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Abstract: A series of cyclodextrin-based polypseudorotaxanes (PPRs) were constructed by threading native
p-cyclodextrin or L-tryptophan-modified S-cyclodextrin onto the amino-terminated PPG chains of different
lengths. Subsequently, these PPRs were further assembled to form netlike supramolecular aggregates
through the linkage of gold nanoparticles, and the resulting water-soluble Au—PPR aggregates were
comprehensively characterized by FT-IR, UV, NMR, fluorescence spectroscopy, powder X-ray diffraction
patterning, TG-DTA, and transmission electron microscopy. The results showed that the size and
sedimentation rate of the Au—PPR aggregates were mainly dependent on the lengths of the PPG chains.
Significantly, the Au—PPR aggregate 8, involving many L-tryptophan residues, showed not only a satisfactory
water solubility but also a good capturing ability for fullerenes in aqueous solution. The 8—fullerene conjugate
thus formed exhibited a good DNA cleavage ability under light irradiation.

Introduction fullerene carboxylic acid derivativésfullerene amino acid
derivatives? fullereneol? peptide- and oligonucleotide-func-
tionalized fullerene derivative$ protein—fullerene conjugates,
pendant fullerene polymet$main-chain fullerene polymets,

and dendrimeric fulleren¥. Though these modified fullerene
derivatives show moderate solubility in water, whether fullerenes
really dissolve in water is still to be discover&dOne possible
explanation for the solubility of fullerenes in water is that they
can form various supramolecular assemblies, such as vesicles,
rods, capsules, and linear aggregates. Generally, two approaches
have been explored to prepare such supramolecular assemblies.

Fullerenes have attracted a significant interest in material
science owing to the combination of their unique properties,
particularly their capability as electron donors or acceptors and
their photophysical and photochemical behavior, that have
imparted to them a number of favorable magnétcipercon-
ductivity 2 electrical® and biochemical characteristit&mong
the various fullerene derivatives, water-soluble fulleréhese,
in particular, gained popularity because of their potential
biological application$.In the past decade, numerous water-

soluble fullerene derivatives have been synthesized,

including One approach involves covalently modifying fullerenes with
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hydrophilic groups, especially with long chaitfsthe other
involves the inclusion of unmodified fullerenes into water-
soluble polymers or synthetic receptors, such as pbly(
vinylpyrrolidone)1¢ cyclodextrinsl” or calixarened? to form

as spectral sensors to sense optically inert heavy metal ions via
an ion-chelation-induced aggregation proc&ddore recently,

we successfully constructed supramolecular assemblies bearing
many metal centers through the intermolecular coordination or

host-guest inclusion complexes or supramolecular assemblies.inclusion complexatior? In the current work, we wish to report

In the second approach, the simple incorporation of fullerenes a series of supramolecular networks constructed from gold
with solubilizers might be an important but relatively less nanoparticles and PPG-threaded cyclodextrin PPRs (Scheme 1).
investigated method to enhance the solubility and stability of With a good preorganized structure and numerous electron
fullerenes in aqueous solution because not only can this methoddonors (-Try residues), aggregat® obtained fromr-tryp-

avoid many disadvantages of the former approach, such as theophan-modifiegs-cyclodextrin (-Try-CD), amino-terminated

low yield and difficult separation of various isomers but also PPG2000, and gold nanopatrticles, was able to capture and enrich
can it introduce the fullerene into a preorganized system in a [60]fullerenes in aqueous solution through electron-transfer
more controlled fashion. On the other hand, nanometer-sizedinteractions between Try residues and [60]fullerenes. Interest-
semiconductors and metal particles have also gathered increasinggly, after capturing fullerenes, aggreg&showed an obvi-
interest? in many fields, such as optoelectroniés;atalysis?! ously enhanced DNA cleavage ability under light irradiation.
and medical diagnosti@d.Among these particles, gold nano- These properties of aggrega@ienake it potentially applicable
particles have attracted maximum scientific and technological in the field of material technology and biological chemistry.
attention because of their excellent physical and chemical Furthermore, it is also of our particular interest to examine
characteristics. For example, owing to their high electron factors governing the aggregation process of PPRs on nano-
density, colloidal gold particles are commonly used as tracers particles, which will serve our further understanding of this

in electron microscopic studies of cellular biological sampfes.

important but minimally studied area of supramolecular chem-

Moreover, water-soluble modified gold nanoparticles have beenistry.
reported as able to act as aqueous media favorable for the

manipulation of DNA and other biomolecufésand to enrich
[60]fullerenes into nanometer-sized aggregdteRecently,
Mirkin et al. developed a colorimetric DNA hybridization assay
using the spectral properties of gold nanopartiéfes their

experiments, gold nanoparticles averaging 13 nm in diameter

agglutinated in the presence of DNA oligonucleotides with a

matching sequence, as indicated by a color change of the sampl

from red to purple. Otsuka et al. reported the selective
aggregation of gold nanoparticles modified W)-{actosylo-
mercaptopoly(ethylene glycol) in the presence of legtim a
similar study, Hupp et al. used functionalized gold nanoparticles
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Experimental Section

