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The development of sophisticated ordered functional materials is one of the important 

challenges in current science. One of the keys to enhance the properties of these materials is 

the control of the organization and morphology at different scales.  In this work, we present a 

novel bioinspired methodology to achieve highly ordered donor/acceptor bionanohybrids 

using a designed repeat protein as scaffold, endowed with photoactive and electron donating 

porphyrin (P) units, to efficiently wrap around electron accepting SWCNT. A systematic 

experimental and theoretical study to evaluate the effect of the length of the protein reveals 

that longer proteins wrap around the SWCNT in a more efficient manner due to the stronger 

supramolecular interaction existing between the inner concave surface of the protein (namely 

Trp and His residues) and the convex surface of the (7,6)-SWCNT. Interestingly, 

spectroscopy and X-ray diffraction data further confirm that the so-called protein-P-SWCNT 

donor-acceptor bio-nanohybrids retain the original protein structure. Finally, the new bio-
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nanohybrids show a remarkable enhancement on the photoconductivity values (FP-TRMC 

technique) demonstrating that the major charge carriers of electrons are injected into the 

SWCNTs and move along the 1D-structures. 

1. Introduction 

Symbiosis between carbon nanotubes (CNTs) and biological entities to create nanohybrid 

materials is a cutting-edge area with high impact in fields such as bio-medicine, sensing and 

energy production, just to name a few.[1] Up to now, DNA-CNT bionano hybrids are leading 

this research area due to the well-established and accurate design and manufacture of artificial 

nucleic-acid structures.[2] In contrast, the use of proteins for the generation of protein-CNT 

hybrids for optoelectronic applications is not so expanded presumably in behalf of the gap 

between the development of protein design comparing with that of DNA nanotechnology. 

However, in the last years, both computational and experimental studies have demonstrated 

the great potential of proteins and oligopeptides as biological frameworks for the 

functionalization and organization of CNTs. The main reason that makes proteins a powerful 

tool for nanotechnological applications is the extended number of building blocks comparing 

with DNA, with 20 different proteinogenic amino acids considering only the canonical ones, 

with the concomitant possibility to tune more precisely the final properties of the so-called 

biological materials.[3] 

Rationally, a requirement of these biological nanohybrids for being applied in light-harvesting 

and electron transfer devices is the introduction of an appropriate electron donor entity, acting 

the CNT as the electron acceptor material. In this line, a singular example presented by 

D’Souza and co-workers can be found in literature in which a three-component hybrid, 

porphyrin-DNA-CNT, is utilized for photoinduced electron transfer processes.[4] However, to 

the best of our knowledge, donor-protein-CNT hybrids remain still unexplored.  

In a previous work, we presented a novel bioinspired approach in which photoactive 

porphyrin derivatives were covalently connected to the helical scaffold of a designed repeat 
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protein, in particular a consensus tetratricopeptide repeat (CTPR) protein, giving rise to an 

ordered and oriented bio-organic conjugate.[5] Specifically, a mutated CTPR protein with four 

repeated units was designed, introducing two cysteine residues in each repeat to provide 

unique reactivity for the immobilization of the porphyrin derivatives. The hybrid conjugates 

retained the structure and assembly properties of the protein scaffold and displayed the 

spectroscopic features of orderly aggregated porphyrins along the protein structure.[5] Herein, 

we present the creation of novel protein-SWCNT donor-acceptor bio-nanohybrids from our 

recent bioinspired approach with potential applications in the so-called “biomolecular 

electronics”. 

2. Results and Dicussion 

2.1. Compatibility of morphology and composition of CTPR proteins and SWCNTs 

The TPR motif consists of 2-20 tandem-repeats of 34 amino acids residues adopting a helix-

turn-helix arrangement.[6] Because of their modular nature repeat proteins are well suited to be 

used as biomolecular scaffolds.[7] These CTPR repeats generate a right-handed superhelical 

structure[8] producing two protein surfaces: an inner concave face which contributes mainly to 

ligand recognition in natural domains and a solvent exposed outer convex face.[8b] Thus, the 

concave face presents an attractive frame for the accommodation of the hydrophobic SWCNT 

surface (Figure 1a).  
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Figure 1. Suitability of morphology and composition of CTPR proteins with SWCNTs. (a) 

Model of a CTPR8 (PDB ID: 2AVP[8b]) and a (7,6)-SWCNT showing the morphological 

compatibility between the concave face of the protein and the SWCNT surface. (b) Axial 

view along the superhelical axis of a CTPR8 highlighting the Tyr residues (red) and the 

engineered His residues (green). 

Favorable binding between protein residues and CNT surface is mandatory for an effective 

interaction. In this sense, a deep search in literature of the reported non-covalent forces ruling 

the adsorption of peptides and proteins onto CNT surfaces was made. This examination was 

aimed to validate the composition of the protein and, if possible, to modify those non-

conserved positions of the repeat sequence by more interacting amino acids, without affecting 

the structure of the protein framework.  

As described in recent theoretical and experimental works, the strongest interacting residues 

with CNTs are those bearing aromatic units in their side chains by establishing π-π and 

XH···π (X = C, N) contacts.[3e, 9] In this sense, Trp, Tyr, Phe and His are good candidates to 

be localized in those positions forming part of the concave face in CTPR proteins. Among 

these, important experimental evidences demonstrated that peptide sequences rich in Trp and 

His show strong interactions with the CNT surface.[3f, 10]  
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As previously described, surface exposed residues on the concave face in TPR proteins are 

mainly localized in helix A (Figure 2a), and usually encode specific binding to target 

guests.[11] Considering this fact, and the understanding of the consensus positions in TPR 

sequence, positions 5 and 9, both localized on the concave protein surface, were modified by 

His residues to increase the interaction with the CNT wall. Luckily, Tyr residues are found in 

the original sequence of CTPR unit, two of them with the phenol group pointing through the 

concave face. Altogether, two His and two Tyr in each repeat fragment could play a major 

role in the favorable interaction of the protein with the CNT (Figure 1b). 

