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Abstract. The security and privacy of healthcare data are crucial aspects within the healthcare industry, as
accurate diagnoses rely on medical professionals accessing patient healthcare data. Similarly, patients often
require access to their data. However, ensuring that sensitive health data is shared securely while prioritizing
privacy is essential. This paper proposes an innovative solution called the quaternion based neural network,
Advanced Data Security Architecture in Healthcare Environment (ADSAH), which combines Elliptical curve
cryptography (ECC) with a blockchain mechanism and a Deep Fuzzy Based Neural Network (DFBNN) to
safeguard cloud-stored health data. The proposed approach begins by encoding the input medical data using an
encoder and then encrypting the encoded data using ECC techniques. The secret key for encrypting the data is
securely stored within a blockchain framework. The key is divided into blocks to enhance security, and the SHA
algorithm is employed to identify key events within these blocks. These key events are subsequently stored in a
cloud storage system. A modified genetic algorithm is utilized to generate the encryption and decryption key.
This algorithm is explicitly tailored to secure healthcare data. Authorized patients or physicians can access
medical data using the secret key to decrypt and retrieve the necessary information. The performance of the
proposed network is evaluated by considering factors such as time and cost and is compared against existing
studies. The evaluation demonstrates notable improvements, including a reduction in the time required for the
encryption and decryption process, as well as a decrease in transaction and execution costs when compared to
previous research. By incorporating ECC with a blockchain mechanism and DNN, the ADSAH approach offers
an advanced solution for ensuring the security and privacy of cloud-stored health data. It provides robust
encryption and facilitates efficient and cost-effective access to authorized individuals while safeguarding sen-

sitive health information.
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1. Introduction

The healthcare industry is of paramount importance as it
delivers vital medical services and continually strives to
enhance patient outcomes through technological advance-
ments, innovative treatments, and public health initiatives
[1]. Despite these advancements, ensuring the security and
privacy of patient data remains a pressing concern within
the healthcare sector. While healthcare professionals
require access to patient healthcare data for accurate diag-
noses and effective treatments, it is equally vital to priori-
tize the secure and private sharing of sensitive health
information [2]. Protecting patient’s privacy is imperative
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to maintain trust and confidentiality in healthcare interac-
tions. To address these concerns, robust measures must be
implemented to safeguard patient data against unauthorized
access, breaches, and misuse. Achieving a balance between
data accessibility and privacy preservation is paramount in
the healthcare industry, as it allows for effective healthcare
delivery while respecting patient rights [3].

Therefore, comprehensive and reliable solutions are
needed to establish stringent security measures and ensure
the utmost privacy protection in the healthcare data
ecosystem. Maintaining patient data privacy has become
increasingly challenging with the digitization of healthcare
records and the widespread use of cloud storage systems
[4, 5]. Existing techniques for securing healthcare data
often need to be revised to address privacy concerns
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adequately [6]. These techniques may need more robust
encryption mechanisms, efficient access controls, and
secure storage methods [7, 8]. As a result, healthcare
organizations face the risk of data breaches, unauthorized
access, and misuse of sensitive patient information [9]. This
paper proposes a novel solution called the Advanced Data
Security  Architecture in Healthcare Environment
(ADSAH) to address these challenges and enhance the
security and privacy of cloud- stored health data. ADSAH
combines Elliptical curve cryptography (ECC) [10] with a
blockchain mechanism and deep Fuzzy Based Neural
Network (DFBNN) [11] to provide a comprehensive and
practical approach to safeguarding patient data [12, 13].
The ADSAH technique presents numerous advantages in
overcoming the shortcomings of current privacy protection
methods. It leverages advanced encryption techniques,
specifically Elliptical curve cryptography (ECC), to estab-
lish a robust layer of data security and ensure the utmost
confidentiality of sensitive information. Through integrat-
ing a blockchain framework, ADSAH provides a secure
storage mechanism for encryption keys, enhancing critical
management practices and mitigating the risk of unautho-
rized access. Additionally, ADSAH integrates a modified
genetic algorithm [14, 15], enabling efficient encryption
and decryption processes that significantly reduce time
requirements and enhance overall system performance.
This combination of cutting-edge encryption, secure key
storage, and optimized algorithms makes ADSAH an
effective solution for bolstering data privacy in healthcare
settings. Through integrating ECC (blockchain) and DNN,
the proposed ADSAH enables secure access and retrieval of
medical data for authorized individuals like patients and
physicians. This integration ensures efficient and controlled
data sharing while upholding patient privacy. By addressing
the limitations of existing methods, ADSAH provides a
comprehensive and advanced solution to safeguard patient
data in cloud-based healthcare environments. The incor-
poration of ECC strengthens data security, while the uti-
lization of DNN-based DFBNN processes the encrypted
data using deep learning capabilities and fuzzy logic to
handle uncertainty and imprecision. It performs analysis
and decision-making tasks on the encrypted data while
preserving its confidentiality. By utilizing the proposed
ADSAH, healthcare organizations can protect patient data
effectively while facilitating seamless and protected access
for authorized users.
The main contributions of the paper are as follows.

e Introducing a ground-breaking approach called the
Advanced Data Security Architecture in Healthcare
Environment (ADSAH) that addresses the secure
handling of patient data within healthcare settings.

e The ADSAH technique incorporates Elliptical Curve
Cryptography (ECC) with a blockchain mechanism,
Deep Fuzzy Based Neural Network (DFBNN), to
ensure healthcare data’s seamless and efficient transfer.
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e Within the Blockchain mechanism, the keys are
converted into blocks, and subsequently, the SHA
algorithm is employed to recognize and process them.

The experiments are conducted to demonstrate the
effectiveness of the proposed technique.

1.1 Blockchain

Recent growth of blockchain technology assists in solv-
ing the interoperability challenges in healthcare and
plays a major role in maintaining patient’s record at the
centre of ecosystem. Thereby, blockchain improves the
privacy, security and interoperability. Generally, block-
chain can be used in sharing and accessing the medical
record of patients and also in remote monitoring.
Blockchain is used in medical data management system
which permits patients to maintain ownership over the
available records.
The main advantages of using the blockchain are

e Single point failure and performance bottlenecks are
avoided.

e Patients may view and manage their data.

e The blockchain guarantees the consistency, precision,
simplicity, completeness, and timeliness of medical
data history.

e The patient network participants may see every step of
the blockchain procedure.

e The data insertions are also unchangeable. Unautho-
rised alterations have been discovered.

1.2 Privacy preservation

The major focus is on how to completely manage privacy
problems and forecast efficacy, especially when it comes to
sensitive medical data kept in third parties. As a result, in
order to prevent the loss of privacy associated with medical
data, data mining techniques for privacy preservation
should be developed. Accordingly, Machine Learning (ML)
algorithms possess innate abilities of effective learning.
Such abilities could be employed in blockchain for
enhancing the smartness of the chain. This integration
could also be valuable in enhancing the security of block-
chain distributed ledger. With the ability in predicting the
system behavior, using various ML algorithms optimizes
blockchain mechanisms. No privacy preservation approach
currently in use provides the necessary privacy protection.
It is quite effective, practical and useful. The capacity of
blockchain to provide adequate privacy protection is rep-
resented by security analysis. The objective of the study
involves:

1. To use improved quaternion based neural network
cryptography, elliptical curve cryptography to generate
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keys, encrypt data, and decode data in order to protect
shared data.

2. To implement blockchain technology, which converts
keys into blocks and then recognises them using the
ADSHA algorithm.

3. To put the encrypted data in a cloud storage system
and provide authorised patients and clinicians access
to 1t.

1.3 Novelty of the proposed system

Proposed framework permits the clinicians for transferring
their data in encrypted format to cloud which hosts the
corresponding network. A neural network is fed with input
(plain text) and neurally based pseudo-random numbers (in
vector form). Results of process include weights and cipher
text in hidden-layers. In accordance with the changes in
weight based on the pseudo-random number, cipher text
alters in accordance with it. Hence, this permits the model
to be highly secured. The study proposes Modified Genetic
Algorithm, wherein, based on fitness-function, keys are
generated and these keys are utilized for encryption. Such
encrypted predictions could be sent to secret-key owner
who could decrypt them. The proposed system is highly
secured as the training-input adjusts its weight in accor-
dance with the trained data.

As the model quickly and easily provides overall output,
plain text encryption is accomplished easily for producing
cipher text in less time with the updated key-generation
approach. With the use of several nodes and hidden layers,
it enhances the model complexity, thereby affording high
cryptosystem security. The keys generated with Modified
Genetic Algorithm are integrated with the hidden weights.
Thus, even when an intruder attempts to hack any data, it is
not possible to decrypt it. Owner of the data could possess
confidence upon their data as it is safely stored in cloud.
The proposed system seems to exist as a potential-source
for the public-key cryptographic approaches which does not
rely on the number theoretic-operations and possess mem-
ory and time complexities. The outcomes reveal the better
performance of the proposed system while comparison with
conventional studies in accordance with security. In
blockchain, third-parties are not needed for verifying the
transactions. The consensus approaches are utilized for
maintaining the consistency of data on the blockchain
networks. The ethereum possess 3 kinds of consensus
approaches (PoS-Proof of Stake, PoW-Proof of Work and
PoA-Proof of Authority). In this study, PoW consensus
approach is executed in the fusion-chain with Ethereum as
it assists only PoW. This approach is implemented with
full-node type, block creation and block validation,
wherein, CPU overhead tends to increase. To ensure the
smooth and effective transfer of healthcare data, the
ADSAH approach combines Elliptical Curve Cryptography
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(ECC) with a blockchain mechanism known as Deep Fuzzy
Based Neural Network (DFBNN).

2. Related works

This study aims to evaluate the performance of various
encryption and decryption schemes for securing medical
data transmitted wirelessly. The study assesses the execu-
tion time, throughput, average data rate, and information
entropy of encryption schemes such as Blowfish, DES,
AES, RC4, RSA, ECC, CBE, MTLM, and CEC [16]. This
paper proposes a hybrid cryptographic algorithm combin-
ing RC4, ECC, and SHA-256 to enhance the security of
sensitive information in IoT-based intelligent irrigation
systems. By encrypting the RC4 key with ECC and
applying SHA-256 for hashing, the proposed scheme en-
sures data integrity and protection against known attacks
[17]. This paper addresses the privacy and efficiency
challenges in IoT devices and applications that rely on
continuous data collection. The paper presents a hybrid
approach where the initial layers of a deep neural network
are run on the IoT device, and the output is sent to the cloud
for further processing. To ensure privacy, the paper intro-
duces Siamese fine-tuning to prevent unwanted inferences
in the data [18]. This paper uses blockchain technology to
enhance healthcare systems by improving health record
management, insurance billing, and data security. It
explores solutions such as Hyperledger Fabric, Composer,
Docker Container, and Hyperledger Caliper to measure the
performance of blockchain-based systems. This paper aims
to propose GuardHealth, a decentralized Blockchain system
for innovative electronic medical records (EMRs), ensuring
secure and privacy-preserving data sharing. GuardHealth
focuses on managing confidentiality, authentication, and
data preservation while utilizing consortium Blockchain,
smart contracts, and a trust model with Graph Neural
Network (GNN) for malicious node detection [19]. The
proposed framework addresses the challenges of log record
protection and real-time anomaly detection in IoT systems.
By leveraging Blockchain and smart contracts, it ensures
data integrity and automates anomaly detection, overcom-
ing issues with high communication overhead and tam-
pering vulnerability in existing methods [20]. This paper
addresses the privacy and control issues associated with
centralized health data storage in IoT systems. The pro-
posed scheme, Healthchain, utilizes blockchain technology
to preserve the privacy of health data by encrypting it and
implementing fine-grained access control [21]. This paper
aims to shed light on the constraints of conventional health
information technology in delivering personalized and
patient- centric care. It underscores the transformative
potential of blockchain technology in overcoming these
limitations by offering decentralized and secure solutions
for data access, storage, and payment systems in healthcare
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[22]. This study aims to address the security vulnerabilities
in a multiserver authentication scheme proposed by Wang
et al to manage the increasing number of users in a mobile
network. The authors demonstrate the insecurity of Wang
et al scheme against various attacks and propose an
improved scheme to mitigate these security weaknesses
[23]. The focus is on addressing the security, privacy, and
trust issues in intelligent healthcare, a crucial aspect of
smart cities. The authors propose a human-in- the-loop-
aided (HitL-aided) scheme to preserve privacy in intelligent
healthcare. The scheme incorporates a block design tech-
nique to obfuscate health indicators and introduces the
concept of human-in-the-loop to enable privacy-controlled
access to health reports [24]. This paper aims to address the
research challenge of achieving efficient data search and
sharing in cloud-assisted 10T systems while ensuring sensor
data security in healthcare applications. The authors pro-
pose a solution called proxy re-encryption with equality test
(PRE- ET) by combining the concepts of proxy re-en-
cryption (PRE) and public key encryption with equality test
(PKE-ET) [25]. This paper aims to address the security and
privacy concerns in IoT-enabled healthcare infrastructure
by proposing a novel encryption scheme. The
scheme combines elliptic curve cryptography, Advanced
Encryption Standard (AES), and Serpent to secure
healthcare data [26]. The paper discusses using crypto-
graphic algorithms for access contro 1 in IoMT-based
healthcare systems, emphasizing algorithms like RC6,
elliptic curve digital signature, and SHA256 for data
integrity. It highlights how adopting high-security algo-
rithms enhances availability and confidentiality and
protects sensitive information from implantable devices,
strengthening healthcare services [27]. This research
addresses the challenge of storing and securely trans-
ferring healthcare data by proposing the LRO-S encryp-
tion method. This method combines lionized remora
optimization and improved security algorithms to gen-
erate secure keys for the serpent encryption algorithm
[28]. This paper addresses the security concerns in
transmitting ECG data to cardiologists for telecardiology
services. The proposed method focuses on securing the
ECG transmission using a triple data encryption standard
(3-DES) for encryption and a water cycle optimization
(WCO) algorithm for authentication [29]. This research
addresses the security concerns in healthcare data and
services by proposing a content-aware DNA computing
system for encrypting medical images [30]. This research
addresses the security and privacy concerns of storing
and accessing patients’ health data in cloud computing
environments. The vulnerability of patient data to vari-
ous cyberattacks necessitates the implementation of
encryption mechanisms to protect sensitive health
information. This paper proposes a hybrid cryptography
approach to securely share health data over the cloud,
ensuring data privacy and secrecy [31-33].
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2.1 Significance of blockchain in healthcare sector

As the study focuses on blockchain in healthcare, signifi-
cance and usage of blockchain in healthcare as claimed by
conventional studies are presented to afford a comprehen-
sive view about it in existing researches [34-36].

The recommended study has explained about the sig-
nificance of blockchain in health care during pandemic
situation. The application of blockchain technology
includes digital data storage, public surveillance system,
disease control, supporting the supply chain of medical
parts, healthcare instruments tracking, enhanced the trans-
parency during treatment of patients, assist in storing and
transferring the information related to treatment, helps in
efficient healthcare management and provides better
healthcare protection [37, 38].

2.2 Research gap

The recommended study has confessed that blockchain
technology is prone to have information decay, lack of
scalability and non-standardization. Hence, the new
approaches may be integrated with blockchain technology
to overcome the existing drawbacks.

As the healthcare services are complex in nature, the
blockchain technology is still in a budding stage. Therefore,
more empirical base is needed to make the existing
mechanism highly conclusive and emphatic which may
reduce the complexity of the existing system.

Scalability acts as a major limitation, as validation needs
more time because of the authorization of transactions from
majority of nodes. Additionally, complexity of blockchain
and need for extensive network of users is considered as
another disadvantage. And also, privacy preservation acts
as a major limitation in using blockchain technology in
health care.

3. Methodology

Through the implementation of the proposed work
improved quaternion neural network cryptography is used
to encrypt the shared healthcare data in order to achieve
strong security. The ADSAH, a robust security framework
is established for encrypting shared health data. This
approach incorporates key generation, encryption, and
decryption processes to optimize complexity and execution
time. The overall process is depicted in figure 1, show-
casing the seamless flow of data security measures. In the
ADSAH framework, private medical data uploaded by
physicians is encrypted using the ECC encryption tech-
nique. The secret key associated with the encrypted data is
securely stored using blockchain technology, utilizing a
block-based storage approach. Key events within these
blocks are identified using the SHA algorithm, bolstering
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Figure 1. An implementation framework for the proposed
methodology.

security measures. The encrypted and secured data is then
stored in a cloud storage system, ensuring its accessibility
and integrity. Using the secret key, authorised patients or
medical professionals can access the medical information.
The data is decrypted using the ADSAH encryption and
decryption processes, enabling the retrieval of secure
medical data. The data remains protected and stored within
the cloud environment throughout the process, safeguarding
its confidentiality and privacy (figures 2 and 3).

3.1 Proposed ADSAH

3.1.1 Elliptic curve cryptography (ECC)
algorithm: In hospital management, the security of
user-related data, encompassing patient information,

medical records, and medication details, holds immense
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Figure 2. ECC Encryption process workflow.
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Figure 3. ECC Decryption process workflow.

significance. However, hospitals encounter significant
challenges in ensuring data security. To tackle this issue,
this paper proposes the adoption of the elliptic curve
cryptography (ECC) algorithm for encryption and
decryption  processes. ECC is an  asymmetric
cryptographic algorithm that utilizes private and public
keys for encryption and decryption operations. One
notable advantage of ECC over non-ECC algorithms like
RSA and DSA is its ability to provide equivalent security
with smaller key sizes. In other words, ECC achieves the
same level of protection as different algorithms while
requiring shorter key lengths. The name “elliptic curve
cryptography” stems from using elliptic curves as the
foundation of its mathematical framework. Elliptic curves
are described by cubic functions, specifically equations of
degree 3. The equation of an elliptic curve follows the form
y2 = x> + (a * x) + b, where a and b are constants defining
the curve. The coordinates of the elliptic curve equation are
represented as (x;, yi), (x, y») and so on [32]. By
harnessing the power of elliptic curves and their
underlying mathematical principles, the ECC algorithm
provides a secure and efficient solution for encrypting and
decrypting sensitive user data within the realm of hospital
management. It offers robust security while minimizing the
required key sizes, making it appropriate for safeguarding
confidential information within healthcare systems.

The process begins by initiating the algorithm. For each
user, their username and password are obtained. If the
user’s credentials are authenticated, they are granted access
to a secret key within the system. This authentication check
is performed iteratively, allowing multiple users to be
established. If a user is found invalid during the authenti-
cation process, the algorithm proceeds to handle this case.
It displays a message indicating the user is invalid and then
exits the algorithm. Once the authentication process is
completed, the algorithm moves on to the next phase,
which involves storing the data securely in a cloud storage
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system using blockchain technology. This integration
ensures the data integrity and provides a secure and
decentralized storage solution. After the data is securely
stored, the algorithm reads the plain text data. The next step
involves initiating the ECC encryption process in the Edge
Server. During this process, public and private keys are
generated using Algorithm 1, which will be crucial for the
subsequent encryption and decryption operations. Follow-
ing key generation, the algorithm performs the encryption
process using Algorithm 2. This process transforms the
plain text data into an encrypted form, ensuring its confi-
dentiality and protection against unauthorized access. To
enable the decryption of the encrypted data, a request for
the decryption process is made in the Edge Server. If the
user is authenticated for decryption, the algorithm performs
the decryption process using Algorithm 3. This process
utilizes the previously generated keys to decrypt the
encrypted data and retrieve the original plaintext. Once the
decryption process is completed, the data is securely stored
in the cloud server and blockchain technology. This dual
storage approach enhances the security and persistence of
the data. Finally, authenticated users are granted access to
view their data securely. This ensures privacy and confi-
dentiality by restricting data access only to authorized
individuals

Algorithm 1- public, private, and secret Key
Generation

Input: User HosU data; Key size: 516 bits
Output: public, private, and secret key of
HosU&HosA

Step 1: create E

Step 2: generate G

Step 3: for-each User HosU do;

Step 4: create private and public keys of HosA
Step 5: create private keyNpos4 of HosA; where
N HosA <1

Step 6: compute public key Pyos4 of HosA; where

PHosA = NHOSA(G)

Step 7: create the private key and Public key of HosU
Step 8: create private key Nyospof HosU; where

NHasU <n

Step 9: compute public key Ppy,sy of HosU; where

PHUSU = NHosU * G

Step 10: create a secret key of HosA; kHosA =
Nrosa* Prosu

Step 11: create secret key of Ny,sy; kHosU =
NHosU * PHosA

Step 12: end for-each;
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According to Algorithm 1, the aim is to generate public,
private, and secret keys for Hospital Users HosU and the
Hospital Authority HosA. The key size is specified as 516
bits. First, a variable E is created. Then, a point G is gen-
erated. For each Hospital User HosU in the system, the
algorithm proceeds a private key and public key are created
for the Hospital Authority HosA. The private key is denoted
as Ny,sa, Where Ny,.4 s a randomly generated value that is
less than the total number of keys n. The public key of
HosA, denoted as Py, is computed as the scalar multi-
plication of Ny,4 and G: Pyysa = Nposa(G). Similarly,
private and public keys are created for the Hospital User
HosU. The private key for HosU is denoted as Ny, and it
is randomly generated such that Ny, < n. The public key
of HosU, denoted as Py, is computed as P, = Ngosu *
G. To establish the secret key for each entity, the algorithm
performs the following calculations: The secret key of
HosA, kHosA, is computed as the scalar multiplication of
Nyosa and Py, HosA; kHosA =Nyosa # Prosy. Similarly,
the secret key of HosU, kHosU, is computed as kHosU =
Nuosu % Prosa.- These steps are repeated for each Hospital
User in the system.

Algorithm 2- plain text PT to cipher text CPp,
Input: plain text PT

Output: cipher text CP,;

Step 1: read PT

Step 2: encode PT —> EP => EPp,

Step 3: compute CP

Step 4: compute CPps; CPpe = {K * G,EPp; + K *
Phosu }

Step 5:compute X — coordinate = K *xG; Y —
coordinate = EPp + K * Ppogy

The algorithm 2 takes a plain text message PT as input
and aims to produce a cipher text CP,, as output. First, the
plain text message PT is read. Next, the plain text message
PT is encoded, resulting in an encoded message EP,,
which represents the transformed version of the original
message using a specific encoding scheme. Then, the
algorithm proceeds to compute the cipher text CP. The
cipher text CP,, is calculated using the formula: CP,, =
{K « G, EP,, + K % Py,y}, where K is a randomly gen-
erated scalar value, G is a predefined point, and Py, is a
public key associated with the Hospital User. The compu-
tation of CP,, involves two components: the X-coordinate
and the Y-coordinate. The X- coordinate is determined by
multiplying K = G, while the Y-coordinate is obtained by
adding EP,, + K * Py
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Algorithm 3- cipher text CPpto plain text PT
Input: Cipher text

Output: Plain text

Step 1: get cipher point CP); at receiver end

Step 2: compute Z = KG * Nposu

Step 3: subtract Z from Y coordinates and compute the
following:

Step 4: HosU < — EP,; + K * Pyosy— (Z)

Step 5: HosU < — EPy; + K * Pyogy— (KG *
NHDSU)

Step 6: HosU < — EPyp; + K * Pyoey — K *

PHosU where PHosU = NHosU * G

Step 7: HosU < — EPp,

The algorithm 3 aims to decrypt a cipher text and retrieve
the original plain text message. Given the cipher text, the
receiver obtains the cipher point CP,, as an input. To
decrypt the cipher text, the receiver computes Z by multi-
plying the predefined point KG * Ny, associated with the
Hospital User. Next, the algorithm subtracts Z from the Y
coordinates of the cipher point and performs the following
computations:

HosU< — EP, + K % Pyoy — (2)
HoSU < —EP, + K * Pposy — (KG % Nuosv)

HosU < — EP,; + K * Ppoy — K *

Prosu Where Py,su = Nposuy * G Finally, the algorithm
simplifies the expression to: HosU < — EP,,

3.1.2 Deep  fuzzy  based  neural  network
(DFBNN): 1In this section we discussed about the
DFBNN which is based On Deep Neural Network (DNN)
concept. The proposed ADSAH technique employs a
combination of ECC and DFBNN algorithms for secure
data analysis and decision-making. It starts by encrypting
the data using ECC, which utilizes elliptic curves and
cryptographic keys to ensure confidentiality during
transmission or storage. The encrypted data, along with
other relevant information, is securely stored, such as in a
blockchain or secure database. The DFBNN, which
combines deep learning and fuzzy logic, is then used for
data analysis. The figure 4 depicts the DFBNN architecture,
which is made up of several layers, nodes, and fuzzy rules,
and it is trained on labeled data to learn patterns and
relationships in the encrypted data. The DFBNN processes
the encrypted data using deep learning capabilities and
fuzzy logic to handle uncertainty and imprecision. It
performs analysis and decision-making tasks on the
encrypted data while preserving its confidentiality. When
the analysis is complete, the encrypted results are retrieved,
and the private key associated with ECC encryption is used
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to decrypt the data back to its original form, allowing for
interpretation or further use.

Step 1: Initialization:
DaTr = Data for training (scene data and
situation labels).
DaTr,, = m number of training data DaTr.
X; = For input X, ith input of the scene data
X; = Input normalized data.
Firain() = Function to train the hidden layers of
deep network
Fung,., =Activation function for the deep neural
network
DNNjpp, = Improved deep neural network
(DNN)
Frormi () =For input normalization
Fruzz oue =Output Fuzzification
Fout_DNNy,,, =Training of the DNNj,,,;,
Step 2: Offline training of the DN Ny,

Step 3: i « 0;

Step4: do i+ +

Step 5: X « Eyorm(DaTr);
Step 6: Ftrain(Funact: XAL’);

Step 7: while i > DaTr,,is false go back to line 2
Step 8: Ftrainpyy, —(oNNgpp.Darr);

Step 9: Online training of the DN N, :

Step 10: t « 0;

Step 11: dot+ +

Step 12: X; «Normalized (X;);

Step 13: b, « FoutDNNimp()?i,DNNimp);
Step 14: i < Ffuzzout(i;l)'.

Step 15: while DaTr = DaTry,q,is false, go

back to line 9

The algorithm starts with an initialization step, where the
necessary variables and functions are defined. These
include the training data DaTr, the number of training data
DaTr,,, input variables X; normalized input data }fi, func-
tions for training the hidden layers of the deep network
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Fiain, activation function for the deep neural network
Fung, the improved deep neural network DNNj,, func-
tions for input normalization F,,,,; and output fuzzification
Ffizz_ow, and the training of the improved DNN
Fout_DNNj,,,. In the offline training phase, the DNN;,,, is
trained using the training data DaTr. Then, in a loop
starting from Step 3, the algorithm iterates through the
training process. Each iteration involves normalizing the
input data and training the hidden layers of the deep net-
work. The loop continues until the condition i > DaTr,, is
false, and then DNN,,, is further trained. The online
training phase begins with initializing the variable 7. In the
subsequent loop, the algorithm performs online training. It
involves normalizing the input data and obtaining the out-

put of the DNNjy,, l;, for the normalized input. Fuzzifying
the output p; using Fp . (l?,) and repeating the process

until the condition DaTr > DaTr,,,, is false. The algorithm
continues to iterate through the online training phase until
the desired criteria for the maximum number of training
data DaTr,, or the maximum number of iterations
DaTr,,,, are met. the training of the improved DNN
Fout_DNNj,,,. In the offline training phase, the DNN,,,, is
trained using the training data DaTr. Then, in a loop
starting from Step 3, the algorithm iterates through the
training process. Each iteration involves normalizing the
input data and training the hidden layers of the deep net-
work. The loop continues until the condition i >DaTr,, is
false, and then DNN,,, is further trained. The online
training phase begins with initializing the variable 7. In the
subsequent loop, the algorithm performs online training. It
involves normalizing the input data and obtaining the out-
put of the DNN,,,, b; for the normalized input. Fuzzifying
the output pi using Fj,., , (bAl) and repeating the process
until the condition DaTr > DaTr,,,, is false. The algorithm
continues to iterate through the online training phase until
the desired criteria for the maximum number of training
data DaTr,,,, or the maximum number of iterations
DaTr,,,, are met.

3.1.3 Modified genetic algorithm (GA): As we
discussed earlier, in the context of the proposed ADSAH
system, a modified genetic algorithm can be used to
generate encryption and decryption keys. The genetic
algorithm is a search and optimization technique inspired
by natural selection and genetics. Figures 5 and 6 illustrates
the process of key generation using genetic algorithm [14].

Figure 7 represents the framework for the practical
implementation of the model. The cloud framework will be
based on the hospital networks. The doctors could create
new files and add them to the network, which will be
protected using the proposed techniques. The files stored in
the cloud server would be accessed by the patient based on
privacy, and they could only read the data.
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Algorithm 2- Modified Genetic Algorithm for Key
Generation
P(t) — Pop(i)
Input: Initialised the data
Output: Generated Key
I. i«<0

2. Init_Population [Pop(i)]; Initialises the population.
3. Ewval_Population [Pop(i)]; Evaluates the population.
4. While not terminating,

5. do

Pop’(i)
« Variation [Pop(i)]; Creates new solutions
Eval_Population [Pop’(t)]; Evaluates the new solutions
Pop(i + 1) « ApplyGeneticOperators
[Pop’(i)U Q]; Next, generation pop.
i—i+ 1
end while.
6. Population having maximum fitness value
is selected as key.

4. Results and discussion

This part presents the findings from the performance anal-
ysis, comparison analysis, and environmental setup con-
ducted during the execution of the proposed system.

4.1 Environmental setup

In our proposed work, the evaluation is conducted by
implementing programs using the Java programming lan-
guage version 1.8. The computer system used for the
evaluation consists of an Intel Core i5 processor with a
clock speed of 3.30 GHz. It is equipped with 8 GB of RAM
and runs on the Windows 8 operating system, which is a
64-bit OS. This specific hardware and software configura-
tion is chosen to provide a suitable computing environment
for our experiments. The Intel Core i5 processor offers a
good balance between performance and cost, while the 8
GB of RAM ensures sufficient memory capacity for run-
ning the programs and handling the computational tasks
involved for training and evaluation. By utilizing this, we
can execute our programs efficiently and collect relevant
data to evaluate the performance of the proposed ADSAH.

4.2 Comparative analysis

4.2.1 Uploading time: According to figure 8, for the
data size of IMB, ADSAH achieves an uploading time of
3.98 milliseconds, which is significantly lower than the
other methods such as CE (5.6 ms), LR (10.89 ms), RCE
(5.6 ms), DOM (5.6 ms), and ECC-CRT (4.38 ms). This
indicates that ADSAH has optimized the uploading process
for faster data transfer. As the data size increases to 2MB,
ADSAH still maintains its superiority with an uploading
time of 6.2 ms, outperforming CE (8.68 ms), LR (16.24
ms), RCE (8.68 ms), DOM (8.68 ms), and ECC-CRT (5.42
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ms). The trend continues as the data size grows. For 4MB,  4.2.2 Downloading time: ADSAH, the proposed
6MB, 8MB, and 10MB, ADSAH consistently exhibits method, demonstrates faster data retrieval compared to
lower uploading times compared to the other methods. This ~ other methods for a data size of 1MB, achieving a
demonstrates that ADSAH has been designed to efficiently ~ downloading time of 3.23ms. This superiority is
handle larger data sizes and minimize the time required for  maintained as the data size increases to 2MB, with

data uploading. ADSAH recording a downloading time of 4.89ms,
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Figure 8. Uploading time.
outperforming the alternative methods. This trend

continues for larger data sizes, such as 4MB, 6MB, 8MB,
and 10MB. When it comes to the data size of 10 MB it
achieving the time with 31.98 ms when compared with the
other CE, LR, RCE, DOM, ECC-CRT as 34.92 ms,
34.92ms, 34.92ms, 35ms, 33.89ms respectively, was
clearly depicted in figure 9. Where ADSAH consistently
exhibits lower downloading times compared to the other
methods. These findings highlight the efficiency and
effectiveness of ADSAH in facilitating faster data
retrieval, regardless of the data size.

4.2.3 Encryption time comparison: Figure 10
represents the encryption time comparison for different
encryption methods at various input data sizes (in KB), the
term of time evaluated in terms of (milliseconds). The
encryption times are provided for the following methods:
3DES & ECC & SHA-256, RC4 & 3DES & SHA-256,
AES & RC4 & SHA-256, AES & 3DES & SHA-256, RC4
& AES & SHA-256, and the proposed ADSAH method. By
analyzing the figure, we can observe that the proposed
ADSAH method consistently demonstrates lower
encryption times compared to the other encryption
methods for all data sizes. This indicates that ADSAH is
more efficient in terms of encryption time. For example, at
a data size of 200 KB, the proposed ADSAH method has an
encryption time of 19.63 ms, while the other methods range
from 28 ms to 35 ms. Similarly, at larger data sizes, such as

DownlLoading Time
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S
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Figure 9. Downloading time.
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Figure 10. Encryption time comparison of the proposed model.

1000 KB, the proposed ADSAH method has an encryption
time of 100.63 ms, outperforming the other methods with
encryption times ranging from 119 ms to 168 ms. These
results highlight the efficiency of the proposed ADSAH
method in terms of encryption time. It offers faster
encryption compared to the other methods, making it a
more time-effective solution for securing data.

4.2.4 Decryption time: Figure 11 represents the
decryption time comparison for different decryption
methods at various input file sizes (in KB). The
decryption times are provided for the following methods:
3DES & ECC & SHA-256, RC4 & 3DES & SHA- 256,
AES & RC4 & SHA-256, AES & 3DES & SHA-256, RC4
& AES & SHA-256, and the proposed ADSAH method. By
analyzing figure 8, we can observe that the proposed
ADSAH method consistently demonstrates lower
decryption times compared to the other decryption
methods for all file sizes. This indicates that ADSAH is
more efficient in terms of decryption time. For example, at
a file size of 200 KB, the proposed ADSAH method has a
decryption time of 17.66 ms, while the other methods range
from 28 ms to 33 ms. Similarly, at larger file sizes, such as
1000 KB, the proposed ADSAH method has a decryption

Decryption Time
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-
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Figure 11. Decryption time comparison of the proposed model.
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Average Time comparison
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Figure 12. Average time comparison for encrypting and
decrypting a file for the proposed model and the previous model.

time of 96.82ms, outperforming the other methods with
decryption times ranging from 120 ms to 165 ms. These
results highlight the efficiency of the proposed ADSAH
method in terms of decryption time. It offers faster
decryption compared to the other methods, making it a
more time-effective solution for retrieving secured data. By
minimizing the decryption time, ADSAH enhances the
overall efficiency of the system, enabling quick access to
decrypted data while ensuring its security.

4.2.5 Average time comparison: Figure 12 presents
the average time comparison for encryption and decryption
execution using different methods: 3DES & ECC & SHA-
256, RC4 & 3DES & SHA-256, AES & RC4 & SHA-256,
AES & 3DES & SHA-256, RC4 & AES & SHA- 256, and
the proposed ADSAH method. In terms of encryption
execution time, the proposed ADSAH method demonstrates
the best performance with an average time of 49.28 ms. It
outperforms the other methods, which range from 57.44 ms
to 77.88 ms. This indicates that ADSAH offers faster
encryption execution, making it more efficient in terms of
time. Similarly, in terms of decryption execution time, the
proposed ADSAH method shows superior performance

Table 1. Security Performance comparison.
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Table 2. Comparison of computation cost.

