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A novel form of β-strand assembly observed in
Aβ33–42 adsorbed onto graphene†
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Peptide assembly plays a seminal role in the fabrication of structural and functional architectures in cells.

Characteristically, peptide assemblies are often dominated by β-sheet structures, wherein component

molecules are connected by backbone hydrogen bonds in a parallel or an antiparallel fashion. While

β-rich peptide scaffolds are implicated in an array of neurodegenerative diseases, the mechanisms by

which toxic peptides assemble and mediate neuropathic effects are still poorly understood. In this work,

we employ molecular dynamics simulations to study the adsorption and assembly of the fragment

Aβ33–42 (taken from the Aβ-42 peptide widely associated with Alzheimer’s disease) on a graphene surface.

We observe that such Aβ33–42 fragments, which are largely hydrophobic in character, readily adsorb onto

the graphitic surface and coalesce into a well-structured, β-strand-like assembly. Strikingly, the structure

of such complex is quite unique: hydrophobic side-chains extend over the graphene surface and interact

with adjacent peptides, yielding a well-defined mosaic of hydrophobic interaction patches. This ordered

structure is markedly depleted of backbone hydrogen bonds. Hence, our simulation results reveal a dis-

tinct type of β-strand assembly, maintained by hydrophobic side-chain interactions. Our finding suggests

the backbone hydrogen bond is no longer crucial to the peptide assembly. Further studies concerning

whether such β-strand assembly can be realized in other peptide systems and in biologically-relevant

contexts are certainly warranted.

Introduction

Amyloid formation exists at the nexus of a variety of neuro-
degenerative diseases.1–5 Central to Alzheimer’s disease, the
amyloid β (Aβ) peptide (at 40–42 residues in length) is known
to self-assemble into amyloid fibrils both in bulk solution and
on the surfaces of cell membranes.6 In general, the character-
istics of peptide aggregates are diverse.7 The polymorphism
associated with amyloid formation has garnered growing inter-
est due to a broad correlation between the presence of amy-
loids and cell death. Within most amyloid aggregates,
component peptide segments become aligned in a β-strand

topology, within which hydrogen bonds formed along the
peptide backbone in either a parallel or an antiparallel motif.8

It is well established that the ordered structures seen in
β-sheet assemblies are cultivated by strong hydrogen bonds
among backbone atoms. In other words, the backbone hydro-
gen bond is often considered to be crucial to peptide assem-
bly. While the hydrophobic effect serves to drive peptide self-
assembly, the question as to whether assembled peptide com-
plexes can be preserved purely through hydrophobic inter-
actions (in the absence of hydrogen bonds), to the best of our
knowledge, remains unanswered. In particular, in assembly
facilitated by a hydrophobic surface, one might imagine that
hydrogen bonds could perform a muted part in maintaining
structural integrity.

The adsorption and subsequent assembly of peptides
(e.g. Aβ,7,9–15 prion,16,17 IAPP14,17–19) on surfaces associated
with mica,11,15,16,20 graphitic materials,7,9–13,19–25 and self-
assembled monolayers (SAMs)10,14 has gained significant
attention. Studies of peptide assembly on various materials
promise to not only bolster understanding of peptide assembly
mechanisms and their concomitant impacts on membrane
structure,26–30 but also help facilitate the application of
peptide scaffolds to surface property modulation in materials
science.31–33 Along with intensive experimental studies,
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molecular dynamics (MD) simulation techniques have been
widely used to study the adsorption and assembly of peptides
on surfaces.10,12,17,19–22,34 As suggested by previous works, the
proximity of a hydrophobic surface can serve to promote the
peptide assembly process. Peptide adsorption is known to
disrupt standard secondary structural formation, leading to an
increased propensity for extended conformations on the
surface. While adsorption supports an increase in the local
peptide concentration, strong hydrophobic interactions with
the surface can compete with hydrophobic interactions
between adjacent molecules12,22,35–37 and hinder the close
packing of peptides needed for the formation of backbone
hydrogen bonds. Despite the impact of surface interaction on
the assembly process and its mesoscopic architecture,7,10–12,38–40

the peptides are still connected by backbone hydrogen
bonds.38,40,41 Hence, these adsorbed peptide assemblies share
the same structure features with “free standing” assemblies.
However, as indicated in this work, surface interactions can
even induce a non-canonical form of peptide assembly mainly
maintained by hydrophobic side-chain interaction. In other
words, our results suggest the backbone hydrogen bond is no
longer crucial to the peptide assembly.

