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ABSTRACT: A novel self-assembling poly(ethylene glycol) hydrogel system based on inclusion complexes
betweens-cyclodextrin 3-CD) and cholesterol is described. Hydrogels are formed after hydration of a mixture

of star-shaped 8-arm poly(ethylene glycol) (PEG) end-modified WH#BD groups and the same star-shaped

PEG end-modified with cholesterol moieties. Rheological analysis as well as 2D-NMR spectroscopy demonstrated
that the obtained gels are due to formatio€ED/cholesterol inclusion complexes. As also observed by rheology,

the hydrogels are fully thermoreversible upon repetitive heating and cooling steps. Hydrogel properties were
dependent on polymer concentration, th€D/cholesterol stoichiometry, and the molecular weight of the star-
shaped PEG. Because of their assumed biocompatibility and expected physiological clearance, hydrogels based
on star-shaped PEG arfdCD/cholesterol inclusion complexes offer excellent opportunities as drug delivery
matrices and for other pharmaceutical and biomedical applications.

1. Introduction cules from the CD cavity) and van der Waals interacti&in&®
The capability of CD to form inclusion complexes with guest
molecules has been exploited in pharm#tst 34 separation
processed’? and material sciencés’” as well as in the food
and cosmetic industr$f

Besides small guest molecules, linear polymers among which
. : are poly(ethylene glycol) (PEG), poly(propylene glycol) (PPG),
duce covalent cross-links between the polymer chains, e.g., byandF;)oly(e-caprolac?t())/ne))(SDCL))czfn 21/'(5% prgletrate )i/nto)ﬂge inn)er

rE;adicaI po![)tlwmerizatiol.n Ef methacrtylate-derivtatiieclil pc()jlyrﬁ’efs. th cavity of CDs to form so-called polypseudorotaxafeBased
ecause the cross-iinking agents may potentially gamage ehereon, several hydrogel systems have been described, e.g.,

loaded substances (e.g., pharmaceutical proteins, cells), physica“,]Clusion complexation of linear or multiarm PEG withcy-

cross-linking is preferrgd in_which t.he network is retained by clodextrins leads to-CD microdomains formed by hydrogen
nonpermanent, reversible interactions between the polymerbonds which act as physical cross-links in hydrogt4s To
chains. Example_s Of p_hysmal_lnteractlons us_ed_ for the_ design obtain more stable hydrogels, amphiphilic triblock copolymers,
of hydrogels are ionic interactiod$,hydrophobic interactions PEG-poly(3-hydroxybutyrate)PEG (PEG-PHB—PEG), PCL-
between amlphipfhilic polymiﬂé,—lz hydroglen bondin@ﬁl“and PEG-PCL, or Pluronics, were complexed W'rl&hCDs“‘{*"'ﬁon
stereocomplex formation between polymers with opposite e L ; )
chiralities1£l7 Also, hydrogels have bepenydesi ned mak?r? use the basis of this principlej-cyclodextrin f3-CD) was used to

‘ » yarog 9 J complex with PPGY For hydrogel formation, PPG, which is

of blc_)mlmetlc mtera_ctslaor_ls, like antlgerannbody |_nteract|c_)n§i bulkier than PEG proved to be a suitable guest polymer for
peptide-glycoproteid® interactions, and the integration of B-CD

specific protein folding motif8%>-22 Because of their self-

assembling properties. hvdroaels based on phvsical interactions In the aforementioned studies of covalently cross-linked and
g prop » yarog N poy . .~ self-assembling supramolecular physical hydrogels, these cy-
are attractive systems for pharmaceutical and biomedical

S . - A . . clodextrin-containing systems are based on covalently cross-
applications, like (injectable) in-situ gelling devices for drug linked CDs or polypseudorotaxane formation. The use of
delivery or tissue engineerirfg.2° y

