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Self-assembly behavior of thermoresponsive difunctionalized γ-
amide polycaprolactone amphiphilic diblock copolymers 
Hanghang Wanga, Erika L. Calubaquiba, Abhi Bhadrana, Ziyuan Maa, Justin T. Millera, Anyue Zhanga, 
Michael C. Biewera, and Mihaela C. Stefan*a

Polycaprolactone (PCL)-based polymeric micelles are extensively used as drug delivery carriers to improve the bioavailability 
of poorly water soluble drugs due to their convenient tunability by varying functional groups on the polymers.  An amide 
linkage enables the attachment of two different functional groups to the same position of PCLs, expanding the family of 
functional PCLs for drug delivery applications. In this work, a difunctionalized γ-amide ε-caprolactone (ε-CL) monomer (γ-
ME3PyCL) bearing a hydrophilic tri(ethylene glycol) (ME3) group and a hydrophobic propyl group was synthesized.  A 
homopolymer poly(N-propyl-N-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-carboxamide) PME3PyCL and three 
amphiphilic diblock copolymers poly(γ-benzyloxy-ε-caprolactone)-b-poly(N-propyl-N-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-carboxamide) (PBnCL-b-PME3PyCL), polycaprolactone-b-poly(N-propyl-N-(2-
(2-(2-methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-carboxamide) (PCL-b-PME3PyCL), and polycaprolactone-b-poly(γ-2-(2-
(2-methoxyethoxy)ethoxy)ethoxy-ε-caprolactone) (PCL-b-PME3CL) were prepared by ring opening polymerization (ROP) 
using the organocatalyst triazabicylo[4.4.0]dec-5-ene (TBD) and benzyl alcohol (BnOH) initator. The ME3 group contributes 
to the thermoresponsivity of the polymers. The diblock copolymer PBnCL-b-PME3PyCL exhibited the most stable reversible 
phase transition due to enhanced π-π stacking interactions from the benzyl groups. All three diblock copolymers formed 
thermodynamically stable spherical micelles with low critical micelle concentration. A natural polyphenol, quercetin (Que) 
was used as hydrophobic cargo for loading. Among the three diblock polymers,  PBnCL-b-PME3PyCL exhibited the highest 
loading capacity due to enhanced π-π interactions between benzyl groups and Que.

Introduction 
Polymeric micelles are excellent candidates for delivering 
poorly water-soluble drugs due to the convenient preparation 
of micelles and the versatile synthesis of amphiphilic 
polymers.1-3 In aqueous media, amphiphilic polymers self-
assemble to form core-shell structured micelles above the 
critical micelle concentration (CMC). The hydrophobic segments 
generate the hydrophobic micellar core, and the hydrophilic 
segments form the hydrophilic micellar shell. A desired CMC for 
drug delivery applications is close to 10-4-10-3 g/L.4 In this range, 
polymeric micelles are thermodynamically stable and can 
maintain their form in the bloodstream upon dilution without 
falling apart. Various amphiphilic polymers, such as 
homopolymers and block copolymers, have been used to 
prepare micelles for drug delivery applications. 

Considering the clearance of the carrier materials from the 
body, extensive efforts have been made to develop 
biodegradable PCL-based amphiphilic diblock copolymers for 
micellar drug delivery.4-7 The properties of PCL-based micelles 

can be tuned by varying the substituents on the diblock 
polymers.  Yan et al.8 synthesized amphiphilic diblock 
copolymer monomethoxy-poly(ethylene glycol)-b-poly[(ε-
caprolactone-co-γ-(carbamic acid benzyl ester)-ε-caprolactone] 
(PEG-b-P(CL-co-CABCL)) bearing a hydrophobic carbamic acid 
benzyl ester (CAB) group and investigated the micellar delivery 
of poorly water-soluble anticancer drug doxorubicin (Dox). This 
diblock copolymer showed lower CMC in the range of 0.69-0.72 
× 10-3 g/L and higher Dox loading capacity than the 
unfunctionalized diblock copolymer PEG-b-PCL. Soltantabar and 
Calubaquib et al.9 reported the micellar delivery of Dox using 
fully biodegradable amphiphilic diblock copolymers PMExCL-b-
PBnCL (x = 2, 3, 4) bearing hydrophilic oligo(ethylene glycol) 
groups (MEx) and hydrophobic benzyloxy group (Bn). The CMC 
of the diblock copolymers was in the range of 4.9-5.8 ×10-5 g/L.9 
The oligo(ethylene glycol) (OEG) groups also contribute to the 
thermoresponsivity of the polymers. Thermoresponsive 
polymers undergo coil-to-globule phase transition when the 
temperature is above their lower critical solution temperature 
(LCST) and become less souble in aqueous solutions. These 
OEG-fundiblock copolymers showed lower critical solution 
temperature (LCST) in the range of 15-59 oC. They facilitated the 
thermo-controlled release of micellar cargos when the external 
temperature was above their LCST. The desired LCST for drug 
delivery is a bit above body temperature. Hao et al.10 reported 
a series of PME3CL-based fully biodegradable amphiphilic 
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diblock copolymers with proper CMC (1.92-8.95 × 10-3 g/L) and 
LCST  (37-40 oC) for the delivery of Dox. Notably, amphiphilic 
diblock copolymers can form thermodynamic stable micelles. 
Thermoresponsive micelles for controlled drug release can also 
be obtained using OEG-functionalized polymers. However, it 
requires different types of monomers for sequential monomer 
addition to preparing the amphiphilic diblock copolymers. 

