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ABSTRACT: Tuning the enzymatic degradation and disassembly rates
of polymeric amphiphiles and their assemblies is crucial for designing
enzyme-responsive nanocarriers for controlled drug delivery applica-
tions. The common methods to control the enzymatic degradation of
amphiphilic polymers are to tune the molecular weights and ratios of
the hydrophilic and hydrophobic blocks. In addition to these
approaches, the architecture of the hydrophilic block can also serve as
a tool to tune enzymatic degradation and disassembly. To gain a deeper
understanding of the effect of the molecular architecture of the
hydrophilic block, we prepared two types of well-defined PEG-dendron
amphiphiles bearing linear or V-shaped PEG chains as the hydrophilic blocks. The high molecular precision of these amphiphiles,
which emerges from the utilization of dendrons as the hydrophobic blocks, allowed us to study the self-assembly and enzymatic
degradation and disassembly of the two types of amphiphiles with high resolution. Interestingly, the micelles of the V-shaped
amphiphiles were significantly smaller and disassembled faster than those of the amphiphiles based on linear PEG. However, the
complete enzymatic cleavage of the hydrophobic end groups was significantly slower for the V-shaped amphiphiles. Our results show
that the V-shaped architecture can stabilize the unimer state and, hence, plays a double role in the enzymatic degradation and the
induced disassembly and how it can be utilized to control the release of encapsulated or bound molecular cargo.

■ INTRODUCTION

Polymeric assemblies such as micelles have a high potential to
be utilized as nanocarriers for the delivery of hydrophobic
drugs and diagnostic molecules.1−5 The usage of nanocarriers
improves the solubility of such poorly soluble lipophilic
compounds in aqueous media.6 Moreover, their size allows
them to circulate in the bloodstream for prolonged periods of
time and potentially accumulate specifically at cancerous or
inflamed tissues as a result of the enhanced permeability and
retention (EPR) effect.7−9

On one hand, micellar nanocarriers have to be stable in
order to withstand the high dilution and interactions with
proteins in the bloodstream. On the other hand, there is a need
for a release mechanism, such as disassembly of the micelles, to
achieve the selective release of the bioactive payload from the
nanocarrier at the target tissue. This can be accomplished by a
stimuli-responsive release mechanism such as the lower pH in
tumors and inflamed tissues.10,11 One of the potential types of
stimuli for this purpose is the usage of enzymes, which offer
high selectivity toward their substrates. More importantly, the
overexpression of disease-associated enzymes can be utilized to
achieve selective release at the disease site.12 Examples for such
enzymes are cathepsins13,14 that are overexpressed in different
types of cancer and matrix metalloproteins (MMPs),15−17

which are overexpressed in both tumors and inflamed tissues.

While enzyme-responsive micellar nanocarriers are promis-
ing candidates for targeted delivery, their responsiveness is
often limited by the accessibility of the enzyme to the cleavable
lipophilic chains, which in many cases are buried inside the
hydrophobic core of the micelle.18−21 Recently, our group used
enzymatically degradable polymer-dendron amphiphiles to
study the relations between the structural properties of the
amphiphiles and the rate of micellar disassembly and release of
encapsulated cargo with high molecular resolution.22−24 The
polymeric platform was based on linear hydrophilic poly-
ethylene glycol (PEG) block and dendron with enzymatically
cleavable lipophilic end groups as the hydrophobic block. The
monodispersity of the dendritic block allowed precise control
over the structure of the polymeric monomer, making PEG-
dendron amphiphiles, which are often also referred to as
telodendrimers,25−27 a powerful tool for studying the
enzymatic activation mechanism with great resolution.24,28

Taking advantage of this unique architecture, which was
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pioneered by Frechet, Gitsov, Hawker, and Wolley29 and later
utilized by Frechet and Gillies to prepare pH-responsive
amphiphiles,30 we designed PEG-dendrons with various
structures. By changing the molecular weight of the PEG,22

the number24,28 or hydrophobicity24,31 of the end groups, or
the overall molecular weight,32 we could achieve micelles with
a broad range of stabilities and enzymatic degradation rates.
The key conclusion that emerged from these mechanistic
studies was that the enzymatic activation is more likely to
occur in the monomeric form, where the hydrophobic
enzymatic substrates are more available to the enzyme than
in the assembled state, as was also reported for other enzyme-
responsive assemblies.19,33 A recent study by Kakkar looked
into the self-assembly of PEG-dendron amphiphiles with
single, two-, or three-PEG chains and their potential to serve as
drug carriers.26 Herein, we wished to examine how the
enzymatic responsiveness of PEG-dendrons with either linear
or V-shaped PEGs with similar molecular weights will be
affected by the molecular architecture of their hydrophilic
block by studying their self-assembly, enzymatic degradation,
and enzymatically induced disassembly.

■ MOLECULAR DESIGN
To study the self-assembly of the micelles and their
responsiveness to enzymatic activation, two types of hybrids
were designed. The hybrids composed from either a linear 10
kDa methoxy PEG chain or two 5 kDa methoxy PEGs chains
that were connected to the hydrophobic block through a linker
to yield a V-shaped PEG. The hydrophobic block was based on
a dendron with four esterase-responsive lipophilic end groups
(Figure 1). The two types of structures have similar
hydrophilic-to-lipophilic ratios and molecular weights (see

Table 1). In aqueous solutions, the amphiphilic hybrids can
spontaneously self-assemble into nanosized micelles with a
dendron-based core and shell made of PEG chains. Upon
exposure to the activating enzyme, porcine liver esterase
(PLE), the hydrophobic end groups should be cleaved, making
the obtained hybrids more hydrophilic. This increase in the
hydrophilicity should cause the disassembly of the micelles and
release of their payload.

