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Abstract: A diverse array of nanomaterials ranging from polymer assemblies to nanoparticles has been
under development for biomedical applications in recent years. A key aspect of these applications is the
ability to target the materials to the desired locations in vivo by exploiting their size or through the conjugation
of active targeting groups. While nanoscale scaffolds may provide advantages such as the multivalent
presentation of targeting ligands, the binding of these ligands may also be inhibited by interfering polymer
chains at their surfaces. This aspect was investigated here by preparing poly(butadiene-block-ethylene
oxide) vesicles and dextran-coated iron oxide nanoparticles functionalized with dendritic and nondendritic
displays of mannose, a well-known multivalent ligand. The binding of these systems to the mannose-
binding protein Concanavalin A was compared using a hemagglutination assay. It was found that the dendritic
systems exhibited 1—2 orders of magnitude enhancement in binding affinity relative to the nondendritic
displays. This result is attributed to the ability of the dendritic groups to overcome steric inhibition by polymer
chains at the material surface and also to the presentation of ligands in localized clusters. It is anticipated
that these results should be applicable to a wide range of nanomaterials with polymers at their surfaces
and that the method by which biological ligands are conjugated to the surfaces of nanoparticles and polymer

assemblies should be carefully considered.

Introduction

In the past years, a tremendous number of new nanomaterials
have been developed for biomedical applications. Water-soluble
linear and dendritic polymer architectures have been used for
both drug delivery and diagnostics through the conjugation of
drugs and contrast agents,'? while hydrophobic polymers have
been used to prepare nanoparticles that can noncovalently
encapsulate these agents.>* Amphiphilic polymers have been
shown to assemble into supramolecular structures ranging from
micelles® to wormlike assemblies® and vesicles,” and these
structures are capable of encapsulating bioactive molecules into
their hydrophilic or hydrophobic compartments. Inorganic
nanomaterials such as superparamagnetic iron oxide nanopar-
ticles®® and quantum dots'® with biocompatible polymer coat-
ings are also of significant interest in imaging applications.
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For most nanomaterials aimed at biomedical applications, the
first significant challenge is to avoid undesirable uptake by the
reticuloendothelial system. This can often be accomplished by
the conjugation of polymers such as poly(ethylene oxide),'"'?
while limiting the size of the materials to below ~150 nm has
also been found to be important.'® The next step is to achieve
selective targeting of the system to the site of interest in vivo,
such that drugs or contrast agents provide increased efficacy or
sensitivity respectively. In some cases, this can be accomplished
passively via the enhanced permeation and retention (EPR)
effect, which allows for the selective accumulation of nanosized
systems relative to small molecules in tumors due to their
“leaky” vasculature.'"* An alternative approach involves the
conjugation of active targeting groups. For example, the
antibody herceptin has been used to target nanoparticles to
tumors expressing the Her/neu2 receptor,'>'® while peptides
containing the arginine—glycine—phenylalanine (RGD) motif
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have been used to target nanoparticles, and micelles
to tumors expressing elevated levels of the o, integrins.

Small-molecule targeting groups are also particularly attrac-
tive due to their ease of preparation and simple conjugation
chemistry. Folic acid, a small molecule, has been extensively
used for targeting dendritic polymers,”*** micelles,”*** and
nanoparticles®®?’ to tumors expressing elevated levels of the
folic acid receptor. Carbohydrates such as mannose and glucose
have been demonstrated to provide enhanced delivery into
macrophages®®**? and bacteria.** 3> Although small molecules
often possess only moderate binding affinities for their biological
targets, the incorporation of multiple copies of these molecules
onto nanomaterial surfaces can provide multivalent systems
which exhibit significantly enhanced binding.** On the other
hand, some binding affinity may be lost through steric inhibition
by polymer chains, which are present at the surface of most of
these materials, and this effect has not yet been investigated in
detail. In addition, the density and spatial distribution of ligands
on the surfaces can also play a role. Thus, the goal of this work
was to investigate whether the way in which biological ligands
are displayed at the surfaces of polymer assemblies and
nanoparticles affects their binding to biological targets.

