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ABSTRACT: Studying the enzymatic degradation of synthetic
polymers is crucial for the design of suitable materials for
biomedical applications ranging from advanced drug delivery
systems to tissue engineering. One of the key parameters that
governs enzymatic activity is the limited accessibility of the
enzyme to its substrates that may be collapsed inside
hydrophobic domains. PEG-dendron amphiphiles can serve
as powerful tools for the study of enzymatic hydrolysis of
polymeric amphiphiles due to the monodispersity and
symmetry of the hydrophobic dendritic block, which
significantly simplifies kinetic analyses. Using these hybrids,
we demonstrate how precise, minor changes in the hydro-
phobic block are manifested into tremendous changes in the
stability of the assembled micelles toward enzymatic degradation. The obtained results emphasize the extreme sensitivity of self-
assembly and its great importance in regulating the accessibility of enzymes to their substrates. Furthermore, the demonstration
that the structural differences between readily degradable and undegradable micelles are rather minor, points to the critical roles
that self-assembly and polydispersity play in designing biodegradable materials.

■ INTRODUCTION

Studying the enzymatic degradation of synthetic polymers is
crucial for the design of biodegradable materials for applications
ranging from polymeric coatings of medical devices1,2 to tissue
engineering3,4 preparation of edible coatings,5,6 cosmetics,7,8

and drug formulations.9−11 In the field of controlled drug
delivery, the overexpression of disease-associated enzymes can
potentially be utilized for the selective release of active drug
molecules only at the desired disease site.12,13 Several polymeric
architectures, including linear block copolymers,14−18 peptide
containing copolymers,19 dendrimers,20−22 hyperbranched
polymers,23,24 and linear-dendron copolymers,25 have been
explored as building blocks for the construction of enzyme-
responsive micelles and other smart assemblies.26−28 Regardless
of the polymeric architecture, a key parameter that governs the
enzymatic activity is the accessibility of the enzyme to its
substrates that may be buried inside hydrophobic domains or
cores in the case of micellar assemblies.29−32 Recently, we used
PEG-dendron amphiphiles to study enzymatic hydrolysis of
polymeric amphiphiles.33−35 The inherent monodispersity and
symmetry of the hydrophobic dendritic block of PEG-dendron
hybrids, which were introduced in a pioneering work by
Frećhet, Gitsov, Wooley, and Hawker in the early 1990s,36,37

enabled us to carry out a detailed kinetic analysis of their
enzymatic degradation. The observed correlation between
higher critical micelle concentration (CMC) values and faster
disassembly rates for hybrids with longer PEGs indicated that
the enzyme could not reach the hydrophobic core of the
micelle and the cleavable end-groups must be on the surface or
outside of the micelle for the cleavage to occur.33,35 These
conclusions were in good agreement with the results of
enzymatic hydrolysis of other polymeric systems in the
literature.29,30

Motivated by the high molecular resolution that was
obtained in the previous studies, we decided to utilize the
structural precision of linear-dendritic based amphiphilic
hybrids in order to examine how minor changes in the length
of the hydrophobic dendritic end-groups affect the self-
assembly and enzymatic degradation of the formed polymeric
micelles. Aliphatic esters were selected as enzymatically
cleavable end-groups due to the commercial availability of
aliphatic carboxylic acid precursors with chains of different
lengths. Three carboxylic acids were chosen for the
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introduction of the enzymatically cleavable end-groups:
hexanoic acid (Hex), nonanoic acid (Non), and undecanoic
acid (Und; Figure 1 and Scheme 1). Porcine liver esterase
(PLE) was selected as the activating enzyme.

