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Light-harvesting proteins are promising biocompatible materials for bioelectronics, yet their instability and
inefficient charge transport hinder direct integration. External scaffolds offer support but introduce energy
losses and delay response. Here, we identified a class of hyper-thermostable, self-assembling bacterial shell
proteins that form disc-like structures with spatially organized tyrosine residues, facilitating efficient light
absorption and charge transport. -V profiling and ultraviolet photoelectron spectroscopy reveal their
semiconducting behavior and low work function (<3 eV). These protein discs generate photocurrents

under UV illumination without external bias and achieve external quantum efficiencies (~0.5%) and
Received 30th July 2025 times (0.3 s) ing those of traditional photosynthetic proteins b der of itud
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Mutational analysis implicates a tyrosine-mediated electron transfer mechanism. These findings establish
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Introduction

As the demand for self-powered, sustainable technologies
grows, the field of bioelectronics is increasingly turning to
biologically derived materials for device fabrication."* Proteins
and peptides, owing to their biocompatibility, structural diver-
sity, and functional tunability, are emerging as attractive
candidates for use in wearable electronics, organ-on-chip
systems, and diagnostic platforms.*”

Nature already offers a blueprint for efficient energy conver-
sion, with proteins playing central roles in respiration and
photosynthesis. In these systems, proteins form the scaffolds for
finely tuned electron transfer pathways, utilizing evolutionarily
conserved mechanisms to move charges with high specificity and
efficiency.*® Aromatic residues such as tyrosine and tryptophan
often serve as transient redox centers, capable of mediating long-
range electron transfer via hopping or tunnelling mechanisms.®***
In light-sensitive proteins, such as those found in photosynthetic
complexes or blue-light using flavin (BLUF) domains, these resi-
dues participate in photoinduced charge separation, allowing
proteins to function as intrinsic photoactive materials.”*"” Such
properties position proteins as promising components for next-
generation light-responsive bioelectronic devices.

Despite these advantages, several fundamental challenges limit
the practical integration of proteins into functional bioelectronic
platforms. Proteins are often structurally fragile, susceptible to
denaturation outside physiological conditions, and exhibit limited
conductivity and short-range charge transport. Furthermore, most
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protein-based devices rely on artificial scaffolds or supports, which
can introduce additional energy losses and delay response times.

In this context, bacterial microcompartment (BMC) shell
proteins offer a compelling alternative. BMCs are protein-based
organelles that encapsulate metabolic pathways in many
prokaryotes.”® Their shells are composed of hexameric and
pentameric protein subunits that self-assemble into highly
ordered 2D sheets or disks (Fig. 1ai-iii). Remarkably, these protein
assembled 2D sheets or disks can span up to several microns and
maintain structural integrity at temperatures as high as 60 °C.*
These features make BMC shell proteins excellent candidates for
integration into stable, scaffold-free bioelectronic materials.

Beyond structural stability, BMC shell proteins display
intriguing electronic characteristics. Across various species,
their surfaces exhibit distinct electron density patterns,* sug-
gesting regions of electron-rich and electron-deficient character
that may facilitate localized charge transfer. Supporting this, we
found that BMC shell proteins such as PduA and PduBB’ can
reduce gold ions into gold nanoparticles, indicating their
intrinsic redox activity (Fig. S1). Such anisotropic charge
distribution has been linked to their natural function as selec-
tively permeable barriers, but it also hints at potential for
directional electron flow across the protein surface.

Typically, BMC shell proteins across several species exhibit
discrete electron density patterns across the protein surface
(Fig. 1bi-iv). In this study, we investigate the photo-induced
charge transport properties of two major shell proteins from the
Salmonella propanediol utilization BMC (PduBMC): PduA and
PduBB' by drop casting them on an ITO-glass substrate (Fig. 1c).
The rationale is the abundance and strategic positions of tyro-
sine residues within these proteins, which predictably arrange
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Fig. 1 Asymmetric electron-density on shell proteins facilitating electron conduction. (ai) Monomeric unit of PduA (PDB ID: 3NGK) that
assembles to form hexamers (aii). Hexamers undergo edge to edge association to form flat sheet assemblies (aiii); (bi) electron density map of
PduA (PDB ID: 3NGK); (bii) PduB (PDB ID: 4161); (biii) B-carboxysome shell protein CcmK1, structurally analogous to PduA shell protein of
PduBMC (PDB ID: 4LIW); (biv) Pdud shell protein from Salmonella species (PDB ID: 5D6V). These images illustrate distinct electron density
patterns on the protein surface facilitating electron conduction over the protein surface; (c) sheet assembly model of the PduA shell protein
overlaid with its electron density pattern, highlighting potential electron conduction regions and its fabrication on the indium tin oxide (ITO)

substrate for conductivity experiments.

in a conjugated manner on the self-assembled extended sheet
(Table S1). We hypothesize that this spatial arrangement
enhances delocalization of photoexcited electrons and
promotes long-range conductivity.

By combining structural insights, mutational analysis, and
photoelectronic measurements, we demonstrate that these
BMC shell proteins represent a unique class of robust, intrin-
sically photoactive biomaterials capable of generating signifi-
cant photocurrent without the need for external scaffolding.
This work paves the way for their application in stable, protein-
based optoelectronic and bioelectronic devices.