As illustrated in Figure 1, it was anticipated that the
introduction of ligands to surfaces using a dendritic approach
would provide enhanced availability of the ligands, in com-
parison with individual small molecules conjugated without a
dendritic scaffold, which may become easily buried within a
polymer layer at the surface. For this study, mannose was
selected as a model biological ligand, as its multivalent binding
to targets such as Concanavalin A (Con A) has been extensively
investigated and a number of assays have been developed to
evaluate this binding.***® Dendritic displays of mannose have
been previously demonstrated by several groups to provide
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Figure 1. Schematic comparison of a surface functionalized with (a)
nondendritic versus (b) dendritic groups.

enhanced binding to Con A in comparison with monovalent
mannose,*®*' but their effect on the presentation of mannose
at polymeric surfaces has not been investigated. Here, the effect
of dendritic versus nondendritic surface functionalization was
investigated using polymer vesicles formed from poly(butadiene-
block-ethylene oxide) (PBD-PEO) and dextran-coated iron oxide
nanoparticles as model materials. The results described here are
expected to be generalizable to a wide variety of materials, thus
providing a framework for enhancing targeting efficiency for a
wide range of biomedical applications.

Results and Discussion

Preparation of Polymer Vesicles Functionalized with
Dendritic Mannose. Polymer vesicles are among the classes of
polymer assemblies that have received significant attention in
recent years.*> % The availability of both hydrophobic and
hydrophilic compartments, as well as their increased strength
and stability relative to their phospholipid vesicle analogues
(liposomes), have made them attractive materials for recent
applications in imaging and drug delivery.*’ > Thus, they are
ideal materials for the exploration of surface functionalization
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Figure 2. General approach for functionalization of vesicle surfaces with
dendritic groups.

with dendritic and nondendritic ligands. Gillies and co-workers
have recently reported a new approach for the functionalization
of polymer vesicles with dendritic groups.®* As illustrated in
Figure 2, PBD-PEO having hydroxyl (1) or azide termini (2)
can be mixed in varying ratios and assembled to form vesicles
with controlled densities of surface azide groups. Dendrons with
focal point alkynes can subsequently be conjugated to the surface
azides providing controlled densities of dendritic groups on the
vesicle surface. Therefore, the first step in this study was to
prepare polymer vesicles functionalized with dendritic mannose
using this approach.

To demonstrate that dendritic mannose could be conjugated
to the polymer vesicle surface, dendron 3°* with peripheral
amines and approximately one rhodamine molecule per dendron
statistically was reacted with 2-isothiocyanato-a.-D-mannopy-
ranoside 4°° to provide dendron 5 as shown in Scheme 1.
Incorporation of rhodamine into this dendron allowed the
functionalized vesicles to be visualized by fluorescence confocal
microscopy and also provided a means of quantifying the vesicle
functionalization using ultraviolet—visible (UV—vis) spectros-
copy as an extinction coefficient for dendron 5 could be
measured. Due to the statistical nature of the dye functional-
ization, this dendron does not have a precise structure, but the
presence of approximately one dye molecule and at least six
mannose molecules on average per dendron was verified by
NMR spectroscopy.

Vesicles having varying densities of azides were prepared
by the hydration of polymer films containing the desired ratios
of polymers 1 and 2, followed by sonication (Figure 2). Dendron
5 was then conjugated to the surfaces of the vesicles using
“click” cycloaddition conditions consisting of 1 mM CuSOy,
25 mM sodium ascorbate, and 2.3 mM bathophenanthrolinedis-
ulfonic acid to provide functionalized vesicles 6a—h (Table 1).
Excess dendron was removed by dialysis. Confocal fluorescence
microscopy of the vesicles indicated that they were fluorescent,
confirming the successful incorporation of the rhodamine
functionalized dendron, and that a majority of the vesicles were
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Table 1. Yields for the Functionalization of Polymer Vesicles
Having Varying Densities of Surface Azide Groups with Dendron 5

