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Abstract:  

Endoprostheses are susceptible to tribological wear and biological processes that result in the 

release of particles, including aluminium nanoparticles (Al NPs), which can enter the 

bloodstream. The toxic effects of these nanoparticles on platelets have not been thoroughly 

investigated. This study aimed to assess the influence of Al NPs on human platelet function 

using an innovative quartz crystal microbalance with dissipation (QCM-D) approach, 

alongside various assays such as light transmission aggregometry, flow cytometry, optical 

microscopy, and transmission electron microscopy. 

All tested Al NPs significantly increased both dissipation (D) and frequency (F), indicating 

platelet aggregation even at the lowest concentration of 0.5 µg/mL, with the exception of the 

largest Al NPs (80 nm). A size-dependent effect on platelet aggregation was noted for the 5–

20 nm and 30–50 nm NPs, where larger particles resulted in smaller increases in D and F, but 

this was not observed for the 20–30 nm range. In conclusion, our findings demonstrate that 

smaller Al NPs (5–50 nm) induce platelet aggregation, while larger particles (80 nm) penetrate 

platelets, forming heterologous structures with them. Consequently, it is advisable for 

clinicians to monitor nanoparticle serum levels and platelet activation indices in patients with 

orthopaedic implants. 

Keywords: Aluminium nanoparticles, platelet aggregation, orthopaedic implants, toxicity, 

QCM-D. 
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Introduction:  

Total joint arthroplasty has emerged as one of the most effective treatment options in 

orthopaedic surgery, significantly enhancing patient mobility, alleviating pain, and improving 

overall quality of life. [4] Among these procedures, total hip arthroplasty (THA) and total knee 

arthroplasty (TKA) are the most common, with over one million THA surgeries performed 

globally each year and more than 100,000 and 700,000 TKA procedures conducted in the UK 

and the US, respectively.[1,2] These surgical interventions are primarily indicated for 

advanced osteoarthritis as well as for resections due to malignancies and haemophilic 

arthropathy.[3] Recently, there has been increasing interest in joint arthroplasty applications 

within neurosurgery, particularly total disc replacement (TDR), which is gaining traction as a 

viable alternative to cervical and lumbar fusion for degenerative disc disease. TDR preserves 

the functionality of intervertebral joints while offering favourable long-term outcomes. [5,6] 

To mitigate complications and reduce revision rates associated with THA, TKA, and TDR 

implants, various bearing materials have been developed. [9] While metal-on-polyethylene 

(MoP) bearings remain prevalent in hip and knee replacements, metal-on-metal (MoM) 

bearings have experienced a resurgence over the past two decades due to their lower dislocation 

risk . However, hip, knee, and intervertebral endoprostheses are susceptible to tribological wear 

and biological processes that release nanoparticles (NPs), metallo-organic complexes, 

inorganic oxides, and free ions into circulation. [11] These particles can accumulate in various 

organs, leading to local adverse effects such as cytotoxicity, genotoxicity, and damage to soft 

tissues. Ceramic prostheses are increasingly favoured due to their low wear rates and 

complication profiles. They are particularly desirable for younger and more active patients. 

Common ceramic bearings include ceramic-on-ceramic (CoC) and ceramic-on-polyethylene 

(CoP), with alumina (Al2O3) being a common component. Research indicates that ceramic 

implants containing Al2O3 can release alumina nanoparticles ranging from 5 to 90 nm in size. 

Most toxicological studies on implant-derived NPs have focused on cobalt and chromium 

materials, while emerging applications of Al2O3 NPs in nanomedicine have been explored. 

[12] However, investigations into the effects of NPs like Al NPs on blood components remain 

limited. Most studies have primarily examined their impact on lymphocytes, macrophages, and 

fibroblasts. [14,15] Given that aluminium nanoparticles are sufficiently small (<100 nm) to 

diffuse into the bloodstream, their potential effects on blood components warrant serious 
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consideration. Once in circulation, these nanoparticles may interact with platelets and 

potentially influence their aggregation properties. This interaction could heighten the risk of 

thrombotic or haemorrhagic events in patients with THA, TKA, or TDR implants—particularly 

crucial since these patients are already at increased risk for postoperative venous 

thromboembolism following TKA or THA procedures. [21] Despite this concern, the specific 

effects of Al NPs in circulation remain poorly understood. Previous research on other types of 

nanoparticles has indicated that their presence in the bloodstream can lead to widespread 

thrombosis. Given these considerations, it is imperative to address the safety of aluminium 

nanoparticles and their interactions with blood components such as platelets. [17] Therefore, 

our study aimed to investigate the impact of Al2O3 nanoparticles on platelet function using a 

novel quartz crystal microbalance with dissipation (QCM-D) methodology. [19] Traditional 

methods for measuring platelet aggregation may not adequately detect aggregation induced by 

nanoparticles at physiological concentrations; thus, a more sensitive approach is warranted. 

