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Diblock brush-arm star copolymers via a core-first/graft-from 
approach using γ-cyclodextrin and ROMP: a modular platform for 
drug delivery  
Ruihan Li,†,a Xuesong Li,†,a Yipei Zhang,a Abigail O. Delawder,a Nathan D. Colley,a Emma A. Whiting,a 

Jonathan C. Barnes*a 

The design and synthesis of a novel multifunctional core initiator based on γ-cyclodextrin (γ-CD) functionalized with eight 
norbornenes is reported, and a core-first approach to make eight-arm star polymers using ring-opening metathesis 
polymerization is carried out by grafting-from the initiator using norbornene-functionalized hexaethylene glycol.  The living 
nature of the polymerization was verified through chain extension of the ω-functional arms with norbornene-
functionalized poly(ethylene glycol) (PEG, Mn ≈ 2 kDa) to generate water-soluble diblock brush-arm star copolymers 
(DBASCs) with high molar masses (Mn,NMR = 187–268 kDa) and low dispersities (Ɖ = 1.12–1.19).  The size of the 
corresponding star polymers was confirmed by transmission electron microscopy and dynamic light scattering (Dh ≈ 10.0–
11.0 nm).  The thermal properties (e.g., Tg) of the DBASCs were determined by thermal gravimetric analysis and differential 
scanning calorimetry, the latter of which showed well-ordered materials in the solid state (prominent Tc and Tm peaks).  
The long-range order and crystallinity of solid-state DBASCs was further supported by well-defined powder X-ray 
diffraction patterns.  Lastly, since γ-CD possesses an order of magnitude greater solubility in water and enhanced drug-
binding capabilities compared to that for β-CD, a representative DBASC was evaluated against healthy human umbilical 
vein endothelial cells (and exhibited low toxicity), and was also investigated as a delivery vehicle for the anticancer drug 
doxorubicin as its hydrochloride salt (DOX·HCl), resulting in greater potency against MCF-7 breast cancer cells relative to 
that of the free DOX·HCl treatment.  The star polymers reported herein represent a new modular polymeric platform with 
potential applications in nanostructure self-assembly and drug delivery.     

Introduction
Star polymers1, 2 consist of a central core connecting three or more 
linear polymers that radiate outwards from a central point.  This 
branched, arm-like architecture imbues star polymers with solution 
and bulk properties3 that are distinct from their linear analogues, 
and thus sets the stage for a variety of unique nanomaterial 
applications,4 such as self-assembly,5 drug delivery,6, 7 catalysis,8, 9 
and so on.  The two main synthetic approaches to prepare star 
polymers employ “arm-first” or “core-first” strategies, where the 
linear polymer arms are generated and then crosslinked by a 
multifunctional crosslinker, or the arms are grown off an existing 
multifunctional core initiator, respectively.  Many different types of 
complex star polymers have been synthesized using these 
approaches, where arms with block,10-12 mikto,13, 14 and 
bottlebrush15, 16 architectures have been prepared using a wide 
range of living polymerization methods that include ionic,3, 17-21 ring-
opening,22, 23 and controlled radical24-29 polym-erizations. 

In the core-first approach, many multifunctional initiators have 
been adopted, such as polyols, dendrimers, metal complexes, or 
cores terminated with multiple bromides or chain-transfer agents.2 
Macrocycles have also been used as multifunctional core initiators, 
where crown ethers,30, 31 cucurbit[n]uril,32 calix[n]arene,33 and α-12, 

34 and β-35 cyclodextrins (CDs) have been employed. These 
macrocyclic core initiators offer a prearranged display of functional 
groups that can be easily functionalized and used for growing the 
corresponding arms of the star polymer.  Owing to their 
biocompatibility, biodegradability, and low toxicities in humans and 
animals, CDs have been investigated extensively in pharmaceutical 
applications,36 and as such, have been used as the multifunctional 
core initiator in star polymers more than any other class of 
macrocycles.  They also possess the advantage of having an empty 
hydrophobic cavity at the centre of the macrocycle – with 
diameters of 4.7–5.3 and 6.0–6.5 Å for α- and β-CD, respectively37 – 
which is useful for binding hydrophobic drugs or imaging agents.