% of PBD-PEO

% of PBD-PEO functionalized with

having terminal dendron 5 % yield of

vesicles azide groups (based on UV—vis) conjugation

6a 0 none detected NA

6b 5 34+£0.1 67 £2

6¢ 7 4.4 62

6d 10 4.4 44

6e 20 7.0 35

of 40 10 25

6g 70 14 20

6h 100 21 21

single walled. At lower densities of azides on the vesicle surface,
up to ~40%, well-dispersed vesicles were observed following
conjugation of the dendron (Figure 3a). At higher densities,
including 70% and 100%, fluorescent aggregates were observed
(Figure 3b). Similar aggregation was previously observed when
dendron 3 was coupled to vesicles containing high percentages
of surface azides,”* and this aggregation has been attributed to
vesicle destabilization due to the architecture of the resulting
linear—dendritic polymers being unfavorable for vesicle forma-
tion when incorporated at high percentages. It is noteworthy
that while the polymer vesicles investigated here were micrometer-
sized for easy visualization by optical microscopy, it has been
shown that the sizes of these PBD-PEO vesicles can be readily
reduced to the nanometer range by extrusion.>
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D. E. J. Controlled Release 2003, 90, 323-334.
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Figure 3. Confocal laser scanning microscopy images of polymer vesicles
following conjugation of the fluorescent dendron 5. (a) Well-dispersed
vesicles resulted when low densities of surface azides were used (6b, 5%).
(b) Aggregated vesicles resulted when high densities of surface azides were
used (6g, 70%) (scale bar = 20 um).

Following removal of water, the resulting mixture of polymers
was taken up in DMF/MeOH (10:1) and the amount of
conjugated dendron was quantified by UV—vis spectroscopy.
As shown in Table 1, the functionalization yields were high at
low azide densities but they rapidly dropped off at higher
densities, presumably due to steric hindrance at the vesicle
surface, which prevents further functionalization. It is notewor-
thy that yields of greater than 50% are considered high for this
reaction, as close to half of the azides should reside on the
interior of the vesicles are therefore not available for function-
alization. At low azide densities, the yields in excess of 50%
are attributed to the movement of some azide-functionalized
polymers to the vesicle surface by various mechanisms during
the 24 h reaction, followed by their functionalization. Similar
yields were previously observed for the conjugation of dendron
3 to vesicles.> To ensure that the dialysis procedure for the
removal of excess dendron was effective, the reaction was
carried out on vesicles having no surface azide groups and no
absorbance from the dendron was detected by UV—vis. In
addition, to investigate the reproducibility of the functionaliza-
tion procedure, the preparation of vesicle 6b was carried out

Scheme 2
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several times. The procedure was quite reproducible, providing
a standard deviation of only 3%.

In order to investigate the binding of the dendritic mannose-
functionalized vesicles to biological targets, it is desirable to
avoid the incorporation of the rhodamine dye, which may
sterically inhibit the mannose from binding. Therefore, as shown
in Scheme 2, the amine-functionalized dendron 7°* was
converted to dendron 8 having only mannose groups on its
periphery. Characterization of dendron 8 was challenging due
to broad peaks in the NMR spectrum, which can likely be
attributed to intramolecular hydrogen bonding between the
thiourea groups. Nevertheless, '"H NMR integration indicated
that there were at least seven mannose groups per dendron. The
conjugation of this dendron to vesicles containing 5% surface
azide groups was carried out as described above to provide
dendritic mannose-functionalized vesicles 9 (Scheme 3). On the
basis of the highly reproducible nature of the vesicle function-
alization at this azide density and very modest difference

J. AM. CHEM. SOC. = VOL. 131, NO. 2, 2009 737



Martin et al.

ARTICLES
Scheme 3
1* 3
N Dendron 8 :
N > 2
Ny— CuS0Q,, Sodium ascorbate ;
Bathophenanthrolinedisulfonic acid
G- 4
[ ; Ns e X¥ s
N
Vesicle 6b Vesicle 9

between dendrons 5 and 8, the functionalization yield was
assumed to be ~67%.

