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Abstract

Biocomputing nanoplatforms are designed to detect and integrate single or multiple inputs under
defined algorithms, such as Boolean logic gates, and generate functionally useful outputs, such as
delivery of therapeutics or release of optically detectable signals. Using sensing modules
composed of small molecules, polymers, nucleic acids, or proteins/peptides, nanoplatforms have
been programmed to detect and process extrinsic stimuli, such as magnetic fields or light, or
intrinsic stimuli, such as nucleic acids, enzymes, or pH. Stimulus detection can be transduced by
the nanomaterial via three different mechanisms: system assembly, system disassembly, or system
transformation. The increasingly sophisticated suite of biocomputing nanoplatforms may be
invaluable for a multitude of applications, including medical diagnostics, biomedical imaging,
environmental monitoring, and delivery of therapeutics to target cell populations.
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Introduction

Nanoscale platforms designed as drug and gene delivery vectors or diagnostic agents have
the potential to dramatically improve the quality of life of patients suffering from a wide
range of debilitating diseases, such as cancer, cystic fibrosis, and Alzheimer’s Disease [1].
Delivering drugs, genes, or imaging agents both effectively and specifically to desired target
tissues and cells could critically improve biological and clinical understanding of a
pathological condition and provide a means for halting or even reversing the disease.
Nanoplatforms have also demonstrated utility as detection agents, precisely identifying
pathogens and other disease markers, environmental toxins, and hazardous materials. As
methods have improved to synthesize a vast array of nanoplatforms with more controllable
physicochemical properties, investigators have been pushing the boundaries of what
sophisticated functions can be performed by the nanomaterials. In particular, a new breed of
nanotechnologies able to perform ‘biocomputation’ is being actively developed. For the
purposes of this review, biocomputation is defined as the act of sensing and, importantly,
computing biomolecular inputs either through algorithmic trees or continuous functions, and
in response generating functional outputs.

The concept of biocomputation, with roots in electrical engineering, has been applied with
much success in the field of synthetic biology. Conceptualizing and designing genetic
circuits as platforms that compute biomolecular inputs through various methods, such as
Boolean logic, have been explored extensively [2-4]. Applying the abstractions of
computation to the design of nanoscale platforms, either biologically derived or synthetic, is
a relatively new approach to thinking about how these functional nanomaterials can be
engineered to improve and expand their capabilities.

Promisingly, a plethora of inputs and outputs are compatible with nanomaterial-based
biocomputation (Figure 1). The biomolecular inputs can be small molecules, enzymes, or
nucleic acids. In addition to these intrinsic inputs, a variety of inputs exogenously applied to
a biological system, such as light or magnetic fields, can be accepted as stimuli. The inputs
can be computed via a number of different logic operators, such as AND, OR, and NOT
gates. In response to detecting and computing inputs, the nanoplatforms carry out specific
functions, such as delivering transgenes into cells or producing a fluorescence signal. Thus,
by enabling nanomaterials to conduct defined computations, platforms can be designed to
carry out desired complex tasks, such as delivering desired doses of drugs only to sites of
disease characterized by combinations of target biomarkers. Then by characterizing the
engineered platforms quantitatively and modeling their behavior mathematically, the
engineered biocomputing nanomaterials can become not only controllable but also
functionally predictable. This potential to predict the output of a nanoplatform given a set of
biomolecular inputs is what makes the biocomputational approach impactful to the future of
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drug delivery and bioimaging. Much of the work on stimulus-responsive nanomaterials can
be easily re-conceptualized through the lens of biocomputation; it would require
categorizing the type of computation being conducted by the nanomaterial and quantitatively
characterizing the input-output curve under various conditions.