In comparison, the synthesis of amphiphilic homopolymers 
is more straightforward by homopolymerizing one type of 
monomers. Basu11 and Savariar12 et al. synthesized amphiphilic 
alkene derivative monomers are incorporating a hydrophobic 
alkyl group and a hydrophilic carboxylic group through a rigid 
benzene linker or a flexible amide linker. Corresponding 
amphiphilic homopolymers self-assembled to form micelles 
with critical aggregation concentration values ranging from 
6×10-4-7×10-3 g/L. Liu et al.13 synthesized amphiphilic 
homopolymers by alkene derivative monomers bearing a 
hydrophilic N-isopropylamine group or a hydrophilic OEG 
group. The self-assembly of those homopolymers generated 
micelles or vesicles with CMC ranging from 1×10-3-9.8×10-2 g/L. 
In comparison, amphiphilic homopolymers bearing both 
hydrophobic and hydrophilic side chains can form more 
thermodynamically stable micelles than amphiphilic 
homopolymers bearing only a hydrophilic side chain. This is 
probably because of the enhanced hydrophobicity of 
amphiphilic homopolymers resulting from the additional 
hydrophobic pendant.

However, those vinyl-based homopolymers are 
nondegradable. Calubaquib et al.14 reported the micellar self-
assembly of biodegradable γ-functionalized PCL homopolymers 
bearing OEG groups. The monofunctionalized homopolymers 
bearing only hydrophilic OEG side chains showed high CMC of 
about 10-1 g/L and are thermoresponsive. In comparison, the 
more hydrophobic difunctionalized γ-amide homopolymer 
bearing a hydrophilic tri(ethylene glylcol) group and a 
hydrophobic dodecyl group showed lower CMC of about 10-2 
g/L. However, it is not thermoresponsive. Additionally, this 
difunctionalized γ-amide homopolymer exhibited a 2.2-4.4 
times higher drug loading capacity than the monofunctionalized 
homopolymers. Even though the biodegradable OEG-
functionalized PCL homopolymers did not show desired 
thermodynamic stability for drug delivery, the properties of the 
difunctionalized γ-amide homopolymer were tuned by adding 
an additional hydrophobic functional group through an amide 
linkage. Enhanced hydrophobicity of the homopolymer resulted 
in an increase in thermodynamic stability and drug loading 
capacity but a decrease of thermoresponsivity.

To take advantage of the amide linkage to expand the family 
of fully biodegradable PCL-based polymers for micellar drug 
delivery, a new difunctionalized γ-amide ε-CL monomer bearing 
a hydrophilic ME3 group and a less hydrophobic propyl group (γ-
ME3PyCL) was synthesized. By reducing the hydrophobicity, we 
expected that the new homopolymer poly(N-propyl-N-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-carboxamide) 
PME3PyCL would be thermoresponsive. To obtain improved 
thermodynamic stability, PME3PyCL-based amphiphilic diblock 
copolymers consisting of a hydrophilic PCL or a γ-benzyloxy 

functionalized PCL block (PBnCL) were prepared and 
investigated. A natural polyphenol, quercetin, was used as a 
hydrophobic cargo for loading. 

Results and Discussion 
The new difunctionalized γ-amide ε-CL monomer bearing a 
hydrophilic ME3 group and a hydrophobic propyl group (γ-
ME3PyCL) was prepared through a three-step synthesis 
(Scheme 1). The starting material propylamine reacted with 
methoxytriethylene glycol tosylate (ME3OTs) to produce a 
secondary amine followed by amidation and Baeyer-Villiger 
oxidation to generate the target monomer. The monomer was 
characterized by 1H NMR, 13C NMR, and MALDI-ToF (Fig. S1–S7, 
Supporting Information). 

The homopolymer PME3PyCL was prepared through ROP 
using organocatalyst TBD and BnOH initiator at room 
temperature under a nitrogen atmosphere (Scheme 2a). TBD 
was reported as an efficient ROP catalyst for γ-amide 
functionalized ε-CL monomers.14, 15 Fully biodegradable 
amphiphilic diblock copolymers PBnCL-b-PME3PyCL, PCL-b-
PME3PyCL, and PCL-b-PME3CL (control) were prepared by 
sequential monomer addition (Scheme 2b and 2c) with a 
exeriment ratio of 45 to 55 between hydrophobic and 
hydrophilic
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Scheme 1. Synthesis of difunctionalized γ-amide ε-CL monomer 
γ-ME3PyCL.
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Scheme 2. Synthesis of (A) homopolymer poly(N-propyl-N-(2-(2-
(2-methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-carboxamide) 
(PME3PyCL), and (B) amphiphilic diblock copolymers poly(γ-
benzyloxy-ε-caprolactone)-b-poly(N-propyl-N-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-carboxamide) 
(PBnCL-b-PME3PyCL) and polycaprolactone-b-poly(N-propyl-N-
(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-
carboxamide) (PCL-b-PME3PyCL), as well as (C) amphiphilic 
diblock copolymer polycaprolactone-b-poly(γ-2-(2-(2-
methoxyethoxy)ethoxy)ethoxy-ε-caprolactone) (PCL-b-
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PME3CL). TBD: triazabicylo[4.4.0]dec-5-ene. BnOH: benzyl 
alcohol.
monomers. The γ-functionalized ε-CL monomers γ-ME3CL and 
γ-BnCL were synthesized following the reported procedure in 
the literature.9, 10 The synthesized polymers were characterized 
by 1H NMR, 13C NMR, and size exclusion chromatography (SEC) 
(Fig. S8-S16).

