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ABSTRACT: Efforts to create new nanoparticle—biomolecule hybrids for diverse
applications including biosensing, theranostics, drug delivery, and even biocomputa-
tion continue to grow at an unprecedented rate. As the composite designs become
more sophisticated, new and unanticipated physicochemical phenomena are emerging
at the nanomaterial—biological interface. These phenomena arise from two
interrelated factors, namely, the novel architecture of nanoparticle bioconjugates
and the unique physicochemical properties of their interfacial environment. Here we
examine how the augmented functionality imparted by such hybrid structures,
including accessing concentric energy transfer, enhanced enzymatic activity, and
sensitivity to electric fields, is leading to new applications. We discuss some lesser-
understood phenomena that arise at the nanoparticle interface, such as the complex
and confounding issue of protein corona formation, along with their unexpected
benefits. Overall, understanding these complex phenomena will improve the design of

composite materials while uncovering new opportunities for their application.

Integrating inorganic nanoparticles (NPs) and biomolecules
into hybrid materials exhibiting a growing range of
functional complexities has been a primary and recurring
theme in nanobiotechnology since before that term existed. In
an example of a very early hybrid, the adsorption of protein
onto the negatively charged surface of gold nanoparticles
(AuNPs) was used to stabilize the resulting bioconjugates in
diverse electrolyte solutions by changing the mechanism of
colloidal stability from electrostatic repulsion to steric
hindrance.! In 1971, the nonspecific adsorption of antibodies
onto the surface of colloidal gold yielded a new composite
material with added functionality, leading to the ongoing use of
antibody-labeled AuNPs as an immunostain for transmission
electron microscopy (TEM).” Although this example makes
clear that the concept of integrating NPs and biomolecules is
hardly new, the contemporary literature contains numerous
examples of increasingly complex functional hybrid devices that
take advantage of an expanding range of NP compositions and
surface chemistries as well as evolving NP—biomolecule
assembly approaches.”~” While a comprehensive discussion of
this expansive field is beyond the scope of this Perspective, it is
important to note the diversity of the nanocomposites, their
range of potential applications, and the amount of research
being invested in them.® In many cases, these applications
would appear to the uninformed reader to be the stuff of
science fiction. The creation of a targeted nanomedicine meant
to overcome issues associated with systemic drug delivery is a
primary example. Here a NP vector would utilize an antibody
for targeting and some type of controlled release mechanism to
provide therapy at a specific site while also providing contrast
for multimodal imaging and perhaps even biosensing of the
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localized environment over time.” Alternatively, we can
envision stand-alone NP-based sensing devices capable of
rudimentary information processing to provide useful informa-
tion beyond just the equivalent of raw telemetry (by stand-off
optical or electronic interrogation).'”"" In this Perspective, we
discuss two interrelated subjects directly linked to the
nanomaterial—biomolecular interface. First, we address the
previously unanticipated phenomena and opportunities arising
at this interface—in many cases as a direct result of the unique
hybrid architecture—that are leading to new biocomposite
nanomaterials and applications. Second, we discuss how the
NP—biomolecule interface manifests a unique and largely
uncharacterized local environment that directly impacts the
presentation of surface ligands, ion concentrations, diffusion,
and resulting biomolecular activity when compared to either a
flat surface (ie, film or bulk solid) or a solution. Following
introduction of some important supporting concepts, the first
point is illustrated in the context of some descriptive examples
from the recent literature. This is followed by an overview of
the second topic along with an example involving attaching
enzymes to NPs that appears to benefit directly from it.
Nanoparticulate bioconjugates are, in essence, any combina-
tion of NP and biomolecule(s). Typical inorganic or hard NPs
include those derived from metals (e.g, gold, silver), semi-
conductors (e.g, quantum dots (QDs)), carbon dots, carbon
nanotubes, or oxides (e.g, iron oxide), while organic or soft
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NPs include polymers, liposomes, micelles, cellulosic NPs, and
even those originating from DNA.>"*~'* Depending on the
composition and size of these NPs (ca. 1—100 nm in diameter),
unique properties emerge due to quantum confinement,
including, for example, the size-tunable photoluminescence
(PL) of QDs, the ballistic conductivity of carbon allotropes
such as single-wall carbon nanotubes and graphene, the
magnetic resonance of metal oxides, and the Raman enhance-
ment, surface plasmon resonance (SPR), and photothermal
effects of AuNPs.”~” The physical structure of NPs is distinct
from that of either molecules or bulk materials, resulting in
unique interactions with the surrounding environment. These
interactions cannot be described using models designed for a
bulk surface or freely diffusing molecule but rather require
something in-between with unique characteristics of its
wn.">™'® The NP can be used as a substrate to anchor a
biomolecule, similar to a bulk surface, but will still diffuse
through solutions like a soluble molecule, although typically at a
much slower rate. As a central nanoscaffold, the NP provides a
nontrivial surface area with multiple binding sites for
biomolecular tethering, which can provide access to multi-
valency and high local avidity, while the nanoscale radius of
curvature presents a morpholog_?r distinct from bulk materials,
films, or even microspheres.'”~" Figure 1 presents a schematic