inclusion complexes betweghCD and low molecular weight
Physical interactions that potentially can be exploited for guest molecules to design stimuli-sensitive hydrogels has
network formation are inclusion complexes formed by guest recently been reported-5! Hashidzume et al. described stimuli-
molecules and cyclodextrins (CDs). Cyclodextrins are cyclic responsive hydrogel systems by combining poly(acrylamide)
oligosaccharides, joined by-1,4-glucosidic linkage$2” Sub- derivatized with eithep3-CD or various guest moleculé3In
types areu-, 8-, andy-cyclodextrins, consisting of 6, 7, and 8  another study, temperature sensitive hydrogels were formed after
glucopyranose units, respectively. Because the hydroxyl groupsmixing aqueous solutions of adamantyl-containiigsopro-
are only located at the outer surface of the cyclodextrin mole- pylacrylamide copolymers with an aqueous solution3e&D
Cule, the interior CaVity is I’elatively hydrOphObiC. This feature dimer_SO In this paper a novel Se|f-assemb|ing hydroge| System
gives CDs the ability to complex a wide range of lipophilic  consisting of cholesterol- afgCD-modified star-shaped 8-arm
gueSt molecules (eg, adamantane, Cholesterol), which is mainlypoly(ethylene glycol) (PEQ is described’ in which the func-
driven by hydrophobic effects (release of ordered water mole- tjonal groups are coupled to the 8-arm PEG end groups via a
succinyl linker to introduce hydrolyzable ester bonds. Choles-

* Corresponding author: Tek31 30 253 6964; fax-31 30 251 7830;  terol has the ability to form inclusion complexes witfCDs =252
e-mail w.e.hennink@uu.nl. In this system, physically cross-linked networks are therefore

Hydrogels are hydrophilic polymer networks, which absorb
substantial amounts of water and are under investigation for
biomedical and pharmaceutical applicatidnHydrogels can
be prepared by either chemical or physical cross-linking of
hydrophilic polymers. Chemical cross-linking methods intro-
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established by the formation of inclusion complexes between filter (Waters, Milford, MA) prior to analysis. Sample temperature

the guest molecule cholesterol afeCD units. was set to 25C, and the injection volume was 5Q.. Detection
was done with a differential refractometer (sensitivity: 256;
2. Experimental Part temperature: 4@ 2 °C) (refractive index detector 2414, Waters,

Milford, MA). Calibration was done using poly(ethylene glycol)

Materials. Star shaped 8-arm poly(ethylene glycol)s (RE) standards of defined molecular weighk,(from 194 to 439 600
were purchased from JenKem Technology USA (Allen, USA). Da; Fluka, Buchs, Switzerland). Sample molecular weights were
Products with various MW's were used: PEBK-OH (M, = 9656 determined with Empower Software Version 1154 (Waters, Milford,
Da (MALDI), PDI = 1.10), PEG20K-OH (M, = 20185 Da ).
(MALDI), PDI = 1.08), and PE@OK-OH (M, = 42680 Da Characterization of 8-CD-Modified Polymers by Polarimetry.
(MALDI), PDI = 1.06). Linear monomethoxypoly(ethylene glycol) ~ Optical rotation of the different PEESA-CD products was
(mMPEGS5000-OH) and poly(ethylene glycol) (HO-PEG6000-OH)  determined with a Jasco P-1010 polarimeter (Jasco Corp., Tokyo,
were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands) japan). Aqueous solutions of samples and standards were measured
and Fluka (Buchs, Switzerland), respectively. THgs of these at/ = 589 nm in a thermostated (25 2 °C) cell with a length of
linear PEG’s were determined b1 NMR spectroscopy using 10 cm. Standard solutions BCD-NH,-HCI in filtered (0.22um
trichloroacetyl isocyanate (TCAI, Sigma-Aldrich, Zwijndrecht, The  Millipore filter) demineralized water were measured, and the
{\k‘]emeFr)EgdS%)O%S SHSh'fgrﬁagliﬁéléséggéthmetZOdl:ﬂn values of dresponse was linear in a concentration up to 10 mM. The determined

em -OH an - -OH products were measure o - N 25 _ 1
to be 5.1 and 6.8 kDa, respectively. Prior to use, all PEG’s were anefcl',f'g{ﬁéﬁt'?hneog_iPmNpHégC,;c\,'rfrﬁg]fare nlcilodpetgzglrl?/gactive,

dried on Sicapent (Merck, Darmstadt, Germany) for at least 24 h calculation of thed-CD content in the PEESACD products was

in vacuo. Cholesterol, succinic anhydride (SA),NiN-dimethy- - : . . .
lamino)pyridine (DMAP), 6-monodeoxy-6-monoamifieeyclo- g?fsébslg Sgt@rmrgcresasunng the optical rotation of aqueous solutions

