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of Biomacromolecules and Nanomaterials for Biosensing
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. . . 1. Introduction
Learning from nature is one of the most promising ways to develop advanced

functional materials. Here, inspired by blood coagulation, novel fibrin-boned
bionanocomposites are reported as efficient immobilization matrices of bio-
macromolecules and nanomaterials for biosensing. Glucose oxidase (GOx),
Au nanoparticles (AuNPs), and Fe;0, magnetic nanoparticles (MNPs) are
adopted as the model biomacromolecules and nanomaterials. By integrating
the thrombin-triggered coagulation of fibrin with advanced surficial modi-
fication techniques, four kinds of immobilization strategies are developed
and evaluated. Digital imaging, UV-vis spectroscopy, scanning/transmission
electron microscopy, electrochemical methods, and N, adsorption-desorption
isotherms are used to investigate the formation, immobilization efficiency,

Bionanocomposites that immobilize func-
tional biomacromolecules and nanomate-
rials have shown great potential in various
research fields including biosensing,
biofuel cells, drug delivery, and so on,
because they can combine individual
properties with synergetic effects. The
immobilization parameters and applica-
tion performance are largely determined
by the immobilization matrices/strate-
gies. To date, besides the nanomaterials
themselves acting as the matrices,!l var-

and performance of various bionanocomposites. The fibrin-boned networks
show inherent biocompatibility, excellent adsorbability, porosity, and func-
tionalization ability, endowing the bionanocomposites with high efficiencies
in capturing AuNPs, MNPs and GOx (99%, 98%, and 57% captured under
the given conditions, respectively), as well as significant mass-transfer and
biocatalysis efficiencies. Therefore, the fibrin-boned bionanocomposites show
great potential for biosensing, for example, a fibrin-AuNPs-GOx-glutaralde-
hyde bionanocomposites modified Au electrode is highly sensitive to glucose
(145 pA cm=2 mM™") allowing for a limit of detection down to 25 nM, being
much superior to those of the reported analogues. The presented experi-
mental platform/strategy may find wide applications in the development of
other bio/nano-materials/devices.

ious artificial polymers, including poly-
aniline,”! polydopamine,l®! and others,*
as well as various natural biopolymers,
mainly polysaccharides such as cellu-
lose,! chitosan,’*%49] and alginate,’*>47]
have been widely used to develop bio-
nanocomposites for biomacromolecular
immobilization. The biopolymers exhibit
inherent biocompatibility, controllability,
and degradability, and their bionanocom-
posites are thus receiving great attention
in the areas of biosensing,?4%®7] regen-
erative medicine,’ green materials,®l and
drug delivery.’ In comparison with poly-

saccharides, which have been widely uti-

lized for bionanocomposite development
and biosensing, it seems that other common biopolymers, pro-
teins, nucleic acids, and lipids have been less frequently used
for the same purpose, though they have different and/or even
more abundant biofunctions. For example, streptavidin pro-
vides four sites to specifically bind biotin-modified biomacro-
molecules or other materials.®] DNA scaffolds were designed
to controllably immobilize two enzymes with given distances
and orders through DNA hybridization linkage.” Lipid mem-
branes were fabricated for horseradish peroxidase biosensors!'’!
and immobilization of antibodies to capture specific cells.'!] In
our opinion, the development of functional and even intelligent
bionanocomposites using biopolymers other than polysaccha-
rides are of great importance.

Blood coagulation is one of the most ingenious, important,
but complicated physiological actions in living systems. It
includes a series of processes triggered by the initial bleeding
to form fibrin-boned composites, which stop further bleeding.
In this process, as briefly shown in Scheme 1 (path I), soluble
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Scheme 1. lllustration of the fabrication of the fibrin-boned composites.
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fibrinogen is cleaved by thrombin to yield insoluble fibrin
which then coagulates to form networks.['l This fibrin network
can act as a scaffold to immobilize (entrap or absorb) lots of
platelets and other species to form a firm film to block further
bleeding. Unlike chemical polymerization, the blood coagula-
tion is highly controlled by thrombin, which is intrinsically
biocompatible and therefore highly interesting for biosensing
applications. Thus, the surface and network properties of fibrin
can be used to load the biosensing elements in a highly bioac-
tive way. Fibrin has been used to load nanomaterials, enzymes,
drugs, and even cells, to develop diversified fibrin composites
in medical fields for tissue engineering,'3l drug delivery,[t3¢14
and blood coagulation parameters estimation.I'] However, the
development of fibrin-boned matrices for biosensing appli-
cations has rarely been investigated, most likely due to the
fragility and significant porosity of fibrin films. The incorpora-
tion of nanoparticles may endow the fibrin-boned matrix with
improved mechanical strength. Therefore, it is interesting and
important to develop new functional fibrin-boned bionanocom-
posites with targets immobilized at high load/activity for bio-
sensing applications. However, to the best of our knowledge,
related research is rather limited.