2.2. Design and synthesis of CTPR proteins and conjugates. 

For the study described herein, we employ three mutated TPR proteins with different number 

of CTPR repeats (CTPR4, CTPR8 and CTPR16) and their corresponding conjugates (CTPR4-

P, CTPR8-P and CTPR16-P) with our previously described zinc-metalloporphyrin P, bearing 

ethyleneglycol chains to ensure water solubility and a cysteine-reactive maleimide group for 

the conjugation with the protein (See SI for further description of P). The previously 

described mutated CTPR4 was used as the smallest protein scaffold, with a dimension of 

approximately 40 x 36 Å and eight cysteine residues in the outer area of the superhelix, in 

particular, in the four loops of the protein, for the conjugation with the maleimide-type 

porphyrin P. The distance between the Cys side chains is between 7 to 8 Å, in the order of the 

distance required to establish π-π interactions between the porphyrin rings. Meanwhile, two 

new mutated proteins were designed, that is, CTPR8 and CTPR16. CTPR8 consisted on eight 

repeat units comprising one superhelical turn with overall molecular dimensions of 

approximately 80 x 36 Å and 16 cysteine residues. Finally, CTPR16, with two superhelical 

turns, a dimension of 160 x 36 Å and 32 cysteine residues, was the largest biological 

framework. Moreover, two His residues per repeat unit were introduced in the sequence of the 

proteins (Figure 2a). As expected, the two Cys and two His mutations in each repeat unit did 

not significantly affect the helical structure of the protein scaffold. Thus, well-expressed, 
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stable protein samples with the same α-helical structure as the parent protein were obtained 

(Figure 2b,c).  

The designed proteins and metalloporphyrin P were conjugated using the maleimide-cysteine 

chemistry and the analysis of the samples by gel electrophoresis showed that conjugates of 

higher molecular weight than their corresponding CTPR proteins were obtained. Specifically, 

conjugates presented more than double weight comparing with their unfunctionalized proteins, 

meaning a near quantitative yield in the conjugation reaction of the cysteine residues. When 

the gel was imaged without staining, the porphyrin fluorescence signal could be detected only 

in the lanes containing conjugates holding the porphyrin moieties, as expected (Figure S1). 

The purification of the protein-porphyrin conjugates from the excess of free porphyrin is a 

mandatory step to produce homogenous hybrid structures.  It was successfully carried out 

using size exclusion chromatography with the same conditions previously reported for the 

purification of the CTPR4-porphyrin conjugates.[5] As predicted, the elution time decreased 

while increasing the size of the conjugate (Figure S1).  

 

Figure 2. Design and synthesis of mutated CTPR proteins. (a) Sequence of amino acids of the 

repeat CTPR module, highlighting the positions 5 and 9 mutated to Histidine (green) and 14 

and 17 mutated to Cysteine (yellow). (b) Ribbon representation of the mutated CTPR8 with 
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Histidine residues in green and Cysteine residues in yellow. (c) CD spectra of mutated CTPR4, 

CTPR8 and CTPR16. 

A precise quantification of the number of porphyrins attached to each protein was not possible 

to elucidate by mass spectrometry due to the high content in porphyrin molecules and the high 

molecular weight of these conjugates (80-87 kDa for CTPR8-P with 14-16 porphyrins and 

158-171 kDa for CTPR16-P with 28-32 porphyrins), which probably difficult the 

volatilization of the samples. The effectiveness of the conjugation reaction was qualitatively 

demonstrated using absorption spectroscopy by the relative intensity of the Soret absorption 

band of porphyrin P, at 430 nm, compared to the protein absorption band, at 280 nm. Figure 

3a shows, on one hand, that the Soret and the Q-bands in the CTPR8-P and CTPR16-P 

conjugates were not displaced to neither higher or lower wavelengths comparing to the 

previously reported UV-vis spectrum of CTPR4-P, thus, the location of the porphyrins and 

their electronic communication should be comparable, that is, establishing J-type aggregates. 

On the other hand, the ratio of the absorbance at λ = 430 nm respecting to λ = 280 nm in the 

three conjugates unambiguously proved that the relative amount of porphyrins is maintained 

while the dimension of the protein is enlarged. In our previous work, we demonstrated by 

mass spectrometry that 6 to 8 porphyrins on average were attached to the CTPR4. Therefore, 

we can conclude that the effectiveness of the conjugation reaction is maintained in all the 

cases and is unaffected by the size increment in CTPR8 ‒ 12 to 16 porphyrins ‒ and CTPR16 

‒24 to 32 porphyrins (Figure 3b).  

Regarding secondary structure of the protein scaffold within the conjugate and the spatial 

organization of the porphyrin moieties, CD studies were carried out. In the absorption region 

of proteins, that is, from 260 to 190 nm, all conjugates revealed the feature CD signal for α-

helical secondary structure presented in CTPR proteins (Figures 3c and S2). Furthermore, 

optical activity is exhibited in the Soret absorption band of achiral porphyrins, indicating a 

chiral arrangement of these chromophores within the conjugates (Figure 3d and S2).  These 
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results confirmed the ability of all the mutated CTPR proteins employed in this work to act as 

robust biological scaffolds for ordering organic chromophores. 