Atom transfer radical polymerization (ATRP),38-41 is the most 
frequently used polymerization method to synthesize the arms of 
star polymers possessing macrocyclic cores, where the alcohol or 
phenolic groups of the macrocycles are usually functionalized with a 
halide-terminated initiator and the degree of branching in the star 
polymer depends on the number of installed initiator groups.  For 
example, Matyjaszewski and co-workers recently demonstrated the 
successful polymerization of a β-CD-based star polymer by carrying 
out simplified electrochemical ATRP (seATRP) to produce both 14- 
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and 21-arm star polymers.42  Likewise, a large number of β-CD-
based star polymers have been synthesized previously using ATRP,6, 

12, 35, 43-54 in addition to others prepared using reversible addition-
fragmentation chain-transfer (RAFT) polymerization,55, 56 ring-
opening polymerization,57-61 and the grafting-to method.34, 62  The 
larger γ-CD macrocycle, which possesses eight D-glucopyranoside 
rings, an inner cavity of 7.5–8.3 Å, and is an order of magnitude 
more soluble in water than β-CD, has only been used sparingly by 
two research groups thus far to synthesize star polymers.45-47, 63, 64 

Ring-opening metathesis polymerization (ROMP)65-69 is an efficient, 
functional group-tolerant method of polymerization that has been 
used previously to produce diverse polymer architectures.70-75  To 
the best of our knowledge, ROMP has never been used to 
synthesize macrocycle-based star polymers.54  Instead, ROMP has 
primarily been used in arm-first76-78 and brush-first79-87 strategies to 
generate star polymers – where the linear or bottlebrush polymer 
was crosslinked with a bis-norbornene crosslinker – or in a hybrid 
arm-first/core-first strategy88 that was used to prepare end-
functionalized star polymers.88-92  In principle, a core-first strategy 
should provide greater control over the number of protruding arms 
and reduce potential star-star coupling.

Herein, we report a novel core-first/graft-from ROMP-based 
synthesis of a diblock brush-arm star copolymer (DBASC) comprising 
a γ-CD core and eight diblock polynorbornene arms bearing side 
chains of hexaethylene glycol (HEG) and poly(ethylene glycol) (PEG, 
Mn ≈ 2 kDa).  The synthesis of the multifunctional initiator – namely, 
γ-CD functionalized with eight norbornene groups (γ-CD-Nb8) – is 
described, as well as the efficiency of polymerization for each arm 
as higher monomer-initiator ratios were investigated.  The living 
nature of the star polymer synthesis was also demonstrated by 
chain extension of the ω-functional arms with a PEG-based 
macromonomer (Nb-PEG), resulting in high molar mass star 
polymers with low dispersities. Additionally, the size, thermal 
properties, crystallinity, cytotoxicity, and ability of the γ-CD-based 
star polymer to function as a drug delivery vehicle is described.

Experimental
Procedure for synthesis of γ-cyclodextrin initiator  
γ-CD-I8. Using a previous protocol,93 a modified method was 
employed here to synthesize the iodinated initiator precursor. A 
solution of I2 (3.60 g, 14.17 mmol, 15.32 equiv.) in DMF (anhydrous, 
4.6 mL) was slowly added to a solution of PPh3 (3.62 g, 13.80 mmol, 
14.92 equiv.) in DMF (anhydrous,18 mL) at ambient temperature. 
After stirring for 30 min, γ-CD (1.2 g, 0.925 mmol, 1 equiv.) was 
added. The reaction was heated up to 70 °C and stirred for 24 h. 
After cooling down, a suspension of CH3ONa (0.87 g, 16.10 mmol, 
17.41 equiv.) in CH3OH (6 mL) was added dropwise and stirred at 
ambient temperature for 30 min to quench the reaction. Once 
completed, the organic solvent was removed. The crude material 
was re-dissolved in a minimal amount of DMF and precipitated by 
adding Me2CO. The precipitation was performed three times to 
yield the desired compound as a white powder. (1.2 g, 59% yield).  
1H NMR (500 MHz, (CD3)2SO): δH 5.97 (s, 16H), 5.03 (d, J = 3.7 Hz, 
8H), 3.82 (d, J = 9.1 Hz, 8H), 3.61 (dd, J = 14.6, 8.1 Hz, 16H), 3.41 
(dd, J = 18.1, 9.5 Hz, 16H), 3.27 (d, J = 9.2 Hz, 8H).  13C NMR (125 
MHz, (CD3)2SO): δC 101.94, 85.25, 72.38, 71.81, 71.08, 9.25.

γ-CD-(NH2)8. The initiator precursor γ-CD-I8 (0.50 g, 0.2297 mmol, 1 
equiv.) was dissolved in ethylenediamine (13.78 g, 15.3 mL, 1000 
equiv.). The reaction was stirred at 80 °C for 12 h. After completion 
of the reaction, the organic solvent and excess ethylenediamine 

were removed. The crude material was re-dissolved in a minimal 
amount of H2O and precipitated by adding Me2CO. The solid was 
collected and lyophilized to yield the product as a pale-yellow 
powder (0.30 g, 80% yield).  1H NMR (500 MHz, D2O): δH 5.36 – 5.01 
(br, 8H), 4.19 – 3.79 (br, 16H), 3.63 – 3.41 (br, 16H), 3.04 – 3.69 (br, 
32H). MALDI-TOF (m/z): found, 1655.9 [M+Na]+; 1633.9 [M+H]+; 
1595.8 [M+Na]+-60 (M1, NH2CH2CH2NH2); 1573.8 [M+H]+-M1; 1535.7 
[M+Na]+-2M1; 1513.8 [M+H]+-2M1; 1475.7 [M+Na]+-3M1; 1453.7 
[M+H]+-3M1; 1393.6 [M+H]+-4M1. This data matches the previously 
reported data.94   

