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ABSTRACT: The selective transport of molecular cargo is critical in
many biological and chemical/materials processes and applications.
Although nature has evolved highly efficient in vivo biological
transport systems, synthetic transport systems are often limited by
the challenges associated with fine-tuning interactions between cargo
and synthetic or natural transport barriers. Herein, deliberately
designed DNA−DNA interactions are explored as a new modality
for selective DNA-modified cargo transport through DNA-grafted
hydrogel supports. The chemical and physical characteristics of the
cargo and hydrogel barrier, including the number of nucleic acid
strands on the cargo (i.e., the cargo valency) and DNA−DNA binding
strength, can be used to regulate the efficiency of cargo transport.
Regimes exist where a cargo−barrier interaction is attractive enough to yield high selectivity yet high mobility, while there are others
where the attractive interactions are too strong to allow mobility. These observations led to the design of a DNA-dendron transport
tag, which can be used to universally modify macromolecular cargo so that the barrier can differentiate specific species to be
transported. These novel transport systems that leverage DNA−DNA interactions provide new chemical insights into the factors that
control selective cargo mobility in hydrogels and open the door to designing a wide variety of drug/probe-delivery systems.

■ INTRODUCTION
Processes critical to chemical and materials applications, such
as controlled release,1−4 (bio)chemical sensing,5,6 heteroge-
neous catalysis,7,8 and molecular separation,9,10 rely on
understanding and controlling molecular transport. Many
synthetic transport systems distinguish cargo based on
size,11−13 and these systems often have poor selectivity when
the size difference between the target and non-target species is
not sufficiently large, as is often the case for (bio)-
macromolecule cargo. Some synthetic selective transport
systems employ semi-permeable barriers, which operate
following molecular selection mechanisms based on affinity
interactions and allow only target cargo to pass through. In
particular, cargo−barrier interactions have been maximized or
minimized in applications where controlled transport is critical,
such as protein purification using affinity tags,14 pollutant
adsorption in porous materials,15 and nanoparticle (NP)
PEGylation to facilitate mucosal delivery.16

However, various highly selective membrane transport
processes found in living systems are based on attractive yet
transient interactions between macromolecular cargo and
biological membrane barriers.17 For example, importins pass
through the nuclear envelope via transient, low-affinity
hydrophobic interactions with the phenylalanine-glycine
domains of nuclear pore complexes (NPCs).18,19 The unveiling
of this unique transport mechanism has stimulated recent
efforts in incorporating NPC-derived protein sequences to

develop biomaterials that replicate NPC functions.20−24 In
contrast to these biological transport systems, which have been
optimized through evolution, synthetic transport systems rarely
exploit transient interactions to achieve selectivity, due to the
difficulties associated with fine-tuning cargo−barrier inter-
actions.25,26

Therefore, we sought to design and synthesize a molecular
transport platform where the cargo−barrier interactions can be
systemically modulated. By studying this platform as a model
system, we will learn how cargo−barrier interactions can
fundamentally affect the transport process and identify specific
regimes where transient interactions result in optimal transport
selectivity. The knowledge gained would not only provide new
insights into many chemical/biological processes that operate
based on similar principles27,28 but also ultimately lead to new
selective transport systems that potentially surpass the
efficiency of existing ones. Specifically, we hypothesized that
DNA−DNA interactions, which can be chemically pro-
grammed to achieve a wide range of binding strengths, could
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be leveraged to provide a promising route to selective transport
systems based on transient cargo−barrier interactions.
Importantly, surface DNA modification is a powerful strategy
to introduce programmable DNA bonding interactions
between molecules or NPs.29−32 Moreover, we recently
discovered that, when small molecules or NPs with low
DNA grafting density (i.e., fewer than 10 ssDNA per particle)
are assembled with larger, complementary DNA-modified NPs
(i.e., more than 160 ssDNA per particle) to form crystalline
superlattices, the former become delocalized and diffusive in
the lattice, effectively behaving as “electron equivalents” (EEs)
in colloidal crystals.33,34 This observation supports the
hypothesis that a binding regime may exist where efficient
yet selective cargo transport can be achieved and DNA can be
used to program cargo−barrier interactions.
Herein, we report a modular platform for selective cargo