 

Figure 3. Spectroscopic characterization of bio-organic conjugates. (a) Normalized UV-vis 

spectra of conjugates CTPR4-P, CTPR8-P and CTPR16-P. (b) Representation of CTPR16-P 

from different views. (c) CD spectra of CTPR16-P in the protein absorption region. (d) CD 

spectra of CTPR16-P in the Soret band absorption region of the zinc-metalloporphyrin. 

2.3. Wrapping SWCNT by CTPR proteins and conjugates. 

After obtaining and characterizing the corresponding CTPR proteins and protein-porphyrin 

conjugates, they were evaluated as wrapping agents for SWCNTs. Both of them formed 

water-soluble hybrid assemblies with SWNTs, producing aqueous solutions that were stable 

for months in the fridge (Figure S3. See SI for complete description of the preparation of the 

nanohybrids).  

Insights into protein-SWCNT and conjugate-SWCNT ground-state electronic interactions 

came from UV-vis spectroscopic experiments. The study performed on the protein-SWCNT 

nanohybrids is depicted in Figure 4a. Although only three lengths of CTPR proteins have 

been used for this study, some trends can be pointed out: at the same amount of protein, that is 

0.005% (w/v), the larger systems were able to dissolve more effectively SWCNTs in aqueous 
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media. In particular, CTPR16, with two completed superhelical turns, was the most efficient 

wrapping agent followed by CTPR8, with one superhelical turn. CTPR4, being the shortest 

biological scaffold, was also the least effective. All-atom Molecular Dynamics (MD) 

simulations of the CTPR4-16 in the presence of a 20 nm long (7,6) SWCNT were performed 

to rationalize their different binding capacity, and provide an atomistic description of the 

recognition process (Figure 5). For each system, three replicas of 100 ns unbiased MD 

simulations were initially run followed by 100 ns of accelerated Molecular Dynamics (aMD) 

to enhance conformational sampling (see SI for complete computational details). In the 200 ns 

(a)MD simulations, all CTPR4-16 systems gradually adopt a more extended conformation 

over the SWCNT surface, as observed in Figure 5 and in the increase of the standard 

deviation of the radius of gyration. The latter ranges from ca. 18.2 ±1.7, 29.0 ±2.1, and 47.9 

±3.0 Å for CTPR4-16, respectively. The more extended CTPR4-16 conformations maximize 

the π-π interactions of His, Tyr and Trp residues located in the concave face of the protein 

with the SWCNT. The access to these extended conformations is in agreement with the 

previously reported flexibility of the CTPR superhelices.[12] CTPR16 and CTPR8 systems can 

completely wrap the SWCNT. CTPR4 is less effective due to its shorter length that only 

covers half of the SWCNT perimeter. This is reflected in the binding affinities: CTPR16 

exhibits by far the most favorable binding (-638.8 ±15.5 kcal/mol), followed by CTPR8 (-

334.7 ±40.6 kcal/mol), and CTPR4 (-288.4 ±18.5 kcal/mol). Along the course of the 

simulations more favorable binding energies are obtained as the elongation of the protein 

chain enhances their interaction with the SWCNT (Figure 5).  

The same comparative study was performed on the respective three conjugates. In order to 

establish the influence on the exfoliation and supramolecular functionalization of SWCNTs 

with the zinc metalloporphyrin fragment P in the conjugates, a control experiment was carried 

out using the non-conjugated porphyrin P (See SI for complete description). Figure S4 shows 

the result, remarking the slight presence of SWCNTs in solution and more than 90% of 
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porphyrin P precipitated out, probably because of π-π interaction with the surface of nanotube, 

establishing porphyrin-SWCNT nanohybrids with no stability in water.  

 

Figure 4. Spectroscopic characterization of the bio- and the bio-organic nanohybrids. (a) UV-

vis spectra of CTPR4 (yellow line), CTPR4/CNT (grey dashed line), CTPR8/CNT (grey solid 

line) and CTPR16/CNT (black solid line). (b) CD spectrum of CTPR16/CNT. (c) UV-vis 

spectra of CTPR4-P (purple line), CTPR4-P/CNT (grey dashed line), CTPR8-P/CNT (grey 

solid line) and CTPR16-P/CNT (black solid line). (d) CD spectrum of CTPR16-P/CNT. 
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Figure 5. Representation of the evolution of the radius of gyration (in Å) of CTPR16 (in 

orange), CTPR8 (violet), CTPR4 (cyan), and the porphyrin conjugate CTPR4-P (red) along 

the 200 ns (a) MD simulations. The computed binding energies (in kcal/mol) are represented 

every 50 ns of simulation for all systems. In the case of CTPR16 and CTPR4-P some 

representative snapshots are also displayed. 

UV-vis studies performed on the conjugates with SWCNTs are illustrated in Figure 4c with 

comparable results relating to their analogue non-conjugated proteins. The trend was similar 

to that in the proteins, that is, at the same amount of the conjugates, longer scaffolds were 

more effective wrapping agents for the carbon nanostructures. To rationalize the effect of 

porphyrin moieties on the binding affinities of the protein scaffolds with the SWCNT, MD 

simulations were performed on the smallest CTPR4-P/SWCNT conjugate (see Figure 5, and 

SI for computational details). The binding energies are substantially enhanced by the 

inclusion of porphyrins (-288.4 ±18.5 and -586.8 ±17.1 kcal/mol for CTPR4 and CTPR4-P, 

respectively). As shown in Figure 5, the increase in the binding affinity mainly comes from 
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the interaction of the porphyrin moieties with the surface of the SWCNT, which completely 

wrap the nanotube perimeter by the end of the MD simulation. These results are in 

concordance with the effect observed in the visible range of the Soret band of the zinc-

metalloporphyrins that decreased, in spite of the increasing intensities in the whole spectral 

region of protein-SWCNT (Figure 4c).  