■ RESULTS AND DISCUSSION
The synthesis followed a high yielding accelerated approach for
the preparation of the hybrids as illustrated in Scheme 1. A 5
kDa PEG amine, 1, was conjugated to diacetylene containing
branching unit 2, through an amide bond to give hybrid 3,
followed by thiol−yne reaction38,39 with 2-mercaptoethanol to
yield hybrid 4.34 Esterification reactions with excess of
hexanoic, nonanoic, and undecanoic acids were carried out
using DCC and DMAP (Steglich esterification)40 to yield the
final hybrids: PEG-G2-Hex4, PEG-G2-Non4, and PEG-G2-
Und4, respectively, in excellent overall yields. The final hybrids
were characterized by 1H NMR, 13C NMR, GPC, MALDI-TOF
MS, IR, UV absorbance, and HPLC, and the experimental data

were in excellent agreement with the expected results (see
Table 1 and SI).
The CMC values of the amphiphiles were expected to

decrease with increasing the length of the alkyl-based end-
group due to the increase in the hydrophobicity of the dendritic
block. CMCs were measured using Nile red as a solvatochromic
fluorescent probe.41 There was a slight decrease in CMC value
as the length of the alkyl end-group increased (Table 1). After
the CMC values were determined, we characterized the
assembled structures by dynamic light scattering (DLS);
diameters of 16, 23, and 31 nm were measured for PEG-G2-
Hex4, PEG-G2-Non4, and PEG-G2-Und4, respectively (Table 1
and Figure 2a). Transmission electron microscopy (TEM)
images also confirmed the assembly into nanosize spherical
objects with similar diameters (Figure 2b−d). 1H NMR spectra
of the hybrids in D2O gave further support for the formation of
core−shell micelles as only the PEG protons were observed in
the spectra, due to the decreased mobility and short relaxation
times of the hydrophobic protons (see SI).42

Although all three amphiphilic hybrids self-assembled into
spherical micelles, the diameters of the micelles increased
significantly more than expected based on the differences in
lengths of the hydrophobic end-groups. If one considers the
structural changes in the end-groups of the three hybrids, the
elongation of the end-groups should lead to a change of no
more than 2−4 Å in the diameter of the micelles; however, the
DLS results clearly showed a difference in diameter of more
than 6 nm, which is an order of magnitude larger than the
expected difference. To confirm the increase in diameters and
to estimate the aggregation numbers of the three hybrids, which
could help to explain the different sizes, we used small-angle X-
ray scattering (SAXS) technique.43 We were encouraged to see
that the radii of gyration (Rg) from SAXS analyses (Table 1)

Figure 1. Schematic representation of the molecular architecture of
second-generation PEG-dendron amphiphilic hybrids with four
aliphatic alkyl chains of increasing length (PEG-G2-Hex4, PEG-G2-
Non4, and PEG-G2-Und4) as enzymatically cleavable end-groups, and
the hydrophilic degradation product.

Scheme 1. Synthesis of PEG-G2-Dendron Hybrids
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were in good correlation with the DLS data (for spheres Rg =
0.775 RH). The SAXS results also showed that the relatively
small changes in the length of the hydrophobic end-groups led
to a nonproportional increase in the aggregation numbers of
the micelles, ranging from around 30 for the PEG-G2-Hex4 to
50 for PEG-G2-Non4 to 90 for PEG-G2-Und4 (Table 1). The
increased packing of polymeric hybrids with longer hydro-
phobic chains likely explains the unexpectedly large sizes of the
micelles formed by PEG-G2-Non4 and PEG-G2-Und4, which
were observed by DLS, TEM, and SAXS. It is interesting to
note that whereas the CMC values varied only slightly, the
aggregation numbers were significantly more sensitive to the
increase in hydrophobicity of the end-groups.
After we completed the characterization of the formed

micelles, we studied their enzymatically induced disassembly.
Assuming that the hybrids are most likely hydrolyzed by the
enzyme when not associated with the micelles through an
equilibrium-based mechanism,33,35,44 we expected to see a
direct correlation between the CMC values and enzymatic
hydrolysis rates. As the hybrids with the longer alkyl chains
have lower CMC values, they should have a lower degree of
dissociation and hence there should be a lower concentration of
non-micelle-associated monomeric hybrids available for enzy-