Figure 1. Schematic representation of the nanobioconjugate localized
environment. The image shows a semiconductor quantum dot (QD)
in green (~6 nm diameter, size bar) displaying multiple copies of
different enzymes involved in glycolysis for potential utility in ethanol
fermentation. A unique, high-avidity, nanoscale architecture is enabled
by the high local concentration of enzymes. The unique localized
environment around these hybrid composite materials, which is starkly
different from the bulk solution, is schematically highlighted by the
pink halo placed around the construct. The light blue semitransparent
sphere around the QD—enzyme conjugate represents the surface
ligands utilized to make the QDs colloidally stable. These ligands also
have a profound influence on the local conjugate environment.

of a QD assembled with multiple copies of several different
glycolytic enzymes (to scale) to highlight both the unique
architecture and potential for high-avidity presentation. The
desire to combine biological properties and this unique NP
morphology, not to mention the extra functionality imparted by
the properties of the NP (e.g., paramagnetism or fluorescence)
as noted above, is driving the accelerating interest in a myriad
of applications utilizing bionanocomposites. It is important to
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note that many intrinsic features of the NP bioconjugate will be
directly relevant to and influence the function of this and
similarly utilized NP scaffolds, including the localized NP
environment, NP composition, NP size and shape, coating and
surface chemistry, ligand density, protein adsorption, inter-
action with solvent, nature of the biomolecule, biomolecular
orientation, surface charge, and so forth; further discussion of
these issues can be found in refs 15—17.

The physical structure of NPs is
distinct from that of either mole-
cules or bulk materials, resulting
in unique interactions with the
surrounding environment.

As synthesized, many NPs are not colloidally stable in water
and require surface modifications to be stably dispersed in
biological media. Chemically modifying or replacing the native
NP surface to display ligands that mediate solubility through
charge or steric hindrance/repulsion enables water miscibility.
The hybrid structure is formed when the biological (e.g,
protein, peptide, nucleic acid, drug, etc.) is attached to the NP
surface. This necessitates bioconjugation chemistries, which can
encompass electrostatic or hydrophobic/hydrophilic interac-
tions, chelation, dative coordination, covalent modification, or
even incorporation during synthesis. Ideal nanobioconjugation
chemistry enables biomolecule—NP coupling with control over
the affinity, stoichiometry, orientation, and proximity of the
biomoieties with high reproducibility while remaining general-
izable across both a wide variety of nanomaterials and
biologicals.">"*™*° In practice, precise, high-yield bioconjuga-
tion produces more effective nanobiocomposites with less
material. For in-depth analysis of these complex issues, the
interested reader is referred to some relevant literature.'>"*~*
Different coating types also strongly influence the nature of
how biomolecules, especially proteins, nonspecifically interact
with the NPs. Relevant issues here are the type of coating
molecules and their sizes, amphiphilicity, charge, hydro-
phobicity, and other physiochemical properties (e.g, stiffness,
compaction, etc.). These effects and the issues subsequently
encountered with them can be drastically amplified when
accessing the intracellular environment.”"**

In many examples, bioconjugation of NPs leads to the
creation of high-avidity constructs with multiple biomolecules
densely displayed around a nanoscale, high surface-to-volume
(S/V) scaffold.">'*~?° This particular architecture has already
been extensively exploited to some extent in the context of
enzyme applications, antibody assays, and many other NP
bioconjugates.”” For example, enzyme-conjugated magnetic
NPs allow for the application and then removal of an
immobilized protein catalyst for further substrate processing
and subsequent catalytic reuse.”* Similarly, antibody-conjugated
magnetic NPs facilitate the capture and enrichment of low-
abundance antigens or, alternatively, improvements in the
sensitivity and limits of detection (LOD) of enzyme-linked
immunosorbent assays (ELISAs).*®

The multivalency of a NP bioconjugate has a direct impact
on the functionality of any hybrid device as it acts to aggregate
biomolecules on the particle surface. This serves as either an
advantage or a detriment, depending on the application at
hand. For example, highly scattering AuNPs or fluorescent QDs
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have been used for single-particle tracking studies in cellular
imaging, yielding new insights into receptor—ligand binding
and molecular trafficking in cells.”®*” It has been observed,
however, that the binding of a NP to a particular receptor slows
its natural diffusion rate due to both the drag of the particle
(which is related to its overall size) and when the particle
displays multiple tethering points (e.g, displaying multiple
ligands for a cell surface receptor). When the NP binds multiple
moieties, it effectively cross-links them, perturbing the
molecular dynamics under observation.”® Advanced bioconju-
gation strategies have been developed to specifically label NPs
with exactly one biomolecule, generating monovalent nano-
bioconjugates for these specific applications.*