General. a,w-Diaminopolypropylene glycols (PPG, average
molecular weight of 400, 2000, 4000) were purchased from
Sigma-Aldrich.5-Cyclodextrin (CD) was purchase from Wako.
L-Try-CD was prepared according to our previous reffutMR
spectra were recorded on a Varian INVOA 300 spectrometer
in DMSO-ds using tetramethylsilane as an internal reference.
FT-IR spectra were recorded on a Shimadzu Bio-Rad FTS 135
instrument. Thermogravimetric (TG) and differential thermal
analyses (DTA) were obtained by using a RIGAKU standard-
type spectrometer. The samples were put into platinum pans,
which were hung in the heating furnace. The weight percentage
of material remaining in the pan was recorded, while the
temperature was increased from room temperature t¢6Ga
a heating rate of 10C/min. Nitrogen was used as the purge
gas. The X-ray diffraction scans of samples were carried out
on a Rigaku D/max-2500 diffractometer. The X-ray source was
Ni-filtered Cu Ko radiation (40 kV, 100 mA). The specimens
were mounted on aluminum frames and scanned from 3o 60
= 20 at a speed of 2 = 1.2/min. UV—vis spectra were
recorded in a conventional quartz cell (¥010 x 45 mm) at
25 °C on a Shimadzu UV2401 spectrometer. Fluorescence
spectra were measured at 26 using a conventional quartz
cell (10 x 10 x 45 mm) on a JASCO FP-750 spectrofluorom-
eter, with the excitation and emission slits of 5 nm width for
all of the measurements, with the excitation wavelength set at
285 nm. Deionized, distilled water was used as solvent in all
spectral measurements. The ICP experiment was performed on
an ICP-9000 (N+ M) instrument (U.S.A. Thermo Jarrell-Ash
Corporation).
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Transmission Electron Microscopic (TEM) Measure- additional 10 min; then the heating source was removed, and

ments. A 50 uL portion of sample solution was dropped on a the colloid was stirred for another 15 min. TEM data indicated
copper grid. The grid was then air-dried. The samples were an average diameter of 1453.4 nm. All colloids were stored
examined by a high-resolution transmission electron microscopeat room temperature in the dark and were generally used within
(TEM) (Philips Tecnai G2 20 S-TWIN microscope) operating 1 month after preparation. Average sizes were determined by
at an accelerating voltage of 200 keV. measuring diameters along a consistent axis throughout the
Colloid Preparation. All glassware used in the preparation ~Samples.
was thoroughly cleaned in aqua regia (3 parts HCI, 1 part Synthesis of PPRs £3. The PPG was mixed with a saturated
HNOs), rinsed three times with distilled water, and oven-dried aqueous solution of CD at room temperature, and the mixture
prior to use. Gold colloids were prepared using a similar method was stirred overnight at room temperature. The product that
reported by Frerf$ or Sutherland? In a 1 L round-bottom flask precipitated was collected by filtration and washed with water
equipped with a condenser, 63.7 mg of HAg@H,O was and ether. Then the polypseudorotaxanes were dried in vacuo
dissolved in 500 mL of water, and the formed 0.01% HAuUCI at 80°C.
solution was brought to a boil with vigorous stirring. To this CD-PPG400 PPR 1: Yield 43%; IR (KBr, cntl) 3354,
solution was added 7.5 mL of 1% sodium citrate. The solution 2968, 2895, 1628, 1440, 1370, 1332, 1297, 1154, 1106, 1027,
turned violet-red after 1 min. Boiling was continued for an 938, 860, 756, 702, 575H NMR (300 MHz, DMSO#s) &
1.03-1.05 (m, 3Hx 7, CH; of PPG), 3.32-3.63 (m, 42Hx

31) Frens, GNat. Phys. Sci1l973 241, 20—22. _ _ _
5323 Sutherland W, S : Winefordner, J. I Colloid Interface Sci1992 48, 3, C2-6 H of CD, 3Hx 7, ~CH,CHO- of PPG), 4.46-4.49
129-141. (m, 7H x 3, O-6 H of CD), 4.82-4.83 (m, 7Hx 3, C-1 H of
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CD), 5.70-5.77 (m, 14Hx 3, O-2,3 H of CD). Anal. Calcd
(%) (the number of CDs used for calculation was estimated by
NMR) for (C42H70035)3(C21H4207N2H4)(H20)22: C, 41.64; H,
7.13; N, 0.66. Found: C, 41.55; H, 7.44; N, 0.50.

CD—PPG2000 PPR 2:Yield 56%; IR (KBr, cnt?l) 3348,
2972, 2889, 1626, 1443, 1368, 1337, 1292, 1151, 1104, 1023,
942, 867, 758, 704, 565H NMR (300 MHz, DMSO¢) 0
1.03-1.05 (m, 3Hx 34, CH; of PPG), 3.273.66 (m, 42Hx
12, C2-6 H of CD, 3Hx 34, —CH,CHO— of PPG), 4.46
4.50 (m, 7THx 12, 0-6 H of CD), 4.824.83 (m, 7Hx 12,
C-1Hof CD), 5.70-5.77 (m, 14Hx 12, O-2,3 H of CD). Anal.
Calcd (%) (the number of CDs used for calculation was
estimated by NMR) for (G:2H70035)12(C102H204034N2H4)-
(H20)16 C, 41.34; H, 7.26; N, 0.16. Found: C, 41.15; H, 7.08;
N, 0.25.

CD—PPG4000 PPR 3:Yield 26%; IR (KBr, cntl) 3338,
2969, 2926, 2895, 1648, 1447, 1374, 1332, 1300, 1247, 1154,
1107, 1081, 1030, 938, 860, 756, 702, 5#¥9NMR (300 MHz,
DMSO-dg) 6 1.03-1.04 (m, 3Hx 68, CH; of PPG), 3.36-
3.66 (m, 42Hx 25, C2-6 H of CD, 3Hx 68, —CH,CHO— of
PPG), 4.46-4.50 (m, 7Hx 25, O-6 H of CD), 4.82-4.84 (m,
7H x 25, C-1 H of CD), 5.76-5.76 (m, 14Hx 25, O-2,3 H of
CD). Anal. Calcd (%) (the number of CDs used for calculation
was estimated by NMR) for (Q'i70035)25(C204H408068N2H4)-
(H20)126 C, 43.63; H, 7.01; N, 0.81. Found: C, 43.86; H, 6.83;
N, 0.52.

