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There is considerable interest in research directed toward
the tailoring of metal nanoparticles (NPs) due to their
futuristic applications. Surface functionalized metal NPs have
been used for a variety of applications, such as in nanoscale
electronics,1 biomedical sciences,2 sensor technology, and
chemical catalysis.3 Metal NPs are known for their unusual
optical, electrical, magnetic and catalytic properties compared
to those of the bulk metal.4 Among the various metals, gold
NPs have been studied in greater detail owing to their
stability and ease of synthesis. Brust et al. set the stage for
a rapid exploration of gold NPs using organic thiols.5

Subsequently, several other alkyl thiols6 and thiol derivatives
of synthetic7 and biopolymers, dendrimers/dendrons,8 por-
phyrin,9 water soluble thiol derivatives,10 and so forth have
been described as capping agents to stabilize gold NPs.
Phosphine,11 pyridine,12 and selenide13 stabilized NPs have
also been explored.

Ordered assemblies of nanometer-sized particles belong
to an interesting class of nanomaterials that provide excep-
tional potential to achieve one-, two-, and three-dimensional
organization for a wide variety of applications ranging from
photonic devices to memory devices, arrays of magnetic
NPs,14 and single-electron microelectronic devices, among
others.15 An increasing number of efforts have been docu-
mented in the current literature to design various types of
organic-inorganic hybrid materials.16 In this communication,
we describe a novel design of NP-hydrogel hybrid material
using facially amphiphilic steroid analogs.

Our interest in bile acid based gelators17 led us to explore
the synthesis and properties of bile analogs with the side
chain carboxylic acid replaced by a thiol to stabilize metal
NPs. We reasoned that the specific self-aggregation modes
of facially amphiphilic steroids would enable a metal NP
capped by such a thiol to “lock” onto a gel fiber derived
from a structurally related molecule.

The syntheses of 24-nor-23-mercapto-3R,7R,12R-trihy-
droxycholane (1), 3R,12R-dihydroxycholane (2), and 3R-
hydroxycholane (3) were accomplished in a straightforward
manner as shown in Scheme 1 (see Supporting Information
for details). Attempts to synthesize gold NPs using facially

† Also at Chemical Biology Unit, JNCASR, Bangalore, 560012 India.
(1) (a) Wohltjen, H.; Snow, A. W.Anal. Chem.1998, 70, 2856. (b)

Elghanian, R.; Storhoff, J. J.; Mucic, R. C.; Letsinger, R. L.; Mirkin,
C. A. Science1997, 277, 1078. (c) Wie, A.; Kim, B.; Sadtler, B.;
Tripp, S. L. Chem. Phys. Chem.2001, 2, 743. (d) Rao, C. N. R.;
Kulkarni, G. U.; Govindaraj, A.; Sathishkumar, B. C.; Thomas, P. J.
Pure Appl. Chem.2000, 72, 21. (e) Rao, C. N. R.; Kulkarni, G. U.;
Thomas, P. J.; Edward, P. P.Chem. Soc. ReV. 2000, 29, 27.

(2) (a) Bruchez, M., Jr.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A.
P.Science1998, 281, 2013. (b) Cahn, W. C. W.; Nie, S.Science1998,
281, 2016. (c) Alivisatos, P.Nat. Biotechnol.2004, 22, 47. (d) Claridge,
S. A.; Goh, S. L.; Frechet, J. M. J.; Williams, S. C.; Micheel, C. M.;
Alivisatos, A. P.Chem. Mater.2005, 17, 1628.

(3) (a) Mohr, C.; Hofmeister, H.; Radnik, J.; Claus, P.J. Am. Chem. Soc.
2003, 125, 1905. (b) Lou, J.; Lou, Y.; Maye, M. M.; Zhong, C. J.;
Hepel, M.Electrochem. Commun.2001, 3, 172. (c) Jaramillo, T. F.;
Baeck, S.-H.; Cuenya, B. R.; McFarland, E. W.J. Am. Chem. Soc.
2003, 125, 7148. (d) Pasquato, L.; Rancan, F.; Scrimin, P.; Mancin,
F.; Frigeri, C.Chem. Commun.2000, 2253. (e) Li, H.; Luk, Y.-Y.;
Mrksich, M. Langmuir1999, 15, 4957.

