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Abstract 

The increased production and utilization of nanoparticles (NPs) in consumer products have raised 

concerns about their potential impact on the environment at national and international levels as they 

move through different trophic levels. Previous research has shown that they possess the ability to 

infiltrate cellular and subcellular structures, potentially interfering with important physiological 

processes and leading to toxicity. Studies have also indicated that nanoparticle toxicity varies 

significantly with changes in physicochemical properties, even among nanoparticles with identical 

chemical compositions. Because of this variable toxicity potential, it has become imperative to study 

the toxicity of these materials on vital physiological systems on a case-by-case basis, particularly 

before their widespread utilization in consumer products. This study evaluated the cytotoxic effects 

of selected nanoparticles (i.e. AgNPs, TiO₂NPs, CD NPs, CD-Amine), with a particular emphasis on 

their toxicity to macrophages. The study involved exposing the immune-representative RAW 264.7 

cell line to various concentrations of NPs, both with and without the presence of lipopolysaccharide 

(LPS). Results showed that silver nanoparticles (AgNPs) and titanium dioxide nanoparticles 

(TiO₂NPs) had an adverse impact on cell viability under both conditions. The unmodified carbon dot 

nanoparticles only had a moderate impact on viability. However, toxicity increased significantly 

when carbon dot NPs were modified with amine groups, surpassing that of metal-based NPs (i.e., 

AgNPs and TiO₂NPs), highlighting the critical role of surface charge in influencing cytotoxicity. 

Concurrently, the study also comprehensively assessed the potential neurotoxicity of these 

nanoparticles by measuring their modulatory potential on acetylcholinesterase (AChE) activity using 

Ellman’s reagent. Findings indicated that both AgNPs and amine-modified carbon dots (CD-Amine) 

significantly inhibited AChE activity, while TiO₂NPs and CDNPs had no impact on AChE activity. 

Interestingly, this inhibition was not dependent on whether the nanoparticles were metal- or carbon-

based, or the size of the nanoparticles, suggesting that the interaction between nanoparticles and 

enzymes is likely influenced by the chemistry of the enzyme and the nanoparticles themselves. This 

study seeks to contribute valuable insights into the diverse biological interactions of nanoparticles, 

informing risk assessments and the development of safer nanomaterials for various applications  

Keywords: nanoparticles; cytotoxicity; macrophages; neurotoxicity; acetylcholinesterase; immune 

system; in vitro models; AgNPs; TiO₂NPs; carbon dots 

 

1. Introduction 

Nanoparticles are tiny particles that are less than 100 nanometers in size [36]. Because of their 

small size, they boast distinctive physiochemical properties that can enhance multiple facets of 

contemporary life, ranging from materials science to medical applications such as gene therapy [2,68]. 
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They are classified broadly into three main categories: organic-based (e.g., proteins, lipids, 

carbohydrates and polymers), inorganic-based (e.g., metal and metal oxide nanomaterials, and silica 

nanoparticles), and carbon-based (e.g., carbon dots, carbon nanotubes, polystyrene nanoparticles, 

and polyethylene glycol nanoparticles) [26,28,29,40,44]. Since their discovery, their use has increased 

significantly over recent years, with synthetic production estimated at 270,000 metric tons per year 

[25,35]. Beyond industrial and medical sectors, nanoparticles are now widely used in consumer 

products, such as silver nanoparticles in antimicrobial coatings and titanium dioxide in sunscreens 

[11,21,55]. Increased usage of these materials has now led to increased risk of environmental release 

and potential human exposure [21,32,45,46,55,66]. The escalation of environmental exposure to 

nanoparticles has raised substantial concerns regarding their potential health impacts on both the 

environment and human health. These concerns have, over the years, spurred increased research into 

the toxicological impacts of nanoparticles, particularly as they pertain to human health. 

Extensive investigations have demonstrated that nanoparticles possess the ability to cross 

cellular membranes, whereby they can interfere with critical cellular functions and eliciting toxicity. 

