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ABSTRACT: An important step in human immunodeficiency
virus infection involves the interaction between the viral envelope
glycoprotein gpl20 and the human host cell surface receptor
CD4. Herein, we describe a CD4-functionalized mesoporous
silica-based system to selectively capture HIV-gp120 with high
binding efficiency. Using a protection—deprotection strategy
developed recently by our group, the external surface of the
mesoporous particles was selectively functionalized with soluble
CD4 (“sCD4”) or an 18-peptide fragment mimicking the gp120
binding region. Confocal microscopy confirmed the CD4
locations and showed that the internal pores can be made
accessible after external modification in a controlled manner. An
evaluation of the ability of an 18-peptide CD4 fragment versus
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amide-immobilized sCD4 and sCD4 immobilized through its glycosidic group indicated that while all peptides were selective, the
latter method was clearly best, with nearly complete removal of whole gp120 from solution. This study shows, for the first time,
that sCD4 bound to mesoporous silica particles actively recognizes and retains high binding affinity for HIV-gp120. It is
anticipated that, by proper modification of the accessible internal pores, our methodology can be adopted to develop porous
platforms for HIV diagnosis, imaging, drug delivery, and vaccine development.
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B INTRODUCTION

The ease with which silica surfaces can be functionalized has led
to the development of multifunctional silica-based materials for
various diagnostic and therapeutic biomedical applications. In
particular, considerable effort has been directed towards develop-
ing mesoporous silica spheres immobilized with biomolecules
(i.e, glycoproteins, peptides or antibodies), leading to
impressive developments in medical diagnostics," biomolecular
targeting,z_4 cellular labeling,5 imaging,é’7 drug delivery,g_10
and biosensing/bioseparation processes.'' " Related materials
such as composite nanomaterials, magnetic particles, and macro-
porous microbeads have been successfully used to capture and
separate glycosylated peptides/proteins."*'® Moreover, meso-
porous silica has been utilized for the selective enrichment
of glycopeptides from biological samples."’ ™" One unique
opportunity is to develop novel particle-based detection methods
to improve upon the time-consuming biochemical methods of
ELISA, western blots, and PCR ampliﬁcation.zo'21 For example,
only a few nanoparticle-based immunoassay methods for detection
of HIV-1 antigens, particularly the capsid (p24), have been
reported.zz_24 However, to the best of our knowledge, there are
no reports on mesoporous silica materials functionalized with
glycoproteins for targeting the HIV-gp120 antigen and potentially
the HIV virus itself.

A major mechanism of HIV infection involves the interaction
of the exterior viral glycoprotein envelope gpl20 with the
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transmembrane receptor glycoprotein CD4, which is expressed
predominantly on T lymphocytes.”>™>” The gpl120-CD4
interaction has been thoroughly investigated,”® and the crystal
structures of gpl20 binding to soluble CD4 (sCD4) and a
CD4-induced (CD4i) antibody have been reported.”” It has
been shown after gp120 binds CD4 on target cells, conforma-
tional changes are triggered in gpl120 that allow a highly
conserved, hidden bridging sheet to become exposed, allowing
it to bind to one of two chemokine receptors (CXCR4 or
CCR5)**73? that mediate viral entry to the host. The exposed
location of the gpl20 glycoprotein on the virus renders it
potentially vulnerable to neutralizing antibodies. However, the
elicitation of broadly reactive neutralizing antibodies is
inefficient and fails to neutralize the virus.*> Accordingly,
chemical conjugates of sCD4 with toxins, or with antibodies
that activate cytotoxic T cells in vivo can be used to direct
selective killing of HIV-infected cells. For instance, the potent
and broad neutralizing activity of the bifunctional recombinant
HIV-1 neutralizing protein sCD4-17b against genetically
diverse HIV-1 primary isolates highlights the potential for
antiviral approaches to combat HIV infection.>* Porous
particles modified with sCD4 or sCD4 mimics could function
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Scheme 1. Summary of the Synthetic Strategies for Covalent Immobilization of Peptide or Glycoprotein on APMS*
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“DTT = dithiothreitol; BMPS = N-[f-maleimidopropionic acid]-succinimide ester; BMPH = N-[f-maleimidopropionic acid]-hydrazide.

as “Trojan horses” in this capacity, because the external surface
can be optimized for binding while at the same time the pores
can be loaded with an antiviral agent. For the development of
particle-based HIV detection and therapeutic methods, it is
important to identify the proper surface linkage and orientation
required to retain optimum binding affinity.

