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(Received 24 August 2010; final version received 4 June 2011)

We report for the first time, the pH tunable self-assembly of chicoric acid, an HIV-I integrase inhibitor, which displayed a

remarkable tendency to self-assemble at room temperature into varying nano- and microstructures. Furthermore, those

assemblies were then functionalised with gold (Au) nanoparticles. We then investigated the biocompatibility of the

materials by conducting in vitro cell attachment and cytotoxicity studies using normal rat kidney cells. The studies revealed

that the biomaterials were non-toxic and biocompatible, and showed considerable adhesion to the cells. These results

suggest that the assemblies could potentially be used for a variety of applications, such as carriers for targeted drug delivery

as well as optoelectronics and sensors. Furthermore, the formation of highly organised nano- and microstructures of

medicinally significant phytohormones such as chicoric acid is of particular interest as it might help in further understanding

the supramolecular assembly mechanism of higher organised biological structures for the development of building blocks

for various device fabrications.
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Introduction

In recent years, molecular self-assembly processes of

functionalised, supramolecular nano- and micro-architec-

tures have acquired much attention because of the control

they offer over the size and resultant morphology of the

constructs (1–3). Largely due to non-covalent intermole-

cular and intramolecular interactions such as van der

Waals forces, electrostatic interactions and hydrogen

bonding, molecular self-assembly allows for the formation

of varied supramolecular structures, whose morphology

can be controlled by external factors such as pH, solvent

system, temperature and concentrations (4–9). Thus,

molecular self-assembly has become integral to the

development of nanoscale devices for use in biomedicine,

catalysis and biosensors (10–13). Self-assembly of

biomolecules such as lipids, oligonucleotides, DNA,

proteins and peptides have been investigated to create

novel templates which has been designed to mimic

channel proteins as well as to adhere drug molecules,

adsorb proteins or conjugate with metallic and semi-

conductor nanoparticles (14–19). Recent studies have

shown that when DNA is mixed with cationic liposomes,

the resulting complexes form multilamellar structures

consisting of alternating layers of DNA and lipid bilayers.

These supramolecular structures have potential use as non-

viral gene delivery vectors (20). Alternatively, research has

also focused on the growth of hollow lipid tubes, which

have been reported to have temperature-tunable diameter

(21). Studies related to the self-assembly of synthetic

organic materials have also been carried out. For example,

highly fluorescent-conjugated pyridine (or pyrimidine)

and cyano ligands have recently been synthesised.

Furthermore, those compounds were reacted with rhenium

complexes to form cyclic supramolecules by self-assembly

processes (22). Such highly fluorescent molecules might

find use in bioimaging or as sensors. In another study,

molecular self-assembly of amphiphilic hyper-branched

copolymers were found to produce long multi-walled

tubes up to centimetres in length (23). Scientists have also

reported the design and synthesis of peptide–polymer

hybrids, which can self-assemble into stimuli-sensitive

hydrogels (24). It has also been reported that inorganic

compounds such as polyoxomolybdate-based molecules

can self-assemble slowly over a period of months into

vesicle-like structures in aqueous solutions (25).

Though several studies have been carried out to

elucidate the self-assembly processes of synthetic

organic/inorganic molecules as well as different types of

biological assemblies, relatively less attention has been

paid to the self-assembly of naturally occurring phyto-

hormones. Many biomolecules found in nature, such as

phytohormones, have interesting properties that may allow

for their use as building blocks for the development of

nanoscale devices. For example, the targeted delivery of

phenolic caffeoyl derivatives such as those found in the

Echinacea plant have been used to successfully inhibit the
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active sites of the botulinum toxin (26). Other plant

products such as artemisinins have been found to have

antimalarial activity (27). With many plant species yet

untapped in terms of potentially bioactive molecules,

researchers have begun to investigate the potential

applications of nature’s bounty in both self-assembled

architectures and their potential biomimetic or biological

significance when conjugated with metal nanoparticles.