QCM-D was selected for this study due to its high sensitivity in detecting both platelet 

aggregation and microaggregation. [18,19] This technique allows for real-time monitoring of 

platelet microaggregates—precursors to larger thrombi—under conditions that mimic 

physiological flow dynamics and shear stress. In conclusion, understanding how aluminium 

nanoparticles affect platelet function is critical for assessing the safety of orthopaedic implants. 

The findings from our study will provide valuable insights into the potential risks associated 

with nanoparticle exposure in patients undergoing joint arthroplasty procedures. 

Methods:  

All the nanoparticles were sourced from nanografi company   

 Dispersion and Characterization of Nanoparticles 

The aluminium oxide nanoparticles (Al₂O₃ NPs with 5 nm,10 nm,20nm,30nm, 80nm) utilized 

in this study were purchased from nanografi company These NPs were dispersed in phosphate-

buffered saline (PBS) and platelet-poor plasma (PPP) at a concentration of 1 µg/mL. Size and 

zeta potential measurements were taken at 25 °C.  

 Blood Collection and Platelet Isolation 

Peripheral blood samples were collected from healthy participants in tubes containing a 3.13% 

sodium citrate solution (in a 9:1 ratio) to prevent coagulation. Written informed consent was 

obtained from all participants, who abstained from medications or substances that could impact 
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platelet function for at least two weeks prior to the study. Platelet-rich plasma (PRP) and 

platelet-poor plasma (PPP) were prepared via centrifugation as previously described. PRP was 

diluted in PBS to reach a platelet concentration of 250,000/µL.  

Platelet Aggregation Measured by Light Transmission Aggregometry 

Platelet aggregation was assessed using a whole blood Lumi-aggregometer. NPs were 

sonicated in a water bath at 37 °C for 10 minutes. PRP samples were incubated with NPs at 

concentrations of 5, 10, and 25 µg/mL, and platelet aggregation was recorded for 10 minutes. 

Collagen (Chrono-log) at 5 µg/mL was used as a positive control, and platelet-poor plasma 

served as a reference blank. Data were calculated by measuring the percentage of maximal 

aggregation (with PPP transmission set at 100%). 

Platelet Activation Monitored by Flow Cytometry 

Flow cytometry was used to measure P-selectin expression in platelets exposed to NPs at 5 

µg/mL. No stirring or vortexing was conducted to prevent premature platelet activation. 

Collagen-induced aggregation (5 µg/mL) served as the positive control, while resting platelets 

were used as a negative control. Once collagen-induced aggregation reached 50% maximal 

light transmission (as measured by Aggregometry), PRP samples with NPs were incubated in 

the dark at room temperature for 5 minutes with PAC-1 FITC antibodies (10 µg/mL). Samples 

were then diluted and analyzed within 5 minutes’ cytometer. Platelets were identified based on 

forward- and side-scatter characteristics and fluorescence intensity was recorded for at least 

30,000 events per sample. Data were analyzed using SPSS software with antibody binding 

expressed as the percentage of platelets positive for the antibody (collagen-induced platelets 

were set at 100%). 

 Platelet Aggregation Measured Using Quartz Crystal Microbalance with Dissipation 

To study platelet aggregation under flow conditions, a quartz crystal microbalance with 

dissipation (QCM-D). Gold-coated quartz crystals were spin-coated with 0.5% w/v polystyrene 

and incubated with 100 µg/mL of fibrinogen (dissolved in PBS) for 1 hour. PRP samples were 

perfused at 37 °C at a rate of 100 µL/min using a peristaltic pump. NPs that induced platelet 

aggregation at 5 µg/mL in aggregometry or flow cytometry were analyzed using QCM-D. After 

NP sonication (10 minutes), platelet aggregation was monitored in real-time for 30 minutes 

using a software, recording frequency and dissipation changes. PPP served as the control. 
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Optical Microscopy 

After QCM-D perfusion, crystals were examined under an Olympus BX43 optical microscope 

at 20x magnification. Photomicrographs were captured using an Olympus XM10 digital 

camera.  

