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a b s t r a c t

Star polymers with a crosslinked nanogel core constitute an unusual class of polymers with many arms
emanating from the functionalized core. Although the core is usually hydrophobic, the arms can be
hydrophobic, hydrophilic or amphiphilic. We describe the synthesis of biodegradable nanogel core stars
which are largely water soluble and use encapsulated pyrene fluorescence to probe the environment
both in aqueous solution and in solid thin films. In spite of the expected hydrophobic nature of the inner
portions, the encapsulated pyrene environment seems quite polar. Although the molecular environment
based on the pyrene fluorescent probe of the inner aliphatic polyester regions is more polar than ex-
pected for an aliphatic polyester, the molecular environment of the encapsulated probe in aqueous so-
lution is influenced by the proximity of water even though simulations suggest that water excursions
into the inner regions of the hydrophobic core area are rare and transient. NMR studies in water show the
disappearance of the arm polyester signals. This and the pyrene environmental probe studies are
consistent with collapse of the inner polyester regions and localization of the probe at or near the hy-
drophobic/hydrophilic interface as suggested in the simulations. This study has implications for the
encapsulation of strongly hydrophobic cargos barring some loosening of the collapsed core by sterically-
demanding substituents, increased hydrophobicity and/or some optimized specific interactions of the
cargo with the core.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Many therapeutic drugs and food supplements are quite hy-
drophobic and require a delivery vehicle for application in aqueous
solution. Increasingly, these agents are nanostructured and often
include nanoparticle-like entities such as lipid-based systems [1],

dynamic micelles, covalently crosslinked or non-covalently stabi-
lized micelles [2], polar and nonpolar polymeric nanoparticles
[1a,d,3] which can be either biodegradable or not, inorganic
nanoparticles including ceramic, semiconductor, metallic nano-
particles both magnetic and non-magnetic [4], etc. We and others
have been studying a class of materials, which we describe as
nanogel core star polymers [5] that have a small crosslinked core
from which arms and other functionality protrude. Some of these
materials are amphiphilic, unimolecular micelles with a small hy-
drophobic internal core which is crosslinked, often an additional
hydrophobic section provided by the arms as well and an outer
corona which is polar to interact with the aqueous environment
and stabilize the particle in water. The result is a unimolecular
micelle that is not in traditional dynamic equilibrium with its
components, has no critical micelle concentration and is hence
stable to extreme dilution. These structures can be biostable,
biodegradable or biocompatible depending on the components of
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the core and arms. We have previously reported the synthesis and
encapsulation capabilities of polystyrene-based nanogel core based
amphiphiles [5a] and we and others have reported the synthesis of
biodegradable aliphatic polyester structures [5b,h,i] with this ar-
chitecture. The polylactone biodegradable nanogel core stars re-
ported previously by ring opening polymerization were not water
soluble and hence limited in their potential biomedical applica-
tions. Here we report the synthesis and characterization of water
soluble, biodegradable nanogel core polylactone stars by organic-
catalyzed ring opening polymerization and probe the nature of
the interior hydrophobic cargo space using environmental spec-
troscopic probes. Earlier computational studies on smaller related
unimolecular, amphiphilic model particles [6] suggested that in
aqueous solution the inner hydrophobic portions of the arms
collapsed into a dense extended core that could be described as
either crystalline or glassy depending on the substituents with little
water penetration and very short water residence time for water
molecules that do visit [6b]. The extent of densification depends on
among, other things, the nature of the hydrophobic arms (i.e.
densification decreases in going from poly(ethylene), to poly(lac-
tide) to poly(valerolactone). Shape analysis suggested an extended
hydrophobic core which is almost fractal-like with many nooks and
crannies so that water can get relatively close to the core section
without actually penetrating and a sharp boundary between the
hydrophobic and hydrophilic portions of the particle (i.e. phase
separation). On the basis of these simulations, it was suggested that
a hydrophobic cargo without a strong affinity for the extended core
[2a,6b,7] might have trouble penetrating the dense, glassy core
region and could reside on the surface at the hydro-
philicehydrophobic interface. Such a situation could have strong
consequences for both drug loading levels and delivery which is
facilitated by aqueous contact and/or the hydrolytic/enzymatic
degradation of the polyester arms/core. Here we show the collapse
of the hydrophobic portions in water by NMR and use the encap-
sulated hydrophobic environmental spectroscopic probe pyrene to
probe the molecular interior. The results of the latter suggest cargo
location at or near the hydrophobicehydrophilic interface, consis-
tent with computational predictions. The two polymer structures
studied both had cross-linked caprolactone-like nanogel inner
cores. In the case of structure 1, the arms were composed of
poly(ethylene glycol) (PEG) only while in structure 2 the arms were
composed of a linear block copolymer comprised of PEG and pol-
y(valerolactone) (PVL) blocks. Both the collapsed, densified struc-
ture and the cargo confinement near the phase separated interface
could have consequences for cargo loading.

