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ARTICLE INFO ABSTRACT

Keywords: Lectins are renowned for recognizing specific carbohydrates, but there is evidence that they can
Lectins ) bind to other endogenous ligands. Therefore, lectin can be used as a carrier to recognize glyco-
Metal nanoparticles conjugates on the cell surface. The anticancer, antibacterial, and immunomodulatory properties
:22::22;31 of some lectins are established. Metal nanoparticles (MNPs) have been used in various fields

recently, but their documented toxicity has raised questions about their suitability for biomedical
uses. The advantages of MNPs can be realized if we deliver the NPs to the site of action; as a
result, NPs may achieve greater therapeutic efficiency at lower doses with less toxicity. The use of
carbohydrate specificity by lectin MNPs conjugates for diagnostics and therapeutics was
addressed. The review summarised the multidimensional application of lectins and described
their potential for delivery of MNPs in future drug development.

Drug delivery

1. Introduction

The introduction of the first sustained-release formulation of Dexedrine in 1950 accelerated the research on modern drug delivery
methods. Drug delivery systems (DDS) have made a great impact on secure transport and maintaining desired therapeutic levels of a
drug at a specific biological location [1]. For example, siRNA formulated with lipid nanoparticles were successfully delivered to liver
[1]. The existing DDS are liposomes, niosomes, polymersomes, microencapsulation, implants, nanoparticles (NPs), and transdermal
drug delivery. Liposomal doxorubicin (Doxil®) and liposomal amphotericin B (Ambisome®) are well-known examples of
FDA-approved medications based on liposome technology [2]. Excellent reviews have been published from time to time about the
development of drug delivery methods, which emphasizes that an ideal DDS would deliver the drug only to the target biological site
[3]. In this context, lectin, a carbohydrate-binding protein, was proposed as a drug carrier since 1988 to target specific glycans on the
cell surface [4]. In the last three decades, there has been a wealth of information about different types of lectin, structure, carbohydrate
specificity, and lectin binding other than carbohydrates, and the applications were documented [5,6]. Lectins like as jacalin, conca-
navalin A, and pea lectin have been shown to bind to porphyrin and other ligands besides sugar [5]. A galactose specific lectin isolated
from Erythrina cristagalli is used to negatively select NK cells. Galactose-specific lectins, such as jacalin and Ricinus communis agglutinin,
are useful in glycoprotein profiles of hematopoietic cell lines, particularly megakaryocytes [6]. This review intends to describe the
possible implication of lectins for therapeutics, especially as a carrier for metal nanoparticles (MNPs), which have not been the main
focus of any review.

The thesis presented by Doctor Hermann Stillmark, University of Dorpat, in 1888 described the agglutinating property of partially
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purified ricin from castor seeds, which was considered the beginning of lectin research [7]. Agglutinin was widely used until 1950 to
describe substances and extracts that caused erythrocytes and other cells to agglutinate. The name "lectin" was coined in 1954, which
defines plant-derived substances that detect and differentiate blood group components based on sugar specificity [8]. Lectins are
carbohydrate-binding or glycoprotein that binds reversibly with specific carbohydrates found in glycoprotein and glycolipids. The field
of lectin gained more attention after the seminal paper by Sharon and Lis in 1972 [9]. They found lectins with high selectivity for
distinct cell types, as well as lectins that agglutinate red blood cells. Later, many lectins were isolated from different sources, including
plants, animals, fungi, and bacteria, and now it is realized that lectin is omnipresent [10]. Lectins are involved in cell-to-cell in-
teractions, cell migration, embryogenesis, immune defence, sugar transport and storage, host protection, organ formation, and
inflammation. Various lectins exhibit varying specificity to carbohydrates, including fucose, mannose, galactose, sialic acid, N-ace-
tylglucosamine, N-acetylgalactosamine, complex glycans, and glycoproteins [10]. Despite their ability to recognize and bind to car-
bohydrates, lectins differ largely in their tertiary structure, function and application [11]. Thus, lectins therapeutic applications
emerged from their specificity and selectivity to cell surface glycans. This feature offers a huge potential for inhibiting microbes or
target cells (Table 1).