Recently, we characterized the assembly formed by the
peptide fragment Aβ33–42 when adsorbed onto a graphitic
surface.9 The Aβ33–42 segment, in particular, is thought to be
important to the formation of Aβ amyloid fibrils implicated in
Alzheimer’s disease.8 In this work, we use MD simulations to
study the adsorption and assembly of Aβ33–42 onto graphene
monolayers. As indicated in previous works,11,12 graphitic
surface can induce the adsorption of Aβ1–42 peptides, facilitate
the conversion to β-sheet structure, and serve as the template
to promote peptide assembly. We find Aβ33–42 can similarly
adsorb onto the graphene surface and exhibit the tendency to
extended structures. Strikingly, sufficiently strong hydrophobic
interaction between graphene and Aβ33–42 with largely hydro-
phobic amino acid sequence further induces the residual side-
chains to stretch to both sides of the adsorbed peptides, and
the resultant peptide assembly features a “mosaic” of hydro-
phobic interaction patches formed by a highly structured
arrangement of aliphatic side-chains. Complementarity in size
and shape of such hydrophobic side-chains thus appears to be
important to the stability of this β-strand assembly. The impor-
tance of backbone hydrogen bonds to the peptide assembly
has been well recognized, thus our current results should
promote a better understanding of the molecular mechanisms
of peptide assemblies. Furthermore, these findings of unique
substrate-surface-peptide-monolayer structure may also help
advance the nanotechnology on graphene surface coating and/
or modification for wider biomedical applications.

System and methods

The sequence of the amyloid β-peptide fragment 33–42
(Aβ33–42 – GLMVGGVVIA) features seven hydrophobic residues,
making it a prime candidate for adsorption onto a highly

hydrophobic graphene surface. Accordingly, this system was
prepared for MD simulation as follows. An initial confor-
mation of Aβ33–42 was extracted from the solution structure of
the Aβprotein (17–42), (PDB ID: 2BEG). An Aβ33–42 monomer
was first solvated in a cubic box with an edge length of 50 Å.
Three independent 160 ns simulations were then performed to
investigate the conformational diversity of Aβ33–42 in solution.
As a result, the peptide was found to assume β-hairpin struc-
tures to some extent in all three simulations.

Next, we studied the absorption of several Aβ33–42 peptides
onto a graphene monolayer and their subsequent interactions.
Five peptides initialized in β-hairpin configurations were
placed above a graphene sheet (58 × 58 Å2 in dimension). The
initial height of the center of mass of peptide with respect to
the graphene is 7.4 Å. At the start of the simulations, all pep-
tides were separated by at least 20 Å in center of mass (COM)
(Fig. 1a). The size of solvation box is 59 × 59 × 45 Å3 with
∼15 200 atoms. Subsequently, both replica exchange molecular
dynamics (REMD)42 and conventional molecular dynamics
simulations of the system were performed. For the REMD
simulations, we started 32 system replicas at temperatures
exponentially distributed between 300 and 500 K. Each replica
was propagated for 100 ns in simulation time. Attempts at
exchange between neighboring replicas were conducted every
2 ps with the observed acceptance ratio varied between 12.3%
and 29.2%. The conventional MD simulation was allowed to
run for 1640 ns.

To better study the formation of adsorbed peptide assem-
blies, five Aβ33–42 segments were started in fully coextensive
configurations and assigned labels A through E. The three
central peptides (B, C, and D) were placed with an inter-
peptide COM separation of 7.5 Å and restrained to their initial
positions by harmonic potential, whereas peptides A and E
were retained to the extended configuration by imposing dis-
tance restraint between terminal residues. The two distal pep-
tides (A and E) were then initialized at three progressively
larger distances (12.5, 14.5 and 16.5 Å) from the central
complex.43 And the graphene sheet with larger size (101 ×
102 Å2 in dimension) was used. Each such starting configur-
ation was generated in both parallel and antiparallel packing
modes, yielding six systems in total for simulation. The start-
ing configurations described here are illustrated in Fig. 3. The
size of solvation box is 103 × 104 × 45 Å3 with ∼47 500 atoms.
For each system, five independent MD runs were performed to
comprehensively study the approach and association of the
two distal peptides to the central complex.