2. Experimental

1H NMR spectra were recorded on a Bruker Avance 2000 spec-
trometer operating at 400 MHz (proton) and were referenced to
internal solvent (CDCl3, 1H ¼ 7.26 ppm). All NMR spectra were

recorded at room temperature using standard Bruker library pulse
programs. All chemicals and solvents were purchased from Aldrich
Chemical Co (Milwaukee, WI), unless stated otherwise. Solvents
were ACS reagent grade and the 1,5,7-triazabicyclo [4.4.0] dec-5-
ene (TBD) was purim grade (>98%). Deuterated solvents were
purchased from Cambridge Isotopes (Andover MA) and used as
received. 4, 40 e Bicyclohexanone was supplied by TCI America
(>98%) and was used as received, a-methoxy-u-hydroxy termi-
nated poly(ethylene oxide) (PEO-OH) (Mn ~ 5 kDa, PDI ¼ 1.02) was
obtained from Fluka/SigmaeAldrich, purified by azeotropic distil-
lation using benzene and dried under vacuum prior to use, d-
valerolactone (VL, technical grade) was purified by vacuum distil-
lation from calcium hydride. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene
(TBD) was purified by sublimation before use. Bis-ε-caprolactone
(BOD) was prepared from 4, 40 e bicyclohexanone according to
earlier published procedure (vide infra) [5h]. Anhydrous toluene,
benzoic acid and diethyl ether were used as received.

Analytical gel permeation chromatography (GPC) was per-
formed in THF using Waters high resolution columns HR1, HR2,
HR4E and HR5E (flow rates 1 mL/min) and peaks detected using
either a Waters 996 diode array or a Waters 411 differential
refractometer and calibrated polystyrene standards to determine
molecular weights and polydispersities. Dynamic Light Scattering
(DLS) measurements yielded values for Mw, Mw/Mn and hydro-
dynamic radii (RH) using the described GPC column set with a
Wyatt DAWN EOS multi-angle light scattering detector. Differential
Scanning Calorimetry (DSC) was performed with a TA Instruments
Q1000 calorimeter heating at 5" C/minute. UVevis spectra were
recorded at room temperature using an Agilent UVevis spec-
trometer (8453) with a diode array detector. The fluorescence
spectra, both in solution and as solid films, were recorded at right
angle geometries on a Horiba Scientific Fluorolog fluorescence
spectrometer. Emission spectra were collected using 1 cm path
length quartz cuvettes for solutions and 1 inch quartz disks for the
films at a slit width of 1 nm. For the solution fluorescence mea-
surements, the absorbance of the solution was adjusted to <0.2 at
the excitation wavelength (usually 310e320 nm). The emission
spectrawere scanned from 365 to 500 nmwith a slit width of 1 nm.

