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ABSTRACT

Amino acid-appended biotin hydrogelators are a new class of low-molecular-weight gelators that display remarkable gelation properties in
agueous media, including buffer solutions with variable pH.

Although very widespread in nature, for example, in the of supramolecular reaction mechanisms. The supramolecular
growth of animal cells, gels are becoming advanced materialshydrogels are formed when the monomer units self-assemble
for high-technology applications in such fields as drug into polymerlike fibers that immobilize solvents. A similar
delivery! tissue engineering, and as scaffoldRecently, approach in which drugs or vitamins are used directly to
supramolecular self-assembly approaches have been used tiorm hydrogels can lead to new types of biomaterials that
prepare hydrogels from low-molecular-weight compounds may function as “self-delivery” systenidn this paper, we
such as simple amphiphiléspolaamphiphile$, gemini report the examples of low-molecular-weight biotin (vitamin
surfactant$, and other hydrogelatofsThese fundamental H)-based hydrogels.

studies have been of considerable interest for the exploration Even though biotin-based organoykhd been reported,
we chose it to prepare hydrogelators because of its clinical
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We designed biotin—amino acid conjugates (Scheme 1) to be gels when they were not visually phase-separated and
such that they would retain the free carboxylic acid unit, as did not flow preceptively when the vessels were inverted.

Scheme 1. Synthesis of Gelatots
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aReagents: (i) methyl ester of amino acids, EDC, DMAP, DMF,
rt, 4—6 h; (i) NaOH, MeOH, rt, 4 h.

in biotin itself, while introducing a new amide bond in
conjunction with variable hydrophobicity provided by the
amino acid moiety. Notably, the receptor binding site (ureido
moiety)! remains unaltered.

We examined the gelation ability of gelatois-11 in
distilled water, 0.9% aqueous NaCl solution, and buffer

solutions with variable pH (Table 1) by adopting the “stable- _

Table 1. Minimum Gelation Concentrations (MGCs, wt %gf
Biotin-Based Hydrogels in Different Solvent Systems

pH4¢ pH7¢ pH 9

gelator H30 and 0.9% NaCl (aq) pH 2

1 2.0 1.5 2.0 3.0 4.0
2 1.6 1.4 1.8 2.8 3.6
3 1.8 ~f - - -

4 1.2 1.0 1.2 2.7 3.9
5 14 1.0 14 2.7 4.0
6 — — — — —

7 — — — — —

8 1.2 0.9 1.2 2.5 3.8
9 0.3 0.2 0.5 1.2 1.5
10 0.8 0.6 1.0 2.0 4.0
11 0.6 0.8 0.8 1.7 3.5

aMGC is the lowest gelator concentration at which gelation is observed
and restricts flow of mediun®. Performed with 0.01 M hydrochloric buffer.
¢ Performed with 0.05 M phthalate bufféfPerformed with 0.08 M MOPSO
buffer. ¢ Performed with 0.025 M sodium tetraborate bufféDashes
indicate that no gel formed.

to-inversion of container” method.In this study, weighed

The gelato® is the best in this series: its MGC was 0.3%
(8 mM) in distilled water, which means that one molecule
of 9 can immobilize 6700 molecules of water. The MGC
values respond well to the presence of buffer solutions over
a range of values of pH. In an acidic milieu, at pH 2, the
value of the MGC is even lower than that in distilled water.
The hydrogelators having long linear alkyl chair®s-(1)
have the lowest values of MGC when compared to branched
(2, 4, and5) and bulky {) amino acid-appended gelators.

The S-branched amino acid gelatorsand 5 and the
shorter-alkyl-chain gelato8 formed opaque gels that had
stability lasting for only about 1 week. In contrast, gelators
1,2, and9—11formed very stable gels that persisted for ca.
6 months in each medium; their clarities ranged from
translucent to opaque. Thus, the nature of the hydrophobic
residue obviously exerts a strong influence on the stability
and the clarity of the gelators. The values of MGC in 0.9%
NaCl solution are virtually unchanged relative to those in
distilled water, which suggests that these compounds have
the potential to be used for in vivo application.

