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ABSTRACT 

 The bottlebrush polymer architecture provides unique opportunities to tune the structure 

and properties of soft materials with applications ranging from rubbers to thin films and 

composites. This review addresses recent developments and future opportunities in the field with 

an emphasis on materials science enabled by contemporary bottlebrush chemistry. 

 

INTRODUCTION 

The recent explosion of techniques to control polymerization reactions has unleashed a 

cornucopia of choices in the design of soft materials.1 Unsurprisingly, this newfound level of 

control has significant implications for manipulating the properties of polymers in ways not 

possible in the not-so-distant past.2–4 This review focuses on the materials science of a branched 

architecture known as ‘bottlebrush’ polymers. The term bottlebrush refers to macromolecules that 

contain two key ingredients: (i) a polymeric backbone, and (ii) polymeric side chains that protrude 

from many, if not all, of the backbone repeat units.5–7 Discrete bottlebrushes—which, given the 

synthetic breakthroughs alluded to above, are remarkably accessible—can be thought of as situated 

at one extreme along a continuous spectrum of grafting density, with classical linear polymers at 

the other and combs somewhere in between (Figure 1). Detailed theory5,8 and experiments6,7,9,10 
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have carefully studied the transitions between these conceptually distinct regimes and interested 

readers are referred to the literature for more information. Here, our goal is to discuss bottlebrush 

polymers in detail, as this versatile molecular building block provides exciting opportunities to 

tune the properties of materials in ways that are difficult, if not impossible, with other systems. 

Emphasis is placed on current and future applications enabled by the bottlebrush architecture 

rather than synthetic strategies or solution-phase chemistry alone. For readers interested in these 

riveting areas, we again refer to other contemporary literature.6,11–14 

 

 
 

Figure 1. Transition from linear to bottlebrush polymers upon increasing grafting density.  
 
 

Although we do not dwell on the multitude of synthetic techniques that have been 

developed to create bottlebrushes, it is important to appreciate there are a number of options 

available depending on target material properties and constituent chemistry. In particular, 

strategies to build the backbone and attached side chains fall under three broad categories: grafting-

to, grafting-from, and grafting-through polymerization.11–13 These approaches can be used 

individually or together to build bottlebrushes of varying complexity ranging from a single type 

of side chain to blocky,15–18 statistical,19,20 or gradient sequences21 of different chemistry and/or 

degrees of polymerization. Below, we dive into the benefits and potential applications of materials 
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derived from these intricate yet synthetically accessible building blocks. Our overarching goal is 

to highlight state-of-the-art materials with unique properties that emerge from the bottlebrush 

architecture, as well as future opportunities in which this molecular motif may prove enabling. 

Consequently, the remainder of this review is organized loosely by application. Bon voyage! 

 

Bottlebrush elastomers 

The thermal properties of bottlebrushes are typically dominated by the choice of side-chain 

chemistry, which often constitutes >95% of the molecule by weight or volume.22 Consequently, if 

one selects side chains with a low glass-transition temperature (Tg ≪ 20 °C) and no crystallinity, 

crosslinking will yield elastomers in analogy with linear systems (Figure 2).3 However, the 

properties of these so-called ‘bottlebrush elastomers’ vary considerably from linear analogues. 

Sheiko, Dobrynin, and coworkers have published an eloquent series of papers discussing one 

unique property of these materials: the elastic modulus reaches as low as 0.1–10 kPa, even with 

gel fractions >90%—several orders of magnitude smaller than linear elastomers.3,4,23 While similar 

moduli can be achieved in highly swollen hydrogels,24 these bottlebrush elastomers are soft and 

solvent-free. The physical underpinning of this behavior relates to a lack of entanglements—which 

act as transient physical crosslinks that limit softness—as the densely grafted side chains cause 

backbone stiffening and a substantial increase in the main-chain entanglement molecular 

weight.9,25 Typically, designs targeting this type of softening will similarly select side-chain 

lengths that are smaller than their respective entanglement molecular weight to maximize the 

effect.26 
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Figure 2. Illustration highlighting the distinct network architecture of (a) linear and (b) bottlebrush 

elastomers. 