The Mirkin Group’s seminal work utilizing DNA-function-
alized AuNPs for colorimetric detection of DNA sequences by
alteration of the NP’s SPR highlights how a unique NP
bioconjugate architecture can lead to new applications.™ It also
underlines the yin and yang or dual benefit/liability nature of
this area as, paradoxically, dense functionalization of AuNPs
with DNA can be both beneficial or deleterious, depending on
the context. For example, dense DNA functionalization on a
NP protects the conjugate from nuclease activity by sterically
blocking enzyme binding but can simultaneously preclude
efficient hybridization.”" Protection from nuclease activity has,
in turn, given rise to research focused on the therapeutic
delivery of nucleic acids in analogous high-avidity conforma-
tions that seek to exploit other unique properties provided by
these composite materials.”” For example, sophisticated gene
transfection vehicles aimed at combining DNA-condensing
capability, the buffering capacity of polymers like polyethyle-
nimine (PEI), and magnetic or paramagnetic NPs (MNPs) are
being developed as nonviral gene transfection agents that can
be magnetically directed to specific tissues. It has been shown
that gene transfection efficiency is higher with PEI—plasmid
DNA (pDNA) complexes bound to paramagnetic iron oxide
MNPs even in the absence of a magnetic field.*> When
anchored to the MNP, PEI-pDNA dissociates more slowly,
but more completely, releasing far more pDNA into the cell.
PEI bound to the MNP is excluded from the cell nucleus, while
the pDNA released from the complex localizes in and around
the nucleus; this spatial separation of PEI and pDNA improved
transfection efficiency and reduced toxicity compared to PEI—
pDNA without the NP scaffold. This example highlights the
specific impact of how the choice of a chemically functionalized
nanoscaffold can uniquely contribute to device function.

Nanoscaffold multivalency can also directly impact the
success of a hybrid nanobio device, as with Forster resonance
energy transfer (FRET)-based devices utilizing fluorescent
QDs. QDs are popular FRET donors because of their tunable
PL, brightness, high quantum vyield, and broad absorption
spectra, which can be cumulatively used to minimize direct
acceptor excitation.””*> However, in direct contrast to most
conventional single-donor—single-acceptor FRET assemblies,
the nontrivial QD size and high S/V ratio allow multiple
discrete acceptor moieties to be displayed around the
nanocrystal.>* This unique configuration allows the resultant
intra-assembly FRET efficiency to be controlled and even
“dialed in” as it proportionally increases the effective FRET
acceptor absorption cross section. This assumes a centrosym-
metric placement of the acceptor around the QD donor;
heterogeneous acceptor placement makes this situation far
more complex because the acceptors closest to the QD will
dominate FRET interactions. Within these multivalent systems,
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the equation relating FRET efficiency (E) to the donor—
acceptor distance (r) and the Forster distance (R, the
characteristic distance for a given donor—acceptor pair at
which the energy transfer (ET) efficiency is S0%) is modified to

adjust for the number of acceptors per donor (n) as follows*
RS
E(Vl) = ﬁ
nRy + r (1)

The effect of this conﬁ%uration on FRET E is schematically
highlighted in Figure 2.°° In practice, controllably increasing
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Figure 2. Representative simulation meant to impart the distance
dependence of FRET efliciency for multivalent systems based loosely
on eq 1. The FRET efliciency at a given distance improves as the
number of acceptors per donor, 7, increases and vice versa. The inset
shows an example of such a multivalent system; multiple fluorescent
protein acceptors are bound to a single QD donor. Reproduced from
ref 36 with permission of MDPI under the Creative Commons
Attribution License.

the number of acceptors per donor increases the effective or
apparent R, of the multivalent system, and this manifests as an
increase in the potential length scale over which one can induce
a measurable change in the fluorescent signal.”* These
effective/apparent “increases” in acceptor cross section and
R, occur if one treats the multiple, indistinguishable acceptor
molecules as behaving as one aggregate acceptor, a concept that
is not easily transferred mathematically. In contrast, increasing
the number of discrete donors per QD only increases the
probability of FRET (i.e., the probability of energy arriving at
an acceptor as opposed to leaving the donor) as the QD
acceptor can only couple with a single donor dipole per transfer
event.”””” The bioconjugation strategies employed to generate
these devices (and the stoichiometry and orientation of the
final product) are critical to their function. Molecular systems
can be precisely labeled with multiple acceptors per donor by
saturating a fixed number of potential binding sites, but a
nanoscaffold typically exhibits a less determinate number of
binding sites and is rarely saturated; therefore, one must
account for a range of labeling stoichiometries. Single-particle
FRET studies have demonstrated that the number of acceptors
per QD donor closely follows a classical Poisson distribution,
and any heterogeneity in the resulting ensemble can be
accounted for mathematically. The latter is usually only
necessary at low acceptor per QD ratios as at larger ratios
(>4), the distribution usually starts to match more closely with
Poissonian expectations.37
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Figure 3. (A) Central QD engaged in ¢cFRET with multiple dye acceptors arranged symmetrically around its surface. In this example, the dyes are
attached to peptides displayed on the QD. Multiple ET routes exist, including QD-to-dye and dye-to-dye pathways. Reproduced from ref 76 under
the Creative Commons Attribution-Noncommercial 3.0 Unported License. (B) A647/QD PL ratios plotted versus ASSS/QD PL ratios. Each
combination of PL ratios (ie., point on the plot) corresponds to a unique combination (M,N). (C) Schematic of the pro-ChT activation sensing
experiment that monitors TRP activity and Pro-ChT conversion to active ChT with FRET,, FRET,, and FRET}; indicated by 1, 2, and 3,
respectively. Panels B and C reproduced from ref 38, copyright 2012 American Chemical Society.