transport that is facilitated by DNA−DNA interactions.
Specifically, a DNA-gated hydrogel was developed as the

transport barrier, where DNA strands were covalently
incorporated into hydrogel pores35−37 to mediate the diffusion
of nanoscopic species, resulting in a “gating” mechanism based
on volume exclusion;38−40 only cargo tagged with comple-
mentary DNA sequences may reversibly bind to these gating
DNA strands and thus pass through the barrier (Figure 1a).
We performed a theory-guided study to systematically examine
how the DNA sequence and cargo valency (i.e., the number of
DNA strands on the cargo) affected the transport processes,
and we discovered a binding regime that leads to optimal
transport selectivity. Furthermore, we synthesized a universal
DNA-dendron transport tag for precise and convenient cargo
modification, enabling bioinspired facilitated diffusion that is
otherwise difficult to achieve and permitting a practical strategy
for the selective transport of complex biomacromolecules in
general.

Figure 1. (a) Schematic representation of a selective transport process facilitated by transient DNA−DNA interactions. A DNA-gated hydrogel
selectively transports cargo (e.g., small molecules, biomacromolecules, nanoparticles) bearing DNA sequences that are complementary to the gating
DNA strands, provided that the DNA−DNA interaction is attractive enough to facilitate cargo partitioning into the hydrogel (Stage 1), yet
sufficiently transient to allow the walking diffusion of cargo within the hydrogel (Stage 2). (b) The efficiency of this process is dictated by the
cargo/gating-DNA interaction strength. Enhanced permeation can be achieved only with an intermediate cargo/gating-DNA interaction strength,
where both Stage 1 and Stage 2 are favored. (c) Predicted binding strength dependence of the transport efficiency for cargo of various valencies.
The results were calculated using binding-diffusion theory for a 10 nm cargo ([cargo] = 8 μM) through a DNA-gated hydrogel ([DNA-gate] = 5
mM). Keq is the binding constant between the gating DNA and the DNA on the cargo. N is the number of DNA strands on the cargo (i.e., cargo
valency). Transport efficiency is defined as the flux ratio of DNA-tagged cargo to reference species of equal size that do not bind to the gating DNA
strands. (d) Structures of the monomer, the cross-linker, and the gating DNA strand that are used to synthesize the DNA-gated hydrogel.
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■ RESULTS AND DISCUSSION

Designing a DNA-Gated Hydrogel Guided by Bind-
ing-Diffusion Theory. A cargo transport process through a
membrane often involves two sequential stepssorption and
diffusion.26 Hence, we divide the selective transport process in
a DNA-gated hydrogel into two stages (Figure 1a, bottom):
(1) the partitioning of cargo into the hydrogel facilitated by the
affinity interactions between the gating DNA strands and cargo
bearing complementary DNA sequences (Stage 1); (2) the
repetitive de-hybridization and re-hybridization of the DNA
strands on cargo with neighboring gating DNA strands, which
results in a diffusion process akin to “walking” (Stage 2). The
selectivity and efficiency of this two-stage transport process are
primarily dictated by the cargo/gating-DNA interaction
strength (Figure 1b). An insufficient cargo/gating-DNA affinity
interaction would make Stage 1 unfavorable due to the volume
and electrostatic exclusion imposed by the gating strands and
lead to hindered cargo diffusion. On the other hand, although a
strong cargo/gating-DNA interaction can selectively enrich
cargo at the sol−gel interface, it significantly raises the energy
barrier for Stage 2 and limits cargo permeation. Therefore, the
initial goal was to identify an intermediate binding regime
where the cargo/gating-DNA interaction is favorable yet
transient such that both Stage 1 and Stage 2 will occur
efficiently.
We began by calculating cargo diffusion in the context of 1D