The molecular weights and compositions of the synthesized 
polymers are summarized in Table 1. The molecular weights 
estimated from 1H NMR were calculated by multiplying the 
molecular weights of monomers with the degree of 
polymerization (DPn) of polymers and adding the molecular 
weight of the initiator. The DPn of homopolymer PME3PyCL was 
estimated by the integration of methylene protons of the end 
group (at ~5.1 ppm) to the integration of methoxy protons of 
ME3 substituent (at ~3.4 ppm). The DPn of amphiphilic diblock 
copolymer PBnCL-b-PME3PyCL was estimated by the ratio of the 
integration of methylene protons of the end group (at ~5.1 
ppm) to the integration of methoxy protons of ME3 group on 
the hydrophilic block (at ~3.4 ppm) and the integration of 
methylene protons of benzyloxy substituent on the 
hydrophobic block (at ~4.5 ppm). The DPn of amphiphilic 
diblock copolymers PCL-b-PME3PyCL and PCL-b-PME3CL were 
estimated by the ratio of the integration of methylene protons 
of the end group (at ~5.1 ppm) to the integration of methoxy 
protons of ME3 substituent on the hydrophilic block (at ~3.4 
ppm) and the methylene protons adjacent to the oxygen on the 
hydrophobic block (at ~4.1 ppm). The molecular weights 
obtained from SEC are lower than those determined by 1H NMR. 
This might be due to the difference in the hydrodynamic volume 
of the polymers and the poly (methyl methacrylate) (PMMA) 
standard used for calibration. The polydispersity (PDI) of 
polymers ranged from 1.38-1.87. Differential scanning 
calorimetry (DSC) (Fig. S17 and Table 1) demonstrated that the 
homopolymer PME3PyCL and diblock copolymer PBnCL-b-
PME3PyCL are amorphous, while the diblock copolymers PCL-b-
PME3PyCL and PCL-b-PME3CL are semicrystalline due to the 
semicrystalline PCL block.

The ME3 functional group contributes to the 
thermoresponsivity of the monofunctionalized PME3CL 
homopolymer, of which the LCST is 65.5 oC in water.14 We 
hypothesized that the new difunctionalized γ-amide 
homopolymer PME3PyCL would have a lower LCST due to the 
increased hydrophobicity from the additional hydrophobic 
propyl group. The LCST of the homopolymer PME3PyCL was 

determined by thermo UV-Vis spectroscopy. Thermoresponsive 
polymers having an LCST can undergo phase transition when 
the external temperature is above their LCST, and the polymers 
become immiscible with the aqueous solutions due to 
dehydration. This leads to a decrease in UV-vis transmittance of 
the aqueous polymer solutions. In this work, a series of 
PME3PyCL aqueous solutions with different polymer 
concentrations (1, 2.5, 5, and 10 mg/mL) were prepared by 
direct dissolution and equilibration for 24 hrs. The LCST was 
determined by the external temperature at which 50% drop in 
transmittance was observed (Fig. 1). 

The thermoresponsivity of homopolymer PME3PyCL was 
first investigated in water. The plots of transmittance vs. 
temperature (Fig. 1A) and the turbidity curves (Fig. S18) 
demonstrated that the phase transition in heating and cooling 
cycles was reversible. The LCST obtained from the cooling cycle 
is slightly lower (1.4-1.7 oC) than that from the heating cycle 
(Table. S1). This is probably because the dehydrated ME3 units 
have to overcome the energy barrier (such as weak 
intramolecular and intermolecular van der Waals interactions) 
to become rehydrated; therefore, it results in hysteresis.14, 16-19 
Notably, the LCST of homopolymer PME3PyCL in water 
increases with the decrease of polymer concentration (Fig. 1C). 
The LCST values are 35.3 oC, 36.9 oC, 39.0 oC, 41.5 oC at polymer 
concentrations of 10 mg/mL, 5 mg/mL, 2.5 mg/mL, and 1 
mg/mL, respectively (Table S1). Similar observations were 
reported for thermoresponsive polymers such as OEG-
substituted polysulfides,16 OEG-substituted polyacrylates,20 
OEG-substituted polystyrenics,20 PEG-DTPA,21 Pluronic L62,22 
PDMDOMA,23 PNASME,24 and PNiPAm‑b‑PEtOx‑b‑PNiPAm.25 At 
a lower polymer concentration, the homopolymer PME3PyCL is 
more dispersed in water. The limited intermolecular 
interactions may contribute to a delayed phase transition; 
therefore, a higher LCST was obtained at a lower polymer 
concentration.14, 16, 21 Additionally, the characterization 
technique may be limited at low polymer concentrations, 
leading to delayed detection of phase transition.14, 26 Compared 
to the reported LCST of PME3CL homopolymer,14 the LCST of 
PME3PyCL is substantially decreased due to its increased 
hydrophobicity from the additional hydrophobic propyl group. 
Meanwhile, the thermoresponsivity of PME3PyCL was improved 
in comparison with that of the difunctionalized γ-amide PCL 
homopolymer bearing a more hydrophobic dodecyl group.14 
The hydrophobicity of the homopolymers affects their 
thermoresponsivity, and the LCST of the homopolymers 
increases with a decrease of their hydrophobicity.

