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M
olecular self-assembly attracts a
great deal of attention of scien-
tists and technologists in recent

times because of its use in the design and

fabrication of nanostructures that lead to

the development of advanced materials.1,2

Among this, peptide amphiphiles (PAs),

possessing both hydrophobic and hydro-

philic segments3 are one class of molecules

that plays an important role in bioactivity

and sensing studies.4�6 These segments

lead to ordered arrangements to minimize

the interfacial energies with solvent to re-

sult in the formation of different nanoarchi-

tectures, such as, spheres,7 tubes,8 and

cylinders.9,10 Because such molecular scaf-

folds are biocompatible, they present a

great potential as self-assembling materials

for drug delivery11 and as bioactive scaffolds

for cell signaling.12 Some examples of this

include (a) the formation of glyco-conjugate

nanoribbons from the self-assembly of PAs

possessing both the peptide moiety as well

as the carbohydrate moiety;13 (b) the archi-

tectural changes brought about in the for-

mation of nanofibers of the PAs conjugated

with polydiacetylenes upon photoirradia-

tion;3 (c) the formation of different architec-

tures from hydrophilic dextran-derived

polymers with cationic and anionic derivati-

zations;14 and so on. The first example of

this is the result of a � · · · � interaction ex-

hibited between the phenyl moieties of the

Phe residues of the neighbor molecules.

The role of the aromatic side chain in the fi-

ber formation of amyloids has already been

reported in the literature.15�17 Similarly,
some carbohydrate derivatives were re-
ported to form fibers when attached to aro-
matic side chains.18,19 Though the forma-
tion of nanofibers was reported from the
interaction of two different amphiphiles in
the literature,20�28 none of these is between
a glycoconjugate and an amino acid. There-
fore, this article deals with the formation of
nanofibers from two different amphiphiles,

*Address correspondence to
cprao@iitb.ac.in.

Received for review October 25, 2009
and accepted May 26, 2010.

Published online June 3, 2010.
10.1021/nn1006286

© 2010 American Chemical Society

ABSTRACT This paper deals with the self-assembly of the 1:1 complex of two different amphiphiles, namely,

a glucosyl-salicyl-imino conjugate (L) and phenylalanine (Phe), forming nanofibers over a period of time through

� · · · � interactions. Significant enhancement observed in the fluorescence intensity of L at �423 nm band and

the significant decrease observed in the absorbance of the �215 nm band are some characteristics of this self-

assembly. Matrix-assisted laser desorption ionization/time of flight titration carried out at different time intervals

supports the formation of higher aggregates. Atomic force microscopy (AFM), transmission electron microscopy,

and scanning electron miscroscopy results showed the formation of nanofibers for the solutions of L with

phenylalanine. In dynamic light scattering measurements, the distribution of the particles extends to a higher

diameter range over time, indicating a slow kinetic process of assembly. Similar spectral and microscopy studies

carried out with the control molecules support the role of the amino acid moiety over the simple �COOH moiety

as well as the side chain phenyl moiety in association with the amino acid, in the formation of these fibers. All

these observations support the presence of � · · · � interactions between the initially formed 1:1 complexes

leading to the fiber formation. The aggregation of 1:1 complexes leading to fibers followed by the formation of

bundles has been modeled by molecular mechanics studies. Thus the fiber formation with L is limited to

phenylalanine and not to any other naturally occurring amino acid and hence a polymer composed of two different

biocompatible amphiphiles. AFM studies carried out between the fiber forming mixture and proteins resulted in

the observation that only BSA selectively adheres to the fiber among the three �-helical and two �-sheet proteins

studied and hence may be of use in some medical applications.

KEYWORDS: 1-(D-glucopyranosyl-2=-deoxy-2=-iminomethyl)-2-hydroxy-benzene
amphiphile · nanofibers · � · · · � interactions · MALDI · microscopy · molecular
mechanics (MM�) · �-helical albumins · �-sheet lectins
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namely, Phe possessing a side chain phenyl moiety

and a glucosyl-salicyl-imine conjugate possessing a sal-

icyl moiety. To the best of our knowledge, this is the

first report where two different biocompatible am-

phiphiles, a glycoconjugate and an amino acid, were

shown to form nanofibers.

RESULTS AND DISCUSSION
The glucosyl-C2-salicyl-imine conjugate amphiphile,

1-(D-glucopyranosyl-2=-deoxy-2=-iminomethyl)-2-

hydroxybenzene (L), possessing both hydrophilic car-

bohydrate moiety and the hydrophobic phenyl moiety,

was synthesized by reacting glucosylamine hydrochlo-

ride with salicylaldehyde in a 1:1 ratio in the presence of

1.2 equivalents of triethylamine as base in one step in

87% yield. The L has been characterized by 1H NMR, ESI-

MS, and elemental analysis (Supporting Information, SI

01). The schematic structures of the amphiphiles,

namely, L and phenylalanine, are shown in Figure 1,

along with the control molecules used in the present

study.

Fluorescence Titration Studies. When phenylalanine (Phe)

is added to L in methanol (Experimental Section) and

excited at 320 nm, the emission band emerges at �435

nm owing to the presence of the imine moiety in con-

junction with the aromatic moiety, as also found by us

in the case of glyco- and calix-imino-conjugates.29�35

The fluorescence intensity of the emission peak in-

creases slowly as a function of time (Supporting Infor-

mation, SI 02) (even after subtracting the background

emission from Phe) as a result of the complexation en-

hanced fluorescence when the amino acid complexes

with L. A total saturation in fluorescence intensity is at-

tained over a period of 1 day (Figure 2a). With this, the

overall enhancement in the fluorescence intensity was

found to be (47 � 5)-fold, though it is only (6 � 1)-fold

immediately when Phe was added to L. The enhance-

ment in the fluorescence intensity has also been found

to increase further when the mole ratio of the added

Phe increases (Figure 2b) and attains saturation around

�2 equivalents by exhibiting same enhancement ra-

tio. Such fluorescence enhancement is expected only

when Phe interacts with L, where the interactions can

be either through hydrogen bonding or through hydro-

phobic (or � · · · � type) or through a combination of

these.