transport through a DNA-gated hydrogel using binding-
diffusion theory (see details in Supporting Information (SI),
Section 1).41 In this model, DNA-tagged cargo is considered as
a multivalent construct bearing N (i.e., cargo valency) sticky
arms that each can reversibly bind to the gating DNA strands.
This multivalency leads to a series of bound states varying the
number of sticky arms that remain hybridized to the
hydrogel.42 The equilibrium concentrations of these bound
states are dictated by the binding constant (Keq) between the
gating DNA and the DNA on the cargo. The bound-state
diffusivities were calculated and integrated into Fickian
diffusion equations to solve for the transport efficiency,
which was defined as the flux ratio of DNA-tagged cargo to
equally sized reference species that do not bind to the gating
DNA strands. Specifically, the diffusion of a 10 nm cargo
([cargo] = 8 μM) through a DNA-gated hydrogel ([gating
DNA] = 5 mM) was modeled (Figure 1c). The results suggest
that theoretical binding regimes exist where optimal transport
efficiencies can be achieved. While the locations of such
regimes are valency-dependent, calculations provided numer-
ical estimates that guided the experimental design. For cargo of
intermediate valency (i.e., N = 4 to 16), the optimal transport
efficiency was predicted to be when Keq was between 0.5 and 5,
which is typically observed for binding between short
complementary DNA sequences that are no more than 8
base pairs (bps) long.43

To experimentally access these binding regimes predicated
by the model, we designed and synthesized an acrydite-
terminated DNA strand bearing a flexible hexaethylene glycol
phosphate spacer (Sp18) and a 5′-AAGCGTAG-3′ sequence
that allows for DNA−DNA hybridization of up to 8 bps
(Figure 1d). After copolymerization with acrylamide (5 wt%)
and N,N′-methylenebis(acrylamide) (0.15 wt%), the DNA
strands (5 mM) were incorporated into a polyacrylamide
hydrogel to gate the pores via volume exclusion. The monomer
and cross-linker concentrations were chosen such that the

hydrogel mesh size was ∼10 nm (see SI, Section 3, for a
detailed discussion on the hydrogel mesh size),44,45 large
enough to permit the efficient transport of common macro-
molecular cargo but small enough so that the pores can be
gated efficiently by the gating DNA strands.

Transport of DNA-Tagged AuNP Cargo: Binding
Strength versus Transport Selectivity. Binding-diffusion
theory identified Keq and N as two critical parameters dictating
the selective transport process. Therefore, we first examined
how the DNA−DNA interaction strength would affect
transport efficiency. To this end, 1.4 nm AuNPs were chosen
as cargo for two reasons: (1) they can be conveniently
functionalized with DNA ligands through thiol−gold inter-
actions; (2) similar constructs have been shown to be diffusive
in DNA-mediated colloidal superlattices by forming the
desired transient interactions with complementary DNA
strands (vide supra).33 We synthesized a series of thiol-
modified DNA strands, each bearing a cyanine dye and a
distinct 8-base sequence with tunable binding strength to the
gating DNA (Figure 2a). They were used to functionalize 1.4
nm AuNPs to yield a series of conjugates denoted as AuNP-Pi
(see synthetic details in SI, Section 4), where i indicates the
number of complementary bases between the thiol-modified,
NP surface-bound DNA and the gating DNA sequence in the
hydrogel. These conjugates, which were prepared using a
literature reported procedure to achieve an average valency of
N ≈ 6.5,33 were used as model cargo to be transported through
a DNA-gated hydrogel barrier.
We performed transport experiments in a simplified 1D