Results

Intrinsic semiconducting and UV-responsive behaviour of
self-assembled protein sheets

To investigate the potential of shell proteins as optoelectronic
materials, we characterized the electrical and photoresponsive
behaviour of a self-assembling bacterial protein that forms

1260 | Chem. Sci., 2026, 17, 1259-1270

stable, two-dimensional nanosheets. Transmission Electron
Microscopy (TEM), Field Emission Scanning Electron Micros-
copy (FESEM) and Confocal Laser Scanning Microscopy (CLSM)
revealed extended sheet-like structures with lateral dimensions
spanning several micrometres (Fig. 2ai-v).

We assessed the electronic properties of these PduA sheets
by recording their I-V characteristics. The protein is drop-cast
across a spacer defined channel on an indium tin oxide (ITO)
substrate (Fig. 1c), creating a conductive bridge between elec-
trodes. The resulting I-V profile exhibited a distinct non-linear
response under an applied bias of +7 V (Fig. 2b), indicative of
semiconducting behaviour.

To further probe the electronic properties of PduA, we
measured its work function using Ultraviolet Photoelectron
Spectroscopy (UPS). Protein films were drop-cast on cleaned ITO
substrates, with uniform coverage confirmed by Coomassie
Brilliant Blue G250 staining (Fig. S2a). UPS spectra were recor-
ded using a He I source (hv = 21.22 eV), a pass energy of 2 eV,
and a step size of 0.05 eV. The secondary electron cutoff (Ecyofr)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Electron conductivity and photocurrent generation in PduA shell protein: (a) TEM (i and ii), FESEM (iii and iv), and CLSM (v) images of PduA
shell protein illustrate the sheet morphology of the protein; scale bars: 0.5 pm and 100 nm for TEM images, 100 nm for FESEM images, and 10 pm
for CLSM images. (b) /-V characteristics of PAuA, showing non-linear behavior, indicative of its semiconducting nature; (c) the measured work
function of PduA, which falls within the typical range for semiconducting materials, indicating the ease of electron ejection from the surface of
the PduA sheet; (d) photocurrent generation in PAuA-fabricated samples under UV light illumination (254 nm) without the application of external
bias, demonstrating the intrinsic light-harvesting capability of the PduA shell protein; (e) on—off cycles of photocurrent response recorded during
alternating dark and UV light exposure, showing consistent and reversible photocurrent generation; (f and g) area used to calculate the response
times for photocurrent rise tise aNd Tgecay. highlighting the fast and stable response of PduA to UV light, confirming its potential for photocurrent

applications.

was identified from the low kinetic energy onset of the spec-
trum, and the Fermi edge (Eg) was determined from the high
kinetic energy onset. The work function (@) was then calculated
using the standard equations as follows:

&= — (EF - Eculoff)

From this analysis, the PduA-coated ITO surface exhibited
awork function of 2.96 eV (Fig. 2¢), significantly lower than that
of bare ITO (4.23 €V, Fig. S2b) and within the typical range for
semiconducting materials. Uniform film coverage and the
exclusive contribution of the protein layer to the measured
current were further confirmed by Coomassie staining (Fig. S2a)
and control I-V measurements (Fig. S2c-e).

We next examined the protein's photoresponsivity by illumi-
nating the sample with UV light (254 nm, 0.11 mW) in the

© 2026 The Author(s). Published by the Royal Society of Chemistry

absence of external bias. Under these conditions, a reproducible
photocurrent of ~20 nA was generated (Fig. 2d), with excellent
stability over multiple light on/off cycles for more than 120
seconds (Fig. 2e). This bias-free photocurrent generation upon
light illumination confirms the protein's intrinsic photo-
responsivity. To benchmark this performance, we compared the
shell proteins to globular protein, bovine serum albumin (BSA).
Under identical conditions, BSA produced negligible current (0.5
mA) (Fig. S3a) and its higher work function (3.2 eV, Fig. S3)
correlated with poor photoresponse (Fig. S3b and c). In summatry,
our results suggest that the ordered, planar architecture of the
shell protein nanosheets facilitates charge transport more effec-
tively than globular proteins. Finally, we quantified the protein's
temporal response to light. To quantify the temporal response of
the shell protein layer under illumination, the rise () and
decay (Tgecay) times of the photocurrent were determined from
the transient current-time profiles (Fig. 2f and g). The shaded

Chem. Sci., 2026, 17, 1259-1270 | 1261
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regions in the plots indicate the portions of the transient curves
used for analysis: for 7., the shaded region covers the increase
of photocurrent from its baseline to the maximum value upon
illumination, while for tge,, the shaded region tracks the
decrease of photocurrent from maximum back to baseline after
the light is switched off. Together, these findings demonstrate
that the self-assembled protein sheets possess intrinsic semi-
conducting and photoactive properties, enabling stable photo-
current generation without the need for synthetic scaffolds,
cofactors, or external bias.