matic cleavage. On the other hand, hybrids with higher CMC
values should be present in relatively higher concentrations in
their monomeric form and hence should be more susceptible to
enzymatic hydrolysis. To study the enzymatic hydrolysis and
disassembly of the micelles we combined two characterization
techniques: HPLC was used to directly monitor the enzymatic
hydrolysis, and fluorescence spectroscopy of encapsulated Nile
red was used to monitor the micelle disassembly. Samples of
the polymeric micelles ([hybrid] = 25 μM) in PBS, pH 7.4
were incubated at 37 °C in the presence of the activating
enzyme and were periodically monitored by HPLC to analyze
the degree of enzymatic hydrolysis and the formation of the
hydrophilic tetra-hydroxy hybrid 4.
Based on the relatively small differences in the CMC values

of the three amphiphilic hybrids, small variations in the
enzymatic degradation and disassembly rates could be expected
if the enzyme does not have a clear preference for one of the
three types of hydrophobic chains. To our surprise, HPLC data
indicated that PEG-G2-Hex4 was completely degraded into
hydrophilic hybrid 4 in the presence of 27 nM PLE in less than
30 min (Figure 3a,d), whereas PEG-G2-Non4 and PEG-G2-
Und4 were not degraded to a significant extent after 17 h. A 5-
fold increase in the concentration of the enzyme led to 35%
degradation of hybrid PEG-G2-Non4 (Figure 3e), but almost
no hydrolysis of PEG-G2-Und4, after 17 h at 37 °C. Only when
we increased the concentration of the enzyme by another 10-
fold to 1.35 μM, around 5 mol % of the concentration of the
hybrid, did we achieve full enzymatic hydrolysis of the
nonanoic-based esters (Figure 3b,f). It is highly interesting to
note that even under this high concentration of the activating
enzyme, only minor hydrolysis was observed for hybrid PEG-
G2-Und4 (Figure 3c,f).
Fluorescence measurements of polymeric solutions contain-

ing Nile red (1.25 μM) and the activating enzyme were further
used to follow the enzymatically induced disassembly. To
ensure that the encapsulation of the dye did not alter the
stability of the micelles, we followed the enzymatic degradation
in the presence and absence of Nile red and observed similar
degradation rates by HPLC (see SI). As the Nile red molecules
are released from the hydrophobic cores into the more
hydrophilic aqueous environment their fluorescence emission
decreases. Fluorescence spectra of encapsulated Nile red were
measured in the presence of 2.7 nM PLE for PEG-G2-Hex4 and
135 nM for PEG-G2-Non4 (Figure 4). The observed decrease
in the emission intensities due to disassembly of the micelles
and release of Nile red showed good correlation with the

Table 1. Molecular Properties of the PEG-G2-Dendron Hybrids and Their Micellar Assemblies

Hybrid
Mna

(kDa) PDIa
Mpb

(kDa)
Calculated Mnc

(kDa)
PEG:Dendron weight

ratioc
CMCd (μM)

(mg/L)
RH

e

(nm) Rg
f (nm)

Aggregation
numberf

PEG-G2-
Hex4

5.6 1.03 6.1 6.035 83:17 4 ± 1 8 ± 3 7.4 ± 0.6 32 ± 3

(24 ± 6)
PEG-G2-
Non4

5.6 1.04 6.2 6.204 81:19 3 ± 1 12 ± 4 8.5 ± 1.0 51 ± 1

(19 ± 6)
PEG-G2-
Und4

5.7 1.03 6.4 6.316 79:21 2 ± 1 16 ± 7 11.0 ± 0.6 90 ± 5

(13 ± 6)
aMeasured by GPC using PEG standards. bMeasured by MALDI-TOF MS. cCalculated based on PEG 5 kDa and the expected exact mass of the
dendrons. dDetermined using Nile red. eHydrodynamic radius measured by DLS. fRadius of gyration and aggregation numbers as measured by
SAXS.