2. Lectins as inhibitors

The viruses like HIV-1, coronaviruses, and influenza A have high-mannose-type N-glycans on their surface. The banana lectin
(BanLec) from Musa acuminata binds to viral glycan and displays antiviral activity at an ICsq value of 9.72 nM. Similarly, snowdrop
lectin and griffithsin display anti-HIV activity at nanomolar range [12]. In silico study showed that jacalin from jackfruit seeds binds to
the glycosylated region of the receptor-binding domain (RBD) of SARS-CoV2 and alters its conformation. The conformation change in
RBD affects their binding to human angiotensin-converting enzyme 2, suggesting the inhibitory potential of jacalin [13]. The
water-soluble lectin from Moringa oleifera seeds (WSMoL) alters the membrane permeability to exhibit growth inhibition activity
(5.2-167 pg/mL) against Bacillus sp., Bacillus. pumillus, Bacillus megaterium, P fluorescens, and Serratia marcescens [14]. A chitin-specific
lectin isolated from the leaves of Lantana camara exhibits bactericidal activity at 10 pg against E. coli, P. aeruginosa, and Klebsiella
pneumoniae, reaching better activity than the standard antibiotic ampicillin, as evidenced by the zone of inhibition (ZOI) method [15].
The antibacterial activity of Andrias davidianus lectin (ADL) isolated from the skin of the salamander Andrias davidianus was tested by
agar disc diffusion method (10 pg per Petri dish). The findings showed ZOI against B. subtilis, S. aureus, E. coli, C. perfringens and
Shewanella sp. ADL affects bacterial glucose degradation pathways and inhibited cellular respiration, resulting in cell death [16].
Biofilm acts as a hide-out for bacteria and represents a key mechanism of bacterial resistance. It is known that certain lectins suppress
biofilms. Bauhinia variegata (BVL-I) lectin prevents the attachment of Streptococcus sanguinis and Streptococcus mutans to the oral cavity.
BVL-I binds to the carbohydrates on the surface of bacterial cells at 200 pg/mL and inhibits the adherence of microorganisms [17].
Calliandra surinamensis leaves contain a lectin (CasuL), which showed growth inhibitory and antibiofilm activity (6.25-800 pg/mL)
against non-resistant S. aureus, methicillin-resistant S. aureus (MRSA), and S. saprophyticus with comparable activity to the control
drug, tetracycline [18].

The binding of lectins to fungal carbohydrates may impede the bioprocess of the fungus and produce inhibitory activity. Jackin
isolated from the seeds of Artocarpus integrifolia inhibited the growth activity of Fusarium moniliforme and Saccharomyces cerevisiae.
Fluorescence spectroscopy study suggests that the chitin binding protein, Jackin interacts with chitin through hydrophobic in-
teractions mediated by tryphtophan side chain and glucosamine rings. Thus, jackin may recognize the fungal surface through hy-
drophobic interaction, and inhibit the germination of F. moniliforme at concentarion of 2.25 mg/mL. Jackin impair the normal growth
of hyphae by stopping mycelium from forming spores. Similar activity was recorded with the lectin frutackin isolated from the seeds of
Artocarpus incise [19]. CasuL exhibited antifungal activity against Candida krusei with minimum fungicide concentrations (MFC) of
250 pg/mL. CasulL induced dramatic cell morphological alterations, including cell rupture and release of cytoplasmic content [18]. The

Table 1

Representative lectin sugar specificity and their bioactivity.
Lectin Abbrev. Specificity Bioactivity Ref.
Banana lectin BanLec Mannose/glucose HIV-1 inhibitor [12]
Jacalin Jacalin Galactose SARS-CoV2 inhibitor [13]
Moringa oleifera seeds WSMoL Fructose and porcine thyroglobulin Antibacterial [14]
Lantana camara lectin LCL Asialo mucin, melibiose, chitin, methyl o,D Antibacterial, antifungal [15]

galactopyranoside
Andrias davidianus lectin ADL Porcine submaxillary glycoprotein (PSM), asialo-PSM Antibacterial [16]
Bauhinia variegata lectin BVL-I Lactose, galactose and D-GalNAc Antibiofilm [17]
Calliandra surinamensis leaves CasuL ovalbumin, fetuin and bovine serum albumin Antibacteria, antibiofilm, antifungal, [18]
lectin cytotoxic

Jackin Jackin Chitin Antifungal [19]
Frutackin Frutackin Chtiin Antifungal [19]
Chondrilla caribensis lectin CCL Lactose Antibiofilm, antiprotozoal [20]
Concanavalin A ConA Glucosides, mannosides Antiprotozoal [21]
Polygonatum odoratum lectin POL Mannose Antitumor [22]
Haliotis discus discus lectin HddSBL Sialic acid Anticancer [23]
Polygonatum cyrtonema lectin PCL Mannose Cytotoxicity and apoptosis [24]
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antiprotozoal activity was documented from Chondrilla caribensis lectin (CCL) extracted from a marine sponge. CCL causes direct
structural damage to promastigote with an ICsq value of 1.2 pM. CCL binds to the L. infantum surface glycans, lipophosphoglycan (LPG)
and glycoinositol phospholipid (GIP) and induces reactive oxygen species (ROS) production to kill the parasite [20]. ConA extracted
from Canavalia ensiformis displays antiprotozoal activity at 0.39 pM against L. amazonensis. The ConA treatment eliminated pro-
mastigotes in a post-infection period and increased the expressions of cytokines such as IFN-y, IL-6, TNF- a, IL-4, IL-2, and IL-10 to
overcome L. amazonensis infection [21]. These findings suggest that inhibitors may be developed for infectious diseases using lectins
that may bind to specific cell surface glycans.

