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The emerging interface of biology and materials science is
creating new opportunities for the design, synthesis, and
optimization of biologically enabled and biologically inspired
materials. The incorporation of proteins into polymers can
result in hybrid materials that combine the properties of the
polymer as a cost-effective and easily processable material
with the highly evolved biological functionality of the protein,
which enables new concepts for the construction of sensors,
biomedical materials, and drug-delivery systems.[1] Specific
examples include biocatalytic polymers[2] and detoxification
foams[3] that combine the catalytic properties of enzymes with
the structural properties of polymers. Furthermore, hydro-
philic polymers have been cross-linked with proteins to
generate hydrogels that alter their swelling state due to
conformational changes of the protein in response to an
external stimulus such as a change in temperature[4] or the
presence of a ligand.[5] Protein-crosslinked hydrogels have
also been developed that are biodegradable[6] or incorporate
the pH- and temperature-dependent fluorescence of the
green fluorescent protein into the gel.[6b]

A common feature of these materials is that the function-
ality of the biomolecule is added to, and alters the properties
of, the polymer. However, to the best of our knowledge, the
reverse situation, in which changes in the polymer alter the
properties of the protein, has not been reported to date. Such
a scenario is essential in order to create self-reporting hybrid
materials, where proteins are used as reporter molecules that
sense deformation, strain, or mechanical damage in materials.

Self-reporting materials are an intriguing possibility for the
detection of internal damage before occurrence of cata-
strophic failure of the material.[7] The early detection of
impending failure is especially important in cases where the
polymer is used as a load-bearing material (e.g., fiber-
reinforced polymer composites in automotive and aerospace
applications), as a polymer adhesive, or as a material that
comes into contact with liquids (e.g., tubing, biomedical
materials) and can warn against potential leakage.

Herein, we present the concept of a protein-based nano-
sensor that is able to report deformation of the embedding
polymer matrix. We combined the structural properties of the
thermosome (THS), a chaperonin from the thermophilic
organism Thermoplasma acidophilum, with the spectral
properties of fluorescent proteins to generate a protein
complex that exhibits fluorescence resonance energy transfer
(FRET) and is sensitive to structural deformation (Figure 1).

THS is a spherical, hexadecameric complex consisting of
two stacked, eight-membered rings that join at the equatorial
plane of a spherical structure (Figure 2 a).[8] This plane is the
mechanically weakest part of chaperonins.[9] Each ring forms
a half sphere, is composed of alternating a and b subunits with
a molecular weight of 58 kDa, and encloses a central cavity
with a diameter of approximately 5 nm and a void volume of
130 nm3. Each cavity is large enough to accommodate
globular proteins of approximately 45 kDa.[8] In contrast to
the GroEL–GroES complex from E. coli, which is the most
widely studied chaperonin,[10] both rings of THS have a built-
in lid formed by helical protrusions at the tip of the apical
domain of each subunit. These lids can open and close in an
adenosine triphosphate (ATP) dependent manner.

Our concept for a THS-based stress sensor is shown in
Figure 1. It is based on the idea that guest proteins can be
permanently entrapped into the cavities by covalent linker
chemistry. Entrapping a donor–acceptor pair of fluorescent
proteins into the cavities gives the possibility for FRET to
occur. The centers of the two cavities are approximately 7 nm
apart, which is close to the F�rster radius (4.9 nm) of
enhanced cyan fluorescent protein (eCFP) and enhanced
yellow fluorescent protein (eYFP),[11] which are the most
commonly used donor–acceptor FRET pair in molecular
biology.[12] We thus hypothesized that, by covalently cross-
linking chains of a polymer matrix with the THS–guest
complex, a sufficient force applied to the matrix will separate
the two halves of the THS, which results in reduced FRET
(Figure 1a). Another possible reporting mechanism, whereby
a separated THS complex relaxes back to its native con-
formation because of stress relaxation around the cracks, thus
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resulting in increased FRET in the vicinity of the cracks
compared to the nonrelaxed matrix, is shown in Figure 1b.

