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Abstract: Lung cancer is a major cause of cancer-related deaths globally. This study aims to target the 

overexpressed angiotensin-converting enzyme 2 (ACE2) receptor in lung cancer using cisplatin (CIS)-

conjugated silver nanoparticle (AgNP)-based drug delivery system. AgNPs were synthesized and 

coated with a chitosan (CS) polymer and the SARS-CoV-2 receptor binding domain (SCRBD) targeting 

ligand and were assessed in vitro for ACE2 receptor targeting in a lung cancer cell model. The AgCS-

CIS-SCRBD nanocomplex exhibited 61% CIS encapsulation with a pH-dependent drug release over 72 

hours. Characterization using Fourier transform infrared (FTIR), UV-visible spectroscopy, dynamic 

light scattering (DLS), and transmission electron microscopy (TEM) confirmed the synthesis, 

functionalization, morphology (spherical), size (<150nm), and stability (>15mV) of the NPs and 

nanocomplexes. Cytotoxicity studies revealed significant levels of cell death in the lung cancer (A549) 

cells, with the non-cancer human embryonic kidney (HEK293) cells displaying lower cytotoxicity. The 

receptor competition binding assay confirmed the specificity of the bound SCRBD ligand (AgCS-CIS-

SCRBD nanocomplex) for the ACE2 receptor. The AgCS-CIS-SCRBD nanocomplex exhibited 

apoptotic effects on the A549 cells with acceptable apoptotic indicesThese results highlight the potential 

of this novel AgCS-CIS-SCRBD nanocomplex in the targeted delivery of CIS for lung cancer therapy. 
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1. Introduction 

Lung cancer is a heterogeneous disease and is causing most of the cancer-related deaths 

across the continent [1]. It is a commonly diagnosed cancer in both males and females, with 

recent trends showing an increase among females [2,3]. Many studies have reported the 

expression of the angiotensin-converting enzyme 2 (ACE2) in lung cancer. The ACE2 receptor 

has gained much popularity since it has been identified as the primary receptor for entry of the 

2020 novel coronavirus [4,5], also known as COVID-19, with a myriad of studies reporting 

that lung cancer patients have a greater risk of contracting COVID-19 due to the upregulated 

expression of ACE2 in lung cancer cells [6-8]. In healthy lung tissue, ACE2 is reported to be 

moderately expressed [9]. 

ACE2 is a zinc-type I carboxypeptidase commonly known for regulating the renin-

angiotensin system (RAS) [5]. Studies have reported that the variation in the expression level 

of ACE2 can either reduce or inhibit the endothelial growth factor, metastasis, tumor 

development, and cancer angiogenesis or induce metastasis and cancer cell proliferation [7,10-
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12]. The overexpression of ACE2 creates an exciting avenue in nanomedicine for developing 

novel targeted nano-drug delivery systems that can utilize ACE2 as a target. Such delivery 

systems could potentially provide a new approach to cancer therapies in the battle against lung 

cancer. Innovative approaches using target-specific delivery systems have shown much 

promise in increasing a drug’s therapeutic efficacy while improving patient compliance 

[13,14]. When drugs are administered in their free form, they are often inactivated, 

metabolized, or degraded in the system., while also eliciting unpleasant side effects in patients 

[15]. Nanoparticle (NP)--based drug carriers have the potential to overcome physiological 

barriers, protect the drug, and target it to the desired diseased site, thereby reducing much of 

the challenges faced by traditional drug delivery. 

Silver NPs (AgNPs) have been utilized in biomedicine, pharmaceuticals, waste 

disinfection, and drug delivery and have shown to have better physical, chemical, and 

biological properties than their bulk form. Silver is a lustrous, ductile, and malleable metal that 

is chemically inactive and stable in water. It is an abundant natural resource that does not 

oxidize in the presence of air [16,17]. Its properties range from ease of synthesis, chemical 

stability, biocompatibility, optical, thermal, and electrical conductivity to anti-viral, anti-

inflammatory, antifungal, antibacterial, anticancer, anti-angiogenic, and catalytic properties 

[18-22]. These properties make AgNPs interesting therapeutic nanocarriers. However, AgNPs 

have been prone to toxicity, which limits their use in nanomedicine. Xu et al. (2020) 

summarized the potential toxicities of AgNPs in vitro and in vivo, showing that most of these 

are concentration- or dose-dependent. Factors such as size, shape, exposure time, 

functionalization, and surface charge were crucial in modulating toxicity [23].  

Positively charged NPs are considered suitable for medical applications due to their 

good cellular uptake [24]. AgNPs are usually negatively charged and require functionalization 

with suitable bio-molecules, such as cationic polymers, that will imbue the NPs with a positive 

charge [25]. Polymers offer biocompatibility, reduced toxicity, controlled drug release, 

enhanced therapeutic binding, and improved cell membrane interactions. Chitosan is a cationic 

polymer produced from the deacetylation of the polysaccharide chitin [26,27]. Chitosan is a 

non-toxic, biodegradable, and biocompatible polymer that exhibits no side effects, aids in 

controlled drug release, conveys stability to NPs, and allows for the conjugation of hydrophobic 

and hydrophilic drugs [27-29]. AgNP functionalization with chitosan can have a dual function 

by reducing the cytotoxicity of the AgNPs and improving their drug delivery, making chitosan 

a polymer of choice in many delivery systems. 

