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Abstract: Many nanoparticle adsorption processes are dictated
by the collective interactions of surface-bound ligands. These
adsorption processes define how nanoparticles interact with
biological systems and enable the assembly of nanoparticle-
based materials and devices. Herein, we present an approach
for quantifying nanoparticle adsorption thermodynamics in
a manner that satisfies the assumptions of the Langmuir model.
Using this approach, we study the DNA-mediated adsorption
of polyvalent anisotropic nanoparticles on surfaces and
explore how deviations from model assumptions influence
adsorption thermodynamics. Importantly, when combined
with a solution-based van’t Hoff analysis, we find that poly-
valency plays a more important role as the individual
interactions become weaker. Furthermore, we find that the
free energy of anisotropic nanoparticle adsorption is consistent
across multiple shapes and sizes of nanoparticles based on the
surface area of the interacting facet.

M olecular adsorption models are used to quantify surface
coverage of molecular species, to characterize adsorption
kinetics, and to evaluate the interaction thermodynamics
between a molecular adsorbate and a surface site on an
adsorbent. The most common molecular-adsorption model,
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the Langmuir model, uses equilibrium adsorption and
desorption rate equations to relate the bulk concentration
or pressure of an adsorbate to the percentage of occupied
surface sites on an adsorbent, and thereby calculate an
equilibrium adsorption constant.!! Despite the simplicity of
the Langmuir model, and accordingly the large number of
implicit assumptions, this model accurately describes many
adsorption processes. Consequently, Langmuir isotherm anal-
yses have found use in a variety of fields, the foremost being
heterogeneous catalysis, where they are used as a standard
tool for catalyst design and optimization.” More recently, the
Langmuir model has been applied to ligand adsorption on
nanoparticle adsorbents in solution as a means to quantify
surface saturation and ligand affinity."’

In contrast to molecular adsorption, nanoparticle adsorp-
tion processes can be very complicated and difficult to
understand, as interactions between nanoparticles and surfa-
ces are dictated by the collective behavior of many attached
ligands, rather than a single connection, and surface sites are
no longer atomically defined. The thermodynamics of poly-
valent interactions are dictated by the density, proximity, and
arrangement of the individual ligands, and therefore deter-
mination of the collective interaction strength is often not as
simple as summing the number of individual interactions.
Accordingly, to correctly describe nanoparticle adsorption
with models initially intended for simple molecular systems
requires careful attention to the model assumptions. Several
groups have attempted to use a Langmuir model to describe
nanoparticle adsorption; however, deviation from Langmuir
assumptions (such as the failure to account for adsorption
reversibility and/or the effect of adsorbate—adsorbate inter-
actions) may negate extraction of thermodynamic parame-
ters.”! Alternatively, complementary polyvalent interactions
between nanoparticles in solution have been well-studied as
a function of both nanoparticle and ligand properties.!
However, it is not clear to what extent these findings can be
extended to analogous surface-based adsorption events. The
development of a model system to study nanoparticle
adsorption processes, where non-ideal adsorption behavior
and the difference between surface and solution-based
measurements can be investigated, is therefore of fundamen-
tal importance to understand how polyvalency has an impact
on the interaction of nanoparticles with biological environ-
ments”) and to engineer nanoparticle-based materials and
devices.®

Herein, we report a model system to study nanoparticle
adsorption processes that satisfies the assumptions of the
Langmuir model. This approach is used to study the
adsorption of polyvalent DNA-functionalized anisotropic
noble metal nanoparticles to lithographically-defined surface
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Scheme 1. The model system for nanoparticle-based Langmuir adsorp-
tion mediated by complementary DNA hybridization events. Litho-
graphically defined surface sites functionalized with DNA represent the
adsorbent, while DNA-functionalized triangular prisms represent the
adsorbates. The concentration (c) of adsorbates in solution determines
the fraction (6) of surface sites that are occupied. Note: DNA is not to
scale.

sites functionalized with complementary DNA (Scheme 1).
Using this system, we quantify the free energy of adsorption
and report how deviations from the assumptions of the
Langmuir model can influence binding constants by more
than an order of magnitude. We then compare the free energy
of nanoparticle adsorption onto surfaces to analogous DNA-
mediated nanoparticle-nanoparticle interactions in solution.
Interestingly, we find that the importance of interaction
polyvalency increases with increasing temperature. We con-
clude by showing that the measured free energy of adsorption
of five different faceted nanoparticles have a consistent
relationship with the surface area of their interacting facets.

