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Abstract A series of N-substituted fulleropyrrolidines

containing peptide side chain was synthesized by the

quantitative, TFA-mediated deprotection of the corre-

sponding tert-butyl esters. The structures of all compounds

were determined by comparative analysis of spectroscopic

and spectrometric data. The electrochemical characteriza-

tion, conducted by cyclic voltammetry at room temperature

confirmed slightly attenuated reducibility in comparison to

pristine C60 and a weak long-range electron-accepting

effect of the Gly3-fragment. The introduction of the peptide

subunit led to improved solubility and enabled examination

of the antioxidant properties in water environment. A

notable radical scavenging activity of the fullerene subunit

remained almost unchanged in all compounds. The inves-

tigation of the supramolecular self-assembling, performed

by the scanning electron microscopy revealed an influence

of the side chain, particularly the fraction of the

hydrophobic residue, as well as the substrate structure on

the final morphology. Most of the compounds underwent

highly ordered multi-stage hierarchical assembling to the

attractive, flower-shaped supramolecular aggregates during

both the precipitation and slow evaporation of the solvent.

Introduction

The unique structure of fullerenes has drawn considerable

attention to diverse scientific fields ranging from material

sciences [1–5] to medicinal [5–9] and supramolecular

chemistry [10–13]. The conjugation of fullerene to other

chemically or biologically relevant molecules, tailored

size, shape, hydrophobicity, and stereo-electronic proper-

ties of obtained molecular hybrids enabled their broad

biological applications. Fullerene derivatives induced

enzymatic inhibition [6] and DNA photocleavage [6],

expressed an antiviral [6, 7], antimicrobial [6], antiapop-

totic [6], neuroprotective [6], and antioxidant [6–9] activ-

ity. Such compounds were also used in the photodynamic

therapy [6], targeted imaging [6–8], drug [7, 8], and gene

delivery [7]. In addition, potent ROS-scavenging capacity

of fullerene derivatives encapsulated in liposomes made

them suitable active compounds in cosmetics for the

human skin aging deceleration [14]. Self-assembled full-

erene-based clusters attracted attention not only from the

supramolecular point of view but also from the applicable

aspect since the level of aggregation played an important

role in the manifestation of the antioxidant effect [15].

Consequently, tuning the non-covalent interactions by the

alteration of the molecular structure, as well as by external

stimuli [16, 17] led to the formation of different well-de-

fined nanostructures such as spheres [18], tubes [19],

vesicles [20], rods [20], wires [21], and fibers [22].

Amino acids and peptides are the most basic and

essential building units for all living organisms. The

Electronic supplementary material The online version of this
article (doi:10.1007/s10853-015-9396-z) contains supplementary
material, which is available to authorized users.

& Dragana Milić
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incorporation of fullerene into peptides, started more than

20 years ago with the methanofullerene pentapeptide syn-

thesis [23], was further developed using either solution-

[24–26] or solid-phase conditions [27–29]. The introduc-

tion of the carbon sphere substantially modified the original

properties of amino acids and peptides, affording com-

pounds of particular interest in structural as well as bio-

logical studies [30–34]. It has been shown that fullerene-

containing amino acids and peptides inhibit the peptidase

activity of HIV-1 protease [30], activate enzymes involved

in the oxidative deamination of biogenic amines [31],

express antigenic properties [25], exhibit the skin pene-

trating ability [32] even in the case where the parent pep-

tides show no such uptake [33]. Low-lying lowest

unoccupied molecular orbital of fullerene subunit can

easily take up an electron, and scavenge free radical spe-

cies resulting in the antioxidant activity comparable to

standard antioxidant agents vitamin C [35] and Trolox [27].

The investigation of fulleropeptides is noteworthy also

from the aspect of supramolecular chemistry due to the

possibility of their both subunits to reassemble and form

well ordered hierarchical architectures. The C60 cage

showed a strong aggregation tendency driven by

hydrophobicity and p–p stacking forces, while numerous

peptide molecules demonstrated the ability to form ordered

structures at the nano-scale [36]. The cryo-TEM experi-

ments confirmed the formation of spherical and ellipsoidal

supramolecular clusters of fullerene-based amino acids and

peptides in aqueous solution, such revealing a significant

effect of the carbon cage on the compounds self-assem-

bling properties, as well as on the secondary structure of

their peptide subunit [27]. Similar forms were detected

during the SEM investigations [37, 38]—oval associates

with the hydrophilic moieties directed to the surface were

observed in aqueous solution, while in organic medium

mainly spherical particles were formed. Their final mor-

phology resulted from the influence of both hydrophilic

and hydrophobic segments, as well as from the organic

solvent properties.