scenario, where a cargo solution reservoir ([cargo] = 8 μM)
was added to the exposed interface of a DNA-gated hydrogel
prepared in a capillary tube (see details in SI, Section 3). The
cargo transport through the hydrogel barrier was monitored by
tracking the cyanine dye label using fluorescence microscopy.
The solution volume was significantly larger than the hydrogel
volume so the cargo concentration in the reservoir was
considered constant, and the fluorescence intensity of the
cargo solution was used as an internal reference. In each
experiment, a Cy3-labeled AuNP-Pi (i = 3−7) solution was
added to the hydrogel interface, and the cargo was allowed to
diffuse for 24 h at a constant salt concentration (300 mM
NaCl). The observed transport results (Figure 2b) followed
the three scenarios that we presented in Figure 1b. The desired
efficient cargo transport over a long diffusion distance was only
achieved in the case of AuNP-P5 (corresponding to the middle
scenario, Figure 1b). In contrast, weakly binding cargo (e.g.,
AuNP-P3 and AuNP-P4) exhibited limited partitioning to the
hydrogel (corresponding to the left scenario, Figure 1b), while
significant interfacial enrichment yet poor penetration was
observed for strongly binding cargo (e.g., AuNP-P6 and
AuNP-P7) (corresponding to the right scenario, Figure 1b).
This trend can be clearly seen from fluorescence intensity
profiles normalized to reservoir intensity (Figure 2c). On the
other hand, all of the AuNP cargo were equally permeable in a
DNA-free polyacrylamide hydrogel prepared at the same
monomer and cross-linker concentrations (SI, Figure S3),
suggesting that the DNA-gated hydrogel functioned as a
selective transport barrier based on DNA−DNA interactions.
Moreover, since we designed the system such that the cargo
concentration (8 μM) is significantly lower than the
concentration of the covalent cross-linking points (10 mM),
cargo transport has little effect on the mechanical properties of
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the DNA-gated hydrogel despite the potential formation of
additional transient cross-linking points (SI, Figure S6).
Taking advantage of the sequence specificity of DNA−DNA

interactions, we designed this selective transport system to
operate efficiently in the presence of multiple cargo. For
example, when a solution containing Cy3-labeled AuNP-P5
and Cy5-labeled AuNP-P8 was used, the DNA-gated hydrogel
selectively allowed AuNP-P5 to pass through while intercept-
ing AuNP-P8 at the sol−gel interface (Figure 2d). The
selectivity was also achieved with AuNP-P5 in the presence of
AuNP-P0 cargo (Figure 2e). Since we designed the different
cargo to have identical size and valency, the observed transport

selectivity was likely due to their differing binding interactions
with the gating DNA.
The strength of DNA−DNA interactions increases as a

function of increasing salt concentration. Thus, we performed
AuNP-P5 transport experiments at various NaCl concen-
trations (0, 150, 300, and 500 mM). The data (SI, Figure S5)
show that weaker DNA−DNA interactions at 0 mM NaCl
indeed led to limited cargo partitioning to the DNA-gated
hydrogel. Efficient cargo transport was achieved at the
intermediate salt concentrations (150 and 300 mM NaCl),
while a further increase in the salt concentration (500 mM
NaCl) resulted in cargo−barrier interactions too strong to
facilitate cargo penetration through the hydrogel. Taken
together, investigations on AuNP cargo have enabled us to
determine an experimentally accessible DNA−DNA binding
regime, specific to 5-bp complementary regions for N ≈ 6.5
cargo, where selective cargo transport can be achieved.
After establishing an understanding of cargo transport in the

DNA-gated hydrogel, we incorporated 8 μM of Cy3-labeled
AuNP-Pi (i = 3, 5, 7) into the DNA-gated hydrogels prior to
gelation to study cargo release from the hydrogel into an
empty buffer bath using fluorescence microscopy. While a
considerable amount of AuNP-P5 was released in 12 h, AuNP-
P3 and AuNP-P7 showed only limited to moderate release
during the same time frame (SI, Figure S7). In the case of
AuNP-P3, we hypothesize that its weak interaction with the
gating DNA strands is insufficient to open the gates. On the
other hand, AuNP-P7 interacts strongly with the gating DNA
such that it gets trapped in the hydrogel. Therefore, these
results suggest a close correlation between cargo transport
within the hydrogel and cargo release from the hydrogel. It is
possible to facilitate both processes through judicious system
design.
Cargo transport efficiency in the DNA-gated hydrogel also

depends on the concentration of the gating DNA strands. For a
specific cargo (e.g., Keq = 2 and N = 6), this relationship can be
predicted by binding-diffusion theory (SI, Figure S8), and
three regimes are observed: (1) when the gating DNA
concentration is low (e.g., below 0.1 mM), the DNA-gated
hydrogel remains impenetrable to the cargo because there are
insufficient numbers of binding sites; (2) at intermediate DNA
concentrations (between 0.1 mM and 25 mM), cargo transport
efficiency increases with the gating DNA concentration; and
(3) at high gating DNA concentrations (above 25 mM), cargo
transport efficiency plateaus as the number of available binding
sites saturates in the hydrogel. Guided by these results, we
studied the transport efficiency of AuNP-P5 in DNA-gated
hydrogels prepared at four different gating DNA concen-
trations (0.1, 5, 25, and 50 mM), and we discovered a trend
consistent with the theoretical prediction (SI, Figure S9). For
the rest of this study, the gating DNA concentration was kept
at 5 mM to achieve sufficient cargo transport at minimal gating
DNA loading.

