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Biological electron transfer (ET) across proteins is ubiquitous, such as the notable photosynthesis example,
where light-induced charge separation takes place within the reaction center, followed by sequential ET via
intramolecular cofactors within the protein. Far from biology, carbon dots (C-Dots) with their unique
optoelectronic properties can be considered as game-changers for next-generation advanced
technologies. Here, we use C-Dots for making heterostructure (HS) configurations by conjugating them
to a natural ET mediator, the hemin molecule, thus making an electron donor—acceptor system. We
show by transient absorption and emission spectroscopy that the rapid intramolecular charge separation
happens following light excitation, which can be ascribed to an ultrafast electron and hole transfer (HT)
from the C-Dot donor to the hemin acceptor. Upon integrating the HS into a protein matrix, we show
that this HT within the HS configuration is 3.3 times faster compared to the same process in solution,
indicating the active role of the protein in supporting the rapid light-induced long-range intermolecular
charge separation. We further impedance, electrochemical, and transient photocurrent
measurements to show that the light-induced transient charge separation results in an enhanced ET and
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Introduction

Electron transfer (ET) is a fundamental process of many bio-
logical metabolic cycles as well as optoelectronic devices.'”
Nature utilizes proteins to directly transport electrons, most
often across a biological membrane, for example, the ET chain
reaction in the mitochondria during aerobic respiration or the
light-induced ET during photosynthesis.* The latter example
consists of a light-induced formation of an exciton on the
chromophore, followed by a rapid (few ps) charge separation
process, whereas the excited electron undergoes a sequential ET
process across several intramolecular cofactors within the
photosystem protein. In the end, the hole is used for water

“Schulich Faculty of Chemistry, Technion - Israel Institute of Technology, Haifa
3200003, Israel. E-mail: s.mondal@marj.ictmumbai. edu.in; amdursky@technion.ac.il
Institute of Chemical Technology, Mumbai,
Maharashtra 431 203, India

“Institute of Nano Science and Technology, Mohali, Punjab 160064, India

“Indian Institute of Science Education and Research (IISER) Kolkata, Mohanpur, West
Bengal 741246, India

T Electronic  supplementary
10.1039/d1sc00487¢e

Marathwada Campus, Jalna,

information (ESI) available. See DOIL

© 2021 The Author(s). Published by the Royal Society of Chemistry

along with the simplicity and low-cost of their formation promotes their
use in a variety of optoelectronic devices, such as artificial photosynthesis, photo-responsive protonic—
electronic transistors, and photodetectors.

oxidation and the formation of oxygen, while the electron
reduces NADP' for the formation of NADPH. Far from biology,
(light-induced) ET is important in various applications, such as
solar energy conversion, biosensing, molecular electronics, and
many more.>” In addition to electrons as charge carriers, proton
transport (PT) is also important in the above-mentioned bio-
logical processes, and this type of transport is being mediated
by proteins as well. Recently, it has been established that
biomaterials can act as good long-range proton conductors, e.g.
polysaccharides, melanin pigments, and protein-based mate-
rials.*** Here, we utilize a protein-based biopolymer having PT
capabilities,'™"> while acknowledging novel light-induced ET
properties using a molecular doping approach,® hence creating
a bioderived mixed (opto-)electronic-protonic conductor.®*®
The protein that we used here was bovine serum albumin
(BSA), which was shown to form various types of biopolymers,
such as electrospun mats.**** Due to the abundance of
protonated amino acids of the BSA protein as well as the high
water content in the BSA-based electrospun mats, they show
a modest proton conductivity of ~0.1 mS cm™".** In addition to
the low cost and commercial availability of the BSA protein, it
has one more important advantage where it can strongly bind to
a wide array of molecules and even nanoparticles.>'® In this
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context, it was shown that the BSA mats can bind to electron
mediating heme molecules resulting in a superior ET across the
mats,”"” as well as C-Dots that were shown to induce superior PT
across the mats.”® In here, we combine similar molecular
dopants to form a C-Dot-hemin heterostructure (HS) that is
being integrated into the protein-based matrix. In this way, we
acknowledge the new hybrid protein-based biopolymer’s
unique optoelectronic properties are due to the formation of
a long-lived charge-separated state via exciton-exciton
coupling;" where the C-Dots act as the photosensitizer and
a tethered hemin molecule (Fe-containing protoporphyrin) is
the electron (hole) acceptor.

