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Abstract 

Cataract represents one of the leading causes of blindness worldwide and is primarily attributed to protein glycation, 

oxidative stress, and aggregation of lens crystallins. Surgical lens extraction remains the standard treatment, which, 

despite its effectiveness, carries potential postoperative risks and economic burdens, thereby underscoring the need 

for alternative, non-surgical therapeutic approaches. This study aimed to develop a green-synthesized nanosystem 

based on gold nanoparticles (AuNPs) using Alchemilla vulgaris L. (Lady’s mantle) extract, aiming to achieve efficient 

antioxidant delivery and sustained therapeutic retention within ocular tissues. Gold nanoparticles were synthesized 

via the reduction of chloroauric acid (HAuCl·3H₂O) using the plant extract under ultrasonic agitation and dispersion, 

yielding AuNPs formulations 1%, 4%, and 7% (w/v). The synthesized nanocomposites were characterized using a 

UV–Vis spectroscopy, FTIR, XRD, FE-SEM, AFM, and zeta potential analysis. Bio activity was performed using 

DPPH radical scavenging, MTT assays for cytotoxicity testing, in vitro drug-release studies, and ex-vivo lens 

transparency assessments, all supported by computational molecular docking and ADMET (absorption, distribution, 

metabolism, and excretion) analyses .The results demonstrated that NAC-loaded gold nanoparticles (NAC–AuNPs) 

exhibited enhanced antioxidant activity, achieving 72% to 89% DPPH inhibition, and a high encapsulation efficiency 

of 86.1%. The drug-release profile exhibited a higher release rate observed under mildly acidic conditions (pH 6). Ex-

vivo experiments using human cataractous lenses revealed a dose-dependent improvement in lens optical clarity at 

NAC concentrations of 0.05, 0.1, and 0.3 mM, loaded onto 7% (w/v) AuNPs formulations. Molecular docking studies 

suggested potential hydrogen-bond interactions between NAC and key lens crystallin proteins, providing mechanistic 

insight into possible structural stabilization of lens crystallin proteins. The green-synthesized AuNP–NAC nanosystem 

may represents a promising and biocompatible nanocarrier strategy that warrants further in vivo validation. 

Keywords: Cataract; N-acetylcarnosine (NAC); Gold nanoparticles (AuNPs); Green synthesis; Alchemilla vulgaris 
L.; Antioxidant nanocarrier; Ocular drug delivery; Lens transparency; In-silico docking; Controlled release. 
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Cataract is one of the leading causes of visual impairment and blindness worldwide and is characterized by the 

progressive opacification of the crystalline lens (1). Cataract contributes a significant percentage of moderate-severe 

vision loss in the entire world, especially in those who are above ≥50 years(2). Physiologically, lens transparency is 

maintained by the highly ordered organization of crystallin proteins and robust antioxidant defense mechanisms, but 

oxidative stress-induced reactive oxygen species (ROS), glutathione depletion, protein oxidation, and glycation 

gradually destabilize the system, eventually leading to crystallin aggregation and light scattering that ultimately result 

in cataractogenesis(3, 4).  

Although surgical lens extraction is effective in restoring vision, it is an invasive procedure that carries post-operative 

risks, financial burdens, and limited availability in most areas  (5). These restrictions have fuelled increased interest 

in non-surgical interventions to slow or prevent cataract development or progression by targeting underlying 

pathophysiological pathways rather than late lens opacification (6). Oxidative stress and protein glycation are some 

of these mechanisms that have been widely identified to be core processes in the destabilization and aggregation of 

lens proteins(7-10) . 

Nanotechnology is a strong platform in ophthalmology, providing novel methods for diagnosis, imaging, and drug 

delivery in anterior and posterior segment eye diseases(11). The use of nanoparticle-based systems is especially 

appealing for ocular applications, as they allow overcoming precorneal loss, corneal permeability barriers, and rapid 

drug clearance, which considerably decrease the bioavailability of traditional eye-drop systems(8, 12-14) . In this 

regard, gold nanoparticles (AuNPs) have attracted significant interest due to their high biocompatibility, tunable size 

and surface chemistry, and unique optical properties(15, 16). AuNPs have proved useful not just in ocular imaging 

and photothermal therapy(17, 18), but also in general nanocarrier technology, with the capacity to increase ocular drug 

penetration, residence time, and release control(9, 10, 19-22) . 

Since oxidative stress and protein aggregation play a key role in the development of cataracts, antioxidant-based 

therapy is a sensible non-surgical strategy for lens protection(23-26). But there is still a limitation in the clinical 

translation of such agents due to inefficient delivery to the eye and intraocular retention(8, 14). Nanocarrier-based 

delivery systems, especially AuNP-based systems, can provide a ray of hope for overcoming these obstacles by 

enhancing drug stability, improving drug permeability, and prolonging drug availability at ocular tissues (27, 28). In 

line with this, it is apparent that the creation of AuNPs-based antioxidant delivery systems is an interesting direction 

for the development of non-invasive interventions to slow the progression of cataract. 

Yue Wang et al. demonstrated that Glutathione loss and a high level of oxidative stress have been shown to promote 

crystallin aggregation and damage lens transparency, thus increasing the cataract formation rate(10). On the same 

note, P. Budnar et al. found that age-associated post-translational alterations and protein misfolding trigger the 

formation of high-molecular-weight aggregates, which cause increased light scattering and lens opacification(27). 

Simultaneously, Shehwaz Anwar et al. demonstrated that the formation of crystallin cross-links and insoluble 

aggregates is caused by the buildup of advanced glycation end products (AGEs), and antioxidant substances 
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successfully inhibit oxidative and glycation-induced mechanisms and slow the development of cataracts(28). 

Although surgical lens replacement is the modern standard of care, it is invasive, expensive, and carries risks after the 

operation, which has contributed to interest in non-surgical pharmacological interventions(5, 6). In the same respect, 

N-acetylcarnosine (NAC) has been found by U. Rodella et al. to be a powerful antioxidant capable of alleviating 

oxidative stress in the lens microenvironment and maintaining lens transparency(29). The absence of effective clinical 

translation is, however, impeded by low ocular bioavailability; G. Santos et al. have indicated that less than 5 percent 

of topical ophthalmic drugs penetrate intraocular tissues through topical administration by reason of precorneal loss 

and restriction at the corneal barriers(30, 31). New solutions to these challenges are emerging with the development 

of nanotechnology. G. Raiche et al. showed that polyethylene glycol (PEG)-functionalized gold nanoparticles are 

highly stable and biocompatible in the eye(32). and Ahmed et al. demonstrated that antibody/peptide-functionalized 

AuNPs allow location-specific targeting(33). Notably, Chen Y. et al. reported that NAC loading onto AuNPs enhances 

ocular permeability and enables sustained antioxidant release(34), and Manlin Qi et al. confirmed that surface-

functionalized AuNPs can penetrate the corneal layer without inducing cytotoxicity, supporting their suitability for 

advanced ophthalmic nanotherapies(35) 

Cataract is the opacification of the crystalline lens, one of the major causes of vision impairment and blindness 

worldwide. Physiologically, lens transparency is ensured by antioxidant defensive systems and crystallin protein 

folding, but oxidative stress-induced crystallin modifications and protein aggregation enhance light scattering and lens 

opacification. 

To illustrate the ability to induce a successful penetration of the ocular barriers, the current study proposed to create 

NAC loaded AuNPs (AuNPs-NAC) in order to improve ocular drug delivery and extend intraocular drug retention by 

controlled release by optimizing key physicochemical parameters such as particle size, surface charge, and 

functionalization to achieve a successful penetration through the ocular barriers. 