Preparation of Polymer Vesicles Functionalized with
Nondendritic Mannose. In order to compare the effectiveness
of the dendritic ligand display to the more conventional approach
involving the conjugation of individual ligands to the termini
of linear polymers, a PBD-PEO derivative with a single terminal
mannose group was prepared. First, as shown in Scheme 4,
polymer 1 was reacted with a large excess of 4-pentynoic acid
to provide the alkyne terminated polymer 10. This alkyne-
terminated polymer was then coupled to (2-azidoethyl)-o-D-
mannopyranoside (11)°’ to provide polymer 12. A thin film
containing a 50:50 ratio of polymers 1 and 12 was then hydrated
to provide vesicle 13 with approximately the same overall
density of surface mannose groups as the vesicles functionalized
with dendritic mannose described above (Scheme 5). Calculation
of the mannose surface density is described in more detail in
the Supporting Information. The ability of this polymer mixture
to provide well-dispersed, primarily single-walled vesicles was
verified by confocal microscopy upon incorporation of the
hydrophobic dye Nile Red into the vesicle membrane.

Preparation of Iron Oxide Nanoparticles Functionalized
with Dendritic Mannose. In order to further investigate the effect
of dendritic surface functionalization on binding to biological
targets, iron oxide nanoparticles were also used as a nanoscale
platform. These nanoparticles are of significant interest as
contrast agents for magnetic resonance imaging and many efforts
have been directed toward targeting these agents to specific sites
such as tumors and atherosclerotic plaques in vivo using small
molecules,’® 0 peptides,lg‘lg’61 and antibodies.'®%>% In most
cases, in order to provide water solubility and biocompatibility,
these nanoparticles are first functionalized with polymers such
as dextran® or PEO,%>® and then targeting ligands are
conjugated to these polymers. Thus, in terms of the binding of
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ligands to biological targets, these polymer-functionalized
nanoparticles would be expected to behave similarly to polymer
vesicles or other polymer assemblies.

Analogous to the approach for functionalizing polymer
vesicles with dendritic groups, a method for conjugating
dendrons to azide functionalized dextran-coated iron oxide
nanoparticles was also developed. Thus, nanoparticle 14a
(Scheme 6) having 0.14 umol of surface azide groups/mg of
iron was prepared as previously reported.®” This nanoparticle
was 16 nm in diameter, with a polydispersity of 0.26 as
measured by dynamic light scattering, and an iron oxide core
diameter of ~5 nm based on transmission electron microscopy.
The presence of azide groups on the nanoparticle surface was
confirmed by infrared spectroscopy (Figure 4a), and the target
quantity of azides on the nanoparticle surface was verified by
conjugation of an alkyne-functionalized fluorescent dye (Sup-
porting Information). Next, as shown in Scheme 6, dendron 8
was conjugated to the surface of nanoparticle 14a in the presence
of 9 mM CuSO, and 30 mM sodium ascorbate in water to
provide nanoparticle 15 and the excess dendron was removed
by dialysis. Infrared spectroscopy was used to verify completion
of the reaction as the peak corresponding to the azide stretch at
2095 cm™! was observed to completely disappear following the
reaction (Figure 4c).

Preparation of Iron Oxide Nanoparticles Functionalized
with Nondendritic Mannose. To prepare nanoparticles func-
tionalized with nondendritic mannose, 2-isothiocyanato-o-D-
mannopyranoside (4) was reacted with propargyl amine to
provide the alkyne-functionalized mannose derivative 16 (Scheme
6). In addition, nanoparticles 14b having 0.92 umol of azide/
mg of iron were prepared and characterized as described above.
This density of azide groups was chosen in order to obtain
approximately the same overall density of mannose on the
surface of both the dendritic and nondendritic mannose-
functionalized nanoparticles. Thus, 16 was conjugated to
nanoparticle 14b using the same conditions described above for
the dendron to provide the nondendritic mannose-functionalized
nanoparticle 17, and the reaction completion was again verified
by infrared spectroscopy.