We also employed REMD simulations to study the stabi-
lities of specially constructed parallel and antiparallel assem-
blies containing five extended peptides. The central peptide
(C) was restrained to its initial position by harmonic potential
while the remaining peptides were retained to the extended
configuration by imposing distance restraint between terminal
residues. The size of graphene sheet and solvation box is
similar to the adsorption simulation. Each replica was allowed
to run for 50 ns with the same replica number, temperature,
and exchange parameters used as those described above.
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Moreover, we computed the free energy (potential of mean
force, PMF) of peptide dissociation to estimate the binding
stability of the adsorbed peptide assembly. The Adaptive
Biased Force (ABF) method44 was employed to calculate the
free energy profile of the detachment of one peptide from the
adsorbed assembly. The reaction coordinate was set to be the
z-coordinate of Cα atom of either N- or C-terminal residue. For
each system, 5 independent simulations were used to con-
struct the free energy profile, thus overall, we performed 20
simulations to estimate the stability of both parallel and anti-
parallel assembly. The resolution of reaction coordinate is
0.1 Å and the force constant is 10 kcal mol−1 A−2.

All MD simulations were carried out using the NAMD 2.8
program in concert with the CHARMM27 force field.45 Periodic
boundary conditions were applied in all three coordinate direc-
tions. In all cases, dynamics were sampled from the canonical
NVT ensemble (T = 300 K); temperature was modulated by a
Langevin thermostat with a damping coefficient of 1 ps−1. van
der Waals interactions were treated using a switching function
with twin-range cutoff distances of 10 and 12 Å. A cutoff dis-
tance for short-range electrostatic interactions was set at 12 Å;
long range electrostatic interactions were treated with the par-
ticle mesh Ewald (PME) method.46 All configurations were sol-
vated using the TIP3P water model,47 and all simulation
snapshots were rendered with the program VMD.48

Results

To understand the structural ensemble of Aβ33–42 in solution,
we first analyze three independent 160 ns trajectories in the
absence of a graphene surface. Starting from extended confor-
mations, the largely hydrophobic peptide fragment exhibits a
clear tendency to form collapsed structures: in each simu-
lation, the peptide’s radius of gyration (Rg) dramatically

decreases from ∼9 Å to ∼5.5 Å (Fig. S1a†). In particular, the
peptide is found to adopt a β-hairpin like structure (Fig. S2†)
in all three trajectories. The root mean square deviation
(RMSD) of the peptide with respect to a reference hairpin
structure drops and remains below 2 Å in each simulation
(Fig. S1b†). As such, this β-hairpin solution structure is
deemed representative, and is used to initialize the simu-
lations of peptide adsorption.

Starting each peptide in this β-hairpin structure, the
adsorption and successive assembly of five Aβ33–42 fragments
onto a graphene monolayer was then probed using a 100 ns
REMD simulation (i.e. peptide adsorption-assembly simu-
lation). When first placed parallel to the graphene sheet at an
initial height of 7.4 Å, the peptides exhibit a remarkable ten-
dency to adsorb onto the graphitic surface (Fig. 1). The average
number of peptide heavy atoms that contact with the graphene
(with a distance < 4.5 Å) increases to around 360, a threefold
increase over the course of the simulation. Furthermore, the
average separation between the peptide atoms and the surface
decreases to 4.5 Å (Fig. 2) by the end of the simulation. Conse-
quently, we see that most peptide atoms come into contact
with the graphene surface, a property well consistent with
experimental observations of adsorbed peptide monolayers
featuring heights of ∼0.4 nm.49 Drying between the hydro-
phobic residues prevalent in Aβ33–42 and the aromatic surface
undoubtedly drives the observed adsorption.

