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Abstract

A self-assembled nanogel, derived from an acidl-abile cholesteryl-modified pullulan (acL-CHP),
was prepared by grafting vinyl ether-cholesterol substituents onto a 100 kD pullulan main chain
polymer backbone. Stable nanogels are formed by acL-CHP self-assemblies at neutral pH. The
hydrodynamic radius of the nanogels, observed to be 26.5 + 5.1 nm at pH 7.0, increased by
~135% upon acidification of the solution to pH 4.0. SEC analysis of the acL-CHP nanogel at pH
4.0 showed that the grafts were nearly 80% degraded after 24 h, whereas little or no degradation
was observed over the same time period for a pH stable analog (acS-CHP) at pH 4.0 or the acL-
CHP at pH 7.0. Complexation of BSA with the acL-CHP nanogel was observed at pH 7.0 with
subsequent release of the protein upon acidification. These findings suggest that stimuli-
responsive, self-assembled nanogels can release protein cargo in a manner that is controlled by the
degradation rate of the cholesterol-pullulan grafting moiety.
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INTRODUCTION

Nanoparticle-based drug carriers are commonly used for encapsulating drugs to limit their
adverse effects. In some cases, these vehicles have been designed to retain their drug cargo
until they reach the target tissue, where a local stimulus promotes drug release. Recently, a
number of advanced nanocarriers have been proposed that seek to impart both diagnosis and
treatment using the same delivery vehicle.1=3 A major challenge in realizing this next
generation of multifunctional nanocarriers will be the construction of systems that can
package and release biomolecular cargo in an efficient manner as well as report on the local
disease environment.

Nanometer-sized (<100 nm) polymer hydrogels (nanogels) are interesting materials because
of their capacity to serve as carrier systems for labile biomolecular cargo whose
permeability can be varied as needed.*~" A major challenge in designing multifunctional
nanogels, however, is the size limitations that are encountered when cross-linking
polymerization reactions are applied to their preparation.* Self-assembled nanogels,
prepared by dispersing various water-soluble polymers bearing hydrophobic substituents,
have been developed as a means to obviate this problem.8-15 Akiyoshi and coworkers have
developed cholesterol-bearing pullulan (CHP) nanogels, where the pullulan main chain is
partially modified with cholesterol groups via an alkyl chain spacer. Several CHP molecules
self-assemble to form monodisperse nanogels (~30 nm) that are cross-linked by
hydrophobic association of the cholesteryl groups of neighboring pullulan molecules.®10
These CHP nanogels have also be shown to spontaneously form complexes with proteins or
hydrophobic drugs.18 Moreover, the entrapped agents are released from the nanogel complex
under conditions found in the bloodstream, cytosol, or other biological conditions.1” CHP
nanogels have been found to be an effective protein nanocarrier in vivo for bone formation
and for vaccines targeted to tumors and mucosal tissue.18-21 Cationic CHP nanogels?? are
also capable of delivering proteins intracellularly.

In this study, a new acid-labile CHP (acL-CHP) nanogel was developed that is stable under
normal physiological pH conditions but degrades to release its cargo under acidic conditions
(Figure 1). The acid-labile cholesterol derivative is tethered to the pullulan backbone by
vinyl ether groups that are rapidly hydrolyzed in acidic media. An acL-CHP nanogel was
prepared by a chemoselective 1,3-cycloaddition (“click”) reaction between terminal alkyne
groups present on the acid-labile cholesterol unit and azido groups incorporated within the
modified pullulan main chain (Figure 2).
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MATERIALS AND METHODS

Materials.

All solvents were reagent grade, purchased from commercial sources, and used without
further purification except THF. Pullulan (M, = 1.0 x 10°, M,/M, = 1.7) was purchased
from Hayashibara (Okayama, Japan). A cholesterol assay kit was purchased from Funakoshi
(Tokyo, Japan). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and
used without further purification. All 1H NMR spectra were recorded on a Bruker 500 MHz
instrument. The chemical shifts are reported in 4.

Synthesis of Azido-Modified Pullulan (Pullulan-Ns3).