Herein, inspired by the blood coagulation process, a fibrin
scaffold is presented as an efficient immobilization matrix of
biomacromolecules/nanomaterials to develop multifunctional
bionanocomposites for biosensing. Glucose oxidase (GOx),
Au nanoparticles (AuNPs), and Fe;O, magnetic nanoparti-
cles (MNPs) were utilized as the model biomacromolecules
and nanomaterials, respectively. As briefly shown in Scheme
1, four kinds of immobilization strategies were developed,
namely, physical immobilization of GOx (path II), both phys-
ical and chemical immobilization of GOx (glutaraldehyde
(GA) covalent crosslinking) (path III), sole immobilization of
single nanoparticles (AuNPs or MNPs, set AuNPs as example,
path IV), and co-immobilization of nanoparticles (AuNPs and
MNPs, set AuNPs as example) and GOx (path V). The proper-
ties of the biocomposites/bionanocomposites, including the
load ratio of biomacromolecules/nanomaterials, mass transfer
efficiency, biocatalysis performance, were examined. Digital
imaging, UV-vis spectroscopy, scanning/transmission electron
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microscopy (SEM and TEM), electrochemical methods, and N,
adsorption-desorption isotherm were used to investigate the
preparation, characterization, and performance of the bionano-
composites. We found that the proposed fibrin-boned bionano-
composites showed great potential for the immobilization of
GOx and nanomaterials for biosensing.

2. Results and Discussion

2.1. Fabrication and Characterization of the Fibrin-Boned
Composites

UV-vis spectroscopy and digital imaging were utilized to
monitor and characterize the immobilization of GOx and the
nanoparticles on the fibrin matrix, as shown in Figure 1. To
quantify the species of interest in the solution and the super-
natant before and after the immobilization, respectively, the
absorbance of fibrinogen!'® and GOx at 280 nm,['”] AuNPs at
520 nm,™® and MNPs at 375 nm('! were measured. After the
addition of thrombin into the fibrinogen solution, the coagu-
lation was immediately triggered. Dissolvable fibrinogen was
cleaved into poorly dissolvable fibrin, which coagulated with
each other in an end-to-end manner. This led to a decreasing
fluidity of the solution (sample 1 of Figure 1A) and the appear-
ance of a hydrogel-like white fibrin network within ca. 1 min.
After around 20 min, a fibrin-boned compact hydrogel was
obtained (sample 2 of Figure 1A). The UV-vis spectroscopic
curve showed a peak of fibrinogen at 280 nm (curve 1 in
Figure 1A), which drastically decreased after coagulation (curve
2 in Figure 1A). The residual absorption at 280 nm is ascribed
to residual pieces of fibrinogen and some thrombin. When the
coagulation occurred in the presence of GOx, similar results
were obtained (samples 3 and 4, curves 3 and 4 of Figure 1A,
before and after the immobilization, respectively). However,
the final fibrin-GOx composites showed a light-yellow color,
which might be due to the existence of yellow-colored GOx.
The absorption curve after the coagulation still showed a dis-
tinctly higher peak at 280 nm than that without GOx (curve 4 in
Figure 1A), which is due to the remainder of free GOx. When
GA was used to covalently crosslink GOx and fibrin between
their amino groups, a similar fibrin-GOx composite hydrogel
was obtained (not shown). Although GA could also crosslink
fibrin, a similar coagulation did not occur in the absence of
thrombin, as shown in sample 5 of Figure 1A.