After adsorption, the peptides interact with one another
and assemble into a dense, mosaic-like structure on the gra-
phene surface. The average number of contacted atom pairs
(here a contacted pair means the distance between atoms is
smaller than 4.5 Å) increases dramatically as the simulation
proceeds (Fig. S3†), and the mean observed radius of gyration
increases considerably as the peptides assume extended con-
formations (Fig. S4†). Notably, strong interactions with the
surface appear to pull residual side-chains into relatively flat

Fig. 1 The initial (a, c) and final structures (b, d) of five Aβ33–42 peptides on graphene: 100 ns REMD simulation.
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configurations arrayed on both sides of the adsorbed peptides
(see Fig. 1 and S4† for illustrative examples). Such configur-
ations prohibit the formation of backbone hydrogen bonds
between the adsorbed peptides, implying that interactions
within the adsorbed structure, stabilized by surface inter-
actions, are dominated by hydrophobic attraction among the
peptide side-chains. As a notable example, the two peptides
shown in green and orange (Fig. 1, S4†) adopt linear configur-
ation and are parallel to each other. Moreover, their side-
chains interlock to form a hydrophobic interaction region on
the graphene surface. The average backbone separation
between these two peptides is around 7.6 Å. It should also be
noted that even though the peptides undergo considerable
diffusion on the surface, such mosaic-like assemble is largely
retained.

To further validate our observations, we also performed a
1.6 μs conventional molecular dynamics simulation of the
peptides’ adsorption dynamics. The peptides associate with
the graphene in a fashion similar to that observed above;
however, the tendency of peptides to adhere strongly to the
surface and assume extended configurations was compara-
tively modest (Fig. S5†). The average number of peptide heavy
atoms found to be in contact with the graphene was about
220, and the mean vertical separation between the peptides
and the surface was slightly larger (5.5 Å – see Fig. S6†). The
mean peptide radius of gyration was also smaller than the one
observed in the REMD simulation, fluctuating between 5.8
and 6.5 Å in the conventional simulation trajectory (Fig. S7†).
Even though this investigation of the adsorption and confor-
mational change of peptides by conventional simulation was
less efficient, the mosaic-like motif of interactions among the
adsorbed peptides was largely conserved in this trajectory (see
Fig. S5 and S8†).

As suggested by the REMD and conventional MD simu-
lations, Aβ33–42 peptides thus appear to quickly and efficiently
adsorb onto graphene surfaces. Subsequently, the peptide frag-
ments form complexes featuring extended backbones and well
packed arrays of hydrophobic side-chains. Notably, two of the
peptides even spontaneously aligned into a near-parallel con-
figuration. Given greater computational resources, one might
seek to characterize the formation of better-defined peptide

assembly structures in larger systems and at longer simulation
times.

To further study the formation of peptide assemblies, we
constructed six systems in both parallel and antiparallel con-
figurations (Fig. 3). The peptides were prepared in linear con-
formations featuring a flattened and stretched array of side-
chains, as inspired by our observation of a near-parallel
peptide configuration in the above REMD simulation. Interest-
ingly, experiments with our collaborators suggest that the
adsorbed peptide monolayer consists of molecular nanostripes
with a periodicity of ∼2.8 nm, a distance comparable to the
length of a fully extended Aβ33–42 peptide.49 It should be noted
that Ramachandran angles corresponding to the prepared
systems are consistent with standard β-strand configurations.
The hydrophobic side-chains of Leu-2, Val-4, Val-7, and Val-9
of the adjacent peptides interlock nicely in both the parallel
and antiparallel packing structures. The three central peptides
(B, C, and D) were restrained to their initial position, whereas
two distal peptides (A and E) were initialized at three progress-
ively larger distances (12.5, 14.5 and 16.5 Å) from the central
complex.

In the parallel-packed assemblies, the peptides placed at
12.5 Å (in all 5 independent simulation runs) and 14.5 Å (in 4
out of 5 runs, Fig. 3b) separations quickly approach the
peptide complex in the middle. The distance between peptides
A–B and D–E decreases to around 7.5 Å, close to the fixed sepa-
ration between peptide pairs B–C and C–D. The number of
contacting atoms between peptide pairs A–B and D–E also
increases to a level comparable to that seen between the
restrained central peptide pairs (Fig. S9 and S10†). Once more,
it appears that hydrophobic interactions between stretched
side-chains serve to promote the association of the peptides
under observation. The final side-chain packing between
peptide pairs A–B and D–E is consistent with packing
among the central peptides, suggesting that the hydrophobic
interaction regions are important for spontaneous assembly
(Fig. 3b).

In cases of an even larger initial separation (16.5 Å), simul-
taneous association of the peptides A and E to the central
complex was only observed in one simulation (Fig. S11†).
In other simulations, one of the two free peptides fails to

Fig. 2 (a) The averaged COM distance between the peptides and the graphene sheet (black) and the number of peptide heavy atoms contact with
the graphene surface (red). (b) The average radius of gyration (Rg) of the peptides. Smoothed data (thicker line) are added for reference.
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associate with the restrained assembly. This large initial separ-
ation may have exceeded the length threshold corresponding
to the dramatic association of peptides observed at shorter
separations.

