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Force spectroscopy predicts thermal stability of
immobilized proteins by measuring microbead
mechanicst

Danijela Gregurec,®” Susana Velasco-Lozano, Sergio E. Moya,® Luis Vazquez® and
Fernando Lopez-Gallego*“©

Optimal immobilization of enzymes on porous microbeads enables the fabrication of highly active and
stable heterogeneous biocatalysts to implement biocatalysis in synthetic and analytical chemistry.
However, empirical procedures for enzyme immobilization still prevail over rational ones because there
is an unmet need for more comprehensive characterization techniques that aid to understand and trace
the immobilization process. Here, we present the use of atomic force spectroscopy (AFS) as an
innovative solution to indirectly characterize immobilized proteins on porous materials and monitor the
immobilization process in real time. We investigate the mechanical properties of porous agarose
microbeads immobilizing proteins by indenting a colloidal probe (silica microparticle) into a single bead.
AFS demonstrates that the binding of proteins to the solid matrix of an agarose microbead alters its
stiffness. Interestingly, we discovered that irreversible and multivalent immobilizations that make
microbeads stiffer also stabilize the immobilized proteins against the temperature. Hence, we propose
atomic force spectroscopy as a useful technique to indirectly unravel the stability of the immobilized
enzymes investigating the mechanics of the heterogenous biocatalysts as a solid biomaterial beyond the
intrinsic mechanics of the proteins.

Introduction

Protein immobilization is an attractive technique to implement
proteins in industrial biocatalysis and biosensing. Hetero-
geneous proteins, in particular enzymes, can efficiently perform
chemical processes in the solid phase facilitating their integra-
tion into flow systems and microdevices." In this context, protein
technologists are encouraged to develop operationally efficient
and stable heterogeneous proteins,> although the comprehensive
characterization of such supported bioconjugates is still rather
limited. Atomic force microscopy (AFM) has been successfully
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exploited to study the immobilization of proteins majorly on
2D-planar surfaces,"® while atomic force spectroscopy (AFS)
has allowed the indentation of a probe into a solid sample to
characterize the mechanical properties of the material.” Particularly,
AFS can provide valuable information about how the inter-
actions between the proteins and the surfaces affect the mechanical
properties of both solid materials and biomolecules.>® This
technique is challenging for 3D-porous microbeads formed by
soft materials like hydrogels, because they might experience a
plastic (permanent) deformation upon indentation. Consequently,
proteins immobilized on such soft beads have been rarely char-
acterized by either AFM imaging or AFS, despite those porous
microbeads being revealed as useful supports for chromatography
and biocatalysis,'® and lastly they have been successfully applied
for point-of-care biosensors."

Spatially resolved force maps in the micrometric areas of
porous beads will aid the understanding of the global effects
promoted by the protein immobilization on the elastic properties
of a single microbead. Hence, innovative solutions for AFM
imaging and AFS of porous microbeads immobilizing proteins
are paramount for advancing the characterization of the solids
that immobilize proteins as ‘ready-to-use” biomaterials for
technological purposes. Inspired by colloidal probe-AFS studies
on cells,"”™* we envision this technique as a highly promising
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tool to characterize the mechanical properties of hydrogel
porous microbeads upon protein immobilization. The colloidal
probe-AFS usually indents relatively larger material areas than
standard sharp pyramidal tips, providing mechanical information
about the global mechanics of the indented material. In living
cells, colloidal probe-AFS has served to elucidate the cellular
stiffness and how such a parameter relies on the types of proteins
integrated into the lipid bilayer forming the membrane.” The
stiffness of the cells is quantified by Young’s modulus calculated
from the force-displacement (F-d) curves obtained from indentation
studies using AFM. Recently, colloidal probe-AFS has also been
used to measure the stiffness of soft polymeric particles loaded
with fluorescence dyes to demonstrate that the mechanical
properties of such particles determine their uptake into the
cells.”®

Agarose microbeads are broadly used for protein purification
and immobilization because they are biocompatible, tunable
and versatile carriers.’® A large number of proteins have been
immobilized on agarose microbeads through a variety of immobi-
lization chemistries determining their functional properties."” The
immobilization chemistry controls two parameters that define
the functionality of the immobilized proteins; (1) the number of
interactions between the protein and the solid surface,'® and (2)
the protein orientation on the solid surface.'® However, the
effect of these two parameters on the mechanics of a single
microbead immobilizing proteins remains unknown.