dextrin (3CD-NH,-HCI), N-ethyl-N'-(3-(dimethylamino)propyl)- : i . .
cabodide EDCN ycro0stocrimde (S Lagamantan. A CE O P OSasuesy ooy sy 1t
carboxylic acid (ACA), lithium chl_onde (L'CI)' chloroform-d PEG were reacted with succinic anhydride to yield 8-arm star
(CDCl, 99.8 atom % D)’. and deut_erlum °¥'dez@ 99.9 atom % shaped PEG’s with succinic acid-functionalized end groups. As an
D) were _prowded by Slgn_w_a—AIdrlch (Zwundrech_t, The Nether- example the synthesis of 8-arm SA-modified REGK (PEG20K-
Ian_ds_). chyclohexylparbodl_lmlde (DCC) was obtained f_rom Acros SA) is described. Other 8-arm PEG's (10 and 40 kDa) as well as
Chimica (Geel, Belgium). Dichloromethane (.DCM' peptide grade), linear PEG’s (MPEG5000 and PEG6000) were modified accord-
tetrahydrofl_Jran (THF, HP'.‘C grade),\l,N-dlmethyl_fprmamlde ingly. A 250 mL round-bottom flask with a Teflon stirring bar was
(DMF.' peptldg grade), and diethyl ether {81 AR stabilized) were dried at 150°C for 12 h and flushed with N After cooling to
supplied by Biosolve Ltd. (Valkenswaard, The Netherlands). DCM room temperature, 11 g of predried PEGK-OH (0.55 mmol; 4.4
was dried and stored owet A molecular sieves before use. mmol of OH groubs) 0.66 g SA (6.5 mmol 1'5 equiv p’er' OH
Ammonium acetate (N¥DAC), triethylamine (TEA), and sodium group), and 0.53 g DI\’/IAI.D (4.4 mmolll equiv ’pe.r OH group) were
hydroxide (NaOH) were purchased from Merck (Darmstadt, gisooved in 110 mL of dry DCM under asNatmosphere. After
Germany). For dlaly5|s, Sllde-A-Lyzer dialysis cassettes (MWCO adding 355.L TEA (4.4 mmol, 1 equiv per OH group), the solution
= 10000 Da, Perbio Science, Etten-Leur, The Netherlands) were was stirred under a Natmosphere for 12 h at room temperature.

used. o ) Next, the solvent was evaporated under reduced pressure, and the
Characterization of Synthesized Products by'H NMR residue was dissolved in 50 mL of THF, followed by repeated
Spectroscopy}H NMR spectra were recorded of samples dlssollved coevaporation (2). The formed PEGOK-SA derivative was then
in CDCl; or DO on a Gemini 300 MHz spectrometer (Varian precipitated by dropping its solution in THF (volume: 20 mL) into
Associates Inc. NMR Instruments, Palo Alto, CA) using Ckidll 400 mL of cold (40 °C) diethyl ether under vigorous stirring.
7.26 ppm or HDO at 4.79 ppm as reference line, respectively. The resulting precipitate was filtered off using a glass filter and
Typically 10-25 mg polymer was dissolved in 0.8 mL of deuterated \yashed three times with 50 mL of diethyl ether. After drying in
solvent. To reduce baseline noise,~&b6 repetitive scans were  yacuo, 8.8 g of product (77%) was obtained as a white powder,
taken. Autophasing and baseline correction in the regips 1.0— which was analyzed withH NMR spectroscopy and GPC.
4.5 ppm were applied. DS values (degree of substitution; function- 14 NMR (300 MHz, CDC4, 8): 2.7 ppm OC(O)CH,CH,C-
alized groups per 8-arm PEG molecule) of the synthesized products g)oH, 32H), 3.4-3.8 ppm (8-arm PEG H~+OCH,CH,O—,
were determined with the use of the peak intensities of the signals 1775H) + hexaglycerine backbone-CH,CH(O)CH,O—, 30H)),
corresponding to the protons of the coupled groups (e.g., cholesterolz 9 npm OCH,CH,O0C(0)C-, 16H), 4.3 ppm £ OCH,CH,OC-
or succinyl) and the signal (343.8 ppm) corresponding to the (0)C—, 16H).

known number of protons in the PEG chains and (in the case of Synthesis of PEG-SA-Cholesterol. The synthesized PEGOK-

