
CHEMICAL ROUTES TO MATERIALS

Silk fibroin protein as dual mode picric acid sensor

and UV photoactive material

Indranee Hazarika1, Kangkan Jyoti Goswami2,3, Amreen Ara Hussain4, Tapash Kalita1,
Neelotpal Sen Sarma2,3,*, and Bedanta Gogoi1,*

1Department of Chemistry, Gauhati University, Jalukbari, Guwahati-14, Assam, India
2Advanced Materials Laboratory, Institute of Advanced Study in Science and Technology, Paschim Boragaon, Guwahati-35, Assam,

India
3Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India
4Facilitation Centre for Industrial Plasma Technologies (FCIPT), Institute for Plasma Research (IPR), Gandhinagar 382428, Gujarat,

India

Received: 17 June 2021

Accepted: 1 September 2021

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2021

ABSTRACT

Silk fibroin (SF) protein was reported as a versatile platform for selective

detection of picric acid (PA) as well as for UV photodetection. SF in aqueous

media undergoes about 74% fluorescence quenching in the presence of 24 nM

concentration of PA in aqueous media with a limit of detection of about

0.203 nM. The quenching was found to due to the combined effect of Förster

resonance energy transfer, hydrogen-bonding, and electrostatic interaction. The

method is also applicable for real environmental samples. Electrical measure-

ment-based sensing of PA was also performed by fabricating flexible sensor

devices from SF and polyvinyl alcohol on polyethylene terephthalate substrates.

The sensors show about twofold enhancement in current conduction and about

33% higher ionic conduction in the presence of the analyte. Interestingly, the

combination of SF and PA acts as a photoactive material for UV light and

generates about 7.15 lA photocurrent under 360 nm light-emitting diodes. The

devices exhibit excellent stability in repetitive bending of the devices and also

air-stability at varying relative humidity conditions (40–80%). Additionally, an

electronic circuit was designed for precise electrical parameters required during

optoelectronic measurements. Therefore, it can be stated that, SF can be used as

a versatile platform for dual mode PA sensor as well as UV photodetector.
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Introduction

Picric acid (PA) or 2, 4, 6- Trinitrophenol is a common

nitroaromatic compound [1] and is widely employed

in making deadly weapons, rocket fuels, fireworks,

matches, dyes, pharmaceutics [2]. Wide use and

disposal of this water soluble compound increases

the possibility of environmental pollution. In addi-

tion to this, it is also hazardous in case of skin and eye

contact, ingestion, or inhalation [3]. Therefore, it is

important to detect the presence PA in real environ-

mental samples. However, in the real-world scenario,

the detection of PA is done in a much more complex

environment than the controlled experiments con-

ducted in laboratories [4, 5]. For example, such

chemicals are deposited on the explosion sites and

mixed with soil and other chemicals. In addition, the

mixture of explosive materials is used to make real

explosives. The sensor system should also work in

aqueous media for the real sample analysis. In such

circumstances, it is quite a challenge to selectively

detect PA from real samples. Other technical limita-

tions related to such detection processes is the use of

sophisticated instrumentations such as X-ray

diffraction, surface enhanced Raman Spectroscopy,

gas chromatography-mass spectrometry, etc.[6],

which is available only in certain institutions and also

not possible to use in actual explosion sites. The

preparation of efficient sensory materials with active

sites that react particularly to PA is another challenge

to the researchers and requires multistep reaction

protocol which increases the cost of production.

Therefore, now a days fluorescence-based PA sensors

are widely used to address these issues to some

extent because of their cost effectiveness, high sensi-

tivity, and quick response. [7, 8]

In this work, we report the silk fibroin (SF) as a

chemosensor for the selective detection of PA. SF is

the major constituent of silk fiber which serve as the

inner core and provide mechanical strength to the

fiber. It is coated with a glue like protein called ser-

icin which has to be removed using the standard

protocol. [9, 10] Because of the excellent biological

properties, SF is extensively used in biomedical

applications such as biosensors, [11] wound dressing,

[12] in drug delivery, [13] tissue engineering, [14] etc.

However, its optoelectronic properties are relatively

unexplored. To the best of our knowledge, this is the

first attempt to use this biopolymer to develop dual

sensor for PA using fluorescence as well as electrical

methods with a better limit of detection (LOD) and

selectivity. Flexible and portable devices were also

fabricated using facile fabrication techniques for

electrical measurements. More interestingly, it was

found that, the combination of SF and PA emerge as a

potential candidate for ultra violet (UV) photodetec-

tor device fabrication as it shows the characteristic

increment of current conduction or photocurrent

generation under UV light emitting diode (LED). The

underlying photophysical mechanisms behind such

observation in semiconducting materials is a fasci-

nating topic and in the past, researchers have estab-

lished the occurrence of different energy transfer and

charge transfer mechanisms involved in the sensing

as well as optoelectronic measurements. In the cur-

rent context, Förster resonance energy transfer

(FRET) is confirmed as the mechanism of energy

transfer between the donor and the acceptor material

that increase the fluorescence quenching efficiency as

well as the photocurrent of the devices. Before going

into the details of the photodetector devices, let’s

have an idea about the importance of photodetectors

and the common materials used in optoelectronics to

understand the importance of using biological

materials to develop the same.

An enormous amount of effort is being made by

the scientific community in the ground of optoelec-

tronics that provides a stronger foundation to the

architecture of information technology of a country,

which, in turn, directly impact the everyday life,

economic growth as well as national security.