Scheme Overall computation cost (ms)
Existing algorithm 74.33
Proposed algorithm 49.28

with an average time of 43.44 ms. The other methods have
average times ranging from 56.33 ms to 74.33 ms. Once
again, ADSAH outperforms the alternatives, providing
faster decryption execution. The performance of the
proposed ADSAH method can be attributed to its
optimized encryption and decryption algorithms, which
are specifically designed to minimize execution time while
maintaining data security. By reducing the average time
required for encryption and decryption, ADSAH enhances
the overall performance of the system, enabling efficient
and timely data processing From table 1, it has been
observed that, Scheme I has regarded to afford security for
different attack methods like user anonymity, offline
password attacks, stolen smart card attacks and server
impersonation attack. Similarly, Scheme II has considered
to afford security to offline password attacks, stolen smart
card attacks, replay attacks, three factor secrecy and perfect
forward secrecy. On contrary, the proposed method has
considered to provide security for all the kinds of
considered attacks as depicted in table 1 which confirms
its ability than other schemes.

In addition, comparison has been performed in accor-
dance with computational cost and the outcomes are shown
in table 1.

From table 2, it has been revealed that, the existing
methods have consumed high computational cost in com-
parison with the proposed system. Lower the computational
cost, higher is the efficacy of the method. Hence, the pro-
posed algorithm has been found to be effective than con-
ventional algorithms.

Attack methods

Scheme 1

Proposed

Scheme 11 Method

User anonymity

Offline password attacks

Stolen smart card attacks

Known session- specific temporary information attack
User impersonation attack

Server impersonation attack

Replay attacks

Perfect forward secrecy

Three-factor secrecy

X X2 X X X2 2 2

L L L X X XL 4 X
L L L L L L L L 4
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5. Conclusion

The suggested new novel solution improved quaternion
based neural network and ADSAH with a blockchain
mechanism maintained in a cloud environment secures
private health data. The innovative approach to addressing
the security and privacy risks associated with cloud-based
healthcare data. To reduce complexity and time, the pro-
posed cryptography approach performed the key genera-
tion, encryption, and decryption processes.

The blockchain system is used to manage multiple hash
events, where the secret key is saved and handled by the
ADSAH algorithm. A further enhancement in security is
provided by the updated genetic algorithm’s key generation
process. The data is encrypted and kept securely in the
cloud. Using the secret key, the authorised patient or doctor
can access the confidential health information, after which
the data is decrypted. The assessment findings demonstrate
that compared to the previous study, the suggested
approach reduces the time required for encryption and
decryption. Comparatively, the cost of transaction and
execution was also decreased as a result of the complexity
reduction. It addresses the security and privacy challenges
associated with healthcare data, providing a promising
solution for the healthcare industry.
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Abstract

The security and privacy of healthcare data are crucial aspects within the healthcare industry, as accurate diagnoses rely on
medical professionals accessing patient healthcare data. Similarly, patients often require access to their data. However, ensuring
that sensitive health data is shared securely while prioritizing privacy is essential. This paper proposes an innovative solution
called the quaternion based neural network, Advanced Data Security Architecture in Healthcare Environment (ADSAH), which
combines Elliptical curve cryptography (ECC) with a blockchain mechanism and a Deep Fuzzy Based Neural Network (DFBNN)
to safeguard cloud-stored health data. The proposed approach begins by encoding the input medical data using an encoder and
then encrypting the encoded data using ECC techniques. The secret key for encrypting the data is securely stored within a
blockchain framework. The key is divided into blocks to enhance security, and the SHA algorithm is employed to identify key
events within these blocks. These key events are subsequently stored in a cloud storage system. A modified genetic algorithm is
utilized to generate the encryption and decryption key. This algorithm is explicitly tailored to secure healthcare data. Authorized
patients or physicians can access medical data using the secret key to decrypt and retrieve the necessary information. The
performance of the proposed network is evaluated by considering factors such as time and cost and is compared against existing
studies. The evaluation demonstrates notable improvements, including a reduction in the time required for the encryption and
decryption process, as well as a decrease in transaction and execution costs when compared to previous research. By
incorporating ECC with a blockchain mechanism and DNN, the ADSAH approach offers an advanced solution for ensuring the
security and privacy of cloud-stored health data. It provides robust encryption and facilitates efficient and cost-effective access
to authorized individuals while safeguarding sensitive health information.
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Abstract

Several context-aware systems have been recently developed to provide physiological data about the health and well-being of each
individual. But, there is a delay in sending data to the cloud when monitoring the patient's health. So, to overcome such types of delays,
in this manuscript, a Dictionary-based Sparse Regression Learning with Golden Jackal Optimization is proposed to monitor the healthcare
data in loT-based context-aware architecture (DSRL-GJO-HD-CAA-IOT). Initially, the input data are gathered from real-time datasets.
Afterward, data are fed to pre-processing. Pre-processing data include the collection, data storage, and data redundancy phase. For the
redundancy phase, structural interval gradient filtering (SIGF) is used to delete the repeated data. Then, the pre-processing output is fed
to feature extraction. The feature is extracted using structured optimal graph-based sparse feature extraction. After that, the extracted
features are given to Dictionary-based Sparse Regression Learning (DBSRL) optimized with the Golden Jackal Optimization algorithm for
effectively classifying regular, irregular, and critical conditions of patients. The proposed DSRL-GJO-HD-CAA-IOT approach is implemented
in OMNeT++. The performance of the proposed DSRL-GJO-HD-CAA-IOT approach attains 3.10%, 7.12%, 7.73%, and 6.7% high accuracy,
24.13%, 13.04%, 29.51%, and 17.81% higher scalability, and 2.29%, 5.36%, 1.55%, and 3.91% higher response time than the existing

methods.
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Abstract

At present, scams and malicious websites are one of the most widespread and dangerous problems on the website. It brings enormous economic suffering and

irretrievable losses to companies and individuals. This approach can strengthen the Internet’s legitimacy and impose sanctions on criminals who engage in prohibitea——
or malicious activities. However, governments still need a derivation to classify websites as dangerous or non-dangerous. However, several malicious and counterfeit
goods are published on fraudulent websites to cheat consumers and make high and unfair profits. Due to the proliferation of such fraudulent websites, it is difficult to
detect and identify them through manual inspection. Phishing attacks include various attacks, including spoofing malicious-based, DNS-based, data theft, email/spam,
web-based delivery, and telephone-based phishing. We propose an integrated machine learning (ML) framework for fraudulent website detection to solve this problem.
Artificial neural networks (ANN), support vector machine (SVM), random forests (RF), and K-nearest neighbor (K-NN) are algorithms to detect phishing websites
accurately. Some URLs can be used to classify them as appropriate or phishing. Data from publicly available phishing websites can be collected from the UClIrvine ML
repository for training and testing. Then, the results can be predicted using the features of the dataset. We conduct an in-depth literature review and propose methods

for detecting phishing websites using ML methods.
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o Phishing is among the most concerning issues in a constantly changing world....
Abstract
Phishing is among the most concerning issues in a constantly changing world. The increasing use of the Internet has led to a new way of stealing data, known as cybercrime. Cybercrime refers to stealin...
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In recent years, spam mails intending for **One-click fraud" or “*Phishing" have become increasing. As one anti-spam technology, DNSBL based on the URLSs or their corresponding IP addresses in the
messages is well used. However, some spam mails that ...

Read More
Spam Mail Discrimination System Based on Behavior of DNS Servers Associated with URLs
SAINT '12: Proceedings of the 2012 IEEE/IPSJ 12th International Symposium on Applications and the Internet

As one of anti-spam technologies, DNSBL based on the URLs or their corresponding IP addresses in the messages is well used. However, some spam mails cannot be filtered by conventional DNSBLs
since the spammers create websites using various techniques ...
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ABSTRACT

Diabetes mellitus (DM) is a metabolic disease that primarily results in high blood glucose levels. There are distinct clinical types, with Type 1 and Type 2 being the most
common forms of diabetes. A significant increase has been observed in the number of young people suffering from type 1 diabetes over the past few years for this reason.
Diabetes can become chronic with a long latency period in childhood and adolescence, as the symptoms in the early stages can be vague. This can make timely detection and
treatment complex, possibly leading to delayed treatment. It is important to detect or prevent diabetes early. It can cause many complications, and the prediction of diabetes
is not accurate for further analysis using previous methods. We introduced the new proposed method using learning (ML) approaches to overcome the issues. Based on the
Fuzzy K-means Clustering and Support Vector Machine (FKMC-SVM) for deciding the classification model for diabetic prediction using a standard dataset, for an accurate
result, Initially collected, the diabetic dataset is from the standard repository, and the second step is pre-processing to reduce the imbalanced data, normalizing the values
from the dataset using Z-Score normalization, and then selecting the features based on the margin values using Threshold Recursive Feature Elimination (TRFE) to eliminate
the values from the pre-processing dataset based on the maximum threshold values of the recursive features in the dataset. Then the fuzzy-based method is used to decide
diabetes using fuzzy logic to create interpretable models and to diagnose diabetes early based on these classifiers, FKMC and SVM, and to design fuzzy rules. FKMC refers to a
collection of data points where the points in one location share similarities or connections but differ from those in another cluster. Additionally, optimizing support vector
machines with larger datasets may provide more accurate results and predict the likelihood of diabetes in both Type 1 and Type 2. This combined algorithm, F-KMC-SVM,

compares the precision, accuracy, recall, and F1-score of different ML techniques used to classify diabetic patients.
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Abstract: Strokes are considered to be one of the most serious medical conditions in the world and must be diagnosed at an early stage so
that the consequences for the patients can be minmimized. The proposed BatOptiStroke 15 a novel technique that increases stroke prediction
accuracy by using a stacked ensemble model powered by the Bat Algonthm (BA). To capture a wide range of prediction skills,
BatOptiStroke combines a diversified selection of base models, such as Extreme Gradient Boosting (XGBoost), K Nearest Neighbors
(ENN), and Support Vector Machines (SWVM). By modifying the placements and velocities of the bats that reflect the fundamental models,
the BA continuously optimizes the group's efficiency. Thas results in mcreased stroke prediction accuracy. On a sizable dataset of stroke
patients, the BatOptiStroke framework's efficiency is thoroughly assessed in comparison to that of each of the base models and alternative
ensemble approaches. Evaluation metrics validate BatOptiStroke's stroke prediction capabilities. The combined model set consistently
outperforms individual base models, improving prediction accuracy and overall performance. Along with increased 97% accuracy, 89%
precision, 93% recall, and a 93% F1 score, BatOptiStroke also contributes.

Keywords: Stacked Ensemble, Gradient Descent, Prediction, Optimization, Machine Learning, Healthcare, Stroke

1. Introduction can be used to resolve challenges in predictive modelling for
strokes. BatOptiStroke equips a vanety of abilities. We have
mcluded XGBoost, KNN, and SVM models. Thus, by moving the
bat positions and classes in these models, the ensemble
performance 1s dynamically optimised, and stroke predictions are
made [4].

BatOptiStroke aims to enhance stroke forecast accuracy. This
advance will help experts perform coolly in crucial situations
where people's lives are almost at risk. BatOptiStroke improves on
earlier models by combining base models and totally different
features in one package. Also, the ensemble predictions improved
after optimization using the Bat algorithm, which led to a rise in

The World Health Organization (WHO) estimates that stroke
accounts for 11% of all mortality globally and leaves millions
permanently disabled. Stroke impacts individvals beyvond the
afflicted to their families. the healthcare system, and society as a
whole [1]. The early detection and immediate treatment of a stroke
are crucial to improving patient outcomes and reducing stroke
disability. Access to competent medical care and prompt diagnosis
of stroke symptoms are crucial elements that substantially impact
patient survival and recovery. However, due to the multifactorial
nature of stroke, accurate and reliable stroke prediction 15 difficult
[2].

.y - . . L our model's precision.
Artificial intelligence and machine learning in healthcare have pr

This document introduces several sigmificant technical
mnovations. BatOptiStroke presents an innovative way of thinking
about stroke prediction. It combines the Bat algorithm-based
stacked ensembles with wvarnious base models to optimize

garnered attention. These technologies make possible data
analysis, disease detection, and prediction. Learning 1s one of the
most successful approaches to improving prediction accuracy.
Improved-accuracy ensembles are formed by bringing together
maodels and leveraging each model's strengths to enhance accuracy.
Specifically, stacked ensembles offer hope for industry sectors
such as healthcare and banking, as well as weather forecasting [3].
In this study, a novel approach called the BatOptiStroke
framework is proposed. It employs a Bat Algorithm (BA) directed
by a stacked ensemble for stroke prediction. By taking advantage
of DAO benefits, this framework also shows how group thinking

performance. It blends distinct predictive capabilities and requires
little handwork from the designer. Thanks to the dynamuc
optimization ability introduced by the Bat Algorithm, this
ensemble exploits the information space for better forecasting
accuracy [5]. Secondly, expenimental studies have shown that the
BatOptiStroke ensemble improves stroke prediction accuracy.
BatOptiStroke easily beats all kinds of single models and other
existing ensemble methods in many evaluations on a large dataset

! Assistant Professor/EEE, Karpagam Institute of Technology, Coimbatore of stroke scenarios. Because of its improved prediction accuracy
? dssistant professor/IT, Sona college of Technology, Salem and excellent performance, the ensemble 1s a reliable tool for
? Assistant Professor/CSE, Dr.N.G.P Institute of Technology, Coimbatore. assessing stroke risk [6]. Not only will accuracy be enhanced, but
* dssociate Professor/CSE, Dr.N.G.P Institute of Technology, Coimbatore there are many practical applications for the BatOptiStroke system.
* Assistant Professor/CSE, KPR Institute of Engineering and Technology, Quick and exact stroke predictions can identify those at high risk

Coimbatore
¢ Assistant Professor/IT, Velammal College of Engineering and
Technology, Madurai

when they are proven to be true. Healthcare workers will be able
to intervene effectively with them. Early therapy can be significant
for stroke control because it can greatly curtail adverse effects,
boosting long-term outcomes [7].

* Corvesponding Author Email: dhivanu8™@gmail.com s A * Ll . .
In addition, BatOptiStroke will give vou ideas for drawing accurate
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The development of modest and accurate electrochemical sensors for organic waste in water systems
is of the highest priority. This study describes a method for synthesizing a Zn@ZrO, nanoparticle
decorated naringin (NG) nanocomposite (Zn@ZrO,/NG). Several techniques, such as XRD, FTIR, XPS,
HR-SEM, EDX and HR-TEM, were used to investigate the morphology, structure and molecular
properties of the Zn@ZrO,/NG nanocomposite. The electrochemical properties of Zn@ZrO,/NG were
investigated using CV and DPV. The proposed sensor displayed strong linearity for p-nitrophenol (PNP)
and o-nitrophenol (ONP) from 1 uM to 500 pM, with LOD of 1.14 pM and 1.03 puM, and sensitivity of
5.055 and 3.385 pA mM™' cm™2, respectively. In addition, the fabricated sensor possesses good
sensitivity, great reproducibility, and high stability for the detection of PNP and ONP. The enhanced
sensitivity of the sensor towards the detection of PNP and ONP could pave way for the detection of

Received 23rd November 2023,
Accepted 9th January 2024

DOI: 10.1039/d3nj05410a

rsc.li/njc PNP and ONP in real samples.

1. Introduction

Nitrophenol is a highly harmful organic substance widely used
as a precursor and intermediate for the manufacture of various
products. In particular, p-nitrophenol (PNP) and o-nitro-
phenol (ONP) are essential raw materials for the manufacture
of various products, such as polymers, pharmaceuticals, dyes,
leather, petroleum, pesticides, explosives and rubber.>* Even at
low concentrations, nitrophenol is a highly hazardous material,
causing severe damage to the liver, kidney, blood, and central
nervous system of humans, as well as being harmful to the
environment.” Moreover, it is nondegradable, persisting for
long periods in the environment. With the presence of a nitro
group, phenols are highly polar in nature, so phenols are easily
soluble in water and can produce damaging effects on the
environment. Thus, it is imperative to develop a quick, inex-
pensive, and simple analytical method for the highly sensitive

% PG and Research Department of Chemistry, Government Arts College (Affiliated to
Bharathidasan University), Tiruchirappalli - 620 022, Tamil Nadu, India.
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and accurate sensing of PNP and ONP. Currently, various
techniques are available for the detection and removal of PNP
and ONP, like capillary electrophoresis,® high performance
liquid chromatography,” Raman spectroscopy,® gas chromato-
graphy,® and fluorescence/luminescent’® " and electrochemi-
cal methods."® However, these methods of analysis have some
limitations, such as difficulty in operation, high cost, and long
processing times. In comparison to these conventional detec-
tion techniques, the electrochemical method is the most pro-
mising analytical method because of its low cost, fast response,
inexpensive instrumentation, simple operation, and ability to
carry out its analysis in situ.'*"°

However, the main challenges of using conventional electro-
des that need to be overcome are their poor sensitivity and
selectivity towards specific toxic and hazardous chemicals and
their electrochemical detection in the presence of other inter-
fering species. As a consequence, it is highly desirable to
develop novel electrodes for the selective detection of ortho/
para-nitrophenols.”” The electrochemical response can be
enhanced by modifying the surface of the electrode with an
active substance, such as simple metal and metal oxide nano-
materials or nanocomposites. For example, Ag,'® Au,'® Zr0,,>°
ZnO, AgO,,*! and Fe,0,**> nanomaterials have great electroche-
mical detection capability for nitrobenzene because they are
excellent catalysts. ZrO, nanoparticles are the most suitable
materials for immobilizing molecules with oxygen-containing
compounds because of their stability at high temperature,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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inability to react with chemicals, nontoxicity, and strong attraction
to oxygen-containing compounds. These ZrO, nanoparticles also
contain a three-dimensional platform with limited angles that can
be changed to allow direct electron transfer between the protein
and the conductor.”® Owing to its appealing properties, ZrO, has
been widely used in electrochemical sensors. Moreover, ZnO NPs
are n-type semiconductors with a significant excited binding
energy of 60 meV and a band gap value of 3.2 eV. ZnO
nanoparticles exhibit excellent chemical stability, low cost, and
nontoxicity. They also demonstrate the positive aspects of electro-
chemical sensors, such as excellent analyte interactions and
electron transfer.”® In the last few years, many research groups
have developed Zn/ZnO-based electrochemical sensors to deter-
mine 4-nitrophenol, such as Ag,0-ZnO nanocomposites,”* GO/
ZnO nanohybrids,*® ZnO/RuO, NPs*® and Co-doped ZnO-based
hybrid nanocomposites.>” Flavonoids are beneficial plant-derived
secondary metabolites. Flavonoids are polyphenols with great
anticancer, antibacterial, anti-inflammatory, antiviral, and anti-
microbial abilities.*® Additionally, their neutral functional groups,
such as amine and hydroxyl groups, make them easy to dissolve in
water and attach to metals.”® Naringin is an important nutrient
and flavanone glycoside made from naringenin and neohes-
peridose, which are both found in citrus products, such as
grapefruit.®* It has many benefits, such as antitumor, anti-
allergic, antimicrobial, and biosensor functions.** For example
Sasya et al. developed an enzymeless electrochemical detection of
superoxide based on naringin-copper nanocomposites, and the

NJC

sensor exhibited good sensitivity in the range of 0.2-4.2 uM with a
response time of <1 s.%

However, based on a literature review, a naringin-loaded
Zn@ZrO, nanocomposite has not yet been developed for the
quantification of nitrophenol derivatives. The present study
describes the synthesis and biosensing applications for PNP
and ONP based on Zn@ZrO,/NG nanocomposites for the first
time. Herein, a nanocomposite Zn@ZrO,/NG was synthesized
by the functionalization of Zn@ZrO, on an NG surface, which
was then fabricated onto a GCE surface (Scheme 1) to produce
an electrochemical sensor for accurate sensing of PNP and
ONP. Additionally, the practicability of the Zn@ZrO,/NG nano-
composite in drinking and river water was analyzed.

2. Experimental section

2.1. Chemicals

Zinc oxide (ZnO), zirconyl chloride octahydrate (ZrOCl,-8H,0),
ammonium hydroxide (NH,OH), deionized water (DI water),
ethanol (Et), p-nitrophenol (PNP), o-nitrophenol (ONP), bisphe-
nol A (BPA), uric acid (UA), ascorbic acid (AA), glucose (Glu),
hydrogen peroxide (H,O,), calcium chloride (CaCl,), ferric
chloride (FeCl;), phosphate buffer solution (PBS), nitrobenzene
(NB), 2-nitrotoluene (2-NT), 4-nitrotoluene (4-NT), 2,4-dinitro-
toluene (DNT), aniline, and 3-nitroaniline (3-NA) were obtained
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Scheme 1 Schematic diagram for the electrochemical detection of PNP and ONP.
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from Sigma Aldrich and Sisco Research Laboratory, Pvt. Ltd and
used without further purification.

2.2. Preparation of Zn@ZrO, nanoparticles

The fabrication steps are illustrated in Scheme 1. First, 1.61 g of
ZrOCl,-8H,0 and 0.20 g of ZnO were dissolved in 50 mL of DI
water. After vigorous stirring for 5 min, NH,OH solution was
slowly added, maintaining the pH at 10, and stirred at room
temperature for 4 h. After the reaction was complete, the
product was centrifuged and washed numerous times in a DI
water and ethanol mixture and dried at 80 °C overnight. Finally,
the obtained product was annealed at 400 °C for 5 h at a heating

rate of 5 °C min*.

2.3. Preparation of Zn@ZrO,/NG nanocomposites

Zn®@ZrO,/NG nanocomposites were synthesized based on our
previously reported procedure,*® with novelty in the modifica-
tion part which was done in a single step. Three different
concentrated Zn@ZrO,/NG nanocomposites, Zn@ZrO,/
NG(1:5), Zn@ZrO,/NG(2:5), and Zn@ZrO,/NG(3:5), were
synthesized. Zn@ZrO, NPs (1 g%) and naringin (5 g%) were
dissolved in a 50:50 ethanol:water mixture. The reaction
mixture was stirred vigorously until the solution reached homo-
geneity. After adjusting the pH to 10 by adding 4 M NaOH
solution, the resulting mixture was ultrasonicated for 2 h. The
obtained product was washed with DI water and ethanol and
dried at 80 °C overnight. Finally, the obtained product was
annealed at 200 °C for 5 h at a heating rate of 5 °C min. The
same method was used to synthesize the other two concentrated
nanocomposites, Zn@ZrO,/NG(2:5) and Zn@ZrO,/NG(3:5).
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The fabricated Zn@ZrO,/NG nanocomposites were characterized
using various techniques.

2.4. Fabrication of Zn@ZrO,/NG-GC electrode

Initially, 4 mg of Zn@ZrO,/NG nanocomposite was dispersed in
500 pL of ethanol and 10 pL of 10% Nafion solution under
ultrasonic conditions for 30 min. Then, 10 pL of dispersed
Zn@ZrO,/NG slurry was drop coated on the cleaned GCE sur-
face and dried at ambient temperature. The as-prepared
Zn@Zr0O,/NG-GC electrode was used for the electrochemical
detection of PNP and ONP, in CV and DPV.

2.5. Electrochemical measurements

Electrochemical studies were undertaken with a CHI600E work-
station with a working electrode of Zn@ZrO,/NG-GCE, refer-
ence electrode of Ag/AgCl, and counter electrode of Pt wire. All
experiments were carried out in a phosphate buffer solution
(pH = 5). The electrocatalytic activity of Zn@ZrO,/NG-GCE
towards PNP and ONP was studied by cyclic voltammetry in
the potential range of —0.9 to 0.3 V for PNP and —0.6 to 0.6 V
for ONP with a scan rate of 50 mV s~ '. Then, the quantitative
estimation of PNP and ONP was carried out using DPV with a
range of potential of —0.95 to —0.75 V for PNP and —0.75 to
—0.45 V for ONP.

3. Results and discussion
3.1. Characterization of the Zn@ZrO,/NG nanocomposite

The composition ratio of the constituents in the sensor is
important to determine their uniqueness. Thus, metal
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(A) XRD patterns of the Zn@ZrO,/NG nanocomposite with different concentrations of Zn@ZrO, NPs. (B) XPS survey spectrum of the Zn@ZrO,/NG

nanocomposite. (C) Zr 3d spectrum, (D) Zn 2p spectrum (E) C1 spectrum and (F) O1 spectrum.
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nanocomposites were synthesized at three concentration
Zn@ZrO,/NG ratios of 1:5 (a), 2:5 (b), and 3:5 (c). The 1:5
(a), 2:5 (b), and 3:5 (c) crystal structures of Zn@ZrO,/NG
nanocomposites are shown in Fig. 1A. The characteristic
diffraction peaks located at 29.8, 34.8, 50.1, 59.8, 62.5,
67.5, 74.1, 84.6 correspond to the (101), (110), (200),
(211), (202), (212), (220), and (310) crystal planes of the
tetragonal structure of ZrO,, according to the JCPDS data for
ZrO, (JCPDS 42-1164).>° Conversely, the diffraction peaks
located at 41.7°, 82.12°, 95.2° (26) correspond to (100), (112),
(202) reflections, respectively, and agree with the crystal
planes of the hexagonal structure of Zn (JCPDS 01-1238).%”
These results suggest a mixture of both crystalline phases,
which is commonly observed in a ZrO, matrix, when calcined
at a similar temperature. The additional diffraction peaks
were attributed to the naringin substrate. These results
demonstrate the successful synthesis of the Zn@ZrO,/NG
nanocomposite. The particle size of the nanocomposites
was determined using the Debye-Scherrer equation, and the
calculated average particle sizes were 10, 13, and 14 nm. The
results revealed that the particle size increased with increas-
ing concentration of Zn@ZrO, NPs.

The FTIR spectra of Zn@ZrO,/NG(1:5), (2:5) and (3:5)
nanocomposites were recorded in the range 400-4000 cm ™’
(Fig. S1, ESI). The band appearing at 1086.16 cm ™ is ascribed
to C-O-C stretching vibrations and that at 1354.15 cm ™" is due
to CH and CH, stretching vibrations of the naringin molecule.
The bands appearing at 1610.27 and 3412.64 cm ™" are due to
the bending and stretching vibrations of -OH in the naringin
molecule. A distinct peak at 646.64 cm™ ' corresponds to the
M-OH peak and is observed for all samples. Therefore, the
FTIR study suggests that the OH group of naringin binds to the
Zn@ZrO, group of the synthesized nanoparticles.>®

Fig. 2
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The chemical configuration and elemental arrangement of
the Zn@ZrO,/NG nanocomposite were determined by XPS, and
the survey spectrum is shown in Fig. 1B. In Fig. 1C, the high-
resolution XPS spectrum of Zr 3ds, could be fitted to two peaks
at 180.8 and 183.6 eV corresponding to Zr 3ds,, and Zr 3d;,. For
Zn, in the XPS spectrum of Zn 2p (Fig. 1D), we observe two
obvious peaks at 1021.6 and 1045.1 eV, which indicate Zn 2p;,
and Zn 2p,,. This confirms that Zn is dispersed among the
ZrO, lattice and exists in the form of divalent ions,* which
supports the conclusion of XRD results. In the Zn 2p spectra
shown in Fig. 1D, two peaks are located at 1021.6, 1045.1 eV for
Zn 2pz;, and Zn 2p4p. In Fig. 1E, the C 1s spectrum presents
three peaks located at 283.7, 285.1 and 286.8 eV, corresponding
to C-C, C-O-H and C-O-C, respectively. As shown in Fig. 1F,
the O1s spectrum has three distinct peaks at 528.7, 529.8 and
531.6 eV relating to Zn-O, Zr-O and -OH. Consequently, the
Zn®@Zr0O,/NG nanocomposite had been effectively fabricated.

The structures of Zn@ZrO,/NG(1:5), Zn@ZrO,/NG(2: 5) and
Zn@Zr0,/NG(3 : 5) nanocomposites were examined by HR-SEM,
as depicted in Fig. 2A-C. The image of the prepared nanocom-
posites shows a random agglomeration of pure sphere-shaped
Zn@ZrO, NPs on the naringin surface. Zn@ZrO,/NG nanocom-
posites consist of spherical Zn@ZrO, particles with sizes 1:5 =
10, 2:5 =13 and 3:5 = 14 nm, which are dispersed across the
surface of the naringin. The presence of different concentra-
tions of Zn@ZrO, NPs on the surface of the naringin results in a
change in the particle size and an increase in surface area and
number of active sites, which improves the electron transport
during the redox process. The EDX spectrum (inset to Fig. 2A-C)
indicates the presence of Zn, Zr, O and C atoms in Zn@ZrO,/NG
nanocomposites without any impurities.

The structures of Zn@ZrO,/NG nanocomposites were further
confirmed by HR-TEM analysis (Fig. 2D-F). The prepared

(A) HR-SEM image of Zn@ZrO,/NG(1:5) (inset: EDS spectrum), (B) HR-SEM image of Zn@ZrO,/NG(2 : 5) (inset: EDS spectrum), (C) HR-SEM image

of Zn@ZrO,/NG(3:5) (inset: EDS spectrum). (D) HR-TEM image of Zn@ZrO,/NG(1:5) (inset: histogram plot), (E) HR-TEM image of Zn@ZrO,/NG(2: 5)
(inset: histogram plot), (F) HR-TEM image of Zn@ZrO,/NG(3:5) (inset: histogram plot).
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D101

D300 = 0-24 nm

Fig. 3 (A) IFFT image of Zn@ZrO,/NG(1:5) nanocomposite. (B) IFFT
image of Zn@ZrO,/NG(2:5) nanocomposite. (C) IFFT image of Zn@
ZrO,/NG(3:5) nanocomposite. (D) EIS spectrum of Zn@ZrO,/NG
nanocomposites.

nanocomposites were clearly observed to be spherical in shape
and agglomerated in the foliated structure of naringin where
the particle sizes of the composites were 1:5 =10, 2:5 =13 and
3:5=14 nm.

The HR-TEM images in Fig. 3A-C further revealed that the
particles have distinct lattice fringes, corresponding to D(;oq) =
0.27, D(110) = 0.25 and D(40) = 0.24 nm of the tetragonal plane of
Zn@ZrO, (JCPDC 42-1164). The crystalline structure of the
Zn@ZrO,/NG composite is clearly shown in the inset to
Fig. 3C, which corresponds to the SAED. The SAED pattern
shows the interplanar distances, D12y = 1.92, D01y = 1.17,
Diz00) = 0.97 and D,z = 0.77, which well matched JCPDS 42-
1164 where the composites are polycrystalline in nature.

3.2. Electrochemical response towards PNP

3.2.1. Electrochemical impedance spectroscopy (EIS). Elec-
trochemical impedance spectroscopy (EIS) is a useful method
for measuring the electron conduction behavior of the interface
between fabricated electrodes and an electrolyte. The EI
spectrum was obtained for four different electrodes, bare GCE
(a), Zn@ZrO,/NG-GCE(1:5) (b), Zn@ZrO,/NG-GCE(2:5) (c)
and Zn@ZrO,/NG-GCE(3:5) (d) in the presence of 5 mM
K;3[Fe(CN)g], as shown in Fig. 3D. In the highest frequency
band, nearly all electrodes showed one semicircle.

The electrocatalytic activity of the fabricated electrode can
be calculated from the standard change in current density (/)
according to eqn (1):*°

I, = RT/nFRy, 1)
The current densities (I,) of fabricated electrodes were

0.0513, 0.0855, 0.128 and 0.188 pA cm 2 From the results,
the Zn@ZrO,/NG(3:5) electrode shows a higher standard

2966 | New J. Chem., 2024, 48, 2962-2970
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change current density (I, = 0.188 pA cm™?) than other electro-
des, which indicates that Zn@ZrO,/NG-GCE(3 : 5) shows good
electrocatalytic activity. Therefore, we chose the Zn@ZrO,/NG-
GCE(3:5) electrode for further electrochemical analysis.

3.3. Electrochemical detection of p-nitrophenol by cyclic
voltammetry (CV)

The electrocatalytic behavior of fabricated Zn@ZrO,/NG elec-
trodes was examined by CV measurements. The CV experi-
ments were carried out in a phosphate buffer solution at a
pH of 5.0 and at a scan rate of 50 mV s~ with and without 100
uM of PNP (Fig. 4A). No redox peaks were observed in the bare
GCE. The fabricated Zn@ZrO,-GCE exhibited a significant
reduction peak (red) at —0.79 V. However, the modified
Zn@ZrO,/NG-GCE(3: 5) exhibits a high reduction peak (red)
at —0.79 V and a reversible peak (ox) at —0.05 V in the presence
of 100 uM of PNP. This result confirmed that the Zn@ZrO,/NG-
GC(3:5) nanocomposite exhibits higher sensitivity for the
detection of 4-nitrophenol.

Investigation into the kinetics of the electrode reaction was
performed with CV at different scan rates. Fig. 4B illustrates the
CV curves of the reduction of 100 uM of PNP on Zn@ZrO,/NG-
GCE obtained at different scan rates from 10 to 100 mV s~ . It
can be observed that the reduction peak current linearly
increases with increasing scan rate. The insert in Fig. 4B shows
the linear relationship between the reduction peak current (1)
and scan rate (v) in the range of 10-100 mV s~ '. The electro-
chemical process is governed by diffusion, as illustrated by the
linear behaviour of I,. vs. the square root of the scan rate (v)
with linear regression given by I, = —1.119x — 0.869 (R* =
0.98841) and I, = 0.724x — 0.906, R* = 0.99081 (inset Fig. 4B).
The observed peak current at —0.79 V can be ascribed to the p-
nitrophenol being directly reduced to the corresponding p-
nitrosophenol with the transfer of six electrons and protons
in the reduction side. Reversible redox conversions take place
between p-hydroxyaminophenol and p-nitrosophenol, resulting
in the appearance of an oxidation peak at —0.05 V. Based on an
earlier report, a possible mechanism for the fabricated elec-
trode reaction is proposed in Scheme 1.*

3.3.1. Differential pulse voltammetry (DPV) analysis. The
DPV technique was used to optimize the electrochemical para-
meters to investigate the correlation between the reduction
peak current and concentration of PNP. Fig. 4C illustrates the
DPV spectra obtained at three sets of concentration (1-500 uM)
(see Table S1 in ESIt) of PNP in a phosphate buffer solution at
pH 5 and at a scan rate of 50 mV s *. At 0.79 V, the PNP
reduction peak current linearly increased with increasing
concentration of PNP. Furthermore, the linear regression equa-
tion inset in Fig. 4C gives I, = —0.0353x — 3.456 with an R” of
0.99782. The estimated LOD for the fabricated Zn@ZrO,/NG-
GC electrode was 1.14 pM, calculated from LOD = 36/S (0 =
standard deviation, S = slope of the calibration plot)** and
sensitivity = 5.055 YA mM ' em > which was calculated with S =
slope of the curve/active surface area.”” We compare the
obtained results with other non-enzymatic nitrophenol sensors
using metal/metal oxide/organic molecules in Table S2 (ESIf).
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Fig. 4 (A) CVs of bare GCE, Zn@ZrO,-GCE and Zn@ZrO,/NG-GCE in a solution containing 100 uM of PNP at a scan rate of 50 mV s™*. (B) CVs of various
scan rates (10-100 mV s7%). (C) DPV spectrum for Zn@ZrO,/NG-GCE at various concentrations of PNP (1-500 pM). (D) Interference analysis. (E) Stability
study recorded up to 14 days with 100 uM of PNP. (F) Reproducibility analysis.

The ZnZrO,/NG electrode provided exceptional electrocatalytic
activity as well as a broad linear detection range and a low LOD
for PNP. These exceptional properties are a result of the large
specific area, high porosity and synergistic relationships of the
modified electrodes.