To construct the sensor, specific chemical attachment
points had to be engineered into the cavities of the THS
complex. To this end, three site-directed mutations were
carried out simultaneously. The mutation K316C in the
b subunit introduced cysteine residues into the wall of each
cavity (Figure 2 b). However, the native THS has one surface-
exposed cysteine on the outside of each subunit, which was
replaced by alanine. As a fully assembled THS is built of two
eight-membered rings with alternating a and b subunits, its
engineered form exposes four cysteine groups in each cavity
and none on its outer surface, thus allowing the selective
coupling of protein guests inside the cavities.

The genes of the genetically engineered a and b subunits
were co-expressed in tandem in a pET-27b vector in the host-
cell line E. coli BL21(DE3) Codon Plus-RIL by following a
protocol described for the native THS.[13] Fermentations were
carried out in the nutrient-rich medium Terrific Broth at 30 8C
(see the Supporting Information). THS was purified from the
soluble cell extract in three steps. Initial anion-exchange
chromatography was followed by size-exclusion chromatog-
raphy to yield a high-molecular-mass species. This fraction
was then subjected to a second, high-resolution anion-

exchange step to separate fully assembled a8/b8 THS from
assemblies that contained mismatched a and b subunits.
Fractions with a 1:1 ratio of a and b subunits were identified
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and combined. Nondenaturing native PAGE
revealed one band corresponding to a species with a
molecular mass of approximately 960 kDa and was attributed

Figure 1. Concept of a reporter for structural deformation comprising a
FRET pair of fluorescent proteins coencapsulated into the two cavities
of the thermosome (THS). eCFP and eYFP can serve as donor and
acceptor species for FRET, and the dimensions of the THS complex
will position these variants in separate cavities within the required
distance (F�rster radius =4.9 nm). a) Deformation of the complex
increases the distance between the fluorescent proteins, resulting in a
reduced FRET process. b) In this system, THS is covalently incorpo-
rated into a glassy polymeric network. Internal stress within this hybrid
material leads to deformation of the THS native structure and cavity
separation. Upon formation of cracks, the polymer and THS in the
vicinity of a crack relaxes, which can be detected by changes in the
emission intensity of the FRET acceptor.

Figure 2. Structure of THS and strategy to covalently entrap fluores-
cent proteins into the chaperonin. a) Side view of THS in its closed
conformation.[8] b) Surface representation of one a and b subunit,
showing the targets of the three point mutations that were chosen to
introduce a cysteine residue inside the cavity and to remove exposed
cysteine residues on the external surface. c) Coupling chemistry used
to covalently bind fluorescent proteins into the cavities of THS and
yield THS-eCFP-eYFP (6). Further modification of the protein’s lysine
residues with 7 introduced copolymerizable acrylamide groups.
1) [THS] = 2.0 mgmL�1, [1] = 442 mm, sodium phosphate buffer
(100 mm, pH 6.5, 150 mm NaCl); 2) [FP]= 1.0 mgmL�1, [3] = 313 mm,
sodium phosphate buffer (100 mm, pH 7.4, 150 mm NaCl);
3) [2] = 2.0 mgmL�1, [4] = [5] = 1.76 mgmL�1, 1,3-bis-
(tris(hydroxymethyl)methylamino)propane (bis-tris-propane) buffer
(100 mm, pH 6.5, 150 mm NaCl); 4) [6] = 1.0 mgmL�1, [7] = 355 mm,
sodium phosphate buffer (100 mm, pH 7.4, 150 mm NaCl).
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to the fully assembled THS. The overall yield of the
chaperonin was 12 mg protein per liter of culture.

The guest proteins eCFP and eYFP were entrapped
within the cavities of the thermosome by covalent coupling
between the cysteine residues in the cavities and surface-
exposed lysine groups of the guests. The linker chemistry is
shown in Figure 2c. Firstly, THS was modified with the
heterobifunctional linker maleimido trioxa-6-formyl benz-
amide (1), which reacts with the thiol groups through
maleimide chemistry and introduces an aromatic aldehyde
group linked to a hydrophilic di(ethylene glycol) spacer. All
eight thiol groups present in THS could be modified with a 25-
fold excess (with respect to thiol groups) of the linker, as
determined by UV/Vis spectroscopy (see the Supporting
Information). In a parallel step, the lysine groups of the
fluorescent proteins were modified with a second heterobi-
functional linker, succinimidyl 6-hydrazinonicotinate acetone
hydrazone (3), which introduced a hydrazide functionality
into the protein. An average of 2.1 of the 12 surface exposed
lysine groups of the fluorescent proteins were modified with a
10-fold excess of reagent (see the Supporting Information).