Mechanisms of photocurrent generation in shell proteins

To investigate the underlying mechanisms contributing to the
current generation by the protein nano-sheets, we first
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examined temperature-dependent -V characteristics of wild-
type PduA. Current measurements conducted at 5 °C and 25 °C
revealed negligible variation in conductivity (Fig. 3a), indicating
a transport mechanism dominated by electron tunnelling
rather than thermally activated hopping.** Given the protein's
photoresponsivity we sought mechanistic parallels with the
natural electron transport systems. In biology, electron trans-
port is frequently mediated by redox-active aromatic amino
acids such as tyrosine and tryptophan.

For example, in photosystem II, a redox-active tyrosine
residue (Yz) donates an electron to a chlorophyll radical (P680")
while concurrently transferring a proton to a nearby histidine
(HisZ) through hydrogen bonding,* exemplifying a proton-
coupled electron transfer (PCET) mechanism. Similarly, in
ribonucleotide reductase (RNR), tyrosine residues act as

YR-35

%

" ILE-87

“~ GLU-36

Base

Tyrosine residue

Tyrosyl radical

H+

A

O/ Tyrosinate ion

Tyrosyl radical

Fig. 3 Mechanism of tyrosine-induced electron transfer in PduA shell protein: (a) temperature-dependent photocurrent generation in PduA
representing electron tunneling as the conduction mechanism; (b) spatial arrangement of tyrosine residues within the PduA hexamer, illustrating
the proximity between these residues, which facilitates efficient electron transfer across the protein surface; (c) photocurrent generation
comparison, indicating a decrease in photocurrent when tyrosine is mutated to alanine (PduA Y35A), while the replacement of tyrosine with
tryptophan (PduA Y35W) does not significantly impact photocurrent values, suggesting the importance of aromatic residue presence for
maintaining photocurrent efficiency; (d) /-V curves for wild-type PAuAWT and its mutants PduA Y35A (tyrosine to alanine) and PduA Y35W
(tyrosine to tryptophan), showing no significant alteration in the semiconducting properties of the shell protein across mutations; (e) schematic
of the PCET process in PduA shell protein, showing the formation of a tyrosyl radical from the tyrosine residue. The glutamate residues involved in
hydrogen bonding with tyrosine participate in electron abstraction, initiating the PCET cycle. This mechanism highlights the role of tyrosine in
enabling electron transfer within the PduA shell protein.
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electron transporters to mediate PCET over long distances.” In
contrast to these, tryptophan plays a key role in light-induced
electron transport in photoreceptors such as amphibian cryp-
tochromes, where a chain of conserved tryptophan triad resi-
dues transmits photoinduced electrons from the surface to the
buried flavin cofactor.*

Considering the central role of tryptophan and tyrosine in
protein mediated electron transport, we examined the struc-
tural organization of the shell protein, PduA. This revealed that
PduA has a conserved tyrosine residue at the 35th position (Y35)
arranged in a symmetrical hexameric configuration (Fig. 3b).
This spatial arrangement raises the possibility that Y35 may
serve as a redox-active site, facilitating photoinduced electron
transfer in a manner similar to natural protein-based PCET
pathways. To assess the role of Y35 in photocurrent generation,
we created a mutant, PduA [Y35A], replacing tyrosine at the 35th
position with alanine (Table S2). This mutation led to a signifi-
cant drop in photocurrent compared to wild-type PduA (Fig. 3c).
This suggests that Y35 plays a key role in charge transfer. We
also created a second mutant by replacing Y35 with tryptophan
(Y35W, Table S3). Unlike the alanine mutant, the Y35W variant
retained both semiconducting properties (Fig. 3d) and photo-
current output (Fig. 3c). These results indicate that both tyro-
sine and tryptophan can support photoinduced electron
transport. This is likely due to their ability to initiate PCET.

Further analysis with the Ligand-Protein Contacts &
Contacts of Structural Units (LPCCSU) server® revealed that the
hydroxyl group of the tyrosine residue forms hydrogen bonds
with adjacent glutamate (E36) and isoleucine (I87) residues,
suggesting a pre-organized environment for tyrosine mediated
electron transfer. Glutamate-36 in PduA forms a hydrogen bond
with Y35 through its side chain, while isoleucine makes the
bond via its backbone carboxyl oxygen, as depicted in Fig. 3b.
Interestingly, glutamate has been shown to play a critical role in
PCET pathways in ribonucleotide reductase.?” In conclusion, we
propose that Y35 in PduA generates electrons under UV light
(254 nm) through a simultaneous proton transfer to the adja-
cent E36 residue. Together, these data support a model in which
UV excitation induces electron transfer from Y35, coupled to
proton donation to E36, thereby generating a photocurrent
without the need for external chromophores. The formation of
a tyrosyl radical under UV illumination, a hallmark of PCET
initiation, is illustrated in Fig. 3e.>**

To further validate the involvement of tyrosine-mediated
electron transport, we examined the pH dependence of photo-
current generation, reasoning that proton availability would
directly influence the efficiency of the transport process. We
observed a marked increase in photocurrent at pH 11, relative to
physiological pH 7.4 (Fig. S4). This trend correlates well with the
pK, of tyrosyl radicals (~10.1), above which the phenolic group
exists predominantly in its deprotonated form. The enhanced
current at pH 11 suggests that deprotonation of Y35 facilitates
efficient electron transfer, consistent with PCET mechanisms
where charge transfer is tightly coupled to proton release. While
advanced techniques such as femtosecond transient absorption
spectroscopy or electron paramagnetic resonance (EPR) could
provide deeper mechanistic insight, our primary goal in this