To establish the involvement of �COOH, �NH2, or

phenyl moiety of Phe on the observed fluorescence en-

hancement, experiments were carried out with methyl

ester of phenylalanine (Phe-OMe), 3-phenylpropionic

acid (3-PPA), glycine (Gly), and alanine (Ala) (Figure 1).

While it is the �COOH moiety that was converted to es-

ter in Phe�OMe, it is the �NH2 group that was re-

placed by �H in 3-PPA to study the importance of

�COOH and �NH2 moieties, respectively. On the other

hand, the studies carried out using Gly and Ala, pro-

vides the importance of the side chain phenyl moiety

present in Phe. The titrations carried out between L and

Phe-OMe exhibited fluorescence enhancement similar

to that observed in the titration of L with simple Phe

suggesting that the �COOH present in Phe is not criti-

cal for the interaction (Figure 2c). Similar titrations car-

ried out between L and 3-PPA resulted in no change in

the fluorescence intensity of L, suggesting that the

amine moiety present in Phe is indeed necessary for

the interaction.

Figure 1. Schematic structures of the amphiphiles: (a) glucosyl-salicyl-imino conjugate (L) and (b) phenylalanine. Schematic
structures of the control molecules: (c) methyl ester of phenylalanine (Phe-OMe), (d) 3-phenylpropionic acid, (e) glycine, and
(f) alanine.

Figure 2. Relative fluorescence intensity observed during the titration of L with Phe: (a) as a function of time; (b) as a func-
tion of [Phe]/[L] mole ratio at 24 h. (c) Titration of L with different control molecules: Gly, Ala, 3-PPA, Phe, and Phe-OMe, and
the fluorescence is at 24 h in all the cases.
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Even the titrations carried out between L and Gly/
Ala exhibited only ca. (6.0 � 1.0)-fold change in the
fluorescence intensity suggesting that the side chain
phenyl moiety is indeed needed for exhibiting large
fluorescence enhancement. All this indicates that
though Gly or Ala can interact with L, the species
formed in this case is much different from that formed
between Phe and L. Thus the results obtained from the
fluorescence studies seem to suggest the involvement
of amine group in conjunction with the phenyl moiety
present in Phe in forming the corresponding species re-
sponsible for the large fluorescence enhancement as
that observed in the case of [L�Phe]. It would be only
the amine moiety that is responsible in the case of Gly
or Ala, and hence it brings only a marginal fluorescence
increase as observed in the case of [L�Gly] or [L�Ala].

The fluorescence data fits well with a 1:1 complex
formed through hydrogen-bond interactions involving
the amine moiety of the amino acid in the case of Gly,
Ala, and Phe. However, the complex formed initially
seems to interact and/or aggregate through the phenyl
moiety of Phe, which cannot happen in the case of Gly
or Ala due to the absence of this moiety. Therefore, the
possible presence of both the hydrogen bonding and
the hydrophobic or the � · · · � interactions in the spe-
cies formed in the case of [L�Phe] has been further ad-
dressed based on other experimental and computa-
tional studies as reported in this article.

MALDI Studies. The formation of the complex species
between L and Phe followed by its growth was moni-
tored by measuring the mass spectra of the solution of
[L�Phe] by matrix-assisted laser desorption ionization
(MALDI) at various time intervals. With increasing time,
higher molecular weight species were formed at the
cost of the initially formed 1:1 species. Thus, as a func-
tion of time, species were grown with m/z values in the
range, 2220�2280, 2330�2400, 2420�2640,
2690�2810, and 3350�3500 Da, suggesting the
growth of the aggregated species (Figure 3). The aggre-
gations range from pentameric to hexameric to even
octameric ones. The species observed at m/z values of
2234, 2372, and 2518 are suggestive of the pentameric
species, 2729 denotes the hexameric, and that at 3445
denotes the octameric species. The intensity of the peak
corresponding to the octamer indeed increased when
measured after 24 h. Thus the MALDI titration results in
providing evidence for the formation of oligomers of L
with Phe, [L�Phe]n, where n has been found at least in
the range of 4�8.

Absorption Titration Studies. The growth of the initially
formed 1:1 species has been further monitored by fol-
lowing the changes observed in the absorption spectra
of the �215 nm band (Experimental Section, Support-
ing Information, SI 03). No change in the absorbance
was observed when L was titrated either with Gly or Ala,
but considerable absorbance changes were observed
in the titration of L with Phe. The trend observed in this

data is suggestive of the role of the side chain phenyl

moiety in exhibiting � · · · � interactions in the case of

[L�Phe] and not with [L�Ala] or [L�Gly], as the same

is not expected in the case of the latter owing to the ab-

sence of phenyl side chain moiety. However, the initial

complex formed between L and the amino acid can be

noticed from the absorbance changes observed with

the 350 nm band. Thus the absorption studies not only

confirmed the initial formation of the complex be-

tween L and the amino acid but also supported the

growth of the species through � · · · � interactions in

case of phenylalanine.

