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The ability of living species to transition between rigid and flexible shapes represents one of their 
survival mechanisms, which has been adopted by various human technologies. Such transition is 
especially desired in medical devices as rigidity facilitates the implantation process, while 
flexibility and softness favor biocompatibility with surrounding tissue. Traditional thermoplastics 
cannot match soft tissue mechanics, while gels leach into the body and alter their properties over 
time. Here, a single-component system with an unprecedented drop of Young’s modulus by up to 
six orders of magnitude from the GPa to kPa level at a controlled temperature within 28–43 °C is 
demonstrated. This approach is based on brush-like polymer networks with crystallizable side 
chains, e.g., poly(valerolactone), affording independent control of melting temperature and 
Young’s modulus by concurrently altering side chain length and crosslink density. Softening 
down to the tissue level at the physiological temperature allows the design of tissueadaptive 
implants that can be inserted as rigid devices followed by matching the surrounding tissue 
mechanics at body temperature. This transition also enables thermally triggered release of 
embedded drugs for anti-inflammatory treatment. 
 

 

 

Various types of clinical complications may emerge when a medical device (catheter, 

microelectrode, or microneedle patch) is deployed to the human body. It has been widely 

recognized that mechanical mismatch between an implant and a host tissue is one of the leading 

factors for adverse effects such as irritation and inflammation, which is evident in orthopedic,[1] 

neural,[2,3] and reconstructive implants.[4] It is generally desired that an implant material 

precisely matches Young’s modulus of the surrounding tissue that may range between E ≈ 102 

Pa of supersoft brain and adipose tissues to E ≈ 105 Pa of muscle and skin. However, forceful 

implantation of biomedical devices such as piercing, insertion or twisting impose significant 

mechanical stresses on the device.[5–8] Therefore a certain rigidity is desired to prevent device 

failure, minimize tissue damage, and simplify storage and handling procedures.[9,10] This 

presents an oxymoronic challenge for an ideal implant: designing an adaptive material that 



readily penetrates tissue, but transitions into a tissue-soft implant upon insertion into the body 

(Figure 1A). Thermoplastics are one of the most commonly used materials possessing a well-

defined transition between hard and soft states with Young’s moduli of Ehard ≈ 1 GPa and Esoft 

≈ 1 MPa, respectively (Figure 1B). However, conventional thermoplastic materials have two 

problems: i) Esoft ≈ 1 MPa is significantly higher than soft tissue modulus ranging within 102–

105 Pa and ii) softening (melting or glass) transition temperature of high molecular weight 

polymers cannot be tuned without altering their chemical composition. It is even more 

challenging to adjust the mechanical and thermal properties independently of each other. The 

softness issue alone could be resolved by using different types of bioinspired polymeric 

gels.[14–17] However, not only it is difficult to prepare gels with a sharp GPa-tokPa transition 

(Figure 1C), their solvent fraction instigates uncontrolled leaching inside the body,[13] which 

causes various health risks. The second problem can be addressed via copolymerization of 

monomers with different melting temperatures.[18–20] However, this involves chemical 

composition and biocompatibility variation and yet, copolymer modulus is limited by chain 

entanglements to >105 Pa.[21,22] 

 

 
Figure 1. Hard-to-soft transition. A) Schematic representation of a tissue-adaptive implant. At a 

room temperature of 25 °C, an implant is rigid, easily penetrating tissue followed by softening at 

a body temperature of 37 °C to match the mechanics of the surrounding tissue (≈102–105 Pa). B) 

Many polymeric materials undergo a sharp modulus decrease upon melting from a hard-state 

modulus of Ehard ≈ 1 Gpa (“Plastic” bar) to a soft-state modulus of Esoft ≈ 1 Mpa (“Rubber” 

bar). Their Esoft cannot go below ≈105–106 Pa due to chain entanglements. In contrast, 

architecturally disentangled bottlebrush elastomers with crystallizable side chains allow a much 

greater modulus drop from the Gpa to kPa level (“Tissue” bar). Furthermore, the brush-like 

architecture allows mimicking the mechanics of specific tissues such as skin, lung, and brain[11] 

by varying the architectural triplet [nsc, ng, nx]: degrees of polymerization (DP) of the side 

chains (nsc), of the spacer between neighboring side chains (ng), and of the strand backbone 