 Statistical Analysis 

Categorical data were analyzed using chi-squared tests. QCM-D results were expressed as 

frequency and dissipation shifts, analyzed using mixed ANOVAs. Independent t-tests were 

used for mean comparison, and a p-value < 0.05 was considered statistically significant. 

Results:  

Characterization of Aluminium Nanoparticles 

The estimate, polydispersity list (PDI), and zeta potential of each aluminium nanoparticle (Al 

NP) were characterized utilizing a Zetasizer® Nano ZS, affirming the information given by 

the producer (Table 1). 

Nanoparticles Zeta Size (SD), nm Polydispersity Index (SD) Zeta Potential, mV 

 PPP DDH20 PPP DDH20 PPP DDH20 

Al2O3 5 nm 239 680 (83.3) 0.538 0.587 (0.069) - 62.6 

Al2O3 10 nm 42.8 93.1 (0.98) 0.320 0.219 (0.014) - 46.0 

Al2O3 20 nm 9.51 39.1 (0.74) 0.425 0.462 (0.052) - 16.8 

Al2O3 30 nm 43.9 89.8 (0.26) 0.447 0.245 (0.006) - 47.7 

Al2O3 50 nm 113 152 (1.01) 0.141 0.172 (0.027) - 50.5 

Al2O3 80 nm 614 1158 (156.00) 0.543 0.606 (0.132) - 1.46 

PPP: platelet-poor plasma, DDH20: double-distilled water 
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Table 1. Characteristics of included nanoparticles (Zetasizer). 

 

Aluminium Nanoparticles Cause Platelet Aggregation:  

Light transmission aggregometry (LTA) was utilized to degree platelet conglomeration, which 

was found to be concentration-dependent. Brooding of platelet-rich plasma (PRP) with Al NPs 

at concentrations of 25, 10, and 5 µg/mL affirmed platelet accumulation, whereas lower 

concentrations (Figure 1) appeared changed levels of accumulation. Platelets displayed the 

most considerable conglomeration in the nearness of collagen (positive 

control), whereas no conglomeration was watched with protein-poor plasma (PPP). Light 

transmission aggregometry comes about appearing concentration-dependent 

platelet accumulation. Collagen (5 µg/mL) was utilized as a positive control. 

The esteem of accumulation was given at 10 min of LTA appraisal. The impacts of Al NPs on 

platelet conglomeration were assist considered at lower 

concentrations utilizing quartz precious stone microbalance with dissemination (QCM-D). 

PRP perfusion of the sensor gems without modulators caused 

an discernible increment in dissemination (D) and a diminish in recurrence (F), 

with kept platelets affirmed by optical microscopy and transmission electron microscopy 

(TEM). Protein-poor plasma served as a control for kept proteins on the 

sensor gems. Noteworthy changes in F and D compared to controls were watched when 

sensor precious stones were perfused with PRP in the nearness of Al2O3 NPs (5, 10, 20, 30, 

50, and 80 nm) at concentrations of 5, 2.5, 1, and 0.5 µg/mL. All Al NPs, but the biggest (80 

nm), caused a noteworthy increment in D and F, showing platelet accumulation indeed at 

the most reduced concentration (0.5 µg/mL) (Figure 2). 
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Figure 2. Impacts of aluminium nanoparticles (0.5 µg/mL) on platelet-rich plasma 

(PRP) utilizing quartz gem microbalancewith scattering. Information are communicated as cr

uel ± standard deviation. * shows noteworthy contrast when compared to control (PRP). 

 

 

The biggest increment in D happened with Al 30 nm NPs (197 ± 45.0).Effects of aluminium 

nanoparticles (0.5 µg/mL) on platelet-rich plasma (PRP) utilizing quartz gem microbalance 

with dissemination. Information are communicated as cruel ± standard deviation. 

* demonstrates critical distinction when compared to control (PRP).A size-

dependent impact on platelet conglomeration was watched for the 5–20 nm and 30–50 nm 

NPs, with bigger Al NPs causing littler increments in D and F. In any case, this was 

not watched for the 20–30 nm NPs. Aluminium 80 nm NPs 

caused factually altogether littler changes in D and F compared to all other NP sizes. 

 

Flow Cytometry Appears to produce no Platelet Enactment in the proximity of Al 

Nanoparticles 

Flow cytometry was utilized to degree the impact of Al NPs (5, 10, 20, 30, 50, and 80 nm) at 

a concentration of 5 µg/mL on the level of platelet P-selectin expression. 
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No noteworthy increment in the number of P-selectin duplicates on the platelet surface 

was watched (Figure 3). 