Structural integrity of the proteins and conjugates, when they are constituting their 

corresponding nanohybrids with SWCNTs, was proven by CD assays. Figure 4b,d and S5 

show how the α-helix signature of CTPR framework is maintained in all the cases. The only 

difference to point out is the slight reduction in the dichroic signal comparing with the pristine 

samples without SWCNTs. This experimental finding could be attributed to a decrease of the 

protein/conjugate concentration during the centrifugation process. CNTs without a dense 

covering of proteinaceous material could precipitate out of the aqueous solution, carrying with 

them some wrapped macromolecules. Nevertheless, partial unfolding of the α-helices could 

be another explanation to take into account. 

Once identified CTPR16 protein and its corresponding CTPR16-P conjugate as the best 

dissolving agents of SWCNTs, the following assays are described only for their resultant 

nanohybrids: concomitant studies came from Raman spectroscopy which provided valuable 

information regarding the interaction between both entities. The first evidence to note is that 

D band intensity, relating to G bands, reveals no difference comparing with pristine SWCNTs, 

as expected from a non-covalent interaction (Figure 6a). In contrast, G-modes, shown in 

Figure 6b, reveal a downshifted from 1592 cm-1 in pristine SWCNTs, to 1589 and 1585 cm-1 

in CTPR16/CNT and CTPR16-P/CNT, respectively. Previous studies have demonstrated that 

the G band peak in CNTs shifts to lower frequencies when doping with electron donor agents 

and to higher frequencies with electron acceptor ones.[13] However, in a reported work using 

peptides as wrapping agents of SWCNTs, even with modified Phe residues by Tyr residues 

(more electron donor moieties), the G-mode is upshifted comparing with uncoated SWCNTs. 
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Only when comparing a Phe-rich peptide/CNT with a Tyr-rich peptide/CNT, a slight 

downshift of the G-mode was appreciated (0.6 cm-1).[10a] However, in our current case, a 

remarkable downshift of 3 cm-1 in CTPR16/CNT comparing with pristine SWCNT was found 

(Figure 6b). This experimental finding attested the strong interactions of electron-donating 

residues in CTPR16 with the surface of the nanotube. In particular, the 32 His and 32 Tyr 

presented in the concave face of CTPR16 could be the responsible of such substantial shift to 

lower frequencies in the G band peak of SWCNTs. In the case of CTPR16-P conjugate, the 

effect was even more pronounced, with a downshift of 7 cm-1, supplying evidence of a 

possible charge transfer process between the porphyrins and the SWCNTs (Figure 6b). 

 

Figure 6. Raman spectroscopy and TEM images of the bio-organic nanohybrids. (a) 

Normalized Raman spectra from 50 to 3000 cm-1. (b) Normalized Raman spectra in the region 

of G-mode. All of them have been acquired at an excitation wavelength of 785 nm. Pristine 

SWCNTs (black line), CTPR16/CNT (yellow line), CTPR16-P/CNT (purple line). (c) TEM 

image of CTPR16/CNT nanohybrids. (d) TEM image of CTPR16-P/CNT nanohybrids. 
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Transmission electron microscopy (TEM) provided conclusive support of the existence of the 

protein-CNT and conjugate-CNT nanohybrids. TEM images were acquired by drop-casting 

the corresponding aqueous solution onto a carbon grid. Figures 6c,d and S6 show that the 

nanotubes are in an excellent exfoliated state and most of the individual SWCNTs showed 

their walls covered by organic material, that is, the protein or the conjugate depending on the 

sample.  

In our previous work, we described that these porphyrin-protein conjugates preserve their 

structural integrity in the solid state, when forming thin films.[5] Now, we produced the 

aforementioned thin films with these new hybrid materials and tested their features by X-ray 

diffraction (XRD). XRD data of the mutated CTPR16, its conjugate CTPR16-P and their 

corresponding nanohybrids CTPR16/CNT and CTPR16-P/CNT all revealed a most intense 

broad signal at 2θ around 19 to 21° (Figure S7). This value with a d-spacing of around 0.43 

nm has been previously associated to the α-helical pitch of tandem repeats configuring the 

superhelix.[14] Therefore, CTPR16 scaffold retained its superhelical conformation both with 

the enormous amount of porphyrins covalently attached to the structure and, more challenging, 

the interacting SWCNTs. 