(nx).[12,13] C) Mapping conventional materials (including thermoplastics, gels, and tissues) by 

log–log plotting their modulus drop (Ehard/Esoft) against their Esoft. Herein, Ehard and Esoft 

correspond to Young’s moduli measured before and after a softening transition under condition 

specified. Most thermoplastics (squares) and thermosets (downward triangles) have similar 

Ehard ≈ 1 Gpa and, therefore, fall on the same line with -1 slope. Specifically, Esoft values of 

thermoplastics correspond to a rubbery plateau modulus due to chain entanglements. For 

thermosets, Esoft corresponds to the Young’s modulus of a polymer network controlled by 



crosslink density. In both systems, Esoft is measure above glass and melting transitions at 

specific temperatures indicated. 

As shown, both systems demonstrate a lower limit of ≈105–106 Pa which falls short from 

reaching tissue-like softness (103–105 Pa). Synthetic gels (upright triangles) and biological 

materials (circles and diamonds) can reach below this limit, but their softening transition is either 

marginal or nonexistent. With bottlebrush polymers (green polygon), the polymer trend can be 

extended below the 105 limit, yielding record high modulus drop (104–106 times) and tissue 

mimicking softness (103–105 Pa). Note that this plot is not bound to a particular type of 

transition, rather offers comparison between bottlebrush elastomers with a wide variety of 

softening systems. 

 

Both problems can be alleviated by employing bottlebrush polymer architecture (Figure 1A), 

which promotes disentanglement of network strand and thus allows modulus reduction down to 

102 Pa without adding solvent.[12,13,21] To create a significant hard-to-soft transition within a 

singlecomponent system, we introduce bottlebrush elastomers with crystallizable side-

chains[23–25] that enable architectural control over both the Young’s modulus (E) and melting 

temperature (Tm). In the crystalline state (T < Tm), these materials are hard with Ehard similar to 

that of other crystalline polymers (108 to 109 Pa). Upon melting (T > Tm), they convert to brush-

like elastomers with the modulus dropping by four to six orders of magnitude, which 

significantly exceeds the conventional 10∼103 × modulus drop demonstrated by commodity 

plastics and biological materials (Figure 1B,C). Their Tm and Esoft can be respectively tuned 

within 28–43 °C and 103–105 Pa by controlling brush-like network architecture within a single-

component non-leaching system, which makes them suitable for biomedical applications. 

Furthermore, due to the significant difference in diffusivity between semicrystalline hard and 

rubbery supersoft states, these materials can be used as thermally triggered antiinflammatory 

drug delivery systems. We synthesize a series of bottlebrush elastomers with crystallizable 

poly(valerolactone) (PVL) side chains by graftingthrough copolymerization of PVL–

methacrylate (MA) macromonomers with a degree of polymerization (DP) of nsc = 6–14 and 

difunctional PVLdiMA crosslinkers with a DP of 35. The macromonomers (1) and crosslinkers 

(2) are synthesized by ring-opening polymerization providing accurate control over nsc, which 

defines the melting temperature (Scheme 1). The macromonomers and crosslinkers are then 

copolymerized via free-radical polymerization inside a glass mold to prepare covalently 

crosslinked elastomers (3) as thin films of a well-defined thickness of ≈1 mm. By varying the  

 

 
Scheme 1. Synthesis of PVL bottlebrush elastomers. 

 

copolymerization ratio, this synthetic methodology allows accurate control over DP of 

bottlebrush network strands (nx) and hence crosslink density.[12] The synthetic control over nsc 

and nx allows for independently tuning thermal and mechanical properties of thermoplastic 

elastomers. Table 1  shows differential scanning calorimetry (DSC) data of PVL brush 

elastomers and corresponding macromonomers. Compared to linear macromonomers, 

bottlebrush networks with the same nsc demonstrate significantly lower degree of crystallinity 

(Xc), lower melting and crystallization temperatures (Tm and Tc), and a wider crystallization 



range ΔT = Tm − Tc.[26] These effects are ascribed to steric hindrance of densely grafted side 

chains[27,28] as evidenced by the absence of spherulitic morphology typically 

 

Table 1. Thermal properties of selected PVL bottlebrush elastomers. 

 
 

Table 2. Mechanical properties of selected PVL bottlebrush elastomers. 

