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Hydrophobic pockets built in polymer micelles to enhance 
reactivity of Cu2+ ions 
Zichao Wei,a Chung-Hao Liu,b Qiang Luo,a Srinivas Thanneeru,a Alfredo M. Angeles-Boza,a Mu-Ping 
Nieh,b,c and Jie Hea,b,*

Abstract:    We report hydrophobicity-enhanced reactivity of Cu2+ 
ions as an ester hydrolase. Using a dipicolyamine (DPA) containing 
reversible addition-fragmentation chain transfer agent, the synthetic 
sequence, either hydrophobic or hydrophilic first in amphiphilic 
block copolymers of polystyrene-block-poly(N’N-
dimethylacrylamide) (PS-b-PDMA), is used to vary the physical 
location of the binding motif, DPA, as confirmed by small-angle X-ray 
scattering and NMR titrations. The hydrophobicity of Cu2+ sites show 
a significant impact (as large as 60 times more activity) on their 
catalytic efficiency towards ester hydrolase. With two different 
kinetic modes including Michaelis-Menten and the reverse 
saturation kinetics models, the binding constant Kb of substrates to 
Cu2+ sites are quantitatively analyzed and we demonstrate that 
hydrophobicity favors the binding of substrates to Cu2+ sites at 
polymer micelles with smaller sizes; however, Kb decays 
exponentially with micellar diameters. Despite of the diffusion 
barrier, hydrophobicity shows a profound impact on the catalytic 
rate constant kc that measures the single conversion rate of bound 
substrates to products. There is a 16-20 times kinetic enhancement 
in the hydrolase activity, completely endowed by the hydrophobic 
microenvironment of Cu2+ sites as compared to micelles with similar 
sizes. Our results on how the hydrophobicity of Cu2+-containing 
micelles can impact the catalytic efficiency and potentially illustrate 
a promising way toward the design of bioinspired catalysts.

1. Introduction
Design of synthetic catalysts by taking inspiration from natural 

and biological processes is promising for next-generation catalysts 

with high efficiency. In biological enzymes, their co-factors or so-
called active sites are usually hidden within well-folded, 
secondary/tertiary structures of the protein framework.1 Non-
covalent interaction, like metal-ligand binding,2-4 hydrogen 
bonding,5-6 and hydrophobic association,7-10 can be used to provide 
channels and proximity to substrates with highly efficient 
binding/debinding. The utilization of natural enzymes for many 
organic reactions, however, is very limited due to low stability, poor 
recyclability and solubility under non-aqueous and high-temperature 
conditions.11 As inspired by nature, extensive efforts have been 
contributed to create synthetic metallopolymer catalysts with a 
microenvironment for catalytic sites (often metal ions or 
nanoparticles), such as micelles,12-17 single chain polymer 
nanoparticles (SCNPs)18-29 and dendrimers.30-33 Among those, 
polymer micelles have unique nanostructures derived from 
amphiphilic block polymers (BCPs) of which the hydrophobic 
segment spontaneously aggregates to form core-shell assemblies in 
water. Micelles, to some extent, can mimic the biological 
environment in enzymes because they provide a medium to bridge 
between water solubility and apolar interior made of hydrophobicity 
polymers. A hydrophobic pocket that envelops a hydrated substrate 
has been hypothesized to be a key characteristic of primeval 
enzymes.34-37 Therefore, polymer micelles can improve the 
compatibility and solubility of apolar substrates to enhance reactivity 
and improve selectivity of some reactions, such as Heck coupling in 
water.38 

The core-shell structure of micelles is similar to the biological 
membranes that mediate the reaction equilibria and reactivity by 
confining active sites in hydrophobic microenvironment. For 
example, functionalized lipophiles can bind with transition metal 
ions,39-41 like zinc (Zn2+) and copper (Cu2+) ions, to form the 
metallomicelles and catalyze highly efficient ester hydrolysis.42 At the 
same time, control of the chiral structure of lipophilic molecules can 
lead to the production of enantioselectivity and the differentiation 
of substrate with the bilayer amphiphilic aggregates. Other organic 
reactions limited by the low solubility in water can be conducted in 
the presence of metallomicelles, e.g., hydrogenation reaction43-44, 
Diels-Alder reaction45, and aldol reactions.46 However, lipids are 
dynamic and small amphiphiles that usually cannot overwrite the 
strong hydration of metal ions, i.e., to force metal ions out from 
aqueous solution. On the other hand, polymer micelles are much 
larger and less dynamic as compared to those of lipids. Catalytic 
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metal sites can be incorporated into polymer micelles through metal-
ligand coordination at a specific solvation environment. Despite 
being catalytically inactive, previous literatures have suggested that 
polymer frameworks could show a positive impact on chemical 
reactions.47-52 The reactivity enhancement has been attributed to 
three functionalities from the hydrophobic domain in catalysis; i) the 
presence of the hydrophobic pocket that can provide the shield for 
the unstable metals, e.g., Pd NPs catalyzed Suzuki coupling 
reaction53-56; ii) the hydrophobic domain that increases the affinity 
between non-polar substrates and catalyst via hydrophobic 

association57-58; iii) incorporating the hydrophobic domain near the 
active sites can screen the size and polarity of substrate thus 
improving the reaction selectivity.59-60 Since the design of the 
micellar catalysts is mainly focused on the high reaction efficiency 
with multiple anchoring groups and recyclability. The mechanistic 
studies on how the hydrophobic domain affects the catalytic 
efficiency of the active sites in synthetic polymer micelles has not 
been explored. 