Advancements in photodetectors play a vital role in

this ground for its wide range of applications, such as

in communication devices, remote sensing, national

security, detecting harmful radiations, and environ-

mental sensing like detecting pollutants, health

monitoring, night surveillance, etc. [15–17]. Inorganic

semiconducting materials are predominantly used in

this area due to their robustness and superior pho-

tophysical properties. In the literature, it was found

that a variety of materials from organic, inorganic,

organic–inorganic hybrid materials, different nanos-

tructured materials have been extensively used for

fabricating photodetector devices. Out of the inor-

ganic materials, photodetectors based on p-n hetero-

junctions are fabricated using various n-type

(TiO2,[18] ZnO [19], SnO2,[20] Zn2SnO4,[21] Zn2-
GaO4,[22] Zn2GeO4,[23] ZnS[24], Ga2In4S9 [25]) and

p-type (GaN [26], SiC [27], NiO [28],) metal oxides.
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Additionally, the organic materials such as

2-(1,10:30,100-triphenyl-50-yl)-9,9-diphenyl-9H-fluo-

rene (TPF) and (9,9-diphenyl-9H-fluoren-2-

yl)diphenylphosphine oxide (DFPPO)[29], conduct-

ing polymers [30], etc. are also highlighted in pho-

todetectors. Recently, the perovskite structures have

also drawn considerable attention based on their

remarkable photoresponse in optoelectronic devices.

For instance, the double perovskites Cs2TeI [31],

organic–inorganic halide perovskites [32], lead-free

perovskites [33–36], have shown impressive pho-

toresponses. Several graphene-based optoelectronics

devices are also widely explored due to excellent

conductivity and flexibility [37–39]. Other than these

materials, nanoparticles, quantum dots, carbon dots

are extensively used in fabricating optoelectronic

devices [40–42]. On the other hand, photoconductive

devices based on various photoactive materials such

as PbS colloidal quantum dots [43], GeSn/Ge multi-

ple-quantum-well [44], black phosphorous/Indium

Selenide [45], Bi2Te3,[46] etc. are reported to be sim-

ple yet efficient photodetectors in recent years.

Although all these materials show excellent pho-

tophysical properties, their synthesis protocol is not

straightforward. Also, device fabrication processes

using such materials involve sophisticated instru-

ments and require interfacial supporting layers such

as electron transport layers (ETL) and hole transport

layers (HTL) to increase the efficacy of the devices

making the devices quite expensive to fabricate and

use. Many of these materials also reported to be

harmful to human health and the environment. In

this work, to address the importance of designing

low-cost photodetectors and the use of non-toxic

materials, we investigated the basic photodetector

characteristics of naturally available SF protein-based

simple optoelectronic devices that do not require

other supporting materials such as ETL and HTL for

preliminary photodetection experiments. The adhe-

sion properties of the SF on different substrates also

ensure better contact between the photoactive mate-

rial with the electrodes [47]. This will prevent charge

carrier recombination during the electrical measure-

ments. Unlike the heterojunction-based photodetec-

tors, the devices designed in this work are

photoconductors that develop electrical current

under UV light irradiation due to donor–acceptor

mechanism. Photoconductive photodetectors are

reported to be low-cost alternatives to the hetero-

junction-based optoelectronic devices. Such devices

are easier to fabricate since they are fabricated using

only the photoactive material with a pair of metal

contacts [48].

In our previous works, detection of PA using bio-

based conjugates were investigated. [7, 49] The syn-

thesis process of these conjugates was not straight-

forward and also the limit of detection (LOD) were

relatively higher. In the current work, naturally

available starting material were extracted with

improved LOD of PA sensing. It provides a versatile

platform for PA as well as UV light detection under

ambient conditions. We believe that the findings of

this work will open up research in the direction of

using SF-based optoelectronic devices for cost-effec-

tive technology development. The strategy used for

developing PA sensor and photodetection by using

SF is shown in Scheme 1.

Experimental section

Materials

PA was purchased from SIGMA, ortho-nitropheneol,

meta-nitrophenol, para-nitrophenol were purchased

from Merck, and LiBr, PVA with average molecular

weight of 1,15,000 were purchased from LOBA

CHEMIE. All the chemicals were used without fur-

ther purification. SF was extracted from Eri silk fibers

(Samia Cynthia).

Caution! PA is a hazardous chemical and has to be

stored in 50% water (W/V). All the safety measures

such as its use in very small quantities, wearing

personal protective equipment, vacuum drying

should be taken while handing PA. According to the

US OSHA (United States Occupational Safety and

Health Administration) and US NIOSH (United

States National Institute for Occupational Safety and

Health), the permissible exposure limit of PA is

0.1 mg/m3.

Extraction of SF

In an aqueous solution of 0.02 M NaHCO3, 3.04 g of

cleaned silk cocoon were heated at 100 �C for one

hour with continuous rotation. Then, it was thor-

oughly rinsed with warm water. The degummed silk

fibers were dried at 60 �C and stored in vacuum

desiccator [50]. Finally, the degummed silk fibers

(0.2 g) were dissolved in 20 mL of 9 M solution of
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LiBr to get a saturated solution and stored in the

refrigerator. This stock solution was further diluted

to prepare 10% (V/V) solutions and all the experi-

ments were performed using this solution. In general

procedure of extracting SF, LiBr is removed from the

solution using a dialysis process, but in our case

device fabrication would be done in the later stages

for electrical measurements. Hence, the presence of

LiBr would help in facilitating better current con-

duction in the devices. Additionally, without the

dialysis step, the process becomes easier, less time

consuming, and cost-effective. The SF so prepared is

stable upto two months and can be used for sensing

experiments for this period.