(4) Daniel, M.-C.; Astruc, D.Chem. ReV. 2004, 104, 293.
(5) Brust, M.; Walker, M.; Bethel, D.; Schiffrin, D. J.; Whyman, R. J.J.

Chem. Soc., Chem. Commun.1994, 801.
(6) (a) Yonezzawa, T.; Yasui, K.; Kimizuka, N.Langmuir2001, 17, 271.

(b) Yonezawa, T.; Kunitake, T.Colloids Surf., A1999, 149, 193.
(7) Corbierre, M. K.; Cameron, N. S.; Sutton, M.; Mochrie, S. G. J.; Lurio,

L. B.; Ruehm, A.; Lennox, R. B.J. Am. Chem. Soc.2001, 123, 10411.
(8) Kim, M.-K.; Jeon, Y.-M.; Jeon, W. S.; Kim, H.-J.; Kim, K.; Hong, S.

G; Park, C. G.Chem. Commun.2001, 667.
(9) (a) Imahori, H.; Kashiwagi, Y.; Endo, Y.; Hanada, T.; Nishimura, Y.;

Yamazaki, I.; Araki, Y.; Ito, O.; Fukuzumi, S.Langmuir 2004, 20,
73. (b) Hasobe, T.; Imahori, H.; Fukuzumi, S.; Kamat, P. V.J. Am.
Chem. Soc.2003, 125, 14962. (c) Hasobe, T.; Imahori, H.; Kamat, P.
V.; Ahn, T. K.; Kim, S. K.; Kim, D.; Fujimoto, A.; Hirakawa, T.;
Fukuzumi, S.J. Am. Chem. Soc.2005, 127, 1216.

(10) Foos, E. E.; Snow, A. W.; Twig, M. E.; Ancona, M. G.Chem. Mater.
2002, 14, 2401.

(11) (a) Tamura, M.; Fujihara, H.J. Am. Chem. Soc.2003, 125, 15742.
(b) Son, S. U.; Jang, Y.; Yoon, Y. K.; Kang, E.; Hyeon, T.Nano
Lett. 2004, 4, 1147.

(12) Gandubert, V. J.; Lennox, R. B.Langmuir2005, 21, 6532.
(13) Yee, C. K.; Ulman, A.; Ruiz, J. D.; Parikh, A.; White, H.; Rafailovich,

M. Langmuir2003, 19, 9450.

(14) (a) Zhong, Z. Y.; Gates, B.; Xia, Y. N.; Qin, D.Langmuir2000, 16,
10369. (b) Zahn, M.J. Nanoparticle Res.2001, 3, 73. (c) Shi, J.;
Gider, S.; Babcock, K.; Awschalom, D. D.Science1996, 271, 937.

(15) (a) Lebreton, C.; Vieu, C.; Pe´pin, A.; Mejias, M.; Carcenac, F.; Jin,
Y.; Launois, H.Microelectron. Eng.1998, 41/42, 507. (b) Yoffe, A.
D. AdV. Phys.2001, 50, 1. (c) Kouwenhoven, L. P.; Austing, D. G.;
Tarucha, S.Rep. Prog. Phys.2001, 64, 701.

(16) (a) van Bommel, K. J. C.; Friggeri, A.; Shinkai, S.Angew. Chem.,
Int. Ed.2003, 42, 980. (b) Chan, C. L.; Wang, J. B.; Yuan, J.; Gong,
H.; Liu, Y. H.; Liu, M. H. Langmuir2003, 19, 9440. (c) Love, C. S.;
Chechik, V.; Smith, D. K.; Wilson, K.; Ashworth, I.; Brennan, C.
Chem. Commun.2005, 1971. (d) Sugiyasu, K.; Tamura, S.; Takeuchi,
M.; Berthier, D.; Huc, I.; Oda, R.; Shinkai, S.Chem. Commun.2002,
1212. (e) Kobayashi, S.; Hamasaki, N.; Suzuki, M.; Kimura, M.; Shirai,
H.; Hanabusa, K.J. Am. Chem. Soc.2002, 124, 6550. (f) Sone, E. D.;
Zubarev, E. R.; Stupp, S. I.Angew. Chem., Int. Ed.2002, 41, 1705.
(g) Hu, Z.; Xia, X. AdV. Mater. 2004, 16, 305. (h) Kimura, M.;
Kobayashi, S.; Kuroda, T.; Hanabusa, K.; Shirai, H.AdV. Mater.2004,
14, 335. (i) Asai, M.; Sugiyasu, K.; Fujita, N.; Shinkai, S.Chem. Lett.
2004, 33, 120. (j) Simmons, B.; Li, S.; John, V. T.; McPherson, G.
L.; Taylor, C.; Schwartz, D. K.; Maskos, K.Nano Lett.2002, 2, 1037.
(k) Vamula, P. K.; John, G.Chem. Commun.2006, 21, 2218.

