
Hydrogel functionalization with DNA aptamers for sustained

PDGF-BB releasew

Boonchoy Soontornworajit,a Jing Zhou,a Montgomery T. Shaw,a Tai-Hsi Fanb and

Yong Wang*
a

Received (in Austin, TX, USA) 30th November 2009, Accepted 27th January 2010

First published as an Advance Article on the web 13th February 2010

DOI: 10.1039/b924909e

We demonstrate that hydrogel functionalization with DNA

aptamers can be applied for developing a novel sustained-release

system.

Hydrogels are one of the most appealing polymeric materials

used for preparing sustained-release systems that have a great

impact on pharmaceutical development and regenerative

medicine.1–4 However, hydrogels generally have high

permeability, which often leads to fast substance release.3

Extensively fast release will not only decrease the biological

efficacy of the released substances, but also cause severe side-

effects in vivo.3 Thus, there has been extensive investigation of

hydrogel functionalization to improve the sustained-release

efficacy.5–16 For instance, perlecan domain 1 has been applied

to functionalize hyaluronic acid-based hydrogel particles for

sustained protein release.16 Here we aim to explore a novel

sustained-release hydrogel system using DNA aptamers.

DNA aptamers have recently attracted significant attention

in various areas because in principle DNA aptamers can be

selected for any molecule of interest with high binding affinity

and specificity.17–21 In addition, DNA aptamers not only are

tolerant of harsh thermal, physical, and chemical conditions in

general, but also exhibit tunable stability in biological

environments.22 Importantly, DNA aptamers can be syn-

thesized with a standard chemical procedure and exhibit little

immunogenicity due to their small size.22 These advantages

motivated us to explore the feasibility of using aptamers as

affinity sites of hydrogels as a framework for sustained protein

release.

To prove the concept, we used polyacrylamide gel and

anti-platelet-derived growth factor-BB (PDGF-BB) aptamer

as a model system. The reason for using polyacrylamide was

that its synthesis is a well-defined chemical procedure.

Although polyacrylamide is not a suitable material for

in vivo applications, the concept is expected to be applicable

for biocompatible hydrogels made of polymers such as

poly(ethylene glycol) and hyaluronic acid. The anti-PDGF-BB

aptamer was originally selected from a DNA library.23

Its binding functionality has been well studied. The aptamer

sequence used here is composed of its truncated 36-nucleotide

(nt) format and a 10-nt tail attached to the 50 end. The

truncated 36-nt aptamer is used to bind to PDGF-BB, whereas

the 10-nt tail is used to enhance molecular flexibility. The

structures of anti-PDGF-BB aptamers with higher and lower

affinity are shown in Fig. 1A and B, respectively. The binding

functionality was evaluated with surface plasmon resonance

(SPR) analysis, which directly provides information on the

binding affinity.24 The KD values of the higher-affinity and

lower-affinity aptamers are 25 nM and 220 nM, respectively

(Fig. 1C).

To functionalize polyacrylamide gel, the aptamer was

conjugated with an acrydite functional group at its 50 end

during its chemical synthesis (Fig. 2A). Thus, when ammonium

persulfate (APS) and N,N,N0,N0-tetramethylenediamine

(TEMED) were added into the mixture of acrydite-modified

aptamer, acrylamide, and bis-acrylamide to initiate free-radical

polymerization, the unsaturated double bond of the acrydite

would then enable the incorporation of aptamer molecules

into hydrogel networks (Fig. 2A). To test the feasibility,

polyacrylamide gels were subjected to electrophoresis, stained

with ethidium bromide (EtBr), and examined by an imaging

system. If the gels were functionalized with the aptamers, the

aptamers would stay in the gels during the electrophoresis.

Thus, EtBr stain would appear on the gels. Fig. 2B

demonstrates that the acrydite-modified aptamer molecules

were successfully incorporated into the hydrogels during

polymerization. Despite the success, we also found that not

Fig. 1 Analysis of secondary structures and binding functionality.