 

 
Figure 3. Reversible dielectric actuators with unique performance made possible by using 

crosslinked bottlebrush elastomers.27 

 
Bottlebrush elastomers have pushed the boundary of possibilities for applications where a 

low modulus and elasticity are attractive features, but in which the presence of solvent may not be 

desirable, e.g. because of concerns over failure, leaching, or evaporation. For example, devices 
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that operate as a parallel plate capacitor with an elastic dielectric flanked by two electrodes can 

exhibit better performance when the intermediate layer is softer and more deformable. Vatankhah-

Varnoosfaderani and coworkers demonstrated the advantage of using bottlebrush elastomers in 

this context by creating efficient actuators that move in response to an applied electrical signal by 

reversibly deforming the super-soft bottlebrush elastomer layer (Figure 3).27 Similarly, Reynolds 

et al. highlighted the use of bottlebrush elastomers in capacitive pressure sensors (Figure 4),28 

where applied pressure causes a measurable change in induced charge that is more pronounce with 

softer materials. Bottlebrush networks with a range of moduli (G′ ≈ 6–100 kPa)28 showed a ~22-

fold increase in sensitivity under small loads (< 10 kPa) and ~53-fold increase at moderate ones 

(>10 kPa) compared to commercially available Sylgard 184 (G′ = 520 kPa, Figure 3a).28 For both 

the actuator and pressure sensor, improved performance is related to a difference in modulus as 

rationalized by the classical theory of rubber elasticity;29 increased deformation (actuator) or 

sensitivity (sensor) is directly proportional to the inverse of the shear modulus. Another advantage 

that contributes to performance in these contexts is the pre-stretched nature of the backbone which 

causes strain-stiffening that prevents electrical breakdown without a potential downside of solvent 

leakage in analogous hydrogel materials. 
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Figure 4. Bottlebrush elastomers improve the sensitivity of capacitive pressure sensors.28 

 

 
The intrinsically soft nature of bottlebrushes has also been exploited in pressure-sensitive 

adhesives (PSA). PSAs require a delicate balance of viscoelasticity to quickly adhere to surfaces 

upon contact but detach cleanly without leaving residue after use.30,31 Because the requisite 

Dahlquist criterion (G′ ≈ 0.1 MPa) is lower than the plateau modulus of a typical elastomer (G′ ≈ 

1 MPa), linear PSA formulations are softened through the addition of small-molecule plasticizers 

(Figure 5a).32 Arrington et al. used dynamically crosslinked bottlebrush polymers containing 

disulfide bonds at the ends of side chains to circumvent the use of leachable additives in PSAs 

(Figure 5b).33 They showed up to a 10× difference in storage modulus at the bonding (G′ ≈ 1 kPa, 

0.01 Hz) and debonding (G′ ≈ 10 kPa, 100 Hz) frequencies, akin to physical properties observed 

in traditional PSAs. Maw et al. built on this idea and systematically synthesized bottlebrushes of 

different side-chain lengths and grafting densities. Through such fine-tuning, they were able to 

demonstrate the potential of bottlebrush PSAs to meet the requirements for different types of PSAs, 

from general purpose to high-shear variants.34 
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Figure 5. Bottlebrush pressure-sensitive adhesives can achieve similar performance as traditional 

linear materials without containing additives that contribute to residue formation.32,34 

 

 
 Another intriguing idea is the similarity in mechanical properties between bottlebrush 

elastomers and various types of human tissue.23,35 Interesting possibilities extend beyond the low-

deformation limit of softness (e.g. Young’s modulus, dynamic shear moduli) to include control 

over strain stiffening and firmness. Keith et al. demonstrated this versatility by independently 

manipulating both backbone and side-chain lengths to tailor the stress–strain behavior of 

bottlebrush elastomers as inspired by biology.23 Extending the design of these materials to include 

two types of side chains distributed statistically along the backbone provides additional control 
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over mechanical properties through microphase separation. For example, copolymerizing a 

combination of hard (Tg > 25 °C) and soft (Tg < 25 °C) side chains can yield a modulus similar to 

human aorta with high extensibility (up to 300%) and tensile strength (≈ 5 MPa) as shown by 

Dashtimighadam et al.35 

There are also compelling reasons to use crosslinked bottlebrush elastomers in composites.  