Table 1. Molecular weights and composition of diblock copolymers

Polymers
Experiment 

ratioa

mol%
Hydrophobic : 
Hydrophilic b

Mn 
(kg/mol)NMR, c

Mn

 (kg/mol)SEC, d PDISEC, d Tg

(oC)e
Tm

(oC)e

PME3PyCL 0 : 55 : 1 : 1 -- 23.3 5.6 1.87 -44.4 --
PBnCL-b-PME3PyCL 45 : 55 : 1 : 1 47 : 53 27.6 8.7 1.49 -35.6 --
PCL-b-PME3PyCL 45 : 55 : 1 : 1 47 : 53 19.8 5.3 1.69 -48.4 49.5
PCL-b-PME3CL 45 : 55 : 1 : 1 44 : 56 24.6 6.0 1.38 -67.5 36.7
a Exeriment ratio of hydrophobic monomer : hydrophilic monomer : TBD catalyst : BnOH initiator; b Determined by 1H NMR; c Determined by 1H NMR by multiplying the 

degree of polymerization of the polymer with the molecular weight of the monomer repeating unit then adding the molecular weight of the end group. The degree of 

polymerization was estimated from the ratio of the integrations of the methylene benzyl protons of the initiator, the methoxy group of ME3 substituent on the 

hydrophilic block, and the methylene protons adjacent to the oxygen on the hydrophobic block backbone/ the methylene protons of benzyloxy substituent on the 

hydrophobic block. d Determined by size exclusion chromatography using PMMA standard. e Determined by differential scanning calorimetry.
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Fig. 1 (A, B, and C). UV-Vis transmittance vs. temperature spectra obtained from aqueous solutions of the homopolymer PME3PyCL 
(Δ is heating and ○ is cooling): (A) in DI water, and (B) in PBS (1×, pH = 7.4). (C) Polymer concentration vs. LCST curves (n = 3).

Salt additives affect the thermal behaviors of 
thermoresponsive polymers.19, 23, 27-34 The salts in buffer 
solutions might have a significant impact on the behavior of 
thermoresponsive polymers used in drug delivery applications. 
Therefore, the LCST of homopolymer PME3PyCL in phosphate-
buffered saline (PBS, 1×, pH = 7.4), a commonly used buffer 
solution for biological research, was investigated. The PBS (1×, 
pH = 7.4) was prepared by diluting commercially available PBS 
(10×) solution with Milli-Q water, and its composition is NaCl 
137 mM, KCl 2.7 mM, and 11.9 mM phosphates. We 
hypothesized that the salt additives would decrease the LCST of 
homopolymer PME3PyCL, because chloride and phosphate slats 
were reported to decrease the phase transition temperatures 
of PEG,31 poly(2-(2-methoxyethoxy)ethyl methacrylate-co- 
oligo(ethylene glycol) methacrylate) (P(MEO2MA-co-
OEGMA)),19 poly(propylene oxide) (PPO),28 and 
poly(oligo(ethylene glycol) methyl ether methacrylate-co-
2,2,2,-trifluoroethyl acrylate) (poly(OEGMA-co-TFEA)).33 
Additionally, Chen et al. 16 reported that the LCST of OEG-
substituted polysulfides in PBS were lower than those in DI 
water. 

Figure 1C demonstrates that the LCST of homopolymer 
PME3PyCL in PBS is lower than in DI water. This can be 
attributed to the partial dehydration of PME3PyCL caused by 
salt additives, and it results in a salting-out effect and the 
decrease of LCST.19 The phase transition of PME3PyCL in PBS (1×, 
pH = 7.4) is reversible (Fig. 1B and Fig. S19), and the LCST of 
PME3PyCL in PBS are 33.5 oC, 34.1 oC, 35.5 oC, and 39.6 oC at 
polymer concentrations of 10 mg/mL, 5 mg/mL, 2.5 mg/mL, and 
1 mg/mL, respectively (Table S2). The LCST of PME3PyCL in PBS 
also increases as polymer concentration decreases. Hysteresis 
was also observed in PBS. A slightly lower (1.1-1.7 oC) LCST was 
obtained in the cooling cycle than in heating cycle in PBS at 

polymer concentrations of 10 mg/mL, 5 mg/mL, and 2.5 mg/mL, 
while the LCST of the cooling cycle and heating cycle at a 
polymer concentration of 1 mg/mL are almost the same (Fig. 1C 
and Table S2). 