This review will cover some of the recent advances in designing and testing nanoplatforms
that conduct biocomputation. The definition of a biocomputing nanoplatform can encompass
any nanomaterial or nanoparticle that detects and processes an input signal and outputs a
defined response. This review will focus on the more complex biocomputing nanoplatforms
developed to date that explicitly incorporate logic gates and often require more than one
input for activation. Many different types of nanomaterials are being programmed as
biocomputing platforms for a range of applications (Table 1). To date, the main challenges
being addressed by biocomputing nanoplatforms are targeted and controlled delivery of
drugs or genes, detection of analytes using /in vitro diagnostics, and /in vivo molecular
imaging. The biocomputing approach promises to enable more precise, more selective, and
potentially more quantitatively predictable activation of the desired functional output (e.g.
delivery of a therapeutic payload or release of a fluorescence signal). The variety of intrinsic
and extrinsic input stimuli, output responses, and computational methods used by the
different platforms will be discussed.

Used by Biocomputing Nanoplatforms

In the most ideal manifestation, nanomaterial-based computation translates inputs into
outputs in a quantitatively predictable manner. Researchers have primarily focused on
developing systems with binary outputs, similar to the logic gates found in silicon-based
computing. These logic gates have been particularly advantageous when applied to
biological systems for building complex protein-based signal transduction networks with
sophisticated computing-like behavior [5]. These binary systems must be able to detect
inputs above a certain threshold level and reject those below the threshold. Many
biocomputational nanomaterials have been programmed as AND gates that require detection
of two different stimuli to activate. These AND gate nanomaterials can either integrate
simultaneous stimuli, or they can utilize consecutive stimuli to activate in phases as they
transport to their biological targets. Other biocomputational nanomaterials function as OR
gates, NOT gates, or combinations of multiple gates. Some biocomputational nanomaterials
behave as tunable devices, where the level of output is determined by the level of input
detected. In other words, tunable nanodevices use a continuous mathematical function to
connect the level of input signals to the precise level of output, allowing for calibrated
responses. The various biocomputing nanoplatforms have different strategies for translating
multiple stimuli into a single output, including system assembly, disassembly, and
transformation (Figure 2). The remainder of the review will cover examples of these three
different strategies.

System Assembly as Means of Integrating Inputs

Many biocomputational nanomaterials integrate single or multiple inputs through the
assembly of individual components, a process termed ‘system assembly’. System assembly
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of nanoparticles has been applied in several pioneering studies to monitor biomolecular
interactions, as the aggregation of small metallic nanoparticles can influence their optical
and magnetic properties [6-10]. Nanoparticles tethered to DNA, proteins, and enzymes can
thus be used to optically observe proximity. In this review, we will focus on examples of
system assembly where the output is produced based on a logical computation from a set of
biomolecular inputs.

Oftentimes, system assembly can be mediated by DNA hybridization. For example, one
logic gate-based strategy with DNA nanostructures exploits the hybridization of two
different input segments of single-stranded DNA, thus operating as an AND gate, to create a
longer near-complementary double-stranded DNA fragment. The combined strand then uses
toehold-displacement to assemble onto a gold nanoparticle functionalized with DNA
fragments. This unique assembly process displaces a fluorophore-conjugated DNA strand,
ultimately resulting in the generation of fluorescence as the output [11]. The platform may
be used to detect multiple DNA inputs for achieving DNA-based computation. In another
report, similar gold nanoparticles functionalized with single-stranded DNA have been
developed to function as target DNA sensors [12]. The detection of target single-stranded
DNA facilitates assembly of the nanoparticles into multi-nanoparticle aggregates, a reaction
that can be visualized through a solution color change. The platform can be designed to
require detection of two different target DNA strands (AND gate), or the detection of one of
two DNA segments (OR gate) to signal the presence of pathogen DNA in a sample.

Similarly, DNA aptamers have been attached to the surface of nanoparticles so that aptamer
conformational shifts triggered by binding of small molecules can be used to induce the
hybridization of near-complementary DNA strands and trigger nanostructure aggregation.
For example, one AND gate nanoplatform designed for small molecule sensing used
aptamer-modified gold nanoparticles to detect both adenosine and cocaine, inducing
nanoparticle aggregation that resulted in a solution color change as the output [13]. Overall,
DNA-based aggregation systems utilize the temperature stability and well-characterized
hybridization behavior of nucleic acids to create precise logic gate-based nanodevices.