For example, a common method to obtain soft and electrically conductive materials involves 

dispersing conductive additives (e.g. carbon nanotubes,36 doped polymers,37–39 or liquid metals40–

42) into a polymer matrix. However, there is an inherent tradeoff between softness and conductivity 

in this approach as the additive tends to be stiff; larger loadings of additive, to achieve percolation 

and associated high conductivities, increases the modulus. In contrast, bottlebrush elastomers 

circumvent this limitation by lowering the modulus of the pristine matrix by 1–2 orders of 

magnitude. Various strategies can be used to efficiently disperse conductive additives such as 

carbon nanotubes into bottlebrush elastomers as described by Self et al.43 and Xu et al.44 Figure 6 

illustrates the general concept and provides a comparison of properties among different electrically 

conductive composites; it is evident that bottlebrush-based materials occupy a unique region for 

these solvent-free examples, although there is still considerable room for improvement in electrical 

conductivity.37 
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Figure 6. (a) Illustration of an electrically conductive bottlebrush–carbon-nanotube composite. (b) 

Ashby plot comparing the properties of elastomers containing different conductive additives.44 

 

 
We close this section on bottlebrush elastomers with a brief comment about crosslinking 

chemistry. Clearly, this is an important consideration when designing materials, particularly with 

an eye towards applications. Broadly speaking, there are two conceptual strategies that can be used 

to form bottlebrush elastomers: (1) pre-synthesize bottlebrushes, formulate them with crosslinker 

(plus any other desired additives), and solidify on demand, or (2) crosslink during the 

polymerization that forms bottlebrushes. Neither strategy is inherently better, although each may 

lend itself to different applications. For example, pre-synthesizing bottlebrushes allows a 

researcher to rigorously hold the backbone and side-chain lengths constant while studying the 

impact of crosslinker (and/or additive) loading during formulation. However, it is worth 

appreciating that uncrosslinked bottlebrushes tend to be very high molecular weight (M), and even 

though they likely remain unentangled, viscosity still increases linearly as M1. In contrast, 
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crosslinking during polymerization can avoid challenges related to viscosity; for example, 

grafting-through polymerization only necessitates the use of monofunctional macromonomers 

with the molecular weight of a single side chain (and multi-functional crosslinker of similar size). 

The price paid is difficulty in rigorously controlling and characterizing the average backbone 

degree of polymerization between crosslinks. If selecting the two-step process of approach (1), 

note that recent literature has described a number of robust thermal45 and photo-crosslinking22 

chemistries that are versatile, scalable, and easy to access, even for non-experts in synthesis.25 

 

3D printing 

An application gaining significant traction in academia and industry is known as 3D 

printing, i.e. additive manufacturing. These terms encompass a growing number of techniques that 

can be used to exquisitely sculpt the three-dimensional structure of materials. Various flavors of 

3D printing include powder bed manufacturing for ceramics,46 selective laser sintering of 

metals,47,48 and methods geared toward soft materials such as extrusion49 and digital-light 

processing.50 3D printing has the potential to transform manufacturing as an efficient way to 

rapidly fashion highly customizable and intricate objects that are difficult or impossible to obtain 

via traditional processing techniques like molding.51 This is especially true in the context of soft 

materials, with applications across a wide range of fields, from bespoke consumer products to 

biomedicine and next-generation technological devices.52,53 

Design criteria for materials that are applied to additive manufacturing of course consider 

end-use performance but also compatibility with a given printing technique. Building on the 

compelling properties described above, recent work has developed strategies to 3D print super-
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soft bottlebrush elastomers through two complementary strategies: vat photopolymerization and 

direct-ink writing. 

 

Figure 7. Digital-light processing (DLP) of bottlebrush elastomers using light to polymerize the 

backbone and crosslink the material simultaneously. Although a specific chemistry is depicted, 

one could envision extending this concept to other types of side-chain chemistry, backbones, and 

thus materials with different physical properties.  