L-Try-CD —PPG2000 PPR 4:The PPG2000 (10 mg) was
put into a tube, and a saturated aqueous solution (2 mL) of
L-Try-CD (64.3 mg) was added at room temperature; the mixture
was ultrasonically agitated for 30 min and then allowed to stand
for 48 h at 4°C. The light-yellow precipitates were collected
by centrifugation, dried under vacuum at 8C, washed

amount of DMF, and then dried in vacuo to give aggregates
5—7 as black-blue solids.

Aggregate 5: Yield 34% (calculated based on the gold
colloid); IR (KBr, cm1) 3351, 2969, 2927, 2879, 1646, 1455,
1362, 1335, 1297, 1154, 1106, 1081, 1036, 935, 861, 758, 704,
577;'H NMR (300 MHz, DMSO¢g) 6 1.03-1.05 (m, 3Hx
7, CH; of PPG), 3.273.66 (m, 42Hx 3, C2-6 H of CD, 3H
x 7, —CH,CHO- of PPG), 4.46-4.49 (m, 7Hx 3, O-6 H of
CD), 4.82-4.83 (m, 7THx 3, C-1 H of CD), 5.69-5.76 (m,
14H x 3, 0-2,3 H of CD).

Aggregate 6: Yield 47% (calculated based on the gold
colloid); IR (KBr, cnr1) 3344, 2973, 2922, 2881, 1645, 1456,
1365, 1331, 1297, 1157, 1104, 1019, 1034, 936, 863, 758, 700,
576;H NMR (300 MHz, DMSO¢g) 6 1.03-1.05 (m, 3Hx
34, CH; of PPG), 3.273.66 (m, 42Hx 12, C2-6 H of CD,
3H x 34,—CH,CHO- of PPG), 4.46-4.50 (m, 7Hx 12, O-6
H of CD), 4.82-4.83 (m, 7Hx 12; C-1 H of CD), 5.69-5.77
(m, 14H x 12, 0-2,3 H of CD).

Aggregate 7: Yield 52% (calculated based on the gold
colloid); IR (KBr, cm™1) 3341, 2972, 2926, 2879, 1640, 1457,
1364, 1337, 1300, 1154, 1101, 1082, 1028, 936, 857, 756, 702,
577;"H NMR (300 MHz, DMSOég) 6 1.03-1.05 (m, 3Hx
68, CH; of PPG), 3.273.63 (m, 42Hx 25, C2-6 H of CD, 3
x 68, —CH,CHO— of PPG), 4.46-4.50 (m, 7Hx 25, O-6 H
of CD), 4.82-4.84 (m, 7THx 25, C-1 H of CD), 5.69-5.76
(m, 14H x 25, O-2,3 H of CD).

Synthesis of Aggregate 8To 10 mL of gold colloid solution
in a sealed tube was added 20 equiv of saturatedPsution
with vigorous stirring in the dark. The pH value of the colloid
solution was set at-6. The reaction solution was maintained
for 12 h, and the color of the resulting solution changed from

carefully with a small amount of water and ether, and then dried red to blue-violet. The homogeneous reaction mixture was
under vacuum at 86C to give the polypseudorotaxane. Yield maintained at 4°C for 3 days, and a blue precipitate was
6%; IR (KBr, cnT1) 3373, 2973, 2922, 2909, 1720, 1626, 1457, obtained. After collected by centrifugation, this precipitate was
1399, 1335, 1154, 1108, 1081, 1030, 938, 860, 756, 702, 579;successively washed with a small amount of water and DMF
IH NMR (300 MHz, DMSOég) 6 1.03-1.05 (m, 3Hx 34, and dried in vacuo to give aggregadeas a black-blue solid.
CHs of PPG), 2.86-2.83 (m, 1x 12, NH of Try), 3.0:-3.03 Yield 14% (calculated based on the gold colloid); IR (KBr,
(m, 3H x 12, CH, and CH of Try), 3.3+3.63 (m, 42Hx 12, cm1) 3371, 2973, 2921, 2908, 1716, 1626, 1454, 1396, 1333,
C2-6 H of CD, 3Hx 34, —CH,CHO— of PPG), 4.474.56 1158, 1105, 1082, 1030, 939, 866, 754, 703, 581;NMR

(m, 6H x 12, O-6 H of CD), 4.79-4.83 (m, 7THx 12, C-1 H (300 MHz, DMSO¢g) 6 1.03—1.05 (m, 3Hx 34, CH; of PPG),

of CD), 5.69-5.80 (m, 14Hx 12, O-2,3 H of CD), 6.926.97 2.79-2.83 (m, 1x 12, NH of Try), 3.0+3.03 (m, 3Hx 12,

(t, 1H x 12,3 = 6.9 Hz, aromatic H of Try), 7.027.06 (t, 1H CH, and CH of Try), 3.3%3.64 (m, 42Hx 12, C2-6 H of CD,

x 12,3 =7.5 Hz, aromatic H of Try), 7.1217.128 (m, 1Hx 3H x 34, —CH,CHO— of PPG), 4.48-4.56 (m, 6Hx 12, O-6

12, aromatic H of Try), 7.21 (d, 1 12,J = 2.4 Hz, aromatic H of CD), 4.80-4.83 (m, 7Hx 12, C-1 H of CD), 5.7+5.81

H of Try), 7.54 (d, 1Hx 12,3 = 3.9 Hz, aromatic H of Try),  (m, 14H x 12, 0-2,3 H of CD), 6.926.96 (t, 1Hx 12,J =
10.79 (s, 1Hx 12, COOH of Try). Anal. Calcd (%) (the number 6.0 Hz, aromatic H of Try), 7.027.05 (t, 1Hx 12,J = 4.5

of CDs used for calculation was estimated by NMR) for Hz aromatic H of Try), 7.1227.128 (m, 1Hx 12, aromatic

(CsaHgdO36N2)12(C102H204034N2H4) (H20)100 C, 45.08; H, 7.01;
N, 1.85. Found: C, 45.34; H, 6.97; N, 1.57.