In the antiparallel assembly, peptides placed at a 12.5 Å
initial separation also quickly approach the central peptide
complex. The stretched hydrophobic side-chains contact and
interlock to form the hydrophobic interaction regions seen in
the restrained antiparallel structure. Association from an
initial 14.5 Å separation, however, was only successful in one
antiparallel simulation (see Fig. 3d), no spontaneous assembly
in systems starting with the most extreme separation (16.5 Å)
was observed. Considered in tandem, peptides placed in both
parallel and antiparallel arrangements exhibit a tendency to
approach and add to the specific assembly structures we have
proposed. Formation of such structures in the parallel packing
assembly, however, seems to be more efficient than under anti-
parallel packing motif.

Though these peptides adopt β-strand-like structures, the
observed peptide assembly is quite distinct from the one
formed through ordinary β-sheet assembly. First, the strand
separation (∼7.5 Å) seen in the above complex is considerably
larger than expected in standard β-sheet assemblies (∼5 Å). In
stark contrast to almost all β-sheet structures, backbone hydro-
gen bonds are thus prohibited in the surface-bound β-strand
complex. The formation of this well-structured β-strand assem-
bly on a graphitic surface, therefore, can be mainly attributed

to a patchwork of interactions among the hydrophobic side-
chains.

We further studied these unique adsorbed assemblies via
REMD simulation by constructing well-packed, five-peptide
assemblies in both parallel and antiparallel configurations on
a graphene surface. Both assemblies largely maintain their
structures during simulation, and adjacent peptides maintain
their contacts for the most part. Relative peptide positions and
specific contacts do fluctuate, however, particularly in the anti-
parallel-packed complex. Fig. 4 shows representative configur-
ations of both complexes obtained from the last 1 ns trajectory
of the 300 K replica. The mean number of contacting atom
pairs between all pairs of adjacent peptides is substantially
larger (107.3) in the parallel case as compared to the one in
the antiparallel complex (75.1), implying a relative deficit in
stability for antiparallel packing. On the other hand, the inter-
action between peptides may be mediated by the water mole-
cules which simultaneously form hydrogen bonds with
adjacent peptides. We found water molecules can form some
limited “bridging” hydrogen bonds between adjacent peptides
within adsorbed assembly (Fig. S12†). And the average number
of water-mediated hydrogen bonds (the number of water mole-
cules simultaneously form hydrogen bonds with adjacent pep-
tides) for parallel-packed and anti-parallel packed complex is
only 1.17 and 0.84, respectively. In other words, the stability of
peptide assembly should be largely attributed to the hydro-
phobic side-chain interactions.

Fig. 3 The formation of peptide assemblies: the initial (a, c) and final structure (b, d) of five Aβ33–42 peptides on graphene. The peptides are denoted
as A, B, C, D, E, respectively (from left to right). The assemblies of both parallel (a, b) and antiparallel (c, d) packing structure are shown. The peptides
at both ends are initially placed with 14.5 Å separation: i.e., 7 Å larger than the fixed peptide separation.
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Similar properties were observed in another REMD simu-
lation of the adsorbed five-peptide assemblies in which the
three peptides in the middle (i.e. peptide B, C, D) were
restrained to their initial positions and peptides A and E were
free to move (Fig. S13†). In the parallel-packed complex, the
number of contacting atom pairs between peptides A–B and
D–E remained at around 57, and the peptides A and E retained
fully extended configurations. By contrast, the number of con-
tacting atom pairs decreases in the antiparallel case, and the
configuration of peptides A and E underwent considerable
fluctuation. The enhanced stability of parallel, fully extended
peptide configurations is once more in line with the experi-
mental observations of ∼2.8 nm-wide peptide nanostripes, a
width consistent with the length of fully extended Aβ33–42
peptides.