In this work, we have used AFS to understand how the nature
of the protein-surface interactions affects the mechanical properties
of the agarose microbeads upon protein immobilization. We have
monitored the immobilization of a superfolded green fluorescent
protein (SGFP)° on porous agarose microbeads by indenting a
colloidal probe into those beads. We have observed how the
stiffness of the microbeads increases as protein immobilization
progresses. Interestingly, we have also found a correlation between
the stiffness of the agarose microbeads upon immobilization and
the thermal stability of the immobilized proteins. Based on such
correlation we have been able to predict the optimal immobilization
chemistry to stabilize several oxidoreductases.

Experimental methods
Materials

Agarose 6BCL and agarose activated with cobalt were purchased
from Agarose Bead Technologies (Madrid, Spain). Cyanogen
bromide activated agarose (Ag-CB), Epichlorohydrine, sodium
metaperiodate, CoSO,, iminodiacetic acid were purchased from
Sigma Chem. Co (St. Louis, USA). Other reagents were of
analytical grade.

Immobilization

Proteins were recombinantly expressed (see ESIT) and immobilized
on agarose microbeads 6BCL (ABT, Spain) activated with different
reactive groups and under different conditions (see ESIf). 0.1 g of
wet agarose beads were incubated with 1 mL of 1 mg mL ™" sGFP.
In the case of FDH, GlyDH or NOX, 1 mg mL ' of such proteins
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were incubated with 0.1 g of the corresponding agarose beads. The
immobilization conditions varied according to the immobilization
protocol. The immobilization on Ag-G was carried out with
100 mM sodium carbonate at pH 10 for 1-24 h and then the
immobilized proteins were reduced with 1 mg mL™" of sodium
borohydride for 30 minutes at room temperature. Immobilization
on Ag-Co”* and Ag-CB were carried out in 25 mM sodium
phosphate buffer at pH 7 for 1-3 hours. After the immobilization
on Ag-CB, the microbeads loading the proteins were blocked with
1 M hydroxylamine in 25 mM sodium phosphate at pH 8. After all
immobilization and post-immobilization process the matrices
were washed with an excess of distilled water and stored at 4 °C.

Thermal denaturation and inactivation studies

For thermal denaturation of sGFP, 10 mg of immobilized sGFP
were incubated with 100 pL of 25 mM sodium phosphate at pH
7 in a PCR tube. The samples were denatured with a dynamic
temperature ramp (20-99 °C; rate: 0.5 °C min ') monitoring
their fluorescence in a RT-PCR machine. For thermal inactivation,
0.1 g of different immobilized enzymes and proteins were incubated
in 1 mL of 25 mM sodium phosphate buffer at pH 7 at different
temperatures and samples were withdrawn after different times and
their enzymatic activities were measured (see ESI{). FDH was
incubated at 60 °C for 1 hour, GlyDH was inactivated at 65 °C for
1 hour and NOX was inactivated at 83 °C for 11 hours.

Sample preparation for AFM and AFS studies

In order to stabilize the spheres upon the contact of the cantilever
during microscopy and spectroscopy experiments, glass coverslips
(thickness 0.13-0.16 mm, Thermo Fisher Scietific, Madrid, Spain)
were coated with three polyelectrolyte layers (PEM) consisting of
PDADMAC/PSS/PDADMAC using the layer by layer electrostatic
assembly.”" This coating stabilizes repulsive interactions between
the surface and a bead thus enabling steady imaging regarding
lateral movements. The thin polyelectrolyte coating did not
influence the mechanical data since we did not observe differences
in the sensitivity of the colloidal probe between glass and PEM
coated glass. PEM coated glass was assembled in a custom made
JPK holder. Imaging and spectroscopy were performed in HEPES/
NacCl 10/150 mM buffer at pH 7.4. We carried out the measurements
using AFM by adding 800 uL of a suspension of 1.25 mg mL ' of
beads immobilizing the proteins (10 mgprotein Zpeads ). TO monitor
the immobilization in real time we added into the AFM chamber
1 mg of Ag-G particles and 800 pL of 12.5 ug mL~" sGFP in
100 mM of sodium carbonate 100 mM pH 10.