The use of C-Dots is gaining high momentum in recent
years, and it is considered a replacement for the traditional
semiconductor quantum dot due to its high aqueous solubility,
easy functionalization, low toxicity, and chemical inertness.>*>*
In terms of their ET properties, C-Dots have been used as both
electron donors as well as electron acceptors.”**>° While we
mainly use the C-Dot here as a photosensitizer, ie., a light-
induced electron donor, it is important to state that the type
of C-Dots that we use here also acknowledges superior PT effi-
ciency across the BSA mat.'® Besides being the electron
acceptor, hemin is used here also as a molecular dopant for the
BSA mat due to its strong binding affinity as well as a charge
mediator capable of supporting long-range ET, whereas holes
are the charge carriers.”'” The BSA mat itself here is not just
a passive polymeric matrix for the various charge transport
processes, but it plays a crucial role in these processes. First, it
supports the PT across the material, and second, it acts as an
electronic passivation layer as well as a carrier transfer mediator
to reduce the recombination between electrons and holes upon
light illumination.*® Overall, our new hybrid material here
exhibits a myriad of charge transfer processes: a light-induced
short-range ET between the C-Dot and tethered hemin, a long-
range ET across the BSA mat supported by the hemin dopant,
and a long-range PT across the mat supported by the C-Dots and
the protein itself. We use here steady-state and ultrafast spec-
troscopy, AC electrochemical impedance spectroscopy (EIS) and
DC current-voltage (I-V) measurements to explore all of these
processes and the interplay between them either in the form of
a solvated HS or upon inserting the HS into the BSA mats.

Results
Characterization of the C-Dot and C-Dot-hemin HS

The C-Dot-hemin HS was prepared using the synthetic strategy
displayed in Scheme 1. It is important to note here that our
strategy results in several conjugations of hemin molecules to
the many functional groups on the surface of the C-Dot, even
though, the exact stoichiometry between the number of hemin
copies on each C-Dot cannot be estimated. Our first validation
for the C-Dot-hemin HS formation is confirmed by steady-state
UV-Vis absorption (Fig. 1a). The absorption of C-Dots shows
a peak at around 345 nm, which can be attributed to n-7*
transitions. The absorbance of hemin consists of a typical Soret
band, showing two peaks, one at about 360 nm (S’ band) and the
other at 390 nm (S band), as well as Q-band peaks at around 500
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Scheme 1 Schematic representation of the formation of the C-Dot—
hemin HS.
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Fig.1 (a) Absorption spectra of C-Dots (red), hemin (black), and the C-
Dot—hemin HS (blue) in solution. The inset shows the difference
spectrum (C-Dot—hemin HS minus hemin) (b) TEM image of the C-
Dot. The insets show the size distribution (left) and HRTEM with d-
spacing (right).

and 600 nm, ascribed to the w—7* transitions.** The absorption
of the C-Dot-hemin HS shows intense absorbance at 360 nm
and a shifted Q-band at 645 nm compared to that of free hemin.
The differences in the optical absorption already indicate that
the electronic interaction between hemin and the excitation
band of C-Dots is quite strong in the C-Dot-hemin HS config-
uration. The broadening of the absorption in the C-Dot-hemin
HS is a further indication of the formation of a charge transfer
complex between C-Dots and hemin, which can be observed in
the difference absorption spectrum (inset Fig. 1a). The
morphology and surface functionalities of the synthesized C-
Dots were determined using transmission electron microscopy
(TEM) and FTIR, respectively. The TEM images of the synthe-
sized C-Dots and C-Dot-hemin HS (Fig. 1b, S1a, and c in the
ESIT) show a narrow size distribution with an average particle
size of ~4 nm for both C-Dots and the C-Dot-hemin HS (left
inset Fig. 1b). Nevertheless, the HRTEM images and their
associated inverse FFT images (inset Fig. 1b and S1a-df) show
a different interplanar spacing between the C-Dots and C-Dot-
hemin HS of ~0.21 nm and ~0.36 nm, respectively. Our
observed crystalline structure of the C-Dots with a calculated
d spacing of ~0.21 nm corresponds with the (100) lattice plane
of C-Dots.*” The increase in interplanar spacing upon the
formation of the HS is due to lattice strain generation in the new

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanoparticle. The energy-dispersive spectra (EDS) elemental
analysis confirms the presence of hemin (Fe ion) within the
synthesized C-Dot-hemin HS (Fig. Siet). The FTIR spectrum of
the C-Dots (Fig. S21) exhibits a stretching at 3160-3400 cm ™',
which can be assigned to the hydroxy (-OH) and amine (-NH)
groups, as well as a carboxylic group (-COOH) stretching at
1635 cm™'. The FTIR spectrum of the C-Dot-hemin HS
(Fig. S21) confirms the formation of the complex by exhibiting
intense peaks at ~1630 and 1508 cm ', corresponding to
amide-I (-C=0 stretching) and amide-II (-C-N stretching and
-N-H bending), while also including the C-Dot features at 3160—
3400 cm ™! as described above. Moreover, the observed 10 cm™*
shift of amide-II (-C-N stretching and -N-H bending) stretch-
ing (1518 cm™ ") after the conjugation of hemin with the C-Dot
further supports the formation of the HS.