The same measurements were carried out in the pres-
ence of AuNPs, as shown in Figure 1B. We observed a clear
and well dispersed solution in the absence (sample 1) and
presence (sample 3) of GOx before the addition of thrombin.
Surprisingly, after the addition of thrombin, the supernatants
became very clear (samples 2 and 4), and the peak at 520 nm
corresponding to the AuNPs in the supernatants disappeared
(curves 2 and 4), indicating that nearly all of the added AuNPs
were entrapped in the fibrin-boned bionanocomposites. Note
that the concentration of the prepared AuNPs was fivefold of
that prepared by the conventional Frens’ method.?¥ Although
the AuNPs became distinctly concentrated after the coagula-
tion, the color of the coagulated AuNPs was still wine-red rather
than blue or black, demonstrating that the AuNPs were well
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Figure 1. UV-vis spectra and digital camera pictures (inserts) of A) fibrin-
ogen (1), fibrin (2), fibrinogen + GOx (3), fibrin-GOx (4), fibrinogen +
GOx + GA (5); B) fibrinogen + AuNPs (1), fibrin-AuNPs (2), fibrinogen +
AuNPs + GOx (3), fibrin-AuNPs-GOx (4), fibrinogen + AuNPs + GOx + GA
(5); and C) fibrinogen + MNPs (1), fibrin-MNPs (2), fibrinogen + MNPs
+ GOx (4), fibrin-MNPs-GOx (5). Samples 3 and 6 in Figure 1C insert:
the aggregation of samples 2 and 5 upon application of a magnetic field
by a magnet, respectively. Concentrations: fibrinogen: 1 mg mL™', GOx:
1 mg mL™"; thrombin: 77 nM; GA: 0.04% (v/v). The initial solution and
supernatant of the fibrin-boned composites were threefold diluted before
the measurements.
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dispersed in the fibrin-boned bionanocomposites. The solu-
tion containing GA but no thrombin remained its good disper-
sion state (sample 5 of Figure 1B), proving again that GA could
not trigger the coagulation without thrombin. Similar to the
AuNPs, the MNPs were nearly all embedded after the coagu-
lation, as demonstrated in Figure 1C. Additionally, the fibrin-
MNPs bionanocomposites showed a strong and fast response
to a magnet, as shown for samples 3 and 6, demonstrating the
good magnetic properties of the immobilized MNPs. These
results illustrate that the proposed fibrin-boned polymer is a
very powerful matrix for the immobilization of nanoparticles,
and the AuNPs or MNPs embedded in the fibrin-boned bio-
nanocomposites can maintain their properties, which is very
important for further applications.

To visualize the fibrin-boned composites, SEM (Figure 2)
and TEM (Figure 3) images of the fibrin network (images A),
the fibrin-GOx-GA Dbiocomposites (images B), the fibrin-
AuNPs-GOx-GA (images C), and the fibrin-MNPs-GOx-GA
bionanocomposites (images D) were recorded. The fibrin pre-
sented a typical 3D fibrin network (images A).'? For the fibrin-
GOx biocomposites, a similar 3D network was observed, except
for the presence of lots of crumb-like particles on the surface,
which might be GOx aggregates. For the fibrin-AuNPs-GOx-GA
and the fibrin-MNPs-GOx-GA bionanocomposites, distinctly
different structures were observed. Lots of AuNPs and MNPs
were densely and uniformly dispersed on the fibrin bone, in
good agreement with those in Figures 1B/C. Note that there
were no nanoparticles in the area without fibrin matrix, dem-
onstrating that the nanoparticles were located on the surface
of fibrin but not dispersed in the fibrin container. Compared
to the simple fibrin polymer, the nanoparticles-involved biona-
nocomposites presented a more porous structure. On the one
hand, this implies that the present nanoparticles participated
in coagulation of fibrin and then changed the final structure
of the bionanocomposites, which should be noticed when the

Figure 2. SEM images of fibrin (A), fibrin-GOx-GA (B), fibrin-AuNPs-
GOx-GA (C), and fibrin-MNPs-GOx-GA (D).

wileyonlinelibrary.com

dadvd T1Tind



(-
™}
s
a
=
wd
=
[

50714  wileyonlinelibrary.com

2 pm

0.

Figure 3. TEM images of fibrin (A), fibrin-GOx-GA (B), fibrin-AuNPs-GOx-GA (C), and fibrin-

MNPs-GOx-GA (D).

nanoparticles are used for therapy in vivo due to the interrup-
tion of blood coagulation. On the other hand, the enhanced
porosity should greatly increase the surface area and mass
transfer efficiency of/in the bionanocomposites, and therefore
be beneficial for further applications. Furthermore, the incor-
poration of nanoparticles in the bionanocomposites should also
enhance the mechanical strength to promote the stability.l*"
These results proved again the significant immobilization capa-
bility of fibrin-boned matrices due to its inherent porous struc-
ture and high adsorbability, as well as their promising potential
for applications.