In the previous work [9] we described the efficient

synthesis of a good synthetic intermediate, the fulleropy-

rrolidinic acid 1 (Fp-GABA-OH) containing c-aminobu-

tyric (GABA) fragment. Its further transformations

provided steroidal esters with pronounced antioxidant

activity [9], fullerene-based peptides (obtained in the form

of the C-protected tBu esters) [39], as well as two more

complex fulleropeptides functionalized with a lipophilic

steroidal fragment [40]. With a suitable precursor in hand,

it seemed reasonable to examine properties of hybrids

consisting of two remarkably different subunits such as the

highly hydrophobic fullerene core and a quite polar peptide

chain. Furthermore, continuing the studies of a develop-

ment of fullerene-based bioactive compounds, here we

present the synthesis and characterization of fulleropeptidic

acids 2–12 (Fig. 1). Their non-peptidic precursor, fullerene

acid Fp-GABA-OH 1 was used as a reference compound in

the examination of the self-assembling, electrochemical,

and in vitro antioxidant properties.

Experimental

Materials

All reagents and solvents were used as purchased from

Merck, Acros, Aldrich, and Fisher. Reactions were moni-

tored by TLC on Merck silica gel 60 F254-precoated plates.

Fig. 1 The structures of investigated fullero-derivatives 1–12
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The 10 9 10 mm plates of the silicon wafer, common Al

foil, and microscopic laboratory glass were used as sub-

strates for the SEM experiments (all of them suitable for

the application of both solids and solutions).

Apparatus and methods

IR spectra (ATR) were recorded on a Perkin-Elmer-FT-IR

1725X spectrophotometer and m values are given in cm-1.
1H and 13C NMR spectra were obtained using a Bruker

Avance spectrometer at 500 and 125 MHz, respectively.

The homonuclear 2D spectra (DQF-COSY, TOCSY) and

the heteronuclear 2D 1H–13C spectra (HSQC and HMBC)

were recorded with the usual settings. Samples were dis-

solved in the solvent system as indicated in the electronic

supporting material (ESM), and tetramethylsilane (TMS)

was used as an internal reference. Chemical shifts (d) are
expressed in ppm relative to that of TMS and coupling

constants (J) in Hz. UV spectra were recorded on a GBC-

Cintra 40 UV–Vis spectrophotometer, and the HRMS

spectra on an Agilent 6210 LC ESI–MS TOF spectrometer.

Investigations of sample morphology were carried out with

scanning electron microscopy, using a JEOL JSM-840A

instrument, at an acceleration voltage of 30 kV and JFC

1100 gold ion sputter device. The antioxidant capacity of

fullerosomes (fullerene acids 1–12 encapsulated lipo-

somes) was determined by the Ferrous ion oxidation–

xylenol orange (FOX) assay, according to the published

procedure [41]. A detailed explanation of the FOX reagent,

standard, blank, and fullerosome probes preparation is

given in ESM. The electrochemical measurements were

carried out on a CHI760b Electrochemical Workstation

potentiostat (CH Instruments, Austin, TX, USA) using a

conventional three-electrode cell (1 cm3) equipped with a

glassy carbon and Ag/Ag? electrode [a silver wire in

contact with 0.01 M AgNO3 and 0.10 M tetrabutylammo-

nium perchlorate (TBAP)] and the platinum wire as the

working, reference, and auxiliary electrodes, respectively,

calibrated with a ferrocene/ferrocenyl couple (Fc/Fc?) as

an internal standard. All experiments were performed at

room temperature in the potential range of -2.0 to 0.5 V

versus saturated calomel electrode, at sweep rates between

0.1 and 1 Vs-1.