Evaluation of Relative Mannose Binding Affinities. The
relative binding affinities of the dendritic and nondendritic
mannose functionalized vesicles and nanoparticles were com-
pared using the hemagglutination assay. This assay has been
used by several groups to evaluate multivalent displays of
mannose.*"*~7" In the presence of the protein Con A, red blood
cells cluster due to interactions of cell surface carbohydrates
with the protein. When mannose is present at a sufficiently high
concentration, Con A binds preferentially to mannose and the
clustering of the blood cells is inhibited. Comparisons of the
minimum mannose concentration required to inhibit the ag-
glutination can provide relative binding affinities of mannose-
based ligands, which is the main point of interest in this study.

Vesicles 9 and 13 and nanoparticles 15 and 17 were compared
with the known ligand a-D-methyl mannopyranoside using this

(67) Martin, A. L.; Bernas, L.; Foster, P. F.; Rutt, B. K.; Gillies, E. R.
Bioconjugate Chem, published online Nov 18, 2008, http://dx.doi.org/
10.1021/bc800209u.

(68) Corbell, J. B.; Lundquist, J. J.; Toone, E. J. Tetrahedron: Asymmetry
2000, 71, 95-111.

(69) Wolfenden, M. L.; Cloninger, M. J. Bioconjugate Chem. 2006, 17,
958-966.

(70) Kim, B. S.; Hong, D. J.; Bae, J.; Lee, M. J. Am. Chem. Soc. 2005,
127, 16333-16337.

(71) Dimick, S. M.; Powell, S. C.; McMahon, S. A.; Moothoo, D.; Naismith,
J. H.; Toone, E. J. J. Am. Chem. Soc. 1999, 121, 10286-10296.
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assay. The experiment was carried out at least five times for
each system, using blood from different rabbits, on different
days, and using different vesicle preparations. By definition,
a-D-methyl mannopyranoside was assigned an affinity of 1.0
in this assay, and the relative affinities of the other systems are
given in Table 2 on a per mannose basis.

As shown in Table 2, the nondendritic mannose-functional-
ized vesicle 13 was found to provide only a very modest 3.7-
fold increase in affinity despite its multivalency. This enhance-
ment is much less than what was observed by Lee and
co-workers previously for mannose-functionalized vesicles;”

THF, H,0

OH
OH

Table 2. Comparison of the Activities of Dendritic and
Nondendritic Mannose-Functionalized Vesicles and Nanoparticles
in the Hemagglutination Assay

relative activity
per mannose

1.0 (by definition)

ligand system

o-D-methyl mannopyranoside

dendritic mannose-functionalized vesicle 9 42 +£27
nondendritic mannose-functionalized vesicle 13 37+1.0
dendritic mannose-functionalized nanoparticle 15 92 £ 37
nondendritic mannose-functionalized nanoparticle 17 1.5+£0.6

however, their vesicles were formed from relatively rigid, lower-
molecular-weight amphiphiles that contained mannose at the
end of every oligomer chain. Such vesicles likely have mannose
coating the entire surface and are substantially different in
properties than most vesicles, including those evaluated here,
which are composed of more flexible polymers that inhibit
binding more effectively.

In contrast, the dendritic mannose-functionalized vesicle
9 provided a much greater 42-fold increase in relative binding
affinity, indicating that dendritic mannose at the vesicle
surface can interact much more favorably with Con A. This
enhancement is of the same order of magnitude observed
previously on a per mannose basis for some multivalent

a)
- /\/

azide

stretch
b)
c)

Bl
3800 3300 2800 2300 1800 1300

wavenumbers (cm-1)

Figure 4. Infrared spectra of (a) nanoparticle 14, (b) dendron 8, and (c)
nanoparticle 15 demonstrating completion of the conjugation based on
disappearance of the azide stretch at 2095 cm™!.
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mannose displays.®®-”>7? Although the standard deviation on
these measurements is rather high, primarily due to some
variability among different blood samples, this is quite
common for this assay.*'”’* In addition, as the assay was
carried out using serial 2-fold dilutions of the vesicles, the
standard deviation represents only approximately =+ one
dilution in the assay. In every assay, the dendritic mannose-
functionalized vesicles inhibited agglutination at lower man-
nose concentrations than vesicles functionalized with non-
dendritic mannose. In addition, a ¢ test was carried out and
the difference in relative binding affinities of the nondendritic
and dendritic vesicle systems was found to be statistically
significant at the 99.9% confidence level. To investigate
whether the variability in results was due to differences in
vesicle sizes and polydispersities from preparation to prepa-
ration, the assay was also performed with vesicles that were
extruded through a 1.0 yum membrane. The resulting vesicles
were reproducibly found to be ~1.4 um in diameter with
typical polydispersities of 0.5 based on dynamic light
scattering. This led to only small increases in binding
affinities and reductions in the standard deviations of the
measurements, indicating that vesicle size did not have a
major influence on the results of the assay.