Gibberellic acid, a plant cytokinin, for example, has been

conjugated with amine moieties and was found to act as

templates for the formation of gold nanoparticles. Further,

gibberellic acid may also be used as immunotracers for

several biological applications (28, 29). In another study,

trans-Zeatin has been shown to have the ability to

selectively mineralise Au3þ ions on the surface of its self-

assembled nanoarchitectures (30). Thus, self-assembled

architectures of biomolecules obtained from naturally

occurring phytohormones may allow for the creation of

building blocks for the development of nanomaterials with

enhanced abilities for various device fabrications from

biosensors to electronics and optical devices (31).

To this end, silver nanoparticles have been conjugated

to self-assembled systems of chitosan to enhance

antibacterial effects (32). Furthermore, quantum dots,

because of their high photoluminescence, have found use

as bioimaging tools and advanced catalysts once

conjugated to biomolecules or biomolecular architectures

(33). Similarly, gold nanoparticles have been employed in

bioimaging, drug delivery and electronic devices as well

(34–40). Researchers have used gold nanoparticles in

sensing infectious diseases by coupling the nanoparticles

to fluorophores and antibodies, respectively (41).

Additionally, thiocholine inhibition sensors were created

by the enzyme-catalysed growth of gold nanoparticles on

chitosan templates. These gold-conjugated templates were

then used to immobilise acetylcholinesterase, which was

utilised as an electrochemical sensor (42). In particular,

many past works have shown that several fibrillar

structures serve as attractive templates for attachment to

metal nanoparticles and quantum dots (43). Furthermore,

it was demonstrated that quantum dots could not only be

incorporated into the fibrillar gels, but could also remain

fluorescent. Other gelators have been explored separately,

such as those based on bile acid (43b). Converting the

carboxylic acid groups to a thiol, allowed for the gel to

lock and stabilise metal nanoparticles. The attraction of

thiol groups for metal nanoparticles has been extensively

studied. For example, gold nanoparticles stabilised by a

synthesised gelator containing two functional groups, a

trans-1,2-bis(alkylamide)cyclohexane unit with two thiol

groups (43c). Similarly, it has been shown that self-

assembled pseudopeptide (cysteine containing C-termin-

ally protected dipeptide) has the ability to stabilise both

silver and gold nanoparticles (43d).

Recently, there has been increasing interest in chicoric

acid, a compound found readily in Echinacea purpurea

and common sweet basil, because of its activity as an

HIV-I integrase inhibitor (44). While many phytochem-

icals such as dicaffeoylquinic acid and quinolinonyl diketo

acids (45) have been found to have anti-HIV-I activity,

chicoric acid, (dicaffeoyltartaric acid) is of particular

interest because of its high degree of molecular symmetry

and its dicarboxylic moieties which make it a fascinating

molecule to explore for the development of assemblies for

building blocks for device fabrications. In this work, we

report the pH-tunable self-assembly of chicoric acid

resulting in the formation of nano- and micro-assemblies

depending on growth conditions. Furthermore, the self-

assembled nanostructures were used as templates for

binding gold nanoparticles for potential applications in

bioimaging. The biocompatibility and cellular adhesion of

the self-assembled chicoric acid assemblies as well as gold

nanoparticle-coated assemblies were examined in the

presence of normal rat kidney (NRK) epithelial cells.

Such self-assembled nano- and microstructures might

potentially display enhanced effectiveness as biosensors,

agents for bioimaging or potential as drug delivery vectors

to targeted cells.

Results and discussion

Self-assembly of chicoric acid

Typically, self-assembly is governed by non-covalent

intermolecular forces, such as hydrogen bonding, van der

Waals, forces and ionic interactions (46, 47). The chemical

structure of chicoric acid is shown in Figure 1. Because of

the presence of the phenolic hydroxyl groups as well as

dicarboxylic moieties, chicoric acid has the potential for

a relatively high degree of both intramolecular and

intermolecular interactions between the adjacent car-

boxylic groups and neighbouring keto-ester functional-

ities, as well as p–p stacking interactions due to the

phenol ring systems.