To provide a tunable interaction between nanoparticles
and a surface, we utilized complementary DNA hybridization
interactions (Figure S2 in the Supporting Information). In
particular, lithographically-defined gold surface sites and gold
nanoparticles were densely functionalized with unique thio-
lated, single-stranded oligonucleotides that were subse-
quently hybridized with a complementary “linker” strand.
The linker strand had a five-base terminus designed to link
the nanoparticle to the surface through complementary DNA
interactions. Although individual DNA hybridization events
linking the nanoparticle to the surface were designed to be
weak, the collective interaction of many strands on a nano-
particle interacting with complementary strands on the
surface governs nanoparticle adsorption. Several studies on
the hybridization thermodynamics of such collective inter-
actions have been performed for complementary particle
interactions in extended aggregate systems.®*“®*°l These
studies have demonstrated the importance of particle size,
DNA density, and DNA sequence in the context of spherical
particles, where a greater number of DNA hybridization
events linking particles leads to a more negative free energy
of association. This difference in free energy has been
exploited to separate nanoparticles of different sizes through
a temperature-dependent selective crystallization process.”
More recently, the role of shape was investigated through
comparison of spheres and triangular prisms with similar
numbers of DNA strands in which the triangular prisms
exhibited a binding constant that was enhanced by six orders
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of magnitude.®™ This result was attributed to several factors,
including the greater number of hybridization events that may
occur between triangular prisms as a result of the commen-
surate alignment of the DNA ligands on the atomically flat
triangular facets. While these studies have elucidated many of
the foundational principles for DNA-mediated nanoparticle
assembly, systematic investigation of anisotropic nanoparticle
hybridization thermodynamics as a function of particle size
and shape has yet to be undertaken and there have been no
studies of single anisotropic nanoparticle adsorption events.

Therefore, we hypothesized that investigating the inter-
action between a single nanoparticle and a surface could
provide insight into the role of polyvalency in nanoparticle
adsorption without the complications associated with lattice
formation. In a typical nanoparticle adsorption experiment,
substrates with DNA-functionalized surface sites were
immersed in solutions of nanoparticles functionalized with
complementary DNA strands over a range of nanoparticle
concentrations (Scheme 1). Importantly, the DNA sequences
used resulted in an approximately 20 nm spacing between the
nanoparticle and the surface, a distance where DNA hybrid-
ization should be the dominant force driving nanoparticle
adsorption as opposed to substrate—particle interactions. The
substrates were then dried"" and the surface occupancy was
measured by counting the fraction of surface sites with
adsorbed nanoparticles (from SEM images) for statistical
numbers of surface sites. A fit to surface occupancy versus
nanoparticle concentration yields a characteristic Langmuir
adsorption constant K;. The Langmuir adsorption model
relates surface occupancy 6 and concentration c to the rates
of adsorption and desorption at equilibrium through Equa-
tion (1):

c(1-0) k, = Ok, (1)

where k, is the adsorption rate constant and ky is the
desorption rate constant. Substituting K; =k,/ky and rear-
ranging for 6 yields the classic Langmuir form [Eq. (2)]:

K c
0= 1+ K¢ @)

As is apparent from the simplicity of this model, there are
a number of assumptions made about the adsorption process,
including (Figure 1): 1) all sites on the adsorbent have an
equal probability for adsorption; 2) the adsorption of a species
at one surface site does not influence the adsorption of
another (that is, the enthalpy and entropy of adsorption are
the same for each adsorption event and independent of
surface coverage); 3) only a single adsorbate may be located
per surface site (adsorption is limited to a monolayer);
4) adsorbates must be non-interacting prior to adsorption;
and 5) adsorption is reversible (adsorption is an equilibrium
process).