© 2026 The Author(s). Published by the Royal Society of Chemistry
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study was to uncover a previously unrecognized optoelectronic
property of bacterial shell proteins. Nevertheless, the mechanistic
evidence raises an intriguing possibility: could photocurrent be
enhanced by increasing the number of redox-active tyrosines in
the protein structure? This question motivates future protein
engineering efforts aimed at tuning and optimizing charge
transport in these bioelectronic materials. While tyrosine is
essential, we next questioned if the specific sheet-like architec-
ture of the shell proteins is equally vital for their electronic
function. Control experiments with heat-denatured PduA and the
intrinsically disordered protein (IDP) a-synuclein (which has four
tyrosines) confirmed this structural dependence. Although, heat
denaturation does not alter the polypeptide sequence, denatured
PduA exhibited non-conducting behaviour under the applied
voltage bias (+7 V) and remained non-responsive to light irradi-
ation when compared to the PduA shell protein (Fig. S3a and b).
Similarly, the IDP o-synuclein exhibited non-conducting behav-
iour under the applied bias and no photoresponse upon light
irradiation (Fig. S3a and b). Thus, the intrinsic optoelectronic
properties of the shell proteins arise not from tyrosine residues
alone, but from their precise spatial organization within a highly
ordered, two-dimensional protein sheet.

Enhanced photocurrent generation in tyrosine-rich PduBB’
shell protein

From our previous experiments, it is evident that both the
presence of tyrosine residues and the sheet-like morphology are
crucial for the electronic properties of shell proteins. We
therefore asked whether a sheet-forming protein with a higher
number of tyrosine residues would show enhanced electronic
behaviour. To test this hypothesis, we investigated PduBB',
a shell protein that incorporates three tyrosine residues per
BMC domain, compared to a single tyrosine in PduA.”® Similar
to PduA, PduBB' spontaneously assembles into flat, two-
dimensional protein sheets, as confirmed by TEM, FESEM, and
CLSM imaging (Fig. 4ai-v). Notably, the electron density map of
PduBB’ reveals pronounced high-density surface regions
(Fig. 1bii), suggestive of enhanced electronic delocalization.

I-V measurements under a +7 V external bias exhibited
significantly higher current flow in PduBB’ compared to PduA
(Fig. 2b and 4b). Ultraviolet photoelectron spectroscopy (UPS)
determined the work function of 2.68 eV for PduBB’, lower than
that of PduA (2.96 eV) which correlates with its enhanced
photocurrent output (Fig. 4c). Upon UV illumination (254 nm,
~0.11 mW), PduBB’ generated photocurrents nearly three-times
higher than PduA (Fig. 2d and 4d), with no external chromo-
phores or redox agents required.

This performance enhancement supports our hypothesis
that additional tyrosine residues enhance photocurrent gener-
ation, reinforcing the proposed mechanism of tyrosine medi-
ated electron transport for photocurrent generation in shell
proteins. Moreover, PduBB’ demonstrated consistent, high
photocurrent generation across multiple on-and-off cycles of UV
illumination (Fig. 4e), with high photoresponsivity indicated by
shorter rise (z;se = 0.35 s) and decay times (Tgecay = 0.74 5)
compared to PduA (Fig. 4f and g).

Chem. Sci., 2026, 17, 1259-1270 | 1263
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Fig. 4 Electron conductivity and photocurrent generation of PduBB’ shell protein: (a)TEM (i and ii), FESEM (iii and iv), and CLSM (v) imaging of
PduBB’ showing sheet forming tendency of the shell protein; scale bars: 500 nm for TEM, 1 um for FESEM and 10 uM for CLSM images
respectively; (b) /-V characteristics of PAuBB’, showing a higher current flow compared to PduA, suggesting enhanced electron conductivity in
the PduBB’ shell protein; (c) work function of PduBB’, (d) photocurrent generation observed in PduBB’ under UV light illumination (254 nm),
demonstrating its capacity for light-driven electron transport; (e) on—off cycles of photocurrent response under alternating dark and UV light
conditions, showing stable and reversible photocurrent generation; (f and g) 7ise and 7gecay time profiles for the PduBB’ photoresponse, indicating
high light sensitivity and fast response times, suggesting PduBB’ as a promising candidate for light-harvesting application.

Together, these results highlight a structure-function rela-
tionship in shell proteins, where redox-active residue content
directly modulates photocurrent output. The superior perfor-
mance of PAduBB’ confirms that tyrosine-mediated electron trans-
port is the primary mechanism driving photocurrent generation,
and suggests a clear route toward engineering protein-based
materials for high-efficiency, sustainable optoelectronic devices.

To further evaluate the nature of photo-induced charge transfer
in shell proteins, we introduced catalase, a redox-active protein
known to accept electrons in photoelectrochemical systems as an
external electron scavenger.?® When added to PduBB'’ at micromolar
concentrations (0.1-0.5 uM), catalase caused a progressive decrease
in photocurrent amplitude (Fig. S5a and b). This attenuation is
attributed to catalase intercepting photo-generated electrons before
they reach the electrode, thereby reducing the measurable current.
The sensitivity of PAduBB’ to catalase supports the presence of
mobile, photo-generated electrons within the protein matrix that
can be selectively quenched by external electron acceptors.