Even though the size of peptide assemblies included in the
simulations is limited, our results (Fig. 4 and S13†) suggest
that this distinct form of surface-bound β-strand assembly,
maintained by hydrophobic side-chain interactions, is quite
stable. We also find that the stability of such a β-strand assem-
bly is sensitive to its packing arrangement, paralleling the
characteristics of ordinary β-sheet assembly. This finding is
supported by the experimental results based on Fourier trans-
form infrared spectroscopy (FT-IR).49 In addition, we evaluated
the stability of surface-bound assembly by computing the free
energy of dissociation of one peptide from the assembly using
Adaptive Biased Force (ABF) method (Fig. S14†). The peptide
was detached via both its N- and C-terminus. In the case of
parallel assembly, the free energy of N- and C-terminus detach-
ment is −62.0 and −60.5 kcal mol−1, respectively. As for the

antiparallel assembly, the corresponding free energy is −59.5
and −58.8 kcal mol−1, respectively. The stability of such
surface-bound assembly can be attributed to the hydrophobic
interaction with graphitic surface as well as the adjacent
peptide, and it is comparable to the Aβ assembly connected by
backbone hydrogen bonds.50

As indicated above, the formation and stability of this non-
canonical form of peptide assembly can be mainly attributed
to hydrophobic interactions between side-chains of the
adsorbed peptides. Stabilized by surface interactions, this
hydrophobic attraction is evidently strong enough to induce
and maintain the assembly structure. As stretched hydro-
phobic side-chains form a mosaic of specific hydrophobic
interaction regions in the complex, the complementarity in
side-chain size and shape within this patchwork should be
crucial to its stability. The hydrophobic residues present in
Aβ33–42 (i.e. Met, Val, Leu, Ile) share a similar size with three or
four heavy atoms present in each respective side-chain. Accord-
ingly, the stretched side-chains of these residues can smoothly
interlock over the graphitic surface. The side-chain of Met is
comparatively long, making Met-3 a better fit between Leu-2
and Val-4 than between Val-7 and Ile-9 (Fig. S15†). This steric
factor may contribute to higher structural stability observed
within the parallel packing β-strand assembly.

This surface-adsorbed, patchwork form of β-strand assem-
bly may also be realized by other peptides composed of
hydrophobic residues with side-chains of complementary
size. Interestingly, peptide segments meeting this criterion
can be found in several other proteins, e.g. α-synuclein66–78,
prion113–125, and IAPP8–17, among others. Further studies

Fig. 4 The stability of peptide assemblies: (a, b) representative configurations of peptide assemblies (featuring parallel and antiparallel packing
structures) taken from the final 1 ns trajectories of the REMD simulation. (c) The number of contacting atom pairs between adjacent peptides for the
assemblies with parallel (black) and antiparallel packing structure (red). The smoothed data (thicker line) are added.
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concerning whether these peptide segments can form patch-
work β-strand assemblies when adsorbed are certainly
warranted. In a reciprocal sense, the design of peptides which
can similarly adsorb and assemble on hydrophobic surfaces
also presents an interesting problem.

Conclusion

In this work, we report the formation of a distinct type of
β-strand assembly and discuss results concerning its stability
and mechanism of association. We find that Aβ33–42 peptides
will quickly adsorb onto a graphene surface and exhibit a ten-
dency to adopt extended β-strand structures. The adsorbed
peptides can interact with each other and form β-strand
assembly on the graphene. Interestingly, the structures of
these assemblies are distinct from normal β-sheets, as inter-
actions with graphene facilitate hydrophobic side-chain inter-
actions among peptides. Given the mosaic-like patchwork
formed by these side-chains, complementarity in side-chain
size and shape is likely important for stabilizing this type of
β-strand assembly. Hence, our simulation results reveal a
unique β-strand assembly, maintained by hydrophobic side-
chain interactions rather than backbone hydrogen bond.
Hence, this structure is distinct to both “free standing” and
other adsorbed peptide assemblies previously reported, where
the peptides within adsorbed assembly are still connected by
backbone hydrogen bonds even though the surface interaction
can indeed affect the assembly process and mesoscopic archi-
tecture. Our current findings about β-strand assembly suggest
backbone hydrogen bond is no longer crucial to peptide
assembly. The prospect that such β-strand assemblies could be
realized by other peptides in biologically relevant contexts is
exceptionally exciting. Further study of surface-induced
peptide assembly should deepen our understanding of how
peptide assemblies formed on membranes and more generic
surfaces, a subject that promises to have immense applications
to medical biology and materials science. Furthermore, these
studies may also help advance the development of nano-
technology on surface coating/modification of nanomaterials.
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