Atomic force spectroscopy (AFS)

Sample stiffness and elasticity were measured through the
determination of Young’s modulus from the nanoindentation
experiments performed using a NanoWizard II AFM (JPK,
Berlin, Germany) by acquiring force-displacement (F-d) curves
in liquid medium. Measurements were performed using a 1 pm
radius borosilicate colloidal probe attached to the cantilever
(Novascan Technologies, USA). The spring constant of the
cantilever was calibrated through the thermal noise method
in the 10/150 mM HEPES/NacCl buffer adjusted to pH 7.4 where
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measurements were performed. The cantilever spring constant
was 0.070 N m~'. We have employed as reference the glass
surface of the sample holder activated with the corresponding
polyelectrolyte layers. ~200 F-d curves were acquired at a
maximum applied load of 5 nN over a sample area of 3 pm X
3 um. The cantilever was approached to the apex of each bead
of radius ~ 60 pm. In this way a relatively flat area at the apex of
the bead (never larger than 9 pm?) was sampled for collecting
F-d curves. In this set-up, we avoid the possible lateral shift of
the microbead during the nanoidentation experiments, which
could affect the measured force curves. The approach-retract
curves were made at a speed of 1 pum s ', with the total
extension of the z-piezo of just 1 um. Under these conditions,
the characteristic contact time of the tip and the sample was
about 300 ms. Therefore, we can assume that the bead behaves
like an incompressible elastic solid®* and, consequently, the
Hertzian approach (see above) can be applied. In addition, the
maximum indentation value obtained for the softest system,
i.e., the bare agarose beads, was in the 50-60 nm range, which
is considerably smaller that the bead diameter. Thus, the
underlying substrate does not play any role in the measured
properties. These indentation values imply, from simple geo-
metrical considerations, that the maximum area and volume
sampled during a force spectroscopy experiment are ~ 0.3 um?>
and ~ 0.4 pum?®, respectively. These figures guarantee that we are
sampling the mechanical properties of the most outer part of
the beads. For each sample, at least 5 different beads were
probed and the resulting data were screened and processed
using the JPKSPM Data Processing software. In order to obtain
Young’s elastic modulus (E) of each sample avoiding the possible
viscoelastic effects we followed the procedure described by
Wiedemair et al. or Best et al by fitting the approach
curves”>?* to the Hertz model (eqn (1)) for a spherical indenter,
assuming a Poisson ratio (v) of 0.50 applied for the mechanical
determination of agarose hydrogels.>>?® Further statistical
analysis of the resulting E values was performed using OriginPro
2015 software. Only curves showing a clear contact point in the
approach-retract cycle are considered for analysis; the results
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are shown as the mean E value with a standard error that by the
definition considers the number of analyzed curves.

Results and discussion

Real-time immobilization of sGFP on agarose microbeads
monitored by colloidal probe-AFS

sGFP was immobilized on agarose microbeads activated with
glyoxyl groups (Ag-G). These porous microbeads presented a
fiber size range of 25-40 nm, a reactive group density of
75 umol g™, and a pore size range of 100-150 nm.>’*° We
carried out the immobilization process inside an AFM sample
holder that was coated by a polyelectrolyte multilayer to fix the
beads during experiment (see ESIt). The immobilization was
performed under alkaline conditions to promote the reaction
between the primary amine groups from the lysine residues
found on the sGFP surface and the glyoxyl groups located at the
Ag-G surface, forming Schiff’s bases.*® The changes in the
mechanical properties of single agarose microbeads during
the immobilization process were investigated in real-time by
nanoindentation measurements in order to determine Young’s
modulus (E). In the design of a nanoindentation experiment,
both the shape and the stiffness of the probe play a major role
in guaranteeing the accurate values of the elasticity modulus
(Fig. 1A).>'™* Colloidal probes are highly useful to sample
surfaces or materials with a high mechanical heterogeneity
across their sub-micrometric structure where pyramidal tips
may lead to unreliable and noisy mechanical data.