The ACE2 receptor makes an exciting target for cancer research, and to the best of our 

knowledge, targeting ACE2 specifically for lung cancer therapy has not yet been reported. The 

moderate expression of ACE2 in healthy lung cells and overexpression in cancer cells justifies 

the strategy for therapeutic targeting of lung cancer cells via the ACE2 receptor. This study 

aims to synthesize, characterize, and evaluate the anticancer activity of an ACE2 receptor-

targeted–AgNP-based drug delivery system in the A549 lung cancer cell model. 

2. Materials and Methods 

2.1. Materials. 

Silver nitrate (AgNO3, Mw:169,87 g/mol), chitosan ≥ 75% deacetylated (Mw: 150000-

200000Da), sodium tripolyphosphate (TPP, Mw: 326.86g/mol), (acridine orange (Mw: 
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265.36g/mol), dialysis tubing (12000Da MWCO), 1-ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide (EDC), N-hydroxysuccinimide (NHS), and Recombinant 2019-NCOV Spike S1 

protein or SARS-CoV-2 Receptor Binding Domain) were supplied by Sigma Aldrich Chemical 

Co., (St. Louis, MO, USA). Phosphate-buffered saline (PBS, 140mM NaCl, 10mM phosphate 

buffer, 3mM KCl), tri-sodium citrate (Mw: 294.10 g/mol), ethidium bromide, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), and cisplatin (Mw: 300g/mol) 

were provided by Merck (Darmstadt, Germany). The human embryonic kidney (HEK293) and 

lung adenocarcinoma (A549) cells were originally sourced from the American-type culture 

collection in Manassas, VA, USA, and used in passage 2. Hyclone GE Healthcare (Utah, USA) 

supplied the sterile fetal bovine serum (FBS). Eagle’s Minimum Essential Medium (EMEM) 

with L-glutamine (4.5g/mL), penicillin/ streptomycin/ amphotericin B (100 x) antibiotic 

mixture [Amphotericin B (25μg/mL), penicillin (10 000 Units/mL), streptomycin sulfate (10 

000μg/mL)] and trypsin-versene mixture, were supplied by Lonza BioWhittaker (Verviers, 

Belgium). All sterile tissue culture plasticware was purchased from Corning Inc. (New York, 

USA). Analytical grade reagents and ultrapure (18MOhm) water (Milli-Q Academic, 

Millipore, France) were used in all experiments. 

2.2. Synthesis of silver nanoparticles (AgNPs). 

The Turkevich method was adapted to synthesize the AgNPs [30]. To 50mL of distilled 

water was added 8.5mg of AgNO3, under constant stirring and heating to 95°C. After that, 5mL 

of trisodium citrate (1%) was added dropwise with stirring, and the solution was heated for 

10min. A color change from clear to dark yellow was observed as the AgNPs were formed. 

The mixture was then removed from heating and allowed to cool in the dark at room 

temperature. 

2.3. Functionalization of AgNPs with chitosan. 

Approximately 1.25mL of trisodium polyphosphate (TPP) (0.74mg/mL) was added to 

2.5mL of chitosan (1 mg/mL in 2% acetic acid, pH 4.5) with stirring. After 3h, 2.5mL of the 

AgNPs was added dropwise at 15-second intervals. This was stirred overnight, followed by 

centrifugation of the chitosan-AgNPs (AgCS) mixture at 3200rpm for 15min. The pellet was 

resuspended in 5mL distilled water, sonicated for 20min, and stored in the dark at 4°C. 

2.4. Formulation of cisplatin-loaded chitosan-AgNPs (AgCS-CIS). 

With stirring, approximately 2.5mL of the chitosan stock was added dropwise to 

1.25mL TPP. After that, 57.5µL of cisplatin (2.5mg/mL in DMF) was added, and the mixture 

was stirred over 24h. Approximately 2.5mL of AgNPs was added dropwise at 15-second 

intervals, and the mixture was stirred overnight and centrifuged as previously. 

2.5. SARS-CoV-2 receptor binding domain conjugation to AgCS-CIS (AgCS-CIS-SCRBD). 

To 1mL of the SARS-CoV-2 receptor binding domain (SCRBD), ligand stock solution 

(0.01µg/mL) was added 0.4mL of EDC (0.375mg/mL) and NHS (0.3mg/mL) with stirring for 

24h. After that, 1.25mL TPP, 2.5mL chitosan, and 57.5µL of cisplatin were added, and the 

mixture was stirred overnight. Approximately 2.5mL of the AgNPs was added dropwise, and 

the mixture was stirred for 24h, followed by centrifugation as previously. 
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2.6. Ultraviolet-visible (UV-vis) and Fourier transform infrared (FTIR) spectroscopy. 

The maximum wavelength for the absorption of the AgNPs and nanocomplexes was 

assessed using a UV-vis spectrophotometer (Jasco V-730, Hachioji, Japan) over a wavelength 

range of 300- 600nm. AgNPs have an extraordinary plasmon resonance, and the UV peak 

observed correlates to the NP’s size and shape. This method was further used to determine the 

successful synthesis and modification of the AgNPs, as indicated by shifts in the maximum 

absorption spectral peaks of the different AgNPs. 