2.1. Materials and methods

2.1.1. Synthesis of PVL-PEO arms
In a glove box, to a solution of hydroxy-terminated poly(-

ethylene oxide) arms (2 g, 0.4 mmol) (molecular weight 5 kDa) and
TBD (8.65mg, 62.2 mmol) in 7 g of dry toluene a solution of VL (1.2 g,
12.0 mmol) in 2.5 g of dry toluene ([VL]/[PEO-OH] ¼ 30) was added
with stirring. The mixture was allowed to react at room tempera-
ture for 30 min and then the polymerization was terminated by
precipitation from 100 mL of cold diethyl ether. The resulted
polymer was filtered and dried under vacuum at room temperature
for 24 h. White amorphous powder (2.1 g, 68%). 1H NMR (CDCl3,
400 MHz): d (ppm) ¼ 4.09 (tr, 57H, eCH2eCH2eOOCe), 3.66 (br,
452H, eOeCH2eCH2eOe), 3.39 (s, 3H eOCH3), 2.35 (tr, 59H,
eCH2eCH2eCOOe), 1.70 (br, 112H, eOOCeCH2eCH2eCH2eCH2e
OOCe). GPC (RI): MnGPC (PDI) ¼ 9.8 kDa (1.08), Mw ¼ 10.6 kDa, RH
in THF ¼ 7.8 nm, Mn 1H NMR ¼ 7.85 kDa. From the NMR, the mo-
lecular weight of the PVL block was determined to be 2.85 kDa
based on a 5 kDa macroinitiator segment.

2.1.2. Synthesis of star polymer with PVL-PEO arms (2)
In a glove box, to a solution of PVL-POE-OH arms (0.864 g,

0.11 mmol) in 5.5 g of anhydrous toluene, bis-ε-caprolactone (BOD)
(0.84mmol, 0.19 g) was added, followed by addition of 0.1 g of 5wt%
solution of TBD in toluene. The reaction mixture was allowed to stir
at 35 "C. After 16 h the reaction was quenched with 20 mg of
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benzoic acid and resulting solution was precipitated from cold
diethyl ether. The obtained precipitate was filtered and dried at
room temperature. The crude polymer was dissolved in 4 mL of
DCM and 18 mL of diethyl ether was slowly added to a stirred so-
lution. The resulting emulsionwas allowed to settle for 5 h, forming
transparent oil at the bottom of the flask. The solution was dec-
anted off and the oil was dissolved in a minimum amount of DCM,
precipitated from ethyl ether, filtered and dried under vacuum for
24 h. White amorphous powder (0.48 g, 56%). 1H NMR: (CDCl3,
400 MHz): d (ppm) ¼ 4.09 (br, 84H, eCH2eCH2eOOCe), 3.66 (br,
452H, -OeCH2eCH2eOe), 3.39 (s, 3H eOCH3), 2.35 (tr, 84H,
eCH2eCH2eCOOe), 1.70 (br, 160H, eOOCeCH2eCH2eCH2eCH2e
OOCe). GPC (RI): Mn (PDI) ¼ 69.2 kDa (1.20), RH (THF) ¼ 14.9 nm,
Mw (LS, THF) ¼ 219.3 kDa, average number of arms (ANA) ¼ 28.

2.1.3. Synthesis of star polymer with PEO arms (1)
In a glove box, to a solution of poly(ethylene oxide) arms

(0.11 mmol, 0.55 g) (molecular weight 5 K) in 5.5 g of anhydrous
toluene, bis-ε-caprolactone (BOD) (0.84 mmol, 0.19 g) was added,
followed by addition of 0.1 g of 5 wt.% solution of TBD in toluene.
The reaction mixture was allowed to stir at 35 "C. After 16 h the
reaction was quenched with 20 mg of benzoic acid and resulted
solution was precipitated from cold diethyl ether. Obtained pre-
cipitate was filtered and dried at room temperature. The crude
polymer was dissolved in 3 mL of DCM and 15 mL of diethyl ether
was slowly added to a stirred solution. Resulted emulsion was
allowed to settle for 2 h, forming transparent oil at the bottom of
the flask. The solutionwas decanted off and the oil was dissolved in
a minimum amount of DCM, precipitated from ethyl ether, filtered
and dried under vacuum for 24 h. White amorphous polymer,
(0.29 g, 53%). 1H NMR (CDCl3, 400 MHz): d (ppm) ¼ 4.9e3.9 (br,
32H, eCH2eCH2eOOC-), 3.58 (br, 386H, eOeCH2eCH2eOe, from
the core eCH2eOH), 3.30 (s, 3H, CH3eOeCH2), 2.9e2.1 (br, 30H,
eCH2eCH2eCOOe), 1.9e1.4 (br, 52H, eOOCeCH2eCH2eCH2eCH2e
OOCe). GPC (RI): Mn(PDI) ¼ 38.7 kDa (1.10), Mw ¼ 42.6 kDa, RH
(THF) ¼ 9.5 nm, Mw(LS, THF) ¼ 70.3 kDa, AN ¼ 14.