Alchemilla vulgaris L .was chosen as the main plant material for this study because of its established phytochemical 

profile and proven antioxidant qualities. Alchemilla vulgaris L. is a rich source of polyphenols, flavonoids, and tannins, 

which have potent metal-reducing and free radical scavenging properties. Because of these bioactive components, the 

plant is especially well suited for green synthesis techniques, where plant-derived metabolites serve as both stabilizing 

and reducing agents and previously validated in green nanoparticle synthesis and antioxidant-related biomedical 

applications. 

This study hypothesized that green synthesized AuNPs-NAC may enhance ocular permeation and sustained 

antioxidant delivery, slow or prevent cataractogenesis, and provide a non-surgical, safe, and cost-effective 

pharmacological method for cataract management. To the best of our knowledge, the evaluation of Alchemilla vulgaris 

L. as a source for AuNP synthesis for anti-cataract applications is reported for the first time. The phytochemical 

characterization of Alchemilla vulgaris L. extracts are presented to clarify its antioxidant, as well as to identify some 

novel possible biological effects of the plant. 
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Experimental 

Material  

Gold (III) chloride trihydrate (HAuCl₄·3H₂O, ≥99.9% trace metals basis) was obtained from Solarbio (China). N-

acetylcarnosine (NAC, ≥98%) was purchased from Solarbio (Beijing, China). Mucin from porcine stomach (Type II, 

≥99%) was also supplied by Solarbio (Beijing, China). Phosphate buffered saline (PBS, analytical grade) was 

purchased from Chemical Point (United Kingdom).  2-2 Diphenyl-1-picrylhydrazyl (DPPH, ≥99%) and L-ascorbic 

acid (≥99%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The MTT reagent (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide, ≥98%) was purchased from Sigma-Aldrich (USA). Fresh aerial parts of 

Alchemilla vulgaris L. (Lady’s mantle) were collected, shade-dried, and powdered prior to extraction. Human 

cataractous lens samples were collected from patients undergoing surgical intervention at Ibn Al-Haitham Teaching 

Eye Hospital (Baghdad, Iraq) after obtaining written informed consent from all donors in accordance with the 

Declaration of Helsinki. All reagents were of analytical grade, and deionized water was used throughout the study. 

Methods 

All experimental protocols were discussed by a scientific committee in the Chemistry Department at Mustansiriyah 

University, which was formally established according to PG No.1520 in 10/11/2024 and then the protocols were 

formally approved by the College of Science at Mustansiriyah University according to PG No.193 in 17/2/2025. The 

study on cataracts was performed in accordance with appropriate guidelines of the Iraqi Ministry of Health. 

Plant material identification and collection 

We have got a permission from the Department of Biology-Plant branch, College of Science, Mustansiriyah University 
to collect the plant material. The plant was collected with permission from a local authority, which was obtained from 
Himachal, Pradesh (30-22،12-33° N; 75-47،04-79° E), and no plants that were protected or endangered were used. 
The plant was deposited in the MUST-HERBARIUM in the Mustansiryah University in Baghdad, with a voucher 
specimen no. MUST#302. The scientific name of the plant is Alchemilla vulgaris L., the family name is Rosaceae, the 
common name is Lady's Mantle. A qualified botanist in the Department of Biology (Dr. Hadeel Radawi H. Al-
Newani), College of Science, Mustansiriyah University, formally identified the plant material. The using of the plant 
in this study was conducted in accordance with institutional, national, and international regulations, including the 
IUCN Policy Statement on Research Involving Species at Risk of Extinction and the Convention on International 
Trade in Endangered Species of Wild Fauna and Flora (CITES). 

Preparation of Alchemilla vulgaris L .extract 

A measured quantity of Alchemilla vulgaris L. (Lady’s Mantle) was thoroughly washed several times with distilled 

water and then air-dried at room temperature. The dried plant was finely ground into a homogeneous powder. 

Powdered sample (15 g) was mixed with 200 mL of distilled water and heated at 80 °C for 30 minutes under continuous 

stirring to facilitate extraction. The resulting mixture was filtered through Whatman filter paper, followed by 

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



centrifugation for 10 minutes to obtain a clear, impurity-free supernatant. The filtrate was then stored under 

refrigerated conditions for subsequent experimental use (36). 

Green Synthesis of Gold Nanoparticles (AuNPs) 

A volume of 100 mL aliquot of 0.02 M chloroauric acid (HAuCl₄) solution was prepared, and the plant extract was 

dropped wise under ultrasonic agitation at room temperature, for a final ratio of 1:2 (v/v). The color of the mixture 

gradually changed from pale yellow to reddish-brown, confirming the reduction of Au³⁺ ions and the successful 

formation of AuNPs. The resulting colloidal suspension was centrifuged at 10,000 rpm for 15 minutes to separate the 

nanoparticles from the supernatant. The obtained pellet was thoroughly washed several times with distilled water to 

remove unbound phytoconstituents and residual impurities .To create a stable dry powder, the purified AuNPs and 

NAC-loaded AuNPs were dried for 24 hours at 40 °C in a lab oven. In order to minimize possible changes in surface 

functionalization and maintain the structural integrity of the bioactive compounds, this comparatively low drying 

temperature was chosen. The powders were dried, then allowed to cool to room temperature before being kept in 

airtight, light-protected containers  and stored at 4 °C for subsequent characterization and use (37). 

Preparation of AuNPs at Different Concentrations (1–7% w/v) 

Three different concentrations of AuNPs (1%, 4%, and 7% w/v) were prepared by dispersing the dried nanoparticles 

in 10 mL of distilled water to evaluate the effect of concentration on subsequent experimental applications. The 

prepared suspensions were stored under refrigerated conditions for future use. 

Characterization 

1. UV–Visible Spectroscopy 

UV–Vis absorption spectra were recorded using a Shimadzu UV-1800 spectrophotometer (Shimadzu, Japan) over the 

wavelength range of 200–800 nm. Samples were diluted 1:10 with distilled water prior to analysis. It was utilized in 

the characterization of electronic transitions in N-acetylcarnosine (NAC), both π→π* and n→π* transitions of the 

chromophoric structure of NAC, and to verify the formation of gold nanoparticles (AuNPs), the dispersion, and 

stability of the gold nanoparticles by observing their typical surface plasmon resonance (SPR) band. All measurements 

were carried out with a calibrated UV-Vis spectrophotometer under standard conditions to ensure spectral accuracy 

and reproducibility.(38) . 

2. HPLC of the extract 

The profiling of the major phenolic and flavonoid constituents of the Alchemilla vulgaris L. extract was done with 

high-performance liquid chromatography (HPLC). The analysis was performed on a SYKAM HPLC system 

(Germany) equipped with a C18-ODS column (25 cm x 4.6 mm). The mobile phase consisted of methanol:deionized 
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water:formic acid (70:25:5, v/v/v), with a flow rate of 1.0 mL/min, and was detected at 280 nm using a UV detector. 

The injection volume was 0.1 mL. Identification of the compounds was performed by comparing their retention times 

(Rt) with those of authentic reference standards chromatographed under the same conditions. Chloroform maceration, 

ultrasonic treatment, and butanol partitioning were used to obtain a purified, dry extract suitable for chromatographic 

analysis. This was a way to provide reliable, reproducible, and selective profiling of the bioactive phytochemical 

molecules in the extract.(39). 

3.  Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were recorded using a Bruker FTIR spectrometer (Bruker, Germany) to determine the functional groups 

and spectral properties of N-acetylcarnosine (NAC) and the Alchemilla vulgaris L. (Lady’s Mantle) extract. The dried 

AuNPs and NAC-loaded AuNPs were analyzed directly using the attenuated total reflectance (ATR) mode without 

additional sample preparation ,The spectra were taken in the mid-infrared (650-4000 cm-1) range to determine 

characteristic stretching and bending vibrations of the hydroxyl (O-H), amine (N-H), carbonyl (C=O), and C-N 

functional groups. The FTIR analysis was used to obtain information on the chemical composition of NAC and the 

biomolecules in plants, and to determine their functions in nanoparticle reduction and stabilization. A calibrated FTIR 

spectrometer was used to measure all samples under controlled conditions to ensure the accuracy and reproducibility 

of the spectra.(40).  