3.3.2. Selectivity, stability and reproducibility. In addition,
an anti-interference study was conducted to assess the selec-
tivity of Zn@ZrO,/NG-GCE because environmental water con-
tains numerous organic and inorganic contaminants. The
influence of neighboring organic compounds like NB, 2-NT,
4-NT, 2,4-DNT, aniline, 3-NA, PAP, BPA, UA, AA, Glu, H,0, and
inorganic ions like Ca>* and Fe®* on the detection of PNP was
studied, which showed almost no interference with the current
response (Fig. 4D). Hence, it is suggested that Zn@ZrO,/NG-
GCE has remarkable anti-interference and selectivity for the
detection of PNP. To determine the electrochemical capability
of Zn@ZrO,/NG-GCE, a study was carried out to examine its
stability and reproducibility. Fig. 4E exhibits the stability of the
reduction current for PNP detection for 14 consecutive days.
The low RSD for PNP (3.01%) demonstrates that Zn@ZrO,/NG
is more stable. We examined the reproducibility of PNP
detection under ideal conditions and compared it with five
modified electrodes using the same method (Fig. 4F). The peak
current response to PNP can be well repeated, indicating that
Zn@ZrO,/NG shows excellent reproducibility.

3.3.3. Real-sample analysis. Finally, the practicability of
Zn@Zr0,/NG-GCE was investigated by the standard addition
method to determine PNP in real water samples. The water
samples were filtered before the experiment to remove any
suspended contaminants. Different concentrations of PNP were

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

introduced to these water samples to allow further study. The
concentration of PNP in the above water samples was deter-
mined by the DPV method and a linear regression equation
between current and concentration (Fig. S3A and B, ESIt). The
average recoveries of PNP ranged from 98% to 99.3%, and the
RSD ranged from 1.04% to 1.56% (Table 1), indicating a high
level of accuracy and feasibility in determining the presence of
PNP in real water samples with fabricated Zn@ZrO,/NG-GCE.

3.4. Electrochemical behavior of ONP on Zn@ZrO,/NG

CV was used to investigate the electrochemical activity of
Zn@ZrO,/NG-GCE towards o-nitrophenol. Fig. 5A shows the
CV curves of bare GCE, Zn@ZrO,-GCE and Zn@ZrO,/NG-GCE
with and without the addition of 100 uM of ONP in PBS

Table1 Determination of the concentrations of PNP and ONP in tap and
river water with the ZnZrO,/NG-GCE sensor

Spiked amount Found amount Recovery RSD

Analytes Sample (uM) (uM) (%) (%)
PNP Tap 5 4.93 98.6 1.21
water 10 9.8 98 1.56

15 14.9 99.3 1.40

River 5 4.91 98.2 1.42

water 10 9.86 98.6 1.51

15 14.83 98.8 1.04

ONP Tap 5 4.95 99 1.74
water 10 9.83 98.3 1.14

15 14.85 99 1.51

River 5 4.94 98.8 1.72

water 10 9.87 98.7 1.54

15 14.93 99.5 1.02

New J. Chem., 2024, 48, 2962-2970 | 2967
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Fig. 5 (A) CVs of bare GCE, Zn@ZrO,-GCE and Zn@ZrO»/NG-GCE in a solution containing 100 uM of ONP at a scan rate of 50 mV s~ (B) CVs of various
scan rates (10-100 mV s%). (C) DPV spectrum for Zn@ZrO,/NG-GCE at various concentrations of ONP (1-500 pM). (D) Interference analysis. (E) Stability
study recorded up to 14 days with 100 uM of ONP. (F) Reproducibility analysis.

solution. Either with or without ONP, there is no particular
current response on the bare GCE. In addition, the redox peak
current increased gradually on Zn@ZrO,-GCE and Zn@ZrO,/
NG-GCE, indicating enhanced electrochemical detection of
ONP. The redox peak potential of ONP on Zn@ZrO,/NG-GCE
exhibits a high current response at —0.58 V compared to bare
GCE and Zn@ZrO,-GCE due to the enhanced electrocatalytic
action, high surface area and excellent conductivity of
the Zn@ZrO,/NG-GC electrode. Fig. 5B shows CV plots of
Zn@ZrO,/NG-GCE obtained at various scan rates from 10 to
100 mV s~ ' with 100 pM of ONP in PBS solution. The peak
current linearly increased with increasing scan rate. The inset
to Fig. 5B illustrates the correlation plot between I,. and the
square root of scan rate, indicating that the observed process is
diffusion controlled with linear regression equations, I,, =
0.4675x — 0.654 (R2 = 0.99352) and I, = —0.8188x — 0.417
(R* = 0.99195). A possible mechanism for the reaction of the
fabricated Zn@ZrO,/NG-GCE is exhibited in Scheme 1.

3.4.1. Differential pulse voltammetry (DPV) analysis. The
electrochemical performance of the Zn@ZrO,/NG-GC(3: 5) elec-
trode was investigated by DPV in PBS solution containing
various concentrations of ONP (1-500 uM). The reduction peak
current increased linearly with increasing ONP concentration at
—0.58 V (Fig. 5C). The fabricated Zn@ZrO,/NG-GC electrode
displayed a significant level of linearity in the relationship
between the current response and the concentration of ONP
with linear regression equation, I, = —0.0353x — 3.456 with
correlation R> = 0.99782 (inset to Fig. 5C). The LOD of the
fabricated Zn@ZrO,/NG-GC electrode is 1.03 uM and the sensi-
tivity is 3.385 p.AmM ' em ™. The linearity, sensitivity and LOD

2968 | New J Chem., 2024, 48, 2962-2970

of the fabricated Zn@ZrO,/NG-GCE in the detection of ONP
were compared with earlier reports, as shown in Table S3
(ESIT). The obtained results demonstrate that the developed
Zn@ZrO,/NG-GCE sensor exhibits significant potential for the
detection of ONP.

3.4.2. Selectivity, reproducibility, repeatability and stability.
The selectivity of the fabricated electrode was examined with
commonly used interference substances, such as NB, 2-NT, 4-NT,
2,4-DNT, aniline, 3-NA, PAP, UA, BPA, AS, Glu, H,0,, Ca** and Fe**,
in PBS solution, which have minimal impact on the current
response (Fig. 5D). Therefore, it is suggested that the Zn@ZrO,/
NG-GC electrode exhibits notable selectivity in the detection of
ONP. Fig. 5D gives the results that the Zn@ZrO,/NG-GC sensor
shows satisfactory selectivity in the interference experiment and
the relative standard deviation (RSD) is less than +3.12%. The
addition of p-nitrophenol has a slight influence on the detection of
o-nitrophenol, which can be recognized in the reduction potentials
of o-nitrophenol and 4-NP being different as well as the Zn@ZrO,/
NG-sensor possessing excellent selectivity.

A study was carried out to assess the reproducibility and
stability of the fabricated electrode to establish its electroche-
mical capabilities. Fig. 5E presents the stability curve display-
ing the reducing current for ONP detection over a period of
14 days. The related standard deviation of ONP (2.10%)
indicates that the Zn@ZrO,/NG electrode exhibited a higher
level of stability. The reproducibility of ONP detection was
further assessed for the five fabricated Zn@ZrO,/NG-GC elec-
trodes using the same method (Fig. 5F). ONP detection exhibits
a very repeatable peak current response, suggesting that the
Zn@ZrO,/NG material possesses outstanding reproducibility.
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Fig. 6 HR TEM morphology of Zn@ZrO,/NG-GCE before (A) and after (B)
the reduction of nitrophenol.

3.4.3. Real sample analysis. The practicability of the fabri-
cated Zn@ZrO,/NG-GCE sensor was assessed by the standard
addition method to quantify ONP in real water samples.
Various concentrations of ONP in water samples were evaluated
using the DPV method (Fig. S4A and B, ESIt). The average
recoveries of the sensor in detecting ONP in real water samples
ranged from 98.7% to 99.5% with a RSD of 1.02% to 1.74%, as
shown in Table 1. The results suggest that the developed
Zn@ZrO,/NG-GCE sensor exhibits the possibility of precise,
selective and highly sensitive detection of ONP in water
samples.

3.4.4. Analysis of sensor surface morphology by HR-TEM.
The stability of Zn@ZrO,/NG-GCE was confirmed by analyzing
the surface of Zn@ZrO,/NG-GCE using HR-TEM at room tem-
perature. HR-TEM was recorded before and after the detection
of PNP and ONP using CV, as shown in Fig. 6. The images show
similar spherical morphology of Zn@ZrO,/NG-GCE before and
after the electrochemical reaction, which proves the stability of
the electrode. Moreover, the electrochemical reaction of PNP
and ONP did not affect the surface morphology of Zn@ZrO,/
NG-GCE.

4. Conclusion

In summary, the sensing ability of a naringin-metal/metal
oxide complex has been investigated for the first time.
A Zn®@ZrO,/NG nanocomposite was synthesized via a simple
and cost-effective method. The effectiveness of the fabricated
composite was assessed in terms of its electrochemical sensing
capability for PNP and ONP. The Zn@ZrO,/NG nanocomposite
modified GCE possesses smaller interface electron transfer
resistance and electrons are more easily transferred by the
surface of the Zn@ZrO,/NG nanocomposite modified GCE than
by the bare electrode. Based on the observed results, it was
found that the Zn@ZrO,/NG fabricated GCE showed excep-
tional efficacy in the electrochemical detection of PNP and
ONP with an LOD for PNP of 1.14 uM and for ONP of 1.03 uM.
The fabricated sensor exhibits excellent selectivity and stability
when used for the estimation of PNP and ONP in real water
samples. Hence, new sensing platforms which consist of
Zn®@ZrO,/NG nanocomposites produced from MOFs exhibit
promising potential for the detection of various analysts
present in the environment.
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Electrachemical analysis

ABSTRACT: Herein, we report an electrochemical sensor for the
detection of ractopamine (RA) and hydrogen peroxide (H,0,), |.s ;
based on a silver (Ag)-functionalized Fe,O;-modified glassy carbon W ]
electrode (AFO-GCE). This environment friendly nanosensor is _ ‘Eacanamin
synthesized by a simple and cost-effective ultrasonic technique and I g
characterized by FT-IR, P-XRD, XPS, EIS, HR-SEM and HR-
TEM. The obtained results suggest that the average size of the
nanoparticles is between 14 and 22 nm. EIS is also performed to
prove the fabricated electrode has faster electron transfer and
permits a diffusion-controlled process. The fabricated sensor
exhibits superior electrocatalytic activity in RA detection with
good linearity of 1.0 nM—5.847 uM, sensitivity of 2.28 yA mM™"
cm™?, limit of detection (LOD) of 1.35 nM and H,0, detection
with high linearity from 10 M to 6.85 mM, sensitivity of 27.2 uA mM ™' cm ™2, and LOD of 1.98 uM with respectable selectivity,
excellent reproducibility, and long-term stability. Further, the sensor is effectively employed for the detection of RA in chicken and
pork samples and detection of H,O, in milk samples with an extensive recovery range of 95—98%.

KEYWORDS: AgFe,03 nanomaterial, ractopamine, hydrogen peroxide, sensor

1. INTRODUCTION remediation, and industrial equipment. Additionally, it serves
as a mild antiseptic for cleaning and bleaching purposes.®’
H,0, is harmful to living and nonliving things in three main
ways: it corrodes things, makes oxygen gas, and peroxidizes

Ractopamine (RA) is a f-adrenergic receptor agonist derived
from phenylethylamine.' It plays a significant role in the
treatment of respiratory illnesses such as lung diseases and

asthma.! However, it is unethically utilized in animal feed to fats. Concentrated H,0, is acidic, and its exposure may
promote the development of muscle tissues and reduce the damage nearby tissues. It is also possible for large amounts of
accumulation of body fat via a direct effect on adipose tissues.” oxygen to be produced when highly concentrated H,O,
Due to their disrupted metabolism, the drug residues can enter (>35%) is used."" Moreover, it has considerable consequences
the human body through the food chain and can cause for biological reactions involving enzymes, which have the
significant health issues in humans, including heart palpita- potential to produce serious illnesses such as cardiovascular
tions, muscle tremors, uneasiness, chills, and vomiting.3 As per diseases, cancer, and Alzheimer’s disease.'® The consumption
the Codex Alimentarius Commission, the maximum residual of H,0, is restricted. The U.S. Food and Drug Administration

limits (MRLs) of RA in beef and pork are 0.01 mg/kg in meat, (USFDA) has approved a permissible limit of <0.5 ppm of
0.04 mg/kg in the liver, and 0.09 mg/kg in the kidney.” The H,0, in packaged drinking water."!
FAO/WHO Joint Expert Committee on Food Additives Therefore, creating an effective, reliable, and sensitive sensor
(JECFA) has proposed setting the MRL of RA for cattle and
pork to § mg/kg.l’6 However, in China, the EU, and Russia,
RA is not permitted for use in livestock and poultry farming,
and importing any products containing RA is outright
forbidden. In recent years, monitoring of RA residue in
animal-derived foods (such as pork, beef, and lamb) has
attracted great attention from government regulators and the
food industry.”

Hydrogen peroxide (H,0,) is an important chemical
reagent in the food industry, biomedical field, environmental

for the detection of RA and H,O, is necessary for various
processes as well as for human health. Standard titrimetry,'>
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Scheme 1. Schematic Diagram for Electrochemical Detection of RA and H,0,
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spectrophotometry,” chemiluminescence,"* and high-perform-
ance liquid chromatography (HPLC) are some of the sensing
technologies that have been reported. Even though these
technologies have numerous advantages, complex sample
preparation, extensive pretreatment time, high cost, complex
process of the instrument, and other shortcomings limit their
wide application. Among them, electrochemical ap-
proaches"”'*'® have received the most attention due to their
user-friendliness, low costs, quickness, and excellent sensitivity,
which make the sensing of RA and H,0, by electrochemical
methods more competitive.'” For instance, Balram et al. have
developed a zinc ferrite-decorated three-dimensional graphene
system that can sensitively and rapidly detect RA.'® Recently,
Zhang et al. have prepared silver-anchored 3DG electro-
chemical sensors for RA detection with a low detection limit of
0.12 uM." Similarly, various research groups reported the
detection of H,0, based on an electrochemical approach. For
example, Kannan et al. synthesized a functionalized Co;0,
nanocomposite for electrochemical detection of H,0, with a
low detection limit of 0.28 uM.”° Furthermore, the synthesis of
Mn@FeNi—S/graphene oxide nanocomposite is considered a
highly valuable and effective electrocatalyst for the non-
enzymatic electrochemical detection of H,0,.”!

On the other hand, metal nanoparticles (NPs) are
considered “star products” in chemically modified electrodes
due to their several outstanding properties.22 In particular,

2930

magnetic NPs are being extensively used in biological
applications like MRI, drug loading and delivery, and
sensors.”> > Among them, Fe,O; nanomaterials are exten-
sively fabricated in sensor applications due to their unique
properties, like ease of preparation, tiny size, excellent
biocompatibility, high specific surface area, nontoxicity, good
conductivity, and magnetic properties.26 Nanocomposites
based on Fe,O; have also shown promise for use in
supercapacitors, electrochemical sensors, solar cells, trans-
ducers, and Li-ion storage devices. Nowadays, Fe,Oj; is used as
a suitable nanomaterial for an effective electrocatalyst for
nonenzymatic electrochemical sensors. Liu et al. have reported
the one-pot synthesis of porphyrin-functionalized y-Fe,O; NPs
for the detection of glucose and H,0,.”” Additionally, silver
nanoparticles (Ag NPs) stand out enough to be noticed
because of their antimicrobial, electrocatalytic, optical,
synthetic, natural properties, etc.”" " Ag NPs-oxidized green
rust nanohybrids for a novel and effective nonenzymatic H,O,
electrochemical sensor have been reported by Njima and
Legrand.”'

Numerous studies have shown that the most effective
nanomaterials can be produced by modifying the size and
morphology of NPs or by integratinsg them with carbon or
polymers,””** organic molecules,”*™** and other metals and
metal oxides.””** Similarly, the detection ability was enhanced
by changing the electronic configuration of the elements

https://doi.org/10.1021/acsanm.3c05236
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Figure 1. (A) Powder XRD pattern of AFO NPs with different concentrations of Ag. (B) EIS spectra of bare GCE and AFO NPs with different

concentrations of Ag.

(Fe,O; NPs), such as the oxidation state of Fe and O,.
Consequently, our research focuses primarily on the ability of
Fe,O; NPs in this regard, which gives the premise for the
electrochemical sensing of RA and H,0,.

Based on the above observation, nanosphere-based Fe,O;
nanocatalysts enhance the electrocatalytic performance toward
RA and H,0, detection. To the best of our knowledge, the
electrochemical detection application of a Ag-functionalized
Fe,0; nanocomposite (AFO) has not been reported yet.
Therefore, we have reported a facile one-pot synthesis of AFO
using an ultra-sonochemical process, as the nanomaterials
acquired by ultra-sonication revealed a higher specific surface
area and pore volume. Finally, the applicability of the
fabricated method was evaluated using different real samples,
such as pork and chicken liver (RA) and milk (H,0,).

2. EXPERIMENTAL SECTION

2.1. Materials. Ferrous sulfate heptahydrate (FeSO,-7H,0), silver
nitrate (AgNO,), ammonia solution (NH;0H), urea (NH,CONH,),
RA, H,0,, potassium chloride (KCl), ascorbic acid (AA), sodium
hydroxide (NaOH), dopamine (DA), and uric acid (UA) were
purchased from Sigma-Aldrich, India. The sulfonated tetrafluoro-
ethylene polymer support is known as Nafion. It is used for electrode
fabrication, for enhancing the affinity, and aids for good adhesion
between the electrode surface and fabricated nanomaterials. All
chemicals were of analytical grade (>95% pure) and used without
further purification. A detailed discussion of the methods and
characterization techniques is provided in the Supporting Informa-
tion.

2.2. One-Pot Synthesis of AFO NPs. In a typical procedure, 0.5
M of FeSO,-7H,0 and 0.01 M of AgNO; were dissolved in 50 mL of
demineralized water to form a homogeneous solution at ambient
temperature. After that, NH,OH was gradually added to the reaction
mixture until the pH reached 9.5 with continuous stirring.
Subsequently, the mixture was subjected to sonication using the
Elmasonic EASY 60H model ultrasonicator at a frequency of 37 kHz
and a power output of 150 W for a duration of 60 min to obtain a
stable dispersion of the AFO composite, which was then filtered and
washed with an ethanol and water mixture 6—7 times. The brown-
colored AFO NPs were finally dried in a hot air oven at 80 °C for 12 h
and annealed at 500 °C for 4 h. We used the same procedure to
synthesize different concentrations (0.3 and 0.05 M) of AFO NPs.

2.3. Fabrication of the AFO-Modified Glassy Carbon
Electrode. The glassy carbon electrode (GCE) was refined with
alumina (0.5 uM) powder. Subsequently, the electrode was
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thoroughly cleaned by subjecting it to sonication with a 1:1 mixture
of ethanol and deionized water. The cleaned electrode was dried in a
hot air oven for 10 min. Then, 10 uL of 10% Nafion and 0.5 mg of
AFO NPs were added into 500 L of EtOH, and the total mixture was
dispersed under ultrasonic conditions for 30 min. Then, 5 uL of
dispersed AFO slurry was coated on top of the GCE and dried
normally. Finally, the fabricated AFO-modified GCE (AFO-GCE)
was used to detect RA and H,0,.

2.4. Sample Preparation. The real samples were prepared by
slight modification of a previously described method.*” First, pork and
chicken livers were selected as real samples and crushed individually.
Spiked samples were prepared by injecting a known concentration of
RA into the pork and chicken liver samples; the stock solution is
prepared without addition of RA. In the second step, 4 mL (0.1 M) of
HCIO, was added to 2.0 g of crushed real samples, and the mixture
was ultrasonicated for 30 min. The mixture was then heated in water
at 80—90 °C for 45 min. The supernatant was collected by
centrifuging the mixture at 7000 rpm for 20 min. The pH of the
collected supernatant was adjusted to 10 using 10% Na,COj;. NaCl
(1.5 g) was also added. The solution was extracted with S mL of
isopropanol—ethyl acetate (v/v = 2:3), and RA was back-extracted
into the HCl solution and repeated several times. Finally, the solution
was diluted to 10 mL with NaOH (pH 12).

3. RESULTS AND DISCUSSION

3.1. Characterization of AFO NPs. 3.1.1. XRD and FT-IR
Spectral Analyses. The AFO nanocomposite was synthesized
by a simple one-pot synthesis process by using an ultrasonic
method without the addition of a reducing agent (Scheme 1).
The synthesized AFO NPs’ were characterized using FT-IR,
XRD, HR-SEM, HR-TEM, EIS, and XPS. At the first stage,
XRD and FT-IR spectra were recorded, which confirmed the
crystalline nature, phase formation, and functional groups of
AFO NPs.

The functional groups of different concentrations of AFO
NPs were characterized by FT-IR spectroscopy in the
wavelength range of 400 to 4000 cm™', as shown in Figure
S1. The broad absorption band at 3429.54 cm™ is attributed
to the OH stretching vibration band. The band absorbed at
468.12 cm™! corresponds to the Fe,O; band,*’ and a stretching
vibration band of Ag—O is found at 552.66 cm™".

The XRD patterns of Ag NPs (A), Fe,O; NPs (B), 0.01 M
Ag-doped Fe,0; NPs (C), 0.03 M Ag-doped Fe,O; NPs (D),
and 0.05 M Ag-doped Fe,O; NPs (E) are shown in Figure 1A.
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Figure 2. XPS spectrum of AFO NPs. (A) Survey spectrum, (B) Ag 3d, (C) Fe 2p, and (D) O 1s.

The peaks situated at 24.11, 33.14, 35.57, 39.65, 40.80, 49.33,
54.05, 57.49, 62.33, 63.86, and 77.24 correspond to (012),
(104), (110), (006), (113), (024), (116), (122), (214), (300),
and (306), respectively. The presence of highly intense sharp
diffraction peaks at 33.14, 35.57, 49.33, and 54.0S indexed to
(104), (110), (024), and (116) reflections, respectively,
elucidated the good crystalline nature of AFO nanomaterials
with a perfectly matched rhombohedral crustal system and
R3space group of Fe,O; (JCPDS. No. 24-0072).*' The
additional peaks involved at 37.99 and 44.10 clearly show
the presence of Ag in the synthesized AFO nanomaterials. The
XRD patterns of the silver system demonstrated an increase in
the intensity of the diffraction peaks of silver with increasing
silver concentration. This is related to the increase in the size
of the AFO nanomaterials (14, 17, and 22 nm), as observed in
the patterns.

3.1.2. EIS Analysis. EIS is a useful analytical tool for
measuring the electrochemical surface area and electron
conduction behavior of the interface between fabricated
electrodes and the electrolyte. EIS and CV curves were used
to evaluate the impedance alterations and interface character-
istics of the bare and modified AFO-GC electrodes. EIS was
carried out using [Fe(CN)4]>~/#" as the redox probe and over
the frequency range of 0.01 to 120.000 Hz for GCE (A), 0.01
M Ag-doped Fe,0;-GCE (B), 0.03 M Ag-doped Fe,05-GCE
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(C), and 0.05 M Ag-doped Fe,O;-GCE (D), depicted in
Figure 1B. The impedance spectra show two regions: one is
semicircular and the other is a linear region. The semicircular
region indicates the charge-transfer resistance (R,) in the
higher-frequency region, whereas the lower-frequency region
represented by the linear part indicates the diffusion-limited
process.“’43

The electroactive surface area of the AFO-GCE (0.03 M)
was characterized by CV at varying scan rates from 10 to 100
mV s, Thus, the electroactive surface area of the AFO-GCE
(0.03 M) was calculated by the Randles-Sevcik equation (eq

1).
Ip, = 2.69 X 10°An>>C D" 2¢"/*

1)
Here, I, is the peak current, A is the effective surface area, n
is the number of electrons transferred for Fe(CN)> /4~ (n =
1), C is the concentration of Fe(CN)™/4, D is the diffusion
coefficient of Fe(CN) >+~ (7.7 x 107 cm?/s), and ¢ is the
scan rate (V s7!). As a result, the active surface areas of bare
GCE and AFO-GCE (0.03 M) were 0.0751 and 0.52 cm?
respectively.

The charge-transfer resistance (R.) of the bare GCE and
AFO-modified GCE of different concentrations—AFO-GCE
(0.01 M), AFO-GCE (0.03 M) and AFO-GCE (0.05 M)—was
42.01, 32.88, 31.97, and 34.09 Q, respectively. From the
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Figure 3. (A,B) HR-SEM images, (C) EDX elemental analysis, (D) HR-TEM image, (E) SAED pattern, and (F) IFFT image of AFO NPs.

obtained results, the AFO-GCE (0.03 M) had excellent
conductivity and better electrocatalytic activity than the
other electrodes. Further, the heterogeneous electron-transfer
rate constant (k) was calculated from eq 2.*

k. = RT/(F’R,AC) )

Here, R is the universal gas constant (R = 8.314 J K!
mol™!), F is Faraday’s constant (F = 96,485 C mol™"), R is the
charge-transfer resistance (Q2), A is the surface area of the
electrode (cm?), and C is the concentration of the [Fe-
(CN)4]*~/* solution (mol cm™). The measured k,, values of
the bare GCE and AFO-GCE (0.03 M) were 1.18 X 10™* and
3.09 X 107* cm s7', respectively.

In addition, the electrocatalytic activity of the fabricated
electrode can be calculated from the standard change in the
current density (I,) by eq 3.**

I, = RT/nFR, (3)

The fabricated electrode, AFO-GCE (0.03 M), shows a
higher standard change current density (I, = 0.803 A cm™?)
than the bare GCE (I, = 0.611 yA cm™2), which indicates that
AFO-GCE (0.03 M) has good electrocatalytic activity.

3.1.3. XPS Analysis. The elemental composition and metal
oxidation states of the fabricated AFO NPs were thoroughly
studied by XPS. The XPS survey spectrum of the AFO (0.03
M of Ag) NPs is shown in Figure 2A in the range of 0—1300
eV. The XPS spectrum of the Ag 3d core-level photoelectron
area is shown in Figure 2B; the peaks located at 369.1 and
375.1 eV are attributed to Ag 3ds/, and Ag 3d;,, respectively,
whose binding energies are generally described for the metallic
Ag® state.
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Figure 2C shows the deconvoluted XPS spectrum of Fe, The
presence of two peaks linked to Fe 2p;,, and Fe 2p,,, in the
range of 712.1 and 726.3 eV, respectively, indicates the 3+
oxidation state of Fe in AFO NPs. Figure 2D exhibits two
distinct peaks at 530.8 and 533.1 eV, which emerge from
deconvolution of the XPS spectrum of O 1s. The presence of a
metal—oxygen bond in the AFO NPs was revealed by the
appearance of a new peak at 531.2 eV, which was attributed to
lattice oxygen. The undercoordinated lattice oxygen, hydroxyl
group-chemisorbed oxygen, or defect oxide is shown to be
strongly linked to the peak at 533.1 eV. The above XPS result
confirmed the formation of AFO NPs.

3.1.4. HR-SEM and HR-TEM Analyses. The HR-SEM
analysis confirmed the appearance of spherical-shaped particles
that were evenly distributed and displayed the same
aggregation (Figure 3A,B). EDX analysis was also used to
determine the elemental composition of the AFO NPs (Figure
3C). The obtained results confirmed the presence of Ag
(28.14%), Fe (40.79%), and O (31.07%), and the EDX
elemental mapping analysis of AFO NPs is shown in Figure S2.

HR-TEM was used to reconfirm the morphology and size of
the AFO NPs (Figure 3D). The image clearly shows that most
of the particles have spherical and irregular shapes. The shapes
of all the different concentration AFO NPs were spherical and
aggregated and were nearly dispersed, as shown in Figure S3.
The average particle sizes of the AFO NPs were found to be
14, 17, and 22 nm. This clearly suggests that with increasing
concentrations of Ag—0.01, 0.03, and 0.05 mM—with Fe,O;
nanomaterials, the particle size increased. The selected area
electron diffraction (SAED) pattern reveals that the
diffractions were indexed to D = 3.3, 2.4, 1.6, 1.3, 1.0, and
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fast response curve). (D) Calibration plot of current vs concentration of RA. (E) Anti-interference study recorded with AA, DA, UA, and KCL. (F)

Practicability study in chicken and pork samples.

0.9 corresponding to (012), (110), (116), (208), (226), and
(410) diffraction planes, respectively, of the rhombohedral
crustal system of AFO NPs, which are in good agreement with
the XRD patterns, as shown in (Figure 3E). The inverse fast
Fourier transform (IFFT) image (Figure 3F) of AFO revealed
a lattice fringe spacing distance D = 0.34 nm, which
corresponds to the (012) plane of the AFO NPs. The SAED
pattern and IFFT interplanar D-spacing perfectly matched the
JCPDS No: 24-0072.

3.2. Electrochemical Sensing of RA by AFO NPs.
3.2.1. CV Analysis. CV was used to analyze the electrochemical
oxidation of RA on various modified AFO electrodes in 0.1 M
NaOH. The electrolyte solutions consisted of three types: (a)
0.1 M acetate buffer solutions with pH values of 3.0, 4.0, and
5.0; (b) 0.1 M phosphate buffer solutions with pH values of
6.0, 7.0, 7.5, and 8.0; and (c) 0.1 M NaOH with acetic acid
solutions with pH values of 10, 11, 12, 13, and 14. Figure S5
illustrates the effect of pH on the oxidation peak current of RA.
The oxidation peak current of RA progressively increased as
the pH increased from 3.0 12.0. Nevertheless, the oxidation
peak current of RA declined when the pH exceeded 12. To
achieve optimal sensitivity, a NaOH solution at pH 12 was
chosen for the detection of RA. The CV curves of the bare
GCE, Ag-GCE, Fe,0;-GCE, and AFO-GCE with the addition
of 1.0 uM RA in 0.1 M N,-saturated NaOH at a scan rate of 50
mV/s are depicted in Figure 4A.

In Figure 4A, the bare GCE did not show any oxidation
peak, even at a high potential. Likewise, the Ag-GCE does not
show any major differences compared to the Fe,0;-GCE when
it comes to the weak oxidation of RA, and the only difference is
the slightly increased anodic peak current. However, in
contrast to the measurements taken with the AFO-GCE, the
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response of the AFO-GCE is highly enhanced in the presence
and absence of RA, as shown in Figure 4A.

Therefore, the AFO-GCE may have generated excellent
electrochemical oxidation of RA. Figure S6A shows the CV
plot of various molar concentrations of RA (1 to 10 uM) for
further analysis of electrochemical oxidation using an AFO-
GCE. It was observed that the current response linearly
increased with increasing concentrations of RA. Besides, RA is
electrochemically oxidized, and the oxidation mechanism of
RA is shown in Scheme 2.*°

In addition, to investigate the kinetics for oxidation of RA,
CV was performed at different scan rates between 10 and 100
mV/s in the potential range from 0 to 0.75 V in 1.0 uM RA
(Figure 4B). As a result, the anodic peak current increased
linearly with increasing scan rate, and E, shifted toward a
higher positive value along with an increase in the oxidation
current. This observation suggests irreversible electron-transfer
kinetics for RA oxidation at the AFO-GCE surface.*® The
linear regression equation for the relationship between current
and square root of the scan rate is I(uA) = 1.544x + 6.172 (R*
= 0.99426). The remarkable electrical conductivity capabilities
of the AFO NPs illuminate its enormous opportunity in future
sensing applications.

3.2.2. Chronoamperometry Analysis. Chronoamperometry
(CA) was used to evaluate the sensitivity of the newly
fabricated AFO-GCE for the detection of RA. Figure S6B
shows the CA plot of different potentials 0.6, 0.65, 0.7, and
0.75 V by the addition of 0.5 in 1 yM RA at every 50 s
intervals. As a result, the potential range of 0.65 V reveals a
high response to the electrochemical oxidation of RA.
Therefore, 0.65 V was chosen for the amperometric studies.
The CA i—t curves were obtained by gradually increasing the

https://doi.org/10.1021/acsanm.3c05236
ACS Appl. Nano Mater. 2024, 7, 2929-2938

48


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05236/suppl_file/an3c05236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05236/suppl_file/an3c05236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05236/suppl_file/an3c05236_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05236?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05236?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05236?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05236?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c05236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Scheme 2. Oxidation Mechanism of RA Based on AFO-GCE
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added RA concentration (1 nM—5.847 uM) for every SO s in
the electrolyte solution at 0.65 V with continuous stirring
(Figure 4C). As a result, with the increase of added RA
concentration, owing to an increase in the oxidation current,
the steady-state current value was reached within S s,
indicating the effective sensing ability of the AFO-GCE.
Furthermore, the calibration plot illustrates the linearity of
oxidation current response vs concentration of RA between 1.0
nM and 5.847 uM, as displayed in Figure 4D. The linear
current response is described as I (uA) = 1.6441x + 0.444, with
a correlation coefficient R = 0.9907. The sensitivity of the
AFO-GCE was determined as 2.28 4A mM™' cm™ from the
calibration plot (slope/active surface area), and the limit of
detection (LOD) is 1.35 nM, which is calculated from the
equation LOD = 3 Sb/S (where Sb = standard deviation of
current response and S = sensitivity)."” This is considerably
less than that of the majority of the other relevant sensors
listed in Table S1.

3.2.3. Selectivity, Stability, Reproducibility, and Repeat-
ability of the Sensor. The selectivity of the fabricated AFO-
GCE was evaluated using a variety of interferences, such as AA,
DA, UA, and KCl in 0.1 M NaOH solution with continuous
stirring. However, the AFO-GCE responds extremely weakly to
the addition of 0.1 mM UA, AA, DA, and KClI (Figure 4E).
These results demonstrate that these interferences had no
noticeable effect on the amperometric curve for the AFO-
GCE; therefore, the fabricated electrode exhibited good
selectivity for the detection of RA.

The reproducibility of the five freshly prepared AFO-GCEs
was analyzed for RA detection using the amperometric
response (Figure S6C). The current responses of the five
electrodes exhibited a relative standard deviation (RSD) of
2.39%. These results suggest that the AFO-GCE has good
reproducibility. The stability of the fabricated AFO-GCE was
analyzed by CV plot for the 1st and 10th days with 1.0 uM RA
in 0.1 M NaOH at 50 mV/s (Figure S6D). Distinctly, the st
and 10th days’ current responses were almost 95% identical.
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The obtained results indicated that the fabricated AFO-GCE
exhibited good reproducibility and high stability.

3.2.4. Real-Sample Analysis. The practicability of the
fabricated AFO-GCE was determined by recording the
amperometric response at three different spiked concentrations
of RA (1.0, 2.0, and 3.0 uM) in a 0.1 M NaOH solution
containing chicken and pork sausages (Figure 4F). Hence, the
three spiked concentrations of the RA recovery values were
calculated and are listed in Table 1. The fabricated AFO-GCE

Table 1. RA Detection in Chicken and Pork Samples

spiked RA detection of RA recovery  RSD (n = 3)
samples (M) (uM) (%) (%)
chicken 1.0 0.95 95 1.61

2.0 1.92 96 1.84
3.0 2.93 97.5 1.59
pork 1.0 0.97 97 1.64
2.0 1.95 97.5 1.68
3.0 2.96 98 1.72

sensor exhibited an extraordinary recovery range from 95 to
97.5% with RSD = 1.59 to 1.84% and from 97 to 98% with
RSD = 1.64 to 1.72% for the detection of RA in chicken and
pork sausages.

3.3. Electrochemical Sensing of H,O, by AFO NPs.
3.3.1. CV Analysis. Metal oxide NPs, particularly Ag and
Fe,0;, exhibit excellent electrocatalytic activity for the
reduction of H,0,. Therefore, it would be interesting to
investigate the electrocatalytic activity of AFO NPs for H,O,
reduction. Figure SA shows the CV plots of bare GCE, Ag-
GCE, Fe,0;-GCE, and AFO-GCE in electrolyte solution with
and without 1 mM H,0O, at 50 mV/s. Distinctly, the fabricated
AFO-GCE displays decent electrocatalytic ability toward
reduction of H,0, and a noticeable peak at about —0.45 V,
while no performance is observed at the bare GCE and a slight
performance at Ag-GCE and Fe,O;-GCE.