The coupling between the modified THS and the modified
fluorescent proteins was carried out by simple incubation of a
mixture of the proteins for 16 h at room temperature in a
coupling buffer at a THS concentration of 2 mgmL�1.
Addition of ATP to the reaction mixture did not improve
the coupling ratio significantly, thus ATP was omitted in the
experiments. The coupling product THS-eCFP-eYFP (6) was
purified by size-exclusion chromatography. In order to be
incorporated into polymeric materials, 6 was further modified
with acrylamide groups by reaction with a 320-fold excess
(relative to THS) of N-succinimidyl acrylate (7), followed by
diafiltration to yield 8.

Native PAGE of the hybrid 6 showed a fluorescent band
where the assembled THS is expected to appear, which
indicates that the fluorescent proteins were indeed encapsu-
lated in the chaperonin (Figure 3a). TEM micrographs of the
hybrid proved that the overall structure of THS remains intact
(Figure 3b). The success of the coupling was quantified by
UV/Vis spectroscopy, as the reaction between the two linkers
yields a stable bisaryl hydrazone bond with a distinct
absorption band in the UV region.[14] A typical spectrum of
the purified host–guest hybrid is shown in Figure 3c. From the
individual components of the composite spectrum, the
coupling ratios were determined to be eCFP/THS = 0.44�
0.03, eYFP/THS = 0.71� 0.03 and (eCFP + eYFP)/THS =

1.15� 0.04. An average of 1.60� 0.06 hydrazone bonds were
formed by each fluorescent protein. This data shows that the
two fluorescent proteins are covalently entrapped inside the
THS. The protein is most likely a mixed population of empty,
singly, and doubly occupied THS, in which each cavity hosts
no more than one fluorescent protein because of steric
exclusion.

Fluorescence spectroscopy measurements proved that
FRET occurs between the fluorescent proteins (Figure 3d
and the Supporting Information). These results were con-
firmed and quantified by fluorescence lifetime imaging
microscopy (FLIM) of the protein solution. FLIM represents
a concentration- and cross-bleed-independent method to

detect and quantify FRET, because the decrease of the
quantum yield of the donor as a result of FRET is accurately
reported by a decrease of the donor lifetime (tdonor).[11] The
fluorescence decay trajectories of eCFP coencapsulated with
eYFP in THS are clearly described by a double-exponential
decay function (see the Supporting Information). A relatively
short-lived component can be attributed to donor molecules
that interact with the eYFP (tdonor = (1.69� 0.07) ns, occu-
pancy (56� 3)%), and a longer-lived component (tdonor =

(2.75� 0.06) ns, occupancy (44� 3) %) arises from noninter-
acting donor molecules. From the ratio of the lifetimes, an
intermolecular distance of (5.23� 0.13) nm was determined.
The mean lifetime was calculated to be tmean = (2.16�
0.02) ns.

In order to synthesize protein–polymer hybrid materials, 8
(20.8 mg, that is, 0.8 mg of fluorescent proteins), acrylamide
(10 mg), and the cross-linker N,N’-methylene-bis-acrylamide
(0.1 mg) were dissolved in sodium phosphate buffer (40 mL,
50 mm ; pH 7.4, 75 mm NaCl) and copolymerized by initiation
with ammonium persulfate/tetramethylethylenediamine at
room temperature. The resulting hydrogels were intensively
extracted with buffer and water, and finally air dried at room
temperature to give the transparent, fluorescent, and glassy
polyacrylamide (PAAm).