Because of their large internal surface area and pore
volume, tunable pore size, uniform shape and biocompati-
bility, mesoporous silica offers unique advantages in the
development of a cellular targeting device. However, the
successful use of such particles often requires selective
modification of internal and external surfaces, which can be
challenging.**~*® Recently, we reported a new and simple
strategy by which APMS particles can be differentially
functionalized through diffusion-based amine deprotec-
tion,> resulting in particles with functionalized biomolecules
exposed solely on their external particle surfaces and amines
distributed inside the pores. We observed that reactions
within the pores were spatially confined and a molecular size
exclusion effect was produced by the diffusion of reactants
and products physically constrained in the pores. Using this
procedure, we designed and prepared APMS with various
CD4 fragments immobilized on its external surface and
confirmed their location using fluorescence confocal
scanning laser microscopy (CSLM). The processes of the
immobilization within the mesoporous silica were quantita-
tively monitored via photometric measurements. The
accessibilities of the peptides and proteins to the binding
sites were evaluated. To gain insight into the immobilization
behaviors of the peptides and proteins, we used a Langmuir
isotherm model to analyze the equilibrium binding data.
Finally, we showed, for the first time, that sCD4 glycoproteins
bound to the silica surface actively recognize HIV-gp120 and
retained its high binding affinity, removing the gp120 from
solution.

B RESULTS AND DISCUSSION

Overall Strategy. APMS were the type of disordered
mesoporous silica particles used in this study, mainly due to
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their porosity, spherical morphology, and optical transparency
in the UV/visible spectrum.**™* They are easily and rapidly
synthesized in multigram scale in less than 2 h, with good
control over pore diameter and particle diameter.**™* Our
overall synthetic strategy is shown in Scheme 1. Essentially, we
set out to prepare several types of modified APMS particles for
binding studies with whole gp120 glycoprotein, to determine
the factors affecting successful binding at the particle surface.
We prepared APMS modified with several peptide fragments of
various lengths that corresponded to the gp120 binding region,
and we also prepared APMS modified with whole soluble CD4
(sCD4), using two methods to attach the protein to the particle
surface. Functionalized APMS particles were thoroughly
characterized by a variety of techniques, including scanning
electron microscopy (SEM), thermogravimetric analysis
(TGA), FTIR spectroscopy, and N, physisorption.
Controlled Modification of Porous Silica Particles
with Peptide Fragments. To insure that the CD4 fragments
were immobilized only on the external surface of the porous
particles, differential functionalization via an Fmoc protection/
deprotection method was employed. As studied extensively by
our group and others, Fmoc protection of amines is useful for
the controlled-differential functionalization of mesoporous
silicas.** Briefly, Fmoc-modified aminopropyltriethoxysilane
(Pmoc-APTES) was reacted with APMS to produce a material
with both pore and external surfaces modified with protected
amines, followed by exposure of the resulting solid to 5%
piperidine in DMF to initiate deprotection. Quantitative
analysis of the deprotection process is readily available from
UV/Vis spectroscopy of the fluorenyl deprotection product.
Plotting the extent of deprotection versus time for the samples
in these experiments showed the typical sigmoidal curve found
for mesoporous samples, with a brief initial “lag time” (tlag) of
74 min followed by a rapid “burst phase” when the majority of
the amines within the pores were deprotected. We optimized
the time required for external surface modification by varying
the exposure of the solids to the piperidine solution. A dramatic
increase in the surface area, pore volume, and pore diameter as
measured by N, physisorption was clearly observed, as the
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pores that had been blocked with Fmoc groups were
“reopened” following deprotection. For example, when the
deprotection time was 40 min, the deprotection reaction was
exclusively restricted to the external surfaces of the particles.
When the time was increased to 120 min, additional depro-
tection occurred near the pore entrances. After 360 min, at least
60% of the Fmoc groups had been removed and the blocked
pores were reopened.

Because all of the free amines in the solid that was depro-
tected for 40 min were located on the external surface, the
second synthetic step of reacting deprotected amines with the
crosslinking molecule 3-nitro-2-pyridyl-disulfanyl-propanoic
acid (Npys-PA) could be performed nearly quantitatively. Of
the deprotected amines, approximately 97% were reacted with
Npys-PA as determined by TGA. Moreover, to show that the
internal pore volume of the modified particles could still be
made accessible for future molecular exchange or drug loading,
the APMS-Npys was exposed to the piperidine solution for a
full 24 h to completely deprotect the solid. Under these con-
ditions, the porosity recovered to nearly the initial conditions
(SAger = 739 m*/g; Ve = 0358 m*/g; dy,. = 2.6 nm),
showing that immobilization of Npys-PA did not result in the
blockage of the pore entrances.