FTIR aids in establishing the existence of essential groups and bonds in a sample by 

visualizing specific peaks. The liquid samples were freeze-dried overnight, and attenuated total 

reflection-FTIR spectroscopy was conducted using samples in a powder form. The spectrum 

was run at 25°C in a 4000–400cm−1 wavelength range using 1mg of sample in a Spectrum 100 

Perkin Elmer FTIR spectrophotometer equipped with Spectrum Analysis Software. 

2.7. Transmission Electron Microscopy (TEM). 

The respective AgNPs and nanocomplexes (50µL) were placed on 400-mesh carbon-

coated copper grids (Ted Pella Inc. Redding, USA) and dried for 1 h at room temperature. The 

samples were visualized utilizing a JEOL-JEM T1010 (Jeol, Tokyo, Japan) electron 

microscope without warming at -150°C, an acceleration voltage of 100kV, and a magnification 

of 60 000x. Images were obtained using iTEM Soft Imaging Systems (SIS) Megaview III fitted 

with a side-mounted 3-megapixel digital camera. 

2.8. Particle size and zeta potential analysis. 

The sizes, polydispersity index, and zeta potentials for all AgNPs and nanocomplexes 

were measured using dynamic light scattering (DLS) in a Malvern Zetasizer Nano-ZS (Malvern 

Instruments Ltd., Worcestershire, UK). All measurements were conducted at room temperature 

utilizing DTS0012 disposable polystyrene cuvettes. Measurements were performed in 

triplicates, and approximately 1mL of a 1:500 dilution (in water) of each sample was assessed. 

2.9. Cisplatin encapsulation efficiency (EE). 

An indirect analysis method was employed to calculate the amount of bound drug in 

the nanocomplex based on the principle that higher molecular weight NPs will sediment under 

centrifugal forces compared to the free drug, which will remain in the supernatant. The amount 

of unbound drug was measured by centrifugation of the sample at 3200rpm for 15min, 

collecting the supernatant, and measuring the UV absorbance at 298nm to determine the 

amount of unbound cisplatin. The EE was estimated using equation 1 below: 

𝐸𝐸 (%)  =  𝑐𝑖𝑠𝑝𝑙𝑎𝑡𝑖𝑛 𝑡𝑜𝑡𝑎𝑙 –  𝑐𝑖𝑠𝑝𝑙𝑎𝑡𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡/𝑐𝑖𝑠𝑝𝑙𝑎𝑡𝑖𝑛 𝑡𝑜𝑡𝑎𝑙 ×  100               (1) 

2.10. Drug release studies. 

The drug release profiles of the nanocomplexes were determined for 72h under varying 

pH conditions (pH 4.5, 6.0, and 7.4). Approximately 1mL of each nanocomplex (AgCS-CIS 

and AgCS-CIS-SCRBD) were dialyzed (MWCO 12000Da) against PBS (5mL) for 72h at 

37°C. A 10µL sample was removed at regular intervals, and the amount of cisplatin released 

was determined by UV-vis spectroscopy at 298nm. Measurements were done in triplicate to 
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generate a drug release profile for the respective nanocomplexes under the different pH 

conditions against time. 

2.11. MTT cytotoxicity assay. 

The cytotoxicity of the free drug cisplatin, AgNPs, and drug nanocomplexes was 

evaluated utilizing the MTT cytotoxicity assay. The HEK293 and A549 cells were seeded into 

96-well plates at a density of 2.4 x 104 cells/well. Cells were incubated at 37°C overnight to 

allow for attachment. After that, the media was replaced with 100μL of fresh media, followed 

by the addition of 5µg, 10µg, 15µg, 25µg, and 50µg of the nanocomplexes (AgNP, AgCS, 

AgCS-CIS, and AgCS-CIS-SCRBD) and the free drug (cisplatin) in triplicate, into separate 

wells. A positive control containing untreated cells was set as 100% cell survival. After 

incubation of the cells at 37°C for 48h, the medium was replaced with a fresh medium (100μL) 

containing 10% MTT solution (5mg/mL in PBS). This was incubated for 4h, followed by the 

aspiration of the MTT-medium from wells and the addition of 100μL of DMSO to solubilize 

the formazan crystals produced. Absorption was read at 570nm (Mindray MR-96A microplate 

reader, Vacutec, Hamburg, Germany) using DMSO as a blank. The cell viability was 

determined using equation 2.  

% 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  𝐴𝑏𝑠 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 –  𝐴𝑏𝑠 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 /𝐴𝑏𝑠 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑥 100          (2) 

2.12. Receptor binding assay. 

This assay confirmed the mechanism of the uptake of the AgCS-CIS-SCRBD nano-

complex by the 549 cells. Confluent A549 cells were seeded and incubated as previously. The 

medium was then replenished, and excess SCRBD (80µg) was added to the cells. The cells 

were then incubated for 1 h at 37°C to allow the free SCRBD to bind to their cognate receptors 

on the A549 cells. After that, AgCS-CIS-SCRBD, at concentrations of 25µg/100µL and 

50µg/100µL, were added to the cells and incubated at 37°C for 48 hours. After the aspiration 

of the medium, the cells were treated as done for the MTT assay (section 2.11). 