Pullulan (3.00 g, 18.5 mmol of glucose unit) was dissolved in DMSO (150 mL) in a dry
three-necked flask, and 1,1”-carbonyldiimidazole (498 mg, 3.08 mmol) was added at 25 °C.
After 4h, 3-azidopropylamine (2.78 mg, 2.78 x 1072 mmol) was added dropwise and stirred
for 24 h at 25 °C. Then, the product was purified by dialysis and lyophilized to obtain the
compound as a white solid. The degree of azide substitution on the pullulan main chain was
~3.6 per 100 glucose unit. Yield: 2.94 g (98.0%). 1H NMR (DMSO-a4/D,0 = 9/1, v/v): 1.68
(s, -NHCH, CHALCH>,N3), 2.87-4.06 (m, glucose unit 2H, 3H, 4H, 5H, and 6H), 4.57-4.75
(br, glucose unit 1H(1-6)), 4.87-5.14 (br, glucose unit 1+ (1-4)).

Synthesis of Prop-2-ynyloxy-acetic Acid t-Butyl Ester.

NaH (4.58 g, 920 mmol) was dissolved in anhydrous THF (300 mL) in a dry flask at 0 °C;
then, propagyl alcohol (10 g, 178 mmol) was added dropwise. After 1 h, £butyl
bromoacetate (31.7 g, 162 mmol) was slowly added at 0 °C, and the reaction mixture was
warmed to 25 °C with stirring for 12 h before quenching with H,O. The aqueous layer was
extracted with ether, and the organic fractions were combined before washing with H,O and
brine. The organic layer was dried over MgSQ, and filtered to remove MgSQOy4, and the
filtrate was evaporated to produce an oil. Yield: 18.2 g (67.5%).

Synthesis of 2-(Prop-2-ynyloxy)-acetic Acid.

Prop-2-ynyloxy-acetic acid #butyl ester (18.23 g, 1.07 mmol) was dissolved in DCM (~80
mL) before adding trifluoroacetic acid (36.4 g, 320 mmol) dropwise with stirring for 5 h at
25 °C. The reaction mixture was evaporated and purified by silica gel column
chromatography using step gradient elution with DCM and 5% CH3CO,H in DCM. Yield:
7.78 g (62.6%). IH NMR (CDCl3): 2.56 (t, CH=CHy-), 4.27 (s, -CCH0-), 4.32 (d,
-OCHALOOH), 11.5 (s, -COOH).

Synthesis of Acid Stable Cholesterol Derivative.

N, N -Dicyclohexylcarbodiimide (9.49 g, 46 mmol) was dissolved in 150 mL of DCM in a
flame-dried flask. 2-(Prop-2-ynyloxy)-acetic acid (4.00 g, 34.5 mmol) was added at 0 °C and
stirred 10 mi n before adding cholesterol (8.48 g, 23.0 mmol) and A, -
dimethyl-4aminopyridine (0.42 g, 3.45 mmol). The mixture was warmed to 25 °C and
stirred for 12 h. After quenching with water, the aqueous phase was extracted with hexane,
and the organic fractions were combined prior to washing with H,O and brine and drying
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with MgSOy4 and evaporation to give a crude product that was purified by silica gel column
chromatography using 60:40 DCM/hexane as eluent. Yield: 8.67 g (52.1%). 1H NMR
(CDCl3): 0.65 (s, cholesterol, 3H) 0.78-2.05 (rm, cholesterol 51H), 2.35 (4] 2H,), 2.47 (¢,
1H), 4.17 (s, 1H), 4.38 (d, 1H), 4.72 (m, 1H), 5.38 (d, 1H).

Synthesis of Acid-Labile Cholesterol Derivative.