N, adsorption-desorption isotherms and pore-size dis-
tributions of fibrin and its composites are shown in
Figure S1 (Supporting Information), and bovine serum
albumin (BSA) aggregates were used for comparison. For
fibrin, fibrin-GOx-GA, and fibrin-AuNPs-GOx-GA (as an
example of the nanoparticles-involved composites), the
Brunauer-Emmet-Teller (BET) surface areas were estimated
to be 40, 38, and 52 m? g1, respectively. All the BET surface
areas are obviously larger than that of BSA (6 m? g!) and
that of egg albumin (5-21 m? g™1).2% The BET surface area
of the fibrin-AuNPs-GOx-GA is even comparable with that
of multiwalled carbon nanotubes (60 m? g1).2!l The above
data demonstrate that the organized fibrin network exhibits
a higher surface area than that of protein aggregates, and
the incorporation of nanoparticles promotes the porosity.
The isotherm could be classified as a type-IV isotherm, indi-
cating the presence of textural mesopores, as also proven in
the pore-size distribution curves. The average pore diameters
according to the Bopp-Jancso-Heinzinger (BJH) method are
11.03 nm (fibrin-AuNPs-GOx-GA), 20.54 nm (fibrin-GOx-
GA), and 12.58 nm (fibrin), respectively. The mesopores
might be formed by fibrin networks and nanoparticles. Large
pores as those observed in the SEM and TEM images were
not obtained, which might be related to a collapse during the
sample preparation.
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2.2. Immobilization Efficiency of Nanoparti-
cles and GOx in Fibrin-Boned Composites

The fibrin-boned matrices have shown a
significant immobilization capability of bio-
macromolecules and nanomaterials. The
load ratios of nanoparticles and GOx were
also evaluated. For the nanoparticles (AuNPs
and MNPs), the load ratios were investi-
gated using UV-vis spectroscopy, as shown in
Figure 1. The absorption peaks of the AuNPs
at 520 nm and the MNPs at 375 nm were
selected for the quantification in the solu-
tion and the supernatant before and after
the immobilization, respectively (as listed in
Table S1, Supporting Information). Subtrac-
tion of the residual absorbance from the ini-
tial one gives the loaded one. The absorbance
of the AuNPs in the supernatants of fibrin-
AuNPs and fibrin-AuNPs-GOx composites
decreased to 0.006 £ 0.006 (n = 3, n is the
number of parallel experiments, the same as
below) and 0.005 + 0.005, respectively, being
1% of that of the initial absorbance (0.434 £ 0.003 and 0.45 £
0.04, respectively). We calculated the load ratios to be both
99%. The absorbance of the MNPs (at 375 nm) in the super-
natants of the fibrin-MNPs (0.003 + 0.002) and fibrin-MNPs-
GOx (0.003 £ 0.001) bionanocomposites was also very small, in
comparison with those of the initial reactant solutions (0.17 +
0.01 and 0.185 £ 0.004, respectively). We calculated the load
ratios of MNPs to be both 98%. These results prove that the
proposed fibrin-boned matrix could capture nearly all the added
nanoparticles. Therefore, the fibrin-boned polymer presents an
almost perfect matrix for capturing these nanoparticles and a
very promising candidate to design various bionanocomposites
for diversified applications.

The load ratios of GOx in different fibrin-boned composites
were indirectly obtained by quantifying the initial and residual
amount of GOx in the supernatant through detecting the
kinetics of enzymatic catalysis by UV-vis spectroscopy. Four
fibrin-boned composites, including fibrin-GOx (solely physical
adsorption), fibrin-GOx-GA (physical adsorption and chemical
crosslinking), fibrin-AuNPs-GOx-GA  (co-immobilization of
AuNPs and GOx), and fibrin-MNPs-GOx-GA (co-immobiliza-
tion of MNPs and GOx) were investigated and compared, as
shown in Figure 4. The measurement principle is as follows:[2?!
In the reaction mixture of the phosphate buffer solution (PBS)
containing o-dianisidine dihydrochloride, glucose, and horse-
radish peroxidase (HRP), the solution-state GOx (native) or the
immobilized GOx catalyzes the oxidation of glucose and pro-
duces H,0,. Then the coexisting o-dianisidine dihydrochloride
is oxidized to yield a brown product in the presence of solu-
tion HRP. Therefore, the increase rate of the absorbance can be
used to quantify the amount of GOx (assuming the activity of
the native and the immobilized GOx is identical), then the load
ratios of GOx in the fibrin-boned composites could be indirectly
measured via the subtraction of the residual absorbance change
at 436 nm in 180 s from the initial one (as listed in Table 1). The
absorbance changes at 436 nm in 180 s in the supernatants of