3. General procedure for encapsulating pyrene into nanogel
core star polymers

20 mg of the nanogel core star polymer(s) were weighed into a
vial with amounts of purified pyrene ranging in amounts from 1 to
5 wt.% based on solids. The solids were dissolved in 300e400 mL of
THF or acetone where all of the solids are dissolved. The mixture is
stirred magnetically and 2 mL of MilliQ water was added dropwise.
After stirring for 1 h at room temperature the residual organic
solvent was evaporated by sparging, the solutions were filtered
through a 0.45 mm Nylon filter and the clear solutions used for the
spectroscopic studies.

4. Polymer films containing pyrene

Approximately 100 mg of polystyrene (Mn ¼ 275 kDa), poly(-
caprolactone (Mn ¼ 45 kDa) and poly(methyl methacrylate),
(Mn ¼ 50 kDa) were dissolved in 2 mL of toluene, ethyl acetate and
methyl ethyl ketone respectively. To each of these solutions were
added ~1.0e5.0mg of solid pyrene and the solutions stirred at room
temperature for 8 h. The solutions were filtered through a 0.45
micron Teflon filter and used for the preparation of the films
studied. The films were prepared by spinning the respective solu-
tions at 2000 rpm for 30 s and the resulting films were dried at
room temperature overnight. The fluorescence spectra were
measured at 310 nm excitation and scanned from 365 to 500 nm.
The I1/I3 emission ratios were 1.07 for the PS, 1.47 for the linear PCL
sample and 1.38 for the PMMA sample.

5. Preparation of micellar solutions from PEG-PVL linear
arms

20mg of the linear block copolymer used to prepare the nanogel
core star 2were dissolved in 400 mL of THF. The solutionwas diluted
with stirring with 2 mL of distilled water and the organic solvent
removed by sparging in a nitrogen stream directed above the
sample. The process was stopped when 150% by weight of the
added THF had been removed and the solutionwas filtered through
a 0.45 mm Nylon filter. The RH of the micelles in this solution was
~29 nm. Some larger aggregates were removed by filtration. The
pyrene encapsulated by the micellar solution was prepared in the
same fashion except ~0.2e0.4 mg of pyrene was added to the solid
polymer before dissolution in THF.

6. Results and discussion

The nanogels stars 1 and 2 were prepared using the corre-
spondingMeO-PEG (m-PEG) macroinitiator (5 kDa, OH terminated)
using a basic organic catalyst (TBD) and the bis-lactone crosslinking
reagent (BOD). Controlling the stoichiometry of the reagents allows
some control of the size and molecular weight of the nanogel stars.
The GPC traces of both the hydroxyl functionalized linear block
copolymer (PEG-PVL-OH) and the corresponding nanogel star are
shown in Fig. 1.

Fig. 2 shows the 1H NMR spectra of the nanogel core star 2
where the arms are comprised of a linear block copolymer of PEG
and poly(valerolactone) in a good solvent (a) for both blocks
(CDCl3) and (b) in a good solvent for PEG (H2O) but a poor solvent
for poly(valerolactone). In all of the nanogel stars studied, the inner
most crosslinked core derived from the BOD was not detected
because of the broadening of these signals. The collapse of the inner
arms inwater is obvious while the PEG corona remains extended in
both solvents as shown in Fig. 2. While water is a good solvent for
the PEG portion, it is a very poor solvent for the poly(valerolactone)
portion and presumably also the crosslinked core portions of the
star as well, leading to extensive broadening of these signals in the
in the NMR spectra. As expected, the signals for the PEG portion
including the methoxy end group at d ¼ 3.24 appear relatively
unaffected in both solvents. The 1NMR studies are consistent with a
collapsed inner core as predicted by the simulations. Although the

Fig. 1. GPC traces of linear block copolymer arms (PEG-PVL) and the nanogel star 2
derived from these arms by coupling with BOD using an organic catalyst.
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measured hydrodynamic radius of 2 in water was relatively con-
stant over the measured concentration range (0.6e5 wt.%), the
question of aggregation in aqueous solution over time remains
open, suggesting an opportunity for solution SAXS/SANS studies in
the future.