Herein, we developed a model system in which each of
these assumptions can be addressed independently (Figure 1).
It is interesting to note that our ability to control and
characterize each assumption is difficult or impossible to
achieve in molecular systems. First, to eliminate the inter-
action between surface sites, we utilized electron-beam
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lithography to define gold features commensurate with the
size of the nanoparticle that, when functionalized, capture
single nanoparticles. This ensures reproducible and independ-
ent surface sites, each with an equal probability for adsorption
(assumptions 1-3; Figure 1a,b). This step eliminates in-plane
nanoparticle-nanoparticle interactions by limiting adsorption
to a single nanoparticle per surface site. Interestingly, we
found a wide tolerance range for this step, wherein surface
sites with diameters 0.9-1.1 times the nanoparticle edge
length resulted in a single adsorbate per site. Second, we
found that nonspecific interactions between nanoparticles in
solution compete with surface adsorption at low temperatures
and can result in multilayer growth (in violation of assump-
tions 3,4). By elevating the reaction temperature above the
dissociation temperature of these nonspecific interactions, but
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Figure 1. Addressing the assumptions of a nanoparticle-based Lang-
muir method. a) Plot showing the number of nanoparticles per surface
site versus the parameter d/I, where [ is the nanoparticle edge length
and d is the diameter of the lithographically defined surface sites. By
varying d with respect to /, a single nanoparticle could be adsorbed per
surface site (red region). b) SEM images showing adsorption of nano-
particles onto surface sites of varying diameter to obtain a single
absorbed nanoparticle per surface site. c) UV/Vis melting analysis
monitoring the extinction of the nanoparticles at the localized surface
plasmon resonance (LSPR) of the triangular prisms as a function of
temperature. The nonspecific interactions between nanoparticles are
broken apart with a transition temperature at 34°C (red dashed line).
d) SEM images showing Langmuir adsorption experiments performed
below the nonspecific transition temperature (30°C) result in multi-
layer adsorption. Above the transition temperature (40°C) a monolayer
is adsorbed. e) UV/Vis melting analysis monitoring the extinction at
A=260 nm of triangular prisms hybridized to a gold film with increas-
ing temperature. Nanoparticle adsorption is reversible with a desorp-
tion temperature of 52°C. f) Surface-occupancy (6) measurements for
60 nm triangular prisms at 10 pm and 40°C as a function of adsorp-
tion time. g) Surface-occupancy (6) measurements for 60 nm triangu-
lar prisms at 40°C for 1 hour and 24 h at three different concentra-
tions, showing that equilibrium is reached after one hour. Nano-
particles in images are false-colored to enhance contrast.
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below the dehybridization temperature of the adsorbate—
adsorbent connection, associated nanoparticles become dis-
crete

(Figure 1¢) and surface adsorption occurs in a sequence-
specific manner (Figure 1d; assumptions 3 and 4 are satis-
fied). Lastly, to ensure the occupancy measurement captured
a thermodynamic, rather than a kinetic state, we performed
a UV/Vis absorption spectroscopy melting experiment for an
analogous system to show that the nanoparticle adsorption
process was reversible (assumption 5; Figure 1e). Further-
more, we performed time-dependent adsorption experiments
and selected a time point after which the system had reached
equilibrium (Figure 1f, g).

With the Langmuir model assumptions satisfied for this
system, the ability to extract meaningful thermodynamic
quantities was explored (Figure 2). Specifically, the adsorp-
tion of triangular prism nanoparticles onto circular surface
sites commensurate with their size was studied at 40°C.
Triangular prism nanoparticles were chosen because of their
high degree of anisotropy, which results in a single type of
nanoparticle-surface interaction (with the atomically flat,
triangular-shaped nanoparticle facet parallel to the surface)
that can be approximated by the surface area of the
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Figure 2. Investigation of deviations from Langmuir assumptions.
Adsorption is compared for surface site diameter (d) to nanoparticle
edge length (/) ratios: d~/ (Langmuir conditions) and d=10 um>/
(non-Langmuir conditions). a) SEM images showing particles ad-
sorbed under Langmuir conditions (left, particles false-colored to
enhance contrast) and non-Langmuir conditions (right). b) Surface
occupancy measurements for nanoparticles adsorbed under Langmuir
conditions (—) and non-Langmuir conditions (-----). For the Lang-
muir conditions, adsorption constants of triangular prisms with edge
lengths of 60 nm (blue), 100 nm (red), and 140 nm (black) were stat-
istically similar. Adsorption constants for non-Langmuir conditions
were suppressed by at least 80% for all three sizes, with the extent of
suppression scaling with nanoparticle edge length.
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interacting facet.”*'?! Three different edge lengths of trian-
gular prisms (all with the same thickness)™* were investigated
to determine trends associated with nanoparticle size, and
accordingly, the number of DNA ligands that could poten-
tially participate in nanoparticle adsorption (i.e. the
polyvalency of the interaction). As predicted, the data fit
well to the Langmuir form for all three nanoparticle sizes
(Figure 2; Supporting Information, Figures S4-S6). Surpris-
ingly, K; values for the three triangular prism sizes inves-
tigated were all within error of each other (approximately
1.840.3x 10 Lmol™), which suggests that increased size
(and therefore greater number of DNA molecules) did not
significantly impact the thermodynamics of surface adsorp-
tion at this temperature.