8-arm PEG) also the hexaglycerine backbone. SA was derivatized with cholesterol moieties using DCC as a
Spatial information was obtained from 2D-NMR (NOESY)  condensing agent. In a typical procedure, BEIK-SA was dried
spectra {m = 300 ms) of a 1:1 (w/w) mixture g8CD- (DS: 7.4) at room temperature under reduced pressure in the presence of

and cholesterol-modified (DS: 6.1) PEZBK dissolved in RO Sicapent. Then, in a predried 100 mL round-bottom flask under
(12 mg/mL). For comparison, a solution (1:1 (w/w)) of cholesterol- N, flow, 3 g of PEG20K-SA (1.1 mmol of COOH end groups),
modified PEG20K and nonfunctionalized PE@OK was used (.55 g of cholesterol (1.4 mmol, 1.3 equiv per succinyl moiety),
(D20, 12 mg/mL). 2D-NMR spectra were recorded on a Gemini and 44 mg of DMAP (0.36 mmol, 0.3 equiv per succinyl moiety)
500 MHz spectrometer (Varian Associates Inc. NMR Instruments, were dissolved in 50 mL of dry DCM. After cooling the solution

Palo Alto, CA). A spectral width of 5 kHz was used. to 0°C, 0.19 g of DCC (0.93 mmol, 0.8 equiv per succinyl moiety)
Characterization of Synthesized Products by Gel Permeation was added. After 1 h, the solution was brought to ambient
Chromatography (GPC). Number-average M) and weight- temperature and stirred overnight under adtmosphere. Next,

average I{l,) molecular weights of the end-modified PEG’s were the mixture was cooled te-20 °C to precipitate dicyclohexylurea
determined by gel permeation chromatography (GPC) on a Waters(DCU), which was filtered off. The filtrate was evaporated to
HPLC system (Alliance 2695 C, Waters, Milford MA) equipped dryness under reduced pressure, and the obtained residue was
with two linear PLgel 5um MIXED-D columns (300 mm length, dissolved in 70 mL of THF followed by repeated coevaporation
7.5 mm i.d.) in series. The column temperature was set toCG40 (3x) with THF. The polymer was dissolved ir20 mL of THF

The eluent was DMF containing 10 mM LiCl, and the flow rate and precipitated into 400 mL cold-40 °C) diethyl ether under

was 0.70 mL/min. Samples were dissolved overnight at a concen-vigorous stirring. The precipitate was collected by filtration and
tration of 5 mg/mL in the eluent and filtered through a 0% washed three times with 50 mL of diethyl ether. After drying in
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Scheme 1. Synthetic Route toward (a) PE&SA, (b) PEGs-SA-chol, and (c) PEG-SA-CD
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vacuo, 2.62 g of product (79%) was obtained as a white powder, SCD glucosidic H (42Hx DS)), 4.4 ppm { OCH,CH,OC(O)C-,

which was analyzed wittH NMR spectroscopy and GPC.

IH NMR (300 MHz, CDC}, 0): 0.7 ppm (3H cholesterol group
x DS), 0.9 ppm (6H cholesterol group DS), 0.9-2.2 ppm (32H
cholesterol groupx DS), 2.3 ppm (2H cholesterol group DS),
2.6 ppm (OC(O)H,CH,C(O)O—-Chol, 32H), 3.4-3.8 ppm (8-
arm PEG H OCH,CH,O—, 1775H)+ hexaglycerine backbone
(—CHCH(O)CH,0O—, 30H)), 3.9 ppm {OCH,CH,OC(O)C-,
16H), 4.4 ppm {OCH,CH,OC(O)C-, 16H), 4.6 ppm (1H
cholesterol groupx DS), 5.4 ppm (1H cholesterol group DS).

16H), 5.0 ppm GCD anomeric H (7Hx DS).

Preparation and Rheological Characterization of PEG-SA-
Cholesterol/PEG-SA-FCD Hydrogels. PEG-SA-cholesterol and
PEG-SA-SCD mixtures (molar ratios cholester®lCD varying
from 0 to 10) were dissolved in 5 mM NJ@Ac buffer (pH 4.7) to
obtain 2% (w/w) solutions. These solutions were then lyophilized,
and hydrogels were obtained by hydration of the lyophilized
mixtures (16-40 mg) for 16 h at £C with appropriate amounts
of 100 MM NH,OAc pH 4.7 buffer (166-190 uL).

Coupling of cholesterol groups to the 10 and 40 kDa star-shaped Adamantanecarboxylic acid (ACA) was used to competitively

PEG-SA and linear mono- and bifunctional mMPEG5000-SA and

displace cholesterol from theCD cavities. Therefore, increasing

SA-PEG6000-SA polymers was established in a similar manner amounts of ACA (6-2 equiv relative to the amount of present

with slight modifications. To obtain PEGOK-SA-cholesterol with

cholesterol moieties) were added to a 2% (w/w) solution of REG

DS 6, 1.6 equiv instead of 0.8 equiv of DCC was added and 1.8 SA-cholesterol and PEESA-SCD (molar ratio cholesteroff-CD
equiv instead of 1.3 equiv of cholesterol was added to the solution = 1) in 5 mM NH,OAc buffer (pH 4.7). After lyophilization of

of 40 kDa PEG-SA. Synthesis details of linear PEG-SA-cholesterol
can be found in the Supporting Information.