The acid stable cholesterol derivative (500 mg, 1.04 mmol, 1 equiv) was dissolved in 15 mL
of toluene/THF/pyridine (1/1/1 by vol.) in a flame-dried flask and cooled to —30 °C before
adding Tebbe reagent (5.00 mL of 0.5 M solution in toluene, 3.80 mmol, 3.65 equiv)
dropwise and stirred for 30 min at —30 °C. Then, the mixture was warmed to 25 °C and
stirred for an additional 90 min before quenching at —10 °C with 1.0 mL of 15% NaOH
aqueous solution and 50.0 mL of diethyl ether and allowing the mixture to warm to 25 °C.
After 1 h, the solution was diluted with excess diethyl ether and DCM, and the solution was
filtered through a Celite pad. The reaction products were purified by a neutralized silica gel
column chromatography using 1:1 DCM/hexane + 1% Et3N as eluent. Yield: 109 mg
(21.8%). IH NMR (CDCl3): 0.68 (s, cholesterol 21-3A) 0.78-2.08 (m, cholesterol A), 2.23
(m, 2H), 2.42 (m, 1H), 3.87 (m, 1H), 3.98 (s, 2H), 4.10 (d, 1H), 4.19 (d, 2H), 4.23 (d, 1LH),
5.37 (m, 1s). MS =503.3 [M+Na].

Synthesis of Acid-Labile Cholesterol Derivative Bearing Pullulan (acL-CHP) via Click

Reaction.

Pullulan-N3 (357 mg, 2.20 mmol of glucose unit, 1.00 equiv, degree of substitution = 3.6
azide units per 100 glucose units) and the acid-labile cholesterol derivative (70.0 mg, 0.146
mmol, 6.6 x 1072 equiv) were dissolved in 35 mL of DMF. Freshly prepared aqueous
sodium ascorbate (36.5 L, 1.00 M, 20 mol %, 0.50 equiv), aqueous copper(Il) sulfate
pentahydride (25.5 4L, 1.0 M, 10 mol %, 0.35 equiv), and triethylamine (3.0 mL) were
added and stirred at 40 °C for 5 days. The product was isolated by three cycles of
precipitation—dissolution—reprecipitation using 9:1 diethyl ether/ethanol as a poor solvent,
and the precipitate was gathered by centrifugation (3000 rpm, 5 min at 4 °C). The precipitate
was dissolved in DMSO at 10 mg/mL before dialyzing (MWCO = 3500) against H,O for 4
days and then lyophilizing to give a white powder. The degree of substitution of acid-labile
cholesterol in pullulan was 1.66 per 100 glucose units. Yield: 360 mg (96.1%). 1H NMR
(9:1 DMSO-a5/D50, v/v): 0.64-2.28 (cholesterol H), 1.61-1.76 (br,-NHCH, CHALCH,N3),
2.87-4.20 (m, glucose unit 2H, 3H, 4H, 5H, and 6 H), 4.62-4.84 (br, glucose unit 1H(1-6)),
4.87-5.22 (br, glucose unit 1+ (1-4)).

Preparation of acL-CHP Nanogel Solution.

acL-CHP was dispersed at a concentration of 2.0 mg/mL in citric acid—phosphoric acid
mixed buffer at pH 7.4 (C/P buffer: 88 mM citric acid, 5.5 mM phosphoric acid, 137 mM
NaCl) and stirred for 1 day. Then, the solution was ultrasonicated for 15 min at 30 W using a
probe-type sonicator before centrifuging the sample at 1.9 x 104 g for 30 min and filtering
the supernatant through a 0.22 ym PVVDF membrane filter to obtain the acL-CHP nanogel.
The concentration of the acL-CHP nanogel solution was determined by quantitative glucose
analysis using the phenol-sulfate method. For acid-catalyzed hydrolysis experiments, citric
acid buffer (0.10 M, pH 1.9) was added to the nanogel solution at pH 7.4 to produce a final
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solution pH of 4.0. Control experiments using acid-stable CHP (acS-CHP) nanogels (i.e.,
cholesterol-pullulan with no vinyl ether groups) were prepared using pullulan-N3 and the
acid-stable cholesterol derivative.

Dynamic Light Scattering Measurements.

Dynamic light scattering (DLS) measurements were carried out with a Zetasizer Nano ZS
instrument (Malvern Instruments, Malvern, U.K.) operating at a wavelength of 632.8 nm and
a 173° detection angle equipped with a Peltier temperature control unit. The hydrodynamic
radius of nanogels was determined with a Laplace inversion program (CONTIN).