Transport of Small-Molecule−DNA Hybrids: Valency
versus Transport Selectivity. Next, we studied the valency
dependence of the selective transport process using cargo of
various valencies (Figure 3a). At a constant DNA−DNA
interaction strength (e.g., Keq = 2), binding-diffusion theory
predicts that the transport efficiency increases with N before
reaching its maximum between N = 6 and N = 7. Initially,
additional sticky arms favor the walking diffusion of cargo, but
there comes a point where a further increase in N raises the
energy barrier for each walking step due to increasing

Figure 2. (a) Design of DNA-tagged AuNP cargo for studying how
the DNA−DNA interaction strength affects the transport efficiency.
DNA sequences that are complementary to the gating DNA are
highlighted in blue. (b) Capillary transport results of Cy3-labeled
AuNP-Pi (i = 3−7) through the DNA-gated hydrogel at 300 mM
NaCl. Fluorescence microscopy images were taken 24 h after the
cargo solutions (8 μM) were added to one side of the hydrogels. (c)
Fluorescence intensity profiles extracted from the fluorescence
microscopy images in (b). Both (b) and (c) suggest that efficient
transport over a long diffusion distance was only achieved with AuNP-
P5. (d) Capillary transport results of Cy3-labeled AuNP-P5 and Cy5-
labeled AuNP-P8 and (e) Cy3-labeled AuNP-P5 and Cy5-labeled
AuNP-P0 through the DNA-gated hydrogel at 300 mM NaCl.
Fluorescence microscopy images were taken 24 h after the cargo
solution (containing 8 μM AuNP-P5 and 8 μM AuNP-P8 or 8 μM
AuNP-P5 and 8 μM AuNP-P0, respectively) was added to one side of
the hydrogels. All scale bars are 500 μm. The sol−gel interfaces are
indicated by the dashed lines. Each intensity profile is normalized to
the corresponding cargo reservoir intensity.
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cooperativity46 and eventually immobilizes cargo, resulting in
reduced transport efficiency (Figure 3b).
We synthesized a series of multi-azido molecules and

conjugated them with dibenzocyclooctyne (DBCO)-modified
DNA strands via copper-free “click” chemistry (see synthetic
details in SI, Section 5) to yield small-molecule−DNA hybrids
(SMDHs) denoted as SMDHN-P5 (N = 2, 4, 6−8), where N
corresponds to the number of DNA strands on each conjugate
(Figure 3a).34,47,48 These molecularly defined SMDHs, each
with a distinct yet precise valency, were synthesized with an
identical DNA sequence that forms a 5-bp hybridized region
with the gating DNA strands. In addition, the same DNA
sequence was used to functionalize 1.4 nm AuNPs and 2.0 nm
AuNPs, resulting in two conjugates (denoted as 1.4AuNP-P5
and 2.0AuNP-P5) that have average valency of N ≈ 6.5 and N
≈ 15, respectively (Figure 3a). The SMDHs, in combination
with these two DNA-functionalized AuNPs, represent a series
of model cargo that enabled us to investigate the contribution

of valency in this selective transport process over a wide range
of N.
We first examined the two AuNP-P5 cargo in capillary

transport experiments. While 1.4AuNP-P5 exhibited efficient
transport behavior, a strong accumulation band at the hydrogel
interface was observed for 2.0AuNP-P5 (Figure 3c,e). This
striking difference supports the predicted notion that exceed-
ingly high valency, which would immobilize cargo in the bound
state, leads to poor permeation. A more systematic under-
standing was achieved from the transport results of the various
SMDH cargo. While the low-valency cargo (e.g., SMDH2-P5)
showed poor interfacial partitioning and the high-valency cargo
(e.g., SMDH8-P5) showed limited penetration, the cargo of
intermediate valency was selectively transported through the
DNA-gated hydrogel, where the maximum efficiency was
achieved in the case of SMDH6-P5 and SMDH7-P5 (Figure
3d,e). To corroborate the valency dependence of these results,
we confirmed that such transport selectivity could not be
achieved using hydrogels without gating DNA strands. Since
their hydrodynamic diameters (4.5−8.5 nm; see details in SI,
Section 13) are smaller than the hydrogel pore size, 1.4AuNP-
P5, 2.0AuNP-P5, and the SMDH cargo all efficiently
penetrated DNA-free hydrogels (SI, Figure S4).