4. X-ray Diffraction (XRD) 

The crystalline structure of the synthesized AuNPs and NAC-loaded AuNPs was analyzed using a Philips PW1730 

X-ray diffractometer (Philips, Netherlands) equipped with Cu-Kα radiation (λ = 1.5406 Å). Diffraction patterns were 

recorded over a 2θ range of 20°–80° at a scanning rate of 0.02° per second under standard operating conditions. The 

obtained diffraction peaks were compared with standard reference data (JCPDS database) to confirm the face-centered 

cubic (fcc) structure of gold nanoparticles (41). XRD was also used to confirm the nanoparticles' crystallinity and 

determine the mean crystallite size. All the diffraction patterns were measured with a calibrated XRD diffractometer 

under standard instrumental conditions, ensuring accuracy and reproducibility(42)  

5. Field Emission Scanning Electron Microscopy (FESEM) 

The morphology and surface properties of the synthesized AuNPs and NAC-loaded AuNPs were investigated by field 

emission scanning electron microscopy (FESEM) analysis using a TESCAN MIRA3 microscope (TESCAN, Czech 

Republic). Double-sided conductive carbon tape was used to mount dried nanoparticle samples on aluminum stubs, 

and a thin layer of gold was sputter-coated to improve conductivity. To assess the shape and size distribution of the 

particles, micrographs were taken at a 15 kV accelerating voltage and at the proper magnifications.(43)  

6. Atomic Force Microscopy (AFM) 
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The nanoscale surface topography and morphology of the prepared materials were determined using NTEGRA Aura 

Atomic Force Microscope (NT-MDT Spectrum Instruments, Russia) to look at the surface topography and particle 

morphology in more detail. Clean glass slides were used to hold dried nanoparticle samples, which were then left to 

air-dry before being imaged. Measurements were conducted in semi-contact mode under ambient conditions to acquire 

high-resolution surface morphology and particle size data.(43) 

7. Zeta Potential Measurement 

The surface charge properties and colloidal stability of the developed nanoparticle formulations were determined by 

measuring zeta potential. The data were analyzed using HORIBA SZ-100 Zeta Potential Analyzer (HORIBA Ltd., 

Japan), which is based on electrophoretic light scattering (ELS) to measure the electrophoretic mobility and zeta 

potential of individual particles. Experiments were conducted at 25 °C after appropriate dilution of the nanoparticle 

suspension in distilled water to avoid multiple scattering effects. Each measurement was conducted in triplicate to 

provide a clear evaluation of interparticle electrostatic interactions, dispersion behavior, and the impact of surface 

functionalization on nanoparticle stability. (44). 

In-vitro Antioxidant Activity (DPPH Assay) 

To assess the antioxidant activity of AuNPs and AuNPs loaded with NAC, 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

scavenging assay was used. This technique is based on the reduction of the stable DPPH radical, which causes a 

decrease in absorbance at 517 nm which is proportional to the tested samples' ability to scavenge radicals. DPPH stock 

solution was prepared by dissolving 4 mg DPPH in 3 mL of analytical-grade methanol, and kept in the dark until it 

was needed. A volume of 250 μL of DPPH solution was combined with 250 μL of different  concentrations of the 

tested sample, which was then allowed to sit at room temperature for 30 minutes in the dark. AuNPs (1%, 4%, and 

7% w/v), NAC (0.05, 0.1, and 0.3 mM  loaded with 7% w/v AuNPs) were tested against ascorbic acid (10 to 100 

mg/mL) as a positive control. A UV-Visible spectrophotometer was used to measure absorbance at 517 nm, using 

methanol as the blank. For comparison, DPPH and methanol without sample were used as a control (45). All 

measurements were performed in triplicate (n = 3) and expressed as mean ± standard deviation (SD) .  The antioxidant 

activity of the samples was evaluated using the DPPH free radical scavenging assay, and the percentage of inhibition 

was calculated according to the following equation: 

100 ∗  
𝐴 − 𝐴𝑐

𝐴𝑐
= % 𝐼 

Where 𝐴 represents the absorbance of the sample and Ac represents the absorbance of the control 

Cytotoxicity Assay (MTT) 
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The cytotoxicity of AuNPs, Alchemilla vulgaris L. extract, and AuNPs–NAC formulations was evaluated using the 

MTT assay on human lens epithelial cells (HLE-B3; ATCC® CRL-11421™) to see how toxic AuNPs, Alchemilla 

vulgaris L. extract, and AuNPs–NAC formulations were. Under standard incubation conditions (37 °C, 5% CO₂, 

humidified atmosphere), cells were grown in Eagle's Minimum Essential Medium (EMEM) with 20% foetal bovine 

serum (FBS) and 1% penicillin-streptomycin (100 U/mL penicillin and 0.1 mg/mL streptomycin). Cells were placed 

in 96-well plates and given 24 hours to attach before being treated. After that, cells were exposed to the test 

formulations at different concentrations (25, 50, 100, 200, and 400 µg/mL) for 24 hours. After treatment, each well 

received 20 µL of MTT solution (5 mg/mL) and was left to sit for 4 hours to let formazan crystals form. We carefully 

took off the supernatant and dissolved the formazan crystals in dimethyl sulfoxide (DMSO). A microplate reader was 

used to measure absorbance at 570 nm. Cell viability (%) was calculated relative to untreated control cells. All 

experiments were performed in triplicate (n = 3) and expressed as mean ± standard deviation (SD). Statistical analysis 

was carried out using one-way ANOVA followed by Dunnett’s multiple comparisons test, with p < 0.05 considered 

statistically significant. IC₅₀ values were determined using nonlinear regression analysis of concentration–response 

curves.(45). 

Drug Release Study 

The release kinetics of NAC from AuNPs formulations were evaluated using a dialysis bag diffusion technique. 

Dialysis membranes with a molecular weight cut-off (MWCO) of 7–14 kDa were employed, each containing 1 mL of 

the nanoparticle suspension. Three dialysis bags were immersed separately in 50 mL of phosphate-buffered saline 

(PBS) containing mucin derived from porcine stomach to simulate the ocular environment. The experiments were 

performed at room temperature under gentle stirring at different pH values (6.0, 7.4, and 8.0) to mimic physiological 

and pathological ocular conditions. Aliquots were withdrawn at predetermined time intervals ranging from 0.25 to 24 

hours, and the concentration of released NAC was quantified spectrophotometrically at 220 nm using a UV–Vis 

spectrophotometer(46, 47). 