 

Figure 3. Stream cytometry comes about appearing investigations of P-selectin expression on 

platelets in the nearness of aluminium nanoparticles (5 µg/mL). Collagen (5 µg/mL)-

induced accumulation was utilized as positive control and resting platelets were utilized as 

negative control.  

 

Flow cytometry comes about appearing investigations of P-selectin expression on platelets in 

the nearness of aluminum nanoparticles (5 µg/mL). Collagen (5 µg/mL)-

induced accumulation was utilized as a positive control, and resting platelets were utilized as a 

negative control. 

 

 On Optical Microscopy there Appears Platelet coming together( Aggregating)  on QCM-D 

Crystals 

Optical microscopy affirmed after experimentation that when PRP with  aluminium 

nanoparticles are kept in an incubator at definite temperature in QCM-
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D, uncovering expanded platelets comes together on the sensor surface which bears the 

crystalline unit  (Figure 4) 

 

 

 

Figure 4. Micrographs of the surface of quartz gems as seen through optical microscopy. All 

light microscopy pictures are at 20× and at 0.5 ug/mL concentration. 

 

Contrary to QCM-D, the biggest NPs (Al 80 nm) appeared collections of platelets that taken 

after totals. Micrographs of the surface of quartz gems as seen through optical microscopy. All 

light microscopy pictures are at 20× and at 0.5 µg/mL concentration. 

Transmission Electron Microscopy Appears Distinctive Components of Interaction with 

Platelets for Little (5–50 nm) and Huge (80 nm) Al Nanoparticles 

TEM examination of PRP tests hatched with Al NPs uncovered that Al2O3 5 nm–50 nm 

NPs driven to platelet enactment and accumulation (Figure5). 
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Figure 5. Transmission electron microscopy micrographs of the surface of sensor 

quartz precious stones taking after perfusion of platelet-rich plasma in the nearness of 

aluminium (5 nm–50 nm) nanoparticles (at a concentration of 0.5 

µg/mL) appearing platelet actuation and conglomeration. 

 

Figure 6. Transmission electron microscopy micrographs of the surface of sensor 

quartz precious stones appearing platelet section (A,B), bridging (C,D) and collections of a 
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few ineffectively enacted platelets taking after totals (E) taking after perfusion of platelet-rich 

plasma in the nearness of aluminium (80 nm) nanoparticles (at a concentration of 0.5 µg/mL). 

 

The biggest Al NPs (80 nm) did not cause platelet accumulation but entered (Figure 6A,B) and 

bridged (Figure 6C,D) platelets, coming about in a few pitifully enacted platelets bridged by 

NPs, taking after totals (Figure 6E).Transmission electron microscopy micrographs of the 

surface of sensor quartz gems taking after perfusion of platelet-rich plasma in the nearness of 

aluminium (5 nm–50 nm) nanoparticles (at a concentration of 0.5 

µg/mL) appearing platelet enactment and conglomeration. Transmission electron microscopy 

micrographs of the surface of sensor quartz gems appearing platelet passage (A,B), bridging 

(C,D), and collections of a few ineffectively actuated platelets taking after totals (E) taking 

after perfusion of platelet-rich plasma in the nearness of aluminium (80 nm) nanoparticles (at 

a concentration of 0.5 µg/mL. 

Discussion:  

This study aimed to examine the effects of aluminium nanoparticles (Al NPs) on platelet 

function, specifically focusing on their role in platelet activation and aggregation. Al NPs 

ranging from 5 to 80 nm were selected due to their prevalence in wear debris from ceramic-on-

ceramic (CoC) and ceramic-on-polyethylene (CoP) joint replacements, which are increasingly 

favored over metal-on-metal (MoM) and metal-on-polyethylene (MoP) bearings due to their 

improved wear characteristics【21,22,38】. To assess the impact of Al NPs on platelet 

aggregation, we utilized quartz crystal microbalance with dissipation (QCM-D), a sensitive 

method that measures flow-induced platelet microaggregation【36,39,40,41】, and conducted 

subsequent microscopic analyses. 

The results demonstrated that Al NPs influenced platelet function in a size-dependent manner. 