Synthesis of Au-PPR Aggregates 5-7. To 50 mL of gold
colloid solution in a round-bottom flask was added 20 equiv of
saturated CB-PPG PPR solution with vigorous stirring in the
dark. The pH value of the colloid solution was set-#.33 The
reaction solution was maintained for 4 h, and the color of the
resulting solution changed from red to violet, accompanying
the appearance of precipitates. After collected by filtration, the
precipitates were washed successively with water and a small

(33) Zheng, J. W.; Zhu, Z. H.; Chen, H. F.; Liu, Z. Eangmuir 2000 16,
4409-4412.
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H of Try), 7.21 (d, 1Hx 12,J = 2.4 Hz, aromatic H of Try),
7.54 (d, 1Hx 12,3 = 3.9 Hz, aromatic H of Try), 10.81 (s, 1H
x 12, COOH of Try).

General Synthesis Procedure of AggregateFullerene
System.An excess amount of [60]fullerene was added to a
saturated polypseudorotaxan&u aggregate solution (10 mL).
The reaction mixture was stirred for 12 h, and the insoluble
matter was removed by centrifugation (16 000 rpm). After the
solvent was removed under the reduced pressure, the obtained
[60]fullerenes-containing aggregate was dried in vacuo to give
a brown-black solid. The U¥vis spectrum was used to monitor

whether [60]fullerenes were incorporated into the aggregates
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Scheme 2 CD—p-nitroacetanilide complex, which has been proven to have
a columnar structure by X-ray single-crystal studfeisdicating
that PPR4l and?2 are crystalline in the solid state and possess
= a columnar structure. Moreover, although the relative intensities
and some reflection angles of peaks in the XRD patterr® of
\ are different from those df and?2, its prominent strong peaks
_ ) ) (20) at 11.56 and 17.94also indicate the formation of the
e e inclusion complexes between CD channels and PPG200e
Conformer | Conformer Il differences of the peak patterns are likely to be attributed to
the decrease of the crystalline ordered degree with the increase
by examining the characteristic absorption maximum of [60]- of the polymeric chain. However, the diffractogramuefry-
fullerenes in aqueous solution. CD PPR4 is not consistent with those @f-3, in that the XRD
pattern of4 shows a trend of a broad diffuse halo, indicating
that 4 is amorphous to some extent, which might result from
Preparation and Characterization of PPRs: Preparation the fact that theL-Try residues have more freedom and
of PPRs.CD-based PPR&—4 were prepared by adding the complicated spatial conformation conversion. Even so, BPR
amino-terminated PPG#/, = 400, 2000, 4000) to a saturated still adopts the channel structure like thoselef3. A series of
aqueous solution #-CD orL-Try-CD and stirring the mixture  characteristic reflections of (Figure 2d) at 2 = 7.22 (d =
at room temperature. During this process, the clear solution 12.23 A), 9.20 (d = 9.60 A), 12.20 (d = 7.25 A), 17.50 (d
became turbid, and the PPRs were formed as crystalline= 5.06 A), and 18.8%(d = 4.71 A) are quite similar to those
precipitates. FoB-CD PPRs, the threading of CD cavities onto  of its analogue2 (Figure 2b) at 2 = 7.16* (d = 12.33 A),
PPG chains was rapid, with a satisfactory yield of-B6%. 9.58 (d=9.22 A), 12.52 (d = 7.06 A), 17.62 (d = 5.03 A),
Generally, the PPRs would precipitate after the reaction mixture and 18.80 (d = 4.72 A). The thermogravimetric (TG) measure-
was stirred fof/; h. However, the yield of-Try-CD PPR was ments of PPR4—4 show that they start to decompose at 280
relatively low (6%), which indicated that-Try-CD was 300°C and entirely decompose at ca. 510. The differential
somewhat difficult to thread onto the PPG chains. One possible thermal analysis results (DTA) show exothermic peaks-o4
reason for this might be the conformational equilibrium between at ca. 340°C, referring to the decomposition of CD units in
the free and self-included conformensfry-CD in the aqueous ~ PPRs. Taking into consideration that the nafi*€D decom-
solution (Scheme 2 poses below 310C, this phenomenon indicates that PPG plays
With the addition of PPG, the fraeTry-CD (conformer II) a stabilizing role forl—4. Moreover, the weight losses under
spontaneously formed a complex with the PPG chain to give 100 °C of 1—-4 are shown to be 8.2, 9.8, 5.6, and 9.5%,
the PPR precipitate, which subsequently led to the equilibrium respectively, validated by TG experiments, which is consistent
shift from conformer | to conformer II. Because of the strong With the known mass fraction values of water molecules
self-inclusion ability of L-Try-CD,2° most of theL-Try-CD calculated by elemental analysis, which are 9.34, 11.24, 6.26,
molecules are expected to exist as the conformer | in the initial and 10.55%, respectively, for polypseudorotaxahesd.
stage, which is unfavorable to the threading of PPG into the Preparation and Characterization of Au—PPR Aggre-
CD cavity. Therefore, a longer reaction time is necessary for gates: Preparation of Au-PPRs.The gold colloidal disper-
the preparation of-Try-CD PPR. From théH NMR data of sions were prepared through the reduction of Au®l citrate.
PPRs1—4 (Figure 1), we could calculate the number of CD When a saturated PPR solution is added to a gold colloid, the
units in 1—4 by comparing the integral of the signals at 4.8 Ccitrates that are absorbed around the surface of gold colloid
ppm (C-1 H of3-CD) with those at 1.03 ppm (GHbf PPG)3* particles are replaced by PPR through electrostatic interaéfidvns.
The obtained values were 3 (fa), 12 (for 2), 25 (for 3), and Therefore, the surface of Au particles becomes hydrophobic,
12 (for 4), which means PPG400, 2000, and 4000 could thread and the colloidal stability in aqueous solution is reduced.
3, 12, and 25 CD cavities to form the PPRs, respectively. These Subsequently, the resulting AlPPR aggregates precipitate out
results indicated that, by selecting the appropriate PPG chainsfrom the aqueous environment. The aggregation process of
we could control the number of CD units in PPR, which would nanoparticles can be monitored easily by examining the color
provide a versatile method for the design and preparation of change of the reaction system. Usually, when interparticle
CD-based pseudorotaxanes. distances are substantially greater than the average particle
Besides the high solubility in DMF and DMSO, PPRs3 diameter, the gold nanoparticles are red in color because of the
also showed an appreciable water solubility at room temperature,Mie absorption by their surface plasmon oscillation that peaks
and their water solubility decreased with the elongation of the at 520 nm*’ However, with the aggregation proceeding, the
PPG chain. It is worth noting here that the water solubility of color of the aggregates turns blue when the interparticle distance
L-Try-CD PPR4 was obviously higher than those of CD PPRs in these aggregates decreases to less than approximately the