To probe how a violation of the above Langmuir model
assumptions effects the measurement of an adsorption
constant, we compared the adsorption of nanoparticles
under the Langmuir conditions described above (i.e. onto
lithographically defined surface sites commensurate with the
size of the nanoparticle) to the adsorption onto surface sites
much greater than the size of the nanoparticles (Figure 2;
Supporting Information, Figures S7-S9). This comparison
allows the importance of non-interacting surface sites and
in-plane particle—particle interactions in our Langmuir model
to be evaluated and the cooperativity of nanoparticle
adsorption to be determined under “non-Langmuir” condi-
tions (assumption 2). Thus, the same triangular prism nano-
particles and experimental conditions were used to study
adsorption onto effectively “bulk” films at 40°C. An imme-
diate problem became apparent for the characterization of
these non-Langmuir experiments, as the surface sites were not
well-defined for an explicit number of nanoparticle adsorp-
tion events, but were instead dependent on the packing
density of the nanoparticles. To address this, the occupancy 6
was assumed to be unity at the highest concentration tested
(Supporting Information, Figure S1). With this assumption,
the effective adsorption constants, K; ., were measured to be
suppressed by at least 80 % from the Langmuir experiments
and showed a statistically significant difference between the
three sizes. Specifically, we found that K . values were
inversely related to nanoparticle size with 60 nm, 100 nm, and
140 nm edge length triangular prisms having K . values of
4.64+0.1x10" Lmol™',33+0.1x10" Lmol ™', and 2.3 +:0.1 x
10" Lmol™!, respectively. Because K; values for the three
sizes of triangular prisms were statistically similar, we can
attribute the differences in K . to interactions between
adsorbates. This suggests a negative cooperativity for nano-
particle adsorption under non-Langmuir conditions, wherein
each nanoparticle adsorption event suppresses the likelihood
of subsequent adsorption events. The trend of decreased K
with increased nanoparticle size suggests a physical origin to
this effect, wherein adsorbed nanoparticles decrease the
surface area available for subsequent binding events in
a manner commensurate with their size. There is likely an
electrostatic component to this effect as well, in which the
negatively charged nanoparticle adsorbates repel other nano-
particles. These results emphasize the importance of matching
experimental conditions to model assumptions to accurately
measure single nanoparticle thermodynamics.
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Secondary methods to characterize the thermodynamics
of nanoparticle adsorption onto surfaces are limited, but
analogous studies can be performed for nanoparticle-nano-
particle interactions in solution using well-
established methods. Although such studies can be designed
to utilize the same complementary interactions that occur for
nanoparticle adsorption, adsorption of nanoparticles in
solution differs in three primary ways: 1) adsorption is not
limited to a single adsorption event per particle, but instead
results in extended aggregate systems (for example, each
triangular prism may be involved in two adsorption events);
2) adsorption is between two nanoparticles, rather than
a nanoparticle and a lithographically-defined feature, and
thus the bound product is still free in solution; and 3) com-
monly used van’t Hoff analysis of adsorption thermodynam-
ics is most effective in systems with comparable populations
of reactants and products, thus limiting experimentally
accessible temperatures. With these differences in mind, we
extracted thermodynamic parameters from the concentration
dependence of the equilibrium melting temperature of
triangular prism nanoparticles assembled with the same
complementary DNA design (Figure 3; Supporting Informa-
tion,

Figure S15).° Melting, in the context of nucleic acids,
refers to the transition from a hybridized to a dehybridized
state, and is performed by monitoring the absorbance at 1 =
260 nm as a function of temperature. In the context of
nanoparticles connected by hybridized DNA, an analogous
experiment can be performed by monitoring the nanoparticle
extinction at the localized surface plasmon resonance (LSPR)
as a function of temperature. In this case, a transition is
detected in the LSPR in going from an aggregated state with
dampened extinction at low temperatures to a dispersed
nanoparticle state with an enhanced extinction at high
temperatures. The reverse of this experiment, from high to
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Figure 3. Nanoparticle-surface interactions measured with the Lang-
muir model compared to analogous nanoparticle-nanoparticle inter-
actions in solution. a) Concentration (c) dependence of the equilibrium
hybridization temperature (T,) measured for 60 nm (blue),