System assembly-based biocomputing nanoplatforms have also been generated without the
help of DNA mediators. One nanoplatform relies on spiropyrans to function as an AND-
gate, detecting UV light and metal ions as dual inputs [14]. In the presence of the light
stimulus, spiropyrans conjugated to the surface of gold nanoparticles can bind metal ions in
a multivalent fashion, thus inducing aggregation of the gold nanoparticles and creating a
solution color change output. This system can be used to quickly detect a variety of metal
ions in solution with a visually detectable change. Another approach utilizes pH and
temperature-responsive polymers on the surface of magnetic nanoparticles to relate these
stimuli to a continuous range of aggregation outputs [15]. This platform allows cells which
contain aggregated nanoparticles to be separated from cells that do not contain aggregated
nanoparticles, since only aggregated nanoparticles can be separated with a magnetic field.
Other approaches use protease cleavage domains to detect matrix metalloproteinases
(MMPs), a class of enzymes elevated in various diseases [16,17]. One platform uses MMP-
cleavable peptides on the surface of iron oxide nanoparticles (Figure 3) [18]. These peptides
act as AND or OR gates, cleaving in the presence of target MMPs and inducing nanoparticle
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aggregation to change the magnetic properties of the particles. Such MMP-sensing
nanoparticles can be used as /7 vivo diagnostic agents using magnetic resonance imaging.

In summary, several biocomputing nanoplatforms use assembly-based strategies, such as
DNA hybridization or multi-nanoparticle aggregation mediated by polymers, peptides or
DNA. These assembly processes can be triggered by a wide range of stimuli, such as small
molecules, enzymes, UV light, temperature and pH. As nanoparticle aggregates often have
different fluorescence or absorbance properties as compared to their individual components,
the system assembly approach is primarily used to generate diagnostics and other detection
tools.

System Disassembly as Means of Integrating Inputs

Biocomputational nanomaterials can also react to input stimuli by either multi-unit
nanoparticle disassembly or multi-nanoparticle disaggregation. These platforms often
depend on the chemical changes of polymers to induce ‘system disassembly’ [19]. Such
disassembly-based platforms have been used primarily for selective targeting of cancer cells
for gene therapy and drug delivery. Low pH is one of the most common single inputs for
biocomputing nanoplatforms. One report developed a polymer matrix [composed of
polyethylene glycol (PEG) and polyethylenimine (PEI)] encapsulating the adeno-associated
virus such that upon detection of low pH, the viral vectors are released through triggered
chemical expansion [20]. This pH-responsive virus delivery platform may be useful for
delivering genes to sites of tumor acidosis. Another interesting platform uses assembly of
temperature-responsive block copolymer micelles for drug release [21]. The copolymers
have differing low critical solution temperatures (LCST) on each end; thus, depending on the
temperature used during particle synthesis, two different types of micelles with differing
amounts of loaded cargo can be generated. Each micelle type disassembles under the
corresponding temperature stimulus, releasing its drug cargo.

In addition to single input systems, several nanoplatforms have been designed to detect
multiple stimuli. One popular approach relies on polymeric micelles that disassemble under
the dual stimulus of reducing environment and low pH [22-24]. The micelles encapsulate
the drug of interest using polymers that contain both acid-sensitive segments and disulfide
bonds. Upon entering an acidic and reducing environment (AND gate inputs), the drug
payload is released due to polymer degradation and micelle disassembly (Figure 4).
Presence of just one of the inputs is not sufficient to rapidly and completely release the
cargo.