In addition, the CV curve of the AFO-GCE was recorded
with 1.0 mM H,0, at different scan rates of 10—50 mV/s in
0.1 M NaOH. The cathodic peak current increased linearly
with increasing scan rates (10 to S0 mV/s), as shown in Figure
SB. The linear regression equation I (A) = —1.7577x — 5.4655
(R* = 0.99532) showed a satisfactory linear response with the
cathodic peak current and square root of the scan rate (Figure
SB inset). Figure S7A shows the CV plot of the fabricated
AFO-GCE at various concentrations of H,0, (0.1—1.0 mM)
at 50 mV/s. The cathodic current response increased linearly
with increasing H,O, concentration. The AFO-GCE exhibited
a slight increase in the cathodic current and a decrease in the
oxidation current in the opposite electrochemical reaction,
demonstrating that the Fe**/Fe?* redox method can promote
the reduction of H,0, at negative potentials.’'

Fe** + e — Fe't (4)
The reaction between Fe** and H,0, is given below
H,0, + Fe** — 2Fe’™ 4+ 20H (s)

Similarly, H,O, reduction using the Ag electrode is given
below™

H,0, + ¢ — OH, + OH™ (6)

OH, +e — OH™ (7)
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Figure 5. (A) CV plot of different electrodes with and without 1 mM H,0, in the electrolyte at S0 mV/s. (B) CV plot of different scan rates of
10—100 mV/s (inset: correlation plot of current vs square root of scan rate). (C) Amperometric i—t curve for increasing concentrations of H,0,
(inset: fast response curve). (D) Calibration plot of current vs concentration of H,0O,. (E) Anti-interference study recorded with AA, DA, UA, and

KCL (F) Practicability in milk sample.

The overall reduction reaction of H,0, in NaOH solution is
as follows

H,0, + 2¢ — 20H" (8)

3.3.2. CA Analysis. Amperometric (i—t) measurements were
used to evaluate the electrocatalytic activity of fabricated AFO-
GCE for H,0, reduction. Figure S7B shows the CA plot of
different potentials —0.4, —0.45, and —0.5 V with the addition
of 0.5 and 1 mM concentrations of H,0, in the electrolyte
solution with continuous stirring. Thus, the potential range of
—0.45 V illustrates the great response to the electrochemical
reduction of H,0,. Therefore, —0.45 V was selected for the
following measurements. The amperometric i—t curve of H,0,
reduction at the fabricated AFO-GCE was studied by
consecutive addition of H,O, (1 uM to 5.848 mM) in 30
mL of 0.1 M NaOH in the potential range of —0.45 V with
continuous stirring (Figure SC). As a result, every addition of
H,0, led to an increase in the current response, and the
steady-state value was reached within 5 s, indicating the
effective sensing activity of the AFO-GCE. Figure SD shows
the calibration graph of the reduction current vs H,O,
concentration. It can be assumed that the AFO-GCE shows
a linear range from 1 y#M to 5.848 mM, which is described as I
(uA) = —27.6904 X —26.870 with a correlation coefficient R
= 0.99135 and a sensitivity S = 27.2 4uA cm™> mM~". The LOD
was calculated to be 1.08 yM. This is considerably less than
that of the majority of the other relevant sensors listed in Table
S2.

3.3.3. Selectivity, Stability, Reproducibility, and Repeat-
ability of the Sensor. To determine the selectivity of the AFO-
GCE toward H,0O, detection, several electrocatalytic interfer-
ences, such as UA, AA, DA, and KCI, were used in the CA
technique. The CA measurement was performed by the
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addition of 1.0 mM H,0,, 0.1 mM AA, DA, UA, and KCJ, and
the addition of 1 mM H,O,. Figure SE shows that before and
after adding interference, the addition of 1 mM H,0,
generated a significant current response at almost the same
level. As a result, the interference had no noticeable effect on
the CA current response of the AFO-GCE with good
selectivity toward H,0O, detection. The reproducibility of five
fabricated AFO-GCEs toward the H,0O, sensor was analyzed
by the amperometric method. Figure S7C shows the histogram
plot of five AFO-GCEs, exhibiting the RSD value = 2.5%.
Then, the long-time stability of the AFO-GCE was tested
before and after 10 days with 1 mM H,0, by CV at the scan
rate of 50 mV/s. Figure S7D shows that the current response
before and after 15 days was almost the same at 95%. The
fabricated AFO-GCE exhibited good reproducibility and long-
term stability for H,O, detection.

3.3.4. Real-Sample Analysis. The practicability of the
fabricated AFO-GCE was determined by the amperometric
response recorded in three different concentrations of H,O,
(1, 2, and 3 mM) in 0.1 M NaOH solution containing milk
sample (Figure SF). Hence, the spiked three concentrations of
H, O, recovery values were calculated and are shown in Table
2. As a result, the fabricated AFO-GCE sensor exhibits
extraordinary recovery range from 95.5 to 97% with RSD =
1.09 to 1.60% for H,0, detection in milk sample.

4. CONCLUSIONS

In summary, we successfully fabricated AFO NPs via a facile,
one-pot, cost-effective sonochemical synthesis method for the
first time. The obtained AFO NPs had good nanostructures,
high activity, easy electron release, and excellent stability for
the electrochemical sensing processes. In particular, AFO-
modified GCEs exhibited high selectivity, sensitivity, and
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Table 2. H,0, Detection in Milk Sample

spiked H,0, detection of H,0, recovery RSD (n = 3)
S.No (mM) (mM) (%) (%)
1 1.0 0.96 96 1.18
2 2.0 191 95.5 1.09
3 3.0 292 97 1.60

detection limits for RA and H,0,. Furthermore, AFO NPs
were applied for the detection of RA in chicken and pork
samples and H,O, in milk samples with excellent sensing
abilities. The proposed biosensor showed outstanding
selectivity in the presence of a potentially active interference.
Thus, this study provides a new strategy for the design and
synthesis of highly active, stable, and novel-structured metal—
metal oxide catalysts for electrochemical sensor applications.
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ARTICLE INFO ABSTRACT

Keywords: In this work, silver-bismuth oxide encapsulated 1,3,5-triazine-bis(4-methylbenzenesulfonyl)-hydrazone func-

AgBiz03 tionalized chitosan (SBO/FCS) nanocomposite was synthesized by a simple hydrothermal method. The amine

1,3,5-Triazine chitosan (—NH,) group was functionalized by the addition of cyanuric acid chloride followed by 4-methylbenzenesulfonol

gl‘g"se hydrazide. The SBO/FCS has been characterized by FT-IR, X-ray diffraction, XPS, HR-SEM, HR-TEM, AFM, and
22

thermogravimetry (TGA). Under the optimum conditions, the SBO/FCS sensor showed brilliant electrochemical
accomplishment for the sensing of glucose and H0; by a limit of detection (LOD) of 0.057 pM and 0.006 pM. It
also showed linearity for glucose 0.008-4.848 mM and for H,O, of 0.01-6.848 mM. Similarly, the sensor
exhibited a low sensitivity to glucose (32 pA mM~! cm™2) and a good sensitivity to HyO5 (295 pA mM ™' cm™2).
In addition, that the prepared electrode could be used to sense the glucose and HO; levels in real samples such
as blood serum and HeLa cell lines. The screen printed electrode (SPE) immunosensor could sense the E. coli
0157:H7 concurrently and quantitatively with a linear range of 1.0 x 10'-1.0 x 10° CFU mL™! and a LOD of 4
CFU mL™!. Likewise, the immunosensor efficiently detect spiked E. coli 0157:H7 in milk, chicken, and pork
samples, with recoveries ranging from 89.70 to 104.72 %, demonstrating that the immunosensor was accurate
and reliable.

E. coli 0157:H7

1. Introduction approach to detect diabetic or hyperglycemic conditions and prevent

stroke, heart attack, kidney failure and blindness [2-4].

In the past few decades, rapid population growth, modernization,
and lifestyle have had serious adverse effects on people's health and
lives. For example, glucose is an important compound that provides
energy for daily activities. The normal glucose concentration in the
blood, ranging from 3.0 to 8.0 mM (80-120 mg/dL), can support the
normal activity of tissues in the body. Meanwhile, hyperglycemia is a
condition in which blood glucose concentrations exceed the usual range,
known as diabetes mellitus (DM), and is a major metabolic disorder
caused by high blood glucose levels. Diabetes is one of the most common
and serious chronic diseases affecting public health. If this trend con-
tinues, it is expected to be 6th leading source of mortality worldwide by
2030 [1]. Continuous monitoring of blood glucose levels is the primary

* Corresponding authors.

Likewise, hydrogen peroxide (H2O) is a reactive oxygen species
(ROS) that mostly results from protein folding, cell respiration, meta-
bolic metabolism in organisms, and regulated biochemical reactions in
animals and plants. It is also used in chemical, food, and environmental
industries because of its significant redox ability. It is also one of the
most prominent oxygen reactive species produced by the human system.
Normal H,0; levels in organisms guarantee signal transduction and the
regular physiological function of cells. Diabetes, cancer, cardiac disor-
ders, and Alzheimer's disease are major diseases associated with excess
H20; [5-8]. Glucose and H20; concentrations in biological bodies are
highly associated with physiological health. The immediate recognition
of glucose and Hy0- in biological bodies is advantageous to find out the
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1,3,5-triazine-bis(4-methylbenzenesulfonyl)-Chitosan hydrazone (5)

Scheme 1. Synthesis of hydrazone functionalized chitosan (5).

relationship of inherent small molecule-disease; in fact, on-time and
accurate diagnosing of diseases is important in monitoring the pro-
gression of the disease. Therefore, it is vital and essential to develop a
rapid and sensitive glucose and H2O5 detection strategy for the early
diagnosis and treatment.

As we all know, bacterial pathogens are the most common cause of
food poisoning. Escherichia coli bacteria, which are widespread in both
food and humans, have recently emerged as a major cause of concern
over the safety of our food supply [9]. It is essential to develop a fast and
reliable method for identifying food borne pathogens to prevent and
treat food borne infections [10]. Traditional culture-based procedures
for identifying harmful pathogens require extensive time to find, even
though they are the “gold standard” [11].

Over the past two decades, several research groups have reported
numerous cutting-edge identification techniques, such as enzyme-linked
immunosorbent assay (ELISA), polymerase chain reaction (PCR), DNA
probes, gene chip technologies, titrimetry, fluorescence, spectropho-
tometry, calorimetry, and gas chromatography methods were effectively
used to monitoring the glucose HyO, and E. coli levels [12-25]. These
methods are able to operate in near-real-time, exhibit high sensitivity
and reproducibility, and can be carried easily [16]. Although these ap-
proaches can demonstrate strong specificity and high sensitivity for
detection, their widespread implementation is hindered by a number of
drawbacks, such as high cost, high technical requirements, and difficult

detection processes. Obviously, the electrochemical method is prom-
ising and has several advantages, such as low cost, straightforward
equipment, ease of use, high sensitivity, selectivity, and appropriateness
for on-site sensing [26-28]. Thus, it is essential to develop a reliable
signal multiplication approach to boost the sensitivity of the sensor.

Furthermore, metal-organic frameworks (MOFs) have drawn
growing interest due to their tunable pore sizes, diverse structures, and
abundant functional designs [29,30]. Compared with transition metals,
silver (Ag) and bismuth metal organic frameworks, especially Ag/BiO-
MOFs, have been studied widely due to their outstanding purity,
strong van der Waals force, color, large Stokes shift, higher energy band
gap, good optical, electrical properties, high oxygen-ion conductivity,
along with noticeable photocatalytic activity, photoluminescence, long
decay lifetime, and undisturbed emissive energy [31-33]. Recently,
many Ag/Bi-MOFs were used as an ideal material for detecting small
molecules, pathogenic bacteria, gases, and explosives [34-37].

To the best of our knowledge, this is the first time that a silver-doped
Bi»045/FCS (SBO/FCS) nanocomposite has been used for triad applica-
tions (Scheme 1). We also aimed to develop an electrochemical
biosensor for direct, label-free detection of bacterial pathogens by
modifying the gold-based screen-printed electrode with SBO/FCS to
investigate their electrochemical stability during measurements. The
fabricated electrode exhibited excellent efficiency in detecting low
concentrations of glucose, HyO5, and E. coli in real samples.
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2. Experimental
2.1. Materials and reagents

Chitosan, cyanuric chloride, 4-methylbenzenesulfonohydrazide,
bismuth nitrate (Bi(NO3)3.5H20), zinc sulphate (ZnSO,), silver nitrate
(AgNO3), sodium dodecylbenzene sulfonate (SDBS), glucose, sodium
nitrite (NaNO3), sodium hydroxide (NaOH), deionized water (DI),
bovine serum albumin (BSA), hydrogen peroxide (H205), 2-methylimi-
dazole, borax solution, =zinc acetate (CH3COOZn), and urea
(NH2CONHy) were obtained from Sigma Aldrich, India. Abcam (India)
provided the E. coli antibody. The non-pathogenic MTCC type E. coli
strain was obtained from CSIR-Institute of Microbial Technology
(IMTECH), Chandigarh, India, under the supervision of CSIR-IMTECH.
Sodium acetate (CH3COONa), dopamine (DA), potassium hydroxide
(KOH), ascorbic acid (AA), sodium bicarbonate (NaHCO3), uric acid
(UA), and potassium chloride (KCl), were acquire from SRL Pvt. Lt.
(India). The entire experiments were carried out using deionized (DI)
water.

2.2. Synthesis of 1,3,5-triazine-bis(4-methylbenzenesulfonyl)-chitosan
hydrazone (FCS) (5)

The synthesis of hydrazone functionalized chitosan (FCS) 5 was
carried out by a two-step process (Scheme 1). In this study medium
molecular weight (MMW) chitosan was used. In the initial stage: cya-
nuric chloride (0.02 mol) and chitosan (0.01 mol) were dissolved in 50
mL of acetic acid. Then, 0.5 mM of triethyl amine was added in this
dispersion under vigorous stirring over a period of 10 h at 85-90 °C.
After completion of the reaction, the reaction mixture was diluted by
adding 200 mL of brine solution to it. A solid mass of 2,6-dichloro-6-
chitosan-s-triazine chitosan was formed, filtered and recrystallized using
ethanol as a solvent.

In the subsequent stage, the 2,6-dichloro-6-chitosan-s-triazine 3
(0.01 mol) was added into a stirred solution of 0.05 mol 4-methylbenze-
nesulfonylhydrazone (4) in the 50 mL of methanol in the presence of 0.5

mmol sodium acetate. Then, the total reaction mixture was refluxed for
10 h. Upon completion, a solid product was obtained by filtration, and
washed with a mixture of warm water and ethanol (1:1) and recrystal-
lized by ethanol. The obtained product was characterized by 'H and '3C
NMR spectra.

2.3. Fabrication of AgBi;O3 (SBO) nanoparticles

The SBO NPs was fabricated by hydrothermal approach. Solution (a),
20 mL of DI water inclosing 0.2 M of Bi(NO3)3.5H50 and 2 mL HNOs3.
Solution (b), 0.05 M AgNOj3 dispersed in 50 mL of DI water and stirred
continuously 20 min. Subsequently, 0.5 g of SDBS was added into the
reaction mixture at constant stirring, followed by addition of 4.0 M
NaOH the pH of the reaction mixture was attained at 10. Then the re-
action mixture was transformed into 100 mL of autoclave and heated for
12 h at 120 °C. The obtained solid mass was washed 5 times by DI water
and dried at 80 °C for 12 h. Finally the product was well grained and
annealed at 500 °C for 4 h.

2.4. Synthesis of SBO/FCS nanocomposite

During a typical synthesis of SBO/FCS nanocomposite, first 0.25 g of
FCS (5) dissolved in 20 mL of ethanol. Subsequently, 20 mL of a 0.5 g
aqueous SBO NPs was added into the reaction mixture with constant
stirring at ambient temperature for 30 min. After adding 5 M of NaOH to
that mixture, which was adjusted to have a pH of 10, a gel was produced.
The obtained gel was heated for 10 h at 100 °C in an autoclave. The
resulted solid mass was washed numerous times by the mixture of
ethanol and DI water, dried at 100 °C for a period of 12 h and the re-
action scheme was shown in Scheme 2.

2.5. Fabrication of the screen printing electrochemical immunosensor
The SBO/FCS fabricated GC electrode was used for the detection of

glucose and Hy05. The fabrication of SBO/FCS GCE is given in the
supporting information. Similarly the detection of E. coli was carried out
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Fig. 1. XRD pattern of SBO NPs and SBO/FCS nanocomposite.

by SBO/FCS fabricated screen printing electrochemical (SPE) immuno-
sensor (Scheme S1). In this method, 3 mm diameter Au used an electrode
and fabricated by screen printing technique. The electrode was sub-
jected into activation through treatment with a solution consisting of
sulfuric acid and 30 % hydrogen peroxide, usually referred to as piranha
solution. A volume of 5.0 pL of piranha solution was precisely deposited
over the working electrode, after which it was allowed to remain un-
disturbed for a period of 30 s. Following that, the electrode underwent a
comprehensive rinsing process using double-distilled water. Subse-
quently, the electrode surface was subjected to a drying process, fol-
lowed by incubation in a 50 pL solution of the recently prepared slurry
consisting of SBO (self-assembled monolayer of biotinylated oligonu-
cleotides) and FCS (fetal calf serum) for duration of 12 h. This step aimed
to facilitate the creation of a self-assembly monolayer (SAM) on the
surface of the electrode. In the subsequent stage, the surface of
SPE@SBO/FCS was modified by the incorporation of an amino group.
This was achieved by adding 2 wt% of polyethyleneimine (PEI) in 100
L of phosphate buffer solution at a pH of 7.4. Consequently, SPE@SBO/
FCS/PEI was obtained. Subsequently, the electrode surface was sub-
jected to a thorough rinsing with water, followed by a drying process
utilizing a vacuum dryer.

Antibody conjugated SPE@SBO/FCS/PEI electrode was fabricated as
follows two stages. In the stage first the SPE@SBO/FCS/PEI washed five
times with PBS solution and the excess amount of buffers solution was
removed. Then 0.20 wt% of glutaraldehyde containing 2 mL of PBS was
added and sonicated for 30 min. In the second stage 20 pg/mL antibody
capture of anibody-E.coli Ab, 0.01 M of PBS were added into the above
the electrode surface. The total reaction mixture was incubated in 2 h
and the obtained electrode was denoted as SPE@SBO/FCS/PEI-Ab. The
electrode washed by 200 pL of PBS-20 buffer solution and dispersed in
1.0 mL of PBS. Subsequently, the electrode treated with 5 mL of 5 mm of
BSA and sonicated 15 min. The blocking agent BSA was block the non-
specific binding sites present in the electrode. Finally, the obtained
SPE@SBO/FCS/PEI-Ab-BSA was suspended in to PBS solution and
reserved at <4 °C for future use.

2.6. Real samples preparation

Human serum albumin (HSA) was acquired from Sigma Aldrich
India. The stock solution was prepared by the addition of 0.5 pg of HAS
into 50 mL of 1.0 M NaOH. The standard addition method (SAM) was
utilized for the detection and determination of glucose in real samples.
Known concentrations of glucose (0.5, 1.0, and 1.5 mM) were spiked in
to the diluted serum samples and recovery of the glucose was evaluated.

Furthermore, for detection of HyO, HeLa was selected as real sample
models. HeLa cells were cultured in Dulbecco's Modified Eagle's Medium
which contained 10 % v/v fetal bovine serum (FBS), 0.25 mg/mL G418,
1 % penicillin and streptomycin, 4 mM L-glutamine and 1 ng/mL
doxycycline and grown at 37 °C and subcultured every 3 days, respec-
tively. All the HeLa cells were maintained as monolayer cultures in a
humidified atmosphere at 37 °C with 5 % CO incubator. After three
days, they were rinsed carefully several times phosphate buffer saline
(PBS). Finally, 3 mL of PBS was added into test well and used for
amperometric testing at —0.7 V potential.

To assess the performance of the fabricated biosensor, low fat milk,
chicken and pork were used as real samples. All the real samples were
purchased from local market. Samples were spiked with different con-
centration of E. coli to obtain the final concentrations of 3 x 10%, 3 x 10*
and 3 x 10° CFU-mL L. Stripping Voltammogram (DPV) was performed
for the samples, and according to the calibration plot, the recovery
percentage and RSD% were determined. It is also important to mention
that we used a sample of low-fat milk purchased from the supermarket
without special preparation or screening.

The raw pork and chicken samples were cut into small pieces, placed
on a sterile plate, and subjected to UV light treatment for 1 h to remove
the bacteria on the surface of raw samples. Then the raw samples were
spiked with 3 x 103, 3 x 10* and 3 x 10° CFU-mL™! of E. coli 0157:H7.
The spiked samples were allowed to dry in laminar flow for 1 h min.
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Fig. 2. XPS analysis of SBO/FCS nanocomposite. a) survey spectrum, b) Ag 3d spectrum, c) Bi 4f spectrum, d) Cls spectrum, e) Ols spectrum, f) N1s spectrum.

2.7. Electrochemical measurement

Electrochemical measurements were analyzed by CHI600E electro-
chemical workstation and data was analyzed CHI software with stan-
dard three electrode system, fabricated SBO/FCS-GCE used as a working
electrode, silver/silver chloride (3 M KCl salt) and platinum wire were
used as a reference and counter electrode. Cyclic voltammetry (CV) was
recorded in 0.1 M aqueous NaOH at the potential range from 0 to 0.8 V
and — 0.8 to 0 V for glucose and Hy0-, respectively, at the scan rate 50
mVs L. The chronoamperometry (CA) also recorded in 0.1 M aqueous
NaOH at potential of glucose 0.5 V and Hy0,-0.68 V with continuous
stirring.

3. Result and discussion
3.1. Synthesis of functionalized chitosan

The distinct reactivity of the three chlorine atoms in cyanuric chlo-
ride enables their substitution with diverse nucleophiles through tem-
perature control. This phenomenon is being referred to commonly
known as temperature-controlled selectivity. In addition, it is worth
noting that cyanuric chloride exhibits favorable selectivity in nucleo-
philic substitution reactions involving the amino-to-hydroxyl group, a
phenomenon usually referred to as functional group selectivity. Herein,
we have synthesized a functionalized chitosan natural biopolymer by
the reaction between cyanuric chloride and 4-methylbenzenesulfonyl
hydrazide involving hydrazone linkage as given in Scheme 1. In the 1st
step, cyanuric chloride 1 was treated with chitosan, one chorine could
be replaced by the amine group (—NH;) of chitosan to yield 2,4-
dichloro-6-chitosan-s-triazine 3. In the subsequent stage, compound 3
was reacted with two equiv. of 4-methylbenzenesulfonyl hydrazide to
gives corresponding hydrazone derivative 5 with high yield.

3.2. Characterization of SBO and SBO/FCS nanocomposites

The chemical structure of the target molecule 5 was further
confirmed by 'H and 13C NMR spectroscopy, and the NMR spectra are
shown in Figs. S1 and $2 (Supporting Information). The 'H NMR spec-
trum clearly shows that the multiplet centred at 7.1-7.8 ppm signals
corresponds to the aromatic protons of hydrazone. The chitosan ring
protons Hs, Hy4, Hs, and H6 merged with the solvent DMSO-dg peak at
3.37 ppm. In hydrazone, the methyl proton at C-4 appeared as a singlet
at 1.19 ppm equivalent to three protons, which confirmed the presence
of a methyl group. In the '*C NMR spectrum, the chemical shifts be-
tween § 60 and 80 ppm were assigned to the carbons of the chitosan
backbone. There were four weak signals in the downfield region &
180.53, 177.19, 129.23 and 128.98 ppm. The chemical shift at 180.53
and 177.19 ppm are due to the 1,3,5-triazin (-C=N) carbons and another
two weak signals § 129.23 and 128.98 ppm are due to the ipso carbon of
4-methylbenzenesulfonyl hydrazide. All the observed chemical shifts
were confirmed by the formation of target molecule 5.

The XRD pattern of the newly fabricated SBO NPs and SBO/FCS
nanocomposite is depicted in Fig. 1. All the diffraction peaks are iden-
tified and compared with the JCPDS No of Ag (00-004-0783) and Bi»O3
(01-074-1375), shown in Fig. 1A. The XRD pattern of Ag assign to the
cubic system, Fm3m space group and Bi;Os assign to the cubic system
with space group 123. The XRD peaks observed at 26 = 38.05, 43.74,
81.60 corresponds to (111), (332), (222) are crystalline planes of Ag and
20 = 27.86, 30.64, 33.2, 39.9, 42.0, 45.8, 49.4, 52.9, 54.5, 56.2, 62.4,
79.4 and 80.8 corresponding to the (013), (222), (123), (420), (332),
(431), (521), (530), (600), (611), (136), (356) and (660) crystalline
planes of BipO3 respectively. Further peaks at 21.43 and 24.84 reveal
chitosan's presence in the SBO/CS nanocomposite (Fig. 1B). The high
intense sharp diffraction peaks are depict the synthesized nano-
composite is in good crystalline nature. The crystalline size of the nano
composite is determined by the Debye-Scherrer equation and the esti-
mated average crystalline size of SBO NPs is 14 + 2 and SBO/FCS is 20
+ 2 nm.

57



M. Ramesh et al.

International Journal of Biological Macromolecules 264 (2024) 130533

Element

Weight %

D(013) =3.18 nm

Chitosan

Fig. 3. a & b) HR-SEM images of SBO/FCS nanocomposite. ¢) EDS spectrum of the nanocomposite. d) HR-TEM image of SBO/FCS nanocomposite (inset: particle size

distribution of histogram plot). ) SAED pattern, f) IFFT image.

The bonding nature, surface chemistry and functional groups of the
SBO and SBO/FCS NPs was studied by FTIR spectroscopy and shown in
Fig. S3. The peaks between 400 and 600 cm-! indicate the Bi—O vi-
bration band, whereas the sharp peak 830 cm ™ is attributable to the Ag
band. The band appeared at 3428 and 1633 cm ™! are corresponds to
vibration of hydroxide (O—H) and carbonyl (C=O0) stretchings
(Fig. S3A). The broad peak appeared at 1082 cm™! and 1382 cm ™! are
ascribed to C-O-C and O—H stretching vibrations. The intense peaks at
1591 and 2925 cm™! associated to the -CH and -CH stretching

pm

vibrations. The multiple distinct peaks indicate that chitosan is present
in this nanocomposite (Fig. S3B).

The XPS used to confirm the surface composition and elements
oxidation state such as Ag, Bi, C, O, N in SBO/FCS (Fig. 2). The survey
spectrum Fig. 2a clearly depicts the presence of Ag 3d, Bi 4f, Cls, Ols
and N1s. The core Ag 3d spectrum Fig. 2b depicted two prominent peaks
at 364.4 and 374.4 eV, conforming to Ag 3ds,» and Ag 3d3,, which
imply the presence of Ag [38]. According to the Fig. 2c, the dual peaks of
158.9 and 164.2 eV are identical with Bi 4f;/» and Bi 4f5 /2, respectively

Fig. 4. AFM image of the SBO/FCS nanocomposite. a) 2D image. b) 3D image.
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with a band gap of 5.3 eV ratifying Bi>" is the primary oxidation state of
bismuth in the SBO/CS nanocomposite [39]. Fig. 2d shows the Cls
spectrum demonstrated the three main peaks observed at 284.5, 285.9
and 288.4 eV corresponds to C—C, C-O-H and C-O-C, respectively [25].
In addition three oxygen peaks were found at 529.7, 530.4 and 532.8 eV
which belong to Ag—O, Bi—O and -OH, respectively [40] (Fig. 2e). The
N1s spectrum in Fig. 2f shows the one main peak observed at 399.6 eV
which can be ascribed to the C—N band in the chitosan core [25].

3.3. Evaluation of morphology by SEM and TEM analyses

To explore the morphology and particle size of the SBO/FCS nano-
composite was carried out by HR-SEM and HR-TEM is given in Fig. 3.
Fig. 3a and b shows the HR-SEM image of the nanocomposite, it clearly
depicts in a spherical shaped of SBO NPs and irregular shaped mono-
crystalline cluster of chitosan molecule. As a result the spherical shaped
metal NPs were effectively embedded on the chitosan surface and the
average particle size of this nanocomposite is 20 + 1 nm. As seen in
Fig. 3c, the purity and chemical constitution of the SBO/FCS NPs were
analyzed by EDS. The presence of peaks for the components C, O, Ag,
and Bi confirms the formation of AgBi>O3/FCS nanocomposite.

The HR-TEM (Fig. 3d) shows the spherical shaped SBO NPs (red color
circle) was embedded on the functionalized chitosan's surface (yellow
color circle) with a particle size of 20 nm. The HR-TEM images Fig. S4a
and S4b, showed that the most of the NPs had a darker shell and a lighter
core part, and that the SBO nanoparticles were embedded on the chi-
tosan surface. The precise chitosan-incorporated AgBi>Os nano-
composite structure is given, and it shows how the outlines of the hybrid
nanocomposite are distinct and the nanoparticles seem to be clearly
immersed in the polymeric medium. The SAED pattern of synthesized
SBO/CS (Fig. 3e) undoubtedly depict the particles are polycrystalline
nature with the inter planar distance D = 1.76, 1.40, 1.07 and 0.82
corresponds to (440), (543), (248) and (422). The lattice fringe of the

SBO/FCS nanocomposite can be seen in the inverse fast Fourier trans-
form analysis (IFFT) image (Fig. 3f). The D value of 3.18 nm corresponds
to the (013) plane, and the dark parts of the image indicate the AgBi»O3
and the lighter parts indicate the chitosan molecule. The root mean
square (RMS) roughness of SBO/FCS nanocomposite is frequently
assessed using AFM. The two dimension and three dimension surface
topography image of the nanocomposite was displayed in Fig. 4a and b.
The estimated average RMS was only 0.92 pm. These findings enable to
determine that the SBO/FCS nanocomposite is physically homogeneous.
The particle diffusion and particulate interaction are strongly correlated
with the volume of nanocomposite and the specific surface constituent
of the chitosan membrane. The interaction between hydrazone func-
tionalized chitosan and AgBi»O3 nanoparticles are thought to be the
cause of the thickness producing a multilayered system.

The pore size and specific surface area (SSA) of the SBO/FCS NPs
were further determined by means of the Ny adsorption-desorption
isotherm. The slight rise in adsorption seen with increasing pressure in
the early part of the adsorption curve can be attributed to the
monolayer-multilayer adsorption of N2 molecules on SBO/FCS surface
(Fig. S5). However, the type IV isotherm (hysteresis loop) is obtained at
high pressure due to gas capillary condensation, which is consistent with
the IUPAC-defined mesoporous structure of the material (Schneider,
1995). We calculate the mean average pore size distribution and surface
area to be 7 nm and 132.2 m?/g respectively, using the conventional
equations. These findings proved that the NPs have an exceptionally
large active surface area and desirable characteristics for biosensing.

3.4. TGA analysis

To calculate how much amount of hydrazone functionalized chitosan
is present in the metal nanocomposite, a thermogravimetric analysis
(TGA) of the SBO/FCS was performed. A weight loss of SBO/FCS
nanoparticles in the presence of N is seen in Fig. S6. The SBO/FCS TGA
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curve may be divided into two distinct phases of weight reduction. The
first is the initial sample weight loss up to 150 °C owing to evaporation
of water molecules (moisture). Between 250 and 400 °C, however, the
most significant weight loss occurred (about 27 %), along with the
degradation of organic (chitosan) molecule. Using the difference in
weight percentage at the conclusion of the TGA curves for pure SBO NPs
and SBO/FCS, we may infer that SBO/FCS contains roughly 10 wt% of
chitosan molecule.

3.5. Electrochemical detection of glucose

3.5.1. Cyclic voltammetry

The electrochemical behaviour of unmodified GCE and SBO/FCS-
GCE were recorded by CV at a sweep rate of 50 mV/s, in ambient
temperature. In Fig. 5a, the unmodified GCE didn't show any noticeable
peak. On the other hand, the SBO/FCS-GCE displays a fine anodic peak
was observed at 0.45 V with the addition of 1.0 mM glucose. It is
apparently suggest that the oxidation peak of glucose increased after the
modification of GCE with SBO/FCS. It reveals that the Ag NPs and FCS
were enlightening the performance of the electrode.

Further, the effect of scan rate on the electrochemical behaviour of
glucose was observed by varying the scan rate from 10 to 100 mV/s
(Fig. 5b). The result suggests that both oxidation and reduction peak
currents were increased linearly with increasing scan rate, which can be
expressed by linear regression equation I, (pA) = 2.118x — 9.405. The
square root of the scan rate was plotted against the peak current that
showed a linear curve with an R? value of 0.9902. It indicate that
electrochemical oxidation reaction of glucose over SBO/FCS electrodes
is a diffusion-controlled process

Also, the sensitivity of the electrode was determined by CVs at
varying concentrations of glucose from 1 to 10 mM and shown in
Fig. S7a. In absence of glucose, there was no discernible current
response. At same time while increasing the concentration of glucose,
the anodic peak potentials (Ea) were shifted into the positive direction.
The current density was directly proportional to the concentration of
glucose. These results indicate that the electron transfer involved a
diffusion controlled process.

The electrode projects a potential oxidation process for the glucose
during the anodic sweep, and BiOT may be oxidized into BiO®>". The
electrochemical oxidation of glucose using NPs is given in the following
mechanism.

BiO; +30H —BiOOH + H,0+¢~ (€D)

BiOOH + C¢H;,06—Bi0; + C¢H;(O¢ (2)

3.5.2. Chronoamperometry

Based on the observed electrochemical behaviour from CV, the
chronoamperometric i-t responses of the SBO/FCS modified GC elec-
trode with addition of 0.5 mM glucose at various potentials were
investigated and given in Fig. S7b. It demonstrates that the potential
goes to 0.4, 0.5, and 0.6 V, the oxidation peak current increases signif-
icantly. The oxidation current response of the modified SBO/FCS-GC
electrode gives an outstanding response at 0.5 V potential. Therefore,
0.5 V was chosen as the optimal potential for chronoamperometric
analysis and shown in Fig. 5c.

The amperometric response of the SBO/FCS was studied by the
progressive addition of glucose to a 0.1 M aqueous NaOH at regular
intervals. The electrode initiates a rapid response upon the addition of
glucose, reaching a steady state current of 90 % within 4 s. This shows
that the electrode is sensitive to glucose very quickly and well. The
electrode calibration plot is depicted in Fig. 5d, illustrating the variation
in glucose concentration from 1 pM to 5.848 mM. From the calibration
plot (current vs. glucose concentration), the current response increased
linearly with increasing the concentration of glucose. The calibration
plot is determined to be linear with a correlation coefficient R? is
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Table 1
Determination the concentrations of glucose in human serum albumin (HSA)
SBO/FCS-GCE sensor.

Sample Spiked Detection Amount Recovery  RSD
Amount (mM) (%) (%)

(mM) m=3)
Glucose 0.5 0.48 96 2.27
(HSA) 1.0 0.98 98 2.63
1.5 1.47 98 2.78

0.99138 and the linear regression equation y = 2.2766x + 0.7181 with
a limit of detection 0.057 pM. The SBO/FCS electrode also exhibited a
high sensitivity of 32 pA mM ! cm~2 by dividing the slope of the linear
part of the calibration plot by the surface area of the electrode's [41].
When the results of the new sensor and proposed method are compared
to those reported in the literature, the fabricated SBO/FCS sensors shows
a similar or same LOD, linear range, and sensitivity for detecting glucose
(Table S1).