The concept of QD-based concentric FRET (cFRET) arises
directly out of this single QD donor/multiple acceptor
configuration and can be considered another prototypical
example of how the unique NP architecture leads to new
applications. In a ¢FRET configuration, multiple copies of two
or more different FRET acceptors surround the central donor
QD, establishing multiple sequential or competitive ET
pathways (Figure 3A). When implemented with functional
biomolecular linkages or bridges (e.g, complementary DNA
sequences or protease cleavage sequences) and a judicious
combination of acceptor dyes, the multiple FRET pathways
present in cFRET configurations provide the basis for new
types of biosensors.

The simplest cFRET configuration implemented to date
consists of a green-emitting QD displaying several copies of a
yellow-fluorescing dye (e.g,, Cy3 or Alexa Fluor 555, AS5S) and
a second, redder acceptor dye (e.g, A647).® After specific
photoexcitation of the QD, ET proceeds through three
pathways: QD-to-ASSS (FRET,); ASS55-to-A647 (FRET,),
which occurs following the QD-to-ASSS step; and QD-to-
A647 (FRET;). Although the first and last ET steps are in
competition with one another; the initial QD-to-ASS55 step is
far more efficient due to the more favorable underlying spectral
overlap. As shown in Figure 3B, assembling differing ratios of
both the ASSS and A647 dyes to the initial QD donor results in
a unique two-dimensional matrix of acceptor dye-to-QD PL
ratios. When the biomolecular linkages attaching the acceptors
to the QD are peptidyl protease substrates, two types of
biosensors can be accessed. The first assays two unrelated or
orthogonal reactions; assuming substrate independence (no
cross-reactivity), the biosensor tracks the activity of two
proteases, such as trypsin (TRP) and chymotrypsin (ChT),
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either individually or when comingled.”® The second type of
biosensor monitors linked enzymatic processes. For example,
TRP activity and its activation of the inactive precursor pro-
ChT to ChT can be tracked in real-time, as schematically
shown in Figure 3C.

With cFRET, a single hybrid NP construct now effectively
monitors two enzymatic (metabolic) reactions—either orthog-
onal or linked—with a single construct. From a materials
standpoint, it is far simpler to utilize a single nanosensing
construct and track changes in spectrally separated emissions
than to implement two discrete nanosensors. Moreover, in both
sensing formats, the ratiometric PL matrix provides a form of
calibration curve that allows the observed changes in FRET
ratios to be converted into quantitative units of enzymatic
activity.”> Analogous sensors utilizing DNA complementarity
are equally viable.”” The Algar Lab has taken the lead on
exploring the biosensing space afforded by these sensors and
has characterized protease sensing formats, DNA sensing
formats, and mixed protease and DNA formats in solution as
well as substrate-immobilized versions geared toward point-of-
care (POC) applications.*** Far more photophysically
complex versions have incorporated time-gated FRET through
the use of long-lifetime Tb chelates. Although both the QD and
Tb chelate are initially excited, the chelate can still function as
an initial donor to the QD following an appropriate time delay
that allows the QD to relax back to the ground state. This
configuration has been prototyped for both biosensing and
molecular computing applications, with the latter providing
unique access to time as a computational variable, allowing for
the creation of repeated set—reset logic gates along with

allowing “on-the-fly” gate transitions.' '
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Figure 4. (A) Schematic suggesting that to be effective as voltage sensors, hydrophobic-surfaced QDs (~3 nm dia.) must be partitioned into the
plasma membrane bilayer (~4 nm dia.) either physically or via liposomal delivery. (B) The QD PL response (red) must track temporally with the
action potential spike (black). Note the two emission QD maxima at ~20—25 ms as the membrane potential proceeds twice through zero voltage.
Panel B partially adapted from ref 51, copyright 2015 American Chemical Society.

