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Abstract: Stepwise conformational transitions of molecular bottlebrushes (MBBs) from extended 

wormlike to partially collapsed and stable globular in aqueous solution were realized with the use 

of two distinct stimuli-responsive polymers and poly(ethylene oxide) (PEO) as the side chains, 

where PEO served as a stabilizer when the responsive side chains became insoluble. Three dually 

responsive brush polymers, composed of either two distinct pH-responsive or two different 

thermoresponsive or one pH- and one thermoresponsive polymers along with PEO randomly 

grafted on the backbone polymer, were synthesized by a click grafting to method. Dynamic light 

scattering studies showed that all three brush polymers displayed two successive steplike size 

transitions in aqueous solutions in response to application of external stimuli, with overall size 
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decreases of 27 – 29 %. 1H NMR spectroscopy analysis confirmed that the size transitions of MBBs 

originated from the pH-induced soluble-to-insoluble and/or the temperature-triggered lower 

critical solution temperature transitions of responsive side chain polymers in the brushes. Atomic 

force microscopy revealed stepwise conformational changes from extended wormlike (with and 

without a pearl-necklace morphology) to partially collapsed (shrunken wormlike or wavelike or 

C-/S-shaped) and globular nano-objects stabilized by PEO side chains. As a demonstration of 

potential applications, Nile Red was encapsulated in the dually pH-responsive globular MBBs as 

a hydrophobic model drug and its stepwise release was achieved upon gradually decreasing pH.       
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Introduction 

Molecular bottlebrushes (MBBs), also termed bottlebrush polymers, are a special type of graft 

copolymers in which relatively short polymer chains are covalently grafted on a long backbone 

polymer with a sufficiently high grafting density that the backbone is forced to take on stretched 

conformations.1-6 These architecturally complex polymers have attracted considerable attention in 

the past years, and their potential applications have been demonstrated in a wide variety of areas, 

including drug delivery,7,8 photonic crystals,9-11 supersoft elastomers,12 biological tissue-inspired 

advanced organic materials,13 and surface coating for lubrication.14 Due to the dense grafting of 

macromolecular side chains, MBBs exhibit many intriguing characteristics and behavior, 

including high persistence length, no backbone entanglement, large conformational changes (i.e., 

shape transitions), and unusual crystal habit.1-6,15 Among these, stimuli-triggered shape transitions 

of MBBs are particularly interesting.2,3,6 While bottlebrush polymers adopt a cylindrical or 

wormlike shape under conditions favorable for side chains (e.g., in good solvents), they can exhibit 

pronounced and abrupt shape changes and take on different conformations (e.g., spherical) when 

the interactions of the side chains with the environment become unfavorable. Shape-changing 

MBBs may find applications in areas such as delivery of substances, regulation of molecular 

interactions, and templated synthesis of nanomaterials with controlled morphologies.6,8,16 

Stimuli-induced shape transitions of MBBs from wormlike to globular or from starlike to 

disklike were demonstrated at interfaces.17-21 Sheiko and coworkers showed that linear and star 

MBBs with homografted poly(n-butyl acrylate) (PnBA) side chains underwent reversible rod-to-

sphere and star-to-disk shape transitions, respectively, at the air-water interface by lateral 

compression and decompression.17,18 MBBs with stimuli-responsive polymers as the side chains 

can undergo shape transitions in solution in response to environmental stimuli, which are more 
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relevant to potential applications. A variety of stimuli-responsive polymers, including 

thermosensitive water-soluble polymers, pH- and light-responsive polymers as well as 

polyelectrolytes, have been employed to construct stimuli-responsive MBBs.6,16,22-36 Li et al. 

reported that thermosensitive MBBs with poly(N-isopropylacrylamide) (PNIPAm) side chains 

collapsed from a wormlike to a globule shape upon heating from below to above the lower critical 

solution temperature (LCST) of PNIPAm.22 The collapsed globular PNIPAm MBBs, however, 

were unstable at high temperatures; the brush molecules were found to aggregate and eventually 

precipitate out from water. Polyelectrolyte MBBs can change their conformations in water in 

response to the addition of surfactants, salts, and oppositely charged polyelectrolytes.28-31 For 

example, unusual helical conformations of MBBs with polyelectrolyte side chains were found in 

highly dilute aqueous solutions upon the addition of multivalent ions or surfactants.28,29 Multiple 

wormlike-globular shape transitions for cationic MBBs with quaternary ammonium 

polyelectrolyte side chains in dilute aqueous solutions were observed when sodium dodecyl sulfate 

(SDS), -cyclodextrin, and 1-adamantylammonium chloride were added sequentially into the 

solution.30 However, at a slightly higher concentration (e.g., 1 mg/mL), the bottlebrush polymer 

precipitated out immediately after the addition of SDS.  

The collapsed globular MBBs in solution can be stabilized against aggregation by introducing 

a second polymer into the side chains, either as a second set of side chains in heterografted brushes 

or as the outer block of block copolymer side chains in homografted MBBs.6,8,16,37-44 When the 

responsive side chains or the inner blocks of bicomponent MBBs become insoluble in water, 

driving the shape transitions from worm- or starlike to globular, the second polymer in the side 

chains serves as a stabilizer. The resultant core-shell globular nano-objects are in fact unimolecular 

spherical micelles. If the binary heterografted brush polymers are composed of two distinct types 
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of stimuli-responsive polymeric side chains, two stable globular states with different polymers in 

the core can be obtained under different conditions.40 Our bicomponent MBBs were synthesized 

by a grafting to method using the highly efficient copper(I)-catalyzed alkyne-azide cycloaddition 

(CuAAC) click reaction to graft alkyne-end-functionalized polymers onto an azide-functionalized 

backbone polymer.6,16,37-42 This approach is modular,8,16,37-42,45-50 allowing for separate synthesis 

and characterization of backbone and side chain polymers, simultaneous incorporation of different 

polymers into the side chains, and facile tuning of the molar ratios of different side chain polymers.  