■ EXPERIMENTAL SECTION
Instrumentation. HPLC: All measurements were recorded on a

Waters Alliance e2695 separations module equipped with a Waters
2998 photodiode array detector. All solvents were purchased from
Bio-Lab Chemicals and were used as received. All solvents are HPLC
grade. 1H and 13C NMR: spectra were recorded on Bruker Avance I
and Avance III 400 or 100 MHz spectrometers, as indicated.
Chemical shifts are reported in ppm and referenced to the solvent.
The molecular weights of the PEG−dendron hybrids were
determined by comparison of the areas of the peaks corresponding
to the PEG block (3.63 ppm) and the protons peaks of the dendrons.
GPC: All measurements were recorded on a Viscotek GPCmax by
Malvern using a refractive index detector, and PEG standards
(purchased from Sigma-Aldrich) were used for calibration.
Fluorescence spectra: Measurements were recorded on an Agilent
Technologies Cary Eclipse Fluorescence Spectrometer using quartz
cuvettes and for the CMC measurements, measurements were
recorded on a TECAN Infinite M200Pro device. MALDI-TOF MS:
Analysis was conducted on a Bruker AutoFlex MALDI-TOF MS
(Germany). The α-cyano-4-hydroxycinnamic acid matrix was used.
High resolution MS: Analysis was conducted on Autospec HRMS
(EI) Micromass (U.K.) or Synapt High Definition MS (ESI), Waters
Inc. (U.S.A.). DLS: All measurements were recorded on a Cordouan
technology VASCOγ−particle size analyzer. TEM: Images were taken
by a Philips Tecnai F20 TEM at 200 kV. SAXS: Data was collected at
beamline B21 in the “Diamond Light Source” (Diamond,
Oxfordshire). Using an Eiger detector at a sample to detector
distance of 3.7 m and a wavelength of 1.0 Å, with a range of
momentum transfer (q) between 0.026 and 3.4 nm−1. Microwave:
Reactions were performed using Biotage Initiator.

Materials. Poly(ethylene glycol) methyl ether (5 kDa and 10
kDa), 2-mercaptoethanol (98%), cystamine dihydrochloride (96%),
hexanoic acid (99.5%), 2,2-dimethoxy-2- phenylacetophenone
(DMPA, 99%), 4-(dimethyl amino)pyridine (DMAP, 99%), prop-
argylamine (98%), sodium ascorbate (98%), porcine liver esterase
(PLE), and Sephadex LH20 were purchased from Sigma-Aldrich.
Propargyl bromide (80% in toluene), allyl bromide (99%),
chlorotriphenylmethane (Trt-Cl, 98%), para-nitrophenol (99%),
triethylsilane (98%), N,N′- dicyclohexylcarbodiimide (DCC, 99%),
and anhydrous K2CO3 (99%) were purchased from Alfa Aesar. 3,5-
Dihydroxy benzoic acid was purchased from Apollo scientific.
Potassium hydroxide, cupric sulfate pentahydrate (CuSO4·5H2O,
98%), sodium azide (99%), and N,N-diisopropylethylamine (DIPEA,
99%) were purchased from Merck. Silica gel 60 Å, 0.040−0.063 mm,
NaOH, and all solvents were purchased from Bio-Lab and were used
as received. Deuterated solvents for NMR were purchased from
Cambridge Isotope Laboratories (CIL), Inc.

Synthesis of Polymers. Compound 3. A total of 250 mg of
compound 128 (1.1 mmol) was dissolved in DMF (0.5 mL).
Compound 232 (1.53 g, 8.7 mmol) and DMPA (28 mg, 0.11 mmol)
were added to the solution. The solution was purged with nitrogen for
15 min and then placed under UV light at 365 nm for 2 h. The crude
mixture was loaded on a silica column using a gradient of DCM
(100%) to MeOH/DCM (5:95 v/v). The fractions containing the
compound were combined and evaporated to obtain 1.0 g of oily
product (quantitative yield). 1H NMR (400 MHz, CDCl3): δ
7.26−7.25 (m, 2H, Ar-H), 6.74 (t, J = 2.3 Hz, 1H, Ar-H), 4.36−4.11
(m, 12H, Ar−O−CH2- + S-CH2-CH2-O-), 3.23 (q, J = 5.9 Hz, 2H,-
CH-S-), 3.06−2.88 (m, 8H, -CH2-S-), 2.81 (t, J = 6.9 Hz, 4H, -CH2-S-
), 2.31 (t, J = 7.6 Hz, 8H, -O-CO-CH2-(CH2)3-CH3), 1.62 (qui, J =

Figure 1. Schematic illustration of enzyme-responsive hybrids with
linear and V-shaped hydrophilic block and hydrophobic dendron and
their self-assembly into micelles. Upon enzymatic degradation of the
lipophilic end groups of the dendron, the polymeric hybrids should
become more hydrophilic, leading to disassembly of the micelles.
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7.32 Hz, 8H, -O-CO-CH2-CH2-(CH2)2-CH3), 1.36−1.25 (m, 16H,
-O-CO-CH2-CH2-(CH2)2-CH3), 0.89 (t, Z = 6.9 Hz, 12H, -O-CO-
(CH2)5-CH3). HRMS (EI, negative mode): calcd mass C45H74O12S4
[M − H]−: 933.3985; found: 933.3977.
Compound 4. A total of 140 mg of compound 3 (0.15 mmol) was