On the basis of the structure of CD4 with gp120 bound at its
active site, several short peptide sequences of the CD4
glycoprotein that are primarily responsible for the interaction
have been identified. The loop corresponding to residues 35-51
of the first domain of CD4 is thought to be very critical for
gp120 binding,26’46’47 because it contains residues such as
Lys3S, Phe43, Leu44, Lys46, and Gly47, which are involved in
direct interaction with gp120. In particular, Phe43, which is
located in the fourth position of a f-turn of the loop pointing
away from the surrounding residues, fits a hydrophobic binding
pocket of gp120 and is thought to be particularly important for
gp120 binding; this residue alone contributes 23% of the total
interaction contact with gplZO.34 The Npys groups on our
silica beads provided a protected and activated disulfide that
could be used to couple with cysteine-modified peptide
fragments. Several peptide fragments were prepared by
standard solid-phase peptide synthesis procedures, derived
from the crucial binding loop and modified with a cysteine at

either the N- or C-terminus to facilitate disulfide bond
formation with the particle surface: (1) the entire sequence
of peptides 35-51 (18 peptides, called “18-CD4” in our
studies); (2) residues 42-44, containing the crucial Phe43
residue (“4-CD4”); (3) peptides 35-51 with four alanine
residues incorporated at both the N- and C-termini in addition
to the cysteine (“26-CD4”). No additional cysteines were
present in the fragments themselves, providing a convenient
way to anchor the fragments to the APMS surface while
avoiding interactions within the fragments themselves. All the
above reactions exhibit well-behaved kinetics and can be easily
monitored with conventional spectroscopic methods.** The
degree of the loading of the CD4 peptides on APMS was easily
monitored by the measurement of p-nitropyridinethiol release
using UV/Vis spectroscopy.

Characterization of Peptide-Functionalized Particles
with FTIR Spectroscopy. Although the FTIR spectrum of
particles containing protected amines showed prominent peaks
at 1701 and 1546 cm™' because of the carbamate linkage of
Fmoc (Figure 1, detailed peak assignments in the Supporting
Information), the absence of these bands after deprotection
indicated Fmoc cleavage. After modification with Npys, char-
acteristic peaks due to the new functional group were found at
1590 and 1571 cm™ (aromatic ring stretch) and 1348 cm™
(NO, symmetric stretch), which closely match the correspond-
ing peaks in same region of the spectrum of pure Npys. The
immobilization of CD4 fragments on APMS-Npys was also
confirmed by the absence of a very strong peak at 1348 cm™
after cysteine-modified peptides had reacted with APMS-Npys.
Finally, the conformational behavior of the CD4 peptides
attached to the solid support was essentially the same as that
observed in the pure phase. The results indicate that all the
peptides mainly exhibit an essentially unordered conformation
(random coil), characterized by the existence of strong single
bands at ~3300 and 1660 cm™.*~*" The similarities between
the spectra of the peptides before and after immobilization
indicated that they retained their solution-phase structures.

Visual Analysis of CD4 Location by Confocal
Microscopy. CSLM was used to insure that the CD4
fragments were selectively immobilized on the exterior surface
of APMS. CD4 peptides labeled with Alexa-568 were incorpo-
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Figure 1. FTIR spectra. Left: (a) APMS-Fmoc, (b) APMS-Fmoc after deprotection for 40 min, (c) APMS-Npys, and (d) Npys-PA. Center: (e) 4-
CD4, (f) 18-CD4, (g) 26-CD4. Right: (h) APMS-4-CD4, (i) APMS-18-CD4, and (j) APMS-26-CD4 in the regions of 400—2000 cm ™.
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Figure 2. Colocalization analysis of Alexa-568- and Alexa-488-labeled, CD4-functionalized APMS. In this construction, Alexa-488 appears green and
Alexa-568 appears red. R, G, and M represent red, green, and merged channels, respectively; (a) after 40 min, (b) after 120 min of S % piperidine
Fmoc deprotection. Orthogonal presentation of a stack of colocalized dual channel CSLM images of the Alexa-568 and Alexa-488 -labeled CD4
functionalized APMS, (c) after 40 min, (d) after 120 min in the simultaneous view of xy, xz, and yz planes (z direction is in/out of the page). (Scale

bar: 10 um).