Nanoparticle 17 functionalized with nondendritic mannose
had essentially no increase in affinity (1.5-fold) relative to
methyl mannose, while the dendritic mannose-functionalized
nanoparticle 15 exhibited a substantial 92-fold increase in
binding affinity on a per mannose basis, an even greater increase
than observed for the vesicles. This difference was also found
to be statistically significant at the 99.5% confidence level.
Dextran-coated iron oxide nanoparticles that were not func-
tionalized with mannose were also evaluated in the hemagglu-
tination assay as dextran is a polymer of glucose and glucose
is known to bind con A, albeit more weakly than mannose.””
No inhibition of agglutination was observed for these nanopar-
ticles, even at very high concentrations.

The enhancement in binding for multivalent ligands has been
attributed to several factors. One major factor is commonly
referred to as the ‘“chelate effect”, which involves both
thermodynamic and kinetic components.®’® As both the
dendritic and nondendritic mannose-functionalized vesicles and
nanoparticles can theoretically bind to Con A multivalently due
to their large sizes and the presence of multiple mannose
molecules on their surfaces, the chelate effect can be considered
for each system. Thermodynamically, the binding energy for a
multivalent ligand is related to the sum of the enthalpies for
each binding event. In general, if the binding of mannose on
the surface is hindered by the presence of nearby PEO or
dextran, this would make each binding event less favorable.
Therefore, the enhanced binding of the dendritic mannose-
functionalized materials indicates that the presentation of
mannose on dendritic scaffolds is likely an effective means of
overcoming steric inhibition by polymers. Due to both the bulky
branched architecture of the dendron, as well as possible
incompatibilities between the polyester backbone and the

(72) Espuelas, S.; Haller, P.; Schuber, F.; Frisch, B. Bioorg. Med. Chem.
Lett. 2003, 13, 2557-2560.
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12168-12169.

(75) Schwarz, F. P.; Puri, K. D.; Bhat, R. G.; Surolia, A. J. J. Biol. Chem.
1993, 268, 7668-7677.

(76) Lundquist, J. J.; Toone, E. J. Chem. Rev. 2002, 102, 555-578.
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hydrophilic PEO or dextran layer, the dendritic mannose may
exhibit a greater propensity to be at the surface of the polymer
layer in comparison with the nondendritic mannose. Supporting
this, it has been previously demonstrated that when biotin is
conjugated to a polymer vesicle surface using a polymer chain
that is longer than the unfunctionalized polymers in the
surrounding membrane, greater adhesion to avidin-coated mi-
crospheres was observed.”” As for the vesicles and nanoparticles
functionalized with nondendritic mannose, the biotin groups on
polymers of the same length as the surrounding polymers were
thought to be buried within the surface PEO brush with little
control over the small fraction of biotins extending to the outer
surface.”®

Entropic factors can also be analyzed. In general, the
presentation of ligands on relatively rigid rather than flexible
scaffolds is more favorable entropically.* In the vesicle and
nanoparticle systems described here, both the dendritic and
nondendritic mannose would be expected to have limited
conformational freedom, but the rather rigid and sterically
hindered display of mannose on the dendritic scaffold provides
a small entropic advantage. All of the above factors, which can
affect the thermodynamics of binding would also be expected
to kinetically accelerate the binding of the dendritic versus
nondendritic mannose-functionalized materials, which would be
particularly important in a dynamic situation such as in flowing
blood in vivo. Kinetics cannot be ruled out as playing a role in
the hemagglutination assay; however, it is unlikely that they
were the major factor as the rate of binding between multivalent
mannose displays and Con A has been reported to be quite fast
(kon = 10° min™'), and the vesicles or nanoparticles were
incubated with Con A for 2—3 h before the addition of red blood
cells.*