dissolved in 1 mL of DCM. A total of 19.2 mg (0.17 mmol) of NHS
was separately dissolved in a minimal amount of DCM and was
combined with the former solution. Then the solution was cooled to 0
°C in an ice bath, and 34 mg (0.17 mmol) of DCC, which was
dissolved in 0.3 mL of DCM, was added. The reaction was stirred for
1 h in room temperature. After confirming full conversion by HPLC
the urea byproduct was filtered using cotton topped with little amount
of Celite. Next, 19 μL of propargylamine (0.3 mmol, 2 equiv) was
added to solution and was stirred overnight in room temperature. The
crude mixture was loaded on silica column using gradient of ethyl
acetate/hexane (30:70 v/v) to (40:60 v/v). The fractions contained
the compound were combined and evaporated to dryness to obtain
108 mg of colorless thick oil (74% yield). 1H NMR (400 MHz,
CDCl3): δ 7.03 (d, J = 2.2 Hz, 2H, Ar-H), 6.92 (t, J = 5.2 Hz, 1H,
amide), 6.62 (t, J = 2.2 Hz, 1H, Ar-H), 4.29−4.17 (m, 14H, Ar-O-
CH2- + S-CH2-CH2-O- + HCC-CH2-), 3.21 (qui, J = 6.1 Hz, 2H,
-CH-S-), 3.13−2.78 (m, 12H, -CH2-S-), 2.33−2.29 (m, 8H, -O-CO-
CH2-(CH2)3-CH3), 2.25 (t, J = 2.5 Hz, 1H, HCC-CH2-), 1.66−
1.60 (m, 8H, -O-CO-CH2-CH2-(CH2)2-CH3), 1.40−1.24 (m, 16H,
-O-CO-CH2-CH2-(CH2)2-CH3), 0.89 (t, J = 6.9 Hz, 12H, -O-CO-
(CH2)5-CH3).

13C NMR (101 MHz, CDCl3): δ 173.81, 166.66,
159.63, 136.22, 106.47, 104.85, 69.84, 63.57, 63.21, 45.63, 34.94,
34.31, 31.66, 31.39, 30.52, 29.82, 24.71, 22.41, 14.02, 0.11. HRMS
(EI, positive mode): calcd mass of C48H78NO11S4 [MH]+: 972.4452;
found: 972.4455.
mPEG10kDa-dend-(Hex)4. A total of 100 mg of MeO-PEG10kDa-N3

(10 μmol) was dissolved with 300 μL of DMF (using mild heating). A
total of 38 mg of compound 4 (39 μmol) were separately dissolved
with minimal amount of DMF and combined with the former
solution. A total of 2.5 mg of CuSO4·5H2O(10 μmol) and 4.0 mg of
sodium ascorbate (20 μmol) were added to the solution. The solution
was purged with nitrogen for 15 min, and the reaction was performed
using the microwave at 80 °C for 1.5 h. The salts were filtered
through PTFE syringe filter. The filtered solution was further purified
by a LH20 column using methanol as solvent. The fractions that
contained the product were unified. MeOH was evaporated with an
evaporator and dried under high vacuum, obtaining a white solid (105
mg, quantitative yield). 1H NMR (400 MHz, CDCl3): δ 7.75 (s, 1H,
H-triazole), 7.38 (t, J = 5.1 Hz, 1H, amide), 6.97 (d, J = 2.1 Hz, 2H,
Ar-H), 6.54 (t, J = 2.0 Hz, 1H, Ar-H), 4.63 (d, J = 5.4 Hz, 2H, mPEG-
O-CH2-CH2-N-triazole), 4.46 (t, J = 5.1 Hz, 2H, mPEG-O-CH2-CH2-
N-triazole), 4.34−4.02 (m, 12H, Ar-O-CH2- + S-CH2-CH2-O-),
3.82−3.38 (m, 980H, PEG backbone), 3.32 (s, 3H, CH3-O-PEG-),
3.15 (qui, J = 6.1 Hz, 2H, -CH-S-), 3.02−2.69 (m, 12H, -CH2-S-),
2.23−2.24 (m, 8H, -O-CO-CH2-(CH2)3-CH3), 1.55 (qui, J = 7.2 Hz,
8H, -O-CO−CH2-CH2(CH2)2-CH3), 1.38−1.14 (m, 16H, O-CO-
CH2-CH2(CH2)2-CH3), 0.82 (t, J = 6.9 Hz, 12H, O-CO-CH2-
CH2(CH2)2-CH3).

13C NMR (101 MHz, CDCl3): δ 199.97, 199.22,
188.01, 159.67, 159.34, 123.60, 106.37, 100.50, 77.15, 70.71, 63.54,
63.23, 50.41, 45.69, 35.04, 34.31, 31.41, 30.56, 24.73, 22.43, 14.04.
GPC (DMF + 25 mM NH4Ac): Expected Mn = 11.0 kDa; exptl Mn =
10.7 kDa; DM = 1.05. MALDI-TOF MS: molecular ion centered at
10.9 kDa.