Figure 1. Chemical structure of chicoric acid.
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D
ow

nl
oa

de
d 

by
 [

U
ni

v 
Po

lit
ec

 C
at

] 
at

 1
4:

18
 2

4 
D

ec
em

be
r 

20
11

 



Due to the presence of specific functional groups, and

the overall chemical structure of chicoric acid, we

hypothesised that chicoric acid would most likely undergo

self-assembly under aqueous conditions. Chicoric acid

was self-assembled at a pH range of 3–10. After three to

four weeks of self-assembly, the samples were analysed by

AFM and SEM to investigate the surface details and

the morphologies of the self-assembled architectures.

The AFM images indicate that under acidic conditions

(# pH 5) (Figure 2(a)), dense networks of nanotubes and

fibres ranging in diameter from 200 nm to 4mm formed,

whereas at relatively high pH ($ pH 8) (Figure 2(b)),

globular architectures were observed. It is most likely

that the presence of hydroxyl moieties of chicoric acid

as well as high degree of protonation of the carboxyl

groups under acidic conditions, lead to increased hydrogen

bonding, lending to the formation of the highly branched

structures at low pH. Stacking interactions between the

aromatic polyphenolic ring systems may also be involved

in stabilising the structures.

At higher pH, however, the carboxyl groups are

deprotonated, and the proximity of the two carboxylic acid

groups within the structure of chicoric acid may lead to

subsequent electrostatic repulsion of the negatively

charged carboxylate moieties. Thus, hydrogen bonding

due to the carboxylate groups is also significantly reduced,

inhibiting the formation of the types of larger structures

formed at lower pH. However, the stacking interactions of

the phenolic rings as well as the hydrogen-bonding ability

between the hydroxyl groups still exist (pKa of phenolic

hydroxyl groups .8) (48) aiding in the formation of

smaller fibrillar or spherical architectures. SEM images of

chicoric acid assemblies at low pH (Figure 2(c)) and at

high pH (Figure 2(d)) further confirmed the formation of

these specific architectures. The fibrillar networks found at

low pH contained branches exceeding 15mm in length in

some cases, whereas the microspheres seen at high pH

were typically between 1 and 6mm in diameter, as shown

by AFM imaging. The three-dimensional (3D) AFM

topography image (Figure 2(e)) shows the extensive

networks of the fibrillar structures formed at pH 3.

At neutral pH (, pH 7), the self-assembled architec-

tures mostly showed a mixture of singular nano- and

microtubular structures as well as spheres (Figure 3(a)).

The spheres reached an average diameter of about 1mm,

whereas the tubular structures reached a diameter of about

200 nm–1mm. This behaviour is expected, because the

species is not completely deprotonated; hence, both types

of structures are observed. However, under those

conditions, the degree of protonation is significantly lesser

than that observed at low pH.

It is plausible that such self-assembled morphologies

formed under neutral conditions may also form in vivo.

Proposed 3D models for the structures formed are shown

in Figure 3. The dotted lines indicate hydrogen-bonding

interactions. At low pH (Figure 4(a)), due to the presence

of the ZCOOH groups, intermolecular and intramolecular

Figure 2. Amplitude AFM images of chicoric acid self-
assembled at (a) pH 4 and (b) pH 8. SEM images of chicoric acid
self-assembled structures at (c) pH 3 and (d) pH 8. Inset of (d)
shows magnified image of microspheres grown at pH 8. (e) 3D
AFM topography image of the microtubular assemblies formed at
pH 3.

Figure 3. Self-assembled microtubules and microspheres
formed at neutral pH.
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interactions are observed between the carboxyl hydrogens

and the CvO of the keto-ester groups. Furthermore,

the phenolic hydroxyl groups also show both hydrogen-

bonding and stacking interactions. Overall, it appears

that the structures tend to fold up like sheets, similar to

b-sheets in proteins, forming tubular, or fibrillar and

ribbon-like structures. At high pH (Figure 4(b)), the

likelihood of strong intermolecular hydrogen-bonding

interactions is relatively less due to the deprotonated

carboxylate moieties, resulting in smaller architectures

forming at high pH due to the repulsion between the

carboxylate groups. However, hydrogen-bonding inter-

actions as well as stacking interactions are still observed

between the hydroxyl groups leading to the formation of

the spherical structures.