Fig. 1A illustrates the AFM set-up to measure the indentation
of a silica sphere (1 pm radius) into the apex of the microbead
(a quasi-planar area) as a function of the applied force, resulting
in a force displacement (F-d) curve. A typical F-d curve from sGFP
immobilized on the Ag-G agarose bead is shown in Fig. 1B, where
the microbead is indented tens of nanometers by the colloidal
silica probe. Expectedly for a soft material, the indentation depth
increased with the applied force. Such an indentation depth was
not observed when the glass surface of the sample holder was

—— Approach half-cycle
—— Retract half cycle

T T T T T T
-100 0 100 200 300 400 500
Tip-sample separation (nm)

(A) Atomic force spectroscopy of agarose microbeads upon protein immobilization. Nanoindentation of a colloidal probe (r = 1 pm) into the apex

of a hydrogel bead (r = 60 um). (B) Force—displacement (F-d) curve of Ag-G microbeads where sGFP molecules are immobilized. Colloidal probe
approaches to the surface (red curve) until the contact point (green dot) where the cantilever starts to deflect. Approach half-cycle is followed by
indentation of the agarose bead for the J value. After indentation, the probe is retracted to its starting position (blue curve). The dimensions of the protein
do not correspond to its real scale (sGFP = 2.4 x 4.2 nm), they are magnified for figure clarity.
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indented at different forces with the same colloidal probe (ESL
Fig. S1). We used these F-d curves to determine the average
elastic modulus corresponding to a 9 pm? area of the microbead
rather than to nanometric areas that may not accurately represent
its stiffness.>*?> Therefore, the mechanics of these micrometric
areas reflects the stiffness of a single bead instead the mechanical
properties of a single protein immobilized on that bead. Young’s
modulus was calculated by fitting the F-d curves with the Hertz
model (eqn (1)) where E is the elastic modulus (Young’s modulus),
R is the radius of the colloidal probe, v is Poisson’s ratio and o is
the indentation depth.>**”

F:4/3<E/(1 —u)Z\/E(sW) 1)

Fig. 2 shows that the stiffness of agarose microbeads
increases while sGFP is being covalently attached to the porous
structure of Ag-G microbeads. The E values of the agarose micro-
beads increased from 300 to 1000 kPa during the immobilization
process. Noteworthy, after 30 minutes E values reached a plateau
although the immobilization of proteins on the beads continued.
When we analyzed the immobilization kinetics of sGFP by
monitoring its fluorescence at the supernatant under the same
conditions as inside the AFM sample holder, we observed
that the microbeads reached the maximum stiffness before
the immobilization was complete. This saturation point for
force spectroscopy seems to occur at protein loads of around
7 Mg Zpeaas - (Fig. 2), while the protein immobilization continues
to reach up to 90% of the theoretical yield (9 mg Zpeaas *)- This
insight suggests that AFS finds a sensitivity limit owing to the fact
that the indentation layer becomes saturated of proteins and the
immobilization continues on deeper layers of the agarose
microstructure.