100 nm (red), and 140 nm (black) triangular prisms. b) AG® was
calculated from a van’t Hoff analysis of the data in (a) and plotted
with Langmuir data collected at two temperatures (40 and 45°C). The
data are plotted by using the AG® of the smallest triangular prism
(AG®gnm) as a reference to show the effect of polyvalency with
increasing nanoparticle size. The change in AG® with respect to
AG°nm Was then normalized with respect to AG®,n, to account for
the relative magnitude of the change. Van't Hoff data is plotted at the
median temperature for the data given in (a). c) Absolute values of
AG® in (b) were used to show the difference in magnitude of AG® for
the two techniques.

www.angewandte.org

9535


http://www.angewandte.org

Angewandte

9536

Communications

low temperatures, measures hybridization, rather than dehy-
bridization. Van’t Hoff analysis can be used to relate the
concentration dependence of this transition to enthalpy AH®
and entropy AS° through Equation (3):

1 R
T, AH

m

[AS® - II;cln(4)] o)

In(c) +

where T,, represents the equilibrium melting temperature and
R represents the ideal gas constant.

From this analysis, we find that both AH® and AS® become
more negative with increasing triangular prism edge length
(Supporting Information, Table S2). A more negative AH°
suggests that a greater number of DNA ligands engage in
hybridization as the nanoparticle size increases, while a more
negative AS° implies an entropic penalty for the transition
from dehybridized to hybridized states that scales with the
number of DNA ligands. However, it is worth noting that 7,
for the three triangular prism sizes differed less than 3°C at
each concentration measured, a much smaller change than
that measured for spheres of analogous diameters (>9°C).*"!
Furthermore, the measured differences in enthalpy and free
energy were orders of magnitude smaller than would be
expected based upon the additional number of DNA strands.
These data suggest that a greater degree of polyvalency, and
therefore a greater number of hybridization events linking
nanoparticles, correlates to a stronger binding strength
between nanoparticles. However, this occurs in a negatively
cooperative manner (i.e. each subsequent binding event is
weaker than the previous binding event)*! and to a lesser
extent than for spherical particles. We hypothesize that the
difference in hybridization behavior for spheres and triangu-
lar prisms as a function of size can be attributed to radius-of-
curvature effects. As the sphere transitions from a highly
curved to an effectively “flat” surface from small to large
nanoparticle diameters, a greater number of hybridization
events can occur.”! In contrast, the triangular prisms only
change in edge length, and retain a constant shape.

The free energy of solution-based nanoparticle associa-
tion can be related to Langmuir data collected for multiple
temperatures, using Equations (4) and (5):

AG® = AH —TAS (4)
and
AG® = —RTInK, (5)

where AG”® is the change in Gibb’s free energy of adsorption.
As shown in the Langmuir measurements, AG® was found to
increase with increasing temperature. Two notable differ-
ences were evident between the surface-based and the
solution-based measurements of adsorption thermodynamics.
First, the surface-based data showed an unexpected minimal
variation of AG° with nanoparticle size (less than
0.1kJmol™") at 40°C and a more anticipated decrease
(greater than 0.7 kImol™) in AG® with increasing size at
45°C. In comparison, the solution-based analysis showed
a difference of more than 5 kJ mol™' between each of the sizes.
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Second, AG® was found to be 8-16 kImol™! lower by the
surface-based measurements for all three triangular prism
sizes, which, given the similarity between their slopes with
respect to temperature, is primarily related to a more positive
AH°® (Figure 3b; Supporting Information, Table S2, Fig-
ure S10-S12).

To explain the observed trends in adsorption free energy
as a function of nanoparticle size for the two techniques
utilized, it is instructive to compare the temperature range of
each experiment. The Langmuir experiments necessarily are
carried out below the desorption temperature such that
a measurable number of surface sites are occupied. In
contrast, the solution-based nanoparticle association experi-
ments can only directly measure the desorption temperature,
with extrapolation required above or below this temperature.
However, extrapolation assumes that AH® values and AS°
values are invariant to temperature, and therefore this
analysis is most valid across the range of transition temper-
atures measured. When combined, the solution-based and
surface-based experiments allow us to measure hybridization
thermodynamics across a wide range of temperatures, and
together, we observe an increasing dependence on nano-
particle size with increasing temperature. This trend can be
explained by the polyvalency of the nanoparticle. At low
temperatures, the strength of an individual hybridization
event is relatively large, and therefore fewer linkages dictate
adsorption. As the temperature increases, the strength of an
individual hybridization event weakens, and therefore
adsorption behavior is dictated by the collective behavior of
many weak linkages. Accordingly, triangular prisms with
a greater number of DNA linkers exhibit an increased
association strength at high temperatures, but behave sim-
ilarly to triangular prisms with fewer DNA linkers at low
temperatures.