Selectivity is an important parameter in sensor for particular appli-
cation, Fig. 5e displays the selectivity of the electrode in presence of
common interferences such as AA, DA, UA, and KCl. After adding 1.0
mM glucose and 0.1 mM of each interference into the electrolyte at 0.5
V, the chronoamperometric current response of the SBO/FCS electrode
clearly shows the current response increases with each addition of
glucose; however, signal was not significantly impacted in the presence
of interferences. It shows, the fabricated SBO/CS-GC electrode can be
used for the selective detection of glucose.

The stability of the SBO/FCS was investigated by CV on the 1st - 15th
days (Fig. S8a). The current response of glucose is nearly 93 % same
before and after 15 days of oxidation. It clearly indicates that the SBO/
FCS modified GCE electrode exhibit good stability. To study the repro-
ducibility of the SBO/FCS electrode towards the oxidation of glucose,
five freshly fabricated electrodes were evaluated by relating their cur-
rent response in 0.1 M NaOH with 1 mM glucose (Fig. S8b). The RSD of
all five electrodes was 2.2 %, indicating that SBO/FCS was highly
reproducible.

3.5.3. Viability in real samples

The good sensing ability of SBO/FCS demonstrates its suitability for
detecting glucose in real samples, which was evaluated by identifying
the amount of glucose in human serum albumin samples. Known con-
centrations of glucose (0.5, 1.0, and 1.5 mM) were added in to the
diluted serum samples and recovery of the glucose was evaluated (Fig. 5f
and Table 1). The glucose recoveries at the SBO/CS sensor ranged from
96 to 98 %, with an RSD of 2.27 to 2.78 %. Similarly, the glucose level
measured by the SBO/FCS sensor for the standard addition of glucose in
the serum samples was extremely similar to the glucose level discovered
by the commercial device. These analyses reveal that the fabricated
SBO/FCS sensor can be applied for the practical analysis of glucose in
clinical specimens.

3.6. Electrochemical detection of H2O2

3.6.1. Cyclic voltammetry

The electrochemical reduction the SBO/FCS NPs was examined by
cyclic voltammetry in 1.0 mM H202 at 50 mV/s. The CV responses of
unmodified GCE and SBO/FCS modified GCE with and without addition
of H,0, were shown in Fig. 6. There was no peak observed in bare GCE
with and without 1.0 mM H50; (Fig. 6a). Interestingly, a high enhanced
reduction current response was observed at —0.68 V for the SBO/FCS-
GC electrode. Similarly the reduction activity of the SBO/FCS-GC elec-
trode towards HoO was assessed at various concentrations ranging from
1.0 to 10 mM. Fig. S9a shows the reduction current enhanced gradually
with increasing amount of Hy0,. The rise in reduction peak current
shows that the modified SBO/FCS electrode could have a large surface
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ple analysis.

area and a higher concentration of SBO/FCS electrode could help reduce
H,0; through electrocatalytic reductions. Because SBO/FCS possesses a
high specific surface area, they also have a large area where HyO2 can
stick to them. Because of this, electrodes with a superior SSA will get
more Hy0, on their surfaces, flow of electrons capacity will make it
easier for them. When H,0; introduced in the NaOH solution, the
reduction mechanism followed the following reactions [42].

H,0, +¢~ < OH(ads) + OH™ 3
OH(ads) + ¢~ <> OH"~ @
OH™ +2H' & 2H,0 (5)

The effect of scan rate on the electrocatalytic reduction reaction was
studied by cyclic voltammetry with various scan rates of 10-100 mVs ™.
The reduction peak current increased linearly with increasing scan rate.
The linear regression equation for the correlation coefficient of cathodic
current (Ipc) and square root of scan rate (v'/?) was found to be y =
—1.8946x - 3.293, R? = 0.9917 (Fig. 6b). These results show the
fabricated SBO/CS-GC electrode has outstanding electrocatalytic
reduction of HyO».

3.6.2. Chronoamperometry

Fig. S9b illustrates the amperometric (i-t) curve of HyO2 reduction by
the fabricated SBO/FCS-GC electrode at different potentials at —0.5,
—0.6, —0.7 and — 0.8 V. The observed reduction current response of the
fabricated SBO/FCS-GC electrode at —0.7 V exhibits an excellent
response for HyoOy detection. As a result, the potential —0.7 V was
preferred for the further amperometric analysis. Fig. 6¢ shows the
amperometric i-t curve of fabricated SBO/FCS-GCE with sequential
addition of HpO3 from 1.0 pM to 6.848 mM into NaOH electrolyte at
—0.7 V potential with stirring condition. When H05 is added, the
electrode responds quickly, and it takes <5 s to get a steady state current
of 94 %. This shows that electrode was very sensitive and works quickly.

The current slowly increased with the increasing amount of HyO» and
there was a good relationship between the amount of H,O3 (1.0 M to
6.848 mM) and the reduction current (Fig. 6d).

The calibration plot between the concentration of HyO, and reduc-
tion current (Fig. 6d) shows good correlation co-efficient (R2 =0.99108)
with a high sensitivity 295 pA mM ' ecm ™2 and a LOD of 0.006 pM. It
indicates, the modified electrode exhibited a superior sensitivity and a
lower detection limit when compared to other recent publications on
non-enzymatic sensors based transition metal nanoparticles (Table S2).

The fabricated SBO/FCS sensor's selectivity was examined with
common interferences for HyO. 0.1 mM concentration of AA, DA, UA,
0.5 mM of KCl and 2 mM of Hy04 were tested with sensor ata — 0.7 V
potential (Fig. 6e). The observed result indicates that the sensor reacts
immediately to HyO5, but it does not show any response to other in-
terferences. However, the magnitudes of the current response of the
initial and final addition of HyO, are similar. For each addition of in-
terferences, a negligible amount of response was observed, confirming
that the fabricated sensor shows good selectivity for the sensing of HyO4

The sensors stability and reproducibility was also tested by CV at the
scan rate of 50 mV/s, The reduction current was observed with an RSD
of 1.56 and the electrode's stability was found to be nearly 96 % the
same on the 1st - 15th days (Fig. S10a). Further the reproducibility of the
fabricated sensor was analyzed towards the reduction of Hy0,, freshly
prepared five electrodes was recorded by relating current response in
electrolyte solution in presence of HyO» (Fig. S10b). The five electrodes
exhibit the RSD value is 1.54 % as a result, the fabricated SBO/FCS-GCE
sensor having good stability and outstanding reproducibility.

3.6.3. Viability in real samples

We use HeLa cancer cell line to test how well the SBO/FCS sensor
works for detecting HoO in real time. As shown in Fig. 6f, SBO/FCS was
placed in the suspension of HeLa cells, the flow of current didn't changed
much, while adding ascorbic acid into HeLa cell lines there was a big
change in the flow of current, which indicates that live HeLa cells were
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giving off HoO,. So, it was very important for SBO/FCS to be able to
detect HyO» by living cells in real time. Our results showed that SBO/
FCS might be a good way to track the HyO3 in living cells produce in real
time.

3.7. Electrochemical detection of E.coli 0157:H7

3.7.1. Electrochemical impedance spectroscopy analysis (EIS)

The pathogenic bacteria's can be detected by calculating the
electron-transfer resistance (R¢t) in electrochemical impedance spec-
troscopy (EIS) and it is a wonderful technique as well. Fig. 7a shows the
EIS of bare SPE (A), SPE@SBO/FCS (B), SPE@SBO/FCS/PEI-Ab (C),
SPE@SBO/FCS/PEI-Ab-BSA (D), and SPE@SBO/FCS/PEI-Ab-BSA-E.
coliO157:H7 (E). Both K3Fe(CN)g and K4Fe(CN)g acted as redox probes.
In Fig. 7a, both semicircle and straight line impedance spectra can be
seen, indicating that electron transfer and diffusion are occurring. The
charge transfer resistance (R.t) was anticipated to be 31.5 W based on
the bare gold plated-SPE's extremely narrow semicircle and line EI
spectrum. The R value shows that the probe's redox reaction is
extremely rapid. SBO/FCS-SPE has a high R value of 598 Q compared
to bare gold plated-SPE, indicating that the deposition of SBO/FCS on
SPE was successful. SPE@SBO/FCS/PEI-Ab-BSA electrode was then
incubated in 1.0 mL of 10* CFU m/L E. coli 0157:H7 with PBS at 35 °C
for 1 h to produce the SPE@SBO/FCS/PEI-Ab-BSA-E.coli 0157:H7,
which has R value of 3212 Q.

3.8. Differential pulse stripping voltammogram (DPV) analysis

Further, differential pulse stripping voltammogram (DPV) was
employed to understand the electrochemical process of (i) SPE@SBO/
FCS and (ii) SPE@SBO/FCS/PEI-Ab and the change in current as a
function of potential is displayed in Fig. S11. The current increased
significantly for SPE@SBO/FCS@PEI-ADb, confirming the binding of the
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anti-E. coli antibody to the electrode. After the immobilization of anti-
E. coli the peak potential was shifted slightly to the left, which indicates
facile electron transfer on the electrode surface. The peak current
increased as the amount of E. coli (CFU mL™ 1) increased, indicating that
antigen-antibody complexes coated the electrode surface (Fig. 7b).
Fig. 7b exhibits DPVs for sensing of E. coli 0157:H7 by SPE@SBO/FCS/
PEI-Ab-BSA electrode as a signal tags. Even at low concentrations (1.0 x
10% CFU mL™Y) of E. coli 0157:H7, a current signal can be observed
(Fig. 7b). A linear relationship (R? = 0.9919) between the logarithm of
the amount of E. coli 0157:H7 from 1.0 x 10! to 1.0 x 10° CFU mL ™}
and the peak current density (Fig. 7c). Peak current density is directly
proportional to the amount of E. coli 0157:H7 and the fabricated elec-
trode shows a detection limit of 4 CFUmL ! (S/N = 3). The performance
of the fabricated SBO/FCS biosensor is revealed to be equivalent to or
superior to that of the reported electrodes in Table S3. The selectivity of
the biosensors was analyzed by SPE@SBO/FCS/PEI-Ab-BSA as signal
tag. Fig. 7d and S12 demonstrate that the immunosensor has significant
response to E. coli 0157:H7 detection but a much poorer sensitivity to
other pathogens. The immune biosensor is particularly effective in
detecting E. coli 0157:H7 because to the specific interaction between the
E. coli-Ab and the antigen found on the surface of E. coli cells.

A sensor's reliability depends on its ability to function consistently
throughout several analysis runs when using a single electrode or mul-
tiple electrodes made using the same technique. The reproducibility of
the SBO/FCS based biosensor for E. coli 0157:H7 was analyzed for five
successive reading in 1.0 x 10* CFU mL ! of E. coli 0157:H7 (Fig. 7e).
The resulting current response showed an RSD of 1.74 %, confirming
that the immunosensor possess excellent reproducibility. Another
important consideration in assessing the sensor performance is the sta-
bility of the immunosensor during extended periods of storage. The
immunosensor maintained 90 % of its early response for first and second
week after it was reduced (Fig. 7f), which indicates that the immuno-
sensor is found to be an excellent stability up to two weeks of storage
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Table 2
Detection results and recoveries of the immunosensor in milk, chicken and pork
samples.

Sample Spiked Found Recovery RSD
(CFU mL™Y) (CFU mL™Y) (%) (%, n = 3)
Milk 3 x10° 2.7 x 10° 90.0 2.8
3 x 10* 2.5 x 10* 83.3 3.0
3 x 10° 2.6 x 10° 86.6 3.1
Chicken 3 x 10* 2.8 x 10* 93.3 2.7
3 x 10* 3.1 x 10* 103.3 2.4
3 x 10° 2.9 x 10° 96.6 2.9
Pork 3 x 10* 2.6 x 10* 86.6 2.4
3 x 10* 2.7 x 10* 90.0 2.9
3 x 10° 3.2 x 10° 106.6 2.9

towards detection of E. coli 0157:H7.

3.8.1. Viability in real samples

To promote the analysis of the immunosensor's viability in real
samples, milk, chicken, and pork were used as real sample model. In
order to make an accurate estimation, the standard addition method-
ology was adopted. The real samples were analyzed at three different
concentrations spiked with E. coli 0157:H7 sample solution (Fig. S13),
and the results were given in Table 2. The SPE@SBO/FCS/PEI-Ab-BSA
exhibited a recovery range from 86 to 106 % with an RSD of 2.4 to
3.1 %. The results indicate that the SPE@SBO/CSPEI-Ab-BSA sensor
could be highly feasible for the detection of E. coli 0157:H7 in real
samples.

4. Conclusion

In conclusion, we have successfully proposed an electrochemical
sensor for non-enzymatic glucose and HyO2 detection used SBO/FCS.
According to the experimental data demonstrated the SBO/FCS NPs
have good electrocatalytic activity for the oxidation of glucose and
reduction of Hy0o, the response reached steady state within 4 and 5 s.
The surface displayed linearity from 0.008 to 4.848 mM of glucose and
0.01-6.848 mM of Hy0,, sensitivity of glucose 32 pA mM ! cm~2 and
H203 295 pA mM! cm’z, detection limit of glucose 0.057 pM and H204
0.006 pM. Similarly, SPE@SBO/FCS/PEI-Ab-BSA/E.coli 0157 has been
design and fabricated in a single tags for a sensitive detection of E. coli
0157:H7. The biosensor has a detection limit of 4 CFU mL™?, which is
one of the lowest detection limits. In addition to its high selectivity, the
developed immunobiosensor efficiently detected E. coli 0157:H7 in real
samples such as milk, chicken and pork, indicating a viable tool for
sensitive detection of E. coli. All of these observations imply that the
fabricated sensor is a desirable and effective method for practical
glucose, HyO5 and E. coli 0157:H7 monitoring and provide a unique
perspective on the possible applications of SBO/FCS in the area of
electrochemical sensor.
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Abstract

The nanofluids can be utilized as the potential candidates for reducing wear between two metal surfaces. In this work,
the characterization and rheological behavior of the ionic liquid 1-ethyl, 3-methylimidazolium dicyanamide had been
performed, and its dispersions with different types of carbon nanotubes were compared. It was determined that the
viscous behavior of nanofluids was in steady-state shear flow. Then, the study of tribology was performed to study the
behavior of the dispersions as a lubricant. Particularly, AISI 316L stainless was used as the specimen considering its
potential application in a number of machine parts. Hence, the wear behaviour of the nanofluid was studied by using
them as the lubricant On AISI 316L steel surfaces. The specimen showed the better thermo-hydraulic performance,
since its increments for the convective coefficient were higher.

Introduction

To the detriment of the growing demand of the world's energy consumption nowadays, the generation and use of
energy has become a fundamental issue in the world. The high costs and the increasing use of fossil fuels have led to
everyone's concern about the scarcity of these non-renewable resources [1]. Thus, large industries concerned about the
lack of natural resources have made large investments and efforts in the development of high-performance systems
and devices, to find solutions to reduce energy consumption and improve their efficiency, enabling more efficient
consumption, in addition to avoid damage to the environment and the depletion of resources in the long term [2], [3].
Carbon-based materials are used in several recent studies targeting electrochemical applications, due to their
properties, structure and abundance, together with the fact that they are environmentally benign. Among these
materials, graphene stands out, the most recent allotrope of carbon. Graphene is an ordered material of carbon atoms
in a flat sheet format, forming a monoatomic layer, organized in hexagonal cells, which presents structural properties
such as high electronic mobility and transport unique in nature, with excellent mechanical, chemical and thermal
properties [4], [5].

Conventional fluids in which a suspension of solid particles is used, which can be obtained by dispersing different
nanoparticles of manometric size, with an interval of 1-100nm, are called nanofluids. Nanofluids consisting of
Graphene nanoparticles (GNP) is one of the most promising fluids in heat transfer, due to its relatively high thermal
conductivity of 5000W/m. K.
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During the past decades, a wide variety of porous materials have been used to be functionalized with amino species for
CO, capture, but the development of nanoscience and nanotechnology in recent years offers numerous opportunities
and innovative solutions in this field [6], [7]. That is why there is a promising technique that is chemical adsorption on
nanomaterials functionalized with organic molecules that contain amino groups [3]. The use of ionic liquids has
aroused great interest in recent years, both scientifically and technologically, as a consequence of their physicochemical
properties [8], [9]. They are the object of study since they present potential industrial applications, such as lubrication,
due to their high viscosity and their great thermal and chemical stability. Another of its great industrial applications is
as a green solvent, since due to its ionic nature it has a low vapor pressure, which means that it has low volatility, thus
reducing the emission of vapors into the atmosphere and therefore reducing the environmental impact [10], [11], [12].

Carbon nanotubes have also generated great interest at the scientific level because their properties can be modified by
adsorption of atoms or molecules on the outer walls of carbon nanotubes [13], [14]. Then they can obtain changes in
the physical properties of the surface of these nanoparticles, and thus vary their solubility and dispersion [10].

They can be composed of one (single-walled) two (double-walled) or more (multiwalled) seamless, concentric sheets
of graphene consisting of sp2-hybridized carbon atoms coiled into the shape of thin hollow cylinders [15], [16], [17].

The dispersion of carbon nanotubes in a base fluid, in our case, in the ionic liquid 1-ethyl-3-methylimidazolium
dicyanamide (EMM DCA), allows us to obtain fluids with very specific characteristics, helping the development of new
nanofluids [18], [19], [20]. Nanofluids, in other words, are a two-phase system with a solid phase (carbon nanotubes)
dispersed in another liquid phase (EMM DCA). This work focus on the characterization and rheological behavior of the
ionic liquid and its dispersions with different carbon nanotubes, as well as its potential tribological applications, such
as wear protection of metal surfaces.

Section snippets

Materials and methodology

Literature [1] investigated the specimen with the best percentage of ES residue as a cement substitute and its effect
was studied in terms of workability (W) and compressive strength (CS) [21], [22]. Four types of mixing ratios were
prepared with 0%, 5%, 10% and 15%.

In this work, the ionic liquid (LI) 1-ethyl-3-methylimidazolium dicyanamide (EMM DCA) is used, whose molecular
formula is CgH11N5 and its molecular weight is 177.21g/mol (Fig. 1).

EMM DCA is a yellow liquid solvent formed by...

Preparation of the dispersions

The experimental procedure is shown in Fig. 2. To prepare the dispersions, 0.04¢g of nanotubes are mixed in an Agatha
mortar with 1-ethyl-3-methylimidazolium dicyanamide until reaching the 4g of dispersion required at 1%
concentration [23], [24]. Next, manual grinding is carried out for 10 minutes where a black dispersion is obtained. This
dispersion is transferred to a vial and, subsequently, it is subjected to sonication at 30°C for half an hour [25], [26].
Finally, the vial corresponding...

Particle size analysis by laser diffraction

Firstly, a study of the distribution of the different types of carbon nanotubes (EMM DCA (1), Aligned (II), multi-walled
carbon nanotubes (MWCNT) (III), single-walled carbon nanotubes (SWCNT) (IV) has been carried out. As a result of the
tests, a volume distribution function is obtained (Fig. 3).

In the previous images it is seen that all the dispersions follow a normal distribution, forming a Gaussian bell, which
shows great symmetry in the distribution of the particles. In the aligned ones, it ...
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Conclusions

This work studied the feasibility of manufacturing, using and improving the thermal exchange, present in different

types of heat exchangers, through the use of nanofluids with MWCNT. Conclusions are,

* The addition of IIl and SWCNTs nanotubes improves friction and wears between the steel discs and the sapphire ball
punch and, therefore, improves the lubricating capacity with respect to EMM DCA....

» Its use can be implemented in different industries, it uses heat exchangers and water as the working...
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Investigations on Mo dye-doped PPLT single
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ABSTRACT

We report pure Piperazinium L-tartrate (PPLT) and methyl orange (MO) dye-
doped PPLT for third-order NLO applications. The crystals were grown by
slow evaporation solution growth technique at ambient conditions. Both single-
crystal and powder XRD evinces the monoclinic system with space group of
P21. Formation of PPLT and incorporation of MO dye in PPLT was confirmed
through Fourier transform infrared (FTIR) study. Calculated hardness number
and stiffness constant with Vicker's Micro hardness study portrays the soft nature
of the title crystals. The decrease in bandgap of PPLT is due to the additional
energy levels introduced between the valence band and conduction band which
in turn increases the net polarizability of the crystal. The thermal behavior of the
PPLT crystal was investigated by thermogravimetric and differential thermal
analysis (TG-DTA). The third-order nonlinear optical properties such as nonlinear
refractive index (n,), absorption co-efficient () and susceptibility (y(3)) were
studied by Z-scan technique at 632.8 nm using He-Ne laser.
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decreases the transmission of solar light, decreases
dissolved oxygen (DO) level, suppress photosynthe-

1 Introduction

Si-based integrated circuits (ICs), which are dominated
by Si CMOS technology, have reached their physics
limit. The influences of quantum effects, parasitic
parameters, and process parameters on data trans-
mission applications are also reaching their limits, as
the rapid development of microelectronics has led to
higher requirements for data transmission technology
[1-5]. The widespread use of synthetic dyes in various
industries has reflected in series of risks to the human
health and aquatic life because of the mutagenic, bio-
accumulative, carcinogenic and toxic properties. In
addition, discharging dyes into aquatic environment
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sis which means a decrease in plant survival. Dyes-
containing wastewater is a significant polluter of the
environment and has taken more attention because
most of the dyes are chemically and photolytically
stable which make them resistant towards tempera-
ture and conventional aerobic and anaerobic biologi-
cal degradation processes [6-10]. The development of
photonic technology during the past decade has inten-
sified research activities on searching for new materials
that display unusual and interesting NLO properties.
New NLO materials are the key elements to future
photonic technologies, in which their functions can
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be integrated with other electrical, optical and mag-
netic components that have become important in this
era of optical communications. The most important
advantages of organic materials are the possibility of
unique diversity and the ability to be tailored with a
variety of chromospheres for the exogenous variables
that stimulate photonic functions in a desirable man-
ner, therefore, for example, different NLO processes
can be adopted for applications [11-14]. The applica-
tion of NLO materials are widespread in the field of
solid-state technology that includes harmonic genera-
tors, optical computing, telecommunications, laser
lithography, image processing, sensors, diode lasers
and overall optical systems. The superiority of organic
materials has been realized because of their versatil-
ity and the possibility of tailoring material properties
by molecularly engineering them for particular end
uses [15-19]. In addition, organic materials also exhibit
large nonlinear figures of merit, high-damage thresh-
olds and ultrafast response time. With these views,
recently the studies on third-order NLO properties of
organic molecular and polymeric materials have been
focused and progressing rapidly [20, 21].

Piperazine is an organic material and it plays an
important role in the most complex molecules and this
material is studied well in several fields. Piperazine
is a secondary amine with a molecular formula of
C4H;oN,. Piperazines were originally named because
of their chemical similarity with piperidine, which
is found in the black pepper plant [22]. It is also
found in a number of biologically active compounds,
including several marketed drugs and it is considered
to be a privileged structure in drug discovery, even
piperazine ring is frequently used as a building block
for pharmaceuticals [23, 24]. Recently, it has been
found that some polycationic ligands, including
piperazine ring, exhibit a substantial degree of
selective RNA binding [25], not only that, the broad
family of piperazinium material was subjected
to crystallographic [26, 27] and vibrational [28]
investigations. The efficiency of nonlinear response
from these combinations depends on the choice of
cation. It suggests that the selection of different cations
to form a salt with L-tartaric acid can improve the SHG
activity of the organic salt. In this aspect, molecules
of six membered ring structure, piperazine (PPZ)
has been investigated with L-tartaric acid. During
the combination of tartaric acid with piperazine, two
proton is transferred from the carboxylic acid group to
the piperazine nitrogen resulting piperazinium cation
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(PPZ*") and tartrate anion (Tart2"). Tartrate anions
provide a rigid environment for the incorporation of
cations to form acentric salts i.e. NLO materials [29].
Moreover, PPLT is basically a transparent material
and is highly transparent in the visible region. Hence
addition of organic dyes like methyl orange (MO) and
it could avail a visible absorption to the host and this
change in band structure could influence the nonlinear
absorption behavior of the system. MO dyes find a
wide range of applications in light-emitting diodes,
organic semiconductors, photo catalytic activity, waste
water management, energy storage devices, thermal
printing, biology, medical fields as wound healing,
photo dynamic therapy, pharmaceutical chemistry,
etc., [30-32]. Also, the chromophore of MO shows
excellent nonlinear optical behavior especially the
reverse saturable absorption. Therefore, PPLT has
been chosen as host material for the present work and
organic azo dye (methyl orange) has been chosen as a
dopant in order to analyze the changes in the optical
limiting behaviors. The optical, mechanical, dielectric
and thermal properties have of the crystal were also
studied to identify the suitability of the crystal for
nonlinear optical applications.

2 Experimental
2.1 Materials

The substances employed for the cultivation of
PPLT and MO doped PPLT crystals consist of
piperazine, L-tartaric acid, and methyl orange (MO)
(C14H14N3NaO;S). The crystals are cultivated using
chemicals of analar grade.

2.2 Crystal growth process

Initially, the saturation point at room temperature to
grow the pure PPLT single crystals was identified.
For MO-doped PPLT, the doping concentration was
taken in the ratio of 1:0.05 M. pH of both pure PPLT
and MO-doped PPLT solutions were maintained at
7 and 5, respectively. After 4 h of vigorous stirring,
both the solutions were filtered and sealed with perfo-
rated sheet and left undisturbed for slow evaporation
at ambient condition. Figure 1a and b show the har-
vested pure and MO-doped PPLT single crystals after
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Fig. 1 Photograph of grown crystals a PPLT; b MO:PPLT; ¢ molecular structure of PPLT; d TG-DTA curves of PPLT; e Single crystal
XRD pattern of pure and MO doped PPLT crystals; f powder XRD pattern of pure and MO doped PPLT crystals

a period of 35 and 45 days, respectively. The molecular
structure of PPLT was shown in Fig. 1c.

2.3 Characterization techniques

The thermal stability of the title compound was
assessed by (Q 500 HI-RES TGA analyzier) TG/DTA
analysis. The pristine crystals and doped PPLT were
subjected to single crystal X-ray diffraction (XRD)
studies using an ENRAF NONIUS CAD4 X-ray
diffractometer with a MoKa radiation (k=0.71073 A).
Molecular structure and the functional group
associated with grown crystals were identified by
Perkin—-Elmer Fourier transform infrared (FTIR)
spectrometer. Mechanical stability of the crystals
were tested under Vickers Microhardness Tester
(Shimadzu HMV-2). The absorption and the

transmission spectra of PPLT and MO-doped PPLT
were studied between wavelengths 200-1200 nm
using Perkin-Elmer UV-Vis spectrometer. The third-
order nonlinear optical properties of PPLT crystal
were measured by Z scan technique.

3 Results and discussion
3.1 Thermal, structural and elemental analysis

The thermo-gravimetric (TG) and differential
thermal analyses (DTA) were conducted under a
nitrogen environment, spanning a temperature range
from room temperature to 773 K (Fig. 1d). Upon
analysing the TGA arc, it was seen that it shows
a little reduction in weight beginning at 496 K as a
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result of the deterioration of the PPLT molecule. No
significant reduction in weight was detected between
temperatures of 308 K and 507 K, which indicated the
absence of physically adsorbed liquid. The significant
reduction in weight seen between 506 and 774 K can
be attributed to the breakdown of the PPLT molecule
into gaseous form. The DTA analysis revealed the
presence of two endothermic reactions occurring
at temperatures of 535 K and 695 K, which may be
attributed to the disintegration of the chemical. Since
no distinct endothermic reaction was detected below
506 K, it may be concluded that the PPLT undergoes
decomposition without undergoing a melting process.
Therefore, the PPLT crystal has the potential to be
utilised in applications with temperatures as high
as 506 K. The unit cell characteristics and crystal
morphology were identified using single crystal
X-ray diffraction analysis using an ENRAF NONIUS
CAD4 X-ray diffractometer that was equipped with
MoKa radiation (k=0.71073 A) (Fig. 1e). The PPLT
crystal is classified as belonging to the monoclinic
framework, with a space group of P21. The estimated
lattice characteristics for this crystal are a=6.4259 A,
b=9.1327 A, ¢=9.3567 A, and a volume of V'=519.12
A3. The calculated cell parameters figures are
consistent with the values published in the literature
[33]. When comparing the XRD pattern of MO
dye doped PPLT crystal with the pure KDP crystal
structure, it was seen that the 2 theta values shifted
slightly to the left. This means that the 2 theta values
fell somewhat, resulting in an increase in the d-spacing
range. The powder XRD data indicate the presence of
a monoclinic crystalline unit and a small shift in the
peak after incorporating MO (Fig. 1f). This is a result
of the integration of MO dye into the PPLT crystal. The
methyl orange dye aims to exert dominance over the
PPLT and enhance its transparency.

3.2 FTIR analysis

Molecular structure and the functional group associ-
ated with grown crystals were FTIR. Figure 2a and
b shows the recorded FTIR spectra of pure and MO
doped PPLT crystals, respectively. The spectra give the
necessary information about the molecular arrange-
ments of the crystals. The intense and wide band cor-
responding to the stretching vibrations of the hydroxyl
group, which is strongly involved in hydrogen bond-
ing, is seen at a wavenumber of 3453 cm™! [34]. The
peak at 3369 cm™! corresponds to the O-H vibrations
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Fig. 2 FTIR spectra of a pure PPLT and b MO-doped PPLT
crystals

Table 1 Vibration assignments of pure and MO-doped PPLT
crystals

Vibration Assignments
PPLT Mo doped PPLT

3456 3487 O-H stretching
3134 3094 N-H stretching
2956 2987 CH stretching
2831 2878 CH, stretching
2776 2756 C-H stretching
1616 1648 NH, stretching
1567 1578 CH, stretching
1415 1428 CH, stretching
784 813 Piperazine aromatic ring

that stretch [35]. The C-H stretching vibration is iden-
tified at a wavenumber of 3065 cm™ [36]. The C-H
stretching mode vibrations caused by molecular
orbital (MO) occur at a frequency of 2676 cm™. The
peak seen at 1844 cm™ corresponds to the stretching
vibrations of the CO band [37]. The in-plane defor-
mations of NH, are identified by their characteristic
frequencies of 1645 cm™ and 1421 cm™. The presence
of C-CH in-plane deformations is responsible for the
peak seen at 1345 cm ™. The spectral band assignments
of MO-doped PPLT crystals are presented in Table 1,
which provides additional evidence of the effective
integration of dye into the host material.
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3.3 UV-Vis transmittance spectra analysis

UV-Vis-NIR transmission spectral studies of pure and
doped LLM crystals were carried out using Perkin—
Elmer Lambda 35 double beam UV-Vis-NIR spectro-
photometer in the range of 150-1300 nm. Figure 3a
shows the transmittance spectrum of pure and MO-
doped PPLT single crystals. One of the most important
considerations in the choice of a material for optical
applications is its optical damage tolerance. As high-
optical intensities are involved in nonlinear processes,
the materials must be able to withstand high-power
intensities. Crystals possessing high transparency in
an extensive range of wavelength can be used for opti-
cal device fabrication. MO doping has considerably
increased the absorbance of PPLT and red-shifted its
cut-off wavelength to 250 nm. This has resulted in

decreased optical band gap of the doped crystals. This
red-shift confirms the addition of a host molecule in
the parent material. It is a well known fact that the MO
dye contains one azo group and two phenyl rings. This
azo group acts as a bridge between two phenyl rings
and the OH-LT groups of the tartrate molecule. This
modifies the optical properties of the PPLT crystals.
Hence, the inclusion of MO dye molecules introduces
the additional energy levels between the valence band
and conduction bands. Due to this, the bandgap of
MO doped PPLT crystals is decreased to 5.69 eV from
5.96 eV which is for pure PPLT (Fig. 3b). Hence, alter-
ation in band structure along with change in visible
absorption is observed in MO doped PPLT crystals.
The dependence of refractive index on photon energy
below inter band absorption edge (hv <E,) is given
as [38] n* (A)=1+EE4/(Es* - E;*)1; where E,=Single
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oscillator energy, E4 =Dispersion energy, E = hm =Pho-
ton energy. The moments of single oscillator disper-
sion spectra (M_; and M_;), Static refractive index (1)
and Oscillator strength (f) are calculated using the fol-
lowing expression:

M_; = E4/E,, M_3= E;/Eo3 1)

n,= vl+ E4/E,f =EE, 2)

Figure 3c and d shows the refractive index distri-
bution below the bandgap energy for pure and Mo
doped PPLT crystals. Matching experimental evidence
with straight lines yields the single oscillator energy
(Ey), dispersion energy (Ey), and momentum of such
oscillator models (M_; and M_;). Table 2 indicates that
the single oscillator energy (E,) decreases when MO
is doped in PPLT crystals. Because it correlates to the
material’s average bond strength, this number should

Table 2 Dispersive parameters of pure and MO-doped PPLT
crystals

J Mater Sci: Mater Electron (2024) 35:718

be as low as possible, suggesting that the crystal has
high nonlinear optical quality.

3.4 Photoluminescence spectra analysis

Photoluminescence intensity is highly dependent on
the crystalline and structural perfection of the crystal.
The dye incorporation in the solid crystal tunes the
emission of light depending upon nature of dyes and
their characteristic absorption. Moreover, the fluores-
cence also finds wide application in the branches of
biochemical, medical and chemical research fields for
analyzing organic compounds. The excitation spec-
trum was recorded in the range 250-350 nm and the
sample was excited at 300 nm. The emission spectrum
was measured in the range 300-500 nm. The emission
spectrum of pure and MO-doped PPLT is given in
Fig. 4a. Peaks were observed between 420 and 480 nm
in the emission spectrum. The result indicates that a
MO-doped PPLT crystal has a blue fluorescence emis-
sion. The high-luminescence emission intensity in the
dye-doped crystal shows the good crystalline nature
as a result of dye doping and it can be useful for opto-

Sample E, (V) E, (eV) M, M., electronic device applications.
PPLT 1.63 4.92 0.2565 0.00498
Ni:PPLT 1.424 5.24 0.2201 0.01883
a — ;’;I::PLT “1b i
Aexcitation = 300 nm 804 /
3 T o
2 & * *
z 2 11,-"/
3 g Pl
: =
# —#—PPLT
—i=MaPPLT
0
200 250 300 350 400 450 500 550 Ll m[ﬂ:“{gr::“)” il et O it
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Fig.4 a PL spectra; b hardness study; SEM images of ¢ PPLT; d MO:PPLT; Optical etching photograph images; (e) PPLT; (f)

MO:PPLT
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3.5 Harness and etching studies

Hardness measurement is a valuable non-destructive
testing technique for determining the hardness of
materials [39]. The mechanical stability of the PPLT
crystal, both in its pure form and when doped with
MO, was assessed by Vickers microhardness tests. The
indentations were meticulously created with a dwell
duration of 10 s, employing weights ranging from 10
to 100 g. The researchers measured the average length
of the diagonal and calculated the Vickers Hardness
number (VHN) using the formula Hv = 1:8544P/d*
Kg/mmz, where 'P’ represents the force exerted
in kilogrammes and ’d’ represents the width of the
diagonal of the indentation imprint in micrometres.
The relationship between the hardness number (Hv)
and the load (P) for the PPLT crystals doped with MO
is seen in Fig. 4b. Both pure PPLT and MO doped PPLT
exhibit an increase in hardness as the applied load
increases, thereby confirming the reverse indentation
size effect (RISE) [40]. By incorporating MO into
PPLT by doping, a significant enhancement in the
hardness measurement was seen. This phenomenon
occurs because the MO dye, being a large molecule,
occupies the empty spaces inside the PPLT crystal
structure, leading to a densely packed lattice. The SEM
provides information relating to morphology, phase
distribution and crystal structure The SEM images for
the pure and MO-doped PPLT crystals were recorded
and are display in Fig. 4c and d. The SEM images
of all the samples are agglomerated morphology.
All the particles are uniformly distributed, however
some of the particles in all the samples were found
to be in regular shapes (spherical). In addition, the
second metal doped is more agglomerated than pure
samples. Etching is the selective dissolution of the
crystal which reveals the crystal symmetry and lattice
defects [41, 42]. Etch patterns observed on surface
such as spirals, hillocks and step pattern, etc. yield
considerable information on the growth process and
growth mechanism of the crystal. When a surface is
etched, well-defined etch patterns are produced at
the dislocation sites. The etching studies were carried
out on the grown crystals of pure and MO-doped
PPLT crystals using polarized high-resolution
optical microscope. The surfaces of the samples were
polished and then etched in doubly distilled water at
room temperature for 10 s. Then dried with a filter
paper and examined under an optical microscope in
reflection mode. Figure 4e and f illustrate the typical

Page7 of 13 718

etch patterns observed on the pure and MO doped
PPLT crystals. The etching shows predominant
straight striations on the grown crystal. The size of
the pit increases with the increase of etching time.
The pit pattern remains the same. The observed etch
pits are due to the layered growth of the crystal. This
shows how the crystal would have been formed from
the solution.