Another fascinating opportunity for exploiting the unique
interfacial properties of QDs is possible if these materials can be
directly interfaced into the architecture of a neuronal plasma
membrane. Nearly all cells, prokaryotes and eukaryotes alike,
maintain a nonzero voltage or resting potential (ca. —40 to —80
mV) across their plasma membrane that is intimately tied to
physiological processes aimed at maintaining cellular homeo-
stasis.”’ Potential is maintained by transmembrane ion
transporters/pumps and ion channels that preferentially move
ions across the membrane. In excitable cells such as neurons
and muscle cells, depolarization away from resting membrane
potential results in transmission of nerve communication (in
the form of action potentials) and muscle contraction,
respectively. With such a pivotal role played by the membrane
potential, it is surprising to note that many of the available tools
to record or visualize electrical membrane activity (e.g, patch
clamp, voltage-sensitive dyes) remain functionally quite
limited.** With the inception of the BRAIN Initiative in 2013
came a renewed focus on developing functional nanomaterials
with the requisite photophysical and electronic properties to
probe the nanoscale expanse of the plasma membrane potential
in ways not currently possible.”” QDs have sparked
considerable interest for this task given their brightness,
photostability, energy/charge transfer capabilities, and large
two-photon action cross sections.”*® Of particular interest is
their quantum-confined Stark effect (QCSE) in response to an
applied electric field (e-field), which is characterized by a
decrease in QD PL (quenching) along with broadening and
red-shiftin7g of the QD emission spectra with increasing e-field
strength.”

From a materials perspective, sufficient experimental and
theoretical data exist to support the notion of using QDs as
novel voltage-sensitive probes,””*® although a number of
critical technical challenges remain. The first hurdle is the
issue of QD size in the context of the ~4 nm thick aliphatic
region of the plasma membrane (Figure 4A). To experience full
e-field strength, the QD must be fully embedded (or screened)
within this region as the e-field strength drops off exponentially
within the 1 nm layer surrounding either side of the plasma
membrane. This suggests that 3 nm diameter QDs may
represent the upper size limit that can be inserted into the
plasma membrane without perturbing membrane integrity.”” As
the QCSE scales with QD diameter (to the fourth power),"
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identifying appropriate QD materials/sizes that can be inserted
into membranes, while providing the requisite optical
responses, will be critical. Further considerations are the QD
coating and the delivery method for partitioning the QD into
the hydrophobic portion of the bilayer. The latter poses a
significant challenge for carrying the QDs through aqueous cell
culture media, although initial work with fusogenic unilamellar
liposomal vesicles appears promising.™ Finally, to be useful for
voltage imaging, the QD PL response to the e-field must be on
the millisecond or submillisecond time scale. Here, too, recent
proof-of-concept work has shown that this is indeed achievable
(Figure 4B).>! Near-infrared-emitting gold nanoclusters may
also have “potential” in this application, although their electrical
and PL properties are not yet fully understood.>

Turning to the second overarching topic of this Perspective,
beyond the effects of the nanoscale architecture, it is apparent
that the localized interfacial environment found around these
composite nanomaterials is both starkly different from the bulk
solution environment and also largely uncharacterized.'” This is
conceptually highlighted in Figure 1, where the localized
environment around the QD—enzyme conjugate is indicated
and differentiated by the pink halo. In reality, the extent of how
far from the NP surface this environment extends is still
unknown. Nevertheless, similar to the first concept above, these
phenomena present both challenges and new opportunities.
Considering the physicochemical properties of nanobioconju-
gates, it is important first to account for ways in which the NP
interacts with its surrounding environment. For example,
organic solvents and water form structured layers around NPs
due to hydrogen bonding between NP surface ligands, which
serve to provide colloidal stability, and the immediately
surrounding solvent molecules. Subsequent hydrogen bonding
within successive layers of solvent molecules propagates the
oriented structure, though less rigidly with each ensuing layer
(Figure SA). This has been considered, indirectly measured,
and modeled for some time,"” but only recently has it been
directly observed for NPs.”’

Organic ligands on the NP surface often display charged
species to the surrounding media to confer colloidal stability by
ionic stabilization as well as providing chemical handles for
bioconjugation reactions. These ionic species confer a pH-
dependent net charge to the particles. In addition to solvent
restructuring at the NP surface, ions and counterions form a
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Figure S. (A) Enhanced short-range order of solvent molecules at
ZnO NP surfaces. The ethanol molecules (hydrogen atoms omitted)
form hydrogen bonds with surface hydroxyl groups and citrate
molecules. The surface coverage of these groups is reduced for means
of clarity. The enhanced short-range order extends a few molecular
layers into the bulk liquid before bulk properties are recovered. Figure
reproduced from ref 53 with permission. Copyright 2015 AAAS. (B)
Schematic illustrating how the dissociation of ionizable ligands
displayed on NPs can be regulated by NP curvature. Reproduced
from ref 55, copyright 2011 American Chemical Society.

Stern double layer to balance the surface charges exhibited by
the inorganic NP and its associated ligands.'” Fascinatingly, the
aggregation of charges at a NP surface can have a dramatic
impact on the physicochemical properties of the NP (and NP
bioconjugate) and the chemical behavior of the organic ligand
itself. For example, titration of carboxyl-functionalized NPs
shows that the pK, of the carboxylate is significantly higher for
the NP coating than that for the free ligand.”*** The density of
negative charges on the surface, which stabilizes the colloid
through electrostatic repulsion, also undergoes charge—charge
repulsion within the surface coating, or a kind of intraparticle
electrostatic repulsion. This favors protonation of the
carboxylates at much lower hydronium ion concentrations,
resulting in NP-bound carboxylate pK, values approximately 2—
2.5 pH steps higher than those for the free carboxylates.”*>’
Moreover, these changes are dependent upon both NP size and
curvature (Figure SB). Changes in the pH of the media/