The new homopolymer PME3PyCL is thermoresponsive, and 
its LCST is close to the physiological temperature. However, it is 
unlikely to self-assemble to form stable thermodynamic 
micelles with the desired CMC (10-4-10-3 g/L) for drug delivery 
applications.4 Compared to the reported difunctionalized γ-
amide PCL homopolymer bearing a dodecyl hydrophobic 
group,14 the PME3PyCL homopolymer is less hydrophobic and 
may lead to a higher CMC. To understand the thermodynamic 
stability of polymeric micelles in physiological conditions, the 
CMC of PME3PyCL was determined using pyrene as a 
fluorescence probe in PBS (1×, pH = 7.4).35 A series of aqueous 
polymer solutions in PBS with various polymer concentrations 
and a constant concentration of pyrene were prepared. Pyrene 
exhibits different excitation wavelengths in a hydrophobic 
environment and a hydrophilic environment. When polymeric 
micelles are formed above their CMC, the dispersed pyrene in 
an aqueous solution can be encapsulated in the hydrophobic 
micellar core resulting in a shift in the excitation spectrum. The 
CMC was determined by the polymer concentration at which an 
abrupt change in the ratio of excitation peak intensities at 338 
nm and 334 nm (i.e., I338/I334) was observed. The CMC of 
PME3PyCL is 6.39 × 10-2 g/L (Fig. S20).

To obtain thermodynamically stable micelles, amphiphilic 
diblock copolymers PBnCL-b-PME3PyCL and PCL-b-PME3PyCl as 
well as a control sample of PCL-b-PME3CL were prepared. The 
PBnCL was chosen as a hydrophobic block considering 
enhanced drug loading capacity due to π-π stacking interactions 
between the benzyl group with hydrophobic cargos.8, 9, 36-38 The 
CMC of the synthesized amphiphilic diblock copolymers was 
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also determined in PBS (1×, pH = 7.4) using pyrene as a 
fluorescence probe (Fig. 2A-C). The CMC values of PBnCL-b-
PME3PyCL, PCL-b-PME3PyCL, and PCL-b-PME3CL are 1.07 × 10-3 
g/L, 8.37 × 10-3 g/L, and 6.97 × 10-3 g/L. All three amphiphilic 
diblock copolymers have desired CMC, and the CMC of PCL-b-
PME3CL in PBS is comparable to the reported CMC in water 
(1.20 × 10-3 g/L).39

The thermoresponsivity of amphiphilic diblock copolymers 
PBnCL-b-PME3PyCL, PCL-b-PME3PyCL, and PCL-b-PME3CL was 
investigated in PBS (1×, pH = 7.4), considering the influence of 
salts on the thermal behavior of polymers. PBnCL-b-PME3PyCL 
diblock copolymer can completely dissolve in PBS (1×, pH = 7.4) 
at low polymer concentration (1 mg/mL) while PCL-b-PME3PyCL 
and PCL-b-PME3CL diblock copolymers could not. This might be 
attributed to the enhanced intermolecular/intramolecular π-π 
interactions from benzyl substituents of PBnCL-b-PME3PyCL 
diblock copolymer, facilitating less exposure of hydrophobic 
components but more exposure of hydrophilic ME3 units 
towards the water. However, PBnCL-b-PME3PyCL is the most 
hydrophobic copolymer. When increasing the polymer 
concentration to 2.5 mg/mL, PBnCL-b-PME3PyCL could not 
completely dissolve in PBS, and the solution became turbid. The 
LCST of amphiphilic diblock copolymers was characterized at a 
polymer concentration of 1 mg/mL. Considering the dissolution 
ability of polymers, transparent aqueous solutions of PCL-b-
PME3PyCL and PCL-b-PME3CL were prepared by dialysis 
method, and PBnCL-b-PME3PyCL aqueous solution was 
prepared by direct dissolution. The UV-Vis transmittance vs 

temperature plots (Fig. 2D-F) and turbidity curves (Fig. S21) 
demonstrated that PBnCL-b-PME3PyCL has a sharper reversible 
phase transition than that of PCL-b-PME3CL and the phase 
transition of PCL-b-PME3PyCL is not reversible. Precipitation 
was observed from the PCL-b-PME3PyCL aqueous solution after 
the thermoresponsivity test. The irreversible phase transition of 
PCL-b-PME3PyCL diblock copolymer may be caused by the 
increased hydrophobicity due to the additional propyl 
substituent, compared to the PCL-b-PME3CL diblock copolymer. 
However, the most hydrophobic PBnCL-b-PME3PyCL diblock 
copolymer exhibited the best reversibility and stability during 
thermoresponsivity test. This is probably due to the amorphous 
nature of PBnCL block. Moreover, the 
intermolecular/intramolecular interactions between benzyl 
substituents provide more flexibility and stability to the PBnCL-
b-PME3PyCL diblock copolymer when undergoing a phase 
transition. While the semicrystalline PCL block makes the PCL-
b-PME3PyCL and PCL-b-PME3CL diblock copolymers more rigid, 
and there are less intramolecular/intermolecular interactions. 
The LCST values of PBnCL-b-PME3PyCL, PCL-b-PME3PyCL, and 
PCL-b-PME3CL are 28.6 oC, 30.9 oC, and 39.4 oC, respectively 
(Table S3). As the hydrophobicity of copolymers increases, the 
LCST values decrease.40