The change in glycosylation pattern was considered a hallmark of oncogenic transformation. Lectins capable of recognizing these
changes can inhibit cancer progression. The specific binding of Polygonatum odoratum lectin (POL) to the mannose inhibits signs of
apoptosis at an ICsg value of 23 pg/mL in A549 lung cancer cells without disturbing healthy lung cells [22]. Recombinant adenovirus
gene encoding Haliotis discus discus lectin (HddSBL) with specificity to sialic acid inhibits the proliferation of hepatocellular carcinoma
cell line (Hep3B), colorectal cancer cell line (SW480), and lung cancer cell lines (A549 and H1299). The mechanism of action of
HddSBL was attributed to the downregulation of anti-apoptosis factor Bcl-2 without caspase activation [23]. Polygonatum cyrtonema
lectin (PCL) induces autophagy and apoptosis in cancer by interacting with the carbohydrate-containing receptors on the cancer cell
surface. A375 — a human melanoma cell line treated with 15 pg/mL PCL induces both autophagic and apoptosis pathways simulta-
neously via enhanced production of mitochondria ROS and activating the p38-p53 pathway [24].

3. Lectins for targeting and their application

The extent of glycosylation differs significantly in pathological conditions. Owing to carbohydrate specificity, lectins are useful in
diagnosis via glycan recognition (Table 2). The glycosylation of cancer antigen 15-3 (CA15-3) was affected by breast cancer. Wheat
germ agglutinin (WGA) and macrophage galactose-type lectin (MGL) functionalized onto europium (III)-doped nanoparticles (Eu™>-
NPs) recognize glyco variants of CA15-3, thereby distinguishing metastatic conditions from healthy subjects [25]. Bandeiraea sim-
plicifolia (BS-1) lectin recognizes the over-expression of galactosylated glycans in the saliva of breast cancer patients [26]. Lectins are
also useful in pathogen detection. The binding of WGA to the cell wall carbohydrates of bacteria was used to detect bacterial path-
ogens, E. coli and S. aureus, in 5 min up to a concentration of 10° cells/mL [27].

The unique glycan binding properties of lectins are an attractive option for carrying drugs to deliver precisely to diseased cells and
tissues [Table 2]. In 1988, Woodely and Naisbett demonstrated the bioadhesion of tomato lectin (TL) to the luminal surface of the small
intestine [4]. Later, researchers confirmed that TL binds to intestinal mucus. The bioadhesion nature of lectin allows the drug to retain
longer in tissues. Aleuria aurantia lectin (AAL) extracted from the edible orange cup mushroom mediates antigen delivery to M cells (M
stands for microfold or membranous) found in the intestinal epithelium [28]. BanLec binds with the immune system to induce a strong
IgG4 immune response and is regarded as a potential carrier for oral antihapten immunization [29]. Maackia amurensis lectin
(MAA/MAL 1) isolated from Maackia amurensis seeds enhances the cytotoxicity activity of the chemotherapy medication paclitaxel.
The MAA/MAL I reduces the dosage requirement of paclitaxel, indicating their chemo-adjuvant potential [30]. Bauhinia purpurea
agglutinin (BPA) with specificity to galactose distinguishes human prostate cancer and normal prostate. BPA-PEG-modified liposomes
are a useful anticancer drug carrier to treat prostate cancer [31].

NPs coated with WGA interacted more effectively with lectin receptors on the alveolar epithelium. Researchers employed respi-
rable aerosols made of lectin-functionalized poly (lactide-co-glycolide) to establish high antibiotic levels in the lungs to treat Myco-
bacterium tuberculosis H37Rv [32]. Dioclea violacea lectin (DVL) has no antibacterial activity. Still, it has some specificity to mannose,
and galactose allows DVL to enhance the antibacterial activity of gentamicin against multidrug-resistant S. aureus and E. coli. When
DVL and gentamicin were combined, the MIC of gentamicin reduced from 50.8 to 10.1 pg/mL against S. aureus and from 32 to 12.7
pg/mL against E. coli [33]. A similar observation was reported with Vatairea macrocarpa lectin (VML). The VML potentiates the
antibacterial action of gentamicin, norfloxacin, and penicillin against S. aureus, resulting in MIC reductions of 512 to 128 ug/mL, 40.3
to 32 pg/mlL, and 512 to 406.4 pg/mL, respectively [34]. Artocarpin extracted from the heartwood of A. heterophyllus showed anti-
bacterial activity. The MIC of artocarpin against MRSA and E. coli was 62.5 pg/mL, and the MIC against P. aeruginosa was 250 pg/mL.