 

 
Choi et al. developed a resin containing an α-lipoic acid macromonomer and diacrylate 

crosslinker that copolymerize under 385 nm light to form bottlebrush networks (Figure 7a).54 A 

key consideration in the design of this resin builds on concepts described earlier: pre-formed 

bottlebrushes would likely be too viscous to provide the right fluid dynamics within the resin bath. 
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The choice of polymerizable functionality is also important as fast curing is desired in a layer-by-

layer digital-light process. Optimized resins rapidly cured 50 µm layers in 1.5 s with a light 

intensity of 13 mW cm–2. The mechanical properties of printed parts were tunable by changing the 

ratio between macromonomer and crosslinker, resulting in materials with shear moduli ranging 

from 100−1000 kPa. Recent work has demonstrated a significant enhancement in toughness at 

optimized compositions using similar materials that should also be printable by this simple 

technique.55  
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Figure 8. Room-temperature 3D printing of bottlebrush copolymers by extrusion (direct-ink write) 

is enabled via molecular self-assembly into micelles that exhibit a fast and reversible yielding 

transition. 

 

 
Bottlebrush elastomers can also be printed by extrusion at room temperature through a 

process known as direct-ink write. This technique relies on resins with different design criteria 
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than digital light processing. The general concept is similar to a scenario most of us are familiar 

with on a daily basis: squeezing toothpaste out of its tube. An ideal resin for direct-ink write 

liquifies in the syringe under applied force and flows but quickly resolidifies after exiting to hold 

the desired shape of a part. The normalized force required to traverse this solid–liquid transition is 

known as a yield stress. A variety of strategies are commonly used to finesse the yield stress of 

resins for direct-ink writing to balance the ease of extrusion with part fidelity; examples include 

adding solvent and/or particles that can reversibly jam. Xie et al. developed a different approach 

that relies on self-assembly using statistical bottlebrush copolymers containing two types of side 

chains: poly(ethylene oxide) and poly(dimethylsiloxane) (PDMS).56 At appropriate volume 

fractions, these bottlebrushes form micelles with a yielding transition that corresponds to lattice 

disordering (Figure 8). This process is fast and reversible at room temperature, facilitating direct-

ink writing. The addition of photocrosslinker—designed to be soluble in the PDMS matrix—

enabled crosslinking after printing to form elastomers with light. Nian et al. also leveraged self-

assembly in the design of hybrid ABA triblock bottlebrushes containing hard linear A blocks 

flanking a bottlebrush B block.57 Similar to conventional thermoplastic elastomers, the outer A 

blocks form spherical domains that anchor the bottlebrushes together via physical crosslinks. This 

clever design allows the material to retain its shape and be extremely soft at the same time. These 

materials can be printed by adding a small amount of volatile solvent to disrupt self-assembly 

during extrusion, which quickly reappears upon evaporation. The authors reported printed 

materials with Young’s moduli of 102−104 Pa while retaining good extensibility (≈100−600%). 
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Photonic crystals 

One of the earliest examples of applying bottlebrush polymers relates to photonic 

crystals—materials that reflect certain colors of light based on a (hopefully controlled) photonic 

bandgap. Nature regularly exploits this concept to express specific colors in a variety of contexts, 

e.g. the magnificent metallic gold found on flower beetles and the blue wings/green tails of 

magpies.58 These colorful properties arise from a periodic arrangement of materials with different 

dielectric constants, where their periodicity and refractive-index contrast influence the 

wavelength(s) of light that cannot propagate.59 The simplest photonic crystal, referred to as a Bragg 

stack, comprises layers of high and low refractive index materials forming periodic lamellae in 

one dimension. Realizing the similarities of this structure with traditional (linear) block copolymer 

self-assembly, Bowden showed that bottlebrush block copolymers—having two types of side 

chains arranged in a blocky sequence—can also form lamellae.60 Importantly, these lamellae have 

enormous domain spacings compared to linear variants because the backbone orients 

perpendicular to the block–block interface (Figure 9). By fine-tuning the backbone degree of 

polymerization during synthesis, polymeric materials can be made with predictable band gaps that 

reflect colors across the entire visible spectrum (≈ 400−700 nm). In a beautiful series of papers, 