Scheme 1. Chemical structures and synthesis of amphiphilic BCPs of PDMA-b-PS and Cu2+-containing micelles with their micellar structures 
to highlight the location of Cu2+ ions: (a) PDMA-b-PS-DPA and (b) PS-b-PDMA-DPA.

We herein report Cu2+-containing polymer micelles with different 
locations of active sites that impact the activity of Cu2+ ions on 
hydrolysis reaction. Our synthetic strategy is to control the 
coordination motif (dipicolyamine, DPA) of Cu2+ ions by varying the 
synthetic sequence, either at the end of hydrophobic or hydrophilic 
blocks, thereby defining the hydrophobicity of Cu2+ sites. We 
designed a DPA-containing reversible addition-fragmentation chain 
transfer (RAFT) agent to prepare a series of amphiphilic BCPs of 
polystyrene-block-poly(N’N-dimethylacrylamide) (PS-b-PDMA) 
(Scheme 1). These BCPs could self-assemble into uniform micelles in 
methanol. The size and uniformity of micelles as well as the location 
of Cu2+ ions were confirmed by small-angle X-ray scattering (SAXS) 
outcomes. Using the titration experiment with D2O in 1H NMR, we 
demonstrated that the binding motif DPA could precisely determine 
the physical location of metal ions within or outside of micellar cores. 
The hydrolase activities of Cu2+-containing micelles were examined 
using the cleavage of p-nitrophenyl picolinate (PNPP) as a model 
reaction. Cu2+-containing micelles. As compared to Cu2+-containing 
linear hydrophilic PDMA or polymer micelles with Cu2+ ions on the 
hydrophilic shell, an activity enhancement of 58-fold was seen when 
Cu2+ ions were confined in hydrophobic domains with a small radius. 
We investigated the cooperativity and strong binding affinity for 
substrates through saturation kinetics and Michaelis–Menten 
kinetics. The small hydrophobic domains of polymer micelles were 
found to provide a microenvironment to enhance binding of 
substrate; while, polymer micelles with large core sizes created a 

large thermodynamic barrier to limit the initial binding, about two 
orders of magnitude slower. Our study highlights the importance of 
micellar microenvironment to tune the activity of metal sites, 
potentially providing new insights into design of bioinspired 
catalysts. 

2. Results and Discussion
All polymers were prepared through RAFT polymerization. We 

designed a dipicolyamine-containing RAFT chain transfer agent (CTA) 
through the coupling reaction of 2-(bis(pyrid-2-ylmethyl)-N-(2-
hydroxyethyl)-amine (DPA-OH) and 3-benzylsulfinyl thiocarbonyl 
sulfanyl-propionic acid (BCTPA) as shown in Figure S1. To accurately 
control the hydrophobicity for the active center, we prepared two 
types of amphiphilic BCPs to add the binding motif at the end of 
hydrophobic or hydrophilic segments, respectively. Typically, the 
polymerizations of styrene (St) and N’N-dimethylacrylamide (DMA) 
were carried out in the presence of azobisisobutyronitrile (AIBN) as 
an initiator and DPA-BCTPA as the RAFT agent in anisole (Figure S2). 
The molecular weights of PS and PDMA were controlled by varying 
the molar ratio between monomer and BTCPA-DPA. The molecular 
weight (Mn) and polymer dispersity (Ð) of PS/PDMA measured using 
gel permission chromatography (GPC) and NMR calibrated with PS 
are summarized in Table 1. In 1H NMR, the number of repeat units of 
PS/PDMA was calculated using pyridinyl peaks of DPA at 8.5 ppm as 
an integration internal standard (Figures S3-S4).
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Table 1. Synthesis and characterization details of homopolymers and BCPs.
MW (kg/mol)

Sample Composition
Mn,NMR Mn,GPC

Dispersity 
(Mw/Mn) D from TEM (nm) D from SAXS 

(nm)

Aggregation 
number 
(Nagg)*

Cu2+ per core 
volume (nm-3)*

PDMA-RAFT PDMA52-DPA 5.6 6.2 1.2 - - -

P1 PDMA52-b-PS10-DPA 6.7 7.0 1.3 - 8.4±0.4 185 0.6

P2 PDMA52-b-PS20-DPA 7.7 8.2 1.3 - 9.6±0.2 139 0.3

P3 PDMA52-b-PS52-DPA 11.2 12.1 1.3 13.4±1.5 12.5±0.2 118 0.1

P4 PDMA52-b-PS76-DPA 13.6 13.1 1.3 15.2±1.2 14.6±0.2 128 0.08

P5 PDMA52-b-PS105-DPA 16.1 15.6 1.3 23.1±2.4 21.0±0.2 276 0.05

PS-RAFT PS76-DPA 8.4 6.9 1.3 - - -

P6 PS76-b-PDMA59-DPA 14.3 14.3 1.2 14.5±1.5 14.0±0.2 113 -

P7 PS76-b-PDMA85-DPA 16.8 16.5 1.2 14.3±1.4 13.1±0.2 93 -

*Note: Nagg = (4π/3)Rcore
3/(VsNps), where Vs is the volume per polystyrene repeat unit (0.167 nm3), NPS is the repeat unit of PS block and Rcore is the radius of micelle cores 

measured from SAXS. The density of Cu2+ ions is calculated as 1/(VsNps).