Table 2

Representative lectins for targeting.
Lectin Abbrev. Specificity Target Ref.
Wheat germ agglutinin WGA NeuNAc and GlcNAc Metastatic conditions [25]
Macrophage galactose-type lectin ~ MGL Galactose and N-acetylgalactosamine Metastatic conditions [25]
Bandeiraea simplicifolia lectin BS-1 a-Gal, a-GalNAc, Gala-1,3Gal, Gala-1,6Glc Breast cancer [26]
Tomato lectin TL Poly N-acetyllactosamine Intestinal mucus [4]
Aleuria aurantia lectin AAL Sialylic, a-1-fucose M cells in intestinal epithelium [28]
Banana lectin BanLec Mannose/glucose Immune system [29]
Maackia amurensis lectin MAA/MALI  Sialic acid Transmembrane mucin receptor protein podoplanin [30]
Bauhinia purpurea agglutinin BPA Galactose Prostate cancer [31]
Wheat germ agglutinin WGA NeuNAc and GlcNAc Alveolar epithelium [32]
Dioclea violacea lectin DVL Mannose, and galactose Glycans in bacteria [33]
Vatairea macrocarpa lectin VML Lactose Glycans in bacteria [34]
Artocarpin Artocarpin Mannose Glycans in bacteria [35]
Parkia platycephala lectin PPL Glucose/mannose Glycans in bacteria [36]
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When artocarpin combined with norfloxacin against S. aureus, P. aeruginosa, and E. coli showed synergistic activity [35]. The effec-
tiveness of antibiotics against specific strains is affected differently by different lectins. For example, Parkia platycephala lectin (PPL)
reduces the MIC of gentamicin against the MDR S. aureus and E. coli by 61 % and 36.9 %, respectively [36]. At the same time, PPL
cannot potentiate the action of gentamicin against P. aeruginosa because the extracellular polysaccharides produced by P. aeruginosa
may prevent the drug entry. These reports suggest that lectins could be helpful as an adjuvant in the development of innovative
antibiotic-synergistic therapies to combat MDR strains.

4. Bioactive metal nanoparticles

The particles with a size less than 100 nm were considered as nanoparticles (NPs). The physicochemical properties of NPs differ
significantly from their bulk counterparts. Among many nanoparticles, the ease of synthesis allowed the development of metal NPs
(MNPs) applications in diverse biology, chemistry, and physics areas. In the subsequent section, we briefly illustrate the recent
development in bioscience with selected MNPs. Silver NPs (AgNPs) with a size of 10 nm and a concentration of 1 pg/mL were shown
inhibited SARS-CoV-2 viral replication than the large NPs and improve the cell proliferation of SARS-CoV-2 infected Vero E6 cells [37].
The antigen (recombinant trimeric HA from influenza A/Aichi/2/68 (H3N2)) and adjuvant (FliC) dual conjugated with 18 nm AuNPs
act as a potential carriers and display strong cellular and humoral immune response against influenza upon intranasal administration
[38]. Ghaffari et al. (2019) demonstrated that 75 pg/mL zinc oxide NPs (ZnO NPs) reduce HIN1 influenza viral load in the infected
host cells by blocking hemagglutinin and neuraminidase glycopeptides [39]. Selenium nanoparticles functionalized with an antiviral
drug, oseltamivir (Se@OTV), exhibit enhanced antiviral activity through synergy against the HIN1 influenza virus [40]. The MIC of Se
alone is 1 mM, whereas the MIC of Se@OTV reduced to125 pM. MNPs are demonstrated to work against multi-drug-resistant bacteria
and other chronic bacterial diseases. AgNPs conjugated with thiosemicarbazide and ciprofloxacin synergistically inhibit
ciprofloxacin-resistant P. aeruginosa. These AgNPs at concentration of 32 pg/mL synergistically inhibit bacterial growth and replication
by inhibiting mexA and B efflux gene expression [41]. Palladium nanocrystals incorporated with hexagonal pores of MCM-41 (Mobil
composition Matter No 41) coated with ZnO NPs (Zn/Pd-MCM-41) exhibit photodynamic activity against multi-drug resistant E. coli,
P. aeruginosa at MIC of 30 pg/mL and S. aureus at MIC of 20 pg/mL [42]. ZnO NPs (0.002-5 mg/mL) inhibited fungi such as A. alternata
and F. verticillioides by releasing Zn>" ions [43]. SeNPs synthesized using lactic acid bacteria Lacticaseibacillus paracasei (isolated from
human breast milk) effectively inhibit the Candida and Fusarium species at the concentration of 15 pg/mL as compared to 15 pg/mL
selenium precursor. These SeNPs adhere to the pathogen surface and penetrate successfully to damage the fungi [44]. An antifungal
drug, Amphotericin B in deoxycholate buffer (Ampd), in complex with AuNPs lysed 27 % of human RBC, whereas Ampd showed higher
toxicity lysed 97 % hRBC. Ampd-AuNPs (0.25 mg/kg of Amphotericin B) effectively clear C. neoformans infection in mice brain tissue
[45]. Several MNPs are reported with anticancer activity [46]. Zinc oxide nanorods prepared through the precipitation method induce
cytotoxicity against human liver cancer (HepG2) cells via ROS generation, depolarization of mitochondrial membrane potential and
also induces apoptotic gene markers [47]. Palladium nanoparticles (PANPs) biosynthesized using Saudi propolis exhibited anticancer
activity against MCF-7 ductal carcinoma with an ICsg of 104.79 pg/mL [48]. PVP-stabilized PANPs significantly decreased the viability
of MCF-7 cells by disturbing mitochondrial membrane potential, damaging nuclear DNA and inducing Caspase3/7 activity [49].