Miyake and coworkers demonstrated exquisite control over the properties of photonic 

bottlebrushes through synthesis and blending, highlighting their potential use as paints to minimize 

energy inefficiencies in buildings.61–64 Notably, reflected wavelengths can be extended beyond the 

visible range by adding homopolymer that further dilates domain spacings into the near infrared 

regime (>800 nm). Recent efforts have considered new methods to control the structure65 and 

processability66,67 of bottlebrush-based photonic crystals, as well as demonstrated their utility in 

applications such as pigments68 and 3D printing.69 
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Clearly, a number of the applications just discussed rely on molecular self-assembly to 

manipulate material properties and processability. A brief comment is therefore warranted 

regarding apparent constraints in self-assembly that are important to appreciate for bottlebrush 

systems. Bottlebrushes with a blocky sequence of side chains form stunning lamellae almost 

instantaneously,70 often with upwards of 10 X-ray diffraction peaks.71 In contrast, morphologies 

with any interfacial curvature, such as cylinders, yield significantly less-clear diffraction patterns,19 

and well-defined spherical morphologies may be absent entirely.72 Although this behavior is not 

fully understood, it likely relates to difficulty packing bulky bottlebrush molecules—both the 

backbone and attached side chains—uniformly within the interior of each micelle (inspect, for 

example, the steric bulk evident in Figure 9). This intuitive explanation might lead one to wonder 

whether statistical bottlebrush copolymers could somehow avoid this energetically unfavorable 

scenario because the backbone itself wraps around the block–block interface, making the side-

chain arrangement more reminiscent of linear diblock copolymers (recall the micelle depiction in 

Figure 8). Indeed, statistical bottlebrush copolymers are known to form high-quality 

spherical19,35,56 and network phases.73 However, the photonic “magic” is lost in these materials 

because the domain spacing is, once again, controlled by the length of two side chains, not the 

backbone. There are a considerable number of interesting photonic structures in two and three 

dimensions—for example, single gyroid with a complete photonic band gap—that are simply not 

accessible at the present point in time. Can clever molecular design somehow overcome this 

conundrum and achievable independently tunable morphologies and domain spacings, perhaps 

through the appropriate choice of backbone length, side-chain degrees of polymerization, 

formulation (e.g. blending), and chemistry? Such an expansive set of design parameters almost 

demands a close collaboration between theorists and experimentalists to both predict what will 
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happen on thermodynamic grounds and test what is actually possible based on kinetic limitations 

in real experiments.  

 
Figure 9. Block bottlebrushes self-assemble into nanostructures with unusually large domain 

sizes. As shown, lamellae that form Bragg stacks with domain spacings on the order of visible 

light result in the efficient reflection of select and tunable colors.63,74 High-resolution photographs 

courtesy of Garret Miyake. 

 
 
Additives 

The bottlebrush architecture also offers enticing opportunities to tune the performance of 

materials beyond bulk properties. One example involves the use of bottlebrushes as additives. This 

strategy is broadly appealing from a business perspective because any bottlebrush, irrespective of 

chemistry, is almost certainly more expensive than existing commercially available materials. 
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There are also compelling performance advantages that warrant studying bottlebrushes as 

additives. Polymers that contain branching are predicted to preferentially accumulate at surfaces 

due to entropic effects; in this regard, bottlebrushes can be thought of as highly branched and 

controllable building blocks. Verduzco and Stein have studied this phenomenon in a series of 

papers that focus on characterizing thin films of linear–bottlebrush blends, primarily using 

secondary-ion mass spectrometry.75–79 For example, Mitra et al. reported a systematic study of 

nearly athermal blends (χ ≈ 10−4) of polystyrene bottlebrush and deuterated polystyrene linear 

homopolymer.79 They found that surface segregation strongly depends on the ratio Nhomo/Nsc, 

where Nhomo is the homopolymer degree of polymerization and Nsc that of the side chains. When 

Nhomo/Nsc ≤ 1.6, bottlebrushes are homogeneously dispersed in the blend, and no phase separation 

is observed, even after annealing for 7 days at 165 °C. In contrast, when Nhomo/Nsc ≥ 8, 

bottlebrushes completely localize at the substrate and air interfaces. Figure 10 summarizes these 

findings. This work has significant implications in the design of materials because surface 

segregation is usually dominated by enthalpic effects. For example, materials that contain fluorine 

typically enrich at an air interface to reduce interfacial tension. The bottlebrush architecture 

therefore provides a mechanism to counteract enthalpic preferences and manipulate interfaces in 

new ways. A cute demonstration of this was recently reported in the context of block copolymer 

lithography, where a perpendicular orientation of thin-film lamellae or cylinders is desired but 

preferential enthalpic interactions at the air and/or substrate interfaces usually drive morphologies 

to be parallel. Kim et al. demonstrated that small amounts of statistical bottlebrush copolymer 