3.6 Dielectric study

The dielectric constant (¢) and dielectric loss (tan
0) of both pure and doped crystals were measured
using the usual parallel plate capacitor method. The
experiments were conducted at various tempera-
tures ranging from 30-50 °C and in the frequency
range of 50 Hz-5 MHz. An LCR metre (HIOKI 3536)
was used for the tests. A flat PPLT crystal, which
had been farmed and doped with MO, underwent
polishing. The opposing faces of the crystal were
then covered with graphite to provide a highly
conducting surface layer, facilitating Ohm’s con-
tact. The sample’s capacitance was determined by
altering the frequency range from 50 Hz to 5 MHz.
The dielectric constant was determined by apply-
ing the formula &'= Cd/(eyA). The variables in the
equation are defined as follows: A represents the
area of the crystal plate, d represents the thickness
of the crystal, and g, represents the permittivity of
the dielectric of free space. Figure 5a—d illustrates
the dielectric value of both pure and MO-doped
PPLT crystals. The plot demonstrates a reduction
in the dielectric constant as the frequency increases,
reaching a saturation value in the upper frequency
range. The high dielectric constant at low frequency
is attributed to the existence of several forms of
polarisation, including electronic, ionic, orientation,
and space charge. The space charge polarisation is
contingent upon the level of purity and flawless-
ness of the sample. The impact of this phenomenon
is significant under high temperature conditions,
although it is not discernible in the low frequency
range. Crystals possessing a high-dielectric con-
stant result in the dissipation of power. Materi-
als with low dielectric constant have little losses,
making them suitable for high-speed electro-optic
modulations [43]. The frequency-dependent dielec-
tric loss of pure MO-doped PPLT is seen in Fig. 5¢
and 5d. The presence of low dielectric loss at high
frequencies in a particular sample indicates that
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the sample has improved optical quality and fewer
flaws. This property is crucial for the effective use
of nonlinear optical materials [44]. MO-doped
PPLT single crystals exhibit higher dielectric loss
in comparison to pure PPLT crystals. The increase
in polarisation in the MO-doped PPLT single crystal
may be attributed to the rise in dipole moment per
unit volume.

3.7 AC conductivity test

The LCR metre was employed to quantify the alternat-
ing current (AC) conductivity of both pure PPLT and
MO-doped PPLT crystals throughout a temperature
range of 323 K to 373 K, using a fixed frequency of
1 kHz. A damp cloth polishing sheet was utilised to
both cut and polish the samples. Effective connections
to electricity are established using silver-plated elec-
trodes positioned on opposing surfaces. The amount of
resistance values were directly acquired from the LCR

@ Springer

metre. The alternating current (AC) conductivity was
calculated using the formula: AC =2fCt/A, where f rep-
resents the frequency of the applied field. Figures 6a—d
depict the alternating current conductivity, dielectric
constant, and dielectric loss of pure PPLT and MO-
doped PPLT crystals at different temperatures. The
alternating current (AC) conductivity has a positive
correlation with increasing temperature, and it further
increases upon the introduction of MO doping. Metal-
lic oxides (MO), which facilitate the mechanism of free
electrical conduction within crystals, are accountable
for the enhanced alternating current (AC) conductiv-
ity. The plots in Fig. 6¢c and d depict Jonscher’s results
for pure and doped PPLT crystals, demonstrating the
highly dispersive nature resulting from the presence
of only alternating current (AC) conductivity [42, 45,
46]. The values of s and A are determined based on the
slope and intercept of the plots stated above. Table 3
presents the Jonscher’s plot parameters for pure and
MO-doped PPLT crystals.
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Table 3 Josher’s plot parameters pure and MO-doped PPLT
crystals

Tempera- S-Parameter Ax107° (s.m™'.rad™)
ture (K)  pprp Ni:PPLT  PPLT Ni:PPLT
323 0.57612 0.44090 2.4 78.1

353 0.53491 047651 32 86.9

373 0.51201 0.40897 4.4 143.7

3.8 Z-scan measurement

The nonlinear absorption (NLA) and nonlinear refrac-
tion (NLR) of pure PPLT and MO-doped PPLT were
measured using open aperture (OA) and closed aper-
tures (CA) Z-scan experiments, respectively. The third-
order nonlinear optical (NLO) susceptibility was also
found. The 785 nm spectrum continuous wave laser
beam, with a peak power of 50 mW, was focused and
transmitted through the grown material. The sample

was transferred onto the sample stage, moving from
the source to the detector in the same direction as
the beam transmission. The beam’s penetration was
measured at the far field for several sample place-
ments, both with and without an aperture in front of
the detector. Subsequently, a graph was constructed
correlating the transmittance with the location of the
sample. Figure 7 illustrates the CA mode of PPLT and
MO doped PPLT. Nonlinear absorption is often caused
by several phenomena, including saturable absorption
(SA), reverse saturable absorption (RSA), which is a
result of two-photon absorption (2PA), multiphoton
absorption (MPA), excited-state absorption (ESA),
or free carrier absorption (FCA) [47]. The presence
of reverse saturable absorption (RSA) is revealed by
the valley-like optical absorption (OA) curve of pure
and MO-doped PPLT, as shown in Fig. 7a and b. The
closed aperture (CA) approach allows for the observa-
tion of either the negative or positive lens, which leads
to either self-defocusing or self-focusing behaviour of
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Table 4 Optical details of Z- scan setup and measured parameters

T

25 50 75 100

Laser beam wavelength () 632.8 nm
Lens focal length (f) 8.5 cm
Optical path distance (Z) 117 cm
Aperture radius (ra) 2 mm
Spot-size diameter in front of the aperture (wa) 1 mm
Incident intensity at the focus (Z=0) 15 MW/cm?
Sample thickness (L) 2 mm
Effective thickness 1.81 mm
Nonlinear refractive index (n2) PPLT MO doped PPLT
10-7 em¥/W 3.17 3.11
Nonlinear absorption coefficient (f)cm/W 1.35 1.99
Third-order nonlinear susceptibility (x3) 1.41 2.87

107 esu

Figure of Merit (FOM) 28.91 20.92
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the sample (see Fig. 7c and d). The higher values of
the third-order nonlinear optical (NLO) coefficients in
MO-doped PPLT compared to PPLT may be attributed
to the enhanced delocalized movement of p-electrons
caused by the dye. This, in turn, leads to an increased
net polarizability of the MO-doped PPLT [48]. The
parameter values are displayed in Table 4.

4 Conclusion

Good quality single crystals of pure and MO dye
doped PPLT were grown from aqueous solution by
slow evaporation method. The lattice parameter
was confirmed by single crystal X-ray diffraction
(XRD) and it belongs to the monoclinic system
with the space group of P21/c. The FTIR spectral
analysis confirms the functional groups present in
the grown crystal. UV-Vis NIR spectrum shows
that the crystal becomes transparent in entire
visible region and the cut-off wavelength is found
to be 250 nm. The optical band gap was calculated
using Tauc’s plot and it was found to be 5.96 eV
and 5.69 eV for PPLT and MO doped PPLT single
crystals, respectively. The MO dye-doped crystals
have strong absorption in the visible region and
high transmittance in the near-IR region, since it
acts as a good candidate for optical applications.
The high luminescence emission intensity in the
dye-doped crystal shows the good crystalline
nature as a result of dye doping. From the dielectric
study, it is observed that dye-doped crystal has
higher dielectric constant and lower dielectric
loss at various temperatures. The higher values of
dielectric constant with low losses concluded that
the title crystal is more useful for optoelectronic
and NLO applications. Z-scan experimental result
confirms the relatively large value of nonlinear
optical absorption (B) and refractive index (n?) and
hence MO doped PPLT crystal has large value of
third order nonlinear susceptibility (y(3)) which is
most suitable for optical limiting applications. The
results obtained from the various studies suggest
that the MO-doped PPLT crystal may be suitable
for the device fabrication like optical limiting and
photonic devices.
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Using a minimallised approach,we designed and synthesized N-
terminal modified peptides W-KRGNKWLA-CONH, (P1) and W-
ARGDGGNGRGA-CONH, (P2) using Fmoc-Chemistry solid phase
peptide synthesis protocol. High-performance liquid chromato-
grams and mass spectrometry (LCMS and analytical HPLC) were
employed to determine the purity and molecular weight of the
peptide. Surface tension measurements are used to evaluate
peptide surface activity. The primary structure of the peptideis
anlaysed by NMR spectroscopy. Circular dichroism studies
demonstrate that the secondary structure of the peptide
changes minimally when it attached to anionic lipid bilayers
(POPC:POPG). According to a steady-state fluorescence experi-

1. Introduction

Cancer is one of the leading causes of death worldwide,
according to a recent global assessment, and the emergence of
several chemotherapy drugs is based on its mechanism."
Anticancer drugs have limited efficacy against cancerous cells.”
Despite these therapeutic limitations in cancer, it remains one
of the most promising techniques for reducing systemic side
effects in normal cells.** Numerous natural or manufactured

[a]l Dr. R. Krishnamoorthy
Organic and Bioorganic Chemistry Laboratory CSIR-Central Leather
Research Institute (CSIR-CLRI), Adyar, Chennai-600020, Tamil Nadu, India
E-mail: krajavenkateshkcmp5@gmail.com
rajavenkateshk2@gmail.com
[b] M. Singh
Department of Drug Discovery and Development, Auburn University,
Auburn Alabama, AL, USA
[c] P. Anaikutti
Centre for GMP extraction facility (Dept. of Biotechnology), National
Institute of Pharmaceutical Education and Research, Guwahati-781101,
Assam, India
[d] M. C. Pavar
Syngene International Ltd, Bengaluru-560099, Karnataka, India
[e] E. Selvaraj, S. Rajagopal
Department of Chemistry, Sethu Institute of Technology, Kariapatti,
Virudunagar-626115, Tamil Nadu, India
[fl R.B. Vignesh
Department of Chemistry, Velammal College of Engineering and Technol-
ogy, Viraganoor,
Madurai-625009, Tamil Nadu, India
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/slct.202304974

ChemistrySelect 2024, 9, €202304974 (1 of 11)

ment, peptides P1 and P2 preferentially interact with anionic
(POPC:POPG) lipid bilayers rather than zwitterionic (POPC) lipid
bilayers. The peptide P2 interacts preferentially with anionic
lipid membranes and has an anticancer effect due to RGD and
NGR binding motifs. The cytotoxicity of the MTT experiment
demonstrated that both normal and cancerous cells could lower
peptide concentrations below their IC;, levels. Molecular
docking also supports in-vitro anticancer research. Both pep-
tides P1 and P2 were non-toxic to vero cells and appeared to
be more promising as it demonstrated wide spectrum anti-
cancer activity.

cationic linear or cyclized peptides with extensive antibacterial
and anticancer action have been identified.®® In this regard, a
new class of 5-fluoro-2'-deoxyuridine prodrugs conjugated with
the cyclic peptide CNGRC synthesized and showed good
antiproliferative activity.”? The monomeric and dimeric
NGR-**Cu-labeled peptides were synthesized by the Chen et al.
group and remarkably used for microPET imaging of CD13
receptor expression.®'? Surface receptors such as avf3 and
avf35 integrins are extremely attractive to cancer cells, owing to
their strong binding affinities with the peptides indicated
above"' APN (or) CD13,"™ VEGFRs (vascular endothelial
growth factor receptors),'™ and matrix metalloproteinase’s
(MMPs)."® Furthermore, certain biological marker techniques
have been developed based on peptide binding to cancer cell
receptors. These indicators’ differential expressions have been
extensively researched and employed as appealing targets for
selective drug delivery."’?” Simple terminal modifications such
as C-terminal amidation, N-terminal acetylation, and end-label-
ing have contributed to the alteration of the properties of
antimicrobial peptides (AMPs) and anticancer peptides (ACPs),
improving the screening of these selective peptide variants
towards anticancer and antibacterial properties based on their
sequence design method.”'* Any N-terminal peptide labelling
procedure might, in theory, monitor the stepwise synthesis of
peptides. In contrast, they have been coupled to doxorubicin,!
cisplatin,”®’ and molecular imaging probes such as the cyanine
dye Cy5.5,* FITC,*” dansyl,”® and rhodamine,*” which have
also been reported in the literature. A few studies have
suggested that cancer cell membranes differ from normal cell
membranes due to aberrant anionic components.®*-*? The RGD

© 2024 Wiley-VCH GmbH
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and NGR tripeptide motifs have recently been linked to cancer
cell-selective binding due to their affinity for integrin and
aminopeptidase N (CD13) receptors.®*=" As a result, numerous
tumour-homing peptides have been developed that target RGD
or NGR motifs.252

Based on the spatial position and arrangement of trypto-
phan-active peptide adsorption and activity, the previous study
found that the mode of action of anticancer peptides against
different cancer cells influences the diverse structural orienta-
tions acting on the membrane."**¥ The sensitivity and polarity
of the tryptophan environment make the emission/
fluorescence properties essential for the potential biological
study of peptides and their dynamic properties.*

From the above literature reviews, we have predicted that
incorporating both RGD and NGR motifs in peptide sequences
would increase the anticancer activity.This study aims to design
and synthesize two N-terminally modified peptides based on
NGR and RGD motifs, W-KRGNKWLA-CONH, (P1) and W-
ARGDGGNGRGA-CONH, (P2). Figure 1 depicts the expected final
structures of the W-based peptides P1 and P2. Surface tension
tests revealed that peptides had detergent-like surface-active
capabilities due to their high hydrophobicity and cationic
nature.We use circular dichroism biophysical and steady-state
fluorescence investigations to look at the dynamic structural
changes of peptide and lipid model membranes as well as
peptide-lipid-membrane interactions. Because of the presence
of NGR and RGD residues, the molecular docking data
demonstrate that peptides P1 and P2 preferentially bind to the
anionic lipid bilayer (POPC:POPG) over the zwitterionic (POPC).
To that purpose, synthetic peptides (P1 and P2) having strong
interactions with topoisomerase, catalase, and estrogen syn-
thase were examined for cancer cell killing using MTT assay
results; all peptides P1 and P2 showed anticancer activity. For
better results of their ICs, values regarding the selectivity of the
peptides for cancer cells, the assessment of their cytotoxic
properties in three human cell lines was provided.

2. Materials and Methods
2.1.Chemical and reagents

The MBHA Rink amide resin, diisopropylethylamine, 1-hydrox-
ybenzotriazole, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tet-
razolium bromide, trifluoroacetic acid, thioanisole, and ethane-
dithiol, as well as the peptide synthesis vessel, were purchased
from Sigma Aldrich - Merck Chemicals Pvt. Ltd. The lipids
employed in this study, such as 2-oleoyl-1-palmitoyl-sn-glycer-
ol-3-phosphocholine (POPC) and 2-oleoyl-1-palmitoyl-sn-glyc-
ero-3-phospho-rac-(1-glycerol) sodium salt (POPG), were pur-
chased from Sigma Aldrich Chemical Inc. Lipids in Alabama.
From Spectrochem Pvt. Ltd. (Mumbai, India), solvents such as
acetonitrile, water, dichloromethane, dimethylformamide,
chloroform, and methanol were purchased. Water from the
NANO pure A filtration system was used to make buffer
solutions. In this investigation, all of the compounds were used
without further purification.

2.2. Peptide Synthesis

Both peptides were synthesized using MBHA Rink amide resin
and the Fmoc-chemistry process. The rink amide resin was
neutralized using a 5% DIPEA solution. To synthesize all
peptides, all amino acids were linked as HBTU with one
equivalent of HOBT and 2.5 equivalents of DIPEA. When the
synthesis was finished, the Fmoc protective moiety was
removed using 20% Piperidine in DMF. To initiate N-terminal
coupling, the resins were subjected to 2,5,7-tri-tert-butylindol-3-
yl)alanine (W), accompanied by HBTU (1.0 eq.), HOBT (1.0 eq.)
and DIPEA (2.5eq.), for peptides P1 and P2 at ambient
temperature.*® Before drying under vacuum, the resin was
carefully washed with suitable solvents such as dimethylforma-
mide, dichloromethane, acetic acid, and diethyl ether. The

Fmoc-Ala-OH,
i 1. 20 % piperidine in DMF H HOBT/HBTU/DIPEA -
»- ]
2. DMF washing rh2h
5 0
I
1. Fmoc-Aminoacid, WN 0 CH
HOBT/HBTU/DIPEA TH o~ A
u 2. 20% piperidine in DMF, :
Peptide i, 2h Lok 20 % piperidine in DMF
(P1/P2) o4 —— —— Oy
S TFA ? deprotection
NH,
1 o H O H O H O H O -y HyN__NH
o ﬁHHNwN y T.vaﬁ—-.y.ﬂ e N Vs it o
e s B 0 CONHQ H O B . Y T
N NH -' NH HN L N NH L N N._..aH ~ N,
I~ I i
HN"NH; o o ':mc _ 0 o
g NH

W-KRGNKWLA-CONH; (P1)

HN™
W-ARGDGGNGRA-CONH; (P2)

Figure 1. The schematic line structure of synthetic peptides P1 and P2. Both peptides started with MBHA Rink amide resin (0.2 mmol), 20% piperdine in DMF,
Fmoc-Aminoacids (1.0 mmol), HBTU (1.0 mmol), HOBT (0.8 mmol), DIPEA (1.5 mmol).
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peptides were extracted from the resin for nearly two hours at
room temperature using a combination of trifluoroacetic acid,
thioanisole, and ethanedithiol (9.0:0.5:0.5, v/v). The crude
peptide was obtained after filtration of the cleavage mixture,
concentration, and drying with diethyl ether. The crude peptide
was then centrifuged and dried with air before being kept at
4°C. As a result, the molecular mass of the synthesized peptides
was determined using a MALDI-TOF apparatus (Microflex LT,
Bruker Diagnostics, Germany) and ESI-MASS spectrum analysis
and the structure of the both peptide analysed by NMR
spectroscopy (Bruker 500 MHZ).

2.3. Reversed-phase high-performance liquid
chromatography (RP-HPLC)

At room temperature, the purity of the produced peptides was
determined using RP-HPLC (Waters 1525 Binary HPLC) equipped
with a C-18 reverse-phase column (4.6 mmx150 mm). Before
injecting the sample, the column was thoroughly cleaned with
solvents. The peptide solution was injected into the column in
25 plL at a concentration of 3 mgmL-1. The samples were eluted
in the following manner: 5-15 min, an isocratic elution of 95%
eluent A (0.1% trifluoroacetic acid (TFA) in water) and 5%
eluent B (0.1% TFA in acetonitrile); 15-40 min, a linear gradient
elution to 5% eluent A and 95% eluent B; 40-48 min, a linear
gradient elution back to 95% eluent A and 5% eluent B for all
peptides.The flow rate was set atl mL per minute, and the
wavelength of the UV detector was 280 nm. The retention time
of peptides (P1 & P2) are given in Table 1.

2.4. Surface Activity

The surface-active properties of the prepared peptides were
estimated by calculating their surface tension (z, mN/ m) at the
air/water interface using a multiwell plate with the Micro trough
X instrument (Kibron Inc., Helsinki, Finland). The multiwall plate
was thoroughly washed, and 350 uL of 10 mM Tris buffer
(containing 150 mM NaCl, pH 7.4) was added. After injecting
peptide solution (10.0 uM) into the subphase via a micro-
syringe, the surface tension was examined using a Wilhelm
plate attached to a Delta Pi microbalance (Kibron Inc., Helsinki,
Finland). All the experiments were performed at 20+ 1°C.

2.5. Preparation of Small Unilamellar Vesicles

Sonication was used to create small unilamellar vesicles (SUVs).
POPC and a POPC:POPG (1:1) mixture of synthetic lipids were
dissolved in a chloroform : methanol (9:1) mixture and dried
under a N, environment. The dry lipids were dehydrated to a
concentration of one milliliter in PBS buffer (10 mM sodium
phosphate, 150 mM NaCl, 2 mM EDTA, pH 7.4) and vigorously
mixed with a vortex mixer before being stored for 15 minutes
under sonication in an ice-water bath at 25°C using an
ultrasonic device with a titanium tip. When the lipid suspension
was clear, an aliquot was tested for vesicle dispersion using
dynamic light scattering measures (N4 Plus, Coulter Corpora-
tion, USA), which confirmed the presence of a considerable
population of smaller unilamellar vesicles. As a result, the little
unilamellar vesicles.The small unilamellar vesicles thus obtained
were used for binding experiments without delay.

2.6. Fluorescence spectroscopy

The steady-state fluorescence emission spectra of the peptides
and peptide-lipid mixes were acquired using an Agilent
Technologies Cary Eclipse Fluorescence Spectrometer. The
intrinsic fluorescence of the peptides’ modified tryptophan (W)
was used to determine the extent of lipid binding. The
excitation wavelengths for peptides P1 and P2 were adjusted to
280 nm with a bandwidth of 5 nm. After repeated quantities of
lipids were added to the peptide solution (10.0 uM for peptides
P1 and P2), spectra were recorded in PBS buffer for 5 minutes
to allow for an equilibrium-binding peptide.

2.7. Circular dichroism analysis

A JASCO J-715 spectropolarimeter was used to study circular
dichrosim spectra. The sample was collected in a quartz cuvette
(path length=0.1 cm) with a peptide/lipid (SUVs) ratio of 1:50
and 1:100. At 25°C, measurements were taken at a scan rate of
50 nm/min from 197 to 250 nm. The spectra were normalized
for concentration and path length by subtracting an average of
four scans of each control sample without peptide from buffer
and SUVs with the corresponding peptide sample. Peptides P1
and P2 (10.0 uM) were incubated with SUVs (64 nug) in PBS
buffer solvent at room temperature for approximately 4 mi-
nutes before collecting CD spectra.

Table 1. The sequence of peptides and their properties.

Peptide name Peptide sequence Molecular weight (calculated) HPLC retention time (min) Net charge

P1 W-KRGNKWLA-CONH, 1323.8400 25.7 +4
(1323.8543)

P2 W-ARGDGGNGRGA-CONH, 1339.7503 24.1 +2
(1339.7500)
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2.8. Cell cultures

The peptides were tested for anticancer activity against various
cancer cell lines, including Hela-derived cell lines (Hep-2),
hepatocellular carcinoma cell lines (HepG2), human skin cancer
cell lines type 3 (A375), and breast cancer cell lines (MCF-7), as
well as cytotoxicity to normal cells. All of the cells were
obtained from the National Centre for Cell Sciences (NCCS),
Pune, India. At a plating density of 10,000 cells per well, cells
were treated in 96-well plates in 100 uL of media containing
5% FBS. It was incubated for 48 hours before adding chemicals
at 37°C, 5% CO,, 95% air, and 100 % relative humidity.

2.9. Anticancer activity MTT Assay

The synthesized peptides were evaluated for their anticancer
properties against human cancer cell lines (Hep-2, HepG2, A375,
and MCF-7) using a 3-(4,5 dimethythiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay and compared to positive
control. For the screening test, the cells were treated in 96-well
plates in 100 uL of medium comprising 5% FBS at a plating
density of 10,000 cells/well and incubated at 37°C, 5% CO,,
95% air, and relative humidity (100%) for 48 hours before
adding peptide compounds. After 48 hours, compounds were
added at various concentrations and incubated at 37°C, 5%
CO,, 95% air, and relative humidity (100%) for 48 hours.
Triplicates were kept, and the medium without the sample
acted as a control. After 48 hours, 50 uL of MTT (5 mg/mL) in
triple distilled water was added to each well and incubated at
37°C for 4 hours. The medium with MTT was drained, and the
formed formosan crystals were solubilized in 100 uL of DMSO,
and then the absorbance at 570 nm was measured using a
microplate reader (Bio-Rad, USA). The potential of the designed
peptide to specifically target the cancer cells was analyzed
using a confocal fluorescence microscope (Leica Microsystems,
Germany) to image the peptide localization in both normal and
cancer cell lines. The percent of cell inhibition was determined
using the following equation formula (1) and summarized in
Table 2.

Cell inhibition (%) =

1
100-Absorbance (Sample)/Absorbance (control) x 100 )

2.10. Molecular docking of synthetic peptides

Once a complex has been optimized synthetically and bio-
logically, molecular docking studies strengthen the molecular
mechanism, interactions, and binding of protein-synthetic
peptide complexes. So, to study these complexes, protein
structures were retrieved from the protein data bank with PDB
ID:3ERD and PDB ID:5GWK. (https://www.rcsb.org). The retrieved
structures and designed peptides (P1 and P2) were prepared by
using the Protein Preparation Wizard utility in Maestro.*” To
minimize, an Optimized Potential for Liquid Simulations-4
(OPLS-4) force field was used.”® PROPKA algorithm was used to
predict and analyze, the protonation state of ionizable residues
and the tautomeric ionizationstates of His residues of proteins
and synthetic peptides, respectively.””

2.11. Receptor Grid Generation and Molecular Docking
Studies

Receptor grid generation is the primary step before docking.
The grid box is the centroid of residue (28 A). For grid
generation,default parameters, grid for peptide docking, and
OPLS-4 were used. The glide docking program and SP peptide
docking mode were used for molecular docking.””

3. Results and Discussion
3.1. Peptide Design and Synthesis

Recently, in current clinical research development, the Asn-Gly-
Arg (NGR) and Arg-Gly-Asn (RGD) motifs containing many
antitumor homing peptides have been developed, owing to its
strong binding to aminopeptidase N (APN) or CD13 receptor
and integrin protein types.***? Thus, to demonstrate our
suggestion, two short peptides, W-KRGNKWLA-CONH, (P1) and
W-ARGDGGNGRGA-CONH, (P2), were synthesized at the N-
terminus with o-(2,5,7-tri-tert-butyl) tryptophan (W) having RGD
and NGR sequences (to enhance the anticancer activity) and
synthetic yield of the peptides having 90%. To create peptides
using the conventional solid-phase peptide synthesis method,
we used Fmoc-aminoacids and MBHA Rink amide resin. We
added lysine and alanine residues to the N-terminus before
conjugating modified tryptophan residues, which are likely to

Table 2. Anticancer activity of peptides.

S.No In Vitro anticancer studies (ICso, #M)

Peptide sequence Hep-2 HepG2 MCF-7 A375 Vero
1 W-KRGNKWLA-CONH, (P1) 124+0.6 33+09 22+ 35 34+15 43+6.5
2 W-ARGDGGNGRA-CONH, (P2) 940.05 11+3.0 12+£0.51 23+2.1 38+3.2
3 Doxorubicin 10+0.2 1+0.08 0.5+0.12 12 £0.15 16+£1.5

“Results are the average of three independent experiments. Hep2- Laryngeal carcinoma; HepG2-hepatocellular carcinoma; MCF-7- Breast carcinoma; A375-

Human skin cancer; Vero-Normal cell.
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increase cell penetration. Figure 1 depicts the peptides’ final
structure, which was supported by an NMR spectroscopy
analysis (Supplementary Figures S1-54). The N-terminal labeling
and formation of 7 amide back-bone protons appeared at 6
8.6-7.2 ppm, side chain aromatic protons were located at 6 7.2-
6.7 ppm, aliphatic protons & 4.5-1.27 ppm for P1 and 10 amide
back-bone protons appeared at 8.5-7.3 ppm side chain aro-
matic protons 6 7.3-6.7 ppm, aliphatic protons were located at
8 4.5-0.5 ppm, for P2 are observed in the 'H-NMR spectrum
(Supplementary Figures S1 and S3) and 2D TOSCYNMR spec-
trum (Supplementary Figures S2 and S4) of both peptides P1
and P2, which confirmed the total correlation between the
peptide sequences from the cross peaks and diagonal peaks.
The peptide P1 and its purity and molecular weight and purity
of the peptide P1 and P2 were confirmed by mass spectroscopic
analysis and HPLC chromatograms. As a result, the purity of the
peptides P1 and P2 is 98.5% in Figure 2A. ESI mass spectro-
metric analysis of peptide P1 showed the m/z value to be
1323.8400, which matched well with the calculated m/z value
(1323.8543), and similarly, the calculated mass (m/z=
1339.7500) of peptide P2 was confirmed by MALDI mass
analysis (m/z=1339.7503) in Figure 2B.

Based on membrane binding studies, we predicted that
peptides with a greater degree of surface activity would
generally have a higher affinity for the lipid membrane.

Additionally, NGR and RGD peptides have a strong and selective
binding relationship to membrane receptors, including APN/
CD13 and v3, which are significantly increased in the majority
of tumour cells, making them predominantly tumour-specific.
These characteristics led us to investigate the in vitro binding
and penetrating capabilities of the cell membrane. The
anticancer activity of the synthesized peptides was tested using
human cancer cell lines such as Hep-2, HepG2, A375, MCF-7,
and Vero cells.”™ Using a confocal microscope, the N-terminally
modified amino acid-containing peptides’ capacity and selectiv-
ity for uptake by cancer cells were examined. To evaluate the
cytotoxic activity of these synthesized pentameric peptides
containing aminopeptidase N (CD13) binding motif and Asn-
Gly_Arg (NGR) motif, we performed a set of assays and found
that these peptides are showing potential activity toward
cancerous cells (Table 3). In contrast to that, we found out that
out of four different cancerous cell lines, (HepG2, MCF-7, HeP-2,
and A375), the P1 and P2 are most active towards Hep-2 cells.
The potential inhibitory concentration (ICs,) for P1 and P2 on
HeP-2 cell lines is at 9.06 and 12.5 pM when compared to FDA
approved drug Doxorubicin without showing toxic effects to
normal Vero cell (Figure 3). These results suggest that, that the
anticancer effect of the peptides is caused by their greater
hydrophobicity and surface activity. These characteristics en-
courage more effective electrostatic interaction-based peptide

(A)
0050/ "
20.025, 3 P1
0.000: —.
0.06 !
2 003 : P2
0.00 x b
0.00 15.00 30.00 45.00
Minutes
(B) 1323.84
2.8 30000
100m by . P2)  —1339.7504
L -
g £20000
T Z
2 504 'z ,
S - £ 10000
£ |
= g M0 g uﬂl:lzﬁl-‘ e "-!;ll;““-'.z 0 i 'l‘l‘l“:‘—"—
g R e S e 1000 1500 2000
200 800 1200 1600
m/z II'IJ'fZ

Figure 2. (A) RP-HPLC profiles and (B) Mass spectrum of peptides P1 and P2.

Table 3. Table representing Docking score and interactions shown by peptide P1 and peptide P2 when docked in 3ERD and 5GWK.

PDB ID Ligand SP Gscore (kcal/mol) Interactions
3ERD P1 —7.691 GIn 375, Lys 362, Asn 359, Glu 380, Glu 542, Hid 555

P2 —-9.916 Leu 549, Hid 555, Glu 380, Glu 542, Asp 538, Asp 351; Tyr 537, Asn 348 (Water mediated H-bond)
5GWK P1 —-9.732 DNA intercalator; DG13, DC11

P2 —11.121 DNA intercalator; DG 13, DC12, DC11, DG10, and Arg 804

ChemistrySelect 2024, 9, €202304974 (5 of 11)

© 2024 Wiley-VCH GmbH

()
(®)]

(dde 3} A peueA0B 32 S YO 98N JO S3IN1 J0J AZRIGIT BUIIUO AB]IA UO (SUDIIPUOO-PUR-SULIB)LI0"AB]1M: AZR1c][BU 1|UO//'Schil) SUOIIPUOD PU SIS L 31 385 *[7202/20/62] U0 AI1T 3UIIUO A8 *ARiq1 ALRD Ad 2 6v0€202 WE/Z00T OT/I0P/LI0D™AB | 1M Azeiq1jpu juo'ado.ne-Ans Iwaloy/Sdiy Wwoiy papeojumod ‘6 ‘sz ‘67595062

aSTie0 1 SUOLULWIOD) BAITSID) 8GR |



Chemistry

Research Article Europe
doi.org/10.1002/s1ct.202304974

European Chemical
Societies Publishing

ChemistrySelect

Control

A375

Hep2 MCF7

HepG2

Vero

P1

P2

Figure 3. Cell viability assay: normal Vero cell and cancer cells (Hep-2, HepG2, A375, and MCF-7) showing no cytotoxic effects against normal cells. sacle bar 2

microns.

binding to the outer membrane of cancer cells. As a result,
these peptides could be employed to efficiently localize them
on the surface of cancer cells and kill them. Peptide P2 (W-
ARGDGGNGRGA-CONH,), on the other hand, has lower IC,
values than peptide P1 (W-KRGNKWLA-CONH,). These ICs,
values are nearly identical to the inhibitory value of Doxorubicin
(Table 2).5™*? The peptide P2’s improved capacity to reduce
water surface tension correlates well with the lower IC;, values

ChemistrySelect 2024, 9, €202304974 (6 of 11)

obtained for peptide P2. This selectivity towards cancerous cells
suggests that these peptides can bind to protein-expressed in
cancerous cells than normal tissues (Table 2) which is further
validated via molecular docking studies.
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3.2. Surface activity property of peptides

Numerous bioactive peptides, particularly antimicrobial pepti-
des, have been found to have detergent-like surface-active
properties. The air-water interface is where these peptides
exhibit interfacial action.”**¥ The capacity of peptides to
permeabilize lipid bilayer membranes has been linked to their
interfacial activity. We observed changes in the surface tension
of the Tris buffer solution when the synthetic peptides
(10.0 uM) were added. The interfacial affinity of peptides was
determined using the observed fluctuation in surface tension.””
The surface tension reduced over time after the addition of the
peptide to the buffer’s sub-phase, as depicted in Figure 4, and it
eventually achieved its equilibrium value. At 20°C, the Tris
buffer surface tension was 58.87 mN/m. The surface tension
attained equilibrium after injecting P1 and P2 into the Tris
buffer sub-phase, and the equilibrium surface tension values
were observed to be 4845 mN/m and 50.42 mN/m, respec-
tively. This concludes that, P1 and P2 are surface active (P2<
P1), and upon addition of 10.0 uM, the surface tension of Tris
buffer decreased by 10.42 mN/m and 8.45 mN/m respectively.®®

(P1)

Surface tension
(mN/m)

0 2300 4600 6900

Time (s)

3.3. Secondary structure of peptides

We acquired the circular dichroism spectra of P1 and P2 in a
trisbuffer at room temperature to better understand the nature
of peptide-lipid interactions in the peptides’ cell-selective
interactions. P1 may have a random coil structure because a
neat solution of P1 (10.0 uM) in a tris buffer revealed a single
negative minimum at 198 nm (Figure 5). P1 and P2 both
showed a single negative minimum at 200 and 204 nm,
respectively, when POPC SUVs (64 1g) were added before being
tested in a tris buffer (Figure 5). The CD profiles of P1 and P2
were not appreciably changed by POPC vesicles. When peptide
P2 was added to the anionic POPC:POPG vesicles, it indicated
that the peptide backbone had been reoriented to create a
more ordered secondary B-structure on the anionic lipid
membrane and that P1 had slightly changed to an orderly
structure.®”
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Figure 4. Surface activity is achieved from peptide adsorption to the air/water interface. The surface tension of Tris-HCl buffer (58.87 mN/ m at 20+ 1°C)
decreases once peptides P1 and P2 (10.0 uM) are injected into the subphase of the buffer. The observed surface tension decreased for P1= 10.42 and

P2=8.45 (mN/m).
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Figure 5. Circular dichroism spectra of peptides P1 and P2 (10.0 uM) in PBS buffer (1), and with small unilamellar vesicles of POPC (2) and POPC:POPG (3).The

lipid concentration was 64 pg/mL.
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3.4. Mechanism of cancer cell-selective binding of peptides

The capacity of the N-terminally modified peptides to attach to
membranes was verified using steady-state fluorescence meas-
urements. The electrostatic interaction between the anionic
membrane (POPC:POPG) and the zwitterionic membrane
(POPC), as suggested by extensive studies on the mechanism of
killing bacteria and cancer cells by membrane-active peptides,
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would be a crucial element in eliciting their antibacterial and
anticancer activity.®®*” So, using tiny unilamellar vesicles (lipid
bilayer membranes) made of POPC and a POPC:POPG (1:1)
mixture, we studied the selective layer interactions of peptides
P1 and P2 (10.0 uM).*” To test the binding affinity of peptides
towards zwitterionic POPC and anionic POPC:POPG (1:1)
vesicles and fluorescence which contains both native and
modified tryptophan (P1 and P2) (Figure 6). The enhanced

1.51 L (©
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Figure 6. Enhancement of intrinsic fluorescence from peptides (A) P1 (W-KRGNKWLA-CONH, =10.0 uM) upon binding to POPC (a) and POPC:POPG (b)
vesicles and followed by binding constants values are (c) 1.3154x10° M and (d) 1.2012x10* M. Similarly,(B) P2 (W-ARGDGGNGRGA-CONH, = 10.0 uM) upon
binding to POPC (a) and POPC:POPG (b) vesicles and followed by binding constants values are (c) 1.5381x10° M and (d) 1.0284x10* M respectively.
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extent of the intensity rise upon binding and the driver of the
blue shift exhibited in Figure 6 may both be related to the
presence of native tryptophan. This is in line with the
hypothesis that tryptophan binds to bilayers and causes
variations in the depth of penetration related to lipid
composition.