 
 

a)Ehard and Esoft obtained as storage modulus at hard state (T T 

cal analysis (DMA) with heating 

and 0.05%/5% oscillation strain rate, respectively. Additional tests validate the consistency of 

modulus measured by oscillatory and tensile tests; b)Structural modulus (E) and firmness 

parameter (β) obtained by fitting tensile true stress–elongation curves measured at soft state (T 

C) (Figure 2E).  

 

 
Figure 2. Dual property control. A,B) Melting of brush-like elastomers with crystallizable PVL 

side chains demonstrates approximately four orders modulus drop in the physiological 



 

(≈nsc) results in multiple effects, including increasing Ehard, decreasing Esoft, and increasing 

Tm. B) Degree of polymerization of network strands (nx) largely affects network softness at T 

Tm. Insignificant variation of Tm is due to thermal history of sample crystallization. C) In 

the hard state (T Ehard increases with the degree of crystallinity (Table 1). D) In the 

soft state (T Esoft) increases linearly with crosslink density 

nx nsc). The dashed circle designates architectures with a similar crosslink density. E) 

True stress– C upon uniaxial extension of PVL bottlebrush 

elastomers with different nsc at a given nx β of the samples from 

E increases with side chain length in nsc .[31] 

 

 

 

 

frequency sweep with a rotational rheometer. Similar to modulus (Figure 2D), nsc affects 

elastomer firmness in agreement with the theoretically predict nsc (Figure 2F).[30] 

Collectively, the Figure 2 data demonstrate the ability of PVL bottlebrush elastomers to 

independently control their softening temperature (Tm), softness (Esoft), and firmness (β) by 

concomitantly varying nsc and nx. For example, two different elastomers such as n nx 

200 and n nx Tm values (≅ C) at similar 

Esoft ≅ nx(n 1) are nearly the same (dashed circle 

in Figure 2D). 

Inflammation is one of the notorious complications associated with biomedical devices,[33] 

including dental,[34] and reconstructive implants.[35] Concurrently with transitioning to tissue-

mimetic softness, melting of semicrystalline bottlebrush elastomers permits release of imbedded 

small molecules, e.g., drugs. To demonstrate this capability, a strip of PVL bottlebrush elastomer 

loaded with acetaminophen, one of the common anti-inflammation drugs, was inserted into a 

tissue-imitating polyacrylamide hydrogel chromatically responsive to this particular drug 

(Figure 3). At room temperature, the hard “implant” shows no visible  

 

 

 
Figure 3. Imitated implant insertion and in situ drug release. A) Schematics of an imitated drug 

release scenario, where increased temperature triggers the release of drug molecules followed by 

reaction with receptor molecules resulting in a visual indication. B) Polyacrylamide hydrogel (82 

wt% water) was used as a tissue model loaded with 5 wt% water solution of o-Cresol molecules 

(acetaminophen indicators). An “implant” was made out of a PVL bottlebrush elastomer (nsc 

nx 

temperature (RT), a hard “implant” is inserted into a hydrogel cavity followed by 90 min 

C, an onset of 



blue 

progressively enhances while the PVL implant remains clear and supersoft. As temperature starts 

C, the transition from hard to supersoft state triggers drug release into the 

surrounding gel resulting in distinct color variation. Therefore, this device enables reactively 

decreasing inflammation by releasing alleviating drugs under elevated physiological 

temperature. 

In parallel, we conducted a 3 month hydrolytic degradation test of PVL bottlebrush elastomers in 

a physiological owing no measurable swelling or degradation, which 

was consistent with long-term stability studies of linear PVL/PCL[36] Ruling out surface 

erosion, the release of embedded drug happens exclusively through the amorphous phase with its 

rate dependent on crystallinity, which is controlled by nsc.[37–39] To quantify the nsc 

dependence of the release rate, a series of PVL bottlebrush elastomers with different nsc and 

same nx 50 were loaded with 0.1 wt% of rhodamine-B which has similar solubility to many 

small molecule drugs and a distinct absorption peak at 550 nm. At low temperature (T 

C), all three samples demonstrate slow release with a higher release rate for the n

samples that possess lower crystallinity 

(Figure 4A). At partial melting (T 

greater significance for n

When completely molten (T 

profiles followed by deviation at longer times (Figure 4C). Bottlebrush elastomers with longer 

side chains release overall smaller fraction of rhodamine-B suggesting possible entrapment of 

small molecules. For thin films (thickness h ≪ lateral size), diffusion coefficient D can be 

deduced by fitting the release curves with the following equation 4 where Mt and M

amount of drug released at time t and t [40] Plotting D as a function of incubation temperature 

shows a characteristic S-shaped increase of the release rate with a stronger contrast between 

states displayed by samples with longer side chains (Figure 4D). This correlation is consistent 

with their higher crystallinity. As a result, in addition to thermal and mechanical properties, 

release profile of these bottlebrush elastomers can be tuned with network architecture without 

altering chemical composition, which significantly enhances their safety and biocompatibility. 