Current described mechanisms for nanoparticle-induced toxicity have been shown to be 

multifaceted, implicating multiple pathways such as oxidative stress, mitochondrial dysfunction, 

genotoxicity, membrane destabilization, lysosomal impairment, and alterations in protein dynamics 

[4,18,24,52,64,70]. Despite these numerous toxicological investigations demonstrating nanoparticle 

toxicity and its underlying mechanisms, a consistent conclusion has emerged across them. The 

conclusion drawn is that the toxicological potential of nanoparticles is fundamentally associated with 

their inherent physicochemical properties, as well as the specific cellular type with which they 

engage. This intrinsic variability, even among nanoparticles with identical chemical compositions has 

made it incredibly challenging for scientists to develop a universal predictive protocol for the 

classifying nanoparticle toxicity.  This unfortunately has necessitated a case-by-case assessment of 

nanoparticle toxicity, particularly for critical biological systems like the immune and neurological 

systems, which are highly vulnerable and whose disruption can lead to profound adverse effects. 

Upon systemic exposure, the immune system would inevitably be one of the first systems to 

interact with these materials. As one of the first responders of the immune system, macrophages most 

likely will be one of the first cell types to interact with these materials. Macrophages, playing critical 

roles in innate immunity, and facilitate cross-talk between innate and adaptive immunity [67]. As 

unchecked macrophage death can lead to macrophage exhaustion, resulting in immune dysfunction 

and compromised host defense. Understanding the interactions between nanoparticles and 

macrophages becomes imperative, especially in both therapeutic and environmental contexts. In this 

investigation, we employed RAW 264.7 cells, a well-established murine macrophage-like cell line, as 

an In vitro immune representative model to assess the cytotoxic effects of selected nanoparticles [30–

32].  

Beyond immune interactions, the potential for nanoparticle neurotoxicity also raises serious 

concerns. As research indicates that NPs, especially those with size smaller than 200 nm, can 

successfully translocate across the blood-brain barrier (BBB), accumulating within the central nervous 

system [9,20,23,60]. The translocation of NPs into the neurological spaces is alarming because of their 

potential toxicity. A critical enzyme that can be particularly susceptible to alterations in protein 

function is Acetylcholinesterase (AChE) (E.C. 3.1.1.7), which is essential for terminating cholinergic 

signaling in the synaptic cleft by rapidly hydrolyzing acetylcholine [7,13,51,57]. As a pivotal 

biomarker for neurotoxicity, impairment of AChE activity can lead to a spectrum of severe 

neurological dysfunctions, ranging from cognitive disturbances to life-threatening cholinergic crises 

[8,10]. Given these consequences, it is imperative to investigate whether NPs, as emerging 

environmental and therapeutic agents, can induce such effects by modulating AChE activity. 

Therefore, this study aimed to evaluate the cytotoxicity of selected nanoparticles on immune 

representative cell line RAW 264.7 cells, both in the presence and absence of LPS. While concurrently 

assessing their potential neurotoxicity by measuring their modulation of human erythrocyte 

acetylcholinesterase activity In vitro post-exposure. This research can provide valuable insights into 
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the diverse biological interactions of these widely used nanoparticles, informing risk assessments and 

contributing to the development of safer nanomaterials for various applications. 

2. Materials and Methods 

2.1. Nanoparticle Characterization 

This study evaulated the cytotoxicity and neurotoxicity of selected nanoparticles: AgNPs, 

TiO₂NPs, Carbon Dot NPs, and CD-Amine NPs. These nanoparticles were selected because of their 

widespread commercial applications, existing laboratory data and small size (<200 nm), which enable 

potential blood-brain barrier translocation, a key factor in neurotoxicity assessment. All nanoparticles 

used in this study were thoroughly characterized for physicochemical properties in previous studies 

by our laboratory and/or in collaboration with our laboratory [5,12,63]. 

2.1.1. Silver Nanoparticle (AgNP) Characterization 

Silver nanopowder (CAT no. 7440-22-4) was purchased from Sigma-Aldrich, South Africa. As 

per the manufacturer’s specifications, the AgNPs were spherical particles with a particle size below 

100 nm. They were reported to possess a specific surface area of 5 m²/g, a density of 10.5 g/cm³, and 

a purity of 99.5%. Our laboratory in Walters, Pool, and Somerset [63] further validated the 

specifications of the AgNPs. The presence of silver was confirmed through SEM equipped with 

energy-dispersive X-ray (EDX) spectrometry. Transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM) of dry particles indicated that particles were mostly spherical. 