2.13. Apoptosis assay. 

Cells were seeded and incubated as previously. Following incubation, the media was 

replaced with 100μL of fresh media. The nanocomplexes (AgCS-CIS and AgCS-CIS-SCRBD) 

at their IC50 concentrations and the free drug, cisplatin, were added into their respective wells. 

The assay was done in triplicate. A positive control of untreated cells was included. The cells 

were incubated for 48h at 37°C. After that, the medium was removed from the wells. The cells 

were washed with 100 µL of PBS and added 15µL of the dual acridine orange and ethidium 

bromide dye solution (1:1 w/w, 100mg/mL in PBS). The plate was then gently shaken for 5 

min, and the excess dye was removed by washing twice with PBS. The cells were viewed under 

an Olympus CKX41 fluorescence microscope (Olympus Co., Tokyo, Japan) at 200x 

magnification. The apoptotic index (AI) was calculated by dividing the number of apoptotic 

cells observed by the total number of cells. 
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2.14. Statistical analysis. 

All the data in the study are presented as means ± standard deviation (±SD n=3). A two-

way ANOVA was used for the MTT and receptor binding assays. The statistical significance 

of all tests was set at ****p<0.00001. Each experimental value was compared to its 

corresponding control. GraphPad Prism 2022 was used. 

3. Results and Discussion 

3.1. UV-visible and FTIR spectroscopy. 

The synthesis and modification of the AgNPs were initially confirmed using UV-vis 

spectroscopy (Figure 1) within a 300–600nm range. 

 
Figure 1. The UV-vis spectra of AgNP, AgCS, AgCS-CIS, and AgCS-CIS-SCRBD. 

The successful synthesis of the AgNPs was noted as a single peak at 418nm. This peak 

wavelength correlates to previous studies of small-sized NPs [31-33], and being a single peak 

also confirmed that there were no by-products [34]. The successful functionalization of the 

AgNPs with the chitosan polymer was confirmed by a redshift, with a max at 423nm. A 

blueshift from 423nm to 420nm indicated the binding of the anticancer drug cisplatin to the 

NPs, successfully forming the AgCS-CIS nanocomplex.  

 
Figure 2. FTIR Spectra of (A) AgNP; (B) AgCS; (C) AgCS-CIS; (D) AgCS-CIS-SCRBD. 

 

 

418 nm 

423 nm 
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The conjugation of the targeting ligand to the nanocomplex was suggested by a redshift 

from 423nm to 425nm. The peak shifts also suggested an increased particle size, which can be 

expected due to functionalization. 

FTIR further confirmed the synthesis and functionalization of the AgNPs by the 

presence of the essential functional group/s characteristic of each NP (Figure 2). 

The FTIR spectra (Figure 2 A) showed a vibrational stretch of 1384cm-1 falling within 

1400–1200cm-1, characteristic of a nitro compound (NO2) attributed to the AgNO3 starting 

material for the AgNP synthesis. Figure 2B shows a shift in this peak to 1406cm-1, suggesting 

the encapsulation of the AgNPs by chitosan [25]. Peaks between 1151cm-1 to 922cm-1 are the 

skeletal vibrations involving the C-O stretching [35]. The amide from chitosan is apparent at 

an absorption peak of 1637 cm-1. The peaks at 3411cm-1 (N-H vibrational stretch) and 3134cm-

1 (O-H vibrational stretch) correspond to chitosan [25]. Figure 2 C displays a peak at 3270cm-

1 within the 3200cm-1 to 3280cm-1 regions, revealing an amide stretch for cisplatin [36,37]. 

Peaks within the 1200cm-1 and 1000cm-1 regions suggest the NH3+ and C-O stretching from 

chitosan. The peak at 1197cm-1 illustrates the symmetrical amide binding of cisplatin, while 

the peak shift from 1637cm-1 to 1668cm-1 signifies the conjugation of cisplatin to the chitosan 

polymer. The absorption bands at 1011cm-1 and 3002cm-1 further reveal the presence of the N-

H and C-O stretching for the chitosan conjugated to cisplatin. Figure 2D represents the 

targeting nanocomplex that contains the SCRBD ligand. A peak at 1636 cm-1 suggests the 

presence of chitosan. The peak at 2101cm-1 suggests a terminal alkyne [38]. The peak (2101cm-

1) within the 2140–1990cm-1 region indicates the N=C=S stretching [39] of the amino acids in 

the SCRBD ligand. The peak at 3297cm-1 falls within the 3550–3200cm-1, 3333-3267cm-1, and 

3280-3200cm-1 regions, suggesting an O-H, C-H, and amide stretching [36,37,39]. There were 

no distinctive peaks for the AgNPs. Studies have reported that proteins bind to NPs via amide 

groups [40], as with the SCRBD ligand. The peak at 578 cm-1 falls within the 690–515 cm-1 

and 600–500cm-1 regions, suggesting C-Br and C-I stretching [39], which could also be 

associated with the amino acid groups in the SCRBD ligand 

3.2. Transmission electron microscopy (TEM). 

TEM images revealed NPs that were spherical with uniform particle size distributions.  

