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Abstract: Selective transport and concentration of molecules
to specified regions on a substrate both enhances the potential
to detect such molecules and provides a path to spatially
localize such molecules prior to initiation of subsequent
chemical reactions. Here, we first embed radially symmetric
a-, b-, and g-cyclodextrin gradients in a hydrogel matrix.
Driven by host-guest interactions between the cyclodextrins
and the target molecule, we observe these gradients can serve to
direct 2D molecular transport. Using xanthene dyes and
organophosphates as target molecules, we found the transport
metrics, e.g., selectivity, rate, and concentration limits, are
strongly dependent on the specific cyclodextrin forming the
gradient. In all cases, as the concentrating power of the gradient
increased, the rate of target concentration slowed, which we
hypothesize is because stronger interactions between the target
and the cyclodextrin decrease the rate of target diffusion. The
concentration enhancement for the nerve agent simulant
4-methylumbelliferyl phosphate (15.8) is the greatest when
the gradient is formed using b-cyclodextrin while directed
concentration of cyanomethyl phosphonate, a smaller non-
aromatic organophosphate, is observed only for the smaller a-
CD. To provide a near real-time read-out of the concentration
of the analyte, we used an array of IR resonant metallic
nanoantennas tuned to a specific IR absorption band of the
analyte to enhance the IR signal generated by the analyte.

The targeted transport and concentration of chemical and
biological species to specified locations on surfaces has been

suggested as an approach to enhance the detection limit of
sensors constrained by diffusion-limited analyte collection.[1]

Common methods to enhance analyte collection include
pumped microfluidic systems[2] and application of electric or
magnetic fields (for charged or magnetically-tagged ana-
lytes).[3] To enable autonomous molecular transport,
approaches utilizing internal driving forces have been
explored. Kinesin-based molecular motors have been shown
to transport bonded cargos,[4] and surfaces containing chem-
ical gradients have been used to transport DNA,[5] ions,[6]

multivalent ligand molecules,[7] dendrimers,[8] poly(ethylene
glycol),[9] but with the limitation that the system must be
immersed in liquid to enable the transport. Recently, we
reported the use of water-swollen (but not immersed in water)
hydrogels films containing built-in charge or hydrophilicity
gradients to transport and concentrate molecules.[10] How-
ever, the selectivity of the gradients in those cases were
limited, as they only relied on charge or polarity to effect
molecular transport.

Here, we embedded radially symmetric cyclodextrin (CD)
gradients within hydrogel films and showed that these
gradients can direct targeted molecules, including a model
organophosphate, to concentrate within specific regions of
the substrate via CD-target supramolecular interactions.
Experiments and theory demonstrate that both the transport
rate and molecular concentration enhancement is strongly
correlated to the strength of the host-guest interaction, which
is determined in-part by the cavity size. To provide a read-out
of the concentration of the analyte, the CD gradient-
containing hydrogel film was integrated with arrays of
nanoantenna-based surface enhanced IR absorption
(SEIRA)-based sensors.[11]

We embedded the radial cyclodextrin (CD)-based chem-
ical gradient in a polyacrylamide (PAAm) hydrogel. This
hydrogel chemistry was selected because its hydrophilicity
makes it miscible with CD, its high water content speeds up
the transport and concentration process, and it is relatively
chemically inert (minimal interaction with the target mole-
cules). The gradient was fabricated through spatially localized
hydrolysis and amide coupling reactions (Figure 1). Following
our previously report,[12] a few microliters of an alkaline
hydrolysis solution was dosed on the center of a dry PAAm
film resulting in a radially symmetric carboxylic acid gradient
(the hydrolysis solution infuses into the hydrogel, hydrolyzing
amide groups, forming a gradient of carboxylic acid groups).
Then the carboxylic acid gradient was coupled with amine-
appended a-, b-, g-CD (Figure 1C) to construct the cyclo-
dextrin gradients (see the Supporting Information (SI) for
detailed experimental procedure). Note, the mesh size of the
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hydrogel (4.2 nm) is significantly greater than the largest
dimension of the CDs (� 0.8 nm), so we expect the CD to
fully penetrate the hydrogel film during synthesis of the
gradient.[13]