1264 | Chem. Sci, 2026, 17, 1259-1270

Energy band structure of shell protein sheets

To explore the energy levels in the shell proteins, we prepared
an energy band diagram by analyzing the UPS data, com-
plemented by the Tauc plot derived from the absorbance
spectra of the proteins (Fig. 5 and S6).

UPS analysis yielded work functions of 2.96 eV for PduA and
2.68 eV for PduBB’ (Fig. 2c and 4c) respectively, indicating
a greater propensity for electron emission in the latter. Valence
band maxima (VBM) were extracted by linear extrapolation of
the leading edge of the UPS spectra near the Fermi level, where
the photoemission intensity begins to increase. The intersec-
tion of this extrapolated line with the baseline was taken as the
VBM position. The VBM values were found to be 1.05 eV for
PduA and 1.40 eV for PduBB’ with respect to the Fermi level
(Fig. 5, S6aiii and biii). When combined with the optical band
gaps, 3.84 eV for PduA and 3.63 eV for PduBB’, these values
allowed estimation of conduction band minima (CBM) and full
electronic band structures.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The VBM positions further indicate a substantial number of
unoccupied states in the conduction band, facilitating electron
mobility and higher conductivity, particularly for PduBB'. The
deeper VBM position of PduBB’ relative to its Fermi level indi-
cates a smaller energy gap between the filled valence band and
the empty conduction band. This gap minimizes electron
trapping in the valence band, allowing electrons to efficiently
transition into the conduction band, contributing to increased
electron flow and enhanced current conduction explaining the
superior photocurrent and corresponding performance metrics
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observed in the self-assembled PduBB’ compared to PduA. The
band gaps of the shell proteins PduA (3.84 eV) and PduBB' (3.63
eV) position them within the range of well-known wide band
gap semiconductors, such as gallium nitride (GaN, ~3.4 eV) and
silicon carbide (SiC, ~3.2 eV).***

However, conventional wide band gap semiconductors
require costly and complex fabrication methods, such as
epitaxial growth, and are limited by rigidity and poor biocom-
patibility. In contrast, shell proteins self-assemble spontane-
ously into nanostructures like sheets and tubes, offering
a bottom-up, energy-efficient synthesis route. Their biological
origin grants them mechanical flexibility, environmental
sustainability, and inherent biocompatibility critical for
emerging applications in soft electronics, implantable devices,
and bio-optoelectronic interfaces. Moreover, the electronic
properties of shell proteins can be rationally tuned via amino
acid substitutions, enabling customized band alignment and
functional optimization. These advantages highlight the
potential of protein-based materials as a new class of
programmable, sustainable semiconductors.

Shell proteins as high-performance bio-photodetectors

The semiconductive and photoresponsive properties of the
shell proteins make them ideal candidates for photodetector
applications. A crucial factor in assessing a photodetector is its

(b)
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o O O o
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Fig.6 Photodetector performance metrics of PAuA and PduBB’ shell proteins: (a and b) power-dependent photoresponse of PduA and PduBB’,
illustrating increased photocurrent generation with rising UV light power, highlighting the sensitivity of both proteins to UV illumination; (c)
responsivity of PAuA and PduBB’ to incident UV light, demonstrating rapid current generation upon illumination, indicating their potential for fast
photoresponse applications; (d) detection limits of PduA and PduBB’ at varying UV light power (0.11 mW, 0.15 mW, 0.25 mW, and 0.31 mW), as
depicted in figures (a) and (b), showcasing the capability of these shell proteins to detect low-power light and function efficiently across a range

of illumination conditions.
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Table 1 The calculated enhanced quantum efficiency for PduA,
PduBB’ at varying UV light power from 0.11 to 0.31 mW, indicating high
efficiency of PAuBB’ to convert incident photons to electrons

PduBB’
UV light power PduA (EQE%) (EQE%)
0.11 mW 0.1 0.25
0.15 mW 0.11 0.28
0.25 mW 0.15 0.35
0.31 mW 0.24 0.43

sensitivity towards varying powers of incident UV light. We
measured the photoresponse of both PduA and PduBB’ shell
proteins at varying UV light power (0.11 mW, 0.15 mW, 0.25
mW, and 0.31 mW), as shown in (Fig. 6a and b). We observed
a corresponding increase in photocurrent generation with
increasing UV light power.

The PduA shell protein exhibited an increase in photocur-
rent from 20 nA to 50 nA, while PduBB’ showed a surge from 50
nA to 90 nA, underscoring its enhanced photoresponsivity. This
performance enhancement is consistent with its lower work
function and higher density of redox-active tyrosine residues.
To further evaluate the photodetector performance of the shell
proteins, we estimated key figures of merit, including respon-
sivity (R), detectivity (D*), and external quantum efficiency
(EQE)* as shown in Fig. 6c, d, and Table 1, using eqn (1)—(3)
described in the Experimental section.