rated covalently onto the external surfaces by the methodology
described above. Then, following exhaustive deprotection to
remove Fmoc located inside the pores, the solid was reacted
with Alexa-488 succinimidyl ester. In the resulting dual-channel
fluorescence CSLM images of this material (Figure 2), the
response from Alexa-568 was false-colored red and Alexa-488
was green. The presence of well-defined rings in the red (CD4)
channel indicated that the peptides were located on the external
surfaces of the silica particles. The brightness and thickness of
the ring corresponded to the amount of peptides bound to the
particle surface and the penetrating depth of the peptides
during immobilization, respectively. The green channel (free
amines) showed that deprotected amines were located mainly
within the particle; interestingly, the brightness of the green
fluorescence was not homogeneous within the particles’
interior. This is could be due to the increased amount of silica
through which the fluorescence travels in creating the image,
but it also appears that there were fewer free amines located in
the interior of the particles as opposed to near the surface. It is
likely that a larger density of the initial surface functionalization
occurred near the openings of pore channels rather than in the
center of the particles. At longer deprotection times, there
appeared to be less green dye present and a wider and more
diffuse red ring, indicating that some peptides were bound near
the pore entrances, blocking access to the pores. In addition, a
small number of free amines were identified on the external
surface of the particles (yellow in the merged images), con-
firming that peptide coverage on the surface was not complete.
CSLM optically sections the silica spheres to visualize internal
details by providing a view though the center of the spheres in
the xy plane, and in the xz and yz planes through the image
stack, and thus visibly provides the locations of functionalized
dye-labeled CD4 within the silica spheres. Several views of the
samples at different angles clearly exhibited that only surfaces of
the spherical particles had been modified and there was no
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evidence of the immobilization of the AlexaS68-peptides inside
the pores.

Structural Features of sCD4 Glycoprotein Relevant to
Binding at Particle Surfaces. With confidence that the
deprotection strategy employed above allowed molecules to be
selectively attached to the external surfaces of the particles, we
moved on to investigate the possibility of attaching a recom-
binant human soluble form of CD4 (sCD4) on the external
surface of APMS to bind HIV-1 gp120. sCD4 is a 363-amino-
acid glycoprotein (~45 kDa) composed of four extracellular
immunoglobulin-like domains (D1—D4). It is a truncated form
of the extracellular human-T cell CD4 co-receptor produced by
transfection of insect cells with vectors encoding forms of the
CD4 gene.ZG’52 D1 of sCD4, the most amino-terminated
domain, is principally responsible for the high binding affinity
to gp120, mainly using the C” f-strand, with a gap between the
D1 C' strand and the gp120 surface.”> >* It has been shown
that sCD4 containing only the extracellular portion of the
molecule retained high affinity binding to gp120 and was able
to block the binding of HIV-1 to cell surface CD4 in vitro,
thereby inhibiting infection of target cells.”> The three-
dimensional structure of the entire extracellular portion of
sCD4 has been determined previously, and is shown in ribbon
and space-filling models in Figure 3 and Figure S7 in the
Supporting Information. The positions of the 39 lysines of
sCD4 are identified in blue; most of the lysine residues were
located on the surface of D1-D4 of sCD4 and therefore
accessible for conjugation.’>>*

To attach sCD4 to the external surface of the silica particles,
the Npys group appended to the surface was cleaved with
dithiothreitol (DTT) to yield a thiol-terminated surface,
followed by reaction with the thiol-reactive maleimide
heterobifunctional linker N-(f-maleimidopropyloxy)-
succinimide ester (BMPS, Scheme 1). This created an external
particle surface that was terminated with amine-reactive NHS
esters; subsequent reaction with sCD4 led to surface
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Figure 3. (a) Space-filling mode of four domains of sCD4, corresponding to recombinant soluble human CD4 residues 1—363. The backbone of the
P-sheet secondary structures is shown in yellow, the side chains of lysine residues are shown in blue, and Asn271 and Asn300 are shown in red. The
crystal coordinates were obtained from the RCSB Protein Data Bank (PDB ID: 1WIO). The image was constructed with RasTop (version 2.7). (b)
Schematic representation of the major structural features of sCD4, including the D1-D4 immunoglobulin-like domains and the two Asn-linked
oligosaccharide chains at Asn271 and Asn300. The cysteine residues involved in disulfide bonds are indicated by arrows together with their location
in the amino acid sequence. Phe43, an important residue for gp120 binding, is also shown in the first domain.