1-3, which might be attributed to the solubilization effect of ~average particle diamet&tIn our experiments, all of the Au
the hydrophilicL-Try residues im. PPRs5—8 display the color change from red to violet (or blue-

Morphology and Thermal Stabi"ty of PPRs. Figure 2 (35) (a) Harding, M. M.; Maclennan, J. M.; Paton, R. Mature 1978 274,
shows the XRD patterns of PPRs-4. As can be seen from 612-615. (%) Harada, A.; Okada, M.: Li, J.; Kamachi, Macromolecules

Figure 2, th tterns of PPRsand?2 are similar to that of th 1995 28, 8406-8411.
gure 2, the patterns o @nd2are s arto thato € (36) Huang, L.; Tonelli, A. EJ. Macromol. Scj.Rev. Macromol. Chem. Phys.

1998 C38(4), 781.
(34) Liu, Y, Li, L.; Zhang, H.-Y.; Zhao, Y.-L.; Wu, XMacromolecule2002 (37) Takeuchi, Y.; Ida, T.; Kimura, KSurf. Re. Lett. 1996 3, 1205-1208.
35, 9934-9938. (38) Kreibig, U.; Genzel, LSurf. Sci 1985 156, 678-700.

Results and Discussion
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(a)
OH-2,0H-3 H-10H-6 H-|2-6 CHs of PPG

e M

(b)

o MO

Bl 1 _

T T T T T T T T T T
10 9 8 7 6 5 a 3 2 1 ppm

r

Figure 1. ™H NMR spectra of (a)l, (b) 2, (c) 3, and (d)4 in DMSO-ds. Asterisk denotes the solvent peaks.

{ @ Hence, a long time and relatively low temperature are necessary
10000+ to enable complete precipitation &f
0 Solubility Experiments of the Aggregates Agueous solubil-
=z so00] P ity of aggregates5—7 in water at room temperature was
§ 1 determined gravimetrically. In a typical experiment, 100 mg of
%‘ o] © a sample was added to 5 mL of water. After the mixture was
S 10000+ sonicated for 30 min, the aggregateater mixture was
E 0. centrifuged, followed by the removal of the clear aqueous
1700] @ solution. The residual aggregate sample was dried, and its weight
: was determined and used in the solubility calculation. The
0 10 " 20 " 20 ' 2 solubility of aggregate8 was determined with the same

20 Td procedure by adding 30.4 mg of aggregate 1 mL of water.
_ _ 0 [deg] The calculated solubilities of aggregatessef8 were 9.3, 4.7,
Figure 2. X-ray diffraction patterns for PPR (a), 2 (b), 3 (), and4 (d). 2.6, and 27.1 mg/mL, respectively. The obtained results clearly

) . . o . show that the solubility of aggregagis higher than that of
violet) during the reaction procedure, indicating the aggregation the other three aggregates.

of Au nanoparticles. It is important to clarify that the formation 1H NMR Spectra. 'H NMR experiments showed that there
of the_ polypseudorotaxands-4 Fhrough th_e i_nclusion COM"  \were 3, 12, and 2B-CD units threaded on average onto the
plexation of CDs and polymers is an equilibrium process. Itis pp400 2000, and 4000 chains, respectively. After being
possible to see dethreading taking place due to the red'ssomnonadsorbed on the surface of Au particles, the integral ratios
of isolated polypseudorotaxanes. Therefore, we took Severalbetween the H-1 protons @i-CD and the methyl protons of
methods to prevent, as mgch as possible, any dethreﬁding 9bpG chains were basically unchanged, indicating thgf46®

CDs from the polymers. First, we performed the reaction In hirs were not dethreaded out of the PPG chains in the
watg_r to maintain the hydrophobl_c Interactions petween the CD absorption process. Moreover, it is well-known that the presence
cavities ar?d polymers. Second, n the preparatl_on Process, _theof metal centers in liquid-phase NMR samples can generate large
F_)PR solution was satu_rated, Wh'_Ch served to drive the equilib- inhomogeneities in the magnetic field about the local chemical
rium toward the formation of the inclusion complexes between . ironment$® Therefore. when the PPRs are adsorbed on the
CDs and PPG chains. Finally, during the purification, the crude g, t5ce of the Au particles through their thio or amino groups,
pro_ducts were washed successively with water and DMF/ether,the proton peaks could show the intensity, shift, or breadth
which would remove the byproducts (CD, PPG, and PPG/AU  canges relative to those of the native compoufids. the