Figure 2. (a) Sizes of the micelles determined by DLS. (b-d) TEM
images for (b) PEG-G2-Hex4, (c) PEG-G2-Non4, and (d) PEG-G2-
Und4.
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hydrolysis rate of the amphiphilic hybrids, which were
measured using HPLC.
Intrigued by the substantial differences in the stabilities of the

three hybrids to enzymatic degradation and as both PEG-G2-
Non4 and PEG-G2-Und4 did not show any crystallinity by
differential scanning calorimetry (DSC), which could explain
the tremendous range of micellar stabilities, we decided to test
whether the observed kinetic trend was simply due to substrate
specificity of the enzyme, which might prefer to cleave the
shorter alkyl chain rather than the longer ones. To examine this
hypothesis, we prepared zero-generation (G0) hybrids bearing
only a single alkyl chain as their enzymatic substrate (Scheme
2).
The three G0 hybrids were synthesized by conjugating a 5

kDa PEG amine, 1, to an activated ester of 4-(allyloxy)benzoic
acid, 5, followed by thiol−ene reaction with 2-mercaptoethanol
to yield hybrid 7.35 Esterification reactions with excess of
hexanoic, nonanoic, and undecanoic acids in the presence of
DCC and DMAP yielded the final hybrids: PEG-G0-Hex, PEG-
G0-Non, and PEG-G0-Und, respectively, in excellent overall
yields (Scheme 2).
The decrease in the relative hydrophobicity of the G0

hybrids in comparison with the G2 hybrids led to higher CMC
values: 55 ± 1 μM for PEG-G0-Hex, 41 ± 3 μM for PEG-G0-
Non, and 16 ± 2 μM for PEG-G0-Und. To estimate the quality
of each of the G0 hybrids to serve as a substrate for the
activating esterase, we wished to eliminate the effect of self-
assembly on the enzymatic reaction. Hence, the enzymatic
degradation was studied at a hybrid concentration of 10 μM,

which is below the CMC value that was measured for PEG-G0-
Und. As the enzymatic hydrolysis of the G0 hybrids was much
faster than that of the G2 hybrids, we decreased the
concentration of the enzyme to 16 pM in order to slow
down the reaction rates and allow the use of HPLC to monitor
the enzymatic degradation.
We were fascinated to learn that at 10 μM, which is well

below the CMC values of all G0 hybrids, the longer
undecanoate ester was actually the best substrate, followed by
the slightly shorter nonanoate ester, and the hexanoate ester
was the slowest to be degraded (Figure 5a). When we
measured the enzymatic degradation for these G0 hybrids at a
concentration of 600 μM, which is well above their CMC, the
kinetic trend differed: PEG-G0-Non was the first to be fully
hydrolyzed, followed by PEG-G0-Und, with the PEG-G0-Hex
again the slowest to be cleaved (Figure 5b). These results give a
very interesting insight into the importance of self-assembly in
the stabilization of micellar assemblies against enzymatic
degradation of the assembled polymeric amphiphiles. Fur-
thermore, it strengthens the hypothesis that if the enzyme
could reach the hydrophobic core of the micelle, the
undecanoate chains, which are the best substrates, should also
be hydrolyzed more rapidly than the hexanoate and nonanoate
chains when the hybrids are assembled.
Although the results of the enzymatic hydrolysis of the G0

based hybrids clearly indicated that the longer undecanoate
chain is a good substrate for the activating enzyme, we could
not disregard the possibility that steric hindrance, which results
from the close proximity of two adjacent end-groups in the case

Figure 3. (a−c) HPLC traces and (d−f) plots of mol % as a function of time for the enzymatic degradation of hybrids PEG-G2-Hex4, PEG-G2-
Non4, and PEG-G2-Und4. All experiments were done with constant hybrid concentration (25 μM), and the concentrations of the enzyme PLE were
varied as indicated.
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of the G2 based hybrids, limits access of the enzyme to the
cleavable esters. To rule this out, we prepared first-generation
(G1) hybrids bearing dendrons with only two alkyl end-groups
(Scheme 3). The two alkyl esters were connected through the
same thiol−yne approach that was used for synthesis of the G2
hybrids, but instead of the diacetylene branching unit, we used
a monoacetylene one. This allowed us to place two adjacent
end-groups in the exact same manner as in the case of the G2

hybrids. The three G1 hybrids were synthesized by conjugating
a 5 kDa PEG amine, 1, to 3-(propargyloxy) benzoic acid, 8,45 in
the presence of HBTU to give hybrid 9. Thiol−yne reaction
with 2-mercaptoethanol yielded hybrid 10. Esterification
reactions with excess hexanoic or nonanoic acids in the
presence of DCC and DMAP or with undecanoic anhydride in

Figure 4. Overlays of HPLC and fluorescence data (insets:
fluorescence spectra) for the enzymatic degradation of hybrids (a)
PEG-G2-Hex4 ([hybrid] = 25 μM, [enzyme] = 2.7 nM) and (b) PEG-
G2-Non4 ([hybrid] = 25 μM, [enzyme] = 135 nM).