In contrast, when ethanolamine was attached to Ag-G under
alkaline conditions, the resulting microbeads became 1.8-fold
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Fig. 2 Real time covalent immobilization of sGFP onto Ag-G beads monitored
by AFM. Young's modulus (black filled spheres) and immobilized proteins (red
empty spheres) were monitored at different times. Immobilized proteins were
indirectly calculated by measuring the remaining fluorescence at the super-
natant. Protein immobilization was carried out at 25 °C in 100 mM of sodium
carbonate buffer adjusted to pH 10. Young's modulus (E) is expressed as a
mean value with its corresponding standard error. £ values at time O
correspond to the elasticity of the bare agarose microbeads, this value remains
constant when the protein is not added to the solution. Loadings are
expressed as the mean value of three experiments and their corresponding
standard deviation. The solid and dashed lines are only guides to the eye.
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stiffer than the bare Ag-G beads, whereas Ag-G beads upon
protein immobilization were 4.7-fold stiffer than the bare ones
(Table S1, ESIt). The absolute E value is therefore 3 times
higher when Ag-G immobilizes proteins than when tethers
small molecules. This owes to the fact that ethanolamine can
only establish one molecule-agarose bond, while several reactive
residues in the protein surface drive to a multivalent interaction
with the agarose fibers. In this regard, we suggest that the
immobilization of SGFP on Ag-G promotes the protein decoration
of the agarose fibers altering their elastic properties and
significantly increasing the global stiffness of the microbead.
We suggest that the proteins may act as a ‘“biological varnish”
that can coat and even cross-link the polymeric fibers through
multivalent interactions, increasing their stiffness. Hence,
these increasing E values along protein immobilization indicate
that the formation of new protein-agarose bonds might affect
some of the parameters that govern the microbead stiffness like
the persistence length of the fibers.*® Similar results were
obtained when a DNA-based hydrogel was functionalized with
proteins resulting in stiffer hydrogel-like structures.*

Interestingly, the force map of a single Ag-G microbead
covalently immobilizing sGFP was rather heterogeneous in
terms of the spatial distribution of the E values (Fig. S2A, ESIT).
The force map was consistent with the AFM image where
patches of high protein density can be observed hetero-
geneously decorating the agarose fibers (Fig. S2B, ESIT). In fact,
we expect this heterogeneity in the elastic properties of sub-um
regions since the agarose structure presents a wide fiber and
pore size distribution across the microbead surface.5*%**

Irreversible multivalency of protein-surface attachment affects
the mechanics of agarose microbeads

We studied the effect of the number of covalent bonds between
the sGFP molecules and the Ag-G surface on the E values of
single microbeads. The attachment between sGFP and the
glyoxyl groups on the Ag-G surface is multivalent and evolves
with the incubation time under alkaline conditions.*®

To achieve a survey of immobilized preparations with different
degrees of protein-surface interactions, we incubated sGFP with
Ag-G microbeads at pH 10 for different times (1, 3 and 22 hours).
The maximum immobilization yield (90%) was achieved in less
than 1 h of incubation, thus all immobilized preparations were
loaded with 9 Mgurp Sheaas - regardless of the incubation time.
After incubation, the immobilized preparations were reduced with
sodium borohydride to turn imine into amine bonds that make
protein-surface interactions irreversible. Finally, we measured the
E values of those different immobilized preparations under pH
7.4 (see Methods), finding higher E values for those microbeads
incubated for longer times. This result suggests that longer
incubation times under alkaline conditions allow establishing a
higher number of rigid attachments between the proteins and
the fibers, which increases the stiffness of the microbeads
(Fig. 3). Pedroche et al. drew similar conclusions from the proteomic
studies of trypsin immobilized on Ag-G at different incubation
times. They quantified the number of protein-agarose bonds
from different samples, observing that the enzyme immobilized

Soft Matter, 2016, 12, 8718-8725 | 8721
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Fig. 3 Distribution of Young's modulus of sGFP immobilized on Ag-G
microbeads for different incubation times. sGFP was immobilized at pH
10 on Ag-G for 1, 3 or 22 h and further reduced with sodium borohydride.
Force spectroscopy measurements were performed in 10/150 mM HEPES/
NaCl buffer at pH 7.4. The protein load of the three samples was 9 mgscrp
gbeads’l. Multi-modal distribution of E values is represented with the Kernel
curve overlapping each histogram. The counts (Y-axis) represent the
number of indentation events of the colloidal probe within the 3 x
3 um® area.