Other types of AND gate nanoplatforms require different input combinations for system
disassembly. Low pH and high temperature is another common pair of AND gate input
stimuli for nanoparticles aimed at targeting drugs to areas of inflammation or cancer. Both
polymer micelles and dendrimers have been developed to function as AND gates requiring
both low pH and high temperature, two features observed in the local environment of the
target tissues [25,26]. Another similar AND gate system requires a reducing environment as
well as UV irradiation for drug delivery [27]. The photosensitive component, a functional
nitrobenzyl derivative capable of conformational changes under specific wavelengths of
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light, is conjugated onto PEG chains that are cross-linked with disulfide bonds. Detection of
both UV light by the nitrobenzyl derivative and reduction of the disulfide bonds in the PEG
network are required for complete disassembly and release of the encapsulated drug. A more
complex example of a multi-stimuli nanoparticle requires pH, temperature, or light to trigger
release (i.e. three-input OR gate) [28]. The PEG-based polymeric structure in this platform
was designed such that any of these three stimuli is sufficient to trigger disassembly. These
reports highlight the potential for functionalized nanoparticles to process many varied
stimuli in order to increase targeting specificity. Disassembly-based nanoparticles for drug
delivery offer both payload protection throughout transport as well as targeted release.

In addition to therapeutic applications, system disassembly as a method for biocomputing
stimuli can be exploited for imaging or diagnostic nanoparticle development. Imaging and
diagnostic tools rely on both accurate recognition of the desired target and a detectable
visual response. This can be done through changes in fluorescence or absorbance of the
nanomaterial-containing solution. For example, the coordination of nucleotide-lanthanide
compounds and porphyrin, resulting in a strong fluorescence signal, can be destabilized in
the presence of either EDTA or extreme pH values (both low and high) [29,30]. Particle
disassembly takes place through ionic porphyrin displacement, altering the fluorescence
properties of the complex and releasing its components. The intensity of this fluorescence
signal can be regulated by the concentration and type of chemical inputs. This type of
nanoplatform may be further engineered to become useful as a simultaneous detection and
triggered delivery device.

More complex biocomputing nanoplatforms have been developed for the detection of small
molecules. One group is interested in developing /n vitro diagnostics to detect the level of
metabolic substrates by generating pH-sensitive polymer-functionalized gold nanoparticles
that interface with two cellular enzymes [31]. The enzymes, invertase and glucose oxidase,
convert sucrose into acidic byproducts, thereby decreasing the solution pH. The low pH then
causes the pH-responsive nanoparticles to undergo multinanoparticle disaggregation,
resulting in observable absorbance changes. Therefore, this two-tiered information
processing platform pairs an AND gate enzyme system with single input (low pH)
nanoparticles to yield a visible absorbance change in the solution. Similarly, enzymes
covalently attached to the exterior of silicon microparticles have been used to create a local
pH change and induce pH-responsive nanoparticle dissolution upon the detection of
metabolic substrates in solution [32]. This approach was used to create AND gates
responsive to sucrose and oxygen, and OR gates responsive to glucose and ethyl butyrate.
Such biocomputing nanoparticles may be used, for example, to image metabolic activity in
tissues by quantifying glucose and sucrose availability. Another report developed what could
be described as an AND-NOT gated gold nanoparticle platform to detect the simultaneous
presence of melamine and the absence of mercury ions [33]. Due to an innate property of
gold nanoparticles, the presence of melamine induces the nanoparticles to form multi-
nanoparticle aggregates resulting in a blue-colored solution. In the presence of mercury ions,
however, the melamine binding sites are blocked by the mercury ions, resulting in a red-
colored solution.

J Control Release. Author manuscript; available in PMC 2017 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Evans et al.

Page 7

In summary, a number of biocomputing nanoplatforms utilize system disassembly, either the
disaggregation of multi-nanoparticle structures or the disassembly of nanomaterial
components, as the means for integrating stimuli and producing a functional output. The
most popular output is the release of therapeutics at target locations, followed by the
generation of a detectable fluorescence or absorbance signal for biomedical imaging or
diagnostics applications.

