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 Biosensors play indispensible roles in disease diagnosis, drug 

screening, and forensic applications, while nanoporous scaffolds 
hold an enormous potential in improving the performance of 
biosensors. [  1  ]  One important area of biosensor research is the 
immobilization of enzymes with retained or enhanced activities 
and lifetimes as it is critical to enhance biosensor performance. [  2–10  ]  
In spite of signifi cant advances made recently for enzyme immo-
bilization such as covalent binding, [  3–5  ]  direct adsorption, [  6  ,  7  ]  and 
entrapment in different substrate materials, [  8–10  ]  the design of 
a simple, in-situ, and cost-effective process that can be reliably 
deployed in immobilization of enzymes while retaining the 
enzyme’s native stabilities and reactivities remains a signifi cant 
challenge. [  11  ,  12  ]  For example, the standard fabrication process 
for enzyme immobilization is usually very complicated and 
costly; [  3  ,  4  ,  7  ,  10  ]  the immobilized enzyme molecules tend to have non-
uniform distribution in the host matrix, easily denature, leach, 
and lose activities over time. Further, the host matrices are often 
not highly biocompatible and bristle in nature. Here, we present 
a novel and versatile fl ow-induced gelation method to immobilize 
enzymes inside nanoporous scaffolds to meet these challenges. 
The biosensor designed by the nanoporous scaffold shows high 
sensitivity, stability, selectivity, and good precision. 

 The novel enzyme immobilization method introduced here 
is based on our recent work of forming stable nanoporous 
scaffolds with proper hydrodynamic conditions for a given 
self-assembly precursor (see   Figure 1   and the Supporting 
Information, SI). [  13  ]  When subject to fl ow, fl ow-induced struc-
ture formation of self-assembled surfactant micelles occurs in 
a narrow range of concentrations of specifi c ionic surfactant 
solutions with added salts. Existing work on phase transitions 
in macroscopic geometry, has been reported to be reversible 
under shear fl ow conditions. [  14  ]  However, the major chal-
lenge of utilizing shear-induced structures as nanotemplates 
is the structure breakdown and disintegration once the fl ow is 
stopped. We are able to obtain irreversible nanoporous scaffolds 
by using specially designed microfl uidic devices (see  Figure 1 ). 
The irreversible gel formation results from the large shear and 
extension strain rates and total strain generated by the fl ow 
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through the device, under mixed extensional and shear fl ow 
conditions. Based on the rheological and hydrodynamics cal-
culations, we identifi ed the irreversible gelation conditions to 
be �γ  > �γ c , γ  > γc and �ε > �ε c, with �γ  being the shear rate,  γ  the 
strain, and �ε  the extension rate; the subscript  c  denotes the 
corresponding critical values. [  13  ]  For our precursor (surfactant/
salt mixture), �γ c  ≈ 10 s −1 , �ε c ≈ 10 6  s −1 , and  γ  c  ≈ 5000. We used soft-
lithography techniques to fabricate microdevices with size 
limitations on the order of 10 μm. To achieve the critical 
strains rates and strain for irreversible gelation, we inserted 
micrometer-sized glass particles into the fl ow: these particles 
jam the channel cross-section due to hydrodynamic forces 
and create an in-situ microporous medium. As the precursor 
passes through these narrow pores, the shear rates and exten-
sion rates shoot up by several orders of magnitude exceeding 
the strains required for nanoporous gel formation. Since the 
packing of the glass beads is not ideal (e.g., large gaps among 
the beads), the precursor is not suffi ciently strained for gelation. 
As a result, the microporous fl ow produces a mixture of gels 
and liquid downstream of the microchannel. In short, we are 
able to use microfl uidics to create a purely fl ow-induced, high 
extension-dominated fl ow (extension rate as high as 10 7  s −1 ), 
allowing the surfactant solution to undergo permanent gela-
tion and form stable, biocompatible nanoporous scaffolds 
under ambient conditions.  Figure 1  shows the schematics of the 
microfl uidics device for continuous production of nanoporous 
material. The generated gel sample was characterized by cryo-
genic transmission electron microscopy (cryo-TEM) with repre-
sentative results shown in  Figure 1 A. The gel consists of highly 
aligned micelles with a short-range order. The alignment of the 
micelles results in the formation of nanochannels (grey arrows) 
and hole-like regions (black arrows). Image analysis yields the 
average nanochannel spacing, which is 41 ± 6 nm while the pore 
sizes are 27 ± 4 nm. The nanoporous scaffold formation enabled 
by microfl uidics offers an ideal encapsulating environment for 
enzymes and other biomolecules. Although our method involves 
sol–gel transition or gelation, it is distinctly different from the 
conventional sol–gel method, which usually relies on either acid 
or base as a catalyst and uses alcoholic solvents. [  14–17  ]  Since the 
1990’s, there have been important advancements in the immo-
bilization of enzymes and other biomolecules in the sol–gel 
matrices. [  18–23  ]  However, conventional sol–gel procedures gener-
ally result in entrapped biomolecules being partially denatured 
and aggregated. [  18  ,  19  ,  22  ,  23  ]  Meanwhile for our new approach, the 
fl ow-induced nanoporous scaffold synthesis is facilitated and con-
trolled by fl uid mechanics with minimal or no usage of chemical 
and thermal means, and it is completely biocompatible.  