While the NMR studies verify the hydrophobic collapse, the
important question of cargo distribution in the hydrophobic region
remains. There are a number of ways reported to probe the
encapsulation environment using spectroscopic probes. The use of
solvatochromic dyes is one approach, assuming that the dye is
soluble in the nanostructure and not very soluble in the sur-
rounding media [8]. For these studies, shifts in the UVevis spectra
of the probes are produced either by solvatochromism of the
monomer or by aggregate formation. Solvatochromic dyes have
also been used to probe the interior environment of dynamic mi-
celles [9]. Another common probe is pyrene where the ratio of the
first and third vibronic emission bands responds dramatically to the
pyrene environment [10]. In such cases, the I3 band is relatively
insensitive to polarity while the I1 band is much more so. This
technique has also been used to study the critical micelle concen-
tration in dynamically assembling systems [11]. As a result of these
extensive studies of solvent effects on the nature of the pyrene
emission, an empirical solvent polarity scale (Py) has been devel-
oped and tested. The parameter employed for the development of

the Py scale is the I1/I3 ratio of the first and third vibronic bands in
the emission spectra. The solvent characteristics for more than 95
solvents have been mapped using this emission parameter. The
vibronic structure in the absorption spectrum (ratio of measured
extinction coefficients) has also been used to predict polarity, albeit
less frequently [10a]. We note that reported I1/I3 values for the Py
solvent scale range from ~0.5 for fluorocarbons and saturated hy-
drocarbons to ~1.9 for water itself. The only measured solvent with
a higher Py than water is DMSO with a value of 1.95.

The Py values measured from pyrene emission have also been
empirically correlatedwith the common ET polarity scalewhich has
been assembled from the solvatochromism of a variety of betaine
dyes and has been described in detail by Reichardt et al. [8a,12].
Correlation of the Py values with known ET values by regression
analysis gives two series, one for protic and one for aprotic solvents
[10d]. Solvatochromic studies have also been used to probe the
micropolarity of micelles as a function of structure and the results
used to predict the extent of water penetration into the hydro-
phobic core [10b]. Since we are studying solvent effects primarily in
water, the equation for the conversion of the Py scale to ET values in
protic solvents is most appropriate and is shown below.

Py ¼ 0:0584 ET # 1:75 (1)

The absorption and emission spectrum of pyrene encapsulated
in the nanogel core star polymer 2 is shown below (Fig. 3) and the
I1 and I3 emission bands of interest are labeled. The measured hy-
drodynamic radii of 2 in water are very similar both in the presence
and absence of pyrene (13.5 vs 12.3 nm respectively). This elimi-
nates the possibility of formation of some amphiphilic, multimo-
lecular aggregate in the presence of pyrene. The I1/I3 ratios for
pyrene encapsulated in the two biodegradable star polymer dis-
solved in water are 1.61 for star 1 and 1.68 for star polymer 2. The
values for the two polymers are quite similar as expected given the
similarity of the polymer structures.

The first observation is that the Py values of the encapsulated
pyrene in water are quite high, although not nearly as high as for
water itself. Protic solvents with comparable values on the Py scale
are quite polar with representative examples such as glycerol,
ethylene glycol, acetone and glymes. Conversion of the measured
Py values to the corresponding solvatochromic ET values using Eq.
(1) gives values of 57.53 for nanogel star 1 and 58.73 for nanogel
star 2. Comparison with the solvent parameter table for hydrogen
bonding solvents (Table 1) would suggest a polarity environment in
the stars, which is similar to 1-propanol (58.7) and somewhat less
polar than ethanol (60.6). By either comparison, the pyrene envi-
ronment is much more polar than expected if the pyrene were
buried in the relatively less polar PVL-PCL region of the molecule
(vide infra). Whatever the technique, the values of the pyrene
solvent parameters in the polymer encapsulated form would

Fig. 2. 1H NMR spectra of 2 in (a) CDCl3 and (b) in D2O.