In the present work, we show that stepwise conformational transitions of linear MBBs from 

wormlike to partially collapsed and globular can be achieved with the use of two distinct stimuli-

responsive polymers along with poly(ethylene oxide) (PEO) as the side chains. PEO is introduced 

to stabilize the brush molecules against aggregation when the responsive side chains become 

insoluble.16 Three dually responsive linear ternary MBBs were constructed by the click grafting to 

method using thermosensitive poly(ethoxydi(ethylene glycol) acrylate) (PDEGEA) with an LCST 

of 9 C,51,52 thermosensitive poly(methoxydi(ethylene glycol) acrylate) (PDEGMA) with an LCST 

of 38 C,53 pH-responsive poly(2-(N,N-diethylamino)ethyl methacrylate) (PDEAEMA) with a pKa 

of 7.4, and pH-responsive poly(2-(N,N-di(n-butyl)amino)ethyl methacrylate) (PDBAEMA) with a 

pKa of 5.1,54,55 along with 5 kDa PEO (Scheme 1). The three ternary MBB samples are: (i) MBB-

PP composed of PEO and two pH-responsive polymers (PDEAEMA and PDBAEMA), (ii) MBB-

TT consisting of PEO and two thermoresponsive polymers (PDEGEA and PDEGMA), and (iii) 

MBB-TP comprising PEO and two different stimuli-responsive polymers (PDEGEA and 

PDEAEMA) as the side chains, where T and P represent a thermosensitive and a pH-responsive 

polymer, respectively. The stimuli-induced conformational changes of these MBBs in aqueous 

solutions were studied by dynamic light scattering (DLS), 1H NMR spectroscopy analysis, and 
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atomic force microscopy (AFM). In addition, as a demonstration of potential applications, MBB-

PP was used to encapsulate Nile Red in the globular form, and stepwise release of this hydrophobic 

model drug from the collapsed globular brushes was achieved upon gradually decreasing pH. 

 

Scheme 1. Synthesis of Dually Responsive Linear Ternary Heterografted Molecular Bottlebrushes, 
MBB-PP, -TT, and -TP, and Stimuli-Induced Stepwise Collapse in Aqueous Solution  

 

 

Results and Discussion 

Synthesis and Characterization of Dually Responsive Ternary MBBs. Three linear MBBs 

composed of randomly grafted 5 kDa PEO and two stimuli-responsive polymers were prepared by 

a grafting-to approach via the CuAAC reaction (Scheme 1). This method is particularly suitable 

for the preparation of multicomponent brush polymers, which not only can produce high grafting 

density brushes but also allows for convenient tuning of the side chain composition. Stimuli-

responsive alkyne-end-functionalized side chain polymers, PDEAEMA, PDBAEMA, PDEGEA, 

and PDEGMA (Scheme 1), were prepared by reversible addition-fragmentation chain transfer 
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(RAFT) polymerization56 of respective monomers in anisole using an alkyne-functionalized 

trithiocarbonate compound (CTA-Alkyne, Figure S1) as the chain transfer agent and 2,2′-azobis(2-

methylpropionitrile) as the initiator. The details can be found in the Supporting Information, and 

the characterization data for all side chain polymers are summarized in Table 1. Size exclusion 

chromatography (SEC) analysis showed that the dispersities (Đ) of these polymers were in the 

range of 1.12 to 1.16 with a unimodal peak (Figures S2-S6), indicating that the RAFT 

polymerizations were well controlled. The degrees of polymerization (DPs) of these polymers 

were in the range of 43 to 57, calculated from the monomer conversions determined by 1H NMR 

spectroscopy analysis and the initial molar ratios. Alkyne-end-functionalized PEO was 

synthesized by reacting 5 kDa poly(ethylene oxide) monomethyl ether with 4-pentynoic acid using 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride and 4-(dimethylamino)pyridine as 

the catalysts.16 The linear azide-functionalized backbone polymer with a DP of 801 and a degree 

of azide functionalization of 96.7%, PHEMA-N3, was prepared by atom transfer radical 

polymerization of 2-(trimethylsilyloxy)ethyl methacrylate and post-polymerization modifications, 

including the deprotection of trimethylsilyl groups, reaction with 4-bromobutyryl chloride, and 

substitution of pendant bromine atoms with azide, as described previously.50 

 
Table 1. Characterization Data for Side Chain Polymers Used for Synthesizing MBBs 
Side Chain Polymer Molecular Weight Đ DP 
PEO Mn = 5 kDa a 1.04 b 114 c 
PDEAEMA-45 Mn,SEC = 6.9 kDa d 1.14 d 45 e 
PDEAEMA-56 Mn,SEC = 7.8 kDa d 1.14 d 56 e 
PDBAEMA Mn,SEC = 9.9 kDa d 1.12 d 43 e 
PDEGEA Mn,SEC = 10.3 kDa d 1.16 d 57 e 
PDEGMA Mn,SEC = 9.3 kDa d 1.15 d 55 e 

a Molecular weight from the vendor. b Dispersity (Đ) was determined by a PL-GPC 20 system 
relative to polystyrene standards. c Degree of polymerization (DP) was calculated from the Mn. d 
Number-average molecular weight (Mn,SEC) and Đ were determined using a PL-GPC 20 system 
relative to polystyrene standards. e Calculated from the initial monomer-to-CTA molar ratio and 
the monomer conversion. 
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The click reactions for the synthesis of the three brush polymers were carried out in 

tetrahydrofuran (THF) at ambient temperature using CuCl and N,N,N,N,N-

pentamethyldiethylenetriamine as the catalyst and ligand, respectively. In order to achieve high 

grafting density MBBs, excess side chain polymers were employed with a feed molar ratio of ~ 