immobilization through solvent-exposed lysines on the sCD4.
However, because reaction could happen through any lysine,
including those located near the gp120 binding region, this pro-
cess could lead to a number of sCD4 molecules immobilized in
a manner that prevented efficient binding. Other researchers
have employed hydrazide binding as an appealing alternative
conjugation method in which the carbohydrate moieties at well-
defined glycoprotein sites far away from the affinity binding
region can be employed.*>*® Fortunately, sCD4 is glycosylated
in the third domain (D3) at Asn271 and Asn300, but not the
first domain (D1), which is responsible for gp120 binding.
Previous work has indicated that forms of sCD4 with different
glycans, or even deglycosylated sCD4, were still able to binds
gpl20 effectively.’’ The polysaccharide consists of fucose,
N-acetylglucosamine, galactose, mannose, and sialic acid, where
the sialic acid was easily converted to the aldehyde derivative by
reaction with NalO, to produce oxidized sCD4 (“ox-sCD4”).
Separately, the thiol-terminated particles were reacted with
N-(f-maleimidopropyloxy)hydrazide (BMPH), a heterobifunc-
tional linker that produced a hydrazide-terminated surface.
Reaction of the hydrazide-terminated particles with ox-sCD4
produced a solid that was attached to the external surface
exclusively through the glycosidic linkage. We performed
further characterization on these two types of particles
(randomly bound sCD4 and specifically bound sCD4).
Thermodynamic and Kinetic Analysis of sCD4
Immobilization. The amount of sCD4 immobilized on the
silica particles was monitored by the decrease in the absorbance
of the supernatant at 595 nm using the Bradford assay.>® As a
non-specific control for the binding studies, we covalently
immobilized bovine serum albumin (BSA) on APMS via amide
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coupling to yield APMS-BSA. BSA is the principal transporter
of a wide variety of endogenous and exogenous compounds,
and was conjugated to surfaces using the nonspecific lysine/
NHS-ester reaction described above.”” Kinetic curves of the
immobilization of BSA, sCD4, and ox-sCD4 proteins on
activated APMS are depicted in Figure 4. The effect of immo-
bilization time on the coupling of the proteins to activated
APMS samples was examined. For BSA and sCD4, t,, for
immobilization was ~60 min with more than 95% of maximum
coverage achieved with ~4 h. However, immobilization of ox-
sCD4 was much slower (t,,, & 120 min). This is a reflection of
the immobilization method for each material. Although BSA
and sCD4 have many lysines available for conjugation, ox-sCD4
possesses only two oxidized carbohydrate chains for reaction
with surface hydrazides. Additionally, hydrazide groups may be
prevented from binding to ox-sCD4 because protein that has
already been bound blocks additional protein from interacting
with the surface. The latter concept could be tested by using
smaller amounts of ox-sCD4 to obtain a lower surface coverage,
to minimize mass transport effects for subsequent affinity
binding tests.

When the plot of protein loading versus time shown in
Figure 4a was taken out to longer times for for ox-CD4, there
was no statistical difference from the saturation capacity shown
in Table 1. Thus, for ease of comparison to the other two
materials, data is shown up to ¢ = 6 h. The saturation capacities
of each protein on the various APMS samples could be
examined by measuring the decrease in protein concentration
after the addition of a series of functionalized particles under
same conditions (Figure 4b). Plots of the protein concentration
remaining in solution versus the amount of the APMS samples
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Figure 4. (a) Rates of immobilizations of BSA (black square) and sCD4 (blue circle) to NHS-ester-activated APMS and ox-sCD4 to hydrazide-
activated APMS (red diamond). (b) Plots of saturation capacities for the materials in a.

Table 1. Saturation Capacities of Various APMS Samples for
BSA, sCD4, and ox-sCD4

saturation capacity saturation capacity

sample protein (ug/mg (X 107" mol/mg)
NHS-ester- BSA 2.56 + 0.25 3.84 £ 0.37
activated APMS
NHS-ester- sCD4 2.10 + 0.20 4.66 + 0.33
activated APMS
hydrazide-activated ox-sCD4 1.45 + 0.20 323 +0.33

APMS

consistently gave linear relationships, and the saturation
capacities were obtained from the slopes of best-fit lines
(Table 1); note that in the figure, lower protein concentration
in solution (vertical axis) implies a higher amount of protein
bound to the particle. Interestingly, the amount of immobilized
protein was much smaller than the amount of available
activated functional groups on each sample, suggesting that
protein-surface coupling depended on the sizes of each
immobilized protein. As shown in Figure 3, sCD4 has a rod-
like shape (110 x 40 X 30 A%),** but the heart-shaped BSA
molecule possesses a larger specific volume (80 X 70 X 60 A?)
than sCD4.>° Although sCD4 and ox-sCD4 show similar
saturation capacity plots due to their similar sizes, a smaller
amount of BSA was bound to the surface because of its larger
specific volume.