Ex-vivo Lens Transparency Evaluation 

Human cataractous lens samples obtained from patients with diabetic or renal-failure–associated cataracts were 

immersed in solutions containing AuNPs, 7% w/v loaded with varying concentrations of NAC ranging from 0.01 to 

0.3 mM. The lenses were incubated for up to 15 days, during which progressive optical changes were monitored using 

digital imaging. A gradual improvement in lens optical clarity was observed, particularly in samples treated with NAC 

concentrations between 0.1 and 0.3 mM. This enhancement in clarity indicates improved permeability of the 

antioxidant molecules through the lens capsule and suggests that NAC-loaded AuNPs effectively protect lens proteins 

from oxidative modification and structural degradation (46-48), see equation (1). 
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Loading of NAC onto AuNPs 

For the loading NAC onto AuNPs at concentrations of 1%, 4% and 7% (w/v), precisely 0.268 g of NAC was weighed 

and added to each AuNPs suspension. The mixtures were gently stirred and allowed to incubate at room temperature 

for 24 hours to ensure optimal adsorption of NAC molecules onto the nanoparticle surfaces. Following incubation, 

the suspensions were centrifuged to separate the unbound NAC, and the supernatants were collected for analysis. The 

encapsulation efficiency (EE %) and drug-loading capacity (DL %) of NAC were subsequently calculated to evaluate 

the loading performance.  The supernatant was analyzed at 220 nm (UV–Vis) to determine the unbound drug 

concentration. Encapsulation efficiency (EE %)(49) and drug loading (DL %)(50) were calculated as equation 1 and 

2: 

% 𝐸𝐸 =  
𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑 −  𝑓𝑟𝑒𝑒 (𝑢𝑛𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 )𝑑𝑟𝑢𝑔  

𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑
∗ 100 … … … (1) 

% 𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = 
ୟ୫୭୳୬୲ ୭୤ ୢ୰୳୥ ୪୭ୟୢୣୢ ୧୬୲୭ ୒୔ୱ

୘୭୲ୟ୪ ୵ୣ୧୥୦୲ ୭୤ ୢ୰୧ୣୢ ୒୔ୱ 
*100     …. (2) 

Calibration Curve for NAC 

The calibration curve was constructed to accurately quantify NAC concentrations during the drug loading and 

encapsulation studies. A series of standard NAC solutions (0.005–0.3 mM) were freshly prepared, and their 

absorbance values were measured at 220 nm using a UV–Vis spectrophotometer under optimized analytical 

conditions. The resulting calibration plot demonstrated strong linear correlation (R² = 0.989), confirming strict 

compliance with Beer–Lambert’s law, and the regression equation was subsequently utilized to calculate the 

concentration of unbound NAC and to precisely determine both the drug loading and encapsulation efficiencies in the 

nanoparticle formulations(51)  . 

In Silico and Computational Analysis 

The computational study was conducted to elucidate the molecular pattern and interaction behavior of NAC. 

Pharmacophore modeling was performed using Pharmit to identify the spatial distribution of the functional groups 

responsible for protein binding. The analysis revealed distinct hydrophobic regions, hydrogen bond–forming domains, 

and an anionic (carboxylic) area, indicating the molecule’s potential to establish electrostatic and polar interactions 

with various proteins(52). Pharmacokinetic and toxicity properties were further evaluated using SwissADME and 

ProTox-II platforms. The results demonstrated that NAC possesses excellent drug-like characteristics and an almost 

negligible toxicity profile, with an estimated LD₅₀ of 14,930 mg/kg, and exhibits high gastrointestinal absorption while 

lacking blood–brain barrier permeability — confirming its safety for ophthalmic therapeutic applications(53, 54). 

Molecular docking simulations were carried out using AutoDock 1.2.3 to explore the interactions between NAC and 

lens proteins. The results revealed strong binding affinities ranging from −5.4 to −6.0 kcal/mol, with multiple hydrogen 
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bonds formed with the amino acid residues Tyr45, Arg79, and Asp17. These interactions suggest that NAC contributes 

to the stabilization of lens proteins and prevents their abnormal aggregation, thereby preserving lens transparency. 

These computational findings are in strong agreement with the experimentally observed antioxidant and anti-cataract 

properties of NAC(55). 

Statistical analysis 

All in vitro experiments were in triplicate (n = 3), and the data are expressed as mean ± standard deviation (SD). 

Statistical analyses were performed using IBM SPSS Statistics software, version 29 (IBM Corp., Chicago, IL, 

USA), and GraphPad Prism, version 8.4.3 (GraphPad Software, San Diego, CA, USA). One-way analysis of 

variance (ANOVA) followed by Dunnett's multiple comparisons test were used to compare groups statistically. 

This statistical approach was applied to both DPPH radical scavenging and MTT cytotoxicity assays. The alpha 

level was 0.05. Using a four-parameter logistic (4PL) model with a variable slope, nonlinear regression analysis 

was used to make dose–response curves. The 4PL model was specifically used for the calculation of IC₅₀ values 

derived from concentration–response curves. We used the profile likelihood method to find the 95% confidence 

intervals (CI) for the IC50 values. The coefficient of determination (R²) was used to check how well the model fit 

the data. A p-value of less than 0.05 was considered a statistically acceptable.   

Safety considerations 

All of the experiments were done following standard safety rules for labs. Lab coats, gloves, and safety glasses, were 

used during experimental parts. Standard laboratory protocols were utilized to handle chemical reagents and 

nanomaterials so that we reduced the risk of exposure. Humans’ samples were handled, stored, and properly disposed, 

in accordance with Mustansiriyah University and Ministry of Health biosafety and ethical protocols. 

Limitations of the study 

There are some limitations to the current study. The ex vivo human lens model, while highly relevant for assessing 

lens transparency, does not fully replicate the complex physiological conditions of the living eye. Extended incubation 

times and physiologically appropriate pH levels were used to overcome this restriction. Handling, storage, and 

processing procedures were challenging to maintain lens integrity because the availability and handling of human 

cataractous lenses were restricted, and tissue sensitivity to mechanical and biochemical damage. Standardized 

extraction and regulated synthesis conditions reduced the potential impact of Alchemilla vulgaris L phytochemical 

composition variability on the AuNPs synthesis reproducibility. Lastly, full clinical application still requires in vivo 

validation, which was outside the purview of this study. 

Results and discussion  

Synthesis and Characterization 

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



AuNPs were synthesized through an environmentally friendly (green) approach using Alchemilla vulgaris L. (lady’s 

mantle) extract as a natural reducing and capping agent. The extract facilitated the reduction of chloroauric acid 

(HAuCl₄) to elemental gold, as evidenced by a distinct color change from pale yellow to reddish brown—a classical 

visual indication of surface Plasmon resonance (SPR)(37, 56). The formation of AuNPs was further confirmed by 

UV–Vis spectrophotometry, which exhibited a characteristic absorption peak at 520 nm corresponding to the SPR 

band of spherical gold nanoparticles(57) as shown in Figure (1A), Additionally, NAC exhibited a maximum at 220 

nm, which is attributed to its characteristic electronic transitions — specifically the n → π and π → π transitions within 

its functional chromophoric groups, which is considered a characteristic fingerprint of NAC and was employed for 

quantitative determination using HPLC and UV–Vis spectroscopic analyses (58). The absorption band at 220 nm 

provided an analytical identification of of NAC in complex nanoconjugated systems(59), distinguishable from the 

surface Plasmon resonance (SPR) signal of AuNPs, as shown in Figure (1B). 

Fourier-transform infrared (FTIR) 

The Fourier-transform infrared (FTIR) spectrum of the Alchemilla vulgaris L. extract revealed characteristic 

vibrational peaks confirming the presence of phenolic compounds, flavonoids, and carboxylic groups—key 

phytoconstituents responsible for the bioreduction of gold ions to elemental gold. The broad absorption band 

corresponding to N–H and O–H stretching vibrations, typically associated with phenols, alcohols, and proteinaceous 

compounds, indicated their crucial involvement in the reduction process through electron donation. The prominent 

C=O stretching observed in the region characteristic of carboxylic acids and esters further suggests the presence of 

flavonoids and organic acids within the extract(40). In addition, bands at approximately 1610 cm⁻¹ and 1213 cm⁻¹ 

correspond to C=C and C–O stretching vibrations, respectively, confirmed the polyphenolic nature of the extract. The 

absorption peaks below 1000 cm⁻¹ were attributed to bending vibrations of C–H and metal–oxygen (M–O) bonds, 

which may represent potential binding sites for gold ions, facilitate the nucleation and stabilization of AuNPs 

complexes. These findings collectively substantiate the pivotal role of Alchemilla vulgaris L. extract as a reducing and 

capping agent in the green synthesis of AuNPs (60). Table 1S and Figure 1 (C and D) summarizes the characteristic 

stretching vibration frequencies corresponding to the functional groups. 
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Figure 1. Characterization results of the AuNPs before and after loading with NAC.  A) UV–Vis spectra of AuNPs 
and B) for NAC, C) FTIR spectra of AuNPs, D) FTIR spectra of AuNPs-NAC, E), XRD patterns of AuNPs, F) XRD 
of AuNPs-NAc, G) FESEM images of AuNPs in 500 nm and 200 nm scale bars, H)  of AuNPs and I)  of AuNPs-
NAC. 
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The FTIR spectrum of NAC exhibited well-defined absorption bands characteristic of its functional groups, confirmed 

the molecular integrity of the compound. A broad and intense band observed around 3406 cm⁻¹ corresponded to the 

overlapping N–H and O–H stretching vibrations, indicative of imidazole and amide functionalities. The absorption 

peak at 2915 cm⁻¹ was attributed to aliphatic C–H stretching, while the sharp band at 1762 cm⁻¹ represented the 

carbonyl (C=O) stretching vibration associated with the acetyl moiety of NAC(61). 