γ-CD-Nb8. To the mixture of γ-CD-(NH2)8 (93.9 mg, 0.057 mmol, 1 
equiv.) and Nb-NHS (150 mg, 0.471 mmol, 8.2 equiv.), DMF 
(anhydrous, 3 mL) and triethylamine (300 μL) were added. The 
reaction was stirred at 80 °C for 12 h. After completion of the 
reaction, the organic solvent was removed, the crude product was 
re-dissolved in a minimal amount of DMF and precipitated by 
adding Me2CO. The precipitation was performed three times to 
yield the product as a brown solid (185 mg, 60% yield). 1H NMR 
(500 MHz, (CD3)2SO): δH 8.19 – 7.79 (m, 8H), 6.30 (s, 16H), 5.22 – 
4.75 (m, 8H), 4.67 – 4.14 (m, 8H), 4.13 – 3.46 (m, 32H), 3.43 – 1.96 
(m, 112H), 1.82 – 1.57 (m, 8H), 1.40 – 1.25 (m, 8H).

General procedure for the synthesis of DBASCs
A solution of Grubbs 3rd generation catalyst95 (G3G, 0.1 M) was 
freshly prepared in DMF. G3G (0.0245 mL, 1.78 mg, 2.45 μmol, 8 
equiv.) was added to a solution of γ-CD-Nb8 (1.56 mM, 0.172 mL, 
1.00 mg, 0.31 μmol, 1 equiv.) in DMF to give G3G: γ-CD-Nb8 ratio of 
8:1. The resulting solution was stirred for 2 h at room temperature.  
The intermediate bearing eight initiated sites was confirmed by 1H 
NMR using the styrene group from the initial ring-opening step with 
G3G. After that, Nb-HEG (10.49 mg, 24.54 μmol, 80 equiv.) was 
added and stirred at room temperature for 5 h, then Nb-PEG (54.42 
mg, 24.54 μmol, 80 equiv.) was added and stirred for 3 h. The 
reaction was quenched by the addition of excess ethyl vinyl ether 
(EVE) and stirred for 30 min. Then, the excess EVE and DMF were 
removed by vacuum to yield the star polymer as a brown solid. For 
binding affinity, drug release and cytotoxicity studies, the polymer 
was first dialyzed against DMF (RC dialysis tubing, 1 kDa molecular 
weight cut-off, 38 mm flat-width) to remove the G3G catalyst 
residue, and then dialyzed against H2O to remove DMF, the polymer 
inside the dialysis tubing was collected and lyophilized for 24 h.

Characterization of DBASC thermal properties and crystallinity
Thermogravimetric analysis (TGA) was performed on a TA 
Instruments TGA5000 using a high temperature platinum pan and 3 
mg of sample that was heated from 25 to 800 °C at a rate of 10 
°C/min. Differential scanning calorimetry (DSC) was performed on a 
TA Instruments DSC2500 with 18–22 mg of sample massed into a 
Tzero aluminum pan, which was sealed with a Tzero hermetic lid. 
Samples were first equilibrated at 200 °C for 10 minutes, followed 
by cooling to –50 °C at 5 °C/min, heating to 200 °C at 5 °C/min and 
cooling to –50 °C at 5 °C/min, data is reported from the second 
heating and cooling cycle. Powder X-ray diffraction (PXRD) was 
done using a Bruker d8 Advance X-ray diffractometer with zero 
background silicon sample holder (MTI), samples were prepared by 
grinding the as-synthesized polymers into a fine powder.

Procedure for HUVEC and MCF-7 cell culture
Human umbilical vein endothelial cells (HUVEC) and human breast 
cancer (MCF-7) cells were obtained from ATCC (American Type 
Culture Collection, USA) and were cultured as recommended. 
HUVEC cells were grown in vascular basal cell medium (ATCC) 
supplemented with 1% penicillin/streptomycin (100 units/mL and 
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0.1 mg/mL, respectively) and the endothelial cell growth kit-BBE 
(ATCC) which contains 0.2 % bovine brain extract, 5 ng/mL rh EGF, 
10 mM L-glutamine, 0.75 units/mL heparin sulfate, 1 μg/mL 
hydrocortisone, 50 μg/mL ascorbic acid, and 2% fetal bovine serum. 
MCF-7 cells were grown in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% heat inactivated fetal bovine 
serum and 1% penicillin/streptomycin (100 units/mL and 0.1 
mg/mL, respectively). All cells were maintained at 37 °C and 5% CO2 
in a humid incubator.