solvent, in turn, change the surface charge (typically measured
through a zeta potential) of electrostatically stabilized colloids
as the ligands become protonated or deprotonated. Less surface
charge reduces particle stability, increasing agglomeration.
Hence a change in the pH of the NP solution may have the
downstream effect of changing other physiochemical properties,
such as the particle/cluster size, which can, in turn, impact
characteristics such as the particle diffusion rate, S/V ratio,
gross radius of curvature, and so forth. The take home message
here is that in the specific context of a NP bioconjugate, these
phenomena are not easily predicted or modeled. Additionally,
research in this area is severely hampered by a lack of available
metrologies capable of reporting with any fidelity on conditions
in a nanoscale interface packed with organic ligands, ions, and
biomolecules.'> The interested reader is referred to an excellent
review from the Parak Group discussing the nature of the NP
interface and its influence.'”

The influence of this altered environment on subsequent
biomolecular activity occurring within it also remains
uncharacterized; however, as recently shown, this may not be
wholly detrimental. The most prevalent example to date of such
beneficial properties is that of enzyme acceleration at a NP
interface.’° ™" This phenomena appears to manifest when
either the substrate or enzyme is attached to the NP surface,
although it is not clear if the same underlying processes are
responsible for the enhancements found within each config-
uration. Some of the contributing mechanisms behind this
enhancement are more tractable to dissection using the
substrate-on-NP format rather than that of the converse
configuration. For example, utilizing acceptor dye-labeled
peptidyl substrates displayed around central QD donors,
Algar, et al, were able to quantitatively monitor the kinetic
efficiency of the protease trypsin acting upon this multivalent
NP—substrate.”” Achieving a conventional excess-substrate
format with this configuration is not possible due to QD
concentration limits (high #M to mM concentrations of QDs
in buffer are not a physical reality), and these experiments
necessitated a slightly more complex progress curve format (ie.,
fixed substrate, excess enzyme) assayed over longer time
periods to collect suitable data (Figure 6A). The use of an
integrated Michaelis—Menten analysis in conjunction with
kinetic modeling suggested a “hopping” mode of catalysis,
whereby TRP interacts with a single QD and cleaves all of the
substrate displayed around it before diffusing away to the next
encounter (Figure 6B). TRP cleavage efficiency was effectively
enhanced up to S-fold in this configuration compared to
controls containing the equivalent concentration of freely
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Figure 6. (A) Progress curve tracking TRP digestion of QD—peptide substrates. QDs were conjugated with an average of 2.4 peptides each. The
different colors represent different concentrations of TRP ranging from 0 to 343 nM. (B) Model of a “hopping” mechanism of enzyme activity
whereby an individual TRP molecule encounters a QD—substrate complex and consumes all of the attached substrate before diffusing away to the
next encounter. Reproduced from ref 39, copyright 2012 American Chemical Society.
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Figure 7. (A) QD—PTE bioconjugate activity. Initial rates of product formation for free PTE (left), 525 QD—(PTE), (middle), and 625 QD—
(PTE), (right) bioconjugates assembled at the indicated ratios when exposed to an increasing concentration of paraoxon substrate. The free PTE
enzyme is at the equivalent concentration as that used for the QD bioconjugates. (B) Plot comparing the effect of potential changes in k; (enzyme—
substrate association) and k, (enzyme—product disassociation) on initial PTE rates. The experimental rates of free PTE (green) and 525 QD—
(PTE); (blue) versus substrate concentration are plotted. The red lines plot the effect of an increase in either k; or k, on the initial PTE activity.

Reproduced from ref 60, copyright 2015 American Chemical Society.

diffusing enzyme and substrate. Similar to the previous
examples, enhancement of TRP activity can be partially
ascribed to the unique nanobioconjugate architecture. Because
multiple substrates are displayed on a NP with very high
avidity, the enzyme may be more favored to interact with
another substrate than randomly diffusing away.

The physicochemical environment found at this QD—
substrate—enzyme interface will clearly play a strong role in
dictating how TRP, in this case, interacts with the peptidyl
substrate displayed around the QD. Although the initial
encounter may be based on random diffusion, the NP surface
ligands can act to either electrostatically attract or repulse the
enzyme, depending on the net charge that each displays to the
other. It is easy to hypothesize that increased enzyme dwell
times when encountering this NP, along with a relatively fixed
and preferred substrate orientation, can synergistically induce
the enzyme to rapidly consume its way around the QD—
substrate, yielding an increase in the localized catalytic rate.
Similarly structured QD-—substrate assemblies, albeit with
different QD ligands and proteases, exhibited decreased
enzymatic activity, presumably due to nonoptimal interactions
at the QD—substrate—enzyme interface.”” The confounding
issue is that because the true localized environment around the
NP (e.g, pH, pK,, ligand density, ion concentrations, etc.) is
not easily determined, it is extremely challenging to establish a
predictive framework for even the simplest types of biocatalytic
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activity seen with these materials, such as a “hopping” mode of
catalysis.