Additionally, distinct peaks at 1651 cm⁻¹ and 1497 cm⁻¹ correspond to amide I and amide II vibrations, respectively, 

confirmed the presence of peptide linkages within the molecular backbone. The strong absorptions in the region of 

1000–1200 cm⁻¹ assigned to C–N and C–O stretching vibrations, reflecting the existence of carboxyl and amide 

groups. The low-frequency bands appeared between 524 and 450 cm⁻¹ related to skeletal carbon vibrations, further 

validating the structural framework of the NAC molecule (51, 61). 

Overall, these spectral findings corroborate the characteristic vibrational profile of NAC and provide a definitive 

spectroscopic signature for its identification and subsequent interaction with AuNPs in the synthesized 

nanoconjugated system. Table 1 and Figure (1) summarize the characteristic stretching vibration frequencies 

corresponding to the functional groups  

X-ray diffraction (XRD) 

The X-ray diffraction (XRD) pattern of AuNPs in Figure 2 (C) displayed four prominent Bragg reflections at 2θ ≈ 

38.21°, 44.4°, 64.6°, and 77.5°, which are indexed to the (111), (200), (220), and (311) planes of face-centered cubic 

(FCC) Au and match the standard reference pattern (JCPDS 04-0784). Notably, the (111) reflection exhibited the 

highest intensity (≈8172 counts), indicating a preferred orientation along (111)—a behavior frequently reported for 

stable AuNPs produced by plant-mediated (green) routes. The corresponding interplanar spacings (d) are consistent 

with FCC Au (e.g., ~2.35 Å for (111), ~2.04 Å for (200), ~1.44 Å for (220), ~1.23 Å for (311)), further confirming 

phase purity and crystallinity (62). 

Crystallite sizes estimated from the Scherrer equation (D = Kλ/βcosθ)(63) fell in the 20–35 nm range, in agreement 

with SEM/AFM observations; the sharp peaks and narrow full width at half maximum (FWHM ≈ 0.23–0.46) reflect 

high crystallinity and low lattice strain. The absence of spurious reflections evidences complete reduction of Au³⁺ to 

metallic Au and a high-purity product(64). Together with FTIR data, these results support the dual role of plant 

polyphenols as reducing and capping agents, which is well-documented in green syntheses of noble-metal 

nanoparticles, as shown in Figure 1 (E). XRD pattern obtained after loading AuNPs with N- NAC (Figure 2 D) 

revealed that the principal reflections characteristic of face-centered cubic (FCC) gold was preserved at 2θ values of 

38.5°, 44.6°, 64.9°, and 78.09°, corresponding to the (111), (200), (220), and (311) planes, respectively. This confirms 

that the intrinsic crystalline structure of metallic gold remained intact after functionalization(65). A slight shift of the 

(111) peak from 38.21° to 38.5°, accompanied by a small decrease in relative intensity from 100 % to 98.3 %, suggests 

a minor degree of lattice strain and surface modification induced by the adsorption of NAC molecules onto the 

nanoparticle surface(66), Figure 1 (F). 
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FESEM test  

High-resolution field emission scanning electron microscopy (FESEM) images (Figure 1 G) revealed that the green-

synthesized AuNPs exhibited predominantly spherical to quasi-spherical morphologies with a uniform size 

distribution and minimal aggregation(67). The average particle diameter ranged between 15 and 30 nm, which closely 

corresponds to the crystallite size estimated from XRD analysis using the Scherrer equation. Previous studies have 

consistently reported that the spherical morphology of green-synthesized AuNPs arises from the polyphenolic-

mediated reduction mechanism(68), wherein plant-derived phytoconstituents act simultaneously as reducing and 

capping agents. These bioactive compounds donate electrons to reduce Au³⁺ ions to metallic Au⁰ while stabilizing the 

nanoparticle surface, thereby preventing agglomeration and enhancing colloidal stability(69). Such biomolecule-

assisted synthesis routes are widely recognized for producing well-defined, stable nanostructures suitable for 

biomedical and therapeutic applications. At higher magnifications (135–700 K×), FESEM images revealed well-

defined clusters of nanostructures composed of smooth-surfaced, discrete particles with delineated boundaries, 

indicating high crystallinity and homogeneous nucleation during the synthesis process. The narrow inter particle 

spacing further reflects the strong stabilizing efficiency of the Alchemilla vulgaris L extract, which effectively prevents 

coalescence and preserves nanoscale dispersion (37, 57, 70). At lower magnifications (1–10 µm), the FESEM images 

exhibited a continuous granular texture in which the nanoparticles appeared interconnected, forming dense network-

like architectures. This phenomenon can be attributed to solvent evaporation during drying, which induced the 

assembly of individual nanocrystals into cohesive aggregates—a commonly reported feature in metallic 

nanostructures synthesized through green, phytochemical-mediated methods (57, 71) 

Zeta potential (  ) test 

Zeta potential (  ) analysis showed that the green-synthesized gold nanoparticles exhibited a surface potential of −25 

mV, accompanied by an electrophoretic mobility of 1.93 × 10⁻⁴ cm²·V⁻¹·s⁻¹ at 25°C, consistent with values commonly 

reported for phytochemically stabilized AuNPs colloids (72). The measurement was conducted in a medium of 

viscosity 0.985 mPa·s and conductivity 0.090 mS·cm⁻¹, indicating a dispersed colloidal system controlled by 

electrostatic repulsion between nanoparticles. According to established colloidal stability criteria, () values ≥ |30| mV 

indicate stable dispersions, whereas values between |20–30| mV correspond to systems with moderate yet functionally 

sufficient stability—which aligns with the measured value (73). The negative surface charge was attributed to 

deprotonation of carboxyl and phenolic groups in the plant extract, which acts simultaneously as a reducing and 

capping agent during nanoparticle formation(74). Previous studies reported that the  of green-synthesized AuNPs 

typically ranged from −15 to −50 mV, confirmed that the obtained value lies within the expected and acceptable 

stability range for phytochemical-mediated nanogold (75). 

Following the loading of AuNPs with NAC, the dispersion exhibited an electrophoretic mobility of 1.001 × 10⁻⁴ 

cm²·V⁻¹·s⁻¹ and a viscosity of 0.894 mPa·s at 25°C under an applied electric field of 3.4 V. The   measurement 

revealed a decrease from −25 mV to −18 mV, which can be attributed to the increase in the thickness of the organic 

corona surrounding the nanoparticle surface(76), as well as the surface coverage by NAC molecules. The functional 
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groups of NAC — including carboxyl, imidazole, and amide moieties — interact with the negatively charged sites 

originally present on the nanoparticles, resulting in partial masking of surface charge and subsequent reduction in the 

overall negative  potential  (77, 78), see Figure  (1H  and I). 