System Transformation as Means of Integrating Inputs

Some biocomputing nanoplatforms undergo a more nuanced change upon stimuli detection
and are referred to in this review as undergoing a ‘system transformation’ in response to
inputs. A promising approach uses DNA segments that can undergo conformational changes.
One system is based on DNA-based ‘nanorobots’ with DNA ‘locks’ that hold the box-
shaped nanoplatform closed [34]. Each nanoconstruct can have two different DNA locks,
which are aptamers binding to specific target cell-associated antigens, allowing for an AND
gate operation. When activated, the nanoconstruct can reveal a variety of payloads, including
therapeutic antibody fragments.

DNA fragments attached to the surface of gold nanoparticles can utilize system
transformation, rather than system assembly/disassembly, to integrate input stimuli. One
nanoplatform uses DNA strands to attach fluorophore-quencher pairs to the surface of gold
nanoparticles [35]. Upon detection of target DNA sequences in cells, the platform uses
toehold displacement to process inputs by altering a fluorophore’s proximity to the
quenching gold nanoparticle to induce or quench fluorescence. Conformational changes of
DNA structures are a powerful tool for controlling the mechanical availability and proximity
of nanoparticle components to create sophisticated downstream behaviors.

Another example of using system transformation to integrate biomolecular information is
the incorporation of MMP-cleavable masking motifs on the surface of nanoplatforms. For
example, masking motifs have been genetically incorporated into the cell surface receptor
binding pocket of adeno-associated virus (AAV) nanoparticles such that when the motifs are
in place, the vector cannot transduce cells [36]. This system can act as an AND gate by
combining two different masking motifs, each susceptible to different MMPs, on the same
virus capsid (Figure 5). In order for the AAV nanoparticles to successfully transduce cells,
both types of masking motifs need to be cleaved from the capsid. Moreover, the protease-
activatable virus nanoparticle was modeled mathematically as a multi-input node, enabling
its functional output to be quantitatively predictable. Protease detection systems are
particularly promising candidates for targeted disease therapy since MMPs are often
upregulated in a variety of disease sites [37].

Nanoparticles have also used various biologically derived materials which exhibit altered
physical behaviors, such as motility or swelling, in response to external stimuli. One such
system uses two molecular motors to mechanically induce the release of a payload from a
hollow nanoparticle for targeted drug delivery [38]. The platform combines light-activated
‘nanoimpellers’ and pH-activated ‘nanovalves’ into an AND gate configuration that requires
detection of both light and pH stimuli to allow the payload to escape the nanoparticle.
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Another system transformation-based approach uses phage capsid proteins, which undergo a
structural change upon binding to their unique environmental targets [39]. Two different
phages can be combined into one phage-bundle nanostructure to create an AND gate. Thus,
detection of two different nitroaromatic molecules results in swelling of the nanostructure,
leading to a change in reflected color based on the arrangement of fibers. Thus, these phage
nanostructures can be used to detect the presence of explosives by identifying multiple
signature chemicals.

In summary, biocomputing nanoplatforms that utilize system transformation harness a more
subtle change of the nanomaterial as the means for sensing inputs and generating outputs.
Many of these platforms are built from naturally occurring materials, such as DNA, viruses,
and proteins.

Conclusions and Perspectives

The future of successful therapeutic and diagnostic nanoplatforms hinges on new and
improved mechanisms for connecting inputs (both intrinsic and extrinsic) to predictable and
reliable output responses. The wide range of platforms discussed here represents a promising
foundation to achieving this vision. System assembly-based biocomputing nanoplatforms
show promise in many diagnostics applications, as generation of multi-nanoparticle
aggregates can lead to changes in absorbance or fluorescence of the nanoparticle solution.
Nanoparticle aggregation or multi-subunit assembly allows for signal integration through the
coming together of many signal-detecting components. Biocomputing platforms based on
system disassembly have shown more promise in the field of drug delivery. Multi-
nanoparticle disaggregation or multi-subunit disassembly allows for the release of
therapeutic cargo only at the site of input detection. Finally, system transformation uses
more nuanced changes to the nanomaterials to yield desired functional outcomes, and shows
promise in imaging and diagnostics, as well as for drug delivery.