 In this work, we adopted the fl ow-induced gelation approach 
to encapsulate enzymes inside nanoporous scaffolds in a single 
step. We mixed the enzyme horseradish peroxidase (HRP) and 
bH & Co. KGaA, Weinheim 2809
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   Figure 1.    Schematic diagram of fl ow-induced gelation in a microfl uic device. The inset (A) is a 
cryo-TEM image of nanogel formed in surfactant solutions by microporous fl ow. The sol solution 
contains CTAB (cetyl-trimethyl ammonium bromide) at a concentration of  C  1  = 0.05  M , NaSal 
(where Sal is salicylate) at  C  2  = 0.015  M , HRP at  C  3  = 1 mg mL −1 , and FcMeOH at  C  4  = 5 m M .  
ferrocene methanol (FcMeOH) with the surfactant and salt as 
the precursor solution (or sol) before they are passed through 
the microfl uidics setup (see  Figure 1 ). The nanogel obtained 
after the sol passes through the glass particles provides a host 
matrix with enzymes and FcMeOH immobilized inside the 
porous scaffolds. This method allows enzymes to retain their 
functional characteristics to a large extent. 

 To verify the encapsulation of HRP and FcMeOH inside 
the gel,    Figure 2   shows the absorbance spectra of the nanogel. 
Absorption peaks of HRP at 406 nm and FcMeOH at 440 nm 
clearly indicate that both HRP and FcMeOH were encapsulated 
into the nanogel by the microfl uidics setup. 

 The conventional covalent binding of an enzyme to a matrix 
generally requires specifi c functionalities to be present on the 
enzyme. [  3  ,  5  ]  Here, the fl ow-induced gelation approach enables 
the entrapment of the enzyme HRP into nanoporous scaffolds 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

   Figure 2.    Absorbance of fl ow-induced nanogel (a) and with HRP and 
FcMeOH encapsulated (b). Experimental conditions are the same as 
those in Figure 1.  
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and offers the following advantages. First, our 
encapsulation technique is independent of the 
functionalities on the HRP. Second, physical 
entrapment rendered in our approach is func-
tionally noninvasive and preserves the integ-
rity and directional homogeneity of the HRP 
surface microstructure. By contrast, covalent 
attachment of HRP via surface modifi cation 
fi xes the orientation of the exposed HRP and 
in certain cases may block substrate access 
to HRP’s active site. [  23  ]  In addition, while the 
existing method of physical adsorption of an 
enzyme inside a nanotube or other porous 
material [  6  ,  7  ]  is limited by the size of the pores 
and of the enzyme to be trapped, our fl ow-
enhanced gelation method is largely inde-
pendent of the size of the enzyme because 
the matrix forms around the enzyme during 
the gelation process. Moreover, we washed 
our nanogel with deionized (DI) water, and 
added 3,3′,5,5′-tetramethylbenzidine (TMB) 
liquid substrate to the collected DI water solution; no visible 
color change was observed after 30 min, indicating that the 
fl ow-induced nanoporous scaffolds can effectively prevent the 
leaching of enzyme molecules. 