(with a carefully selected composition) blended into the block copolymer layer spontaneously 

segregates to the air and substrate interfaces, rendering both neutral. The perpendicular features 

that form during this thermal annealing process are typically much more challenging to access,80 
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for example, through multi-step processes involving the deposition of surface treatments81 and top 

coats.82 

We emphasize there will likely be other examples beyond thin films where bottlebrush 

polymers provide value as additives in more traditional materials without incurring exorbitant 

additional expense. One recent example from Yamauchi et al. demonstrated the ability of poly(n-

butyl acrylate) bottlebrush to increase the fracture toughness of a linear poly(n-butyl acrylate) 

plastic by >100% with just 10 wt% of the additive.83 While the mechanism underpinning this 

interesting behavior remains somewhat mysterious, the general idea represents an exciting future 

direction in the field. 
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Figure 10. The bottlebrush architecture drives surface enrichment in polymer blends with a 

magnitude that depends on relative degrees of polymerization.79 

 

Lubrication and Wear 

Surfaces also play a key role in the lubricity and wear of materials. A hint that the 

bottlebrush architecture may prove useful in improving lubricity lies in its similarity with the 

structure of natural lubricating glycoproteins, such as lubricin in the synovial fluid near articular 

cartilage.84 Lubricin contains densely grafted, hydrophilic, polymeric side chains sandwiched 

between cartilage-binding domains on either end (Figure 11a). These hydrophilic side chains 

swell with water, creating a lubricating layer at the cartilage surface. Steric repulsion of the side 

chains and the presence of a hydration shell further contribute to low friction.85,86 Membrane-

bound and gel-forming mucins are other examples of lubricating glycoproteins with a similar 

structure to bottlebrush polymers. Mucins protect all moist epithelial cell layers lining ocular 

surfaces, the respiratory system, and gastrointestinal tracts from stress-induced damage. Although 

lubricating proteins can make effective aqueous lubricants, they are difficult to synthesize due to 

their complex structure containing many amino acids.86 
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Figure 11. Efficient surface lubrication from bottlebrush polymers. (a) Similarities between 

natural lubricin and a synthetic ABA bottlebrush architecture. (b) Friction force measurements as 

a function of applied normal force. A linear fit was used to estimate the friction coefficient (μ). (c) 

An ABA triblock bottlebrush mimicking the general structure of lubricin.84,87 

 

 
Enter synthetic bottlebrushes that mimic the salient structural features of naturally 

occurring lubricating proteins but as a more accessible material platform. Figure 11 shows an 
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example of a bottlebrush that was inspired by lubricin, with linear outer blocks and a bottlebrush 

mid-block. The water retention and osmotic repulsion of the hydrophilic poly(2-

methacryloyloxyethylphosphorylcholine) side chains leads to exceptionally low friction88,89,90 

while the outer blocks were designed to bind mica. Self-mated or “gemini” interactions were 

measured on a surface-force apparatus between coated mica surfaces. Friction coefficients around  

µ = 0.0115 in phosphate-buffered saline (PBS) at physiologically relevant pressures up to 2.1 

MPa84 are approaching those across whole joints in vivo, reported to be as low as µ = 0.001 and 

maintained at this value at high contact pressures up to approximately 10 MPa.85 Olszewski et al. 

demonstrated that lubricating bottlebrushes can be engineered to have low cytotoxicity, which is 

encouraging for their potential use in restoring damaged cartilage.91 These conclusions seem to be 

general for other systems and more complex mixtures of multivalent ions.92 Andresen Equiliuz, et 

al. combined bottlebrush lubricants with the linear polymer fibronectin to further improve wear 

resistance with respect to that of a bottlebrush alone. This result was attributed to fibronectin 

mediating stronger binding of the bottlebrush to mica, forming a dense layer that prevented 

removal under high pressures. Similarly, Moon et al. demonstrated that the addition of other linear 

polymers, namely hyaluronic acid or poly(vinyl alcohol), improved the wear resistance of a 

hydrophilic bottlebrush coating based on 2-hydroxyethyl methacrylate.90 Clearly, the tunability 

and accessibility of synthetic bottlebrushes provides an exciting platform to tune the properties of 

biocompatible lubricants and wear-resistant surfaces with implications for new implants and 

consumer products. 
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Hydrogels 