1.5 : 1 for the side chain polymers to the azide groups. At the end of the click reaction, benzyl 

propargyl ether was added to cap the possible remaining unreacted azide groups on the backbone 

to mitigate potential issues in the subsequent purification and study. The MBBs were purified by 

a combination of precipitation/fractionation and centrifugal filtration using an Amicon 50 kDa 

MWCO filter. The complete removal of excess side chain polymers from the MBBs was confirmed 

by SEC analysis (Figures S7-S9), and 1H NMR analysis showed that the molar ratios of different 

side chain polymers in the purified brushes were similar to the feed ratios. Using the SEC peak 

area percentages of the brushes and the unreacted side chain polymers in the final reaction mixture 

and the side chain composition from 1H NMR analysis along with the feed masses and the DPs of 

the side chain polymers, the grafting densities of MBB-TT and MBB-TP were estimated to be 

93.0% and 90.4%, respectively. The absolute Mw,expt values of these two brush polymers measured 

by a SEC-multiangle light scattering (SEC-MALS) system were 7.92  106 Da and 7.81  106 Da, 

respectively, which were close to the calculated Mw,calc values, 7.51  106 Da and 7.29  106 Da, 

based on the grafting densities and the calculated Mw,calc values of the backbone and the side chain 

polymers (Mn calculated from DP  Đ). The grafting density of MBB-PP, however, could not be 

estimated by the above method because PDBAEMA was insoluble in DMF. SEC-MALS analysis 

of purified MBB-PP in DMF, prepared by gradually adding DMF into a dilute THF solution of 

MBB-PP and then evaporating the solvents to an appropriate concentration, showed that the Mw,expt 

of MBB-PP was 7.13  106 Da (Figure S10), similar to the Mw,expt values of MBB-TP and -TT. 
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This Mw,expt, however, is higher than the calculated Mw,calc value for a hypothetical brush polymer 

with the same side chain composition and a full grafting density (i.e., 96.7% - the degree of azide 

functionalization) (Mw,calc = 6.38 × 106 Da, see the Supporting Information), which could be due 

to the loss of lower molecular weight brush molecules during the purification. The characterization 

data for the three bottlebrush polymers are summarized in Table 2 along with the aforementioned 

calculated values.  

 

Table 2. Characterization Data and Calculated Values for MBBs 

MBBs 

Side Chain 
Polymer 1 and 

Molar 
Percentage a 

Side Chain 
Polymer 2 and 

Molar 
Percentage a 

Side Chain 
Polymer 3 and 

Molar 
Percentage a 

Grafting 
Density b 

Mw,expt. c 
(Da) 

Mw,calc. d  
(Da) 

MBB-PP PEO, 
51.0% 

PDEAEMA-
45, 29.2% 

PDBAEMA, 
19.8% NA 7.13 × 106 

6.38 × 106 
(for a grafting 

density of 
96.7%) 

MBB-TT PEO, 
34.4% 

PDEGEA, 
32.9% 

PDEGMA, 
32.7% 93.0%  7.92 × 106 7.51 × 106 

MBB-TP PEO, 
40.4% 

PDEGEA, 
32.2% 

PDEAEMA-56, 
27.4% 90.4%  7.81 × 106 7.29 × 106 

a Molar percentages of side chain polymers of MBBs were determined by 1H NMR analysis. b 
Grafting density was estimated using the SEC data, feed masses, and side chain composition. c 
Experimental absolute Mw (Mw,expt) was measured using a SEC-MALS system. d Calculated 
absolute Mw (Mw,calc) was obtained by considering the Mw values of the azide-carrying backbone 
and side chain polymers, calculated from DPs and dispersities (Mn,calc × Đ), and the grafting density. 
 
 

pH-Induced Stepwise Conformational Transitions of MBB-PP in Aqueous Solution. 

MBB-PP is composed of 51.0 mol% PEO and two different pH-responsive polymers, 29.2 mol% 

PDEAEMA-45 (DP = 45) with a pKa of 7.4 and 19.8 mol% PDBAEMA with a pKa of 5.1,54,55 

densely and randomly grafted on the backbone polymer as the side chains. The two tertiary-amine-

containing polymethacrylates are insoluble in water at pH > pKa and undergo soluble-insoluble 

transitions in different pH ranges. Figure 1A shows the plot of the apparent hydrodynamic diameter 

(Dh) of 0.2 mg/g MBB-PP in a 25 mM phosphate buffer at 25 C versus pH. At pH = 3.50, the Dh 
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was 80.8 nm. Upon increasing pH, two steplike size-reduction transitions were observed. The first 

one occurred in the pH range of 4.50 (Dh = 79.4 nm) to 5.26 (Dh = 71.8 nm), around the pKa of 

PDBAEMA, which was attributed to the collapse of PDBAEMA side chains caused by the 

deprotonation of the pendant charged di(n-butyl)aminoethyl groups. This was followed by a 

plateau in the pH range from ~5.3 to ~6.0, where the size decreased only slightly. The second 

transition was observed at pH = ~7.0; the Dh decreased from 68.5 nm at pH = 6.50 to 60.3 nm at 

pH = 7.50 and leveled off to 57.5 nm at pH = 9.50. The overall size change from pH 3.50 to 9.50 

was 23.3 nm (~29%), i.e., the hydrodynamic volume decreased by 64.0%. The size transitions 

were reversible; decreasing the pH to 8.00, 5.98, and 4.00 resulted in Dh values right on the curve 