Compound 6. A total of 239 mg of compound 3 (0.26 mmol), 39
mg of p-nitrophenol (0.28 mmol) and 3 mg of DMAP (25 μmol)
were dissolved in 2 mL of THF. Then the solution was cooled to 0 °C
with ice bath and 58 mg of DCC (0.28 mmol), which was dissolved in
2 mL of DCM, was added. The reaction was stirred for 1 h in room
temperature. After confirming full conversion by HPLC, the urea
byproduct was filtered using cotton topped with little amount of
Celite. Solvents were evaporated. The solid was redissolved in 600 μL
of DMF, 236 mg of compound 534 (1.3 mmol) were dissolved in 1
mL of DMF and was added to the former solution. Then 353 μL of
DIPEA (2 mmol) were added, and the reaction was stirred at 40 °C
for 24 h. The solvents were evaporated using evaporator and high
vacuum. Crud was redissolved in DCM and was loaded on a silica
column. The product was purified using a gradient of ethyl acetate/
hexane (starting from 20:80 and raised gently until 40:60). The
fractions that contained the product were unified. Solvents were
evaporated with evaporator, and dried under high vacuum obtaining
244 mg of yellowish oily product (86% yield). 1H NMR (400 MHz,
CDCl3): δ 6.57 (d, J = 2.1 Hz, 2H, Ar-H), 6.47 (d, J = 2.0 Hz, 1H, Ar-
H), 4.32−4.04 (m, 16H, Ar-O-CH2- + S-CH2-CH2-O-, HCC-CH2-
O-CH2-CH2-N-), 3.75 (d, broad, 4H, HCC−CH2-O-CH2-CH2-N-
), 3.56 (s, broad, 4H, HCC-CH2-O-CH2-CH2-N-), 3.24−3.13 (m,
2H, -CH-S-), 3.05−2.82 (m, 8H, -CH2-S-), 2.76 (t, J = 6.7 Hz, 4H,
-CH2-S-), 2.46 (s, 2H, HCC-), 2.27 (t, J = 7.5 Hz, 8H, -O-CO-
CH2-(CH2)3-CH3), 1.69−1.48 (m, 8H, -O-CO-CH2-CH2(CH2)2-
CH3), 1.34−1.18 (m, 16H, O-CO-CH2-CH2(CH2)2-CH3), 0.85 (t, J
= 6.9 Hz, 12H, O-CO-CH2-CH2(CH2)2-CH3).

13C NMR (101 MHz,
CDCl3): δ 173.69, 159.60, 138.79, 106.16, 102.92, 99.52, 69.93,
63.49, 63.22, 58.49, 45.72, 35.12, 34.31, 31.43, 30.57, 24.73, 22.44,
14.04. HRMS (EI, positive mode): calcd mass for C55H87NO13S4Na
[MNa]+: 1120.4952; found: 1120.4954.

(mPEG5kDa)2-dend-(Hex)4. A total of 163 mg mPEG5kDa-N3 (32
μmol) were dissolved in 1 mL of DMF (using mild hitting), and then
15.5 mg of compound 6 (14 μmol), which was dissolved in a minimal
amount of DMF, was added to the flask. A total of 3.5 mg of CuSO4·
5H2O (14 μmol) and 5.6 mg of sodium ascorbate (28 μmol) were
added to the solution. The solution was purged with nitrogen for 15
min and the reaction was performed using microwave at 80 °C for 1.5
h. The salts were filtered through PTFE syringe filter. The filtered
solution was first purified by LH20 column using methanol as solvent.
The fractions that contained the product were unified. MeOH was
evaporated with evaporator. In order to isolate the product from the
access of mPEG5 kDa-N3, prep-HPLC with wide-pore C18 column
was used. The product was eluted in 50% ACN. After the prep, ACN
was evaporated, and the residue was extracted with 3 × 50 mL of
DCM and then washed 3 × 50 mL of brine. The organic phase was
dried using Na2SO4 and evaporated to obtain white solid product
(137 mg, 87% yield). 1H NMR (400 MHz, CDCl3): δ 7.73 (s, 2H, H-
triazole), 6.58−6.44 (m, 3H, Ar-H), 4.68−4.45 (m, 8H, -N-CH2-CH2-
O, triazole-CH2-NH-CO), 4.38−4.02 (m, 12H, Ar-O-CH2- + S-CH2-
CH2-O-), 3.85−3.45 (m, 1188H, PEG-backbone), 3.36 (s, 6H, CH3-
O-PEG), 3.19 (qui, J = 6.0 Hz, 2H, -CH-S-), 3.03−2.82 (m, 8H,
-CH2-S-), 2.79 (t, J = 6.8 Hz, 4H, -CH2-S-), 2.29 (t, J = 7.5 Hz, 8H,
-O-CO-CH2-(CH2)3-CH3), 1.60 (qui, J = 7.4 Hz, 8H, -O-CO-CH2-
CH2(CH2)2-CH3), 1.38−1.13 (m, 16H, O-CO-CH2-CH2(CH2)2-
CH3), 0.87 (t, J = 6.8 Hz, 12H, O-CO-CH2-CH2(CH2)2-CH3).

13C
NMR (101 MHz, CDCl3): δ 190.38, 184.27, 173.67, 159.62, 144.64,
138.78, 124.00, 106.01, 77.49, 77.18, 76.86, 70.69, 63.23, 59.14, 45.71,
35.06, 34.28, 31.78, 31.41, 30.55, 29.81, 24.71, 22.43, 14.04. GPC

Table 1. Molecular Properties of the Linear (PEG10kDa-dend-(Hex)4) and V-Shaped ((PEG5kDa)2-dend-(Hex)4) Hybrids and
Their Micellar Assemblies

hybrid calcd Mn
a (kDa) Mn (GPC)

b (kDa) Mn (MS)c (kDa) DMb Rh
d (nm) Rg

e (nm) ANe CMCf (μM)

linear: PEG10kDa-dend-(Hex)4 11.0 10.7 10.9 1.05 9.0 ± 1.0 9.0 ± 0.1 21 ± 1 13 ± 1
V-shaped: (PEG5kDa)2-dend-(Hex)4 11.2 10.6 11.3 1.03 5.5 ± 1.0 5.7 ± 0.1 6 ± 1 12 ± 2

aBased on the molecular weight of the dendron and one 10 kDa or two 5 kDa PEG chains. bMeasured by GPC. cMeasured by MALDI-TOF.
dMeasured by DLS. eAggregation number and Rg estimated from SAXS analysis. fCritical micelle concentrations measured by Nile Red
fluorescence (see spectra in the SI).
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(DMF + 25 mM NH4Ac): Expected Mn = 11.2 kDa; exptl Mn = 10.6
kDa; DM = 1.03. MALDI-TOF MS: molecular ion centered at 11.3
kDa.

