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Abstract
This paper presents the initial effort in anti-HIV infection using glycosphingolipid-based
nanostructures. HIV infection of CD4 negative cells is initiated by the binding of the viral
envelope glycoprotein gp120 to galactosylceramide (GalCer), a glycosphingolipid that serves
as the cellular receptor for viral recognition. A series of nanostructures of GalCer are designed
and produced using an AFM-based lithography method known as nanografting. The geometry
dependence of recombinant gp120 binding to these nanostructures is monitored using high-
resolution AFM imaging. Gp120 molecules are found to favor binding sites that allow for poly-
valent interactions. Increased adsorption at the intersection of two lines, or between two
parallel lines with matching separation for trimeric binding, strongly suggests that trivalent
interactions are dominant in gp120–GalCer nanostructure interactions. Systematic distance-
dependence studies, using parallel nanolines with various separations, reveal a separation of
4.8 nm, matching the separation of V3 loops in gp120 trimers. This investigation demon-
strates that nanotechnology provides a powerful tool for investigating and guiding polyvalent
interactions among biological systems.

(Nanobiotechnology DOI: 10.1385/Nano:1:2:201)
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Introduction
The human immunodeficiency virus type

1 (HIV-1) gains entry into host cells through
the binding of its viral envelope protein
gp120 with cellular receptors, such as CD4
or the glycosphingolipid galactosylceramide
(GalCer) for CD4 negative cells (1–7). Based
on X-ray diffraction and electron microscopy
(EM) studies, it is proposed that these mem-
brane proteins are presented at the surface of
HIV as trimers (8–10). During the initial
infection process, when binding to CD4 or
GalCer, these trimers are likely to remain
together, i.e., the initial binding of gp120
and cell receptors is trivalent in nature.
Figure 1A is a schematic of the proposed
trimeric complex of the HIV-1 gp120 glyco-
proteins (10). The V3 loop of gp120 faces the

trimer axis. Although it is still unclear which
residue(s) bind to carbohydrate ligands, the
separation between the two nearest-neighbor
GalCer binding sites would fall between 1.3
and 9.4 nm, based on the locations of the V3
loops in each gp120 molecule. The range of
trivalent binding sites is indicated by the
two triangles labeled in Fig. 1. Our long-
term goal is to prevent HIV adhesion to T-
cells by designing and producing GalCer-
based artificial structures that exhibit strong
binding to viral envelope proteins. This
requires understanding ligand–viral protein
interactions at a molecular level. Owing to
the fact that both the size and distribution of
rgp120 and its receptors range from a mere
fraction of a nanometer to tens of nano-
meters, approaches to precisely control the
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The carbohydrate ligand 2-[2(2-mercaptoethoxy)ethoxyl]-
N-(galactopyranosyl-2′-methyl)acetamide (referred to as lig-
and Gal) was synthesized following previously reported
procedures (11,12).

All materials for the synthesis of the carbohydrate ligand β-
D-galactopyranosyl-2S,3R,4E-3-hydroxy-2-N-(11-mercapto-
undecanoic acid)-sphingenine (referred to as ligand GalCer)
were obtained from commercial sources and used without
additional purification. All glassware for reactions under
anhydrous conditions were flame-dried prior to use. Flash
chromatography was performed on Silica Gel Geduran
(40–63 µm) from Merck. For TLC, silica gel 60 F254 plates
from Merck were used with detection by UV light and/or
charring with AMC [ammonium molybdate (45 g) and
cerium(IV) sulfate (0.9 g) in 10% H2SO4 (900 mL]. 1H NMR,
COSY, HSQC, and HMBC spectra were recorded on a Bruker
DRX-600 spectrometer at 25°C. Chemical shifts in ppm were
referenced to CD3OD (3.31 ppm, 49.0 ppm) as internal 
standard. Under an argon atmosphere, a suspension of PS-
carbodiimide (Argonaut Technologies Inc., 25.1 mg, 0.034
mmol) in anhydrous CH2Cl2 (0.8 mL) was gently stirred for
5 min, then a solution of 11-mercapto-undecanoic acid  (6.3 mg,
0.029 mmol) in anhydrous CH2Cl2 (0.5 mL) was added. After
an additional 5 min, psychosine (10 mg, 0.022 mmol) in a 1:1
mixture of anhydrous DMF and pyridine (1 mL) was cannu-
lated into the suspension. The reaction was allowed to stir for
18 h at ambient temperature under inert conditions. In the
work-up, the resin was filtered off and washed with MeOH
and CH2Cl2, the filtrate was concentrated and the resulting
material was purified by column chromatography (eluent:
CH2Cl2/MeOH v/v 10:1 to 5:1). The desired compound (lig-
and GalCer) (9.3 mg, 0.014 mmol) was obtained in 64% yield
as colorless foam.