 In addition, the nanogel with immobilized enzyme usually 
contains a suffi cient amount of trapped interstitial water to pro-
vide a stable aqueous microenvironment, which is of utmost 
importance for maintaining the native stabilities and reactivi-
ties of HRP. As in an aqueous medium, the side chains of HRP 
interact with solvent water through hydrogen bonding and 
dipolar interactions. The recognition centers of the HRP are 
almost always exposed on the surface, and its sensitivity is usu-
ally maximized in an aqueous medium. [  23  ]  

 After we obtain the nanogel with immobilized HRP and 
FeMeOH, we spin-coat the nanogel onto an indium tin oxide 
(ITO) electrode for electrochemical detection of hydrogen per-
oxide (H 2 O 2 ). A basic ITO-based sensor is fabricated as follows. 
The substrate of ITO was fi rstly divided into three separate 
zones (working, counter, and pseudoreference electrode) with 
30 min of hydrochloric acid (6  M ) etching. Nanogel (1 μL) was 
cast onto the center of the ITO substrate, and formed a thin 
layer to cover the top of the three electrodes after spin-coating. 
The cyclic voltammetric response of the hydrogen peroxide 
biosensor is shown in   Figure 3  . In a blank nanogel with no 
hydrogen peroxide, the biosensor only exhibited the electro-
chemical behavior of FcMeOH, a pair of anodic and cathodic 
waves (curve a). With the addition of H 2 O 2 , the cathodic peak 
current increased and the anodic peak current decreased 
signifi cantly (curve b). This indicates that the nanogel-coated 
biosensor can be utilized for the detection of trace levels of 
H 2 O 2 .  

 We also compared the amperometric response of the 
nanogel-based H 2 O 2  sensor and a H 2 O 2  sensor fabricated using 
Nafi on for a sensitivity study. For comparison purposes, we 
used the same initial HRP concentration in the Nafi on solu-
tion and the precursor solution for the nanogel production. The 
Nafi on-based sensor uses entrapment, a conventional method 
for enzyme immobilization. The Nafi on sensor fabrication is 
heim Adv. Mater. 2010, 22, 2809–2813
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   Figure 3.    Cyclic voltammograms of nanogel-coated biosensor in the 
absence (a) and presence (b) of 0.1 m M  H 2 O 2  at a scan rate of 100 mV s −1 . 
Conditions are the same as those specifi ed in Figure 1.   

   Figure 5.    Amperometric response of nanogel-based biosensor for three 
successive measurements of 0.1 m M  H 2 O 2  over a 2 h operation period.  
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described in detail elsewhere. [  24  ]  In summary, 1 μL of 10 m M  
phosphate buffer solution containing 1 mg mL −1  HRP and 
5 m M  FcMeOH were cast onto the ITO electrode surface. The 
electrode was dried at room temperature (∼25 °C) for 30 min. 
Finally, about 3 μL of 1% Nafi on (in 95% alcohol) was deposited 
onto the electrode surface and dried. The electrode was stored 
in the refrigerator when not in use. For both sensors, succes-
sive injections of 0.1 m M  H 2 O 2  at an applied potential of –0.5V 
is applied, as shown in   Figure 4A  . For the Nafi on-based H 2 O 2  
sensor, an insignifi cant current response was observed after 
the addition of H 2 O 2  (curve c). In contrast, a larger and well-
defi ned current (close to 4 times higher) was obtained with the 
nanogel-modifi ed ITO electrodes (curve d) with similar HRP 
content inside the nanoporous matrix. The performance dis-
played in  Figure 4 A confi rms that the nanogel-based sensor 
exhibits higher sensitivity compared to the Nafi on-based sensor, 
with the same HRP content (1 mg mL −1 ). The possible reason 
for the higher sensitivity displayed by the nanogel sensor could 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 2809–2813

   Figure 4.    A) Amperometric response of Nafi on- (c) and nanogel- (d) bas
background for Nafi on (a) and nanogel (b), respectively. B) The calibration
Figure 1.  
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be that the nanoporous scaffold provides a desirable nanoporous 
matrix to prevent HRP leakage, and forms a more stable 
aqueous microenvironment to maintain the HRP activity. 
Ongoing research to evaluate and quantify the enzyme bioac-
tivity inside the nanogel for more effective enzyme and other 
bimolecular encapsulation will be reported in the future.  