Prevention of Aggregation in the Presence of Ethidium

Bromide (EtBr). The aggregation of the 1:1 complex units

through � · · · � interactions developed during a period

of time could result in the growth of the species in the

solution. This has been further supported by adding

EtBr that prevents such aggregation since EtBr is ex-

pected to show strong � · · · � interactions. Addition of

EtBr indeed arrested the fluorescence enhancement

that was otherwise observed in the solution without

the presence of this. Thus the prevention of aggrega-

tion of the complex units in the presence of EtBr has

been shown in case of [L�Phe] in comparison with the

corresponding control as shown in Figure 4.

Figure 3. MALDI mass spectra measured from the solution of [L�Phe]
at different time intervals: 1 h (green); 8 h (red); 24 h (blue).

Figure 4. Relative fluorescence intensity as a function of
time for 1:2 solutions of L and Phe. The filled ones are in
the presence of 5 equiv of EtBr and the unfilled ones are
the corresponding control without the EtBr.
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Prevention of Aggregation in the Presence of

9-Anthracenealdehyde (9-AA). The role of aromatic moiety

in the disruption of the fiber formation has been fur-

ther addressed by carrying out two types of fluores-

cence experiments using 9-anthracenealdehyde (9-AA).

In one experiment, the 9-AA was added to a mixture

of L and Phe at the beginning, and the fluorescence

spectra were measured as a function of time. In the

presence of 9-AA, no significant increase was observed

in fluorescence intensity, while in the control experi-

ment performed without the addition of 9-AA, it exhib-

ited an increase in the fluorescence by �50 fold, indi-

cating the fiber formation is prevented in the presence

of 9-AA (Figure 5). In another experiment, the fibers

were initially allowed to form by mixing L and Phe and

leaving the solution for 24 h before 9-AA was added in

different mole ratios. A progressive quenching of the

fluorescence was observed, suggesting the disruption

of the fibers formed (SI 03).

Microscopy Studies. Since the initially formed [L�Phe]
complex aggregates as a function of time through the
� · · · � interactions extended between these complex
units, the resulting oligomeric/polymeric and/or fiber
species was explored based on atomic force microscopy
(AFM), transmission electron microscopy (TEM), and
scanning electron microscopy (SEM), as a function of
time after the addition of Phe to L. The results have
been compared with the data obtained for the control
molecular systems.

AFM Studies. The AFM studies were carried out to as-
sess the formation of fibers between L and Phe, as well
as other aromatic side chain amino acids (Trp and Tyr)
and also those not possessing such a side chain (Ala,
Pro). The fiber formation has also been studied with dif-
ferent controls for appropriate comparison.

In the Presence of Phe. In AFM, the micrographs have
been measured for the samples drawn at different
time intervals after the addition of Phe to L (Experimen-
tal Section). Immediately after the addition of both the
components (at time zero), discrete particles of spheri-
cal shape were observed with no indication of fiber for-
mation (Figure 6a,b). Within 4 h, these spherical par-
ticles started to merge together to form micelles and/or
vesicular morphology with a dumbbell shape (Figure
6c,d). Such self-assembled morphology could generate
short fibers over a period of time. After 8 h, the forma-
tion of the fibers could be clearly seen, and these were
well spread all over the mica surface (Figure 6e,f).
Though most of the fibers are parallel to each other,
some branched chain fibers were also observed. Care-
ful examination of these long fibers formed from the
samples prepared at lower concentration revealed that
these were actually made up of shorter ones (Figure
6g,h). The shorter ones have lengths of 450�530 nm,

Figure 6. AFM micrographs of [L�Phe] where the samples were drawn at different time intervals: (a and b) immediately after
mixing; (c and d) after 4 h; (e and f) after 8 h, and (g and h) after 8 h but with the samples from an experiment carried out us-
ing lower concentration.

Figure 5. Histogram showing the fold of fluorescence en-
hancement for the titration of L vs Phe in the absence
(dashed) and in the presence (blank) of
9-anthracenaldehyde.
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widths of 90�160 nm, and heights of 13�18 nm. It

can be noted that the width of the fiber is much higher

as compared to their height, imparting a ribbon-like

structure to the fiber36 through the bundling of a num-

ber of individual threads in a parallelepiped fashion.

These dimensions seem to fit well with the stacking of

about 250�300 complex units along the length and

stacking of 20�30 such fibers bundled in the width of

the ribbon. The undulation morphology of the fibers

observed can be the result of the structural defects

formed during the process of � · · · � stacking.3

After 24 h, the long fibers of [L�Phe] were no more

observed, instead, a high population of smaller fibers

were noticed in the micrographs of AFM as shown in

Figure 7, as the shorter ones may have resulted from

the breakage of the sufficiently long fibers on the sur-

face of the mica.

In the Presence of Trp and Tyr. Since Trp and Tyr possess

aromatic side chains, the fibers formed by these were

studied by AFM. In the case of [L�Trp], the initially

formed spherical particles were joined together to form

dumbbell-shaped particles in about 4 h. The fibers

formed by Trp after 24 h were short and clustered, and

the abundance of fiber formation is rather low when

compared to [L�Phe] (Figure 8a,b). On the other hand,

the fibers formed from [L�Tyr] were branched but not

well spread as that observed in case of [L�Phe] (Figure

8c,d).

In the Presence of Ala and Pro. However, in case of [L�Ala],

the initially formed spherical particles (sizes of 39�80

nm and heights of 2�4 nm) continue to grow in size

but maintain a spherical shape, where the sizes of the

particles (sizes of 156�314 nm and heights of 5�11

nm) are about 4�8 times greater than the initial par-

ticles when measured after 8 and 24 h (Figure 9a,b).
Even proline does not show any fibers after 24 h (Fig-
ure 9c,d). Thus no fibers were found in the case of
[L�Ala] and [L�Pro] even after 1 day, suggesting that
the presence of the phenyl side chain is essential for the
amino acid amphiphile to form fibers with the am-
phiphile L.