(Figure 1A). Throughout the processes of changing pH, the hydrodynamic size distributions were 

unimodal and narrow as can be seen from the three curves shown in the inset of Figure 1A. We 

note here that without PEO as a stabilizer, MBBs with homografted PDEAEMA side chains 

precipitated out immediately at pH > pKa.39 

 
Figure 1. (A) Apparent hydrodynamic diameter (Dh) of 0.2 mg/g MBB-PP in a 25 mM phosphate 
buffer at 25 °C upon increasing pH. The three red diamond data points were collected from the 
process of decreasing pH from pH = 9.50. The inset shows hydrodynamic size distributions of 
MBB-PP at pH values of 3.50, 6.00, and 9.50. (B) 1H NMR spectra of 4.0 mg/g MBB-PP in a 10 
mM phosphate buffer prepared using D2O at various pH values. The 1H NMR spectra were 
normalized against the HDO peak at 4.79 ppm. 
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1H NMR spectroscopy analysis was employed to confirm that the steplike size transitions 

observed from DLS measurements were driven by the solubility changes of the two pH-responsive 

side chain polymers. As shown in Figure 1B, the peak of -CH2CH2CH2CH3 from PDBAEMA at 

~1.0 ppm was visible at pH 3.50 but nearly disappeared at pH 5.00, which matched the first 

transition observed by DLS (Figure 1A). Note that the disappearance or the decrease in intensity 

of the peak in the NMR spectra is caused by the loss of mobility.40 With further increasing pH, the 

peak of -CH2CH3 from PDEAEMA at ~ 1.4 ppm decreased significantly in intensity at pH = 7.00 

and completely disappeared at pH = 8.00, corresponding to the second size reduction transition 

from DLS measurements.   

AFM was performed to study the morphologies of the brushes at different pH values. The 

samples were prepared by spin casting the phosphate buffer solutions of 0.050 mg/g MBB-PP at 

pH 4.00, 6.00, and 9.50 on PMMA-coated mica disks at room temperature. At pH = 4.00, MBB-

PP assumed wormlike conformations with a pearl-necklace morphology comprising a string of 

beads along the backbone (Figures 2A and S11). The height, length, and width of a representative 

bead marked by an arrow in Figure 2A were 3.0, 23.7, 19.1 nm, respectively. Image analysis 

showed that the average length of 131 brush molecules was 171.1  42.6 nm, which represents a 

degree of stretching of 85% considering the maximum length of the brushes with a backbone DP 

of 801. The high degree of stretching can be attributed to the electrostatic repulsive interactions 

between protonated side chains. The pearl-necklace morphology presumably resulted from the 

microphase separation between protonated PDEAEMA and PDBAEMA and neutral PEO side 

chains. Similar pearl-necklace morphologies were reported in the literature for bicomponent 

MBBs, either with homografted core-shell diblock copolymer side chains or heterografted two 

distinct homopolymer side chains,40,50,57,58 and we are not aware of MBBs with one-component 
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homopolymer side chains exhibiting such a morphology. When the solution pH was raised to 6.00 

at which PDBAEMA side chains became insoluble in water and PDEAEMA was still protonated, 

the pearl-necklace morphology was maintained for longer brush molecules, whereas shorter 

brushes appeared to transform into a roughly globular or short rodlike shape (Figures 2B and S12). 

The height, length, and width of the representative bead marked with an arrow in Figure 2B were 

slightly larger (3.8, 25.4, and 25.1 nm, respectively). The average length of 144 brush molecules 

was 110.9 nm  44.3 nm, significantly shorter than that at pH = 4.00 (171.1  42.6 nm) due to the 

collapse of PDBAEMA side chains. Further increasing the pH to 9.50 caused all of the brushes to 

collapse into globules (Figures 2C and S13), with an average diameter of 48.9  9.3 nm from the 

measurements of 75 MBB molecules (two measurements for each in perpendicular directions) and 

a representative height of 5 nm. The results from the AFM study were consistent with the large 

size drops observed from the DLS study when the pH was increased from 4.00 (Dh = 79.9 nm) to 

6.00 (70.9 nm) and 9.50 (Dh = 57.5 nm). Note that even when the height of globular MBB-PP 

brushes at pH = 9.50 from the AFM study was ~ 5 nm, the average diameter (48.9 nm) was still 

smaller than the Dh from the DLS measurements (57.5 nm); we believe that this is because the 

hydrophilic 5 kDa PEO side chains remained well solvated in the solution. We also note here that 

the morphologies of MBBs observed by AFM in the dry state can be different from those in the 

solutions. Nevertheless, all the AFM samples were prepared on PMMA-coated mica using the 

same spin-casting process.    



13 
 

 
Figure 2. AFM height images of MBB-PP spin cast on PMMA-coated mica from a 0.050 mg/g 
solution of MBB-PP in a 10 mM phosphate buffer with a pH of 4.00 (A), 6.00 (B), and 9.50 (C). 
The plot in the bottom of each image shows the cross-sectional profile along the dashed line.  

 

Temperature-Induced Stepwise Conformational Transitions of MBB-TT in Aqueous 

Solution. MBB-TT contained two thermoresponsive polymers, 32.9 mol% PDEGEA with an 

LCST of 9 C and 32.7 mol% PDEGMA with an LCST of 38 C, in the side chains along with 

34.4 mol% PEO. Unlike MBB-PP, where stepwise conformational changes were induced through 

the addition of a basic or an acidic solution to adjust the pH, MBB-TT represents an opportunity 

to realize stepwise collapse of side chains solely by changing temperature. Figure 3A shows the 

Dh of MBB-TT in Milli-Q water at a concentration of 1.0 mg/g as a function of temperature upon 

heating from 1 C to 65 C from DLS measurements. When the temperature was 1 C, the Dh of 

MBB-TT was 66.7 nm. With increasing temperature, two size transitions were observed; the first 

one began at 10 C, around the LCST of PDEGEA, and continued over a temperature range of ~10 

C, where the Dh decreased from 65.0 nm at 10 C to 56.3 nm at 22 C. In the following 

temperature range of 22 to 37 C, the Dh exhibited little changes. The second steplike size transition 

occurred in the temperature range of 37 to 52 C, with an onset temperature of 37 C, close to the 

LCST of PDEGMA. The Dh decreased from 55.1 nm at 37 C to 49.3 nm at 52 C and then leveled 
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off above 52 C, reaching 47.6 nm at 65 C. Again, a single narrow size distribution was observed 

at each selected temperature (see the three hydrodynamic size distributions at 1, 25, and 65 C in 

the inset of Figure 3A). We note here that the Dh values of MBB-TT at two different concentrations, 

1.0 and 0.2 mg/g, at 1 C, were essentially the same, and so were the Dh values at 65 C (Figure 

S14), suggesting unimolecular collapse of MBB-TT at the concentration of 1.0 mg/g upon heating.  