We hypothesize that once the targeted molecules reach
the CD gradient, they will be selectively concentrated if they
form reversible guest-host complexes with the CDs. The
target transport in the CD gradient region consists of three
processes: diffusion through the PAAm hydrogel, association
with CD, and disassociation from CD (Figure 2). As long as
the target molecule has only weak interactions with the
PAAm hydrogel, it will diffuse relatively freely before
approaching a polymer conjugated CD. Once it encounters
a CD, the target molecule can enter the CD cavity for a period
of time slowing its rate of diffusion. The formation of the
host–guest complex between target molecules and CD is
a reversible process driven by non-covalent interactions that
can be described by the binding constant K. K is affected by
the size-match of the target molecule with the size of the CD
cavity, the water solubility of target molecules, and the
conformation of target molecules.[14] For example, non-
aromatic chains usually associate more strongly with the
relatively small cavities of a-CD, while the larger phenyl and
heterocyclic groups match better with the larger cavities of b-
and g-CD.

We selected xanthene dyes as model compounds to
visualize the directed molecular transport process within
CD gradients. After dosing two dye spots (0.1 mL each of
0.2 mm dye in pH 7.4 PBS) outside of the gradient ca. 4 mm
from the gradient center (Figure 3a), the fluorescence was
monitored over time in a 100 % relative humidity environ-
ment (Figure 3b–e). To study the influence of the guest
chemical structure, the transport of fluorescein and rhodami-
ne B (Rh B), which have different substituents on xanthene

Figure 3. Directed concentration process of xanthene-based fluores-
cent dyes in radial a-, b-, and g- cyclodextrin gradients. a) Sample
schematic and dye chemical structures. b,c) With the b-cyclodextrin
gradient, Fl (b) concentrates faster than Rh B (c). c,d,e) For the same
dye (Rh B), c) b-, d) a- and e) g-cyclodextrin gradients drive different
concentration enhancements, indicating that the cyclodextrin cavity
size impacted gradient-directed dye concentration.

Figure 1. a) Gradient synthetic pathway formed via hydrolysis followed
by coupling with amine-appended cyclodextrins. b) Schematic repre-
sentation of the radial cyclodextrin chemical gradient in the PAAm
hydrogel. Due to supramolecular interactions between cyclodextrins
and target molecules, the target molecules are directed towards the
center of the gradient. c) Chemical structure of 3A-amino-3A-deoxy-
(2AS,3AS)-a-cyclodextrin, 3A-amino-3A-deoxy-(2AS,3AS)-b-cyclodextrin,
and 3A-amino-3A-deoxy-(2AS,3AS)-g-cyclodextrin.

Figure 2. Schematic illustration of a target molecule diffusing inside
a cyclodextrin-conjugated hydrogel: (i) diffusion through the hydrogel,
(ii) association with cyclodextrin and (iii) dissociation of the inclusion
complex.
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but the same carboxyphenyl group (Figure 3a), were studied
on the same radially symmetric b-CD gradient (Figure 3b,c).
Initially, both fluorescein and Rh B diffused freely into the
hydrogel surrounding the dosing spots. 2 h following dosing,
both Rh B and fluorescein have reached the b-CD gradient,
and started to accumulate at the rim of the gradient (more so
in the case of fluorescein). After 7 to 8 h, Rh B is still
accumulating at the gradient rim and only slowly moving
towards the center of the gradient, while fluorescein has
already reached the gradient center. By 24 h, both fluorescein
and Rh B have reached the gradient center, with fluorescein
appearing to be more concentrated at the center than Rh B.
As the quantity of dye dosed on the substrate (0.04 mmol)
exceeds the quantity of OH- used for hydrolysis (0.03 mmol),
even if the hydrolysis yield is unity, all hydrolyzed groups are
conjugated with cyclodextrins, and all cyclodextrins form the
host–guest complexes with the dyes, based on the ratio of the
total area of the substrate and the area of the gradient, the
maximum concentration enhancement will be� 70. However,
due to potential effects such as fluorescence quenching, we do
not attempt to extract quantitative dye concentrations vs.
time from the fluorescent images and save such analysis for
the Raman-based studies.