(A) Secondary structure of higher-affinity aptamer. The 10-nt tail is

marked in blue. (B) Secondary structure of lower-affinity aptamer.

(C) SPR binding profiles; blue line: higher-affinity aptamer (KD= 25 nM);

red line: lower-affinity aptamer (KD = 220 nM).

aDepartment of Chemical, Materials & Biomolecular Engineering,
University of Connecticut, Storrs, CT 06269-3222, USA.
E-mail: yongwang@engr.uconn.edu; Fax: +1(860) 486-2959;
Tel: +1(860) 486-4072

bDepartment of Mechanical Engineering, University of Connecticut,
Storrs, CT 06269-3139, USA

w Electronic supplementary information (ESI) available: Materials
and methods, mathematical modeling of the sustained-release of
PDGF-BB, and a gel image for quantifying the efficiency of aptamer
incorporation. See DOI: 10.1039/b924909e

This journal is �c The Royal Society of Chemistry 2010 Chem. Commun., 2010, 46, 1857–1859 | 1857

COMMUNICATION www.rsc.org/chemcomm | ChemComm

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
on

ne
ct

ic
ut

 o
n 

16
 M

ar
ch

 2
01

1
Pu

bl
is

he
d 

on
 1

3 
Fe

br
ua

ry
 2

01
0 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
92

49
09

E
View Online

http://dx.doi.org/10.1039/b924909e


all DNA aptamers were incorporated into the polyacrylamide

hydrogel. The analysis of the free aptamer band indicated that

approximately 7.3% of DNA aptamers were free molecules

after polymerization (Supplementary Fig 1w). Because

mechanical strength was an important factor influencing

the performance of a drug delivery system,25 we further

characterized the storage and loss moduli of polyacrylamide

gels with and without aptamers (Fig. 2C). The results indicated

that the incorporation of aptamers did not significantly affect

the mechanical properties of polyacrylamide hydrogels. This

was reasonable because the molar ratio of aptamer to acrylamide

was very small and only about 1 : 2 800 000.

After proving the feasibility of incorporating aptamers into

hydrogels, we synthesized aptamer-functionalized hydrogels

containing PDGF-BB to investigate the sustained-release

kinetics of PDGF-BB. PDGF-BB and its aptamer were mixed

at a molar ratio of 1 : 625 and incubated at room temperature

for 30 min to allow for sufficient molecular recognition and

complex formation. The mixture was then transferred to a

solution containing acrylamide and bis-acrylamide (29 : 1).

After gentle mixing and the addition of APS and TEMED,

solutions were immediately cast into moulds to allow for gel

crosslinking. To remove free proteins that did not form

complexes with conjugated aptamers, the gels were washed

three times with the release medium. The percentages of

released PDGF-BB from native hydrogel, lower-affinity

hydrogel, and higher-affinity hydrogel during washing were

4.3%, 4.2%, and 5.4%, respectively. The release of proteins

from affinity hydrogels during the washing step is likely

attributed to the existence of unincorporated aptamers. After

washing, the hydrogels were subjected to the sustained-release

tests. Native hydrogels showed a significant burst-release effect

(Fig. 3). During the first 24 h, approximately 70% of PDGF-BB

was released. Clearly, PDGF-BB could be released from native

hydrogel very rapidly. In contrast, gels functionalized with

higher-affinity aptamers significantly improved the capability

of sustained-release (Fig. 3). The initial 24 h release was

significantly decreased from B70% to B10%. After that, B6%

of PDGF-BB was slowly released during the next 120 h. The

release of PDGF-BB from the hydrogels with lower-affinity

aptamers was slower than that from the native hydrogels but

faster than that from the hydrogels with higher-affinity

aptamers (Fig. 3). The cumulative amounts released from

the native hydrogel, lower-affinity hydrogel, and higher-affinity

hydrogel were 428 � 18, 277 � 4, and 75 � 22 pg, respectively.

For an application in a real setting, these amounts may need to

be further increased and optimized to achieve both therapeutic

efficacy and safety.