To further elucidate the mechanism for the self-

assembly of chicoric acid, FT-IR spectroscopy was

employed (Figure 5). We compared the spectra of pure

chicoric acid with that of self-assembled chicoric acid

microtubular networks obtained at pH 4. In the case of

pure chicoric acid, we observed peaks at 1728 and

1701 cm21, which are assigned to the keto-ester groups

and the symmetric CvO stretching vibrations due to the

carboxylic acid groups, respectively. The peak at 1656 and

1635 cm21 are assigned to the asymmetric CvO

stretching mode of the free keto-carbonyl group and the

carboxyl groups. The band at 1602 cm21 is assigned to

CvC in ring stretching vibration due to the benzene rings.

Furthermore, –OH peaks are observed at 3562 and

3502 cm21. In the case of the self-assembled microtubular

structures, we observed red shifts compared to pure

chicoric acid. The hydroxyl peaks are red shifted to 3390

and 3323 cm21. Peaks were observed at 1699, 1670 and

1631 cm21 due to the keto-ester and CvO groups of the

carboxylic acid (49). Additionally, the peak due to the

CvC in ring stretching vibration is red shifted to

1556 cm21 indicating that stacking interactions are also

involved in the self-assembly process. The peak due to

CvO stretching at 1263 cm21 in the pure chicoric acid is

red shifted to 1253 cm21 in the assembled structures.

The appearance of these shifts indicates that the formation

of higher order species, such as dimers/trimers/oligomers,

formed due to inter- and intramolecular hydrogen-bonding

interactions.

To determine the effect of pH on the ionic charge and

protonation and deprotonation of the microstructures, zeta

potential analyses were carried out. As shown in Figure 6,

it was observed that as the pH of the samples increased, the

zeta potential values decreased. This is most likely

because at low pH, the carboxyl groups are protonated. As

deprotonation occurs, the zeta potential becomes pro-

gressively negative due to the loss of the hydrogens from

the carboxyl groups, thus confirming that hydrogen-

bonding, as well as electrostatic, interactions play a major

role in the formation of the self-assembled architectures.

The graph of the zeta potential analysis resembles the

titration curve of a diprotic acid, suggesting that the

Figure 4. Proposed molecular model of the self-assembly of
chicoric acid. (a) At pH ,5 and (b) at pH .7.

Figure 5. Comparison of FT-IR spectra of self-assembled
microtubular assemblies at low pH, with neat chicoric acid.

Figure 6. z-Potential analysis of self-assembled chicoric acid
microstructures.

Supramolecular Chemistry 681
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ZCOOH groups of chicoric acid are deprotonated at

different pHs, thus allowing for further tailoring of the

resultant architectures by optimising the degree of

protonation desired.

Conjugation of chicoric acid assemblies with gold
nanoparticles

The chicoric acid nanofibrillar structures assembled at a pH

range of 3–5 were formed in high yields, and were,

therefore, used as templates for the attachment of gold

nanoparticles on the surfaces. The scheme for the formation

of the gold nanoparticle-coated assemblies and subsequent

attachment to NRK epithelial cells is shown in Scheme 1.