Enzymatic activity enhancement has also been observed in
the converse configuration, where enzymes are displayed
around a NP. A recent study utilizing QDs displaying
phosphotriesterase (PTE) provided critical insight into how
enzyme activity is mechanistically altered by the localized
microenvironment.”” PTE is capable of hydrolyzing organo-
phosphate ester compounds, making it of focused interest for
nerve agent decontamination.”’ Figure 7A shows representative
plots of activity from increasing concentrations of PTE when
freely diffusing and when displayed on 525 and 625 nm
emitting QDs (diameters of ~4.2 and ~9.2 nm, respectively).
The significant increase in the QD-conjugated enzyme’s initial
rate of paraoxon substrate conversion to p-nitrophenol product
(pNP) is readily apparent here with a 4-fold increase in initial
rate and a 2-fold improvement in enzymatic efficiency. A
detailed kinetic analysis of this conjugate showed no change in
substrate specificity or in the activation energy between freely
diffusing and QD-bound PTE. Rather, experimental results and
kinetic modeling of this experimental data suggested that the
improved activity results from an acceleration in enzyme—
product dissociation. The Raushel Group’s foundational work
with PTE showed that its rate-limiting step is enzyme—product
dissociation, as represented using the following slightly
expanded Michaelis—Menten expression®'
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k kR k
E+S=ES-SEP=E+P
k_, k_, (2)

Here E, S, P, ES, and EP represent the enzyme, substrate,
product, enzyme—substrate complex, and enzyme—product
complex, respectively, and k, are the various association/
dissociation constants. k=, differs from the traditional k., in that
it stipulates only the catalytic turnover rate (hydrolysis) and not
also EP dissociation implicitly, as is more common. Thus, PTE
activity consists of three distinct physical steps or stages: (1) ES
formation as governed by k;, (2) catalytic hydrolysis, and (3)
EP dissociation as governed by k,, the measured rate-limiting
step.”"®” Figure 7B shows the results of kinetic modeling using
experimentally derived data where the difference between the
activity of free PTE and QD-conjugated PTE is accounted for
by attempting stepwise increases to either k; or k,. The
qualitatively better fit between free and QD-conjugated
experimental formats becomes readily apparent when changing
k,. Barring an increase in kj, the other possible enhancement
mechanism would be a significant improvement in enzyme—
substrate affinity or Ky; however, the experimental data showed
that this actually decreased slightly when the enzyme was
displayed on the QD.

These systems are extremely hard

to study as it is nearly impossible

to isolate single variables among
the complexity.

Therefore, why would k, or the EP dissociation rate change,
and so favorably at that? It presumably originates from the
markedly different microenvironment found within the PTE—
QD bioconjugate’s hydration layer. Similar NP—enzyme
conjugate enhancement results have been observed when
attaching a trimeric PTE or alkaline phosphatase to QDs.’>**
Enzymatic enhancements have also been observed when
displaying the QDs around an even larger tetrameric p-

galactosidase enzyme complex (~465 kDa).”® It is estimated
that there are now >200 reported examples of some type of
activity enhancement when enzymes are attached to NPs,”*™>*
but there remains still no consensus on the mechanics
underlying this phenomenon. Indeed, a variety of factors have
been suggested, including NP shielding effects, improvements
to Ky, improved enzyme conformation, localized substrate
confinement or capture, and improved substrate trajectories. It
is not clear if this diversity in proposed mechanisms is physical
or just reflective of our poor understanding of NP—enzyme
enhancement and the NP interface in general. Even without
achieving this understanding, these high-affinity NP—substrate
conjugates may still serve as powerful research platforms for
developing downstream opportunities like NP-mediated drug
delivery (NMDD).”**%” Most drug targets are enzymes, and in
the context of theranostics, NMDD seeks to create platforms
for specifically delivering and targeting highly toxic or poorly
soluble drug compounds in a high-avidity construct. This is
meant to circumvent issues associated with the generalized,
systemic delivery of therapeutics. Clearly, a basic understanding
of the localized environment and kinetics of enzyme activity at
this interface will be critical to this endeavor. NP—enzyme
conjugates themselves may present other opportunities. Due to
their metastable character and the need for sample cleanup in a
process stream, enzymes have long been attached to micro-
particles for use in industrial catalysis. Although this can
stabilize the enzymes and facilitate their removal from a
reaction, heterogeneous attachment to these essentially
localized planar surfaces usually decreases enzyme activity.”*®’
NP—enzyme constructs and related structures not only display
increased activity but also exhibit improved long-term
stability.”” It is not out of the realm of possibility to envision
NP—enzyme constructs being utilized as nanoscale therapeutics
to treat enzyme deficiencies or other medical ailments that
would benefit from a catalytic reaction, such as rendering a
toxin inert.>®”