Using the macro-CTA of PS-DPA/PDMA-DPA, the di-BCPs were 
synthesized as shown in Scheme 1. For example, the BCPs of PDMA-
b-PS were synthesized using PDMA-DPA as a macro-CTA. The binding 
motif can be controlled precisely at the end of the PS segments as 
PDMA-b-PS-DPA. The Mn and Ð of BCPs are summarized in Table 1. 
From 1H NMR, the number of repeat units of PS was determined 
using the protons at 2.8–3.3 ppm of the PDMA as the integration 
standards. To avoid the impact of nanostructures, all samples have a 
fairly long PDMA block and a short hydrophobic PS block, likely led to 
the formation of spherical micelles. The binding motif at the end of 
the PDMA was synthesized similarly with a PS macro-CTA agent as P6 
and P7 in Table 1.

The metal-ligand interaction between Cu2+ ions with DPA was 
first confirmed using UV-vis spectroscopy. Taking PS76-DPA as an 
example, we titrated its solution in dimethylformamide (DMF) (5 mg 
mL-1) with Cu(NO3)2. Figure 1a shows the typical UV-vis absorption 
spectra at different concentrations of Cu(NO3)2. The characteristic 
peak at ~ 650 nm corresponds to the d-d transition of Cu2+ ions bound 
with the N-containing ligand, i.e., DPA.47, 61-62 The peak intensity 
continuously increased with increasing the concentration of 
Cu(NO3)2 and then saturated with a red shift to 650 nm. The 
absorbance at 650 nm was plotted against the molar ratio of Cu2+-
To-DPA as given in Figure 1b. The absorbance reached a plateau at a 
Cu2+-to-DPA ratio of 1:1. This suggests that the coordination number 
of Cu2+ ions to DPA is approximately one as that presented in 
molecular complexes. 

We further studied the micellization of BCPs in the presence of 
Cu2+ ions using light scattering. Cu2+-coordinated BCPs were first 
dissolved in DMF with a concentration of 1.5 mg mL-1. The solution 
was then dialyzed against water to remove DMF and the final micelle 
concentration was ~1 mg mL-1. The solution was diluted to different 
concentrations in the range of 0.001 to 1 mg mL-1 and the 

corresponding scattering intensity was measured using dynamic light 
scattering (DLS, Figure 1c). The critical micelle concentration (CMC) 
of BCPs was defined as the abrupt turning point of the scattering 
intensity. The CMCs of PDMA52-b-PS52-DPA-Cu2+ (P3-Cu2+) and PS76-
b-PDMA59-DPA-Cu2+ (P6-Cu2+) are 0.038 mg mL-1 and 0.039 mg mL-1, 
respectively. Those values are close to that of PS reported in previous 
literatures.63 The presence of Cu2+ ions did not vary self-assembly 
behavior of polymers, regardless of its physical location in micelles. 

Figure 1. (a) UV-vis spectra to show the titration of PS-DPA with 
Cu(NO3)2 measured in DMF. (b) The plot to show adsorption intensity 
at 650 nm vs Cu2+-To-DPA. The concentration of PS-DPA in DMF is 
0.59 mM polymer. (c) CMC of P3 and P6 measured by DLS by varying 
polymer concentration from 0.001 mg mL-1 to 1 mg mL-1.
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Figure 2. Representative TEM images Cu2+-containing micelles of 
(a,b) P3, (d,e) P4, (g,h) P5 and (j,k) P6. And the histogram of the 
average diameter of Cu2+-containing micelles of (c) P3, (f) P4, (i) P5 
and (l) P6, respectively.

To prepare monodispersed polymer micelles that avoid the 
impact of nanostructures on the catalytic activity of Cu2+ ions, we 
examined the thermal annealing method. In methanol, all BCPs of 
PDMA-b-PS were found to form spherical micelles with a narrow size 
distribution. PDMA-b-PS was refluxed in methanol at a concentration 
of 10 mg mL-1. The solution became clear after a few minutes and 
Cu(NO3)2 was added to the solution with the same equivalence of 
DPA. After thermal annealing for 30 minutes, the solution was cooled 
back to room temperature. Figures 2 and S5 show the typical 
transmission electron microscopy (TEM) images of P3-P7. When the 
repeat unit of PS increased, the micellar diameter increased 
significantly. The micellar size of P3 of PDMA52-b-PS52-DPA increases 
to 13.4 nm; while P6 of PS76-b-PDMA59-DPA has a core diameter of 
14.5 nm. Importantly, the size of micelles is very uniform throughout 
as confirmed by the histogram analysis of TEM. Note, the micelles of 
P1 and P2 are too small to be accurately characterized under TEM. 
Thus, we used SAXS to measure the micellar size of P1-Cu2+ and P2-
Cu2+. For P1 and P2 with Cu2+ ions. The scattering profile fits well as 
a spherical model (form factor) with a structure factor described by 
the Hayter-Penfold mean spherical approximation (H-PMSA),64-65 
which explains the broad peak at q ~0.03 Å-1 (Figure 3a). As a result 
of short hydrophobic blocks, the PDMA was presumably strongly 
hydrated in the shell, leading to insignificant contrast in electron 
density between the shell and solvent. However, the high-q (e.g., q > 
0.1 Å-1) scattering intensity can be scaled as I ~ between q-2 and q-1.6 
implying that the PDMA of P1 and P2 (either in shell or in the form of 
unimer) can be described as a polymer chain. Therefore, the SAXS 
data of P1-Cu2+ and P2-Cu2+ are best fitted by a combined model of 
sphere and Gaussian chain (Figure 3a), yielding the best-fit diameters 