Across all power levels, PAuBB’ outperformed PduA in every
figure of merit, achieving higher responsivity, detectivity, and
quantum efficiency. This superior performance likely stems
from its optimized energy band alignment and higher density of
tyrosine residues, which facilitate efficient photoinduced
charge separation through a tyrosine mediated electron transfer
mechanism. Taken together, these results establish that shell
proteins, particularly PduBB’, can serve as scaffold-free, genet-
ically encodable photodetectors with competitive sensitivity
metrics. Compared to existing protein-based optoelectronic
materials, which often rely on synthetic chromophores or rigid
scaffolds, our system demonstrates higher stability, respon-
siveness, and biocompatibility, opening avenues for next-
generation bio-optoelectronic technologies in wearable sensors,
medical diagnostics, and environmentally adaptive devices.

Discussion

This study establishes the first report of semiconducting and
photoresponsive behavior in bacterial microcompartment
(BMC) shell proteins, specifically PduA and PduBB'. This marks
a fundamental shift from their conventionally recognized roles
as static structural elements. While previous research has
extensively detailed their self-assembly into ordered 2D lattices
and polyhedral architectures,* the electronic functionalities of
these protein materials have remained uncharacterized. Here,
we demonstrate that these proteins can be drop-cast into thin
films that exhibit stable photocurrent responses under UV
illumination, driven by a biologically encoded tyrosine based
electron transfer mechanism. This mechanism is facilitated by
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spatially organized tyrosine residues, which act as conduits for
long-range electron transport in the absence of cofactors or
external chromophores.

Among the proteins tested, PduBB’ displayed the highest
performance, generating a photocurrent of ~90 nA under 0.31
mW UV light, approximately three times greater than that of
PduA. It also exhibited faster response kinetics (7sse ~0.35 S)
and excellent durability over repeated on-off cycles. Mutational
disruption of tyrosine residues resulted in >70% reduction in
photocurrent, highlighting the essential role of aromatic amino
acid side chains in facilitating efficient charge conduction.
Furthermore, the non-linear current-voltage behavior and sub-
bandgap work function values (as measured by ultraviolet
photoelectron spectroscopy) place these materials within the
category of wide-bandgap semiconductors. It is comparable to
materials like GaN or SiC with distinct advantages in aqueous
processability and biocompatibility.>*

Importantly, this is the first direct electrical characterization
of sheet-like BMC shell protein architectures, expanding their
utility beyond compartmentalization and into bioelectronic
domains. Previous studies have explored protein-based films
such as BSA, silk fibroin, and photosystem complexes, but these
often require external chromophores, lipids, or synthetic
modifications to support charge transfer or light harvesting.*®
For instance, in a recent study by Suresh et al., UV detection
relied on coupling engineered photosynthetic proteins with
external UV enhancer molecules to achieve sensitivity at low
light intensities* (Table 2). In contrast, our work shows that
native shell proteins alone without any chemical coupling or
enhancer molecules can facilitate robust photocurrent genera-
tion, purely due to their intrinsic sequence-encoded architec-
ture and self-assembly properties. Notably, the external
quantum efficiency (EQE) of our PduBB’ shell protein reaches
0.43%, substantially higher than the 0.048% EQE of the re-
ported photosynthetic protein system, underscoring its superior
photon-to-current conversion efficiency.

To further evaluate the contribution of structural organiza-
tion to the observed photoresponse, we compared the shell
proteins with BSA, a globular control protein that does not form
ordered 2D assemblies. BSA was selected because it represents
a well-studied, non-assembling protein system, enabling a clear
comparison for assessing how morphology governs charge
transport. Unlike BSA, which forms disordered and discontin-
uous films, the BMC shell proteins self-assemble into contin-
uous 2D sheets that provide extended pathways for electron
delocalization and transport. This comparison highlights that

Table 2 Comparison of EQE of a reported photosynthetic protein
system with the PduBB’ shell protein indicates 11 times higher EQE for
PduBB’ compared to a protein scaffold coupled with UV enhancer
molecules®

Protein system EQE%

Photosynthetic protein coupled with UV enhancer molecules®® 0.048%
Shell protein PduBB’ 0.43%

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the inherent sheet-like topology and ordered lattice symmetry of
PduA and PduBB’ are key determinants of their enhanced
conductivity and photonic response. It is also worth noting that,
to date, there are very few studies in which a single, standalone
protein has been used as an active photodetecting material.
Most protein-based photodetectors rely on hybrid systems, such
as photosynthetic proteins coupled with UV enhancers or
semiconducting nanostructures (e.g., Suresh et al., Chem, 2019
(ref. 35)), where the protein primarily acts as a sensitizer. Thus,
the intrinsic semiconducting and photoresponsive behavior
observed here in native shell proteins represents a significant
advancement in the development of purely biological materials
for optoelectronic applications.

Furthermore, the shell proteins naturally assemble into
stable 2D sheets that, as previously reported, are inherently
resistant to denaturation under a wide range of physicochem-
ical conditions.?” This structural robustness, combined with
their semiconducting properties, opens up new avenues for
integrating them into solid-state bio-optoelectronic platforms.
Taken together, our findings position PduBB’ and PduA as
genetically encodable, scalable, and sustainable components
for UV photodetectors and bioelectronic circuits. Their self-
assembling nature, high degree of symmetry, and aqueous
stability render them uniquely suited for future development of
soft photonic devices and wearable electronics.