2.4. Charge carrier transporting properties of the bio-nanohybrids. 

The present soluble nanohybrids accommodating conducting SWCNT and photoactive 

porphyrin systems are interesting for soft electronics or bioelectronics fields.  The photo-

carrier injection and intrinsic charge carrier transporting properties were investigated by flash-

photolysis microwave conductivity (FP-TRMC) technique that enables the device-less, non-

contact evaluation of transient conductivity upon photo-generated charge carriers in CTPR16-

P, CTPR16/CNT, and CTPR16-P/CNT with minimized damage of the scaffold structures.[15] 

Similarly to the previous demonstration for CTPR4-P9, a thin film of CTPR16-P showed a 

clear conductivity transient upon photoexcitation with 355 nm laser pulse (Figure 7) with 

long-lived stable charge carrier species, suggesting significant contribution from the local 
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motion of positive charge carriers on P-arrays.  Transient absorption spectra support the 

formation of photo-oxidized states on the P-arrays (Figure S8), and the calculated yield of 

radical cations are  = 4.0 × 10–2, leading the local mobility of holes on P-arrays as  = 4.5 × 

10–3 cm2 V–1 s–1. A dropcast film of CTPR16/CNT provided a transient with prompt rise and 

moderate decay features.   Namely, water-processable CTPR16/CNT films retain the 

conductivity of CNTs.  We disclosed that CTPR16-P/CNT displayed a conductivity transient 

whose profile was almost identical to that of CTPR16/CNT, indicating that the major charge 

carriers of electrons were injected into CNTs and mobile along the 1D-structures.  The 

photoconductivity transients within ~ 10 ms (Figure S9) obeys almost 2nd order 

recombination kinetics, suggesting local diffusion of electrons on CNT controls the 

recombination of positive/negative charge carriers. Presence of Zn porphyrin chromophores 

resulted in the effective charge carrier availability of excitation light over wide wavelength 

ranges.  For example, photoexcitation of CTPR16-P/CNT by 420 nm laser pulses also 

exhibited photoconductive nature.  This observation suggested that Zn porphyrins absorbed 

visible lights and mobile charge carriers were generated on CNTs.  Thus, nanohybrids of 

CTPR16-P/CNT revealed its excellent conductivity, photoabsorption capability, as well as 

water-based film processability. 

 

Figure 7. Kinetic traces of conductivity transients of a film of CTPR16-P (magenta), 

CTPR16/CNT (yellow), and CTPR16-P/CNT (purple) photoexcited at 355 nm, and CTPR16-

P/CNT (green) photoexcited at 420 nm at the time range of (a) 10 µs and (b) 100 µs. 

2. Conclusions. 
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In summary, we described a novel approach to achieve biomolecular electronic materials 

using a chemically modified protein as wrapping agent for SWCNTs. The optimal 

superhelical conformation of CTPR proteins and the possibility to mutate some residues to 

amino acids with potential larger interaction energies make them a good candidate to reach 

this goal. In this regard, we have demonstrated the effectiveness of our approach by a wide 

range of techniques, corroborating the introduction of the SWCNT into the inner cavity of the 

protein superhelix and the stability of the folding state of the protein even with the carbon 

nanostructure inside. Additionally, we have performed a comparative study considering the 

length of the protein, using CTPR4, CTPR8 and CTPR16, which reveals that the increase in 

the protein length improves the wrapping capability and thereby the binding affinity for 

SWCNT.  

Moreover, this approach has been expanded to the conjugates with photo and electroactive 

metallophorphyrins to obtain unprecedented biomolecular electronic nanohybrids, namely 

donor-acceptor protein-P-SWCNT. The ability of the protein-porphyrin conjugates for 

wrapping around (7,6)-SWCNTs has been demonstrated to be virtually identical than their 

corresponding non-conjugated proteins. However, it is important to remark two important 

features in these nanohybrids: i) the increase in the binding affinity due to the favorable 

interaction of the porphyrin moieties with the surface of the SWCNTs and, ii) a remarkable 

higher value of photoconductivity for these donor/acceptor bio-nanohybrids. All together, this 

bioinspired methodology paves the way to the use of repeat proteins as highly efficient, robust 

and chemically versatile scaffolds to obtain highly ordered and unprecedented functional 

materials.  
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A. Materials, techniques and experimental procedure. 

 

Protein design and purification. Based on a consensus CTPR protein, two cysteine residues 

were introduced in the CTPR repeat at positions 15 and 17 within the loop connecting the 

helix A and B within the repeat. The mutations were introduced in the gene encoding 1 repeat 

(CTPR1) by quickchange site directed mutagenesis. The CTPR4, CTPR8 and CTPR16 

genes were generated from the CTPR1 mutated gene by sequential additions of identical 

mutated repeats: (4 for CTPR4, 8 for CTPR8, and 16 for CTPR16) and cloned into pPro-

EXHTa vector. The protein was expressed as His-tagged fusion and purified using standard 

affinity chromatography methods based on previously published protocols for His-tagged 

CTPR proteins using 0.5% deoxycholic acid in the lysis buffer. The proteins were dialyzed 

into PBS buffer (150 mM NaCl, 50 mM phosphate buffer pH 7.4) and stored frozen at –20°C. 

The protein concentration was determined by UV-absorbance at 280nm using the extinction 

coefficient calculated from the amino acid composition of CTPR4, CTPR8 and CTPR16 

(51800 M-1 cm-1, 97640 M-1 cm-1 and 189320 M-1 cm-1 respectively). 

 

Preparation of metalloporphyrin derivative P. The corresponding compound P was 

synthetized using a previously reported procedure described by our research group. 

 

CTPR4/8/16-P conjugations. Prior to any conjugation, purified CTPR4/8/16 at a protein 

concentration of about 100μM was freshly reduced with 1 mM 1,4-dithio-DL-treitol (DTT) 
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during 20 minutes to ensure full reduction of the cysteine residues. DTT was removed by 

buffer exchange over a NAP-5 column (GE Healthcare Life Science) in PBS buffer. Protein 

fractions without DTT are collected at 4oC and 1mM TCEP was added to avoid the formation 

of disulfide bonds between cysteines during the conjugation reaction. The protein 

concentration was measured by UV-absorbance. 300 µl of 50 µM, 25 µM or 12.5 µM of 

freshly reduced CTPR4, CTPR8 or CTPR16 protein, respectively, was mixed with 40 

equivalents of P (around 1.9 mg) giving a ratio of 1:5 cysteine:maleimide and mixed gently. 