of 8.4 nm and 9.6 nm respectively, which may exclude the nearly fully 
hydrated shell thickness due to the low contrast between the shell 
and solvent (Figure 3b and Table S1).

SAXS measurements were also for Cu2+-containing micelles of P3-
P7 (see the summary in Tables S1 and S2). Those samples have the 
scattering feature (oscillations) of well-defined core-shell spheres 
(CSS) at the low q regime (q < 0.1 Å-1) sitting on the scattering 
background of q-1.6 dependence as q > 0.1 Å-1 (presumably swollen 
polymer chains). Therefore, the SAXS data are best-fitted with a 
combined CSS and excluded polymer chain model, and the best-
fitting dimensions are summarized in Tables S1 and S2. The size of 
their micellar cores from SAXS is in a close agreement with TEM 
results. For example, P3 and P6 have a core diameter of 12.5 nm and 
14 nm, respectively, as best fitted with the CSS model (Figures 3c and 
3d) and the diameter of their micelles from TEM is 13.4 nm and 14.5 
nm, respectively. 

Figure 3. SAXS patterns of polymer micelles of (a) P1-Cu2+; (b) P2-Cu2+; 
(c) P3 and P3-Cu2+; and (d) P6 and P6-Cu2+.

Since Cu2+ ions have a higher electron scattering length density 
(SLD), we could further use the absolute scattering intensity to 
identify the physical location of Cu2+ ions. We compared the of 
polymer micelles with vs. without Cu2+ ions. While Cu2+ ions had a 
minimum impact on the size of polymer micelles, the SLD of the core 
(ρcore) for Cu2+-containing P3 micelles increased from 9.4810-6 Å-2 to 
9.6210-6 Å-2; whereas, that of the shell (ρshell) remained the same 
(Table S2). The slightly higher ρcore can be attributed to the presence 
of Cu2+ ions. In comparison, the ρcore of Cu2+-containing P6 micelles is 
identical to that of P6 micelles in the absence of Cu2+ ions; that is, the 
ρcore is independent from Cu2+ ions. In both cases, no scattering 
correlation was observed at the high q range, suggesting the uniform 
distribution of Cu2+ ions in the micellar cores (P3) or on the surface 
of micellar shells (P6). 

We further examined the physical location of Cu2+ ions using 1H 
NMR. After dissolved in d6-acetone with a concentration of 0.65 mM, 
Figure 4 displays the NMR spectra of P3 and P6. The peaks at 8.5, 7.7, 
and 7.6 ppm were assigned to pyridinyl protons of DPA (peaks a, c 
and d, respectively), along with the broad peaks of styrene phenyl 
rings at 6.5-7.5 ppm. When adding Zn(NO3)2 at the same equivalence 
to DPA, there was an obvious shift of pyridinyl protons. It should be 
noted that Cu2+ is paramagnetic and diamagnetic Zn2+ is used for 
NMR experiments. The peak a at 8.5 ppm shifted to 8.8 ppm, and 
peaks c and d shifted to 8.3 and 7.8 ppm, respectively. In presence of 
20 vol% D2O, the phenyl proton peaks of PS in PDMA52-b-PS52-DPA-
Zn2+ (P3) and PS76-b-PDMA52-DPA-Zn2+ (P6) became evidently 
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broadened and less pronounced, suggesting the collapse of 
hydrophobic PS chains to drive the formation of micelles. When the 
concentration of D2O increased to 40 vol%, all phenyl proton peaks 
of PS disappeared for P3 and P6. In all cases, the protons of 
hydrophilic PDMA at around 3.0 ppm were well-preserved. In the 
meanwhile, the pyridyl peaks of DPA in P3 (Figure 4b) disappeared 
along with PS protons. Interestingly, the peak g at 7.0 ppm of the 
RAFT agent linked to the PDMA end retained. In contrast, the pyridyl 

peaks of DPA remained in P6 with 40 vol% of D2O; even no phenyl 
peaks associated with PS were seen. Those results suggest that the 
binding motif DPA could collapse with the hydrophobic PS blocks 
during micellization, if DPA is at the hydrophobic end; whereas, it 
would remine hydrated if DPA is tied at the hydrophilic end. Together 
with SAXS results, the microenvironment of Cu2+ ions could be 
defined within those Cu2+-containing micelles of amphiphilic BCPs.

Figure 4. 1H NMR spectra of (a) P3 and (c) P6 in mixed solvents of D2O/d6-acetone. From bottom to top, P3/P6 (red), P3/P6-Zn2+-0% D2O 
(green), 20 % D2O (blue), and 40% D2O (purple) of D2O in d6-acetone. All spectra were recorded with Zn(NO3)2 to avoid paramagnetic Cu2+ 
ions. Aromatic protons in the range of 6.0 to 9.0 ppm for (b) P3 and (d) P6 demonstrate the difference in the solvation state of DPA. 