NP aggregates) resulting from the dethreading of PPRs because, eqent case, the comparison of the partial NMR spectra of PPR
CD is soluble in water, while PPG and PPG/ANP aggregates 5,4 Au-PPR showed that the signals at 2.87 ppm in Figure
are quite soluble in DMF/ether. These attempts would efficiently 5, assigned to the -NCH, protons in the amino-terminated

avoid the unfavorable influence of the dethreading. It is worth ppg chains, disappeared in the NMR spectrum of the- Au
noting that the yield of aggrega8g14%) was lower than those
of aggregate5—7 (34—52%), which can possibly be attributed  (39) Bradley, J. S. The Chemistry of Transition Metal ColloidsClasters and
to the high hydrophilicity ofL.-Try residues in8 making it ggfoﬁgilvf(rgm Tlg‘air.yéﬁa';?epr'igatg)"gffhmid' G., Bd.; VCH Publish-
unfavorable for its precipitation from the aqueous solution. (40) Liu, J.; Alvarez, J.; Kaifer, A. EAdy. Mater. 200Q 12, 1381-1383.
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Figure 4. FT-IR spectra of (a) PPR and (b) Au-PPR aggregat6. L
25F
PPR aggregate (Figure 3b), which could possibly be attributed . \\
to the fact that this peak underwent a great shift and convoluted 3.0} T
with other broad multiplets. Similar results were observed in 100 200 300 400 500 500

the characterization of the primary amide-capped Au nanopar-
ticles and oleylamine-capped Au nanoparticfes.

FT-IR Spectra. When the primary amines were adsorbed
on the surface of the gold nanoparticles, some characteristic
vibration band changes can be employed to validate whetherypp patterns of Au-PPR aggregat@. As shown in Figure 5,
the primary amines have been attached to the gold nanoparticlesyagiges the characteristic reflection of the PPR unit, two new
Therefore, we performed the FT-IR spectra of A®PR reflection signals appear at ca 2 38.1 and 44.2in the XRD
aggreggte§—8 and their precursor$—4._ Figure 4 illustrates pattern of the Ae-PPR aggregat® corresponding to the (111)
the typical IR spectra o2 and 6, which was used as & 4ng (200) planes of the cubic phase of Au, respectively.
representation of IR spectra of APPR aggregates and their - \1qreover, the average size of the gold nanoparticles was also
precursors. As can be seen in Figure 4, the IR spectrum 6f AU jetermined from the width of the reflection according to the
PPR aggregatéis quite similar to that of its precursor (without  gcherrer formulad = 0.9 M(B cos 0), wheref is the half-
Au—NPs) 2 with several small differences, including the aximum line width, 6 the angle of reflection, and the
following. (1) The bands of methylene stretches at 2972%cm \\4yelength of the X-ray radiatioff. The value oD calculated
corresponding to the hydrocarbon chains of PPG in PPRS o the (111) reflection of the cubic phase of Au was ca. 25
decrease after the reaction with Au nanopatrticles, indicating thatnm, which is basically in agreement with the results of
these hydrocarbon chains surrounding the nanoparticles argysnsmission electron microscopy (TEM) experiments.

highly ordered in the solid stafé(ll) The intensity of the bands Thermogravimetric Analysis. Thermogravimetric analysis

1 .
at 1104 cm’ (C-N stretch) in the IR spgctra of AtPPR . has been conveniently used before to monitor the decomposition
aggregates becomes stronger, accompanied by an apprec'ablfmperature and to acquire information about the organic

band broadening, as compareql o the corrgsponding bands o omposition of monolayer-protected nanopartié¢fssigure 6
PPRS. These two characteristic changes in the IR sgéctra shows the weight-loss curve of APPR aggregates—7.
indicate that the PPRs are successfully adsorbed on the Surfac%—;enerally the decomposition onset temperature of a sample
of the Au nanopar.ticles.through their tefm”?a' amine groups. depends é)n how it is defined, as well as many other factors,
X-ray Powder lefractloq. The crystalhzgﬂon of PPRs on including the purge gas, heating rate, and sample geometry (i.e.,
the surface of Au nanoparticles was investigated by XRD since exposed surface area-to-volume ratio). For our purpose, it was
the .XRD pa“?m of a sample can probe a large num_ber of defined as the temperature at which 7% weight loss was reached.
statistically oriented crystalliteS. Figure 5 shows the typical Using this definition, the decomposition onset temperatures of

Temperature ( °c )

Figure 6. Weight-loss curves of AuPPR aggregateS—7 under dry
nitrogen purge.

(41) Leff, D. V.; Brandt, L.; Heath, J. R_angmiur1996 12, 4723-4730.
(42) (a) Hostetler, M. J.; Stocks, J. J.; Murray, R. Mdngmuir1996 12, 3604~

(43) Cullity, B. D. Elements of X-ray Diffraction2nd ed; Addison-Wesley:
3612. (b) Mayya, K. S.; Caruso, Eangmuir2003 19, 69876993.

Reading, MA, 1978; p 99.
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TEM image of Au-PPR aggregat8.