Size Exclusion Chromatography—Multi-Angle Laser Light Scattering Measurements.

Size exclusion chromatography (SEC) was performed on a chromatography system using an
RI1-8020 refractive index detector (Tosoh Corporation) connected to multiangle laser light
scattering (MALS) detector (DAWN DSP, Wyatt Technology). Sephacryl S-500 10/300 was
used as the column for SEC-MALS measurements. Nanogel solutions (2.0 mg/mL) were
eluted with pH 7.4 C/P buffer with a flow rate of 0.50 mL/min at 25 °C. The molecular
weight (M,,) was determined using ASTRA software based on Zimm’s equation. The
refractive index increment (ds/sdc) was determined by an Optilab DSP differential
refractometer operating at 690 nm. The value of ds/dc for pullulan was 0.142 mL/g.

Transmission Electron Microscopy Observation of acL-CHP Nanogel.

A 5.00 4L sample of nanogel solution was deposited onto a carbon-coated copper grid
before negatively staining with 5.00 L of 2.5% phosphotungstic acid for 5 min.
Transmission electron microscopy (TEM) analysis was performed on an H-600 microscope
(Hitachi, Tokyo, Japan) at an accelerating voltage of 75 kV.

Quantification of Hydrolyzed Cholesterol From acL-CHP Nanogel.

The acL- and acS-CHP nanogel solutions were prepared in pure water before bubbling CO,
gas into the nanogel solution until the pH reached 4.0. After 24 h, the test solution was
lyophilized and redissolved in DMSO. The quantity of hydrolyzed cholesterol in the acL- or
acS-CHP nanogel solution was determined by cholesterol assay kit (Funakoshi, Tokyo,
Japan).

Evaluation of Complexes Formed between acL-CHP Nanogel and Protein by SEC.

As a model protein, fluorescein isothiocyanate-labeled bovine serum albumin (FITC-BSA,
20 1M) was dissolved in C/P buffer. Nanogel solutions were mixed with FITC-BSA solution
at pH 7.4. After 5min, 2 h, 4 h, 6 h, and 26 h of mixing, the mixture (final concentration of
glucose unit in pullulan: 2.0 M) was measured by SEC. SEC elution was monitored by RI
and UV (494 nm). Acid-catalyzed hydrolysis of acL-CHP nanogel in nanogel/FITC-BSA
complex and the release of FITC-BSA from the complex were also tracked by GPC after the
citric acid buffer (0.10 M) addition to obtain pH 4.0 complex solution.
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RESULTS AND DISCUSSION

Design and Synthesis of Acid Labile Cholesterol Bearing Pullulan.

Thompson and coworkers have shown that vinyl ether conjugates of the type used in the
acL-CHP construct are stable for days at neutral pH but are readily hydrolyzed at lower pH
conditions (pH <5).23:24 Liposomes derived from acid-labile lipids bearing vinyl ether bonds
were shown to undergo enhanced cargo release upon exposure to acidic pH media.2%26 Xu
et al. have also reported that PEGylated phospholipids containing vinyl ether bonds display a
lower cytotoxity and higher transfection efficiency via a dePEGylation mechanism than the
commercially available cationic lipid, lipofectamine.2” Polyrotaxanes bearing cleavable
cholesterol end-caps have also been prepared using the click reaction and shown to undergo
pH-dependent dethreading of the polyrotaxane structure.28 On the basis of these previous
findings, we sought to prepare an acid-labile cholesteryl vinyl ether linkage by
methylidination of a cholesteryl ester precursor via the Tebbe reaction (Scheme 1).29:30 This
reaction sequence also used the click reaction to install the acid labile cholesteryl vinyl ether
pendant groups under mild conditions. This was achieved by modifying pullulan with azide
groups using a 1,1’ -carbonyldiimidazole?? coupling sequence to generate a product with a
degree of azide group substitution on the pullulan main chain of 3.6 per 100 glucose unit
(Figure S1 of the Supporting Information). Click-mediated installation of the acid-labile
cholesteryl vinyl ether pendant group onto the pullulan-N3 scaffold generated a product
containing 1.7 cholesterol units per 100 pullulan glucose units (Figure S2 of the Supporting
Information). A cholesteryl ester linked pullulan derivative was also prepared as a control
compound, yielding a product bearing 1.5 cholesterol units per 100 pullulan glucose units.
These degrees of substitution translate to ~11 cholesteryl vinyl ether pendant groups and
~10 cholesteryl ester pendant groups per pullulan molecule, respectively. These degrees of
cholesterol substitution were sought to avoid self-aggregation and promote the formation of
monodispersed nanogels via intermolecular cross-linking via hydrophobic association of the
cholesterol pendant groups.1°