Variable temperature 1H NMR spectroscopy was performed to study the LCST transitions of 

the two thermoresponsive side chain polymers in MBB-TT upon heating, which are presumably 

responsible for the stepwise size transitions in Figure 3A. Figure 3B and C shows the 1H NMR 

spectra of MBB-TT in D2O at a concentration of 4.0 mg/g in the temperature ranges of 5 to 20 C 

and 35 to 50 C, respectively. Upon heating from 10 to 15 C, the peak at ~1.0 ppm, which is from 

the -OCH2CH3 of PDEGEA, decreased and broaden slightly (Figure 3B). This temperature-

induced change was much less pronounced than the pH-induced soluble-to-insoluble transitions 

of PDEAEMA and PDBAEMA side chains in MBB-PP (Figure 1B). This could be attributed to 

(i) the nature of the liquid-liquid phase separation of thermosensitive polymers in water above the 

LCSTs59,60 and (ii) the influence of the strongly hydrated PEO and PDEGMA side chains.40 For 

PDEGMA side chains, upon heating from 35 to 50 C, the peak at 3.50 ppm (-OCH2CH2OCH3) 

decreased noticeably, consistent with the expected LCST transition of PDEGMA.  
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Figure 3. (A) Plot of Dh of 1.0 mg/g MBB-TT in Milli-Q water versus temperature in a heating 
process from a DLS study. The inset shows hydrodynamic size distributions at 1, 25, and 65 C, 
and variable temperature 1H NMR spectra of MBB-TT in D2O with a concentration of 4.0 mg/g in 
the temperature ranges of 5 to 20 C (B) and of 35 to 50 C (C). The 1H NMR spectra were 
normalized again the HDO peak at 4.79 ppm. 

 

AFM showed that MBB-TT brushes spin cast on PMMA-coated mica at 0 C were wormlike 

(Figures 4 and S15). The average length of 106 MBB brush molecules was 169.2  37.5 nm, and 

the typical height was ~1 nm (see the cross-sectional profile at the bottom of Figure 4A). When 

the temperature was raised to 30 C, the brushes shrank noticeably (Figures 4B and S16). 

Interestingly, longer brushes took on wavelike conformations, while short ones assumed C or S 

shapes, which is likely due to the requirement for locally collapsed and aggregated PDEGEA side 
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chains to minimize the contact with water along the backbone under the conditions that PEO and 

PDEGMA are still highly hydrated. Note that C- and S-shaped brush molecules were previously 

reported in the literature for PnBA MBBs at the air-water interface after lateral decompression and 

were theoretically explained as that the uneven distribution of side chains on the two sides of the 

backbone resulted in a decrease of the elastic energy of the side chains.17,61 The brush height was 

~2.5 nm, in contrast to ~1 nm at 0 C, and the average cross-length (from one side to another) of 

152 MBB molecules from image analysis was 124.8  42.4 nm. Further heating to 65 C, the 

brushes were found to be mostly globular (Figures 4C and S17), though some molecules appeared 

to be unfolded on the substrate, which could be due to the shearing force in the sample preparation 

process. The average dimension of 66 globular MBB brushes (two measurements for each in 

perpendicular directions) was 52.1  15.2 nm, and the typical height was ~ 4 nm. Thus, the results 

from AFM analysis agreed with the DLS data (Figure 3A). 

 

 
 
Figure 4. AFM height images of MBB-TT spin cast on PMMA-coated mica from a 0.050 mg/g 
solution of MBB-PP in Milli-Q water at T = 0 C (A), 30 C (B), and 65 C (C). The plot in the 
bottom of each image shows the cross-sectional profile along the dashed line.  
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pH- and Temperature-Induced Stepwise Conformational Changes of MBB-TP in 

Aqueous Solution. MBB-TP comprised 32.2 mol% thermoresponsive PDEGEA, 27.4 mol% pH-

responsive PDEAEMA-56 (DP = 56), and 40.4 mol% PEO side chains. The stepwise collapse of 

stimuli-responsive side chains in this brush polymer can be induced through two routes: (i) 

increasing pH from below to above the pKa of PDEAEMA at a temperature below the LCST of 

PDEGEA, followed by heating to collapse the thermoresponsive side chains; (ii) raising 

temperature across the LCST of PDEGEA while PDEAEMA side chains are protonated, following 

by changing the pH from below to above the pKa of PDEAEMA. Figure 5 shows the DLS results 

for route (i). A 1.0 mg/g solution of MBB-TP in a 10 mM phosphate buffer with a pH of 5.00 was 

prepared in an ice/water bath, and the Dh at 1 C was found to be 72.9 nm. With increasing pH to 

8.00 at 1 C, the Dh decreased slightly to 70.5 nm, followed by a sharp drop to 60.5 nm at pH = 

8.90, beyond which the size levelled off. The overall size reduction from pH 5.00 to 9.50 was 12.9 

nm (~ 18%). We previously observed that for pH-induced full collapse of binary MBBs (i.e., from 

wormlike/starlike to globular) the size decreased by ~ 30%.39,40 Thus, the overall decrease in the 