In the Presence of 3-PPA. In case of [L�3-PPA], the ini-
tially formed spherical particles (sizes of 20�90 nm
and heights of 5�14 nm, Figure 10a) continue to grow
in size but maintain a spherical shape, where the sizes
of the particles (sizes of 180�260 nm and heights of
17�25 nm, Figure 10b) is about 10 to 14 times higher
than the initial sizes when measured after 8 h. Over a
period of 24 h, these particles tend to aggregate to form
bigger ones with no well-defined shape (Figure 10c).
Thus no fibers were found in the case of [L�3-PPA]
even after 1 day since an initial complex between L
and 3-PPA was not formed. Nonformation of the initial
complex between L and 3-PPA has already been dem-
onstrated by fluorescence titration studies. All these re-
sults further suggest that the presence of phenyl side
chain moiety is essential for the amino acid to form fi-
bers with L.

In the Presence of NaCl and Zn(ClO4)2 Salt. The role of hydro-
gen bonding and hydrophobic interactions in the for-
mation of the fibers has been further studied by judg-
ing the fiber formation or its disruption under the
presence of these salts. AFM experiments were carried
out using two different salts, NaCl and Zn(ClO4)2, owing
to their diverse interactions in coordination chemistry.
From each of the metal salts, two experiments were car-
ried out. (a) One was carried out by adding the salt to
the [L�Phe] mixture initially followed by measuring
AFM after 12 h, and it was found that none of these
salts allow the fiber formation (Figure 11). (b) The other
was carried out by adding the salt after the fibers were
formed, and disruption of the fibers was found with
both the salts. Thus, these salts do not allow fiber for-
mation and were capable of breaking the fibers, if al-
ready formed.

AFM Studies with Galactosyl-salicyl-imino Conjugate (L1) and Phe.
To find out whether the fibers formed are dependent
on the glycose part of the glyco-conjugate, AFM stud-
ies were carried out between an analogue of L,
galactosyl-salicyl-imino conjugate (L1),34 and Phe. No

Figure 7. AFM micrographs of [L�Phe] where the sample
was drawn after 24 h. Panels a and b are from different re-
gions of the sample on mica.

Figure 8. AFM micrographs of the samples drawn from [L�Trp] in the case of (a and b) and from [L�Tyr] in case of (c and
d). Among these the first one is at 0 and the second one is at 24 h.
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formation of fibers was found suggesting that the

growth of the fibers is dependent on the nature of the

glycose part (Figure 12).

The precursor molecules, L or Phe, alone do not

show the formation of fibers of the nature demon-

strated for [L�Phe] when left in solution even over a pe-

riod of 1 day as studied based on AFM (Supporting In-

formation, SI 04). Based on the AFM studies, it is

possible to arrange these in the order of their fiber for-

mation ability: Pro and Ala (no fibers) �� Trp (short

bundles and less abundant) � Tyr (thin, branched,

bundled and less abundant) � Phe (best fiber forma-

tion and growth and high abundance).

TEM Studies. TEM micrographs measured after 8 h of

mixing of L with Phe reveal the fibrous nature of the

species. The lengths of the fibers were found to be in

the range of 100�200 nm, and the widths were 10�20

nm (Figure 13a,b). In both the AFM and TEM studies,

the fibers were found to be more aggregated. This

may be due to the enhanced interfiber interactions as

a result of less efficient packing among the molecules

within the individual nanofibers. Even the micrographs

measured by high resolution TEM exhibit bunches of fi-

bers as can be seen from Figure 13c,d. Some peptide

amphiphiles conjugated with polydiacetylene also

formed such fibers upon photoirradiation as reported

in the literature.3

SEM Studies. Scanning electron micrographs obtained

for the powder isolated from the immediately prepared

reaction mixture of L and Phe exhibited large crystal-

lites of the size 10�15 �m � 2�3 �m (Figure 14a). The

powder isolated after 8 h of reaction, exhibited

branched fibers (Figure 14b). The micrograph mea-

sured from the powder obtained from the reaction mix-

ture of L and Phe after 24 h exhibited rodlike fibers (Fig-

ure 14c). SEM images of the precursor L exhibit very

long crystalline rods (Supporting Information, SI 05).

Samples of [L�Ala] and [L�3-PPA] obtained even af-

ter 24 h exhibited no fibers unlike that observed in the

case of [L�Phe], supporting that the side chain phenyl

moiety is absolutely essential for the formation of the fi-

bers (Figure 15).

Though all the three microscopy studies exhibited fi-

ber formation, there seemed to be some basic differ-

ences in their size parameters owing to the surfaces

used, namely, mica in case of AFM and carbon-coated

copper grid in the case of TEM. Further differences may

arise from the desolvation technique used, namely,

high vacuum for TEM and simple air drying in the case

of AFM.

Powder XRD Studies. Powder XRD studies were carried

out with the solid samples obtained from the reaction

mixture of [L�Phe] at different time intervals (Experi-

mental Section). The diffractograms shown in Figure 16

are clearly characteristic of crystalline material and ex-

hibit appreciable variation in the intensity and/or

breadth of some peaks when compared to the unal-

tered ones, where the experiments were carried out on

the samples drawn at different time intervals. Compari-

Figure 9. AFM micrographs of the samples drawn from (a and b) [L�Ala] and from (c and d) [L�Pro]. Among these the first
one is at 0 and the second one is at 24 h.