A first-order mathematical model was also developed to

support the experimental results (see Materials and Methods

in ESIw). We used a limited-volume release medium, and

therefore the kinetics affected by the presence of PDGF-BB

in the medium could be directly accounted for. In Fig. 3, the

data points represent the experimental results; the lines are

numerical results. The cumulative release curve obtained from

a native gel provides an upper limit for all tests of affinity gels.

The lumped approximation successfully resolves the key

features of the reaction-modified protein release process. This

new model relies on two empirical parameters to capture the

transport behaviors, the apparent mass transfer coefficient

across the gel-solution interface at the initial stage of the

release process, and a retardation rate constant to

Fig. 2 Hydrogel synthesis and characterization. (A) Schematic representation of polyacrylamide hydrogel synthesis for sustained-release.

(B) Hydrogel staining and imaging. Hydrogels were stained with ethidium bromide after gel electrophoresis: (1) native hydrogel; (2) hydrogel

physically mixed with aptamer (no chemical conjugation); (3) hydrogel functionalized with lower-affinity aptamer; and (4) hydrogel functionalized

with higher-affinity aptamer. (C) Measurement of storage (unfilled markers) and loss (filled markers) modulus. (B,E) Native hydrogel; ( , )

hydrogel functionalized with lower-affinity aptamer; and ( , ) hydrogel functionalized with lower-affinity aptamer.

Fig. 3 Cumulative release of PDGF-BB from hydrogels. ( ) Native

gel; ( ) gel functionalized with lower-affinity aptamer (i.e., affinity

gel-1); ( ) gel functionalized with higher-affinity aptamer (i.e., affinity

gel-2). Symbols and curves represent experimental results and theoretical

analysis, respectively. The inset shows the cumulative release at the

initial stage.
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accommodate the anomalous diffusion behavior26 in the gel

phase. Once determined using a native hydrogel, both

parameters can be used for predicting the sustained-release

involving aptamer–PDGF reactions. When the rate constant

koff approaches infinity, the kinetics approaches the upper

bound characterized by the native hydrogel, whereas a much

slower release kinetics is expected for the participation of very

high-affinity aptamers. The retardation rate constant is used to

accommodate the increase of the apparent time scale for

the cumulative release, which is likely caused by anomalous

diffusion in the hydrogel. Overall the prediction is consistent

with experimental results.

Affinity molecules such as antibodies, antibiotics and

aptamers have been used to design stimuli-sensing systems.27–30

Different from these systems, this study aims at exploring a

new sustained-release system that can, in principle, be used to

slowly release any molecule of interest. Importantly, the

release mechanism is dependent on both specific binding and

diffusion instead of bulk decomposition. Thus, unlike the

stimuli-sensing systems that undergo simultaneous bulk

decomposition and loss of mechanical strength during stimulus,

the structural integrity of the presented sustained-release

system does not need to be sacrificed during the sustained

drug release. On the other hand, this new sustained-release

system can be tuned to achieve on-demand release kinetics.

For instance, Venkatesh et al.31,32 have successfully

demonstrated a promising controlled release strategy by using

DNA oligonucleotides as affinity ligands to hybridize, capture,

and release therapeutic oligonucleotides via enzymatic and

physical triggers. Therefore, the aptamer-functionalized

hydrogels can be applied to the controlled release of both

proteins and oligonucleotides. This concept is different

from peptide-functionalized hydrogels that are mostly used

to control protein release.

In conclusion, this study successfully demonstrates a novel

sustained-release hydrogel system by using the anti-PDGF-BB

aptamer and polyacrylamide hydrogel as a model system. This

system holds great potential for the development of new

pharmaceutical formulations and the applications of protein

release for regenerative medicine. The ongoing studies are to

explore biocompatible hydrogels for sustained protein release,

to systematically examine the effects of protein loading,

binding affinity, molar ratio, and hydrogel concentration on

protein release and therapeutic efficacy, and to pursue

the corresponding theoretical analysis involving spatial

dependency and anomalous diffusion.
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