After an hour, an extra of 20 equivalents of P was added to the mixture (around 1 mg) giving 

a final ratio 1:7.5 cysteine:maleimide. The reaction mixture was incubated during 3 hours 

shaking and protected from light. 15% SDS-PAGE electrophoresis gels were used to monitor 

the conjugation process. Samples of the CTPR4/8/16 protein controls and marker were 

prepared using Amresco EZ-vision loading buffer and the conjugates were mixed with SDS 

loading buffer. The gel prior staining was imaged using UV-light to monitor the fluorescence 

of the porphyrin P. Then, the gels were stained with Coomassie Blue. 

Gel filtration chromatography. To purify the conjugates from the free porphyrin gel 

filtration chromatography was performed using an AKTA prime plus Fast Protein Liquid 

Chromatography (FPLC) equipment (GE Healthcare). The conjugation reaction was injected 

into a Superdex 75 HR 10/30 size exclusion chromatography column (GE Healthcare) and run 

at 0.5 mL/min in PBS buffer. The purified samples were collected in 0.5 mL fractions and 

stored protected from light. 

Wrapping of SWCNTs with proteins and conjugates. Firstly, the absorbance at λ = 280 nm 

of the corresponding CTPR4, CTPR8 and CTPR16 mutated proteins was adjusted to 0.13, 

that is, a final concentration of 2.5 µM, 1.25 µM and 0.63 µM, respectively, in PBS buffer. 

These molar concentration implied a weight/volume percent of 0.005% (w/v) for all the 

samples. Meanwhile, in the case of CTPR4-P, CTPR8-P and CTPR16-P conjugates, the 

same strategy was followed, adjusting the absorbance at λ = 280 nm to 0.13.  
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Secondly, 2 mL of each sample were transferred to a glass vial and were sonicated in an 

ultrasound bath in the presence of around 1 mg of (7,6)-enriched SWCNTs. The temperature 

of the bath was maintained at around 15-20oC to avoid denaturation of the proteins. Every 15 

min, each dispersion was transferred to a microcentrifuge tube and was centrifuged at 12000 

r.p.m. for 3 min. The 75% of the supernatant was recovered from the centrifugation tubes, 

avoiding sediment at the bottom, and was transferred to an absorbance cuvette for monitoring 

the amount of wrapped SWCNTs. This process was repeated until no more changes in the 

UV-vis spectra were observed.  

Finally, the supernatant obtained for all nanohybrids was centrifuged 30 min more at 5000 

r.p.m. to perfectly remove the non-functionalized SWCNTs, obtaining clear solutions in all 

the cases. These solutions were kept in the fridge where they remained stable over months.  

 

In the case of the control experiment with non-conjugated P, to a solution containing P (6.1 

µM in PBS buffer) around 1 mg of SWCNTs was added and the same aforementioned 

procedure was followed, that is, prolonged sonication and high-rating centrifugation. 

 

Absorbance measurements. Absorbance spectra were recorded using a VARIAN-80 UV-vis 

spectrophotometer. The absorbance spectra of the protein, porphyrin, and protein-porphyrin 

conjugates from 230 nm to 1000 nm were acquired in a 1 cm pathlength quartz cuvette using 

a 4 nm slit-width. 

 

Circular dichroism (CD) measurements. CD spectra were measured using a Jasco J-815 

CD Spectrometer. CD spectra of proteins, conjugates and nanohybrids in water were acquired 

in a 1 mm path length quartz cuvette at a protein concentration of around 10 µM.  All the CD 

spectra were recorded with a band-width of 1 nm at 1 nm increments and 4 second average 

time.  
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Transmission Electron Microscopy (TEM). TEM images were performed in a JEOL JEM 

1011 electron microscope operated at 100 kV. Images were directly recorded using a GATAN 

Erlangshen ES 1000W camera attached to the microscope. 

 

X-ray Diffraction (XRD). X-ray diffraction was performed in a Panalytical X’Pert PRO 

diffractometer with Cu tube (lambda Kα=1.54187 Å) operated at 45 kV, 40 mA, Ni beta filter, 

programmable divergence and anti-scatter slits working in fixed mode, and fast linear detector 

(X’Celerator) working in scanning mode. 

 

Flash-photolysis time-resolved microwave conductivity (FP-TRMC).  The charge carrier 

transport property along the π-stacked porphyrin assemblies was evaluated by FP-TRMC 

technique at room temperature under air.  Uniform thin films were prepared on a quartz plate 

by dropcasting of deionized water solution of CTPR16, CTPR16/CNT, and CTPR16-

P/CNT.  Transient charge carriers were generated through photoexcitation by laser pulses of 

third harmonic generation (λ INDI-HG Nd:YAG 

laser with a pulse duration of 5–8 ns.  Light pulses at 420 nm were also used as excitation 

light source from a Spectra Physics model versaScan optical parametric oscillator unit 

pumped with THG pulses of an identical laser system.  The photon density of a 355 nm and 

420 nm pulse was set at 4.6  1015 and 8.1  1015 photons cm–2 pulse–1, respectively.  The 

probing microwave frequency and power were set at 9.1 GHz and 3 mW, respectively.  