Both fluorescein and Rh B can form inclusion complexes
with b-CD via interactions of the xanthene or carboxyphenyl
groups with the CD cavity,[15] with the reported binding
constant K of Rh B–b-CD greater than that of fluorescein–b-
CD.[16] Based on our observation that Rh B appears to move
more slowly in the b-CD gradient, we suggest that the Rh B
molecules have stronger interactions with b-CD than fluo-
rescein, perhaps due to Rh B�s N,N-diethyl substituents. This
assumption is supported by the diffusion studies of fluorescein
and Rh B in a homogeneously b-CD conjugated PAAm
hydrogel. In this conjugated hydrogel, D = 0.19� 0.05 � 10�6

for Fluorescein and D = 0.11� 0.02 � 10�6 cm2 s�1 for Rh B
(see SI for detailed experimental procedure and calculation),
indicating Rh B binds more strongly with b-CDs than
fluorescein.

On a- and g-CD gradients, the directed concentration of
Rh B was less obvious (Figure 3d,e). The diffusion coeffi-
cients of Rh B in a- (D = 0.18� 0.26 � 10�6 cm2 s�1) and g-CD
(D = 0.48� 0.08 � 10�6 cm2 s�1) conjugated PAAm hydrogel
are much greater than in the b-CD conjugated hydrogel, (see
SI for detailed experimental procedure and calculation). This
agrees with literature reports that Rh B associates strongly
with b-CD but only weakly with a- and g-CD.[17] We suggest it
is the weaker association between Rh B and a- or g-CD that
makes the directed transport of Rh B in those systems less
apparent.

The spatial and temporal concentration of the target
molecule was quantified using confocal Raman spectroscopy
during the directed molecular transport (Figure 4). As the
target molecule, we selected 4-methylumbelliferyl phosphate
(MUP), a model organophosphate with a signature Raman
peak at 1558 cm�1 provided by its aromatic ring structure
(CDs have gained attention for their potential for the
detection of toxic organophosphate[18]). The gradient diame-
ter is around 1 mm, formed as we previously described.[12]

Initially several spots of a 10 mm MUP solution (0.8 mL each

spot) were dosed outside of the a-, b- or g-CD gradient on the
hydrogel in a row (Figure 4a, SI Figure 3). Then, similar to the
fluorescence transport studies, samples were placed in
a 100% relative humidity chamber to swell the hydrogel
and initiate transport. Following the initiation of transport,
Raman spectra are scanned across the gradient at different
times. All Raman spectra were normalized by the peak at ca.
1100 cm�1 corresponding to the C�C stretching of the PAAm
backbone. The directed transport and concentration of MUP
was observed on all a-, b-, and g-CD gradient embedded
hydrogel samples. At the initial dosing position, the peak
intensity at ca. 1558 cm�1 is highest at t = 1 h and continuously
decreases with time due to free diffusion until MUP is
distributed nearly homogeneously outside the gradient (Fig-
ure 4b–d, SI Figure 3b–d). At a distance of 2 mm from the
gradient center, the peak intensity first slightly increases as
MUP diffuses into that region (Figure 4e–g, SI Figure 3e–g),
and then stays about the same or decreases. At the gradient
center, the initial MUP concentration is zero, and over time
increases to be higher than even the intensity at the initial
dosing position at the beginning (Figure 4h-m, SI Figure 3h–
m).