for 1 and 24 hours under alkaline conditions established 3 and
7 protein-surface bonds, respectively."® Noteworthily, when we
studied the indentation events in single microbeads across a
9 pm? area, we observed that the distribution of E values at 1 h
of incubation was narrower — showing a sharp maximum at
427 kPa - than at 22 h incubation - two maxima at 461 and
698 kPa (Fig. 3). We suggest that the pore and fiber hetero-
geneity found in agarose besides the random distribution and
the different reactivities of 20 lysines on the sGFP surface
(Fig. S3, ESIt) provoke different interaction levels between sGFP
and the agarose fibers at different times. At shorter times (1 h),
the majority of sGFP molecules are likely immobilized through
the most reactive lysines, those with lower apparent pK, values
and higher accessibility to the media. In this case, the reactivity
of these highly accessible lysines is negligibly affected by the
steric hindrances underlying the agarose structure, thus most of
the sGFP molecules should similarly interact with the agarose
via few bonds, resulting in fibers with similar stiffness, driving
to narrower histograms (Fig. 3). On the contrary, those less
reactive lysines that are more hindered in the protein structure
or present higher pK, values require longer times for the productive
interaction with the agarose fibers, explaining the formation of
more protein—-agarose bonds that increase the stiffness of the
microbeads upon 24 h immobilization. Moreover, the hetero-
genous structure of the agarose seems to dramatically affect the
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formation of these slower interactions, where less accessible
lysine residues can never interact with the aldehydes located at
those geometrically constrained areas of the fibers. However
the same lysine residues of other sGFP molecules have the time
to interact with the aldehydes located in more accessible areas
of the agarose surface. These slow interactions affected by the
geometrical constrains of some fibers create the wider distribution
of Young’s modulus histogram at longer incubation times (Fig. 3),
conducting to protein populations with different levels of protein—
agarose interactions, giving rise to fibers with different degrees of
stiffness in the same micrometric area.

Correlation between thermal stability and microbead stiffness

Functional and structural properties of immobilized proteins
strongly rely on the immobilization chemistry through which
the carrier attaches proteins.”® The reactive groups on the solid
surface that enable protein immobilization thus determine the
structural integrity and stability of different reactive groups. In
addition to the irreversible and multivalent immobilization of
SGFP on Ag-G, the fluorescent protein was also immobilized on
agarose microbeads activated with cyanogen bromide groups
(Ag-CB) that efficiently react with the protein N-terminus,
creating a single irreversible bond under mild conditions.
Finally, a sGFP tagged with 6 histidines at its N-terminus was
immobilized on agarose microbeads activated with cobalt-
chelates groups (Ag-Co>") through one reversible and flexible
attachment based on a coordination bond. The three immobilized
preparations were analyzed by colloidal probe-AFS determining
their absolute E values and normalizing them according to the
absolute E values of their corresponding bare (without protein)
agarose beads (Fig. 4A and Table S1, ESIt). Microbeads immo-
bilizing sGFP through aldehyde chemistry presented a normalized
Young’s modulus 8-fold higher than agarose microbeads
immobilizing the same protein through either cyanogen bromide
or metal groups. These differences may rely on the multivalency
of the protein-agarose interactions. To prove this fact, we
modified Ag-G, Ag-CB and Ag-Co>" with different small molecules
under the specific immobilization conditions to mimic the
univalent interaction between a single residue on the protein
surface and one reactive group in the agarose fibers. When Ag-CB
and Ag-Co”>* were modified with ethanolamine and imidazole,
respectively, the normalized E values were similar to those
measured for the corresponding microbeads upon protein
immobilization (Fig. 4A). On the contrary, the normalized E
value of Ag-G tethered with ethanolamine was similar to the
ones for Ag-CB and Ag-Co®>" modified with small molecules, but
4.3 times lower than those for Ag-G microbeads upon sGFP
immobilization (Table S1, ESIt). These data indicate that multi-
valent protein-agarose interactions (on Ag-G) significantly
increase the microbead stiffness upon immobilization, whereas
such an effect was negligible when the protein-agarose inter-
actions are univalent (on both Ag-Co®* and Ag-CB). On the other
hand, Fig. 4B shows the dynamic thermal denaturation of the
sGFP immobilized through different chemistries, and indicates
that the immobilization chemistry that drove to stiffer microbeads,
also made proteins more difficult to denature by temperature.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Normalized Young's modulus (A) and thermal denaturation (B) of sGFP immobilized on agarose microbeads through different reactive groups.
sGFP was immobilized on agarose beads activated with aldehyde groups (Ag-G), cobalt chelates (Ag-Co>*) and cyanogen bromide groups (Ag-CB) for
24 hours under the corresponding conditions. Force spectroscopy measurements were performed in 10/150 mM HEPES/NaCl buffer at pH 7.4.
Normalized Young's modulus values are calculated by subtracting the absolute Young's modulus value of the corresponding bare agarose beads from
the absolute E values obtained for each type of agarose beads immobilizing either sGFP or small molecule (ethanolamine on Ag-G and Ag-CB, imidazol
on Ag-Co?*) (Table S1, ESIf). Those values are expressed as a mean value with its corresponding standard error. The thermal denaturation of the
immobilized sGFP was monitored by measuring the protein fluorescence at different temperatures (see Experimental methods).