 

Figure 3. TEM micrographs of (A) AgNP; (B) AgCS; (C) AgCS-CIS; (D) AgCS-CIS-SCRBD. 
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The unmodified AgNPs (Figure 3 A) showed evidence of some aggregation compared 

to the AgCS (Figure 3B), AgCS-CIS (Figure 3C), and AgCS-CIS-SCRBD (Figure 3D) that 

displayed a more monodisperse population compared. The NP particle sizes from TEM ranged 

from 40-110nm. 

Based on the method adapted to synthesize the AgNPs, it is common to observe 

aggregation of the unmodified AgNPs under TEM. The improved particle distribution of the 

modified AgNPs can be attributed to the presence of the chitosan polymer, which acted both 

as a stabilizing and a capping agent. Similar results have been reported previously for Ag and 

AgCS NPs, but with a smaller particle size range [34]. 

3.3. Particle size and zeta potential analysis. 

Dynamic light scattering (DLS) was employed to estimate the hydrodynamic sizes to 

provide a more accurate determination of size, which is in keeping with what would be 

observed in vivo. DLS provided details on the stability and size distribution of the NPs and 

nanocomplexes and confirmed the successful binding of the polymer, drug, and ligand to the 

AgNPs. Table 1 summarizes the size distributions, zeta potentials, and polydispersity indices 

(PDI) of the NPs and nanocomplexes.  

Table 1. Size distributions and zeta potentials of AgNPs and nanocomplexes obtained from dynamic light 

scattering (DLS). 

Nanocomplex Size (nm) PDI Zeta (mV) 

AgNPs 31.6± 3.327 0.292± 0.096 -30.8± 0.866 

AgCS 148.87± 6.834 0.183± 0.069 20.3± 0.551 

AgCS-CIS 108.66± 19.33 0.140± 0.119 22.8± 1.61 

AgCS-CIS-SCRBD 133± 10.09 0.193± 0.076 21.1± 0.954 

NP sizes increased from 31.6nm for the AgNPs to 148.87nm upon chitosan 

functionalization (AgCS) but decreased to 108.66 nm upon cisplatin encapsulation. With the 

addition of the ligand, the nanocomplex size increased to 133nm. In theory, the chitosan matrix 

will entrap the ligand and cisplatin molecules and cause an increase in NP size upon 

functionalization. However, a decrease in nanocomplex size upon cisplatin conjugation was 

noted and is in keeping with that previously reported [25]. It should be noted that sizes obtained 

from TEM and NTA usually differ. This is attributed to the methods used for the preparation 

of the samples. For TEM the samples are in a dehydrated state, while for NTA the samples are 

measured in aqueous media (in this study, ultrapure water was used). The latter provides a 

hydrodynamic size that includes the core of the NP and the swollen corona, which swells under 

aqueous conditions [28,41]. Importantly, all the NPs and their drug nanocomplexes were below 

150nm. Although 50 or 100nm may be regarded as an upper limit for cellular uptake, larger 

NPs can efficiently enter cells via caveolin or clathrin-mediated endocytosis or phagocytosis, 

which enables the uptake of particles of up to 250nm [42,43]. Importantly, it was suggested 

that smaller AgNPs might contribute to lung damage compared to their larger counterparts 

[23]. Hence, these NPs may be suitable and have the desired effect on lung cancer cells. 

The zeta potential values for AgCS, AgCS-CIS, and AgCS-CIS-SCRBD were positive 

and greater than 15mV, suggesting good colloidal stability. Zeta potential is an independent 

property that reflects the surface charge of NPs. It measures colloidal particle stability in an 

aqueous solution [44,45]. The addition of the cationic chitosan led to a change in the zeta 

potential of the AgNPs from -30.8 to +20.3, confirming the successful conjugation of chitosan 
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to the AgNPs. Acceptable zeta potential values are >+30mV or <-30mV, indicating NPs' better 

dispersion due to the repulsive forces between the NPs [28,46]. However, zeta potential values 

>-15mV or <15mV will experience aggregation due to forces of attraction that exceed forces 

of repulsion between the NPs [46]. Hence, the zeta potential value of -30.8mV for the 

unmodified AgNPs indicates good colloidal stability. The zeta potential values for AgCS, 

AgCS-CIS, and AgCS-CIS-SCRBD are all positive and greater than 15mV, indicating good, 

monodispersed NPs with sufficient repulsion forces between them. The slight drop in the zeta 

potential for AgCS-CIS from +22.8mV to +21.1mV upon ligand binding may be due to anionic 

charges present within the ligand and the possible masking of some of the chitosan’s cationic 

charges by the ligand.  

The AgNPs, AgCS-CIS, and AgCS-CIS-SCRBD had PDI values < 0.4, indicating 

somewhat dispersed particles. This decreased to 0.183 upon the chitosan conjugation, 

suggesting an improved dispersity, as confirmed by TEM. The PDI measures the distribution 

of particle size populations within a sample. PDI values ranging from 0.0 to 1.0 indicate a 

perfectly uniform to a highly polydisperse sample with multiple particle size populations 

[47,48]. PDI values within a range of 0.1 to 0.4 indicate highly polydisperse and moderately 

dispersed particle size distributions [49], as seen in this study. 