In order for more sophisticated multi-tiered algorithmic trees to be built from individual
nanoparticle logic gates, the individual nanoparticles should be better characterized
quantitatively. Based on experimental data, the ‘transfer function’ of each nanoparticle
should be determined under various parameters. These quantitative functions can help
predict how a system would function given a certain set of conditions. Thus, approaching
nanoparticle design with quantitative biocomputation in mind should lead to the generation
of more predictable nanoplatforms.

Additionally, if therapeutic biocomputing nanoplatforms are to be used in complicated
biological contexts, such as inside cells or in intact animals, the concentrations of various
input stimuli need to be quantified in relevant biological environments, such as diseased
cells and tissues. This information is being curated by various databases, but patient-to-
patient variability may require personalized measurements of the target biomarker(s) either
via biopsies or through the use of companion diagnostics. The nanoplatforms must then be
optimized for the gradients of stimuli they will encounter in the target biological
environments.
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In conclusion, the field of biocomputing nanomaterials is expanding to encompass many
more complex systems than ever before. By conceptualizing the design process as one
analogous to building electrical circuits, engineered nanomaterials may be programmed to
carry out sophisticated, multi-step computations that can result in better targeted and more
efficient drugs, or the detection of complex mixtures of desired analytes.
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Biocomputing nanoplatforms accept inputs that are either intrinsic or extrinsic to biological
systems, compute the inputs using defined functions, and produce outputs that manipulate
the biological environment (therapeutics) or act as an externally detectable readout
(diagnostics).
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Methods of nanoplatform information processing fall into three broad categories: system

assembly, system disassembly, and system transformation.
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Logical AND Logical OR

Figure 3.
Nanoparticles functionalized with MMP-cleavable peptides can be used to detect MMP

activity under defined logic gates. When the peptides are digested by the required
combination of MMPs (yellow and green pacmans), binding sites are exposed, allowing the
particles to aggregate and trigger an optical change. Figure used with permission [18].
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Figure 4.
A self-assembling nanoparticle undergoes AND-gate mediated disassembly and drug release

during intracellular trafficking. First, acidic pH in the endosome induces nanoparticle
disassembly, then the reducing environment of the cytoplasm breaks the disulfide bond
linking the cancer drug doxorubicin (DOX) to polyethylene glycol (PEG). Figure used with
permission [24].
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Figure 5.
Virus nanoparticles designed to be activated by two different MMPs for controlled gene

delivery. Tunable virus nanoparticles are generated from the combination of two capsid
proteins with different masking motifs (red or blue in schematic), each sensitive to a
different MMP (red or blue pacmans). The mixed ‘mosaic capsid’ (middle row)
demonstrates an AND-gate response to stimulation with the two different MMPs. The
‘analog response’ column displays heatmaps of the relative transduction index (rTI - the
percent of fluorescence positive cells multiplied by the mean fluorescence intensity,
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normalized to control) of the given capsids in response to various concentration
combinations of MMP inputs. Figure adapted and used with permission [36].
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Table 1

Applications of Biocomputing Nanoplatforms
NANOMATERIAL APPLICATIONS REFERENCES
PLATFORM
Polymeric Inflammatory disease targeting, cancer treatment, targeted imaging [18,20-31,40,41]
Gold-coated pH sensing, heavy metal sensing, nucleic acid sensing, “lab-on-a-nanoparticle” [11-14,28,32,33,35]
Nucleic acid-based “Lab-on-a-nanoparticle”, fluorescent and colorimetric biosensing, antibody delivery  [11,12,34,35]
Enzyme-based Detection of biochemical substrates [31,32]
Magnetic Magnetic resonance imaging, cell sorting [15,18]
Viral Cancer treatment, toxin sensing, cell targeting [20,36,39]
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