Short-range electron transfer of the C-Dot-hemin HS in
solution

In the first part of our study, we focus on exploring the short-
range charge transfer of the solvated C-Dot-hemin HS,
meaning, before integrating it into the protein-based matrix.

Steady-state and time-resolved photoluminescence study

Our steady-state measurements (Fig. 2a) clearly show a signifi-
cant quenching in the emission intensity of C-Dots following
the formation of the C-Dot-hemin HS. This fluorescence
quenching in the C-Dot-hemin HS can be explained by a rapid
charge transfer process, which we ascribed to a hole transfer
(HT) (see below), from the photo-excited C-Dot to the conju-
gated hemin and is a thermodynamically favorable process. In
line with the steady-state results, the time-resolved fluorescence
measurements (Fig. 2b) also show a large change in the decay
profile of the C-Dot emission (Aex = 340 nm and Ae,, = 450 nm)
upon the formation of the C-Dot-hemin HS. The emission
decay of the C-Dot in solution exhibits a tri-exponential decay
profile, suggesting several deactivation pathways within the
same particles, where the first two components (z; = 0.5 ns
(40%) and t, = 3.5 ns (30%)) are due to the carrier relaxation
processes via surface-located trap states and the long-lifetime
component (13 = 9 ns (30%)) is due to a recombination
process. Upon the formation of the C-Dot-hemin HS, the decay
becomes much faster, which can be ascribed to an HT-
associated quenching process, manifesting a 5.4 fold decrease
in the measured average radiative lifetime (tay,), from 3.95 ns
for the C-Dot to 0.73 ns for the C-Dot-hemin HS. The emission
decay profile of the C-Dot-hemin HS can be fitted with a biex-
ponential fitting, whereas ~70% decay is completed within
a few ps and can be attributed to the fast charge transfer process
in the C-Dot-hemin HS. The charge transfer process of the
system can be explained as follows (Fig. 2¢):

(1) Exciton formation: C-Dot-hemin + hv — C-Dot (¢~ + h')-
hemin.

(2) Charge separation: C-Dot (¢~ + h")-hemin — C-Dot (e”)-
hemin (h").

The schematic in Fig. 2c explains the underlying mechanism
for the charge-transfer processes occurring in the C-Dot-hemin

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Steady-state and (b) time-resolved photoluminescence
spectra of the C-Dot (red) and C-Dot—hemin (green). Aex = 340 nm
and for the time-resolved measurement: Aem = 450 nm. The panel (a)
shows also the lack of fluorescence of free hemin (blue). (c) Schematic
diagram showing the electron transfer, hole transfer, and charge-
recombination (CR) pathways upon light excitations of the C-Dot and
hemin.

HS. As can be observed in the schematics, upon excitation of the
sample at 340 nm, both the C-Dot and hemin are being excited
in the HS configuration. Following the photoexcitation of the C-
Dot, an exciton is being formed in the C-Dot structure. The band
diagram suggests that the LUMO of hemin lies between the
valence and conduction bands of the C-Dot, and thus, HT is the
favorable process in the charge separation from the C-Dot to
hemin; ET follows the reverse pathway from hemin to the C-Dot.
Following these two processes, the overall HT rate constant can
be estimated by the following expression:

1 1
Kur = - 1)

TC-Dot—Hemin TC-Dot

where Tc.pot-hemin ad Tc.por are the average lifetimes of the C-
Dot-hemin HS and C-Dot, respectively, resulting in a calculated
HT rate constant of 1.16 x 10° s .

Transient absorption

Following our validation of the ET and HT process upon exci-
tation of the C-Dot, we turned into ultrafast transient
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absorption (TA) to reveal the fast charge carrier dynamics after
excitation of the C-Dot at 320 nm and probing in the UV-Vis
range (Fig. 3). In this excitation wavelength, we excite the C-
Dot core state, ie. the core sp® carbon domain of the C-
Dot.>*** The TA spectrum of the C-Dot (Fig. 3a) shows two
negative absorption bands at 345 and 450 nm, corresponding to
the ground state bleach (GSB) and stimulated emission (SE),
respectively. In addition, we observed two positive bands at
375 nm and 500-650 nm, attributed to the excited state absor-
bance (ESA), whereas the transient kinetics of the former band
is displayed in Fig. 3d. While focusing on the excited-state
dynamics of the hemin molecule at the same excitation wave-
length (Fig. 3b), a sharp negative signal at 400 nm is observed,
which is also apparent in the C-Dot-hemin HS (Fig. 3¢, and the
transient kinetics are displayed in Fig. 3e). This peak can be
ascribed to the ground state bleach of the hemin molecule. An
important indication of the charge transfer process in the C-
Dot-hemin HS configuration is the formation of the hemin
radical species, manifested in a broad positive absorption band
(EsA) in the 430-650 nm region, which is much different than
the ESA band of free hemin or free C-Dots.