Dh of MBB-TP here implied partial collapse of the brushes. The pH-induced shrinking of MBB-

TP was reversible upon lowering pH, as can be seen from the red circles in Figure 5A. Similar to 

MBB-PP, the hydrodynamic size distributions of MBB-TP remained narrow and unimodal 

throughout the pH-changing process, suggesting unimolecular collapse. Note that the pH-induced 

size transition of MBB-TP at 1 C occurred in the pH range of 8.00 to 8.90, with the mid-point at 

pH = 8.45, much higher than the reported pKa of PDEAEMA.54,55 This is different from the 

observation for PDEAEMA side chains of MBB-PP at 25 C in Figure 1A, but similar to our 

previous report for binary heterografted three-arm star MBBs,40 which exhibited a sharp size 

decrease at pH = ~ 8.1 at 1 C. The delayed size transition can be attributed to two factors. (i) The 
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pH values were measured in an ice/water bath, whereas the pKa values are usually determined at 

25 C or ambient temperature. We calibrated the pH meter at 0 °C using pH = 4.01, 7.00, and 

10.01 standard buffer solutions, whose pH values at 0 C were 4.00, 7.11 and 10.32, slightly 

different from the values at 25 C. (ii) Figure 5A shows the Dh values of MBB-TP upon increasing 

pH, not the solubility change of PDEAEMA side chains. The fully hydrated PEO and PDEGEA 

side chains of MBB-TP at 1 C were believed to keep the brushes in the wormlike state to higher 

pH values above the pKa of PDEAEMA until more monomer units were deprotonated to drive the 

shrinking of MBB-TP. As a result, the size reduction transition was delayed to a slightly higher 

pH range.  

 
Figure 5. (A) Plot of Dh of 1.0 mg/g MBB-TP in a 10 mM phosphate buffer at 1 C versus pH 
from DLS measurements. The inset shows the hydrodynamic size distributions of MBB-TP at T = 
1 C and two pH values (5.00 and 9.50). (B) Plot of Dh of 1.0 mg/g MBB-TP in a 10 mM phosphate 
buffer at pH = 9.50 versus temperature. The inset shows the hydrodynamic size distributions of 
MBB-TP at pH = 9.50 and two different temperatures (1 and 30 C). 

 

The sample was then gradually heated at pH = 9.50; the Dh exhibited a second size reduction 

transition, from 58.9 nm at 7 C to 54.0 nm at 13 C (Figure 5B), above which the Dh decreased 

slightly and reached 52.2 nm at 30 C. The temperature-triggered size transition occurred at ~10 

C, almost the same as the reported LCST of PDEGEA (~9 C). The overall decrease of Dh was 
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20.7 nm (~28%), from 72.9 nm at T = 1 C and pH = 5.00 to 52.2 nm at T = 30 C and pH = 9.50, 

corresponding to a hydrodynamic volume reduction by 63.3%. This indicated that the brushes 

likely fully collapsed at T = 30 C and pH = 9.50. The single narrow size distributions shown in 

Figure 5B suggested that the brushes remained molecularly dispersed thanks to the steric 

stabilization provided by the PEO side chains. 

Figure 6 shows the DLS results for the second route, that is, heating at a lower pH from below 

to above the LCST of PDEGEA and then increasing the pH from below to above the pKa of 

PDEAEMA. At pH = 5.00, PDEAEMA side chains of MBB-TP were fully protonated and strongly 

hydrated, and only a small size decrease, yet appreciable, was observed upon heating, from 73.1 

nm at 1 C to 67.8 nm at 16 C (Figure 6A). The transition occurred in a temperature range similar 

to that in Figure 5B, but the magnitude was smaller, only 3.6 nm from 7 to 16 C, in contrast to 

6.1 nm in Figure 5B in the same temperature range. This smaller Dh change was presumably caused 

by the highly hydrated protonated PDEAEMA side chains along with PEO side chains that kept 

the brushes in the wormlike form despite the temperature-induced collapse of PDEGEA side 

chains. At 19 C, the pH of the solution was then gradually increased, and a large drop in Dh, ~13 

nm, was observed in the pH range around the pKa of PDEAEMA (Figure 6B). Above pH = 8.0, 

the Dh decreased only slightly and reached 53.4 nm at pH = 9.50. This Dh value is similar to that 

at the end of the first route (52.2 nm at T = 30 C and pH = 9.50), also suggesting that the brushes 

were likely fully collapsed. The overall size reduction of MBB-TP in route (ii) was 19.7 nm (i.e., 

~27%). Similarly, the pH-induced size transition was reversible with negligible hysteresis, as can 

be seen from the red circles in Figure 6B from decreasing pH, which fell right on the curve obtained 

from the process of increasing pH. 



20 
 

  
Figure 6. (A) Plot of Dh of 1.0 mg/g MBB-TP in a 10 mM phosphate buffer at pH = 5.00 versus 
temperature from DLS measurements upon heating. The inset shows the hydrodynamic size 
distributions of MBB-TP at pH = 5.00 and two temperatures (T = 1 and 19 C). (B) Plot of Dh of 
1.0 mg/g MBB-TP in a 10 mM phosphate buffer at T = 19 C versus pH. The inset shows the 
hydrodynamic size distributions of MBB-TP at T = 19 C and two pH values (5.00 and 9.50).  