Empty micelles were prepared by dialysis method in PBS (1×, 
pH = 7.4). Briefly, a 0.6 mL THF solution of 2 mg amphiphilic 
diblock copolymer was added dropwise to 2 mL PBS (1×, pH = 
7.4) while homogenizing. The mixture was transferred to a
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Fig. 2 (A-F). (A-C) CMC plots of amphiphilic diblock copolymers in PBS (1×, pH = 7.4) were determined using pyrene as a fluorescence 
probe. (D-F) UV-Vis transmittance vs. temperature plots obtained from aqueous solutions of the amphiphilic diblock copolymer in 
PBS (polymer concentration = 1 mg/mL) (▼ is heating and ● is cooling) (n =3).
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dialysis bag (MW cutoff: 3500 Da) for dialysis against 500 mL 
PBS (1×, pH = 7.4) for 24 hrs. Micelle solutions were obtained 
after filtration with a 0.45 µm nylon syringe filter. Empty micelle 
sizes were determined by DLS, and the morphology was 
characterized by TEM (Fig. 3). The micelles sizes of PBnCL-b-
PME3PyCL, PCL-b-PME3PyCL, and PCL-b-PME3CL are 32.71 nm, 
30.43 nm, 86.82 nm, respectively. The smaller micelle sizes for 
PBnCL-b-PME3PyCL and PCL-b-PME3PyCL might be due to the 
enhanced interactions in the hydrophobic core from benzyl 
substituent and propyl substituent. The micelle size of PCL-b-
PME3CL in PBS is comparable to the reported micelle size in 
water (96.4 nm).39 TEM images demonstrated that spherical 
micelles were formed. The micelle sizes determined from TEM 
for PBnCL-b-PME3PyCL, PCL-b-PME3PyCL, and PCL-b-PME3CL are 
in ranges of 25-27 nm, 23-30 nm, and 60-82 nm, respectively. 
Smaller micelle sizes were obtained by TEM because the 
micelles were dehydrated during the TEM test. At the same 
time, they are hydrated in solutions for the DLS test.9, 14, 41-43 
Negative zeta potentials were obtained for all micelles. The 

values are comparable to the reported zeta potential of PCL-
based block copolymer methoxy-poly(ethylene glycol) 2000-
poly(2-(N,N-diethylamino)ethyl methacrylate)-
polycaprolactone (mPEG-PDEA-PCL) in PBS.44

The possible use of PBnCL-b-PME3PyCL, PCL-b-PME3PyCL, 
and PCL-b-PME3CL for drug delivery applications was 
investigated by loading hydrophobic quercetin (Que), a natural 
oxidant. Que has been proven to have anticancer properties, 
and its bioavailability is limited by poor water solubility.9, 45-54 It 
is significant to develop drug carriers to improve the 
bioavailability of Que. The Que-loaded micelles were prepared 
by dialysis method in PBS (1×, pH = 7.4) first. Briefly, a 0.6 mL 
THF solution of 2 mg polymer and 0.2 mg Que was added to 2 
mL PBS with homogenization. Then the mixture was dialyzed 
against 500 mL PBS for 24 hrs. Que-loaded micelle solutions 
were obtained after filtration with a 0.45 µm nylon syringe 
filter. Multimodal distributions were observed from DLS (Fig. 
S22). This might be due to a more severe salt-out
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Fig. 3 (A-F). DLS (A, C, E) and TEM (B, D, F) of empty micelles prepared by self-assembly of amphiphilic diblock copolymers PBnCL-
b-PME3PyCL, PCL-b-PME3PyCL, and PCL-b-PME3CL in PBS (×1, pH = 7.4). 
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effect due to additional hydrophobic Que influences 
polymer/drug precipitation and micelle formation. Que-loading 
was performed in water using the same dialysis method to 
confirm this. Monomodal distribution in DLS was observed for 
all three Que-loaded micelle solutions (Fig. 4A, 4C, 4E). The Que-
loaded micelle sizes are 75.42nm, 86.77nm, and 76.64 nm for 
PBnCL-b-PME3PyCL, PCL-b-PME3PyCL, and PCL-b-PME3CL, 
respectively (Table 2). TEM images showed spherical micelles 
were formed (Fig. 4B, 4D, 4F), with smaller sizes, as previously 
noted. All three Que-loaded micelles were tested to have 
negative zeta potential (Table 2). The values are comparable 
with those of PME3CL-based eugenol-loaded micelles14 and 
Dox-loaded micelles.10  Que-loaded micelles were collapsed by 
DMSO, and the solutions were subjected to a UV-Vis 
spectrometer for an absorbance test. The Que concentration in 
solutions was determined by using a pre-plotted Que 