 The calibration plot of the hydrogen peroxide biosensor is 
shown in  Figure 4 B. As expected, the response of the nanogel-
based biosensor to H 2 O 2  was linear in the range of 0.1–1.5 m M  
with a detection limit of 2.5 μ M  (signal-to-noise ratio,  S / N  = 3), 
while the Nafi on-based sensor only has a detection limit of 
20 μ M . 

 A relative standard deviation (RSD) of 2.4% is observed over 
a 2 h operation period (see   Figure 5  ) of amperometric response 
from the nanogel-based biosensor for three successive meas-
urements. We also investigated the stability and selectivity of 
the nanogel-based biosensor. The stability of the biosensor was 
studied by amperometric measurements in the presence of 
2811bH & Co. KGaA, Weinheim

ed biosensor upon successive additions of 0.1 m M  H 2 O 2  along with the 
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   Figure 6.    Amperometric response of nanogel-based biosensor upon the detection of A) 1 m M  H 2 O 2  at day 1 and day 10, respectively, and B) 0.1 m M  
H 2 O 2  (6) in the presence of the 0.2 m M  ascorbic acid (1), acetic acid (2), ethanol (3),  L -leucine (4), and  L -tyrosine (5).  
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1 m M  H 2 O 2  periodically (see   Figure 6A  ). When not in use, the 
nanogel-based sensor was stored under high humidity (relative 
humidity, RH > 90%) at 25 °C. The biosensor lost only 3.5% of 
the initial response after 10 days. Both the precision and sta-
bility studies verify that the enzyme’s activity is preserved over 
a long period of time.   

 We also demonstrated highly selective detection of H 2 O 2  
with various common interferents such as ascorbic acid, acetic 
acid, ethanol,  L -leucine, and  L -tyrosine (see  Figure 6 B). In our 
experiments, the fi ve tested substances did not interfere signifi -
cantly with the nanogel-based biosensor for trace levels of H 2 O 2  
detection. 

 In conclusion, a truly simple, fast, and cost-effective fl ow-
induced gelation procedure to immobilize enzymes is intro-
duced. Our new approach used microfl uidic devices to facilitate 
the single-throughput, in-situ process to immobilize enzymes 
in a nanoporous scaffold that can retain the enzymes’ native sta-
bilities and reactivities. The nanoporous gel provides the favo-
rable host matrix that isolates the enzyme molecules, protecting 
them from self-aggregation and leaching, while providing essen-
tially the same local aqueous microenvironment as in biological 
media. The nanogel-based biosensor has demonstrated a highly 
linear amperometric response over the 0.1–1.5 m M  range, in 
which H 2 O 2  presence was examined at a high sensitivity of 2.5 μ M , 
a high stability and selectivity, and good precision (RSD = 
2.4%). This fl ow-induced immobilziation technique opens up 
new pathways for designing simple, fast, biocompatible, and 
cost-effective processes for enhanced sensor performance and 
on-site testing of a variety of biomolecules. 

  Experimental Section 
  Apparatus and Reagents : The microfl uidic devices were fabricated 

by soft-lithography techniques, with polydispersed (30–50 μm) glass 
particles (Polysciences, Inc.) accumulating near the constriction and 
forming a pseudopacked bed ( Figure 1 ). We can obtain a high shear rate 
and strain within the microporous fl ow region, which are above critical 
shear rate (  �γ c  ≈ 10 s −1 ) and critical strain (  γ c ≈ 5000) for shear-induced 
structural formation (Supporting Information, SI). 

 Electrochemical measurements (cyclic voltammetry and amperometry) 
were conducted using an electrochemical analyzer CHI 1232A (CH 
Instruments, Austin, TX) connected to a personal computer. A basic 
© 2010 WILEY-VCH Verlag G
version of the biosensor is constituted of merely a substrate of ITO-printed 
electrodes (working, counter, and pseudoreference electrode) and a thin 
layer of nanogel covering on top. 

 CTAB (99.5%) was purchased from Fluka. NaSal (99.5%), HRP 
(2.5 mg mL −1 ), FcMeOH (97%), TMB liquid substrate, and hydrogen 
peroxide (30% w/v solution) were purchased from Sigma. Chemicals 
were of reagent grade and were used as received. All solutions were 
prepared with DI water (>16 MΩ cm −1 ).  
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