Because the self-assembled chicoric acid nanofibrillar

structures incorporate free carboxylic groups on the

surfaces, those groups can be utilised as binding sites to

anchor molecules and metal ions to construct various

functionalised nanostructures, by simple incubation

methods. Furthermore, because these binding sites are

distributed on the entire nanofibre surfaces, after functio-

nalisation with cysteamine, gold nanoparticles can be

immobilised uniformly on the surface of the nanostruc-

tures. Similar functionalisations on nanostructure surfaces

have also been carried out using carbon nanotubes and

peptide nanotubes (50, 51). Thus, the nanostructures were

incubated with the organic linker cysteamine by utilising

N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethy-

laminopropyl)carbodiimide, hydrochloride (EDAC) to

covalently couple cysteamine to the carboxyl groups

available on the chicoric acid assemblies, which imparts

thiol functionality to the assemblies. We then incubated

the functionalised assemblies with gold nanoparticles

(15–20 nm in diameter), which were previously prepared

by the gold-citrate reduction method. After 24 h, the

nanostructures were washed and centrifuged to remove any

unattached gold nanoparticles on the surfaces of the

nanofibres. FT-IR spectroscopy was employed to confirm

the attachment of cysteamine, as well as the conjugation

with gold nanoparticles. As shown in the supplementary

information, a sharp ZNH amide I stretching vibration at

1651 cm21 as well as the ZSH mercapto stretch was

observed at 2344 cm21, thus verifying the coupling of the

terminal amine of cysteamine to the carboxylic groups of

the assemblies of chicoric acid.

To confirm the attachment of gold nanoparticles

on the surfaces of the chicoric acid assemblies, electron

microscopy was utilised. The transmission electron

Scheme 1.

E.M. Smoak et al.682
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microscopy (TEM) image (Figure 7) of the gold nano-

particle-bound assemblies shows the surface of the

chicoric acid assemblies coated with gold nanoparticles.

The energy dispersive X-Ray (EDX) mapping further

confirms the presence of gold nanoparticles on the surfaces

of the thiolated chicoric acid assemblies. As can be seen

from the structures, the EDX map for gold essentially

superimposes the SEM image (Figure 8(a),(b)) obtained

for the assemblies, confirming the attachment of gold

nanoparticles on the surfaces of the assemblies. The

accompanying EDX spectrum (Figure 8(c)) shows the

characteristic peaks for gold nanoparticles.

Mammalian cell biocompatability studies

To evaluate the biocompatability of the chicoric

assemblies with mammalian cells, samples of bare

chicoric acid assemblies or gold nanoparticle-functiona-

lised chicoric acid assemblies were plated with cultured

NRK epithelial cells in a cell viability assay. Following

incubation for 48 or 72 h, the percent alive cells were

determined for each condition (Figure 9). We found that

the chicoric acid assemblies and the gold nanoparticles-

bound chicoric acid assemblies did not decrease the

growth rate and viability of NRK cells by comparison to

the solvent (water) controls.

We next wished to determine whether the chicoric acid

assemblies could bind to mammalian cells. We, therefore,

plated NRK cells with chicoric assemblies as well as the

gold nanoparticle-coated chicoric assemblies. Figure 10

shows the NRK cells plated at high (Figure 10(A))

and low (Figure 10(B)) density and cultured for 48 h in

the presence of 20ml of chicoric acid-coated gold

nanoparticles. The assemblies attached to the cells and

Figure 7. TEM image of gold nanoparticle-coated chicoric
assemblies.

Figure 8. (a) SEM image of chicoric acid assemblies conjugated with gold nanoparticles (scale bar ¼ 5mm); (b) corresponding EDX
map and (c) EDX spectrum.

Supramolecular Chemistry 683
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several points of attachment of the assemblies are

indicated with arrowheads. We did not observe any

changes in the morphology of treated cells when compared

to control cells cultured at high density for 48 h in the

absence of assemblies (Figure 10(C)). Furthermore, we

found that the NRK cells and assemblies remained

associated when the cells were released from the substrate

by trypsinisation to remove cell surface proteins, followed

by centrifugation and replating (data not shown). The

binding of the uncoated chicoric acid assemblies with

NRK cells was also confirmed by electron microscopy

(Figure 11). NRK cells were treated with chicoric acid

assemblies (Figure 11(B),(C)) or control cells were

incubated in complete medium without additions (Figure

11(A)). After 24 h of incubation, the cells were trypsinised,

washed to remove unbound assemblies and processed for

thin section electron microscopy. We found that the

chicoric acid assemblies had attached to the NRK plasma

membrane and remained attached during washing and

processing for electron microscopy. We found that the

assemblies were attached to one side of the trypsin-

released cells. This sidedness is consistent with only the

upper surface being available when the assemblies were

added to adherent cells and suggests that there was neither

rearrangement nor post-trypsinisation binding of assem-

blies during cell processing. More importantly, the

morphology of the treated and untreated cells was similar

suggesting that the chicoric acid assemblies are biocom-

patible with NRK cells. Thus, in both cases (with and

without gold nanoparticle coating), the chicoric assem-

blies were found to be not only highly biocompatible, but

also adherent to mammalian NRK cells.