AFM for AuNPs / AuNPs-NAC 

Atomic force microscopy (AFM) analysis (scan areas of 0.50 × 0.50 µm and 0.20 × 0.20 µm) revealed a compact 

layered arrangement of the AuNPs, Figure 2 (A and B) The surface topography exhibited height parameters ranging 

between Sa = 1.17–7.02 nm and Sq = 1.49–9.74 nm, indicated a surface of moderate nanoscale roughness(79). The 

surface bearing characteristics derived from the Firestone–Abbott (material ratio) curve demonstrated a valley 

fraction, the presence of nanoscale depressions distributed across the surface(80).The surface area ratio (Sdr) reached 

42.42%, referred to developed surface area, which is favorable for surface adsorption and molecular anchoring. The 

autocorrelation length (Sal ≈ 62 nm) suggested that the lateral 

spacing between surface features falls within the nanometric regime, consistent with the expected spatial distribution 

of AuNPs (81). 

Figure 2.  AFM imaging for Au NPs before loading (A) and after loading (B) 

After loading AuNPs with NAC, the sample topography scanned 2.0 × 2.0 µm, which revealed an alteration in the 

nanosurface architecture. The surface roughness parameters (Sa) increased from 1.17–7.02 nm to 21.44 nm and Sq 
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increased from 1.49–9.74 nm to 25.83 nm, indicated formation of a continuous organic NAC coating layer on the 

nanoparticle surface. Such increases in height-based roughness parameters are associated with molecular adsorption 

and corona formation on nanostructured surfaces(82). Furthermore, the Firestone–Abbott bearing ratio analysis 

demonstrated a surface transition characterized by higher peak prominence (S-pk) and reduced valley depth (S-vk) 

compared to the unmodified nanoparticles. The increase in S-pk indicated rise of nanoscale protrusions caused by 

NAC anchoring on surface-active sites, while the decrease in S-vk indicated filling and smoothing of nanoscale 

depressions, confirming successful surface loading and molecular occupancy(83). The surface complexity ratio (Sdr) 

exhibited an increase following NAC conjugation, due to developed surface area raised from the organic molecular 

layer overlaying the native nanoparticle topography. Additionally, the autocorrelation length (Sal) increased from ≈ 

62 nm (pre-loading) to ≈ 116 nm after NAC coating, indicated a transition from localized roughness to more laterally 

continuous surface morphology. This behavior is consistent with the formation of a uniform, coherent molecular layer 

that bridges peaks and valleys across the nanosurface.(82).  

High-performance liquid chromatography (HPLC) analysis of Alchemilla vulgaris L. extract 

High-performance liquid chromatography (HPLC) for Alchemilla vulgaris L. extract was performed using a C18-ODS 

column (25 × 4.6 mm) with chromatographic conditions, which are recognized as optimal for the separation of 

phenolic and flavonoid compounds(39). Among the identified phytoconstituents, rutin and quercetin are of 

particular relevance due to their well-established antioxidant and anti-glycation activities. Rutin has been 

demonstrated to significantly suppress advanced glycation end-product (AGE) formation and attenuate 

oxidative protein modification, thereby limiting structural destabilization of long-lived proteins(1, 2). Given 

that AGE accumulation promotes crystallin cross-linking and aggregation during cataractogenesis, thus, 

inhibition of glyco-oxidative pathways represents a mechanistically relevant anti-cataract strategy(3). 

Quercetin likewise exhibits potent free-radical scavenging capacity and has shown protective effects in 

human lens epithelial cells by mitigating oxidative stress-induced apoptosis(4). Phytochemical profile also 

confirms the presence of polyphenols in Alchemilla vulgaris, accounting for its intrinsic redox activity(5). 

Importantly, flavonoids such as rutin and quercetin can function as reducing and stabilizing agents during 

plant-mediated green synthesis of AuNPs, facilitating Au(III) reduction and surface capping through 

electron-donating hydroxyl groups, thereby conferring simultaneous therapeutic and nanotechnological 

relevance(6). 

 Detection at 280 nm is also well-established for flavonoid and phenolic compound identification due to their strong 

aromatic conjugation and UV absorbance characteristics(84). The retention time (Rt) and peak matching results 

demonstrated clear correspondence between sample constituents and their respective standards. The rutin peak 

appeared at Rt = 2.26 min, matching the standard value, and accounted for 16% of the total peak area. Quercetin was 

identified at Rt = 3.77 min (standard Rt = 3.79 min) with a relative area of 11%. Ferulic acid showed a characteristic 

peak at Rt = 5.95 min, closely matching its standard (Rt = 5.98 min), contributing ~11% of the signal. Kaempferol 

was detected at Rt = 9.91 min (standard Rt = 9.90), while chlorogenic acid was observed at Rt = 11.87 min, also 
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consistent with the reference value (Rt = 11.80 min). A flavonoid peak at Rt = 4.11 min represented approximately 

15% of the total signal. Quantitative analysis revealed the following concentrations (ppm) in the extract shown in 

Table (1) and Figure 1S. 

 

Table 1. Quantitative analysis of the extract content  

Compound Concentration (ppm) 

Rutin 188.9 
Gallic acid 132.6 
Quercetin 74.9 

Kaempferol 57.9 
Ferulic acid 88.9 

Apigenin 90.8 
Chlorogenic acid 74.9 

These results confirm that the plant extract is rich in phenolic and flavonoid constituents, which are well-known for 

their potent antioxidant activity, as well as their ability to neutralize and inhibit free radical species, thereby supporting 

their role in enhancing the bioactivity and functional performance of the synthesized AuNPs (85). 

 

MTT test 

Human lens epithelial cells (HLE-B3) were employed as an in vitro model to evaluate the cytocompatibility of the 

plant extract, AuNPs and AuNPs-NAC formulations. The cytotoxicity was assessed using the MTT assay (86). The 

results demonstrated that cells retained 80–96% viability when treated with the plant extract (0–400 µM), which 

indicated good biocompatibility. Likewise, the AuNPs-NAC exhibited 73–96% cell viability over the same 

concentration range, with a gradual decrease in viability observed at higher concentrations. According to the standard 

ISO 10993-5 cytotoxicity classification, a material is considered non-cytotoxic if cell viability remains ≥70%. All 

tested samples exceeded this threshold, confirming their low or negligible cytotoxicity within the concentration 

range.(87, 88). This biocompatible response can be attributed to the antioxidant properties of NAC, which enhances 

intracellular glutathione (GSH) homeostasis and counteracts oxidative stress. Experimental evidence from lens and 

retinal cell studies supported that NAC, and structurally related molecules, protect ocular cells against oxidative 

damage, thereby maintaining cell integrity and metabolic activity(89), consistent with the viability observed in this 

study. Figure 2S (A-D) shows MTT test for extract and AuNPs loaded with difference concentrations of NAC.  

Table 2. Comparative IC₅₀ Values of Alchemilla vulgaris L. Extract and NAC-Loaded AuNPs  in HLE-B3 

Cells (MTT Assay) 

 

 

 

 Extract  Au- NAC (0.05 µg/mL) Au-NAC (0.1 µg/mL) Au-NAC (0.3 µg/mL) 

IC50 388.9 
 

354.7 
 

306.2 
 

231.5 
 

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



DPPH assay 

The DPPH assay conducted for the Alchemilla vulgaris L. extract (Figure 3S) demonstrated a free-radical scavenging 

capacity, with inhibition exceeding 90%, which is attributed to its rich content of phenolic and flavonoid 

compounds(90). In contrast, unloaded AuNPs exhibited a moderate scavenging activity (20–60%), p <0.02, consistent 

with their surface electron–transfer catalytic role, rather than functioning as direct antioxidant agents(91). The AuNPs-

NAC displayed an enhanced radical scavenging effect, with inhibition levels ranging between 72–88%,  %), p <0.02, 

which increased proportionally with NAC concentration. This enhancement is primarily attributed to the thiol-

functional groups in NAC, which facilitated reduction of reactive ROS and promoted regeneration of intracellular 

glutathione (GSH), in addition to strengthening surface interaction and bioactivity through their association with the 

nanoparticle interface. The AuNPs–NAC therapy system exhibited an antioxidant profile, underscoring its potential 

to ameliorate oxidative stress associated with lens opacity and cataractogenesis(34). Figure 3S (A) shows DPPH 

inhibition% for AuNPs and AuNPs - NAC compared to ascorbic acid concentrations. 