Adv. Funct. Mater. 2014, 24, 5011-5018
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Figure 4. Real-time monitoring of enzymatic catalysis kinetics by UV-vis
spectroscopy of the addition of 0.010 mL of a mixture of 0.17 mg mL™
GOx and 1 mg mL™ fibrinogen (1) and the supernatant of fibrin-GOx (2),
fibrin-GOx-GA (3), fibrin-MNPs-GOx-GA (4) and fibrin-AuNPs-GOx-GA
(5), into another reaction mixture (2.5 mL of 0.25 mM o-dianisidine dihy-
drochloride in PBS 1 buffer + 0.50 mL of 0.50 M glucose + 0.010 mL of
1.4 mg mL™' HRP). Concentrations: fibrinogen: 1 mg mL™', GOx: 0.17 mg
mL~"; thrombin: 77 nM; GA: 0.04% (v/v). The absorbance was measured
at 436 nm.

150 200

fibrin-GOx, fibrin-GOx-GA, fibrin-MNPs-GOx-GA, and fibrin-
AuNPs-GOx-GA were 0.76 £ 0.01, 0.65 + 0.02, 0.54 + 0.01, and
0.37 £ 0.02, being 87%, 75%, 62%, and 43% of that in the GOx
solution (0.87 £ 0.01), giving load ratios of 13%, 25%, 38%, and
57%, respectively. Here, the fibrin-boned polymer provided
multi-surface properties for immobilization, leading to a signif-
icant increase of the GOx load ratio integrating both chemical
and physical methods rather than the sole physical one. On the
other hand, the fibrin-boned polymer acted as a perfect matrix
for nanoparticles, thus bionanocomposites of much higher
surficial area and nanoparticles sites can be obtained showing
high adsorbability for other species such as GOx, as shown
here. The above results have highlighted the significant load
capability of fibrin and demonstrated its potential as new and
efficient immobilization matrices of biomacromolecules.

2.3. Mass Transfer Efficiency in the Fibrin-Boned Composites
Mass transfer efficiency is another key factor for the evalua-

tion of the immobilization matrix, because it is an important
reflection of the structure, and it affects the adsorption process

Table 1. Biocatalysis performance of various modified electrodes to
glucose (r? values for LDR are all >0.99).

Modified electrode sensitivity LDR LOD
[WA cm? mM-') M) [M]
fibrin-GOx/Au 35 1-3555 245
fibrin-GOx-GA/Au 93 1-1555 68
fibrin-MNPs-GOx-GA/Au 126 1-1555 36
fibrin-AuNPs-GOx-GA/Au 145 1-1555 25

Adv. Funct. Mater. 2014, 24, 5011-5018
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and catalysis/biocatalysis applications through controlling the
diffusion of the substrates/products. Here, an electrochemical
method was used. The bionanocomposites were transferred
onto Au electrodes, then the mass transfer efficiencies were
characterized and compared by detecting the oxidation cur-
rent of H,0, (with identical bulk concentrations) on relevant
electrodes at 0.7 V. A bare Au electrode was used as the con-
trol. Note that because of the strong magnetism of the fibrin-
MNPs-GOx bionanocomposites, these bionanocomposites were
readily transferred onto the Au electrodes by simply applying
a magnet, which showed one of the promising applications of
the fibrin-boned multifunctional materials. The steady-state
current responses are shown in Figure 5. We obtained current
responses of 14 £ 1, 11 £ 1.3 and 8 + 0.4 pA (n = 3, same as
below) on the fibrin-AuNPs-GOx-GA, fibrin-MNPs-GOx-GA,
and fibrin-GOx-GA modified Au electrodes, respectively, being
as high as 52%, 41% and 30% of that on the bare electrode (27 £
0.4 pA), respectively. These results are much better than that of
conventional polymer films of 2,5-dimercapto-1,3,4-thiadiazole
(DMCcT) prepared chemically (26%) or electrochemically (8.6%),
and are close to that of highly porous metal-organic polymer
films of Au-DMcT (65%) or Pt-DMCcT (58%), as reported in our
previous work.[?3] Here, the impressive mass-transfer efficiency
of the fibrin-boned composites is most likely ascribed to the
inherent high porosity of the fibrin network, which should be
notably beneficial for enzyme catalysis. Moreover, the fibrin-
AuNPs-GOx-GA and fibrin-MNPs-GOx-GA bionanocompos-
ites show much higher mass transfer efficiencies than the
fibrin-GOx-GA, and this may be attributed to the more porous
structure caused by the high adsorbability of the fibrin to the
nanoparticles, as discussed above. Compared with the fibrin-
MNPs-GOx/Au electrode, a larger current response at the
fibrin-AuNPs-GOx/Au electrode was observed, being attributed
to the higher GOx load as well as the enhanced conductivity and
mass transfer efficiency for AuNPs as compared to MNPs. Note
that the nanoparticles in the film might chemically decompose