Figure 10. AFM micrographs of [L�3-PPA] samples drawn at different time intervals: (a) immediately after mixing; (b) after
8 h, and (c) after 24 h.

Figure 11. AFM micrographs of [L�Phe] obtained in the pres-
ence of (a) NaCl and (b) Zn(ClO4)2 after 12 h.
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son of these diffractograms revealed increased peak in-

tensities with those observed at 2	 values of 13.80,

17.36, 19.23, and 20.73 and a decreased peak intensity

at a 2	 value of 40.20. In some cases the peaks were

merged or sharpened (2	 
 26.92, 32.86). These lines

could not be indexed in the absence of any reference

compound. Thus the powder XRD studies provided

qualitative information on the crystallinity of the nano-

fibers formed in the case of L and Phe, as also noticed

from SEM studies.

DLS studies. To test the feasibility of the fiber forma-

tion as noticed based on microscopy, DLS studies (Sup-

porting Information, SI 06) were carried out as a func-

tion of time. It is expected that the solvo-dynamic

diameter of the self-assembled species increases over

a period of time. Hence the solutions were scanned at

different time intervals for DLS, and the results are

shown in Figure 17. Appropriate control studies have

also been performed with simple glucosyl-salicyl-imine-

conjugate amphiphile (L) as well as with phenylala-

nine. As can be seen from Figure 17, the peaks of the

self-assembled species were shifted to a higher diam-

eter range with increase in time (Supporting Informa-

tion, SI 06). At zero time, the mean diameter of the spe-

cies was found to be in the range of �0.12 �m which

gradually increases to �6.5 �m after 18 h. The progres-

sive increase observed in the solvo-dynamic diameters

of the species can be attributed to the formation of dif-

ferent kinds of self-assembled ones. The small diam-

eter species observed at the beginning may result from

1:1 complex by forming a cluster. Observation of peaks

with larger diameter (after 4 h) supports the formation

of the nanofibers that takes some time to grow as it is a

slow kinetic process. L alone or phenylalanine alone ex-

Figure 12. (a) Schematic structure of galactosyl-salicyl-imino conjugate (L1). AFM micrographs of the samples drawn from
[L1�Phe] at different time intervals: (b) 0 h, (c) 8 h, and (d) 24 h.

Figure 13. TEM micrographs of the sample drawn from [L�Phe] mixture after 8 h: (a and b) normal TEM and (c and d) high-
resolution TEM.

Figure 14. SEM micrographs of the sample drawn from [L�Phe] mixture at different time interval: (a) immediately after
mixing, (b) after 8 h, and (c) after 24 h.

Figure 15. SEM micrographs of the sample drawn from the experiments carried out with control molecular systems: (a)
[L�Ala] after 8 h, (b) [L�Ala] after 24 h, (c) [L�3-PPA] after 24 h.
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hibited no considerable aggregation in solution even

after one day (Supporting Information, SI 06).

Computational Modeling of Nanofibers. From the spectro-

scopic and microscopy studies, it has been shown that

the complex unit formed between L and Phe grows fur-

ther over a period of time to result in the formation of

nanofibers. To model the formation of the fiber,

molecular-mechanics-based computational calcula-

tions were carried out using HYPERCHEM (Experimen-

tal Section).37 The fiber was modeled by replicating the

1:1 complex unit structure obtained from the DFT com-

putations38 (Supporting Information, SI 07a) in a cas-

cade manner by forming its oligomers possessing 2, 4,

8, 16, and 32 units. The modeled oligomers were then
minimized using different force fields, namely, MM�,
BIO�(CHARMM), and Amber, and it was found that the
MM� based calculations yielded better results when
compared to the others. The dimeric structure was ob-
tained by minimizing the two individual 1:1 complex
units placed apart. Similarly, a tetrameric structure was
obtained by minimizing two dimers placed at a nonin-
teracting distance. This procedure was continued until a
32-unit thread was formed. Formation of such a thread
is unidirectional with dimensions of (0.60 � 0.05) �

(0.90 � 0.05) � (38.0 � 0.2) nm3 (Figure 18). However,
the attempts to form the 1:1 complex of L and the con-
trol molecular system 3-PPA were futile, indicating that
there is no complex formed between L and 3-PPA (Sup-
porting Information, SI 07b). Indeed we found the same
from the fluorescence titration studies. A closer exami-
nation of the threads of [L�Phe] exhibited � · · · � inter-
actions (phenyl · · · phenyl distance being �3.9 � 0.1
Å) of the type ...ABABABAB....

On the other hand, when the side chain of the amino
acid was replaced by methyl moiety to mimic alanine
in place of the phenylalanine in the threads, the corre-
sponding thread was broken into smaller pieces with no
long-range order, suggesting that the fiber formation
is not favored when there is no phenyl side chain (Fig-
ure 19).

To see whether L alone forms any polymeric thread
through � · · · � interactions, MM� minimizations were
performed by taking a 16-unit thread of [L�Phe] fol-
lowed by removing the Phe units from the same. This
resulted in the breakage of the thread to form at least
six smaller aggregates of L. Among these, only two ag-
gregates exhibited � · · · � interactions and not the oth-
ers (Supporting Information, SI 07c). Thus the MM�

study suggests that L alone does not form a thread
without the presence of Phe and hence supports the ex-
perimentally observed results.