Cytocompatibility of PVL 

 

 
 

Figure 4. Controlled release. A–C) Rhodamine-B release profile of three PVL bottlebrush 

elastomers (nx n , 10) at different temperatures as indicated. All samples have 



the same dimensions: discs with a thickness of h d he 

standard deviations from the mean are obtained by a series of independent measurements. D) 

Effective diffusion coefficients at different temperatures were obtained by fitting the 

corresponding release curves (A–C) with Equation 2 within a range of Mt/M

Mt and M damine-B released at time t and ∞, respectively. 

Corresponding DMA curves with the same nsc are added to show the concurrent softening 

transition. 

 

 

bottlebrush elastomers is demonstrated by >90% cell viability compared to the tissue culture 

plate as control (Figure 5A), adhesion and proliferation (Figure 5B,C) of NIH/3T3 mouse 

embryonic fibroblast cells cultured onto a series of samples with different nsc. The combination 

of minimally invasive insertion capability, tissue mechanics replication, solvent-free 

composition, and enhanced biocompatibility profile provide PVL bottlebrush elastomers with a 

significant competitive edge over existing temperature-triggered drug-release matrices.[42] For 

example, current drug-delivery microneedles aim to reduce inflammation caused by mechanical 

mismatch between a rigid needle and soft dermis through soft coatings[43] or by being water 

soluble.[44] In contrast, a microneedle array made with PVL bottlebrush thermoplastic 

elastomers would be able to penetrate stiffer epidermis and become mechanically compliant with 

softer dermis while concurrently starting the release of small-molecule cargo into the body 

(Figure 5D). As a proofof- concept, we prepared 400 μm long microneedles (to penetrate ≈100 

μm thick epidermis) loaded with rhodamine-B (Figure 5E). Even more severe issues are faced by 

intracortical implants that demonstrate most significant mechanical mismatch between soft brain 

tissue (≈1 kPa) and electrodes (≈10 MPa).[45] While some progress has been achieved with 

polymer composites with cellulose whiskers,[14,46] bottlebrush elastomers afford superior brain 

tissue mechanical replication[ 13] and allow controlled release of antiforeign body reaction 

(FBR) drugs (Figure 5F). By incorporating crystallizable PVL side chains into bottlebrush 

network architecture, we demonstrate an unprecedented modulus change (104–106 times) upon 

melting. At ambient conditions these materials are hard (0.1–1 Gpa) for effortless handling and 

storage, yet become as soft as tissue (103–105 Pa) in contact with temperatures relevant to the 

body (28–43 °C). Therefore, these materials have great potential as implants as they are easily 

inserted into the body while minimizing adverse immune reaction caused by mechanical 

mismatch after implantation. Bottlebrush architecture allows for independently controlling the 

softening transition temperature and modulus in the soft state without changing its chemical 

composition, which makes them universally applicable for different organs from the cooler 

dermis (≈33 °C) to warmer internal organs (≈37 °C) and from softer adipose tissue (≈1 kPa) to 

harder tendons (≈200 kPa). In addition, the bottlebrush architecture’s programmability and 

solvent-free nature allows their use as matrices for controlled drug release. Difference in 

diffusion coefficients of the crystalline hard state versus amorphous soft state further enables 

stimuli-responsive release of small molecules, e.g., drugs, into the body. Concurrent softening 

and drug release upon insertion into the body have great potential for advanced implant 

applications such as reactive anti-FBR prosthetics, trans/sub-dermal drug-delivery devices, and 

carrying material for long-term in vivo probes, sensors or electronics and is readily expandable 

to other crystalline polyesters.  