We further examined the physical location of Cu2+ ions using 1H 
NMR. After dissolved in d6-acetone with a concentration of 0.65 mM, 
Figure 4 displays the NMR spectra of P3 and P6. The peaks at 8.5, 7.7, 
and 7.6 ppm were assigned to pyridinyl protons of DPA (peaks a, c 
and d, respectively), along with the broad peaks of styrene phenyl 
rings at 6.5-7.5 ppm. When adding Zn(NO3)2 at the same equivalence 
to DPA, there was an obvious shift of pyridinyl protons. It should be 
noted that Cu2+ is paramagnetic and diamagnetic Zn2+ is used for 
NMR experiments. The peak a at 8.5 ppm shifted to 8.8 ppm, and 
peaks c and d shifted to 8.3 and 7.8 ppm, respectively. In presence of 
20 vol% D2O, the phenyl proton peaks of PS in PDMA52-b-PS52-DPA-
Zn2+ (P3) and PS76-b-PDMA52-DPA-Zn2+ (P6) became evidently 
broadened and less pronounced, suggesting the collapse of 
hydrophobic PS chains to drive the formation of micelles. When the 
concentration of D2O increased to 40 vol%, all phenyl proton peaks 
of PS disappeared for P3 and P6. In all cases, the protons of 
hydrophilic PDMA at around 3.0 ppm were well-preserved. In the 
meanwhile, the pyridyl peaks of DPA in P3 (Figure 4b) disappeared 
along with PS protons. Interestingly, the peak g at 7.0 ppm of the 
RAFT agent linked to the PDMA end retained. In contrast, the pyridyl 
peaks of DPA remained in P6 with 40 vol% of D2O; even no phenyl 
peaks associated with PS were seen. Those results suggest that the 

binding motif DPA could collapse with the hydrophobic PS blocks 
during micellization, if DPA is at the hydrophobic end; whereas, it 
would remine hydrated if DPA is tied at the hydrophilic end. Together 
with SAXS results, the microenvironment of Cu2+ ions could be 
defined within those Cu2+-containing micelles of amphiphilic BCPs.  

The ester hydrolase activity of Cu2+-containing micelles was 
evaluated using p-nitrophenyl picolinate (PNPP) as a model 
compound.66 The hydrolysis of PNPP can be catalyzed by Cu2+ ions to 
produce 2-picolinic acid (PA) and 4-nitrophenolate (4NP). 4NP has an 
absorbance at ~ 400 nm that can provide the reaction kinetics 
monitored by UV-vis spectroscopy. All reactions were carried out in 
the phosphate buffer solution (PBS) at a pH of 7.0 and the molar ratio 
of the substrate to Cu2+ ions was kept at 10:1 at 25 oC. Figure 5a 
shows a non-catalytic reaction of PNPP. No apparent product peak 
was seen at 400 nm. PNPP is relatively stable with a slow 
autocatalytic behavior. In presence of P3, there was a fast raise of 
the peak at 400 nm (Figure 5b), suggesting the efficient catalytic 
conversion of PNPP to 4-nitrophenolate. On contrast, the reactivity 
of P6-Cu2+ was much slower than that of P3 (Figure 4d). The 
corresponding reaction kinetics was fitted as the first-order reaction. 
For the non-catalytic reaction, the rate constant (k) is 0.1710-2 min-

1. The k of P6-Cu2+ increased to 0.3510-2 min-1, approximately 2 
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times faster than that of non-catalytic ones, suggesting that Cu2+ ions 
were catalytically active. For P3, the k is 4.210-2 min-1, about 12 time 
more active than that of P6-Cu2+. With smaller size of polymer 
micelles, e.g., P1, its k reached to 9.310-2 min-1, about 27 time more 
active than that of P6-Cu2+. Given that P3-Cu2+ and P6-Cu2+ have 
similar micellar sizes, we attributed the 12-fold reactivity 
enhancement of Cu2+ ions to their hydrophobic microenvironment in 
P3-Cu2+ but missed in P6-Cu2+. We also emphasized that, although 
Cu2+ ions were confined within hydrophobic domains for P1 and P3, 
their first coordination sphere is identical.  

Figure 5. (a) Hydrolysis reaction of PNPP. (b-d) UV-vis spectra to 
study the hydrolysis of PNPP under: (b) non-catalytic, (c,d) catalyzed 
by Cu2+-containing micelle of P3 (c) and P6 (d). (e) First-order reaction 
kinetics for PNPP hydrolysis of non-catalytic reaction, and the 
reactions catalyzed by Cu2+ containing micelles of P1, P3 and P6. (f,g) 
Reaction rate constant plotted as a function of micelle diameter in 
normal scale (f) and ln scale (g). The red triangles are from P6 and P7 
and the black squares are from P1-P5. Reaction conditions: [PNPP] = 
27 μM; [Cu] = 2.7 μM; T = 25 oC. PBS buffer with pH = 7.0.