Photoconductivity transients, demodulated through a GaAs crystal-diode with Schottky-

barriers (rise time < 1 ns), were monitored by a Tektronix model TDS3032B digital 

oscilloscope.  The observed conductivities were normalized, given by a photocarrier 

generation yield (φ) multiplied by sum of the charge carrier mobilities (), according to the 

equation, 
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f m=
ADPr

eI0FLPr

å
 

where, e, A, I0, Flight, Pr, and ΔPr are elementary charge, sensitivity factor (S cm–1), incident 

photon density of the excitation laser (photon cm–2), correction factor (cm–1), and reflected 

microwave power and its change, respectively. 

Transient absorption spectroscopy (TAS).  Transient absorption spectroscopy (TAS) 

measurements were carried out at room temperature under air.  The same dropcasted films 

used for FP-TRMC measurements were used for TAS measurements. The film was 

photoexcited using the third harmonic generation (λ = 355 nm) from the identical Spectra 

Physics laser, where the photon density of a 355 nm pulse was 4.6  1015 photons cm–2 pulse–1.  

A white light continuum from a Xe lamp was used as a probe light source for transient 

absorption spectroscopy.  The monochromated probe light was guided into a Hamamatsu 

model C7700 wide-dynamic-range streak camera system, which collected a two-dimensional 

image of the spectral and temporal profiles of light intensity. 
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B. Supplementary figures 

 

 

Figure S1. Analysis and purification of conjugates. (a) SDS-Page electrophoresis gel of the 

conjugation reactions: Molecular weight marker (lane 1), CTPR control proteins (lane 2, 4 

and 6) and CTPR-porphyrin conjugates (lane 3, 5 and 7). The gel is shown prior staining 

imaged using UV-light to monitor the fluorescence of the porphyrins (right panel) and after 

Coomassie Blue staining (left panel). (b) Size exclusion chromatogram showing the different 

elution volumes of the three conjugates. 
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Figure S2. Spectroscopic characterization of bio-organic conjugates. (a) CD spectra of the 

CTPR4-P conjugate in the protein absorption region and (b) in the Soret band absorption 

region of the zinc-metalloporphyrin. (c) CD spectra of the CTPR8-P conjugate in the protein 

absorption region and (d) in the Soret band absorption region of the zinc-metalloporphyrin. 

(e) Representation of the three conjugates. 
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Figure S3. Photographs of a solution containing C16-P conjugate (left) and its corresponding 

C16-P/CNT nanohybrid (right). 
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Figure S4. UV-vis spectra of P (orange line) and P/CNT (black line). 
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Figure S5. CD spectra of CTPR4 (a) and CTPR8 (b) proteins and their corresponding 

conjugates, CTPR4-P (c) and CTPR8-P (d) in the presence of SWCNTs.  
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Figure S6. TEM micrographs at different magnifications. (a, b) CTPR16/SWCNT. (c,d) 

CTPR16-P/SWCNT. 
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Figure S7. X-ray diffractograms of the films. 
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Figure S8.  (a) Transient absorption spectra recorded for CTPR16-P upon photoexcitation at 

355 nm, 4.6  1015 cm–2 pulse–1, (b) kinetic traces observed at 580 and 620 nm with the 

photoconductivity trace. 
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Figure S9. Photoconductivity kinetic traces recorded for CTPR16-P/CNT upon 

photoexcitation at 355 nm, 4.6  1015 cm–2 pulse–1.  
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C. Computational Methods 

Molecular Dynamics Simulations. Porphyrin parameters for the MD simulations were 

generated within the ANTECHAMBER module of AMBER 14 using the general AMBER 

force field (GAFF), with partial charges set to fit the electrostatic potential generated at the 

HF/6-31G(d) level by the RESP model. The charges were calculated according to the Merz-

Singh-Kollman scheme using Gaussian 09. Each nanohybrid unit was immersed in a pre-

equilibrated truncated octahedral box of water molecules with an internal offset distance of 12 

Å, using the LEAP module. All systems were neutral, and no explicit counterions were added. 

A two-stage geometry optimization approach was performed. First, a short minimization of 

the water molecules positions, with positional restraints on solute by a harmonic potential 

with a force constant of 500 kcal mol-1 Å-2 was done. The second stage was an unrestrained 

minimization of all the atoms in the simulation cell. Then, the systems were gently heated 

using six 50 ps steps, incrementing the temperature 50 K each step (0-300 K) under constant-

volume, periodic-boundary conditions and the particle-mesh Ewald approach to introduce 

long range electrostatic effects. For these steps, a 8 Å cutoff was applied to Lennard-Jones 

and electrostatic interactions. Bonds involving hydrogen were constrained with the SHAKE 

algorithm. Harmonic restraints of 10 kcal mol-1 were applied to the solute, and the Langevin 

equilibration scheme is used to control and equalize the temperature. The time step was kept 

at 1 fs during the heating stages, allowing potential inhomogeneities to self-adjust. Each 

system is then equilibrated for 2 ns with a 2 fs timestep at a constant pressure of 1 atm. 

Finally, a 100 ns unrestrained MD trajectory at constant volume and temperature (300 K) was 

collected, followed by 100 ns of dual-boost accelerated Molecular Dynamics (aMD). aMD 

enhances the conformational sampling of biomolecules, by adding a non-negative boost 

potential to the system when the system potential is lower than a reference energy: 

 ,               ,  
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 ,  , (1) 

where  is the original potential, E is the reference energy, and  is the modified 

potential. In the simplest form, the boost potential,  is given by: 

  , (2) 

where α is the acceleration factor. As the acceleration factor α decreases, the energy surface 

is flattened more and biomolecular transitions between the low-energy states are increased.  