Solution Properties of acL-CHP Nanogels at Physiological pH.

The solution properties of the acL-CHP derivative were evaluated to determine whether it
could self-assemble to form a nanogel under physiological conditions. SEC-MALS analysis
was used to measure the association properties of ac-LCHP in C/P buffer at pH 7.4 (Table
1). Because the molecular weight of pullulan starting material was 1.0 x 10°, we infer that
~10 molecules of acL-CHP are associated to form the nanogel particles. The size of the
nanogels was then evaluated by DLS measurements. The hydrodynamic radius of the acL-
CHP nanogel samples was found to be 26.5 nm, with the polydispersity index of 0.25.
Similarly, the acS-CHP control polymer also formed nanogels with ~11 molecules per
particle, with a hydrodynamic radius of 18.4 nm (PDI = 0.22). The polymer density within
the nanogels (®4) can be calculated from Ry and M, according to eq 1

My

b, =
H NA

4 -1
(ERRH) (l)
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where A is Avogadro’s number. The @, of acL-CHP and acS-CHP nanogels were 0.024
and 0.071, respectively, suggesting that the nanogels were composed of ~98 and ~93%
water for the acL-CHP and acS-CHP nanogels, respectively. The density of nanogel affects
the release rate of trapped protein. The complex between higher density of nanogel and
protein was more stable and enabled longer continuous release compared with that of lower
density nanogel.13 Comparison with other CHP nanogels1® was prepared from the same
molecular weight of pullulan starting material, indicating that these nanogels displayed
larger association numbers, molecular weight distributions, and hydrodynamic radii. We
attribute these differences to the different spacer moieties that were used to attach the
cholesteryl pendant groups in the acL- and acS-CHP materials and suggest that control of
the spacer chain length, hydrophabicity, and steric properties may provide the capacity to
design novel “self-assembled” nanogels with more diverse characteristics. Figure 3 shows
the negatively stained TEM images of the acL-CHP and acS-CHP nanogels. Both acL-CHP
and acS-CHP nanogels were observed as spherical nanoparticles, with the diameter of 12.3
+3.3and 16.4 + 2.5 nm, respectively (Figure S3 of the Supporting Information).

Acid-Catalyzed Hydrolysis.

Nanogel solutions prepared in pH 7.4 physiological buffer were acidified to pH 4.0 by the
addition of citric acid buffer of higher buffer capacity and the time course of nanogel
degradation monitored by DLS and SEC analysis. Figure 4 shows the swelling behavior of
the ac-LCHP and acS-CHP nanogels upon exposure to pH 4.0 as determined by DLS. The
swelling ratio of acL-CHP nanogels gradually increased under acidic conditions until the
swelling ratio reached 135% after 8 h relative to the initial pH 7.4 conditions, even though
acS-CHP nanogels did not change in size upon exposure to pH 4.0. Interestingly, the
polydispersity indices of both types of nanogels (PDI = ~0.2) remained unchanged. We infer
that weak interactions between partially hydrolyzed acL-CHP molecules are responsible for
the modest increase in hydrodynamic radius of the acL-CHP nanogel dispersions (Figure
4q).