We analyzed the textures of the hydrogels using scanning
electron microscopy (SEM). The images of their xerotjels
(Figure 1) reveal two different types of gels: fibrous and

-
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Figure 1. SEM images of xerogel of gelatois2, 4, 5, and8—11.

quantities of a gelator and a liquid were taken in a sealed lamellar. The hydrogels df, 2, and9—11 possess fibrous

glass tube (5 mm i.d.) and then heated at 2@0until a

structures that have a range of fiber diameters from 20 to

solution was obtained. The tubes were then maintained alsy ym. On the other hand. lamellar structures with higher
room temperature for 5-10 min. We deemed the samplesjoinesses existed for the hydrogelsios, ands. The gels

(11) (a) Hofmann, K.; Titus, G.; Montibeller, J. A. Finn, F. A
Biochemistry1982 21, 978. (b) Weber, P. C.; Ohlendorf, D. H.; Wendoloski,
J. J.; Salemme, F. RSciencel989,24, 85.

(12) Menger, F. M.; Caran, K. L]. Am. Chem. So000,122, 11679.
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that had fibrous microscopic structures were either translucent

(13) Xerogel of hydrogelators was obtained by freezing and pumping

the gels of correspoding gelators for 6 h.
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or opaque, whereas all of them having lamellar structures tions > 40% indicate that intermolecular hydrogen bonding
were opaque and less stable. occurs among the gelator moleculéd’ It has been reported

To examine the driving forces behind the self-assembly, that amide units usually begin to form intermolecular
we obtained FT-IR and'H NMR spectra. The carbonyl hydrogen bonds at ca. 2B0% HO;'® however, in our
stretching band of the carboxylic acid moiety of each amino examples, such formation begarrat0% HO content. This
acid unit was shifted significantly, to ca. 1699 chin the finding implies that the degree of intermolecular hydrogen
gel state relative to its location in the solid amorphous state bonding of the amide groups is significantly lower than
(ca. 1705 cm'). These spectral changes suggest that expected, which is consistent with our observations from the
hydrogen bonding interactions by carboxylic groups provide FT-IR spectra. A particularly interesting finding we have
one of driving forces for gelation. However, the very made is that at an # concentration of only 10%, the
marginal change of €0 stretching frequency of the amide resonance of the ureido proton begins to shift upfield; this
group in the gel state compared to the solid amorphous stateirend is exactly the same as that observed for biotin itself,
(1645—1650 cm?) indicates that contribution of the amide which implies that the ureido units form intermolecular
group toward the self-assembly mode is not appreciable. hydrogen bonds at this lowJ@ concentration and, therefore,

We confirmed these findings through NMR spectros- that they are responsible for the occurrence of the hydroge-
copy by monitoring (Figure 2) the changes in the chemical lation process. In the crystal structure of biotin, the carboxylic

acid unit forms a hydrogen bond with the ureido moiety;
_ thus, we believe that the upfield changes in the chemical
shift of the ureido proton are mostly due to intermolecular
hydrogen bonding with the carboxylic acid group.

In addition to these microscopic and spectroscopic studies,
we examined the hydrogen bonding interactions between
gelator molecules with the help of the AM1 Hamiltonian
and considering the MMOK (molecular mechanics correc-
tions to CONH-types of linkages$y.We found that the most
effective hydrogen bonding [lowest heat of formation] occurs
between the ureido and carboxylic acid groups of a dimer
complex!* On the basis of these observations, we anticipate
that, in biotin-based hydrogelators, the ureido group of the
biotin moiety forms hydrogen bonding intermolecularly to
: the terminal carboxylic acid unit of another gelator molecule,
1 which leads to the formation of a self-assembled polymer
chain. In addition to these hydrogen bonds, hydrophobic
interactions and van der Waals forces play important roles
in the gelation process as well as in determining the
architectural behavior in the gel state.