Al NPs between 5 nm and 50 nm in diameter induced platelet aggregation, whereas larger 

particles (80 nm) did not. Interestingly, while 80 nm Al NPs entered and bridged platelets, they 

did not activate them, instead forming quiescent aggregates resembling platelet clumps. This 

observation is particularly concerning given the known role of enhanced platelet activation in 

the pathophysiology of cardiovascular events【42】, suggesting that the presence of Al NPs 

in the bloodstream may contribute to such risks. Several studies have reported adverse 

cardiovascular effects caused by nanoparticles (NPs) in both in vitro and in vivo settings【
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43,44,45】. This concern is heightened for individuals with pre-existing conditions such as 

diabetes, malignancies, or obstructive pulmonary disease, where increased platelet activation 

and hypercoagulability are commonly observed【46】. Moreover, Al NPs are frequently 

utilized in a variety of nanomedicine applications, including biosensors and drug delivery 

systems【26】, and have gained attention as potential bactericidal agents against multidrug-

resistant bacteria【47】 due to their ability to disrupt bacterial membranes through reactive 

oxygen species production【27,28】. 

Our QCM-D analysis confirmed that Al NPs, particularly those smaller than 80 nm, stimulated 

flow-dependent platelet microaggregation. This is consistent with previous studies that showed 

no impact of Al NPs (0.2 nm and 50 nm) on human fibroblasts【29,30】. However, prolonged 

exposure to Al NPs has been associated with cytotoxic effects, particularly for fibroblasts【48

】. Interestingly, other research has shown that the cytotoxicity of Al NPs is dependent on their 

shape rather than size, as observed in macrophages【31】. This aligns with our findings, as Al 

NPs demonstrated cell-penetrating abilities, similar to observations with human fibroblasts 

[49]. These results highlight the importance of further investigation into the cellular entry 

mechanisms of Al NPs and their potential intracellular effects, particularly in circulating cell 

types such as platelets. 

Increased serum metal ion levels have been reported in patients who have undergone total hip 

arthroplasty (THA), total knee arthroplasty (TKA), or total disc replacement (TDR), and these 

levels are linked to implant wear【50,51】. However, adverse tissue reactions have been 

observed even when metal ion levels are within normal ranges【52】. This discrepancy may 

be due to the limited number of studies analysing serum Al ion levels, particularly in patients 

with CoC implants【53,54,55】. In our study, QCM-D measurements revealed that Al NPs of 

different sizes produced varying levels of platelet aggregation, with the largest particles (80 

nm) forming platelet aggregates without inducing significant activation. Transmission electron 

microscopy (TEM) confirmed these findings, showing that 80 nm Al NPs entered platelets but 

did not activate them, instead forming aggregate-like masses. Pairwise comparisons of platelet 

aggregation suggested a size-dependent effect, with smaller Al NPs (5–50 nm) causing greater 

aggregation【56】. 
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Nanoparticle-induced platelet activation is thought to occur via multiple mechanisms, 

including interactions with platelet surface receptors such as GPIIB/IIIa, which may lead to 

conformational changes and activation【58】. Additionally, NPs may bridge adjacent 

platelets, increasing aggregation【59】, or alter intracellular calcium levels, a key mediator of 

platelet function【60,61】. While our flow cytometry analysis did not show significant 

differences in P-selectin expression across NP sizes, the size-dependent effects observed in 

QCM-D suggest other mechanisms of platelet modulation by Al NPs in vivo. 

Although this study simulated physiological conditions by examining NP-platelet interactions 

under flow, it did not account for interactions with red blood cells and endothelial cells, which 

are influenced by varying fluid shear stress【62】. Shear stress activates platelets via 

conformational changes in von Willebrand factor, facilitating its binding to platelet receptors

【63】. Nanoparticles may further mediate this process, affecting blood rheology and viscosity

【65】. Therefore, monitoring Al NP levels and platelet activation in patients undergoing joint 

replacement procedures may be critical, particularly in those with cardiovascular comorbidities

【66】. 

Conclusion:  

In this study it is seen to explore the interactions between aluminium nanoparticles (Al NPs) 

and platelets using a novel quartz crystal microbalance with dissipation (QCM-D) 

methodology, which is capable of detecting microaggregation. Our findings revealed 

significant pro-aggregating effects of Al NPs on platelets, even at the lowest tested 

concentration of 0.5 µg/mL. Notably, smaller Al NPs (ranging from 5 to 50 nm) induced 

platelet aggregation, while larger Al NPs (80 nm) exhibited a bridging and penetrating effect, 

allowing them to enter platelets and form heterologous structures with them. Given these 

results, it is crucial to monitor aluminium nanoparticle levels and assess platelet function in 

patients with orthopaedic implants, as these interactions may pose risks for thrombotic events. 

This study highlights the importance of understanding how nanoparticles influence platelet 

behavior, which could have significant implications for patient safety and management in 

clinical settings. 
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