Although directed transport and concentration of MUP
was observed on a-, b-, and g-CD gradient containing
hydrogels, the degree of concentration of MUP depends on
the CD cavity size. We quantify the directed concentration
capability of different CD gradients using the concentration
enhancement ratio (CER), which is the ratio of the averaged
MUP signal intensity in the gradient center region (�0.4 mm
to 0.4 mm) to the averaged MUP signal intensity outside the
gradient (=� 2 to 8 mm). The CER after 40 h of transport
follows the same sequence over the investigated range of
MUP dosing concentrations: CERb-CD(15.8) >CERg-CD(9.4)
>CERa-CD(7.8) (Figure 4k–m, SI Figure 3k–m). By integrat-
ing the Raman intensity over the sample, we determine that
while the gradient center region accounts for only � 0.3% of
the sample area, it accumulates 2.3%, 4.4%, 2.8% of the
MUP target when derivatized with a-, b-, and g-CDs,
respectively. The MUP diffusion coefficients on a-, b-, and
g-CD modified PAAm hydrogels follow the sequence of
interaction strengths: Db-CD(0.52� 0.14 � 10�6 cm2 s�1)<
Dg-CD(0.65� 0.19 � 10�6 cm2 s�1) <Da-CD(1.01� 0.18 �
10�6 cm2 s�1). A phenomenon caused by the low MUP
diffusion coefficient on b-CD conjugated hydrogel is that
after 21 h of MUP transport in a b-CD gradient containing
hydrogels, the MUP signal intensity is slightly greater in the
periphery region of the gradient than in the center of the
gradient over a range of initial MUP dosings (Figure 4I, SI
Figure 3I). Building off previous work[19] we suggest the
relatively large aromatic ring structure of MUP is a closer
match to the b- and g-CD cavity sizes than the a-CD cavity
size, and thus the reason for MUP�s stronger interactions with
these CDs than with a-CD. On the contrary, directed
concentration of cyanomethyl phosphonate (CDNMP), a rel-
atively smaller non-aromatic organophosphate, is observed
only for the smaller a-CD (SI Figure 4).

Following to our previous study,[10b] the concentration
C(x,y) distribution of target molecules in a chemical gradient
can be described by the diffusion-convection equation,
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@C
@t ¼ �r DrC½ � � r nC½ �, in which D(x,y) and n(x,y) are the
local diffusion constant and the drift velocity induced by the
chemical gradient. In this study, given the same gradient

geometric parameters and functional binding site density
distribution 1(x,y), D(x,y) will be exponentially related to the
binding site energy e,[20]

Figure 4. Raman-based quantification of directed concentration of 4-methylumbelliferyl phosphate (MUP) in radial a-, b-, and g-cyclodextrin
gradients. a) Experimental schematic. Initially, 10 spots of MUP solution (0.8 mL, 10 mm) are dosed outside the gradient in a row 5 mm (nearest
distance) from the gradient center. Raman spectra are collected along the dotted line at increasing times. b–j) Normalized Raman spectra at
different times and the indicated distance from the gradient center. b–d) at the dosing point (5000 mm from the gradient center), e–g) 2000 mm
from the gradient center, and h–j) at the gradient center for a-, b-, and g- cyclodextrin gradients. The 1558 cm�1 peak corresponding to the
aromatic ring of MUP is used to determine the MUP concentration distribution in the hydrogel. “Before Dosing” spectra are before dosing the
MUP solution. k–m) Plots of the normalized 1558 cm�1 peak intensity as a function of position and time. CER is the concentration enhancement
ratio, see text for details.
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D ¼ aexp � b1e

kBT

� �
, ð1Þ

where a,b are parameters that are determined by the gradient
geometry and the PAAm substrate property, kB is the
Boltzmann constant, and T is the temperatur. The drift
velocity n(x,y), is proportional to D(x,y), e, andr1(x,y). Here
we assume the same 1(x,y) and thus the same r1(x,y) for all
experiments, so n(x,y) can be desribed as

n ¼ lDe

kBT
r1 ¼ ale

kBT
exp � b1e

kBT

� �
, ð2Þ

where l is a constant determined by the gradient geometry.
For a detailed discussion, we refer the reader to Refs. [1a] and
[20]. Note there may be a distribution of binding site energies
(e.g. both due to binding of the analyte to CDs and to the host
hydrogel matrix), and all possible binding sites must be
included in the analysis.