1H NMR (600 MHz, CD3OD) δ 0.89 (t, 3 H, J = 6.8 Hz,
CH3), 1.29 (bs, 34 H, 17 CH2), 1.57 (bs, 4 H, CH2–CH2–CO,

Fig. 1. (A) A schematic of the proposed model of gp120 trimers as reported in literature. (B) A nanostructure design: an array of crossed
lines with nanometer-scaled line width.The crossed region provides binding sites for rgp120 trimers.

ligand presentation are required. The new advances in nano-
technology offer the possibility of controlling ligand distri-
bution with nanometer precision. As the initial step toward
our long-term goal, we have investigated the adsorption
behavior of rgp120 proteins from solution onto various nano-
structures. The key question is whether gp120 adhesion to
these nanostructures exhibits any geometry dependence, as
multivalent interactions would predict. 

In this article, nanostructures of ligand molecules with
controlled geometry and spacing within self-assembled
monolayers (SAMs) are produced successfully using an
atomic force microscopy (AFM)–based fabrication method
known as nanografting. An example of the nanostructure
design is shown in Fig. 1B, as arrays of crossed lines. This
design allows monovalent and divalent binding to occur along
the lines, while trivalent interactions are located at the cross-
regions. If trivalent binding is favored, we expect to observe
more protein adsorption at the cross-regions. In situ AFM
imaging demonstrates selective binding of recombinant
gp120 (rgp120) onto these artificially engineered ligand
arrays. More important, protein molecules attach more read-
ily at the regions that allow dimeric and trimeric binding.

Materials and Methods

Materials
The alkanethiols and thiolated carbohydrate ligands used

for this investigation are summarized in Fig. 2. Normal alka-
nethiols, such as octanethiol and decanethiol, hereafter
referred to as C8 and C10, were purchased from Aldrich with
purity greater than 96% and used as received. Ethanol with a
200 proof purity was purchased from Gold Shield Chemical
Co. and used as the solvent for the preparation of thiol solu-
tions. PBS buffer was purchased from Aldrich, with a con-
centration of 150 mM and pH 7.3–7.4. 
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CH2–CH2-SH), 2.02 (m, 2 H, CH2-CH=CH), 2.17 (t, 1H, J =
7.6 Hz, CH2–CONH), 2.48 (t, 1 H, J = 7.1 Hz, CH2–SH), 3.47
(dd, 1 H, J2,3 = 9.7 Hz, J3,4 = 3.1 Hz, H–3), 3.51 (m, 1 H, H–5),
3.53 (dd, 1 H, J1,2 = 7.6 Hz, J2,3 = 9.7 Hz, H–2), 3.59 (dd, 1
H, J1′,1′′ = 10.1 Hz, J1′′,2 = 3.1 Hz, H–1′′), 3.71 (app dd, 2 H,
J6,6′ = 11.3 Hz, J5,6 = 5.2 Hz, H–6), 3.76 (app dd, 2 H, J6,6′ =
11.3 Hz, J5,6′ = 7.1 Hz, H–6′), 3.82 (dd, 1H, J3,4 = 3.1 Hz, J4,5
= 1.1 Hz, H–4), 3.98 (m, 1 H, H–2′), 4.08 (t, J2,3 = J3,4 = 8.0
Hz, H–3′), 4.16 (dd, 1 H, J1′,1′′ = 10.1 Hz, J1′,2 = 4.7 Hz, H–1′),
4.21 (d, J1,2 = 7.6 Hz, H–1), 5.45 (m, 1 H, H-4′), 5.68 (m, 1 H,
H-5′). 13C NMR (HSQC, HMBC, 150 MHz, CD3OD) δ 13.55
(CH3), 22.81 (CH2–CH=CH), 28.51, 29.24, 29.51, 29.81,
30.12, 32.28 (17 CH2), 24.01 (CH2–SH), 26.21 (CH2–CH2–SH),
34.45 (CH2–CH2–CONH), 36.58 (CH2–CONH), 53.82 (C–2′),
61.55 (C–6), 69.11 (C–1′), 69.62 (C–4), 71.89 (C–2), 72.11
(C–3′), 73.89 (C–3), 75.91 (C–5), 104.21 (C–1), 129.85
(C–5′), 133.12 (C–4′), 173.94 (NHCO).