calibration curve (Fig. S23). Drug loading capacity (DLC) and 
drug loading efficiency (EE) were calculated. The DLC of PBnCL-
b-PME3PyCL, PCL-b-PME3PyCL, and PCL-b-PME3CL are 0.77%, 
0.31%, and 0.40% (Table 2). As hypothesized, the PBnCL-b-
PME3PyCL had the highest loading capacity, which is 1.9-2.5 
times higher than those of PCL-b-PME3PyCL, and PCL-b-PME3CL. 
The enhanced DLC of PBnCL-b-PME3PyCL is attributed to π-π 
stacking between benzyl substituents and hydrophobic Que. 
The DLC of PCL-b-PME3CL is comparable to the reported DLC of 
Dox.39 The aqueous media can affect drug-loaded micelles 
preparation. To improve the self-assembly behaviors of 
difunctionalized γ-amide PCLs in PBS (1×, pH = 7.4), more 
hydrophilic OEG functional groups such as tetra oligo (ethylene 
glycol) can be used to replace the ME3 group to enhance the 
solubility of polymers. 
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Fig. 4 (A-F). DLS (A, C, E) and TEM (B, D, F) of Que-loaded micelles of amphiphilic diblock copolymers PBnCL-b-PME3PyCL, PCL-b-
PME3PyCL, and PCL-b-PME3CL in water.

Table 2. Characteristics of Que-loaded micelles prepared in water.

a Determined by DLS (n = 3).

Polymer Size (nm) a Dispersity a Zeta potential a
DLC

(wt %)
EE

(wt%)

PBnCL-b-PME3PyCL 75.42 ± 12.51 0.156 ± 0.055 - 18.0 ± 4.8 0.77 ± 0.13 7.73 ± 1.27

PCL-b-PME3PyCL 86.77 ± 10.79 0.204 ± 0.078 - 16.7 ± 1.8 0.31 ± 0.10 5.01 ± 1.59

PCL-b-PME3CL 76.64 ± 0.48 0.093 ± 0.043 - 16.6 ± 1.1 0.40 ± 0.06 3.98 ± 0.65
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Conclusions
To conclude, a new difunctionalized γ-amide ε-CL monomer (γ-
ME3PyCL) bearing a hydrophilic ME3 group and a hydrophobic 
propyl group was synthesized. The polymerization of γ-ME3PyCL 
was achieved by ROP using organocatalyst TBD and BnOH 
initiator to generate thermoresponsive homopolymer 
PME3PyCL. The LCST of the homopolymer is close to 
physiological temperature. Fully biodegradable amphiphilic 
diblock copolymers PBnCL-b-PME3PyCL and PCL-b-PME3PyCL, as 
well as a control PCL-b-PME3CL are also thermoresponsive. 
Among the copolymers, PBnCL-b-PME3PyCL exhibited the best 
reversibility due to enhanced π-π interactions from the benzyl 
substituents. All three diblock copolymer self-assembled to 
form thermodynamically stable micelles with low CMC. Among 
them, PBnCL-b-PME3PyCL micelles showed the highest drug 
loading capacity due to enhanced π-π stacking interactions 
between the benzyl substituent and the hydrophobic cargo, 
quercetin. Fully biodegradable difunctionalized γ-amide 
amphiphilic diblock copolymers are excellent for preparing 
thermodynamically stable polymeric micelles for drug delivery 
applications. The amide linkage provides an excellent 
opportunity to tune the properties of the polymers by adding 
two functional groups.

Experimental Section
Synthesis

Monomer synthesis and characterization are shown in Supporting 
Information.

Synthesis of poly(N-propyl-N-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-carboxamide) 
homopolymer, PME3PyCL. To a Schlenk flask, organocatalyst 
triazabicylo[4.4.0]dec-5-ene (TBD) (9.4 mg, 0.06 mmol) and BnOH 
initiator (7.4 mg, 0.06 mmol) stock solution in dry toluene were 
added. After stirring for 0.5 hours in the glove box, the γ-ME3PyCL 
monomer (1.14 g, 3.30 mmol) was added. The mixture was stirred in 
the glovebox at room temperature until the monomer was 
completely consumed. Then the polymerization was quenched by 
exposing it to air and acetic acid. The homopolymer PME3PyCL was 
obtained by precipitation from THF/hexane. The monomer γ-
ME3PyCL was dried with calcium hydride before polymerization. 
PME3PyCL: 1H NMR (500 MHz, CDCl3) δ: 0.85-0.90 (m, 3 H), 1.51-1.59 
(m, 2H), 1.70-1.78 (m, 2H), 1.91-1.99 (m, 2H), 2.20-2.29 (m, 2H), 2.80-
2.86 (d, 1H), 3.27-3.31 (m, 2H), 3.37 (s, 3H), 3.49-3.63 (m, 12H), 3.93-
4.10 (m, 2H). 13C NMR (500 MHz, CDCl3) δ: 11.22, 11.38, 20.86, 20.97, 
22.72, 31.22, 31.38, 31.55, 36.76, 37.69, 46.32, 46.90, 47.34, 48.30, 