Fig. 3. Fluorescence spectrum of pyrene encapsulated in the nanogel star polymer 2
recorded in water; I1 and I3 emission bands are labeled on the Figure.

Table 1
Calculated ET values (Eq. (1)) for pyrene encapsulated in the
nanogel stars 1 and 2 in water in comparison with selected
known ET values for certain hydrogen bonding solvents.

Solvent (HB) ET value

Morpholine 47.7
PEG-PCL-c/Py 57.5
1-Butanol 57.8
1-Propanol 58.7
PEG-PVL-PCL-c/Py 58.7
Ethanol 60.6
N-Methylformamide 63.1
Methanol 64.6
Water 70.2
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suggest that there is a significant amount of water in the vicinity of
the probe, a conclusion which is unexpected if the pyrene was
buried deep in the PVL-c-PCL region of the polymer where
computation suggests that water visits infrequently with a very
short residence time.

As mentioned, pyrene encapsulation has also been used to
probe the interior environment of dynamic micelles formed from
typical small molecule surfactants. Kalyanasundaran and Thomas
studied the spectroscopy of pyrene encapsulated in a variety of
small molecule surfactants including anionic, cationic and nonionic
examples and found I1/I3 values ranging from 1.04 to 1.37 with the
largest values occurring for the cationic surfactants [10b]. Their
conclusion was that the interior of the micelle is not truly hydro-
phobic as expected for an alkane and water must penetrate to the
interior, with the greatest effective penetration occurring for
components with large head groups which form somewhat disor-
dered micelles. Our measured values of I1/I3 for the nanogel star
polymers (1.61e1.68) are much larger than the micellar values re-
ported by Kalyanasundaran and Thomas [10b]. There are a number
of possible reasons for the higher values observed for the star
polymers. Assuming that the micellar values truly reflect the po-
larity of the encapsulated environment, that of the small molecule
micelles studied should be hydrocarbon-like while the environ-
ment of the hydrophobic portion of nanogel stars (1 and 2) should
be more like poly(valerolactone) or poly(caprolactone). Although
intuitively this environment should be significantly less polar than
the PEG portion because of the presence of the bridging methylene
chains, the simulations have shown that the interactions between
the ester functionalities are significant [6b] and are partially
responsible for the exclusion of water from the collapsed polyester
cores in the nanogel stars (vide infra). It is tempting to conclude
that the lower values reported for the dynamic micelles could be
attributed to the combination of the fact that they are essentially
small molecules with rapid diffusion and the tails are all
hydrocarbon-like. A question remains regarding the intrinsic po-
larity of poly(valero or caprolactone) segments. We have also
studied the emission of pyrene incorporated in low concentrations
into a variety of polymer films with no water present and have
measured the respective I1/I3 values. Although no comprehensive
list of I1/I3 values for pyrene in polymers exits, as in the case of small
molecule solvents, to allow quantitative assessment of the micro-
environment, we and others [13] have noticed that the I1/I3 values
increase as expected with polarity for the small number of poly-
mers that have been surveyed e.g.(poly(styrene)-1.07, poly(methyl
methacrylate) #1.39, poly(vinylpyridine)-1.49 etc. As expected the
vibronic ratios were significantly larger in polyvinylpridine (1.49)
than in polystyrene (1.05) and I1/I3 values have been used to predict
the location of pyrene dissolved in phase-separated block co-
polymers [13]. For comparison, our values measured for poly-
styrenewere very similar to those reported in the literature (1.07 vs
1.05). Interestingly and perhaps fortuitously, the numbers
measured for pyrene in the pure polymers mimic those of solvent
values with similar structures to the respective polymer side chain:
polystyrene-benzene/toluene- 1.0, PMMA-ethyl acetate- 1.37,
polyvinyl pyridine-pyridine- 1.42 etc. Finding an appropriate sol-
vent model for the respective polymers from published data is not
always easy. When the I1/I3 value of pyrene incorporated into
polycaprolactone (~1 wt.%) was measured, it was surprisingly high
(1.47). For these measurements, the concentration of the pyrene
was deliberately kept low to minimize the formation of pyrene
excimer with a broad emission maximum ~475 nm which can
complicate the I1//I3 analysis of monomeric pyrene. Consistently,
the I1/I3 value for pyrene encapsulated in a star polymer such as 2
but without the PEG corona was 1.45, a value similar to that in
linear PCL itself. . The I1/I3 ratio of pyrene encapsulated in the dry