■ RESULTS AND DISCUSSION

The synthesis of the hybrids was carried out utilizing two high-
yielding click reactions: thiol−yne coupling35−37 was used for
constructing the dendron and copper-catalyzed azide−alkyne
cycloaddition38,39 was used to conjugate the dendron to the
PEG chains. The synthesis (Scheme 1) started with the
preparation of the dendron moiety by coupling bis-
propargyloxy benzoic acid 140 to a thiol containing degradable
esters 2 to yield a dendron with four hydrophobic end groups,
3. Next, dendron 3 was first activated as NHS-ester, which was
then coupled to propargyl amine to yield dendron 4. The
linear hybrid, PEG10kDa-dend-(Hex)4, was prepared by the
cycloaddition of dendron 4 and preprepared PEG10kDa-azide
using copper-catalyzed azide−alkyne click reaction. In order to
prepare the V-shaped hybrid, dendron 3 was activated as para-
nitrophenol ester40 and then coupled with secondary amine of
the dipropargyl derivative 5, yielding dendron 6. The two
propargyl moieties were then used in order to conjugate two
PEG5kDa-azide chains, yielding the hybrid with V-shaped PEG,
(PEG5kDa)2-dend-(Hex)4. The amphiphilic hybrids were
characterized using 1H and 13C NMR, MALDI, GPC, and
HPLC, and the experimental values were in good agreement
with the theoretical ones (see the Experimental Section and

SI). Interestingly, The GPC and MALDI-TOF mass spectros-
copy data showed that these hybrids have nearly the same
molecular weights (Figure S7), and the HPLC retention times
of the two amphiphilic hybrids further indicated their similar
polarities (Figure 3a,b).
Self-assembly of the polymers was performed by simply

dissolving the hybrids in phosphate-buffered saline (PBS), pH
7.4, followed by short ultrasonication. First, the sizes of the
formed aggregates were characterized using dynamic light
scattering (DLS), small-angle X-ray scattering (SAXS), and
transmission electron microscopy (TEM). The diameters of
hydration (Dh) of the formed assemblies, which were measured
by DLS, were 18 ± 1 and 11 ± 1 nm, for the linear and V-
shaped hybrids, respectively. These sizes fit the expected range
of micellar assemblies and the TEM images (Figure S17)
further confirmed the presence of assemblies with globular
shapes and similar sizes as observed by DLS. It is very
interesting to notice that, although these hybrids have similar
molecular weights and hydrophilic to hydrophobic ratios, the
sizes of the formed micelles were notably different. This can be
attributed to the shorter length of each of the two PEG chains
in V-shaped architecture in comparison with the longer chain
in the linear hybrids. The shorter length and V-shaped
architecture can be expected to limit the abilities of the V-
shaped PEG chains to stretch, resulting in packing of fewer
monomers in each micelle for this hybrid and, hence, the
formation of micelles with a smaller diameter. To confirm the

Scheme 1. Synthesis of the Amphiphilic Hybrids with Linear and V-Shaped PEG as a Hydrophilic Block and a Lipophilic
Dendron with Four Enzymatically Cleavable End Groups
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difference in the diameters and to estimate the aggregation
numbers of the hybrids, which could explain the different sizes,
we used the SAXS technique.41,42 We observed for both types
of micelles a ratio of around 1 between the radii of gyration
(Rg) from SAXS analyses and Rh from DLS, which is higher
than a ratio of 0.775 that is expected for the typical shape
factor of a sphere. This may indicate some degree of ellipsoidal
nature of the self-assembled micellar structures that deviate
from pure spheres.43 More importantly, the results showed a
similar trend for the two types of micelles as in the DLS data
and confirmed the significantly smaller micelles for the V-
shaped hybrid (Table 1). The SAXS results also showed that
changing the architecture of the hydrophilic PEG chains from
linear to V-shaped led to a drastic decrease in the aggregation
numbers. The increased size of the micelles based on hybrids
with a linear chain had more monomers per micelle (21 ± 1)
compared to the micelles based on a V-shaped hybrid (6 ± 1).
The change in aggregation number can be attributed to the
different shape and relative volume that is captured by the two
PEG architectures. It is important to note that the SAXS gives
an estimate only for the weight of the polymers in the micelles,
while the water molecules that are also a significant part of the
self-assembled structures are transparent due to the subtraction
of the aqueous solution as background. To further validate the
results, we estimated the densities of the formed assemblies by
dividing the number of monomers per micelle to the volumes
of globular shape with the micellar measured radius, and we
were encouraged to see that the density of both micelles were
comparable (see SAXS data analysis in the SI). Critical micelle
concentrations (CMC) were evaluated using solvatochromic
dye Nile red.30 The CMC values were similar for both hybrids,
13 ± 1 and 12 ± 2 μM, for the linear and the V-shaped
hybrids, respectively. It is interesting to note that, whereas the
sizes and the aggregation number of the formed assemblies
were highly sensitive to the architecture of the hydrophilic
polymer, the CMC values are very similar. This can be
attributed to the nearly identical hydrophobic-to-hydrophilic
ratios, and the molecular weights of the hybrids and the fact
that the hydrophobic blocks are similar, as those are the factors
that strongly affect the CMC, which reflects the thermody-
namic stability of the micelles.44