Procedure for determining DBASC cytotoxicity and efficacy
Cells (HUVEC and MCF-7) were seeded in a 96-well plate (5,000 
cells/well, 100 μL) and incubated overnight to ensure proper 
attachment before treatment with various concentrations of empty 
CD-(HEG7-PEG9)8, DOX·HCl loaded CD-(HEG7-PEG9)8, and free 
DOX·HCl. Each polymer/drug combination and concentration were 
prepared and measured in four replicate wells. The final column 
contained four wells with cells (control) and four wells contained 
media only (blank). After 48 h of treatment, 100 μL of Celltiter Glo® 
(Promega) was added to each well and the luminescence was 
measured. Viability was calculated as follows:

Lumsample - Lumblank

Lumcontrol - Lumblank
× 100 = % Viability

Results and discussion
Design and synthesis of well-defined γ-CD-based star polymers
The star polymer design and core-first/graft-from synthetic strategy 
described here is based on three main building blocks (Fig. 1a): i) a 
multifunctional initiator (γ-CD-Nb8), ii) a norbornene-HEG monomer 
(Nb-HEG), and iii) a norbornene-PEG macromonomer (Nb-PEG).  In 
the first step, γ-CD-Nb8 is activated by adding eight equiv. of 
Grubbs’ 3rd generation catalyst in DMF at room temperature (Fig. 
1b).  Then, 8m·Nb-HEG is added to initiate polymerization of all 
eight arms, thus forming the homo-arm star polymer CD-(HEGm)8.  
Next, chain extension of the ω-functional arms is achieved by 
adding 8n·Nb-PEG, which produces the corresponding DBASC: CD-
(HEGm-PEGn)8. 

Fig. 1. (a) Chemical structures and corresponding cartoon 
representations of γ-CD-Nb8, Nb-HEG, and Nb-PEG. (b) Core-
first/graft-from synthetic strategy for DBASCs (CD-(HEGm-PEGn)8).

To enable the synthesis of the water-soluble, eight-arm DBASCs, the 
primary alcohols of γ-CD were first converted to iodide leaving 

groups using triphenylphosphine (Scheme 1), followed by 
nucleophilic substitution using ethylene diamine in 
dimethylformamide (DMF).  The desired product (γ-CD-(NH2)8) was 
obtained after each step by dissolving the crude mixture in minimal 
solvent and precipitating in excess acetone (Me2CO) three times, 
where the overall yield for the first two steps was 47%. To install 
the norbornene groups onto γ-CD-(NH2)8, an N-hydroxysuccinimide 
precursor (Nb-NHS) was synthesized by coupling a norbornene-
glycine (Nb-Gly) derivative (see Supporting Information (SI) for its 
preparation) to NHS using N,N′-dicyclohexylcarbodiimide (DCC) in 
dichloromethane (CH2Cl2) at room temperature (70% yield).  Then, 
one equiv. of γ-CD-(NH2)8 and a slight excess (8.2 equiv.) of Nb-NHS 
were reacted in the presence of triethylamine (TEA) in DMF at 80 
°C.  The desired product (γ-CD-Nb8) was obtained by re-dissolving 
the concentrated crude material in a minimal amount of DMF, 
followed by precipitation in excess Me2CO to obtain pure product 
as a brown solid (60% yield).  See the SI (Schemes S1-4 and Fig. S3 
and S10) for more details on the synthesis and characterization of 
the initiator.   

Scheme 1. Synthesis of multifunctional core initiator, γ-CD-Nb8.

Next, the number of initiated sites on the core – and therefore the 
number of possible arms – was investigated by comparing the 
proton nuclear magnetic resonance (1H NMR) spectra of the core 
precursors, γ-CD-I8 and γ-CD-(NH2)8 (Fig. 2a-b), γ-CD-Nb8 (Fig. 2c), 
and the Grubbs’ catalyst-initiated core, i-γ-CD-Nb8 (Fig. 2d).  To 
generate the ring-opened initiator (Fig. 2, left), γ-CD-Nb8 was 
treated with eight equiv. of Grubbs’ 3rd gen. catalyst for five hours, 
followed by quenching with ethyl vinyl ether (EVE), purification via 
dialysis against Me2CO using low molecular weight cut-off tubing 
(MWCO = 1 kDa), and drying.  The key proton resonances utilized in 
this analysis are the amide (7.75–8.50 ppm) and styrene (7.10–7.50 
ppm) aromatic protons (blue and brown in Fig. 2d, respectively) 
associated with the linker and the ring-opening event.  Although the 
amide peak broadens – due to hydrogen bonding and potential 
reversible encapsulation by CD – the relative integration is fairly 
accurate at approximately 8:40, which is the expected ratio if all 
sites on the core initiated properly.  Further analysis of the 1H NMR 
spectra reveals the resonance at ~6.3 ppm in Fig. 2c, which 
corresponds to the closed norbornene olefin protons, has fully 
converted to the cis/trans olefin stereoisomers (Fig. 2d). See also 
Fig. S1 for the full 1H NMR spectra.
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Fig. 2. 1H NMR (500 MHz, 25 °C, (CD3)2SO) spectra of (a) γ-CD-I8, (b) 
γ-CD-(NH2)8, (c) γ-CD-Nb8 and (d) the Grubbs’ catalyst-initiated CD 
core i-γ-CD-Nb8. The corresponding integral values are provided 
directly under each set of proton resonances.