5—7 were 214, 242, and 26%C, respectively, indicating that
the thermal stability of the AtPPR aggregates increased with
the elongation of the PPG chain. Furthermore, the residual
contents (wt %) for aggregatés-7 at a temperature over 600
°C are 0.9, 0.7, and 0.7%, respectively, which could be
considered as the gold content in aggregéates. In addition,
to corroborate these data, we also performed the ICP experi-
ments to determine the gold content in the aggregates. The ICP
results are 0.92, 0.80, and 0.74% for aggreg&tes, respec-
tively, which are basically consistent with the data obtained from
the DTA analysis. Moreover, the polypseudorotaxane contents
in the Au—(PPGcCD) (n represents the average molecular 0.0 . ' . . )
weight of PPG400, 2000, and 4000) are 85.8, 92.4, and 92.8% 200 300 400 500 600 700 800
for Au—(PPG40@CD), Au—(PPG200@CD), and Au- Wavelength / nm
(PPG400@CD), respectively, if we consider that the weight  Figure 8. Time-dependent Uvis spectra of aggregat(0.3 mg/mL).
loss from 200 to 600C is attributed to the polypseudorotaxane. The curves from top to bottom correspond to the gradual increment of
To simplify the calculation, the core shape of the nanoparticles time: 0,1, 2,3, 5, 10, 15, 20, 25, 32, 45, 60, 90, 120, 150, 180, 190 min.
is assumed to be spherical. Therefore, the polypseudorotaxanexamined aggregates was limited (statistical aggregates were
numbers on each of the nanoparticles are calculated to be 243¢ca. 56-80 for each measurement), it still could be recognized
73, and 40 for At-(PPG40@CD)g 5, Au—(PPG200@CD)g 5, that the average aggregate size tended to increase with the
and Au—(PPG400a-CD), 5, respectively. The average surface elongation of the PPR used. This concept will efficiently
area occupied by one polypseudorotaxane is 20.67, 68.82, andacilitate the design and synthesis of new supramolecular
125.60 nm for 5, 6, and7, respectively. Although all of these  architectures with special size.
values are approximate, we still could draw a conclusion that, Sedimentation Rates of Au-PPR Aggregates.Measure-
with the increase of the molecular weight of polypseudorotaxane, ment of the sedimentation rate has been reported to be a
the footprint is also increased. convenient method for evaluating the aggregation process of
Transmission Electron Microscopy (TEM). Direct informa- Au nanoparticled® Herein, we employed this concept to
tion about the shape, size, and size distribution of the aggregategjualitatively analyze the aggregation behavior of-/RPRs.
came from the high-resolution transmission electron microscopy Sedimentation rates of the AUPPR aggregate5—7 were
(HR-TEM) results. Figure 7a shows the HR-TEM images of monitored by following the intensity of the surface plasmon
Au colloids. Under our experimental conditions, the average (SPR) band maximum at 528 nm as a function versus time. As
gold core size of Au nanoparticles was 19:3.4 nm (statistical can be seen in Figure 8, the SPR band of Au particles at 528
particles were 230). When the PPRs were added to the goldnm gradually decreases, while a new SPR band appears at 665
colloidal solution, Au-PPR aggregates were formed with nm and gradually increases. This phenomenon might indicate
average aggregate sizes of ca. 200 nnbfat00 nm for6, 800 the formation of the Aut-PPR aggregates since the aggregation
nm for 7, and 450 nm for8. Although the aggregate size of gold nanoparticles usually leads to the appearance of a new
distribution was found relatively broad and the number of the absorption band at a wavelength longer than that of the discrete

Absorption
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Figure 9. Sedimentation rates of aggregates?7 denoted by the SPR
intensities of aggregates (0.1 mg/mL),6 (0.3 mg/mL), and7 (0.6 mg/
mL).

Au nanoparticles as a result of the electric dipedipole

interactions and the coupling between the plasmons of neighbor-

ing particles in the formed aggregaté©n the other hand, from
the absorption/time plot shown in Figure 9, we can seen that
aggregate$—7, constructed from Au nanoparticles and PPRs
of different lengths, displayed significantly different sedimenta-
tion rates during aggregate formation, especially in the initial
stages. Thus, aggregdepossessing the shortest PPR linkers,
exhibited a mild decrease of the SPR maximum. However, the
SPR maximum of aggregaté constructed from the longest
PPR linkers, showed a rapid decline against time, and 75% of
the SPR absorption off was quenched within 45 min.
Furthermore, aggregagdisplayed a behavior between these
two extremes and gave a moderate sedimentation rate.
Captor for [60]Fullerene. While performing our experi-
ments, we observed that aggreg&edifferent from other
aggregates, showed a higher water solubility and a better

Wavelength / nm

Figure 10. UV —vis spectra of (a) aggregase(0.2 mg/mL) and (b) [60]-
fullerene-absorbed aggregaien aqueous solution.

(@)

(b)

()

Relative Intensity

(d)

400 450
Wavelength / nm

Figure 11. Fluorescence spectra of (a)Try-CD (5.0 x 1075 M), (b)
L-Try-CD (5.0 x 10-6 M) + PPG2000 (5.0< 10~ M), (c) L-Try-CD (5.0
x 1078 M) + PPG2000 (5.0< 10-7 M) + Au colloid (5.0 x 10-8 M), and
(d) L-Try-CD (5.0 x 1078 M) + PPG2000 (5.0« 10-7 M) + Au colloid
(5.0 x 108 M) + Ceo.

1
300 350 500

preorganized structure, as seen in pseudopeptides. Inspired by, s collected by centrifugation, dried in vacuo, and weighed.

some other reports about the interactions of [60]fullerenes or
its derivatives with biological cell$3 we hypothesized that the
aggregates might possess the capability of capturing and
enriching [60]fullerenes in the aqueous solution. This hypothesis
was further validated by the following experiments. Solid [60]-
fullerene (20.3 mg) was added to a saturated aggrégateition

(10 mL). After the reaction mixture was stirred for 12 h, the
insoluble matter was removed by centrifugation (16 000 rpm).
The solvent was then removed under reduced pressure condi