 

The observed stepwise side transitions originated from the collapse of PDEGEA and 

PDEAEMA side chains of MBB-TP in water in response to heating and pH increases, respectively, 

which were verified by 1H NMR analysis of MBB-TP following the changes in both routes. Figure 

7A shows the 1H NMR spectra of MBB-TP in a 10 mM phosphate buffer prepared with D2O at 4 

C with increasing pH from 5.00 to 9.50; clearly, the peak at 1.2 ppm, which was from -

HN+(CH2CH3)2 of PDEAEMA side chains and visible at pH 5.00 to 7.50, completely disappeared 

at pH = 8.00 and 9.50. It was interesting to observe that the same peak almost disappeared at pH 

= 7.00 for MBB-PP in Figure 1B but still visible at pH = 7.50 for MBB-TP here, which could be 

caused by the temperature effect as discussed earlier. Note that the DLS measurements showed 

that the size transition began at pH = 8.00 at 1 C and continued till about 8.90 (Figure 5A). This 

is likely because slightly higher pH might be necessary to drive the decrease in Dh, while the NMR 

signal reflects the mobility of the group. Figure 7B shows the variable temperature 1H NMR 

spectra obtained at pH = 9.50 upon heating from 4 to 16 C. The peak of -OCH2CH3 from 
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PDEGEA decreased significantly, with the transition occurring at ~10 C, consistent with the 

LCST of PDEGEA. In the 2nd route, at pH = 5.00, the peak of -OCH2CH3 from PDEGEA decreased 

only slightly upon heating from 7 to 10 C (Figure 7C) due to the protonated PDEAEMA side 

chains as discussed earlier for the observation in Figure 6A. At 25 C, the peak of -HN+(CH2CH3)2 

of PDEAEMA at 1.2 ppm completely disappeared at pH = 8.00 (Figure 7D); interestingly, the 

peak of -OCH2CH3 of PDEGEA at ~1.1 ppm became smaller noticeably, indicating the effects of 

the protonated and deprotonated PDEAEMA side chains on the signal of PDEGEA. 

 

 
Figure 7. 1H NMR spectra of a 4.0 mg/g solution of MBB-TP in a 10 mM phosphate buffer made 
with D2O at 4 °C with increasing pH value from 5.00 to 9.50 (A), at pH = 9.50 with increasing 
temperature from 4 to 16 C (B), at pH = 5.00 and various temperatures upon heating (C), and at 
25 °C with increasing pH value from 5.00 to 9.50 (D). The 1H NMR spectra were normalized 
against the HDO peak at 4.79 ppm. 
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To visualize the changes of MBB-TP under different conditions, AFM was performed. The 

AFM samples were prepared by spin casting 0.05 mg/g brush solutions on PMMA-coated mica 

disks immediately after the equilibration of the brush solutions, mica disks, and the spin stage of 

the spin coater at desired temperatures. Figure 8 shows the AFM height images of MPP-TP at 

different temperatures and pH values from both routes. At T = 0 C and pH = 5.00, the brushes 

assumed a wormlike conformation with a pearl-necklace nanostructure composed of a number of 

beads (Figures 8A and S18), similar to but more pronounced than the morphology of MBB-PP at 

pH = 4.00 in Figure 2A. The representative bead marked with an arrow in Figure 8A had a length 

of 19.4 nm (along the backbone), a width of 12.9 nm, and a height of 3.7 nm. The height of the 

brushes showed undulations of ~1 nm, as can be seen from the cross-sectional profile at the bottom 

of Figure 8A. This peculiar morphology is also believed to be a result of microphase separation 

between the charged PDEAEMA side chains and the neutral PEO and PDEGEA side chains. The 

average length of 142 MBB molecules was 179.5  41.7 nm, representing a degree of stretching 

of 89%. Upon increasing pH to 9.50 at 0 C, the PDEAEMA side chains were deprotonated, and 

AFM imaging showed that height variations along the backbone were significantly smaller (< 0.5 

nm) (Figures 8B and S19), although beadlike nanostructures were still visible. This observation 

suggested that the microphase separation of the side chains along the backbone were significantly 

weakened upon increasing pH to deprotonate the charged PDEAEMA side chains. Analysis 

showed that the average length of 246 brushes was 160.8  40.7 nm, which was slightly shorter 

than that at pH = 5.00 and T = 0 C (179.5  41.7 nm). When the temperature was raised to 20 C 

at pH 9.50, the brushes collapsed into a roughly globular shape, with a folded backbone being 

clearly visible for many globules in Figures 8C and S20. The typical height of folded brushes was  
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~4 nm, and the average diameter from the image analysis of 100 globular molecules (two 

measurements for each in perpendicular directions) was 54.5  9.7 nm. 

 

Figure 8. AFM height images of MBB-TP spin cast on PMMA-coated mica from a 0.050 mg/g 
solution of MBB-TP in a 5 mM phosphate buffer at T = 0 C and pH = 5.00 (A), T = 0 C and pH 
= 9.50 (C), T = 20 C and pH = 9.50 (C), T = 20 C and pH = 5.00 (D), and T = 20 C and pH = 
9.50 (E). The plot in the bottom of each AFM micrograph shows the cross-sectional profile along 
the dashed line in the height image.  
 

 

When the MBB-TP solution with a pH of 5.00 was heated from 0 to 20 C, AFM showed that 

the pronounced pearl-necklace morphology was maintained (Figures 8D and S21), with the typical 

bead (marked with an arrow) of a similar height (3.4 nm), a slightly larger length (26.4 nm) and 

width  (21.3 nm) than the bead in Figure 8A. Image analysis showed that the average length of 211 

brush molecules was 167.1 nm  36.4 nm, slightly shorter that at the conditions of pH = 5.00 and 
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T = 0 C (179.5  41.7 nm). This suggests that the heating-induced collapse of PDEGEA at pH = 

5.00 had a rather small influence on the overall conformation and the pearl-necklace morphology 

of the brushes, consistent with the small changes in the Dh from DLS (Figure 6A) and in the 

intensity of the characteristic peak from 1H NMR analysis (Figure 7C), which could be attributed 

to the strong hydration of PEO and protonated PDEAEMA side chains. Nevertheless, the collapse 

of PDEGEA side chains enhanced the microphase separation along the backbone as reflected by 

the larger beads in the pearl-necklace nanostructures in Figure 8D.  