3.4. Drug encapsulation efficiency. 

UV-vis spectroscopy was utilized to determine cisplatin’s encapsulation efficiency 

(EE) by AgCS-CIS and AgCS-CIS-SCRBD. The AgCS-CIS nanocomplex had a high cisplatin 

EE of 82%, while the AgCS-CIS-SCRBD nanocomplex had a slightly lower EE of 61%. 

Sodium tripolyphosphate (TPP) played an essential role as a cross-linking agent. Due to the 

opposing charges (positive/negative) present in the solution, the ionic gelation process was 

initiated, forming the chitosan-TPP matrix [50,51]. This matrix aided in the entrapment of the 

cisplatin molecules within the nanocomplex. The difference in encapsulation efficiency 

between AgCS-CIS and AgCS-CIS-SCRBD could be attributed to the conjugation of the 

SCRBD with chitosan, leading to fewer chitosan chains available to encapsulate the drug 

molecules. 

3.5. Drug release studies. 

Drug release studies evaluated the rate at which the AgCS-CIS (Figure 4A) and AgCS-

CIS-SCRBD (Figure 4B) nanocomplexes released the CIS drug payload over a 72-h period 

under varying pH environments of 4.5, 6.0, and 7.4. For the AgCS-CIS nanocomplex, 

approximately 32% of the drug was released at pH 4, 26% at pH 6.0 and 7.4 after 30 hours. At 

pH 4.5, 6.0, and 7.4, a maximum of 96%, 86%, and 78% of the drug were released after 72 

hours, respectively. For the AgCS-CIS-SCRBD nanocomplex, approximately 92% of the drug 

was released at pH 4.5, 79% at pH 6.0, and 58% at pH 7.4 after 72 hours. A 50% drug release 

was noted after 54 hours at pH 4.5, 60 hours at pH 6.0, and 66 hours at pH 7.4. The improved 

drug release under acidic environments suggests that these nanocomplexes are pH dependent, 

which could have been induced by the chitosan polymer, which traps the drug molecules within 

its matrix and releases them under specific pH conditions. 

Chitosan is a weak base, soluble in acidic aqueous solutions with a pH<6.5 [52-54]. 

This improved drug release under acidic environments because the chitosan matrix that 
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entrapped the drug solubilized faster, releasing more drug molecules. These findings were 

similar to those reported in the previous studies for cisplatin release [25,34]. 

3.6. MTT cytotoxicity assay. 

This simple colorimetric assay determines the number of viable cells present after 

treatment with a compound of interest based on the mitochondrial activity of viable cells 

[55,56]. Viable cells reduce the MTT reagent (a yellow tetrazolium salt) into insoluble blue 

formazan crystals, and the number of viable cells is directly proportional to the amount of 

formazan crystals produced [57]. DMSO is used to solubilize the formazan crystals, which are 

measured colorimetrically at 540-570nm. Figure 4 illustrates the cytotoxicity profiles of 

cisplatin, AgNPs, and the nanocomplexes in the HEK293 and A549 cells. The control 

represents 100% cell viability, and any decrease indicates the levels of cytotoxicity exhibited 

by the nanocomplexes. 

  
Figure 4. MTT cytotoxicity assay of AgNPs, AgCS, AgCS-CIS, AgCS-CIS-SCRBD, and free cisplatin in 

(A) HEK293; (B) A549 cells, cultured in 100µL medium over 48 hours. The data are represented as means ± 

SD (n=3), ****p<0.0001 were considered statistically significant. 

In the HEK293 cells (Figure 4A), the nanocomplexes induced more significant 

cytotoxicity at 10 and 15µg/100µL than the free drug, cisplatin, which displayed a similar 

degree of cell death at all concentrations. In both cases, the maximum cell death was around 

40%. Since the HEK293 cells were used as healthy, non-cancer cells, these results are 

important to develop a drug delivery system specific to cancer cells, with little or no 

cytotoxicity to healthy cells. For the drug-encapsulated nanocomplexes (AgCS-CIS and AgCS-

CIS-SCRBD), better cell viability than the free drug was evident at the higher (25µg/100µL 

and 50µg/100µL) and the lower (5µg/100µL) concentrations tested. This suggested that 

encapsulation of the drug by the NP aided in reducing the drug’s toxicity in normal cells. The 

cell viability of the AgCS-CIS and AgCS-CIS-SCRBD can be correlated to their pH-dependent 

nature, which resulted in the release of approximately 40% of cisplatin over 48 hours at a pH 

of 7.4 in the HEK293 cells. At concentrations of 10µg/100µL and 15µg/100µL, the AgCS 

nanocomplexes do not exhibit more than 40% of cell death in HEK293 cells. However, the 

cytotoxicity is reduced at around 25µg/100µL concentrations, suggesting that the 

nanocomplexes were tolerated by the HEK293 cells. 