Synthesis of PEG-SA-SCD. 6-Monodeoxy-6-monoaming-
cyclodextrin BCD-NH,*HCI) was coupled to PE£20K-SA to
obtain 8-armB-CD-functionalized PEG. Coupling ¢i-CD to the
10 and 40 kDa PE&SA polymers was done accordingly. Below
a typical procedure to synthesize PRGK-SACD is given.

1.63 g of PE@20K-SA (0.62 mmol of succinyl moieties), 1.08
g of SCD-NH,-HCI (0.93 mmol, 1.5 equiv relative to succinyl
moieties), and 0.14 g of NHS (1.24 mmol, 2 equiv relative to
succinyl moieties) were introduced into a 100 mL round-bottom
flask with a Teflon stirring bar and dissolved after addition of 32
mL of demineralized water. Next, the solution was cooled t€0
and 220uL of an EDC solution (1.24 mmol, 2 equiv relative to

the resulting mixtures, hydrogels were prepared as mentioned above.
Rheological characterization of the hydrogels was done with a
AR1000-N rheometer (TA Instruments, Etten-Leur, The Nether-
lands) equipped with a°Isteel cone geometry of 20 mm diameter
and solvent trap. Using a spatula or pipet (for weak gels);8h
uL sample was placed between the preheated@Plates of the
rheometer. Rheological gel characteristics were monitored by
oscillatory time sweep, strain sweep, and temperature sweep
experiments. During time sweep experiments@é¢shear storage
modulus) andG" (loss modulus) were measured at 4, 20, and
37°C for a period of 5 min. Temperature sweep experiments were
done to investigate the temperature dependency of the hydrogels’
viscoelastic properties, after increasing the temperature fré@ 4
(heating rate: 2C/min) to 50°C. After each temperature increment

succinyl moieties) in demineralized water was added. The pH was (1 °C) and 30 s equilibratior’ andG" were measured. The point

adjusted to 5.56.0 with a 4 NNaOH solution. After 1 h, the
solution was brought to 25C and stirred for 48 h, while the pH
was kept at 5.56.0. The reaction mixture was dialyzed (Slide-A-
Lyzer dialysis cassettes (MWCS 10 000 Da)) for 3 days against
5L of 10 mM ammonium acetate buffer, pH 4.7 at@. Buffer

was refreshed twice a day. The polymer was collected by lyo-
philization and further dried in vacuo in the presence of Sicapent

at room temperature for 48 h. A white fluffy product was obtained
in high yield (94%). The polymer was analyzed By NMR
spectroscopy, GPC, and polarimetry.

H NMR (300 MHz, D,O, ¢): 2.6 ppm (-OC(O)CH,CH,C-
(O)NH-3CD, 32H), 3.2-3.9 ppm (8-arm PEG H{OCH,CH,0—,
1775H)+ hexaglycerine backbone-CH,CH(O)CH,O—, 30H) +

at whichG"/G' (= tand) = 1 is considered as the gel temperature
(Tge).>* In both time and temperature sweep experiments, a constant
strain of 1% and frequency of 1 Hz were used.

3. Results and Discussion

Synthesis and Characterization of PEG-SA-Cholesterol
and PEGg-SA-3CD. The synthesis of-CD- and cholesterol-
functionalized 8-arm PEG polymers was performed according
to Scheme 1. The degree of substitution (DS) is defined as the
number of either cholesterol ¢+-CD per PEG molecule.
Star-shaped PEEOH was first converted into PEESA by
a base-catalyzed reaction with succinic anhydride (SA). SA-
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Table 1.Mp, My, and Polydispersity (PD) of the Star-Shaped 8-Arm
PEG's and Their Derivatives, Determined by GPC Using Linear
PEG as Calibration Standards