sGFP immobilized on Ag-CB and Ag-Co>" showed a similar
behavior in thermal denaturation, linearly losing its fluores-
cence with increasing temperature until reaching an inflection
point (T = 89-91 °C) where fluorescence dramatically decays to
0, likely due to protein unfolding (Fig. 4B and Fig. S4, ESI{).**
On the contrary, SGFP immobilized on Ag-G also followed the
linear fluorescence reduction at higher temperatures but never
reached the inflection point corresponding to protein unfolding.
Therefore, the robust and multivalent nature of the aldehyde
chemistry leads to more thermostable proteins than the flexible
and univalent character of chemistries based on both cyanogen
bromides and metal chelates. Similar insights have been found
for a plethora of different proteins based on inactivation studies
at high temperatures.** More recently, our group has reported
that the orientation and the intensity of the attachment of an
enhanced fluorescent protein (structurally analogous to sGFP)
immobilized through different chemistries promote different
protein conformations with different dynamic and functional
properties.*® Likewise, we herein observe that the nature of the
protein-agarose bonding determines the mechanical properties
of the beads as well as the thermal stability of the immobilized
proteins (Fig. 4). Therefore, the immobilization chemistry deter-
mines both the protein orientation and the valence of the
attachment; two factors that directly affect the conformation
of the immobilized proteins resulting in more or less stable proteins,
but also the mechanics of the materials upon the immobilization
process. These results indicate that the immobilization chemistries
that increase the stiffness of the agarose microbeads by creating
rigid and multivalent protein-fiber interactions reciprocally
rigidify the protein structures increasing their thermal stability.
This experimental correlation between the thermal stability of
the immobilized proteins and the global stiffness of the agarose
microbeads upon immobilization opens a promising avenue
to predict the experimental thermal stability of immobilized
proteins by using force spectroscopy. We envision AFS as a

This journal is © The Royal Society of Chemistry 2016

label-free technique able to evaluate the capacity of different
immobilization chemistries to promote protein stabilization,
just screening them by colloidal probe-AFS.

Force spectroscopy of single microbeads predicts the thermal
stability of the resulting heterogeneous biocatalysts

The correlation between microbead stiffness and thermal stability
of the immobilized proteins encouraged us to use force spectro-
scopy to characterize three oxidoreductases immobilized on
agarose microbeads through different immobilization chemistries.
Fig. 5 shows the normalized E values of three different enzymes;
formate dehydrogenase (FDH), a homodimeric enzyme from
Candida boidinii, glycerol dehydrogenase (GlyDH), a homoo-
catameric enzyme from Bacillus stearothermophilus, and NADH
oxidase (NOX), a homodimeric enzyme from Thermus thermo-
philus, immobilized on either Ag-CB or Ag-G. The agarose
microbeads immobilizing the different enzymes through the
aldehyde chemistry were significantly stiffer than their counter-
parts immobilized on Ag-CB, likely owing to the higher number
of bonds between the proteins and the Ag-G surface. In fact,
enzymes attached through one bond (N-terminus) to Ag-CB
slightly increased the microbead stiffness compared to bare
Ag-CB microbeads (Table S1, ESIF).