To follow the charge carrier dynamics, we focus on the GSB at
340 nm of the C-Dot which is absent in the C-Dot-hemin HS
configuration (see transient kinetics in Fig. S31). This complete
bleaching of the signal in the C-Dot-hemin HS is due to the HT
from the excited state C-Dot to hemin. For a detailed investigation
of the charge transfer process, we focus on the ESA band at 370 nm
and the exciton bleach recovery at 400 nm (Fig. 3d and e, respec-
tively). Here, the most important finding is that the strong and
rapid AA band at 370 nm of C-Dots nearly vanish following making
the C-Dot-hemin HS and the ultrafast HT process (Fig. 3d). The
kinetics at 370 nm (Table 1) can be fitted with single-exponential
growth and multi-exponential bleach recovery. For free C-Dots,
the growth component (1 ps) is attributed to the carrier cooling
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Fig.3 TA spectra of the (a) C-Dot, (b) hemin, and (c) C-Dot—hemin HS
at different delay times. TA kinetics of (d) the excited state absorbance
at 370 nm and (e) bleach recovery at 400 nm of the C-Dot, hemin, and
C-Dot—hemin HS. The insets are zoom ins of the first ps, whereas the
inset of (e) is normalized. Aex = 320 nm for all samples.
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Table 1 Multi-exponential fitting of the kinetics at 370 and 400 nm
after excitation at 320 nm

370 nm
Sample T1g (a15%) 74 (@1%) 75 (@x%) 73 (a3%)
C-Dot 1 ps (100) 9 ps (36) 100 ps (42) >1 ns (22)
Hemin 7 ps (100) 45 ps (43) 500 ps (30) >1 ns (27)
C-Dot-hemin <100 fs (100) 18 ps (15) 800 ps (22) >1ns (63)
400 nm
C-Dot 450 fs (100)  18.5 ps (65) 410 ps (25) >1ns (10)
Hemin 100 fs (100) 2 ps (85) 12 ps (10)  >1ns (5)
C-Dot-hemin <100 fs (100) 1.6 ps(82) 7 ps (10) >1 ns (5)

time of the photoexcited core state, whereas the shorter and longer
decay components can be ascribed to de-trapping and most likely
different relaxation processes within the core carbon sp* domain,
respectively. The faster growth component in the C-Dot-hemin HS
(<100 fs) denotes the ultrafast hole injection from the photoexcited
C-Dot to hemin. The multi-exponential decay time constants of
hemin and C-Dot-hemin HS samples represent the recombination
process and sequential charge transfer processes, respectively.
However, the recombination process is slower for the C-Dot-hemin
HS, whereas the majority of excitons (63%) undergo recombination
only after 1 ns. In a short conclusion, hemin rapidly extracts the
hole from the C-Dot after excitation, resulting in a faster charge
transfer process, and also slows down the recombination process.
As for the kinetics of the charge transfer process at 400 nm (Fig. 3e),
we found that importantly, the AA band at 400 nm of the C-Dot-
hemin HS (9.5 m.0.D.) is nearly 3.5 times smaller compared to the
one of hemin (33 m.0.D.), resulting from the ET from the excited
HOMO of hemin to the C-Dot in the HS. At this wavelength, ESA is
predominated for the C-Dot and kinetics can be fitted with a single
exponential growth and multi-exponential decay (Table 1).
However, this is the bleach position of the hemin measurements,
which was fitted with the single exponential growth (100 fs) and
multi-exponential bleach recovery. While focusing on this bleach
position (at 400 nm) of the C-Dot-hemin HS, we can observe that
the growth component is pulse-width limited (<100 fs), indicating
a fast photoexcited ET from hemin to the C-Dots, taking place
before the electronic cooling down to the lower excited states.
Overall, all of our transient measurements indicate that the charge
separation takes place by three different possible pathways: (1) hole
transfer from photo-excited C-Dots to hemin; (2) electron injection
from photo-excited hemin to the conduction band of the C-Dots;
(3) direct electron transfer from hemin to the conduction band
of C-Dots (shown in scheme Fig. 2c).