 



 
Figure 5. Biocompatibility and potential applications. A) Cell viability of NIH/3T3 embryonic 

fibroblast cells measured by analyzing the metabolic activity of cultured cells onto PVL 

bottlebrush elastomers (nx n n ncubation compared 

to the tissue culture plate as a control. B) Fluorescence microscopy images of actin-stained 

NIH/3T3 fibroblasts (ActinRed 555 and NucBlue) cultured onto different PVL bottlebrush 

elastomers after 3 d. C) Quantified proliferation of NIH/3T3 cells cultured onto a PVL 

bottlebrush elastomer (n nx n 3) after 1, 3, 5, and 7 d measured by 

PicoGreen DNA assay.[41] D) Proposed application of PVL bottlebrush elastomers as 

transdermal drug release microneedle patches. E) Photo and SEM image of microneedle patch 

fabricated with PVL bottlebrush elastomers loaded with 0.1 wt% rhodamine-B as a sample drug. 

(crystal violet) imitating anti-FBR drugs and inserted into a tissue-mimicking polyacrylamide 

hydrogel under room temperature. While stable at room temperature, the “probe” starts to release 

the dye once -softness of PVL 

bottlebrush elastomer at this stage. After cooling, the “probe” becomes hard again to facilitate 

removal while the dye is left in the “brain” model. 

 

 

Experimental Section 

Materials: δ- ned from Sigma-Aldrich and filtered to remove 

polymers. Tin(II) 2 95%), ethylene glycol anhydrous, 4-

99%), methacrylate chloride, methacrylate anhydride, 

phenylbis(2,4,6- trimethylbenzoyl)phosphineoxide (BAPOs), tetrahydrofuran (THF), toluene 

anhydrous, ethanol anhydrous, dichloromethane (DCM), triethylamine(TEA) were purchased 

from Aldrich and used as received, as were all other reagents and solvents. 

Macromonomer Synthesis (DP 10): Ethanol (2.3 g, 50 mmol), δ-valerolactone (50 g, 500 

mmol), 50 mL anhydrous toluene was added in an oven-dried flask. To the solution was added 3 

A molecular sieves and the mixture was dried for 48 h. The solution was filtered into a 200 mL 



round bottom flask. Tin(II) 2-ethylhexanoate (1 g) was added via syringe. The reaction mixture 

 were removed periodically and analyzed by H-NMR. 

Between 6 and 8 h, the reaction became viscous and magnetic stirring became hard. After 

reaching to the degree of polymerization equal 10, the reaction was cooled to room temperature. 

The contents were then poured into hexane to precipitate the polymer. The polymer precipitate 

was filtered, washed with methanol, air dried, and then further dried under reduced pressure. 

The polymer (55 g, ≈50 mmol) was dissolved in 100 mL DCM and dried with anhydrous 

MgSO4 overnight. The solution was filtered and transferred in a 200 mL oven-dried flask. TEA 

(5.5 g) was added to the C using an ice bath 

and methacrylate chloride (5 g, 55 mmol) was added dropwise to the mixture. The ice bath was 

removed and the temperature increased to 

contents were then concentrated and poured into hexane chilled in an ice bath to precipitate the 

polymer. The polymer precipitate was filtered, washed with methanol, air dried, and then further 

dried under reduced pressure. (1H NMR(400MHz, CDCl3, δ): 1.23(t, 3H; CH3 CH2 O-); 

1.91(s, 3H; C(CH3) CH2); 1.63 (m, 4nH; COOCH2CH2CH2CH2COO , PVL); 2.31 (m, 

2nH; COOCH2 ,PVL); 3.21(q, 2H; CH3 CH2 O ); 4.09 (m, 2nH; CH2OOC , PVL); 

6.06, 5.55 (s, H, H; C(CH3) CH2);  

Cross Linker Synthesis . Dried ethylene glycol (1.0 g, 16 mmol), δ-valerolactone (56 

g, 560 mmol), 50 mL anhydrous toluene was added in an oven-dried flask. To the solution was 

added 3 A molecular sieves and the mixture was dried for 48 h. The solution was filtered into a 

200 mL round bottom flask. Tin(II) 2-ethylhexanoate (1 g) was added via syringe. The reaction 

C and aliquots were removed periodically and analyzed by H NMR. 

After 12 h the reaction completes with ≈95% conversion and degree of polymerization 35, the 

reaction was cooled to room temperature. The contents were then poured into hexane chilled in 

an ice bath to precipitate the polymer. The polymer precipitate was filtered, washed with 

methanol, air dried, and then further dried under reduced pressure. 

The polymer (56 g, ≈16 mmol) was dissolved in 100 mL DCM and dried with anhydrous 

MgSO4 overnight. The solution was filtered and transferred in a 200 mL oven-dried flask. 