Preparation of Self-Assembled Monolayers
The SAMs used for this study follow established proce-

dures for the formation of monolayers from the solution
phase (13,14). Gold (Alfa Aesar, 99.99%) was deposited in a
high-vacuum evaporator (Denton Vacuum, Model DV502-A)
at a base pressure below 2×10-6 Torr onto freshly cleaved
mica substrates (clear ruby muscovite, Mica New York
Corp.). The mica was preheated to 350°C before deposition
using two quartz lamps, which are mounted behind the mica
to facilitate the formation of large Au(111) terraces (15–19).

Typical evaporation rates were 3 Å/s and the thickness of the
gold films ranged from 1500 to 2000 Å. After the evapora-
tion, the gold thin films were annealed at 365°C under vac-
uum for 30 min and allowed to cool to room temperature. The
gold films were transferred into the designated thiol solutions
within 15 min after removal from the high vacuum chamber
to avoid contamination. The thiols used for this study are
summarized in Fig. 2, where alkanethiols form SAM matri-
ces and the ligand Gal and GalCer solutions are used for
nanografting, as described below. High-quality SAMs are
formed upon soaking in 1 mM thiol/ethanol solutions for over
24 h (20–22).

Preparation of Protein Solutions
Recombinant gp120 (HIV-1 IIIB) was purchased from

Trinity Biotech with a purity of more than 90%. The HIV-1
gp120 monoclonal antibody IgG1b12 was provided by
McKesson BioServices Corporation under an NIH AIDS
Research and Reference Reagent Program. Both rgp120 and
IgG1b12 were diluted in PBS buffer to the desired concen-
trations of 25 and 80 µg/mL, respectively, before AFM
experiments.

Atomic Force Microscopy
The atomic force microscope incorporates a home-

constructed, deflection-type scanning head that exhibits high
mechanical stability. The instrument allows simultaneous
acquisition of multiple images such as topography, friction

Fig.2. Molecular structures of octanethiol, decanethiol, carbohydrate-ligand Gal, and carbohydrate-ligand GalCer used in this investigation.
The estimated length from the head to the terminal groups is also indicated.
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force, and elasticity. The scanner was controlled by an AFM
100 preamplifier and the STM 1000 electronics (RHK
Technology, Inc. Troy, MI). The AFM scanner was calibrated
laterally via the known periodicity of a mica (0001) surface
(0.518 nm) and vertically using the single atomic step of a
gold (111) surface (0.235 nm). Sharpened Si3N4 microlevers
(Veeco Metrology Group, Santa Barbara, CA) with a force
constant of 0.1 N/m were used for AFM imaging. Images
were acquired using contact mode in liquid media.

Nanografting
Nanografting is an AFM-based fabrication method devel-

oped in the Liu laboratory (23–25). A brief and general
description of nanografting is as follows. A SAM matrix is
imaged under low force, from which the fabrication location
is chosen. The imaging force is then increased above the dis-
placement threshold to remove thiols from the gold. Because
the matrix SAM and AFM cantilever are both immersed in a
solution containing the desired thiolated carbohydrate ligands,
the ligand molecules attach to the newly exposed gold areas
following the displacement trajectory. Because the tip-surface
contact is at the molecular level, the nanostructures of ligand
molecules can be produced with molecular precision (23,26).
We were able to produce rectangular nanodots as small as
2 nm × 4 nm and lines as narrow as 10 nm in width (23,26,27).