Binding of HIV-1 gp120 Using Functionalized-APMS. Our
overall goal was to develop modified particles for binding HIV
gp120, for detection and purification applications. With CD4
peptide, sCD4, and ox-sCD4-modified silica particles in hand,
we could now compare their relative performance in removal
of gpl20 from solution. After incubation of gpl120 with
functionalized mesoporous silica for 2 h, the particles were
separated from the mixture via centrifugation and the amount
of gp120 remaining in the residual supernatant was quanti-
fied using UV/vis spectroscopy. The easy separation of silica
particles bound to the target molecule using centrifugation
made the detection and quantification strategy fast, convenient,
simple and easy. Quantification and kinetics of the gp120-
binding process are shown in Figure Sa. It was found that half
of the maximum amount of bound gp120 protein on each
sample was obtained within about 2 h, with more than 95% of
maximum coverage being achieved within 6 h. There was little
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difference in the rates of the affinity binding of gp120 to each
sample, indicating that all forms of immobilized CD4 on the
APMS samples were bound to gp120.%° After the affinity
binding reaction had reached completion (6 h), the maximum
amount of the bound gp120 on each sample was obtained. The
oxidized sCD4 protein, immobilized on the support through its
oxidized carbohydrate residues was found to give the highest
affinity for the gp120, whereas the 18-peptide CD4 fragment
exhibited a relatively weak affinity for the gp120.

Saturation capacities for the binding affinity of HIV gp120 to
a series of CD4- and sCD4-modified APMS were then
examined. APMS-SH was used as a control. These particles
were exposed to a solution containing either full-length gp120
glycoprotein or BSA for 6 h. In these tests, BSA is used as a
nonspecific control, providing a qualitative estimate of non-
specific adsorption occurring in all samples. The saturation
capacities of bound gpl20 or BSA on each sample were
calculated from the difference between the initial amounts and
the amounts of the proteins remaining in solution after UV/
Visible absorbance measurements. As shown in Figure 5b and
Table 2, there were no significant differences in the abilities of
APMS-SH, APMS-18-CD4 (2), APMS-sCD4 (3), or APMS-ox-
sCD4 (4) to bind the negative protein control BSA (all
modified APMS absorbed <0.3 ug of BSA/mg, presumably
nonspecifically). In contrast, although APMS-SH showed no
selectivity for gp120 over BSA, APMS-CD4 (2) captured nearly
3 times more gp120 than BSA. This indicated that even short
peptide chains were selective for gpl120 after surface immo-
bilization, even if the capture efficiency was low. However, it
was apparent that immobilization of whole sCD4 protein
dramatically increased both the selectivity and capture effi-
ciency for gp120. Furthermore, whole sCD4 protein immobi-
lized through the carbohydrate chains had a significantly higher
affinity for gp120 than when the same protein was randomly
immobilized through lysine side chains. For example, as seen in
Table 2, the stoichiometry of CD4-gp120 interaction on the
APMS-0x-sCD4 was approximately 1:1, which is in quite good
agreement with the other experimental results, %% indicating
that almost all of CD4 proteins retain their gp120 binding
affinity even after being covalently immobilized to the silica
surface. However, less than half of immobilized sCD4 on the
APMS-sCD4 sample retained their binding affinity. Given
numerous random couplings of the amine groups of the sCD4
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Figure S. (a) Kinetic analysis of affinity binding of HIV gp120 to CD4 fragment or sCD4 protein immobilized on APMS samples. APMS-18CD4
(black square), APMS-sCD4 (blue circle), or APMS-0x-sCD4 (red diamond) were incubated at room temperature with SO yg/mL gp120 in PBS.
gp120 was assumed to have M, = 110 000. (b) Saturation capacities of the binding affinity of HIV gp120 to the immobilized CD4 fragment or sCD4
proteins on APMS. Means + SEM were calculated from at least three individual experiments.