Universal DNA-Dendron Tag for Selective Transport
of Biomacromolecules. The aforementioned studies of
AuNP and SMDH cargo have proven that transient DNA−
DNA interactions are a promising route to developing highly
selective transport systems. Now, an efficient strategy is
required to functionalize cargo with DNA of a precise valency
and sequence predetermined to have optimized binding
strength to the gating DNA, in order to apply this approach
to more practically relevant cargo that often possess complex
structures. Inspired by how nature has evolved a ubiquitous
nuclear localization sequence (NLS) to tag proteins for import
into the cell nucleus,49 we developed a DNA dendron50 as a
universal tag for the selective transport of complex macro-
molecules (Figure 4a). This DNA dendron (denoted as D6-
P5) was synthesized to have a six-branch geometry at the 5′
end where each branch features a 5′-CTACG-3′ sequence that
forms a 5-bp hybridized region with the gating DNA and a
reactive handle at its 3′ end for functionalization of cargo (see
the complete sequence in SI, Section 2). This design was
guided by the transport results of SMDH cargo (Figure 3e)
and resulted in a transport tag that is highly permeable through
the DNA-gated hydrogel (Figure 4b, top).
We evaluated this tagging strategy in the context of selective

biomolecular transport. A green fluorescent protein, mNeon-
Green (mNG),51 was chosen as the cargo because its intrinsic
fluorescence allows us to easily track and understand the
diffusion process. Upon expressing a cysteine mutation on the
mNG surface, we were able to install a 3′ thiol-modified Cy3-
labeled D6-P5 tag via disulfide exchange to yield a mNG-D6-
P5 conjugate of high purity (see synthetic details in SI, Section
11). While the untagged mNG showed limited penetration
through the hydrogel barrier due to the volume exclusion by
the gating DNA strands (Figure 4b, bottom), mNG-D6-P5 was
transported highly efficiently as evidenced by fluorescence
imaging of both the mNG and Cy3 channels (Figure 4c,d). In
contrast, enhanced transport was not observed when mNG was
functionalized with D6-P0 (SI, Figure S11), which was
synthesized by replacing the 5′-CTACG-3′ region in D6-P5
with 5′-TTTTT-3′ (see the complete sequence in SI, Section
2) to create a region that does not bind to the gating DNA

Figure 3. (a) Design of a series of SMDHs and two AuNP cargo for
studying how cargo valency affects transport efficiency. (b) Predicted
valency dependence of the transport efficiency at a constant DNA−
DNA interaction strength (Keq = 2). The results were calculated using
binding-diffusion model for a 10 nm cargo ([cargo] = 8 μM) through
a DNA-gated hydrogel ([DNA-gate] = 5 mM). (c, d) Capillary
transport results of the two Cy3-labeled AuNP-P5 (c) and various
SMDHN-P5 (N = 2, 4, 6−8) (d) through the DNA-gated hydrogel at
300 mM NaCl. Fluorescence microscopy images were taken 24 h after
the cargo solutions (8 μM) were added to one side of the hydrogels.
All scale bars are 500 μm. The sol−gel interfaces are indicated by the
dashed lines. (e) Fluorescence intensity profiles extracted from the
fluorescence microscopy images in (c) and (d). Each intensity profile
is normalized to the corresponding cargo reservoir intensity.
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strands. We therefore conclude that D6-P5 facilitates protein
transport through specific binding interactions with the gating
DNA, rather than by simply modifying the protein surface
charge distribution. Notably, although the dendron function-
alization changes the hydrodynamic diameter of mNG from
5.4 to 8.5 nm (SI, Table S4), the transient DNA−DNA
interaction provides a sufficiently strong driving force to offset
this size increase, which would typically be unfavorable in the
context of cargo transport. Furthermore, the DNA-dendron
tagging strategy only requires one reactive site on complex
structures and thus can be universally applied to a variety of
macromolecular cargo. This novel strategy provides a new
approach to controlling biomacromolecular transport, which is
important yet challenging to achieve in applications involving,
for example, the sustained release of macromolecular drugs or
probes.2,52,53