DS*  My(kDa) M, (kDa) PD
PEG40K-OH 24.1 26.0 1.1
PEGs20K-OH 12.2 13.2 1.1
PEGs10K-OH 6.5 6.9 1.1
PEG40K-SA 8 18.6 20.5 1.1
PEGs20K-SA 8 6.9 75 1.1
PEGs10K-SA 8 1.0 1.4 1.4
PEG40K-SA-chol 6.4 19.7 22.8 1.2
PEG;20K-SA-chol 6.1 9.0 9.7 1.1
PEGy10K-SA-chol 6.3 3.3 3.8 1.1
PEG40K-SACD 6.9 31.1 429 1.4
PEGy20K-SACD 7.1 16.7 215 1.3
PEGs10K-SA3CD 7.2 11.5 14.4 1.3

aDegree of substitution (DS) defined as the number of coupled groups
per PEG molecule determined Byl NMR spectroscopy or polarimetry.
b Underestimatedu, likely due to column interactions.

modified 8-arm PEG’s (10, 20, and 40 kDa) were obtained in
high yields ¢85%), and the peak integrals in tAel NMR
spectra showed that the hydroxyl end groups were quantitatively
derivatized. Next, PE&SA-cholesterol was synthesized by
reaction of cholesterol with PEESA using dicyclohexylcar-
bodiimide (DCC) as coupling agent. In this study we focused
on the synthesis of PEESA-cholesterol with 56 cholesterol

groups per 8-arm PEG molecule because quantitative conjuga-

tion of the polymer end groups yielded a PE&A-cholesterol
with very limited solubility in water!H NMR spectra showed
that cholesterol moieties were coupled (DS-5617) to PEG-
SA end groups. For the 10, 40, and 20 kDa RE&-
cholesterol, mass yields were in the range-80%.

PEG-SA-SCD was also synthesized using carbodiimide
chemistry. Because 6-monodeoxy-6-monoanfirmyclodextrin
(BCD-NHy-HClI) is not soluble in DCM, the reaction was done
in water (pH 5.5-6.0) using EDC and NHS as coupling agent
and catalyst, respectively. After dialysis and freeze-drying,
PEG-SA-SCD polymers with DS ranging from 6.9 to 8.0 were
obtained with high mass yields of more than 90%. The DS of
the PEG-SA-SCD was determined with polarimetry because
the partial overlap and/or disturbance of the CD proton peaks
in the 'H NMR spectra did not allow an accurate analysis.

We further refer to a specific polymer as Pg&&K-SA-chol,
or PEGxxK-SA-SCDy, wherexx stands for the used 8-arm PEG
(10, 20, or 40 kDa) andindicates the number of coupled groups
per 8-arm PEG molecule (DS).

The molecular weights of the different functionalized PEG'’s
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A
Figure 1. Photographs of a 17.5% (w/w) PEZDK-SA-chok /PEG-
20K-SA3CDg g (molar ratio5-CD/chol 1:1) hydrogel at room tem-

perature (A) and two controls, namely mixtures of REGK-SA-chok -/
PEG20K-OH (B) and PEG20OK-SA/3CDg  PEG20K-OH (C).

40000+

30000+

(Pa)

200004

G

100004

U-_I_I_I_
0 10 20 30
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Figure 2. Storage modulus@) of a 17.5% (w/w) PEGOK-SA-
chok /PEG20K-SA3CDg o hydrogel @), a PEG20K-SA-chob /PEG-
20K-OH mixture @), and a PE@0K-SA{3CDg / PEG20K-OH (gray
O) mixture as a function of temperature.

Hydrogel Formation. To prepare homogeneous hydrogels,
PEG20K-SA-chok 7 and PE@20K-SA-5CDs were first dis-
solved at a low concentration (2% (w/wj)) & 5 mMammonium
acetate buffer (pH 4.7). After lyophilization, the resulting
mixture was hydrated in 100 mM ammonium acetate buffer (pH
4.7) at 4°C to minimize hydrolysis of ester linkages.

Figure 1 shows photographs of hydrated mixtures of one of
the functionalized polymer components (PR2GK-SA-chok ;
or PEG20K-SA-3CDg o) and nonfunctionalized PE&OK-OH

as well as the starting polymers were determined using GPC (B and C) as well as both functionalized components together
with DMF/10 mM LiCl as eluent (Table 1). Because calibration (A). Both controls (B and C) yielded viscous solutions, whereas
was done with linear PEG'’s, the observsti’s of the star- a gel was formed when a mixture pCD- and cholesterol-
shaped PEG’s were lower than expected. Modification of these modified 8-arm PEG’s was hydrated (Figure 1A). In line
polymers with SA led to a decreaseNh,. Probably the succinic  herewith, Figure 2 shows that hydration of tff€D- and
acid moieties deteriorate solvation of the polymer chains by cholesterol-modified 8-arm PEG’s resulted in the formation of
the eluent resulting in a decrease of its hydrodynamic volume. a viscoelastic hydrogel, whereas if one of the functionalized

After modification of the different PE§SA polymers with
cholesterol 03-CD, an increase iV, compared to the succinyl-
modified polymers was observed.