The concentrations of both ligand solutions range from 0.06
to 1.0 mM.

Results

Qualitative Evidence of Polyvalent Binding
Between rgp20 and Nanostructures
of Carbohydrate Ligands

Using nanografting, nanostructures of carbohydrate lig-
ands, such as thiolated Gal and GalCer, have been produced.
Figure 3 shows two nanostructures, a 130 nm × 110 nm ligand
Gal pattern inlaid in a C8 SAM (Fig. 3A), and a 150 nm × 150
nm GalCer-terminated thiol inlaid in a C10 SAM (Fig. 3D).
The apparent heights of the two nanostructures measured
from cursor profiles (Fig. 3B,E) are 0.75 and 1.15 nm above
the surrounding SAM, respectively. These apparent heights
of Gal- and GalCer-terminated thiols suggest an upright con-
figuration, as schematically shown in Fig. 3C,E. The config-
urational difference between alkanethiols and thiolated
carbohydrate ligands in SAMs is likely due to the structural
differences of the molecules. As shown in Fig. 2, thiolated Gal
molecules incorporate an ethylene glycol backbone with a
bulky carbohydrate headgroup, while thiolated GalCer has a
hydrocarbon chain. These structural differences between
alkanethiols and carbohydrate ligands impact the interchain

Fig. 3. Fabrication of ligand nanostructures using nanografting. (A) A 300 nm × 300 nm AFM topographic image including a 130 nm × 110 nm
rectangle of ligand Gal in a C8 matrix SAM. (B) Cursor profile corresponding to the line in (A). (C) Side view of a proposed packing
model of Gal molecules in the pattern. (D) A 400 nm × 400 nm AFM topographic image including a 150 nm × 150 nm square of ligand
GalCer in a C10 matrix SAM. (E) Cursor profile corresponding to the line in (D). (F) Side view of a proposed packing model of GalCer
molecules in the pattern.
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interactions, and thus their final configurations within SAMs.
Molecules within the nanostructure are closely packed and
therefore exhibit only small deformation under tip pressure.

Figure 4 shows three representative examples of nanos-
tructures of GalCer-terminated ligands and the subsequent
gp120 binding. The designed geometry of each experiment is
shown on the left column, while the actual AFM topographs
of the surface are revealed in the center column. In Fig. 4B, a
200 nm × 200 nm square of ligands within which GalCer mol-
ecules are closely packed was produced by nanografting. This
GalCer nanostructure provides a high density of binding site for
rgp120, where chains are closely packed. In the surrounding
area of the C8 SAM, a very low density of GalCer-ligand
domains may be found, mostly single molecules, due to the

exchange between surface alkanethiols and solution-phase
thiolated GalCer. Upon injection of a 25 µg/mL rgp120 solu-
tion protein molecules adsorb indiscriminately on all surfaces
within 30 min. Figure 4C was acquired 90 min after the
immersion in rgp120 solution followed by a thorough rinsing
using 1% Tween 20 (a mild detergent) and a PBS buffer.
Physisorbed proteins were washed away by the detergent
solution, and the remaining rgp120 molecules should be those
immobilized via binding with GalCer ligands. There were
very few immobilized proteins visible in Fig. 4C. The lack of
protein adsorption is attributed to the steric hindrance in the
high-density ligand nanostrucutures. Each GalCer group is
surrounded by neighboring molecules and thus is hardly
accessible by the V3 loop of rgp120. 