(17) (a) Mukhopadhyay, S.; Maitra, U.Curr. Sci. 2004, 87, 1666 and
references cited therein. (b) Sangeetha, N. M.; Balasubramanian, R.;
Maitra, U.; Ghosh, S.; Raju, A. R.Langmuir 2002, 18, 7154. (c)
Maitra, U.; Mukhopadhyaya, S.; Sarkar, S.; Rao, P.; Raju, A. R.
Angew. Chem., Int. Ed.2001, 40, 2281.

Scheme 1. Synthesis of Steroidal Thiolsa

a (a) (NH2)2S, dry DMF. (b) NaOH, DMF/H2O. (c) (BnNEt3)2MoS4/dry
DMF. (d) Zn/5% HCl, MeOH-THF.
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amphiphilic thiols1-3, via the biphasic method,5 resulted
in dark brown dispersions that did not show the characteristic
gold surface plasmon resonance band due to the limited
solubility of steroidal thiols1-3 in toluene. Therefore, the
gold NPs were prepared by the NaBH4 reduction of the
yellow homogeneous solution of HAuCl4 in the presence of
steroidal thiols in methanol, keeping a 1:1 molar ratio
between the gold salt and the steroidal thiol. The identity
and homogeneity of the caps on the NPs were confirmed by
1H NMR of the dispersions in DMSO-d6, IR, and elemental
analysis. As calculated from the elemental analysis, the 2
nm steroid-capped Au NPs are stabilized by approximately
20-30 steroidal units depending on the cap.18

These steroid-capped AuNPs are stable through several
cycles of drying and re-dissolution. They could be easily
dispersed in protic and polar aprotic organic solvents but
were nondispersible in water and in chloroform, ethyl acetate,
hexane, and toluene alone. Stable dispersions in these
solvents may, however, be obtained in the presence of small
quantities (2-5%) of ethanol or methanol.

These NPs showed a surface plasmon resonance band at
520 nm, characteristic of gold colloid (Figure 1).19-21 The
shapes of the observed plasmon resonance bands were
dependent on the structure of the steroidal capping agent.

The size and shape of the steroid-capped NPs were studied
by transmission electron microscopy (TEM). The TEM
images (Figure 2A-C) revealed spherical particles with the
size depending on the nature of the capping unit. The average
sizes of the1-, 2- and3-stabilized gold NPs were found to
be 3.5, 2.5, and 1.5 nm, respectively. This may explain the
observed shapes of the plasmon absorption bands.19 The
bulkiness of the capping agent has been given some
importance in determining the size of the metal particles.
Thus, we suggest that the bulkiness of the cap and the capped

NP size follow the same sequential decrease as we move
from thiol 3 to thiol 1.22

To explore the possibile immobilization of the steroid-
capped NPs on a steroid gel, bile acid-derived hydrogelator
4 was selected.23 This super hydrogelator forms a fibrillar
network (d ca.50 nm) upon aggregation in the AcOH/water
medium (Chart 1).17c

Because gels derived from4 have been extensively studied
in AcOH/H2O, we selected the same medium to study the
stability of the steroid-capped NPs. The NP dispersions
(>0.05 mg/mL) in 20% AcOH/H2O were unstable beyond
5 h and separated out of the medium. But to our delight, the
NP-gel (GN) composite was found to be stable for several
months even at higher NP loading (>2 mg/mL). This hybrid
material was prepared by dissolving the NPs and the gelator
(above the critical gelation concentration) in AcOH first and
then diluting with 4 volumes of water. This dispersion formed
a gel in 4-5 h.