Comparison of the cross-sectional dimensions of
the thread built on the basis of the computational study
with that observed from microscopy suggests that sev-
eral threads must have been bundled together to form
the fibers. The bundling of the individual threads to re-
sult in the fibers was achieved by carrying out MM�

minimization on 16 threads. This minimization was car-
ried out by a cascade process by initially making a
bundle of 2 followed by 4 followed by 8 and then fol-
lowed by 16, sequentially at every stage and using the
output at each stage for the next higher one. To keep
the computational times low, the bundling of the
threads to form a fiber was made using threads of 16
unit length rather than that of the 32, as shown in Fig-
ure 20. The minimized bundle exhibited dimensions
(2.5 � 0.02) � (4.0 � 0.03) � (16.9 � 0.3) nm3. Similar
computations carried out with Tyr resulted in a polymer
that has several nucleating sites for branching (Support-
ing Information, SI07).

Figure 16. Powder XRD diffractograms of [L�Phe] where
the samples were drawn at (a) 0 h, (b) 8 h, and (c) 24 h. The
peaks of interest are indicated by roman marking.

Figure 17. Particle size distribution plot of the species
formed at different time interval by dynamic light scatter-
ing (DLS).

A
RT

IC
LE

VOL. 4 ▪ NO. 7 ▪ ACHARYA ET AL. www.acsnano.org4068



Protein�Fiber Interactions. In view of the importance

of the biocompatible nanofibers in medical applica-

tions, such as tissue engineering and drug delivery, the

nanofibers formed from L and Phe as reported in this

paper were studied for their interaction with different

serum and legume proteins. While the serum proteins

used were highly �-helical in nature, the legume pro-

teins used were highly �-sheet in nature.

The fiber-forming reaction mixture was initially pre-

pared in the presence of the corresponding protein,

and the formation of the fiber and the characteristics

of the protein were monitored by atomic force micros-

copy. All the three albumin proteins studied, BSA, HSA,

and lactalbumin, allow the formation of fibers, as can be

seen from the AFM images (Figure 21, Supporting Infor-

mation, SI 08). From the micrographs, it is further evi-

dent that the branching nature of the fibers is mostly

unaltered in the presence of either BSA or lactalbumin,

but the branching is almost diminished in the presence

of HSA. While these fibers were found to be noninterac-

Figure 18. Minimized structures obtained from the MM� calculations performed using a 1:1 complex of L and Phe: (a) 2-mer;
(b) 4-mer; (c) 8-mer; (d) 16-mer; and (e) 32-mer.

Figure 19. MM� minimization results obtained of a 16-mer fiber of (L�Phe) where the Phe was replaced by simple Ala, leading to
smaller fragments.

Figure 20. Bundle of fiber obtained from molecular-mechanics-based minimization of 16 threads of a 16-mer [L�Phe]: (a)
view along the length and (b) a cross-sectional view.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 7 ▪ 4061–4073 ▪ 2010 4069



tive in the case of HSA and lactalbumin, the BSA pro-
tein molecules were indeed found to adhere to the fi-
bers. A closer examination of the AFM features reveal
that while simple BSA protein exhibits spherical par-
ticles, the same when bound to the fibers resulted in
deformation and hence nonspherical particles, which
may be attributed to the conformational and/or shape
changes occurring in the BSA. Such deformations have
been observed, as reported in the literature, when large
proteins and/or other macromolecules were adsorbed/
bound to solid materials.39 In the present case, the de-
formation of the BSA particles may have allowed the
protein to unfold to some extent, which in turn exposes
additional sites that would involve in interaction with
the fibers. However, for the �-sheet proteins, namely,
peanut agglutinin and jacalin, no such fiber formation
was observed suggesting that these proteins inhibit the
formation of fibers (Figure 22). Thus among the five pro-
teins belonging to the two different classes studied
and reported in the paper, only BSA selectively adheres,
and hence these fibers would be of interest in a vari-
ety of applications.

Circular Dichroism (CD) Studies. To understand the
changes that may occur in the secondary structures of
these proteins when they interact with the fiber, CD ti-
trations were carried out. Appropriate control experi-
ments were performed and subtracted before interpret-
ing the observed results. During the titration, the
protein concentration was kept constant by adding
varying amounts of fiber forming mixture (Experimen-
tal Section). The CD spectra shown in Figure 23a for the
titration with BSA shows considerable change in the
secondary structural features by strengthening the he-
licity of the protein owing to the possible interactions
present between the fiber and the protein, though one

may expect to disrupt the secondary structures upon in-
teraction of protein with the fiber. Increase in the nega-
tive ellipticity has also been observed with small pep-
tides, over a period of time, forming nanofibers.40 On
the other hand, the HSA which does not adhere to the
fiber but only allows the fiber to form, seems to bring
only marginal changes in the ellipticity (Figure 23b) as
studied by CD in solution. The slope of ellipticity versus
concentration is at least one-half in the case of HSA
when compared to that of BSA. Similar titrations car-
ried out with �-sheet proteins, such as jacalin, Figure
23c, exhibited no significant changes in the ellipticity,
and these result are in line with that observed from the
microscopy, namely, no fiber formation (Supporting In-
formation, SI 09).

CONCLUSIONS AND CORRELATIONS
Molecular self-assembly of biocompatible systems

is an interesting target in current research due to its ap-
plications in materials as well as in clinical sciences.
The self-assembly process among amphiphiles is gov-
erned by several noncovalent interactions. Though the
individual effect of these interactions are minimal as far
as the energetics are concerned, when acting together,
they can generate well-ordered supramolecular struc-
tures. Among the various noncovalent interactions re-
sponsible for such self-assembly, � · · · � interactions
play an important role. Herein, we report the self-
assembly of two different amphiphiles, a glucosyl-
salicyl-imino-conjugate (L) and a phenylalanine, form-
ing nanofibers over a period of time through � · · · �
interactions.