Scheme 2. Synthesis of PEG-G0-Dendron Hybrids

Figure 5. HPLC data for the enzymatic degradation of hybrids PEG-
G0-Hex, PEG-G0-Non, and PEG-G0-Und (a) below ([hybrid] = 10
μM, [enzyme] = 16 pM) and (b) above ([hybrid] = 600 μM,
[enzyme] = 160 pM) their CMCs.

Scheme 3. Synthesis of PEG-G1-Dendron Hybrids

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b10624
J. Am. Chem. Soc. 2017, 139, 803−810

807

http://dx.doi.org/10.1021/jacs.6b10624


the presence of pyridine and DMAP yielded the final hybrids:
PEG-G1-Hex2, PEG-G1-Non2, and PEG-G1-Und2, respectively,
in excellent overall yields (Scheme 3).
CMC measurements of the G1-dendron hybrids gave

intermediate values between those obtained for the G0 and
G2 hybrids: 12 ± 1 μM, 10 ± 1 μM, and 9 ± 2 μM for PEG-
G1-Hex2, PEG-G1-Non2, and PEG-G1-Und2, respectively. DLS
confirmed the formation of micelles with diameters of 15−20
nm (see SI). The enzymatic degradation experiments were
carried out by incubating the formed micelles ([hybrid] = 100
μM) with the activating enzyme (2.7 nM) and formation of the
fully cleaved hybrid 10 was monitored by HPLC. The obtained
data showed relatively fast degradation of the hexanoate- and
nonanoate-containing hybrids. The undecanoate-containing
hybrid PEG-G1-Und2 was the slowest to be cleaved, but full
cleavage was achieved after 3 days (Figure 6). These results
demonstrate that the enzyme can indeed cleave the long alkyl
chains even when two chains are in very close spatial proximity.

Overall, the obtained results for all nine G0-G2 based hybrids
demonstrate the great sensitivity of micellar stability to small
molecular changes in the hydrophobic block. To explore
whether these drastic variations were merely a response to the
change in amphiphilicity, we synthesized a G2-hybrid based on
a 2 kDa PEG and four hexanoate chains with a hydrophobic
weight fraction of 35%. Comparison of its degradation and
disassembly rates with those of the 5 kDa based hybrid (PEG-
G2-Hex4), which has a hydrophobic weight fraction of 17%,
showed the expected slower degradation and disassembly of the
former by the enzyme (Figure 7). The differences were
drastically smaller than the differences between PEG-G2-Hex4
and PEG-G2-Non4 or PEG-G2-Und4, although the hydro-
phobic weight fractions of PEG-G2-Non4 or PEG-G2-Und4 are
only 19% and 21%, respectively. These results clearly show that
decreasing the hydrophilic block by a factor of 2.5 roughly
doubled the degradation time. However, the minor changes in
the length of the hydrophobic end-groups led to a more
substantial increase in stability, although the overall amphiphilic
ratio did not change significantly. These kinetic results illustrate
the critical and tremendous role of the size of the hydrophobic
block in determining its aggregation and consequent micellar
stability, in addition to the milder contribution of the ratio
between the hydrophilic and hydrophobic blocks.
To provide a further demonstration of the sensitivity of the

degradation rates to minor changes in the hydrophobic block,
we followed the degradation of mixtures of PEG-G2-Hex4 and

either PEG-G2-Non4 or PEG-G2-Und4 at different ratios (3:1,
1:1, and 1:3) by HPLC. The results, overlaid over the
degradation profile of pure PEG-G2-Hex4 are presented in
Figure 8. It is clear that for both types of mixtures, no

hydrolysis was observed for the more hydrophobic hybrids
PEG-G2-Non4 or PEG-G2-Und4 (see SI), whereas the PEG-
G2-Hex4 hybrids were completely degraded by the enzyme. It is
interesting to point out that mixing the PEG-G2-Hex4 with
PEG-G2-Und4 led to a minor decrease in the enzymatic
degradation rate of the former. In its mixtures with PEG-G2-
Non4, the degradation rate of PEG-G2-Hex4 was even slower.