Fig. 4. The geometry dependence of rgp120 adsorption on ligand nanostructures. (A) The schematic of a 200 nm x 200 nm square inlaid
in C8 SAM. (B) AFM topograph of a 200 nm x 200 nm GalCer square pattern produced using nanografting: 256 lines per frame, scanning
speed 500 nm/s. (C) Same area as (B) after 60 min immersion in a 25 µg/mL rgp120 solution. (D) The schematic of an array of lines with
designed separation. (E) AFM topograph of an array of 32 lines covering 400 nm x 400 nm area, produced using nanografting: 32 lines per
frame under a shaving speed of 500 nm/s. (F) Same area as (E) after 60 min immersion in 25 µg/mL rgp120 solution. (G) A logo of an
array of crossed lines with designed line width, separation, and angle. (H) AFM topograph of two arrays of lines crossing in space. Each
line array contains 16 lines homogeneously distributed within 600 nm ×600 nm areas, and the two arrays are rotated 30° with respect to
each other. Nanografting conditions are 16 lines per frame with a shaving speed of 500 nm/s. (I) Same area as (H) after 60 min immer-
sion in 25 µg/mL rgp120 solution followed by rinsing with 1% Tween 20 solution.
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In contrast to nanostructures of high ligand density, arrays of
lines and crossed lines allow divalent, trivalent, and polyva-
lent rgp120–ligand binding to occur. Figures 4E,H reveal
nanolines and cross-lines of GalCer ligands, respectively.
In Fig. 4E, an array of 32 lines of GalCer is produced in a
400 nm × 400 nm area. This geometry allows for divalent
binding within the lines and trivalent and multivalent binding
among nearest-neighbor lines, especially with ligands at the
edges of the lines where GalCer functional groups are readily
accessible by rgp120. Binding of rgp120 with this line array is
evident in Fig. 4F, as evidenced by the appearance of bright fea-
tures upon immersion in rgp120 solutions. Shown in Fig. 4H
are cross-lines of GalCer within a C8 matrix. This nanostruc-
ture contains two arrays of lines, with one array rotated 30°
with respect to the other. Each array has 16 GalCer lines in

a 600 nm × 600 nm area. This GalCer pattern allows for and
guides multivalent binding at the crossed regions. The effect
is visualized in Fig. 4I, where most of the bright features are
located in the crossed points. Taking all the observations sum-
marized in Fig. 4, it is inferred that rgp120 attaches to GalCer
mostly via polyvalent binding.

To accurately determine the location of rgp120 binding
sites within nanostructures of GalCer, high-resolution AFM
images were acquired both before and after introducing
rgp120 solutions. As shown in Fig. 5, rgp120 adsorption is
evident by the appearance of bright features, each of which
represents immobilized rgp120 molecules. Overlaying the
nanostructure in Fig. 5A onto 5B allows for molecular-level
identification of rgp120 binding sites. As revealed in Fig. 5C,
most protein molecules are found at the intersections of the

Fig. 5. A high-resolution view of the adsorption of rgp120 on a GalCer nanostructure containing crossed lines. (A) A 900 nm × 900 nm
AFM topographic image showing an array of crossed lines with a 30° rotation. Each line contains GalCer thiols with a line width of 12 nm,
produced using two sequences of nanografting: 16 lines per frame, scanning speed of 500 nm/s. One large bright feature within the nano-
structure and four features in the surrounding areas are due to a minute amount of contamination. (B)The same area imaged 60 min after
injection of 25 µg/mL rgp120 followed by washing. New bright features in the nanostructure area correspond to the adsorbed protein.
The proteins outside the nanostructure area are due to the exchange of thiolated GalCer with alkanethiols prior to the introduction 
of protein solution. (C) Overlay of the ligand nanostructures on the AFM topograph of (B) to reveal the location of rgp120 adsorption.
(D) Cursor profile corresponding to the line indicated in (B).
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range of trivalent interactions as proposed in Fig. 1. The nano-
engineering approach clearly reveals the importance of geo-
metry parameters in multivalent binding.

Bioactivity Evaluation of Adsorbed rgp120 
on Ligand Nanostructures

Because it is difficult to perform a bioassay on such a
minute amount of rgp120 molecules, one must evaluate the
bioactivity of nanostructures of rgp120 in situ. The rgp120 is
composed of five constant regions (C1–C5) interspersed with
five variable regions (V1–V5) (29,30) It has been revealed
that the binding site of the protein for its specific interaction
with GalCer is in the V3 region (31,32). Most of the HIV-neu-
tralizing antibodies target the V3 loop of gp120. These anti-
bodies are not good candidates for nanobioassays because the
epitope in gp120 for these antibodies is blocked after binding
with GalCer. A more viable candidate would be the CD4
binding site. X-ray diffraction studies have shown that the
binding site of rgp120 to the CD4 receptor is not close to the
V3 loop of the protein. Therefore, antibodies targeting CD4
binding sites, such as IgG1b12, may be utilized to recognize
the rpg20 molecules upon immobilization onto nanostruc-
tures of ligands.