Till now, we have followed the ultrafast short-range HT and
ET upon the excitation of the C-Dot in the C-Dot-hemin HS.
Now, we wish to follow the excited-state dynamics of the HS
upon excitation of the Soret band of the hemin moiety at
400 nm. Our TA measurements here show a broad positive
absorbance band in the entire visible range peaking at 555 and
670 nm, as well as a negative absorbance band at 624 nm, which
reflects the ground state depletion of the Q-band (Fig. 4a and
S4t). This TA spectrum of the C-Dot-hemin HS shows the
unique features of both hemin molecules at an early time scale

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) TA spectra of the C-Dot—hemin HS. The inset is the TA

spectra of only the C-Dot (that of free hemin is in Fig. S47). The TA
kinetics of hemin and the C-Dot—hemin HS at (b) 555 nm and (c)
624 nm after excitation of the samples at 400 nm. (d) Schematics
showing the deactivation pathways upon selective excitation of the
hemin Soret band within the C-Dot—hemin HS.

and the ones of C-Dots at >50 ps (Fig. 4a). The latter are also
present in the C-Dot sample (inset of Fig. 4a) when the excita-
tion wavelength is 400 nm. The monitored kinetics at 555 and
624 nm (Fig. 4b and c, respectively), which were fitted with
a single exponential growth and a multi-exponential decay
(Table S1t), show several differences between hemin and the C-
Dot-hemin HS. The transients of the C-Dot-hemin HS display
a fast decay component at 555 nm (Fig. 4b and Table S17) and
a fast growth component at 624 nm (Fig. 4c and Table S17), thus
indicating the formation of a charge transfer state taking place
within 350 fs, followed by a deactivation process via a diverged
pathway. One of the pathways is the formation of a charge-
separated state, measured at 624 (Fig. 4c), having decays of
7.5 and 180 ps (17, and 73 in Table S1t), and an additional
pathway of ET to the excited state of the C-Dot, taking place
within 1.5 ps (r; in Table S1%). Finally, the C-Dot undergoes
charge recombination, leading to a ground state recovery in the
timescales of 480 ps and >1 ns (Fig. S51). Fig. 4d shows
a summary of the various deactivation pathways upon the
selective excitation of the Soret band of hemin in the C-Dot-
hemin HS. The observed time scales of charge transfer, charge
separation, and recombination are in accordance with the
fitting of the kinetics of the C-Dot-hemin HS at 624 nm and
455 nm, while the decay parameters are given in Table S1.f

Long-range electron transfer in the C-Dot-hemin HS doped
BSA mat

In the second part of our study, we wish to explore if the C-Dot-
hemin HS can further support long-range charge transport, in
which we use the BSA mat (Fig. S61 for the SEM image of the
mat) as the platform for the charge mediation, where the C-Dot-
hemin HS has been integrated into the protein matrix in a facile
molecular doping manner. As mentioned, both hemin

© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecules and C-Dots have been used previously as molecular
dopants for the BSA mat.>'”*® In this context, it should be noted
that we previously showed that C-Dots can bind to the BSA mat
via various electrostatic and H-bonds interactions between the
functional groups on the surface of the C-Dot and the functional
groups on the surface of the protein fiber."* Importantly, here
we aim to decipher whether the (short-range) light-induced
charge transport discussed above can manipulate the long-
range charge propagation within the biopolymeric matrix.

Steady-state and time-resolved photoluminescence study

At first, we investigated the excited-state dynamics of the C-Dot
and C-Dot-hemin HS within the BSA mat configuration using
steady-state and time-resolved emission spectroscopy (transient
absorption in transmission and reflection modes are impos-
sible due to the highly light-absorbing nature of the doped BSA
mat). Fig. 5a shows that the emission intensity of the C-Dot
doped BSA mat is nearly fully quenched following the forma-
tion of the C-Dot-hemin HS doped BSA mat. Importantly, our
measured quenching efficiency is 16 times higher in the C-Dot-
hemin HS doped-BSA mat compared to the C-Dot-hemin HS in
solution (Fig. 2a). The higher emission quenching in the C-Dot-
hemin HS doped-BSA mat can be attributed to the higher extent
of charge separation, facilitated by the side chain functional
group of the BSA mat. To understand the charge carrier
dynamics, we have turned into time-resolved luminescence
measurements in the reflection mode for both the C-Dot and C-
Dot-hemin HS doped-BSA mat (Fig. 5b). In accordance with the
steady-state measurements, the measured average lifetime of
the C-Dot-hemin HS doped BSA mat is substantially (24 folds)
faster than the one of the C-Dot doped BSA mat, resulting from
the fast initial decay of the transient. As discussed, the faster
lifetime of the HS is a result of a charge transfer process from
the excited C-Dots to the tethered hemin molecule. Accordingly,
the superior charge separation observed within the protein mat
configuration for the same HS indicates the direct involvement
of the protein in this process, suggesting that some amino acid
residues can facilitate and support the rapid charge separation
and prevent recombination. The HT rate constant within the
BSA mat configuration can be determined using eqn (1),
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Fig. 5 (a) Steady-state photoluminescence spectra of C-Dot (red), C-

Dot—hemin HS (green), and hemin (blue) doped BSA mats. (b) Time-
resolved luminescence decay trace of C-Dot (red) and C-Dot—hemin
HS (green) doped BSA mats at 450 nm after excitation of the samples
at 340 nm.
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resulting in a HT rate of ~9 x 10° s~ ', which is around 7.7 times
faster than the measured HT rate within the solution phase.