Figure 9. NRK proliferation studies. Cells were incubated with
chicoric acid assemblies, gold nanoparticles-coated chicoric acid
assemblies or water (solvent control). After 48 and 72 h of
incubation, the number of alive cells and the % alive were
determined for each condition. This graph shows data from a
representative experiment.

Figure 10. NRK cells plated at high (A) or low (B) density
and cultured for 48 h in the presence of 20ml of chicoric acid-
coated gold nanoparticles; (C) control NRK cells cultured
at high density for 48 h in the absence of the gold
nanoparticle-coated chicoric acid assemblies. (A)–(C) Scale
bar ¼ 25mm.

E.M. Smoak et al.684
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Conclusions

In conclusion, chicoric acid was found to form

morphologically distinct architectures across a range of

pH values. We observed the formation of networks of

ribbons, fibres or tubes at low pH and spherical structures

at higher pH. The assemblies were then functionalised by

coupling cysteamine to the free carboxyl moieties of

chicoric acid assemblies by simple incubation method.

The uncoated as well as gold nanoparticle-coated chicoric

acid assemblies were plated with NRK cells in order to

assess the biocompatability of the formed materials, as

well as to elucidate the possibility of targeted delivery of

chicoric acid into mammalian cell tissues. The morpho-

logical and cell growth results suggest strongly that

chicoric acid assemblies are biocompatible and non-toxic

to mammalian cells. It is likely that such nano- and

microstructures may be useful in the construction of

microarrays to create a new class of materials for targeting

mammalian cells or for the fabrication of devices for

sensors and optoelectronics.

Experimental

Materials

Chicoric acid, NHS, EDAC, cysteamine and hydrogen

tetrachloroaurate, citric acid were purchased from Sigma-

Aldrich. Buffer solutions of varying pH were purchased

from Fisher-Scientific. Solutions were used as received.

Self-assembly of chicoric acid nano- and microstructures

Chicoric acid (0.1M) was allowed to self-assemble at a pH

range of 3–10 over a period of 3–4 weeks at room

temperature. The samples were shaken slowly for 3 h, and

then allowed to sit undisturbed over the entire period of

growth. The assemblies obtained were then washed and

centrifuged thrice with deionised water before further

analysis.

Functionalisation with cysteamine

The assemblies obtained at pH 5 (500ml, 0.1mM) were

incubated for 24 h with 0.1mM NHS and 0.1mM EDAC

(200ml each) in order to activate the carboxyl groups of

chicoric acid. The samples were then washed and

centrifuged twice at 15,000 rpm before incubation with

cysteamine (0.1M).

Attachment of gold nanoparticles on chicoric acid
assemblies

The functionalised thiolated assemblies of chicoric acid

were incubated with gold nanoparticle solution (200ml)

Figure 11. Binding of chicoric acid assemblies to the plasma
membrane of NRK cells. (A) NRK cells incubated for 24 h in
complete medium (untreated control). (B,C) NRK cells were
incubated for 24 h with self-assembled chicoric acid assemblies
then released from the tissue culture plate with trypsin.
The suspended cells were washed free of trypsin and unbound
particles by dilution and low-speed centrifugation before
fixation and staining for ultrastructural analysis. The chicoric
acid attached and remained bound to the washed NRK cells
(arrows in (B) and (C); lower and higher magnification images
of different cells), while the plasma membrane of control,
untreated cells lacked these assemblies (A). (A)–(C) Scale
bar ¼ 200 nm.
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prepared previously by the citrate reduction method (52),

for a period of 48 h to allow the free sulfhydryl groups of

the functionalised assemblies to bind to gold nanoparti-

cles. The samples were washed and centrifuged to remove

any unbound gold nanoparticles.