Sample preparation

Synthesis

The model compound 1 was prepared according to the

literature procedure [9], while the acids 2–12 were obtained

following the general procedure for tert-butyl esters

deprotection in the acidic media. A solution of the corre-

sponding fulleropeptide tert-butyl ester [39] (0.13 mmol)

in trifluoroacetic acid/dichloromethane mixture (1/1, 4 mL)

was stirred at room temperature for 2 h and evaporated to

dryness. An excess of the acid was removed by co-evap-

oration with toluene (3 9 20 mL) and the product was

precipitated by adding methanol to the highly concentrated

solution in dichloromethane/CS2. After drying under

reduced pressure all fulleropeptide acids were obtained as

brown powders in almost quantitative yield (98–100 %).

Detailed spectral data of all compounds, their spectra (IR,
1H, and 13C NMR, UV), and cyclic voltammograms, as

well as the table containing a comparative overview of the

chemical shifts of the peptide moieties are given in ESM.

SEM

The samples for investigation of the size and morphology

of self-organized structures formed in solution were pre-

pared at room temperature by ‘drop drying’ method [12].

The 10 lL of 1 mM solution of compounds 1–12 in PhMe/

MeOH (5/1, v/v) were deposited on the substrate surface

and left overnight to slowly evaporate in a covered glass

petri dish (diameter 10 cm) under PhMe atmosphere. In the

case of the solid samples, a small amount of the powdered

tested compound was sprinkled on the substrate. All probes

were gold sputtered and then subjected to the SEM

observations.

Cyclic voltammetry

The electrochemical properties of fulleroacids 1–12 were

investigated under inert atmosphere (argon) using their

1 mM solution in dry dimethylformamide (DMF) con-

taining 0.1 M TBAP as a supporting electrolyte.

Fullerosome preparation [41]

The fullerene C60 or the fullerene acids 1–12 (0.1 mg) and

fourfold mass of lecithin (0.4 mg) were dissolved in

toluene (4.0 mL), and ultrasonicated for 1 min. Solvent

was later removed by rotary vacuum evaporation. Lipid

film was then diluted with deionized H2O (5.0 mL) to a

concentration of fullerene component of 0.02 mg/mL by

gentle vortex mixing.

Antioxidant activity

The fullerosomes and vitamin C solutions, containing

0.002 mg/mL of pure compounds, were incubated with the

same volume of 200 lM TBHP. The same volumes

(0.050 mL) of the sample (0.02 mg/mL) and 2 mM TBHP

were dissolved in 0.9 ml of H2O and incubated at room

temperature for 10 min. The FOX reagent (0.950 mL) was

added to 0.050 mL of each sample, followed by 80 min
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incubation at room temperature. After incubation, the absor-

bance at 560 nm was measured spectrophotometrically.

Results and discussion

Synthesis and structure determination

Fulleropyrrolidinic acid 1 (Fp-GABA-OH) was prepared

according to the literature procedure [9], while

fulleropeptides 2–12 were obtained quantitatively by TFA-

mediated deprotection of previously synthesized

fulleropeptide tBu esters [39].

The structures of fulleropeptide acids were deduced by

means of the HRMS, IR, UV–Vis, 1D, and 2D NMR

(COSY, TOCSY, HSQC, HMBC). The most complex

structure (compound 12) is chosen as a representative of

synthesized compounds and its IR, UV, 1H, and 13 C NMR

spectra are presented in Figs. 2, 3, 4, and 5, respectively,

while the same images of all other fulleroacids 1–11 are

collected in ESM. All 11 new compounds gave correct

positive ESI quasimolecular [M?1]? ion peak in ESI-

TOF–MS spectra and expected vibrations in the IR spec-

tra—very broad overlapped bands of the amide NH and

carboxylic OH groups in the region of 3500–3000 cm-1

and strong peaks of carbonyl stretching vibrations in the

1750–1600 cm-1 range (Fig. 2 and ESM). As their tBu

esters [39], all acids also displayed almost identical

absorption behavior in the UV–Vis range: peaks assignable

to the fulleropyrrolidine segment were observed at

254–259 and 430 nm (strong and weak sharp, respec-

tively), while absorptions belonging to the amide region

appeared in the range of *305 and 320 nm (Fig. 3 and

ESM).
1H NMR spectra of all fulleropeptides (Fig. 4 and ESM)

showed broad triplets at d 7.5–8.2 ppm, singlet at d
4.5–4.7 ppm, and doublets at d 3.8–4 ppm, attributable to

exchangeable amide, pyrrolidinic, and glycine CH2 pro-

tons, respectively. The GABA methylene protons were

established from the TOCSY cross-peaks between amide

protons and CH2 triplets at d 2.1–2.7 ppm (H2C(2)),

quintets at d 1.8–2.3 ppm (H2C(3)), and triplets or quartets

at d 3.2–3.4 ppm (H2C(4)).