Characterization techniques

Fourier transform infrared (FT-IR) spectra were

recorded using PerkinElmer FT-IR spectrophotome-

ter in transmission mode over 32 scans in the range

500 to 4000 cm-1. For FT-IR spectroscopic analysis,

samples were mixed with KBr to make pellets stored

in a vacuum desiccator before recording the spectra.

UV–vis absorption spectra were recorded by using

SCHIMADZU-1800 spectrometer and the Photolu-

minescence (PL) emission spectra with various exci-

tation wavelengths were recorded by using the

Hitachi F-2500 spectrophotometer. For both the UV–

vis absorption and photoluminescence (PL) mea-

surements, quartz cuvettes of 1 cm path length were

used. Fluorescence lifetime of the samples in aqueous

media were measured using Edinburg instruments

FSP920, Picosecond Time-resolved cum Steady State

Luminescence Spectrometer. A LASER source of

wavelength 300 nm was used as the excitation

source. The zeta potential of the samples in aqueous

media was determined using a Malvern Nano ZS90

Zetasizer. Surface morphology of the SF protein, and

the films were characterized with the help of scan-

ning electron microscope (
P

IGMATM Field Emission

Scanning Electron Microscope) and atomic force

microscope (Nanosurf CoreAFM). For SEM mea-

surements, the silk fibers were placed on a carbon tap

and the films were drop casted on silicon wafers.

Gold coating was done over all the samples with the

help of a sputtering unit. For the AFMmeasurements,

the films were drop casted over poly-(ethylene

terephthalate) (PET) substrates and the images were

recorded using non-contact mode. The electrical

characterization of the device was performed using

KEITHLEY 6517b electrometer.

Methods

Sensing experiments via fluorescence measurements

To investigate the fluorescence response of the SF

protein toward PA in aqueous media, two milliliters

of the 10% SF (V/V) was transferred into a quartz

cuvette (4 9 1 9 1 cm) and the fluorescence spectra

were recorded at an excitation wavelength (kex) of

Scheme 1 Schematic representation of a Sensing of PA in aqueous media using SF as the fluorescence probe, b Device architectures for

PA sensing and photodetection.
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300 nm. To this, nanomolar concentration of PA with

increasing concentration was added and the change

in the fluorescence response was recorded. To mimic

the sensing experiments for real sample analysis, tap-

water and soil-water were simply filtered and spiked

with PA and the fluorescence response of SF was

recorded using the same experimental parameters. In

a similar manner, the interference of common salts

toward the sensing of PA was also investigated.

Device fabrication for sensing experiments

and for investigating photocurrent generation

A cost-effective route and a simple device fabrication

process has been adapted for the sensing of PA using

electrical measurements as well as for UV photode-

tection. For the former, 10% SF (V/V) was mixed with

8% poly-vinyl alcohol (PVA) (W/V) in water and a

fixed volume of 100 lL was deposited on thin

transparent PET sheets by drop casting method fol-

lowed by heating in a hot air oven at 60 �C overnight.

Silver paste (Ag) with similar surface area (0.5 9 1)

cm2 were deposited at the two ends of the thin film.

The area in between the two Ag-electrodes was fixed

at 1 cm2. To investigate the photoactivity of the

donot-acceptor combination, the same procedure of

device fabrication has been followed, except the

remaining solution of the fluorescence sensing

experiment that showed highest quenching was

mixed with 8% PVA (W/V) solution and then

deposited on PET substrate. The device architecture

is shown in Scheme 1b. The idea behind using 8%

PVA (W/V) solution is to ensure better contact

between the materials and the electrodes. It also

provides a stretchable substrate required in per-

forming experiments at different bending angles.

Also, in case of the device fabricated on PET sub-

strates, the PVA film helps bind the photoactive

material during measurements at different bending

angles. All the devices were stored in a vacuum

desiccator. For photodetection experiments, we used

monochromatic light emitting diodes (LED) with

360 nm and 620 nm wavelength, and a white LED.

DC voltage in the range of -1.5 V to ? 1.5 V has been

applied to the devices to record the current conduc-

tion in dark condition as well as under the influence

of the LEDs. In the experimental set-up, the distance

between the devices are the LEDs were fixed at about

1 cm to ensure same intensity of LEDs in every

experiment. The difference in the current conduction

in the dark condition and under the LED light pro-

vide preliminary information about the photoactivity

of the materials toward different monochromatic

lights.

Electronic circuit fabrication for optoelectronic

measurements

Previously, we developed circuits to generate elec-

tronic signals during the sensing applications. [51, 52]

Such circuits are important for visual detection of the

analyte present in liquid or gaseous state. Such

devices are more practical to use and hence com-

mercially available. In the current context, a different

electronic circuit has been successfully designed as

shown in the Scheme 2 for the optoelectronic mea-

surements. The working mechanism of the circuit is

explained below.