Once the self-assembly of the two types of amphiphiles was
characterized, we were interested in evaluating their
encapsulation capacities for hydrophobic payloads. For the
encapsulation experiments, we chose two highly lipophilic
anticancer drugs, Camptothecin (CPT)45 and Paclitaxel
(PTX),46 as model hydrophobic cargos. The encapsulation
process was performed by dissolving each drug and the
polymer with dichloromethane, followed by evaporation of the
organic solvent under reduced pressure and further drying
under high vacuum to obtain a thin film layer. Next, PBS was
added and the solutions were sonicated in an ultrasonic bath
for 30 min (initial drug concentration 0.25 mg/mL).
Undissolved drugs were filtered off using a 0.45 μm Nylon
filter, and the clear solutions were analyzed by HPLC. The
analysis showed unequivocally that both types of micelles
improved the solubility of the two drugs and that CPT was
encapsulated more efficiently (60−70 μM) than PTX (4−18
μM) when using the same concentration of the two polymeric
amphiphiles. Interestingly, although we did not further
optimize the drug loading procedure, the comparison of the
ability of the two types of micelles to encapsulate the
hydrophobic drugs showed that micelles based on the linear

hybrid had significantly higher capacities for both drugs
(Figure 2). As the hydrophobic blocks are the same for the two

types of amphiphiles, these results indicate that the hydrophilic
block forming the shell of the micelles also contributes to the
encapsulation of hydrophobic drug molecules.47

After the characterization of the micelles and comparing
their encapsulation capacities, we wanted to investigate how
the molecular architecture of the hydrophilic block will
influence the enzymatic degradation and disassembly rates of
the micelles. The enzymatically induced disassembly and
degradation were studied using HPLC, DLS and fluorescence
spectroscopy. HPLC was used to monitor directly the rate of
hydrolysis of the amphiphilic hybrids (Figure 3a,b). Upon
exposure to PLE enzyme (2.7 nM), the area of the signal of the
parent hybrid decreased over time, while the peak for the fully
cleaved hybrid, which corresponds to the hybrid with four
hydroxyls at the dendrons’ termini, increased. The identi-
fication of the fully cleaved hybrids was confirmed by full
hydrolysis of both hybrids with sodium hydroxide. While
almost no partially degraded intermediates were detected
during the enzymatic activation of the linear hybrid (Figure
3a), for the V-shaped hybrid, partially cleaved intermediates
were detected at shorter retention times than the starting
hybrid (Figure 3b). Based on their relative polarities and
symmetry of the dendron, these intermediates are partially
cleaved hybrids with one, two, and three hexanoate end
groups. Interestingly, the consumption of the linear hybrid was
achieved after 12 h, and the fully hydrolyzed hybrid
accumulated with the same rate (Figure 3a,c). In contrast,
the parent V-shaped hybrid was consumed much faster (within
6 h), but due to the relatively slow degradation of the
intermediates, the fully hydrolyzed hybrid accumulated
relatively slow and even after 20 h less than 20% of it were
formed (Figure 3b,d). Both types of hybrids were found to be
highly stable in the absence of the enzyme as can be also seen
in the HPLC data (top chromatograms in Figure 3a,b), which
shows no apparent degradation of the hybrids after incubation
of the hybrids for 15 h in the buffer solution (pH 7.4).
Under the same conditions, we measured the fluorescence

intensity of encapsulated Nile red dye during the incubation of
the micelles with the hydrolytic enzyme. As Nile red is a

Figure 2. Encapsulation capacities of CPT and PTX (in μM) in
micelles based on linear (PEG10kDa-dend-(Hex)4) and V-shaped
((PEG5kDa)2-dend-(Hex)4) hybrids ([hybrid] = 90 μM).
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Figure 3. Overlay of HPLC chromatograms of enzymatic degradation of linear (a) and V-shaped (b) hybrids in response to the enzymatic
activation ([Hybrid] = 100 μM, [PLE] = 2.7 nM, T = 37 °C). HPLC chromatograms of the fully hydrolyzed hybrid by NaOH, and hybrid after 15
h in the absence of the enzyme as controls ([Hybrid] = 100 μM, [PLE] = 0, T = 37 °C) are also shown. Change in fluorescence intensity of Nile
red (black lines) compared to HPLC analysis of the enzymatic degradation of the linear (c) and V-shaped (d) hybrids (partially degraded
intermediates are shown).

Figure 4. DLS data for micellar solutions before and during incubation with the activating enzyme at different time points. ([PLE] = 2.7 nM;
[hybrid] = 100 μM, T = 37 °C).
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solvatochromic dye, the decrease of its emission intensities is
indicative of the disassembly of the micelles. At the beginning,
the emission intensities of Nile red were relatively high due to
the tendency of the dye to integrate into the hydrophobic
environment of the micellar core. As the enzymatic hydrolysis
proceeded, the micelles began to disassemble, and the resulting
release of the encapsulated dye to the more polar aqueous
media caused a decrease of the emissions intensities of Nile
red. The rates of hydrolysis of the hybrids, which were
measured by HPLC, were in good correlation with the
decrease of the emission intensity of Nile red. Interestingly, for
the micelles made of the linear hybrid, the decrease in the
fluorescence correlates perfectly to the rate hydrolysis of its
parent hybrid (Figure 3c), and for the micelles made of the V-
shaped hybrid, the slope of the fluorescence intensity correlates
to both the rate of hydrolysis of the V-shaped parent hybrid
and the formation and consumption of the mono-cleaved
intermediate 1 [(PEG5kDa)2-dend-(Hex)3(OH)1] that has
three hexanoate end groups and one hydroxyl end group
(Figure 3d). The stability of the micelles in the absence of the
enzyme was also monitored (Figures S19 and S20), and no
decrease in the fluorescence of Nile red was observed for both
types of micelles over 15 h.
The fluorescence measurements for the V-shaped hybrid