Furthermore, this analysis indicated that approximately 65% of the silver nanoparticles had a 

diameter of 10 nm, while a small percentage (≤ 5%) had a diameter ranging between 50 and 100 nm. 

When measuring the diameter of silver in an aqueous solution (H2O), data showed ~35 % of the 

particles were between 20-40 nm and ~15 % were between 70-1000 nm in diameter. While 

comprehensive in-media characterization, such as hydrodynamic size and zeta potential, was not 

part of the initial characterization for this specific batch of AgNPs, the extensive data on their 

morphology, crystalline structure, elemental composition, and dissolution properties provide a 

robust understanding of their physicochemical characteristics relevant to this study. 

2.1.2. Titanium Dioxide Nanoparticle (TiO₂NP) Characterization 

Aeroxide P25 TiO₂NPs (Evonik Degussa Corporation, CAS: 13463-67-7) were obtained. 

According to the manufacturer and confirmed in our laboratory, published in David et al. [12], the 

nanoparticles were spherical and exhibited both anatase and rutile crystal structure with an average 

primary particle size of 21 nm.  Characterization performed in lab included elemental composition 

by Energy Dispersive X-ray Spectroscopy (EDS) indicating the presence of titanium and oxygen, 

morphology by Scanning Electron Microscopy (SEM) revealing clustered spherical nanoparticles, 

and crystal structure by Transmission Electron Microscopy (TEM) identifying both rutile and anatase 

crystalline phases. Stability analysis, encompassing hydrodynamic size and zeta potential 

measurements in various physiological media [12], demonstrated that significant alterations were 

observed only after 14 days in suspension, indicating stability for up to 14 days in these media. 

2.1.3. Carbon Dot Nanoparticle (CD NP) Characterization 

Carbon dot nanoparticles (CD NPs) and amine-modified carbon dot nanoparticles (CD-Amine) 

were provided by the University of Missouri. Their synthesis and comprehensive characterization, 

including size distribution by TEM, surface chemistry by Fourier transform infrared spectroscopy 

(FT-IR), and hydrodynamic size/zeta potential measurements in various media across different pH 

levels, are detailed in Bayati et al. [5]. The data indicated that the average particle size of CD-Amine 

was 5.1 nm, while CD had an average size of 1.8 nm. The FT-IR spectrum of CD-Amine spectrum 

suggests a significant presence of amino groups on the surface. On the other hand, analysis of the 
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CDs showed the presence of O–H, C=O, and epoxy groups. The data also showed that zeta potential 

and hydrodynamic size changed under different pH’s and medias.  

2.2. Nanoparticle Preparations 

We prepared 5 mg/ml stock suspensions of TiO₂NPs, CDNPs, and AgNPs in distilled water. 

Before experimental use, nanoparticle stocks were sonicated on ice (QSonica, LLC. Misonix 

sonicators, XL-200 Series, Newtown, CT, USA) until homogeneous suspensions (inspected visually) 

were obtained. Differences in sonication duration for each nanoparticle type, as detailed in Table 1, 

were necessitated by their distinct material properties and aggregation tendencies, with the primary 

objective being the achievement of a stable, homogeneous dispersion specific to each nanoparticle. 

Table 1. Sonication duration for each nanoparticle. 

Nanoparticles 
Sonication period 

(min)  

Metal-based Nanoparticles 

Silver (AgNP) 5 

Titanium dioxide (TiO₂NP) 

 
15 

Carbon-based Nanoparticles 

Carbon dot (CD) 5 

Amine-modified Carbon dot (CD-Amine) 20 

  

2.3. RAW 264.7 Macrophage Cultures 

The BALB/c mouse murine macrophage cells (RAW 264.7) were purchased from American Type 

Culture Collection (ATCC TIB -71, Manassas, VA, USA). Dulbecco’s modified Eagle’s medium 

(DMEM, Lonza, Cape Town, South Africa) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS, Hyclone, Little Chalfont, UK), 1% glutamax (Sigma-Aldrich, St. Louis, MO, USA), 1% 

antibiotics/antimycotics (Sigma-Aldrich), and 0.5% gentamicin (Sigma) were used to culture the cells. 