With reference to the scheme 2, the circuit was

developed to find the efficiency of the photoactive

material under light and dark conditions. For this, we

need a light source of specific wavelength which

remain ON and OFF state with definite

adjustable time interval and here it is selected from

0.5 to 20 s. As mentioned earlier, monochromatic

LEDs with 360 nm and 620 nm wavelength, and

while LED were used for the experiments. The circuit

was built around a timer IC NE555 followed by a

dual Master–Slave JK Flip-flop IC 74LS73. The ON/

OFF timing or output frequency of the IC 555 was

designed as such so that it can be adjusted from 2 to

80 s with the help of 100 KX variable resistor. The

output of IC 555 from pin 3 was then fed to IC 74LS73

in its pin number 5. IC 74LS73 then divide this input

in to two equal part and thereby reducing its fre-

quency by half and at the same time improves the

quality of the wave front. Output of the 1st Master–

Slave JK Flip-flop (pin 1) was then fed to the 2nd Flip-

flop via pin number 9. So, after the 2nd Flip-flop we

got a frequency exactly � of the original wave front

coming out from pin number 3 of the IC 555. One of

the output from 2nd Flip-flop was fed into the base of

the npn transistor BC547 via 330X resistor which in

turn energies the 12 V relay with the help of the p-n-p

power transistor BC368. So, with variation of the 100

KX variable resistance we can adjust the ON and OFF

timing of the light source from 0.5 s to 20 s as

required for our experiment.

J Mater Sci



Results and discussion

Material characterization

The degumming of silk fibers is explained in

Sect. ‘‘Extraction of SF’’. The removal of the sericin

protein has been confirmed with the help of SEM as

shown in Fig. 1a, b. Here, Fig. 1a corresponds to the

untreated silk fibers and the surface is significantly

rough due to the presence of sericin protein as the

outer layer. The degumming process results in the

removal of the outer layer leaving behind the fibroin

protein with a smooth surface as evident from

Fig. 1b. To evaluate the uniformity of the degumming

process, lower resolution SEM images (20 lm) are

collected before and after the degumming process. As

evident from the supplementary material Figure S1A-

B, the surface of the silk fibers appears to be signifi-

cantly smooth in a large surface area. It confirms

complete removal of the sericin protein from the

experimental silk fibers. The surface of the films

deposited on PET substrates were also investigated

under SEM as shown in Figure S1C-D. It was

observed that, the roughness of the experimental film

with 10% SF (V/V) and 8% PVA (W/V) is signifi-

cantly lower than that of the SF alone.

The structural elucidation of SF has been done with

the help of FT-IR spectral as shown in Fig. 2a. In the

FT-IR spectra, the appearance of the bands at

1640 cm-1 (amide I), 1422 cm-1 (amide II), 1319 cm-1

(amide III) were characterized by b-sheet structure.

The band near 3300 cm-1 represents for N–H

stretching vibrations of amides [53]. Other peaks at

1008 cm-1 and 946 cm-1 are assigned due to the C-O

stretching vibration and -OH out of plan bending

vibration, respectively. [54] The UV–vis spectra of the

SF protein in aqueous media possesses a strong band

at 277 nm (Fig. 2b) and from the PL experiments at

different excitation wavelength, we found that SF

shows maximum emission when excited with 300 nm

monochromatic light (Fig. 2c).

Scheme 2 Pictorial representation of the circuit developed for optoelectronic measurements.

Figure 1 SEM images of

a raw silk fiber, and b silk

fiber after degumming.
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Sensing studies

Fluorescence measurements

The aqueous solution of SF is fluorescent in nature

and shows emission maximum at about 370 nm

when excited at 300 nm monochromatic wavelength

(kex). After the addition of PA into the SF solution, we

observed a decrease in the fluorescence intensity of

SF. With the increase in the concentration of PA (4.97,

9.9, 14.7, 19.6, and 24 nM), the fluorescence intensity

of SF gradually decreases as shown in Fig. 3a, and at

24 nM of PA it undergoes about 74% fluorescence

quenching. Similar results were obtained for the

same stock solution of SF for a period of two months.

After that, the solution is no longer stable to repro-

duce the results. From the calibration curve (Fig. 3b),

the limit of detection (LOD) was calculated to be

0.203 nM of PA using the equation LOD = 3.3 r/S,
where, S is the slope of the plot and ris the relative

standard deviation [55]. This value is lower than the

recently reported fluorescence-based PA sensor in

aqueous media. A comparative study is given in

Sect. ‘‘Comparative study of the fluorescence

measurements’’.

An ideal sensor must work in a real-world scenario

and to achieve that the sensors has to be water sol-

uble as all the sensing experiments are performed in

aqueous media. Since SF is soluble in aqueous LiBr

solution, it is possible to check its fluorescence

response toward PA dissolved in tap-water and soil–

water [7]. We found that, in both the cases SF

undergoes about 93% quenching (Figure S2) at 30 nM

of PA which is a clear indication that the material is

useful in detecting PA in a much more complex

environment than the controlled laboratory experi-

ments. Additionally in real environmental solutions,

there might be different other nitroaromatic com-

pounds and ions at low concentrations which can

alter the fluorescence quenching. It was observed that

at the same concentration of 24 nM, other experi-

mental nitroaromatic chemicals viz. ortho-, meta-,

para-nitrophenol causes about 27.8%, 25.4%, and 28%

decrease in the fluorescence, respectively, in com-

parison to 74% decrease by PA as mentioned earlier

(Figure S3A). Additionally, in a mixture of all these

experimental chemicals at the same molar ratios, 78%

quenching was observed which is similar to the

quenching efficiency for PA alone. The difference in

florescence quenching for these experimental chemi-

cals can be explained from the perspective of func-

tional groups present in them. Due to the presence of

one –NO2 group and one –OH group, all these three

nitrophenols can form hydrogen bonds with SF

which can result into a small decrease in the

Figure 2 a FT-IR spectra of SF, b UV–vis spectra of SF, and C.