5. Toxicity of nanoparticles

Many research papers describe the biological application of MNPs, but the limited knowledge and lack of standard procedures to
assess nanotoxicity restrict their use in biomedical science. Titanium oxide (TiO2) NPs are generally considered non-toxic, and their
production reaches approximately ten thousand tons per year to meet demands in various industries. The post-disposal of TiO, NPs was
shown to affect the regular biochemical process. During exposure to 42 pg/mL of TiO3 NPs, Caco-2 cell lines accumulate TiOy NPs and
potentiate the production of pro-inflammatory cytokines [50]. It affects the intestinal epithelium and reduces the cell viability
significantly compared to the control. Rats treated with the potassium octatitanate fibers (0.25 mg) showed pulmonary toxicity,
suggesting that the respirable fiber may induce carcinogenicity [51]. AGNPs and AuNPs are popular in basic nanotechnology and have
shown huge potential as antimicrobial and anticancer agents. Rats consuming AgNPs water showed dose-dependent accumulation of
NPs in various tissues, including the liver [52]. Prolonged exposure to 300 mg/kg AgNPs affects the blood cells and induces fatty
degeneration in the liver and kidneys [53]. The MRC-5 cells exposed to an excess dose (>10 ppm) of AuNPs up-regulated the
pro-inflammatory genes and tumour necrosis factor expression [54]. Rats exposed to AuNPs showed accumulation of NPs on he-
matopoietic bone tissue and resulting bone marrow toxicity [55]. A dose-dependent toxicity effect of zinc oxide (ZnO) NPs was
observed in rats exposed to 100 mg/kg animal body weight. ZnO NPs exposed rats showed pathological changes in the liver and
kidneys [56]. The dissolution and biodistribution of metal ions from the NPs are important for nanotoxicity. The copper ions released
from copper oxide (CuO) NPs affect the immune system by depleting the lymphoid cells in the thymus and spleen organs [57]. The
results from several toxicology investigations with MNPs shows that the dose of NPs required to treat diseased conditions should be
lower than that of normal cell lines. The following section provides an overview of the potential of lectins to cargo MNPs for effective
use in biomedical applications.
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6. Lectin conjugated metal nanoparticles
6.1. Lectin-MNPs as biosensors

Fe304 nanocomposites (FeNC) prepared with graphene quantum dots and ConA through physical mixing showed an electro-
chemical response in identifying malignant HeLa cells over normal endothelium cells. The ConA guided the cancer cell detection by
recognizing the modified glycans (a-p-mannosyl and a-p-glucosyl residues) in the cancer cell surface. Due to the specificity, the FeNC in
complexes with doxorubicin (DOX) showed external magnetic fields induced control drug release against malignant cells [58]. The
glycocode of normal, fibroadenoma, and invasive ductal carcinoma in human breast tissues were distinguished by Caramoll lectin
conjugated Cadmium telluride (CdTe) nanocrystals. By fluorescence microscopy, CdTe lectin conjugates differentiate the glycan
profile in normal and transformed tissue [59]. ConA conjugated with carboxyl functionalized AuNPs was used to detect prostate cancer
by recognizing prostate-specific membrane antigens, and the linear detection range is 10 pM-100 nM [60]. AuNPs conjugated Lens
culinaris lectin (LcA) detects liver cancer biomarker AFP-L3 glycoprotein [61]. Peanut lectin-immobilized fluorescent nanospheres
were able to detect human colorectal adenocarcinoma cell lines over-expressing Thomsen-Friedenreich antigen, and the imaging agent
attached to cancer cells on the mucosal surface with high affinity and specificity [62]. The conjugation of Soybean lectin, wheat germ
lectin and ConA lectin to the magnetite NPs and their interaction with the human epidermoid carcinoma A431 cell line were analyzed
using Magnetic Particle Quantification based cytometry (MPQ-cytometry) method. The results suggested that Soybean lectin conju-
gated magnetite NPs showed a promising binding with A431 cell line up to 4.2 pg/cell [63]. AuNPs fabricated with different lectins
(WGA, LcA, and ConA) were used to evaluate the glycan expression of carcinoembryonic antigen (CEA) by chronoamperometry. These
lectin-based biosensor recognize the N-glycan of CEA and distinguish CEA between healthy and cancer patients serum samples [64].
Jacalin, a lectin isolated from jackfruit seeds, binds to cadmium sulphide quantum dots (CdS QDs) with an association constant of 10~
M™!, comparable to lectin-carbohydrate interactions. Thermodynamic parameters associated with the binding suggest that the
interaction is spontaneous and governed by an enthalpy-driven process. Hemagglutination inhibition assays popularly used in lectins
suggest that the binding site for CdS QDs on the jacalin surface is distinctly different from the carbohydrate-binding site. Jacalin’s