Conclusion

This work identifies bacterial microcompartment shell
proteins, particularly PduBB’, as a novel class of genetically
encodable, intrinsically semiconducting and photoresponsive
biomaterials. Unlike previously reported protein scaffolds such
as those incorporating photosystem complexes, engineered
cytochromes, or chromophore-conjugated proteins, shell
proteins operate differently. These earlier systems rely on
extrinsic cofactors, synthetic dyes, or metal clusters to induce
optoelectronic functionality.****** PduBB’ exhibits native
photocurrent generation without any chemical modification.
The observed UV-induced electron flow is driven by the intrinsic
electronic structure of the protein and electron transfer facili-
tated by aromatic amino acid residues like tyrosine. This sets
shell proteins apart as the first example of structurally ordered
protein assemblies that inherently exhibit semiconducting
behavior.

Shell proteins offer several unique advantages that position
them as next-generation bioelectronic materials. Their genetic
tunability allows precise modification of amino acid composi-
tion, surface properties, and charge distribution, enabling fine
control over their electronic behavior.*’ In contrast to inorganic
semiconductors, they are biocompatible, biodegradable, and
processable under mild aqueous conditions, making them ideal
candidates for soft, implantable, or environmentally sustain-
able electronics.** Furthermore, their intrinsic ability to self-
assemble into higher-order architectures, such as nanosheets or
polyhedral shells, provides built-in nanostructuring critical for
device fabrication without external templates.*>** These

inherent features make shell proteins particularly attractive for
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developing bio-optoelectronic applications. Potential uses
include flexible UV photodetectors, wearable biosensors,
implantable diagnostic tools, and even protein-based logic
devices. Importantly, these materials also open new avenues to
explore fundamental electron transport mechanisms in bio-
logical systems without the need for non-native modifications.
The scalability of bacterial expression systems, coupled with the
structural and functional programmability of shell proteins,
supports their potential for real-world deployment in cost-
effective, sustainable electronic platforms. Looking forward,
future efforts will focus on expanding the spectral sensitivity of
these proteins through site-directed mutagenesis or chromo-
phore integration. These efforts will also include integrating
them with hybrid soft-matter systems and fabricating prototype
devices to evaluate performance under application-relevant
conditions. This study not only demonstrates the first native
protein scaffold with semiconducting and photoresponsive
properties but also establishes a foundational platform for
building the next generation of functional, genetically encoded
bioelectronics.

Experimental section

Unless otherwise mentioned, all the chemicals were procured
from Sigma-Aldrich (India). Ultrapure water was used
throughout the experiments. The shell protein construct was
a kind gift from Prof. T. A. Bobik, Iowa State University, U. S. A.

Cloning, expression, and purification of PduBMC shell
proteins

To mutate tyrosine to alanine (PduA Y35A) and tryptophan
(PduA Y35W) of PduA shell protein, we performed overlap
extension PCR using primers mentioned in Tables S1 and S2.
The point mutation was confirmed by Sanger sequencing. The
mutant PCR product with BglII and HindIII restriction sites was
cloned into a pET41a vector having a kanamycin-selectable
marker and transformed into chemically competent E. coli
DH5a cells. The positive colonies were selected on kanamycin
plates. The recombinant plasmids were purified and trans-
formed into BL21(DE3) cells for protein expression.

To purify the shell proteins, 1% of an overnight grown
culture was inoculated in bulk secondary media and incubated
for 1.5 to 2 hours until reaching an ODg, of 0.5. The expression
was induced by adding 0.5 mM IPTG to the secondary culture,
followed by incubation at 28 °C for 12 hours. The cells were
harvested by centrifugation and lysed in lysis buffer (50 mM
Tris-base pH 7.5, 200 mM NaCl, and 5 mM imidazole) along
with lysozyme (2.3 mg g~ of cell pellet) and PMSF (0.5 mM).
Furthermore, cells were sonicated and centrifuged at 11 000
rpm for 30 minutes. The supernatant was loaded onto a Ni-NTA
affinity column, pre-equilibrated with column buffer, and
washed with wash buffer (50 mM Tris base, 200 mM NacCl, and
50 mM imidazole; pH 7.5). The bound protein was eluted using
elution buffer (50 mM Tris base, 200 mM NaCl, and 200 mM
imidazole; pH 7.5). The eluted fractions were checked for purity
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on SDS-PAGE. The concentration of the protein was estimated
using Bradford assay.

TEM imaging

The individual protein samples of the shell proteins PduA and
PduBB’ were prepared by drop casting 10 pl (5 pM) of the
protein on the formvar-coated 300-carbon mesh grid followed
by adding 10 pl of 1% uranyl acetate for negative staining.
Samples were incubated for 30 s in the dark, followed by
washing with water and air drying. TEM imaging of the protein
samples was performed by using JEM 2100 TEM (JEOL, USA)
operated at 120 kV.