Their 13C NMR spectra (Fig. 5 and ESM) contained all

peaks belonging to both fulleropyrrolidine and peptide

carbons. The C2m symmetric fulleropeptides exhibited 16

well-resolved lines for 58 sp2-C atoms in a broad region of

d 135–155 ppm, as well as 2 sp3-C peaks for fullerene C(1)

and C(9) in the aliphatic region (d *70 ppm), together

with pyrrolidinic CH2 carbons (d *67 ppm).Fig. 2 IR spectrum of fulleropeptide acid 12

Fig. 3 UV-vis spectrum of fulleropeptide acid 12

Fig. 4 Expanded parts of 1H NMR spectrum of fulleropeptide acid

12

Fig. 5 13C NMR spectrum of fulleropeptide acid 12
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The 13C chemical shifts of a peptidic moiety of all

compounds were observed in a very narrow range: Gly

CH2 signals appeared in the region of d 40–43, those

belonging to GABA-C(2) and C(3) at d 31–34 and

23–25 ppm, respectively. GABA-C(4) carbons, adjacent to

the fulleropyrrolidine ring resonated at d *54 ppm, while

those next to the amide nitrogen at d 38–39 ppm. All

carbonyl carbons appeared in the expected downfield area:

amides at d *170 and *174 ppm (Gly and GABA,

respectively), and carboxylic at d 171–172 and *176 (Gly

and GABA, respectively). The very narrow range of

assignments of spin active nuclei of all fullerene acids and

the distinctive trends found in their NMR data were largely

comparable to parent t-Bu esters [39]. Complete and

unambiguous 1H and 13C assignments of all spin active

nuclei from peptide chains (see Table S1 ESM) could

facilitate further studies, since obtained compounds repre-

sent potential bioactive nanoparticles and constituents of

more complex mechanically interlocked systems, as well.

Self-assembling

It can be assumed that structurally different subunits induce

various non-covalent interactions, whose overall effect

directs the self-ordering of the synthesized compounds.

The presence of fullerene substructure favors the

hydrophobic and p–p interactions, the amide and car-

boxylic moieties regulate the organization driven by

hydrogen bond formation, while aliphatic segments of

amino acids moieties (GABA and Gly) support the

hydrophobicity. Therefore, it could be expected that the

fine tuning of intermolecular forces by structure changing

would lead to different self-assembled forms.

The self-aggregation of fulleropeptides 2–12 was

investigated by the SEM using their precursor Fp-GABA-

OH 1 as a model compound and solid samples obtained by

precipitation with methanol, as well as those deposited as a

solution and allowed to dry by slow evaporation of the

solvent at room temperature under toluene atmosphere

[42]. Association of the model compound was examined in

several individual solvents (n-hexane, dichloromethane,

toluene, methanol) and their mixtures. The most ordered

and uniformly distributed aggregates were obtained with

PhMe/MeOH (5/1, v/v). Consequently, 11 remaining

fulleropeptidic acids were investigated using their 1 mM

solution in the same system. The SEM images of selected

representatives are presented in Figs. 6 and 7 (solid sam-

ples and assembles obtained upon evaporation of the sol-

vent, respectively) while the results of whole series of

fulleropeptidic acids 2–12 are given in ESM.

The arrangement into micrometer sized needle-shaped

forms (*3 lm long) with no further arrangement were

observed after precipitation of the model compound, Fp-

GABA-OH 1, with polar protic solvent. Introduction of a

peptide moiety provoked the change in the self-organiza-

tion ability, with notable influence of the introduced chain

structure (Fig. 6). Thus the homopeptides 2 and 3 formed

attractive, hierarchically ordered flower-like aggregates,

while the corresponding hetero di-and tripeptides 4, 5, and

7 organized into irregularly arranged needles or curled

sheets. Further chain elongation up to pentapeptide led to

the formation of well-arranged micrometer-sized flowers

slightly varying in the petal thickness, while in the solid

sample of the hexapeptide 12 low level of the self-orga-

nization was observed (Fig. 6 and ESM).