were not conclusive for determining the presence or absence of
micelles due to the formation of partially cleaved intermediates
that could affect the fluorescence due to their remained
hydrophobicity. Hence, we wanted to check whether the
intermediates could contribute to the formation of micelles or
was the cleavage of a single end group, sufficient for inducing
the disassembly. We decided to use DLS to directly track the
presence of micelles at different time points along the
degradation experiments. Size measurements of solutions of
the V-shaped hybrids after 4 h indicated the disappearance of
the peak that correlated with the larger micellar assemblies and
the formation of a new peak that correlates with the smaller
sizes of the enzyme and partially cleaved molecules that, due to
their higher degree of hydrophilicity, can be expected to be in a
nonassembled form (Figure 4). The DLS results supplemented
the fluorescence and HPLC analysis, confirming that the V-
shaped micelles disassembly occurred upon partial cleavage.

Once the parent hybrid (PEG5kDa)2-dend-Hex4 and
(PEG5kDa)2-dend-(Hex)3(OH)1, which is the most hydro-
phobic intermediate, have been consumed, no more micelles
were present in the studied solutions.
The HPLC, fluorescence, and DLS measurements all

showed that micelles made of the linear hybrid disassembled
slower than the V-shaped-based ones (Figure 4). Yet, despite
the faster disassembly and greater micellar responsiveness of
the V-shaped-based micelles, the full degradation of this hybrid
was much slower than the linear hybrid. To better understand
the observed kinetic trends, we wanted to directly estimate the
effect of the architecture of the hydrophilic PEG block on the
enzymatic degradability of the amphiphiles. To do so, we
wanted to eliminate the presence of micelles and the effect of
self-assembly on the enzymatic reaction, which limit the direct
access of the enzyme to the hydrophobic end groups that are
hidden inside the hydrophobic core and get available only by
the unimer-micelle equilibrium.22,48 Toward this goal, we
prepared zero-generation (G0) analogs of the V-shaped and
the linear hybrids (Scheme 2), which were designed to have
high CMC values so they can be studied at the unimer state
without the effect of self-assembly into micelles. The two
amphiphiles were synthesized starting from 4-allyloxy-benzoic
acid and following thiol−ene and azide−alkyne pathways
(Scheme 2). As these G0 hybrids contained only one cleavable
lipophilic end group, resulting in a lower degree of hydro-
phobicity, they indeed had much higher CMC values (40 and
56 μM for linear-G0 and V-shaped-G0, respectively) in
comparison with the parent hybrids. To evaluate the enzymatic
degradation of the two G0 hybrids at the unimer state, the
enzymatic degradation was studied by HPLC at a hybrid
concentration of 15 μM, which is below their CMC values.
Interestingly, the obtained data clearly showed that the rate

of hydrolysis of the linear G0 hybrid was significantly faster
than the V-shaped G0 hybrid, and while the former was fully
degraded after 40 h, only 20% of the V-shaped G0 hybrid was
cleaved under the same conditions (Figure 5). Based on this
result, we can claim that the linear G0 hybrid is a much better
substrate for the activating enzyme in comparison with the V-
shaped G0 amphiphile. Since the cleavage site is similar for
both G0 hybrids, we can argue that the difference in the

Scheme 2. Synthesis of the Amphiphilic Hybrids with Linear and V-Shaped PEG as a Hydrophilic Block and a Lipophilic G0-
Dendron with One Enzyme-Responsive End Group
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cleavage rate is the sole result of the greater steric hindrance
that is caused by the V-shaped hydrophilic polymer, which
disturbs the enzyme from approaching the cleavable substrate
(Figure 6).

After demonstrating that, for the G0 hybrids, the V-shape
PEG serves most-likely as a steric hindrance, the question why
the micelles made of the V-shaped-G2 hybrids disassembled
faster, still needed to be answered. After eliminating the
enzyme−substrate preference parameter, we hypothesize that
the difference in the rates of degradation is caused by the
substrate accessibility toward the enzyme. It was showed
previously by our group22,24,49 and others48 that as the
lipophilic substrates are hidden inside the hydrophobic core of
the aggregate, the enzyme gains accesses to the substrate in the
non-assembled monomeric form, which is in equilibrium with
the self-assembled micellar state. Thus, the faster cleavage of
the parent V-shaped amphiphiles indicate that the rate of the

V-shaped hybrid getting out from its micelle is higher than the
rate for the linear hybrids, leading to partial degradation and
faster disassembly. Nevertheless, after the micelles disas-
sembled, the V-shaped PEG reverses its role, and instead of
enhancing the degradation, it slows it down as it becomes a
steric hindrance that limits the accessibility of the enzyme to
the residual lipophilic esters of the partially cleaved V-shaped
intermediates. Interestingly, hybrids based on the linear PEG
showed almost no partially cleaved intermediates, indicating
that the rate limiting step of its degradation and disassembly is
the escape from the micelles and once encountered outside of
the micelles by the enzyme, it can get fully cleaved. Higher
stability of the V-shaped architecture toward complete
enzymatic degradation was also reported recently by Iatrou
and co-workers,50 which reported triblocks containing linear or
V-shaped poly(ethylene oxide) (PEO) as the terminal block,
poly(L-histidine-co-γ-benzyl-L-glutamate) as the hydrophobic
block, and poly(L-lysine hydrochloride) as the second terminal
hydrophilic block. The reported V-shape containing PEG
triblocks self-assembled into vesicles and micelles that showed
higher stability toward enzymatic degradation in comparison
with the linear PEG containing analogues. It is interesting to
note that in both this triblock and our PEG-dendron based
systems, the V-shape architecture provide steric masking of the
degradable groups from the enzymes. However, while in the
triblock system, only this effect was observed; in our case, we
could also observe the reverse effect of enhancing the
enzymatically induced disassembly for the V-shape architec-
ture. As explained above, we contributed this to the ability of
the V-shape PEG to better stabilize the unimer state and lead
to faster exchange between the micellar and monomeric states.
This kinetic effect leads to the faster disassembly of the
micelles in comparison with the linear PEG-based micelles.
In addition to the potential of polymeric micelles to serve as