PL spectra of SF at different excitation wavelength. 10% SF (V/V)

solution was used for all the measurements, and at pH 7.

Figure 3 a Fluorescence spectra of 10% SF (V/V) solution in the presence of increasing concentration of PA, initial pH 6.5. b Calibration

plot for determining the limit of detection, c Stern–Volmer plot with increasing concentration of PA.
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fluorescence intensity of SF. However, the extent of

hydrogen boning of SF with these chemicals is much

weaker compared to that of PA with three –NO2

groups and one –OH group. Therefore, it can be

stated that the fluorescence quenching efficiency in

the case of PA is higher among the experimental

nitroaromatic analogues. We have also checked the

fluorescence quenching of SF in the presence of same

concentration of 1,10-phenanthroline, and interest-

ingly it showed only about 1.2% fluorescence

quenching to SF. Since, the chemical structure of 1,10-

phenanthroline does not possess any –NO2 group or–

OH group, hydrogen bonding interaction is not

possible with SF and hence it does not alter the flu-

orescence intensity of SF. For selectivity experiments,

in addition to the other nitroaromatic analogues, it is

also important to check the fluorescence of the sen-

sors in presence of ions. It was observed that, the

presence of common salts such as KCl, Na2SO4, and

ZnSO4, causes only about 4.8%, 3.3%, and 2.1%

decrease in the fluorescence of SF, respectively (Fig-

ure S3A). This decrease in the fluorescence is negli-

gibly small compared to that of the presence of PA.

The quenching efficiency for all the experimental

analytes is similar when SF was used after dialysis as

shown in Figure S3B. Therefore, it can be said that the

presence of LiBr use for the extraction of SF does not

alter the efficacy of SF as sensor for PA. To mimic the

interference of these nitroaromatic chemicals and

different ions in real samples, we have checked the

fluorescence response of SF toward PA in their

presence in 1:1 ratio as shown in Figure S3C. Evi-

dently, the interference of all the experiment chemi-

cals is negligibly small.

In addition to the use of SF as a chemosensor in its

polymeric form as extracted from silk fibers, we have

further extended the sensing experiments by

preparing fluorescent carbon dots (CDs) from SF

using hydrothermal method [56]. These CDs also

show undergo about 76% fluorescence quenching in

the presence of 87 nM concentration of PA. The

synthesis of CDs, their UV–Vis spectra and the fluo-

rescence spectra at different excitation wavelengths,

fluorescence sensing experiment are presented in the

supplementary information (Figure S4).

To quantify the interaction between the fluo-

rophore and the quencher and to predict the mech-

anism of fluorescence quenching, we have drawn the

well-known Stern–Volmer (SV) plot from the

fluorescence experiments.[57] The SV equation is

expressed as:

I0=I ¼ 1þ KSV Q½ � ð1Þ
where, I0 and I are the fluorescence intensities before

and after the addition of the quencher [Q]. KSV is the

bimolecular binding constant. This equation predicts

the occurrence of static or ground state stable com-

plex formation or dynamic or excited state energy

transfer quenching mechanism in the system. It rep-

resents a linear straight line and the slope of the plot

provides the magnitude of KSV. Higher the magni-

tude of Ksv, better is the accessibility of the fluo-

rophore to the quencher. [58] As evident from Fig. 3c,

the SV plot of the system follows a nonlinear trend

and the binding constant KSV was calculated to be

1.505 9 108 M-1, with a regression coefficient of 0.97.

Such nonlinear SV plots indicate the presence of

either the energy transfer mechanism in the excited

state or the synergistic effect of ground state or

excited state interaction mechanism. The general

mechanisms involved in the fluorescence quenching

are Förster resonance energy transfer (FRET), inner

filter effect (IFE), photoinduced energy transfer

(PET), and aggregation caused quenching (ACQ). In

the present work, FRET is the main driving force for

the quenching which has been confirmed with the

help of experimental evidence. In the case of FRET,

the analyte absorbs the light emitted by the fluores-

cent probe resulting in a fluorescence quenching.

Therefore, the overlapping area of the emission

spectra of the fluorophore and the UV–vis absorption

spectra of the quencher provides the probability of

FRET in between the two systems. In the case of SF as

donor and PA as acceptor molecule, the mentioned

spectral overlap is very prominent as shown in

Fig. 4a. The calculated area of the overlapping region

is about 72, which is significant for energy transfer.

Additionally, the occurrence of FRET has been con-

firmed with the help of time resolved photolumi-

nescence (TRPL) measurements as depicted in Fig. 4b

and c. The energy transfer to the acceptor leads to the

faster decay time for the combined system as com-

pared to the donor alone [59]. The fluorescence life-

time (s) of SF in aqueous media was found to be

4.26 ns, which decreases to 3.47 ns after the interac-

tion with PA. Furthermore, the FRET efficiency can

be obtained using the following equation:

E ¼ 1� sDA=sDð Þ ð2Þ
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where, sD and sDA are the fluorescence lifetime of the

donor and the donor–acceptor combination, respec-

tively [60]. Using this equation, the FRET efficiency

was found to be 0.185 (18.5%).