A progressive increase in the fluorescence intensity
has been observed as a function of time with phenyla-
lanine. Simple amino acids, such as glycine and alanine,
as well as the simple carboxylic equivalent of phenyla-
lanine, 3-phenylpropionic acid (3-PPA), do not show sig-
nificant changes in the fluorescence intensity, suggest-
ing that both the amino acid portion as well as the side
chain phenyl moiety together are needed in the same
molecule to show these changes. The fluorescence and
absorption spectral changes observed in the titration
of L with Phe are consistent with the formation of an ini-
tial 1:1 complex followed by aggregation of these.
Though the observations in the case of glycine and ala-
nine indicated the initial formation of a 1:1 complex,
there is no indication for their further aggregation even

Figure 21. AFM micrographs of (a, b) {[L�Phe]�BSA}, (c) {[L�Phe]�HSA}, and (d) {[L�Phe]�lactalbumin} samples.

Figure 22. AFM micrographs of (a) {[L�Phe]�PNA} and (b)
{[L�Phe]�jacalin} samples.
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over a period of 1 day. However, under similar experi-
mental conditions, the observations with 3-PPA does
not conform either to the formation of 1:1 complex or
to its aggregation. The aggregational behavior ob-
served with phenylalanine has been further estab-
lished by MALDI where the higher aggregate peaks
were observed over a period of time. Formation of such
aggregates has been indirectly shown by preventing
the same using ethidiumbromide.

AFM, TEM, and SEM studies clearly revealed the for-
mation of nanofibers as a function of time after mixing
L with phenylalanine. The length and breadth (in nm) of
the individual fibers was found in the range of 450�530
and 90�160 and 100�200 and 10�20, respectively,
from AFM and TEM. Similar microscopy studies carried
out between L and alanine or 3-phenylpropionic acid
did not show any fiber formation. Though some fiber
formation was observed in case of Trp and Tyr, the na-
ture and abundance of the fibers formed greatly differs
from those formed from Phe. Even the change in the
carbohydrate moiety, such as changing from glucosyl
to galactosyl, does not result in the formation of nano-
fibers, suggesting the role of glycomoiety in the forma-
tion of these fibers. The growth of the fibers as a func-
tion of time in the case of [L�Phe] has also been
supported by DLS experiments. These fibers were found
to be crystalline on the basis of powder XRD studies.

Computational modeling of the nanofiber forma-
tion was carried out by taking the DFT optimized 1:1
complex and building the fiber by going through a cas-
cade methodology using molecular mechanics,
wherein a dimer is being made from a single complex

unit, and a tetramer from two such dimers, and an oc-
tamer from two such tetramers, and so on. The model-
ing clearly revealed a � · · · � interaction of the phenyl
moiety of phenylalanine with the phenyl moiety of the
L resulting in ...ABABAB...-type of arrangement. A 32-
unit thread exhibit dimensions of (0.60 � 0.05) � (0.90
� 0.05) � (38.0 � 0.2) nm3. However, when the Phe is
being replaced by Ala that lacks side-chain phenyl moi-
ety, the initial thread of [L�Phe] was broken to give
smaller fragments. Even L alone does not show the for-
mation of the threads. To model the widths noticed in
the microscopy, computational studies were carried out
to give bundles of these threads using molecular me-
chanics calculations. A bundle formed from 16 threads
of a 16-mer exhibited dimensions, (2.5 � 0.02) � (4.0 �

0.03) � (16.9 � 0.3) nm3.
Because of the biocompatibility of these am-

phiphiles, their self-assembled nanofibers can prob-
ably be used as a new class of molecular transporters
or as a protective coating agent over the drugs for de-
livery. The AFM studies carried out to test the applica-
bility of these fibers resulted in the observation that
only BSA selectively adheres among the five proteins
belonging to two different classes reported in the pa-
per. The changes occurred in the secondary structural
features of these proteins in fiber-forming solutions
were studied by CD spectroscopy. Hence these fibers
would be of interest in the recovery of BSA from a mix-
ture of proteins and/or transfer of a chemical entity/
drug between the fibers and BSA selectively. Suitable
biocompatible fibers in the literature have indeed been
used for making biodegradable bandages for wounds.39

EXPERIMENTAL SECTION
For all the studies reported in this paper, the D-stereoisomer

of glyco-conjugates and the L-stereoisomer of amino acids have
been used.

Characterization of L. Glucosamine hydrochloride (0.215 g, 1
mmol) salt was neutralized with triethylamine in ethanol be-
fore being used in the synthesis. To this, salicylaldehyde
(0.15 mL; 1 mmol) was added. The reaction mixture was re-
fluxed for 6 h at 60 °C. The solid product formed, L, (0.25 g)
was filtered and washed with cold ethanol several times fol-
lowed by diethyl ether and was dried under vacuum. Yield
�87%. 1H NMR (DMSO,  ppm):  2.5 (q, 6H, DMSO),
3.25�3.80 (m, 5H, carbohydrate skeletal C�H), 4.53�4.95
(4d, 4H, C1-OH, C3-OH, C4-OH, C6-OH), 5.16�5.18 (d, H, J-5.5

Hz), 6.19�7.59 (2d, 2t, 4H), 8.6 (s, 1H, CH
N), 13.2 (s, 1H,
Ar�OH) ppm. Anal. Calcd for C13H17NO6: C, 55.12; H, 6.05; N,
4.94. Found: C, 54.85; H, 6.61; N. 4.86 ESI-MS m/z 284
([M�H]�, 100%).