nanocarriers for encapsulation of the hydrophobic payload, the
polymeric amphiphiles can also be potentially utilized for
direct chemical conjugation of hydrophobic drugs as the
dendron’s end groups.51−53 When using the covalent approach,
the mechanism of release occurs through cleavage of the
covalent bonds between the carrier and the drug molecules.
Using the reported linear and V-shaped amphiphiles as models
and taking advantage of the detailed information on the
intermediates that are formed through the enzymatic
degradation, we could also look at the amount of aliphatic
hexanoate end groups that are cleaved as a function of time.
Initially, during the first hour and a half (Figure 6a), the degree
of hydrolysis of the hexanoate hydrophobic end groups from
the V-shaped hybrids (25%), which were released as hexanoic
acid, was faster than from the linear ones (17%). Then, after 3
h, the amount of cleaved hexanoate end groups was equal for
both types of hybrids, followed by accelerated release for the
linear hybrid. Within 11 h, almost all the hexanoate
hydrophobic end groups were cleaved from the linear hybrid
while only 67% from the V-shaped were cleaved. The V-shaped
hybrids continued to be degraded slowly, and the release of
more than 90% of the hexanoate end groups as hexanoic acid
was observed only after 114 h (Figure 6b). These results for
hexanoate end groups as the model for drugs that can be
covalently attached as end groups, demonstrate the potential
utilization of the V-shape molecular architecture of the
hydrophilic block as a tool to slow down the enzymatic
release rates of covalently attached drug molecules from
polymeric carriers.54,55

Figure 5. HPLC data for enzymatic degradation rate of the G0 linear
hybrid (purple line) and V-shaped G0 hybrid (gray line) in the
presence of PLE ([Hybrid] = 15 μM, [PLE] = 54.6 pM, T = 37 °C).

Figure 6. HPLC data for the enzymatic release of the hexanoate end
groups from the hybrids (a) in the first 9 h and (b) after 114 h: Linear
PEG10kDa-dend-(Hex) (blue), and V-shaped hybrid (PEG5kDa)2-dend-
(Hex)4 (red) ([Hybrid] = 100 μM, [PLE] = 2.7 nM, T = 37 °C).
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■ CONCLUSIONS
To summarize, we prepared two types of PEG-dendron
hybrids with two different PEG architectures: linear and V-
shaped. Taking advantage of the high molecular precision that
emerges from using a dendron as the hydrophobic block, we
could carry out a detailed study of the self-assembly of the two
types of amphiphiles and their enzymatic degradation.
Interestingly, in the presence of the activating enzyme, the
V-shape-based micelles disassembled faster, although the
complete enzymatic degradation of the amphiphiles was
significantly slower in comparison with the linear PEG−
dendron hybrids. Using zero-generation dendritic amphiphiles
with only one end group and a low degree of amphiphilicity,
we could study their enzymatic degradation below the CMC in
order to confirm the steric effect of the V-shaped PEG chain.
The reported results reveal the unique and reverse roles that
the steric hindrance of the V-shaped hydrophilic block can play
on self-assembly, enzymatically induced disassembly, and
degradation rates. These results further demonstrate the ability
to use molecular architecture as a tool for tuning the enzymatic
degradation and disassembly of polymeric assemblies in
addition to the adjustments of degree of amphiphilicity and
molecular weights of polymeric amphiphiles.
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Responsive Supramolecular Assemblies of Linear-Dendritic Copoly-
mers. J. Am. Chem. Soc. 2004, 126 (38), 11936−11943.
(31) Feiner-Gracia, N.; Buzhor, M.; Fuentes, E.; Pujals, S.; Amir, R.
J.; Albertazzi, L. Micellar Stability in Biological Media Dictates
Internalization in Living Cells. J. Am. Chem. Soc. 2017, 139 (46),
16677−16687.
(32) Slor, G.; Papo, N.; Hananel, U.; Amir, R. J. Tuning the
Molecular Weight of Polymeric Amphiphiles as a Tool to Access
Micelles with a Wide Range of Enzymatic Degradation Rates. Chem.
Commun. 2018, 54 (50), 6875−6878.
(33) Molla, M. R.; Rangadurai, P.; Pavan, G. M.; Thayumanavan, S.
Experimental and Theoretical Investigations in Stimuli Responsive
Dendrimer-Based Assemblies. Nanoscale 2015, 7 (9), 3817−3837.
(34) Collins, C. G.; Baumes, J. M.; Smith, B. D. Thermally-Activated
Chemiluminescent Squaraine Rotaxane Endoperoxide with Green
Emission. Chem. Commun. 2011, 47 (45), 12352−12354.
(35) Hoogenboom, R. Thiol-Yne Chemistry: A Powerful Tool for
Creating Highly Functional Materials. Angew. Chem., Int. Ed. 2010, 49,
3415−3417.
(36) Lowe, A. B. Thiol-Yne ‘Click’/Coupling Chemistry and Recent
Applications in Polymer and Materials Synthesis and Modification.
Polymer 2014, 55 (22), 5517−5549.
(37) Albertazzi, L.; Mickler, F. M. F. M.; Pavan, G. M. G. M.;
Salomone, F.; Bardi, G.; Panniello, M.; Amir, E.; Kang, T.; Killops, K.
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