Linear monofunctional (MPEG-OH (5 kDa)) and bifunctional
(HO-PEG-OH (6 kDa)) PEG’s were also quantitatively deriva-
tized with succinic anhydride, followed by coupling of choles-
terol. In these polymers 90% of the terminal COOH groups was
derivatized with cholesterol group®{ NMR); these polymers
are further denoted as mMPEG5000-SA-ghand chaod g SA-
PEG6000-SA-chals.

More detailed!H NMR, GPC, and polarimetry data of the
different polymers can be found in the Supporting Information.

polymers was replaced by nonfunctionalized BE$»lutions
with only fluidlike properties were obtained.

The results presented in Figures 1 and 2 indicate that both
cholesterol- an@-CD-modified star-shaped PEG polymers are
required to form hydrogels and that this gelation is likely caused
by the formation of inclusion complexes betwegCD and
cholesterol (Figure 3).

Figure 4A shows the temperature-dependent rheological
characteristics of a 10% (w/w) PEZOK-SA-chok /PEG20K-
SA-SCDy7.4 (cholf3-CD = 1) mixture. At 4°C, aG' of 13.3+
0.9 kPa and tard of 0.32 + 0.01 = 3) were observed,
demonstrating that under these conditions a viscoelastic hydrogel
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i

Figure 3. Hydrogel concept based on inclusion complexes between
cholesterol (triangles) an@-CD (cone-shaped structures) moieties
coupled to star-shaped 8-arm PEG.
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Figure 4. (A) Rheological properties of a 10% (w/w) PEZRK-SA-

chok /PEG20K-SA3CDy 4 hydrogel as a function of temperatuf®.

(m, left axis), G' (a, left axis), and tand (v, right axis). (B)

Thermoreversibility of a 10% (w/w) PEBOK-SA-chok /PEG20K-

SA-SCD;4 system.G' (W) andG" (a) upon repeated heating) @nd
cooling ¢) in the temperature range-87 °C.

was formed. However, with increasing temperat@egradually
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Figure 5. Storage modulus®’) of 15% (w/w) PEG20K-SA3CDs ¢
PEG20K-SA-chok 1 hydrogel mixtures at 20C in relationship to the
cholesterof-CD stoichiometry (expressed as molar ratio of cholesterol/
B-CD groups). To control the molar ratio of cholestefe@D groups,
different amounts of one of the hydrogel components were replaced
by nonfunctionalized PE£20K-OH. The data are shown as average
and SEM,n = 3.
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Figure 6. Storage modulus®’) of 15% (w/w) PEG20K-SA3CDsg ¢
PEG20K-SA-chok 7 hydrogel system (molar ratio cholestefbIZD

= 1/1) at 4 and 20C with increasing amounts of the competit{CD-
interacting compound 1-adamantanecarboxylic acid. The data are shown
as average and SEM,= 3.

lose mobility, which translates in a decrease in entrap$ €

0). Below Tge, the system is in a gel state because the binding
enthalpy of the cholesterg/CD complexes compensates for
the entropy loss. As the change in Gibbs free enefdy)( given

by AH — TAS increases with temperature Bt> Tgel due to

the larger positivelAS, the binding enthalpy of the cholesterol/
B-CD complexes AH) cannot compensate for this larger
positive TAS, which results in disruption of the gel.

Figure 5 shows the storage moduli of PE2GK-SASCDg o
PEG20K-SA-chok; gels as a function of the molar ratio
between presefi-CD and cholesterol moieties in the hydrogels.
The highests' was observed at an equimolar ratio of cholesterol
and -CD. When either3-CD or cholesterol was present in
excess, a decrease @i was found. For mixtures comprising
~10x more cholesterol thaf-CD groups and vice vers&'
was negligible and viscous solutions remained. This suggests
that gel formation is indeed caused by formation of cholesterol/
B-CD inclusion complexes.

To further demonstrate the occurrencefe€D/cholesterol

decreased, which was associated with a concomitant increéasgnteractions as a driving force for network formation, increasing

of tan ¢, indicating that a gel-to-sol transition occurrée,,
the temperature wher@' equalsG” (tané = 1), was 20+
1 °C for this hydrogel.