Electronic conduction across the C-Dot-hemin HS doped BSA
mat

At the final part of our study, we would like to combine all the
different charge transport processes within a single material: The C-
Dot-hemin HS doped BSA mat is capable of long-range PT assisted
by the C-Dots, long-range ET assisted by hemin, and the discussed
photo-induced ET using the HS charge separation process. To
follow the long-range charge transport across the protein polymer,
we used electrical measurements across a distance of 2.5 mm. We
first followed the effect of the molecular dopant (C-Dots vs. hemin
vs. C-Dot-hemin HS) on the bulk conductivity of the protein mat
using AC EIS measurements (Fig. 6a, displayed in the form of
a Nyquist plot). As shown in the figure, the conductivity across the
non-doped native BSA mat (~0.1 mS cm ') increases upon
molecularly doping the mat. In line with previous studies, the
conductivity across the hemin-doped BSA mat shows 30 fold
increase to a value of ~3.0 mS cm ™%, ascribed to the enhanced
electron transport across the hemin molecules, and the conductivity
across the C-Dot-doped BSA shows more than 30 fold increase to
avalue of ~3.4 mS cm ™, ascribed to the enhanced proton transport
assisted by the C-Dot functional groups.”'® Nevertheless, the most
important finding here is that the C-Dot-hemin HS doped BSA mats
exhibited the highest measured conductivity, reaching a staggering
value of ~8.5 mS em ™" (nearly 2 orders of magnitude larger than
the conductivity of the non-doped mat), which can be ascribed to
the enhanced mixed ionic-electronic conduction across the C-Dot-
hemin HS doped BSA mat. At last, we explored how the light-
induced charge separation within the C-Dot-hemin HS influences
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Fig. 6 (a) EIS measurements of the BSA mats with the different

dopants. (b) Current vs. time plot at a fixed bias (0.5 V) of the BSA mat
doped with hemin (black) and the C-Dot—hemin HS (blue). The inset
shows a zoom-in of the first cycle. (c) DC current—voltage (cyclic
voltammetry) across the C-Dot—hemin HS doped BSA mat upon light
irradiation. The inset shows the same for the hemin-doped mat (the
other BSA mats are displayed in Fig. S8t). (d) Schematic representation
of the light-induced electron and hole transport across the C-Dot—
hemin BSA mat.
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charge conduction across the BSA mat, especially following the
observed improved charge separation and transport efficiency
within the BSA mat compared to that of the HS in solution. To
evaluate the photo responsiveness of our systems (Fig. 6b), we used
DC measurements while following the current at a given bias (0.5 V)
as a function of time (I-T response) for the hemin-doped and the C-
Dot-hemin HS doped BSA mats upon light illumination of the mat
at 400 nm (meaning excitation of both the hemin molecule and the
C-Dot). The figure clearly shows that the measured photocurrents
across the hemin-doped mat are significantly lower than the ones
across the C-Dot-hemin HS doped, resulting in more than 3-fold
difference between the mats. In these measurements, the hemin
molecule acts as a charge separating agent in the C-Dot-hemin HS
and BSA plays an important role in the long-range charge separa-
tion via hole accepting and transporting properties. An important
additional direct indication of the improved charge separation in
the C-Dot-hemin doped BSA mat only upon light irradiation can be
seen in the cyclic voltammetry (I-V measurements), where new
redox peaks are observed only in the presence of light (Fig. 6c), with
a much larger magnitude compared to the hemin-doped BSA mat
(inset). The other used mats (the non-doped BSA mat and the C-Dot
doped mats) do not show the formation of these redox peaks upon
light irradiation (Fig. S7t). The enhancement of photocurrent and
the appearance of the redox peaks upon light illumination of the C-
Dot-hemin HS-BSA mat support our spectroscopic measurements
and indicate a long-range charge separation from the photoexcited
C-Dot to BSA assisted by the hemin molecules.

A summary of the various charge transfer processes upon
light irradiation is presented in Fig. 6d. Extended long-range HT
can be represented as a series of sequential short-range HT
steps, i.e., a hopping mechanism, of a series of nearest neighbor
redox centers. The photoexcited electron of the C-Dot-hemin
HS doped BSA mat is transported from the LUMO of hemin to
the C-Dot and from the LUMO of the BSA mat to the Fermi level
of the gold electrode. Similarly, photogenerated holes are being
transported from the C-Dot to the Fermi level of the gold elec-
trode through the HOMO levels of hemin and the BSA mat.