Although the above discussion contextualizes the trends
in free energy measured with each technique, it does not
explain the difference in the magnitude of adsorption free
energy. If we assume that the enthalpy of any individual
hybridization event is the same whether it happens between
particles or between a particle and a surface, these data
suggest that fewer DNA connections form between the
substrate and the nanoparticle compared to the nanoparti-
cle-nanoparticle case. One potential explanation could be the
greater surface roughness of the lithographically defined
surface sites (approximately 0.5 nm peak-to-peak surface
roughness on the surface; Supporting Information, Fig-
ure S16) as compared to the atomically flat triangular
prisms. This surface roughness likely limits the number of
hybridization events that can occur between the nanoparticle
and the surface or introduces a greater degree of strain into
these interactions. Additionally, adsorption may be enhanced
in the solution measurement, as each triangular prism can
participate in two adsorption events compared to the single
nanoparticle-surface adsorption event. This suggests that
solution-based measurement of nanoparticle-nanoparticle
association thermodynamics can be used to estimate the
trends in single nanoparticle adsorption behavior for differ-
ently sized nanoparticles, however, this may not be appro-
priate to measure the magnitude of adsorption free energy.
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act with their environment for in vitro and in vivo
applications.
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Figure 4. Langmuir adsorption isotherms for five different faceted anisotropic

nanoparticles as a function of shape and size. a) Free energy of adsorption

measurements at 45°C (AG®,s+c) for these five nanoparticles show agreement

with each other. Each nanoparticle species is represented by a point with

a specific color and shape to indicate size and shape, respectively. Colors
correspond to data displayed in Figures 2 and 3 for clarification. b), c) Represen-
tative SEM images at high occupancy for 52 nm edge length cubes (green; b)

and 62 nm edge length octahedra (purple; c). Note: DNA not to scale.

Although we have focused on triangular prism nano-
particles, the relationship between temperature and poly-
valency should be generalizable to any faceted nanoparticle.
Langmuir isotherms were measured at 45°C for two other
nanoparticle shapes: cubes and octahedra, with facet surface
areas between that of the 60 and 100 nm triangular prisms
(Figure 4; Supporting Information, Figure S13-S15). These
experiments were enabled by recent measurement of nano-
particle extinction coefficients as a function of size and
shape.”! Importantly, this analysis resulted in K; values
between those measured for the 60 nm and 100 nm triangular
prisms, suggesting that the approach and results described
herein could be generalized to an arbitrary anisotropic
nanoparticle with flat facets within the range of facet surface
areas investigated (Supporting Information, Table S2). Facet
surface areas smaller than those investigated herein and
nanoparticle surface curvature may result in deviations from
this behavior and therefore warrant further investigation.

In summary, we have developed a nanoparticle-based
Langmuir adsorption model, in which the adsorption ther-
modynamics for DNA-functionalized anisotropic nanoparti-
cles can be measured and understood in the context of
polyvalent interactions. In particular, we have shown that the
number of individual interactions connecting a nanoparticle
and a surface (i.e. the polyvalency of the interaction) plays an
increasingly important role in adsorption as the strength of
each individual interaction is decreased. Furthermore, we
have found that the free energy of nanoparticle adsorption
increases with the polyvalency of the nanoparticle, however,
the free energy of each individual connection appears to
decrease as polyvalency increases. These insights suggest
a positive polyvalent cooperativity, but a negative coopera-
tivity with respect to each successive individual connection.[*!
Finally, these results enable the adsorption of multiple
nanoparticle shapes and sizes in a predictable manner. We
imagine this model could be extended to other complemen-
tary ligand interactions beyond DNA to evaluate the
interactions between nanoparticles and biological systems as
a function of ligand number and ligand density, as well as the
ligand orientation and arrangement templated by the nano-
particle. Such results could be used to better understand and
engineer how biomolecule-functionalized nanoparticles inter-
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