To confirm the impact of the hydrophobic microenvironment, 
three sets of control experiments were carried out. First of all, 
PDMA52-DPA-Cu2+ without any hydrophobic PS segments displayed a 
moderate hydrolase activity (Figures 6c and S6). Under the same 
reaction conditions, it has a k of 0.1610-2 min-1, very close to that of 
non-catalytic reaction. Second, the hydrolase activity was evaluated 
with different PS chain lengths with the same hydrophilic PDMA 
block, e.g., P1-P5 (Figure 5f). We found that there was an interesting 
correlation between the size of micelles and the reactivity of Cu2+ 
ions. P1-Cu2+ has the best catalytic reactivity and the activity of Cu2+ 
ions decreased along with the increase of the micellar diameter. The 
reaction catalyzed by P5-Cu2+ has the lowest k of 0.2610-2 min-1, 
about 36-fold slower than that with P1-Cu2+. While the hydrophobic 
microenvironment shows a positive impact on the reactivity of Cu2+ 

ions, there is an exponential decay of Cu2+ reactivity with the increase 
of the micellar sizes (Figure 5c). Third, with Cu2+ ions on the 
hydrophilic shell, the activity of Cu2+ ions do not vary significantly by 
BCPs.

Figure 6. (a) Michaelis–Menten plots for PNPP hydrolysis catalyzed 
by Cu2+-containing micelles of P3 and P6. (b) The plot of micelle 
diameter vs kcat. The red triangles are from P6 and P7 and the black 
squares are from P1-P5. (c) Reaction conditions: [PNPP] = 0 to 123 
μM; [Cu2+] = 2.7 μM; T = 25 oC. PBS buffer with pH = 7.0. (c) the table 
to summarize the first order rate constants and fitting results of Vmax, 
KM, kcat from Michaelis–Menten plots for PNPP hydrolysis. Ea was 
calculated from the Arrhenius Plot. 

We further used the Michaelis-Menten model to get insights into 
how the local hydrophobicity promotes catalytic efficiency of Cu2+ 
ions. The initial rate was considered by varying the concentration of 
substrates from 14 μM to 122 µM at a constant Cu2+ concentration 
of 2.7 μM. The results are summarized in Figures 6 and S7. The 
kinetics parameters show a typical non-linear regression with 
increasing the concentration of PNPP. The Michaelis constant (KM) is 
in selected cases an inverse measure of the binding affinity between 
catalytic Cu2+ ions and substrates. For micelles with Cu2+ ions in the 
hydrophobic cores, e.g., P1-P5, KM increases along with the chain 
length of PS; that is, the smaller diameter of micelles favors the 
binding. Additionally, this trend could indicate that the larger 
micelles are more rigid since similar effects have been observed on 
the enzymatic activity of PEGylated chymotrypsin conjugates.67 
Interestingly, for P6 and P7 where Cu2+ ions reside out of the 
hydrophobic cores, their KM is considerably large. Given that the 
substrate PNPP is relatively hydrophobic, it is reasonable to assume 
that its local concentration is higher within the micellar cores, as 
compared to that in the buffer solution. 

The maximum velocity (Vmax) and the turnover frequency per 
Cu2+ site (kcat) describe the zero-order kinetics where an infinite 
amount of substrate is available for the initial turnover. Note kcat is 
slightly high than the rate constant k, because it only takes accounts 
of the initial reaction rate. The activity of Cu2+, both kcat, and Vmax, is 
also dependent on the chain length of PS or the diameter of polymer 
micelles (Figure 6b). The kcat and Vmax of P1-Cu2+ are about 6-times 
higher than that of P5-Cu2+. However, the decay of kcat on the 
diameter of micelles is much slow (Figure 6b), as compared to that 
of the overall rate constant k (Figure 5f). Those results suggests that, 
by confining Cu2+ sites in the hydrophobic cores, their overall kinetic 
performances are benefited from their thermodynamic binding 
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enhancement, likely as the rate-determining step. This conclusion is 
also supported by the activation energy calculated from the 
Arrhenius plot (Figure S8). For P4 and P5, the activation energy 
barrier increased by 30%-40% as compared to that of P1-P3. 

Figure 7. Saturation kinetics plots of PNPP hydrolysis catalyzed by 
Cu2+ containing micelle of (a) P3-Cu2+ and (b) P6-Cu2+. And fitting 
plots of PNPP hydrolysis catalyzed by Cu2+ containing micelle of (c) 
P3-Cu2+ and (d) P6-Cu2+. (e) Kb and KM plotted as a function of the 
micellar diameter. (f) kc and kcat plotted as a function of the micellar 
diameter. Reaction conditions: [PNPP] = 27 μM; [Cu2+] = 1.4 to 27 
μM; T = 25 °C; PBS buffer at pH = 7.0.

To quantitatively access the binding constant (Kb), we further 
carried out the reverse saturation kinetics behavior, i.e., by 
increasing the ratio of catalyst-to-substrate. The first-order rate 
constant was measured at different concentrations of Cu2+ ion in the 
range of 1.4 at a constant concentration of PNPPM. By solving the 
numeric formation rate of 4NP in eqs 1-4, the binding constant (Kb) 
can be obtained by fitting the reciprocal catalyst concentration 
1/[Cu2+] and 1/(kobs-k0), as follows. 