DMAP (2 g) was added to the C using ice 

bath and methacrylate anhydride (3.7 g, 24 mmol) was added dropwise to the mixture. The ice 

bath was removed and the temperature increased to 

overnight. The contents were then concentrated and poured into hexane chilled in an ice bath to 

precipitate the polymer. The polymer precipitate was filtered, washed with methanol, air dried, 

and then further dried under reduced pressure. (1H NMR(400MHz, CDCl3, δ): 1.91 (s, 6H; 

C(CH3) CH2); 1.63 (m, 4mH, COOCH2CH2CH2CH2COO ; PVL); 2.31 (m, 2mH, 

COOCH2-; PVL); 3.68(t, 4H; O CH2 CH2 O );4.09 (m, 2mH; CH2OOC , PVL); 

6.06, 5.55 (s, 2H,2H; C(CH3)  

Bottlebrush PVL Elastomer Films: All bottlebrush elastomers were prepared by one-step 

copolymerization of macromonomer (1) with different molar ratios of cross-linker (2). The initial 

reaction mixtures contained: ≈60 wt% macromonomers (1), 1.5 wt% BAPOs photoinitiator, and 

≈40 wt% toluene as solvent. For rhodamine-B release experiments, desired concentration of 

rhodamine-B is added at this stage to accurately control its total amount. First, the mixtures were 

degassed by bubbling dry N2 for 30 min. Then, to prepare films, the mixtures were injected 

between two glass plates with a 2.3 mm poly(dimethylsiloxane) (PDMS) spacer and polymerized 

at room temperature for 12 h under N2 using a UV cross-linking chamber (365 nm UV lamp, 0.1 

mW cm−2, 10 cm with enough to immerse and 

fully swell the films, each time for 8 h) in glass Petri dishes. The samples were then deswelled 

C oven. The conversion of monomers to elastomers (gel 

fraction) was between 75 to 98 wt% depending on crosslinker concentration. 

Temperature Dependence of Hard-to-Soft Elastomers: Dog bone-shaped samples with bridge 

1 mm were loaded into an RSA-G2 DMA (TA 

Instruments) and subjected to uniaxial asing temperature at a 



constant nsition temperature, determined by DSC (TA 

Instruments Q200) in a typical heat/cool/heat run from , the 

C, the strain used was 5%. This 

increase is due to worse signal to noise ratio generated at low strain for much lower modulus. 

The accuracy of this C 

20 min of resting at each temperature. The match between individual tests and the sweep 

test suggests equilibrium throughout the test. 

True Stress–Elongation Measurements: Dogbone-shaped samples with bridge dimensions of 12 

1 mm were loaded into an RSA-G2 DMA (TA Instruments) and fully molten 

C. They were then subjected to uniaxial extension with constant strain rate of 0.1 mm 

s−1. Samples were stretched till rupture, revealing the entire mechanical profile. 

X-ray Scattering Measurements and Analysis: Small-angle scattering 

experiments were performed using laboratory SAXS/WAXS machine (Xeuss from Xenocs) 

coupled to a GeniX 3D CuKα generator (λ 1.54 A) and also at the ID02 beamline of the 

European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The SAXS/WAXS 

measurements were performed in transmission geometry on thin diskshaped (

films. The recorded 2D scattering patterns were centered, calibrated, regrouped, and reduced to 

1D using the SAXS utilities platform described elsewhere.[47] Analysis of diffraction data was 

performed using custom-designed software for Igor Pro environment (Wavemetrics Ltd.). For 

quantitative analysis of small-angle scattering curves the 1D correlation and interface 

distribution functions (IDF) were calculated as described previously.[48,49] To compute the 

WAXS crystallinity index, the experimental curves were fit to a sum of Gaussian functions 

representing each of the orthorhombic crystalline reflexes of the PVL lattice plus a broad peak 

(amorphous halo), which was modeled using Pearson VII functions. The crystallinity index was 

computed as a ratio of the surface under the crystalline reflexes to the total surface.[50] 

Rhodamine-B Loaded Hard-to-Soft Elastomers and Its Release Profile: 

0.1 wt% rhodamine-B compared to macromonomer is dissolved in a series of elastomer 

precursor solution mentioned above for film synthesis with different nsc. After same 

polymerization procedure, the resulting film appears pink instead of white. The films are then cut 

into identical disks with 8 mm radius and 1 mm thickness. While immersed in 10 mL aqueous 

solution w  temperature, aliquots are taken periodically, 

replaced with fresh solution and measured with UV–Vis spectroscopy (Biotek Instruments) to 

determine its concentration by absorption at 550 nm. The amount of Rhodamine-B left in the 

elastomer can be approximated by deducting the dye released to water from the original amount. 