Table 2. Comparison of BSA and gp120 Capture Efficiencies for Modified Silica Particles

bound BSA (ug/mg)

immobilized protein

(x 1071t (x 1071
Sample (ng/mg) mol/mg) (ug/mg) mol/mg)
APMS-SH 0264 + 0056  0.396 + 0.084
APMS-18- 528 279 x 106 0311 + 0.151  0.466 + 0.226
CD4
APMS- 210 £ 020 466 £ 033 0330 £ 0.066  0.495 + 0.099
sCD4
APMS- 145 +£ 020 323 +£033 0281 + 0093 0421 + 0.139
oxCD4

bound gp120

BSA capture (x 107 gp120 capture
efficiency (%) (ug/mg) mol/mg) efficiency (%)
0.275 £ 0.039 0.250 + 0.036

~0 0.878 + 0.167 0.798 + 0.152 ~0
10.6 2.446 + 0.258 2.224 + 0.234 47.7
13.0 3.419 + 0.177 3.108 + 0.161 96.2

to the activated crosslinking molecule on the solid particle, the
immobilization of sCD4 protein on the solid particles via the
NHS-ester method could severely reduce its affinity binding for
gp120 since there are several lysine residues in the first domain
of CD4 required for gp120 binding affinity.®’ This nonspecific
immobilization of the proteins involves random formation of
amide linkages between the activated crosslinker and accessible
amine groups on the proteins. Our system can be easily
translated to in vivo delivery/imaging applications without the
need to develop new detection system owing to the
biocompatibility of mesoporous silica, targeting efficiency of
immobilized sCD4 and encapsulating efficacy of potential
drugs/contrast agents after pore “reopening”.

Biological Implications of Molecular Conjugation by
Polysaccharide-Linked Immobilization. The carbohydrate
moieties of glycoproteins are known to play several important
biological roles, mainly related to marking proteins for
subsequent protectlon or modification or stabilizing bioactive
conformations.®® In viruses, carbohydrates have been impli-
cated in b1010g1ca1 activity, and in the maintenance of its overall
structure.®* Our results showed that conjugation of sCD4 via an
oxidized carbohydrate chain does not affect binding to gp120.
This is consistent with previously reported results showing that
deglycosylation of sCD4 did not reduce its ability to bind
gp120, proving that the carbohydrate is not necessary for bind-
ing.  This also confirms other observations in which cells
expressing alerted or truncated forms of CD4 lacking the
N-linked glycosylation sites were infected by HIV.%
Importantly, deglycosylated gpl20 and native gpl20 have
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been shown to bind to CD4 receptors with comparable
affinities, showing that the carbohydrate is not necessary for
either protein to bind its partner.”® This, however, cannot rule
out the possible role of CD4 carbohydrate moieties in their
effects on protein functions, neutralizing antibody response and
mediating cellular adhesion.®”%®

B CONCLUSION

Several approaches were used to prepare porous silica particles
functionalized with CD4 peptide fragments or whole sCD4
glycoprotein. The functional groups on the external surface of
the particles were selectively activated for subsequent
modification using a simple protection/deprotection strategy.
Confirmation of the selective modification was provided by
fluorescence CSLM, and the kinetics of peptide or glycoprotein
modification was studied by UV/Vis spectroscopy. The results
of a binding study using whole gp120 revealed that particles
modified with an 18-peptide sequence surrounding Phe43,
which is responsible for the majority of the contacts with
gp120, were able to specifically bind and remove gp120 from
solution, although to a significantly lower extent than particles
modified with randomly oriented sCD4. These particles were in
turn less effective at binding gp120 than sCD4 that had been
specifically bound to the particles through its carbohydrate
chain. These results showed that immobilization through
oxidized sialic acids enabled CD4 to be attached to a solid
surface in a homogeneous manner without loss of any gp120
binding affinity. Thus, our biodegradable mesoporous particles
with surface-modified peptides/glycoproteins and accessible
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pore volumes represent a promising method for in vivo targeted
detection/imaging and drug delivery to infected sites. This
strategy could be also readily applied to a variety of particle-
based therapies for diagnosis, drug encapsulation, gene
transfection, bioimaging, or other applications.