The incorporation of the steroid-capped AuNPs into the
gel showed no change in the melting behavior of the gel
(NP loading up to 0.1%, w/v). On the other hand, melting
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steroidal gelator was difficult to achieve. The3-capped NPs (above
0.02%, w/v) were non-dispersible in the gel of4. Immobilization of
dodecane thiol stabilized gold NPs in gel4 was not achieved because
these NPs were completely insoluble in the AcOH/H2O medium.

Figure 1. Absorption spectra of gold NPs capped with bile acid-derived
thiols 1 (A), 2 (B), and3 (C) in 1:1 EtOH/CHCl3.

Figure 2. TEM images of gold NPs capped with bile acid-derived thiols
1 (A), 2 (B), and3 (C), respectively (scale bars: for A, 50 nm; B, 10 nm;
andC, 20 nm).

Chart 1. Structure of Gelator Molecule 4
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the gel at 50°C caused the NPs to separate from the medium
(0.05 mg of1-capped NPs in 1 mL of the 0.2% gel of4). In
addition, NP dispersion in a medium containing gelator4
below the critical gel concentration was unstable and caused
the NPs to separate from the AcOH/H2O medium within 24
h of preparation (0.05 mg of1-capped NPs in 1 mL of 0.1%
solution of4). A similar observation was experienced while
dispersing the steroid-capped NPs into 20% AcOH/H2O
containing a steroidalnon-gelator(methyl deoxycholate).
This clearly demonstrated that the steroid-capped AuNPs are
significantly stabilized by the suparmolecular structures
present in the gel. The stability of the NPs observed in gel
is likely to result from the association of the steroid units
present both on the NP and on the gelator. Gelator4 contains
an amine functionality which is known to stabilize matal
particles. Hence, the interaction of the amine functinality on
the gelator may help stabilize the metal particles in the gel
better.

The observed plasmon absorption band of steroid-capped
AuNPs did not show any significant change in theirλmax

values upon dispersing in the gel, suggesting that there is
no drastic environmental change around the metal core of
the embedded AuNPs in the gel.

TEM and atomic force microscopy (AFM) were used to
analyze the morphology of the NP-gel hybrid material. For
TEM imaging, samples were prepared by smearing the
copper grid over the NP-gel composite taken on the glass
plate, in such way that a fine layer appeared over the grid.
TEM imaging of the NP-gel (GN) composite showed that
steroid-capped NPs arranged well on the gel fibers of4
(Figure 3). Even though TEM showed a regular arrangement
of the capped NPs on the outer wall of the gel fibers, the
possible incorporation of the capped NPsinsidethe gel fiber
cannot be ruled out. Because gold NPs used here were much
smaller than the diameter of the fibers of4, they could be
physically arrested between the aggregates during fiber
formation. A few aggregated spherical NP clusters could be
seen (either on or outside the gel fibers) at times depending
on the preparation. Regardless of the specific arrangements
of the particles, this work clearly shows the immobilization
of the NPs on the gel fibers.

The hybrid material was also analyzed by AFM. No
additional details could be obtained from the AFM studies
done so far (for prelimnary results, see Supporting Informa-
tion).

In summary, we have developed the synthesis of a series
of facially amphiphilic thiols as capping agents to stabilize
gold NPs. The free hydroxyl groups on the steroid moiety
may be exploited to attach active groups for performing
specific functions like catalysis, energy transfer, sensing, and
so forth.

A steroid-derived gel was shown as an excellent medium
for stabilizing the structurally “analogous” NPs, which
emerged as a novel method for obtaining the composite
materials. This design of the NP-gel composite opens up
many opportunities for future studies and possible applica-
tions.
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Figure 3. TEM images of the NP-gel composites (GN) scanned separately
at various levels of magnification (0.05 mg of1-Au NP in 1 mL of the
0.2% gel of4). Scale bars: GN1, 200 nm; GN2, 100 nm; GN3, 20 nm;
and GN4, 100 nm.
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