Despite the NGR motif being present in peptide P1, P2
differs from P1 in that it is longer and more hydrophobic
(Figure 2A and Table 1). P1 had a higher affinity for the anionic
POPC:POPG membrane (binding constant: 1.3154x10°> M) than
the zwitterionic POPC membrane (1.2012x10* M). It's interesting
to note that peptide P2 had a stronger affinity for POPC:POPG
lipid vesicles (1.5381x10°M) than it did for POPC
(1.0284x10* M). It is critical to understand that peptide P2 has a
higher affinity for anionic POPC:POPG lipid vesicles than
peptide P1. This result is well correlated with the anticancer
activity of peptide P2 could be higher owing to the presence of
NGR and RGD binding motifs compared to one NGR group
present in P1. The interaction of P2 with integrin and CD13 on
cancer cells (receptor-ligand interactions) could be the first
stage in killing the cells.

3.5. Molecular docking of synthetic peptide and protein

The docking analysis of peptides (P1 and P2) docked in 3ERD
and 5GWK showed that peptides P1 and P2 formed a Hydrogen

bond interaction, as shown in Figure 7. The best conformation
for the peptide was chosen based on the better glide score (SP
Gscore).”

Docking of synthetic peptides into 3ERD: Peptide P2
established deterministic hydrogen bond interactions with the
active site with an SP docking score (SP Gscore —9.916 kcal/
mol) compared with Peptide P1 (SP Gscore —7.691 kcal/mol)
which might be a reason for its good activity. This synthetic
peptide P2 has numerous hydrogen bond interactions with
amino acid residues (Leu 549, Hid 555, Glu 380, Glu 542, Asp
538, Asp 351, and Tyr 537) (as shown in Figure 7A and
Figure 7B). Water-mediated interactions are the potential for
protein-peptide binding which can be observed in peptide P2
(Asn 348). This additional interaction is a strong validation of
why P2 (as shown in Table 3) is more active when compared to
peptide (P1). However, peptide P1 shares hydrogen bond
interactions with protein amino acid residues (GIn 375, Lys 362,
Asn 359, Glu 380, Glu 542, and Hid 555), it is not entirely
engulfed in the cavity which is predominantly surrounded by
hydrophobic residues and makes fewer interactions with the
residues of the receptor.

Docking of synthetic peptides into 5GWK:The results
obtained from molecular docking suggest that bothsynthetic
peptides intercalated within the cytosine and guanine-rich
regions of the major groove of the DNA base pair. It could be
seen that peptide P2 is sandwiched between DNA bases and
shares significant hydrogen bonding interactionat DG 13, DC

Figure 7. 3D binding representation of docked complex of the synthetic peptide with human estrogen receptor alpha (PDB ID: 3ERD) (A) P1 and (B) P2 and
with Human topoisomerase Il alpha (PDB ID: 5GWK) (C) P1 and (D) P2 through non-covalent bonding interaction.
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12, DC 11, and DG 10 (SP Gscore —11.121 kcal/mol). One
additional hydrogen bonding interaction between the NH,
group and the charged residue Arg 804 on the peptide chain (is
shown in Figure 7C and Figure 7D. However, if we look into
peptide P1, they do not bury deep in the binding site. Instead,
they extend farther out of the groove. It shows two hydrogen
bond interactions with SP Gscore —9.732 kcal/mol, i.e, DC 13
and DC 11 with DNA major grooves, and there is no additional
interaction with protein. Thus, the hydrogen bond interactions
play a significant role in stabilizing the synthetic peptide and
DNA complex.

4. Conclusions

The CD13-binding motifs in the P1 and P2 peptide sequences
were chosen to specifically target and kill cancer cells. The role
of the trialkylated tryptophan amino acid (W) at the N-terminus
of the peptides P1 and P2 was included in the design. For the
solid-phase peptide synthesis (SPPS) approach, we used Fmoc-
amino acids and Rink amide resin to combine various amino
acids. NGR is present in peptide P1, and RGD as well as NGR
motifs are present in peptide P2. Mass spectrometry analysis
and Reverse-phase HPLC (RP-HPLC) chromatogram verified the
peptides’ structural integrity and purity of the peptide.ln
addition, to check the interfacial affinity, we performed the
surface tension activity of synthesized peptides (P1 and P2).
Furthermore, a change in the conformational transitionis
observed from an unordered to an ordered structure by circular
dichroism and the structure is finally confirmed by 1D and
2DNMR spectroscopy analysis. Likewise, we found that the
secondary B-structure change in the Peptide P2 CD profile is
due to the anionic (POPC:POPG) zwitterionic (POPC) lipid
membrane. The selective anticancer activity demonstrates that
due to structural variation in P2 as compared to P1 makes it
more selective towards Hep-2 cells which is further confirmed
by molecular docking studies (PDB ID 5GWK, PDB ID 3ERD).Two
binding motifs found in P2-NGR and RGD could be the cause of
this dramatic increase in activity. So, these peptides can be
considered as templates for future cancer clinical treatment as
they serve, good solubility, low toxicity, high selectivity, low
manufacturing cost, biocompatibility, and enhanced therapeu-
tic index.
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ARTICLE INFO ABSTRACT

Keywords: In this research work, a simple hydrothermal technique was employed to synthesize a novel holey graphene
Holey graphene oxide oxide (HGO) intercalated MXene (MX) hybrid composite and utilized for the enhanced removal of methylene
MXene

blue (MB) dyes by irradiation using visible light. The fabricated HGO@MX catalyst exhibited excellent catalytic
activity, and the degraded efficiency achieved was around 99% for MB with a minimum irradiation time of
60 min. The HGO@MX nano-matrix has better photocatalytic action over HGO because of its increased light
absorption ability, efficient charge transference, appropriate band synchronization, and less charge carrier
recombination between HGO and MX. A significant number of active sites are provided on the composite surface
by the synergistic interaction between HGO and MXene, which leads to outstanding photodegradation behavior
and can increase the mass-transfer rates and chemical processes. The radicals the HGO@MX hybrid catalyst
generates are non-toxic and effectively mineralize the selected organic dye. Additionally, HGO@MX showed
great potential with 82% degradation efficiency after five repetitive runs for MB with minimal loss of catalytic
activity. The as-synthesized HGO@GO catalytic material was systematically examined through SEM, TEM, XPS,
XRD, FTIR, TGA-DTA, and Raman analysis. The LC-MS technique described the degradation pathway of MB and
the obtained intermediates. Finally, MB dye degradation and catalytic mechanism pathways were investigated
thoroughly based on the obtained experimental data. The results show that HGO@MX is a promising photo-
catalytic material for the oxidation of MB from the aqueous environment.

Main finding: The hydrothermal approach was adopted to create the hybrid photocatalyst 2D/2D holey graphene
oxide on MXene, which demonstrated enhanced photocatalysis and photo endurance.

Photodegradation
Organic dye

Pseudo-first order kinetics
Reusability

1. Introduction

Dyes are carcinogenic and mutagenic, causing health problems in
living organisms [1]. The complex aromatic structures of dye molecules
are usually non-biodegradable and make them resistant to heat, oxida-
tion and light [2,3]. Among the all-traditional techniques, photo-
catalytic degradation is one of the promising methods in water
remediation which is highly efficient, cost-effective, has the feasibility of
operation and produces a low level of secondary pollution [4,5].

In the presence of charged particles (electrons and holes), the
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selected photocatalytic material undergoes reduction and oxidation
processes on its surface, producing active radical species (¢O3 and ¢OH)
and aiding in the degradation process of dyes in an aqueous environ-
ment [6-8]. Many inorganic materials, such as oxides of Ti and Zn, have
been used as photocatalysts for the degradation of organic molecules for
the past few decades, however, both exhibit low catalytic activity due to
their large band gaps[9]. In place of TiOy [10], ZnO [11], and other
semiconductors, there are some carbonaceous materials that exhibit
excellent photocatalytic properties [12,13] . Moreover, the formation of
heterojunction  photocatalytic ~materials (?D-2D  carbonaceous
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composites) exhibits high resistance to the relocation of charge carriers
as well as increases the separation rate of electrons (e”) and holes (h™)
[14]. Therefore, 2D/2D composite can be better alternative as a novel
photocatalytic carbonaceous material for the degradation of recalcitrant
organic pollutants.

Graphene oxide (GO) has great potential to be used as a photo-
catalytic agent due to its large surface area [15], special chemical
structure [16], and chemical stability [17]. The functionality of GO,
such as carboxyl (COOH), epoxy (C-O-C), and hydroxyl (OH) arranged
randomly on the edges and basal planes of GO, allowing easy chemical
modifications [18,19] . Therefore, GO effectively creates a network with
other organic and inorganic materials through ionic and covalent bonds.
However, the inexorable insertion of functional groups via
over-oxidation causes defective spots on the sp? hybridized graphene
carbon plane, making GO less conductive [20]. The creation of oxidative
cavities within the basal surface of graphene sheets has just acknowl-
edged much consideration in developing GO morphologies; the resulting
material is referred to as holey graphene oxide (HGO). HGO differs from
GO in that it has considerably higher catalytic centers because of the
increased periphery recognized to holes [21]. The HGO with holes af-
fords interlayer transport pathways of electrons across the holey gra-
phene plane and ultimately binds to the surface to heterostructures, thus
overcoming the intrinsic heterojunction thus promotes charge separa-
tion and electron transport. The distinctive porosity structure of HGO
makes it simple to interact with both organic and inorganic molecules,
which has several uses in band gap optimizations. Because of its strong
electrical conductivity, wide operative surface areas, and significantly
more accessible edge activities for ion diffusion, it can create an un-
hindered channel using 2D materials for fast electron transit. Therefore,
the HGO acts as a space interlayer to improve the electrochemical per-
formance of doping material.

Following this HGO, a family of innovative 2D transition carboni-
trides of metals such as MXene has recently received much attention in
water treatment for multiple applications with the general formula
Mp;1XnTx (where n=0, 1, 2, and 3). In this equation, M represents
transition metals, X stands for either carbon or nitrogen, and T repre-
sents surface edges such as -0, -F, or —OH, which are obtained after the
etching of the A (III-group elements) layer from the MAX precursors [22,
23] . The MAX phase has exceptionally stable chemical characteristics
and excellent mechanical strength due to a covalent link between M and
X and a metallic bond between M and A. MXene could act as an excellent
co-catalyst due to its excellent metallic conductivity [24], large surface
area [25], exceptional hydrophilicity [26], different active sites and low
band gap [27-29]. Due to their great electrical conductivity, MXenes
may operate as charge-transfer intermediaries and control their capacity
to capture light, while their functionality governs how they interact with
other materials, such as HGO. Furthermore, by combining HGO with
MXene, we expect MXenes can be a tuner for complex composites which
can efficiently separate the photogenerated electrons and holes, result-
ing in a lower recombination rate [30]. In addition, (2) MXene surface
terminations (e.g., -0, -OH, —F) could be an asset in producing more
active sites on the surface and also at interfaces and enhance the inti-
mate contact with the HGO [31]. In order to obtain enhanced photo-
catalytic activity, we used in-plane pores structure of HGO with
interlayered channels between MXene to prepare HGO@MX nano-
composite. The intimate contact of HGO with MX can promote the
development of a “synergistic effect” so that multiple interfaces in the
composite induce interfacial polarization; therefore, the binary com-
posite exhibits excellent photocatalytic performances towards methy-
lene blue.

In this study, holey graphene oxide intercalated MXene (HGO@MX)
catalytic material was fabricated via a simple co-precipitation tech-
nique. Our literature review shows no studies regarding the photo-
catalytic degradation of dyes using the combination of HGO and MXene
hybrid material under visible irradiation. The prepared photocatalytic
material before and after degradation was systematically characterized
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using FTIR, XRD, SEM, TGA, UV-DRS, XPS, and LC-MS analysis. In
particular, the regeneration experiments were similarly steered to
confirm the firmness of the prepared photocatalyst hybrid. The activity
of the photocatalyst HGO@MX was explored via the removal kinetics of
MB in an aqueous environment.

2. Experimental section
2.1. Chemicals and reagents

The supplemental material in Text S1 provides a complete list of all
the reagents with grade information. The physio-chemical characteris-
tics of the selected dyes are presented in Table S1.

2.2. Fabrication of modified holey graphene oxide intercalated MXene
(HGO@MX) hybrid composite

The binary HGO@MX catalyst composites were fabricated using
docile hydrothermal and freeze-drying processes as follows,

2.2.1. Preparation of direct HF-etched MXene (TisC2Ty)

In the synthesis process through direct etching procedure, 5 g of
Ti3AlCy was added gradually to a 100 mL of 50 wt% hydrofluoric acid
(HF) while stirring using Teflon magnetic bar. Slow addition of MXene
powder is necessary to minimize excessive bubbling formed due to the
exothermic reaction. The etching process was then allowed to proceed at
room temperature (~23°C) for 5 hours under stirring at 300 rpm. The
sample then be separated using centrifugation (5 min per cycle at
3500 rpm) and washed with deionized water until the pH value is almost
neutral. The pH value was determined by using a pH paper indicator.
The sediments were re-washed with 1000 mL of deionized water via
vacuum-assisted filtration using a polyvinyl difluoride (PVDF) filter
membrane with 0.22 um pore size filters. The sample was let to dry in
vacuum oven for 24 hours at 80°C.

2.2.2. Synthesis of HGO via chemical etching

Graphene oxide (GO) was prepared from graphite by using a modi-
fied Hummers-Offeman method [32]. About 2 g of flake-graphiteand 1 g
of NaNO3 were added into the HySO4 (96 mL) solution and the reaction
contents were placed in an ice bath with constant agitation. Then, 6 g of
KMnO4 was added drop by drop to the above mixture with vigorous
stirring at below 20 °C for 2 h. The obtained green thick paste was then
mixed with 150 mL of DI water for 18 h at room temperature while
stirring, followed by diluting 240 mL of DI water. After standing 30 min,
the obtained solid residue was purified by washing, centrifuging and
dried for 2 h and then the obtained product is denoted as GO. Subse-
quently, 5 mL of 30% H0> solution was added into the 200 mL of GO
dispersion, and the reaction suspension was sealed in a Teflon-lined
autoclave at 180 °C. Finally, the obtained yellowish brown HGO pow-
der was washed with DI water followed by ethanol. At last, the final
products were continuously stirred and filtered for 2 h at 100 °C
[32-34].

2.2.3. Fabrication of modified HGO@MX nanocomposite

HGO@MX films were fabricated by the following procedure. Spe-
cifically, the various ratio of MXene and HGO was added on the beaker
with ethanol/aqueous dispersions were mixed via magnetic stirring and
hydrothermal treatment for 30 min to achieve MXene-HGO composite
colloidal suspensions. Finally, the holey graphene oxide intercalated
MXene (HGO@MX) framework was washed with DI water several times
and naturally cooled down at ambient temperature. After filtration, the
dried HGO@MX catalyst was freeze dried and used for further catalytic
experiments.
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Scheme 1. Sample fabrication route for the synthesis of HGO@MX nanocomposites.

2.3. Characterization techniques

All of the characterization procedures used to evaluate the physi-
ochemical and photocatalytic characteristics of the manufactured cata-
lysts are summarized in Text S2.

2.4. Evaluation of prepared photocatalyst

The supplemental information, Text S$3, fully explains the experi-
mental methodology and catalytic procedures utilized to assess photo-
catalytic performances.

3. Results and discussion
3.1. Crystal structure and crystallite phase

The surface functionality of the synthesized materials was investi-
gated via FTIR spectroscopy. The FTIR spectra of GO, MX, HGO, and
HGO@MX hybrid catalyst are depicted in Fig. 1. Different absorption
peaks were obtained to describe the successful synthesis of prepared
materials. The spectra of GO and HGO was exhibited at 3400, 1723,
1630, 1385, 1221 and 1055 cm ™+ correspond to the -OH, -C=0, C=C,
C-OH, O-H and C-O stretching, suggesting the presence of carboxyl,
hydroxyl, and epoxy oxygen in both GO and HGO. The intensity of peak
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Fig. 1. FTIR spectra of GO, MX, HGO and HGO@MX nanocomposites.

(C-OH) of HGO is decreased compared to the GO, which is indicated the
—OH removed partially in the reaction. The presence of ~OH stretching
and —NH stretching vibration of all prepared materials was responsible
for the vibration mode at 3431 and 1626 cm™?, respectively. The peaks
at 2924 and 2860 cm ™! were interrelated to the symmetric and asym-
metric stretching vibration of ~CHj, in all prepared materials [35]. The
corresponding stretching modes of -C—0 and -C-O in all materials were
attributed to 1719 and 1063 cm ™', Additionally, the prominent peak at
563 cm ™! corresponds to the -Ti-O of MXene [36]. The change in
chemical composition of the HGO@MX catalyst after loading of HGO on
MX sheets was confirmed by the shifting and reduction of peak positions
in the HGO@MX material, which is shown in the FTIR spectrum of the
HGO@MX. For instance, the reduced peak intensities were noted at
3431, 2924, 1626, and 1063 cm™!, the disappearance of peaks at
1384 cm™Y; and shifted peaks from 1063 to 1042 em! and
563-609 cm ! clearly indicated that the selected HGO was successfully
draped into the MX sheets.

The crystallographic information of prepared materials was studied
by XRD analysis. Fig. 2 shows the XRD spectra of MX and the HGO@MX
hybrid catalyst. The XRD pattern of MX exhibits the strong characteristic
peaks at 8.91° and 18.09°, which are responsible for the MX. Similar
results were reported for the MXene sheets in the literature by Liu et al.,
[37]. Also, the XRD spectra of MX showed the additional peaks at
16.22°, 22.94°,27.13°, 34.29°, 36.81°, 38.89°, 41.89°, and 60.64° [38].
The slightly increased peak intensities of these oxygenous groups in the
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Fig. 2. XRD patterns of GO, MX, HGO and HGO@MX (inset: enlargement of MX
and HGO@MX) nanocomposites.
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HGO compared to those in GO may suggest the incorporation of some
more oxygen atoms into HGO after the HyO, etching step, due to the
oxidation of carbon atoms by concentrated HyO,. This is further sup-
ported by the XPS results in Table S3, which shows that the relative
atomic percentage of oxygen in HGO is slightly higher than that in GO.
The XRD pattern of the HGO@MX catalyst reflects the peaks of the HGO
and MX materials. This statement was confirmed by the peaks of 8.96°,
12.69°, 18.10°, and 60.82°, which are responsible for the HGO and MX
in the prepared HGO@MX catalyst. The small peak at 12.69° (002) was
attributed to the presence of HGO in the HGO@MX composite. Sharp
peaks of the HGO@MX clearly demonstrate its better crystalline prop-
erties and thus it facilitates accelerated charge transfer between heter-
ogenous HGO and MXene.

3.2. Morphological characterization and the element analysis

The SEM analysis was used to investigate the surface morphology of
the as-prepared HGO@MX photocatalyst in detail. Fig. 3(a-f) depicts the
SEM images of the HGO@MX hybrid composite in different magnifica-
tions. The prepared photocatalyst demonstrates the layered morphology
according to the SEM images of the HGO@MX material. The formation
of small sized in-plane holes were observed on the sheet plate of the
prepared catalyst clearly manifested that stretch and damage of carbon
framework of the GO (inset) which is probably generated by the HyO,
etching and ultimately leaving GO with a holey-like structure (Fig. 3(a)).
The closed layered structure of the MAX phase is clearly visible in the
SEM image. whereas, the MXene layers take on scrunched shapes and
have a hard texture with many ridges Fig. 3(b). Cross-sectional SEM
pictures of a TisCyTx composite that are layered, sleek, and orderly.
Comparing Fig. 3(b) to (c), a top-view SEM image reveals that the layers
are distinct from one another. The Ti3Cy layers have the largest specific
surface areas, according to the partial enlarged SEM image of MX layers,
which is 20 nm on average [39]. Moreover, the dense layer on the sur-
face of MX exhibits outstanding hydrophilicity and electronic properties
for the prepared photocatalyst. These properties help to improve the
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degradation efficiency during the dye treatment process [40]. The pro-
cess of various state of research that aligns on the possibility of sepiolite
structural formation.

After the HGO deposition, the surface does not have any pores but
shows some wrinkles (Fig. 3(e)), confirming the deposition of the HGO
on layers. The random distribution of HGO on MX was clearly confirmed
by the SEM observation. The equal distribution of HGO intercalated over
the surface of MXene, which may surprisingly increase the surface area
and thus greatly induces light absorption capacity. The surface area of
the as prepared HGO@MX nanocomposite was relatively high due to the
increase in the interlayer distance (1.31 nm) of MXene, which led to the
formation of plenty of active sites on the catalyst when compared to
pristine HGO. The inter-layer of the MXene which adheres to the surface
of Holey GO, shows the existence of a multi layered bubble pouch-like
structure as shown in Fig. 3(b).

The overlapping of carbon layers has been further validated by en-
ergy dispersive spectroscopy (EDX) with elemental mapping, whereas
the uniform distribution of oxygen and nitrogen points to the layered
phenomena in the freshly produced nanocomposite. In addition, it is
obvious from Fig. S3, the EDAX and mapping analysis that the Ti, Al, C,
0, and F components in HGO@MX nanocomposite was well synthesized.
Fig. 4(a) displays the TEM pictures of the HGO@MX flakes together with
the corresponding EDAX elemental mapping analysis in Fig. S3. We
measured a single layer of MXene with a thickness of 3.604 nm. The
TEM image amply illustrates the incorporation of HGO nanoparticles
into the space between the numerous layers of MXene (Fig. 4(b)). On the
surface of multi-layered MXenes, a large number of HGO nanoparticles
are also adsorbed. It is worthy to note that the HGO layers were present
on the surface of the multi-layered as well as between the layers of the
MXene also are evenly well dispersed over the HGO@MX.

Notably, the MXene flakes exhibit a big size and a smooth surface
that enable them to stack preferentially and produce more durable
structures, thus giving them an advantage in the application of photo-
catalyst. HGO nanosheets and MX were found to overlap to varying
degrees, and as a result, a well-defined cylindrical stretching structure

Fig. 3. SEM images of (a) HGO, (b-c) MX, and (d-f) HGO@MX nanocomposites.
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Fig. 4. (a) TEM images of Ti3C,Tyx (MXene); (b) single layered TizC,Tx in HGO@MX nanocomposites ((b1) inset SAED pattern) and (c) line profile diagram of as

prepared material.

was seen. This might highlight the increased specific surface area and
active sites. The ultrathin-layered MX nanosheets are uniformly
distributed in solution and in contact with HGO nanosheets. This is
advantageous for enabling the stretching of HGO nanosheets via sub-
stantial physical coupling and is crucial for carrying electrons during the
photocatalytic reaction. The SEM, TEM, and EDAX mapping studies’

unambiguous outline of the MX-grafted, ultra-thin HGO nanosheets
shows that the designed heterojunction was successfully built using the
MX nanosheets and HGO. The SAED pattern of Fig. 4(b1) shows discrete
spots are found to be organized in the shape of circular rings, which
correlated to a hexagonal phase that comprises the (200), (102), and MX
(001), (100) of HGO. The d-spacing gained from XRD and TEM images
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Fig. 5. (a) TGA, and (b) DTA analysis of GO, HGO and HGO@MX nanocomposites.
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are compatible.

3.3. Thermal analysis

The stability of the prepared materials was studied by the TGA
analysis and depicted in Fig. 5. The TGA profile of the HGO, GO, and
HGO@MX photocatalyst were shown in Fig. 5(a). It has been found that
all three materials exhibit the first degradation step just below 100 °C.
This weight loss corresponds to the removal of water molecules present
in the pores of the catalyst during its preparation. The second weight loss
was observed in the range of 100-250 °C and this may be due to the
functional groups like hydroxide, carboxylic, epoxide, etc., for HGO
[41]. The third weight loss was observed at above 480 °C due to the
TizCy MX sheets. The second and final weight loss of the prepared
HGO@MX photocatalyst occurs in the range of 250-800 °C due to the
release of functional groups and the decomposition of HGO and MX
sheets. It is worthy to note that the pure Ti3CyTx MXene decomposes at
about 785 °C [42]. The TGA thermogram shows that the HGO@MX
photocatalyst has much thermal stability than the HGO and GO sheets. It
is anticipated that the carbene fragments inside and in the close prox-
imity of the cavities in the HGO are stabilized by n—r interaction be-
tween the carbide and the graphene oxide moiety. Such a collective
interaction can result in the high thermal stabilization of intercalated
MX-HGO composite.

Moreover, the intercalations of HGO nanosheets among the MXene
matrices during the hydrothermal process inhibit the self-restacking of
MXene flakes and retain high density, increasing the thermal stability of
the nano matrix [43]. The DTA curves initially exhibit a pattern like an
endothermic reaction, but at high temperatures, turn into an exothermic
reaction Fig. 5(b).

3.4. Surface elemental analysis

The elemental compositions of the prepared HGO and HGO@MX
photocatalyst were characterized by XPS analysis. The XPS survey
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spectra of HGO and HGO@MX photocatalysts are shown in Fig. 6(a).
The inclusion of oxygen-containing functional groups in HGO creates
ample opportunities for the creation of hydrogen bonds across MXene
and HGO sheets, preventing MXene from self-stacking and improving
both the migration and separation characteristics of the nanocomposite.
A wide scan XPS spectrum of HGO shows the presence of C1 sand O 1 s
at the binding energies of 287 and 532.9 eV. The wide scan XPS spec-
trum of prepared HGO@MX catalyst shows the presence of C15s,0 1,
Nils, F1s,Al2p,and Ti2p at the binding energies of 287, 532.9, 402,
684.7, 74, and 459 eV as depicted in Fig. 6(b-f). Similar XPS spectrums
were reported by Wang et al.,[44] and Halim et al.,[45] for HGO and MX,
respectively. The peak of C-C upsurges from the inclusion of HGO. The
peak intensity of C-Ti is debilitated because of the HGO introduction,
which diminishes the quantity of MXene in the MX@HGO nano-
composite. Besides, the C-C linkage with polymerized HGO and MXene
enabled photoelectron motion to decrease the electron-hole pair charge
recombination. Based on the results, the HGO was successfully inter-
calated into the MX sheets.

Herein, the nitrogen adsorption-desorption was performed at 77 K to
verify the mitigative restacking structures of the MXene and the results
are depicted in Fig. 7. According to the IUPAC classification, the iso-
therms of all samples show the characteristic type IV with H3 hysteresis
loop. This implies the mesoporous structure. The samples HGO, MX and
HGO@MX show a specific surface area of 168.25, 48.12 and
86.28 m?g !, respectively. The type IV isotherm is obtained with pore
diameter 2.103, 1.514 and 1.301 nm for HGO, MX and HGO@MX
hybrid as depicted in Table S2. Based on the Brunauer-Emmett-Teller
(BET) results, the HGO exhibited a much higher specific surface area
of ~168 m>g ! which is distinctly superior to than that of pristine GO
(~127 m2.g™ 1), probably because of the holes. Also, the MX has a spe-
cific surface area of only 48.12 m?/g due to its severely restacking dense
structure, limiting the approachability of MXene flakes to electrolyte
ions. Amazingly, the surface area of HGO@MX was achieved as
86.28 m?/g, which is distinctly superior to pure MX. This is because the
holey graphene itself possesses a high surface area on account of the
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presence of abundant nanopores in the basal plane. The presence of
abundant nanopores on the HGO surface, whereas the GO has no pores.
Furthermore, the incorporation of holey graphene into the MXene layers
can effectively reduce its severe stacking, resulting in the formation of a
highly interconnected pore connectivity channel, which is very advan-
tageous for accelerating the transport of electrons [43]. Meanwhile,
HGO@MX exhibited a more prominent pore size distribution with
mesoporous structures in the range of 1-3 nm, which could be ascribed
to the nanopores in the basal plane of HGO@MX nanocomposite. This is
because the holey graphene itself possesses a high surface area on ac-
count of the presence of abundant nanopores in the basal plane. In
addition, the introduction of holey graphene into the MXene layers can
effectively reduce its severe restack, forming a highly interconnected
pore connectivity channel, which is very favorable to accelerate the
transport and diffusion of ions in heterojunction requiring fast char-
ge/discharge processes.

Interestingly, the addition of MX on the surface of HGO provides
higher pore volume to surface area of materials tend to have greater
adsorption capacity (larger particle size). As can be seen from the data,
as surface area grows, so does the average pore diameter and the pore
size distribution. Table. S2, provides a summary of the variables that
were utilized to compute the pore size distributions. This will end up
with the enhancement of the photocatalytic performance. The BET re-
sults propose an adsorption assisted oxidation of pollutant dyes from the
contaminated water.

Zeta potential measurements were used to investigate the surface
characteristics of as-obtained hybrids. Fig. S2 summarizes the results,
which reveal that the negative zeta potential value of GO (-8.06) is
transformed to the greater charge for HGO (-6.31 mV) due to lowering
of surface charge of COO™. This might be related to the conversion of GO
to HGO, which results in a partial loss of oxygen and carboxylic groups,
which is responsible for the lower negative zeta potential value. MX, on
the other hand, has a very low zeta potential (—29.9) value. However,
the nanocomposite HGO@MX hybrid shows an increase in zeta potential
(—18.3mV) due to reduced functional groups on the edges. The
enhancement in MX surface charge potential of the HGO@MX hybrid is
indicative of MX binding onto HGO, which has previously been shown to
stack onto graphene rings through n-n interaction. Furthermore, chela-
tion between MX nanosheets and HGO nanosheets, as well as hydrogen
bonding interactions between MX nanosheets, might be driving forces
for layer-by-layer assembly, which ultimately hold the charge of the
HGO@MX nanocomposite.

The optical characteristics of the HGO@MX catalyst nanocomposite
are analyzed using UV-Vis spectra and depicted in Fig. S3, which have an
absorption band spanning from 320 to 520 nm and an absorption edge
at 410 nm. In the area of visible light, the HGO@MX catalyst exhibits a

wide absorption edge. The photocatalytic process at the heterojunctions
was improved by the increase in light absorption in the visible region.
For the HGO@MX catalyst nanocomposite, the average value of Eg
determined from the linear plot of (h)Y? vs hv was 2.7 eV. Compared to
bare HGO and MXene materials, the band gap edge is observed in the
visible light range. Hence, the HGO@MX catalyst can be stimulated by
visible light and create additional electron-hole pairs, the increase in
band gap makes it possible for the HGO@MX nanocomposite to function
as an effective photocatalyst in dye molecular mineralization.

In semiconductor-based photodegradation processes, photo-
luminescence (PL) studies are very important for the photo-induced
electron/hole pair recombination analysis. The prepared HGO@MX
demonstrated a strong emission centered at 450 nm when excited at
360 nm (Fig. 8(a)). Photoluminescence studies have demonstrated that
the PL peak can be systematically blue-shifted as the MX composition is
decreased. The addition of MXene has significantly altered the peak
intensity of the HGO@MX composite. A subsequent decrease in the in-
tensity of emission suggests lower recombination of e /h" pairs. The
excitation wavelength of the photocatalyst will gradually reduce due to
the recombination of electrons and holes present in it. When the ratio of
peak intensities is disturbed over a portion of the disordered functional
groups, the degradation process is significantly slowed. MXenes act as
suitable electron acceptors to suppress the charge carrier recombination
process. According to our results, the composite HGO@MX exhibits the
greatest deterioration toward MB. Furthermore, the capacity of the
catalyst is greater as the nanocomposite dose is raised above 25%. This
behavior can be related to the fact that excessive catalyst dose prevents
the catalyst from absorbing visible light, hence lowering photocatalytic
activity.

Raman spectra of MXene-based composite exhibit a prominent band
at 1594 cm ™!, which is triggered due to the chaotic shape and bond
stretch motion of the sp>-hybridized carbons. Because of the flaws
created by the holes in the HG nanosheets, the Ip/Ig value of HGO was
0.93, greater over HGO@MX (0.90). The abundance of functional
groups on the hole edges may cause dipoles, resulting in the desirable
polarization loss. Furthermore, the oxygen-containing functional groups
on the surface of HGO promote hydrogen bond formation with the
MXene sheets, preventing MXene self-stacking and strengthening the
layered structure of HGO, as estimated from Fig. 8(b).