B EXPERIMENTAL METHODS

Preparation of HIV-gp120, sCD4, and CD4. Recombi-
nant HIV-1 gp120 (LAV IIIB) external envelope protein, which
is a full-length glycosylated recombinant protein derived from
the env gene of HIV-1 (GenBank, M19921, NYS/BRU
(LAV-1) recombinant clone pNL 4-3), was produced in insect
cells using the baculovirus expression system, as with the
120 whose crystal structure was reported by Kwong et al 265970
The recombinant human soluble CD4 (sCD4), which is the full
length glycosylated ectodomain, was produced using baculovi-
rus vectors and secreted from insect cells in serum-free media.
sCD4 is a 363-amino acid glycoprotein (~45 kDa) composed
of four immunoglobulin-like domains (D1—D4). Both the
recombinant gpl20 and sCD4 were prepared, purified and
characterized at Protein Sciences Corporation. Oligopeptides
corresponding to residues 35—51 (KILGNQGSFLTKGPSKL)
of T-cell surface glycoprotein CD4, was prepared under
standard solid-phase synthesis conditions. 18-CD4 (C-KIL-
GNQGSFLTKGPSKL) was prepared by incorporating cysteine
at the N-terminus of the CD4 fragment in order to allow
conjugation to APMS. The core of the CD4 fragment, residues
42—44 (C-SFL, b), and a lengthened CD4 fragment (4 alanines
incorporated at both N-terminus and C-terminus of residues
35—51 of CD4 fragment, one cysteine residue was modified
at C-terminus, AAAAKILGNQGSFLTKGPSKLAAAA-C, 26-
CD4) were synthesized similarly. In the syntheses of Cys-
modified CD4 fragments (4-CD4, 18-CD4, and 26-CD4),
200 mg (140 gmol) of amino acid 2-Cl-Trt resin (0.7 mmol/g)
was used. The N-Fmoc-amino acids, which had standard side-
chain protective groups (Trt for Cys, Ser, Thr, Glu and Asn, Boc
for Lys) were coupled to the peptide-resin as 1-benzotriazolyl
(HOBt) esters. Coupling efficiency was monitored by the Kaiser
method. The CD4 fragments were cleaved with TFA:triisopro-
pylsilane (98.5:1.5) for 3 h yielding the corresponding requisite
peptides as major components (~90% according to mass
spectrum). After lyophilization, the peptides were purified by
reverse-phase high-performance liquid chromatography (HPLC)
on a LUNA C-18 column. The purities of the peptides were
more than 95% as assessed by HPLC. The concentration of free
thiol groups of these Cys-incorporated CD4 fragments were
measured by spectrophotometric titration with 5,5"-dithiobis (2-
nitrobenzoic acid) (Ellman’s method).

CD4-Functionalized APMS and gp120 Binding
Assay. Recombinant HIV-1 gp120 (LAV IIIB) solution was
dialyzed against 10 mM PBS containing 150 mM NaCl at pH
7.4, and then diluted to 100 ug/mL with T-PBS buffer (10 mM
PBS, 150 mM NaCl and 0.001% Tween 20, pH 7.4). The
concentration of gp120 was initially determined by absorbance
at 280 nm (&,5 = 0.74 mL cm™' mg™'), and subsequently
determined by absorbance at 595 nm during binding
experiments using a standard Bradford assay with an accuracy
of +£10%. As a negative control, 30 ug/mL of bovine serum
albumin (BSA) in 10 mM of PBS buffer was used as a reference
(£330 = 0.66 mL cm™ mg™"). The affinity binding experiments
were performed at 25 °C in T-PBS buffer. 20.0 mg of various
sCD4 or CD4 functionalized APMS was washed twice with
10 mM PBS buffer, filtered through a 0.45 um filter, and then
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resuspended in 1.0 mL of the same PBS buffer. Aliquots
(250 or SO puL) of the suspensions (20 mg/mL) were trans-
ferred into centrifuge vials. The gp120 or BSA stock solutions
were added into the suspensions to make the predetermined
final concentration at 0.45 M (50 pug/mL gp120 or 30 pg/mL
BSA) in 0.5 mL of PBS buffer. After incubation at room
temperature for 3 h with continuous shaking, centrifugation
was applied, separating particle-bound protein. The super-
natants were carefully removed, filtered through a 0.22 ym
filter, and the residual protein concentrations was accurately
measured at 595 nm using the Bradford microassay in a
microplate microreader. Briefly, 150 uL of dye reagent
(Coomassie Blue G250) were added to 150 uL of protein
samples, and the mixtures were incubated at room temper-
ature for ~5 min. The linear ranges of the assays for BSA or
gpl20 were 1—40 pg/mL. Finally, the amount of bound
protein on each APMS sample was calculated from the difference
of the initial and residual protein concentration (AAgy). Tri-
plicate aliquots were assayed for each of the APMS samples. For
the kinetic study, the supernatant of each mixture was obtained
at predetermined time intervals followed by centrifugation and
washing.

B ASSOCIATED CONTENT
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Additional information, including complete synthetic details,
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