Cultures were subcultured every 2-3 days at 70-80 % confluence and incubated at 37 °C in a 

humidified environment with 5 % CO₂. To determine the cytotoxicity of nanoparticles, 200 µl/well of 

the cell suspension were seeded at a density of 1 x 10⁵ cells/ml in 48-well cell culture plates and 

incubated till 80 % confluence. The culture medium was removed and replaced with 200 µl medium 

containing nanoparticles at various concentrations (0- 500 µg/ml). Two identical sets of 48-well 

culture plates were prepared. The wells of the one set received another 200 µl of 200 ng/ml 

lipopolysaccharide (LPS) prepared in 0% FBS media (serum-free media), while wells from the other 

plate received 200 µl serum-free media without LPS. Cultures were then incubated overnight 

(approximately 18 hours) under standard tissue culture conditions. Supernatants were aspirated, and 

cells were used directly for WST-1 assays after washing the cells with 1 x Phosphate-Buffered Saline 

(PBS). 

2.4. WST-1 Cell Proliferation Assay 

WST-1 analysis was used to evaluate the cell viability of RAW 264.7 cells after they were exposed 

to nanoparticles. The foundation of WST-1 analysis is the formation of formazan dye from WST-1 

tetrazolium salt (Roche, Mannheim, Germany) by functional mitochondrial dehydrogenases. 

Formazan dye’s colour intensity is directly proportional to the number of active mitochondria and 

metabolically active cells present (viable cells) [41,49].  First, a 1:10 dilution of the stock WST-1 

solution was prepared in cell culture medium according to the manufacturer’s instructions. The 
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washed cells obtained after nanoparticles exposure received 200 µl/well of the WST-1 solution. A 

microplate reader (Multiskan Ex, Thermo Electron Corporation) was used to measure formazan dye 

absorbance at 450 nm immediately after applying the WST-1 solution, and again after 15 minutes and 

45 minutes.  Cell viability was calculated as a percentage of the control and expressed as mean 

percentage ± standard deviation (SD). Data visualization was performed using Excel graphs. 

SigmaPlot one-way ANOVA statistical analysis (P < 0.01) was performed to assess statistical 

differences in the data set compared to the control. 

2.5. Ellman Acetylcholinesterase Analysis  

The modulating potential of various nanoparticles on in vitro human erythrocyte 

acetylcholinesterase activity was determined using an adaptation of the Ellman method as described 

by Coban et al. [9]. The Ellman method for the detection of thiols is based on the reaction of thiols 

with the chromogenic 5,5’-dithiobis-2-nitrobenzoate (DTNB), resulting in the formation of a yellow 

substance called dianion of 5-thio-2-nitrobenzoic acid (TNB), which is measured 

spectrophotometrically [14]. This method has been utilized in our laboratory in prior studies to assess 

the neurotoxicity of wastewater and treated sewage effluents [15,22]. Before assaying samples, 

Ellman reagents A and B were prepared. Reagent A of the Ellman reagent was formulated with 8 mM 

acetylcholine iodide (obtained from Sigma Aldrich) dissolved in dH2O.  While reagent B was 

prepared from 8 mM DNTB (obtained from Sigma Aldrich) dissolved in dH2O. 

For analysis, 25 µl/well of the 500 unit/mg human erythrocyte acetylcholinesterase enzymes was 

transferred to wells of a clean 96-well plate. The human erythrocyte acetylcholinesterase enzymes 

used were purchased from Sigma Aldrich (CAS 9000-81-1), and the kit included all the necessary 

reagents. To investigate the effect of nanoparticle samples and the chlorpyrifos positive control on 

acetylcholinesterase activity, 25 µl/well of the nanoparticle or chlorpyrifos solutions diluted in PBS 

was added to wells.  Negative control wells received 25 µl/well of PBS. Chlorpyrifos, sometimes 

known as Chlorpyrifos ethyl, is an organophosphate insecticide that inhibits acetylcholinesterase 

[62]. After an incubation time of 2 hours at room temperature, 125 µl of reagent B was added to each 

well, immediately followed by 25 µl of reagent A. Immediately after addition of the substrate 

solutions and mixing, absorbance was measured at 405 nm (BMG Labtech, FLUOstar Omega 

microplate reader) and then measured at 15 min intervals for one hour. AChE enzyme activity was 

calculated as a percentage of the control without nanoparticle addition, and data were expressed as 

percent AChE enzyme activity ± standard deviation (SD). SigmaPlot one-way ANOVA statistical 

analysis (P < 0.01) was performed to assess statistical differences in the data set compared to the 

control. 