We added 0.002 equi¥of streptavidin to hydrogel in an
effort to examine the role of ligantereceptor interaction on
the gel state of hydrogelators. It has been observed that the
© 2 » % = gel state becomes disrupted. In the SEM image of this

H,0% in DMSO-d, sample, we observed many cracks on gel fibers (Figure 3),

Ei 2 ch i the chemical shifts of prot f th " which implies that streptavidin molecules specifically bind
igure 2. Changes in the chemical shifts of protons of the ureido . - . . :
and amido moieties in solutions (5 mg/ mL) containing various with the ureidé" group of biotin and disrupt the fiber network

ratios (v/v) of DMSOés and HO .15 of the biotin gelator.

Finally, we performed a simple experiment to elucidate
the potential for biotinyl hydrogels to act as drug carriers.
shifts of the protons of the ureido and amido units in solutions In this study, gelato® was allowed to form a gel in a 50
of various ratios (V/V) of DMSO}G and HO, as amido and ﬂM solution of AZT, and then we monitored the slow release
ureido protons do not appearid NMR spetra recorded in

D20. We found that when the @ content is increased, the = (16) () Suzuki, M.; Yumoto, M., Kimura, M.; Shirai, M., Hanabusa,
2 2 K. Helv. Chim. Acta2003 86, 2228. (b) Kogigo, M.; Yumoto, M.; Kimura,
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amide proton initially shifts to lower field (up to 40%,8) M. Shirai, H.: Hanabusa, KChem. Eur. J2003,9. 348.

and then shifts upfield (>40% J@). This observation < (\1/\7) () Billlii/tl, E.H.;Mg%%gglligﬂ.:zggléotﬁbﬁ.é.;bRuqttJtt,J.DK.;UMAorris,
P . . .; Warner, I. M.Langmuir ,18, . abenstein, D. 0. Am.
indicates a change in the nature of the hydrogen bonding ~j o, Soc1973.95, 2797.

[e.g., from (CR)sSO--H—N to H,O---H—N].*® Furthermore, (18) DeTitta, G. T.; Eddmonds, J. W.; Stallings, W.; Donohud, Am.

] i i i _ Chem. Soc1976,98, 1920.
the upfield shifts of the amide NH signal as® concentra (19) We used MOPACS6 software (available at http://www.ccl.net) to

estimate the hydrogen bonding interactions among these molecules.

(14) See Supporting Information. (20) We did not extend this experiment further by addition of higher
(15) Maximum HO content was 50%. Higher concentration led to concentration of streptadividin, as its solubility in water is very low (0.1
solutions too viscous to provide meaningfti NMR data. mg/mL).
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phase after 9 h. In addition, the effect of streptavidin on
release of AZT was also investigated. After addition of 0.002
equiv of streptavidin, the amount of released AZT increased
by about 7% at each check point. These results indicate
that drug release from a biotin hydrogel can be controlled
by using streptavidin.

Further evidence that gel contained AZT was provided
by its appearance, which changed over time from a homo-
geneous to a heterogeneous gel, and its microscopic appear-
ance also changed (Figure 4).

Figure 3. SEM image of hydroged: (a) before (scale bar is 500
nm) and (b) after (scale bar is 200 nm) addtion of streptavidin.

In summary, we have synthesized novel and highly
of AZT from the gel phase into water by recording the BV efficient hydrogelators using simple amide coupling of amino
vis spectroscopic absorption at 266 niw of AZT) with acids to biotin. The textures of the hydrogels, which reflect
respect to timé? It has been found that only ca. 18% of yqir stanility, vary depending on the nature of the amino
AZT (Figure 4) was released from the gel phase to the water i moiety’s side chain unit. In a preliminary study, we
have observed that such hydrogels are efficacious for the
slow release of AZT, which suggests that these systems have
broad prospects as efficient biomaterials that can play a role

a) 20, . as drug carriers.
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