
Information; a brief discussion is provided here for reference.

Synthesis and Gelation of Brush Polymers. Brush polymers
were synthesized using the reported ROMP protocols. Generally,
norbornene-terminated PEG monomers were polymerized using the
modified 2nd generation Grubbs catalyst in anhydrous dichloro-
methane (Sections 2.1,2.2, Supporting Information). Upon removal of
Boc protecting groups, brush polymers were further modified with
azide or DBCO functional groups via an esterification reaction
(Section 2.3, Supporting Information). Hydrogels were obtained by
mixing DBCO- and azide-modified polymers, and the related
mechanical properties were measured using an Anton Paar rheometer
(Sections 2.5,2.6, Supporting Information).

Swelling Measurement. Selected polymer samples were gelled in
centrifuge tubes and immersed in PBS buffer. The swollen state was
calculated based on the mass gained at each time point (Section 2.7,
Supporting Information).
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“Side-by-Side” and “End-to-End” Connected Brush Polymer
Networks. Two versions of triblock brush polymers were synthesized
using the same ROMP protocols (Section 2.2, Supporting
Information). The completion of each polymer block was confirmed
using a DMF GPC. The same gelation process and viscoelastic
characterizations were performed to study their related properties.

Instrumentation and Data Collection. Polydispersity and
macromonomer conversion of the synthesized brush polymers were
characterized using a DMF GPC (TOSOH EcoSEC HLC-8320, 0.0S
M LiBr, calibrated with ReadyCal-Kit PEO/PEG, PSS-Polymer
Standards Service - USA Inc). Dy, of polymer particles was measured
using a dual-angle DLS Malvern Zetasizer Nano ZSP and a single-
angle DLS Wyatt Dyna Pro Plate Reader. R, of polymer particles was
measured using an aqueous GPC-MALS (Agilent Technologies 1260
Infinity system using two Aquagel columns in water with 0.02%
sodium azide as the mobile phase; GPC signals were collected using
Wryatt light scattering and refractive index detectors). Dry-state
morphologies of brush polymers were imaged using an FEI Tecnai
Multipurpose Digital TEM electron microscope utilizing an
accelerating voltage of 120 kV. Installation of functional groups was
confirmed by 'H NMR (Bruker Avance III HD Nanobay
spectrometer), UV—vis spectroscopy (Varian Cary 5000), and FTIR
(PerkinElmer Model 2000). An Anton Paar rheometer with a parallel
plate geometry (PP-10 probe, 10 mm diameter, flat) was used to
characterize the dynamic properties of the polymer network samples.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c0158S.

Materials, experimental procedures, synthetic schemes,
characterizations of brush polymers (FTIR, UV—vis,
TEM, GPC, and DLS), rheology data for the polymer
networks, and supplementary figures (PDF)
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