Drug release 

The in vitro release profile of NAC using a dialysis membrane showed a biphasic kinetic pattern, characterized by an 

initial burst release during the first 2–4 hours, followed by a sustained diffusion-controlled release phase extending 

up to 24 hours. This biphasic behavior is consistent with controlled-release nanocarrier systems, where surface-

associated drug is released rapidly, while drug encapsulated within the carrier matrix diffuses more gradually over 

time(92). Figure 3S (B) showed a pH-dependent release pattern, where the release rate was highest at pH 6, moderate 

at pH 7.4, and lowest at pH 8. This trend aligns with the known behavior of pH-responsive nanosystems, in which 

mildly acidic environments weaken drug–carrier interactions, thereby enhancing molecular diffusion and accelerating 

release (93). Since tear fluid maintains a physiological pH of approximately 7.4–7.6, the release profile at pH 7.4 

considered the most physiologically relevant for ocular delivery systems. (94). The NAC-loaded AuNPs also 

demonstrated an encapsulation efficiency (EE ≈ 86.1%) and an adequate loading capacity (≈ 19.3%), values that fall 

within the optimal range for ophthalmic nanocarriers, which may highlight s drug retention within the delivery matrix 

while maintaining colloidal stability. Overall, the Au-NPs-NAC system is designed to deliver a rapid initial therapeutic 

dose, followed by sustained release under physiological ocular conditions, (95). Figure 3S (B) shows drug release at 

different pHs. 

In Silico Molecular Docking Studies 

Molecular docking analysis revealed that the ligand exhibits a high binding affinity and selective interaction toward 

lens crystallin proteins, which play a critical role in maintaining lens transparency(96). Any disruption in the structural 

integrity or stability of these crystallins can lead to their unfolding or aggregation, ultimately contributing to the 

development and progression of lens opacification (cataract)(97). 

1- Interaction with αB-Crystallin (PDB: 2WJ7) 
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Molecular docking results showed that the ligand formed multiple hydrogen bonds with key residues Asp17, Lys19, 

and Arg57, generating a compact and stable hydrogen-bonding network at the protein-binding interface. The formation 

of dense hydrogen-bonding networks is known to enhance ligand–protein binding affinity and stabilize the local 

secondary structure of crystallin proteins(55, 98).As shown in Figure (3) 

 

      

 

                                 

Figure 3. Molecular docking results of the ligand with Human αB Crystallin (PDB ID: 2WJ7): (a) Docking pose of 

the ligand in the active site, (b) 2D representation of the ligand–protein interactions, and (c) hydrogen bond 

interaction map. 

 

2. Interaction with βB1-Crystallin (PDB: 1OKI) 

The ligand exhibited a stable binding affinity of −5.8 kcal/mol, mediated through hydrogen-bond interactions with the 

amino acid residues Asp233, Trp236, and Gly98, in addition to forming dual stabilizing interactions with Lys117. 

These interactions suggest a well-anchored ligand orientation within the binding pocket of βB1-crystallin. βB1-

crystallin is a structurally essential lens protein that contributes to oligomer assembly, solubility maintenance, and 
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refractive index stability in the lens. Disruption of β-crystallin oligomerization has been strongly associated with lens 

opacification and cataract formation, as aberrant aggregation leads to light-scattering protein complexes within the 

lens matrix(99) , Figure (4). 

 

 

                            

Figure 4. Molecular docking results of the ligand with Human βB1 Crystallin (PDB ID: 1OKI): (a) Docking pose of 
the ligand in the active site, (b) 2D representation of the ligand–protein interactions, and (c) hydrogen bond 

interaction map. 

3. Strongest Interaction with γD-Crystallin (PDB: 1HK0) 

Among all the analyzed targets, γD-crystallin exhibited the highest binding affinity with a docking score of −6.0 

kcal/mol, accompanied by very short hydrogen bond distances (<2.0 Å), particularly with Tyr45 and Arg79. These 

residues are structurally important for maintaining the compact core stability of the lens. Notably, γD-crystallin is 

recognized as one of the most aggregation-prone crystallins during aging, where oxidative or thermal destabilization 

promotes protein unfolding and aggregate formation, leading to light scattering and cataract development. Therefore, 

stabilizing the native fold of γD-crystallin is considered a promising anti-cataract therapeutic strategy, as preventing 

its misfolding and aggregation may help preserve lens transparency (3, 27, 100, 101). As shown in Figure (5). 
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Figure 5. Molecular docking results of the ligand with Human GammaD Crystallin (PDB ID: 1HK0): (a) Docking 
pose of the ligand in the active site, (b) 2D representation of the ligand–protein interactions, and (c) hydrogen bond 

interaction map. 

 

4. Interaction with Cystatin-C (PDB: 3GAX) 

The ligand also formed multiple stabilizing interactions with Arg93, including hydrogen bonds and π–cation 

interactions, indicating a potential role in modulating protease-inhibition pathways. Notably, dysregulation of 

Cystatin-C is closely associated with amyloidogenic protein aggregation in several degenerative conditions. Therefore, 

these binding interactions suggest that the ligand may exert a broader protective effect by reducing pathological protein 

aggregation, extending beyond the maintenance of lens transparency alone(102). As shown in Figure (6). 
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Figure 6. Molecular docking results of the ligand with Human Cystatin C (PDB ID: 3GAX): (a) Docking pose of 
the ligand in the active site, (b) 2D representation of the ligand–protein interactions, and (c) hydrogen bond 

interaction map. 

Overall Interpretation 

Collectively, the molecular docking results indicate that the ligand may function as a molecular stabilizer across 

several aggregation-sensitive crystallin proteins, through the formation of short-range hydrogen bonds, electrostatic 

interactions, and reinforcement of the native protein folding interfaces. Together, these interactions act to reduce 

protein aggregation and structural destabilization, thereby slowing the progression of lens opacity. Accordingly, the 

ligand may represent a candidate for further preclinical investigation in anti-cataract nanotherapeutic 

development.(102, 103). The detailed interaction distances between molecule and types are summarized in Table 2S. 

ADMET study  

Pharmacophore modeling of NAC revealed the presence of well-defined functional interaction features, including 

hydrogen-bond donor and acceptor sites, a negatively charged anionic region associated with the carboxylate group, 
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and hydrophobic interaction zones. These features, illustrated in Figure 4S(A), indicate the ligand’s ability to engage 

in selective electrostatic and hydrophobic interactions with positively charged amino acid side chains located within 

biologically relevant protein binding pockets (28). The presence of complementary hydrogen-bonding motifs and 

anionic interaction centers suggests that NAC can stabilize protein structures by forming directional intermolecular 

networks with Crystallin residues, which are known to play a critical role in maintaining lens protein solubility and 

structural integrity (104). Furthermore, the hydrophobic domains identified in the Pharmacophore map support NAC’s 

potential to interact with hydrophobic cores of Crystallin proteins, thereby reinforcing the native protein fold and 

reducing aggregation susceptibility under oxidative and thermal stress conditions—key mechanisms implicated in 

age-related cataract formation(105). Collectively, these Pharmacophore characteristics support the hypothesis that 

NAC can act as a molecular stabilizer, counteracting Crystallin unfolding and aggregation processes that drive age-

related lens opacity, thereby positioning NAC as a promising therapeutic candidate for anti-cataract intervention (106). 