After confirming the number of initiation sites on the core, the 
efficiency of the first polymerization step was assessed by adding 
10, 20, 30, 50, and 70 equiv. of Nb-HEG for each initiated site on i-γ-
CD-Nb8 – i.e., 80, 160, 240, 300, and 560 total equiv. relative to the 
γ-CD core.  The number of HEG subunits that were incorporated 
into the homo-arm star polymers (CD-(HEGm)8) was determined 
using 
1H NMR (Fig. 3a, Table 1, and Fig. S2 (full peak assignments)) and 
comparing the relative integration values for the diagnostic styrene 
proton resonances (Fig. 2d) and two methylene protons associated 
with the polymerized HEG (Fig. 3, resonance near 4.50 ppm).  
Although the results from the NMR analysis reveal incorporation of 
HEG subunits below the theoretical amount (Table 1, columns 1-2), 
the corresponding gel permeation chromatography (GPC) traces for 
each polymerization with Nb-HEG (Fig. 3b) illustrate narrow 
dispersities associated with the formation of each star polymer.  
Moreover, the molecular weight values obtained from NMR end-
group analysis and SEC multiangle light-scattering (MALS) data from 
GPC are in good agreement. 
Next, the living nature of the ω-functional arms was evaluated by 
adding 10, 20, and 30 equiv. of Nb-PEG macromonomer to each 
arm of the homo-arm star polymers that were set up initially with 
10, 20, and 30 equiv. of Nb-HEG per initiation site.  Analysis of a 
representative 1H NMR spectrum for CD-(HEG7-PEG9)8 (Fig. 3a, 

bottom spectrum) appears to show complete consumption of the 
macromonomer, as evidenced by the disappearance of the 
characteristic norbornene olefin proton resonance at ~6.3 ppm.  
However, the corresponding GPC trace (Fig. 3c, black trace) shows 
some residual unreacted macromonomer is present.  Even still, 
chain extension to obtain the desired DBASC is efficient (i.e., no 
visible CD-(HEG7)8 peak observed by GPC).  Also, as shown in Table 
1, the    number-average molecular weights calculated by NMR and 
GPC (Mn,NMR = 187.3 kDa and Mn,GPC = 177.8 kDa) are close to the 
theoretical number-average molecular weight (Mn,theo = 214.8 kDa).  
Chain extensions with Nb-PEG to make the higher molecular weight 
DBASCs based on 20 and 30 equiv. of Nb-HEG were also carried out.  
Analysis of the corresponding GPC data (Fig. 3c and S4) shows 
successful incorporation of Nb-PEG into the arms of the narrowly 
dispersed star polymers, albeit not as efficient as in the case of the 
lower molecular weight DBASC.  This statement is supported by the 

fact that homo-arm star polymer precursors (CD-(HEGm)8) and 
unreacted Nb-PEG are both visible in the GPC traces shown in Fig. 
3c (red and blue).  Additionally, the molecular weight data in Table 
1 shows calculated values for Mn (obtained from NMR and GPC) 
that are lower than Mn,theo.  Along these lines, triblock brush-arm 
star polymers (TBASCs) were synthesized using a methyl-capped 
norbornene monomer in between HEG and PEG monomers.  The 
corresponding GPC data (Fig. S5) shows similar conversion 
efficiencies that were observed for the higher molecular weight 
DBASCs. Thus, in the timeframe each polymerization was carried 
out, higher monomer/macromonomer conversion efficiencies are 
achievable at lower molecular weight diblock bottlebrush arms.  It 

Table 1. Molecular weight and dispersity determination of reported star polymers*

DBASCs
(Theoretical)

DBASCs
(CalculatedNMR)

Molecular Weight (kDa)
DPn,NMR Ɖ,GPCMn,theo Mn,NMR Mn,GPC Mw,GPC

CD-(HEG
10

)
8

CD-(HEG
5
)