Figure 6. HPLC data for the enzymatic degradation of hybrids PEG-
G1-Hex2, PEG-G1-Non2, and PEG-G1-Und2 ([hybrid] = 100 μM,
[enzyme] = 2.7 nM).

Figure 7. HPLC data and change in fluorescence with time for the
enzymatic degradation of PEG-G2-Hex4 hybrids composed of either a
2 kDa or a 5 kDa PEG chains (overall hybrids concentration ∼25 μM,
[enzyme] = 2.7 nM).

Figure 8. HPLC data for the enzymatic degradation of PEG-G2-Hex4
hybrids in the presence of (a) PEG-G2-Non4 and (b) PEG-G2-Und4
at different ratios (overall hybrids concentration ∼160 μM, [enzyme]
= 27 nM).
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These results indicate that the formation of mixed micelles can
stabilize the less hydrophobic PEG-G2-Hex4 hybrid.
It is important to consider that minimal structural

alternations between the hybrids in each G0-G2 series resulted
in huge differences in degradation rates, which ranged from
minutes to undegradable assemblies. To further examine the
sensitivity of the enzymatic hydrolysis to the structural changes,
we prepared a mixture of mixed hybrids with different
combinations of hexanoate and nonanoate based end-groups.
The hybrids were synthesized by reacting hybrid 4 with 1:1
mixture of hexanoic and nonanoic acids. We expected to obtain
a mixture of five hybrids bearing different ratios of hexanoate
and nonanoate based end-groups: PEG-G2-Hex4, PEG-G2-
Hex3Non1, PEG-G2-Hex2Non2, PEG-G2-Hex1Non3, and PEG-
G2-Non4. HPLC chromatogram of the mixture indeed showed
the formation of five peaks with two of the peaks overlapping
with the peaks of pure PEG-G2-Hex4 and PEG-G2-Non4,
which were synthesized earlier (Figure 9a). On the basis of the

pattern of the obtained peaks, we correlated the new three
peaks with the mixed hybrids: PEG-G2-Hex3Non1, PEG-G2-
Hex2Non2, and PEG-G2-Hex1Non3. HPLC analysis of the
enzymatic hydrolysis of the mixture gave a striking demon-
stration of the effect of minor structural changes on enzymatic
degradation as the hybrids showed a clear decrease in their
hydrolysis rate with increase in the number of nonanoate end-
groups (Figure 9b). This extreme sensitivity of the stabilities of
the hybrids toward enzymatic hydrolysis suggests that
polydispersity of the hydrophobic block should be carefully
considered in the design and development of materials with

controllable degradation rates. The obtained results clearly
show that polymers with slightly smaller hydrophobic blocks
are more rapidly cleaved than those with larger ones, which
may even be undegradable. This may explain the partial
enzymatic degradation that is reported for many amphiphilic
materials.14 Nevertheless, the broad range of stabilities that was
achieved here demonstrates the ability to design materials with
adjustable degradation rates by simple minor structural
alternations.

■ CONCLUSIONS
To summarize, we prepared ten amphiphilic PEG-dendron
hybrids based on zero- to second-generation dendrons bearing
one to four cleavable hydrophobic end-groups. The dendritic
end-groups were selected from hexanoic acid, nonanoic acid,
and undecanoic acid, which were conjugated to the dendron
through enzymatically cleavable esters. The monodispersity of
the dendrons allowed us to achieve extremely high molecular
resolution in studying the effects of small changes in the
dendron end-group on the size and stability of the self-
assembled micelles. The results of our study demonstrate the
key role of self-assembly in determining the accessibility and
availability of degradable amphiphilic polymers to the activating
enzyme. The extreme sensitivity of micellar stability to small
changes of the molecular structure indicates that polydispersity
may be a crucial factor for achieving greater control over the
release rates of controlled drug delivery platforms and the
degradation rates of biodegradable materials.
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