Considering the above analysis, it is clear that to achieve
the optimal directed molecular transport rate in the gradient
region, e must fall in the appropriate range. If e is too large,
molecules may accumulate at the gradient edge for a long
time since D becomes very small towards the gradient center
as 1 increases. This can possibly explain the higher MUP
concentration in the peripheral b-CD gradient region. In the
limit of large e, molecules would simply permanently bind at
the gradient edge. Although a higher e in the gradient region
may slow down the transport rate by decreasing D in the
gradient region, given sufficient time, it will enhance the
molecular concentration capability of the gradient as dem-
onstrated quantitatively by the MUP transport results on the
different CD gradients. As can be observed from the transport
results of Rh B on a- and g-CD gradients, if e is too low,
molecular concentration will be limited.

To demonstrate the potential of integrating radially
distributed CD-gradient embedded hydrogel films with
resonant sensors, we coated the hydrogel film on a surface
patterned with a surface enhanced IR absorption (SEIRA)
nanoantenna sensor. The function of the SEIRA sensor is to
selectively enhance the IR absorbance of the vibrational
mode of interest.[11, 21] Here SEIRA is used to enhance IR-
active organophosphate vibrational modes, e.g., P-O-C and
P=O stretches, to demonstrate the potential for sensing of
toxic organophosphate. In our integrated device, a 300 mm �
300 mm patch of 3 mm � 80 nm � 50 nm SEIRA-active nano-
antennas were fabricated on a 1 � 1 cm2 CaF2 substrate, then
coated with a b-CD gradient containing hydrogel. The
gradient center was aligned with the nanoantennas such that
target molecules would be concentrated over the sensing area
(Figure 5a). The MUP was selected as the target molecule
and initially dosed on the hydrogel in two opposite lines
3.5 mm at closest approach to the gradient center (10 mm, 3
spots on each line, 0.8 mL each spot). During the directed
transport and concentration in a 100% relative humidity
environment, IR absorption spectra were taken at the center
of the nanoantenna patch at selected time points. As shown in
Figure 5c, the peak intensity at ca. 1095 cm�1, which corre-
sponds to the P=O stretching, increases continuously as

transport proceeds. Since the P=O stretch intensity is linearly
related to the MUP concentration in the sensing area (SI
Figure 5), we can quantify the local MUP concentration as
a function of time from IR spectra. As illustrated in Fig-
ure 5d, the MUP concentration increases sharply from
0.7 mm at 1 h to 6.9 mm at 10 h, then increases gradually
reaching 8.4 mm after 50 h.

In summary, we show that hydrogels containing embed-
ded radially distributed CD gradients enable the selective
molecular transport and concentration of various compounds,
including organophosphates, and that CD cavity size can be
used to tune transport and concentration behaviors. Control
of the interaction strength between the target molecules and
CDs, which can be represented by the binding energy or
binding constant, both modulate the overall transport rate
and determine the ultimate concentration enhancement.
Using MUP as a model transport molecule, the cyclodextrin
gradient embedded PAAm hydrogel can provide a 15.8 fold
concentration enhancement. By integrating a chemical gra-
dient with an embedded SEIRA nanoantenna sensor, we are
able to detect these model compounds using a general
approach applicable for a range of applications.
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Molek�ltransport

S. Zhang, C. Zhang, H. Chen, S. J. Kieffer,
F. Neubrech, H. Giessen, A. G. Alleyne,
P. V. Braun* &&&&—&&&&

Selective Autonomous Molecular
Transport and Collection by Hydrogel-
Embedded Supramolecular Chemical
Gradients

Ein Hydrogelfilm mit eingebautem
radialsymmetrischem Cyclodextrin-Gra-
dienten ist zum selektiven Molek�ltran-
sport bef�higt. Die Transporteigen-
schaften, einschließlich der Selektivit�t,
Geschwindigkeit und Konzentrations-
grenze, h�ngen von der St�rke der Wirt-
Gast-Wechselwirkung ab. Mit einer
Anordnung von IR-resonanten Nano-
sensoren konnte die Konzentration eines
Analyten quantifiziert werden.
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