With reference to Fig. 5a and b, it can be stated that

in addition to the FRET, the fluorescence quenching

of SF is also supported by the hydrogen bonding

interaction between SF and PA. Such interaction was

previously reported by Dutta et al., and Sun

et al.[52, 61] Due to the strong electron withdrawing

effect of three nitro groups, the phenolic group of PA

is highly acidic in nature and hence readily can form

hydrogen bonding with the –OH as well as –NH

groups of the SF. Similar nitroaromatic analogues

such as ortho-, meta-, para-nitropheneol, do not have

such highly acidic phenolic groups and hence their

interaction with SF is expected to be weaker com-

pared to that of PA alone. Hence, the fluorescence

response of SF is highest in the case of PA. The

occurrence of hydrogen bonding interaction is quite

difficult to predict with the help of FT-IR spec-

troscopy as it produces broad spectra in the region

3400–3500 cm-1. All the peak positions of SF

remained intact after the indication with PA indi-

cating no covalent interaction between SF and PA.

Formation of covalent bonds would have led to a

static interaction between them. This observation is in

agreement with the TRPL results that confirm an

energy transfer mechanism between the fluorophore

and the quencher. Another probable mechanism

associated with the FRET is the electrostatic interac-

tion between SF and PA. For an efficient FRET to

occur, the donor and the acceptor molecules must get

sufficiently closer to each other, which apparently

lead to electrostatic interactions between them. With

the help of zeta potential (f) measurements in aque-

ous media as presented in the Figure S5, we found

that the SF and PA possesses a surface charge of

about -21.2 mV and -11.6 mV, respectively. The

mixture solution of SF and PA possesses a cumula-

tive f value of about -31.4 mV indicating a probable

charge accumulation. This is a clear indication of the

presence of electrostatic interaction between the

donor and the acceptor. Therefore, we can conclude

that the synergistic effect of FRET, hydrogen bonding

and electrostatic interactions lead to a higher fluo-

rescence quenching of the sensor system for PA. It

would be interesting to investigate the electrical

properties of these combined materials as such

driving forces make significant contributions toward

the change in the electrical properties of any system.

Figure 4 A. FRET:

overlapping of the

fluorescence spectra of 10%

SF (V/V) solution and the

UV–vis spectra of the PA.

Time-resolved fluorescence

decay profile of B. SF and C.

SF ? PA.

Figure 5 a Schematic representation of the hydrogen bonding interaction between SF and PA. b FT-IR spectra of SF before and after the

sensing experiments.
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Comparative study of the fluorescence measurements

From the materials perspective, for a selective and

rapid sensing of PA in liquid media, materials have

been synthesized in laboratories which may require

different chemicals and have to go through different

purification processes that require high purity sol-

vent systems. These are time consuming and expen-

sive processes. Accidental release of such synthetic

materials to the environment also can cause envi-

ronmental pollution and hence such materials have to

be stored carefully for a longer duration. In such

circumstances, it is pertinent to use biodegradable or

biocompatible materials like SF protein which are as

efficient as the synthesized materials in laboratories.

Additionally, such biodegradable and biocompatible

materials are abundantly available in nature and their

extraction process is simple and straightforward

making the whole process easy, less time consuming

and inexpensive.

A comparative study of the efficiency of the SF

with some of the recently reported picric acid sensors

is presented in Table 1.

Electrical measurements

Electrical measurement-based sensing

All the electrical measurements for the sensing

studies have been perfumed at ambient conditions

and at 60% relative humidity (RH). As mentioned

earlier, we designed flexible devices for sensing

studies as well as to investigate the photoactivity of

the materials. In the first case, SF mixed with 8% PVA

(W/V) was drop casted on the PET substrate, while

for the later the same mixture solution obtained from

the fluorescence quenching experiments have been

used. For the electrical sensing, 10 lL of 24 nM PA

solution was added to the SF ? PVA film in between

the two silver electrodes (Fig. 6a) and then dried in a

hot air oven. The I-V characteristics of the devices

before and after adding PA was compared. A repre-

sentative I-V plot of a device measured by applying

AC bias voltage is shown in Fig. 6b. Evidently, the

current conduction of the device increases after the

addition of PA and at a maximum of 4 V, the device

develops about twofold increase in the current con-

duction which is probably due to the high ionic nat-

ure of the PA. This has been confirmed by measuring

the current response of the device at a constant DC

applied voltage of 1 V with respect to time as shown

in Fig. 6c, d. From this plot we have calculated the

ionic transport number using the formula (it-io)/io,

where io is the initial conduction and it is the current

conduction when the device shows a constant steady

current with respect to time. The ionic conduction of

PVA ? SF and PVA ? SF ? PA (24 nM) is 13% and

33%, respectively. The working principle of this

experiment is that, under the influence of a DC bias,

the ions of the materials get polarized and migrate

toward the two silver (Ag) electrodes. So, initially, the

current conduction is due to both the ionic and

electronic migration (io). But the two Ag deposited on

the PVA film act as ion blocking electrodes and hence

the ionic migration occurs with time until a steady

state is achieved (it). At this stage, the material is fully

polarized and hence the residual current is mainly

due to electronic movement. So, by using the men-

tioned formula the percentage ionic contribution

toward the total conduction can be easily calculated.

To investigate the stability of the sensor, we have

performed the fluorescence measurements after two

months period of extracting the SF from the silk

fibers. As shown in the Figure S6A, SF undergoes

about 56% fluorescence quenching in presence of

24 nM of PA. Therefore, in aqueous media the

quenching efficiency is lower compared to that of the

freshly prepared SF. On the other hand, a flexible

device stored in vacuum desiccator for two months

was used for I-V measurement-based sensing of PA.