In addition to affecting the activity of enzymes, NPs directly
engage and interact with proteins differently as well. The many
ways that proteinaceous molecules, ranging from short
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Figure 8. In plasma, NPs are surrounded by a corona of proteins. In situ (left), a weakly interacting protein outer layer rapidly exchanges with
proteins in the plasma. When the complexes are isolated from plasma and carefully washed (right), only a slowly exchanging “hard” corona of
proteins with sufficiently long residence times remains, highlighting the dynamic and concentration/affinity-driven nature of the protein interaction
with the NPs over time. Reproduced from ref 77, copyright 2010 American Chemical Society.
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polypeptides to large antibodies, can physicochemically interact
with and attach to NPs is well beyond the scope of this
Perspective but has been discussed in multiple reviews.'>" >
More relevant here are how undirected proteins interact with a
NP surface and how those interactions change the nature of the
NP presentation to its surroundings; this is commonly referred
to as the protein corona.””*>”'~"> Put another way, the
nonspecific interactions between proteins and NPs alter the
surface that is displayed to the surrounding media, meaning
that these very interactions change the physical chemistry of the
NPs. It is not just proteins that interact with NPs but all
manner of (bio)molecules ranging from ions and solutes to
membranes, nucleic acids, and lipids.21’22’7l_73 Much of our
understanding of this topic originates with the long history of
studies into interactions between macroscopic biomaterials and
the proteins found in physiologic fluids, but this dynamic is
changed in subtle and important ways when the material (ie.,
the NP) and the protein approach the same size scale. As
succinctly stated by Chan, “When a NP [sic nanomaterial]
enters a physiological environment, its surface is immediately
covered by a layer of proteins, forming what is known as the
protein ‘corona’. The protein corona alters the size, aggregation
state, and interfacial properties of the NP [sic nanomaterial],
giving it a biological identity that is distinct from its synthetic
identity.”71 Moreover, the corona on a NP in serum or blood,
for example, appears to be a very dynamic system with the
initially formed display of high-abundance/low-affinity proteins
exchanging for low-abundance/high-affinity proteins over time
(Figure 8).>"**”'~7* The complexity of these systems will be
significantly exacerbated when the NPs are biofunctionalized
and/or subsequently interact with cells or other complex
bioenvironments.

These systems are extremely hard to study as it is nearly
impossible to isolate single variables among the complexity. A
particularly innovative approach to overcome this issue from
the Parak Group isolated the surface charge variable from pH-
dependent protonation states or other aspects of coating-
dependent colloidal stability, yielding rare insight into the
impact of an isolated physiochemical variable.”* Here, AuNPs
coated with amphiphilic polymers displayed persistent negative
and positive charges via phosphonate and trimethylammonium
polar groups, respectively. This pH-insensitive surface chem-
istry stands in contrast to the typical carboxyl and amine
functionalities found on ligands, which are protonated and
deprotonated at relevant pHs, confounding direct correlations
between charge, pH, and properties like colloidal stability or
protein adsorption. With this approach, they found that the
number of adsorbed human serum albumin molecules per NP
was not influenced by the NP surface charge and positively
charged NPs were incorporated by cells to a larger extent than
negatively charged ones, both in serum-free and serum-
containing media. These somewhat unexpected findings suggest
the presence of influential material characteristics beyond
surface charge that likely exhibit both complex, interrelated
interactions with the environment and individual unrelated
activities. Clearly, protein corona formation and its subsequent
dynamics will not easily lend themselves to dissection and
analysis. Although concerted progress is being made, this vexing
issue joins others such as NP toxicity that still lack an easily
attainable predictive framework.”*”®

Although a comprehensive understanding of the specific
design elements governing both protein corona formation and
the subsequent long-term properties of the bioconjugated
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material is still distant, applications exploiting these dynamic
interactions are already on the horizon. For example, the
protein corona may act to stealthily disguise NP-based
therapeutics in vivo to avoid unwanted recognition, inter-
actions, or clearance while protecting any “cargo” attached to
the NP.”* A dynamic corona exchange in situ could then reveal
a targeting moiety, such as an aptamer, along with a drug or
sensor at a specific time or in response to a specific
biomolecular signal.

Positive device attributes and
new application potential may
arise from the extremely compli-
cated or even unpredictable
physicochemical phenomena that
occur at the NP—biomolecular
interface.

In summary, the complexities inherent to the localized NP
environment are amplified when biomolecules are added to the
system, either concertedly through bioconjugation or in an
undirected manner via the protein corona. Although only a
partial subset of available nanomaterials are used here to
illustrate the pertinent concepts, we expect these phenomena to
hold true across a wide swath of materials including both hard
and soft NPs of quite diverse composition. Clearly, the
structural and physiochemical properties of nanomaterial—
biomolecular conjugates provide a yin and yang-like set of
opportunities and caveats that must be considered when
designing such hybrid devices. In this Perspective, we suggest
that positive device attributes and new application potential
may arise from the extremely complicated or even unpredict-
able physicochemical phenomena that occur at the NP—
biomolecular interface. Far more examples, beyond those
discussed here, are sure to appear in the near future as the
various projected applications for NP bioconjugates transition
from concept to research to actual utility.
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