8 37.46 20.36 27.09 30.33 40 1.120
CD-(HEG

20
)

8
CD-(HEG

7
)

8 71.66 28.48 44.69 50.67 59 1.134
CD-(HEG

30
)

8
CD-(HEG

13
)

8 105.9 47.71 47.44 54.18 104 1.142
CD-(HEG

50
)

8
CD-(HEG

17
)

8 174.3 60.54 56.97 66.24 134 1.163
CD-(HEG

70
)

8
CD-(HEG

23
)

8 242.7 82.77 79.65 93.75 186 1.177
CD-(HEG

10
-PEG

10
)

8
CD-(HEG

7
-PEG

9
)

8 214.8 187.3 177.8 198.5 57/72 1.117
CD-(HEG

20
-PEG

20
)

8
CD-(HEG

5
-PEG

14
)

8 426.4 262.0 329.9 377.3 40/109 1.144
CD-(HEG

30
-PEG

30
)

8
CD-(HEG

9
-PEG

13
)

8 637.9 267.7 396.7 473.3 74/105 1.193
*Note: The number of repeating units were rounded to the nearest number, which explains why the total DPn on the right – calculated from the non-
rounded numbers – appears slightly higher/lower than the expected values that one would obtain using the subscripted numbers in the DBASC 
columns.
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Fig. 3. (a) 1H NMR spectra of core, initiated core, monomers, and 
star polymers (500 MHz, 25 °C, (CD3)2SO). (b) GPC traces of homo-
arm star polymers (H2O, 0.025 M Na2SO4, 50 °C). (c) GPC traces for 
all three DBASCs (same conditions). The red star in (c) presumably 
results from some aggregation of star polymers arising from 
analyte-column interactions.  This was also observed for triblock-
arm star polymers and star polymers generated with sub-
stoichiometric amounts of Grubbs catalyst (Figs. S5 and S7, 
respectively).
is  important to note that all molecular weight determinations by 
GPC used dn/dc values that were measured for CD-(HEG5)8 and 
CD-(HEG7-PEG9)8 (Fig. S6).    

                  
Fig. 4. (a) Illustration depicting an arm-first synthesis that was 
attempted to prepare DBASCs. (b) GPC data for the synthesized 
linear poly(HEG30,theo) (red trace) and the resultant product after 
addition of the multifunctional core initiator γ-CD-Nb8 (black trace).

As a control experiment, an arm-first synthesis to prepare DBASCs 
was attempted (Fig. 4a), where poly(HEG30,theo) was synthesized 
first, followed by crosslinking with the multifunctional core initiator 
γ-CD-Nb8 in the same ratio as the core-first approach (i.e., 8:1 

arm:core).  Analysis of the corresponding GPC data (Fig. 4b) reveals 
an unsuccessful crosslinking reaction, where only a slight shift to a 
higher molecular weight is observed.  This small shift in molecular 
weight is likely due to the addition of only one or two 
poly(HEG30,theo) onto γ-CD-Nb8, indicating inefficient star polymer 
formation.

Similarly, another control experiment was performed, where a 
core-first/graft-from synthesis was initiated with a sub-
stoichiometric amount of catalyst (two equiv. instead of eight), 
followed by the addition of 240 equiv. of Nb-HEG.  The lack of 
complete initiation of each norbornene group on γ-CD-Nb8 resulted 
in apparent star-star coupling, as evidenced by the broad GPC peak 
at ~18.5 min (Fig. S7).  For comparison, the core-first/graft-from 
synthesis with complete initiation of all norbornene groups yielded 
better control over the polymerization and resulted in more 
narrowly dispersed DBASCs with a retention time of ~24.0 min by 
GPC (Fig. 3b, blue trace). 

Dimensions and physical properties of the well-defined DBASCs
Characterization of the dimensions and physical properties of the 
well-defined DBASCs was performed using dynamic light scattering 
(DLS), transmission electron microscopy (TEM), differential scanning 
calorimetry (DSC), thermal gravimetric analysis (TGA), and powder 
X-ray diffraction (PXRD).  The morphology and size distribution of 
CD-(HEG7-PEG9)8 was first assessed by TEM (Fig. 5a).  The 
deposition of the resultant star polymers on the TEM grid resulted 
in nanostructures that appeared crystalline and porous, adopting an 
almost “honeycomb” morphology.  Analysis of the TEM data reveals 
a DBASC distribution (Fig. 5b) ranging from 5–30 nm in size, where 
the average size centred about 15 nm. In an aqueous solution, the 
three synthesized DBASCs possessed hydrodynamic diameters (Dh) 
between 10.0–11.0 nm at lower concentrations, where no 
aggregation was observed (Fig. 5c: CD-(HEG7-PEG9)8; Fig. S8: all 
three DBASCs; Fig. S9: two TBASCs with Dh = 16.0–26.0 nm).  
Although these Dh values are smaller than that measured using 
TEM, it is expected that aggregation on the TEM grid will result in 
larger sizes.   