Figure 7 shows the in situ AFM topographic images of
nanostructure, rgp120 binding, and anti-rgp120 antibody
recognition processes. Figure 7A shows the two constructed
ligand nanostructures prior to protein injection. Upon soak-
ing in 25 µg/mL rgp120 solution for 60 min, there is no
observable binding of rgp120 on the square GalCer pattern
(Fig. 7B), in which the ligands are closely packed. In the array
of crossed lines of GalCer, the binding rgp120 molecules is
readily visible. Upon removal of rgp120 solution and washing
with 1% Tween 20 solution and PBS buffer, a solution con-
taining the rgp120 monoclonal antibody, IgG1b12, was then
injected. Figure 7C is the AFM topography acquired 60 min
after soaking in antibody solution, where the morphological
change in the nanostructure region is clearly visualized in the
AFM topograph. The antibody-recognition process is further
confirmed using a combined cursor profile shown in Fig. 7D,
where the height increase of 4.0 ± 1.0 nm indicates the bind-
ing of antibody to rgp120 nanostructures. Antibodies typi-
cally have a Y-shaped structure with dimensions of 4.5 nm ×
8.0 nm × 14.5 nm. Therefore, the measured height increase
of 4 nm suggests that most of the IgG1b12 lay down on the
surface of the nanostructures under the applied load of AFM
tips. This recognition process demonstrates the activity of
rgp120 is maintained upon immobilization onto engineered
nanostructures.

Discussion
A series of nanostructures were designed and produced

to investigate the binding between rgp120 and GalCer lig-
ands. In the geometry of cross-lines, rgp120 molecules were
found to prefer the cross sections of GalCer lines. These
locations provide binding sites for rgp120 trimers. Therefore,

lines in this nanostructure, where the probability of multiva-
lent, especially trivalent, binding is the highest. Figure 5D is
the cursor profile corresponding to the line indicated in Fig.
5B, from which the apparent heights are extracted to be 2.5
and 2.7 nm, respectively. The crystal structure at 0.25 nm res-
olution revealed that the gp120 core folds into a heart-shaped
globular structure with dimensions of 5 nm × 5 nm × 2.5 nm
(28). Thus the observed height is consistent with the immo-
bilization of rp120 with its main axis parallel to the surface.
The variation in the contrast of the protein molecules reveals
the coexistence of monomer, dimers, and trimers of rgp120,
with a couple of large aggregates. The results shown in Fig.
5 lead to a significant conclusion, i.e., rather than random
adsorption on the ligands, rgp120 molecules preferentially
bind at the crossed line regions of this nanostructure, where
the probability of trivalent binding is the highest.
Nanotechnology in this case provides an alternative confir-
mation of the multivalent nature of rgp120–ligand interac-
tions, and suggests a new platform to control such binding,
via the geometry of the nanostructures. The robustness of the
trivalent interactions is verified using other crossed line arrays
with various angles of crossing—15º, 30º, 45º, and 90º. All
experiments indicate that rgp120 prefers the cross-point
regions as the binding sites, where the details vary depending
upon the locations of ligands at the cross-line areas.