The AgNPs were cytotoxic (>50% cell death at 10µg/100µL) and showed more 

significant toxicity than the free cisplatin. It was reported that spherical AgNPs exhibit higher 

cytotoxicity due to their sizeable volume-to-surface ratio [58]. However, upon modification 

with chitosan, this toxicity was significantly reduced. This could be attributed to favorable 

properties, including non-toxicity and biocompatibility. Studies have shown that chitosan-
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coated NPs are less toxic than their uncoated counterparts [59]. Previous studies have reported 

similar results in line with the increased cytotoxicity of AgNPs on HEK293 cells, which was 

concentration-dependent [60,61]. In earlier studies, Wang and coworkers (2015) proposed that 

the cause of AgNP cytotoxicity was due to the transformation of Ag0 to Ag+, Ag-O-, and Ag-

S-, which can cause biochemical changes in cells [62]. 

In the A549 lung cancer cells (Figure 4 B), a similar increase in the nanocomplex 

concentration decreased cell viability. The free drug exhibited a high level of cytotoxicity at 

all concentrations, with approximately 60% cell death. Xie and colleagues showed that the free-

form cisplatin administration at concentrations of 3, 6, and 9µg/mL exhibited approximately 

10 to 40% of cell death in lung cancer cells [63]. Encapsulating the free drug in nanocomplexes 

that specifically target the A549 lung cancer cells increased the drug’s activity, as seen for the 

AgCS-CIS-SCRBD nanocomplex. The AgCS-CIS-SCRBD nanocomplex exhibited 

approximately 60% cell death at the lowest concentration of 5µg/100µL, which increased to 

80% as the concentration increased. This highlights the target-specific nature of the AgCS-

CIS-SCRBD nanocomplex to the A549 cells. 

Cell death obtained by the AgCS-CIS-SCRBD nanocomplex was approximately 10 to 

20% higher than that of the non-targeting AgCS-CIS nanocomplex. Importantly, the AgCS-

CIS-SCRBD nanocomplexes were more cytotoxic to the A549 than the HEK293 cells. This 

could be attributed to the increased expression of the ACE2 receptor on the A549 cells 

[9,64,65] and not in the HEK293 cells. The ACE2 receptor has been abundantly found in the 

lung epithelium and the small intestine in humans [66]. The AgCS-CIS-SCRBD nanocomplex 

contains the SCRBD ligand to target the ACE2 receptor and internalizes the nanocomplex by 

receptor-mediated endocytosis. Although the reduction or silencing of ACE2 expression using 

therapeutics such as estradiol in A549 cells has been studied [67], anticancer drug targeting via 

this receptor has not been exploited. 

The unmodified AgNPs displayed significant cytotoxicity at a concentration of 

50µg/100µL with approximately 90% cell death, while at lower concentrations, they exhibited 

about 30% cell death. They also showed high cell death in the HEK293 cells, suggesting that 

using AgNPs in their unmodified form may not be favorable due to the significant toxicity in 

healthy cells. The AgCS nanocomplexes, on the other hand, displayed higher cytotoxicity in 

the A549 lung cancer cells than in the HEK293 cells. These results compare favorably with 

those reported by Huang et al. (2004), who showed the cytotoxic nature of chitosan on A549 

cells at concentrations higher than 0.741mg/mL [68]. However, several other studies have used 

similar concentrations of AgNPs in cytotoxicity evaluations [23], with some upper limits 

around 1mg/mL [69]. The concentrations used in our study were in keeping with similar in 

vitro studies reported [25,34]. 

3.7. Receptor competition binding assay. 

The receptor competition binding assay was employed to confirm the capability of the 

AgCS-CIS-SCRBD nanocomplex to enter the A549 cells via receptor mediation. 

Uncomplexed SCRBD was utilized as a competitor for the ACE2 receptors. A comparison 

between cells incubated with the competitor versus cells without the competitor was used to 

assess the cell viability upon treatment with the AgCS-CIS-SCRBD nanocomplex. The 

concentrations (25 and 50µg/100µL) that demonstrated the highest levels of cytotoxicity were 
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employed for this assay. Figure 5 shows that cells incubated with the competitor have higher 

cell viability than cells not treated with the competitor before the assay. 

 
Figure 5. Receptor competition assay in A549 cells using targeted nanocomplexes at concentrations of 25 and 

50µg/100µL. The data are represented as means ± SD (n=3), ****p<0.0001 was considered statistically 

significant. 

Cells not treated with the ligand competitor had approximately 30% cell viability, while 

cells pre-treated with the ligand competitor exhibited 60–70% cell viability. This considerable 

variation in viability is due to the blockage of the ACE2 receptors upon pre-treatment with 

excess ligands. The excess ligands bind to their cognate receptors on the A549 cells, preventing 

the targeted nanocomplexes from receptor-binding and internalizing. This reduced any 

cytotoxicity that the targeting AgCS-CIS-SCRBD nanocomplex would have had on the cells. 

These results confirm that the cytotoxicity displayed by AgCS-CIS-SCRBD nanocomplex in 

the A549 cells largely depended on the uptake of the nanocomplexes via receptor-mediated 

endocytosis. The formulation of targeting nano-drug delivery systems that utilize the receptor-

mediation process has been reported in various studies using organic and inorganic or metal 

NPs [25,70,71]. 

3.8. Apoptosis assay. 

Most anticancer therapeutics seek to destroy cancer cells by inducing apoptosis, a 

programmed cell death that can be activated by various factors or signaling pathways [72]. The 

apoptotic potential of the free drug, AgCS-CIS, and AgCS-CIS-SCRBD were assessed in the 

A549 cells using their IC50 values derived from the cytotoxicity study. The dual dye system 

of acridine orange and ethidium bromide (AO/EB) was employed to allow for fluorescent 

imaging of the cells at various stages of cell death. Fluorescent imaging assists in observing 

the morphological changes within the cells based on the stage of apoptosis or necrosis. 