Conclusions

In summary, we explored here the light-induced rapid charge
separation within the C-Dot-hemin HS, how the protein
biopolymer environment influences this charge separation
process, and how it can influence the long-range charge
transport across the protein biopolymer. We used steady-
state and ultrafast transient spectroscopy to show that
upon excitation of the C-Dot, a rapid HT process takes place
between the C-Dot and the hemin molecule within the HS
configuration. Importantly, we found that the HT rate was
more than 3.3 times faster when the HS was doped into the
protein biopolymer compared to the rate of the solvated HS,
suggesting a fundamental role of the protein biopolymers in
the charge separation process. Since it is not possible to
determine the exact protein structure within the biopolymer
and the exact binding site configuration of the HS, we cannot
reveal which amino acids residues are in close contact with
the HS, and accordingly, what are the exact energy states

© 2021 The Author(s). Published by the Royal Society of Chemistry
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allowing the rapid charge separation and HT from the HS.
We further used EIS and light-modulated I-T and I-V
measurements to explore the contribution of the HS to the
long-range charge transport across the protein biopolymer.
The EIS measurements showed that the HS-doped
biopolymer exhibits a staggering high conductivity under
ambient conditions (at room temperature) of 8.5 mS cm™*,
which is one of the highest measured conductivity across any
biological material. Light-modulated /-7 measurements
showed a clear improved photocurrent for the HS-doped
biopolymer, and the light-modulated -V measurements
showed a clear formation of a redox peak only upon light
excitation, all ascribed to the improved HT in the HS-doped
biopolymer. All in all, our new protein biopolymer exhibits
a myriad of different charge transport properties: (1) PT due
to the hydrogen bond network between the amino acid
residues, functional groups of the C-Dots, and water mole-
cules. (2) Enhanced ET due to the hemin moieties in it. (3)
Light-modulated ET due to the charge separation state of the
HS and the observed HT. The biopolymer that we have used
here is based on electrospinning the BSA protein, which is
one of the most affordable commercially available proteins.
Furthermore, the molecular doping approach that we used
here is based on the affinity of BSA to a variety of tightly
bound ligands; hence no chemistry is needed in this process.
Accordingly, our new material is a very promising one for
a variety of optoelectronic research and application, from
artificial photosynthesis to light-modulated sensors, tran-
sistors, and detectors.

Experimental section
Materials

Citric acid, ethylenediamine, and 1-(3-(dimethylamino)propyl)-
3 ethylcarbodiimide hydrochloride (EDC-HCI) were purchased
from Merck and the purity is almost 99.5%. N-Hydrox-
ysulfosuccinimide sodium salt (sulfoNHS) (98%) and hemin
(96%) were purchased from Sigma-Aldrich. It is clear from the
database of Sigma-Aldrich that hemin contains Fe(m) ions.
Other chemicals were purchased from the following companies:
BSA from MP Biomedicals which contains fatty acids <0.05 mg
g7, 2,2,2-trifluoroethanol (TFE) from Apollo Scientific (98%),
and B-mercaptoethanol from Alfa Aesar (98%).

Synthesis of C-Dots

Fluorescent C-Dots were prepared from citric acid by microwave
treatment following a reported synthesis method.** Hydrophilic
C-Dots were synthesized by dissolving 1 g of citric acid (Merck)
and 0.384 mL of ethylenediamine (EDA, Merck) in 10 mL of
distilled water. To get a clear solution, the mixed solution was
sonicated for 10 min, followed by heating it using a microwave
oven at 300 W, 150 °C, for 10 min. Upon cooling the mixture,
a brown-colored solution was formed, followed by the precipi-
tation of the C-Dots using a methanol and acetone mixture
(1 : 1), and separating them using a centrifuge at 10 000 rpm for
10 min. The latter purification process was repeated several
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times. For further characterization, the pure product was dis-
solved in distilled water.

Synthesis of the C-Dot-hemin heterostructure (C-Dot-hemin
HS)

Hemin (0.05 mmol) was dissolved in 4 mL DMF and 0.1 mmol
of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDC) (Merck), and 0.1 mmol of N-hydrox-
ysulfosuccinimide (NHS) (Sigma) were added to this solution in
a nitrogen atmosphere, followed by stirring for 30 min at room
temperature to activate the carboxylic group of the hemin.
25 mg of the C-Dot was added to the solution and stirred
overnight to complete the reaction, and the synthesis pathway is
shown in Scheme 1. Following the formation of the C-Dot-
hemin, the solvent was removed from the product and 0.1 M
HCI was added, while unreacted hemin was removed from the
mixture by a solvent extraction method using CH;Cl.