Bioinspired Facilitated Transport Enabled by the
DNA-Dendron Tag. In comparison to synthetic transport
systems, those found in living cells, which operate in a crowded
environment densely populated with a variety of other
macromolecular species, possess a greater level of complexity
that is often realized by integrating multiple specific binding
interactions of different strengths.17,54,55 For example, kinesin-
facilitated cargo transport along microtubules involves a strong
cargo−kinesin association for cargo loading, in combination
with transient interactions between kinesin and tubulin
subunits for cargo movement.56 Given the modularity and
specificity of DNA−DNA interactions, we hypothesized that a
similarly complex facilitated transport process could be
achieved using the DNA-dendron tagging strategy.
Thus, we synthesized two DNA-dendron constructs as a

cargo−transporter pair (Figure 5a,b, see complete sequences in
SI, Section 2). Dendron A (i.e., the transporter) has a six-
branched 5′-CTACG-3′ transport tag at the 5′ end and an 18-
base DNA cargo receptor sequence at the 3′ end. When the

Cy3-labeled Dendron A was added to one side of the DNA-
gated hydrogel, its transient interaction with the gating DNA
strands effectively transported it to the other side of the barrier
(Figure 5c). Dendron B (i.e., the cargo) contains a 3′
recognition region that forms an 18-bp duplex with the
receptor region of Dendron A, and a six-branched 5′-TTTTT-
3′ structure that does not bind with the gating DNA in the
hydrogel barrier. Dendron B alone did not significantly
penetrate the DNA-gated hydrogel (Figure 5d); however, we
predicted that facilitated diffusion of Dendron B in the
presence of Dendron A would occur due to the formation of a
cargo−transporter complex (Figure 5b). Indeed, when the
Cy3-labeled Dendron A and the Cy5-labeled Dendron B were
separately added to opposite sides of the DNA-gated hydrogel,
cargo transport occurred only after the Dendron A transporter
reached the other side of the hydrogel to hybridize the
Dendron B cargo (Figure 5e, after 48 h). After 72 h, the
Dendron B cargo successfully reached the other side of the
barrier (Figure 5e), indicative of facilitated transport processes.
Interestingly, although the cargo−transporter complex (7.5
nm; SI, Table S4) has a larger hydrodynamic size than the
transporter alone (5.4 nm; SI, Table S4), the former moves
through the hydrogel at a similar rate as the latter alone (i.e.,
both took approximately 36 h to transport from one side to the
other). While this result contradicts the conventional notion
that size increase slows down cargo diffusion, it is reminiscent
of the size independence of some biological facilitated transport
processes.57 For example, an importin can selectively bind to
protein cargo up to 5 times its own size and facilitate cargo
transport across nuclear pores at rates comparable to the
nuclear transport rate of importin alone.58 Therefore, the
system reported herein is conceptually simple yet replicates
many key features of biological transport processes, providing a
potential strategy to overcome size limitations that are
frequently encountered in synthetic transport systems.
While facilitated transport is widely present in nature, it has

been challenging to realize synthetically, and success has been
primarily limited to the facilitated diffusion of simple ions and
small molecules.59 These results suggest that facilitated
macromolecular diffusion can be achieved by combining
multiple orthogonal DNA−DNA interactions in a single
transport system. This bioinspired strategy features a general
framework for facilitated transport, where one may leverage a
high-affinity interaction for cargo recognition and a transient
binding interaction for selective transport. In the future, this
design principle may be generalized to systems involving other
types of orthogonal interactions, with the potential of
becoming a universal solution to facilitated macromolecular
transport.