star polymer 1 film was 1.46 while the value in the nanogel star 2
was slightly higher at 1.49. For comparison, the ratio for pyrene
dissolved in dry 5 K PEG was significantly higher at 1.66. The lower
ratios for the nanogel star films dry, suggest that the higher values
measured in aqueous solution result from proximity to solvating
water. Clearly, the I1/I3 ratios measured for the nanogel stars in
water are higher than expected if the pyrene probewas buried deep
in the polyester core. The unexpectedly polar environment for an
aliphatic polyester predicted by the fluorescence studies is
consistent with the presence and interaction of polar chain
carbonyl functionality as predicted earlier by computation [6b]
which showed that the carbonyl groups have an effective charge
distribution that promotes significant electrostatic interactions.
This carbonyl interaction in fact is proposed to be more favorable
than the waterecarbonyl interactions in aqueous solutions result-
ing in collapse of the poly(valerolactone) arms and phase separa-
tion of the PEG-PVL stars in aqueous solution. The relatively high
value of I1/I3measured for pyrene in polycaprolactone films leads to
the surprising conclusion that PCL even in the absence of water
appears to be more polar than expected for a polymer with five
methylene groups/monomer unit which provide both flexibility
and hydrophobicity. This could have implications for loading highly
lipophobic materials into PCL domains in aqueous solution. The
measured I1/I3 values for the nanogel star polymers 1 and 2 in
aqueous solution are substantially higher than for PCL films sug-
gesting that the environment of the probe is influenced by the
water solvent.

As discussed, the elevated I1/I3 ratios observed in aqueous so-
lutions involve interaction of pyrene with water, which modifies
the environment. Since the numbers reported for pyrene in small
molecule micelles were all <1.4 and sometimes substantially so, we
measured the respective I1/I3 values in an aqueousmicellar solution
generated from a linear block copolymer composed of PEG and
poly(valerolactone). This block copolymer had the same composi-
tion as the arms in the nanogel star 2. Aqueous solutions were
prepared at 1wt. % of polymer towater and dynamic light scattering
showed an RH of ~30 nm for the linear polymeric micelle measured
by DLS. The pyrene (1 wt. % based on solids) vibronic ratio in the
micellar solution was 1.64, similar to that measured in the nanogel
star polymers and substantially larger than reported for the smaller
molecule micelles. This number is also similar to that previously
reported for micelles derived from the linear polymer PCL 40-PEO
44 in water (1.68) [14a,b] and is substantially higher than reported
for a number of other PEO-containing amphiphilic block co-
polymers containing more hydrophobic constituents e.g
polystyrene-b-polyethylene oxide (1.2) [14c] and PBLA (polybenzyl
aspartate -b-PEO- (1.41) [14d]. Since earlier measurements of the
partition coefficients for pyrene and a PEO-PCL linear block
copolymer micelle and water ranged from several hundred to a few
thousand depending on the hydrophobic block length[13a], it
would seem that most of the pyrene is associated with the more
hydrophobic portion of the structure in aqueous solution.