3. Results and Discussion 

3.1. Assessment of NPs Cytotoxicity on RAW 264.7 Cells 

The WST-1 analysis was used to evaluate the cytotoxicity of AgNPs, TiO₂NPs, CD NPs,  and 

CD-Amine NPs on RAW 264.7 cells in the absence and presence of LPS (Figure 1). Statistical analysis 

of our data shows that cells exposed to AgNPs ≥ 7.8 µg/ml and ≤ 31.25 µg/ml significantly increased 

in viability when compared to the control (0 µg/ml) in the absence of LPS (Figure 1a). Concentrations 

of AgNPs ≥ 125 µg/ml significantly reduced the viability of RAW 264.7 cells in comparison to the 

control. In the presence of LPS (Figure 1b), RAW 264.7 cells showed a significant reduction in cell 

viability upon exposure to ≥ 62.5 µg/ml AgNPs. Similar results were obtained by Lategan, Walters 

and Pool [32] for RAW 264.7 cells exposed to silver nanoparticles. AgNP-induced cytotoxicity is 

widely attributed to the development of an oxidative stress environment within host cells. This 

eventuality may result in genotoxicity and mutagenic damage, ultimately leading to programmed 

cellular death [6]. Studies have demonstrated that AgNPs can directly cause the release of free 

radicals through the breakdown of silver nanoparticles into silver ions, which in turn causes the 

acidic endosomes and lysosomes to produce hydroxyl radicals as reported by Tianlu Zhang et al. 
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[62]. As for the gradual increase in cell viability, Stensberg et al. [58] reported that silver nanoparticles 

might trigger an increase in cell proliferation due to minor damage.  

 

Figure 1. WST-1 cell viability analysis of RAW 264.7 cells exposed to; AgNPs and TiO2NPs in (a) the absence and 

(b) presence of LPS, and CDNPs in (c) the absence and (d) presence of LPS. Data was calculated as a percentage 

of the control, and data represents mean percentage ± SD with n = 3.  Stars on graphs indicates the significant 

(p < 0.01) changes in cell viability compared to the control (0 µg/ml). 

RAW 264.7 cells treated with TiO₂NPs demonstrated a notable increase in cell viability when 

exposed to concentrations ranging from ≥ 15.6 µg/ml to ≤ 250 µg/ml. However, at a concentration of 

500 µg/ml in the absence of LPS, there was a significant decrease in cell viability (Figure 1a). In the 

presence of LPS (Figure 1b), data revealed that RAW 264.7 cells showed a significant progressive 

reduction in cell viability upon exposure to ≥ 250 µg/ml TiO₂NPs. Comparable findings were reported 

by Siqueira et al. [54] who demonstrated that TiO₂NPs, with an average size of 21 nm, could 

significantly boost the cell viability of Neotropical model zebrafish liver cell lines at 500 µg/ml but 

significantly reduce it at concentrations of 750 µg/ml or higher. According to their research, at high 

dosages, TiO₂NPs induced an increase in ROS production, cell membrane damage, lysosome 

proliferation or swelling, DNA strand breaks, and a low frequency of micronucleus generation. High 

dosages (≥ 750 µg/ml) of TiO₂NPs caused cumulative genotoxicity and mutagenesis damage, which 

ultimately led to programmed cellular death. Whereas, low dosages of TiO₂NPs elicited a 

proliferative response to replenish the cell population [54]. However, data reported by David et al. 

[12] indicated that titanium nanoparticles had no significant effect on the cell viability of Caco-2 cells. 

Similar results were obtained by Wang et al. [65] for human alveolar epithelial cell line A549 exposed 

to TiO₂NPs with a particle size of 18-24 nm for 48 hours.  