Field-emission scanning electron microscopy (FESEM)
imaging

The morphology of PduA and PduBB’ was further confirmed by
performing FESEM imaging. Silicon wafers were cleaned with
distilled water followed by isopropyl alcohol. A 10 pul aliquot of 5
uM protein solution of both the shell proteins was dropcast on
the cleaned and dried silicon wafer. The sample was allowed to
incubate on the wafer for 3 minutes followed by wicking off with
Whatman filter paper. The sample was allowed to dry in air and
under vacuum in a desiccator. The imaging of the sample was
performed using a FESEM instrument (JEOL JSMIT 300).

Confocal laser scanning microscopy

To check the sheet like morphology of shell proteins in solution,
we labelled PduA, PduBB’ and BSA with FITC by incubating each
protein with the dye at a 1:10 molar ratio at 4 °C for 8 hours.
After incubation, we dialyzed the samples in phosphate buffer
(10 mM, pH 7.4) using a 3 KDa dialysis membrane in order to
remove unreacted dyes. 10 pl of 5 uM labelled proteins were
then imaged with an Olympus FV 3000 CLSM using oil-
immersion objectives and post imaging processing was then
performed with image J.

Ultraviolet photoelectron spectroscopy

Shell proteins were transferred onto a cleaned ITO substrate
ensuring the formation of a uniform film and were allowed to
dry under ambient conditions overnight. The ITO substrate was
thoroughly cleaned following established protocols before drop-
casting the protein solution onto it. The UPS spectra were
recorded using a pass energy of 2 eV and a step size of 0.05 eV,
with a He I source (hv = 21.22 eV). The analyzer lens axis was set
at 90° relative to the sample surface, and the take-off angle was
fixed at ~30° to focus on a smaller solid angle. The instrument
was calibrated using a gold target sample in an ultrahigh
vacuum chamber, with a spectrometer resolution of 0.12 eV, to
ensure accuracy.

I-V characterization

We used an ITO-coated glass substrate (1 x 1 cm?®) for I-V
characterization. First, we cleaned the substrate with IPA and
acetone solution followed by bath sonication for 5 minutes. The
substrate was dried and a channel a few microns wide was
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created on the ITO substrate. Two external copper wires were
attached on both sides of the electrode for electrical measure-
ment. Subsequently, the sample solution was transferred to the
channel to make a proper interface between two sides of the ITO
electrodes. Furthermore, voltage bias was applied to the sample
to measure the change in the current using a source meter.

Microscopic imaging of the ITO substrate

The channel cast on the ITO substrate was imaged under a 10x
objective lens using an Olympus IX73 microscope. Images were
further analyzed using Image] software to calculate the width
and length of the cast channel.

Photocurrent experiment

To check the photo response of the material, the sample was
illuminated with short-wavelength UV light (254 nm, periodi-
cally switched on and off). Correspondingly the change in
current concerning to the light was recorded under non-biased
conditions. We calculated the 7., when the light source was
turned on and it reached the maximum photocurrent. Similarly,
for Tgecay, the difference between the maximum current and the
lower optimum photocurrent was taken on switching off the
light. The area used to calculate both times is represented in
from the zoomed regions shown in Fig. 2f, g, 4f and g.
Furthermore, to interpret the photodetector's performance, we
estimated various figures of merit such as responsivity (R),
detectivity (D*), and external quantum efficiency (EQE),

summarized in Table 1, using the following standard
equations®
I,
R= : 1
A (1)
* RV A
po RV (2)
2qld
h-c-R
EQE = 3
QE= " ©)

where “I,” refers to the photocurrent, which was the current
generated in the presence of UV light illumination, while “I4”
denotes the dark current, which is the baseline current
measured in the absence of light. P*, g, A, and A are the incident
light illumination power density, elementary charge, effective
area of the PD, and incident wavelength, respectively. Respon-
sivity quantifies how efficiently the photodetector converts
incoming light into an electrical signal, measured as the ratio of
photocurrent (I) to the incident optical power (P) on the active
area.

Detectivity represents the sensitivity of the photodetector to
weak light signals, while EQE reflects the efficiency of convert-
ing incident photons into electrons, defined as the number of
charge carriers generated per photon.*?

pH-dependent photocurrent measurements

To investigate the involvement of tyrosine based electron
transfer mechanisms in the photoresponse of the PduA shell

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05716g

Open Access Article. Published on 13 November 2025. Downloaded on 1/20/2026 9:42:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

protein, photocurrent measurements were performed under
varying pH conditions. The pH of the PduA shell protein solu-
tion was adjusted prior to measurement to allow equilibration.
Photocurrent responses were recorded under non-biased
conditions with UV illumination at 254 nm in ON/OFF cycles.
The change in current was measured at each pH, and the
resulting trends were analyzed to evaluate the role of pH in
modulating photo-induced electron transfer.

Effect of catalase on photocurrent generation

To investigate the role of electron transfer dynamics in the
photoresponsive behavior of the PduBB’ shell protein, catalase
was used as an external electron quencher. Catalase was
prepared in phosphate buffer and added to the shell at final
concentrations ranging from 0.1 pM to 1 puM. For each
measurement, the catalase solution was incubated with PduBB’
for 10 minutes to ensure sufficient interaction. Photocurrent
measurements were carried out under non-biased conditions
using a shortwave UV light source (254 nm) with periodic ON/
OFF illumination cycles. Current responses were recorded to
assess the effect of catalase on photo-induced electron transfer.
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