20s

Figure 5. Chronoamperometric responses on bare Au (1), fibrin-AuNPs-
GOx-GA/Au (2), fibrin-MNPs-GOx-GA/Au (3), and fibrin-GOx-GA/Au (4)
electrodes at 0.7 V in pH 7.0 PBS 1 to incremental additions of 1 mM
H,0,.
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Figure 6. Chronoamperometric responses on fibrin-AuNPs-GOx/Au (1)
and fibrin-AuNPs-GOx-GA/Au (2) electrodes at 0.7 V in pH 7.0 PBS 1 to
incremental additions of 1 mM glucose.

H,0, during the detection, which may disturb the estima-
tion of the mass transfer efficiency. Here, the influence of the
nanoparticles in the fibrin film on the estimation of the mass
transfer efficiency using H,0, as probe was examined. H,0,
was mixed with AuNPs colloids or MNPs suspensions, the
concentrations of H,0, before and after a 5-min mixing were
estimated and compared by the potentiostatic method at 0.7 V
on an Au electrode. H,0, solutions of identical concentration
were used as the control. As shown in Figure S2 (Supporting
Information), the successive addition of H,0, solution, mix-
tures of H,0, and AuNPs or MNPs gave the same responses
immediately after the mixing, indicating that the concentration
of H,0, showed few changes at this time point. After 5 min,
the responses were identical to each injection and those before
5 min. Therefore, the influence of nanoparticles on the concen-
tration of H,0, during the mass transfer measurement (gener-
ally less than 1 min) should be negligible in this case.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) experiments using K;Fe(CN)q/K,Fe(CN)g
revealed similar results, as shown in Figure S3, Supporting
Information. Au electrodes modified by fibrin-GOx, fibrin-
GOx-GA, fibrin-MNPs-GOx-GA, and fibrin-AuNPs-GOx-GA
were studied. As shown in Figure S3, Supporting Information,
when GA was used, the charge transfer resistances of nano-
particles-containing composites films (fibrin-AuNPs-GOx-GA
(curve 3) and fibrin-MNPs-GOx-GA (curve 4)) were lower than
that of films without nanoparticles, and this could be attrib-
uted to the enhanced porosity and conductivity caused by the
nanoparticles. When GA was absent, the fibrin-GOx film (curve
2) showed the lowest charge transfer resistance of the fibrin
composites, which might be due to its loose structure, as also
proven in Figure 6. The CV results agreed with EIS.

The important role of GA on the immobilization efficiency
and on the structure of the bionanocomposites was also
investigated. Although GA could not cause the coagulation, it
increased the GOx load ratio by the covalent crosslinking, as
mentioned above. Interestingly, we observed that the fibrin-
boned bionanocomposites with GA presented much thinner
(compact) films on the Au electrodes than those without GA,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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as shown in Figure 6 for fibrin-AuNPs-GOx films without
(sample 1) or with (sample 2) GA. Note that other parameters
were similar except for the addition of GA during the coagula-
tion. Therefore, potentiostatic responses of the fibrin-AuNPs-
GOx/Au and fibrin-AuNPs-GOx-GA/Au electrodes were
examined and compared to investigate the difference. The
fibrin-AuNPs-GOx-GA/Au showed a much higher response
(146 pA cm™2, curve 2) than the fibrin-AuNPs-GOx/Au
(57 pA cm™?, curve 1), as well as a distinctly faster response
time of 7 s over 13 s, respectively. Here, besides increasing
the immobilization ratio of GOx, the proposed fibrin matrix
allowed to produce appropriately more compact films of bion-
anocomposites through crosslinking between fibrin fibriners.
Such thinner and more compact films should greatly decrease
the mass transfer distance and accelerate the response. Fur-
thermore, this result may inspire us to regulate the structure
and performance of the fibrin-boned bionanocomposites via
controlling the GA crosslinking in the fibrin matrix. This may
be one of the next steps to develop and improve the fibrin-
boned matrix.