The study also assessed the potential cytotoxicity of CDNPs and CD-Amine both in the absence 

and presence of LPS. In the absence of LPS (Figure 1c), CD-Amine treated RAW 264.7 cells showed 

significant reductions in cell viability at ≥ 31.25 µg/ml. However, CD caused significant increase in 

the cell viability of RAW 264.7 cells at concentration ≥ 7.8 µg/ml and ≤ 250 µg/ml. In the presence of 

LPS (Figure 1d), CD-Amine exposure at dosages ≥ 7.8 µg/ml resulted in approximately 40% reduced 

cell viability, with complete cell death (100% loss in viability) observed at concentrations ≥ 62.5 µg/ml, 

compared to the 0 µg/ml nanoparticle control. Unmodified carbon dots, however, had no significant 

impact on the cell viability of RAW 264.7 cells. The findings of this study demonstrated that 
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nanoparticles with amine modifications are typically more cytotoxic than unmodified particles. These 

results align with existing literature suggesting that positively charged nanoparticles demonstrate 

higher cytotoxicity compared to neutral charged nanoparticles of similar size and composition [17]. 

This increased toxicity is likely due to the enhanced cellular uptake of positively charged 

nanoparticles compared to their neutral counterparts, which can subsequently harm crucial 

biological processes [56]. Upon cellular internalization, the cascade of biological disruptions 

instigated by cationic nanoparticles is largely attributed to their propensity for triggering lysosomal 

permeabilization, an event that facilitates the release of cathepsin into the cytosol, thereby instigating 

mitochondrial dysfunction and ultimately initiating apoptotic pathways [42]. Avinash Chunduri et 

al. [3] showed similar results for RAW 264.7 cells exposed to various concentrations of amine-

modified silica nanoparticles, cysteine-modified silica nanoparticles, or unmodified silica 

nanoparticles for 24 hours. Inverse results were shown by Nagano et al. [38] which showed that 

unmodified silica nanoparticles were significantly more toxic than carboxyl or amino-modified 

nanoparticles with amino-modified silica causing the least effect in parenchymal hepatocytes. 

The study also found that unmodified metal-based nanoparticles are more cytotoxic to RAW 

264.7 cells than unmodified carbon-based nanoparticles, which is consistent with previous research 

suggesting that metal-based nanoparticles are more cytotoxic than carbon-based ones. The primary 

cytotoxicity mechanisms of metal-based NPs were linked to oxidative stress, inflammatory response, 

autophagy, and apoptosis, as stated by Xiong et al. [69]. According to our data, AgNPs exhibited 

greater cytotoxicity than TiO₂NPs, despite their similar size and metal-based composition. This 

suggests that factors beyond size may influence their impact on their inherent cytotoxicity. Chemical 

composition, surface charge, and shape are likely key variables. Previous research noted that 

nanoparticles with higher atomic numbers tend to be more cytotoxic; as titanium and oxygen have 

lower atomic numbers than silver, this aligns with our findings [24,43]. Additionally, studies have 

shown that once nanoparticles are comparable in size and chemical makeup, their shape and surface 

charge play a significant role in determining their cytotoxicity and reactivity [39,50]. 

3.2. Acetylcholinesterase Activity Analysis  

As part of our research, we analyzed the potential neurotoxicity of various types of 

nanoparticles, including AgNPs, TiO₂NPs, CD NPs, and CD-Amine NPs. To do so, we utilized a 

method involving the exposure of human erythrocyte lysate AChE to different concentrations of 

these nanoparticles, followed by the measurement of the AChE activity using Ellman analysis post-

exposure. 

To validate our AChE inhibition assay, we used chlorpyrifos, a commercial AChE inhibitor. 

Results showed chlorpyrifos effectively inhibited ≥ 47% of AChE activity at concentrations as low as 

1.3 µM, with a strong correlation (R2 = 0.985), as depicted in Figure 2a. Similar findings were 

demonstrated by Van Wyk et al. [62] who also used chlorpyrifos, an organophosphate known for 

inhibiting cholinesterases, as a positive control in studying the effects of different extracts of 

Trachyandra laxa on the activity of acetylcholinesterase (AChE). Titanium dioxide and silver 

nanoparticles were evaluated for their potential to modulate acetylcholinesterase enzymatic activity. 