On the other hand, immobilization of the enzymes on
Ag-G gave rise to more stable heterogeneous biocatalysts than
immobilization on Ag-CB. In light of both spectroscopic and
observable data obtained for these three oxidoreductases, we
confirm the results found for sGFP, which demonstrate that the
multivalent protein-agarose interactions increase both the
thermal stability of the immobilized proteins and the stiffness
of the microbeads upon immobilization (Fig. 5). For example,
GlyDH immobilized on Ag-G retains almost 5 times more
activity at high temperatures and microbeads are 29 times
stiffer than the same enzyme immobilized on Ag-CB. A similar
trend was found for FDH and NOX, however the latter enzyme
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Fig. 5 Young's modulus and thermal stability of different enzymes immobilized
through different reactive groups. Each enzyme was immobilized on agarose
beads activated either with aldehyde (Ag-G) or cyanogen bromide (Ag-CB)
groups. The different insoluble preparations were inactivated at different
temperatures for 1 h. * NOX was inactivated for 11 h. Residual activity means
the percentage of the enzyme activity retained after incubation at high
temperatures. Force spectroscopy measurements were performed in
10/150 mM HEPES/NaCl buffer at pH 7.4. Normalized Young's modulus
values are calculated by subtracting the absolute Young's modulus value of
the corresponding bare agarose beads to the absolute E values obtained for
each type of agarose beads immobilizing each protein through different
immobilization chemistries (Table S1, ESIt). Those values are expressed as a
mean value with its corresponding standard error.

presented the lowest E value (495 =+ 32 kPa) among the enzymes
immobilized through the aldehyde chemistry, in spite of being
the most thermostable heterogeneous biocatalyst tested herein.

We suggest that the low content in lysine residues of NOX
(12 lysines, 6 per subunit) promotes less protein-agarose inter-
actions when that enzyme is immobilized through the aldehyde
chemistry, and thus the corresponding microbeads are signifi-
cantly less stiff than their counterparts immobilizing either
GlyDH (232 lysines, 29 per subunit) or FDH (64 lysines, 32 per
subunit). Even though NOX is attached to the surface through
few bonds, the immobilized enzyme is highly stable because of
the intrinsic thermostability of the soluble protein due to its
thermophilic origin. Therefore, the multivalency of the attachment
ultimately depends on the lysine content of each protein.

These data substantiate that the mechanics of the micro-
beads can be used to indirectly elicit the thermal stability of
different heterogeneous biocatalysts of the same enzyme with
different levels of protein-agarose interactions, but cannot
correlate thermal stability with microbead stiffness between
two different enzymes immobilized through different, or even
the same, chemistries. However, the stiffness of the agarose
microbead immobilizing enzymes is a good indicator to evaluate
the number of interactions between the enzymes and the solid
surfaces. Hence, colloidal probe-AFS allows demonstrating that
the immobilization chemistries which establish a high number
of rigid bonds between the proteins and the fibers increase the
stiffness of the microbeads upon immobilization and promote
a significant thermal stabilization of the immobilized proteins.
Therefore, microbead stiffness can be used as a measurable
parameter to predict the optimal immobilization chemistry
to achieve the highest thermal stability of one heterogeneous
biocatalyst.
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Conclusions

Nanoindentation by colloidal probe-AFS is revealed as a very
informative technique to characterize proteins immobilized on
porous microbeads. With this technique, we can investigate in
real time the immobilization of proteins on a single microbead,
monitoring the changes in Young’s modulus of the agarose
microbead during the immobilization process. In addition, we
have discovered that microbead stiffness, as well as thermal
stability, is affected by the immobilization chemistry that
attaches the proteins to the solid material. This technique
has been applied to forecast the stability of several immobilized
enzymes with a high impact on industrial biotechnology,
demonstrating that force spectroscopy is highly useful to
indirectly unravel some functional properties of ‘“ready-to-use”
heterogeneous biocatalysts labeling neither the enzymes/proteins
nor the solid materials where they are immobilized. Future
research should focus on studying more complex systems formed
by multi-enzyme consortiums as well as monitoring the changes in
the microbead mechanics during the operational process with
AFM. In this scenario, we may observe the real-time lixiviation of
proteins from the solid surfaces under the reaction conditions, or
protein unfolding that would reduce the rigidity of the coated
fiber, decreasing the global stiffness of the microbeads.
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