Since the simulations [6,15] agree on the collapse of the inner
blocks to a densified hydrophobic region into which water mole-
cules make infrequent and very transient visits, a reasonable hy-
pothesis is that the pyrene may be located at or near the
hydrophobicehydrophilic interface where it encounters transient
water associated with the strongly solvated and mobile PEG block
[6b]. Fig. 4 shows a typical snapshot for the simulation of a core-
crosslinked star run at 400 K to speed the computation with an
inner more hydrophobic section composed of poly(valerolactone)
(translucent green), a typical polyester unit with a degree of poly-
merization of 8. The outer arms are PEG (red) and represent 6 PEG
monomer units. The star studied computationally had 16 block
copolymer arms based on an adamantane structural core. The core
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in the simulations provided only a scaffold from which the linear
arms emanated. The simulations were run in the presence of water
hence the inner arms are collapsed and the PEG corona is some-
what more extended and is strongly associated with the water
(water molecules of the simulation are deleted from Fig. 4 for
clarity, see Supplemental Section). To probe the various intra-
molecular environments, 12 benzene molecules (black) were added
to the simulation and their local environment studied (see
supportingmaterial for the simulation details). From the figure, you
can see that the benzene molecules are more closely associated
with the poly(valerolactone) section but not strongly buried. We
define as buried when the molecule has little or no contact with
water over time under the simulation conditions. The benzene
molecules appear to be largely localized in the natural nooks and
crannies of the hydrophobic portion of the star. Careful examina-
tion of the 3D picture from many views and under simulation
conditions suggests that ~10% of the benzene molecules are buried
in the collapsed hydrophobic portion of the molecule while the rest
are localized at or near the hydrophobicehydrophilic interface in a
position where over time that they encounter water molecules.
Although not simulated because of the molecular size, pyrene is
substantially larger than benzene and one would expect further
exclusion from the densified core in water. The PEG arms are
strongly associated with water and are quite mobile, visiting the
interface quite frequently. Examination of the simulation with the
water present shows that there is no water in between the benzene
molecule and the collapsed hydrophobic surface. Visits by water
molecules to the interior of the hydrophobic core are infrequent
and transient. The average environment of the benzene molecules
can be roughly quantified by the percentage of the benzene surface
associated with each of the components of the simulation i.e. ~70%
associated with the hydrophobic portion of the molecule, 17% with
water and 11% with the PEG (see Fig. S7 in the supplemental). From
this analysis, it seems that the benzene is largely located at or near
the hydrophobicehydrophilic interface. The simulations also show
that water is strongly associated with the PEG portion of the block
copolymer arms, which appear quite mobile hence facilitating the
interaction between water and any pyrene at the interfacial region
of the nanogel star but probably not with the molecule in the
densified hydrophobic interior. We point out that increasing the
size of the PVL and the PEG units causes some changes in the details
of the simulation but supports qualitatively similar conclusions

[15]. This coupled with the experimental studies would strongly
suggest that the encapsulation of very hydrophobic materials could
reasonably be confined to nooks and crannies of the interfacial
surface between the hydrophobic and hydrophilic portions of the
nanogel stars, potentially limiting effective cargo loading.

7. Conclusions

We have described the versatile synthesis and characterization
of water-soluble nanogel stars comprised of a biodegradable core
and in one example an inner hydrophobic block. Earlier simulations
suggested that such block copolymer structures would experience
a collapse and densification of the hydrophobic portions of the
arms in aqueous solution. NMR studies of such materials showed
that this is the case. The environmental spectroscopic probe pyrene,
when encapsulated into the nanogel stars, suggested a rather polar
environment strongly influenced by water. This is also consistent
with computational predictions that suggest that hydrophobic
cargos lacking specific interactions in general would be confined to
the peripheral interface between the collapsed hydrophobic core
and the extended PEG arms providing the required transient con-
tact with water. These studies lead to certain suggestions for how to
improve the hydrophobic cargo loading in related systems. In
particular, it would seem that alternative approaches to improved
loading capacities could be the use of sterically demanding, hy-
drophobic inner cores that resist densification/crystallization upon
collapse in an aqueous environment, tailoring specific interactions
within the hydrophobic arms to the cargo (e.g. acidebase, hydrogen
bonding, electrostatic, pi stacking etc) or by promoting solubility by
matching respective polymer-cargo solubility parameters.
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