3.5. Evaluation of photocatalytic and kinetic performance

Irradiation time was used to study the photo-mineralization effi-
ciency of the HGO@MX nanocomposite. Fig. 9(a) shows the photo-
catalytic activity for MB dye degradation over MX, HGO, GO@MX and
HGO@MX samples when exposed to dark and visible light. The mixtures
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Fig. 9. (a, b) Dropping of MB quantity (C/Cop) in the occurrence of the fabricated photocatalysts; and (c, d) a linear plot of light illumination time vs In(Cy/C) for
0-60 min for mineralization of MB in perceptible light irradiation. (Investigational settings: 0.1 g/L photocatalyst, Preliminary dye quantity of 50 mg/L, intensity of

light of 0.16 mW/cm?, and temperature of 24.7 °C).

are stirred in the dark for one hour to avoid the adsorption effect prior to
photocatalytic degradation. Under visible light irradiation, the
HGO@MX composites exhibit greater photodegradation capacities than
bare MX, HGO and GO@MZX, indicating that the incorporation of HGO
with MXene can boost photocatalytic activity than the GO@ MX due to
higher defective(active) sites as depicted in Fig. 9(b). The abundant in-
plane pores of HGO with few nanometers size (~0.406 nm) possess high
intrinsic double layer at edges form heterojunction compared to GO.
This increase of the number of active sites together with the reasonable
design and enhancement of the active site activity facilitate the high

performance. Moreover, the HGO@MX blend retards the recombination
of e-h' pairs as they can act as p-n junction. By the irradiation study it
was evident that within 60 minutes of light exposure, the GO@MX and
HGO@MX nanocomposite had degraded the MB dye molecule to their
maximal efficiency, which was 81% and 99% for MB dye as shown in
Fig. S4(b).

The enhancement in deprivation capacity was ascribed to the
enhanced Eg of HGO@MX and GO@MX nanocomposite which would
improve the deprivation proficiency of the catalyst in the visible range.
The plot of In (C,/C) versus time (t) for different concentrations C, of MB
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(Fig. 9 (a)) fits well with the experimental data to pseudo-first-order
kinetics as shown in Eq. (1)

_dc_
dr

kC (€8]

Where “k” represents the pseudo-first-order rate constant; “C” is the
equilibrium concentration of the stock solution with the integration of
Cyp at time t = 0, which represents to C = Cp

It showed that there were line fitting results between In(C; /Cp) and t,
showing the Langmuir-Hinshelwood first-order reaction kinetic model
representing the removal rate of MB using HGO@MX and GO@MX
(Fig. 9(c, d)). The observed regression coefficient (R?) was 0.9999,
0.970, 0.864, and 0.749, respectively, when the initial pH of the dye
varies between 5.0 and 9.0 as shown in Table S3. As shown in Fig. S4, the
enhanced dye mineralization was attained at pH 6.03 and 7.09 (99% and
92.5%, respectively) within 60 min than the GO@MX. On solution pH,
the MB molecules present in quinone and azo structures with conjugated
n-system are responsible for the adsorption on HGO@MX nano-
composite as shown in Text S4.

The oxidation of the pollutants exhibits an impressive efficiency of
about 99% for MB dyes within 60 min whereas the GO@MX exhibit
degradation efficiency of 81%. The photodegradation capacities of
HGO@MX nanocomposite compared with various catalysts reported in
previous works for the removal of MB are listed in Table S4.

3.6. Elucidation of active species, total organic carbon (TOC), and Hz02
generation

The production of reactive species by the incidents of perceptible
light is a key factor in the photo—mineralization of organic dyes. The
information about the trapping of species in the study is given in Text S5.
The findings also show that the ¢OH and eO5 radical is the predominant
species involved in the photocatalytic oxidation activity by HGO@MX
nanocomposite (Fig. S5). The results confirm that the hydroxyl (eOH)
and superoxide (e03) radical played a key role in the photodegradation
of the MB dye molecules and was primarily involved as the active,
reactive species. On the other hand, the other radicals do not signifi-
cantly impact the photodegradation of MB dye molecules. The outcomes
demonstrated that O3 radicals play a potential role in the active photo
mineralization of MB in visible light irradiation.

The mineralization of parent dye molecules into final products such
as COy and Hy0 were determined by TOC analysis (Fig. S6(a)). The TOC
content diminished 0.87 ppm from 50 ppm, after 1 h of photocatalytic
oxidation of dye, which provides more to the adsorption, photolysis, and
photodegradation during dye removal. Also, the substantial fall of TOC
was used to scrutinize the mineralization of MB in the HGO@MX matrix
by Eq. (2):

TOC (%) = TOC/TOC, x 100 (2)
that concerning the extent of the elimination process, the HGO@MX
hybrid photocatalyst Where, TOCy and TOC are the former and final
concentration of dye MB in the HGO@MX photocatalyst, as shown in
Fig. S6(a). The lower degree of mineralization of about 32% occur on
adsorption of dye on composite and the decolorization (photolysis)
occur due to the destruction of the azo group with 48% efficiency,
whereas on light irradiation the complete mineralization may occur of
about 82% on HGO@MX/Vis system with formation of stable interme-
diate products for their breakdown of chain molecule on dye by oxida-
tion via reactive oxygen species upon photogenerated e  and h* on Hy0,
production (Fig. S6(b)) with various amount of catalyst from 0 to
30 mg/L by KI dosimetry method discussed detailed in Text S6.
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3.7. Photodegradation pathway and intermediates of MB catalyzed by
HGO@MX

The intermediates formed in the depreciation of each MB dye
molecule were identified and examined using the LC-MS analytical
method. Fig. S7 (upper) and (lower) show the positive and negative ESI
values before and after MB degradation in the HGO@MX system. A
potential mechanism for mineralization is shown in Fig. 7. For MB dye
molecules, the LC-MS investigation and the values of m/z are crucial in
determining several deprivation intermediary phases, including chro-
mophore cleavage, de-ethylation, ring-rupture, and mineralization. The
attack of the eOH radical initiates the collapse of MB dye molecules by
swapping of one of their benzene aromatic rings with OH groups. As a
result, the generation of intermediates with m/z values of 357(DP2), 343
(DP3), 325(DP4), and 293(DP5), respectively, take place. In addition,
the N-C bond heterolytic cleavage triggered the demethylation of pre-
cursors complexes which further deteriorate into less complex or lower
organic molecules with m/z =74, m/z =65, and m/z =56(DP11-13).
Additionally, products of ring-opened low molecular weight substances,
such as butane, sulfoxylic acid, etc., also are produced. Further attacks
on intermediates by the OH radicals result in the formation of HyO, COs,
and inorganic salts as the final products.

3.8. Intrinsic mechanism for the highly efficient photocatalytic
performance of HGO@MX heterojunction in MB degradation

The mechanism behind the mineralization of MB using HGO@MX
under light irradiation was displayed in Scheme 2. The HGO@MX was
capable of enhanced photodegradation efficiency for MB dye and was
partly owing to the increased adsorption of MB by the MXene. Since the
functional groups like hydroxyl (OH-), carboxyl (COO-), epoxy,
aluminum (Al3+), and fluoride (F) ions were present on the surface of
the HGO@MX nanocomposite, enhancing the number of pollutants to be
reacted with OH radicals. This is due to the fact that introducing holey
graphene into the layers MXene may significantly expand the space
between layers and ameliorate the heaping of the MXene nanosheets,
resulting in a larger utilizable surface area of the ions of the electrolyte.
Moreover, upon irradiation of holey graphene and MXene flakes, the
nanopores in holey graphene may significantly facilitate the flow of ions
across the whole surface area and trigger the creation of charge carriers
to form an intense nanopore-linked network to form p-n heterojunction.
HGO, on the other hand, functions as a space to stop MXene from self-
restacking effectively and creates a highly connected network of nano-
pores that may greatly speed up the process of charge separation and
minimize the recombining of electron and hole couples. The enhanced
degradation efficiency of the pollutants on HGO@MX shows that the
interconnected hole interrelation with petite diffusion pathways is
favorable for fast charge transport which favors the higher degradation
rate towards pollutant removal.

Under optical irradiation, photoexcited electrons of the hetero
HGO@MX 2D/2D p-n junction emerge out from VB of HGO and move to
the adjacent CB. Photoelectrons can swiftly move from the conduction
band (CB) of HGO to MX through remotely comparable hetero-junction
because the electric field of MX is much more energetic than that of the
CB potential of HGO. A vast number of electrons produced on the surface
of MX in a typical decomposition process interacted with O, to create
superoxide radicals (eO3). Meanwhile, the hydroxyl ions (OH) and
water adsorbed on the catalyst surface interacted with photogenerated
holes to produce hydroxyl radicals (eOH).

The photocatalysis reaction mechanisms in the presence of Hy05
under visible light irradiation were summarized as follows:
HGO@MX S (h* + ") HGO@MX 3)

OH +h'(HGO)— ¢ OH + e~ 4
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The H,0 molecules confined in the holes are induced photolytically
and produce eOH radicals. The generated eOH radical could act as a
prevailing oxidant for the fractional or total degradation of MB dye
molecules. The ht on the VB of the photocatalyst also has the capability
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to oxidize the dye molecules [46,47] . The electron excited to the CB was
subjugated by the dissolved molecules of oxygen in the reaction mixture
and produced 05 radicals. The inclusive photo-excited e™-h™ pair shift
makes a number of radicals, including 03, ¢OH, and h*, which are
further added to the overall dye degradation process. Due to the fact that
aretarded combination rate of e /h™ subsequently their separation leads
to a quicker formation of reactive species, delayed recombination of
pairs of e and h™, works a significant part in the photocatalyst’s effi-
ciency. The HGO@MX hybrid showed improved catalytic activity to-
wards the photocatalytic degradation of MB due to the excellent
charge/mass transfer capacity of HGO, slight size and unvarying scat-
tering of the particles, and close contact between HGO and MX for
encouraging synergistic effects.

3.9. Photostability and recyclability

In a practical perspective, a photocatalyst must have high reusability
and stability. In this investigation, five successive cycles were used to
validate the reusability of the photocatalyst HGO@MX. The photo-
catalyst after degradation study was recovered by centrifugation for the
reusability test. The recovered catalyst was washed with ethanol and
dried under a vacuum at 100 °C for 10 h. The reusability test demon-
strated that the HGO@MX photocatalyst remained stable and only
slightly lost photocatalytic activity after being recycled four times
(Fig. 11). The long-term reliability of the fabricated photocatalyst with
regard to of both morphology and structural features was also studied.
The XRD and FT-IR patterns of the HGO@MX catalyst before and after
the photodegradation study was the same (Fig. S8(a, b)). This demon-
strates the structural stability of the synthesized catalyst. Again, the TEM
morphology of treated catalyst strongly supports the sample’s
morphological solidity with even surface as shown in Fig. S8(c, d). These
findings demonstrate that the new HGO@MX nanocomposite has
remarkable reusability and stability, which makes it suitable for the
effective oxidation of MB dye molecules in the Vis system.

4. Conclusions

The holey graphene oxide draped MXene (HGO@MX) hybrid archi-
tecture was successfully fabricated using a simple co-precipitation
method. Experimentally, it was found that the as-synthesized
HGO@MX hybrid photocatalyst was found to be effective for the
removal of MB dye molecules under visible-light irradiation in aqueous
media. During the photocatalytic process, HGO and MX act as the me-
dium for electron transfer and the production of radicals, respectively.
The HGO@MX hybrid material exhibits an oxidation efficacy of 99% for
MB with a respective irradiation time of 60 min using visible light
irradiation, respectively. As a result, the Vis/HGO@MX system was
considered to be important for the photocatalytic oxidation of both MB
from aqueous media. The radicals e03 and eOH were responsible for the
photodegradation of MB dyes. Moreover, the presence of HGO on MX
material was absolutely enhanced the photocatalytic activity during the
degradation of MB under light irradiation. The primary mechanisms of
MB removal were described via cleavage of oxidation of the C-H bond,
de-carboxylation, C-N bond, and de-chlorination process. The photo-
catalytic efficiency of selected dyes remained at 82% after five repetitive
cycles, which clearly demonstrates the excellent stability of the
HGO@MX hybrid composite. According to the above statements, this
investigation describes that the HGO@MX hybrid material was a suit-
able candidate for the degradation of organic dyes from aquatic phase.
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Abstract: Owing to the entry of COVID-19, starting
from the year 2000, India managed online education
well for more than a year and a half. Now, the question
is to understand whether the online mode of education
is as effective as the face-to-face classes. This study
intends to focus on identifying the challenges and
finding the opportunities to enhance the quality of
online engineering education with respect to
Computer Science and Engineering (CSE) branch. A
survey was conducted using a questionnaire involving
the chosen 2nd year, 3rd year, and 4th year students of
CSE department, Velammal College of Engineering &
Technology, Madurai (VCET), who have had the
experience of acquiring knowledge through both
offline and online modes. The spreadsheet software
was used to filter, organize as well as visualize
quantitative data, and descriptive methodology was
adopted for the data analysis. The result of the study
will lay a scope to understand the existing gaps in
online CSE education and the proposed ideas to fill the
same enhancing the resources. Further, this study may
play a pivotal role in making effective online CSE
education at par with face-to-face classes completely
possible and preferable.
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1. Introduction

With the emergence of Corona Virus (COVID-19)
at the end of 2019 in China and its gradual
encroachment into India in the year 2000, there were
quite a lot of lifestyle changes worldwide. The sudden
closure of educational institutions resulted in abrupt
stoppage of flow of knowledge. To compensate this,
the online education came into picture with a lot of
challenges (Garcia-Morales et al., 2021; Pilav-Velic et
al., 2021). The students were not mentally prepared
and the faculty members were not completely trained
(Jain & Sharma, 2022). In addition, the educationists
were in a state of flux as to whether to invest in online
resources or not (Asfour & Alkharoubi, 2023). In
course of time, with COVID-19, not being completely
controlled, the education was rendered to the students
through online mode (Wong, 2023).

Velammal College of Engineering & Technology
(VCET), Madurai, offers undergraduate programmes
in the following streams namely Civil Engineering,
Computer Science and Engineering, Electrical and
Electronics Engineering, Electronics and
Communication Engineering, Information
Technology and Mechanical Engineering; also, it
offers post graduate programmes in the above-
mentioned disciplines except the Civil Engineering.
VCET became the forerunner to start the online
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classes using Google Meet efficiently. With a simple
demonstrative session by the IT personnel and with
limited resources and intermittent network
connection, the members of VCET started to manage
the flow of knowledge using the smart devices. Thus,
VCET assured business continuity, flow of
communication, and undisrupted knowledge transfer.
The paper intends to analyze the challenges and
drawbacks faced by the students with respect to online
computer science and engineering education so that
strategies could be devised towards addressing the
identified problems to enhance the teaching learning
process.

2. Literature Review

With the intervention of Corona Virus (COVID-
19) in the end 0f 2019 in Wuhan, China (Sansa, 2020),
the scare of being infected by the same has started
getting into the nerves of each of the countries across
the world. The World Health Organization proclaimed
COVID-19 to be a Public Health Emergency of
International Concern on 30 January 2020 (Wee et al.,
2020). Gradually the widespread of COVID-19 in
various countries was witnessed. India is not an
exception to this, as in course of time, it witnessed the
entry of COVID-19 in Kerala on 30 January 2020
(Jayesh & Sreedharan, 2020). As a course of action,
travel ban, the immediate closure of educational
institutions, recreation centres, malls, etc., came into
picture followed by a series of lock down which
disturbed the normal routine of the people. Initiatives
were taken by the government to educate people about
the spread of the pandemic through print and audio as
well as video messages (Shaanxi Normal University,
2020). This pandemic situation affected every aspect
oflife including education.

As urged by (Hodges et al., 2020) and endorsed by
(COL, 2020; OECD, 2020), Emergency Remote
Teaching (ERT) is a quick alternate arrangement to
manage the pandemic situation (Bozkurt & Sharma,
2020) to ensure the consistent flow of education by
redefining the teaching methods which (Millman,
2020) calls as "pandemic pedagogy." As a measure to
cope with the pandemic situation, distance learning
was adopted by the educational institutions (Wu,
2020; CDC, 2020) so that social distancing could be
guaranteed. Though it was initially a challenging task
to manage education during the lock down situation
(Wang, 2020), things started falling in place gradually.
In course of time, the world witnessed many
educational institutes adopting online education and

continuously putting efforts to assure better learning
environment (Murphy, 2020). The burning issue
during the pandemic with respect to online classes
was the drive amidst the faculty and students to adopt
it as an alternative. Teachers with ‘work from home’
(Hubbard, 2020) option found it hard to handle the
task (Luoetal., 2020).

Meanwhile, the limitations and the challenges that
were brought by COVID-19 on educationists with
respect to education occupied the majority of the
literature (Huber & Helm, 2020; Judd et al., 2020;
NFER, 2020) out of which some came up with
meticulous action plans to handle remote teaching
commendably (Ferdig et al., 2020) and the rest
appreciated the transformation of mindset of the
stakeholders in this regard (Moorhouse, 2020; Zhang
et al., 2020). UNESCO Director-General Audrey
Azoulay observes this globe-wide educational
disruption as an education crisis (Education
International, 2020) and (UNESCO, 2020)
acknowledges that the online education is the only
way to cater to the knowledge transfer. Online
education promises and provides study materials
anytime, anywhere which contributes to learning at
their own pace and convenience (Gewin, 2020). Due
to this and advancement of digitalization, noted
universities like Tsinghua, Peking, Harvard, MIT,
Yale, Oxford and Cambridge had already brought
online education in place in the last decade (Bao,
2020) itself.

Online platforms like MS Teams facilitates the
effective transfer of AV materials instantly (Barteit et
al., 2020) and this helps in commanding students’
enthusiasm and contribution resulting in meaningful
learning (Konig, 2020). Broadcasting of audio files,
telecasting of video lectures, relay of MOOCs
(courses), and NPTEL courses also facilitate distant
learning (University of British Columbia, 2020).
Blended learning which is a combination of online
and offline classes facilitate connectivity through
Google form, Learning Management System like
Moodle, Blackboard, Canvas etc., for assigning tasks
and evaluating the performance of the students. Active
learning helps students in knowledge acquisition
much faster than any other way. The interaction
between faculty and students are supported by LMS as
instant messaging could be tiring.

With the emergence of online assignment

submission and online tests, the genuineness of the
person submitting the assessment and the originality
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of the submission are questionable (Borge & Mercier,
2019). Monitoring of students during assessments is
still a challenge as there has been hesitation and
reluctance sensed amidst the students especially girls
(Sanderson, 2020). In addition, the study by (Flores et
al., 2020) pinpoints that despite spending more time in
making online teaching effective, there was hardly
any creditable student participation or engagement.
The need for the inculcation of artificial intelligence
(Lim, 2020) to impart education in online mode more
effectively has become the need of the hour (World
Bank, 2020). Online education (McKimm etal., 2020;
Goh & Sanders, 2020) has become indispensable and
so in the post pandemic era, one should be prepared
for a mix of online and offline classes for the same
syllabus (Zhu, 2020). Hence, it calls for an attention to
update advancements in the digital literacy and the
education tools to bring in an effective teaching
learning process (Jandri¢, 2020). This aspect forms
the crux of the study that was conducted on CSE
students of Velammal College of Engineering &
Technology (VCET), Madurai.

3. Methodology

Keeping in mind to identify the opportunities and
challenges with respect to information acquisition
pertaining to Computer Science and Engineering
branch of study, a questionnaire consisting of 20
MCQs was made (Littlefield, 2018). It was based on
multiple choice questions with varied number of
options depending on the context. Convenient
sampling method was adopted. The students of CSE
branch who had the experience of online education
were chosen to be the samples for the study. Formal
permission was acquired from the head of the
institution as well as the CSE department to conduct
the survey. The purpose of the study and the questions
were explained to the students. The students were
given the choice to agree or disagree to be the part of
the survey. In addition, to assure confidentiality, the
identities of the students are not revealed to anyone.
The survey was conducted employing a Google Form
shared through their respective class WhatsApp
groups. 100 students filled up the questionnaire,
however, only 81 responses were considered for the
study. The other 19 were incomplete and distorted.
The result of Cronbach Alpha reliability test
considering all the items present in the questionnaire
was 0.834 which is highly significant in terms of
reliability. After confirming the validity, the MS Excel
Spreadsheet software tool was used to filter, organize
as well as visualize quantitative data, and descriptive

JEET

methodology was adopted for the data analysis.
4.Data Analysis

Out of 81 total respondents of 2nd, 3rd, and 4th
year students of CSE branch, 48 were female students
and 33 were male students; 25.9% from 2nd year, 58%
from 3rd year, and 16.1% from 4th year of study.
96.3% of the respondents claimed to have the
experience of both online and face-to-face learning
experiences with respect to online CSE education;
93.8% asserted to have got the basic digital literacy to
access online classes before taking them up. It can be
interpreted that online education was not a new
phenomenon before the pandemic period very
specifically in Madurai region. The youngsters of
today have got exposed to the basic digitals skills as
they are more familiar with social media applications,
webinars, Skype calls etc. which is acknowledged by
(Suharto & Ambarwangi, 2021) as well. This has
enriched their digital experience and so adopting to
online education and tools became an easy task.

When asked about the items they enjoyed in online
classes, 45.7% mentioned that online classes facilitate
them to study at their own pace; 30.9% felt relieved
that there wasn’t any need for commuting to college;
11.1% felt listening to recorded lectures recurrently
made them learn better; 6% felt good about the lack of
need to dress up and be appealing whereas 5% enjoyed
online assessments, and 1.3% considered flexible
submission of assignments to be enjoyable. It is very
significant to note that most students like to study at
their own pace without any peer pressure or the
regulations imposed by the instructors which is in line
with the findings of (Gewin, 2020). However, whether
the students opting for this will be able to learn time
management remains a question that needs further
probing.

When enquired about the methods that engaged
them personally to learn digitally, 33.3% mentioned
small group work, 29.6% voted for project-based
learning, 27.2% opted for individual assignment, and
9.9% liked the large group tasks. This clearly suggests
that small group tasks are considered more effective
with the complementary skills helping each other. The
small group also facilitates easy and effective
coordination which may not be possible effectively in
large group coordination and communication. Task
based learning is almost equally preferred because
division of the work, following up of the same, and
consolidating of the results happen instantly and aptly
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Fig.1: The methods engage personally to learn digitally

(Lambert et al., 2023). When a specific task is
assigned, 56.8% preferred working in a small group,
33.3% opted for working in pairs and 9.9% wanted to
work individually.

When questioned about the digital approaches that
motivated them to learn, 32.1% mentioned that
animations really make them stay tuned and this is
confirmed by (Maisaroh & Endahati, 2022; Mansor et
al., 2020; Schneider et al., 2023), 28.4% mentioned
that PPT presentations are good to learn from, 14.8%
were enthusiastic about online exercises, 9.9% liked
all kinds of audio-visual materials, 8.6% were thrilled
about using digital pen and slate whereas 6.2%
preferred the white board and pen. It is worthy to note
that the art of writing is losing its momentum be it
using digital pen and slate or white board and pen. The
students of today are ready to type out and feel
reluctant to write. This may be due to their mobile
addiction where they communicate via social media in
the form of texting, voice messaging, and voice or
video calling. Added to this, with their mobile phones,
they are quite used to prediction of words or text as
well.

When asked about their experience with online
learning from home digitally, 67.9% mentioned that
they are comfortable learning at their own pace at
home whereas 21% mentioned that they get distracted
with various activities like people chatting, watching
tv, visitors, external noise etc. 8.6% mentioned the
difficulties they faced with respect to inconsistent
flow of Internet and how they had to suffer carrying
the device from a place to another place looking for
strong signal strength of the network, and 2.5%
complained that the home situation is only
challenging and it is not at all favorable for learning.
This calls for an attention of providing equally a
conducive atmosphere at home also to facilitate
effective learning as reflected by (Barai, 2020; Keser
Aschenberger, 2023).

When commenting about the type of video lectures
that made their learning effective, 61.7% mentioned

that the video lectures delivered by their faculty to be
more effective following the video lectures delivered
by unknown experts, video lectures delivered by
reputed overseas universities, and lastly NPTEL video
lectures which is contrary to the findings of
(University of British Columbia, 2020). This calls for
an attention with respect to analyzing the
effectiveness of NPTEL lectures as these are
considered to be one of the major development
programmes to upskill oneself. We need to understand
the reasons behind the least preference of NPTEL
lectures and motivate students to overcome those and
to actively learn from those. Students’ preference for
the video lectures delivered by their faculty
encapsulates that they are designed in accordance
with the students’ frame of reference and meant for
getting better grades in their exams.

et Delivered by my [sculty
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Cverseas Universiles

@ ¢ Deiivered by uninown
Bapers

Fig.2: Video lecture effective for learning

When given a choice about the most preferred
method for clearing doubts, 45.7% wanted to ask the
instructor and clarify their doubts directly whereas
32.1% preferred to go through the online material
providing additional explanation, and 22.2%
preferred to post the query in the discussion forum to
get inputs from the instructor as well as peers. Despite
various means, asking the instructors directly and
clarifying the doubts stands the most popular and
preferred as the instructor can provide explanation
keeping in mind the level of understanding of the
student/students. Secondly, the instructor may give
relevant examples and additional information with
respect to the issue which may not be possible when
you look for information online. Hence, when they
post a query and when the peers respond, there is still a

. AGK I8 TR ECT DL
N Oniine e

& B Post e query i 8
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[ get g from your peee
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provkEng an addbonal
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Fig. 3: Methods for clearing doubts in online learning
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lack of confirmation till the instructor intervenes. This
acknowledges the indispensable role of instructor
support be it online or offline which is in line with the
study by (Mohd Basar et al., 2021; Nagi & Bojiah,
2020).

When clarified about the sense of being
comfortable using a cell phone or computer camera to
show their face only for the purpose of identification
during demos, presentations, or exams, 69.2% agreed
without any hesitation and mentioned that there
wasn’t any problem about it which is contrary to the
findings of (Sanderson, 2020). However, 18.5% felt
awkward and found it to be objectionable whereas
12.3% remained in a state of confusion as to what to
say. Most students agreeing for the motion is a good
sign of understanding the importance of academic
integrity as we do not have an option to confirm who is
carrying out the assessment. If the instructor does not
check, he or she may end up assessing someone else
instead of the specified student.

When examined about the challenges they faced
when taking classes in a fully online environment,
42% mentioned that inconsistent flow of Internet is
the major challenge. The students suffer attendance
issues owing to this and at times they may have to
shuttle in and out of the online class due to intermittent
network which will affect the smooth transfer of
knowledge. This may hamper the building up of
rapport with the instructor and the peers as well.
Following this, 34.6% mentioned that they have
sensed a lack of concentration during online classes,
12.3% complained about the unavailability of smart
devices that makes online classes more effective and
lastly, 11.1% did not have enough private space to do
their online classes peacefully. This again stresses the
importance of having a peaceful and conducive
atmosphere to facilitate learning at home.

When commenting on the online class platforms
like Zoom or Google Meet, 39.5% mentioned that
they felt socially disconnected with their peers as they

® 2. Denvices are nol that srart

® b Mo corsishency in the high-
SPeEg INeTmne| a0ess

™ C. Mo priviie: space

™ 4 Lack of conceniralion

Fig. 4: Challenges of online environment
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did not have the opportunity to share and care for each
other in person which reflects the results of the study
conducted by (Hehir, 2021). They missed the real time
discussion and clarification that contribute towards
learning. 38.3% mentioned that they could not focus
and follow lectures, 12.3% felt online classes to be
ineffective, and 9.9% felt no inclination to acquire
knowledge from online classes. Being socially
disconnected with peers and instructor drastically
affect the mental make-up of the students. This could
be the major reason for finding online classes to be
ineffective and lacking in commanding student
engagement and participation.
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Fig. 5: Challenges in Zoom/Google Meet classes

In terms of instructional mode and materials,
45.7% felt that there was a much-pronounced lack of
communication, 19.8% had issues using software,
18.5% faced issues pertaining to accessing and
submitting assessments, 8.6% could not access course
materials with ease, and 7.4% could not understand
the instructions completely. This may be due to the
unpreparedness from both the faculty and the
students’ side. Online education was adopted as a
matter of emergency service (COL 2020; Hodges et
al., 2020; OECD 2020) and so neither faculty nor
students had ample formal training to equip
themselves for this mode of education. The faculty
members tended to use the same instructional
materials and assessments for the course (Dayal,
2023) which is a matter of serious concern as to how
they will fit in when there is a change in the mode of
delivery.

@ 2 Google Java
@ b. Kahgot

@ c Slack

@ o Canvas

Fig. 6 : Tools for assignment submission
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With respect to online mode of instruction, the
overall experience was rated to be 43.2% of satisfied
level and 18% of very satisfied level. This clearly
indicates that the students are ready for online
education as the dissatisfied level and very dissatisfied
level stand at 3.5% and 2%. However, 33.3% stands
neutral as to what to decide calls for a redressal of
equipping the faculty and students to be trained
enough to involve in online classes and developing of
the course content and instructional materials that suit
the purpose of education in online mode.
Nevertheless, 46.9% stated that the online mode is
good for semi-theoretical courses, 42% recommended
online mode for theoretical courses, and 11.1%
insisted that it fits in for lab courses as well. More than
10% suggesting that online mode is good for lab
courses is a good sign because with no big technical
support, lab courses were conducted online to keep up
with the knowledge transfer flow during pandemic.
This recommendation from students suggests that
with proper training and resources, effective teaching
oflab courses through online is possible.

When asked about their suggestions to make lab
courses effective through online mode, 33.3% voted
for 3D enhanced practical sessions, 16.1% suggested
to enhance IT infrastructure, 14.8% recommended a
Learning Management System (LMS) to be in place,
13.6% voted for hybrid or blended mode of learning,
11.1% recommended digitalizing scientific materials,
and safeguarding educational platforms. It is very
clear to comprehend that the IT infrastructure should
be enhanced to accommodate LMS to impart 3D
sessions using digitalized instructional materials and
education tools to make the user experience a fruitful
one.

For the submission of assignment, 49.4% preferred
Kahoot!, 25.9% preferred Google Java, 23.5%
preferred Canvas, and 1.2% preferred Slack. Kahoot!
is a social learning platform, with users of the game
gathered around a common screen such as an
interactive whiteboard, projector or a computer
monitor. The site can also be used through screen-
sharing tools, like Zoom or Google Classroom.
Students find it easy to comprehend through Kahoot!
be it a short answer or writing the answer in detail.
Hence, the students prefer to use this platform for
assignment submission. As Kahoot! is user-friendly,
game-based, and simple process of accessing, it is
proved to have more liking from the students
(Altawalbeh & Irwanto, 2023; Sinnivasagam & Hua,
202

Second preference is given to Google Java as it
ensures that every assignment or work given to the
students is done in the right way (Baharum et al.,
2020; Skalka et al., 2020). Students get automatic
evaluation after submitting their assignment and it
makes sure that the student gets marks after satisfying
all the requirements of the project assigned. For this
reason, Google Java may be considered easy to handle
from the instructors’ points of view whereas it is said
to be hard to handle as evident from the students’
responses. These are not so familiar to students owing
to its complexities and the lack of training. The studies
by (Marachi & Quill, 2020; Ragupathi & Pinto, 2022)
explain the varied features of Canvas and their
effectiveness in enhancing the learning experience in
detail. Though Canvas is also preferred as equal as
Google Java, it does not seem to be very popular
amidst the samples; Slack is the least preferred and it
is quite possible that the tool is unexplored. Hence, it
is important to train the people involved and use a
variety of tools for the enrichment of learning
experience.

When they are asked to suggest innovative
teaching methodologies for online mode of teaching,
61.7% suggested game-based learning, 19.8% wanted
pre-recorded video lectures, 11.1% recommended
mind map, and 7.4% wanted class blog. Though,
game-based learning cannot be suitable for all the
courses, it seems to command more student
engagement. Pre-recorded lectures have its own
flavour of favouring students with the recurrent use
for more clarity as these are demonstrative in nature.
The preference for mind map and class blog are least
rated as these may command some participation at the
students’ end. This clearly suggests that the students
want something readymade and easy to access to
manage their study.

51.9% suggested that the complete online
engineering education was not effective whereas
48.1% felt that it is effective. Amongst this, a greater
number of boys and a smaller number of girls have
found online education to be very effective. 54.3%
disagreed to enroll for an online postgraduate course
but 45.7% agreed to get admitted. Amongst this, a
greater number of boys and a smaller number of girls
agreed to take up their post graduate degree
programme completely online.

5. Conclusion

It is concluded that there are many niceties abiding
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online learning. Studying at our own pace of time and
convenience, exploring novel education tools for
online mode of education, engaging in small group
works for performing tasks, watching animations,
listening to recorded lectures by the faculty, clarifying
doubts instantly through the learning platform, game-
based learning, and online submissions through
Kahoot! to name a few. However, the overall
responses suggest that a completely online CSE
education will not be effective and majority
disagreeing to enroll into a completely online post
graduate course highlights the need to address the gap.
The suggestions to include 3D sessions with digitally
modified instructional materials, arrange for proper
training of the faculty members and students,
incorporate more game-based assessments, employ
varied education tools, invest in high-speed Internet
connectivity, and other IT infrastructure are to be
taken seriously to embark onto this journey.

6. Recommendations

* Hand written assessments are losing its charm
owing to the emerging technologies. Hence, this
study intends to recommend typing of the answers
from the beginning of the college level education.
These days there is no concern for any hand written
manuscript and in the college level education,
checking the knowledge of spelling is also not the
priority. Moreover, the similarity index will
significantly find out and report the originality of
the submission. It is recommended to have the
plagiarism software to be embedded in the LMS
platforms that is provided for task submission. The
students also can check and verify at their ends
which will help them work further and submit
again.

* For online education to be more effective,
counselling sessions should be arranged for family
members of the wards stressing the importance of
maintaining a quiet private space which is
conducive for online learning.

e It is recommended to identify the challenges
pertaining to NPTEL courses so that these could be
improved to make the students attend them
willingly.

» It is recommended to recognize the changing role
of the faculty from instructor to facilitator so as to
train him or her in the light of digital literacy to
equip them to make the teaching learning process
more striking.
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e It is recommended to find out ways and means to
monitor students during examinations using
recognition of facial expressions, movement of eye
balls, gestures, and postures.

e Itisrecommended to develop smart devices meant
ideally for educational purposes so that there are no
distractions to the learners in any manner.

* Online education comes with a lot of issues
pertaining to the social disconnection. It is
recommended for the instructors to incorporate a
lot of interactive tools with respect to group work
to let the students collaborate and learn better.

e It is recommended to have a mix of online and
offline modes of education when imparting
engineering courses as this will help in social
interaction and hands-on learning. For these
reasons, students enjoy blended or hybrid models
to realize the ease of learning at their own
convenient pace as well as learning practically
interacting with peers and instructors.

* The LMS platforms like Kahoot! needs intense
promotion amidst students. More LMS platforms
should be introduced to the students for the ease
and engagement of the students with the content
and the instructional materials.

* Game-based learning proves to be commanding
more attention and interest. It is time to explore the
concept of the Metaverse which is undeniably
becoming a part of every technology that makes
our lives easier. It is recommended to bring in 3D
technology, establish virtual learning environment
embedding artificial intelligence, augmented
reality, mixed reality etc., to make the learning
experience vivid and participatory. However, it is
also suggested that one should know that the selfin
the real world and the self in the virtual world are
two different identities. Nevertheless, the self in
the virtual world could be an alter ego of the real
identity. It becomes compulsory for the instructors
to clarify all these to the students before they
expose the students to this kind of environment to
avoid the student’s tendency to suffer identity
crisis.

7. Future Research
The correlation between studying at their own pace

and time management should be analyzed. In addition
to the effectiveness of online delivery and digital
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instructional materials, the need for a peaceful
ambience at home is still stressed by a considerable
number of students. Further probing in this regard
should be carried out in the Indian context in general
and Madurai context to be specific. Game-based
learning seems to be promising in commanding
student engagement however, whether it contributes
towards academic performance remains a query. The
effectiveness of 3D materials, education tools, formal
training on online education, peer learning, and online
lab courses still need in-depth analysis with respect to
Madurai context.

8. Limitations

The study is based on the responses from the
sample size of 81 from an institute. Hence, the
findings cannot be generalized. Further, the study was
conducted only on the students of CSE major which
further restricts itself to idealize the findings with
respect to CSE education as a whole.
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