K562 cells stained with Jacalin-CdS QDs
TS

jacalin-CdS QDs

Fig. 1. Selective imaging of cancer cells using Jacalin-CdS QDs. Reproduced from Khan Bhelol et al., 2017, with permission from Elsevier.
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ability to recognize the T-antigen of cancer cells was demonstrated through imaging human chronic myeloid leukaemia (K562) cells
using Jacalin-CdS QDs [65]. Marangoni et al. reported that AuNPs-jacalin-FITC nanoconjugates bound more strongly to K562 than
normal mononuclear blood cells [66]. While exposing Jacalin-CdS QDs to healthy human peripheral lymphocytes (PBMC) and K562
cells, the QDs selectively stain the cancer cells and show blue fluorescence cells. The results from this study suggest that the lectin-QDs
selectively recognize the cancer cells without staining the healthy PBMC cells (Fig. 1). The recent findings strongly suggest that lectin
can form a complex with NPs and be useful in biosensing (Table 3).

6.2. Lectin-MNPs for anticancer applications

Lectins can be used to effectively target MNPs to recognize modified glycans prevalent in cancer cells (Table 4). Pimentel et al.
reported that AgNPs encapsulated in Soybean agglutinin showed decreased cytotoxicity against non-cancerous cells but maintained
strong anticancer cytotoxicity against breast cancerous (MDA-MB-231and MCF7) cells [67]. Besides MNPs, letin fortified with other
NPs are used targeting cancer cells. For example, ConA with DOX-loaded mesoporous silica nanoparticles (MSN) was built for the
targeted treatment of bone cancer. The lectin grafting increases greatly cancer cell selectivity of the NPs while sparing healthy bone
cells [68].

Obaid et al. used jacalin to target the Thomsen Friedenreich disaccharide (T antigen), which is over-expressed in over 90 % of
primary human carcinomas. Jacalin-conjugated C11Pc-PEG-AuNPs showed better internalization into HT-29 colon cancer cells and
95-98 % cell death post-photodynamic treatment. (PDT) The unconjugated C11Pc-PEG-AuNPs showed only 8 % cell death post-PDT
[69]. Ayaz Ahmed et al. (2016) showed that the anticancer activity of phytomolecules, acetylshikonin (AS) and beta,
beta-dimethylacrylshikonin (BDS) was enhanced when loaded into jacalin capped silver nanoparticles (JAgNPs). The pure AS/BDS
display cytotoxicity effect on K562 cells at 500 nM, whereas AS/BDS loaded into JAgNPs induce cytotoxicity at lower concentration
(100 nM). Fluorescence microscopy studies confirmed that cancerous K562 cells prefer the uptake of JAgNPs-AS/BDS over the
non-tumorigenic HepG2 cells. The internalization of JAgNPs-AS/BDS causes the excess generation of ROS, increases tumour necrosis
factor (TNF-a) secretion, inhibits interleukin-10 (IL-10) production, affects mitochondrial membrane potential, damages DNA, and
activates apoptosis (Fig. 2) [70].