Biocompatibility and cell viability assay

NRK epithelial cells were obtained from the America

Type Culture Collection (CRL-6509) and were cultured in

Dulbecco’s Modified Eagle’s Medium (GIBCO) sup-

plemented with 100 units/ml of penicillin, 100mg/ml of

streptomycin, and 10% of foetal bovine serum (complete

medium) at 378C in a humidified atmosphere of 5% CO2.

For morphological analysis, cells were collected using

0.25% Trypsin and 0.1% EDTA in Hank’s Balanced Salt

Solution (HBSS), and then plated in 2ml cell culture

medium in 12-well Costar plates at low density (2.6 £

104 cells/cm2) or high density (6.5 £ 104 cells/cm2). After

allowing the cells to attach and spread for several hours,

20ml of chicoric acid-coated gold nanoparticles or water

(control solvent) were added to each well and incubated

for up to 4 days. To quantify cell proliferation/viability,

NRK cells were plated at low density for several hours and

then 20ml of chicoric acid assemblies, chicoric acid-

coated gold nanoparticles, or water were added to each

well. After 48 or 72 h of growth in the presence of

additives, the adherent and any unattached cells were

collected from each well by trypsinisation and the number

of live and dead cells was determined by trypan blue

exclusion.

Molecular modelling studies

Molecular modelling studies were carried out using

the program ChemBio 3D ultra, a component of the

ChemBioOffice software by taking into account the

protonation states of the molecules at varying pH.

Cellular studies using electron microscopy

NRK cells were grown and treated as described for the

biocompatibility studies. The cells were then rinsed with

HBSS to remove unbound assemblies and serum

proteins, and then trypsinised. The released cells were

re-suspended with a five- to sixfold dilution into

complete cell culture medium to inhibit residual trypsin

and then pelleted. The pellets and 1ml of the supernatant

were transferred to centrifuge tubes and the cells

repelleted at 240 g for 4min. The pellets were fixed

with 3% glutaraldehyde (Electron Microscopy Sciences,

Hatfield, PA, USA), 0.2% tannic acid in 0.1M NaPO4,

pH 7.0 for 60min at room temperature. The fixed cells

were pelleted, re-suspended in phosphate-buffered saline

(PBS), and repelleted. The cells were postfixed with

0.5% osmium tetroxide, 0.8% K3Fe(CN)6 in 0.1M

NaPO4 for 30min at room temperature in the dark. The

osmicated cells were then rinsed once with PBS and

once with distilled water. The cells were en bloc stained

with 2% uranyl acetate in 10% acetone for 5min and

then dehydrated in graded acetones and embedded in

Araldite 502 (Electron Microscopy Sciences). Thin

sections were stained with aqueous uranyl acetate and

lead citrate.

Instrumentation

Scanning electron microscopy was carried out using a

Hitachi S-2600N operated at 25 kV. The washed samples

were dried and carbon coated before analysis. Trans-

mission electron microscopy was conducted using a

JEOL 1200EX microscope. AFM was carried out using a

Quesant Universal SPM instrument in tapping mode in

air and a silicon–nitride cantilever. Samples were washed

twice with distilled water and deposited on the surface of

a glass slide and air dried before analysis. FT-IR analyses

were carried out using a Matteson Infinity IR equipped

with DIGILAB, ExcaliBur HE Series FTS 3100 software.

The samples were dried in a vacuum overnight at 308C

and -635mmHg and mixed with KBr to make pellets for

analysis. All spectra were taken at 4 cm21 resolutions

with 100 scans taken for averaging. Sample measure-

ments were carried between 400 and 4000 cm21. Zeta

potential analyses were carried using a NICOMP 380

ZLS zeta potential/particle sizer system. Measurements

of z-potential of the samples were carried out at 258C and

at varying pH. The concentrations of the suspensions

were adjusted within the operational limits of the

instrument, and the suspension pH was adjusted by

the addition of standard buffer solutions. The reported

z-potential values are the average of at least five

measurements (spread of values ^ 5% of the reported

mean values). To record the association of gold particles

with NRK cells, photographs were taken using an

inverted Leica DMIC phase microscope with attached

Leica DFC 420 digital camera.
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