Statistical analysis of acetylcholinesterase activity (Figure 2b) shows that silver nanoparticles have a 

significantly greater effect on AChE activity. Exposure of AChE extract to AgNPs resulted in a 

progressive decline in AChE activity at concentrations ≥ 62.5 µg/ml, while TiO₂NPs had no significant 

impact on this enzyme. Similar results were shown by Karthick et al. [27]  for 45-50 nm AgNPs. 

Previous studies by Myrzakhanova et al. [37] also found that AgNPs significantly reduced AChE and 

pseudocholinesterase (PChE) activity in larval zebrafish (Danio rerio). 
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Figure 2. Modulation potential of (a) chlorpyrifos (postive control), (b) AgNP and TiO2NP, and (c) CD and CD-

Amine on acetylcholinesterase activity. Enzyme activity was calculated as a percentage of the control (0µM), and 

data represents mean percentage ± SD with n = 3.  Stars on graphs indicates the significant (p < 0.01) changes in 

cell viability compared to the control (0 µM). 

Among the carbon dot nanoparticles, only the amine-modified variant exhibited a significant 

inhibitory effect on AChE activity, with unmodified carbon dots (CD) showing no impact (Figure 2c). 

At doses > 7.8 µg/ml, acetylcholinesterase activity gradually decreased in the presence of amine-

modified carbon dots. This data clearly indicates that the surface functionalization of nanoparticles 

significantly impacts AChE activity, suggesting that amine functionalization enhances a 

nanoparticle’s enzymatic modulatory potential. Fischer et al. [16] presented conflicting findings, 

revealing that carboxylate-functionalized mixed monolayer-protected gold cluster nanoparticles 

(MMPCs) exhibited a reversible inhibition of chymotrypsin enzyme activity. In contrast, the amine-

modified MMPCs had no impact on chymotrypsin activity. Their work and ours collectively 

highlight that the adverse effects of nanoparticles on enzymes are dependent on both the 

nanoparticle’s and the enzyme/protein’s specific chemistry. 

Our study revealed that only AgNPs and CD-Amine inhibited AChE activity, with AgNPs 

exhibiting a more potent effect than CD-Amine. Interestingly, despite similar dimensions and 

metallic bases, AgNPs and TiO₂NPs had vastly different impacts on AChE activity. Similarly, CD-

Amine significantly inhibited AChE, while unmodified CD, with a comparable size and core, had no 

statistical impact. This differential activity, even among similarly structured nanoparticles, strongly 

suggests that the inhibition is primarily chemistry-driven, rather than resulting from mechanical 

stress on the protein. 

This observation aligns with established research on nanoparticle-protein interactions, where 

nanoparticles’ ability to bind proteins to their surfaces is well-documented [1,19,48]. This binding 

depends on the specific characteristics of both the nanoparticle and the protein [2,34,48,59]. As a result 

of this interaction, a protein corona, either permanent (hard coronae) or temporary (soft coronae), can 

form, depending on their affinity [48]. Consequently, both the protein and the nanoparticle are 

affected, leading to altered function and chemical properties. The intricate interplay of these 

characteristics was evident in our findings. The disparate effects observed, especially between 
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nanoparticles of similar dimensions but different surface chemistries, strongly indicate that the 

inhibition of AChE activity is dependent on the specific chemical interactions between the 

nanoparticle surface and the enzyme.  

4. Conclusion 

In this study, we thoroughly examined the macrophage cytotoxicity and neurotoxicity of various 

nanoparticles and found that metal-based nanoparticles like AgNPs and TiO₂NPs exhibit higher 

levels of cytotoxicity than unmodified CD. However, when carbon dots are modified with amine 

groups, their cytotoxicity becomes significantly higher than that of metal-based NPs. This highlights 

the crucial role of surface charge in determining the cytotoxicity of nanoparticles. Additionally, our 

findings reveal that while AgNPs and CD-Amine significantly inhibited AChE activity, the other 

nanoparticles had no effect. Interestingly, this inhibition was not influenced by whether the 

nanoparticles were metal-based or carbon-based, or their size. This suggests that the interaction 

between nanoparticles and enzymes is likely influenced by the chemistry of the enzyme and the 

nanoparticles themselves. These results provide a valuable foundation for establishing safety 

protocols regarding the use of nanoparticles in consumer and medical products. 
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