Obtained results indicate that even under quite extreme

conditions, such as the fast aggregation, hierarchically

ordered self-assembling could be achieved by alteration of

the peptide subunit and consequent fine tuning of the

hydrophobicity/hydrophilicity ratio. More detailed insight

into the role of the peptide moiety in the arranging of

fulleropeptides was obtained by the SEM analysis of

aggregates formed after slow evaporation of the solvent

(PhMe/MeOH 5/1, v/v). Generally, it was found that the

fraction of more hydrophobic amino acid residue (i.e.,

GABA) in the whole molecule played important role in the

self-ordering process (Fig. 7). Thus, compound 1 formed

small dots-like structures which further grew into ellip-

soidal flat plates (*1.3 9 2 lm). Both homo- and

heterodipeptides 2 and 4, as well as other peptides con-

taining GABA-fragment (5 and 6) arranged into regular

rods and further grew into radial, uniformly distributed

flowers. Compounds containing GABA2-fragment (7–9)

initially formed dots which grew into curled sheets (some

of them via regular circles), while in the presence of the

GABA3-subunit corresponding compounds (3, 10–12)

underwent higher level of hierarchical arrangement fol-

lowing the sequence dots—curled sheets—flowers (Fig. 7

and ESM). As can be seen, all fulleropeptides formed

ordered 3D assemblies. Owing highly accessible surface

area those structures could play a role in the development

of new nanostructured materials with upgraded properties,

applicable in diverse fields (catalysis, coating, bioactivity,

etc).

In order to examine substrate effect on morphological

features, samples of the pentapeptide 11, prepared from

PhMe/MeOH (5/1, v/v) solution by ‘drop drying’ method

[12] were deposited on Si wafer, Al foil, and glass plate.

Their SEM images, presented in Fig. 8 revealed that used

compound assembled in the similar mode on Si and Al

giving curled leafs, had further grown into hierarchically

organized micrometer-sized flower-like particles (up to

*7 lm). Although the self-assemblies similar in shape and

size were observed on both surfaces, the level of their

hierarchical organization differed markedly. Thus, much

more organized flower-like aggregates were built on silicon
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in comparison to aluminum surface (Fig. 8a, b, respec-

tively). Deposition on a glass substrate afforded quite dif-

ferent uniformly distributed round particles of *200 nm in

diameter with low level of further arrangement (Fig. 8c).

Obtained results indicate that interactions with metallic

surfaces could play the role in the hierarchical self-orga-

nization of studied compound.

Antioxidant activity in vitro

The comparative evaluation of the antioxidant capacity of

12 fullerene acids and the parent fullerene was performed

with their water soluble fullerosomal form with soybean

lecithin, employing the FOX antioxidant assay [41, 43].

Briefly, to an aqueous solution of TBHP and fullerosome

Fig. 6 SEM images of selected

fulleropeptides representing an

influence of the peptide chain on

self-organization: model

compound 1 (a), homodipeptide

2 (b), heterotripeptide 7 (c), and
tetrapeptide 6 (d) deposited as

methanolic precipitates on a

brass substrate. Presented scale

bars correspond to 10 lm

Fig. 7 SEM images of selected

fulleropeptides representing an

influence of the GABA-subunit

on self-organization: model

compound 1 (a), Fp-GABA-
Gly-OH 4 (b), Fp-GABA2-Gly-

OH 7 (c), and Fp-GABA3-OH 3
(d) prepared from PhMe/MeOH

(5/1, v/v) on a Si substrate.

Presented scale bars correspond

to 10 lm
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the FOX reagent was added and the concentration of

obtained colored complex was determined spectrophoto-

metrically at 560 nm. Vitamin C was used as a positive

control, while blank probe contained pure water instead of

tested compounds. The compounds capacity to reduce the

concentration of TBHP relative to equimolar quantity of

vitamin C is presented in Table 1, and a detailed expla-

nation is given in ESM.