Significant morphological changes observed due to the mechanisms of apoptosis include cell 

shrinkage, DNA fragmentation, blebbing, the formation of an apoptotic body, and condensation 

of nuclear chromatin [73]. The permeation of acridine orange into living cells yields a bright 

green fluorescence, while ethidium bromide stains apoptotic cells yellow-to-red depending on 

the apoptotic stage of the cell. A lighter green to yellow fluorescence is often observed for early 

apoptotic cells with fragmented chromatin, while a yellow to orange hue indicates late 

apoptotic cells with condensed chromatin. An orange-to-red fluorescence with no chromatin 

condensation indicates necrotic cells [46,74, 75]. The images obtained after treatment with the 

nano-complexes are shown in Figure 6. 
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Figure 6. Apoptosis images of A549 cells (A) Control; (B) Cisplatin; (C) AgCS-CIS; (D) AgCS-CIS-SCRBD. 

Scale bar = 200m. 

From Figure 6A, it can be observed that there were no signs of apoptosis in the control 

(untreated cells). The free drug cisplatin (Figure 6B) showed evidence of both early and late 

apoptosis, with most of the cells undergoing early apoptosis. There was a high degree of 

apoptosis for AgCS-CIS (Figure 6C), with most cells showing signs of late apoptosis. Cells 

treated with the AgCS-CIS-SCRBD nanocomplexes (Figure 6D) exhibited early and late 

apoptosis with some signs of necrosis. Necrosis is a pathological and inflammatory form of 

cell death known to be irreversible. It is distinct from apoptosis and transpires when the 

disruption of the plasma membrane leads to intracellular protein spillage that triggers a damage 

response resulting in cellular death [76]. The cisplatin-encapsulated nanocomplexes displayed 

improved apoptotic potential compared to the free drug, as confirmed by their higher apoptotic 

indices (Table 2). 

Table 2. IC50 values and Apoptotic indices for Cisplatin, AgCS-CIS, and AgCS-CIS-SCRBD in A549 cells. 

Treatments Cisplatin AgCS-CIS AgCS-CIS-SCRBD 

IC50 Values 3µg/100µL 6µg/100µL 2.4µg/100µL 

Apoptotic indices 0.8 1 0.9 

Some morphological changes were observed in the treated cells, with cells appearing 

rounded and slightly shortened. It was proposed that exposure of cells to AgNPs can lead to 

the generation of reactive oxygen species (ROS), DNA damage, inflammation, and increased 

levels of phosphorylated c-Jun NH2-terminal kinases involved in stress signaling pathways. 

These factors contribute to the induction of apoptosis [23]. Despite an earlier proposal that 

AgNPs produce Ag+, which causes cell death, a recent study has found that cells tolerate 

AgNPs and Ag+ differently. Cells exposed to AgNPs underwent lipid peroxidation, leading to 

proteotoxicity and necrosis, while cells exposed to Ag+ exhibited oxidative stress and eventual 

apoptosis [77]. Hence, much is still to be studied on the apoptotic mechanisms induced by 

AgNPs and their nanocomplexes on mammalian cells before it can be extended to in vivo 

applications. Overall, the apoptosis study correlates to the findings of the cytotoxicity assay. 

5. Conclusions 

The development of novel approaches to treat lung cancer in the hope of reducing the 

mortality rate is a significant challenge. Nanomedicine has the impetus to create personalized 
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and potent therapies through improved nano-drug delivery systems instead of conventional 

chemotherapies. Incorporating targeting moieties (ligands) in nano-drug delivery systems 

provides an innovative approach to creating more target-specific cancer treatments. Ligands 

can specifically target receptors unique to a type of cancer and effectively deliver anticancer 

drugs to the desired tumor site with high therapeutic indices. This study highlights the targeted 

delivery of cisplatin to A549 lung cancer cells using chitosan functionalized AgNPs decorated 

with the targeting ligand, SCRBD, for ACE2 receptor-mediated delivery to lung cancer (A549) 

cells in vitro. Results obtained from this study have demonstrated the immense potential of the 

targeting nanocomplex (AgCS-CIS-SCRBD), which exhibited a significant improvement in 

cytotoxicity over the non-targeting nanocomplex (AgCS-CIS) and two-fold increased 

cytotoxicity over free cisplatin. The AgCS-CIS-SCRBD nanocomplexes displayed adequate 

size (<150 nm), dispersion, and stability (>15 mV) with reduced cytotoxicity in healthy 

HEK293 cells, inferring their potential as a safe and effective targeted delivery system. In 

addition, we have confirmed that the AgCS-CIS-SCRBD nanocomplex was successfully taken 

up by the A549 cells via receptor-mediated endocytosis. This targeted nanocomplex 

formulation has laid the foundation upon which a suitable delivery system to target lung cancer 

cells can be built. Further investigations and optimizations, in vitro and in vivo, are needed to 

improve the nanocomplex’s stability, size, and cellular uptake. 
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