Hard-to-Soft “Implant” Drug Release Preparation: Elastomer samples were immersed in 0.1 

wt% aqueous solution of acetaminophen at room temperature. The solution was then heated up 

20 h, the solution was allowed to cool down back to 

room temperature. The “implant” piece was then removed from the solution and appeared white 

after rinsing. The model “tissue” used is an acrylamide/bis-acrylamide hydrogel with 18 wt% 

solid content and 100:1 crosslinking density. 

After gelation, the hydrogel is immersed in 1 m KOH/5wt% o-cresol solution which 

chromatically detects acetaminophen. The resulting gel has a tissue-mimicking water content of 

82 wt% and modulus of 80 kPa, which matches the modulus of Intervertebral disk posterior 

measured by compression along the axial direction (parallel to spine). For the release 

experiment, the hydrogel is removed from solution into a mineral oil bath for accurate control 

over temperature and avoiding vaporization of o-cresol. For similar experiment presented in 

Figure 5, 0.1 wt% crystal violet is used instead of acetaminophen and the hydrogel is used 

pristine without base treatment. 

Cell Viability Assay: In vitro biological assessment of PVL bottlebrush elastomers (nx 

n , 14) was performed using mouse NIH/3T3 embryonic fibroblast cells 

(American Type Culture Collection). The samples ar cooled 

back down -mimicking softness. The cells were cultured in Dulbecco’s 



modified Eagle medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum 

(FBS, Sigma-Aldrich), -glutamine and 1% penicillin–streptomycin (Sigma-

Aldrich) . A cell suspension was 

prepared by treating the cultured NIH/3T3 fibroblasts with trypsin-EDTA solution (Sigma-

Aldrich) for 5 min. After neutralizing the enzyme and centrifugation, the cells were suspended in 

fresh DMEM medium. Afterward, the prepared cells suspension 

was added to sterilized PVL elastomers samples in 24-well culture plates. The PVL samples 

were submerged in 70% ethanol for 30 min, then rinsed three times with potassium phosphate 

buffer solution (PBS) for 15 min. This procedure was repeated five times. The PVL samples 

were then dried overnight under a biosafety cabinet. The tissue culture polystyrene wells were 

served as the control. The metabolic activity of cultured cells of the PVL bottlebrush elastomers 

was tested after 24 h incubation by means of PrestoBlue assay (Invitrogen). PrestoBlue reagent 

was added to each well of the culture plate containing cells with PVL bottlebrush elastomers (nx 

100, n hen, fluorescence intensity was recorded at 

560/590 nm (excitation/emission) using a microplate reader (Biotek Instruments) and compared 

with the control group. Results  of the relative cell 

viability to the control group. 

Fluorescence Microscopy: The NIH/3T3 cells on substrate was monitored by fluorescence 

microscopy. A cell suspension at a density of 105 cells 

elastomers (nx n 14) and incubated for 3 d in a humidified incubator at 37 

. Cells were fixed with 4% paraformaldehyde and stained with ActinRed 555 

and NucBlue (Invitrogen), the fluorescence imaging was performed using a laser scanning 

confocal microscope (Olympus). 

Cell Proliferation Assay: In order to evaluate cells proliferation, the PVL bottlebrush elastomer 

(nx n 10) samples were placed in a 24-well plate, and then NIH/3T3 cells 

suspension at a density of ell proliferation on 

substrates was quantified measuring the DNA contents (n 3) by means of Quanti-iT 

PicoGreen dsDNA kit (Invitrogen) following the manufacturer’s protocol. 

Microneedle Fabrication: In order to fabricate microneedle patches, disc-shaped PVL networks 

(diameter: 8 mm, thickness: 1 mm) were the bottlebrush 

elastomers were inserted onto a silicone microneedle template (MPatch, Micropoint 

C under compression overnight. Subsequently, the cast 

bottlebrush elastomers were incubated at room temperature for 24 h. Finally, the microneedle 

patches were gently removed from the silicone template. 
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