Here a total boost potential is applied to all atoms in the system in addition to a more 

aggressive dihedral boost, i.e., (Edihed, αdihed; Etotal, αtotal), within the dual-boost aMD approach. 

The acceleration parameters used in this work, are the following: 

 Edihed = Vdihed_avg + 3.5 × Nres, αdihed= 3.5 × Nres/5;  

 Etotal = Vtotal_avg + 0.165 × Natoms, αtotal = 0.165 × Natoms, (3) 

where Nres is the number of protein residues, Natoms is the total number of atoms, and Vdihed_avg 

and Vtotal_avg are the average dihedral and total potential energies calculated from 100 ns MD 

simulations, respectively. 

All trajectories were analyzed using the PTRAJ module in AMBER, and binding energies 

computed using MM-GBSA method as released in Ambertools12. 
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Figure S10. Representation of the Radius of Gyration (in Å) along the 3 replicas of 200 ns. 

MD simulations for CTPR4, CTPR4-P, CTPR8, CTPR16 systems in the presence of a 20 

nm long (7,6)  SWCNT. 
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Table S1.  Computed MM-GBSA Binding Energies (BE) together with the standard deviation 

(SD) (in kcal/mol) along the (a)MD simulations for the three replicas of the SWCNT-CTPR4 

systems. The average BE value is also provided (in kcal/mol). 

  

25ns 50ns 75ns 100ns   

  CTPR4 BE SD BE SD BE SD BE SD AVG 

Replica1 

MD -140.58 10.29 -144.95 5.15 -141.02 5.05 -146.88 4.95 

-

143.36 

aMD -177.28 27.59 -238.54 11.68 -277.93 14.25 -298.81 16.33 

-

248.14 

           

Replica2 

MD -122.36 16.05 -137.54 6.36 -143.90 7.55 -148.34 6.07 

-

138.03 

aMD -150.62 6.94 -162.48 8.57 -160.36 8.56 -154.53 8.12 

-

157.00 

           

Replica3 

MD -109.47 8.69 -139.59 13.39 -149.18 6.86 -147.74 7.39 

-

136.49 

aMD -105.62 63.61 -145.06 8.84 -150.31 7.77 -155.31 8.21 

-

139.07 
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Table S2. Computed MM-GBSA Binding Energies (BE) together with the standard deviation 

(SD) (in kcal/mol) along the (a) MD simulations for the three replicas of the SWCNT-CTPR8 

systems. The average BE value is also provided (in kcal/mol). 

  

25ns 50ns 75ns 100ns   

  CTPR8 BE SD BE SD BE SD BE SD AVG 

Replica1 

MD -242.66 8.76 -236.30 7.38 -255.55 14.64 -282.11 6.34 

-

254.16 

aMD -293.77 10.89 -296.85 14.51 -339.94 16.08 -329.53 54.58 

-

315.02 

           

Replica2 

MD -199.87 7.25 -202.28 7.39 -202.56 7.61 -211.87 15.29 

-

204.14 

aMD -161.40 71.20 -167.70 59.20 -199.88 85.62 -312.65 10.53 

-

210.41 

           

Replica3 

MD -232.06 6.73 -230.59 5.93 -234.03 6.79 -233.49 6.53 

-

232.54 

aMD -251.94 15.22 -266.79 57.62 -321.41 30.53 -323.14 12.02 

-

290.82 
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Table S3. Computed MM-GBSA Binding Energies (BE) together with the standard deviation 

(SD) (in kcal/mol) along the (a) MD simulations for the three replicas of the SWCNT-

CTPR16 systems. The average BE value is also provided (in kcal/mol). 

  

25ns 50ns 75ns 100ns   

  CTPR16 BE SD BE SD BE SD BE SD AVG 

Replica1 

MD -407.5 12.5 -432.5 9.3 -445.3 15.3 -452.9 12.3 -434.6 

aMD -511.5 31.1 -600.1 13.4 -633.3 16.4 -644.3 12.3 -597.3 

           

Replica2 

MD -428.2 13.7 -438.3 11.2 -428.9 11.7 -418.6 50.8 -428.5 

aMD -458.3 43.7 -542.4 64.1 -610.5 70.4 -572.4 45.1 -545.9 

           

Replica3 

MD -452.1 11.6 -444.6 11.1 -455.5 10.5 -449.4 9.8 -450.4 

aMD -522.3 22.0 -538.3 14.8 -578.5 26.2 -645.4 23.4 -571.1 
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Table S4. Computed MM-GBSA Binding Energies (BE) together with the standard deviation 

(SD) (in kcal/mol) along the (a) MD simulations for the three replicas of the SWCNT-

CTPR4-P systems. The average BE value is also provided (in kcal/mol). 

  

25ns 50ns 75ns 100ns   

  

CTPR4-

P BE SD BE SD BE SD BE SD AVG 

Replica1 

MD -398.53 44.85 -446.34 14.66 -460.30 12.24 -463.38 14.45 

-

442.14 

aMD -511.59 19.60 -552.11 20.76 -587.22 19.27 -600.61 14.92 

-

562.88 

           

Replica2 

MD -341.11 58.91 -440.46 29.09 -463.13 11.96 -466.42 10.89 

-

427.78 

aMD -468.68 15.07 -473.39 13.08 -473.41 12.12 -468.86 11.88 

-

471.09 
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