Obtained results showed that all compounds expressed

much better, 6–eight-fold higher radical scavenging activ-

ity than the control compound, vitamin C. At the same time

the main part of fullerene acids 1–12 achieved even slightly

better antioxidant capacity than non-functionalized full-

erene C60. It could be supposed that introduction of the

peptide chain led to improved solubility of synthesized

derivatives, and consequently to the suppression of their

aggregation. Thus, being more available to the approaching

hydroperoxide, compounds expressed better radical scav-

enging ability. As mentioned before, formation of

homogenous three dimensional supramolecular clusters

with enhanced surface-to-volume-ratio led to the

improvement of the antioxidant activity.

Electrochemical properties

The electrochemical properties of fulleropeptides 2–12 and

their precursor Fp-GABA-OH 1 were examined by cyclic

voltammetry at the room temperature using 1 mM solution

of tested compound in DMF in the presence of TBAP as

supporting electrolyte, Fc/Fc? couple as an internal stan-

dard, and a glassy carbon electrode. The cyclic voltam-

mogram of the chosen representative 12 is depicted in the

Fig. 9, while the CV curves of all other fulleroacids 1–11

are given in ESM. In the applied potential window, all

compounds gave four well-separated waves attributable to

consecutive one-electron, fullerene-centered reductions.

Besides expected cathodic shift due to carbon core func-

tionalization (*0.2 V in comparison to pristine C60),

introduction of the peptide fragment did not provoke sig-

nificant change in electrochemical properties of

Fig. 8 SEM images of Fp-(GABA)3-(Gly)2-OH 11 after evaporation from PhMe/MeOH 5/1 mixture on Si wafer (a), Al foil (b), and glass (c).
Presented scale bars correspond to 6 lm

Table 1 The antioxidant

capacity (Aox) of fullerene acids

1–12 and C60 relative to vitamin

C

Compound Aox vs vitamin C

1 7.3

2 8.2

3 8.1

4 6.3

5 7.8

6 8.2

7 5.6

8 5.5

9 8.4

10 6.2

11 7.4

12 9.6

C60 5.8

Vitamin C 1.0
Fig. 9 Cyclic voltammogram of fulleropeptide acid 12
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fulleropeptides (Table 2). Thus, half-wave potentials of all

four reductions, found at approximately-1, -1.4, -2, and

-2.6 V appeared in narrow range along whole series of

fulleropeptides 2–12 and did not differ much from the

model compound 1. Nevertheless, a slightly impeded first

reduction (for *50 mV) was observed in compounds 6, 9,

and 12 containing the Gly3-fragment, that might be a

consequence of the long-range electron-accepting effect of

the closely distributed peptide functions.

Conclusions

A series of eleven new fullerene-peptide hybrids was

synthesized and their structures were fully characterized by

means of spectroscopic and spectrometric methods. The

assignation of all spin active nuclei belonging to the pep-

tide chain, done by comparative analysis of 1D and 2D

NMR spectral data could facilitate further research and

development of more complex fullerene-based pep-

tidomimetics. Electrochemical properties of obtained

compounds remained similar to non-functionalized full-

erene C60, with slightly attenuated electron-accepting

ability particularly in compounds containing the Gly3-

subunit. Nevertheless, an introduction of the peptide

backbone led to the improvement of solubility and aggre-

gation suppression providing material with significant

antioxidant activity. Also, morphology investigation

revealed a relevant influence of the peptide side chain

structure on compounds ordering. In contrast to solid

sample of the model compound 1, where fine needle-

shaped forms without further organization were observed,

the majority of fulleropeptides 2–12 underwent multi-stage

hierarchical organization to regular, attractive flowers.

Investigation of solvent-assisted organization of com-

pounds provided a more detailed insight into the role of

peptide fragment. A notable influence of the hydrophobic,

i.e., GABA-segment on a regular, gradual organization of

different forms was observed. In addition, non-covalent

interactions with metallic surface affected the level of

hierarchical ordering of studied compounds. It could be

assumed that aggregation in polar environment, driven by

p–p and hydrophobic interactions afforded initial discoid

nanoparticles. Additional stabilization by methanol-medi-

ated hydrogen bonds with peptide and carboxylic groups

provoked gradual folding to larger curled sheets or rods,

and finally to flower-shaped forms.
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