Figure 4B shows th&' and G" of the 10% (w/w) PEG
20K-SA-chok i/PEG20K-SA5CDy 4 hydrogel system upon
repetitive heating and cooling. After heating from 4 to ¥
and subsequent cooling from 37 t6@, theG' andG" reached
their original values, demonstrating the thermoreversibility of
the PEG-SA-chol/PEG-SA-SCD hydrogel system. When
cholesteroff-CD complexes are formed, the PEG chains will

amounts of the competitive agent 1-adamantanecarboxylic acid
(ACA has a 2-fold higher binding affinity towarg-CD
compared to cholestef85?) were added to PESOK-SA-
BCDg o PEG20K-SA-chok 7 hydrogels. Figure 6 shows that

of the gels decreased with increasing concentrations of ACA at
both 4 and 20C. At an equimolar ACA/cholesterol group ratio
the gel structure was completely broken, and a viscous solution
remained. These results give further evidence that network
formation in this hydrogel system is due to reversiBk€D/
cholesterol inclusion complexes.
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Figure 7. 2D (NOESY)H NMR spectrum of a mixed PEGOK-SA3CD; 4/PEG20K-SA-chok ; solution (12 mg /mL) in RO. Cross-peaks of
interest are indicated by red ovals.
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Figure 8. G' of 15% (w/w) hydrogel mixtures as a function of B
temperature, in which PE20K-SA8CDs, is combined with either ) 504
star-shaped PEZOK-SA-chok 1 (M) or linear mPEG5000-SA-chgd T
(a) and chod -SA-PEG6000-SA-chgb (V). = 40
1]

Cholesterol3-Cyclodextrin Inclusion Complexes Studied ‘E [ "
by 2D-NMR Analyses. The formation of cholesterg/CD g = 20
complexes in the hydrogels was further demonstrated by 2D- E
NMR (NOESY !H) analyses on solutions of PEZDK-SA- & ||l
BCD; JPEG20K-SA-chok 1 and PEG20K-SA-chok /PEG- ilEAE™
20K-OH, respectively, in BD (12 mg/mL). Cholesterol protons 5 10 15 20
were hardly visible in the spectrum of PEZBK-SA-chok.«/ solid content (%)

PEG20K-OH, likely because the cholesterol units self-assemble Figure 9. (A) PEG20K-SA8CD; /PEG20K-SA-chok hydrogels;
in the aqueous environment to form micellar-like structures. In gel prgpertge(s; (4C)haS a_funCtir%n %‘]thg percentige solid content. Lel;lt
ntr. in the 2D NMR (NOESYH rum of the PE axis: G' andG"; right axis: tand. The data are shown as average an
;gKt_gZL C[t) (j/PEGgZOK-(SAO- hsk )mslf()f(;t uin [c))zc;[ eh | 5;_ SEM, n = 3. (B) Tgel Of hydrated PE@OK-SA$CD; /PEG20K-SA-
BCD7. CNok.1 ure » Choles chok 1 mixtures as a function of the percentage solid content. Data are
terol proton peaks0.9-1.3 ppm) were detected. Moreover, shown as average and SEN= 3.

cross-peaks from cholesterol protons @.9—1.3 ppm) and

protons atd 3.9 ppm were also observed (Figure 7).AB.9 MPEG5000-SA-chgk with star-shaped PEGOK-SACDg
ppm, both glucosidig-CD protons and PEG protons resonate. (molar ratio-CD/chol was 1/1) as a function of temperature.
Because the hydrophobic cholesterol moieties and hydro-|n line with expectations, the addition of monofunctional
philic PEG chains are phase-separated in the aqueous environmpgG5000-SA-chgk did not result in the formation of a
ment, it can be concluded that these cross-peaks are the resuljiscoelastic hydrogel. On the contrary, the bifunctional ghol
of cholesterol and glucosidif-CD protons in an inclusion  SA-PEG6000-SA-chek mixed with star shaped PE@OK-SA-

complex. BCDg resulted in the formation of a hydrogel. The resulting
Gel Properties as a Function of Solid Content, Star PEG gel strength (e.g., at4C, G’ = 13 + 2 kPa @ = 4)), however,
Molecular Weight, and after Combining Star-Shaped PEG- was considerably lower than that of a hydrogel composed of

SA-SCD with Linear PEG-SA-Cholesterol. Figure 8 shows star-shaped polymersG{ = 29 £ 2 kPa). This might be
theG' of two different 15% (w/w) mixtures of linear bifunctional  explained by the lower cross-link density in gels composed of
chol -SA-PEG6000-SA-chgly or linear monofunctional star PE@20K-SA3CDg and linear bifunctional chgk-SA-
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