When the pH was increased from 5.00 to 9.50 at 20 C, both responsive side chain polymers 

collapsed as can be seen from the 1H NMR spectrum in Figure 7D, the brushes transformed into a 

globular shape stabilized by PEO side chains (Figures 8E and S22); the typical height was ~ 4-5 

nm, similar to the collapsed brushes shown in Figure 8C. The average diameter of 93 globular 

brushes measured (two measurements for each in perpendicular directions) was 51.8  9.9 nm, 

slightly smaller than the average size of the globular brushes from the first route (54.5  9.7 nm), 

likely because the brushes in Figure 8C appeared to spread slightly on the surface. Thus, studies 

by DLS, NMR, and AFM showed that MBB-TP exhibited stepwise collapse of side chains in 

response to external stimuli and eventually transformed into globular shapes stabilized by the PEO 

side chains. Subtle differences were observed from different routes for the stepwise conformational 

transitions of MBB-TP in aqueous solutions.     

Stepwise Release of Hydrophobic Model Drug, Nile Red, from Collapsed Globular MBB-

PP. Shape-changing MBBs have potential application in many areas, including manipulation of 

molecular interactions, delivery of substances, and templated synthesis of inorganic nanoparticles 

of different morphologies via shape transitions. In particular, ternary MBBs with two distinct 

stimuli-responsive polymers in the side chains provide a unique opportunity to achieve stepwise 
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release of hydrophobic substances encapsulated in the globular brushes. Nile Red is commonly 

used as a hydrophobic fluorescence probe for study of block copolymer micellization in water 

because its fluorescence is negligible in water but increases significantly in the hydrophobic core 

of micelles.62 As a demonstration, we encapsulated Nile Red in the globular MBB-PP in a 

phosphate buffer with pH of 9.50. The pH of the solution was then gradually decreased, and 

fluorescence emission spectra were recorded at selected pH values with an excitation wavelength 

of 540 nm. Figure 9A shows the fluorescence emission spectra at pH values ranging from 9.50 to 

3.50. The maximum fluorescence emission intensity decreased substantially from 400 a.u. at pH 

= 9.50 to 87 a.u. at pH = 3.50. A two-step release profile of Nile Red can be seen in Figure 9B. 

The first one occurred in the pH range of 7.5 to 6.5, corresponding to the insoluble-to-soluble 

transition of PDEAEMA (pKa = 7.4); the second sharp decrease was observed upon reducing the 

pH of the solution from ~5.0 to ~4.0, corresponding to the pKa of PDBAEMA. Note that it is 

unclear why the fluorescence emission intensity increased with the pH decreasing from 6.0 to 5.0, 

but this was repeatedly observed in our experiments. The stepwise intensity changes observed here 

correlated well with the size reduction transitions from DLS measurements (Figure 1A), indicating 

that the stepwise release of hydrophobic Nile Red from MBB-PP was triggered by the pH-induced 

conformation changes of MBB-PP. In addition, the maximum peak exhibited a red shift with 

decreasing pH, from max = 578 nm at pH = 9.50 to max = 619 nm pH = 3.50, which also indicated 

that the Nile Red molecules were released from a hydrophobic to a hydrophilic environment. 

Interestingly, stepwise changes in max were also observed, suggesting stepwise polarity changes 

in the microenvironment of Nile Red with decreasing pH. 
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Figure 9. (A) Fluorescence emission spectra of Nile Red in a 4.0 mL solution of 0.2 mg/g MBB-
PP in a 25 mM phosphate buffer with decreasing pH from 9.50 to 3.50. The nominal concentration 
of Nile Red was 6.7 × 10-7 M. The pH of the solution was decreased at a step of 0.50 pH unit, and 
at each pH the sample was equilibrated for 10 min before the fluorescence emission spectrum was 
taken. The excitation wavelength is 540 nm, and the spectra were recorded from 550 to 720 nm. 
(B) Plot of fluorescent emission intensity at the maximum peak versus pH. (C) Plot of max versus 
pH.  

 

Conclusions 

Three dually responsive linear ternary heterografted MBBs were synthesized by a grafting to 

method via the CuAAC click reaction: MBB-PP with two different pH-responsive polymers, 

MBB-TT with two distinct thermoresponsive polymers, and MBB-TP with one pH-responsive 

polymer and one thermoresponsive polymer along with 5 kDa PEO as the side chains. DLS studies 

showed that all three brush polymers exhibited two steplike size reduction transitions in aqueous 

solution in response to external stimuli, resulting in overall hydrodynamic size decreases by 27% 
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to 29 % (61% to 64 % decrease in hydrodynamic volume). The size transitions were driven by the 

pH-induced soluble-to-insoluble and/or temperature-triggered LCST transitions of responsive side 

chain polymers of the brushes in aqueous solution, which were confirmed by 1H NMR 

spectroscopy analysis. AFM imaging revealed stepwise conformational changes from extended 

wormlike brushes (with and without a pearl-necklace morphology) to partially collapsed 

nanostructures (shrunken wormlike or wavelike or C-/S-shaped) to globular nano-objects 

stabilized by PEO side chains. This work shows that it is possible to achieve controllable stepwise 

conformational transitions of multicomponent MBBs while maintaining the stability of brush 

molecules against aggregation in solution, opening up more opportunities for potential applications 

in diverse areas such as drug delivery, stimuli-responsive emulsions, and controlled templated 

synthesis of nanomaterials. As a demonstration, MBB-PP was used to encapsulate Nile Red as a 

hydrophobic model drug in the globular state, and a stepwise release profile was achieved upon 

gradually decreasing pH.       
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