Geometry-Dependence of the rgp120 Binding
to Carbohydrate Ligands

We anticipate strong separation dependence for rgp120
binding on arrays of parallel nanolines of carbohydrate lig-
and if the interaction between rgp120 and GalCer is polyva-
lent. Figure 6 shows the adsorption of rgp120 onto various
arrays of nanolines. In the case of 16 lines covering the area
of 400 nm × 400 nm as shown in Fig. 6B, the line width is 12.4
nm, as measured from the full-width at half-maximum
(FWHM) of the cursor profile (see Fig. 6E). Nearest-neighbor
lines are separated by about 25.0 nm, center-to-center, close
to the theoretical value of 400/(16–1) = 26.7 nm. Owing to
the finite width of the lines, the edge-to-edge separation is
about 12.7 ± 1.0 nm, as also determined from the image and
cursor profiles. Upon soaking in a 25 µg/mL rgp120 solution,
protein adsorption did occur, covering 20% of the nanostruc-
ture area. The edge-to-edge separation is wider than the trimer
binding range, 1.3 to 9.4 nm, thus only divalent and a small
amount of trivalent binding could occur, owing to the line
position deformation during fabrication and chain flexibility.
Therefore, the coverage of protein is not optimal. Decreasing
the line separation should facilitate the trimeric binding of
rgp120 onto ligands. This trend is demonstrated in Fig. 6G,
where the line density is doubled, 32-lines per frame. The
center-to-center separation between adjacent lines is 12.5 nm,
consistent with the theoretical value [400/(32–1) = 12.9 nm].
More rgp120 binding did occur, as shown in Fig. 6I, with
most of the proteins located at the edges of these lines. The
edge-to-edge distance in this case is 4.8 nm, falling in the
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the location-dependent behavior suggests that gp120–GalCer
interactions are polyvalent in nature in most cases. This
observation is a direct confirmation of the polyvalent model
proposed in our previous studies, in which gold nanoparticles
with an average diameter of 2 nm and coated with ligand Gal
show a stronger binding to rgp120 molecules than do single
biotinylated GalCer molecules (12). Other evidence comes
from electron microscopy studies of HIV viruses, there the viral
surface is found to be decorated with spikes (33–35). These
spikes are the oligomer, most likely a trimer, of gp120–gp41

complex expressed on the viral surface. The diameter of each
spike observed is about 14 nm. Those surface morphologies
of HIV virus have also been revealed by AFM imaging. The
average size of the spikes is 20 nm in diameter (36). The
enlargement of the lateral size from AFM studies can be
attributed to the tip-induced convolution (37–39). In addition,
the protein IgG with dimensions of 4.0 nm × 8.0 nm × 14.5 nm,
which is close to the gp120 trimer in size, has been imaged
by AFM in our pervious studies (40). The measured size of
the single protein has a height ranging from 2 to 4 nm and

Fig. 6. Dependence of the rgp120 adsorption on the separation of lines in arrays of ligand lines. (A) An 1800 nm × 1800 nm AFM topo-
graphic image containing three GalCer patterns in a C8 matrix. From top to bottom, the line arrays are fabricated by 16, 256, and 32 lines
per frame, respectively, under 40 nN shaving force. (B) A zoom-in view of the 16-line GalCer pattern. (C) A zoom-in image of the 32-line
ligand nanostructure. (D), (E), and (F) are cursor profiles corresponding to the three lines indicated in (A), (B), and (C), respectively.
(G) A 1500 nm × 1500 nm AFM topographic image containing the three nanostructures after 60 min soaking in a 200 nM rgp120
solution. (H) A zoom-in view of the 16-line pattern after protein adsorption. (I) A zoom-in image of the 32-line nanostructures upon
attachment of rgp120.

09_Yu  10/14/05  6:41 PM  Page 208



Polyvalent Interactions of HIV-gp120 Protein and Nanostructures of Carbohydrate Ligands _____________________209

NanoBiotechnology ♦ Volume 1, 2005

lateral dimensions ranging from 14 to 20 nm. Therefore, our
observed bright features, 20 nm in lateral dimension, at the
crossed regions are consistent with the gp120 trimers
observed in the actual viruses. Because artificial structures
and isolated proteins are used, single-protein adsorption and
large aggregates are occasionally visible. 

Arrays of parallel lines are used to determine the optimal
line separation for gp120 binding. Our systematic studies
suggest that the optimal protein immobilization is achieved
when the edge-to-edge separation falls in the range of the
three V3 loops in gp120 trimer, i.e., 1.3–9.4 nm. In fact, our
results suggest a separation of 4.8 nm is the optimal binding
geometry. Higher-resolution studies are in progress to reveal
the actual binding site of GalCer in the V3 loop of gp120.
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