The device developed twofold increase in the current

conduction for 24 nM of PA as shown in the Fig-

ure S6B, which is similar to that of the freshly fabri-

cated devices. From this observation, it can be stated

that the sensor device is stable for two months.

Photoactivity of the materials

Photodetectors find a wide range of applications and

hence should work in the real-world scenario such as

varying RH as well as under mechanical stress. To

investigate the capability of our material to work

under such conditions, we have deposited the mate-

rials on flexible PET substrates and the impedance

(Z) versus time were measured at higher bending

angles, viz. 120� and 90�. The digital photograph of

the device is shown in Fig. 7a. As evident from

Fig. 7b, the log Z versus time plot of the device at

120� and 90o bending are in the same range with the

normal condition, i.e. 180�. Also, the impedance
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Table 1 Comparison of the present fluorescence sensor with recently reported picric acid sensor

Serial

no.

Materials Method Medium LOD Refs.

1 Rhodamine-isonicotinic hydrazide Fluorescence turn-on Aqueous 37.3 nM [62]

2 Dysprosium metal-organic framework Fluorescence turn-off Aqueous 0.71 lM [63]

3 Polythiophene derivative Colorimetric and

fluorescence

Aqueous 50 nM [64]

4 4,40,400,-(1.3.5-triazine-2.4.6-triyl)tris(N.N-

diphenylaniline)

Fluorescence turn-off Aqueous 0.37 nM [65]

5 N01, N03-bis((E)-4- (diethylamino)-

2 - hydroxybenzylidene)isophthalohydrazide

Fluorescence turn-on 95%

aqueous

media

12.15 nM [66]

6 2, 6-bis (benzimidazolyl)-pyridine Fluorescence turn on–off Aqueous

media

49.49 ppb [67]

7 Functionalized pyrazoline derivative Fluorescence turn off THF–H2O

mixture

6.80 9 10-7 M [68]

8 Benzimidazole-acrylonitriles Fluorescence turn-on Aqueous

media

11-41l M [69]

9 Curcumin-cysteine and curcumin-tryptophan

conjugate

Fluorescence turn-on Aqueous

media

13.51 nM [7]

10 pyridyl-imine capped gold nanoaggregates Fluorescence turn off Aqueous

media

15 nM [70]

12 Anthracene-based fluorescent probe Fluorescence turn-on Aqueous

media

30 ppb [71]

13 poly(tannic acid) nanoparticles Fluorescence turn off Aqueous

media

0.08 lM [72]

11 SF protein Fluorescence turn-off and

IV measurements

Aqueous

media

0.203 nM Current

work

Figure 6 a Schematic

representation of the device

fabricated on flexible PET

substrate for electrical

measurements. b I-V

characteristics of the device in

the presence of 24 nM of PA.

Current vs time plot of

c SF ? PVA, and

d SF ? PVA ? PA (24 nM).
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response (log Z) remains in the same range even after

bending the device to 90� for 50th time. From this

observation it can be stated that, the photoactive

material is useful at extremely high mechanical

stress. This is particularly useful in designing wear-

able optoelectronic devices as well as applicable in

real-world scenarios where external forces like acci-

dental bending may cause a change in the shape of

the device. Structural integrity of the photoactive

material plays an important role in such experiments.

Instead of using powdered photoactive materials or

SF in its fiber form, we used the aqueous solution in

combination with 8% PVA (W/V) which forms a

stretchable film in the method that we employed.

Such observations are not possible when solid sub-

strates such as silicon wafers, ITO/FTO coated glass

are used for device fabrication which are also known

to be expensive. In the present case, under extreme

bending angles, the network structure of the film is

believed to be remained intact. This helps in retaining

the original electrical properties in terms of log Z

verses time. To support this observation, we have

checked the surface roughness of the films before and

after this set of experiments with the help of AFM

measurements. It was found that the surface rough-

ness of the material is similar and no cracked portions

have been observed after the repeated bending of the

device and after applying external bias voltages. The

AFM images with the line profiles of the films are

presented in Figure S7. Another important external

parameter that has to be taken into account while

studying optoelectronic properties is the effect of

varying RH conditions toward the impedance

response of the device. To investigate that, we have

monitored the impedance response of the device at

80% and 40% RH. As shown in Fig. 7c, the impe-

dance response (log Z) of the device with respect to

time at the two RH conditions is in the same range

indicating that the device can work under varying

RH conditions in the laboratory.

Photoactivity of the materials were investigated by

measuring the I-V characteristics of the devices in the

external DC voltage range of -1.5 V to 1.5 V and

under the irradiation of 360 nm, 620 nm and while

LEDs. The device fabricated using the combination of

PVA and SF ? PA develops about 7.15 lA pho-

tocurrent under 360 nm wavelength monochromatic

LED as depicted in Fig. 8a. While no such pho-

tocurrent generation has been observed for 620 nm

and white light LEDs as evident from Fig. 8B-C.

Similar to the PA sensing experiments in aqueous

media, there is a significant spectral overlapping of

the fluorescence spectra of SF with the absorption

spectra of PA in 8% PVA (W/V) indicating the

occurrence of FRET. In electrical measurements,

FRET provides an effective charge carrier pathway in

between the two materials, which facilitates the cur-

rent conduction. In our system, the FRET comes into

Figure 7 a Digital photograph of the flexible device fabricated on PET substrate. b Log Z versus time plot of the device at 180�, 120�, 90�
angle of bending and also at 50th time bending to 90�. c Log Z versus time plot of the device at 80% and 40% relative humidity (RH).