Bottlebrushes swollen with water, so-called hydrogels, are an interesting material platform 

beyond applications in surface science. This area remains ripe for research as historically 

bottlebrushes have been advertised as solvent-free analogues of hydrogels. Of course, there may 

also be compelling reasons why bottlebrush hydrogels are enabling in other contexts. Indeed, the 

architectural tunability emphasized throughout this article facilitates the manipulation of hydrogel 

properties such as gel dynamics,93 viscoelasticity, and load bearing characteristics,94 often without 

needing to adjust crosslink density. Such decoupling creates unique opportunities to tailor the 

properties of bottlebrush hydrogels for applications where hydrogels remain popular. An elegant 

example by the Sheiko group designed linear–bottlebrush–linear triblocks as injectable hydrogels 

(Figure 12)95 based on an analogous mechanism of physical crosslinking as described earlier in 

the 3D printing section. This architecture resulted in low solution viscosity that facilitates 

injectability while also integrating thermo-responsivity to drive gelation at body temperatures. The 

resulting bottlebrush hydrogel matched the deformation mechanics of biological tissue. This ABA 

architecture shares similarities with the ABC triblock bottlebrush copolymers reported by Vohidov 

et al. that self-assemble into uniform (~100 nm) micelles which encapsulate a range of therapeutic 

agents96 and rapidly gel after injection. 
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Figure 12. Injectable bottlebrush hydrogels as a tissue-mimetic platform for medicine.95 

 
 
Conclusions and Future Outlook 

The bottlebrush architecture is a powerful platform for tuning the structure and properties 

of materials. Throughout this paper, we have highlighted select applications meant to convey the 

breadth of exciting opportunities and enabling performance advantages that can be achieved 

through contemporary materials design. These are by no means all-encompassing and we fully 

anticipate bracing future developments in entirely unanticipated new directions as well.  
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A major driver in the growing popularity of synthetic bottlebrush polymers, and materials 

derived therefrom, is their synthetic accessibility. Even non-experts can perform the requisite 

(macro)monomer and polymer synthesis using simple and robust techniques,25 e.g. (un)controlled 

free-radical polymerization and/or ring-opening metathesis polymerization. Thanks to detailed 

efforts by Sheiko, Dobrynin, Matyjaszewski, and coworkers,3,4,27,34,35,95 the structure–property 

relationships that connect architectural parameters such as backbone degree of polymerization and 

side-chain length with physical material properties like low-deformation moduli are now well-

established. So, what is left to do? As alluded to throughout this review, we still see significant 

opportunities in both fundamental science and applied engineering. The same level of synthetic 

control that has made bottlebrush homopolymers popular also provides a route to sculpt the 

molecular structure of more complex copolymers with implications for properties that are not so 

obvious. How do sequence, side-chain chemistry, and formulation interplay to control the 

processability and properties of multi-component materials over a vast range of length scales, from 

nanometers to microns? We have already seen glimpses of the power in designing self-assembling 

systems beyond simple homopolymers, with unique sets of properties emerging that prove 

advantageous in applications ranging from 3D printing to biomedicine and flexible electronics.37 

When considering the design of materials in this highly multidimensional phase space, it is 

tempting to ask whether contemporary data science tools including artificial intelligence and 

machine learning can somehow be used to navigate the synthesis–characterization–theory pursuit 

more efficiently. We see significant rewards in store for more tightly coupling these synergistic 

but often isolated efforts, for example, in realizing photonic crystals with a full three-dimensional 

photonic band gap that spontaneously arises from self-assembly. Finally, in the realm of 

engineering, we challenge researchers in the field to think carefully about their value proposition: 
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can an unavoidable increase in cost associated with including bottlebrushes be justified given the 

target properties and importance of a given application? This question is one of the many reasons 

we find applications involving surfaces and additives so appealing—they require minimal material 

for an outsized impact. To summarize, bottlebrush polymers represent a striking marriage of 

chemistry, materials, and engineering. Bon retour! 
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