           
Fig. 5. (a) TEM image showing CD-(HEG7-PEG9)8 (lighter colored 
spherical shapes) on a 400 mesh Cu grid stained with an aqueous 
solution containing 2% uranyl acetate. (b) Size distribution of CD-
(HEG7-PEG9)8 calculated from TEM image displays a range of 
singular star polymers and their corresponding aggregates. (c) 
Number (%) DLS plots of CD-(HEG7-PEG9)8 demonstrating 
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concentration-dependent aggregation in solution.

Next, the thermal properties of all three DBASCs (and two TBASCs) 
were assessed in the solid state.  The temperature values for 
decomposition (Td), glass transition (Tg), crystallization (Tc), and 
melting (Tm) were recorded from TGA (Fig. S11a) and DSC (Fig. 6a-b 
and S11b) and are listed in Table 2.  In each category, the threshold 
temperatures declined as the arms of each star polymer became 
longer and higher in molecular weight.  This trend implies that more 
disorder was introduced in between star polymers as additional 
HEG and PEG subunits were incorporated into the arms of each 
DBASC. A similar analysis of DSC data obtained (Fig. S12) for block 
copolymers that resembled the arms of each star polymer revealed 
a similar trend in decreasing thermal transition temperatures as the 
molar mass of the polymer increased, at least for the first two 
polymers that were synthesized. Interestingly, the block copolymer 
that was synthesized to resemble one arm of CD-(HEG9-PEG14)8 
actually showed an increase in Tc and Tm, and which was more 
consistent with CD-(HEG7-PEG9)8.   Additionally, PXRD of each 
DBASC solid-state sample shows intense diffraction peaks at large 
scattering angles.  Analysis of these results in conjunction with the 
DSC data further suggests that the DBASCs exhibit excellent packing 
in the solid-state and form well-ordered, highly crystalline domains.  
A more extensive investigation into the nano-based self-assembly 
of the reported DBASCs is currently underway in our laboratory.  

Fig. 6. (a) DSC data for all three DBASCs, exhibiting prominent peaks 
corresponding to Tc and Tm. (b)  Zoom-in of DSC traces to illustrate 
how the Tg for each DBASC sample was determined. (c) PXRD data 
for each DBASC powder.   

Table 2. Thermal transition temperatures of well-defined DBASCs.
Thermal Transition Temperature (°C)DBASCs

(CalculatedNMR) Tg Tc Tm Td

CD-(Heg7-PEG9)8 13 24.5 53.3 310
CD-(Heg5-PEG14)8 12 22.9 53.0 310
CD-(Heg9-PEG13)8 5 14.9 51.7 310

Binding affinity, cytotoxicity, and efficacy of DBASCs 
Having established the synthesis, structure, and physical properties 
of each DBASC, their ability to function as a drug delivery vehicle 
was evaluated next.  The larger γ-CD macrocycle was chosen over β-
CD because its bigger cavity allows for stronger binding of 

hydrophobic drugs, such as DOX·HCl, which is sparingly soluble in 
DMSO:aqueous buffer solutions.  To support this claim, a titration 
was carried out and monitored by 1H NMR (Fig. S13-14), where 
DOX·HCl was titrated in aliquots of 0.1 equiv. into a 1 mM solution 
containing β-CD until two full equiv. were added.  The same 
experiment was performed for γ-CD (Fig. S15-16), and the change in 
diagnostic proton resonances associated with each CD host was 
plotted to determine the corresponding affinity constants (Ka) (see 
Section F in the SI for a more thorough description).  As expected, 
β-CD exhibited a binding affinity for DOX·HCl that was an order of 
magnitude lower than that obtained for the larger native γ-CD 
macrocycle (Ka = 102 versus 103 M-1, respectively).  Another set of 
titrations was also done with native γ-CD and CD-(HEG7-PEG9)8, 
except instead of monitoring each by NMR, UV-Vis absorption 
spectroscopy was used instead (Fig. S17-19 and 7a-b).  Similarly, the 
Ka values were calculated by plotting the change in absorbance at 
specific wavelengths as more guest (drug) was added to each host 
solution in concentrated aliquots.  For both γ-CD and the DBASC, 
the binding affinity was found to be comparable (both 103 M-1). 
However, we did observe two inflection points (at 1.0 and 2.5 
equiv.) in the titration data (Fig. 7b) for the star polymer. We 
attribute this to the 1:1 binding by the γ-CD core, followed by 
residual binding by the star polymer’s bulky diblock bottlebrush 
arms.
     