50.63, 59.01, 62.39, 62.59, 69.21, 69.50, 70.40, 70.51, 70.57, 70.63, 
70.68, 71.90, 172.78, 172.80, 172.83, 172.85, 172.94, 173.95. SEC: 
Mn = 5600 gmol-1, PDI = 1.87.
Synthesis of polycaprolactone-b-poly(N-propyl-N-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-carboxamide) 
diblock copolymer, PCL-b-PME3PyCL. To a Schlenk flask, 
organocatalyst TBD (9.4 mg, 0.06 mmol) and BnOH initiator (7.4 mg, 
0.06 mmol) stock solution in dry toluene were added. After stirring 
for 0.5 hour in the glove box, the hydrophobic monomer ε-CL (308.2 
mg, 2.7 mmol) was added. The mixture was stirred in the glovebox at 
room temperature until the monomer was completely consumed. 
Then the hydrophilic monomer γ-ME3PyCL monomer (1.14 g, 3.30 
mmol) was added. After the second monomer was fully converted, 
the polymerization was quenched by exposing it to air and acetic 
acid. The amphiphilic diblock copolymer was obtained by 
precipitating from THF/hexane. The monomers were dried with 
calcium hydride before polymerization. PCL-b-PME3PyCL: 1H NMR 
(500 MHz, CDCl3) δ: 0.86-0.90 (m, 3H), 1.35-1.41 (m, 2H), 1.55-1.68 
(m, 6H), 1.71-1.78 (m, 2H), 1.92-2.01 (m, 2H), 2.24-2.32 (m, 4H), 2.80-
2.87 (d, 1H), 3.29-3.30 (d, 2H), 3.37 (s, 3H), 3.49-3.66 (m, 12H), 3.97-
4.07 (m, 4H). 13C NMR δ: 11.37, 11.53, 20.87, 21.01, 22.88, 24.73, 
25.69, 27.76, 28.51, 31.37, 34.28, 36.92, 38.04, 46.48, 47.50, 50.79, 
51.03, 59.17, 62.56, 64.30, 69.37, 69.65, 70.55, 70.66, 70.72, 70.78, 
70.83, 72.06, 72.09, 173.68. SEC: Mn = 8700 gmol-1, PDI = 1.49.
Synthesis of poly(γ-benzyloxy-ε-caprolactone)-b-poly(N-propyl-N-
(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-7-oxoxepane-4-
carboxamide) diblock copolymer, PBnCL-b-PME3PyCL. The same 
procedure was followed for the synthesis of PBnCL-b-PME3PyCL with 
exeriment ratio [γ-BnCL]:[ γ-ME3PyCL]:[TBD]:[BnOH] = 45:55:1:1. 1H 
NMR (500 MHz, CDCl3) δ: 0.89-0.93 (m, 3H), 1.54-1.61 (m, 2H), 1.73-
1.89 (m, 4H), 1.91-2.02 (m, 2H), 2.23-2.30 (m, 2H), 2.36-2.39 (t, 2H), 
2.83-2.89 (d, 1H), 3.33-3.34 (m, 2H), 3.40 (s, 3H), 3.55-3.67 (m, 13H), 
3.98-4.09 (m, 2H), 4.16-4.18 (t, 2H), 4.46-4.52 (m, 2H), 7.33-7.35 (m, 
4H). 13C NMR δ: 11.23, 11.38, 20.87, 22.72, 27.55, 28.77, 29.67, 
31.23, 31.53, 32.85, 36.76, 46.33, 46.90, 47.34, 48.31, 50.64, 59.02, 
61.25, 62.39, 69.22, 69.49, 70.40, 70.52, 70.57, 70.63, 70.68, 71.08, 
71.91, 71.94, 74.60, 74.65, 127.67, 127.77, 128.39, 138.29, 173.39. 
SEC: Mn = 5300 gmol-1, PDI = 1.69.
Synthesis of polycaprolactone-b- poly(γ-2-(2-(2-
methoxyethoxy)ethoxy)ethoxy-ε-caprolactone) diblock copolymer, 
PCL-b-PME3CL. The same procedure was followed for the synthesis 
of PCL-b-PME3CL with exeriment ratio [ε-CL]:[ γ-
ME3CL]:[TBD]:[BnOH] = 45:55:1:1. 1H NMR (500 MHz, CDCl3) δ: 1.35-
1.41 (m, 2H), 1.61-1.68 (m, 4H), 1.73-1.90 (m, 4H), 2.29-2.32 (t, 2H), 
2.35-2.43 (m, 2H), 3.37 (s, 3H), 3.44-3.48 (m, 1H), 3.53-3.57 (m, 2H), 
3.59-3.67 (m, 10H), 4.05-4.07 (t, 2H), 4.14-4.17 (m, 2H). 13C NMR δ: 
24.58, 25.54, 28.36, 29.08, 29.76, 33.09, 34.12, 59.01, 61.33, 64.15, 
68.54, 70.54, 70.62, 70.72, 71.91, 71.94, 75.81, 173.46, 173.49, 
173.54. SEC: Mn = 6000 gmol-1, PDI = 1.38.
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Procedures of critical micelle concentration determination, lower 
critical solution temperature measurement, reparation of empty 
micelles, and preparation of quercetin loaded micelles are shown in 
Supporting Information.
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