Preparation of the C-Dot-hemin HS doped BSA mat

For making the BSA mat, BSA (MP Biomedicals) was dissolved
in 90% 2,2,2-trifluoroethanol (TFE) (Apollo Scientific) with
a final concentration of BSA solution of 14% (w/v). 5% (v/v) of B-
mercaptoethanol (Alfa Aesar) was mixed into the solution. This
solution was loaded onto a custom-built electrospinning
system, and the BSA mat was formed upon applying a bias of 12
kv on a 24-gauge blunt needle while grounding the collector;
a constant distance of 12 cm between the collector and the end
of the needle and an injection rate of 1.3 mL min ' were
maintained for the entire spinning process. The doped BSA
mats were made by keeping a piece of free-standing BSA mat in
the dopant solutions overnight, and after complete adsorption
of dopant, the doped BSA mats were washed with water several
times to remove the excess unbounded dopant. All the experi-
ments were carried out using a BSA mat of around 0.06 mm and
1 cm x 1 cm thickness and dimension, respectively.

Microscopy

Transmission electron microscope (JEOL, JEM-2100F microscope)
was used for morphology characterization of the C-Dot and C-Dot-
hemin HS using a ZrO/W(100) Schottky electron source with
accelerating voltages of 200 keV or 120 keV. The C-Dot and C-Dot-
hemin HS samples were prepared by placing a drop of a diluted
solution on a carbon-coated copper grid and were dried in air
overnight. Electron-dispersive spectroscopy (EDS) was carried out
using the same instrument in the following configuration: a JEM-
2100F field emission gun electron microscope equipped with an
EDS, diffraction pattern software, and high angle annular dark-
field scanning TEM detector.

Spectroscopy

The absorption spectra and photoluminescence were
measured using a Cary 60 (Agilent) UV-Vis and FS5 (Edin-
burgh instruments) spectrophotometer, respectively. The
time-correlated single-photon counting (TCSPC) technique
was used to measure the fluorescence lifetimes using
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a CHIMERA spectrometer (Light Conversion) with an exci-
tation wavelength of 340 nm. The laser system was based on
a 10 Nb-Yb-based Ilaser amplifier (PHAROS, Light-
Conversion) with pulses of <190 fs, operating at 1 MHz
(pulse intensity of 10 pJ). The output laser beam (at 1035 nm)
was seeded by an optical parametric amplifier (ORPHEUS,
Light-Conversion) followed by second and fourth harmonic
generation to produce the desired excitation wavelength of
340 nm. The steady-state and time-resolved measurements of
dry BSA mats were carried out in the reflection mode by
placing the mat between two quartz plates. The fluorescence
lifetime was calculated using the Carpetview fitting software.
A HELIOS transient absorption spectrometer (Ultrafast
Systems) was used to study the femtosecond pump-probe
transient absorption. The laser system was based on
a regenerative amplifier (Spitfire Ace Ti:Sapphire Amplifier,
Spectra-Physics), operated at 800 nm at a repetition rate of 1
kHz and pulse duration of ~80 fs, seeded by a Ti:sapphire
oscillator. The output of the amplifier was split into pump
and probe beam lines, where the pump beam was produced
by passing a part of the regenerative amplifier through an
optical parametric amplifier (TOPAS, Light Conversion),
altered to the required wavelength and then fed into the
spectrometer through a synchronized chopper, thus gener-
ating 500 Hz synced signals. The probe beam path followed
a computer managed delay stage onto a CaF, crystal to ach-
ieve white light continuum. The data analysis was carried out
using Surface Xplorer software. Transient absorption was
performed using a Quartz cell with a 2 mm sample path
length. The FTIR spectra were recorded using Bruker ALPHA
FTIR spectrometer with an attenuated total reflectance (ATR)
mode and the background was recorded in air and sub-
tracted from the spectra.

Electrical measurements

Impedance was recorded using an MTZ-35 impedance/gain-
phase analyzer (Bio-logic) in the frequency range of 10 MHz to
10 Hz with an applied AC bias of 50 mV (no DC bias was
applied). The I-V measurements were acquired using a source-
measuring unit (B2901A, Keysight). Gold finger electrode
substrates (distance of 2.5 mm between gold fingers) and
micromanipulator probes (contact with the gold electrodes)
were used to measure the impedance and /-V study. Non-doped,
C-Dot, and C-Dot-hemin HS doped BSA mats were placed on the
electrode configuration and excess water was removed gently
with filter paper before the electrical measurements. For the
light-modulated experiments, an LED pen was used with
a power of 35 mW, centered around.
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