Another aspect of multivalent ligands that has been proposed
to be important is a “statistical” or “proximity” effect that is
associated with highly localized concentrations of a ligand.®
This effect has been proposed to partly explain the enhanced
binding of multivalent ligands that cannot span the distance
between receptor binding sites and cannot benefit from the
chelate effect described above. In the case of Con A, the distance
between binding sites is ~6.5 nm.”® While both the dendritic
and nondendritic mannose-functionalized vesicles and nano-
particles can undergo multivalent binding, the dendron with an
estimated maximum distance between mannose groups of 3—4
nm is not large enough that multiple mannose groups on the
same dendron can undergo simultaneous binding to multiple
sites on Con A. Overall, both the dendritic and nondendritic
systems were designed to display the same density of mannose
on their surfaces; however, the more localized “clusters” of
mannose presented in the dendritic systems provide advantages
via the “proximity” effect. Similarly, it has previously been
shown that tetraantennary mannosyl conjugates displayed at the
surfaces of liposomes provided enhanced binding to Con A
relative to their monomannosyl analogues.”” This was attributed
to the organization of mannose into clusters as there were no
polymer chains to provide steric inhibition in that case.

Another explanation that has been proposed to explain the
binding of small carbohydrate clusters is their ability to induce

(77) Lin, J. J.; Silas, J. A.; Bermudez, H.; Milam, V. T.; Bates, F. S.;
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the formation of soluble or insoluble aggregates of lectins such
as Con A, in an entropically driven process.”® In order for the
dendritic system to provide an advantage over the nondendritic
system here, it is necessary for a single dendron on the surface
to simultaneously bind to more than one molecule of Con A.
This is unlikely due to the relatively small size of the dendron
and the resulting steric effects at the surface. Finally, it has been
proposed that large multivalent systems such as macromolecules
may provide enhanced binding relative to monovalent mannose
in assays such as the hemagglutination assay due to their abilities
to provide steric stabilization which prevents the binding of Con
A to additional ligands. Vesicles and nanoparticles can provide
effective steric stabilization such that following the binding of
Con A to the vesicle or nanoparticle surface it is less likely
that another ligand on the surface of a red blood cell can bind
to another site on Con A. Nevertheless, this would not explain
differences between the dendritic and nondendritic systems.
Therefore, the enhancement in binding of the dendritic mannose-
functionalized systems can be attributed mainly to the dendron’s
ability to effectively display mannose at the surfaces of the
materials, overcoming steric inhibition by surrounding surface
polymer chains, as well as the presentation of mannose in highly
localized clusters.

Conclusions

The goal of this study was to evaluate whether the way in
which biological ligands are presented at the surfaces of
nanomaterials would affect their binding to biological targets.
To this end, polymer vesicles and dextran-coated iron oxide
nanoparticles were successfully functionalized with both den-
dritic and nondendritic displays of mannose, a well-known
multivalent ligand, and their binding affinities were compared
using the hemagglutination assay. It was found that for both

vesicles and nanoparticles the binding of the dendritic mannose-
functionalized materials was enhanced by 1—2 orders of
magnitude relative to the nondendritic system. This can be
attributed to the enhanced availability of the dendritic molecules
on the surface due to their lower susceptibility to becoming
buried within the polymer coating. In addition, the localized
clusters of ligands presented in the case of the dendritic systems
can enhance binding due to localized high concentrations or a
“proximity effect”. This result is important as there is significant
interest in controlling the biological behavior and targeting of
materials with capabilities for delivering drugs and imaging
agents to medical targets. As this result has been demonstrated
to apply to materials as diverse as polymer vesicles with a PEO
surface block and dextran-coated iron nanoparticles, it should
also hold for a wide range of other polymer assemblies and
polymer-coated inorganic nanoparticles. Thus, this study reveals
that the binding affinity of biological ligands presented at
polymer surfaces can be significantly enhanced using dendritic
scaffolds.
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