Figure 8 I-V characteristics of the Device-1 at a 360 nm LED,

b 620 nm and c White light. d FRET: Spectral overlap between

the UV–vis and the PL spectra of PA and SF protein in 8% PVA

(W/V).
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picture under the influence of 360 nm wavelength

monochromatic LED and hence there is a significant

increase in the photocurrent conduction. SF exhibits

intrinsic protein fluorescence [48] and hence is a good

candidate as donor molecule in the present system

with a strong electron acceptor. The occurrence of

FRET in between the donor–acceptor pair is evident

from the large spectral overlapping as shown in

Fig. 8d which is a major driving force toward the

high photocurrent conduction at 360 nm monochro-

matic light. The integral area under the overlapping

region was found to be about 85.19 that assess the

efficacy of FRET between the two systems. Another

cause of the higher current conduction is the

increased ionic current due to the interaction between

SF and PA. It is important to note that, PVA ? SF

protein or PVA ? PA alone does not show any

photocurrent under the same experimental condi-

tions as shown in the supplementary information

(Figure S8). It can be concluded that the presence of

donor–acceptor energy transfer mechanism increase

photoconduction by increasing the charge carrier

generation and transport. Therefore, unlike the p-n

heterojunction-based photodetectors, the devices

work as a simple photoconductive photodetector.

To check the stability and long-term usability of the

device, the I-V measurements of the same device

have been done after three months using the same

condition. After three months the photocurrent con-

duction was found to be about 6.7 lA (Figure S9).

This value is similar to the result of its first mea-

surement which indicates that the device is suffi-

ciently stable for repetitive measurement. To develop

a full-fledged photodetector and comprehensive

analysis of the photodetector performance, it is

important to determine the other device parameters

such as responsivity, detectivity, response time,

photoconductive gain [33]. The scope of the current

work is only to develop a system applicable as a

chemosensor and to find the signature characteristic

feature of photoactive material simply by measuring

the photocurrent developed under LED light irradi-

ation. An attempt has been made to establish the

underlying photophysical mechanisms and to inves-

tigate the factors that can alter the performance of the

sensor and the devices.

Significance of the work

1. Materials used: Silk fibroin protein is an excellent

biomaterial and its applications widely revolve

around the biomedical applications, tissue engi-

neering, etc. Its application as donor photoactive

material required in optoelectronics as well as

chemosensory material is not well explored. Since

it’s a biodegradable material, release of this

material to the environment is not harmful.

2. Simplicity of the method: In terms of material

synthesis, we have used a generalized and simple

technique to extract silk fibroin protein from silk

fiber and skipped the dialysis process required to

remove the excess ions from the protein. This in a

way reduces the cost of extracting the silk fibroin

protein.

In terms of device fabrication, we have used a very

straightforward technique to investigate the pho-

tocurrent developed in the combined system of silk

fibroin protein and picric acid using PVA as a sup-

porting materials by depositing the materials on PET

flexible substrates. The devices show similar electri-

cal properties with extreme bending angles and

hence useful for fabricating wearable optoelectronic

and biosensor devices in the future. Additionally, this

device does not require an (ETL) and (HTL) which

are widely used to increase the efficiency of the

devices in general.

3. Cost-effectiveness: Use of naturally available mate-

rials, employing simple fabrication techniques

without the use of expensive substrates and

electron/hole transport layers, developing a ver-

satile platform for chemosensing and photodete-

cion all together make the process cost-effective

and yet viable.

Conclusion

SF protein has been introduced as a chemosensor for

PA and photoactive material for developing UV

photodetector. It was found that, SF undergoes effi-

cient fluorescence quenching in the presence of

nanomolar concentration of PA with a LOD as low as

0.203 nM which is considerably low compared to the

previously reported fluorescence-based picric acid

sensors. From the experimental evidence, we found

that FRET between the sensor and the analyte is the
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main reason behind the fluorescence quenching in

the presence of PA. To further extend the observation

for real environmental samples, we have investigated

the fluorescence properties of SF protein for tap-

water and soil-water. In both cases, the protein has

shown about 93% decrease in fluorescence quench-

ing. This indicates that the material is a potential

candidate for the selective detection of nitroaromatic

chemicals in real samples as well. On the other hand,

SF is also a suitable material for fabricating

portable electronic devices for chemosensing as well

as for photodetection. We found that under 360 nm

monochromatic LED, the device fabricated from the

blended material of SF protein, PA and PVA devel-

ops about 7.15 lA photocurrent. Likewise the high

fluorescence quenching in aqueous media, in the case

of electrical measurements the FRET provides as

additional pathway to facilitate charge transfer

between the materials that increase the photocurrent

generation. Moreover, varying relative humidity and

different bending angles of the flexible devices do not

alter their electrical properties. Furthermore, we have

developed a low-cost electronic circuit for the current

work as well as for future research. This is a neces-

sary equipment used in studying the precise on–off

characteristics and a controllable power supply to the

LED to investigate different optoelectronic properties

of devices. Our ongoing and future research focuses

on developing fully operating and air-stable opto-

electronics devices for long-term usability and also to

study the underlying photophysical mechanisms of

photoactive materials to enhance the efficacy of the

devices.
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