SEC-RI analysis of acidic acL-CHP nanogel solutions revealed the presence of two peaks
(Figure 5), a sharp peak at /& = 14-17 min, and a comparatively broad peak at Ry = 17-26
min. The first peak was attributed to the intact nanogel assemblies, and the second peak was
attributed to the modified pullulan unimers. The peak area corresponding to the nanogel
form of acL-CHP in Figure 5 was plotted as a function of time (Figure 4b). Although the
acS-CHP nanogel peak area remained unchanged over 24 h, the acL-CHP nanogel peak area
gradually decreased to ~35% of the initial magnitude. The second SEC peak is due to fully
hydrolyzed and partially hydrolyzed acL.-CHP molecules derived from the acL-CHP
nanogels that were retarded by the SEC column. We infer from these results that the acL-
CHP derivative gradually lost its ability to form nanogels via cleavage of the cholesteryl
vinyl ether bond. This hypothesis was tested by monitoring for the appearance of cholesterol
after exposure to pH 4.0 for 24 h via cholesterol oxidase assay.3! Very low levels (~0.02%)
of free cholesterol were found in the acS-CHP nanogel solutions under neutral and acidic
conditions (Figure S4 of the Supporting Information), whereas 18.2 + 7.1 and 3.9 £ 0.9%
free cholesterol were found in acL-CHP nanogel solutions that had been exposed for 24 h to
pH 4.0 and 7.4, respectively. The degradation rate of acL-CHP nanogels was much slower
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than we expected, however, based on previous work showing that the cholesteryl vinyl ether
group was hydrolyzed (~1 h) rapidly under acidic conditions.23-2% Intramolecular trapping
of the protonated vinyl ether to produce a more stable acetal intermediate is proposed as the
basis for the observed reaction kinetics for acL-CHP nanogels (Figure 6). Even though
acetals are cleaved by an acid-catalyzed hydrolysis mechanism, their reaction kinetics are
much slower than vinyl ethers of similar structure.

Interaction between acL-CHP Nanogels and Protein Cargo.

CHP nanogels have been reported as effective protein carriers;816:18-22 therefore, acL-CHP
nanogels were also evaluated for their ability to serve as protein delivery vehicles. The
complexation and release behavior between acL-CHP nanogel and a model protein cargo
was studied using fluorescently labeled FITC-BSA. Complex formation between acL-CHP
nanogels and FITC-BSA was also evaluated using GPC with dual detection by Rl and UV-
vis detection at 494 nm (fluorescein). Figure 7 shows a GPC chromatogram of an acL-CHP
nanogel/FITC-BSA mixture at pH 7.4. Two peaks were observed: the first peak at 7y = 14—
17 min (acL-CHP nanogel/FITC-BSA complex) and the second at /R = 21-25 min (free
FITC-BSA). After 2 h, more than 80% of the FITC-BSA in solution was complexed with the
acL-CHP nanogel fraction in this condition. Complexes formed in this manner were stable
for at least 24 h in C/P buffer (pH 7.4, 25 °C). Protein release from these nanogels was then
evaluated by acidifying these acL-CHP/protein complexes.

Figure 8 shows GPC chromatograms (Rl and UV detection) of the complex after treatment
at pH 4.0 (25 °C). RI detection reveals that the acL-CHP/protein peak area at Ry = 14-17
min gradually decreased, implying that the acL-CHP nanogel in the complex was
hydrolyzed. The hydrolysis rate of the complex was slower than that of the acL-CHP
nanogel alone. UV detection of the GPC traces also produced two peaks at /#r = 14-17 min
and Ry = 21-25 min, corresponding to acL-CHP/ FITC-BSA nanogel complexes and free
FITC-BSA at R = 21-25 min arising from acid-catalyzed hydrolysis of the complexes. The
peak area of free FITC-BSA increased after acid-catalyzed hydrolysis of acL-CHP nanogel,
suggesting that ~27% of the FITC-BSA was released from the complex upon exposure to
pH 4.0 within 26 h via acid-catalyzed hydrolysis of the ac-LCHP nanogel and release of the
trapped FITC-BSA. Because the observed BSA release rate was slower than the acL-CHP
hydrolysis rate, we propose several reasons why much of the BSA remains associated with
the acL-CHP nanogel. At pH 4.0, BSA exhibits a reversible N-F transition via an
intermediate form,32 whose structure is expanded to an extent that it may have difficulty
diffusing through the majority of the pores present in the nanogel. Second, CHP nanogels
form complexes more easily with partially denatured proteins, possibly contributing to
enhanced nanogel stability with the BSA intermediate formed pH 4.0.33 Finally, the
formation of acetal byproducts from intramolecular trapping of the protonated cholesteryl
vinyl ether hydrolysis intermediate may generate protein—nanogel complexes that release the
BSA cargo much more slowly under acidic conditions. One or more of these factors may
explain why there appears to be an increased affinity between partially hydrolyzed acL-CHP
nanogel and BSA under acidic conditions. Further experiments are required to distinguish
between these mechanistic possibilities.
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CONCLUSIONS