2.4. The Biocatalysis Performance of the Fibrin-Boned
Composites

The biocatalysis efficiencies of various fibrin-boned composites
were examined. Four composites-modified electrodes were fab-
ricated as described above under optimized conditions (as listed
in Table S2, Supporting Information), including the fibrin-GOx,
fibrin-GOx-GA, fibrin-MNPs-GOx-GA, and fibrin-AuNPs-GOx-
GA. The amperometric responses to glucose and the calibration
curves are shown in Figure 7, and the values of biocatalysis sen-
sitivity (S), linear detection range (LDR), and limit of detection
(LOD) are listed in Table 1. The sensitivities of the fibrin-GOx,
fibrin-GOx-GA, fibrin-MNPs-GOx-GA, and fibrin-AuNPs-GOx-
GA modified electrodes were 35 pA cm™ mM™!, 93 pA cm™
mM™, 126 pA cm™ mM™, and 145 pA cm™ mM™, respec-
tively. Note that the sensitivities of the fibrin-GOx-GA, fibrin-
MNPs-GOx-GA, and fibrin-AuNPs-GOx-GA modified electrodes
are much better than that of the reported analogues, which
were generally lower than 20 (mostly <10) pA cm™? mM 124 In
addition, the LOD is two orders of magnitude lower than that
of the reported analogues.?**?] This excellent performance
mainly results from the various advantages of the fibrin-boned
bionanocomposites: (1) The fibrin-boned network provides
abundant sites for the direct immobilization of GOx in physical
and chemical ways. It also enables an ultrahigh adsorbability of
nanoparticles, which act further as valuable sites for the immo-
bilization of GOx and the reservation of biocatalysis activity. (2)
The fibrin-boned composites with significant porosity greatly
facilitate the mass transfer of the substrates and products and
thus promote the enzyme catalysis efficiency. (3) Fibrin itself
and fibrin composites are highly biocompatible and allow GOx
to retain activity. Therefore, the high biocatalysis efficiency
should prove the promising application potential of the pro-
posed fibrin-boned matrix.

The stability of fibrin-boned composites was also examined
by daily detection of the catalysis performance. As shown in
Figure S4, Supporting Information, the current response of the
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Figure 7. Chronoamperometric responses to successive additions of
glucose (A), and the calibration curves (B) obtained in PBS 1 (pH 7.0)
at 0.7 V vs. SCE for fibrin-AuNPs-GOx-GA (1), fibrin-MNPs-GOx-GA
(2), fibrin-GOx-GA (3), and fibrin-GOx (4) modified Au electrodes.

fibrin-MNPs-GOx-GA, fibrin-AuNPs-GOx-GA, and fibrin-GOx-
GA modified Au electrodes maintained 83%, 80% and 76% of
the initial responses after 12 days, respectively. This proves that
the proposed immobilization method and matrices provide sat-
isfactory stability. The stability of fibrin-GOx was also examined
by the same method, but the current response decreased seri-
ously in several days (data not shown), which might be due to
the gradual falling-off of the loose fibrin-GOx film without the
reinforcement by nanomaterials and GA.

3. Conclusions

In summary, inspired by blood coagulation, we have success-
fully exploited fibrin-boned bionanocomposites as new and
efficient immobilization matrices of biomacromolecules/nano-
materials for biosensing applications. The fibrin-boned matrix
presented diversified surficial properties, highly porosity, bio-
compatibility, controllability, functionability, showing great
potential in the immobilization of GOx and nanomaterials
to prepare multifunctional bionanocomposites. The pro-
posed fibrin-boned bionanocomposites possessed an impres-
sive immobilization ratio of GOx and nanoparticles (close to
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100% for AuNPs or MNPs), as well as strongly enhanced mass
transfer efficiencies and significant biocatalysis performance.
All the results presented here provide new insights into fibrin-
boned matrices that can be widely used as an efficient immo-
bilization platform for biomacromolecules/nanomaterials. The
new materials/strategy may provide promising pathways to
develop bio/nanodevices for various fields.