6.3. Lectin-MNPs against microbes

Microbes resistant to existing antimicrobials are difficult to treat. Hence, medical science demands new drugs or novel strategies to
combat drug-resistant microbes. The antimicrobial activity of MNPs and lectin is evident from the existing literature, but there haven’t
been many investigations on the antimicrobial activity of lectin-MNPs complexes (Table 5). Khan et al., showed that dextran-capped
AuNPs-methylene blue-ConA complexes (0.25 mg/mL) possess excellent photo-inactivation activity against multi-drug resistant
K. pneumonia. The complex exhibited bactericidal action by inhibiting the efflux pump, producing excess ROS, and inducing photo-
toxicity to DNA [71]. AgNPs functionalized with Portunus pelagicus lectin isolated from the haemolymph of blue swimmer crab showed
significant antimicrobial activity when compared to lectin and silver nitrate tested alone. Portunus pelagicus lectin coated AgNPs at 100
pg/mL inhibited the growth of human pathogenic Gram-negative Proteus vulgaris, Pseudomonas aeruginosa and Gram-positive
Enterococcus faecalis and Bacillus pumilus [72]. Jacalin-capped PtNPs (JPtNPs) showed broad-spectrum antimicrobial activity at
31.25 pM against human pathogenic Gram-positive and Gram-negative bacteria. JPtNPs are biocompatible with human RBC but
damage bacterial membranes and induce irreversible morphological changes to kill the bacteria. In vivo studies showed that 50 uM
JPtNPs rescues zebrafish infected with fish specific pathogen A. hydrophila. JPtNPs can rescue fish with a single injection, whereas
unfunctionalized PtNPs require three treatments to rescue infected fish. The findings suggest that jacalin aids NPs in recognizing the
pathogen and overcoming any biological barriers that may be present. JPtNPs promote an adaptive immune response against the
infectious pathogen through modulating pro-inflammatory cytokines and promote bacteria-specific antibody production to survive
repetitive infection without needing treatment [73]. N-lauryl tyramine-capped CuS NPs and jacalin form a complex with an association
constant of 1.91 x 10* M1, The MIC of CuS NPs reduced from 12.5 uM to 0.78 M when functionalized with jacalin. The lectin-NPs
complex effectively affects the bacterial membrane integrity. It produces excess ROS at a 16-fold lower concentration than the CuS NPs

Table 3

Representative lectins-metal nanoparticles conjugate for biosensing.
Lectin Nanoparticles Method Biosensing Ref.
ConA Fe30,4 -graphene quantum dots Electrochemical Malignant HeLa cells [58]
Caramoll lectin Cadmium telluride nanocrystals ~ Fluorescence microscopy Invasive ductal carcinoma [59]
ConA AuNPs Localized surface plasmon resonances Bacteria, Prostate cancer [60]
Lens culinaris AuNPs Surface plasmon resonances Liver cancer biomarker AFP-L3 [61]

lectin glycoprotein
Peanut lectin Fluorescent nanospheres Fluorescence imaging colorectal cancer [62]
Soybean lectin Magnetite NPs Magnetic Particle Quantification based Human epidermoid carcinoma [63]
cytometry
WGA, LcA, ConA AuNPs Chronoamperometry carcinoembryonic antigen [64]
Jacalin cadmium sulphide quantum Fluorescence microscopy Human chronic myeloid leukaemia [65]
dots
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Table 4

Representative lectin-MNPs conjugate for anticancer applications.
Lectin Nanoparticles Cell line Ref.
Soybean agglutinin AgNPs Breast cancer, MDA-MB-231, MCF7 [67]1
ConA DOX-loaded mesoporous silica nanoparticles Human osteosarcoma, CRL-1543 [68]
Jacalin PEG phthalocyanine gold nanoparticles HT-29 colon cancer [69]
Jacalin Shikonin-AgNPs Leukaemia, K562 [70]

Mltochondnal
dysfunction

activation

Fig. 2. Anticancer mechanism induced by JAgNPs-AS/BDS. Reproduced from Khan Bhelol et al., 2016, with permission from the Royal Chemi-
cal Society.

Table 5

Representative lectin-MNPs conjugate for antimicrobial applications.
Lectin Nanoparticles Microorganism Ref.
ConA Dextran capped AuNPs Photo-inactivation of multi-drug resistant K. pneumonia [71]
Portunus pelagicus lectin AgNPs P. vulgaris, P. aeruginosa, E. faecalis, B. pumilus, C. albicans [72]
Jacalin Jacalin capped PtNPs Gram positive and Gram negative bacteria [73]
Jacalin N-lauryltyramine capped CuS NPs S. aureus, MRSA, B. subtilis, E. coli, A. hydrophila [74]
Jacalin N-lauryltyramine capped CuS NPs Fluconazole-resistant C. albicans and C. glabrata [75]
Jacalin N-myristoyltaurine capped CuS NPs S. aureus, MRSA [771
Butea monosperma seed lectin Citrate capped AgNPs Uropathogenic E. coli [79]1