𝑁𝑜𝑛 ― 𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐:      [𝑆] 
𝑘0

 [𝑃𝐴] + [4𝑁𝑃]          𝑒𝑞 1

𝐶𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐:     [𝑆] + [𝐶𝑢2 + ] 
𝑘𝑜𝑏𝑠

 [𝑃𝐴] + [4𝑁𝑃] + [𝐶𝑢2 + ]            𝑒𝑞 2

[𝐶𝑢2 + ] +  [S]
𝐾𝑏

 [𝐶𝑢2 + ― 𝑆]𝑘𝑐
 [𝐶𝑢2 + ― 𝑃𝐴] + [4𝑁𝑃]  [𝐶𝑢2 + ] + [𝑃𝐴] + [4𝑁𝑃]             𝑒𝑞 3

1
𝑘𝑜𝑏𝑠 ― 𝑘0 =

1
𝑘𝑐 ― 𝑘0 +

1
(𝑘𝑐 ― 𝑘0)𝐾𝑏

 ×
1

[𝐶𝑢2 + ] 𝑒𝑞 4

where k (min-1) is the measured rate constant at different 
concentrations of Cu2+ ions; k0 (min-1) is the non-catalytic rate 
constant; kc is the catalytic rate constant of bound substrates per Cu2+ 
per minute; Kb is the bonding constant between the substrate and 
Cu2+-containing polymer micelles. Those results are summarized in 
Figure 7. Using P3-Cu2+ and P6-Cu2+ as examples, the reactions rate 
increased obviously with the increase of the ratio of catalyst-to-

substrate (Figure 7a and b). The rate constant increased much faster 
in P3-Cu2+. When the molar ratio of catalyst-to-substrate is 1:1, the 
reaction with P3-Cu2+ is 30-fold faster than that with P6-Cu2+. It 
further confirms the difference of catalytic performance is derived 
from the topologies of micelles. The observed rate constant (kobs) 
shows a non-linear procession along the ratio of catalyst-to-
substrate, suggesting that the reaction is limited by binding of the 
substrate to the catalytic site. At a high catalyst-to-substrate ratio 
where each Cu2+ only shows close to one turnover, the initial binding 
rate limits the overall reaction rate. For example, after the catalyst-
to-substrate ratio reaches to 0.4, the further increase of the rate 
constant tended to slow down the reactions with P3-Cu2+. A similar 
trend was seen for P1 and P2 with a high reactivity. 

When plotting 1/[Cu2+] as a function of 1/(k-k0) (Figure 7c), the 
typical fitting results of P3-Cu2+ and P6-Cu2+ are shown in Figures 7c 
and 7d. For the slop and intercept, the binding constant Kb of P3-Cu2+ 
is 7.9 103 M-1 and the catalytic rate constant (kc) is 119 min-1. The 
results of Kb for P1-P4 are summarized in Figure 7e. When confining 
Cu2+ ions within small micelles, the Kb is significantly larger as 
compared to those without hydrophobic cores. For P1-Cu2+, its Kb 
with the substrate is 157×103 µM-1, that is about 52-times higher 
than that of P4-Cu2+ and 23-times higher than that of P6-Cu2+. 
(Figures S9-S10) We note that, P5-Cu2+ and P7-Cu2+ cannot be fitted 
with this model because their binding constants are too small, 
implying that the initial binding is unfavorable under those reaction 
conditions. The decrease of Kb tracks the trend of KM, indicating that 
for this class of enzyme mimics the latter term can be approximated 
to a binding constant. 

Quantitatively, the Kb decays exponentially with the size of 
micelles (d) as Kb ∝ e-d. As the Kb is dependent on both local 
concentrations of Cu2+ and substrates, the increase of the micellar 
sizes would decrease the number density of Cu2+ ions per unit 
volume (Table 1). Despite of the hydrophobicity enhanced the 
solubility of PNPP, the overall trend of Kb is dominated by the number 
density of Cu2+ ions. As compared P1 with P3, the increase of micellar 
sizes from 8.4 nm to 21.2 nm led to the decrease of Cu2+ 
concentration per unit volume. We estimated the concentration of 
Cu2+ ions per unit volume of micelle cores, i.e., quotient of the 
average aggregation number (Nagg) and the volume of micellar cores 
(Table 1). The number of Cu2+ ions per nm3 decreases from 0.6 nm-3 
for P1 to 0.06 nm-3 for P5. Therefore, hydrophobic microenvironment 
with perfect dimensions can significantly improve the binding 
affinity; however, the large hydrophobic cores of polymer micelles 
would create thermodynamic barriers to limit the binding of 
substrates and Cu2+ sites. The decrease of Kd is on the same 
magnitude with the decrease of the number density of Cu2+ ions, 
suggesting the decrease of the local concentration of Cu2+ ions to be 
correlative with the binding depression. However, for large micelles 
like P3-Cu2+ and P6-Cu2+, the Kb is almost identical. The improvement 
of catalytic efficiency is therefore only from hydrophobicity-
enhanced binding of substrates and Cu2+ ions.