                 
Fig. 7. (a) Host-guest binding affinity titration monitored by UV-Vis 
absorbance spectroscopy as an increasing number of equiv. of 
DOX·HCl was added to a 1 mM aqueous solution containing DBASC.  
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The binding affinity (Ka) was calculated by plotting the change in 
absorbance as a function of increasing concentrations of the guest 
(drug), where the data was entered and fitted using the resource 
supramolecular.org (see SI). (b) Change in absorbance (from Fig. 7a) 
plotted against number of equiv. of DOX·HCl added. (c) Cell viability 
plots for DBASC both empty and loaded with DOX·HCl, as well as 
with only free DOX·HCl, against a healthy HUVEC line and a breast 
cancer cell line (MCF-7).
To confirm the low toxicity of the DBASCs, a stock solution of 
CD-(HEG7-PEG9)8 (20 mg/mL) was diluted with media multiple times 
and incubated for 48 h with healthy human umbilical vein 
endothelial cells (HUVECs) in a 96-well plate (~5,000 cells/well).  
This experiment was also performed for the same DBASC loaded 
with DOX·HCl, as well as just for a solution containing free DOX·HCl.  
The results (Fig. 7b) of this viability assessment showed IC50 values 
of 1.64 mg/mL for empty DBASC and 0.08 mg/mL when loaded with 
one equiv. of the anticancer drug.  The increased toxicity for the 
latter is expected considering DOX·HCl is an incredibly toxic drug.  
Comparing the DOX-loaded DBASC to free DOX·HCl, a higher 
concentration of the drug is needed to reach the IC50 value of 
HUVECs when bound by the DBASC versus the free drug (0.21 vs. 
0.15 μg/mL of DOX).  This lower toxicity is presumably due to the 
better solubility and slower release (Fig. S15) of the drug from the 
DBASC over time.  

Lastly, the efficacy of the DBASC against MCF-7 was evaluated.  
Similar to the cytotoxicity studies, stock solutions of loaded and 
unloaded DBASC, as well as free DOX·HCl, were prepared and added 
to a 96-well plate containing the breast cancer cells (5,000 
cells/well), followed by a 48 h incubation period.  The live-dead cell 
viability assessment was carried out using a chemiluminescent 
assay and the results are plotted in Fig. 7c.  Again, a higher 
concentration of the empty star polymer was needed to reach the 
IC50 value for MCF-7 cells in comparison to the DOX-loaded DBASC 
(0.87 vs. 0.03 mg/mL of star polymer).  In terms of the DOX·HCl 
concentrations, only 0.09 μg/mL of drug bound by CD-(HEG7-PEG9)8 

was needed to reach the IC50 value of MCF-7 cells, whereas 0.13 
μg/mL of free DOX·HCl was needed to reach the same level.  This 
greater potency may also likely be due to the enhanced solubility of 
the anticancer drug when bound by the star polymer under the 
experimental conditions described here.  The difference in toxicity 
may also potentially be attributed to enhanced cellular uptake 
when bound by the polymer, but we did not confirm this 
hypothesis. Nonetheless, the results from these cytotoxicity and 
anticancer efficacy studies demonstrate how lower drug loadings 
are required for treatment when carried by the non-toxic DBASC 
drug delivery vehicle.    

Conclusions
The synthesis, properties, and performance of a novel star polymer 
consisting of a γ-CD core and eight polynorbornene-based diblock 
brush-arm copolymers bearing HEG and PEG is described.  Using 
ROMP, we demonstrated a core-first/graft-from approach to 
synthesize water-soluble DBASCs with high molar mass (Mn,NMR = 
187–268 kDa) and low dispersities (Ɖ = 1.12–1.19).  The Dh of the 
DBASCs were determined by DLS and found to be between 10.0–
11.0 nm; a size which was corroborated by TEM measurements.  
The star polymer displayed well-ordered, crystalline domains in the 
solid state, as evidenced by prominent Tc and Tm peaks measured 
by DSC and intense diffraction peaks observed by PXRD.  The 
enhanced ability of native γ-CD, as well as the γ-CD star polymer 
(CD-(HEG7-PEG9)8) to bind the anticancer drug DOX·HCl was 

compared to native β-CD (103 vs. 102 M-1, respectively), and the 
lower cytotoxicity of a representative DBASC (loaded and unloaded 
with DOX·HCl) was demonstrated against a healthy HUVEC line.  The 
ability of the star polymers to bind and release DOX·HCl efficiently 
was also investigated against MCF-7 breast cancer cells and the 
drug-loaded star polymer showed greater potency than that of the 
free DOX·HCl treatment.  We envision this γ-CD-based star polymer 
platform can function as a water-soluble and modular building 
block for potential applications in nanostructure self-assembly and 
drug delivery.  
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