4. Experimental Section

Instrumentation and Reagents: All electrochemical experiments were
conducted on a CHI660C electrochemical workstation (CH Instruments
Inc., Austin, TX), and a conventional three-electrode electrolytic cell was
used. Au disk electrodes with 2.0 mm diameter (0.031 cm? area) served
as the working electrode, a KCl-saturated calomel electrode (SCE) served
as the reference electrode, and a carbon rod served as the counter
electrode. All potentials are taken with respect to SCE. TEM images were
collected on a JEM-2100F transmission electron microscope (Japan).
SEM images were collected on a JEM-6700F field emission scanning
electron microscope. Nitrogen adsorption—desorption measurements
were performed on a Micromeritics TriStar surface area and porosity
analyzer (Micromeritics Instrument Corporation, USA). The UV-vis
spectra were recorded on a UV-2450 UV-vis spectrophotometer
(Shimadzu, Japan).

GOx (EC 1.1.3.4; type Il from Aspergillus niger, =150 kU g7),
fibrinogen, and thrombin from human serum plasma were purchased
from Sigma. Glucose was obtained from Shanghai Chemicals Station.
Au nanoparticles (AuNPs) were prepared according to a typical protocol
described in the literature,?® while Fe;0, magnetic nanoparticles
(MNPs) were purchased from Henan Huier Nano Technology CO.,
LTD. Note that the concentration of the prepared AuNPs is fivefold
of that prepared by the conventional Frens’ method. Two different
pH 7.0 phosphate buffer solutions (PBS) were used: PBS 1 (0.10 M
KH,PO,-K,HPO, + 0.10 M K,;SO,) for chemical and electrochemical
reactions and PBS 2 (0.010 M NaH,PO,-Na,HPO, + 0.15 M NaCl) for
biochemical reaction processes. All other chemicals were of analytical
grade or of better quality and used as received. All experiments were
performed at room temperature using Milli-Q ultrapure water (Millipore,
>18 MQ cm).

Preparation of Fibrin-Boned Composites: The fibrin-boned composites
were prepared as follows: 1.0 mg mL™' fibrinogen, or/and 1.0
mg mL™" GOx, or/and AuNPs (or MNPs) were dissolved in 0.6 mL
pH 7.0 PBS 2, and then 0.05 mL 1 yuM thrombin was added to trigger
coagulation, transferring soluble fibrinogen into a three-dimensional
network of insoluble fibrin, and large amounts of GOx, or/and AuNPs
(or MNPs) were entrapped in situ into the fibrin-boned composites.
For comparison, 1.0 mg mL™" fibrinogen, 1.0 mg mL™' GOx, or/and
AuNPs were dissolved in 0.6 mL pH 7.0 PBS 2, then 0.05 mL 0.5%
glutaraldehyde (GA) solution were added to trigger the crosslinking
reaction.

The bare Au electrodes were rinsed thoroughly according to a
reported protocol with minor modifications®?’) and was immediately
used for modifying composites. The construction of the enzyme
films was as follows: 3 L of PBS 2 (0.1 mL) containing 1.0 mg mL™"
fibrinogen, 6.7 mg mL™' GOx, or/and AuNPs (or MNPs) was drop-cast
on the Au electrode. Then, T pL 0.4 pM thrombin or/and 1 pL 0.5%
GA solution was drop-cast on the modified Au electrode to trigger
the crosslinking reaction, as well as to entrap GOx or/and AuNPs (or
MNPs), yielding fibrin-GOx, fibrin-GOx-GA, fibrin-MNPs-GOx-GA, and
fibrin-AuNPs-GOx-GA/Au electrodes, respectively, and they were dried at
room temperature. When not in use, the prepared GOx electrodes were
stored in pH 7.0 PBS 1 at 4 °C (refrigerator).

Bare Au electrodes were characterized in PBS 1 containing 1.0 mM
K4Fe(CN)g and 1.0 mM K;Fe(CN)¢ by cyclic voltammetry (at 100 mV s™)
and electrochemical impedance spectroscopy (EIS), which were
generally performed after each modification for comparisons among and
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better understanding of various surfaces. For the EIS measurements,
the working electrode potential was fixed at the formal potential of the
Fe(CN)g>/* couple after being conditioned at this potential for 100 s.

Amperometric Measurements. Measurements of the prepared enzyme
electrodes were carried out under solution-stirred conditions in pH 7.0
PBS 1, and the response current was marked with the change value
between the steady-state current after addition of a substrate and the
initial background current without the substrate.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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