We succeeded in preparing acid-labile nanogels via aqueous self-assembly of pullulan
derivatives bearing acid cleavable cholesterol moieties. These acL-CHP nanogels remain
stable at physiological pH but are hydrolyzed at pH 4.0 on the hours-to-days time scale.
They also rapidly form protein complexes that retain the protein cargo at pH 7.4 and release
it under acidic conditions on the days time scale. We have already confirmed the low
cytotoxicity of acL-CHP nanogel (Figure S5 of the Supporting Information). These
materials are one type of novel stimuli-responsive amphiphilic polymers in a growing family
of pH-,34 heat-,35-37 and light-38 sensitive nanogels that may be effective building blocks for
the production of multifunctional hybrid nanogels for cellular delivery and tissue
engineering applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of acL.-CHP nanogel at pH 7.4 and 4.0.
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Figure 2.
Chemical structure of acL-CHP and acS-CHP.
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Figure 3.

Negatively stained TEM images of acL-CHP and acS-CHP nanogels in water.
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Figure 4.

(a? Swelling behavior of acL-CHP nanogel and acS-CHP nanogel determined by DLS
measurements. Red diamond: acL-HP nanoge at pH 4.0. Green circle: acL.-CHP nanogel at
pH 7.4. Blue square: acS-CHP nanoge at pH 4.0. (b) Peak area, deduced from Figure 5,
corresponding to the acL-CHP and acS-CHP nanogel as a function of time. Red diamond:
acL-CHP nanoge at pH 4.0. Green circle: acL-CHP nanoge at pH 7.4. Blue square: acS-CHP
nanoge at pH 4.0.
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Figure 5.

Elution Time [min]

Chromatogram (RI detection) of time variation of nanogel solutions. (a) acL-CHP nanogel at
pH 4.0, (b) acS-CHP nanogel at pH 4.0, and (c) acL-CHP nanogel at pH 7.4.
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Figure 6.

Proposed reaction kinetics of cholesteryl vinyl ether group hydrolysis under acidic

conditions.
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Figure 7.

Complex formation between acL-CHP nanogels and FITC-BSA evaluated by GPC

chromatogram (UV-vis detection at 494 nm) at pH 7.4.
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GPC chromatograms of the complex after treatment at pH 4.0. (a) RI detection and (b) UV

detection at 494 nm.
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Scheme 1.
Synthesis of acL-CHP?

4a: NaH, #butyl bromoacetate, THF, 25 °C, 12 h. b: TFA, DCM, 25 °C, 1.5 h. c¢: DCC,
DMAP, DCM, 25 °C, 18 h. d: Tebbe reagent, THF/ toluene/pyridine = 1/1/1, =30 °C —

-10 °C, 2h. e: CDI, 3-azidopropylamine, DMSO, 25 °C, 24 h. f: sodium ascobate, copper(Il)
sulfate pentahydride, Et3N, DMSQO, 40 °C, 5 days.
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Table 1.
Solution Properties of acL-CHP and acS-CHP Nanogels in Water

association  density
number of oy
nanogel  Ru(mm)  PDI Mw (x10°%  pullulan  (g/mL)

acL-CHP  26.5+5.1 0.25 1.02 9.6 0.022
acS-CHP  185+13 0.22 1.13 10.7 0.071
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