The experimental results indicated that 1 mg8dfn 1 mL of
water) could capture 1.83 mg of [60]fullerene. In the control
experiments, it was shown that 1 mg&fwhich has na.-Try
residues, only adsorbed 0.08 mg of [60]fullerene, while gold
colloids PPR2 and 4 displayed no enrichment ability toward
[60]fullerene under identical experimental conditions. These
solubility experiments were repeated three times, and the errors
were found to be<10%. Considering the structural features of

aggregatd, we deduced that this high [60]fullerene adsorption

tions, and the obtained [60]fullerenes-adsorbed aggregates Wer%bility of 8 might arise from the interactions betweerTry

dried in vacuo to give a brown-black solid. The appearance of
an absorption maximum at 331 nm in the BVis spectrum of
the 8—[60]fullerene system (Figure 10), as well as a typical
FT-IR band at 527 cmt assigned to the [60]fullerene unit &
indicated the effective enrichment 8ftoward [60]fullerene.
The enrichment ability of aggrega&toward [60]fullerene in
agueous solution was quantitatively evaluated by solubility
experiments using a method previously repoffe# Aggregate

8 (2.3 mg) was dissolved in 1 mL of water, and then 5.0 mg of
solid [60]fullerene was added to the resultant solution. After
the mixture was sonicated for 10 min, the insoluble [60]fullerene

(44) Storhoff, J. J.; Lazarides, A. A.; Mucic, R. C.; Mirkin, C. A.; Letsinger, R.
L.; Schatz, G. CJ. Am. Chem. So200Q 122, 4640-4650.

(45) Braun, M.; Atalick, S.; Guldi, D. M.; Lanig, H.; Brettreich, M.; Burghardt,
S.; Hatzimarinaki, M.; Ravanelli, E.; Prato, M.; Eldik, R. V.; Hirsch, A.
Chem—Eur. J.2003 9, 3867-3875.

residues and [60]fullerene, which was further verified by
fluorescence spectral experiments described below. As shown
in Figure 11, the emission intensity of arTry-CD solution

(5.0 x 107® mol dm3, 3 mL) was seen to decrease with the
addition of PPG2000 (&L, final concentration of PPG2000 in
the sample cel= 5.0 x 1077 mol dn3), accompanied by a
slight blue shift (from 358 to 354 nm) of the emission peak,
which may be attributed to the threading of the PPG chain into
CD cavities excluding the-Try residues. Moreover, the addition

of a gold colloid (1uL, final concentration of gold colloid in

the sample cel= 5.0 x 1078 mol dm3) to the resultant-Try-
CD/PPG mixture further decreased its fluorescence (Figure 11c)
due to the quenching effect of Au nanopartiddléSubsequently,

1 mg of [60]fullerene was added to the above-mentian&dy-
CD/PPG/Au system, and the mixture was stirred for 10 min
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Visibie light irraduation in the dark the presence of numerousTry residues, aggregagcan also
be regarded as a type of pseudopolypeptide, and therefore its
DNA cleavage ability seems reasonable. Significantly, after
being saturated by [60]fullerene, tf8e-[60]fullerene system
exhibited much higher DNA cleavage activity under visible light
Form | irradiation (line 7). Most of the closed supercoiled (Form 1)
DNA was converted into nicked circular (Form 1) DNA under

. i ) % 9 5 i i light irradiation, which can be a?tributeo_l to a photoinduced

Figure 12. Agarose gel electrophoretic patterns of plasmid DNA. The electron transfer from the guanine moiety of DNA to the

reaction samples contained 2. of pBR322 plasmid. Line 1: noreagent  fullerene via a singlet oxygen transfér.
in 50 mM Tris—HCI buffer (pH 7.4). Lines 2 and 5: 2/&g/ul of PPR2.

Form [1

Lines 3 and 6: 2.&g/ulL of 8. Lines 4 and 7: 2.:g/uL of 8—Cgo System. Conclusion

Lines 1-4: incubated in the dark for 6 h. Lines—5: incubated under .

visible light irradiation at 20C for 6 h. Electrophoresis was performed by A series of Au-PPR aggregates were prepared and compre-
using 1% agarose gel containing ethidium bromide (@A.). hensively characterized. The experimental results indicate that

amino-terminated PPRs can be adsorbed on the surface of Au
and then deposited until the solution turned clear. It is worth nanoparticles through electrostatic interactions between the
noting that the fluorescence intensity of the resultant solution terminal amino groups and gold particles. The sizes as well as
was found remarkably quenched, as compared with that of its the sedimentation rates of resulting aggregates are enhanced with
precursor.-Try-CD/PPG/Au (Figure 11d). This phenomenon an increase in the PPR length. Significantly, the polypeptide-
indicates that an electron-transfer process from the electronlike aggregat®, possessing numerousfry residues, was found
donor Try residues to the electron acceptap @ay have to be fairly soluble in water and able to capture and enrich [60]-
occurred* In control experiments, neitherTry-CD norL-Try- fullerene. The resultar@—fullerene conjugate showed both a
CD/Au showed any appreciable fluorescence change with the satisfactory water solubility and a high DNA cleavage ability
addition of [60]fullerene under the same conditions. This under light irradiation and may lead to the potential application
indicates that the fullerene-capturing ability is a special function of these aggregates in material and biological science.
of aggregates and does not belong to any of its components.
Although this concept has been drawn from a mimic system of
Au—PPR aggregates, it should be feasible to extend it more
generally to a wide variety of supramolecular assemblies and
to explore its future potential applications in the field of material
chemistry.

DNA Cleavage Ability. We chose a pBR322 plasmid as a
substrate to investigate the DNA cleavage ability of the [60]-
fullerene-functioned aggregadd€Figure 12). In the dark, neither
CD-PPG nor-Try-CD/PPG PPR displayed any DNA cleavage  Supporting Information Available: Calculation equations of
ability. However, aggregat® showed a relatively weak DNA  average surface area occupied by one polypseudorotaxane. This
cleavage ability both in the presence of light and in the dark material is available free of charge via the Internet at
(lines 3 and 6). The cleavage mechanismB8ofvas probably http://pubs.acs.org.
similar to that of the SbcCD protein with DNA reported by
Leach et al“8 where the SbcC and SbcD polypeptides in vivo
could recognize and cleave DNAIn the present case, due to
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