We further analyzed the catalytic rate constant (kc) measured 
from saturation kinetics. Although in many cases kc is kinetically 
identical to kcat, kc reflects the true first-order kinetics at a much 
lower substrate concentration and kc does not consider the 
dissociation of products from Cu2+ sites. Without true turnover, kc is 
significantly larger than kcat. Interestingly, we note that, P3-Cu2+ and 
P6-Cu2+ had very close Kb at a similar ratio of catalyst-to-substrate; 
but the kc of P3-Cu2+ is about 20-times greater than that of P6-Cu2+. 
In the reverse saturation kinetics model, the kc is determined from 
the extrapolating at an infinite [Cu2+]; so, the kc only considers the 
rate from bound substrates (as the sole reactant) to bound products 
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(and it cannot be results from the dissociation of products in our 
experiments) without the interfacing of water accessibility. For P1-
P4, we observe a positive correlation between kc and micelle size, in 
contrast to what we observe for k, kcat and kcat/KM. The kc follows an 
increasing trend with the chain length of PS, e.g., kc of P3 and P4 is 
3-4 times higher than that of P1 and P2. Without hydrophobicity, the 
kc of P6-Cu2+ decreased dramatically as large as 20-fold, compared to 
that of P3-Cu2+. Those results suggest that the conversion of Cu2+-
substrate to Cu2+-product is faster, i) in hydrophobic cores as 
compared to hydrophilic ones; and ii) in larger micelles as compared 
to smaller ones. The increase of kc is likely due to the change of the 
intrinsic activity of Cu2+ ions at a mediate with a low dielectric 
constant, as a positive kinetic impact of hydrophobic domains. It has 
been suggested that the nucleophilic attack of water to esters could 
be improved under hydrophobic microenvironment using 
hydrophobic surface68 or nanocavity69 in a manner akin to 
enzymes.70 

The difference in trends of k, kc and kcat/KM which reports from 
the encounter of substrates and catalyst up to the first irreversible 
step, in our case the step reflected on kc, can be traced back to the 
limited accessibility of water within the hydrophobic environment. 
For kc, we treat Cu2+ sites as a reactant to examine the conversion of 
bound substrates to bound products. It reports the true hydrophobic 
impact of this chemical transformation. The kcat/KM values range 
from 331 M-1s-1 to 12 100 M-1s-1 for these Cu2+-containing mimics 
(Figure S11). For a similar ester hydrolysis reaction, that is the 
cleavage of a p-nitrophenyl ester, a computationally designed 
enzyme exhibits a catalytic efficiency, kcat/KM, of 400 M-1s-1.71 In other 
words, our minimalistic approach using polymeric micelles can 
recapitulate the efficient activity of enzymes taking advantage of less 
sophisticated chemical structures as featured in enzymatic 
frameworks. Clearly, the little understood hydrophobic effect has a 
large impact on catalysis both in enzymes as well as the design of 
synthetic mimics. Within the active site, the contribution of 
dispersion energies and the lack of outer solvation shells interacting 
with randomized bulk solvent molecules are important factors that 
can lead to efficient catalysis. It is possible that primeval enzymes 
took advantage of this feature as it minimalizes the number of 
catalytic elements while leading to efficient reactions. Therefore, 
further studies of these systems will provide valuable insights to 
understand one of the key rules of life as well as aid in the 
development of robust catalysts.

3. Conclusions
In summary, we demonstrate hydrophobicity-enhanced Cu2+ 

reactivity as an ester hydrolase. We designed two sets of amphiphilic 
BCPs with precise control of the metal-ligand active sites in/out of 
the hydrophobic domains during micellization. Using a DPA-
containing RAFT CTA, the synthetic sequence, either hydrophobic or 
hydrophilic first, was used to vary the physical location of the binding 
motif, DPA; therefore, the hydrophobicity of Cu2+ sites. 
Monodispersed spherical micelles of PS-b-PDMA were prepared 
through thermal annealing in methanol where PS aggregates form 
hydrophobic cores stabilized by hydrophobic PDMA. The binding 
motif DPA confine the Cu2+ sites to defined microenvironment as 
confirmed by SAXS and NMR titrations. The hydrophobicity of Cu2+ 
sites within the hydrophobic domain showed a significant impact on 
their catalytic efficiency towards ester hydrolysis. With P1 having a 
diameter of 8.4 nm, there was a reactivity enhancement by 12 times 
as compared to that of P6 with hydrophilic Cu2+ sites and 36 times as 
compared to that of P5 with hydrophobic Cu2+ sites but a micellar 

diameter of 21 nm. We used two different kinetic models, including 
Michaelis-Menten model and the reverse saturation kinetics model, 
to understand the impact of hydrophobicity on Cu2+ reactivity. The 
Michaelis constant KM and the binding constant Kb suggested that 
hydrophobicity favors the binding of substrates to Cu2+ sites at 
polymer micelles with smaller sizes; however, they decayed 
exponentially with micellar diameters. A higher thermodynamic 
barrier was found with increasing the PS molecular weight using 
Arrhenius analysis. With the reverse saturation kinetics at a high ratio 
of catalyst-to-substrate, hydrophobicity was found to have a 
profound impact on the catalytic rate constant kc. Compared to 
micelles with similar sizes, there was a 16-20-times kinetic 
enhancement in the hydrolase activity. Our results on how the 
hydrophobic domains of Cu micelle impact the catalytic efficiency of 
metal sites show the importance of hydrophobic pockets in the 
design of molecular mimics of metalloenzymes and illustrate a 
promising way toward the design of bioinspired polymeric catalysts.
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