NAC demonstrated favorable drug-like and therapeutic development properties, meeting the key absorption and 

systemic suitability criteria described by Lipinski, Veber, and Egan. According to SwissADME analysis, In silico 

predictions showed that NAC had good pharmacokinetic and drug-like properties, which means it would be a good 

candidate for further formulation development.(107). The BOILED-Egg predictive model, Figure 4S (B), further 

indicated that NAC does not cross the blood–brain barrier (BBB), a desirable characteristic for ophthalmic 

therapeutics, as lack of CNS penetration reduces the risk of neurological side effects and supports target-localized 

pharmacological action(108). Regarding safety, ProTox-II classification predicted NAC to possess low acute toxicity, 

with an estimated LD50 ≈ 14,930 mg/kg, and categorized it as non-carcinogenic, non-immunotoxic, and non-

mutagenic, with only mild cardiotoxic and nephrotoxic potential observed at excessively high doses—consistent with 

its well-established safety record in ophthalmic formulations(54). Overall, these pharmacokinetic and toxicological 

characteristics support NAC as a clinically suitable, safe, and bioavailable therapeutic candidate, particularly for use 

in ocular drug delivery systems where localized antioxidant protection and minimal systemic side effects are essential. 

Table 3S. Predicted ADMET and Toxicity Profile of NAC. 

  

Preparation of Human Cataract Lens Samples 

Human cataractous lens specimens were obtained from patients undergoing routine cataract extraction surgeries due 

to diabetic-related or renal-failure–associated cataracts.   

As shown in Figure 7, treatment resulted in a marked and progressive improvement in lens transparency over the 

course of 0 to 15 days following immersion in NAC at a concentration of 0.3 mM. A concurrent decrease in the 

yellowing intensity and overall opacity was observed when compared to the pre-treatment state of the samples derived 

from both diabetic and renal-failure cataract patients. This improvement is attributable to the ability of carnosine-

derived compounds to combat protein aggregation, inhibit the formation of advanced glycation end products (AGEs) 

and reduce oxidative stress (104). In the case of lenses from renal-failure-associated cataracts, opacity is driven largely 

by elevated oxidative stress and ureamic toxins, whereas in diabetic-associated cataracts the activation of the polyol 
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pathway, accumulation of AGEs and associated oxidative/osmotic stress lead to lens protein damage and clouding 

(109). When 0.05 mM NAC was loaded onto AuNPs, a slight but noticeable enhancement in lens transparency was 

observed as shown in Figure (7). Such a low NAC dose may be insufficient to effectively counteract protein 

aggregation within the lens matrix, despite the known ability of AuNPs to facilitate localized drug delivery and 

prolonged retention at the target site (34). Gold nanoparticles are recognized for their ability to enhance tissue 

permeability, extend ocular residence time, and provide controlled and sustained drug release, all of which collectively 

contribute to improved bioavailability and therapeutic efficacy. Moreover, there was no spectral interference between 

the surface plasmon resonance (SPR) peak of gold nanoparticles (~520 nm) and the characteristic absorption of NAC 

(220 nm), ensuring accurate monitoring of both components within the composite formulation (110). 

 

 

Figure 7. Ex vivo human lenses for diabetic patients treated with AuNPs (7%) and different concentrations of NAC 

(0.05, 0.1, 0.3 mM) over time-course (0, 5, 10, 15 days). 
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As illustrated in Figure 7, a marked improvement in lens transparency was observed between Days 10 and 15 

compared to the lower concentration group. This finding indicates a dose-dependent therapeutic response, wherein 

increasing the NAC concentration to 0.1 mM, in the presence of AuNPs. Figure 8. Ex vivo human lenses for renal 

failure patients treated with AuNPs (7%) and different concentrations of NAC (0.05, 0.1, 0.3 mM) over time-course 

(0, 5, 10, 15 days). 

 

 

Figure 8. Ex vivo human lenses for renal patients treated with AuNPs (7%) and different concentrations of NAC (0.05, 

0.1, 0.3 mM) over time-course (0, 5, 10, 15 days). 
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Advanced glycation end products (AGEs) are recognized as central pathological mechanisms underlying lens opacity 

in diabetes and chronic renal failure. Therefore, the improved lens clarity at 0.1 mM NAC aligns with recent evidence 

highlighting the ability of antioxidant and antiglycation compounds to preserve lens proteins and delay cataract 

progression through redox balance restoration and inhibition of AGE cross-linking (133). 

A pronounced and qualitative improvement in lens transparency was observed during Days 10–15 compared to the 

lower NAC concentrations. A notable reduction in darkened regions and a more homogeneous optical appearance 

were evident, supporting the hypothesis that increasing the therapeutic dose in conjunction with AuNPs-based delivery 

effectively enhances the intralenticular bioavailability of NAC (111). This synergy promotes the dispersion of 

aggregated proteins and the sustained inhibition of glycation and oxidative processes within the lens tissue (112). 

These results are consistent with recent reports suggesting a potential synergistic effect of higher NAC loading that 

nanocarrier-assisted ocular drug delivery systems significantly improve drug permeability, ocular retention, and 

targeted release kinetics, thereby maintaining effective drug levels in otherwise inaccessible ocular compartments 

(30). Indeed, conventional topical therapies typically deliver less than 1–5 % of the applied dose to intraocular tissues 

due to the restrictive corneal and tear-film barriers (113). The incorporation of AuNP-based nanocarriers may offer a 

strategy to improve ocular drug retention and controlled release. (114). 

 

Limitations of the study 

There are some limitations to the current study. The ex vivo human lens model offers significant translational insights 

into the restoration of lens transparency; however, it does not completely emulate the dynamic physiological 

conditions of the living eye. Longer incubation times and pH levels that are relevant to physiology were used to 

partially make up for this problem. Additionally, the accessibility and management of human cataractous lenses 

presented technical difficulties, as lens tissues are extremely susceptible to mechanical and biochemical stress, which 

could compromise tissue integrity during storage and processing. The biological assessment was limited to in vitro 

(DPPH and MTT) and ex vivo models, which are insufficient to accurately predict in vivo pharmacokinetics, tissue 

penetration, or long-term safety. Furthermore, computational docking and ADMET analyses continue to be predictive 

and necessitate experimental validation. Consequently, extensive in vivo investigations are essential to validate 

therapeutic efficacy, biodistribution, and long-term biosafety prior to clinical application. 

Conclusions 

This study developed and characterized a green-synthesized AuNPs utilizing Alchemilla vulgaris L extract as a natural 

reducing and stabilizing agent for the administration of N-acetylcarnosine (NAC). The NAC-loaded AuNPs 

(crystalline size ranged between 20–35 nm) showed good physical and chemical properties, encapsulation efficiency, 

and good antioxidant activity. The findings suggest potential applicability in addressing oxidative stress–related lens 

alterations associated with cataractogenesis. The cytocompatibility of AuNPs-NAC formula against Human lens 

epithelial cells (HLE-B3) maintained acceptable cytocompatibility levels in HLE-B3 cells. Ex vivo human lens 

experiments showed a concentration-dependent improvement in lens optical clarity in both diabetic and renal failure–
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associated cataract models. To the best of our knowledge, this study provides preliminary ex vivo evidence supporting 

the potential application of green-synthesized AuNPs-NAC formulations for further translational investigation in 

cataract management. Molecular docking and ADMET analyses provided supportive mechanistic and safety insights 

into the molecular stabilization of lens crystallin proteins and validated the advantageous safety profile of NAC. The 

results suggest that NAC-loaded AuNPs. Could be a possible non-surgical nanotherapeutic approach for reducing 

oxidative stress-related cataract formation and improving the efficiency of ocular drug delivery, but more in vivo 

testing is needed. 
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