Fluorescence and Absorption Studies. Fluorescence emission
spectra were measured on Perkin-Elmer LS55 fluorescence
spectrophotometer by exciting the samples at 320 nm, and
the emission spectra were recorded in the 330�550 nm
range. Absorption studies were carried out with a JASCO
V-570 instrument by measuring the spectra from 800 to 200
nm. The bulk solutions of L and amino acids were prepared in
methanol in which 400 �L (4%) of water was added for ini-
tially dissolving the amino acid. The bulk solution concentra-
tions were maintained at 1 � 10�3 M. All the measurements

Figure 23. Plots of mean residue ellipticity as a function of volume of [L�Phe] addition in the case of: (a) {[L�Phe]�BSA}, (b)
{[L�Phe]�HSA}, and (c) {[L�Phe]�Jacalin}. (d) Plots of ellipticity as a function of volume of [L�Phe] addition in case of proteins and lec-
tins: (black) BSA, (red) HSA, (green) Jacalin, and (pink) PNA.
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were made in 1 cm quartz cell, and the effective concentra-
tion of L was maintained as 50 �M. During the titration dif-
ferent mole ratios of amino acid were added to L, and the
emissions of all the samples were measured at different time
intervals. In the case of the phenylalanine titration, the back-
ground spectra were subtracted.

For the EtBr experiment, the bulk solutions of L, amino acid,
and EtBr were prepared in methanol. The bulk solution concen-
trations were maintained at 1� 10�3 M. During the titration, ini-
tially L and EtBr were mixed in 1:2 mol ratio by fixing the effective
concentration of L at 50 �M. Different mole ratios of amino ac-
ids were added to these solutions, and all the emission measure-
ments were made at different time intervals.

For the fluorescence experiment with 9-anthracenaldehyde,
150 �L of L (50 �M) was added to 300 �L of
9-anthracenaldehyde (2 equiv) and mixed initially, followed by
the addition of increasing amount of Phe (0, 75, 150, 300, 450,
600 �L).

MALDI TOF Studies. Mass spectra were collected using an Axima-
CFR MALDI-TOF-MS (Kratos Analytical, Manchester, UK), in the
positive ion mode. The concentrations of the samples were kept
the same as in the case of the solution studies.

Microscopy Studies. AFM studies were performed in multimode
Veeco Dimensions 3100 SPM with Nanoscope IV controller in-
strument. Tapping mode with a phosphorus-doped Si probe
having a sharp fine tip at the end was used in all the cases. TEM
experiments were performed with a PHILIPS CM200 transmission
electron microscope operating at 20�200 kV (resolution, 2.4 Å).
High resolution TEM was done on a JEOL JEM 2100F instrument.
Carbon-coated copper grids of 400 mesh were used as sub-
strate for the sample. SEM studies were carried out with JEOL
JSM-6390 scanning electron microscope. Powder XRD studies
were performed with a PHILLIPS PANalytical X-Pert Pro diffracto-
meter. The solvo-dynamic diameter of all the samples were mea-
sured in methanol (concentration were kept the same as in the
case of fluorescence studies) at 25 °C. The incident laser (Coher-
ent Inc., Santa Clara, CA) radiation used was a 633 nm wave-
length of 90°. The scattered light was filtered through a vertical
polarization filter. The experiments were carried out using stan-
dard cylindrical BI-RC 12 glass cuvettes.

Sample Preparation. For AFM, TEM, and DLS studies, L and Phe
solutions were made in methanol. Phe solutions were made by
dissolving the amino acids in �400 �L of deionized water and
then adding methanol to the desired volume. The bulk concen-
tration of the solutions was ca. 1 � 10�3 M for all the cases. For
studies at lower concentration, the bulk concentration of L and
Phe was ca. 1 � 10�4 M. For AFM studies with proteins, 100 �L of
protein (1 mg/10 mL) was added to 100 �L of [L�Phe]. For the
AFM studies of [L�Phe] in the presence of salts, the bulk concen-
tration of NaCl and Zn(ClO4)2 was ca. 1 � 10�3 M.

For AFM and TEM studies, 1.0 mL of L and 1.0 mL of Phe
was added to a sample vial, and this mixture was used as stock
solution. For DLS studies, 100 �L of L and 100 �L of Phe were
added to 3.0 mL of methanol solution. Different sample vials
were prepared for drawing the samples at different times, and
the concentration of these samples was maintained throughout.

For AFM, an aliquot of �200 �L was taken from the stock so-
lution at different time intervals and sonicated for �15 min. Dif-
ferent sample blocks were prepared by spreading �50 �L of
the mixed solution on a mica sheet and allowing the prepared
sheet to dry in air at room temperature. For TEM, the same pro-
cedure was followed, and the mixed solution was spread over a
carbon-coated copper grid which was then allowed to air-dry.

For powder XRD and SEM studies the solid samples were iso-
lated from the mixture of [L�Phe] at different time intervals and
used for experiments.

Computational Studies. Coordinates of 1:1 complexes of [L�Phe]
was taken from the DFT calculations and were used as tem-
plates for the construction of dimers and higher order oligo-
mers. The dimer was constructed initially by taking two 1:1 com-
plex units and placing them farther apart and then minimizing
the same. A tetrameric unit was built from two dimers and was
minimized. This procedure was adopted to generate higher oli-
gomeric units, namely, 8, 16, and 32. The threads were mini-
mized at each stage before going for the higher aggregate.

Hence all the calculations were performed on the MM� force
field. Such minimized threads were taken to form a bundle and
were minimized through molecular mechanics calculations.

CD Studies. CD studies were performed with a JASCO J-815 cir-
cular dichroism spectrometer. For CD studies with proteins, the
protein concentration was kept constant. Hence 40 �L of protein
(1 mg/mL) was added to varying concentrations of [L�Phe],
and the spectra were recorded.
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