These polymers were used as model systems to investigate
the effect of mechanical deformation of the polymer on the
biomechanical sensor. To this end, samples of the polymer
were uniaxially strained until they fractured. The area
surrounding the fracture face was imaged by multichannel
confocal microscopy (Figure 4). The images clearly show the
formation of microcracks arising from the applied strain. The

Figure 3. Analytical evidence for the successful synthesis of THS-eCFP-
eYFP. a) Native PAGE of the purified sample. The gel was imaged in
fluorescence mode (left) and subsequently stained with Coomassie
Blue (right). b) TEM micrograph of the sample. Fully assembled THS
complexes are visible in top and side views. A top view of a protein is
highlighted by an arrow in the upper half of the image and a side view
in the lower half. c) UV/Vis spectrum with arrows indicating compo-
nents at 513 nm (eYFP), 439 nm (eCFP), 354 nm (bisaryl hydrazone
linker), and 276 nm (THS, eCFP, and eYFP). d) Fluorescence emission
spectrum of THS-eCFP-eYFP (excitation at wavelength of eCFP and
corrected for spectral bleed-through) with the characteristics of an
eYFP emission spectrum, thus proving FRET between eCFP and eYFP.
(see the Supporting Information for the non-deconvoluted spectrum
and the detailed protocol for how the spectrum shown was generated.)
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FRET efficiency in the nondeformed material surrounding
the cracks is surprisingly low. However, the FRET signal
increases 1.5-fold in regions corresponding to the locations of
the cracks. The FLIM images show a shorter mean lifetime of
the donor within the cracks (tmean = (1.86� 0.05) ns) com-
pared to the surrounding matrix (tmean = (2.07� 0.06) ns),
which corresponds to a higher FRET efficiency. The lifetime
difference suggests that changes in the microenvironment of
the fluorophores within the cracks occurs, which most likely
arises from a shortening of the donor–acceptor distance.

Thus, of the two reporting mechanisms depicted in
Figure 1, the second is more likely; that is, THS-eCFP-
eYFP reports the presence of cracks through relaxation of
stress imposed during polymerization and subsequent drying
of the PAAm. Upon application of strain, the formation of
cracks and their propagation is accompanied by a plastic
deformation of the polymer at the crack tip. As the crack
propagates, it leaves behind a strip of deformed material. The
plastic deformation allows the polymer chains and the
attached sensor proteins at the crack edges to relax, which
results in an increased FRET signal that remains narrow even
for long cracks. While this explanation is no doubt a
simplification of what actually takes place within the hetero-
geneous PAAm network, it is consistent with both the FRET
and FLIM images.

Control experiments were carried out with AAm that was
copolymerized with acrylamide-modified eCFP (Figure 4b)
or a thermosome encapsulating eCFP alone (Figure 4c).
These polymers fluoresce, but, as expected, do not exhibit a
FRET signal. Straining of these polymers leads to microcrack
formation and fracture. The cracks are visible in the
fluorescence image as dark regions. However, in the FLIM
images, no significant difference between the undamaged
matrix and the crack regions was detected (PAAm-eCFP:
tmean(crack) = (2.05� 0.09) ns, tmean(matrix) = (2.15�
0.05) ns; PAAm-THS-eCFP: tmean(crack) = (2.17� 0.07) ns,
tmean(matrix) = (2.19� 0.04) ns), which indicates that the

THS-eCFP-eYFP construct is essential for the FRET detec-
tion of localized mechanical deformation of the polymer.

In conclusion, we report a polymer–protein hybrid
material in which changes in stress of the polymer matrix
result in changes to the fluorescence properties of the protein
complex, thus creating a material that visually reports
damage. Further work is underway to examine the sensitivity
of the sensor. Ideally, it will be able to report damage on a
submicrometer scale before visible cracks become detectable
by standard microscopic methods. These self-reporting mate-
rials could be used in myriad applications where easy and
early detection of damage is essential to avoid catastrophic
failure of the material.
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Figure 4. Confocal fluorescence microscopy analysis of strained and
fractured PAAm-THS-eCFP-eYFP (a) and control experiments with
strained and fractured PAAm-eCFP (b) and PAAm-THS-eCFP (c). The
fluorescence emission in the blue channel upon excitation of eCFP,
intensity-based FRET, and tmean value of the eCFP (calculated from
FLIM) are shown.
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