[74]. Jayasankari et al. (2021) demonstrated the antibiofilm activity of jacalin-functionalized CuS NPs (6.25 pM) against MRSA
biofilms. The lectin-NPs complex showed a preservative effect by inhibiting young biofilm formation and disturbing biofilms formed
on poultry meat samples [75]. Besides antibacterial, jacalin functionalized CuS NPs (0.5 pM) eradicate the single and mixed species
biofilms formed by fluconazole-resistant C. albicans and C. glabrata isolated from Vulvovaginal Candidiasis patients [76].
N-myristoyl-taurine-capped AgNPs functionalized with jacalin kill S. aureus in 30 min by inducing oxidative stress and membrane
damage. The MIC of the AgNPs decreases four-fold from 250 pM to 62.5 pM when complex with jacalin. The jacalin-AgNPs (31.25 pM)
are highly effective compared to AgNPs in preventing colony formation and inhibiting biofilm formation by affecting the exopoly-
saccharide synthesis [77]. MNPs administered into the biological system may suffer from the influence of biological fluids, especially
protein corona formation. Subramaniyan et al. (2019) showed that protein corona formation affected pectin-capped CuS NPs anti-
microbial activity. When complexed with serum protein, a protein corona forms on the pectin-capped CuS NPs surface, raising the MIC
from 12.5 puM to 50 pM. But, jacalin functionalization overcomes the interference from the protein corona and restores the efficacy of
the NPs and showed MIC of 0.78 pM against E. coli, P. aeruginosa, S. aureus, and B. Subtilis [78]. The lectin from the seeds of Butea
monosperma (BMSL) forms non-covalent complexes with AgNPs (BAgNPs) even in the presence of galactose, suggesting the BMSL
sugar-binding site is distinct. Chemical modification of the serine amino acids located near the sugar-binding site affects the glycan
recognition activity of BMSL. BMSL-FITC labelled uropathogenic E. coli (UPEC) showed green fluorescent cells, whereas modified
BMSL-FITC conjugates could not label UPEC due to the modification of the sugar-binding site (Fig. 3A). 37.5 pM BAgNPs successfully
eradicated the mature biofilm formed on the catheter surface, but modified BMSL-AgNPs complex (mBAgNPs) failed to disturb the
biofilm (Fig. 3B). BAgNPs (18.75 pM) display superior antibacterial activity than AgNPs (75 pM)and mBAgNPs (75 pM) through
affecting membrane integrity, and induce ROS/GSH imbalance to kill the bacteria. The poor activity from mBAgNPs was attributed to a
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Fig. 3. (A) BMSL recognizing cell surface glycan. Fluorescence microscopy imaging showed that only BMSL-FITC recognize UPEC and fluoresce
green, whereas mBMSL-FITC could not label the cells and showed cells without fluorescence. (A) Scanning electron microscopy image showed
BAgNPs eradicate the biofilm from the catheter surface, and mBAgNPs showed poor antibiofilm activity. Reproduced from Siva et al., 2019, with
permission from the American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

lack of glycan recognition sites. Since lectins are proteins, they can be degraded by microbial proteases, affecting MNPs activity and
necessitating further study. However, the results concluded that the judicial uses of lectin could enhance the activity of metal
nanoparticles [79].

7. Conclusion and future perspectives

Due to carbohydrate specificity, lectins display applications in various fields, including glycobiology, immunohistochemical
analysis, diagnosis, therapeutics, drug delivery, etc. Indeed, multiple lectins showed anticancer and antimicrobial activity [80,81]. The
human erythrocytes agglutinating property has been considered a serious concern in developing lectin-based therapy. Kitao and
Hattori (1977) showed that tumour-bearing mice injected intraperitoneally with ConA-daunomycin conjugate survived without
showing the adverse effect of agglutination, suggesting lectins circumvent the negative effect in vivo [82]. In this regard, the judicious
use of lectin conjugates will enhance the drug efficacy, particularly by utilizing the specific bioadhesive properties. This concept can
greatly expand to using lectin for accurate and reliable cellular identification and targeting metal nanoparticles to exert desired
therapeutic activity with low or negligible toxicity. For example, jacalin-PEG phthalocyanine AuNPs target T antigen, which is
over-expressed in over 90 % of primary human carcinomas. BMSL-AgNPs rescue infected zebrafish, and in vitro studies showed that the
nanoconjugates kill uropathogens by membrane damage and producing excess ROS. Using lectins with MNPs is a fielding subject that
will surely grow in the coming years to target various pandemic and epidemic diseases such as COVID-19, Zika virus, metastatic
cancers, and drug-resistant pathogens. Despite the promise, a lot of plant lectins are unexplored. Moreover, biotechnology techniques
to produce an active fragment of lectins remain rudimentary. Similar to lectins, protein toxins like Shiga toxins (Stxs), Shiga-like toxins
(SLT) or verotoxins (VT) [83] could be coupled with MNPs or bioactive lectins to develop efficient therapeutic molecules. Future
research aspects of developing a lectin library with sugar specificity and affinity analysis beyond carbohydrates, in vitro and in vivo
toxic studies are warranted to develop lectin-based therapeutics.
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