■ CONCLUSIONS
In this study, we leveraged DNA−DNA interactions as a new
way of controlling the selective transport of macromolecular
cargo and successfully demonstrated this concept using a
DNA-gated hydrogel as the transport barrier. Taking advantage
of the modularity of DNA−DNA interactions, we systemati-
cally examined how various aspects of cargo−barrier
interactions (e.g., DNA−DNA binding strength, cargo
valency) impact transport selectivity in a synthetic system for
the first time. We used this platform to identify a regime where
the specific cargo−barrier interaction is attractive enough to
yield high selectivity, yet transient enough to allow efficient
cargo transport. Building on these results, we utilized a DNA

Figure 4. (a) Structure of a universal DNA-dendron transport tag
(D6-P5) and its use in functionalizing mNeonGreen (mNG) via
disulfide exchange. (b, c) Capillary transport results of D6-P5 (b,
top), mNG (b, bottom), and mNG-D6-P5 (c) through the DNA-
gated hydrogel at 300 mM NaCl. Fluorescence microscopy images
were taken 24 h after the cargo solutions (8 μM) were added to one
side of the hydrogels. All scale bars are 500 μm. The sol−gel interfaces
are indicated by the dashed lines. (d) Fluorescence intensity profiles
extracted from the fluorescence microscopy images in (b) and (c).
Each intensity profile is normalized to the corresponding cargo
reservoir intensity.
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dendron molecule as a universal transport tag, which can be
conveniently functionalized onto macromolecular cargo to
distinguish between target and non-target species, akin to how
nature makes use of NLS to tag proteins for nuclear transport.
Perhaps more impressively, the highly programmable nature of
DNA−DNA interactions has enabled us to harmonize multiple
orthogonal affinity interactions of different binding strengths to
achieve a bioinspired facilitated transport process that has not
been realized before in a synthetic macromolecular transport
system.
Taken together, these results enhanced our basic under-

standing of how cargo−barrier interactions dictate cargo
transport and allowed us to present a modular approach that
has the potential to meet the demands of various emerging
applications (e.g., sustained drug/probe release,52,53,60 complex
reactions that take place in compartments,61,62 cell-signaling
stimulation,63,64 and artificial cells65−67) involving selective
macromolecular transport processes, where the level of
complexity has exceeded what can be addressed by existing
synthetic systems and thus requires fundamentally new
solutions. For example, we envision that our transport strategy
will provide a solution to the long-standing challenge of
sustained insulin delivery. Subcutaneous implantation of a
DNA-gated hydrogel encapsulating insulin−dendron conju-
gates will allow insulin release over extended periods of time,

where the release kinetics can be easily tuned by adjusting the
DNA design. Moreover, the dendron tag may increase the
stability of insulin while still allowing it to retain its bioactivity.
Moving forward, drawing on the rich literature of DNA

designs that lead to diverse properties, this platform could be
adapted to achieve more sophisticated transport systems. For
example, stimuli-responsive DNA68 could be used to achieve
field-mediated directional transport processes. More impor-
tantly, while we chose a DNA-gated hydrogel to demonstrate
selective transport at the microscale, this transport strategy and
the DNA design principles should be readily applicable to
other scaffolds, enabling similar processes at the nano- or
macroscale.
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Figure 5. (a) Structures of two DNA dendrons acting as a cargo−transporter pair in a bioinspired facilitated transport process. (b) Schematic
representation of the facilitated transport process. While the DNA-gated hydrogel hinders the transport of Dendron B (the cargo), it effectively
transports Dendron A (the transporter) from one side to the other. Upon recognition by Dendron A via hybridization (18-bp), Dendron B can
undergo facilitated diffusion in the form of a cargo−transporter complex. Capillary transport results of the (c) Cy3-labeled Dendron A (8 μM) and
(d) Cy5-labeled Dendron B (8 μM) through the DNA-gated hydrogel at 300 mM NaCl. (e) Capillary transport results of a facilitated transport
process where the Cy3-labeld Dendron A (8 μM) and the Cy5-labeled Dendron B (8 μM) were separately added to opposite sides of the DNA-
gated hydrogel at 300 mM NaCl. Cargo transport occurred only after the transporter reached the other side to hybridize the cargo. All scale bars are
500 μm. The sol−gel interfaces are indicated by the dashed lines.
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